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Pre/ace 

This, the final report under Surveyor Program 
auspices by the Surveyor Scien tific Team, pre-
ents the key findings resulting from five Sur

veyor landings Oil the iV[oon. The vast amount 
of Jlew lunar data generated by these missions 
will doubtless be studied for a long time to 
come, and additional individu al papers can be 
expected in the fu ture. 

Arrangements haye been made to provide 
in terested scien tists, not connected with the 
Surveyor Program, wi th Surveyor data on 
reques t; pictures and other information can be 
obtained from the National Space Science D ata 
Cen ter, Goddard Space Flight Cen tel', Green
belt, ?vld. 2077l. 

The Surveyor program \\'as 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 had three major objectives: 
(1) to develop and validate the technology for 
landing softly on the Moon, (2) to provide data 
on the compatibili ty of the Apollo manned 
lunar-landing spacecraft design wi th conditions 
to be encouJltered on the lun ar surface, and 
(3) to add to our scientific kn owledge of the 
Moon. All of these objecti ves have been achieved 
to a degree far beyond original expectations . 

Surveyor I , the first U.S. spacecraft to land 
softly 011 the Moon , returned a large quantity 
of scien tific data during it first 2 lunar days 
of operation on the lunar surface. Follo\\-ing its 
landing on June 2, 1966, in the so uthwest por
tion of Oceanu Procellarum, the spacecraft 
transmitted 11 240 high -resolu tion televi ion pic
tu res. Surveyor I completed its prim ary mission 
successfully on July 14, 1966, after transmitting, 
in addition to the television picture, data on 
the bearing strength, temperatures, and radar 
reflectivity of the Moon. Subsequent engineer-

,. 

ing in terrogations of the spacecraft were con
ducted through J anuary 1967. 

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

Surveyor III successfu.lly landed on the 'loon 
on April 20, 1967, touching do,,-n in the eastern 
par t of Oceanus Procellarum. This pacem'aft, 
like its predecessors, carried a llrvey television 
camera and other instrumentation for determin
ing various properties of the lunar-surface ma
terial. In addi tion, it carried a 5urface-sampler 
instrument for digging trenches, making bearing 
tests, fi nd othenyise manipulating the lunar 
material in the view of the television system. 

In it operations, which ended on May 4,1967, 
Sun>eyor III acquired a large volume of new 
data and took 6326 pictures. In addition, the 
surface sampler accumulated 18 hours of opera
tion, \\-hich yielded significant new information 
on the streng th, texture, and structure of the 
lunar material to a dep th of 17.5 cm. 

Surveyor IV, carrying the same payload as 
Surveyor III, was launched on J uly 14, 1967. 
After a flawless flight to the Moon, radio signals 
from the spacecraf t abruptly ceased during the 
terminal-descent phase, approximately 2X min
utes before to uchdown. Contact \\'ith the space
craft \\"a never reestablished. 

Sur veyor V landed in Mare Tranquilli tatis 
on September 11 , 1967. This spacecraft was 
ba ically similar to its predecessor, except that 
the surface ampler was replaced by an alpha
backscatter instrument, a device for determin
ing the relative abundance of the chemical 
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elements in the lunar material. In addition, a 
small bar magnet was attached to one of the 
footpads to indicate the presence of magnetic 
material in the lunar soil. 

Because of a cri tical helium-regulator leak in 
flight, a radically new descent profile wa engi
neered in real time, and urveyor V performed a 
flawless descent and soft l anding wi thin the rim
les edge of a small crater, Mare Tranquillita
ti , on a slope of about 20°. 

During its fir t lunar day, which ended at 
sun et on September 24, 1967, Surveyor V took 
18006 television pictures. The alpha-backscatter 
instrument provided data from which the first 
in situ chemical analysis of an extraterrestrial 
body has been derived. Thi analysi showed 
that the lunar sample was similar to terrestrial 
basalt. Results of the bar-maO'net test were com
patible with this finding. Surveyor V also per
formed a rocket-erosion experiment on the 
Moon, in which its engines were fired for 0.55 
second to determine the effects of high-velocity 
exhaust gases impinging on the lunar surface. 

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

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

The performance of Surveyor VI on the 
lunar surface was virtually fl awles. From 
touchdo\vn until a few hours after sunset on 
November 24, 1967, the spacecraft tran mitted 
29952 television pictures and the alpha-
cattering in trument acquired 30 hours of data 

on the chemical compo ition of the lunar 
material. On November 17, 1967, the vernier 
rocket engine of Surveyor VI were fired for 
2.5 econd and the spacecraft lifted off the 
lunar surface and translated laterally about 8 
feet to a new location, the fir t such known 
excursion on the :Moon. This "lunar hop" 
provided excellent views of the surface disturb-

vi 

ances produced by the initial landing and fur
nished significant new information on the effect 
of firing rocket engines close to the lunar surface. 
The displacement provided a baseline for stere
oscopic viewing and photogrammetric mapping 
of the urrounding terrain and surface features. 

Other data provided by Surveyor VI include 
pictures of a bar magnet installed on a footpad 
to determine the concentration of magnetic 
material in the lunar surface; views of the star, 
Earth, and the olar corona; lunar-surface tem
peratures up to 41 hours after un et; radar 
ref:lecti vity data during landing; touchdown
dynamics data during the initial landing and 
the lunar hop which provided additional infor
mation on the mechanical properties of the 
lunar surface material; and on-surface doppler 
tracking data for refining exi ting information 
on the motions of the Moon. 

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

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

The investigations in the Apollo zone having 
been sati factorily accompli hed, Surveyor VII 
could be sent to an area of primary cientific 
interest, the rugged, rock-strewn ejecta blanket 
near the prominen t, comparatively young, ray 
crater Tycho . 

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

In view of the very rugged nature of the ter
rain in the 1 anding area north of Tycho and the 
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consequent hazards to landing, in preflight mis
sion planning it was necessary to reduce the 
target area from the 30-km-radius circle used for 
previous Surveyor missions to one with a 10-km 
radius; that is, one-ninth the usual area. The 
mission was planned to employ two midcourse 
maneuvers in order to maximize the probability 
of landing within the small target circle. 

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

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

The alpha-scattering instrument, after com
pleting i ts 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 in tricate 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 instrumen t after the first 
chemical analysis had been completed and to 
move i t to two other locations for additional 
analyses. 

These delicate operations demonstrated the 
versatili ty of the sill'face sampler as a remote 
manipulation device and the precision with 
which its operations can be controlled from the 
Earth. 

Approximately 66 hours of alpha-scattering 
data were obtained during the first lunar day on 
three samples: the undisturbed lunar surface, a 
lun ar 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 
manipulations of the lunar material. The per
formance of the instrument and i ts controllers 
was outstanding. 

In addition to acquiring a wide variety of 
v ii 

lunar-surface data, Surveyor VII also obtained 
pictures of the Earth and performed star sur
veys. Laser beams from the Earth were success
fully detected by the spacecraft's television 
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 E arth and 
star pictures were obtained, as were observa
tions of the olar corona out to 50 solar radii. 

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

In summary, five Surveyors have landed and 
operated successfully on the lunar surface. 
Four of these examined widely separated mare 
sites in the Moon's equatorial belt; the fif th 
investigated a region deep within the southern 
highlands. Four spacecraft survived the extreme 
cold of the lunar night and operated for more 
than one lunar day/nigh t cycle. In total, 
the five Surveyors operated over a combined 
elapsed time of about 17 months on the Moon, 
transmitted more than 87 000 pictures, per
formed 6 separate chemical analyses of surface 
and near-subsurface samples, dug into and 
otherwise manipulated and tested the lunar 
material, measured i ts mechanical properties, 
and obtained a wide variety of other data which 
ha ve greatly increased our knowledge of the 
lunar surface and the processes that have been 
acting on it. 

The scientific and technological contributions 
of Surveyor to the fu ture exploration of the 
Moon and planets have provided a major step 
forw ard in man's drive to explore the universe. 
This final report stands as a tribute to the 
hundreds of engineers, scientists, technicians, 
and managers-in industry, Government, and 
the scientific community-whose devotion and 
professional excellence made Surveyor's re
markable achievements possible. 

BENJAMIN MILWITZKY 

Assistant Director jor Automated Systems 
Apollo Lunar E xploration Office 
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1. 'ntroduction 

L. D. J affe and R. H . Steinbacher 

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

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

Selected lunar pictures, along wi th appro
i)l-iate explanatory material, are presented in 
port 3 of the mission reports (refs. 1-6 to 1- 10) . 

Spacecraft 

The Surveyor I spacecraft configuration is 
shown in figure 1-1. Th e spaceframe structure 
was of tubular aluminum ; hino-ed to the space
frame were three landing legs, each ,,·ith a 
shock absorber and a hinged footpad.The foot
pads and blocks, attached under the spDce
frame near each leg hinge, were constru cted of 
energy-absorbing aluminum honeycomb to re
duce landing shock. Two therm ally controlled 
compartments housed the electronic eq uipment. 
A vertical mast carried the movable solar panel 
and planar-array antenna (high gain) . Two de
ployable om nidirectional antennas (low gain) 
were also available for communication. 

1 

The main retro engme of the pacecraft 
utilized solid propellant. Each of the three 
liq uid-fueled vernier engines was throttleable 
from about 460- to 120-N 1 thrust. Nitrogen gas 
jets provided attitude control when the engines 
"-ere off. F or attitude reference, the spacecraft 
carried Sun and Canopu sensors, and gyro
scopes. A radar altimeter furnished an altitude 
mark to ini tiate main retrofiring during descent 
to the lunar surface. Another radar, providing 
measurements of velocity and al titude, was 
used ,,·ith the vernier engines in a closed loop 
under control of an onboard computer for the 
final phases of t.he descent. 

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

The television camera flown on Surveyor I 
is shown in figure 1- 2. The vidicon tube, lenses, 
shutter, filter, and iris were mounted along 
an op tical axis inclined approximately 16° 
to the central axis of the spacecraft; they were 
topped by a mirror that could be turned in 
azimuth and elevation. The azimuth, elevation 
fo cal length, focus, exposure, iris, and filter 
" -ere adj usted as needed by commands from 
E ar th . Focal length adjustment provided ei ther 
narrow-angle (6.4°) or wide-angle (25°) fields 
of viel\"' The vidicon could be scanned to provide 
either a 200- or a 600-line picture. The 200-
line pictures could be transmitted over an 

IN (newton) is a standard international unit; 1 N is 
equal to 105 d ynes. 
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FIGURE I-I.-Surveyor I spacecraft configuration. 
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omnidirectional antenna or the planar-array 
antenna; the planar-array antenna was used for 
all 600-line pictures. The observed resolution 
for 600-line pictures was 0.5 mm at 1.6 meters 
from the camera. 

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

On Surveyor III, a implified surface-sampler 
in trument replaced the approach (downward
looking) television camera which had been 
carried, but not u ed, on Surveyor 1. The 
urface sampler consisted primarily of a scoop, 

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

The hood on the Surveyor III television 
camera ,,-as fitted with a bonnet extension to 
provide addi tional shading for the lens and 
filter, thus extending the area of glare-free 
operation. Two auxiliary mirror were attached 
to the spaceframe so that the camera could 
provide a better vie,,- of urface alterations 
produced by the ,-ernier engines and by a 
cru hable block. 

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

TABLE 1-1. Payload differences among Surveyor spacecraft 

In8trumentation S urveyor I Surceyor III Surveyor V Surveyor VI Surveyor VIl 

Television camera ____ _____ ____ Yes Yes Yes Yes Yes 
Filters ___ ______ ___ ___ ____ Color Color Color Polarizing Polarizing 
Glare hood _____ ____ ____ __ Standard Extended Extended Box Box 
Elevation limit ______ _____ 35° 35° 35° 70° 70° 
Photometric targets _______ 2 2 2 2 3 

Surface sampler ____ __ __ __ ____ No Yes No No Yes 
Azimuth range ___________ - --------- - --- + 40° to -- - ------- -- -- -- - - - - - - - ----- + 71° to 

-72° • - 41° • 
Alpha-scattering instrument ____ No No Yes Ye Yes 
Auxiliary mirrors _________ ___ _ None 2 (flat) 2 (convex) 3 (convex) 3 (convex) 

View under alpha- ------- --- - - - - ---- - - - - --- - - - Yes Yes Yes 
scattering instrumen t. 

View under vernier - - - - -- -- - ----- Engine 2 Engine 3 Engines 2 Engines 2 
engine. and 3. and 3. and 3. 

View under crushable --- - ----- - -- - - Block 3 Block 3 Blocks 2 and Blocks 2 and 
block. 3. 3. 

Magnets: 
Footpads __ _______ ____ ___ 

-- - - - - - ------- -- - ----------- Block 2 Block 2 Blocks 2 and 
3. 

Surface sampleL ______ ___ ------ - - - - - - - - ---- - - - - -- - - -- ---- - - - - - - - - - - ---- ----- - <--- Yes 
Stereoscopic and dust- 0 No Nt) No Yes 

detection mirrors . 

• Arm movement CW( +) and CCW( -) rotation from t he perpendicular to the spacefram e. 



INTRODUCTION 5 

CD TELEVISION CAMERA 

® SURFACE -SAMPLER INSTRUMENT 

G) SURFACE-SAMPLER AUXILIARY 

0 ALPHA- SCATTERING-I NSTRUMENT SENSOR HEAD 

® ALPHA-SCA TTERING-INSTRUMENT 
ELECTRON IC COMPARTMENT 

® FOOTPAD MAGNET BRACKET 

(]) STEREO MIRROR 

® PHOTOMETRIC TARGET 

FIGURE I-3.-Configuration of various Surveyor spacecraft showing changes in scientific 
payloads (models). 
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analyze chemically the lunar soil . This instru
ment was designed to irradia te the lunar 
surface with alpha particles from curium-
242 sources and to measure the spectra of alpha 
particles scatter ed back. It also provided 
spectral data on protons produced by (a, p) 
reactions wi th the atoms of the l unar surfac e. 
These spectra co uld be in terpreted in terms of 
the kind and quantity of elements present in 
the surface. Physically , the instrument consisted 
of a sensor head, a cube about 15 cm on a ide, 
which , on command, could be lowered to the lunar 
surface by a nylon cord ; and an alpha-scattering 
electronics compartment located on the space
frame (refs. 1- 12 and 1- 13). 

Surveyor VII carried, in addition to the 
camera and the alpha-scattering instrum ent, 
a soil mechanics surface sampler similar to 
that on Surveyor III. The Surveyor VII 
surface sampler, however, \\'as mounted with 
a slightly differen t orientation so that it could 
reach the alpha-scattering instrument after 
deployment; because of the orientation change, 
i. t was no t able to reach a spacecraft footpad. 

The urveyor V television camera was the 
same as that on Surveyor III. H o\\-ever, on Sur
veyors VI and VII, a ne\\- hood was added to 
provide better protection from glare and a better 
range in azimuth and elevation for the mirror. 
P olarizing filters " -ere u ed on the Surveyor VI 
and VII cameras rather than the color fil ter 
used on the early missions. F or camera calibra
tion, Surveyor I , III, V, and VI carried photo
metric targets on a footpad and on an 
omnidirectional antenna boom ; Surveyor VII 
carried an additional target on the other 
omnidirectional antenna boom . 

T o give greater area coverage, the aUJo..'iliary 
viewing mirror were changed from fl at to con
" ex for Surveyor V, VI, and VII. For Surveyor 
V, one mirror was orien ted to provide a vie\\- of 
the alpha- cattering-instrument sen or head on 
the surface rather than of the area under vernier 
engine 2. An additional viewing mirror was used 
on Surveyors VI and VII so that the area under 
\'ernier engine 2 and crushable block 2 could be 
ob erved. Surveyor VII also carried a mirror on 
the mast to provide a stereo copic view of an 
area intersecting the arc of surface-sam pIer 

rea ch, and seven small mirrors to detect adher
ing dust. 

Surveyors V and VI carried a bar magnet and 
a nonmagnetic control bar on one footpad to 
indicate the presence of lunar surface material 
with high magnetic usceptibility. Sur veyor VII 
carried a imilar magnet and control bar on two 
footpads and two smail, hoI' eshoe-shaped mag
nets placed in the pressure pad of the door of the 
surface-sampler coop. All magnets co uld be 
obser ved by the television camera. 

Sur veyors V, VI, and VII incorporated some 
paint-pattern changes to reduce the brightness 
contrast between the dark lunar urface and 
some spacecraft parts painted white on earlier 
mi sions. The footpad tops were painted in 
stripes to reveal clearly any lunar material that 
might be depo ited on them . 

Landing Sites 

Four Surveyor pacecraft landed in the lunar 
maria, near the equator. The e sites were 
selected prim arily because they were being con
sidered for Apollo manned lunar landing . Sur
veyor VII, the last in the series, landed in the 
highland region clo e to the cra ter Tycho, a site 
cho en primarily for its scientific interest; it wa 
though t to be a sample of very young highland 
material, which could have originated at con
siderable dep th. The availabili.ty of Lunar Or
bi ter photographs of the area was considered in 
selecting landing ites for all urveyor except 
Sur veyor I , which preceded the Lunar Orbiter 
flights. The suitability of each site for making a 
safe landing ,,-as evaluated a part of the ite
selection proce s (refs. 1- 14 and 1-15) . 

T able 1-2 Ii ts the varietie of terrain on 
which the Surveyors landed and their seleno
graphic locations. Four sets of coordinates are 
given : The fir t set is ba ed on radio tracking 
of the spacecraft during it flight to the Moon; 
the second is ba ed on radio doppler tracking 
of the landed spacecraft from E arth. Both of 
the e methods locate the site in inertial co
ordinates relative to the center of O'ravity of 
the Moon. The third set is a listing of the seleno
graphic coordinate, in the system used in the 
Orthographic Atlas and in the Lunar Charts of 
the Aeronautical Char t and Information Center 
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'''' T ABLE 1- 2 . Surveyor landing sites 

I n e rtial coordinates from ! /nertial coo n 
Spacecraft L u nar region S i t e charac t eristics infl ight tra cking n. on-surface 

-----------------
Longitude Latitude I_LO"gitu~~1 

------------------- --

L ___________ Sou thwest part of Level ma re floor 43.34° W 2.44 0 S 43.32° W 
Oceanus Pro- of Fbmsteed 
cclla rum. ring. 

UI ___________ Southeas t part of Wall of 200-meter 23.4 1° W 3.0° S 23 .32° W 
Oceanus Pro- crater. 
cella rum. 

\._----------- Southwest part of Ncar top of 9- b.," 23 .20° E 1..")0 N 23.20° E 
:'I1a re T ra n- 12-meter 
qui1]itatis. erater. 

\'L __________ Sinus :\Iedii __ _____ Level marc area, 1.380 W 0.420 N l. 37° W 
ncar marc ridge . 

\"IL ________ _ Ejecta blanket, I-lilly highland ___ " 11 .41 0 W 41.01° S 1l.44° W 
nor t h of T yc ho 
ri m. 

a See ref. 1- 11 . b See ch. 10 of this report. C See ch . 3 of th is report. 

Spacecraft locations 

inates fro 1n !sete nograPhic coo rdin.at es, Selenographic coo rclinat e-: 
tra cking h A tlas/ACl e system, ,1Iilis/ A rthur systenl. 
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(raIn surface fea tures c 
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1l.47 ° W 40.86° S 
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FIGURE 1-4.-Lunar Orbiter III photograph of Surveyor I on the lunar surface (enlarged 
from high-resolution frame H-194, framelet 248). The superimposed image is a model 
of the Surveyor spacecraft in a similar configuration and light ing to the Lunar Orbiter 
photograph. The image of the model and shadow was photoreduced on negative film 
to about the same size as it is on t he Lunar Orbiter fi lm . The resulting print was 
rephotographed through a television camera to produce a scan pattern. 

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

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

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

ordinates result, in part, from random errors 
and, in part, from systematic errors in the 
models used. Differences between the inertial 
and the selenographic coordinates arise from 
uncertainties in the elenographic grid and 
from differences bet"·een the center of figure 
and the center of gravity of the Moon. 

Spacecraft Operations 

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

The vernier engines on Surveyor III did not 
shu t dovvn before initial touchdo,,-n, but con
tinued to burn, lif ting the spacecraft from the 
surface. It landed again abou t 20 meters 
from the ini tial position, wi th engines still on, 
and lifted off a second time. The engines ,,-ere 
then turned off , and the spacecraf t touched 
do"-n again 11 meters from the posi tion of the 
second touchdo,,-n. The vertical velocity com
ponent for the three touchdo\\"llS ,,-as 1 to 2 
m/sec; the horizontal component, 0.3 to 0.9 
m/sec. 

T able 1-3 shows the times at which the 
Surveyors landed. After touchdO\\"ll , an en
gineering in terrogation was m ade, then an 

TABLE 1- 3. Times jar Surveyor touchdo'UYlu 
and last data returns 

Spa ce - Touchdown Last data return 
craft 

L ______ J une 2, 1966; Jan. 7, 1967 ; 07:30 
06:17:36 GMT. GMT. 

IIL ____ Apr. 20, 1967; May 4, 1967; 00:04 
00:04:17 GMT. GMT. 

,------- Sept. 11, 1967; Dec. 17, 1967; 04:30 
00:46:42 GMT. GMT. 

,"1- ____ Nov. 10, 19G7; Dec. 14, 1967; 19: 14 
01:01:04 GMT. GMT. 

nL ___ J an. 10, 1968 ; F eb. 21, 1968 ; 00:24 
01:05:36 GMT. GMT. 

ini t ial series of 200-line television pictures ,,·as 
transmitted through an omnidirectional an
tenna. The planar-array antenna was then 
pointed toward the Earth, and the trans
mission of BOO-line television pictures was 
initiated. Engineering interrogations ,,-ere inter
spersed ,,-ith the variou science operations. 

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

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

A variety of data, not all from scientific 
instrumen ts, ,,-as received from each space
craft; sensors carried aboard the spacecraft for 
engineering infcrmation also provided scien tific 
data abo u t the Moon. The types of measure
ments and the scientific instrument or sensor 
that provided them are listed in table 1- 4. 

There were 87 674 television PlCtures obtained 
from the lunar surface (table 1- 5). Photo
grammetric, photometric, polarimetric, and 
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T ABLE 1-4. Measure:ment sources and types oj scientific injormation derived jrom Surveyor spacecrajt 

Instrument or sensor Scientific infor mation obtained 

Television camera __________ _____ ___ _____ _ Lunar topography, smface structw·e and geology; lunar photom
etry, polarization, an d color; cohesion of lunar sm-face material; 
terrestrial photometry, polarization, and color; terrestrial at
mospheric transmission, color, and cloud patterns; solar corona 
extent, photometry, and polarization ; abili ty to poin t lasers from 
Earth to lunar locations. 

Alpha-scattering instrument ________ ______ _ Chemical composition of lunar smfaee and ncar surface; radiation 
level on lunar surface. 

Soil mechanics surface sampler ___ __ _______ _ Bearing an d shear strengths of lunar urface an d near-surface 
material; cohesion, internal friction, and density of lunar surface 
material; surface-rock strength and density. 

Spacecraft leg strain gages, landing radar 
system, flight control gyros, and accelerom
eters. 

Bearing strength, cohesion, in ternal friction of lunar surface ma
terial ; radar reflectivity an d dielectric constant of lunar surface 
material ; dcnsity and elastic velocity of lunar smface material. 

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

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

NIagnets ________ ________________________ _ Content of magnetic particles in ILmar surface material. 
Spacecraft vernier-propulsion system and 

attitude-control jet system. 
Lunar surface permeabili ty to ga es, cohesion, adhesion, response 

to gas erosion. 

colorimetric data were included . Among the 
objects observed were 

Lunar surface__ _ _ 5 sites in maria and highlands; 
objects 1)1, meters to 30 km from 
camera; undisturbed surface and 
that distm-bed by spacecraft; at 
Sun angles of 0° to 90°, and in 
ear thlight. 

Ear th_ _ _ _ _ _ _ _ _ _ _ In sunlight, at various phases and 
t ime in tervals; eclipsing Sun. 

Lasers on Earth __ At I -watt output. 
Sola r corona _____ Inner and outer, to 50 sola r radii . 
Planets _________ Mercury, Venus, and Jupiter. 
Stars_ _ _ _ _ _ _ _ _ _ _ To 6th magn itude. 

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

T ABLE 1- 5. NI.Lmber oj Surveyor television 
pictures 

Spacecraft 

L ____________ _ 
IlL ______ ____ _ 

, --------------
VI _______ _____ _ 
VII.. _. _______ _ 

Pictures tak en p er lunar day ' Total 
1----,-----;----1 P~~~U;:;8 

1st day 

10 341 
6326 

18 006 
29952 
20993 

2d day 4th day 

99 _______ _ 

104 64 

45 _______ _ 

11 240 
6326 

19 11 
29952 
2103 

Total _____ ______________ _ ______ _ _ 7674 

• These numbers refl ect later information than those 
given in the mission reports (refs. 1- 1 through 1-5) . 

With the urface sampler, measurements 
" -ere made of the bearing load vel' us penetra
tion curve for the granular lunar surface 
material and of i t bearing capaci ty and shear 
resistance as a function of dep th in the depth 
range of 1 to 20 cm. The nature of surface 
deformation was observed from trenching, 
static bearing, and impact; data " -ere obtained 
on cohesion, internal friction, and porosity of 
the near-surface granular material at one mare 
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and one highland si te. Strength and density of 
individu al rocks were also measured. 

Strain gages on the leg shock absorbers of 
the spacecraft provided records of the leg loads 
during touchdO\m. In conjunction wi.th flight 
control da ta on the spacecraft po ition and 
velocity, and television observations of the 
surface disturbances associated "ith landings 
these records furnished information on bearing 
strength, cohesion, internal fri ction, elastic 
velocity, and porosity of the material at, and 
just belo,,', the surface at all Surveyor landing 
ites. 

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

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

At the mare landing sites, firings against the 
lunar surface of the vernier rocket engines on 
Surveyor III , V, and VI and of the attitude
control jets on Surveyors I and VI provided 
information on the permeability of the surface 
to ga es, the lunar surface cohesion, response to 
gas erosion, and adhesion to terrestrial materials. 
On the Surveyor VI mis ion, 8 days after 
landing, the engines \I'ere fired in such a \I'ay 
as to lift the spacecraft 3.5 meter from the 
surface; it landed 2.4 meters from its original 
position . 

T elevision pictures and other cientific data 
from urveyor may be obtained from the 
National Space Science Data Center, Greenbelt, 
YId. 20771. Individual pictures can best be iden
tified by the spacecraft mi sion and G~IT day of 
year and time at which they \\'ere taken. 
Mosaic can best be identified by catalog number. 
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2 . Principal Scientific Results From the Surveyor Program 

L. D. Jaffe (Ohairman) , O. O. Alley, S. A. Batte1'son, E. M. Ohristensen, S. E. Dwornik, D. E. Gault, 
J. W. Lucas, D. O. Muhleman, R. H. Norton, R. F. Scott, E. M. Shoemaker, R. H. Steinbacher, 
G. H . Stbtton, and A. L. Ttl7'kevich 

The successful soft landings made by five 
Surveyors permitted detailed examinations of 
the lunar surface at four mare sites along an 
equatorial belt and at one highland site in the 
sou thern hemisphere. The aiming areas, selected 
before launch, were chosen after examination of 
telescopic and Lunar Orbiter photographs (ex
cept for the Surveyor I mission, which preceded 
the Lunar Orbiter flights). All five spacecraft 
landed "ithin these selected area. The landing 
sites were: 

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

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

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

Surveyor VL-Flat surface near a mare ridge 
in Sinus Medii. 

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

At each of the Surveyor landing sites, the 
lunar urface is covered by a layer of fragmental 
debris, predominantly fine grained , ,,-hich is 
littered with a variety of rock fragments, and 
spotted with overlapping small craters. The 
average thicknes of the debris layer, or regoli th, 
,,-as determined for each of the mare landing 
sites from the depth of the smallest craters with 
blocky rims. The thickest regolith (10 to 20 
meter) was found at the Surveyor VI site. The 
regoli th near Surveyor I is 1 to 2 meter thick, 
and at the Surveyor V site is Ie s than 5 meters. 
The thickness of the regolith within the 200-

13 

meter crater ,,-here Surveyor III landed varies 
from abou t 1 to 2 meters on the rim to perhaps 
10 meters or more at the crater center. 

Sma ll Craters 

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

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

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

Resolvable Rock Fragments 

Some rock fragments are on the surface and 
others are partly embedded to various dep ths 
in a finer grained matrLx. The fragments are 
scattered somewhat ilTegularly, bu t str e\yn 
fields of blocks are found around some of the 
larger cr aters. The Surveyor VII landing si te 
has the largest number and variety of re-
olvable rock fragments; the Surveyor V and 

VI sites have the least number. Most are 
relatively angular , but some \yell-rounded 
fragments are present and appear, in general, 
to be embedded fairly deeply in the finer 
surface material. The fragment tend to be 
equant in shape, bu t some are distinctly 
tabular and a fe,,- have the form of sharp, 
nruTow wedges. 

Most of the r e olvable fragments on the 
surface are brighter, under all observed angles 
of illumination, than the unresolved fine
grained matrix. A knobby, pitted surface is the 
most common surface texture developed on the 
bright, coarse, rounded rock fragments. The 
pitted texture and the rounding of the frag
ments are probably produced by impact of 
small particles. Further evidence that the 
surfaces of the rocky fragments have been 
subjected to an erosive, or abrasive, action is 
eviden t on one of the rocks overturned by the 
surface sampler on Surveyor VII. This rock was 
rou nded on the exposed side and angular on the 
ubsurface side. Spotted rocks, observed at the 

Surveyor I and V sites, are common near 
Surveyor VII. In many ca es, the ligh ter 
material form ligh t protrusions on the frag
ment, suggesting that it is more resistant to 
lunar erosion processes. 

The density of one rock near urveyor VII 
was found to be in the r ange of 2.4 to 3.1 
g/cm3, ,,·ith a mo t probable value of 2.8 to 
2.9 g/cm3. A similar rock wa broken by a 
moderately strong blow from the surface 
ampler. M ost of the resolvable blocks on the 

lunal surface appear to be dense, coherent 
rock , but some appear less dense 9nd porous. 
Many blocks at the Surveyor VII site, and a 
fe,,· at the Surveyor I site, are distinctly 

vesicular. Some coarse fragmen ts are clearly 
aggregate of smaller particles. orne of these 
aggregates are compact and angular , wherea 
others appear to be porous and probably are 
only weakly compacted. 

Particle Size 

Between 4 and 18 percent of the lunar 
surface is covered by fragments coarse enough 
to be re olved by the televi ion camera (coarser 
than 1 mm). The size-frequency distribution 
of resolvable fragmental debris at each Sur
veyor landing site can be represented by a 
simple power function. At the mare sites, the 
exponent of the size-distribu tion function is, 
in all cases, less than -2; at the Surveyor VII 
site, on the rim flank of Tycho, the exponent 
is - l. 8 . Fragments coal' er than 10 cm are 5 
to 10 times more abundant on the rim of Tycho 
than 0 11 the maria. 

The abili ty of the finer grained matrLx ma
terial to conform to mooth surface and to 
preserve fine imprint; its permeability to 
gases; its cohesion ; and its optical properties, 
before and after disturbance, all suggest that 
the bulk of the material ha a particle ize 
between 2 and 60 microns. 

Structure and Mechanical Behavior of the Fine 
Material 

At all landing sites, the fine matrix, or lunar 
soil , is granular and slightly cohesive; the soil is 
compressible, at lea t in its upper few centi
meters, as indicated by the footpad and cru h
able block imprints; and its static bearing 
strength increases with dep th as follo"-s : 

(1) In about the upper millimeter: less than 
0.1 N /cm2 (from imprin ts of mall , r olling 
fragmen ts). 

(2) At a depth of 1 to 2 mm: 0.2 N / Cl11.2 

(from imprints of the alpha-scattering-in tru
ment sensor head). 

(3) At a depth of about 2 cm: l. /cm2 

(from imprints of crn hable blocks on Surveyors 
VI and VII). 

(4) At a depth of about 5 cm: 5.5 N/cm2 

(from penetrations of footpad on Surveyor I ). 

The higher rock population at the Surveyor 
VII ite did not, in general, increase the bear-
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ing strength of the soil compared wi th that at 
the Surveyor I , III, and VI sites. 

The estimated soil shear \\"ave velocity is 
between 15 and 36 m/sec, and the compres-
ional wave velocity between 31 and 91 m/sec. 

The e estimates, based on oscillations in the 
spacecraft landing leg forces at touchdown of 
four landings, are lower than those expected 
for terrestrial soils \\·ith other mechanical 
properties a Ii ted in this report. 

Viscous soil erosion (ero ion by the entrain
men t of soil par ticles as ga flo\\"s over the 
surface) occurred during vernier-engine and 
attitude-control jet firings. During the Sur
veyor V vernier-engine firing, . oil and rock 
fraO"ments up to 4.4 cm in diameter ,,·ere moved 
by viscous ero ion. At engine shu tdo \\·n , ex
haust gas, which had diffu ed into the soil , 
erup ted, producing a cr ater 20 em in diameter 
and 0.8 to 1.3 cm deep under one engine. 

The permeabili ty of the lunar oil at the 
Surveyor V site to a depth of about 25 cm is 
1 X lO- s to 7 X 10- s cm2

. This corresponds to 
the permeability of terrestrial silts. The soil 
cohesion bounds were determined to be: 

(1) 0.007 to 0.12 N/cm2 (from yermer
engine firings). 

(2) 0.05 to 0.17 N/cm2 (from attitude
control jet firings). 

Lun ar material thr0\\"11 against spacecraft 
surfaces in several cases adhered to the space
craft components. Adhesion of oil to the 
Sur veyor VII surface- ampler scoop ,,·as ob
served to increase toward the end of the lu nar 
day. The adhesive strength of the lunar mate
rial impacting and adhering Lo the Surveyor 
VI photometric target is estimated to be 
bet\\·een 102 and 103 dynes/cm2

• 

Soil properties, similar to those described, 
also were indicated during the surface-sampler 
operation. The hearing-strength valu es and 
the soil behavior during all tests ar e consistent 
,,·ith a granular material possessing a cohesion 
of 0 .035 to 0 .05 N/cm2

, an angle of internal 
fri ction of 35° to 37°, and a den i ty of about 
1.5 g/cm3

• These values apply to oil dep th 
bet\\·een a fe,,· millimeters and abou t 10 cm. 
An increase of strength ,,·ith depth in the soil 
near Sur veyor III ,,"as observed to a dep th of 

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

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

Optical, Thermal, and Radar Characteristics 

Television observations with color filters 
indicate a gray 1100n even in distmbed areas. 
No demonstrable differences in color were 
observed on any of the coarse blocks so far 
examined, which are all gray, but lighter than 
the fine-grained gray matrix of the surface. 
Photometric measurements at each Surveyor 
landing site show that the undisturbed fine 
matrL,\: of the mare surface has a normal lumi
nance factor (normal albedo) that varies from 
7.3 to 8.2 percent, and the mare material dis
turbed by the footpads and by the surface 
sampler ha a normal luminance factor that 
ranges from 5.5 to 6.1 percent. The normal 
luminance factor for the fine-grained, undis
turbed and disturbed material at the Surveyor 
VII site is higher than that of the corresponding 
mare material. The normal luminance factor 
for the rock fragments ranges from 14 to 22 
percent both on the maria and on the rim flank 
of Tycho. Light scattered from the surfaces of 
some rock fragments at the Surveyor VII site 
i as much as 30 percent polarized at phase 
angles near 1200

. This suggests these rocks are 
crystalline or glassy, and that their surfaces 
ar e relatively free of fine particle . 

Observations of the fine-grained parts of the 
lunar urface disturbed by the landing and 
lif toff of the Sur veyor VI spacecraft, and by 
rolling fragments set in motion by the space
craft, have hown that lunar material exposed 
at depths no greater than a few millimeters 
has a, significan tly lower normal luminance 
factor than the undisturbed surface. A similar , 
abrupt decrease in normal luminance factor at 
dep th of 3 mm or less was observed at the 
Surveyor III and V landing sites. The occur
rence of this r ather sharp contact of material 
wi th contrasting optical properties at widely 
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separated locali ties on the Moon suggests that 
some process, or combination of processes, 
ligh tens the material at the lunar smface. If 
this is true, it may imply that a complemen tary 
process of darkening occurs at depths of a few 
millimeters and deeper, so that the abrupt 
albedo con tact is not destroyed as a resul t of 
repetitive tmnover of the lunar smface by 
solid-par ticle bombardmen t. 

Where the fine-grained matrix of the smface 
material was compressed and smoothed by the 
Surveyor footpads or the smface sampler, the 
photometric proper ties were changed. The pho
tometric function of the smoothed surfaces i 
more like that of a Lambertian scatterer than 
the undisturbed, fine-grained lunar material. 
This indicates the pore spaces of the fin e
grained material tend to be filled in by com
pression against smooth urfaces on par ts of 
the spacecraft. 

In general, lunar surface temperatures de
rived from spacecraft thermal data taken during 
the lunar day are in qualitative agreement with 
E ar th-based data. For each mission during 
which there was an eclipse, the same value of 
thermal parameter (kpc) - 1/2 was obtained from 
spacecraft eclipse and postsunset data, whereas 
the values for E ar th-based postsunset data are 
lower than those from E ar th-based eclipse data. 
On all spacecraft except one, the same values 
were ob tained in the two directions viewed by 
the per tinen t spacecraft sensors; in the case 
of Surveyor VII, the thermal parameter value 
in the two directions were differen t; this 
discrepancy apparently was caused by some 
rocks close to the spacecraft . When Surveyors 
III and V landed in craters, it was obser ved 
that the local lunar surface temperatures 
depended primarily on the Sun elevation angle 
to the local lunar surface slope. I t should be 
noted that all E ar th-based and spacecraft data 
indicate that the lunar urface material is a 
very good thermal insulator . 

R adar backscatter data from the lunar 
surface, at 2.5- and 3.2-cm wavelengths, were 
ob tained during the last 3 minu tes of the de
scent for each Surveyor landing. The r adar 
system consisted of four independen t radars. 
Signal strengths from each beam have been 
interpreted in the form of the radar cro 

section as a function of the angle of incidence 
in the r ange 0° to 60°. The general form of 
these functions for all landing sites is approxi
mately the same. H owever , the entire curve i 
higher by nearly a factor of 2 for the Tycho 
region than for the mare site. Because of 
trong fading on the r adar beams near normal 

incidence, a reliable estimate of the normal
incidence reflectivity cannot be made. The 
radar reflectivity of the Tycho rim area is 
about 30 percen t higher than the average 
reflectivity of the Moon as measured from 
E ar th ; the mare areas are about 30 percent 
lower. In par ticular , it is estimated that the 
reflectivity of the Surveyor V area (Mare 
Tranquillitatis) is between 3 and 5 percen t. 
The Surveyor data confirm a rather low value 
(about 2.5 to 3) for the dielectric constant of 
lunar urface material, with a clear distinction 
between the mare and highland regions. 

Chemical Composition 

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

Analytical data were ob tained on six samples 
of lunar material, three at the mare sites and 
three at the highland site. The analyses indicate 
that the most abundan t chemical element on 
the M oon is oxygen (57 ± 5 atomic percent); 
second in abundance is ilicon (20 ± 5 atomic 
percent); and third i probably aluminum 
(about 7 atomic percent). These are, in the 
same order, the most common elemen ts in the 
E ar th's crust. T he three samples from the 
maria are almost iden tical chemically, implying 
that the surface material of large fractions of the 
lunar maria have this composition. The high
land sample differ principally in having abou t 
half as much of the "iron"-group elements 
(titanium through copper) a do the sample 
from the maria. 

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

These chemical analyses are in strong dis
agreement \\'ith that expected for primordial 
olar system material , whether this be con

sidered condensed solar atmosphere, terrestrial 
ultr abasic rocks, or chondri tic meteori tes . They 
clearly contradict a lunar origin for most 
meteorites and are inconsi tent \\·ith a lunar 
origin for tektites. 

The similari ty of the lunar samples \\'ith 
basaltic composition and the morphology of 
surface features observed in terrestrial and 
Lunar Orbiter photographs are strong circum
stantial evidence that some melting and 
chemical fractionation of lunar material has 
occurred in the past. The bulk composi tion of 
the Moon , ho\\'ever, rem ains obscure. The lower 
abundance of the "iron"-group elements in 
the highlands, as comp ared \\"i th the maria, 
provid es an explanation for the albedo 
differen ce between these two major geologic 
uniL and, in addi tion , suggests a significant 

difference in rock density con istent with isostasy. 

Observations of the Earth and of the Solar Corona 

Pictures of an eclipse of the Sun by the Earth 
were made during the SlU'veyor III mission. 
Using the camera color filters, sufficient data 
\\'ere accumulated to produce color pictlU'e of 
the light transmitted through the Earth's 
atmosphere during the eclipse. These result 
indicated that the observed light primarily 
\\'as the resul t of refraction by the Earth's 
atmosphere and that clouds present at the limb 
occulted the light. 

During the Surveyor VII mi sion, pictures of 
the E arth were taken with various polarizing 
filter. The highly polarized component of light 
appeasr to be the result of specular reflection 
from ocean surfaces. PictlU'es of Earth-based 
la er beams directed toward the spacecraft's 
luna[' location \\'ere also made in a te t of the 
abili ty of E ar th stations to direct very narro\\' 
beams to a specific location on the lunar surface, 
in preparation for a possible laser reflector 
experiment. 

The solar corona was photographed after 
sunset on the Surveyor I, V, and VII missions, 
fr e-m the innermost K-corona at 2 solar radii to 
\\'ell beyond the kno\\'n outer F-corona at 60 
solar r adii. The data will provide information 
on the previously unobserved regIOn between 
15 and 50 solar radii. 
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3 . Television Observations From Surveyor 

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

Fi \'e successful SUrYeyor spacecraft landed 
on the Moon bet\\'een June 1966 and January 
1968 and returned over 87000 pictures from 
the lunar surface. Surveyors I, III, V, and VI 
landed on mare surfaces; Surveyor VII landed 
in the sou them highlands on the flank of the 
crater Tycho, the youngest, large bright-ray 
crater on the ?lIoon. Table 3- 1 lists the day 
and times of landing of each ' l)<1cecraft, their 
location and the Sun elevation at the time of 
landing. 

Surveyors 1, III, V, and VI provided pictures 
of variOlls lunar-mare features, 'uch as the 
surface in intercrater area~, the inner \\' alls of a 
large subdued crater, the inside of a small 
drainage crater, and a dose yie\\' of It mare 
ridge. 

The terrain around Surveyor VII, in contrast 
to the terrain of the maria, consists of ridges 
and valleys superimpo ed on a, broadly undu
lating surface. The Suryeyor VII pictures 
revealed a great nU'iety of coarse rock frag
ments probably excavated from the depth of 
Tycho. Some fragmen ts are vesicular, others 
appeal' dense; some fragments are spotted, 
suggesting differences in crystallinity or compo
sition in the fragments. 

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

Stereoscopic pictures of the lunar surface 
were obtained from Surveyors VI and VII. 
SUITeyor VI vernier engine \\'ere ignited; the 
spacecraft lifted off the lunar surface and 
landed about 2.5 meters from its original 
position, thus proyiding a base for stereoscopic 
pictures. Surveyor VII was equipped with a 
9- by 24-cm mirror attached to the spacecraft 
rna t; this mirror was oriented to provide a 
reflected view, as seen from the television 
camera, of a small area in front of the space
craft. Stereoscopic pictures were obtained by 
recording direct images of this area and images 
reflected from the mirror. 

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

TABLE 3-1. Su.rveyor times, locations, and approximate Sun elevations at landing 

Location, selenographic 

Spacecraft l.Jallding, G LUT hr:min:sec 
coordinates I"tpproximate 

Longitude Latitude 

Surveyor L ___ _ ._ 06:17:36 on June 2,1966 __ ..... ____ ..... _ ......... _ 43.22° W 
Surveyor IIL __ _ .. 00 :04:17 on Apr. 20, 1961- .. ___ ._ ....... _._._. __ ... 23.34° W 
Surveyor V_ ... _._ 00:46:42 on Sept. 11, 1967_ ...... _ .. _. __ . __ ._._ .. _._ 23.20° E 
SurveyorVL . __ ._ 01:01:04 on Nov . 10, 1967. ____ .... _ .... _._ .. _._ ... _ 1.400 W 
Surveyor VIL ._._ 01:05:36 on Jan, 10, 1968 __ .. . _ .... _ .. _ .. _ .. _ .. _._._ 11.470 W 

10 

2.450 S 
2.970 S 
1.420 N 
0.53° N 

40.860 S 

Sun elevation 
at landing, deg 

28 
11 
17 
3 

13 
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on the second lunar day, Surveyor V responded 
to the first turn-on command and subsequently 
transmitted over 1000 pictures before the 
second lunar-day sunset. Surveyor V was 
revived again the fourth lunar day, but only a 
few pictures were taken. Surveyor VII wa 
revived about 120 hours after sunrise the second 
lunar day; about 45 pictures were taken in the 
200-line mode before suspension of camera 
operation. 

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

Television Camera 

U. R. MONTGOMERY AND E. C. MORRI>; 

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

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

FIGURE 3- 1.- urveyor I television camera. 

at its minor axis by trunnions. Its r eflecting 
surface was formed by vacuum deposition of 
Kanogen on a beryllium blank, followed by a 
deposition of aluminum and finally by deposi
tion of silicon monoxide. The reflecting surface 
was flat within one-fourth wavelength at A = 550 
mJ..L and had an average specular reflectance of 
86 percent. The mirror rotated about t,,·o 
mutually perpendicular axes by means of two 
drive mechanism, one for azimuth and the 
other for elevation; the position of the mirror 
about each axis ,,-as measured by a potenti
ometer. 

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

The image wa formed by means of a vari
able-focal-length lens (fig. 3-4), placed between 
the vidicon and the mirror assembly. The focal 
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FIGUH~~ 3-2.-Mirror assembly of the S urveyor tele
vision camera. (a) Su rveyor I television camera hood 
and mirror as. embly. A .·ma)) \'isor was added to the 
top of the hood on the Surveyor III camera. (b) 
i\Ii rror as sembly and redesigned hood used on 
Su rveyor: V, VI, and VII. 

length could be varied from 25 to 100 milli
meters, resulting in optical fields of view of 
about 25.3° to 6.43°; however, the camera was 
al"'ays operated at either the 25- or 100-millim
eter focal length. Addi tionally, the lens assem
bly could be varied in focus by means of a 
rotating focus cell. An adj ustable iris provided 
effective aperture changes from f l4 to f 122, in 
increments " 'hich resulted in change of aperture 
area by a factor of ~. The iris could be controlled 
by command; also available was a servo-type 
automatic iris control, which adjusted the 
aperture area in proportion to the average scene 
luminance. A in the mirror assembly, potenti
ometers were geared to the iris, focal length, and 
fo cus elements to allow determination of these 
settings for each picture. A beam spli tter on the 
lens assembly sampled 10 percent of incident 
ligh t for operation of the automatic iris. 

Ligh t energy from object space was converted 
FrGUHt; 3-3 .-Filter wheel of the I:)u rveyor television to an equivalent electrical signal in the image 

camera. plane by the vidicon tube (fig. 3-5). The size of 
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FIGURE 3-4.-Lens assembly of the Surveyor television 
camera. (a) Front view. (b) Back v iew. 

the image frame on the vidicon tube was 11 
millimeters quare. A reference mark was 
included in each corner of the scanned frame, 
which provided , in the \'ideo signal, an elec
tronic level representing optical black for the 
scanned image. In the normal , or 600-line mode 
of operation, the frame was scanned once each 
3.6 seconds. Each frame required nominally 1 
econd to be read from the vidicon and required 

220-kilohertz band\\'idth for tran mission. In 
the second mode of operation, one 200-line frame 
\"as scanned each 61.8 econds. Each frame 
required 20 seconds to complete the video 
transmission and utilized a band,,-idth of 1.2 
kilohertz . This 200-line mode was used for 
omnidirectional antenna tran mission from 
the spacecraft. 

A mechanical focal plane shutter, located 
between the camer!1 lens a sembly and the 
yidicon image sensor (fiO'. 3-6), co uld be 
operated in b\'o modes. In the normal mode of 
operation, on Earth command , the shutter 
blades ,,-ere sequenti!111y driyen by rotary 
solenoids aero s an aperture in the hutter ba e 
plate. The time in teryal between the initiation 
of each blade determined the exposure interval , 
nominally 150 milliseconds. In the other shutter 
mode, the blades could be positioned to le!1ve 
the aperture open and the frame scanned every 
3.6 seconds during 600-line operation, or every 
61.8 seconds during 200-line operation. This 
open-shutter mode of operation ,,-as useful in 
the imaging of scenes ,,-ith low luminance levels , 

FIG CRE 3-5.-Vidicon tube of the 'u rveyor television 
camcra. 

FlOURI'; 3-6.-Shuttcr a~scmbly of thc Su rv eyor tele
vision camera. 
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such as the sky with stars, and plane ts and the 
lunar surface illuminated by E ar th ligh t. 

A third operation al mode, used for stellar 
observations and lunar-surface ob ervation 
under extr emely low luminance condi tions, is 
referred to as an in tegrating mode. This mode 
also could be applied , by E ar th comm and , to 
either the 200- or 600-line scan mode. The 
shutter of th e camera ,,'as commanded open 
and the vidicon allo\\'ed to accumulate ligh t 
energy from the scene, after which the shutter 
was commanded closed and the frame read 
from the vidicon . Pictures co uld be taken when 
scene luminance was as low as 0.008 ft-L with 
the in tegrating mode. 

T\I'o photometric/colorimetric reference tar
gets were mounted on the spacecraf t \\'i thin 
vie,,' of the camera (fig. 3-7). These targets, 
one mounted on omnidirectional an tenna B and 
the other on the spacecraft leg adj acen t to 
footpad 3, were orien ted so that the line of 
sigh t of the camera, wh en vie" 'ing the target, 
wa normal to the plane of the target. Surveyor 
VII had one addi tional target mounted on omni
directional an tenna A. E ach target ,,'as iden
tical and con tained a serie of 13 gray wedges 
arranged circumferen tially around the target. 
In addi tion, three color ,,'edges, " ,hose e IE 
(Commission Internationale d'E clairage 1931) 
chromaticity coordinates are kno,,'n, " 'ere lo
cated r adially from the target center. A series 
of r adial line was incorporated in each char t 
to provide a gross e timate of camera resolu
tion. Finally, the char t contained a centerpost 
,,'h ich served as a gnomon, to aid in deter
mining the solar angles after lunar landing. 

FI GURE 3-7.- urveyor V picture of photometric ref
erence target mounted on leg 2 of the spacecraft. 
T he gray ~tep.· are indicated by number,'. A small 
pin protrudes from t he center of thc target and cast
a shadow downward acros. the target ( cpt. 16, 1967, 
04:36:25 G~1T). 

Th e basic camera de ign, used on the first 
three ucce sful urveyor mis ions, was later 
improved for t he last two flights . Advances 
" 'er e made primarily in mirror-movement ac
curacy and , mo t impor tant, in fi lter po itioning 
and intermediate iri controL 

Th e sensitivity and dynamic range were 
different for each Surveyor camera. In general, 
ho\\' ever , this ,,'a not a serious problem during 
mission operations because of the large range 
in iris and shu tter capabili ty. A comparison of 
the camera characteristics on each flight is 
given in table 3-2. 

T AB LE 3-2. Comparison oj Surveyor camera characteristics : 600-line mode 

Charac i eristic S urvey o r I I S urveyor III S urvey or V I Surveyor VI I S UrGeyor Vll 

Dynamic rangc ___________________ ___ ____________ _ 13 :1 7. 9: 1 14.4: 1 13. 4 : 1 11.1:1 
ignal-to-no ise ratio, d B __ __________ ______ ____ ___ _ _ 36.4 41 43. !J 40. 0 43. 6 

Ho rizontal relativc re ponsc at 600 li nes (at centcr of 
vidicon) ______ _____________________ _____ , ___ __ _ O. 17 O. 38 0. 31 O. 20 0.20 

Vertical relativc response at 600 li nes (at center of 
vid icon) ______ _____________ ___________________ _ 

(") O. 27 O. 40 O. 46 0.33 
'lopc of sy tcm transfer characterist ic curve _______ _ _ 1. 4 1. 4 1.2 1. 1 O. 98 

" Not tested. 

33D--462 0---6D-;) 

- I 
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Categories of Pictures 

R . M. B ATSON AND K . B. LARSON 

Surveyor televi ion pictures were taken III 

sequences called panoramic surveys and in 
other sequence designed to obtain optimum 
photographic coverage of areas of special in
terest. P anoramic surveys cover the area from 
65° below the camera horizontal to the horizon. 
A mechanical stop, 132° counterclockwise and 
225° clockwi e from the 0° azimuth, prevented 
taking pictures in avery small sector. Dur ing 
the Surveyor I, III , and V missions, no picture 
were taken to the left of the 126° azimu th or to 
the right of the -213° azimuth becau e of the 
possibility that the camer a mirror might tick 
on one of the end stops. Stronger azimuth 
stepping motors were used on the Surveyor VI 

and VII cameras, making it possible to take 
pictures at the end stops without the danger 
of sticking. Panoramic surveys were taken in 
both wide- and narrow-angle lens modes. 

N arrow-angle panoramas were taken to 
record surface detail with the highest resolution 
possible. Between 900 and 1000 pictures were 
required to record the full panorama in the 
narrow-angle mode. These pictures were taken 
every 6° horizontally and every 5° vertically 
until the entire area visible to the camera wa 
photographed. Successive horizontal rows of 
pictures were offset 3° from each previous row 
to avoid gaps in coverage. Iris and focus were 
set at their optimum values for recording lunar
surface detail. Figure 3- 8 ( ee table 3- 3) is a 
diagrammatic representation of survey pan
orama sequences in the narrow-angle mode. 

TABLE 3- 3. Calibrated camera elevations (in degrees) jar elevation steps a listed in jigs. 3-8 and 3-9 

Survellor VI Survellor VII 

c -69.97 c - 69. 98 

Survellor III 

c - 70. 1 

Survellor 1 b Elevation step I 
------------!-----------·I------------:------------

0 _____ _____________ ___ _____ -' 
c - 68 

Survellor V 

c - 66.7 
L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ c - 63 c - 61. 7 c - 65. 1 c -64.97 c - 64.98 
2____ ________ ___________ _____ c -58 c -56.8 c - 60. 1 - 59.97 - 59.98 
3______ ____ _____ ___ __ _______ c -53 c - 51. 8 c -55.2 -54.97 -54.97 
4- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ c - 48 c - 46. 9 c - 50. 2 -49.95 - 49.96 
5 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ c - 43 - 41. 9 c - 45. 3 - 44.95 - 44.96 
6_ ___ ______ _____________ ___ _ c - 38 - 37. 0 - 40. 3 -39.96 -39.94 
7 ________________________ ___ c -33 -32.0 - 35. 3 -34.97 -34.94 
8 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ c - 28 - 27. 0 - 30. 3 - 29.96 -29.93 
9__ ___ ___ ___ _________________ c - 23 - 22.0 - 25.3 - 24.96 - 24. 91 
10___________ _________ ___ ___ c - 18 - 17.1 - 20. 3 - 19.95 - 19.94 
1 L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ c - 13 - 12. 3 - 15. 5 -14.96 - 14. 97 
12 _ ___ __ __ __________ __ ______ c -8 - 7.2 - 10. 6 - 9.96 -9.96 
13 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ c - 3 - 2. 2 - 5. 6 - 4.96 - 4.98 
14 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ c 2 2. 9 -. 7 .05 .01 
15 _ _ ___ __ _____ ________ ______ c 7 7.9 4. 3 5. 06 5. 03 
16 __________________________ c 12 12.8 9.3 10.05 10.05 
1L _________________________ 0 17 17.7 14.4 15.04 15. 03 
18 ____ ___________ ___________ c 22 22.7 19.4 20. 04 20. 01 
19 __________________________ c 27 27.7 24. 3 25. 05 25. 05 
20__ ________________________ c 32 32.6 29.2 30. 05 30. 03 
21 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ c 37 _ _ _ _ _ _ _ _ _ _ _ _ _ _ 34. 1 35.04 34. 99 
22 ___________________________________________________________________ _ 40. 04 39. 98 
23 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____ ________ _ 45. 05 44. 99 

• As listed in figs . 3-8 and 3-9. 
b The sequences shown in figs . 3-8 and 3-9 were not used during the Surveyor I mission, but the nominal 

Surveyor I elevations a re shown here for reference. 
c Va.lue not specifically calibrated. 
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Panoramas could be taken in the wide-angle 
mode in about one-tenth the time and with 
about. one-tenth the num bel' of pictUI'es required 
for a panorama of narrow-angle pictures. Al
though \\'ide-angle Surveyor pictures have only 
one-fourth the angular resolu tion of the narrow
angle pictures, wide-angle sur vey panoramas 
were useful for reconn aissance examination of 
the landing sites when high re olution was not 
essential or when time did not permit the taking 
of narrow-angle urvey panorama . Figlu'e 3-9 
is a diagrammatic represen tation of the sUI'vey 
panorama sequence for the wide-angle mode. 

Colorimetric or polarimetric sw'vey were 
taken by repeating surveys at each filter setting. 
Some were taken according to standard pan
Ol'amic SUI'vey sequences; others were taken of 
mall areas of pecial interest, and con is ted of 

only a few frames in each filter position. 

POSITIVE AZ IMUTH 

NtA PAN N/API1H 

SEGMENT 5 SEG MENT4 
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Photometric surveys were taken to record 
changes in scene luminance a a function of the 
angle betwMn the SUD and the sUI'face, and the 
camera and the sUI'face. Pictures in photometric 
surveys were taken at selected intervals along 
line extending east, west, north, and south from 
the camera. Special areas of suspected photo
metric anomalies were also photographed sy -
tematically throughout each mission . 

Photometric, colorimetric, and polarimetric 
data were not mea ured on pictures taken dUT
ing panoramic sUI'veys because the photometric 
response of the camera changed non uniformly 
with time. It was necessary to stop periodically 
during photometric, colorimetric, and polari
metric SUI'veys to ta ke con trol pictUI'es of cali
brated color and photometric targets mounted 
on the spacecraft. 

PictUI'e of stars were taken dUI'ing each mis-
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FIGURE 3- 9.- Survey panorama equen ce used for wide-angle mode operation. Picture 
a re taken in t he order shown by circled number at t he camera azimu th and elevations 
hown. ee table 3- 3 for a listing of camera elevation values in degree for each elevation 

step for eac h Surveyor mission. These sequences and numbering convention were 
used during all Surveyor mission except urveyor I , when vertical equence were 
used. Azimuth an d elevation values on the picture were the same for urveyor I as 
t hose shown in t he equences, but the sector-numbering convention was different; 
for examplc, Surveyor I , sectors 1 and 2, were equivalent to sector 9 and 10, on all 
other missions. 



Category 

T ABLE 3- 4. Categories oj pictures taken by the Surveyor cameras a 

S urvey o r I 
S urvey or 

III 

S urveyor V S urveyor VI S urveyor VII 

1st 2d 1s t 2d 4th Pre h op Pos/ho p l I s t 2d 
luna r day lunar day lunar d ay lunar day lunar day 

N arrow-anglc panoramas_ _ _ _ _ _ _ _ _ _ _ b 6 459 258 b 3385 b 6 608 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ c 6 530 c 8 336 
Wide-angle pa noramas_ _ _ _ _ _ _ _ _ _ _ _ _ e 1 650 106 • 650 • 2 509 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ r 900 1 297 
Photometric surveys ___________ ____ 90 __ ___ ____ b 119 h 2 034 ___ ______ ____ ___ __ i 2266 i 3 324 
Focus-ra nging s urveys _ _________ ___ 37 1 __ ___ ____ 372 2777 _________ _____ __ __ 810 1 328 
Stereo mi rror s urvey __ __ _________ ____ _______ __ ___________ ____ _ ___________ __ _________ _____________ _ _____ ___ _ 
Alpha -scatteri ng instrument support_ __ ______ _ ____ _____ _________ 30 ___ ______ ____ _____ 75 28 
Survcyo r " II a lpha-scatteri ng-

S uil~~:t ru l:~tl ~I~ I~~~:men~ suppor t ~ ~ ~,- -- - - - - - -,- - - - - - - - -,- - - - - - : - -,- - - -- - - - - ,- - - - - - - - -,- - - - - - - - -1- --------1- ------ --ce-s p e SU I cys _____ _________ _________ I vl _______ _____ ___________ __ __________ ___ ______ _ 

Sl\I"face-samplcr operations s uppor L _ _ ______ _ _________ 707 _____ __ ______ _________ __ ___ ____ ____ _ _____ ___ _ 

Specia l a rea surveys, mag nets, a nd 
misecJJaneous ____ ______________ _ 1 819 13;) 

Earth __ ____ ______ __ _____________ _ , ____ _____ , ____ ____ _ 
Stars and plane ts __ _______________ _ 
Shadow progressiol1 _______________ _ 

57 
202 11 9 

653 
h 64 

23 
177 

Solar corona _____________________ _ 84 , __ _______ , ______ __ _ 

10 732 618 6301 

TotaL ___________________ _ _ 11 350 6301 

2683 

182 
895 

101ii d 63 2062 
i 43 

91 

74 , _________ , _________ , ________ _ 

17792 101.') 63 12777 

18870 29914 

1461 

192 
843 
328 

17 1:57 

l u n a r day luna r d au 

9 610 d 25 

• 1 227 -- ----- - -
i 2 967 -- - - -- -- -

1 433 --- ----- -
299 d6 
252 ---- -- -- -

;~~ 1- ----- <1- 4 -I 
;)03 ______ ___ 

1 258 d 10 
i 823 ---- - -- --

78 -- - -- --- -
168 -------- -

155 - - ---- ---

20916 45 

20961 

c I ncludes pictures taken through polarizing fi lt ers . 
d 200-line t elevision pi ctures . 

Total 

41 21 ] 
8 339 

10800 
7091 

305 
385 

253 
1 045 
2210 

11 159 
930 
623 

2404 
641 

87396 

87396 

• Thc number of pictu res listed for each mISSIOn represents the total 
n umber of picture identifi cation data en tries received by USGS from 
JPL. Calibration frames, spurious entries, and duplicate entries such as 
those for the same pictures recorded a t 2 Deep Space Sta tions, have not 
been included in the count. Differences between the totals given in this 
table and those given in ch . 1 of th is report proba bly a re a res ult of thr 
differences in counting methods. 

e Includes 200-line pictures and pictures taken through color filters. 

b Includes pictures taken through color fi lt ers. 

r Includes 200-line pictures a nd pictures taken through polarizing filters. 
g Includes 200-lin e pict m es . 
b Includes colorimetric and photomet,ric surveys. 
i Includes pola rimetric and photometric surveys. 
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sion to measure the orientation of the camera 
with respect to the lunar surface. During the 
Surveyor III mission, color pictures were taken 
of the E arth during its fu·st quarter and during 
a solar eclipse. During the Surveyor VII mis
sion , pictures of the Earth were taken through 
polarizing filter throughout the first lunar day. 
The Earth pictures were used for attitude de
termination a well a for color an d polarization 
experimen ts. 

Focu -r anging urveys were taken to measure 
the topography of the near field at the landing 
sites. Nine or more pictures were taken at 
succes ive focll steps at each eleyation along 
given azimuths to determine the points of best 
focus for each focus setting. F ocus-ranging 
surveys contain an average of 50 to 100 pictures 
per azimuth. 

T opographic compu tation \\·ere also made 
by measuring the images of hadows on pictmes 
taken at different times during the lunar day. 
Shadow progression surveys were taken at 
regular in tervals during each uryeyor mission. 
These surveys usually consisted of 1 to 24 
wide- and narrow-angle pictures of the shadow 
of the spacecraft as it moyed acro s the eastern 
terrain durin g the htn <Lr afternoon. During the 
Surveyor VI mi sion, shadow progression sur
veys also \\-ere taken from the second camera 
position of the origin al sites of contact between 
the lunar surface and the spacecraft in it 
first location. 

Special area surveys consisted of a series of 
small surveys of pacecraft parts and space
craft/surface contact areas. These were taken 
to examine parts of the paceCl'aft for po sible 
damage and to examine the interaction of 
pacem'aft par ts \\-ith the lunar surface. When 

panoramic suryeys were taken , the camera iris 
and focus were set at values appropriate for the 
lunar surface; during the pecial area surveys, 
they were set at value appropriate for the 
spacecraft parts. The sequences of the e 
surveys were modified slightly on each mission. 

T he solar corona was pho tographed after 
lunar unset on the Sm·veyor I , V, VI, and VII 
mis ions. These surveys, which consisted of a 
serie of wide- and narrow-angle pictures taken 
along the western horizon immediately after 

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

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

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

During the Surveyor VII mi sion , the alpha-
cattering instrument did not deploy normally 

to the lunar surface, and the surface sampler 
,,·as used to deploy the instrument. This activity 
wa supported by pictures from the television 
camera. 

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

A small mirror, mounted on the mast of the 
Surveyor VII spacecraft, was u ed to take 

tereoscopic pictures of a small part of the 
area in which the urface ampler operated. 

T able 3-4 lists the categories and numbers 
of pictures taken by each Surveyor camera. 

Location of the Surveyor Spacecraft 

E. A. WHITAKER 

Se/enographic Coordinates 

From about 1913 'to the present day, the 
basis for all selenographic coordinates has been 
Lhe well-known catalogs of Franz (ref. 3-1) and 
Saunder (ref. 3- 2). Th us , the Orthographic 
Atlas (ref. 3- 3) and all the lunar maps and 
chart prepared by the U.S. Air Force Chart 
and Information Center, including tho e of the 
proposed Apollo landing sites, depend on these 
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TABLE 3-5. Oomparison oj the location oj 3 lunar craters 

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

C rate r ___ _ Flarnsl eed E Pythea8 A Linne A 

Catalog ______________ ________ _ A, deg {3, d eg A, d eg {3, deg A, deg {3, deg 
_______ . ________ 1 _____ _________ 

1 
_____ : ____ .

1 
___ _ 

SaundeL _________________________ _____ . - 45.98 -3.69 - 21. 73 
Franz ___ ___________________ ___ _____________ _____ _________ _ - 21. 71 

+20.45 
+20.44 
+20.45 
+20.46 

+ 14.35 
+ 14. 39 
+ 14.40 
+ 14.36 

+28.93 
+28. 93 
+28.97 
+28.95 

Mill _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - 45. 99 - 3. 68 - 21. 70 
ArthuL _______________________________ - 45.99 - 3.6 - 21. 69 

measures. 1/10re recently, these measures were 
checked and combined in to a ingle catalog 
by Arthur (ref. 3-4). 

New measurement have been made over the 
last few years by U .S. Army Map Service, U.S. 
Air Force Char t and Information Center, 
Baldwin (ref. 3-5) , 11ills (ref. 3- 6), Arthur 
(ref. 3- 7), and others. At the time of "Titing, 
the most recent catalog is that of 1lills, which 
uses Schrutka-Rechtenstamm's red uction of 
Franz's measures (ref. 3- 8) as control. A some
\\-hat more extensive catalog is that by Arthur 
(ref. 3- 7) . This catalog uses the raw meas
ures made on several sets of plate taken at 
variOLI obseryatories and again lIses the 
Schrutka control net; ho\\,ever, the absolu te 
orien tation \\'as determined from star tr ails 
impressed on a n umber of Yerkes Obser vatory 
40-in. refractor plates. T y pical differences 
among the various catalogs are shown in 
table 3- 5. 

Of the four catalogs, that of Franz probably 
con tain the largest errors, as it was based 
largely on early Lick Obsen'atory plates of 
mediocre quality. That of aunde!' is generally 
considered to be more accurate, being based on 
Obsenatory of Paris and Yerkes Observatory 
plates of good quality. The Mills catalog is 
based on measmements made from 80 film s from 
the ob ervatory at Pic du Midi, and may be 
superior to the Saunder ct1talog, bu t it con tains 
far fewer points. The Arthur catalog may prove 
to be the most accurate of all , as it employs an 
improved determination of the position of the 
Moon's axis with respect to the surface features. 

Location of Surveyor I 

The Sur veyor I spacecraft landed at a posi
tion estimated from prelanding tracking data to 
be 2.49° S, 43_32° W. An early attempt to cor
relate briO'h t hills on the horizon, visible in the 

b 

Surveyor I panoramas, ,,'ith topographic fea-
tmes on ACIC chart LAC 75 was inconclusive, 
and led to a location situated well outside the 
2cr en ol' ellipse of the tracking data (ref . 3-9 
and 3- 10). Whitaker repeated the attempt, 
however, and obtained good correlation by 
Ll sin O' a low sunrise Earth-based photograph of 
the ~egion, secured a few months earlier with 
the University of Arizona 61 -in . ASA reflector. 
This yielded coordinates of 2.57° S, 43 .34° W, 
\\'ell \\'i thin the 20" ellipse (ref. 3- 11) 

The completion of a narrow-angle mosaic of 
Sur veyor I pictures of a part of the horizon 
con taining both the bright hills and the shadow 
of the spacecraft at sunset made it possible to 
determine the true selenographic azimuths of 
the hills without making reference to camera 
coordinate. Lunar Orbiter I medium-resolution 
ph otoO'raphs of the area (the high-resolution 
photographs were not usable) showe~ that the 
correlation between the hills, as vlewed by 
Sur veyor I and Lunar Orbiter I, was excellent. 
This n arrowed the area of search for the loca
tion of Surveyor I to an area 3 km by 1 k m 
(fig. 3- 10) . However , the task of correlating 
craters and other features visible in the Surveyor 
I panor amas with similar features in th~ L~ar 
Orbiter photographs proved difficult, pl'lmanly 
because of the inability to judge distances, and 
hence dimensions, from the Surveyor panoramas. 
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FI GURE 3-10.- Pa rt of Lunar Orbiter I photograp h M-2I0 showi ng t he expected ( 'e) and 
actual ('.) pos it ions of Su rveyor 1. The spacecraft is visible as a diffuse bright spot. 
A and B arc rock-strewn craters and C is a crater 1 0 meter. in dia meter. 



TELEVISION OBSE RVATIONS 35 

T AB LE 3-6 . S elenographic coordinates of 13 
craters used to determine the location of 
Surveyor I 

Mills Arlhur 
Crat er 

A, d e g p, d e g A, d e g p, d e g 

--·--------1----1-----------

Encke E _________ ________ __ _____ - 40. 11 + 0.36 
Mae tl in G _______ - 42.03 + 2. 01 _____ ,, __ __ ____ _ 
Sue s F _________________________ - 44.62 + 1. 17 
Siless FB _______ _ - 45. 57 +.23 ______________ _ 
F lamste('d ________ __ _____________ - 44. 2;~ - 4.46 
Flamst('cd F ____________________ - 41. 06 - 4. 71 
F lamstced FA _____ ______________ - 40. 75 - 3. 44 
F lamst('('d FB ____ ,,______ __ __ - 40.55 - 2. 32 
F lamstccd K _____ -43. 62 - 3. 09 - 43. 62 -3. 09 
Fbmstc('d D ____ ___ _____________ - 44. R2 - 3. 16 
F lamstccd E _____ - 45. 99 - 3. 6R - 45.99 - 3. 68 
F lamsteed C ____________________ - 46. 20 - 5. 49 
37003 _________________ __________ - 45. 04 - 1. 94 

Subsequently, refl ection data from the on
board radar doppler sensors of the Sur veyor I 
spacecr aft \\'ere made available (ref. 3-12) . Two 
distinct enh ancements in r eflectivity recorded 
by the radar doppler receiver 1 \\-ere interpreted 
by Whi taker as having been caused by the beam 
sweeping across two craters of anomalous ap
pearance (A and B , fig. 3-10), as they \\'ere of 
the correct orien tation and spacin g. 

Other \\'orking on thi problem as>3 um ed thaL 
the radar enh ancements were caused by the 
opposite \\'alls of a co mparati\'ely large (> 1 km) 
crater (ref. 3-12) . This gave a location that 
co uld not be reconciled wi th either the tracking 
data or the hills on the hori7.o n. 

Th e problem \\'as not fi nally soh ed un til the 
general area \\'as photographed in both medium 
and high resolu tion by Lun ar Orbi ter III. The 
location proposed by members of JPL and ACIC 
\\'as searched wi thout success. ThaL proposed by 
Whi taker also \\-as searched un successfully, 
although a brigh t, rocklike obj ect casting a long 
thin shado\\' was detected dose by . I t \\'as not 
possible to reconcile the Sur veyor and Lun ar 
Orbi ter data un til fur ther work by Whi taker 
et al. established the iden tification of the brigh t 
obj ect casting the long thin shado \\' as the Sur
veyor I spacecraf t. The ano malous craters A 
and B (fi g. 3-10) \\-ere fou nd to be stre\\-n with 

rock , undoubtedly the cause of the enhance
ments in radar reflectivity. 

A reexamination of the Lunar Orbiter I 
pho tographs howed that Surveyor I was visible 
as a brigh t spot on almost all frames that in
cluded the landed area; it can be seen in figure 
3- 10. An in vestigation similar to Whitaker's 
\\-as conducted by Spradley et al. (ref. 3- 13), 
who arrived at the same results . 

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

I t \\·ill be seen that two craters common to 
both catalogs have identical coordinates, giving 
some confidence in the accuracy of the meas
LU·es. A com parison between the coordinates 
given by Saunder (ref. 3-2) and those listed 
in the tabulation, where duplicated, shows a 
defini te systematic difference in both A and {3. 
The mean value are A (Arthur) - A (Saunder) = 
+ 0.01°; {3 (Ar thur) -{3 (Saunder) =0.01°. The 
coordin ates for poin t 37003 were corrected by 
these amoun ts to bring them in line with the 
others. 

A network of lines was next drawn, pre
domin an tly in the general directions east-west 
and nor th-south, by join ing the center of ap
propriate craters. By simple proportion, points 
\\'e1'e then marked on these line giving the 
in tersects of each full degree line of latitude or 
longitude as appropriate. B ecause the Llmar 
Orbi ter photograph was taken nearly vertically 
and becau e of the small size and equatorial 
location of the area photographed, it was ex
pected that the grid lines in the region of 
in terest would depar t less than 0. 01° from 
lineari ty. This was indeed found to be the case. 
Local divergences in linearity of some of the 
latitude lines were directly attributable to one 
crater (37003), whose location was less certain 
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than the other craters. These in tercep ts were 
therefore ignored when drawing the grid. The 
coordinates of Surveyor I were determined by 
simple in terpolation from the enclosing latitude
longitude lines. They are: 

43.22° W ±0.01° 
2.45° S±O.Ol° 

On the traditional Saunder-Franz ystem, these 
would be 43.23° W, 2.46° S. The probable 
errors were not deduced mathematicall y, but 
were based on the dep arture from linearity of 
the grid in ter ects. 

Location of Surveyor III 

The landed location of the Surveyor III 
spacecraft was pinpointed (ref. 3-14) on Lunar 
Orbi ter IV photograph H- 125, as " -ere the 
following eight measured points : },/Iills 308, 
Gambar t R , Fra Mauro B , Saunder 233 , 
Lansberg {3, Eu clides K , Arthur 3402511 , and 
Lansberg N. Adopting a imilar procedure to 
that u ed for Surveyor I , the follo"-ing coordi
nates " -ere determined for Surveyor III: 

23.34° W ± 0.01° 
2.97° ± 0.01° 

On. the Saunder-Franz system, these " -ould be 
23.34° W, 2.99° S. 

The Location o f Surve yor V 

The landing point of urveyor V \\"as situated 
some distance away from the nominal aiming 
point. The coordinates of the landed posi tion, 
obtained from the prelanding tracking data, 
" -ere 23.19° E , 1.50° N . This location, according 
to the ACIC charts, is si tuated at the western 
extremity of Lunar Orbiter V photograph 
H- 78, the only high-re olu tion frame of the 
entire Lunar Orbi ter series to include it. 

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

The be t postlanding tra.cking coordinate 
available at the time of writing \\-ere 23.20° 

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

Sabine B , 0, V, E, and Arago OA. The 
tracked location was then pinpointed on this 
frame and, by noting its position in relation to 
nearby topographic features, tran ferred to 
Lunar Orbiter V photograph M- 74, the best 
quality medium-resolution frame of the area. 
The probable error ellipse was added, al 0 the 
boundaries of Lunar Orbi ter V photograph H- 78 
(shown in fig. 3-11). All topographic details 
visible in the Surveyor V panoramas are too 
small to be visible in this photograph. This 
process revealed a systematic error amounting 
to 0.1° in longitude on the ACIC charts of the 
region (RLC 7 and 8). 

Location of Surveyor VI 

The landed location of Surveyor VI was 
pinpointed on Lunar Orbi ter IV frame H- 108, 
as were the following measured craters: P alla 
D , Flammarion A, R eaumur X , and Oppolzer 
A. The Surveyor VI landing si te fell close to 
the edge of Lunar Orbiter photograph H-108, 
,,-hich prevented the inclusion of control points 
on the west side ; it was therefore necessary to 
u e the overlapping frame H- 102 on the west. 
A number of fiducial points in the overlapping 
por tion was provided by pinpointing the craters 
Oppolzer A, Bruce, Mills 449 , Reaumur Y, 
Blagg, Reaumur D , and Seeliger A on frame 
H- 102 and constructing an accurate coordinate 
grid between the e points and a number of grid 
intersects pinpointed on H- 108, u ing the local 
topography for positioning. U ing these in ter
sects and the four crater already noted, it was 
po sible to construct an accurate grid enclo ing 
the Surveyor VI location. The coordinate were 
measured to be: 

1.40° W ± 0.01 ° 
0.53° ± 0.01° 

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

1 F. B. Winn private communication, 1968. 
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FIGURE 3-11.- P art of Lunar Orbiter Y photograph M-74 showing the estimated position 
of Surveyor \ ' a nd error elli pse obtained from postlan ding tracking data. The boundary 
of Lunar Orbiter \ ' photograph H- 78 is a lso indicated. 

37 
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Location of Svrveyor VII 

The methods used for ob taining the positions 
of Surveyors I , III , and VI cou ld not be used 
for deterrninin o- the location of Surveyor VII 
because: Tile selenographic grid is not seleno
detic; that is, it as u me the Moon is spherical. 
F or points elevated above the mean phere 
and situated ome distance from the center 
of the moon's disk , mea ured coordinates are 
greater than the tr ue coordinates; and because, 
at the latitude of T ycho, lati tude circles are 
uffi cently curved to cause fur ther difficul ties 

in attem pting to draw a grid. 
The follo\\'ing method was therefore adopted 

[or determining the location of Surveyor VII. 
A careful comp arison was made \\·i th re pect 
to th e local terrain between Lunar Orbiter V 
frame M- 12 and a photograph (123) taken 
wi th the 100-in . telescope at M oun t Wilso n, 
" 'hich enabled the tr ansference of the pin
poin ted Sur veyor VII location from the former 
to the latter. As this photograph " 'as used as 
a basi for sheet D7a in the Orthographic 
Atlas (ref. 3- 3), i t \\'as then possible to transfer 
the poin t accurately to this sheet. The coordi
nate of the poin t, as read directly from t.h e 
xi-eta grid, ,,-ere xi, - 0.1500, and eta, - 0. 6550. 

Next, i t \\'as necessary to check the accuracy 
of the grid in the general area. T he cen ters of 
13 features of kno\\'n position \\-ere marked, 
and their apparent positions read from th e 
grid . These readings \\'ere then compared wi th 
t he Saunder catalog positions (ref. 3- 2) and 
the mean systematic errors noted. These 
amounted to. - 0.00023 in xi, and +0.00007 
in eta. Thu , the corrected position \\-a 
- 0.1502 , - 0.6549 , or 1l.46° W, 40.91° S . 

If the Sur veyor location is no"- assu med to 
lie 1 km above the measured craters, then 
these figures redu ce to 1l.45° W , 40.88° S 
(Saunder-Franz sy tem). Allo" 'ing for the sy -
tematic difference bet\\'een thi system and 
that of Ar thur in this region, the final re ul t 
is : 11.47° W ± 0.02° longitude, 40.86° S± 0.03° 
latitude. 

Svmmary 

T able 3- 1 lists the deri ved selenographic 
coordinate for Sur veyors I , III , VI , and VII . 
As Surveyor V ha not been located on Lunar 
Orbi ter photograph , the coordin ate from 

tracking data r epresen t a best estimate of its 
location . The derived coordinates of the four 
located Surveyor are r epeated here: 

Surveyor I: 43.22° W ± 0.01 ° longitude ; 
2.45° ± 0.01 ° latitude 

Surveyor III: 23.34° W ± 0.01° longitude; 
2.97° ± 0.01° latitude 

Surveyor VI: l.40° W ± 0.01° longitude; 
0.53° N ± 0.01° latitude 

Surveyor VII: 1l.47° W ± 0.02° longitude; 
40.86° S± 0.03° latitude 

The prob able error r efer to the precision of 
the determination wi th respect to the Arthur 
and Mills triangulations, which how small sys
tematic differ ences from the traditional 
Saunder-Franz network. 

Orientation of the Spacecraft and Television 

Cameras 

J. J . R ENN I L SON AND R. M . B ATSON 

The pacecr aft attitude, referenced to a local 
selenographic system, can be determined from 
three independent kind of data telemetered 
from the spacecr aft: (1) gyro-error signals 
and train-gage deflections on the spacecr aft 
legs, (2) gimbal angles of the solar panel and 
pl anar array an tenna, and (3) star and planet 
igh ting wi th the television camer a (r ef. 3- 16) . 

In addi tion, the attitude of the camera and the 
spacecraf t can be evalu ated from observation 
of the horizon ; the ea t-\\-est component of the 
camera and spacecr aft attitude can be ac
curately determined from measurement of the 
po ition of the western horizon in camera co
ordinates and the time of un et. 

Gyro-Error Determination of Spacecraft Attitvde 

The gyro-error io-nals are ini tiated by the 
rotational changes from the pacecr aft iner tial 
coordinate system to the final landed attitude. 
The reference coordinate sy tern befor e the e 
changes occur is the "atti tude hold" orienta
tion of the spacecraft during descent. Thi 
reference is establi hed when the spacecraft i 
abou t 13 meters above the urface. At thi 
altit ude, the pacecraft's Z-axis m ay not 
coincide \\·i th the local ver tical ; hO\\'ever , the 
maximum misalinement is seldom larger than 
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1.45°. Once on the surface, the leg strain gages 
offer further corrections to this attitude de
termination. 

A ntenna/Solar Panel Positioner (A/SPP) Determination of 
Space craft A ttitude 

Another method of attitude determination of 
the Surveyor spacecraft is through the use of the 
olar panel and planar array gimbal positions. 

Measured Sun and Earth sightings of the A/SPP 
are transformed to agree ,,-ith the local eleno
graphic Sun and Earth vectors. The attitude 
of the spacecraft is obtained from the dif
feren ce bet\\'een the Sun and Earth vectors 
measured by the A/SPP and the true seleno
graphic Sun and Earth vectors. 

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

Television Camera Determination of Spacecraft Attitude 
From Star and Planetary Observations 

Star and planetary observations with the 
television camera ,,-ill yield an attitude matrix 
relating camera coordinates to elenographic 
coordinates. If the rotational matrix for camera 
coordinates to spacecraft coordinates is kno\\-n, 
the attitude of the spacecraft can be found. 

Errors illheren t in the television observation s 
of the sLars and planet are numerous. Some 
errors can be determined accurately and thus 

;;:l!)- .J 620- 6!J--.J 

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

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

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

Departure oj actual jocal length from nominal 
focal length. The calibrated focal length deter
mines the angular scale of the picture. The 
image coordinates are represented as angular 
dis placements in azimuth and elevation from 
the coordinates of the center reseau. 

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

Mirror-pointing inaccuracies. Preflight photo
grammetric tests of the Surveyor cameras 
provided estimates of the mirror-pointing 
inaccuracy of each Surveyor camera except 
that of urveyor 1. The errors of mirror pointing 
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were sufficiently small as to h ave a minor effect 
on the attitude determination and therefore 
were not considered. 

Once the stellar vectors are determined in 
camera coordinates, the camera coordin ate to 
spacecraft coordinate rotational matrix trans
forms these vector to pacecraft coordinate . 
From this point, the reduction fo11o\\'s the ame 
procedure as the A/SPP attitude determin a
tions. 

The rotational matrix of camer a coordinates 
to pacecraft coordinate is one of the largest 
un certain ties in determining the attitude of 
the spacecraft. Preflight calibration of t hi" 
matrix were performed only on urveyors V, 
VI, and VII. Stationary points on the spacecraf t 
\\'ere ob erved by the camera, and correction 
to the cameral pacecraft matrix \\'ere made 
af ter landing. 

Some variation in the standard deviation of 
the best-fit attitu de matrices have been 
attribu ted to ligh t changes in the attitude of 
the spacecraft on the lunar surface. Operation 
of the camera mirror and A/SPP stepping 
motors caused large oscillations to be imparted 
to the spacecraft. F lexibili ty of the leg of t he 
spacecraft, particularly in tho e cases wh en the 
shock absorbers of the legs were not locked , 
also caused movements of the spacecraft . 
Monitoring of the horizon by the Surveyor VII 
camera ho\\Oed variations in po ition of objects 
on the horizon up to 0.2° during the lunar day, 

Table 3- 7 lists the camera attitu de in seleno
graphic coordin ates for each succes ful mis ion . 
The attitude \\'as derived from observations of 
the stars and planeti'!. T able 3-8 list the 
combined spacecraft attitudes for each mission 
from the three sources of data, gyr o error, 
AI PP position, and t elevision eamera ob erva
t ions. The relationship of the angles of pace
craft geometry are sho\\'11 in the sketch , 

Spacecraft attitu des \\'ere verified by an inde
pendent method of com pu ting the position of 
the horizon in camera coordinate::; . If the horizon 
\\'ere a c.ircl e \\'ith the camer a in the center, it 
could be plotted on a cylindrical projection in 
camera coordin ates as a sinusoidal curve, the 
ampli. tude of \\'hich (above or belo\\" the 0° 
camer a elevation) is equal to t he magnitude of 
camera tilt , The camera coordinates of two or 

. more observed points on the horizon (differing 
ill azimuth by 15° to 165°) would be sufficient to 
de termine the camer a tilt and the azimu th of 
camera til t. The orientation of the camera 
parameters can also be determined in the ca e of 
a ramera displaced from the cen ter of the 
horizon circle, if the magnitude and direction 
of the displacement are known. 

