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Surveyor VIl photo showing undulating hills and ridges north of the landing
site. These hills and the rocks littering the area may be composed of debris
ejected from beneath the lunar surface. The rim of the large crater Tycho is about
18 miles to the south.
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Foreword

THE REMARKABLY SUCCESSFUL SERIES of Surveyor lunar soft-landing missions
came to both climax and conclusion with the flight of Surveyor VII. Previous
Surveyors had all been directed to mare regions in the Moon’s equatorial belt to
scout potential Apollo landing sites. These tasks having been satisfactorily ac-
complished, Surveyor VII could be sent to an area of primary scientific interest,
one appearing to have entirely different characteristics: the rugged, rock-strewn
ejecta blanket near the prominent, comparatively young, ray crater Tycho.

This region, though appearing hazardous for a successful landing, was se-
lected because it is in the lunar highlands, far removed from the mare basins
previously investigated, and is believed to be covered with debris excavated from
deep beneath the surface when Tycho was formed. The site thus provides an
entirely different kind of geological sample for comparison with the mare mate-
rials studied by earlier Surveyors.

As this report indicates, the excellent performance of Surveyor VII and its
on-board instruments have provided us with a wealth of exciting new lunar data.
The initial findings of the Surveyor scientific teams are presented on the follow-
ing pages. The full analysis of this new body of information may well have a
profound effect on our understanding of the nature and processes of the Moon.

It has been said that Surveyor I placed man’s eyes on the Moon and Sur-
veyor III gave him a hand to work with. The accomplishments of the total
Surveyor program, however, transcend the many historical “firsts” now entered
in the record. When one considers Surveyor’s revolutionary new technology and
broad spectrum of in situ investigations, in association with Lunar Orbiter’s
comprehensive photography, it may be truly said that these automated pre-
cursors have built a bridge to the Moon for man and have provided a firm
scientific foundation for the further exploration of Earth’s natural satellite.

BENJAMIN MILWITZKY
Assistant Director for Automated Systems
Apollo Lunar Exploration Office

May 8, 1968
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I. Principal Scientific Results from Surveyor VII

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

The rim of the crater Tycho, believed by sci-
entists to be the most interesting highland area,
was chosen as the Surveyor VII landing site. The
selection of this particular site was made because
the area around the rim of Tycho is thought to
be the youngest sample of highland material; it
is also believed possible that this material origi-
nated at depth and was ejected during the forma-
tion of the crater,

The exterior rim of Tycho consists of a belt of
terrain 80 to 100 km wide that differs in topog-
raphy, albedo, color, radar reflectivity, thermal
characteristics, and other physical properties from
the surrounding highland terrain. Extending out-
ward a distance of 10 to 15 km is a ring charac-
terized by hummocky topography and high lumi-
nance (high albedo, 16 to 17 percent). From 15
to about 40 km, the surface is marked by numer-
ous subradial ridges and valleys superimposed on
a broadly undulating surface and with a lower
albedo (13 to 14 percent). Surveyor VII landed
in this area, about 30 km north of the rim crest
of Tycho. In the vicinity of the spacecraft are
many smaller scaled irregular hillocks and swales.

Lunar Orbiter V photography shows that the
rim of Tycho is composed of debris, presumably
ejected from depth during the crater’s formation,
and a sequence of flows that form mappable geo-
logic units, several of which are visible from the
Surveyor VII television camera. The flows range
from those that appear to have been emplaced
as highly viscous steep-fronted flows to very
Huid low-viscosity smooth-surface flows that have
collected on the floors of closed depressions.
Surveyor VII landed on one of the flows whose
surface is composed of irregular, low hills and
depressions ranging from 100 meters to several
hundred meters across with scattered blocks,

small craters, and swarms of north-trending fis-
sures that occur on the crest of the flow.

A great variety of rock fragments is scattered
about on the surface in the landing site area.
Some of these fragments contain vesicles; others
contain bright, irregular spots of various sizes
and shapes. Most of the fragments appear to be
dense, coherent rock; others appear less dense
and porous. The surface rocks appear to have
been subjected to an erosive or abrasive action;
one of the rocks turned over by the surface
sampler was smooth on the exposed side and
angular on the subsurface portion.

The size-frequency distribution of the frag-
mental debris determined from the Surveyor VII
pictures indicates the average grain size is coarser
at the Surveyor VII site than at the other Sur-
veyor landing sites. Per unit area, more frag-
ments larger than 4 em were observed at the
Surveyor VII site than at the Surveyor VI site;
however, no subsurface fragments of centimeter
dimensions were observed in the material exca-
vated by the surface sampler.

The distribution of small craters, 15 ¢cm to 2 m,
is similar to the distribution of small craters of
this size observed at previous Surveyor sites;
however, there are fewer craters larger than 8
meters at the Surveyor VII site than observed at
the previous sites, which indicates a young age
for the Tycho rim material.

Photometric measurements made from the Sur-
veyor VII pictures show the normal luminance
of the undisturbed fine-grained material near the
spacecraft to be 13.4 percent, whereas the rock
fragments scattered over the lunar surface are
lighter and have estimated normal luminance
factors ranging from 14 to 22 percent. The mate-
rial ejected by the spacecraft footpads and exca-
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vated by the surface sampler is darker and has
a normal luminance factor estimated to be 9.6
percent. Similar differences between the optical
properties of the surface and subsurface material
have been noted at all Surveyor landing sites.!
Its occurrence in different geological provinces,
such as the lunar maria and highlands, suggests
that the difference in albedo of the subsurface
and surface material is not dependent on the
intrinsic properties of local bedrock.

Polarimetric observations of the fine-grained
material near Surveyor VII revealed a maximum
polarization of 7 to 8 percent at 90° to 100°
phase angles. This polarization of light, at a
resolution of a few square centimeters, is similar
to telescopic measurements which integrate over
100 km?®. Various rock surfaces, however, showed
maximum polarization effects ranging from that
of the fine-grained material at a 100° phase
angle to a maximum of 30 percent polarization
at a 120° phase angle. The variation in the rock
polarization properties suggests variations in min-
eralogy and texture, or similar rocks covered with
increasing amounts of fine-grained dust, or both.

The soil at the Surveyor VII site resembles
that of the previous sites, since it is predomi-
nantly fine grained, granular, slightly cohesive,
and partially compressible; the static strength,
and probably the density, increases with depth.
The density of one typical surface rock fragment
lies between 2.4 and 3.1 g/em?® which is in the
range of common, solid terrestrial rocks and is
consistent with estimates based on the chemical
analysis. If the soil grains are derived from the
rocks, the grains themselves cannot be highly
porous. One rock fragment was broken by a
moderately strong impact by the surface sampler.

On previous Surveyor missions, lunar soil ad-
hered to spacecraft components primarily fol-
lowing the firing of the vernier rocket engines.
During the Surveyor VII landing, lunar soil was
thrown against an auxiliary mirror and adhered
to it. Adhesion of the soil to the inside of the
surface-sampler scoop was also observed. The
adhesion seemed to increase with time during
the first lunar day.

! The normal luminance factor of the undisturbed ma-
terial on the maria varies from 7.3 to 8.2 percent; for the
disturbed material, from 5.5 to 6.1 percent.

The bearing capacity of the lunar surface at
the Surveyor VII landing site is

At a depth less than 1 em: 0.2 X 10° dynes/
em? (from the imprint of the alpha-scat-
tering-instrument sensor head).

At depths of 2 to 5 em: 2 X 10° to 3 X 10°
dynes/cm? (from imprints of crushable
block and footpads, and from the soil
mechanics surface-sampler experiment).

These bearing capacities are in general agree-
ment with results from previous Surveyor land-
ings.

The surface sampler made it possible for the
alpha-scattering instrument to analyze three
lunar samples: (1) undisturbed lunar surface,
(2) a small rock, and (3) a disturbed area
exposing subsurface material. Within the present
experimental errors, the composition of all three
samples is similar to that of the mare material
examined during the Surveyor V and VI mis-
sions, except that the amount of the iron group
of elements (Ti to Ni) is significantly less in the
highland samples than in those examined in the
maria, The lunar rock has somewhat less of this
group of elements than even the undisturbed
material nearby.

Whereas the maria were found to have a
basaltic composition with a high iron content,
the Surveyor VII chemical analysis may be
grossly characterized as a basaltic composition
with a low iron content. The chemical data from
Surveyors V, VI, and VII clearly contradict a
lunar origin for most meteorites. Moreover, al-
though the origin of the material analyzed by
the alpha-scattering instrument on Surveyor VII
is subject to varied interpretations (i.e., impact
and/or volcanic), these new data, together with
results from Surveyors V and VI, establish that
the Moon is not an undifferentiated body of
chondritic composition. The analyses are strong
circumstantial evidence that some melting and
chemical fractionation of lunar material has oc-
curred in the past. The bulk composition of the
Moon, however, remains obscure. The lower
iron content for the highlands suggests a sig-
nificantly lower rock density than that of the
mare material, and may also provide an explana-
tion for the albedo differences between the two
major geologic units on the Moon.
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The presence of magnetic constituents, com-
parable in amounts to those found at the mare
sites of Surveyors V and VI, was indicated by
the magnet test of the soil near Surveyor VIL
In addition, during the surface-sampler opera-
tions, a centimeter-size object was observed to
adhere to a magnet attached to the door of the
surface-sampler scoop. Objects possibly attracted
in this manner include rocks containing signifi-
cant amounts of magnetite or iron-bearing mete-
orites,

Lunar surface temperatures after sunset, ob-
tained from spacecraft thermal data, were differ-
ent in two directions viewed. An effective thermal
parameter of about 240 was indicated in the
direction of a nearby group of large blocks; a
value of 385 was obtained for the area which
did not contain the large blocks. The difference
in the two values is qualitatively consistent with
the supposition that the blocks are solid rocks.
In contrast, the thermal parameter value obtained
from Surveyors I, III, V, and VI was the same
(about 500) in the two directions after sunset.
The Earth-based (telescope) thermal parameter
value for the Surveyor VII region was 700; the
difference between this value and those obtained
from the spacecraft is comparable to the results
from the previous Surveyors. Also in agreement
with previous spacecraft, directional thermal
emission from the lunar surface was clearly indi-
cated and is qualitatively consistent with Earth-
based data.

Measured values of the radar signal strengths
at a wavelength of 2.5 em during descent from
about 20 km to touchdown indicate that the
angular dependence of the radar backscattering
function in the Tycho region exterior to the
crater is similar to that observed for the average

lunar surface with Earth-based radars. Assuming
that this dependence is the same as that observed
from the Earth at 3.6-cm wavelength, the values
of the angular cross sections observed suggest
that the material radar reflectivity in the Tycho
region is from 50 to 100 percent greater than that
for the average Moon. If this result is interpreted
in the conventional way, we conclude that the
effective dielectric constant in this region is in
the range from 3.2 to 4.5, as compared with the
Earth-based result of 2.8 for the average Moon.

A comparison of radar data from all Surveyor
flights shows that the reflectivity at all observed
angles is approximately twice as large for the
rim flank of Tycho as for the mare regions. In
general, a comparison of the angular reflectivities
for the Surveyor flights over mare regions with
those from the average Moon from Earth-based
measurements shows that the effective dielectric
constant is slightly below that of the mean lunar
value.

A test for directing narrow, continuous laser
beams from Earth to a specified area on the
lunar surface was successful. The two laser
beams emitted from Kitt Peak and Table Moun-
tain were detected by Surveyor; each beam trans-
mitted about 1 watt and yet appeared compara-
ble in brightness to Sirius (magnitude, —1.4).

Observations of the faint outer (F-) corona
were conducted 8 to 14 hours after sunset. Seven
pictures were obtained in polarized and unpolar-
ized light, the later ones recording the coronal
image to about 50 solar radii (12°), This is some
five times farther than obtainable from eclipse
photography, and 50 percent farther than ear-
lier Surveyor data. It covers the previously un-
observed transitional region between the solar
corona and the inner zodiacal light.
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2. Introduction

B. Milwitzky and S. E. Dwornik

The Surveyor program has been planned to
achieve soft landings on the Moon by automated
spacecraft capable of transmitting scientific and
engineering measurements from the lunar sur-
face. The program has three major objectives:
(I) to develop and validate the technology for
landing softly on the Moon, (2) to provide data
on the compatibility of the Apollo design with
conditions encountered on the lunar surface, and
(3) to add to scientific knowledge of the Moon.

Surveyor I, the first United States spacecraft
to land softly on the Moon, returned a large
quantity of scientific data during its first 2 lunar
days of operation on the lunar surface. Follow-
ing its landing on June 2, 1966, in the southwest
portion of Oceanus Procellarum (2.45° S latitude
and 43.21° W longitude), the spacecraft trans-
mitted 11 237 high-resolution television pictures.
Surveyor I completed its primary mission suc-
cessfully on July 14, 1966, after transmitting, in
addition to the television pictures, data on the
bearing strength, temperatures, and radar re-
flectivity of the Moon. Subsequent engineering
interrogations of the spacecraft were conducted
through January 1967.

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

Surveyor III successfully landed on the Moon
on April 20, 1967, touching down in the eastern
part of Oceanus Procellarum. The landing point
was in a medium-size crater located at 2.94° S
latitude and 23.34° W longitude. This space-
craft, like its predecessors, carried a survey tele-
vision camera and other instrumentation for de-
termining various properties of the lunar-surface
material. In addition, it carried a surface-sampler

ut

instrument for digging trenches, making bearing
tests, and otherwise manipulating the lunar ma-
terial in the view of the television system.

In its operations, which ended on May 3, 1967,
Surveyor III acquired a large volume of new
data and took 6315 pictures. In addition, the
surface sampler accumulated 18 hours of opera-
tion, which yielded significant new information
on the strength, texture, and structure of the
lunar material to a depth of 17.5 cm.

Surveyor 1V, carrying the same payload as
Surveyor III, was launched on July 14, 1967.
After a flawless flight to the Moon, radio signals
from the spacecraft abruptly ceased during the
terminal-descent phase, approximately 2% min-
utes before touchdown. Contact with the space-
craft was never reestablished.

Surveyor V was launched on September 8§,
1967, and landed in Mare Tranquillitatis on Sep-
tember 10, 1967. This spacecraft was basically
similar to its predecessor, except that the surface
sampler was replaced by an alpha-backscatter
instrument, a device for determining the relative
abundance of the chemical elements in the lunar
material. In addition, a small bar magnet was
attached to one of the footpads to indicate the
presence of magnetic material in the lunar soil.

Because of a critical helium-regulator leak in
flight, a radically new descent profile was engi-
neered in real time, and Surveyor V performed a
flawless descent and soft landing within the rim-
less edge of a small crater on a slope of about
20°, at 1.41° N latitude and 23.18° E longitude.

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

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

Surveyor VI was launched on November 7,
1967, and, after a perfect flight, landed on the
Moon on November 10, 1967. The landing site
was in Sinus Medii, essentially in the center of
the Moon’s visible hemisphere, the last of four
potential Apollo landing areas designated for
investigation by the Surveyor Program.

By correlation of Surveyor VI pictures of lunar
surface features with earlier Lunar Orbiter pho-
tography of the same region, the location of the
spacecraft was very precisely established at the
coordinates 1.40° W longitude and 0.49° N
latitude.

The landing site is a nearly flat, heavily cra-
tered mare area, about 200 meters northwest of
the base of a ridge about 30 meters high.

The performance of Surveyor VI on the lunar
surface was virtually flawless. From touchdown
until a few hours after sunset on November 24,
1967, the spacecraft transmitted 30 065 television
pictures and the alpha-scattering instrument
acquired 30 hours of data on the chemical com-
position of the lunar material. On November 17,
1967, the vernier rocket engines of Surveyor VI
were fired for 2.5 seconds and the spacecraft
lifted off the lunar surface and translated later-
ally about 8 feet to a new location, the first such
known excursion on the Moon. This “lunar hop”
provided excellent views of the surface disturb-
ances produced by the initial landing and fur-
nished significant new information on the effects
of firing rocket engines close to the lunar surface.
The 8-foot displacement provided a baseline for
stereoscopic viewing and photogrammetric map-
ping of the surrounding terrain and surface
features.

Other data provided by Surveyor VI include
pictures of a bar magnet installed on a footpad
to determine the concentration of magnetic ma-

terial in the lunar surface, views of the stars,
Earth, and the solar corona, lunar surface tem-
peratures up to 41 hours after sunset, radar
reflectivity data during landing, touchdown-
dynamics data during the initial landing and the
lunar hop which provided additional informa-
tion on the mechanical properties of the lunar
surface material, and on-surface doppler tracking
data for refining existing information on the
motions of the Moon.

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

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

The Surveyor VII mission, the subject of this
report, was conducted with a spacecraft carrying
the most comprehensive payload in the Surveyor
series. The lunar area selected for investigation, a
site about 18 miles north of the large ray crater
Tycho, differs considerably from those examined
by previous Surveyors. This region was chosen
because it is in the highlands, well removed from
the maria, and was expected to be covered with
debris excavated from beneath the surface of the
highlands when Tycho was formed. It thus pro-
vides a significantly different type of lunar sample
for comparison with those of previous missions.

The Surveyor Program is directed by the NASA
Office of Space Science and Applications with
the Jet Propulsion Laboratory providing project
management. The Surveyor spacecraft, its televi-
sion camera, and the surface-sampler instrument
were designed and fabricated by the Hughes
Aircraft Company. The University of Chicago
developed and provided the alpha-scattering
chemical-analysis instrument.

Spacecraft and Instrumentation

The Surveyor spacecraft (fig. 2-1) has a basic
triangular structure of aluminum tubing that
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Ficure 2-1. — Surveyor VII spacecraft — landed configuration.

provides mounting surfaces for power, communi-
cations, propulsion, and flight-control systems,
as well as a support for payload packages. An
extendable, shock-absorbing landing leg is at-
tached to each of the three lower corners, and
the structure is topped by a vertical mast with
mechanisms that position the high-gain antenna
and the solar panels. The spacecraft weighed
2289 pounds at injection. After jettisoning of the
retrorocket and the altitude-marking radar and
depletion of the propellants and other consum-
ables, the equivalent Earth weight of the space-
craft on landing was 674 pounds.

Two thermally controlled compartments on the
spacecraft house its electronics and main battery.
The primary source of power, the solar panel,
supplies up to 85 watts in transit and after land-

ing. Rechargeable silver-zinc batteries are used
for energy storage and to accommodate peak
loads.

A Canopus tracker, Sun sensor, and rate gyros
on three axes provide attitude references during
cruise flight and midcourse and terminal maneu-
vers. Cold-gas attitude control jets control the
spacecraft during the cruise phases of flight.
During powered phases of flight (midcourse
thrusting, main retrofiring, and terminal de-
scent), three throttleable vernier rocket engines
provide attitude control as well as velocity
changes.

During terminal descent, the altitude-marking
radar initiates the firing of the main retrorocket.
Then the doppler and altimeter radars, in con-
junction with the onboard analog computer, auto-
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pilot, and vernier propulsion system, provide
automatic, closed-loop guidance for the soft
landing.

The propulsion system consists of a large main
retrorocket for primary braking from lunar-
approach velocity, and a vernier propulsion
system for midcourse velocity correction and
terminal descent. The main retrorocket uses
solid propellant in a spherical steel case. The
vernier system uses hypergolic liquid propellants,
with a fuel of monomethyl hydrazine hydrate and
an oxidizer of MON-10 (90 percent N2Oy and 10
percent NO). Each of the three throttleable
thrust chambers can produce between 30 and
104 pounds of thrust on command. One engine
swivels for roll control.

Two receivers, two transmitters, and two omni-
directional antennas provide communications. A
planar-array, high-gain directional antenna trans-
mits the 600-line television pictures from the
lunar surface.

The Surveyor VII payload, the most extensive
ever flown in the Surveyor program, contained

(1) A survey television camera (figs. 2-2 and
2-3), similar to those of previous Surveyors,

MIRROR
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Ficung 2-2, — Cutaway view of survey television camera.

which provides either 200- or 600-line pictures
on command from Earth. The vidicon tube and
its shutter, diaphragm, and optics are mounted
nearly vertically, surmounted by a mirror that
can be adjusted by stepping motors in azimuth
and elevation. The camera contains a filter
wheel equipped with three polarizing filters and
a nonpolarizing aperture.

(2) An alpha-scattering instrument similar to
those carried by Surveyors V and VI for in situ
chemical analysis of the lunar material.

