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Preface 

This, the final report under Sun·eyor Progmm 
auspices by the Sun·eyor Scientific Team, pre
sents the key findings resul ting from five Sur
veyor landings on the ?\loon. The vast amount 
of new lunar data  genera t ed by these missions 
will doubtless be studied for a long time to 
come, and additional individu al  papers can be 
expected in the future. 

Arrangemen ts han been made to provide 
interested scientists, not connected with the 
Surveyor Progrnm, with Surveyor dat a on 
request; pictures and other informat ion can be 
obt ained from the Nat ional Space Science Data 
Center, Goddard Space Flight Center, Green
belt , .:'lid. 20771 . 

The SmTeyor program \nls planned to 
achim·e soft landings on the l\Ioon by automated 
spacecraft capable of transmitting scientific and 
engineering measuremen ts from the lunar sur
face. The program had three major objectives: 
(1) to de,·elop and \'alidate the technology for 
landing softly on the l\Ioon , (2) to provide dat a  
o n  the compatibility ol t h e  Apollo manned 
lunar-landing spacecraft design with conditions 
to be encount ered on the lunar surface, and 
(3) to add to our scientific knowledge of the 
�loon. AJI of these objec tives han been achie,·ed 
to a degree far beyond original expectat ions. 

Surveyor I, the first U.S. spncecraf� to land 
softly on the .:\loon, returned a large quantity 
of scientific data during its first 2 lunar days 
of operation on the lunar surface. Following its 
landing on June 2, 1966, in the southwest por
tion of Oceanus Procellarum, the spacecraft 
transmitted 11 240 high-resolution television pic
tures. SmTeyor I completed i ts  primary mission 
successfully 011 July 14, 1966, aft er transmitt ing, 
in addition to the tele,·ision pic tmes, data on 
the bearing strength ,  t emperatures, and rn clnr 
reflec ti,·it.y of the .:\loon. Subsequent engineer-

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

Sun·eyor ll, launched on September 20, 1966, 
wns int ended to land in Sinus .:\Iedii, n different 
aren of the Apollo zone. \Vhen th e midcourse 
mnneu Yer was attem pted, one vernier engine 
failed to ignite,  and the unbalanced thrust 
caused the spa cecraft to tumble. Although re
peated efforts were made to sah·age the mission, 
none was successful. 

Snneyor III successfully landed on the .:\Ioon 
on April 20, 1967, tonching clown in the eastern 
part of Oceanus Procellarum. This spacecraft ,  
like its predecessors, carried a sun·ey tele\-ision 
camera and other instrumenta tion for det ermin
ing Yarious propert ies of the lunar-surface ma
terial. In addition, it earried a !>mfnce-sampler 
instrument for digging trenches, making bearing 
tests, and othen,·ise manipulating the lunar 
ma terial in the ,·iew of the television system. 

In its opera tions, which ended on .:\lay 4, 1967, 
SmTeyor llf acquired a hu·ge \·olume of new 
data and took 6326 pictmes. In addition, the 
surface sampler accumulated 18 hours of opera
tion, which }-ielcled significant new information 
on the st rength , t exture, nnd structure of the 
lunar material to a depth of 17 .5 em. 

SmTeyor IV, carrying the same payload as 
Sun·eyor III ,  \\·as launched on July 14 , 1967. 
After a flawless flight to the .:\loon, radio signals 
from the spacecrnft abm ptly censed during the 
tenninal-descent phase, approximately 2}� min
utes before touchdown.  Contact \\·ith the space
craft was never reest ablished. 

Suneyor V landed in Mare Trnnquilli tnt is 
on September 1 1 ,  1967. This spaceeraft was 
basically similar to its predecessor, except that 
the surface sampler \\·as replaced by an alpha
backscat ter instmment, n device for det ermin
ing the relatin abundance of the chemical 
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elements in the lunar mat erial. I n  addition , a 
small bar magnet was attached to one of the 
footpads to indicate the presence of m agnetic 
m a t erial in the lunar soil. 

Because of a critical helium-regulator leak in 
fligh t ,  a radically ne\Y descent profile \\·as engi
neered in real time, and SmTeyor V performed n 
flawl ess descen t and soft . landing within the rim
less edge of a smnll crater, :\!are Tranquillita
tis , on a slope of about 20°. 

During its first lunar day, which ended a t  
sunset o n  September 24, 1 967,  Surveyor V took 
1 8  006 television pictures. The alpha-backsca t ter 
instrument provided data from which the first 
in situ chemical nnalysis of an extraterrestrial 
body has been derived. This a nalysis sho,,·ed 
that the lunar sample was similar to terrestri al 
basalt. R esults of the bar-magnet test  "·ere com
patible ,,·ith this finding. Su n·eyor V also per
formed a rocket-erosion experimen t  on the 
:\'loon, in which its engines were fired for 0.55 
second to det ermine the effects of high-veloci ty 
exhaust gases impinging on the lunar surface. 

On October 15, 1967 , after h aving been ex
posed to the 2-week deep freeze of th e lunar 
night,  Surveyo r V responded immediately to the 
first turn-on command and operated u ntil sunset 
of the second lunar day, October 24, 1967, 
during which time it transmitted over 1 000 
additional pictures. 

Suneyor VI landed on the :\loon on No,·em
ber 1 0 ,  1967. The landing site \\"US in Sinus 
�fedii, essen tially in the center of the �loon's 
visible hemisphere, the last of fom potential 
Apollo landing areas designated for investiga
tion by the Sun·eyor program. 

The performnnce of Surveyor VI on the 
lunar surface was virtually fla,,·less. From 
touchdown until a few hours after sunset. on 
November 24, 1 967, the spacecraft transmitted 
29 952 television pictmes a nd the alpha
scattering instrument acquired 3 0  hours of data 
o n  the chemical composition of the lunar 
material. On No ,·ember 17 , 1967 ,  the vernier 
rocket engines of Snn·eyor VI were fired for 
2 .5  seconds and the spacecraft lifted off the 
lunar smface nne! transl a t ed lat erally abou t  8 
feet to a new location,  t he first such knom1 
excursion on the :\loon . This "lunar hop" 
provided excellent \-i.ews of the smfaee disturb-
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nnces produced by the initial landing and fur
nished significan t  n ew information on the effects 
of firing rocket engines close to the lunar surf ace. 
The displacemen t  provided a baseline for stere
oscopic \-i.ewing a nd photogrammetric mapping 
of the surrounding terrain and surfnce features. 

Other data pro,-ided by Sun·eyor VI include 
pictures of a bar magnet installed on a footpad 
to determine the concentration of magnetic 
material in the lun ar surface; vie\\'s of the stars ,  
Earth, and the solar corona; lun ar-surface tem
peratures up to 4 1  hours after sunset; radar 
reflectivity data  during landing; touchdown 
dynamics da ta during the initial landing and 
the lunar hop \\'hich provided additional infor
mation on the mechanical properties of the 
lunar surface material; and on-surface doppler 
tracking data for refining existing information 
on the motions of the �loon . 

On NoYember 26, 1967, SmTeyor VI was 
pl aced in hibernation for the 2-\\'eek l unar nigh t .  
Contact with th e spacecraft was resumed for a 
short period on December 1 4 ,  1967. 

The successful accomplishment of the Sur
veyor V I  mission n o t  only satisfied all Surveyor 
obligations to Apollo, but completed the scien
tific im·estigation of four \\-i.dely separated mare 
regions in the �loon's equatorial belt., spaced 
roughly uniformly across a longitude range be
tween 43° 'V and 23° E, from which importan t 
generaliza tions regarding the lunar maria have 
been deri,·ed. 

The im·estigations in the  Apollo zone having 
been satisfactorily accomplished, Suneyor VII 
could he sen t to an aren of primary scien tific 
interest, the rugged, rock-strewn ejecta blanket 
near the prominent ,  comparati,·ely young, rny 
crater Tycho. 

The area selected for inYestigntion, a site 
about 1 8  miles n orth of Tycho, differs consider
ably from those examin ed by preYious Sun·eyors. 
This region was chosen because it is in the high
lands, well removed from the marin, and was 
expected to be CO\'ered \\-i.th debris excavated 
from beneath the  surface of the h ighlands when 
Tycho wns formed. I t  thus pro \·ides a signifi
cantly differen t type of lunar sample for com 
parison wi th those of  previous missions. 

In view of the ,·ery rugged nature of the ter
rain in the landing area n orth of Tycho and the 
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consequent hazards to landing, in preflight mis
sion planning it \\"US necessary to reduce the 
target area from the 30-km-radius c ircle 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 
maneunrs in order to maximize the probability 
of landing within the small target circle. 

Because of the excellent performance of the 
iaunch Yehicle and the spacecraft, ho\\·ever, only 
one midcourse rnanem·er was found to be neces
sary. Surveyor VII landed less than 1� miles 
from the center of the target circle , about 18 
miles north of the rim of Tycho. Touchdown oc
curred at 0 1:05:36.3 G1'1T on January 10, 1968 . 

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

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

These delicate operations demonstrated the 
versa tility of the surface sampler as a remote 
manipulation device and the precision with 
which its operations can be con trolled from the 
Earth. 

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

The surface sampler dug 11 number of 
trenches, conducted static and dynamic bearing
strength tests, picked up rocks, fractured a rock, 
weighed a rock and performed various other 
manipulations of the lunar material . The per
formance of the instrument and its controllers 
was outstanding. 

In addition to acquiring a wide variety of 
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lunar-surface data, Sunreyor VII also obtained 
pic tures of the Earth and performed star sur
Yeys. Laser beams from the Earth "·ere success
fully detected by the spacecraft's television 
camera in a special test of laser-pointing 
techniques. 

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

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

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

The scientific and technological contributions 
of Surveyor to the future exploration of the 
Moon and planets have provided a major step 
forward in man's drive to explore the universe . 
This final report stands as a tribute to the 
hundreds of engineers, scientists, technicians, 
and managers-in industry, Go,·enunent, and 
the scien tific community-whose de,·otion and 
professional excellence made Surveyor's re
markable achievements possible. 

BENJAJ\liN 11ILWlTZKY 
Assistan t Director for Automated Systems 
Apollo Lunar Exploration Office 
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1. lntrocluction 

L. D. Jaffe and R. H. Steinbacher 

Preliminary science results from each success
ful SmTeyor luwe been presented in separate  
mission reports, issued j ust subsequent to the 
end of each mission (refs. 1-1  to 1-5) . In  this 
Surveyor report , these preliminary findings 
are reviewed and summarized, the results from 
each mission are compared and, in some cases, 
the results are given of an alyses m ade after the 
publication of the mission reports. 

This sect ion presents  briefly those spacecraft 
characteristics most necessary to an under
standing of the scientific data obtained and 
the corresponding charact eristics of spacecraft 
operations. An account by the Surveyor Scien
tific Evaluation Ad\'isory Team of the major 
findings from Suneyor is presen ted in chapter 
2. Subsequent chapters, prepared by Sun·eyor 
Investigator Teams and ·working Groups, pro
vide further information in individual technical 
areas. 

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

Spacecraft 

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

1 

The main retro engine of the spacecraft 
utilized solid propellant. Each of the three 
liquid-fueled vernier engines was throttleable 
from about 460- to 1 20-N 1 thrust. Nitrogen gas 
j ets pro,·ided att itude control when the engines 
were off. For attitude reference, the spacecraft 
carried Sun and Canopus sensors, and gyro
scopes. A radar altimeter furnished an altitude 
mark to initiate main retrofiring during descent 
to the lunar surface. Another radar, providing 
measmements of velocity and altitude, was 
used \Yith the vernier engines in a closed loop 
under control of an onboard computer for the 
final phases of the descent. 

Surveyor I, designed to attain the engineering 
obj ectives of the Surveyor program, carried a 
tele,·ision system for operation on the lunar 
surface and over 1 00 engineering sensors, snch 
as resistance thermometers, \·ol tage sensors, 
strain gages, accelerometers, and position indi
cators for movable spacecraft parts. No instru
mentation \\·as carried specifically for scientific 
experiments. 

The television c amera flown on Suneyor l 
is sh0\n1 in figure 1-2. The vidicon tube, lenses, 
shutter, filter, and iris were mounted along 
an optical axis inclined approximately 16° 
to the central axis of the SIH1cecraft; they were 
topped by a mirror that could be turned in 
azimuth and ele,·ation . The azimuth, elevation 
focal length, focus, exposure, iris, and filter 
"·ere adj usted as needed by commands from 
Earth. Focal length adj ustment provided either 
n arrow-angle (6.4°) or wide-angle (25°) fields 
of ,·ie\\· . The ,·idicon could be scanned to provide 
either a 200- or a 600-line picture. The 200-
line pictures could be transmitted over an 

1:\T (newton) is a standard international unit; 1 N is 
equal to 105 dynes. 
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FIGURE 1-1.-Sun·cyor I spacecraft configuration. 
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omnidirectional an tenna or the planar-array 
antenna; the plan ar-army antenna was used for 
all 600-line pictures. The obsetTed resolu tion 
for 600-line pic t ures "·as 0.5 mm at 1 . 6  meters 
from the camera. 

At th e time of the Surveyor I landing, addi
tional spacecraft "·ere in ntrious stages of 
fabrication a.s part of the engineering effort.  
Changes \Yere made to the design of these 
spacecraft to accommodate a scientific payload 
commensurn.t e with SJH1Cecrnft capability and 
schedule (fig. 1-3) . Table 1-1 lists the scien
tifically significan t spacecraft ,·ariations used. 
�lany of the engineering changes made to 
in crease Suryeyor's reliability and perform
ance, though not listed here, resulted in  a 
better quality and greater amo1mt of data 
(ref. 1-1 1 ) . 

On Sun·eyor III, a simplified snrface-sampler 
instrument replaced the approach ( downmlrd
looking) teledsion camera "·hich had been 
carried, hut not ,  used , on SnrYeyor I. The 
surface sampler consisted primarily of a scoop, 

approximately 12  em long and 5 em wide, with 
a motor-operated door. The scoop was mounted 
on n pantograph arm that could be extended 
about 1 . 5  meters or retracted close to the space
craft by a motor driYe. The arm could also be 
mo,·ed in azimuth or eleYation by motor 
driYes, or dropped onto the lunar surface 
under force provided by gnwity and a spring. 
The surface sampler could manipulate the 
lunar surface material in a number of ways, and 
the results could be observed by the teleYision 
camera. 

The hood on the Sun-eyor III television 
camera was fitted with a bonnet extension to 
pro,·ide additional shading for the lens and 
fil t er, tlms extending the area of glare-free 
operation.  'I\,-o auxiliary mirrors were attached 
to th e spaceframe so that th e camera could 
proYide a better Yie"· of surface alterations 
produced by the Yernier engines and by a 
crushable block. 

SurYeyors V and VI carried a teleYision 
camera and an alpha-scattering instrument to 

TABLE 1-1. Payload differences among Surveyor spacecraft 

Instrumentation Surveyor 1 Suneyor Ill 

Television camera ____________ _  Yes Yes 
Filters ___________________ Color Color 
Glare hood _____ _ _____ _ ___ Standard Extended 
Elevation limit_ _ _ ____ _ __ _  35° 35° 
Photometric targets _ _ _____ 2 2 

Surface sampler _ _____________ No Yes 
Azimuth range _ _ _ ________ -------------- +40° to 

-72°. 
Alpha-scattering instrument_ ___ No No 
Auxiliary mirrors _ ____________ None 2 (fta t) 

View under alpha- -------------- --------------
scattering instrument. 

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

View under crushable ------- ------- Block 3 
block. 

:\lagnets: 
Footpads _______ _ --- -------------- --------- - ----

Surface sampler_ _ _ _______ -------------- --------------
Stereoscopic and dust- No No 

detection mirrors. 

Sun•eyor V 

Yes 
Color 
Extended 
35° 
2 
No 

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

Yes 
2 (convex) 
Yei' 

Engine 3 

Block 3 

Block 2 I 
------- ------

No 

Sur.-eyor VI 

Yes 
Polarizing 
Box 
70° 

2 
No 

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

Yes 
3 (convex) 
Yes 

Engines 2 
and 3. 

Blocks 2 and 
.... .:>. 

Block 2 

-- - --- ---- · ---
No 

• Arm movement CW(+) and CCW(-) rotation from the perpendicular to the spaceframe. 

Sun•eyor VII 

Yes 
Polarizing 
Box 
70° 
3 
Yes 
+ 71° to 

-41°. 

Yes 
3 (convex) 
Yes 

Engines 2 
and 3. 

Blocks 2 and 
.... .:> • 

Blocks 2 and 
3. 

Yes 
Yes 
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FIGURE 1-3.-Configuration of various Surveyor spacecraft showing changes in scientific 
payloads (models). 
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analyze chemically t!Je lunar soil. This instru
ment 'ms designed to irradiate the lunar 
surface with alpha particles from curium-
242 sources and to measure the spectra of alpha 
particles scattered back. It also provided 
spectral data on protons produced by (a:, p) 
reactions wit!J the atoms of the lunar surface. 
These spectra could be interpreted in terms of 
the kind and quantity of elements present in 
the surface. Physically, the instrument consisted 
of a sensor head, a cube about 15 em on a side, 
which, on command, eould 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). 

Suneyor VII carried, in addition to the 
camera and the alpha-scattering instrument, 
a soil mechanics smface sampler similar to 
that on Suneyor III. The Suneyor VII 
surface sampler, howe,·er, "·as mounted with 
n slightly different orientation so that it could 
reach the alpha-scattering instrument after 
deployment; because of the orientation change, 
it was not able to reac!J a spacecraft footpad. 

The Suneyor V television camera "·as the 
same as that on Smveyor III. However, on Sur
yeyors VI and VII, a new hood was added to 
pro,·ide better protection from glare and a better 
range in azimuth and elenttion for the mirror. 
Polarizing filters were used on the Suneyor VI 
and VII cameras rather than the color filters 
used on the early missions. For camera calibra
tion, Surveyors I, III, V, and VI carried photo
metric targets on a footpad and on an 
omnidirectional n,ntenna boom; Sun·eyor VII 
carried an additional target on the other 
omnidirectional antenna boom. 

To give greater area eo,·ernge, the auxiliary 

Yie"·ing mirrors were ehanged from flat to con

vex for Sun·eyors V, VI, and YII. For Sun·eyor 

V, one mirror "·as oriented to pm,·ide a vim\· of 

the alplm-scattering-instrument sensor head on 

the surfnee rather than of the area under Yemier 

engine 2. An aclditionnl Yie"·ing mirror "·as used 

on Sun·eyors YI and \'II so that the area under 
,·ernier engine 2 and nushable bloek 2 eould be 

obsen-ed. Suneyor YJJ also earriecl a mirror on 

the mast to pro\·iue :t stereoscopie Yiew of an 

area intersecting the ;ue of surface-sampler 

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

Sun·eyors V and VI carried a bar magnet and 
a nonmagnetic. control bar on one footpad to 
indicate the presenc.e of lunar surface material 
with high magnetic susceptibility. Snn·eyor VII 
carried a similar magnet n,nd control bar on two 
footpads and two small, horseshoe-shaped mag
nets placed in the pressure pad of the door of the 
surface-sampler scoop. All magnets could be 
obsen·ed by the teleYision camera. 

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

Landing Sites 

Four Sun·eyor spacecraft landed in the lu!Htr 
maria, near the equator. These sites were 
selected primarily because they were being con
sidered for Apollo manned lunar landings. Sur
veyor VII, the last in the series, landed in the 
highland region close to the crater Tycho, a site 
chosen primarily for its scientific interest; it wns 
thought to be a sample of very young highland 
material, "·hich could ha \'C originated at con
siderable depth. The a,·ailn.bility of Lunar Or
biter photographs of the are:t was considered in 
selecting landing sites for all Sun·eyors except 
�uryeyor I ,  "·hich preceded the Lunar Orbiter 
flights. The suitability of each site for mnking a 
safe landing was evaluated as part of the site
selection process (refs. 1-14 and 1-15). 

Table 1-2 lists the varieties of terrain on 
which the Surveyors landed and their seleno
grnphic locations. Fom sets of coordinates nrc 
gi,·en: The first set is based on radio trncking 
of the spacecraft d ming its flight to the :\1oon; 
the second is based on mdio doppler tracking 
of the landed spacecl'l1ft from Earth. Both of 
these methods locate the site in inertial co
ordinates relative to the center of graYity of 
the :\loon. The third set is a listing of the seleno
grnphie coordinates, in the system used in the 
Orthographic Atlas and in the Lunar Charts of 
the Aeronaut.icnl Chart and Information Center 
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,'-t"pa<·ecraft l.ttrwr region 

-- �---------

r _ _ _  _ _  . I Southwest part of 
Oceanus Pro-
cella rum . 

IlL _ _  . _ _ _ _ _ _  _ \  Southeast part of 
Oceanus Pro-
cella rum. 

,. _ _ _ _ _ _  I :-iouthwcst part of 
:' d are Tran-
quill itatis. 

\'L _I Sinus i\I ed ii _ _ _ _ _  

\' I I  _ _ _ _  j Ejecta blanket, 
north of Tycho 

rim. 

1'ABLI" 1-2 . Surceyor lunclinu s ites 

Site characteristics 

---- -----
--

Level marc floor 
of Flamstccd 
ring. 

Wall of 200-mc t c r  

crater. 

Ncar top of fl- l>r 
1 2-mctcr 
crater. 

Level marc area, 
ncar marc ridgf'. 

Spacecraft loco /ions 

Inertial coordina tes fron1 I Inertial coordin� les �ront f1 sel:flOflr�pltic coor<linates, lselen ograpltic cDordina tes. 
infliglll tracking o. on-surface tracking b A t lns}AC'JC sus tent, I .llills}A rtltur systent, 

Longitude Latit ude I ... ongit udc Lalit udc 
----- -----

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

43.:34° w 2 . 4 4 °  s 43. :.!:!0 w 2 . 4 G  
- 2 .50° s 

23.4 1 °  w 3.0° s 23. 32° w :; .ooo s 

2:>.:wo E I f . !j o  N 2;;. 20° E 1 .42° N 

1 . 3S0 \V tH2° N 1 . :37° \\' 0 . 4fi0 N 

fronr s u rface fea t u res 0 front su rface fea tures �: 

Longit ude ] L a t i t ude Longlt uclc i I..a l i t ucle - ----

43.23° w 2 .46° s 43.22° "' I 2.4.)0 s 

23.34° \V 2.!l!)0 S 2:::: .34° \Y 2.! )1° s 

.Not. located Xot loe:-t tcd 

1 . :)!)0 \\' O . !i l 0  N 1 .40° w 0.:33° N 

I I  i ll�- highland _ _ _  . I  I 1 . 4 1  o \V 4 Ul l o :-i I I  . 4 4.  0 \V 40.! )7° ;..; I I A:,o \V 4U. S-"0 S 1 1 .47° \V 4 0.SG0 S 

" 1-:icc ref. r- r 1 .  u �ce eh. 1 0  of t his re port . c SC'c eh.  :3 of this report. 

z >-3 ::tl 0 1:;) � (') >-3 
0 z 

-.) 
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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 2 48) . The superimposed image is a model 
of the Surveyor spacecraft in a similar configuration and lighting to the Lunar Orbiter 
photograph. The i mage of the model and shadow was photoreduced on negative film 
to about the same size as it is  on the Lunar Orbiter film. The resulting print was 
rephotographed through a television camera to produce a sean pattern. 

(refs. 1 - 1 6  and 1-17) .2 These coordinates ,,·ere 
obtained by determining the position of the 
landed Suneyors on Lunar Orbiter photo
graphs by matching featmes shown in Sun·eyor 
pictures with corresponding feat ures in the 
Lunar Orbiter photographs (refs. 1-2, 1-4, 1-5, 
and 1-19 (see ch . 3)  ). The Lunar Orbiter photo
graphs "·ere, in turn , related to the Orthographic 

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

Atlas and Mills/Arthur coordinates by matching 
large features, visible from Earth . Surveyor I 
was photographed on the lunar surface by 
Lunar Orbiters I and III ; figure 1-4 is an 
enlargement of a Lunar Orbi ter photograph 
of SurYeyor I ,  together with a laboratory 
photograph of a SmTeyor model with similar 
configuration and lighting. The Lunar Orbiter 
photographs of the other Surveyor lunding 
sites were made before the Suneyors landed. 
Suneyor V has not yet been iden tified in Lunar 
Orbiter photographs ; it  may be outside the 
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arett of Lunar Orbiter high-resolu tion covernge. 
The difl'erences among the four sets of co

ordinates result, in part, from r andom errors 
and, in part,  from syst ema t ic errors in t he 
models u sed . Difi"erences bet\\·een t h e  inertial 
and t h e selenogrn phic coordina t es arise from 
u ncert ain ties in the selenogmph ie grid und 
from differences between t he cen t er of figu re 
and t h e  center of gnwity of t h e  ?\loon. 

Spacecraft Operations 

SuJTeyor spn cecrnf t  were launched from 
Cnpe Kenn edy, Fla . ,  by A tlas/C entaur l aunch 
vehicles. After inj ection on a trnj ec tory inter
secting t h e  ?\loon, the spacecraft "·ere sepn.rn ted 
from t h e  l a u n ch vehicles. :\Iidcourse mnneu nrs, 
ut ilizing t h e  vernier engines, \\·ere performed 
to bring t h e  spacecmft wit hin t h e  desired 
landing areas. For t h e  t erm inal descen t,  the 
main retro engine was igni t ed to pro,·ide most 
of the brn.king. After the m ai n engine burned, 
nomina l ly at abou t 1 0-km alti t ude,  it was 
j e tt isoned, and the Yernier engines con t inued 
to  slow the sp acecraf t . To reduce disturbance 
of the l u n a r  surface by engine exhaust, the 
Y ernier engines were turned off (except for 
Sun·eyor III) "·hen the spn.cecraft a l t i tude "·as 
abou t 4 met ers nnd approach ,·elocity was a bun t 
1 . 5 m/sec . The spacecraft t hen fell freely to the 
surface. The veloci ty compon ent s  at t ouch
down "·ere in th e range of 3 to 4 m/sec ''ert icn.Ily 
and less t han 0.5 m/sec horizont n. I ly. The 
spacecraft mn.sses a t  inj ection "·ere 995 to 1 040 
kg ; at t ouchdown, 294 to 306 kg . 

The vern i er engines on SmTeyor III did not 
shu t  down b efore initial  touchdo"·n, but con
tinued to burn, lift i ng t h e  spacecra ft from t h e  
surface. I t  l n.nded agn.in about 20 m et ers 
from the init ial  position, wi th engines still on,  
and lifted off a second time.  The engines were 
t h en tu rned off, nnd the spacecraft t ou c h ed 
down again 1 1  met ers from t h e  posi t ion of the 
»econd tou chdown. The verticnl ,·eloci ty com
ponent for the three tou chdo\nls ,,·n.s 1 to 2 
m/sec ;  the horizontal component ,  0 .3  to 0.9 
m/sec. 

Tnble 1-3 shows t he t imes a t  which the 
Sun-eyors landed.  After t ouchd O \nl , an en
gi neering int errogn ti.on wn.s mn.de, then nn 

TADLE 1 -3 .  Times Jor S11 rvcyor /Oitchdown8 
and last dahL return:,; 

Space. 
craft 

To ucll.do1cn 

! _  _ _ _ _ _ _  J une 2, 1 0 66 ; 

06 : 1 7 : 36 G :\I T. 
I l L  _ _ _ _  Apr. 20, lOG7 ; 

00:04 : 1 7  G :\ I T. 

\' _ _ _ _ _ _  Sept. 1 1 , 1 96 7 ;  

0 0 : 4 6 : 4 2  Gl\IT. 

YL _ _ _ _  Nov. 10, 1 0 G 7 ;  

01 :OJ  : 0-1 G ::\ 1 T. 
\'1 L _ _ _  Jan. 1 0, 1 068 ; 

01 :05 :36 G l\ I T. 

Last data return 

-� Jan.  7, 1 !J 6 7 ;  07 : 30 

I G :\ I T. 
:\lay 4, 1 !JG 7 ;  00 : 0-1 

G:\IT. 
Dec. 1 7 , H l6 7 ;  04 :30 

G .:'IIT. 
Dec. 14,  1!J67 ; 1 0 : 1 4 

( : l\IT.  
Feb. 2 1 ,  l OGS ; 00:2-1 

G:\ IT. 

ini t i tll series of 200-line tele vision pic t u res \V as 
tr ansmi t t ed through nn omn id irect ional an
ten n a .  The pl an nr-nrrny antennn was t hen 
point ed toward t h e  Earth , nnd the trn.ns
mission of 600-l ine te]e,·isi on pict ures wns 
ini t i ated.  Engineering in t errogations \\·ere in ter
spersed with the ntrious science opera ti ons. 

Operati ons con tinued and some data were 
recei ,·ed for periods of 2 weeks to 8 months 
after landing , as shown in t.nble 1-3 .  Opera
tions \\·ere not  always cont inuous ; e.g.,  the 
spacecrnft were sh u t  down tl few hours or d ays 
after each local sunset . 

Lunn.r opemt ions were eomm ancled from ,  
a n d  spncecraft d a t a  were recei Yecl through,  
th e Deep Spaee Sta tion 25-meter communi
cations antennn.s a t  Goldsto ne , C alif. ; Tid
bin bill a (near Canberra) , Austra l i a ; Robledo 
(near ::\I ndrid) , Spnin ; and J ohannesbmg , 
Sou th Africn . Occasion nlly, t h e  65-meter nn
termn a t  Goldst one nnd the 25-meter antenna 
at Honeysuckle Creek (near Cn nberrn.) , Aus
tndia,  \\·ere used . 

A Yariety of data , not nil  frum scienti fic 
inst ru men ts, wns receiYed from each spa ce
craft ; sensors carried aboard the spacecraft for 

engineering infcrm ation nlso pro ,·icled scientific 
data  abou t the :\ l oon. The types of measure
ments and the seientifie instmment nr sensor 
t h a t  1mwi.cled them are lis ted in t able 1 -4 .  

There were 8 7  674 tele,·ision prctures obtain ed 
from the l unar surface ( table 1 -5) . Photo
grammetric , photometric , pol arimetric,  and 
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TABLE 1-4. A1easnrement sow·ces and types of scientific information derived from Surveyor spacecraft 

Instruntent or sensor Scientific information obtained 

Television camera _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Lunar t opography, surface structure and geology ; lunar photom
etry, pol�rization, and color;  cohesion of lunar surface material ; 
terrest rial photometry, polarization, and color; terrestrial at
mospheric transmission, color, and cloud patterns ; solar corona 
extent, photometry, and pol::trizat ion ;  ability to point lasers from 
Earth to lunar locations. 

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

Soil mechanics surface sampler_ _ _ _ _ _ _ _ _ _ _ _  _ Bearing and shear strengths of lunar surface and near-surface 
material ; cohesion, internal friction, and density of lunar surface 
mat erial; surface-rock strength and density. 

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

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

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

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

�1agnets _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ Content of magnetic particles in lunar surface material. 
Spacecraft vernier-propulsion system and 

attitude-control jet system. 
Lunar surface perm<'ability to gases, 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 }� meters to 30 km from 
camera ; undisturbed surface and 
that disturbed by spacecraft ; at 
Sun angles of 0° to 90 °, and in 
earthlight. 

Earth _ _ _ _ _ _ _ _ _ _ _  In sunlight, at various phases and 
time intervals ; eclipsing Sun . 

Lasers on Earth__ At 1-watt output. 
Solar corona__ ___ Inner and outer, to 50 solar radii. 
Planets _ _ _ _ _ _ _ _ _  :1\Iercury, Yenus, and Jupiter. 
Stars _ _ _ _ ____ _ _ _ To 6th magnitude. 

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

TABLE 1-5. Number of Surveyor television 
pictures 

Pict ures taken per lunar day o. Total 
Spacecraft 

! _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

IlL _ _ _ _ _ _ _ _ _ _  _ 

"- - - - - - - - - - - - -
YL _ _ _ _ __ _ _ _ _ _ _ 

YIL __ - - - - - - - - -

1st day 

10 34 1 
6 32 6 

1 8  00 6 
29 952 
2 0  993 

2d day 4th day 

8!l!l 

1 0 48 64 

45 - - - - - - - -

TotaL _ _ _  - - - - - - - - - - - - - - - - - - - - - - - -

pict ures 
taken 

1 1  240 
6 326 

19 1 1 8 
29 952 
21 0 38 

87 674 

• These numbers reflect later infor mation than those 
given in the mission reports (refs. 1 -1 through 1 -5). 

\Vi th the surface sampler, measurements 
were made of the bearing load versns penetra
tion cune for the granular lunar surface 
materi al and of its bearing capacity and shear 
resis tance as a function of depth in the depth 
range of 1 to 20 em. The nature of surface 
deformation \\·as obsmTecl from trenching, 
static bearing, and impact;  data were obtained 
on cohesion, internal friction, and porosity of 
the near-surface granular material nt one mare 
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and one high land site. Strength and density of 
individual rocks were also m easured. 

Strain gages on t h e  l eg shock absorbers of 
the spacecraft proYided records of the leg loads 
during touchdown. In conj u nction with fl igh t 
con trol c ia t a  on the spa cecraft posi tion and 
Yelocity , and teleYision observations of the 
surface dist urban ces associ ated with l a ndings 
t h ese records furnished information on bearing 
strength ,  cohesion , in ternal friction, elastic 
,·e\ocity, and porosity of t h e  m aterial at,  and 
j ust  below, the surface a t  a l l  SmTeyor l a nding 
sites. 

Thermal sensors, measuring t emperatures of 
spacecraft com ponen ts radiatively coupled to 
t h e  surfn ce, permitted determina tion of surface 
t empera tures, t h ermal inerti a ,  and directional  
infrared emission a t  all si tes. 

The magnets carried by Surveyors V, VI , 
and VII provided information on t.he con ten t 
of ferromagnetic and ferri m ngnetic particles at  
two mare si t es and one highland site. 

At the m are l anding si t es,  firings against the 
lunar surfa ce of the Yernier rocket engines on 
SurYeyors I I I ,  V, and VI and of the a ttitu de
control j ets on Suneyors I and VI provided 
i nform ation on the permeability of the surface 
to gases, the  lunar surface coh esi o n ,  response to 
gas erosion , and adhesion to t errestri n l m a t erials .  
On t h e  SmTeyor VI mission, S d ays after 
lan ding, the engines "·ere fired in such a wny 
as to lift the spn cecraft 3 .5  meters from the 
smfnce ; it l nnded 2.4 meters from i ts originnl 
position. 

Tele,·ision pictures nne! other scien tific dntn 
from Sun·eyor m ay be obtai ned from the 
N ntional Space Science Data Cen t er, Greenbelt, 
�Id. 2077 1 .  I nd ividual pictnres c an best be id en
tified by t h e  spacecraft mission nnd G;\iJ.'l' d ay of 
yenr nnd time at whieh t h ey were taken. 
�fosaies can best be iden t ified by catn log number. 
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2.  Principal Scientific Results From the Surveyor Program 

L. D. Ja.ffe ( Ch a irm a n ) ,  G. 0. A lley , S. A .  Bat terson, E. 111. Christensen, S. E. Duwn ilt, D. E. Ga u lt, 
J. J l '. L11cas, D. 0. j\Juhleman , H. H. Norto n , R. F. Scott, E. J.1J. Sh oemaker, R. H. Stein bacher, 
G. H. Sntton, a nd .1 . L. Turlavich 

The successful soft landings made by fi ve 
Snn·eyors permitted detailed e xaminat ions of 
th e lunar surface at four mare si tes along an  
equatori al belt and  at one  high land s i t e  in the 
southern hemisphere. The aiming areas, selected 
before launch, were chosen after examination of 
telescopic and Lu nar Orbiter p hotographs (ex
cept for the Suneyor I mission, which preceded 
the Lunar Orbiter fligh ts) . All fi,·e spacecraft 
landed \dthin these selected areas. The landing 
sites were : 

Surveyor I .-Flat smface i nside a 1 00-km 
crater in Oceanus Procellarum, 1 radius from 
the edge of a rimless 200-meter crater. 

Snneyor III .-Interior of a subdued 200-
meter cra t er, probably of impact origin, m 
Oceanus Procellarum. 

SmTeyor V.-St eep, i nner slope of a 9- by 
1 2-meter cra ter, \Yhich may be a subsidence 
feature, in l\Iare Tranquillitatis. 

Sur veyor VI.-Flat surface near a mare ridge 
in Sinus M edii .  

SmTeyor VII.-Ej ecta  or flow blanket north 
of, and less than 1 radius from , the rim of the 
crater Tycho in  the h ighlands . 

A t  each of the SuJTeyor landing si tes, the 
lunar surfnce is co ,·ered by a layer of fragmental 
debris, predominant ly fine grained,  wh ich is 
lit tered wi th  a variety of rock fragments, and 
spotted with overlapping small craters. The 
axernge thickness of the debris layer, or regolith, 
,,·as det ermined for each of the mare landing 
sites from the depth of the smal lest craters ,,;th 
blocky rims. The thickest regolith ( 1 0  to 20 
meters) was found at the Sun·eyor VI site. The 
regolith n ear Sm·,·eyor I is I to 2 meters thi ck, 
and at  the Surveyor V site  is  less th an 5 meters. 
The thickness of the regoli th wi thin the 200-
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meter crater where Surveyor I I I  landed varies 
from abou t 1 to 2 m eters on the rim to perhaps 
1 0  meters or more at  the crater center. 

Sma l l  Craters 

Small craters accou nt for the irregu larit ies of 
largest relief on t h e  surfaces at the mare landing 
si t es .  :\ lost of the s mall cra ters at each of t h e  
landing si t es h a v e  n cup shape wi th walls and 
floors conca,·e upward and low, subdned ri ms, 
but some are nearly rimless. l\ Iost of the cup
shaped ern ters are believed to be of impact 
origin. Dimpl e-shaped craters lacking raised 
rims and crater chains are common at the Sur
veyor V si te and were obserYed at the Suncyor 
III  site ; these m ay !Ja,·e been formed by drain
age of the surficial fragmental debris into sub
surface fissures. 

:\!any irregular cra ters , ranging in size from 
a few centimeters to se\·eral meters in diameter 
and lined "·ith clods of fine-grained material ,  
were obseJTed n t all  l andi ng sites. These are 
inferred to be secondary impact craters formed 
by cohesi ,·e blocks or clo ds of "·eakly cohesh·e 
fine-grai ned material ej ected from nearby pri
m ary crat ers. 

The cumnlatiYe size distribut ion of small 
craters a few cen timeters to se,·ernl tens of 
meters in diameter is consistent wi th a power 
law hMring an exponent of - 2 .  This cor
responds to that expected for a steady-s tate 
popu lation of craters produced by prolonged, 
repetiti \'e bombard ment by meteoroids and by 
secondary fragments from the l\Ioon. There are 

fewer craters larger than 8 meters in diameter 

at the Surveyor VII site th t1D at the mare 
landing si tes ; this i ndicates that the Tyeho 
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nm materinl on which Surveyor VII lan ded 1 s  
relati vely young. 

Resolvable Rock Fragments 

Some rock fragments are on the surface and 
others are partly embedded to ,·arious depths 
in a finer grained matrix. The fragm ents are 
scnttered somewhat irregulnrly, but strewn 
fields of blocks nre fou nd around some of the 
lurger cruters. The SutTeyor VII landing site 
has the l urgest nu mber and \'uriety of re
soh·able rock fragments ; the Sun·eyor V and 
VI si tes have the least number. J\fost are 
relatively angular, but some well-rou nded 
fragments are presen t and ttppeur, i n  gen eral , 
to be embedded fairly deeply i n  the finer 
surface m n t eriul . The fragmen ts tend to be 
equant in sh ape, b u t  some are distinctly 
t :1bular and a few have the form of sharp, 
nmTo"· wedges. 

:"\ lost of the  resoh·able fragments on the 
surf ace are brighter, u nder nil o bsernd angles 
of illumination, than the unresolved fi ne
grained matrix. A knobby, pitted surface is the 
most common surface texture developed on th e 
bright, coarse, rounded rock frngm en ts. The 
pitted texture and the rounding of the frag
ments are probably produced by impact of 
sm all particles. Further evidence that the 
surfaces of the rocky fragmen t s  have been 
subj ect ed to an erosi,,e, or nbrash·e, action is 
evident on one of the rocks O\'ertnrned by the 
surface sampler on Su n·eyor VII.  This rock was 
rou nded on the exposed side and angular on the 
subsurface side. Spo tted rocks, obsen-ed at the 
Sun·eyor I and V sites, nre common neur 
Surveyor VII .  I n many cases, the lighter 
ma terial forms sligh t protrusions on the frag
men t., suggesting that it is more resistant to 
lunar erosion processes. 

The densi ty of one rock near Smveyor VII 
wus found t o  he in t.he range of 2.4 to 3.1 
g/cm3 , with a most probable ,·al u e  of 2.8 to 
2.9 g/cm3. A similar rock wus broken by a 
moderately strong hlu\Y from the surface 
sampler. ?\ lost of the resoh·able blocks on th e 
luna , surface appear to be dense, coherent 
rock, but some appear l ess dense n n d  porous. 
:"\l any blocks at the Suneyor V I I  site, and a 
fe"· ut the Surveyor I site,  are distinctly 

vesicu lar. Some coarse fragments are clearly 
aggregates of sm aller particles. Some of these 
aggregu tes are eompuct and angu lar , whereas 
oth ers appear to be porous and probably n,re 
only weakly compacted . 

Particle Size 

Between 4 and 18 percent of the lu nar 
surface is co ,·ered hy frngments course enough 
to be resolved by the television ctunern (coarser 
than 1 mm ) .  The size-frequency distribution 
of resohable frngmen tal debris a.t each Sur
\"eyor l anding site cun be represen ted by a 
simple power fun ctio n. At the mure s ites, the 
exponent of the size-distribu tion function is, 
in all c ases, less t h an - 2 ;  nt the Sun·eyor VII 
si te ,  on the rim flank of Tycho, the exponent 
is  - 1 .8 .  Fragmen ts coarser than 10 em are 5 
to 1 0  t i mes more abundant on the rim of Tycho 
than 011 t h e  m ari a.  

The ability of the finer grained matrix ma
terial to conform to smooth surfaces and t o  
presen-e fi n e  impri n ts ; i ts permeability to 
gases ; i ts cohesion ; and its opticnl properties, 
before nnd after disturbance, all suggest that 
the bulk of the m a t erial h as n particle size 
between 2 and 60 microns. 

Structure and Mechanical Behavior of the Fine 
Material 

At all l anding sites, t he fi ne matrix, or lu nar 
soil, is granular and slight.ly cohesi ve ; the soi l is 
compressible, at least in i ts upper few cen ti
meters, ns indicated by the footpad and crush
n.ble block impri n ts ;  and its static bearing 
strength increases with depth as follo\YS : 

( 1 )  I n  about the u pper millimeter : less than 
0. 1 N /cm2 (from imprints of small, roll ing 
fragmen ts) . 

(2) A t  a dept h  of 1 to 2 mm : 0 .2 N/cm2 
(from im prints of the n l phn-scat.t. ering-instru
ment sensor h ead ) . 

(3)  At a depth of about 2 em : 1 .8 N/cm2 
(from imprin ts of crush n ble blocks on Suneyors 
VI and VII ) .  

(4) A t  a depth o f  abou t 5 em : 5 . 5  N/cm2 
(from penetrations of footpnds on Surveyor I ) .  

The higher rock population a t  the SurYeyor 

V I I  si te  did not,  i n  general , i ncrease t h e  bear-
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ing strength of the soil compared "·ith that at 
the Suneyor I ,  III, and VI sites. 

The estimated soil shear wave velocity is 
between 1 5  and 36 m/sec, and the compres
sional wa ,�e velocity between 3 1  and 9 1  m/sec. 
These estimates, based on oscillations in the 
spacecrn ft landing leg forces at  touchdown of 
four lnndings, are lower than those expected 
for terrest rial soils with other mechanical 
properties ns listed in this report .  

Viscous soil erosion (erosion by the entrain
ment of soil particles as gas flows over the 
surface) occurred during ,�ernier-engine and 
n ttitude-con trol jet  firings. During the Sm
veyor Y \'ernier-engine firing, soil and rock 
fragmen ts u p  to 4.4 em in diameter were moved 
by viscous erosion. At engine shut do\\·n,  ex
haust gas, which had diffused into the soil, 
empted ,  producing a crater 20 < 'm in diameter 
nnd 0.8 to 1 .3 em deep u nder one engine. 

The permeabili ty of the lunar soil a t  the 
Sul' \'eyor V site to

. 
a depth of abont 25 em is 

1 X 1 0-s to 7X 1 0-s  cm2• This corresponds to 
the permeability of terrestrial silts. The soil 
cohesion bou nds \\·ere determined to b e :  

( I )  0.007 to 0 . 1 2  N /cm2 (from Yermer
engine firings) . 

(2) 0.05 to 0 . 1 7  N /cm2 (from attitude
eon trol jet firings) . 

Lunar material thrown against spacecraft 
surfaces in senrnl cases adhered to the space
craft components. Adhesion of soil to the 
Sun·eyor VII surface-sampler scoop was oh
sen·ed to increase toward the end of the lunar 
day. The adhesive strength of the lunar mate
rial impacting and adhering to the Surveyor 
VI photometri c tnrget is estimated to he 
between 102  and 1 03 dynes/cm2• 

Soil properties, similar to those described , 
also were indic ated during the surface-sampler 
operations. The hearing-strength values and 
the soil helun·ior during all t ests are consistent 
with a gnwular material possessing a cohesion 
of 0.035 to 0 .05 N/cm2, an angle of in ternal 
friction of 35° to 37°, and a density of about 
1 . 5  g/cm3• These values apply to soil depths 
bet,,·een a few millimeters and about 10 em. 
An increase of strength with depth in the  soil 
near Sul'\'eyor III was obsel'\'ed to a depth of 

about 20 em ; this in crease was not found at the 
Sun·eyor VII location. The soil was also found 
to be more brittle at  the Sul'\'eyor III site .  

Assuming that  the  lunar soil i s  derived from 
the rock fragmen ts, the above rock and soil 
densities indicate  a soil porosity of 0.4 to 0.5, 
on the a\�erage, from depths of a few milli
meters to about 1 0  em. 

Optical, Thermal, and Radar Characteristics 

Television obser vat ions with color filters 
indicate a gray l\Ioon even in disturbed n.reas. 
No demonstrable differences in color were 
obsm�ved on any of the coarse blocks so far 
examined, which are nll gray, but ligh ter than 
the fine-grained gray matrix of the surface. 
Photometric measuremen ts at each SurYeyor 
lan ding sit e  show that the undisturbed fine 
matri.x of the mare surface has ll. normal lumi
n ance factor (normal albedo) that Yaries from 
7 . 3  to 8 .2  percent, and the mare material dis
t urbed by the footpads and by the surface 
sampler has a normal luminance factor that 
ranges from 5.5 to  6 . 1  percent. The normal 
luminance factor for the fine-grain ed, undis
turbed and disturbed material at the SmYeyor 
VII si te is higher than that of the correspon ding 
mare material. The normal luminance factor 
for the rock fragments ran ges from 1 4  to 22 
percent both on the  maria an d on the rim flank 
of Tycho. Light scat tered from the surfaces of 
some rock fragmen ts at t he Smveyor VII site  
i s  as much as 30 percen t polarized n.t pha.se 
angles near 1 20°. This suggests  these rocks are 
crystalline or glassy, and that their surfaces 
are relatinly free of fine particles. 

Obsenations of the  fine-grained parts of the 
lunar surface disturbed by the landing and 
liftoff of the SurYeyor VI spac ecraft , an d by 
rolling fragments set in motion by the space
craft, haYe shown that lunar material exposed 
at depths no greater than a few millimeters 
has a significantly lower normal luminance 
factor than the nndist urbed surface. A similar, 
abru pt decrease in normal luminance fn.ctor at 
depths of 3 mm or less was obserYecl at the 
Suneyor III  and V landing si tes. The occur
rence of this rather sharp con tact of material 
\\'ith con trasting optical properties at widely 
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separated localities on the :Moon suggests that 
some process, or combination of processes, 
lightens the material at the lunar surface. If 
this is true, it may imply that  a complementary 
process of darkening occurs at depths of a few 
millimeters and deeper, so that the abrupt 
albedo contact is not destroyed us a resul t of 
repetitive tumover of the lunar surface by 
solid-particle bombardment. 

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

In general, lunar surface temperatures de
rived from spacecraft thermal datu taken during 
the lunar day are in qualitative agreement with 
Earth-based data. For each mission during 
which there was an eclipse, the same value of 
thermal parameter (kpc) -112 was obtained from 
spacecraft eclipse and postsunset data, whereas 
the values for Earth-based postsunset data are 
lower than those from Earth-based eclipse data. 
On all spacecraft except one,  the same values 
were obtained in the two directions viewed by 
the pertinent spacecraft sensors ; in the case 
of Surveyor VII, the thermal parameter values 
in the two d irections were different ; this 
discrepancy apparently was caused by some 
rocks close to the spacecraft. When SmTeyors 
III and V landed in craters, it was observed 
that the local lunar surface temperatures 
depended primarily on the Sun elevation angle 
to the local lunar surfa ce slope. It should be 
noted that all Earth-based and spacecraft datu 
indicate that the lunar surface material is  a 
very good thermal insulator. 

Radar backscatter data from the lunar 
surface, at 2 .5- and 3 .2-cm wavelengths, were 
obt ained during the last 3 minutes of the de
scent for each Sun'eyor landing. The radar 
system consisted of four independent radars. 
Signal strengths from each beam have been 
interpreted in the form of the radar cross 

section as a function of the angle of incidence 
in the range 0° to 60°. The general form of 
these functions for all landing sites is approxi
mately the same. However, the entire curve is 
higher by nearly a factor of 2 for the Tycho 
region than for the mare sites. Because of 
strong fading on the radar beams n ear normal 
incidence, a reliable estimate of the normal
incidence reflectivity cannot be made. The 
radar reflectivity of the Tycho rim area is 
abou t 30 percent higher than the average 
reflectivity of the l\Ioon as measured from 
Earth ; the mare areas are about 30 percen t 
lower. In particular, it is est imated that the 
reflectivi ty of the Surveyor V area (Marc 
Tran quillitatis) is between 3 and 5 percent. 
The SurYeyor datu confirm a rather low value 
(about 2 .5  to 3) for the dielectric constant of 
lunar surface material , with a clear dist inction 
between the mare and highland regions. 

Chem ical Composition 

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

Analytical datu were obtained on six samples 
of lunar material , three at the mare sites and 
three at the highland site. The analyses indicate 
that the most abundant chemical element on 
the �loon is oxygen (57 ± 5 atomic percent) ; 
second in abundance is silicon (20 ± 5  atomic 
percent) ; and third is probably aluminum 
(about 7 atomic percent) . These are, in the 
same order, the most common elements in the 
Earth's crust. The three samples from the 
maria are almost identical chemically, implying 
that the surface material of large fmctions of the 
lunar maria ha\'e this composition. The high
land sample differs principally in having about 
half as much of the "iron"-group elements 
(t itanium through copper) as do the samples 
from the marin .  

The amount of  oxygen i s  estimated to  be  
sufficien t to  form oxides of  all o f  the metals , 
and so indicates that the bulk of the material 
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is rclati  vely s table chemically (a\t.hough a 
sm all a mou n t  of radiation-decomposed m a t erial 
cannot be excluded) . The relatiYe abu n dance 
of the principal clements on the lunar surface 
is similar to that of terrestrial basalts, which 
often h a,·c the amou n t  of m agnetic m at crinl 
obsern�d in the lunar soil. The chemical com
position found is significantly cliff eren t from 
the most common meteori tes (met allic or 
stony) falling on the Earth . 

These chemical analyses are in strong dis
agreement wi th t.h at expected for primordial 
solar system m ateri al, whether this be con
sidered condensed solar atmosphere, terrestrial 
ultrabasic rocks, or chondri tic meteorites. They 
elenrly con tradict n lun ar origin for most 
met eori t es and are inconsisten t "·ith n lunar 
origin for t ekti t es. 

The similari ty of the lunar samples with 
bnsal t ic composition and the morphology of 
smface features obsen·ed in terrestrial und 
Lunar Orbi ter photographs arc strong circum
stan tial evidence that some mel ting and 
chemical fraction ation of lunar material has 
occurred i n  the past. The hulk composition of 
the l\J oou ,  ho"·eyer, remains obscure. The lower 
abundn.nce of the "iron "-grou p  eleme n ts in 
the highlnnds, as compared wi th the mnri a ,  
provid es an explan ation for the albedo 
difl:"erences between these two major geologic 
units and,  in addi tion , suggests a sign ificant 

difference in rock densi ty consisten t  with isostasy. 

Observations of the Earth and of the Solar Corona 

Pic tures of  nn ccli p s c  of the Sun by the Earth 
were made during the Suneyor I 1 1  mission . 
Using the camera color ftl ters, suffi cien t datn, 
were accumulated to prodnee color pictures of 
the light t.rnnsmitteJ through the Earth's 
atmosphere during the eclipse . Thei!c resul ts 
indicated that the obscn·cd ligh t primarily 
wn.s the resul t of refraction by the Earth's 
atmosphere and that clouds present at  the limb 
occul ted the light .  

During t.he Sun-eyor VII mission, pictures of 
the Earth were taken wi th \"arious polarizing 
filters. The highly polarized com ponent of light 
nppeasr to be the result of i!pecular reflection 
from ocea n  surfaces. Pictures of Earth-based 
laser beams directed tomud the spaeecraft's 
lun ar locat ion "·ere nlso m ade in a test of the 
ability of Earth stations to direct Yery narrow 
beams to a specific loea tion on the lunar sm·face, 
in preparation for a possible laser refleetor 
experimen t .  

The solar corona was pho tographed after 
sunset on the Surveyor I, V, and VII mis:';)ions, 
from the innermost K-corona at 2 sol ar r adii to 
well beyond the kn own ou t er F-coronn nt  60 
solar radii.  The data ''"ill proYide in forma t ion 
ou the pre\"ionsly unobseryed region between 
15 and 50 solar  radii. 





3.  Television Observations From Surveyor 

E. 111. Shoemaker (Principal Jnrestigator) , E .  C. jl,forris, H. },f. Batson ,  H. E.  Holt, K. B.  Larson ,  
D. H. Jo.Iontgomery, J .  J. Hennilson ,  and E. A. Whitaker 

Fi,·e su ccessful Suneyor spa cecraft landed 
on t he �loon bet ween June 1 966 and Janunry 
1 968 and returned OYer 87 000 pictures from 
the lunar surface. Suryeyors I, III ,  Y, and YI 
landed on mare surfaces ; SurYeyor YII l anded 
in the southern highlands on the flunk of the 
era ter Tycho ,  the youngest ,  large bright-ray 
cra ter on the � l oon. Table 3-1 lists the cl ay 
and t imes of landing of each spacecraft ,  t heir 
location and the Sun elen1 tion at the t ime of 
1 anding. 

Suneyors I ,  III , \" , and YI pro,·ided pict ures 
of ,-urious lunar-mare features, su ch as the 
surface in intercrater area� , the inner \Yalls of  a 
large subdued crater, the  inside nf a small 
llrain age crater, and a close ,-ie\\- of n mare 
ridge. 

The terrain around Suryeyor \'II, in contrast 
to the terrain of the m ari a, consists of ridges 
and Yalleys superimposed on n broadly undu
lating sm·face. The Suneyor YIJ pic tmes 
reYealed a great nuiety of coarse rock frng
ments probably excan1ted from the depths of 
Tycho. Some fragments are Yesicular, o thers 
appear dense ; some frngments are spot ted,  
suggest ing differences in  crystallinity or compo
sition in the fragments. 

The size dist ribu tion of era t ers and fragmen t s ;  
the thickness o f  the fragmen tal debris layer, or 
regoli th ; and the colorimetric, pho tometric ,  and 
polari1p.etric properties of ,·arious lunar-surface 
materials were determined from the pictures 
for each landing si te. 

Stereoscopic pictures of the lunar surface 
were obtained from Sune.\·ors VI and VII .  
Sun-eyor VI Yernier engines were ignited ; the 
spacecraft lifted off the lunar surface and 
landed about 2 .5  meters from i t s  original 
position, thus pro,·iding a base for stereoscopic 
pictures. Sun·eyor YII was equipped with n 
9- by 24-cm miJ.Tor attached to  the spacecraft 
mast ; this mirror \\·as oriented to proYide a 
reflected Yiew, us seen from the tele,·ision 
camera , of a small area in front of the space
craft . Stereoscopic pic tures were obtained by 
recording direct images of this area and images 
reflec ted from the mirror. 

The tele,-ision cameras of Sun-eyors I ,  V, and 
VII were operated m ore than one lunar day.  
Sun-eyor I t ransmit ted oYer 800 pic tures 
during the second lnnur day of opera tion ; 
su bsequ en t engineering interrogations \Yere 
continued through January 1 967. After n 
warmup period of abou t 147  hours after sunrise 

TABLE 3-1 . Sun·eyor t imes, locations , and appro ximate Sun elewtions at landiny 

Spacecraft Landing, G . ..l1T hr: min:sec 

::lun·eyor L _ _ _ _ _ _ 06 : 1 7  :36 on J unc 2, 1 966 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

�ur\"eyor I I I _ _ _ _ _ _  00:04 : 1 7 on Apr. 20, 1 967 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor V _ _ _ _ _ _ _  00:46 :42 on Sept. 1 1 ,  1967 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor V I _ _ _ _ _ _  0 1 :0 1 :04 on Nov. 10,  1 967 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor V I I  _ _ _ _ _  0 1 :05 :36 on Jan . 1 0, 1 968 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

1!1 

Locatlon, selenograp hic 
coordinates Approxi nta t e 

____ _ ____ Sun elet•a tion 
at landing. deg 

Longit ude 

43.22° w 
23.34° w 
23.20° E 

1 .40° w 
1 1 .47° w 

Latit ude 

2.43° s 
2.9i0 � 
1 .42° N 

0.53° N 

40.86° f' 

28 
1 1  

1 7  

1 3  
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on the second lunar d ay, Surveyor V responded 
to the first turn-on command and subsequently 
transmi tted over 1 000 p ictures before the 
second lun ar-day sunset. Sun'eyor V was 
revived again the fonrth lunar d ay, b u t  only a 
few pic tures \Yere t aken. Sun'eyor VII was 
revived about 1 20 hours after sunrise the second 
lunar day ;  about 45 pictures were t aken in the 
200-line m ode before suspension of camera 
operation . 

-:\lost pictures transmi tted by the five 
Surveyor spacecraft were received at the 
Goldstone, Calif. , Tracking St ation of the 
Deep Space Network. Pictures were also 
received at the Canberra, Austrnlia, and 
Robledo (near Madrid) , Spain, Tracking 
St ations. 

Television Camera 

U. R. l\I o NTGO�IERY AND E. C. l\IoRRis 

Surveyor's 7 .3 1 -kilogram ( 1 6 . 1 -lb) t elevision 
camera (fig. 3-1 )  consisted of a mirror, filters, 
lens, shu t ter, vidicon , nnd attendan t  electronic 
circui try. E ach pictnre, or frame, was imaged 
through an optical system on to 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-I,, employing 
both electromechanical mode changes and iris 
control . On the Surveyor I, Til ,  and V missions, 
frame-by-frame cO\·er·age of the lnnnr surface 
could be obtained over 360° in azimu th and from 
40° above the plane normal to th e camem 
Z-axis to - 65° below this plane. On the 
Suneyor VI and YII m issions, the coverage in 
elevation was increased to + 90° above the 
plane norm al to the cam era Z-nxis. The camera 
was capable of a resolut ion of about 1 milli
meter at  4 meters n nd could focus from 1 .23 
meters to infini ty. Camera operation was 
controlled by commands from Earth. Com
mandable operation allowed each fmme to be 
taken with a lens setting and m irror azimu th 
and elevation position appropriate for a given 
''iew of the lunar surface. 

The edge of the mirror (fig. 3-2) was a 1 0.5-
by 1 5-cm ellipse, and the mirror was supported 

FrGUR�; 3-1 .-Surveyor I television camera. 

at its minor axis by trunnions. I ts reflecting 
snrface was formed by vacu u m  d eposit ion of 
Kanogen on a beryllium blank, follo"·ed by a 
deposi t ion of aluminum and finally by deposi
tion of  silicon m onoxide. The reflecting snrface 
w as flu t within one-fourth wavelength at A =  550 
m.u and had an average specnlar reflectance of 
86 percent. The mirror rotated abou t two 
m u tua lly perpendicular axes by m eans of two 
dri\'e mechanisms, one for azim u t h  and the 
other for ele\'U tion ; the posi t ion of the mirror 
about each axis was measured by a potenti
ometer. 

·within the mirror housing "·as a filter wheel 
(fig. 3-3) , which cont ain ed three color or polariz
ing filt ers, in addition to a fourth section con
t aining a clenr elemen t .  

The image was formed b y  m eans o f  a vari
able-focal-length lens (fig. 3-4) , placed between 
the vidicon and the m irror assembly. The focal 
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FI GURt:: 3-2.-i\Iirror assembly of the S urveyor tele
\"ision camera. (a) Surveyor I television camera hood 
and mirror a�sembly. A small ,·isor was added to the 
top of the hood on the Sun·eyor I I I  camera. (b) 
:'ll irror assembly and redesigned hood used on 
Surveyors V, VI, and VII.  

FI GURt:: 3-3.-Filter wheel of the �urveyor television 
camera. 

length could be ,·aried from 25  to 1 00 milli
meters, result ing in optical fields of view of 
abou t 25.3° to  6.43° ; howe,·er, the camera was 
always operated at either the 25- or 1 00-millim
eter focal length . Additionally, the lens assem
bly could be Yaried in focus by means of a 
rot a t ing focus cell .  An  adjustable iris provided 
effective aperture changes from f/4 to f/22, in 
increments which resulted in change of aperture 
area by a factor of � - The iris could be controlled 
by command ; also available was a smTo-type 
au toma tic iris cont rol , which adjusted the 
aperture area in  proportion to  the twernge scene 
luminance. As in the mirror assembly, poten ti
omet ers were geared to the iris, focal length, and 
focus clements  to allow determination of these 
settings for each picture. A beam splitter on the 
lens assembly sampled 10  percent of  incident 
light for operation of the au tomatic iris. 

Light energy from object space \\·as converted 
to an equivalent elec trical signal in the image 
plane by the \"idicon tube (fig. 3-5) . The size of 
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FJGlTRE 3-4.-Len� a�sembly of the Surveyor television 
camera. (a) Front view. (b) Back view. 

the image frame on the Yidicon tn be was 1 1  
millimeters square. A reference murk was 
included in each corner of the scanned frame, 
which provided , in the \'ideo signal ,  an elec
tronic lenl rep resent ing optical black for the 
scanned image. In the normal , or 600-line mode 
of operation , the frnme was scanned once each 
3 .6  seconds.  Each frame required nominally 1 
second to be rend from the  \'i.dicon and required 
220-kilohertz bnnd,Yid t h  for transmission . In 
the second mode of operation, one 200-line frame 
"·us scanned each G l .S seconds. Each frame 
required 20 seconds to complete the Yideo 
transmission and utilized n bnnd,Yidth of 1 .2 
kilohertz. This 200-line mode was used for 
omnidirect ional antenna t ransmission from 
the spacecraft . 

A mechanical focal plane shu t ter, located 
bet"·een the camera lens assembly and the 
Yidicon image sensor (fig. 3-G) , could be 
operated in t \Yo modes. In the normal mode of 
operation, on Earth command , the shut ter 
blades \YOre sequent ially drinn by rotary 
solenoids across an aperture in the shu t t er base 
pln te .  The time in tenal bet\yeen the initin t ion 
of ench blade det ermined the exposure intern1l, 
nominally 150 milliseconds.  In the other shu t t er 
mode, the blades could be positioned to le�we 
the aperture open nnd the  fnune sca nned every 
3.6 seconds during 600-line operation , or enry 
G 1 . 8 seconds during 200-line opera tion . This 
open-shut ter mode of operation \Yas useful in 
the imaging of scenes "·ith lo"· luminance le\'els, 

FJGrnE 3-3.-Vidicon tube of the Surveyor t elevision 
camera. 

Fw mn: :l-G.-Shutter a�sembly of the Sun·eyor t ele
vision camera. 
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such as t h e  sky with st ars, and planets and t h e  

lunar surface illumin n t ed b y  Earth l igh t .  

A t hird opera t iona l  mode, used for s tellar 

obserYat ions and l u nur-surfnce obsenu tion 

under ext rem eh· lmY l u minance conditions, is 

referred to as a
.
n int egrat ing mode. This mode 

also could he a pplied , by Earth command, to 

either the 200- or 600-line scan mode.  The 

sh u t t er of t h e  camern "·as commanded open 

and the Yidicon allowed t o  accumulate ligh t 

energy from t he scene, aft er which t h e  shut t er 

,,·as commanded closed and the fra m e  read 

from t he ,·idicon.  Pictures could be t aken when 

scene lum inance was as low as 0.008 ft-L w i t .h 

the  integmt ing m ode. 
T"·o ph o t ometric/colorimetri c  reference t ar

gets \\·ere moun t ed on t h e  spacecraft \\it.hin 

,·ie"· of t h e c amera (fig. 3-7 ) .  These t argets ,  

one m ou n t ed o n  omnidirect ional  a n tenna B a nd 

t h e  o t h er on t h e  spacecraft leg adjacent t o  
fo otpnd 3,  were oriented s o  t h a t  t h e  l i n e  of 
sight of the camera , \Yhen \"ie,Ying t h e  target., 
\\· as norm n l  to t h e  plane of t h e  t n rget.  Sun·eyor 
VII h ad one addit ional t arget m o u n ted on om ni
direct ional  a n t enna A. E ach t arget \\·as i den
t ical and contained a series of 1 3  gray "·edges 
n rrnnged circmnferenti ally aro u nd t h e  t arget.  
I n  addi t ion ,  t hree color \\·edges, whose CIE 
( Commission I n  t ern n  t ionale d'Eclni rage 1 93 1 )  
c hrom at ici ty coordinates are kno\\·n ,  were lo
cated radially from the t arget center. A series 
of radial lines \\·as incorpora t ed in each chart 
t o  proYide a gross estim a t e  of camern resolu
t ion.  Finally, t h e  chart con tained n cen t erpost 
which sen·ed as a gnomon,  to aid in det er
mining the solar angles after lunar landing. 

FIG URE 3-i.-Sun·eyor \" pirture of phot ometric ref
erence target mounted on leg :! of the �paeeeraft . 
The gray �teps arc indicated by number�. A �mall 
pin protrudes from t he renter of the target and ea�h 
a shadow downward aero�s t he target (Sept.  IG, l !l67, 

04 :36 ::!5 G .\ lT) . 

The basic c a m era design , used on t h e fir�t 
t hree successfu l S un·eyor missions, "·ns l a t er 
i mprO\"ed for t h e  l as t  t \\·o flights.  AdYa nces 
\\"ere mnde pri m a rily in mirror-mo,·ement a c
cura cy and, most. i m porta n t ,  i n  filter posi tioning 
n ne! i n t ermedi a te iri s  control .  

The sensi t i ,'ity nnd dyn amic nmge "·ere 
cliff eren t  for ench SurTe_yor camera. I n  general , 
ho\\·c,·er, t his was not n serious problem during 
mission operat ions because of the lnrge rnnge 
in i ris a nd shu t t er c apnbili ty. A comparison of 
the camera charact eristics on each flif(h t is 
gi Yen i n  t able 3-2 . 

TABLE 3-2 . Comparison of Surreyor camcm characteristics: 600-l ine mode 
Characteristic Sun·eyor I Su rr·eyor Ill Surr·eyor J' I Sun·eyor l'J Surreyor I'll 

Dynamic range _ _ _ _  . _ . .  _ _ _ _ _ _ _ _  . _ _ _ _ _ _ _ _  . _ _ _ _  . _ _  . .  1 3 :  I 7. !J :  I 1 4. 4 :  I ] .). 4 :  I I I I . I : I 
Signal-to-noise ratio, dB _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  . _ _  36. 4 4 1  43. () 40. 0 43. 6 
Horizontal rf'lative response at 600 Jines (at center of 

vidiron) _ _  • _ _ _  . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  . _ _ _ _ . _ _ _ _ _  _ 0. 1 7  0. 38 0. 3 1  0. 20 0. 20 
Vertical relative re�ponsc at 600 lines (at center of 

vid�onl - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - - - (•) 0. 27 0. 40 0. 46 0. 33 
f"lopc of system transfer characteristic curve _ _ _ _ _ _ _ _ - �  1 . 4 1 . 4 1 . 2 1. I 0. !JS 

-----------------------------------------
• Not t ested. 

339-!G2 0--69--<:: 
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Categories of Pictures 

lL :\L BAT:>ON A N D  K. B. LARSO N 
Sun'eyor television pic tures \\'ere tnken lll 

seq uences eulled punoru mic surveys and in 
other sequences designed t o  obtain optimum 
photogrn phic co\·ernge of areas of speciul in
terest. Pn noramic sun·eys co,'er the urea from 
65° belo,,· the camera horizontal to the horizon. 
A mechanical stop, 132° coun terclockwise and 
225° clock\\·ise from the 0° azimuth, pre\'en ted 
tuking pictures in a very small sector. During 
the Sun'eyor I, I I I ,  and V m issions, no pictures 
were t aken to the left of the 1 26° azimu th or to 
the right of the - 2 1 3° azimuth because of the 
possibility that the camera mirror might s tick 
on one of the end stops. Stronger azimuth 
stepping motors were used on the  SurYeyor VI 

and VII cameras, making it  possible to take 
pictu res at the end stops without  the danger 
of sticking. Panoramic surveys were t aken m 
both wide- and narrow-angle lens m odes. 

N arrow-angle panoramas were taken to 
record surface det ail with the highest resol ution 
possible. Between 900 and 1 000 pictmes were 
required to record the full panoram a in the 
n arrow-angle mode. These pictures were tnken 
every 6° horizont ally nnd every 5° vertically 
u ntil the entire nrea visible to the camera was 
photographed . Successive horizon tal rows of 
pictures were ofl'set 3° from each previous row 
to avoid gnps in coverage. I ris and focus were 
set at their optimum values for recording lunar
surface detnil .  Figme 3-8 (see tnble 3-3) is a 
diagrnmmat.ic representation of survey pan
ornm n  sequences in the narrow-angle mode. 

TA BLE 3-3 . Calibrated camera elevall�ons (in degrees) for elemtion steps a listed in fios. 3-8 and 3-9 

Surveuor I b Sun·e11or Ill Surr·euor V Sun•e11or VI Sun•e11or VII Eler•a lion step \ 
o _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  l 

------------ ·------------· 1------------ :------------ l------------
1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

2--- - - - - - - - - - - - - - - - - - - - - - - - - -

3 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

4 - - - - - - - - - - - - - - - - - - - - - - - - - - -

5 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

6 - - - - - - - - - - - - - - - - - - - - - - - - - - -

7 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 
8 - - - - - - - - - - - - - - - - - - - - - - - - - - -

9 ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

1 0  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

1 1  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

1 2  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

13 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

c - 68 

c - 63 
c - 58 
c - 53 

c - 48 

c - 43 

c -3 8 
c - 33 

c - 28 
c - 23 

c - 1 8 

c - 1 3 
c - 8  
< - 3  

c - 66. 7 
c - 61.  7 

c - 56. 8 

c - 5 1. 8 

c - 46. 9 

- 4 1. 9 =�;: � I 
- 27. 0 

- 22. 0 

- l i. 1 
- 1 2. 3 

- 7. 2 

- 2. 2 

c - 70. 1 
c - 65. 1 

c - 60. 1 

c - 55. 2 

c -50. 2 

c - 45. 3 

- 4 0. 3 

- 35. 3 

- 30. 3 

- 25. 3 

- 20. 3 
- 1 5. 5 

- 1 0. 6 

- 5. 6 
1 4 _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

• 
2 1 2. 9 -. i 

1. 5 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  c i i. !J 4. 3 

1 6 - - - - - - - - - - - - - - - - - - - - - - - - - - ' 1 2  12. 8 9. 3 

1 7 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ c 1 i  17 7 1 14 4 

18 _ _  - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ • 22 I 22: i 1 9: 4 
1 9 - - - - - - - - - - - - - - - - - - - - - - - - - - c 27 27. 7 1 24. 3 

�� � � � � � � � � � � � � � � � � � � � � � � � � � � : �� - - - - - - - - - :�z._ �- ;�: � 
;; � � � � � � � � � � � � � � � � � � � � � � � � � � - - � � � � � � � � � � � �

I
� � � � � � � � � � � � � � I � � � � � � � � � � � � � � ! 

• As li�ted in figs. 3-8 and 3-9. 

c - 69. 97 c - 69. 98 

c - 64. 97 c - 64. 98 

- 59. 97 - 59. 98 

- 54. 97 - 54. 97 

- 49. 95 - 49. 96 

- 44. 95 - 44. 96 

-39. 96 - 39. 94 

- 34. 97 - 34. 94 

- 29. 96 - 29. 93 

- 24. 96 - 24. 9 1  

- 1 9. 95 - 1 9. 94 

- 1 4. 96 - 1 4. 97 

- 9. 96 - 9. 96 

- 4. 96 - 4. 98 

. 05 . 0 1  

5 .  06 5. 03 

1 0. 05 1 0. 05 

1 5. 04 1 5. 03 

20. 04 20. 0 1  

2.5. 0.5 2.5. 05 

30. Q;j 30. 03 

35. 04 34. 99 

40. 04 39. 98 

4.5. 0.:> 44. 99 

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

Surveyor I elevations arc shown here for reference. 
• Value not spPeifically calibrated. 
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Panoramas could be t aken in t h e  wide-angle 
mode in abo u t  one-t en th t h e  t i m e  and with 
abot t t  one-t e n t h  the n u m b er of pict ures req uired 
for n. panon1 1 n a  of narrow-angle pic t l l!'es. Al
t hough "·ide-angle Suneyor pictu res hrwe only 
one-four t h  t h e  n ngulnr resol u t ion of the nttrro\Y
angle pictmes, "·ide-angle s t in�ey p anommas 
were useftd for reconn aissnnce examin:tt ion of 
the landing si tes when high resolu tion was not  
essen t ial or when t i m e  did not permi t  t h e  tnking 
of n arrow-angle survey p anoramas. Figme 3-9 
is a cl in.grn.mmnt.ic represen ta tion of the survey 
panorama sequences for th e wide-angle mode. 

Colorimetric or polarim etric sun'eys were 
t aken by repe:Lting smveys at each filter setting. 
Some were taken according to s tandard prm
oramic smYey seq uen ces ; ot hers were t n.ken of 
small arens of special int erest., and consisted of 
only a few fmmes i n  each fil t er posi t ion.  

b 
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"-'A PA" 1::t� ., . ... 
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Photometric sun·eys were taken to record 
changes in scene luminance as a function of the 
angle bet.wMn the Sun ttnd the sur f ac e, and the 
camera and the s urface. Pictures in photome tric 
s urveys were t aken at sel ected intmTals along 
lines ext ending eas t ,  west,  nort h ,  an d south from 
the c amera. Special areas of suspected pho to
me tric anomalies "·ere also photographed sys
t e matically throughout each mission . 