Errors inherent in compu ting the attitude of 
the spacecr aft by horizon measurement are the 
same as those li ted for redu ction of stellar obser
vations. In addition, no horizon viewed by Sur
veyor was perfectly smooth, and departure of 
the ob er ved horizon from the theoretical hori
zon may also lead to error in attitude deter
mination. At most Sur veyor landing sites, ho\\O
ever , the observed horizon is sufficiently close 
to the theoretical horizon so that when large 
numbers of points on the horizon were used in 
several combinations, the standard deviations in 
computed camer a attitude were small . 

Most of the ob erved horizon points u ed in 
this kind of attitude compu tation are selected 
by subjective in terpretation , bu t the location of 
the theoretical horizon in places can be deter
mined more rigorously. For example, several 
distan t ridges of known height \\'ere visible alono
the northern horizon at the Surveyor I landing 
site . The ver tical angles between the theoretical 
horizon and the su mmits of these ridges, there
fore, could be compu ted as a function of the 
heigh t and distance of the ridges relative to the 
camer a. The accur acy of th is com pu tation i 
primarily a function of the accu racy wi th which 
the heigh ts of the ridges are known; in this case, 
it \\'a abou t ±0.1°. Several data poin ts were 
added to the determinations of horizon position 
for Surveyor I by this computation. 

A single point \\'a added to the data set for 
each Surveyor by computing the location of the 
theoretical \\'estern horizon as a fu nction of the 
time of sunset on the camera. B ecause of topo
gr aphic prominence \\'e t of the spacecraft, su n
set came earlier to most Surveyor than that 
predicted from ephemeris data. The angular 
heigh t of these prominences above the theo
re tical horizon could thu be computed as a 
function of the time d '.fferential between actual 
and predicted sunsets at each landing site. The 
selenodetic landing site locations and the actual 
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TABLE 3-7. Camera attitudes in selenographic coordinates 

Parame t e r 

Surveyor 1 ______ __ ___________ ______________________ _ 
Surveyor 111 _________________________ ________ ___ ___ _ 
Surveyor \" __________________________ _________ _____ _ 

Surveyor VI: 
Before hop __ _________________________ ___ _______ _ 
After hop ___ ________ _________________________ __ _ 

Surveyor "II during most of day ___________________ __ _ 

4>1, deg a 

-58.0 ±0. 7 
22 . 5± 0.9 
263. O± 0.7 

-19. 5±0. 2 
-32. 3±0.2 
196. 5± 0.5 

</>" deg h 

17.1±0.5 
22.4±0.7 
33. 5±0. 5 

15. 3±0. 2 
12. 2±0. 2 
14. O±O. 3 

41 

tP3, deg o 

56. 7± 0.7 
84. O±O. 9 
21. 6± 0.6 

49.5±0.2 
58. 3±0. 2 
51. 6± 0.5 

a ">1 = angle to the camera ti lt vector mea ured in the horizontal plane from lunar east, negative counterclockwise 
and positive clockwise. 

b <1>2= vertical angle of t he camera tilt vector measured from local vertical. 
c <1>3= horizon tal angle from the camera t il t vector to t he camera 0 ° az imuth position. 

TABLE 3-8. Spacecraft attitudes 

Spacecraf t Tilt magnitude, Tilt direction, Roll, 8, deg ' Remarks 
fl, deg a a., deg b 

Surveyor L __ _______ _ O. 4 233 89.5 No error analysis performed 
Surveyor IIL ___ ____ __ 12. 0 142. 8 44.2 No error analysis performed 
Surveyor \ -________ ___ 19.5 ±0. 8 262. 4± 0.8 24. 3± 2.0 Bef ore static firing 
Surveyor \" ________ ___ 19 . 7±1.5 260. 1± 1. 5 25 . 2±3. 0 After static firing 
Surveyor VL ____ _____ 1.9 ± O. 7 307.1±O.7 118. 6± l.O Before hop 
Surveyor VL _________ 4. O± 2.3 41. 5±2. 3 113. 6± 1. 8 After hop 

urveyor VIL ____ __ __ 3. 2±O. 4 279. O± 0. 4 339. 8± 0.6 

ZENITH 

EAST 

+y +x 

SOUT H 

SPACECRAFT 
COORDI NATE SYSTEM 

a a= azimuth of t il t direction measu red positive clockwise from + X axis. 
b f3= magnitude of ti lt measured positive clockwise from - Z axi . 
' 8= roll angle of + X axis from ea t measured positive clockwise in the spacecraft's x-y plane . 
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TABLE 3- 9. Camera attitudes.from horizon measurements 

Paramet er 

Surveyor I' _________________________________________ 
Surveyor 111 ________________________________________ 

Surveyor V (before ept. 24, 1967) ___ __ ________________ 

Surveyor V (Sept. 24, 1967) ___ ______________ __________ 

Surveyor VI before hop (before Nov. 17, 1967, 10 :32 
GMT) ______ __________________ __________ __ _______ 

Surveyor VI after hop (after Nov. 17, 1967, 10:32 GMT) __ 
Surveyor VII b (before Jan. 19, 196 )--- ----------------
Surveyor YII (J an. 19, 1968) __ ________________________ 

• An angula r misali nement of approximately 0.25° 
in the direction of camera ti lt apparently exi ted in t he 
optical t rain of the Surveyor I camera. 

b The horizon at the Surveyor VII landing s ite was 
too irregular to make accu rate measurements. There
fore, the attitude of the camera a listed in table 3- 7 

repeated here. The location of the true western 

sunset times for each Surveyor mIS lOll are 
kno\\'n accurately enough so that the location of 
the \\'estern horizon can be compu ted \\'i thin 
approximately ± 0.15°. 

T able 3- 9 sho\\'s the camera attit udes deter
mined from horizon measurements. Nl ost of the 
measurements agree within probable limi ts of 
error \\'i th t hose made by the AI PP and star 
and planet sightings (table 3- 7). The large dis
crepancy in the differ-en t solu tions for the Sur
veyor V orientation is in a north-south direction 
and cannot be resoh'ed by m:ing the su nset data. 

Topographic Mapping Methods 

R M. BAT. ON 

T opographic and planimetric maps have beell 
made from Surveyor television pictures by [our 
basic techniques: (1) fO Cll ranging; (2) stereo
scopic photogrammetry; (3) hadow measure
ment; and (4) photographic trigonometry. 

Focus ranging is a near-field (that is, within 
10 meters of the camera) mapping method 
based on the limi ted depth of field in pictures 
taken in the narrow-angle mode of the Surveyor 
lens. Pictures are taken at nine or more focu s 
-ettings at each camera elevfition po ition along 
It gIven fiz imuth. 'mull areas in best focus in 

</>" deg </>" deg </> .. deg 

- 63 ±3 16. 1±O.5 52 ±3 
227 ±2 23. 5±0. 2 83 ±2 
271 ±2 31.1±0.2 30 ±2 
271 ±2 33. O±O. 2 30 ±2 

-22 ±3 15. 4±0. 3 47 ±3 
-32 ±3 11.6 ± 0.3 59 ±3 
196. 5± 0.5 14. O±O. 3 51.6±0.5 
194. 2± 0.5 13. ±0. 3 49 . 3±0. 5 

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

each picture are located on a mosaic of focus
ranging pictures taken at specific fo cus settings . 
The camera azimuth and elevation of the center 
of the area of best focu for that fo cus set ting is 
determined by graphical measurement. The 
location of the point of best focus on the lunar 
surface is then computed from azimuth, eleva
tion, and calibrated focus distance. A point 10 
meters belo\\- the in tersection of the camera 
azimu th and elevation rotation axes is II ed a 
the origin of the coordinate system, and the 
x-y plane of the system is oriented parallel to 
the lunar level pl ane. Contour lines are drawn 
by interpolation between control points. Plani
metric feature , uch as craters and rock frag
ments, are plotted by reference to a grid system 
on the x-y plane consi ting of lines of equ al 
camera azimu th and line of equal camer a eleva
tion, as determined by focu r anging (figs . 3-12 
and 3- 13) . 

Topographic maps can be made by focus 
ranging only if a sufficient number of control 
point i avail able. One focu -ranging survey 
(i .e., a survey along one camer a azimu th) results 
in 50 to 180 pictures, tak en at 5 to 20 camera 
elevation settings an d 15 to 25 focu ettings. 
For each survey, 15 to 25 control point are 
computed. A minimum of 10 focus-ranging ur
veys is required to provide a sufficien t density 
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FIGUHE 3-12.-Urid on an x-V plane consisting of lines of equal camcra azimuth (radiating 
lines) and lines of equal camera elevation (curved lines). This grid was used to make 
preliminary planimetric maps of the Surveyor I landing s ite. 

43 

FIGURE 3-13.-Trace of lines of equal camera azimuth and lines of equal camera elevation 
on a natu ra l lunar su rface. Grids like this arc used to plot positions of planimetric 
features (blocks, craters, etc.) at Surveyor land ing s ites. This grid was made from 
fOClls-ranging data taken at the Surveyor V landing site. Deviation of lines from 
mathematical sy mmetry is caused by un even topography. 

l 
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of control points to map the near field at a 
Surveyor landing site. 

the features in the pictures can be computed by 
triangulation. 

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

Stereoplotting in truments provide a method 
of continuous analog triangulation. These in-
truments are used to re-create an optical, three

dimensional model of the surface to be mapped, 
which can be viewed and measured by the 
stereoplotter operator. This is done with an 
index mark in the form of a point of light or a 
black dot, which appears to float in the three-

FIGURE 3- 14.- 'urveyor photorestitutor. This instrument was originally designed to rectify 
mono copic Surveyor pictu res, bu t has been modifi ed for use as an a:naglyphic stereo
plotter. E ach projector is a geometri c analog of the television camera. Glass t rans
parencie , or "diapo itives," mad e from stereo copic pairs of p ictures are used at each 
camera position. The proj ectors and p roj ector mirrors are set in the sa me relative 
ori entations as the camera at the t im e each p icture was taken. One picture is p roj ected 
with red ligh t; the other is proj ected wit h blue light onto a whi te sc reen, or platen . 
The operato r wears spectacle with one red lens and one blue lens, enabling him to 
see the overlapping images as a ingle three-dimensional pictu re or model. As t he platen 
is moved vertically or horizontally , the point of light at its center appears to float in 
t he tereoscopic model. The horizontal po ition of the poin t of light is plotted on the 
map manuscript over which t he platen ca rriage, or tracing table, moves. The vert ical 
po ition of thc point of li ght can be read from a counter on the tracing table. 
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dimensional model and which can be moved 
horizontally and ver tically in measurable 
amounts by the operator. The mark is coupled 
by a mech anical linkage to a pen cil or stylus so 
that maps or profiles can b e tr aced directly 
from the stereosco pic m odels. 

Stereoscopic ma pping in trumen ts have been 
in li se for many years for terrestrial mapping, 
bu t none of them II'ere designed to meet the 
unique requirement imposed by tereo co pic 
pic tures taken by Su rveyor telel'ision cameras. 
Measurements Il"i th these picture mu t be made 
analy tically, one poin t at tL Lime, or I\·i th a 
stereoplotter Sl)ecially designed for li se \\·i th 
Surveyor television pictures (fig . 3- 14) . 

Shado \\' measurement is b asically a technique 
for making a profile along an east-\\'est line 
through the spacecraft. D ata from shado\\' 
mea urements do not h ave sufficient den i ty for 
conto ur mapping, bu t are I"alu able su pplements 
to other data from \\'hich the maps are compiled. 
The method u tilizes the kno\\'!l ize and orien ta
tion of s pacecr aft parts to com pu te the size of 
the shado ll's of these parts on the lun ar surface. 
From the size of the images of the 'hado\\'s in 
the television pictures, their di tance from the 
camera is computed. Camera azimu th, elen1-
tion , and distance to the shado \\' is then u. ed to 
compu te the loca tion of the shado \\' on the 1 unar 
surface, \\·ith respect to the camer a. The sh ado \\' 
of the television camera is used in the near field, 
because it is relat.ively sm all. The sh ado \\' of t he 
solar panel is used for distances bet\l"een 5 anu 
100 meters. This sh ado\\', \\"hich is a pproxi
mately 1 meter wide, is too large to make t1ny 
bu t gross topographic measllremen ts in the Ileal" 
field. It has been found to be an accurate (± 5 
percent) \\" ay to measure distt1nces as grea t ns 
100 meters from the camera . 

Small-scale maps of the far field of 'u n-eyor 
landing sites are made by correlati ng feat ures 
visible on high-resolll tion Lli nal' Orbi tel' pic
t ures wi th features recorded by t he Surveyor 
television pictmes. 
~T e refer to this techniq ue as photographic 

trigonometry, or "photo-trig ." The method is 
based on the locations of the Sun eyor space
craft on Lunar Orbi ter photograph . H eights of 
fea tures visible on Lunar Orbi ter ph otogra phs 
an d Surveyor pictures are compu ted as a fun c-

tion of the distance of the feature from the Sur
veyor camera and its angular elevation with 
r es pect to th e Surveyor camera and the lun ar 
level. The former is measured on the Lunar 
Orbi ter pho togr aph , the latter on Surveyor 
pi cture '. From the set of heights thu computed, 
co nto ur lines are plotted by interpolation. The 
accur acy of these contour lines is a function of 
distance from the spacecraft and den ity of con
trol points in the immediate vicinity of the con
tou r lines. 

It is difficul t to correlate features east or west 
of the spacecr aft. D uring the lunar morning, 
fea t ures east of the spacecraft are difficult to 
see, because pictures are taken directly into the 
' un , and glare obli ter ates much of the image 
area. As th e Sun rise higher in the sky, contrast 
drops and topographic feature become difficult 
to identify . In the lunar afternoon, features to 
the east of the spacecraft cannot be easily 
iden tified because the phase angle in this area i 
10 \\ ' . Surface de tail cannot be seen because the 
con trast generally is lOll' at 10\\' phase angles 
unless shado\\"s are observed. A complementary 
set of conditions applies to the area west of the 
spacecraft. 

La nding Site Maps 

R. M. BATSON 

A Lopographic map of the landing siLe of Sur
\'eyo1' I , the only Surveyor photographed by a 
L un ar Orbi ter spacecraft (fig. 3- 15 and ref. 
3- 13), is beillg made by the photographic
trigo nometry meth od. T he Air Force C hart and 
Informn,tion Center (ACrC) has com piled a 
map of t he site by stereophotogrammetric meth
ods (ref. 3- 17) fr om the L unar Orbiter photo
graph '. The ACI C m aps are being used in 
conjunetion \\'i th t he urveyor pictures and the 
LlIn ar Orbiter photographs to make accurate 
correlations and to pographic measurements of 
t he Sun'eyor r landing ite. 

Only four focu -r anging surveys were taken 
during the Surveyor I mission; consequently, 
feature near the Surveyor I spacecraft can be 
located only approximately by assuming a 
datum and plotting the location of the feature 
as a function of its vertical angle from the 
Surveyor camera and the height of the camera 
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FIGURE 3-I5.-Part of a Lunar Orbiter III fram e H- 183 . The arrow points to the Surveyor I 
spacecraft . 

above the datum. Figure 3-16 is a planimetric 
map made by this method. Focus-ranging data 
were not incorporated into this map because 
these data indicated that the surface wa level 
within the limits of error of the method. Figure 
3- 17 shows the profile com pu ted from focus
ranging mea urements made during the Ul'

veyor I mis ion. A hadow progression profile 
was also made along a line to the east of the 
spacecraft (fig. 3- 18). 

The photographic-trigonometry method wa 
first u ed to make a preliminary topographic 
map of the Surveyor III landing site (fig. 3- 19) . 
Whitaker (ref. 3- 14) located the spacecraft by 
resection on Lunar Orbi ter IV photograph H-

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

The landing site of Surveyor V was the first 
on which the focu -ranging method was used 
extensively for detailed mapping (fig. 3- 20) . 
Shadow measurements were also made; these 
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FIGURE 3-16.-Planimetri c sketch of the near field of the Surveyor I landing site. This 
sketch was based on the assumption that the landing site was a plane. Focus-ranging 
and shadow profi les were taken, but did not consist of a sufficient density of points for 
accurate mapping. 
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FIGURE 3-17.- Focus-ranging profiles taken during the Surveyor I mission . Horizontal-to

vertical scale ratio is 1: 1. 
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FIGURE 3- 18.- Profi les made from shadow progression surveys taken during the Surveyor I 
mission. Horizontal-to-vert ical cale ratio is 1: 1. (a) Profile made from the shadow 
of t he televi ion camera and sola r panel as it moved eastward from t he spacecraft 
during the midafternoon . (b) Profile made from the shadow of the solar panel as it 
moved eastward acros t he lunar surface during t he mid and late afternoon . 
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FIGURE 3-19.- Contour map of the Surveyor III landing site. Contour lines were drawn 
by interpolation between control points computed by the photographic trigonometry 
method. Probable vertical accuracy is ± 0.5 meter. 
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measurements agreed with the focus-ranging 
measurements and were incorporated into the 
map as control points. 

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

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

All four mapping methods are being used to 
map the Surveyor VI landing site. A thorough 
correlation of features on Lunar Orbiter photo
graph H- 121, framelets 264 through 272, has 
been made with the Surveyor VI pictures. Many 
features are as far away as 800 meters from the 
Surveyor VI camera. At this distance, an 
angular measurement error of ± 0.2° results in 
an error in height measurement of ± 2.8 meters. 
For this reason and because of a relatively low 
density of control points, a 5-meter contour 
interval was used (fig. 3-21). 0 features , with 
the exception of the small crater designated 
"B-1," could be located and identified east of 
the spacecraft; therefore, no contour lines were 
drawn in this area. Areas obscured to the Sur
veyor camera have been removed from the 
superimposed Lunar Orbiter mosaic. Most of 
the features in the Lunar Orbiter photographs 
should be visible in Smveyor pictures, but they 
may not be identifiable because of Surveyor's 
foreshortened view of the surface. The defiladed 
areas probably are much more extensive than 
shown on this illustration. Figure 3- 22 is a 
diagrammatic representation of the location of 
these features in the Surveyor panorama. 

The hop of Surveyor VI displaced the space
craft 2.54 meters horizontally,2 -0.12 meter 
vertically: and rotated it counterclockwise 
4.25±0.25°. The displacement \\'as determined 

2 An independent measurement made by Christensen 
et al. was obta ined by a different met hod. (See eh. 4 
of this report ) 
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FIG URE 3- 23.-Surveyor VI relative ori entat ions. Fea
t ures shown wit h screened li nes \\'(' re located by 
focu~-ranging ~urve~-s taken before the hop, and 
features s hown wit h soli d li nes were located by 
focus-ranging surveys taken a ft(' r t he hop. The 
average height of featur('s, measured by focus ranging 
before and a fter t he hop, indicates t hat t he second 
camera position is 12 em higher t han t he fi rst . 
Horizontal displaeemrnt was 2 .54 meters. i\ [ ea~ure

lJ1t'nts of azimuths of features nca r the hor izon (too 
far from the spacecraft to be a ffected b." parallax) 
ind icate that t he spacecraft rotated counterclockwise 
4.25° during the hop. 

by focus ranging. Because of t he change in 
illumin ation angles, both before and after the 
hop, not all features co uld be identified on 
panoramas of pictures taken before and after 
the hop. A significant number could be located, 
however, and planimetric maps were made 
from prehop and po tho]) focus-ranging sur
veys. The rotation of the spacecraft during the 
hop was measured by comparing azimu th 
angle to hor izon features on the assump tion 
that these wo uld not be affected by the parallax 
between the two camera positions. F ocus
ranging planimetric maps of the landing site 
before and after the hops II-ere superimposed, 
wi th a 4.25° rotation , and manipulated laterally 
until a best fi t of features was obtained . The 

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

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

Th e Surveyor VII landing site is being 
mapped by co mbinations of all four mapping 
methods. Figure 3-25 is the map made by focus 
ranging. The only stereo copic effect in the 

urveyor VII pictures was produced over a 
small area about 0.25 m2

, through the use of a 
mirror mounted on the spacecraft mast. 

A contour map of a small rock fragment 
(fig. 3- 26) was made by stereoscopic measure
ments of pictures taken directly and through 
the mirror . This fragment was placed in the 
area covered by the tereomirror by the surface 
sam pler. Figure 3- 27 is a stereogram of the 
rock showing the mea ured control points used 
for com pilation of the contour lines. The map 
was made en tireJy by the analytical method, 
one point at a time, through use of a computer 
program developed at the J et Propulsion 
Laboratory . The entire area of stereoscopic 
coverage on the Surveyor VII landing site is 
being mapped by the same method and thro ugh 
use of the same computer program. A small
scale map of the Surveyor VII site is also being 
co mpiled by photographic trigonometry . 



, , 

..... , 

~o, 

, 

\, 
.~ .: . l; ,; r( "" ~ .. i . 

,-r-XJ . 

v-, .) 

Cl 

a /" 

IQI 

f)G 

o 

c 

.""'., 

\O.J~~ 

~O~\\ 
(d' '<. j .-P 

. ", 

(OJ 

l /' / C '" '\ -< 

) 

... 

, 

EXPLANAT ION 
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COARSE FRAGMENTS 

CRATER RIMS 

INDEFINITE CONTOUR LINE 

FEATURES APPEARING IN PICTURES TAKEN BEroRE 
AND AFTER THE SPACECRAFT WA S MOVED ARE 
PORTRAYED WITH SOUD BLACK LINES 
FEATURES THAT COULD ONLY BE IDENTIfiED 
ON ONE SET OF PICTURES ARE OILINEATEO BY 
UNES THAT HAVE BEEN SCREENEO THE 
LOCATIONS OF SPACECRAFT PARTS BEFORE THE 
HOP ARE ALSO PORTRAYED BY SCREENED 
SYMBOLS 

o 
AREA OBSCURED BY 

SP.o,CECRArT, POSITION I 

~ 
AREA OBSCURED By 

SPACECRAFT, POSITION 2 

'" " ,
SCALE I 50 

CONTOUR INTERVAL 10 em 

2011 

DATUM IS 10m BELOW CAM ERA M IRROR ELEVATION AXIS 

HORIZONTAL AND VERTICAL CONTROL 
BY FOCUS RANGING 

THIS MAP 1$ PRELIMINARY A FUTURE EDITION 
WILL INCORPORATE ADDITIONAL OR REFINED 
TOPOGRAPHIC AND GEOLOGIC INTERPRETATIONS 
AND HORIZONTAL AND VERTICAL CONTROLS 
OeTAINED BY FOCUS RANGI NG, SHADOW MEAS
UREMENTS AND STEREOSCOPIC PHOTOGRAM
METRIC MEASUREMENTS 

ALL INFOR MATION ON THIS MAP WA S PLOTTED 
FROM DATA CONTAINED IN PICTURES TAKE N BY 
THE SURVEYOR JlI CAMER A, RECEIVED AT THE 
JET PROPULSION LABORATORY OF THE CALI F
ORN IA INSTITUTE OF TECHNOLOGY 

MARCH 1968 
REVISED JUNE 1968 

N 

t 
FI GU HI<: 3- 24.-Con to ur ma p (by R aymond Jorda n) of t he near fi eld of the Surveyor VI 

lan ding site. The map was m ade from focus ... r anging surveys t aken both before and 
after t he hop . Features that could be iden ti fi ed on one set of pictures only (taken eit her 
before or after t he hop) are shown wit h sha ded lines, as a re t he locations of spacecraft 
par ts before t he hop. All other features are shown wi th solid lines. 
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FIGURE 3-25.-Contour map (by Raymond Jordan) of the near field of t he Surveyor VII 
landing site. The map was made from focus-ranging data. 
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DATUM IS 2 METERS BELOW MIRROR ELEVATION AXIS 
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SHADOW 
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VERTICAL SURFACE 
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FIGURE 3-26.-Contour map of a small rock fragment at the Surveyor VII landing site. 
The map was made by photogrammetric m easurement of stereoscopically observed 
control points in t he stereomirror area. 

FIGURE 3-27.-Stereogram of the fragment mapped in figure 3- 26. The numbered points 
were used to control the contour lines of figure 3-26. 
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Geology 

Regional Setting 

E. C. M ORRI S 

The first four successful Surveyor spacecraft 
landed on broad mare plains. Surveyor I landed 
on a gently undulating mare surface partly en
closed by the rim of a large, nearly buried 
crater about 100 km in diameter (fig . 3-28) in 

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

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

FIGURE 3- 28.-Lunar Orbiter IY photograph H- 143 of the Surveyor I landing site. Hills 
north of the landing site, which are part of the rim of the buried crater 100 km in 
diameter, can be seen in Surveyor panoramas. 
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FIGU RE 3- 29.- mall part of Lunar Orbi ter III pho tograph H- 154 showing location of 
Surveyor III in a 200-meter-diameter crater. The mall triangle represents the true 
size and ori entation of the spacecraft. 



- - - - - - - - - - - ------- - - -- -

TELEVISION OBSERVATIONS 59 

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

Surveyor V landed in the southwestern part 

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

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

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

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

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

FIGURE iHlO.-Continued. (b) Same region as figure 3-30(a) with fuJI-Moon illumination 
~howing relationship between Surveyor III location (small circle) and Copernicus rays. 
(Photograph taken with a 40-in. refractor, Yerkes Observatory.) 



FIGURE 3-31.-Earth-ba ('d, tplt·scop ic photograph of i\ Iare Tranquill itatis and the high
lands to th(' w('~t . Prominent northwest-trending ridge and valleys in the highland 
are part of Imbrian sculptuJ'c. (Photograph takcn through 36- in. rcfractor telescope 
at Lick Observatory.) 

FIG HE 3-32.-Earth-based, telescopic photograph of the central rcgion of the Moon. The 
white circle indicates the location of Surveyor \'I. (Photograph taken through the 
lOO-in. telescope at Mount Wilson Observatory.) 
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FIGURE 3-33.-Lunar Orbiter II photograph M-113 of Sinus Medii. The Surveyor VI 
landing site is indicated by t he white circle. A mare ridge, which passes just south of 
the Su rveyor \"1 landing site, can be een extend in g across t he c('ntpr of t he p icturp. 

FIG U RE 3-34.-Lunar Orbiter \" p hotograp h M-127 of t he crater T.l'cho and its nort hprn 
fl an k. The arrow points to t he Surveyor 'I'll landing ite. 
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first such feature to be studied from a landed 
spacecraft. 

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

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

Craters 

E. C. MORRIS AND E. M. SHOEMAKER 

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

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

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

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

The size-frequency distribution of small 
craters, a few centimeters to several meters 
in diameter , was determined from the Surveyor 
pictures for each of the Surveyor landing sites. 
Pictures taken during low Sun illumination 
were used for identification of the craters 
because small craters are most easily identified 
and measured under this condition of illumina
tion. Craters smaller than a few centimeters, 
however, are difficult to recognize at low Sun
elevation angles because the shadows cast by 
fragments and protuberances tend to hide them. 
Another factor that tends to lower the observed 
number of very small craters is the difficulty of 
recognizing small craters in an oblique view of 
the lunar surface, such as afforded by the 
Surveyor pictures. The scale and the ground 
resolution of the pictures change from the fore
ground to the background making it difficult 
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FIGURE 3-3.5.- Wide-angle picture of the northwest wall of the Surveyor \ ' crater. Chain 
of small rimlcss craters 20 to 40 cm in diameter extends from t he center to the bottom 
of t he picture (Sept. 23,1967,11 :26:28 G11T). 



(a) 

(b ) 
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FIGURE 3-36.-Secondary-impact craters. (a) Irregularly shaped crater at the Surveyor I 
s ite formed by low-velocit~r impact of relatively soft clo ts of material derived from a 
small primary-impact crater nearby (June 10, 1966, 15:30: 1 GMT ). (b) Secondary 
impact crater in moist sand, form ed by a clot of weakly cohesive silty clay, ejected 
from a missile impact crater at White Sands M issile Range, New Mexico . (H. J. Moore, 
personal communication ; photograph by courtesy of U .S. Army.) 

65 
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FIGURE 3-37.- econdary-impact crater, about 3 meters in diameter ncar Surveyor \"II, 
wa form ed by a large block of fa irly strong rock ejected from a nearby large primary 
crater. The blocky material in the crater and t rewn to the left of t he crater was probably 
formed by the breakup of the large block on impact. Fragmen ts in the crater range up 
to 60 em across (Catalog 7-SE--22). 

to recognize mall crater of a Size that are 
easily seen in the near field. 

The size-frequency distribution of craters 
2 cm to 4 meters in diameter is shown in 
figure 3- 38 for each of the Surveyor landino
sites and is compared with a generalized 
R anger VII, VIII, and IX curve (ref. 3- 19) for 

I 

craters on the mare plains extrapolated to 
small sizes. At all landing ite , except urveyor 
V, the distribution of the small crater lies 
close to the extrapolated Ranger VII, VIII, 
and IX curve. The low frequency of small 
craters observed at the Surveyor V site may be 
because of the incompleteness of the observa
tional data. The Surveyor V camera wa in
clined toward the floor and far wall of the 
crater in wh ich the spacecraft landed ; conse
quently, more than 80 percent of the field of 
view below the horizon was occupied by part 
of the lunar surface that were not more than 
6 meter from the camera. The low oblique 
view of the lunar urface out ide of the Surveyor 
V crater and unfavorable illumination of the 

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

If most crater ob erved on the Moon are of 
impact origin, the ize-frequen cy distribu tion 
of craters a few meters in diameter and malleI' 
should correspond to that expected for a steady
state population of craters produced by pro
longed repetitive bombardment by meteoroid 
and by fragments of the Moon it elf (ref. 
3-20) . The general distribu tion for small 
craters on the lunar plains, determined by 
Trask from Ranger VII, VIII, and IX pictures, 
is considered to be 'the steady-state distribution 
for level surface (ref. 3- 19) . This di tribution 
is a imple fun ction of the form F=CPc~, where 
F is the cumulative number of craters with a 
diameter equal to and larger than c, and c is 
the diameter of the craters. The exponen t !l 

for craters from 1 meter to several hundred 
meter in diameter was found to be -2, a 
value predicted by the steady-state model 
(ref. 3- 21), and the constant CP was found by 
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FIGURJ,; 3-38.- Size-frequency di~tribution of small 
craters on thc lunar surface at Surv~.\"or I, III, V, VI, 
and VII landing s i te~ comparcd with the size
frequency di~triblltion of cratC'r~ on thC' lunar planes 
determined from Ranger VII, VIII, and IX pictures 
and extrapolated to small s izC'~. 

Trask to be 10IO.9/m-2 106 km2. The size dis
tributions of craters a few centimeters to 
several meters in diameter, determined from 
Surveyor pictures, appear to fit this function 
closely; they show that the function may be 
extended from craters of 1 meter in diameter , 
observed by Rangers VII and IX, to craters 
smaller than 10 cm in diameter. 

The upper limiting crater diameter for the 
steady- tate distribution of craters observed on 
a given surface is a function of the number of 
large craters on the surface and, by inference, a 
function of the age of the surface. Above a 
certain crater diameter, the ize-freq uency dis
tribu tions of the craters at the Surveyor landing 
si tes are no longer adequately repre ented by 
F=if>c~, where if> and J.L have the steady-state 
values but can be represented by other func
tions, F= xC" where "A<J.L' The intersection of 
F= xc~ with F= if>c~ is the upper limiting crater 
diameter for the steady-state distribution , here 

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

TABLE 3- 10. Constants and exponents oj junc
tions oj the jorm F = xc~ , c. ~ c ~ 1 !em, fitted to 
the size-frequency distributions oj craters ob
served from Lunar Orbiter or Ranger photo
graphs oj the Surveyor I, V, VI, and V I I 
landing sites 

Landing site 
m-). a 

x, lOG km2 
e'l m b 

____________ . _____ - ------------1------

Sur veyor L __ __ ____ - - -
Surveyor V C __ _ ___ ___ _ 

Surveyor VI __ _______ _ 

Surveyor VII (pat-
terned flow) ____ ___ _ 

10'2.92 
10'2.20 

10'3.08 

lOll .28 

-3.15 
- 2.58 
-3. 10 

-2. 93 

10' .75 

102 .27 

102 •00 

100 ... 

where F is the cumulative number of craters with 
diameter equal to, or larger than, c per 106 km2, and cis 
the diameter of craters in meters. 

b c,-- (<I>X)' /(~-~ ) <I>= 1010 .9 /m~ 106 km2 1-'=-2 

C Function fitted to size-frequency distribution of 
craters observed from Ranger VIII photograpbs by 
N. H. Trask (ref. 3-19) . 

FUllctions F = xc~ and the values of Cs are 
sho \\'n in table 3-10 for the Surveyor I, V, VI, 
and VII landing sites. The function ' and values 
of Cs listed for Surveyor I, VI, and VII are 
based on crater distributions, shown in figures 
3-39 to 3-41, measured from Lunar Orbiter 
photographs; t he function listed for the Sur
veyor V ' ite is based on the crater distribution 
measured by Trask from Ranger VIII pictures 

l 
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of Mare Tranq uillitatis. The crater distribu
tion at the Surveyor III landing site, although 
no t listed, is similar to that at Surveyor I. 
On the basi of the observed distributions, the 
seq uenee of ages of the urfaces at the landing 
'ites listed from the oldest to the youngest i 
(1) Surveyor V, c.= 1 6 meters; (2) Surveyor 
VI, c,= 100 meter; (3) Surveyor I, cs=56 
meters; and (4) Surveyor VII, c.= 2.7 meters. 
In terms of eratering history, the surface on 
\\'hich Surveyor VII landed on the rim of 
Tycho is much younger than the surfaces at 
any of the mare landing sites. 
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of Surveyor VI, determined from Surveyor VI 
pictures and photographs from Lunar Orbiter II, 
III, and IV. 

Fragmental Debris 

E. C. MORRIS AND E. M. SHOEMAKER 

The urface on which the five successful 
urveyor spacecraft landed consists of a 

fragmental debris layer, or regolith, composed 
of poorly sorted or well-graded fragments that 
range in size from large blocks to fine particles 
too small to be resolved by the Surveyor 
camera « 0.5 mm). The number of resolvable 
particles per unit area varies from site to site ; 
3 to 18 percent of the surface was found to be 
occupied by fragments larger than 1 milli-
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of small craters on the lunar surface in the vicinity 
of Surveyor VII, determined from Surveyor VII 
pictures and Lunar Orbiter V photograph H- 128. 

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

1any of the larger fragments observed at 
each landing site are partly, or entirely, sur
rounded by a fillet or embankment of fine
grained material (fig. 3-42). In general, the 
be t developed fillets occur around the largest 
blocks. These fillets probably are formed by the 
ballistic trapping of small particles sprayed 
out from nearby parts of the lunar surface by 
multiple small-impact events. An unusually 
large and well-developed fillet occurs around 
block G at the Surveyor VII landing site on a 

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

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

Because of the relatively large size and num
ber of blocks in strewn fields of blocks at the 

11'veyor III landing site, it ha been possible 
to conduct a preliminary ' tatistical investiga
tion of the roundness and degree of burial of 
these blocks and the relationship of roundness 
and burial to the characteristics of the principal 
crater associated with each trewn field. 

FIGURE 3-42.--Part of a narrow-angle Surveyor III 
picture, showing an angular block close to the space
craft and fine-grained material banked against the 
side of the block facing the camera. The block is 7 cm 
across. Notice small particles 1 to 5 mm in diameter 
that can be resolved in the fine-grained debris 
(Apr. 28, 1967, 14:30:51 GMT). 
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FIGURE 3-43 .-Mosaic of narrow-angle urveyor \,II pictures of an area 350 meters north
east of the pacecraft showing a large block about 5 meters across (block G) and about 
2 meters high. The fillet surrounding the block i abou t 20 meters in diameter and about 
1 meter high at the contact with the block (J an. 10, 19611,06:54:33 and 06:58:12 GMT; 
J an . 11, 1968, 12:55:16 GMT). 

FIGUHE 3-44.-Angular block, up to :2 meters in diameter, which form part of a strewn 
fi eld of blocks that surround a sharp-rim crater 13 meters in diameter, near Surveyor 
III (Apr. 21, 1967,05:59:43 GMT; computer processed). 
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FIGURE 3-45.-Part of a Wide-angle urveyor III pic
ture, showing rounded fragment 20 cm across lying 
on top of the lunar surface (Apr. 26, 1967, 09 :07 :06 
GMT) . 

The coarsest blocks scattered about the 
surface of the Surveyor III site occur primarily 
in two distinct strewn fields. One field (area B, 
fig. 3-46) is associated with a sharp, raised-rim 
crater about 13 meters a.cross on the northeast 
rim of the main crater in which Surveyor III 
landed; the other field (area A, fig. 3-47) is 
associated with two adjacent subdued craters 
high on the southwest wall of the main crater. 

FIGURE 3-46.-Mosaic of narrow-angle Surveyor III 
picture~, showing a crater 13 meters across and 
associated strewn field of blocks on the northeast 
wall of the main crater, in which the spacecraft is 
located. The outline shows the boundary of area B, 
in which roundness factor and burial factor of blocks 
were meas ured (Catalog 88-SI). 

FIGURE 3-47 .-Mosaic of narrow-angle Surveyor III pictures, showing part of southwest wall 
of main crater and strewn field of blocks. Outline shows boundary of area A, in which 
roundness factor and burial factor of blocks were measured. Two ubdued rim crate,s 
with which the blocks arc associated are present, but difficult to discern in these picture 
because of high Sun illumination (Catalog 87-SI ) . 

;;;';!J-4(j2 O---'6()-~G 
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Most of the blocks in the strewn field associated 
with the crater to the northeast of the Surveyor 
III spacecraft (area B , fig. 3-46) are clearly 
related to the crater because there is a rapid 
increase in spatial den ity of blocks toward the 
crater. The crater is also occupied by blocks. 
The blocks out ide are inferred to have been 
ejected from this crater and to have been 
derived from material that underlies the surface 
at depths of only 2 or 3 meter. The observed 
blocks are strikingly angular and range from a 
few centimeters (the limit of resolution at thi 
di tance from the camera) to more than 2 
meter across. Block as ociated with the two 
subdued craters to the southwest (area A, 
fig. 3- 47) show a imilar range in size but are 
more rounded. The larger of these two craters 
is about 15 meters in diameter; it is inferred 
that most of the blocks were ejected from the 
larger crater. 

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

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

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

F1GURE 3-48.-Mosaic of two narrow-a ngle Surveyor III pictures, showing block about 0.5 
meter across close to the spacecraft and position and size of circles u ed in measuring 
roundness factor. The largest circle encompa es t he entire block. Smaller circles a re 
titted to corners and rounded parts of t he outline of block that occult the distant lunar 
scene. The geometric mean of the radii of the mall circles divided by the radius of the 
large circle is defined as the roundness factor (Apr. 30, 1967, 14:54:23 and 14:52:22 
GMT ) . 
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FIGURE 3-49.-Histograms showing frequency distribu
tion of roundness factors for 25 blocks in area A 
and 25 blocks in area B. Blocks in area A, associated 
with subdued rim craters, are significantly more 
rounded than blocks in area B, associated with a 
sharp-rim crater. 

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

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

lunar scene intersects the surface, and the 
tangent to the outline of the block at this 
poin t was measured on each side of each block 
(fig. 3-50). The sum of these two angles for 
each block, divided by 271" radians, i here 
defined as the burial factor; values of this 
parameter can vary between 0 and 1. Rounded 
fragments whose tops just barely show above 
the surface have burial factors that approach 1, 
whereas rocks that sit on the surface and exhibit 
overhanging sides have burial factors that 
approach O. 

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

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

Although there is no significant linear correla
tion between roundness and burial for blocks in 
a given strewn field presumably of one age, 
there should be a correlation between the 
roundness and degree of burial for fragments 
generally mixed together in the debris layer, or 
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FIGURE 3-50.-Mosaic of two narrow-angle f:;urveyor III pictures, showing block about 0.5 
meter across cia e to spacecraft and angles measured to determine burial factor. Angles 
are measured between lines parallel with the horizon and the tangents to the outline of 
the block, where the outline of the block again t the more distant lunar cene meets the 
surface. The sum of the two angles divided by 2 ... radians is defined as the burial factor 
(Apr. 30,1967,14:54:23 and 14:52:22 GMT). 
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FIGURE 3-51.-Histograms showing frequency distribu
tion of burial factors for 25 blocks in area A and 
25 blocks in area B. Blocks in area A, associated 
with subdued rim crater, are significantly more 
deeply buried in the surface than the blocks in area B, 
as ociated with a sharp-rim crater. 

FIGURE 3-52.-Scatter diagram of roundness factor 
versus burial factor for 50 block in areas A and B. 
The roundness factor and burial factor have no 
significant linear correlations; relatively few blocks, 
however, exhibit both high roundness and low 
burial. 
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FIGURE 3-53.-Part of narrow-angle Surveyor III picture, showing blocky fragments on 
north wall of crater in which the spacecraft is located. Some of the largest blocks shown 
a re tabular in sha pe and appear to be laminated (Apr. 30, 1967, 14: 52:35 GMT) . 

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

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

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

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

The fragments exhibit a wide variety of sur
face textures and structures, but tho e at the 
Surveyor VII landing site exhibit a far greater 
variety than the fragments observed on any 
single mare site. Some fragments are plain, but 
others are spotted. Some fragment appear to 
be mas ive, bu t others exhibit well-developed 
linear stru ctures on their surface , which prob
ably correspond to in ternal planar or linear 
structures. Most fragments appear to be rela
tively den e, but some are clearly vesicular. 
Most of the fragments probably are pieces of 
coherent rock , and the variety of observable 
characteristics suggests a variety of lithology. 

Nearly all bright, rounded fragments on the 
lunar surface have a knobby, pitted surface 
texture (fig. 3- 54) . The pitted texture is not 
pre ent on highly angular, faceted blocks; it is 
inferred to be produced by some of the processes 
that produce the rounding. The pits probably 
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FIG URE 3-54.-Broken block 30 to 40 cm acros about 
2;1 meter from urveyor "n camera. Knobby, 
pitted surface texture is common on most rounded 
blocks on the lunar surface. Note t he large cracks 
on the block. Separation of the pieces of the block 
may be a result of thermal exp ansion and contraction 
or to seismic events (Jan. 15, 1968, 11:51:36 GMT) . 

are produced by the impact of mall particles. 
Light spots, which occur on a large number 

of fragments at the Surveyor VII site, are most 
ell, ily observed on relatively smooth, clean 
fracture surfaces (fig. 3- 55). In most ca es, the 
spots on a given fragment have irregular, diffuse 
margins and vary widely in size. In many cases, 
the light material forms slight bumps, or pro
trusions, from the surface of the fragments; 
the raised relief of the ligh t material suggests 
it is more re istant to processes of erosion 
occurring on the Moon's surface. A large, 
angular block near Surveyor I was also spotted, 
or mottled, and the light material formed 
marked bump or protrusions (fig. 3-56). The 
block at the Surveyor I site has a pronounced 
set of fractures that appear to intersect. These 
fractures resemble cleavage planes produced 
during plastic flow of rock under moderately 
high hock pre sure. The block lies in a swarm 
of similar smaller fragments that are strewn 
in the direction of the long axis block. It appears 
that the mUcin piece has broken, perhaps on 
impact with the surface, and that it has rela
tively low shear strength. Spotted, or mottled , 
rocks were also observed at the Surveyor V site. 

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

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

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

FIGU RE 3-55.- 'potted fragment about 1;Y2 meter 
from Surveyor VII camera. Bright spots have 
indistinct boundaries and vary from less than 1 mm 
to about 8 mm across (J an. 1.5, 1968, 11:.51:05 
GMT). 
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FIGUHE 3-57.-Spotted rock 25 cm across, about 2 
meter from Surveyor VII camera. The spots range 
from Ie s than 1 mm to 3 cm in size. Note the in
distinct boundaries and irregular shapes of most 
spots (J an. 11, 1968, 06:29:29 GMT; computer 
processed) . 

FIGURE 3-56.-~Iottled rock about 50 cm long ncar 
Surveyor I. Lighter areas, which range from a few 
millimeters up to 3 cm across, appear to stand out 
as knobs, perhaps as a result of differential erosion. 
Note inLersecting fractures and swarm of smaller 
fragments to t he left of the block (June 3, 1966, 
09 :33 :59 and 09 :33 :07 GMT). 

FIGURE 3-58.-Cumulative size-frequency distribu
t ion of bright spots on spotted rock shown in figure 
3-.')7. The dashed line represents the mean distribu
tion of the bright spots and is the plot of the function 
lY=2X103 D- 2.6, where N is t he cumulative number 
of spots and D is the diameter of spots in millimeters. 
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FIGURE 3-59.-Angular block about 18 cm across, about 27'2 meters from Surveyor VII 
camera. Block bas a conchoidal fracture urface and bright elongate spots that are 
roughly parallel and range from 1 to 2 mm wide and up to 10 mill long (Jan. 13, 196 , 
10:31:04 GMT). 

sugge ts a flow lineation or flo,," foliation fabric; 
their relatively high albedo sugge ts they may 
may be rich in feld par. This suggestion is 
consistent with chemical anaJy es of both the 
fine-grained matrLx of the regolith and an in
dividual rock at the Surveyor VII landing site. 
These analy es indicate the rocks at the 
Surveyor VII landing ite are rich in the ele
mental constituents of plagioclase feldspar. 

Mo t anO'ular fragments scattered over the 
lunar surface are con picuously brighter than 
the fine-grained matrix of the regolith at nearly 
all angle of olar illumination. A few angular 
fragments, on the other hand , are nearly as 
dark as the fine-grained material of the surface. 

These dark, angular fragment appear to be 
pieces of rock and not aggregate of fine
grained material ; one small, dark fragmen twas 
attracted to magnets on the surface ampler 
at the urveyor VII ite. It is po sible that 
most of the dark, angular fragment are rock 
rich in magneti te or other minerals of high 
magnetic susceptibility, or that they are min
eralogically different in other respects from 
most of the other rock fragments on the surface. 

Some fragments scattered about the Surveyor 
sites exhibit one or more sets of linear ridges 
and grooves on their urface. Many of the 
same fragments also hav,e nearly planar surfaces 
with rectangular outlines (fig. 3- 60). The low 
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FIGURE 3-60.-Angular block about 10 cm across, 
about 9 meters from Surveyor YII, with two sets 
of structures on the surface facin g the camera . 
One set consis t s of ridges parallel with t he top 
edge of t he block; the other set cons i ts of ridges 
an d grooves that inter ect the first set at an a ngle 
of about 70° (Jan. 11, 1968, 23:56:00 G~IT). 

FIGURE 3-62.-Vesicular fragment about 35 cm across, 
about 7 meters from Surveyor VII camera. Note t he 
light banding caused by subdued ridges and grooves 

t hat extend from t he upper right to t he lower left 
of the block . The lon g axes of the vesicles are oriented 
at a n angle of about 70° to the ba nding (J an . 15, 
1968, 12:15:11 GMT). 

FIGURE 3-61.-Angular block 10 cm across, about 
3Yz meters from Surveyor YII camera. Two sets 
of intersecting struct ures form a pattern on t he 
surface of the block . One set consi t of ridges 
paraliel with t he edge of one side of the block; t he 
other set con ists of short, deep grooves that intersect 
t he first set at an angle estimated to be about 45° 
(J an. 11, 1968, 10:11:26 GMT). 

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

Many fragments in the vicinity of the Sur
veyor VII spacecraft and some fragments near 
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FIGURE 3-63.-Vesicular rock approximately 50 cm 
long near Survcyor I. E longate vesicles (dark 
elliptical spots) range up to 8 mm long and have 
t heir major axes roughly parallel. 

FI GtJ ltE 3-64.- Ycs icular fragment about 10 cm across, 
about 2Y2 meters from Surveyor YII camera. Yes icles 
are 3 to 5 mm across and up to 10 mm long. I\Iost 
of the vc icles arc elongate with the long axe 
oriented approximately parallcl to onc another 
(J an . 18, 1968, 13:.')6:36 G:\1T). 

FIGURE 3-65.-Rounded, vesicular fragment 16 cm 
acro s, about 3 meter from Surveyor VII camera. 
The large vesicle near t he bottom is about 1 cm 
across . The small vesicles are up to 10 mm long, 
but are only a few millimeters across (J an. 11, 1968, 
23:50:47 GMT). 

FIGURE 3-66.-\"esicular block about 50 cm long and 
15 cm thick, about 4Y2 meters from Surveyor YII 
camera. Yesicles are up to 1 cm across and 2 cm 
long. Note smooth, undulating, slightly concavc 
surface on the bottom side of the block and the 
parallel band of clongate vesicles whose long axes 
intersect the cdge of the smooth surface at a large 
angle (J an. 11, 196 , 14:04:59 G IT). 
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Surveyors I and III have deep pits on their 
surfaces; these pits range from a fraction of a 
millimeter to a centimeter across. They are 
almost certainly vesicles produced by exsolution 
of a volatile phase at the time the material was 
molten. Examples of vesicular fragments are 
shown in figures 3-63 to 3-66. The vesicles on 
these fragmen ts are from 2 to 10 millimeters 
long, with their long axes oriented parallel or 
approximately parallel to one another. Paranel 
orientation of the vesicles is a common feature of 
the observed vesicular fragments. In some 
cases, the vesicles are extremely elongate, as 
shown in a fragment illustrated in figure 3-65. 
This fragment has fairly large, nearly equidi
mensional vesicles abou t a centimeter across 
and smaller vesicles as much as 1 cm long, but 
only 1 to 2 millimeters wide. 

One of the most interesting fragments ob
served at the Surveyor VII landing ite just 
sou th of the spacecraft seems to be a member of 

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

FIGURE 3-67.-Vesicular, shock-melted Coconino sandstone fragm ent ejected from Meteor 
Crater, Arizona. Elongate vesicles have formed along the relict slaty cleavage planes. 
N ate 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°. 
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Size-Frequency Distribution of Fragmental Debris 

E. M. SHOEMAKER AND E. C. MORRIS 

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

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

Larger rocky fragments on the lunar surface, 

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

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

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

TABLE 3-11. Constants and exponents oj functions 
of the form N=KD1', 1 millimeter:5:D:5:K- I

/1', 

fitted to observed size-jrequency distri butions of 
surface particles at the Surveyor landing sites 

Number of 
Landing Bite K, mm-y lI00 m 2 .. 1'" particles 

measured 

Surveyor L _____ 5. OX 10' -2.11 2192 
Surveyor III. ___ 3. 3 X 106 -2.56 106 

urveyor \" _____ 1. 2, X 106 - 2.6, 2 03 
Surveyor VI. ___ 1. 91 X 106 - 2.51 1766 
Surveyor VII. __ 7.9 X IO· -1. 82 2077 

Total ____ -------------- -------- 9906 

• N=KDy, 1 mm ~D ~K-I / y, where N is the cumu
lative number of particles with diameter equal to, or 
larger than, D per 100 m', and D is the diameter of 
particles in millimeters. 
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F I GURE 3-68.-Cumulative size-frequency distributions 
of surface part icles at the Surveyor landing sites. 
Solid lines are distributions observed in individual 
sample areas . Dashed lines are power functions fitted 
to the observed size-frequency distributions at each 
landing site: (a) Surveyor I, (b) Surveyor III, 
(c) Surveyor V, (d) Surveyor VI, a nd (e) Surveyor 
VII. 

mately linear relationship , between the log of 
the cumulative par ticle counts and the log of 
the particle size (fig. 3-68). The general trend 
of the particle counts at each landing ite, for 
all sample areas combined , hows a similar 
linear relationship . A power function , therefore, 
was fitted to the data from each landing ite to 
represent the general form of the particle-size 
distribution. A best fit was made by eye ; no 
attempt was made to fit the observations to a 
given fun ction by least-squares or other sta
ti tical methods, inasmuch as the data are 

2 4 8 1.6 3.2 6.4 12.5 25.6 51.2 2 4 

mm em m 

PARTICLE SIZE 

preliminary and do not warrant more sophisti
cated analy is. Final studies of particle sizes 
\\·ill be based on a much more comprehensive 
count of the particles observed at each site. 
Constants and the exponents of functions of 
the form N=KD-r, 1 mm~D~K-l /-r, where N 
is the cumulative number of particles with 
diameter equal to or larger than D per 100 m2

, 

and D is the diameter of particles in millimeters, 
fit ted by eye to the data at each landing site, 
are shown in table 3-11; the fu nctions are 
shown in figures 3-69 and 3-70 . 
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As sho\\,!1 in figure 3-69, there is considerable 
scatter of the data about the fitted functions. 
For the fun ction fitted to the first set of data 
acquired for the Suneyor I landing ite, 
K=3 X 105 and 1'=- 1.77 • The e value, pub
lished in references 3-9 and 3-22, were ba ed 
on a count of about 825 particles. A later fit 
gave K=5.0 X 105 and 1'=-2. 11, based on the 
particle count of 2192. The difference in the 
two fitted distribu tions illustrate the possible 
errors in estimation for the fitted fll nction . 
Thi difference is caused primarily by con
siderable variation of particle distribu tion from 
one sample area to another: Thus, there are 
fairly large statistical errors in the values of K 
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m I 

and I' at each landing site as ,,,ell a inve tigator 
bia . Precision of estimation is improved by 
increasing the number of particles counted. 
Wee timate that the probable error for the 
values of K at each landing site (table 3-11) 
is approximately ~2 and the probable error 
for the values of y is about ±O.2. 

If the e timate of precision are correct, it 
can be seen from table 3- 11 that although the 
precision of estimation is low, some real differ
ences exist in the size-frequency distribution of 
particle between orne of the landing sites" 
Fairly conspicuou differences in size distribu
tions among the different landing ites are 
apparent simply by visual inspection of the 
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FIGURE 3-68.-Concluded. (e) Surveyor YII. 

pictures. Particle-size distribu tions at the 
' urveyor III, V, and VI landing site are 
essential1y the same within the errors of 
estimation. The observed distributions at these 
three sites, hO\\'ever , are significantly different 
from the distributions obsened at the Surveyor 
I ite and at the Surveyor VII site. The distri
butions observed at the Surveyor I and Sur
veyor VII sites not only differ from those 
observed at the other localities but probably 
also differ from one another. The particle-size 
distribution at the Surveyor VII iLe, \\'hich is 
based on a large !lumber of fairly (:oarse par
ticles, probably is the most accurate of the 
observed distributions. Fragments 10 cm and 
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FIG URE 3-69.-Power function fitted to observed 
ize-frequeney distributions of surface particles at 

the Surveyor lan ding site . 

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

Although the ob erved particle counts are 
useful for co mparing one landing site with 
another, the primary interest in these data is 
their use in estimating particle-size dis trib u tion 
by volume of the lunar regolith. Partide counts 
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on the surface may be used to estimate the 
particle- ize distribution in the regolith, if it is 
a umed that the particle exposed at the sur
face are repre entative of the particles in the 
uhsurface. In this ca e, the Rosiwal principle 

(ref. 3-23) may be applied : the ratio of the 
area occu pied by the particles of a given size 
to the total area tudied is equal to the ratio 
of the volume of the particles of this size to the 
total volume. 

In a rigorou application of R osi\\"al anH,ly is 
to e timation of grain-size distribu tion , it 
must be taken into accoun t that the full size 
of most particles is not revealed along a given 
surface or cross section . The size of about half 
the particles on the I unar surface \\"ill be u nder
e timated, and a range of izes \\"ill be observed 
for grains that actually have the same mean 
diameter. Corrections required for this effect 
(refs. 3-24 and 3-25) are large if the actual 
range of particle size is small , but the correc
tion is mall if the actual range of grain size is 
very large. The corrections will be ignored in 
the analysis pre en ted here. 

We have tested in the laboratory the ap
plication of the R o iwal principle to urface 
particle coun ts of the type made from the 

urveyor pictures by comparing the counts 
of particles from pictures of the surface of a 
layer of fragmental debris \\l. th volumetric 
particle analysi of the same layer carried out 
by standard ieving methods. These tests 
show that if there is no vertical variation ill 
grain-size distribu tion ,yithin the layer or 
vertical variation in porosity, the surface 
particle counts can be used to estimate the 
,·olumetric par ticle-size-freq uency di tribu tioll 
\\·ith good precision . The a sumption that the 
particle-size di tribu tion of the lunar regoli th 
does not vary vertically has been challenged 
by cott and Roberson (ref. 3- 26). We believe 
that there are minor vertical variations in the 
grain-size distribution, which will cause mall 
error in the application of the Rosiwal prin
ciple, but that there are no major differences 
bet\\"een the particle on the surface and the 
particle in the subsurface. We shall return 
to this question in more detail at a later point. 

Of eq ual concern in the application of the 
Ro i\\"al principle to e timating the volumetric 

particle distribution of the lunar regolith is 
vertical variation in porosity. Resul ts ob
tained from studie of the mechanical properties 
of the lunar surface (refs. 3-27 to 3-30) suggest 
that the lunar regolith is more porou in the 
upper few millimeters than at greater depths. 
With such a vertical variation in porosity, 
coal' e fragments will tend to be more abundant 
at the urface in proportion to the fine-grained 
matrix than they are at depth. A qualitative 
as e ment of the impor tance of poro ity will 
be made by calculating volumetric particle
size distribu tion on the basis of different a -
sumed porosities. 

To apply the R o iwal principle, the cumula
tive areas occupied by the particles, as a func
tion of particle size, mu t be calculate d from 
the cumulative particle-frequency distribu tion. 
The cumulative number of particles per unit 
area at each landing site has been represented 
by the function 

differentiation of equation (1) gives 

dN - ='YKD-y-I 
dD 

(1) 

(2) 

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

(3) 

where a is the cross-sectional area of indi vidual 
fragmen ts. If A is the cumulati ve area of frag
ments of diameter equal to or larger than D, 
then 

(4) 

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

(5) 

In tegration of equation (5) between the limi ts 
of the maximum-size fragment, K-1h and D 
yields 
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(6) 

where a='Y7rK/4('Y+2) and p= 'Y7rK- 2/-y/4('Y+2). 
A choice must now be made of the reference 

area with which A is to be compared. This 
choice is a function of porosity. For 0 percent 
porosity, the reference area is eq ual to the 
unit area to which N is referred. In the case 
of the distributions given in table 3-11 and 
shown in figures 3-69 and 3-70, the reference 
area is 100 m2 or 108 mm2

. For values of po
rosity equal to P, only 100 ( l-P) percent of 
the surface can be occupied by particles . For 
50 percent porosity, for example, the reference 
area is 50 m2 or 0.5 X 108 mm2

• 

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

(7) 

where V is the percentage of cumulative vol
ume of particles with diameter equal to or 
larger than D, and AT is the reference area= 
108 (1-P) mm2

• Solu tions for the constants in 
equation (7), using the surface particle-size 
distributions shown in table 3- 11, are listed in 
table 3- 12; the volumetric particle- ize distri
b u tions are shown in figures 3-70, 3- 71, and 
3- 72. Two different values of porosity, 0 and 
50 percent, have been adopted for the distri
butions shown. Observations of the mechanical 
properties of the upper part of the lunar reg
olith suggest it has about 50 percent porosity 
near the surface (refs. 3-27 to 3- 30). The 
regolith, in mo t places, probably has a signifi
cantly lower porosity at depths greater than 5 
to 10 cm. 

It may be seen from figures 3-70, 3- 71, and 
3-72 that a relatively small fraction of the total 
volume of the lunar regoli th is composed of par
ticles coarse enough to be resolved by the Sur
veyor cameras. On the basis of the O-percent 
porosity model, between 3.7 and 18 percent of 
the regolith is composed of particles coarser 
than 1 millimeter; on the basis of the 50-percent 
porosity model, 7.3 to 36 percent of the regolith 

639- 462 0 - 69- 7 

TABLE 3-12. Constants and exponents oj volu
metric particle-size1requency distribution junc
tions oj the lunar regolith based on observed 
surjace particle-size distributions 

Landing aite a, mm--ya p, mm2 • '1+2' 

Surveyor L ____ 7. 53 X 1()6 3. 8eX 106 -0.11 
Surveyor IlL __ I. ls X 107 4. 3sX 1()5 -.56 
Surveyor V ___ _ 4.0 I X 1()6 1. 22 X 1()5 -.65 
Surveyor VI ___ 7. 3g X 106 3. 87 X 1()6 - . 51 
Surveyor VIL _ -6. 2s X 1()6 -2.1e X 107 +.1 8 

.. 

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

{
IDS mm2, for 0 percent porosity model. 

= 0.5 X IDS mm2, for 50 percent porosity model. 

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

It is of interest to inquire whether the ob
served distribution of resolvable particles can 
be used to infer or predict the particle-size dis
tribution of the unresolved matrix. The func
tions given in table 3-12 have been extrapolated 
to 1 micron or to 100 percent volume in figures 
3-70 through 3-72. As shown in these figures, 
the e extrapolations lead to two quite different 
results, depending on the va:lues of 'Y observed 
for the distributions of resolvable surface par
ticles. At the Surveyor III, V, and VI landing 
sites, the cumulative volume goes to 100 per
cent in the particle-size range between 5 and 
100 microns. At these sites, 'Y varies between 
-2.51 and -2.65 , At the Surveyor I site, how
ever, where 'Y = 2.11' the cumulative volume 
does not reach 100 percent unless the size-dis
tribution function is extrapolated to particle 
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FIGURE 3-70.-Volumetric particle-size-frequency 
distributions of the lunar regolith for 0 percent 
porosity, based on power function fitted to observed 
size-frequency di tributions of surface particles. 
Dashed lines represent extrapolations below observed 
particle size of functions listed in table 3-11. 

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

For the three observed particle distributions 
that give plausible results when extrapolated 
into the submillimeter particle-size range (Sur
veyors III , V, and VI) , the bulk of the volume 
consists of particles less than a few hundred 
microns in diameter (table 3-13). The median 
particle diameter ranges from 23 to 75 micron ' 
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FIGURE 3-7 I.-Volumetric particle-size-frequency 
distributions of the lunar regolith fo r 50 percent 
porosity, based on power functions fitted to observed 
ize-frequency distributions of surface particles. 

Dashed lines represent extrapolation below observed 
particle size of functions listed in table 3- 12. 

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

It should not be surprising that the observed 
particle-size distribution of the resolvable 
fragments cannot be extrapolated without 
corrections to very small particle sizes. As 
shown in fig. 3-69, the large bulk of the lunar 
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FIG UHE 3- 72.-\ ·0Iumetric particle-size-frequency 
distributions of the lunar regoli th for 0 percent 
porosity. Distributions a re the a me as shown in 
figure 3-71; however, V= percentage of cumulative 
volume is s hown with a ri t hmetic instead of loga
rithmic scale in order to illustrate the forms of the 
distribut ions. Below D 1 mm, the distributions a re 
extrapolations of the functions li ted in table 3- 12 . 

regolith at aU of the Surveyor landing sites 
consists of submillimeter particles; only a very 
small part of the distribu tion of particles, in 
terms of percent volume, is in the size range of 
resolvable particles. Small errors in the esti
mated values of ')' for the observed parts of 
the particle-size distributions have a strong 
effect on the results obtained from extrapolation 
of the observed distributions to small particle 
sizes. By selecting revised values of ,)" however, 
new power functions can be found for the 
surface particle distributions which correspond 
to volumetric particle distributions that go to 
100 percent volume for any arbitrarily defined 
lower limiting particle size. 

Several lines of evidence suggest that a 
significant fraction of the particles in the lunar 
regolith is near 1 micron in diameter, but that 
only a relatively small fraction of the particles 
is much finer than 1 micron. The general 
polarimetric and photometric properties of the 
lunar surface can be simulated closely in the 
laboratory with certain irradiated rock pow
ders, if all of the powdered material is ground 
so as to pass a 20-micron sieve (ref. 3-31). 
The low degree of polarization of light scattered 
from the lunar surface indicates that many 
par ticles have diameters not much above the 
limi ts set by diffraction; that is, about 1 micron 
(ref. 3-32). Size analyses of fragmental material 
produced by impact and explosive cratering 
show that particles as small as 1 micron are 

TABLE 3- 13. Volumetric particle-size-jrequency distribution oj lunar regolith by quartiles, based on 
junctions listed in table 3- 12 extrapolated to 100 percent volume 

o percent porositll model, particle diameter, p. 50 percent porOJJitll model, particLe diameter, Il 

Landing Bite 
At 25 percent At 50 At 75 At 100 At 25 At 50 percent At 75 percent At 100 

volume a percent p e rcent percent percent volume II. vo[llme • percent 
volume II. volume II. volume II. volume II. volume II. 

------ -_ . 

Surveyor L __ __ 5 X 10- 3 2 X 10-5 5 X 10- 7 4 X 10-8 1. 1 5 X 10-3 2 X 10- ( 2 X 10- 5 

Surveyor 111 ___ 255 75 37 22 870 255 125 75 
Surveyor V ____ 60 20 11 7 180 60 31 20 
Surveyor VL __ 89 23 11 6 340 9 40 23 
Surveyor V1L __ (b) (b) (b) (b) 3. 0 cm (b) (b) (b) 

I 

• P ercent volume is cumulative from la rge t particle to smallest. 
b Maximum cumulative volume of particles based on extrapolation of observed size distribution to infinitesi

mally bmall particles is 24.1 percent of total volume, for 0 percent porosity model, and 48.2 percent for 50 percent 
porosity model. 
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produced.3 Most rock-forming silicate minerals 
do not crush readily to particles much smaller 
than 1 micron, howe·ver. 

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

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

(1) That the total area of particles between 
1 micron and 1 millimeter diameter is equal to 
AT-AI, where Al is the cumulative area of 
particles equal to and larger than 1 millimeter 
(obtained from the ob erved distribution). 

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

By analogy with equation (6), the cumulative 
area, An<! of particles of diameter equal to 
or larger than D, bu t less than 1 millimeter, 
can be expressed by 

A n<!= dD=a' (D'Y '+2 -1) JD "('7rKD'Y'+ I 

D=I 4 
(8) 

- - - -
3 E. M. Shoemaker, unpublished dat.a. 

where a'= "(' 7rK/4("('+2). 
The solution for "(' is facilitated by reorga

nizing equation (8) in the form 

, 10glO( 0/+ 1 ) 
"( = 10glO D - 2 (9) 

Introducing the boundary conditions, 

at D=10-3 millimeters 

equation (9) becomes 

(10) 

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

The derived total size-frequency distribution 
of urface particles at each urveyor landing site 
is shown in figure 3- 73 for the O-percent poros
ity model of the lunar regolith, and in figure 3-
74 for the 50-percent porosity model. At each 
site and for each model of porosity, the derived 
freq uency distribu tion comprises the two func
tions N=.KD'Y , 1 mm~D~K-I/'Y, listed in table 
3- 11 , and N=KD'Y, 1 jJ. ~D~ 1 mm, listed in 
table 3- 14. 

It may be seen from figures 3-73 and 3- 74 
that the general trend of the derived particle
size distribution below 1 millimeter is similar 
to the general trend of the observed di tribu
tion above 1 millimeter in both the 0- and 50-
percent porosity models. If only mare sites are 
considered, the mean value of "(' for the O-per
cent porosity model is -2.3 9, as compared with 
a mean value for "( of - 2.4 8 ; for the 50-percent 
porosity model, the mean value of "(' is -2.23' 
The mean of all the values of "( and "(' for the 
mare sites is -2.44 for the O-percent poro ity 
model and -2.36 for the 50-percent porosity 
model. Functions N=KD'Y, fitted by eye to 
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TABLE 3- 14. Constants and exponents oj truncated power junctions (N =KD)'Y', 1 J.L~ D ~l mm) 
derived jrom observed size-jrequency distributions oj surjace particles at the Surveyor landing 
sUes; cumulative volume oj particles = 100 percent at D=l micron 

Landing Bite 

Surveyor 1 ____________________________________ _ 
Surveyor IIL __ _____ __________________________ _ _ 
Surveyor v _____________ ___ ____________________ _ 
Surveyor VI ___________________________________ _ 
Surveyor VII ______ ___ __ ___ _______ ___ ____ ______ _ 

o percen t po rosit ll model 

mm-'Y' a 

K , 100 In' 

5. OX 1(}s 
3. 3X 106 

1. 25 X 106 
1. 91 X 106 

7. 9X 105 

'Y' • 

-2. 58 
- 2.21 
-2.42 
- 2.33 
-2. 47 

50 percent poro.itll m.odel 

mm-r' .. 
K, 100 In' 

'Y' • 

5. OX 1(}s -2.45 
3. 3X 106 -2. 017 

1. 25X106 -2.27 
1. 91X 106 -2. 17 
7. 9X 106 -2.29 

aN=KD>', 1 JJ.~D ~ l mm, whereN is t hecumulativenumberoCparticleswithdiameter equaltoorlarger 
than D , and D is the diameter of particles in millimeters. 

represent the average total particle distribu
tions from 1 micron to K -l/oy at the mare sites, 
have K= 1.1 X 106, 1' = -2.42, for the O-percent 
porosity model, and K = 7 X 105, 1' = - 2.35, for 
the 50-percent porosity model. Both of these 
fi tted fun ctions lie generally with in the envelope 
of individual functions N=KD'Y , 1-mm 
~D~K-l/OY, and N=KD'Y' , 1 J.L~D~ 1 mm, for 
the mare sites. In other words, for the mare 
sites, the mean derived frequency distribution 
of surface particles smaller than 1 millimeter 
for both the 0- and 50-percent porosity models 
is nearly an extension to small sizes of the 
mean obser ved dis tribution of par ticles larger 
than 1 millimeter. The fi t is closest for the 
O-percent porosity model. 

In the case of the Surveyor VII landing site, 
on the rim of Tycho, the derived distributions 
of particles smaller than 1 millimeter, for both 
the 0- an d 50-percent porosity models, are within 
the envelope of derived distributions for the 
mare sites. There is a marked difference, how
ever, between the derived distribu tion of parti
cles smaller than 1 millimeter at the Surveyor 
VII site and the distribu tion of the observed 
larger particles. The value of 1" is -2.47 on the 
O-percent porosity model and - 2.29 for 50 per
cent porosity, whereas 'I' is -1.82, Thu , the 
fine particles at the Surveyor VII site probably 
are simil ar in distribu tion to those on the maria 
but the observed coarse particles follow a co n
spicuo usly different di tribution. 

Total volumetric particle-size-frequency dis-

tribu tions that correspond to the surface par
ticle distributions shown in figures 3-73 and 
3- 74 can be derived for the lunar regolith. For 
particle sizes equal to or greater than 1 milli
meter, the volumetric distributions are the same 
as those given in table 3-12 and shown in figures 
3- 70 and 3-7l. For particle sizes smaller than 1 
millimeter, the volumetric par ticle-size-fre
quency distribu tion, expressed as the percentage 
of cumulative volume, is given by 

(11) 

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

v 100[a' (D'Y;: - 1)+ A d 1J.L~D~lmm (12) 

Solutions for the constants of equation (12) , 
based on the constan ts and exponents of the 
truncated power functions given in table 3-14, 
are listed in table 3- 15. The volumetric particle
size-freq uency distribu tions corresponding to 
the combined fun ctions listed in tables 3-12 and 
3-15 are shown in figure 3-75 for the O-percent 
porosity model, and in figure 3-76 for the 50-
percent porosity model. Solu tions for these 
functions at the q uartiles are listed in table 3-
16. 

On the basis of the derived volumetric 
particle-size-frequency distributions shown in 
figures 3- 75 and 3- 76, the estimated median 
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TABLE 3-15. Constants and exponents oj truncated volumetric particle-size-jrequency distribution 
junctions derived jrom observed size-jrequency distributions oj surjace particles at the Surveyor 
landing sites; cumulative volume oj particles = 100 percent at D=l micron 

o percent porOBitll model 50 percent poro8itll model 
Landing 8ite At. mm 2 • 

a ' , 171.171.- 1" . -y'+2 • a.' , mm-"\" · -y'+2 • 

Surveyor L _________________________ _ 1. 7sX 1~ -0.58 2. 1. X 106 -0.45 3. 67 X 1~ 
Surveyor 111 _________________________ 2. 73X 107 -.21 3. Os X lOs - . 017 1. 14 X 107 
Surveyor V ____ __ _____ ____ __ __ __ ___ __ 5. 6vX 106 - . 42 8. 27 X 106 - . 27 3. 89 X 106 

Surveyor VL ____ __ ____ _________ ____ __ 1. 07 X 107 -.33 1. 91 g X 107 - . 17 7. OO X 1~ 
Surveyor VIL _______ _________________ 3. 26 X 1~ - . 47 4.8. X 106 -.29 1. 78X 107 

V= 100[a'(D~'+2- 1 mm~'+2) +A,l 
A. 1Jl.~D~lmm 

where V is the percentage of cumulative volume of particles with diam eter equal to or la rger than D, D is the diameter 
of particles in millimeters, A 1 is t he cumulative a rea of surface occupied by part icles with D 2': 1 mm, and A. is the 
reference area 

{
lOS mm2, for 0 percent porosity. 

= 0.5 X lOS mm2, for 50 percent porosity 

TABLE 3-16. Volumetric particle-size-jrequency distribution oj lunar regolith by quartiles , based on 
observed distributions in the particle-size range above 1 mm and truncated power junctions derived 
jrom the observed distributions in the size range 1 micron to 1 mm; cumulative volume oj particles = 
100 percent at D = 1 micron 

o percent poro8itll model, particle diameter, JA. 50 percent poroaitll model, particle diameter, JA. 

Landing 8ite 
At 25 At 50 At 75 At 100 At 25 At 50 At 75 At 100 

percent percent percent percent percent percent percent percent 
volume · volume .. volume .. volume .. volume· volume · volume· volume .. 

Surveyor L ______ _ 12 3.3 1.6 1.0 26 4. 9 1. 8 1.0 
Sur veyor 111 __ ____ 126 15 3. 1 1.0 850 88 6. 3 1.0 
Surveyor V _______ 25 5. 2 1.9 1.0 75 9.1 2. 5 1.0 
Surveyor VI __ ____ 48 7. 6 2. 3 1.0 226 21 3.6 1.0 
Surveyor VII _____ 83 6. 2 2. 0 1.0 3.0 cm 45 4. 1 1.0 

• P ercent volume is cumulative from la rgest particle to smalle t. 

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

smaller than 0.06 millimeter) ," based on com
parison of the Surveyor HI footpad imprints 
with simulated footprints in granular materials 
of various size distributions. At the Surveyor 
III site, our estimate of the median particle 
diameter is 15 microns for the a-percent porosity 
model, and 88 microns for the 50-percent po
rosity model. J afIe et al. (ref. 3-34) found that, 
on the assumption that a bright band of light 
observed along the horizon after sunset at the 
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F I GURE 3- 73.- Power function s derived from observed 
size-frequency dist ributions of surface particles at 
t he Surveyor landing sit es for t he O-percent porosity 
model of t he lunar regoli t h . The derived part icle 
distribution at each site is represent.ed b y t wo func
t ions, N -KD~, where 1 mm ~ D ~K-II~, and 
N = KD~', where 1 I' ~D ~ 1 mm, which are listed in 
tables 3- 11 and 3- 14. Cumula tive volume of particles 
in t he regolit h a t ea ch landing site goes to 100 per
cent a t I-micron part icle diameter fo r t he surface 
part icle distribution!:> illustrated. 

Surveyor VI site was caused by diffraction by 
small particles, the observations indicate a mean 
particle size less than 10 microns. We estimate 
the median par ticle diameter at the Surveyor 
VI site is 7.6 microns for the a-percent porosity 
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FlOU R!!: 3- 74.-Power funct ions derived fro m observed 
size-frequency distributions of surface par ticles a t 
t he Surveyor landing sites for t he 50-percent porosity 
model of the lunar regoli th. The derived pa rticle 
distribution at each site is represented by two func
t ions, n=KD~, where 1 mm ~D ~K- lh, and 
N=KD~ ' , where I micron ~D ~I mm, which are 
listed in tables 3- 11 and 3-14. Cumulative volume 
of particles in the regolit h at ea ch landing site goes 
to 100 percent at I-micron part icle dia meter for t he 
surface part icle distributions illustrated . 

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

On the basis of a gaseous diffusion-caused 
eruption cr ater produced by firing the vernier 
engines of the Surveyor V spacecraf t after 
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FIGURE 3-75.-Volumetric particle
size-frequenr.y distributions of 
the lunar regolith for 0 percent 
porosity, constrained so that 
cumulative volume goes to 100 
percent I-micron particle diam
eter. Solid lines, based on power 
functions fitted to observed size
frequency distribution of surface 
particles 1 mm and larger in 
diameter, are listed in t able 3-12. 
Dashed lines, based on power 
functions for particles smaller 
than 1 mm in diameter, are listed 
in table 3-15. 
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landing, Christensen et al. (ref. 3-28) state that 
"the estimated lunar permeability indicates 
most of the particles are in the 2 to 60J.L size 
range." We find in the average case that the 
central 50 percent of the regolith by volume 
(the distribution by volume between the first 
and third quartile, table 3- 16) lies between 2.2 
and 59 microns for the O-percent porosity 
model and between 3.7 and 835 microns for the 
50-percent porosity model. At the Surveyor V 
site, the central 50 percent of the particles by 
volume lies between 1.9 and 25 microns for 
the O-percent porosity model and between 2.5 
and 75 microns for the 50-percent porosity 
model. This agreement between two completely 
independent estimates of grain-size distribution 
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PARTICLE SIZE 

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

It is appropriate to return at thi point to 
the question of whether the particles observed 
on the surface are representative of the sub-
urface material in the lunar regolith. The 

general smoothness of the wall of trenches 
dug by the surface sampler at the Surveyor 
III and VII landing sites and the smooth forms 
of the imprints made by Surveyor footpads 
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have given the impression to some observers 
that coarse particles of the size found on the 
surface are much less abundant or are absent 
in the subsurface. Scott and Roberson (ref. 
3-26), from their observations at the Surveyor 
VII landing site, state : "A distinct impression 
is gained from the surface-sampler work that 
the surface rock lie on a relatively fine-grained 
granular material, and that this material does 
not contain rock fragments of a size comparable 
to the fragments on the surface." Gault et aJ. 
(ref. 3-35), on the basis of scintillation of 
striations on the wall of a trench dug by the 
surface sampler at the Surveyor VII site, 
concluded that grains as coarse as 200 microns 
might be present, but that this represented the 
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FIGURE 3-76.-Volumetric particle
size-frequency distributions of 
the lunar regolith for 50 percent 
porosity, constrained so that 
cumulative volume goes to 100 
percent at I-micron particle 
diameter. Solid lines, based on 
power functions fitted to ob
served size-frequency distribu
tion of surface particles 1 mm 
and larger in diameter, are listed 
in table 3-12. Dashed lines, 
based on power functions for 
particles smaller than 1 mm in 
diameter, are listed in table 3-15 

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

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

Thickness 01 the Regolith 

E. M. SHOEMAKER AND E. C. MORRIS 

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

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

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

observable in the size range of interest. Thus, 
the estimates of regolith thickness are neces
sarily approximate. At the Surveyor I landing 
site, for example, the smallest blocky-rim 
crater was found to be 9 meters in diameter,4 
whereas the largest crater with a smooth, 
r aised rim was 3.3 meters in diameter. The 
depth-to-diameter r atio of newly formed craters 
of this size and type is close to 1:3. The esti
mated dep th of the regolith at the Surveyor I 
site, therefore, is between 1 and 3 meters. 

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

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

b . 

is abouL 35°, the original depths of the dramage 
craters were probably about one- third the 

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

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

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

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

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

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

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

At the Surveyor VII landing site, there is 
good evidence for the presence of a thin regolith. 
The most important evidence is the presence 
of abundant craters smaller than 3 meters in 
diameter; the size frequency distribution of 
the small craters corresponds to the steady
state distribution. This suggests that the surface 
has been repeatedly cratered by very small 
craters. Material excavated by the surface 
sampler is, for the most part, very fine grained 
and is similar in mechanical properties and in 
general optical properties to the regolith 
observed on the maria. Furthermore, as on the 
maria, an abrupt change in albedo was found 
at hallow depth. We conclude that this mate
rial i part of a regolith similar in origin to that 
observed on the maria. In some places, much 
more coheren t material or much coarser 
fragmental material was encountered by the 
surface sampler at depths less than 2.5 cm; 
elsewhere, fine-grained material of low cohesion 
was found to extend to a depth of at least 15 
cm (ref. 3-26). These depths may represent 
the approximate range of thickness of the 
regolith at the Surveyor VII site. 
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TABLE 3-17. Apparent thickness of the lunar regolith at the Surveyor landing sites 

Landing site 

Surveyor I ________________________________ _ 

Surveyor III : 
Wall of main cratcL _____ _______________ _ 

Diameter of 
largest crater 
with smooth. 
raised rim, m 

3.3 

3 

Diameter of 
smallest crater 

wit h blocky 
rim, Tn 

Minor axis of 
largest crater 

inferred to have 
been produced 
by drainage, Tn 

9 _____________ _ 

13 _____ ___ _____ _ 

Estimated 
thickness of 
regolith, m 

1 to 3 

Floor of main crateL _______________________________________________ _ 20 
9 

1 to 4 
? 7 

Surveyor V__ ____________ ___ ________________ _____ ___ ______ 15 3 to 5 
Surveyor VI: 

Mare ridge ________ __ ________ _____ _____ _ 
Mare plain __ ______ ______________ __ ____ _ 

Surveyor VII ____________________ ____ ______ _ 

• None observed. 

22 
30 
60 

30 __ ______ _____ _ 

3 _____________ _ 

8 to 10 
>10 
2 to 15 cm b 

b Est imated from the depth of trenches cxcavated by t he surface sampler (ref. 3-26) . 

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

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

Disturbances of the Surface 

E. M. SHOEMAKER AND E. C. MORRIS 

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

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

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

FIGURE 3- 77.-Wide-angle picture of foo tpad 2 of 
Surveyor I showing raylike deposits of dark sub
su rface material extending to almo t 1 meter from 
the edge of the footpad. T he dark sub urface material 
was kicked out onto a light s urface layer by t he foot
pad during landing of the spacecraft (June 5, 1966, 
11:29:49 GMT). 
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FIGURE 3-78.-Small fragment, about 6 cm across, 
turned over by surface sampler on Surveyor VII, 
exposing the dark underside. Part of the dark coating 
has been scraped away by the surface sampler (Jan. 
18,1968,06:03:17 GMT). 

FIGURE 3-79.-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 
BCi1ttered from the spacecraft. The contact between 
the bright and dark surfaces can a lso be seen along 
the sides of the fragment (Jan. 19, 196 , 06:47:40 
GMT). 

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

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

O rigin of the Lunar Regolith 

E. M. SHOEMAKER A D E. C. MORRIS 

A simple ballistic model for the origin of the 
lunar regolith is presented here to account for 
(1) the size-frequency distribution and varia
tion in distribution of craters on the surface of 
the regolith, (2) the thickness and variation of 
thickness of the regolith, and (3) the size
freq uency di tribu tion and variation of distri
bution of the fragmental debris of which the 
regolith is composed. We recognize that high-
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energy radiation, mass wasting, and probably 
other processes have played a role in pro
ducing the observed features of the regolith, 
but we believe the effects of these other proc
esses are subordinate to the effects of solid
particle bombardment of the lunar surface. F or 
simplicity of statement, the subordinate proc
esses will not be considered in this discussion. 

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

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

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

observed size-frequency distribution of the 
craters on the basis of the following simplified 
model. Functions F = xCA, fitted to the observed 
size distribution of craters larger than c. (the 
steady-state limit), are as umed to represent 
the size distribu tion of all the small craters that 
have actually been formed. At any crater diam
eter below c., the difference between F= xC). and 
F='Pcl' represents the number of craters lost 
by ero ion or burial as a result of repetitive 
cratering and other proces es of crater destruc
tion. The diameter of the largest crater that has 
been lost or has become unrecognizable is c •. 
The loss of crater with diameters close to c. 
occurs partly by erosion of the rim of the crater 
and partly by filling of the crater by debris 
derived from other craters bo th near and far. 
In terms of crater depth, most of the change in 
the e craters occurs as a result of filling, and the 
thickne of the depo it filling an old crater of 
diameter Cs, which ha ju t disappeared, i 
given by the original depth of the crater minu 
the original rim height. This thickness is about 
one-fourth Cs and represents the maximum 
thickness of the regolith in a sampJe area of 
106 km2

• 

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

(13) 

represents the cumulative frequency distribu
tion of all the cr ater smaller than c. that have 
been formed on a given surface, and 

(14) 

represents the area of craters of diameter c, 
then 

dAc dF 
--=a-dc Cdc (15) 

where Ac IS the cumulative area of craters 
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equal to, or larger than, c whose floors consti
tute part of the base of the regolith and 

A = rc A7rX HI d A7rX (X+2 _ X+2) (16) 
c J c. 4 c c 4(A+2) c c. 