(3) A surface-sampler instrument similar to
that carried by Surveyor III for digging trenches,
making bearing tests, picking up rocks, and re-
positioning the alpha-scattering instrument.

(4) Three auxiliary mirrors to permit viewing
special areas beneath the vernier engines and
crushable blocks, as well as the alpha-scattering
instrument deployment area.

(5) A special “stereo” mirror to permit stereo-
scopic viewing of the surface-sampler operating
area.

(6) Seven small “dust” mirrors to indicate
whether lunar surface material was deposited
on the spacecraft during the landing.

(7) Small bar magnets attached to two foot-
pads and two horseshoe magnets installed in the
door of the surface-sampler scoop.

(8) More than 100 items of engineering in-
strumentation to monitor various aspects of the
spacecraft operation and performance. This in-
strumentation includes temperature sensors, strain
gages, accelerometers, and position-indicating
devices.

Tracking and Data Acquisition

Surveyor VII used the facilities of (1) the Air
Force Eastern Test Range for tracking and telem-
etry during launch; (2) the Deep Space Network
(DSN) for precision tracking, communications,
data transmission and processing, and comput-
ing; (3) the Manned Space Flight Network
(MSFN); and (4) the NASA worldwide com-
munications network (NASCOM).

The critical flight maneuvers were commanded
and recorded by the Deep Space Station (DSS-
11) at Goldstone, Calif., during its view periods.
Other DSN stations that provided prime support
were DSS-42, near Canberra, Australia, and DSS-
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61, near Madrid, Spain. During postlanding op-
erations, DSS-42 and DSS-61 also obtained many
television pictures, an abundance of alpha-
scattering data, and other engineering and
scientific data.

Additional support, on a limited basis, was
provided by DSS-71 (Cape Kennedy) during
the prelaunch and launch phases, DSS-51 at
Johannesburg, South Africa, which provided ini-
tial two-way acquisition and coverage during the
transit phase, DSS-14 (with its 210-foot antenna )
at Goldstone to back up DSS-11 during the mid-
course and terminal-descent phases and to pro-
vide telemetry during touchdown, and DSS-12
at Goldstone for additional backup during ter-
minal descent.

All tracking and telemetry data were trans-
mitted to the Space Flight Operations Facility
(SFOF) at the Jet Propulsion Laboratory, Pasa-
dena, Calif., for reduction and analysis. The
SFOF served as the central-control center for all
space-flight and lunar-surface operations.

Surveyor VIl Mission Objectives

The formal NASA objectives established for
the Surveyor VII mission were as follows:

Primary Objectives
e Perform a soft landing on the Moon. *
® Obtain postlanding television pictures of the
lunar surface.

Secondary Objectives

® Determine the relative abundance of the
chemical elements in the lunar soil by oper-
ation of the alpha-scattering instrument.

e Manipulate the lunar material with the sur-
face sampler in the view of the television
camera.

e Obtain touchdown-dynamics data.

e Obtain thermal and radar reflectivity data.

All mission objectives were fully satisfied by
Surveyor VII operations.

Surveyor VIl Mission Summary

Surveyor VII was launched at 06:30:00.54
GMT on January 7, 1968, from Cape Kennedy,
Fla., by the Atlas-Centaur AC-15 launch ve-
hicle. A parking-orbit ascent was used to inject

the spacecraft into its lunar-transfer trajectory.
Separation of Surveyor VII from Centaur oc-
curred at 07:05:16 GMT.

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

Because of the excellent performance of the
launch vehicle and the spacecraft, however, only
one midcourse maneuver, performed at 23:30:10
GMT on January 7, 1968, was found to be neces-
sary. Surveyor VII landed less than 1% miles
from the center of the target circle, about 18
miles north of the rim of Tycho. Touchdown oc-
curred at 01:05:36.3 GMT on January 10, 1968.
The landing location, determined by correlation
of lunar-surface features visible in the Surveyor
VII pictures with Lunar Orbiter V photography,
is 11.41° W longitude and 40.95° S latitude, ac-
cording to Orthographic Atlas coordinates (ref.
2-1). Postlanding radio-tracking data placed Sur-
veyor VII at 11.53° == 0.03° W longitude and
40.86° == 0.05° S latitude in inertial coordinates.

Lunar-Surface Operations

During the first lunar day, 20993 television
pictures were obtained. An additional 45 pic-
tures, in the 200-line mode, were obtained during
the second lunar day.

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

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

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

The surface sampler dug a number of trenches,
conducted static and dynamic bearing-strength
tests, picked up rocks, fractured a rock, weighed
a rock and performed various other manipula-
tions of the lunar material. The performance of
the instrument and its controllers was outstand-
ing.

In addition to acquiring a wide variety of
lunar-surface data, Surveyor VII also obtained
pictures of the Earth and performed star surveys.
Laser beams from the Earth were successfully

detected by the spacecraft’s television camera in
a special test of laser-pointing techniques.

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

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

Surveyor pictures and other data can be ob-
tained from the National Space Science Data
Center, Goddard Space Flight Center, Greenbelt,
Md. 20771.

Reference

2-1.  Orthographic Atlas of the Moon, Supplement 1 to
the Photographic Lunar Atlas, D. W. G.
Artaur and E. A, Wmrraker, compilers, Uni-
versity of Arizona Press, Tucson, Ariz., 1961.
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3. Television Observations from Surveyor VII

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

Surveyor VII, the last spacecraft of the Sur-
veyor series, successfully landed at 01:05:36
GMT, January 10, 1968, on the outer rim flank
of the large crater Tycho, in the southern part of
the Moon. The spacecraft landed about 30 hours
after local lunar sunrise and transmitted about
21 000 pictures during the remainder of the first
lunar day of operation. On January 22, after
local sunset, almost 700 pictures were taken of
the Earth, the Sun’s corona and parts of the
lunar surface illuminated by earthlight. On Feb-
ruary 12, Surveyor VII was revived for operation
on the second lunar day approximately 120 hours
after local lunar sunrise. The camera was then
operated in the 200-line (low-resolution) mode
because of loss in horizontal sweep in the 600-
line (high-resolution) mode. About 45 pictures
were taken in the 200-line mode during the
second lunar day before loss of power caused
suspension of camera operation.

During the first lunar day, the Surveyor VII
camera was operated extensively over the Gold-
stone, Calif., Canberra, Australia, and Robledo,
Spain (near Madrid), Tracking Stations of the
Deep Space Network; most of the pictures were
received at the Canberra Station.

Television Camera

The television camera on Surveyor VII (fig.
3-1) is almost identical to that flown on Surveyor
VI (ref. 3-1); in particular, a redesigned mirror
assembly, first used on the Surveyor VI camera,
was incorporated on the Surveyor VII camera.
As on the Surveyor VI camera, the filter wheel
in the mirror assembly contains three polarizing
filters in place of the color filters used on Sur-
veyors I, III, and V.

The polarizing filters on the Surveyor VII
camera are glass-laminated, linearly polarizing,
dichroic-type (KN-36) filters with transmission

13

axes oriented successively at 0°, 45°, and 90°
when they are rotated into the optical path. The
0° filter transmission axis is parallel to the mirror
surface and perpendicular to the plane contain-
ing the mirror normal and the camera optical
axes. Since the filter wheel is an integral part of
the mirror assembly, the orientation of the polar-
izing filters remains fixed with respect to the
camera mirror and rotates with respect to the
picture format during azimuth rotation of the
mirror assembly. For a camera oriented verti-
cally, the filter orientations are horizontal, at 45°,
and vertical with respect to a level horizon pro-
jected onto the plane of the vidicon target. In
order that no iris changes would be required for
pictures taken at different filter positions for a
given field of view, the fourth position of the
filter wheel is occupied by a piece of optical glass
with an inconel coating of sufficient density so
that the transmission of the clear-filter position
is equal to that of the polarizing filters.

Surveyor VII was equipped with a 9- by 24-
cm mirror, which was attached to the spacecraft
mast and oriented to provide a reflected view, as
seen from the television camera, of a small area
in front of the spacecraft within the operations
area of the surface sampler. Stereoscopic pic-
tures were obtained by recording direct images
of this area and images reflected from the mirror.

The dynamic range and sensitivity of the Sur-
veyor VII camera are slightly less than those of
the Surveyor VI camera. The total range of re-
sponse of the Surveyor VII camera, as for the
previous Surveyor cameras, is about 1 million
to 1, which is achieved by the combined use of
various apertures and exposure times.

The resolution and quality of the pictures
transmitted by the Surveyor VII camera are
comparable to the resolution and quality of the
pictures received from Surveyors V and VI.
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Ficure 3-1. — Surveyor VII 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.

Categories of Pictures Taken

An estimated 20 993 pictures were taken dur-
ing the first lunar day of Surveyor VII operations
(table 3-1). The first sequence, obtained shortly
after touchdown, consisted of 15 pictures taken
in the 200-line mode; 20 978 pictures were taken
in the 600-line mode.

To record surface detail at a wide variety of
angles of solar illumination, both narrow- and
wide-angle panoramas were taken. Specially pre-
pared command sequences were used to take
pictures, under varying illumination, of the
stereo mirror area, both directly and through the
mirror, of the surface-sampler operations area,
of the shadow of the spacecraft as it moved to-
ward the horizon late in the lunar day, and of
special areas in which the contact of the space-

craft with the lunar surface was visible. Focus
ranging surveys were taken, from which the de-
tailed topography of the surface around the
spacecraft has been measured along selected
profiles. The polarizing properties of the surface
material are being studied with pictures that
were taken of selected target areas through each
of three polarizing filters.

Numerous pictures of the Earth were taken
through polarizing filters at intervals throughout
the lunar day to study the polarization of light
scattered from the Earth; pictures were also
taken, using polarizing filters, of the solar corona
after sunset. Other special pictures were taken
of stars for determination of spacecraft orienta-
tion and of the area for deployment of the alpha-
scattering instrument. An unusual sequence of
pictures was taken to detect the radiation from
lasers on Earth, which were aimed through tele-
scopes at the Surveyor VII landing site (see
ch. 11}.

Television activity on the second lunar day
was restricted because of difficulties with the
camera and the spacecraft power system. About
45 pictures were taken, however, in the 200-line
mode (table 3-1). During the lunar night, leg 1

TasLe 3-1. Categories of pictures taken by
Surveyor VII television camera

Approximate Approximate
Type of survey number of number of
pictures during | pictures b during
first lunar day | second lunar day

Wide-angle panoramas 1323
Narrow-angle panoramas 9697 25
Stereo mirror 236 6
Polarimetric surveys 3170
Focus ranging 1177
Shadow progression 155
Earth 472
Laser test 358
Stars 103
Surface-sampler operations

area
Surface-sampler operations 700 4
Special area, magnet, and 1 600

alpha-scattering-instrument

surveys 1902 10
Solar corona 100

Total 20993 45

# Includes fifteen 200-line pictures.
¥ 200-line pictures.
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compressed; the resulting tilt revealed, just north
of the spacecraft, an area of large blocks which
previously had been partially obscured by the
electronics compartments. Approximately 25 pic-
tures were taken of this previously obscured
area.

Location and Topography of Landing Site

As in the Surveyor I, III, and VI missions, the
combined data from the Surveyor pictures and
from high-resolution Lunar Orbiter photographs
have led to the discovery of the precise location
of the landed Surveyor VII spacecraft and have
permitted a much more complete analysis of the
topography and geology of the landing site than
would have been possible from the Surveyor
data alone. We have drawn heavily, therefore,
on data contained in the Lunar Orbiter photo-
graphs of the Tycho region, as well as on the
Surveyor VII pictures, in the preparation of this
report. Our confidence in the use of the Lunar
Orbiter data is based on Whitaker’s identifica-
tion of the Surveyor VII landing site in the
Lunar Orbiter photographs (described in the
following section).

Location of Surveyor VI Landing Site

The coordinates of the aiming point for the
Surveyor VII spacecraft (fig. 3-2) were 40.87° S
latitude, 11.37° W longitude, near the center of
Lunar Orbiter V high-resolution photograph
H-128. This point is the approximate center of
the smoothest area on the rim flank of Tycho for
which Lunar Orbiter high-resolution photographs
were available.

The best estimate from interim reduction of
tracking data of the spacecraft’s landed position
was 40.96° S, 11.43° W, 3 km SSW of the aiming
point (fig. 3-2). Further evidence used for pre-
cise location of the landed spacecraft was pro-
vided by the doppler radar beam, which swept
the lunar surface from the northwest as the
spacecraft approached its landing point (fig. 3-2).
A broad enhancement of the reflected radar
signal was observed, which was centered some
4 km northwest of the landed position. Assum-
ing the tracking coordinates to be fairly accurate,
this enhancement was probably produced by
reflections from the slope H-H (fig. 3-2).

From an examination of a complete wide-

angle mosaic, and a narrow-angle mosaic of the
horizon taken with the Surveyor VII television
camera early in the lunar day, it was apparent
that the horizon on the southeast, south, west,
and northwest lay near the spacecraft and lacked
casily identifiable features. In the remainder
of the panorama, however, well-defined ridges
along the horizon, as well as several distant
craters, rocks, and other features, could be rec-
ognized. Some of the features that were critical
in the location of the landing site are shown in
figure 3-3.

On the basis of their apparent smoothness,
ridges A, B, C, and I (fig. 3-3) were considered
to lie at distances of not less than about 1 km.
Initially, it was thought that ridge C, as seen
from Surveyor VII (fig. 3-3), might be ridge D
in the Lunar Orbiter photographs (figs. 3-2 and
3-4). After further work, it became apparent
that this was not the case, and the spacecraft’s
probable position was eventually narrowed
down, after concentrated study, by the identifi-
cation of rock G on the Lunar Orbiter photo-
graph (fig. 3-4). Crater I was next identified,
and then several other rocks and craters at differ-
ent azimuths, Careful plotting of these azimuths
on the Lunar Orbiter photograph allowed the
Surveyor location to be pinpointed to within a
few meters.

Further study of the pictures led to the identi-
fication of ridges A, B, C, D, and E on the Lunar
Orbiter photograph (fig. 3-2). Ridge C is 21 km
from the spacecraft, a distance that is not ap-
parent from an examination of the panorama
alone.

By carefully plotting the position of the landed
Surveyor VII on the Orthographic Atlas of the
Moon, the best estimate of the coordinates of the
spacecraft is 40.95° S latitude, 11.41° W longi-
tude, less than 1 km from the tracking position.

Orientation of the Spacecraft

The orientation of the spacecraft on the lunar
surface was determined from measurement in
the television pictures of the positions of the
Earth, Jupiter and the star Rigel in Orion, from
the angular settings of solar panel Sun sensor,
from the positional tuning of the spacecraft’s
planar array antenna, and from gyro data at
touchdown. A solution for the orientation of the
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Ficure 3-2. — Part of Lunar Orbiter V photograph M-126. Aim point, tracking location (white
crosses), and actual location (white circle) of Surveyor VII are indicated. The
locations of features identified in fig. 3-3 are shown by corresponding letters. The
dashed line r-r-r represents path swept by the doppler radar beam.
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FiGure 3-3. — A mosaic of Surveyor VII narrow-angle pictures of the north-to-northeast part of
the panorama. The locations of the lettered features are shown in fig. 3-2 on
Lunar Orbiter V photograph M-126 and in fig. 3-4 in Lunar Orbiter V photo-

graph H-128.

spacecraft, based on the integrated results of
these measurements, indicates the spacecraft was
tilted 3.17° at an azimuth of 349° from lunar
north during the first lunar day. The —Y-axis
of the spacecraft was found to be oriented 20.23°
west of north. As there is a slight difference
(0.92°) between the camera 0° azimuth and the
spacecraft —Y-axis, the 0° azimuth of the cam-
era was oriented 19.3° west of north. These esti-
mated angles may have errors on the order of 1°.

Topography of Landing Site
Surveyor VII landed on the outer flank of the

rim of the crater Tycho (fig. 3-5), one of the
most prominent and well-known features in the
lunar highlands. The rim crest of the crater
rises to an average height of about 2.5 km above
the surrounding highland terrain; since the high-
land terrain surrounding Tycho is complex and
includes many close-spaced large craters, no
widespread natural level surface is present with
which the evaluation of the rim may be readily
compared. The average exterior slope on the
rim of Tycho is only a few degrees, but a variety
of hills and valleys, with local steep slopes, are
characteristic of much of the rim flank.

prsananse
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Freure 3-4, — Enlargement of part of Lunar Orbiter V photograph I-128 showing the Sur-
veyor VII landing site and nearby terrain. Lettered features correspond to those
shown in figs. 3-2 and 3-3.
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Ficure 3-5. — Lick Observatory photograph of Tycho. Note the bright inner ring and dark
halo around Tycho, and numerous small secondary craters extending outward
from Tycho beyond the dark halo. The Surveyor VII landing site is indicated
by the white circle.

Near the crest and extending outward a distance
of 10 to 15 km, the rim of Tycho is composed of
irregular hills and intervening depressions (fig.
3-6), which give it a bumpy or hummocky ap-
pearance at the telescope. From 15 km to a
radial distance of about 35 to 40 km, the surface
of the rim is marked by numerous subradial
ridges and valleys superimposed on a broadly
undulating surface. Surveyor VII landed about
30 km north of the rim crest of Tycho on the
part of the rim flank marked by these linear
ridges. Individual linear ridges are typically 2
to 5 km in length and % to 1 km in width. The
broader undulations on which this ridge and
valley pattern is developed have dimensions of

5 to 20 km. Some of these undulations clearly
reflect ancient craters that have been buried, or
partly buried, by the rim materials of Tycho.
Still farther from the rim crest of Tycho the out-
line and form of buried ancient craters become
more easily discerned, but these ancient features
are also sculptured with smaller subradial ridges
and valleys to distances as great as 100 km. This
fine sculpture is evidence that the rim materials
of Tycho extend at least as far as 100 km from
the rim crest.

The local relief in the vicinity of the space-
craft is about 160 meters (fig. 3-7). A narrow,
north-trending ridge, about 2.5 km long, 0.5 km
wide, and 90 m high, lies 1.5 km northeast of the
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I"16URE 3-6. — Lunar Orbiter V photograph M-127 of the crater Tycho and its northern flank.
The arrow points to the Surveyor VII landing site.

spacecraft. An irregular, north-trending valley,
several kilometers long, lies about 1 km to the
east; another much longer valley lies about 2
km to the west. Within the regional pattern of
north-south ridges and valleys, the terrain con-
sists mainly of irregular hillocks and swales.

The horizon, as seen from the Surveyor VII
camera, is less than 200 meters distant to the
east, south, and west. The local surface slopes
to the north, however, and much more distant
features can be seen in that direction.

In the immediate vicinity of the Surveyor VII
landing site, the Tycho rim terrain may be sub-
divided into several topographically distinctive
units on the basis of detailed surface characteris-
tics (fig. 3-8). These terrain units correspond,
in part, to geologic units discussed below. The
most widespread of the terrain units extends
several tens of kilometers north and west of Sur-
veyor VII. It is a rather smooth surface, as re-
vealed in the Lunar Orbiter V high-resolution
photographs, and is marked by a pattern of
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Figure 3-7. — Part of Lunar Orbiter V photograph H-128 showing the area around the Sur-

veyor VII landing site. The arrow points to the location of the spacecraft,
Compare with figs, 3-8 and 3-12.
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I'icune 3-8. — Part of Lunar Orbiter V photograph H-128 of an arca on north rim of Tycho
showing geologic features around Surveyor VII. See fig. 3-12 for explanation
of annotations.

closely-spaced shallow ridges and grooves. Indi-
vidual ridges and grooves are typically a few
hundred meters long, less than 100 meters in
width, and have amplitudes of several meters.
The ridges and grooves are alined mainly in
three dominant orientations, and they give a
strongly patterned appearance to the surface, as
seen in the Lunar Orbiter V photographs.

Less extensive terrain units occur to the south
and east of Surveyor VII. A unit of a very

smooth, undulating terrain with irregular bound-
aries extends for a distance of about 4 km along
the valley southeast of the spacecraft. Several
distinct units of bumpy, blocky terrain, some
forming pronounced ridges, extend 5 to 10 km
south of the spacecraft. These units have the
form and pattern of viscous flows.

Another distinctive class of terrain occurs
widely in small local patches on the rim of
Tycho. This terrain class is composed of nearly
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level, flat areas, the surfaces of which are locally
marked by branching systems of sinuous grooves
(figs. 3-7 and 3-8); these flat areas are, in all
cases, the floors of local closed depressions. Over
a large part of the outer rim flank of Tycho, each
closed depression larger than about 1 km? has
such a level, flat floor. These flat floors strongly
resemble terrestrial playas, and we will refer
here to the flat floors of closed depressions on
the Moon as lunar playas. One of the larger
lunar playas on the northern flank of the rim of
Tycho lies about 1 km northeast of the Surveyor
VII spacecraft. It is about 0.8 km long and 0.5
km wide.