Photometric, colorimetric, and polarimetric 
data were not  mensured on pictures taken dur
ing panoramic s urveys because t h e  photom etric 
response of the camera changed nonuniformly 
with time. I t  was necessary to stop periodically 
dt iring photometric, col orimetric, and polari
metric surveys to t nke control pictures of cnli
brn.ted color and photometric targets mounted 
on the  spacecraft.  

Pict ures of s t ars were taken d uring each mis-
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FIGURE 3-9.-f'urvey pan orama sC'quC'ncc us<·d for widC'�angiC' mode opera t ion . Pict ures 

:l rC' t.akC'n in thC' order shown by ci rclC'd n u mbNs at thC' cnn1C'ra azimuths and C'IC'vations 

shown.  See tab!!' 3-3 for a listing of canwra elevation vnhiC'S in degrC'es for each C'IC'va tion 

�t C'p for C'ach Surveyor mission. ThesC' sequences and n u mbering convt>ntions wc>re 

l!S!'d d u ring all Surveyor missions exc!'pt R11n·eyor I, wh<>n \'Prtical sequ<>nces w<>rc 

used. Azimut h and elevation vnlues on t he pictures were t he snme for Survc�·or I as 
those shown in t lw sC'quenecs, but thC' sC'ctor-numbering con\·ention was diffC'rent ;  

for C'Xamplc, f'un·!'yor I ,  SC'e t ors I nnd 2, wNe equivnlC'nt to sectors 9 and 1 0, on al l 

otlwr mission s .  



TA BLE 3-4. Cateyories of p ict ures taken by the Surveyor camerM a 

Categoru 

N arrow-u n��:IP panoramas _ _ _ _ _ _ _ _ _ _ _  

\Vide-angk• panoramas _ _ _ _ _ _ _ _ _ _ _ _ _  

Photometric surveys _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Focns-ran��:in��: surveys _ _ _ _ _ _ _ _ _ _ _ _ _  

Surr.•euor I 
lsi 2d 

lunar dau lunar day 

b 6 4[i!J 2!j8 

• I 6:i0 1 06 

no - - - - - - - - -
:3i l  - - - - - - - - -

Surr,eyor Iff 

b :3:38ii 

• 6.')0 
b I I  9 

:3i2 

Sun•euor V 
lsi 2d Jlh 

lunar day lunar dau lunar day 

b 6 608 - - - - - - - - - - - - - - - - - -
• 2 ;jQ!J - - - - - - - - - - - - - - - - - -
h 2 0:34 - - - - - - - - - - - - - - - - - -

2 iii - - - - - - - - - - - - - - - - - -

Stt•n•o mirror survey _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - - - - - - - _ _ _ _ _ _ _ _ _  - - - - - - - - -
Alpha-scatt<·ring instrunwnt Rnpport_ l _ _ _ _ _ _ _ _  _ l _ _ _ _ _ _ _ _  _ l _ _ _ _ _ _ _ _  _ l :30 

Sur\'Pyor \ ' I I  ulpha-seattl'ring-

. 
instrunwnt deploy ment snpport _ _ _  1 _ _ _ _ _ _ _ _ _  1 _ _ _ _ _ _ _ _ _  , _ _  _ 

Snrfacc�samplC'r area surveys __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

SnrfucP-samp!Pr opC'rations Rnpport _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Special area surveys, magn!'!s, and 

miscC'll:tJlC'ous _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Earth _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Stars and planPts _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

Shadow progression _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Solar corona _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  _ 

Total _ _  - - - - - - - - - - - - - - - - - -

I 8 1 9  

iii 

202 
84 

1 0  i32 

I I  3.50 

1 :3;i 

I I !J 

6 1 S  

l ii l  
i07 

6ii3 

h 64 

23 

1 77 

6301 

6:301 

2 683 

I 82 

89ii 

I O i ii  d 63 

74 · - - - - - - - - - · - - - - - - - - -

l i  i92 I O l ii  63 

IS S7il 

Sun•eiJOr VI Sun•euor VII 
Pre hop Poslhop I 1&1 2d 

• 6 [i30 
I !JOO 

i 2 266 

8I O 

7.') 

2 062 
i 43 

9 1  

1 2  iii 

• 8 336 
I 2!Ji 

i 3 324 

I 328 

28 

I 461  

192 

843 

328 

I 7  137 

2�1 \1 14 

lunar day lunar dau 

9 6 1 0  d 2.5 
K I 22i - - - - - - - - -
; 2 om - - - - - - - - -

I 43:3 - - - - - - - - -
20!) d 6 
2Il2 - - - - - - - - -

2:i3 1 _ _ _ _ _ _ _ _ _  1 
I ��� - - - - - -d 

4 

-

I 2!'i8 d 1 0  

i 823 - - - - - - - - -

78 - - - - - - - - -
1 68 - - - - - - - - -
J [j[j - - - - - - - -

20 !J 1 6  4.') 

20 !!61 

• Includes pictures takPn through polarizing filtC'rs. 

d 200-linP tPlevision picturPs. 

To/a/ 

4 1  2 1 1  
8 33!1 

1 0  800 
7 09 1 

30ii 

38fi 

2[i:3 
I 04.'i 
2 2 I O  

I I I 59 

930 

623 

2 404 
64 1  

8 7  396 

Si 3!.16 

• ThP numbPr of pictur<•;; listPd for each mission represents the total 

n umber of p icturP ident i fi eation data entries recl'ivr·d by USGS from 

J P L. Calibrat ion frames, spnrions entries, and duplicate entries such as 

tho�e for t hC' samp pictmeR record('(! at 2 Dc•ep Space Stations, havP not 

b<·Pn inclmled in thl' count. DiffPrl'nCPS bPtween the totals given in  this 

table and t hose givpn in ch. I of this report probably are a rC'sult of th<' 
diffC'renc!•s in counting nwthods. 

• IncludC's 200-linc pictures and picturPs takPn through color filtPrs . 

b I ncludt•s pictur<·s takPn through color fi lt.Prs . 

I IncludC's 200-linP picturPs and picturl's takPu through polarizing filters. 
• Includes 200-line pictures. 
b lncludPs colorinwtric and ph otomPtrie surveys. 

i In dudes polarimetric and photomet ric sun·eys. 
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sion to measure the orientat ion of the cament 
with respec t to the lunar surface. D uring th e  
Sun·eyor I l 1 mission , color pic t mes were t aken 
of the Earth during i ts first q u arter and during 
a solar eclipse. During t he Surveyor V I I  mis
sjon,  pict mes of the Earth were t aken through 
polarizing filt ers t h ro ughou t  t h e  first lnnar day. 
The Em·t h  pict ures were used for a t t i tude de
t ermination as well as for color and polarizat ion 
ex peri men ts.  

Focus-rnnging sm·,·eys were t aken t o  m easure 
the topogrnphy of the near field at the l anding 
sites. 1\ine or m ore pic tures were taken at 
�mcccssi,·e focus st eps n,t each ele,·at ion along 
gi,·en azimuths to determine the poin ts of best 
focus for each focus se t t ing. Focus-ranging 
sm·,·eys contain an :wemge of 50 t o  1 00 pict mes 
per azi mu th . 

Topographic com putat ions were also m ade 
by measuring the images of sh adO\Ys on pict u res 
t aken at diff erent ti mes during the lunnr day. 
Shndo\Y progression Slln·eys were t aken at  
regular int crnds during each Sm·,·eyor mission. 
These sun·eys usunJly C'onsist ed of 1 to 2-1 
\Y i cle- and n :uTow-n.ngle pic t mes of the sh adow 
of the spaceC'raft as i t mo,·ed across the eas t ern 
t errain d ming t h e  lun ar aftemoon. D uri n g  the 
SmTeyor V I  m ission , shadow progression sur
veys also were t aken fro m the second camer:t 
posi t ion of the original si tes of contact between 
the lunar snrface and the spacecrnft in i t s 
first location.  

SpecinJ area sun·eys consist ed of a series of 
small sun·eys of spacecraft parts and space
nnJt/surface contact areas. These "·ere t aken 
to  examine parts of the spacecraft for possible 
damage and to examine the in t emction of 
spacecraft parts  wi th the lunar surface. 'Vhen 

panoramic sun·eys were t aken , the camera iris 
and focus were set nt \"nines appropriate for the 

lunar smface ; dw-ing the special are11 snn·eys, 
they were set at ,·al ues ap propriat e for the 

spacecraft parts. The seq u ences of t hese 
suneys were mod if ied sligh tly on each m i;;sion . 

The sol n,r coron�t \\·as pho togrnphed nf ter 

lunar sunse t on the Sun·eyor I ,  V, ,. , , and V I I 

missions . These sun·eys, which consisted of it 
series of wide- and n mTow-n,ngle pictures t ak en 
along the western horizon immediat ely aft er 

sunset, were repeated at regul ar in tervals for 
several hours after sunset. 

Special sm veys were made of the en t ire area 
in \Yhich the surface sampler operated, and 
pict ures were also t aken d uring the operation 
of t he instru men t . 

The alpha-scattering instrum en t required 
only minor support from the tele\'ision camera. 
Sh ort predep loyment snrveys and periodic 
post deployment surveys were taken to examine 
th e instrument itself for change or damage. 
The alpha-scattering instrument  was turned 
over during the Sun'eyor VI hop , and p art of 
its i n t erior was ,·isible to th e cam era. Several 
pictures were taken of this area un der different 
illuminat ion . 

D nring the Suneyor VII  mission , t he alpha
scatt ering instrnmen t  did not  deploy normally 
to the lunar surface, nnd th e surface sampler 
was used to deploy the i nstrument. This activity 
was suppor ted by pictures from the tele,·ision 
cam era. 

Sun·eyors V, Vl, and V I I  carried small bar 
magn ets att ach ed to the spacecraft foot pads ; 
Surveyor V I I  h n.d �u1 addit ional magnet at
tached to  the scoop of the smface sampler . 
These were sun·eyed under nnying illumina

t ions t o  investigat e  them for accumulat ions of 
magnetic m a t erial . 

A small mirror, moun t ed on the m ast of the 
Sun·eyor VU spn.cecrnJt , wo,s used to t ake 
stereoscopic pictures of a small part of t h e  
areit in wh ich the surface sampler operat ed . 

Table 3-4 list s  t h e  cat egories and n umbers 
of pic tures t aken by er1ch SUI'veyor camera. 

Location of the Surveyor Spacecraft 

E. A. WHITA KER 

Selenogrophic Coordinates 

From about 1 9 1 3  
"
to  the presen t day ,  the 

bnsis for all selenograpltic coordina tes has been 

the well-known cn t n logs of Franz (ref. 3-1)  and 

Saunder (ref. 3-2) . Thus, the  Orthographic 

Atlas (ref. 3-3) and all the lunar m aps and 

charts prep�1red by the  U.S. Air Force Chart. 
nnd informa tion Cen t er,  i ncluding t hose of the 

proposed Apollo l anding sit es, depend on t h ese 
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TABLE 3-5. Comparison of the location of 3 lunar craters 

[As listed in the catalogs of Saundcr, Franz, :.\lills, and Arthur] 

Crater · - Flanasteed E Pglheas A Linn€ A 

Ca talog . . .  X ,  deg 

Saunder_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  · - 4 5. 9S 

Franz. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - . - - - - . .  - - - - - . - - - . - - - - - . 

:\Iill�- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � =:�: ;� I 
Arthur_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

measures. �lore recently, t hese measures were 
checked and combined in t o  3 single cat alog 
by Arthur (ref. 3-4) . 

Xew mens urement s  h3Ye b een made o \·er the 
last few yea rs by U.S. Army ::\Inp Sen·ice, U.S. 
Air Force Chart nnd Informa t ion Cen t er ,  
Balch\-in (ref. 3-5) , ::\Iills (ref. 3-6) , A r t h u r  
(ref. 3-7) , a n d  ot hers. A t  the t ime o f  wri ting, 
the most recen t c a t al og is  t h n t  of ::\ ! ills, ,,·hich 
uses Schru tk:1- R echtenstanun's red u c t ion of 
Franz's men smes (ref. 3-S) as cont rol. A some
,,· hat more ex t ensi,·e catalog is thn t Ly Arthur 
(ref. 3-7) . This catalog uses t he nt\\' m eas
mes mnde on se\·erol set s of plates t a ken n t  
,-arious oh:;eiTa t ories and ngain uses th e 
�chru tkn ron t rol net ; ho\\·ever, the absol u t e  
orien t o t ion w a s  det ermined from s t a r  t rails 
impressed on a num ber of Yerkes Obsen·n t ory 
40-in. refrn et or plates.  Typical difrerences 
among the n1rious cat alogs are shown in 
t ahle 3-5. 

Of the four cat alogs, that of Franz probably 
con t ains the largest errors, as it was b ased 
lnrgely on early Lick ObseiTatory pln t es of 
mediocre q u nlity. That of Snun der is genemlly 
considered to be more accma t e, being based on 
Obsern1torv of Paris and Yerkes Ohser\'utory 
plates of good q u ality. The :\ rills cat alog is 
based on measuremen t s  m ade from SO films from 
t h e obseiTntory at Pic d u  ::\ I idi, and m ay be 
superior to the Saunder cat alog, b u t  it  con t ains 
far fewer point�.  The Arthur catalog may pro n  
t o  b e  the must accurate o f  all,  as i t  employs an 
imprond determination of the position of the 
::\ Toon 's axis with respect to the surfnce feature,;. 

fJ, deg 

- 3 . 69 

- 3. 6S 

- 3. 6S 

X ,  deg 

- 2 1 .  73 

- 2 1 .  7 1  

- 2 1 . 70 

- 2 1 . 69 

fJ, deg 

+ 20. 4.5 

+ 20. 44 

+ 20.  4;) 

+ 20.  4 6  

X .  deg 

+ 14. 35 

+ 14. 39 

+ 1 4 . 40 

+ 14. 3G 

Location of Surveyor I 

fJ, deg 

+ 28 .  93 

+ 28. 93 

+28.  97 

+ 28. 95 

The Suneyor I spacecraft landed at a posi

tion estimated from prel anding t racking data to 
be 2. 49° S, 43 . 32° W. An early at t empt t o  cor
relat e  bright hills on the horizon, ,·isible in t he 
SmTevor � I panoramas, "·it h t opographic f ea
t ures �n ACIC chnrt LAC 75 was inconclusi,·e, 
an d l ed to 11 locat ion situ ated well o u tside the 
2cr error ellipse of the tracking dntn. (refs. 3-9 
and 3- 1 0) .  Whitaker repeat ed the attempt, 
howenr, and obtn-ined good correlation by 
usin (J' a low sunrise Earth-based phot ogrnph of 
t h e  ;egion, secured a few mon ths earlier with 
the Uni,·ersity of A rizon a 6 1 -in.  X ASA reflect or. 
This yielded coordin a t es of  2.57° S, 43. 34° W, 
"·ell '�-it hin the 2cr ellipse (ref. 3-1 1 )  

The complet ion of a narrow-angle mosa ic of 
Sun·eyor I pictures of n part of t h e  horizon 
cont aining both th e bright hills and the shadow 
of the spacecraft at sunset 111:\de it possible t o  
det ermine t h e  true selenogrn.phic azimuths of 
the hills without m ak ing reference to camera 
coordina t es.  Lunar O rbiter I mediu m-resol u t ion 
phot ographs of the area ( the  high-resol u tion 
photographs were n o t  usable) showed that t he 
correl at ion between the hills, as \'iewed by 
Sun·eyor I and Luna.r Orbit er I, was excellen t .  
This n arrowed the n ren. o f  se:trch for the loca
tion of Sun·eyor I to an aren. 3 k m  by 1 �m 
(fig. 3- 1 0 ) .  Howe\·er, the t as k  of correl atmg 
crn.ters and other feature,; ,-i.sibl e in the Sun·eyor 
I panoram as wi t h  simil ar feat mes in the

. 
Lu� ar 

Orbiter photographs JH'o\·ed difficul t, prun anly 
because of the inability t o  j udge distances, and 
hence dimensions, from the Snn·eyor ptuwnuna.s. 
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FIGUHE 3- 1 0.-Part of Lunar Orbiter I photograph .l\1-2 10 showing the expected (t-1.) and 
actual (S.) positions of Rnrveyor I .  The spacecraft is visible as a diffuse bright spot . 
A and B arP rock -strewn cratPrs and C is a crater lSO meters in diamPter. 
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TA B L E 3-6. Selenographic coordinates of 13 
craters used to determine the location of 
Surceyor I 

Mills A rthur 
Crater 

>., deg fJ, deg >., deg fJ, deg 

En eke E_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 4 0. I I  + 0. :)6 
..\ l arstl in  (; _ _ _ _ _ _ _  - 4 2. 03 + 2. 01 - - - - - - - - _ _ _ _ _ _  _ 

:-:uess F _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - - - - - - 44. ()2 + I . 1 7  
Snrss F R  _ _ _ _ _ _ _ _  -4 5. 57 + .  2 3  - - - - - - - - _ _ _ _ _  _ 

Flamste<>d _ _ _ _ _ _ _  • •  _ _ _ _ _ _ _ _ _ _  . _ _  - 44. 2:1 - 4. 46 
Flamst.red F _ _ _ _ _ _ _ _ _ _ _ _ _  . _ _ _ _ _ _ _  - 4 1 . 06 - 4. 7 1  

FlamstPrd F A  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 4 0. 7.5 - 3. 44 

Flamster·d F B  _ _  - - - - - - - - - 4 0. 55 - 2. 32 

Flamsteed K _ _ _ _ _  - 43. 62 - 3. 09 - 4 3. 62 - 3. ou 
Flamst red D _ _ _ _ _ _ _ _ _ _ _ _ _ _ • _ _ _ _ _ - 4 4. S2 - 3. 1 6  
FlamstPed E .  _ _ _ _  - 45. 99 - 3. 6 S  - 45. !J!J - 3. 6-" 
Flamsteed C _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 4 6. 20 - 5. 4fl 

37003 - - - - - - - - -- - - - - - - - - - - - - - - - - 45. 04 - I . 94 

Su bseq uent ly, reflec t ion data from the o n 
board rad ar doppler sensors of the Sun·eyor I 
spacecraft were made a,·niln.ble (ref. 3-1 2) . T\YO 
distinct enhancemen ts in reflect i ,·i ty recorded 
by the  mdn r  doppler receinr 1 '"ere in terpreted 
by Whitaker as luwing been caused by the beam 
S\Yeeping across t wo craters of anom nlous ap
pearanre (A and B,  fig. 3-1 0) ,  as t hey were of 
the correct orien t 11t ion 3nd spacing. 

Oth ers \Yorking on t his problem assumed that 
the mdar enhancemen ts were c aused by the 
opposi t e  wnlls of r• compamti nly l arge C> 1 km) 
crater (ref. 3-1 2) . This ga,·e a loca t ion that  
could not be reconciled with either the t m cking 
data or the hills on the horizon. 

The problem \\·as not finally soh·ed u n t il t h e  
general area \\·as photogrn phed in  both medium 
and high resolu t ion by Lun ar Orbiter I I I .  The 
locat ion proposed by members of JPL and ACIC 
was searched wit hout  success. Th1lt  proposed by 
"'hit aker also was searched unsucce::;sfullv 
although a brigh t ,  rocklike obj ect cast ing n l m;� 
thin shadow wa::; detected close by. I t  \Yas not  
possible to  reconcile t he Sun·evor and Lunar 
Orbi ter dat a un til further work by Whit aker 
et al. establ ished t h e  iden t i ficat ion �f the brigh t 
obj ec t casting the long thin sh ndo "- a:; the  Sm
,·eyor I spacecraf t .  The anom:1lous crn,t ers A 
and B (fig. 3- 1 0) were found to be strewn with 

rocks, undoubt edly the cause of the enhance
ments in radnr reflect i ,·ity. 

A reex:uninn.tion of the Lunar Orbi t er I 
photographs showed t h at Sun·eyor I was visible 
ns a brigh t spot on almost dl frames that in
cl uded the landed area;  i t  can be seen in figure 
3- 1 0. An investign.tion similar to Whit aker's 
,,-as conducted by Spradley et al. (ref. 3- 13) , 
who arrived a t  the same resul ts . 

The landed locntion of S m veyor I ,,.,,s care
fully pinpointed on Lunar Orbiter IV photo
graph H-143.  The centers of 13 cmters with 
known coordinates s i tuated around this locn
t ion ,,·ere also pin poin ted,  using 11 s mall trans
p!trent o\·erlay pro vided with concen t ric circles 
for accumte cen t ering of the  crat er:;. All 14  
points were t h e n  transferred to a plast ic over
lay, :•n d  the  posit ions of the  1 3  crat ers , t aken 
from cat alogs of selenographic posi t ions (refs. 
3-2, 3-4 , and 3-6) , were n oted at the appro
pri ate pl aces. These cmters and the somces of 
the coordinates are shown in t able 3-6 . 

I t  "-ill be seen that  t\YO cmters common to 
both Ct1 t alogs h a ,-e iden tical coordin at es, giY-ing 
some confid ence in the acc uracy of the men.s
ures. A comparison between t h e  coordinates 
gi \'en by Sa under (ref. 3-2) and t h ose lis t ed 
in the t abulation, where duplicated , shows a 
definite  syst eml\tic difference in both A n n d  (3. 
The m ean ,-al ues are "A (Arthnr) - :\  (Sa u nder) = 
+ 0. 0 1 ° ;  (3 (Arthur) - (3  (Saunder) = 0. 0 1 ° .  The 
coordi1wt es for poin t 37003 were corrected by 
t h ese amounts to bring them in line with the 
oth ers. 

A net work of l ines \nts next dra\m, pre
dominan tly in t h e  gen eral direc tions east-west 
and nort h-south,  by joining the cen ters of ap
propriate  crat ers. By sim ple proportion , poin ts 
"·ere then marked on these l ines giving the 
intersects of each full degree l ine of lat i t ude or 
longi tude as appropriate. Beca.use the Lunar 
Orbi ter photograph was taken ne:trly vert ically 
11l ld because of the sm nll size and equatorial 
location of the  area phot ogn•phed , it wn.s ex
pected that  the grid lines in the  region of 
interest ,,·ould depart less t h an 0.01° from 
linearitv. This \\'as indeed found to be the case . 
Local cli,·ergences in l i nearity of some of the  
lat i t ude lines were directly 11t t ributable to one  
rrater (37003) ,  whose location was less certain 
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than the other craters. These intercepts were 
therefore ignored when drawing the grid. The 
coordinates of SmYeyor I "·ere determined by 
simple interpolation from the enclosing latitude
longitude lines. They are: 

43.22° w ± 0. 0 1 °  
2.45° S ± 0. 0 1 °  

O n  the traditional Saunder-Franz system, these 
would be 43 .23° W, 2.46° S. Tl1e probable 
errors were not deduced m athematically , hut 
were based on the departure from linearity of 
the grid intersects. 

Location of Surveyor Ill 
The landed location of the SuJTeyor I I I  

spaceeraft was p inpoin ted (ref. 3-1 4) o n  Lunar 
Orbiter IV photograph H-1 25, as were the 
following eight measured points : �!ills 308, 
Gambart R, Fra 1\Ia.ttro B, Saunder 233, 
Lansberg {3, Euclides K, Arthur 34025 1 1 ,  and 
Lansberg K. Adopting H sim i lar procedure to 
that used for SmTeyor I ,  the following coordi
nates were determined for SurYeyor I I I : 

23 .34° w ± 0. 0 1 °  
2 .97° S ± O. O I 0  

O n  the Snunder-Franz system, these "·ould be 
23 .34° W, 2.99° S. 

The Location oF Surveyor V 
The landing point of Sun·eyor V was situated 

some dist ance away from the nominal aiming 
point .  The coordinates of the landed position , 
obtnined from t h e  prelanding t racking data , 
\\·ere 23 . 1 9° E ,  1 . 50° N. This location , according 
to the ACIC charts , is situ a ted at the western 
extremi ty of Lunar Orbiter V photograph 
H-78,  the only high-resoln tion fra me of the 
entire Lunar Orbiter series to include i t .  

Because i t  landed in a smn ll crn ter , Surv eyor 
Y obt ained n foreshortened Yiew of the sur
rou nding terrain .  Al though many terrain fea
tures seen in t h e  SurYeyor V pnno rnmn np penr 
to be too small to be �een in Lunar Orbiter 
pho togra ph H-78, this frn me wns searched 
ext ensiYely but 1 1nsuccessfully in Lhe a p propri
ate  area for points of correlation (ref. �-1 5 ) .  

The best postlanding track-ing coordinates 
aYni lable n t  the time of wri ting were 23.20° 

E ± 0.03°, 1 .42° X ± 0.01° . 1  To note this position 
with respect to the western border of Lnnar 
Orhi ter V photograph H-78, Lnnar Orbiter IV 
photograph H-85 was used as a base. A local 
grid \\·as eonstructed on it,  as described for 
Sun·eyor I, using the five control points . 

Sabine B, 0, D, E, and Arago CA. The 
tracked location was then pinpointed on this 
fmme and, by noting its posi tion in relation to 
nearby topogr aphic features, transferred to 
Lunar Orbiter Y photograph �vl-74 , the best 
quality medium-resolution frame of the area. 
The probable error ellipse \\·as added, also the 
boundaries of Lunnr Orbiter V photograph H-78 
(sho\m in fig. 3-1 1 ) .  All topographic details 
v-isibl e in the Surveyor V panoramas are too 
small to be visible in this photograph .  This 
process re\·ealed a systematic error amounting 
to 0 . 1 °  in longi tude on the ACIC charts of the 
region (RLC 7 and 8). 

Location oF Surveyor VI 
The landed location of Surveyor V I  was 

pinpoi nted on Lunar Orbiter IV frame H-1 08 ,  
as  were the following measured craters : Pallas 
D, Flammarion A, Reamuu r  X, and O ppolzer 
A. The Surveyor VI landing site fell close to 
the edge of Lunar Orbiter photograph H-1 08 ,  

\\·hich prevented the inclusion of  control points 
on the west side ; i t  was therefore necessary to 
use the overlapping frame H-1 02 on the west. 
A number o f  fiducial points in the overlapping 

portion wrts pro,·ided by pinpointing the craters 

Oppolzer A, Bntce, :\ fills 449 ,  Reamnur Y ,  
Blngg, Renumur D, and Seeliger A o n  frame 

H-1 02 and constructing un  accurate coordinate 

grid between these points and a number of grid 

interseets pinpoin ted on H-1 08, using the local 

topography for positioning. Using these inter

sects and the four  craters already noted, it  was 

possible to construct nn nccurnte grid enclosi ng 

the SurYeyor VI l ocation . The eoordinates were 

mensu red to be :  

1 .40° w ± 0.0 1° 
0.53° K ± 0.0 1 o 

On the Snunder-Frnnz syst em,  these wou ld be 

1 .19° \\' ,  0 . 5 1 °  i\ .  

1 F .  R .  "'inn private communication, 1 !.168. 
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FIGURE 3-1 1 .-Part of Lunar Orbiter Y phot ograph l\l-i4 showing the estimated position 

of Surveyor ,. and error ellipse obtained from postlanding tracking data. The boundary 
of Lunar Orbiter ,. photograph H-7k is also indicated. 

37 



38 SURYEYOR : PROGRAM R E SULTS 

Location of Surveyor VII 
The methods used for ob taining the positions 

of SmTeyors I, III ,  and VI could not be used 
for determining the lorn tion of Surnyor \"II 
because: The selenographic grid is not seleno
detie ; that is, it assu mes the .:\loon is spherical.  
For points elen1ted aboYe the m ean sphere 
and situa ted some distance from the cen ter 
of the moon's disk, measured coordinates are 
greater th nn the true coordinates ; and because, 
at the latitu de of Tyeh o, lat itude circles are 
suffieen t ly cu rved to cause fmther difficulties 
in att empting to draw n grid.  

The following method was therefore adopted 
for determining the location of StnTeyor VII.  
A careful l "omparison was mncle  \Yi th respect 
to th e local terrnin between Lunar Orbiter \' 
frame .:\l-128 and a photograph ( 1 23) taken 
with the 1 00-in .  t elescope at .:\lount \\'ibon , 
which enabled the transference of th e pin
poin ted Suneyor \'II location from the former 
to the la tter. As this photograph was used ns 
a basis for sheet D7a in the Orthographic 
Atl as (ref. 3-3 ) ,  it was then possible to transfer 
the poi nt  accurately to this sheet. The eoordi
n n tes of the point ,  ns rea1l directly from the 
xi-eta grid, "·ere xi,  - 0 . 1 500,  und eta, - 0.5550. 

Nex t ,  i t  was necessary to cheek th e accurney 
of the grid in  the general area.  The cen ters of 
1 3  fentures of kwmn posit.ion \Yere marked , 
and their apparent posit ions rend from the 
grid. These readings were then compared wi t h  
t h e  Sau nder cat alog positions (ref. 3-2) and 
the mean systematic errors noted. These 
a mounted to - 0.00023 in xi, :md +0 .00007 
in e ta .  Th{ls,  the corrected position was 
- 0 . 1 502, - 0.6549, or 1 1 .46° W, 40.9 1 °  S. 

If the Sun·eyor location is now assumed to 
lie 1 km n. brlYe the mensured ern ters, then 
these figures reduce to 1 1 .45° \V, 40.88° S 
(Saunder-Frnnz system) . A l lmdng for the sys
tematic difference bet "·een this system and 
that of Arthur in this region,  the final result  
is : 1 1 .4 7° W ± 0 .02° longitude, 40.86° S ± 0.03° 
latit ude. 

Summary 

Table 3-1 lists the derind selenogrn.phic 
coordinates for Sun·eyors I ,  III, \"I , nnd \" I I .  
As Sun·eyor \' has not been located on Lunar 
Orbi ter photograph�, the coordinates from 

tracking data represent a best estimate of its 
loea tion. The deriYed eoordinn.t es of the four 
located Sun·eyors are repeated h ere : 

Surveyor I :  43 .22° W ± 0.0 1 ° longitude ; 
2 .45° S ± 0.0 1 °  l at i tude 

�un·eyor III : 23.34° W ± 0.0 1 °  longitude ; 
2 .97° S ± 0.0 1 ° lat itude 

Sun·eyor VI : 1 .40° W ± 0.0 1 °  longitude ; 
0 .53° N ± 0.01  o la,ti tude 

Sun·eyor \"II : 1 1 .4 7° \Y ± 0.02° longitude ; 
40.86° S ± 0.03° l ati tude 

The probable  errors refer to the precision of 
the determin ations wi th  respect to the Arthur 
and .:\!ills triangulations, which show small sys
tematic differences from the traditional 
Snunder-Franz network. 

Orientation of the Spacecraft and Television 
Cameras 

J. J .  R E N l\ ILbO:-i AND R. 1\ l .  B.nso :-; 

The spncecraft a ttitude, referenced to a local 
selenogmphie system, can be determined from 
t.hree independent kinds of dn.ta telemetered 
from the spacecraft : ( 1 )  gyro-error signals 
nnd strain-gage deflections on the spacecraft 
legs, (2 ) gimbal angles of the solar p anel and 
planar array antenna ,  and (3) star nml planet 
sigh tings with the teleYi.sion camera (ref. 3-1 6 ) .  
I n  a thlition , the a t t i tude o f  the enmen• a n d  the 
spnceeraft cnn be eYalunted from obsernttions 
of the horizon ; t.he east-\Yest component of the 
cnmern and spacecraft at t i tude enn he ac

curately determined from measurement of the 
posi tion of the \\·estern horizon in cam em. co
ordin ates and the time of sunset.  

Gyro-Error Determination of Spacecraft Attitucle 

The gyro-error signals are initiated by the 
rota t ional changes from the spn cecrn l't inertial 
coordinate system to the final landed attitude. 
The referen�·e coordinate system before these 
changes occur is the "attitu de hold" orienta
tion of the spacecraft dming descent. This 
reference is est ablished \\·hen the spacecraft is 
about  1 3  meters ahoYe the surface. At this 
a l t i tude, the spacecraft 's Z-axis mny not 
coincide \\· i th the locn. l  nrticnl ; ho\\·e,·er, the 
mnximum misalinement is seldom larger than 
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1 .45°. Once on the surface, the leg strain gages 
offer further correct ions to this attitude de
termination. 

Antenna/Solar Panel Positioner (A/SPP) Determination o f  
Space craft Attitude 

Anotber met hod of at t i tude determina t ion o f  
the  Sun·eyor spacecraft i s  through the use  of the 
solar panel and plnnar array gimbal positions. 
� ! ensured Sun and Earth sighti ngs of the A/SPP 
are trnnsformed to agree "·ith the local selena
graphic Sun and Earth nctors. The a t t i tude 
of the spacecraft is obt ained from th e dif
ference between the Sun and Earth ,·ectors 
measured by the A/SPP and th e true selena
graphic Su n and Earth yectors. 

In practice, the measured gimbal angles of 
the A/SPP must be correct ed for many errors. 
These enors arise from mecha nical ami elec
t rical imperfect ions. They cause the angle 
between the  Earth and the Sun,  ns determined 
by the A/SPP gimbal posi tions ( tbe  \·ector 
dot product ) ,  to differ from t he true seleno
graphic nngle. In computing the rota t ional 
matrix that defines the attitude of the space
eraft ,  the contribu tion of these errors must be 
minimized . Statistical methods "·ere applied to 
determine the m agni tude of the errors itwolnd 
and their effect on the determinat ion of the 
spacecraft a t t itude. These methods made use 
of prefligh t calibrat ion of the errors in the  
gimbal angle positions and popula t ion studies 
of the errors in t he rot at ional matriees used in  
calcu lnt ion of the t i l t  of the spacecraft. From 
the many Sun/Earth sightings made during a 
Surnyor mission, a final mat rix was obt ained 
which minimized t he errors in  the determination 
of the spacecraft a t t i tude. 

Tele vision Camera Determination of Spacecraft A ttitude 
From Star and Planetary Observations 

Star and plnnet ary obsen·ations \Yi th  the 
teleYision camera will yield an atti tude m atrix 
relat ing eamera coordinates to selenographic 
eoordinntes. If the rotationnl matrix for camera 
coordinate� to  spacecraft coordinates is knmYn , 
the at t i tude of the spacecraft can be found. 

Errors inherent in  the tele\'ision obserTations 
of the stars and pl anet are numerous. Some 
errors can be determined aceurately and thus 

:�:m-Hi2 o-tiH - - -t  

a full  correction can be made ; o ther errors can 
be only estim a ted. Those errors for which the 
Surveyor cameras were calibrated are ( 1 )  image 
nonlinearity, (2) departure of actu al focal 
length from nominal focal length, (3) misaline
ment and rotntion of the Yidicon, and (4) 
mirror-poin ting i naecuracies. Errors for which 
incomplete or no calibrat ion wns made include 
optical a:-..-i:s/mechanieal axis misalinemen t, lens 
distortion, and nuiations of all these errors as n 
function of temperature. Correct ions for errors 
are usunlly performed in the order gi\·en in  
the  follo\Ying paragraphs. 

Image n o nlinearity. The reseau, consisting of 
a 5 by 5 m atrix of dots deposi ted on the Yidi con 
faceplate,  corrects for n onlinearity. The basic 
assumption made in this correct ion is th at t he 
reseau is distorted linearly in the same man ner 
as the im age data .  Programs used to conect the 
im age data  consist of soh·ing the equations 
formed by the cross-ratios of the st elltu 
image coordinates and those of the surrounding 
four closest reseau marks. 

Len s  distortion .  Only one proto type lens of 
the Suryeyor cameras was measured for detailed 
distortion characteristics ; h o\YCYer, flight accept
ance cun·es were obtained for radial or sngi t tal 
distortion on each flight lens. These cun·es 
can be accurately described by a fourth-order 
polynomial equ ation.  

Departure of actual focal length from nominal 
focal length. The calibrated focal length deter
mines the angular scale of the picture. The 
im age eoordin ates are represented as angul ar 
displacements in a zimuth nnd elen1t ion from 
the coordinates of the cent er resent! . 

J/isalinem e n t  and rotation of the vidicon . 
:\l isnlinement errors of the c�unera optical 
axis with the center resean of t he ,·idieon and 
mirror nzimuth  axis are kn own to exist . 

Because they were m inimal, they are not 

considered in the preliminnry dat a reduction . 
The rot a tion of the Yidicon as well as the 

mirror-poin ting angles determine the s tellar 

Yector in camera coordinates. 
J..!irror-pointing inacc uracies. Preflight photo

grammetric tests of the Snn·eyor ('ameras 

proYided estimates of the mirror-pointing 

inaceuracy of each Sun·eyor camera except 

that of Sun·eyor I. The errors of mirror point ing 
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''"ere sufficien tly small as to h ave a minor effect 
on the a tt i tude determination and therefore 
were not  eonsidered. 

Once the stell ar ,·ectors are determined in 
camera coordi nat es, the eumera coordinnte  to 
sp nceeraft coonlinnte rotation nl m a trix tl·ans
forms these \"ectors to spacecrnft coordinn tes. 
From this poi n t ,  the  reduction follo\YS the same 
procedure as the A/SPP att i tude determina
tions. 

The rot ntion<ll ma trix of cam era eoordi nn tes 
to spn ceeraft coordin ates is one of the l argest 
uncert ain t ies in determining the nttitude of 
the spa ceernft. Preftigh t t;a)ibration of t hi<' 
m atrix were performed only on Sun·eyors V, 
YI , and VII .  Stationary points on the spacecraft 
were observed by the cnmera, nnd correetions 
to t he eamern/spneecraft m atrix were 1m1de 
after l anding. 

Some ,·ariat ion in t h e  st andard de,·iation of 
the best-fi t atti tude matrices have been 
attribu ted to sligh t changes in the  at t i tude of 
the spacecraft on the lunar surface. Operat ion 
of the camera mirror and A/SPP stepping 
motors caused l arge oscillations to  be im parted 
to the spacecraft.  Flexi bility of the l egs of the 
spacecraft, particularly in those cases when the 
shock absorbers of t.he legs were not locked, 
also caused movem ents of the spacecraft .  
�Ioni toring of the horiwn by the Sun·eyor V J I  
camera showed ntri a.t ions i n  position of obj ects  
on the horizon up  to 0.2° during t h e  lunar day. 

Table 3-7 lists the camera a t titude in selena
graphic coordi nates for each successful mission. 
The a t ti tude \Yns deri ,·ed from observations of 
the stars n nd pl anet�. Table 3-8 lists the 
combi ned spacecraft attitudes for each mission 
from the three sources of dn ta ,  gyro error, 
A/SPP posi t ion , and tele,·isi on enmera obserYn
tions . The rel ationship of the angles of space
crnft geometry are shown in the sketeh.  

Spaeecraft att i tudes \\·ere \"erified by an inde
pendent method of com p u t ing the posi t ion of 
the h orizon in camera coordinates. If the  horizon 
\Yere a circle "·ith the camern in the cen ter, i t  
could be plotted o n  a cylindrical projeetion i n  
camera eoordina t e� ns a sinusoidal cun·e, th e 

amplitude of \\"hi ch (n bove or bel ow the 0° 
cnmera eleYntion) i� equnl to the m agni tude of 
cnmern til t .  The camera eoonlin n tes of two or 

more observed points on the horizon (differing 
in azimuth by 1 5° to 1 65°) would be sufficien t to 
determine the camera til t and the azimu th of 
cam era tilt.  The orienta tion of the camera 
parameters can also be determined in the case of 
a camera displ aced from the  eenter of the 
h orizon  c ircle ,  if the  magni tude and direction 
of the displacement are known . 

Errors inherent in compu ting the attitude of 
the spacecraft by h orizon measurement are the 
same as those listed for reduction of stellar obser
,·ntions. In addi tion, no horizon viewed by Sur
\'eyor was perfectly smooth ,  and departure of 
the observed horizon from the theoretieal hori
zon m ay also lend to errors in attitude deter
mination. At most Surveyor l anding si tes, how
eYer, the obse1Ted horizon is sufficiently close 
to the theoretical horizon so that  "·hen large 
numbers of poin ts on the horizon were used i n  
seYeral combinat ions, the  standard d evin t ions in  
compu ted camera att i tude \\"ere small. 

� T ost of the obserYed horizon points used in 
this kind of a tt i tude eorn pu tn tion are selected 
by subj eeti,·e interpre t a tion,  but the location of 
the theoretieal horizon in pla ces cnn be deter
mined more rigorously. For exa m ple, seyeral 
dis tun t ridges of known heigh t were visible al ong 
the northern horizon at the Surveyor I landing 
si te. The Yert.ical ungles between the theoretical 
horizon and the summi ts of these ridges, there
fore, eould be compu ted ;)S a funetion of the 

heigh t and distn nce of the ridges rel atin to the 

cn mera . The aceuracy of this com pu tation is 
prim nrily a funetion of the accurney with whieh 
the he igh ts of the ridges are knmYn ; in th is cnse, 
it was nbnu t ± 0. 1  °.  se,·ertll data poin ts were 

ndded to the determinat ions of h orizon position 
for Sun-eyor I by this com pu tation. 

A single point  was added to the d atn set for 

enc·h Sun·eyor by compu ting the lneat.ion of the 

t.heoret.i eal western horizon ns n function of the  
t in te of �un�et on the cnmern. Beeanse of  topo

graphic prominences "·est of the spacecraft, sun

set cnme earlier to most Sun·eyors thnn t h a t  

predieted from ephemeris dntn .  The nngul ar 

heigh t of these prominen ces aboYe the theo

retical horizon could thus be computed as n 

funetion of the  t ime d �fferential between uet u nl 

ami predicted su nsets tlt eneh l anding si te .  The 

selenodetic landing si t e  locntions and the actual 
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TABLE 3-7 . Camera attitudes in selenograpMc coord1"nates 

Parameter 

Surveyor 1 -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Surveyor I l I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor \' _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor \" 1 :  
Before hop _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

After hop _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - _ - _ - _ - - - _ _ _ _ _ _ _  _ 

Surveyor \"I I  during most of day _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

q,1. deg • 

- .58. 0 ± 0. 7 

228. 5 ± 0. 9 

263. 0 ± 0. 7 

- 1 9. 5 ± 0. 2  

- 32. 3 ± 0. 2 

1 96. 5 ±  0. 5 

q,,, deg b 

1 7 .  1 ± 0. 5 

22. 4 ± 0. 7 

33. 5 ± 0. 5 

1 5 . 3 ± 0. 2 

1 2 .  2 ± 0. 2 

1 4 .  0 ± 0. 3 

tPh deg c 

4 1  

56. 7 ± 0. 7 
S4 . 0 ± 0. 9 

2 1 . 6 ± 0. 6 

49. 5 ± 0. 2 

.58. 3 ± 0. 2 

5 1 . 6 ± 0. 5  

• q,1 = angle to the camera tilt vector measured in the horizontal plane from lunar east, negative counterclockwise 

and positive clockwise. 
h 4>2 = vertical angle of the camera tilt vector measured from local vertical. 

• q,3 = horizontal angle from the camera tilt vector to the camera 0° azimuth (JOsition. 

TA BLE 3-8. Spacecraft att itudes 

Spacecraft Tilt magnit ude, Tilt direction, Roll, 8, deg • Remarks 
(3, deg • a, degh 

Surveyor L _ _ _ _ _ _ _ _ _ _  0. 4 233 89. 5 No error analysis performed 
Surveyor IlL _ _ _ _ _ _ _ _ _  1 2 . 0 142. 8 44. 2 No error analysis performed 
Surveyor \' _ _ _ _ _ _ _ _ _ _ _  19. 5 ± 0. 8 262. 4 ± 0. 8 24. 3 ± 2. 0 Before static firing 
Surveyor \" _ _ _ _ _ _ _ _ _ _ _  1 9. 7 ± 1 . 5  260. 1 ±  1 .  5 2.5 .  2 ±  3. 0 After static firing 
Surveyor \'L _ _ _ _ _ _ _ _ _  1 .  9 ± 0. 7 307. 1 ± 0. 7 1 1 8. 6 ±  1 .  0 Before hop 
Surveyor \'L _ _ _ _ _ _ _ _ _  4 .  0 ±  2. 3 4 1 . .') ± 2. 3 1 1 3.  6 ±  1 .  8 After hop 
Surveyor \'II _ _ _ _ _ _ _ _ _  3. 2 ± 0. 4 279.  0 ±  0. 4 339. 8 ±  0. 6 

ZEN ITH  

E A ST 

+ Y  

SOUTH 
SPACECRAFT 

COOR D I NATE SYSTEM 

• a =  azimuth of tilt direction measured positive clockwise from + X  axi8. 
b �= magnitude of tilt measured positive clockwise from - Z axis. 
• O= roll angle of + X  axis from east measured positive clockwiee in the s!Jncecraft's x-y plane. 
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TABLE 3-9 . Camaa att itudes from horizon meas1trements 
Parameter 

Surveyor I • _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor III _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor \' (before Rept. 24, 1 967) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor \' (Sept. 24, 1 967) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor \'I before hop (before Nov. 1 7 ,  1967, 1 0 :32 

G�lT) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

:-;urveyor \'I after hop (after Nov. 17,  1 967, 1 0 :32 G :\IT) _ _  

Surveyor \' II b (before Jan. 19,  1 96S) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor \'II  (Jan. 19, 1 968) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

• An angular misalinement of approximately 0.2.5° 

in the direction of camera t i lt apparently existed in the 
optical train of the Surveyor I camera. 

b The horizon at t he Surveyor \'II landing site was 
t oo irregular to make accurate measurements. There
fore, the att itude of the camera as listed in table 3-7 
i s  repeated here. The locat ion of the true western 

sunset t imes for each Surveyor mission are 
known accmatel.'· enough so that  the loca tion of 
the  \\·es tern horizon ran be computed wi thin 
approxi m a tely ± 0 . 1 5° .  

Table 3-9 shows the  camera a t t i tudes deter
m ined from horizon measmemen ts. _:.. T ost of the 
measurements agree within probable l imits  of 
error wi th those m ade hy the A/SPP n nd stnr 
nnd planet sigh ting,.; (t able 3-7) . The lnrge dis
crepancy in the differen t sol utions for the Sm
veyor Y orient ation is in a n ort h-south clirec.tion 
and cannot be resoh·ecl by using the sunset dn tn .  

Topographic Mapping Methods 

H. :\ 1 .  BATSON 
Topogra phic and planime tri c  m aps luwe been 

made from Surveyor t eleYision pict ures by four 
basic t echniques : ( 1 )  focus ranging ; (2) st ereo
scopic pho togrnmmetry ; (3) shndow measure
men t ;  and (4) phot ographic t rigonometry. 

Focus ranging is a nen r-field ( that  is, wi th in  
1 0  met ers o f  the  cam era) m apping m ethod 
based on the l imited depth of field in pict ures 
t aken in the narrow-angle mode of t he Suryeyor 
lens. Pict ures nre t aken nt nine or more focus 
set t i ngs ut each camera ele,·at ion position along 
u given azimuth .  Sm all n reas in best focus in 

</> J .  deg <1>2. deg ¢3, deg 

- 63 ± 3  1 6 . 1 ± 0. 5  52 ± 3  
227 ± 2  23. 5 ± 0. 2 83 ± 2  
27 1 ± 2  3 1 . 1 ± 0. 2 30 ± 2  
27 1 ± 2  33. 0 ± 0. 2 30 ± 2  

- 22 ± 3  15. 4 ± 0. 3  47 ± 3  
- 3 2 ± 3  1 1 . 6 ± 0. 3  .59 ± 3  

19 6. 5 ± 0  . .  ') 1 4 . 0 ± 0. 3 .'il. 6 ± 0. 5 
1 9 4 .  2 ± 0. 5 1 3 . S ± 0. 3 49. 3 ± 0 . 5 

horizon, as determined from the time of sunset, provided 
an a t t i tude determinat ion consistent with the values 
shown. The second orientat ion, relative to the first 
orientation, was determined by measurements of the 

shift in t he position of the true horizon, as determined 
from the at titudes listed in table 3-7 . 

ench picture are located on a mosaic of focus
ranging pictures t aken a t  specific focus settings. 
The camera azimnth and elevation of the center 
of the area of best focus for that  focus setting is 
det ermined by grn phical measurement.  The 
location of t h e  poin t  of best focus on the l unar 
surfnce is then computed from azimut h ,  eleYn
t ion ,  nnd cnlibrnted focus dist ance. A point 1 0  
met ers below the  intersection o f  t he cnmern 
azim uth  and eleYn t io n  rot ation axes is used as 
the  origin of the coordinnte system , and the 
x-y plane of the system is orient ed parallel t o  
the lunar leYel plane. Cont our lines are drawn 
by int erpolation bet"·een control points. Pl ani
m etric fea t ures, such as crat ers and rock frag
ments, are plotted by reference to a grid system 
on the J"-y plnne consisting of lines of equ al 
camern nzimuth and lines of equal camera eleYa
t ion ,  as determined by focus ranging (figs. 3- 1 2  
a n d  3-13) . 

Topographic m n ps can be m n d e  by focus 
ranging only if  a sufficien t number of control 
points  is nYailable. One focus-rn nging surYey 
(i .e . ,  n suryey along one cnmera azimuth) results 
in 50 t o  1 80 pictmes, t aken nt  5 to  20 camera 
elen1tion set tings and 1 5  t o  25 focus settings. 
For each su!'Yey, 1 5  to 25 con trol points are 
computed.  A minim um of 10 focus-ranging sur
Yeys is required t o  proyjc\e a sufficient density 
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FI GURE 3-12.-lirid on an .r-y plane consisting of lines of equal camera azimuth (radiating 
lines) and lines of equal camera elevation (curved lines) . This grid was used to make 
preliminary planimetric maps of the Surveyor I landing site. 

,-------------;:-------- - - - - -� .� 
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FIGURE 3- 13.-Trace of lines of  equal camera azimuth and lines of  equal camera elevation 
on a natural lunar surface. Grids like this are used to plot positions of planimetrir 
features (blocb, craters, etc.) at �urveyor landing sites. This grid was made from 
focus-ranging data taken at the Surveyor \' landing site. Deviation of lines from 
mathrmatical symmetry is causPd b�· tme,·rn topography. 



44 SURVEYOR : PROGRAM R E SULTS 

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 most ac
curate method for mapping the nenr field of 
Smveyor landing si tes. Stereopsis is presen t in 
pictures of the same surface taken from two 
cliff eren t locations. If the relative positions of 
the two camera st ations and the relative c amera 
orientations at the tim e the pictures were taken 
are all accurately known , then the locations of 

Stereoplott ing instruments provide a method 
of con tinuous analog triangulation.  These in
strum ents are used to re-create au optical, three
dimensional model of the surface to be mapped, 
which cau be viewed and measured by the 
stereo plotter operator. This is done with an 
index mark in the form of a point of light or a 
bl ack dot, which appears to float in the three-

FIGURE 3- 14.-:--\urveyor photorestitutor. This instrument was originally designed to rectify 

monoscopic Surveyor pictures, but has been modified for usc a.'l an a.naglyphic stereo

plotter. Each projector is a geometric analog of t h e  television camera. Glass t rans

parencie�, or "diapositives," made from sterco�copic pairs of picturps arc used at each 

camera position.  The projPctors and projector mirrors arc set in the same relative 

orientat ion� as the camera at the time each picture was taken. One picture is projected 

with red light ; the other is projected with blue light onto a white �creen, or  platen. 

The operat or wears spectacles with one reel lens and one blue lens, enabling him to 

see the overlapping i mages as a single three-dimensional picture or model. As the platen 

is moved vertically or horizontally, the point of light at its center appears to float i n  

the :<tercoscopic model. The horizontal position o f  the point of light is plotted o n  the 

map manuscript over which the platen carriagP, or  tracing table, moves. The vertical 

position of the point of light can be read from a counter on the traci ng table. 
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dimensional mo del and which can be m.oved 
horizon t al ly and ,·erticnlly i n  measurable 
amounts by the o perator. The mark is cou pled 
by a mech anical l inkage t o  a penci l or styl us so 
that m aps or profiles ca n be t raced dir ec t ly 
from t h e  stereosco pi<.: models. 

;:;t ereoscopic mn pping instruments h a ,·e been 
iu use for many years for terrestri a l  1111 1 p ping, 
but none of  th em \Yere desigued t o  meet t he 
uniqu e requirements i m posed by st ereoscopic 
pictures t nken by Sun·eyor t ele,·ision c ameras. 
:\ l easurements "·i t h  t hese pic t u res must be m ade 
nnulytica lly, one point a t  a t i me, or \\·i th a 
st ereoplo t t er speci ally desi gned for use \Yi th  
Sun·eyor teleYision pict ures (fig. 3- 14) . 

Shadow m easurement is basically a t ech n ique 
for m aking a profile al ong nn east-\Yest l ine 
t hro ugh the sp acecraf t .  D a t a from shadow 
measuremeu ts do uot h a ,·e suffic ien t  den si ty for 
con t our m apping , b u t  are ,·aluabl e su ppl emen ts 
to ot her data  from which the n1 n ps are com pil ed.  
The method u t ilizes t h e  kn o\Yn size and orien t a
t ion of spacecraft parts t o  compute t h e  size of 
the shado\YS of t h ese parts 01 1  the l u n a r  surface. 
From t h e  size of the im ages of the shado,n ;  in 
the t el edsi on pic tnres, t h eir distance from t h e  
camera i s  com pu t ed.  Camera azimuth,  elenl
tion , and dist an ce to the shndo''" is t hen used to 
compu t e t h e  loca tion of t h e  shadow on the l u u a r  
surface, wi t h  respect t o  t h e  cnmer a .  The sh adow 
of the t e}e,·ision cnmern is used in t h e  near fiel d ,  
bernuse it  is  rel a t i Yely small .  T h e  sh ado\\· o f  t h e  
solar pane) i s  Used f;r dist a nces b et\Y eell 5 :1 1 1 < 1  
1 00 meters. This sh nc!<m·, which is approxi
mately 1 me t er wide, is too h uge to m ake nn�· 
hut gross t opogrn phic measure.m en t s  i n  t he 1 1ea r 
field . I t  h as been found t o  be a n  accura t e  ( ± 5  
percen t)  wny t o  measure dist a nces a:; gren t as 
1 00 meters from t h e  camera . 

Smull-scnle m aps of t he f:1r field of �urveyor 
l n u c l ing sites are m ade by correl a t in a fen t mes 
visible

� 
on h igh-resol ut io1� Lu n a r  01bi t er pic

t mes with fea tures recorded by the Sun·eyor 
teleYision pict ures.  

'Ye refer t o  this technique ns photogrnphir 
t rigonometry, or "ph o t o-t rig." The m et h od is  
b ased on the l o c a t ions of the SurYe)·or spn ce
craf t  on Lunar Orbi t er phot ographs. Heigh t s  of 
features '-isible on Lunnr Orbi ter  ph o togra phs 
and Sun·eyor pif' t ures nre <'om p1 1 ted ns n fu tH'-

t ion of the distance of t he feu ture from the Sur
\·eyor en mem and i ts u ngula r elen1 tion \\·i th 
re:>pef't t o  the Sun·eyor ca mer a a nd the lunar 
J e ,·el . The former is measured on the Lu u :u· 
Orbiter photographs,  the latter 011 Sun·eyor 
piet ures. From the set of h eigh ts thus computed,  
con t our l ines nre  pl o t t ed Ly int erpoln tion.  The 
accu rn f'y of t h ese eont o ur l iues is a funetion of 
d ist nn re from the spac eeraft and densi ty of con
t rol poin t s i n  the immed i a t e  Yiciuity of t he eon
tour l ines.  

I t  i:; difficult t o  correl a t e  feat ures e ast or west 
of t he s pncecrnft . During t he l u n ar morn ing, 
feat ure� east of t he spucecrnft m·e d ifficul t to 
see, becnuse pict ures nre t nke11 directly i n t o  the 
:S11 u ,  nncl glare oblit era t es much of th e im age 
ure a .  As the Sun rises higher in t h e  sky, con trast 
drops and t o pographic feat ures beco me difficult 
t o  iden t ify . In the l u nar aft em oon, fea t ures to 
the east of the spacecraft eun not be easily 
iden t i fied because t h e  ph ase angle in th is area is 
l mL Surface det ail cannot  be seen because t h e  
contrast generally is lo''" a t  low ph ase augl es 
un less sh ado\Ys are obsen·ed. A compl emen t ary 
set of conditions appl ies to th e nt"ea west of the 
spacecraft. 

Landing Site Maps 

R .  :\1 .  BATSO� 
A t op ogrnph ic  m a p  of t he l nnding si te of �ur

Ye)·or I ,  t h e  only SmTeyor photogrnphed by a 
Luu n r  Orbit er spacecraft (fig. 3- 1 5  a n d  ref. 
3- 1 3 ) ,  is being made by t h e  photographic
t rigonom et ry method.  The Air Foree Chart n n d  
l uform:1 tion Cen ter (ACIC) l l llS eompilecl n 
Jn n p of t h e  si te  by st ereoph otogrn m m e t ri e  met h 
ods (ref. 3- 1 7) fro m  the Lunn ,. Orbi ter pho to
graphs. The AC ' I C  m aps are being nsed in 
eouj  u n ct ion with  the Sun-eyor pictures and the 
Lu n ar Orbit er ph ot ographs tn m nke neeurn t e 
l'orrel o t i uns and topogra phic m ensuremen ts of 
the :-:l utTeyor I l auding site .  

Only four focus-ranging sun·eys were taken 
d uring the Surveyor I mission ; consequently , 
feat ures near t h e  Snn·eyor I sp acecraft can be 

locn t ed only approxi m a t ely by assuming n 
d a t u m and plo t t ing the location of t h e  feature 
ns n function of its \·ert icn l angle from th e  

SmTeyor camer a  a n d  the height o f  th e camera 



46 SURYEYOR : PROGRAM: R E SULTS 

' 

FIGURE ::l- 15.-Part of a Lunar Orbiter I l l  framt> H- lS3.  The arrow points to t he :::iurveyor I 
spacecraft. 

above the datum. Figure 3-1 6 is a planimetric 
map made by this method . Focus-ranging data 
were n o t  incorporat ed in t o  this map because 
these d a t a  indic a t ed th a t  th e surface was leYel 
within the limits of error of the method . Figure 
3-1 7 sho\\"S t h e  pro fi les computed from focus
ranging measuremen ts made during the Sur
,·eyor I m ission.  A shadow progression profil e  
was also m a d e  alollg a lin e t o  t h e  east o f  the 
sp acecraft (fig. 3- 1 8 ) .  

The phot ographic-trigonometry method \Yas 
first used t o  make n prelimin ary t opographic 
map of the S11n·eyor I I I  lnnding si te  (fig. 3 - 1 9) . 
Whi t u ker (ref. 3-14)  located t h e  sp acecraft by 
resect ion on Lunar Orbiter IV pho tograph H-

1 2 5 which was taken before the Surveyor III  
landing. T h e  spacecraft landed in a large crater 
200 meters in diamet er, and no features farther 
than a bout 1 50 meters from the camera were 
visible. The topographic measuremen ts for the 
map in  figure 3 - 1 9  \\·ere based on a camera ti l t  
of 23.5° a long the 83° camera azi m u th (ref. 
3- 1 4 ) .  Focus-ranging profiles \\·ere not  taken 
during the Surveyor I I I  m ission,  and no hu·ge
scale, near-field ma ps of t h e  sit e  ha\'e been 
prepared. 

The landing sit e  of Su1Teyor V was t h e  first 
on which the foc11s-rnnging me thod was 11sed 
ext ensi nly for det ailed m npping (fig. 3-20) . 
Shadow measuremen t s  were n lso m a d e ;  these 
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HilS MAP WAS PREPARED BY PROJECTION OF IMAGES SHN ON SURVEYOR I 
PICTURES ONTO THE PLANE CONTAINING THE SPACECRAFT FOOTPAOS 

IT WAS DESIGNEO TO CONTROL THE PLOTTING OF GEOLOGIC INFORMATION 

NO ATTEMPT WAS MADE TO ACHIEVE A RIGOROliS PHOTOGRAM M[TRIC 

ADJUST MENT OF HORIZONTAL AND VERTICAL ANGLES OF PICTURES BECAUSE 

THE COMBINEO EFFECTS OF OTHER GEOMETRIC UNCERTAINTIES DOES NOT 

WARRANT SUCH TREATMENT 

SEP 1966 
fi[VIS[O AUG 1967 

FIGURE :1- lG.- Planimctric sketch of the near field of the t\urveyor I landing site. This 

sketch was based on the asRmnption that the landing site was a plane. Focus-ranging 

aud Rhadow profiles were taken, but did not consist of a sufficient density of points for 
accurate mapping. 
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-o· CAMERA ELEVATION M:RQOR _ __.. HORIZONTAL AXIS 

MIRROR - - HORIZONTAL AXIS �- -._ .)o.O" CAMERA ELEVATION 

FIGURE 3- 1 7.-Focus-ranging profiles taken during the Surveyor I mission. Horizontal-to
vertical scale ratio is 1 : 1 .  

+
MIRROR AXIS 

( a )  

IOM 

4 6 7 8 9 10 12 13 14 15 16 17 18 19 20 m 

DATU M  PLANE I l o  otY��Ia 0! c8 I O'oA'' I O  I 

( b )  
+

M I R ROR AXIS 

10 2 0  30 40 50 60 70 80 90 

DATUM PLANE �� I I I 0 I I I 00 '  

FIGURE 3-l S.-Profiles made from shadow progression surveys taken during the Surveyor I 

mission. Horizontal-to-vertical scale ratio is I :  1. (a) Profile made from the shadow 
of the television camera and solar panel as it  moved eastward from the spacecraft 

during the midafternoon. (b) Profile made from the shadow of the solar panel as it 

moved eastward across the lunar surface during the mid and late afternoon. 
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DATUM IS 10m BELOW CAMERA M I R ROR AXIS 
DASHED CONTOUR LINES ARE APPROXI M ATE 

T H I S  MAP WAS MADE BY COMPUT ING RELATIVE HE IGHTS OF 
FEATURES DESIGNATED BY LETTERS AND NUMERALS AND 
I N TERPOLATING CONTOUR LINES BETWEEN THESE POINTS 
THE HEIGHTS WERE COMPUTED AS A FUNCTION OF 
DI STANCE FROM THE CAMERA AS MEASURED ON L UNAR 
ORBI TER Ill H I G H  RESOLUTION FRAME H - 1 5 4 ,  FRAMELET 
027, AND VERTICAL ANGLES AS MEASURED ON SURVEYOR 
Ill P I C T URES 

THE MAP I S  BASED ON SPACECRAFT LOCAT ION BY RESECTION 
ORIGINALLY MADE BY E A WHITAKER OF THE UNIVERSITY 
OF A R I ZONA 

�------------------------------------------------------------------�------------------__j JuN£ 1967 

FIGURE 3- 19.--Contour map of the Surveyor I II landing site. Contour lines were drawn 
by int.Hpolation bPtween control points computed by the photographic trigonometry 

method. Probable vertical accu racy is ± 0.5 meter. 
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FOOTPAD EJECTA {M6TERIAL EJECTED 
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� 
AREA OBSCURED BY SPACECRAFT 
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CONTOUR INTERVAL 10 em 
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DATUM I S  10m BELOW CAMERA MIRROR ELEVATION AXIS 

HORI ZONTAL AND VERTICAL CONTROL BY FOCUS RANGING 

ALL INFORMATION ON THIS MAP WAS PLOTTED FROM 
DATA CONTAINED IN PICTURES TAKEN BY THE SURVEYOR Y 
CAMERA. RECEIVED AT THE Jf: T PROPULSION LABORATORY 
OF THE CALIFORNIA INSTITUTE OF TECHNOLOGY 

N 

_j REVISED JUNE 1969 1 
FIG u HE :3-:.W.-Contour map of the near field of the Hurvcyor \' landing site, prepared 

from focus-ranging data. 
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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 
SurYeyor 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 em. 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-12 1 , framelets 264 through 272, has 
been made with the Sun'eyor VI pictures. :\I any 
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 rela ti\'ely low 
density of control points, a 5-meter contour 
interval was used (fig. 3-2 1 ) .  No features, with 
the exception of the small crater designated 
"B- 1 ," could be located and identified east of 
the spacecraft ; therefore, no contour lines were 
drawn in this area. Areas obscured to the Sur
veyor camera have been removed from the 
superimposed Lunar Orbiter mosaic. l\Iost of 
the features in the Lunar Orbiter photographs 
should be visible in Surveyor pictures, bnt they 
may not be identifiable because of Surveyor's 
foreshortened view of the surface. The defilnded 
areas probably are much more extensi\'e than 
shown on this illustra tion . Figure 3-22 Is a 
diagrammatic representation of the location of 
these features in the Sun·eyor panorama. 

The hop of Sun'eyor VI displaced the space
craft 2 .54 meters horizontally,2 - 0. 12 metar 
,·erticnlly, and rotated it counterclockwise 
4.25 ± 0.25°. The displacement was determined 

2 An indPJWndent nwasurement madP by Christensen 
Pt al. waR obtainPd by a different method. (Sec ch. 4 
of t his rPport .) 
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F t G u tn; 3-23.-Surveyor \'I relati\'C oriL·ntat i on�. Fea

turt':> �hown with �rret'nt'd l ine� wPre located by 

forus-ranging ,;un·eys t aken before t ht· hop, and 

features shown with �olid lines were located by 

focus-ranging survey� taken aftt'r the hop. The 

avt'rnge height of fPn t u re�. mPasurcd by focus ranging 

bt'forL' and aftt'r tht'  hop, ind icnte� that the second 

ramera position is 12 em higher t han the firs t .  

I f  orizont.al di,;placement was 2 . 54 meters. ;\[ easure

nH·nh of nzi mu ths of feature� near the h orizon ( t o o  
far from t h e  :<pacecraft t o  b e  affected b y  parallax) 
indicate t hat the �pncecraft rotated cou n t erclockwise 
4 . 2.)0 during the hop. 

by focus ranging. Because of the change in 
il luminat ion angles, both before and after the 
hop, not all features could be identified on 
panoramas of pictures taken before and aft er 
the hop. A significant  n umber could be located , 
however, and plnnimetric m aps were made 
from prehop nnd posthop focus-ranging sur
veys. The rotat ion of the spa cecraft during the 
hop was measured by comparing nzimuth 
angles to  horizon features on the assu mption 
that these ,,·ould not be affected by the parallax 
between the two cnmera positions. Focus
ranging planimetric maps of the landing site 
before nnd after the hops \\·ere su perimposed , 
with a 4 .25° rota tion , and manipulated laterally 
until a best fit of features was obtained. The 

result is  shown in figme 3-23. When vertical 
heigh ts "·ere computed , it was found tha t  much 
bet ter correlation between prehop and posthop 
figures was possible if 1 2  em were subtracted 
from all  height measurements made before the 
hop. Figure 3-24 is the completed focus
ranging map made from surveys taken before 
and after the hop. Both spacecraft positions 
are shown and features identified on both sets 
of data are distinguished from those identifiable 
on only one. 

The displacemen t in camera position pro
duced J?y the hop permit ted the taking of 
stereoscopic pictures. These are being used to 
map the landing si te  in  the area between 5 and 
100 meters from the spaceeraft. The stereo
scopic efi'ect is  difficul t to use because the hop 
took plnce Yery near lunar noon , when the Sun 
was high and the contrast \\'as poor i n  prehop 
and posthop pictures. For this reason, the 
stereoscopic m apping requires n combination 
of poin t-by-point analytical measmement in 
c.onju nct.ion with m easurements made with the 
stereoplotter shown in figure 3-1 4 .  

The Surveyor V I I landing site i s  being 

m apped by combinations of all four mapping 

met hods. Figure 3-25 is the m ap made by focus 

ranging. The only stereoscopic efl'ect in the 

Sun·eyor VII pictures wns produced o ver n 

smnll nrea about  0.25 m2,  through the use of a 

mirror mounted on the spacecraft mast.  

A contour map of n small rock fragmen t 

(fig. 3 -26) \Yns made by stereoscopic measure

ment:; of pictures taken directly and through 

the mirror. This fragment \\·as placed in the 

nren coYered by the stereomirror by the surfa ce 

san1pler. Figure 3-27 is a stereogram of the  

rock sho\Ying the  measured control points used 

for compilation of the contom lines. The map 

wns  made entirely by the analytical method ,  

one  poin t at n t ime ,  through use  of  a computer 

program de\·eloped at the Jet  Prop ulsion 

La bora tory . The entire area of stereoscopic 

co Yernge on the SmTeyor VII  bwding site  is 

being mapped by the snme method and through 

u:;e of the same com puter progrnm .  A small

scale map of the SutTeyor VI l :;ite i:; nlso being 

compiled by photographic trigonometry. 
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INDEFINITE CONTOUR LINE 

FEATURES APPEARING I N  PICTURES TAKEN BEFORE 
AND AFTER THE SPACECRAFT WAS MOVED ARE 
PORTRAYEO WITH SOLIO BLACK LINES 
FEATURES THAT COULD ONLY BE IOENTIFIED 
ON ONE SET OF PICTURES ARE DILINEATEO BY 
LINES THAT HAVE BEEN SCREENED THE 
LOCATIONS OF SPACECRAFT PARTS BEFORE THE 
HOP ARE ALSO PORTRAYEO BY SCREENEO 
SYMBOLS 

AREA OBSCURED BY 

SPACECRAFT, POSITION I 

� 
AREA OBSCURED BY 

SPACECRAFT, POSITION 2 
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CONTOUR INTERVAL 10 em 

OATUM IS 10m BELOW CAMERA MIRROR ELEVATION AXIS 

HORIZONTAL ANO VERTICAL CONTROL 
BY FOCUS RANGING 

THIS MAP I S  PRELIMINARY A FUTURE EDITION 
WILL INCORPORATE AODITIONAL OR REFINED 
TOPOGRAPHIC AND GEOLOGIC INTERPRETATIONS 
ANO HORIZONTAL AND VERTICAL CONTROLS 
OBTAINED BY FOCUS RANGING, SHAOOW ME AS
UREMENTS ANO STEREOSCOPIC PHOTOGRAM 
METRIC MEASUREMENTS 

ALL INFORMATION ON THIS MAP WAS PLOTTED 
FROM OATA CONTAINED IN PICTURES TAI<EN BY 
THE SURVEYOR Jli CAMERA, RECEIVED AT THE 
JET PROPULSION LABORATORY OF THE CAL I F 
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MARCH 1968 
REVISED JUNE 1968 
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FIGURE 3-24.-Contour map (by Raymond Jordan) of the ncar field of the Surveyor VI 

landing �ite. The map was made from focus-ranging surveys taken both before and 
after the hop. Feature:-; that could be identified on one set of pictures only (taken either 
before or after the hop) arc shown with Hhaded lines, as are the locations of spacecraft 
part� before the hop. All other features arc shown with solid lines. 
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FIGURE 3-26.-Contour map of a small rock fragmt!nt at the Surveyor \'II landing site. 

The map was made by photogrammetric measurement of stereoscopically observed 
control points in the stereomirror area. 

FIGURE 3-2i.-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. ;'d oRRIS 

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 1 00 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-

FI G U RE 3-2i!.-Lunar Orbiter IY photograph H - 1 43 of the l:lurveyor I landing site. Hills 

north of the landing site, which are part of the rim of the buried crater 1 00 k m  in 
diametPr, can be seen in Surveyor panoramas. 
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wide subdued crater (fig. 3-29) located in the 
eas tern part of Ocennus Procellarum abou t 120 
km sont.henst of the crater Lnnsberg (fig.  3-
30(a)) . The Sun·eyor I II si te is crossed by fni n t  
rays from t h e  l arge ern ter Copernicus (fig. 3-
30(b)) 400 km to the north. Abou t 20 km west of 
the site ,  the m are surfnce is broken by rough , 
hummocky terruin and numerous isolated hills 
of the Frn ��  amo formation of Im brian age 
(ref. 3-1 8) . Low mare ridges and hummocky 
terrain form the eastem bonndary of the smooth 
patch of mare material on which Sun·eyor I I I  
rests. 

Suneyor Y landed in the sou thwestern part 

of �Iare Tranquillitatis in the eastern part of 
the :\I  oon (fig. 3-3 1 ) , abou t 70 km north of the 
sou thern boundary of the mare. The region is 
crossed by fain t  rays associated with the large 
crater Theophilus 350 km to the south .  The 
highlands to the west of M nre Tranquillita tis 
are characterized by prominent northwest
trending ridges and valleys which nre part of a 
system of ridges and valleys known as the 
Imbrian sculpture. High-reso lu tion Lunar Or
biter photographs of an area near the Surveyor 
V si t e  reveal m any craters abou t 10 m eters 
ncross which are also alined in a. northwest 
direction . Some individual craters are markedly 

FiGURE J-:30.-The Surveyor I I I  landing �ite. (a) The crater Lansberg and region to the 

southwest showing the Surveyor I I I  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 l\lc Donald Observatory.) See next page for figure 3-30(b) . 
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elongate in this same direction . These craters 
may be drainage or f'ollapse craters that  are 
structmally controlled by subsurface fissures 
and fractures that  are related to the Imbrian 
sculpture. �un'eyor V cnme to rest in one of 
these small , elongate, rimless craters. The Sur
,·eyor V cmter is about 9 meters wide, 1 2  meters 
long, and about 1 meter deep. 

SuiTeyor VI landed in Sinus }.ledii , nn iso
lated pateh of mare material near the center of 
the subearth side of the l\foon (fig. 3-32) . The 
surface of Sinus l\Iedii hns a higher avernge 
albedo than most of the maria. The detailed 
shapes and trends of mnre ridges, crater chnins, 
and small shallow trenches on Sinus }.Iecl ii re-

( b )  

fleet 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 I mbrian 
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 east-west (fig. 3-33) . 
Individual elements of the ridge trend north
west and northeast. The ridge is somewhat 
smaller than ridges that have been studied 
through Earth-based telescopes, but it is the 

FlGUn�; �-�0.-Continued. (b) :-iame region a� figure 3-30(a) with full-.\Ioon illumination 

�howing relationship between Surveyor I I I  location (small circle) and Copern icus rays. 

( Photograph taken with a 40-in. refractor, Yerkes Observatory.) 



FIGURE :3-3 1 .-Eart h-based, tl'll·�copic photograph of :\ I an·  Tranquillitatis  and t he high
lands to t lH'  we�t. Prominent northwest-trending ridges and valleys in the highland� 
are part of Imbrian sculpture. ( Photograph taken through 36-in.  rl'fractor telescope 
at Lick Observatory.) 

FIG U HE :3-32.-Earth-based, tde.<copic photograph of t h•• t:t·ntral Tl'gion of the .\loon. The 
white circll• i ndicates t he location of Sun·eyor \T ( Photograph taken t hrough t he 
1 00-in. telescope at :\Iount Wilson Observatory.) 
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FIGURE 3-33.-Lunar Orbiter I I  photograph 'tll- 1 1 3  of Sinus :\Iedi i .  The> Surveyor \' I 

landing site is indicate>d by the white circle. A mare ridge, \\'hirh passe>s j ust south of 
the Survpyor \ ' I  land ing sit!', can bl' seen extending acro�s the c!'nter of t he picture. 

FIGURE 3-34.-Lunar Orbiter \' photograph l\1-127 of the crater T�·cho and its northern 
flank. The arrow points to  the> Surveyor \' I I  landing site. 
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first such feature to be studied from a landed 
spacecraft.. 

