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Preface

This three-part document constitutes the Project Mission Report on Surveyor VI,
the sixth in a series of unmanned lunar soft-landing missions.

Part I of this Technical Report consists of a technical description and an evalua-
tion of engineering results of the systems used in the Surveyor VI mission. Part II
presents the scientific data derived from the mission, and the scientific analyses
conducted by the Surveyor Scientific Evaluation Advisory Team, the Surveyor
Investigator Teams, and the Associated Working Groups. Part III consists of
selected pictures from Surveyor VI and appropriate explanatory material.

Results given in this report are based on data evaluation prior to December 21,

1967. It is expected that future evaluation and analysis of the Surveyor VI data
will provide additional science results.
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l. Introduction
L. D. Jaffe

Surveyor VI was launched from Cape Kennedy, Flor-
ida, at 07:39:01 GMT on November 7, 1967. An Atlas/
Centaur launch vehicle placed the Surveyor into a park-
ing orbit and, at 08:03:30 GMT, injected it into a tra-
jectory intersecting the moon. A midcourse maneuver
was performed at 02:20:02 GMT on November 8. At
01:01:05.5 GMT on November 10, the spacecraft landed
in Sinus Medii.

Inflight radio tracking data gave a position of 1.37
+0.05°W longitude, 0.4 +0.2°N latitude. Tracking after
landing gave 1.37 +0.02°W longitude, 0.458 -+0.007°N
latitude.! Views of nearby terrain features obtained
after landing by the Surveyor VI television camera were
correlated with earlier Lunar Orbiter photographs; this
correlation allowed the identification of Surveyor’s posi-
tion to within a meter. The landing site is a nearly flat,
heavily cratered mare area, about 200 m northwest of
the foot of a mare ridge about 30 m high. The corre-
sponding selenographic coordinates, as read from the
Orthographic Atlas (Ref. I-1), are 1.40°W longitude,
0.49°N latitude.® The discrepancy between the positions
obtained from Lunar Orbiter photographs and from post-
landing tracking data is due, in part, to inaccuracies in
the selenographic grid.

'F. B. Winn, see Section X of this report.
*E. A. Whitaker; see Section III of this report.
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Surveyor VI (Fig. I-1) was essentially a duplicate of
Surveyor V. (Ref. 1-2), carrying an alpha-particle back-
scattering instrument to analyze the chemical composi-
tion of the lunar soil, and a television camera. However,
instead of the color filters used on the Surveyor V cam-
era, three polarizing filters were carried by Surveyor VI;
some modifications were also made in its scanning mirror
assembly to improve the positioning accuracy of the
mirror and to extend the limits of view of the camera.
To improve the view of the surface below one of the
vernier engines, a third auxiliary mirror was added to
the two mirrors flown on Surveyor V. The spacecraft
mass at launch was 1007.9 kg; at touchdown, 299.6 kg.

The vertical velocity at landing was 3.4 ==0.1 m/sec;
the horizontal velocity was 0.3 +0.06 m/sec. After the
landing, the longitudinal (roll) axis of the spacecraft was
within 0.8 deg of the local vertical. At 10:32 GMT on
November 17, the vernier rocket engines were fired for
2.5 sec. The spacecraft rose 3.5 m above the lunar
surface and moved horizontally 2.4 m, landing 6.1 sec
after liftoff at 3.8 0.3 m/sec vertical velocity and 0.55
+0.06 m/sec horizontal velocity. Surveyor stopped with
its roll axis 4 deg from the local vertical. The roll about
this axis was 4 deg counterclockwise, as viewed from
above, relative to the orientation before the firing. This
hop permitted stercoscopic viewing and mapping of the



Fig.I-1. Model of Surveyor VI spacecraft in landed configuration.
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surrounding lunar features, provided clearer views of
the surface disturbances produced by the initial landing
of the spacecraft, and furnished considerable information
on the effects produced by firing the vernier rocket en-
gines close to the lunar surface.

Surveyor VI transmitted 30,396 television pictures from
November 10 to a few hours after local sunset on the
spacecraft on November 24. These pictures included
views of the undisturbed lunar surface and of the area
disturbed by the initial landing and by the hop; views
of the spacecraft, including the magnet assembly at-
tached to one footpad; views of stars and earth; and
views of the solar corona. The alpha-scattering instru-
ment transmitted data for 30 hr on the chemical com-
position of the lunar surface. Good data on the tempera-
tures of the surrounding surface area were obtained
throughout the lunar day and for 41 hr after sunset. The
magnet assembly supplied information on the presence
of lunar material with a high magnetic susceptibility.
During terminal descent, radar reflectivity data were ob-
tained. The loads in the spacecraft legs were measured
during initial touchdown and during the hop, thus pro-
viding information on the mechanical properties of the
lunar surface material. A considerable quantity of dop-
pler data was accumulated by the radio communication

system after landing; these data should provide a sele-
nodetic control point and information on lunar motions.

Surveyor VI was turned off for the lunar night on
November 26. Spacecraft transmission was resumed for
a short period on December 14, 1967.

Section II of this document, prepared by the Surveyor
Scientific Evaluation Advisory Team, summarizes the
principal science results of the Surveyor VI mission. More
detailed information may be found in the subsequent
sections, which were prepared by the Surveyor VI Inves-
tigator Teams and Working Groups. These sections have
been written independently of one another; therefore,
some differences in interpretation may exist among them.
Because it was necessary to select values early in order
to conduct calculations, some differences in numerical
values may also occur among the sections.

Individual pictures taken by Surveyor may be obtained
from the National Space Science Data Center, Goddard
Space Flight Center, Greenbelt, Maryland. Individual
pictures can best be identified by the day of the year
and GMT at which they were taken. November 10 was
Day 314; November 24 was Day 328. Mosaics are best
identified by catalog number.

References
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Atlas, compiled by D. W. G. Arthur and E. A. Whitaker, University of Ari-
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Il. Principal Science Results From Surveyor VI

L. D. Jaffe, S. A. Batterson, W. E. Brown, Jr., E. M. Christensen,
S. E. Dwornik, D. E. Gault, J. W. Lucas, R. H. Norton,
R. F. Scott, E. M. Shoemaker, R. H. Steinbacher,
G. H. Sutton, and A. L. Turkevich

Surveyor VI landed on the flat surface of Sinus Medii
near a mare ridge. The landing sites for the previous
Surveyor spacecraft were:

(1) A flat surface inside a 100-km crater in Oceanus
Procellarum (Surveyor I).

(2) Interior of a subdued 200-m crater, probably of im-
pact origin, in Oceanus Procellarum (Surveyor IIT).

(3) A 10-m crater, which may be a subsidence feature,
in Mare Tranquillitatis (Surveyor V).

All of these mare landing sites are very similar in topo-
graphic details; in the structure of the surface layer; in
mechanical, thermal, and electrical properties; and, for
Surveyors V and VI, in chemical composition and content
of magnetic material. The resemblances of these sites to
each other are striking. It is unlikely that sites on earth,
thousands of kilometers apart and selected in a manner

similar to the Surveyor landing sites, would be so much
alike.

It is no longer possible, as it was after Surveyor V, to

maintain that the chemical evidence of volcanic processes
on the moon applies only to the Surveyor V site or only
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to Mare Tranquillitatis; these results must apply to a
significant fraction of the mare surface of the moon.

The relatively minor differences among the sites have
also proved significant in establishing some correlations
that may have fundamental significance for the genesis
of the outer layers of the maria. In this report, there is a
significant new set of numerical values for the physical
properties of the lunar surface. The increasing quantity
of individual measurements has permitted new relation-
ships to be established that better define numerical values.

As a result of the 2.4-m hop made by the spacecraft
when the vernier engines were fired, pictures were taken
of the lunar surface from perspective centers separated
by as much as 2.4 m. Stereophotogrammetric reduction of
these pictures will permit preparation of a large-scale
topographic map of the surface extending about 50 m
from the spacecraft in directions normal to the stereo-
scopic baseline. The hop also provided an opportunity to
analyze significant properties of the lunar soil with a
much higher level of confidence and permitted views
of the imprints formed during the initial landing to be
obtained, making it possible to obtain good measurements



of penetration of the lunar surface by the spacecraft
and providing a clearer view of the character of the
disturbed areas.

Based on data derived from Surveyor VI and the pre-
ceding missions, it can be concluded that there is a change
in the properties of lunar surface material with depth:
both bearing strength and density increase with increas-
ing depth. The grain size, however, did not vary observ-
ably within a depth of several centimeters. The changes
in the above parameters result in a decrease in porosity
with the increase in depth.

The following range of values is representative of the
mechanical properties at all landing sites:

Static bearing strength:

For upper few millimeters: <10* dynes/cm® (for
l-cm-diameter circular bearing area).’

At depth of approximately 2 cm: 2 X 10° dynes/cm?
(for 20-cm-diameter circular bearing area).?

At depth of approximately 5 cm: 6 X 10° dynes/cm?
(for average diameter of 25 cm).?

Bulk density (of undisturbed soil):
For upper few millimeters: 0.7 to 1.2 g/cm?.

At depth of several centimeters: about 1.6 g/cm?.

Assuming, from the results of the Alpha-Scattering
Experiment, that the material is basalt with a grain den-
sity of about 3 g/cm?, the porosity, including any vesicles
within the grains, decreased from 0.8 to 0.5 over this
depth. The lunar surface material was compressed in-
elastically, under pressures up to 5X 10° dynes/cm?, to a
density of about 1.6 g/cm?.

A value of adhesive strength of at least a few tens of
dynes/cm?, for lunar material thrown against and adher-
ing to a photometric target, places a lower bound on the
adhesion of the lunar soil. The value of 10* dynes/cm?,
for the bearing capacity of the upper few millimeters of
surface, is indicative of a cohesion of the order 10°
dynes/cm?.

Damped oscillations of the spacecraft, after the initial
landing and after the hop, indicate that the lunar surface
material, as loaded by the footpads, had greater stiffness

"Based on tracks made by rolling stones.
‘Based on imprint of crushable block.
‘Based on Surveyor I footpad penetration.

and contributed less damping at the second landing
location than at the first. In both cases, estimates of
elastic constants are approximately the same as those
obtained for Surveyors I and II1.

New information related to the grain size distribution
near the surface is available from the results of firings of
the vernier engines and attitude control jets and from the
character of the various spacecraft imprints. A bright
band of light observed along the horizon after sunset is
apparently due to diffraction by small particles near or on
the surface. These observations indicate a mean particle
size of <100

Observations of the fine-grained parts of the lunar
surface disturbed by the landing and liftoff of the
Surveyor VI spacecraft, and by rolling fragments set in
motion by the spacecraft, have shown that lunar material
exposed at depths no greater than a few millimeters has
a significantly lower normal albedo than the undisturbed
surface. A similar abrupt decrease of albedo 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 lunar maria suggests that some
process, or combination of processes, lightens the material
at the lunar surface. If this is true, it may imply that a
complementary process of darkening occurs at depths of
a few millimeters and deeper, so that the abrupt albedo
contact is not destroyed as a result of repetitive turnover
of the lunar surface by solid particle bombardment.

The smallest blocky-rim craters observed on the mare
floor around Surveyor VI are greater than 100 m in
diameter; this shows that the layer of relatively fine-
grained fragmental debris, or regolith, is considerably
thicker (10 to 20 m) at the Surveyor VT site than at pre-
vious Surveyor landing sites. The depth of the debris
layer was found to be 1 to 2 m thick at the Surveyor I
site, and no more than 5 m at the Surveyor V landing
site. The greater thickness at the Surveyor VI landing site
is probably related to the greater age of the surface,
which is indicated by a higher density of craters larger
than 300 m in diameter on Sinus Medii as compared with
most other mare surfaces. Blocky-rim craters 20 to 30 m
in diameter occur on a mare ridge east of Surveyor VI.
The debris layer is 8 to 10 m thick on the ridge; it may
be thinner on the ridge than on the mare floor primarily
as a result of gradual creep of fragmental material from
the ridge to the floor.

The size-frequency distribution of the fragmental debris
at the Surveyor VI landing site resembles that observed
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at the Surveyor V site. Fewer fragments coarser than
1 to 2 cm in diameter were observed per unit area from
Surveyors V and VI than from Surveyor I. These data
suggest the average size of the grains resolvable by the
Surveyor cameras is smaller on older mare surfaces with
thicker debris layers and that the slope of the cumulative
grain size-frequency distribution function increases with
time.

From the Alpha-Scattering Experiment, it has been
found that the elemental composition of the lunar surface
sample examined at the Sinus Medii site is very similar
to that found by Swrveyor V in Mare Tranquillitatis.
These results suggest that the elements present in lunar
mare surface material are in the form of oxides and
make up compounds and minerals well known on earth.
The overall chemical composition is basaltic in character.
It is not consistent with that of condensed solar material;
extensive cosmochemical processing must have occurred
if the chemical composition of the material from which
the maria were formed originally resembled that of the
atmosphere of the sun.
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A low magnetic particle content in the Sinus Medii
material is indicated by the Surveyor VI magnet test.
Comparison of the Surveyor V and VI magnet data with
laboratory studies suggests a magnetic particle content of
<1% by volume at both landing sites. These results are
consistent with a basaltic composition with little, if any,
meteoritic iron addition.

Directional thermal emission from the lunar surface
is indicated more clearly from preliminary analysis of
Surveyor VI lunar day data than from that of Surveyors I,
I, and V, and is in general agreement with earth-based
(telescope) data. Preliminary analysis of lunar night data
indicates an effective thermal parameter of about 500 in
contrast to 1100 from earth-based data; this was also the
case for Surveyors I, II1, and V.