The lunar playas probably are formed by trans-
portation and deposition of material in fluid or
fluidized form onto the bottoms of the closed
depressions, but we do not mean to imply, in
using the name “playa,” that the fluids involved
in this deposition were necessarily aqueous.

In addition to the lunar playas, other small,
relatively smooth patches of terrain occur in the
general vicinity of the Surveyor VII landing site.
These patches are generally a few hundred
meters across; they occur on benches as well as
in very small, closed depressions. The surfaces
of these patches are somewhat rougher than the
surfaces of the playas, and they do not exhibit
sinuous grooves. The smooth patches may, how-
ever, be related in origin to the playas.

Small craters are ubiquitous features of the
landscape around Surveyor VII, but they are
not nearly as abundant or conspicuous as on the
lunar maria. The areal density of craters larger
than 10 meters in diameter is less than that ob-
served on the maria. The largest craters within
a radius of a few kilometers of the landed space-
craft are about 100 meters in diameter; the
largest nearby crater visible from the Surveyor
VII camera is about 75 meters in diameter.
Nearly all craters larger than a few tens of meters
in diameter have sharply formed, raised rims
and an approximately conical interior form.
Craters smaller than about 10 meters in diameter
show a wide variety of forms; many of them are
markedly elongate. The craters vary in abun-
dance from one terrain unit to another.

In addition to craters, small fissures are a
widespread feature of the landscape near Sur-
veyor VII and occur in the terrain units that

resemble flows. Typical fissures range from 350
to 150 meters in length and from 5 to 10 meters
in width. In general, they are north-trending,
parallel with the long direction of the flows, and
tend to be clustered on the flow crests.

Detailed study of the topographic features of
the Surveyor VII landing site is being con-
ducted by a combination of techniques, including
stereophotogrammetric methods, focus ranging,
shadow measurement, and correlation of fea-
tures identifiable in the Lunar Orbiter V photo-
graphs and Surveyor VII pictures.

Stereoscopic pictures, from which a very de-
tailed reconstruction of the surface can be made,
were taken of a small 0.25-m* area near the
spacecraft by means of the small mirror mounted
on the spacecraft mast near the camera. The
mirror permitted pictures to be taken from two
different points of perspective, since the point of
intersection of the camera mirror rotation axes is
separated from the virtual image of this point in
the sterco mirror by about 1 meter (fig. 3-9).
Because the effective perspective center of the
camera swings around the camera mirror axes,
the effective points of perspective, both in the
direct view and in the view reflected by the
mirror on the mast, move with each motion of
the camera mirror. Stereoscopic pairs of pictures
with more than 35 possible combinations of rela-
tive orientations of the perspective points and
lines of sight can be taken of the limited area
reflected in the mirror on the mast.

The convergence of rays from the two per-
spective centers to an object on the surface var-
ies between 50 and 250 mrad (about 3° to 14°).
Test measurements of angles have been made
with Surveyor pictures as accurately as =1 mrad
(ref. 3-2). 1f there were no error in the deter-
mination of perspective-point relative locations,
measurement of distances from the camera would
be accurate to about ==0.4 percent where con-
vergence is 250 mrad, and about =2 percent
where convergence is 50 mrad.

Stercoscopic measurements can be made
analytically, one point at a time, through the use
of computer methods (ref. 3-3).! This method

! Also from Benes, M.: Complete Error Analysis of Rela-
tive and Absolute Orientation Methods for Extraterrestrial
Stereophotogrammetric Mapping Purposes. American So-
ciety of Photogrammetry (in press).
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Ficune 3-9. — Geometry of area observed stereoscopi-
cally with the Surveyor VII stereo mirror. The surface
in the stereoscopic overlap area is viewed directly by
the camera and indirectly from a position correspond-
ing to the virtual image of the camera in the mirror.
This sketch has been simplified and does not show the
effect of the camera mirror, which also reflects the
field of view. Rotation of the camera mirror produces
slight displacements of perspective centers, which vary
with camera azimuth and elevation.

is tedious, but is being used in two modes for
maximum efficiency. The first mode is used for
the compilation of a generalized map of the en-
tire stereo mirror area, and will require the an-
notation, computation, and plotting of approxi-
mately 500 data points. The part of the lunar
surface reflected in the Surveyor VII sterco
mirror lies between 1.7 and about 3 meters from
the camera. The accuracy with which individual
measurements can be made of the distance from
the camera to the surface varies from =7 mm
to =60 mm, depending on convergence. Con-
vergence is a function of the location in the area
of stereoscopic overlap of the surface to be

measured. It will be practical to make the gen-
eralized map of the entire stereo mirror area
with a contour interval of about 50 mm.

The second mapping mode involves the parts
of the stereo mirror area that contain features of
special interest, including surfaces disturbed by
the surface sampler. Those features located in
areas where convergence is large and which are
included in a single pair of stereoscopic pictures
are being mapped with contour intervals as small
as 5 mm, enabling computation of approximate
volumes of excavations and fragments. This
mapping mode requires the computation and
plotting of 50 to 100 data points per stereoscopic
pair.

A generalized topographic map of the area
within 10 meters of the spacecraft was prepared
by focus ranging (fig. 3-10). This technique
utilizes pictures taken at nine or more focus
settings at each camera elevation position along
a given azimuth. Small areas in best focus in
each picture are located on a mosaic of pictures
taken at specific focus settings; the azimuth and
elevation of the centers of each small area in
best focus are determined by graphical measure-
ment, The location of a point on the lunar surface
with respect to the intersection of the camera
mirror rotation axes is computed from azimuth,
elevation, and calibrated focus distance. Focus-
ranging surveys, consisting of about 75 pictures
each, were taken along 14 camera azimuths dur-
ing the Surveyor VII mission.

The preliminary focus-ranging map (fig. 3-10)
shows that the spacecraft is resting on a gently
concave surface that has an average tilt of about
5° to the north. On the north side of the space-
craft, the surface is tilted away from the camera
nearly 4°; on the east side, it is tilted away about
1.5%; on the south side, it is tilted about 6°; and
on the west side, about 2° toward the spacecraft.
Contour lines were interpolated in several areas
where control is not available. The interpolation
was roughly linear; no attempt was made to
guess the shape of contour lines on surfaces ob-
scured to the camera. The contour lines in the
vicinity of footpad 1, for example, would require
a larger spacecraft tilt than is actually observed.
This anomaly could be explained if the footpad
were resting in a small crater invisible to the
camera.
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I'icure 3-11. — Lick Observatory photograph of the southern part of the Moon showing Tycho

at full moon.

The area near the spacecraft is littered with
blocks and fragments; only the largest blocks
were plotted on the map. A strewn field of blocks
extending northwest of a crater about 5 meters
from the spacecraft is shown with a pattern. An
area south of the spacecraft is also littered with
blocks that may be associated with a crater ob-
scured by the spacecraft. Most of this area was
not visible to the camera during the first lunar
day; the compression of leg 1 during the first
lunar night allowed 200-line pictures to be taken
of part of the previously obscured area during
the second lunar day.

Geology of Landing Site

Regional Geologic Setting

The crater Tycho is one of the youngest large
ray craters on the Moon (fig. 3-11) and is sur-
rounded by the most conspicuous and extensive
system of bright rays on the sub-Earth side of
the Moon. The relatively young age of Tycho
and its associated rim deposits and rays can be
established from the superposition of these rays
on a large number of other geologic units.

Both the form and the geology of the crater
interior and Tycho’s exterior rim appear to be
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representative of other large ray craters. As re-
vealed in Lunar Orbiter V photographs, the de-
tails of the crater are strikingly similar to those
of Aristarchus and Copernicus. Tycho seems to
be the youngest of these three craters; the topo-
graphic and geologic details are less modified by
still younger, superposed, small craters. Tycho
has, therefore, become the type or standard area
in which to study the detailed geological fea-
tures of a large ray crater.

The crater of Tycho is about 85 km in diame-
ter; the crater floor lies about 4% km bhelow the
average level of the rim crest. A prominent cen-
tral peak rises more than 2 km above the level
of the floor, and subordinate hills are nestled
against the northeast side of the peak. Along the
wall of the crater is a well-developed series of
terraces, or steps, that are easily observed at the
telescope. In these general topographic charac-
teristics, Tycho is similar to a number of other
craters of about the same size, such as Coperni-
cus, Theophilus, and Aristoteles.

Among the most remarkable features revealed
by the Lunar Orbiter photographs are extensive
flows that extend down the terraced crater wall
of Tycho and a major flow that occupies the floor
of the crater and surrounds the central peaks.
This major flow forms a broad, approximately
level, but very rough surface on the floor of the
crater. It is now recognized that the similar parts
of the floors of other large ray craters probably
also have been formed by flows. In detail, the
large flow in the floor of Tycho is extensively
fissured and cracked and appears to be partly
draped or folded around small hills of preflow
material protruding from the floor.

The exterior rim of Tycho comprises a belt of
terrain 80 to 100 km wide that differs from the
surrounding highland terrain in topography, al-
bedo, color, radar reflectivity, thermal character-
istics, and other physical properties. This belt
is underlain by a complex sequence of rim de-
posits. They are divisible, on the basis of both
topography and albedo, into several distinct geo-
logic facies, which form a series of concentric
rings around the crater.

The inner ring is asymmetric with respect to
the crater rim and is widest on the north side.
This ring is characterized by irregularly hum-
mocky topography and a high albedo (16 to 17

percent normal luminance factor, ref. 3-4).
Within this ring are many well-developed flows,
some as long as § km. Surveyor VII landed a
few kilometers north of one of the most distinc-
tive of these flows recognizable in the Lunar
Orbiter V photographs.

In the second ring, the topography is charac-
terized by the radial sculpture superimposed on
broader undulations that partly reflect old pre-
Tycho topography; the albedo in this ring is
significantly lower than in the other rings (13
to 14 percent normal luminance factor). The
facies of this ring appear in full-moon telescopic
photographs as a prominent, broad, dark halo
around the crater (fig. 3-11).

Surrounding the dark-halo facies is still a third
major facies in the rim deposits of Tycho charac-
terized by abundant secondary or satellitic cra-
ters and a high albedo (15 to 17 percent normal
luminance factor). Hundreds of secondary cra-
ters ranging from a kilometer to a few kilometers
across may be readily resolved in this ring, under
appropriate observing conditions at the tele-
scope, and they are well portrayed in the Lunar
Orbiter photographs. Beyond the third, or outer
ring, the rim deposits are discontinuous and
grade outward into the ray system.

Lunar playas, which occur abundantly in the
topographic depressions on the inner two facies
of the Tycho rim, are occupied by smooth de-
posits with relatively low albedo. The largest of
these playas occurs on the eastern rim of the
crater. In some of the large playas, part of the
boundary of the filling material is a distinct
scarp, and it is clear that the material has been
emplaced, at least locally, as a flow with viscosity
high enough for the scarp at the margin to be
preserved.

Lunar Orbiter V photographs of the rim of
Tycho have revealed that most parts of the rim
in the inner two rings are broken by a mosaic
of closely spaced faults. Most of these faults
follow three principal patterns: (1) a radial
pattern, (2) a concentric or circumferential
pattern, (3) local crescent-shaped patterns, Dis-
placement on the radial faults has produced
many small radial troughs and ridges in the
inner ring. This pattern is similar to the much
larger scale Imbrium sculpture (refs. 3-5 and
3-6); the troughs are evidently graben, and the
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intervening ridges are horsts. Displacement on
the circumferential faults is generally down,
toward the center of Tycho. These faults prob-
ably are normal faults that have resulted from
the settling of the crater’s rim. The crescentic
faults appear to be formed at the heads of very
Jarge slides or areas of large-scale mass move-
ment relatively high on the eastern rim of Tycho.
Displacement is generally down in the direction
away from the center of Tycho, or down in the
general direction of slope of the rim flank. Few
faults appear to offset the flows on the rim;
most of the displacement, therefore, probably
antedates the flows.

Secondary, or satellitic, craters are one of the
most characteristic features associated with the
large ray craters. The secondary craters occur
exclusively in the rim deposits and the ray sys-
tem. Thousands of easily recognized secondary
craters occur around Tycho; the total number
is unknown. The larger secondary craters (larger
than 1 km in diameter) are most closely spaced
in the outer ring of the rim deposits; at greater
distances from Tycho, they occur in the rays and
become more and more widely spaced. Smaller
secondary craters, about 100 m to 1 km in diam-
eter, were observed for the first time in the dis-
tant parts of the ray system of Tycho in the
Ranger VII pictures in Mare Cognitum (ref.
3-7). These smaller craters occur in all rays.

The ray system of Tycho is strongly asym-
metric (fig. 3-11). To the west, the rays extend
only 200 to 300 km from the crater, whereas to
the northeast and east, the rays extend at least
1000 km. A prominent 200-km-long bright streak
that crosses part of Mare Serenitatis in the vicin-
ity of the crater Bessel is probably an clement
of one of the Tycho rays. If so, this particular
ray éxtends about one-quarter the circumference
of the Moon. Part of another very long ray
apparently extends across Mare Fecunditatis an
equally great distance from Tycho.

The rays consist of a discontinuous series of
bright streaks on the lunar surface. In more dis-
tant parts of the ray system, these streaks lie
nearly along great circle ares that pass through
the parent crater. Close to Tycho, the pattern
is more complex and includes broad, roughly
linear, bright bands and numerous bright ellipses
and loops. Long axes of the ellipses tend to be

radial with respect to the center of the crater,
but the more nearly linear features are not radi-
ally alined.

The pattern of the rays is superposed on nearly
all the other topographic and geologic features
of the lunar surface and is essentially independ-
ent of these other features. Except for the swarm
of secondary or satellite craters that occurs
within the rays, the rays have no discernible
intrinsic relief. They are essentially albedo pat-
terns superimposed on the topography. The geo-
logic units crossed by the rays include crater
rim and floor units of the highlands, highland
plains units, mare material in Mare Nectaris,
Fecunditatis, Serenitatis, Nubium, and Cogni-
tum, craters of Eratosthenian age, and crater
units of Copernican age. From this superposi-
tion, the age of Tycho is readily established as
Copernican; it is probably very late Copernican
in age.

Tycho belongs to the general class of lunar
craters that has been widely interpreted to be
of impact origin (refs. 3-8 to 3-10). In particular,
the interior form and dimensions of the crater,
the general characteristics of the crater rim, and
the pattern of rays and secondary craters are all
consistent with an impact origin.

The terraces, or steps, on the walls of Tycho
are thought to be formed by slumping (ref. 3-6).
Each terrace, in this interpretation, is the top
of a large landslide or fault block, and the risers
are the scarps of normal faults along which the
blocks have been displaced. On the basis of
analogy with terrestrial craters of probable
impact origin, the central peaks are probably
formed of great brecciated masses of rock thrust
up from fairly great depth in a late stage of
opening of the craters.

The main features of the Tycho rim are prob-
ably produced in part by uplift of the local lunar
crust and in part by deposition of debris ejected
from the crater (ref. 3-11). The thickness of this
debris layer is expected to be of the order of
several hundred meters near the crest of the
rim, thinning to only a few meters at distances
of the order of 100 km (ref. 3-11). At a distance
of 25 km from the rim crest, at the position of
Surveyor VII, the average thickness of the
ejected debris is probably a few tens of meters;
it is at these distances that the subdued forms
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of the larger features in the buried pre-Tycho
topography become easily recognizable.

The spatial association of the rays and the
secondary craters implies a genetic association
between the rays and these craters. Rays in a
similar ray system around the crater Copernicus
have been interpreted as thin, discontinuous
deposits of ejecta from the secondary craters,
and the pattern of the secondary craters and the
rays has been shown to be consistent with a
ballistic origin for the craters (ref. 3-6). The
secondary craters are probably formed by im-
pact of large fragments or clots of ejecta from
the primary crater.

The discovery in the Lunar Orbiter photo-
graphs of extensive flows, both on the interiors
of the large ray craters and on the exterior flanks
of the rims, has led to considerable new discus-
sion and debate as to the origin of the flows and
of the craters. At least three plausible hypotheses
can be advanced for the origin of these flows:

(1) The flows are volcanic and have been
produced by extrusion of lava derived from
depth, possibly formed or extruded in response
to the forces that produced the craters.

(2) The flows are relatively cold debris flows,
which were mobile or fluid because they con-
tained either liquid water or gas.

(3) The flows are relatively hot debris flows,
which were mobile because they contained
molten, or partially molten, rock (and possibly
some gas) heated by shock and by viscous flow
during ejection of the debris from the craters.

If the flows are volcanic in origin, the vol-
canism may be a secondary phenomenon pro-
duced or triggered by the impact event that
formed the craters. Or it may be argued by
some observers that the craters are fundamen-
tally of volcanic origin in the first place, and the
observed flows are then cited as evidence for
this volcanic origin.

Secondary volcanism, associated with impact,
might occur as a result of

(1) Slight addition of heat by passage of a
shock wave through an already hot substratum,
the temperature of which was at, or near, the
minimum melting point; or

(2) Triggering of an eruption from an exist-
ing magma chamber.

From theoretical analysis of attenuation of the

shock associated with the formation of an im-
pact crater the size of Tycho, it can be shown
that the amount of shock heating would be
exceedingly small at a depth in the Moon at
which the average temperature gradient prob-
ably approaches the minimum melting point
gradient. The peak shock pressure at these
depths (a few hundred kilometers; see ch. 9)
is not likely to exceed a few kilobars. If the
flows on the rim of Tycho are produced by sec-
ondary volcanism, it is much more likely that
they were extruded from an existing magma
chamber or chambers, which might be present
at considerable depth within the Moon. The
magma may have reached the surface either
because these chambers were tapped by tensile
fractures propagated in the shock wave from
Tycho, or because of release of stress over the
magma chamber in the region benecath the
crater.

The possibility that wet debris flows might
be formed in the interior and on the outer rim
flank of a fresh impact crater arises as a con-
sequence of the low average temperatures at
the lunar surface. The average temperature at the
lunar surface in the equatorial region of the Moon
is about —28° C (ref. 3-12), and at the lati-
tude of Tycho about —44° C. Materials in the
subsurface at depths of a few meters, beneath
the effective depth of penetration of the diurnal
thermal wave, have nearly constant tempera-
tures close to the mean temperature at the sur-
face. Assuming the thermal gradients in the
Moon are not greater than those found on the
Earth (see ch. 9), the rocks in the lunar sub-
surface are nearly everywhere below the freez-
ing point of water to depths of 1 km or more.
Any water escaping from the lunar interior,
therefore, will tend to be frozen and trapped
as ice when it reaches this cold layer. If the
rate of escape of water from the lunar inte-
rior exceeds the rate of escape of water vapor
through this presumably semipermeable cold
layer, then ice will tend to accumulate either
in the interstices of the rocks or as veins and
layers. Such accumulations of ice would tend
to seal or decrease the permeability of the layer,
and, once started, the process of accumulation
of ice might accelerate.

Ice may be widespread in the Moon along the
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horizon corresponding approximately to the 0° C
isotherm, and ice-impregnated rock could be
ejected from a crater deep enough to intersect
this isotherm. Material derived from near the
center of such a crater would also be shock
heated, and the ejected debris derived from this
region might, therefore, contain abundant water
in liquid form at the time it is deposited bal-
listically on the crater rim. This water-saturated
debris might give rise to debris flows closely
similar to the wet debris flows and mud flows
that occur widely on Earth. On the Moon, such
flows would have to be formed before the water
escaped by evaporation into the tenuous lunar
atmosphere. The time interval during which wet
debris flows might form is fairly short unless a
significant transient atmosphere is produced by
the impact cratering event, as suggested by
Urey (ref. 3-13).