Surveyor VII,  the only spacecraft sent to a 
highland 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 1 0  to 1 5  km, the rim of Tycho is composed 
of irregular hills and intervening depressions. 
From 15  km to a radial distance of about 
35 to 40 km, the surface is marked by numerous 
subradial ridges and valleys, typically 2 to 5 
km in length and % to 1 km in width ,  super
imposed on a broadly undulating surface. 
Surveyor VII landed about 30 km north of 
the rim crest of Tycho on the part of the rim 
flank marked by these linear ridges. 

The rim of Tycho is composed of debris, 
probably ej ected 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 1 00 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 nms ; (3) rimless 

craters ; and ( 4) irregular or asymmetric craters. 
1\fost small era ters in the diameter from 1 0  
em to seYeral meters are cup shaped with 
concave floors and subdued convex rims. They 
are difficult to obsen·e under high angles of 
solar illumination, but are conspicuous at 
low-illumination angles. A few percent of the 
craters obserYed in the Surveyor pictures are 
cup shaped, with sharp, raised rims. Most of 
the cup-shaped craters probably are of impact 
ongm. 

Rimless craters are prominent at the Surveyor 
V si te ; Suneyor 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 lo"·-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 em 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 l anding 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 obsen·ed 
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 



64 SURVEYOR : PROGRAM RE SULTS 

FlG U HE 0-0.3.-Wide-angle picture of thP northwest wall of thP 1:\mveyor ,. crater. Chain 
of small rimle�� craters 20 to 40 em in  diameter extends from the center to the bottom 
of t he picture ( ::::\ept. 23, 1 !)67, 1 1  : 26 :2� G :\IT) .  
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FIG URE :3-36.-Secondary-impact craters. (a) Irregularly shaped crater at the ::iurveyor I 
si t.e formed b�· low-velocity impact of relative!�· soft clots of material derived from a 
small primary-impact crater nearby (June 1 0, 1 966, l; j : :30 : 1 8  G l\I T) .  (b) :-;ccondary 

impact crater i n  moist sand, formed by a clot of weakly cohesive silt�· clay, ejected 
from a missile i mpact crater at White Sands l\lissile 11ange, New l\lexico. ( H .  J. l\loore, 
personal communicatio n ;  photograph by courtesy of U.S. Arm�·.) 
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FIGURE 3-37.-Secondary-impact crater, about 3 meters in diameter near Surveyor \"II ,  
was formed uy a large block of fairly strong rock ejected from a nearby large primary 
crater. The blocky material in the crater and strewn to the left of the crater was probably 
formed by the breakup of the large block on impact. Fragments in the crater range up 
to 60 em across (Catalog 7-SE-22) . 

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

The size-frequeney distribnt ion of craters 
2 em to 4 meters in diameter is shown in 
figme 3-38 for each of the SurYeyor landing 
sites and is compared with a generalized 
Ranger VI I ,  VIII , and IX curve (ref. 3-1 9) for I 
craters on the m are plains extrapolated to 
small sizes. At all l anding sites, except Surveyor 
V, the distribution of the small craters lies 
close to the extrapolated Ranger VII ,  VI I I ,  
and IX cun'e. The low frequency o f  small 
craters observed at  the Surveyor V site may be 
because of the inrompleteness of the observa
tional data. The Surveyor V camera was in
clined toward the floor and. far wall of the 
crater in which the spacecraft lauded ; conse
qnently, more than 80 percent of the field of 
view below the horizon was occupied by parts 
of the lunar surface that  were not more than 
6 meters from the  camera. The low oblique 
view of the lunar surface outside of the Surveyor 
V crater and unfavorable illumination of the 

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

If most cruters observed on the Moon nre of 
impact origin , the size-frequency distribution 
of craters a few meters in diameter and smaller 
should correspond to that expected for fL steady
state population of crnters produced by pro
longed repetitive bombardment by meteoroids 
and by fragments of the l\Ioon itself (ref. 
3-20) . The general distribution for small 
cra ters on the lunar plains, determined by 
Trask from Ranger VII ,  VIII ,  and IX pictures, 
is considered to be 

.
the steady-state distribution 

for level surfaces (ref. 3-19) . This distribution 
is a simple fnnction of the form F=cf>c�, where 
F is the cumulative number of craters with a 
diumeter equal to and larger than c, and c is 
the diameter of the craters. The exponent 1.1. 
for craters from 1 meter to several hundred 
meters in diameter was found to be - 2 ,  a 
vnlue predicted by the steady-state model 
(ref. 3-2 1 ) ,  and the constant cJ> was found by 
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Fwunt: 3-38.-�ize-frequency distribution of small 
craters on t he lunar surface at Surveyor I, I I I ,  V,  V I ,  
a n d  V I I  landing �ite� compared w i t h  th<> �ize
frequeney di�tribut ion of crater� on the lunar planes 
det ermined from Hanger \'I I ,  V I I I ,  and IX picture,; 
and extrapolated to small �ize�. 

Trask to be 1 010 · 9/m-2 1 0� km2. The size dis
tribut ions of craters a few cen timeters to 
several meters in diam eter, determined from 
Surveyor pictures, appear to fit this function 
closely ; they show that the  func tion mny be 
extended from craters of 1 meter in diameter, 
observed by Rangers VII  and IX, to craters 
sm aller than 10 em in diameter. 

The u pper limiting crater dinmeter for t he 
s teady-state  distribution of craters obsened on 
a giYen surfnce is a function of the  number of 
large ern ters on the surface and,  by inference , a 
function of the age of the surface. Ahove a 
certnin crater diameter, the size-frequency dis
t ributions of the cra ters at the  Su rveyor landing 
si t es are no longer a d eq u n t ely represented hy 
F= <I>c�, where <I> and !J. h ave the steady-state 
Yal ues but cnn be represented by o ther func
t ions, F= xc\ "·here >-</J.· The intersect ion of 
F= xcx wi th F= <I>c� is the upper limit ing crat er 
diameter for the  steady-state  distrib 1 1 tion , here 

designated c,. In general, the functions F= xc• 
can be found that  fi t  the crater distribu tions 
observed on Lunar Orbiter photographs very 
closely between c, and crater diameters of 1 km. 
The magnitude of c, increases with incrensing 
cum ulative n umber of craters with diameters 
greater th an c, ; both c, and the cum ulative 
number of cmters at  any diameter greater than 
c. can be used as a measure of the  relative age 
of the surface. At crater diameters less than c. , 
the cumulative number of craters is the same for 
all smfaces and is, therefore, independent of the 
age of the surface. 

TABLE 3-10.  Constants and exponents of fu nc
tions of the form F =  xc', c .:S  e :S  1 km, fitted to 
the size-frequency distributions of craters ob
served from Lun ar Orbiter or Ranger photo
graphs of the Surveyor I, F, VJ, and VI! 
landing sites 

Landing site X• 

�urveyor !_ _ _ _ _ _ _ _ _ _ _ _  

:-;un·eyor \' < _ _ _ _ _ _ _ _ _ _  

Surveyor \'L _ _ _ _ _ _ _ _ _  

Surveyor \'I I  (pai-
terned flow) _ _ _ _ _ _ _ _  

m-> . 

10' km' 

1 012 .92 

1 012 20 
J013 .08 

1 01 1 .2R 

a F =  v\ c, ::; c  :$ 1  km 

• • c,. m b  

- 3. 1. )  1 01 .75 
- 2. 58 1 02 .27 
- 3. 1 0  1 02 .00 

- 2. 93 1 00 .44 

wherl' F i� the cumulative number of craters with 
diameter equal to, or larger than, r per 1 06 k m2, and c is 
the diameter of craters in meters. 

JJ.= - 2 

c Function fitted to size-frequency distribution of 

craters observed from Hanger \'I II  phot ographs by 
N. I I .  Trask (ref. 3- 1 9 ) .  

Funct ions F= xc• and the ntl ues of c ,  are 
shown in table 3- 1 0  for the Sun·eyor I, V, V I ,  
and \TI T  lun ding sites .  The functions nnd val u es 
of c. list ed for Surveyor T .  V I ,  nnd V I I  n re 
based on cra t er distributions, shown in figures 

3-39 to 3-4 1 ,  mensured from Lun a1· Orbiter 
photographs ; the function l isted for the Sur
veyor V site is based on the crn ter d istrib ution 
m ensured by Tmsk from R anger V I I I  pictures 
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FI GURE 3-39.-Cumulative size-frequency distribution 
of small craters on the lunar surface in the vicinity 
of Surveror I, determined from Surveyor I pictures 
and Lunar Orbiter I I I  and V photographs. 

of l\ l are Tranquillitatis. The crater distribu
tion at the Surveyor III landing site, although 
n o t  listed , is similar to that  at Surveyor I .  
On the basis of the obse1Teo distribntio 1�s, the 
sequence of age::; of the snrfaces at the landing 
sites listed from the oldest to the youngest is 
( 1 )  St i iTeyor V, c,= 1 86 mete�:s ; (2) Surveyor 
V I .  c,= I OO meters ; (3) Surveyor I ,  c ,=56 
meters ; and (4 ) Surveyor V I I ,  c ,=2.7  meters. 
In terms of cratering history, the snrfaee on 
"·hieh Surveyor V I I  landed on the rim of 
Tycho is much younger than the surfaces at  
a n :v of the  mare landing si t es .  
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FIGURE 3-40.-Cumulative size-frequ ency distribution 

of small craters on the lunar surface in the vicinity 

of Surveyor VI,  determined from Surveyor V I  
pictures and photographs from Lunar Orbiter I I ,  
I I I ,  and IV. 

Fragmental Debris 

E. C. l\IoRRIS A N D  E. l\1. SHoEMAKER 

The smface on which the ti ,.e successful 
Sm\·eyur spacecraft landed consists of n. 
fmgmental debris layer, or regolith, composed 
of poorly sorted or well-graded fragments tha t 
mnge in size from large blocks to fine p articles 
too small to be resolved by the Surveyor 
camera ( <o.5 mm) .  The number of resolvable 
particles per unit area varies from site to si te ; 
� to 18 percent of the surface was found to be 
occupied by fragrnen t.s larger than l milli-
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FIGUJn; 3-4 1 .-- Cumulative �ize-frcquency d istribution 
of small erat rrs on the lunar surface in thl' vicinity 
of Surveyor V I I ,  determined from S11rvryor V I I  
pirturr� and Lunar Orbiter V photograph H - 1 28. 

met er. The great est n umber of large fragmen ts  
\\·as obser\'ed a t. the  Sun·eyor V I I  s i t e  where 
fragments larger than 1 millimeter in diameter 
occupy about. IS percent of the surfnee  nnd  
fragmen t s  I'Oarser tha n  10 em in diameter 
occupy about 10 percent of the surface. Coarse 
fragm en t.s tue nn  order of magnitude more 
abundan t nt the Surveyor V II si t e  tha n  frag
m ents of similnr size at t he  Surveyor \' a nd 
\'I si t es, which luL\·e the least n u mber of conrse 
fragmen ts. 

:\ [ any of the larger fragmen ts obsen·ed a l  
each landing site n re partly, or ent irely, sm
rounded by a fillet or embankment of fine
grained ma terin l (fig. 3-42) .  I n  genern l ,  the 
best de,·eloped fillets occur around the  largest 
blocks . These fillets probably are formed by the 
ballist ic trapping of small particl es sprayed 
ou t  from nearby parts of th e lunnr surfnee by 
mult iple small-impact e\·ent.s. An tm ust lllll v 
large and '' ell-de,·eloped fillet oecurs around 
blork G a t t h e  Sun·eyor \• I I  l anding si t e  on a 

smooth  pt1.tch of mat erial north of the spnce
craft . Block G is abou t  5 meters in di11met er 

and has nearly vertical sides more than 2 
meters high . The fillet surrounding the block 
is about  20 meters in diameter at the bnse and 
about 1 meter high at  the con tact  with the 

block (fig. 3-43) .  I t  is possible th is large fillet 
h as a differen t origin than most of the fillets 
observed . 

:Most fragments larger than 1 meter in 

diameter on the  lunar surface are relat ively 

rou nded ,  except in a few cases where they are 

part of st rewn fields of blocks associat ed with 

sharp-rim crat ers (fig. 3-44) .  For the most 

part, the large, rounded fmgments seem to be 

fairly deeply embedded in the surface on which 

they are found  (ref. 3-14 ) .  Some smaller frag

ments ,  howe,·er, are resting on t h e  fine-grained 

matrix of the surface wi t ho u t  being significantly 

embedded in this material (fig. 3-45) .  
Because of the  rel n t inly large size nnd n um

beJ of blocks in strmm fields of blocks n t the 

�urveyor I II l !tnding sit e, it has been possible 

to conduct a preliminary s t n t ist ienl im·est ign

tion of t he round ness and degree of burial of 

these blocks n.nd the  relationship of roundness 

and burin! to the characteristics of the principal 

crater associated wi th each st rewn field .  
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FIGURE 3-42.--Part of a narrow-angle �urvcyor I I I  

picture, :o;howing a n  angular blork clm<c t o  t he �pace

rraft and fine-grained material banked againtit the 

side of  the block facing the camera. The block b 7 em 

across. Notice small particlrs 1 to 5 mm in diameter 

that ran be rc:o;olved in t he fine-grained debris 

( Apr. 28, 1967, 14 :30 :.'i l  G :\ l T) .  
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FIGURE 3-43.-J.\losaic of narrow-angle Surveyor \' I I  pictures of an area 3.)0 meters north
east of the spacecraft showing a large block about 5 meters across (block G) and about 
2 meters high. The fillet surrounding the block is about 20 meters in diameter and about 
1 meter high at the contact with the block (Jan. 1 0, 196S, 06:.54 :33 and 06 :58 : 1 2  G l\I T ;  
Jan. 1 1 , 1968, 1 2 :55 : 1 6  G l\I T) .  

FIGURE 3-44.-Angular blocks, U J.l  to 2 meters i n  diameter, which form part of a strewn 
field of blocks that surround a sharp-rim crater 13 meters in diameter, near Surveyor 
I I I  (Apr. 2 1 ,  196i, 0.5 :59 :43 G l\I T ;  computer processed) . 
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FIGURE 3-4.j.-Part o f  a wide-angle Surveyor I I I  pic
ture, showing rounded fragment 20 em across lying 
on top of the lunar surface (Apr. 26, 1967, 09 :07 :06 

G i\ l T) . 

The coarsest blocks scattered about the 
surface of the Surveyor I I I  si te occur primarily 
in two distinct st rewn fields. One field (area B, 
fig. 3-46) is associnted with a sharp, raised-rim 
crater about 13 meters across on the northeast 
rim of the main era ter in which Surveyor I I I  
landed ; the  other field (area A,  fig. 3-4 7) is 
associated with two adjacent subdued craters 
high on the southwest wall of the main crater. 

FiGURE 3-46 .-:\l osaic of narrow-angle Surveyor I I I  
pictures, showing a crater 13 meters across and 
associated strewn field of blocks on the nort heast 
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 measured (Catalog 88-SI ) .  

FiGURE 3-47.-:\losaic o f  narrow-angle Surveyor I I I  pictures, showing part o f  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 craters 

with which the blocks are associated arc present, but difficult to discern in these pictures 

because of high Sun illumination ( Catalog S7-SI ) .  
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�Iost of the blocks in the strewn field associated 
\Yi th the cra ter to  the northeast of the Surveyor 
I I I  spacecraft (area B, fig. 3-46) are clearly 
related to the ('rater becnuse there is a rapid 
increase in spn t in! density of blo<:'ks toward the 
crater. The erater is also occupied by blocks. 
The blocks outside nre inferred to have been 
ejected from this crater aud to have been 
deri,·ed from material that  underlies the surface 
a t  depths of only 2 or 3 meters. The observed 
blocks are strikingly angular and range from a 
fe\\· centimeters (the limi t  of resolu tion at this 
distance from the camera) to more than 2 
meters neross. Blocks associated with the two 
subdued craters to the southwest (are1i A ,  
fig. 3-47) show a similar  range in  size but  are 
more rounded. The larger of these two craters 
is about 1 5  meters in diameter ; it is inferred 
that most of the blocks were ejected from the 
lnrger era ter. 

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

parnmeter that  may be obtained from pictures, 
here called the roundness factor, was devised 
as follows. Circles are fitted to all the corners 
or cnrved parts of the on tline of each block 
silhouett ed against the more distaut l unar 
scene (fig. 3-48) . The geometric mean of the 
radii of these circles is then divided by the 
radius of the circle that  just encloses the 
outline of the block. This ratio is the roundness 
fnctor and, for blocks that are not deeply 
bmied in the surface, it will vary between the 
limits of 0 and 1 .  For very round fragments 
whose tops are j ust exposed above the surface, 
it is possible to obtain nllues 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 measnred for 25 
blocks located within a confined area in ea�h 
s trewn field (fig. 3-49) . Blocks associated with 
the sharply formed crater to the northeast 
(area B) exhibit a mean roundness of 0. 1 7  with 

..... . - . 
• •• t. .. 

... . .,. --· � '  . .. 
" . ..-.. 

FIGURE :3-4S.- ;\ l osaic of two narrow-angle ::lurvp�·or III picture�, �hawing block about 0.5 
meter aero�� claRe to the spacecraft and position and size of circles tt�(;'d in measuring 
roundnf'ss factor. The largest circle encompassPs thP entire block. �mall<>r circles arc 
fitted to corners and rounded parts of thP outline of block that occult� the distant lunar 
�cene. The geometric mean of the radii of the small cireles di\'ided b�· the radius of the 
large circle i� defined ns the rottndncss factor (Apr. 30, 1967, 1 4 : 54 : 23 nnd 1 4 : 52 : 22 
Gi\IT) .  
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FIGURE 3-49.-H istograms showing frPquency distribu
tion of roundness factors for 2.5 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 . 1 1 . The 
blocks associated with th e more subdued , 
rounded-rim crater to the southwest exhibit a 
mean roundness of 0.33 and a standard devia
tion of roundness of 0. 1 7 . The difference in 
roundness between these two samples of blocks 
is significant by Student's t-test at the 0.999-
probability level . 

A measuremen t 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 blork 
where its outline against the more d ist ant. 

lunar scen e in tersects the surface, and the 
tangent to the outline of the block at this 
point was measured on each sid e of each block 
(fig. 3-50) . The stun of these two angles for 
each block, d ivided by 21r radians, is here 
defined as the burial factor; values of this 
parameter can vary betweeu 0 and 1 .  Rounded 
fragmen ts whose tops just barely show above 
the snrface have bmial factors that approach 1 ,  
whereas rocks tha t  si t on the surface and exhibit 
overhanging sides have burial factors that  
approach 0 .  

�\'leasmement (fig. 3-5 1 )  o f  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 associa t ed with the sharp-rim rrater to 
the northeast (area B) is 0 .62 with a standard 
deYiation of burial  factor of 0.09. The b :ocks 
associated with the m ore subd ued,  rounded
rim cra t er to  the sou th west (area A) have a 
mean burial  factor of 0.69 with a standard 
deviation of bmial  factor of 0 .07 .  The dif
ference between these means is signi ficant a t  
the 0.995-probabil ity level by Student's 1-test. 

No significant correlation was found between 
roundness and burial of individnal blocks \Yithin 
each strewn field .  The l inear correlation coeffi
cien t between the  roundness factor and burial 
factor for the blocks in the strewn field around 
the northwest crater is - 0.07 ; for the blocks in 
the strewn field associated with the south,Yest 
crater, it is - 0. 16.  Both these coefficients a re 
well below the 95-percen t confidence !eYe!. I f  
the blocks in both the strm\"1\ fields are ex
ambled as a single sample, the linear rorrelat ion 
eoefficien t between roundness faetor n nd burial 
factor is +0 . 1 3 ,  which is also belo"· the leYel of 
significance. Examination of t he sea tter d ia
gram (fig. 3-52) of bmial factor versus round
ness factor shows that, al though there is no 
significant  l inear correlation , rela ti vely few 
blocks in the strewn fields tend to hnve both  
high roundness and  a low burial faetor. 

Although t here is no  significant l inenr correla
tion between roundness and burial for blocks in 
a giYen strewn field  presumably of one age, 
there should be a eorrela tion between the 
roundness and degree of burin I for fragments  
generally mi;.;:ed together in the  debris layer, or 



74 

10 

(J) "" 
u 6 0 .J CD 
u. 
0 
0:: w CD 4 ::;; 
::l 
2 

SURVEYOR : PROGRAM RESULTS 

FI GURE 3-50.-l\Iosaic of two narrow-angle t:lurveyor I I I  pictures, showing block about 0.5 
meter across close to spacecraft and angles measured to determine burial factor. Angles 
are measured between lines parallPl with the horizon and the tangents to the outline of 
the block, where the outline of the block against the more distant lunar scene meets the 
surface. The sum of the two angles divided by 2,. radians is defined as the burial factor 
(Apr. 30, 1967, 14 : 54 : 23 and 14 : 52 : 22 G l\IT) . 
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FiGURE 3-51 .-H istograms showing frequency distribu
tion of burial factors for 2.5 blocks in area A and 
2.5 blocks in area B. Blocks in area A ,  associated 
with subdued rim cratprs, are significantly more 
deeply buried in the surface than the blocks in area B, 
associated with a sharp-rim crater. 

FiG URE 3-.52.-Scatter diagram of roundness factor 
versus burial factor for 50 blocks in areas A. and B. 
The roundness factor and burial factor have no 
significant linPar 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 
are tabular in shape and appear to be laminated (Apr. 30, 1 96i, 1 4 : 52 : 35 GMT) . 

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

In summary, the blocks associated with the 
more subdued craters haYe twice as high a m ean 
roundness factor as the blocks associated with 
the crater with a sharp raised rim, and the 
blocks around the subdued crater are signifi
cantly more buried in the  lunar surface than the 
blocks around the crater with the sharp raised 
rim.  These resul ts suggest that  blocks freshly 
exposed on the lunar surface tend in time to be 
rounded off by solid particle bombardment and 
possibly by evaporation of material by the solar 
wind or other high-energy radiation . Initially, 
the ejeeted blocks tend to be shallowly em
bedded in the lunar surface; but in time they 
may become partly or completely co,·ered by 
ej ecta arriving from other parts of the surface. 
Progressive burial of blocks m ay occur also as 
a resul t  of downslope m ovemen t of the debris 
layer. 

Fragments less than 10 or a few t ens of 
cen timeters across exhibit a wide range of 
shapes, and many are conspicuously angular, 
especially at the Sun·eyor I, I ll ,  and V I I  sites. 
Some of the smaller fragments seem to have 
been broken along j oint planes and tend to have 

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

The fragments exhibit a wide variety of sm

face tex tures and structures, but those at the 
Surveyor VII landing si te  exhibit a far grea ter 
variety than the fragments observed on any 
single mare site. Some fragments  are plain ,  but 
others are spotted . Some fragments appear to 
be m assi,·e, but others exhibit well-developed 
linear structures on their smfaces, which prob
ably eorrespond to internal planar or linear 
structures. Most fragments appear to be rela
tively dense, but some are clearly vesicular. 
�lost of the fragments probably are pieces of 
coherent roek, and the variety of observable 
characteristics suggests a variety of lithology. 

Nearly all brigh t ,  rounded. fragments on the 
lunar surface have a knobby, pit t ed surface 
texture (fig. 3-54) . The pitted texture is not  
present on highly angular, faceted blocks ; i t  is 
inferred to be produced by some of the processes 
that produce the rounding. The pits probably 
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FIGURE 3-54.-Broken block 30 to 40 em acro�s about 
2'1 meters from SurvPyor YI I camPra. Knobby, 
pitted surface texture is common on most rounded 
blocks on t he lunar surface. N otc the large cracks 
on the block. Separation of the pieces of the block 
may be a result of t hermal expansion and contraction 
or to seismic events (Jan. 1 5, 1968, 1 1  :51 :36 G :\IT) . 

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

of fragments at the Smveyor VII si te ,  are most 
easily observed on relatively smooth , clean 
fracture surfaces (fig. 3-55) . In most cases, the 
spots on a gi,·en fragment ha,·e irregular, diffuse 
margins and ,·ary widely in size. In many cases, 
the light material forms slight bumps, or pro
trusions, from the smfaces of the frngments ; 
the raised relief of the light material suggests 
it is more resistan t to processes of erosion 
occurring on the �loon's surface. A large, 
angular block near Surveyor I was also spot ted , 
or mottled , and the l ight material formed 
marked bumps or protrusions (fig. 3-56) . The 
block at the Sun·eyor I si t.e has a pronounced 
set. of fract ures tha t  appear t o  in tersect .  These 
fractures resemble cleavage planes produced 
during plast ic flo\\' of rock under moderately 
high shock pressme. The block l ies in a swarm 
of similar sm aller fragments that are strewn 
in the direction of the long axis block. I t  appears 
that the main piece has broken , perhaps on 
impact with the surface, and that it has reln
t i ,·e\y low shear strength .  Spot ted, or mot tied , 
rocks "·ere also obseiTed at the Sun·eyor V site.  

A densely spo t t ed frngment (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 m illimeter to about 30 millimeters. 
The spots occupy about 30 percent of the sur
face of the fragment. The size-frequency dis
tribution of these spots (fig. 3-58) suggests 
they may be fragments, possibly xenoliths, 
which were partly assimilated in the dark 
matrix material . The slope of the integral 
si11e-frequency function , howe,·er, is somewhat 
steeper than that expected for most fragmenta
tion processes. A more likely explanation for 
the l ight spots is that they represen t parts of 
th e fragmen t that differ from the matri.x in 
crystallinity,  or in eomposit ion or size of 
const ituent crystals. Somewhat similar spots 
occur in part ially crystallized volcanic rocks 
and a ,·nriety of m etamorphic rocks on Earth . 

Smnll ,  elongate spots ,  ranging from 1 to 1 0  
millimeters in length , were observed o n  a 
conchoidn,\ frnctum on one fragment close to 
Surveyor VII (fig. 3-59) . They occupy a few 
percent of the smface of the fragment, and the 
long axes of the spots tend to be oriented 
parallel with one another. Their orientation 

FJGt'RE 3-.'i:>.-:::lpottcd fragment about 1.!/z meters 

from Surveyor \'II  camera. Bright spots have 

indistinct boundaries and vary from less than 1 mm 
to about S mm across (Jan. 1.5 ,  1968, 1 1  :51 :0:> 

G :\I T) .  
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FIGURE 3-.'ii.-Spotted rock 25 em across, about 2 
meters from Surveyor \'II camera. The spots range 
from less than 1 mm to 3 em in size. Note the in
distinct boundaries and irregular shapes of most 
spots (Jan. I I , 1 968, 06 :29 :29 GMT;  computer 
processed) .  

F!G eRE 3-56.-:.\Iottled rock about 5 0  em long near 
Surveyor I. Lighter areas, which range from a few 
millimeters up to 3 em across, appear to stand out 
us knobs, perhaps as a result of differential erosion. 
Note int ersecting fractures and swarm of smaller 
fragments to the left of the block (June 3,  1 966, 
09 :33 :59 and 09 :33 :0i G:.\lT) . 

FIG URE 3-58.-Cumulutive size-frequency distribu
t ion of bright spots on spotted rock shown in  figure 
3-.5i.  The dashed line represents the mean distribu
t ion of the bright spots and is the plot of the function 
.Y = ::lX 1 03 D-z .•, where N is the cumulative number 
of spots and D is the diameter of spots in millimeters. 
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FIGURE 3-59.-Angular block about 18 em across, about 2� meters from Surveyor VII  
camera. Block has a conchoidal fracture surface and bright elongate spots that are 
roughly parallel and range from 1 to 2 mm wide and up to 10 mm long (Jan. 1 3, 1968, 
1 0 : 3 1 : 04 G MT) . 

suggests a flow l ineation or flow foliation fabric ; 
their relatively high albedo suggests they may 
m ay be rich in feldspar. This suggestion is 
consistent with chemical analyses of both the 
fine-grained matrix of the regolith and an in
dividual rock at the Surveyor VII  landing site. 
These analyses indicate the roc-ks at the 
Surveyor VII  landing si te  are rich in the ele
mental  constituents of plagioclase feldspar. 

:-.1ost angular fragments scattered over the 
lunar surface are conspicuously brigh ter than 
the fine-grained matrix of the regolith at nearly 
all angles of solar illumination. A few angular 
fragmen ts, on the other hand , are nearly as 
dark as the fine-grained material of the surface. 

These d ark , nngular fragments appear to be 
pieces of rock and not aggregates of fine
grained material ; one small, dark fragment was 
attracted to magnets on the surfaee sampler 
at the Surveyor VII  site. It is possible that 
most of the dnrk, angular fragments are rock 
rich in magneti te  or other minerals of high 
magnetic susceptibility, or that they are m in
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 m ore sets of linear ridges 
and grooves on their surfaces. 1\ l any of the 
same fmgments also hav,e nearly planar surfaces 
with rectangular outlines (fig. 3-60) . The low 
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FIGURE 3-60.-Angular block about 1 0  em across, 
about !) meters from Surveyor \'II,  with two sets 
of structures on the surface facing the camera. 
One Ret consists of ridges parallel wit h the top 
edge of the block ; the other set consi�ts of ridges 
and grooves that intersect the first set at an angle 
of about 70° (Jan. l l , 1 968, 23 :56 :00 G l\ I T) .  

FIGURE 3-62.-\' esicular fragment about 3;j em across, 
about 7 meters from Surveyor \'II camera. Note the 
slight banding caused by subdued ridges and grooves 
that extend from the upper right to the lower left 
of the block. The long axes of the vesicles are oriented 
at an angle of about 70° t.o the banding (Jan. 1.5, 
1968, 12 : 1 5 : 1 1 G :\lT) . 

FIGURE 3-6 1 .-Angular block 10 em across, about 
3 Y2 meters from Surveyor \"II camera. Two sets 
of intersecting structures form a pattt>rn on the 
surface of the block. One set eonsi�ts of ridges 
parallel with the edge of one side of the bloc k ;  the 
other set consists of short, deep grooves that intersect 
the first set at an angle estimated to be :�bout 45° 
(Jan.  1 1 , 1 968, 1 0 :1 1 :26 G :\lT) . 

ridges and grooves tend to be pamllel with the 
edges of som e of th e larger planar surfaces 
(fig. 3-60) . These ridges and grooves probably 
were developed by differential erosion along 
the exposed edges of planar structures wi thin 
the blocks. The planar structures m ay be flow 
banding, j oin ts, rhythmic la.yering, or other 
primary structures commonly found in igneous 
rocks. On the surfaces of some fragmen ts , i n ter
sect ing sets of linear structures are visible (figs. 
3-6 1  and 3-62 ) .  The presence of intersecting 
sets of structures suggests these fragments have 
been dynamically metamorphosed . One set of 
structures probably corresponds to nn original 
or primary structure ; the other set may corre
spond t o  a secondary structure produced by 
metamorphism such as slaty cleavage. 

�I any fragments in the vicinity of t.h e Sur
veyor V I I  spacecraft and some fragments near 
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FIGURE 3-63 .-Yesicular rock approximately 50 em 
long n<'ar Surveyor I. Elongate vesicles (dark 
<'lliptical spots) range up to 8 mm long and have 
their major axes roughly parallel. 

FIGeRE 3-64.-YC'Ricular frn�nll'nt about 10 em acro�s, 
about 2,� 2  meters from Burveyor \'11 camera. YeRicles 
are 3 to 5 mm across and up to 10 mm long, :\lost 
of the ve;;icles are C'longate with the long axes 
orientPd approximately parallel to one another 
(Jan. 18, 1 fl68, 1 3 :;'}6 :36 G :\l T) .  

FIGURE 3-6."i.-H.ounded, vesicular fragment 1 6  em 
across, about 3 meters from Surveyor VII camera. 
The large vesicle near the bottom is about 1 em 
across. The small vesicles are up to 10 mm long, 
hut are only a few millimeters across (Jan. 1 1 ,  1968, 
23 :50:4 7 G l\IT) . 

FIGURE :3-66.-\'esicular block about .'}0 em long and 
1!> em thick, about 4 V2 mC'ters from Surveyor VII 
camera. Y esicles are up to 1 em across and 2 em 
long. Note smooth, undulating, slightly conc:we 
surface on the bottom side of the block and the 
parallel band of elongate \'esicles whose long axes 
intersC'ct the edge of the smooth surface at a large 
angle (Jan. 1 1 ,  1 968, 1 4 :0-1 :!>9 G .\IT) . 
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Surveyors I and I II  ha,·e deep pits o n  thei r  
surfaces ; the�e pits range from a fraction of  a 
millimeter to a centimeter across. They are 
almost certainly vesicles produced by exsolut ion 
of a voln tile phase at the time the material wns 
molten. Examples of vesicular fragments are 
shown in figures 3-63 to 3-66. The vesicles on 
these fragments  are from 2 to 1 0  millimet ers 
long, with their long axes orien ted parallel or 
approximately paral lel to one anot her. Parallel 
orien ta t ion of the ,·esicles is a common feat ure of 
the  observed vesicular fragmen ts.  In �ome 
cases , the ,·esieles nre extremely elongate ,  ns 
shown in a fragment illustrated in figure 3-65. 
This fragment has fairly large, nearly equidi
mensional vesicles a bon t a cen timet er aero�s 
and smaller vesicles as much as 1 em long, but 
only 1 t o  2 millimeters wide. 

One of the most interesting fragment� ob
�ernd a t  the Surveyor VII lnnding �i t e  just 
sou th of the spacecraft seems to be n 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, sligh tly concave surface ; the rest of the 
surface is relatively rough or porous in t exture 
and is part ly occupied by vesicles. A row of 
vesicles parallel "·i th the edges of the smooth 
surface occurs along the side of the fragmen t 
facing the camera . Some of the o ther vesicles 
observed on this side of the fragment  are elon
gttt.e and orien ted parallel to one another ;  the 
orien t ation of their long axes in tersects the row 
of vesides and the edge of the smoo th surface 
at a fairly huge angle. Thus , in this fragment,  
t here is e,·idence both of melting and of inter
sect ing s tructmes. I ts stmct ure is similar t o  
that  of the shock-met amorphosed fmgment 
from � Iet eor Crat er ,  Arizona , sho\\'n in figure 3-
67. The smooth ,  undulatory �urftice m ay be a 
chilled margin ,  as found on the surfaces of 
shock-mel ted ejecta from impact craters. 

FIGURE 3-6i.-\'Psicular, shock-melted Coconino sandstone fragment ejected from i> l cteor 
Crater, Arizona. Elongate vesicles have formed along the relict slaty cleavage planes. 
N otc rPlict bedding that paralle-ls the top of the fragment. Slaty cleavage produced i n  
t h e  sandstone during plastic fiow 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. J\1. SHoEMAKER AND E. C. MoRRis 

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

About 1 000 to 2800 particles, ranging in 
size from 1 or 2 millimeters to about 10 em to 
1 meter, were counted on the undisturbed 
parts of the  surfnce at each landing site. The 
counts were mnde from pictures taken at h igh 
Sun angles. In these pictures, the low-relief 
features of the surfnce, such as small craters 
and lumps or aggregates of fine particles, are 
not generally obsen·able ;  only features of 
sharp , or abrupt,  relief can be detected. Thus, 
the particles counted were selected on the 
basis of sharpness of relief. In addition , nearly 
all the particles coun ted were significantly 
brighter thnn the unresolved fine-grained ma
trix:. Sharpness of relief and brightness are the 
criteria used to dist inguish objects judged to 
be individual rocky chips of fragments from 
weakly coherent aggregates of fine-grained 
particles. The weakly coherent aggregates 
generally exhibit low relief and are photometri
cally indistinguishable from the unresolved 
fine-grained matrix of the regolith. The size 
distribution of weakly coherent, dark aggregates 
in the footpad ejecta was studied at the 
Surveyor I and V landing sites (refs. 3-10 and 
3-15) ,  but these data are not discussed here. 

Larger rocky fragments on the lunar surface, 

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

Variations exist in the accuracy of the 
counts at different landing sites. These varia
tions nre 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 Sun·eyor III landing site are 
the least accurate from the standpoint of 
both picture quality nnd picture coverage. 

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

TABLE 3-1 1 .  Constants and exponents of functions 
of theform N= KD-r, 1 millimeter � D � K-1h,  
fitted to observed size:frequency distributions of 
sw:face particles at  the Surveyor landing sites 

Number of 
Landing IJite K. mm-'Y/100 m2 • -y •  particleiJ 

mea/Jured 

Surveyor !_ _ _ _ _ _  5. o x  r o• - 2. I I 2 1 92 
Surveyor I I  L _ _ _  3. 3 X  1 06 - 2. 56 1 06S 
Surveyor \" _ _ _ _ _  1. 25X l 06 - 2. 6s 2803 
Surveyor \"L _ _ _  1. 9 1 X  1 06 - 2. 5 ,  1 766 
Surveyor \'I L  _ _  7. 9 X  ro• - 1. 82 2077 

TotaL _ _ _  - - - - - - - - - - - - - - - - - - - - - -
9906 

• N= KD>, I mm S,D S, K-1 1>, where N is the cumu
lative number of particles with diameter equal to, or 
larger than, D per 1 00 m2, and D is the diameter of 
particles in millimeters. 
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FIGURE 3-68.-Cumulative size-frequency distributions 
of surface particles at the Surveyor landing sites. 
Solid lines are distributions observed in individual 
sample areas. Dashed Jines are power functions fitted 
to the observed size-frequency distributions at each 
landing site: (a) Surveyor I ,  (b) Surveyor I II ,  
(c) Surveyor Y ,  (d) Surveyor V I ,  and (e) Surveyor 
\'II .  

mutely linear relationship, between the  log of 
the cumulative partiele counts and the log of 
the particle size (fig. 3-68) . The genernl trend 
of the particle counts at each landing site, for 
n i l  sample areas combined, shows a similar 
l inear rela tionship. A po,,·er function,  therefore, 
wus fi tted to the datu  from eueh landing sit e to  
represent the general form of the particle-size 
distribution. A best fit was made by eye ; no 
attempt wns made to fit the obsen·ations to a 
giYen function by least-squares or other stu
tisticnl methods, inasmuch us the datu are 

2 4 B 1 .6 3.2 6.4 12.5 25.6 51.2 
mm I em 

PARTICLE S IZE  

2 4 
m 

preliminary and do not warrant more sophisti
ea ted l111alysis. Final studies of purtiele sizes 
will be based on a much more eomprehensi\·e 
count of the particles obsened at each site .  
Constants and the exponents of fu nctions of 
the form N=KDY, 1 rn m  � D � K-1 1Y, where N 
is the cumuluti\·e number of partieles ,,·ith 
diameter equal to or larger than D per 100 m2, 
and D is the diameter of particles in millimeters, 
fi tted by eye to the data at each landing site, 
are shown in table 3-1 1 ;  the fu nctions are 
shown in figmes 3-69 and 3-70.  
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FIG URE 3-68.-Continued. (c) Surveyor \' .  

As sho\\'11 i n  figure 3-69,  there is considerable 
scnt t er of t h e  datu about the fi tt ed funct ions. 
For the function fi t t ed t o  the first set of data 
acqu ired for the Sun·eyor I landing site ,  
K= 3 X 1 05 and ')'= - ! .77• These Ynlues, pub
lished i n  refereuces 3 9 :mel 3-22, \\·ere bnsed 
on a count of abou t 825 parti cles. A later fit 
gtwe K= 5.0 X l 05 and ')'= - 2. 1 � . based on the 
p article cou n t  of 2 1 92 .  The difference i n  the 
t \\'o fi t t ed clistribu t ions  i l lustrates t h e  possible 
errors in estima tion for t he fi t t ed functions. 
This difi'ereuce is c n used primnrily by coll
sidernble n1rin t ion of pn rtide distribu t ion from 
one sample nrea to a not her : Thus, t here are 
fairly large st n tist icnl  errors in t h e  Ynl ues of [{ 
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FIGURE 3-68.-Continued. (d) Surveyor \'1. 
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and 'Y at each l a nding site as \\' ell <lS i n Yestigator 
bins. Precision of estimat ion is i mproved by 
i ncreasing the n u m ber of pHI't icles cou n t ed .  
W e  est imate  t h a t  t h e  probtlble error for the 
,·a lues of [{ at ench l nncling si t e  (t able 3- l l )  
is a p proximn t ely �2 nnd t.he pro btl ble error 
for the \'alues of y is abou t ± 0.2 .  

I f  t h e  estimates o f  precision are correct, i t  
c n n  be seen from t able 3-1 1 t h at n l though t h e  

precision o f  estima tion is lo\\·, some real differ
ences exist  i n  the size-frequ ency distri b u t ion of  
particles between some of the l anding si tes. 

Fairly conspicuous differences in size distribu
t ions among the differeu t landing si tes are 
apparent sim ply by \'isual  i nspec tion of t h e  
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FIGURE 3-68.-Concluded. (e) Surveyor \ "II .  
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pictures. Particl e-size distribu tions a t  the 
Sun'eyor I I I ,  Y, and YI landing sites are 
essentially the same \Yithin the errors of 
estimation. The obsen·ed dist ribu t ions at  these 
t h ree sites, hm,·enr, are significantly different 
from t h e  distributions obsen·ed nt the Sun·eyor 
I site nnd n t  the Sun·eyor YII s i te .  The dist ri
but ions obsen·ed at t h e  Sun·eyor I a n d  Sur
Yeyor YI I s i tes not only differ from those 
obserYed at t h e  oth er local i t i es but probnhly 
also differ from one anoth er. The pnrticle-size 
distribu tion nt the Snn·eyor YI I s i t e ,  \\" l l ich i:-; 
based on a large number of fairly eoar:-;e p n r
ticles, probably i:-; t h e  most a ccur a t e  of the 
obs en'ed distribut ions. Fragments 1 0  em a nd 
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FIGURE 3-69.-Power functions fitted to observed 
size-frequency distributions of surface particles at 
t he Surveyor landing sites. 

l a rger in diameter occur more frequent ly by 
an order of magnit ude at the Su 1Teyor V I I  
land i ng s i te  t h an n t  th e Surnyor I I I ,  '/, and 
YI l a n d i ng :-;ites.  Similarly, t h ere are more 
coarse fragments nt t h e  Su rYeyor I landing site  
t h an at the  ot h er mare lan ding sites,  n.l t hough 
the fragm en ts are not nearly as abu nda n t  at 
the Surnyor I landing site ns nt  Sun·eyor VI I .  

Alth ough t h e  obsen·ed pn rtiele cou n t s  are 
useful for eo m p aring one l n nding si t e  \\· i th  
ano ther , th e primary in tere:-;t i n  t h ese rhtta is  
their use i n  est imating p article-size distribu t io n  
by Yo!u me of t h e  l u n ar regolith . Part icle cou n ts 
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on the surface may be used to estimate the 
particle-size distribu tio n  i n  t h e  regol i th ,  if i t  is 
assu med th nt the particles exposed at the sm
face nre representative of the p artieles i n  the 
subsurface.  I n  t his case, the R osiwal principle 
(ref. 3-23) may be appl ied : the ratio of the 
nrea occu pied by the particl es of a gi nn size 
to the t o t a l  nren studied is equal to the ratio 
of the  \·olmne of the particl es of this size t o  the 
I o tal Yol ume. 

In a rigorous application of Rosiwal ann ly�i� 
to estimatio n  of grain-size distribu tion,  it  
must be taken i n to accou n t  that the ful l  size 
of most particles is not revealed along l1 gi ,·en 
surface or cross section.  The size of about half 
the part ieles on the l u n ar surface will  be under
est imated , and a range of sizes ,,·ill be obsen•ed 
for grains that actun, l ly h nxe t he same mea n 
diameter.  Correc tions required for this effect 
(refs. 3-24 and 3-25) are large if t h e  tlc tua l  
runge of particle size i s  smal l ,  b u t  t h e  correc
t i o n  is small if t he actual range of grain size is 
Yery h uge. The correc tions will be ignored i n  
the an al ysis pres e n  ted here. 

·we ha,·e tested i n  the laboratory the ap
plication of the Rosiwal princi ple to surface 
par ticle eon n ts of the type made from the 
Surveyor pictmes by comparing the cou n ts 
of p articles from pictures of the surface of t1 
layer of frugmentnl debris with ,·olnme trif\ 
part icle nnalysis of the same layer carried out. 
by stand ard sieving me thods. These tests 
sho\Y t h a t  if there is no ,·ert icul vari a tion in 
grain-size distribution within the layer or 
,·ertical n1rin tion in porosi ty, t he surface 
pnrtiele cou n ts enn be used to estimate the 
,·olumetric particle-size-frequency distribu tion 
"·i th good precision.  The assu mption that t he 
particle-size distribution of the l unar regolith 
d oes not ,·nry vertica.lly has been challenged 
by Scott and Roberson (ref. 3-26) . We believe 
that there are minor vertical Yariutions i n  the 
grain-size distribution,  which will c ause small 
errors in the application of the Rosiwal prin
ciple, but  tha t  there are no major differences 
bet\Yeen the particles on the smface and the 
part icles in the su bsurfnce. ·we sh all return 
to t his question in m ore detail at a l ater point .  

Of equal  concern i n  the a pplication of the 
Rosi\Ya) principle to estim ating the volumetric 

particle distribu tion of the lunar regoli th is 
vertical variation in porosity. Results ob
tained from studies of the mechanical properties 
of the lunar surface (refs. 3-27 to 3-30) suggest 
that the lunar regol ith is more porous i n  the 
u pper few millimeters than at greater depths. 
With such a Yertical niTiation in porosity, 
coarse fragments will t end to be m ore abundan t 
at the surface i n  proport ion to t he fine-grained 
ma tri....: than they are at depth. A q u ali tative 
assessment of the i m portanee of porosity will 
be made by calcul a ting \'Ol umetric particle
size di�tribu tion on the b a�is of differen t as
su med porosities. 

To apply the Rosiwal princi ple, the cu mula
tive areas occupied by the ]Htrticles, as a func
tion of particl e size, must be calcul a t e d  from 
the cumnl a t i ve p article-frequency distrib u t ion.  
The cumul ati \·e n u m ber of pnrtic.les per nni t  
area a t  euch landing si te  has been represen t ed 
by the fnnction 

differen tiation of equation ( 1 )  gives 

dJ\T v-v - 1 - = -yL\. y 
dD 

( 1 )  

(2) 

The nren of i n divid ual frngmen t s  on the surface 
can be estim a t ed by 

(3) 

"·here a is the cross-sectional urea of indivi dual 

fragments. If A is th e cumul ative area of frag

men ts of d i a meter equal to or l arger than D, 

then 

(4) 

Combi ning equati ons (2) , (3) , a nd (4) ,  

(5) 

I u tegmtion of equ ation (5) between the l imits 

of the maxi mum-size frngment, g-Ih and D 

yields 
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(6) 

where o:='Y1l"K/4 h +2) and p = -y11"K-21-rj4 (-y+2) . 
A choice must now be made of the reference 

urea with which A is to be compared. This 
choice is a function of porosity. For 0 percent  
porosity, the reference urea is eq ual to the 
unit urea to which N is referred.  In the case 
of the distributions given in table 3-1 1 an d 
shown in figures 3-69 and 3-70, the reference 
urea is 100 m2 or 108  mm2• For values of po
rosity equal to P, only 1 00 ( 1 - P) percent of 
the surface can be occupied by particles. For 
50 percen t porosity, for example, the reference 
area is 50 m2 or 0.5 X 108 mm2• 

The vol umetric particle-size-frequency dis
tribution , expressed us the percentage of cumu
lati,·e volume as a function of D, is g1ven by 

V= 
1 00A

= 
100(o:D"r+2-p) 

A, A, 
(7) 

"·here V is the percentage of cumuluti,·e vol
ume of particles wi.th diameter equal to or 
larger than D, and A, is the reference urea = 
108  ( 1 - P) mm2• Solutions for the constants in 
equation (7) , using the surface particle-size 
distributions shown in table 3-1 1 ,  are listed in 
t able 3-1 2 ;  the volumetric particle-size distri
but ions are shown in figures 3-70, 3-7 1 ,  and 
3-72.  T,,.o different values of porosity, 0 and 
50 percent, hu ve been adopted for the distri
butions shown. Obsen·ations of the mechanical 
properties of the upper part of the lunar reg
oli th suggest it has about 50 percent porosity 
near the surface (refs. 3-27 to 3-30) . The 
regolith,  in most places, probably has a signifi
cnnt ly lower porosity at depths greater than 5 
to 1 0  em. 

I t  may be seen from figures 3-70, 3-7 1 ,  and 
3-72 that u rela tively small fraction of the totnl 
volume of the lunar regolith is composed of par
ticles coarse enough to be resoh·ed by the Sur

veyor cameras. On the basis of the 0-percent 
porosity model, between 3.7 and 18 percent of 
the regolith is composed of particles courser 
than 1 millimeter ; on the basis of the 50-percent 
porosity model , 7 .3 to 36 percent of the regoli th 

33!1--462 0-69 - 7 

TABLE 3-1 2 . Constants and exponents of volu
metric particle-size-frequency distrib u tion func
tions of the lunar regolith based on observed 
surface particle-size distributions 

Landing tJite a ,  mm-'Y • 

Surveyor I _ _ _ _ _  i .  53 X 10e 
Surveyor lll _ _ _  l. l sX 107 
Surveyor Y _ _ _ _  4. o1 x 1 06 
Surveyor YI _ _ _ i. 39 X 1 0e 
Surveyor YII _ _  - 6. 2sX 1 06 

a r 1 00 (cJ)>+2 _ p) 
A, 

p, mm2 • 

3. Se X 10e 
4. 3sX 1()5 
1. 22 X 1 ()5 
3. 81 X 1 08 

- 2. l eX 1 07 

-r +2 ' 

- 0. 1 1  
- . 56 
- .  65 
- . 5 1  
+ .  1 8  

where r i s  the percentage of cumulative volume of 
particles with diameter equal to or larger than D, D is 
the diameter of particles in millimeters, and A ,  is  the 
reference area { lOB mm2, for 0 percent porosity model. 

= 0.5X 1 0s mm2, for 50 percent porosity model. 

is com posed of particles coarser than 1 milli
meter. The largest proportion, by ,·olume, of 
resoh·able particles was obsen·ed at the Sur
,·eyor VII landing site and the smallest at the 
Surnyor I landing site. A large and conspicuous 
difference among the fragmen t-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 ,  3-7 1 ,  and 3-72.  

I t  is of  interest to i nquire whether the ob
served distribution of resolvable particles can 
be used to  infer or predict the particle-size dis
tribution of the unresoh·ed matrix. The func
t ions 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 i n  these figures, 
these extrapolations lead to two quite differen t  
results, depending on t h e  va'lues of 'Y obsen·ed 
for the distributions of resolvable surface par
t icles. At the Sun·eyor III, V,  and VI landing 
sites, the cumulative volume goes to 100 per
cen t in the particle-size range between 5 nnd 
100 microns. At these sites, 'Y varies between 
- 2.51  and - 2.65• At the Sun·eyor I site, how
e\·er, where 'Y = 2 . 1 1 ! 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 functions tittcd to obsprvcd 
size-frequency distributions of surface particles. 
Dashed lines represent extrapolations below observed 
particle size of functions listed in table 3-1 1 . 

sizes in the subn.tomic range. At the Surveyor 
VII site, the mn,::-..imum \'Oiume of partieles, 
based on the extrapolation of the obsen·ed size 
distribution to infinitesimnlly smal l  particles, is 
only 24 . 1  percent of the total volume on the 0-
percent porosity model nnd 48.2 percent on the 
50-percent porosity model . Particles smaller 
thn,n 1 millimeter, therefore, 1 11 1 1st be repre
sen ted by n different distribu tion  function from 
that fitted to the resoh·nble particles at  both the 
Surveyor I and Surveyor VII sites. 

For the three observed particle distributions 
that give plausible results when extrapolated 
into the submillimeter particle-size range (Sur
veyors I I I ,  V, and VI) , the bulk of the ,·olume 
consists of partides less than a few hu ndred 
microns in diameter (table 3-13) .  The median 
particle diameter ranges from 23 to 75 micron:; 
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FIGURE 3-7 1 .-Volumetric particle-size-frequency 
distributions of the lunar regolith for 50 percent 
porosity, based on power functions fitted to observed 
size-frequency distributions of surface particles. 
Dashed lines represent extrapolation below observed 
particle size of functions listed in table 3-12. 

on the 0-percent porosity model and from 60 
to 255 microns on the 50-percent porosity 
model. While these resul ts nre at l east physi
cally plausible, they are not consistent with 
other indirect lines of evidence about the 
grain-size distribution of the unresolved matrix. 
Photometric n,nd polarimetric observations of 
the lunar surface suggest that most of the 
particles are finer than 20 microns. Thus, the 
size distribution of the unresolved matrix a t  
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 cnnnot be extrapo]ated without 
corrections to very small particle sizes. As 
shown in fig. 3-69 ,  the l arge bulk of the lunar 



TELEVISION OBSE RVATIONS 89 

90 

80 

70 

60 

40 

10 

S/JRV£1'0R I 
S/JRVEI'OR m 
S/JRVEr'OR IZ' 
Sl.RVEr'OR Ill 
SIJRVEYOR Illl -- -

PARTICLE SIZE 

FlG UHE 3-72.-\' olumetric particle-size-freq uency 
distributions of the lunar regolith for 0 prrcent 
porosity . Distributions are the same as shown in 
figure 3-7 1 ;  however, F= percentage of cumulative 
volume is shown with arithmetic instead of loga
rithmic scale in order to illustrate the forms of the 
distributions. Brlow D I mm, the distributions are 
extrapolations of the functions listed in table 3 - 1 2 .  

regolith at all of the Surveyor landing sites 
consists of submillimeter particles;  only a very 
smal l part of the distribution of particles, in 
terms of percent volume, is in the size range of 
resolvable particles. Small errors in the esti
mated values of 'Y for the observed parts of 
the particle-size distributions have a strong 
effect on the resul ts obtained from extrapolation 
of the observed distributions to smal l  particle 
sizes. By selecting revised values of 'Y, however, 
new power functions can be found for the 
surface particle distributions which correspond 
to volumetric particle distributions that go to 
1 00 percent  volume for any arbitrarily defined 
lower limiting particle size. 

Several lines of evidence suggest tha t  a 
significant fraction of the part icles in the lunar 
regolith is near 1 micron in diameter, but that 
only a rela tively smal l  fraction of the particl es 
is m uch 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. 3-3 1) .  
The low degree of polnrization of light scattered 
from the lunar surface indicates that many 
particles have diameters not much above the 
limits set by diffraction ;  that is, about 1 micron 
(ref. 3-32) . Size analyses of fragmental materi nl 
produced by impact and explosive cratering 
show that particles as small as 1 micron nre 

TABLE 3-1 3 .  Volumetric particle-s ize-frequency d istribu.t ion of lun ar regolith by quartiles, based on 
fu nct ions l isted in table 3-12 extrapolated to 1 00 percen t volume 

0 percent porositu model. particle diameter, � 50 percent porositv model, partl'cle diameter, � 

Landing oite 
At 25 percent I At 50 At 75 At 100 At 25 At 50 percent At 75 percent A t  100 

t•olume • percent percent percent percent l'Olume • volume • percent 
C'Olume • volu"'-f! • colume • l'Olum.e • t•olurne • 

Surveyor ! _  _ _ _ _  5 X  10-a 2 X  J Q-5 5 X  I 0-7 4 X l 0- 8  l .  1 5 X  1 0-a 2 X  1 0-• 2X J 0-5 
Surveyor I I L  _ _  255 75 37 22 870 255 1 25 75 
Surveyor V _ _ _ _  60 20 1 1  7 ISO 60 3 !  20 
Surveyor \' L _ _  89 23 I I  6 340 89 40 23 

Surveyor Y I L  _ _  (b) (b) (b) (b) 3. 0 em (b) (b) (b) 
I 

• Percent volume is cumulative from largest particle to smallest. 
b l\Iaximum cumulat.iYe volume of particles based on extrapolation of observed size distribution to infinitesi

mally &mall particles is 24. 1 percent of total volume, for 0 percrnt porosity model, and 4S.2 pet cent 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 I micron, however. 

The number of interplanetary particles that 
strike the l\Ioon'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 1 0  microns 
tend to be produced by impact of small inter
planetary particles, but su bmicron particles 
probably are produced only in small quantity. 

If 1 micron is adopted as a lower limit of 
size for the particle-size-frequency distribn
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-r, fitted to the observed 
distribution in the particle-size range 1 mm :::; 
D ::; K= 1 1-r, and a second function N=KD-r', 
in the particle-size range I micron :::; D :::; I 
millimeter. The value of 'Y' ''"ill be uniquely 
determined under the conditions : 

( I )  That the total area of particles between 
1 micron and 1 millimeter diameter is equal to 
A ,-A�> where A1 is the cumulative area of 
particles eyual to and larger than I millimeter 
(obtained from the obsened distribution) .  

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

By analogy with equation (6) , the cumulative 
area, An < I of particles of diameter equal to 
or l arger than D, bnt less than 1 millimeter, 
can be expressed by lD i''7rKD-r'+l AD<!= dD=a' (D-r'+2- 1) 

D�I 4 ----
3 E. 1\1 . Shoemaker, unpublished data. 

(8) 

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

nizing equation (8) in the form 

, 
log1o( � + 1) 

'Y = 
logto D - 2  (g) 

Introducing the boundary conditions, 

at  D= w-3 millimeters 

equation (9) becomes 

(10) 

which is solvable for 'Y' < - 2. The area A1 at 
each Sun'eyor l anding site is found by solving 
for D= 1 millimeter in equation (6) . If specific 
values of the reference area A, are adopted, 
corresponding to specific values of porosity P, 
then equation ( 1 0) can be solved explicitly for 
'Y' by successive approximation. Solutions for 
'Y' at each landing site, for 0 and 50 percent 
porosity, are listed in table 3-1 4 .  

The derived total size-frequency distribution 
of surface particles at each Surveyor landing site 
is shown in figure 3-73 for the 0-percent poros
ity model of the lunar regolith, and in figure 3-
74 for the 50-percent porosity model. At each 
si te  and for each model of porosity, the derived 
freqnency distribution comprises the two func
tions N=KD-r, I mm ::; D ::; K-1 1'Y , listed in table 
3-1 1 ,  and N=KD'Y, 1 JJ. ::; D ::;  1 mm, listed in 
t able 3-I4.  

I t  may be seen from figures 3-73 and 3-74 
that  the general trend of the derived particle
size distributions below I millimeter is similar 
to the general trend of the observed distribu
t ions abo,·e I millimeter in both  the 0- and 50-
percent porosity models. If only mare sites are 
considered, the menn value of 'Y' for the 0-per
cent porosity model is - 2.39 ,  as compared with 
n mean value for 'Y of - 2.48 ; for the 50-percent 
porosity model , the mean value of 'Y' is - 2 .23. 

The mean of all the values of 'Y and 'Y' for the 
mare sites is - 2 .44 for the 0-percent porosity 

model and - 2.36 for the 50-percent porosity 

model. Functions N=KD'Y, fitted by eye to 
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TABLE 3-1 4 .  Constants and exponents of truncated power junctions ( N = KD)"�'' ,  1 � � D � l  mm) 
derived from observed size-frequency distributions of surface particles at the Surveyor landing 
sites; cumulative rolume of particles= 100 percent at D = l  micron 

Landing •ite 

Surveyor I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Surveyor III  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor \' _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor \'I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor YIL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

0 percent JX>ro•illl model 

mm--r' a 
K, 100 m' 

5. OX l OS 
3. 3 X  1 06 

1. 25 X 1 Q6 
1 . 9 1 X l 06 
7. 9 X  1 05 

oy' • 

- 2. 58 
- 2. 2 1  
- 2. 42 
- 2. 33 
- 2. 4 7  

5 0  percent poro•illl model 

mm-")'' • 

K, 100 m' 
oy' • 

5. OX l OS - 2. 45 

3. 3 X  1 06 - 2. Ob 
1 .  25 X 1 0� - 2. 27 
1 . 9 1 X l 06 - 2. 1 7  
7 .  9 X  1 05 - 2. 29 

• N= KD>',  1 I-' :5, D :5, 1  mm, where N is the cumulative number of particles with diameter equal to or larger 
than D, and D is the diameter of particles in millimeters. 

represent the a\·erage total particle distribu
tions from 1 micron to K-I I-y at the mare si t es, 
have K= l . 1 X l 06, f'= - 2 .42, for the 0-percent 
porosity model, and K= 7 X 1 05, f' = - 2.35 , for 
th e 50-percent porosity model. Both of these 
fitted functions lie generally within the envelope 
of indi,·idual functions N=KD1, 1 -mm 
� D � K-1h,  nnd N=KD"�'',  1 � � D �  1 mm, for 
the m are 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 m odels 
is nearly an extension to small sizes of the 
mean observed distribu tion of particles larger 
than 1 millimeter. The fit is closest for the 
0-percen t porosity m odel. 

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- nnd 50-percent porosity models, are within 
the envelope of derived distributions for the 
mare sites. There is  a mnrked difference, how
e,·er, between the derived distribution of parti
cles smaller than 1 mill imeter at the Sun·eyor 
VII sit e and the distribution of the observed 
larger particles. The value of ,., is -2.47 on the 
0-percent porosity model and - 2 .29 for 50 per
cent porosity, whereas /' is - 1 .82 • Thus, the 
fine particles at the Sun·eyor V I I  site probably 
are similar in dist ribution to those on the maria 
but the obsen·ed coarse particles follow a con
spicuously different distribution. 

Total ,-olumetric particle-size-frequency dis-

t ributions that correspond to the surface par
t icle 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 gi,·en in table 3- 1 2  and shown in figures 
3-70 and 3-7 1 .  For particle sizes smaller than 1 
millimeter, the volumetric particl e-size-fre
quency distribution, expressed as the percentage 
of cumul ative volmne, is given by 

( 1 1 )  

0 1 1  the basis of the Rosiwnl principle. Combin
ing equations (8) and ( 1 1 ) ,  

V 
1 00[a' (D'r' +2- 1 ) +Ad 

1 � � D � 1 mm ( 12) 
A, 

Solutions for the constan ts of equation ( 1 2 ) ,  
based on  the constants and exponents o f  the 
truncated power functions given in table 3-14,  
are listed in table 3-15 .  The volumetric pnrt ide
size-freq uency distributions corresponding to  
the combined functions listed in tables 3-1 2  and 
3- 1 5  are shown in figure 3-75 for the 0-percent 
porosi ty model , and in figure 3-76 for the 50-
percent porosity model. Solu tions for these 
functions at the quart iles are listed iu table 3-
16 .  

On the basis o f  the derived volumetric 
particle-size-frequency distribu t ions shown in 
figures 3-75 and 3-76, the estimated median 
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TABLE 3-1 5 .  Constants an d exponents of truncated volumetric part icle-size-frequency distribution 
funct ions derived from observed size-frequency distributions of surface particles at the Surveyor 
landing sites; cumulative volume of particles= 1 00 percent at D = 1  micron 

0 percent poro•1t11 model 50 percent poro.it11 model Landing aite A 1 .  mm l •  
a

'
, mm-'Y' • .,.'+2 . a', mm-'"�'' • .,.'+2 . 

Surveyor L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 .  7sX 1 ()6 - 0. 58 2. 1, X 1 08 - 0. 45 3. 67 X 1()6 
Surveyor I I  L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2. 7aX 107 - .  2 1  3. 08 X 1 08 - .  0 1 7  I .  14 X 1 07 

Surveyor V _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  5. 69X 1()6 - .  42 8. 27 X 108 -. 27 3. 89 X 1 ()6 

Surveyor \'L _ _ _ _ _ _ _ _ _ _ _ _  - - - - - - - - - - _ _ _  1 .  07 X 1 07 - .  33 1. 9 1 9 X  1 07 - 1 7  7 .  o o x  1 ()6  
Surveyor VII _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  3. 28X 106 - .  47 4. s, X 1 08 - .  29 I .  7 8 X  107 

V= 
100[a' (D>'+2- 1 mm>'+2) + A ,J 

A .  
1 1l '5:. D '5:. 1 mm 

where V is the percentage of cumulative volume of particles w ith diameter equal to or larger than D, D is the diameter 
of particles in millimeters, A 1 is the cumulative area of surface occupied by particles with D � 1 mm, and A r is the 

reference area { 108 mm2, for 0 percent porosity. 
= 0.5 X 108 mm2, for 50 percent porosity 

TABLE 3-16 .  Volumetric part icle-size-frequency distr·ibution of lunar regolith by quartiles, based on 
observed distributions in the part icle-size range above 1 mm and truncated power junctions derived 
from the observed d·istr ibutions in the size range 1 m icron to 1 mm; cumulat ive volume of particles= 
1 00 percent at D = l  m icron 

0 percent poro•it11 model, particle diameter. ,. 50 percent porO.itiJ model, particle diameter, ,. 
Landing aite A t  25 At 50 At 75 At 100 At 25 A t  50 At 75 At 100 percent percent percent percent percent percent percent percent rolume • f."Olume • volume • rolume • t-olume • volume • rolume • rolume • 

Surveyor ! _  _ _ _ _ _ _ _  1 2  3. 3 1 . 6 1. 0 26 4. 9 1 . 8 1 . 0 

Surveyor IlL _ _ _ _ _  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 2 1  3. 6 1. 0 

Surveyor VII  _ _ _ _ _  83 6. 2 2. 0 1 . 0 3. 0 em 45 4. 1 1 . 0 

• Percent volume is cumulative from largest particle to smallest. 

particle diameter of the lunar regolith ranges 
from 3 .3  to 15 m icrons and averages 7 . 5  mi
crons for the 0-percent porosity model . For the 
50-percent porosity model ,  the estimated m e
dian particle diameter ranges from 4.9 to 88 
microns and averages 33 microns. These esti
mates for m edinn particle diameter m ay be 
compared with t he conclusion of Christensen 
et al .  (ref. 3-27) t.h n t  " a. significant number of 
particles are in the silt-sized range (that 1s, 

smaller than 0.06 millimeter) ," based on com
parison of the Surveyor III  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 1 5  microns for the 0-percent porosity 
model , and 88 microns for the 50-percent po
rosity model. Jaffe et al . (ref. 3-34) found that, 
on the assumption that a bright band of light 
observed along the horizon after sunset at the 
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FI GURE 3-73.-Power functions derived from observPd 
size-frequency distributions of surface particles at 
the Surveyor landing sites for the 0-percent porosit�· 
model of the lunar regolith. The derived particle 
distribution at each site is represented by two func· 
tions, N - KD>, where 1 mm � D � K-1 1>, and 
N= KD>', where 1 J.L �D � l  m m, which are listed i n  
tables 3-1 1  and 3-14.  Cumulative volume of particles 
in the regolith at each landing site goes to 1 00 per
cent at 1-micron particle diameter for the surface 
particle distributionb illustrated. 

Surveyor VI site was caused by diffraction by 
small particles, the  observations indicate a mean 
particle size less thnn 1 0  microns. We estim ate  
the medinn particle diameter at  the Surveyor 
VI sit e  is 7 .6  microns for the 0-percent porosity 
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FIGURE 3-74.-Power functions derived from observed 
size-frequency distributions of surface particles at 
the Surveyor landing sites for the 50-percent porosity 
model of the lunar regolith. The derived particle 
diRtribution at each site is represented by two func
tions, n = KD>, where 1 mm 5_D � K-I t>, and 
N = KD>',  where 1 micron �D 5. 1  mm, which are 
listed in tables 3-1 1  and 3- 14. Cumulative volume 
of particles in the regolith at each landing site goes 
to 1 00 percent at 1-m icron particle diameter for the 
surface particle distributions illustrated. 

model and 2 1  m1crons for the 50-percent 
porosity model . 

On the basis of a gaseous diffusion-caused 
eruption crater produced by firing the vernier 
engines of the Surveyor V spacecraft after 



94 SURVEYOR : PROGRAM R E SULTS 

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 1-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 table 3-12. 
Dashed lines, based on power 
functions for particles smaller 
than 1 mm in diameter, are listed 
in table 3-15. 

w 
::;; :;) _J 
§? 
w 
> 
1-<t _J :;) ::;; :;) u 
1-z w u a: w 0.. 

10 
9 
8 
7 
6 
5 
4 

3 

2 

I 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 

0.3 

0.2 

landing, Christensen et al . (ref. 3-28) state that 
"the estimated lunar permeability indicates 
most of the particles are in the 2 to 60,u size 
range." We find in the ayerage case that  the  
central 50  percent of  the regoli th  by Yolume 
(the dist ribution by Yolume bet\Yeen the first 
and third quartile, t able 3-1 6) lies between 2 .2 
and 59 microns for the 0-percent porosity 
model and between 3 .7 and 835 microns for the 
50-percent porosity model .  At  the Surveyor V 
site, the central 50 percent of the particles by 
volume lies between 1 .9 and 25 microns for 
the 0-percent porosity model and between 2 .5  
and 75 m icrons for the 50-percent porosity 
model . This agreement between two completely 
independent estimates of grain-size distribution 

PART ICLE S I ZE 

is better than should be  expected, considering 
the uncertainties and approxim ations used in 
both methods of estimation. We conclude that 
our extrapolat ions of the obsen'ed surface par
ticle-size distribution into  the 1 -micron to 
1 -millimeter-size range, as illustrated in figures 
3-73 nnd 3-74 , are supported by the studies of 
the m ech anical properties of the lunar regolith. 

It is appropriate to ret mn at this point to 
the question of whether the particles observed 
on the surface are representati\'e of the sub
surface material in the l un ar regolith . The 
general sm ooth ness of the walls of trenches 
dug by the snrface sam pler at the Surveyor 
III and VII landing sites and the smooth forms 
of the imprints made by Surveyor footpads 
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PARTICLE S I Z E  

have g1ven the impression t o  some observers 
that  coarse part icles of the size found on the 
surface are much less abundant or are absent 
in t he subsurface. Scot t  and R oberson (ref. 
3-26) , from their observations at the SmTeyor 
VII landing s i te ,  s ta te :  "A distinct im pression 
is gained from the surface-sampler work that 
t he surface rocks lie on a rela t ively fine-grained 
granular material , and that t his material does 
not con tain  rock fragments of a size comparable 
to the fragments on the surface." Gault et al. 
(ref. 3-35) , on the basis of scintillation of 
s triat ions on the wall of a t rench dug by the 
surface sam pler at the Surveyor VII site, 
concluded that grains as coarse as 200 microns 
might be present, but that this represented the 

tl') 
� 
� � a ::0 

� 

FIGURE 3-i6.-Yolumetric particle

size-frequency distributions of 
the lunar regolith for 50 percent 
porosity, constrained so that 
cumulative volume goes to 100 
percent at 1-micron particle 
diameter. Solid lines, based on 
power functions fitted to ob
served size-frequency distribu
tion of surface particles 1 m m  
n n d  larger i n  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 3-1 5  

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

Our interpret ation of t he features shown i n  
the \ntll o f  the trench described by Gault e t  al .  
and shown in figure 3-28 of reference 3-35 is 
quite different .  Inspection of the \Yalls reveals 
at least two holes from which fragments several 
millimeters across m ay have been plucked. 
In addition, m any of the striations in t he wall 
of the trench, attributed by Gault  and others 
to the surface sampler, m ay have been formed 
by coarse grains dragged by the surface sampler 
along t he walls. \Ve believe that t he walls of 
the surface-sampler trenches and footpad im
prints are relat i\'ely smooth because the bulk of 
the subsurface material is ,  in  fact,  very fine 
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grained, as indicated in table 3-1 6 ,  and i t  is 
also somewhat compressible (ref. 3-30) . Coarse 
particles, therefore, tend to be pressed into the 
fine-grained matrix by the action of the surface 
sampler and spacecraft footpads and are ob
scured by the fine-grained material . Simulation 
of the action of the surface sampler and footpads 
in a soil model with grain-size distributions 
like those shown in figures 3-75 and 3-76 
would be desirable for further investigation of 
this problem , bnt we have not seen convincing 
evidence that the size distribution of p articles 
in the shallow subsmface is significantly 
different from that  on the surface. 

Thickness of 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 . I t  covers n early all p arts of the 
lunar surface observed on the maria by Sur
veyors I, III ,  V ,  and V I ;  it is inferred to have 
been derived primarily by a process of re
petitive bombardment,  which also produced 
the maj ority of sm all craters observed nearly 
everywhere on the lunar surface. I n  most 
places on the m aria, 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 m ay be esti
m ated from a variety of observational data. 
One of the most direct estimates is provided by 
the observed depths, or the estim ated original 
depths, of craters with blocky rims. These 
craters have b een excavated partly in m ore 
coheren t or coarser grained m aterial that 
underlies the regoli th ; their original depths , 
therefore, exceed the local thickness of the 
regolith . The estimated thickness of the reg
olith at a given Surveyor landing site is 
bracketed by the original depths of the smallest 
craters with blocky rims and the original depths 
of the largest, sharp, ruised-rim craters with
out blocks. 

The actual thickness of the regolith probably 
varies considerably at a given site, and gen
erally only a limi ted 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/ 
whereas th e largest crater wi th a smooth, 
ruised rim was 3.3 meters in diameter. The 
depth-to-diameter ratio of newly formed craters 
of this size and type is close to 1 :3 .  The esti
m ated depth of the regolith at the Surveyor I 
site, therefore, is b etween 1 and 3 meters. 

At the Surveyor I I I  site, the smallest blocky
rim crater observed along the walls of the main 
crater i n  which Surveyor III l anded is 13  
m eters 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 b e  

between 1 and 4 meters. On the mare plain a t  

the Surveyor VI si te ,  no blocky-rim craters 

were observable from the Surveyor camera; 

sm ooth,  raised-rim craters as much as 30 

m eters in diameter were observed however. 

Thus, we concluded th at on the plain the 

thickness of the regolith locally exceeds 1 0  

m eters (ref. 3-37) . O n  the mare ridge a t  the 

Surveyor V I  site,  the smallest blocky-rim 

crater observed is 30 m eters 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 estim ate of the thickness of the 

regolith may be obtained from the inferred 

original depth of craters believed to h ave been 

formed by drainage of the regolith m aterial 

into subregolith fissures. Rimless, elongate 

craters observed in the vicinity of the Surveyor 

V landing site are believed to h ave 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 l argest 

craters formed by drainage represent the 

minimum local thicknesses of the regolith . As 

the anO'le of repose on the walls of these craters 0 • 

is about 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 I I I  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 derh·ed from one-third the 
diameter of the smallest blocky-rim crater at  
the Sun'eyor V landing site  is 5 meters. 

A dimple crater with a minor axis of 20 
meters was obsened in the floor of the main 
crater at the Sun'eyor III l anding site .  If the 
dimple crater has been formed by drainage, as 
we believe, i t  indicat es the regolith in the floor 
of the main crater is about 7 meters or more 
thick. 