In addition, if the craters were uniformly 
spread over the surface so that at Ac= lOB km2 

the surface was completely occupied by craters 
equal in diameter to, or larger than, the cor
responding value of c, and if at Ac= 2 X 106 

km2, every place on the surface had been 
occupied twice by craters equal in diameter to, 
or larger than, the value of c corresponding to 
Ac=2X10B km2, then a critical value Crnl n would 
exist such that the floors of craters smaller 
than Crnln could not be part of the base of the 
regolith, but must lie above the base of the 
regolith. The depth of the craters with diam
eter equal to this critical value of c is taken as 
the minimum thickness of the regolith. For 
the spatial distribution of craters that would 
give the least variance in the thickness of the 
regolith, the critical value of c is reached at 
Ac=2X lOB km2, or about twice the reference 
area for the distribution F= xcx• In other 
words, after the surface has been covered 
about twice over with craters, the floors of 
smaller craters that may be considered in the 
integration indicated in equation (16) do not 
contribute significantly to the base of the 
regolith. On the basis of equation (16), we may 
write 

(17) 

where 

Cmln= the critical value of c or the diameter 
of the smallest crater whose floor is 
part of the regolith 

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

=2X 106 km2 

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

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

h=qc (18) 

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

H = 100Ac 100A7rX(1/q)H2 
Am 4(A+2)Am 

(hH2 _h:+2) 

where 
H=cumulative percentage of the surface 

underlain by a regolith of thickness 
equal to, or greater than, h 

hmln=qcmln=minimum thickness of the 
regolith 

hs=qcs=maximum thickness of the regolith 

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

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

It may be seen from table 3-18 that our 
best estimates of the thickness of the regolith, 
in general, lie within the range of hmln to h. 
and are close to hmed' At the Surveyor VI 
landing site, our best estimate of the thickness 
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TABLE 3-18. Predicted thicknesses oj the lunar regolith, based on eqs . (17) to (19) and the junctions 
F= xcAlisted in table 3-10, compared with best estimates oj the thicknesses oj the lunar regolith 

Landing site h min, m a hh m a h med, m a Best estimate b of t h ickn ess o f t h e 

Surveyor L __________________ 1.6 
Surveyor V ___________________ 1.2 
Surveyor VI __________________ 2. 7 

SurveyorVII _________________ .05 

a hmio = predicted minimum thicknesjl of regolith. 
h.=predicted maximum thickness of regolith. 

hmed = predicted median thickness of regolith . 

14 
47 
25 

.7 

regolit h , m 

3.1 1 to 3 
3. 2 3 to 5 
4. 6 8 to 10 (mare ridge) > 10 

(mare plain). 
.09 0.02 to 0.15 

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

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

It remains now to see whether the size
frequency distribution of the fragments com
posing the lunar regolith can be accounted 
for by means of the ballistic model. T o examine 
this question, it is convenient to express the 
size-frequency distribution in terms of cumula
tive number of particles per unit volume of 
the regolith as a function of the mass of the 
particles. If the cumulative number of particles 
per unit area is given by N=KD'Y, as defined 
above, then 

(20) 
where 

N.=cumulative number of particles equal 

to or larger thanD per 108/(2) K-lf'Y mm3 

D = diameter of particles in millimeters 

The mass of a particle m can be estimated by 

(21) 

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

f=N.=km· (22) 

where 

f=cumulative number of particles equal to 
or greater in mass than m per 108/(2) 
K- 1h mm3 

(
6 )(,,-1) /3 

k=J(I-(II-y) -
7W 

(,,(- 1) 
E=---

3 

Taking the functions N = KD", fit.ted by eye to 
repre ent the average total particle distribution 
from 11-' to K -I/" at the mare sites, ,,(=-2.42 for 
the O-percent poro ity model, and "(=-2.35 for 
the 50-percent poro ity model. The correspond
ing values of E are -1.14 for the O-percent 
porosity model, and -1.12 for the 50-percent 
porosity model. We wish to see whether these 
values could have been predicted. For a given 
value of E, the constant k of equation (22) and 
K of equation (1) are determined from the 
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assumed condition that the cumulative volume 
of the regolith goes to 100 percent at D= 1f.L. 

The regolith will be assumed to be composed 
primarily of the cumulative ejecta from craters 
with a size-frequency distribution F=xc', 
c::; cs• The diameter c of each impact crater is 
related to the kinetic energy and mass of the 
projectile which formed it by the scaling relation 

where 
E=kinetic energy of the projectile 
v=velocity of the projectile 

mp=mass of the projectile 
(J=a scaling constant 
r= an exponent close to 1/3 

(23) 

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

(24) 

where 
ip=cumuJative number of projectiles equal to, 

or greater in mass than, mp per 106 km2 

kl=XO'(~JT 
1/=Ar 

The mean for the four estimates of A listed in 
table 3- 10 is -2.94. For r= 1/3, a good empirical 
value for small craters formed in coherent rock 
(ref. 3- 38), the mean value of 1/ is -0.98. Most 
of these projectiles are beJieved to be secondary 
fragments of the Moon. For primary projectiles 
striking the Moon, estimate of e', based on 
meteor photographs and on masses of meteorites 
recovered on Earth, range from -0.8 to -1.34 
(ref. 3-38). 

Gault, hoemaker, and Moore (ref. 3-38) 
have shown that the cumulative frequency of 
particles ejected from crater formed in co
herent targets by projectiles with the mass fre
quency distribution ip=klmp~ can be expressed 
in the form 

where 
339-4620-69----.s 

(25) 

ie=cumulative number of ejected particles 
equal to, or greater in mass than, me 
per 106 km2 

me= mass of ejected particle 

and 

where 

w=1/+1_1 
o (26) 

o=the exponent of the function mb=kaMea 

mb=mass of the largest particle 
M e= total mass of particles ejected from a 

crater 

From a variety of empirical data, 0 is found to 
range from 1.0 for small craters to about 0.8 
for large craters. For 1/ = -0.98, derived from 
the F=xc' distributions of craters, w=-.098; 
for -1. 34::; 1/'::; -0.8, estimated for primary 
projectiles, -1.44~ w' ~ -0.75. 

In reality, the ejecta are repeatedly reworked 
by small craters, and the ejecta from craters of 
diameter less than Croln do not add to the volume 
of the regolith. Thus, the volume of the regolith 
is only a very small fraction of the cumulative 
volume of craters c I ~ C ~ cs, where c I is of the 
order of 10 microns or less. To a first approxi
mation, however, the exponent w should be 
close to e. The principal effect of repeated 
cratering is to grind the regolith finer and to 
increase the proportion of fine to coarse frag
ments. It may be seen that w is slightly greater 
than e(w=-0.98, e=-1.14, -1.12) but that 
-1.45 ~ w' ~ -0.75 brackets e. Considering 
the uncertainties introduced by the approxi
mations used, the agreement is perhaps as good 
as could be expected. 

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

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

Photometry of the Lunar Regolith, as Observed by 
Surveyor Cameras 

H. E. HOLT AND J. J. RENNILSON 

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

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

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

Undisturbed Material 

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

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

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

The general photometric properties of the 
uniform, fine-grained material vie,,"ed by aU 
Surveyor cameras did not reveal any variations 
dependent on lunar azimuth . The photometric 
function of the fine-grained material appears 
symmetrical and similar to the terrestrially 
measured lunar photometric function which 
was based on measurements restricted to east
west phase planes (Earth-Moon-Sun plane). 
The Surveyor data also indicate that the lunar 
function is essentially scale independent down 
to resolutions of 1 cm; topographic irregularities 
larger than this appear to have little effect on 
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FIGURE 3-80.-Lunar photometric geometry as viewed 
from Surveyor camera on the lunar surface. Symbols: 
0, Sun; ~, camera line of sight; 0, phase angle; i, 
angle of incidence; N, surface normal; a, luminance 
longitude (negative toward Sun side of camera line 
of sight); E, angle of emittance. 

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

Luminance measurements made at phase 
angles of less than 5° ,,"ere extrapolated to the 
peak luminance of 0° phase angle. Homogeneous 
lunar -surface areas exhibit their maximum 
luminance at 0° phase angle, regardless of the 
emittance angle and orientation of the surface 
element. The peak luminance divided by the 
solar illuminance is called the normal luminance 
factor, or normal albedo. Estimates of the 
normal albedo ,,"ere made of the undisturbed, 
fine-grained material at each landing ite. These 
estimate ranged from 7.3 to 8.5 percent at th e 
mare site ; the estimated normal albedo was 
13.4 percent at the Tycho site in the lunar 
highlands (table 3-19). 
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flectance versus luminance (bright
ness) longitude based on terrestrial 
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TABLE 3-19. Albedo oj Surveyor landing sites 

Normal albedo (normal 
luminance factor) 

Landing site 

L u' LEb 

Surveyor L ___ __ 7. 3 5. 5 
Surveyor IIL ___ 8. 5 7. 6 
Surveyor V __ ___ 7.9 to 8. 4 7. 5 
Surveyor VL ___ 8. 2 6. 1 
Surveyor VII. __ 13. 4 9. 6 

• Normal albedo of undisturbed material. 
b Normal luminance of foo tpad ejecta. 

L u/LE 

1. 33 
1. 09 
1. 06 
1. 35 
1. 39 

Variations in the albedo of the undisturbed, 
fine-grained surface were not evident from 
small phase-angle luminance measurements ex
cept at the Surveyor V landing site. The near
zero-phase luminances measured from the walls 
and floor of the urveyor V crater indicated a 
nearly uniform normal albedo of 7.9 percent, 
but the more level surface outside the crater 
exhibited a normal albedo of .4 percent. light 
variations in the luminance of fine-grained ma
terial ,,·ere observed at larger phase angles 
(60° to 90°) in the middle to distant areas (50 
to 200 meters) at the Surveyor I, V, and VII 
landing sites . Some of the e areas occurred 
near blocky-rim craters from which many small 
fragments could have been ejected. The varia
tions could be produced by s\\·arms, or strewn 
fields, of small fragments (1 - to 5-cm diameter) 
that cannot be resolved by the camer a. 

Disturbed Material 

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

The ligh ter surface layer is extremely thin; 
rolling fragments smaller th an 2 cm across ex
po ed darker material along their tracks, which 
were at most a few millimeters deep. Vertical 
expo ures along the walls of trenches dug by 
the surface sampler did not reveal any visible 
truncated edge of a light surface layer. The 
lighter surface layer \Va always destroyed 
whenever the surface was craped by the ur
face sampler. It is concluded that the light 
surface layer is no more than 1 millimeter in 
thickne and may be Ie s than X millimeter 
thick . 

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

The occurrence of a very thin, easily de
stroyed, light surface layer was one of the most 
surprising observations made with the Surveyor 
television cameras. The ratio of the normal 
albedo of undisturbed surface material to the 
normal albedo of disturbed subsurface material 
at the various Surveyor sites (table 3- 19) may 
provide a clue to processes affecting the light 
surface layer. At the Surveyor 1, VI, and VII 
landing sites, about the same ratio was found 
for nearly flat areas. At the Surveyor III and 

V landing sites, the ratio of albedos was much 
smaller; there the measured surfaces slope 14° 
or more. Pictures from Surveyor III provide 
evidence that mass wasting or surface creep 
is actively occurring on lunar slopes (ref. 3-14). 
The creep movement may be caused by seismic 
shocks from meteoroid impacts or internal read
justments or by thermal expansion and con
traction. This movement would tend to mix 
the lighter surface material with darker sub
surface material and there the ratio would 
be low as a consequence of the high rate of 
mixing. 

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

Rock Fragments and Blocks 

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

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

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

Colorimetric Observations of the Lunar Surface 

J. J . RENNILSON 

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

The color filters in the camera-filter wheel 
for Surveyor I "'ere selected so that the overall 
camera-fil ter spectral respon e (fig. 3-84) " 'ould 
duplicate the standard color-matching func
tions of colorimetry as " 'ell as possibly usmg 
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FIGURE 3- 83.-Ratios of the luminances from rocks 
and adjacent fine-grained material are shown in the 
upper diagram, the dashed line representing the 
average ratio. In the lower diagram the generalized 
reflectance function of rocks is plotted with respect 
to the function of the undisturbed fine-grained 
surface material. The r eflectance curve for rocks 
appears nearly Lamberti1l.n with a small backscatter 
peak superimposed near the zcro-phase angle. 

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

A technique suggested by Davis and 
Wyszecki (ref. 3-41) was used for selecting 
color filters to fit the response of the Surveyor 
III and V television cameras approximately to 
the color-matching functions. Two filters ,,,ere 
used in series in the optical train of the camera. 
The filter glass component had to be 1 milli
meter or more in thicknes to withstand the 
rigor of space flight. Because of weight con-
train t , the filter pairs " 'ere limited to a total 

thickness of 3.0 millimeter. A special computer 
program \\'as used for determining the ideal 
thickne se and combinations of filters required 
to fi t the Surveyor III and V camera system' 
pectral response to the CIE color-matching 

functions; the fit obtained was fairly O'ood 
(figs. 3-86 and 3- 87 ). The filters were coated 
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FIGURE 3-84.-Spectral-response curve of the Surveyor 
I television camera at the clear position of the filter 
wheel. 
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FIGURE 3-85.-0verall camera-filter spectral response 
of the Surveyor I camera using single filters in the 
optical path. The solid lines are camera-filter response 
curves; the dashed lines are the CIE color-matching 
functions. The second maximum in the x' curve is 
obtained from a reduced value of the z' function 
added to the original camera-filter response. 

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

In order to measure color from the television 
pictures, it is necessary to determine the camera 
tristimulus values, which are proportional to 
the video voltage. The proportionality factor 
may be determined by measuring the video 
signal when the camera is exposed to object 
colors of known spectral radiance. Tristimulus 
values for the Surveyor III and V cameras were 
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FIGURE 3-86.-Camera-filter spectral response func
tions of the Surveyor III camera compared with 
ClE color-matching functions. Camera-filter spectral
respon~e func t ions are shown with solid lines and the 
CIE color-matching functions shown with da&hed 
lines . 

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

The spectral response of the vidicon tubes 
used in the Surveyor television cameras is 
sensitive to temperature. Variation of the 
spectral response of the Surveyor television 
cameras with temperature was not calibrated 
before flight; thus, tristimulus values obtained 
from measurements of pictures of calibrated 
color targets, taken on the lunar surface at the 
operating temperature of the camera, must be 
u ed for accurate calculation of color. The color 
targets were provided as parts of the two photo
metric targets mounted on the spacecraft. Three 
color were present on each target, and they 
were calibrated before launch with a spectro
radiometer while irradiated by a known spectral 
source at various angles of incidence. 
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Sets of picture for colorimetric measurement 
were taken of various parts of the lunar surface 
at the Surveyor I, III , and V landing sites. 
Some of the larger blocks and the material 
disturbed by the surface sampler on Surveyor 
III were of special interest. Preliminary at
tempts to look for color differences have been 
made by preparing color pictures, by color 
reconstitu tion methods, using the preflight cali
bration for control. The preliminary result 
show the disturbed and undisturbed surface 
material at the Surveyor I and III sites to be 
relatively uniform dark gray. However, the 
preliminary colorimetric reduction of the Sur
veyor V data indicates the lunar surface at the 
Surveyor V site is slightly olive gray. At none 
of the sites were dem onstrable differences in 
color observed on any of the coal' e blocks so far 
examined, which are all gray, bu t lighter gray 
than the fine-grained matrix of the surface. 

Polarimetric Observations of the Lunar Regolith 

H. E. HOLT 

Polarizing filters were installed in the Sur
veyor VI and VII television cameras to serve as 
analyzers for detection and measurement of the 
linearly polarized component of light reflected 
from the lunar surface. Areas around Surveyors 
VI and VII were selected for polarimetric study 
according to their geometric orientation relative 
to the camera and Sun. Sample areas were 
selected along the east-west Sun line to compare 
low-resolu tion telescopic measurements of polar
ized moonlight, made of areas more than 100 
km2

, to high-resolution Surveyor measurements, 
covering areas from 1 cm2 to 1 m2

• Other sample 
areas were selected northwest, north, northeast, 
southeast, and south of the spacecraft to pro
vide coverage to test for symmetry in the lunar 
polarization fun ctions . Additional areas con
taining large rock fragments, disturbed material, 
and footpad imprints were selected for special 
examination. After lunar sunset, pictures were 
taken of the lunar surface illuminated by 
earthlight to measure tbe depolarization of 
earthlight reflected from tbe lunar surface. 

Methocl of Polarimetric Measvrements 

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

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

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

Polarimetry of Fine-Grained Materials 

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

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

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

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

The preliminary polarization measurements 
of light scattered from the undisturbed, fine
grained lunar surface material at the Surveyor 
VI and VII sites indicate that the polarimetric 
functions at resolutions of about 1 cm are 
similar to the telescopically observed polari
metric functions (fig. 3-88) determined for 
areas of more than 100 km2 of lunar surface. 
The polarimetric function obtained from Sur
veyor observations and at the telescope is 
also similar to that obtained in the laboratory 
for powders of basic and basaltic rocks (fig. 
3-89; refs . 3-42 and 3-43). Thus, the polari
metric results are consistent with elemental 
analyses from the alpha-scattering experiment 
conducted on Surveyors V, VI, and VII (ref. 
3-44). 

Polarimetry of Rock Fragments 

Rock surfaces observed on the maria and 
highlands exhibited a greater variation of 
polarizing properties than the fine-grained 
material. A few rock surfaces are similar in 
their polarizing properties to the adjacent fine
grained material, while others produce a max
imum polarization of the scattered light; that 
is, two or more times greater than that produced 
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FIGURE 3-88.- Preliminary polariza tion measurements for undisturbed fine-gra ined material 
on the lunar surface near Surveyor VI (maria) at left, and Surveyor VII (highlands) at 
right, compared with polarimetric function s derived from telescopic m easuremen ts. The 
two curves from telescopic data represent the limits of the range of pola rimetric measure
ments (refs. 3-42 and 3- 43). 

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

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

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

More rock fragments were viewed from 
Surveyor VII than from Surveyor VI, and 
polarization measurements were obtained over 
a greater range of phase angles (5° to 135°). 



TELEVISION OBSERVATIONS 113 

The rock surfaces again exhibited a more irregu
lar polarization function than the fine-grained 
material of the lunar highlands. The light 
scattered from some rocks showed only slightly 
more polarization than that of the fine-grained 
materials; other rocks caused three to four 
times greater polarization (fig. 3-90). The 
light scattered from some rocks exhibits a 
rapid increase in degree of polarization, starting 
at 6 to 9 percent and going to 25 to 34 percent, 
over the interval from 70° to 125° phase angles. 
Maximum degree of polarization caused by 
individual rocks occurred between phase angles of 
114° to 128°. The measurements were obtained 
only at 8° to 13° phase-angle intervals, however, 
and the peak degree of polariza tion from rocks 
causing strong polarization of light iOcattered 
occurs between 1200 to 122° phase angles. The 
rocks producing high-peak polarization are 
among the brigh tes t rocks observed on the 
lunar surface and have an estimated normal 
albedo nearly twice that of the fine-grained 
material. 

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

Depolarization 01 Earthlight Rellected From the Lunar 
Surface 

During the lunar day, polarimetric measure
ments were made of an area on the fine-grained 
material of the highland surface about 3.1 
meters northeast (44° selenographic azimuth) 
of the Surveyor VII spacecraft. The highland 
area exhibited an average polarimetric function 
with about 6X percent polarization at a 
phase angle of 95°. Pictures were also taken 
through the polarizing filters of this fine-grained 
material about 12 hours after sunset, when the 
lunar surface was illuminated by earthlight. 
The phase angle of the polarimetric observa
tions under earthlight was about 92°. The 
degree of polarization of the incident-integrated 
earthlight was estimated to be 15±2 percent 
from a series of pictures of the Earth taken 
through polarizing filters within a few minutes 
of the pictures taken of the lunar surface. 

35 1 1 1 1 6 1 

6 FRAGMENT R-I 

30 _ ° FRAGMENT R-2 -
• FRAGMENT R-3 
o FRAGMENT R-4 • 25 - -

• 
~ ° ° 0 

20 - • -
Z 
2 

° r 15 - -<1 
N 6' 
cr • ° <1 ° -l 10 - ° -
0 
Q. 

5 - -
6 00 

° ° • o - ° -
S ° ° 

° 
-5 1 1 I 1 1 

0 30 60 90 120 150 180 

PHASE ANGLE, deg 

FIGURE 3-90.-Preliminary polarization measurements of light scattered from surfaces of 
rock fragments near Surveyor VI (maria) left and Surveyor VII (highlands) right. 
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Preliminary reduction of the polarimetric data 
indicates that the polarization of earthlight 
scattered from the lunar surface is about 
10 ± 2 percent at a phase angle of 92°. The 
observed depolarization of the cattered earth
light is probably caused by multiple scattering 
from the surfaces of grains composing the 
very porous lunar surface. 

Summary of Polarimetric Measurements 

Preliminary reduction of the polarization 
measurements from Surveyor VI and VII 
pictures indicates that the polarimetric func
tion of the fine-grained part of the regolith 
reaches a maximum of 7 to 9 percent in the 
highlands and 16 to 19 percent on the maria. 
These polarimetric functions, measured for 
areas of 1 cm2 to 1 m2

, are similar to those 
measured at the telescope for areas of more 
than 100 km2

; thus, the polarimetric functions 
are nearly independent of scale. The polariza
tion function of fine-grained lunar material 
closely matches the polarization function of 
basal t and gabbro powders (fig. 3-89). The 
polarization function for the mare sites more 
closely matches that of basalt powders about 
75 microns in mean size ; the polarization 
func tion for the highland site is similar to 
basalt powders ground to about 30 microns 
in diameter (fig. 3-89). 

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

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

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

Sunset Observations 

J. J. RENNILSON 

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

The Surveyor VI data consisted of a total of 
seven narrow-angle frames, spanning about 
30 minutes in time. Frames numbered 1, 2, 4, 5, 
and 6 were reduced using the mission analog 
magnetic tapes and the data proce ed for 
absolute luminances (ref. 3-37); frames 3 and 
7 were omitted from the final reduction beacuse 
of inconsistencies in their exposure data. 
Figure 3- 91 shows the location of the photo
metric data in the processed frames. All 
significant picture elements were plotted in 
terms of their televi ion line and position 
along that line. The heavy line in figure 3-91 
represents the apparent path of the Sun as it 
traversed the western horizon. Dots on tllls 
line are positions of the Sun' center in each 
of the usable frames. The dots, designated 18 
and 19, are reseau marks on the vidicon. 
The angular eparation of these dots is 1.383°. 
Notice that the distribution of picture elements 
in this illustration is for the first frame only. 
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FIGURE 3-91.--Location of photometric data used to determin e the luminance of the bright 
line on the western horizon after sunset at the Su rveyor VI site on Nov. 24, 1967, 14 :15:26 
GMT. All significant p icture elements (p ixels) are plotted accord ing to position on the 
television scan lines. The heavy line is the apparen t path of the Sun; the numbered 
positions 1 to 7 are the centers of t he Sun' s di k in the pictures. 
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FIGURE 3-93.-Luminance of a bead (line 320, element 
360) in the bright line on the horizon after sunset at 
the Surveyor VI site. Luminance is plotted as fun c
tion of angular distance from the center of t he Sun's 
disk for six pictures. 

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

Figure 3-92 shows the variation of luminance 
along the horizon, through the center of the 
bright area, and relates luminance to angular 
distance along the horizon . For convenience, 
this angular distance is measured right and 
left from the in tersection of the Sun's path 
and the horizon. egative angles are measured 
from the left of 0°. For clarity, the solid line 
represents the data for the first frame only. 
The maximum yalues of the other frames are 
plotted with identifying symbols. If ,"ideo 
ignals ,,-ere saturated, the data points ,,-ere 

not included in the e frames. It may be seen 
in figure 3-92 that positions of the beads do 
not change as the un ets. No ne,,- beads 
appeared and the brigh tness of each bead 
decreased with time. 
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FIGUR E 3-94.-Luminance of a bead (line 310, element 
375) in the bright line on the horizon after sunset at 
the Surveyor VI site. Luminance is plotted as a func
tion of angular distance from the center of the Sun's 
disk for six pictures. 

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

Photometric and Polarimetric Observations of the 
Earth 

H. E. H our 

Throughout the lunar day, a series of pictures 
\\"as taken intermittently by the Surveyor VII 
camera through the polarizing and clear filter 
to obtain polarization measurements of earth
light (fig. 3- 95) . These pictures are being used 
to study the integral photometric and polari
metric functions of the Earth, as viewed from 
the Moon during the J anuary 196 lunation. 

A sequence of Earth pictures was taken every 
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FIGURE 3-95.-A series of pictures of the Earth t aken by Surveyor VII camera during the 
first lunar day after landing. The first four pictures show a waning Earth, while the later 
pictures show a waxing Earth. The phase angle is shown below each picture. 
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FIGURE 3- 96.-Twelve pictures, covering a 26-hour period on Jan. 22 and 23, 1968, of the 
partially illuminated Earth taken by t he Surveyor VII camera. The Earth rota ted 1800 

from left to right during this 26-hour viewing period, or about 300 between successive 
pictures. Sunrise occurs on eastern Australia at about 20:00 GMT. At 03:00 GMT, 
sunrise occurs along the east coast of Africa; most of t he Indian Ocean is covered by 
clouds. 
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2 or 3 hours (fig. 3-96) starting at 17:11 GMT 
on January 22, 1968, and terminating at 19 :37 
GMT on J anuary 23, 1968. The pictures taken 
during the 26-hour period provide the informa
tion for studying the variation in reflectance of 
Earth as a function of rotation and changing 
cloud distribution during a single day. The 
Earth's reflectance observed from the Surveyor 
VII pictures was about 15 to 20 percent higher 
than expected, and variation in reflectance of 
11 ± 3 percent occurred between 10 :11 and 12 :13 
GMT on January 23. 

Preliminary polarization measurements indi
cate that the polarized component of the earth
light varies as a function of cloud cover and the 
changing patterns of oceans and continents 
during rotation. Specular polarization appears 
to occur over an area of about 2X 106 km2 in the 
approximate geometric center of the Earth's 
illuminated crescent. The degree of polarization 
of earthlight from the specular reflection area 
varied from 26 to 30 percent over clear parts of 
the oceans, 12 to 16 percent over clear parts of 
the continents, and 4 to 8 percent over clouds. 
Thus, the cloud distribution over the area of 
specular reflection has a strong effect on the 
degree of polarization of earthlight. The degree 
of polarization of earthlight is much less from 
areas beyond the zone of specular reflection. 
Digital data-processing procedures are being 
conducted to determine more accurately the 
polarimetric function of the Earth . 

Eclipse of Sun by Earth, as Seen From Surveyor III 

E. 1\1. SHOEMAKER, J. J. RENN!LSON, AND 

E. A. WHITAKER 

In late morning of the first lunar day of the 
Surveyor III mission , an unusual opportunity 
occurred to obsen-e an eclipse of the Sun by the 
Earth ; this eclip e took place on April 24, 1967. 
Were it not for the fact that the pacecraft ,,-as 
tilted as much as 14 .7° to the west and was 
oriented favorably with re pect Lo azimuth, 
it would not have been po sible to observe the 
Earth from a landing site at 23° W longi tude 
because of the limited range of ele\-ation angles 
through \\-hich the mirror can be sLepped. To 
ob erve the Earth , the mirror was pointed up
\nlrd and positioned at its highest permissible 

339-4 62 0-6D-~9 

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

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

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

A gap ranging from about 50° to more than 
90° is present in the images of the halo along 



120 SURVEYOR : PROGRAM RESULTS 

SUN'S MOTION 

• SUBLUNAR 
POINT 
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ORIENTATION OF BOTTOM EDGE OF TELEVISIQN PICTURE OF ECLIPSE 

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

FIGURE 3-98.-Superimposed Surveyor III pic
tures showing distribution of light in the re
fraction halo of the Earth at the time the first 
series of eclipse pictures was taken and at t he 
time the second series was taken. An eclip e 
image taken from the fi rst series of pictures 
has been reduced in size and is shown nested 
within an eclipse image taken from the second 
series of eclipse pictures. The angular orienta
tion of both images is t he same. Line marked 
N-S shows projection of Earth's axis on plane 
of pictures. Eighteen beads, identified by 
letters, can be distinguished. Note that the 
angular position of beads in the refraction halo 
tends to remain the same; the bright region 
nearest the Sun changes position between t he 
time of the first series of pictures and t he time 
of the second, following the Sun. 
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the eastern limb of the E arth. Over most of the 
arc length of the gap, the halo is too faint to be 
detected with the exposures used, but over a 
short sector of the gap, the image of the Earth 
may have been cut off by the edge of the camera 
mirror. 

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

To identify the atmospheric features control
ling the distribution of the beads, each bead's 
position in the second serie of pictures was 
measured relative to the projection of the 
Earth's axis. These positions " -ere plotted on 
the trace of the limb on stereographic projec
tions of the Northern and Sou thern Hemi
spheres of the Earth. The plotted positions of 
the beads were then compared directly with 
stereographic mosaics of ESSA 3 pictures of the 
Earth taken on the day before the eclipse (fig. 
3-99(80) and (b)). Even though there was some 
shift in cloud pattern between the time the 
ESSA 3 pictures were taken and the time of the 
eclipse, it can be seen that the beads occur 
predominantly over clear or largely clear re
gions between the clouds. Clouds tend to occult 
the refracted rays of the Sun, most of which 
pass through the low atmosphere at the limb; 
the beads occur at depres ions in the optical 
silhouette of the Earth. 

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

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

The digitization procedure adopted for the 
televi ion pictures generates a larger number of 
digital picture elements along a scan line than 
there are scan lines in the picture; the digital 
picture is a rectangular matrix of 600 X 684 
elements. In the first series of pictures, the 
image of the refraction halo is 54 lines high and 
61 picture elements wide. The total number of 
picture elements yielding. c·olorimetric data in 
each of the digitized pictures from this series 
was 644 . Chromaticity coordinates for selected 
picture elements were calculated, by means of 
the tristimulus value equations, from the digital 
voltages of corresponding elements in pictures 
taken through each of the three color filters. 
Because of present uncertainties about the pre
flight calibration tapes and because of possible 
ji tter or other displacement of image points in 
corresponding pictures, the calculated chroma
ticity coordinates may have an error of as much 
as 0.03 in x and y . 

Chromaticity coordinates were calculated for 
18 points on the images in the first series of 
eclipse pictures and were plotted on a chroma
ticity diagram (fig. 3-101). The location of 
these colorimetric measurements with respect to 
the eclipse images is shown in figure 3-102. Also 
plotted on the chromaticity diagram are the 
locus of color temperatures for a body that obeys 
Planck's law (a blackbody) and the locus of 
color temperatures for natural daylight as far 
a 4800° K. Loci of correlated color temperature 
(ref . 3-45) are shown crossing the Planckian 
locus in figure 3-10l. 

Most colorimetric measurements were made 
in the bright region of the halo controlled by the 
position of the Sun. Most measurements in this 
region have a correlated color temperature close 
to 4800° K . Beads in the halo exhibit lower 
correlated color temperatures. The center of 
bead G, close to the bright region, has a cor
related color temperature of about 4000° K, 
and the center of bead A, which lies over 
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FIGU RE 3-99.- t ereographic mosaics of ESSA 3 pictures of the E arth, t aken the day before 
the eclipse. (a) Northern H emisphere. (b) out hern H emisphere. Bright area arc 
clouds a nd, in mountainous regions and the Arctic, snow fiel ds ; dark areas are clear. 
Note position of African conti nent which may be seen in t he clear areas on right-ha nd 
side of (a) . T race of limb of E art h, as een from the Moon, a nd pos itions of beads and 
the bright region in t he refraction halo of the E arth observed in the second series of 
eclipse p ictures t a ken by Surveyor III are shown by the white cir cles and lines that 
extend fr om 90° W to 90° E. Beads occur in areas that are largely clear . Letters beside 
symbols for beads correspond to letter identification of beads in figur e 3-98 (mosaic 
provided by Dr . D. S. J ohnson, National Environmental Satellite Center, ESSA). 
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F IGURE 3-99.-Continued. (b) Southern H emisphere. 

Antarctica, farthest from the projected position 
of the Sun , has a correlated color temperatu re 
of approximately 2850° K . T he correlated color 
temperature tends to decrease in directions 
a\l-ay from the projected position of the Sun 
and also tends to decrease to\l-ard the inner edge 
of the halo. As \I-ould be expected, the color 
temper ature tends to be 10\l'e1' for light that 
follo\l-ed paths of greater atmospheric absorp -

tion. Most of the colors present in the images 
had puri ties Ie than 50 percent. 
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4. Lunar Surface Mechanical Properties 

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

Significant new knowledge on the mechanical 
properties of the lunar soil has been provided by 
the Surveyor series of spacecraft (fig. 4-1). This 
report summarizes the mechanical properties 
sections of the Surveyor Mission Reports (refs. 
4-1 to 4-5), which contain information on soil 
cohesion, adhesion, permeability, compressibil
ity, particle-size distribu tion, bearing strength, 
elasticity, frictional and light reflectance charac
teristics. Mechanical property estimates pre
sented are results of interpretations of landing 
telemetry data and television pictures of footpad 
and crushable block landing imprints, alpha
scattering-instrument imprints, tracks made by 
rolling stones, and rock fragments lying on the 
surface. The surface sampler, flown on Surveyors 
III and VII (see ch. 5 of this report), also 
obtained data on mechanical properties. 

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

(ref. 4-4); and (3) Surveyor VI attitude control 
gas jets were operated. 

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

1 Values are given in centimeter-gram-second units. 
To convert to foot-pound-second units, the fo llowing 
factors apply : 1 m=3 .28 ft; 1 cm = 0.394 in . ; 1 N 
(newton) = 105 dynes=0.225 lb; 1 N /cm2= 1.45 Ib/in.2; 
1 dyne/cm2= 10-5 N /cm2= 1.45 X 10-5 Ib/ in .2; 1 poise 
= 1 dyne sec/cm2= 2.089 X 10- 3 lb sec/fV. 
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Surveyor. At each site, the soil is granular and 
slightly cohesive. Although predominately fine 
grained, the soil contains a small percentage of 
rock fragments in a wide range of sizes. 

Spacecraft Landings 

Description 

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

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

ATTITUDE 
CONTROL JET 2 

CRUSHABLE 
FOOTPADS 

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

Mis8 io n 

Parameter Survellor III Survellor VI Tolerance 
Survevor Survello r Y Survellor 

I VII 
Touch- Touch- Touch- Initial Hop 
down 1 down Z down 3 

Vertical landing velocity, 
m/sec ____ ______________ 3.6 1.8 1.4 1.5 4. 2 3. 4 3. 8 3.8 ±0.4 

Horizontal landing 
velocity, m/sec ____ ______ O. 3 O. 2 O. 8 o. 9 0.3 O. 3 0.5 0.1 ±0.2 

Angle of surface slope, deg _ 1.0 11.5 14.0 9.2 19.5 o. 9 -------- 3.1 ±0. 5 
Maximum axial shock-

absorber load (leg 1), N __ 6190 2970 1420 3860 5620 7000 14 900 7330 ±5% 
Maximum axial shock-

absorber load (leg 2), N __ 7110 3060 2800 2440 7280 8000 7800 7800 ±5% 
Maximum axial shock-

absorber load (leg 3), N __ 6220 3680 2350 4120 7300 7000 8600 6540 ±5% 
Mass of spacecraft at 

landing, kg _________ ____ 294. 5 305. 7 -------- 299.0 303. 7 300. 5 299. 8 306. 0 ±0.5 
Depth of footpad 2' 

penetration, cm ___ _____ _ 3 -------- 2 2 4±2 6 6 4 ±1 
Depth of footp ad 3 • 

penetration, cm _________ 2 -------- 2 4 4±2 3 3 4 ±1 
Maximum travel distance 

of ejecta, cm ___________ 50 ---- -- -- ----- - -- 70 80 50 90 40 ±5 

• The footpad depths listed are the estimated depths of t he foo tpads below the undisturbed surface in their 
final position; depths of penetration correlating to times at peak shock-absorber loads were generally different 
than the final depths; see table 4-2. 

FOOTPAD DETAI L 

i 3-cm PLATE 

14 x IO~- dynes/cm2 -F===='====1:=:::;:-~r-. 
HONEYCOM9 --

7 XIO!)-dynes/cm2 -·~======::;l:=~ 
HONEYCOMB 
(SHADED ) 

FIGURE 4-2.-Dimensions of landing gear assembly. 
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( b) 

FIGURE 4-3.-Surveyor footpad. (a) Side view. (b) 
Bottom view, showing waffle pattp.rn in aluminum 
foil covering formed by internal honeycomb structure. 
The footpad diameter is 30.5 cm at the top and 20.3 
cm at the bottom. 

landing, the shock absorbers reextended to their 
original undeflected lengths. 

A temperature-compensated strain-gage bridge 
was mounted on each shock absorber to moni
tor i ts axial load history, which was tel em
etered to E arth in the form of a continuous 
analog signal. Initial strain-gage histories for 
each landing are shown in figure 4-4. Except for 
the first two landings of Surveyor III, all 
recordings indicate zero-force level before touch
down because the spacecraft were in a free-fall 

F IGURE 4-4.-Telemp.try data showing initial shock
absorber axial load histories during Surveyor landings. 
In most cases, oscillations continue beyond the 2.5 
seconds shown. (a) Surveyor I : landing. (b) Surveyor 
III: first touchdown. (c) Surveyor III : second touch
down. (d) Surveyor III: final landing. (e) Surveyor 
V: landing. (f) Surveyor VI : initial landing. (g) 
Surveyor VI : hop landing. (h) Surveyor VII : landing. 
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state after vernier-engine cutoff, which occurred 
about 1.3 seconds before touchdo\\-n. H owever, 
even for the first two Surveyor III landing, the 
deviation from zero \\-as insignificant on the 
scale of the recording. Footpad impact ,,-as 
indicated by a rapid increase in force ",hich 
reached its maximum within 0.1 to 0.15 second. 
As sho,,-n in figure 4-4, about 0.3 second after 
first contact with the lunar surface, the force 
returned to zero level, indicating elastic re
bound of the spacecraft. Rebound occurred in 
all landings; it was most pronounced for 
Surveyors V, VI, and VII because of a higher 
shock-absorber pring rate. Reimpact, in some 
caSeE followed by a second slight rebound, 

BOOO LEG I 

6000 

4000 

2000 

0 

-2000 

BOOO LEG 2 

6000 
Z 

W 
U 4000 
a: 
0 
"-

2000 

0 

-2000 

LEG 3 

6000 

4000 

2000 

0 

-2000 

L-Isec TIME -

was followed by a ring-out oscillation, after 
which (beyond the range of the display in 
fig. 4-4) the force indications settled at values 
indicating the lunar spacecraft weight_ 

The second landing of Surveyor VI occurred 
after the vernier engines had been fired in a test 
on the lunar surface. This firing caused the 
spacecraft to lif t off and land 2.4 meters from 
the first landing. Complete train-gage records 
for the Surveyor VI initial landing, presented in 
figure 4-5, contain the mo t clearly defined 
rinO'-out oscillations of any Surveyor landing. 

" 
Spacecraft / Soil Interactions 

Visible imprints made by the footpads (figs. 
4-6 and 4-7 2) during the landings indicate that 

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

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

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

339-462 0-69-10 

Figure 4-8 sho\\-s the imprints made during the 
second landing event of Surveyor III, as viewed 
from the spacecraft after the final landing. 
Figure 4-9 shows the imprints made by footpads 
2 and 3 during the initial landing of Surveyor 
VI, as vie"-ed from the spacecraft after the hop. 

Footpad imprint details vary, primarily be
cause of the different landing conditions en
countered by each spacecraft. After Surveyor I 
bounced, the footpads came to rest in the initial 
imprints (figs. 4- 6(a) and 4-7(a)) . The imprints 
made during the first landing event of Surveyor 
III were not located; however, imprints made 
during the second landing event and rebound 
are shown in figure 4-8. Multiple imprints were 
made by each footpad during the third landing 
event (figs. 4- 6(b) and4-7(b)). The Surveyor V 
footpads plowed trenches (figs. 4- 6 (c) and 4-7 (c)) 
in the soil as the spacecraft slid down the inner 
slope of a small crater 9 to 12 meters in diameter. 
The footpads rotated about their hinge axes 
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FIGURE 4-6.-Lunar surfacc areas disturbed during footpad 2 landing impacts . (a) Sur
veyor I: wide-angle picture showing rayed ejecta p attern (June 5, 1966, 11 :29:49 GMT). 
(b) Surveyor Ill: mosaic showing high reflectivity of bottom of first two overlapping 
imprints outboard of footpad. Edge of a third imprint, formed in ejecta from first 
two impacts, is visible over top of footp ad (Apr. 26, 1967, Catalog 3-MP-3) . (e) Sur
veyor V: wide-angle pictures showing trench formed as spacecraft slid down the inner 
slope of the small crater in which it landed. The deepest penetration was on the uphill 
end of the trench where initial impact occurred (Sept. 14, 1967, Catalog 5-MP-19) . 
(d) Su rveyor VI: after initial landing. Wide-angle frames showing part of imprint made 
during first impact and symmetrically distributed ejecta formed when the spacecraft 
had a near-vertical final descent onto an almost horizontal lunar surface ( ov. 15, 1967, 
Catalog 6- E-2.')). (e) Surveyor VI: after hop. Part of mosaic of wide-angle pictures 
showing portion of imprint made during first impact at right of footp ad ; spacecraft 
bounded back toward prehop position after making this imprint. Mo t soil \Va jeeted 
in the direction the spacecraft was moving during the hop (Nov. 17, 1967, Catalog 
6-SE-9). ( f) Surveyor VII: imprint made during first impact is to the lower right of 
the footpad. The rock beside the footpad is about 20 em across (Jan . 14, 1968, Catalog 
7-SE-18). 
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FIGURE 4-7.-Lunar surface areas disturbed during foo tpad 3 lan ding impacts. (a) Surveyor 
I (Jun e 12, 1966, Catalog I-SE-5) . (b) urveyor III: wide-angle pictures showing 
imprint below antenna boom made during first impact of the final landing (Apr. 30 
an d May 1, 1967) . (c) Surveyor V: wide-angle pictures showing far wall of trench 
(below shock absorber) formed as pacecraft slid down lope (Sept. 20, 1967, Catalog 
5-MP-33) . (d) Surveyor VI: after initial landing ( ov . 17, 1967, Catalog 6-SE-19). 
(e) Surveyor VI: after hop (Nov. 18, 1967, Catalog 6-SE-24). (f) Surveyor VII: one 
of the numerous rocks in the lan ding area made a hole in t he crushable footpad behind 
the magnet bracket (Jan. 17, 1968, Catalog 7-SE-20E). 
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FIGURE 4- 8.-Mosaic showing soil disturbance, about 11 meters from the t elevision camera, 
caused by second landing event of Surveyor III. Footpad imprints are indicated by 
numerals and vernier engine 3 disturbance by a V. A second footpad 2 imprint formed 
during a short bounce is indicated by the symbol 2' (Apr. 26, 1967, Catalog 3-MP-1). 

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

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

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

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

Some of the footpad imprint pictures show 
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(b) 

FIGURE 4-9.-Surveyor VI footpad imprints made during initial landing, as seen fro m 
posthop position . (a) Footpad 2 imprint (Nov. 17, 1967, Catalog 6-SE-39). (b) Footpad 
3 imprint ( ov. 22, 1967, Catalog 6-SE-38) . 
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FIGURE 4-10.-Imprints on lunar surface made by crushable blocks. (a) Surveyor I: crush
able block 3 imprint. Imprint walls are almost vertical; depth of penetration is about 
2 cm (June 3, 1966, 06 :34 :09 GMT, computer processed). (b) Surveyor VI: crushable 
block 3 imprint, made during first landing, as seen thl"ough auxiliary inirror. The mound 
of soil in the center of the imprint was left when the a luminum foi l that covers the 
bottom of the cored block ruptured dUl"ing landing (Nov. 12, 1967, 07:0 :08 GMT). 
(c) Surveyor VI: crushable block 3 imprint made during fust landing, as seen from 
posthop position. This imprint is the same imprint seen in figure 4-10(b) (Nov. 17- 18, 
1967, Catalog 6- E-23). (d) Surveyor VII: crushable block 2 imprint, as seen through 
auxiliary mirror (J an . 10, 1968, 05:45:23 GMT, computer processed). 
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clearly that the soil is inelastically compressible. 
F or example, the second impact of footpads 2 
and 3 on the Surveyor VI initial landing, over
lapping the flat bottoms of the first imprints, 
produced sharp indentation without raised rims 
(fig. 4-9). This indicates that, even after the 
compaction caused by the first impact, the soil 
underwent additional anelastic compression. 
Further evidence of the compressibili ty of the 
top few centimeters of the soil is provided by 
the doughnut-shaped imprints of the crushable 
blocks (fig. 4-10). In the center of eaoh imprint 
is a mound of soil, which was formed during 
landing when the aluminum sheet that covers 
the bottom of the cored block collapsed. The 
crushable block imprints have sharp outer edges 
and show no raised rim or disturbed soil outside 
the depressions, again indicating that the soil is 
compressible. Soil clumps, which fell from the 
crushable block assemblies as they retracted 
after landing, cover the imprint bottoms. 

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

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

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

With the exception of Surveyor VII, when 
some local deformation and tearing of footpad 
material OCCUlTed (fig. 4-12), there was no evi
dence of crushing of the footpad aluminum 
honeycomb or crushable blocks on landing. 
Crushing strengths were 7 Njcm2 for footpad 
bottoms, 14 Njcm2 for the footpad tops, and 
28 jcm2 for the crushable blocks. Two small, 
very bright objects, which were noted on the 
surface near Surveyor VII, may be pieces torn 
from the ahlminum honeycomb by a rock. One 
of these objects is shown in figure 4-13. 

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

Simulations of Landings and Hop 

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

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

A Surveyor footpad will not begin to crush 
until the pressure on it exceeds 7 N/cm2

• 

T herefore, the leg force histories (for up to 5 cm 
of crushing of the footpad bottoms) are the same 
for landings on surfaces with any bearing 
strength above 7 N/cm2• The honeycomb blocks 
crush at 28 /cm2• Thus, any surface with a 
bearing strength greater than 28 N/cm2 i es
sentially rigid, as far as the response of the entire 
pacecraft landing gear is concerned. Rigid 

surface landing simulations have produced 
shock-absorber force histories which agree 
reasonably \\'ell (peak forces generally higher, 
but deviations less than 20 percent) with 
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FIGURE 4-12.-Surveyor VII footpad 3 showing hole in 
crushable honeycomb behind magnet bracket; the 
hole was caused by impact on a rock during landing 
(Jan. 20, 1968,20 :25:20 GMT). 

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

corresponding flight data. These results indi
cated that force histories are relatively insensi
tive to surface hardness-a fact that has been 
confirmed by soft-surface simulations with sur
face hardnesses as 10"· a 2 to 3 /cm2. There
fore, consideration of force histories alone is not 
sufficient; penetration data also must be consid
ered to determine surface mechanical properties 
by use of soft-surface mathematical models such 
as described in references 4-7 and 4-3. 

The soil model of reference 4- 7 considers a 
bearing strength versus penetration depth given 
by O" =a+,Bx, where a and ,B are coefficients and 
x is the vertical penetration. A third term (),X) , 
shown by analysis to have a negligible effect for 
Surveyor landing , was not included in the 

calculations. The surface horizontal force was 
assumed to be the product of a friction co
efficient and the vertical resistance to penetra
tion. After a preliminary investigation, a friction 
coefficient of 0.7 was adopted for the remaining 
analyses. The results indicated that at the Sur
veyor I landing site and on the scale of the 
Surveyor footpad the uppermost portion of the 
lunar soil has a bearing strength of less than 1.4 
N/cm2, and bearing strength increases with 
depth with an increa ing rate and reaches a value 
in the range of 4.2 to 5.6 N/cm2 at a depth of 5 
cm. The results indicated that simulated pene
trations of Surveyor I into such a surface would 
be approximately 4.1 cm and 3.8 cm for foot
pads 2 and 3, respectively. An extension of the 
investigation of referenM 4-7, using revised 
penetration estimates (table 4-2), indicates that 
the lunar surface bearing strength reaches the 
range of 4.2 to 5.6 N/cm2 at a depth of approxi
mately 4 cm. 

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

where 
p=pressure exerted on the penetrating ob

ject 
po=static bearing pressure 
c= depth-proportionality constant 

PI = initial density of the soil 
P2=compressed density of the soil 
s= penetration 

A small depth-proportionality factor (c= 
0.0328/cm) \\·as used; i.e. , the static bearing 
pre sure, Po, \\·as assumed to increase by ap
proximately 16 percent for each 5-cm surface 
penetration. Oonsequently, this study provided 
values of effective a,-erage bearing strength for 
a depth corresponding to the maximum pene
tration for each landing. On this basis, a Po of 
3.4 N/cm2 gave consistently good correlation 
between analyses and flight data for the 
landings of Surveyors I , III, VI, and VII 
(refs. 4-1 , 4-2, 4-4, 4- 5, 4- , and 4-9). (The 
correlation for uneyor VI is shown in fig. 
4-14.) Ho,,-ever, for the Surveyor V landing, it 
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histories . 

was necessary to use a Po of 2.8 N fcm 2 for 
acceptable correlation (ref. 4-3). This appeared 
to indicate a softer surface at the Surveyor V 
landing site. It should be pointed out, however, 
that the bearing capacity of a footing on a 
slope is smaller than that of the same soil on a 
horizontal surface. Consequently, the lower Po 
indicated for Surveyor V is at least partiaHy 
a result of the 20° slope on which the spacecraft 
landed, rather than an indication of a difference 
in soil properties. For the posthop landing of 
Surveyor VI, a good force history correlation 
could not be achieved because of an unusual 
force history generated by the leg 1 shock 
absorber (fig. 4-4(g)). It is thought that foot
pad 1 struck a rock, which restricted its lateral 
movement during the landing, thus causing the 
unusual force history. 

Footpad 2 penetrations resulting from land-

ing simulations using the compressible soil 
model are compared in table 4-2 with the 
penetration values calculated from television 
data. From these results, it appears that 
penetrations obtained from landing simulations 
on surface with Po from 4 to 6 fcm would 
bracket the actual penetrations as determined 
from television pictures. Thus, based on this 
compre ible soil model, the average lunar 
surface bearing strength to a depth of about 
6 cm is estimated to be from 4 to 6 Nfcm2

• 

During the Surveyor VI landing, a clear 
imprint was made by crushable block 3 (fig. 
4- 10 (c)) . A mall mound of soil in the bottom 
of the imprin t is attributed to rupture of the 
thin aluminum foil that covers the bottom of 
the cored crushable block. Tests, described in 
reference 4- 4, were performed to establish the 
pressure levels (2.4 N fcm2) required to rupture 
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TABLE 4-2. Footpad 2 penetrations calculated from computer compressible surface landing simulations. 
These values are compared with penetrations measured from television observations 

Footpad 2 i nitial penetrations, cm 
Bearing strength used in 

Spacecraft 8imulations, N/c m 2 

p o= From landing From television 
simulation8 observations a 

Surveyor ! __ _________________ ___ ________ ____ 3. 4 4.7 3±1 
4. 9 3. 7 

Surveyor II! (final landing event) _____________ 3. 4 5.0 2. 5± 1 
4. 9 2. 5 

Surveyor V _______________________ __ ________ b2. 8 12 12±2 
Surveyor VI (initiallanding) __________________ 3.4 6. 9 ±2 
Surveyor VlL _______________________________ 3. 4 8. 4 4±1 

2.0 (penetration <2.5 cm) } 3. 5 
4.9 (penetration > 2.5 cm) 

• Work is being performed on improving these values and will be published as soon as available. 
b Low bearing strength value of Surveyor V site is at least partially caused by the 20° surface slope. 

the aluminum foil. With the compressible soil 
model described above, it \\-as calculated that 
the static bearing strength of the lunar oil at 
a depth of 1 to 2 cm is about 1.8 N/crn2

. 

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

Depth of Footpad Soil Penetrations 

Estimating footpad penetration during first 
impact for each Suneyor landing is difficult 
since the teleyision pictures obtained after 
landing show only Lhe final position of the 
footpads, not their posilion at maximum pene
tration during first im pact. During all the 
landings, the footpads experienced t"oo or more 
im pacts because of pacecraft rebou nd; im
prints caused by the first impact generally 

were disturbed, or completely obscured, by 
ubsequent impacts. 

Two methods were used to determine the 
depths of footpad penetrations. The first 
method con isted of reconstructing footpad 
landing imprints in the laboratory by using a 
Surveyor footp ad and a soil of crushed basal t. 
Licrhting angles of a collimated light were ad
j u ted to match the Sun's po ition during the 
lunar observation; a prototype television 
camera on a full-scale Surveyor model was 
u ed to view the re ul ts. 

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

By combining the re ults of both methods, 
the general features of footpad imprints and 
ej ecta rims were reconstructed and vertical 
dimensions of the imprints were determined. 

The average footpad penetration values 
listed in table 4- 1 are the estimated final depth 
below the natural lunar surface of the center 
of the footpads in their present position. Local 
lunar surface variations and differences in 
the \\-ay soil \\Oa ejected during impact caused 
ignificant variation in the depths of soil 

around each footpad. Estimates of initial 
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FIGURE 4- 15.-Variation of Surveyor VI vernier-engine t hrust wi th t ime during the hop. 

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

Elastic Properties of the Lunar Soi l 

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

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

For a single mass-spring system with viscous 
(velocity) damping, the free oscillations are of 
the form (j(t) = defiection) 

where l' is the fraction of critical damping and 
Wo is the undamped, angular resonant fre
quency. The quality factor Q of a resonant 

system is Q=1-. For large Q, i.e., small 1', the 
21' 

damped frequency is approximately equal to 
woo For a spacecraft on the lunar surface, Wo 
and l' depend on the stiffness and damping of 
the lunar surface material, as well as those of 
the spacecraft. 

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

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

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

47r2Mj/jm2 

Km j ,2-fm2 

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

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

where l' is the radius of the loaded area, and I' 
is Poisson's ratio. Since I'lies bet\"een 0 and 0.5 
for all common material, this relationship 
provides an estimate of G. Then, the shear 
wave velocity of the lunar soil, V ., can be 
estimated for a given value of G and various 
assumed values of bulk density, p, since V.= 
(G/p)1 /2 . In addition, the compressional wave 
velocity, V p , can be obtained from the relation 

V 2 2V/(1-1') 
P 1-21' 

For Surveyors I and III, the oscillation 

frequency was 6.5 Hz, which results in K m= 
4.9X 108 dynes/cm. This implies a rigidity 
modulus range from 3.9X 106 to 7.8 X 106 

dynes/cm 2
, for I' varying from 0.5 to 0, re

spectively, and a shear wave velocity of 16 to 
28 m/sec for a bulk density of 1.0 to 1.5 g/cm3• 

For Poisson's ratio less than 0.45 and the same 
range of density, a compressional wave velocity 
of 33 to 70 m/sec is obtained (ref. 4-2). 

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

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

Lunar Soil Erosion 

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

Types of Lunar Soil Erosion 

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

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

(2) Diffused gas erosion. Movement of soil 
caused by the ou tward and u p\\'ard flo'" of gas 
through the pores of the soil (ref. 4-17). An 
eruption of the soil could occur if an engine is 
rapidly shut down. 

(3) Bearing load cratering (also called ex
plosive cratering). Rapid cratering caused when 
the exhaust gas pressure on a surface exceeds 
the bearing capacity of the surface (ref. 4-18). 
With the full expansion of Surveyor exhau t 
plumes in the lunar envi.ro!,}ment, this type of 
erosion \\'as not likely to occur. 

Vernier-Engine Firings 

Surveyor III provided the first indication of 
the erosion effects of rocket gases on the lunar 
surface. The firing of the vernier engines during 
the Surveyor V mission was intended primarily 
to determine the diffused-gas eruption effects 
resulting from rapid engine shutdom1. Surveyor 
VI engines were fired at a higher thru ' t le\' el, 
and for a longer period of time, to increa e the 
viscous erosion effect. 

Observations 

SURVEYOR III. The yernier engines of Sur
yeyor III continued to fire during the first 
t\\·o touchdomls. The site of the second touch
doml \\'as vi ible to the camera from the final 
landed position, approximately 11 meters a\\·ay. 
As seen in figure 4- 8, not only are the imprints 
of the three footpads \"isible, but also a light 
stl'eak of soil can be seen \\·ith adjacent dark 
soil; both liO"ht and dark oil are attributed to 
the firing of yernier engine 3. Ho\\'e\-el', other 
than the indication tha t the "ernier engll1es 

;)3!)-!62 O- o(j!l - 11 

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

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

(1) Viscous erosion. A thin layer of soil was 
removed from beneath and adjacent to the 
vernier engines (fig. 4-17). Erosion of soil 
during the fuing extended to distances at least 
up to 1.9 meters from the engines. As shown in 
the controlled 3 mosaics (fig. 4-18), the soil 
layer near vernier engine 3 and adj acent to the 
sensor head was substantially disturbed by the 
firing. Some of the soil and rock fragments 
moved by the fuing are identified on these 
annotated mosaics. The largest fragment known 
to have been moved is 4.4 em in diameter. 
Television pictures indicate that, at least in 
some places, soil " 'as disturbed by viscous 
erosion to depths probably greater than 1 em 
for distances up to 60 cm from engine 3. As 
sho\\'11 in figure 4-18, soil at E, be ide rock a, 
\\'as eroded to a depth of about 1 cm. The trail 
(fig. 4-18(11.)) left by rock H as it rolled down
slope is no longer \-isible (fig. 4-18(b». Figure 
4-19 sho\\'s the relati\' e distance that fragments 
of different sizes can be moved by gil. es striking 
the lunar surface with urface pre ures equiy8.
len t to those of vernier engine 3 (ref. 4-3). 
This figure sho'\\'s that fragments up to 4 or 5 

3 The controlled mosaics arc composed of narrow
angle television frames mounted on a spherical urface; 
the center and orientation of each frame are correct 
rclative to all other frames. 
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FIGURE 4-16.-Profile of Surveyor V and the crater in 
which it landed . 

FIGURE 4-17.-Lunar surface beneath Surveyor VI 
vernier engine 3, as seen through an auxiliary mirror. 
ea) Prefiring picture. eb) Po tfiring picture, showing 
the shallow crater cau ed by diffused gas eruption 
at engine shutdown. 

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

(2) Diffused gas erosion. Exhaust gases, 
which had diffused into the soil during the 
firing, caused the soil to erupt at engine shut
down and form a shallo,,", crescent-shaped 
crater (fig. 4-17(b)). The crater is 20 cm in 
diameter and 0.8 to 1.3 cm deep; the height of 
the vernier engine above the surface was 39 
cm, and the maximum static pressure of the 
exhaust ga es on the surface directly below the 
engine ,,"as 0.29 N/cm2

• Prefiring and postfiring 
pictures of the lunar surface below engine 3 are 
shown in figure 4-17. 

SURVEYOR VI. On November 17, 1967, 177 
hours after landing, the Surveyor VI vernier 
engines ",ere fired for 2.5 seconds in order to 
lift the spacecraft from the lunar surface and 
to move it a short distance from the original 
landing site. This maneuver subjected the 
lunar surface to greater erosional forces from 
the vernier-engine exhaust gases than that 
exerted during the Surveyor V static firing. To 
achie,-e horizontal motion during the hop, the 
spacecraft's flight control ystem had been 
preset by Earth command such that the space
craft acquired a tilt of 7° immediately following 
liftoff (fig. 4-20). This 7° tilt of the vernier 
engines caused soil eroded by the exhaust 
ga es to be preferentially ejected to the east, 
away from the tilt direction (fig. 4-21). 

Figure 4-22 is a mosaic of computer-enhanced 
pictures of the first landing site identifying 
the double imprints formed by the footpads 
and the single imprint formed by the crushable 
blocks during the original landing; the locations 
of the vernier engines before liftoff for the 
hop are also sho\\"l1. On figure 4-22, the major 
areas of erosion cau ed by yernier-engine 
exhaust gases are identified with capital 
letter . Areas A- E represent erosion principally 
attributed to vernier engine 2, areas 0-1 to 
engine 3, and areas J{-N to engine 1 (ref. 
4- 4). Enlargements of the main erosion areas 
for each engine are sho,,"n in figures 4-23 
through 4-25. 

Some of the more pronounced erosion 
features, formed by the firing and visible in 
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FIGURE 4-1S.-(a) Prefiring, annotated mosaic of alpha-scattering-instrument area. Rock 
and soil fragments not moved by the firing are outlined; fragments shown by postfiring 
pictures to have been moved by the firing are marked with an X (Sept. 10, 1967). (b) 
Postfiring, annotated mosaic of alpha-scattering-instrument area. Fragments not. 
moved by the firing are outlined; fragments that moved are marked with an X 
(Sept. 12, 1967) . 
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AVERAGE 
DIAMETER, em 

25 44 
26 35 
27 34 

'" 
26 19 
29 2.2 
30 2.6 

FIGURE 4-18.-Concluded. 

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

the urface with a rippled appearance at I 
cau ed by differential erosion by engine 3; 
and (5) the fan of fine, dark soil deposited in 
rays at M by engine 1. One or more of the 
oil clumps ejected by the firing hit the photo-
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FIGURE 4-19.-Graph of diameter versus distance for 
fragments moved by the Surveyor V vernier engine 
3 static firing. The dashed line represents the probable 
maximum sizes for fragments that could be moved 
by the firing at distances ranging from 10 to 200 cm. 
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FIGURE 4-20.-Time sequence of vernier-engine posi
tions during liftoff for the hop during the Surveyor 
VI mission . View is perpendicular to direction of hop. 
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AREA OF DEPOSITION 

TURBIDITY-LIKE CURRENT OF EXHAUST GASES AND 
ENTRAPPED FINE SOIL PARTICLES TRAVELING 
HORIZONTALLY ALONG THE SURrncE 

FIGURE 4-21.-Probable history of erosion in Surveyor VI vernier engine 2 area during hop. 

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

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

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

FIGURE 4-23.-J\Iosaic of computer-processed pictures, 
showing rays of fine, dark soil deposited by Surveyor 
V vernier engine 2 during the hop (Nov. 15 and 16, 
1967, Catalog 6-SE-43C). 

FIGURE 4-24.-Mosaic of computer-processed pictures, 
showing imprints of footpad 3 and crushable block 
3 made during the initial landing and soil disturbance 
caused by Surveyor VI vernier engine 3 during 
the hop ( ov. 15 and 16, 1967, Catalog 6-SE-43B). 
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FIGU RE 4- 25.-Mosaic of computer-processed pictures, showing crushable block 1 impact 
area and soil disturbance caused by Surveyor VI vernier engine 1 during the hop (Nov. 
15 and 16, 1967, Ca talog 6- SE- 43A) . 

TABLE 4 -3. V ernier-engine parameters used in computations 

Surve/lor III Surveyor V Surve/lor VI 
Parameter 

Engine 1 Engine 2 Engine 3 Engine 1 Engine 2 Engine 3 Enginel Engine 2 

Maximum thrust, N ____ __ _ 490 130 250 120 76 120 390 310 
Nozzle exit plane height,· 

cm ______ _____________ _ 
-------- ---- - --- 25 39 39 39 32 32 

Maximum static pressure, 
N /cm2 

- - -- ------------- -------- - --- -- -- O. 50 O. 29 O. 18 O. 29 O. 69 O. 92 
Maximum dyna mic pres-

sure, N /cm2 ___ __ _ ______ - - ------ -------- O. 22 0.12 0.076 O. 12 0.30 0. 39 
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Engine 3 

420 

32 

1. 35 

0. 56 

• T a bula ted values correspond to the minimum nozzle heights used in t he surface loa ding computations. Al
though some of these valu es were subsequently revised, t he tabulated surface pre sures still provide representative 
estimates. 
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(0) 

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

The maximum static and dynamic surface 
pressures listed in table 4-3 are values obtained 
from Roberts' theory (refs. 4-14 and 4-15). 
Figure 4-27 shows the relationship between 
these pressures and gas velocity versus radial 
distance. The dynamic pressure is equal to 
p'u,2j2, where p is the gas mass density and u 
the radial velocity of the ga along the surface. 
The values for the Surveyor V static firing 
correspond to the engine thrusts and nozzle 
heights given in table 4-3. The pressures given 
for Surveyors III and VI are the maximum 
values encountered during the second Surveyor 
III landing event and Surveyor VI hop, 
respectively. During these maneuvers, maxi
mum engine thrusts and minimum nozzle 
heights did not occur simultaneously; therefore, 
the lifted maximum surface pressures did not 
correspond to both maximum thrust and 
minimum nozzle heights. 

The viscous erosion theory given in references 
4-14 and 4-15 was used to compare the theo
retical and observed crater dimensions. Theo
retically, soils compo ed of particle sizes 
smaller than 500 microns would not erode as 
fast as observed during the Sun-eyor V firing. 
Al 0, for a hypothetical soil composed of 600-

illlcron particles and with a cohesion of 0.01 
N/cm2 (selected to approximate the average 
erosion rate), the theoretical erosion crater 
diameter ,,-ould be 70 cm instead of the 
measured 20-cm-diameter crater under the 
Surveyor V vernier engine 3. These calculations 
indicate that viscous erosion was not the major 
erosion mechanism for the formation of the 
crater. However, viscous erosion probably 
caused the larger soil fragments to move across 
the surface from positions outside the crater. 

Since viscous erosion does not appear to 
have been the principal eroding mechanism, it 
is thought that diffused gas eruption occurred. 
This type of ero ion, ho\\-ever, does not provide 
an estimate on cohe ion of the surface material 
because the diameter of a diffused gas eruption 
crater is largely independent of the soil cohesion 
(ref. 4-17). But it can be concluded, by com
paring the calculated crater diameter with 
the observed value, that the lunar soil must 
be relatively impermeable; a firing time of 
0.5 second (Surveyor V) is only one-tenth of 
the time required to reach steady-state condi
tions. This is based on an assumed soil poro ity 
bet"'een 0.3 and 0.5 and a viscosity of the 
exhaust gases in the soil between 1 X 10-4 and 
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3 X 10-4 poise, as explained in reference 4-17. 
From this, the permeability of the soil was cal
culated to be bet,,-een 1 X 10-8 and 7 X 10-8 cm2_ 
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FIGURE 4-27.-Theoretical static pres 'ure, dynamic 
pressure, and exhaust gas radial velocity at the 
surface of a plane, parallel to the engine nozzle exit 
plane; engine thrust= 120 N, nozzle exit plane 
height= 39.4 cm. 
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For comparison, the permeabilities of soils of 
different uniform grain sizes are shown in 
figure 4-28. This figure shows that the perme
ability range for the lunar surface material, 
probably down to a depth of about 25 em, fits 
into the permeability range of silts (grain-size 
range from 2 to 50 microns). Lunar soil con tains 
particles larger, and probably smaller, than this 
range. However, the estimated lunar perme
ability indicates that most of the particles are 
in the 2- to 50-micron size range. This estimate 
is in agreement with conclusions reached from 
light reflectance simulations of Surveyor III 
footpad imprints (ref. 4-2). 

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

According to the theory advanced in ref
erences 4- 14 and 4-15, the maximum erosive 
shear stre s occurs at the point of maximum 
dynamic pressure and is dependent on the effec
tive value of the friction coefficient. Soil erosion 
data obtained by the Langley Research Center 
from soils having an initial flat surface indi
cated the effective friction coefficient, 0" to be 
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FIGURE 4-28.-Permeability of terrestrial soils versus grain size 
[tnd classification related to Surveyor V results. 
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about 0.2, which is the value recommended 
in reference 4-15. For the irregular, undulating 
surface existing at the Surveyor VI landing 
site the friction coefficient should be higher , 
than 0.2. For the upper-bound estimate made 
here, Of is taken as 0.4. According to table 
4-3, the peak dynamic pressures under vernier 
engines 1, 2, and 3 were 0.30 , 0.39, and 0.56 
N/cm2, respectively. Thus, for a friction coeffi
cient of 0.4, the lunar surface \\-as subjected 
to maximum shearing stresses of 0.12, 0.16, 
and 0.23 N /cm2 by exhaust gases from vernier 
engines 1, 2, and 3, respectively. 

Also, according to the theory in references 
4-14 and 4-15, the viscous shear stresses are 
resisted by the frictional and cohesional forces 
of the soil. The resistance of the soil surface 
provided by the friction forces bet,,-een soil 
arains is nealiaible for the small-diameter 
b b b 

particles at the Surveyor VI landing site. As a 
result, erosion is essentially resisted by co
hesion; therefore, upper-bound estimates of 
soil cohesion are equal to the maximum values 
of applied shearing stresses. Because each 
vernier engine caused some soil erosion, the 
minimum value for an upper-bound soil co
hesion estimate is the hear stress caused by 
vernier engine 1. This value is 0.12 N/cm2

• 

The maximum surface loading (1.35 N/cm2
) 

occurred under vernier engine 3. Under the 
assumption that Terzaghi's bearing-capacity 
theory (ref. 4-19) is applicable for this type of 
surface loading, estimates can be made for 
the minimum value of soil cohesion needed 
to prevent a bearing-capacity failure for 
various values of soil density and internal fric
tion angle. An application of this theory, in 
conj unction with the pressure loading from 
Roberts' theory, indicates that a soil with an 
assumed weight density of 2.4 X 10-3 I cm3 

(1.5-g/cm3 mass density) and a soil cohesion 
greater than 0.0073 /cm2 would be sufficient 
to prevent a bearing-capacity failure for a soil 
with a 35° internal friction angle. For a friction 
angle of 30°, the required value of cohesion is 
0.020 /cm2

• Since a bearing capacity type of 
failure was not observed during the hop, this 
procedure indicates that the soil cohesion lower 
bound is 0.0073 N/cm2

• 

Attitude Control Jet Operations 

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

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

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

protrusions, probably oil clumps, which were 
12 to 15 cm from the center of jet impingement 
(fragments A and B, fig. 4- 29). 

Simulations and analyses.-Laboratory tests 
were performed in which an attitude control 
jet was operated over soil beds in vacuum. The 
oil erosion caused by the jet was of the viscous 

type; no eruption caused by diffused gas was 
observed. 

It was found that erosion occurred if the soil 
cohesion was below a limiting value. For the 
sandy silts u ed in these test, the limiting value 
of the cohesion was 0.17 N/cm2

• However, these 
tests were conducted at a pressure of approx
imately 50 X 10-3 mm Hg and full expansion of 
the jet plume probably did not occur. Therefore, 
static pressure on the soil surface in the vacuum 
chamber probably was greater than on the lunar 
surface beneath the jet. 
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FIGURE 4-29.-(a) Mosaic of narrow-angle pictures taken shortly before the 4-second 
operation of the attitude control jets. Representative fragments, shown by postoper
ation pictures to have moved or to have been partially eroded by the firing, are circled. 
The dark area cutting diagonally across each picture is the camera housing. A line 
extending through the center of the attitude control jet is shown by the arrow. The 
approximate point where this line intercepts the lunar surface is shown by an X (Nov. 9, 
1967, Catalog 6-MP-l). 
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FIGURE 4-29.-Continued. (b) Mosaic of picture taken immediately after the 4- econd 
firing of the attitude control jets. Representative fragments that arrived at their present 
site becau e of the firing are circled (Nov. 9, 1967, Catalog 6-MP-2). 
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FIGURE 4- 29 .-Continued . (C) 1\10 a ic of the arne pictures u ed in figure 4-29(b); however, 
the fragments circled are those fragments shown by later pictures to have been moved 
by the 60-second attitude control jet firing (Nov. 9, 1967, Catalog 6-MP-2). 
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FIGURE 4-29.-Concluded. (d) Mosaic of picture taken after the 60-second attitude 
control jet firing. Fragment circled arrived at their present sites after the 60-second 
firing ( ov. 9,1967, Catalog 6-MP-3). 
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Spacecraft Contamination 

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

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

Glare on Surveyor III pictures probably was 
caused by a thin layer of lunar soil deposited 
on the television mirror when the vernier 
engines were fired during the first two touch
downs. 
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Although Surveyor V landed on a 20° 
slope, no obvious contamination of the space
craft was produced, except that the footpads 
plowed into the lunar surface, causing soil to 
be deposited on the footpad tops. Following 
the vernier-engine firing, a splatter of soil was 

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

(a) 

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

observed on top of one of the electronic com
partments (fig. 4-3 1) . This contamination was 
caused by impact of a soil clump, probably 
ejected by diffused gas eruption from beneath 
vernier engine 1. The soil clump must have 
followed a near-vertical trajectory to reach 
the compartment top. The firing also coated 
the vertical face of the sensor head of the 
alpha-scattering instrument with soil, destroy
ing the reflectivity of its mirror finish. 

During the hop made by Surveyor VI, some 
lunar soil impacted and adhered to the photo
metric target on one of the omnidirectional 
antenna booms (fig. 4-26). It is estimated 
that the lunar soil adhesion in this case was 
between 250 and 1000 dynes/cm2

• The minimum 
value of 250 dynes/cm2 is based on the soil 
withstanding an acceleration of about 48 
m/sec2

, which is the estimated minimum value 
of peak acceleration exerted on the photo
metric target during the hop landing. This 
value differs from that given in reference 4- 4. 

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

339-46·2 0 - 69- 12 

Summary and Conclusions 

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

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

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

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

(4) Static bearing strength of the lunar soil 
increases with depth. Bearing strengths calcu
lated for various size penetrators are as follows: 
(a) In approximately the upper millimeter: 
less than 0.1 N/cm2 (from imprints of small 
rolling fragments); (b) at a depth of 1 to 2 
mm: 0.2 N/cm2 (from imprints of the sensor 
head of the alpha-scattering instrument on 
Surveyor VII, ref. 4-5); (c) at a depth of 1 to 
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2 cm: 1.8 N/cm2 (from Surveyor VI and VII 
crushable block imprints) ; (d) at a depth of 
4 cm: between 4.2 and 5.6 N /cm2 (from an 
extension of the Surveyor I footpad penetration 
analysis of ref. 4- 7); (e) to a depth of 6 cm: 
between 4 and 6 N /cm2 (average bearing 
strength from analyses of Surveyor footpad 2 
penetrations using the compressible soil model 
defined in ref. 4-3) . 

(5) Dynamic bearing stress developed on a 
crushable block exceeded 2.4 /cm2 during 
penetration to a depth of 3 cm. 

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

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

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

(9) Based on the Surveyor V vernier-engine 
firing, the permeability of the soil, to a depth 
of about 25 cm, is estimated to be in the range 
from 1 X 10-8 to 7 X 10- 8 cm2. This corresponds 
to the permeability of Earth silts and indicates 
that most of the lunar soil is in the 2- -to 60-
micron particle-size range. 

(10) Soil cohesion is estimated to be be
tween 0.007 and 0.12 N/cm2 (from vernier
engine firings). 

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

Surveyor V: Soil on the polished vertical sur
face of the alpha-scattering-instrument sensor 
head; (c) Surveyor VI: A thick layer of soil on 
the photometric target. Adhesive strength of 
the soil impacting, and adhering to, the Sur
veyor VI photometric target is estimated to be 
between 250 and 1000 dynes/cm2

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

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

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

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

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

The Subsystem 

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

Mechanism 

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

Electronics 

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

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

5.0 

accurate indication of forces applied to the 
lunar surface. 

The Missions 

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

Surveyor III 

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

Surveyor VII 

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

normally to the lunar surface, the surface 
sampler was used to assist in the deployment 
(ref. 5-9). Initial sampler contact with the 
lunar surface occurred at bearing point 1 (fig. 
5-4) and, as shown in figure 5-5, was remark
ably similar to the initial bearing test on Sur
veyor III (bearing test 1, fig. 5-3). Using com
mand tapes especially designed to operate the 
surface sampler in a bearing test mode, as well 
as tapes to provide pictures between each com
mand during a trenching test in order to con
struct a motion picture, successful soil tests 
were continued throughout the first lunar day. 
The total operating times and number of com
mands issued during the mission are shown in 
table 5-1; 16 bearing tests, 7 trenching tests, 
and 2 impact tests were performed. After initial 
deployment to the undisturbed surface, the 
alpha-scattering instrument was redeployed to a 
second sample position ~a rock) and then to a 
third sample position (disturbed surface). 
Figure 5-6 shows the surface sampler in the 
process of moving the alpha-scattering instru
ment from the second to the third lunar sample. 
The locations of the soil tests and of these 
sample positions are shown in figures 5-4 and 
5-7. The results of data analysis from bearing 
test 2 on Surveyor VII are shown in figure 5-8. 
This diagram is a revision of figure 5-5 of refer
ence 5-9, following postmission studies. 

Temperature data and motion increment 
measurements for the surface-sampler motors 
on Surveyor VII showed that the motors did 
not change their operating characteristics 
significantly (particularly as far as distance per 
command is concerned) , even though they 
operated under a wide range of temperature . 

TABLE 5-1. Summary of surface-sampler 
operations 

Operation Survellor III Survellor VII 

Total power on time _____ 18 hI 22 min 36 hr 21 min 
Total spacecraft com-

mands ____ ___ ___ _____ 5879 12639 
Total functions __ _ - - - - - - 1898 6956 
Total bearing tests ___ __ _ 7 16 
Total trenching tests ___ _ 4 7 
Total impact tests ____ -- 13 2 
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The similarity of the elevation motors on the 
surface samplers on both missions can be seen 
from the curves of force versus motor current 
shown in figure 5-9. From the e curves, it is 
clearly evident that the bearing forces applied 
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stall conditions. Thus, direct comp arisons could 
be made of the soil at both landing si tes. 

The surface-sampler subsystem was operated 
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ing that the unit and auxiliary had survived the 
lunar night. 

The Operations: Comparison of Tests 

Surveyor 11/ 

SEARING TEST 0 

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

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

(a) 

FIGURE 5-5.-Similarity of initial bearing tests performed. (a) Surveyor III (day 112, 
05:17:27 GMT). (b) Surveyor VII (day 011, 03:55:42 GMT). 
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the motor currents and, therefore, the forces, 
during subsequent operations. The maximum 
forces exerted by the elevation and retraction 
motor under stall conditions had been meas
ured in terrestrial tests and related to tempera
tures. Since the motor temperatures could be 
estimated during Surveyor III operations, the 
surface tests were conducted until deliberate 
stalling of the motor was achieved. In thi man
ner, it was possible to estimate the forces ap
plied to the surface. From this information and 
from various tests conducted with Surveyor III, 
the properties of the lunar surface soil were 
estimated. 

The lunar surface material appears to have 

the properties and behavior of a fine-grained, 
terrestrial soil possessing a small amount of 
cohesion and an angle of internal friction cor
responding to a medium-dense soil. The density 
is apparently within the range of ordinary ter
restrial soil (ref. 5- 2). Most of the lunar tests, 
with the exception of the bearing tests, indi
cated a relatively homogeneous soil material in 
lateral extent, but one that increased somewhat 
in strength as a function of depth. This was 
observed by the greater difficulty of deepening 
trenches as the depth exceeded a few centimeters. 

Relatively few rocks were accessible to the 
surface sampler on Surveyor III, and only 'one 
of these rocks was picked up for a closer exami-

FIGURE 5-6.-Surface sampler holding the alpha-scattering instrument during deployment 
to third lunar sample on the Surveyor VII mission (day 022, 11 :21:12 GMT). 
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FIGURE 5-7.-Plan view of Surveyor VII surface
sampler operations showing locations of trenches, 
rocks, and positions of alpha-scattering instrument. 

nation. Its dimensions, however, were too 
small to permit the weight of the rock to 
be determined. 

Impact tests were performed on Surveyor 
Ill; however, the relatively small spring con
stant of the torque spring precluded the 
determination of density from these tests. 

Surveyor VII 

Surveyor VII landed on an ejecta blanket 
north of the rim of Tycho. Telemetry was used 
extensively for the measurement of motor cur
rents during subsequent urface operation. As 
a consequence, it was possible to determine the 
force versus depth of penetrations during bear
ing tests (ref. 5-9) and trenching operations. 
The soil behaved qualitatively and quantita
tively in a fashion similar to that observed at 
the Surveyor III site; relatively minor differ
ences were observed. Results from bearing test 
show that the mechanical properties cited for 
the mare material can be applied to the Tycho 
blanket material. 

During Surveyor VIl operations, obstructions 
were encountered in the trenches. A large frag
ment of rock, which could not be moved with 
the force available to the surface sampler in 
retraction, was encountered at a depth of 
about 3 cm. Therefore, it appeared that the 
soil cover at the Surveyor VII site was generally 

thinner than that encountered by Surveyor III. 
This soil cover probably constitutes only the 
upper few centimeters of the fragmental debris 
layer that constitutes the Tycho ejecta blanket. 

In one of the trenches formed by Surveyor 
VIl, a depth of 20 to 24 cm was attained in 
successive passes; sub equent analysis of the 
motor-current data indicated relatively little 
increa e of strength with depth in this exca
vation. In fact, from the trenching informa
tion, the soil seems to be relatively uniform to 
the maximum depth. This difference in behavior 
from Surveyor III may be because of the dif
ferent chemical nature of the soil at the two 
sites, a differen t age of the material since its 
deposition, or to other factors (ref. 5-10). 

Comparison 01 Mare and Highland Sites 

Qualitatively, the soil at the two sites ex
hibited certain differences in deformational 
behavior. In the mare area, a penetration test of 
the lunar surface caused cracking and splitting 
of the surface material as it was pushed up by 
the soil displaced by the surface sampler. Al
though this cracking was manifested to some 
small extent at the Surveyor VII site, the 
process of deformation was much more one of 
plastic working of the soil. It can be concluded, 
therefore, that the soil at the Surveyor III site 
exhibit a brittleness lacking in the soil in the 
vicinity of Tycho. That is to say, the soil at the 
Surveyor III site possesses some cohesion among 
the individual surface grains, which can be 
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broken and may not be reestablished to the 
same degree. This can be confirmed by observa
tions of the behavior of the material during 
trenching operations at both landing ites. At 
the Surveyor III site, a trenching opera tion 
produced relatively large chunks of lunar 
surface material which could be easily crushed 
by the surface sampler. At the Surveyor VII 
site, the trenching operation produced relatively 
small clods of soil, and the material appeared to 
deform without cracking or forming large lumps. 
Since both soils are cohesive, it indicates a 
somewhat different nature of the cohesiveness 
of the two sites. 

It must be emphasized that the soil at the 
Surveyor III si te also indicated a tendency to 
be cohesive even after it was disturbed, so that 
some adhesion among the individual fragments 
must be of a reversible nature. To some extent, 
it can be concluded that, at the Surveyor' III 
site, a crust of somewhat brittle material existed 
to a depth of 2 Y2 to 5 cm below the surface. 
Below this depth, the soil at both sites exhibited 
no substantial difference, with the exception of 
the increase in strength with depth observed at 
the Surveyor III site. With possible modifica
tions, because of the depth of the underlying 
rock fragments, the soil at the Surveyor VII site 
also appeared to be quite uniform laterally over 

the entire region tested by the surface sampler. 
One rock fragment was squee7.ed in the jaws 

of the Surveyor III surface sampler; rock 
fragments were picked up by the Surveyor VII 
surface sampler, and one rock fragment was 
broken by an impact. Since the rock picked up 
by the surface sampler on Surveyor III re
mained intact when subjected to a force of 
several hundred newtons per square centimeter 
by the surface-sampler jaws, it was concluded 
to be a rock fragment rather than an aggregate 
of soil particles. The range of densities ob
tained by picking up and weighing a fragment 
adj acent to the Surveyor VII spacecraft con
firms this conclusion. The density was in the 
range 2.4 to 3.1 g/cm3

, with the most probable 
value about 2.8 to 2.9 gjcm3

• Another rock 
fragment of apparently similar appearance was 
fractured by a moderately strong blow by the 
Surveyor VII surface sampler. The magnitude 
of the impact indicates that either the sample 
was weakened by fracture planes or discon
tinuities within i t, or that it was not a particu
larly strong rock initially (ref. 5-9). 

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

On Surveyor VII, the surface sampler carri.ed 
two magnets embedded in the scoop door; 
some of the operations conducted were per
formed for the purpose of studying the inter
action of the magnets with the lunar rna terial. 
Magnetic material in granular form and one 
apparently magnetic fragment were picked up 
during these tests. 

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

Summary and Conclusions 

The surface sampler, a versatile and ex
tremely useful apparatus for performing a 
variety of mechanical functions, also proved 
its value as a remote manipulation tool. 

Although relatively complex operations plans 
had been established before the launch and 
touchdown of Surveyors III and VII, it was 
found that successful surface-sampler opera
tions were conducted by evaluating in real time 
the obstacles and tasks to be performed, and 
by operating the surface sampler in conjunction 
with the television camera to accomplish the 
required tasks. The use of motor current proved 
a useful addition to the process of manipulating 
the surface sampler, which responded correctly 
to all command~ transmitted during operations. 
The design of the mechanism and its electronic 
aUh"iliary was more than adeq uate for all lunar
surface operations. 

Data acquired from the soil mechanics sur
face-sampler experimen t on the Surveyor III 
and VII missions provided significant informa
tion on the mechanical properties of the lunar 
soil. The range of properties has been reduced 
greatly from the ranges postulated before 

Surveyor. A summary of soil parameters, which 
are presented and discussed in reference 5-9, is 
given below: 

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

(2) The surface soil at the two sites exhibits 
similar properties. The behavior of the soil at a 
depth of several centimeters is, therefore, con
sistent with It material possessing a cohesion on 
the order of 0.35 to 0.7 X 104 dynes/cm2

, an angle 
of friction of 35° to 37°, and a density of about 
1.5 g/cm3

. 

(3) The resistance of the soil to penetration 
and, therefore, i ts strength, increases with 
depth in the top 1 or 2 cm. 

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

(5) The bearing capacity of the lunar soil to 
the 2.54-cm-wide area of the closed scoop of 
the surface sampler was about 2.1XI05 dynes/ 
cm2

, at a penetration of about 3 cm. 
(6) Qualitatively, the soil at the Surveyor 

VII site was less brittle than at the Surveyor 
III site; there was less general cracking, and 
tests and trenching operations provided smaller 
lumps or aggregates of lunar soil. 