The third explanation of the flows is based
on the fact that the strongly shocked material
ejected from a high-speed impact crater is
heated, and, if the impact is at sufficiently high
velocity, part of the ejected material is melted.
From the effects of shock compression and sub-
sequent decompression alone, the mass of mate-
rial melted is many times the mass of the impact-
ing body for shock pressures in rocks correspond-
ing to typical lunar impact velocities of asteroidal
and cometary objects. Additional material is
melted owing to viscous dissipation of kinetic
energy as heat in the flowing sheath of strongly
shocked material produced in the rarefaction
wave during the opening of the crater (ref.
3-14). The volume of material melted by both
these processes, in a cometary impact crater the
size of Tycho, probably exceeds the volume of
the nbserved flows. Part of this melted material
would be ejected at sufficiently great velocity to
escape from the Moon, and part of it would be
widely scattered about the Moon. It is an open
question whether a significant amount of the
melted material would be ejected at sufficiently
low velocity to fall back on the outer flank of
the rim and inner walls of the crater in sufficient
volume to make the observed flows. The ques-
tion cannot be decided on a purely theoretical
basis without knowledge of the shock equations
of state and other properties of the rocks.

On Earth, a layer of melted and partially
melted material, mixed with heated but un-
melted debris, was formed around large impact
craters such as the Ries Basin in Germany (ref.
3-15) and Lake Bosumtwi, Ghana. In other large
craters of probable impact origin, such as the
Clearwater Lake craters and the Manicouagan-
Mushalagan Lakes crater of Canada, a fairly
thick layer of melted material accumulated.
There is a current debate as to whether this
layer is of volcanic origin or was formed by
melted, strongly shocked rocks. It may be noted,
however, that most of the naturally occurring
rocks that have been demonstrably shock melted
were originally misidentified as volcanic; the
trend of studies of these rocks on Earth has been
to show that many rocks which superficially, or
even rather closely, resemble volcanic rocks have
been derived by impact processes.

The question of the origin of the flows asso-
ciated with Tycho and other large lunar ray
craters is thus not an isolated problem, but part
of a general problem of recognition and under-
standing of large impact craters, wherever they
occur, It is of some interest to see whether the
detailed data derived from the Surveyor VII
television pictures provide any clues that help
to resolve this larger controversy.

Geology of Area Around Spacecraft

Surveyor VII landed near the approximate
boundary between the inner ring facies of the
Tycho rim deposits and the second ring, or
dark-halo facies. A variety of geologic units is
present, therefore, within a few kilometers of
the landed spacecraft; at least three of these
units are visible from the vantage point of the
Surveyor VII television camera. A detailed study
of the geology of an 8- by 8%-km rectangular
area around the landed spacecraft was under-
taken to provide a basis for interpretation of the
features observed. The study utilized the infor-
mation contained in Lunar Orbiter V high-reso-
lution photograph H-128, as well as the data
applying to a more restricted part of this area,
obtained directly from the Surveyor television
pictures.

Eight mappable geologic units were recog-
nized in the area studied. They include a wide-
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spread deposit of fragmental debris, a series of
flows, the lunar playa material, and smooth patch
material. The stratigraphic sequence of some of
these units can be established from clear-cut
superposition relationships, but for others the
relationships of superposition are not well de-
fined, or are ambiguous. The units for which
the stratigraphic sequence is known are de-
scribed first, in the paragraphs that follow, and
the units of uncertain stratigraphic position are
discussed afterward. A plausible sequence for
all eight units is then derived on the basis of
some rather speculative arguments. As will be
seen, there may be considerable overlap in the
actual order of deposition and ages of some of
the units.

Patterned debris. Patterned debris, the oldest
and the most widespread geologic unit in the
area mapped (fig. 3-12), occurs over a broad
area north and west of the Surveyor VII space-
craft and extends for some tens of kilometers in
each direction. It is the major geologic unit in
the dark-halo facies of the Tycho rim deposits,
and has a relatively low albedo, which accounts
for the dark halo around Tycho.

The surface of the patterned debris is char-
acterized by patterned terrain (fig. 3-13). This
pattern, which consists of gentle ridges and
intervening shallow, open grooves, probably
reflects a closely spaced subsurface network of
faults. In the vicinity of Surveyor VII, at least
three prominent directions are represented in
the pattern, reflecting three sets of faults, one
trending approximately northwest, another ap-
proximately north, and a third approximately
northeast. The north-trending set is approxi-
mately radial to the crater, whereas the north-
west and northeast sets are apparently alined
along dominant directions of major regional
lineaments around Tycho. The shallow ridges
and grooves of the patterned terrain are super-
imposed on somewhat larger hillocks and
swales, a few hundred meters to half a kilometer
across, and on the still larger north-trending
ridges and valleys that characterize this part
of the Tycho rim.

At a scale of a few tens of meters, the surface
of the patterned debris is relatively smooth, but
it is interrupted here and there by a few pro-
truding blocks, large enough to be resolved on

Lunar Orbiter V photograph H-128, and by
relatively widely spaced small craters. The blocks
are rarely more than 10 to 20 meters across;
blocks of this size are generally spaced several
hundred meters apart.

The crater density on the patterned debris is
the highest of all the units in the area studied.
The observed density of craters larger than 8
meters in diameter is about 220/km® The large
craters have sharply formed, raised rims and are
approximately conical in shape. Most of the
smallest craters, however, are elongate in the
north-south direction.

As seen in the Surveyor VII pictures, some of
the larger craters with well-defined, raised rims
in the patterned debris have relatively smooth
rims, which indicates that the debris is both
relatively fine grained and, at most, weakly co-
hesive (ref. 3-16). A 60-meter-diameter crater,
about 650 meters north of the spacecraft, ex-
hibits such a rim (fig. 3-14). A few large blocks
are scattered on the rim of this crater, but other-
wise the rim is smooth and symmetrical in form,
except for smaller superposed craters. The crater
is slightly more than 10 meters deep; the debris
in which it is excavated is, therefore, mostly fine
grained and weakly cohesive, at least to a depth
of 10 meters, at the site of this crater.

The fact that only shallow ridges and grooves
are present on the surface of the debris, rather
than distinct fault scarps, suggests that the faults
are formed in more coherent rocks at depth and
that the weakly cohesive debris is draped over
the subsurface fault scarps. Ridges in the debris
are probably formed over the upper edges of
these scarps and the grooves at the bases of the
scarps. Typical spacing between grooves is 100
to 200 meters; the smooth profile and low relief
of the ridges and grooves suggest the thickness
of the weakly cohesive layer may be on the
order of several tens of meters. This thickness
is consistent with that expected for a layer of
debris deposited ballistically from a lunar im-
pact crater the size of Tycho, at the distance of
the Surveyor VII site from the crater rim (ref.
3-11).

Ridged lobate flow. A well-defined lobate
flow overlies the patterned debris in the south-
cast part of the area mapped (fig. 3-12). Its
terminus is about 4 km east of the spacecraft,
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34 SURVEYOR VII

Ficure 3-13. — (a) Enlargement of part of Lunar Orbiter V photograph H-128 showing
characteristics of patterned debris. Note the relatively smooth surface with
pattern of gentle ridges and shallow grooves trending in two directions, from
upper left to lower right and lower left to upper right. (b) Same area as
fig. 3-13(a), but with geologic annotations; see fig. 3-12 for explanation of
annotations.

Freune 3-14. — Mosaic of Surveyor VII pictures showing smooth raised-rim crater about 60 m
in diameter and 650 m north of the spacecraft, formed in the patterned debris
(day 010, 06:58:34, 07:09:33, and 07:09:38 GCMT).
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This flow may be traced a distance of 8 km
from its terminus southward up the flank of the
Tycho rim. Along the upper 2 km of its exposed
length, it is bounded by a sharp, high, relatively
straight levee on each side. The crests of the
levees mark the boundary of a channel about
30 meters deep and 400 meters wide. Downslope
from the levees, the flow expands abruptly to a
width of at least 1% km; it reaches a maximum
width of about 2% km near the lower terminus.
Just below the levee-bounded channel, the
flow is built up to a height of 50 to 70 meters
above the surrounding terrain. Here the surface
of the flow is relatively smooth except for widely
spaced fissures, and the flow has a hummocky
topography. The relief of the flow diminishes
gradually northward toward the lower end of
the flow; the surface becomes bumpy and rela-
tively rough and is locally marked with a well-
developed set of en echelon ridges (fig. 3-15).
These ridges are 50 to 200 meters long, about 2
to 5 meters high, and are generally spaced about
50 meters apart. They are locally parallel or

(a)

subparallel with the margin of the flow. The
margin of the flow along most of the lower,
northern part is a well-defined rounded scarp,
ranging in height from about 3 to 10 meters.

Coarse blocks, some as large as 30 to 40 or,
in some cases, even 50 meters long, are common
in the lower part of the flow. Irregular fissures,
typically about 100 meters in length, are also
common. A few well-defined channels or chutes,
ranging in length from 100 to 400 meters, occur
in this part of the flow. In places, these have
raised, levee-like edges; they all trend approxi-
mately north, parallel with the long direction of
the flow.

Small craters are widespread on the surface
of the ridged lobate flow. Craters about 30
meters in diameter or larger are typically cir-
cular in plan and have well-developed, raised
rims. Most of the smaller craters, however, are
elongate in a north-south direction approxi-
mately parallel with the direction of flow. The
density of the craters larger than 8 meters in
diameter is about 155 to 160 per km?.

(b)

Ficure 3-15. — (a) Enlargement of part of Lunar Orbiter V photograph H-128 showing
characteristics of ridged lobate flow. Note ridges and hummocky-to-bumpy
surface. Flow is bounded on the left by a scarp about 10 m high. Ridges
range from 50 to 200 m long, and large blocks up to 50 m across are abun-
dant on the surface of the flow. (b) Same area shown in fig. 3-15(a), but
with geologic annotations; see fig. 3-12 for explanation of annotations.
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Steep-fronted flows. Two prominent, high,
steep-fronted flows, which extend into the south-
ern part of the area studied, are among the
largest and most easily recognized flows on the
rim flank of Tycho. The termini of these flows
lie about 3 and 5 km south and southeast of
Surveyor VII. They can be traced about 7%
km southward, up the flank of the crater rim.
Along most of their length, both flows are
bounded by well-defined levees on each side;
along the easternmost flow, the levees extend to
within 1 km of the terminus. The levees are ex-
ceptionally high along this flow and locally rise
about 100 meters above the top of the main part
of the flow within the channel. The flows them-
selves have an average height of a little less
than 100 meters. Slopes on the flanks and at the
termini of the flows are typically about 10° to
15°. The easternmost of the two flows cuts
across the upper part of the ridged lobate flow,
and the terminus of this steep-fronted flow rests
partly on the ridged lobate of the flow (fig.
3-16). Thus, one of the steep-fronted flows is

(a)

superposed on, and clearly younger than, the
ridged lobate flow.

The surfaces of the steep-fronted flows are
relatively rugged, both within the levee-confined
channels and on the unconfined termini, In most
places, the flow surfaces consist of a series of
ridges and irregular hills with a relief of 10
meters to several tens of meters. Generally, the
ridges are roughly parallel with the margins of
the flows; in some places, however, they lie per-
pendicular to the margin. Coarse blocks are
fairly common on the flows; some of these blocks
have dimensions of many tens of meters. The
surfaces of the flows are also cut by fissures
ranging from 50 meters to several hundred me-
ters in length; locally, the more western of the
two steep-fronted flows appears to be slightly
offset along northeast-trending faults. These
faults may be nothing more than extended fis-
sures, which lie perpendicular to the direction
of flow, along which the lower parts of the flow
may have pulled away from the upper parts.

Small craters are fairly common on the steep-

(b)

Iicure 3-16. — Enlargement of part of Lunar Orbiter V photograph H-128 showing the termi-
nus of a steep-fronted flow. Flow rises about 100 m above adjacent terrain and
has a rugged surface composed of ridges and irregular hills with 10 m to
several tens of meters relief. (b) Same area shown in fig, 3-16(a), but with
geologic annotations; see fig. 3-12 for explanation of annotations.
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fronted flows; the density of the craters is simi-
lar to that observed on the ridged lobate flow.
As on the lobate flow, the largest craters are
circular in plan and have well-defined raised
rims, whereas the smallest craters observed on
the Lunar Orbiter photographs tend to be elon-
gate in a north-south direction.

Lunar playa material. At least eight closed
depressions in the area studied around the landed
Surveyor VII have well-developed flat floors, or
lunar playas. The playas range from 300 m to
about 1 km in length and from 200 m to about
500 m in width. The playa floors are occupied
by relatively dark, smooth material, here re-
ferred to as lunar playa material. This material
has the lowest albedo of any of the geologic
units recognized on the rim of Tycho, and, in
general, it has the smoothest, most uniform sur-
face. Except for the branching systems of fine
grooves and a few superimposed craters, the
surfaces are nearly flat and, as far as can be
judged from Lunar Orbiter photographs, are
also nearly horizontal. In addition, the surfaces
of the lunar playas have a low density of small

(a)

superposed craters, relative to most of the other
geologic units in the area studied. Thus, in some
respects, the lunar playas resemble miniature
mare surfaces,

Branching grooves are characteristic features
on the lunar playas (fig. 3-17). They range in
length from a few tens of meters to as much as
800 meters and are most strongly developed on
the largest playa. In cross section, typical
grooves have gently rounded edges and are
convex on each wall; the slope on the wall
steepens to more than 10° near the center of
the groove. Along the largest grooves, a sharp-
edged fissure lies at the center. The width of a
groove, at its upper edge, is as much as several
tens of meters, but the deep, sharp trough in the
center is rarely more than 8 meters across. Ver-
tical relief along most parts of the grooves is less
than 2 meters. Both in profile and in areal pat-
tern, the grooves resemble contraction cracks
or fissures formed by desiccation in terrestrial
playa beds or by cooling and freezing in some
basaltic lava pools in the Hawaiian volcanoes.
The rounded edges of the grooves suggest that

Freure 3-17. — (a) Enlargement of part of Lunar Orbiter V photograph H-128 showing large
lunar playa about 1 km northeast of Surveyor VII. Lunar playa material has
a smooth, flat, level, dark surface and branching systems of grooves and fis-
sures. (b) Same area shown in fig. 3-17(a), but with geologic annotations; see
fig. 3-12 for explanation of annotations.
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loss of volume has taken place in the underlying
material along the crack. This loss may be due
to compaction, perhaps as a result of escape of
volatiles.

The observed density of craters larger than 8
meters in diameter on the playa surfaces is
about 80/km? Because of the small total area
of the playas and the small total number of
craters counted, however, this density may not
be representative of all the playas. Some of the
observed craters have symmetrical form and
well-developed raised rims; but, as in the case
of some of the flows, many of the smallest
craters are irregular or elongate in form, and
they tend to be elongate in a north-south direc-
tion.

The age of the lunar playa material, relative
to the other geologic units, can be established
only within broad limits. The lunar playa ma-
terial rests on, and is clearly younger than, the
patterned debris. In most places, the lunar playa
material is in contact only with patterned debris,
so that the stratigraphic relationship between
the isolated playa units and other geologic units
studied cannot be determined. The largest playa
studied, which lies about 1 km northeast of Sur-
veyor VII, is in contact with two flows as well as
with the patterned debris. Unfortunately, neither
flow has a well-defined scarp along the contact
with the playa, and it cannot be determined
whether either of the two flows overlaps the
lunar playa material at the contact or is over-
lain by the playa material. On the basis of a
speculative model of the origin of the playas, it
is inferred that the playas were formed early in
the period of emplacement of the flows, but that
the playa material may have remained fluid dur-
ing most of the time of this emplacement. If this
hypothesis is true, the age of the playas may be
thought of as actually spanning the ages of the
flows.

Smooth patch material. Relatively dark,
smooth material, somewhat similar to that found
in the lunar playas, occurs in numerous small
patches in the area studied (fig. 3-18). These
smooth patches occupy small, closed depressions
or, in some places, relatively small, level benches.
Over two dozen such patches were observed in
the 8- by 8%-km area studied. They range in
length from 150 to about 700 meters and in

width from 100 to about 300 meters. Although
the smooth patch material resembles the lunar
playa material in albedo, the surfaces of the
patches, in general, are somewhat rougher than
the surfaces of the playas, and they do not ex-
hibit the branching systems of grooves found
on the playas. In some cases, it is fairly clear
that the material of the patch is thin, where
large blocks protrude through it. A fairly large
patch with protruding blocks occurs just north
of Surveyor VII and is portrayed in some detail
in the Surveyor pictures (fig. 3-19). The blocks
are probably related to underlying geologic
units. The lunar patch material is probably simi-
lar in origin and time of emplacement to the
lunar playa material and may differ only in that
the deposits in the patches are thinner than in
the playas.

The smooth patch material is superposed on
patterned debris; locally, it occurs along the
terminus and is apparently superposed on the
ridged lobate flow. It also occurs on a patterned
flow described below. The smooth patch ma-
terial is clearly younger than the patterned de-
bris and is younger than the material of the
flows on which it occurs, although it may have
been emplaced before the movement of these
flows occurred.

In any discussion of the origin of the smooth
patches and lunar playas, it is important to note
that nearly all closed depressions with a surface
area of more than about 0.2 km? are occupied
by either a smooth patch or a playa. Thus, es-
sentially all closed drainage basins above a cer-
tain size have a recognizable deposit of dark
smooth material in them. In general, the larger
the closed depression, the larger is the surface
area of the dark smooth deposit, and the largest
depressions contain the playas, which are prob-
ably underlain by the thickest deposits. This
strongly suggests that the dark smooth deposits
have been formed from fluids which were rela-
tively uniformly spread over the surface and
which subsequently drained into the local closed
depressions.

Smooth flow. A remarkably smooth-surfaced
flow occupies a north-trending irregular valley
cast of the Surveyor VII spacecraft. The flow
extends down the length of the valley and is
about 4 km long. At its lower, northern end, it
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(a) (b)

Freune 3-18. — (a) Enlargement of part of Lunar Orbiter V photograph 1-128 showing two
arcas of smooth patch material. Small patch in upper right of the picture can
be seen in the Surveyor VII pictures (fig. 3-19). Surveyor VII landing site is
located in the center of the picture just to the right of the small double crater.
The smooth patch material has relatively dark, smooth, flat, level surface and
generally is found in small, closed depressions and on benches. Similar to lunar
playa material, but lacks branching grooves. (b) Same area shown in fig. 3-
18(a), but with geologic annotations; see fig. 3-12 for explanation of annota-
tions.

Freure 3-19. — Mosaic of narrow-angle Surveyor VII pictures of an area northeast of the space-
craft. The boundary of the smooth patch material shown in the upper right of
fig. 3-18(b) is indicated by a dashed line. Note the large block (block G) on
the smooth patch and the fillet surrounding the block (Catalog 7-SE-22).
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bounds the east side of the large lunar playa
northeast of the spacecraft.

Evidence on the stratigraphic relationship of
the smooth flow is somewhat ambiguous. Along
most of the length and at the upper end of the
flow, the boundary of the smooth material is
irregular in plan. Along its northeast margin, the
smooth flow is in contact with the patterned
debris and has a branching pattern along the
contact; it is fairly clearly superposed on the
patterned debris. Near this margin, many blocks
about 10 meters across protrude from the sur-
face of the flow; these blocks are similar to the
blocks on nearby parts of the patterned debris.
It is inferred that they are, in fact, parts of the
patterned debris which protrude through the
flow along the margin where the flow is very
thin.

Along part of the southeast margin, the smooth
flow is overridden by the ridged lobate flow,
which has a well-defined 5- to 10-meter-high
scarp, but elsewhere the smooth flow extends over
the scarp and onto the top of the ridged lobate
flow. Thus, in one place, the ridged lobate flow

(a)

rests on the smooth flow, and in another place,
the smooth flow rests on the ridged lobate flow.
These contradictory relationships are explicable
if (1) the smooth flow formed first; (2) the
ridged lobate flow formed, or was displaced,
afterward; and (3) locally, the ridged lobate
flow overrode the smooth flow, but elsewhere
only deformed the smooth flow without riding
across it. This hypothesis requires that the ma-
terial of the ridged lobate flow was not dis-
placed very far, near its terminus, where the
smooth flow extends unbroken across the scarp
of the ridged lobate flow and up onto the flow
top.

The surface of the smooth flow is, in most
places, gently undulatory, and the material of
the flow seems to be draped over an undulatory,
slightly hummocky surface (fig. 3-20). A few
swarms of fissures occur on the flow near the
upper end and along the margins; near the
southeast margin is one local cluster of small en
echelon flow ridges, none of which is more than
about 100 meters long. Well-defined channels, or
chutes, occur along the length of the flow; the

(b)

Ficure 3-20. — (a) Enlargement of part of Lunar Orbiter V photograph H-128 showing char-
acteristics of smooth flow material. Smooth flow material has dark, undulating
surface with rimless flow channels and flow lineations. Flow ridges and fissures
are sparse. (b) Same area shown in fig. 3-20(a), but with geologic annotations;
see fig. 3-12 for explanation of annotations.
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largest one occurs along the upper margin and
is about 1 km in length and 200 meters in maxi-
mum width. Unlike the chutes in other flows in
the area, these channels are devoid of levees. In
addition to the channels, there are a number of
very shallow open grooves on the surface of the
flow. These grooves, which we have called flow
lineations, may mark the sites of minor surges of
movement in the flows, and are probably related
in origin to the channels.