For the first time, measurements of polarization were
made of the solar corona at distances of 10 to 30 solar
radii from the sun, a range which is inaccessible to earth-
based instruments.
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l1l. Television Observations From Surveyor VI

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

Surveyor VI landed on the lunar surface at 01:01:05
GMT on Day 314 (November 10, 1967) in the southwest-
ern part of Sinus Medii near the center of the visible face
of the moon. Over 30,000 pictures were transmitted from
the spacecraft during the first lunar day of operation. The
number of pictures taken by Surveyor VI almost equals
the total number of pictures returned from the previous
Surveyor missions combined. The pictures were received
at the Goldstone, California; Canberra, Australia; and
Madrid, Spain, Tracking Stations of the Deep Space
Network.

A. Television Camera

The Surveyor VI television camera is similar to the
cameras flown on Surveyors I, III, and V (Refs. III-1 and
II1-2). A redesigned mirror assembly, however, was in-
stalled on the Surveyor VI camera to improve the posi-
tioning accuracy of the mirror and to extend the limits
of view of the camera (Figs. ITI-1 and III-2). The view in
elevation was extended from 35 to 70 deg above the cam-
era horizontal plane. This permitted wide-angle views
of the earth to be obtained by rotating the mirror to a
near-vertical position and looking past the mirror. The
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left and right stops on azimuthal rotation of the camera
mirror were adjusted so that narrow-angle pictures could
be taken over the complete 360-deg panorama. The new
design also includes tongue and groove fit of the mirror
to its housing so that the mirror could be closed com-
pletely during landing. This modification resulted in
significantly less glare-producing contamination on the
mirror than was observed on previous flights.

Included in the redesigned mirror assembly is a filter
wheel with improved positioning accuracy of about
1 deg. This accuracy is required because of a change
from three color filters to three polarizing filters for Sur-
veyor VI. The new filters are glass-laminated, linearly
polarizing dichroic-type (KN-36) filters with transmission
axes oriented successively at 0, 45, and 90 deg when they
are rotated into the optical path. The 0-deg filter trans-
mission axis is parallel to the mirror surface and per-
pendicular to the plane containing the mirror normal
and the camera optical axes. As the filter wheel is an
integral part of the mirror assembly, the orientation of
the polarizing filters remains fixed with respect to the
camera mirror and rotates with respect to the picture
format during azimuth rotation of the mirror assembly.



Fig. llI-1. Surveyor VI television camera with redesigned
hood and mirror assembly. The mirror is in the closed
position. A tongue and groove fit of the mirror to its
housing seals the optical elements of the camera from
contamination during flight.

10

Fig. llI-2. Surveyor VI television camera hood and mirror
assembly. The mirror is open and reflects the image of
the lens and filter-wheel assemblies. The hood, mirror,
and filter-wheel assembly rotate in azimuth as a unit.
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For a camera oriented vertically, the filter orientations
are horizontal, at 45 deg, and vertical with respect to a
level horizon projected onto the plane of the vidicon
target. The fourth position of the filter wheel is occupied
by a piece of optical glass with an Inconel coating of
sufficient density that the transmission of the clear-filter
position is equal to that of the polarizing filters. This was
done in order that no iris changes would be required for
pictures taken at different filter positions for a given
field of view.

The dynamic range of the Surveyor VI television cam-
era exceeded the dynamic range of the Surveyor I, I11, and
V cameras, but the overall sensitivity of the Surveyor VI
camera was about one-half that of the Surveyor V cam-
era and slightly less than Surveyors ITT and I because
of the use of the neutral density coating on the clear
filter. New intermediate iris positions were installed in
the Surveyor VI television camera, providing a total of
12 separate iris positions from f/4 to f/22. The resolution
of the Surveyor VI camera and the quality of the pic-
tures transmitted by Surveyor VI are comparable to the
resolution and quality of the pictures from Surveyor V.

B. Categories of Pictures Taken

As in previous Surveyor missions, television pictures
were taken for a wide variety of purposes (Table III-I).
Most of the pictures were taken for panoramic surveys
of the area on the lunar surface visible to the camera.
These surveys were taken at intervals throughout the
lunar day to record the lunar surface under different
angles of illumination. A special series of pictures was
taken, using both the clear and polarization filters at se-
lected azimuth and elevation positions, at each Goldstone

Table lll-1. Categories of pictures taken by
Surveyor VI television camera

T — Total 'number
of pictures

Wide-angle panoramas 2,161
Narrow-angle panoramas 14,767
Photometric and polarimetric surveys 6,428
Focus-ranging surveys 2,222
Star surveys 357
Earth surveys 87
Solar corona surveys 147
Special area surveys and other pictures 4,227

Total 30,396
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pass of the moon. These pictures were taken to measure
the photometric and polarization functions of the local
lunar surface. Systematic focus-ranging surveys (Ref.
III-3) were made to acquire topographic measurements
of the lunar surface near the spacecraft. Pictures were
taken of stars to determine the orientation of the camera
and the spacecraft. Pictures were also taken of special
areas on the spacecraft and parts of the lunar surface
disturbed by the spacecraft, of the earth, of the solar
corona, and of the lunar surface illuminated by earthlight
after sunset.

Early on November 17, 1967, upon command from
earth, the vernier engines of Surveyor VI were ignited;
the spacecraft lifted off the lunar surface and landed
2.4 m northwest of its original position. Over 13,850 pic-
tures were taken before the spacecraft was moved, and
more than 16,500 pictures were taken afterward. Pictures
of the same areas taken immediately before and after
the spacecraft was moved can be viewed simultaneously
to provide a stereoscopic view of the landing site, and
to make topographic maps of areas between 4 and 50 m
from the camera. Approximately 1,000 narrow-angle and
100 wide-angle pictures were taken that are suitable for
this purpose.

C. Location and Topography of Landing Site

Sinus Medii, the target area for Surveyor VI, is a rela-
tively small mare plain, about 170 km across (Fig. III-3).
It is bounded by highlands to the north and to the south,
and to the northeast by another plain with a higher
albedo and with a larger number of craters than is
typical for the maria. The surface of Sinus Medii is
broken by numerous small craters and by a system of
mare ridges, the largest of which can be easily observed
at the telescope.

1. Location of Surveyor VI

The best estimate of the landed position of Surveyor
VI, derived from the pre-landing tracking data, was
0.42°N, 1.33°W. This location is about 2.5 km southeast
of the nearest point of a fairly prominent mare ridge
which crosses Sinus Medii in a general east-west direc-
tion (Fig. III-4). An early wide-angle panorama taken
from the landed spacecraft, however, showed a ridge-like
feature lying to the southeast. Details of the ridge were
clearly visible in a narrow-angle panorama taken during
the following Goldstone pass, by which time shadows
had shortened sufficiently to facilitate the interpretation
of horizon features with some confidence.

11
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Fig. llI-3. Photograph of the central region of the moon taken through the 100-in. telescope at Mt. Wilson Observ-
atory, California. The white circle indicates the location of Surveyor VI, which landed in Sinus Medii at 0.49°N
latitude, 1.40°W longitude.
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Fig. lll-4. Lunar Orbiter Il medium-resolution photograph M113 of Sinus Medii. Surveyor VI landing site is indicated
by the white circle. A mare ridge, which passes just south of the Surveyor VI landing site, can be seen extending
across the center of the picture.
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Fig. llI-5. Mosaic of Surveyor VI pictures of a mare ridge southeast of the spacecraft. The num-
bered features were correlated with features on Lunar Orbiter photographs to accurately
locate the Surveyor VI spacecraft in the Lunar Orbiter photographs (Day 315, 01:32:20 to

01:49:32 GMT).
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Craters on the mare ridge (6, 11, and 12 in Fig. III-5)
form a prominent group of landmarks; although their
selenographic azimuths from Surveyor VI were known
with adequate precision, their distances and, thus, actual
dimensions could only be estimated. Crater 11 appeared
to be unusual in having north and south walls that were
higher than the east and west walls, and this proved
to be the major clue in the eventual determination of the
spacecraft’s location on high-resolution photograph H114
from Lunar Orbiter V. Lunar Orbiter II photograph H121
covers this same general area with twice the resolution
and was subsequently used; the relevant part of this
photograph is reproduced in Fig. III-6.

After the tentative identification of crater 11, other
correlations between features shown in the Surveyor
panorama and photograph H121 from Lunar Orbiter II
were gradually made and confirmed until the exact loca-
tion of the spacecraft could be pinpointed. Some of the
craters and large rocks that were correlated are num-

bered in Figs. III-5 and III-6.

Because of the possibility of cumulative errors in the
available maps and charts of the region, the seleno-
graphic coordinates of Surveyor VI were determined by
carefully plotting the latitude/longitude grid, as given in
the Orthographic Atlas (Ref. III-4), onto Lunar Orbiter
IV photograph HI108, and reading off the pinpointed
Surveyor position. The coordinates are 0.49°N latitude,
1.40°W longitude, about 3 km northwest of the pre-
landing tracking position estimate. This position is about
60 km north of the southern border of Sinus Medii and
40 km east of the western border.

2. Orientation of Spacecraft

To determine the orientation of the spacecraft (Table
III-2), pictures were taken of a number of stars and two

Table IlI-2. Celestial objects observed from Surveyor VI

Observations Day Name Magnitude
Pre-hop 315 Sirius =116
315 Canopus —0.9
319 Jupiter s Y
Post-hop 324 Rigel 0.1
324 Achernar 0.6
326 Achernar 0.6
326 Vega 0.1
328 Antares 1.2
328 Vega 0.1
328 Deneb 1.3
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planets. These observations were made both before and
after the hop made by the spacecraft. In addition to the
stars listed in Table III-2, fainter stars were seen on
pictures exposed for the solar corona after sunset, using
the camera integration mode. The sensitivity of the Sur-
veyor VI camera in the integration mode is demonstrated
in a picture taken of part of the constellation of Scorpio
(Fig. II1-7). This picture is a narrow-angle picture taken
at f/4 and integrated for a time interval of 3 min. Stars
as dim as 5.94 magnitude are recorded in the picture.

The orientation of the spacecraft has been determined
from position measurements on a few of the stars listed
in Table III-2, together with orientation data derived
from pointing of the solar panel and planar array an-
tenna and from the attitude gyros. Prior to the hop, the
spacecraft was tilted 2.3 deg at an azimuth of 243 deg
from north; the —Y axis of the spacecraft was oriented
115 deg from north. After the hop, the spacecraft was
tilted 3.85 deg at an azimuth 260 deg from north and the
—Y axis was oriented 112 deg from north. Each of the
estimated components of orientation may have an error
as much as 1 deg.

3. Topographic Maps

Topographic maps of the Surveyor VI landing site are
under preparation at several scales, using a combination
of stereophotogrammetric methods, focus ranging, shadow
measurements, and correlation with Lunar Orbiter pho-
tographs.

The successful hop by the Surveyor VI spacecraft per-
mitted, for the first time, the acquisition of useful stereo-
scopic Surveyor television pictures of the lunar surface.
These can be used, in conjunction with existing methods
and instruments, to make highly detailed, large-scale
maps of the lunar surface in the immediate vicinity of
the spacecraft. Stereoscopic photogrammetric mapping
is basically a method of triangulation. The pre- and post-
hop positions of the Surveyor VI television camera are
two vertices of a triangle; any object photographed from
both camera positions is the third. If the distance be-
tween the two camera positions is known, the position
of an object on the lunar surface can be computed from
the horizontal and vertical angles to this object from each
camera position. These angles can be determined from
coordinates of the object in the television pictures, and
from camera mirror orientation data, once the attitudes
of the cameras have been found by star observations and
by measurements of points on the horizon from each
camera position.
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Fig. Ill-6. Lunar Orbiter Il photograph H121 of the Surveyor VI landing site. The numbered features correspond to

the numbered features on the mosaic of Surveyor VI pictures (Fig. IlI-5). These features were used to locate
Surveyor VI on the Lunar Orbiter photographs.
<—

SCORPIO

Fig. lll-7. Surveyor VI picture of part of the constellation Scorpio. Stars and their relative
magnitudes are shown by circles. The exposure time was 3 min.
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Rather than make individual computations of the ob-
ject positions of thousands of points, stereoplotting in-
struments are used to make direct measurements of
object positions from stereoscopic images. Most of these
instruments, which have been designed for mapping from
conventional aerial or terrestrial photographs, are re-
stricted in their basic design to the use of stereoscopic
pictures taken with parallel or slightly convergent axes
that are nearly perpendicular to the stereoscopic base-

Surveyor VI mapping must be done, therefore, with an
instrument specially designed to accommodate the wide
variations in Surveyor stereoscopic geometry (Fig. III-8).

Although photogrammetric measurement is the most
accurate available way to prepare large-scale topographic
maps of the Surveyor VI landing site, it has some inher-
ent limitations. Tests of the method have shown that
stereoscopic mapping with Surveyor pictures is not fea-

sible when the ratio between the effective camera base-
line and the distance to the part of the surface to be

line. Only a small percentage of the stereoscopic pictures
taken by Surveyor VI meets this criterion. Most of the

Fig. lll-8. Surveyor anaglyphic stereoplotter. This instrument was originally designed to rectify monoscopic Surveyor
pictures, but has been modified for use as a 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 is taken. One picture is projected with red light, and the other is projected with blue light. The over-
lapping images are viewed on a small, movable screen, or platen,in the center of which is a pinpoint of light. The
operator wears spectacles 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 plotied on
the map manuscript over which the platen carriage, or tracing table moves. The vertical position of the point of
light can be read from a counter on the tracing table.
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mapped is smaller than 0.05. The effective baseline be-
comes shorter than the line between the two camera
positions where the objects to be measured lie along a
line that is not perpendicular to the camera baseline
(Fig. II1-9). The baseline for the Surveyor VI stereo pic-
tures is about 2.4 m; objects and surfaces lying as far as
48 m from the cameras in the direction normal to the
camera baseline can be mapped. In other directions, the
limiting distance is less. Along a line that makes a 30-deg

METERS

Fig. llI-9. Geometry of Surveyor VI stereophotogram-
metry. The hourglass-shaped figure encloses the area
around Surveyor VI that could be mapped with a base/
distance ratio of 0.05 or greater, on a level surface. For
photogrammetric purposes, the length of the effective
baseline, B’, is a function of the distance, B, between
camera stations 1 and 2, and the angle 6, between the
line of sight and a line perpendicular to B. Note that,
if © = 60 deg, B’ is only half as long as B. Since the
camera is about 1.5 m above the lunar surface at each
station, some stereoscopic effect is present even when

6 = 90 deg.
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angle with the camera baseline, for example, the effec-
tive baseline is only 1.2 m long, and photogrammetric

measurement will not have acceptable accuracy beyond
24 m.