At the Surveyor VII landing site, on the 
rim flank of Tycho, there is an ambiguity both 
in prior definition and in obsen'ational evidence 
that may be used to interpret the presence, 
thickness, and characterist ics 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. I n  the case of the patterned 
debris, one of the m ost 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, indi,'idual craters 
on the �loon. These u nits ,  inferred to be 
formed by a single e\"ent or by a sequence of 
a small number of e\'ents during a well-defined, 
short inten"al of time in lunar history, are 
more appropriately treated as mappable, 
regional geologic units. They may be expected 
to ha\'e 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 concei\"ed 
here as a thin layer of material that forms and 
progressively evoh"es O\"er a longer period of 
time as a result of an extremely large number 
of indi\'idual events, and possibly as the resul t  
of  interaction of  a number of  different processes. 
The regolith is a strictly surficial layer of debris 
that conceals underlying geologic units in 
most places on the Moon. I ts thickness and 
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 \'Olcanic flow 
or ash fall or by a deposition of an extensive 
ejecta blanket around a new crater has no 
regolith ; the process of i ts development, how
ever, begins almost immediately, and the regolith 
gradually becomes thicker with the passage of 
time. In this respect, we consider the regolith 
as a surficial layer analogous to soils on the 
Earth. 

Where a regolith has de\'eloped on a frag
mental geologic unit such as a regional ejec ta  
blanket or  a debris flow, the practical distinction 
between the regolith and the underlying frag
mental material must be based on differences 
in grain size and aspects of physical and chemi
cal alteration that can be recognized through 
the data at hand. In particular, the presence of 
numerous, small craters ; a photometrically 
observable alteration profile or coatings or 
alteration rinds on individual fragments ; or 
a grain-size distribution of the surficial rna terial 
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 e\idence 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 crat ered by very small 
craters. �Iaterial exca\'ated by the surface 
sampler is, for the most part, very fine grained 
and is similar in mechanical properties and in 
general optical properties to  the regolith 
observed on the maria. Furthermore, as on the 
maria, an abrupt change in albedo was found 
at shallow depth . ·we conclude that this mate
rial is part of a regolith similar in origin to that 
observed on the maria. In  some places, much 
more coherent material or much coarser 
fragmental material was encountered by the 
surface sampler at depths less than 2.5 em ; 
elsewhere, fine-grained material of low cohesion 
was found to extend to a depth of at least 1 5  
e m  (ref. 3-26) . These depths may represent 
the approximate range of thickness of the 
regolith at the Sun"eyor VII site. 



98 SURVEYO R : PROGRAM RESULTS 

TABLE 3-1 7 .  Apparent thickness of the lunar regolith at the Surveyor landing sites 

Landing site 
Dlameter of 

largest crater 
with sntooth. 

raised rim. m 

Diameter of 
smallest crater 

ll'it h blocky 
rim, m 

;llinor axis of 
largest crater 

inferred to have 
been produced 
by drainage, m 

Estimated 
thick ness of 
regolith, m 

Surveyor } _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 3. 3 9 - - - - - - - - - - - - - - 1 t o  3 
Surveyor I I I : 

Wall of main crater_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 3 1 3  - - - - - - - - - - - - - -
Floor of main crater_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 20 

9 

1 to 4 
?.. 7 

Surveyor V _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - - - - - - - - - - - - 1 5  3 t o  5 
Surveyor VI : 

l\iare ridge _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

l\Iare plain _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor \'IL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

a None observed. 

22 
30 
60 

30 - - - - - - - - - - - - - -

3 - - - - - - - - - - - - - -

8 t o  1 0  
> 1 0  
2 t o  15  e m  b 

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

The smallest crater with a conspicuously 
blocky rim obsen-ed at the Sun-eyor VII 
landing site is about 3 meters in diameter. 
We belie,-e smaller blocky-rim craters "'ere 
not obsened because there is only a low 
probability that individual smaller craters 
intersect ,·ery coarse blocks in the fragmental 
unit that underlies the regolith ; blocky crater 
rims "·auld be expected only "·here such coarse 
blocks "·ere encountered (ref. 3-36) .  

The estimated thickness of the regolith at 
the five Sun-eyor landing sites is summarized 
in table 3-1 7 .  The thickest regolith was 
obsen-ed at the Sun-eyor VI site and the thinnest 
regolith at the Sun-eyor VII site. 

Disturbances of the Surface 

E. l\I. SHo EMAKER AND E. C. :MoRRIS 

At each of the Snn-eyor landing sites, wher
ever the lunar surface "·as disturbed, dark, 
fi ne-grained material was exposed beneath a 
light surface layer (refs. 3-1 0, 3-14 ,  3-1 5 ,  
3-36,  and 3-37) .  Material ej ected b y  footpad 
impacts consisted primarily of dark clods or 
aggregates of fine-grained particles (fig. 3-77) . 
The surface sampler exposed dark material at 
depths as shallow as a few millimeters. 

On the basis of obsen-a tions at  the  Surveyor 
I and III landing sites, the hypothesis was 

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

FIGURE 3-77.-Wide-angle picture of footpad 2 of 

Sun·cyor I showing raylike deposits of dark sub

surface material extending to almost 1 mete1 from 

the edge of the footpad. The dark subsurface material 

was kicked out onto a light surface layer by the foot

pad during landing of the spacecraft (June 5, 1966 ,  

1 1 :29:49 Gl\lT) . 
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FIGURE 3-i8.-Small fragment, about 6 em across, 
turned over by surface sampler on SurYcyor VI I ,  

exposing the dark underside. Part o f  the dark coating 
has been scraped away by the surface sampler (Jan. 
18, 1968, 06:03 : 1i  Gl\TT) . 

FIGURE 3-i9.-Small, rounded fragment, about 5 em 
across, picked up and turned over by Sun·cyor \'I I 
surface sampler. Contact between a dark coating on 
underside of fragment t hat 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 
sc.tttcred from t he spacecraft. The contact between 
the bright and dark surfaces can also be seen along 
the sides of the fragment (Jan. 19, 1968, 06 :4i :40 
Gl\IT) . 

been deposited on these fragments, it h as 
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 
ligh ter than the subsurface material because 
these particles also tend to be scrubbed, but 
the surface l ayer of fine particles is darker than 
the exposed surfaces of the rocks because the 
scrubbing i s  incomplete, owing to relatively 
rapid tmnover of the particles. Under this 
hypothesis, the deposition of varnish must take 
place on the surfaces of fragments at depths as 
shallow us a fe\\· millimeters, or the abrupt 
decrease of albedo with depth would not persist 
in the face of repetit i ,·e cratering. It m ay be 
expected, on the basis of the lunar-varnish 
hypothesis, that the buried undersides of the 
coarser fragments are coated ,,·i th the ,·arnish. 

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

Origin o( the Lunar Regolith 

E. l\1. SHoE�IAKER ,\ N D  E. C. l\IoRRis 

A simple ballistic model for the origin of the 
lunar regolith is presented here to account for 
( 1 )  the size-frequency uistribution and varia
tion in distribut ion of craters on the surface of 
the regolith, (2) the thickness and ntriation of 
thickness of the regolith,  nnd (3) the size
frequency distribution nnd Yarintion of distri
bution of the frngmental deLris of which the 
regolith is composed. We recognize that high-
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energy radiation, mass wasting, and probably 
other processes h ave played a role in pro
ducing the observed features of the regolith , 
but we believe the effects of these other proc
esses are subordinate to the effects of solid
particle bombardment of the lunar surface. For 
simplicity of statement, the subordinate proc
esses will not be considered in this discussion. 

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

Regardless of whether the observed craters 
are predominantly primary or secondary in 
origin, the size distribution of small craters 
appears to be a time invariant or steady-state 
distribution. Below a certain size limit, the 
size-frequency distribution of craters is the 
same at all Surveyor l anding sites despite  differ
ences in the abundance of larger craters and 
probable differences in age of the surfaces. This 
is shown most dramatically in the case of the 
Surveyor VII l anding site on the rim of Tycho, 
where the observed distribution of craters 
smaller than 3 meters in diameter is closely 
similar to the distribution observed on the 
maria,  even though the abundance of crat ers 
larger than 1 00 meters in diameter is more than 
an order of magnitude smaller on the rim of 
Tycho than it is on the nutria. The upper crater 
size limit for the steady-state distribution of 
craters varies as a function of the number of 
large craters and the age of the surface. I t  ranges 
from about 3 meters at the Surveyor VII landing 
site to about  50 to 200 meters at the mare 
landing sites. 

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

observed size-frequency distribution of the 
craters on the basis of the following simplified 
model. Functions F= xc\ fitted to the observed 
size distribution of craters larger than Cs (the 
steady-state l imit) , are assumed to represent 
the size distribution of all the small craters that 
have actually been formed. At any crater diam
eter below c., the difference between F= xc.,. and 
F= if>c�' represents the number of craters lost 
by erosion or burial as a result of repetitive 
cratering and other processes of crater destruc
tion .  The diameter of the l argest crater that has 
been lost or has become unrecognizabl e is c •.  
The loss of craters with diameters close to c8 
occms partly by erosion of the rim of the crater 
and partly by filling of the crater by debris 
derived from other craters both near and far. 
In terms of crater depth, most of the change in  
these crat ers occurs as  a result of  filling, and the 
thickness of the deposit filling an old crater of 
diameter c., which has just disappeared, is 
given by the original depth of the crater minus 
the original rim height .  Tlus thickness is about 
one-fourth c8 and represents the maximum 
thickness of the regolith in a. sample area of 
106 km2. 

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

( 1 3 )  

represents the cumulative frequency distribu
tion of all the cra ters smaller than C8 that have 
been formed on a given surface, and 

represents 
then 

where A, 

the area of craters 

IS the 

dF dA, 
--=a -

de ' de 

cumulative 

(14) 

of diameter c, 

( 15) 

area of craters 
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equal to ,  or l arger than, c whose floors consti
tute part of the base of the regolith and 

In addition, if the craters were uniformly 
spread over the surface so that at Ac= 1 06 km2 
the surface was completely occupied by craters 
equal in diameter to, or l arger than, the cor
responding val ue of c, and if at Ac= 2 X  106 
km2, every place on the surface h ad been 
occupied twice by craters equal in diameter to, 
or larger than, the value of c corresponding to 
Ac= 2 X  106 km2, then a critical value Cmtn would 
exist such that the floors of craters smaller 
than Cmtn could not  be part of the b ase 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 distribu tion of craters that would 
give the least variance in the thickness of the 
regolith, the critical ,·alue of c is reached at 
Ac ::::: 2 X  1 06 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 m ay 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 

Cmtn = 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 

= 2 X 1 06 km2 

The floors of actual craters are concave up
ward and those parts of the floors of in ter
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 regoli th be approxi
m ately represented by a fiat 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 ( 1 6) and ( 18) ,  an 
approximate frequency distribution for the 
depth of the regolith m ay be written in  the 
form 

where 

100A7rX(1/q)H2 

4 (A.+2)Am 

(hX+2_h8H2) 

H= cumulative percentage of the surface 
underlain by a regolith of thickness 
equal to, or greater than, h 

hmtn= qCmtn= minimum thickness of the 
regolith 

h,=qc,=ma:-..:imum 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 hwtn, h., and hmed for the Sur
veyor I,  V, VI, and VII l anding sites are listed 
in table 3-1 8, 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 l anding site because 
all the observations made from Surveyor I I I  
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 hmtn to h, 
and are close to hmed· At the Surveyor VI 
landing site, our best estimate of the thickness 
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TABLE 3-1 8 .  Predicted tMcknesses of the lunar regolith, based on eqs. (1 7) to (19) and the functions 
F = xc� listed in table 3-10, compared with best estimates of the tMcknesses of the lunar regolith 

Landing site hmiD• m a h.!', m a hmed, m a Best estimate b of thickness of the 

Surveyor L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 . 6 
Surveyor V _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 . 2 
Surveyor VL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2. 7 

Surveyor VII _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  . 05 

• hmin = predieted minimum thieknes_s of regolith. 
h,= predieted maximum thickness of regolith . 

hmed = predicted median thickness of regolith. 

1 4  
4 7  
25 

renolith, m 

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

(mare plain) . 
. 7  . 09 0.02 to 0 . 15  

b Best estimates based on observational data listed in  table 3-1 7. 

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 t-he 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 i nitial layer 
of fragmental material, such as a fragmental 
flow top or a layer of volcanic ash, or to a 
l ayer 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 deri,•ed 
from other observational data. This strengthens 
our confidence in the approximate validity or 
predictive '"alue of the proposed model. 

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

(20) 
where 

N.=cumulative number of particles equal 

to or larger than D per 108/ (2) K-lh mm3 
D=diameter of particles in millimeters 

The mass of a particle m can be estimated by 

(21) 

where v is the density of the particle. Combining 
equations (20) and (2 1)  

.f=N,=km• (22) 

where 

}= cumulative number of particles equal to 
or greater in mass than m per 108/ (2) 
J{-lh mm3 ( 6 ) ( y-1) /3 k=/{1- ( 1/-yl 7rv 

(1'-1)  
e =---

3 

Taking the functions N =KD..,, fi�tecl by eye to 
represent the average total particle distribntions 
from 1� to J{-1 11' at the mare sites, 'Y= -2 .42 for 
the 0-percent porosity model ,  and 'Y= -2.35 for 

the 50-percent porosity model .  The correspond

ing values of e nre - 1 . 1 4 for the 0-percent 

porosity model ,  and - 1 . 1 2  for the 50-percent 

porosity model. "\Ve "·ish 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 cumulath·e volume 
of the regolith goes to  100 percent at D =  1 ,u. 

The regolith will be assumed to be composed 
primarily of the cumulative ejecta from craters 
with a size-frequency distribution F= xcx, 
c :S: c  • .  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 proj ectile 

O=a scaling constant 
r= an exponent close to 1/3 

(23) 

Assuming v t o  be constant,  equations ( 1 3 )  and 
(23) may be combined to give 

(24) 

where 
fv= cumulath·e number of projectiles equal to, 

or greater in mass than, mp per 106 km2 

k1=xox(�)'r 

7J=Ar 

The mean for the four est imates of "A listed in 
table 3-1 0 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 7J is - 0 .98. :\lost 
of these projectiles are belie,·ed to be secondary 
fragments of the Moon. For primary project il es 
striking the l\1oon,  estimates of E ' ,  based on 
meteor photographs and on masses of meteorites 
recoYered on Earth, range from - 0. 8  to - 1 .34 
(ref. 3-38) . 

Gault, Shoemaker, and .:\Ioore (ref. 3-38) 
have shown that the cumulative frequency of 
particles ejected from craters formed in co
herent targets by project iles with the mass fre
quency distribution .fv = k1mp� can be expressed 
in the form 

(25) 

where 
339-462 0-69---<S 

J.= cumulath·e number of ejected particles 
equal to , or greater in mass than, m, 
per 1 06 km2 

m,= mass of ejected particle 

and 

"·here 

w = TJ + l
_ l  0 (26) 

o = the exponent of the function m b = kalo.1,6 

m b =  mass of the largest particle 
J11,= total mass of particles ejected from a 

crater 

From a variety of empirical data, o is found to 
range from 1 .0 for small craters to about 0.8 
for large craters. For 7J= - 0 .98, derived from 
the F= xcx distributions of craters, w =  - .098 ;  
for - 1 .  34 ::; 7J1 ::; -0.8,  estimated for primary 
proj ectiles, - 1 .44 :S: w ' ::;  - 0.75. 

In reality, the ejecta are repeatedly reworked 
by small craters, and the ej ecta from craters of 
diameter less than Cmtn do not add to the volume 
of the regolith. Thus, the volume of the regolith 
is only a \·ery small fraction of the cumulative 
volume of craters c 1 � c � c., where c1 is of the 
order of 1 0  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. I t  may be seen that w is slightly greater 
than E(w = - 0.98, E = - 1 . 1 4, - 1 . 12)  but that 
- 1 .4 5 � w' � - 0 .75 brackets E .  Considering 
the uncert ainties introduced by the approxi
mations used, the agreement is perhaps as good 
as could be expected. 

The size-frequency distribution of resoh·able 
fragments at the Surveyor III, V, and VI landing 
sites was found to be the same, within the errors 
of estin1ation, but at  the Sun·eyor I :md VII 
landing sites, coarse fragments are more n u
merous. At the Snn·eyor VI I site, the spatial 
frequency of coarse fragments is close to that 
observed in t he 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  fi,·e sit es, a 
strong i1werse 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. 

D irect evidence suggests that the occurrence 
of coarse blocks in anomalous abundance is 
related to the proxin1ity to blocky-rin1 craters. 
At the Surveyor I site, for example, a promi
nent  27 -meter-diameter, blocky-rim crater lies 
about 60 meters from the spacecraft ; many 
coarse blocks observed nearby may have been 
derived from this crater. The Surveyor VII site 
is on the rim of Tycho, and the great number of 
coarse fragments observed there is probably 
related to the fact that the regolith has been 
formed on relatively coarse fragmental debris 
of the Tycho rim . Most fragments l arger than 
30 em (diameters greater than twice the thick
ness of the regolith) are probably part of the 
fragmental , patterned flm,· material that directly 
underlies the regolith at the Surveyor VII site. 

Photometry of the Lunar Regol ith , as Observed by 
Surveyor Cameras 

H. E. HoLT AND J. J. RENNILSON 

Photometric data provided by the Surveyor 
pictures ha,·e been used to ( 1 )  determine the 
photometric function of the surface in the vicin
i ty of the spacecraft, (2) compare macroscopic 
textures of the surface with the observable 
photometric function , (3) t est for symmetry or 
degeneracy of the photometric function, and 
(4) lllYestigate the effect of scale on the photo
metric properties of the lunar surface. The 
photometric charact eristics of lunar materials 
obsen·ed 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. 

Unclisfurbecl 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. I t  was possible to 
make measurements of the surface luminance 
at  the mare l anding 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, relati,·ely complete goniophotometric 
measurements were obtained . Surveyor III 
landed ,yjthin , 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. Sun·eyor VII viewed 
a rolling-to-hilly terrain within the lunar 
highlands, where the Sun did not  rise more than 
48° above the north em 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°, 1 35°, 
1 80° , 225°, 270°, and 3 1 5° to test the symmetry 
of the local photometric function. The photo
metric sample areas ranged from 2 meters to 
approximately 1 00 meters from the camera . 
Uniform-appearing areas near the camera did 
not contain unresolved fragments larger than 
a few millimeters, while uniform-appearing 
areas 75 to 1 00 meters a\\·ay could contain 
fragments up to several centimeter:: ii1 diam
eter. Surf nee flatness was j ndged by studying 
pictures taken at low Sun e]e,·ations ; 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 ench picture. The film 
densities of the  selected areas were first com
pared to  the gray scale of that  frame, and the 
luminances were calculated from the transfer 
characteristic determined from the picture clos
est in time of the photometric target on the space
craft. The luminances from the gray steps of 
the photometric t arget ,,·ere 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 \Yere applied t o  the luminance ,·alues 
computed for the selected areas. 

Sun�eyor photom etric  data reYeal that  the 
luminance of the fine-grained surface i ncreases 
gradu ally \Yi th decreasing phase angle, and a 
rapid increase occurs between 1 0° and 1 °  phase 
angles. Among the  \"arious sample areas of fine
grained material at any given phase angle, only 
a sm all Yariation in lumin ance as a result of the 
change in angle bet\Yeen the surface normal 
projected into the phase plane and the reflected, 
or emergent,  light rays \\"US obsen·ed. The sur
face luminance gradually i ncreases as this angle 
increases \Yhen the proj ected surface normal 
occurs on the Sun side of the reflected light 
,�ector (negat i ,·e a) . A rapid decrease in 
luminance occurs as the angle increases ''"hen 
the proj ected surface normal appears on the 
reflected ray side of the phase plane (positiYc a) . 
These angles are shown in figure 3-80. 

The general photometric properties of the 
uniform, fine-grained material ,;ewed by all 
Sun·eyor cnmerns did not renal any Yariations 
dependent on lunar azimuth.  The photometric 
function of the fine-grained mnterial appears 
symmetrical and similar to the terrestrially 
measured lunar photom etric function which 
was based on measurements  restricted to east
west phase planes (Earth-�f oon-Sun plane) . 
The Sun�eyor data also indica te that the  lunar 
function is essentially scale independen t down 
to resolut ions of 1 em ; topographic irregularities 
larger than this appear to ha,·e lit tle 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 ; g, phase angle; i, 
angle of incidence; N, surface normal ; a, luminance 
longitude (negath·e toward Sun side of camera line 
of sight) ; ., angle of emittance. 

the telescopically m easured function. The lunar 
photometric function of N .  N. Sytinskaya and 
Y. V. SharonoY (ref. 3-39) , compiled a nd im
pro\•ed by D .  Willingham (ref. 3-40) , can be  
used in photometric data analysis of  images 
from R anger , Lunar Orbit er, and Suneyor 
wi th resolu t ions as small as a fe"· 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 , 
ho\\-e,·er, can cause local variat ions of the 
photometric function because the rocks haYe a 

different photometric function. 
Luminance mensurements m ade at phase 

angles of less than 5° "·ere extrapolated to  the 
peak luminance of 0° phnse a ngle. Homogeneous 
lunar-surface areas exh ibit their maximum 
luminance at  0° phase angle, regardless of the 
emi t t ance angle and orientation of the surface 
element. The peak luminance d i ,--ided by the 
solar illuminance is  cu l led the normal luminance 
factor, or normal alb edo. Est imntes of the 
norm al albedo "-ere made of the undisturbed, 
fine-grained material at  eaeh landing site. These 
est imates ranged from 7.3 to 8.5 percen t at th e 
mare s i tes ; the estimated normnl albedo was 
1 3 .4 percent at the Tycho si te  in the lunar 
highlands (table 3-19) .  
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FIGURE 3-81 .-Normalized lunar re
flectance versus luminance (bright
ness) longitude based on terrestrial 
observations by Sytinskaya and 
Sharonov (ref. 3-39) . Surveyor 
photometric measurements from 
+ 20° to - 89° phase angles were 
similar to the Earth-based telescope 
measurements, which indicates that 
the lunar photometric functions 
were essentially similar to scale 
independent to resolutions of a 
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TABLE 3-1 9 .  Albedo of Surveyor landing sites 

Normal albedo (normal 

Landing site 
luntinance factor) 

Lu • LE b 

Surveyor ! _ _ _ _ _ _  7. 3 5. 5 
Surveyor IlL _ _ _  8. 5 7. 6 
Surveyor V _ _ _ _ _  7. 9 to S. 4 7. 5 
Surveyor YI _ _ _ _  8. 2 6. 1 
Surveyor VII _ _ _  1 3. 4 9. 6 

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

Lt:/LE 

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

Variations in the ttlbedo of the u ndisturbed, 
fine-grained surface were not e\·ident from 
small phase-angle lumimtnce measurements ex
cept at the Sun·eyor Y landing site. The near
zero-ph ase luminances l l leasured from the walls 
and floor of the Surveyor V crater indicated a 
nearly u niform normal albedo of 7.9 percent, 
bu t the more le\·el surface ou tside the crater 
exhibited a normal albedo of 8.4 percent. Slight 
variations in the luminance of fine-grained ma
terial "·ere obsen·ed at lnrger phase angles 
(60° to 90°) in the middle to distant nreas (50 
to 200 meters) at the Surveyor I ,  V, and VII 
landing si tes .  Some of these areas oceurred 
near bloeky-rim crat ers from which many small 
fragments 

.
could haYe been ejected . Th� varia

tions could be produced by swarms, or strewn 
fields, of small fragments ( 1 - to 5-cm diameter) 
that cannot be resolved by the camera. 

Disturbed Material 

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

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

The measured part of ihe photometric func
tion of the disturbed m aterial extends from 
20° to 90° in phase angle and does not differ 
appreci ably in form from the function of th e 
undistmbed m aterial . Ratios of the luminances 
of the disturbed and undisturbed material show 
more accurately the differences in the photo
metric function of the disturbed material with 



TELEVISION OBSERVATIONS 107 

reference to  the more precisely measured func
tion of the undisturbed, fine-grained materiol 
(fig. 3-82) .  The derived photometric function 
appears to be Yery similar to that of the lll l 
disturbed material . Lack o f  a\'ailable photo
metric data at phase angles from 0° to  20° does 
not allo\\· determinat i�n of the complete nature 
of this function for undisturbed material , 
how eyer. 
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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° to 20° phase angle 
docs not permit determination of the complete func
tion for the disturbed material. 

The occurrence of a Yery thin, easily de
s troyed , light surface layer was one of the most 
surprising obsen'ations made with the Surveyor 
t elevision cameras. The ratio of the normal 
albedo of undisturbed surface material to  the 
normal albedo of disturbed subsurface material 
at the ,·arious Surnyor s i tes (t able 3-1 9) may 
])l'OYide a clue t o  processes affect ing the light 
surface layer. At the Suneyor 1, VI , and VII  
landing sites ,  about the same ratio was found 
for nearly flat areas. At  the Surveyor lii and 

V l anding sites, the ratio of albedos was much 
smaller ; there the measured surfaces slope 1 4° 
or  more. Pictures from SmTeyor l i i  proYide 
e\·idence that mass wasting or surface creep 
is actively occurring on lunar slopes (ref. 3-14) . 
The creep moYement may be caused by seismic 
shocks from meteoroid impacts or internal read
justments  or by t hermal expansion and con
traction. This moYement would t end to mix: 
the l ighter surface material with darker sub
surface material and there the ratio would 
be low as a consequence of the high rate  of 
1mxmg. 

The l owest ratio,  or contrast between surface 
and subsurface materials, was observed at the 
Surveyor V crater where the steepest slopes 
were observed. This crater probably \Yas formed 
by drainage of the fragmental material of the 
regolith in to  a subsurface cavity, or fissure, 
which would cause mixing of material along the 
crater wall . Continued creep inside the crat er 
may preYent the formation of a light surface 
layer equal in albedo to that formed outside 
the crater. The estimates of normal albedo 
support this concept ;  the level surface near the 
crater exhibits  an albedo of 8 .4 percent ;  inside 
the crater, the albedo is 7.9 percent. 

Rock Fragments and Blocks 

All coarse rock fragments and blocks that 
protrude above the general level of the surface 
are brighter at low angles of solar illumination 
and large phase angles than the fine-grained 
material . At small phase angles ,  most fragments 
and blocks are brighter than the fine-grained 

material , but  the contrast is much less, and a 
fe"· rocks are darker than the matrix material .  
The normal albedo of the larger measured 

fragment s  ranges from 9 to 22 percent. The 

photometric function of the measured rocks 

dift'ers markedly from that of the fine-grained 

material ; it resembles more closely that of a 

Lambertian scattering snrface than the funct ion 
for fine-grained material . 

A few rock fragments at the Surveyor \' 
and Y I I  landing s i tes showed small, bright 

areas, \Yhich yaried in posi t ion as n funct ion of 

i l lumina tion angle .  These t ransient bright spots  

may be caused by specular reflections from 
cryst als  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 sign ificantly 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 m a
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 ''ariations than 
measmements for the fine-grained material, 
partly because of less accurate photometric 
control , bnt chiefly because of the effects of 
di,·erse 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. REN N ILSON 

Color filters were incorporated m the Sur
veyor I, III, and Y television cameras in 
anticipation that color might be an aid in 
discriminating beh,·een lu nar-surface materials. 
Because only a limited number of filters could 
be used in the teleYision camera, three-color 
colorimetry was selected as the best method 
for measming nnd describing the colors ob
served \\'ith the camera (ref. 3-4 1 ) .  

The color filters in the camera-filter "·heel 
for Snn·eyor I \Yere selected so that the overall 
camera-filter spectral response (fig. 3-84) \\'ould 
dnplicate the s tandard color-matching func
tions of colorimetry as well ns 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 reflectance curve for rocks 
appears nearly Lambertian with a small backscatter 
peak superimposed ncar the zero-phase angle. 

single filters. Figure 3-85 is a graph of the 
overall camera-filter spectral response showing 
the fit to the standard Commission Inter
nationale d'Eclairage 1 93 1  (CIE) color
matching functions. 

A technique suggested by Davis and 
Wyszecki (ref. 3-4 1 )  "·as used for selecting 
color filters to fit the response of the Surveyor 
III and V television cameras approximately to 
the color-matching functions. T\\'o filters were 
used in series in the optical train of the camera. 
The fil ter glass components had to be 1 milli
meter or more in thickness to \\' ithstand the 
rigors of space flight. Because of \\·eight con
straints, the filter pairs were l imited to a total 
thickness of 3.0 millimeters. A special computer 
program \\·ns used for determining the idenl 
thicknesses nnd combinations of fil ters required 
to fit the SmTeyor III  and V camera systems' 
spectral response to the CIE color-matching 
functions ; the fit obtained \\'as fairly good 
(figs. 3-86 and 3-87) .  The filters were coated 
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FIGURE 3-84.-Spectral-rcsponsc curve of the Surveyor 
I television camera at the clear position of the filter 
wheel. 

(/) w ;;;) " -' 
� 
1/) ;;;) _J I I ;;;) ::;; 
>= (/) 
a: 1- 0 8  
w > >= 
<I , ,  -' 
w 
a: 

WAVELE NGTH, nm 

FIGURE 3-85.-0verall camera-filter spectral response 
of the Surveyor I camera using single filt er� in the 
optical path. The solid lines arc camera-filter response 
curves; the dashed lines arc the CIE col or-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
mat ely equal video signals \\'ould be produced 
by exposure to a daylight somce. 

In order to measure color from the  television 
pictures, it  is necessary to determine the camera 
tristimulus ,-alues, which are proportion al to 
the video voltage. The proportionality factors 
may be determined by measuring the Yideo 
signal \\'hen the camera. is exposed to object 
colors of known spectral radiance. Tristimulus 
values for the Sun-eyor III and V cameras "·ere 
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FIGURE 3-86.-Camera-filter spectral response func
tions of the Surveyor I I I  camera compared with 
CIE color-matching functions. Camera-filter spectral
respon�e functions arc shown with solid lines and the 
CIE color-matching functions shown with dashed 
lines. 

determined by observing a 3 X 3  matrix of 
filter/source combinations before launch ; the 
proportionality ftlctors were obtained by least
squares solution.  The chromaticity coordinates 
of these nine filter/source combinations \\'ere 
calibrated with a spectroradiomet.er. 

The spectral response of the vidicon tubes 
used in  the Surveyor television cameras is 
sensith·e to tem perature. Variation of the 
spectral response of the Surveyor t elevision 
cameras with temperature was not calibrated 
before fligh t ;  thus, tristimulus values obtained 
from measurements of pictures of calibrated 
color targets, taken on th e lunar surface at the 
opera t ing t emperature of the camera, must be 
used for accurate calculation of color.  The color 
targets were prO\·ided us parts of the two photo
metric targets mounted on tbe spacecraft.  Three 
colors "·ere present on each target, and they 
were cnlibrn t. ed before launch with n spect.ro
radiom et.er while irradiated by a known spectral 
source at various angles of incidence. 
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FIGURE 3-87.-Camera-filter spectral-response func
tions of the Surveyor Y camera compared with CIE 
color-matching functions. Camera-filter spectral
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Sets of pictures for colorimetric measurement 
were taken of various parts of the lunar surface 
at the Surveyor I ,  I II ,  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
t empts to look for color differences have been 
made by preparing color pictures, by color 
reconstitu tion methods, using the preflight cali
bration for con trol . The preliminary results 
show the  disturbed nnd undisturbed surfttce 
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 demonstrable differences in 
color observed on any of the coarse blocks so far 
examined, which are all gray, but lighter gray 
than the fine-grained matrix of the surface. 

Polarimetric Observations of the Lunar Regol ith 

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 orien t ation relative 
to the camera and Sun . Sample areas were 
selected along the east-west Sun l ine to compare 
low-resolution 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 t est for symmetry in the lunar 
polarization functions .  Additional areas con
taining large rock fragments, disturbed material, 
and footpad imprints were selected for special 
examination. After lunar sunset, pictures were 
t aken of the lunar surface illuminated by 
earthlight t o  measure t h e  depolarization of 
earthlight reflected from the l unar surface. 

Method of Polarimetric Measurements 

Pictures of the lunar terrain ''"ere taken with 
three polarizing fil ters rotated sequentially in 
front  of the camera lens, while the aperture and 
other camera conditions were held constant.  
Variation in the apparent radiance of the same 
image element contained in the three pictures is 
caused by a polarized component in the light 
incident on the filters . The great er the degree of 
polarization, or percent age of linearly polarized 
light  in the l ight sca ttered from the lunar sur
face, the greater the variation in apparent 
radiance of image elemen t s  in pictures taken 
through the three fil t ers . Laboratory t ests with 
a slow-scan television camera and three polariz
ing filters h ave shown that as l i ttle as 5 percent 
linearly polarized l ight can be measured with 
moderate precision and as little as 3 percent can 
be detected. 

The orientation of the polarizing filters re
mains fixed with  respect to the camera mirror 
and rotates with respect to the picture format. 
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The Surveyor VI camera was tilted about 16° 
from the lunar ,·ertical toward the lunar azi
muth 60° before the hop, and 13° toward 56° 
azimuth after the hop ; the Suneyor VII 
camera was tilted about 16° from the lunar 
vertical toward the lunar azimuth 2g0°. 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 \'iewing posi tions, 
the axes of filters 2 and 4 are inclined to the left 
or right of these positions , reaching the maxi
mum inclination of 1 6° at \'iewing positions at 
right angles to the camera til t plane . 

. For a first approximate analysis, the degree of 
polarization was computed by dividing the dif
ference between the luminances obsen·ed 
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 Suneyor camera mirrors has shown 
that a linearly polarized component of light "'ill 
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, t ends 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 goo phase 
angles, and as much as 1g percent polarization 
between goo to l l0° phase angles. The degree of 
polarization decreases at larger phase angles, 
declining to 8 to l l  percent at 155° phase angle. 
Differences in the degree of polarization at  a 
gi,·en phase angle in light scattered from sur
faces north and south of the camera \Yere 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 
obsen·ed 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 
cmTe 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 1 00° phase angle, 
follo\Yed 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 resolu tions of about 1 em are 
similar to the telescopically obsen·ed 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. 
3-8g ; refs. 3-42 and 3-43) . Thus, the polari
metric results are consistent with elemental 
analyses from the alpha-scattering experimen t 
conducted on Surveyors V, VI, and VII (ref. 
3-44) 0 

Polarimetry of Rock Fragments 

Rock surfaces obsened on the maria and 
highlands exhibited a greater variation of 
polarizing properties than the fine-grained 
m aterial. A few rock surfaces are simil ar in 
their polarizing properties to the adjacent fine
grained material, while others produce a max
imum polarization of the scattered ligh t ;  that 
is, two or more times greater than that produced 
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FIGURE 3-88.-Preliminary polarization measurements for undisturbed fine-grained material 
on the lunar surface near Surveyor VI (maria) at left, and Sun·eyor VII  (highlands) at 
right, compared with polarimetric functions derived from telescopic measurements. The 
two curves from telescopic data represent the limits of t he range of polarimetric measure
ments (refs. 3-42 and 3-43). 

by the fine-grained surface materials. The 
degree of polarization of light scattered from 
some rock surfaces Yaries mostly as a function 
of phase angle, and the orientation of the 
scattering surface has a subordinate effect 

25 

20 

� 15 
t<% N 
"' <% 10 ..J 
0 
a. 

0 

50JL 

-5�o----��--�6�0----���--�1�20�--�15�0----1�80 
PHASE ANGLE, deg 

FrGURF. 3-89.-Polarization curves for fresh fracture 
surfaces of olivine basalt and powdered olivine 
basalt samples (refs. 3-42 and 3-43) . For comparison, 
the average telescopically measured polarization 
function for fine-grained mare and highland materials 
are superimposed on the polarization curves for 
basalt. 

The orientation of the plane of polarization of 
the linearly polarized light component con
tained in the reflected sunligh t tends to be 
parallel to the vie\\·ed 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 th an 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 
haYe an estimated normal albedo (normal 
luminance factor) that is at least two times 
higher than the normal albedo of the adj acent 
fine-grained rna terial. 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. 

l\'lore rock fragments were viewed from 
Surveyor VII than from Surveyor VI, and 
polarization measurements were obtained over 
a greater range of ph ase angles (5° to 135°) . 
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The rock surfaces again exhibited a more irregu
lar polarization function than the fine-grained 
material of the lunar highlands. The light 
scattered from some rocks showed only slightly 
more polarization than that of the fine-grained 
materials ; other rocks caused three to four 
times greater polarization (fig. 3-90) . The 
light scattered from some rocks exhibits a 
rapid increase in degree of polarization, starting 
at 6 to 9 percent and going to 25 to 34 percent, 
over the interval from 70° to 1 25° phase angles. 
Maximum degree of polarization caused by 
individual rocks occurred between phase angles of 
1 14° to 1 28°. The measurements were obtained 
only at 8° to 13°  phase-angle intervals, however, 
and the peak degree of polarization from rocks 
causing strong polarization of light ecattered 
occurs between 1 20° to 122° ph ase o.ngles. The 
rocks producing high-peak polarization are 
among the brightest rocks observed on the 
lunar surface and have an estimated normal 
albedo nearly twice that of the fine-grained 
material. 

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

Depolarization of Earthlight Reflected From the Lunar 
Surface 

During the lunar day, polarimetric m easure
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 a\'erage polarimetric function 
with about 6% percent polarization at a 
phase angle of 95°. Pictures were also taken 
through the polarizing filters of this fine-grained 
material about 1 2  hours a.fter 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 1 5 ± 2  percent 
from a series of pictures of the Earth taken 
through polarizing filters within a few minutes 
of the pictures taken of the l unar surface. 
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FIGURE 3-90.-Preliminary polarization measurements of light scattered from surfaces of 
rock fragments near Surveyor VI (maria) left and Surveyor V I I  (highlands) right. 
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Preliminary reduction of the polarimetric data 
indicates that the polarization of earthlight 
scattered from the lun::tr surface is abou t 
1 0 ± 2 percent n,t :1 phase angle of 92°. The 
observed depolarization of the scattered earth
ligh t is probably cansed by multiple scn,ttering 
from the surf::tces of grnins composing the 
Yery porous l un ar surface. 

Summary of Polarimetric Measurements 

Preliminary reduction of the polarization 
m easurements from Surveyor VI and VII 
pictures indicates that the polarimetric func
tion of the fine-grained part of the regolith 
reaches a m aximum of 7 to 9 percent in the 
highlands and 16 to 19 percent on the m aria. 
These polarimetric functions, m easured for 
areas of 1 cm2 to 1 m2, are similar to those 
measured at the telescope for areas of more 
than 1 00 km2; thus, the polarimetric functions 
are nearly independent of scale. The pol ariza
tion function of fine-grained lunar m aterial 
closely m atches the polarization function of 
basalt and gabbro powders (fig. 3-89) . The 
polarization function for the m are sites more 
closely m atches that of basnlt powders about 
75 microns in mean size;  the polarization 
function for th e highland site is similar to 
basal t po\Yders ground to about 30 microns 
in diameter (fig. 3-89) . 

The polarim etric function of the lunar rocks 
varies from n early the same as that of the 
fine-grained surface m aterial to functions with 
m axim a  more than t\Yice th e m axima observed 
for th e fine-graine<.l surface m aterial. The rocks 
producing strong polarization effects also h ave 
high estimated albedos. Rocks that produce 
polarization sommd1at similar to the fine
grained m aterial and hn,,-e an int ermediate 
albedo may consist of shock-li thified, fine
grained m aterial, or strongly shock-altered, 
coarse crystalline rock . 

The O\'erall observed polarimetric function 
of l unar rocks is more like th at of terrestrial 
basal ts and gabbros than any other common 
rock type ;  it  is intermediate between the 
functions of fresh fracture surfaces ; and basal t 
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, th e fragments 
h ave undergone ,-arying degrees of shock alter
ation and comminution of crystals .  The pol ar
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 fin ely 
fractured material. 

Sunset Observations 

J. J. RENNILSON 

During obsen'ations of the western horizon 
shortly after sunset, an unexpected phenomenon 
was noticed in the S urveyor missions. A brigh t 
line \\'ith several bright beads was observed 
along the western horizon as late as 1 hour 
after the upper limb of the Sun h ad set. The 
beads disappeared by groups as the Sun 
dropped lo\Yer beh ind the local horizon. Al
though first recorded by Surveyor I, the 
ph enomenon was first recognized during the 
Sun'eyor VI mission. I t  was again observed 
dnring the Suneyor VII mission, but polari
metric m easurements of the phenomenon 
were taken only \Yith Surveyor VII .  To date, 
o nly the Sun'eyor VI data ha\'e been reduced 
to photometric nnits. 

The SurYeyor VI data consisted of a total of 
seven n a!To\\·-angle frames, spanning about 
30 minu tes in time.  Frames numbered 1 ,  2 ,  4,  5,  
and 6 "·ere reduced using the mission analog 
m agnetic tapes and th e data processed for 
absol ute luminances (ref. 3-37) ; frames 3 and 
7 were omitted from the final reduction beacuse 
of inconsistencies in their exposnre data. 
Figure 3-9 1 sho\\'s the location of the photo
metric data in the processed frames. All 

significant picture elements \\'ere plotted in 

t erms of their television line itnd position 
along that line. The hetwy line in figure 3-9 1 
represents th e apparent pn,th of the Sun n,s i t  

t ra,·ersed th e "·estem horizon. Dots on this 

line are positions of the Stm's center in each 

of th e usable frames. The dots, designated I S  
and 1 9 ,  are reseau marks o n  the vidicon . 

The angular separation of these dots is 1 .383° . 
No tice that the distribution of picture elements 

in this illustmtion is for the first frame only. 
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FIGURE 3-9 1 .--Location of photometric data used to determine the luminance of the bright 
line on the western horizon after sunset at the Surveyor \'1 site on Nov. 2-1, 1 967, 1 4 : 1 5 :26 
Gl\lT. All significant picture clements (pixels) arc plotted according to position on the 
television scan lines. The hc:-tvy l ine is the :1.pparent path of the Sun ; the numbered 
positions 1 to 7 are the centers of the Sun's disk in the pictures. 
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FIGURE 3-92.--Luminanee variation of the bright line along the western horizon after sunset 
at  the Surveyor \'I site. Angular distance is measured right or left of the i ntersection of 
the Sun's path with the horizon. The solid line represents the data from the first picture 
only ; maximum values of the other pictures are shown with identifying symbols. 
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FIGURE 3-93.-Luminanee of a bead (line 320, element 
360) in the bright line on the horizon after sunset at 
the Surveyor \"I site. Luminance is plotted as func
tion of angular distance from the center of the Sun's 
disk for six pictures. 

Preflight calibration was used to establish 
the correct luminance Yalue for each picture 
elem ent. Televi,ion frames obtained during this 
calibration consisted of pictures of a uniform 
area light source. Variation in th e luminance of 
this source caused proportionate changes in 
the camera Yideo signals. Computer processing 
of these signals at the same iris position re
sulted in a t ransfer chamcteristic for each 
picture element. Thus, effects such as camera 
shading and nonlinearity of camera response 
were considered. 

Figure 3-92 sho\\·s the ,·ariation 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 m easured right ttnd 
left from the intersection of the Sun's path 
ttnd the horizon. N egath·e ttngles ttre m easured 
from the left of 0°. For clfirity, the solid line 
represents the dattt for the first frame only. 
The m ttximum Yttlues of the other frames are 
plotted \\·ith identifying symbols. l f  ,·ideo 
signals "·ere saturated, the clattt points "·ere 
not included in these frames. It m tty be seen 
in figure 3-92 that positions of the beads do 
not change as the Sun sets. K o ne\\- beads 
ttppearecl and the brightness of each bead 
decren.secl "·ith time. 
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FIGURE 3-94.-Luminancc of a bead (line 3 10, element 
375) in the bright line on the horizon after sunset at 
the Surveyor \'I 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 two beads. The centers of these beads 
are marked by the line and element coordinates 
shom1 in figure 3-9 1 .  The angular distance 
refers to the angle between the center of the 
bead and the center of th e Sun. As the Sun's 
angular distance increased, the position of the 
beads' luminance maxima shifted. The dotted 
line indicates the trace of the m axima 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 oLT 

Throughout the lunar day, a. series of pictures 
\\·as taken intermittently by the Surveyor VII 
camera through the polarizing and clear filters 
to obta.in 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 Yiewed from 
the ).foon during the January 1 968 lun ation . 

A sequence of Earth pictures was taken m·ery 
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FIGURE 3-95.-A series of pictures of the Earth taken 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, 1 968, of the 
partially illuminated Earth taken by the Surveyor VII camera. The Earth rotated 1 80° 
from left to right during this 26-hour viewing period, or about 30° between successive 
pictures. Sunrise occurs on eastern Australia at about 20 :00 G MT. At 03 :00 G MT, 
sunrise occurs along the east coast of Africa ; most of the Indian Ocean is covered by 
clouds. 
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2 or 3 hours (fig. 3-96) start ing at 1 7 : 1 1  G:\IT 
on January 22, 1 968, and t erminating at  1 9 :37 
G�IT on January 23, 1968.  The pictures t aken 
d uring the 26-hour period pro,·ide the inform a
tion for studying the  ntriat ion in reflectance o f  
Earth a s  a func t ion of rotation and changing 
clou d  distrib u t io n  during a single day. The 
Eart h 's refl ec t ance obsern'd from t he Su tTeyor 
VII pic t ures "·as abo u t  1 5  t o  20 percent h igher 
than expec ted,  and n1.riat ion in reflectance of 
1 1 ± 3 percen t occurred bet\Yeen 1 0 : 1 1 and 1 2 : 1 3  
G�IT on January 23. 

Prelimin ary pol arization m easurem ents indi
cate th at t h e  pol arized component of the ear th

l ight ,·aries as a function of cloud cover and the 
ch anging pat t erns of oceans and continents 
during ro t at ion . Specul ar polarization appears 
to  occur o \·er an urea of about 2 X  1 06 km2 in th e 
approximate geometric center of the E::nth's 
illuminat ed crescen t .  The degree of polariza t ion 
of ear thligh t from t h e  specular reflec tion area 
,-aried from 26 to 30 percen t oYer clear parts of 
the oceans, 1 2  to 1 6  percent oYer clear parts o f  
the continents, and 4 to 8 percent o \·er clouds. 
Thus, the cloud distribu t ion oYer the area of 
specular reflect ion h as a strong effect o n  the 
degree of polarization of earthligh t . The degree 
of polarization of earthlight is m uch less from 
areas beyond the zone of specular reflection . 
D igit al data-processing proced ures are being 
conducted t o  determine m ore accurately t h e  
polarimetric funct ion of t h e  Earth . 

Ecl ipse of Sun by Earth, as Seen From Surveyor I l l  

E .  :\ I .  SHOE�IAKER, J.  J .  IlENNILS0:-1, A X D  
E. A .  WHITAKER 

In l a t e  morning of the first l unar day of t h e  
Sun·eyor II I  mission, :m unnsu al o p port u n i ty 
occ urred t o  obsetTe an eclipse of the un by t h e 
Eart h ;  this ecl ipse t ook plnre on April 24 , 1 967 .  
"�ere it  no t for t h e  fact that  the spacecraft \nl.s 
t il t ed as m uch as 1 4 .7°  t o the "·est itnd \\·as 
orien t ed fa,·orably "·ith respect t o  azimuth,  
i t  would not h:we been possible to obserYe the 
Eart h from n. lan ding sit e  at 23° W l ongit ude 
because of t h e  l imi t ed range uf ele ,·a t i on angles 
through which the mirror can be st epped. To 
obsen·e the  Eart h ,  t h e  mirror \\·as poin ted up
\\·n.nl and posi t ioned a t. its highest permissible 

339-16!! 0-6!) --9 

eleYation step, and \\·ide-angle pictures of t h e  
ecl ipse "·ere ob t ained . T h e  im age of t h e  Earth 
was reflected from nry near the u pper edge of 
the m irror. During t he eclipse , two series of 
p ic t ures (�0 pict ures t o t al) were ob t ained 
t hrough the color fil t ers. The first series of 
pict ures \Y<lS ob t ained at approxim a t ely 1 1 :24 
G:\lT;  the ::-econd set \nts obt ained approxi
m a t ely 37 minutes later. T h e  pic t ures "·ere 
t aken at t \\·o iris positions, and mnl t iple pic
t ures "·ere t aken t h rough each filter. 

D ming the ecl ipse , the Snn passed b ehind 
the E n rth along a path th at brough t t h e  position 
of the cen ter of the Sun, as seen from the :\ loon, 
to  within 15 m inu t es of the sublunar point on 
the  Earth (fig. 3-97) . A t  the t ime the Sun was 
m ost n early ren terPCI b ehind t h e  Earth,  t h e  
proj ected center of t he S u n  lay northeast o f  
t h e  su bl unar poin t .  T h e  s nblunar point was u.t 
abon t 1 72° W longitude and 1 2.5° S l at it ude at 
the t im e the first series of pict ures was t aken, 
and at abou t 1 79° E longit ude and 1 2 . 5° S lat i
t u d e  at the  t im e t h e  second series of pic tures 
m1s t aken . Th ese positions are in the sou thwest 
Pacific . The limb of th e  Earth l ay along west ern 
Xort h Am erica, t h e  eastern Pacifi c ,  east ern 
A n t arc tica ,  t h e  central Indian Ocea n ,  sou t h
east A,:;ia,  cen tral China, eas t ern Siberia, and 
a shor t arc :1cross the \\·estern Arc t ic Ocean. 

In t he firs t series of ecli pse pictures, t he 
Earth is partly SUITOUIHled by a halo of re
fract ed light t h at Yaries grea t ly in brigh t ness 
from one posi t ion t o  another along t h e  limb 
(fig. 3-98) . A Yery brigh t region , approxima tely 

60° in are length, l ies along the  northern part. 
of the limb , nearest t h e  position of t h e  Sun. 
In  the maj ority of pic t ures t n.ken,  part s of the 
im age of the h alo in this region are saturat ed .  
O n  ei t h er side of this brigh t region , the halo 
has < L  beaded a ppearanc e ;  ;m all brigh t areas of 

short a rc length are separn.t ed from ot h er 
brigh t are:ls by sect ors of th e halo that are 
relat inlY fain t .  � f ost of these brigh t areas or 
ben.lls m�e only n. fe"· clegrees in lengt h .  but one 
rel a t i Yely bright sec t or,  about 20° long , is 
presPnt that  C<Lilnot  be resnh·ed into separat e  
heads. A t. least 1 2  bead,.; r an h e  distinguished 

in the h n l o .  
A g a p  rangi ng from abo u t  50° t o  more than 

90° is presen t in t he images of t he halo :tlong 
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O R I ENTATION OF BOT TO M  E D G E  O F  T E L E V I S ION P I C T U R E  OF E C L I P S E  

FIGURE 3-97.-Diagrams showing orientation o f  Earth and position o f  the Sun, a s  seen from 
the l\Ioon on Apr. 26, 1967, at 1 1 :24 Gl\IT and 1 2 :0 1  G l\IT. A series of pictures of the 
eclipse of the Sun by the Earth was taken by the Surveyor I I I  television camera at 
approximately each of the times illustrated. 

FIGURE 3-98.-Superimposed Surveyor I I I  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 the 
time the second series was taken. An eclipse 
image taken from the first series of pictures 
has been reduced in size and is  shown nested 
within an eclipse image taken from the second 
series of eclipse pictures. The angubr orienta
tion of both i mages is the same. Line marked 
N-S shows projection of Earth's axis on plane 
of pictures. Eighteen beads, identified by 
letters, can be distinguished. Note that the 
angular position of beads in the refraction halo 
tends to remain the same; the bright region 
nearest the Sun changes position between the 
time of the first series of pictures and the time 
of the second, following the Sun. 
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the eastern limb of  the Earth. Over most of  the 
arc length of the gap, the halo is too faint to be 
detected with the exposures used, but o\·er a 
short sector of the gap, the image of the Earth 
may have been cut off by the edge of the camera 
mrrror. 

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) . 1\fore 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 \\·as reduced to an arc 
length no greater than 40°. At least 1 8  beads 
can be distinguished in the halo in th e best 
exposed pictures. :\fany of these beads occur 
at nearly the sam e  angular position, relative 
to the projection of the Earth's axis, as the 
beads obsen·ed 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 distribu tion of the beads, each bead's 
position in the second series of pictures was 
measured relath·e to the projection of the 
Earth's axis. These positions were plotted o n  
the trace o f  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 (a) and (b)) .  Even though there was some 
shift in cloud patterns between the time the 
ESSA 3 pictures were taken and the time of the 
eclipse, it  can be seen that the beads occur 
predominantly over clear or largely clear re
gions between the clouds. Clou ds tend to occult 
the refracted rays of the Sun,  most of which 
pass through the low atmosphere at the limb ; 
the beads occur Itt depressions in the optical 
silhouette of the Earth. 

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

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

The digitization procedure ndopted for the 
television pictures generates n lnrger number of 
digital picture elements along a scan line than 
there are scan lines in the pictu re ; the digital 
picture is a rectangular m atrix 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. colorimetric data in 
each of the digitized pictures from this series 
was 644 . Chrom aticity coordinates for selected 
picture elements were calcul ated, by m eans of 
the tristimulus value equations, from the digital 
voltages of corresponding elements in pictures 
taken through each of the three color fil ters. 
Because of present uncertainties abou t the pre
flight calibration tapes and because of possible 
jitter or other displacement of image points in 
corresponding pictures, the calculated chroma
ticity coordinates m ay h ave an error of as much 
as 0 .03 in x and y. 

Chromaticity coordinates were calculated for 
1 8  points on the images in the first series of 
eclipse pictures and were plotted on a chroma
ticity · diagram (fig. 3-10 1 ) . The location of 
these colorimetric measurements wi th respect to 
the eclipse images is shown in figure 3-102. Also 
plotted on the chromaticity diagram are th e 
locus of color temperatures for it body that obeys 
Planck's law (a blackbody) and the locus of 
color temperatures for natural d ttyligh t a.s far 
as 4800° K. Loci of correlated color temperature 
(ref. 3-45) are shown crossing the Planckian 
locus in figure 3-10 1 .  

l\1 ost colorimetric m easurements were made 
in the bright region of the halo controlled by the 
position of the Sun. M ost measurements in this 
region hnxe a correlated eolor temperature close 
to 4800° K. Beads in the halo exhibit lo\\·er 
correlat ed color temperatures. The center of 
bend G, close to the bright region,  has a eor
related color temperature of about 4000° K, 
a n d  the center of  bead A, which l ies o,·er 
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FIGURE 3-99.-Stereographic mosaics of ESSA 3 pictures of the Earth, taken the day before 
the eclipse. (a) �orthern H emisphere. (b) Sout hern H emisphere. Bright areas arc 
clouds and, in mountainous regions and the Arctic, snowfields ; dark areas are clear. 
Note position of African continent whieh may be seen in t he clear areas on right-hand 
side of (a) . Trace of limb of Earth, as seen from the :\loon, and positions of bends and 
t he bright region in t he refraction halo of the Earth oiJscrYed in the second series of 
eclipse pictures taken by Surveyor I l l  are shown by the white circles and lines that 
extend from 90° \\' to 90° E.  Beads occur in areas that are largely clear. Letters beside 
symbols for beads correspond to letter identification of beads in figure 3-98 (mosaic 
provided by Dr. D. S. Johnson, National Environmental Satellite Center, ESSA) . 
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FIGURE 3-99.-Continued. (b) Southern Hemisphere. 

A n t arc tica,  farthest from the proj ect ed position 
of the Su n .  h as a eorrelated color t em perature 
of approximat ely 2850° K .  The correl ated color 
t emperatu re t ends to decrease in d ireet ions 
a"·ay from the proj e c t ed position of t h e  Sun 
and also t ends to d ecrease to\\·ard t he inner edge 
of t h e  halo. As \\·ottld be expeeted,  the col or 
t emperatme tends to he lo1rer for l ight t h a t  
follO\n:�d paths o f  greater atm ospheric n.bsorp-

t ion. ::\fost of t h e  eolors presen t in t.he Im ages 
h n,d puri ties less t h an 50 p ercen t .  
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4 .  L unar Surface Mechanical Properties 

R. Choate, S. A. Batterson ,  E. 1\1. 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 spacecmft (fig. 4- 1 ) .  This 
report summarizes the mechanical properties 
sections of the SmTeyor l\Jission Reports (refs. 
4- 1 to 4-5) , \\'h ich contain information on soil 
cohesion, adhesion, permeability, compressibil
i ty, particle-size distribu tion, bearing strength, 
el asticity, frictional and light reflectance charac
teristics. �f echanical property estimates pre
sen ted are results of interpretations of landing 
telem etry d ata and television pictures of footpad 
and crushable block landing imprints, alpha
sca ttering-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 
obtain ed data on mechanical properties. 

To study lunar soil erosion effects and to  
determine soil properties, Surveyor ,·ernier 
engines and attitude control j ets were operated 
after the landings. Erosion effects were obsen·ed 
\Yhen : ( 1 )  Snr,·eyor V vernier engines were fired 
at low thrust,  withou t spacecraft movement; 
(2) Surveyor VI vernier engines were fired at 
higher thrust, resul ting in a hop of 2.4 meters 1 
(ref. 4-4 ) ;  and (3) Surveyor VI attitu de control 
gas j ets \\'ere operated. 

Soil at the fi,·e landing sites was found to be 
remarkably similar in many of i ts physical 
properties, much more similar than would be 
expected at fh·e w idely separated terrestrial 
sites selected in a manner similar to those of 

1 Values are given in centimeter-gram-second units. 
To convert to foot-pound-second units, the following 
factors apply : 1 m = 3.2S ft ; I cm= 0.394 in . ;  1 N 
(newton) = 1()5 dynes = 0.225 Ib ;  1 N /cm2= 1 .45 lb/in .2 ; 
1 dyne/cm2= 10-5 N/cm2= 1 .45X J Q-5 lb/in.2 ;  1 poise 
= 1  dyne scc/cm2= 2.089 X l0-3 lb sec/ft2. 
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Sun·eyor. At each site, the soil is granular and 
slightly cohesive. Although predominately fine 
grnined,  the soil contains a small percentage of 
rock fragmen ts in a wide range of sizes. 

Spacecraft Landings 

Description 

Surveyors I, VI , and VII made nominal 
landings on relat ively fla t su rfaces ; Surveyor V 
landed at close to nominal conditions, bu t in a 
small crater with an inner slope of about 20°. 
For these spacecraft, ,·ernier-engine shu tdown 
occurred at 4 . 3  ± 1 .4-meter altitu de, when the 
spacecraft were essentially horizontal, with 
vertical velocities of 1 . 5  ± 0.5 m/sec and horizon
tal ,·elocit ies l ess than 1 m/sec. Sur\·eyor III 
made an u nplanned triple landing because the 
vernier engines continu ed to fire during the first 
two touchdo\nls. The second touchdown oc
curred 24 seconds after the first touchdown ; 
12  seconds later (Yz sec after termination of 
engine thrust by Earth command) the third and 
final touchdom1 occurred. During this landing 
sequence, the spacecraft progressed down the 
10° (average) inner slope of the large crater in  
which it  l anded (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 l egs wi.t.h crushable footpads (fig. 
4-3) and three cylindrical crushable blocks 
mounted u nder the frame near the leg attach
ments. During l anding, the legs rotated up\\·ard 
around their hinge axes, and energy was 
absorbed by compressing the shock absorbers. 
·when leg rotat ion was sufficiently great, the 
blocks cont acted the surface and provided 
additional energy-absorption capability. After 
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FIGURE 4-1 .- Ground leYel view of a Rurveyor spacecraft. Each spacecraft has three sym
metrically located footpads, shock absorbers, crushable blocks, Ycrnier engines, and 
three attitudP. control jets. 
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TABLE 4-1 . Summary of landing conditions 
-

Ill iss ion 
-- -

Parameter Surcevor Ill Sun•evor VI Tolerance 
Surreuor Surt•evor Y Surceuor 

I VII 
Touch· To uch- Touch- Initio/ 1/op 
do1cn I do1cn 2 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 _ _ _ _ _ _ _ _ _ _  0. 3 0. 2 0. 8 0. 9 0. 3 0. 3 0. 5 0. 1 ± 0. 2 

Angle of surface slope, dcg_ 1. 0 1 1 . 5 14. 0 9. 2 19. 5 0. 9 - - - - - - - - 3. 1 ± 0. 5 
l\laximum axial shock-

absorber load (leg 1 ) ,  N .. 6 1 90 2970 1420 3860 5620 7000 14 900 7330 ± 5 % 
l\laximum axial shock-

absorber load (leg 2), N __ 7 1 1 0  3060 2800 2440 7280 8000 7800 7800 ± 5 % 
l\laximum axial shock-

absorber load (leg 3) , N _ _  6220 3680 2350 4 1 20 7300 7000 8600 6540 ± 5 % 
l\lass 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, em _ _ _ _ _ _ _ _ _  3 - - - - - - - - 2 2 4 ± 2  6 6 4 ± 1  
Depth of footpad 3 • 

penetration, em _ _ _ _ _ _ _ _ _  2 - - - - - - - - 2 4 4 ± 2  3 3 4 ± 1  
l\laximum travel distance 

of ejecta, em _ _ _ _ _ _ _ _ _ _ _  50 - - - - - - - - - - - - - - - - 70 so 50 90 40 ± 5  

• The footpad depths listed arc the estimated depths of the footpads below the undisturbed surface i n  the ir 
final position ; depths of penetration correlating to times at peak shock-absorber loads were generally different 
than the final depths ; see table 4-2. 

�
----

1 f-4 - - - 74 cm 

FOOTPAD DETAIL 

F I GURE 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 em at the top and 20.3 
em at the bottom. 

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

A temperature-eompensatecl strain-gage bridge 
was mounted on each shock absorber to moni
tor its axial load history, which was telem
eterecl to Earth in the form of a eontinuous 
analog signal . Initial strain-gage histories for 
each landing are shown in figure 4-4 . Except for 
the first two landings of Suneyor III ,  all 
recordings indieate zero-force level before touch
down because the spacecraft were in a free-fall 

FIGURE 4-4.-TelemPtry 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 
I I I :  first touchdown. (c) Surveyor I I I : second touch
down. (d) Surveyor I I I : final landing. (e) Surveyor 
V :  landing. (f) Surveyor V I : initial landing. (g) 
Surveyor VI : hop landing. (h) Surveyor VII : landing. 

z 
w 
u ll: 0 u_ 

6000 LEG I 

4000 

2000 

0 

-2000�----------------------------------� 

8000 LEG 2 

6000 

4000 

2000 
. �1  0 

-2000 

6·ooo LEG 3 

4000 

2000 

0 

-2000 

l--- 1 sec______.j TIME - (a)  

-2000 t:._ _____________________________ .::o 

4000 LEG 2 

- 2000 !=-------------.---------------------.:::J l-l sec_j TIME - ldl 



MECHANICAL PROPERTIES 1 33 

2 

w 
u 
a: 

e 

z 
w 

4000 

- 2000 �----------------,-----------------------� 
I I 

-- I  sec -- _, TIME - lbl 

8000 LEG 2 

6000 

4000 

� 2000 
0 "-

- 2000 L_ ________________________________________ � 

8000 LEG 3 

6000 

4000 

2000 

- 2000 c_ ______________ �------------------------� 

� l sec_J TIME - lel 

z 
w 
u 
a: 
0 

2 
w 
u 
a: 
0 
"-

LEG zl 

- 2000�-----------------------------------------" 

2000Cf\
� 

� 

- 200:c v ---- -

LEG 3 

l----- I sec - J TIME - lei 

8000 LEG I 

6000 

4000 

2000 

0 

- 2000�--------------------------------------� 

8000 LEG 2 

6000 

4000 

"- 2000 

0 

- 2000 c_ ______________________________________ � 

8000 

6000 

4000 

2000 

0 

- 2000 c_ ______________ �----------------------� l-l sec___j TIME - (f)  



134 SURVEYOR : PROGRA1f RESULTS 

LEG I 
14,000 

12,000 

10,000 

8000 

6000 

z 8000 LEG 2 
w u a:: 0 6000 "-

4000 

2000 

0 

8000 LEG 3 

6000 

4000 

2000 

0 

(. -- I sec--J TIME - (g ) 

state after vernier-engine cutoff, which occurred 
abou t 1 . 3  seconds before touchdown. Ho,,·ever, 
even for the first t wo Smnyor III  landings, the 
deviation from zero ,,·as insignificant on the 
scale of the recordings. Footpad impact was 
indicated by a rapid increase in force ,,·hich 
reached its maximum \\·ithin 0. 1 to 0. 1 5  second. 
As shom1 in  figure 4-4 , nbou t 0 .3 second after 
first contact \\·ith the lu nar surface, the forces 
returned to zero level , incl icn.ting elastic re
bound of the spacecraf t . Rebou n d  occmTed i n  
all landings ; i t  was most pronounced for 
Surveyors V, VI , and VII because of �• higher 
shock-absorber spring rate. Reimpac t , in some 
casee followed by a second sligh t rebound, 
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was followed by a ring-out oscillation, after 
which (beyond the range of the display in 
fig. 4-4) the force indications settled at values 

indicating the lunar spacecraft weight. 

The second landing of Suneyor VI occurred 

after the ,-ernier engines had b een fired in a test 

on the lunar surface. This firing caused t h e  

spacecraft to lift off mlll l and 2.4 met ers from 

the first l anding. Complete strain-gage records 

for t h e  SmTevor VI initial l anding, presented in 

figure 4-5, �on tain the most clearly defined 

ri�1g-ou t oscillations of any SmTeyor hnding. 

Spacecraft/ Soil Interactions 

Visible i m prints made by t h e  foo tpads (figs. 

4-6 and 4-7 2) dming the landings indicate that 

2 Unless otherwise noted, all indi\·idual pictures and 
mosaics are from narrow-angle tele\' i ,; ion frames. 
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FrGURE 4-5.-Surveyor Yl shock-absorber axial load histories which show the complete 
ring-out oscillations during the initial landing. These late oscillat ions are the most 
highly developed of any Sun·eyor landing. 

the lunar soil has been compressed, displaced, 
and ej ected .  (Portions of the foot p ad im prints  
,,·ere obscured by the footpads and b.\· other 
spacecraft componen t s.)  �lotion of the  foot pads 
during impact pushed the lunar soil dO\mwnnl 
and ou t\\·ard. The horizon t al mot ions of the  
foot pads, cau sed both by horizon t al spacecraft 
Yeloci ty and by ou t\Yard mo,·ement of t h e  legs 
du ring shock-absorber deflect ion , formed ridges, 
primarily on tboard of the foot pads . The f�ot
p ads are surrou nded by ej ected soil that ap pears 
darker than the nndistu rbed surface. The 
ejecta ,  which ext end to dist ances as great as 
90 em from the foot pads, consist of fi ne and 
course soil t hrown ou t over the  surface dnrinoo 
im pact and snhseqnent sliding of the  foot JH1d; 

Figures 4-6 and 4-7  sho\\' foot p ad,;; 2 and :i in 
t heir final posi t ions and the adj acent areas of 
Sun·eyors I, I I I ,  Y .  VI (before and after hop ) ,  
and V I I .  (Foot paJ 1 a n d  t h e  ndjncen t area 
were not  Yisible to the television camera. ) 

339-lG::! 0- G9-10 

Figure 4-S shO\YS the imprint s  m ade during the 
second landing e\·en t of SmTeyor III,  as Yie\\·ed 
from the  sp acecraft after t h e  final lan di ng. 

Figure 4-9 shows the imprints made by foot pnds 
2 and 3 during the initial land ing of Snn·eyor 
VI.  as Yie"·ecl from t he sp acecmft aft er t h e  hop. 

Foot pad imprin t  det ails ,-ury, primarily be

ca usc of the different landing con ditions en

count ered by each spacecraft . After Sun·eyor I 

bounced, the  foo t pads came to rest i n  the initial 

im prin ts (figs. 4-G (u) and 4-7 (a) ) .  The imprints 

m ade during the first l an ding e,·en t of SmTeyor 

I I I  \\·ere not lora t ed ;  ho\Ye\·er, imprin ts made 

durin a the  second landing e\·en t nnd rebound 

are sl��mn in figure 4-S. ::\Iul tir1le im print s  \\·ere 

m nde by each foo t pad d uring t h e  third landing 

enn t (figs. 4-G (b) and 4-i (b) ) .  The Sun·eyor Y 
foo tpads plo\Yed t renches (fig,; . 4-6 (c) and 4-7 (c) ) 

in the soil as the  sp<lcecraft ,;lid clown the inner 

slope of n sm all crnter 9 t o  12 met ers i n  diame ter. 

The footpads ro tated nbout their h inge axes 
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FIGURE 4-6.-Lunar surface areas disturbed during footpad 2 landing impacts. (a) Sur
veyor I :  wide-angle picture showing rayed ejecta pattern (June 5, 1 966, 1 1  :29 :49 G l\IT) . 
(b) Surveyor I I I : mosaic showing high reflectivity of bottom of first two overlapping 
imprints outboard of footpad. Edge of n third imprint, formed in ejecta from first 
two impncts, is visible over top of footpnd (Apr. 26, 1 967, Catalog 3-l\I P-3) . (c) Sur
veyor Y :  wide-angle pictures showing trench formed ns spncecraft slid down the inner 
slope of the srnnll crater in which it lnnded. The deepest penetration wns on the uphill 
end of the trench where initinl impact occurred (Sept. 14, H l67, Catalog !i-l\I P-19) . 
(d) Surveyor \'I : after initinl lnnding. Wide-angle frames showing pnrt of imprint made 
during first impnct nnd symmetrically distributed ejecta formed when the spacecraft 
had a nenr-verticnl finn! descent onto an almost horizontnl lunnr surfnce (Nov. 15, 1967, 
Cntnlog 6-SE-23) . (e) Surveyor Y I :  after hop. Part of mosaic of wide-angle pictures 
showing portion of imprint made during first impnct nt right ot footpad · spacecraft 
bounded bnek toward prehop position after making this imprint. l\Iost soil was ejected 
in the direction the spncecraft was moving dnring the hop (Nov. 1 7, 1967, Catnlog 
6-SE-9) . (f) Surveyor \'II :  imprint made during first impnct is to the lower right of 
the footpad. The rock beside the footpad is about 20 em across (Jan. 1 4, 1 968, Catalos 
7-SE-1 8) .  
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FIGURE 4-7.-Lunar s urface areas disturbed during footpad 3 landing i mpacts. (a) Surveyor 
I (June 1 2, 1 966, Catalog 1 -f'E-5) . (b) Surveyor I I I :  \\"ide-angle pictures showing 

imprint below antenna boom made during first i m pact of the final landing (Apr. 30 
and l\ l ay 1, 1 9G7) . (c) Surveyor Y :  \Vide-angle pictures sho'i\·ing far wall of t rench 

(below shock absorbPr) formed as spacecraft slid downslope (Rept . 20, 1 967, Catalog 

5-l\I P-33) . (d) Sun·eyor YI : after initial landing (Nov. 1 7, 1 067, Catalog 6-SE- 1 0) .  
(e) Surveyor \'1 : after hop ( N ov. 1 8, 1 !J67, Catalog 6-SE-24) . (f) Surveyor \ "I I :  one 

of the n umerous rocks in the landing area made a hole in t he crushable footpad behind 
the magnet bracket (Jan. 1 7, 1 968, Catalog 7-SE-20E) . 

139 
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FIGURE 4-8.-l\losaic showing soil disturbance, about 1 1  meters from the television camera, 
caused by second landing event of Surveyor III .  Footpad i mprints are indicated by 
numerals and vernier engine 3 disturbance by a \'. A second footpad 2 imprint formed 
during a short bounce is indicated by the symbol 2' (Apr. 26, 1967, Catalog 3-MP-1 ) .  

during the slide, with their outboard edges 
tipped downward, and lunar soil was deposited 
on the footpad tops (fig. 4-6 (c) ) .  Footpad 
imprints in figures 4-6 (d) and 4-7(d) were 
made at first impact during the initial landing of 
Surveyor VI ; other pictures of these same im
prints were obtained after the hop (fig. 4-9) . 
Figures 4-6 (e) and 4-7 (e) show the footpad 
imprints made visible because of the spacecraft 
bounce after the hop. Because of the substant ial 
horizontal velocity acquired during the hop, a 
greater amount of soil was ejected and was 
thrown further by the footpads than during any 
other landing except for the downhill slide of 
Surveyor V (fig. 4- 6(d) ) .  Footpad 3 of Surveyor 
VII came to rest in its initial imprint on top of a 
small rock (fig. 4-7(f) ) .  A rock, about 18  em 
long and at least 1 0  em high, near the final 
position of footpad 2, appears to ha,re been 
moved during landing (fig. 4-6(f) ) .  

Pictures of the areas disturbed by the foot
pads show clearly that the hmar surface material 
is granular. �fany fragments are 'risible in the 
television pictures. However, as shmn1 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 instnunent, most of the soil is 

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

Imprints formed by the crushable blocks 
mounted under the spnceframe were observed 
in Surveyor I, VI, and VII pictures (fig. 4- 10) . 
On all spacecraft except Surveyor I ,  flat or 
curved atLxiliary mirrors were attached below 
the spaceframe to impro\re the vi.ew of the 
crushable blocks and of the area directly under 
them. Some soil particles could be seen adhering 
to the bottom of n Sunreyor V crushable block. 

Some of the footpad imprint pictures show 
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FIGURE 4-9.-Surveyor \'I footpad imprints made during initial landing, as seen from 
posthop position. (a) Footpad 2 imprint (Nov. 1 7, 1 967, Catalog 6-SE-39) . (b) Footpad 
3 imprint (Nov. 22, 1 967, Catalog 6-SE-38) . 
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FwunE 4-10.-Imprints on lunar surface made by crushable blocks. (a) Surveyor I :  crush
able block 3 imprint. I mprint walls are almost vertical ;  depth of penetration is about 
2 em (June 3, 1 !l66, 06 :34 :0!) G.l\IT, computer processed) . (b) Surveyor \'I : crushable 
block 3 imprint, made during first landing, as seen through au xiliary inirror. The mound 
of soil in the center of the imprint was left when t he aluminum foil that covers the 
bottom of the cored block ruptured during landing ( No\·. 1 2, 1967, 07 :08 :08 GMT) .  
(c) Surveyor \'I : crushable block 3 imprint made during first landing, as seen from 
posthop position. This imprint is the same imprint seen in  figure 4-1 0(b) ( Nov. 1 7-18, 
1!l67, Catalog 6-SE-23) . (d) Surveyor \'II :  crushable block 2 imprint, as seen through 
auxiliary mirror (Jan. 1 0, 1968, 05 :45 :23 G .l\IT, computer processed) . 
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clearly that the soil is inelast ically compressible. 
For example, the second im pac t of footpads 2 
and 3 on the Sun·eyor YI initial !tmding, o \·er
lapping the flat bottoms of the first imprints, 
produced sharp indentations without raised rims 
(fig. 4-9) . This indicates that ,  eYen after the 
compaction caused by the first impact, the soil 
underwent additional anelast ic compression.  
Further e\·idence of the compressibility of the 
top few centimeters of the soil is Jn·o,·ided by 
the doughnut-shaped imprints of the crushable 
blocks (fig. 4-10) . In the center of each imprin t 
is a mound of soil, which w as formed during 
landing when the aluminum sheet that  covers 
the bottom of the cored block collapsed. The 
crushable block imprints h aYe sh arp outer edges 
and show no raised rim or disturbed soil outside 
the depressions, again indica ting that the soil is 
compressible. Soil clumps, which fell from the 
crushable block assemblies as they retracted 
after landing, co,·er the im print bot toms. 