(7) The density of a single rock, which was 
picked up and weighed during the Surveyor VII 
mission, was in the range 2.4 to 3.1 g/cm3

• 

(8) The excavation of one partially buried 
rock during Surveyor VII operations revealed 
th~t the subsurface part was angular in con
trast to the rounded visible part. 

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

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

J. W. Lucas (Chairman), W. A. Hagemeyer, J. M. Saari, L. D. Stimpson, and J. M. F. Vickers 1 

Each of the five landed Surveyor spacecraft 
transmitted data back to Earth for at least 
2 weeks. The Surveyor landing sites are shown 
in figure 6-1; table 6-1 lists the selenographic 
location, time of landing, local slope, and Sun 
elevation above the eastern horizon at landing. 

In addition to the selenographic location 
differences, the local terrain on \\·hich each of 
the spacecraft landed \\·as different. Surveyor I 
landed on a relatively smooth, nearly level 
surface, encircled by hills and low mountains. 
Surveyor III landed about halfway down the 
slope of a crater about 200 meters in diameter 
and 15 meters deep. The local slope was about 
12W from the lunar horizontal. Surveyor V 
landed with one leg on the rimless edge of D. 

9- x 12-meter crater, which was l.5 meters 
deep, and the other two legs \\"ithin the crater. 
The local slope was 8 bou t 20° from the lunar 
horizontal. Surveyor VI landed on a relatively 
smooth, nearly level, flat surface. The local 
slope was less than 1 ° from the lunDr horizontal, 
but after the hop made by the spacecraft, the 
local slope on the new site was about 4°. Sur
veyor VII landed in extremely rough terrain, 
but with a local slope of only about 3°. 

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

Surveyor III landed with the vernier pro
pulsion system still at a thrust level almost equal 
to the lunar weight. It lifted off after initial 
touchdown and remained aloft for about 24 

1 With the exception of J . 1'1. t:>aari of the Boeing 
Scientific Research Laboratories, the authors are 
affi liated with the Jet Propulsion Laboratory. 
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seconds . Liftoff also occurred after the second 
touchdown, the spacecraft remaining aloft for 
12 seconds before third touchdown. At the time 
of second touchdown, all analog telemetry sig
nals (which included all but two of the tempera
ture telemetry channels, both associated with 
the television camera) became erroneous. The 
anomaly was localized in the signal-processing 
analog-digital converters, and it was found that 
most of the analog data obtained in the lowest 
rate mode (17.2 bit/sec) was fairly reliable and 
could be corrected with simple calibration fac
tors . However, the overall accuracy of telem
etered temperatures from Surveyor III was 
estimated at ± 6° K compared with that for the 
other spacecraft of ± 4 ° K. Surveyor III ex
perienced a solar eclipse (by the Earth) during 
its first lunar day on April 24, offering the first 
opportunity to observe such an event from the 
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FIGURE 6-1.-Surveyor landing sites. 
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TABLE 6- 1. Positional characteristics oj Surveyor spacecrajt 

Selen ographic coordinate8 Touch down ti m e Su n 
A tla8/ACI C 8V8tem e levatio n Approxi-

above m a t e 
Spacecraft Selen ographic loca t ion eas tern local 

8lop e, h orizon at 
Longitude Latit u de GMT dale GMT hr: touch- deg 

min:see down ,deg 

Surveyor L ___ 2.46° S ___ 43.23° W _ Sou thwest par t of June 2,1966 06:17:36 28. 5 < 1 
Oceanus Procellarum 
(Ocean of St orms) . 

Surveyor III __ 2.99° S ___ 23. 34° W _ Sou thea t part of Apr. 20, 1967 -00 : 04: 17 11. 8 12. 4 
Oceanus Procellarum 
(Ocean of Storms) . 

Surveyor V __ __ 1.4° N b __ 23.2° E b _ Mare Tranquilli tatis Sept. 11, 1967 00:46:42 16. 4 20 
(Sea of Tranquillity) . 

Surveyor VI ___ 0.51° N __ 1.39° W __ Sinus Medii (Central Nov. 10, 1967 01: 01: 04 2. 8 0< 1 
Bay) . 

Surveyor VIL_ 40.88° 8 __ 11.45° W _ Ejecta blanket of Crater Jan . 10, 1968 01:05 :36 12.5 3 
T ycho. 

- -
• Initial touchdown ; second t ouchdown was a t 00 :04:41 GMT; final t ouchdown was at 00:04:53 GMT. 
b Approximate; not precisely located. 
o Before t he hop. Af ter t he hop, t he slope was about 4°. 

Moon. SUl'veyor III did shut down almost im
mediately after sunset (2 hI') on the first lunar 
day. 

SUl'veyor V, which operated for about 115 
hours into the first lunar night, also experienced 
a solar eclipse (by the Earth) on the second 
lunar day on October 18 and operated for 
about 215 hours into the second lunar night. It 
operated for a short period of time during the 
fourth lunar day, transmitting 200-line tele
vision pictUl'es. 

The vernier rocket engines on Surveyor VI 
were fired on the lunar surface during the first 
lunar day, causing the paceCl'aft to lift off from 
the lunar surface and to hop 2.4 meters. Sur
veyor VI operated for about 40 hours into the 
lunar night; it was revived on the econd lunar 
day, but gave thermal data for only a hort 
time. 

Surveyor VII, which operated for about 0 
hours into the first l unar night, was successfu lly 
revived on the second lunar day, giving good 
thermal data during the day; however, contact 
with the spacecraft was los t before sunset on 
the second lunar day. 

Surveyor I presented the first opportunity to 
obtain in situ estima tes of the lunar sUl'face 

temperature and thermophysical characteris
tics, in addition to engineering data on the 
thermal behavior of the spacecraft during 
operation on the lunar surface. It should be 
emphasized that none of the Surveyor space
craft carried any instruments, as such, to 
measure lunar surface temperatures or surface 
thermal characteristics. For operational rea
sons, the spacecraft were thermally isolated 
from the lunar surface to the greatest extent 
possible. Fortunately, there were temperature 
sensors on the outer surfaces of two electronic 
compartments, on the solar panel, and on the 
planar array, which were highly dependent on 
the local thermal radiation environment and 
only partially dependent on other spacecraft 
equipment. These spacecraft temperatures have 
been used to estimate the average brightness 
temperature of those portions of the surface 
viewed by each sensor. In this report, brightness 
temperature is used in the usual sense, that is, 
the experimentally observed temperature a sur
face with uni t emissivity must have to produce 
the measUl'ed response. 

The Earth-ba ed (telescopic) eclipse meas
Ul'ements used for comparison were performed 
to a resolution of either 8 or 10 seconds of arc 
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(14 or 18 km at the disk center). The error of 
matching Earth-based infrared maps with 
lunar photographs is 4 to 8 km based on a 
least-squares approximation using 30 to 50 
identifiable hot spots. The location of the 
Surveyor spacecraft, relative to nearby features 
on Lunar Orbiter photographs, is known to 1 
meter. The Surveyor spacecraft provided esti
mates of surface temperature out to about 18 
meters from the compartments. Thus, com
pared with the best previous infrared telescopic 
observations, this is an improvement in ground 
resolution by a factor of 1000. The derived 
temperatures after sunset, and during the two 
eclipses, were used to estimate the thermal 
characteristics of the lunar surface at each site. 

Earth-Based Thermophysical Observations 

The surface temperatures calculated from 
the spacecraft thermal data were compared 
with Earth-based measurements and theo
retical thermophysical models. In the following 
paragraphs, a summary is given of the pertinent 
Earth-based measurements of the various 
landing site regions. 

Albedo 

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

(1) 
where 

u=Stefan-Boltzmann constant, W/m2 °K4 
A= bolometric or total solar albedo, di

mensionless 
S=solar irradiation, W/m2 
f=elevation angle of the Sun to the 

surface 

By this definition, the Lambertian temperature 
is that which a perfectly diffuse blackbody 
surface would have to radiate the same energy 
as is absorbed, Actually, as discussed later in 

339,462 0·69 - 13 

this chapter, the lunar surface exhibits direc
tional effects in its emission; however, it has 
been found that the Lambertian temperature 
provides a useful comparison to the spacecraft 
data. 

In order to calculate TL , the bolometric 
albedo of each site must be known. For this 
purpose, the simultaneous infrared and photo
metric scan data of reference 6-1 were used. Of 
particular interest was the scan at full Moon 
(-2° phase angle) just prior to the Decem
ber 19, ] 964, eclipse. The data show the bright
ness 2 temperature changes with the photo
metric brightness on adjacent regions. This 
allows the calculation of the relationship 
between the photometric brightness on this 
scan and the bolometric albedo. 

ow, because of the directional emission of 
the lunar surface , the observed brightness tem
perature Tb differs from the Lambertian tem
perature because of the angle of view so that 

(2) 

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

A=KB (3) 

where K is a constant, which if known allows 
the determination of A for any point. To de
termine K, measuremen ts were made on two 
areas, 1 and 2, of differing brightness at the 
same f, so from equations (1) and (2) 

and (4) 

Eliminating D(f) between these two equations 
and solving for K, we find 

(5) 

2 With unit surface emissivity assumed. 

L-_______________________________________________________________________ _ ___ __ _ 
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It was thought that K could possibly be a 
function of t/t, so many pairs of points of 
different brightness were measured over the 
disk. The results showed that K was essentially 
independen t of t/t . 

For each landing site region, B was measured 
from the scan data and the bolometric albedo 
calculated with the value of K determined 
above (see table 6- 2). Because the measure
ments were made with a resolution of 10 
seconds of arc (18 km at the center of the disk) 
and with a location accuracy of 4 to 8 km, the 
albedo of the region in the immediate vicinity of 
a spacecraft could depart considerably from 
the quoted values. 

rhermophysical Properties of the Surveyor Landing Sites 

The thermo physical properties can be deter
mined only from postsunset eclipse or lunation 
cooling curves. The most extensive eclipse 
measurements are those of references 6-2 and 
6-3 made during the December 19, 1964, 
eclipse. Data on isotherms during totality for 
the equatorial region have been published 
(ref. 6-4); the measurements revealed anoma
lous cooling of features of a wide range of 
sizes, varying from kilometer-size craters to 
entire maria. It would not, therefore, be sur
prising if thermal heterogeneity were found to 
dimensions much smaller than possible to 
measure by the Earth-based eclipse meas ure
ments; for example, any local areas strewn 
with sizable boulders should cool more slowly 
than unstrewn areas . 

Isotherms in the region of the Surveyor I 
landing site have been transferred to the lunar 
aeronautical chart (fig. 6-2). In that regIOn, 

( 
&,,--~ 

FIGURE 6-2.-Isothermal contours for landing site 
region of Surveyor I obtained during totality of 
lunar eclipse. 

the craters Flams teed and Flamsteed B are 
prominent hot spots. It can be seen that the 
area in which Surveyor I landed is one with 
small horizontal thermal gradients; thus, it 
contains the highly insulating properties that 
typify the general lunar surface. 

Isothermal contours in the region of the 
Surveyor III site during totality of the De
cember 19, 1964, eclipse (ref. 6-2) are shown in 
figure 6-3. The region is relatively bland. Iso-

TABLE 6-2. Mission chaTacteTistics 

Characteristic Su rvey o r I Survellor I II 

Landing sitc_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Oceanus Pro- Occanus Pro-
cellaru01. cellaru01. 

Solar constant, W/m2 __________ 1352 _____ ____ 1386 ________ _ 
Bolometric a lbedo (A ) "" lunar 0.052 ________ 0.076 ______ _ _ 

reflecti vi ty (P2) . 

Surveyor V Sur vellor VI 

Mare T ran- Sinus M edii __ _ 
q uilli tatis . 

1375 ______ ___ 1423 __ ____ __ _ 
0.077 _____ ___ 0.0 L __ __ __ _ 

S u rvello r VII 

Ejecta blanket 
of Tycho. 

1442. 
0.17. 
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FIGURE 6-3.-Isothermal contours for landing site 
region of Surveyor III obtained during totality of 
lunar eclipse. 

thermal contours for the Surveyor V and VI 
landing site regions from the same eclipse data 
are shown in figures 6-4 and 6-5, respectively. 
Again both regions appear to be relatively bland 
at the limit of resolution of the Earth-based 
measurements. 

The crater Tycho is an outstanding thermal 
anomaly on the lunar surface from the stand
point of the temperature difference over its 
environs and the size of the area affected. Iso
therms of the region from reference 6-3 are 
shown in figure 6-6 and indicate that there are 
three maxima in the temperature distribution 
within the crater and that the anomaly extends 
about one crater diameter beyond the rim. The 
Surveyor VII landing site is within the anoma
lous area surrounding the crater. During eclipse 
totality, the central peak is about 62° K warmer 
than the environs, whereas the Surveyor VII 
landing site area is only l4 0 K warmer. 

FIGURE 6-4.-Isothermal contours for landing site region of Surveyor V obtained during 
totality of lunar eclipse. 
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NORTH 

FIGURE 6-5.-Isothermal contours for landing site region of Surveyor VI obtained during 
totality of lunar eclipse. 

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

The spacecraft data were compared with 
Earth-based measurements of the illuminated 
lunar surface made during the December 19, 
1964, eclipse. The latter measurements, it is to 
be noted, are influenced by the directional 
effects of infrared emission determined by the 
direction from which the site regions were 
observed on Earth. Lunation calculations 
(ref. 6-5) of the homogeneous model were 
used assuming constant thermophysical proper
ties. These properties are characterized by the 
thermal parameter 'Y = (kpc)-~\ where k is 
thermal conductivity, p is density, and c is 
specific heat. This constant 'Y model, however, 

can not adequately represent the Earth-based 
measurements during both eclipse and post
sunset, since the former requires a much larger 
constant'Y than the latter. During illumination, 
the model predicts temperatures essentially in 
agreement with equation (1) if 'Y is greater than 
500. Recently a particulate model of the lunar 
soil has been proposed (ref. 6-6) which agrees 
with both the eclipse and postsunset cooling. 

The bolometric albedos used in the following 
calculations are those given in table 6-2 for 
each landing site. The temperatures were 
corrected for the appropriate Moon/Sun dis
tance. Also, the normal to each surface element 
was assumed coincident with the local vertical. 

A 'Y value of 800 (ref. 6-5) is typical for the 
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0° 
SOUTH 

FIGURE 6-6.-Isothermal contours for landing site region of Surveyor VII obtained during 
totality of lunar eclipse. 

lunation of the equatorial Surveyor sites and 
was derived from Earth-based postsunset 
measurements of maria in the eastern sector 
(ref. 6-7). The larger l' values given in the 
following paragraphs resulted from Earth
based eclipse measurements. The difference in 
'Y is thought to be a consequence of heat ex
change from only the uppermost millimeters of 
soil during an eclipse, whereas a different type 
of soil at a lower depth is involved during the 
lunation warming and cooling phases. 

The calculated lunar surface Lambertian 
temperatures (ref. 6-5) 3 for the homogeneous 

3 B. P. Jones calculated the Lambertian cu rves for 
the different. Surveyor sites including postsunset where 
the differentiation due to l' is significant. 

model at the Surveyor I landing site are shown 
in figure 6-7. The specific values for solar 
constant and lunar reflectivity (albedo) used 
for each mis ion are given in table 6-2. The 
time scale wa fixed assuming a flat Moon 
surface at sunset. The 1'= 800 intermediate 
curve in figure 6- 7 is considered most repre
sentative of the site. It is of some interest to 
note that a l' value of 1350 had been inferred 
for the Surveyor I site from Earth-based 
eclip e measurements. Temperatures calculated 
for the Surveyor III site are shown in figure 
6-8 . 

Thermal measurements were made of the 
Surveyor III site during the April 24, 1967, 
eclipse. Figure 6-9 shows a predicted cooling 
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FIGURE 6-7.- Calculated Lambertian temperature for 
Surveyor I landing site . 
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FIGURE 6-8.-Calculat ed Lambertian temperature for 
Surveyor III landing site. 
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FIGU RE 6-9.-Predicted eclipse Lambertian tempera
ture for Surveyor III landing site. 

curve for the site from Earth-based measure
ments obtained during the December 19, 1964, 
eclipse (ref. 6- 2). When this curve was com
pared with the theoretical eclipse cooling curves 

for a homogeneous model (ref. 6-8), it was 
possible to infer a value for 'Y of 1400. Values 
of 'Y in this range, as determined from eclipse 
calculations, are representative of the insulating 
material that characterizes much of the lunar 
surface. The warming curve in figure 6-9 repre
sents calculated equilibrium surface tempera
tures corresponding to the insolation at each 
time. 

The calculated Lambertian temperature for 
the Surveyor V landing site is shown in figure 
6-10. Figure 6-11 is a predicted eclipse cooling 
curve for the site, from Earth-based measure
ments. By using the theoretical eclipse cooling 
curves for a homogeneous model (ref. 6-8), 
a 'Y of 1350 was obtained for the lunar surface 
material. 

The calculated Lambertian temperatures and 
Earth-based temperatures (ref. 6-1) at the Sur
veyor VI landing site are shown in figure 6-12. 
Each value has been plotted at that time in N 0-

vember 1967 when the elevation angle of the Sun 
was the same as when the measurement was 
made. These Earth-based measurements show 
the directionality of lunar infrared emission; 
near local noon, when the surface was observed 
from the same general direction as the Sun 
(i .e. , when the phase angle was small), the 
measured temperatures were higher than the 
calculated Lambertian temperatures. Earth
based eclipse observations show cooling during 
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FIG U RE 6-10.-Calculated Lambertian t emperature for 
Surveyor V landing site. 
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FIGURE 6-12.-Earth-based and calculated tempera
tures for Surveyor VI landing site. 

totality comparable to that for a homogeneous 
model with a l' of 1100. 

The calculated Lambertian temperatures for 
the Surveyor VII landing site are shown in 
figure 6-13. Also shown are the Earth-based 
measured temperatures, which again show a 
directional effect distribu ted over a larger 
portion of the lunar day. During the Decem
ber 19, 1964, eclipse, Ingrao et al. (ref. 6-9) 

made measurements of Tycho to a 9-seconds-of
arc resolution up to a few minutes before the 
end of totality. These eclipse observational data 
fit the cooling curve for a homogeneous model 
with 1'= 450 inside the crater and with 1'= 1100 
outside the crater by 30 seconds of arc. It 
should be noted that a 1'= 1091 was erroneously 
used in reference 6-10 for postsunset tempera
tures outside the crater instead of 800 from 
actual postsunset measurements (ref. 6-7). 

Although no Earth-based measurements of 
the Surveyor VII landing site region were made 
during the lunar night, it was possible to obtain 
a postsunset cooling curve by interpolation in 
the following manner: 

(1) Earth-based eclipse cooling curves were 
obtained from the data of reference 6-2 for the 
crater itself, the landing site region, and the 
environs outside the anomalous region sur
rounding the crater. These curves showed the 
landing site region had a temperature difference 
over the environs only 0.27 as large as that for 
the crater itself. 

(2) Postsunset cooling curves were available 
for the crater (ref. 6-1); for the environs, a 
theoretical curve for the homogeneous model 
with 1'=800 was assumed. 

(3) A postsunset curve for the landing site 
region was determined by interpolating 0.27 
of the ,,'ay from the environs curve to the crater 
curve, resulting in the predicted X curve shown 
in figure 6-13. This postsunset curve corre
sponds to a l' of 550 for the landing site region. 
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FIGURE 6-13.-Earth-based, calculated, and predicted 
temperatures for Surveyor VII landing site. 
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Directional Effects 

It has been determined that when the lunar 
surface is illuminated by the Sun the observed 
brightness temperature is not constant for 
different angles of observation, i.e., the surface 
does not behave like a Lambertian surface 
(ref. 6-11). This effect, ascribed to surface 
roughness, causes the brightness temperature 
to be higher when the phase angle is small (i.e., 
when the Sun/surface/observer angle is small) 
than when it is large. (Qualitatively, the emis
sion is greater when viewing the lunar surface 
with the Sun over one's shoulder.) Such direc
tionality will have an effect on the radiation 
received by the compartments on the Surveyor 
spacecraft to a degree depending on the scale 
of the local surface roughness. 

To correct the calculations for directional 
effects, Earth-based measurements over the 
entire lunar disk for three Sun angles were 
used. For a Sun elevation angle of 90°, the 
measurements of Sinton (ref. 6-12) were taken 
which show the variation in radiance from the 
subsolar point as a function of the angle of 
observation. For two other Sun angles of 30° 
and 60°, the infrared scan data for different 
phases made by Shorthill and Saari were used. 
Albedo corrections for each point were made 
from the full-Moon photometric data. The 
directional factor was determined from equa
tion (2) by using a calculated Lambertian 
temperature at each point. 

Directional factors obtained in this manner 
were referenced to a lunar surface element by a 
coordinate system with azimuth and elevation 
angles for the direction of observation defined 
as follows. Azimuth angles were measured from 
the normal projection of the Sun direction onto 
the surface. Elevation angles were measured 
from the surface in the plane of observation. 
Directional factors obtained over the globe 
were referenced to this azimuth/elevation angle 
system. A least-squares spherical harmonic fit, 
symmetrical with respect to plus and minu 
azimuth angles, was then computed for the 
data. A contour plot of the directional factor 
for a Sun elevation angle of 60° is shown in 
figure 6-14. Directional factors were, of neces
sity, obtained from global measurements made 
on a variety of features. It is possible, therefore, 

FIGURE 6-14.-Contours of directionality for Sun 
elevation angle of 60°. 

for a small area such as a Surveyor landing site 
to have different directional effects than the 
average surface if the local roughness or surface 
configuration differed significantly from the 
average. 

Spacecraft Thermal Measurements 

Spacecraft Description 

The Surveyor spacecraft (fig. 6-15) had a 
basic structural frame of tubular aluminum 
which served as a tetr ahedral mounting struc
ture for the electronic gear and propulsion 
system. The three spacecraft legs were attached 
at the three corners of the base. The planar 
array antenna and solar panel, mounted on a 
mast about 1 meter above the apex of the 
structure, cast varying shadow patterns on the 
spacecraft and on the lunar surface throughout 
the lunar day. Change in hadow patterns 
occurred as a resul t of the commanded reposi
tionings of the planar array antenna and solar 
panel and from the apparent movement of the 
Sun (about 0.5°/hr). 

Generally, the spacecraft components in the 
Sun-illuminated areas had white painted ur
faces that provided a low-solar-absorptance and 
high-infrared-emittance thermal finish. The 
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FIGURE 6-15.-Surveyor spacecraft configuration . 

polished-aluminum underside thermally iso
lated the spacecraft from the lunar surface. 

The temperature data of various points in 
the spacecraft were provided by platinum 
resistance temperature sensors. Each sensor 
was calibrated individually to ±2° K; other 
nominal system inaccuracies degraded the 
overall accuracy to ±4° K.4 Most of the 75 
sensors measured internal spacecraft tempera
tures. Some, however, were externally located 
and were responsive to the lunar surface radia
tion; four were located on the outside panels of 
the two main electronic components, on the 
solar panel, and on the planar array antenna. 

Compartment canisters. Compartments A and 
B housed the spacecraft electronics and battery. 
A thermal blanket of multil ayer insulation 
surrounded the components in each compart
ment and, in turn, was covered with an alumi
num panel. A temperature sensor was bonded 
to the polished-aluminum inner surface of the 

• These temperature sensors were low resolution; 
other sensors, critical for spacecraft performance assess
ment, were calibrated to ± 10 C with an overall accuracy 
of ± 30 C over a narrow temperature range. 

outboard face, i .e., the surface facing the 
blanket of each compartment (see figs. 6-16 
and 6-17). The blanket isolated the panels 
from the inside of the compartments. Because 
the outboard faces of the compartments had a 
strong radiative coupling to the lunar surface, 
but were virtually shielded from view of other 
spacecraft components, an analysis of lunar 
surface brightness temperatures was possible. 

Some differences existed in the thermal 
blanket design (75 layers of aluminized Mylar) 

FIGURE 6-16.-Surveyor model, compartment A. 

FIGURE 6-17.-Surveyor model, compartment B. 
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on the different missions. Surveyors I and III 
had a blanket that was integral (taped and 
interleaved) to the compartment wall. Sur
veyors V, VI, and VII had a new blanket 
design installed as a separate item. Both 
designs provided excellent insulation. The 
specific parameters needed to obtain lunar 
surface temperatures from the compartment 
temperature data are given in references 6-10 
and 6-13 through 6-16 . 

Solar panel and planar array antenna. The 
solar panel and planar array antenna were 
relatively low-heat-capacity planar surfaces . 
Temperature data measured by these two 
surfaces also may be used to derive lunar surface 
brightness temperatures. Additional complexity 
is introduced in the analysis, since these 
subsystems thermally interact with some space
craft equipment. 

Two different solar panel designs were used; 
one for Surveyors I and III and another for 
Surveyors V, VI, and VII. The specific param
eters needed to obtain lunar surface tempera
tures from the solar panel and planar array 
antenna temperatures are given in references 
6- 10 and 6-13 through 6-16. The planar array 
antenna as a source of temperature data is not 
now considered very practical because of the 
additional support structure attached to it. 

Surface Views 

The landed orientations for the different 
Surveyor spacecraft are compared in figure 
6-18. The surface views from the compart
ments are depicted along with local downslope 
tilt. It should be noted that preliminary values 
were used for calculation purposes as shown 
and were based on solar panel and planar 
array antenna positional data. 

The lunar surface temperatures were found 
to be dependent primarily on the Sun elevation 

. angle to the local lunar surface slope. Thus, for 
Surveyors III and V which landed on sloping 
surfaces, simple time translations of the lunar 
noon to a local zenith resulted in improved 
temperature distributions. The lunar smface 
temperature measmed by each compartment 
sensor also was influenced by terrain feature 
and shadowing of the lunar surface by the 
spacecraft. 

Surveyor I. The assumed landed orientation 
of Surveyor I is shown in figure 6-19. The 
azimuth of leg 1, the Y axis, is given as 10 south 
of west; the vertical spacecraft - Z axis is 
taken to be tilted 0.50 toward the west. To 
insure early-morning coverage, the science 
bay (television camera) was directed eastward, 
which resulted in compartment A viewing 
southwest and compartment B viewing north
west. The normal to the outer canister face of 
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each compartment made an angle of 69 ± 1 ° 
with the spacecraft - Z (vertical) axis. The 
view factors from compartments A and B to 
the lunar surface (defined later in eq. 6 as Fl2 
plus F 13) were approximately 0.28 and 0.29, 
respectively. The temperature data measured 
by thermal sensors on the outboard faces of the 
compartments were given in reference 6-13. 

The solar panel was stepped throughout the 
lunar day so that it would be nearly normal to 
the Sun vector. The solar panel temperature 
data are presented in figure 6-20, since they 
are planned for future use and were not pre
sented earlier in reference 6- 13. 

Surveyor 111. The assumed orientation of 
Surveyor III with respect to lunar coordinates 
is given in figure 6-21. The normal to the 
compartment A outer canister face was lying 
in a vertical plane of azimuth 9° east of south 
and was inclined at an angle of 65° to the local 
vertical. The normal to the compartment B 
outer canister face had an azimuth 16° north 
of west and was inclined at an angle of 81° to 
the local vertical . The spacecraft -Z axis 
approximated the direction of the local surface 
normal; both compartment normals were lll

clined at 69° to this direction. 
The Surveyor III landing site (about 45 

meters southeast of the crater center) is shown 
in figure 6-22. The surface area viewed by 
each compartment was limited by the canister 
face orientation and crater rim. On this basis, 
compartment A viewed a maximum proj ected 
surface area of 1.3 X 104 m2

, and compartment 
B an area of 2.6 X 104 m 2

• The resulting view 
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FIGURE 6- 20.-Temperatures of Surveyor I solar panel 
on subsequent lunar days. 
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factors from compartments A and B to the 
lunar surface were 0.31 and 0.41, respectively. 
The compartment, solar panel, and planar 
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FIGURE 6-23.-Surveyor V landed orientation. 

array temperature data are given ill reference 
6-14. 

Surveyor V . Surveyor V landed in a small 
(9 x 12 m) crater, with leg 1 positioned near 
the crater rim and legs 2 and 3 downslope on 
the southwest wall of the crater. Figure 6-23 
shows the assumed orientation of Surveyor V 
with respect to the lunar coordinates after 
landing and after sunset of the first lunar day. 
At approximately sunset of the first lunar day, 
the shock absorbers on legs 2 and 3 compressed, 
placing the spacecraft even more downslope. 
During the second lunar day, the spacecraft 
assumed the orientation it had during the first 
lunar day. 

The location of the spacecraft within the 
crater profile is shown in figure 6-24. Com
partment A primarily viewed the east side of 
the crater, the surface beyond the crater, and 
space, with an overall view factor of 0.247 to 
the lunar surface. Compartment B viewed the 
west side of the crater, the surface beyond the 
crater rim, and space, with an overall view 
factor of 0.255 to the lunar surface. The com
partment, solar panel, and planar array tem
perature data are given in reference 6-15. 

Surveyor VI. Surveyor VI, after the initial 
landing and later after the hop, was situated 

FIGURE 6-24.-Profile of crater in which Surveyor V landed. 
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on a generally level, flat surface. The hop 
occurred on November 17 when the vernier 
engines were fired for 2.5 seconds, causing the 
spacecraft to rise and to land 2.4 meters from 
the original landing point. The assumed orien
tations of the spacecraft with respect to the 
lunar coordinates are shown in figure 6-25 . 
Compartment A viewed the area to the south
west with a view factor of 0.321 to the lunar 
surface after the initial landing and 0.350 after 
the hop. Compartment B viewed the area to 
the north, with a view factor of 0.318 to the 
lunar surface after the initial landing and 
0.316 after the hop. The compartment tem
perature data are given in reference 6-16. The 
solar panel temperature data are presented m 
figure 6-26, since they were not included m 
reference 6-16. 
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FIGURE 6-25.-Surveyor VI landed orientations. 
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Surveyor VII. Surveyor VII landed on a 
generally level surface in a highland area. 
The assumed orientation of the spacecraft 
with respect to lunar coordinates is shown in 
figure 6-27. Compartment A viewed the east, 
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FIGURE 6-26.-Temperature of Surveyor VI solar panel. 



196 SURVEYOR: PROGRAM RESULTS 

DOWNHilL TILT 
DIRECTION 

N 

30· 
"'i 

I 
I 

-----

I ___ 

I LEG 2 ~ 
I _~ ;00 

+X AXIS 

w ________ ~~~~~~--------J----

-x AXIS 

COMPARTMENT B \ 
\ 

\ 
+Y AXIS 

FIGURE 6-27.-Surveyor VII landed orientation. 

ALBEDO 

·z<rTi ~ SOLAR 

"'2 
do '¥ 
22 ,-

HEAT BALANCE : 

E1CT r1 ;. a ,s Seos f3 (SOLAR RADIATION) 

(RADIATION FROM 
SUNLIT LUNAR SURFACE) 

(RADIATION FROM 
SHADED LUNAR SURFACE) 

+F1ZQlsPZSSln,¥ (ALBEDO FROM LUNAR SURFACE) 

(HEAT FLOW OUT OF COMPARTMENT) 

VIEW FACTOR : 

FIGURE 6-28.-Heat exchange for a compartment 
outboard face. 

with a view factor of 0.337 to the lunar surface. 
Compartment B viewed the area to the south
west, with a view factor of 0.333 to the lunar 
surface. During the lunar night, shock absorber 
2 compressed, resulting in a slope of the 
spacecraft vertical axis about 6° with r espect 
to the local vertical during the second lunar 
day. The compartment, solar panel, and planar 
array temperature data are given in reference 
6-10. 

Surface Temperature Calculations 

The lunar surface brightness temperatures 
were determined from the spacecraft com
partment outboard face temperatures. This 
was accomplished by evaluating the radiative 
heat balance required between the compart
ment face and the lunar surface viewed using 
the following equation (depicted in fig. 6-28): 

(XIS [F' ] - - F 12P2 sm if; + cos {3 EIE2 12 
(6) 

q 
- EIE2FI2 

where 
T1=compartment surface temperature, OK 
T2=lunar surface brightness temperature 

in sunlight, OK 
T3=lunar surface brightness tempera

ture in shadow 
=200° K was used in the calculations 

S=solar irradiation constant, W/m2 

F 12 =geometric view factors from com
partments to sunlit portion of 
lunar surface, dimensionless 

F 13 =geometric view factors from com
partments to shadowed portion of 
lunar surface, dimensionless 

q=heat flux from inside to outside of 
compartment wall, W/m2 

<T=Stefan-Boltzmann constant 
=5.675X10-s W/m2 °K4 

EI = compartment surface emittance, di
mensionless 

=0.87±0.02 
E2=lunar surface emittance, dimension

less 
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= 1.0 (brightness temperature assump
tion) 

a]s=compartment surface solar absorp
tance, dimensionless 

=0.20±0.02 
ti=angle between direction of Sun and 

normal to compartment surface, 
deg 

1/t=elevation angle of the Sun to the 
lunar surface, deg 

P2=A=lunar reflectivity to solar irradia
tion, dimensionless 

Table 6-2 shows some of the parameter 
values used in the lunar-surface temperature 
calculations for each mission. Other parameters 
used, such as view factors and Sun angles, 
and the detailed results of these calculations, 
are given in references 6-10 and 6-13 to 6-16. 

Shaaing Test 

A differential shading test was performed on 
Surveyor III compartment B to try to estab
lish the degree of thermal isolation of the com
partment outboard face from the Vycor mirrors 
and the radar and doppler velocity sensor 
(RADVS) antenna. The top of the compart
ment on all Surveyor spacecraft was covered 
with Vycor mirrors which had a low a/E 
(=0.12/0.79) permitting heat flow out of the 
compartment during the high lunar day tem
peratures. (Thermal switches internal to the 
compartment isolated the interior from the 
mirrors during the lunar night.) The RADVS 
antenna was located under the outer compart
ment face. 

At the beginning of the shading test, all 
components were unshaded, including the 
compartment outboard face, the Vycor mirrors, 
and the RADVS antenna. Next, with all the 
components shaded from the direct Sun by 
the solar panel, the outboard face temperature 
dropped 6.7 0 K (120 F). Subsequently, each 
component was unshaded in succession: the 
first was the RADVS antenna, which resulted 
in a boT=0.6° K (1 0 F); the outboard face, 
which resulted in a boT= 6.10 K (11 0 F); and 
the Vycor mirrors, which resulted in a boT 
=0.80 K (1.5 0 F). (The sum is greater than the 
original 6.7 0 K (12 0 F) drop becau e of the 
increasing Sun angle during the test.) By far 

the greatest temperature change occurred when 
the outer face was unshaded, with small 
changes resulting when either the RADVS 
antenna or the compartment top was exposed. 
The results, while encouraging, were not con
clusive because of the high Sun angle at the 
time of the test. 

Data Analysis 

Preliminary Results 

Temperature data measured by thermal 
sensors located on the ou tboard panels of the 
electronic compartments, on the solar panel , 
and on the planar array antenna, for the most 
part, are presented in references 6-10 and 6-13 
to 6-16. (Figs. 6-20 and 6-26 contain solar 
panel temperature data not previou ly re
ported.) Included are data taken during the 
first lunar day, during eclipses, after sunset, 
and on some subsequent lunar days; auxiliary 
Sun/panel/spacecraft relative positional infor
mation is also included. 

Lunar surface brightness temperatures were 
calculated using the compartment outboard 
panel temperatures and equation (6), depicted 
essentially as a radiation balance relationship 
in figure 6-28. These preliminary results were 
presented in references 6-10 and 6-13 through 
6-16 shortly after each Surveyor mission. In 
some cases, lunar surface brightness tempera
tures \yere calculated using the solar panel 
temperatures; however, they were not presented 
because of the incomplete effort. 

The lunar surface temperatures derived 
from the Surveyor I compartment data using 
equation (6) were found to differ from Earth
based predictions. Higher morning tempera
tures were evident and lower values of l' re
sulted from Surveyor. Similar discrepancies 
occurred on the subsequent Surveyor missions, 
and especially large differences were noted 
during the eclipses on the Surveyor III and V 
missions. These Surveyor-based eclipse lunar 
surface temperatures were found to be higher 
than Earth-based predictions by 500 and 800 K, 
respectively. 

Another discrepancy also appeared when 
lunar surface temperatures derived from the 
solar panel temperature measurements were 
found to differ from the results obtained from 



198 SURVEYOR: PROGRAM RESULTS 

compartment data. In fact, the solar panel 
results were closer to Earth-based predictions. 
This comparison is shown in figure 6- 29 during 
the Surveyor III eclipse. 

Under the early conviction that compart
ment data were more reliable, efforts were 
concentrated on reducing these data, as well 
as attempting to explain the above discrepan
cies. During some of the missions, the com
partment-based results were as much as 25° K 
higher during the lunar morning or afternoon 
than Earth-based prediction. At night, the 
compartment-based lunar surface temperatures 
also were higher, resulting in 'Y values near 500, 
compared with Earth-based eclipse predictions 
for 'Y of about 1350. Recent Earth-based 
measurements taken during the lunar night by 
Wildey, Murray, and Westphal (ref. 6-7) 

have resulted in 'Y values less than 1000, 
compared with the earlier Earth-based meas
urements taken during eclipses by Saari and 
Shorthill (refs. 6- 2 through 6-4) , which re
sulted in 'Y values averaging about 1350. 

Several effects have been considered III 

modeling the lunar surface characteristics in 
order to explain the difference between eclipse 
and postsunset measurements. Effects given 
erious consideration are directional thermal 

emission, variation of thermal conductivity 
with soil depth, and variation of density with 
depth. Winter and Saari (ref. 6-6) have devel
oped a "cube" model that varies thermal 
conductivity with depth, and they have been 
able to match the Wildey, Murray, and West
phal lunar postsanset data as well as eclipse 
measurements with this model. Jones (ref. 
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6-17) recently suggested a model that includes 
density variation with depth and conductivity 
as a function of depth and temperature. 

Error Analyses 

Early efforts were made during the mission 
operations time period to explain the discrep
ancies in lunar surface temperatures derived 
from compartment, solar panel, and Earth
based data. These included the possible effects 
that could result from dust, paint degradation, 
crater cavities, heat capacity of rocks, and 
directionality. Of these, only the last two 
effects were found to be of interest; rocks may 
have had the effect of maintaining a higher 
postsunset temperature for compartment B on 
Surveyor VII, and directionality partially ex
plained some of the higher morning or after
noon temperatures (ref. 6-14). Additional efforts 
to discretize the lunar surface into many nodes 
to obtain more accuracy were of limited value. 
Further discretization efforts should be re
stricted to the immediate foreground, particu
larly where craters or rocks exist. 

Efforts subsequent to the mission operations 
time period were devoted to searching for 
other possible errors and determining their 
influence on the calculated lunar surface tem
peratures. The first errors investigated were 
those within equation (6), where it was con
firmed that the temperature sensor inaccuracy 
and the view factor uncertainty were the 
significant error contributors during the lunar 
day; also, the uncertainty in compartment 
internal heat loss, q, was significant after sun
set. The inaccuracy in the sensor measurement 
was established as being the most significant 
error source with a possible error of ± 2° K by 
itself and ± 4 ° K including other telemetry 
system inaccuracies. 

Relative errors, which were due to the 
various uncertainties, were separately calcu
lated at many different times during both the 
lunar day and the lunar night. When these 
results were applied as error bands to the com
partment and solar panel data, the resulting 
lunar surface temperatures from these two 
sources still could not be made to overlap 
without assuming some unreasonably large 
initial error sources. However, the slope of the 

339-46.2 0-69- -14 

postsunset surface temperature derived from 
compartment data on Surveyor V matched the 
slope of Earth-based surface temperatures by 
using a value of q 80 percent of its nominal. 

Attention was then given to the solar panel 
to see whether, by varying the initial errors, 
one could possibly make it more nearly match 
the compartment results. Heat conduction from 
the mast, where there were thermal sensors on 
two of the drive motors, increased the difference 
between the two spacecraft predictions of the 
lunar surface temperatures. Allowing for change 
of emittance of the back surface paint at 
cryogenic temperatures produced a slightly 
favorable reduction in this difference. Most of 
the other possible contributors increased the 
energy received by the solar panel, which 
further separated the two results. 

Later, it was realized that since the compart
ment side faces were nearly vertical they would 
view approximately one-half of the lunar sur
face and one-half of the cold space, whereas an 
outboard face containing the temperature 
sensor was tilted back about 20° and would 
view more cold space than warm lunar surface. 
The importance of this effect was estimated 
for Surveyor V during the lunar night, where 
data were available for 200 hours after sunset 
and where transient effects were at a minimum. 
Simplified calculations were made, assuming 
that the sides and outboard face were isolated 
from each other but were conductively coupled 
to the interior of the compartment via the 
same value for q as that previously used for 
the outboard face. These calculations showed 
that the side faces could be 10° K warmer than 
the outboard face and thus could significantly 
affect the outboard face temperature. 

Then, using nominal lunar surface tempera
tures for 'Y=500 and 'Y=750, the temperature 
of the outboard face was computed including 
conduction from the side faces and nominal q 
from the interior. These computed tempera
tures were compared with the actual Surveyor 
V canister temperatures, as shown in figure 
6-30 . Agreement was good between the outer 
face temperatures computed assuming a 'Y=500 
and the actual flight data; without the side 
face conduction, a 'Y of about 400 previously 
had been obtained. 

, 
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into the night. Figure 6-31 also presents the 
curve for 'Y= 1350, originally predicted from 
Earth-based eclipse measurements, which indi
cates that this value of 'Y is much too large 
for the night. 

During the lunar day, one of the two com
partment side faces was nearly always illumi
nated by the Sun. In certain cases, the Sun 
can illuminate the polished-aluminum inboard 
face at 10\\' Sun elevation angles. This face then 
would become quite hot and conduct heat to 
the outboard face via the side and bottom 
faces. Approximate calculations indicate that 
the outboard face temperature might be ele
vated as much as 30° K in certain cases and 
that the lunar surface temperature could be 
correspondingly reduced. 

Conclusions 

The errors associated with compartment
based lunar surface temperature calculations 
appear to be significant, particularly during 
the lunar day. Heat conduction from the other 
compartment faces is the most important factor 
to be included in the revised compartment 
model. The solar panel errors appear to be less 
and the equations simpler than those for the 
revised compartment model. 

The postsunset lunar surface temperatures 
derived from Surveyor V data and Earth-based 
measurements appear to be in agreement within 
the error bands. This is the only case investi
gated in some depth. Similar detailed calcula
tions are required for the other spacecraft, 
including the lunar days and eclipses. 

The lunar soil is highly insulating, as indi
cated by the values of the thermal parameter 
obtained. It is estimated the Surveyor-based 'Y 

values given in references 6-10 and 6-13 
through 6-16 should be increased at lea t 100 
(cm2 sec1 / 2 °K/g-cal). 

Directional emission of the lunar surface 
may be a partial cause of temperature differ
ences between those derived from Surveyor 
compartment data and those predicted 
assuming Lambertian emission. 

No dust layer that had an appreciable 
thermal effect was apparent on any of the 
spacecraft, since it would have been detected 
in the thermal sensors. 
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7. Lunar Surface Electromagnetic Properties 
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Radar Data and Data Reduction 
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Analysis and interpretation of the Surveyor 
data on electromagnetic properties of the lunar 
surface material are discussed here. The text is 
in three parts: 

(1) Methods of reduction and presentation of 
the radar data obtained for the various Surveyor 
spacecraft during the landing phase. 

(2) Interpretation of the radar data in terms 
of lunar properties. 

(3) Analysis and interpretation of the magnet 
data. 

maximum of 60° off normal, the beam surface 
intercept radius from about 1 km; the beam 
was swept laterally along the lunar surface to 
distances of up to 20 km. Since the approach 
geometry was slightly different for each flight, 
the initial orientations of the radar beams were 
correspondingly different ; in each case, the final 
minute of descent was performed with the 
spacecraft roll axis essentially perpendicular to 
the mean lunar surface and with essentially zero 
lateral velocity. Consequently, during this 
time period, three of the beams remained at an 
incidence angle of 25° to the mean surface, and 
beam 4 was approximately at normal incidence. 

A very brief description of the radars is 
given in this report. The velocity beams divide 
the output of a 7-watt, two-cavity klystron, 

Radar System radiated by two parabolic antennas in the 
Radar signal-strength data were taken with three beams. The antennas are divided by 

the radar altimeter and doppler velocity sensor septums into receiving and transmitting sec-
(RADVS) for approximately the final 3 minutes tions. The return signals are detected in quad-
of Surveyor flights I, III, V, VI, and VII. rature by pairs of microwave mixers that are 
Identical systems were used on each flight; excited by the transmitter signal, converting 
these systems consisted of four narrow beams, to the doppler frequencies in the range of about 
three of which were oriented at angles of 25° 100 to 80 000 Hz. The doppler signals are 
with respect to the roll axis (at a wavelength of amplified in matched pairs of preamplifiers that 
2.3 cm) and the fourth along the roll axis. Beam employ automatic gain control, each in three 
4 was frequency modulated to obtain slant- discrete gain states differing by about 25 dB. 
range information . The sole design criterion for The preamplifier outputs are processed by 
the RADVS system was determined by guid- frequency trackers, which provide estimates 
ance and control requirements. evertheless, of the center frequency of each doppler spec-
telemetered values of the various signal trum. The three doppler frequencies are com-
strengths have yielded unique and significant bined in frequency converters to give three 
information concerning the radar reflection orthogonal velocity components in spacecraft 
properties of the lunar surface in the various coordinates as analog voltages. 
landing regions. The altimeter transmits about 250 MW from 

Data from each flight were obtained during a reflex klystron, which is frequency modulated 
the final 2 to 3 minutes before touchdown. at the repeller with a sawtooth waveform. The 
During this time, the range varied from abou t return signal is processed in the same way as in 
o to 20 km, the beam angles of incidence from a the velocity beams by microwave mixers, pre-

203 
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amplifiers, and a frequency tracker. The signal 
frequency consists of the sum of a component 
proportional to range (arising from the fre
quency modulation) and a doppler component. 
The doppler component is subtracted in the 
converter, using data derived from the velocity 
beams. An analog voltage proportional to slant 
range is provided at the output. 

The instrumentation for signal strength con
sists of rectifiers and filter amplifiers in each 
frequency tracker. The preamplifier outputs are 
processed by single-sideband modulators, which 
are driven by the frequency i e +fo , wherefe is a 
reference frequency (600 kHz) and fo is the 
tracker estimate of the input signal frequency. 
The modulators are designed to produce the 
lower sideband, causing the signal spectrum to 
occur at about f e. The translated spectrum is 
amplified in an IF amplifier with a center fre
quency of 600 kHz and a band"'idth of 10 kHz. 
The signal-strength instrumentation is at the 
output of this amplifier. 

The rectifier is a half-wave diode rectifier op
erating at a sufficiently high level to provide 
reasonably linear performance. The output is 
filtered by a single-section RC filter with an 
0.05-second t.ime constant. The output is scaled 
to provide a full-scale voltage of 5-V dc. 

Unambiguous interpretation of the signal
strength analogs requires knowledge of the pre
amplifier gain state, indicated by discrete 
outputs provided for each beam, and signal 
frequency, which is necessary because the pre
amplifiers employ low-frequency rolloff. The 
frequencies are computed by the inverse of the 
transformation in the converter of the radar, 
using telemetered radar velocity and range out
put data. In the case of the altimeter, the range
frequency scale factor undergoes a discrete 
change at 304.8 meters (1000 ft), this event being 
indicated by a 304.8-meter (1000 ft) mark. 

This particular design, which was entirely ad
equate for its guidance and control function, 
caused certain difficulties in the interpretation 
of the signal-strength data for scientific pur
poses, particularly the use of discrete gain states. 
During periods in which a beam was normal to 
the lunar surface (usually beam 4), the radar 
echo apparently contained two components in
termittently: a (strong) coherent return and a 

(nominal) incoherent component. The receiver 
systems attempted to follow these signal varia
tions, thus causing rapid gain-state switching. 
This effect was particularly common during the 
last 30 seconds of flight when the nominal signal 
trength also rapidly increases with time. 

The radar data reduction consists of convert
ing the telemetered signal-strength voltages to 
the actual signal strengths in watts (accom
plished by using the telemetry calibrations and 
gain-state information) and by computing a 
radar cross section with a "radar equation" that 
removes the range effect and includes the meas
ured numerical values of the radar parameters, 
i.e., the antenna gains and transmitter power. 
The accuracy of this process is difficult to esti
mate. Errors will arise from the uncertaintie 
in the telemetry calibrations, the numerical 
values of gains and transmitter powers, incorrect 
gain-state decisions, and any possible difficulty 
in the theoretical radar equation. In all, we are 
concerned with 20 nearly independent radar 
systems, all of which can only be preflight 
calibrated under a tight timeschedule.Thissitua
tion should be contrasted to that for an Ear:th
based radar system where many months are 
available for antenna pattern and gain measure
ments and where the transmitter power can be 
continuously monitored during the experiments. 

evertheless, the Surveyor signal-strength data 
are highly consistent among the various beams 
on each flight, strongly suggesting that a cor
responding flight-to-flight consistency exists. In 
the worst case, one beam was found to differ by 
2 dB from the other three beams; in all other 
cases, the various beams appear to be consistent 
to better than 1 dB. 

Traje ctory Re construction 

A necessary requirement for accurate evalua
tion of lunar radar data is a complete knowledge 
of the terminal-descent trajectory. With this 
knowledge, a time history of the slant range to 
the surface, incidence angle, and relative 
velocity of the individual radar beam(s) may 
be determined. In addition, where the precise 
touchdown point can be determined by using 
Lunar Orbiter photographs or by other means, 
then the trace of beam incidence points on the 
lunar surface can be reconstructed as a function 
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of time. By this means, both geometric and 
terrain effects could be removed from the tel em
etered radar signal-strength measurements. 

While the reconstructed trajectory is neces
sary for analysis of lunar surface electrical 
properties, the primary purpose of the Surveyor 
postflight, terminal-descent trajectory-analysis 
effort was to recognize anomalous spacecraft 
behavior, discover the source(s), and suggest 
appropriate system modifications for succeed
ing spacecraft. The accuracies of trajectory re
construction, therefore, were based on these 
engineering requirements rather than on the 
scientific requirements of lunar surface analysis. 
However, the reconstruction accuracies proved 
adequate for both purposes. 

In preparation for terminal-descent, post
flight analysis, the development of a set of 
computer programs was initiated based on the 
concept of obtaining a least-squares best fit of 
telemetry data. The program was also designed 
to solve for both system and telemetry errors. 
The technique required as a base, a three
dimensional, six-degree-of-freedom simulation 
of the terminal descent. An existing six-degree
of-freedom computer program (6DOF), which 
contained radar and flight-control subsystem 
models, including weight and moment of inertia 
changes, was used for this purpose. Figure 7-1 
presen ts a functional block diagram of the 
6DOF program. The integration of rigid-body 
rotational and translational dynamic equations 
are performed USll1g simple trapezoidal nu
merical integration . The resulting computa
tional accuracies obtained have, ll1 general, 
been several times better than the most severe 
requirements. 

The control system model consists of the 
altitude, acceleration, and range/velocity com
mand descent control loops. The radar sub
system serves as the navigational sensor in the 
latter control loop and must provide continuous 
and accurate data on range and velocity so 
that the spacecraft may successfully negotiate 
a soft landing. Also included in this block is 
a model of the propulsion system. Although it 
is not required for an accurate trajectory recon
struction, the subsystem dynamics included 
time constants of at least 0.1 second ll1 
magnitude. 

By the time Surveyor I was launched, the 
least-squares program had been developed to 
the point that all telemetry-error sources had 
been modeled and initial work had begun on 
modeling the spacecraft system errors. During 
program checkout, it was found that large 
system errors (out of specification errors) would 
cause the program to diverge from the solution, 
while small errors were resolved with high ac
curacy. To achieve convergence in the first 
case, it was necessary to modify the model so 
that the large system error became a small 
relative error, which, of course, negated the 
reason for such a program. Lack of convergence 
resulted primarily from a highly nonlinear rela
tion between spacecraft-system parameters 
and trajectory characteristics and high correla
tion between available telemetry d ata. At this 
same time, it was found from Surveyor I post
flight work that the 6DOF program could be 
perturbed by hand with very quick convergence 
and matching of the telemetry data. 

Since, in either case, the basic system model 
required modification for large system errors, 
the least-squares best-fit approach was dropped 
ill favor of the much simpler technique of 
manual perturbation. To support this approach, 
effort was expended on increasing the flexibility 
of the 6DOF program and developing analysis 
techniques utilizing the comparison of telem
etered descent time events (burnou t, segment 
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rntercept, segment acquisition, etc. ) to deter
mine system errors. This avenue of postflight 
analysis was used with success and, in the case 
of Surveyor V with its highly nonstandard 
descent, it probably was the only reasonable 
method. 

In practice, the 6DOF trajectory reconstruc
tion was required to match closely (to at least 
the expected accuracy of the radar system) the 
best postmission estimates of range, velocity 
(from telemetry data), and incidence angle for 
the entire terminal-descent phase. The times 
spent in any discrete phase such as the descent 
segments were required to be within 0.5 second 
of the actual time; the total descent time from 
gnition to touchdown was required to be within 
1.0 second of the known total time. An indica
tion of the goodness of fit to the actual tra
jectory was the subject of a study which showed 
that independent errors of approximately 1 
percent in range and velocity would cause from 
0.5- to 1.0-second errors in the t ime interval of 
a descent segment and even greater variance in 
total descent time. Based on this analysis, the 
errors between the 6DOF simulation trajectory 
and the true trajectory are estimated to be 2 
percent ill beam range, 1 percent in beam 
velocity, and 1° ill beam incidence angle 
1 0'). The 1-0' error in spacecraft roll attitude is 

estimated to be 0.3°. These errors in the tra-
ectory reconstruction cause errors on the order 

of 0.5 dB or less in the radar signal-strength 
calculations. It is important to realize that the 
ncidence angles obtained in this way are rela
tive to the mean lunar surface. Errors during 
the short steering phase following retro burnout 
(about 2 min before touchdown) may be some
what larger since trajectory parameters change 

rapidly during this period. These errors were 
larger during the final 10 seconds of the Sur
veyor V descent. 

The details of the data-reduction procedures 
and programs are given in reference 7-1. The 
radar equation used in all of the reductions is 

where 
Pr=power received 
Pt=power transmitted 
G=antenna gain 
R=range along beam center 
O=angle of incidence 
A=wavelength (23 cm) 
l/> = beam half-angle 

(1) 

Clearly, A (0) is the angularly dependent radar 
cross section projected perpendicularly to the 
beam axis. For a gaussian approximation for the 
antenna pattern, it can be shown that 

(rad) 2 (2) 

All the data in this section of this report have 
been reduced from the measured signal strengths 
P" using equations (1) and (2), and the param
eters given in table 7- 1. The half-power beam 
angle is about 3°. In principle, the actual power 
received is the integral of the beam pattern over 
the illuminated surface. Strictly speaking, equa
tion (1) is correct only if the actual lunar angular 
scattering law is fiat . This error is negligible for 
angles of incidence greater than, say, 5°. The 
actual scattering law apparently is sufficiently 
peaked near normal incidence to cause an 
approximate 25 percent error at normal inci
dence by using equation (1). 

TABLE 7-1. Surveyor radar parameters 

Gain, dB Transmitter power, dBW 

Spacecraft 

Beam 1 Beam 2 Beam 3 Beam 4 Beam 1 Beam 2 Beam 3 Beam 4 
------- --------1--- - 1-----1----1·- ---- - ---------------

S urveyor L ___ _________________ ___ 28. 00 28. 05 28. 55 29. 20 33. 55 31. 85 33. 44 24. 97 
S urveyor IlL ____ ______________ ___ 28. 90 2 . 10 28. 40 29.10 33. 96 33.29 33. 82 25. 07 
S urveyor IV ____ ______ ___ ______ ___ 28. 55 28. 45 28. 50 28.05 33. 79 34. 35 33.87 24. 64 
S urveyor VI ____ _______________ ___ 28. 20 28. 10 27. 70 28. 50 34. 70 33. 60 33.05 25.05 
S urveyor VIL ____________________ 28. 27 27. 87 27.66 28. 44 34. 02 34. 92 34. 07 24. 32 
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Variations in Raelar Cross Section 

All signal-strength data have been reduced to 
the cross section 'Y(O) , expressed variously as a 
function of time to touchdown, height above the 
mean surface, and distance along the lunar sur
face to the touchdown point. Complete sets of 
such curves for Surveyor I may be found in 
reference 7-1, Surveyor III in reference 7-2, 
and Surveyor VII in reference 7-3. The quan
tity of data is far too great to present in this 
report; therefore, typical examples only are 
presen ted here. 

The gamma radar cross sections for Surveyor 
I are shown as a function of time to touchdown 
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in figure 7-2. The approach geometry for this 
flight was such that beam 4 was almost always 
normal and beams 1, 2, and 3 were at an inci
dence angle of 25°. Thus, we would expect the 
gamma values for these beams to be nearly con
stant except for real variations in the lunar sur
face. The beam 4 data in figure 7- 2 clearly 
show the normal-incidence, rapid sign al
strength variations over an approximate 10-dB 
range. It is impossible to estimate a meaningful 
average value of the beam 4 data, but a straight 
numerical mean is about 0.4 (-4 dB). 

The same data representation for Surveyor 
III is shown in figure 7- 3. In this case, the beam 
incidence angles do not reach the final touch-

8 0 100 120 140 

TIME TO TOUCHDOWN, sec 

.D 
"0 

z 
Q 
f
U 
W 
rn 
rn 
rn a 
a:: 
u 
a:: 
<I o 
<I 
a:: 

FIGURE 7-2.-Radar cross section for Surveyor I as a function of time to touchdown. 
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FIGURE 7-3.-Radar cross section for Surveyor III as a function of time to touchdown. 
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down configmation until about 100 seconds 
before touchdown; some evidence of the angular 
variation in gamma can be seen before this 
time in figure 7-3. After 100 seconds, beams 1, 
2, and 3 are in close agreement and with nearly 

constant 'Y. Beam 4 actually approached normal 
incidence quite slowly, reaching 8=20 at 60 
seconds where, again, fading becomes noticeable. 

Figure 7-4 shows the time variations for 
Surveyor V beams which had continuously vary-
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ing incidence angles that did not reach the 
touchdown configuration un til a Ie"- seconds 
before the touchdown. Beam 4 did not reach 
(J=2° until about 10 seconds; very little evidence 

of fading can be seen in figure 7-4. This flight 
exhibited the weakest echos of all Surveyor 
flights (compare fig. 7- 4 with figs. 7-2 and 7-3). 
The cross-section data for Surveyor VI are 
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FIGURE 7-6.-Radar cross section for Surveyor as a function of altitude. 
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shown in figure 7-5. The landing configuration 
was reached rapidly for this flight (by 120 
sec) . A significant dip , which probably can be 
explained by a terrain variation, can be seen 
around 100 seconds for beam 2. Strong fading 
occurs on beam 4 after 80 seconds. The signifi
cant decrease in 'Y for beams 1, 2, and 3 between 
approximately 30 and 20 seconds occurred on 
all flights and appears to be associated with 
gain-state switching; i.e., the dip probably is a 
characteristic of the radar system. 

An example of the altitude dependence of 'Y 

is shown in figure 7-5 with the Surveyor VII 
data. Except for the last 1000 meters of the 
flight (time, 30 sec to 0) where the system is 
strongly affected by gain switching and a rapid 
increase in signal strength, no altitude effects 
are in evidence. The variations in 'Y above 10 km 
are explained easily in terms of the known 
changes in the incidence angles. Considerable 
real structure is evident with beam 3 data, 
which show strong returns when that beam 
crossed a group of mountains and a crater 
shortly before touchdown (see ref. 7-3). FigLU-e 
7-6 shows a strong beam 3 echo between the 
altitudes of 10 to 5 km; this echo is caused by 
the local terrain, which is oriented more per
pendicularly to the beam than the mean surface. 
The altitudes have nothing to do with this 
phenomenon; altitude was selected as the inde
pendent variable in figure 7-6. The rise in 
gamma at 2.0 km is the typical response when a 
beam crossed a crater that appears "fresh" in 
the associated Lunar Orbiter photograph. This 
will be discussed more fully below. 

Radar Cross -Section Dependence on Incidence Angle 

The quantity of particular interest that may 
be estimated from the data is the variation in 
the radar cross section, either 'Y or IT, as a 
function of the angle of incidence (). The values 
of 'Y plotted in figures 7-2 through 7-6 are 
functions of the incidence angle relative to 
local surface illuminated by a given beam. The 
incidence angles relative to the mean lunar sur
face as a function of time have been obtained 
with the 6DOF computer program. Only if the 
local-plane incidence angle data were available 
to us could we cross-plot the 'Y versus () data to 

obtain a determination of true angular depend
ence of 'Y. Clearly, the use of the mean-plane 
incidence angle data assumes that the surface 
is flat over the entire region covered by the 
beams. If a given landing region has a general 
slope of, say, 1° or 2°, it will significantly a.ffect 
interpretation of 'Y(()) , particularly for data 
taken near normal incidence where the back
scattering law is peaked. However, in most 
cases, the Surveyor landing sites are free of 
slopes and "rolling hills" and the interpretation 
of 'Y(()) is relatively straightforward. A notable 
exception is the Surveyor VII beam 3, which 
did pass over "hills" that were large compared 
to the beam size. 

A possible explanation of the flight-to-flight 
variation of the degree of fading on beam 4 
(near normal incidence) may be formulated from 
these ideas. If the intermittent strong echoes 
observed on beam 4 data are coherent returns 
(truly specular), they would be absent if the 
local surface covered by the beam were sloped 
1 ° or 2° from the horizontal. In this case, the 
specular scattering direction would not be back 
toward the radar and only noncoherent echoes 
would be deter.ted. 

The angular cross-section data 'Y(()) are shown 
in figures 7-7 through 7-12 where the values of 
the independen t variable () were taken from the 
6DOF program. Most of the data occur at () of 
about 25° and, to a lesser extent, near 0°. (All 
Surveyor I radar data are at these two angles 
and will not be shown here; however, it can be 
inferred from fig. 7-2.) The Surveyor III data 
are shown in figure 7-7 with all of the beams 
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superimposed. It can be seen that at any given 
angle, e.g., 40 0

, the values of 'Yare widely 
spread. This variation may be caused by any of 
the following factors: 

(1) Beam is illuminating different regions of 
the lunar surface, which may have varying local 
slopes and true differences in electric reflectivity. 

(2) Signal may be strongly fading at any 
given time. 

(3) Receiver may be instantaneously out of 
lock. 
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FIGURE 7-8.-Radar cross section for Surveyor V as 
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(4) For any given data point, we may have 
selected the wrong gain state in the data 
reduction. 

The clu tel' of data around 8=250 has the ad
ditional effect of superimposing the signal 
strengths of three radars for which our numeri
cal values of the gains and transmitter powers 
may be slightly in error (± 1 dB). Since all of 
the data have been included in figure 7- 7, the 
effects of the strongly nonlinear behavior of the 
radars during the final 30 seconds of flight are 
quite evident. The clustering near 8=00 is more 
difficult to explain. Strong "up-fades" were 
absent for Surveyor III and, in this sense, 
figure 7-7 is not typical. However, there is a 
considerable presence of very weak echoes (also 
nontypical from 8=00 to 30

). It is not known 
whether these echoes are caused by the receiver 
dropping out of lock or by many incorrect gain
state decision in the data reduction. It is cer
tain, however, that these data do not represent 
the true lunar cross section near normal inci
dence. (See section on radar data, p. 219). 

The data for each beam are shown separately 
for Surveyor V in figure 7-8. Beam 4, in par
ticular, appears to yield a good estimate of the 
backscatter function for this region, partly be
cause the geometry of the trajectory swept the 
beam through a wide range of 8 in a near-opti
mum way. Beams 1, 2, and 3 exhibit the usual 
wide spread in values near 8~25° for apparently 
the same reasons as discussed above. A super
position of all the data is shown in figure 7-9. 
(See section on radar data for interpretation.) 

The cross sections for the various beams for 
Surveyor VI are shown in figure 7-10 and the 
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composite in figure 7-1l. A double clustering of 
data near normal incidence is evident, but not 
understood. It does not appear possible to inter
pret the two clusters as coherent and incoherent, 
since they should differ by about 18 dB. Fur
thermore, it is not at all clear which group, if 
any, represents the "normal incidence cross 
section." 

The Surveyor VII composite data are shown 
in figure 7-12 \\'ith evidence of two clusters near 
normal incidence. The most notable characteris
t ic of these data is that the cross sections are 
significantly higher at all angles of incidence (by 
nearly +2 dB) . This, apparently, represents a 
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true difference in the r adar cross section in the 
Tycho area (Surveyor VII) relative to the mare 
regIOns. 

Correlations With Lunar Orbiter Photographs 

Because the various Surveyor landing sites 
were selected in regions that appeared "smooth" 
in lunar photographs, only a small varia,tion in 
lunar topography was explored by the radar 
systems. 

Consequently, few topographical features are 
suggested by the Surveyor signal-strength data, 
wi th the exception of beam 3 on Surveyor VII. 
HO\\'ever, in several cases, anomalously strong 
echoes have been correlated with certain craters 
visible on the Lunar Orbiter photograph of the 
appropriate region. The first such detection oc
curred with Surveyor I , which is discussed in 
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reference 7-l. In most cases, it is intuitiyely 
clear from inspection of the photographs why a 
certain crater ,,'a detectable in the radar re
sponse and why others were not, 

The correlations of the beam traces on the 
lunar surface with the corresponding Lunar 
Orbiter photographs are sho\\'n in figures 7-13 
through 7-18. The cartesian coordinates of the 
interception of the beam center with the mean 
lunar surface were computed with the 6DOF 
program. The beam patterns for Surveyor I 
are shown in figure 7-13 (recall that beam 4 is 
always normal for this fligh t). A close inspection 
of this Lunar Orbiter photograph indicates that 
beam 1 (to the left) crossed two anomalous 
craters, whereas the other beams (2, 3, and 4) 
crossed nothing so prominent. Figure 7-14 
shows an enlargement of the beam 1 trace with 
a scaled graph of the 'Y cross section. The 
correlation between the craters of interest and 
the cross sections ar e clear, and no significant 
correlations with other craters can be defended. 
These effects cannot be explained in a quanti
tative way, but we can say that they probably 
arise from a combination of focusing toward 
the radar, more compacted material or less 

FIGURE 7-13.-Lunar Orbiter photograph 
of the Surveyor I landing site, showing 
antcnna beam coverage. 

granulated material, and higher intrinsic di
electric constant. 

The Surveyor III region is shown in figure 
7-15 along with a cross-section graph. The 
only detectable event occurs on beam 1, which 
rises vertically along the center. Clearly, the 
crater that lies about 1200 meters from the 
spacecraft is responsible for the radar feature. 
The very complex beam traces for Surveyor V 
are sho\\"n in figure 7-16. Even though many 
crater are traversed, no events can be seen on 
the cross-section data. 

The Surveyor VII photograph is shown in 
figure 7-17 where it can be seen that beam 3 
(from left to right) crossed a significant crater 
about 700 meters from the touchdown point, 
The effect on the radar cross section is easily 
seen in figure 7-6 (beam 3) at the altitude 
coordinate of 2000 meters. Figure 7- 18 shows a 
larger view of the Surveyor VII landing site 
(again with beam 3 to the left). Beam 3 tra
versed a "hill" tilted in the direction toward 
the Sun (to the right) which created the broad 
and very strong feature seen in figure 7-6 
during the altitude range from 9 to 5 km. This 
event occurred about 5 km from the touchdown 
point. 
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Interpretation of Surveyor Radar Data 

D. O. MUHLEMAN 

In principle, the measurement of the radar 
cross section for the complete range of incidence 
angles can be in terpreted in terms of the elec
trical parameters of the surface materials (as
suming that they are homogeneous to several 
skin depths) and surface topographic statistics. 
In practice, these two effects are very difficult to 
separate even with "perfect" measurements. In 
meaSLU'ements of terrestrial surfaces, it is 
possible to measure the electrical parameters 
from laboratory samples and to carry out topo
graphic surveys. Although many uch tests have 
been conducted, relatively little theoretical in
sight concerning the radar-scattering behavior 
for such test regions has been obtained. 

In lunar or planetary radar test, all the 
information must be extracted from the reflec
tivity data; consequently, one must adopt some 
theoretical scattering theory to remove the 
effects of surface roughness in order to estimate 
the surface electrical parameters; in particular, 
the dielectric constant. The general structure 
of the I unar backscatter characteristics is 
fairly well known from radar measurements 
from the Earth. We will assume, a priori, that 
the backscatter law for a local region on the 
lunar surface is the same as that for the average 
lunar disk as seen from the Earth. 

We defined the function F(O) and the param
eter 7] such that the power backscattered per 
unit solid angle (per watt of power per square 
square meter illuminated) is 

F(O) 
7]--

471" 

Then the power backscattered from a smface 
element at angle 0 (measured from the sub
Earth point for the case of illumination from 
the Earth) is 

(3) 

where G is the antenna gain, AT the effective 
antenna area, r the distance from the radar to 
the lunar surface, and R the radius of the 

Moon. If the Moon were a perfectly conduct
mg smooth sphere, the power received would 
be 

(4) 

which, when used to normalize equation (3), 
yields the angular radar cross section CT(O) : 

Pp(O) =CT(O) = 27]F(O) cos 0 (5) 
T s 

We notice that the gamma cross section of 
chapter 7 (pp. 203-218) IS related to CT(O) 
by the relationship 

CT (0) = 'Y (0) cos 0 (6) 

If we call the total observed cross section of 
the Moon p, then it must be that 

r.- /2 

27]Jo F(O) cos 0 sin 0 d O=p (7) 

which supplies the normalization condition for 
the backscattering functions F(O) or F(O) cos o. 

We must now consider the case where a 
local (flat) region of the Moon is illuminated 
by a radar beam of known pattern G(c/J) , 
where c/J is the angle measured from the elec
trical axis and the beam is assumed to be 
symmetrical in azimuth about this axis. As
suming that the beam is gaussian with small 
half-power angle ('""3°), the power received 
from a surface element is 

(8) 

T hus, if we know that angular behavior of 
the scattering law, F(O) , and use equation (7), 
we may estimate 7] from measured values of 
PT(O) ; i .e., the Surveyor radar data. 

There ar e two scattering theories available 
that represent the E ar th-based lunar radar data 
well. The first theory, which we will call 
FJ (0), derived by H agfors, Beckmann, and 
others (see r ef. 7-1), is based on an approxi
mate application of exact Huygens' theory 
and assumes that the surface autocorrelation 
function is exponential (really linear) and that 
smface-heigh t variations are gaussianly distrib-
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uted about some mean level. In this case 

where 0 is a wavelength-dependent parameter 
related to the surface statistics . The normali
zation constant KI must be found with the 
use of equation (7). The second theoretical 
expression, derived by Muhleman (see ref. 
7- 2), assumes that the echo power is incoherent 
and that surface-height variations from some 
mean level are distributed exponentially. The 
scattering function is then 

F'2(e) cos f} 
K2 cos f} 

(10) 
(sin e+a cos f})3 

where a is also a wavelength-dependent statis
tical surface parameter. Although equation 
(10) represents lunar echoes all the way to the 
lunar limb, equation (9) overestimates the 
limb power, and a correction derived by Beck
mann is usually applied to fit lunar data. 
However, this correction will not seriously 
affect our normalization Ceq. (7)) and will 
not be applied. 

If we use either FI(f}) or F 2 (f}) in equation (7), 
Kl and K2 can be computed only if we know the 
relation between TJ and p. We will assume that 

they are equal, which cannot be far from cor
rect, and treat TJ as the Fresnel reflection co
efficient for normal incidence. This should be 
recognized as a serious assumption. 

The functions Fl(f}) and F 2 (f}) are quite 
similar and, apparently, the only significant 
difference is that Fl (f}) is based on gaussian and 
F2 (f}) on exponential surface-height statistics . 
The practical difference in the two functions is 
that F2 (f}) is more peaked at normal incidence. 
One could hope to resolve this question with 
the Surveyor data, but the lack of normal
incidence cross-section data prevents it, as will 
be seen below. 

The cross-section data for Surveyor V versus 
incidence angle are hown in figure 7-19 along 
with equation (9) with 0= . The theory fit 
the data well from 0° to 30°. The agreement 
for larger angles can be improved by using a 
malleI' value of 0, but then the curve will fall 

well below the data for small angles. The use 
of several values of 0 seems theoretically 
unreasonable. The same data are shown in 
figure 7-20 along with F2 (f}) for a=0.38 and 
0.42. In this case, most of the (poor) near
normal incidence data fall below the curves. 
The situation is even more complex for Sur
veyor VII, as shown in figure 7-21 along with 
Fl(f}) for 0=6 and F 2 (f}) for a=0.46. These 
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parameter estimates imply that the Surveyor 
VII region (Tycho rim) is somewhat "rougher" 
than the mare landing sites. A larger value of a 

could be chosen such that F2 (O) would pass 
through the lower cluster of near-normal 
incidence data; i.e., the surface assumed even 
rougher. Apparently, it is impossible to deter
mine which cluster truly represents the Moon 
in this region. 

All the 'Y(O) data were treated in this way 
to obtain estimates of C and IX and then to 
estimate 7) with the use of equations (7) to 
(1 0). The data for Surveyors I, III, and VI 
are even more difficul t to treat than those for 

V and VII. See table 7-1 for formal results. 
The values listed in table 7-2 r epresent our 

estimates of the surface reflectivities where we 
have attempted to remove the effects of surface 
roughness. The results for the two scattering 
theories agree to within the estimated errors. 
Consistent with the above assumptions, par
ticularly the interpretation of 7) as the Fresnel 
reflection coefficient, the estimates of the di
electric constants can be computed from the 
Fresnel equation for normal incidence 

_ (1+7)1/2)2 
f - 1_7)1 /2 (11) 
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We have taken the unweighted average of TJ 

from the t,,'o theories (and for their uncertain
ties) for each case. Application of equation (11) 
then yields the results of table 7- 3. These 
results are quite consisten t with an e timate 
for the average Moon of about ~=2.7 from 
radar (E arth based) and 2.0 to 2.5 from Earth
based, radio-emission polarization effect . 

Finally, in a far more peculative calculation, 
we can es timate a range of material densities 

TABLE 7-2. R efl ectivities 

Spacecraft 

Surveyor L ________ _ 
Surveyor 111 _______ _ 
Surveyor V _________ _ 
Surveyor VL _______ _ 
Surveyor VIL ______ _ 

~, with F, (O) 

O. 040 ± 0.020 
. 030 ± . 005 
.027 ± . 005 
.033± .008 
.072 ± .015 

~. with F ,(O) 

O. 053 ± O. 020 
.033 ± . 006 
. 031± .005 
.047 ± . 010 
.094 ± . 020 

using the well-known relation between the 
dielectric constant of a material in a solid form 
and that for a granulated form; i.e. , variation 
in ~ with packing factor. Furthermore, we will 
assume that the density of the material in the 
" olid" form is 2.90 g/cm3, and that the lunar 
basalt ha a dielectric constant of ~s=4 , 5, 6, or 
7. The latter factor is actually completely 
unknown! These results are shown in table 7-4 . 

TABLE 7-3. Estimates oj dielectric constants 

Spacecraft 

Surveyor L ____ __ ____________ ____ _ 
Surveyor IIL ____ _____________ ____ _ 
SurveyorV ____________ ___________ _ 
SurveyorVI ___ __ ___ ______________ _ 
SurvcyorVII _____________ ____ ____ _ 

Dielectr ic 
con8tant 

2. 40±0. 50 
2.07 ± .11 
2.00± .16 
2.27 ± .20 
3.28 ± .40 

TABLE 7-4. Speculative estimates oj the lunar surjace densities at the landing sites 

Assumed ( demity ) Density (with p.=2.90 
Spacecraft Measured E • (solid) 2.90 g/cm!) , g/cm! 

Surveyor L __ ______________________ __ 2. 40 ± 0.50 4 0.57 1. 70 
5 .48 1. 40 
6 .42 1. 20 
7 . 33 .95 

Surveyor IIL ___ ______________________ 2.07 ± .11 4 .47 1. 40 
5 .40 1. 15 
6 .35 1. 00 
7 .32 .95 

Surveyor V ____ _____________ _____ ___ __ 2.00 ± . 16 4 .45 1. 30 
5 .38 1. 10 
6 .33 .95 
7 .31 .90 

SurveyorVII _______________________ __ 3.28± .40 4 .81 2. 35 
5 .67 1. 95 
6 .58 1. 70 
7 .52 1. 50 
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Magnet Data 

J. NEGUS DE WyS 

Before the Surveyor program, no direct data 
were available on the composition of lunar 
surface materials. Surface models consisting of 
materials quite different from terrestrial surface 
rocks and soils were defended theoretically in 
the liter ature, as were models based on 
terrestrial analogs. 

For several centuries, lunar albedo differences 
in the mare and highland areas, which were 
observed from the Earth, had been interpreted 
as indicative of possible differences in composi
tion and roughness. Color-reflectance photo
graphs, taken with red and green filters, 
showed differences within mare areas-some 
parts appeared redder, some greener (ref. 7-4). 
Highland areas appeared much lighter, with 
many craters and rays resulting in near-white 
images . It is interesting to note that the area 
around the crater Tycho appeared reddish, 
similar to many mare areas; the Surveyor VII 
landing si te was within this reddish halo. Later 

reflectance studies using black-and-white photo
graphs also showed distinct areas of different 
reflectance within the maria. Figure 7-22 shows 
the Surveyor landing sites on a slightly gibbous 
Moon.' 

Al though the Lunar Orbiter photographs 
showed detailed surface morphology and in
dicated abundant craters as well as structures 
suggestive of flow, nothing definite could be 
determined concerning the composition of the 
lunar- surface. However, from some of the 
sill'face features, an internal source for some 
surface material seemed a possibility. 

R adar returns showed greater reflectivity 
from cratered areas. This could be related to 
possible compositional differences in terms of 
densities and dielectric properties, but could 
also be related to slope in terms of reflectance 
planes and rock distribu tion. Thus, these data 
also could no t resul t in definite conclusions 
regarding composition. H owever, it should be 
noted that the loss tangent-to-density ratio 
derived from the landing radar (R ADVS echo 

I E. A. Whi taker, private communication, 1967. 
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FIGURE 7-22.-Slightly gibbous Moon showing reflectance differences within the mare 
areas. A comparison of Surveyor landing sites shows a similarity in refl ectance properties . 
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data) on Surveyor III (ref. 7-2) was sugge tive 
of basalt. 

Infrared scanning of the Moon at a wave
length of 10 to 12 microns resulted in the 
identification of over 1000 "hot spots," or 
thermally anomalous areas. Of 300 anomalies 
analyzed, 80 percent were found to coincide 
with craters.2 Figure 7-22 shows the distribution 
of thermal anomalies observed in 10- to 12-
micron scanning. Thermal parameter ('Y) values 
of 20 to about 1400 have been suggested. The 
Tycho area is the brightest anomaly observed 
(ref. 7-5). This range of values is comparable 
with values for solid terre trial rock at one 
extreme and fine powder on the other. Analysis 
has not shown evidence for an internal heat 
source, but has not excluded such a possibility.3 
Compositional deductions cannot be made from 
these data. 

Nearly 600 lunar transient even ts 4 ranging 
from obscure hazes to lightninglike streaks, 
which have been reported during the last 300 
years, have been collected and evaluated (ref. 
7-6); over 200 of these events occurred in one 
area, the Herodotus-Shroeter Valley-Cobra 
Head complex. Such repetitious activity is 
suggestive of volcanism or outgassing; Kosyrev 
(ref. 7- 7) has reported obtaining a spectro
graphic plate of the crater Alphonsus during a 
gaseous emission from the central peak. From 
preliminary comparisons, about 20 of the lunar 
event sites appea.r to coincide with areas show
ing thermal anomalies. A volcanic interpreta
tion of these events would suggest basaltic 
composition. (See fig. 7-22 for a comparison of 
areas showing thermal anomalies at 10 to 12 
microns and areas from which visual events 
have been reported.) 

Besides the problem of composition, the 
origin of lunar craters has long been a subject 
of debate. On the one extreme, meteoritic im
pact and accretion of the lunar surface are 
suggested; on the other extreme, volcanic 
activity and associated phenomena are con
sidered dominant in the formation of lunar 
surface material and surface morphology. 

2 J. Saari, private communication, 1968. 
3 D. F. Winter, priv9.te communication, 1968. 
4 B. M. Middlehurst, private commllnicat.ion, 1968. 

This controversy over causative agents of 
morphology also involves composition. If the 
surface material were primarily the result of 
volcanism and the craters predominantly the 
resul t of endogenic processes, then, by analogy 
with the Earth, the expected composition over 
most of the lunar surface might be basaltic, 
since the volume of terrestrial basalt equals 
about five times the volume of all other extru
sives combined on Earth (ref. 7-8). Such a 
lunar model assumes a similar basic gabbroic 
parental magma and a· similar degree, or less, 
of differentiation in resultant melts. 

However, if the surface material and crater
ing were results of impact and accretion, the 
surface composition would reflect some altera
tion toward the composition of the meteoritic 
flux; some addition of meteoritic nickel-iron 
would be expected (93 percent of observed falls 
are chondrites, about 6 percent irons). Further
more, pulverization of surface material by 
impact should produce a size distribution of 
particles and fragments in the particulate 
lunar surface covering to some depth rather 
than a purely fine-grained homogeneous ma
terial (ref. 7- 9) ,5 overlain by material with a 
rock and particle distribution of considerable 
heterogeneity. 

Magnetite, the magnetic material found in 
basalt, usually ranges from about 5 to 12 
percent in terrestrial basalts and is usually 
finely disseminated throughout the rock. Mete
oritic nickel-iron in the form of kamacite 
(about 5 percent i) or taenite (13 to 65 
percent Ni) might be expected to occur on the 
lunar surface as separate small particles or 
fragments resulting from impact. Churning of 
the upper lunar surface layer might be expected 
to mix thoroughly these fragments with surface 
material to some depth. These magnetic par
ticles would be free particles, rather than 
embedded in silicates as is the magnetite in 
basalt. Laboratory studies show a considerable 
difference between the results of magnet con
tact with powdered basalt and results of 
contact with powders to which separate pure 
powdered iron has been added. Thus, a magnet 
test could-

6 J. A. O'Keefe, private communication, 1968. 
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(1) Suggest a rock type. 
(2) Indica te addi tion of free magnetic frag

ments. 
(3) Give some indication of whether endo

genic or exogenic agents may have been domi
nant on the lunar surface. 

It should be noted that, in considering the ob
served falls as a model meteoritic flux, the 
assumption is made that the flux was relatively 
constant during a large period of geologic time 
(about 4.5 billion years) . Such an assumption 
mayor may not be valid . 

Purpose of Magnet Tests 

The purpose of the magnet test was to deter
mme-

(1) Presence and amount of magnetic mate
rial on the lunar surface. 

(2) Differences in amount of magnetic mate
rial in the maria and in the highlands. 

(3) Differences in amount of magnetic mate
rial between the surface tests and the sub
surface tests (to a depth of about 20 cm) . 

(4) Presence of larger magnetic fragments on 
the lunar surface, if any (on Surveyor VII). 

Data derived from operations of the alpha
scattering instrument indicate the elemental 
percent in the Fe-Ni-Co group; the determina-

10 

OBSERVED FALLS 
IRON METEORITES : ~5% 
STONY IRONS : ~ 1.5% 

POSSIBLE 
BASALT 
RANGE 

t 
GRANITES 

0.1 

MAGNETITE CONTENT, vol % 

FIGURE 7-23.-Magnetic susceptibili ty of common 
terrestrial rocks is largely a function of magnetite 
content. Sedimentary rocks and gneisses also fall in 
the range of granites. Pure iron may go considera.bly 
higher tha.n unity. 

FIGURE 7-24.-Magnet assembly on footpad 2 of Surveyor V before launch at Cape Kennedy. 
Similar assemblies were attached to footpad 2 on Surveyor VI and to footpads 2 and 3 on 
Surveyor VII. 
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tion of whether the iron content occurs in 
pyroxenes, hornblendes, or in a magnetic form 
(Fe, Fea04, or Fe-Ni combinations) can be 
derived only from the magnet data. 

M agnet.A ssembly Design 

Magnetic susceptibility of most terrestrial 
rocks is proportional to the magnetite content 
(ref. 7-10); see figure 7- 23, where the abscissa 
scale is based largely on information found in 
reference 7- 11. Thus, magnetic data may sug
gest a rock type on the basis of magnetite 
content and may indicate an anomalous addi
tion of magnetic material to a normal terrestrial 
rock type. 

Footpad magnet assemblies.-The footpad 
magnet assemblies, attached to footpad 2 on 
Surveyors V, VI, and VII (also on footpad 3 of 
Surveyor VII), consisted of a magnetized Alnico 
V bar, 5 x 1.27 x 0.32 cm, and a similar-size, un
magnetized bar of Inconel X- 750. Figure 7- 24 
shows the footpad 2 magnet assembly on Sur
veyor V before launch at Cape Kennedy. 

Magnetic flux readings along pole edges 
ranged from about 300 to 800 gauss. Plots of 
120 readings on each bar were made to assist 
in the interpretation of the results. Magnets 
with this strength strongly attract the common 
ferrimagnetic mineral, magnetite (Fea04), and 
the ferromagnetic metals, nickel, iron, and 
cobalt. 