As an illustration of the stereophotogrammetric method,
a small area about 20 m from the spacecraft (Fig. III-10)
was mapped in detail using the specially designed Sur-
veyor stereoplotter. In this area is a crater about 1 m in
diameter, the center of which is 19.8 m from the present
position of the television camera. Narrow-angle stereo-
scopic pictures of this crater were used to make a con-
tour map (Fig. ITII-11). A small-scale location map, shown
in Fig. III-11, was made by graphical construction using
horizontal angles from each camera position to the fea-
tures shown.

The contour map shows the amount of detailed infor-
mation that can be compiled on maps made by stereo-
scopic measurement of Surveyor VI pictures. At a dis-
tance of 20 m, the lunar surface can be mapped with a
contour interval of 5 cm and at scales of the order of
1:25. Measurements of this type will permit a close study
of the shapes of craters and other small features near
the spacecraft and of the structure of the local lunar
surface. Stereoscopic mapping of the Surveyor VI land-
ing site is being accomplished with conventional first-
order stereoplotting instruments, using the small number
of stereoscopic pairs of pictures whose orientations are
within the mechanical limitations of those instruments,
and with the Surveyor stereoplotter when the pictures
are not within the mechanical limitations of the conven-
tional plotting instruments.

The preliminary determination of the baseline used
for the map shown in Fig. III-11 was made by focus
ranging and by triangulation. The pre-hop imprint of
footpad 2 lies on one of the focus-ranging surveys taken
after the hop. The distance to the footpad from the cam-
era is thus known within 1 focus step, or about 0.2 m.
The camera azimuth of the imprints of footpads 2 and 3
is known, as is the distance between them, providing two
sides and an adjacent angle of a triangle. Solution of this
triangle for the third side, the distance between the cam-
era and the footpad 3 imprint, provides sufficient data
to compute the location of the first camera position with
respect to the second. The difference in horizontal angles
before and after the hop to features on or near the hori-
zon indicates that the spacecraft rotated a little more
than 4 deg during the hop. The positions of the footpads,
derived by focus-ranging, are consistent with this figure.

19



Fig. l1I-10. Crater, 1 m in diameter, which lies 20 m northeast of the Surveyor VI spacecraft. A detailed contour
map of the area outlined was made with the stereoplotter (Day 315, 04:21:17 and 04:20:24 GMT).
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To facilitate the location of stereoscopic pairs of Sur-
veyor pictures for general study as well as for prepara-
tion of maps, a chart (Fig. III-12) was prepared that
shows the correlation of azimuth and elevation coordi-
nates of picture centers of stereoscopic pairs. The chart
was derived by correlation of the camera azimuths and
elevations of 170 conjugate images on pre- and post-hop
pictures. Azimuths and elevations (in the camera coordi-
nate system) of the image points were measured from
both camera positions, and the frame-center traces of
the second camera station were plotted on a rectangular
representation of the frame-center traces of the first cam-
era position. The traces of frame centers for the second
camera station are smoothed and generalized for legibil-
ity. The true, relative location of the frame centers varies
with topography. At no point, however, do the general-
ized traces deviate more than 3 deg from their true posi-
tions, and in most areas the deviation is less than 1 deg.

Where stereoscopic measurement is not practical, other
methods (Ref. III-5) are being used for making maps of
the Surveyor VI landing site. The area within a few
meters of the spacecraft, which was disturbed during
the hop, cannot be mapped stereoscopically because con-
jugate images are not identifiable in pictures taken before
and after the hop. Focus-ranging surveys (Ref. I11-3) are
being used to map this area. Measurement of the shadow
of the spacecraft solar panel at several points along an
east-west line through the spacecraft provides control
points in areas where stereoscopic measurement is weak
because of the small effective baseline. Correlation of
features, identifiable on both Surveyor pictures and
Lunar Orbiter photographs (Ref. II1I-2), will be used to
map the area that is too far from the spacecraft to be
measured stereoscopically.

D. Geology of Landing Site

Sinus Medii is underlain by an isolated patch of mare
material located in a broad, shallow depression in the
central highlands of the moon. It lies about 300 km east
of the margin of the Oceanus Procellarum, about 250 km
southeast of Sinus Aestuum, 250 km south of Mare
Vaporum, and nearly 500 km west of Mare Tranquillitatis.
The mare surface in Sinus Medii has a higher average
albedo than most of the other maria and a significantly
higher areal density of craters larger than a few hundred
meters in diameter. The higher density of craters suggests
the mare material exposed in Sinus Medii is older than
most of the material exposed in the other maria. Com-
parative study of the crater populations in the various
maria, in fact, suggests the surface of Sinus Medii is one
of the oldest mare surfaces on the moon.
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Bruce, the largest crater on Sinus Medii, is about 6 km
in diameter and 55 km from the Surveyor VI landing site.
The crater is surrounded by a bright halo and faint rays
and is a potential, though likely to be a very minor,
source of some fragments in the vicinity of Surveyor.

Two prominent and several subordinate sets of linear
structures occur in the highlands north, south, and east
of Sinus Medii (Refs. I11-6 and III-7). The most conspicu-
ous of these is expressed as a series of northwest-trending
ridges, valleys, and segments of ancient crater rims, which
are part of a regional pattern of linear features referred
to as Imbrian sculpture. The second most prominent set
of linear structures is a northeast-trending system of
scarps and ridges. These two dominant structural pat-
terns appear to be reflected in the detailed shapes and
trends of the mare ridges and of local crater chains and
small shallow trenches on Sinus Medii.

1. Mare Ridge Near Surveyor VI

The most prominent topographic feature in the vicin-
ity of Surveyor VI is a sinuous mare ridge about 40 km
long that trends generally east-west. This ridge is similar
in form to other sinuous ridges that occur widely on the
maria and have been observed at the telescope. The ridge
near Surveyor VI is somewhat smaller than the ridges
that have been studied through earth-based telescope,
but it is the first such feature to be examined close at
hand from a landed spacecraft.

As revealed in the Lunar Orbiter photographs of Sinus
Medii, the mare ridge near Surveyor VI follows a zigzag
course and is composed of two sets of nearly straight
segments or elements, one set trending approximately
N35°W to N40°W, and the other set trending about
N60°E. The first set of ridge elements is roughly parallel
with the Imbrian sculpture, and the second set is parallel
with the other main trend of linear features in the adja-
cent highlands. Thus, in detail, the course of the ridge
appears to be controlled by the regional geologic structure.

Individual ridge elements vary from about 300 m to
2 km in length and from 100 m to about 500 m in width.
In places, ridge elements of a given set are grouped
together in an echelon or a side-by-side cluster. At
such places, the ridge is a composite structure, and the
total width of the composite ridge may be as great as a
kilometer. Where the ridge is composite, it is generally
asymmetric in transverse profile, with the ridge crest
close to one side of the ridge or the other. In some places,
there are two distinct crests in the transverse profile.
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Fig. 1lI-12. Correlation of centers of stereoscopic Surveyor VI pictures. This is a generalized chart for location of

stereoscopic pairs of pictures. Azimuth (1) and elevation (1) are frame-center coordinates prior to spacecraft hop.
Azimuth (2) and elevation (2) are frame-center coordinates after the spacecraft hop. A feature located near the center
of a picture taken at azimuth — 54 deg, elevation — 10 deg, before the hop, for example, is located near the center
of a picture taken at azimuth —51 deg, elevation — 10 deg, after the hop.
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In the vicinity of Surveyor VI, the ridge is composed
of a long cluster of northeast-trending elements. The foot
of the ridge lies 200 m from the spacecraft, at the nearest
point, and the crest of the ridge lies about 700 m from
the spacecraft, close to the far side. Craters 9 and 10
(Fig. I1I-6) lie nearly on the ridge crest.

At its nearest point, the crest of the ridge has an ele-
vation about 30 m above the general level of the mare
plain around Surveyor VI. The ridge gradually becomes
lower to the southwest and dies out about 1 km south-
west of the spacecraft.

The ridge is pockmarked by craters with about the
same areal density as the nearby mare plain, and, as
shown by the form and characteristics of the rims of the
smaller craters, it is mantled with a layer of weakly co-
herent, fragmental debris, or aregolith, somewhat like that
on the mare plain. Indeed, the surfaces of the ridge and
the plain are so similar that it is difficult to locate the
boundaries of the ridge on the high-resolution Lunar
Orbiter photographs. Close inspection of the Lunar Orbiter
photographs and Surveyor pictures, however, shows that
a much greater number of coarse blocks occurs on the
ridge than on the plains. In this respect, the ridge near
Surveyor VI resembles many other mare ridges observed
in high-resolution Lunar Orbiter photographs. In addi-
tion, study of the Surveyor pictures has revealed that
smaller craters with blocky rims occur on the ridge than
are found on the nearby mare plains. This indicates the
debris layer is thinner on the ridge than on the plains.

Patterned ground (Ref. 1II-8) is more conspicuously
developed on the ridge than on the adjacent mare plain
around Surveyor VI. The patterned ground occurs both
on the flanks of the ridge and, in places, on very gently
sloping surfaces near the ridge crests. Low ridges and
troughs in the patterned ground tend to be oriented at
N30°W to N55°W and at N40°E to N50°E. Although
the orientation of these linear elements in the patterned
ground is variable, at least one set of elements tends to
be roughly aligned with the Imbrian sculpture. The
alignment suggests the development of the patterned
ground is influenced by subsurface fracture or joint
systems.

2. Craters

Most of the small topographic features near Surveyor
VI are shallow craters with low, subdued rims; some
craters are nearly rimless. The craters range from a few
centimeters to about 200 m in diameter. They are mostly
cup-shaped, with walls and floors concave upward. Some
of the largest craters have a subdued terrace near the
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foot of the wall. No dimple-shaped craters, which were
common at the Surveyor V site, have been observed
close to Surveyor VI, although crater chains occur in the
region. A series of subdued, northeast-trending troughs,
1 to 2 km in length, is present in the mare plain north-
east of the landing site. The nearest of these is about
1 km away.

A number of irregular craters, lined with clods of fine-
grained material, occur near Surveyor VI (Fig. I11-13).
They range in size from a few centimeters to several
meters. Some are nearly filled with rubble. These craters
are interpreted to be formed by impact of clods of
weakly cohesive, fine-grained material ejected from near-
by primary craters. Similar secondary impact craters have
been observed around missile craters at White Sands
Missile Range, New Mexico (Fig. 111-14).

The size-frequency distribution of small craters rang-
ing in size from 3 c¢cm to 2 m was investigated in a
90-m* area close to Surveyor VI. There were 609 craters
counted in Surveyor VI pictures. The cumulative size-
frequency distribution of the small craters, normalized
to 10° km?, is closely similar to that found near Surveyor I
(Fig. I11-15). In both cases, the frequency distribution of
small craters observed in the Surveyor pictures lies along
the general distribution curve for craters on the lunar
plains determined from Ranger VII, VIII, and IX pic-
tures (Fig. I11-15). The low frequency of craters in the
size range of 3 to 12 cm in both the Surveyor I and VI
curves, compared to the extrapolated curve derived from
the Ranger pictures, is probably due to the observational
difficulties of recognizing these small craters in an
oblique view of the lunar surface,and not to an actual
crater deficiency.

The cumulative frequency curve of craters ranging in
diameter from 2 to 100 m, derived from measurements
on a Lunar Orbiter 11 high-resolution photograph of the
Surveyor VI landing site (Fig. III-15), lies somewhat
below the Ranger curve. The discrepancy in crater fre-
quency at the 2-m diameter between the curve derived
from the Surveyor pictures and that derived from Lunar
Orbiter photographs shows that the crater frequencies
derived from the Lunar Orbiter photographs probably
lie somewhat below the true frequencies. The combined
crater size-frequency data from the Surveyor pictures and
Lunar Orbiter photographs suggest that, at the Surveyor
VI site, the frequency distribution of craters in the size
range of a few centimeters to 100 m is very close to the
average distribution for lunar plains. Only the craters
larger than several hundred meters in diameter are more
abundant on Sinus Medii than on other mare surfaces.
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Fig. IlI-13. Narrow-angle picture showing several small, irregular, secondary impact craters
about 15 to 30 cm in diameter with rubbly material on their floors and around their rims.
Note the asymmetric shape of a 30-cm, secondary impact crater in the upper right of the
picture (Day 315, 02:02:18 GMT).
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Fig. lll-14. Secondary impact crater in moist sand, formed by a clot of weakly cohesive silty clay, ejected from a
missile impact crater at White Sands Missile Range, New Mexico (H. J. Moore, personal communication, photograph

courtesy of U. S. Army).
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Fig. Ill-15. Cumulative size-frequency distribution of
small craters determined from Surveyor VI pictures and
Lunar Orbiter Il photographs, compared with the cumu-
lative size-frequency distribution of small craters deter-
mined from Surveyor | pictures and on the mare planes
determined from Ranger VII, VI, and IX photographs.