A number of blocks protrude in places from
the flow, particularly near the margins. The
largest of these are 30 meters across. It seems
likely that these blocks are not intrinsic features
of the flow, but belong to underlying geologic
units and protrude throughout the relatively thin
part of the flow. The distribution of these blocks
suggests that, on the average, the flow is ex-
tremely thin over most of its extent. Its average
thickness may be less than 5 meters.

Small craters occur on the surface of the flow;
the density of craters larger than § meters in
diameter is about the same as that observed on
the lunar playas, about 80/km?® Many of the
small craters are elongate in the north-south
direction.

In many respects, the smooth flow resembles
the lunar playa and smooth patch materials. It
is so similar, in fact, that there is some difficulty
in distinguishing local parts of the flow from
smooth patch material. Not only is the surface
smooth, but it has a relatively low albedo and a
low crater density. It seems likely that the ma-
terial of the smooth flow, the lunar playas, and
smooth patches are all related in origin and that
the principal difference between the flow and
the dark, smooth materials underlying the level
surfaces is principally one of viscosity at the
time of emplacement.

Patterned flow. A patterned flow extends from
the large lunar playa northeast of the spacecraft
about 6 km to the southeast. Surveyor VII landed
on the patterned flow about 50 meters from its
western margin. The patterned flow is in con-
tact with patterned debris along its western side
and with the large lunar playa and the smooth
flow along the north and eastern margin; on the
south, it is overridden by the steep-fronted flows.
An irregular scarp is present along the western
margin of the flow about 2 km south of the

spacecraft, but elsewhere there is little or no
detectable relief at the contact of the flow with
the patterned debris. A number of deposits of
smooth patch material occur in broad, shallow
depressions along the margins of the flow, and
a few also occur on benches and depressions on
the flow.

The surface of the flow is composed of irregu-
lar, low hills and depressions, ranging from
about 100 meters to several hundred meters
across, studded with smaller bumps and blocks
and small craters (fig. 3-21). Except for two
low, rounded parallel ridges in the central part
of the flow, these broader irregularities exhibit
no conspicuous pattern. Superimposed on these
broader irregularities, however, is a weakly de-
fined pattern of low ridges and grooves, similar
to that observed on the patterned debris but less
well defined. Both northwest-trending and
northeast-trending ridges and grooves are pres-
ent on the flow. In addition, the surface of the
flow is cut by numerous irregular subparallel
fissures. Individual fissures trend north-south,
and two north-south-trending swarms of fissures
occur along the two low parallel ridge crests.
The fissures range in length from a few tens of
meters to about 250 meters; where they are
densely clustered in the swarms, they are typi-
cally spaced a few tens of meters apart.

Blocks are locally abundant on the surface of
the flow. Those that are resolvable in the Lunar
Orbiter V high-resolution photograph range in
length from 5 to about 50 meters. Blocks this size
are spaced 20 to 30 meters apart, where they are
most abundant. Abundant smaller blocks are
strewn on the surface of the flow, as revealed in
the Surveyor VII pictures.

Craters are nearly as abundant on the pat-
terned flow as on the patterned debris. The
observed density of craters larger than 8 meters
in diameter is about 185/km?. The largest craters
have well-defined raised rims and symmetrical
form, but the majority of small craters are ir-
regular to elongate in shape. The long axes of
these small craters trend north-south, parallel
with the north-trending fissures and with the
long axis of the flow.

The evidence on the stratigraphic position of
the patterned flow is subject to alternative inter-
pretation. The flow appears to locally override
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(a)

Ficure 3-21. — (a) Enlargement of part of Lunar Orbiter V photograph H-128 showing abundant
north-trending fissures on patterned flow. Swarms of fissures occur on low,
broad ridges on the crest of the flow. The surface of the patterned flow is
composed of low hills and depressions, ranging from 100 m to several hundred
meters across, studded with smaller bumps, blocks, and small craters. Weakly
defined pattern of northwest-trending low ridges and grooves extends from the
upper left corner of the picture to the lower right side. (b) Same area shown
in fig. 3-21(a), but with geologic annotations; see fig. 3-12 for explanation of

annotations.

and rest on the patterned debris. The material
of the patterned flow is, in turn, overridden or
overlain by the smooth flow, smooth patch ma-
terial, and the steep-fronted flows. The amount
of movement or displacement of the material in
the patterned flow, however, may be very small,
as suggested by the lack of a scarp around most
of its margin and by the presence of the weak
pattern of ridges and grooves. The flow prob-
ably consists of debris similar in origin to the
patterned debris, which flowed only slightly
after it was deposited on the rim of Tycho. The
material of the flow was clearly deposited before
the superimposed flows and smooth patch de-
posits were formed, but flowage or displacement
in the patterned flow could have taken place
after the emplacement of the superimposed ma-
terials without significantly disrupting them.
Divergent flow. The terminus of a well-de-
veloped flow of uncertain stratigraphic position
extends into the southwest corner of the area

studied. The surface of this flow is marked by
numerous flow lineations that exhibit a striking
divergent pattern near the terminus of the flow,
which distinguishes it from the other flows in
the area, Near the terminus, the flow is 1% to
2 km wide, and it may be traced about 5 km
to the south, up the rim flank of Tycho. Along
the west side, the margin of the flow is a rounded
scarp, 15 to 20 meters high. A low, much less
well-defined scarp is present at the terminus and
along the east margin.

The surface of the divergent flow is relatively
smooth and locally resembles the surface of the
smooth flow to the east (fig. 3-22). Rough
patches of blocks occur locally on the flow, how-
ever, In its overall topographic characteristics,
the divergent flow is intermediate between the
smooth flow and the ridged lobate flow. A few
short fissures and flow ridges occur on the sur-
face of the flow as well as the flow lineations.
The flow lineations are shallow grooves ranging
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Ficunk 3-22. — (a) Enlargement of part of Lunar Orbiter V photograph H-128 showing di-
vergent flow. The relatively smooth surface of the flow is marked by numerous
divergent flow lineations. Rough patches of blocky material occur locally. The
flow is bounded on the west by a rounded scarp 15 to 20 m high. (b) Same
area as fig. 3-22(a), but with geologic annotations; see fig. 3-12 for explanation
of annotations.

from 50 meters to about 300 meters in length
and 10 to 40 meters in width. One prominent,
small flow scarp, which occurs on the crest of
the flow, apparently was formed by a local surge
of fluid. Small craters occur on the flow; the
crater density is about 110/km? intermediate
between that of the smooth flow and that of the
ridged lobate flow.

The part of the divergent flow in the area
studied is in contact only with patterned debris
and local smooth patch material. Its stratigraphic
relation to the other flows in the area cannot,
therefore, be determined. The divergent flow
clearly overlies the patterned debris, but the
stratigraphic position of the flow relative to the
smooth patch material is indeterminate. 1f the
sequence of emplacement of flows is controlled
primarily by viscosity of the flow material, it is
likely that the divergent flow is intermediate in
age between the smooth flow and the ridged
lobate flow.

Sequence of emplacement of geologic units.
To infer the sequence of emplacement of the

geologic units at the Surveyor VII landing site,
two lines of evidence may be used:

(1) Relationships of superposition of one unit
upon another.

(2) Relative density of craters observed on
each unit mapped (fig. 3-23).

The evidence of superposition of one unit on
another is insufficient to establish the sequence
of emplacement for all of the units, and, in
places, the evidence is conflicting. Therefore, the
evidence from crater density on each unit or
some model of the mechanism of emplacement
of the units must also be used to arrive at a full
interpretation of the emplacement sequence.

In general, there is fairly good agreement be-
tween the evidence based on superposition and
the evidence based on crater density, where both
lines of evidence can be used to obtain the rela-
tive sequence of two or more geologic units. For
example, the patterned debris can be shown to
underlie most, and probably all, of the other
geologic units, and it has the highest density of
craters, consistent with a greater age. The ridged
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Ficure 3-23. — Areal density of craters larger than 8 m
in diameter on six geologic units in the vicinity of the
Surveyor VII landing site on the rim of the erater
Tycho.

lobate flow, the divergent flow, the smooth flow,
and lunar playa material, all of which are de-
monstrably superposed on the patterned debris,
have lower crater densities. The smooth flow, the
ridged lobate flow, and the steep-fronted flow
are superposed on the material of the patterned
flow; all have lower crater densities than the
patterned flow.

In one case, there is a clear-cut contradiction
in the relative ages derived from superposition
and the ages derived from crater densities. The
ridged lobate flow locally overlies the smooth
flow, but the crater density is higher on the
ridged lobate flow than on the smooth flow.
Along most of its length, the contact of the
ridged lobate flow with the smooth flow is a well-
defined scarp, where it has overridden the
smooth flow (figs. 3-8 and 3-12). Locally, the
smooth flow extends over the scarp, however,
and rests on the ridged lobate flow.

These observed relationships can be explained
if the two flows were emplaced in rapid succes-
sion and the younger flow was formed while the
older flow was still mobile. The smooth flow may
be interpreted to have been emplaced first,
partly on material that later became mobilized

as the ridged lobate flow. The ridged lobate flow
later overrode the smooth flow at most places,
except where the displacement of the material
was so slight that the older smooth flow was
buckled, but not offset, along the flow scarp.
This hypothesis requires that the material of the
ridged lobate flow is locally derived from the
debris already present on the surface and that
parts of the flow near its terminus have moved,
at most, only a few tens of meters rather than
down the entire length of the flow.

An alternative hypothesis is that the ridged
lobate flow was emplaced early and was fol-
lowed by emplacement of the smooth flow. Then,
renewed movement of the ridged lobate flow oc-
curred after the smooth flow was formed, re-
sulting in superposition of the ridged lobate flow
on the smooth flow along most of the contact.
Under this hypothesis, the material of the ridged
lobate flow could have been derived from near
the head of the flow, a distance of 8 km up the
rim flank of Tycho. In either case, rapid succes-
sion of the emplacement of the flows is implied.

About twice as many craters occur per unit
area on the ridged lobate flow as on the smooth
flow. If the smooth flow and ridged lobate flow
were emplaced in rapid succession, then about
half or more of the craters on the ridged lobate
flow probably were formed in a relatively short
period of time. More craters may occur on the
ridged lobate flow because (1) the flow has not
moved very far at its lower end, and craters that
were formed early were not destroyed by move-
ment of the flow; or (2) the smooth flow re-
mained fluid for a longer period of time than
the ridged lobate flow, and only the craters
formed after the smooth flow had become rigid
were preserved on its surface.

The crater abundance on the patterned de-
bris is almost three times as great as on the
smooth flow and lunar playas. If all of the flows,
including the smooth patch and lunar playa
material, were emplaced in rapid succession and
very shortly after deposition of the patterned
debris, then about two-thirds of the craters on
the patterned debris must have been formed
during this period of emplacement.

If most of the craters on the patterned debris
and older flow units were, in fact, formed in an
extremely short time interval, the most likely
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explanation for their origin would be that they
are secondary craters formed by fragments
ejected from Tycho. They may represent, in
other words, a record of the last stages of fall-
back or deposition of the Tycho ejecta. In this
case, they were formed by fragments thrown to
greater heights than most of the material de-
posited on the Tycho rim.

It is of interest to note that, on all of the geo-
logic units, most craters between 8§ and 16
meters in diameter are elongate in shape and
that the long axes of these craters are alined
radially with respect to the center of Tycho. It
might be argued that the small craters are elon-
gate in the north-south direction because they
were deformed during movement of the flows,
but this argument is not likely to be applicable
for the small craters on the patterned debris.
Nor will it account for the fact that only the
smallest craters are generally anomalous in
shape, whereas the larger craters on both the
flows and patterned debris tend to be approxi-
mately circular in plan. Some of the craters may
be elongate simply because they have been
formed or enlarged along fissures, but in this
case, it is curious that there is no tendency for
the elongate craters to be alined in the two
most prominent orientations of the lineaments in
the patterned debris. The simplest explanation
is that most of the elongate craters are second-
ary craters.

An imperfect analogy to the formation of sec-
ondary craters by late-falling fragments high on
the rim of Tycho is provided by the formation
of a swarm of secondary craters on the rim of
the nuclear crater Sedan (fig. 3-24). These sec-
ondary craters at Sedan were formed by frag-
ments, ejected at high velocities and high eleva-
tion angles from the region near the center of
the crater, which fell back onto the crater rim
after the bulk of the rim material had been de-
posited and had come to rest. In the case of
Sedan, the ejected fragments that formed the
late secondary craters were derived from ma-
terial that lay almost directly above the buried
nuclear device. The mechanism of ejection of
this material has no direct analogy with the
mechanisms of ejection of fragments from an
impact crater, There may be other mechanisms,
however, by which fragments that will produce

late-forming secondaries on the crater rim can
be ejected at fairly high velocities and high
elevation angles from impact craters.

It is appropriate to inquire, therefore, what
the timespan might be for the sequence of em-
placement of flows on the rim of Tycho, if most
of the craters observed on these flows are sec-
ondaries. Plausible trajectories and times of flight
of the main part of the ejecta from Tycho and
possible trajectories of fragments which might
have produced late-forming secondary craters
can be derived from the standard ballistic equa-
tions. I'rom a comparison of these times of flight,
the time interval during which the flows and
lunar playa deposits might have been emplaced
can be estimated, and minimum values can be
found for the flow velocities required for em-
placement of the flows in this time interval.
Finally, these velocities can be examined to see
if they are compatible with the forms of flows.

From experimental studies of high-velocity
impact, it has been found that the bulk, or a
large fraction, of the material ejected from small
impact craters is ejected at angles of about 45°
from the original surface of the target. The final
ejection velocity imparted to individual frag-
ments is the vector sum of the velocities im-
parted by acceleration in the shock front and
acceleration in the following rarefaction wave.
As the geometric relationships between the
shock front and shock wave are nearly inde-
pendent of scale, it is reasonable to assume that
the bulk of the material ejected from an impact
crater the size of Tycho will also be thrown out
at elevation angles of about 45°.

It is further assumed that the final crater is
produced partly by ejection of material and
partly by collapse of the walls of the crater in
the late stage of its formation. The cumulative
width of terraces along the walls of Tycho sug-
gests that as much as 15 km of the final radius
may be attributed to widening of the crater by
the collapse. The range of radial distances, from
the center of the crater, from which material
was launched into ballistic trajectories is about
27 km. Fragments that arrived in the vicinity of
the Surveyor VII landing site, therefore, traveled
horizontal distances not less than 45 km nor
greater than 72 km,

For an ejection angle of 45°, the time of flight
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Ficure 3-24. — Aerial photograph of the Sedan nuclear explosion crater (Nevada) showing
numerous secondary craters on its rim. Main crater is about 400 m across
(photograph by courtesy of the Lawrence Radiation Laboratory, University
of California).
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of a fragment to the Surveyor VII landing site
must lie between about 220 and 290 seconds,
corresponding, respectively, to trajectories of 45
and 72 km in length. These times of flight cor-
respond to ejection velocities of 0.27 km/sec and
0.35 km/sec. The difference in the two ex-
treme values in the time of flight derived under
these assumptions is only 70 seconds; the differ-
ence in the vertical components of the ejection
velocities is only about 50 m/sec. It is not likely,
however, that fragments producing late-forming
secondaries would be derived from the region
near the center of the crater and ejected at such
low velocities. The peak shock pressure and ac-
celeration of material decrease rapidly, as the
shock propagates away from the path of pene-
tration of the projectile, and fragments derived
from close to the path of penetration, therefore,
tend to be ejected at much higher velocities than
the fragments ejected from the region near the
edge of the final crater. For this reason, most
fragments follow over-arcing trajectories; most
of the material derived from the central region
of the crater is thrown the farthest, as shown by
the arrangement of fragmental debris at Meteor
Crater, Ariz. (ref. 3-17).

It is much more probable that fragments
which fall late, but high, on the rim flank of an
impact crater are ejected at relatively high ve-
locities and at high elevation angles. The greater
the height reached by the fragment, the longer
its time of flight. Fragments thrown to an ap-
selene of 100 km above the lunar surface, for
example, have a time of flight of about 700
seconds. A fragment, thrown from a region near
the center of Tycho to a height of 100 km and
landing in the vicinity of the Surveyor VII land-
ing site, would be ejected from the crater at a
velocity of 0.59 km/sec and at an angle very
close to 80° from the horizontal. If a fragment
that landed in the vicinity of the Surveyor VII
landing site were thrown to an apselene of 100
km from a point at a radial distance of 27 km
from the center of Tycho, it would leave with
nearly the same velocity, but at an angle of
abhout 83.5°.

The question remains as to how the fragments
might be thrown out at such steep angles. One
possibility is that some of the anomalous high-
flying fragments result from collision between

fragments in the general spray of ejected ma-
terial. Physical evidence for collision and over-
taking of one fragment by another in the spray
is found at Meteor Crater and at nuclear craters,
where individual fragments that are formed by
coalescence of materials from different horizons
have been recovered on the crater rims. Another
possibility is that fragments are ejected, at a
fairly late stage in the development of the crater,
at very high or nearly vertical ejection angles
from the region that becomes the central peak.

From impact experiments in the laboratory,
using dense rock targets, Charters and Summers
(ref. 3-18) found that, at a late stage in the
opening of a small impact crater, a column of
material is ejected, in a direction nearly normal
to the target surface. Gault® has observed ve-
locities of fragments as high as 200 to 300 m/sec
in similar columns ejected from small high-
speed impact craters in basalt. The precise
mechanism by which this column is formed is
not presently understood, and it is observed ex-
perimentally only when the targets are com-
posed of dense coherent rock. The mechanisms
by which central peaks are formed in terrestrial
craters from material that has been raised from
depths considerably below the crater floor is not
understood either. In large natural craters, a
shock reflected from a lower dense substratum
may contribute significantly to the lifting of the
rocks in central peaks, and it may also con-
tribute to ejection of fragments at high elevation
angles and moderately high velocities from the
region of the central peaks.

Whatever the mechanism, if fragments can be
ejected at elevation angles on the order of 80°
and velocities on the order of 500 m/sec, then
the difference in time of flight between these
fragments and the main part of the ejecta is on
the order of 400 to 500 seconds, at distances
from the center of the main crater correspond-
ing to the Surveyor VII landing site. In other
words, a time interval of several hundred sec-
onds is then available for the emplacement of
the flows prior to the fallback of the higher
velocity ejecta. A time interval of 500 seconds
would require a flow velocity on the order of

2D. E. Gault, personal communication to E. M. Shoe-
maker, Apr. 1968.
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10 m/sec for flows such as the steep-fronted
flows, if the material at the termini all came
from the regions near the heads of the flows.
If material that now resides at the termini was
derived from areas farther down the length of
each flow, then lower flow velocities are re-
quired. A flow velocity on the order of 10 m/sec
seems compatible with the evidence of viscosity
of the flows based on their final shapes as they
came to rest.

A plausible sequence for the emplacement of
the flows and the lunar playas and smooth patch
materials can be derived from the qualitative
evidence on the relative viscosity of these ma-
terials at the time that they were emplaced. The
demonstrable relative sequences, based on super-
position relationships, are consistent with the
hypothesis that the flows were emplaced in or-
der of increasing viscosity. One of the steep-
fronted flows, for example, cuts across and over-
lies the ridged lobate flow. From the heights of
the flow fronts and the relief on the flows, it
may be inferred that the steep-fronted flows
were more viscous during most of their period
of emplacement than was the lobate flow.

The inferred sequence of emplacement illus-
trated in the explanation of the geologic map
(fig. 3-12) has been based on the available evi-
dence on superposition and on a model of em-
placement in which it is assumed that all of the
units were emplaced in the time period on the
order of 10° seconds or less. During this period,
late-falling fragments ejected from Tycho were
“raining down” and producing secondary craters
on units that had become relatively stable. In
general, the materials with lowest viscosity were
emplaced first, and materials with highest vis-
cosity last.