E,-idencc of soil cohesion may be seen in  many 
of the Sun·eyor te]e,·ision pictures (fig. 4-1 1 ) .  A 
soil clump thrown 30 em by a Surveyor V foot
pad had sufficient strength to resist crumbling 
when it landed. Another soil clum p fractured on 
impact without disintegrating nft.er being 
ejected by a Sun·eyor VII footpad (fig. 4- 1 1 (i) ) .  
Footpnd imprints lwve steep "·ails with open 
fractures ; soil clumps overhung a Surveyor VI 
imp1 int in cnntileYer fashion (fig. 4-l l (f) ) .  
Cracks i n  surface m aterial that had been moder
ately disturbed "·ere also '·isible near SmTeyor 
VII crushable block 3 imprint (ref. 4-5) . The 
surface samplers on Sun·eyors III and VII dug 
trenches which ret ained Yert ical ''"ails 10  to 15 
em high. These examples sho"· that the lunar 
surface material is cohesi,•e. 

The sides and bottoms of footpad imprints, 
in many cases, arc smooth . These smooth sur
faces sometimes dearly reproduced, through 
the co,·ering of thin aluminum foil, the alu
minum honeycomb pnt tern of the fla t bottoms 
and conicnl sides of the footpads. Laboratory 
tests of u Sun·eyor foot pad (fig. 4-3) indicated 
that the ridges on the footpad bottom "·ere 
probably 40 to 80 microns high. Thus, i t  is 
hypothesized that a large percent.nge of the 
surface material is composed of particles smaller 
than 60 microns in diameter (ref. 4-2) . 

Dist urbed soil outside the im prints is d arker 
than nearby undisturbed soil. The contrast in  
brightness bet,,·een the dist nrhed and undis
t urbed soil \Yns quite pronounced at all landing 
sites, nl though it was some"·hat less a t  the 
Sm,·eyor Y site .  Also, the smuoth bottoms of 
foot pad imprin ts are brighter than undisturbed 
soil (figs. 4-6, 4-7, lUHl 4-9) , except at small 
phase angles, that is, when the angle is small 
between the cam ern line of sight and the Sun 
direction. These photometric changes indicate 
that  the fine structure of the soil surface is 
changed by physical dis turbance;  apparently, 
reflectivity decreases with increase in porosity 
and surface roughness. 

With the exception of Sun·eyor VII ,  when 
some local deformat ion and tearing of footpad 
m aterial occurred (fig. 4 - 1 2) ,  there was no evi
dence of crushing of the foot pad aluminum 
honeycomb or crushable blocks on l anding. 
Crushing strengths "·ere 7 Nfcm2 for footpad 
bottoms, 14  Nfcm2 for the footpad tops, and 
28 Njcm2 for the crushable blocks. T"·o small, 
very bright objects, which were noted on th e 
surface n ear  Sun·eyor VII, may be pieces torn 
from the ahunimm1 honeycomb by a rock. One 
of these objects is sho,,·n in figure 4-13. 

No settling of the Surveyor spacecraft nfter 
l anding was detected, except in response to  
spacecraft comm ands and to compression of 
shock absorbers during the lunar night .  No 
changes or mo\'ements, except those caused by 
spacecraft operations, "·ere not iced in disturbed 
or undisturbed lunar surface material over 
periods of obsen·ation of up to 6 weeks. 

Simulations of Landings and Hop 

Computer simulations of the landings ha,·e 
beeu performed to estim ate the mechanical 

properties of the lunar surface m aterial at each 

landing site. The est imates \rere bnsed on com

parisons of the simulated landing data with 

shock-absorber force histories obtained from 
flight data and with footpad nnd crushable 

block surface penetration depths estimated from 

te]e,·ision pictures. Landing sim ulations were 

performed using both rigid and soft-surface 

models. In  nddition, simula t ions of the first two 

Sur,·eyor III landings and of the Sun·eyor VI 

hop were performed to obtain estimates of 
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FIGURE 4-1 1.-Texturnl detail of footpad imprints. (a) 
Surveyor I footpad 2. Ejected soil clumps (which, for 
the most part, are larger than naturally occurring 
fragments adjacent to the footpad) demonstrate thit 
the soil is cohesive (June 4, 1966, 06 :55 :26 G 1\tT, com
puter processed) . (b) Surveyor I I I  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  Gl\lT) . (c) Surveyor 
I I I  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 
Gi\lT) . (d) Surveyor Y 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,  1 967, 04 :42 :06 G l\1T) . (e) Surveyor VI 
footpad 2 imprint made during initial landing, 
showing compressed soil in imprint wall and floor 
(Nov. 16,  1 967, 03 :35 :09 G'.\lT) . (f) Surveyor YI 
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 

lc l .  
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television camera can resolve (approximately I m m  
a t  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 YII footpad 2 imprin t ;  smoothness of wall 
surfaces shows that the soil is  fine grained (Jan. 1 1 ,  
1968, 1 2 :28 :52 Gl\IT) .  (h) Surveyor \"I I  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 w:�ll (hn. 13, 
1968, 1 0 : 1 8 :45 G:\1T) .  (i) Surveyor VII footp:�d 2 
imprint :�nd eject:�. Soil clumps, fmctured on impact 
:�ftcr they were ejected by the footpad at landing, 
can be seen at lower left (Jan. 13, 1 968, 1 0 :2 1 :44 
G :\IT) . 

,·ernier-engi ne thrust his tories and heigh ts of 
engine nozzles aboYe the lunar surface. These 
estimates have been used for surface erosion 
an alysis. 

A Surveyor footpad \\·ill not begin to crush 
until the pressure on it exceeds 7 N/cm2• 
Therefore, the leg force histories (for up to 5 em 
of crushing of the footpad bo ttoms) nrc the same 
for landings on surfaces with any bearing 
strength nboYe 7 Nfcm2• The honeycomb hlocks 
crush at 28 N/cm2• Thus, any surface with a 
hearing s trength greater than 28 Nfcm2 is es

sen tially rigid, as far as the response of the entire 
spacecraft landing gear is concerned. Rigid 
surface landing sim ulations hnYe produced 
shock-absorber force histories which ngree 
reasonably \Yell (peak forces generally higher, 
but deviations less than 20 percent) \Yith 
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FIGURE 4-12.-Survcyor \'I I  footpad 3 showing hole in  
crushable honeycomb behind magnet bracket ;  the 
hole was caused by impact on a rock durin,:!; lunding 
(Jan. 20, 1968, 20 :25 :20 Gl\IT) . 

' •  ': :'t7 .l�::.�w • 

FIGURE 4-13.-Unidcntificd bright object on lunar 
surface to right of Surveyor \'I I  footpad 2, which 
probably is a piece of aluminum torn from footpad 
or crushable block honeycomb during landing 
(Jan. 19, 1 968, 19 :42 :37  G i.\ l T, computer processed) . 

corresponding fligh t data .  These resul ts indi
cated that force histories are relatively insensi
t i,·e to surface h ardness-a frrct that has been 
confirmed by soft-surface simulations \\·ith sur
face hardnesses as low as 2 to 3 N/cm2• There
fore, considemtion of force histories alone is not 
sufficien t ;  penetration clatn 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 nr::;us penetrntion depth giYen 
by o-=a+{3.r, where a and {3 are coefficients and 
x is the Yerticnl penetm tion. A third term ( 'YX) , 
shown by analysis to  hnYe a negligible effect for 
Surveyor l andings, \\"Us 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 l anding site and on the scale of the 
Surveyor footpad the uppermost portion of the 
lunar soil has a hearing strength of less than 1 .4 
Nfcm2, nne! bem·ing strength increases with 
depth with an increasing rate and reaches a \'alue 
in the range of 4 .2 to 5.6 Nfcm2 at  a depth of 5 
em . The results indicated that simulated pene
trations of Suneyor I into such a surface would 
be approximately 4 . 1  em and 3.8 em for foot
pads 2 and 3, respectively. An extension of the 
investigation of referen<!e 4-7, using revised 
penetration estimates (table 4-2) , indicates that 
the lunar smface bearing strength reaches the 
range of 4.2 to 5.6 N/cm2 at a depth of approxi
mately 4 em. 

The compressible soil model defined in the 
Sun·eyor V :\Iission Report (ref. 4-3) and used 
in preparing all ?\ Iission Reports considers a 
bearing strength Yariation expressed by 

where 
p= pressure exerted on the penetr ating ob

ject 
p0= static bearing pressnre 

c= depth-proportionality constant 
p1 = initial density of the soil 

P2= compressed density of the soil 
s= penetrat ion 

A small  depth-proportionality factor (c= 

0.0328/cm) mls nsed ; i .e . ,  t he static bearing 

pressure, ]Jo, \YHS assumed to increase by ap

proximately 16 percent for each 5-cm surface 

penetration. Consequently, this study provided 

nllues of  effecti,·e uyerage benring 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 correbtion 

bet\\·een analyses and fligh t data for the 

landings of SmTeyors I ,  III ,  VI, and VII 
(refs. 4-1 ,  4-2, 4-4 , 4-5, 4-8, and 4-9) .  (The 

correln t ion for SmTevor \'I is shown in fig. 

4-14 . )  Ho,,·enr, for tl;e Sun·eyor Y l anding, i t  
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FIGURE 4-14.-Surveyor VI initial landing data and analytical shock-absorber force/time 
histories. 

was necessary to use a p0 of 2 .8  N /em 2 for 
acceptable correlation (ref. 4-3) .  This appeared 
to indicate a softer surface at the Sun·eyor V 
l anding site. I t  should be pointed out ,  ho\\'enr, 
that the bearing capacity of a footing on a 
slope is smaller than that  of the same soil on a 
horizontal surface. Consequently, the lo\\'er p0 
indicated for Sun·eyor V is a t  least partially 
a result of the 20° slope on  \\'hich the spncecraft 
landed, mther than an indication of a difference 
in soil properties. For the posthop landing of 
Surveyor VI, a good force history correlation 
could not be achie,·ed because of an unusual 
force history generated by the leg 1 shock 
absorber (fig. 4-4 (g)) .  It is thought that foot
pad 1 s truck n rock, \\'hich restricted i ts luteml 
movemen t during the landing, thus cuusing the 
unusual force history. 

Footpad 2 penetrations resulting from l and-

ing sim ulations using the compressible soil 
model are compared in t able 4-2 ,,· i th  the  
penetration values calculated from television 

data.  From th ese resul ts, i t  appears that 

penetrations ob tained from landing sim ulntions 

on surfaces \\'ith p0 from 4 to 6 Njcm \\'ould 

bracket the act un.l penetrations as determined 

from tele,·ision pictures. Thus, based on this 

compressible soil model , the n.Yerage l unar 

surface bearing strength to n. depth of itbout  

6 em is estimated to  be from -! to 6 1\ /cm2• 

During the Snneyor YI landing, a clear 

imprint  was made by crush able block 3 (fig. 

4-lO(c) ) .  A sm all mound of soil in  the bot tom 

of the im print  is at tributed to ruptme of the  

th in  aluminum foil that cO\·ers the  bottom of  

the cored crushable block. Tests, describeu in  

reference 4-4 , ,,·ere performed to  establ ish the 

pressure le,·els (2 .4  -:v.;cm2) 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 

Spacecraft 

Surveyor L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor III (final landing event) _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor V _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor VI (initial landing) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor VII _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Bearing a trength uaed in IJimulations, N/cm2 
Po= 

3. 4 
4. 9 
3. 4 
4. 9 

h 2. 8 

3. 4 
3. 4 

Footpad 2 initial penetrationa, em 
From landing 11imulations 

4. 7 
3. 7 
5. 0 
2. 5 

12  
6.  9 
8. 4 

From televi8ion o b11eroa tiona • 

3 ± 1 

2. 5± 1 

1 2 ± 2 
± 2  

4 ± 1 
2.0 (penetration <2.5 em) 
4.9 (penetration >2.5 em) } 3. 5 

• 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 abo\'e, it was calculated that 
the st atic bearing strength of the lunar soil at 
a depth of 1 to 2 em is about 1 .8 Nfcm2• 

The first two Sun·eyor III touchdowns and 
the hop of Sun·eyor VI were simulated using 
a landing dynamics computer program that 
incorporated n mathematical model of the 
Sun·eyor ftigh t control system . The SmTeyor 
III landing nnnlysis (refs. 4-1 0  and 4-1 1 )  
produced the estimated touchdom1 Yelocit ies 
shown in t able 4-1 . Variations of engine thrust 
leYels and engine height abo,·e the surface for 
the second landing are shown in reference 4-2 . 
Simulat ions of the SuHeyor YI hop \Yere also 
made (ref. 4-4) to proYide data on engine 
thrust le,·els and engine height aboYe the sur
face. Engine thmst data are shown in figure 
4-15 .  

Depth o F  Footpad Soil Penetrations 

Estimating foo tpad penetration dming first 
impact for each Sun·evor landing is difficult 
since the t eleYision 1;ic tmes obtained after 
htnding sho\\· only the final posi t ion of the 
foo tpads, not thei1· posi t ion at maximum pene
t rat ion during first impact .  During all the 
landings, the foot pad::; experienced hYo or more 
impacts  because of spacecraft rebound ; im
prints caused by the first impact generally 

were disturbed, or completely obscured, by 
subsequent impacts . 

Two methods \Yere used to determine the 
depths of footpad penetrations. The fi rst 
method consisted of reconstructing footpad 
landing imprints in the laboratory by using a 
Surveyor footpad and a soil of crushed basalt. 
Lighting nngles of a collimated light were ad
j usted to match the Sun's position during the 
lunar obsen·ations ;  a prototype television 
camern on a full-scale Surveyor model was 
nsed to ,·iew the results .  

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

By combining the results of both methods, 
the general features of footpad imprints and 
ej ecta rims were reconstructed and vertical 
dimensions of the imprints were determined. 

The aYCragc footpad penetration values 
listed in table 4-1 arc the estimated final depths 
below the natural lunar surface of the center 
of t he footpads in t heir present position .  Local 
lunar surface ,·ariations and differences in 
t he way soil was ejected during impact caused 
significant \'arin tions in the depths of soil 
around each footpad. Estimates of initial 
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FIGURE 4-1 .5.-Yariation of Surveyor \"I vernier-engine t hrust with 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 m ad e ;  
resul ts  will  b e  published a s  soon as a vailable. 

Elastic Properties of the Lunar So i l  

D amped osci l lations were observed on the 
strain-gage records following the final landing 
imp acts of Sun·eyors I ,  I I I ,  a nd VI, and the 
hop made by Surnyor VI.  The oscillations 
were most clearly recorded from the initial 
landing and from the hop of Suneyor VI. 
Clear oscil lations were not observed for Sur
veyors Y und VII.  

The frequency of these oscillations can be 
rela ted to the combined elastic properties of 
the spacecraft and the lunar soil ; estimates of 
the elastic properties of the l unar soil c o n  be 
made pro,·ided that  the constants for the space
craft are known. In addi tion , the ru te of decay 
of the oscillations provides data for an estimate 
of the dissipative (anelustic) properties of the 
soil .  Laboratory t ests h ave been conducted to 
determine the elastic and dissipati,·e const a n ts 
of the spacecraft; analysis of these t ests is 
presently in progress. 

For a single mass-spring system with viscous 
(veloci ty) damping, t h e  free oscillations are of 
the form (j(t) = d eflection) 

where 'Y is the fraction of cri t ical d amping and 
w0 is the undamped, angular resonant fre
quency. The quality factor Q of a resonant 

system is Q=_!_. For large Q, i . e . ,  small  -y, the 
2-y 

damped frequency is approximately equal to 
w0• For n spacecraft ou the lun ar surface, w0 
and 'Y d epend on the stiffness and d amping of 
the lunar surface material ,  as wel l as those of 
the spacecraft .  

The oscillations in each leg were o f  t h e  same 
frequency nnd in ph o se, indica ting a vertical 
m ode of '-ibration. During the oscil lations, t h e  
m aximum force de,·eloped i n  each leg was 
about 620 N, which is equivalent to about 
I -111111 displacement of the spacecraft cent er of 
gra,·ity. For such a small  motion, linear ap
proximations for the spacecraft motion nppear 
j ust ified . Ho\\·e,·er, there is some dispersion in 
the osci l lations, \Yith the frequency increasing 
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slightly with decreasing amplitude. The reason 
for this dispersion , which is neglected in the 
present analysis, i s  not known . I t  may be 
caused by nonlinearities in t h e  syst em.  

For th e init ial  landing of Sun·eyor VI , the 
a \·erage frequency of t he obsen·ed oscillations 
is 6.3 Hz and (J is about 9 ;  for t h e  posthop 
landing, the frequency is 6.9 Hz and Q abou t 
12 .  An a pproxima te an alysis indicates th at a 
spacecraft sitt ing on a rigid surface \Yould ha \·e 
an oscilla ti on frequency of 8.0 Hz ± 10 percent. 
Pro,-ided that the const ants of th e spacecraft 
were essentially the sam e in both cases . this 
observation indica tes that  t h e  lunar surface 
m a t erial, as loaded by the SurYeyor VI foot
pads, had greater stiffness and con t rib u t ed less 
d amping at the second l anding location th an 
at  the first landing location. For Sun·eyors I 
and III ,  the obselTed frequen cy m1s nbout 
6.5 Hz ; an est imate of Q has not yet been 
obtained. 

I n  the absence of dam ping, t he eft'ec t i \·e 
stift'ness of the lunar surface mat erial under one 
footpad is a pproximately 

[<' 47r2JJ_f.,ZJ m 
2 

:l..
m j/-fm2 

where .if is one-third of the spacecraft m ass, 
.f, is the resonant frequency for the spacecraft 
on n rigid surface,  and fm is t h e  obsernd 
frequency. 

The rigidity modulus G for the hmar m a
t erial can be est imated using t h e  relation 
(ref. 4-13)  

where r is t he radius of the loaded area, a n d  v 
is Poisson's ratio. Since 11 lies bet\\·een 0 and 0.5 
for al l  common m a terials, this  relationshi p  
pro,-ides an est i m a t e  o f  G. Then , t h e  shear 
\\·a ,-e Yelocity of the lunar soil, F,, c a n  be 
estim ated for n �i \·en \·alue of G and ,-arious 
nssumed ,·alues of bulk d ensi ty, p,  since i ",= 
(Qjp) 1 12 • In addi t ion,  t h e  compressional \\·a,·e 
,-elocity,  i'p, can be obtained from the relat ion 

F 2 
2 1 "/ ( 1 - 11) 

P 1 - 211 

For Sun·eyors I a nd III ,  the oscillation 

frequency \\·as G.5 Hz, \Yh ich results in Km= 
4.9 X 108 dynes/em. This i mplies a rigidity 
modulus range from 3 .9X 1 06 to 7.8 X 106 
dynes/cm2, for 11 ,-arying from 0.5 t o  0, re
spect iYely, and a shear \YaYe ,-elocity of 16  to 
28 m/sec for a b ulk densi ty of 1 .0 to 1 .5 g/cm3• 
For Poisson's ratio less t h a n  0.45 and the same 
range of density, a com pressional \Y a xe Yeloci ty 
of 33 to 70 m 1sec is obt ained (ref. 4-2 ) .  

B y  u sing th e frequencies from the Surveyor 
VI land ing, t h e  Yalue of [{, correla ting \Yi th the 
oscill a t ion frequency of 6.3 Hz would be re
duced by abou t 10 percent from that  given 
abo \·e and i ncreased by abou t GO percent for the 
oscillation frequency of 6.9 Hz. Corresponding 
changes in the ,-eloci ti es \Yottld be -5 percent 
and +30 p ercent, respecti\·ely. 

The estimated seismic velocities are con
siderably lm,·er than th ose expected for ter
restri al soils w i t h  other m ech anical properties 
as described in this report .  Until  tests on the 
model spacecraft have been e\·aluat.ed , these 
results  should be considered as preliminary 
estimates only. 

Lunar Soil Erosion 

During a nomi nal SurYeyor lunar l anding 
(engine c u t off at about 4-meter altitude) , 
t he \"crnier-e ngi ne exh aust  gas forces acting 
on the l u n ar surface are so small that l i t tle,  if  
any,  :;urface erosion occurs. During t h e  Sur
Yeyor I I I  landing, the Yern i er e ngines continued 
to fire un til  after the spacecraft made two 
cont tlcts \Yi t h  the lunar surface. This landing 
pro\· ided the first i n dication of the eft'ects of 
rocket gases i m pi nging on the l nn ar surface. 
To i ll\·estiga t e  t he effects  of t he ga s plu m e  on 
t he lu nar surface, the SurYeyor V \·ern ier 
e ngi n es \Yere fired for 0.55 secon d a bou t 2 

E a
�
rth days after landing n t a thru st leYel less 

t h a n  t h e  spacecraft lnnar ,,·eight. A second 

erosio n test \\·as performed G Earth days after 

Surnyor Y I landed. I t s  engines \\'ere fired for 

2 .5  seconds at thrust. le\·eis sufficient to cause 

the spacecraft to rise abou t 3.5 meters a n d  

l a n d  2.4 met ers from the init ial  landing poi nt, 

t hereby proYiding good ,-iews of t he effects 

of  the firi ng on t h e  lunnr surface. On Smveyors 

I and VI , the a t ti t u d e  cont rol j e t s ,  which exert 

much 10\Yer forces than the Yernier engines, 
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were operated to invest igate their effects on 
the lunar surface. 

Types ol Lunar Soil Erosion 

Terrestrial tests have demonstm ted that the 
\'ertical and horizon tal shear forces exerted 
by rocket gases impinging on a horizontal soil 
su rface could cause lunar surface erosion or 
cratering by three bnsie processes : 

( I )  Viscous erosion. Entrainment of soil pnr
ticles as the exhaust gnses flow oYer the surface 
(refs. 4-I4 and 4-15, theoretical s tudies ; 
ref. 4-16 ,  an  experimental study) . 

(2) Diffused gas erosion . Monment of soil 
caused by the outward and u pwnrd flow of gas 
through the pores of the soil (ref. 4-I 7) .  An 
erupt ion of the soil could occur if an engine is 
rapidly shut down. 

(3) Bearing load cratering (a.!so called ex
plosive cratering) . Rapid cratering caused when 
the exhaust gas pressure on a surface exceeds 
the bearing capaci ty of the surface (ref. 4-I 8) .  
With the full expansion o f  Surveyor exhaust 
plumes in the lunar enviroqment, this type of 
eros10n was not likely to occur.  

Vernier-Engine Firings 

Surveyor III  provided the first  indication of 
the erosion effects of rocket gases on the lunar 
surface. The firing of the \'ernier engines during 
the SurYeyor V mission \\'as intended primarily 
to determine the diffused-gas emption effects 
resulting from rnpid engine shu tdown. SmTeyor 
VI engines were fired at a higher thrust ]eye], 
and for a longer period of time, to increase the 
Yiscons erosion effects .  

Observations 
SunvEYon I I I .  The nrnier engines of Sur

veyor Il l continued to fire during the first 
t\\-o touchdo\\'ns. The si te of the second touch
down was visible to  the C1l mern from the final 
landed position, approximately I I  meters a\\'ay. 
As seen in figure 4-8, not only are the imprints 
of the three footpads visible, but also a light 
streak of soil can be seen with adj ncent dork 
soil ; both ligh t and dnrk soil nre attribu ted to 
the firing of vernier engine 3. HmYever, o ther 
thnn the indieation that the vernier engmes 

:.;;;!J-!62 0-<G!l I I  

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

SunvEYOR V. On September I 3, I 9G7, 53 
hours after landing, the Sun·eyor V vernier 
engines \\'ere fired at low thrust for 0.55 second. 
Engines I and 3 were fired at  t.hrus ts of I 20 N ;  
engine 2 was fired at 7G N .  Study of Sun·eyor 
television pictures h as shown that even though 
the spacecraft was resting on the inner slope of 
a small crater at an angle of about 20° (fig. 
4-I o) ,  the firing caused no downslope motion 
of the spaceframe. The firing, howe,·er, did 
mo,·e the sensor head of the alph a-scattering 
instrument, which was resting on the lunar 
surface. D ming the firing, the sensor head 
rotated I 5°, and i ts center of gravity moved I O  
em in a direction 45° from the direction of  
m aximum slope. The lunar weight of the sensor 
head was 4 .4 N. Two types of soil erosion 
occurred : 

( I ) Viscous erosion . A thin layer of soil was 
remo,·ed from beneath and adjacent to the 
vernier engines (fig. 4-I 7 ) .  Erosion of soil 
during the firing extended to distanees at least 
up  to I .9 meters from the engines. As shown in 
the controlled 3 mosaics (fig. 4-I 8) , the soil 
l ayer near vernier engine 3 and adjacent to the 
sensor head was substantially disturbed by the 
firing. Some of the soil and rock fragments 
mo\·ed by the firing are identified on these 
annotated mosaics. The l n,rgest fragment known 
to have been mo,·ed is 4 .4  em in diameter. 
TeleYision pictmes indicate that, at least in 
some places, soil \\'as disturbed by ,·iscous 
erosion to depths probably greater than I em 
for distnnces up to  60 em from engine 3. As 
shown in figure 4-1 8, soil at E, beside rock a ,  
was eroded to a depth of about I em.  The trail 
(fig. 4-I 8 (a)) left by rock H as it  rolled clown
slope is no longer visible (fig. 4-I 8 (b) ) .  Figure 
4-I 9 shows the relatiYe distance that fragmen ts 
of different sizes can be mo\·ed by gases striking 
the lunar smface \\' i th surface pressures equi,·a
Ien t to those of ,·ernier engine 3 (ref. 4-3) . 
This fig-me shows that fragments up  to 4 or 5 

3 The controlled mo�aics nrc eomposcd of narrow

nnglc television frames mounted on a spherical surface;  
the center and orient ation of ench frame are correct 

rclnt i\'C to all other frames. 
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VERNIER ENGINE 2� 
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FIGURE 4-16.-Profile of Surveyor Y and the crater in 
which it landed. 

FIGURE 4-17.-Lunar surface beneath Surveyor Yl 
vernier engine 3, as seen through an auxiliary mirror. 
(a) Prefiring picture. (b) Postfiring picture, showing 
the shallow crater caused by diffused gas eruption 
at engine shutdown. 

em in diameter were moved at distances up to 
approximately 20 em; whereas, at distances of 
200 em, only fragments up to 0.4 em 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. 4-1 7 (b) ) .  The crater is 20 em in  
diameter and 0 . 8  to  1 .3 em deep ; the height o f  
the vernier engine above the surface was 39 
em, and the m aximum static pressure of the 
exhaust gases on the surface directly below the 
engine 'n1s 0.29 Njcm2• Prefiring and postfiring 
pictures of the lunar surface below engine 3 are 
shO\vn in figure 4-17.  

SuRVEYOR VI. On N ovember 17 ,  1 967, 177  
honrs after landing, the Sun·eyor VI vernier 
engines were fired for 2.5 seconds in order to 
lift the spacecraft from the lunnr surfnce and 
to move it a short distance from the original 
landing site. This maneuver subjected the 
lunar surface to greater erosional forces from 
the vernier-engine exhaust gases than that 
exerted during the Surveyor V static firing. To 
achieve horizontnl motion during the hop, the 
spacecraft's flight control system hnd been 
preset by Earth command such that the space
craft acquired a til t of 7° immediately follO\dng 
liftofl' (fig. 4-20) . This 7° tilt of the \·ernier 
engines caused soil eroded by the exhaust 
gases to be preferen tia.lly ej ected to the east, 
away from the tilt direction (fig. 4-2 1 ) .  

Figure 4-22 is a mosaic o f  computer-enhanced 
pictures of the first landing site identifying 
the double imprints formed by the footpads 
and the single imprints formed by the crushable 
blocks during the original landing ; the loc�>tions 
of the ''ernier engines before liftoff for the 
hop a.re also shom1. On figure 4-22, the major 
areas of erosion caused by ,·ernier-engine 
exhaust gases are iclen tified with capital 
letters. Areas A-E represent erosion principally 
attributed to ,·ernier engine 2, nreas G-1 to 
engine 3, and areas E-N to engine 1 (ref. 
4-4) . Enlargemen ts of the main erosion nreas 
for each engine nre shO\m in fignres 4-23 
through 4-25. 

Some of the more pronounced erosion 
fentures, formed by the firing nnd visible in 
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FIGURE 4-1 8.-(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. 1 0, 1 967) . (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. 1 2, 1967). 
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FIGURE 4-18 .-Concluded. 

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

the surface with a rippled appearance at I 
caused by differential erosion by engine 3 ;  
and (5) the fan of fine, dark soil deposited in 
rays at 111 by engine 1 .  One or more of the 
soil clumps ejected by the firing hit the photo-
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FIGURE 4-19.-Grapb of diameter versus distance for 
fragments moved by the Surveyor \' vernier engine 
3 static firing. The dashed line represents the probable 
maximum sizes for fragments that could be moved 
by the firing at distances ranJZing from 10 to 200 em. 
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FIGURE 4-20.-Time sequence of vernier-engine posi
tions during liftoff for the bop during the Surveyor 
\'I mission. \'iew is perpendicular to direction of hop. 

AREA OF DEPOSITION 

TURBIDITY-LIKE CURRENT OF EXHAUST GASES AND 

ENTRAPPED FINE SOIL PARTICLES TRAVELING 

HORIZONTALLY ALONG THE SURFACE 

FIGURE 4-21.-Probable history of erosion in Surveyor YI 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) . 

Sim1dations and analyses.-The Yernier
engine firing data and surface-pressure data 
for Surreyors I I I ,  V, and VI are summarized 
in table 4-3 . The thrust le\'els listed were 
obtained from analytical simulations (Sun'eyors 
III and VI) and from strain gages on the 
vernier-engine support structure (Suneyor V) . 

The minimum nozzle height listed for Surveyor 
I l l  was estimated from the analytical simula
tions ; those for Suneyors V and VI were 
obtained from comparisons of Suneyor pictures 
and photographs of l aboratory simulations 
using a full-scale spacecraft (refs. 4-3 and 4-4 ) .  
The lunar surface areas i n  the \':icinity of 
Surveyor I II engines 1 nnd 2 could not be 
viewed directly ; therefore, their mtmmum 
nozzle heights  tll'e not included. 
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FIGURE 4-22.-l\Iosaic of posthop, computer-processed pictures showing the (1)  approximate 
locations of the crushable blocks and Yernier engines before liftoff for the hop ; (2) the 
images of footpads above their final imprints made during the original landing;  and the 
principal areas of erosion caused by the vernier engines during liftoff for the hop as 
indicated by capital letters (Nov. 15 and 16, 1967, Catalog 6-SE-22) . 

FIGURE 4-23.-;\Iosaic of computer-processed pictures, 
showing rays of fine, dark soil deposited by Surveyor 
Y vernier engine 2 during the hop (Nov. 15 and 1 6, 
1967, Catalog 6-SE-43C) . 

FIGURE 4-24.-l\Iosaic 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 (Nov. 1 5  and 1 6, 1967, Catalog 6-SE-43B) . 
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FIGURE 4-25.-l\iosaic of computer-processed pictures, showing crushable block 1 impact 
area and soil disturbance caused by Surveyor VI Ycrnicr engine 1 during the hop (Nov. 
15 and 1 6, 1967, Catalog 6-SE-43A) . 

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

Parameter 
Surr•eyor 111 Surt·eyor v Su n·euor VI 

Engine I Engine 2 Engine 3 Engine 1 Engine 2 Engine 3 Engine I Engine 2 
---- -----

l\Iaximum thrust, N _ _ _ _ _ _ _  490 130 250 120 76 1 20 390 310 
Nozzle exit plane height,• 

em _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - - - - - - - - - - - - - - 25 39 39 39 32 32 

l\Iaximum static pressure, 
N/cm2 - --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0. 50 0. 29 0. 1 8  0. 29 0. 6fl 0. 92 

l\Iaximum dynamic pres-

sure, N/cm2 - --- - - - - - - - - - - - - - - - - - - - - - - - - 0. 22 0. 12  0 .  076 0. 12  0 .  30 0. 3D 

1 57 

Engine 3 

420 

32 

1 .  3.5 

0. 56 

• Tabulated values correspond to the minimum nozzle heights used in the snrfarc loading computations. Al
though some of these valuPs were subsequently revised, the t abulated surface pressures still provide representative 
estimates. 
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FIGURE 4-26.-Surveyor VI photometric target on omnidirectional antenna boom. (a) Pre
firing picture (Nov. 1 5, 1 967, 09 :37 : 1 1 Gl\1T) .  (b) Postfiring picture. Before the firing, 
the target was clean ; after the firing, the target was coated with a layer of soil up to 
0.9 mm thick. The coating probably was caused by impact of a soil clump on the target 
during the firing (Nov. 15, 1 967, 1 2 :30 :00 G l\IT) .  

The m aximum 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 ,·elocity \"ersus radial 
distance. The dynamic pressure is equal to 
pn2/2, where p is the gas mass density and 1t 
the radial Yelocity of the gas along the surface. 
The values for the Surveyor V static firing 
correspond to the engine thrusts nnd nozzle 
heights given in t able 4-3. The pressmes gi,·en 
for Surveyors III and VI are the maximum 
\'ill ues encountered d ming the second Suneyor 
III l anding e\'ent and Sun'eyor VI hop, 
respecti,·ely. During these manem·ers, maxi
mum engine thmsts and muumum nozzle 
heights did not occur simultaneously; therefore, 
the lifted maximum surface pressures did not 
correspond to both maximum thrusts and 
minimum nozzle heights .  

The viscons erosion theory gi,·en in references 
4-14 nnd 4-1 5  "·as used to compare the theo
retical and observed crater dimensions. Theo
retically, soils composed of part icle sizes 
smaller than  500 microns would not  erode ns 
fast as observed during the Snrveyor V firing. 
Also, for a hypothetical soil composed of 600-

nucrou particles and with a cohesion of 0 .01  
N /cm2 (selected to  approximate the average 
erosion m t e) ,  the theoretical erosion crater 
diameter would be 70 em instead of the 
measured 20-cm-diameter crater under the 
Sun'eyor V \'ernier engine 3. These calculations 
indicn te tha t  viscous erosion was not the major 
erosion mechanism for the formation of the 
crater. However, ,·iscous 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, i t  
is thought that  diffused gas eruption occurred. 
This type of erosion, however, does not provide 
an estimate on cohesion of the smface m aterial 
because the diameter of a difl'used gas eruption 
crater is largely independent of the soil cohesion 
(ref. 4-17) . But  it can be concluded, by com
paring the calcula ted critter diameter with 
the obserYed value, that  the lunar soil must 
be rela ti,·ely impermeable ;  a firing time of 
0 .5  second (Surveyor V) is only one-tenth of 
the time required to reach s teady-state condi
t ions. This is based on n n  assumed soil porosity 
bet\\"een 0.3 and 0.5 and n Yiscosity of the 
exhaust �uses in the soil het\\"een I X 1 0-4 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 pressure, dynamic 
pressure, and e:"haust 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 em. 

2 . 0  0 . 06  

For comparison, the permeabilitics o f  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 GO microns) . Lunar soil contains 
p articles larger, and probably smaller, than this 
range. However, the estimated lunar perme
ability indicates that most of the particles are 
in the 2- to GO-micron size range. This estimate 
is in agreement with conclusions reached from 
l ight reflectance simulations of Surveyor III  
footpad imprints (ref. 4-2 ) .  

Estimates of soil cohesion.-Results of the 
Surveyor VI erosion test were used to estimate 
bounds for the cohesion of the lunar soil. 
Pictures of the Sun·eyor VI landing site (fig. 4-
22) indicate some surface erosion, apparently 
of the Yiscous type, occurred beneath and ad
j acent to each engine during liftoff. There is no 
indication that bearing load cratering occurred. 
During takeoff for the SmTeyor 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 prennt Yiscous erosion,  but large enough for 
the soil to withstand \'ertical pressure loading. 

According to the theory adYanced in ref
erences 4-14 and 4-15,  the m aximum erosive 
shear s tress occms at the point of maximum 
dynamic pressure and is dependent on the effec
t i ,·e value of the friction coefficien t .  Soil erosion 
data  obtained by the Langley Research Center 
from soils h a"ing an initial fl at surface indi
cated the effect i  \'e friction coefficient ,  01, to be 

0 . 002 L IM I TS O F  G RA I N  S I Z E ,  mm 
(M IT  C LAS S I F IC AT I O N  S YS T EM) 

G RAV E L  SAND S I LT  C LAY 

'-v-' 
SURVEYOR V E S T IMATES 

FIGURE 4-28.-Permeability of terrestrial soils versus grain size 
and classification related to Surveyor V results. 

P E RME A B I L ITY, cm2 
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about 0.2, which is the value recommended 
in reference 4-1 5. 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, 01 is taken as  0 .4 .  According to table 
4-3, the peak dynamic pressures under ,·ernier 
engines 1 ,  2, and 3 were 0.30, 0.39, and 0.56 
Njcm2, 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 Yernier 
engines 1 ,  2, and 3 ,  respectively. 

Also , according to the theory in references 
4-1 4 and 4-1 5,  the viscous shear stresses are 
resisted by the frictional and cohesional forces 
of the soil. The resistance of the soil surface 
proYided by the friction forces between soil 
"'nlins is negli"'ible for the small-diameter 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
h esion estima te is the shear stress caused by 
vernier engine 1 .  This Yalue is 0 . 1 2  N/cm2• 

The maximum surface loading ( 1 .35 N/cm2) 
occurred under ,·ernier engine 3 .  Under the 
assumption that Terzaghi's bearing-capacity 
theory (ref. 4-1 9) is applicable for this type of 
surface loading, estimates can be made for 
the minimum Yalue of soil cohesion needed 
to prevent a bearing-capacity failme for 
various values of soil density and internal fric
tion angle. An applica tion of this theory, in 
conjunction ";th the pressure loading from 
Roberts' theory, indicates that a soil with an 
assumed weight d ensity of 2 .4 X 10-3 N/cm3 
( 1 . 5-g/cm3 mass density) and a soil cohesion 
greater than 0.0073 Njcm2 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 Yalue of cohesion is 
0.020 Njcm2• 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 let Operations 

Observations.-A ttitude control gas j ets 
mounted on all Surveyor legs provided attitude 
stabiliza tion during the flights. After landing, 
Surveyor I attitude control j ets 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 a ttitude control j et 2 area of impinge
ment .  Howe,·er, results of this test are in
conclusive because no suitable prefiring pictures 
of the impingement area are available. 

The at titude con trol j ets on Surreyor VI 
"·ere commanded to oper ate 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 j et operation afforded 
dear observations of the surface erosion c aused 
by atti tude control j et 2. The nozzle of this jet  
was  about 10.4 em above the surface and was 
inclined 24° from the spacecraft Yertical axis. 

Comparisons of pictnres taken before and 
after each burst (fig. 4-29) show th at the 
disturbance of the lunar surface caused by the 
jet operations "·as minor and that no crater was 
formed . Some small soil fragments up  to 25 em 
from the impingement area were moved by the 
jet operation. The most conspicuous effect con
sisted of the movement of two lunar surface 
protrusions, probably soil clumps, which were 
1 2  to 15 em from the center of j et 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 
soil erosion caused by the jet was of the Yiscous 
type ;  no eruption caused by diffused gas was 
observed. 

It "·as found that erosion occurred if the soil 
cohesion was below a limiting value. For the 
sandy silts used in these tests, the limiting value 
of the cohesion was 0 . 17  N/cm2• However, these 
tests were conducted at a pressure of approx
imately 50 X 10-3 m m  Hg and full expansion of 
the j et 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) l\Iosaic 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, arc 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-l\IP-1) .  

161 
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FIGURE 4-29.-Continued. (b) l\Iosaic of pictures taken im mediately after the 4-second 
firing of the attitude control jets. Representative fragments that arrived at their present 
sites because of the firing are circled ( Nov. 9, 1967, Catalog 6-l\I P-2) . 
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FIGURE 4-29.-Continued. (c) J\Iosaic of the same pictures used in  figure 4-29(b) ; however, 
the fragments circled are those fragments shown by later pictures to have been moved 
by the 60-second att itude control jet firing (Nov. 9, 1967, Catalog 6-:MP-2) . 

163 
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FIGURE 4-29.-Concluded. (d) 1\Iosaic of pictures taken after the 60-second attitude 
control jet firing. Fragments circled arrived at their present sites after the 60-second 
firing (Nov. 9, 1967, Catalog 6-l\IP-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 h ave been 
deposited before the spacecraft l anded. 

Glare on Surveyor I I I  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. 

1 65 

Although Surveyor V l anded 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 4-3 1 .-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, 1 967, 02 :29 :29 G l\lT) .  (b) Postfiring picture (Sept. 20, 1 967, 
05 :48:58 G l\lT). 
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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 :5 1 :01 G MT). (b) Top of footpad 3 (Nov. 15,  1967, 1 2 :23 : 13 G M T) .  (c)  Top of 
electronic compartment A (Nov. 1 8, 1 967, 06 :04 :56 G MT) . 

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 Ynlue 
of peak acceleration exerted on the photo
metric target during the hop landing. This 
value differs from that given in reference 4-4. 

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

339-! 6·2 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 l andings 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 i ts 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 



168 SURVEYOR : PROGR�I R ESULTS 

2 em : 1 .8 N /cm2 (from Surveyor VI and VII 
crushable block imprints) ; (d) at a depth of 
4 em : 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 em : 
between 4 and 6 N/cm2 (average bearing 
strength from analyses of SurYeyor footpad 2 
penetrations using the compressible soil model 
defined in ref. 4-3) . 

(5) Dynamic bearing stress developed on a 
crushable block exceeded 2 .4 N/cm2 during 
penetration to a depth of 3 em. 

(6) Estimates of the soil shear w·ave velocity 
are between 1 5  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 horizon tal 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 em wide and 0.8 to 1 . 3  em 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 em, is estimated to be in the range 
from 1 X 1 0-8 to 7 X I o-s 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. 

( 1 0) Soil cohesion is estimated to be be
tween 0 .007 and 0 . 12  N/cm2 (from vernier
engine firings) . 

( 1 1 )  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 m irrors ; (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 1 000 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 this site did not cause an increase in 
bearing strength of the soil. 

( 13) Within an IS-meter radius of Surveyor 
VII , 0.6 percent of the area is covered by rocks 
larger than 20 em in diameter, 1 .2 percent by 
rocks larger than 1 0  em, and 2.8 percent by 
rocks larger than 5 em (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 111 
the characteristics of the two landing sites. 

The Subsystem 

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

Mechanism 

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

Electronics 

The electronics auxiliary for the Surveyor 
VII surface sampler incorporated a 7 .5-watt 
heater, larger than the 5-watt unit for the 
Surveyor Ill  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 commutator frame, which 
yielded a maximum of eigh t 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 

}. '.;:· ..... StoOP MOTOA ¥ 
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FIGURE 5-2.-Typical plot of motor current. 
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accurate indication of forces applied to the 
lunar surface. 

The M issions 

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

Surveyor Ill 

D uring the Snrveyor III operations for the 
first lunar d ay, 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 Snrveyor VII touchdown, the 
operations plans called for the deployment of 
the alpha-scattering instrument before any snr
face-sampler operations to prevent any possible 
disturbance of the lunar surface before a chemi
cal analysis could be obtained. Because th e 
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 instrumen t was redeployed to a 
second sample position ea 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 din.gram is a revision of figure 5-5 of refer
ence 5-9, following postmission studies. 

Temperature data and motion increment 
measurements for the surface-sampler motors 
on Surveyor VII showed that the motors did 
not change their operating characteristics 
significantly (particularly as far as distance per 
command is concerned) , even though they 
operated under a wide range of temperatures. 

TABLE 5-l .  Summary of surface-sampler 
operations 

Opera tion Survevor Ill Survevor Vll 

Total power on time _ _ _ _ _  1 8  hr 22 min 36 hr 2 1  min 

Total spacecraft com-

mands _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  5879 12 639 

Total functions _ _ _ _ _  - - - - 1 898 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 curren t 
shown in figure 5-9. From these curves, i t  is 
clearly evident that the bearing forces applied 
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by the surface samplers were nearly equal u nder 
stall conditions. Thus, direct comparisons could 
be made of the soil at both landing si tes. 

The surface-sampler subsystem was operated 
during the second lunar day, thus demonstrnt-
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FIGURE 5-3.-Plan Yiew of surface-sampler operations area, showing locations of all tests 
performed during the first lunar day of the Sun·eyor III mission. 
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ing that the unit and o.u.,ciliary had survived the 
lunar night. 

The Operations: Comparison of Tests 

Surveyor Ill 

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 I I I  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 

(o )  

FIGURE 5-4.-Locations o f  bearing and impact tests 
performed on Surveyor VII.  

FIGURE 5-5.-Similarity of initial bearing tests performed. (a) Surveyor I I I  (day 1 12, 
05 : 1 7 :27 G l\IT) . (b) Surveyor \'II (day 0 1 1 ,  03:55 :�2 GMT) . 
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the motor currents and, therefore, the forces, 
during subsequent operations. The maximum 
forces exerted by the ele\·ation and retraction 
motors under stall conditions had been meas
ured in terrestrial tests and related to tempera
tures. Since the motor temperatures could be 
estimated during Suneyor I ll  operntions, the 
surfnce tests were conducted until deliberate 
stalling of the motor was achieved. In this man
ner, i t  was possible to estimate the forces ap
plied to the surface. From this information and 
from various tests conducted with Surveyor Ill ,  
the properties of the lunar surface soil were 
estimated . 

The lunar surface material appears to have 

the properties and behnsior of n fine-grained, 
terrestrial soil possessing a small amount of 
cohesion and an angle of in ternnl friction cor
responding to a medium-dense soil. The density 
is apparently within the range of ordinary ter
restrial soil (ref. 5-2) . :\'lost of the lunar tests, 
with the exception of the bearing tests, incli
cated n 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 I I I ,  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, 1 1 :2 1 : 1 2  G MT) . 
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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. I ts dimensions, however, were too 
small to permit the weight of the rock to 
be de termined .  

Impact tests were performed o n  Surveyor 
III ; 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 em
rents during subsequent surface operations. As 
a consequence, it was possible to determine the 
force versus depth of penetrations d uring 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 \Yere observed. Results from bearing tests 
show that the mechanical properties cited for 
the mare material can be applied to the Tycho 
blanket material. 

During Surveyor VII operations, obstructions 
were encountered in the t renches. A large frag
ment of rock, which could not be moved with 
the force available to the snrface sampler in 
retraction, \Yas encountered at a depth of 
about 3 em. Therefore, it appeared that the 
soil cover at the Surveyor VII site \Yas 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 
VII,  a depth of 20 to 24 em was attained in 
successive passes ; subsequent analysis of the 
motor-current data indicated relatively little 
increase 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 different age of the material since its 
deposition, or to other factors (ref. 5-10) . 

Comparison of Mare ancl 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 ma terial 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 sl.te, 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 
exhibits a brittleness lacking in the soil in the 
vicinity of Tycho. That is to say, the soil at the 
Surveyor III  site possesses some cohesion among 
the individual surface grains, which can b e  
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broken and may not b e  reestablished t o  the 
same degree. This can be confirmed by obsernl.
tions of the behavior of the material during 
trenching operations at both landing sites. A t  
the Surveyor I I I  site, a trenching operu 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 relatiYely 
small clods of soil, and the material appeared to 
deform without cracking or forming large lumps. 
Since both soils are cohesive, i t  indicates a 
somewhat different nn ture of the cohesi,-eness 
of the two sites. 

It must be emphasized that the soil at the 
Sun·eyor I I I  site also indicated a tendency to 
be cohesive even after it was disturbed, so that 
some adhesion among the individunl fragments 
must be of a reversible nature. To some extent, 
it can be concluded thnt ,  at the Surveyor I I I  
site, a crust o f  somewhat brittle materiil.l existed 
to a depth of 2 Y2 to 5 em below the surf ace. 
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 I I I  site. With possible modifi ca
tions, becnuse of the depth of the underlying 
rock fragments, the soil at the Surveyor VII site 
also appeared to be quite uniform laterally ov er 

the ent ire region tested by the surface sampler. 
One rock fragment was squeezed in the jaws 

of the Sun-eyor III  snrface sDmpler ; rock 
frngments were picked up by the Surveyor VII 
surface sampler, and one rock fragment wns 
broken by an impn.ct. Since the rock picked up 
by the surface sampler on Surveyor I II re
m ained intact when subj ected to a force of 
se\'eral hundred newtons per square cen timeter 
by the surf ace-snmpler j aws, it was concluded 
to be a rock fragment rather than an nggregate 
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 
,·alue about 2.8 to 2.9 g/cm3• Another rock 
fmgment of apparently similar appearance was 
frnc t nred by a moderately strong blow by the 
Smveyor VII surface sampler. The magni tude 
of the impact indicates that either the sample 
was wenkened by fracture planes or discon
tinuities within it, or that it  was not a particu
larly strong rock initi ally (ref. 5-9) . 

On both missions, some lunar soil adhered to 
the surface snmpler ; this adhesion seemed to 
occur more frequently toward the end of the 
lunar day. On Sun eyor VII , soil fmgments 
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-hour contact with the sensor head. 

On Surveyor VII, th e surface sampler carried 
two magnets embedded in the scoop door ; 
some of the operations conducted were per
formed for the purpose of studying the inter-
1"\ction of the magnets with the lunar material.  
M agnetic 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 lun ar-surface 
tests. On the Surveyor VII mission, a large 
amount of time was devoted to interaction with 
the a lpha-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 conj unction 
with the television camera to accomplish the 
required tasks. The use of motor current proved 
a useful addition to th e process of manipulating 
the surface sampler, which responded correctly 
to all commands transmitted during operations. 
The design of the mechanism and its electronic 
au:-.:iliary was more than adeq uate for all lunar
surface operations. 

Data acq uired from the soil mechanics sur
face-sampler experim en t on the Surveyor III 
and VII missions pro\'ided 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 em to at le!\St 15 em. M any 
rock fragments ranging in size to 1 0  em lie on 
the surface within the surface-sampler opera
tions area. This differs from the Surveyor III 
site prhJCipally 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 a material possessing a cohesion on 
the order of 0.35 to 0.7 X 1 04 dynesfcm2, 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, its strength, increases with 
depth in the top 1 or 2 em. 

(4) To a depth of sev eral millimeters at the 
lunar surface, the soil appears l ess dense, softer, 
and more compressible than the underlying 
ma terial. 

(5) The bearing capacity of the lunar soil to 
the 2.54-cm-wide area of th e closed scoop of 
the surface sampler was about 2 . 1  X 105 dynes/ 
cm2, at a penetration of about 3 em. 

(6) Qualita tively, the soil a t  the Surveyor 
VII site was less brittle tha n  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 ra nge 2.4 to 3 . 1  g/cm3• 

(8) The excavation of one partially buried 
ro�k during Surveyor VII operations revealed 
that  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. 

( 1 0) The adhesion of lunar soil to the surface
sampler scoop appeared to increase with time 
on the lunar surface. 
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6.  L unar Surface Temperatures ancl Thermal Characteristics 

J. W. Lucas (Chairman) , lV. A. Hagemeyer, J. M. Saari, L. D. Stimpson, and J. M. F. Vickers 1 

Each of the five landed Sunreyor spacecraft 
transmitted datn back to Earth for at least 
2 weeks. The Suneyor landing sites are shown 
in fi gure 6-1 ; table 6-1 lists the selenogrn.phic 
location, time of landing, local slope, and Sun 
eleva tion above the eastern horizon at landing. 

In addition to the selenographic location 
differences, the locnl terrain on which each of 
the spacecraft landed was different. Sun eyor I 
l anded on a relatively smooth ,  nearly )e,rel 
surface, encircled by hills �tnd 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 
1 2W from the lunar horizontal. Surveyor V 
landed wi th one leg on the rimless edge of tl. 
9- x 1 2-meter crater, which was 1 .5 meters 
deep, and the other t\YO legs within the crater. 
The local slope Wt\s about 20° from the 1 unnr 
horizontal. Sun-eyor VI landed on a relatively 
smooth, nearly l evel, flat surface. The local 
slope wus less than 1 o from the lunar 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 a.bont 3°.  

The behavior of the various spacecraft on the 
lunar surface varied . Surveyor I gave excellen t 
data for two successive lunar days, and partial 
data were obtained as late as the fifth ttnd sixth 
lunar d ays. 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. I t  lifted off after initial 
touchdown and remained aloft for about 24 

1 With the exception of J.  l\1. Saari of the Boeing 
Scientific Hesearch Laboratories, the authors are 
affiliated with the Jet Propulsion Laboratory. 
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seconds. Liftoff also occurred ttfter 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 �-Lll but two of the tempera
ture telemetry channels, both associated with 
the telev ision camern.) became erroneous. The 
a.nomaly was localized in the signal-processing 
analog-digital c01werters, and it was found that 
most of the n.nalog data obtained in the lowest 
rate mode ( 17  .2 bitjsec) was fairly reliable and 
could be corrected wi th 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 o K. Surveyor III ex
perienced a solar eclipse (by the Earth) during 
i ts first lunar day on April 24, offering the first 
opportunity to observe such an e\·ent from the 
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FIGURE 6-1 .-Surveyor landing sites. 
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TABLE 6-l . Positional characteristics of Surveyor spacecraft 

Selenographic coordinates Touchdown time Sun 
A t las/ACIC s11stem eler.,ation Approxi-

above mate 
Spacecraft Selenographic loca tion eastern local 

hortzon at slope, 
Longitude Latitude GMT date GMT hr: touch- deg 

m•'n:sec down, deg 

Surveyor L _ _ _  2.46° s _ _ _  43.23° w- Southwest part of June 2 '  1966 06 : 1 7 : 36 28. 5 < I  
Oceanus Procellarum 
(Ocean of St orms) . 

Surveyor III  _ _  2 .99° s _ _ _  23.34° w - Southeast part of Apr. 20, 1967 • 00 : 04 :  17 1 1. 8  1 2. 4 
Oceanus Procellarum 
(Ocean of Storms) . 

Surveyor V _ _ _ _  1 .4o N b _ _  23.2° E b _  Mare Tranquillitatis Sept. 1 1 , 1967 00 : 46 : 42 1 6. 4 20 
(Sea of Tranquillity) . 

Surveyor VI _ _ _  0.5 1 °  N _ _  1 .39° w - - Sinus Medii (Central Nov. 1 0, 1 967 0 1 ;  0 1 : 04 2. 8 e < I  
Bay) . 

Surveyor VIL _ 40.88° t : L  1 1 .45° w - Ejecta blanket o f  Crater Jan. 1 0, 1968 0 1 : 05 : 36 1 2. 5 3 
Tycho. 

• I nitial touchdown ; second touchdown was at 00 : 04 : 4 1  G MT; final touchdown was at 00 : 04 : 53 G MT. 
h Approximate ; not precisely located.  
e Before the hop. After the hop, the slope was about 4°.  

Moon. Surveyor III did shut down almost im
mediately after sunset (2 hr) on the first lunar 
day. 

Surveyor V, which operated for about 1 1 5  
hours into the first lunar night, 9 1so experienced 
a solar eclipse (by the Earth) on the second 
lunar day on October 18 and operated for 
about 2 1 5  hours into the second lunar nigh t. It 
operated for a short period of time during the 
fourth lunar day, transmitting 200-line tele
vision pictures. 

The vernier rocket engines on Surveyor VI 
were fi red on the lnnar surface during the first  
lunar day, causing the spacecraft to lift off from 
the lunar surface and to hop 2.4 meters. Sur
veyor VI operated for about 40 hours into the 
lunar nigh t ;  it was revived on the second lunar 
d ay, but gave thermal data for only a short 
time. 

Surveyor VII ,  which operated for about SO 
hours into the first l unar night, was successfully 
revived on the second lunar day, giving good 
thermal data during the day ;  however, con tact 
with the spacecraft was lost before sunset on 
the second lunar day. 

Surveyor I presented the first opportunity to 
obtain in situ estima tes of the lunar surface 

tern perature and thermophysic9 1 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 therm ally 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 unit emissivity must have to produce 
the measured response. 

The Earth-based (telescopic) eclipse meas
urements used for comparison were performed 
to a resolution of either 8 or 10 seconds of arc 
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( 14 or 1 8  km at the disk center) . The error of 
matching Earth-based infrared m aps with 
lunar photographs is 4 to 8 km bused on n 
least-squares npproxima t ion using 30 to  50 
identifiable hot spots. The locat ion of the 
Surveyor spncecraft ,  rela tive to  nearby features 
on Lunar Orbiter photographs , is known t o  1 
meter.  The Surveyor spacecraft provided esti
m ates of surfnce tempera tme out t o  about 1 8  
meters from the compartmen ts. Thus, com
pared with the best previous infrared telescopic 
observat ions, this is an impro,·emen t in ground 
resolu tion by a factor of 1 000. The deri,·ed 
temperatmes after sunset ,  and during the t\\'o 
eclipses, were used to  est imate the thermal 
characterist ics of the  lunar surface a t  each site .  

Earth-Based Thermophysical Observations 

The surface t emperatures calcula ted from 
the spacecraft thermal datu \\'ere compared 
with Earth-based rneasmements and theo
retical thermophysical models. In the follo\\' ing 
paragraphs, a summary is given of the pertinent 
Earth-based m easuremen ts of the various 
landing site regions. 

Albedo 

With regard to t.he theoretical models, it is 
necessary t o  know the bolometric albedo so 
tha t  during illumination the amount of solar 
radiation absorbed by the surface can be 
calcula ted . If  the small amount of energy 
cond ucted in or o u t  of the surface during 
illumination is ignored, then the Lambertian 
temperature (\\'i th unit surface emiSSIVIty 
assum ed) TL is defin ed by the expression . 

( 1 )  
where 

u=St efan-Boltzrnann cons tan t ,  W/rn2 °K� 
A= bolometric or tota l  solar albedo, di

mensionless 
S= solar irradiation, Wjm2 
1/- = ele,·ation angle of the Sun to the 

surface 

By this definition,  the  Lambert ian t emperature 
is that  which a perfectly d iffuse blackbody 
surface would ha\'e to radia te  the same energy 
as is absorbed , Actually,  as discussed la ter in 

339-462 0 - 6 9  - 1 3  

this cha pter ,  the lunar surface exhibits direc
tional eff eets in i ts  emission ; however, it  has 
been found thut the Lambertian t emperature 
provides a useful comparison to the spacecraft 
da ta. 

In  order t o  calcula te  TL, the  bolomet ric 
albedo of each site must be known.  For this 
purpose, the simultaneous infrared and photo
m etric scan d ata of reference 6-1 \rere used . Of 
particulnr in terest \\'US the scan a t  full �loon 
( - 2° phase a ngle) j ust prior to the Decem
ber 1 9 ,  1 964, ecl ipse. The da ta  show the bright
n ess 2 t empernture changes with the photo
m etric brightness on adj acent regions. This 
allows the calcula tion of the relationship 
between the photom etric brightness on this 
scan and the bolometric albedo. 

�ow, beca use of the directional emission of 
the lunar surface, the  obsened brightness tem
perature Tb differs from the Lnmbertia n  tem
perature because of the angle of v iew so that  

(2) 

which defines the  directional factor D(l/') . For 
the full-Moon scan , if the  bolometric albedo A 
is assumed proportional t o  the measured 
photometric brigh t ness B, then 

(3) 

where J{ is a const ant ,  which if known allows 
the determinat ion of A for any poin t .  To de
t ermine J{, measurements "·ere made on t \\'o 

arens,  1 and 2 ,  of differing brigh tness at the 

same f,  so from equations ( 1 )  and (2) 

and (4) 

Eliminating D (l/') between these two equat ions 

and sol ving for K, \\·e find 

(5) 

2 With unit surface emissivity assumed. 
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It was thought that K could possibly be a 
function of if;, so many pairs of points of 
different brightness were measured over the 
disk. The results showed that K was essentially 
independent of if;. 

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 1 0  
seconds o f  arc ( 1 8  km a t  the center o f  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. 

Tltermopltysicol Properties o f  tlte SvrYeyor Landing Sites 

The thermophysical 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 ,  1 964, 
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 measure
ments ; for example, any local areas strewn 
with sizable boulders should cool more slowly 
than u nstrewn areas. 

Isotherms in the region of the Surveyor I 
landing site have been transferred to the lunar 
aeronautical chart (fig. 6-2) .  I n  that region,  

FIGURE 6-2.-Isotbermal contours for landing site 
region of Surveyor I obtained during totality of 
lunar eclipse. 

the craters Flams teed and Flamsteed B are 
prominent hot spo ts. It can be seen that the 
area in which Sur veyor I landed is one with 
small horizontal t hermal gradients ; thus, i t  
contains the highly insulating properties that 
typify the general lunar surface. 

Isothermal co ntours 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. ]')fission characteristics 

Characteristic Surr·eyor I Surt·eyor Ill Surveuor V Surveyor VI Surveyor VII 

Landing site _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Oceanus Pro- Oceanus Pro- l\Iare Tran- Sinus l\IediL __ Ejecta blanket 

cell arum. cellarum. quillitatis. of Tycho. 
Solar constant, W/m2 _ _ _ _ _ _ _ _ _ _ 1 352 _ _ _ _ _ _ _ _ _  1 386 _ _ _ _ _ _ _ _ _  1 375 _ _ _ _ _ _ _ _ _  1423 _ _ _ _ _ _ _ _ _  1442. 
Bolometric albedo (A ) = lunar 0.052 _ _ _ _ _ _ _ _  0.076 _ _ _ _ _ _ _ _  0.077- - - - - - - - 0.084_ - - - - - - - 0. 17 .  

reflectivity (P2) .  I 
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FtGURE 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 G-4 and G-5, respectively. 
Again both regions appear to be relatively bland 
at  the limit of resolutio n  of the Earth-based 
measnremen ts. 

The crater Tycho is an outstanding thermal 
anomaly on the lunar surface from the stand
poin t 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 
Sun·eyor VII lan ding site is within the anoma
lous area surrounding the crater. During eclipse 
totality, the central peak is abou t 62° K warmer 
than the environs, whereas th e Surveyor VII 
landing site area is only 14° K warmer. 

FJGURE 6-4.-lsothermal contours for landing site region of Surveyor \" obtained during 

totality of lunar eclipse. 
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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 
lnnar surface made during the December 19 ,  
1 964, eclipse. The latter measurements, i t  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 "f= (kpc) -H', where k is 
thermal conductivity, p is density, and c is 
specific heat. This constant 'Y model, ho"·ever, 

can not adequately represent the Earth-based 
measurements during both eclipse and post
sunset, since the former requires a much l arger 
constant 'Y than the l atter. During illumination, 
the model predicts temperatnres 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 temperatmes 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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oo 
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FIGURE 6-6.-Isothermal contours for landing site region of Surveyor YII obtained during 
totality of lunar eclipse. 

lunation of the equatorial Surveyor sites and 
was derived from Earth-based postsunset 
measuremen t s  of maria in the eastern sector 
(ref. 6-7) .  The larger 'Y values given in the 
following paragraphs resulted from Earth
based eclipse measurements. The d ifference 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 lo"·er depth is involved during the 
lunation ,,·arming and cooling phases. 

The calculated lunar surface Lambertian 
temperatures (ref. 6-5) 3 for the homogeneous 

3 B .  P. Jones calculated t he L ambertian curves for 
the different Surveyor sites including postsunset where 
the differentiation due to 'Y is significant. 

model at the SmTeyor I l anding si te  are shown 
in figure 6-7. The specific values for solar 
constant and lunar reflectivity (albedo) used 
for each mission are given in t able 6-2. The 
time scale was fixed assuming a flat :Moon 
smface at  sunset. The 'Y= SOO intermediate 
curve in figure 6-7 is considered most repre
sentative of the site. It is of some interest to 
note that a 'Y value of 1 350 had been inferred 
for the Suneyor I site from Earth-based 
eclipse measurements. Temperatures calculated 
for the Snr,·eyor III si te  are shmYn in figure 
6-8. 

Thermal measurements were made of the 
Sun·eyor I I I  site  during the April 24, 1967, 
eclipse. Figure 6-9 sho,vs a predict ed cooling 
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FIGURE 6-7.-Calculated Lambertian temperature for 
Surveyor I landing site. 
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FIGURE 6-8.-Calculated Lambertian temperature for 
Surveyor III  landing site. 
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FIGURE 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 1 9 ,  1 964 , 
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 1 400. 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 6-1 1 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 
m aterial . 

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 No
vember 1 967 when the elevation angle of the Snn 
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
b ased eclipse observations show cooling during 

I ,, +? 
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FIGURE 6-10.-Calculated Lambertian temperature for 
Surveyor V landing site. 
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FIGURE 6-1 2.-Earth-based and calculated tempera
tures for Surveyor VI landing site. 

totality comparable to that for a homogeneous 
model with a -y of 1 100. 

The calculated Lambertian temperatures for 
the Suryeyor VII landing site are shown in 
figure 6-1 3 . Also shown are the Earth-bused 
measured temperatures, which again show a 
directional effect distributed 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 fe'" minutes before the 
end of totality. These eclipse observational data 
fit  the cooling curve for a homogeneous model 
with -y=450 inside the crater and with -y= 1 100 
outside the crater by 30 seconds of arc. I t  
should b e  noted that a "f= 1 09 1  was erroneously 
used in reference 6- 10 for postsunset tempera
tures outside the crater instead of 800 from 
actual postsnnset measurements (ref. 6-7) .  

Although n o  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 
"·ith "f= 800 was assumed. 

(3) A postsunset curve for the landing site 
region was determined by interpolating 0.27 
of the way from the em-irons curve to the crater 
curve, resulting in the predicted X curve shown 
in fignre 6-1 3. This postsunset curve corre
sponds to a 'Y of 550 for the landing site region. 

,---,----,----,.....,......,.-,.---,----,----,----,---,---,.--� -
..- -t + + + +  E.ART1'1-8ASED ("'[A9JIIE01 
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FIGURE 6- 13.-Earth-based, calculated, and predicted 

temperatures for Surveyor \'II 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 Lumbertian surface 
(ref. 6-1 1 ) .  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, Eart h-based measurements over the 
entire l unar disk for three Sun angles were 
used . For a Sun elevation angle  of 90° , the 
measurements of Sinton (ref. 6-1 2) were taken 
which show the variation in radiance from the 
subsolar point as a function of the angle of 
observation .  For two o ther Sun angles of 30° 
and 60° , the infrared scan data for different 
phases made by Shorthill and Saari were nsed. 
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 fac.tors obt ained in this manner 
were referenced to  a lunar surface element by a 
coordinate system with azimuth and elevation 
angles for the direct ion of obsen·ation defined 
as follows. Azimuth angles \\·ere m easured from 
the normal proj ection of the Sun direction onto 
the surface. Elevation angles were measured 
from the surface in the plane of obsen-ation.  
Direct ional 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 minus 
azimuth angles, was then compu ted 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, 

"'""'" 7 

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 
configura tion differed significant ly from the 
average. 

Spacecraft Thermal Measurements 

Spacecraft Description 

The Surveyor spacecraft (fig. 6-15) had a 

basic s tructural frame of tubular aluminum 

which served ns  11 t etrahedral mounting struc

ture for the electronic gear and propulsion 

system. The three spacecraft l egs were attached 

at the three corners of the base. The planar 

array antenna and solar panel ,  monnted on a 

mast about 1 meter above the apex of the 

structure, cast varying sh adow patterns on the 

spacecraft and on th e lunar surface throughout 

the lunar d ay. Changes in shadow patterns 

occurred as a result of the commanded reposi

tionings of the planar array antenna and solar 

panel and from the apparent movement of the 

Sun (nbout 0.5°/hr) . 
Generally, the spacecraft component s  in the 

Sun-illuminated areas had white painted sur

faces that provided a low-solar-absorpt ance 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 th e 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 m ain 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 \Vas 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 ± 1 o C with an overall accuracy 
of ± 3° C over a narrow temperature range. 

outboard face, i .e . ,  the smface facing the 
blanket of each compartment (see figs. 6-1 6  
and 6-17) .  The blanket isolated the panels 
from the insiue of the compartments. Because 
the outboard faces of the compartments had a 
strong radiati,'e 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) 

FwunE 6-1 6.-Surveyor model, compartment A. 

FIGURE 6-1 7.-8urveyor model, compartment B. 
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on the different m1sswns. 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 6-1 6. 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 
t emperature distributions. The lunar surface 
temperature measured by each compartment 
sensor also was influenced by terrain features 
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 1° south 
of west ;  the vertical spacecraft -Z axis is 
taken to be tilted 0.5° toward the west. To 
insure early-morning coverage, the science 
bay (television camera) was directed eastward, 
which resulted in compartment A vie,ving 
southwest and compartment B viewing north
west. The normal to the outer canister face of 
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each compartmen t made nn angle of 69 ± 1° 
with the spacecraft - z (Yertical) axis. The 
view factors from compartments A and B to 
the lunar surfnce (defined later in eq. 6 us F12 
plus F13) 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 6-1 3 .  

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 III. The assumed orientation of 
Surveyor III with respect to lunar coordinates 
is given in figure 6-2 1 .  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 ltxis 
approximated the direction of the local surface 
normal ; both compartment normals were m
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 vie"·ed a maximum proj ected 
surface area of 1 .3 X 1 04 m2, and compartment 
B an urea of 2 .6X l04 m2• 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 nnd 0.4 1 , respectively. 
The compartment, solar panel, and planar 

� ��_...,..--- - Z AXIS 

LOCAL VERTICAL--./' r I AFTER LANDING·  I deg 

�-
� --- \ 

DIRECTION OF TILT \ 
AFTER THE HOP 42" """ ' r25· 

+ X  AXIS 

-r AFTER THE HOP0 4 deg 

DIRECTION OF TILT 
AFTER LANDING 

FIGURE 6-23.-Surveyor V landed orientation. 

array temperature data are g1ven m reference 
6-14.  

Surveyor V. Surveyor V l anded 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 o'f 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 snrface 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 6-1 5. 

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 leYel, fla t  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 0.32 1 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 
0.3 16  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 .  

FI GURE 6-25.-Surveyor V I  landed orientations. 

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. 
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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 respect 
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 betv;een the compart
ment face and the lunar surface viewed using 
the following equation (depicted in fig. 6-28) : 

(6) 

q 
-

e1e2F12 
where 

T1= compartment surface temperature, °K 
T2= lunar surface brightness temperature 

in sunlight, aK 
T3= lunar surface brightness tempera

ture in shadow 
= 200° K was used in the calculations 

S=solar irradiation constant, W/m2 

F12 =geometric view factors from com
partments to sunlit portion of 
lunar surface, dimensionless 

F13= geometric Yiew factors from com
partments to shadowed portion of 
lunar surface, dimensionless 

q= heat flux from inside to outside of 
compartment wall, W /m2 

u=Stefan-Boltzmann constant 
=5 .675 X lo-s W/m2 °K4 

e 1 =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) 

a18= compartment surfnce solar ubsorp
tance, dimensionless 

= 0.20 ± 0.02 
{J= angle between direction of Sun and 

normal to compartment surface, 
deg 

Y, = elevation angle of the Sun to the 
lunar surface, deg 

P2 =A= lunar reflectivity to solar irradia
tion, dimensionless 

Table 6-2 shm\·s some of the parameter 
values used in the lunar-surface temperature 
calculations for each mission. Other parameters 
used, such as vie"· factors and Sun angles, 
and the detailed results of these calculations, 
are given in references 6-1 0  and 6-1 3  to 6-1 6 . 

Shading Test 

A differential shading t est was performed on 
Surveyor III compartmeut 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 ,-elodty sensor 
( RADVS) antenna. The top of the compart
ment on all Sun·eyor spacecraft was covered 
with Vycor mirrors \Yhich had a low a/€ 
( = 0 . 1 2/0.79) permitting heat flo\Y 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 beginn ing of the shading test, all 
components \\·ere unshaded, including the 
compartment outboard face, the Vycor mirrors, 
and the RADVS antenna. Next ,  \\"lth  all the 
components shaded from the direct Sun by 
the solar panel, the outboard face temperature 
dropped 6 .7° K ( 12° F) .  Subsequently, each 
component was unshaded in succession :  the 
first was the RADVS antenna, \\·hich resulted 
in a t. T=0.6° K (1 o F) ; the outboard face, 
w·hich resulted in a t. T= 6. 1 °  K ( l l °  F) ; and 
the Vycor mirrors, which resulted in a t. T  
= 0.8° K ( 1 .5° F) .  (The sum is greater than the 
original 6.7° K (12° F) drop because of the 
increasing Sun angle during the test.) By fur 

the greatest temperature change occurred "·hen 
the outer face \\·as 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 outboard panels of the 
electronic compartments, on the solar panel, 
and on the planar array antenna, for the most 
part, are presented in references 6-1 0  and 6-13 
to 6-1 6 . (Figs. 6-20 and 6-26 contain solar 
panel temperature data not previously re
ported.) I ncluded 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 \Yere 
calculated using the compartment outboard 
panel temperatures and equation (6) ,  d epicted 
essentially as a radiation balance relationship 
in figure 6-28.  These preliminary results \Yere 
presented in references 6-1 0  and 6-1 3  through 
6-1 6  shortly after each Sun-eyor mission. In 
some cases, lunar surface brightness tempera
tures "·ere calculated using the solar panel 
t emperatures ; ho\\·ever, they were not presented 
because of the incomplete effort. 

The lunar surface temperatures derh·ed 
from the Surveyor I compartment data using 
equ ation (6) were found to differ from Earth
based predictions .  Higher morning tempera
tures were evident and lower ,·alues of 'Y re
sulted from Surveyor. Similar discrepancies 
occurred on the subsequent Surveyor missions, 
and especially large differences were noted 
during the eclipses on the Sun·eyor III and V 
missions. These Surveyor-based eclipse lunar 
surface t emperatures were found to be higher 
than Earth-based predictions by 50° and 80° K, 
respectively. 

Another discrepancy also appeared w·hen 
lunar surface t emperatures deri,·ed from the 
solar panel temperature measurements were 
found to differ from the result s  obtained from 
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compartment datu. I n  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 predictions. At night, the 
compartment-bused lunar surface temperatures 
also were higher, resulting in 'Y ,·alues 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 hu ve been considered m 
modeling the lunar surface characteristics in 
order to explain the difference between eclipse 
and postsunset measurements. Effects given 
serious consideration are directional thermal 
emission,  variation of thermal conducti vity 
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 postsunset 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 conducti,rity 
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 significan t 
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 dming 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 temperntures from these two 
sources still could not be made to overlap 
without assuming some u nreasonably large 
initial error sources. However, the slope of the 

339--46.2 0-69--H 

postsunset snrface tempernture derived from 
compnrtment 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 temperntures 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 sinee the compart
ment side faces were nearly ''ertical 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 smface. 
The importance of this effect was estimated 
for Surveyor V during the lunar night, where 
data were available for 200 homs after sunset 
and where transient effects were at a minimum.  
Simplified calculations were made, assuming 
that the sides and outboard face "·ere 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
tmes for ')'= 500 and ')'= 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 ')'= 500 
and the actual flight dntn ; without the side 
face conduction, a 1' of nbout 400 previously 
had been obtained. 
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into the nigh t. Figure 6-3 1 also presents the 
curve for f' =  1 350, originally predicted from 
Earth-based eclipse measurements, which indi
cates that this value of 'Y is much too large 
for the night. 

D uring 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 low 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 i.n 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 d ata and Earth-based 
measurements appear to be in agreemen t 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 6-1 0  and 6-13  
through 6-16  should be increased at  least 1 00 
(cm2 sec1i2 °K/g-cal) .  