3. Fragmental Debris

As observed on the maria at the sites of the previously
landed Surveyors, the mare surface of Sinus Medii
around Surveyor VI is composed of fragmental debris.
About 10 to 15% of the surface is occupied by fragments
coarser than 1 mm, coarse enough to be resolved by the
television camera on parts of the surface close to the
spacecraft. Most of the resolvable fragments are signifi-
cantly brighter, under all observed angles of illumination,
than the unresolved fine-grained matrix of the debris.

Most of the coarser fragments observed near Surveyor
VI are subangular to subrounded and, in some cases, are
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partly buried or covered by the fine-grained matrix mate-
rial (Fig. 111-16). Coarse blocks on the rims of craters
on the mare ridge and in strewn fields of blocks on the
ridge southeast of the spacecraft are more angular and
faceted and appear to rest mostly on the surface. Some
blocks near the spacecraft are tabular or platy, similar
to the layered rocks observed near Surveyor III (Fig.
III-17). In form, they resemble rock slabs derived from
flow-banded lavas (Fig. I11-18).

Nearly all the bright, rounded fragments have a
knobby, pitted surface texture. This type of surface tex-
ture has been observed on most blocks at all Surveyor
landing sites and is perhaps the most common surface
texture developed on the coarse-grained, fragmental ma-
terials on the maria. Since the pitted texture is not pres-
ent on highly angular, faceted blocks, it is inferred to be
produced by the same processes that cause the rounding.
The pits are probably produced by impact of small par-
ticles on the blocks.

The fragmental material ejected by the footpads of
Surveyor VI, both during the initial landing and the
landing after the hop, is composed mainly of clods or
aggregates of fine-grained material (Fig. III-19), similar
to the aggregates observed at the Surveyor V site (Ref.
I11-3). Many of the clods contain small, bright, rocky
chips, and the surfaces of many of the clods have dark
bumps, which are inferred to be slightly more coherent,
small aggregates of fine-grained particles within the clods.

Fragments that are clearly aggregates also occur on
the undisturbed mare surface. One fragment about 4 cm
across containing bright, rocky chips (Fig. I1I-20) has a
layered appearance, which may indicate that it has been
compressed, perhaps by shock, during the formation of
an impact crater.

The size-frequency distribution of the fragmental debris
was determined for three sample areas in the immediate
vicinity of Surveyor VI. A total of 1757 particles were
counted, ranging in size from 2 mm to 25 cm. The sample
areas are located on parts of the lunar surface undis-
turbed by the spacecraft. All recognizable fragments
were counted in each area; some of the fragments
counted may have been fine-grained aggregates. The
estimated mean cumulative distribution of fragments on
the lunar surface at the Surveyor VI site is shown by the
heavy line in Fig. III-21. This line is the plot of the
equation N = 5 X 10° y=2, where N is the cumulative
number of fragments per 100 m* and y is the diameter
of fragments in millimeters.
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Fig. IlI-16. Narrow-angle picture showing fragment, about 15 cm
across near Surveyor VI, which has been partially buried by fine-
grained lunar material. Knobby, pitted surface texture on this
fragment is typical of many rocks observed on the lunar surface
(Day 321, 07:29:52 GMT).

Fig. llI-17. Narrow-angle picture showing slabby blocks 20 to 30 cm
across near Surveyor VI. These blocks resemble tabular blocks near
Surveyor Il (Day 322, 03:18:52 GMT).
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Fig. llI-18. Photographs of flow-banded basalt lava flow near Flagstaff, Arizona. Layering, or banding in the lava
flow, is due in part to laminar accumulations of gas bubbles in the fluid lava before it cooled. The basalt breaks
along the planes of weakness caused by the layering.
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Fig. llI-19. Clods of fine-grained surface material disturbed by footpad 2 during landing after
the hop made by Surveyor VI early November 17, 1967. Clods are composed of compacted,
fine-grained material and bright, rocky chips (Day 323, 06:53:29 GMT).
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Fig. 1ll-20. Fragment near Surveyor VI approximately
4 cm across, composed of an aggregate of fine-grained
lunar surface material and bright, rocky chips. Fragment
appears mottled and slightly layered, which may indi-
cate it has been compacied and probably has been
ejected from a nearby impact crater (Day 321, 07:23:27
GMT).

The size-frequency distribution curve for fragments on
the mare plain around Surveyor VI has a steeper slope
than the curve obtained for fragmental debris on the
mare plain at the Surveyor I site (Fig. I11-22). There are
fewer fragments larger than 2 to 3 c¢cm per unit area at
the Surveyor VI site, and more fragments finer than
2 to 3 em. Fragments larger than a few tens of centi-
meters are rare around Surveyor VI. The largest block
observed within about 50 m of the spacecraft is about
50 cm across (Fig. III-23), and only six blocks larger
than 20 cm across have been observed within this area.

Much coarser fragments occur on the nearby mare
ridge than were observed on the plain. Blocks as large
as 2.5 m across can be seen in the Surveyor pictures of
the ridge (Fig. I11-24), and blocks from 2 to 6 m across
were found in the high-resolution Lunar Orbiter photo-
graphs.

4. Thickness of Debris Layer

The debris layer, or regolith, at the Surveyor VI site
is considerably thicker than at the previous Surveyor
landing sites, as indicated by the depth of the smallest
craters that have blocky rims (Refs. I1I-1 to III-3). The
debris layer was found to be 1 to 2 m thick at the
Surveyor I site and no more than 5 m at the Surveyor V
site. At the Surveyor II1 landing site, the weakly coherent
layer of fine-grained debris is, at most, a few meters thick
on the rim of the main crater in which the spacecraft
landed, but may be thicker beneath the floor of the
crater. On the mare plain around Surveyor VI, the debris
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Fig. 1lI-21. Cumulative size-frequency distribution of
fragments determined for three sample areas from
Surveyor VI pictures.

layer is more than 10 m thick, but the precise thickness
is difficult to estimate.

On the mare plain, all craters that are visible from the
Surveyor VI television camera have relatively smooth
rims. The largest of these craters with smooth, raised
rims are 20 to 30 m in diameter. The smallest, blocky-rim
crater observed on the mare plain around the spacecraft
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Fig. lll-22. General size-frequency distribution of frag-
ments on the lunar surface near Surveyor VI compared
with the general size-frequency distribution of fragments
on the lunar surface near Surveyor I.

is 150 m in diameter; the rim of this crater is not visible
from the television camera, but the blocks are resolved
on high-resolution Lunar Orbiter photographs. A pro-
nounced terrace occurs on the wall of this crater at a
depth of 20 to 25 m below the crater rim. If the level
of the terrace corresponds with the contact of the weakly
coherent debris layer on a more coherent substratum, its
presence suggests the thickness of the debris layer on the
mare plain around Surveyor VI is of the order of 20 m.

The debris layer on the mare ridge near Surveyor VI
is thinner than on the mare floor around the spacecraft.
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Fig. l1-23. Block approximately 50 cm across, about 10 m
from Surveyor VI; this is the largest block that lies within
50 m of the spacecraft. Knobby, pitted surface of the
block is characteristic of many blocks seen at Surveyor I,
Ill, and V landing sites. Pits may be caused by impact of
small particles (Day 323, 03:41:59 GMT).

Lunar Orbiter II and III photographs of Sinus Medii
and the Surveyor VI pictures show several strewn fields
of large blocks and blocky-rim craters on the ridge. Two
blocky-rim craters visible from the Surveyor camera
(Fig. 111-25), one 30 m in diameter on the flank of the
ridge and the other 20 m’in diameter near the crest of
the ridge, indicate that the debris layer is no thicker than
8 to 10 m on the ridge.

5. Vertical Variations in Debris Layer

Vertical variations in both the photometric properties
and strength of the upper part of the debris layer, or
regolith, have been observed at each of the Surveyor
landing sites. Wherever the upper few millimeters of
the lunar surface have been disturbed, darker material is
exposed beneath a light surface layer. The spacecraft
footpads at each landing site kicked darker subsurface
material onto the light uppermost surface layer. The
soil mechanics surface sampler, carried on Surveyor III,
exposed dark material beneath the surface, and the firing
of the vernier rocket engines on Surveyors V and VI blew
darker subsurface material onto the lighter uppermost
surface. Small fragments, 1 or 2 cm in diameter, which
have rolled across the surface and disturbed the upper-
most layer, exposed darker material at a depth of only
1 or 2 mm (Fig. III-26). This was observed at the
Surveyor III and at the Surveyor VI landing sites. In
almost all observed cases, the subsurface material, at a
depth of only a few millimeters, is at least 10 to 20%
darker than the optically observed surface.
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Fig. 1ll-24. Mosaic of narrow-angle pictures taken by Surveyor VI of a ridge southeast of the landing site. A field
of large blocks is strewn across part of the rim of a crater 180 m in diameter on the crest of the ridge. The largest
blocks are 2 to 3 m across. The crest of the ridge at this point is approximately 650 m from the spacecraft.
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Fig. 111-26. Track made by a 2-cm fragment rolling across the lunar sur-
face near Surveyor VI. The fragment has disturbed a light, fragile layer
of surface material and exposed darker material 1 or 2 mm beneath
(Day 321, 07:13:54 GMT).

The strength of the surface material also varies with
depth. The small fragment shown in Fig. III-26 is
approximately 2 cm across, and the track made by the
fragment rolling across the surface is a millimeter to a
few millimeters deep. If the density of the fragment
does not exceed 3 g/cm?, the development of the tracks
show that the bearing strength of the uppermost few
millimeters of the fine-grained debris on the lunar sur-
face is less than 10* dynes/cm?, for surface areas of about
1 ecm?®. The bearing strength of the debris layer at greater
depths is considerably higher (see Section IV of this
report).

6. Interpretation of Geologic Observations

The television observations made from Surveyor VI
support the interpretation, made from previous Surveyor
data (Ref. 1II-2), that the fragmental debris layer, or
regolith, on the lunar maria has been derived primarily
from bombardment of the lunar surface by solid particles.
Because Sinus Medii appears to be a relatively old mare
surface, the new observations from Surveyor VI are espe-
cially important in interpreting how the thickness, grain
size distribution, and other characteristics of the debris
layer have evolved in the course of time.
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On the basis of the chemical analysis of the surface
of the debris layer presented by Turkevich, et al. (see
Section VII of this report) and the television observations
of the coarser fragments around Surveyor VI, we infer
that the bedrock beneath the debris layer in Sinus Medii
consists of basaltic lava flows, which are locally flow-
banded. At such localities, the bedrock tends to break
into tabular, or slabby, fragments, some of which are
scattered on the surface of the debris layer. As no vesic-
ular fragments were observed, it seems likely that most
of the bright, rocky fragments are pieces of relatively
dense basalt.

The large majority of craters observed at the Surveyor
VI landing site and elsewhere on Sinus Medii are inferred
to be of impact origin. The size-frequency distribution
of the craters smaller than a few hundred meters in
diameter corresponds to that expected for a steady-state
population of craters produced by prolonged, repetitive
bombardment by meteoroids and by fragments of the
moon itself (Refs. I11-2 and II1-9). It is significant, in this
regard, that the frequency distribution of small craters
is essentially the same, regardless of the population of
large craters or of other differences in the mare surfaces.
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The thickness of the debris layer on the relatively level
mare plains is directly related to the abundance of large
craters. In the western part of Mare Tranquillitatis, the
areal density of craters 1 to 10 km across is about twice
as great as on the Oceanus Procellarum in the vicinity
of the Surveyor I landing site (Ref. I11-8), and the thick-
ness of the debris layer at the Surveyor V landing site in
Mare Tranquillitatis is greater than that at the Surveyor I
site. The thickest debris layer so far observed with Sur-
veyors is on Sinus Medii, which has one of the highest
densities of craters larger than a few hundred meters in
diameter of all the mare surfaces so far studied on the
moon.

The areal density, or frequency distribution of the larger
craters, is interpreted here as a guide to the age of a
given mare surface and to the total number of craters
of all sizes that have been formed over the course of
time (Ref. II1-9). Thus, the higher the density of large
craters, the higher total number of intermediate- and
small-sized craters that have been formed and worn away
again, and the greater is the depth to which the lunar
surface will have been plowed, or turned over just once.
This depth corresponds closely to the average depth of
the largest craters that have been formed whose aggre-
gate area is equal to the area of a given mare surface.

The size distribution of fragments in the debris layer
is related in turn to its thickness. If the fragments are
derived chiefly by impact comminution of coherent bed-
rock, coarse fragments will be abundantly strewn on the
surface of the debris layer when it is at an early stage of
development and very thin. At this stage, relatively
coarse, blocky debris will be ejected from each relatively
small crater that penetrates the debris layer, or regolith.
As the debris layer matures and becomes thicker with
age, as a result of deeper plowing by larger craters, the
craters that penetrate the debris layer become more
widely spaced, and fragments ejected from these craters
are more widely spaced. Fragments formed early in the
evolution of the debris layer, meanwhile, are broken and
comminuted by repetitive bombardment by large num-
bers of small particles, Because the proportion of small
meteoroids to the large meteoroids is greater than the
proportion of small fragments to large fragments pro-
duced by impact in coherent rock, the proportion of
fine-grained material in the debris layer tends to increase
with time, and the proportion of coarse-grained mate-
rial decreases. Thus, the size-frequency distribution of
fragments in a mature, thick debris layer should have
a steeper slope than the size-frequency distribution in a
young, thin debris layer, as is observed.
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This relationship between thickness and age of the
debris layer and its grain size distribution leads to an
apparent paradox in the selection of spacecraft landing
sites on the moon. A landing site may appear very rough
because of the number of large craters, but yet may be
less hazardous than a younger surface because there are
tewer coarse blocks. The implication is that older surfaces
make better landing sites, if the larger craters can be
avoided.