Surface-sampler magnets.-In addition to the 
magnets on footpads 2 and 3, two rectangular 
horseshoe magnets, l.9 x 0.96 x 0.32 cm, were 
embedded side by side in the back of the surface
sampler door in Surveyor VII. Magnetic flux 
readings at the pole faces were about 700 gauss; 
the south poles were adjacent (see fig. 7-25). 
On the Moon, this configuration is capable of 
attracting and picking up a fragment of nickel
iron meteorite, or magnetite about 12 cm in 
diameter. Thus, a test of magnetic material at 
trench depths was possible on Surveyor VII, as 
well as the capability of choosing the test area 
and testing larger fragments. 

Data 

Surveyors V and VI landed in mare areas, 
Mare Tranquillitatis and Sinus Medii , respec
tively. In Mare Tranquillitatis, the landing 

involved a meter-long slide through the 
lunar surface material, at a depth of about 
7 to 12 cm on the inner lope of a 9- x 12-meter 
crater. The magnet assembly on Surveyor V 
contacted material through most, if not all, 
of this slide (refs. 7-12 and 7-13). In sunset 
lighting, the amount and distribution of mag
netic material were clearly visible. A relatively 
small amount of magnetic material, with a 
particle size below camera resolution (1 mm), 
was observed to be present on the lunar surface 
in Mare Tranquillitatis (see fig. 7-26). 

The second magnet landing in a mare area 
(Sinus Medii) achieved a successful test follow
ing the hop performed by Surveyor VI (ref. 
7- 14) . During the landing, the lower seven
eighths of the bar magnet made momentary 
contact with the lunar surface material. A 
small amount of magnetic material, less than 
that on the Surveyor V magnet, was observed 
to be present. The lesser amount was probably 
the result of the difference in landing modes. 
Again , the particles were smaller than camera 
resolution (see fig. 7-27). 

Surveyor VII made the first and only landing 
in a highland area. It was anticipated that this 
area might show a difference in the extent of 
differentiation in the surface material. A more 
acidic rock would contain considerably less 
magnetite; this would be quite obvious in a 
magnet test. On the other hand, a higher con
tribution of magnetic material from meteoritic 
impact would also be obvious. either footpad 
(2 or 3), to which magnets were attached, pene
trated the surface sufficiently (more than 6 cm) 
to provide a magnet test ( ee fig . 7- 28). How
ever, the magnets on the surface sampler 
provided an opportunity for surface tests as 
well as for depth tests (ref. 7- 15). Figures 7- 29 
through 7-31 show the result after the first 
two bearing strength test with the surface 
sampler. A small amount of magnetic material 
is observed to outline the horseshoe magnets 
after the first bearing strength test, wi th a 
slight increase following the second test. After 
trenching at a depth of up to 20 cm (fig. 7-32), 
an obvious increase in the amount of magnetic 
material was observed. Figure 7-33 shows the 
area before and after trenching efforts. 
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FIGURE 7-26.-(a) Meter-long slide in surface material was performed by footpad 2 in the 
Surveyor V landing (Sept. 12, 1967, 00:18:35 GMT; Sept. 11, 1967, 23:38:23 GMT). 
(b) Surveyor V magnet assembly in sun et lighting shows a relatively small amount of 
magnetic material adhering to the magnet (Sept. 23, 1967, 09:54:20 GMT). 
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FIGURE 7-27.-(a) Hop performed by 
Surveyor VI caused footpad 2 to 
fo llow this trajectory. In landing, a 
short bounce occurred, and momentary 
contact with the lunar surfaee material 
was made by the magnet. The strain
gage data ~hown at the bottom indicate 
t hat t he movement from b to c was a 
bounce rather than a slide. (b) After 
the hop, the Surveyor VI magnet 
assembly shows a &mall amount of 
fine material collected on the magnet 
(Nov. 19, 1967, 04:59:57 GMT, com
pu ter processed). 
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ELECTROMAGNETIC PROPERTIES 

FIGURE 7-28.-Surveyor VII footpads after landing north of Tycho. (a) Footpad 2 (Catalog 
7-SE-7). (b) Footpad 3. Because the penetration depths of the footpads were less than 
6 cm, neither magnet contacted lunar surface material. 
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FIGURE 7-29.-Views of the surface-sampler magnets, before, during, and after the first 
bearing strength test. The depth of the test was about 5 em. Some magnetic material 
can be seen around the magnetic pole ends. (See fig. 7-33 for test area.) 
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FIGURE 7-30.-Second bearing strength test showing surface- ampler magnets before, 
during, and after test. The depth of the test was about 5 cm. A small increase is seen 
in the amount of magnetic material that outlines the magnetic pole ends. 
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FIGURE 7- 31.- Closeups of 
surface-sampler magnets fol
lowing two bearing st rength 
tests . (a) Pole edges (Jan. 
20, 1968, 08:36:18 GMT) . 
(b) Side of magnet out
lined by magnetic material. 
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FIGURE 7-32.-After trenching at depths up to 20 em, an obvious increase in magnetic 
material was observed on the surface-sampler magnets (J an. 20, 1968, 15:08:28 GMT). 
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FIGURE 7-33.- (30) Early view of surface-sampler operations area showing bearing strength 
test sites, a, and object, b, which was selected for magnetic-attraction test on the basis 
of its luster, shape, and gray tone. (b) Surface-sampler operations area after trcnching 
efforts (Catalog 7-SE-16). 
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An object, selected to be tested for magnetic 
attraction, was chosen on the basis of shape, 
gray tone, and luster in comparison with other 
rocks in the area (fig. 7-34). The obj ect is 
about 1.2 cm in diameter , appears to be dense, 
fairly smooth, and shows a slight luster. The 
surface sampler was dragged on the surface 
toward the object, which was attracted and 
picked up by the horseshoe magnets (fig. 7-
35). From the motions of the surface sampler 
and the relative po itions of the object, it 
was concluded that the object was adhering to 
the scoop door because of magnetic attraction. 

The morphology of the 0 bj ect is not in di -
agreement with that of a nickel-iron meteor
ite,6 or of a nodular magnetite fragment. 
Whatever the actual composition of the frag
ment and its source, it i evidence of possible 
availability of iron on the Moon, since only 
ore-grade material would be attracted by the 
magnet assembly used. 

Laboratory Studies 

Various laboratory studies have been con
ducted for comparison with the results of the 
magnet tests on the lunar surface. 

The distance from which a magnet with a 
magnetic flux of about 500 gauss will attract 
powdered iron or magneti te on the Earth i 
about 1.9 cm (refs. 7- 12 and 7-13). 

The bar magnets and horseshoe magnets on 
the surface sampler were recorded photo
graphically following contact with rock powders 
with a wide range of compositions-powdered 
CaOH with additions of iron and powdered 
basalt with additions of iron. Tests conducted 
in a 10-6-torr vacuum included impact in 
rock-powder samples as well as jet-exhaust 
tests. 

Landing modes were simulated in the lab
oratory using 37- to 50-micron basalt powder. 
These tests assisted in determining the depth 
of footpad penetration and dynamic of con
tact with the lunar surface material (refs. 7- 12 
and 7-13). 

Following the successful pickup of a mag
netic fragment north of the crater Tycho , the 

6 H. Brown, private communication, 1968. 

FIGURE 7-34.-0bject selected for magnetic-attraction 
te5t. Note luster, dark appearance, smooth shape, 
and apparent dense quality (Jan. 13, 1968, 02:06:28 
GMT). 

motions of the surface sampler were reproduced 
in the laboratory. Various meteorite and basal
tic fragments were used. The only objects that 
could be attracted and picked up by the surface
sampler magnets were magnetite and meteor
itic fragments of nickel-iron. Figure 7-36 
shows some of the laborfttory test in rock 
powders . Two landing-mode simulations, with 
their lunar counterparts and simulations of 
surface-sampler motion during fragment pick
up, are also shown. 

Discussion 

Two different categories of magnetic particles 
are points of concern in the lunar magnet re
sul ts and the laboratory studies: 

(1) The magnetite content and mode of 
occurrence in a rock type. 

(2) The amount of free kamacite or taenite 
particles added to a rock pO'wder by meteoritic 
impact. 

As shown in figure 7-23 , magnetic suscepti
bility of a rock can be plotted versus magnetite 
content, with a re ultant. grouping of rock 
types. Granites, gneisses, and sedimentary 
rocks are usually low in magnetic susceptibility 
because of the low magnetite content «0.1 
percent). Although basalts have a wide range 
of magnetic susceptibility above 1O-4-cgs units, 
the range in which most basalts fall is more 



ELECTROMAGNETIC PROPERTIES 239 

FIGURE 7-35.-0bject attracted and picked up by the adjacent magnetic south pole ends 
of the surface-sampler magnets was about 1.2 cm in diameter, fairly smooth, with some 
irregularities that appear suggestive of exfolia t ion (Jan. 20, 1968, 14:58:39 GMT). 

restricted. Magnetic susceptibility may vary 
somewhat with a change only in the mode of 
occurrence of the magnetite, i.e. , particle size 
and grouping of particles, and with the amount 
of pure Fe30 4 relative to titanium replacement 
of iron (see fig. 7-37). Both chondritic meteor
ites and the Little Lake basalt fall in the 
upper part of the magnetic susceptibility 

range for basalts. Pure magnetite falls at 
unity, or higher, as do taenite, kamacite, and 
pure iron which may fall much higher. Particle 
size and grouping affects the magnetic sus
ceptibility of a rock. In Little Lake basalt, 
the magnetite occurs as particles, 10 to 25 
microns in diameter, which are disseminated 
throughou t the rock (fig. 7-38) . 
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SCORIACEOUS BASALT BASALT + 2% Fe 

BASALT BASALT + 3% Fe 

BASALT + 1% Fe BASALT + 4% Fe 

FIGU R E 7- 36.-Laboratory studies. (a) Magnet-assembly contact wi th rock powders in 
a t mosphere. 
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37- 50 fL 50- 150 fL 
RH YOLITE 

37-50 fL 50- 150fL 
DACITE 

37- 50 fL 50- 150 fL 
BASALT 

37- 50 fL 50- 150fL 
PERIDOTITE 

FIGURE 7-36.-Continued. (b) Magnet-assembly contact with powdered basalt with added 
powdered iron in atmosphere. 
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BASALT + 10% Fe BASALT + 20% Fe 

BASALT + 15% Fe 100% Fe 

FIGURE 7-36.-Continued. ( C) Magnet-assembly contact with powdered basalt with added 
powdered iron in atmosphere. 
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FIGURE 7-36.-Continued. Cd) Magnet-assembly contact with powdered basalt in atmos
phere. Top: 37 microns; middle: 37 to 50 microns ; bottom: 50 to 150 microns. 
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0% Fe 1 % Fe 

0 .25% Fe 3% Fe 

0.5% Fe 10% Fe 

FIGURE 7-36.-Continued. (e) Magnet-assembly contact with powdered CaOH with ad
ditions of powdered iron in atmosphere. 
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100% BASALT BASALT + 2% Fe 

BASALT + 1% Fe BASALT +5% Fe 

FIGURE 7-36.-Continued. (f) Magnet-assembly contact with powdered basalt (37 to 50 
microns) with additions of powdered iron in 10- 6-torr vacuum. 
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FlGURE 7-36 .-Continued . (g) Results of firing the attitude-control jet into 37 to 50 microns 
basalt with varying percentages of iron in 10-6-torr vacuum. Top, before firing; middle, 
after firing into 37 to 50 microns basalt with 1 percent added iron ; bottom, after firing 
into 37 to 50 microns basalt with 4 percent added iron. 
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NO CONTACT BA SALT 

RHYOLITE PERID OTITE 

DACITE SERPE NTIN E 

FIGURE 7-36.-Continued. (h) Surface-sampler magnets after contact with va.rious pow
dered rocks in atmosphere. 
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IRON FILINGS BASALT + 2% IRON 

IRON POWDER BASALT + 1 % IRON 

BASALT + 4% IRON BASALT 

FIGURE 7-36.-Continued. (i) Surface-sampler magnets after contact with various sizes of 
iron particles and basa.lt with and without iron additions . 
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2 3 4 

Scm 

* / 
(0) (b) (c) 

FIGURE 7-36.-Concluded. (j) Laboratory simulation of angular relationships of surface
sampler magnets to the lunar surface during pickup of magnetic fragm ent. Note plumb 
bob. 
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MA GNET IT E 

MOLECULAR PERCENT 

Fe203 
HEMATITE 

MAGHEMITE 

FIGURE 7-37.-Phase diagram showing FeO-Fe20a-Ti02 
relationships. Only material on the lower Fe2-TiOr 
FeaO, composition line would be attracted by the 
Surveyor magnets. Curie temperatures are indicated 
for va.rious compositions. 

O.IO,-----r----,-----,----,-----, 

0.08 

>-
!::: 
-I 

CD 

t- MAGNETITE PARTICLES 0.. 
w IN LITTLE LAKE BASALT u 
(J) 

=> 
(J) 

U 0.04 
lL: 
U 
W 
0.. 
(J) 

0.02 

OL-__ -L ___ L-_ _ -L ___ L-_ _ ~ 

o 100 200 300 400 500 

GRAIN SIZE, fi. 

FIGURE 7-38.-Magnetite particle size versus magnetic 
susceptibility. 

Laboratory studies in which a magnet with 
a magnetic flux strength of 6DO gau s was 
placed in contact with various powdered-rock 
types show that the amount of material ad
hering to the magnet has a direct correlation 
with the magnetite con tent, as would be ex
pected from the magnetic usceptibility plot. 

The material that adhered to the magnet in 
these tests is not all magnetite, but a mixture 
of about the same proportions as the powder 
being tested. Thus, the material on the magnet 
has a similar albedo, texture, grain-size dis-

tribution, and overall appearance to the parent 
sample. Practically no material is attracted 
by the magnet in contact with rock-powder 
samples with less magnetite than that found 
in basaltic rocks (rhyolite and dacite powders) . 
When present, magnetite usually occurs as very 
finely disseminated particles throughout the 
rock. 

The other extreme to be considered is that 
all magnetic material in a sample occurs as 
free particles not embedded in the rock grains. 
This situation would be more analogous to 
meteoritic infall, causing addition of magnetic 
kamacite and taenite particles. Tests in which 
powdered iron was added to CaOH powder 
closely resemble thi situation. From com
parison with lunar results, a volumetric 
addition of 0.25 percent iron powder is an ex
treme upper limit for the amount of free 
magnetic material that could be present at the 
lunar sites tested, if no inherent magnetite 
were present. Thus, it becomes obvious that 
the meteoritic nickel-iron addition to the 
lunar sites must be very small and, in fact, is 
not in evidence in the magnet tests if the 
similarity of the lunar tests to a contact with 
basalt powder with no iron addition is accepted. 

The presence of magnetic material is thus 
established in the mare areas tested and in 
the landing site north of Tycho. From com
parison with the various laboratory studies, a 
basaltic composition is suggested, and thus a 
basaltic range for magnetite content and 
magnetic susceptibility. A magnetite content 
of 8±2 percent i suggested, which indicates a 
magnetic susceptibility of about 2X 1O-2- cgs 
units (see fig. 7-24). 

Without considering the differences in landing 
mode and testing methods, the Surveyor V 
landing site (Mare Tranquillitatis) would ap
pear to have more magnetic material to a 
depth of about 10 cm than the urveyor VI 
site (Sinus Medii) or the urveyor VII site 
(Tycho) . On the same basi, the Surveyor 
VI ite would appear to have the least amount 
of magnetic material to a depth of about 8 em. 

Still not con idering the testing-mode dif
ferences, in the tests of the surface-sampler 
magnets on Surveyor VII, the magnetic ma
terial appears to increase considerably with 
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FIGURE 7-39.-Accelerometer attached to surface 
sampler to determine forces exertcd on rock . 

FIGURE 7-40.-Movement of surface sampler. (a) 
During rock pickup operation. (b) Subsequent move
ment that caused the object to be dislodged. The 
numbers indicate the sequence of command. Move
ments are quite jerky. 
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depth from surface tests to trench bottom 
(about 20 cm; see figs. 7-32 and 7-33). 

However, if test modes are considered , the 
increase in amount of the material on the Sur
veyor V magnet over tInt displayed by Surveyor 
VI is explained adequately by dragging a mag
net 1 meter through the material rather than 
exposing the magnet to a momentary contact. 

In the case of the surface-sampler magnets, 
both the mode of testing and possibly the 
packing of material may be involved. In the 
bearing strength tests, the surface sampler 
was pushed into the surface to a depth of about 
5 cm. Trenching reached a depth of about 20 
cm, which could conceivably represent a 
sample with different particle packing. How
ever, no indication of this was seen in the 
power needed for trench passes at the bottom 
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in comparison to surface passes. A 10-percent 
difference in packing probably is necessary to 
cause a difference in power requirements.' 

The effects of particle-packing differences 
are under laboratory study using basaltic 
powders with magnetite contents spanning the 
range of magnetic susceptibility for basalts. 
Finer fractions of iron-powder additions and 
powder additions of assumed meteoritic flux 
compositions also are being studied . 

Magnetic attraction of vapor deposits of 
iron on silicate particle has been investigated 
with iron thicknesses of a few angstroms on 
silicate grains 25 microns in diameter. No 
attraction was observed. Thus, the presence 
of such a deposition presumably could not be 
tested by the Surveyor magnets. 

In rock form, rather than powder, the 
magnets will attract material with magnetic 
susceptibilities approaching unity or higher; 
i.e. , magnetite, nickel-iron meteorites, and 
pure iron . On the Moon, objects up to ap
proximately 12 cm could be attracted and 
suspended by the two small horseshoe magnets 
on the surface sampler. The object picked up 
by the surface sampler at the Surveyor VII 
landing site was about 1.2 cm in diameter; 
i t was suspended by the two adjacent south 
poles at an angle of about 35° to the horizon, 
and was thrown off by a side movement of the 
surface sampler. From tests conducted with 
an accelerometer attached to the surface 
sampler, the force that dislodged the fragment 
was concluded to be about 5X 102 dynes (see 
figs. 7-39 and 7-40). The force needed to 
suspend it was about 1.8X 10 dynes. Thus, the 
magnetic susceptibility lies between 3 X 10-1 

and 8 X 10-1 cgs units. Studies conducted with 
meteoritic fragments, rocks, and minerals 
also indicate that the susceptibility must be 
about 1, suggesting that the object could be 
composed ot' magnetite or meteoritic riickel
Iron. 

A comparison of the lunar-magnet test 
results with other data from the landing sites 
is of geologic interest in the interpretation of 
the magnet data. As observed from photo
graphs taken with red and green filters (ref. 

7 F. 1. Roberson, private communication, 1968. 

7-4), all mare landing sites are in areas that 
appear reddish. The Surveyor VI landing site 
is more mottled than that of Surveyor V, but 
distinctly shows higher reflectance in the red. 
The Surveyor VII site, north of Tycho, is in 
a reddish halo around that crater, suggesting 
that the surface material there may not be 
typical of highlands. Most lunar highlands are 
very light to white in the composite photograph 
referenced. Thus, from this reflectance work 
alone, a similarity in material at all Surveyor 
landing sites is suggested. 

Panoramas of the mare landing sites and the 
Tycho rim (fig. 7-41) show an apparent in
crease in rock distribution in the Tycho area, 
and a perceptible increase in rolling hills and 
steeper slopes. However, the gross morphology 
appears to be somewhat similar. 

Rock shapes in the maria as well as on tho 
Tycho rim range from rounded and porow; 
to blocky, dense, and angular. Light and dark 
rocks are seen in both types of areas, with 
lighter rocks predominant. Rock shapes typical 
of volcanic activity are seen in all locations 
(see fig. 7-42). Such shapes range from those 
suggestive of ash and lappilli to densely 
crystalline igneous rocks, which would be 
expected as throwout material at some depth 
with volcanic activity. Experiments with mag
ma in a high vacuum suggest that any magma 
extruded on the lunar surface would be ex
tremely porous (ref. 7-16). 

A consideration of smface-rock distribution 
and subsurface cross sections is pertinent. All 
footpad imprints and trenches reveal a very 
fine-grained, homogeneous material with no 
particles larger than 1 mm; i.e., camera resolu
tion. 0 perceptible packing difference is ob
served in the bottoms of trenches (see footnote 
7). Rock fragments are distributed over the 
surface in all states of burial, from balanced 
perch positions to near burial. It might be ex
pected that this areal distribution would be 
similar at near-surface depths, or that its dens
ity would diminish with depth. However, no 
rocks appear to be present below the smface to 
the depths viewed (fig. 7-42) . This is more sug
gestive of depositions of volcanic ash and later 
of rocks, rather than of chmning and pulveriza
tion by bombardment. 
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FIGURE 7-41.-The panoramas of the marc areas were qu ite similar. Although more rocks, 
hills, and steeper slopes occur north of Tycho, the general morphology is similar to 
that of the maria. (a) Surveyor 1. 
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FIGURE 7-41.-Continued. (b) Surveyor III. 
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FIGURE 7-41.-Continued. (C) Surveyor V. 
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FIGURE 7- 41.-Continued. (d) Surveyor VI. 
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FIGURE 7-41.-Continued. (e) Surveyor VII. 
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FIGURE 7-42.-Rocks with morphology were present at all Surveyor landing sites. (a) Sur
veyor 1. Top: note the vesicular structure; bottom: note t he lavaLike structure, basalt
like pattern of brea.kage, tubelike fragments. 
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FIGU RE 7- 42.-Continued. (b) Surveyor III. Note the vesicular structure in both rocks. 
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FIGURE 7-42.-Continued. (c) Surveyor V. 
Both of these rocks may be vesicular. 

FIGURE 7- 42.-Continued. (d) Su rveyor VI. The picture at t he right is computer processed. 
Both of these rocks may be vesicular. 
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FIGURE 7-42.-Concluded. (e) Surveyor VII . Top left : note the light flecks that may be 
phenocrysts in a darker matrix; bottom left: note the fracture typical of igneous 
rocks; a bove: rock rubble showng morphology typical of terrestrial basalt. 

339-4620- 69--18 
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From the mare sites, the alpha-scattering 
instruments produced data that were compat
ible with basaltic composition (refs . 7- 17 and 
7-18). A decrease by about a factor of 2 in 
heavy elements and a slight increase in alumi
num were observed at the Surveyor VII site 
(ref. 7-19). Such a decrease in heavy elements, 
if because of iron content, is not observable in 
the magnetic iron data. Alpha-scattering data 
may be reflecting contamination of one rock 
type (basalt) with another more acidic-rock 
type. The numerous rocks scattered on the sur
face are predominantly lighter than the surface 
layer on which they rest. Dust from these rocks 
is undoubtedly present and would probably 
show much lower iron content. Rocks turned 
over by the surface sampler evidence rounding 
and weathering only on exposed rock tops. 
The depth to which the surface sampler pene
trated in bearing strength tests was about 5 cm. 
Ail the material subsurface appears to be homo
geneous, fine-grained, darker material (see fig . 
7-43). The Surveyor VII magnet contacts 
represent tests of this dark subsurface material, 
and are very similar to the tests from the maria 
and to laboratory tests in basalt. 

Hapke (ref. 7-20) has compared the optical 
characteristics of the lunar surface with those 
of rocks and meteorite powders. Intensity, 
polarization , spectrum, and albedo of the Moon 
were matched only by those of basic rocks con
taining lattice iron, but little or no free iron. 
These studies are consistent with extrapolation 
of conclusions from the Surveyor mare landing 
sites to the mare areas in general. 

Conclusions 

From comparison of the lunar results with 
lato ~atory studies, the following conclusions are 
possible: 

(1) A small amount of magnetic material is 
pre3ent at all Surveyor landing sites tested 
(Mare Tranquillitatis, Sinus Medii, and north 
of the crater Tycho) (fig. 7-38). The amount of 
magnetic material , if existing as free particles, is 
less than 0.25 percent by volume. 

(2) Ail lunar results are consistent with 
laboratory stur' ie u i:1g finely powdered basalts. 
The Ltt~e L ake basalt, which was used in 
laboratory studIes , contains about 10 to 12 per-

cent by volume; magnetite disseminated in 
grains about 25 microns in diameter. Studies in 
various powder sizes of basalt show that slight 
differences in particle sizes at the landing sites 
and in landing modes are sufficient to explain 
the relatively slight differences in the amount 
of magnetic material observed on the lunar 
magnets. 

(3) The object attracted by the surface
sampler magnets is probably magnetite or 
meteoritic nickel-iron. 

It is the author's opinion that a volcanic 
source is suggested for the lunar surface ma
terial. Because of the lack of an indication of 
any powdered meteoritic nickel-iron and be
cause of the uniform, fine-grained surface 
material in all areas, both in footpad imprints 
and trench wails, the surface material probably 
does not represent a meteoritic pulverization 
product. This suggests that the material was 
either fine grained at the time of deposition, 
i.e., ash, or was pulverized by a process not 
yet identified. The thermal regime and solar 
wind are possible contributors to this process. 

Meteoritic impact undoubtedly occurs on 
the Moon. However, any addition of meteoritic 
nickel-iron that may be present at the Surveyor 
landing sites must be less than amounts 
perceivable by the methods employed. 

FIGUR E 7- 43.-Comparison of material in imprints, 
trenches, and slide walls show that the subsurface 
material is fine grained and homogeneous, with no 
large fragments. (a) Surveyor 1. This computer
processed picture shows the imprint made by 
footpad 2. 
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FIGURE 7-43.-Continued. (b) Surveyor III. Top: footpad 2 imprint; bottom: note the 
smooth t rench wall. 
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FIGURE 7-43.-Continued. (C) Surveyor V. Note the smooth imprint and slide wall. Also 
see figure 7-26 (a) . 



ELECTROMAG ETIC PROPERTIES 

FIGURE 7-43.-Continued. (d) Surveyor VI. Top: imprint of footpad 2 made during initial 
landing; bottom: imprint of footpad 2 made during the hop. 
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FIGU RE 7-43.-Concluded. (e) Surveyor VII . Top: imprint of foo t pad 2; bottom: closeup 
of a t rench wall. All t rench walls showed a similar smooth text ure (see fig. 7-33). 
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8. The Alpha.Scattering Chemical Analysis Experiment on the 
Surveyor Lunar Missions 

A . L. Turkemch (Principal Investigator), W. A. Anderson, T. E . Economou, E. J. Franzgrote, H. E. 
Griffin, S. L. Grotch, J. H. Patterson, and K. P. Sowinski 1 

Surveyors V, VI, and VII carried alpha
scattering instruments to obtain chemical 
analyses of lunar surface material. The lunar 
locations of these analyses are indicated in 
figure 8-1. At the Surveyor V landing site 
(Mare Tranquillitatis) two samples were ana
lyzed ; one sample was analyzed at the Surveyor 
VI site (Sinus Medii), another mare region. 
With the cooperation of the soil mechanics 
surface sampler experiment, three samples 
were analyzed at the Surveyor VII terra land
ing site (near the crater Tycho) . Values de
rived from analyses of the first sample on each 
of these missions have been reported in ref
erences 8-1 through 8-3. The preliminary 
results given in these references were obtained 
from portions of the data received by Teletype. 
These data were analyzed by computers pro
gramed for real-time mission support using a 
library of only eight elements. These pre
liminary analyses permitted only partial tem
perature and gain-shift corrections, and made no 
provision for nonstandard sample geometry. 
The results, though assigned rather large 
errors at present, represent the first direct 
chemical analyses of an extraterrestrial body, 
permitting significant conclusions to be drawn 
concerning the nature of the lunar surface 
material and its history. 

History 

The alpha-scattering method of analysis 
makes use of the characteristic energy spectra 
of alpha particles rebounding at nearly 1800 

after collision with atomic nuclei. The energy 
spectra of protons, produced by nuclear reac
tions of alpha particles with some light ele
ments, are also used. 
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The phenomenon of large-angle scattering 
of alpha particles by matter was first reported 
by Geiger and Marsden in 1909 (ref. 8-4). 
Rutherford (ref. 8-5) showed that this be
havior could not be explained by the atomic 
theories of that time, and used it as a basis for 
his nuclear model of the atom. The relation of 
the fraction of the kinetic energy remaining 
with the alpha particle after impact, T ml To, 
to the angle of scattering, 0, and the mass 
number of the nucleus, A, was derived by 
Darwin (ref. 8-6) on the assumptions that 
kinetic energy and momentum are conserved 
and that the scattering nucleus is initially 
at rest. This relation is: 

Tm= [4 cos 0+ (A2-16 sin 2 e) 1/ 2J2 
To A+4 (1) 

From equation (1), the theoretical possibility 
of applying this phenomenon to chemical anal
ysis is obvious. H owever, the lack of high
intensity sources of monoenergetic alpha 
particles and of convenient methods for alpha
particle-energy measurement made application 
impractical for several decades after these 
discoveries. Starting in 1950, several investi
gators suggested the use of charged particles 
from an accelera tor for chemical analysis (ref. 
8-7) . Rubin and coworkers (ref. 8-8) developed 
a method of analyzing thin samples using ac
celerated alpha particles and protons, with a 

t The affiliations of A. Turkevich, E. Franzgrote, 
and J. Patterson are listed in app. C of this report. 
With t he except ion of H. Griffin of the Argonne 
National Laboratory and S. Grotch of the Jet Pro
pulsion Laboratory, the remaining authors are from 
the University of Chicago. 
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FIGURE 8-1.-Earth-based telescopic photograph of the Moon showing locations of the 
three Surveyor chemical-analysis sites. 

magnetic spectrometer for energy analysis . In 
1960 one of the present authors, at the sugges
tion of the late Prof. Samuel K. Allison of the 
University of Chicago, found , in a preliminary 
investigation, that an alpha-scattering method 
of analysis using isotopic alpha-particle sources 
was feasible (ref. 8-9). On the basis of these 

results, the development of an analytica.l instru
ment for the Surveyor program was started. A 
research apparatus containing one curium-242 
alpha source and one silicon semiconductor 
detector was designed and used to obtain much 
fundamental data on the alpha-sca ttering re
sponse of elements and compounds (ref. 8-10). 
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These data showed that the mInImUm sensi
tivity of the method was for elements in the 
region of sodium. The measurement of the 
energy spectra of protons, which are obtained 
from nuclear interactions of alpha particles with 
elements in this region, was therefore introduced 
to improve the sensitivity for these geologically 
important elements. These (a, p) reactions are 
also associated with the name of Rutherford, 
who reported the first artificial transmutation 
of an element by such a reaction with nitrogen 
(ref. 8-11). 

A breadboard model of an instrument for a 
lunar mission was built for further study of the 
characteristics of the alpha and proton spectra 
(refs. 8-10 and 8-12). Then a prototype instru
ment was designed to be compatible with a 
sample-preparation system on a lunar soft
landing spacecraft. This prototype was not 
tested extensively because of a change in the 
Surveyor program, which required direct de
ployment of an instrument to the Moon's 
surface instead of the analysis of prepared 
samples. 

A series of four flight prototypes of a deploy
able instrument, followed by four flight models, 
was originally planned. These (actually only 
seven instruments were built) were designed 
and built at the University of Ohicago's Labo
ratory of Applied Science and later by that 
university's Laboratory of Astrophysics and 
Space Research (ref. 8-13). Prototypes 1 and 2 
CP-1 and P-2) were used for developmental 
work on the instrument and on the method of 
analysis. On the basis of results from the pro
gram at this stage, postponements in the launch 
schedule and a clearer identification of the 
hazards to the experiment under lunar condi
tions, significant improvements in the experi
ment were made. These improvements included 
the introduction of a commandable electronic
pulse generator that could be used to calibrate 
the energy scale of the instrument, the intro
duction of a crude ratemeter to monitor the 
solar and cosmic-ray proton background during 
a mission, and a redesign of the outer envelope 
of the deployable part of the instrument to 
provide better temperature control. Prototype 
3 (P-3), which incorporated these changes, was 
used as a type-approval model to insure the 

capability of the instrument to function prop
erly under mission conditions. Shortly before the 
Surveyor V mission, P-3 was used for a practice 
loading of sources and testing at Oape Kennedy. 
Prototype 4 CP-4) eventually became the in
strument used on Surveyor V, while flight 
instruments 1 and 2 (F-1 and F-2) were used 
on Surveyors VI and VII, respectively. Flight 
instrument 3 (F-3) was used as the backup or 
spare instrument for all three flights. More 
details on the instrument development and 
history are given in reference 8-14. 

Methods 

In an elemental sample only a few atoms 
thick, the spectrum of alpha particles scattered 
backward in a vacuum would consist of 8 narrow 
peak, whose energy, Tm , is determined by 
equation (1). For a thicker sample, alpha 
particles scattered at various depths below the 
surfa.ce suffer a loss of energy in the material 
before and after the scattering event. The 
relationship of thin and thick target spectra is 
shown in figure 8-2. The energy distribution of 
alpha particles scattered from thick samples, 
then. is a continuous spectrum, terminating 
sharply at the energy, Tm, determined by the 
mass number of the element (eq. 1). 

Figure 8-3 shows a series of plots of T mlTo as 
a function of scattering angle for va.rious mas 

THIN 
SCATTERER 

THIN SCATTERER 
AT DEPTH X 

THICK 
SCATTERER 

Jf
LtLL lL 

S D 

df 
T 

JL 

Tm To 

Tx=K [Ta-L'lI(Xl]-L'l2(Xl 

FIGURE 8-2.-Compari on of spectra of alpha particles 
scattered from thin and thick samples. The upper 
diagrams show the geometry of scattering ; the lower 
indicate the corresponding shopes of associated 
spectra. 
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FIGURE 8-3.-Dependence of the ratio of the maximum 
energy of scattered alpha particles to the ini tial 
energy, T ".ITo, on the laboratory angle of scattering, 
0, and on the mass number, A. 

numbers, according to equation (1). It can be 
seen that--

(1) The greatest resolution between mass 
numbers is at a scattering angle of 180° (al
though there i very little change above 160°). 

(2) The resolution decreases rapidly with 
increasing mass number. 

The practical resolution limit for distinguishing 
individual elements for the instrument used in 
the Surveyor program is approximately at mass 
number 40 (Oa). 

The proton spectra from (a, p) reactions in 
thick samples are also characteristic of the 
elements making up the sample. Such reaction 
are energetically impossible in the maj or iso
topes of elements such as carbon and oxygen; 
they have negligible yields, because of the high 
coulomb barrier for 6.1-MeV alpha particles, in 
elements heavier than about calcium. The 
yields of protons are relatively high for the 
geochemically important elements sodium, 
magnesium, and aluminum , which have a low 
sca ttering probability for alpha particles. 

Figure 8-4 is a set of alpha and proton 
spectra (called a library) of most of the elements 

that may be expected as major constituents of 
common rocks. In this figure, the intensities, 
after background subtraction, of the scattered 
alpha particle and protons from various ele
ments are plotted on a logarithmic scale as a 
function of the pulse-height-analyzer channel 
number. The intensities have been normalized 
to a measuremen t time of 1000 minutes and a so urce 
strength of 1011 disintegrations/min. In figure 
8-4 , the channel number is related to the 
energy deposited by the particle in the detector 
by the relations: 

Na.= 18.94E a.-10 .9 
NTJ= 18.6E1,-10.7 

where N is the channel number; Eis the energy, 
in million electron volts , deposited in the 
detector. These spectra were obtained in pre-
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mISSIon calibrations with the Surveyor flight 
ins truments. 

The typical shape of the scattered-alpha 
spectrum of an element heavier than calcium 
(fig. 8-4(e)) is a relatively fl at plateau termi
nating in a sharp dropoff to zero in tensity at 
Tm , as determined by equation (1). The inten 
sity at a given channel number in the spectrum 
is determined by the scattering cross section 
for alpha particles of the nuclei of the material 
and the energy loss of the alpha particles 
cansed by ionization in the sample (ref . 8-10). 
The fact that the plateau for a heavy element 
has very nearly a constant intensity indicates 
that the effects of the variation of these prop
erties with energy are very nearly balanced 
over a range of several million electron volts. 
Because the spectra of the heavier elements are 
nearly iden tical in shape, only a few representa
tive spectra are included in this library. 

Figure 8-5 shows the variation of intensity 
of alpha scattering (near T m) with atomic 
number , both plotted on logari thmic scales. 
The units of the ordin ate are the same as 
shown in figure 8-4. The solid points are values 
obtained directly from spectra of elemental 
samples, while the open points are derived 
from spectra of simple compounds of the ele
ment. The line drawn with a slope of 3/2 
through the points for elements of higher 
atomic number shows the approximate power 
dependence of in tensity on atomic number, 
predicted by imple theory (ref. 8-10). 

In figure -5, it is seen that the in tensity of 
scattering is greatly enhanced above the 3/2 
power line for elements ligh ter than sodium. 
Thi is associated with direct in teraction of 
alpha particles with nuclei of 10'" charge. This 
interaction has very high scattering cross sec
tions at characteristic resonance-energy regions. 
For this reason, the spectra of these ligh t ele
men ts are no t only greatly increased in in tensi ty 
but also show more structure than in the cases 
where Ru therford scattering predominates. The 
in tensities of scattering are often very strongly 
dependent on scattering angle, with the effect 
e pecially large at angles close to 1800

. This 
resonance-scattering phenomenon gives the 
method a very high sensitivity for carbon 
and oxygen (fig . 8-4(a)), whereas the sensi-
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FIGURE 8-5.-Dependence of intensity of a lpha scatter
ing on atomic number in a Surveyor-type instrument. 
The ordinate is the intensity of scattering near 
the high-energy endpoint by the various elements 
included in the library of figure 8-4. Solid circles 
indicate intensities of scattering from elemental 
samples. Intensities derived using compounds of 
certain elements (for example, 0, Na) are in
dicated by open circles. 

tivity would be very poor for these elements 
if the in tensity had followed the Z3/2 1aw. 

In elements that undergo (a, p) reactions, 
some of the struc ture in the spectra from the 
alpha detectors (for example, fig. 8-4 (b), (c), 
and (d)) is caused by the protons. Because the 
range of the pro tons is often greater than the 
sensitive depth of the silicon semiconductor 
detectors used for alpha particles, the peaks 
that appear in the alpha spectra do not always 
represent the total energy of the protons, but 
merely the amount deposited in the alpha 
detector. For thi reason, variation of the 
sen itive depth of the detectors can cause 
shifts in the positions of the peaks that are 
caused by the pro tons. 

The proton spectra of figure 8-4 have been 
obtained with semiconductor detectors covered 
with gold foil of a thickness just sufficient to 
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absorb the scattered alpha particles. This also 
reduces the energy of the protons , completely 
absorbing those with energy less than 1.5 MeV. 
The proton detectors had sensitive depths great 
enough to measure the full energy of the enter
ing proton. Because the cross section for the 
(a , p) reactions are usually much lo,,"er than 
for alpha scattering, the total active area of 
the proton detectors had to be greater to obtain 
adequate intensities for the proton spectra. 

Because the protons are produced by nuclear 
interactions, the proton spectra consist of a 
series of peaks corresponding to resonance 
interactions of alpha particles with the nuclei 
of elements emitting protons. The peaks are 
usually greatly broadened, however, by the 
large variation in the geometrical relationships 
of the proton detectors in the instrument to the 
various parts of the sample where the protons 
are produced. The elements producing protons 
include boron, nitrogen, fluorine, sodium, mag
nesium, aluminum, silicon , phosphorus, sulfur, 
chlorine, potassium, and titanium (see fig . 8- 4 
(b), (c), and (d)). The spectrum for aluminum 
(fig. 8-4(c)) extends to the highest energy of all 
proton-producing elements; its presence in sig
nificant amounts in a sample can be readily 
detected by a cursory examination of the proton 
spectrum. Other elements that produce high
energy protons include sodium, fluorine, boron , 
phosphorus, and potassium. Elements uch a 
nitrogen, magnesium, silicon, and sulfur produce 
protons whose highest energy is less than 3.5 
MeV. These properties, in addition to the 
differences in the characteristic shapes of the 
spectra, allow resolution of the various ele
ments that produce protons. 

In the analysis of spectra from samples that 
contain more than one element, use is made of 
the fact that for both protons and alpha par
ticles, to quite a good approximation, the 
composite spectra have the shapes of the in
dividual elemental spectra additively combined. 
Figure 8-6 illustrates this for the system Si, 
C, and SiC. In such a complex system, the 
contribution of an individual element has been 
shown (ref. 8-10) to be proportional to (1) its 
contribution as a pure element (the library 
spectrum) , (2) the atomic fraction of the ele
ment in the sample, and (3) the energy-loss 

cross section of the element. It was also shown, 
experimentally, that assuming the energy-loss 
cross sections to be proportional to the square 
roots of the atomic mass numbers is adequate 
for preliminary analysis. (A functional depend
ence of the energy-loss cross section on the 
atomic number, rather than on the mass 
number, seems to bemorejustified theoretically') 
Thus, for each energy channel j of the alpha 
and proton spectra, an equation may be set up 
of the form 

where 

i = total intensity of the sample spec
trum in channel j 

Xt=atom fraction of an element i in the 
sample 

/ I t=intensity in channel j of the library 
spectrum of element i 

A/2=square root of the mass number of 
elementi 

< A 1i2>= ~XtA/2, average square root of the 
I 

mass numbers of the elements in the 
sample 

k=factor to take into account differ
ences in the conditions (for example, 
the effective source strengths and 
sample distances) under which the 
library spectra and the sample meas
urements were obtained. The recog
nized, slightly different effect of 
distance on the response in the alpha 
and proton modes and the effect of 
distance on the shapes of the proton 
spectra are ignored at this stage of 
analysis. 

Equation (2) may be rearranged into the 
form: 

(3) 

where 

(4) 

The it values are the factors by which the 
library spectra are multiplied to obtain a com-



c 
E 
o o 
Q 
0:: 

CHEMICAL ANALYSJS 

1o,ooor---.,----.-----,---,---,------,----, 

C 

1000 

100 

10 

SILICON AND CARBON 
ALPHA MODE 

Si 

t 
t 
t 

.... ++ 

++ + 

+++ 

SILICON 
PROTON MODE 

+ 
++ 

++++++ 
+ 

t 

t 

t 

Ii 
g: 10,000 

--' w 
Z 
Z 
<t 
I 
U 

0:: 
w 
"-

~ 
Z 
w 
> w 

1000 

100 

10 

SILICON CARBIDE 
ALPHA MODE 

SiC 
-- DER IVED FROM Si + C 

1 ~0--~1~0---~2~0-----3~0----~40~--~5~0----~W~-~70 0 

CHANNEL NUMBER 

+ + t 
+ 

10 

SILICON CARBIDE 
PROTON MODE 

t SiC 
-- DERIVED FROM Si 

+ 

t 
'\ 

20 30 40 50 60 

CHANNEL NUMBER 

FIGURE 8-6.--Alpha and proton spectra for t he system Si, C, and SiC (bot h actual and 
derived from Si and C). 

281 

I 0,000 

I 000 

I 00 

I o 

I 

I 0 ,000 

I 000 

I 00 

I o 

I 
70 

~--------------------------------------------------------------------



282 SURVEYOR: PROGRAM RESULTS 

posite spectrum that best corresponds to the 
observed sample spectrum. They are obtained 
by a least-squares treatment of the data by 
means of equation (3). 

From equation (4), it is seen that the values 
of f JA/2 for a given sample are proportional 
to the atomic fractions Xi in the sample. 

Thus, considering only chemical elements 
represented in the library, the fraction of the 
atoms that are of element i is given by 

fdA t l / 2 

L;,ftlA;1I2 (5) 

Because hydrogen, helium , and lithium are not 
determined by this method, the analytical 
results are in terms of fractions of atoms heavier 
than lithium. 

Thus, it is seen that a library of elemental 
spectra, such as that in figure 8-4 , is essential 
to the analysis of the alpha-scattering data. 
For elements that are not readily available in 
their pure solid state, the library spectra may 
be derived from spectra of their compounds. 
This is best accomplished using the spectrum 
of a simple compound containing only one 
element for which the library spectrum is not 
known. Equation (2) may then be solved for 
jOl t of this element for each energy channel, as 
this is the only quantity in the equation that is 
unknown. In figure 8-4, the spectra of carbon, 
nitrogen, oxygen, fluorine, sodium, potassium, 
and calcium were derived using this technique. 
Some systematic errors are apparent below 
channel 30 in the alpha spectra of sodium, 
potassium, and calcium. They were introduced 
in these examples by the method of derivation 
using spectra from carbonates. 

This method of chemical analysis by use of 
alpha particles was tested on a variety of rocks. 
Table 8- 1 shows the results obtained using the 
P- 1 instrument on eight rocks of a reasonable 
range in composition (ref. 8-15). The data are 
presented in terms of atomic percent, together 
with a measure of the uncertainty. The un
certainty is derived from the statistical errors 
of the measurement and the least-squares 
analysis. The table also presents results of 
analysis by conventional techniques. 

Table 8-2 lists , in atomic percent, the stand-

ard deviations between the alpha-scattering 
method and the conventional analyses for the 
most abundant elements (ref. 8-15). The less 
than 1-atomic-percent standard deviations for 
sodium and aluminum depend strongly on the 
data from the proton mode, which indicates its 
importance in the analysis of these elements. 

In interpreting the results from this analytical 
technique, certain inherent characteristics must 
be kept in mind. The inability to determine di
rectly elements lighter than beryllium and, in 
particular, hydrogen, has already been men
tioned. Another characteristic is that the pene
tration of alpha particles into the material is so 
small (at least with 6.1-MeV alpha particles) 
that the results apply strictly to the surface of 
the sample. Moreover, the depth to which the 
particles penetrate before interacting depends 
on the nucleus and processes involved in the in
teraction. The lack of resolution for the heavier 
elements has also been mentioned, as well as 
the onJy moderate sensitivity and accuracy of 
the results in practical situations. In addition, 
the interpretation depends on whether the aver
age atomic topping power of the material inves
tigated is essentially constant over the sample 
examined. However, the technique, because of 
its relative comprehensiveness and the lightness 
and ruggedness of the equipment, together with 
the low-power requirements, is particularly suit
able for early chemical-analysis missions to 
extraterrestrial bodies. 

Instrument 

The instrument for the Surveyor alpha
scattering experiment consis ts of a sensor head , 
which is deployed directly to the lunar surface, 
and an electronics package, which is housed in a 
thermally controlled compartment on the pace
craft. Figure 8-7 show the alpha-scattering 
sensor head, electronics, and the mechanism for 
attaching the sensor head to the spacecraft and 
deploying it to the lunar surface. The alpha
scattering instrument delivers to the spacecraft , 
for transmission to the Earth, information on 
the number and energy of alpha particles 
scattered back from a sample and on the number 
and energy of protons produced in the sample 
by (a, p) reactions. 

Figure 8-8 shows the Surveyor VII spacecraft 



TABLE 8- 1. Comparison between alpha and conventional analyses of some rocks (in atomic percent) 

lV- I (;-1 Dunite Hamle t 

Rock e lement 
A lpha Con ven - Alpha Con ven - A lpha Con ven- A lpha Conven -

tional l' tional a tlonal a tional b 

lIydrogen ___ ____________________ _ 
----- - ---------- 1. 1 ------------ - - O. 9 ---------------- 4. 3 ------------- - 0.1 Carbon ___________________________ O. 4±0. 4 .03 1. 0 ± O.6 .04 (e) .05 O. 6 ± 0. 3 ( d) 

Oxygen ___ ________________________ 58. 8±0. 9 60. 4 61. 8 ± 1. 3 61. 7 58. 2 ± 0.5 56.0 54. 1 ± 0.7 56. 6 Fluorine __ ________ _____ ___________ O. O±O. 05 .02 (e) .08 0 ± O.O .01 (e) ( d) 
Sodium __ _____ ___ ________ _________ 

2. 1 ± O. 3 1. 44 2.2 ± O. 5 2.2 O. 02 ± 0.06 .01 0.75 ± O. 14 .78 
Magnesium ____ ___ ______ __________ 1. 8±0. 8 3. 54 1.1 ± 1. 2 .2 19.4 ± 0.5 23. 1 12.8 ± 0.6 14. 8 
Aluminum ______ __ _______ ______ ___ 6. 6±0. 4 6. 28 5.9 ± O.6 5. 7 0.12 ± 0.07 . 19 1. 3 ± 0. 2 1. 23 
Silicon __________ _________________ 20. 3 ± 0. 9 18.9 23. 5 ± 1. 2 25. 6 15. 0 ± O. 6 13.9 15. 9 ± 0.7 16.2 
Phosphorus _______________________ (e) . 04 (e) .03 O. 02 ± O. 06 0 (e) . 14 Suliur ____________________________ 2. O±O. 9 .01 1. 0 ± 1.2 . 01 2.3 ± 0.5 ( d) 3. 8 ± 0.7 1. 45 
Chlorine __________________________ (e) (d) 1. 6 ± 0.8 . 01 (e) . 01 O. 1 ± 0.4 ( d) 
"Calcium" ( _______________________ 3. 4 ± 0. 6 4. 5 1. 8 ± 0. 6 2. 9 (e) . 1 (e) .92 
"Iron" ( __________________________ 3. 1 ± O. 2 3. 78 0. 3 ± O. 1 . 59 2. 38 ± 0. 8 2.32 8. 4 ± 0.2 7. 9 
" Barium" ( ________________________ (e) .01 O. 03 ± O. 01 .06 (e) ( d) 0.007 ± O. 04 ( d) 

Tektite Limestone e Su l fide ore e S uenite e 

A lp h a Conoen- Alpha ConDen- A lpha Conven- A lp h a Conven -
tional· tional t iona I tional 

lIydrogen _______________________ _ 
------- - ------ - - O. 8 ----- - ----- - -- (d) -- -------------- 8. 52 ------------- - 0. 15 Carbon ___ ____________ ___ _______ __ (e) . 006 16.8 ± 0.4 16.4 O. 7 ±0.3 (d) 0.3 ± 0. 4 .43 Oxygen __ __ ________ _____________ __ 59.7 ± 0. 5 63. 9 59.3 ± 0.8 59. 9 45. 8 ± 0. 8 46. 1 60.6 ± 0.9 60. 0 

F luorine __________________________ (e) .01 ( e) (d) 0.01 ± 0. 04 (d) (e) (d) 
Sodium _____________________ _____ _ 1.0 ±0.2 .73 O. 39 ± 0. 15 .255 0.76 ±0.22 . 745 2. 4 ± 0.4 2. 05 
Magnesium ___ __ ___ ________ _______ 1. 14 ± 0.65 1. 44 0.2 ± 0.5 1.11 3. 1 ±0.7 2. 59 (e) 2. 12 
Aluminum __ ______________ __ ______ 4. 2 ± 0.3 4. 8 1. 6 ±0. 2 1. 64 3. 9 ± 0.3 4. 50 3.5 ± 0.5 3.88 
Silicon ________________ ___________ 26. 1 ± 0.7 25. 2 5. 7 ± 0.6 4. 73 13. 2 ± 0.9 14. 7 22.5 ± 1. 2 21.0 
Phosphorus ________ ________ _______ O. 1 ±0.2 .01 O. 1 ± O. 1 .05 O. 1 ±0.2 .033 (e) . 06 
Suliur ___________________________ _ 0.6 ± 0.7 (d) 1. 3 ± 0.6 . 17 5. 6 ± 0. 9 8. 63 (e) . 047 
Chlorine __ ________________________ O. 4 ± 0. 5 .006 0. 4 ±0. 4 (d) (e) (d) (e) (d) 
"Calcium" ( ______________________ _ 1.7 ± 0.4 2. 1 15.4 ± O.5 15. 2 4. 5 ±0.7 2. 12 4. 6 ± 1.4 5.12 
"Iron" 1 ________ _ _________________ 1.6 ± 0. 1 1. 63 O. 75 ± O. 09 . 47 10. 3 ±0.3 12.0 3. 1 ±0.6 4. 95 
"Barrium" ( ____________________ __ O. 003 ± O. 006 .001 (e) ( d) O. 009 ± O. 006 . 03 O. 16 ± 0. 07 .17 

----- - -

• R esults of conventional a nalyses are from the U .S. Geological Survey. 
b This analysis of the meteorite lIamlet was performed by H. B. Wilko 

• These samples (with results of conventional analyses) were obtained 
from the National Bureau of Standards. 

e The least-squares calculation ga ve slightly negative answers. The value 
was set to zero and the calculation repeated. 

d No results of conventional a nalyses are available. 

( " Calcium" represents potassium and calcium ; "iron" denotes the ele
ments titanium through zin c, inclusive; "barium" means all the elements 
heavier than zinc. 
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TABLE 8-2. Statistical summary oj comparison 
between alpha and conventional analyses, show
ing standard deviations between the results oj 
the two types oj analyses 

Rock element 

Oxygen ___ _____________________ _ 
Sodium ____ _______________ - __ - __ 
Magnesium ____________________ _ 
Aluminum _____________________ _ 
Silicon _______________________ - _ -
"Calcium" _____________ - __ - ____ _ 
" Iron" ________________________ _ 

Standard deviation, 
atomic percent 

2. 1 
.3 

2. 0 
.4 

1.3 
1.2 
.7 

in its landed configuration. The sensor head 
(identified in fig. 8-8) is mounted on the outer 
edge of the spaceframe, midway between legs 
2 and 3. The electronics equipment associated 
with the instrument is in the compartment 
directly above the sensor head (identified in 
fig. 8-8). The position of the sensor head, rela
tive to the television camera and surface 
sampler (on Surveyor VII), is also noted in 
figure 8-8. The television camera was used to 
obtain pictures of the instrument and of the 
local ten-ain to which it would be deployed; 
the surface sampler could be extended to the 
alpha-scattering instrument area. 

FIGURE 8-7.-Alpha-scattering instrument and auxiliary hardware. The sensor head is the 
part of the instrument that was lowered to the lunar surface. In its stowed position on 
the spacecraft, the sensor head was held on the deployment mechanism on top of the 
standard sample. The digital electronic and electronic aux iliary were contained in elec
tronics compartment C for thermal control. 
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FIGURE 8-S.-Photograph of the Surveyor VII spacecraft howing the location of the 
alpha-scattering instrument relative to other parts of the spacecraft. 

During the flight and lunar touchdown, the 
sensor head was attached to the spacecraft by 
means of the deployment mechanism. This 
mechanism consisted of a platform that held 
the sensor head and a device that could lower 
the sensor head to the lunar surface on com
mand from Earth. 

The total ,,-eight of the instrument and asso
ciated equipment (deployment mechanism, sup
porting substructure, thermally in ulating com
partment, spacecraft interfacing, and cabling) 
on the spacecraft is 13 kilograms. The operating 
power is less than 2 "·atts. An additional 15 
watts are consumed by heaters in the sensor 
head and in the electronics compartment when 

both are operating. The power for the elec
tronics is supplied at 29 volts by the spacecraft ; 
power for the heaters is supplied at 22 volts. 

Sensor Heaa 

The sensor head is shaped like a box, 17.1 
by 15.8 by 13.3 cm high, with a 30.5-cm
diameter plate on the bottom. (See fig. 8-7 for 
an oyerall view of the sensor head.) It contains 
six sow'ce capsules that provide the alpha 
particles, two detectors to register the number 
and energy of the scattered alpha particles, 
four detector systems for the protons, and part 
of the instrument electrOl,ics. Figure 8-9 shows 
a view of the bottom of the sensor head. The 
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FlGURE 8-9-Bottom view of the alpha-Rcatt.ering sensor head showing the relative position 
of sources and detectors and the port through which the lunar surface was examined. 

10.8-cm circular opening is the port through 
which the sample is analyzed; the sOUl'Ces and 
detectors can be seen through the sample port. 
Figure 8-10 is a cutaway view of the sensor 
head showing the operational relation hips of 
these components. 

The geometrical arrangement of ources and 
detector, as seen in figures 8-9 and 8-10, was 
chosen to satisfy several requirements. The 
sources and alph a detectors were moun ted as 
close together as practical so that particles 
scattered from the sample could be measured 
at the desirable large angles. ( ee " tlethod" 
and fig. 8-3.) A minimum of two independently 

operable alpha detectors was thought to be 
necessary. To maintain instrument delivery 
schedules and to avoid developmental prob
lems, the same types of source capsules and 
alpha detectors used in earlier versions of the 
instrument were retained. Thus, the choice of 
the number and geometry of these component 
was reduced to a compromise between their 
most compact arrangement and the highest 
total intensity of so urces. 

The number, size, and location of the proton 
detectors were chosen to maximize reliability 
and the measured event rate. Because the range 
of protons of the same energy is larger than 
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ALPHA DETECTORS (2) IDENTIFY LUNAR SURFACE 
ATOMS BY MEASURING ENERGY OF ALPHA PART ICLES 
REFLECTED FROM NUCLEI OF ATOMS 

PROTON DETECTORS (4) 
IDENTIFY LUNAR SURFA CE 
ATOMS BY MEASURING ENERGY 
OF PROTONS SPLIT OFF 
NUCLE I OF ATOMS BY 
ALPHA PARTICLES 

ALPHA PARTICLES PENETRATE SURFACE -25f.L 

FIGURE 8-10.-Diagrammatic view of the internal configuration of the alpha-scattering 
sensor head. 

that of alpha particles, and because the proton 
spectra do not vary as seriously with angle as 
do the alpha spectra, it ,,"as possible to locate 
the proton detectors at a lower angle, closer 
to the sample, and to make them much larger 
than the alpha detectors. 

The stI-ucture and external surfaces of the 
sensor head were designed for passive thermal 
control (ref. 8- 16). The sides and bottom of 
the sensor head are gold plated; on the top is a 
second-surface Vycor-aluminul1l mirror to pro
mote the radiation of heat from the in terior of 
the sensor head to cold space. 

A nylon cord used in the deployment is 
fastened to an eyebolt on the center of t he top 
of the sensor head. On Sur veyor VII, the eye
bolt was redesigned as a knob Lo be grasped 
by the surface sampler for redeployment of 
the sensor head to successive sam ples. The 
electrical conn ection to the spacecraft is through 
a flexible, fl at cable attached to the inboard 
side of the sensor head. To maintain an iner t, 
dry atmosphere inside the sensoI' head, dry 
nitrogen was in troduced through a short t ube 
on the outboard side of the sensor head during 
the prelaunch period. The large plate attached 

to the bottom is circular, with a segment cut 
out on the side toward the deployment mech
anism. The main purposes of this plate were to 
stabilize the deployment of the sensor head 
onto irregular or inclined surfaces and to 
minimize the sinking of the sensor head if the 
lunar surface were covered with a deep layer 
of fine dust. The circular segments shown in 
figure 8-9 are the lugs by which the sensor 
head was held on the spacecraft during flight. 

In addition to the parts already mentioned, 
t he sensor head includes a platinum-resistance 
thermometer, a 5-watt heater, and an elec
tronic pulse generator for calibration of the 
instrument. 

Sources. Curium-242 is used as the source of 
alpha par ticles for the analysis. Its half-life, 
163 days, is shor t enough to allow sources to 
be prepared with the necessary high activity 
per uni t area and narrow energy distributions, 
yet long enough that the sources have adequate 
lifetimes. The main energy of the alpha par
ticles from Cm242 is 6.115 MeV, with about 
one-fourth of the particles 44 keY lower in 
energy. However, because of internal conver
sion of this energy, the number of 44-keV 
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gamma photons is only 4X 10-4 per disintegra
tion. Other, higher energy, photons are emitted 
to the extent of 6X 10-5 per disintegration. 
Most of the e are of 102- and 158-keV energy. 
In addition, Cm242 emits l.6 X 10-7 neutrons per 
disintegration because of spontaneous fission. 
The disintegration rate of the daughter prod
uct, Pu238 , builds up slowly because of its much 
longer half-life. 

Curium is easily handled in solution and in 
its oxide deposit. Cm242 is readily prepared in 
curie quantities by irradiation of Am241 with 
neutrons in a nuclear reactor, followed by 
chemical separation of the curium from amer
icium and fission products (ref. 8-17). Excessive 
exposure of the Am 241 to neutrons is to be 
avoided to minimize the amount of long-lived 
Cm 243 and Cm244 produced. 

Flight sources are prepared by vacuum 
volatilization of the curium onto stainless-steel 
plates. Each 3.2-millimeter-diameter plate con
tains 20 to 70 millicuries of curium in an area 
6.6 mm2. Each plate is enclosed in a stainless
steel capsule with a collimator opening that 
restricts the egress of the alpha particles from 
the plate to those that pass through the sample 
port (about 2.2 percent of the total alpha 
particles emitted). Details of the construction 
of the capsule are shown in figure 8-11. The 
collimator opening is covered with a film of 
aluminum oxide plus VYNS (polyvinylstyrene), 
with a total thickness of about 1000 A, to pre
vent the contamination of the sample and the 
interior of the sensor head with radioactive 
material. A secondary film, mounted on a per
forated plate, is placed over the six source 
openings to prevent contamination in case of 
fail me of one of the primary films. This plate, 
barely di cernible in figure 8-9, fills the area 
between the alpha detectors. These protective 
films are thin enough 0 that the energy of alpha 
particles passing tlu·ough them is not seriously 
reduced . 

The source cap Liles contain breather holes in 
the sides to permit equalization of the pressure 
on the t,,·o sides of the collimator films, particu
larly during launch. The pas ageways from 
these breather holes lead to the upper part of 
the sensor head to prevent contamination of the 
ample chamber. Also, as a precaution against 
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FiGURE 8-11.-Diagram showing some of the details 
of the source and detector assemblies used in the 
alpha-scattering sensor head. 

possible contamination, the source capsules ar e 
loaded into the source block from above, with 
the secondary film in place. 

It was discovered after the Surveyor V mis
sion that sufficient curium can collect on the 
collimator films by aggregate recoil to become 
a secondary source of alpha particles . Because 
these are not collimated , some of them are 
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scattered by the gold plating on the inside 
bottom of the sensor head. The result is a 
higher background for the experiment, one 
which gradually increase, thus reducing the 
sensitivity of the technique for heavy elements. 
This effect was quite small in the Surveyor V 
spectrum, but was considerably larger on 
Surveyor VI. (See "Background Measurements" 
in "Results.") For the Surveyor VII mission, 
the sources were coated with carbon by sputter
ing from a carbon arc before installation into 
their capsules. The set for instrument F-3, 
used as a backup, was the more heavily coated, 
and showed very little aggregate recoil in pre
flight tests at Cape Kennedy. In the flight 
sources actually used in the F-2 instrument on 
Surveyor VII, more aggregate recoil was found 
than in the spare sources, but it was consider
ably less than would be expected without the 
carbon coating. 

In the course of the development of the 
alpha-scattering method, it was found that 
somces with activity densities greater than 0.1 
curie/cm2 undergo rapid degradation when ex
posed to atmospheric moistme. The width at 
half the maximum height of the peaks in the 
energy spectra of the flight sources is on the 
order of 2 percent of the total energy. This 
wid th is doubled if the sources are stored in an 
atmosphere of low humidity for about 1 week. 
The sources degrade this amount in less than 1 
day at high relative humidity. In the labora
tory, the sources are stored in desiccators and 
are shipped in a closed container filled with dry 
nitrogen and surrounded with magnesium per
chlorate, a desiccant. The quality of the sources 
also had to be preserved dming the prelaunch 
period at Cape Kennedy (up to 2 weeks) when 
the instrument was on the spacecraft. It was 
found, in a series of tests with the instrument in 
simulated prelaunch conditions, that the sources 
could be protected by a con tinllolls purge of the 
sensor head, at a rate of 0.3 m3/hr, ,,-ith nitrogen 
containing less than 25 ppm ,,-ateI'. To ac
complish this , tubing leading from the supply 
of dry nitrogen \\-as arranged to go to the top 
of the launch vehicle, through the aerodynamic 
shroud, and into the instrument sensor head via 
the short tube on the outboard side. The tubing 
was disconnected from the shroud just before 

launch. The connection between the shroud and 
the short tube was broken after launch when the 
shroud separated. 

The scheduling of source preparation for the 
Surveyor missions had to be properly fitted into 
the flight schedules of Surveyors V, VI, and 
VII, ,yhich were launched at 2-month intervals. 
The first step in source fabrication, the prepara
tion of the Am241 oxide for neutron irradiation 
by pressing with aluminum powder and encap
sulation, co uld be carried out well in advance, 
because the half-life of the isotope is relatively 
long (458 years). The irradiation of the Am241 

(about 3 weeks) and the chemical separation 
and purification of the curium, however, had to 
be performed not too long before somces were 
needed for Surveyor V if the curium from one 
irradiation were to suffice for all three missions. 
Otherwise, loss of curium caused by decay would 
be great, and extensive repmification of the 
material would be required becallse of the 
growth of Pu23S activity and the increase of 
nonradioactive impurities from radiation dam
age of the containing vessel. Too early prepara
tion of the actual flight sources would result in 
an undesirable loss in somce strength, since the 
source plates were loaded with as much curium 
as compatible with the required narrow spectral 
width of the Cm242 energy peak. On the other 
hand, source plates for a mission were req uired 
to be prepared about 2 months before launch 
to ollow adequate time for qualification of the 
sources, in trument calibration with the sources, 
and tests involving the complete instrument, 
spacecraft, and rocket. An additional complica
tion was the requirement of two sets of sources 
for each mission, one for the actual flight in
strument, the other for a backup instrument 
(F- 3) which was prepared on each mission to 
substitute for the primary instrument if neces
sary . 

The typical sequence of events for each 
so urce of a set was as follows: Chemically puri
fied curium was volatirized in vacuum from a 
filament at white heat onto a stainless-steel 
plate mounted behind a mask about 1 millimeter 
from the filament. Seven sources were prepared 
for each set. Preliminary assays of intensity 
and quality were obtained on these plates. The 
plates, on Surveyor VII only, were then coated 
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with carbon from a carbon arc in vacuum and 
assayed again. The assays of the quality of these 
sources yielded a detailed energy distribution 
of the alpha particles emitted by the source. 
They were obtained by measuring the sources 
,,·ith high-resolution silicon detectors and 512-
channel pulse-height analyzers. 

The source plates were enclosed in their cap
sules, collimators with film whose thickness 
had been measUl"ed were installed, and then 
final certification of the sources \\'as performed. 
This involved a final assay of the intensity and 
pulse-height analyses of the energy distribution 
of the particles from each source. Two of these 
pulse-height analyse were at normal direction 
from the source, but covered different energy 
regions to provide detailed information, not only 
of the characteristics of the main groups of 
alpha particles from Cm242 but also data on the 
tiny amounts of other radio>tctive species pres
ent, as well as on the relatively low-energy, 
continuou distribution ah\·ays present in small 
amounts in such sources, Two other pulse
height analyses were made 1 ° away from the 
normal direction to obtain this same informa
tion in at least one off-normal direction. The 
set of sources was vibration tested and shipped 
to Cape Kennedy for installation into the 
instruments. 

This procedure took about 2~ ,\'eeks per set 
of sources, and because two sets were needed 
per mission, about 5 weeks per mission. The 
sources were installed into the spare instrument 
3 or 4 weeks before the launch; they were 
installed into the flight instrument 2 or 3 weeks 
before the launch. Thus, the 2-month interval 
between launches was barely sufficient for the 
source preparation schedule. 

Particle detectors. All the particle detectors 
were developed, built, and tested especially 
for the Surveyor instrument (ref. 8-18). Two 
of the detectors \\·ere designed to register and 
measure the energy of alpha particles scattered 
back from the sample. These alpha detectors 
are located very close to the sources (see 
figs. -9 J1nd 8-10), 7.0 cm above the sample 
port. The average scattering angle for alpha 
particles is 172°±4°. 

These alpha detectors are of the silicon 
surface-barrier type, with an evaporated-gold 

front surface. Details of the detector assembly 
are shown in figure 8-11. Removable masks 
with 0.2-cm 2 openings are placed in front of 
the detectors so that alpha particles will be 
registered only in the central, uniformly sen
sitive, part of the detector. On these masks, 
thin VY S films sputtered with gold are 
mounted to protect the detectors from radio
active contamination, dust, and excessive light. 
The detectors were reverse biased (4 to 7 volts) 
to produce a sensitive depth of approximately 
50 micron . (These detectors have some sen i
tivity at greater depths.) This i large enough 
to register the full energy of an 8.2-MeV alpha 
particle, but only a fraction of that of most 
proton or electrons. 

The protons from (a, p) reactions in the 
sample are detected at smaller angles (about 
135°) than the scattered alpha particles. 
Figure 8- 10 sho,,·s a diagrammatic view of 
the source-sample-detector relationships in this 
ca e. There are four proton detector assemblies 
situated symmetrically about the centerline 
of the instrument, as can be seen through the 
sample port in figure 8-9. 

The proton detectors are of the lithium
drifted ilicon type (ref. 8-18) operated with 
a collection voltage of 15 volts. The sensitive 
depth is approximately 350 microns, sufficient 
to register the full energy of a 6.4-MeV proton. 
Figure 8-11 shows some details of the assembly 
of these detectors. The detection area of each 
system is defined by a mask in front with an 
opening of 1.18 cm 2 • Gold foils, approximately 
11 microns thick (about 21 mg/cm2), are 
mounted on these masks and completely ab
sorb any scattered alpha particles, allowing 
protons of energy greater than 1.5 MeV, 
entering normally, to get through. 

Isotopic alpha sources (Pu239 , Cm244) were 
used continually to check the characteristics 
of the detectors. In the case of prot.on detectors 
covered with gold foils, a Th228 source, in 
eq uilibrium with its decay products that in
clude an 8.78-MeV alpha emitter, was used for 
this purpose. 

Very small amounts (about one disintegra
tion /min) of einsteinium (ES 254, tl/2=276 days, 
T.,=6.44 MeV) are placed on the inside of 
the gold foil of each proton detector and on 
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the VYNS film over each alpha detector. The 
high-energy alpha particles from this nuclide 
are used as an internal standard for the energy 
calibration of both alpha and proton systems 
of the instrument. They appear in the spectra 
as peaks at approximately channel 110 . (See 
"Background IVleasurements" in " Results.") 
The event rate of these alpha particles served 
also as a crude live-time monitor for the 
instrument. 

Because it was expected that the rate of 
proton events from a sample " 'ould be relatively 
low and that the contribution of solar and 
cosmic-ray protons on the ?-.10011 to the back
ground would be high , the proton detectors 
were backed by guard detectors. (See fig. 8-
11.) These are also lithium-drifted silicon de
tectors, some,dlat larger (3 .08 cm2

) than the 
proton detectors, and placed as elo e as pos
sible above them. The sensiti,-e depth of these 
detectors is 400 microns; they are operated at 
a bias of 10 volts . (Three of t hese detectors 
on the P- 4 instrument " -ere biased at 20 volts.) 
The electrical circuit is such (refs. 8- 13 and 
8-14) that proton detector events that are 
coincident with guard events are not registered 
as proton events in the output of the instru
ment. This appreciably cuts down the back
ground caused by high-energy protons coming 
from above, although not affecting the detec
tion of protons from the sample unless the 
guard event rate is inordinately high. The 
total event rate in the guard detectors is 
measllred by a ratemeter \\-hose response in 
volts, as a function of event rate, is shown in 
table 8-3. 

TABLE 8-3. Guard ratemeter response 

Events per second 

10 __ __________________________ ___ __ __ _ 
30 ___________________________________ _ 
100 ____ _____ _________________________ _ 
30o ___ _______________________________ _ 
1000 ____ _____ _______ _________ ___ __ __ __ 1 

Voltage, V 

0.080 
.300 
.900 

1. 800 
2. 500 

Electronics. The basic electronic circuitry 
in the sensor head is described in references 
8-13 and 8-14. It consists essentially of pre-

amplifiers for the individual detectors; a 
mixing circuit and postamplifier for combining, 
in parallel, the outputs of the appropriate 
detectors; a threshold gate (set at approxi
mately 0.6 MeV for events in the alpha and 
proton detectors and at 0.3 MeV for events in 
the guard detectors); and a height-to-time 
conver ter that produces a signal whose duration 
is proportional to the energy (less the threshold 
energy) deposited in a detector by a particular 
event. It is this time-analog signal that is 
transmitted along a cable from the sensor 
head to the electronics package on the space
craft. There are separate systems for the 
alpha and proton modes of the instrument. 
The outputs of any alpha preamplifier or 
proton system (proton preamplifier and the 
associated guard system) can be blocked by 
Earth command. 

A block diagram of the electronic circuitry 
in the sensor head of the Surveyor instru
ments is shown in figure 8-12. It differs from 
that described in reference 8-13 because of the 
inclusion of a mixing circuit with more stable 
performance (less dependent on the number of 
detectors included and with a smaller tempera
ture coefficient), an internal pulse generator 
that can be turned on and off by Earth com
mand, and a guard ratemeter. The pulse 
generator introduces electrical pulses of two 
known magnitudes (corresponding to approxi
mately 2.5 and 3.5 MeV) at the detector stages 
of each of the alpha and proton systems. The 
pulses, at a rate of approximately 10 per second, 
are produced by an electromechnical relay. 
Further details on the design, construction, 
and performance of this pulse generator can 
be found in reference 8-14. 

Thermal control. A severe limitation on 
lunar-surface operation was expected and found 
to be the large range of temperatures that could 
prevail. In early morning and late evening, 
and in the shadow of local terrain or parts of 
the spacecraft, temperatures could be much 
below -500 C; on the other hand, near local 
noon, without some temperature control, an 
object on the lunar surface could easily reach 
temperatures in excess of + 1500 C. The sensor 
head was designed to survive temperatures 
as high as +750 C and to operate between 
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FIGURE 8-12.- Block diagram of the electronic circuitry contained in the alpha-scattering 
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-400 and +500 C. The upper operating 
temperature limi t is determined by the de
tectors whose characteristics degraded rapidly 
above this poin t. 

This thermal control is achieved by providing 
a reflecting gold-plated ltl'face for the sides 
and bottom of the sensor head to reduce the 
absorption of infrared radiation from the hot 

lunar surface. These parts are thermally 
isolated as much as practical from the top and 
interior parts that contain the detectors, 
sources, and electronics. Rigid mechanical 
attachment (with minimum thermal coupling) 
between the two sections i achieved by using 
titanium struts of small cross section. The top 
surface, a second-surface Vycor mirror, IS 
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thermally coupled to the interior of the sensor 
head . It is designed to reflect radiation in the 
visible region from the Sun and to radiate 
infrared from the instrument to cold space. A 
commandable 5-watt heater is used for control 
at low temperatures. Isothermal conditions 
for the interior of the instrument, including 
the detectors, sources, and el ectronics, were 
promoted by use of indium gaskets. More 
details on the thermal design and tests can 
be found in reference 8-16. 

Electronics Package of the Instrument 

The electronics associated with the alpha
scattering instrument (other than that in the 
sensor head) consist of the digital electronics 
unit and the electronic auxiliary. They are con
tained in an insulated box (compartment C), 
which is attached to the upper part of the space
frame. (See fig. 8-8.) For passive control of 
temperatures at high Sun angles, the top of this 
compartment is painted \\'hite to promote 
radiation to space. A 10-watt heater, com
mandable from Earth, provides some control 
at low temperatures. 

The digital electronics unit (see fig. 8-12) 
converts the time-analog signals from the sensor 
head into ni.ne-bit binary words. Separate 
signals identify the energies of alpha and proton 
events. Seven bits of each word identify the 
channel (out of 128) that represent the energy 
of the registered event. Two extra bits are 
added before transmission, one to identify the 
start of the word and one at the end of each 
word, as a parity check on transmis ion errors. 
Buffer registers provide temporary storage of 
the energy information for readout into the 
spacecraft telemetry system. The transmission 
rates are 2200 bits pel' second for the alpha 
mode and 550 bits per second for the proton 
mode. Even ts of energy greater than the range 
of the 128-channel analyzers are routed to 
channel 126 (overflow channel) . The digital 
electronic unit also contains power supplies, a 
temperature sensor, and the logical electronic 
interfaces between the instrument and the 
spacecraft. 

The required electrical interfaces among the 
sensor head, digital electronic, and spacecraft 
circuits are provided by <1n electronic auxiliary 

that provides command decoding, signal proc
essing, and power management. Basic spacecraft 
circuits that interface directly with the sensor 
head and digital electronics are the central 
signal processor, which provides signals at 2200 
bits per second and 550 bits per second for syn
chronization of instrument clocks ; and the 
engineering signal processor, which provides 
temperature-sensor excitation current and com
mutation of engineering data outputs. The op
eI'ating temperature range specified for the 
electronic auxiliary is -200 to +550 C. 

The electronic auxiliary provides two data 
channels for the alpha-scattering instrument. 
The separate alpha and proton channels are 
implemented using two subcarrier oscillators 
with center frequencies of 70000 and 5400 
hertz, respectively. 

In summary, the output of the alpha-scatter
ing instrument is science data (the data stream 
giving the channel numbers of the alpha and 
proton events), and engineering data (temper
ature of the sensor head and the digital elec
tronics unit, voltage on the guard-detector 
ratemeter, voltages at two points on the 
instrument, and information on the combina.
tion of detectors used). 

Test and Calibration 01 the Instruments 

Each flight instrument was extensively tested 
and calibrated to insure its quality and to 
establish its characteristics. The testing was 
performed under more severe conditions in the 
type approval model (P-3) to insure that no 
component in the units was near the threshold 
of failure at the limits of the normal conditions. 

The first of these flight-instrument tests was 
normally performed on completion of construc
tion. Their characteristics (position of pulser 
peaks and response to standard sources) were 
established under thermal-vacuum conditions 
from -400 to +500 C, with the sensor head and 
digital electronics unit at the same and different 
tern peratllres. The approximate instrument 
temperature coefficients, used to correct the 
data obtained in near real time during the Sur
veyor missions, were derived from these tests. 
Typical data on the Surveyor instruments gave 
a few percent change in overall gain over a 900 C 
temperature range. 
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The units then were subjected to the thermal
vacuum part of the flight-acceptance test at the 
Jet Propulsion Laboratory. Thi was similar to, 
but less extensive than, the test conducted on 
completion of constrnction . 

The units then ,,"ent into a science-calibration 
stage. Here, using flight-intensity sources, the 
response of the instruments to about 15 dif
ferent samples (pure elements as well as simple 
chemical compounds) was established . This 
science calibration provided the library of ele
mental responses. (See fig. 8-4.) 

The sources were then removed and the 
instruments were exposed to 50- to 150-MeV pro
tons at the University of Chicago synchrocyclo
tron (cyclotron tests). The purpose of this test 
,,"as to verify the proper behavior of the guard 
detectors and of the instrument in rejecting 
events in the proton detectors that were caused 
by energetic particles coming from above the 
instrument (solar and co mic rays). The units 
were then subjected to the shock and vibration 
part of the fligh t-acceptance test. Several of the 
in truments were also tested at the Caltech 
tandem Van de Graaff machine to study the 
detailed characteristics of the detectors. The 
instruments ,,"ere then delivered to the Hughes 
Aircraft Co. for further testing, mating to the 
spacecraft, and checking of the entire spacecraft 
(including the instruments). 

Soon after arrival at Cape Kennedy, the 
sensor head ,,"as put through an additional check 
of its characteri tics over a temperature range 
of 00 to +400 C. The flight sources were then 
installed, and a selected set of samples was 
measured before reinstalling the sensor head on 
the spacecraft for final, prelaunch tests. During 
the time that flight sources were in the in trll
ment and it was not in vacuum, dry nitrogen 
~-as flushed through· the unit to prevent de
terioration of the sources. 

In all instrument tests that involved the 
spacecraft, the calibrating pulseI' was invaluable 
in providing relatively quick, almost complete 
checks of the state of the instrument. 

Because the silicon detectors \\-ere important 
to the success of the experiment, they were sub
jected to severe qualification tests even before 
installation ill the instruments. (See ref. 8-18.) 
If a detector became unreliable (usually as evi-

denced by low channel noise or a broadening of 
the pulse-generator peaks), this detector or (in 
the case of the proton and guard detectors) the 
detector system could be replaced with tested 
spares. The instrument was then usually sub
jected to a penalty test to insure that the change 
had not affected other characteristics or 
reliability. 

The extensive precautions and tests of the 
instruments and detectors resulted in more than 
150 hours of lunar-surface operation under 
nominal conditions of 3 alpha-scattering instru
ments (each with 10 detectors). Although two 
detectors became temporarily noisy at a tem
perature close to the upper limit for which they 
had been qualified, the instruments performed 
well in all other respects. 

Deployment Mechanism 

The deployment mechani m provided stow
age of the sensor head during flight and after 
landing on the Moon. It also provided deploy
ment to the background position and to the 
lunar surface. The sensor head is mounted to 
the deployment mechanism by means of three 
support lugs on the bottom plate (fig. 8-9). 
Clamps that engage these lug are released 
in the first stage of the deployment operation. 
Figure 8-13 shows the two stages of this 
operation. The sensor head is first released 
from the stowed position to a suspended 
position 56 cm above the nominal lunar surface. 
At this time, the mounting platform falls away 
on the activation of an explosive pinpuller by 
command from Earth . From the background 
position, the sensor head i then lowered 
directly to the lilnar surface on command by 
activation of another explosive pinpuller de
vice. The deployment velocity is controlled 
by an escapement. 

A sample of known composition is attached 
to the platform on which the sensor head i 
mounted in the stowed position. This tandard
sample as embly covers the circular opening 
in the bottom of the sensor head during space
craft flight and landing to minimize the en
trance of dust and light. It al 0 provides a 
means of assessing instrument performance 
after landing by an analysis of a relatively 
complex substance under lunar conditions. The 
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FIGURE 8-13.-0peration of the alpha-scattering de
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standard sample was a piece of glass, the 
principal constituents of which were oxygen, 
silicon, magnesium, sodium, and iron. It was 
partly (20 to 25 percent) covered by a poly
propylene grid to provide a response from 
carbon. Measurements on the actual sample 
carried on the mission were made by each 
instrument in the science-calibration stage; 

during the Cape Kennedy phase, the measure
ments were repeated on similar samples. 

Detailed Characteristics 01 Various Instru men ts 

Although all the flight instruments were 
constructed to be essentially identical, there 
were some small differences among them. Some 
of the important, detailed characteristics of 
the instruments and the extent to which they 
differed are discussed m the following 
paragraphs. 

Table 8-4 lists the dates of completion of 
various phases of construction and tests of the 
instruments. Instrument F-3 was not carried 
through engineering systems tests in conjunc
tion with a spacecraft as were the other three 
flight instruments. It was loaded with flight 
sources and carried through final calibration 
tests at Cape Kennedy for each of the last 
three Surveyor flights as a backup instrument. 

Detailed records of the stability of the 
instruments' characteristics over the many 
months of testing are given in reference 8-14. 
These records indicate that during the missions 
the channel number corresponding to a given 
energy event in either the alpha or proton 
system should be known to better than 0.3 
channel at a given temperature of the sensor 
and electronics unit. It was expected that the 
calibrating pulseI' and the ES254 would give 

TABLE 8-4. Instrument development events 

Event P-4 F-J F-2 F - 3 

----------------------------------1----------1------------1----------1---------
Instrumen t construction completed ___ _________ _ 
Acceptance test· completed ___ _______________ _ 
Science calibration completed _________________ _ 
Cyclotron tests _____________________________ _ 
Unit delivered to Hughes Aircraft Co _________ _ _ 
Solar- thermal-vacuum tests on spacecra fL _____ _ 
Combined system test _______ ________________ _ 

Radioactive sources installed and final tests 
started at Cape Kennedy . 

Oct. 1, 1966 
Oct. 29, 1966 
Nov. 22, 1966 
Nov. 22, 1966 
Jan. 18, 1967 
May 13, 1967 
June 21 , 1967 
Aug. 24, 1967 

Launch_ - - _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Sept. 8, 1967 
Total hours of operation at launch_ _ _ _ _ _ _ _ _ _ _ _ _ 925 

• Thermal-vacuum part of fl ight acceptance test. 
b Not applicable. 

339-4620-69--20 

Dec. 19, 1966 
Jan. 23, 1967 
Feb. 16, 1967 
Feb. 1, 1967 
Mar. 7, 1967 
July 14, 1967 

NAb 
Oct. 20, 1967 

Nov. 7,1967 
1309 

Mar. 6,1967 
Apr. 19, 1967 
Apr. 4, 1967 
Apr. 4, 1967 
May 17, 1967 
Aug. 4,1967 

NAb 
Dec. 20, 1967 

Jan. 7, 1968 
798 

Mar. 30, 1967 
May 13, 1967 
May 2, 1967 
May 29, 1967 
July 7, 1967 

NAb 
NAb 

Aug. 17,1967 
Oct. 10, 1967 
Dec. 6, 1967 

NAb 
NAb 
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more direct, confirming evidence on the 
characteristics during the mission. 
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Table 8-5 gives the characteristics of the 
Cm242 sources that were used on the three lunar 
missions. The total intensity (in terms of 
disin tegrations/min) of the six sources on the 
date of lunar touchdown was calculated from 
the last assay of the sources shortly before 
shipment to Cape Kennedy (a half-life of 163 
days was used to correct for decay during the 
intervening period). The intensities were almost 
the same on Surveyors V and VI, but were 
about 70 percent higher on Surveyor VII. The 
mean peak-energy values are the weighted 
averages of the peak energies of the individual 
sources as measured after encapsulation (that 
is, through the collimator protective films). 
The uncertainties listed are the standard 
deviation of the values from the mean. As 
might be expected from the higher intensity 
and the presence of the carbon ~oating , the 
mean energy of the F -2 (Surveyor VII) sources 
is the lowest, but the difference from the others 
is not great. The energy-spread range is a listing 
of the lowest and highest of the six values of 
the width of the peak at half its height expressed 
in percent. Again, the range is shifted only 
slightly upward for the more intense sources 
used on F- 2. 

FIGURE 8-14.-Composite energy spectra for ea.ch of 
the three sets (s ix sources each) of the curium-252 
flight sources. 