The oldest unit in the inferred sequence is the
patterned debris. Patterned debris is demonstra-
bly overlain by most of the other units, and it is
inferred to be composed of Tycho ejecta, which
were stable after ballistic deposition. The next
units to be emplaced were the lunar playa and
smooth patch materials, and the smooth flow.
As shown by the low local relief on the surfaces
of these units, these deposits were probably em-
placed either as a fluid of very low viscosity or
as fluidized systems. The general absence of flow
fronts or other relief at the margins of these

units and the apparent thinness of these units
at their margins suggest their emplacement as
fluidized systems. The occurrence of fissures
with rounded edges in the playas suggests de-
flation of the playa material owing to loss of gas
after emplacement. If these units are the de-
posits of arrested hot-gas solid systems (nueés
ardentes), the flow velocities may have been as
high as the velocities of terrestrial nueés ardentes
(up to 30 or 40 m/sec). These units probably
remained hot and semimobile for a considerable
time after their emplacement, and they exhibit
the lowest crater abundances of all the units
mapped, probably because the secondary craters
that formed early on these deposits were un-
stable and disappeared fairly rapidly.

On the basis of smoothness of form, it is in-
ferred that the divergent flow was emplaced
next. The surface of this flow is, in some places,
nearly as smooth as the smooth flow, but the
divergent flow has a distinct flow front and
more intrinsic relief on its surface. It was prob-
ably emplaced as a viscous fluid and probably
solidified earlier than the smooth flow and lunar
playa and smooth patch materials. For this
reason, more secondary craters were retained on
its surface. Emplacement of the divergent flow
was probably followed by emplacement of the
ridged lobate flow. The ridged lobate flow was
apparently emplaced as a still more viscous fluid.
Some secondary craters that may have been
formed even before the flow had come to rest
may be preserved on its surface. The steep-
fronted flows were probably emplaced very
shortly after the ridged lobate flow, inasmuch as
they exhibit a similar crater abundance.

The patterned flow is inferred to have been
emplaced last. In all probability, the displace-
ment in this flow does not exceed a few tens of
meters in most places. The pattern of lineaments
weakly preserved on its surface is assumed to be
inherited from the patterned debris from which
the flow was probably derived. The abundance
of craters on the patterned flow is only about
15 percent less than that observed on the pat-
terned debris. A high density of craters occurs
on this flow probably because very few of the
secondary craters formed on it were lost during
the minor movement of the material. Flow units,
which were emplaced earlier and superposed on



TELEVISION OBSERVATIONS 49

the material of the patterned flow, probably
were carried along a short distance by the
patterned flow.

Detailed Geologic Features Observed
From Surveyor VIl

Features observable from the vantage point of
the Surveyor VII camera include parts of several
geologic units, most of which were seen in the
distance at very low, oblique angles. The units
observed in the distance include patterned debris
to the west, north, and northeast of the space-
craft, and one patch of smooth patch material
to the northeast. A number of craters and very
coarse blocks are observable on the distant
geologic units, and provide insight into some of
the physical characteristics of these units. In the
foreground, detailed features in the immediate
vicinity of the spacecraft were observed on the
surface of the patterned flow. These features
include small craters and a great variety of
rocky-appearing fragments, some more than 1
meter across.

Craters. The craters visible from the Surveyor
VII television camera range in diameter from
about 13 em to about 100 m. Craters larger than
30 meters across are observed only in the far field,
primarily on the patterned debris. A crater as
large as 17 meters across is visible on the smooth
patch material northeast of the spacecraft.

Nearly all of the craters observed on the pat-
terned debris have relatively smooth raised rims.
Scattered blocks occur on these raised rims and
within the craters, but the spatial density of
blocks is not substantially higher than it is on
the areas between the craters. The absence of
strewn fields of coarse blocks associated with
these craters indicates that the patterned debris
consists of weakly cohesive, fragmental material
at least as thick as the depths of the observed
craters and that the fragmental material has a
mean grain size sufficiently small that most of
the individual fragments are not resolved by the
Surveyor camera (in general, less than 0.5 to
1 mm in diameter). As noted previously, these
observations are consistent with the interpreta-
tion that the patterned debris consists of rela-
tively loose, or uncemented, ejecta from Tycho.
The minimum thickness of this loose debris
layer, indicated by the observations from Sur-

veyor VII, is about 20 meters, the estimated
depth of the largest crater with a smooth raised
rim.

In contrast to the craters formed on the pat-
terned debris, the craters observed from Sur-
veyor VII on the smooth patch material have
blocky rims. The observed blocky-rimmed cra-
ters on the smooth patch material range from
5% to 17 meters across. This indicates that either
the smooth patch material or the patterned flow
material, which underlies the smooth patch de-
posit, is more coherent or coarser grained than
the patterned debris and that the coherent ma-
terial lies at depths not greater than 2 meters.

In all the geologic units mapped on Lunar
Orbiter V photograph H-128 (fig. 3-8), most of
the craters with diameters in the range from 8
to 16 meters have anomalous shapes. Most are
elongate in a north-south direction, approxi-
mately radial to the crater Tycho. Some of these
craters are elliptical in plan; many are pear
shaped. The narrow part of most pear-shaped
craters occurs at the south end of the crater,
although a few craters were observed in which
the small end was at the north. North-trending
fissures, which are common in the patterned flow
on which Surveyor VII landed, cross some of
the craters.

Most of the craters observed in the foreground
near Surveyor VII are between 13 em and 4 m in
diameter. Craters smaller than 15 em are diffi-
cult to recognize because of the abundance of
coarse, fragmental debris covering the surface of
the patterned flow. In the pictures taken at low
Sun elevation angles, which are best for recog-
nizing small craters, the shadows cast by the
fragments tend to hide very small craters or
make them difficult to recognize. Most of the
small craters are shallow and cup shaped and
have low subdued rims.

The rims of most of the craters 13 ¢m to 4 m
in diameter are composed of fragmental material
of about the same grain size as the surface ma-
terial in the intercrater areas; a few craters
about 3 to 4 meters across have raised rims of
blocky debris. Two craters, one about 20 meters
in diameter and the other about 30 meters,
which oceur in the patterned flow southwest of
the spacecraft, have coarse blocky rims with

blocks up to % meter across,
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An irregular crater about 5 meters north of
the spacecraft and about 3 meters in diameter
is filled with coarse blocks ranging from a few
centimeters to 60 cm across; a strewn field of
blocks extends northwest from the crater (fig.
3-3). This crater probably is of secondary im-
pact origin, formed by low-velocity impact of a
block of material ejected from a larger crater
southeast or east of the spacecraft. A crater, 100
meters in diameter, that lies 300 meters to the
east of the spacecraft is a likely source from
which the block may have been derived. Most,
or many, of the fragments within the secondary
crater and in the strewn field to the northwest
may be pieces of the impacting block. Similar
secondary impact craters with asymmetric pat-
terns of ejecta have been observed around bal-
listic missile impact craters at White Sands
Missile Range, N. Mex.

The size-frequency distribution of 8- to 128-
meter-diameter craters recognizable in Lunar
Orbiter V photograph H-128 was determined in
1-km? areas on most of the geologic units mapped
at the Surveyor VII landing site. An aggregate
area of 0.53 km? was studied to obtain the size-
frequency distribution of craters on the lunar
playas; the steep-fronted flows were not studied
because the relief on the surfaces of the flows
severely limits the study of crater distribution.
The size-frequency distribution of craters is
slightly different on each geologic unit, but, in all
units, it lies considerably below the Ranger
curve and has an average slope that is somewhat
steeper than the Ranger curve (fig. 3-25). If
account is taken of the normal dropoff in num-
ber of recognizable craters, as the diameters of
the craters approach the limit of resolution of
the photograph, then extrapolation of the distri-
bution observed on the Lunar Orbiter V photo-
graph suggests that the crater size-frequency
curve for the patterned flow probably joins the
Ranger curve at a crater diameter of about
10 meters.

The size-frequency distribution of small cra-
ters ranging in size from 13 cm to 4 m was in-
vestigated in a 209-m? area on the patterned
flow, close to Surveyor VII (fig. 3-26). A total
of 75 craters was counted in the Surveyor VII
pictures of this area. The cumulative size-
frequency distribution of the small craters, nor-
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Figune 3-25. — Cumulative size-frequency distribution
of craters on six geologic units near the Surveyor VII
landing site, compared with the general distribution
of small craters on the lunar maria determined from
Ranger pictures.

malized to 10° km?, is closely similar to the size-
frequency distribution of craters of similar size
found at the previous Surveyor landing sites
(fig. 3-27). This distribution follows the general
size-frequency distribution of craters on lunar
plains determined from the Ranger pictures.

Thickness of regolith. The lunar regolith has
been defined (ref. 3-4) as a layer of fragmental
debris of relatively low cohesion which overlies
a more coherent substratum. It covers nearly all
parts of the lunar surface observed on the maria
by Surveyors I, III, V, and VI; it is inferred to
have been derived primarily by a process of
repetitive bombardment, which also produced
the majority of small craters observed nearly
everywhere on the lunar surface. The apparent
thickness of this layer on the various mare sites
investigated with the Surveyors ranges from
about 1 or 1% meters to more than 10 meters. In
most places on the maria, it is very fine grained;
at the surface, about 90 percent of the regolith
consists of fragments finer than 1 mm.

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

We do not intend to apply the term “regolith”
to such widespread blankets of fragmental ejecta
associated with large, individual craters on the
Moon. These units, inferred to be formed by a
single event, or by a sequence of a small num-
ber of events, during a well-defined short inter-

val of time in lunar history, are more appropri-
ately treated as mappable, regional, geologic
units. They may be expected to have certain
internal consistencies of structure and to exhibit
systematic lateral variations in grain size, shock
metamorphism, and other characteristics.

The regolith, on the other hand, is conceived
here as a thin layer of material that forms, and
progressively evolves, over a longer period of
time as a result of an extremely large number of
individual events, and possibly as the result of
interaction of a number of different processes.
The regolith is a strictly surficial layer of debris
that conceals underlying geologic units in most
places on the Moon. Its thickness and other
characteristics are a function of total exposure
time of the different parts of the lunar surface
to a number of surface processes. Among the
principal processes are bombardment of the
lunar surface by small solid interplanetary ob-
jects and secondary lunar fragments, mass wast-
ing, and irradiation by high-energy particulate
and electromagnetic radiation. Alteration by
gases escaping from the lunar interior and other
processes not yet recognized may also contribute
to the evolution of the regolith.

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

Where a regolith has developed on a frag-
mental geologic unit such as a regional ejecta
blanket or a debris flow, the practical distinction
between the regolith and the underlying frag-
mental material must be based on differences in
grain size, and aspects of physical and chemical
alteration that can be recognized through the
data at hand. In particular, the presence of
numerous small craters, a photometrically ob-
servable alteration profile or coatings or altera-
tion rinds on individual fragments, or a grain
size distribution of the surficial material similar
to that observed elsewhere on the regolith can
be used as evidence for its presence. At the Sur-
veyor VII landing site, there is good evidence
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for the presence of a thin regolith. The most im-
portant evidence is the presence of abundant
craters smaller than 4 meters in diameter.

The probable mean thickness of the lunar
regolith at the Surveyor VII landing site can be
predicted on the basis of the model of origin by
repetitive impact. The observed frequency dis-
tribution of the small craters corresponds to that
which has been interpreted as an equilibrium or
steady-state crater distribution, on the basis of
the Ranger observations of the lunar plains
(refs. 3-7 and 3-19) and the television observa-
tions of small craters at various Surveyor landing
sites (refs. 3-1, 3-4, 3-20, and 3-21). The upper
crater-diameter limit of the steady-state popula-
tion on the patterned flow on which Surveyor
VII landed is evidently about 10 meters. At
larger crater diameters, the frequency of craters
rapidly falls below the steady-state crater dis-
tribution curve.

On the basis of experimental crater popula-
tions produced by repetitive impact and the
observed crater-frequency distribution on the
lunar plains, the upper crater size limit of the
steady-state crater population is found to be
about 30 times larger than the lower size limit
of all the craters formed whose aggregate area
would just cover the surface. The depth of cra-
ters at this lower size limit represents the ap-
proximate average depth to which the lunar
regolith has been overturned, just once, by
cratering. This depth is the predicted or theo-
retical depth of the regolith at any given locality
and, in general, corresponds fairly closely to the
observed depth. At the Surveyor I landing site,
for example, the observed upper limit of the
steady-state crater population is at a crater diam-
eter of approximately 200 meters; the predicted
thickness of the regolith is, therefore, the charac-
teristic depth of a fresh crater 7 meters in diam-
eter. The smallest observed crater, which just
penetrates the regolith at the Surveyor I site, is
8 meters in diameter and about 2 meters in
depth.

At the Surveyor VII landing site, the surface
of the patterned flow should have been turned
over, just once, by craters with a diameter of
30 cm or larger; the predicted depth of the
regolith is, therefore, on the order of 10 em. A

-
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slightly greater depth would be predicted for
the regolith on the patterned debris, and a lesser
depth on the other flows and on the smooth
patch and lunar playa materials.

In contrast with prediction, the smallest crater
with a conspicuously blocky rim observed on the
patterned flow is about 3 meters in diameter. If
the underlying flow were coherent material, this
observation would suggest that the thickness of
the regolith was on the order of a meter. The
patterned flow probably is composed of only
weakly coherent fragmental material, and the
actual average thickness of the regolith probably
is closer to the predicted 10 cm.

On the basis of the large blocks on the pat-
terned flow that are resolvable in the Lunar Or-
biter V photographs and the scattered very large
blocks observed in the Surveyor VII pictures, it
seems likely that the material composing the
patterned flow is significantly coarser grained
than the material of the regolith. If this is true,
it may be expected that individual craters are
occasionally formed in, or penetrate, the upper
parts of buried, large blocks in the flow; ap-
parently, it is only in these cases that blocky
rims are formed around the craters. If the large
blocks are relatively widely spaced, then the
diameter of the smallest blocky-rimmed crater
observed will be significantly larger than that
predicted for a regolith formed on a coherent
substratum.

Additional evidence bearing on the thickness
of the regolith is provided by the results obtained
with the operation of the surface sampler (see
ch. 5). In one trench excavated by the surface
sampler, an object too large to be moved was
encountered at a depth of about 3 c¢m. This
object may be a large block in the underlying
patterned {low.

IFragmental debris. One of the most striking
features of the Surveyor VII landing site is the
abundance of coarse, relatively angular debris
that litters the surface in the immediate vicinity
of the spacecraft. Nearby fragments range from
less than 1 mm to several meters across; blocks
as much as ten to several tens of meters long
occur on the patterned flow on which the space-
craft landed, as well as on more distant geologic
units. Most of the blocks more than a meter
across probably are original clasts embedded in
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the patterned debris or in the flows on which
they are observed. Most fragments less than 10
cem across, on the other hand, appear to be
pieces in the regolith. They probably have been
derived by comminution of the coarser fragments
or of more coherent material comprising the
various geologic units at the Surveyor VII land-
ing site.

Fragments coarser than 1 mm in diameter oc-

cupy about 18 percent of the surface; fragments
coarser than 10 cm in diameter occupy about
10 percent of the surface and are an order of
magnitude more abundant than fragments of
similar size at the Surveyor VI landing site in
Sinus Medii. It is this much greater number of
large fragments that contributes to the distine-
tive appearance of the Surveyor VII landing site
(fig. 3-28).

Freune 3-28. — Narrow-angle picture of an area west of Surveyor VII showing typical field of
fragmental debris. Largest blocks are several meters across (day 018, 06:48:01

GMT).
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Many of the larger blocks are partly, or en-
tirely, surrounded by a fillet or embankment of
material. In general, the best developed fillets
occur around the largest blocks. An excellent
example of a well-developed fillet occurs around
block G (fig. 3-5) on the smooth patch of ma-
terial north of the spacecraft. Block G is about
5 meters in diameter and has nearly vertical
sides more than 2 meters high. The fillet sur-
rounding the block is about 20 meters in diam-
eter at the base and about 1 meter high at the
contact with the block (fig. 3-29). It is possible
that this large fillet has a different origin than
most of the fillets observed. Block G is probably
a large block embedded in the patterned flow
underlying the smooth patch material; the fillet
could have been produced mainly by the defla-
tion of the smooth patch material around the
block during cooling. Fillets observed around
smaller blocks close to the spacecraft are com-
posed of fine-grained material. These fine-grained
fillets probably are formed by the ballistic trap-
ping of small particles sprayed out from nearby
parts of the lunar surface.

Most of the blocks larger than 1 meter in
diameter are relatively rounded; for the most
part, they seem also to be fairly deeply em-
bedded in the units on which they are found.
Fragments less than ten or a few tens of centi-
meters across, however, exhibit a wide range of
shapes, and many are conspicuously angular.
Some of the smaller fragments seem to have
been broken along joint planes and tend to have
planar surfaces with rectangular outlines, but
others are highly irregular in shape. Some frag-
ments exhibit fresh-appearing conchoidal spall
or fracture surfaces. Surprising numbers of
smaller fragments are resting on the fine-grained
matrix of the surface without being significantly
embedded in this material.

Fragments in the near vicinity of the space-
craft exhibit a wide range in normal luminance
factor (normal albedo) and a wide variety of
surface textures and structures. Some fragments
are plain, but other fragments are spotted. Some
fragments appear to be massive, but others ex-
hibit well-developed linear structures on their
surfaces, which probably correspond to internal
planar or linear structures. Most fragments ap-
pear to be relatively dense, but some are clearly

vesicular. Most of the fragments probably are
pieces of coherent rock, and the variety of ob-
servable characteristics probably indicates a
variety of lithology. Many, but not all, of the
observed characteristics of the rocks have also
been observed at the Surveyor landing sites in
the maria. The rocks at the Surveyor VII land-
ing site, however, exhibit a far greater variety of
textural and structural characteristics than the
rocks observed on any single mare site.

Most angular fragments scattered over the
surface near the landing site are conspicuously
brighter than the fine-grained matrix of the
regolith at nearly all angles of solar illumination.
As observed on the maria, the photometric func-
tion of most fragments appears to be more nearly
like that of a lambertian scatterer than like that
of the fine-grained matrix. This shows that the
surfaces of most of the fragments are less porous
than the surface of the fine-grained debris or the
surfaces of clods, or aggregates, of fine-grained
material.

The normal luminance factor of the angular
fragments varies by as much as 50 percent. The
lightest fragments have a normal luminance
factor more than 50 percent greater than that of
the fine-grained matrix of the regolith. A few
angular fragments (fig. 3-30), on the other hand,
are nearly as dark as the fine-grained material of
the surface. These dark angular fragments ap-
pear to be pieces of rock, and not aggregates of
fine-grained material. One small, dark fragment
was attracted to magnets on the surface sampler
(see ch. 7, pt. IT). It is possible that most of the
dark angular fragments are rocks rich in mag-
netite or minerals of high magnetic susceptibil-
ity, or that they are mineralogically different in
other respects from most of the other rock frag-
ments on the surface.

Spots, which occur on a large number of frag-
ments (fig. 3-31), are most easily observed on
relatively smooth, clean fracture surfaces. In
most cases, the spots on a given fragment have
irregular, diffuse margins and vary widely in
size. In many cases, the light material forms
slight bumps, or protrusions, from the surfaces
of the fragments; the raised relief of the light
material suggests it is more resistant to processes
of erosion occurring on the Moon.

A densely spotted fragment, which lies about
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F1Gure 3-29. — Mosaic of narrow-angle Surveyor VII pictures of an area about 350 m mnorth-
east of the spacecraft showing large block about 5 m across (block G) on
smooth patch material. Swarm of fragments in back of the block are on the
rim of a crater about 17 m across (day 022, 18:29:49 and 18:31:05 GMT).

2 meters from the camera, has spots ranging in
size from less than 1 mm to about 30 mm. The
spots occupy about 30 percent of the surface of
the fragment. The size-frequency distribution
of these spots (fig. 3-31(d)) suggests they may
be fragments, possibly xenoliths, which were
partly assimilated in the dark matrix material.
The slope of the integral size-frequency func-
tion, however, is somewhat steeper than that
expected for most fragmentation processes. A
more likely explanation for the light spots is that
they represent parts of the fragment that differ
in crystallinity, or in composition or size of
constituent crystals, from the matrix. Somewhat
similar spots occur in partially crystallized vol-
canic rocks and in a variety of metamorphic
rocks on Earth.