Finally, it is appropriate to inquire why the debris
layer is thinner on the mare ridge near Surveyor VI than
it is on the adjacent plains, and whether this observation
has any bearing on the origin of the ridge.

There are at least two plausible hypotheses for the
origin of mare ridges:

(1) The ridges are formed by buckling or deformation
of the mare surface, and the buckling is partly con-
trolled by regional structure.

(2) The ridges are formed by extrusion of lava that
welled up along pre-existing fissures.

Under the second hypothesis, the ridges may overlie
feeder dikes from which most of the flows on the maria
issued.

The debris layer may be thinner on the ridge near Sur-
veyor VI either because the ridge is younger or because
part of the debris on the ridge has flowed onto the ad-
jacent plain. The first explanation would lend support
to the extrusion hypothesis for the origin of the ridge,
whereas the second explanation would not favor either
hypothesis.

No evidence was found in the crater density on the
ridge to suggest the ridge is younger than the plain. The
area of the ridge is so small, however, that population of
craters large enough to determine the relative age of
the ridge cannot be established with confidence.

Some evidence may be cited, on the other hand, that
the debris layer on the ridge is actually flowing or has
flowed downhill by slow mass movement or creep. The
patterned ground on the ridge may be developed pri-
marily as a consequence of mass movement. Possible
terrestrial analogs of the patterned ground seen on slop-
ing surfaces on the moon have been described! on large

*M. D. Crittenden, “Terrestrial Analogues of Lunar Mass Wasting,”
Preliminary Geologic Evaluation and Apollo T.anding Analysis of
Areas Photographed by Lunar Orbiter 111, Langley Working Paper
407, pp. 125-127, Hampton, Va., June 1967.
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expanses of debris at high elevations in the Uinta Moun-
tains of Utah. There the patterned ground is devel-
oped on material undergoing mass movement. Patterned
ground was also observed on the wall of the crater in
which Surveyor III landed, and at that site the presence
of fillets on the uphill sides of blocks suggested the
debris layer is gradually flowing down the crater wall
(Ref. I11-2). The presence of fields of very coarse blocks
observed in Lunar Orbiter photographs on the crests of
other mare ridges suggests the finer-grained material in
the debris layer has flowed away from these blocks, leav-
ing them as a residual accumulation on the ridges. On
balance, the evidence suggests to us that the debris layer
is thinner on the mare ridge near Surveyor VI because
of creep or mass movement rather than because the ridge
is younger than the mare plain.

Observations of the fine-grained parts of the lunar sur-
face disturbed by the initial landing and landing after
the hop, 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 albedo than the undisturbed surface.
A similar abrupt decrease of albedo 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 lunar maria suggests that some
process, or combination of processes, lightens the mate-
rial 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 (Ref. 11I-2), so that the
abrupt albedo contact is not destroyed as a result of

Fig. llI-27. Wide-angle picture of dark material around footpad 2. The dark material was
thrown out by the impact of the footpad after the spacecraft was hopped. The disturbed
material is about 20% darker than the undisturbed material. The greatest contrast between
this disturbed material and the undisturbed surface occurs during lunar noon (Day 322,
04:33:05 GMT).
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repetitive turnover of the lunar surtace by solid particle
bombardment.

E. Photometric Observations

Preliminary photometric measurements have been made
from the Surveyor VI television pictures of the undis-
turbed Iunar surface; of disturbed, fine-grained material;
and of material adhering to a photometric target mounted
on the boom of one of the spacecraft omnidirectional
antennas.

The estimated normal luminance (normal albedo) of
the undisturbed, fine-grained surface material near the
spacecraft is 8.2%, whereas the rock-like fragments scat-
tered over the lunar surface are noticeably lighter and
have estimated normal luminance factors ranging from
14 to 20%. The photometric function of selected areas
around the spacecraft was sampled at 12 different angles
of sun elevation and appeared similar to the photometric
function observed at the other Surveyor landing sites.

The debris ejected by the spacecraft footpads is notice-
ably darker than the undisturbed surface (Fig. III-27)
and its normal luminance factor is estimated to be 6.5%.
The material, which adhered to the photometric target
and was blown upward by vernier engine 3 during the
hop, appears to have the same normal luminance factor
as the material ejected by the footpads. The gray steps
along the left side of the photometric target are faintly
visible through a coating of lunar material under nearly
normal solar radiance (Fig. 111-28). The reflectance from
the gray-step areas 5, 6, and 7 increased from the pre-
flight calibration as a result of this coating, whereas
gray steps 8 and 9 decreased in reflectance. Gray steps
7 and 8 bracket the reflectance of the lunar material; it
has an estimated normal luminance factor of 6.5%. These
photometric measurements are estimated to be within
10% of the true values.

Fig. 11l-28. Photometric target on the boom of the omni-
directional antenna; the target was partially covered by
lunar material blown by vernier engine 3 during the hop.
(a) Target a few hours before the hop (Day 321,
09:37:05 GMT). (b) Target with the sun’s rays incident
at 17 deg on the surface of the target (Day 326,
06:47:06 GMT). (c) Target illuminated by the sun’s rays
at an angle of 70 deg to the surface of the target. More
of the target can be seen under direct illumination (Day
321, 12:29:08 GMT).
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An interesting and unexpected phenomenon was ob-
served in television pictures taken after sunset. Approxi-
mately 1 hr after the sun’s upper limb had set on the
western horizon, a bright line with several pronounced
bright beads was observed on the horizon in pictures
exposed for the solar corona. Apparently, this bright line
is caused by either the diffraction of sunlight by minute
irregularities on the western horizon or by forward (Mie)
scattering by particles above the surface, or possibly by
both. The beads disappeared by groups as the sun
dropped lower with respect to the horizon.

The bright line was observed in seven pictures (Table
III-3). All pictures but one were exposed for several
seconds by use of the integration mode of the camera.
Integration of the light flux incident on the vidicon is
obtained by sending a command to turn off the electron
scanning beam, allowing the integration to proceed, then
commanding a “start frame,” which restarts the electron
scanning beam and transmits the frame. Because the
camera is not synchronized to the ground data system,
the time at which the turnoff occurs is often somewhere
in a frame. Part A of each frame listed in Table III-3
received less exposure than part B. Errors greater than
20% in the calculated exposure are possible for short
(<5 sec) exposures if a constant integration time over
the complete frame is assumed. Even taking the com-
mand times into account leaves an uncertainty in the
position of the boundary between parts A and B of 0.1-
or 60-sec television lines.

At the time of this report, the amplitudes of the video
signal have been reduced to luminance values for only
one picture showing the bright line. Frame 3 was selected
for reduction and processed in a manner similar to that
described by Shoemaker, et al. (Ref. I11-2), for the analy-
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Fig. Ill-29. Digitized plot of the light-transfer character-
istic of the Surveyor television camera in the part of the
picture format that contains the right side of the sun’s
corona. The open-shutter data was obtained during pre-
flight calibration at the /8 iris position and extrapolated
to f/4.

sis of eclipse pictures taken by the Surveyor III camera.
From a digitized magnetic-tape record of the video sig-
nal, the parts of the frame containing the bright line
(Fig. III-29) were introduced into the computer; the
luminance was calculated for each picture element on
the basis of pre-flight calibrations of the television camera.

The angular position of the sun, with regard to the
horizon at the time frame 3 was taken, is shown in
Fig. III-30 and was obtained through identification of
three stars in the constellation of Scorpio. The peak lumi-
nance of beads along the horizon decreases with angular
distance from the sun (Fig. I11-31). Vertical cross sections
through two selected beads (Fig. III-32) show a rapid
rise and fall of the luminance across the beads; the
image of many of the beads close to the sun’s position
is saturated at the center of the bead, and the peak
luminance cannot be measured.

Table 111-3. Surveyor VI television pictures showing bright line on western horizon after sunset

Part A Part B
GMT
Frame
(Day 328) Television Exposure Television Exposure
lines time, sec lines time, sec
1 14:15:26 360 to 600 6.8 0 to 360 8.0
2 14:21:50 540 to 600 11.9 0 to 540 13.1
3 14:25:25 240 to 600 61.8 0 to 240 63.0
4 14:36:41 0 to 600 1.2
5 14:38:06 60 to 600 61.5 0 to 60 62.7
6 14:42:21 480 to 600 61.0 0 to 480 62.2
7 14:56:02 27.6 0 to 600 28.8
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Fig. II-30. Diagram showing the position of the sun’s disk in relation to the horizon and beads at 14:25:25 GMT
on Day 328. The position of the center of the sun is also indicated for other frames showing the bright line on the
horizon. The stars w, and . Scorpio are those used to determine the sun’s position. The magnitudes of these stars
are indicated beside the circles. The grid coordinates refer to position in the digital frame.

JPL TECHNICAL REPORT 32-1262 41



2.0 I T I I I I I T T
FRAME 3
o DAY 328, 14:25:25 GMT
E
3 1.6} ]
ks
(=
©
o
c
3 a2f =]
il
e
w 08| =
O
z
<
P
3
S o4 =
0 | 1 ! | I | | | | I | t
3.6 3.2 2.8 2.4 2.0 1.6 12 09 12 1.6 2.0 2.4 2.8 3.2
ANGULAR HORIZONTAL DISTANCE FROM SUN'S CENTER, deg
Fig. IlI-31. Luminance of beads on the horizon as a function of angular distance from the center of the sun’s disk.

The curve connects sample data points in the bead:s.

1.2 [ I I

FRAME 3
DAY 328, 14:25:25 GMT

1.O—

o o
o0 <]
|

LUMINANCE (10-4), candelas/cm?
)
H

0.2 i
0 L 1 1 ! [
0.0l 0.02 0.03 0.04 0.05 006  0.07
ANGULAR VERTICAL SPREAD OF TWO BEADS, deg
Fig. lll-32. Luminance vs angular spread of two beads

measured in frame 3. The photometric cross section of
each bead was obtained along the vector from the bead
to the sun’s center, as shown in Fig. 111-30.

A check on the computed luminances was performed
by reducing the digitized video signal for three constant
positions in five out of seven frames as the solar corona
moved through these positions. The luminance at each
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Fig. llI-33. Luminance of the corona measured at three
constant frame positions as a function of time. The dis-
tance of these positions from the center of the sun’s disk
is given in solar radii beside each data point. The curve
is an indication of the trend of the data and does not
represent absolute luminance values.

position falls off as the sun moves further below the
horizon (Fig. I11-33). The shape of the curve shown in
Fig. III-33 is generally that expected for the solar
corona, which increases confidence that the corrections
for the different exposures in each frame are approxi-
mately correct.
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F. Polarimetric Observations

Polarizing filters were mounted on the television cam-
era to serve as analyzers for the detection and measure-
ment of the linearly polarized component of the light
scattered from the lunar surface. Pictures of selected
areas of the lunar surface were taken through the polar-
izing filters during most Goldstone passes of the moon.
Pictures for polarization measurements were usually
taken about 25 hr apart, or at intervals of the sun’s
position at about 13 deg, in order to obtain measure-
ments of the variation of the polarized component as a
function of phase angle. After lunar sunset, pictures of
the surface illuminated by earthshine were taken in
order to measure the depolarization of earthlight scat-
tered from the lunar surface.

Areas of the lunar surface around Surveyor VI were
selected for polarimetric study according to their geo-
metric orientation relative to the camera and sun. Nu-
merous sample areas were selected along the east—west
sun line in order to compare low-resolution telescopic
measurements of polarized moonlight, made of areas of
more than 100 km?, to high-resolution Surveyor measure-
ments, covering areas from 1 em® to 1 m®. Other sample
areas were selected northwest, north, northeast, south-
east, and south of the spacecraft to provide coverage to
test for symmetry in the lunar polarization functions.
Additional areas containing large fragments or swarms
of small fragments were selected for special examination.

Areal variations were expected in the polarizing prop-
erties of the lunar surface corresponding with variations
in the fine-scale surface texture and optical properties
of the surficial materials. Near the spacecraft, the ob-
served polarizing properties can be compared with re-
solved surface textures. At greater distances where the
surface textures are indistinct or not resolvable, the po-
larizing properties may provide clues to help correlate
the distant material with that observed near the space-
craft or to distinguish different materials.

1. Method of Polarimetric Measurements

Pictures of the lunar terrain were taken with the three
polarizing filters rotated sequentially in front of the
camera lens, while the aperture and other camera param-
eters were held constant. Variations in apparent radiance
of an image element contained in the three pictures are
due to a polarized component in the light incident on the
filters. The greater the degree of polarization, or the per-
centage of linearly polarized light in the light scattered
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from the lunar surface, the greater the variation in appar-
ent radiance. Laboratory tests indicate that the three-filter
analyzer combined with a slow-scan television camera
can be used to measure as little as 5% linearly polarized
light in the total light incident upon the filters. Some
variation in picture level could be detected for light with
a 3 to 5% polarized component, but repeatable measure-
ments could not be made. When the polarized light
component was less than 3%, no change in picture level
in response to analyzer rotation was detectable.