Directional emission o f  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. L unar Surface Electromagnetic Properties 
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Radar Data and Data Reduction 
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L. DAVIDS, AND W. H .  PEAKE 

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 )  l\fethods of reduction and presentation of 
the radar data  obtained for the ,·arious 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. 

Raclar Sysfem 

Radar signal-strength data were taken with 
the radar altim eter and doppler velocity sensor 
( RADVS) for approximately the final 3 minutes 
of Surveyor flights I, III,  V, VI,  and VII. 
I den tical systems were used on each fligh t ;  
these systems consisted o f  four narrow beams, 
three of which "·ere oriented at angles of 25° 
with respect to the roll axis (at a wavelength of 
2.3 em) and the fourth along the roll axis. Beam 
4 was frequency modulated to obtain slant
range information . The sole design criterion for 
the R ADVS system was determined by guid
ance and control requirements. N evertheless, 
telemetered values of the various signal 
s trengths have yielded unique and significant 
information concerning the radar reflection 
properties of the lunar surface in the various 
landing regions. 

D ata from each flight were obtained during 
the final 2 to 3 minu tes before touchdown. 
D uring this time, the range varied from about 
0 to 20 km, the beam angles of incidence from a 
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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 orien tations of the radar beams were 
correspondingly different ;  in each case, th e final 
minute of descent was performed with the 
spacecraft roll axis essentially perpendicular to 
the m ean lunar surface and with essen tially zero 
lateral velocity. Consequently, during this 
time period, three of the beams remained at an 
incidence angle of 25° to the m ean 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 
th e output of a 7-watt, two-cavity klystron, 
radiated by two parabolic antennas in the 
three beams. The antennas are divided by 
septums into receiving and transmitting sec
tions . The return signals are detected in quad
rature by pairs of microwave mixers that are 
excited by the transmitter signal,  converting 
to the doppler frequencies In the range of about 
100 to 80 000 Hz. The doppler signals are 
amplified in matched pairs of preamplifiers that 
employ automatic gain control ,  each in three 
discrete gain states differing by about 25 dB. 

The preamplifier outputs are processed by 
frequency trackers, which provide estimates 
of the center frequency of each doppler spec
trum. The three doppler frequencies are com
bined in frequency conYerters to giYe three 
orthogonal velocity components in spacecraft 
coordinates as analog voltages. 

The altimeter transmits about 250 MW from 
a reflex klystron,  which is frequency modulated 
at the repeller with a sawtooth waveform . The 
return signal is processed in the same "·ay as in 
the velocity beams by microwave mixers , pre-
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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 fc+f0, wherefc 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 fc· The translated spectrum is 
amplified in an IF amplifier with a center fre
quency of 600 kHz and a bandwidth of 1 0 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 R C  filter with an 
0.05-second time constant. The output is scaled 
to provide a full-scale voltage of 5-V de. 

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 lm,•-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 interpretat ion 
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 lnnar 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 part icularly common during the 
last 30 seconds of flight when the nominal signal 
strength 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 
gaih-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 transmit ter powers. 
The accuracy of this process is difficult to esti
mate . Errors will arise from the uncertainties 
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.This situa
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. 
Nevertheless, 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 benm 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. 

Trajectory Reconstruction 

A necessary requirement for accurate evalua
tion of lnnar 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 t.his means, both geometric and 
terrain effects could be remo,·ed from the telem
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 tmjectory 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 
t elemetry data. The program \Yas also designed 
to solve for both system and telemetry errors. 
The technique required as a base, a three
dimensional, si.x-degree-of-freedom simulation 
of th e terminal descent.  An existing si.x-degree
of-freedom computer program (6DOF) , which 
contained mdar and flight-control subsystem 
models, including weight and momen t 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 p erformed using simple trapezoidal nu
merical integration. The resulting computa
tional accuracies obtained ha,·e, in general , 
b een several times better than the most severe 
requirements. 

The control system model consists of the 
altitude, acceleration, and range/velocity com
mand descen t control loops. The radar sub
system serves as t he navigational sensor in the 
latter control loop and must provide continuous 
and accurate data on runge and velocity so 
that the spacecraft m ay 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 traj ectory recon
struction, the subsystem dynamics included 
time constants of at least 0. 1 second in 
magnitude. 

By the time Surveyor I was launched ,  the 
least-squares program had been de,·eloped to 
the poin t 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 th at large 
system errors (out  of specification errors) "·otdd 
cause the program to diverge from the solution, 
while small errors \Yere resolved with high ac
curacy. To achieve convergence in the first 
case, it  was necessary to modify the model so 
that th e 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 bet\Yeen spacecraft-system parameters 
and traj ectory characteristics and high correla
tion between available telemetry data. At this 
same time, it  was found from Surveyor I post
fligh t work tha t  the 6DOF program could be 
perturbed by hand with very quick convergence 
and mn tching of the telemetry data .  

Since, i n  either case, the basic system model 
required modification for large system errors, 
the least-squares best-fit approach was dropped 
in 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 (burnout, segment 
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intercept, 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 
ignition 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 time interval of 
a descent segment and even greater variance in 
total descent time. Based on this analysis, the 
errors between the 6DOF simulation traj ectory 
and the true trajectory are estimated to be 2 
percent in beam range, 1 percent in beam 
velocity, and 1° in beam incidence angle 
(1 o-) . The 1-u error in spacecraft roll attitude is 
estimated to be 0.3°. These errors in the tra
jectory 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 
incidence 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 
P1=power transmitted 
G=antenna gain 
R=range along beam center 
O=angle of incidence 
A=wavelength (23 em) 
!/>=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 flat. 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 Trammitter power, dBJV 

Spacecraft 

Beam I Beam 2 Beam 3 Bea m 4 Beam I Beam 2 Bea m J Beam 4 
----

Surveyor I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  28. 00 28. 05 28. 55 29. 20 33. 55 31 .  85 33. 44 24. 97 
Surveyor IlL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  28. 90 28. 1 0  28. 40 29. 1 0  33. 96 33. 29 33. 82 25. 07 
Surveyor IV _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  28. 55 28. 45 28. 50 28. 05 33. 79 34. 35 33. 87 24. 64 
Surveyor V L  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  28. 20 28. 1 0  27. 7 0  28. 50 34. 70 33. 60 33. 05 25. 05 
Surveyor VII _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  28. 27 27. 87 27. 66 28. 44 34. 02 34. 92 34. 07 24. 32 



ELECTROMAGNETIC PROPERTIES 207 

Variations in Rae/or 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 cun·es 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 exam pies only are 
pres en ted here. 

The gamma  radar cross sections for Surveyor 
I are sho\\"ll 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 nn inci
dence angle of 25°. Thus, we would expect the 
gnmma 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 normn l-incidence, rapid signal
strength variations over an approximate 1 0-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 Sun·eyor 
III is shown in figure 7-3 . In this case, the beam 
incidence angles do not reach the final touch-
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FIGURE i-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. 



208 SURVEYOR : PROGRAM RE SULTS 

down configuration until about 1 00 seconds 
before touchdown ; some evidence of the angular 
variation in gamma can be seen before this 
time in figure 7-3. After 1 00 seconds, beams 1 ,  
2 ,  and 3 are in close agreement and with nearly 

constant 'Y· Beam 4 actually approached normal 
incidence quite slowly, reaching 0=2° 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 
tonrhdown configuration until n .  fe,,· seconds 
before the touchdO\nl. Beam 4 did not renrh 

0=2° un til abou t  1 0  seeonds ; very l ittle eYidence 

of fading can be seen in  figure 7-4 . This flight 
exhibited th e weakest erhos of all Sun·eyor 
flights (com pare fig. 7-4 \Yith figs. 7-2 nnd 7-3) . 
The cross-sec.tion data for Surveyor V I  are 
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shmq1 in figure 7-5. The landing configuration 
\nts reached rapiclly for this fligh t (by 1 20 
see) . A sign!fiean t clip, which probably can be 
explnined by n terrain Yarin.tion, can be seen 
around 1 00 seconds for beam 2. Strong fading 
occurs on beam 4 after SO seconds. The signifi
cant  decrease in 'Y for beams 1 ,  2 ,  and 3 between 
approximate]�, 30 and 20 seconds occmred on 
all flights and appears to be associated \Yith 
gain-state switching ; i .e . ,  the dip probably is n. 
characteristic of the radar system . 

An example of the al titude dependence of 'Y 
is shmYn in figure 7-5 with the Smveyor VII 
data.  Except for the last 1 000 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 alt i tude effects 
are in e,·idence. The ,·ariations in 'Y aboYe 1 0  km 
are explained easily in terms of the known 
changes in the incidence angles. Considerable 
real structure is e,·ident with beam 3 data, 
which show strong returns when that beitm 
crossed a group of mountains and a crater 
shortly before touchdown (see ref. 7-3) . Figme 
7-6 shows a strong beam 3 echo bet"·een the 
altitudes of 1 0  to 5 k m ;  this echo is caused by 
the local terrain,  which is oriented more per
pendicularly to the beam than the mean surface. 
The al titudes h ave nothing to do "·ith this 
phenomenon ; al titude "·as selected as the inde
pendent Yariable 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 helow. 

Radar Cross·Section Dependence o n  Incidence Angle 

The quanti ty of particular interest that m ay 
be estimated from the data is the variation in  
the radar cross section, ei ther 'Y or u ,  as a 
function of the  angle of incidence 0. The values 
of 'Y plotted in figures 7-2 through 7-6 are 
functions of the incidence angle relatin to 
local surface illu minated by a given beam. The 
incidence angles relntive to the mean lun ar 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 "·e cross-plot the 'Y versus 0 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 gi,·en landing region has a general 
slope of, say, 1 o or 2°, i t  "·ill signifiean tly affect 
in terpretation of -y(O) ,  particularly for data 
taken near normal incidence \Yhere the back
scattering la\Y is peaked . Ho,Yever, in most 
cases, the Sun·eyor landing sites are free of 
slopes and "rolling hills" and the interpretation 
of -y(O) is relatively straightforward. A notable 
exception is the Surveyor Y11 beam 3 ,  which 
did pass over "hills" that were large compared 
to the beam size. 

A possible explanation of the flight-to-flight 
Yaria.tion of the degree of fading on beam 4 
(near normal incidence) may be formulated from 
these ideas. If the intermit ten t  strong echoes 
obsen·ed on beam 4 data are coherent returns 
( truly specular) , they \YOuld be absent if the 
local surface covered by the beam were sloped 
1 o or 2° from the horizontal . In this case, the 
specnlar scattering direction would not be back 
to"·arcl the radar and only noncoherent echoes 
\Yould be detected . 

The angular cross-section data -y(O) are shown 
in figures 7-7 through 7-1 2  where the values of 
the independent variable () were taken from the 
6DOF progmm . :\Jost of the data occur at 0 of 
abou t  25° and, t o  a l esser extent, near 0°. (All 
Sun·eyor I radar data are at these two angles 
and will not be shown here ; however, it can be 
inferred from fig. 7-2.) The Sun·eyor III  data 

are shown in figure 7-7 with all of the beams 

-30 L0----10�--�2�0--�3�0--�4�0--�5�0--�6�0--�7�0 
ANGLE OF INCIDENCE, 8, deg 

FIGURE 7-7.-Radar cross section for Surv eyor III  
as  a function of  incidence angle. 
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s11perimposed. I t  can b e  seen that n t  1my gi,·en 
angle, e .g. ,  40°,  the ndues of -y are "·idely 
spread . This ntriation UHty be cn.Hsed by any of 
the follo"·ing factors : 

( 1 )  B eam is illuminating different regions of 
the lunar surface, which may have Yttrying locn l  
slopes and t rue difrerences in electric refieeti,·ity. 

(2) Signal m ay be strongly fading at any 
given time. 

(3) Receiver may be instant aneously out of 
lock. 
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FiGURE 7-8.-Radar cross section for SurvC'yor \" as 
a function of incidence angle. 

(4) For nny gi,·en data point , "·e may ha,·e 
selected the wrong gain state in t h e  data 
reduction . 

The cluster of data around 0 = 25° has the ad
ditional effect of superimposing the  signal 
strengths of three radars for which our numeri
cal ,-n ines of the gains and t ransmitter powers 
may be slightly in error ( ± 1 dB) . Since all of 
the data h ave been included in figure 7-7 , the 
effects of the stmngly nonlinear b eh avior of the 
mdars during the final 30 seconds of fl ight are 
quite eviden t .  The clustering near 0 = 0° is more 
diffic11lt to  explain. Strong "up-fades" were 
absent for Surveyor I I I  and, in th is sense, 
figure 7-7 is not typical . However, there is a 
considernble presence of very weak echoes (also 
nontypical from 0=0° to 3°) . I t  is not known 
whether these echoes are caused by th e receiver 
dropping out  of lock or by many incorrect gain
stat e decisions in the data reduction. It is cer
t ain, howe,·er, that these data do not represent 
the true lunar cross section n ear norm al inci
dence. (See section on radar data, p. 219) . 

The data fot· eaeh beam nre shown separately 
for Surveyor V in figure 7-8. B eam 4, in par
ticular, appears to yield a good estim ate of the 
backscatter funetion for this region ,  partly be
cause the geometry of the traj ectory swept the 
beam through a wide range of 0 in a near-opti
mum "·ay. Beams 1 ,  2, and 3 exhibit the usual 
wide spread in values near 0 "-' 25° for apparently 
the snme ren.sons 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 ntrious beams for 
Surveyor VI nre shown in figure 7-1 0  and the 

.0 
"0 
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FIGURE 7-9.-Radar cross section for Surveyor Y as 

a function of incidence angle. All beams are ::.uper

imposed. 
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composite in fignre 7-1 1 .  A double clustering of 
data near normal incidence is e\·ident, 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 V I I  composite data are shown 
in figure 7-1 2 "·ith eddence of t\Yo clusters near 
normal incidence. The most notable characteris
tic of these data is that the cross sections are 
significantly higher at all angles of incidence (by 
nearly + 2  dB) . This, apparent.ly, represents a 
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FIGURE 7-1 0.-Radar cross section for Surveyor VI as 
a function of incidence angle. 

true difference in the radar 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 ntriation in 
lunar topography was explored by the radar 
systems. 

Consequently, few topographical featnres are 
suggested by the Surveyor signal-strength data, 
with the exception of beam 3 on Surveyor VII .  
Howe,·er, 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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FIGURE 7-1 1 .-Radar cross section for Surveyor VI as 
a function of incidence angle. All beams are super
imposed. 
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reference 7-1 . I n  most cases, i t. i s  intui t. i ,•ely 
clear from inspection of the photographs why a 
certain crater \\·as detectable in the rad ar re
sponse and "·hy o thers \\·ere no t .  

The correlations of  the  beam traces on  the 
lunar surface with the corresponding Lunar 
Orbiter photographs are shO\m in figures 7-1 3  
through 7-1 8 .  The cartesian coordinates o f  the 
in terception of the beam center with the mean 
lunar surface were computed with the GDOF 
program . The beam patterns for Surveyor I 
are shown in figure 7-1 3  (recal l that beam 4 is 
always normal for this flight) . A close inspection 
of this Lunar Orbiter photograph indicat es that  
beam 1 (to the left) crossed t\YO anomalous 
craters, whereas th e other beams (2, 3, and 4) 
crossed nothing so prominent. Figure 7-14 
sho\YS an enlargement of the beam 1 trace with 

n sca led grnph of the 'Y cross section. The 
correlations between the craters of interest and 
the cross sections are clear, and no significant 

correlations with other craters can be defended. 
These effects can not be explained in a quanti
tative way, but we can say that they probably 
arise from a combination of focusing toward 
the rndar, more compacted material or less 

FIGURE 7-13.-Lunar Orbiter photograph 
of the Surveyor I landing site, showing 
antenna beam coverage. 

grnnu l ated m aterial,  and higher intrinsic di
electric constan t. 

The Su JTcyor III  region is shO\m in figme 
7-1 5  along with a cross-section graph . The 
only detectable e\'en t occurs on beam 1 ,  which 
rises Ycrtical ly along the cen ter . Clearly, th e 
crnter that lies about  1 200 m eters from the 
spacecraft is responsible for the radar f eaturc. 
The very complex beam traces for Surveyor V 
arc sho\Yl1 in figure 7-lG. Even though many 
eraters are traversed , no events can he seen on 
the cross-section data . 

The Surveyor VII photograph is shown in  
figure 7-1 7  where it can be seen that beam 3 
(from left to right) crossed a significaut  crater 
abou t 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- 1 8  shows a 
larger Yiew of the Surveyor VII landing site 
(again with beam 3 to the left) . Beam 3 tra
versed a "hil l" 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 alti tude range from 9 to 5 km .  This 
event occurred about  5 km from the touchdown 
point. 
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FIGURE 7-1 6.-Lunar Orbiter photograph of the Surveyor V landing site, showing radar 
beam traces. 
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Interpretation o f  Surveyor Radar Data 

D. 0 . .l\lUHLEMAN 

In principle, the measurement of the radar 
cross section for the complete range of incidence 
angles can be interpreted in terms of the elec
trical parnmeters of the surface materials (as
suming that they are homogeneous to several 
skin depths) nnd smfnce topographic statistics. 
In practice, these two effects are very difficult to 
separate e\·en with "perfect" mensnrements. In 
measnrements of terrestrial surfaces, it is 
possible to mensme the electrical parameters 
from laboratory samples and to carry out topo
graphic sun·eys. Although many such tests have 
been conducted, relatively little theoretical in
sight concerning the radar-scat tering behavior 
for snch test regions h as been obtnined. 

In lunar or planetary radar t ests, 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 elec trical parameters ; in particular, 
the dielectric constant. The general structure 
of the lunar backscatter characteristics is 
fairly well known from radar measurements 
from the Earth . \Ve 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 ns seen from the Earth .  

We defined the function F(O) and the param
eter 7J such that the power backscattered per 
unit solid angle (per watt of power per sqnare 
square meter illuminated) is 

F(O) 
7} --411" 

Then the power backscattered from n surface 
element at angle (} (measured from the sub
Earth point for the case of illnmination from 
the Earth) is 

(3) 

where G is the antenna gain, A, 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 u perfec tly conduct
mg smooth sphere, the power received would 
be 

(4) 

which, when used to normalize equation (3) , 
yields the angular radar cross section u(O) : 

Pp(O) = u(O) =27JF(O) cos (} (5) 
T S 

vVe notice that the gamma cross section of 
chapter 7 (pp. 203-2 1 8) 1s related to u(O) 
by the relationship 

u(O) = 'Y (O) cos O (6) 

If we call the total obsened cross section of 
the Moon p, then it must be that 

1" '2 27JJ o 
F(O) cos (} sin (} d O=p (7) 

\Yhich supplies the normalization condition for 
the backscattering functions F(O) or F(O) cos 0. 

We must now consider the case where a 
local (flat) region of the �loon 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 assnmed 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) 

Thus, if we know that angular behavior of 
the scattering law, F(O) , and use equation (7) ,  
we may estimate 7J from measured valnes of 
P,(O) ; i .e . ,  the Smveyor radar data. 

There are two scattering theories available 
that represent the Earth-bnsed lunar radar data 
well. The first theory, which we "·ill call 
F1(0) , derived by Hagfors, Beckmann, and 
others (see ref. 7-1 ) ,  is based on an a pproxi
mate application of exact Huygens' theory 
and assumes that the smface autocorrelation 
function is exponential (really linear) and that 
surface-height variations are gaussianly distrib-
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nted about some mean level. In this case 

K, F1 (0) cos 0= ( 4 0+0 . 2 op12 (9) cos sm 

where 0 is a wavelength-dependent parameter 
related to the surface statistics. The normali
zation constant K1 must be found with the 
use of equation (7) . The second theoretical 
expression, derived by Mnhleman (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 

[{2 cos 0 F2(0) cos 0= ( . O+ 0) 3 (10) Sln a cos 

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 (eq. (7) )  and will 
not be applied. 

If we use either F1 (0) or F2 (0) in equation (7) , 
K1 and K2 can be computed only if we know the 
relation between TJ and p. We will assume that 
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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 F1 (0) and F2 (0) are quite 
similar and, apparently, the only significant 
difference is that F1 (0) is based on gaussian and 
F2(0) on exponential surface-height statistics . 
The practical difference in the two functions is 
that F2(0) 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 shown in figme 7-19  along 
with equation (9) with 0=8 .  The theory fits 
the data well from 0° to 30°. The agreement 
for larger angles can be improved by using a 
smaller 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(0) for a=0.38 and 
0.42. In this case, most of the (poor) near
normal incidence data fall below the curves . 
The situation i.s even more complex for Sur
veyor VII, as shown in figure 7-2 1 along with 
F1 (0) for 0=6 and F2(0) for a=0.46 . These 

0 

0 

ANGLE OF I N CIDENCE, 8, deg 

FIGURE 7-1 9.-Radar cross section versus angle of incidence for Surveyor V.  F,(IJ) scattering 
model, with C= 8. 
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param eter estima tes imply that t h e  SmTeyor 
VII region (Tycho rim) is som e\\·hut "rougher" 
than the mare landing sites. A l arger value of a 
could be chosen such that F2 (0) would puss 
through the lower eluster of near-norm al 
incidence datu ; i . e . ,  the surface assumed e\·en 
rougher. Apparent ly , it is impossible to deter
mine which cluster truly represents th e :t\Ioon 
in this region .  

All the -y (O) d atu were treated in this way 
to obtain estim ates of C and a and then to 
estimate TJ 1d th the use of equa tions (7) to 
( 1 0) . The dutn for Surveyors I ,  III, and VI 
are even m ore difficult to treat th an those for 
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V and VIL See t ftble 7-1 for formal resul ts. 
The values listeJ in tnhle 7-2 represen t our 

esti mates of the surfnce reflectivities wh ere we 
have attempted to remove the effects of surfa ce 
roughness. The resul ts for the two scattering 
theories agree to within the estimated errors . 
Consistent with the ubo\·e assump tions,  par
ticul arly th e i n t erpretation of TJ us the Fresnel 
reflection coefficien t ,  the es tima tes of the di
electric. constants can be computed from the 
Fresnel equ ation for norm al incidence 
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We haYe taken the um\·eight ed a\·erage of 7J 
from the two theories (and for their uncertain
ties) for each case. Application of equation ( 1 1 )  
then yields the results of table 7-3 . These 
results nre qui te  consistent with an estimat e  
for the :Ferage �loon of about E=2 .7 from 
rndnr (Earth based) and 2 .0  to 2 .5  from Earth
based, radio-emission polarization effects. 

Finally, in a far more speculatiYe calculation, 
,,.e can estimate a range of material densities 

TABLE 7-2 . Reflectivities 

Spacecraft 

Surveyor L _ _ _ _ _ _ _ _  _ 

Surveyor IlL _ _ _ _ _ _  _ 

Surveyor \' _ _ _ _ _ _ _ _ _  _ 

Surveyor VI _ _ _ _ _ _ _ _  _ 

Surveyor \'I L  _ _ _ _ _ _  _ 

�. with F,(e) 

0. 040 ± 0. 020 
. 030± . 005 
. 027 ±  . 005 
. 033 ±  . 008 
. 072 ± . 015  

0 .  053± 0 .  020 
. 033 ± . 006 
. 03 1 ±  . 005 
. 047± . 01 0  
. 094± . 020 

using the well-known rein tion between the 
dielectric constant of a material in a solid form 
and that for a granulated form ; i . e . ,  variation 
in E with packing factor. Furthermore, we will 
assume that the density of the material in the 

"solid" form is 2 .90 g/cm3, and that the lunar 

basalt has a dielectric constant of E8=4 ,  5 ,  6, or 

7 .  The latter factor is actually completely 

unknown! These results are shown in table 7-4 . 

TABLE 7-3 . Estimates of dielectric constants 

Spacecraft 

Surveyor L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor 111 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor \' _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor VL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Surveyor \'II _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Dielectric 
constant 

2. 40± 0. 50 
2. 07± . 1 1  
2. 00± . 1 6  
2 .  27± . 20 
3. 28± . 40 

TABLE 7-4. Speculative estimates of the lunar surface densities at the landing sites 

Assu nted (density) Den&ity (with p,=2.90 
Spacecraft .. lteasured E ' (solid) 2.90 gfcm'), gfcm' 

Surveyor L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2 .  40 ± 0. 50 4 0. 57 1. 70 
5 . 48 1 .  40 
6 . 42 1. 20 
7 . 33 . 95 

Surveyor IlL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2 .  07 ± . 1 1  4 . 47 1 .  40 
5 . 40 1 .  1 5 
6 . 35 1 .  00 
7 . 32 . 95 

Surveyor \' _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  2 .  00± . 16 4 . 45 1.  30 
5 . 38 1 .  1 0  
6 . 33 . 95 
7 . 3 1  . 90 

Surveyor VII _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  3 .  28 ± . 40 4 . 8 1  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 Suneyor 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 li tera ture, 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 i n  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 era ter Tycho appeared reddish, 
similar to many mare areas ; the Surveyor VII 
landing site was within this reddish halo. Later 

reflectance studies using black-and-white photo
graphs also showed distinct areas of different 
reflectance wi thin the maria .  Figme 7-22 shows 
the Surveyor landing si tes on a sliahtlv gibbous 
l\1oon.1  

,., • 

Although 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 surfnce. However, from some of the 
surface features, an internal source for some 
surface material seemed a possibility. 

Radar returns showed greater reflecti\'ity 
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 distribution. Thus, these data 
also could not result in definite conclusions 
regarding composition . However, it should be 
noted that the loss tangent-to-densi ty ratio 
derived from the landing radar (RADVS echo 

1 E. A. \Vhitaker, private communication, 1967. 
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FIGURE 7-22.-Slightly gibbous l\Ioon showing reflectance differences within the marc 
areas. A comparison of Surveyor landing sites shows a similarity in reflectance properties. 
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data) on Surveyor I I I  (ref. 7-2) was suggestive 
of basalt. 

Infrared scanning of the Moon at a wave
length of 10 to 12 microns resulted in the 
identification of over 1 000 "hot spots," or 
thermally anom alous 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 1 0- 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 \'alues for solid terrestrial rock at one 
extreme and fine powder on the other. An alysis 
has not shown evidence for an internal heat 
sonrce, but has not excluded such a possibility.3 
Compositional deductions cannot be made from 
these data. 

Nearly 600 lunar transient events 4 ranging 
from obscure hazes to lightninglike streaks, 
which have been reported during the last 300 
years, have been collected and evalua ted (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 d uring a 
gaseous emission from the central peak. From 
preliminary comparisons, about 20 of the lunar 
event sites appear to coincide with areas show
ing thermal anomalies. A 'rolcanic in terpreta
tion of these even ts would suggest basaltic 
composition. (See fig. 7-22 for a comparison of 
areas showing thermal anom alies at 10 to 1 2  
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 
a cti,rity and associated phenomena are con
sidered dominant in the formation of lunar 
surface material and surface morphology. 

2 J. Saari, private communication, 1 968. 
3 D .  F. Winter, private communication, 1968. 
4 B.  l\I . l\Iiddlehurst, private communication, 1 968. 

This controversy over causative agents of 
morphology also imrolves composition . If the 
surface material were primarily the result of 
volcanism and the craters predominantly the 
result of endogenic processes, then, by analogy 
with the Earth, the expected composition over 
most of the l unar 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 
l unar model assumes a similar basic gabbroic 
par en tal magma and a similar degree, or less, 
of differentiation in resultan t 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 percen t 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) ,S overlain by material with a 
rock a nd particle distribution of considerable 
heterogeneity. 

Magnetite, the magnetic material found in 
basalt, usually ranges from about 5 to 1 2  
percent in terrestrial basalts and is usually 
finely disseminated throughout the rock. Mete
oritic nickel-iron i n  the form of kamacite 
(about 5 percen t Ni) or taenite ( 1 3  to 65 
percent Ni) might be expected to occur on the 
lunar surface as separate sm all particles or 
fragments resulting from impact. Churning of 
the upper lunar surface layer might be expected 
to mi.x 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 basal t and results of 
contact  with powders to which separate pure 
powdered iron has  been added. Thus, a magnet 
test could-

5 J .  A. O'Keefe, private communication, 1968. 



E LECTROMAGNETIC PROPERTIES 225 

( 1 )  Suggest a rock type. 
(2) I ndico te addition of free magnetic frag

ments. 
(3) GiYe some indication of whether endo

genic or exogenic agents may haYe been domi
nant on the lunar surface. 

I t  should be noted that, in considering the ob
serYed falls os a model m eteoritic flux, the 
assumption is made that the flux was relatively 
constant during a Iorge period of geologic time 
(abou t  4 .5  billion years) . Such an assumption 
may or moy not be ,·alid .  

Purpose of Mognef Tests 

The purpose of the magnet test was to deter
mme-

( 1 )  Presence and amount of magnetic mote
rio) on the lunar surface. 

(2) Differences in amount of magnetic ma te
rial in the m aria and in the highlands. 

(3) D ifferences in amount of magnetic mate
rial between the surface tests and the sub
surface tests ( to a depth of about 20 em) . 

(4) Presence of larger magnetic fragments on 
the lunar surface, if any (on SurYeyor VII) . 

D a ta derived from operations of the alpha
scattering instrument indicate the elemen tal 
percent in the Fe-Ni-Co group ; the determina-
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FIGURE 7-23.-Magnetic susceptibility 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 considerably 
higher than unity. 

FIGURE i-24.-l\Iagnet 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, o r  in  a magnetic form 
(Fe, Fe304, or Fe-Ni combinations) can be 
derived only from the magnet data. 

Magnet-Assembly Design 

M agnetic  susceptibil ity 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 7-1 1 .  Tints, m agnetic data may sug
gest a rock type on the basis of m agneti te 
content and may indicate an anomalous addi
tion of magnetic m aterial to a normal terrestrial 
rock type. 

Footpad magnet assemblies.-Th e footpad 
m agnet assemblies, a ttached to footpad 2 on 
Sur,·eyors 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 em , 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 l aunch 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 in terpreta.tion of the results. Magnets 
with this s trength strongly attract the common 
ferrimagnetic mineral ,  magnetite (Fe304) ,  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, 1 .9 x 0.96 x 0.32 em, 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 adj acent (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 1 2  em in 
diameter. Thus, a test of m agnetic material a t  
trench depths was possible o n  Surveyor VII,  as 
well as the capability of choosing the test area 
and testing larger fragmen ts. 

Data 

Surveyors V and V I  landed in mare areas, 
Mare Tranquillitatis and Sinus Medii, respec
tively. In M are Tranquillitatis, the landing 

involved a meter-long slide through the 
lunar surface material , a t  a depth of about 
7 to 12 em on the inner slope of a 9- x 12-meter 
crater. The magnet assembly on Surveyor V 
contacted material through most, if not all , 
of this slide (refs. 7-1 2  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 amoun t  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 l anding 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.  I t  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 
magneti te ;  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. Neither footpad 
(2 or 3), to which magnets were attached, pene
trated the surface sufficiently (more than 6 em) 
to provide a magnet test (see fig. 7-28) . How
ever, the magnets on the surface sampler 
provided an opportunity for surface tests as 
well as for depth tests (ref. 7-1 5) .  Figures 7-29 
through 7-3 1 show the results after the first 
two bearing strength tests with the surface 
sampler. A small amount of magnetic material 
is observed to outline the horseshoe magnets 
after the first bearing strength test, 'vith a 
slight increase follmving the second test. After 
trenching at a depth of up to 20 em (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 7-25.-(a) Magnets embedded 
in the door of the surface sampler 
on Surveyor VII. Below are the 
magnetic flux readings. (b) Closeup 
of surface-sampler magnet assembly; 
after mounting, the entire assembly 
is painted blue. 
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FIGURE 7-26.-(a) Meter-long slide in surface material was performed by footpad 2 in the 
Surveyor Y landing (Sept. 12, 1967, 00 : 1 8 :35 G l\IT ;  Sept. 1 1 , 1 967, 23 :38 :23 Gl\IT) .  
(b) Surveyor Y magnet assembly in sunset lighting shows a relatively small amount of 
magnetic material adhering to the magnet (Sept. 23, 1967, 09 :54 :20 G MT) . 
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FIGURB 7-27.-(a) I l op performed by 
Surveyor \'I caused footpad 2 t o  
follow this trajectory. I n  landing, a 
short bounce occurred, and momentary 
contact with the lunar surface material 
was made by the magnet. The strain
gage data �hown at the bottom indicate 
thal the movement from b to c was a 
bounce rather than a slide. (b) After 
the hop, the Surveyor \'1 magnet 
assembly shows a >omall amount of 
fine material collected on the magnet 
(Nov. 19, 1 967, 04 :59 :57 G l\IT, com
puter processed) . 
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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-sampler magnets before, 
during, and after test. The depth of the test was about 5 em. A small increase is seen 
in the amount of magnetic material that outlines the magnetic pole ends. 
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FIGURE 7-3 1 .-Closeups of 
surface-sampler magnets fol
lowing two bearing strength 
tests. (a) Pole edges (Jan. 
20, 1968, 08 :36 : 1 8  Gl\IT) . 
(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 (Jan. 20, 1968, 15 :08 :28 G l\1T) . 
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FIGURE i-33.-(a) 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 t one. (b) Surfacc-Ramplcr operations area after trcnchin11: 
cffortR (Catalog i-SE- 1 6) .  
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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 
abou t 1 .2 em 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 positions of the object, it 
was concluded that the obj ect was adhering to 
the scoop door because of magnetic attraction . 

The morphology of the obj ect is not in dis
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 is 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 magnetite on the Earth is 
about 1 .9 em (refs. 7-1 2  and 7-1 3) .  

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 1 o-6-torr vacuum included impact in 
rock-powder samples as well as j et-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 dynamics of con
tact wi th the lunar surface material (refs. 7-1 2  
and 7-13) . 

Following the successful pickup of a mag
netic fragment north of the crater Tycho ,  the 

6H. Brown, private communication, 1 968. 

FIGURE 7-34.-0bject selected for magnetic-attraction 
te5t. Note luster, dark appearance, smooth shape, 
and apparent dense quality (Jan. 13 ,  1 968, 02 :06 :28 
Gl\IT) . 

motions of the surface sampler were reproduced 
in the laboratory. Various meteorite and basal
tic fragments were used. The only obj ects 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 laboratory tests in rock 
powders. Two landing-mode simulations, with 
their lunar coun terparts and simulations of 
surface-sampler motions during fragment pick
up,  are also shown . 

Discussion 

T\YO different categories of magnetic particles 
are points of concern in the lunar magnet re
sults and the laboratory studies : 

( 1 )  The magnetite content and mode of 
occurrence in a rock type. 

(2) The amoun t of free kamacite or taenite 
particles added to a rock powder by meteoritic 
impact. 

As shown in figure 7-23 , magnetic suscepti
bility of a rock can be plotted versus magnetite 
content, with a resultant grouping of rock 
types. Granites, gneisses, and sedimentary 
rocks are usually low in magnetic susceptibility 
because of the low magnetite content (<O. l 
percen t) . Although basalts have a wide range 
of magnetic susceptibility above 1 0-4-cgs units, 
the range in which most basalts fall is more 
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FwunE 7-35.-0bject attracted and picked up by the adjacent magnetic south pole ends 
of the surface-sampler magnets was about 1 .2 em in diameter, fairly smooth, with some 
irregularities that appear suggestive of exfoliation (Jan. 20, 1 968, 1 4 :.58 :39 G::\IT) .  

restricted . Magnetic susceptibility may Yary 
somewhat  with a change only in the mode of  
occurrence of the  m agnet i te ,  i . e . ,  particle size 
and grouping of particles, and with the amount 
of pure Fe304 rela tiYe t o  tit anium replacement 
of iron (see fig. 7-37) . Both chondri tic meteor
ites and the Little Lake basalt fall in the  
upper part of the magnetic susceptibility 

range for basal ts .  Pure magneti te falls n t 
unity,  or higher, as do t aenite, kamaci te ,  and 
pure iron which may fall much higher. Particle 
size and grouping affects the magnetic sus
ceptibili ty of a rock. In Lit tl e  Lake basal t ,  
the magnetit e occurs as part icles, 1 0  to  2 5  
m icrons i n  diameter ,  which are disseminated 
throughout the rock (fig. 7-38) . 
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SCOR IACEOUS BASALT BASALT + 2 %  Fe 

BASALT BASALT + 3 %  Fe 

BASALT + 1 %  Fe BASALT + 4 %  Fe 

FIGURE 7-36.-Laboratory studies. (a) J\Iagnet-assembly contact with rock powders in 
atmosphere. 
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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) l\Iagnet-assembly contact with powdered basalt with added 
powdered iron in atmosphere. 
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FIGURt: 7-36.-Continued. (d) Magnet-assembly contact with powdered basalt in atmos
phere. Top : 37 microns ; middle: 37 to 50 microns ; bottom:  50 to 150 mi crons. 
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O% Fe 1 %  Fe 

0.25% Fe 3% Fe 

0.5% Fe 10% Fe 

FIGURE 7-36.-Continued. (c) Magnet-assembly contact with powdered CaOH with ad
ditions of powdered iron in  atmosphere. 
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100% B A S A LT BAS A LT + 2% Fe 

BASALT + 1 %  Fe BASALT + 5% Fe 

FIGURE 7-36.-Continued. (f) 1\Iagnet-assembly contact with powdered basalt (37 to 50 
microns) with additions of powdered iron in  1 0-0-torr vacuum. 
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FIG URE 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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N O  C O N TACT B ASA LT 

R H YO L I T E  P E R I D O T I T E  

D A C IT E S E R P E N T I N E  
FIGURE 7-36.-Continued. (h) Surface-sampler magnets after contact with various pow

dered rocks in atmosphere. 
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I R O N  F I L I N G S  B AS A LT + 2 %  I R O N  

I R O N  POW DE R  B ASA LT + 1 %  I R O N  

B A SA LT + 4 %  I R O N  B A SA LT 
FIGURE 7-36.-Continued. (i) Surface-sampler magnets after contact with various sizes of 

iron particles and basalt with and without iron additions. 
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FIGURE 7-36.-Concluded. (j) Laboratory simulation of angular relationships of surface
sampler magnets to the lunar surface during pickup of magnetic fragment. Note plumb 
bob. 
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MOLECULAR PERCENT 

Fe203 
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MAGHEMITE 

FIGURE 7-37.-Phase diagram showing Fe0-Fe203-Ti02 
relationships. Only material on the lower Fe2-Ti0r 
FeaO, composition line would be attracted by the 
Surveyor magnets. Curie temperatures are indicated 
for various compositions. 
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FIGURE 7-38.-l\fagnetite particle size versus magnetic 
susceptibility. 

Laboratory studies in which a magnet with 
a magnetic flux s trength of 600 gauss was 
placed in con tact with ''arions powdered-rock 
types show that the amonnt of material ad
hering to the m agnet has a direct correlation 
with the magnetite con tent , as would be ex
pected from the mn�netic susceptibility plot .  

The material that adhered to  the magnet in  
these tests i s  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 m agnet 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 part icles. Tests in which 
powdered iron was added to CaOH powder 
closely resemble this situa tion. From com
parison with lunar resul ts, a volmnetric 
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 m agnet tests if the 
sin1ilarity 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 ,·arious 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 is suggested, which indicates a 
magnetic susceptibility of about 2 X  I 0-2-cgs 
units (see fig. 7-24) . 

Without considering the differences in landing 
modes and testing methods, the SurYeyor V 
landing site (1\In.re Tranqnillitatis) would ap
pear to have more magnetic material to a 
depth of abont 1 0  em than the Surveyor V I  
site (Sinns ?\'ledii) or the Surveyor V I I  si te 
(Tycho) . On the same basis, the SmTeyor 
VI site would appear to htwe the least amount 
of magnetic material to a depth of about 8 em. 

Still not considering 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 exerted on rock. 

FIGURE 7-40.-l\'J:ovement 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 em ; see figs . 7-32 and 7-33) . 

However, if test modes are considered,  the 
increase in amount of  the mat erial on the Sur
veyor V magnet o\·er that displayed by Smveyor 
VI is expl ained n cl ecru ately by d ragging a m ng
net 1 meter th rough the mat erial rath er than 
exposing th e magnet to a momentary contact. 

In the c ase of the surface-sampler magnets, 
both the mode of testing and possibly the 
packing of m aterinJ m ay be involved.  I n  the 
b earing strength tests, the snrface s am pler 
was pushed into the s urface to a depth of abou t 
5 em. Tren ch ing reached a depth of nbout 20 
em, which could conceivably represen t a 

sample with different particle packing. How
ever, no indication of this was seen in the 
power needed for trench p asses at the bottom 

"1 

• 
., � 

(b) 
• . L ,---'----' 
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in comparison to surface passes. A 1 0-percent 
difference in packing probably is necessn.ry 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 particles has been investigated 
with iron thicknesses of a few angstroms on 
silicate grains 25 microns in diameter. No 
attraction was obserYed. 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 m agnetic 
susceptibilities approaching unity or higher ; 
i . e . ,  magnetite, nickel-iron meteorites, and 
pure iron.  On the l\loon, objects up to ap
proximately 1 2 em 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 em in diameter ; 
it was suspended by the two adj acent 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 nttached to the surface 
sampler, the force thnt dislodged the fragment 
was concluded to be about 5 X 1 02 dynes (see 
figs. 7-39 and 7-40) . The force needed to 
suspend it was about l .S X  10 dynes. Thus, the 
magnetic susceptibility lies bet\Yeen 3 X I0-1 

and S X  1 0-1 cgs units. Studies conducted with 
meteoritic fragments, rocks, and minerals 
also indicate that the susceptibility must be 
about 1 ,  suggesting thnt the obj ect  could be 
composed o( magnetite or meteoritic nickel
lron. 

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. I. 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 i n  the red. 
The Surveyor VII site, north of Tycho, is in 
11 reddish halo around that crater, suggesting 
that the surface material there may not be 
typical of highlands. Most lunar highlands are 
very light to whi te  in the composite photograph 
referenced. Thus, from this reflectance work 
alone, a similarity in m aterial at all Surveyor 
landing sites is suggested. 

Panoramas of the mnre landing sites and the 
Tycho rim (fig. 7-4 1 )  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 
nppears to be somewhat similar. 

Rock shapes in the maria as well as on the 
Tycho rim range from rounded and porous 
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 '"ould 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 he ex
tremely porous (ref. 7-1 6) . 

A consideration of surface-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. No 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 arenl distribution would be 
similar at near-smface depths, or that i.ts dens
ity would diminish with depth. However, no 
rocks appear to be present below the surface to 
the depths ,·iewed (fig. 7-42) . Tlus is more sug
gestive of depositions of volcanic ash and later 
of rocks, rather than of churning and pulveriza
tion by bombardment. 
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FIGURE 7-4 1 .-The panoramas of the mare areas were quite similar. Although more rocks, 
hills, and steeper slopes occur north of Tyeho, the general morphology is similar to 
that of the maria. (a) Surveyor I .  
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FIGURE 7-41 .-Continued. (b) Surveyor III.  
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FIGURE 7-41 .-Continued. (e) Surveyor V. 
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FIGURE 7-4 1 .-Continued. (d) Surveyor VI.  
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FIGURE 7-41 .-Continued. (e) Surveyor VII .  
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ELECTROMAGNETIC PROPERTIE S  

FIGURE 7-42.-Rocks with morphology were present a t  all Surveyor landing sites. (a) Sur
veyor I. Top :  note the vesicular structure ; bottom : note the lavalike structure, basalt
like pattern of breakage, tubelike fragments. 
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FIGURE 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 t hese rocks may be Ycsicular. 

FIGURE 7-42.-Continucd. (d) Surveyor VI. The picture at the right is computer processed. 
Both of these rocks may be vesicular. 
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FIGURE 7-42.-Concluded. (e) Sun·eyor VII. Top left : note the light flecks that may be 
phenocrysts in a darker matrix ; bottom left : note the fracture typical of igneous 
rocks; above : rock rubble showng morphology typical of terrestrial basalt. 

339-462 0-69--1 8  
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From the mare sites, the alpha-scattering 
instruments prodnced data th at were compat
ible with basaltic composition (refs. 7-1 7  and 
7-18 ) .  A decrease by about a factor of 2 in 
heaYy elements and a slight increase in alumi
num were observed at the Surveyor VII site 
(ref. 7-1 9) .  Such a decrease in heavy elements, 
if because of iron conten t ,  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 nndoubtedly 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 bearipg strength tests was about 5 em. 
All the material subsurface appears to be homo
geneous, fine-grained, darker material (see fig. 
7-43) . The Sun'eyor 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. 

H apke (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 i\1oon 
were matched only by those of basic rocks con
taining lattice iron,  but little or no free iron. 
These stndies 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 
l al- o -atory studies, t h e  following conelusions are 
possible :  

( 1 )  A small amount o f  magnetic material is 
pre >ent a t  all SurYeyor landing sites tested 
(!\ l ure Tranquilli tatis, Sinus ::\ledii , and north 
of the crater Tycho) (fig. 7-38) . The amount of 
magnetic mnterinJ, if  existing as free particles, is 
less than 0.25 percent by ,·olume. 

(2) All lunar results are consistent with 
laboratory stur'ie t t  i:-tg finely powdered basalts. 
The Ltt.�e Lake basalt ,  which wns 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 l ack 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 walls, the surface material probably 
does not represent a meteoritic pulverization 
product. This sugg ests that the material was 
either fine grained at the time of deposition ,  
i .e . ,  ash, or was pulverized by a process not 
yet identified. Th e thermal regime and solar 
wind are possible contributors to this process. 

::\1eteoritic imp act undoubtedly occurs on 
the ::\1oon. However, any addition of meteoritic 
nickel-iron that may be present at the Surveyor 
landing sites must be less th an amounts 
percei,·able by the methods employed . 

FIGURE 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) Sun·eyor I .  This computer
processed picture shows the imprint made by 
footpad 2.  
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FIGURE 7-43.-Continued. (b) Surveyor I I I .  Top : footpad 2 i mprint ; bottom : note the 
smooth trench 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) . 
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FIGURE 7-43.-Continued. (d) Surveyor \"1.  Top : imprint of footpad 2 made during initial 
landing ; bottom : imprint of footpad 2 made during the hop. 
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FIGURE 7-43.-Concluded. (e) Surveyor VII .  Top :  imprint of footpad 2 ;  botto m :  closeup 
of a trench wall. All tren ch walls showed a similar smooth texture (see fig. 7-33) . 
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8. The Alpha-Scattering Chemical Analysis Experiment on the 
Surveyor Lunar Missions 

A. L. Titrkevich (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 Suneyor 
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 resnlts, 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 lnnar 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 180° 
after collision with atomic nnclei. The energy 
spectra of protons, produced by nuclear reac
tions of alpha particles with some light ele
ments, are also nsed . 
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The phenomenon of large-angle scatterin g 
of alpha particles by matter was first reported 
by Geiger and M arsden in 1 909 (ref. 8-4) . 
Rutherford (ref. 8-5) showed that tlus 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 p article after impact, T ml T0, 
to the angle of scattering, 0, and the m ass 
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 : 

From equation ( 1 ) ,  the theoretical possibility 
of applying this phenomenon to chemical anal
ysis is obvious. However, the lack of high
intensity sources of monoenergetic. alpha 
particles and of convenient methods for alpha
particle-energy measmement made application 
impractical for several decades after these 
discoveries. Starting in 1 950, several investi
gators suggested the use of charged particles 
from an accelerator for chemical analysis (ref. 
8-7) . Rubin and coworkers (ref. 8-8) developed 
a method of analyzing thin samples nsing ac
celerated alpha particles and protons, with n 

x The affiliations of A. Turkevich, E. Franzgrote, 
and J.  Patterson are listed in app. C of this report. 
With the exception of H. Griffin of the Argonnl' 
National La bora tor�' and S. Crotch of the Jet Pro
pulsion Laboratory, the remaining authors arc from 
the University of Chicago. 
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FIGURE 8-L-Earth-based telescopic photograph of the Moon showing locations of the 
three Surveyor chemical-analysis sites. 

magnetic spectrometer for energy analysis. In 
1 960 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, tha t  an nlpha-scattering method 
of analysis using isotopic alpha-particle sources 
was feasible (ref. 8-9) . On the basis of these 

results, the development of an analytical instru
ment for the Surveyor program was started. A 
research appara tus containing one curium-242 
alpha source and one silicon semiconductor 
detector wns designed and used to obtain much 
fundamental data on the alpha-scattering re
sponse of elements and compounds (ref. 8-1 0) . 
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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. 8-1 1 ) .  

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 8-1 2) . 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 
nnd built at the University of Chicago'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 
(P-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 ln unch 
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 genera tor that  could be used to calibra te 
the energy scale of the instrument, the intro
duction of n crude ratemeter to monitor the 
solar and cosmic-ray proton background during 
a mission, and n redesign of the outer envelope 
of the deployable part of the instrument to 
provide better temperature control. Prototype 
3 (P-3) , which in corpora ted these changes, w n s  
used ns 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 a t  Cape Kennedy. 
Prototype 4 (P-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 a narrow 
peak, whose energy, T m' is determined by 
equation ( 1 ) .  For a thicker sample, alpha 
particles scattered at various depths below the 
surface 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, T ml determined by the 
mass number of the element (eq. 1 ) . 

Figure 8-3 shows a series of plots of T m/T0 as 
a function of scattering angle for v 11.rious mass 

THIN 
SCATTERER 

S D JL 
THIN SCATTERER 

AT DEPTH X 
s 0 

tdf 
Tm TO 

Tx = K [T0-6 1(Xl]-62(X) 

TH ICK 
SCATTERER 

s 0 

Jf/-
11 , 

FIGURE 8-2.-Comparison of spectra of alpha particles 
scattered from thin and thick samples. The upper 
diagrams show the geometry of scattering; the lower 
indicate the corresponding shapes of associated 
spectra. 
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FIGURE 8-3.-Dependence of the ratio of the maximum 
energy of scattered alpha particles to the initial 
energy, T m/T0, on the laboratory angle of scattering, 
8, and on the Il1B.ss number, A .  

numbers, according to equation ( 1) .  I t  can be 
seen that-

(1 )  The greatest resolution between mass 
numbers is at a scattering angle of 1 80° (al
though there is 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 (Ca) . 

The proton spectra from (a, p) reactions in 
thick samples are also characteristic of the 
elements making up the sample.  Such reactions 
are energetically impossible in the major iso
topes of elements such as carbon and oxygen ; 
they have negligible yields, because of the high 
coulomb barrier for 6 . 1 -1IeV 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 
sea ttering probabili ty 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 particles and protons from various ele
ments are plotted on a logarithmic scale as a 
function of the pulse-height-analyzer channel 
n umber. The intensities h ave been normalized 
to a measurement time of 1000 minutes and a source 
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= 18.94Ea- 10.9 
Nv= 18 .6Ev- 1 0.7  

where N is the channel number ; E is the energy, 
i n  million electron volts, deposited in the 
detector. These spectra were obtained in pre -
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missiOn calibrations with the Surveyor flight 
instruments .  

The typical shape of the sca t t ered-alpha 
spectrum of an element heavier than calcium 
(fig. 8-4 (e) )  is a relatively flat plateau t ermi
nating in a sharp dropoff to zero in tensity at 
Tm, as determined by equat ion ( 1 ) .  The inten
sity at  a gi\'en channel number in the spectrum 
is determined by the scattering cross section 
for alpha particles of the nuclei of the m aterial 
and the energy loss of the alpha particles 
cansed by ionizat ion in the sample (ref. 8-1 0) .  
The fact that  the plateau for a heavy element 
has very nearly a constant in tensity indicates 
that  the effects of the variation of these prop
erties with energy are very nearly balanced 
over a range of se\'eral million electron volts .  
Because the spectra of the heavier elements are 
nearly iden t ical in shape, only a few representa
tive spectra are included in this library. 

Figure 8-5 sho"·s the  variat ion of intensity 
of alpha scattering (near T m) with a tomic 
number, both plot t ed on logari thmic scales. 
The units of the ordinate  are the same as 
shmYn in figme 8-4 . The solid points are values 
obtained directly from spectra of elemental 
samples, while the open points are derh'ed 
from spectra of simple compounds of the ele
men t .  The line drawn with a slope of 3/2 
through the points for elements of higher 
atomic number shows the approximate power 
dependence of intensi ty on atomic number, 
predicted by simple theory (ref. 8-1 0) . 

In figure 8-5, it is seen that the intensity of 
sca t tering is greatly enhanced abo\'e the 3/2 
power line for elements  ligh ter than sodium. 
This is associated with direct interaction of 
alpha particles wi th nuclei of low ch arge. This 
interaction has very high scattering cross sec
t ions at charact eristic resonance-energy regions. 
For this reason ,  the spectra of these light ele
men ts are not only greatly increased in intensity 
but also show more structure than in the cases 
where Ru therford sca t tering predominates . The 
intensities of scattering are often \'ery strongly 
dependen t on scattering angle, \Yi th the effect 
especially large at angles close to 1 80°. This 
resonance-scattering ph enomenon gives the 
method a very high sensi t ivity for carbon 
and oxygen (fig. 8-4 (a) ) ,  whereas the sensi-
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FiGURE 8-5.-Dependence of intensity of alpha scatter
ing on atomic number in a Surveyor-type instrument. 
The ordinate is the i ntensity 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 th ese elements 
if the in tensity had followed the Z312 law. 

In elements that undergo (a ,  p) reactions,  
some of the  structure 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 protons is often greater than th e 
sensitive depth of the silicon semiconductor 
detectors used for alpha particles, the peaks 
that appear in the alpha spectra do not always 
represen t the t otal energy of the pro tons,  but  
m erely the amoun t deposited in the  alph a 
detector. For this reason ,  varia tion of the  
sensitive dep th o f  the  detec tors can cause 
shifts in the positions of the peaks that are 
caused by the protons. 

The proton spectra of figure 8-4 have been 
obtained with semiconductor det ectors CO\'ered 
with gold foil of a thickness j ust sufficient t o  
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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 sensit ive depths great 
enough to m easure the full energy of th e en t er
ing proton.  Because the cross sections for the 
(a, p) reactions are usually much lower than 
for alpha scatt ering, the total active area of 
the proton detectors h ad to be gren t er 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 geom etrical 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 .  Elem en ts such as 
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 h ave 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. 8-1 0) 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.  I t  was also shown, 
experimentally, that assuming the energy-loss 
cross sections to be proportional to the square 
roots of the atomic mass num hers is adequate 
for preliminary analysis. (A functional depend
ence of the energy-loss cross section on the 
atomic number, rather th an on the m ass 
number, seems to be more j ustified theoretically.) 
Thus, for each energy channel j of the alpha 
and proton spectra, an equation m ay be set up  
of  the form 

where 

il = total intensity of the sample spec
trum in channel j 

x1= atom fraction of an element i in the 
sample 

/l1= intensity in channel j of the library 
spectrum of element i 

A /12= square root of the mass number of 
element i 

<A112>= �x1AF2, average square root of the 
I 

m ass 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 
spectrn are ignored at this stage of 
analysis. 

Equation (2) may be rearranged into the 
form : 

where 
kxiA/12 
< At l2> 

(3) 

(4) 

The f1 values are the factors by which the 
library spectra are multiplied to obtain a com-
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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) , i t  i s  seen that the values 
of f;/A /12 for a given sample are proportional 
to the atomic fractions X ;  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 

(5) 

Because hydrogen, helium,  and lithium are not 
determined by this m ethod, the analytical 
results are i n  terms of fractions of a toms he a vier 
than lithium. 

Thus,  i t  is seen that a library of elemental 
spectra , such as that  in figure 8-4 , is essential 
to the analysis of the alpha-scattering datu. 
For elements th at  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) m ay then be solved for 
/I; of this element for each energy channel, as 
this is the only quantity in the equation that is 
u nknown. 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 derinttion 
using spectra from carbonates. 

This m ethod of chemical analysis by use of 
alpha particles was test ed on a ,·ariety of rocks. 
Table 8-1 shows the results obtained using th e 
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 1 111-
certainty is derived from the statistical errors 
of the measuremen t and the least-squares 
analysis. The table also presel l ts results of 
analysis by conventional techniques. 

Table 8-2 lists, in atomic percen t ,  the stand-

ard deviations between the alpha-scattering 
method and the conventional analyses for the 
most abundant elements (ref. 8-1 5) . The less 
th an ! -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 t hese elements. 

In in terpreting the results from this analytical 
technique, certain inheren t characteristics must 
be kept in mind . The inability to determine di
rectly elemen ts lighter than beryllium and, in 
particular, hydrogen, has already been men
tioned. Another churncteristic is that the pene
tration of alpha particles into the material is so 
sm all (at least with 6 . 1 -lVIeV alpha particles) 
that the results apply strictly to the surface of 
the sample. l\'Ioreover, the depth to which the 
particles penetrate before in teracting depends 
on the nucleus and processes in valved in the in
teraction.  The lack of resolution for the heavier 
elements has also been mentioned, as well as 
the only moderate sensitivity nnd accuracy of 
the results in practical situations. In addition ,  
the in terpretation depends on whether the aver
age atomic stopping power of the material inves
tigated is essentially constant over the sample 
examined. However, the technique, because of 
its relati,·e 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 
extra terrestrial bodies. 

Instrument 

The instrument for the Surveyor alpha
scattering experiment consists of a sensor hea d ,  
which is deployed directly to the lunar surface, 
and an electronics package, which is housed in a 
thermally controlled compartment on the spar e
craft. Figure 8-7 shows 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 deli,·ers 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 . Comymrison between nlpha and conventional a.nalyses of some rocks (in atomic percent) 

II"-I 
Rock element 

,ttphn 

-

Hydrogen _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ - - - - - - - - - - - - - - - - -

Carbon _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Oxygen _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Fluorine _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Sodium __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Magnesium _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 
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Sulfur _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Chlorine _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

"Calcium" r _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 
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Aluminum _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 4. 2 ± 0. 3 
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"Iron" r _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ l . G ± 0. 1 
" Barrium" r _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 0. 003 ± 0. 006 
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• Results o f  conventional analyses nrc from the U.S. Geological Survey. 
b This analysis of the meteorite Hamlet was pPrformed by II .  B. Wiik. 

• These samples (with results of conventional analyses) were obtained 
from the National Bureau of Standards. 

c The least-squares calculation gave slightly negative answers. The value 
was set to zero and the calculation repeated. 

d No results of conventional analyses are available. 

r "Calcium" represents potassium and calcium ; "iron" denotes the ele
ments titanium through zinc, inclusive ; "barium" means all the clements 
he a vier than zinc. 

(i 
:r: 
t'l 
b 
� 
t' 

� > t' >1 
� 
U'l 

l\:) 00 C>:J 



284 SURVEYOR : PROGRAM R E SULTS 

TABLE 8-2 . St.atistical summary of comparison 
between alpha and conve·n tional analyses, show
ing standard deviations between the results of 
the two types of analyses 

Rock element 

Oxygen _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Sodiuin _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

1\Iagnesium _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - _ 

Aluminum _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Silicon _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

" Calcium" _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

' ' Iron' '  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - -

I Standard det•iation, 
atomic percen t  

-------

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 instrumen t is in the compartment 
directly aboYe 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 terrain to which it would be deployed ; 
the surface sampler could be extended to the 
nlpha-scattering instrument area. 

FIGURE 8-7 .-Alpha-scattering instrument and auxil iary hardware. The sensor head is  the 
part. of the instrument that was lowered to the lunar surface. I n  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 auxiliary were contained in elec
tronics compartment C for thermal control. 
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F IGURE S-ll.-Photograph of the Sun·eyor Y I I  spacecraft showing the location of the 

alpha-scattering instrument relative to other parts of the spacecraft. 

Dming the flight and lunar touchdown , the 
sensor hend 'n1s n t tached to the spncecrnft by 
means of the deployment mechanism . This 
mechanism consisted of a platform that held 
t he sensor head und u deYice that could lower 
the sensor head to the lunar surface on com
mand from Earth .  

The total weight of the instrument and asso
ciated equipment (deploym ent mechanism , sup
porting substruc ture , thermally i nsulating com
partment , spacecraft in terfacing , nnd cabling) 
on the spacecraft is 13 kilograms. The operating 
power is less than 2 "·atts .  An additional 1 5  
watts are consumed b y  heaters i n  t he sensor 
head and in the electronics compartment when 

both are operating. The power for the elec
tronics is supplied at 29 Yolts by the spacecraft ; 
power for the hen ters is supplied at 22 ,-ol ts. 

Sensor Head 

The sensor head is shaped like a box, 1 7 . 1  
by 1 5.8 by 1 3 .3 em high, with a 30.5-cm
diamet er plate on t he bottom. (See fig. 8-7 for 
an m·erall view of the sensor head.) It contains 
si.....: source capsules that  pro,·ide t he alpha 
particles, two detectors to register t he n umber 
and energy of the scat tered alpha particles , 
four detector systems for the protons, and part 
of the instrument electrm,ics. Figure 8-9 shows 
a view of the bottom of the sensor heo.d . The 
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FIGURE 8-9-Bottom view of the alpha-scattering sensor head showing the relative position 
of sources and detectors and the port through which the lunar surface was examined. 

1 0.8-cm circular opening is the port through 
which the sample is nnalyzed ; the sources and 
detectors can be seen through the sample port. 
Figure 8-10  is a cu taway ,·iew of the sensor 
hend showing the operational relationships of 
these components. 

The geometrical arrangement of somces and 
detectors, ns seen in figures 8-9 and 8-10 ,  was 
chosen to satisfy sm·eml requirements. The 
sources and alpha detectors were moHnted as 
close together as praetiral so that particles 
scattered from the sample could be measured 
at the desirable large angles. (See "�lethod " 
nnd fig. 8-3 .) A minimum of two independently 

operable alpha detectors was thought to be 
necessary. To main tain instrument delivery 
schedules and to avoid de,·elopmentnJ prob
lems, the same types of source capsules and 
alpha detectors used in earlier Yersions of the 
instrument were retained . Thus, the choice of 
the number and geometry of these components 
was reduced to a compromise between their 
most compact armngement and the highest 
total intensity of sources. 

The number, size, and location of the proton 
detectors were chosen to maximize reliability 
and the measured event rn.te. 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 PARTICLES 
REFLECTED FROM NUCLE I  OF ATOMS 

RADIOACT IVE 
SOURCES (6) 
OF ALPHA 
PART ICLES 

PROTON DETECTORS (4 ) 
IDENTIFY LUNAR SURFACE 
ATOMS BY MEASURING ENERGY 
OF PROTONS SPLIT OFF 
NUCLE I  OF ATOMS BY 
ALPHA PARTICLES 

ALPHA PART ICLES PENETRATE SURFACE -25fL 

FIGURE 8-1 0.-Diagrammatic view of the internal configuration of the alpha-scattering 
sensor head.  

that of alpha part icles, and because the proton 
spectra do not ntry as seriously with angle as 
do the alpha spectra ,  i t  m>s possible to locate  
the  proton detectors at a lo"·er angle, cJoser 
to the sample, and to m ake them much larger 
than the alpha detectors. 

The st ructure :tnd external surfaces of the 
sensor head \Yere designeJ for pnssiYe thermal 
control (ref. 8-1 6) . The sides and bottom of  
the sensor head at·e gold plated ; on  the  top  i s  a 
second-surface \' ycor-al umin nm mirror t o  pro
mote the  radiat ion of heat from the in terior of 
the sensor head to cold space. 

A nylon cord used in the deployment is 
fast ened to an eyebol t on the center of the top  
of  the sensor head. On Sur\'eyor YII,  the eye
bolt \Yas redesigned tls a knob t o  be grasped 
by the smfare sampler for redeployment of 
the sensor head to successiYe samples. The 
elect rical connect ion to the spacecrnft is through 
a flexible, fl at cable at t ttched to the inboard 
side of the senso r head . To maint ain nn inert , 
dry atmosphere inside the  sensor head, dry 
ni trogen \\·tts int rodneetl through a short t ube 
on the outboard side of the sensor helle! dming 
t.he prelnunrh period .  The large plate  attached 

to the bottom is circular, with a segmen t cut 
out o n  the side toward the deployment mech
anism . The main  p urposes of this plate were to 
stnbilize the deploymen t of the sensor head 
on to irregular or inclined surfaces and to 
minimize the sinking of th e sensor head if the 
lunar surface were coYered with a deep layer 
of fine dust. The cirenlar segments shown in 
fignre 8-9 are t.he  lugs by which the sensor 
head was held on the spacecraft dming flight .  

I n  addition to the parts already mentioned , 
the sensor head includes a platinum-resisttwce 
thermometer, n 5-watt heater, and nn elec
tronic pulse genemtor for c-al ibration of t.he 
instrument. 

Sources. Curium-242 is used as the source of 
ttlphu particles for the analysis. Its half-life, 
1 63 days, is short enough to allow sources to 
be prepn,red with the neeessary high activi ty 
per unit area and naJTO\Y energy distributions, 
yet long enough that  the sonrees htt \·e adequate 
lifetimes. The m ain energy of th e alpha par
t icles from Cm242 is 6 . 1 1 5  :\leV, with abou t  
one-fourth o f  the particles 4 4  keV 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 4 X 1 0-4 per disintegra
tion. Other, higher energy, photons are emit ted 
to the ext en t  of G X  1 0-s per disintegration. 
Most of these are of 1 02- and 1 58-keV energy. 
In addi tion, Cm242 emits 1 .6 X  10-7 neutrons per 
disintegration because of spon taneous fission . 
The disint egration rat e  of the daughter prod
uct ,  Pu238, builds up slowly because of i ts much 
longer half-life. 

Curium is easily handled in solution and in 
its oxide deposit. Cm242 is readily prepared in 
curie quant i t ies by irradiation of Am241 with 
neutrons in a nuclear reactor, followed by 
chemical separation of the curium from mner
icium and fission products (ref. 8-17) . Excessive 
exposure of the Am241 to neutrons is to be 
avoided to  minimize the amount of long-lived 
Cm243 and Cm244 produced. 

Flight sources are prepared by vacuum 
volatilization of the curium onto stainless-steel 
plates. Each 3 .2-millimeter-diameter plate con
t ains 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 thnt pass tln·ough the sample 
port (about 2 .2 percent of the total alpha 
partieles emitted) .  Details of the construction 
of the capsule are shown in figure 8-1 1 .  The 
collimator opening is covered with a film of 
aluminum oxide plus VYNS (polydnylstyrene) , 
with a total thickness of about 1000 A, to pre
'Ten t 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 o\·er the six source 
openings to prevent eontamination in case of 
failure of one of the primary films. This plate, 
bnrcly discernible in figure 8-9, fills the area 
bel\,·een the nlpha detec tors. These protectin 
films are t hin enough so that the energy of alphn 
particles passing through them is not seriously 
reduced. 

The sonrce eapsules contain !weather holes in 
the sides to permit equalization of the pressure 
on the two sides of the collimator films, particu
larly during la unch. The passageways from 
these breather holes lead to the upper part of 
the sensor head to pre,·en t eont amination of the 
sample chamber. Also , as n precaution against 
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FIGURE 8-l l .-Diagram showing some of the detail� 
of the source and detector assemblies used in the 
alpha-scattering sensor head. 

possible contamination, the source capsnles ar e 
loaded into the source block from above, with 
the secondary film in place. 

It was discovered after the SunTeyo1· V mis
::;ion that  sufficient curium can collect on the 
collimator films by aggregate recoil to become 
n, secondary source of  alpha particles. Because 
these are not collimated, some of them are 
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scat tered by the gold plating on the inside 
bot tom of the sensor head. The resul t  is n 
higher background for the experimen t ,  one 
which gradually increases, thus reducing the 
sensi t i,·i ty of the technique for heaYy elements. 
This effect was quite small in the SmTeyor Y 
spectrnm , but  was considerab ly huger on 
SurYeyor Y I .  (See "Background ). leasurements" 
in "Results.") For the Sun·eyor VII mission , 
the sources were coated with carbo11 by sputter
ing from n carbon arc before inst allation into 
their capsules. The set for instrument F-3 , 
used as n bnckup , ,,·as the more hea,--ily coated, 
and sho\\'ed nry little aggregn te recoil in pre
flight tests at Cape Kennedy . I n  the flight 
sources actually used in the F-2 instrument on 
Surnyor VII ,  more aggregate recoil ,,·as found 
than in t he spare sources, but it was consider
ably less than would be expected ,,·i thout the 
cm·bon coating. 

In the course of the denlopment. of the 
al phn-sca t tering method, it was fo11nd that 
sources ,,·i t h  nc t iYi ty densities gren ter than 0 . 1  

curie/cm2 undergo rapid degrndation when ex
posed to atmospheric moist ure . The width at 
half the maximum height of the peaks in the 
energy spectrn of t he flight sources is on the 
order of 2 percent of the total energy. This 
wid th is doubled if the somces are stored in an 
ntrnosphere of low humidity for nbout 1 ,,·eek. 
The sources degrade t lus amount in less than 1 
day at high relatiYe humidity. In the labora
t ory, the sources are stored in desiccators and 
nre shipped in a dosed container filled with  dry 
nitrogen and smrounded wit h  magnesium per
chlorate, a desiccant .  The quality of the sources 
nlso had to be preseiTed during the prelaunch 
period n t  C'npe Kennedy (up to 2 weeks) when 
t he instrument \Yas on the spacecraft . It was 
found , in a series of tests with the inst rument in 
simulated prelannch cond i tions, that  the sources 
conld be pro tected by a cont inuous purge of the 
sensor head , n t n rate of 0.3 m3/hr , ,,·i t h  ni trogen 
containing less t han 25 ppm water. To ac
complish t his , tubing leading from the supply 
of dry nitrogen ,,·as arranged to go to the top 
of the launch ,·ehicle , through the aerodynamic 
shroud , nnd into the instrument sensor head \'la 
the short tube on the outboard side. The tubinrr 

0 

,,·as disconnected from t he shroud just  before 

l aunch. The connection between the shroud and 
the short tube was broken after l aunch when the 
shroud separated . 

The scheduling of somce preparation for the 
Sun·eyor missions had to be properly fitted i nto 
the flight schedul es of Surveyors V, VI, and 
V I I ,  which 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, could be carried ont well in advance, 
because the half-life of the isotope is relatively 
long (45S years) . The irradi�t t ion of the Am241 

(about 3 ,,·eeks) and the chemical separation 
and purification of the curium, ho\vever, had to 
be performed not too long before sources were 
needed for Sun·eyor V if the curium from one 
irradiation ,,·ere to suffice for al l  three missions. 
Otherwise, loss of curium caused by decay would 
be great, and extensive repurification of  the 
material would be required because of  the 
growth of Pn238 activity and the increase of  
nonradioacth·e im purities from radiation dam
age of  the containing vessel. Too early prepara
tion of the actual flight sources would result i n  
an undesirable loss i n  source strength , since the 
source plates were loaded with as much curium 
as com patible with the required narrow spectral 
width of the Om242 energy peak. On the other 
hand, source plates for a mission were required 
to be prepared about 2 months b efore launch 
to allow adeq nate time for qualification of the 
sources, instrument calibration with the sources, 
and tests im·oh·ing the complete instrumen t,  
spacecraft, and rocket. An additional compl ica

tion was the requirement o f  two sets of sources 
for each mission, one for the actual flight in
s trum ent, the other for a backup instrument 
(F -3) which was prepared on each mission to 
subst i tute for the primary instrument if neces
sary.  

The typical sequence of e,·ents for each 
source of a set was as follows : Chemica lly pmi
fied curium was volatlfized in vacuu m  from a 
filament at white heat onto a stainless-steel 
plate mount ed behind a mask about  1 millimeter 
from the filamen t .  Se,·en sources were prepared 
for ench set . Prelimin ary assays of intensi ty 
and quali ty were obtained on these plates. The 
plates, on Sun·e_yor V I I  only, were then coated 
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with carbon from a carbon arc in vacuum and 
assayed again .  The assays of the quali ty of these 
sources yielded a detailed energy distribution 
of the alpha particles emitted by the source. 
They were obtained by measuring the sources 
with high-resolution silicon detectors and 5 1 2-
channel pulse-heigh t analyzers. 

The source plates were enclosed in their cap
sules, collimators "·i th films whose thickness 
had been measured ''"ere installed, and then 
final certification of the sources was performed. 
T his involved a final assay of the intensi ty and 
pulse-height analyses of the energy distribution 
of the particles from each source. Two of these 
pulse-height analyses 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 radiollctive species pres
ent, as well as on the relati,·ely lo\\·-energy, 
continuous distribution always presen t in small 
amounts in such sources. Two other pulse
height analyses \Yere made 18°  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 instal lation into the 
instruments. 

This procedure took about 2% weeks per set 
of sources , and because t\Yo sets were needed 
per mission, abou t 5 weeks per mission . The 
sources were installed in to the spare instrument 
3 or 4 weeks before the launch ; they were 
installed into the flight instrument 2 or 3 w·eeks 
before the launch . Thus, the 2-month in terval 
between launches was barely sufficient for the 
source preparation schedule. 

Particle detectors. All the particle detectors 
''"ere developed, built ,  and tested especially 
for the Surveyor instmments (ref. 8-1 8) .  Two 
of the detectors were designed to regist er and 
measure the energy of alpha particles scattered 
back from the sample. These alpha detectors 
are located very close to the sources (see 
figs. 8-9 and 8-1 0) ,  7 .0 em abo\'e the sample 
port .  The average scattering angle for alph a 
particles is 1 72° ± 4 o. 

These alpha detectors are of the silicon 
surface-barrier type, \vith an evaporated-gold 

front surface. D etails of the detector assembly 
are shown in figure 8-1 1 .  Removable m asks 
with 0.2-cm2 openings are placed in fron t  of 
the detectors so that alpha particles will be 
registered only in the central, uniformly sen
sitive, part of th e detector. On these masks, 
thin VYNS 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 produee a sensitive depth of approximately 
50 microns. (These detectors have some sensi
tivity at greater depths .) This is l arge enough 
to register the full energy of nn 8 .2-:.IeV alpha 
partiele, but  only a fraction of that of most 
protons or electrons. 

The protons from (a, p) reactions in the 
sample are detected at smaller angles (about 
1 35°) than the scattered alpha particles . 
Figure 8-10  shows a diagrammatic view of 
the source-sample-detector relationships in  this 
case. There are four proton detector assemblies 
situated symmetrically about the cen terline 
of the instrument, as can be seen through the 
sample port in figure 8-9. 

The proton detectors are of the lithium
drifted silicon type (ref. 8-1 S) opera ted with 
a collection voltage of 1 5  volts. The sensitive 
depth is approximately 350 microns, sufficient 
to register the full energy of a 6.4-�IeV proton. 
Figure 8-1 1  shows some details of the assembly 
of these detectors. The detection area of each 
system is defined by a m ask in fron t  with an 
opening of 1 . 1 8  cm2• Gold foils, approximately 
1 1  microns thick (about 2 1  mg/cm2) , are 
mounted on these masks and completely ab
sorb any scattered alpha particles, allowing 
protons of  energy greater than  1 .5 �'leV, 
entering normally, to get through . 

Isotopic alpha sonrces (Pu 239, Cm244) were 
used continually to check the characteristics 
of the detectors. In the case of proton detectors 
covered with gold foils, a Th228 source, i n  
equilibrium wi th i ts decay products that in
clude an 8 .78-l'l'leV alpha emitter, was used for 
this purpose. 