Small elongate spots, ranging from 1 to 5 mm
in length, were observed on a conchoidal frac-
ture surface on one fragment close to the space-
craft (fig. 3-32). They occupy a small percent of
the surface of the fragment, and the long axes of
the spots tend to be oriented parallel with one
another. Their orientation suggests a flow linea-

tion or flow foliation fabric; their relatively high
albedo suggests they may be feldspar. This sug-
gestion is consistent with chemical analyses of
both the fine-grained matrix of the regolith and
an individual rock at the Surveyor VII landing
site (see ch. 8). These analyses indicate that the
rocks at the Surveyor VII landing site are rich
in the elemental constituents of plagioclase
feldspar,

Some rocks scattered about Surveyor VII ex-
hibit one or more sets of linear ridges and
grooves on their surfaces. Good examples are
found on some of the fragments in the crater of
probable secondary impact origin, about 3
meters north of the spacecraft. Many of these
fragments have nearly planar surfaces with rec-
tangular outlines (fig. 3-33). On some of the
fragments, low ridges and grooves occur that are
parallel with the edges of some of the larger
planar surfaces. These ridges and grooves prob-
ably were developed by slight, differential ero-
sion of the exposed edges of planar structures
within the blocks.

Intersecting sets of ridges and grooves ob-
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Ticune 3-30. — Narrow-angle picture of an area about 3% m from Surveyor VII camera show-
ing a variety of fragments on the lunar surface. Note dark, elliptical fragment
about 8 ¢m across in right center of the picture. Some fragments are angular
and others are rounded; some are nearly buried by fine-grained material and
others are on the surface (day 018, 06:22:40 GMT).

served on the surfaces of some blocks are among
the most interesting, and perhaps among the
most critical, features for interpretation of the
origin of the flows on the flank of Tycho. One
small block with rectangular faces (fig. 3-34)
exhibits two sets of linear structures on the side
of the block facing toward the camera. One set
consists of ridges parallel with the edge of the
top surface of the block and probably reflects

planar structures parallel with this surface. The
other set consists of ridges and grooves that in-
tersect the first set at an angle of about 70°.
This second set is not parallel with the edges of
any of the observable, nearly planar faces of the
block: it cannot be determined whether this
second set of structures reflects a second set of
internal planar structures or whether it may
possibly reflect a set of internal linear structures
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Ficure 3-32. — Angular block about 18 cm across, about 2% m from Surveyor VII camera.
Block has a conchoidal fracture surface and bright elongate spots that are
roughly parallel and range from 1 to 2 mm wide and up to 10 mm long
(day 013, 10:31:04 GMT).

Ficune 3-33. — Blocks in a crater of probable secondary
impact origin, about 5 m from Surveyor VII camera.
The largest block is about 40 em across. Note parallel,
elongate ridges about 1 to 2 em long on surfaces of
some blocks (day 010, 06:52:33 GMT).




TELEVISION OBSERVATIONS 61

Ficure 3-34. — Angular block about 10 em across, about
9 m from Surveyor VII, with two sets of structures on
the surface facing the camera. One set consists of
ridges parallel with the top edge of the block; the
other set consists of ridges and grooves that intersect
the first set at an angle of about 70° (day 011,
23:56:00 GMT).

in the block. In either case, the rock exhibits
evidence of two intersecting, distinct sets of
structures.

Another small fragment with rectangular faces
(fig. 3-35) exhibits two sets of linear features on
the top surface of the block. One set consists of
ridges parallel with the edge of one side of the
block, and the other set consists of short, deep
grooves that intersect the first set at an angle
estimated to be about 45°, as measured on the
surface of the block. Again, this second set is
not parallel with the edges of any of the ob-
served faces of the block.

The presence of intersecting sets of structures
suggests the observed fragments have been dy-
namically metamorphosed. One set of structures
in these fragments probably corresponds to an
original, or primary, structure such as flow band-
ing or rhythmic layering, and the other set may
correspond to a secondary structure produced by

Figure 3-35. — Angular block 10 em across, about 3% m
from Surveyor VII camera. Two sets of intersecting
structures form a pattern on the surface of the block.
One set consists of ridges parallel with the edge of
one side of the block; the other set consists of short,
deep grooves that intersect the first set at an angle
estimated to be about 45° (day 011, 10:11:26 GMT).

metamorphism, such as slaty cleavage. Slaty
cleavage that intersects primary structures at a
wide range of angles is a common characteristic
of shock-metamorphosed rocks.

A few rounded blocks relatively close to the
spacecraft are cut by prominent, deep cracks.
The appearance of these cracks on one of the
blocks (fig. 3-36) suggests that it has broken into
smaller fragments that have been jostled apart
slightly. This jostling may have been caused by
impact, by seismic events that slightly disturbed
the cracked block, or possibly by thermal
expansion and contraction.

Many of the fragments in the vicinity of the
Surveyor VII spacecraft have deep pits on their
surfaces ranging from a fraction of a millimeter
to a centimeter across. These pits are almost
certainly vesicles produced by exsolution of a
volatile phase at the time the material was
molten. A good example of a vesicular fragment
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Ficure 3-36. — Broken block 30 to 40 c¢cm across, about
2% m from Surveyor VII camera. Note the large cracks
on the block. Separation of the pieces of the block
may be due to thermal expansion and contraction or
to seismic events (day 015, 11:51:36 GMT).

is shown in figure 3-37(a). The vesicles on this
fragment are 2 to 10 mm across and most of
them appear to be slightly elongate, with the
long axes oriented parallel, or approximately
parallel, to one another. Parallel orientation of
the vesicles is a common feature of the observed
vesicular fragments. In some cases, the vesicles
are extremely elongated, as shown in figure
3-37(b). This fragment has fairly large, nearly
equidimensional vesicles about a centimeter
across and smaller vesicles as much as 1 cm
long, but only 1 to 2 mm wide.

One of the most remarkable fragments ob-
served at the Surveyor VII landing site, just
south of the spacecraft, seems to be a member
of a pile of fragments partially obscured by the
spacecraft (fig. 3-38). This fragment has two
kinds of surfaces: One side is a smooth, undulat-
ing, slightly concave surface; the rest of the
surface is relatively rough or porous in texture
and is partly occupied by vesicles. A row of
vesicles parallel with the edges of the smooth
surface occurs along the side of the fragment
facing the camera. Some of the vesicles ob-
served on this side of the fragment are elongate
and oriented parallel to one another; the orien-
tation of their long axes intersects the row of
vesicles and the edge of the smooth surface at a
fairly large angle. Thus, in this fragment, there

Ficure 3-37(a ). — Vesicular fragment about 10 cm across,
about 2% m from Surveyor VII camera. Vesicles are
3 to 5 mm across and up to 10 mm long. Most of
the vesicles are elongate with the long axes oriented
approximately parallel to one another (day 018,
13:56:36 GMT).

Freure 3-37(b). — Rounded, vesicular fragment 16 c¢m
across, about 3 m from Surveyor VII camera. The
large vesicle near the bottom is about 1 cm across.
The small vesicles are up to 10 mm long, but are only
a few millimeters across (day 011, 23:50:47 GMT).
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Ficure 3-38. — Vesicular block about 50 em long and
15 em thick, about 4% m from Surveyor VII camera.
Vesicles are up to 1 cm across and 2 em long. Note
smooth, undulating, slightly concave surface on the
bottom side of the block and the parallel band of
elongate vesicles whose long axes intersect the edge
of the smooth surface at a large angle (day 011,
14:04:59 GMT).

is evidence both of melting and of intersecting
structures. The smooth, undulatory surface may
be a chilled margin, as found on the surfaces of
volcanic bombs and shock-melted ejecta from
impact craters.

Another fragment, about 35 cm across, that
lies about 7 meters from the camera exhibits
both a faint banding and elongate vesicles (fig.
3-39). The banded appearance is due to sub-
dued ridges and grooves on the sides of the frag-
ment. The long axes of the vesicles are oriented
at an angle of about 70° to the banding. Thus,
this fragment also shows evidence of both dy-
namic metamorphism and melting.

The combined evidence of dynamic meta-
morphism and melting, observed in a number
of fragments at the Surveyor VII landing site,
suggests these fragments have been shock meta-
morphosed. Analogies to the features observed
in these fragments on the rim flank of Tycho
may be found in the shock-metamorphosed ejecta
at Meteor Crater, Ariz. The fragment shown in
figure 3-40, for example, exhibits two sets of
planar structures, as well as vesicles. This frag-

Figure 3-39, — Vesicular fragment about 35 c¢m across,
about 7 m from Surveyor VII camera. Note the slight
banding due to subdued ridges and grooves that ex-
tend from the upper right to the lower left of the
block. The long axes of the vesicles are oriented at
an angle of about 70° to the banding (day 015,
12:15:11 GMT).

ment is an impactite derived from shocked Co-
conino sandstone. One set of planar structures
consists of relict bedding of the sandstone. The
other set is relict slaty cleavage produced in the
sandstone during plastic flow of the material
under relatively high shock pressure. The relict
slaty cleavage intersects the relict bedding in
this specimen at an average angle of about 80°.
The shocked material became molten during de-
compression in the rarefaction wave that fol-
lowed the shock front, and vesicles were formed
by exsolution of water vapor from the melt.
Some vesicles, a fraction of a millimeter to about
2 mm across, are nearly equidimensional, but
much larger elongate vesicles were formed paral-
lel with the relict slaty cleavage. Rows, or bands,
of vesicles follow the primary planar structure
of the material.

To study the size-frequency distribution of the
resolvable fragmental debris, five sample areas
near Surveyor VII were chosen so that the reso-
lution and area covered would provide particle
counts spanning different, but overlapping, parts
of the particle size range. The areas are on parts
of the lunar surface undisturbed by the space-
craft. A total of 2077 particles, ranging in size
from 1 mm to 70 c¢m, was counted. All recog-
nizable fragments were counted in each area,
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Ficure 3-40. — Vesicular, shock-melted Coconino sandstone fragment ejected from Meteor
Crater, Ariz. Elongate vesicles have formed along the relict slaty cleavage

planes.

Note relict bedding that parallels the top of the fragment. Slaty

cleavage produced in the sandstone during plastic flow under high shock
pressures intersects the relict bedding at an angle of about 80°,

The estimated mean cumulative distribution of
fragments determined in the five sample areas
is shown by the heavy line in figure 3-41. This line
is the plot of the equation N = 7.9 X 10° D18,
where N is the cumulative number of fragments
per 100 m? and D is the diameter of fragments in
millimeters.

The size-frequency distribution curve for the
resolvable fragments on the surface around Sur-
veyor VII (fig. 3-42) has a much gentler slope
than the curves obtained for the mare surfaces
around Surveyors I and VI. There are more frag-
ments larger than 4 mm at the Surveyor VII site

than at the Surveyor VI site, and fewer frag-
ments smaller than 4 mm.

Since the absolute value of the slope of the
size-frequency distribution of particles at the
Surveyor VII landing site is less than 2, the
bulk of the volume and mass of the resolvable
fragmental material is represented by the coarser
fragments. More than 80 percent of the material
on the surface of the regolith, however, has a
particle size less than 1 mm. The size-frequency
distribution of particles finer than 1 mm, there-
fore, must be represented by a different function
than the larger fragments, and the overall par-
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Figure 3-41. — Cumulative size-frequency distribution
of fragments determined for five sample areas from
the Surveyor VII pictures. The locations of the
sample areas are shown in fig. 3-10.

ticle size distribution of the regolith, from the
finest unresolved grains to the coarsest frag-
ments, must have at least two modes, one in the
submillimeter range and one in the resolvable
size range.

The size distribution observed for the resolv-
able fragments corresponds fairly well to that
expected for fragments produced by individual
cratering events. As the regolith apparently is
only about 10 ¢m thick, fragments in the regolith
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Ficure 3-42, — Mean cumulative size-frequency distribu-
tion of fragments on the lunar surface near Surveyor VII
compared with the mean cumulative size-frequency
distribution of fragments on the lunar surface near
Surveyors I and VI.

much coarser than 10 cm tend to lie essentially
on the surface. Larger fragments that are buried
to a significant extent must be part of the under-
lying fragmental geologic units and not a part
of the regolith. Thus, the observed coarse blocks
probably are formed in two ways:

(1) By the cratering event that produced
Tycho.

(2) By the individual, subsequent, smaller
cratering events that contributed large fragments
scattered on the surface.

Fragments smaller than 10 cm in diameter
probably represent (1) reworked fragmental
debris derived from the various geologic units
on the flank of Tycho, (2) fragments from the
smaller, individual cratering events, and (3)
fine-grained material produced by a very large
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number of impact events by very small meteor-
oids and micrometeoroids. The size distribution
of the submillimeter particles in the matrix of
the regolith probably corresponds fairly closely
to the particle size distribution that would be
produced by multiple small impacts; it could be
represented by a power function with a slope of
—2.47 over the size range of 1p to 1 mm.
Disturbances of the surface. The lunar surface
near Surveyor VII was disturbed by the impact
of the footpads during landing and by surface-
sampler operations. As observed at each of the
Surveyor landing sites on the maria, dark fine-
grained material was exposed at each disturbed-
surface area. Material ejected by the footpad

impact consists primarily of dark clods or ag-
gregates of fine-grained particles (fig. 3-43). The
surface sampler exposed dark material at depths
as shallow as a few millimeters.

On the basis of observations at the Surveyor I
and Surveyor III landing sites, the hypothesis was
advanced (ref. 3-4) that the subsurface material,
exposed by landing of the Surveyor spacecraft
and by manipulation of the surface, is dark be-
cause the subsurface particles are coated with a
dark substance called lunar varnish. Under this
hypothesis, the rocky fragments are generally
brighter than the fine-grained particles on the
surface and conspicuously brighter than the sub-
surface fine-grained material because they are

Ficure 3-43. — Dark material ejected by the impact of footpad 2 during the Surveyor VII
landing (day 015, 08:21:21 and 08:21:27 GMT).
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devoid of varnish. It is supposed that, if the
varnish, at one time, had been deposited on these
fragments, it has subsequently been scrubbed off
by the same processes of erosion that produce
rounding of the fragments. A thin layer of fine
particles on the undisturbed parts of the lunar
surface is lighter than the subsurface material
because these particles also tend to be scrubbed,
but the surface layer of fine particles is darker
than the exposed surfaces of the rocks because
the scrubbing is incomplete, owing to relatively
rapid turnover of the particles. Under this hy-
pothesis, the deposition of varnish must take

place on the surfaces of fragments at depths as
shallow as a millimeter, or the abrupt decrease
of albedo with depth would not persist in the
face of repetitive cratering. It may be expected,
on the basis of the lunar-varnish hypothesis, that
the buried undersides of the coarser fragments
are coated with the varnish.

A test of the hypothesis was provided at the
Surveyor VII site by the overturning of a num-
ber of coarse fragments with the surface sampler.
Two of the overturned fragments are shown in
figures 3-44 and 3-45; in both cases, the under-
sides of these objects proved to be dark. On the

FicuRe 3-44. — Small fragment, about 6 cm across, turned over by surface sampler on Surveyor
VII, exposing dark underside. Part of dark coating has been scraped away by
surface sampler (day 018, 06:03:17 GMT).
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Ficure 3-45. — Small rounded fragment, about 5 cm
across, picked up and turned over by Surveyor VII
surface sampler. Contact between a dark coating on
underside of fragment that has been turned up and
the bright top surface that has been turned down
can be seen along the front surface of the fragment
in shadow which is partly illuminated by sunlight
scattered from the spacecraft. The contact between
the bright and dark surfaces can also be seen along the
sides of the fragment (day 019, 06:47:40 GMT).

object shown in figure 3-44, most of the dark
material may simply be dark fine-grained parti-
cles adhering to the rock. The coating was partly
scraped away by the surface sampler, which ex-
posed material of much higher albedo beneath
the coating. On the rounded, rocklike object
shown in figure 3-45, the coating evidently is
very thin; however, it proved to be resistant to
abrasion and scraping by the surface sampler.
This coating may be the postulated layer of
varnish.

Photometric Observations of the Lunar Surface

Preliminary photometric measurements have
been made from the Surveyor VII television pic-
tures of the undisturbed lunar surface, of fine-
grained material disturbed or ejected by the
spacecraft footpads and the surface sampler, and
of several coarse fragments. The photometric

measurements are estimated to be within 15
percent of the correct values.

The estimated normal luminance factor (nor-
mal albedo) of the undisturbed fine-grained
surface material near the spacecraft is 13.4 per-
cent; coarse fragments scattered over the nearby
lunar surface, on the other hand, have estimated
normal Juminance factors ranging from 14 to 22
percent. In contrast to the photometric relations
observed at the mare sites, some of the coarse
fragments at the highland site are difficult to dis-
tinguish from the fine-grained matrix near zero
phase angle because the difference between the
reflectance of the fine-grained material and that
of some of the fragments is very small. The ob-
served range of normal luminance factor of the
coarse fragments examined is similar to that
observed in the mare areas, but fine-grained
material at the Surveyor VII site has a normal
luminance factor nearly twice as high as the
fine-grained material at the mare landing sites.

The photometric function of the fine-grained
material at the Surveyor VII site has been esti-
mated from measurements made at 10 different
Sun angles on a series of selected target areas.
The form of the photometric function of the
fine-grained material observed at the Surveyor
VII landing site is similar to that observed at the
other Surveyor landing sites.

Debris ejected by the spacecraft footpads is
noticeably darker than the undisturbed surface
(fig. 3-43); the normal luminance factor of the
dark material is estimated to be 9.6 percent.
Fine-grained material excavated by the surface
sampler also has an estimated normal luminance
factor of about 9.6 percent. The ratio of the
normal luminance factor of the disturbed ma-
terial to that of the undisturbed material at the
Surveyor VII landing site (0.72) is very similar
to ratios observed on the maria at the Surveyor I
(0.75) and Surveyor VI (0.74) landing sites.
Curiously, the optical effects of the alteration
processes, which form the observed profile of
dark and light material in the fine-grained matrix
of the regolith, tend to be proportional to the
normal luminance factor of the material. Further-
more, these effects appear to be independent of
the type of bedrock. In this respect, the altera-
tion processes are somewhat like the processes
that produce soil profiles on Earth.
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Polarimetric Observations of the Lunar Surface

Polarizing filters were mounted on the Sur-
veyor VII television camera to serve as analyzers
for the detection and measurement of the line-
arly polarized component of the light scattered
from the lunar surface. Pictures of selected areas
of the lunar surface were taken through the
polarizing filters during most Goldstone passes
of the Moon. In order to obtain measurements
of the variation of the polarized component as a
function of phase angle, pictures for polarization
measurements were usually taken 25 to 30 hours
apart, an interval during which the Sun moves
13° to 15°. After lunar sunset, pictures of the
lunar surface illuminated by earthlight were
taken in order to measure the depolarization of
earthlight scattered from the lunar surface.

Method of polarimetric measurements. Pic-
tures 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 conditions were held constant.
Variations in apparent radiance of an image ele-
ment contained in the three pictures are due to
a polarized component in the light incident on
the filters. The greater the degree of polariza-
tion, or percentage of linearly polarized light in
the light scattered from the lunar surface, the
greater the variation in apparent radiance of im-
age elements in pictures taken through the three
filters. Laboratory tests with a slow-scan televi-
sion camera and three polarizing filters have
shown that as little as 5 percent linearly polarized
light can be measured with moderate precision
and as little as 3 percent can be detected.

The orientation of the polarizing filters re-
mains fixed with respect to the camera mirror
and rotates with respect to the picture format.
The camera was tilted approximately 16° from
lunar vertical, 290° toward lunar azimuth. Pic-
tures taken in the direction of the camera tilt
plane will have the polarization axis of filter 2
parallel to the horizon and the axis of filter 4
normal to the horizon. At other camera viewing
positions the axes of filters 2 and 4 are inclined
to the left or right of these positions, reaching
the maximum inclination of 16° at viewing posi-
tions at right angles to the camera tilt plane.

For a first approximate analysis, the degree of

polarization was computed by dividing the differ-
ence between the luminances observed through
filters 2 and 4 by the sums of the luminances.
The percentage of polarized light estimated by
this rough method of analysis and reported here
includes polarization introduced by the camera
mirror. Final corrections for the polarization in-
troduced by the camera mirror will be based on
further tests of mirrors of the type used in the
Surveyor camera.

Polarization of sunlight scattered from the
lunar surface. The degree of polarization of sun-
light scattered from fine-grained areas of the
lunar surface was found to depend principally
on the phase angle. One target area was selected
for measurement to the west, another to the
northeast, and the third to the east of the space-
craft. Within each of these target areas, a
smaller, approximately level area was selected
and measured in a sequence of pictures for
which the phase angles varied from 6° to 120°.