The orientations of the polarizing filters remain fixed
with respect to the camera mirror, and consequently
rotate with respect to the picture format. The camera
was tilted approximately 16 deg from the lunar vertical
during the first part of the lunar day and about 13 deg
after the hop. Polarimetric measurements along the
camera tilt plane have the polarization axis of filter 2
parallel to the horizon and the axis of filter 4 normal to
the horizon. At other camera viewing positions, the axes
of filters 2 and 4 are inclined to the left or right of these
positions, reaching a maximum inclination at viewing
positions normal to the camera tilt plane. Thus, the
filter 2 axis of polarization, for example, rotated up to
a maximum of 16 deg from the lunar horizontal before
the hop and up to a maximum of 13 deg to the horizontal
after the hop.

The plane of polarization of linearly polarized light
scattered from the lunar surface, in most cases, tends to
be parallel to the local surface element viewed. The best
measurements of polarization are obtained when the
plane of polarization is parallel to the mirror axis of rota-
tion, which occurs when a level surface is viewed in the
direction of the camera tilt plane. At other camera posi-
tions, it is difficult to apply a correction for the additional
polarization introduced by the camera mirror, and the
preliminary reduction of the data presented here does
not contain any correction for this effect.

2. Preliminary Polarimetric Results

Light scattered by the lunar surface is partially plane-
polarized at most phase angles. For a first approximate
analysis, the degree of polarization, or percent of po-
larized light, was computed by dividing the difference
between the luminances observed through filters 2 and 4
by the sums of the luminances. The percentage of po-
larized light estimated by this rough method of analysis
and reported here includes polarization introduced by
the camera mirror. Final corrections for the polarization
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introduced by the camera mirror will be based on further
tests of mirrors of the type used in the Surveyor tele-
vision camera.

The degree of polarization of light scattered from the
fine-grained parts of the lunar surface depends princi-
pally on the phase angle; inclination of the surface has
a minor effect. At phase angles from 90 to 120 deg, as
much as 18% polarization was observed, while at phase
angles below 35 deg, the component of polarized light
was reduced to only a few percent. About 8 to 11%
polarization was observed at a phase angle of 155 deg.
Sample areas toward the north and south appear to
exhibit slightly lower maximum polarization than along
the east-west sun line, which suggests that the polariza-
tion function is not symmetrical.

Some rocky surfaces exhibit slightly stronger polariz-
ing effects. A maximum of 30% polarization was mea-
sured from the images of two surfaces, which suggests
some specular reflection may be present. The polarization
function of these rocks is apparently less symmetrical
than that of the fine-grained material. The rocks exhibit-
ing strong polarization effects have an estimated normal

luminance factor (normal albedo) at least two times
greater than the adjacent fine-grained material.

The polarization properties of the lunar material ad-
hering to the photometric target were monitored during
the lunar afternoon. Shortly after the material was blown
on the target, 9% polarization was measured at a phase
angle of 73 deg. The polarization decreased to 5% at a
phase angle of 56 deg. When the phase angle decreased to
20 deg, barely detectable negative polarization was ob-
served. These measurements of polarization more closely
match the polarimetric function of the maria measured
at the telescope (Ref. III-10) than most of our other
measurements of the undisturbed lunar surface.

The few preliminary polarization measurements that
have been reduced indicate that the degree of polariza-
tion measured from the Surveyor television pictures is
greater than the degree of polarization measured at the
telescope. This difference probably is due primarily to
an increment of polarized light introduced by the camera
mirror. The gross form of the polarization function of the
fine-grained parts of the surface suggested by measure-
ments from the television camera, however, is similar to
the form of the telescopically measured function.
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IV. Lunar Surface Mechanical Properties

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

Information regarding the lunar surface mechanical
properties? presented in this section is derived from
telemetry data and studies of pictures showing surface
disturbances caused by the spacecraft landings and the
firing of the vernier rocket engines and the attitude con-
trol jets. Analyses and laboratory simulations were per-
formed to assist in the interpretation of the observed
results.

Surveyor VI (see Fig. 1-1 of this report) made a normal
landing on a generally level surface. About 7 earth days
later, the spacecraft was hopped in the direction of leg 1,
thereby providing good visibility of the initial landing
imprints and stereoscopic pictures of the lunar terrain
north and south of the spacecraft. Lunar soil erosion
effects resulting from the vernier engine firings during the
hop provided data on the lunar surface and a means of
estimating expected soil erosion during a lunar landing
of the Apollo Lunar Module. These data supplement
lunar soil erosion results from Surveyors IIT and V (Refs.
IV-1 and IV-2).

“The concurrence of all the authors was impossible to obtain because
of the brief time available to prepare this report.

“In this section, centimeter-gram units are used. To convert to foot-
pound units, the following factors apply: 1 m = 3.28 ft; 1 c¢cm
= 0.394 in.; 1 N (newton) = 10° dynes = 0.225 lb; 1 N/cm?
= 1.451b/in.2
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A. Spacecraft Landing
1. Description

The basic configuration and landing mechanism for
Surveyor VI were essentially the same as for Surveyors I,
III, and V (Refs. IV-1 to IV-3). During landing impact,
the three landing legs rotate upward against the resist-
ance of the shock absorbers. Following initial impact, the
shock absorbers re-extend, returning the legs to their pre-
touchdown positions. Additional capability for energy
dissipation is provided by crushable honeycomb blocks
mounted on the underside of the spaceframe, inboard of
each leg, and by crushable footpads.

a. Initial landing. This description of Surveyor’s initial
landing is based on spacecraft telemetry data and analyti-
cal landing simulations. Included in the telemetry data
(see Fig. IV-1) are continuous histories obtained at land-
ing of the axial loads in the three shock absorbers. The
maximum load in each shock absorber and the initial
instant of contact for each footpad are given in Table I'V-1.

Computer simulations using the time between the
initial footpad contacts (Table IV-1) indicate that the
angle between the spacecraft X-Y plane (Fig. IV-2) and
a planar landing surface was approximately 2.3 deg at
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Fig. IV-1. Telemetry data showing shock-absorber axial load histories during initial landing.
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antenna and solar panel position measurements and star
surveys, spacecraft final tilt was determined to be < 1 deg.
This would indicate that the initial contact angle was
primarily a vehicle incidence angle (angle between a
lunar horizontal plane and the plane of the spacecraft
footpads). The direction of this incidence angle was such
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Table IV-1. Maximum shock-absorber axial loads and
times of initial ground contact (initial landing)

LEG | e
Maximum Time of
Leg load impact after
N ' initial contact,
sec"
/
O piTcH
il
! 7000350 0 +X P2
2 8000 =400 0.023
3 7000 =350 0.039
Initial ' Day 314 at 01:01:05.467 GMT Fig. IV-2. Surveyor spacecraft configuration and coordi-
~Aniti L :01:05. .
nitial contact was on ay a na'e Sysfem'
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that leg 1 was tilted downward around a horizontal axis
rotated clockwise 67 #+5 deg, from the direction of leg 1
(spacecraft viewed from above).

Telemetry data indicate that the vernier engines were
cut off at an altitude of 3.00 -=0.1 m, while the spacecraft
descended with the constant velocity of 1.4 m/sec. During
the free-fall period following engine cutoff, the spacecraft
vertical velocity increased to 3.4 0.1 m/sec by the time
footpad 1 made the initial contact with the lunar surface.
Considering the spacecraft incidence prior to engine cut-
off, and the time of vernier engine thrust at this incidence,
it is estimated that, at touchdown, the spacecraft had a
horizontal velocity of 0.3 +0.06 m/sec directed toward
leg 1, normal to the spacecraft tilt axis.

Shock-absorber force histories (Fig. IV-1) show that the
initial high loading, caused by the first impact, lasted
approximately 0.2 to 0.25 sec. This was followed by a
zero-force period lasting a little more than 1 sec, indi-
cating that the spacecraft rebounded clear of the surface.
A second impact then occurred, followed by a much
shorter rebound period and a final low-energy impact.
After the final impact, clearly defined oscillations could be
seen. These oscillations are dependent upon the combined
elastic properties of the spacecraft and the lunar surface.
The spacecraft mass at touchdown was 299.6 kg.
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b. Hop and landing. A hop was made by Surveyor VI
when the vernier engines were fired on Day 321. The
vernier engines could not be tilted; therefore, the flight
control system was pre-set so that the spacecraft would
acquire a +7-deg pitch attitude (leg 1 tilted downward)
as soon as possible after liftoff. The vernier engines were
ignited and commanded to sustain mid-thrust (a com-
bined nominal thrust of 650 N +20%) for 2.5 sec. The
horizontal component of the tilted thrust provided the
desired motion toward leg 1. The movement of the space-
craft during the hop is shown in Fig. IV-3.

The three strain gages, indicating the axial shock-
absorber loads, were monitored, in addition to commu-
tated gyroscope and other telemetry signals. The strain-
gage histories are shown in Fig. IV-4. Liftoff and landing
are clearly evident; vernier engine firing and shutoff were
established from other telemetry data. Calculations,
based on a reconstruction of the trajectory and telemetry
data, indicated a vertical velocity at touchdown of
3.75 +=0.25 m/sec and a horizontal velocity in the direc-
tion of leg 1 of 0.55 #0.06 m/sec. The maximum axial
force in each shock absorber and the instant of each
footpad contact are given in Table IV-2. The high force
in leg 1, as compared with legs 2 and 3, is caused partly
by the horizontal velocity in this direction. However,
according to landing simulations, a very high friction
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Fig. IV-4. Telemetry data showing shock-absorber axial load histories during hop.

Table IV-2. Maximum shock-absorber axial loads and
times of initial ground contact (hop)

i Time of
Maximum .
Leg load, impact after
initial contact,
N
sec”
1 14,900 =700 0.018
2 7,800 =400 0
3 8,600 =400 0.042
|nitial contact was on Day 321 at 10:32:11.205 GMT.

force is required to obtain the shock-absorber force indi-
cated. It is possible, therefore, that leg 1 may have
encountered an obstruction that restricted its lateral
motion. Figure IV-4 indicates that, following this first
impact, the spacecraft rebounded and that final oscilla-
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tions occurred which are similar to those observed during
the initial landing.

Figure IV-5 is a post-hop mosaic showing the initial
landing area. Figure IV-6 shows the spacecraft locations
before and after the hop and indicates the various surface
disturbances caused by the spacecratft.

2. Observations of Spacecraft/Soil Interactions

The hopping maneuver made it possible to obtain pic-
tures of the first landing site from the position of the
second site, in addition to the close-range pictures of
spacecraft/soil interactions obtained at each landing site.
Figure IV-6 shows that footpads 2 and 3 made two dis-
tinct overlapping imprints each during the first landing;
these imprints are visible in the narrow-angle pictures
(Figs. IV-T and IV-8) taken from the second landing site.
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Fig. IV-5. Wide-angle mosaic showing the surface disturbances caused by the landings and the firing of the vernier
engines during the hop. The original landing imprints of footpads 2 and 3 and the three crushable blocks are visible
(Day 321, Catalog 6-SE-9).
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During the first landing, the second impact of foodpads 2
and 3 occurred in the flat-bottomed imprint formed dur-
ing the initial impact. The mark made by the second
impact in the disturbed soil does not have a raised rim,
although some disturbance outside the mark is visible.
This is an indication that the near-surface soil has been
compressed under the footpad rather than laterally dis-
placed by the footpad. Material ejected by the first impact
covers the surrounding area to such an extent that the
relative amounts of compression and displacement are
difficult to estimate. In addition, it is possible that the
contours of the initially disturbed areas were changed by
the firing of the vernier engines. Part of this second
imprint shows a waffle pattern (Fig. IV-7), indicating that
the patterns of the conical surface of the footpad were
reproduced on the lunar surface material through the thin
aluminum sheet that covers the footpad.

Figures V-9 and IV-10, taken before the hop, show
the footpad 2 and 3 ejecta caused by the initial landing.
The ejected material, which appears darker than the un-
disturbed surface, extends for approximately 50 cm from
footpad 2 and 40 cm from footpad 3. Part of the imprint
made by footpad 2 can be seen in the narrow-angle
picture in Fig. IV-11 in which the surface material
appears both compressed and displaced. There are no
large clods or soil clumps, as have been observed in
previous missions.

Figures IV-12 and IV-13 show the surface disturbances
and ejecta around footpads 2 and 3 caused by the landing
after the hop. The ejecta around footpad 2 extend about
90 c¢m; around footpad 3, about 30 cm. Part of the first
impression made by footpad 2 can be seen in Fig. IV-14.
The footpad appears to have made two adjacent imprints,
finally coming to rest between them. These pictures also
show that many large clods or soil clumps resulted from
this landing. Figure IV-14a and b shows that parts of
some of these clumps along the upper ridge have suffi-
cient cohesion to overhang the underlying clumps in a
cantilevered fashion.

Figure IV-15 shows crushable block 3 and the impres-
sion made by it during the first landing. These pictures
were obtained before the hop at various sun angles. Depth
of the impression is about 3 cm, and a mound of soil
between 1 and 2 cm high can be seen in the center. The
top edge of the imprint is fairly sharp; there is no ap-
parent raised rim or surface disturbance that can be
attributed to its formation. This would indicate, as in the
case of the footpad imprints, that the material is inelasti-
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cally compressible. Figure IV-16 is a calibration picture,
taken before launch by the Surveyor television camera.
The surface directly below crushable block 3 is indicated
by the larger circle which has been positioned to simulate
a 7.6-cm footpad penetration.

The imprint formed on the moon by the crushable
block has the appearance of a natural depression; the
floor does not have a smooth, compressed surface as do
the bottoms of the footpad imprints. This could have been
the result of lunar material that adhered to the block, was
pressed between the block and its thermal shield, or
was pressed into the core of the block, and was then
shaken loose during rebound. There is no apparent
change in albedo in the imprint such as observed around
and in the footpad imprints. A discussion of the mound
in the center of the imprint appears in Section IV-A-4-b.