Yerv small amounts (about one disintegra
tion/n;in) of einsteinium (Es25\ t1 12= 276 days, 
Ta = 6.44 }.leV) are placed on the inside of  
the gold foil of each proton detector and on 
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the VYI\'S film o,·er each alpha detector. The 
high-energy alpha particles from this nuclide 
are used as an internal st andard for the energy 
calibration of both alpha and proton systems 
of the instrnmen t. They appear in the spectra 
as peaks at approximat ely channel 1 1 0 .  (See 
"Background :\ f easurements" in "Results.") 
The e,·en t rate  of these a! ph a partic les seJTed 
also as n crude Ji,·e-time monitor for the 
instrument.  

Because it  m1s expected that the rate of 
proton eYents from a sample "·ould be relath·ely 
low and that the contribution of solar and 
cosmic-ray protons on the :\ loon to  the back
ground would Le high , the proton detectors 
were barked b�· guard detect ors. (See fig. S-
1 1 . )  These are also lithium-drifted silicon de
tect ors, somewhat larger (3.08 rm2) than  the 
proton detectors, and placed as rlo�e as pos
sible abo,·e them . The sensith·e depth of these 
detectors is 400 microns ; they are operated at 
a bias of 10  yoJts .  (Three of th ese detectors 
on the P-4 instrument were biased at 20 Yolts . )  
The electrical circuit i s  such  (refs. S- 1 3  and 
S-14) that pro t on detedor m·ents that are 
coincident "·ith guard eYents are not registered 
as proton eYent in the output of the instru
ment .  This n ppreciably cuts down the back
ground caused hy high-energy protons com ing 
from abo,·e, although not affecting the detec
tion of protons from the sample unless the 
guard eYen t rate is inordinately high . The 
tot a] e,·en t rate  in the guard detectors ts 
measured by a ratemeter whose response m 

,·olts, as n function of eYent rate, is shown m 
table 8-3. 

TA BLE S-3 . Guard ratemeter response 

Et·ents per second Voltage. I' 

1 0  _ _ _  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - �- -

-

0

-

. 080 
30_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  . 300 
1 00_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  . 900 
300_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 .  800 
1000 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 2. 500 

Electronics. The basic elect ronie circui try 
in the sensor hend is described in references 
S-13  and 8-1 4 .  It consists essen tially of pre-

amplifiers for the individual detectors ; a 
mixing circuit and postamplifier for combining, 
in pnrallel, the outputs of the appropriate 
detectors ; a threshold gate (set at appro�-1-
mntely 0.6 �leV for events in the alpha and 
proton detectors and at 0.3 :\leV for events in 
the guard detectors) ; and a height-to-time 
converter 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 tllis time-analog signal that is 
transmitted along a cable from the sensor 
head to t he 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 .  I t  differs from 
that described in reference 8- 1 3  because of the 
inclusion of a mi�ing 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 gua rd ratemeter. The pulse 
generator introduces electrical pulses of two 
known magnitudes (corresponding to appro:-d
mately 2.5 and 3 . 5  � leV) at the detector stages 
of ench of t he 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 
pre,·ail . In early morning and late eYening, 
and in the shado"· of local terrain or parts o f  
the spacecraft ,  tem peru turcs could b e  much 
below - 50° C ;  on the other hand , near local 
noon, without some temperature control ,  an 
object on the l unar surface could easily reach 
temperatures in excess of + 1 50° C. The sensor 
head was designed to sun·i,·e temperatures 
as high as +75° C and to operate between 
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FIGURE 8-12.-Hlock diagram of the electronic circuitry contained in the alpha-scattering 
instrument. 

- 40° and + 50° C. The upper operating 
tem pera tme limit is determined by the de
tectors whose characteristics degraded rapidly 
a hove this poin t. 

This t hermal control is achieved by providing 
a reflecting golcl-plnted surfnce for the sides 
nnd bottom of the sensor hend to reduce the 
absorption of infrnrecl rndiation from the hot 

lunar surface. These parts are thermally 

isolated as much as practical from the top and 

interior p arts that contnin the detectors, 

sources, and electronics. Rigid mechanical 

a ttachment (with minimum thermal coupling) 

between the two sections is achieved by using 

titanium struts of smnll 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 rndiation in the 
risible region from the Sun and to rndiate 
infrared from the instrument to cold space. A 
commnndnble 5-watt heater is used for con trol 
at low temperatures. Isothermal conditions 
for the interior of the inst.rument ,  including 
the detectors, sources, and elect ronics, were 
promoted by use of indium gaskettl. �lore 
dett1ils on the thermal design and t ests can 
be found in reference 8-16 .  

Electronics Package o l  the Instrument 

The electronics associated with t.he alpha
scattering instrument (other than thn t  in the 
sensor head) consist of the digital electronics 
nnit 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 passh'e control of 
tempemtures at high Sun angles, the top of this 
compartment is painted whi te  to promote 
radiation to space. A 1 0-wat t  heater, com
mandable from Earth, provides some control 
at low temperatures. 

The digital electronics unit  (see fig. 8-1 2) 
con verts the time-analog signals from the sensor 
head into nine-bit binary "·ords. Separate 
signals identify the energies of alpha and proton 
e\•ents .  Seven bits of ench ,,-ord identify the 
chnnnel (out of 1 28) thnt  represents the energy 
of the registered e,·en t .  T'"o extra hits are 
added before transmission , one to identify the 
start of the "-ord nnd one at the end of each 
word, us a parity check on transmission enors. 
Bufl'er registers provide temporary storage of 
the energy information for readout into the 
spacecrnft telemetry system. The transmission 
rn tes are 2200 bits per second for the alpha 
mode and 550 bits per second for the proton 
mode. Events of energy gren ter than the range 
of the 1 28-chnnnel analyzers are routed to 
channel 1 26 (overflow chtHmel) . The digital 
electronic unit also con tuins power supplies, n 
temperature sensor, and the logical electronic 
interfaces bet"·een the instrument and the 
spacecraft. 

The required electricul interfaces among the 
sensor head, digital electronic, and spacecraft 
circuits are provided by .1n electronic unxiliury 

that prO\'ides command decoding, signal proc
essing, and power munagement. Basic spncecraft 
circuits thn t in t.erf ace directly with the sensor 
head and digital electronics are the cen tral 
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
erating temperature range specified for the 
electronic au.'\:iliary is -20° to + 55° C. 

The electronic auxiliary provides two data 
chunnels for the alpha-scattering instrument. 
The separate alpha and proton channels ure 
implemented using two subcurrier oscillutors 
with center frequencies of 70 000 and 5 400 
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
atm·e of the sensor head and the d igital 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 ancl Calibration ol 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 seYere conditions in the 
type approval model (P-3) to insure that no 
component i n  the units was neur the threshold 
of failure at the l imits of the normal conditions. 

The first of these flight-instrument tests was 
normnJly performed on completion of construc
tion .  Their eharacteristics (position of pulser 
peuks and rcspoiiSe to standard somces) were 
established under thermal-vacmun conditions 
from -40° to + 50° C, \\· i th the sensor head and 
digital electronics unit at the same and different 
t empemt mes. The approximate instrument 
tem pcm ture coefficients, used to correct the 
data obtained in ncar real time during the Sur
''eyor missions, were derived from these tests. 
Typical duta on the Sun·eyor instruments ga,'e 
a few percent change in overall gain over a 90° C 
temperatme range. 
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The nnits then "·ere subjected to the thermal
vacuum part of the flight-acceptance test at th e 
Jet Propulsion Laboratory.  This was similar to, 
but less extensive than, the test conducted on 
completion of construction. 

The units then wen t  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 l ibrary of ele
mental responses. (See fig. 8-4.) 

The sources were then removed and the 
instruments \Yere exposed to 50- to 1 50-::\I eV pro
tons at the Unh'ersity of Chicago synchrocyclo
tron (cyclotron tests) . The purpose of this test 
was to verify the proper behavior of the guard 
detectors and of the instrument in rej ecting 
events in the proton detectors that were caused 
by energetic particles coming from above the 
instrument (solar nne! cosmic rays) . The units 
were then subjected to the shock and vibration 
part of the flight-acceptance test. Several of the 
instruments "·ere also tested at the Caltech 
tandem Van de Graaff m achine to study the 
detailed characteristics of the detectors. The 
instruments were 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, th e 
sensor head was put through an additional check 
of its charneteristics over a temperature range 
of 0° to +40° C. The flight sources were then 
installed , and a selected set of samples was 
m easured before reinstalling the sensor head on 
th e spacecrnft for final, prelaunch tests. D ming 
the time that fl ight sources were in the instru
ment and it was not in vacuum, dry nitrogen 
"·as flushed through · the unit to prevent de
terioration of the sources. 

In nll instrument tests that involved the 
spacecraft, the calibrating ]mlser was invaluable 
in  providing relatively quick, almost complete 
checks of the state of the instrument. 

Because the silicon detectors were importan t  
to the success o f  t h e  experiment, they were sub
j ected to severe qualification tests e''en before 
installation in the instruments. (See ref. 8-18 . )  
If a detector became unreliable (usually as  e,·i-

deuced by low channel noise or a broadening of 
the pulse-genem tor peaks) , this detector or (in 
the case of the proton and guard detectors) th e 
detector system could he replaced with tested 
spares. The instrument was then usually sub
j ected 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 
1 50 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 mechanism provided stow
age of the sensor head during flight and after 
l anding on the Moon. It also provided deploy
ment to th e background posi tion and to the 
lunar surface. The sensor head is mounted to 
the deployment mechanism by means of three 
support l ugs on the bottom plate (fig. 8-9) . 
Clamps that engage these lugs 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 em above the nominal lunnr surface. 
At this time, the mounting platform falls away 
on the activation of an explosive pinpuller by 
command from E arth. From the background 
position, the sensor head is then lowered 
directly to the lunar surface on command by 
activation of another explosi,,e 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 is 
mounted in the stowed position.  This standard
sample assembly covers the circular opening 
in the bottom of the sensor head during space
craft fligh t and landing to minimize the en
trance of dust and ligh t. It also 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
ployment mechanism. 

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 oF Various Instruments 

Although all the flight instruments were 
constructed to be essentially iden tical, 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 
instrumen ts .  Instrument F-3 was not carried 
through engineering systems tests in conjunc
tion with a spacecraft as were the other three 
flight instruments. I t  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. 

D etailed records of the stability of the 
instruments' characteristics o,·er the many 
mon ths of testing are given in reference 8-14 .  
These records indicate that during the missions 
the channel n umber corresponding to a given 
energy e\rent in either the alpha or proton 
system should be known to better than 0.3 
channel at a gi,-en temperature of the sensor 
and electronics unit. It was expected that the 
calibrating pulser and the Es254 would give 

TABLE 8-4. Instrument development events 

Event 

Instrument construction completed _ _ _ _ _ _ _ _ _ _ _ _ _  

Acceptance test • completed _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Science calibration completed _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Cyclotron tests _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Unit delivered to H ughes Aircraft Co _ _ _ _ _ _ _ _ _ _ _  

Solar-thermal-vacuum tests on spacecraft _ _ _ _ _ _ _  

Combined system test_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Radioactive sources installed and final tests 
started at Cape Kennedy. 

Launch _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Total hours of operation a t  launch _ _ _ _ _ _ _ _ _ _ _ _ _  

Oct. 
Oct. 

P-4 

1 ,  1966 
29, 1966 

Nov. 22, 1966 
Nov. 22, 1 966 
Jan. 1 8, 1967 
l\lay 13, 1967 
June 2 1 ,  1967 
Aug. 24, 1 967 

Sept. 8, 1967 
925 

• Thermal-vacuum part of flight acceptance test. 
b Not applicable. 

339-462 0-69--20 

F-1 

Dec. 1 9, 1 966 
Jan. 23, 1967 
Feb. 1 6, 1967 
Feb. 1 ,  1967 
Mar. 7, 1967 
July 14, 1967 

N A b 
Oct. 20, 1967 

Nov. 7, 1967 
1309 

F-2 

Mar. 6, 1 967 
Apr. 19, 1967 
Apr. 4, 1967 
Apr. 4, 1967 
l\lay 1 7, 1967 
Aug. 4, 1 967 

N A b 
Dec. 20, 1967 

Jan. 7, 1968 
798 

F-3 

Mar. 30, 196 
::\lay 13, 196 
l\1ay 2, 196 
l\1ay 29,  196 
July 7, 196 

N A b 
N A b 

Aug. 17 ,  196 
Oct. 1 0, 196 
Dec. 6, 196 

N A b 
N A b 

7 
7 
7 
7 
7 

7 
7 
7 
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more direc t, confirming eridence on the 
charact eristics during th e 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 
disintegrations/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 1 63 
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  
i s ,  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 in tensity 
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 si.x values of 
the width of the peak at h alf its height expressed 
in percent. Again, the range is shifted only 
slightly upward for the more intense sources 
used on F-2. 

·· � .. -------.�<---�.�o, ---t;;-,----t.;--JL__-----d 
ALPHA PARTICLE (N(RGY. M•V 

F IG URE 8-14 .-Composite energy spectra for each of 
the three sets (six sources each) of the curium-252 
flight sources. 

TABLE 8-5. Principal characteristics of sources ·used on the l·u.nar missions 

Characteristic 

Curium-242 source characteristics : 
Total intensity at touchdown (disintegrations/min) _ _ _ _ _ _ _ _  _ 

Date of touchdown _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

1\Iean peak energy, through capsule films, MeV _ _ _ _ _ _ _ _ _ _ _ _  _ 

Energy-spread range for 6 sources (FWH;\I) ,  percent_ _ _ _ _ _ _  _ 

Characteristics of composite curium-242 source spectra (see fig. 
8-14) : 

Energy at peak, i\IeV _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Full width at half maximum, percent _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Full width at 0. 1 maximum, percent _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Full width at 0.01 maximum, percent_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Thickness of secondary films, energy loss in million electron volts 
for 6. 1-:VIeV alpha particles, i\1cV. 

Energy of alpha particles incident on sample (estimated peak of 
spectru m) , i\'feV. 

P-4 F-1 

2.75X l Ol l  2.76X 101l 
Sept. 1 1 , 1967 Nov. 1 0, 1967 
6.04 ± 0.01 6.03 ± 0.02 
1.2 to 2.0 1 .2 to 1 . 8  

6.040 6.04 1  
1 .7 1 .5 
3 .3 2.8 
5.8 4.9 
0.010 0.027 

6.03 6.01 

F-2 

4.70X l Oll 
Jan. 1 0, 1968 
6.02 ± 0.01 
1.3 to 2.2 

6.01 0 
1 .9 
3 .3 
5.3 
0.026 

5.98 
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Figme 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.  Tnble 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 e\'aporated gold on their 
faces. The energy loss corresponding to this 
thickness is indicated in table 8-6. The thick
nesses of the light-protecti,·e films o\·er the 
alpha detectors, expressed in terms of energy 
loss for 6 . 1 -�JeV 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 a\'erage 
value used in the cases of P-4 and F-2. 

The proton detectors had 400 A of e\·aporated 
gold on their front faces. This was negligible, 
howeYer, 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 -P.IeV alpha particles, 
and by 2-�IeY protons. F-1 had the thickest 
foils, while F-2 had the thinnest ones. On a 
giYen 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 instrumen ts. 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 Yolts) ; and N° is the effectiYe 
zero offset (in channels) of the system. The 
constants are gi,'en separately for the alpha and 
proton modes and are applicable for both sensor 
head and electronics nt 25° C. They were deter
mined from the response of the system to alpha 
particles of  known energy and from the positions 
of the t\YO 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 of the detectors and electronic systems 'Used on lunar missions 

Characteristic P-4 F-1 F-2 

Alpha detectors : 
Thickness of Au detector surface (energy loss for 6 . 1- 11eY 

a! pha particles) , ::\1e ,. __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 0. 039 0. 039 0. 039 

Thickness of alpha mask films (energy loss for 6 . 1-1IeY alpha 
particles) , l\IeV _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 0. 029 0. 040, 0. 029 0. 026 

Proton detectors : 
Gold-foil thickness, p. __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 10. 8 1 1 .  4 10 . 5 

mg/ cm2 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 20. 8 22. 0 20. 3 

Energy loss for 6 . 1-l\le Y alpha particles, :\leV _ _ _ _ _ _ _ _ _ _  _ fi. S 6. 1 5. 5 

Energy loss for 2.0-l\IeY protons, :\leY _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 .  1 i 1 .  24 1 .  1 3  

Electronics energy scale (at 25° C) : 
Alpha : 

k, channels/::\IeY _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 19 . 30 18. 94 18 . 98 

lli0, zero-energy channeL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - - - 1 2. 0 - 10. 9 - 10. 9 

Proton : 
k, channelsf:\1eV _ _ _ _ _ _ _ _ _ _ _ _  • _ _  . _ _  . _ _  . _ _  . _ _ _ _ _ _ _ _ _ _  _ 19 .  1 1  18 . 86 19. 1 6  

N°, zero-energy channeL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ - 1 1 . 65 - 10. i I - 1 1 . 9 

I 
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from the Space Flight Operations Facility 
(SFOF) , Pasadena ,  Calif. , by means of com
mands transmitted to the spacecraft from the 
tracking st ations. These commands were chosen 
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) N nm ber 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 

Command Function 

350 L _ _ _ _ _ _ _  Alpha-scattering power on. 
3502 _ _ _ _ _ _ _ _  Alpha-scattering power off. 
3503_ _ _ _ _ _ _ _ Sensor-head heater power on. 
3504_ _ _ _ _ _ _ _ Sensor-head heater power off. 
3.505_ _ _ _ _ _ _ _ Deploy to background position (inter

locked with 36 1 7) .  
3506_ _ _ _ _ _ _ _ Deploy to lunar surface (interlocked 

with 36 1 7) . 
3507 _ _ _ _ _ _ _ _ Alpha detector 1 on. 
351 o_ _ _ _ _ _ _ _ Calibration pulser on. 
351 L _ _ _ _ _ _ _ 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 1 on. 
3520__ _ _ _ _ _ _ Calibration pulser off. 
3522_ _ _ _ _ _ _ _ Proton detector 3 on. 
3523_ _ _ _ _ _ _ _ Alpha detector 2 on. 
36 1 7  _ _ _ _ _ _ _ _ Interlocked with deployment com

mands.  
0135 _ _ _ _ _ _ _ _  Compartment C heater power off. 
0 136 _ _ _ _ _ _ _ _  Compartment C heater power on. 

Two types of information relati\'e to the 
alpha-sen ttering experiment were transmitted 
from the spacecraft : engineering data and 
science data .  

The seven engineering measurements mon
itored are listed in  table 8.:8: The instrument 
temperatures were measured to determine 
whether they were within operating l imi ts, to 
plan mission operations, and to provide an 

TABLE 8-8. Engineering data 

Engineering Jtleasurement 
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-s _ _ _ _ _ _ _ _ _ _ _ _ _  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 limits 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 measm·ernent of the 
event rate in the guard detectors. This pro
vided 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. 8-1 9 .) Figure 8-1 5  
is a simplified block diagram o f  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. I t  
i s  seen that the science data and engineering 
data could be received independently. In par
ticular, science data could be received only 
when the instrument and presnmming amplifiers 
were activated . Engineering: data from the 
spacecraft were trnnsmitted via one of severn! 
engineering commutators or telemetry modes. 
Alpha-scattering engineering data required use 
of the mode 4 commntator. Instrument tem
perntmes could be recei\'ed at nil times in mode 
4 ;  howenr, other engineering data could be 
received only when the inst rument power wns 
turned on. 

The science data consisted of nine-bit digital 
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FIGURE 8-1 5.-Block diagram of part of the spacecraft 
t elemetry &ystem, 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 
su bcarrier oscillators (ref. 8-1 9) ; 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 snbjected 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 remo,·e its contribution and 
thus suffer no further data degradation other 
than that corresponding to a lower e,·ent rate. 

Another need for real-time processing arose 
from the irreversible sequence of e\·en ts leading 
to the deploymen t 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 
d ata be available to assess both lunar back
around radiation and the performance of the b 
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 an  
SDS-920 computer where periodic accumula
t ions of the spectral data were made. Each of 
the three Deep Space Stations was configured 
to perform the data processing shown in figure 
8-1 7 .  

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 

OEEP SPACE STATIONS !GOLOSTONE, CANBERRA, ROBLEDO} 

� - ;P;:tEFLu�;.To;Eft,.Vo-;sFAC.UrY i;A; ... �N-:;1- - - - - - - - -

FIGURE 8- 16.-Earth-based 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 dat a streams were bit 
synchronized and format ted into data words 
represent ing the energies of the detected alpha 
particles and protons. 

(2) The channel number of each word was 
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 infonna
tion bits, and a parity bit) . 

(3) On external keyboard command, four 
spectra representing the number of eYents 
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, i t  ,,·as 
possible by keyboard command to  int errogate 
the comput er 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 identifiers, were transferred to 
magnetic tape and/or Teletype lines for trans
mission to JPL. 

The primary function of the onsite  processing 
was a subst antial data compression, permitting 

accumulated spectral bat ches to be transmitt eo 
periodically at Teletype ra tes 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 1 0  
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 using the coupled IB.:-.1 7044-
7094 system ; it is outlined functionally in 
figure 8-1 8. 

After encoding by the 7044 , the Teletype 
data were automatically recorded on the disk 
for use by the 7094. It was also possible to  
enter data into the system via cards from the 
opemtional control area. 

The initial steps in the compu ter processing 
in the SFOF involYed the correction of the 
data for transmission errors occurring in the 
1'vloon-Earth and Deep 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-:;cattering real-time data processing in the SFOF computer system. 

computer; conect ions were made automatically 
using l inear interpolation or by manual editing 
via c ard input . 

The second stage i n  the real-time com pu ter 
processing provided a crude correction to the 
datu for temperature-induced shifts in the 

energy scale of the instmment. Correction 
parameters, based on prem ission calibration 
data,  were introduced by card i nput. The pro
gram automatically renlined the channel num
bers using measured ndues of temperature i n
cluded i n  t he Teletype transmission so that any 
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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 
cha1mel-by-channel addi tion . After transmis
sion and energy corrections were applied, each 
spectral accumulation was stored on m agnetic 
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 well 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 used 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 tho�1gh they comprised a 
single spectrum. By this method, i t  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 accumulntion 
to the next was an indication of changing ex
perimental conditions ; for exam pie, anomalous 
instrument behavior. The results of this nnalysis 
of standard-sample spectra could be compared 
with premission results to see whether the in-

strument was behaving normally in the lunar 
environment. 

Calibration spectra obtained with the internal 
electronic 1mlser were also handled au tomati
cally by the ground data system. After transmis
sion corrections were applied to the data, the 
peak positions and half widths \\·ere 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 m ade, 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 availabili ty 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 hnve 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
ceiYed 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 1 2 1 9  computer, transferring the alpha
scattering data to digital m agnetic tapes for 
later analysis. 

Alpha-Scattering Sequence 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 

m aterial. These dat11 were obtained by oper
ating the instrument with the sensor head in 

each of three positions: stowed, background, 
and lunar surf ace. 
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In the sto\\·ed positiOn, the sensor head was 
supported on a sample of known composi t ion 
( the s tandard sample) . Data received from this 
sample and from pulser calibration were com
pared with prelaunch measurements to giYe a 
me.a.sure of instrument characteristics in the 
lunar en\'ironment. 

At the completion of this phase of operation, 
the instrument was deployed to the background 
posi tion by Earth command. The supporting 
platform and standard sample dropped to one 
side, lea,·ing the sensor head suspended about  
0 .5  meter abo\'e the lunar surface. In this posi
tion, the sensor head responded primarily to 
cosmic rays, solar protons, and possible surface 
radioactiYity. 

\Vhen it was determined that sufficient back
ground data had been obtained, the sensor head 
was lowered directly to the lunar smface on 
command from Earth. The main accumulation 
of data was then begun, interrnpted only by 
calibration sequences and o ther spacecraft op
erat ions. The calibration sequence with the 
pulse generator again ,,·as nsed to check the 
performance of the indi,·idual detectors and 
their amplifiers by the proper selection of de
tector on/off commands. 

If operations permitted, the teleYision camera 
was used to '-iew 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 ,-isible with 
the sensor head in the s towed and background 
positions, an am;:iliary mirror \\·as located on 
the spacecraft to give a more unobstructed 
view. 

A typical alpha-scattering operation planned 
for the Surveyor missions was as follows: 

( 1 )  Television survey : stowed phase (in
cluding au::\.-iliary mirror) 

(2) Alpha-sca ttering operations : stowed 
phase 

(a) Accumulation of data : 2 to 6 hours 
(b) Calibration 

(3) Deployment of sensor head to back
ground posit ion 

(4) Te]e,·ision 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) Tele,-ision 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 \rll) 
The actual operations conducted on Sur

veyors V, VI ,  and VII are described in the fol
lowing paragraphs. 

Description ol 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 
"·as calibrated at seYeral temperatures using 
the electronic pulser and standard test sources 
of alpha radioactivity ; background measme
ments "·ere 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 ,-acuum chamber for potential use. 

Based on experience gained during prepara
tions for Sun·eyor 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 maintain 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-o::\.-ide 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 Sun·eyor 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. 

D uring nominal operations at the special test 
facil ity ,  the sensor heads were calibrated using 
a nonflight,  digital electronic unit because the 
flight p ackage "·as already in an inaccessible 
compartmen t 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 bend could be rein
stalled on the spacecraft at the appropriate 
time, about 1 week before launch. The sensor 
head was continuously purged with dry n itrogen 
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 st ill functioning. These tests consisted 
of short pulser calibration runs nne! accumula
tions of alpha and proton spectra. The spectra 
in the alpha mode showed features character
ist ic of scattering from nitrogen gas at atmos
pherir pressure. Figure 8-1 9 shows alpha spectra 
from nitrogen taken with the Sun·eyor VI in
strument in the calibration fncilit�· 1 week before 
launch and then on the spacecraft under the 
shroud of the launch vehiele, a few hours before 
launch . 

Transit operation. Operation of the alpha
scattering instruments while the spacecraft \\"ere 
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 l aunch , 

to give a measurement of instrument back

grounds i n  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 

onlv. This initial operation of the instrument oc

c.mTed several hours after the midcourse velocity 

correct ion during the Surveyor V mission .  The 

command to turn alpha-scattering power on was 

transmitted with the spacecraft 221 000 km 

from the Ea.rth and 178 000 km from the �1oon. 

The spacecraft, then being controlled from the 

tracking station at Canberra ,  Australia, was 

switched to high power and transmitted alpha

scattering data Yia an omnidirectional antenna. 

Two 1 0-minute accumulations of standard

sample data and seven 2-minute pulser calibra-
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tion runs "·ere recei,·ed during less than 1 hour 
of operation. The data agreed well with pre
launch measurements, and sho\ved that the in
strument had survived the launching and mid
course rocket firing. The spectra also showed 
that th e radiation background rates in cislunar 
space at that time were lo\\· enough for useful 
sample measurements. 

Lunar landing. All Sun·eyors that carried an 
alpha-scattering instrnmen t (Surveyors V, VI, 
and VII) landed successfully on the �1oon. Cer
tain aspects of the landings are particularly rele
vant to this experimen t. On Surveyor V, for 
example, the terminal sequence had to be per
formed much closer to the :\loon than had been 
originally planned. The main retromotor was 
operated to \Yithin 1 .6 km of the lunar surface. 
(The standard end-of-burning distance was 
about 12 km.) Because aluminum-o:�:i.de particles 
comprise part of the exhaust products of this 
solid-propellent rocket, the possibility of an 
effect on the alpha-scattering experiment was 
im·estigated and reported in reference 8-1 . The 
percentage of surface area coyered by the emit
ted particles was estimated to be only about 
0 .04 percent. ?\loreoYer, because of the high 
,·elocity of impingement, it was considered un
likely that the aluminum-oxide particles came 
to rest on the very surface of the :\loon at the 
point of impact. The amount of contamination 
from the more standard descents of Sun·eyors 
VI and VII are estimated to be an order of 
magnitude less than th at from Surveyor V. 

Because of possible differences in shielding by 
the Moon between the baekground 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 spaceeraft \nlS 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 pulser. 
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 Sun·eyors V, VI, and VII, respecth·ely. 

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 vie\\-i.ng 
mirror were obtained with both wide- and 
n arrow-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 em. 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 
equipmen t during this phase was excellent, 
except that when the Surveyor V instrument 
was turned on for the second time (6.7 honrs 
after touchdown) , the calibration 1mlser started 
without being commanded on. The pulser 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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FIGURE 8-20.-Mission-operations summary of the alpha-scattering experiment for the first lunar day of Surveyors V, VI, and V I I. 

TABLE 8-9. Alpha-scattering experiment mission operation periods 

Standard sample Background Lunar-surface sample measurementa 

Characteristic 
Surveuor V Sur�euor 

VI 
Sur�euor Surreuor Surt•eyor Surt•euor Surveuor Sur�euor Surveuor 

v.a transit v VI VII v VI VII 
First Second First First 

-

Total power-on time, hr _ _ _ _ _ _  0. 8 6. 6 1 5. 6 6. 4 3. 4 14. 8 38. 9 31 .  6 1 52. 3 39. 1 41 .  4 
Total time of mode 4 data, hr _ . 8  2. 0 7. 9 4. 8 2. 9 5. 9 l l. 8 1 6. 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 1 8. 3 7 1. 9 • 29. 6 • 2 8. 0 
Number of pulser calibrations_ 1 1 3 2 d 7 d 2 + 1  3 5 d 28 + 1 d 8 + 1  7 

I 
a These data were accumulated while the spacecraft was in flight to the Moon. 
b These numbers represent estimates of times that the science data were being recorded on magnetic tape at the tracking stations. 
o During part of the&e periods of operation, less than four proton detectors were in use. 
d Partial calibration. 

Surveuor VII 

Second 

2 1. 2 
1 1. 4 

1 1. 2 
2 

Third 

27. 5 
8. 4 

7. 5 
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. I f  
the deployment proceeded correctly, i t  was 
expected that the alpha-event rate would drop 
by more than a factor of 10 as the standard 
sample moved a\\·ay. The command was sen t 
1 1 .5  hours after touchdo'm ; after a few seconds, 
word of the expected decrease in rate, indicative 
of a successful deployment, was received from 
the tracking station. Figure 8-2 1 shows the 
total alpha-event rate dming this period, as 
derived later from a magnetic-tape recording. 

On Smveyors VI and VII ,  this comm and was 
transmitted 20.3 and 14 .7  hours after touch
down , respectively. On these missions, a series 
of tele,'ision pictures of the deploym ent opera
tion was planned, primarily to prodde a direct 
view of the lunar surface otherwise obscmed by 
the sensor head. When the sensor head wns 
released from the stowed position, it continued 

CCJt,Oo,IANO TO DEPLOY co ...... AND TD 0(Pl0� 
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FIGURE 8-21 .-Plot of event rate of analyzed alpha 
particles · as a function of time, showing marked 
decrea�e when the Surveyor Y sensor head was 
deployed from the stowed to the background position 
and the increase when lowered from the background 
position to the lunar surface. 

moving for some time like a pendulum an d, 
although the television pictures could not be 
synchronized wi th 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
\'eyor VII sequence. In addition to pro,·iding 
views of the sample areas, such a picture series 
also permits measuremen t 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 1 2 .6 hours. The quality 
of the data seems to be excellen t on each of the 
miSSIOnS. 

Lunar-surface operations. On Smveyors V and 
VI ,  the comm and to lower the sensor head to the 
lunar surface was transmitted 1 4.8 and 35. 1 
hours, respectiYely, after spacecraft landing. 
This operation occurred relatively soon during 
the Sun·eyor V mission because of an impending 
vernier rocket test; it  occmred late on Smveyor 
VI because of other spacecraft operations that 
restricted alpha-scattering background data 
accumulations. The deployment operation on 
each of the missions was monitored by obsen'a
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- 2 1  
shows the total alpha event rate during this 
period for Surveyor 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 frow che 
standard sample. 

On Surveyor VI I ,  the command to lo,Yer the 
sensor head to the surface was trn.nsmitted 
20.9 homs 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 1 0-minute accumulation of datn. was con
sistent wi th that obtained before th e comman d 
to lower h n.d been sent, 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 \\'ere 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, 
1 968, 15 :49 :03, 1 5 :49 : 12, 1 5 :49 : 1 5  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 deployment 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 opemtion of one of the 
movable parts of the spacecraft would provide 
enough force to free the sensor head. 

After several n ttempts 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, m tmaged to force 
the sensor 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 (\\'ith respect to sunrise) , and because 
of the delayed deployment (57.4 hours after 
1 an ding) . Also, on Surveyor VII ,  bee a use 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 \\'US not feasible. 
Partial shading \Yas 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 7 1 .9 hours 
for the first-lunar-day operations (table 8-9) . 
The samples are described in the next part of 
this chapter. 

Surveyor V analyzed t\\·o lunar samples. The 
data-accumulation period was 1 8 .3 hours at 
the initinl position of the sensor hertd on the 
lunar surface. At 53 hours after spacecraft 
touchdown, the vernier rocket engines were 
fired, m oving the sensor head about 1 0  em 
farther from the spacecraft. When the instru
ment was again turned on, it was found to be 
functioning perfectly, and operations were 
begun at the new lunar-surface position . By 
the end of the first l unar day, additional d ata 
for 7 1 .9 hours had been obtained. D uring the 
second lunar day, the spacecraft was p artially 
reactivated, and the alpha-scattering instru
ment was operated for several hours .  11ost of 
the instrum ent  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. Subsequen t  
television pictmes showed tha t the sensor head 
\\'as upside down . Figure 8-23 shows the instru
m ent  in this position, as viewed in an auxiliary 
mirror, \\'i th 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 
\'I spacecraft (Nov. 1 7, 1967, 13 :37 :06 G l\l T) . 

m ulat ion was restricted to the m easurement of 
radiation from space. 

Surveyor VII was the most producti,·e mis
sion from the chemical analysis \'iewpoin t .  
Because of  the presence of  the surface sampler 
on this spncecraft, 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 smface sampler provided three samples for 
analysis. The first-lunar-day data-accumulation 
periods were 28 .0  hours for sample 1 (undis
turbed lunar surface) , 1 1 .2 hours for sample 2 
(a  l unar rock) , and 7 .5 hours for sample 3 (a 
trenched area) . 

D uring th e alpha-scattering operations o n  
Surveyors V,  V I ,  a n d  V I I ,  approxim ately 75  
p ulser cal ibrations of the instrum ent were 
performed at a rate of about one calibration 
per 3 hours of operation. 

D�scription of Lunar Sampl�s 

Surveyors V and VI l anded in lunar m aria, 
regions of the M oon characterized by their 
flatness, relative smoothness, and low albedo. 
Sun·eyor VII landed in the lunar highlands 
near the crater Tycho. The region near the 
landing si te of Surveyor \' II is topographically 
complex, b u t  is generally rougher n nd hns  a 
higher albedo thn n  the mnre l anding sites. 

The lunnr smface nt each of these landing 
sites consis ts of weakly cohesiYe, fine particles ; 
aggregates ; and solid fragments. ?\Iost of the 
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resolvable fragments are brigh ter in appearance 
than the fi ne-grained matrix material .  Of all 
the fi ve Surveyor landing sites, those of Sur
veyors V and VI h ave the least number of 
resolvable frugrnen ts, whereas the Suneyor 
VII site has the highest number of larger 
fragments and strewn fields of blocks. The size 
distribution of sm all craters ( less th an a few 
me ters) is about the same a t  each landing site, 
but there are fe"·er larger era ters near Surveyor 
VII than at the mare sites. (See ch. 3 of this 
report.) 

Surveyor V landed in the southwest portion 
of ?dare Tranq uillitatis at  23 .2° E longitude, 
1 .4 ° N Ia ti tude. The spncecraft  touched down 
on the southwest wall of a 9- by 1 2-meter 
rimless crater, more th an 1 meter deep. On 
the basis of i ts shape and alinement of sm all 
associated craters ,,·ith o ther dominant linear 
features in surrounding areas, the crater h as 
been interpreted as being formed by the drain
age of surface debris in to a subsmface fissure. 
The walls of this crater appear to expose parts 
of the upper meter of this debris layer. 11  a terial 
from the wall of the crater was dislodged 
d uring the spacecraft landing and slid into the 
area analyzed with the alpha-scattering in
s trum ent. Figure 8-24 shows this disturbed 
area, as interpreted by Shoem aker et al. (See 
ch. 3 . )  The frequency-size distribution of the 
lumpy, fragmental material ej ected by the 
footpads during landing is  much coarser than 
th at observed on the undisturbed surface. 

Only low-resolution teJe,·ision pictures were 
ob tained of the samples analyzed by Sun·eyor 
V (ref. 8-1) .  Th ese pictures indicated th at no 
particles larger th an abou t  3 ern were located 
in the sample area. Figure 8-25 shows high
resolution-picture mosaics of the sensor head 
as i t  conformed to the lunar surface before and 
after the vernier engine firing. On initial 
deployment, the outboard edge of the circular 
base plate can be seen to haYe become embedded 
sligh t ly in the surface ma terial .  Af ter the ,·ernier 
fi ring, that edge of the plate became more 
deeply embedded, til ting the sensor h ead 
further so that  the left inboard edge of the 
plate was raised about  2 em above the surface. 
The surrounding surface appears to  be relati,·ely 
smoo th,  \Yith few fragments huge enough to 

in terfere with the opera tion of the instrument. 
Operation with individual proton detectors 
also indicated that  the geometry of the sample 
was relatively flat.  

Sinus l\Iedii , the landing site of Sun·eyor VI, 
is a rei a tively small mare plain, about 170  krn 
across, located in  the center of  the 1Ioon as 
seen from Earth . The area is bounded by 
terrae to the north and south .  The relatively 
high density of craters larger than a few hundred 
meters and the relatively thick debris layer (as 
suggested by the lack of smaller craters \\-ith 
blocky rims) has been interpreted to mean that 
the surface material in Sinus .:\Iedii is older 
than that of most of the material exposed at 
the other mare sites (ref. 8-2 1 ) .  The frequency
size distribution of small craters is closely 
similar to that found at other mare sites ; how
ever, there are fe,Yer fragments larger than a 
few centimeters at the Surveyor VI and Sur
veyor V si tes. D espi te  these differences, all of 
the mare si tes are similar in topographic details, 
that is, in the structure of the surface layer, and 
in oth er properties as m easured by Surveyor 
(ref. 8-22) . 

The area surrounding the Sun·eyor VI sample 
(fig. 8-26) can be seen to be free of large frag
ments. The largest particle \\"i thin the sample 
area i tself is only about 1 .5 em across. Particles 
as sm all as 0.3 em are distinguishable in the 
picture. 

The Sun·eyor YII landing site, about 30 km 
north of the crater Tych o, was much different 
from all of the previous landing sites .  Tycho is 
a large ray crater located in th e southern high
lands of the .:\Ioon. The ray system and other 
features of the crater ha,·e been interpreted as 
resulting from hypen·elocity impact, although 
interpretations of its origin im·oh-ing volcanism 
haYe also been gi,·en (ref. 8-23) .  �dost inYesti
gators ngree that Tycho is a relatively yonng 
lun ar feature nnd that Sun-eyor 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 brough t up from 
seYeral kilometers below the surfnce. Other 
in t erpretations are tha t  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 footpads during landing; the sensor head was deployed 
within this area. Contour interval is 10 em (topography by R. l\1. 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, 

339-4G2 0-69-21 

however, share "·i th other highland areas their 
most prominent characteristics of a rougher 
topography and higher albedo than those of the 
maria. Per unit area, as seen by the Surveyor 
camera, more fragments larger than 4 em were 
observed at the Surveyor VII site than at any 
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FIGURE 8-25.-(n) H igh-resolution mosaic of the Surveyor Y sensor head on the lunar 
surface before vernier firing (Sept. 1 2, 1 967, Cat.nlog 5-i\IP-24). (b) l\losaic after 
vernier firing (Sept. 14, 1 967, Catalog 5-l\1P-25) . 
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FIGURE 8-26.-Wide-angle mosaic of television pictures taken just after the Surveyor \'I 
sensor head was released from the stowed position. The circle shows the area of the 
lunar surface later analyzed by means of the alpha-scattering experiment (Nov. 1 0, 
1967, 2 1 : 1 7 :57 to 2 1 : 23 : 1 1  G ::O.IT) . 

of the mare landing sites (ref. 8-24) .  The nlbedo 
of the surface m a t eri al obsel'\'ed "·i th the Sur
veyor VII television camera was a bon t twice 
thn t obserYed n t the Sul'\'eyor V and YI si tes .  
This is consistent ,,·i th E arth -bnsed telescopic 
obsernttions indicating tha t  the halo region 
around Tycho, in which SurYeyor VI I l nnded , 

al though d arker th an the crater or the surrou n d
ing tern1 e , is s t i ll brigh ter than most of the 
manu. 

Figures 8-27 (a) nnd (b) show mosaics of 
ll!UTO\Y-angle pic tures of part of the surfnce
snmpler area of operation before and after 
the start of alpha-scattering analyses. Figure 



FIGURE 8-27.-(a) Narrow-anglo 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) Narrow-angle mosaic of Surveyor VII pictures showing sensor head in place on a lunar 
rock (sample 2) . The snrface sampler is seen in the process of digging the second of three 
trenches at the site of alpha-scattering sample 3. The sample 1 location at the lower 
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left of the figure i s  surrounded b y  a circular impression 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 (Jan. 22, 1968, 18 :09 :09 Gl\IT) . 
(d) Surveyor Y I I  sample 2, a lunar rock, after analysis. The area outlined by the ellipse 
(including the rock) shows the size of the sample. (e) Surveyor \'I I  sample 3, an area 
of the lunar surface trenched by the surface sampler, before analysis. The outline 
shows the subsequent sensor head and sample positions (Jan. 22, 1968, 10 :36 :42 G ;\IT) . 

8-2i(c) shows the undistlU'bed area of the lunar 
surface, including the first snmple an alyzed 
at the SmTeyor VII site. Although seYernl 
fairly large fragments can be seen on the sur
rounding surface in figure 8-27 (c) , the central 
outlined area , comp rising the actual sample, 
can be seen to be relati,'ely smooth .  The 
largest particle in th1s sample l area is about 
1 .5 em across. A rock about 4 em across was 

located undernea th  the inboard side of the 
circular plate of the sensor head during the 
analysis, causing the sample to be farther than 
standard from the sources and detectors. 

Sample 2 \\'HS n lunar rock about 5 by i ern 
on i ts upper face. This rock was somewhat 
brighter in appearance than the surrounding 
surface (sec fig. 8-27 (a) ) ,  and was visible as an 
exposed obj ect on the lunar surface before the 
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surface-sampler operations. Figure 8-2 7 (b) 
shows the sensor head in position on the rock. 
The measured event m te in the alpha mode 
was abou t twice that for a sample at the stand
ard distance. This information,  together with 
the television pictures, indicates that during 
analysis the rock was cen tered in the sample 
opening and protruded sligh tly inside the 
bottom of the sensor head. D uring deploymen t 
to this sample , the sensor head mo,·ed the 
rock back and forth slightly, b u t  the upper 
smface of the rock apparently remained on 
top during this motion. Figure 8-27 (d) shows 
the rock after the sensor head was remo,·ed. 

The third sample loca tion was a trenched 
area of the lunar surface previously prepared 
by the surface sampler (fig. 8-2 7 (b) ) .  Figure 
8-27 (e) shows an ou tline of the sensor head 
as i t  rested on the third sample, showing 
that the sample area benen,th the sensor head 
was located prim arily wit hin the end of the 
cen tral trench of three trench es. This indicates 
that the sample an alyzed consisted, at least 
in p art, of subsurface m aterial. 'Vhereas most 
of the other samples analyzed on the three 
missions may haYe consisted of only the top 
few microns of undisturbed material , this final 
sample probably consisted of some material 
originally centimet ers below the surface. The 
actual depth of the trench at the point of 
an alysis cannot be determined by the pictures, 
however, because the bottom of the trench 
was in shadow. 

Summary of Operations oncl Performance 

Table 8-9 is a summary of operating periods 
and data accumulation times for the alpha
scattering experin1en t on SmTeyors V, VI,  and 
VII. 

The performance of the alpha-scat tering 
equipment and opemtional system during the 
three m issions 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 !vioon , only one detec.tor on Surveyor V I  
became noisy within the specified temperature 
limi ts of -40° to + 50° C. A few noise bursts 
that could not be specifically traced to detec
tors were observed on Sw·veyor V in the proton 

system during a period of rapidly changing 
tem peratures and on StuTeyor VII in the guard 
system for periods of a few seconds. On Sur
veyors V and VII,  detectors survi,·ed the lunar 
night and operated normally after initi al 
periods of noisy behavior. 

D ata recei,·ed during each mission showed 
that the thin films covering the sources and 
alpha detectors had sun·i ,·ed the launch, mid
cour.se maneuver, and lunar landli1g operations .  
The quali ty of t h e  Cmm 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 p ulsers , and Es254 
sourees performed as expeeted , as evidenced by 
agreement of mission data with prelaunch data. 
Calibration peaks from the pulser were gen
erally sharp , although some low-energy noise 
was occasionally seen in the 1mlser data from 
Sun·eyors VI and V I I ,  as in prelaunch tests. 
The guard detector and anticoincidence system 
worked as designed ; guard moni tor voltages 
and proton backgro und 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 missions. The reasons for this 
discrepancy are not known , but one possibility 
is that the sides of the box were thermally 
coupled more strongly \Yi th the interior parts 
than had been expected . 

The digital electronic, instrument power 
supplies , and electronic auxiliaries performed as 
designed. Circuits used to monitor engineering 
p:1nuneters provided good data.  Of the more 
than 1000 commands transmi t t ed to the in
s truments , all but two appeared to give the 
proper response. The first anom aly occurred 
on Sun·eyor V. "'hen the in strumen t was 
commanded on for the second time, the cali
bration }miser s tarted operating and had to be 
turned off by separate command . 

The second anomaly associated with com
mands occurred on StnTeyor V I I  when an ex
plosive squib \Yns blown to nllow the sensor 
hend to descend to the lnnnr surface. The com
mand wns received by the spacecraft and the 
explosi,·e de,·ice worked, but the nylon cord or 
its associated spool and escapement mechanism 

I 

� 
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failed t o  function. Tlus failure could have been 
calamitous except for the presence of the surface 
sampler. All other operations of the deploy
ment mech anisms proceeded flawlessly. 

In general , communication links from the 
spacecraft were excellent;  typical bit-error rates 
encountered were less than 1 0-6, although 
much higher le,·els occurred when the space
craft were being trucked near the Earth 's  
horizon.  The data-handling and computer
processing systems proYed to be indispensn ble 
for the monitoring of the experiments during 
the actu al mi ssions. 

Tele,'ision support of the alpha-scattering 
operations was Yery useful, but viewing of the 
deployment areas Yia the auxiliary mirrors did 
not give good results. The chemicitl analyses 
on the Sun·eyor VII mission would not have 
been possible "rithout the combined use of the 
television cam era and surface sampler. 

Results 

The Sun·eyor V, VI, and VII m1ss1ons pro
Yided the first chemical analyses of lunar
surface material. The SurYeyor V and VI 
analyses were from m are sites on the Moon ; 
the Surveyor VII samples were at a t erra site, 
ontside the crater Tycho. T,,.o lunar samples 
"·ere examined on the Surveyor V mission,  one 
on the SurYeyor VI m ission, and three on the 
Sun·eyor 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 j ust inside a 
rim of  a small crater. During the l anding, 
the spacecraft slid and threw out some sub
surface material ; thus, the first sample analyzed 
on this mission m ay h ave consisted primarily 
of this ejected material. The second sample 
was probably similar m aterial because the in
strument "·as moved only about 10 em by the 
sttttic firing of the vernier engines. 

Only one sample \\'as examined on the Sur
veyor VI mission .  The secon d sample examined 
on the Surveyor VII mission "·as an exposed 
lunar rock (see preceding section) ; the third 
was a region of the lunar surface pre,riously 

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 l ack 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 "'as 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 m ass of other data not 
rele\'ant to the alpha-scattering experiment, 
these prime data h ave become aYailable 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 eYent 
registered by the alpha detectors and by 
proton detectors. In addition,  most commands 
sent to the spacecraft and checks on the qual ity 
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 ::--.1eV. 
Thus, the guard detectors in the alpha-scatter
ing instrument on the Surveyor missions repre
sent radiation-mmutoring devices on the lunar 
surface. 

The actual analytical results reported here 
are bused exclusively on the spectra received in 
near real time by Teletype. These spectra cov
ered data accumuln.ted ovcr periods of, typically, 
20 to 40 minutes. Some of these dnta have been 
subjected to preliminary certification to remove 
any that had suspicious characteristics (high 
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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, 1 00 to 300 minutes and 
were again examined for consistency. They were 
then combined to give the data that were sub
j ected to a computer treatment leading to the 
preliminary analytical results presented here. 

Table 8-1 0  presents, for each phase of opera
tion on each mission and for ench sample, the 
total amount of time during which the certified 
data were accumulated. These periods are seen 
to range from 20 minutes for the inftight opera
tion on the Surveyor V mission to 34 .5  hours on 
sample 2 of the Surveyor V mission. 

TABLE 8-1 0.  Total time represented by cert-ijied 
data (used in calculations of JJreliminary results) 

Total time, hr 
Phase 

Surr•evor Y Surr•eyor Yl Su.rr•eyor Yll 

I nfligh t_  _ _ _ _ _ _ _ _ _ _ 0, 33 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 
Standard sample _ _  1 .  00 4. 3 5. 0 
Background_ _ _ _ _ _ _  2. 33 6. 10 10. 5 
Sample 1 _ _ _ _ _ _ _ _ _  1 5. 0 • 1 �. 2 1 1 . 2 
Sample 2_ _ _ _ _ _ _ _ _  34, 5 - - - - - - - - - - 9. 7 
Sam pie 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 pulser 
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 
rep res en ted 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 3 1  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, 
\\·ere 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 �'loon. 

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 pnlser 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 �loon could be compared with those 
obtained on Earth before l aunch. 

The portion of the Surveyor V inftight data 
that has been conditional ly certified and cor
rected approximately to standard instrument 
temperature is presented in figure 8-28. The 
certified data (table 8-1 0) 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 Y infiight data on standard sample. Data taken during a 20-

minute measurement while the spacecraft was in transit to the l\Ioon. The experi
mental points, "'ith statistical errors, are the averages of two channels in order to 
improve their statistical significance. The smooth curves are derived from data ob
tained in prelaunch measurements of a similar sample. The peaks at around channel 
1 1 0 are caused by the Es254 located near the detectors as calibration sources. 

proton modes of the instrument are plotted 
on a logari thmic scale as a function of the 
channel number (energy) . The st atistical ( 1  u) 
errors are indicated by \'ertical bars. 

In figure 8-28 (the i nfligh t data from Sur
veyor Y) , the smooth cun·es are deri ,·ed from 
data obtained on a similar sample during the 
final calibra tions of the sensor head at Cape 
Kennedy about 2 weeks before launch . The 
prelaunch data haYe been corrected for source 
decay during the inten·ening period and for the 
background rates observed later on the lunar 
surface. I t  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 l\Ioon for the three missions) , 
the smooth curves indicate the background 
levels obseiTed in the following stage of lunar 
operations. The data presen ted in these figures 
are similar to those obtained on s t andard 
samples before launch , differing principally as 
a resul t  of different b ackground le,·els for the 
:\loon and the Earth . 

The lack of excess events in the alpha mode 
at approximately channels 1 03 to 104 ga,·e 
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 con tamination of the 
instrument h ad 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  ,,·ell (fig. 8-30) . 
The resulting chemical analyses of the standard
sample glass on the three missions are shown in 
table 8-1 1 .  Indicated also, for comparison, are 
the chemical composi tions of the glasses used , as 
determined before launch , by c01wentional 
analytical techniques. These analyses were 
made on similar bu t not iden tical pieces of glass. 
The agreement ,  at the present stage of data 
processing, between the two types of analytical 
resul ts is certainly not as good as desimble. 
Howe\'er, i t  must be remembered that the lunar 
st andard-sample analyses had short measure
ment times, that  the possibility of the inclusion 
of t ainted data cannot be ruled out by the 
present certification techniques, and that only 
approximate corrections ha,·e been m ade so far 
for nonstandard instrument conditions (for 
example, for the temperature coefficients and 
o ther effects on the energy scales) . For example, 
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solid curves are smoothed versions of the background spectra observed in the next 
stage of lunar operations. 
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FIGURE 8-30.--Computer analyses of the Surveyor standard sample spectra. Comparison 
between the calculated spectra (smooth curves) , using an eight-element library, and 
the data obtained on the !\loon (after background subtraction) . 
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TABLE 8-1 1 .  Analyses of standard glass samples on the l\1oon 

Element 

Su rveuor b Standard c 

Oxygen _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ .56 59 
Sodiunl _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 7 8 
1\Iagnesinm _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 8 9 
Aluminum _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 2 2 

Silicon _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 20 1 7  

"Calcium" _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ - 2  - - - - - - - - - - - -
' 'Iron' ' - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 8 

• ThP Surveyor YI results were obtained by shifting 
the spectra 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 1 00 percent on a 

it is clear from figure 8-30 thut the energy 
scales of the lunar spectra and computer
calculated spectra nre not always identical. 
It is for these rensons that there appears to be 
li ttle basis for assigning errors to the Surveyor 
analyses of the lunar standard sample at this 
stage of data processing. The eompnrisons made 
in table 8-1 1  are eonsidered adequate, howe\-er, 
to establish the eapability of the instrument to 
perform chemieal analyses under lunar 
eondi tions. 

Another method of examining the standnrd
snmple dnta is to compare them direetly (after 
bnckground subtraction) with the corresponding 
data obtained in the fin�tl calibration at Cape 
Kennedy a few weeks before launch . To do 
this properly, small energy-scale corrections 
were mnde to the data because of temperature 
differences and, in the case of SuJTeyors V 
and VI I ,  because a different digital electronic 
unit had been used for prelaunch calibrations 
than for the actual mission . In addition, the 
l unar speetra (alpha and proton) were normal
ized to the prelnunch calibration spectra in 
the oxygen region (alpha channels 16 to 23) to 
correct for source decay nnd different sample 
distances .  

For each of the three 1 1 1 issions, these com
parisons are shown in figure 8-3 1 .  Co m parison 

7 

Analusis, atomic percent 

Standard c 

5 1  
1 1  

1 1  

1 8  

58 
8 

9 

1 7  

Surt'f!IJOr b 

55 
1 0  

1 0  

1 6 

Standard • 

59 
8 

9 

1 7  
1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
8 6 9 7 

carbon-free basis. The glass was covered by a. poly
propylene grid that ma.�ked about 25 percent of the 
area. 

• These are the results of conventional chemical 
analyses of typical standard glass samples. 

of t he data at this early st nge does not in trod nee 
the systematic errors associated with the use 
of the librn.ry. In addition, it  lends assuranee 
that the background measmed in the next 
s tage of lunar operations (with the instrument 
suspended over the lunar surface) is the appro
priate one to use with a snmple under the 
instn11nent. In all eases, the comparisons made in 
figure 8-3 1 show adequnte agreement through
out the energy region:; 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 dnta obtained under lunar conditions or 
the techniques used to interpret them. 

Backgrouncl Measurements 

The second stage of the l tmitr opemtions of 
the alpha-scattering instrument was designed 
to measure the background levels for the in
strument under lunar eonditions. Because of 
the lack of a protective atmosphere on the 
M oon, these were expeeted to be much different 
(especially in the proton mode) from those on 
Earth. The data were aeeumulated with the 
instrument suspended about 0 .5  meter abo\·e 
the lunnr  sttrfnce (see preceding section) . 

Figme 8-32 presents the background mens-
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obtained in prelaunch tests. The experimental points are the data taken during the 
Surveyor missions, after background subtraction. The smooth curves are derived 
from data taken on similar samples at Cape Kennedy before each launch. 
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urements from the certified spectra (table 8-10) 
for both alpha and proton modes of the instru
ment on the three missions. The ordina tes are 
even ts per channel registered (sometimes 
tn·ernged oYer two chnnnels to improve sta
tistics) ns  a function of channel number 
(energy) . The ordinates are on a logari thmic 
scale, a nd the datn have been normalized to a 
1 000-minu te  measurem ent time to facilitate 
compnrison with the other figures in this 
report . The statistical ( 1  o-) errors in the data 
are indicated by \'ertical lines. The original  
data ha,·e already been corrected npproximately 
for the t empernture coefficient of the instru
ment. As is seen from table 8-10 ,  the back
ground measurement of Sll l'\'eyor V was very 
short, leading to rather large statistical errors 
in the data in this mission . 

In all of the graphs (alpha and proton) , the 
peak in intensity in the region of channels 1 10 
to 1 13 is cnused by small amounts of Es254 
( Ta = 6.44 l\IeV) placed very close to each 
detector. This Es254 sen·ed as an energy marker 
as well as a check on detector behador. Al
though the intensity and quality of the Es254 
''aried considerably from mission to mission,  
this alpha source provided assurance, inde
pendent of other data, of the correct perform
ance of the instrumen t. 

Before the missions i t  wns anticipa ted that 
the main contribution to the background on 
the 1\Ioon, aside from the Es254, would be from 
the instrument itself in the alpha mode and from 
cosmic and solar radiation 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-l\IeV to 
about 4-l\IeV protons, incident normally, \\·mild 
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 absorbed by the n earby 
components of the instrument. The fraction of 
originally higher energy part icles, which are 
slowed to the below 4-l\ IeV en ergy range and 
the secondaries prod uced in this energy rn nge 
at the detectors, wns calculated to be sm all 
compared to the intrinsic background of the 
instrument. 

On the other hand, the proton detectors were 
3a9-!G2 O--<>!l-22 

much larger in total area and also had larger 
sensi tive thicknesses, allowing them to register 
protons of up to 6.4 l\IeV entering normally. 
l\1o.reover, becnuse of the gold foil in front of 
them , these proton detectors were insensiti,·e 
to radioactive contamin ation of the instrument. 
The main contributor to the very low back
ground in the proton mode on Earth (aside 
from the Es254 jJre\':ionsly mentioned) was 
electronic noise and the sensitivity to the 
small amounts of gamma radiat ion nnd n eu
trons from the Cm242 sources. 

Because the e\·ent rates from the lunar sample 
in the proton mode were expected to be rela
tinly low, serious at tempts were made during 
instrument design and before the missions to 
predict the bnckgronnd rat es 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 "Instrumen t") . Calculations in
dicated that these detectors would reduce the 
predicted background by at  lenst a factor of 5 ;  
the remainder of the background would b e  a 
result of the radiation en tering the sides of the 
instru ment. 

The obsen·ed backgrounds in the proton 
mode (fig. 8-32) turned out  to be lo\ver 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 
measurements of the instrument background 
and of the calculated contribution from cosmic 
and solar rays. It has almost the same shape as 
that obserYed and, O\"er most of the energy 
range, is only about 50 percent lower. I n  view 
of the complicated natnre of th e calculation 
(in Yoh·ing the use of low-energy solar and 
cosmic-ray spectrn which are known only 
approximately, and the effect of the complica ted 
geometry and direct ion-varying amounts of 
absorbing material between the det<:'ctors and 
space) , the agree11 1en t between the calculn ted 
and obseiTed spectra is consid ered satisfactory. 

The backgro unds obserYed in the proton 
mode in the three missions h ad the sam e  
spectra.! shape (excep t for t h e  small cliff erence 
in the Es254 region) and were approximately 
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of the same mngnitude. For example, the 
background in th e proton m ode  in the energy 
region above 6 .5  MeV was the same in th e 
Surveyor VI and VII missions, well within the 
1 -u statistical error of 5 percent. This means 
that  the flux of 50- to 200-MeV protons ( these 
are the particles which , in ciden t on the instru
men t  from the sides, would contribute to this 
background) was the  same on the 1vloon at the 
Tycho site (40° S) in January 1 968 as at the 
Equator in November 1 967 .  This isotropy is 
consisten t  with the lack of appreciable magnetic 
field near the 1\Ioon . (A 1 00 l\IeV pro ton in a 
field of even 30 1' m oves in a circular orbit of 
rn dins ,....._, 1 04 km.) D uring the Surveyor V 
operations, this background was sligh t ly lower, 
possibly because of shielding by the local 
t errain , because Surveyor V landed just  inside 
a sm nll crat er. The predictability and constancy 
of the data wovide confidence th at the nat ure 
of the background on the lunar surface in the 
proton mode of the instrument is adequately 
understood. 

The backgro und observed in th e alpha mode 
of Surveyor V (fig. 8- 32 ,  top left) , however, 
provided som e surprises. In th e in termediate 
energy range (approximately channels 10 to 
90) , it  was definitely higher (in places more 
than a factor of 2) th an predicted from the lnst 
premission measurements at Cape Kennedy. 
Fortunately, this was still a negligible  part 
(over most of the spectrum) of the response 
when a sample was in tL nominal position 
under the instrumen t  (fig. 8-29) . An explana
t ion of this anomalous behavior was discovered 
just  before the Surveyor VI mission . It proved 
impractical to eliminate this increase in back
ground on that mission e\·en th ough this 
background was m uch higher on Suneyor VI 
(fig. 8-32,  middle left) . However, measmemen ts 
taken before the Surveyor VII  mission were 
partinlly successful ,  so th at the background in 
the alpha mode on that mission (fig. 8- 32 ,  
bot tom left) was lower th an that on the 
SmTeyor VI mission. 

The clue to the explanat ion for this higher
than-exper-ted background in th e a lpha mode 
lay in th e d ecrease in intensity at approximately 
channel 93 (fig. 8-32 ,  middle left) . Such a 
beha,·ior is characteristic of the respon se of 

the instrumen t to a gold sample. It is inter
preted as a result of a larger-than-previously
encoun tered recoil behavior of the Cm242 flight 
sources prepared for these missions. Recoiling 
a toms from the alpha. decay of Cm242 were 
transferring radioactive m aterial from the 
source pln te to the protective films which 
cover the collimating openings of the somce 
capsules. In this position, the radioactivity is 
not collimated n.nd can strike the gold-plated, 
upper surface of the bottom plate of the instru
m en t. Becn use of the high cross section for 
scattering by gold,  even a relatively small 
amonn t of radioactivity in t.h is position pro
duces a detectable increase in th e background 
in the alpha mode of th e instrument. 

As can be seen by comparison of the top 
left with the middle left of figure 8-32 ,  the 
feature was presen t but  less pronounced in the 
Surveyor V spectra. This apparently was a 
resul t ,  in part, to the sonrce-protective films 
on Surveyor V, which h a d  been exposed for a 
shorter time to this recoil behavior than those 
on SmTeyor VI and, in part, to the very 
large Vtl.riability later observed in th e efficiency 
of this recoil-t ransfer process in individual 
sources. 

For the Surveyor VII mission , a technique of 
evapora ting carbon on the films (enough to 
reduce the recoil transfer but  not  enough to 
reduce the energy of the alph a particles sig
nificantly) had been de,·eloped. (See "Instru
men ts .")  This proved very effective for the 
sources prepared for the spare instrumen t for 
the Surveyor VII mission ; it was partially 
effective for the actual sources flown on this 
mission . The resul t  was n. background in the 
alpha mode intermediate in level between the 
t wo earlier missions ,  even though the source 
s trength was about 70 percen t higher. 

The enhanced background in the alpha mode, 
moreover, gradually increased with time (as 
more radioacti,·ity was transferred to th e 
films) . This could be observed as a slow increase 
wi th time of the response of the instrument in 
an energy region ( clwnnels 73 to 90) abo,·e the 
Fe, Co, and Ni endpoints. Al though not 
aft'ecting the results on the  principal con
st i tuen ts of the lunar samples examined, this 
aspect of the experiment will increase the 
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Yery low l imits th at  could otherwise be placed 
on the nbundance of elemen ts h ettvier than 
n ickel. 

The background m easured in the nlpha mode 
in channels nboYe the Es254 peak (not shown 
in the figures) corresponds to e,·en ts depositing 
a t  least 6.5 � l eV in  the alpha detectors. The 
rate of such events is very low (54 ± 1 2 per 
1 000 m inutes on the  Surveyor VI m ission) . I t  
is essen t in.lly the same o n  all the m issions and 
is consistent with the contribution calculated 
for solnr and cosmic my particles. 

The alphtl-mode background of the Sun·eyor 
VII mission (fig. 8-32, bottom left) shows more 
structure than is visible on the two preceding 
missions. This is because, as  n. result of the higher 
intensity sources and longer counting t im e, the 
effects of the low-probability scattering from 
the  lunar surface, about 0 .5 meter nway, can 
be seen. As seen later in "Results of Lunar 
Sam ple Dtl ta,"  this structure in the spectrum 
follows closely the featmes in the  lunn.r-sample 
spectrum, :tl though "·ith a ,·ery lo"· intensity .  

B ecause only one background m easurement 
was m ane on each mission, precnutions had to 
be taken in the data analysis to be certain that 
this background was not changing ,,·ith time 
or was changing in a known \Yay. In the alph a 
mode, the contribution caused by scattering of 
noncollimated alpha part icles was monitored by 
obsen·ing the event rate in channels 73 to 90 . 
The incren,se in this region was assumed to 
apply at lower energies as well .  I t  was a signifi
cant part of the total event rate only in the 
region of th e alpha spectrum aboYe channel 52.  

Changes in solar- and cosmic-ray contribu
tions to the background were moni tored in 
three differen t ways. The least sensi t ive method 
im·oh·ed the rat e of events in the alphn <'han
nels with energies greater than 6.5 :\ leV. 
Although the rat es here were nr�· lo\\· (n.hou t 
54 events/1 000 minut es) , their constt 1ncy , within 
statist ics, prm·ided assmance th at the alpha
mode background caused by external solar 
and cosmic rays was not changing during n. 
DllSSIOn.  

The se<·ond m ethod im·olnd the rates of  
eYents in  the same high-energy regwn 
(>6.5 �l e\') in the pro ton mode. Here the  
rates were h igher (ribont one  Hentjmin) . 

Again , within statistics of about 1 5  percent 
there is no indication of changes during th e 
measurements.  

The most sensit ive monitor of the solar- and 
cosmic-ray intensity was the guard ratemeter. 
Prelimin ary examination of the data indicates 
no significan t c·hanges in intensity over th e 
period of the lunar-sample m easurements. 

In addit ion to these internal measurements 
by t h e  ins trument i tself, of the constancy of 
the solar- and cosmic-ray background, dat.a 
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 ga,·e 
assurance that significant changes in the general 
le,·el of radiat ion in space would be detected 
independently of the n.lpha-scattering inst ru
ment. There were no such changes reported on 
any of the missions dming lnnar operations of 
the  alpha-scattering instrument .  

In  ann.lyzing the data for this report from 
t h e  standard sumples and from the lunar 
samples on the Sun·eyor VI and VII missions, 
the observed backgrounds (inereased slightly 
as approprhlte in the alpha mode) were sub
t racted from the observed spectn1. before 
computer processing. The statistical errors 
associated with the background met�surements  
were considered . In the case of  Surveyor V, 
becn,use of the poorer s tatistics, a smooth cun·e 
was drawn through the background data, n nd 
th is smoothed version was used in the data 
analysis. 

Results of Lunar-Sample Data 

As indicated pre,·iously, six lunar samples 
\\·ere examined by the alpha-scat t ering instru
ment  d uring the Sun·eyor Y ,  \'1 , nnd \"I I  
missions. Three o f  these were samples of mare 
mat erial (Sun·eyors Y and \'I) , and three were 
from the  Sun·eyor YII terra si te .  The first 
sample examined on each mission was the  
origin nl deploym ent area of  the  instmmen t .  On 
Surveyors \"I rmd YII, this first srtmple w as 
t h e  relatively undisturbed local smfnce ;  on 

2 Thes<' data werP mad<' available on a npar-real-timc 
bal'i� by Dr. John Simp�on of t h e  Fniwr�ity of Chicago 
and t he S mall Satellite Tracking Center at  Goddard 
Space Flight Center. 
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Surveyor V, howe\'er, the original deployment 
area mny ha\'e been primarily material ejected 
by the spacecraft footpads on landing. Because 
the second sample examined during the Sur
veyor V mission \\·as only about 10 em away from 
the first sample, the second sample was probably 
similar. Only one sample was exnmined on 
Surveyor VI . The second sample analyzed on 
the Surveyor VII mission was a lunar rock that 
protruded 11. few centimeters above the originally 
undisturbed , local lunnr surface. With the help 
of the surface sampler, the alpha-scattering 
instrument was placed on top of this rock (ref. 
8-20 and fig. 8-27) . The third sample examined 
on the Smveyor VII mission was subsurface 
material ; the alpha-scattering instrument was 
placed on top of a shallow trench previously 
prepared by the surface sampler. 

The reln tively raw data from the certified 
Tele type spectra from each of the samples 
(table 8-1 O) are presented in figures 8-33 and 
8-34. In ench case, the alpha and proton data 
(in units of even ts per channel per 1 000 min
utes) are shown plotted on a logarithmic scale 
as a function of chtmnel number (energy) . The 
statistical errors (1 u) are indicated by vertical 
lines. In each case, the smooth curves are the 
background rates observed on the l\Ioon in the 
previous phase of the experimen t .. In comparing 
the absolute rates from different samples, it 
should be remembered that  the source strengths 
were different 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 figures indicates that 
in the alpha mode the response from the sam
ples was ndequately higher than the background 
values over all parts of the spectrum below 
channel 70.  In the proton mode, however, below 
about  chtwnel 10 ,  the b11.ckground represen ts a 
ltnge fraction of the total number of even ts 
and is rapidly changing with energy. In most 
of the higher energy regions,  however, the 
signal-to-background ratio is adequate.  As 
might be expected from the higher source 
strength on Surveyor VI I ,  the sit11ntion is best 
on the snmples examined dming that mission. 

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 instrumen t 
(alpha or proton) . These features also resemble 
those found in many terrestrial rocks examined 
by Surveyor-type instruments. In the alpha 
mode, the most prominen t features are the 
sharp drops in intensity at approximately 
channel 27 (characteristic of the presence of 
oxygen) , 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 elements 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 are easily visible, slight 
differences. For example, in the nlpha mode 
above channel 52 (an energy region to which 
only elements heavier than silicon can con
tribute) , the data from the two samples exam
ined dming the Smveyor V mission show no 
significan t  breaks before that at approximately 
channel 73;  they m erely �how a general decrease. 
The data from Surveyor VI show a definite drop 
at nbout channel 63. The drop is much more 
distinct  and goes to lower levels at about  the 
same point in all three samples examined dming 
the Smveyor VII m ission . 

In view of the u navailability of the primary 
data in ndequate time to be treated properly 
for this report, the data presented in figures 
8-33 and 8-34 have been processed only in an 
approxima te manner using an eight-element 
library (see "Methods") . After subtraction of 
the npproprinte backgrounds, the data of figures 
8-33 11.nd  8-34 have been fi tted by a least
sqmtres technique, using the library appropria te 
to the instrumen t used. 

The results of this computer fi tting of the 
data from the two samples from Surveyor V, 
the sample from Surveyor VI, und the first 
sample from Smveyor VI I  are shown in figures 
8-35 and 8-36. The gross features of both nlpha 
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and proton spectra for these four samples a re 
well represented by the eight-elemen t library 
used. 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 two-com
ponent library to fit the alpha data nbo,·e chan
nel 52 in the two samples st udied on SurYeyor Y. 
I t  remains to  be seen whether these small dis
crepancies will persist whe.n the more complete 
data are processed more rigorously. In spi te of 
these small discrepancies, i t  is clear that the 
eigh t-elemen t library chosen represen ts the data 
well. The elements of the librnry m ust repre-

sent the principal constituents of the lunar soil 
at the places im·estigated. 

Figme 8-3i is an example of the detai led 
contribut ion of the different elements of the 
library to the net lnnar spectra of sample 1 

from the Sun·eyor V mission i n  both alpha and 
proton modes. It is seen that the cn.rbon , so
dium,  and magnesium contributions required 
are so small that they are un trustworthy at 
the present stage of analysis. 

Computer results are not shown for the 
second and third samples from Surveyor VII .  
The fnr-from-nominal geometries represented 
Ly the lunar roek protruding into the instrn
ment opening and by the dist urbed-surface 
( trench) sample produced ehanges, particnlarly 
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m the proton speetrn. (in intensi ty an d slightly 
in sh ape) , which m ake the use of a standard 
library less applicable. These effects are quali
tatively understood ,  but will require verifica
tion by mockup experiments in th e laboratory 
before the lunar data c�1.11 be analyzed reliably . 

The computer-deri\·ed contributions of the 
sepm·at e elements of the l ibrary for  each sample , 
after correction for the stopping power of the 
elemen t (see ref. 8-10  and "l\Iethocls" of this 
report) , gi \·e th e relati ve number of atoms of 
the element in t h e  sample. (This treatment 
assumes that the sample is homogeneous or, 
if not, that the average atomic stopping power 
for nlplm partirles of t he components is not 
too differen t .) From this relative composi tion ,  

t h e  atomic fractions of  the elements of  the 
library in th e samples c il.!l be deduced. These 
are presented in table 8-12 .  Because of the 
limitn.tions of the technique , the vn.lnes i n  
t.n.ble 8-1 2  are to b e  i n terpreted as chemical 
com posi t.ions normalized to 100 percent ex
rluding elements lighter than beryllium. 

The errors quoted in tn.ble 8-1 2  are the 
present estimates of the reliability of t .he resu l ts .  
They represent , prim arily , systematic errors 
arising pri ncipally from th e  present l ack of in
formation n.bont the reliability of the primary 
dn.ta stream, the approxi mate nature of the 
corrections for the sm1tll tem perature coeffici ents 
and o th er temperatu re-dependen t character
istics of the instrumen t, slight changes in energy 
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TABLE 8-12 .  Chemical composition of the lunar surface at the Surveyor V, VI, and VII landing sites, 
preliminary res1Llts 

Chemical composition, atomic percent 

Element !Jiare sitea Terra aite 

SurC'euor V, 
oa mple 1 

Surveuor V, 
aa mple 2 

Sun•euor VI Surr·evor V/l, 
oa mple 1 

c _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ < 3  < 3  < 2  
0 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Na _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

58 ± 5  
< 2  

56 
< 2  

± 5  57 
< 2  

± 5  
< 2  

58 ± 5  
< 3  
4 ± 3  

• 9 ± 3  
18 ± 4  

6 ± 2  

�lg _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

AI _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Si _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

3 ± 3  
6. 5 ± 2  

18. 5 ± 3  

3 ± 3  
6. 5 ± 2  

19  ± 3  

3 ± 3  
6. 5 ± 2  

22 ± 4  

2 ± 1 
'' Ca' ' b _ _ _ _ _ _ _  - - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - 1 
' ' Fe'' e _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  f d 13  ± 3  { 6 ± 2  

5 ± 2  
d 1 3  ± 3  

• The value for aluminum for sample 1 on Surveyor 
YII has previously been reported as S ± 3 percent 
(ref. S-3) .  Additional data analysis indicates the 
present reported value as being more nearly correct. 

b "Ca" here denotes elements with mass numbers 
between approximately 30 and 4 7 and includes, for 
example, P, S, K, and Ca. 

scales of the instrument between the time when 
t h e  library was determined and the time of the 
mission, and the use of a limited library. 
Because usually only a fract ion of the e\·en
t u nlly usable data has been used, there should 
also be a significan t reduction in the statistical 
contribution to the error. However, at the 
present stage of analysis, the contribution of 
s tat istics to the  quoted error is small for the 
most abundant elements. 