Although individual polarization measure-
ments from the Surveyor VII pictures exhibit
considerable scatter, the degree of polarization
of light scattered from the fine-grained parts of
the lunar surface (fig. 3-46) is similar to that
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Ficure 3-46. — Preliminary polarization measurements
for fine-grained material on the lunar surface near
Surveyor VII compared with polarimetric functions
derived from telescopic measurements. The two curves
based on telescopic data represent the limits of the
range of polarimetric functions reported in refs. 3-22
and 3-23.
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observed in the lunar highlands at the telescope
(ref. 3-22). Most telescopic polarization meas-
urements have been made of the integrated light
scattered from areas of more than 100 km? of
the lunar surface. Maximum polarization ob-
served at the telescope occurs at about 93° phase
angle and varies from 6 to 9 percent over the
different parts of the terrae. Measurements from
the Surveyor VII pictures were made of sample
areas of a few square centimeters. An average
curve drawn through the Surveyor data points
has a maximum of about 7 percent polarization
between 90° and 110° phase angles.

The surfaces of some large fragments in the
vicinity of Surveyor VII exhibit a different polar-
imetric function than that of the fine-grained
material, but other fragment surfaces have nearly
the same polarimetric properties as the fine-
grained material. The light scattered from the
surfaces of some fragments is as much as 25 to
30 percent polarized at phase angles of 120° to
125°. An abrupt increase in polarization near
120° phase angle, observed on several fragments,
seems to occur close to the angle of specular
reflection for the observed surfaces.

Light scattered from the pitted surface of one
slightly rounded, rocklike fragment, about 3.5
meters to the northwest of the spacecraft (see
R-1, figs. 3-47 and 3-48), was less than 5 percent
polarized at phase angles below 60°. The degree
of polarization increased rapidly to 34 percent
at 125° phase angle (fig. 3-48). Light scattered
from the fresh, conchoidal fracture surface of
another fragment, about 2 meters west of the
spacecraft (R-2, figs. 3-10 and 3-47), exhibited
less than 4 percent polarization at phase angles
of 71° and 82°. Polarization increased to 12 per-
cent at 100° phase angle, and then to 23 percent
at 123° phase angle (fig. 3-48). These meas-
urements are for the fragment with small,
elongate, light spots; similar high polarization,
25 percent at a phase angle of 120°, was observed
for the light scattered from the surface of a
rounded, vesicular fragment (R-3, figs. 3-10 and
3-47). This fragment may be partly, or wholly,
glassy. Light scattered from another fragment
(R-4, figs. 3-10 and 3-47) shows 14 percent
polarization at a phase angle of about 115°
(fig. 3-48). The highest degrees of polarization
probably are observed where light is scattered

or reflected from the surfaces of crystalline or
glassy rocks and where these surfaces are rela-
tively free of a dust coating.

Surfaces of most fragments examined polari-
metrically do not cause a high degree of polari-
zation at phase angles above 100° or at angles
near which specular reflection might occur. In
part, this may be due to unfavorable orientation
of most fragment surfaces; it may also be due to
a partial coating of dust on the surfaces of some
of the fragments. Other fragments observed may
consist of shock-lithified fine-grained material
that contains few crystalline grains of sufficient
size and proper surface characteristics to strongly
polarize the scattered light. It is expected that
these fragments would have a polarimetric func-
tion similar to that of the fine-grained material
of the lunar surface.

In summary, the few preliminary polarization
measurements reduced from Surveyor VII pic-
tures indicate that the polarimetric function of
the undisturbed fine-grained lunar surface ma-
terial is similar to the polarimetric function of
the lunar highlands measured at the telescope.
The polarimetric functions of fragments on the
lunar surface, however, have maxima which, in
some cases, is several times greater than those
observed for the fine-grained material, and at
phase angles as much as 20° higher. Many of
these fragments may be crystalline or glassy
rocks.

Depolarization of earthlight scattered from
the lunar surface. Pictures were taken through
the polarizing filters of a target area on a fine-
grained part of lunar surface near the spacecraft
about 12 hours after sunset. The lunar surface
was illuminated by earthlight; the degree of
polarization of the incident integrated earthlight
was estimated to be 14 to 16 percent from a
series of pictures taken of the Earth a few min-
utes later. Preliminary reduction of the pictures
of the lunar surface indicates that the polariza-
tion of earthlight scattered from the lunar sur-
face at a phase angle of 90° is about 10 =3 per-
cent. Depolarization of the scattered earthlight
probably is due to multiple scattering from the
surfaces of grains composing the upper few
hundred microns of the surface layer.

Postsunset bright line on the western horizon.
As late as 1 hour after the upper limb of the Sun
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R-4

Ficune 3-47. — Four rocklike fragments for which preliminary Surveyor VII polarization meas-

urements were obtained.

had set on the western horizon, a bright line
with several bright beads was observed along
the western horizon (fig. 3-49). The beads dis-
appeared by groups as the Sun dropped lower
behind the local horizon. A similar phenomenon
was also observed after sunset at the Surveyor
VI landing site on Sinus Medii (ref. 3-1). This
bright line might be due to the diffraction of

sunlight by minute irregularities on the western
horizon, to refraction by translucent or trans-
parent particles, to forward (Mie) scattering by
particles above the surface, or possibly to a com-
bination of these effects.

During several periods of observation of the
bright line, the polarizing filters were sequen-
tially rotated in the camera to measure polariza-
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Ficure 3-48. — Preliminary polarization measurements
of light scattered from surfaces of four rocklike frag-
ments near Surveyor VII. Locations of the four frag-
ments are shown in fig. 3-10, and the fragments are
illustrated in fig. 3-47.

tion of this light. If the bright line were caused
by diffraction, the light might be partially polar-
ized to a degree that could be measured with
the polarizing filters, whereas if the bright line
were caused by forward (Mie) scattering or by
refraction, a lower degree of polarization would
be expected. Preliminary measurements do not
reveal any polarized light component along the
bright line and the beads. These observations
favor the suggestion that the bright line and
beads along the horizon are produced primarily
by forward (Mie) scattering or by refraction. A
detailed analysis of these phenomena will be
required, however, before a final assessment can
be made as to the cause of the bright line.

Interpretation of Geologic Observations

Two major problems can be attacked on the
basis of the combined evidence from the Lunar
Orbiter photographs of Tycho and the Surveyor
VII television pictures:

(1) The origin of the geologic units, particu-

larly the flows and the lunar playa and smooth
patch materials, on the rim flank of Tycho.

(2) The origin and evolution of the lunar

regolith.
The target for the Surveyor VII landing site was
selected, in part, with the expectation that the
Surveyor data would aid in the understanding
of these problems, and it is appropriate, there-
fore, to review the extent to which this expecta-
tion has been realized.

Origin of geologic units at Surveyor VII land-
ing site. Data are available, from both the Sur-
veyor pictures and the Lunar Orbiter photo-
graphs, on each of the three types of geologic
units known to occur on the rim of Tycho: (1)
patterned debris, (2) flows, and (3) smooth
patch and lunar playa materials. Part of one
geologic unit belonging to each type is observ-
able from Surveyor VII.

The combined evidence from Surveyor pic-
tures and Lunar Orbiter photographs of the
patterned debris strengthens the interpretation
that this widespread geologic unit is a deposit
of fragments ejected from Tycho. Surveyor VII
pictures of the raised rims of craters formed on
the patterned debris reveal relatively few coarse
blocks. This indicates that the debris in which
these craters are excavated is comparatively fine
grained and has very low cohesion. From the
depths of the craters with smooth, raised rims
observed in the Surveyor pictures and from the
manner in which the patterned debris, as seen
in the Lunar Orbiter photographs, appears to be
draped over subsurface scarps, the thickness of
material with low cohesion is estimated to be a
few tens of meters. This thickness corresponds
to that expected for a deposit of fragments
ejected on ballistic trajectories from an impact
crater the size of Tycho, at a distance from the
crater rim corresponding to the position of
Surveyor VII (ref. 3-11).

The bulk of the material composing the pat-
terned debris at any one place probably landed
in a very short interval of time, perhaps on the
order of a few seconds. It may be expected that
the fragments did not come to rest immediately
upon landing on the flank of the crater rim,
however. The loose material probably continued
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Ficure 3-49. — Discontinuous bright line, which appeared along the western horizon shortly
after sunset. The line gradually became shorter and fainter and disappeared
about 2 hr after sunset (day 023, 06:35:57 GMT).

to move or flow a short distance, in the general
direction of the fragment trajectories, until the
kinetic energy of the fragments was finally spent
in frictional heating. This brief stage of move-
ment or flow, after ballistic deposition, may ac-
count for the relatively smooth surface on the
patterned debris.

Several lines of evidence suggest the flows are
also derived from fragmental debris ejected
from Tycho, but the flows differ from the pat-
terned debris in that the material of the flows
moved farther after ballistic deposition on the
rim flank of Tycho, and probably for a longer
period of time. The size and distribution of
blocks coarse enough to be resolved in the Lunar
Orbiter V photographs suggest that the flows are
composed largely of fragmental material similar
to the patterned debris. No well-defined vent,
such as a cinder cone or other common kind of
volcanic vent, occurs at the upper end of any
of the flows. Instead, there is a channel or scarp

at the head of some flows, where the Tycho rim
material seems to have pulled or flowed away.
In other cases, it is difficult to determine the
precise upper limit of the flows. The conflicting
evidence of superposition suggests the material
of some flows has moved only a short distance
from the site at which it was first deposited.
Other flows, however, may have moved several
kilometers down the Tycho rim flank from their
source area.

The great variety of fragments observed in
the Surveyor VII pictures of the patterned flow
suggests the flow is composed of mixed debris,
similar in some respects to the suevite at the
Ries Basin, Germany (ref. 3-15). Debris ejected
from an impact crater the size of Tycho might
be expected to be lithologically diverse, whereas
many, but not all, volcanic flows are more
homogeneous.

It is of particular interest that the iron content
of the fine-grained matrix of the regolith is un-
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usually low at the Surveyor VII site, compared
with that at the mare sites, and that the iron
content of a relatively bright fragment near Sur-
veyor VII is still lower (see ch. 8). On the other
hand, a dark fragment was found near Surveyor
VII that was demonstrably attracted to the mag-
nets on the surface sampler (see ch. 7, pt. II).
The manner in which the dark fragment was
held to the magnets indicates that the dark frag-
ment probably is unusually rich in iron minerals.
These observations suggest that some of the
light and dark fragments found on the patterned
flow may have been derived from a stratiform
complex composed of layers of rocks alternately
rich in iron minerals and poor in iron minerals.
The composition of the fine-grained matrix of
the regolith matches fairly closely that of some
feldspathic gabbros of the Stillwater stratiform
complex in Montana® Tycho may have been
excavated partly in a preexisting gabbroic strat-
iform complex in the lunar crust.

The presence of numerous fragments that
show evidence of having been melted or dy-
namically metamorphosed or both melted and
dynamically metamorphosed supports the com-
parison of the material in the patterned flow
with the suevite of the Ries Basin. A number of
individual fragments strongly resemble impact-
ites. The abundant vesicular fragments on the
patterned flow suggest that the flow was hot
and that it was mobile because of the presence
of molten and possibly gaseous constituents.

It seems likely that movement of the flows
began immediately upon deposition of most of
the fragmental debris on the rim flank of Tycho.
Individual fragments probably never stopped
moving between the moment of landing and the
beginning of movement of the flows; the radial
momentum of the flying fragments may have
contributed significantly to setting the flows in
motion.

Flows containing the highest proportion of
molten ejecta probably had the lowest viscosity
and the highest rate of movement. The fronts of
these flows would tend to reach downslope posi-
tions earlier than the more viscous flows, and
the more viscous flows would tend to override
the upper parts of the lower viscosity flows.

3 E. D. Jackson and H. G. Wilshire, personal communi-
cation.

The low-viscosity flows probably remained fluid
longer than the high-viscosity flows, but, judg-
ing from the observed flow lengths, both high-
and low-viscosity flows traveled comparable dis-
tances downslope. Some low-viscosity flows
spread out more near their termini than the
higher viscosity flows. Movement of the flows
may have been arrested as much by spreading
and thinning of the flows as by cooling and
increase of viscosity.

The lunar playa and smooth patch deposits
probably were emplaced as fluids or fluidized
systems with very low viscosities. The smooth
surfaces of these deposits, the general lack of
scarps at their margins, and the local thinness
of the deposits, revealed by the protrusion of
underlying blocks through the smooth patch
deposits, all indicate low viscosity at the time
of emplacement.

Two kinds of features suggest that the lunar
playa and smooth patch deposits were gas
charged at the time of their emplacement and
that they may have been emplaced, therefore,
as fluidized systems. The rounded edges of
branching systems of fissures on the lunar playas
suggest that the lunar playa deposits were par-
tially deflated by loss of gas through the walls of
the fissures. Similarly, the 1-meter-high fillet ob-
served in the Surveyor pictures around block G
suggests that the surface of the smooth patch
deposit surrounding this block may have
dropped as much as 1 meter, owing to deflation
and compaction during cooling. Significant
compaction of the deposits may have been ac-
companied by welding, as in terrestrial nueés
ardentes. If the lunar playa and smooth patch
deposits were emplaced as fluidized systems, it
may be expected that they were emplaced early
in the sequence of flows, unless the ejecta from
which they were derived landed much later
than the material from which the other flows
were derived.

The correlation between the occurrence and
size of the lunar playa and smooth patch de-
posits and the occurrence and size of closed
depressions suggests strongly that these deposits
were derived from material that was relatively
uniformly spread over the rim flank of Tycho.
If so, this material must have been a relatively
thin layer, covering units such as the patterned
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debris, and it must have been laid down after
most of the Tycho ejecta had already landed.
Such a layer might correspond to the thin fall-
out layers observed around the nuclear craters
Teapot Ess and Jangle U and in Meteor Crater,
Ariz, (ref. 3-17). These fallout layers are rich in
shock-melted material at the time they are de-
posited. They are composed of relatively fine-
grained debris that has been aerodynamically
decelerated, and they form the uppermost de-
posit in the craters and on the crater rims on
which they are found. A similar fallout layer
may have formed around large lunar craters
such as Tycho if a large amount of gas was
formed or liberated by impact, which retarded
the flight of small lapilli of shock-melted mate-
rial.

A survey of the rim of Tycho shows that
lunar playa deposits tend to be somewhat more
abundant and large near the rim crest than
lower on the rim flanks and that the largest
playas occur high on the eastern rim. This dis-
tribution suggests the initial fallout layer was
somewhat thicker near the rim crest of Tycho
than farther out on the rim flank, as it is around
the nuclear craters. It is of interest that the
largest playas occur on the side of the crater
from which the longest rays extend. The distri-
bution of both the rays and large playas suggests
that the spray of strongly shocked ejecta from
Tycho was asymmetrical; more strongly shocked
material was ecjected toward the east than in
other directions. Such an asymmetry in the
spray may be the result of high zenith angle of
impact (ref. 3-6).

The question may be asked whether the vol-
ume of the flows and lunar playa and smooth
patch deposits is consistent with the energy
available for melting of material in the forma-
tion of an impact crater the size of Tycho.
Assume, for purposes of calculation, that flows
(including the lunar playas) cover the rim flank
of Tycho in all directions from the rim crest out
to a distance comparable to the position of Sur-
veyor VIL. Assume, further, that the mean
thickness of the flows is on the order of 10
meters. The total volume of the flows is, then,
on the order of 120 km® This is equivalent to a
sphere with a radius of 3.5 km, which is about
the size of an object, with a density like that of

stony meteorites and which is the size required
to produce a crater the size of Tycho, if it is
traveling in an orbit like that of the Apollo
group of asteroids. The mass of material melted
by impact of objects traveling at velocities cor-
responding to the atmospheric entry velocity of
these objects, if they were to strike the Earth
(16.0 to 31.7 km/sec, ref. 3-24), may be expected
to be many times the mass of the impacting
body; it varies as a function of the impact veloc-
ity and the porosity of the target material and
impacting bolide. The specific kinetic energy of
each of these objects, if it were all converted to
internal energy, would be sufficient to melt a
mass of rock one to two orders of magnitude
greater than the mass of the impacting bolide.
Only a fraction of this energy, of course, actually
goes into melting of the target material and the
impacting object.

The volume of the flows calculated above
probably is an upper bound for a realistic esti-
mate of the volume of molten material. The
average thickness of the flows might be greater,
but probably only a fraction of the typical flow
material, perhaps not more than 50 percent,
may have been molten. It should also be borne
in mind that the melted material was vesicular,
and the density of the flows may be well below
the density of individual nonvesicular rock frag-
ments.

A volume of flow material comparable to that
found on the crater rim flanks may occur within
Tycho. This volume should be added to that
estimated for the rim, if all the flows are to be
accounted for by impact heating. This addi-
tional volume does not, however, constitute a
difficulty for the hypothesis.

Of more serious concern is the possible vol-
ume of melted rock that may have been ejected
on lunar escape trajectories or spread very
widely over the Moon. This may well exceed
the volume of flows in the crater and on the rim
of the crater. In fact, the most difficult problem
with the hypothesis that the flows are derived
from impact-melted ejecta lies in explaining how
a large volume of melted material was deposited
so high on the crater rim. Available experimental
evidence and cratering theory suggest it should
have been deposited at greater distances from
the crater.
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Evolution of the lunar regolith. The data ob-
tained at the Surveyor VII landing site provide
an important test of hypotheses about the origin
and evolution of the lunar regolith. We have
proposed (ref. 3-4) that the regolith has been
formed mainly by the process of repetitive bom-
bardment of the lunar surface by meteoroids
and by secondary lunar fragments; other proc-
esses such as creep (mass movement) and high-
-energy radiation are considered, in our hy-
pothesis, as playing a subordinate role in the
evolution of the regolith on the maria. If the
regolith is formed primarily by bombardment,
certain correlations should be observed between
characteristics of the regolith, from one part of
the Moon to another, and the abundance and
size distribution of craters. Because the abun-
dance of craters is much lower on the rim flank
of Tycho than it is on the maria, the Surveyor
VII landing site is a critical place to study these
correlations.

Thickness is one characteristic of the lunar
regolith that may be expected to have a direct
correlation with crater abundance and that can
be estimated from the data obtained at each
Surveyor landing site. A rough positive corre-
lation between thickness and crater abundance
was observed on the maria (ref. 3-1). There
the estimated thicknesses vary from 1 to 2 me-
ters to 10 to 20 meters. On the basis of the
observed crater distributions on the rim flank of
Tycho, the thickness of the regolith was ex-
pected to be about 10 em or less, much less than
that found on the maria. This expectation
proved to be somewhat difficult to verify be-
cause of difficulties in determining the thickness
of a regolith that has developed on preexisting
units of fragmental material. The observations
of craters with blocky rims appear to be con-
sistent in a general way, however, with the pre-
diction.

Secondary cratering may have been a major
process in the formation of the observed rego-
lith at Tycho. The size-frequency distribution
of the craters observed on each geologic unit is
consistent with either a primary or secondary
origin of the craters (see ref. 3-7). If all the
geologic units were emplaced in rapid succes-
sion, then more than half of the craters observed
in the Lunar Orbiter V photographs on the pat-

terned debris and on the patterned flow probably
are Tycho secondaries. A significant fraction of
the small craters (smaller than a few meters in
diameter) that have been formed on the pat-
terned flow might be Tycho secondaries as well.
Thus, the rim flank of a large crater like Tycho
may have a thin regolith produced very early
by late-falling secondary fragments. At present,
we know of no way to distinguish such a rego-
lith from one produced over a much longer time
interval by meteoroid bombardment except pos-
sibly by the presence or degree of development
of alteration profiles.

Size-frequency distribution of the fragmental
debris is another characteristic of the regolith
that is correlated with crater abundance and
with thickness. From the rough correlation ob-
served on the maria (ref. 3-1), the absolute
value of the exponent of the size-frequency dis-
tribution function for the fragments in the rego-
lith on the rim flank of Tycho was expected to
be lower than that observed for the regolith on
the maria. It was expected also that more coarse
fragments would be observed in the regolith on
the rim flank of Tycho than on the maria. Both
of these expectations were confirmed by Sur-
veyor VII, but, as in estimating the thickness of
the regolith, there is an ambiguity in the results
because the regolith has been formed on pre-
existing units of fragmental material.

On a coherent substratum, the regolith should
be very thin in the earliest stages of its develop-
ment, and the individual coarse fragments
ejected from craters excavated in the sub-
stratum will project above the general level of
the surface of the re