3. Simulation of Landings and Hop

Computer simulation studies of landings, using several
analytical soil models, are being performed to estimate
the mechanical properties of a surface material that will
yield penetrations and shock-absorber axial loads similar
to those obtained during the Surveyor VI landings. In
order to calculate the pressures exerted on the lunar
surface by the engine exhaust plumes during the hop, the
spacecraft flight control and propulsion characteristics
have been mathematically modeled to obtain vernier
engine thrust histories.

a. Initial landing. Using the compressible soil model
described in Ref. 1V-2, the best simulation of the strain-
gage time history achieved to date for Surveyor VI has
been for a 3.4-N/cm? static bearing strength soil (aver-
aged for the entire depth of penetration). Figure IV-17
shows a comparison of these results with the flight data.
The impact velocities used in the simulation are 3.4 m/sec
vertical and 0 m/sec lateral, with the spacecraft tilted at
a 3-deg angle relative to the surface. Leg 1 is oriented
12 deg clockwise from the line of greatest surface slope
(viewed from above). The initial and final soil densities
used in this homogeneous compressible soil model were
1.20 g/cm? and 1.6 g/cm?, respectively. The penetrations
of footpads 1, 2, and 3 obtained in this simulation are
6.6 cm, 6.9 cm, and 6.9 cm, respectively. Using this com-
pressible soil model, the best analytical reproduction of
strain-gage time histories for Surveyors I and III was
obtained with these same values of strength and density
(Refs. IV-3 and IV-1); lower values were used for Sur-
veyor V to obtain the best agreement (Ref. IV-2).
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Fig. IV-9. Wide-angle mosaic showing the darker area of ejected
material disturbed by the initial landing of footpad 2 (Day 319,
Catalog 6-SE-25).
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Fig. IV-11. Compressed lunar soil in the bottom of the footpad 2 imprint made during the initial landing (Day 320,
03:35:09 GMT).
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Fig. IV-12. Wide-angle, post-hop mosaic of footpad 2. The darker material was ejected by the footpad during the
landing (Day 326, Catalog 6-SE-20),
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Fig. IV-14. Narrow-angle, post-hop pictures of the disturbed material around footpad 2. Note the large clump over-
hanging the imprint edge and the compressed soil in the imprint bottom. A honeycomb pattern imprint from the
conical lower section of the footpad can be seen in the lower right area of b and c. (a) Day 321, Catalog 6-SE-41.
(b) Day 323, Catalog 6-SE-37. (c) Day 324, Catalog 6-SE-42. (d) Day 326, Catalog 6-SE-35.

61



"(LWO €1:£5°€0 ‘61€ ApQ) Bap g9 jo 3|6up uoupAsId ung (3) ‘(LWO 80:80°£0 ‘91€ ArQ)
Bap og j0 a|bup uoypAs|d uNg (q) ‘(LW 0Z:8Z:10 ‘SLE ApQ) Bap g1 30 3|Bup uoypAa|d ung (R)
*s3|Bup UOIPAS|3 UNS JudIaIP P sioulw AIDIIXND 3y} ybBnoiyj uadpy aiam sainpid "9IpyINns
ipun| 3y} uo uoissaidwi sy pup ¢ }ro|q 2|gpysnid jo sainpid ajbun-moupN ‘GL-A] ‘B4

JPL TECHNICAL REPORT 32-1262

62




Fig. IV-16. Reference picture taken by the Surveyor VI television camera after final calibration and alignment
before launch. Crushable block 3 can be seen near the top of the auxiliary mirror image. The large circle, indi-
cating the area directly below the crushable block, has been positioned to simulate a 7.6-cm footpad penetra-
tion. (The black vertical post in the center of the picture is a support used during pre-launch checkout.)
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Fig. IV-17. Initial landing data and analytical shock-absorber force/time histories.
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b. Hop and second landing. Computer simulations
incorporating models of the spacecraft flight control sys-
tem and propulsion system have been made in an effort
to duplicate the hopping maneuver of Surveyor VI.
Parameter variations during the first 2.0 sec of flight, for
the simulation that is considered the best representation
of actual conditions, are shown in Figs. IV-18 to IV-20.
For this simulation, the hop distance achieved was 2.2 m
with impact velocities of 3.7 m/sec vertical and 0.5 m/sec
horizontal. Figures IV-18 and IV-19 show time histories
of the spacecraft center-of-gravity vertical motion, pitch
rotation, and yaw rotation. From these quantities, the
variation of vernier engine nozzle height above the lunar
surface was calculated. Figure IV-20 shows the time his-
tories of vernier engine thrust levels. From these two
figures, time histories of surface pressure levels have been
calculated. The time histories shown in Figs. IV-18 to
IV-20 show good correlation with flight data obtained
from flight control gyroscopes and vernier engine strain
gages. Because of uneven engine cutoff, the pitch motion

was reversed after engine thrusting and a negative yaw
motion was introduced, which resulted at touchdown in
a +2-deg pitch and a —3.5-deg yaw position with respect
to the pre-hop attitude of the spacecraft. Also, a negative
roll motion was introduced, resulting in a relative roll
angle of —4.3 deg.

To identify the lunar surface markings and to determine
the pre- and post-hop positions from the pictures, a full-
scale spacecraft model was used in the Surveyor Experi-
ment Test Laboratory (SETL). The camera was set to the
azimuth and elevation values at which lunar surface
disturbances had been observed by the Surveyor VI tele-
vision camera. The location of these disturbances within
particular lunar pictures was then compared to disks
located on the laboratory floor and photographed by the
television camera on the model. Distances between criti-
cal points could then be measured directly. The space-
craft model was tilted to account for the difference in tilt
of the Surveyor VI spacecraft before and after the hop.

2.0

o
I

o
I

SPACECRAFT CENTER OF GRAVITY VERTICAL DISTANCE, m
o
o
I

TIME, sec

Fig. IV-18. Change of vertical height with time during the hop.
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Fig. IV-19. Change of rotational position with time during the hop.

The combined tilt was 3 deg downward at an azimuth
of 8.25 deg clockwise from the +X axis. The tilt was
simulated by raising footpad 3 by 13 cm. With the space-
craft model in this configuration, the footpad imprint
locations checked satisfactorily. The other imprints seen
in the Surveyor VI pictures were then located and appear
to correlate well with the crushable block imprints made
during the Surveyor VI initial touchdown. Figure IV-6
shows the results of these simulations,which indicate the
following:

(1) The spacecraft was moved horizontally 2.4 m in a
direction slightly north of west.

(2) As a result of the hop, the spacecraft rolled 5 deg
in the negative direction (gyro telemetry indicated
a —4.3-deg roll).
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(3) Footpad 1 imprints from the initial landing are
located under the present location of crushable
block 3.

(4) Imprints in Fig. IV-5 correlate with the location of
the crushable blocks at the time of initial touch-
down.

(5) Two imprints appear in the pre-hop location of
crushable block 1. Although it is possible that crush-
able block 1 impacted twice, one of the imprints
may have been a natural depression.

c. Footpad penetrations. Two methods of analysis
were used to determine the depth of footpad penetrations
during the spacecraft landings. The first method consisted
of imprint simulations made by reconstructing footpad
disturbances in the SETL. A .Surveyor footpad and
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Fig. IV-20. Variation of vernier engine thrust with time during the hop.

crushed basalt soil material were used. The lighting
angles were adjusted to match the sun’s position during
the lunar observations; a prototype television camera on
the full-scale Surveyor model was used to view the
results. The footpad position data from these tests were
used to help construct the sketch in Fig. IV-6.

The second method used for penetration determination
was an analysis of spacecraft shadows as described in
Ref. IV-4. This approach estimates the location and height
of the lunar material around the footpads relative to the
footpad and makes use of a series of television pictures
taken at different sun angles. By combining the results of
both methods, the general features of a footpad impres-
sion can be reconstructed and the vertical dimensions of
the imprint can be determined.

The position of footpad 2 after the initial landing is
represented by Fig. IV-21. The footpad was tilted down-
ward at an angle of approximately 10 deg, which pro-
duced a nonuniform penetration. The average depth of
the bottom of the footpad relative to the nearby lunar
surface is estimated to be 7 to 9 cm. The adjacent ridge
of material rises to within 2 cm of the footpad top. The
large, apparent penetration suggests that footpad 2 im-
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pacted in a small, natural depression. This is evident in
pictures taken under low sun angle (Fig. IV-22). Thus,
the actual penetration is believed to be less than 7 or
9 cm.

Figure IV-23 shows a profile of the position of foot-
pad 2 after the hopping maneuver. The average penetra-
tion depth is estimated to be 5 to 7 cm. The ridge of
ejected material rises 2 to 3 cm above the undisturbed
surface. Here again, the footpad is tilted so that the
penetration is not uniform.

Data for footpad 3 are limited; the average penetration
for both landings is estimated to be from 2 to 8.5 cm.
Footpad 1 cannot be seen by the television camera.

4. Interpretations of Lunar Soil Properties

As a result of the hop, the footpad penetrations during
the first landing can be estimated within smaller limits
than those of previous Surveyors. The lower portion of
the footpad has the shape of a truncated cone with the
dimensions shown in Fig. VI-2 of Ref. IV-3. Since, most
probably, the maximum vertical load on the footpad is
developed at the time of maximum penetration, it is
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Fig. IV.-21. Penetration of footpad 2 during the initial landing. The profile was drawn parallel to
the footpad hinge line, as shown by the dashed line.

possible to calculate the foodpad bearing area at the
instant of maximum load with a higher degree of con-
fidence than on the previous Surveyor missions. Computer
simulations of the landing indicated that the maximum
vertical load on footpad 3 was 2.7 X 10% dynes; therefore,
the maximum dynamic bearing pressure on the footpad
was 5.2 X 10° dynes/cm?.

a. Variation of soil properties with depth. The bearing

strength, density, and porosity of the upper few centi-
meters of the lunar surface appear to vary with depth. A
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landing simulation study performed for the Surveyor I
landing (Ref. IV-5) used a soil representation that simu-
lated a static bearing strength that linearly increased with
depth, and a dynamic effect proportional to the square
of the footpad penetration velocity. Simulated landings
were performed on a variety of soils, with constant to
increasing bearing strength profiles, and dynamic coeffi-
cients with bulk densities up to 1.5 g/cm?. The Surveyor I
landing could best be duplicated using a soil with a bear-
ing strength below 1.4 N/cm on the surface, increasing
to a value between 4.1 and 5.5 N/cm? at a depth of 5 cm.
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FOOTPAD 2

Fig. IV-23. Penetration of footpad 2 after the hop.

hinge line, as shown by the dashed line.

For Surveyors I, III, and VI, the most representative
simulation at this time is for a bearing strength of approx-
imately 3.4 N/cm® (averaged for the entire depth of
footpad penetration). For the compressible soil model
simulations, typically, the footpad penetrations have been
less than the actual penetrations. It is conjectured that
more accurate footpad penetrations would result from
use of a soil model that varies with depth.
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The profile was drawn parallel to the footpad

The Surveyor III soil mechanics surface sampler
(SMSS) performed bearing and impact tests on undis-
turbed lunar material and on the bottom of a 5- to 7.5-cm-
deep trench excavated by the SMSS (Ref. IV-6). The
undisturbed material was penetrated 1.9 to 2.5 cm in the
bearing tests and 6.3 cm in the impact tests. On the trench
bottom, for corresponding tests and loadings, penetra-
tions of 0.6 and 1.3 cm, respectively, were produced. This
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indicates a substantial increase in bearing strength with
depth even in material which was not compressed by a
footpad impact. The SMSS did not detect “an extremely
soft upper layer” in the vicinity of Surveyor III. How-
ever, a weak upper surface was indicated at the landing
site of Surveyor V by tracks of fragments that rolled on
an undisturbed surface. Here, the bearing strength of the
upper few millimeters was estimated to be less than
0.1 N/cm? for a bearing area of 1 cm*® (Ref. IV-7). A sim-
ilar track was noticed at the Surveyor VI landing site
(see Section IT of this report). Later in this section, the
variation with depth is used as an explanation of some
observed soil erosion effects.

b. Cohesion, density, and porosity. Calculations pre-
sented in Ref. 1V-3 for the Surveyor I landing, and in
Ref. IV-1 for the Surveyor III landing, as well as similar
calculations made for the Surveyor VI landing, assumed
that the failure mode of the top layer of surface material
(<0.5 cm) is primarily local shear. The following calcu-
lations, which were made to determine the upper bounds
of cohesion and density of the top surface material, fol-
low the same methods.

For a frictionless material that fails in local shear, the
upper bound for cohesion is about one-fourth of the bear-
ing strength. The resistance to penetration, P;, of a soil
that fails in local shear is given in Ref. IV-8 and by
Chandeysson® as

P, = ——‘p'-’p‘p (h* + hh) (1)

where

p1 = density of undisturbed soil

p- = density of soil after local shear

h = depth of penetration
When h = 0 (initial surface contact), the velocity h, at
initial surface contact, is 336 cm/sec, and h* is 1.1 X 10°
cm?/sec?. At this instant, P; < 1.3 X 10° dynes/cm?, the

upper bound of cohesion for a frictionless soil that fails
in local shear.

Therefore, from Eq. (1), for h = 0:

PP (5.2 X 10°)/4
p: — pr L1 X 10°

= 1.2 g/cm?® (2)

*Unpublished work, 1966.
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If p, = 1.6 g/cm?, the value determined for the assumed
soil model used in the computer simulations, is substituted
in Eq. (2), then p, < 0.7 g/cm®.