TABLE 8-5 . Principal characteristics oj sources used on the lunar missions 

Characteri8tic P- 4 F - J F-2 

Curium-242 source characteristics: 
Total intensity at touchdown (disintegrations/min) ____ _____ 2.75 X 1011 2.76 X 1011 4.70 X 1011 
Date of touchdown _______ __ __________ __________________ Sept. 11, 1967 ov . 10, 1967 Jan. 10, 1968 
Mean peak energy, t hrough capsule films, MeV ___ _____ _____ 6.04± 0.01 6.03± 0.02 6.02± 0.01 
Energy-spread range for 6 sources (FWHl\l), percent ________ 1.2 to 2.0 1.2 to 1.8 1.3 to 2.2 

Characteristics of composite curium-242 source spectra (see fig. 
8-14) : 

Energy at peak, MeV _____ _____ _____ _____ _____ _______ __ _ 6.040 6.041 6.010 
Full width at half maximum, percent ____ __________________ 1.7 1.5 1.9 
Full width at 0.1 maximum, percenL ___ __________________ 3.3 2.8 3.3 
Full width at 0.01 maximum, percent ______ _____________ __ 5.8 4.9 5.3 

Thickness of secondary fi lms, energy loss in million electron volts 0.010 0.027 0.026 
for 6.1-MeV alpha particles, MeV. 

Energy of alpha particles incident on sample (estimated peak of 6.03 6.0~ 5.98 
spectrum), MeV. 
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Figure 8-14 shows the composite energy 
spectrum of the six curium sources in each of 
the three sets of sources used on the lunar 
missions. These spectra were obtained from 
data on the individual sources after encapsula
tion. Table 8-5 lists some of the characteristics 
of these composite spectra, and also lists the 
thickness of the secondary films protecting 
against source escape on the three lunar mis
sions. The secondary film on instrument P-4 
was much thinner than on the other two 
instruments. It was made up only of VYNS 
instead of a combination with aluminum oxide. 

Table 8- 6 lists some of the principal charac
teristics of the detector and electronics systems 
on the instruments. The alpha detectors had 
an 800-A layer of evaporated gold on their 
faces. The energy loss corresponding to this 
thickness is indicated in table 8-6. The thick
nesses of the light-protective fi lms over the 
alpha detectors, expressed in terms of energy 
loss for 6.1-MeV alpha particles, is also shown 
in table 8-6. These films were not well matched 
in the case of F -1, so that separate values are 
given for the detectors instead of the average 
value used in the cases of P-4 and F-2. 

The proton detectors had 400 A of evaporated 
gold on their front faces. This was negligible, 
however, compared with the thicknesses of the 

gold foils in front of the detectors. These foil 
thicknesses are stated in four different ways: 
in microns, in milligrams per square centimeter, 
in energy losses by 6.1-MeV alpha particles, 
and by 2-MeV protons. F-l had the thickest 
foils, while F-2 had the thinnest ones. On a 
given instrument, the foils on the separate 
detectors were matched to within 2 percent. 

Table 8-6 also contains details concerning 
the approximate electronic energy scales of the 
different instruments. These are expressed in 
terms of a linear equation : 

N = kE-N° 

where N is the channel number corresponding 
to an energy, E; k is the gain (in channels per 
million electron volts); and N° is the effective 
zero offset (in channels) of the system. The 
constants are given separately for the alpha and 
proton modes and are applicable for both sensor 
head and electronics at 25° C. They were deter
mined from the response of the system to alpha 
particles of known energy and from the positions 
of the two pulser peaks. 

Experiment Control and Mission Operations 

Alpha.Scattering Analysis and Command 

The alpha-scattering experiment on the Sur
veyor V, VI, and VII missions was controlled 

TABLE 8-6 . Principal characteristics oj the detectors and electronic systems used on lunar missions 

Characteristic P- 4 F-J F-2 
___________ . _______ . _____ -------1-------1------

Alpha detectors: 
Thickness of Au detector surface (energy loss for 6.1-MeV 

alpha particles) , MeV ____ _____ ______ ___ ________ __ _____ _ 0.039 0. 039 O. 039 
Thickness of alpha mask films (energy loss for 6.1-MeV alpha 

particles), MeV ______ ___ ___ ___ ___ ______ ____ ____ __ ____ _ O. 029 0.040,0.029 0.026 
Proton detectors: 

Gold-foil thickness, 1-' ______ _ ___ _________________________ _ 10. 8 11.4 10.5 
mg/cmz __ ___________________________ _ 20.8 22.0 20. 3 

Energy loss for 6.1-MeV alpha particles, MeV ___ __ _____ _ 5.8 6. 1 5. 5 
Energy loss for 2.0-MeV protons, MeV _______________ _ 1. 17 1. 24 1. 13 

Electronics energy scale (at 25° C): 
Alpha: 

k, channels/ MeV _____ ______________________________ _ 19. 30 18.94 18. 98 
N°, zero-energy channeL __ __ __ __ _________ _____ ____ _ _ -12.0 -10.9 -10.9 

Proton: 
k, channels/MeV __________________ • _____ __ _________ _ 19.11 18.86 19. 16 
N°, zero-energy channeL ____________ _______________ _ - 11. 65 -10.7 -11. 9 
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from the Space Flight Operations Facility 
(SFOF), Pasadena, Calif., by means of com
m!1nd transmitted to the spacecraft from the 
tracking stations. These commands were cho en 
on the basis of the analysis of data received 
from the spacecraft and relayed to the SFOF 
during the mission. The commands controlled-

(1) Spacecraft power to the instrument 
(2) Deployment of the sensor head 
(3) Number of detectors used 
(4) Electronic calibration pulser 
(5) Heater power for thermal control 

Table 8-7 lists the command assignments for 
the alpha-scattering system. 

TABLE 8-7. Command assignments 

Comnland Function 

350L _ _ _ _ _ _ _ Alpha-scattering power on. 
3502__ _ _ _ _ _ _ Alpha-scattering power off. 
3503 ________ Sen or-head heater power on. 
3504_ _ _ _ _ _ _ _ Sensor-head heater powcr off. 
3505_ _ _ _ _ _ _ _ Deploy to background position (inter

locked with 3617). 
3506_ _ _ _ _ _ _ _ Deploy to lunar surface (interlocked 

with 3617). 
3507 _ _ _ _ _ _ _ _ Alpha detector Ion. 
3510_ _ _ _ _ _ _ _ Calibration pulser on. 
351L _______ Proton detector 4 on. 
3512 __ ___ ___ Proton detectors 3 and 4 off. 
3513_ _ _ _ _ _ _ _ Proton detector 2 on. 
3515 __ ___ ___ Alpha detectors 1 and 2 off. 
3516 __ ___ ___ Proton detectors 1 and 2 off. 
3517 _ _ _ _ _ _ _ _ Proton detector Ion. 
3520_ _ _ _ _ _ _ _ Calibration pulser off. 
3522_ _ _ _ _ _ _ _ Proton detector 3 on. 
3523 ________ Alpha detector 2 on. 
3617 _ _ _ _ _ _ _ _ In terlocked with deployment com-

mands. 
0135 __ ______ Compartment C heater power off. 
0136 __ ______ Compartment C heater power on. 

Two types of information relati\'e to the 
alpha-scattering experiment were tratlsmitted 
from the spacecrafL: engineering data and 
science data. 

The seyen engineering mea urements mon
itored are listed in table 8':'8 : The in trument 
temperatures were measured to determine 
whether they were within operating limits, to 
plan mi sion operations, and to provide an 

TABLE 8-8. Engineering data 

Engineering Mea8urement 
commutator 

AS-3_ _ _ _ _ _ _ _ _ _ _ _ _ Sensor-head temperature. 
AS-4 _____________ Compartment C (digital elec-

tronics) temperature. 
AS-5_ _ _ _ _ _ _ _ _ _ _ _ _ Guard-rate monitor. 
AS-6, digitaL ______ At least 1 alpha detector on. 
AS-7, digitaL _____ _ At least 1 proton detector on. 
AS-8 _____________ 7-V monitor. 
AS-9 _____________ 24-V monitor. 

approximate correction to the energy spectra 
in the real-time data analysis. Power-supply 
voltages were monitored to determine whether 
they were within limit and to diagnose possible 
problems. The two digital measurements gave 
an indication of detector configuration as a 
check on the proper receipt of commands. The 
guard-rate monitor gave a mea urement of the 
event rate in the guard detectors. This pro
yided information on the radiation background 
as well as on the proper functioning of the 
detectors. 

The science and engineering outputs of the 
instrument were transmitted to Earth via the 
spacecraft telemetry system. (Details of this 
system are described in ref. 8-19.) Figure 8-15 
is a simplified block diagram of the spacecraft 
telemetry system, configured for the transmis
sion of alpha-scattering engineering and science 
data. In this figure , the numbers above the 
blocks indicate the commands necessary to 
activate the various telemetry subsystems. It 
is seen that the science data and engineering 
data could be received independently. In par
ticular, science data could be received only 
,,"hen the instrument and presumming amplifiers 
were activated. Engineering data from the 
spacecraft were transmitted via one of several 
engineering commutators or telemetry modes . 
Alpha-scattering engineering data required use 
of the mode 4 commutator. Instrument tem
perature could be received at all times in mode 
4; ho\\"ever, other engineering data could be 
received only when the in trument power was 
turned on. 

The science data consisted of nine-bit digital 
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FIGURE 8-15.-Block diagram of part of the spacecraft 
telemetry system, configured for the transmission of 
alpha-scattering data. 

words that characterized the energy of each of 
the analyzed alpha particles or protons. These 
data were generated as separate alpha and 
proton bit streams and modulated separate 
sub carrier oscillators (ref. 8-19); they were then 
combined with the engineering data and trans
mitted by the spacecraft to Earth. The com
posite signal from the spacecraft, including non
alpha-scattering engineering data, was recorded 
on magnetic tape at the tracking stations. These 
tapes containing the raw data comprise the 
primary source of the alpha-scattering informa
tion that will be used in postmission analysis. 

In addition to being recorded for later use, 
the data were monitored and subjected to 
computer processing during the mission so that 
proper control over the experiment could be 
exercised . This real-time control was necessary 
for several reasons. Because the outputs of the 
two alpha and the four proton detectors were 
summed separately, early in the spacecraft 
signal processing, a degradation in performance 
of any of the detectors would have influenced 
the total output of the data stream generated 
by that type of detector. It was possible, how
ever, by Earth command to block the output of 
any detector, or combination of detectors, from 
contributing to the data stream. Thus, when 
detector noise was traced to a specific detector, 
it was possible to remove its contribution and 
thus suffer no further data degradation other 
than that corresponding to a lower event rate. 

Another need for real-time processing arose 
from the irreversible sequence of events leading 
to the deployment of the sensor head from the 
spacecraft to the lunar surface. Before releasing 
the instrument from the stowed and background 

positions, it was necessary that sufficient good 
data be available to assess both lunar back
ground radiation and the performance of the 
instrument. This information was needed to 
analyze the chemical data and to plan other 
spacecraft operations. 

A simplified block diagram of the Earth
based system used in the data-recording and 
real-time analysis is shown in figure 8-16. In 
this system, data were processed in two stages: 
at three Deep Space Stations (Goldstone, Calif.; 
Robledo, Spain; Canberra, Australia) where the 
data were received, and at the SFOF where the 
experiment was controlled. 

After demodulation, discrimination, and bit 
synchronization at each Deep Space Station, 
the alpha and proton data streams entered S.n 
SDS-920 computer where periodic accumula
tions of the spectral data were made. Each of 
the three Deep Space Stations was configured 
to perform the data processing shown in figure 
8-17. 

For the real-time operations, the alpha and 
proton data streams were discriminated and 
conditioned to be acceptable to an SDS-920 
computer. This onsite computer performed the 
following functions: 

TELETYPE 

OE£P SPACE S'TA.'fIOMS tGOLOSTOME, CI\,tU~ERR". ROBLEDO) _ _______ _ 

- ;-P~EFLI~T-O;E;-A~O-;'-;"CI~T-; (PA;-AOEH-;' - - - --

FIGURE 8-16.-Ea.rth-ba.sed system used for recording 
and real-time analysis of alpha-scattering data. 
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FIGURE 8-17.-Alpha-scattering data processing system at the Deep Space stations. 

(1) The two incoming data streams were bit 
synchronized and formatted into data words 
representing the energies of the detected alpha 
particles and protons. 

(2) The channel number of each word wa 
determined, and its parity was checked. On the 
spacecraft, the alpha and proton energies were 
encoded by the instrument electronics into 
nine-bit data words (a sync bit, seven informa
tion bits, and a parity bit). 

(3) On external keyboard command, four 
spectra representing the number of events 
detected in each energy channel were simul
taneously accumulated. These spectra repre
sented alpha, proton, alpha-parity-incorrect, 
and proton-parity-incorrect data. 

(4) During spectral accumulation, it " -as 
possible by keyboard command to interrogate 
the computer for the current status of any 
channel in any spectrum. 

(5) On keyboard command, a given accumu
lation was stopped, and the four spectra, as 
well as other identifier , were transferred to 
magnetic tape and/or Teletype lines for trans
mission to JPL. 

The primary function of the onsite processing 
was a substantial data compression, permitting 

accumulated spectral batches to be transmitte6. 
periodically at Teletype rates to the control 
center at JPL. Typically, during Surveyor 
mission operations, spectral accumulations of 
lunar-surface data lasted 20 to 40 minutes, 
with a constant transmission time of about 10 
minutes for each accumula tion. 

The batches of raw spectral data accumulated 
at the Deep Space Stations and transmitted to 
the SFOF were processed to permit a detailed 
analysis of instrument behavior. This processing 
occurred at JPL u ing the coupled IBM 7044-
7094 system; it is outlined functionally in 
figure 8-18. 

After encoding by the 7044, the Teletype 
data were automatically recorded on the disk 
for use by the 7094. It was 801 0 possible to 
enter data into the system via cards from the 
operational control area. 

The initial steps in the computer processing 
in the SFOF involved the correction of the 
data for transmi sion errors occurring in the 
Moon-Earth and D eep Space Station-Jet Pro
pulsion Laboratory transmission links. These 
corrections were made by using the parity 
checks included in each transmission. Parity 
violations were automatically flagged by the 
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FIGURE 8-18.-Alpha-scattering real-time data processing in the SFOF computer sy tern. 

computer; corrections \\-ere made aULOInaLically 
using linear in terpola tion or by man ual editing 
via card input. 

The second stage in the real-time computer 
processing provided a crude correction to the 
data for temperature-induced shifts in the 

energy scale of the instrument. Correction 
parameters, based on premission calibration 
data, were introduced by card input. The pro
gram au tomatically realined the channel num
bers using measured values of temperature in
cluded in the Teletype transmi sion so that any 



302 SURVEYOR: PROGRAM RESULTS 

given channel number always corresponded ap
proximately to the same particle-energy inter
val. In this way, it was possible to combine suc
cessive spectral accumulations in terms of a 
channel-by-channel addition. After transmis
sion and energy corrections were applied, each 
spectral accumulation was stored on magnetic 
tape for further processing. 

Each incremental accumulation of data 
represented the spectral results from a period of 
nominally 30 minutes. The individual accumu
lations from the various phases of operation 
were compared with predicted data and with 
each other to assess the behavior of the instru
ment and the progress of the measurement. To 
reduce statistical errors, several individual ac
cumulations occasionally were summed by 
entering the desired identifying indices for the 
batches to be summed, as ,yell as indicating an 
appropriate background (either measured or 
theoretical) to be subtracted from the sum. 

To determine the real-time performance of 
the instrument in a manner resembling that of 
postmission data analysis, the spectra of the 
individual, as well as summed, accumulations 
were analyzed into their elemental components. 
A weighted least-squares program was u ed to 
find the combination of the elemental spectra of 
the library that yielded the best fit to the ob
served spectra. The weighting factor used in this 
comparison was the reciprocal of the estimated 
variance in each channel. 

In this least-squares program, three different 
spectra were treated: (1) a selected range of 
channels in the alpha spectrum only; (2) a 
selected range of channels in the proton spec
trum only; and (3) a spectrum obtained by con
sidering contributions from both the alpha and 
proton spectra, as though they comprised a 
single spectrum. By this method, it was possible 
to determine the elemental composition that 
best corresponded to the measured alpha and 
proton spectra. Any significant change in the 
results of this analysis from one accumulation 
to the next was an indication of changing ex
perimental conditions; for example, anomalous 
instrument behavior. The results of this analysis 
of standard-sample spectra could be compared 
,vith premission results to see whether the in-

strument was behaving normally in the lunar 
environment. 

Calibration spectra obtained with the internal 
electronic pulser were also handled automati
cally by the ground data system. After transmis
sion corrections were applied to the data, the 
peak positions and half widths were deter
mined, and relevant calibration parameters 
were calculated. At each stage of the spectral 
processing, the data were plotted. 

The entire ground-data-handling system was 
exercised in a series of tests before the Surveyor 
V mission. Initial tests included the simulation 
of flight data using the P-2 instrument. Mag
netic-tape recordings of data from this instru
ment were also made, shipped to each tracking 
station, transmitted through the onsite equip
ment, and relayed to JPL for full-scale tests of 
the system. 

The real-time availability of the lunar data 
and the flexibility of the programs used to 
process and display the data proved to be very 
useful during mission operations for the control 
of the experiment. The real-time data have also 
served as a source of preliminary results and 
have been used in the preparation of this and 
preceding reports (refs. 8-1 through 8-3). 

In addition to providing the data for the real
time accumulations of spectra used for per
formance analysis, the composite signals re
ceived from the spacecraft were recorded in 
analog form on magnetic tape. These recordings 
contain information on each individual, ana
lyzed event and constitute the prime experi
mental data to be used in postmission analysis. 
These tapes have been processed at JPL using 
a Univac 1219 computer, transferring the alpha
scattering data to digital magnetic tapes for 
later analysis. 

Alpha-Scattering Seqllence of Operations 

The sequence of operations of the alpha
scattering experiment was planned to obtain 
information on the performance of the instru
ment, the background radiation in the lunar 
environment, and the composition of lunar 
material. These data were obtained by oper
ating the instrument with the sensor head in 
each of three positions: stowed, background, 
and lunar surface. 



I - - - ---------

CHEMICAL ANALYSIS 303 

In the stowed position, the sensor head was 
supported on a sample of known composition 
(the standard sample). Data received from this 
sample and from pulser calibration were com
pared with prelaunch measurements to give a 
meIJ.~ure of instrument characteristics in the 
lunar environment. 

At the completion of this phase of operation, 
the instrument was deployed to the background 
position by Earth command. The supporting 
platform and standard sample dropped to one 
side, leaving the sensor head suspended about 
0.5 meter above the lunar surface. In this posi
tion, the sensor head responded primarily to 
cosmic rays, solar protons, and possible surface 
radioactivity. 

When it was determined that sufficient back
ground data had been obtained, the sensor head 
was lowered directly to the lunar sw'face on 
command from Earth. The main accumulation 
of data was then begun, interrupted only by 
calibration sequences and other spacecraft op
erations. The calibration sequence with the 
pulse generator again was used to check the 
performance of the individual detectors and 
their amplifiers by the proper selection of de
tector on/off commands. 

If operations permitted, the television camera 
was used to view the surface to which the 
sensor head was deployed and to monitor the 
deployment of the instrument. Because not all 
of the deployment area was always visible with 
the sensor head in the stowed and background 
positions, an auxiliary mirror was located on 
the spacecraft to give a more unobstructed 
Vlew. 

A typical alpha-scattering operation planned 
for the Surveyor missions was as follows: 

(1) Television survey: stowed phase (in
cluding auxiliary mirror) 

(2) Alpha-scattering operations: stowed 
phase 

(a) Accumulation of data: 2 to 6 hours 
(b) Calibration 

(3) Deployment of sensor head to back
ground position 

(4) Television survey: background phase 
(5) Alpha-scattering operations: background 

phase 
(a) Calibration 

(b) Accumulation of data : 2 to 6 hours 
(c) Calibration 

(6) Lunar surface television survey 
(7) Deployment of sensor head to lunar 

surface 
(8) Television survey of sensor head in de

ployed position 
(9) Alpha-scattering operations: lunar sur-

face phase 
(a) Accumulation of data: 1 hour 
(b) Calibration 
(c) Accumulation of data: at least 24 

hours 
(d) Calibration as required 
(e) Redeployment of sensor head to sub

sequent samples (Surveyor VII) 

The actual operations conducted on Sur
veyors V, VI, and VII are described in the fol
lowing paragraphs. 

Description of Missions 

Prelaunch operations at Cape Kennedy. Ap
proximately 2 weeks before each launch, the 
sensor head was removed from the spacecraft 
at Cape Kennedy and taken to a special fa
cility for final calibration and preparation for 
flight. The operations performed in this facility 
were a shortened version of the science cali
bration conducted on each instrument approxi
mately 9 months earlier . (See "Instrument.") 

A special test chamber equipped for thermal
vacuum operation and sample introduction was 
used for the measurements. The sensor head 
was calibrated at several temperatures using 
the electronic pulseI' and standard test sources 
of alpha radioactivity; background measure
ments were taken, and a test of the adequacy 
of the alpha-detector films in shielding the 
detectors from excessive light was performed. 
The Cm242 flight sources were installed, and 
spectra were obtained from a small selection of 
standard materials including polyethylene, mag
nesium, aluminum, quartz , iron, and nickel. 
For each of the three missions, the spare sensor 
head (F- 3) was calibrated by the same proce
dure before this operation and was stored in 
another vacuum chamber for potential use. 

Based on experience gained during prepara
tions for Surveyor V, improvements were made 
in the special test facility and in the overall 
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efficiency of operation prior to the Surveyor 
VI mission. For example, clean-room techniques 
were used to main tain cleanliness of the sensor 
head during source-installation procedures (ref. 
8-2, first listing). 

The thin films covering the alpha detectors 
and sources were inspected during the final 
preparations for flight and, if necessary, were 
changed. The aluminum-oxide films on the 
source collimators were changed for the Sur
veyor V mission because of the presence of 
foreign particles. The films were not changed 
for the Surveyor VI mission; they were, how
ever, changed for Surveyor VII in order to 
minimize the amount of alpha activity de
posited on them by aggregate recoil before the 
lunar measurements. 

During nominal operations at the special test 
facility, the sensor heads were calibrated using 
a nonflight, digital electronic unit because the 
flight package was already in an inaccessible 
compartment on the spacecraft. On Surveyor 
VI, however, the F-1 digital electronic unit had 
been removed from the spacecraft for modifica
tion of the power supply, and thus was available 
for temperature calibration together with the 
F-1 sensor head . 

The schedule of instrument calibration and 
source installation on each of the missions was 
arranged so that the sensor head could be rein
stalled on the spacecraft at the appropriate 
time, about 1 week before launch. The sen or 
head was continuously purged with dry nitrogen 
gas during this period. The instrument was 
tested three times in the final week before launch 
to insure that it had been properly reinstalled 
and was still functioning. These tests consisted 
of short pulseI' calibration runs and accumula
tions of alpha and proton spectra. The spectra 
in the alpha mode showed features character
istic of scattering from nitrogen gas at atmos
pheric pressure. Figure 8-19 shows alpha spectra 
from nitrogen taken with the Surveyor VI in
strument in the calibration facility 1 week before 
launch and then on the spacecraft under the 
shroud of the launch vehicle, a few hours before 
launch. 

Transit operation. Operation of the alpha
scattering instruments while the spacecraft were 
in flight was desired in order to evaluate the 
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FIGURE 8-19.-Alpha-scattering spectra of nitrogen 
gas taken during prelaunch tests of the Surveyor VI 
instrument. 

performance of the instruments after the launch, 
to give a measurement of instrument back
grounds in space, and possibly to shorten the 
stowed-phase operation after lunar landing. 
However, spacecraft operations permitted such 
a measurement during the flight of Surveyor V 
only. 

This initial operation of the instrument oc
curred several hours after the midcourse velocity 
correction during the Surveyor V mission. The 
command to turn alpha-scattering power on was 
transmitted with the spacecraft 221 000 km 
from the Earth and 178 000 km from the Moon. 
The spacecraft, then being controlled from the 
tracking station at Canberra, Australia, was 
switched to high power and transmitted alpha
scattering data via an omnidirectional antenna. 
Two 10-minute accumulations of standard
sample data and seven 2-minute pulser calibra-
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tion runs were received during less than 1 hour 
of operation. The data agreed well with pre
launch measurements, and showed that the in
strument had survived the launching and mid
course rocket firing. The spectra also showed 
that the radiation background rates in cislunar 
space at that time were 1m\" enough for useful 
sample measurements. 

Lunar landing. All Surveyors that carried an 
alpha-scattering instrument (Surveyors V, VI, 
and VII) landed successfully on the Moon. Cer
tain aspects of the landings are particularly rele
vant to this experiment. On Surveyor V, for 
example, the terminal sequence had to be per
formed much closer to the Moon than had been 
originally planned. The main retromotor was 
operated to within 1.6 km of the lunar surface. 
(The standard end-of-burning distance was 
about 12km.) Because aluminum-oxide particles 
comprise part of the exhaust products of this 
solid-propellent rocket, the possibility of an 
effect on the alpha-scattering experiment was 
investigated and reported in reference 8-1. The 
percentage of surface area covered by the emit
ted particles was estimated to be only about 
0.04 percent. Moreover, because of the high 
velocity of impingement, it was considered un
likely that the aluminum-oxide particles came 
to rest on the very surface of the Moon at the 
point of impact. The amount of contamination 
from the more standard descents of Surveyors 
VI and VII are estimated to be an order of 
magnitude less than that from Surveyor V. 

Because of possible differences in shielding by 
the Moon between the background and lunar
surface positions, the topography of the local 
lunar terrain may have to be considered in the 
detailed evaluation of background data. This 
may be especially important for Surveyor V 
which landed on the interior slope of a crater. 
The sensor head on that spacecraft was deployed 
to the lunar surface at a level lower than the 
surrounding terrain. 

Postlanding operations. The alpha-scattering 
operations for Surveyors V, VI, and VII are 
summarized in figure 8-20. This chart shows, 
for the first lunar day on each of these missions, 
the major activities and data-accumulation pe
riods of the experiment. The data-accumulation 
periods for the various phases of the experiment 

on each of the missions are given in table 8-9. 
The following paragraphs describe the opera
tions in more detail. 

Stowed position. After spacecraft landing, the 
instrument was operated with the sensor head 
in the stowed position, obtaining spectra from 
a sample of known composition and from 
calibration tests with the electronic pulseI'. 
On each of the three missions, the instrument 
was found to be operating normally as soon 
as it was activated. This operation was initiated 
2.0, 4.6, and 8.4 hours after spacecraft touch
down on Surveyors V, VI, and VII, respectively. 

On Surveyor V, only engineering data 
(instrument voltages, temperatures, and guard 
monitor) were received at the start because of 
other spacecraft operations; however, on Sur
veyors VI and VII, standard-sample spectra 
were received at initial turn-on. 

After initial receipt of normal engineering 
data on Surveyor V, the instrument was 
turned off, and tracking operations were 
transferred from California to Australia. At 
this point in operations, television surveys had 
been planned of the deployment area on the 
lunar surface. Pictures of the auxiliary viewing 
mirror were obtained with both wide- and 
narrow-angle lenses. Only the lower resolution, 
wide-angle frames included the reflection of the 
deployment area in the mirror. A picture 
shown in reference 8-1 indicated that the 
largest rock in the sample area was smaller 
than approximately 3 cm. On Surveyors VI 
and VII, it was possible to view the initial 
sample area directly during deployment of the 
sensor head to the background position. 

Because operations in the stowed phase 
during each of the missions occurred early in 
the lunar day, instrument temperatures re
mained within normal operating ranges. The 
performance of the instruments and auxiliary 
eq uipment during this phase was excellent, 
except that when the Surveyor V instrument 
was turned on for the second time (6.7 hours 
after touchdown), the calibration pulseI' started 
without being commanded on. The pulseI' was 
turned off by command 0.4 hour after second 
turn-on and further operations were normal. 

The planned data-accumulation period for 
the stowed phase was 2 to 6 hours. Because of 
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TABLE 8- 9. Alpha-scattering experiment mission operation periods 

Standard sample Background Lunar -surface sample mea8urement8 

SUTDeUoT V SurDeuor Survellor Vll 
Characterist ic VI 

SurvelloT Suruevor Survellor Surveyor SUTvevoT SUTvelloT Survel/or 
V,· transit V VI Vll V VI Vll 

FiTst Second First First Secon d T h ird 
. 

Total power-on time, hr. _____ 0. 8 6. 6 15.6 6. 4 3. 4 14.8 38. 9 31. 6 152. 3 39. 1 41. 4 21. 2 27. 5 
Total time of mode 4 data, hr_ . 8 2. 0 7. 9 4. 8 2. 9 5. 9 11. 8 16. 2 83. 3 31. 7 31. 1 
Total time of science data 

accumulation, hr b ___ _ __ • __ . 3 1.3 5. 3 5. 2 2. 9 7. 9 12. 6 18.3 71. 9 029. 6 028. 0 
N umber of pulser calibra tions. 1 1 3 2 d7 d2 + 1 3 5 d28+1 d8+1 7 

I 

A These data were accumulated while the spacecraft was in flight t o the Moon. 
b These numbers represent estimates of times that the science data were being recorded on magnetic tape a t the tracking stations. 
o During part of theGe periods of opera tion, less than four prot on detectors were in use. 
d Partial calibra tion . 

11. 4 8. 4 

11.2 7. 5 
2 2 
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the schedule of other spacecraft activities, 
this period was shortened to 1.25 hours on 
Surveyor V. The duration of the stowed-phase 
operation was more than 5 hours on the other 
missions (table 8-9). 

Background position. To determine whether 
the sensor head had deployed successfully to 
the background position, it had been planned 
to take television pictures of the instrument 
just before and after the deployment. Because 
of the short time available on Surveyor V, the 
planned television check was not conducted. 
Instead, the alpha-data bit stream was mon
itored at the tracking station, using an oscillo
scope display of the discriminator output. If 
the deployment proceeded correctly, it was 
expected that the alpha-event rate would drop 
by more than a factor of 10 as the standard 
sample moved away. The command was sent 
11.5 hours after touchdown; after a few seconds, 
word of the expected decrease in rate, indicative 
of a successful deployment, was received from 
the tracking station. Figure 8-21 shows the 
total alpha-event rate during this period, as 
derived later from a magnetic-tape recording . 

On Surveyors VI and VII, this command was 
transmitted 20.3 and 14.7 hours after touch
down, respectively. On these missions, a series 
of television pictures of the deploymen t opera
tion was planned, primarily . to provide a direct 
view of the lunar surface otherwise obscw-ed by 
the sensor head. When the sensor head was 
released from the stowed position, it continued 

O~.~~~~-7~~~"g~~~~~~~~~~~~ 
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FIGURE 8-21.-Plot of event rate of analyzed alpha 
particles ' as a function of time, showing marked 
decrease when the Surveyor V sensor head was 
deployed from the stowed to tbe background position 
and the increase wben lowered from the background 
position to the lunar surface. 

moving for some time like a pendulum and, 
although the television pictures could not be 
synchronized with the motion, there was a good 
chance that at least one of a series of pictures 
would show a substantial portion of the sample 
area. This sequence was successful on both 
missions. Figure 8-22 shows part of the Sur
veyor VII sequence. In addition to providing 
views of the sample areas, such a picture series 
also permits measw-ement of the period of the 
sensor-head pendulum under lunar conditions. 

The data-accumulation period for the back
ground phase was planned to be about 6 hours. 
The actual times for the three missions (table 
8-9) were 2.9, 7.9 , and 12.6 hours. The quality 
of the data seems to be excellent on each of the 
mlSSlOns. 

Lunar-surface operations. On Surveyors V and 
VI, the command to lower the sensor head to the 
lunar surface was transmitted 14.8 and 35.1 
hours, respectively, after spacecraft landing. 
This operation occurred relatively soon during 
the Sw-veyor V mission because of an impending 
vernier rocket test; it occurred late on Surveyor 
VI because of other spacecraft operations that 
restricted alpha-scattering background data 
accumulations. The deployment operation on 
each of the missions was monitored by observa
tions of the alpha. data stream on an oscilloscope 
at the tracking station. On Surveyors V and VI, 
the event rate increased sharply, seconds after 
sending the deployment command. Figure 8-21 
shows the total alpha event rate during this 
period for Sw-veyor V. The rate rose from about 
one event per 10 seconds in the background 
position to two events per second on the lunar 
surface. The event rate from the lunar surface 
can be seen to be comparable to that fr011l ehe 
standard sample. 

On Surveyor VII, the command to lower the 
sensor head to the surface was transmitted 
20.9 hours after landing. This time, no apparent 
change in counting rate was observed. The 
deployment command was retransmitted; 
again, no increase in counting rate was observed. 
A 10-minute accumula.tion of data was con
sistent with that ob tained before the command 
to lower had been sen t, and indicated that the 
sensor head possibly had not moved. 

When tracking operations were transferred 
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to the Goldstone, Calif., tracking station, 
television pictures were taken to help diagnose 
the problem. The pictures showed that the 

FIGURE 8-22.-Sequence of pictures taken just after 
Surveyor VII sensor head was deployed from the 
stowed to the background position. Movement of 
sen~or head is visible in successive pictures (Jan. 10, 
1968, 15:49:03, 15:49:12, 15:49:15 GMT). 

sensor head was still suspended in the back
ground position, but that the small retaining 
door (used to prevent premature deployment of 
the flat electronics cable) had opened correctly. 
This showed that the deploymen t command 
had been properly received by the spacecraft 
and that the squib-activated pinpuller had 
operated. This information isolated the prob
lem to the nylon suspension cord or its associ
ated storage spool and escapement mechanism, 
affording hope that operation of one of the 
movable parts of the spacecraft would provide 
enough force to free the sensor head. 

After several attempts to free the mechanism, 
the deployment was accomplished with the aid 
of the surface sampler, which, in a most 
ingenious series of operations, improvised and 
controlled from the SFOF, managed to force 
the sen or head to the lunar surface (ref . 8-20). 

On all missions, the initial operations by the 
alpha-scattering instrument on the lunar sur-
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face were conducted in a period of rising tem
peratures. This was especially serious on 
Surveyor VII, because of the relatively late 
landing (with respect to sunrise), and because 
of the delayed deployment (57.4 hours after 
landing). Also, on Surveyor VII, because of 
the attitude of the spacecraft and the high 
latitude of the landing site, shading of the 
instrument during lunar noon by the large 
panels on the spacecraft " 'as not feasible. 
Partial shading was provided several times by 
means of the surface sampler. The high-tem
perature periods on the three missions are 
indicated in figure 8-20. 

Six lunar samples were analyzed during the 
three missions. The data-accumulation periods 
for these samples varied from 7.5 to 71.9 hours 
for the first-Iunar-day operations (table 8-9). 
The samples are described in the next part of 
this chapter. 

Surveyor V analyzed two lunar samples. The 
data-accumulation period ,,-as 18.3 hours at 
the initial position of the sensor head on the 
lunar surface. At 53 hours after spacecraft 
touchdown, the vernier rocket engines were 
fired, moving the sensor head about 10 cm 
farther from the spacecraft. When the instru
ment was again turned on, it was found to be 
functioning perfectly, and operations \\'ere 
begun at the new lunar-surface position. By 
the end of the first lunar day, additional data 
for 71.9 hours had been obtained. During the 
second lunar day, the spacecraft was partially 
reactivated, and the alpha-scattering instru
ment was operated for several hours. Most of 
the instrument was found to be in working 
condition, but digital anomalies, apparently 
resulting from damage to components during 
the cold lunar night, prevented obtaining use
ful science data. 

Surveyor VI analyzed only one lunar sample. 
After a data-accumulation period of 29.6 
hours, the vernier engines were fired, moving 
the spacecraft about 2.4 meters. Subsequent 
television pictures showed that the sensor head 
was upside down. Figure 8- 23 shows the instru
ment in this position, as viewed in an auxiliary 
mirror, with the base plate facing upward . The 
instrument was found to be functioning after 
the spacecraft hop, but subsequent data accu-

FIGURE 8-23.-Alpha-scattering sensor head in upside
down position after the hop made by the Surveyor 
VI spacecraft (Nov . 17, 1967, 13:37:06 GMT ). 

mulation was restricted to the measurement of 
radiation from space. 

Surveyor VII was the most productive mis
sion from the chemical analysis viewpoint. 
Because of the presence of the surface sampler 
on this spacecraft, plans had been made to 
redeploy the sensor head to additional samples 
after the initial analysis. In spite of the delayed 
deployment and high-temperature restrictions, 
the surface sampler provided three samples for 
analysis. The first-Iunar-day data-accumulation 
periods were 28.0 hours for sample 1 (undis
turbed lunar surface), 11.2 hours for sample 2 
(a lunar rock), and 7.5 hours for sample 3 (a 
trenched area). 

During the alpha-scattering operations on 
Surveyors V, VI, and VII, approximately 75 
pulseI' calibrations of the instrument were 
performed at a rate of about one calibration 
per 3 homs of operation. 

Description of Lunar Samples 

Surveyors V and VI landed in lunar maria, 
regions of the Moon characterized by their 
flatness, relative smoothness, and low albedo. 
Smveyor VII landed in the lunar highlands 
near the crater Tycho. The region near the 
landing site of Surveyor VII is topographically 
complex, but is generally rougher and has a 
higher albedo than the mare landing sites. 

The lunar surface at each of these landing 
sites consists of weakly cohesive, fine particles; 
aggregates; and solid fragments. Most of the 
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resolvable fragments are brighter in appearance 
than the fine-grained matrix material. Of all 
the five Surveyor landing sites, those of Sur
veyors V and VI have the least number of 
resolvable fragments, whereas the Surveyor 
VII site has the highest number of larger 
fragments and strewn fields of blocks. The size 
distribution of small craters (Jess than a few 
meters) is about the same at each landing site, 
but there are fewer larger craters near Surveyor 
VII than at the mare sites. (See ch. 3 of this 
report.) 

Surveyor V landed in the southwest portion 
of Mare Tranquillitatis at 23.2° E longitude, 
1.4° N latitude. The spacecraft touched down 
on the southwest wall of a 9- by 12-meter 
rimless crater, more than 1 meter deep. On 
the basis of its shape and alinement of small 
associated craters with other dominant linear 
features in surrounding areas, the crater has 
been interpreted as being formed by the drain
age of surface debris into a subsurface fissure. 
The walls of this crater appear to expose parts 
of the upper meter of this debris layer. Material 
from the wall of the crater was dislodged 
during the spacecraft landing and slid into the 
area analyzed with the alpha-scattering in
strument. Figure 8-24 shows this disturbed 
area, as interpreted by Shoemaker et aJ. (See 
ch. 3.) The frequency-size distribution of the 
lumpy, fragmental material ejected by the 
footpads during landing is much coarser than 
that observed on the undisturbed surface. 

Only low-resolution television pictures were 
obtained of the samples analyzed by Surveyor 
V (ref. 8-1). These pictures indicated that no 
particles larger than about 3 em were located 
in the sample area. Figure 8-25 shows high
resolution-picture mosaics of the sensor head 
as it conformed to the lunar surface before and 
after the vernier engine firing. On initial 
deployment, the outboard edge of the cir cular 
base plate can be seen to have become embedded 
slightly in the surface material. After the vernier 
firing, that edge of the plate became more 
deeply embedded, tilting the sensor head 
further so that the left inboard edge of the 
plate was raised about 2 em above the surface. 
The surrounding surface appears to be relatively 
smooth, with few fragments large enough to 

interfere with the operation of the instrument. 
Operation with individual proton detectors 
also indicated that the geometry of the sample 
was relatively flat. 

Sinus Medii, the landing site of Surveyor VI, 
is a relatively small mare plain, about 170 km 
across, located in the center of the Moon as 
seen from E arth. The area is bounded by 
terrae to the north and south. The relatively 
high density of craters larger than afew hundred 
meters and the relatively thick debris layer (as 
suggested by the lack of smaller craters with 
blocky rims) has been interpreted to mean that 
the surface material in Sinus Medii is older 
than that of most of the material exposed at 
the other mare sites (ref. 8-21). The frequency
size distribu tion of small craters is closely 
similar to that found at other mare sites; how
ever, there are fewer fragmen ts larger than a 
few centimeters at the urveyor VI and Sur
veyor V sites. Despi te these differences, all of 
the mare sites are similar in topographic de tails, 
that is , in the structure of the surface layer, and 
in other properties as measured by Surveyor 
(ref. 8-22) . 

The area surrounding the Surveyor VI sample 
(fig. 8-26) can be seen to be free of large frag
ments. The largest particle within the sample 
area itself is only about 1.5 cm across. Particles 
as small as 0.3 cm are distinguishable in the 
picture. 

The Surveyor VII landing site, about 30 km 
north of the crater Tycho, was much different 
from all of the previous landing sites. Tycho is 
a large ray crater located in the southern high
lands of the Moon. The ray system and other 
features of the crater have been interpreted as 
resulting from hypervelocity impact, although 
interpretations of i ts origin involving volcanism 
have also been given (ref. 8-23). Most invesLi
gators agree that Tycho is a relatively young 
lunar feature and that Surveyor VII landed on 
material that flowed outward down the rim 
slope of the crater. According to the impact 
theory, these flows occurred during or shortly 
after the formation of the crater and consisted 
of fluidized masses of particles brought up from 
several kilometers below the surface. Other 
interpretations are that the flows are either a 
result of later "landslides" of rim material or 
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FIGURE 8-24.-Topographic map of part of Surveyor V landing site. The stippled area 
indicates material ejected by foo tpads during landing; the sensor head was deployed 
within this area. Contour interval is 10 cm (topography by R. M. Batson, R. Jordan, 
and K. B. Larson of the U.S. Geological Survey) . 

that they are lava flows that originated some 
time after crater formation. 

The terrae in general (and the Tycho region 
in particular) show a greater diversity in topog
raphy and optical properties than do the lunar 
maria. The Surveyor VII landing site does, 

339-1620--{j9-2i 

however, share wi th other highland areas their 
most prominent characteristics of a rougher 
topography and higher albedo than those of the 
maria. P er unit area, as seen by the Surveyor 
camera, more fragments larger than 4 em were 
observed at the Surveyor VII site than at any 

L-_________________ _______________ _ __ _ - --
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F I GURE 8-25.-(a) High-resolution mo aic of the Surveyor V sensor head on the lunar 
surface before vernier firing (Sept. 12, 1967, Catalog 5-MP-24). (b) Mosaic after 
vernier firing (Sept. 14, 1967, Catalog 5-MP-25). 
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FIGURE 8-26.-Wide-angle mosaic of television pictures taken just after the urveyor VI 
senSOr head was released from the stowed position. The circle shows the area of the 
lunar surface later analyzed by mean of the alpha-scattering experiment (Nov. 10, 
1967,21:17:57 to 21:23 :11 GMT) . 

of the mare landing si tes (ref. 8-24) . The albedo 
of the surface material observed with the Sur
veyor VII television camera was about twice 
that observed at the Surveyor V and VI i tes. 
This is consistent with Earth-based telescopic 
observations indica ting that the halo region 
around Tycho, in which Surveyor VII landed , 

although darker than the crater or the surround
inO' terrae, is till brighter than most of the 
mana. 

Figures 8-27 (a) and (b) show mosaics of 
narro\\'-angle pictures of part of the surface
sampler area of operation before and after 
the start of alpha- cattering analy es. Figure 



FIGURE 8-27.-(a) Narrow-angle mosaic of Surveyor VII pictures showing area of deploy
ment of the sensor head before the start of surface sampler activities (Catalog 7-SE-4). 
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(b) arrow-angle mosaic of Surveyor VII pictures showing sensor head in place on a lunar 
rock (sample 2). The surface sampler is seen in the process of digging the second of three 
trenche at the site of alpha-scattering sample 3. The sample 1 location at the lower 
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left of t he figure is surrounded by a circular impres ion of the bottom of the sensor 
head (Catalog 7-SE-16). (c) Surveyor VII lunar sample 1, undisturbed lunar surface, 
after analysis . The circle shows the actual sample area (J an. 22, 1968, 18:09:09 GMT ) . 
(d) Surveyor VII sample 2, a lunar rock, after analysi . The area outlined by the ellipse 
(including t he rock) shows the s ize of the sample. (e) Surveyor VII sample 3, an area 
of the lunar surface trenched by t he surface sampler, before analysis. The outline 
shows the subsequent sensor head an d sample positions (J an. 22, 1968, 10:36:42 GMT ). 

8-27(c) shows the Lmdisturbed area of the lunar 
surface, including the first sample analyzed 
at the Surveyor VII site. Although several 
fairly large fragments can be seen on the sur
rounding surface in figure 8-27 (c), the central 
outlined area, comprising the actual sample, 
can be seen to be relatively smooth. The 
largest particle in thls sample 1 area is about 
1.5 cm across. A rock abo ut 4 cm across was 

located underneath the inboard side of the 
circular plate of the sensor head during the 
analysis, causing the sample to be farthei' than 
standard from the so urces and detectors. 

Sample 2 was a lunar rock about 5 by 7 em 
on it upper face. This rock was somewhat 
brighter in appearance than the surrounding 
surface (see fig. 8-27 (a) ) and was visible as an 
exposed object on the lunar surface before the 

------------------------------------------------------------------------------------------- ----- -
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surface-sampler operations. Figure 8-27(b) 
shows the sensor head in position on the rock. 
The mea ured event rate in the alpha mode 
was about twice that for a sample at the stand
ard distance. This information, together with 
the television pictures, indicates that during 
analysis the rock was centered in the sample 
opening and protruded slightly inside the 
bottom of the sen or head. During deployment 
to this sample, the sensor head moved the 
rock back and forth slightly, but the upper 
urface of the rock apparently remained on 

top during thi motion. Figure 8-27(d) shows 
the rock after the sensor head ,,-as remo ved. 

The third sample location was a trenched 
area of the lunar surface previously prepared 
by the surface sampler (fig. 8-27(b)). Figure 
8-27 (e) shows an outline of the sensor head 
as it rested on the third sample, showing 
that the ample area beneath the sensor head 
was located primarily within the end of the 
central trench of three trenches. Thi indicates 
that the sample analyzed consisted, at least 
in part, of subsurface material. Whereas most 
of the other samples analyzed on the three 
missions may have consisted of only the top 
few microns of undisturbed material, this fmal 
sample probably con isted of some material 
originally centimeters below the surface. The 
actual depth of the trench at the point of 
analysis cannot be determined by the pictures, 
however, because the bottom of the trench 
was in shadow. 

Summary of Operations ana Performance 

Table 8-9 is a summary of operating period 
and data accumulation times for the alpha
scattering experiment on Surveyors V, VI, and 
VII. 

The performance of the alpha-scattering 
equipment and operational system during the 
three missions was excellent. The semicon
ductor radiation detectors had been expected 
to be the least reliable components in the 
instruments. Of the 30 detectors operated on 
the Moon, only one detector on Surveyor VI 
became noisy within the specified temperature 
limit of -400 to +500 C. A few noise bursts 
that could not be specifically traced to detec
tors were observed on Surveyor V in the 13roton 

system during a period of rapidly changing 
tempemtures and on Surveyor VII in the guard 
system for periods of a few seconds. On Sur
veyors V and VII, detectors survived the lunar 
night and operated normally after initial 
period of noisy behavior. 

Data received during each mission showed 
that the thin films covering the sources and 
alpha detectors had survived the launch, mid
course maneuver, and lemar landing operations. 
The quality of the Cm242 sources had been pre
served during the prelaunch and launch phases 
of operation, as evidenced by the sharp fea
tures observed in the sample spectra. 

The electronics, calibration pulsers, and ES2~4 

som'ces performed as expected, as evidenced by 
agreement of mission data with prelaunch data. 
Calibration peaks from the pulseI' were gen
erally sharp, although some low-energy noise 
was occasionally seen in the pulser data from 
Sm'veyors VI and VII, as in prelaunch tests. 
The guard detector and anticoincidence system 
worked as de igned; guard monitor voltages 
and proton background spectra agreed well 
with predicted values. 

On the lunar surface, the temperatures of the 
sensor head were higher than predicted on each 
of the three mis ions. The rea ons for this 
discrepancy are not known, but one possibility 
is that the sides of the box were thermally 
coupled more strongly with the interior parts 
than had been expected . 

The digital electronic, instrument power 
supplies, and electronic auxiliaries performed as 
designed. Circuits used to monitor engineering 
parameters provided good data. Of the more 
than 1000 commands transmitted to the in
struments, all but two appeared to give the 
proper response. The first anomaly occurred 
on Surveyor V. When the instrument was 
commanded on for the second time, the cali
bration pulseI' started operating and had to be 
turned off by separate command. 

The second anomaly associated with com
mands occurred on Surveyor VII when an ex
plo ive squib was blown to allow the sensor 
head to descend to the lunar surface. The com
mand was received by the spacecraft and the 
explosive device worked, but the nylon cord or 
its associated spool and escapement mechanism 
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failed to function. This failure could have been 
calamitous except for the presence of the surface 
sampler. All other operations of the deploy
ment mechanisms proceeded flawlessly. 

In general, communication links from the 
spacecraft were excellent; typical bit-error rates 
encountered were less than 10-6, although 
much higher levels occmred when the space
craft were being tracked near the Earth's 
horizon. The data-handling and computer
processing systems proved to be indispensable 
for the monitoring of the experiments during 
the actual missions. 

Television support of the alpha-scattering 
operations was very useful, but viewing of the 
deployment areas via the auxiliary mirrors did 
not give good results . The chemical analyses 
on the Surveyor VII mission would not have 
been possible without the combined use of the 
television camera and surface sampler. 

Results 

The Surveyor V, VI, and VII missions pro
vided the first chemical analyses of lunar
surface material. The Surveyor V and VI 
analyses were from mare sites on the Moon; 
the Surveyor VII samples were at a terra site, 
outside the crater Tycho. Two lunar samples 
were examined on the Surveyor V mission, one 
on the Surveyor VI mission, and three on the 
Surveyor VII mission (see preceding section) . 
On each mission, the first sample examined 
was the original deployment area of the alpha
scattering instrument. In the last two missions, 
the first sample was apparently the undisturbed 
lunar surface. Surveyor V landed just inside a 
rim of a small crater. During the landing, 
the spacecraft slid and threw out some sub
surface material; thus, the first sample analyzed 
on this mission may have consisted primarily 
of this ejected material. The second sample 
was probably similar material because the in
strument was moved only about 10 em by the 
static firing of the vernier engines. 

Only one sample was examined on the Sur
veyor VI mission. The secon d sample examined 
on the Surveyor VII mission was an exposed 
lunar rock (see preceding section); the third 
was a region of the lunar smface previously 

trenched by the surface sampler and was thus 
at least partly subsurface material. 

All of the chemical analysis results presented 
in this report are based on spectra relayed by 
Teletype from the Deep Space Stations. These 
spectra were sent in essentially real time for 
purposes of instrument-performance analysis 
and mission planning (see preceding section). 
In addition to lack of detailed evidence re
garding their reliability, the data have, as yet, 
been corrected only approximately for non
standard instrument behavior. The quality 
of these real-time data was sufficiently high 
that preliminary science results could be 
deduced from them. These preliminary results 
are presented in this report. 

The prime data from the experiment were 
recorded at the Deep Space Stations (often in 
duplicate) . Because of the difficulty of sep
arating them from the mass of other data not 
relevant to the alpha-scattering experiment, 
these prime data have become available only 
recently; thus, it has been possible only to 
qualify their generally satisfactory format and 
check on their completeness. The data from 
the experiment are recorded in two forms: 

(1) Science data, a time-tagged record of 
the channel number (energy) of each event 
registered by the alpha detectors and by 
proton detectors. In addition, most commands 
sent to the spacecraft and checks on the quality 
of the transmission of the data are recorded. 

(2) Engineering data transmitted periodi
cally from the spacecraft. In addition to strictly 
engineering information, these include the volt
age corresponding to the event rate in the guard 
detectors of the instrument. This rate is deter
mined primarily by the cosmic-ray and solar 
proton flux in the energy range 50 to 200 MeV. 
Thus, the guard detectors in the alpha-scatter
ing ins trument on the Surveyor missions repre
sent radiation-monitoring devices on the lunar 
surface. 

The actual analytical results reported here 
are based exclusively on the spectra received in 
near real time by Teletype. These spectra cov
ered data accumulated over periods of, typically, 
20 to 40 minutes. Some of these data have been 
subjected to preliminary certification to remove 
any that had suspicious characteristics (high 



320 SURVEYOR: PROGRAM RESULTS 

parity errors, anomalous event rates, and so 
forth). They were then corrected approximately 
for the temperature coefficients of the instru
ment using the measured sensor head and elec
tronic temperatures that were available at the 
time. The spectra were then combined to cover 
periods of, typically, 100 to 300 minu tes an d 
were again examined for consistency. They were 
then combined to give the data that were sub
jected to a computer treatment leading to the 
preliminary analytical results presented here. 

Table 8-10 pres en ts, for each phase of opera
tion on each mission and for each sample, the 
total amount of time during which the certified 
data were accumulated. These periods are seen 
to range from 20 minutes for the inflight opera
tion on the Surveyor V mission to 34.5 hours on 
sample 2 of the Surveyor V mission. 

TABLE 8-10. Total time represented by certified 
data ('Used in calc'Ulations oj preliminary results) 

Phase 
Total time, hr 

Survellor V Surveyor VI Survellor Vll 

Inflight __ _________ O. 33 ---------- ------ - ---
Standard sample __ 1. 00 4. 3 5. 0 
Background _______ 2. 33 6.10 10. 5 
Sample L ________ 15.0 -13.2 11. 2 
Sample 2 __ _______ 34.5 ---------- 9. 7 
Sample 3 ______ ___ ---------- - - -------- 5. 9 

• Part of the data from this period was recorded with 
3 of the 4 proton-detector systems operating. 

The near-real-time computer treatment of the 
data was devised primarily to provide analytical 
results that would serve as a check on instru
ment behavior during a mission. For this reason, 
only approximately correct temperature coeffi
cients were put into the SFOF computer for 
these calculations. No attempt was made to use 
the results of the internal electronic pulseI' 
calibrations. 

The resulting spectra were analyzed using a 
limited library of responses of the instruments to 
pure elements. Eight elements were chosen for 
this library, partially on the basis that they 
represented contributions in different regions of 
the alpha and proton spectra and partially on 
the basis of estimates of the probability of their 

being present in major amounts in the lunar 
sample. The elements composing the library 
were carbon, oxygen, sodium, magnesium, alu
minum, silicon, calcium, and iron. The last two 
elements were meant, at this stage of analysis, 
to represent elements with mass numbers of 
about 31 to 47 and about 47 to 65, respectively. 

The library used for the missions was taken 
from the science calibration of the instruments, 
which had been performed many months before 
the missions (fig. 8-4 is an example of such a 
library). At this stage of analysis, little attempt 
was made to correct this library for slight 
changes in the characteristics of the instrument 
during the intervening periods. This meant that 
slight discrepancies, of the order of one channel, 
were often present between the energy scales of 
the instrument at the time of the mission and 
that of the library used in the analysis. 

Standard-Sample Data 

The first stage of lunar operations of the 
alpha-scattering instrument was the measure
ment on the standard sample. This was usually 
performed within 8 hours after touchdown and 
soon after power had been applied to the 
instrument. On Surveyor V, however, a short 
period of operation of this type was performed 
while the spacecraft was in flight to the Moon. 

The objective of this stage was to establish 
that the instrument had survived the flight to 
the Moon and could perform a chemical analysis 
of a sample of known composition. Instrument 
survival was verified by examination of the 
actual data stream and the positions of elec
tronic pulser peaks. Verification of the lack of 
radioactive contamination gave assurance that 
the protective films over the sources were 
intact. In addition, the data received from the 
Moon in the standard-sample-measuring phase 
on the Moon could be compared with those 
obtained on Earth before launch. 

The portion of the Surveyor V inflight data 
that has been conditionally certified and cor
rected approximately to standard instrument 
temperature is presented in figure 8-28. The 
certified data (table 8-10) for the three missions, 
obtained on the standard samples after landing, 
are shown in figure 8-29. In these figures, the 
number of events per channel in the alpha and 
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FIGURE 8-28.-Surveyor V inflight data on standard sample. Data taken during a 20-
minute measurement while the spacecraft was in transit to the Moon. The experi
mental points, with statisticu,l errors, are the averages of two channels in order to 
improve their statist ical significance. The smooth curves are derived from data ob
tained in prelaunch measurements of a similar sample. The peaks at around channel 
110 are caused by the ES25< located near the detectors as calibration sources. 

proton modes of the instrument are plotted 
on a logarithmic scale as a function of the 
channel number (energy). The statistical (1 0) 
errors are indicated by vertical bars. 

In figure 8-28 (the inflight data from Sur
veyor V), the smooth curves are derived from 
data obtained on a similar sample during the 
final calibrations of the sensor head at Cape 
Kennedy about ·2 weeks before launch. The 
prelaunch data have been corrected for source 
decay during the intervening period and for the 
background rates observed later on the lunar 
surface. It is seen that the data obtained during 
the short inflight operations are close to those 
expected from the standard sample. 

In figure 8-29 (the standard-sample measure
ments on the Moon for the three mis ions), 
the smooth curves indicate the background 
levels observed in the following st»ge of lunar 
operation. The data presented in these figures 
are similar to those obtained on standard 
samples before launch, differing principally as 
a result of different background levels for the 
Moon and the Earth. 

The lack of excess events in the alpha mode 
at approximately channels 103 Lo 104 gave 
assurance, in each mission , that the thin pro-

tective films over the alpha sources had sur
vived the launch, flight, and touchdown condi
tions and that radioactive contamination of the 
instrument had not occurred. 

A computer analysis of these spectra from 
the standard samples (after background sub
traction) in terms of the library of eight ele
ments reproduces the data quite well (fig. 8-30). 
The resulting chemical analyses of the standard
sample glass on the three missions are shown in 
table 8-11. Indicated also, for comparison, are 
the chemical compositions of the glasses used, as 
determined before launch, by conventional 
analytical techniques. These analyses were 
made on similar but not identical pieces of glass. 
The agreement, at the present stage of data 
processing, between the tvvo types of analytical 
results is certainly not as good as desirable. 
However, it must be remembered that the lunar 
standard-sample analyses had short measure
ment times, that the possibility of the inclusion 
of tainted data cannot be ruled out by the 
present certification techniques, and that only 
approximate corrections have been made so far 
for nonstandard instrument conditions (for 
example, for the temperature coefficients and 
other effects on the energy scales). For example, 
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FJGURE 8-29.-Surveyor V, VI, and VII standard sample measurements on the Moon . 
The experimental points (crosses) are indicated with statistical (1 u) error bars. The 
solid curves are smoothed versions of the background spectra observed in the next 
stage of lunar operations. 
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TABLE 8-11. Analyses of standard glass samples on the Moon 

Element S urveuor V 

SurveJ/or b Standa rd ' 

Oxygen __ ________________ _ 56 59 
Sodium __________________ _ 7 8 
Magnesium __ _____________ _ 8 9 
Aluminum ___ _____________ _ 2 2 
SilicoD ___________________ _ 20 17 
II Calcium" ____ ___________ _ -2 ------------
"Iron" __ _________________ _ 8 

• The Surveyor VI results were obtained by shifting 
the sp ectra to minimize chi-squared in the least-squares 
fit with the library . They differ somewhat from the 
results (reported in ref. 8-2) obtained during the 
mission using the SFOF real-time computer program. 

b The results are normalized to 100 percent on a 

it is clear from figure 8- 30 that the energy 
scales of the lunar spectra and computer
calculated spectra are not always identical. 
It is for these reasons that there appears to be 
little basis for assigning errors to the Surveyor 
analyses of the lunar standard sample at this 
stage of data processing. The comparisons made 
in table 8-11 are considered adequate, however, 
to establish the capability of the instrument to 
perform chemical analyses under lunar 
conditions. 

Another method of examining the standard
sample data is to compare them directly (after 
background subtraction) with the corresponding 
data obtained in the final calibration at Cape 
Kennedy a few weeks before launch. To do 
this properly, small energy-scale corrections 
were made to the data because of temperature 
differences and, in the case of Surveyors V 
and VII, because a different digital electronic 
unit had been used for prelaunch calibrations 
than for the actual mission. In addition, the 
lunar spectra (alpha and proton) were normal
ized to the prelaunch calibration spectra in 
the oxygen region (alpha channels 16 to 23) to 
correct for source decay and different sample 
distances . 

For each of the three mi sions, these com
parisons are sho\\"n in figure 8-3 1. Com parison 

7 
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carbon-free basis. The glass was covered by a poly
propylene grid that masked about 25 percent of the 
area. 

• These are the results of conventional chemical 
analyses of typical standard glass samples. 

of the d'ata at this early stage does not introduce 
the systematic errors associated with the use 
of the library. In addition, it lends assurance 
that the background measured in the next 
stage of lunar operations (with the instrument 
suspended over the lunar surface) is the appro
priate one to use with a sample under the 
instrument. In all cases, the comparisons made in 
figure 8-31 show adequate agreement through
out the energy regions in both alpha and 
proton modes. 

To the extent that they have been analyzed 
to date, the standard-sample measurements on 
the Surveyor missions give no reason to suspect 
the data obtained under lunar conditions or 
the techniques used to interpret them. 

Background Measurements 

The econd stage of the lunar operations of 
the alpha-scattering instrument was designed 
to measure the background levels for the in
strument under lunar conditions. Because of 
the lack of a protective atmosphere on the 
Moon, these were expected to be much different 
(especially in the proton mode) from those on 
Earth. The data were accumulated with the 
instrument suspended about 0.5 meter above 
the lunar surface (see preceding section). 

Figure 8-32 presents the background meas-
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urements from the cer tified pectra (table 8-10) 
for both alpha and proton modes of the instru
ment on the three missions. The ordinates are 
events per channel registered (sometimes 
averaged over two channels to improve sta
tistics) a a function of channel number 
(energy). The ordinates are on a logarithmic 
cale, and the data have been normali7.ed to a 

1000-minu te measurement time to facili tate 
comparison with the other figures in this 
report. The statistical (1 0") errors in the data 
are indicated by vertical lines. The original 
data have already been corrected approximately 
for the temperature coefficient of the instru
ment. As is seen from table 8- 10, the back
ground measurement of Surveyor V was very 
short, leading to rather large statistical errors 
in the data in th is mission. 

In all of the graphs (alpha and pro ton), the 
peak in intensity in the region of channels 110 
to 113 is cau ed by small amoun ts of ES254 
(Ta =6.44 MeV) placed very close to each 
detector. This ES254 served as an energy marker 
as well as a check on detector behavior. AL
tho ugh the in tensity and quali ty of the ES254 
varied considerably from mission to mission, 
this alpha ource provided assurance, inde
pendent of other data, of the correct perform
ance of the instrument. 

Before the missions it was anticipated that 
the main contribu tion to the background on 
the MOOD, aside from the ES254 , would be from 
the instrument itself in the alpha mode and from 
cosmic and solar r ad iation in the proton mode. 
This difference in response is because the two 
alpha detectors are so small and have such a 
small sensitive depth that only 0.6-MeV to 
about 4-MeV protons, incident normally, would 
deposit enough energy to be registered above 
the 600-keV threshold of the electronic system . 
All such primary particles of the solar and 
cosmic radiation are ab orbed by the nearby 
components of the instrument. The fraction of 
originally higher energy particles, which are 
slowed to the below 4-MeV energy range and 
the secondarie produced in th is energy range 
at the detectors , was calcu lated to be small 
compared to the intrinsic background of the 
instrument. 

On the other hand, the proton detectors were 
339-4620 9- 22 

much larger in total area and also had larger 
sensitive thicknesses, allowing them to register 
protons of up to 6.4 MeV entering normally. 
Moreover, because of the gold foil in front of 
them, these proton detectors were insensitive 
to radioactive contamination of the instrument. 
The main contribu tor to the very low back
ground in the proton mode on Earth (aside 
from the E S254 previously mentioned) was 
electronic noise and the ensitivity to the 
small amounts of gamma radiation and neu
trons from the Cm242 sources. 

Becau e the even t rates from the lunar sample 
in the proton mode were expected to be rela
tively low, serious attempts were made during 
instrument design and before the missions to 
predict the background rates caused by solar 
and cosmic radiation on the Moon. Early 
estimates led to the decision to include anti
coincidence detectors in back of each proton 
detector (see "Instrument"). Calculations in
dicated that these detectors would reduce the 
predicted background by at least a factor of 5 ; 
the remainder of the background would be a 
result of the radiation entering the sides of the 
instrument. 

The obser ved backgrounds in the proton 
mode (fig. 8- 32) turned out to be lower than 
those in the alpha mode over most of the energy 
range. The smooth curve in figure 8- 32 (top 
right) is the premission prediction of this 
background spectrum for the proton mode. 
This is the sum of the prelaunch Cape Kennedy 
measuremen ts of the instrument background 
and of the calculated contribution from cosmic 
and solar rays. It has almost the same shape as 
that obser ved and, over most of the energy 
range, is only about 50 percent lower. In view 
of the com plicated nature of the calculation 
(invo lving the u e of low-energy solar and 
cosmic-ray spectra which are known only 
approximately , and the effect of the complicated 
geometry u,nd direction-varying amounts of 
absorbing material between the detectors and 
space), the agreement between the calculated 
and observed spectra is considered sati factory. 

The backgrounds observed in the proton 
mode in the three missions had the same 
spectral shape (except for the small difference 
in the E S254 region) and were approximately 
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of the same magnitude. For example, the 
background in the proton mode in the energy 
region above 6.5 MeV was the same in the 
Surveyor VI and VII missions, well within the 
1-0" statistical error of 5 percent. This means 
that the flux of 50- to 200-MeV protons (these 
are the particles which, incident on the instru
ment from the sides, would contribute to this 
background) was the same on the Moon at the 
Tycho site (400 S) in January 1968 as at the 
Equator in November 1967. This isotropy is 
consistent with the lack of appreciable magnetic 
field near the Moon. (A 100 MeV proton in a 
field of even 30 l' moves in a circular orbit of 
radius ",104 km.) During the Surveyor V 
operations, this background was slightly lower, 
pos ibly because of shielding by the local 
terrain, becau e Surveyor V landed just inside 
a small crater. The predictability and constancy 
of the data provide confidence that the nature 
of the background on the lunar surface in the 
proton mode of the instrumen t is adequately 
understood. 

The background observed in the alpha mode 
of Surveyor V (fig. 8- 32, top left), however, 
provided some surprises. In the intermediate 
energy range (approximately channels 10 to 
90), it was definitely higher (in places more 
than a factor of 2) than predicted from the last 
premission mea urements at Cape Kennedy. 
Fortunately, this was still a negligible part 
(over rno t of the pectrum) of the re ponse 
when a sample was in a nominal position 
under the instrument (fig. 8-29). An explana
tion of this anomalous beha vior was discovered 
just before the Surveyor VI mission. It proved 
impractical to eliminate this increase in back
ground on that mission even though this 
background was much higher on Surveyor VI 
(fig. 8-32, middle left). However, measuremen ts 
taken before the Surveyor VII mission were 
partially ucce sEul, so that the background in 
the alpha mode on that mi sion (fig. 8- 32, 
bottom left) was lower than that on the 
Surveyor VI mission. 

The clue to the explanation for this higher
than-expected background in the alpha mode 
lay in the decrease in in tensity at approximately 
channel 93 (fig. - 32, middle left). Such a 
behavior i characteristic of the response of 

the instrument to a gold sample. It is inter
preted as a result of a larger-than-previously
encountered recoil behavior of the Cm242 flight 
sources prepared for these missions. R ecoiling 
utom from the alpha decay of Cm 242 were 
transferring radioactive material from the 
source plate to the protective film which 
cover the collimating openings of the ource 
capsules. In this position, the radioactivity is 
not collimated and can strike the gold-plated, 
upper surface of the bottom plate of the instru
ment. Because of the high cross section for 
scattering by gold, even a relatively small 
amount of radioactivity in this position pro
duces a detectable increase in the background 
in the alpha mode of the instrument. 

As can be seen by comparison of the top 
left with the middle left of figure 8-32, the 
feature was present but less pronounced in the 
Surveyor V spectra. This apparently was a 
result, in part, to the source-protective films 
on Surveyor V, which had been exposed for a 
shorter time to this recoil behavior than tho e 
on Surveyor VI and, in part, to the very 
large variability later observed in the efficiency 
of this recoil-transfer process in individual 
ources. 

For the Surveyor VII mission, a technique of 
evaporating carbon on the films (enough to 
reduce the recoil transfer but not enough to 
reduce the energy of the alpha particle sig
nifican tly) had been developed. (See "lnstru
men ts.") This proved very effective for the 
sources prepared for the spare instrument for 
the Surveyor VII mi sion; it was partially 
effective for the actual sources flown on this 
mission. The result was a background in the 
alpha mode intermediate in level between the 
two earlier mission , even though the source 
trength was abou t 70 percen t higher. 
The enhanced background in the alpha mode, 

moreover, gradually increased with time (a 
more radioactivity was transferred to the 
films). This could be observed as a slow increase 
with time of the response of the instrument in 
an energy region (channels 73 to 90) above the 
Fe, Co, and Ni endpoints. Although not 
affecting the results on the principal con
stituen ts of the lunar samples examined, this 
aspect of the experiment will increase the 
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very low limits that could otherwise be placed 
on the abundance of elements heavier than 
nickel. 

The background measured in the alpha mode 
in channels above the Es254 peak (not shown 
in the figures) corresponds to even ts depositing 
at least 6.5 MeV in the alpha detectors. The 
rate of such events is very low (54±12 per 
1000 minutes on the Surveyor VI mission). It 
is essen tially the same on all the missions and 
is consistent with the contribution calculated 
for solar and cosmic ray particles. 

The alpha-mode background of the Surveyor 
VII mission (fig. 8-32, bottom left) shows more 
structure than is visible on the two preceding 
missions. This is because, as a result of the higher 
intensity sources and longer cou nting time, the 
effects of the low-probability scattering from 
the lunar surface, about 0.5 meter away, can 
be seen. As seen later in "Results of Lunar 
Sample Data," this structure in the spectrum 
follows closely the features in the lunar-sample 
spectrum , although with a very low intensity. 

Because only one background measurement 
was made on each mission, precautions had to 
be taken in the data analysis to be certain that 
this background was not changing with time 
or was changing in a known way. In the alpha 
mode, the contribution caused by scattering of 
noncollimated alpha particles was monitored by 
observing the event rate in channels 73 to 90. 
The increase in this region was assumed to 
apply at lower energies as well. It was a ignifi
cant part of the total event rate only in the 
region of the alpha spectrum above channel 52. 

Changes in solar- and cosmic-ray contribu
tion to the background were monitored in 
three different ways. The least sensitive method 
involved the rate of eyents in the alph tt chan
nels with energies greater than 6.5 MeV. 
Although the rates here \\'ere \'ery low (about 
54 events/1000 minutes), their constancy, within 
statistics, provided assurance that the alpha
mode background caused by external solar 
and cosmic rays was not changing during a 
mISSIon. 

The secolld method involved the rates of 
events in the ame high-energy region 
(>6.5 MeV) in the proton mode. Here the 
rates were higher (about one e\·ent/min). 

Again, within statistics of about 15 percent 
there is no indication of changes during the 
measurements. 

The most sensitive monitor of the sola1'- and 
cosmic-ray intensity was the guard ratemeter. 
Preliminary examination of the data indicates 
no significant changes in intensity over the 
period of the lunar-sample measurements. 

In addition to these internal measurements 
by the instrument itseU, of the constancy of 
the solar- and cosmic-ray background, data 
were provided on the charged-particle radiation 
levels in space from the Imp IV satellite. This 
satellite was in orbit about the Earth, and 
readings provided 2 each 4-hour period gave 
assurance that significant changes in the general 
level of radiation in space would be detected 
independently of the alpha-scattering instru
ment. There were no such changes reported on 
any of the missions during lunar operations of 
the alpha-scattering instrumen t. 

In analyzing the data for this report from 
the standard samples and from the lunar 
samples on the Surveyor VI and VII missions, 
the observed backgrounds (increased slightly 
as appropriate in the alpha mode) were sub
tracted from the observed spectra before 
computer processing. The statistical errors 
associated with the background measurements 
were considered. In the case of Surveyor V, 
because of the poorer statistics, a smooth curve 
was drawn through the background data, and 
this smoothed version was lIsed in the data 
analysis. 

Resvlts 01 Lvnar-Samp/e Data 

As indicated previously, six lunar samples 
\\'ere examined by the alpha-scattering instru
ment during the Surveyor V, VI, and VII 
missions. Three of these were sam pIes of mare 
material (Suneyors V and VI) and three were 
from the Surveyor VII terra site. The first 
sample examined on each mission was the 
original deployment area of the instrument. On 
Surveyors VI and VII, this first sample was 
the relatively undisturbed local surface; on 

2 Thesc data wcre made available on a near-real-time 
basis by Dr. John Simpson of the Univer ity of Chicago 
and the Small atellite Tracking Center at Goddard 
Space Flight Center. 
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Surveyor V, however, the original deployment 
area may have been primarily material ejected 
by the spacecraft footpads on landing. Becau e 
the second ample examined during the Sur
veyor V mission ,,'as only abou t 10 em away from 
the first sample, the second sample wa probably 
similar. Only one sample was examined on 
Surveyor VI. The second ample analyzed on 
the Surveyor VII mission was a lunar rock that 
protruded a few centimeters above the originally 
undisturbed, local lunar surface. With the help 
of the surface sampler, the alpha-scattering 
in trument Kas placed on top of this rock (ref. 
8- 20 and fig. 8- 27). The third sample examined 
on the Surveyor VII mission was ubsurface 
material; the alpha-scattering instrument was 
placed on top of a shallow trench previously 
prepared by the surface sampler. 

The relatively raw data from the certified 
Teletype spectra from each of the samples 
(table 8-10) are presented in figures 8-33 and 
8-34. In each ca e, the alpha and proton data 
(in units of events per channel per 1000 min
utes) are shown plotted on a logarithmic scale 
as a function of channel number. (energy). The 
statistical errors (1 0") are indicated by vertical 
lines. In each case, the smooth curves are the 
background rates observed on the Moon in the 
previous phase of the experiment. In comparing 
the absolu te rates from different samples, it 
should be remembered that the soW"ce strength 
were differen t on different missions and tha t 
the average sample-to-detector distance was 
different. Thus, for example, the average dis
tances of the three samples to the alpha 
detectors on Surveyor VII were in the ratio of 
1 to 0.7 to 0.9. 

Examination of these figure indicate that 
in the alpha mode the re ponse from the sam
ples was adeq uately higher than the background 
values over all parts of the spectrum below 
channel 70. In the proton mode, however, below 
about channel 10, the background represents a 
large fraction of the total number of events 
and is rapidly changing with energy. In most 
of the higher energy region, however , the 
ign al- to-background ratio is adequate. As 

might be expected from the higher soW'ce 
strength on Surveyor VII, the situation is best 
on the samples examined during that mis ion. 

The qualitative features visible in the raw 
data of figures 8-33 and 8-34 are the same for 
all samples in the same mode of the instrument 
(alpha or proton). These features also resemble 
those found in many terrestrial rocks examined 
by urveyor-type instruments. In the alpha 
mode, the most prominent features are the 
sharp drops in intensity at approximately 
channel 27 (characteristic of the presence of 
oxygen) I the drop often preceded by a slight 
"bump" at approximately channel 52 (charac
teristic of the presence of silicon), and the final 
drop at approximately channel 73 (indicating 
the presence of elemen ts in the region of iron 
in the samples). In the proton mode, all samples 
show the drop in intensity at approximately 
channel 62 and a broad peak between approxi
mately channels 73 and 100 (characteristic of 
the presence of aluminum; see fig . 8-4(c), bottom 
right) . 

Even though most of the qualitative features 
are similar in a given mode in the data from all 
the samples, there a·re easily visible, sligh t 
differences. For example, in the alpha mode 
above channel 52 (an energy region to which 
only elements heavier than silicon can con
tribu te), the data from the two samples exam
ined during the Surveyor V mission show no 
significant breaks before that at approximately 
channel 73; they merely show a general decrease. 
The data from Surveyor VI show a definite drop 
at about channel 63. The drop is much more 
distinct and goes to lower levels a t about the 
same point in all three samples examined dming 
the Surveyor VII mission . 

In view of the unavailability of the primary 
da ta in adequate time to be treated properly 
for this report, the data presented in figures 
8-33 and 8-34 have been processed only in an 
approximate manner using an eight-element 
library (see "Methods") . After subtraction of 
the appropriate backgrounds, the data of figure 
8- 33 and 8-34 have been fitted by a least
sq uares technique. using the library appropria te 
to the instrument used . 

The results of this computer fitting of the 
da ta from the two sample from Surveyor V, 
the sample from Smveyor VI, and the first 
sample from Surveyor VII are hown in figures 
8- 35 and 8-36. The gross features of both alpha 
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FIGURE 8-35.-Computer analyses of the Surveyor \' lunar sample spectra. Comparison 
between the calculated spectra (smooth curves), using an eight-element library, and 
the data obtained on the lunar surface (after background subtraction). 

and proton spectra for these four samples are 
well represented by the eight-element library 
u ed. The only significan t deviations are those 
explicable by small energy mismatches between 
the library and lunar data, the tendency for the 
"bumps" near the oxygen and silicon endpoints 
of the alpha spectra to be smoothed out in the 
lunar data, and the inadequacy of a t\\'o-com
ponent library to fit the alpha data above chan
ne152 in the two samples studied on Surveyor V. 
It remains to be seen whether these small dis
crepancies will persist wheJl the more complete 
data are processed more rigorollsly . In pite of 
these small discrepancies, it is clear that the 
eight-elemen t library chosen represen ts the data 
well. The el.ements of the libra,ry must repre-

sent the principal constituents of the lunar soil 
at the places investigated. 

F igure 8-37 is an example of the detailed 
contribution of the different elements of the 
library to the net lunar spectra of sample 1 
from the Surveyor V mission in both alpha and 
proton modes. It is seen that the carbon, so
dium, and magnesium contributions required 
are so small that they are untrustworthy at 
the present stage of analy is. 

Computer 1'e ults are noL shown for the 
second and third samples from Surveyor VII. 
The far-from -nominal geometries represented 
by the lunar rock protruding into the instru
menL opening and by the disturbed-surface 
(trench) sample produced changes, particularly 

~--------------------------------------------------------------------------------------------------
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FIGURE 8-36.-Computer analyses of the spectra from the Surveyor VI lunar sample and 
t he Surveyor VII lunar sample 1. Comparison between t he calculated spectra (smooth 
curves), using an eight-element library, and the data obtained on t he lunar surface 
(after background s ubtraction) . 

in the proton spectra (in intensity and slightly 
in shape), which make the lise of a standard 
library less applicable. These effect;s are quali
tatively understood, bu t will require verifica
tion by mockup experiment in the laboratory 
before the lu nar data c~n be analyzed reliably. 

The compu ter-derived contribution of the 
eparate elements of the library for each sample, 

af ter correction for the stopping power of the 
elemen t (see ref. 8-10 and " Methods" of this 
repor t), give the relati ve num bel' of atoms of 
the element in the sample. (This treatment 
assumes that the samp le is homogeneous or, 
if not, that t he average atomic stopping power 
for alph a p ar ticles of t he components i not 
too different. ) From this relative compo ition, 

the atomic fractions of the elements of the 
library in the sample can be deduced. These 
are presented in table - 12. Because of the 
limitations of the technique, the values in 
table 8-12 are to be interpre ted as chemical 
com po itions normalized to 100 percent ex
cluding elements lighter than beryllium. 

The errors quoted in table 8-12 are the 
present estimates of the reliabili ty of the results. 
They represent, primarily, systematic errors 
arising principally from the present lack of in
formation about the reliabili ty of the primary 
data stream, the approximate nature of the 
corrections for the small temperature co efficien ts 
and other temperature-dependent character
istic of the instrument, slight changes in energy 
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TABLE 8- 12. Chemical composition oj the lunar surjace at the Surveyor V, VI, and VII landing sites, 
prelimina'ry results 

Chemical composition, atomic percent 

Elenlent Mare sites Terra aite 

Suroevor v, 
samp le 1 

Survevor Y, 
sa mple 2 

S urvevor VI Su rvevor Vll, 
.ample 1 

C ___ _____________________________ ____ ____ _ <3 <3 < 2 
0 ___ ____ ____________________ _________ ____ _ 5 ±5 56 ±5 

< 2 
57 ±5 

< 2 

<2 
5S±5 
<3 
4±3 

"9±3 
18±4 
6±2 

Na ___ ____ ______________________ __________ _ <2 
~g-- -- -- ----------------------------------AI ___ _____________________________________ _ 
Ri _______________________________ _________ _ 

3 ±3 
6.5±2 

IS. 5± 3 

3 ±3 
6.5±2 

19 ±3 

3 ±3 
6. 5±2 

22 ±4 
6 ±2 
5 ± 2 

d 13 ±3 d 13 ±3 { 2 ± 1 

• The value for a luminum for sample 1 on Surveyor 
VII has previously been reported as S± 3 percent 
(ref. -3). Additional data analysis indicates the 
present reported value a being more nearly correct. 

b " Ca" here denotes element with m ass numbers 
between approximately 30 and 47 and includes, for 
example, P, S, K, and Ca. 

scales of the instrum ent between the time when 
the library was determined and the time of the 
mission, and the use of a limi ted library . 
Because usually only a fraction of the even
tually usable data has been used, there hould 
also be a sigrufi can t reduction in the stati tical 
contribution to the error. However, at the 
present stage of analysis, t he contribution of 
statistics to the quoted error is small for the 
most abundant elements. 

Although the present resul ts are preliminary, 
an attempt has been made to insure their 
reliability by the following tests: 

(1) Computer analy es of subsets of the data 
used to obtain the results in table 8-12 have 
yielded results stati tically consistent with the 
mean values given in that table. 

(2) For the fir t sample on Surveyor V, it ha 
been found that the ftnswers are relatively in
sensitive to the u e of background assumptions, 
other than the smoothed vel' ion shown in 
figure 8-33 . Among the background tri ed were 
the actual background data rather than the 
smoothed version, and no background. 

(3) In several of the cases listed in table 8-12, 
the inclusion of other elements uch as nitrogen, 

o " Fe" here denotes elements with mass numbers 
hetween approximately 47 and 65 a nd includes, for 
example, Cr, Fe, and Ni. 

d At this stage of a nalys is, t he "Ca" and " Fe" groups 
of elements have not been re olved for the Surveyor 
V mission. However, a lower limi t of 3 percent of " F e" 
can be set for each of the samples. 

fluorine, and potassium in the library used in the 
compu ter has been investigated. It has been 
found that the results listed in the table are 
not affected appreciably. 

(4) Al though the data in the pre ent state 
hardly justify uch refinements, in several of the 
ca es listed in table 8-12, a computer wa 
programed to search for the changes in in
strument parameters (gain or zero off et), in 
both alpha and proton modes, that would im
prove the fi t to the data as judged by a chi
squared test. The r esults were always a sig
nificant increase in goodness of fit as measured 
by chi-squared, and a better match to such 
features in the pectra as the oxygen break
point, The analytical re ults were essentially 
unchanged. 

(5) The excellent reproduction of the pre
launch standard- ample spectra by the mission 
data (fig. 8- 31) , after subtraction of the cor
responding backgrounds, indicates tha t the 
lunar background, measured while the ensor 
head was suspended over the lunar surface, i 
the appropriate one to use in the analysis of 
lunar-sample spectra. 

While not exhaustive, these tests provide 
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confidence that the results presented in table 
8-12 will not be changed beyond the quoted 
errors by more refined treatment of the dl\.ta. 

Because of the possibility of geometry-sensi
tive contributions to the proton spectra of 
samples 2 and 3 on the Surveyor VII mission, 
no numerical results are quoted at present for 
the composition of these samples. The alpha 
mode of the instrument, however, i rather 
insensitive to these geometrical effects. Figure 
8-38 compares the data obtained in the alpha 
mode from samples 2 and 3 with those from 
sample 1. The background ha been subtracted 
in each case, and the data have been normalized 
so that they match in the oxygen region (chan
nels 8 to 25). Except for the possibly lower 
values in the region of channels 63 to 70 in the 
spectrum of sample 2, the data from the three 
samples agree very well. The conclusion is that 
there cannot be large differences in the relative 
amounts of oxygen, silicon, "calcium," and 
"iron" (the principal contributors to the scat
tered alpha spectra) in the three samples ex
amined on Surveyor VII. All three sample 
spectra show a decrease by about a factor of 
2 in the "iron" content relative to the values 
found in the mare samples. 

Although no quantitative infornltttion is de
duced at present from the proton spectra from 
samples 2 and 3 on the Surveyor VII mission, 
the data of figure 8-34 (middle and bottom 
right) how clearly the presence of aluminum 
in these samples in comparable amounts to 
that found in the other lunar samples analyzed 
(figs. 8-33 and 8-34, top). Reliable quantitative 
results on these two samples will require lab
oratory simulation studies reproducing the 
geometrical relationship of the samples and 
instrument. 

The Surveyor VI mission included a hopping 
maneuver of the spacecraft. This resulted in 
the alpha-scattering instrument resting upside 
down on the lunar surface (fig. 8-23), thus 
ending the possibility of obtaining any more 
lunar data on that mission. The electronic and 
detector systems, however, had survived. The 
data obtained after the maneuver ho\\·ed a 
large increase in event rate, particularly around 
channel 103 in the alpha spectrum. This indi
cated that at least one of the protective films 
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FIGURE 8-38.-Comparisons of Surveyor VII lunar 
sample spectra. The backgrounds observed in the 
previous phase of operations have been subtracted 
and the data have been normalized so that they 
match in channels 8 to 25. 

over the radioactive sources had broken and 
that recoil con tamination of the instrument was 
taking place. 

The rates in the proton mode of the instru
ment were also appreciably higher than before 
the hop. Qualitatively, this was understandable 
in that the proton detectors in the new position 
of the sensor head were exposed to radiation 
from space (through the 10.S-cm sample open
ing of the instrumen t), with essentially no 
shielding other than the gold foil over the 
detectors. 

These event rates in the proton mode did not 
remain constant, ho\yever. During the lunar 
afternoon, they fell ignificantly, with a larger 
decrease in the low-energy portion of the spec
trum. There are several possible explanations 
for this behavior. Because of the nonstandard 
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mode of operation, it may be an ins trumental 
effect such as a noisy detector. It may, on the 
other hand, represent a significant decrease in 
the number of low-energy protons reaching the 
surface of the Moon in the late lunar afternoon. 
This could ari e, for example, either a a result 
of a decrease in the number of low-energy 
particles following a solar flare or as a result of 
the shado\\ing by the 100n of the source of 
such particles. Detailed study of the primary 
data, including that from the anticoincidence 
counters, as well as comparison with the re ults 
obtained Oil satellites in space at the same 
time, may help to explain this effect. 

Discussion 

The analytical results deduced from the 
alpha-scattering experiment on the Surveyor 
mis ions represent the first onsite chemical 
analyses of an extraterre trial body. There have, 
of course, been previous speculations about the 
chemical composition of the Moon. These gen
erally have been based on indirect con idera
tions such as the overall density, thermal and 
optical measurements, or proposed theoretical 
relationships of the Moon to either the Sun, the 
Earth, or meteorites. Until now, -the observa
tion most directly related to the chemical con
sti tution of the lunar urface was the gamma
ray experiment on the Russian orbiter Luna 10 
(ref. 8-25) . The intensities and spectral distri
butions of gamma rays observed on this satelliLe 
were used to set limits on the content of radio
active elemen ts in lunar-surface material. The 
conclusion was dra\\·n that the upper limi t of 
radioactive material was inconsistent with 
granitic-type rocks as they exist on Earth. The 
data appeared more consisten t with the amoun t 
of radioactive elemen ts in terrestrial basalts, 
with the terrae having less, thus pos ibly being 
chondri tic in composition. 

The results obtained as a result of the ur
veyor missions and pre ented in table 8-12 are 
more direct and comprehensi\-e. It is true they 
have been obtained at only th ree lunar sites. 
Also, at the present tage of data availabi li ty 
and analysis, the limit of error on the analytical 
results are r ather large. However, they would 
appear to account for at least 90 percent of the 
atoms present (excluding hydrogen) and so are 

the most complete analyses of lunar material 
that are available. They indicate that the most 
abundant element on the Moon, as on the 
Earth's surface, is oxygen. More than half of 
the atoms (not including the undetectable 
hydrogen) are of this element. Second in 
abundance, again as in the rocks making up 
the crust of the Earth, is silicon. Aluminum is 
very prominent (6 to 9 atomic percent); it is 
the third most abundant element in the Earth' 
crust. At present, only upper limits can be 
placed on the amounts (2 to 3 atomic percent) 
of carbon and sodium in the samples analyzed 
by the Surveyors. Thus, inspection of the values 
given in ta.ble 8-12 indicates a gross similari ty 
in chemical composition to that of many rocks 
found on Earth. 

Before proceeding to a more detailed con
sideration of the results, i t is worth recalling 
some characteristics of the alpha-scattering 
technique of chemical analysis and aspects of 
the Surveyor mis ions that might affect the 
interpretation of the analyses. 

First, the technique provides information on 
the composition of only the topmost microns 
of the sample being examined. The possibility 
that this topmost layer is not representati ve of 
the composition of the bulk of the sample, 
especially under the conditions existing on the 
lunar surface, must always be kept in mind. 

econd, there is the question whether the 
"undisturbed lunar surface," as exemplified 
by the first samples examined on the Surveyor 
VI and VII missions (Surveyor V clearly had 
been mechanically disturbed), were really 
({undisturbed ." One possibility is that during 
the landing operation, the spacecraft chemically 
contaminated the surface, either by reaction 
with, or deposition of, the retrorocket or 
vernier rocket exhausts. urface contamination 
by the Al20 3 from the main rocket exhaust is 
considered to be negligible, both from theoret
ical calculations as to the amount and nature 
of its deposition (see "Description of Missions" 
under "Experiment Control and Mission Op
eration") and from the observations of no 
difference (\\ithin presently quoted errors) in 
the aluminum content of samples which had 
different exposure to the exhaust. 

The possibility of reaction of the topmost 
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layer with the products of the vernier engines 
(which operated much closer to the surface 
than the main retrorocket) is made unlikely 
by the lack of any visible changes in appearance 
of the surface closest to where their products 
impinged. Also, preliminary investigation of 
the presence of nitrogen in the first sample 
examined by Surveyor V gave amounts below 
the present detection limits. (The vernier 
engines operate on dimethyl hyclrazine and 
nitrogen tetroxide.) Moreover, the presence of 
carbon in any of the Surveyor samples has not 
been establi hed. These re ult are con istent 
with premission tests on powdered terrestrial 
materials (basalt, granite, and iron), which 
were exposed for long periods separately to 
the room-temperature vapor pressure of di
methyl hydrazine and nitrogen tetroxide and 
showed no detectable effects as measured by 
a Surveyor-type instrument. 

The possibility of some physical removal of 
the topmost layer of the lunar surface by the 
vernier-engine blast on landing is harder to 
exclude. Again, there appears to be no obvious 
change in physical appearance of the surface 
near where the vernier engines operated. 
Moreover, the topmost «1 mm), frao-ile, 
higher albedo surface layer seems to be still 
present at the Surveyor VI and VII sites where 
the analyses were made and at the Surveyor V 
site where the throwout material from the 
footpads did not disturb it. Finally, theoretical 
estimates of the force exerted on the surface 
by the vernier blast at the time of cu toff 
indicate values smaller than those ob erved to 
produce visible changes in albedo. These are 
all arguments against physical removal of the 
topmost layer by the vernier-engine blast. 

Thus, certainly within the presently quoted 
errors of analysi , several of the samples ex
amined by the Surveyors may reasonably be 
considered to be characteristic of undisturbed 
lunar-surface material. These considerations 
will bear further examination as the more 
complete data are used to provide more 
detailed and accurate analysis. 

In tercomparison of Results on Different Samples and Surveyor 
Missions 

The limits of error quoted in table 8-12 are 

large and could accommodate significantly 
different chemical compositions for the different 
samples. It has been noted, however, that 
the e estimates of errors can include important 
contributions from possible sy tematic errors. 
Because the different instruments used on the 
Surveyor missions \\"ere identical geometrically 
and almost identical in detector and electronics 
characteristics, one can examine for the dif
ferent samples and different missions to what 
extent the relatively raw data agree. 

For both alpha and proton modes, figure 
8- 39 shows a comparison between the two 
samples measured during the Surveyor V 
mISSIOn and comparisons among the first 
samples measured on the Surveyor V, VI, and 
VII missions. The original data have been 
corrected approximately for the temperature 
coefficients of the respective instruments, and 
the appropriate backgrounds have been sub
tracted in each case. The data (both alpha and 
proton) on all samples have been normalized 
to the "oxygen" region (alpha channels 8 to 
25) to correct differences in source strength, 
meaSLU·ement times, and sample distances 
(approximately) . In both parts of the figure , 
the Surveyor V ample 1 data are represented 
by solid curves. The experimental points with 
associated error bars in figure 8-39 (top) are 
from the second sample measured on the 
Surveyor V mission. In figure 8- 39 (bottom), 
the dashed curves represent the data from 
Surveyor VI; the experimental points are the 
data from the first sample measured on the 
Surveyor VII mission. 

The agreement of these basic data from the 
two samples measured on the Surveyor V 
mis ion is excellent in both alpha and proton 
modes (fig. 8- 39, top). Similarly, the Sur
veyor VI data agree well with those from sample 
1 of Surveyor V (fig. 8-39, bottom). In the 
latter case, the principal difference is the in
creased detail previoLl ly noted in the scat
tered-alpha spectrum in the region of channels 
53 to 73 in the Surveyor VI data. 

The difference among the spectra from the e 
three samples are small, however, compared 
to those that might be expected from signifi
cantly different rock types. For example, 
figure 8-40 shows spectra taken with a Surveyor 
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prototype instrument (P-2) from samples of 
basalt, d uni te, and granite.3 (The construction 
of this instrument ,,'a similar to that of the 
flight instrLl men t, except that the sensitive 
depth of the proton detectors of P-2 wa 
shallower than in the Suneyor flight instru
ments. This resulted in a change of hape of 
the spectra of the highest energy protons from 
aluminum.) The data for these tlU'ee rocks 
have been normalized in the same manner as 
for figure 8- 39, so that the alpha spectra are 
matched in the region characteristic of scatter
ing by oxygen. Al though there are only small 
differences between the spectra of ba alt and 

3 U.S, Geological Survey Standards W-l, DTS- l, 
and G-2, respectively. 

granite, ill the proton mode the spectrum is 
di tinctive from dunite (and therefore from 
chondritic meteorites, which have a compo i
tion of proton-producing elements comparable 
to dunite). In the alpha mode, particularly in 
the energy region above channel 40, there 
are marked differences among the three type 
of rocks. 0 such differences in either all ha 
or proton modes are indicated among the three 
mare amples. (See fig. 8-39, top, for sample 
1 and 2 of Surveyor' V, and fig. 8-39, bottom, 
for samples 1 of Surveyors V and VI.) It must 
be concluded that relative to oxygen, the 
amount of the elements contributing in a 
major way to the alpha and proton spectra 
in all tlu'ee mare samples are the arne, prob
ably to within 20 percent. Smaller differences 
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in these major constituents as ,,'ell as larger 
differences in minor constituents may become 
established on more detailed analysi of the 
data. However, they are not likely to change 
the conclusion that the three samples from the 
maria examined on the Surveyor V and VI 
mission have the arne amounts (\\'ithin 20 
percent) of Si, AI, "Ca," and "Fe" relative to 
oxygen. 

Two further remarks can be made pertinent 
to the generality of these analytical results 
on mare samples (Surveyors V and VI). (1) 
Surveyor V landed inside a small crater in 
Mare Tranquillitati , and the samples exam
ined were, at least in part, material ejected 
by the footpads during the landing. Surveyor 
VI landed in Sinus Medii on relatively flat 
ten'ain, and as far a can be determined the 
sample examined wa undisturbed surface 
material. (2) The two missions differed in the 
height at which the main retrorocket burned 
out. In the Surveyor V mission, the end of 
burning was at l.6 km; in the Surveyor VI 
mission, it was at 13.5 km. The retrorocket 
produced AI20 a which conceivably could affect 
the analytical re ults. Estimates made for the 
Surveyor V mission indicated that even there 
the effect of the retrorocket exhaust should 
have been negligible (see app. A of ref. 8-1, 
first publication) . The amOUD t of AI20 3 con
tamination estimated for the Surveyor VI site 
is an order of magnitude less. The finding that 
the atomic percent of aJuminum in the two 
sample examined on the Surveyor V mis ion 
is the same and indistinguishable from that 
found at the Surveyor VI site lends strong 
confirmation to the validity of these estimates. 

The close similari ty of the analytical re ult 
at two mare sites 700 km apart make it un
likely that this chemical composition i appli
cable only to the specific landing ites of 
Surveyors V and VI. It appear much more 
probable that this composition is representative 
of large portions of the surface material of 
lunar maria. 

The analyses are distinctly different for the 
terra samples examined by Surveyor VII. The 
computer-deduced results (table 8-12) for the 
chemical compo ition of the first sample indicate 
a similar composition to that of the mare samples 

with primary differences in the higher aluminum 
and the lower "iron" content of the terra sample. 
At this stage of analysis, the assigned errors 
would not exclude the same contents of these 
two components in the different samples. Ex
amination of figure 8-39 (bottom), however, 
indicates a distinct difference in the alpha spec
trum from the Surveyor VII sample compared 
with those from the Surveyor V and VI sample . 
The difference i large t for the highest energies 
(channels 63 to 73) that record the alpha parti
cles cattered from the "iron" group of elements. 
The differences at lower energie are primarily 
a reflection of the lower "iron" contribution. 
Thus, the basic data indicate a Ie er amount 
of iron-group elements, on the order of a factor 
of 2, at the terra site than at the mare sites. As 
mentioned in "Results of Lunar Sample D ata" 
under "Resul ts," the data from the other two 
aIDples examined on Surveyor VII (the lunar 

rock and material in a trench) confirm this 
lo\\'er "iron" content found at the Surveyor VII 
landing site. 

The differences in the proton spectra of the 
terra site compared with those from the mare 
sites (fig. 8-39, bottom right) are primarily in 
magnitude tlu'oughout the entire energy region, 
rather than in spectral shape. These differences 
could be caused partially by geometrical effect . 
They will be studied in more detail u ing 
laboratory-reproduced geometrical relationship 
of the sample to the in trument. At present, 
differences in other than iron content in com
position repor ted in table 8-12 for the terra ite, 
as compared with tho e of the mare ample , 
cannot be taken as established. 

The Chemical State of Lunar Surface Material 

The alpha-scattering experiment provides no 
direct information about the chemical state of 
the elements measured. Ho\\'ever, chemical ex
perience makes possible an extrapolation from 
the data of table 8-12 to the probable chemical 
state of the bulk of Surveyor-type lunar-surface 
material. Specifically, the large atomic fraction 
of oxygen, larger than 0.5, suggests that the 
metals present are in oxide tates. The mean 
values, if taken li terally, indicate a slight o}"'Ygen 
deficiency. H owever, well within the pre ent 
limits of errol'S, there is enough oxygen to com-
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bine with all elements con idered. For example, 
table 8-13 lists the weight percentages of oxides 
that would be consistent with the analytical 
result from the Surveyor missions. Different 
compositions are presented for the terra samples 
than for the mare samples, reflecting the mean 
composition of the latter as presented in table 
8-12. 

TABLE 8-13. Oxide compositions oj lunar-surjace 
material consistent with the Surveyor a.nalytical 
results 

Weight percent 

Oxide 
Surveyors V and Surveyor VII, 

N a
2
0 __ ____________ _ 

~gO ____ ___ ___ ___ _ _ 
Ah 0

3
- ________ _____ _ 

Si0
2 
__ _______ -- ___ --

CaO ____ ___________ _ 
FeO __ _____________ _ 

VI, mare terra 

5 
b 14 

50 
15 
16 

7 
21 
50 
15 
7 

• The presence of sodium has not been e ·tabli shed 
with certainty. Sodium oxide could be prescnt in 
amounts up to 3 percent by weight in the mare samples 
of Surveyors V and Y1, and 4 percent by weight in the 
terra samples of Surveyor VII. 

b The weight percent of AI20 3 is slightly higher than 
that given in ref. 8-2 (13 percent). The difference a rises 
from rounded-off values in that report . 

It must be emphasized that the assigned 
percentages in table 8-13 are far from unique 
in representing (within the given error) the 
analytical results of table 8- 12. The limits of 
variation are hard to estimate at present. 
However, consistent with the results of the 
alpha-scattering experiment, the table is an 
example of the chemical state of the major 
elements and their relative proportions in the 
lunar mare and terra surface material examined 
thus far. 

I t should be noted that table 8- 13 is mean t to 
illus trate the oxide composition of the bulk of 
the lunar material examined. Minor constitu
ents, adding up to perhaps as much as 10 
percent by weight, may be present. In addition, 
the analytical errors do not exclude some un
oxidized metal or radiation-decomposed oxides. 

339-.162 0 - 60- 2;; 

A limit to the amount of metallic iron at the 
Surveyor VI site has been set by the magnet test 
at about one-fourth percent by volume. (See 
"Magnet Data," p. 223.) 

It is possible to speculate even fur ther about 
the chemical state of the lunar material. It is 
improbable that it exists as a simple mixture of 
oxides. Rather, these are likely to be combined 
into more complex minerals. This is the state 
of material of similar chemical composition in 
mo t other natural samples such as terrestrial 
rocks and meteorites. (In making this ad
ditional extrapolation from the basic analytical 
results, it must be remembered that on the 
lunar surface the material may be in a non
cry talline form, either as a glass or too radiation 
damaged to be identified crystallographically.) 
Even with the present large analytical errors, 
the types of possible minerals are strongly 
restricted, although not defined uniquely. For 
example, the chemical composition of mare 
material given in tables 8- 12 and 8-13 is 
consistent with mo t of the material, being a 
mixture of minerals of the feldspar and pyrox
ene classes. As the analytical errors are reduced 
and as the amoun ts of the minor constituen ts are 
established, it will be possible to define further 
the mineral composition of the mare and terra 
material studied by the Surveyor missions. 

Although the e interpretations of the an
alytical results represent an extrapolation from 
the actual results of the alpha-scattering 
experiment, they should provide a more secure 
base from which to predict various other prop
erties of the lunar-mare-surface material than 
has been available until now. For example, 
lunar materials in the states postulated should 
be chemical1y inert. They should not react 
with the usual materials of instruments or of 
structures brought in contact with them. This is 
consistent with the lack of obvious chemical 
action of lunar-surface materials with the 
aluminum-clad footpads of the Surveyor space
craft. Similarly, because the present analytical 
results provide information not only on the 
principal chemical elements but also on their 
probable chemical state, it should now be 
feasible to evaluate more confidently the prac
ticality of utilizing the raw materials on tlie 
Moon. 
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Finally, even these preliminary results should 
make it possible to improve predictions of 
detailed physical and chemical properties (such 
as mel ting point, density, hardness, compre s
ibility, and so forth) of the particles making 
up lunar-surface material by comparison with 
terrestrially available substances of similar 
chemical composition. Becau e the first re
turned lunar samples on the Apollo program 
are likely to be from mare regions, the presen t 
analytical results should make possible more 
definite and economical plans for their inves tiga
tion . The agreement of the results from Sur
veyors V and VI also implies that the results 
of the investigations of even the first returned 
lunar samples will have more general applicabil
ity than could have been expected before the 
Surveyor results were available. 

Comparisons With the Chemical Composition of Various 
Materials 

Although at present the assigned errors to the 
analytical results of table 8- 12 are large, they 
still allow some significant comparisons to be 
made with the chemical compositions of various 
samples of the solar system. 

The first such comparison is of the present 
results on samples of the lunar surface with the 
chemical composition expected if the Moon 
were an accumulation of condensed solar-at
mosphere material (ref. 8- 26). In this case, it 
may be expected that the volatile elements 
(hydrogen, noble ga e, and so forth) would 
have escaped as would have those forming vol
atile hydrides (such as oxygen, sulfur, and so 
for th) . For this reason, the comparison is made 
only with the metals determined in this work, 
and silicon is taken as the reference point. This 
comparison is shown in figure 8- 41, using the 
values found in this work for N a, Mg, AI, (Si) , 
"Ca," and "Fe" in the maria and terra. 

It is clear from figure 8- 41 that the surface 
of the Moon, at the places sampled by Surveyor, 
does not have the chemical composition of 
condensed solar material. For both mare and 
terra results, the magnesium values are too 
low and the aluminum and "calcium" values 
are too high. In addition, in the terra region 
near Tycho , the lunar surface does not have 
quite enough "iron." 

The elemental analyses of table 8-12, as well 
as the representative oxide compositions of table 
8-13, suggest silicate rocks such as are common 
both on the surface of the Earth and in many 
meteori tes. Al though an elemental analysis 
(even one more precise than the present one) 
can be only a rough indicator of rock type, it is 
of interest to compare the present results with 
the chemical composition of some materials 
that have been considered as constituents of the 
lunar surface. This is done in figure 8-42, where 
a comparison of the present results (mare and 
terr a) is made with the analyses of average 
(refs. 8-27 through 8-30) dunites, basalts, 
granites, tektites, chondri tic meteorites, and 
basaltic achondrites. 

It is seen from figure 8- 42 that the lunar 
surface, at the landing sites of Surveyors V, VI, 
and VII, cannot consist entirely of material 
similar to terrestrial ultrabasic rocks such as 
dunite or to chondri tic meteorites. Just as in 
the comparison with the condensed solar at
mosphere, the lunar samples have too much 
aluminum, calcium, and silicon and not enough 
magneslUm. 

At another extreme of the rock spectrum, 
figure 8-42 also compares the presen t results 
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FIGURE 8- 41.- Comparison of the observed chemical 
compositions in the lunar maria (average of Sur
veyor V and VI) and at the urveyor II t erra site 
with that of t he nonvolatile elementb in the solar 
atmosphere. The three compositions have been nor
malized to unity of silicon. The solar values are 
from reference 8- 26. 
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with the chemical composltlOn of terre trial 
granites and with that of some tek tites. Here 
the lunar results match more closely, especially 
those from the samples of the terra region. 

However, the lunar samples appear to have 
in ufficient Si02 and too large an amount of 
elements of the calcium group. 

Of the comparisons made in figure 8-42, the 
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FIGURE 8- 43.-A series of powdered terres trial rocks, arranged according to the concen
tration of elements of the " iron" group (mass number 47< A< 65). The rock powders 
are all in the 37- to 50-1' particle-size range. In order of increasing concentration of 
iron-group elements, the rocks are : Mono Crater obsidian, 0.3 percent ; Argus granite, 
0.7 percent ; Half Dome quartz monzonite, 1.0 percent; Black Peak quartz diorite, 
1.8 percent ; Loomis-88 diorite, 2.2 percent; Little Lake basalt, 3.1 percent; San Marcos 
gabbro, 3.3 percent; and Pisgah basalt, 3.6 percent. The series of rock was supplied 
by Dr. John B. Adams and Dr. Alden Loomis of the Jet Propulsion Laboratory. 

composition of the mare samples agrees most 
closely with the chemical composition of ter
restrial basalts and with that of a somewhat 
rare type of meteorite- the basaltic achondrite. 
The analysis of the terra sample does not match, 
within the present errors, the composition of the 
average terrestrial basalt, although the dis
crepancy is in the low amount of "iron" only. 
An intermediate type of rock such as a diorite 
matches better overall , although still not within 
the eLTors quoted . With the present results on 
only a limited group of elements and with large 
eLTors, it may be that comparison with more 
detailed terrestrial-rock types is not warranted. 

In spite of this inability at present to choose a 
terre trial-rock type to match the results of the 
analyses of the sample from the terra site, all of 
the lunar analyses (mare and terra) are in strong 
disagreement with that expected for primordial 
olar system material (whether this is considered 

condensed solar atmosphere, terrestrial ultra
basic rocks, or chondri tic meteorites). The 
lunar-surface material, where it has been 
sampled by Surveyors V, VI, and VII , if it 
originally had such a primordial composition 
must have undergone cosmochemical or geo
chemical processing to change the relative 

amounts of Mg, AI, and Si to those now found 
on the lunar surface. It is not clear from such 
arguments alone whether these processes oc
cULTed before or after formation of the Moon 
or whether they are still occurring. 

The comparisons of figure 8-42 also make it 
unlikely that the majority of the meteorites that 
fall on the Earth (metallic and chondri tic) 
originated on the surface of the Moon. The 
lunar maria as sources of tektites also appear to 
be excluded. To the extent that the other terrae 
have the same composition as that determined 
by Surveyor VII, they could not originate there 
either. The carbonaceous chondrites also are 
ruled out by the analytical results. Thus, on 
these assumptions, only a small fraction of the 
meteorites falling on the Earth can now be con
sidered as having an origin at the lunar surface. 

Differences Between tile Terra and Mare Samples 

Although the difference established between 
the chemical composition of the samples ex
amined by Surveyor VII and the mare samples 
examined by earlier Surveyors is confined to the 
lower content of the "iron" group of elements 
at the terra site, this difference could be signifi
cant if it applies generally to the terrae. It 
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should be remembered that the "iron" group, at 
the present stage of data all9.lysis from the 
alpha-scattering experiment, includes the ele
ment vanadium, chromium, manganese, iron , 
cobalt, and nickel. These are elements which, in 
general , impart color to rocks. Terrestrial rocks 
that have more of these elements are usually 
darker and therefore have a lower albedo than 
rocks with smaller amounts of these elements 
(fig. 8- 43) . Thus, although there are several 
possible reasons for the higher albedo of the 
terrae of the Moon relative to that of the maria, 
the lower content of the "iron" group of ele
ments, as found in the Surveyor VII samples, 
may be a contributing factor. 

Similarly, the lower "iron" group content of 
the Surveyor VII samples, if it is characteristic 
of terrae in general, probably means that the 
bulk density of the subsurface rocks of the 
terrae is less than that of comparable material 
in the maria. In this case, the very gross topo
graphical relationships of the lunar surface 
would be similar to those on the planet Earth, 
where, in general, the continents are composed 
of material less dense than the basaltic ocean 
bottoms. 
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Preliminary results from the alpha-scattering 
experiments on Surveyors V, VI, and VII are 
given in table 9-1. For each of the elemental 
abundances, an error bar has been given; this 
error bar involves both the counting statistics 
and estimates of the uncertainties inherent in 
this preliminary stage of data reduction. In 
discussing the analyses, one must consider 
various compositions that lie within the given 
error bars. We point out here the problem 
involved in taking model compositions for 
which many of the elements lie at the extremes 
of their permitted ranges. If the likelihood of a 
single element at an extreme value is, say 0.1, 
then the joint likelihood that two elements so 
behave is 0.01, and so on. One may, therefore, 
ignore model compositions for which several 
elements are taken near the error limits. 

Some rock and meteorite types are given in 
table 9-1 for comparison with the Surveyor 
data (refs. 1 to 9). All of these, for one reason 
or another, are candidates for analogs to the 
lunar material. The LL chondrite and type 1 
carbonaceous chondrite are presented as typical 
of stony meteorites. The Mg in all chondrites (in 
the minerals olivine and pyroxene, principally) 
is too high for any agreement to be possible. 
Thus, chondri tic and carbonaceous chondritic 
meteorites apparently cannot come from the 
surface of the Moon, if the analyses are repre
sentative. The eucrites (Ca-Fe rich , monomict 
achondrite) agree better with the Surveyor VI 
analysis than any other of our analogs. The 
howardites (Mg rich, polymict achondrites) 
fail to agree, again by virtue of the high Mg. 

351 

The tektites, represented by the Indo-Malayan 
type, do not fit at all, having too little Co, and 
excessive Si and O. The granite is not a good 
analog, although it is possible to find granite 
compositions that lie within the extreme error 
bars. The andesite is not as good a fit as some 
others, having too little Ca and Fe and com
parably more Si and O. One of the best fits 
is an anorthositic gabbro , although Co, and 0 
give marginal comparisons. Because the two 
mare areas investigated by Surveyors V and VI 
may be characterized best as basaltic with a 
high iron content, the simplest characterization 
of the Surveyor VII composition may be to 
describe it as basaltic with a low iron content; 
the precision of the analysis does not seem to 
warrant a much more detailed statement. 

The central scientific questions about the 
Moon, which might be answered by the com
positional data, are: 

(1) What is the bulk composition of the 
Moon? How does this compare with the com
position of the Earth and the meteorites? 

(2) What are the composition and mode of 
origin of the lunar crust? (This term is left ill 
defined, but it includes the surface itself and 
goes to a depth of at least 2 km, which is the 
scale of the topography.) Is it derived in ways 
simil ar to the terrestrial crust? 

(3) What is responsible for the known differ
ences between highlands and maria; the differ
ence in albedo, elevation, crater numbers, 
etc.? 

In the discussion that follows, use is made of 
terrestrial and meteoritic analogs, both with 
respect to models of origin and compositional 
classes. Thi doe not mean that the lunar rocks 
will be exactly like these analogs; in fact, these 
rocks are undoubtedly unique in many re
spects. But in following this approach, it is 
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TABLE 9- 1. Comparison oj preliminary chemical analyses jrom Surveyors V, V I, and V I I 
with representative rocks 

Element, atomic percent a 

C 0 Na Mg AI Si "Ca" b I "Fe" b 

Surveyor V (ref. 9-2) _______________________ < 3 58 ± 5 <2 3±3 6.5±2 18. 5±3 13 ±3 c 
Surveyor VI (ref. 9-3) _______________________ < 2 57 ± 5 <2 3±3 6.5±2 22.0±4 6±2 5±2 
Surveyor VII (sample 1; see ch. 8) ___ _________ < 2 58 ± 5 <3 4±3 9±3 18.0±4 6±2 2±1 
Chondrite: 

LL group (ref. 9- 4) _____ ___ _____ ________ 
- ----- 58. 0 .7 15.2 1.0 16.0 1.0 8. 1 

Carbonaceous (type 1; ref. 9-4) __________ 6. 6 55. 4 . 6 8. 4 .7 8. 4 12.3 7. 8 
Eucrite (ref. 9- 6) __ ___________________ ______ ------ 60. 7 .5 3. 6 5. 7 18.8 4. 2 6. 9 
Howardite (ref. 9-6) ___ ___________ __________ ------ 60. 3 .4 7. 1 4. 6 18.5 3.1 5. 8 
Dunite (ref. 9-7) ____ . _____ ____ ______ ____ ___ --- - -- 59. 0 . 1 23. 9 .3 14.1 .2 2. 3 
Peridotite (ref. 9-7) ____ _____________________ ------ 58. 9 .4 19.3 1.9 15.5 1.4 2. 5 
Anorthositic gabbro (ref. 9-8) __ _______ ____ ___ - - ---- 61. 4 2.6 1.2 9. 4 19. 0 4. 4 1.7 
Ba alt (tholeiitic): 

Average oceanic (ref. 9- 9) ________ _______ ------ 61. 3 1.5 4. 1 6. 3 18. 1 4.5 4. 3 
Average continental (ref. 9-9) ____ ___ __ ___ --- - - - 61. 5 1.7 3. 2 7. 0 18.8 4.3 3. 7 

Basalt (alkalic): 
Average oceanic (ref. 9-9) _______________ ------ 60. 8 2. 1 3. 8 6. 7 17.2 4. 8 4. 3 
Average continental (ref. 9-9) ___ __ _______ 

--- - -- 60. 8 2. 4 3. 9 6. 8 17.2 4. 8 3. 9 
Andesite (ref. 9-10) ___ ______________ ________ --- - -- 61. 2 2. 9 . 1 6. 9 21. 1 3. 1 3. 0 
Granite (ref. 9-6) ___________________ _______ 

------ 63. 4 2. 3 .4 5. 9 24. 4 2. 7 1.0 
Tektite (Indo-Malayan ; ref. 9-13) __ __________ ----- - 64.0 1.0 1. 1 5. 4 25. 2 3. 4 1.5 

• Excluding elements ligh ter than beryllium. 
b "Ca" and "Fe" denote elements with mass numbers between approximately 30 to 47 and 48 to 65, 

respecti vely. 
c"Ca" and "Fe" taken together. 

well to remember that we are in a position not 
unlike the biologist who first tried to describe 
the fauna of Australia to his colleagues. Fur
thermore, it must be emphasized that the 
region in which Surveyor VII landed is found 
to consist of several flow units that originated 
from the direction of Tycho. The significance 
of the chemical analysis by means of the alpha
scattering experiment is clearly dependent on a 
correct description of the mechanism by which 
these units were deposited, whether by some 
volcanic process or by a hot or cold, turbidity
like flow at the time of presumed impact. 
Nevertheless, this is the only available analy is 
for the highlands, which constitute more than 
80 percent of the lunar surface. We will inter
pret the analysis, therefore, as being typical 
in some sense of the composition of these high
lands, and di cu s the contra ts between the 
maria and the highlands on the basis of the 
single Surveyor VII datum and the analy e 

from the mare sites of Surveyors V and VI. 
The density and albedo contrasts inferred in 
this comparison are quite reasonable in terms 
of the telescopically determined morphological 
and albedo contrasts. The possibility is ac
cepted, however, that later analyses in this or 
other highland areas might show the Surveyor 
VII site to be quite atypical. 

Contrasts in Albedo 

The low iron content of the material at the 
Surveyor VII landing site provides a possible 
explanation of the high albedo of the lunar 
highlands. Iron is the most abundant of the 
elements (transition metal) that ab orb 
strongly in the visible part of the spectrum. 
The change in iron content from the mare site 
to the highland site i sufficiently large to 
account for a distinct change in the opacity 
and, perhaps in the amount, of the mafic 
ilicate mineral(s). Such a change would, in 
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turn, affect the albedo of the whole-rock 
powder. 

From the present data, it appears unlikely 
that most of the iron measured by Surveyor 
VII occurs on the surfaces of the rock particles 
as free metal. Weare not inclined, therefore, to 
ascribe the albedo contrasts between the high
lands and maria to differences in amount of 
free metal on the lunar surface. Furthermore, 
low carbon abundances in analyse from the 
maria and highlands imply that carbon is not 
a major factor controlling albedo on the Moon. 

If it is correct that the iron con ten t of the 
silicate minerals determines the albedo of large 
lunar regions, it also is probable that this is not 
the only factor . For example, the numerous 
bright craters and rocks in the maria cannot 
all be intrinsically different in composition from 
the surrounding darker material. Shoemaker 
has proposed a "lunar varnish" alteration 
process (ref. 9-1) to explain these differences in 
albedo. Adams (ref. 9-2) ha emphasized the 
importance of mean particle size where albedo 
contrasts are not the result of compo itional 
differences. These ideas have not been tested 
conclusively by the Surveyor missions . How
ever, the comparisons of analyses (when avail
able) of the undisturbed soil, di turbed soil , 
and of the rock at the Surveyor VII landing 
site ultimately may provide evidence on the 
lunar varnish hypothesis. 

Estimated Density of Lunar-Surface Rocks 

From the similarity of the atom ic abundances 
in the Surveyor analyses to those of basaltic 
rocks, it seems reasonable to infer a mineralogy 
that includes some, or all, of the following: 

Mineral Densiill 

Albite (Ab) ___________ NaAlSi30 g 2.62 
Anorthite (An) ________ CaAl2Si20 g 2. 76 
Pyroxcnes _____________ (Ca, Mg, Fc)Si02 

En tatite (En) _____ MgSiOJ 3. 20 
Diopside (Di) ____ _ CaMgSi20 6 3.28 
Hedenbergite (Hd) _ CaFeSi20 6 3. 55 
Hypersthene (Hy) __ (Mg, Fc)SiO J 3.45 

Olivine __ ____ ___ ___ __ (Mg, Fe)SiO. 
Forstcrite (Fo) ____ Mg2SiO j 3. 21 
Fayalitc (Fa) __ ___ Fe2SiO. 4. 39 

Metallic iron __ _______ _ Fe 7. 87 
Magnetitc ____ __ ______ Fc30. 5. 20 
Quartz (Qtz) ___ ____ ___ Si02 2. 65 

The densities of these minerals and their 
solid solutions are determined almost entirely 
by the proportion of iron. Within the pyroxenes, 
the incidence of high Ca, despite its atomic 
weight, causes a density decrease. Estimates 
for the density of the pyroxene present may be 
made, however, with considerable confidence 
by ideal weighting in terms of the densities of 
the end members present. The distinction be
tween the orthopyroxene and clinopyroxene is 
not significant because hypersthene is used here 
only to define a particular composition and 
density. Plagioclase and olivine density may be 
estimated similarly in terms of two end 
members. 

A eries of putative atomic compositions that 
lie within the error bounds of the Surveyor 
alpha-scattering analyses is presented in table 
9- 2. Computed norms for these compositions 
are given in table 9-3 , along with their esti
mated densities. 

In computing the mineralogical norms, the 
Surveyor analyses do not provide a basis for 
any confidence in deciding whether or not 
olivines are present in any amount. Atoms are 
allocated, therefore, to pyroxene molecules inso
far as it is possible. It is apparent from the de
rived density values that this assumption does 
not appreciably affect the mean density. 

The densitie are determined principally by 
the proportion of plagioclase to total rock and 
by the "iron" composition of the pyroxenes. The 
plagioclase proportion is, in turn, determined by 
the amount of AI in the analysis. Small amounts 
of free iron, or "iron" as magnetite, affect the 
density approximately as though the "iron" were 
in a pyroxene. The computed densities are, 
however, insensitive to the amount of excess 
iron , so that the question of whether all the 
metallic atoms are oxidized does not affect the 
density analysis. 

Comparison of results (table 9-3) for analyses 
from the highland site (models 1 through 11) 
with those from the mare sites (models 12 
through 15) indicates that reasonable values for 
the rock grain density for the two regions are 
appro)'.'1mated by 3.0±O.05 g/cm3 and 3.2±O.03 
g/cm3, respectively. The difference is significant 
and reflects the difference in the "iron" content 
between the two regions. It should be rem em-
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TABLE 9-2. Assumed ato1m'c compositions 

Model 

0 Si 

1 __________________________ 58 18 
2 __ ________________________ 59 18 
3 __________________________ 59 18 
4 __________________________ 59 18 
5 __________________ _______ _ 60 18 
6 __________________________ 60 18 
7 _____________ _____________ 60 18 
8 __________________________ 58 18 
9 __ ____ ____________________ 58 18 
10 ___ ______________________ 58 18 
11 ____ ________ _____________ 58 18 
Surveyor VII analysis __ ______ 58± 5 18± 4 

12 _________________________ 58 20 
13 _________________________ 59 20 
14 _________________________ 60 18 
15 _____ _______ _____________ 60 19 
Surveyor VI analysis _________ 57 ± 5 22±4 
Surveyor V analysis __________ 58± 5 18.5 ± 3 

• " Ca" and "Fe" taken together. 

bered, moreover, that Turkevich et al. (see ch. 
8) state that the rock (sample 2) analyzed at 
the Surveyor VII site contained about 30 per
cent less iron than that for the tmdisturbed 
lunar surface (sample 1), on which tables 9-2 
and 9-3 are based. Thus, differences in rock 
densities of the highland and mare regions may 
be even greater than indicated in table 9-3; 
note that Scott and Roberson (see ch. 5) esti
mate the density of the rock "weighed" by the 
surface samples to be 2.4 to 3.1 g/cm3• 

Regarding the analyses at the mare sites, the 
eucrites have been identified as having an 
atomic composition that falls within all the 
error bounds for Surveyors V and VI (refs. 9-3 
and 9-4). For compositions taken arbitrarily 
from within the allowed Surveyor V and VI 
bounds, we find densities between 3.17 and 
3.22 g/cm3

• The higher densities, especially 
model 15, are found for compositions that are 
selected to agree with the most common eucrite 
compositions. Thus, the estimated densities are 
in es ential agreement with the eucrite densities, 
although the latter may range up to 3.28 g/cm3

. 

In short, if the intrinsic density of the mare 

Element 

Al Na Mg Hea" liFe" 

8 2 4 6 2 
8 1 4 6 2 
7 1 6 5 2 
7 1 5 5 2 
8 1 4 5 2 
8 1.5 4 5 2 
8 2 4 5 2 
8 2 4 5 2 
7 2 3 5 2 
9 1 3 6 2 
9 1 5 3 2 
9 ±3 <3 4±3 6±2 2±1 

6. 5 2 3 6 5 
6. 5 1 3 7 6 
5. 5 1 4.5 5 6 
5. 5 . 5 4.5 4 6 
6.5 ±2 < 2 3±3 6±2 5± 2 
6.5 ± 2 < 2 3±3 13 ± 3' 

I 

material is taken as 3.20, then the hypothesis of 
a eucrite mare composition is not counterindi
cated. If some of the "Fe" (say about 1 percent) 
is really Or or Mn, these elements would be 
found as impurities in the (already rather non
stoichiometric) pyroxene and plagioclase lattices 
and will affect the density in a way that cannot 
be distinguished from the effect of iron. 

This analysis has been based on a fairly con
ventional interpretation of the chemistry . The 
possibility remains, however, that something 
rather strange may be masquerading as a basalt 
or a eucrite. For example, the possibility has 
not been included that there is 0.5 percent or 
more K in the "Oa," which would affect the 
mineralogy. This seems reasonable in view of 
the indicated low N a values and the usual a/K 
ratios of 5 to 10 found in igneous rocks. There 
has been no discussion of 01 or 0 in this mineral
ogical model, nor has consideration been given 
to insure that the minerals form a stable as
semblage. 

Many other questions that could be raised 
about the lunar surface involve effects that 
are too small for the chemical analysis to pro-
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TABLE 9-3. Estimated densities jor assumed normative mineral compositions 

Model Estim ated 
densit y , ulem' 

Ab A n 

1 ____ _____ 2. 95 2 3 
2 ___ ______ 2. 99 1 3. 5 
3 _________ 3. 03 1 3 
4 _________ 3.05 1 3 
5 _________ 2.99 1 3.5 
6 ___ ______ 2.98 1.5 3. 2 
7 __ _______ 3. 05 2 3 
8 _________ 2.96 2 3 
9 ________ _ 2.92 2 2.5 
10 ___ _____ 2. 97 4 
1L _______ 2. 98 1 4 
12 ____ ____ 3. 17 2 2.3 
13 __ ______ 3.20 1 2. 7 
14- _______ 3.20 1 2. 3 
15 ________ 3.22 .5 2. 5 

Di 

3 
2. 5 
2 
3 
1.5 
1.8 
2 
2 

2 
2 
3. 7 
3 

No r m a Uve co m position B. 

En 

3 
1 
1 

2 
2 

2 

Hy 

1.5 
1 
2 
2 
2 

Hd Fe Other 

2 

1 

1. 5 _______ __ _ 
________ ___ _____ 2 _________________ _ 

2. 5 _________________________________ _ 
1 _____ ___ 1 ___ _____ _______ __ _ 

________ ___ _____ 2 ________________ _ _ 
_____ ___ .5 _______ _ 4.5 
________ ________ 1. 3 

3.2 1.3 
4.5 

2. 7 
1.5 

2. 0 2.5 Si02 

2 

• Units are arbitrary with coefficients proportional to the molar composition. 

vide any answers in their preliminary form. It 
would be desirable to know whether 2 percent 
or more, by weight, H 20 is presen t in the 
surface material as wa ter of hydration. If this 
were true, the amount of available oxygen for 
combination with the metals would be reduced 
by a few percent, thus presumably exacer
bating the oxygen deficit. The present error 
bounds on the chemical analyses, as \vell as the 
bounds that must be placed on speculation, 
permit only the statement that 10 percent 
water of hydration appears fairly unlikely. The 
question may also be raised as to how much 
meteoritic iron is present in the surface soil. 
From the alpha-scattering experiments, 0 to 
4.5 percent, by weight, of the soil could be 
metallic iron, a result that establishes only an 
upper limit for the content. On the other hand, 
the magnet tests seem to indicate less than 
one-fourth percent magnetic material; this 
could be all magnetite, if the analogy with 
terrestrial basalts is at all relevan t. The single 
magnetic object that apparently adhered to the 
magnets on the surface sampler is spectacular, 
and may be a fragment of a meteorite; however, 
it seems inappropriate at this time to base any 
speculations on a single datum of this kind. 

Bvlk Composition of the Moon 

The Surveyor chemical analyses do not pro
vide any definitive information on the bulk 
composition of the !tillar body. Indeed, the 
composition of the !tillar interior must always 
remain a matter of inference; evidence will 
always be circumstantial and remain open to 
alternate interpretations. At the present time, 
two questions are crucial to interpretations: 

(1) Is the Surveyor VII analysis typical of 
highland ma terial? 

(2) To what depth is the estimated density 
representative of the lunar "crust"? 

These questions obviously cannot be answered 
until additional highland sites are analyzed. 
The following circumstances prevail: 

(1) The mean density of the Moon (3 .34) is 
very close to the mean density of the Earth's 
un compressed mantle material , about 3.35 or 
slightly higher. Under the pressure and tem
perature conditions expected in the lunar in
terior, the mean lunar density may be taken as 
the true, constant density of the lunar interior 
with an error less than 0.05 gjcm3

, if the esti
mated density from the Surveyor VII analyses 
is valid for only a few kilometers of the lunar 
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"crust" (i.e., no dense core or other structural 
inhomogeneity). In addition, the composition 
of the Surveyor VII lunar highland sample 
agrees closely with that of an anorthositic 
gabbro and reasonably well with that of oceanic 
and continental tholeiitic basalts (tables 9-1 
and 9-2). Analyses from the Surveyor V and 
VI sites are similar, but show twice as much 
iron; thus, the material from the maria also 
resumbles terrestrial basalts, but bears a re
semblance to the eucrites, which differ in major 
elemen t chemistry from the tenestrial basal ts 
in their high iron (as well as having lower 
alkalies, a matter which cannot be discussed on 
the basis of the preliminary results from the 
alpha-scattering experiment). The obvious in
ference from the similarity between the mantle 
and Moon densities is that the lunar body and 
the Earth's mantle are composed of essentially 
the Rame substance. 

The mantle may be thought of as a mixture 
of an olivine (80 percent Fo, 20 percent Fa) 
with a basalt in a ratio of about 5 to 1. Until 
some strong counterevidence comes from the 
lunar surface, some heed must be paid to this 
inference because of the lack of any other ob
vious candidates for the 3.34 density. For this 
reason, it is especially interesting that the lunar 
surface, which we tend to regard as the prime 
derivative of the lunar body, should have a 
composition so similar to the basalts, which 
compose the prime derivative of the tenestrial 
mantle. The results from the alpha-scattering 
experiment, therefore, may be viewed as addi
tional circumstantial evidence in favor of the 
Moon/mantle similarity. 

The tenestrial analogy is imperfect, however, 
and the divergences provide very interesting 
scientific questions. In the Pacific Ocean, the 
basin extrusives are andesitic. These two vari
eties, on the average, show a density difference 
on the order of 0.1 or 0.2, which is of the same 
magnitude and sign as the density difference 
that has been estimated between lunar mare 
and highland materials. But the sequence of 
lunar materials is different: The basin deposits 
on the Earth most resemble the highland de
posits on the Moon; the "fenobasalt" of the 
lunar basins finds no common terrestrial analog, 

and the tenestrial andesite has not been found 
in any of the three Surveyor chemical analyses. 

(2) The Surveyor VII analysis bears a close 
resemblance to a terrestrial anorthositic gabbro 
(table 9-1), such as may be found in layered 
basic intrusives, such as the Stillwater, Bush
veld, or Skaergaard intru ives. Certainly the 
possibility should be considered that the layered 
gabbros and genetically related members are a 
ubiquitous feature on the lunar surface. In this 
re pect, a geological mapping of the area north 
of the crater Tycho leads to remarkably con
sistent agreement that several distinct blankets 
of material can be identified and stratigraph
ically placed; only the origin of the various 
units has been subjected to multiple interpreta
tions. If the units are ejecta deposited as a 
result of the impact that formed Tycho, then 
the material around the Surveyor VII site was 
probably derived from depths of 10 to 15 km. 
It would not be surprising, therefore, if plutonic 
igneous rocks were the main constituent of the 
deposits around the spacecraft. The observation 
of coarse, light/dark textures in rocks near the 
spacecraft is suggestive of, and consistent with, 
such an interpretation. The observations are, 
however, hardly conclusive. It is equally possi
ble that the material analyzed at the Surveyor 
VII site is a postcratering volcanic rock. The 
depth of origin of such material is a matter of 
speculation, but it seems likely that the source 
would be very much deeper than for impact 
ejecta. 

Notwithstanding the origin of the Surveyor 
VII highland samples, if one posits that the 
density estimated for the material analyzed at 
the Surveyor VII site is representative of the 
highland provinces (corresponding to more than 
80 percent of the lunar surface) and extends 
to depths approaching 100 km or more, the 
mean density of the Moon would require 
interior densities significantly greater than the 
mean value. Recent results reported by Lorell 
and Sjogren (ref. 9-14) from analysis of the 
Lunar Orbiter tracking data suggest that the 
Moon has an interior density "moderately 
higher" than crust density. Because density 
increases produced by the modest interior 
pressures of the Moon could be compensated, 
or even offset, by the effects of increasing 
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temperatures of depth, increased in terior den
sity may be interpreted as indicating material 
that is compositionally different from the 
Surveyor basaltic chemistry. Ultrabasic com
position, high-pressure assemblages, and perhaps 
even the presence of an embryonic "core" as 
a result of chemical fractionation of the pri
mordial lunar mass may provide, either indi
vidually or collectively, an explanation for 
higher interior densities. Differentiation within 
the body of the Moon, however, may not have 
proceeded as far as terrestrial processes; it is 
interesting to speculate that the Moon in its 
present state may represent an evolutionary 
stage similar to that of a youthful Earth. 

On the Thermal Regime in the Moon 

The Surveyor chemical analyses are strong 
circumstantial evidence that melting has 
occurred in the Moon, and the Lunar Orbiter 
photographs suggest that this may have been 
true over a major fraction of the Moon's 
history. The consequences of such melting in 
the lunar body are relevant to subsequen t 
discussions and are of in trinsic interest. 

It is possible to discuss the heating to be 
expected in an initially cold Moon by decay 
of the long-lived radioactivities UZ38, U235, 
Th232 , and K40. Temperatures estimated in this 
way are likely to represent the minimum 
possible temperature, since other effects, such 
as initial heating, tidal friction, etc., act to 
raise the temperature. Both time-dependen t 
and steady-state calculations have been made, 
and all have certain features in common: a 
nearly constant maximum temperature through
out the in terior, decreasing to a nearly constant 
gradient region near the surface; and a steady 
increase in the central temperature with time, 
given by the total heat added to the interior 
by radioactive decay. By relating the history 
of heat production to the concentration of 
heat-producing isotope, i t is possible to in
vestigate whether or not melting in the interior 
is likely for a given type of material (ref. 9- 15). 
Melting is predicted if the concentration of 
KzO exceeds about 0.02 perceBt. 

For oceanic tholeiites (ref. 9-14), KzO ranges 
between 0.06 and 0.26 percent; it ranges be
tween 0.04 and 0.22 percent for eucrites (ref. 

9-6). Both of these are notable for having the 
lowest KzO (and other alkalies) within terres
trial extrusive and stony meteorite groups, 
respectively. The amount of K 20 in the parent 
material is less by some factor, which depends 
on the original proportion of the magma in the 
parent. Factors of 3 to 6 have been sugge ted; 
it is then apparent that the range of uncertainty 
brackets the critical KzO value of 0.02 percent. 
It is probably safer to heed the photographic 
and chemical evidence in favor of melting, and 
put a lower limit on the KzO in the Moon. 
The values are not very different from the 
concentrations suggested for the Earth's mantle 
in discussions of terrestrial heat flow; for that 
reason, it is convenient to set them equal and 
compare the steady-state heat flow to be 
expected. The Moon' volume, and hence its 
total amount of heat-producing material, is 
smaller than that of the Earth by (Rm/R e)3. 
The area is smaller by (Rm/R e) 2. The heat 
flow should then be smaller in proportion 
to the radius, namely by a factor of 4. In 
all numerical discussions of lunar temperature, 
the heat flow follows this approximation fairly 
well, and is in ensitive to the transient aspects 
of the problem. On dimensional grounds then, 
the near-surface thermal gradient is found to 
be four times less than the terrestrial gradient. 
The pressure gradient, away from the center, 
is about six times less. Thus, approximately, 
the temperature and pressure gradients in the 
outer few hundred kilometers of the Moon are 
expected to be about five times less than on the 
E ar th . The temperature (pressure), T(P), 
behavior can also be taken over from the 
terrestrial T (P) , but must be scaled by a factor 
of 5 in depth. That upper portion of the ter
restrial crust/upper mantle system that i cool 
enough to support long-term stresses and not 
creep is about 50 to 80 km thick, and may be 
called the lithosphere. The region extending 
from the lithosphere to at least 180 km is 
characterized by a low-velocity, high-attenua
tion zone, and is tb e locus of primary magma 
generation. Discussions of temperature indicate 
that this region is one in which the temperature 
is near, if not at, the melting temperature of the 
first melting component and has, in con
seq uence, very little strength (asthenosphere). 
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If these conditions are "mapped" onto the 
Moon, the lithosphere must extend to depths 
of 250 to 400 km, and the remainder of the 
lunar interior will correspond to the low
velocity asthenosphere. The center of the 
Moon corresponds to a depth of only 150 km 
in the Earth. 

On Chonaritic Meteorites ana the Moon 

The possibility that some or all varieties of 
meteorites are derived from the Moon has been 
a tantalizing prospect for many years (refs. 
9-15 and 9-16) . However, from even a cursory 
examination of table 9-1 , it is apparent that 
the chemical composition at the Surveyor V, 
VI, and VII landing sites in no way resembles 
the composition of ordinary or carbonaceous 
meteorites; both types of chondrites have al
together too much Mg and too little Oa and Al; 
in addition, carbonaceous chondri tic meteorites 
have too much O. The evidence relating to the 
bulk composition of the lunar body remains 
circumstantial, however, and can be in terpreted 
in a chondrite framework . 

Suppose that ordinary chondrites, with a 
density of 3.6 to 3.8, comprise a major fraction 
of the Moon. Two-thirds of this could be fully 
melted, in a core, without conflicting with 
present knowledge of the nonequilibrium grav
ity harmonics of the Moon. Because the 
average density of such a Moon could not be 
less than about 3.55, it is necessary to a sume 
that volatiles, as exemplified by the constituents 
of the low-density (2.9) carbonaceous chon
drites, are present in sufficient quantity to 
bring the mean density down to 3.34. Under 
the possible conditions of temperature and 
pressure in the Moon, carbonaceous chondri tic 
material would probably assume a density close 
to 3.25 when the water was taken into denser 
phases. The only chondritic Moon that might 
be arranged to have the correct mean density 
by this mixture is composed almost entirely of 
carbonaceous chondrites. 

A Moon composed of carbonaceous chondrites 
in bulk differs principally from terrestrial 
mantle material in two ways: 

(1) The chondrites have significantly more 
iron, either as metal or in a silicate phase. 
The effect of this iron to increase the density 

is offset by the presence of a great deal of 
water, on the order of 10 percent of the total 
mass instead of 1 percent or less, as is the case 
with the mantle. 

(2) The chondri tic meteorites appear to be 
enriched in a, K, etc., with respect to the 
Earth's mantle. 

It is possible to discuss implications of these 
differences, but not conclusively. From an 
analysis of the probable pressures and tem
peratures in the Moon, there are indication 
that the T(P) is very much like that of the 
Earth, but with a depth scale about five times 
greater. From the center of the Moon out to 
1200 to 1400 lan, temperatures appear to be 
at, or near, melting conditions for the firs t 
melting fraction. Under these conditions, with 
approximately 1 percent water, the Earth's 
upper mantle is extremely mobile on geological 
time scales; this mobility is responsible for 
drastic displacements of crustal blocks, island 
arcs, mountain building, etc. 0 evidence for 
a similar tectonics of large-scale, lateral dis
placement is seen on the lunar surface; how
ever, this is compatible with the possibility 
that the lunar lithosphere (mechanically rigid 
crust) is six times thicker than the terrestrial 
lithosphere, a situation which is likely to sup
press large-scale displacements. To introduce 
10 percent water, however, and retain such 
stability seems totally unreasonable. IVforeover, 
it seems unlikely that a Moon with a mobile, 
high-temperature interior could retain 10 per 
cent water against outgassing over times of 
109 years or more. The circumstance most 
favorable to a chondritic Moon is, therefore, 
that of an interior which has remained at 
temperatures significantly below the melting 
point; this does not appear to be compatible 
with the amounts of heat-producing K, U , 
and Th in chondri tic meteorites. 

If material of chondri tic composition occurs 
in the lunar interior and does not come to the 
surface, the chondrites arriving on Earth must 
have originated elsewhere. Although the pos
sibility cannot be overlooked that chondri tic 
material eluded three Surveyors, the fact re
mains that chondrites constitute the over
whelming majority of all meteorites, and the 



LUNAR THEORY AND PROCESSES 359 

ordinary chondrites, high density and all, are 
still to be explained. (Carbonaceou chondrites 
are undoubtedly numerically more significant 
outside the atmosphere; they are easily broken 
apart and consumed by ablation processes on 
entering the Earth's atmosphere.) If the Sur
veyor analyses are typical, it i difficult to see 
how some, or all, of the chondrites come from 
the Moon, without conflicting with either the 
composition or the mean density. 

The resemblance to eucrites, shown by 
analyses from the maria, has been cited in 
the past on circumstantial evidence in favor 
of the Moon as an origin for the basaltic 
achondrites (refs. 9-6 and 9-16). The Surveyor 
VII analysi does not support the lunar origin 
for these objects and, in fact, tends to refute 
the po sibility. There are two difficulties: 
First, the basaltic achondrites constitute about 
5 percent of the observed falls and, if they 
have a lunar origin, are derived from less than 
20 percent of the lunar surface covered with 
mare material. Objects derived from the re
maining 80 percent of the lunar surface, the 
highlands, also should be present in the meteor
ites arriving on Earth. But there are no known 
meteorites with a composition similar to that 
indicated by the Surveyor VII analysis. Either 
the Surveyor VII analysis is not representative 
of the highlands or one must invoke the absurd 
conclusion that most meteorites are "filtered" 
by some unknown process that excludes all but 
those from the maria arriving on Earth. 

A second pitfall for the Moon/eucrite analogy 
stems from the observation (ref. 9-6) that 
eucrite might be genetically related to the 
howardites and mesosiderites and they, in turn, 
might be representative of the highlands. It is 
clear from tables 9-1 and 9-2 that the Surveyor 
VII analysis does not support such a possibility. 
It should be noted in passing that, with the 
potassium argon ages of eucrites 4.5 billion 
years, it is clear that the surfaces in the maria 
are either 4.5 billion years old or that the 
eucrites do not come from the Moon (barring 
circumstances of surface heterogeneity). Lunar 
Orbiter photography provides a wealth of 
morphological and geological detail about mare 
surfaces; many mare areas are among the 
stratigraphically youngest places on the Moon. 

339-4620-69-24 

Some members of this Surveyor working group 
are inclined to the view that the stratigraphic 
youth is equivalent to geological youth, with 
ages of some millions to tens of millions of years . 
However , others in this working group feel 
that the stratigraphically youngest areas are 
4.5 billion years old. This question of age and 
eucrite origin should be settled beyond reason
able doubt when lunar samples are available 
for radiometric dating. 

On Te ktites 

Ohemical measurements at the Surveyor VII 
landing site (see ch. 8) add to the evidence 
(refs. 9-3 and 9-4) that tektite material is not 
widely di tributed on the lunar surface. The 
importance of such material in the formation 
of the mare surface, if any, is clearly not as 
great as indicated by O'Keefe in reference 
9-17. 

The analysis of the rock from the Surveyor 
VII site indicates a material that may have a 
density of 3.0 or as low as 2.9, in remarkably 
good agreement with the best estimate for the 
rock weighed by the surface sampler (see 
ch. 5). The contrast in density between this 
rock and the material of the maria, which is 
much richer in iron and may have a density of 
3.2, is conceivably sufficient to account for 
isostatic differences in the elevations of the 
two regions. On the Earth, isostatic differences 
correspond to density differences of 2.7 versus 
3.0. It follows that the argument for a silicic 
rock in the highland parts of the Moon, con
trasting with a basaltic rock in the maria, is 
not securely based. 

On the other hand, it is well to keep in mind 
that large basaltic intrusions in the Earth are 
normally accompanied by small volumes of 
silicic rock, the so-called granophyres. It 
should be expected, therefore, that acidic 
rock may occur somewhere on the lunar surface; 
the Surveyor analyses, therefore, do not rule 
out the possibility that tektitic material may 
be found in ome parts of the Moon. 

Solar System Im plications 

The chemical analysis and the results of the 
data derived from the magnet test exclude the 
possibility that the Surveyor VII site is com-
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posed of chondri tic material. This discovery, 
coupled with the findings of Surveyors V and 
VI in the maria, supports the conclusion that 
the Moon is not the source of chond.Titic 
meteorites. This conclu ion bears directly on 
our present knowledge of the chemical composi
tion of the terrestrial planets. 

The high density of Mercury (ref. 9-1 ) and 
the generally lower (uncompressed) densitie 
of the planets more distant from the Sun have 
led to the idea that the dispersed material 
from which the planets accreted was somehow 
affected by solar irradiation early in the evolu
tion of the olar sy tem. 

Urey (ref. 9- 15) suggested that chondri tic 
meteorites might come from the Moon. 
If true, this would mean that the bulk of the 
meteoritic data applies to a relatively restricted 
portion of the solar ystem. If the chondrites 
are now ruled out by the Surveyor evidence, it 
appears that most meteorites are samples from 
outside the Earth/Moon system. The source of 
the chondritic meteorites is, of course, un
determined. However, the existing chemical 
and isotopic analyses of meteorites, as compared 
with t;errestrial and lunar data, now become 
more significant. 

The Surveyor analyses raise doubts about 
whether any primitive lunar material is pre
served at the surface. If the basaltic rock 
measured by Surveyors are the product of 
magmatic differentiation, the Moon probably 
has been ext;ensively modified since accretion. 
A differentiated Moon' would imply that the 
(l arger) terrestrial planets also are likely to be 
differentiated. 

Chemica l Observations of Surveyor V 

T. GOLD 

The important observation that the lunar 
soil at the Surveyor V site is basaltic in com
position is taken by many to subst;antiat;e the 
viewpoint, previou ly widespread, that vol
canism formed most of the lunar urface, 
supplying a differentiated t;ype of rock. The 
case for this is, however, by no means so simple 
or so clear cut. The arguments previously 
voiced again t a widespread differentiation on 
the Moon are now just as st;rong or, in ome 

ca es, even strengthened, by recent observa
tions. For example: 

(1) The mean density of the Moon is lower 
than the density it would have if it were initially 
compo ed of the same mat3rial as the Eart;h. 
A chemical compo i t;ion different; from that of 
the Earth i , therefore, implied. 

(2) The value of Cf (ma)2 (where C is the 
large t moment of inertia, m is the mass, and a 
is the radius) is now known to be close to 0.4, 
indicating the absence of any central condensa
tion. Thus, it does not seem likely that very 
widespread internal melting leading to internal 
differentiation occurred, since this most prob
ably would have resulted in central con
densation also. 

(3) The structural strength of the Moon i 
high enough to allow the persi tence of the 
present large departure from equilibrium in the 
distribution of its mass. A hot interior is not 
compatible with such material strength. This 
is true for the maintenance of both the lowest 
and the highest harmonics of the gravitational 
field. 

(4) The Moon loses very little gas at the 
present time. Gas emission from any present
day volcanism on the Moon must be a factor 
of 105 or 106 down from that of terrestrial 
volcanism in order to have escaped detection. 
The presence of liquid rocks at shallow depths 
seems to be excluded by the paucity or absence 
of gas emission. 

(5) The lunar material has suffered very 
little horizontal deformation in the whole of 
the history depicted by its present surface. 
E ven the oldest craters show as much tendency 
to circularity as the younge t. There are no 
chains of folded mountain or any large dis
tor tions of the high ground that would be 
expected if large volumes had been displaced 
in pouring lava over the low ground. 

(6) There is no widespread stratification vis
ible on the Moon, even on the steep slopes of 
large, fresh craters. Corresponding slopes on 
the Earth generally would demonstrate stratifi
cation, both with respect to color or albedo and 
to the tendency of erosion to cause terracing. 

(7) The large increase in resolution that the 
Lunar Orbiter photographs give over terrestrial 
telescopes has led to very little new morpho-
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logical information that indicates volcanism. 
Much of the information was barely detectable 
with terrestrial telescopes, but is not seen any 
more clearly by using the photographs. Inter
nally caused visible features may be due to 
the movements of subterranean ice and water, 
rather than magma. 

There are several other interpretations of the 
recent findings that do not contradict these 
points. The meteorites show that various 
degrees of differentiation have occurred in the 
solar system in bodies other than those that 
now exist. We assume that these bodies were 
shattered by collisions. We may then ask 
whether the present-day meteorites represent a 
selection of material left over from these 
earlier phases, and which type of such material 
was responsible for building the Moon or for 
adding the outermost layer to it. If the basaltic 
achondrites represent this material, the com
position would fit, and one may even wonder 
whether the basaltic layer that covers most of 
the deep oceans on the Earth has perhaps a 
similar origin. (The basaltic ocean mounds 
have, without doubt, been heated in the process 
of being raised, and the short age determinations 
may be quite irrelevant for the ages of the 
seismically determined deep ocean layer.) The 
observation of the composition of lunar surface 
material in fine detail and of the deep-ocean 
basalt would be most revealing. 

It may be that there are other ways of rec
onciling the known evidence. One must search 
for these and ask the appropriate questions of 
the lunar exploration program. I t would be a 
disservice to this program if an important point 
were regarded as settled, despite a mass of 
conflicting evidence. 

The Physical Condition of the Lunar Surface 

T. GOLD 

The Surveyor landings demonstrated that the 
lunar surface is composed, in general, of very 
fine, slightly cohesive rock powder. The depth 
of this material, the particle size, and the 
ubiquity of this type of surface can still be 
debated; but very significant constraints can 
be placed on each. 

The small particle size of the material that 
covers all the Surveyor landing sites can be 

established from a variety of observations. 
Many Surveyor pictures clearly show imprints 
of spacecraft members in the lunar surface 
material. An ou tstanding example is the 
Surveyor III picture of an imprint made by a 
footpad during the spacecraft's initial landing. 
The dept.h of the regular "waffle pattern" 
cannot be more than 100 microns, which is 
the maximum deformation that the flat alu
minum sheet could have suffered. This waffle 
pattern, which is clearly visible, would not be 
seen if the medium contained a significant 
admixture of, for example, 1/10-rum grains. 
Experiments show that even a 20-percent, by 
weight, admixture of 50-micron particles in an 
otherwise sufficiently fine medium will spoil the 
precision molding properties observed. 

Pronounced changes occurred in the optical 
scattering law of the surface material as a 
result of the imprints. The very great brightness 
of the conical part of the Surveyor III footpad 
can be understood only in that way. Instead of 
the normal scattering law of the lunar material 
with a strong peak in the backscatter direction, 
evidently there is now a strong forward-scatter 
component around the direction of specular 
reflection. A surface of that nature would be 
said to possess "sheen." The same effect is 
visible in many other Surveyor pictures, where 
smooth spacecraft surfaces have been in con
tact with the powdered rock. One can estimate 
by theorizing or test by experimenting how 
small a particle size is required to achieve these 
effects . The answer in either case is less than 
10 microns. 

These observations also resolve whether the 
normal scattering law of the Moon is a conse
quence of the "fairy castle" structure in which 
the surface of the powder is normally assembled, 
or whether it is a consequence of individual 
particles that have the complex shapes needed 
to generate this law. It is clear that the latter 
cannot be the answer, since the backscatter law 
of the surface then would not have been changed 
significantly by contact with spacecraft surfaces. 
Thus, it is clear that the particle size is pre
dominantly less than 10 microns, and that the 
usual configuration of the particles on the sur
face indeed involves the type of structure called 
"fairy castle"; i.e., a complex microscopic 
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structure in which the shadows cast have a 
profound effect on the optical properties . 

Since the optical polarization law of the 
Moon's surface requires roughness on a scale of 
2 or 3 microns or less, it is likely that this places 
a limit on the dominant particle size, rather 
than the slightly larger limit that would be 
allowed by the previous considerations. Most 
physical processe that generate small particles 
tend to make rather smooth surfaces on this 
scale where surface tension is very significant. 
It is, therefore, most probable that almost all 
of the Moon is covered with particles no more 
than a few microns in size. 

The Observed Spray Phenomena 

Many observed phenomena are best under
stood as spray of a slightly adhesive powder. 
The best example was the Surveyor VI mission 
during which a photometric target, first ob
served to be quite clean, was almost completely 
covered with a thick, adhering layer of rock 
powder after the spacecraft executed a brief 
takeoff-and-landing maneuver. It is thought 
that this coating occurred during the liftoff 
when the vernier engines were fired close to the 
lunar surface. The photometric target was at a 
height of about 1 meter above the ground and 
about 2 meters from the surface area under the 
nearest vernier engine. In the Surveyor V 
vernier firing , many clumps of material on the 
surface were observed to be dislodged and, pre
sumably, one similar clump hit this target. It is 
noteworthy that a clump striking such a surface 
will splatter itself and form an adhesive coating. 
The adhesion must have been sufficiently good 
to not only survive against the weak force of 
gravity but also against the much larger inertial 
forces of the subsequent landing impact (be
tween 1 Yz and 3 g) . 

Expressed in more familiar terms, it will 
mean that the lunar powder can be picked up 
in clumps, thrown like a snowball and, like a 
snowball, will tend to cover the target surface 
with a coating that is not easily shaken off. 

A slightly different behavior was observed on 
Surveyor V, where the vernier engines were 
fired briefly without moving the spacecraft. 
Many changes in the detail of the surrounding 
surface could be seen. Many clumps had evi-

dently been thrown to a distance of more than 
3 meters from the vehicle. The sensor head of 
the alpha-scattering instrument initially had a 
gold-plated, highly reflecting mirror finish. In 
the picture taken before the vernier firing, one 
can see the vertical face of the sensor head 
giving a clear mirror image of the surrounding 
ground. After the vernier firing, that ame face 
seemed to be completely matte and dark gray 
with an albedo similar to that of the lunar sur
face. 0 mirror-image effect is observed, and a 
hadow (of the electrical connecting tape) ap

pears as dark on that surface as on the lunar 
ground. This implies that the surface was 
coated substantially with the lunar dust. In 
this case, the coating appears quite smooth, 
unlike that on the photometric target; it is not 
at all probable that the coating was caused by 
clumps thrown against the instrument. Instead, 
a fine spray must have been showered over it, 
and an almost complete monolayer, or more, 
must have become attached. This is quite con
sistent with the observations of the photometric 
target, and it is very probable that if clumps can 
be thrown and if they adhere, many individual 
small particles would also be thrown and would 
attach themselves to the target surfaces. It is 
observed in the laboratory, even without high 
vacuum, that small dust grains would indeed 
readily adhere and coat surfaces. I n a better 
vacuum, this tendency increases. 

All these phenomena of clumping and ad
hering to surfaces again imply a rather small 
particle size. In the laboratory, particles of 10 
microns or smaller behave in that manner; 
however, 100-micron rock particles behave in 
a different manner. The cohesion between them 
cannot be made large enough, even in a good 
vacuum, for them to clump together; when 
striking a surface they tend to bounce off 
rather than to adhere. The observations of 
these coated surfaces are, therefore, in accord 
with the previous deduction that the particle 
size is predominantly below 10 microns. 

On Surveyor III, another particle-adhesion 
phenomenon occurred. The camera mirror lost 
its optical quality over approximately half of 
its area and scattered light diffusely. This can 
again be attributed to particles sprayed up 
from the surface during the landing maneuver 
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executed by Surveyor III. The vernier engines 
con tinued to fire during the first and second 
contact with the ground and, no doubt, some 
lunar dust also was stirred up on these occasions. 
The part of the mirror that seems to have been 
obliterated was the region that would have 
been exposed, and not protected by the camera 
housing. 

It has been argued that some of these phe
nomena may not have been due to adhesion of 
small particles, but to sandblasting effects and 
to the destruction of the surfaces. This would 
require a much larger particle size than 10 
microns before any sandblasting effects became 
optically ignificant. It would also require very 
high particle velocities. There is no question 
that particles adhered to the photometric 
target; therefore, it is clear that, in general, 
particles are capable of such adhesion. Ad
hesion is easily demonstrated in the laboratory, 
and occurs with almost all small particles and 
all surfaces. The.refore, adhesion is considered 
a more probable explanation than sandblasting 
for the observations on the two mirror surfaces. 

The fact that many other surfaces were ob
served to remain clean during the same events 
that coated the surfaces mentioned merely in
dicates that the rocket spray from the ground 
tends to be in a few jets rather than a diffuse 
shower. 

The depth to which the powder layer ex
tends cannot be established from any of the 
present observations. It is evidently more than 
a few meters in most areas, for many craters 
of that depth have been seen that show no 
discontinuity in their interior. The larger 
craters visible in Surveyor pictures are often 
surrounded by many angular rocks. It is not 
known whether these obj ects are hard rocks or 
a variety of aggregates with varying degrees of 
firmness. The depth that craters must have 
before blocks can be seen around them is 
different in different regions. There is either a 
subsurface layer of a stronger rock at different 
depths, or the degree of compaction with depth 
is regionally different. Material ejected from 
very deep craters such as Tycho, previously at 
a depth or more than 4 kilometers, for the most 
part, must be hard. The material will have 
been compressed by the initial overburden 

under which it would lie for a very long time, 
an d then by the intense shock waves necessary 
to excavate the crater. 

Because the powder layer in most areas is 
at lea t a few meters thick, it is probably the 
layer responsible for the low radio reflectivity. 
If this is true, it would have to extend in most 
areas to a depth of at least 10 meters to ac
count for the radar observations. The alterna
tive would be to suppose that another differen t 
kind of underdense rock exists beneath a few 
meters of powder. There is no suggestion of this 
in any of the pictures, and it is, therefore, more 
probable that the powder continues to the 
depth required by the radio measurements, 
though quite possibly with gradually increasing 
density of packing, and increasing cohesive 
strength . 

Surveyor VII landed on highland ground, and 
al though a great many more rocks were found 
in the area, the consis tency of the soil still 
seemed much the same. In addition, several 
tracks of rolling boulders can be seen in Lunar 
Orbiter photographs; these tracks imply pene
tration to a depth of several meters. Thus, the 
material of the highlands and maria appear to 
be covered with a thick layer of fine rock 
powder. The thermal and radar anomalies for 
certain regions on the Moon can be accoun ted 
for by an increase in the number density of 
rocks, as observed by Surveyor VII in the 
vicinity of Tycho. 

Importance lor Future Technology 

For purposes of future lunar technology, the 
findings discussed would be impor tant in the 
following respects: 

(1) Digging should be easy. I t should be 
remarkably easy to dig down a few meters with 
a large shovel. The weight of the material in 
lunar gravity is only a little more than snow 
is on Earth. The material can be cut easily; it 
is cohesive enough to be lifted in large blocks, 
more or less like snow, and the sides of a hole 
should be fairly firm and not easily caved in. To 
investigate the lunar subsmface at a depth of 
about 1 meter should be considered the equiva
lent of digging in snow on Earth, about 1 minute 
of work, rather than digging in terrestrial soil 
or rock. 
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(2) Similarly, pushing rods into the surface 
should be easy, especially if they are pointed, 
thin, and possess a surface that will slide com
paratively freely against rock powder. Thermal 
measurements obviously can benefit from this 
convenient property. An early test with thin, 
long rods coupled together should determine the 
circumstances under which a drill would be 
required. 

(3) Spray and adhesion of lunar powder are 
likely to present problems in many situations, 
e.g., during the landing maneuver of a large 
vehicle, when visibility of the ground may be 
seriously impeded, and when surfaces on the 
vehicle may become coated. The experience 
with the photometric target shows that splash
ing does occur, and surfaces that are not in 
direct-line access from the originating area of the 
spray may still be coated as a result of impact 
and deflection of some material. The boom 
holding the photometric target was clearly in 
the way of the spray and, although a reduced 
coating is seen in its spray "shadow," this 
shadow is not complete. It is, therefore, not 
quite certain what surfaces on the landing vehicle 

may be affected, and one should consider the 
problems raised by a splash that coats any part 
of the vehicle's surfaces. 

The proposed lunar flying machines that 
propel an astronaut off the urface will create a 
hazard. Both the nearby LM and the astro
naut's visor may provide surfaces where con
tamination would be damaging or disastrous, 
yet a strong blast is required close to the ground. 

Adhesion of powder, though in general ap
parently not very severe, may still be a problem 
in several astronaut activities. Door mecha
nisms and gaskets, plugs, and other accurately 
fitting surfaces would clearly be affected by 
adhesion such as that on the alpha-scattering 
instrument or on the photometric target. Some 
dust necessarily will be brought into the L 1: by 
the astronauts and will later float in the interior. 

Postsunset Horizon " Afterglow " 

D. E. GAULT (CHAIRMAN), J. B. ADAMS, R. T. COLLINS, 
G. P. KUIPER, J. A. O'KEEFE, R. A. PHINNEY, 
AND E. M. SHOEMAKER 

Observations of the western horizon shortly 
after sunset during the Surveyor VII mission 

FIGURE 9-1.-Illumination along western horizon about 15 minutes after local sunset. 
Second disk; exposure time: 0.2 second (Jan. 23, 1968, 06:18:32 GMT). 
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FIGURE 9-2.-lllumination along western horizon about 90 minutes after local sunset. 
Second disk; exposure t ime : about 1.2 seconds (J an. 23, 1968, 07:32:49 GMT). 

revealed, along the crest of the horizon, a bright 
line of light similar to that previously reported 
for the Surveyor V and VI missions (refs. 9-16 
and 9-19). Though not sufficiently well defined 
to be recognized at the time, the phenomenon 
also occurred during the Surveyor I mission. 
Although no sunset observations were made on 
Surveyor III, it appears that this postsunset 
phenomenon along the western horizon (and 
probably the eastern horizon at sunrise) is not 
an unusual event, but occurs regularly as the 
natural consequences of some aspect of the 
lunar environment. 

The light was observed for periods of time up 
to about 2 hours after sunset. The center of the 
solar disk, therefore, is about 1.25° below the 
horizon when the "afterglow" either stops or 
the intensity falls below the limits of detection . 
Pictures of the light from the Surveyor VII mis
sions are shown in figures 9-1 and 9-2 when the 
Sun was centered approximately 0.4° and 1.0°, 
respectively, below the horizon. In figure 9-1, 
the light intensity permitted normal shutter 
operation (exposure time, 0.15 second); the 

bright line appears to extend only about 2° 
along, and 78° above, the horizon. The light in
tensity decreased rapidly; about 1 Y2 hours 
later, a nominal l.2-second exposure (fig. 9-2) 
showed a faint line of illumination extending at 
least 4° along the horizon. A 40-second exposure 
(fig. 9-3), taken about 2 hours 40 minutes after 
sunset, showed no edge of light along the hori
zon. This last picture (illumination provided by 
light backscattered from the ridges east of the 
spacecraft, and by earthlight) provides a valu
able comparison of the rocks and horizon geom
etry with the shape of the bright regions in 
figures 9-1 and 9-2. A particularly striking 
facet of the phenomenon is the "mapping," or 
shadows, in the edge of light, apparently caused 
by the rocks extending along and above the 
lunar horizon line. 

Although no complete explanation can be 
offered at this time, the relative intensities of 
the light on Sm'veyors VI and VII suggest that 
scattering by small particles above the lunar 
surface is no t the mechanism for the phenome
non. This conclusion is drawn from the fact 
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FIGURE 9-3.-Same field of view of western horizon as figures 9-1 and 9-2 about 160 minutes 
afterlocal sunset. Second disk; exposure time: about 40 seconds (Jan. 23, 1968, 08 :46:.56 
GMT). 

that, while the intensity of the bright edge ap
pears to be greater for Surveyor VII than for 
Surveyor V or VI, the distance to the horizon 
and the path length of the light immediately 
above and along the surface is probably shorter. 
For equal spatial density of the particles above 
the surface, the longer path length, contrary to 
observations, should have produced a pattern of 
greater brightness. Alternatively, diffraction by 
small particles on the lunar surface, as dis
cussed by O'Keefe et ill. (ref. 9-16), may pro
vide a mechanism for proqucing the phenome
non; however, further study is required before 
any explanation is considered firm. 
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10. Surveyor PosttouchcJown Analyses of Tracking Da ta 

F. B . Winn 

Lunar posttouchdown tracking data (co
herent two-way doppler) were collected inter
mittently throughout the first lunar day of the 
Surveyor I , III, V, VI, and VII missions. These 
data were used to determine the selenocentric 
loca tions of the Surveyors and the geocen tric 
locations of the Deep Space Stations (DSS) 
involved in the tracking operations. During 
the Surveyor data reductions, model limitations 
were apparent. The "observed minus com
puted" (O-C) residuals emanating from the 
data fits exhibited long-term periodicities and 
diurnal signatures. The long-term periodicities 
are lunar ephemeris dependent. The diurnal 
signatures result from tropospheric, ionospheric, 
and lunar motion-modeling defects. High cor
relations between the lunar radius and eleno
centric longitude do exist in the solutions of the 
Surveyor I and III data. A high correlation 
between the probe's selenocentric distance and 
latitude were experienced in the Surveyor VII 
data fits . This necessitated the adoption of the 
Aeronautical Chart and Information Center 
(ACIC) lunar radii for these solutions. The 

lunar radius is a valid parameter in the Surveyor 
V and VI data reductions. 

The Surveyor positions, as deduced from 
Lunar Orbiter photographs (ref. 10-1), from 
inflight data fits (ref. 10-2), and posttouchdown 
data fits, are presented for comparison in 
table 10- 1. 

Long-Term Periodicities 

Three lunar ephemerides were used in the 
processing of the Surveyor posttouchdown 
tracking data. The ephemerides employed were 
Lunar Ephemeris 4 (LE 4, ref. 10-3), LE 5 
(refs. 10-4 and 10-5) , and LE 8 (a recent con
struction, no reference available at this time). 

LE 4 can be regarded as the modern, evolved 
Brown's lunar theory. It recently has been dis
covered that LE 4 has radial position and veloc
ity components that deviate from observations 
(refs. 10-6 and 10-7; see figs. 10-1 and 10- 2). 

LE 5 is a numerical integration of the equa
tions of motion, which uses LE 4 positions as 
input observables. Essentially, this amounts to 
a smoothed LE 4, which is gravitationally 
consistent. 

TABLE 10-1. Surveyor selenocentric coordinates (in degrees) 

Spacecraft 

I 8 _________ 
III8 _______ 

v 
V 
V 

. --- ----
I __ _____ 
II 8 _____ __ 

Lunar Orbiter 
photographs ( r ef. 10- 1) 

A 

'" 
316. 79 2. 468 
336. 66 3.018 

----- --- - --------
358. 62 .47N 
348. 55 40.928 

lnftight data fit ( r ef. 10-2) 

A ,n 

'" 
cr. 

316. 665 O. 069 2.4398 O. 084 
336. 59 .02 3. 018 . 11 

23. 20 . 04 1. 49 .16 
358. 624 .006 .419N . 064 
358. 59 .06 41. 018 . 07 

• Posttouchdown solutions constrained to ACIC lunar radius value. 
X=selenocentric longitude, deg. 
ci>=selenocentric latitude, deg. 

369 

Posttouchdown data fit 

A cr, 
'" 

cr. 

316. 676 O. 029 2. 5018 O. 005 
316. 682 .Oll 3. 0558 . 005 

23. 201 .026 1. 415N .006 
358. 629 .018 . 460N .006 
348. 653 .008 40. 9718 . 010 
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FIGURE IO-1.-Surveyor VI, DSS 42. First lunar day, O-C residual set (compressed 
fiv e data points/min). LE 4 was used. Note periodicity. 
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FIGURE IO-2.-Surveyor VII, DSS 61. First lunar day, 0 - C residual set (one data point/ 
min). LE 4 was used. 

LE 8 is analogous to LE 5 in that LE 8 is a 
numerical integration of the equations of mo
tion using "refined" LE 4 positions a input 
observables. The "refinement" of LE 4 is in 
two parts: (1) the J 20 defect (the incorrect 
coefficient of the second harmonic term of the 
harmonic series used to describe the Earth's 
gravitational potential) was changed to be con
sistent with the definition by the International 
Astronomical Union (IAU in 1964); (2) sus
pected faulty fitting to the Brown lunar theory 
(ref. 10-8) was corrected to one significant place. 

The 0-0 residual, long-term periodicities 
represent lunar motion modeling errors. All 

three ephemerides exhibit this trait. The LE 4 
(nonintegrated ephemeris) induced, long-term 
periodicities are more pronounced than those 
associated with the integrated ephemerides, 
LE 5 and LE 8. The 0-0 residual, long-term 
trends, LE 4 dependent, are shown in figures 
10- 1 and 10-2. The LE 5-associated residual, 
long-term periodicity shown in figure 10-3 
depicts an approximate period of one lunation 
with an amplitude of 0.7 mm/sec. In retrospect, 
all of the Surveyor 0-0 residual sets demon-
trate LE 5-induced, long-term periodicities 

(figs. 10-4 and 10-5). 
LE 8-dependent, long-term residual trends 
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FIGURE lO-3.-Surveyor VII, DSS 61. First lunar day, 0 - C residual set (one data point/ 
min). LE 5 was used. 
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FIGURE lO-4.-Surveyor V, DSS 61. First lunar day, 0 - C residual set (one data point/ 
min). Refractivity index: N 61 =270. LE 5 was used. 
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FIGURE lO-5.-Surveyor VI, DSS 42. First lunar day, 0- C residual set (compressed five 
data points/min). LE 5 was used. 
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are apparent in figure 10-6. LE 8 was used only 
in the Surveyor VII analysis. Although LE 8 
is of such recent origin that, as yet, its detailed 
character has not been assessed, it is valid to 
say that LE 5 fits Surveyor VII observations 
better than LE 8. 

VI, and VII exhibited diurnal signatures. The 
character of the diurnal signature is governed 
by that portion of the pass used for tracking 
data collection. During the operational life
times of Surveyors I, III, and V, spacecraft 
control was frequently transferred as soon as 
possible to DSS 11 (Goldstone, Calif.) by DSS 
42 (Canberra, Australia) and DSS 61 (Robledo, 
Spain). This was desirable from the standpoint 

Diurna l Signature 

The O-C residuals for Surveyors I, III, V, 
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FIGURE lO-6.-Surveyor VII, DSS 61. First lunar day, 0- C residual set (one data pointj 
min). LE 8 was used. 

of video research operation. The lunar rise over 
DSS 42 and the lunar set over DSS 61 were 
infrequently observed. As a consequence, the 
daily residual traits are deceptive (see figs . 10-7 
through 10-9; also see fig. 10-4) . The diurnal 
signature is descriptive of DSS longitude and/or 
timing errors, lunar longitude errors, tropo
spheric refraction modeling errors, DSS latitude, 
or spin-axis distance errors. 