For a soil derived from basalt, as indicated by the
Alpha-Scattering Experiment for the Surveyor V and VI
landing sites, the average grain density would equal
3.0 g/cm?. Thus, if it is assumed that the bulk density of
the undisturbed soil ranges from 0.7 to 1.2 g/cm® at the
top to < 1.6 g/cm® at a depth of a few centimeters,
the porosity could range from 0.8 to 0.5, respectively
(based upon assumed soil models).

c. Tests and analyses: crushable block imprints. Tests
and analyses have been conducted to substantiate the
assumption that the deformation of the surface beneath
crushable block 3 was actually caused by impact of the
crushable block. Analytical simulation of the initial land-
ing indicated a 5.8-cm (assuming a planar surface) pene-
tration by crushable block 3. The additional tests and
analyses described are primarily intended to explain the
small mound of soil in the bottom of the imprint and to pre-
sent the implications relative to surface bearing strength.

The presence of the mound can be explained by the
construction of the crushable block, which has an 8-cm-
diameter vertical hole through the center (Fig. IV-24).
The bottom of the entire block is covered by a thin sheet
of corrugated aluminum (Figs. IV-25 and IV-26), which
presumably ruptured when the crushable block impacted
the lunar surface. The mound could have been stamped
into the soil following fracture of the thin metal cover; or
it could have been formed by soil that was forced into the
hole, adhered to the inner walls of the block, and then
was shaken out during the rebounding of the spacecraft.
During the SMSS Experiment on Surveyor I11 (Ref. IV-§),
the lunar surface material exhibited similar adhesive
properties.

In one direction, the center portion of a bottom sheet
provides little resistance to any pressure exerted on the
sheet because the corrugations will easily deform, as
shown in Fig. 1V-24. However, in the perpendicular
direction, the sheet is put into tension, and a much greater
resistance is present.

A test was performed to determine the pressure re-
quired on the sheet to rupture the unsupported area.
Pressure loads were applied evenly over the total unsup-
ported area in increments of 0.35 N/cm?® beginning at
0.35 N/cm® Small deformations in the sheet occurred
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Fig. IV-24. Drawings and construction details of a Surveyor crushable block.
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Fig. IV-25. A crushable block, with corrugated thermal
shield.
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Fig. IV-26. The aluminum bottom sheet of the crushable
block was stressed until it ruptured into the hollow cen-
ter of the block.

during application of a 2.4-N/cm? load, and failure oc-
curred at the 2.8-N/cm?® level. Figures IV-25 and 1V-26
show the crushable block before and after the bottom
was fractured. From this test, it can be concluded that a
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surface dynamic bearing pressure greater than 2.4 N/cm?
would be necessary to rupture the sheet and leave a
residual soil mound, as observed in the imprint of

Fig. IV-15.

A simplified analysis was performed to determine the
rupture pressure. In the analysis, the bottom sheet was
considered as a series of parallel beams, as shown in
Fig. IV-25. The beams, spanning the cored-out center of
the crushable block, have varying lengths up to a maxi-
mum of 8.1 cm. The beam assumption is justified even
though the bottom sheet is extremely thin (0.0025 cm),
since both tensile and compressive failures were apparent
in the described tests. The beams are assumed to have
fixed ends, because the sheet is bonded to the block.
Using the associated beam formulas, My = ¢I and
M = 1/12 pbl?, where

M = bending moment
I = second moment of area

stress in filament

Il

o
y = filament distance from neutral axis
p = applied pressure

b = beam width

[ = beam length

the substitution of appropriate values yields pl* = 147 N.
The relationships between p and [, which satisfy the
equation, are:

L (cm) 25 50 75 81
p(N/em?) 235 59 26 22

Thus, a fracture would be expected when the applied
pressure reaches 2.2 N/cm? Once the fracture is initiated,
it would propagate so that fracture of chordwise elements,
< 8.1 cm long, would occur at a pressure near that causing
initial fracture.

Analytical and test results indicate that fracture of the
sheet can be expected for applied pressures of approxi-
mately 24 N/cm?® Landing dynamic simulations have
shown that crushable block 3 impacted the surface at
approximately 1.5 m/sec; at the moment of fracture,
2.4 N/cm® was the total pressure exerted on the lunar
surface. In Figs. IV-17 and IV-18 of Ref. IV-2, a hypo-
thetical soft surface model is described, and a relation-
ship between dynamic pressure, static pressure, and
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densities of undisturbed and compressed soils is pre-
sented. The dynamic and static pressures of this soil
model are functions of the densities of the undisturbed
and of the compressed soils. Therefore, for specific densi-
ties that are compatible with Ref. IV-2, a resulting total
pressure can be calculated. For lunar soil initial and com-
pressed densities of 0.9 g/cm? and 1.4 g/cm?, respectively,
the total pressure exerted on the crushable block would
be approximately 2.4 N/cm?. The static bearing pressure,
or strength portion of the relationship, would be approx-
imately 1.8 N/cm?®. This static bearing strength deter-
mination is for a lunar surface penetration of 1 to 2 cm;
i.e., the depth, below the adjacent surface, of the center
mound in the imprint formed by crushable block 3.

Additional evidence that the crater below crushable
block 3 was formed by the block is the correlation of
dimensions of the crater to the block and to the thermal
shield, which partly encircles it. Figure IV-27 shows the
center of the small cone in the crater, aligned with
the center of the hole in the crushable block. Dimensions
of the crater and cone were measured from narrow-angle
Surveyor VI pictures using, as a reference scale, pictures
taken before launch, but after final alignment of the tele-
vision camera (Fig. IV-16). As shown in Fig. IV-27, the
depth of the imprint is 3 cm.

CORRUGATED THERMAL GUARD
(EXTENDS HALF-WAY AROUND
CRUSHABLE BLOCK)

(CORED CENTER OF BLOCK)

d. Elastic properties of the lunar soil. Oscillations can
be seen on the strain-gage records (Figs. IV-1 and IV-4)
following the final impact of both the initial landing and
the hop. Similar oscillations were observed in previous
landings (Refs. IV-1 to IV-3); however, they can be read
more clearly in the Surveyor VI records. The frequency
of the oscillations can be related to the combined elastic
properties of the spacecraft and the lunar soil; esti-
mates 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 dissipative (anelastic)
properties of the soil. At present, the appropriate elastic
constants (for small oscillations) of the spacecraft are not
accurately known, nor are the dissipative constants. Tests
are planned to determine the desired constants by using
a duplicate spacecraft.

For a single mass-spring system with viscous (velocity)
damping, the free oscillations are of the form [f(t) = de-
flection]

fit) = C et sin [ (1 — 491 ¢ ®

HONEYCOMB
CRUSHABLE BLOCK

NO THERMAL
GUARD HERE
|

l»d— 8 cm (AVERAGE DIAMETER)—.‘

&——— 1 cm (AVERAGE RADIUS) ———»l¢—— 9 cm (AVERAGE RADIUS) — &

(&———————{|..5i1cm

20cm

PERIMETER OF CRUSHABLE

PERIMETER OF THERMAL
GUARD DURING PENETRATION

BLOCK DURING PENETRATION

9cm

NO RAISED RIM

"CAVED" sOIL

ZIF’OSSIBLE DEPTH OF CRUSHABLE

BLOCK PENETRATION

Fig. IV-27. Section through the 20-cm-diameter crater visible through the large auxiliary mirror in pre-hop pictures.
The center of the cone in the crater is aligned with the center of the crushable block to show size correlations.
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where vy is the fraction of critical damping and o, is the
undamped, angular resonant frequency.

The quality factor, Q, of a resonant system is Q = 1/(2y).
For large Q, i.e., small y, the damped frequency is ap-
proximately equal to w,. As an example, if Q = 2.5, then
y = 0.2, and the damped frequency is 0.98 «, For a
spacecraft on the lunar surface, o, and y depend upon
the stiffness and damping of the lunar surface material
as well as those of the spacecraft.

The observed oscillations in each of the legs, as in
Surveyors I and III, 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 approximations for the space-
craft motion appear justified. However, there is some
dispersion in the oscillations, with the frequency increas-
ing slightly with decreasing amplitude. The reason for
this dispersion, which is neglected in the present analysis,
is not known. It may be caused by nonlinearities in the
system.

For the initial landing, the average frequency 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 a frequency
of 8.0 Hz ==10% for the oscillation of a spacecraft sitting
on a rigid surface. Provided that the constants of the
spacecraft were essentially the same in both cases, this
observation indicates that the lunar surface material, as
loaded by the footpads, had greater stiffness and con-
tributed less damping at the second landing location than
at the first landing location. For Surveyors I and III, the
observed frequency was about 6.5 Hz; and 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

_ 4dn*Mf2f2 @

m fg _ ]cg
s m

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, p, for the lunar material can be
estimated using the relation (Ref. IV-9)
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p=—m— (5)

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 ma-
terials, this relationship provides an estimate of x. Then,
the shear wave velocity of the lunar soil, V,, can be esti-
mated for a given value of p and various assumed values
of bulk density, p, since V, = (u/p)*. In addition, the
compressional wave velocity, V,, can be obtained from
the relation

VIl —y)

P 1 —2 ©)

For Surveyor 111, the oscillation frequency was 6.5 Hz,
which results in K,, = 4.9 X 10% dynes/cm. This implies
a rigidity modulus range from 3.9 X 10° to 7.8 X 10¢
dynes/cm?, for v varying from 0.5 to 0, respectively, and
a shear wave velocity of 16 to 28 m/sec for a bulk density
of 1.0 to 1.5 g/cm?®. For Poisson’s ratio less than 0.45 and

the same range of density, a compressional wave velocity
of 33 to 70 m/sec is obtained (Ref. IV-1).

Using the frequencies from the Surveyor VI landing,
the value for K,, would be reduced by about 10% from
that given above for 6.3 Hz and increased by about 60%
for 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 with the other
mechanical properties as described in this report. Until
tests on a spacecraft have been performed, these results
should be considered as preliminary estimates only.

B. Lunar Soil Erosion: Vernier Engine Firing
1. Test Explanation

Possible soil erosion caused by the rocket engine ex-
haust gas impingement on the surface during the hop is
of three basic types, which might occur in combination,
although one mode probably would predominate. (Addi-
tional explanations of these erosion phenomena are given
in Ref. IV-2.)

(1) Viscous erosion (Refs. IV-10 and IV-11): erosion
by entrainment of soil particles as the gas flows
over the surface.
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(2) Gas diffusion erosion (Ref. IV-12): movement of
the soil caused by the upward flow of gas through
the pores of the soil during and after the firing.

(3) Explosive cratering (Ref. IV-13): rapid cratering
caused by the exhaust gas pressure on a surface
exceeding the bearing capacity of the lunar surface.
(With the full expansion of the Surveyor or the
Apollo Lunar Module exhaust plumes as they can
occur on the moon, little of this type of erosion
would be expected.)

The firing of the vernier engines during the Surveyor V
mission was primarily intended to determine the diffused
gas eruption effects resulting from rapid engine shut-
down. This eruption did occur, as did viscous erosion
during the firing of the engines. However, neither of these
effects caused a functional degradation of the spacecraft.
The vernier engines on Surveyor V were fired for 0.5 sec
at a thrust level near that required to lift the spacecraft
off the surface. For a supplemental erosion test, it was
desirable to fire the Surveyor VI engines at a higher thrust
level and for a longer time to emphasize the viscous
erosion effects.

The hop made by Surveyor VI increased the viscous
erosion effects, minimized the possibility of diffused gas
eruption, and provided good visibility of the erosion
effects. It was reasoned that correlation of the results of
the two tests (Surveyors V and VI) should be realistic
because of the general similarity of the soils at the four
Surveyor mare landing sites (more similar than would
be expected at four earth sites).

2. Observations

During liftoff for the hop, the exhaust gases from the
vernier engines caused erosion of a shallow layer of lunar
soil beneath, and adjacent to, the spacecraft. This soil was
redeposited up to several meters away from the space-
craft. Figures IV-28 through IV-31 are controlled mosaics
(frame orientation and center location are correct) show-
ing the lunar surface near Surveyor VI before and after
the hop. These mosaics are annotated to identify features
pertinent to the analysis of the erosion test.

Figure IV-28 is a controlled mosaic of narrow-angle
pictures taken the day before the hop. The mosaic repre-
sents 165 deg of camera azimuth and shows most of the
lunar surface close to the spacecraft that can be seen by
the camera.
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Figure IV-29 is a controlled mosaic of narrow-angle,
post-hop pictures looking toward the original landing
site. This mosaic, which extends in camera azimuth for
87 deg, shows much of the soil disturbance caused by the
spacecraft’s first landing and by the vernier engines dur-
ing the hop.

Figure 1V-30 is a post-hop, controlled mosaic identify-
ing imprints made during the original landing by the
footpads and crushable blocks, as well as the approxi-
mate locations of the vernier engines after the spacecraft
came to rest. Shown in the mosaic are the double imprints
of footpads 2 and 3 during the first impact and the sub-
sequent, short bounce of the spacecraft. Also identified
are the single imprints made by crushable blocks 2 and 3
during the first impact of the initial landing. The craters
beside the crushable block 1 imprint were probably
formed by vernier engine 1 exhaust during the hop. The
original landing imprint of footpad 1 is beneath the space-
craft in its present position and cannot be seen by the
camera. Also shown are the approximate pre-hop loca-
tions of the vernier engines. Figure IV-6 is a scaled draw-
ing of the positions of these landing imprints.

By comparing the pre- and post-hop mosaics (Figs.
IV-28 and IV-29), rocks that were not moved by the
vernier engine firing can be seen; they are identified with
the lowercase letters a through y. These rocks are used
as reference points for determining erosion effects caused
by the firing. Approximately the same area of the lunar
surface is included in each of the mosaics.

Of interest is rock g near the a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>