To maximize the effectiveness of the tracking 
data samples of Surveyors VI and ViI, the 
following data acquisition policy was requested: 

(1) All tracking data collection periods to be 
a minimum of 30 minutes. 

(2) Tracking data collected during 1 lunar 
day to be equally distributed throughout the 
mean lunar pass, rather than collected at the 
same points or positions during each pass. 

An exten ive effort was made to create these 
data characteristics. Becau e of the acquisition 
of low-elevation tracking, a more complete 
picture of the diurnal signature is available 
(see figs. 10-7 through 10-9) . This signature 
can be attributed to tropospheric refraction 
(deficien t modeling), ionospheric charged-par
ticle effects (not modeled), and/or lunar latitude 
errors (suspected lunar ephemeris defect) . 

Recent investigations by Liu (ref. 10-9) and 
Mulholland (ref. 10- 10) have tentatively iden
tified and ordered the three diurnal errors 
presently incorporated into the Single Precision 
Orbit Determination Program (SPODP, ref. 
10- 11) residual sets: 

(1) Tropospheric refraction: ",,33 mm/sec/ 
100 at 0° elevation (maximum). 

(2) Suspected lunar ephemeris error func
tions: ",,1.0 mm/sec (maximum). 

(3) Ionospheric charged-particle effects: 
",,0.5 mm/sec (maximum). 

Tropospheric Refraction 

The refraction signature has been empirically 
determined and programed into the SPODP 
(ref. 10-11). The empirical refraction function 
IS 

. Ol{[ 1 r 
Cirp=-; sin (Y+ 1';)+02 3 

-[sin ( 7-~ )+0,]", } 3i60 
where 0 1, O2, and 03 are empirically determined 
constants (01=0.0018958, O2=0.06483, and 
03=1.4) and 

CiTp=refraction correction applied to the 
SPODP-calculated data types, hertz 

T=doppler count interval, econds 
l'=elevation angle, radians 
-y=rate of elevation-angle change, radians 

per second 
N=refractivity index 

The tropospheric refraction indices, N, used 
in the initial SPODP olution for the Deep 
Space Station locations are all set at N=340.0. 
Recent research by A. Liu (ref. 10-9) has 
provided evidence that the following values for 
N are more precise: 

DSS 11: N lI =240.0 
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FIGURE lO-7.-Surveyor VII. Pass 11 
for DSS 11. Refraction influence on 
SPODP residuals. LE 5 was used. 
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Pass 11 for DSS 42. Refraction 
influence on SPODP residuals. 
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DSS 42: N 42 =300.0 
DSS 61: N s1 =310.0 

This influence of tropospheric refraction is 
primarily a phase retardation plus a bending, 
and a consequential lengthening, of the ray 
path. By using Liu's formulation, an error of 
100 units of N generates O-C residuals of 
0.5 Hz (33 mm/sec) for horizon range-rate 
observations. The refraction-induced 0 - C 
residual signature contained in reference 10-9 
greatly resembles the O-C residual character
istics of the Surveyor passes. An examination 
of figures 10-7 through 10-9 (Surveyor VII, 
DSS 11 residuals, pa 11, with varying values 
of N) shows significant elevation-dependen t 
O-C residual biases that correlate remarkably 
well with the computed refraction-error fun c
tions. Examination of figures 10-8 (DSS 42) 
and 10-9 (DSS 61) reveals evidence of like 
influences. 

Lunar Ephemerides (Diurnal O - C Residual 
Contribution) 

Although the troposphere is an acknowledged 
major, but unevaluated, error source that 
warrants the evaluation efforts in process, there 
are other model limitations such as the lunar 
ephemeris. 

o 
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......,. SURVEYOR J O-C RESIDUALS 

J. D. Mulholland (ref. 10-10) has provided 
tentative evidence of lunar ephemeris defects 
(one significant place) that have approximate
ly a daily influence. A correlation study of 
Surveyor O-C residual and the suspected 
error functions is inconclusive (figs. 10-10 
through 10-12). A new lunar ephemeris (LE 8) 
that incorporates these error functions has 
been constructed, and will be used in future 
analyses. 

Ionospheric Charged-Particle Effects 

Ionospheric charged-particle effects have 
been omitted from model considerations to the 
present. The ionospheric influence on the 
coherent, continuous, two-way doppler O-C 
residuals is a function of effective electron 
density, which is dependent on elevation angle, 
elevation range of change, the Sun's local hour 
angle, solar activity, and transmitter frequency. 
The residual signature resulting from this 
SPODP model omission is similar to the 
tropospheric refraction-error function signa
ture; however, the ionospheric influence on the 
tracking data is of a lesser magnitude. Ac
cordingly, the ionospheric effect can be removed 
or diminished from the O-C residuals by a 
slightly erroneous value of N in the tropo
spheric model. 

THEORETICAL 0 - C RESIDUALS ASSOCIATED 
WITH TRACKING STATION ERROR 

-2L-J_ ____ L-__ _L ____ ~ __ ~ ____ J_ ____ L_ __ _L ____ ~ __ ~ ____ ~ ____ L_ __ ~ 

'0 12 13 •• " 16 

DATE (JUNE 1966) 

FIGURE lO-lO.-Surveyor I, DSS 42. First lunar day, 0- C residual set (compressed five 
data points/min). LE 5 was used . 
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FIGURE lO- l1.-Surveyor VI , DSS 42 and DSS 61. Two-way 
doppler 0 - C re5idual set versus suggested ephemeris
dependent tracking station posit ion error. LE 5 was used. 
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FIGURE lO-12.-Surveyor VII, DSS 42 and DSS 61. Two-way doppler 0- C residual set 
versus suggested ephemeris-dependent t racking station position error. LE 5 was used, 
coupled with refraction refinement. 

A history of ionosphere activity for the first 
lunar day of all successful Surveyor missions 
is being compiled. 1 Once this information is 
available, the correlation of the tropospheric 
refraction and ionospheric charged-particle in
fluences with the 0-0 residuals will be more 
fully investigated. 

One Combinational Parameter 

The three diurnal components that comprise 
the diurn al signature are highly correlated. 
The use of one "combinational" parameter, as 
a means of fitting out of the 0-0 residual, 
sets the influences resulting from tropospheric 
refraction , ionospheric charged-particle effects, 

I M. Davis, Stanford University Electronics Labora
tories, Calif. 

339-462 0-,69-- 25 

and lunar ephemeris defects, IS the only 
available approach at this time. 

The results from the use of this procedure 
are most striking. The preponderance of the 
diurnal signature has been removed by the 
manipulation of the refraction indices. Figures 
10- 7 through 10- 9 show that the 0-0 re
siduals, emanating from the several SPODP 
Surveyor tracking data reductions, used the 
following refraction indices: 

(1) Nll=N42=N61=0 No refraction cor-
rection. 

(2) Nil =N42 =N61 =340.0 Sea-level re-
fraction correction. 

(3) N n =240; N 42 =310; N 61 =300 Re-
fraction correction based on observa
tions of Lunar Orbiter II (ref. 10- 12). 

(4) N n =240; N 42=280; N 61 =270 Ar-
bitrarily chosen to minimize the sum 
of the square of the residuals. 
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The influence of the "combinational" param
eter on the parameter list is presented in the 
specific discussions for each Surveyor. 

It is not the purpose of such an arbitrary 
procedure to evaluate numerically any of the 
parameters under discussion. The sole purpose 
is to demonstrate the nature of the error 
sources. 

High Parameter Correlation 

C. N. Cary (ref. 10- 13) has demonstrated 
the insensitivity of the rflnge-rate measure
ment in the determination of the selenocentric 
distance of a Surveyor spacecraft (lunar ra
dius). Because of the lunar rotation and 
revolution rates relative to Earth, and the coin
cidence of the 100n's orbital plane and equa
tor, the Earth's motion in the selenographic 
coordinate system is a small oscillatory mo
tion. Cary has shown that the error ellipsoid 
resulting from a recursive least-squares fit of 
range-rate measurement is extremely elongated 
in the mean direction of the Earth (fig. 10-
13(a)). 

LUNAR SURFACE 

If a Surveyor spacecraft should be situated 
on the lunar surface such that the mean Earth 
direction is orthogonal to the surface, the cor
relation between selenocen tric latitude, longi
tude, and radius is minimal. As the obliqueness 
of the mean Earth direction increases relative 
to the lunar surface, the surface parameters 
become more highly correlated with lunar 
radius (fig. 10-13 (b)). 

It is this latter situation that necessitated 
the adoption of the ACIC lunar radii to effect 
solutions for the surface parameters associated 
with Surveyors III and VII. 

A Priori Parameter Constraints 

It is possible to constrain the terrestrial 
tracking station position parameters in the 
SPODP tracking data reduction to those of 
some previous determination. However, such 
a constrained solution can lead to systematic 
distortion. There are many time-dependent 
variables incorporated in the theoretical model 
(e.g., Brown's lunar theory, lunar librations, 

OBLIQUE TO 
SURFACE 

LUNAR SURFACE 
CONTAINED IN 
ERROR 
ELLIPSOID 

MEAN POSITION 
OF EARTH MEAN POSITION 

OF EARTH 

( 0) (b) 

FIGURE 10- 13.-(a) Surveyors III, V, and VI were in sufficiently close proximity to the 
selenographic X-axis to approximate an orthogonal projection of the error ellipsoid on 
the lunar surface. Thus, the correlations between the surface coordinates and the radius 
remain small. (b) Surveyors I and VII did not toueh down close to the selenographic 
X-axis. Surveyor I was displaced in longitude 44° W, Surveyor VII at 41° S latitude. 
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diurnal rotation, ionosphere, space plasma 
effects, etc.). There is a series of models used 
to provide values for some of these time
dependent parameters; some are not modeled 
at all. Thus, there is always the danger of in
troducing systematic errors into a tracking 
data fit by constraining to the previously 
determined terrestrial tracking station posi
tions. The a priori standard deviations asso
ciated with the parameters are: 

(1) Surveyor III , VII selenocentric distance: 
0.1 km; Surveyor I , V, VI selenocentric dis
tance: 10.0 km 

(2) Surveyor selenocentric latitude: 4.0° (1 50 
km) 

(3) Surveyor selenocentric longitude: 5.0° 
(150 km) 

(4) DSS 11 geocentric distance: 300 meters 
(5) DSS 11 geocentric longitude: 0.005° 

(0.5 km) 
(6) DSS 42 geocentric distance: 300 meters 
(7) DSS 42 geocentric longitude: 0.005° (0.5 

km) 
(8) DSS 61 geocentric distance: 300 meters 
(9) DSS 61 geocentric longitude: 0.005° (0.5 

km) 
Surveyor I 

Surveyor I landed on the lunar surface on 
June 3,1966; intermittently, coherent two-way 
doppler data were acquired until lunar night 
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on June 17. Posttouchdown data for Surveyor 
I were analyzed by C. N . Cary. The density 
of the data collected by DSS 11 and DSS 42 
can be visualized by inspecting figures 10-14 
and 10-15. 

The O- C residuals contained in figures 
10-14 and 10-15 exhibit diurnal signatures and 
long-term periodicities. The diurnal signatures 
associated with DSS 42 reflect the consistent 
observation of the premeridian portion of the 
passes. The diurnal nature of the DSS 11 re
siduals signify a scattered distribution through
out the passes. The nature of this phenomenon 
is discussed in the section "Diurnal Signature." 

The long-term trend of the Surveyor 1 re
sidual sets results from the lunar motion model
ing errors of LE 5. 

The solution parameters that result from the 
Surveyor I data fits are presented in table 
10- 2. The high correlation anticipated between 
the lunar radius and longitude is in evidence 
in the correlation matrix based on the normal 
equation matrix (table 10-3). Table 10-3 
depicts the correlation between parameter 
pairs: two-by-two correlations independent of 
other parameter influences. A correlation based 
on the variance/covariance matrix depicts all 
N parameter correlations considered. Table 
10-4 is such a correlation matrix for Surveyor 
I position parameters. The absence of the hlgh 
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o 0 J ~ 
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0 

-2~3--~4----7---~---7--~~--7---~IO~--~"--~1~2--~13----LI4--~1~5--~'6L---~17----�L8--~,9--~20 
DATE (JUNE 19661 

FIGURE lO-14.-Surveyor I, DSS 11. First lunar day, two-way doppler 0- C residual set 
(one data point/min). LE 5 was used. 
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FIGURE 10-15.-Surveyor I, DSS 42. First lunar day, two-way doppler 0- C residual set 
(four data points/5 min). LE 5 was used. 

TABLE 10-2. Surveyor I parameter solutions 

Parameter II A priori 
parameter8 

A priori Solution Standard 

RADS _________ - - ____ - - - - - - _____ - ___ - ____ --
LATS ____ __________________________ ___ ___ _ 
LONS __ ________ _____ _______ ______ ________ _ 

DSS 11: 
RI ______ _________ ____________________ _ 
LO ____ ______ ______ ____ _______ ______ __ _ 

DSS 42: 
RI ____ ___ ____ _______ ___ ______ ________ _ 
LO ______________ ___ ___________ ______ _ _ 

• The parameters are defined as: 
RADS=selenocentric distance, km 
LATS= selenocentric latitude, deg 
LONS= selenocentric longitude, deg 

1735.6 
2.411S 

316. 654 

6372. 0188 
243. 15067 

6371. 6881 
148. 98141 

RI=geocentric distance of Deep Space Station, km 
LO = geocentric longitude of Deep Space Station, deg 

con8traint8 

105 

105 

105 

O. 500 
O. 005 

O. 500 
O. 005 

vector deviation 

1735.474 1. 338 
2. 502S .091 

316. 676 . 061 

6372. 0071 .004 
243. 15099 .0002 

6371. 694 .004 
148.98172 .0002 

Surveyor III correlation in table 10-4 between the seleno
centric radius and longitude indicates that 
multiple parameter correlations have disguised 
the known dependence. 

Future analyses of Surveyor I will explore 
the relative correlations between parameters 
in the selenocentric coordinate system. It might 
be advantageous to use a different reference 
frame, or to simply constrain the lunar radius 
to the ACIC determination. 

Like Surveyor I, Surveyor III was displaced 
in longitude from the selenographic X-axis; 
accordingly, Surveyor III selenocentric distance 
and longitude are highly correlated (table 10-5). 
This fact is disguised by the influence of the 
remaining parameter list (table 10-6). By 
constraining the lunar radius to the accepted 
ACIC value, this statistical weakness was 
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TABLE 10-3. Surveyor 1 position parameter 
correlations, based on normal equation matrix 

Parameter ft RADS LATS 

RADS _ _ _ _ _ _ _ _ _ _ _ 1. 0 O. 555 
LATS___ ___ ______ __________ 1. 0 
LO NS ____________ ____ __ - _________ - - -

• The parameters are defined as: 
RADS=selenocentric distance, km 
LATS=selenocentric latitude, deg 
LONS= selenocentric longitude, deg 

LONS 

O. 996 
-.578 
1.0 

TABLE 10-4. Surveyor I position parameter 
correlations, based on variance/covariance 
matrix 

Parameter a RADS LATS 

RADS _ _ _ _ _ _ _ _ _ _ _ 1. 0 - O. 331 
LATS____________ __________ 1. 0 
LONS ______________________________ _ 

• The parameters are defined as: 
RADS=selenocentric distance, km 
LATS = selenocentric lat itud·e, deg 
LONS= selenocentric longitude, deg 

LONS 

O. 553 
- .151 
1.0 

TABLE 10-5. Surveyor 111 position parameter 
correlations, based on mormal equation matrix 

Parameter a RADS LATS 

RADS_ ____ __ ____ 1. 0 -0.1058 
LATS________ ____ __________ 1. 0 
LONS ___ __________ _________________ _ 

• The parameters are defined as : 
RADS=selenocentric distance, km 
LATS=selenocentric latitude, deg 
LO S=selenocentric longitude, deg 

LONS 

O. 9820 
.2808 

1.0 

overcome. The resulting parameter solutions 
and the related correlation matrix are presented 
in table 10-7. 

Diurnal and longer termed characteristics 
are evident in the Surveyor III O-C residual 
sets (figs. 10-16 and 10-17). 

TABLE 10- 6. Surveyor III position parameter 
correlations, based on variance/covariance 
matrix 

Parameter a RADS LATS LONS 

RADS ___ ____ 1.0 o. 8754 O. 8252 
LATS _______ -------- 1.0 .4726 
LONS _______ -------- -------- 1.0 

• The parameters are defin ed as: 
RADS=selenocentric distance, km 
LATS=selenocentric latitude, deg 
LONS=selenocentric longitude, deg 

Surveyor V 

I 
Standard 
deviation 

2. 828 
.022 
.045 

The Surveyor V O-C residual sets exhibit 
the long-term periodicities and diurnal sig
natures familiar to the other Surveyor residual 
sets. The long-term periodicities that are lunar 
ephemeris dependent are shown in figures 
10-5 and 10-18 through 10-20. There is one 
interesting aspect to the Surveyor V daily 
residual character: The use of the tropospheric 
refractivity indices derived from the Surveyor 
VII data reduction for the Deep Space Stations 
did not diminish the magnitude of the DSS 11 
and DSS 61 residual sets (see fig. 10-21). In 
fact, for these two stations, it appears that 
overcorrection has occurred. The significance 
of this "combinational" parameter's variation 
is not understood at this time. It is not known 
whether this variation is refraction dependent, 
charged-particle influenced, lunar ephemeris 
dependent, or a combination. The DSS 42 
response was more as anticipated. The diurnal 
signature was dramatically diminished. The 
performance of the "combinational" parameter 
on the daily variations of DSS 42 suggests 
that nonlunar ephemeris-dependent influences 
are responsible for the "combinational" pa
rameter variational. 

Future Surveyor V data reductions will 
determine the value of N for DSS 11 and 61; 
this determination \vill permit a more detailed 
analysis of this parameter. 

The parameter solutions that resulted from 
the use of sea-level (N=340) refractivity and 
the Surveyor VII computed values for N are 



TABLE 10-7. Surveyor I I I parameter solution vector correlation matrix 

Parameter & 

A priori 
parameter 

RADS __ ___ -- ____ ____ -- _ -- __ 1 1736. 1 
LA TS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - 2. 940 
LONS _ _ _ __ __ _ _ _ _ _ _ _ _ _ _ __ _ _ _ 336. 6 

DSS 42: 
RL ___________ -- _______ I 6371. 6881 1 

LO_ _________ ___________ 148. 98140 
DSS 61 : 

RL _________ ___ ________ I 6370. 0005 1 

LO_____________________ 355.75114 

• The parameters are defined as: 

A priori 
constraints 

O. 1 
5. 0 
5. 0 

Solution 
vector 

1 1736. 106 
-3. 055 
336. 68251 

· 500 1 6371. 7019 
· 005 148. 98139 

· 500 I 6370. 0053 
· 005 355. 75113 

Standard 
deviation 

0. 314 
. 005 
. 011 

.002 

.0003 

.003 

.0003 

RADS =selenocentric distance, km (constrained to ACrC determination) 
LATS=selenocentric latitude, deg 
LONS=selenocentric longitude, deg 

RI=geocentric distance of Deep Space Station, km 
LO=geocentric longitude of Deep Space Station, deg 

RADS 

1.0 

Survel/or III 

LATS 

o. 273 
1.0 

Correlation matrix 

LONS 

0.552 
-. 264 
1.0 

DSS 42 

HI LO 

_ -- _____ 1_ -- -----1----- ---I 1. 0 1-0. 395 
________ ________ ________ ________ 1. 0 

DSS 61 

RI 

o. 048 
-. 137 

1.0 

LO 

- 0.219 
.817 

-. 129 
1.0 
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FIGURE lO-16.--Surveyor III, DSS 42. First lunar day, two-way doppler 0 - C residual set . 
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FIGURE lO-17.--Surveyor III, DSS 61. First lunar day, two-way doppler O-C residual set. 
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FIGURE 1O- 18.-SurveYDr V, DSS 11. First luna r day, 0- C residual set (one data pOint/ 
min) . R efractivity index: Nu = 340. LE 5 was used. 

FIGURE 10-19.-Surveyor V, DSS 42. First luna r day, O-C residual set (one data point/ 
min). R efractivity index: N42=340. LE 5 was used . 
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FIGURE ID-21.-Surveyor V. DSS 11, pass 9 ; DSS 42, 
pass 4; and DSS 61, pass 5. Refra.ction in.fluence on 
SPODP residuals. 

presented in table 10-8, The correlations 
among the parameters are presented in table 
10-9. 

Unlike Surveyor I and III, the Surveyor V 
selenographic location does not create an ex
cessively high correlation between the seleno
centric distance and longitude parameters (see 
table 10-10); thus, the radial determination is 
valid. 

Surveyor VI 

Parameter Solu tion Vectors 

Three Surveyor VI postlanded data reduc
tions are presented. Two of the solutions em
ploy compressed data (five data points/min) 
and a third fit uses scrubbed, uncompressed 
data (one data point/min). LE 4 is used in one 
of the compressed data fits; LE 5 is used in the 
other two solutions. 

Surveyor VI position parameters and Deep 
Space Station locations, determined by the 
three solutions, are presented in table 10-11 
with formal standard deviations specified. 

The Surveyor VI position error ellipsoids 
derived from the use of LE 5 and LE 4, coupled 
with identical, compressed data samples, have 
the same respective dimensions. There is a 
large relative displacement of the error ellipsoid 
centers; this displacement is attributed to the 
different ephemerides used. The relative metric 
displacements in selenocentric components are: 

Radius: 8000 meters 
Lunar latitude: 550 meters 
Lunar longitude: 1800 meters 
LE 4 and LE 5, coupled with identical data 

samples, were used to reduce Surveyor I post
touchdown tracking data. A similar, relative 
displacement of the two Surveyor I positions 
was the result (ref. 10- 6). 

The two LE 5 fits, one used uncompressed 
data (one data point/min) and the other 
solutions used compressed data (five data 
points/min), also produced different pro be 
locations. However, this small, relative dis
placement reflects data and computer noise 
and is acceptable because it is within the 
specified confidence levels. The separation of 
the two Surveyor VI position determinations 
IS: 
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TABLE 10-8. Surveyor V parameter solutions 

A priori 
Parameter a A priori Btandard 

parameter8 deviation 

RADS ___ ___________________ 1734. 9 O. 3 
LA T S _______________________ 1. 49N 
LO NS ______________ _________ 23.2 
DSS 

DSS 

DSS 

11: 
RI __ _____ ___ ____________ 6371. 999 
LO __ ____________________ 243. 15070 
42: 

RI _____ _________________ 6371. 688 
LO ___ ___________________ 148. 98140 

61: 
RI ______ ___ _____________ 6370.000 
LO _____ __ _______________ 355.75114 

• The parameters are defined as: 
RADS= selenocentric distance, km (N l1 =240.0) 
LATS= selenocentric latitude, deg (N42 = 280.0) 
LONS= selenocentric longitude, deg (N6J=270.0) 

5.0 
5. 0 

.3 

.005 

.3 

.005 

.3 

.005 

RI= geocentric distance of Deep Space Station, km 
LO=geocentric longitude of Deep Space Station, deg 

Using LE 5 
and sea-level 

refraction indices 
(N=3IO) 

1735.114 
1. 406N 

23.217 

6371. 997 
243. 15101 

6371. 696 
148.98169 

6369.998 
355. 75143 

Standard 
deviation 

O. 298 
. 006 
. 025 

.004 

.0001 

. 003 

. 0001 

.003 

. 0001 

T ABLE 10-9. Surveyor V correlation matrix oj parameters 

Parameter a Standard 
deviation 

RADS 

SUTvevor V 

LATS LONS 

DSSll DSS4Z 

RI LO RI LO 

Using LE 5 
and Bolved f o r 

refraction indices 

1735. 113 
1. 415N 

23. 201 

6372. 009 
243. 15101 

6371 .699 
148.98174 

6370.005 
355.75150 

DSS61 

RI LO 

RADS _______ _ 0.298 1.0 0. 01 8 - 0.313 0.009 O. 186 0.255 0.179 -0.209 O. 185 
.226 

-.982 

LA TS _______ _ _ 
LONS ___ _____ _ 

DSS 11: 
RL _____ _ 
LO ___ ___ _ 

DSS 42: 
RL _____ _ 
LO ___ ___ _ 

DSS 61: 
RL _____ _ 
LO __ ____ _ 

.006 

.026 

. 004 

.0001 

.003 

. 0001 

.003 

.0001 

- - ------

- - ------

----- ---

--------

• The parameters are defined as : 

1.0 
------- -

- -------

--------

RADS= selenocentric distance, km 
LATS= selenocentric latitude, deg 
LONS= selenocentric longitude, deg 

-.301 -. 162 
1.0 -. 271 

-------- 1.0 
-------- -- ------

RI=geocentric distance of Deep Space Station, km 
LO= geocentric longitude of Deep Space Station, deg 

.185 -.242 
-.949 .127 

.151 - . 172 
1.0 -.105 

1.0 

.207 
-.969 

.284 

.947 

-. 208 
1.0 

-.559 
.412 

-.129 
-. 414 

. 044 
- . 422 

1.0 

.285 

.956 

-.117 
.977 

-.403 
1.0 
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Radius: 1 meter 
Lunar latitude: 30 meters 
Lunar longitude: 90 meters 

The relative displacements of the Surveyor VI 
selenocentric position error ellipses are shown 
in figure 10-22. The position solutions from 
Lunar Orbiter IV photographs and from the 
Surveyor VI cruise data fit are given in table 
10-12 . 

TABLE 10-10. Surveyor V position parameter 
correlation, based on normal equation matrix 

Parameter II. RADS LATS 

RADS ______ _____ 1. 0 -0.6746 
LATS_ ___________ __________ "1.0 
LONS _____ ______ __ __ __ _____________ _ 

• The parameters are defined as: 
RADS=selenocentric distance, km 
LATS =selenocentric latitude, deg 
LONS =selenocentric longitude, deg 

LONS 

-0.8657 
-.7737 
1.0 

The statistical dependence of one parameter, 
relative to other parameters within a recursive 
least-squares fit , can be inferred from the cor
relations of the parameter in question and the 
remaining parameter list. The small magni
tudes of the parameter correlations in the cor
relation matrices (table 10-13) indicate the 
relative statistical independence of the param
eters. A model weakness to be noted is the 
high correlation exhibited among all seleno
centric and geocentric longitude determinations. 

o-c Residuals 

The thoroughness of the data-validity test
ing techniques, in conjunction with the sophis
tication of the SPODP model, did not produce 
good data fits. In terms of past experience, 
the solutions are relatively good; but in an 
absolute sense, the model has not evolved far 
enough. Diurnal periodicities and longer termed 
patterns, coupled with high-frequency data 
and computer noise, are the obvious charac
teristics of the data fits. 

TABLE 10-11. Surveyor V I parameter solutions 

A priori 

Pa rameter a 
Parameter Sta n dard 
estimates deviation 

RADS ____________ 1736. 0 10.0 
LATS ___________ _ .437 5. 0 
LONS ____________ 358. 630 5. 0 
DSS 11: b 

r. __ __________ 5206. 333 .24 
LO __ ________ 243. 15070 .005 

DSS 42 : b 

r
a 

_ __ _________ 5205. 348 .24 
LO ___________ 148. 98140 .005 

DSS 61: b 

r. ____________ 4862. 601 .23 
LO _______ __ __ 355.75114 . 005 

• Parameters are defined as: 
RADS=selenocentric distance, km 
LATS= selenocentric latitude, deg 
LONS =selenocentric longitude, deg 

Compre88ed data 

LE4 Sta ndard 
parameter deviation 

8o lution 

1744. 027 O. 894 
.474 .007 

358. 65102 .019 

5206. 332 .002 
243. 15079 .001 

5205. 342 .002 
148. 98153 .001 

4862. 606 .002 
355. 75126 .001 

r.= spin-axis distance of Deep Space Station, km 
LO = geocentric longitude of Deep Space Station, deg 

b Terrestrial tracking station location referenced to 1903.0 pole. 

Uncompre88ed data 

LE5 LE5 Standard 
parameter parameter deviation 

solution 8olution 

1736.439 1736. 528 O. 840 
.459 . 460 .006 

358. 63229 358. 62941 .018 

5206. 332 5206. 332 .002 
243. 15081 243.105082 .001 

5205. 342 5205. 342 .002 
148. 98156 148. 98157 .001 

4862. 606 4862.606 . 001 
355. 75126 355. 75128 .001 
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TABLE 10-12. Surveyo7' VI location determinations 

Source 

1 a ____ _______ _ 

2 b __________ _ 

3 c ___ ________ _ 

4 d ______ ____ _ 

5 e ___________ _ 

Selen ographic 
la titude, </>, deg 

0.49N 
. 437N 
. 474N 
. 459N 
. 460N 

Standard Sele nographic S tandard 
deviation of <p longitude, A, den deviation of A 

O. 065 
. 007 
. 007 
.006 

358. 60 
358. 630 
358. 651 
358. 632 
358. 629 

0.006 
. 019 
.019 
.018 

a Lunar Orbiter IV photograph (see ref. 10-10). 
b Terminal cruise SPODP position (cruise data; see ref. 10-2). 
c SPODP data reduction using LE 4 (compressed postlanded Surveyor data). 
d SPODP data reduction using LE 5 (compressed postlanded Surveyor data). 
e SPODP data reduction using LE 5 (uncompressed postlanded Surveyor data). 

Lunar radiu8, 
R 

1744':'04 
1736.44 
1741. 468 

387 

Standard 
deviation of R 

O. 89 
.89 
. 84 

TABLE 10-13. Surveyor VI correlation matrix using LE 5 (compressed data fit) 

Pa rameter a 

RADS _______ _ 
LATS ____ ____ _ 
LONS ________ _ 

DSS 11 : 
RL ___ ___ _ 
LO ______ _ 

DSS 42 : 
RL ____ __ _ 
LO __ ____ _ 

DSS 61: 
RL __ ___ _ 
LO ______ _ 

Standard 
deviation 

0.894 
.007 
.019 

.002 

.001 

. 002 
001 

. 002 

.001 

Surveyor VI 

RADS LATS 

1.0 O. 795 
-------- 1.0 
-------- --------

-------- --------

-------- --------

-------- -- ------

-------- --- - - - --

• The parameters are defined as: 
RADS= selenocentric distance, km 
LATS= selenocentric latitude, deg 
LONS=selenocentric longitude, deg 

DSS 11 

LONS RI LO 

-0.698 0.322 0. 698 
- . 817 .270 .793 
1.0 -.358 -.981 

-------- 1.0 .308 
-------- -------- 1.0 

-------- -------- --------
------- - -------- --------

DSS 42 

RI LO 

O. 392 0.691 
. 347 .796 

-.396 -.991 

.164 .357 

.393 . 973 

1.0 . 352 
------ - - 1.0 

DSS 61 

RI 

0.047 
.101 
.131 

-.061 
- 135 

-. 038 
--------

1.0 

LO 

0.705 
.793 

-.988 

.360 

. 971 

.397 
--------

- . 092 
1.0 

RI= geocentric distance of Deep Space Station, km 
LO= geocentric longitude of Deep Space Station, deg 

The standard deviation of the high-frequency 
noise associated with the one data point/min 
sample (with resolver data) is 0.002 Hz (0.13 
mm/sec). 

The LE 4-dependent, longer term periodici
ties demonstrated by the residual sets (see 
figs. 10-23, 10-24, and 10-1) are as anticipated. 
The residual sinusoidal pattern is descriptive 
of the range-rate differences between LE 5 and 

LE 4 (ref. 10-6) after least-squares minimiza
tion has been attempted (see fig. 10-6). LE 5 
is a better model of lunar motion than LE 4. 
A graphical representation of the LE 5-LE 4 
differences and the DSS 42 0 - 0 residual set 
assist in the comparison of the two functions 
(see fig. 10-25) ; a high correlation is evident. 

The absence of any detectable long-term 
pattern in the LE 5 0-0 residual sets indi-
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FIGURE 10- 23.-Surveyor VI, DSS 11. First lunar day, 0- C residual set (compressed five 
data points/min). Note the long-term periodic nature. LE 4 was used. 
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FIGURE 10-24.-Surveyor VI, DSS 61. First lunar day, 0- C residual set (compressed five 
data points/min). Note periodicity . LE 4 was used. 

cates the ability of LE 5 to model the lunar 
motion (see figs. 10-26, 10- 27 , and 10-5) . 

The diu:rnal nature of the Surveyor VI 
0-0 residuals is the same as the daily varia
tions identified with the 0-0 residuals of 
Surveyors I, III, V, and VII (see figs. 10-28 
through 10-30). 

Surveyor VII 

Because of the selenocentric error ellipsoid 
orientation (fig. 10-14) resulting from the 
high lunar latitude of Surveyor VII, it is rea
sonable to expect a high correlation between 
selenocentric distance and latitude (ref. 10-13), 

as verified by an examination of table 10-14. 
To avoid this limitation, the lunar radius was 
not treated as a parameter in any of the re
ported Surveyor VII reductions. Under the 
influence of a constrained AOIO lunar radius, 
the correlation between parameter pairs can 
be viewed in table 10-15. 

The parameter determinations that result 
from lunar ephemeris variations and "combi
national" parameter values are presented in 
table 10-16, and plotted in fig. 10-31. The 
associated parameter correlations are contained 
in table 10-17. 
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FIGURE 10-25.-LE 5-LE 4 range-rate differences 
versus Surveyor VI DSS 42 0 - C residuals. 

TABLE 10-14. Surveyor VII correlations, based 
on normal equation matrix 

Parameter a RADS b LATS 

RADS b__________ 1. 0 0.9642 
LATS____________ __________ 1. 0 
LONS ___________ -------_ -- --- -------

• The parameters are defined as: 
RADS=selenocentric distance, km 
LATS=selenocentric latitude, deg 
LONS=selenocentric longitude, deg 

bRADS unconstrained. 

LONS 

0.3954 
. 1526 

1.0 

TABLE 10-15. Surveyor VII correlations, based 
on normal equation matrix 

Parameter a RADS b LATS 

RADS b_ _________ 1. 0 0.8302 
LATS____ _______ _ __________ 1. 0 
LONS ___________ - - - - - - - - - - - - - - - - - - --

• The parameters are defined as: 
RADS=selenocentric distance, km 
LATS=selenocentric latitude, deg 
LONS=selenocentric longitude, deg 

LONS 

O. 0400 
.4588 

1. 0 

bRADS constrained to ACIC determination . 

The deficiencies of the data fits are dem
onstrated by the 0 - 0 residuals. In terms of 
past experience, these solutions are good. A 
residual feature is a discontinuity in the 0-0 
residual of DSS 61 at 00:00 GMT on 4 con
secutive days (figs. 10-7 through 10-9). The 
reason is not known at this time. 

The standard deviation of the high-frequency 
noise associated with the residual sets is 0.002 
IIz (0 .13 mm/sec). 

The LE 4-dependent, longer term periodicities 
demonstrated by the residual sets (see fig. 
10-12) are as anticipated. The residual sinus
oidal pattern is descriptive of the range-rate 
differences between LE 5 and LE 4 (ref. 
10-13) after least-squares minimization has 
been attempted (fig. 10-25). LE 5 is a better 
model of lunar motion than LE 4. 
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from recursive least-squares fits utilizing the 
LE 5 lunar motion model exhlbit long-term 
periodicities with an approximate period of 
one lunation and an amplitude of about 0.7 
mm/second (fig. 10-3). 

The new integrated ephemeris, LE 8, ill

duced long-term trends into the 0-0 re
siduals (fig. 10-6) which are larger than those of 
LE5. 

The diurnal nature of the Surveyor VII 
0-0 residuals is the same as the daily varia
tions identified with the 0-0 residuals of 
Surveyors I , III, V, and VI. However, because 
of the acquisition of Surveyor VII low-elevation 
tracking data, a more complete picture of the 
residual behavior was made available. The 
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TABLE 10-16. Surveyor VII parameter a solutions 

Standard 
DSS Rl deviation LO 

of Rl 

11 ______ ___ ___ ____ __ __ __ 6371. 9989 O. 3 243. 15070 
42 ______ ___ ___ ___ __ ____ _ 6371. 6881 .3 148. 98140 
61 ____ _________ ____ __ __ _ 6370. 0005 .3 355.75114 

Standard 
LE DSS N Rl deviation LO 

or Rl 
---

11 240 6371. 9998 O. 002 243. 15067 
5 42 280 6371. 6861 .003 148. 98145 

61 270 6370. 0049 .002 355.75117 
11 340 6371. 994 . 002 243. 15067 

5 42 340 6371. 6795 .003 148. 98146 
61 340 6370. 0001 .002 355.75116 
11 240 6372. 0102 .002 243. 15065 

4 42 280 6371. 6934 .003 148.98142 
61 270 6370.0101 .002 355.75115 
11 340 6372. 0039 .002 243. 15068 

4 42 340 6371. 6868 .003 148.98143 
61 340 6370. 0053 .002 355. 75114 
11 240 6372. 0021 .002 243. 15068 

8 42 280 6371. 6868 .003 148. 98146 
61 270 6370.6032 .002 355.75118 
11 340 6371. 9957 .002 243. 15068 

8 42 340 6371. 6802 .003 148. 98147 
61 340 6369. 9985 .002 355.75118 

• The parameters are defined as: 
RI=geocentric distance of Deep Space Station, km 
LO = geocentric longitude of Deep 8pace Station, deg 

RADS=selenocentric distance, km 
LATS = selenocentric latitude, deg 
LONS=selenocentric longitude, deg 

A priori 

Standard Standard 
deviation RADS deviation 

of LO or RADS 

-- ------- - 1736.0 O. 1 

Solution 

Standard Standard 
deviation RADS deviation 

of LO or RADS 

O. 0003 1739.051 0.311 
.0003 
.0003 
.0003 1739.059 .311 
.0003 
.0003 
.0003 1739. 171 .311 
.0003 
.0003 
.0003 1739. 179 .311 
.0003 
.0003 
.0003 1739.030 .311 
. 0003 
.0003 
.0003 1739.038 .311 
. 0003 
.0003 

Standard 
LATS deviation 

or /,ATS 

41. 1 5. 0 

-~ -~ 

Standard 
LATS deviation 

of LATS 

40. 9758 0.010 

40. 9758 .010 

40. 8988 .010 

40. 9028 .010 

40. 9558 .010 

40. 9598 .010 

LONS 

348. 56 

LONS 

348. 563 

348. 561 

348.605 

348.605 

348. 568 

348. 56595 

2 _ 

Standard 
deviation 
or LONS 

5.0 

Standard 
deviation 
of LONS 

O. 008 

. 008 

.008 

. 008 

. 008 

.008 

'd 
o 
Ul 
"'3 
"'3 o 
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o 
~ 
t:t 
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TABLE 10- 17 . Surveyor V II correlation matrix oj parameters 

Parameter " Sta ndard 
devia t ion 

RADS 

Su rvev or Vll 

LATS 

RADS _ _ _ _ _ _ _ _ O. 3 1. 0 O. 8665 
LATS__ _______ .010 ________ 1. 0 
LONS ______________________ __ __________ _ 

DSS 11 : 
RL ______ _ 
LO ______ _ 

DSS 42: 

.002 

.00003 

LONS 

O. 3283 
.9434 

1.0 

DSS 11 DSS 42 

Rl LO Rl LO 

Q 0656 Q 0025 Q 0172 Q 0112 
. 1619 .2550 . 1213 .2538 
.0080 -.7298 - . 1334 - . 7402 

1.0 .0811 
1.0 

.0408 

. 1496 
.0534 
.6489 

D SS 61 

Rl LO 

0.0470 -0.0062 
. 1558 .2837 
.0371 -.8456 

.0615 

.0381 
.0653 
.7416 

RL _____ _ .003 ________ ________________________________ 1. 0 -.1828 .0415 
.0315 

.1716 

.7481 LO ____ __ _ . 00003 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1. 0 
DSS 61: 

RL __ ____ _ 
LO __ ____ _ 

.002 

. 0003 
1.0 .1744 

1.0 

• The parameters are defined as: LONS= selenocentric longitude, deg 
RADS=selenocentric distance, km 
LATS= selenocentric latitude, deg 

diurnal signature in evidence is characterized 
by figures 10- 7 through 10-9. This signature 
can be attributed to tropospheric refraction 
(from deficient modeling), ionospheric charged
particle effects (not modeled), and/or station 
spin-axis distance, latitude error (suspected 
lunar ephemeris defect). Because of the cor
relation between these variables, most of the 
influence of these combined errors in the 
0-0 residuals can be effectively removed by 
incorporating anyone of the three variables 
into the SPODP as a solution parameter. It is 
not the intent of such a procedure to evaluate 
numerically, in a physically meaningful man
ner, anyone of the three parameters; this 
approach provides a means of increasing the 
accuracy of the data fit by using a combination 
parameter (figs. 10-7 through 10-9). 

The use of this "combinational" parameter 
produces dramatic improvements to the data 
fits of Surveyor VII. It should be noted, how
ever, that when the same "combinational" 
parameter values ascertained from the Sur
veyor VII data reductions were used in the 
Surveyor V data reductions, DSS 11 and DSS 
61 appeared to have been grossly undercor
rected for tropospheric refraction. The im
plications of this influence are not known at 
this time. 

RI=geocentric distance of Deep Space Station, km 
LO=geocentric longitude of Deep Space Station, deg 

LE 8 was used in the Surveyor VII data 
reduction with the intention of diminishing 
the diurnal signatures associated with Sur
veyor VII two-way doppler residuals. The use 
of LE 8 did not produce this desired effect 
uniformly. That is, the phase and period of the 
error functions incorporated into LE 8 do not 
correlate with Surveyor diurnal signatures 
(see figs. 10-10 through 10- 12). As a con
sequence, the ability of LE 8 to reduce the 
daily residual excursions is time dependent. 

The ephemeris influence on Surveyor VII 
data fits can be demonstrated by the sum of 
the squares of the weighted residuals. 

Ephemerides used: LE 5 LE 8 LE 4 

Sum of the squares: 57 86 114 

Refractivity value: 

Ephemerides used : LE 5 LE4 LE 8 

----;----1----

Sum of the squares: 51 78 83 

Refractivity value: N ll=240; N 42 =280; N 61 =270 
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By this standard, LE 5 is the most accurate 
lunar ephemeris currently in existence. 

Summary 

(1) Although LE 5 demonstrates a long-term 
periodicity with a period of one lunation and 
amplitude of 0.7 mm/sec, it is the most accurate 
lunar ephemeris known to exist. 

(2) The selenocentric distance, latitude, and 
longitude for Surveyors V and VI have been 
determined and presented. 

(3) A high selenocentric distance/selenocentric 
latitude and longitude correlation permitted a 
solution for only the lunar-surface coordinates of 
Surveyors VII and III, respectively (based on 
AOIO lunar radius determination). 

(4) The Surveyor I position determination is 
subject to review in that a high correlation be
tween selenocentric longi tude and distance has 
distorted the solution. 

(5) The new integrated ephemeris, LE 8, 
demonstrates a time-dependent ability to di
minish the diurnal signa ture of Surveyor VII 
residuals 

(6) A "combinational" parameter was used 
to maximize the data fits of Surveyors V and 
VII. This parameter took the form of refrac
tivity indices. 
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11. Laser Beam Pointing Tests 

C. O. A lley (Chairman) and D. G. Currie 

An opportunity to verify the abili ty of Earth 
stations for directing very narrow laser beams 
to a specific location on the lunar surface was 
provided by the detection sensitivity of the 
Surveyor VII vidicon camera operating in its 
integration mode. Such tests were of interest 
primarily because of a planned Apollo lunar 
surface experiment in \\-hich an astronaut will 
emplace a corner reflector array to provide a 
fixed point for very precise laser ranging. The 
succes ful monitoring of point-to-point Earth
Moon distances to the expected accuracy of 
± 15 cm would provide: (1) a definitive test of 
the conjectured slow decrease of the gravita
tional constant; (2) an experimental study of 
whether continental drift is occurring now; (3) 
new knowledge on the physical librations, size 
and shape, and orbital motions of the Moon; 
and (4) new information on the rotation of the 
Earth (refs. 11-1 through 11-4). An additional 
factor in testing narrow laser beam pointing and 
tracking techniques lies in their potential use 
in space communications systems. 

The idea of using a Surveyor television 
camera for such tests occurred during a discus
sion on \\-hether an astronaut could see the 
pulsed ruby laser beam planned for the retro
reflector ranging experimen t . Measuremen ts on 
the wavelength sensitivity of the vidicon surface 
were conducted in N ovem bel' 1967 at the Jet 
Propulsion Laboratory (JPL) and indicated a 
decrease from the peak sensitivity by a factor 
1/300 for the ruby laser wavelength of 6943 A, 
making detection marginal for existing and 
planned ruby laser systems. However, the 
availability of argon-ion lasers operating in the 
blue-green (main wavelengths at 4880 and 
5145 A), within the peak of the vidicon sensi
tivity with average powers of a few watts, 
suggested their use for the tests. The pointing 
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and tracking techniques would be similar to 
those used with pulsed lasers. 

Estimates of the power density on the Moon 
of a 10-watt (transmitted) argon-ion laser beam 
contained within a divergence cone angle (half) 
of 10 seconds of arc yielded a value 2.25 times 
the power den ity of a magnitude 0 star, or 
nearly magnitude -1. The power density 
would scale directly as the power transmitted 
and inversely as the square of the beam angle. 
Experience with star observations on previous 
Surveyor missions (p. 15 of ref. 11-5) indicated 
that the la er beams could be easily observed 
if they were directed to illuminate the space
craft. The diameter of the illuminated area on 
the Moon is about 2 km per arc second of 
divergence. 

laser T ransmiHing Stations 

Six transmitting stations were established; 
each consisted of an argon-ion laser with a 
suitable optical system for collimating and 
aiming the laser beam. All six stations used 
the techniq ue of directing the laser beam back
ward through a telescope to reduce the beam 
divergence. Howeyer, each station used a 
different method for aiming the laser beam. A 
brief description of each station is given below. 

(1) Kitt Peak National Observatory, Tucson, 
Ariz.-The McMath solar telescope (60-in., 
j /60, heliostat configuration) and a 2-watt laser 
were used. The telescope was used in the 
normal direction for aiming. The guide beam 
and the laser beam wen~ separated by a spe
cially constructed, divided-mirror beam splitter 
placed neal' the telescope f00al plane. A reticle, 
designed for the purpose and permitted offset 
guiding from nearby lunar features, and a 
field lens were placed in the focal plane. 

(2) Table Mountain Observatory, Wrightwood, 
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Oalij.-The JPL 24-inch telescope, utilized at 

its j /36 Coude focus, and a 2-watt laser were 

u ed. A beam splitter with a pinhole was placed 

in the telescope focal plane to separate the 

guide beam from the laser beam. A 2.5 magni

fication microscope with a crosshair reticle was 

used as a viewing eyepiece. 
(3) Wesleyan University, Raytheon Research 

Laboratory, Waltham, Mass.-A 6-inch, two

mirror coelostat directed the beam from a 

specially constructed 4-inch, j /15 telescope 

toward the Moon; a 60-watt laser was used. 

The guide beam and the laser beam were 

separated using a clear pellicle beam splitter 

located ahead of the primary focal plane. The 

use of an appropriate glass filter over the eye

piece permitted continuous viewing of the 

crosshair reticle. 
(4) Lincoln Laboratories, Le~ngton, Mass.

A beam from a 3.5-watt laser collimated with 

a 3-inch telescope was directed using a special 

servo-driven az-el flat mirror. Guiding was 

accomplished using a second 3-inch telescope, 

which was boresighted to the first telescope. 

(5) Goddard Space Flight Oenter, Greenbelt, 

Md.-An existing mobile laser satellite ranging 

system was used; the pulsed ruby laser was 

replaced by a 10-watt argon-ion laser. A series 

of mirrors guided the beam along the rotation 

axes of the az-el mount through a 5~-inch out

put aperture. Viewing of Lhe Moon was accom

plished by an image orthicon television display 

from a boresighted l6-inch Lelescope. 

(6) Perkin-Elmer Om'p., Norwalk, Conn.-A 

portable 2-watt laser was attached at the 

Cassegrain focus of a 24-inch Lelescope. Aiming 

was accomplished by the 6-inch guide telescope, 

which was boresighted to the main telescope. 

To aid in locating Surveyor VII on the lunar 

surface, Lunar Orbiter photographs of the 

region around Tycho and ACrC Lunar Chart 

LAC 112 were supplied to all stations. The 

initial estimates of the landing coordinates, as 

well as the accurate location of Surveyor VII, 

were communicated with respect to both the 

Lunar Orbiter photographs and the lunar 

chart. 
Lunar Schedule of Tests 

The heavy demands on the Surveyor camera 

resulted in the initial allocation of only one 10-

minute block of laser observing time on each of 

four different nights. By combining the laser 

observations with the planned earthlight polari

zation observations, it was possible to increase 

the length of observing periods and to have a 

second period on January 20, 1968. Time win

dows were chosen so that stations on both east 

and west coasts could be observed simultane

ously during control of the spacecraft by the 

Goldstone Deep Space Tracking Station; the 

primary cons~raint was that no station be too 

close to the terminator. During the window, the 

laser stations were responsive to the availability 

of the television camera. Communication was 

handled by a telephone network connecting all 

stations with the JPL Space Flight Operations 

Facility. 
The first few days after touchdown were 

needed for other Surveyor activities and were 

used for final preparations at the stations. With 

the exception of the Norwalk and Greenbelt 

stations, the first test period was held at 04 :30 

GMT on January 14, 1968. It was necessary to 

interrupt the tests during the period near lunar 

noon because of glare in the camera caused by 

the proximity of the Earth and Sun. This time 

was used to modify techniques at some of the 

stations on the basis of the first test. Test 

periods were resumed on January 19, and con

tinued on January 20 and 21. The time on 

January 21 was chosen to maximize the proba

bility of observing stations on the east coast by 

having them far from the terminator even 

though, for stations on the west coast, it placed 

the Moon very low in the sky. 
During each test period, modes of operation 

for the stations were prescribed with definite 

on-and-off sequences to identify stations that 

were geographically close together. The aper

ture and exposure time were varied to produce 

on the A-scope display approximately one-half 

the saturation voltage level in the dark part of 

the Earth crescent where laser beams were 

being transmitted, as this maximized the sensi

tivity. With this setting, repeated exposures 

were taken while the stations were directed to 

follow the above modes. 

Detection of Laser Beams 

Detection was achieved visually during the 
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first observing period on January 20 for both 
Tucson and Wrightwood. Suspected laser beam 
spots with the correct locations, as shown in 
figure 11- 1, were observed at the JPL Space 

Flight Operations Facility. Further confirma
tion resulted when the Earth image was shifted 
30 within the 6.50 narrow field of view, the two 
spots shifting with it. The on-off sequencing 

FIGURE ll-l.-This photograph of a globe, with the overexposed crescent indicated by 
crosshatching, simulates the Earth as seen from Surveyor VII at 09: 00 GMT on J an
uary 20, 1968. The station locations are indicated by black dots, and permit ready 
identification of the origin of the two laser beams in figure 11-2 as Table Mountain 
Observatory near Lo Angeles, Calif., and Ki tt Peak National Observatory, near 
Tucson, Ariz. Simulations similar to this photograph were prepared in advance by 
J . J. Rennilson, JPL, for each period of attempted laser detection. 
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FIGURE 11-2.-Laser beams with powers of approximately 1 watt each appear as starlike 
images comparable in brightness to Sirius (magnitude, - 2.5) in this narrow-angle, 
//4, 3-second exposure of t he Earth. The crescent of the Sun-illuminated Earth is 
distorted because of overexposure. This was one of the first pictures in which the beams 
were readily visible (J an. 20,1968, about 09:06 GMT) . 
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discus ed above also served to verify the detec
tion of the beams. Full confirmation was ob
tained only with the subsequent, detailed study 
of correlations in projected enlargements from 
high-quality photographic negatives reproduced 
from the video tape recordings by a kinescope 
film recorder. A positive print of one of the 
negatives, enhanced using a high-contrast proc
ess, is shown in figure 11-2. The spread of the 
images over several of the video scan lines is 
caused by aberrations in the optics (electron 
and visible) of the camera and also in the 
ground reproducing equipment. 

Each of the stations detected was trans
mitting about 1 watt. Wrightwood was sys
tematically scanning about the position of 
Surveyor VII and was limited by atmospheric 
"seeing," while Tucson had deliberately spread 
the beam. The spots appeared with an approxi
mate star magnitude of -1, as originally 
calculated. Detection of these stations was 
accomplished again visually with abou t the 
same intensity during the second run on 
January 20 and 21. The approximate magnitude 
of the detected beams was determined by 
comparing pictures of the laser beams with 
those of Jupiter. 

By digitization of the video pictures, it has 
been possible to increase the sensitivity of 
detection considerably beyond the visual. It 

is estimated that, by stretching the digitization 
in regions near station locations, in tensities of 
laser beams directed to illuminate Surveyor VII 
can be detected with %5 the inten ity dis
played by Tucson and Wrightwood. This 
technique enabled easy detection of the Tucson 
beam on January 19 (see fig. 11-3). (Wright
wood was not operating on that day.) Figure 
11-4 shows a computer printout of the region 
around the laser spot shown in figure 11-3. 

A search for beams from the east-coast 
station has been made with the equipment at 
the University of Maryland developed for 
visual scan of bubble-chamber pictures. No 
positive results were found . Examination of the 
stretched digitized printouts has not given 
positive indication as yet, but the work is 
continuing with the technique of averaging 
successive frames for enhancement and looking 
for correlations at predicted locations. Although 
local weather conditions and structural obscura
tions interfered with transmission from east
coast stations (especially in the Boston area), 
there were periods when contact with Surveyor 
VII seemed possible. 

Conclusions 

The primary value of these tests lies in the 
experience gained in a variety of techniques 
for tracking and pointing laser beams with 

FIGURE 11-3.-A comparison of these two pictures clearly reveals the Tucson laser beam. 
The picture was digitized by the JPL Image Proco s ing Laboratory, and the contrast 
then "stretched." (a) J a n. 19, 1968,08:41:53 GMT. (b) Portion of the digitized, 
stretched picture; the spot produced by the laser is indicated. 
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5 2 51 45 4 0 45 40 50 44 43 48 4·0 
51 50 50 45 54 39 37 4S 40 45 4L 
47 50 50 46 46 45 39 48 43 47 4 '7 

c 

45 4 0 48 48 43 30 37 42 43 45 4-4 
46 48 48 47 33 4 16 52 5 2 47 44 
46 37 46 4 9 2 5 0 0 33 50 46 52 
43 1+ :5 38 4 9 4-3 3 8 40 5 1 52 45 51 
52 4 8 41 44 50 53 4 3 61 (t2 42 48 
49 48 50 4 9 5 2 51 ? ? 46 50 52 52 
5 2 6 2 52 53 45 50 5 1 50 48 49 55 
5 8 5 3 ?9 57 50 50 48 5 4 48 43 54 

FIGURE 11-4.-Computer printout of the region around the laser spot of the digitized, 
stretched picturc shown in figure 11-3. The number at each point represents the optical 
density, on a scale of 64 gray levels (O=white, 63 = black). The laser spot is completely 
saturated at two points in the picture. 

different types of telescopes. A report on this 
subject by this Surveyor Working Group 
will be prepared in the fu ture. 

The potential value of well-collimated laser 
beams for space communications is emphasized 
by noting that the I-watt laser beams appeared 
as bright stars, while the uncollimated light 
from major cities was not detected. 
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following JPL personnel involved in the television 
aspects of the mission: J . STRAND, T. H. BIRD, J. J . 
RENNILSON, D. L. SMYTHE, and C. CROCOL; and to 
DR. R. NATHAN and E. T. JOHNSON of the JPL Image 
Processing Laboratory. 
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12. Astronomy : Solar Corona Observations 

R . H. Norton 

Observations of the solar corona were made, 
using the spacecraft television camera, during 
postsunset periods of the Surveyor I, V, VI, 
and VII missions (table 12- 1). The method of 
observation from each spacecraft was essen
tially the same. After the upper limb of the 
solar disk had set behind the western horizon, 
a sequence of timed pictures was taken with 
gradually increasing exposures that ranged 
from 1/5.6, 1.2 seconds, for the innermost 
K-corona at 2 solar radii to }/4, 30 minutes, 
for the outer F -corona beyond 20 solar radii 
(refs. 12- 1 thro ugh 12-4) . 

Because photometric reduction of all pic
tures has not been completed, no final conclu
sions can be made at this time. Although all 
data will be digitized and reduced, primary 
emphasis will be placed on the data derived 

from Surveyor VII, since it represents the best 
set of solar corona observations obtained. 
Earth-based (telescope) eclipse observations 
permit measurements of coronal radiance out 
to 8 or 10 solar radii; spacecraft observations 
have extended this measurement to about 15 
solar radii. Measurements from observations of 
the zodiacal light have been made inward to 
about 50 solar radii. Surveyor VII will provide 
II determination of the way in which the far 
solar corona merges into the zodiacal light. 
The brightness of the coronal/zodiacal light in 
this region is due to scattering from particulate 
matter. Measurements of this brightness, po
larization, and variation with solar distance 
will, in turn, permit determinations of the 
distribution and density of particulate matter 
in the inner solar system. 

TABLE 12-1. Solar corona observations 

GMT of Bunset 
Mi8sion 

Date IIr:min 

Surveyor L _____________ June 14, 1966 15 :49 
Surveyor V ______________ Sept. 24, 1967 10:57 
Surveyor VI _____________ Nov. 24, 1967 13:40 
S urveyor VIL ___ ________ Jan. 23, 1968 06:06 

12-1. 
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Appendix A 

Effects of Lunar Particles on Spacecraft Mirror Surfaces 

L. D. Jaffe and J. J . Rennilson 

During some of the Surveyor missions, space- the sensor-head circular plate and of the lunar 
craft surfaces apparently were affected by lunar surface for a few centimeters inboard was 
particles thrown against them by the exhaust clearly visible in the gold plating; after the 
from the vernier-engine firings close to the lunar firing (fig. A-I (b) ), no image was visible when 
surface. These affected spacecraft surfaces in- the near side of the sensor head was in sunlight. 
eluded the television camera mirror on Surveyor Some image could be seen in a part of the side 
III, which landed with its vernier engines firing in shadow (fig. A-l(c)). The side itself appeared 
through touchdown (refs . A-I through A-4); matte when sunlit and the lower few centimeters 
the side of the Surveyor V alpha-scattering- of it were darkened; lunar fragments were 
instrument sensor head, affected during the observed on the circular plate. Before the firing, 
static firing of the vernier engines after landing the sensor head was about 70 cm from the near-
(ref. A-5); and the Surveyor VI photometric est engine, which was fired for O.55±O.05 
target, affected during the hop made by the second at a thrust level of 1.2 X 107 ± 0.2 X 107 

spacecraft when the vernier engines were fired dynes; the nozzle was 39 cm above the lunar 
(refs. A-6 through A-8) . T 'ro auxiliary mirrors surface. The exhaust from the vernier-engine 
on Surveyor VII apparently were affected by firing caused the sensor head to move hori-
lunar material ejected by a footpad or crushable zontally about 10 cm and to rotate 15°. 
block during landing (refs. A-9 and A- I0). No pictures of the sensor head were taken 

Some lunar material was observed as a coat- through the color filters before the engines were 
ing on the Surveyor VI photometric target and fired; after the firing, however, a set of wide-
on one of the Surveyor VII auxiliary mirrors. angle pictures was taken through the red, 
It has not been determined, however, whether green, and blue filters of the television camera 
the observed effects on the mirror surfaces of (ref. A-ll). These pictures were taken on Sep-
Surveyors III and V were caused by fine lunar tember 14, 1967, at 03:55:43 (fig. A-2) , 
particles adhering to the mirrors, by sandblast- 03 :56 :07, and 03 :57 :05 GMT. Areas in these 
ing of the mirrors by such particles, or possibly pictures were selected for color determination 
by deposition of condensed products of the as follows: 
engine exhaust. Area 1: Lunar surface material illuminated 

Prefiring and postfiring television observa- by direct sunlight. 
tions of the gold plating on the Surveyor V Area 2: Lunar surface material illuminated 
sensor head help to determine the cause of these by direct sunlight and by sunlight reflected 
effects. The sides of the sensor head were made from the right face of the sensor head. (This 
of polished aluminum alloy on which a layer of face was shielded from the vernier engines.) 
gold, nominally 1 micron thick, was electro- Area 3: Upper part of sensor-head side ex-
pIated for temperature control with an ·under- posed to engine exhaust. 
layer of copper 25 microns thick. Before the Area 4 : Upper part of sensor-head side ex-
vernier-engine firing (fig. A-I (a)), an image of posed to engine exhaust. 

407 
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F IGUR E A- l.- Na rrow-a ngle pictures of t he inboard face of t he sen or head on Su rveyor V. 
(a) Before the static fi ring of the vernier engines (Sep t . 12, 1967, 05: 06:27 GMT) . 
(b) After t he static firing of the vernier engines (Sept. 14, 1967, 07: 15 : 09 GMT) . 
(c) After the static firing of the vernier engines (Sept. 21,1967,08 :33 :14 GMT). 
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FIGURE A-2.-Wide-angle, digitized picture of Surveyor V sensor head and surrounding 
lunar surface, after engine firing. Squares and numbers indicate the areas selected for 
color determination. T aken through the green filter (Sept. 14, 1967, 03: 55: 43 GMT). 

409 
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Area 5: Lower, darker part of sensor-head 
side exposed to engine exhaust. 

Each area contained 5 by 5 picture elements. 
During the mission, the camera video signals 

from the three frames were recorded directly 
onto magnetic tape. These analog recordings 
were then converted into digital units, dividing 
the black-to-white video level into 64 equal 
divisions. Corrections for the camera's light
transfer characteristics enabled the digital units 
to be converted to luminous efficiency values 
for each frame. The colors of the areas can be 
specified by chromaticity coordinates in the 
international color system (ref. A-I) . The CIE 1 

tristimulus values (color coordinates) are line
arly proportional to the luminous efficiency 
values. Dming preflight camera calibration, the 
proportionality factors were determined by ex
posing the camera to colors of known ChrO
maticities. For added confidence, these factors 
may be computed from the colors on the pho
tometric targets while in the lunar environment. 
The results presented here, however, originate 
from the preflight calibration only. 

The differences among the five areas can 
best be shown by plotting their mean chro
maticities on the ClE diagram (fig. A-3). 
Included in this figme, for comparison, are the 
calculated chromaticities of typical electro
plated gold and electroplated copper illuminated 
by extraterrestrial sunlight. The chromaticity 
of sunlight illuminating a neutral gray surface 
is also included. 

The color of area 1, the lunar surface in 
sunlight, differs somewhat from a neutral gray 
chromaticity. Nevertheless, it would still be 
considered gray. Area 2 shows the additive 
mixing of the smface color with that of re
flected sunlight by the gold right side of the 
sensor head. The surface luminances (areas 1 
and 2) indicate that the right side of the sensor 
head reflects light as well on the lunar surface 
as it did during preflight tests. The measure
ments on the upper part of the sensor head 
(areas 3 and 4) are within the expected color 
range for electroplated gold. Area 5, on the 

1 Commission Internationale d'Eclairage (Interna
tional Commission on Illumination). 

339-462 0-69--28 

lower part of the sensor head, resembles closely 
the color of the surface (area 1). 

It seems clear , then, that the darker, lower 
par t of the sensor-head side (area 5) was cov
ered with lunar material, adhering to a nearly 
vertical surface. On the other hand, the upper 
part of the sensor-head side (areas 3 and 4) 
was essen tially gold, apparently roughened by 
impact of fine lunar particles. Lunar particles 
thrown by the vernier engines onto the space
craft surface evidently both sandblast and coat 
the surfaces. 
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Appendix B 

The Lunar Sunset Phenomenon 

L. H. Allen 

FIGURE B-l.-Surveyor VII daylight picture of the western horizon, including the sunset 
position (Jan. 10, 1968, 08: 16: 45). 

Lunar Observations 

Television pictures, taken by several Sur
veyors a few minutes after local lunar 
sunset, showed the lunar western horizon high
lighted by the Sun as a thin, bright, jagged, 
discontinuous line. The Surveyor VII lunar 
sunset pictures probably are the most inter
esting in that this line was jagged, its brightest 
parts shifted with time, and its broken parts 
changed positions with time. (See figs. B-1 to 
B-5.) 

The brightest parts of this line have some
times erroneously been called "beads" because 
they are remotely similar in appearance to 
"Bailey's beads." The discontinuous portions 
of the line are gaps and appear to be the 
result of lunar-surface features that lie beyond 
(farther west), casting shadows on the local 
horizon. As a general rule, the gaps appeared 

413 

to grow larger with time during the Surveyor 
VI and VII missions, as the Sun moved farther 
below the horizon. 

Because Surveyor VII was at a southern 
lunar latitude, the gaps appeared to shift 
slightly to the north as a function of time and by 
different amounts, which are assumed to be a 
function of the distance between the individual 
occulting objects and the point on the hori~on 
being occulted. The brightest parts of the line 
shifted slowly to the south as a function of time 
and as a function of Surveyor VII spacecraft's 
sou them latitude on the lunar surface. The 
lateral shifting effects were noticeable only on 
Surveyor VII, because it operated much farther 
from the lunar equator than any of the other 
spacecraft. 

It is interesting to note that on the left 
(south) side of figures B-1 to B-5, the horizon 
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FIGURE B-2.-Discontinuous, bright line in the western horizon. The brightness of t he 
line decreased with time. T his narrow-angle Surveyor VII picture was taken about 
17 minutes after local sunset (J an. 23, 1968, 06: 20: 28 GMT) . 

FIGURE B-3.-Narrow-angle Surveyor VII picture of the line taken about 50 minutes after 
local sunset (Jan. 23, 1968, 06: 52: 11 GMT). 

FIGURE B-4.-Narrow-angle Surveyor VII picture of the line taken about 90 minutes after 
local sunset (Jan. 23,1968,07:31:52 GMT) . 
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• 

• 

FIGUIlE B-5.-View of the sunset position taken over 14 hours after sunset by the Surveyor 
VII television cam.era. This wide-angle picture, made in the integration mode of the 
camera, shows the faint, residual solar corona and the lunar surface illuminated by 
earthlight. The bright spot in the sky is Mercury, spread by the camera's white spread 
function and elongated by lunar rotation during the 30-minute exposure time (Jan. 23, 
1968,20:45:55 GMT). 

is formed by a close ridge; on the extreme right 
(north) it is formed by another ridge that is 
farther away (farther west). In the pictures 
taken following sunset (and at different ex
posures), the right-hand ridge is illuminated. 
However, looking farther south (going to the 
left), the nearer ridge obstructs the view of the 
more distant ridge. The more distant ridge 
occults (shadows) the closer ridge for a short 
distance and causes a large gap in the bright 
line. 

Figure B-6 shows two other ridges (to the 
southeast) that reveal a similar condition; 
these two ridges should provide a better under
standing of the relationship of the wes'tern 
ridges. In figure B-6, the closer ridge casts 
shadows on the other one, resulting in what 
appears to be a discontinuous line if viewed 
from its other side. In turn, this closer ridge is 
itself shadowed by still another ridge (not 
shown) whose features are shadow profiled on 
it. 

Figure B-7, a Surveyor VI picture, shows 
not only the bright line but also a faint streak 
appearing in the lower foreground, which is the 
result of the line internally reflected by the 
camera's lens. The resultant image is the same 
size, inverted, and attenuated. Only the image 
width (thickness), not the length of elements 
between the gaps, has been reduced. This 
effect has also been confirmed by taking pictures 
a t various exposures. 

Camera Characteristics 

The apparent thickness, or width, of the line 
in the television pictures is the result of the 
television camera's white spread function: the 
brighter the object viewed, the greater the 
image will be spread. This spreading, as con
firmed in tests at the Jet Propulsion Labora
tory's advanced imaging laboratory, with a 
slit target whose width was made considerably 
smaller than the limiting resolution of the 

'------- - ---------- -- -- --
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FIGURE B-6.-Two ridges to the southeast of Surveyor VII. These ridges were only partially illuminated as the Sun set. The closer ridge cast its shadow on the other, resulting in the discontinuous line. The closer ridges showed features, in shadow outline, of another ridge (not visible) to the west of it (J an. 23,1968,09:25:57 GMT). 

FIGURE B-7.-Narrow-angle picture of the bright line taken by the Surveyor VI television camera. The faint streak that appears in the lower foreground is an internal lens reflection of the strip, inverted and attenuated (Nov. 24,1967,14: 15:26 GMT). 
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television camera, resulted in a smooth, almo t 
straight-line linear spreading relationship as a 
function of scene luminance. This function was 
ob erved to hold true even with scene luminance 
four times greater than that required for video
signal saturation. Thus, this spreading can be 
used advantageously for relative photometry 
measurements of the line, becau e the true 
width of the line is considered by the author to 
be less than the limiting resolution of the tele
vision camera. This can be appreciated by 
observing the line's width at, or near, its ex
tremities in figures B-2, B-3, B-4, and B-7. 
A more accurate analysis of the photometry 
involved with the line may afford not only an 
undel tanding of the limits of particle size but 
rather a complete size-frequency distribution 
function. 

Factors contributing to the hape distortion 
in the resultant images of a thin ,,·hite line 
target on a black background are vidicon 
lateral leakage ,,"hite spread function (halation; 
as a function of differential electron charge 
remaining within the vidicon target's photo
conductive material) and the introduction of a 
clamping action (with its resultant overshoot) 
whenever the video exceeded a certain threshold 
level in the white direction. The lateral leakage 
is essentially symmetrical, and the actual 
position of the original line in the field of view 
would be at the center of the resultant band 
if this were the only anomaly. 

The overshoot, with such a line target and 
with the bright sunset line, was the introduction 
of a zone of "blacker than black" signals 
trailing the initial transition, and makes the 
center of the resultant band appear to be closer 
to the leading edge of the transition than it 
actually is. In the Smveyor VII pictures, this 
could give the illusion that the lunar bright 
line is suspended above the smface when com
pared to the daylight picture of the same area. 
(This illu ion is even more pronounced if one 
takes into account that lateral leakage white 
spreading existing in the daylight pictme 
makes the horizon appear slightly raised.) 

The landed orientation of the Surveyor VII 
spacecraft on the lunar surface is such that the 
television camera's line-scan direction, in the 
Smveyor VII pictmes of the line, is sweeping 

from the black sky, down through the line, and 
ending in the dark-gray portion of the lunar 
surface. The Surveyor VI orientation at its 
location on the lunar smface is such that the 
s Llnset pictures (fig. B-7) resulted in the line
scan direction from the dark-gray surface, up 
through the bright line, and ending in the sky. 

Laboratory Simulations 

In an attempt to appreciate the diffraction
scattering effect, laboratory tests were con
ducted with andpaper. Preliminary experiments 
with various sizes of sandpaper (garnet cabinet 
paper) have led to the following conclusions. 
For a given threshold of detectability, or for a 
given amount of masking such as by earthshine, 
a maximum angular length of line is observable 
for a given size of "scattering particles." This 
angle appears to be rather constant and does 
not seem to be dependent on the distance from 
the observer to the line of "scattering particles." 
The smaller the particle, the larger the angular 
length of the bright line; however, its brightness 
level is decreased. 

Inasmuch as the sandpaper-scattering parti
cles were not of uniform spherical size, but 
were graded only by the bulk size of the grains, 
the irregular shapes of some of the grain edges 
gave the effect of having a distribution that 
contained various particle sizes limi ted only by 
the size of the larger graded grains. 

The forward-scattering processes involved 
with sandpaper when illuminated by a non
coherent, near point source, white light probably 
sufficiently duplicates the processes involved 
with the generation of the lunar sunset line to 
make it a useful model except for the remote 
possibility of particle suspension. Preliminary 
measurements using various sandpaper models 
did not reveal any polarized light component 
along the bright line at the large phase angles 
involved with its generation. 

Interpretations of Optical Phenomenon 

The bright line must, at least in part, be the 
result of diffraction of sunlight by the horizon 
or edge of lunar-surface material that is viewed 
by the camera and illuminated by the Sun, 



418 SURVEYOR: PROGRAM RESULTS 

even though sunset at the television camera's 
location has occurred up to 2 hours earlier. It 
seems very likely that diffraction, refraction, 
and forward scattering may all be involved 
(ref. B-1); further study is required, however, 
before any explanation is considered firm. 

Because the Sun serves as an illuminating 
source sub tending a solid angle of W for the full 
disk, the effective source size diminishes almost 
to a point source as the Sun completely sets, and 
the accompanying reduction in penumbra angle 
should be considered. ( uch penumbra changes 
are usually not observable during Earth sunsets 
because of atmospheric conditions.) 

Interpretations of Lunar Processes 

Regarding possible explanations of the exist
ence of the line, it should be noted that the 
diffraction of sunlight by sunlit particles at the 
horizon, or skyline, exists regardless of whether 
electrostatic suspension of these particles does 
or does not exist, or regardless of whether the 
frequency and distribution of ej ecta particles 
in ballistic trajectory, resulting from micro
meteorite bombardment impacts, is sufficient to 
make any significant contribution. 

The jagged appearance of the line was not an 
anomaly, but a departure from the mean or 
offset of the line, with a high po itive correla
tion with the jagged stones that appear on the 
horizon in figure B-l. In the author's opinion, 
i t is extremely improbable that individual 
particles of dust ejected by micrometeorite 
impacts and suspended either electro tatically 
or in ballistic trajectory would assume a dis
tribution that would so closely match the 
jaggedness of individual rocks. Instead, ballistic 
trajectories, if sufficient impacting did exist, 
would occupy a band whose height and apparent 
density variations would probably be described 
by the familiar mass-particle frequency function 
and whose position would be above the mean 
surface (horizon, in this case). Particles held 
by an electrostatic-su pen ion mechanism (if 
it were capable of being sustained or even 
existing) \vould be constrained by net charge 
and mass functions by a mean net charge 
gradient above the mean surface (horizon). 
In either case, the jagged effect would not be 
retained. There was no camera anomaly present 

that would introduce the jagged effect, and 
there is certainly nothing that would match the 
jaggedness of the individual rocks. 

Because the electrostatic suspen ion of par
ticles hypothesis is said to be dependent on 
unlight as the source of energy to generate and 
ustain it, and because particles are suspended 

for a few seconds only, according to the pro
po ed mechanism, it appears that electrostatic 
suspension would be highly improbable at sun
set when the only sunlight present would be 
that of grazing incidence. 

Because of the general appearance and seem
ingly varying thickness of the line, as observed 
by the television camera, the presence of the 
line, with the solar corona visible in the back
ground, has caused some speculation that a 
lunar atmosphere exists.' In reality, the strip's 
apparent thickness is the result of the camera.'s 
white spread function. (See "Oa.mera Ohar
acteristics," p. 415.) 

Possible Future Observations 

Based on the information obtained from 
analyzing urveyor television pictures, that the 
line was detectable for 2 hours, or 10 of lunar 
rotation, the author predicts that a continuous 
ring or halo, simultaneou ly showing a ring of 
lunar sunrise and sunset, should be observable 
from a spacecraft positioned in the lunar umbra 
and on the centerline of the lunar umbra at 
distances from about 100000 to 375000 km 
from the Moon. At distances much closer than 
about 100000 km, the intensity of this ring 
will probably be so faint that earthshine will 
probably mask its detection, since the lunar 
disk half angle will exceed 10. At distances 
much larger than about 375 000 km, the 
presence of Bailey's beads will probably mask its 
presence as the solid angle sub tended by the 
lunar disk is reduced to that of the solid angle 
sub tended by the solar disk where the umbra 
ends. For all excep t the closer distance, where 
very small gaps may appear because of occulta
tion by lunar-surface features, the ring should 
appear to be very thin, but bright and uniform 
in intensity. Its brightness should increase as a 
function of distance up to a point and should 
exceed the brightness of both the solar F- and 
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K-coronas, even though the solar corona 
probably. will always be detectable during all 
conditions that permit the ring to be viewed. 
The ring will probably reveal a small amount of 
jaggednes as it outlines surface features such 
as mountains. (There is a po sibility that some 
of the total eclipse pictures made from Earth
based telescopes reveal the presence of this 
ring. In such cases, it would have been con
sidered part of the solar corona.) 

If viewed from positions other than the 
centerline of the umbra, but still within the 
umbra at distances greater than about 145 000 
km from the Moon, the ring ",ill still be con
tinuous, but will no longer be uniform in 
brightness. At closer distances, there will be 

positions within the umbra where the ring will 
no longer be continuous, but will show the 
same type of gaps that exist in the Surveyor 
pictures. 

Similarly, it appears logical to assume that 
any spherical body will appear to have a halo 
around it if it is viewed from its umbra and at 
distances such that the body subtends an angle 
larger than that of the illuminating source, 
but no larger than 2°. 

Reference 

B-l. Surveyor VII : A Preliminary Report. NASA 
SP-l73, National Aeronautics and Space Admin
i t ration, Washington, D.C., 1968, pp. 71, 72, 274, 
and 276. 
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Appendix C 

Surveyor Science T earns and Cognizant Personnel 

Analyses oj the scientific data jor the S'U1'veyor missions were conducted by 
the Surveyor Scientific Evaluation Advisory Team, Investigator Teams, and 
Working Groups. Membership jor these groups, at the time oj the Surveyor VII 
mission, was as jollows: 

Surveyor Scientific Evaluation Advisory Team 

L. D. J AFFE, Chairman 
C. O. ALLEY 

S. A. BATTERSON 

E. M. CHRISTENSEN 

S. E. DWORNIK 

D. E. GAULT 

J . W. LUCAS 

D. O. MUHLEMAN 

R. H. NORTON 

R. F. SCOTT 

E. M. SHOEMAKER 

R. H. STEINBACHER 

G. H. SUTTON 

A. L . TURKEVICH 

J et Propulsion Laboratory 
University of Maryland 
Langley Research Center 
J et Propulsion Laboratory 
NASA Headquarters 
Ames Research Center 
J et Propulsion Laboratory 
California Institute of Technology 
J et Propulsion Laboratory 
California Institute of Technology 
U.S. Geological Survey 
J et Propulsion Laboratory 
University of Hawaii 
University of Chicago 

Investigator Teams 

Television 
E. M. SHOEMAKER, Principal 

investigator 
R. A. ALTENHOFEN 

R. M. B ATSON 

H. E. HOLT 

G. P. KUIPER 

E. C. MORRIS 

J. J. RENNILSON 

E. A. WHITAKER 

Alpha Scattering 
A . L. TURKEVICH, Principal 

investigator 
E. J. FRANZGROTE 

J. H. PATTERSON 

Soil Mechanics Surface Sampler 

R. F. SCOTT, Principal investigator 
R. HAYTHORNWAITE 

R. LISTON 

U.S. Geological Survey 

U .S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
University of Arizona 
U.S. Geological Survey 
J et Propulsion Laboratory 
University of Arizona 

University of Chicago 

J et Propulsion Laboratory 
Argonne National Laboratory 

California Institute of Technology 
Pennsylvania State University 
Detroit Arsenal 
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Working Groups 

Lunar Surface Thermal Properties 
J . W. LUCAS, Chairman 
J. E. CONEL 
D. GREENSHIELD 
R. R . GARIPAY 
W. A. HAGEMEYER 
H . C. INGRAO 
B. P. JONES 
J. M. SAARI 
G. VITKUS 

Lunar Surface Electromagnetic Properties 
D. O. MUHLEMAN, Chairman 
W. E. BROWN, JR. 
L. H . DAVIDS 
J. NEGUS DE WyS 
G. B. GIBSON 
W. H. PEAKE 
V. J. POEHLS 

Lunar Surface Mechanical Properties 
E. M. CHRISTENSEN, Chairman 
S. A. BATTERSON 
H. E . BENSON 
R. CHOATE 
R. E. HUTTON 
L. D. JAFFE 
R. H. JONES 
H . Y.Ko 
R. F. SCop 
F. SCHMIDT 
R. L. SPENCER 
F. B. SPERLING 
G. H. SUTTON 

Astronomy 
R. H. NORTON, Chai1"man 
J. E. GUNN 
W. C. LIVINGSTON 
G. A. NEWKIRK 
H. ZIRIN 

Lunar Theory ana Processes 
D. E. GAULT, Chairman 
J. B. ADAMS 
R. J . COLLINS 
T. GOLD 
J. GREEN 
G. P. KUIPER 
H. MASURSKY 
J . A. O'KEEFE 
R. A. PHINNEY 
E. M. SHOEMAKER 
H . E. UREY 

Jet Propulsion Laboratory 
Jet Propulsion Laboratory 
Manned Spacecraft Center 
Hughes Aircraft Co. 
Jet Propulsion Laboratory 
Harvard College Observatory 
Marshall Space Flight Center 
The Boeing Co. 
Northrop Corp. 

California Institute of Technology 
Jet Propulsion Laboratory 
Hughes Aircraft Co. 
Jet Propulsion Laboratory 
Manned Spacecraft Center 
Ohio State University 
Ryan Aeronautical Co. 

Jet Propulsion Laboratory 
Langley Research Center 
Manned Spacecraft Center 
Jet Propulsion Laboratory 
TRW Systems 
Jet Propulsion Laboratory 
Hughes Aircraft Co. 
University of Colorado 
California Institute of Technology 
Bellcomm, Inc. 
Jet Propulsion Laboratory 
Jet Propulsion Laboratory 
University of Hawaii 

Jet Propulsion Laboratory 
Jet Propulsion Laboratory 
Kitt P eak National Observatory 
High Altitude Observatory 
Mount Wilson and Palomar Observa

tories 

Ames Research Center 
J et Propulsion Laboratory 
University of Minnesota 
Cornell University 
McDonnell-Douglas Corp. 
University of Arizona 
U.S. Geological Survey 
Goddard Space Flight Center 
Princeton University 
U.S. Geological Survey 
University of California, San Diego 



Laser Tests 

C. O. ALLEY, Chairman 
L. H. ALLEN 

H. BOSTICK 

J. BRAULT 

D. G . CURRIE 

J . E. FALLER 

H . PLOTKIN 

S. POULTNEY 

M. SHUMATE 
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University of Maryland 
Jet Propulsion Labom tory 
Lincoln Laboratories 
Kitt Peak National Observatory 
University of Maryland 
Wesleyan University 
Goddard Space Flight Center 
University of Maryland 
J et Propulsion Laboratory 

The cognizant personnel oj ihe various science instrument aspects oj the 
Surveyor Program, at the time oj the Surveyor VII mission, were 

S. E. DWORNIK 

L. D . J AFFE 

R. H. STEINBACHER 

E. M. CHRISTENSEN 

F. I. ROBERSON 

E. J. FRANZGROTE 

R. E. PARKER 

T . H . BIRD 

J . J. RENNILSON 

D. L. SMYTH 

M. BENES 

J . N. STRAND 

E. T . JOHN SON 

S. L. GROTCH 

C. H . GOLDSMITH 

A. L. FILICE 

D. H. LE CROISSETTE 

C. E. CHANDLER 

R. J . HOLMAN 

M. I. SMOKLER 

E. R. ROUZE 

J. N. LINDSLEY 

D. D. GORDON 

R. C. HEYSE R 

D. L. SMYTH 

E. J. FRANZGROTE 

F. I. ROBERSON 

C. R . HEINZEN 

Program and Project Scientists 

Program Scienti~t 
Project Scientist 
Associate Project Scientist 
Assistant Project Scientist 

Cognizant Scientists and Science Staff 

Cognizant Scientist, Soil Mechanics Surface-
Sampler Experiment 

Cognizant Scientist, Alpha-Scattering Experiment 
Alpha-Scattering Experiment, 
Cognizant Scientist, T elevision Experiment 
Television Experiment 
T elevision Experiment 
Television Experiment 
Television Science Data H andling 
Cognizant Engineer, Image Processing Laboratory 
Non-Television Science Data Handling 
Surveyor Experiment Test Laboratory 
Landing Sites 

Instrument Development 

Manager, Instrument D evelopment 
Project Engineer, Instl'Uments 
Cognizant Engineer, Alpha-Scattering Instrument 
Supervisor and Cognizant Engineer, Television 

I nstrument 
Cognizant Engineer, Soil Mechanics Surface Sampler 

Space Science Analysis and Command 

Director 
Assistan t Director 
Director, Television Performance Analysis and 

Command 
Director, Television Science Analysis and Command 
Director, Alpha-Scattering Analysis and Command 
Director, Surfacc-Sampler Analysis and Command 
Command Controller 
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Appendix D 

Surveyor Management Organiza tion 

National Aeronautics and Space Admin istration 

J . E. NAUGLE 

O. W. NICKS 

L. R. SCHERER 

B. MILWITZKY 

W. JAKOBOWSKI 

F. A. ZIHLMAN 

S. E. DWORNIK 

W. H . P ICKERING 

R. J. PARKS 

H. H. HAGLU D 

K . f!. WATKINS 

R. G. FORNEY 

L. D. JAFFE 

R. H. STEINBACHER 

. A. RE ZETTI 

J . H. RICHARflSON 

C. G. CARLSON 

R . E. SEARS 

R. R. GUNTER 

J. D. CLOUD 

S. C. SH1ILLON 

Associate Administrator for Space Science and Applications 
Deputy Associate Administrator for Space Science and 

Applications 
Director, Apollo Lunar Exploration Office 
f!urveyor Program Manager 
Program Engineer 
Program Engineer 
Program Scientist 

Jet Propulsion Laboratory 

Director 
Assistant Laboratory Director for Flight Projects 
Surveyor Project Manager 
Assistant Project Manager 
Spacecraft Systems Manager 
Project Scientist 
A sistant Project Scientist 

,Tracking and Data ystem Manager 

Hughes Aircraft Co , 

Senior Vice President 
Manager, Space Systems Division 
Surveyor P rogram Manager 
Assistant Manager, Test and Operations 
Assistant Manager, Enginecring and Manufacturing 
Chief Scientist 
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