Although the present results are preliminary, 
an attempt has been made to insure their 
relin.bility by the following t ests : 

( 1 )  Computer analyses of subsets of the  data 
used to obtain the resul ts  in table 8-12 ha,·e 
yielded resul ts stat istically consistent wi th the 
mean ,·alues given in that t able. 

(2) For the first sample on Surveyor Y, it has 
been found that the answers are relatiYely in
sensiti,·e to the use of background assumptions, 
other than the smoothed ,·ersion shown in 
figure 8-33.  Among the bnckgrounds tried were 
the  actual background data rather than the 
smoothed version, nnd no background. 

(3) In se,·eral of the cases listed in table 8-12 ,  
the inclusion o f  other elements such as nitrogen , 

c "Fe" here denotes elements with mass numbers 
between approximately 47 and 65 and includes, for 
example, Cr, Fe, and Ni .  

d At this stage of  analysis, the "Ca" and "Fe" groups 
of elements have not been resolved for the Surveyor 
\' mission. H owever, a lower limit of 3 percent of " Fe" 
can be set for each of the samples. 

fluorine, and potassium in the library used in the 
computer h as been investigated. It has been 
found that the results listed in the table are 
not affected appreciably. 

(4) Although the data in the present state 
hardly justify such refinements ,  in  several of the 
cases listed in t able 8-12 ,  a computer was 
programed to search for the changes in in
strument parameters (gain or zero offset) , in 
both alpha and pro ton modes, that would im
prove the fit to the dn.ta as j udged by a chi
squared test. The results were always a sig
nificant increase in goodness of fit as measured 
by chi-squared, and a better m atch to such 
features in the spectra as the oxygen break
point. The analytical results \\·ere essentially 
unchanged. 

(5) The excellent reproduction of the pre
launch standard-sample spectra by the mission 
data (fig. 8-3 1 ) ,  after subtraction of the cor
responding backgrounds, indicates that the 
lunar background, measured "·hile the sensor 
head was suspended O\'er the lunar surface, is 
the appropriate one to use in the analysis of 
lunar-sample spectra. 

\Vhile not exhausti\'e, these tests pro,·ide 
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confidence that the resul ts presented in table 
8- 1 2  will not he changed beyond the quoted 
errors by more refined treatments of the data. 

Because of the possibility of geometry-sensi
ti \'e con tri bu t ions to the proton s pectrn. of 
sam ples 2 and 3 on the Sun-eyor VII mission ,  
no numerical results  are quoted at present for 
the composition of these samples. Tile n.lplw. 
mode of the instrument, however, is mther 
insensitive to these geometricnJ effects. Figure 
8-38 compares the data obtn.ined in the nl phtt 
mode from samples 2 and 3 with those from 
sam ple I .  The background has been subtmctecl 
in each case, and the data have been normalized 
so that they match in the oxygen region (ch an
n els 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 .  Th e conclusion is that 
there cannot be large differences in the relative 
amounts of oxygen, silicon, "calcium," t\nd 
"iron" (the principal contributors to the scn.t
t.ered n.lphil. spectra.) in the three sam ples ex
amined on Sun·eyor VII.  All three sample 
spectra show a decrease by about a f aetor of 
2 in the "iron" content relath·e to the values 
found in the mare samples . 

Although no quant it at i ,·e i nform ation is de
duced nt present from the proton spec.tra ft·om 
samples 2 and 3 on th e Sun·eyor V I I  mission ,  
the d a t a  o f  figure 8-34 (middle and bottom 
right) show clearly the presence of aluminum 
in these samples in comparable amoun ts to 
that found in the other lunar samples ann.lyzecl 
(figs . 8-33 and 8-34, top) . R eliable quan tit ati,·e 
results on these two samples \\'ill requim lnb
orat.ory simubtion studies reproducing the  
geometrical rel ationships o f  the  sam ples and 
instru ment. 

The Smveyor VI mission included n. hopp ing 
maneu,·er of the spacecraft. This resulted in 
the alpha-scattering instru ment resting upside 
do\\'n on the lunar surface (fig. 8-23) , thus 
ending the possibili ty of obt aining any more 
hmnr data on thnt mission. The electronic and 
detector systems, howeYer, had suniYeu. The 
dat a obtained nfter the maneuYer showed a 
large increase in eYent rate ,  part icularly around 
channel 103 i n  the  a lpha. spectrum. This indi
cated that n t  least one of the protecti\·e films 
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FIGURE 8-38.-Comparisons of Surveyor \'I I  lunar 
sample spectra. The backgrounds ob>.erved in t he 
previous phase of operations have been subtracted 
and the data ha\·e been normalized so that they 
match in channels 8 to 25. 

onr the radioact i  ''e sources had broken and 
that  recoil contamination of the instrument was 
taking place. 

The rates in the proton mode of the instru
ment were also appreciably higher tha n  before 
the hop. Qualitatively, this \\'as understandable 
in that the proton detectors in the new posi t ion 
of the sensor head were exposed to radiation 
from space (through the 1 0 .8-cm sample open
ing of the instrumen t) , with essentially no 
shielding other t han the gold foil over the 
detectors. 

These e,·en t rates in the proton mode did not 
remain constant, hmYe'\'er. During the lunar 
aftemoon , t hey fell significantly, with a l nrger 
decrease in the lo\\'-energy port ion of the spec
trum. There are se \·eral possible explanations 
for this behavior. Because of the nonstandard 
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mode of operation , it may be an instrumental 
effect such as a noisy detector. It may, on the 
other hand, represen t a significant decrease in 
the number of low-energy protons reaching the 
surface of  the ::--. Ioon in the late lunar afternoon. 
This could arise, for example, either as a resul t 
of a decrease in the number of low-energy 
particles follo\\·ing a solar flare or as a result of 
the shadowing by the ::--. loon of the source of 
such particles. Det ailed study of the primnry 
data,  including that from the anticoincidence 
counters, as \\·ell ns comparison \Yith the resul ts  
obtained on sn tellites in  spnce at the  same 
t ime, may help to  explnin this effect. 

Discussion 

The analytical results deduced from th e 
alpha-scattering experiment on the Surveyor 
missions represent the first onsite chemical 
annlyses of an extraterrestrial body. There hn.ve, 
of course, been previous speculations about th e 
chemicnl composition of the �Ioon. These gen
erally have been based on indirect considera
tions such as the overall density, thermal n.nd 
optical measurements, or proposed theoretical 
relationships nf the ).] uon to either the Sun, the 
Earth, or meteorites. Un til now, · the obsernl 
tion most directly related to  the chemical con
sti tution of the lunar surface was the gamma
ray experiment on the Russian orbiter Luna 1 0  
(ref. 8-25) . The in tensi ties and spectral distri
butions of gamma rays obsen·ed on this satellite 
were used to set limits on the content of rndio
active elements  in lun nr-surface material . The 
conclusion was drawn that the u pper limit of 
radioactive material was inconsistent \\·ith 
granitic-type rocks as they exist on Earth.  The 
dn.t a appeared more consistent with the amounts 
of radioncti \·e elemen ts in t errestrial basalts, 
with the terrne having less, thus possibly being 
chondri tic in composition. 

The results obtained as a resul t of the Sur
veyor missions and presented in table 8-12 are 
more direct and comprehensive. It is true they 
have been obtn.ined n.t only three lunar sites. 
Also, at the present stn.ge of data t"wail nbility 
and analysis, the l imits  of error on the analyticn l  
results are rather 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 lu nar material 
that are available. Th ey indicate that the most 
abundn.nt elemen t on the ).[oon, as on the 
Earth's surface, is oxygen. �[ore than half of 
the atoms (not including the u ndetectable 
hydrogen) are of this element. Second in 
abundance, again as in th e rocks making up 
the crust of the Earth, is silicon . Aluminum is 
very pro min en t (6 to 9 atomic percent) ; i t  is 
the third most abundant element in the Earth's 
crust. At present, only u pper limits can be 
placed on the amounts (2 to 3 atomic percent) 
of carbon and sodium in the samples analyzed 
by the Sun·eyors. Thus, inspection of the values 
given in  table 8-1 2  indicates a gross similarity 
in chemical composition to that of many rocks 
found on Earth. 

Before proceeding to a more detailed con
sideration of the results, it is worth recalling 
some characteristics of the alphn.-scattering 
technique of chemical analysis and aspects of 
the Sun·eyor missions that might affect the 
interpretation of the analyses. 

First, the technique provides information on 
the composi t ion of only the topmost microns 
of the sample being examined. The possibility 
that this topmost layer is not representati\·e of 
the composit ion of the bulk of the sample, 
especially under the conditions e:-..-isting on the 
lunar surface, must always be kept in mind .  

Second, there is the question whether the 
"undisturbed lunar surface," as exemplified 
by the first samples examined on the Suneyor 
YI and YII m issions (Sun·eyor V clen.rly had 
been mechanically disturbed) , were really 
"undisturbed . "  One possibility is that during 
the landing operation, the spacecrn.ft chemically 
con taminated the surface, either by reaction 
with ,  or deposition of, the retrorocket or 
,·ern.ier rocket exhausts. Sm·face con tamination 
by the Al203 from the m nin rocket exhaust is 
considered to be negligible, both from theoret
ical calculations as to the amount and nn.ture 
of its deposi t ion (see "Description of �fissions" 
under "Experiment Control and ).Iission Op
eration") and from the obse1·vations of no  
difference (within presently quoted errors) in  
the aluminum content of  samples which had 
different exposure to the exhn.ust.  

The possibility of reaction of the topm ost 
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l ayer with the products of the vernier engines 
(which operated much closer to the surfnce 
than the main retrorocket) is mn.de unlikely 
by the lack of any Yisible changes in appearance 
of t he smfnce closest to where their products 
impinged. Also, preliminary i 1westigntion of 
the presence of nitrogen in t.he fu·st sample 
examined hy Sun·eyor V gave a.monnt.s belo,,
the present detection l imits. (The \'emier 
engines operate on dimethyl hydrazine Hncl 
nitrogen tetroxide.) l\Ioreover, the presence of 
carbon in any of the Sun·eyor samples Juts not 
been est ablished . These resnl ts are consisteu t 
with premission t ests on powdered terrestrial 
materials (basa l t ,  granite, and iron) , 11·l tich 
were exposed for long periods separately t o  
the room-temperature vapor pressure of di
methyl hydrazine nnd nitrogen tetroxide nnd 
sho\Yed no detectnble effects as measmed by 
a Surveyor-type instrument. 

The possibility of some physical remontl of 
the topmost layer of the l unar smface by the 
vernier-engine blast on landing is harder t o  
exclude. Again,  there appears to b e  no obvious 
change in physical appearance of the smfaee 
near where the ,·ernier engin.es operat ed .  
l\Toreover, the t opmost ( <I mm) , fragile ,  
higher a lbedo surfnce layer seems to be stil l  
present at the Snrveyor VI and VII sites where 
the analyses were made and at the Sun·eyor V 
site "·here the throwout m:1terial from the 
footpads did not disturb it. Finally, theoretic a I 
estimates of the force exerted on the smfnce 
by the yernier blast at  the time of cn t.ofl" 
indicate values smaller than those observed to 
produce visible changes in albedo. These are 
all arguments against physical removal of the  
topmost l ayer by the ,·ernier-engine blast.  

Thus, certainly \Yithin the presently q uoted 
errors of ann lysis, se,'eral of t he samples ex
amined by the Sun'eyors may reasonably be 
considered to be characteristic of undist urbed 
lunar-surface mat erial . These considerations 
will bear fmther examination as the more 
complete data are used to j)l"O\'ide more 
detniled and accnrnte nnalysis. 

lntercomparison o f  Results on Different Samples and Surveyor 
Missions 

The limi ts of error quoteci in table 8-12 are 

large and could aceommodnte significant ly 
differen t chemical compositions for the different 
samples. I t  has been noted , however, that 
these estimntes of errors can include import ant 
contribut ions from possible system atic errors. 
Because the different instru ments used on the 
Smveyor missions were identical geometrically 
and almost iden t ical in  det ect or and electronics 
characteristics, one can examine for the dif
ferent samples and dift"erent missions to what 
extent the relat i ,·ely l"ll\Y data ngree. 

For both alpha and prot on modes, figme 
8-39 shows a comparison bet\\·een the two 
samples measured during the Surveyor V 
missiOn and comparisons amc.ng the first 
samples measured on the Sun·eyor V, VI, and 
V I I  missions. The original data have been 
corrected approximately for the temperat ure 
coefficients of the respecti ,·e instru ments, and 
the appropriate backgrounds have been sub
tmcted in each case. The da ta  (both alpha and 
proton) on all samples ha,·e been normalized 
to the "oxygen" region (alpha channels 8 to 
25) to correct differences in source strength , 
measurement t imes, and sample distances 
(approximately) . In both parts of the figure, 
the  Suneyor V sample 1 data are represented 
by solid cunes. The experimentnl points \\·ith 
associated error bars in  figme 8-39 (top) are 
from the second sample measmed on the 
Surveyor V mission . In figure 8-39 (bottom) , 
t he dashed curves represent the dat a from 
Suneyor VI ; the  experimen tal points are the 
data from the first sample measured on the 
Surveyor VII mission .  

The agreement of these basic data from the 
t\\·o samples m easured on the SmTeyor V 
mission is excellent in  both alpha and proton 
modes (fig. 8-39, top) . Similnrly, the Sur
veyor VI data agree well wi t h  those from sample 
1 of Sun·eyor Y (fig. 8-39, bot tom) . In the 
latter case ,  the principal difference is the in
creased detail previously noted in the sent
t.ered-:l lpha spectru m in the region of channels 
53 to 73 in t he �111'\"eyor VI d11ta. 

The differences among the spec tra from these 
three samples nre smal l ,  howe,·er, compared 
to those that  might be expected from signifi
cantly dift"eren t rock types. For example, 
figure 8-40 shows spectra taken with a SurTeyor 
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pro totype inst rumen t ( P-2) from samples of 
b asalt, d unite .  and granit e.3 (The co nst ruc t ion 
o f  this inst rument. was similar t o  that of the 
fl ight i nst ruments, except t h a t  the sensi t i ,·e 
depth of the proton detectors of  P-2 was 
shnllo\\·er than in t he SuJTeyor fligl 1t  i nst m
ments. This resul ted i n  a cha nge of shape of 
the spec t ra of t he highest euergy protons fro m 
al uminu m .) The ch l t <l for the,;;e three rocks 
haYe been normal ized in t h e  same manner n s  
fo r figure. 8-39, s o  tha t t he alpha spec tra n re 
ma t ched in the region ehanwt eristie of scat t er
ing by oxygen. Although t here are only small 
d ifferenees bet ween t he spec t m  of  b nsal t a nd 

3 U.S. Geological Survey �t:mdard,; W- 1 ,  D T:S-1 , 
and G-2, respectively . 

g ranit e,  in the proton mode the spectrum is 
dist inet i Ye from dunite (nnd t herefore from 
chond ri t ic meteori t es,  which have a composi
tion of  proto n-producing elements com parable 
t o  dt l l l i te) . In the nlpha mode, pnrt iculnrly i n  
the ene rgy regions above cha n nel 40 , t here 
are 1 l l a rked di fferences among the t hree types 
of rocks. Xo such differences i n  ei ther alpha 
o r  p roton modes are indica t ed among the three 
mnre snmples. (See fig. 8-39,  top,  for samples 
1 a nd 2 of �un·eyot; V, and fig. 8-39, bott o m ,  
for sam ples 1 of SutTeyors \'  a nd \T) I t  must 
he concluded t h n t  rel a t i n  to oxygen, the 
amo u n t s  of the elemen ts cout ribut ing i n  a 
m ajor way to t he alpha and p roton spec.trn 
in all three m are sn mples are the same, prob
nbly to within 20 percent. Smnller d ifferences 
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in these major constituents ns well as larger 
differences in minor constituents m ay become 
established on more det11iled an alysis of  the 
d ata. However, they 11re not likely to  change 
the conclusion that t he t hree samples from the 
maria examined on the Surveyor V and VI 
mission luwe the same amounts (within 20 
percent) o f  Si , Al, "Ca,"  nnd " Fe" relative to 
oxygen.  

Two further remarks cnn be made perti nen t  
to the  generali ty o f  the::se analytical results 
on mare sampl es (Smveyors V and VI) . ( 1 )  
Sun'eyor V landed inside a ::>mnll crater i n  
:\ f are Tranquilli tatis , and the samples exam
i ned were, a t  le11st i n  pnrt,  m a t erial ejected 
by the footpads during the lnnding. Suneyor 
VI landed in Sinus ). l edi i  on relati vely flat 
t errain, and as far as cnn be determined th e 
sample examined was undist urbed surface 
material. (2) The two missions differed in the 
height at "·hich the main retrorocket burned 
out. In the Suneyor V mission,  the end of 
bnming was at 1 .6 km ; i n  the Sun'eyor VI 
mission , it  w a s  at  13 .5  km. T h e  retrorocket 
produced Al20a ,,·hich concei,·ably couhl affec t 
the an alytical re::sults. Est imates made for the 
Surveyor V mission indica t ed that even there 
the effect of the retrorocket exhaust should 
have been negligible (see app. A o f  ref. 8- l ,  
first publicat ion) . The amoun t  of Al203 col l
t nm inat.ion est ima ted for t h e  Sun·eyor YI si t e 
is an order of m agni tude less. The finding that 
the n.tomic percent of nluminum i n  the two 
samples examined on the Surveyor V mission 
is the snme unci indistinguishable from that 
found a t  the Suneyor VI si t e  lends strong 
confirmation to the validity of  these estimate::-;.  

The elose similari t.y of t he analytical resul ts 
n t  t wo mare si tes 700 km apart makes i t  tm
likely t h a t  t his chemicnl com position is appl i
cable only to t he specific landing si t es of 
Sul"\'eyors V and VI .  It appears much more 
probable thnt t.his com posit ion is representa t i \'e 
of large portions of the surfnce mat erial of 
lnnnr m aria .  

The an alyses nre distinet ly different for the 
term snm ples examined by Suneyor VII.  The 
com puter-deduced results ( t n ble 8-1 2) for the 
chemical composi t ion of t h e  first snmple i ndica t e  
a similar composition to thn.t o f  the m are sample::> 

with primary differences in the higher aluminum 
a nd the lower "iron" con ten t of the terra sample. 
At this stage of analysis, the assigned errors 
would not exclude the same con tents of these 
two componen ts in the different samples. Ex
nmination of figure 8-39 (bottom) , however, 
indicates a distinc.t  difference in the alpha spec
t.rum from the Surveyor V I I  sample compared 
\\·i t h  those from the SuiTeyor V and VI samples. 
The difference is largest for t he highest energies 
(channels 63 to 73) that  record the alpha parti
cles scattered from the "iron " group of  elements. 
The differences at lower energies are prim arily 
a reflection of the lower "iron" contribution . 
Thus, the basic data indicnte n lesser a mount 
of iron-group elements, on the order of  a factor 
of 2, at the terra si t e  than nt the mare si tes. As 
mentioned in "Results of Lunar Sample D ata" 
under " Results," the data from the o ther two 

sample::> examined on Surveyor VII (the lu nar 

rock and m a terial in a t rench) confirm this 

lm,·er "iron " content fo und at the Surveyor V I I  
landing site. 

The differences in the p roton spectra of  the 

t erm si te �ompared wi t h  those from the m are 

sites (fig. 8-39,  bottom right) a1·e primarily in 

magni tude t hroughout the en t ire energy region , 

rather than in spectral shape. These differences 

could be eaused partially by geometrical effects. 

They will be studied in more detail using 

laborfi tory-reprodured geometrical relationships 

of the sample to the instrumen t. At present ,  

difl"erences i n  o ther than iron con t en t  in com

posit ion reported in table 8-12 for the terra si te, 

as compared wit h  those of the m are samples, 

cann o t  be taken as established. 

Tile Chemical State of Lunar Surface Material 

The alp ha-sca tt ering experimen t prO\'ides no 
direct informa tion abou t  t he ehemicnl s ta t e  of 
the element::> measured. HoweYer, chemical ex
perience m akes possible an ex t ra polation from 
the d a t a  of t 3ble 8-12  to t he probable chemical 
state of the bulk of SuiTeyor-type lunar-surf nee 
mat eri al . Specifienlly, the large ntomie frnction 
of oxygen ,  larger than 0.5, suggests tha t  the 
metals present nre in oxide sta t es. The mean 
vnl11es, i f  t nken literally, indicate a slight oxygen 
deficiency. Howe\'er, well wit hin the presen t 
l imits of errors, there is enough oxygen to eom-
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bine with all elements considered . For example, 
table 8-1 3 l ists the weight 11ercentn.ges of oxide;; 
that would be consistent with the analytical 
results from the Surreyor missions. Different 
compositions are presented for the term samples 
than for the mare samples, reflecting the mean 
composition of the l atter ns pre;;ented in table 
8-12.  

TABLE 8-13 .  Oxide compositions of lunar-surface 
material consistent with the Surreyor analytical 
results 

Oxide 

NazO _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

�IgO _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

AlzOa- _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

SiOz _ _ _ _ _ _ _ _ _ _ _  - _ - _ -

Cao _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

FeO _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Weight percent 

Surl'eyors V and Sun·euor VII. 
VI. mare terra 

5 
b 14  

50 
1 5  
1 6  

(•) 
7 

2 1  

50 
1 5  

7 

• The presence of sodium has not been est.ablished 
with certainty. Sodium oxide could be present in 
amounts up to 3 percent by weight in the marc samples 
of Surveyors \' and \'1, and 4 percent by weight in the 
terra samples of Surveyor \'II.  

h The weight percent of Al203 is slightly higher t han 
t hat  given in ref. S-2 ( 1 3  percent) . The difference arises 
from rounded-off ,·alues in that report. 

It must be emphasized that the rtssigned 
percentages in table 8-13  rtre far from unique 
in representing (within the gi,·en error) the 
rtnnlytical results of t able  8-12 .  The l imits of 
Yariation are hard to estimate n t  present. 
Howe,·er, consistent with the results of the 
alpha-scattering experiment, the table is an 
example of the chemical state of the major 
elements and their relati,·e proportions in the 
lunar mnre and terra surfnce mtl terinl  examined 
thus far. 

It should be noted thnt t able 8-13  is meant to 
illustrate the oxide composition of tbe bulk of 
the hlllar nwteritll examined. i\ linor constitu
ents, adding up to perhaps as much tls 10  
percent by weight ,  may be present.  ln  addition , 
the analytical errors do not exclude some un
oxidized metal or radiation-decomposed oxides. 

:�39-462 0 - GU - �3 

A limit to the amount of metall ic iron at the 
Surveyor Vl 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 further ubout 
the chemical state of the lunar material . It is 
improbable that i t  exists as a simple mixture of 
oxides. Ruther, these are likely to be combined 
in to more complex minerals. This is the state 
of material of similar chemical composition in 
most other nntural samples such us terrestrial 
rocks and meteorites. (In making this ad
ditional extrapolation from the basic analytical 
results, it  must be remembered that  on the 
lunnr surface the m rtterial m ay be in a non
crystalline form, either as a glass or too rndiation 
damaged to be identified crystallographically.) 
Even with the present l arge analytical errors, 
the types of possible minerals are strongly 
restricted, although not defined uniquely. For 
example, the chemical composi tion of mnre 
material given in tables 8-12  and 8-1 3 is 
consisten t with most of tbe material , being a 
mixture of minerals of the feldspar and pyrox
ene classes. As the analytical errors are reduced 
and as the amounts of the minor constituents are 
established , it will be possible to define further 
the mineral composition of the m are and terra 
material studied by the SunTeyor missions.  

AI though these interpretations of the an
alytical results represent an extrapolation from 
the actual resul ts 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 !lvailable until now. For example, 
lunar materirtls in the states postulated should 
be chemically inert. They should not reac t 
"·ith the usual materials of instruments or of 
structlll'es brought in contac t with them . This is 
consistent \\'ith t.he luck of ob,-ious chemicnl 
action of lunar-surface nwterials "·ith the 
aluminum-clad footpads of the Sun·eyor space
craft. Similarly, because the present analytical  
resul ts prov-ide information uot. only on the 
principal  chemicnl elements but also on their 
probnble chemical s tate, it should now be 
feasible t .o C\'alun te more confiden tly the prue
tical i ty of l t tilizing the raw materials on tlie 
:\ loon. 
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Finally, even these preliminary results should 
make it possible to improve predictions of 
detailed physical and chemical properties (such 
as melting point, density, hardness, compress
ibility, and so forth) of the particles making 
np lunar-surface mat.erinl by comparison with 
terrestrially available substances of similar 
chemical composition. Because the first re
turned lunar samples on the Apollo program 
are likely to be from mare regions, the present 
analytical results should make possible more 
definite and economical plans for their investiga
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 h ave 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 I\foon 
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 gases, and so forth) would 
have escaped as would h ave those forming vol
atile hydrides (such as oxygen, sulfur, and so 
forth) . 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 figme 8-41 ,  using the 
values found in this work for N a,  Mg, AI, (Si) , 
"Ca," and "Fe" in the maria and terra.  

I t  is clear from figure 8-4 1 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 
t erra 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 
8-1 3 ,  suggest silicate rocks such as are common 
both on the surface of the Earth and in many 
meteorites. Although an elemental analysis 
(even one more precise than the present one) 
can be only a rough indicator of rock type, i t  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 
terra) is made with the analyses of average 
(refs. 8-27 through 8-30) dunites, basal ts, 
granites, tektites, chondritic 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 m aterial 
similar to terrestrial ultrabasic rocks such as 
dunite or to chondritic 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 
magnesmm.  

At another extreme of  the rock spectrum, 
figure 8-42 also compares the present results 

z 
0 
u :::; 
;;; 
"-
0 

::;: 
0 
I-
<1 

ll: 
w 
a. 

(f) ::;: 
0 
I-
<1 

c:==J SOLAR ATMOSPHERE 

1.0 c:==J AVERAGE MARE SITE 

c:==J TERRA SITE 

0.8 f-

0.6 

� 
0.4 

� 
0. 2� 1-

� 
r 0 

'----.,.--' '----.,.--' 
No Mg 

'--...---' '--...---' 
AI  Si 

I .0 

0.8 

- 0.6 

0 4  

� 
0.2 r 1-

r 

FIGURE 8-4 1 .-Comparison of the observed chemical 
compositions in the lunar maria (average of Sur· 
veyors \' and \' I) and at the Surveyor \'II terra site 
with that of the nonvolatile clement:, 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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FIGURE .';-42.-Comparison of the observed chemical compositions in the lunar maria 
(average of Surveyors \' and \'I) and at t he Surveyor \' I I  terra site with that of the 
average composition of selected materials. The dunite and basaltic achondrite \·alncs 
are from reference S-27 ;  the basalt values are for Continental Ba.salts from reference 
S-2S ; the granite values arc for the r-; orth American Crust from reference S-29 ; the 
chondrite values are the averages of the low-iron group from reference ,'-:-30 ; t he tektite  
\'alues arc those for t he Indo :\Ialayan body quoted i n  reference S-27. 
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with the chemical composition of tenestrin l 
grnnites and with tha t  of some tekt i tes. Here 
the lunar results m atch more closely, especially 
th ose from the  Stlmples of the terra region.  

Huwen�r, the lunar sam p les appear t o  ha\·e 
insufficient Si02 and too large an amount of 
elements of the calcium group. 

Of the comparisons m nde in  figure 8-42,  the 
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ATO M I C  PERCENT OF 11 I RON11 

FIGURE 8-43.-A series of powdered terrestrial rocks, arranged according to the concen
tration of elements of the "iron" group (ma.�s number 47 < A< 65) . The rock powders 
arc all in the 37- to 50-1' particle-size range. In order of increasing concentration of 
iron-group clements, the rocks are: l\Jono Crater obsidian, 0.3 percen t ;  Argus granite, 
0.7 percent ;  Half Dome quartz monzonite, 1 .0 percent ;  Black Peak quartz diorite, 
l .il percent; Loomis-88 diorite, 2.2 percen t ;  Little Lake ba.<>alt, 3. 1 percent ; San l\Iarcos 
gabbro, 3.3 percent ;  and Pisgah basalt, 3.6 percent.  The series of rocks was supplied 
by Dr. John B. Adams and Dr. Alden Loomis of the Jet Propulsion Laboratory. 

composition of the m are 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 term sample does not match, 
within the present errors, the composition of the 
average terrestria l  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 errors quoted. 'Vith the present results on 
only a limited group of elements and with large 
errors, it may be that comparison ";th more 
detailed terrestrial-rock types is not warranted. 

In spite of this inability at  present to choose a 
terrestria l-rock type to match the results of the 
nnnlyses of the samples from the terra site, all of 
the lunar analyses (mare and terra) are in strong 
disagreement with that expected for primordial 
solar system material (whether this is considered 
condensed solar a tmosphere, terrestrial ultra
basic rocks, or chond ritic meteorites) . The 
lunar-surface m aterial, where it has been 
sampled by Surveyors V, VI,  and VII ,  if it  
originally had such a primordial composition 
must hn re undergone cosmochemical or geo
chemical processing to change the relative 

amounts of Mg, AI, and Si to those now found 
on the lunar surface. I t  is not clear from such 
arguments alone whether these processes oc
curred 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 
fnll on the Earth (metallic and chondritic) 
originated on the surface of the l\foon. The 
lunar maria as somces 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 c arbonaceous chondrites also are 
ruled out by the analytical results. Thus, on 
these assump tions, only a small fraction of the 
meteorites falling on the Earth can now be con
sidered ns having an origin at the lunar surface. 

Differences Between the Terra and Mare Samples 

Although the difference established between 
the chemical composition of the samples ex
nmined by Suneyor VII nnd the mare samples 
ex11mined by earlier Smveyors 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. I t  
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should be remembered that the "iron" group,  a t  
t he  present stage o f  data nnn lysis from the 
nlpha-scattering experiment, inclmles the ele
ments \'Ul lndimn, chromium ,  manganese, iron , 
cobnlt., nud nickel. These nre elements which, in 
genernl ,  impart color to rocks. Terrestrial rocks 
thn t  hn\'e  more of these elements are usually 
darker and therefore have a lower albedo than 
rocks with smaller amoun ts of these elements 
(fig. 8-43) . Thus, nlthough there are severn) 
possible reasons for the higher albedo of the 
terrne of the l\'loon reln tive to thnt 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 i t  is characteristic 
of terrae in general, probably means that  the 
bulk density of the subsurfnce rocks of the 
terrne is less than that of comparable material 
in the maria. In this case, the very gross topo
grnphical relationships of the lunar surface 
would be simi lar to those on the planet Earth , 
where, in general, the continents are composed 
of material less dense than the bnsaltic ocean 
bottoms. 
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Discussion of Chemical Analysis 
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Kui Pt;R, II.  M AsURSKY, J.  A. O ' K E En:, R. A. 
PHINN EY, .-\ :'ol D  E. :\I.  SHOEMAKER 

Preliminnry results from the alphu-scntt ering 
experiments on Surveyors Y, VI, und VII nre 
gi,·en in t nble 9-1 . For each of the elemen tal 
nhundnnces, nn error bar hns been gi,·en ; this 
error bar in,·oh·es both the counting sta tistics 
and est imates of the uncertainties inherent in 
this preliminnry stage of dat.a reduction . In 
discussing the analyses, one must consider 
\"arious compositions thu t lie within the given 
error hars. 'Ye point out here the problem 
inYoh·ed 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 n t an extreme \"alue is, sny 0 . 1 ,  
then the joint likelihood t.h nt  t \\·o elements so 
beha\·e is 0 .0 1 ,  and so on. One m ay, therefore, 
ignore model compositions for which se,·ernl 
elements  are taken near the error limi ts .  

Some rock and meteori te  types are giYen in 
t able 9-1 for comparison with the Surnyor 
cia ta (refs. 1 to 9 ) .  All of these, for one reason 
or another, are candidates for analogs to the 
lunar materinl .  The LL chondri te and type 1 
carbonaceous chondrite are presented as typical 
of stony met eori tes. The .:\Ig  in all chondri tes (in 
the minerals oli,·ine and pyroxene, principnlly) 
is too high for any ngreement to be possible. 
Thus, chondrit ic and cnrbonnceous chondritic 
meteori tes npparently cannot come from the 
surface of the .:\ loon , if the analyses nre repre
sent n t iYe. The eurri tes (Cn-Fe rich,  monomict 
achondrit es) ngree better with the Surveyor VI 
annlysis than any other of onr annlogs. The 
howardites (.:\lg rich , polymict achondrites) 
fail to  agree, ngnin by Yirtue of the high .:\Ig .  

3;jl 

The tekti tes, represen ted hy the Indo-.:\Ialayan 
type, do not fi t at nil ,  hnving too li ttle Ca unci 
excessi,·e Si and 0. The grnnite  is not a good 
analog, although it is possible to find granite 
compositions thnt  lie within the extreme error 
bars. The andesi te  is not as good a fi t as some 
others, ha,·ing t oo little Cn nnd Fe nnd com
parably more Si and 0. One of the best fits 
is an anorthosi tic gabbro , although Ca and 0 
gi,·e marginal comparisons. Because the t\\"0 
mare areas im·estign t ed by Sun·eyors V and VI 
may be charncterized best as bnsnltic with a 
high iron content ,  the simplest characterizat ion 
of the Surveyor V I I  composition may be to  
describe i t  as bnsnltic with n low iron conten t ;  
the precision o f  the analysis doet> n o L  t>eem t o  
warrant a much more detailed sta tement. 

The central scientific quest ions about the 
.:\loon , which might be answered by the com
positional da ta ,  are : 

( 1 )  What  is the bulk composi t ion of the 
.:\loon? How does this compare with the com
position of the Earth unci the meteorites? 

(2) 'Vhat are the composition and mode of 
origin of the lunar crust? (This term is left ill 
defined , but it i ncludes the snrfnce i tself and 
goes to a depth of at least 2 km, which is the 
scale of the topography. )  Is i t  deri ,·ed in wnys 
similar to the t.errestrinl crust? 

(3) What is responsible for the known differ
ences between highlands nnd maria ; the differ
ence in albedo ,  elevation , crater numbers, 
etc .?  

In the discussion that  follows, use is  made of  
t en·estrial and meteori t ic  analogs, both wi th  
respect t o  models  o f  origin and composi tionnl 
classes. This does not mean thnt. the lunnr rocks 
"·ill be exnctly like these nnn logs ; in fact. ,  these 
rocks nre undoubtedly unique in many re
spects .  But in follo\\"ing this approach , it is 
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TABLE 9-1 . Comparison of preliminary chemical analyses from Surveyors V, VI, and VII 
with representative rocks 

Element, a tomic percent • 

----------------------- __ c_1 __ o __ __ N_a _ __ 111_g _ __ A_
l 

_ ___ s_i 
__ 1 _"_c_a

_"_• ' "Fe" b 

Surveyor V (ref. 9-2) _ _ _ _  - - - - - - - - - - - - - - - - - - <3 li8 ± 5  < 2  3 ± 3  6. 5 ± 2  18. 5 ± 3  1 3 ± 3 c  
Surveyor V I  (ref. 9-3) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  <2 57 ± .5 < 2  3 ± 3  6 .  5 ± 2  22. 0 ± 4  6 ± 2  5 ± 2  
Surveyor VII  (sample I ;  see ch. 8) _ _ _ _ _ _ _ _ _ _ _ _  <2 .58 ± 5  <3 4 ± 3  9 ± 3  18. 0 ± 4  6 ± 2  2± I 

Chondritc :  
LL group (ref. 9-4) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Carbonnceous (type 1 ;  ref. 9-4) _ _ _ _ _ _ _ _ _ _ 6. 6 
Eu cri te (ref. 9-6) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Il owardite (ref. 9-6) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Dunite (ref. 9-7) _ _ _ _  · - - - - - - - - - - - - - - - - - - - - - - _ _ _ _ _  _ 

Peridotite (ref. 9-7) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Anorthositic gabbro (ref. 9-8) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Basalt (tholeiitic) : 
Average oceanic (ref. 9-9) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Average con tin en tal (ref. 9-9) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Basalt (alkalic) : 
Average oceanic (ref. 9-9) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Average continental (ref. 9-9) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Andesite (ref. 9-10) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

Granite (ref. 9-6) - - - - - - - - - - - - - - - - - - - - - - - - - - _ _ _ _ _  _ 

Tektite (Indo-l\Inlayan ; ref. 9-13) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

• Excluding elements lighter than beryllium. 

58. 0 
5.5. 4 
60. 7 
60. 3 
59. 0 
58. 9 
61 .  4 

61.  3 
61 .  .5 

60. 8 
60. 8 
61.  2 
63. 4 
64. 0 

. 7 1. 5. 2 

. 6 8. 4 

. 5 3. 6 

. 4 7. 1 
1 23. 9 

. 4 19. 3 
2. 6 1. 2 

1. 5 4. 1 
1. 7 3. 2 

2. 1 3. 8 
2. 4 3. 9 

2. 9 1 
2. 3 . 4 
1. 0 1. 1 

1 . 0 
. 7  

.5. 7 
4. 6 

. 3  
1 . 9 
9. 4 

6. 3 
7. 0 

6. 7 
6. 8 
6. 9 
5. 9 
5. 4 

16. 0 
8. 4 

18. 8 
18  . .  5 
14. 1 
15. 5 
19. 0 

18. 1 
I S. 8 

I 7. 2 
I 7. 2 
2 1. 1 
24. 4 
2;). 2 

1. 0 8. 1 
1 2. 3 7. 8 

4. 2 6. 9 
3. 1 5. 8 

. 2 2. 3 
1. 4 2. 5 
4. 4 1. 7 

4 . .  5 4. 3 
4. 3 3. 7 

4. 8 4. 3 
4. 8 3. 9 
3. 1 3. 0 
2. 7 1. 0 
3. 4 1. 5 

b "Ca" and "Fe" denote elements with m11ss numbers between approximately 30 to 47 and 48 to 65, 
respectively. 

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 Smveyor VII landed is found 
to consist of se\'eral flow units that origin a ted 
from the direction of Tycho.  The significnnce 
of the  chemical analysis by means of the alpha
scattering experiment is clearly dependent on a 
correct descript ion of the m echanism 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 a \'ailable analysis 
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 discuss the con trasts between the 
maria and the highlands on the basis of the 
single Surveyor VII cia tum and the analyses 

from the mare sites of Smveyors V and VI. 
The density and albedo contrasts inferred in 
this comparison are quite reasonable in terms 
of the telescopically determined morphological 
and albedo con t rusts. The possibility is ac
cepted , howe,'er, that later analyses in this or 
other highland areas might show the Smveyor 
VII site to be quite atypical. 

Contrasts in Albeclo 

The low iron con tent 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 metals) that absorb 
strongly in the ''isible part of the spectrum. 
The change in iron conten t from the mare sit es 
to the highland si t e  is sufficiently huge to 
account for a distinct change in the  opacity 
and, perhaps in the amoun t, of the mafic 
silicate mineral (s) . Such a change would,  in 
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tum,  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 part icles 
as free metal .  \Ye are not inclined , therefore, to 
ascribe the albedo contrasts between the high
lands and marin to differences in amount of 
free metal on the lunar surface. Furthermore, 
low carbon abundances in analyses from the 
marin and highlands imply that carhon is not 
a major fac tor con trolling albedo on the � l oon . 

I f  it is correct that the iron con tent 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 cra ters and rocks in the mnria cannot 
all be intrinsically different in  composit ion from 
the surrounding darker materinl. Shoemaker 
has proposed a "lunar \'nmish" alteration 
process (ref. 9-1 )  to explain these differences in  
albedo. Adams (ref. 9-2) has emphasized the 
importance of mean particle size where albedo 
contrasts are not the result of compositional 
differences. These ideas h ave not been tested 
conclusi\'ely by the Sun'eyor missions. How
e,·er, the comparisons of analyses (when nvnil
able) of the undist urbed soil , disturbed soil , 
and of the rock at  the Surveyor VII lnnding 
site ul t imately may proYide evidence on the 
lunar nunish hypothesis. 

Estimated Density of Lunar-Surface Rocks 

From the similarity of the atomic abundnnees 
in the Surveyor analyses to those of basaltic 
rocks, i t  seems reasonable to infer a mineralogy 
that includes some, or all, of the following : 

�llineral 

Albite (Ab) _ _ _ _ _ _ _ _ _ _ _  NaA!Si308 
Anorthite (An) _ _ _ _ _ _ _ _  CaA!zSi20, 
Pyroxenes _ _ _ _ _ _ _ _ _ _ _ _ _  (Ca, 1\Ig, Fe)Si02 

Enstatite (En) _ _ _ _ _  l\IgSi03 
Diopside (Di) _ _ _ _ _ Ca.\I gSi206 
H edenbergite (Hd) _ CaFeSb06 
H ypersthene (Hy) __ c;o.rg, Fe) Si03 

Olivines _ _ _ _ _ _ _ _ _ _ _ _ _ _  (.\Ig, Fe) SiO, 
Forsteri te  (Fo) _ _ _ _  .\Ig2Si0, 
Fayalite (Fa) _ _ _ _ _ Fe2Si0, 

.\Ietallic iron _ _ _ _ _ _ _ _ _ _  Fe 
2\Iagnetite _ _ _ _ _ _ _ _ _ _ _ _  Fe30, 
Quartz  (Qtz)  _ _ _ _ _ _ _ _ _ _  l Si02 

Densitv 

2. 62 
2. 76 

3. 20 
3. 28 
3 . . 5:) 
3. 45 

3.  2 1  

4 .  39 
7. 87 
5. 20 
2. 65 

The densities of these m inerals and their 
solid solutions are determined almost entirely 
by the proportion of iron. \Vi thin the pyroxenes, 
the incidence of high Ca,  despite i ts  a tomic 
weight ,  causes a density decrease. Estimates 
for the density of the pyroxene present may be 
mnde, however, with considerable confidence 
by ideal weigh ting in  terms o f  the densities of 
the end members present. The distinction be
tween t he orthopyroxene and clinopyroxene is 
not significnnt becnuse hypersthene is used here 
only to define a particulnr composi tion and 
density. Plngioclase and olivine density may be 
estimated similarly in terms of two end 
members. 

A series of putnti,,e atomic com posi tions tha t 
lie within the error bounds of the Suneyor 
alpha-sca ttering analyses is presented in table 
9-2 . Computed norms for these compositions 
are given in table 9-3 , along with their esti
ma ted densities. 

In  computing the mineralogical norms, the 
SurYeyor analyses do not proYide a basis for 
any confidence in  deciding whether or not 
olivines n,re present in any amount.  Atoms are 
allocated , therefore, to pyroxene molecules inso
far as it is possible. It is apparen t from th e de
riYed density ntlues that this assumption does 
not appreciably affect the m ean density. 

The densities are determined principally by 
the proportion of plagioclase to total rock n.nd 
by the "iron" composition of the pyroxenes. The 
plagioclase proportion is ,  in turn, determined by 
the amount of AI i n  the analysis. Small amounts 
of free iron,  or "iron" as magnetite, affect the 
densi ty approximately as though the "iron" were 
in a pyroxene. The computed densities are, 
however, insensit i \'e 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 h ighland site  (models 1 through 1 1 ) 
with those from the m are si tes (models 1 2  
through 1 5) indicates that reasonable values for 
the rock grain density for the two regions are 
approximated by 3 .0± 0.05 g/cm3 and 3 . 2 ± 0.03 
g/cm3, respect i\'ely. The difference is significant 
and reflects  the difference in the "iron" content 
bet\\·een the two regions. I t  should he rem em-
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TABLE 9-2. Ass11med atomic compositions 

lllodel 

0 Si 

I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  58 IS 
2 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  59 I S  
3 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  59 I S  
4 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  59 I S  
5- - - - - - - - - - - - - - - - - - - - - - - - - - 60 I S  
6 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  60 I S  
7 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  60 1 8  
s _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  58 I S  
9 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  58 I S  
I O  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  58 I S  
I I  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  58 I S  
Surveyor VII analysis _ _ _ _ _ _ _ _  58 ± 5  I 8 ± 4  

1 2  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  58 20 
13 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  59 20 
I 4  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  60 I 8  
1 5  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  60 I9  
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 undisturbed 
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 
euerites 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 . 1 7  and 
3 .22 g/cm3• The higher densities, especially 
model 1 5 , are found for compositions that are 
selected to agree with the most common eucrite 
compositions. Thus, the estimated densities are 
in essential agreement "rith the eucrite densities, 
although the latter may range up to 3 .28 g/cm3• 

In  short, if the intrinsic density of the mare 

Element 

A I  Na lllg t•ca'' "Fe" 

8 2 4 6 2 
8 I 4 6 2 
7 I 6 5 2 
7 I 5 5 2 
8 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 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 3 7 6 
5. 5 I 4 . 5 5 6 
5. 5 0 .5 4 . 5 4 6 
6. 5 ± 2  < 2  3 ± 3  6 ± 2  5 ± 2  
6. 5 ± 2  < 2  3 ± 3  I 3 ± 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 Cr 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 possibili ty has 
not been included that there is 0 .5  percent or 
more K in the "Ca," which would affect the 
mineralogy. This seems reasonable in view of 
the indicated low N a values and the usual N a/K 
ratios of 5 to 1 0  found in igneous rocks. There 
has been no discussion of Cl or C 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 
ore too small for the chemical analysis to pro-
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TABLE 9-3 . Estimated den sities for assu med norm ative mineral compositions 

Model Estimated 
density, gfcm' 

} _ _ _ _ _ _ _ _ _  2. 95 
2 _ _ _ _ _ _ _ _ _  2. 99 
3 _ _ _ _ _ _ _ _ _  3. 03 
4 _ _ _ _ _ _ _ _ _  3.  05 
5 _ _ _ _ _ _ _ _ _  2. 99 
() _ _ _ _ _ _ _ _ _  2.  98  
i _ _ _ _ _ _ _ _ _  3. 05 
8 _ _ _ _ _ _ _ _ _  2. 96 
9 _ _ _ _ _ _ _ _ _  2. 92 
1 0  _ _ _ _ _ _ _ _  2. 9i 
1 1 _ _ _ _ _ _ _ _  2 .  98 
1 2  _ _ _ _ _ _ _ _ 3. li 
13 _ _ _ _ _ _ _ _  3.  20 
14 _ _ _ _ _ _ _ _  3. 20 
15 _ _ _ _ _ _ _ _  3. 22 

A b  

2 

1 . 5 
2 
2 
2 

2 

. 5  

A n  

3 
3 . 5 
3 
3 
3. 5 
3 . 2 
3 
3 
2. 5 
4 
4 
2. 3 
2. i 
2. 3 
2. 5 

Di 

3 
2. 5 
2 
3 
1 . 5 
1 . 8 
2 
2 

2 
2 
3. i 
3 

�VornU1ti1•e composition a 

En 

3 

2 
2 

lly 

1 . 5 
1 
2 
2 
2 

lid Fe Other 

2 

1 .  5 - - - - - - - - - -
2 

2. 5 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 - - - - - - - - I - - - - - - - - - - - - - - - - - -

2 
- - - - - - - - . 5 - - - - - - - -

- - - - - - - - - - - - - - - - 1 .  3 
3. 2 1 . 3 

4 . 5 

') -� . I 
1 . 5 

2 
4. 5 

2 
2. 0 2. 5 SiO, 

• Units are arbitrary with coefficients proportional to  the molar composition. 

vide any answers in their preliminary form. I t  
would b e  desirable t o  know whether 2 percent 
or more, by weight, H20 is present in the 
surface material as wa ter of hydration . If  this 
were true, the amount  of available oxygen for 
combina tion with the met als would be reduced 
by a few percent ,  thus presumably exacer
bating the oxygen defici t .  The present error 
bounds on the chemical analyses, as well as the 
bounds that must be placed on speculation, 
permi t only the statement that 10 percent 
water of hydration appears fairly unlikely. The 
quest ion m ay also be raised as to how much 
meteori t ic iron is present in the surface soil. 
From the alpha-scattering experimen ts ,  0 to 
4 . 5  percent, by weigh t ,  of the soil could be 
metallic iron, a result  that establishes only an 
upper limit for the con ten t .  On the other hand, 
the magnet t ests  seem to indicate less than 
one-fourth percent magnetic m aterial ; this 
could be all magneti te, if the anology with 
terrestrio l  basal ts  is at all relevant .  The single 
magnetic object that apparen tly adhered to the 
magnets on the surface sampler is spectacular, 
and may be a fragment of a meteorite ;  howeYer, 
it  seems inappropriate  at this time to base any 
specula tions on a single datum of this kind. 

Bulk Composition of the Moon 

The Surveyor chemical analyses do not pro
vide any definitive information on the bulk 
composit ion of the l unar body. Indeed, the 
composition of the lunar in t erior must always 
remain a mat ter of inference; evidence will 
always be circumstan tial and remain open to 
alternate in terpretat ions. A t  the  present time, 
two questions are crucial to  in terpretat ions :  

( 1 )  I s  the SurYeyor V II analysis typical o f  
highland m aterial? 

(2) To what dep th i s  the estimated density 
represen tative of the lunar "crust"? 

These questions obviously cannot be answered 
un t il additional highl and  si tes are analyzed. 
The following circumstances prevail : 

( 1 )  The mean densi ty of the Moon (3. 34) is 
Yery close to the mean density of the Earth's 
uncompressed mantle material, about 3.35 or 
sligh t ly higher. Under the pressure and tem
perature condit ions expected in the l unar in
terior, the mean lunar densi ty may be t aken as 
the true,  constan t  density of the lunar interior 
with an error less than 0 .05 gfcm3, if the esti
mated density from the Suneyor VII analyses 
is valid for only a few kilometers of the lunar  
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"crust" (i. e . ,  no dense core or o ther structural 
inhomogeneity) . In addition, the composition 
of the Surveyor VII  lunar highland sample 
agrees closely with that of an rmorthositic 
gabbro and reasonably well with that of oceanic 
and con tinen tal tholeiitic basalts (tables 9-1 
and 9-2) . An alyses from the Surveyor V and 
VI sites are similar ,  but  show twice as m uch 
iron ; thus, the material from the m aria also 
resumbles terrestrial basalts, but  bears a re
semblance to the eucrites, which differ in major 
element chemistry from the terrestrial basalts 
in their high iron (as well as having lower 
alkalies , a m atter which cannot be discussed on 
the basis of the prelimin ary results from the 
alpha-scattering experimen t) . The obvious in
ference from the similarity between the m antle 
and Moon densities is that the lunar body and 
the Earth's mantle are composed of essentially 
the same substance. 

The mantle m ay be thought of as a mixture 
of an olivine (80 percent Fo, 20 percent Fa) 
with a basal t  in a ratio of about 5 to 1 .  Until 
some strong counterevidence comes from the 
lunar surface, some heed m ust 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 in teresting 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 b asalts, which 
compose the prime derivative of the terrestrial 
m an tle. The results from the alpha-scattering 
experiment, therefore, may be viewed as addi
tional circum stantial evidence in favor of the 
Moon /mantle similarity. 

The terrestrial 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 lun ar 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 "ferro basalt" of the 
lunar basins finds no common terrestrial analog, 

and the terrestrial 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 intrusives. Certainly the 
possibility should be considered that the layered 
gabbros and genetically related members are a 
ubiquitous feature on the lunar surface. In this 
respect, 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 1 5  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 m aterial analyzed at the Surveyor 
VII site is a postcratering volcanic rock. The 
depth of origin of such m aterial is a matter of 
speculation, but it seems likely that the source 
would be very much deeper than for impact 
ej ecta. 

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 1 00 km or m ore, 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. B ecause 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 interior den
sity may be in terpreted ns indicating material 
that is compositionally different from the 
Surveyor basaltic chemistry. Ultmbasic com
position , high-pressure assemblages, and perhaps 
even the presence of nn embryonic "core" as 
a result of chemical fractionation of the pri
mOI·dial  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 ; i t  is 
interesting to speculate that the ::\loon in i ts 
present s tate may represent an evolutionary 
stage similar to that  of a youthful Earth. 

On the Thermo/ Regime in the Moon 

The Surveyor chemical analyses are strong 
circumstantial evidence tha t  mel ting has 
occurred in the Moon, and the Lunar Orbiter 
photographs suggest that this may h ave been 
true over a major fraction of the Moon's 
history. The consequences of such m el ting in 
the lunar body are relevant to subsequent 
discussions and are of intrinsic interest .  

It is possible to discuss the heating to be 
expected in an initially cold l\'loon by decay 
of the long-lived radioactivities U238, U235, 
Th232, and K40• Temperatures estimated in this 
way nre likely to represent the minimum 
possible temperature, since other effects, such 
as initial heating, tidal friction, etc . ,  act to 
raise the temperature. Both time-dependent 
and steady-state calculations have been m ade, 
and all have certain features in common : a 
nearly constant maximum temperature through
out the interior, 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 isotopes, it is possible to in
vestigate whether or not melting in the interior 
is likely for a given type of m aterial (ref. 9-1 5) .  
::\felting is predicted if the concentration of 
KzO exceeds about 0.02 perceHt. 

For oceanic tholeiites (ref. 9-14) , K20 ranges 
between 0.06 and 0.26 percent ;  i t  ranges be
tween 0 .04 and 0 .22 percent for eucrites (ref. 

9-6) . Both of these are notable for having the 
lowest K20 (and other alkalies) within terres
trial extrusive and stony meteorite groups, 
respectively. The amount of K20 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 suggested ; 
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 melt ing, and 
put a lower limit on the KzO in the ::\Ioon. 
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's volume, and hence its 
total amount of heat-producing material , is 
smaller than that of the Earth by (Rm!R.)3 .  
The area i s  smaller by (Rm/R,) 2• The heat 
flow should then be smaller in proportion 
to the radius, namely by a factor of 4. In 
all numerical discussions of hmar temperature, 
the heat flow follows this approximation fairly 
\Yell, and is insensitive to the transient aspects 
of the problem. On dimensional grounds then, 
the near-smface thermal gradient is found to 
be four times less than the terrestrial gradient. 
The pressure gradient, away from the center, 
is about si.x times less. Thus, approximately, 
the temperature and pressure gradients in the 
outer few hundred kilometers of the ::\Ioon are 
expected to be about five times less than on the 
Earth. 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 ernst/upper mantle system that is cool 
enough to support long-term stresses and not 
creep is about 50 to SO km thick, and may be 
called the lithosphere. The region extending 
from the lithosphere to at least 1 80 km is 
characterized by a lo,v-velocity, high-atten na
tion zone, and is the locus of primary magma 
generation. Discussions of temperature indicate 
that this region is o ne in which the temperatme 
is near, if not at , the melting temperature of the 
first melting component and has ,  in con
sequence, very little strength (asthenosphere) . 
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If these conditions are "mapped" onto the 
1Ioon, 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 Chonclritic Meteorites ancl the Moon 

The possibility that some or all varieties of 
m eteorites are derived from the Moon has been 
a tan tali zing prospect for many years (refs. 
9-15  and 9-1 6) .  However, from even a cmsory 
examination of table 9-1 ,  it is apparent that 
the chemical composition at the Surveyor V 
VI ,  and VII l anding sites in no way re�emble� 
t.he composition of ordinary or carbonaceous 
meteorites ; both types of chondrites have al
together too much Mg and too little Ca and Al ; 
in addition ,  carbonaceous chondritic meteorites 
have too much C. The eddence relating to the 
bulk composition of the lunar body remains 
circumstantial, howe,·er, and can be interpreted 
in a chondrite framework. 

Suppose that ordinarv chondrites with a 
density of 3 .6 to 3.8 ,  con;prise a m ajo;. fraction 
of the �foon. Two-thirds of this could be fully 
melted, in a core, without conflicting with 
present knowledge of the nonequilibrium O'ra,·-
• 

b 
Ity harmonics of t.he l\foon. Because the 
average density of such a �1oon could not be 
less than about 3 .55 ,  it is necessary to assume 
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 temperatme and 
pressure in the l'vioon, carbonaceous chondritic 
material would probably assume a density dose 
to 3.25 when the water was taken into denser 
phases. The only cliondritic Moon that might 
be armnged to have the correct mean density 
by this mixture is composed almost entirely of 
carbonaceous chondrites. 

A l\Ioon composed of carbonaceous chondrites 
in bulk differs principally from terrestrial 
mantle m aterial 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 
m ass instead of 1 percent or less, as is the case 
with the mantle. 

(2) The chondritic meteorites appear to be 
emiched in Na, K ,  etc. , with respect to the 
Earth's mantle. 

I t  is possible to discuss implications of these 
differences, but not conclusively. From an 
analysis of  the probable pressures and tem 
peratmes in the Moon, there are indications 
that the T(P) is ,·cry much like that of the 
Earth, but with a depth scale n bout five times 
greater. From the center of the .Moon out to 
1 200 to 1400 km, temperatures appear to be 
at, or near, melting conditions for the firs t 
melting fraction. Under these conditions, with 
approximately 1 pereent water, the Earth' s  
upper mantle i s  extremely mobile on geological 
time scales ; this mobility is responsible for 
drastic displacements of crustal blocks, islan d 
arcs, mountain building, etc. No e\·idence 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 in t.rod uc e 
1 0  percent water, however, and retain suc h 
stnhility seems totally unreasonable. 1v1oreover, 
it seems unlikely that a �foon with a mobil e ,  
high-temperatnre in terior could retain 10  per
cent water against outgassing over times o f  
109  years o r  more. The eircumstance most 
fn.,·orable to a chondritic �1oon is, therefore, 
that of an interior which has remained at 
temperatures significantly below the melting 
poin t ;  this does not appear to be compatible 
with the amounts of heat-prod ucing K, U , 
and Th in chondritic meteorites. 

If material of chondritic composition occurs 
in the l unar interior and does not come to the 
surface, the chondrites arriving on Earth must 
have originated elsewhere. Although the pos
sibili ty cannot be overlooked that chondritic 
material eluded three Surveyors, the fact re

mains that chondrites constitute the over

whelming majority of all meteorites, and the 

,I 
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ordinary chondri tes .  high density and nil, are 
still to be explained. (Carbonaceous chondri tes 
are undoubtedly numerically more significant 
outside the atmosphere ; they ure easily broken 
apart and consumed by ablation processes on 
entering the Earth's atmosphere.) If  the Sur
Yeyor analyses are typical , it is difficult to see 
how some, or all, of the chondrites come from 
the Moon, without conflict ing with either the 
composition or the m ean density. 

The resemblance to eucrites, shown by 
analyses from the maria, has been ci ted in 
the past on circumstantial eYidence in favor 
of the .:\ loon as an origin for the basaltic 
n.chondrites (refs. 9-6 and 9- 1 6) .  The Sun·eyor 
VII  analysis does not support the lunar origin 
for these objects unci, in fact, tends to refute  
the  possibili ty. There are two difficulties : 
First , the basalt ic achondrites constit11te about 
5 percent of the observed falls and , if  they 
have a lunar origin, are deri,·ed from less than 
20 percent of the lunar surface co,·ered with 
m are material .  Objects deri,•ed from the t·e
maining 80 percent of the lunar surface, the 
highlands, also should be present in the meteor
i tes arriY1ng on Earth. But there are no known 
meteorites with a composition similar to that 
indicated by the Surveyor VII analysis. Either 
the SmTeyor VII  analysis is not representat i ,·e 
of the highlands or one must i1woke the absurd 
conclusion that most meteorites are "filtered" 
by some unknom1 process that excludes all but  
those from the maria arri,'ing on Earth . 

A second pitfall for the 11 oon/eucri te  analogy 
stems from the observation (ref. 9-6) th at  
eucrites migh t  be genetically related to  the 
howardites and mesosiderites and they, in turn , 
might be representat iYe of the highlands. I t  is  
clear from t ables 9-1 and 9-2 that the Surveyor 
VII  analysis does not support such a possibil ity.  
It  should be noted in  passing that,  with the 
potassiu m  n.rgon ages of eucri tes 4 .5 billion 
years, it is clear that the surfaces in  the maria 
n.re either 4.5 billion yen.rs old or that the 
eucri tes do not come from the �loon (barring 
circumstances of surface heterogeneity) . Lunar 
Orbi ter photography pro,·ides a wealth of 
morphological and geological detail about marc 
surfaces ; lll itny mare areas are among the 
stratigraphically youngest places on the � loon. 
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Some m embers of this Surveyor \\·orking group 
are i nclined to the view that the strat igraphic 
youth is equindent to geological youth, wi th 
ages of some millions t o  tens of millions of years .  
Hm\·e\•er, others in th is  workin� group feel 
that the stratigraphically youngest areas nre 
4.5 billion years old .  This question of age and 
eucrite origin should be settled beyond reason
able doubt when lunar samples are avai labl e 
for radiometric dating. 

On Tektites 

Chemical measurements at the Surveyor V I I  
l anding s i t e  (see c h .  8 )  add t o  t h e  evidence 
(refs. 9-3 and 9-4) that tektite material is not 
widely distributed on the lunar surface. The 
import ance of such materi;d in the formation 
of the m are surface, i f  any, i::; clearly n o t  as 
great as indicated by O' Keefe in reference 
9-1 7. 

The analysis of the rock from the SmTeyor 
VII site indicates a material that m ay h ave a 
density of 3 .0  or as low as 2 .9 ,  in remarkably 
good agreement \\·ith the best estimate for th e 
rock weighed by the surface sampler (see 
ch. 5) . The contrast in density b etween this 
rock and the material of the m ari a, \\·hich is 
much richer in i ron and m ay have a density of 
3.2, is  concein•bly suffici ent to account for 
isostat ic  differences in the ele,•ations of the 
two regions. On the Earth , isostatic differences 
correspond to densi ty differences of 2 .7  versus 
3.0 .  I t  follows that the argumen t  for a sil icic 
rock in the highland par ts of the �loon, con
trasting wi th a basaltic rock in  the m aria, is  
not securely based. 

On the other h and,  it is well to keep in mind 
th at large basal tic intrusions in the Earth are 
normally accompanied by small ,·olumes of 
silicic rock, the so-called granophyres. It 
should be expected, therefore, that acidic 
rock nH"LY occur somewhere on the lunar surface;  
the SurYeyor analyses, therefore, do not rule 
out the possibil i ty that t ek t i tic material m ay 
be found in  some parts of the �1oon.  

So/or System lmplicotions 

The chemical analysis and the results of the 
data deri,·ed from the magnet test exclude the 
possibility that the Surveyor VII s ite is  com-
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posed of chondritic 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 chondritic 
meteorites. This conclusion bears directly on 
our present knowledge of the chemical composi
tion of the terrestrial planets. 

The high density of 1lercmy (ref. 9-1 8) and 
the generally lower (uncompressed) densities 
of the planets more distant from the Sun have 
led to the idea that the dispersed m aterial 
from which the planets accreted was somehow 
affected by solar irradiation early in the eYolu
tion of the solar system . 

Urey (ref. 9-1 5) suggested that chondritic 
meteorites might come from the 1'1oon. 
If true, this would mean that the hulk of the 
meteoritic data applies to a relatively restricted 
portion of the solar system . If the chondrites 
are now ruled out by the Smveyor evidence, i t  
appears that most m eteorites are samples from 
outside the E arth/l\loon system . The source of 
the chondritic meteorites is, of course, un
determined. However, the e:\:isting chemical 
and isotopic analyses of meteorites, as compared 
with terrestrial and lunar data, now become 
more significant. 

The Surveyor analyses raise doubts about 
whether any primitive lunar material is pre
sened at the surface. If the basaltic rocks 
measured by Surveyors are the prodnct of 
magmatic differentiation, the 11oon probably 
has been extensively modified since accretion . 
A differentiated l\Ioon· would imply that the 
(larger) t errestrial planets also are likely to be 
differentia ted. 

Chem ical Observations of Surveyor V 
T. GoLD 

The important obsernttion that the lunar 
soil at the Surveyor V site is basaltic in com
posit ion is taken hy m any to substantiate the 
viewpoint ,  previously widespread , that vol
canism formed most of the lunar surface, 
supplying a differentiated type of rock . The 
case for this is, howe\·er, by no means so simple 
or so clear cu t. The arguments previously 
voiced against a widespread differentiation on 
the l\Ioon are now just as  strong or ,  in  some 

cases, 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 
composed of the same m at9rial as the Earth . 
A chemical composit ion different from that of 
the Earth is, therefore, implied. 

(2) The value of C/(ma)2 (where 0 is the 
largest moment of inertia, m is the m ass, 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 11oon is 
high enough to allow the persistence of the 
}Jresent l arge departure from equilibrium in the 
distribution of i ts m ass. A hot interior is not 
compatible with such material strength. This 
is t rue 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 1Ioon must be a factor 
of 1 05 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 h as suffered very 
li ttle horizontal deform ation in the whole of 
the history depicted by i ts present surface. 
Even the oldest craters show as much t endency 
to circularity as the youngest. There are no 
chains of folded mountains or any large dis
tortions of the high ground that would be 
expected if l arge volumes had been displaced 
in pouring lava O \'er 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 l ittle new morpho-
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logical information that indicates ''olcanism. 
Much of the information was barely detectable 
with terrestrial telescopes, but is not seen any 
more clearly by using the photographs. Inter
nnlly caused ,·isible features may be due to 
the movements of subterranean ice and water, 
rather than magma .  

There are se,·eral 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 thnn those that  
now exist .  'Ve assume that these bodies were 
shattered by collisions. We m ay then ask 
whether the present-day meteorites represent a 
selection of ma  terinl left o \·er from these 
earlier phases, and which type of such material 
was responsible for building the �loon or for 
adding the outermost layer to it .  I f  the basaltic 
achondrites represent this material, the com
position would fit, and one may e\·en wonder 
whether the basaltic layer that co\'ers 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 
m aterial in fine detail and of the deep-ocean 
basalt would be most revealing. 

It may be that there are o ther ways of rec
onciling the known evidence. One must search 
for these and ask the appropriate questions of 
the lunar exploration program. It would be a 
disservice to this program if an important point 
were regarded as settled, despite a mass of 
conflicting evidence. 

The Physica l Condition of the Lunar Surface 
T. GOLD 

The SurYeyor landings demonstra ted that the 
lunar surface is composed, in  general, of nry 
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 rna terial that 
covers all the Surveyor landing sites can be 

established from a variety of observn tions . 
.l\Iany Surveyor pictures clenrly show imprints 
of spaceeraft members in the ltmar surface 
material. An outstanding example is the 
Sur,•eyor I I I  picture of an imprint made by a 
footpad during the spacecraft's initial landing. 
The depth of the regular "v,raffle pattern" 
cannot be more than 1 00 microns, which is 
the maximum deformation that the flat  alu
minum sheet could have suffered . This waffle 
pattern, which is clearly visible, \Votild not be 
seen if the medium contained a significant 
admi.xture of, for example, 1 / 10-mm 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 lt1w of the surface m aterial as a 
resul t of the imprints. The very great brightness 
of the conical part of the Smveyor I I I  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 l aw of the :-.loon is a conse
quence of the "fairy castle" structure in which 
the surface of the powder is normnlly assembled, 
or whether it is a consequence of individual 
particles that have the complex shapes needed 
to generate this law. I t  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 tha t 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 polariza tion 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 processes thn t generate small particles 
tend to make rather smooth surfaces on this 
scale where surface tension is very significant .  
I t  is ,  therefore, most probable tha t  almost all 
of the l\Ioon is covered with p articles 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 mancm'er. 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, m any dumps 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 h ave been sufficiently good 
to not only survive against the weak force of 
gravity hut also against the much larger inertial 
forces of the subsequent landing impact (be
tween 1 72  and 3 g) . 

Expressed in more familiar terms, i t  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. 1vlany clumps had evi-

dently been thrown to a distance of more than 
3 meters from the vehicle. The sensor head of 
the alpha-scattering instmment 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 same face 
seemed to be completely matte and dark gray 
with an albedo similar to that of the lunar sur
face. No mirror-image effect is observed, and a 
shadow (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  al l  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 h ave 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 
a ttach 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. In 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 l aboratory, particles of 1 0  
microns or smaller behave in tha t  manner; 
however, 1 00-micron rock particles behave in 
a different manner. The cohesion between them 
cannot be m ade l arge 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 1 0  m icrons. 

On Surveyor III, another particle-adhesion 

phenomenon occurred. The camera mirror lost 
its optical quality o'rer approximately h alf of 
i ts 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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execu ted by Suneyor III .  The vernier engines 
continued 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 p art  of the mirror that  seems to have been 
oblitera ted was the  region that would have 
been exposed, and not protec ted by the camera 
housing. 

It has been argued that some of these phe
nomena m ay not ha,·e been due t o  adhesion of  
sm al l  part icles , bu t  t o  sandblasting effects and 
to the destruction of the surfaces. This would 
require a much larger particle size t han 1 0  
microns before any sandblast ing effects became 
optically significan t .  lt \Yould also require very 
high particle ,-elocities. 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 dem onstra ted in the l aboratory, 
and occurs wit h  almost all small p articles and 
all surfaces. Therefore, adhesion is considered 
a more probable explanation than sandblasting 
for the observat ions on the two mirror surfaces. 

The fact that many other smfaces \\'ere ob
sen-ed to remain clean during the same e\·ents 
that coat ed the  surfaces mentioned merely in
dicat es that the rocket spray from the ground 
tends to be in n few je ts  rather than a diffuse 
shower. 

The dept h  to which the powder layer ex
t ends cannot be established from any of the 
present observat ions. It is evidently more than 
a few meters in most areas, for m any craters 
of that depth have been seen that  show no 
discontin uity in their int erior. The l arger 
crat ers visible in Sun·eyor pictures are often 
surrounded by m any angular rocks. I t  is not 
known whether these obj ects are hard rocks or 
a \'arie ty of aggrega tes with varying degrees of 
firmness. The depth that crat ers must h a,·e 
before blocks can be seen around them is 
different in different regions. There is either a 
subsurface l ayer of a stronger rock at differen t 
depths, or the degree of compaction with depth 
is regionally different. Material ej ected from 
very deep craters such as Tycho, previously a t  
a depth or  more than 4 kilometers, for the  most 
part ,  must be h ard. The material will luwe 
been compressed by the init ial overburden 

under which it would lie for a ,·ery long time, 
and then by the in tense shock wa,·es necessary 
to excaYate the crater. 

Because the pmnler layer in most areas is 
at least a few meters thick, it is probably the 
layer responsible for the low radio reflect ivity. 
I f  this is true ,  it would have to ext end in most 
areas to a depth of at  least 1 0  meters t o  ac
count for the  radar observat ions. The alterna
t ive would be to suppose that another different 
kind of uoderdense rock exists ben eath 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 con tinues to the 
depth required by the radio measurements,  
though qui t e  possibly with gradually increasing 
densi ty  of packing, and increasing cohesive 
strength . 

Surnyor V II l anded on highland ground,  and 
a l though a great many more rocks were found 
in the area, the  consist ency of the soil s t ill 
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 conred with a thick l ayer of  fine rock 
powder. The thermal and radar anomalies for 
certain regions on the � l oon can be accoun ted 
for by an increase in the n umber density of 
rocks, as observed by Surveyor VII in the 
vicinity of Tycho. 

Importance for Future Technology 

For purposes of future lunar t echnology, the 
findings discussed ,,·ould be important in the 
following respects : 

( 1 )  Digging should be easy. I t  should be 
remnrkably easy to  dig down a few meters with 
a large sho,·el .  The \\·eight of the material in 
lunar gra,-ity is only a l ittle more than sno\\· 
is on Earth. The material can be cut easily ; i t  
is cohesive enough to be lifted in l arge blocks, 
more or less like snow, and the sides of a hole 
should be fairly firm and not easily caved in .  To 
im·estigate the lunnr subsurface at a depth of 
about 1 meter should be considered the equiva
len t of digging in snow on Earth, about 1 minute  
o f  \\·ork, rather t han 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 w hich 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 11 l11rge 
Yehicle, when \'lsibility of the ground m ay 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 i n  
the way of the spray and, although a reduced 
coat.ing is seen in i ts spray "shadow,"  this 
shadow is not complete. It is, therefore, not 
quite certain what surfaces on the landing Yehicle 

may be affected, and one should consider the 
problems raised by a splash that coats any part 
of the vehicle's surfaces. 

The proposed l unar flying machines that 
propel an astronaut off the surface 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 s trong 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 acti\·ities. 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 LM by 
the astronauts and will later float in the interior. 

Posts unset Horizon "Afterglow" 

D. E.  GAULT (CHAIRMAN) , J.  B .  ADAMS, R. T. CoLLINs, 
G. P. KuiPER, J. A. O'KE EFE, R. A. PHINNEY,  
AND E. l\1 .  SHOEM AKER 

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 time: about 1 .2 seconds (Jan. 23, 1968, 07 :32:49 Gl\IT) . 

reyealed, along the crest of the horizon, a bright 
line of light similar to that preYiously 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 Suneyor 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 
natmal consequences of some aspect of the 
lunar environment. 

The light was obserYed 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 \Yhen the "afterglow" either stops or 
the intensity falls belO\,. the limits of detection. 
Pictures of the light from the Suneyor VII mis
sions are shown in figures 9-1 and 9-2 when the 
Sun was centered approA-imately 0.4° and 1 .0°, 
respecti,·ely, belO\,. the horizon. In figure 9-1 ,  
the light intensity permitted normal shutter 
operation (exposure time, 0. 1 5  second) ; the 

bright line appears to extend only about 2° 
along, and Yso abo,·e, the horizon. The light in
tensity decreased rapidly; about 1 Y2 hours 
later, a nominal 1 .2-second exposure (fig. 9-2) 
sho\\·ed 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, sho\\·ed no edge of light along the hori
zon . This last picture (illumination proYided by 
light backscattered from the ridges east of the 
spacecraft, and by earthlight) provides a ,·alu
able comparison of the rocks and horizon geom
etry "·ith 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, t\pparently caused 
by the rocks extending along and aboYe the 
lunar horizon line. 

Although no complete explanation can be 
offered at this time, the relative intensities of 
the light on SuiTeyors VI and VII suggest thttt 
scattering by small particles abo,·e the lunar 
surface is not 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 
after local sunset. Second disk ; exposure time: about 40 seconds (Jan. 23, 1968, OS :46:56 
Gl\IT) . 

that, while the intensity of the bright edge ap
pears to be greater for SmTeyor 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 brigh tness. Alternatively, diffraction by 
small particles on the lunar surface, as dis
cussed by O'Keefe et al . (ref. 9-16) , may pro
vide a mechanism for producing the phenome
non ; however, further study is required before 
any explanation is considered firm . 
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10.  Surveyor Posttouchclown Analyses o f  Tracking Data 

F. B. Winn 

Lunar posttouchdown tracking data (co
herent two-way doppler) were collected inter
mittently throughout the first lunar day of the 
Suneyor I ,  III ,  V, VI, and VII missions. These 
data were used to determine the selenocentric 
locations of the Sun·eyors and the geocentric 
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" (0- 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 selena
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. 1 0-1 ) ,  from 
inflight data fits (ref. 1 0-2) , and posttouchdown 
data fits, are presented for comparison in  
table 1 0-1 . 

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. 1 0-3) , LE 5 
(refs. 1 0-4 and 1 0-5) , 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. 1 0-6 and 1 0-7 ; see figs. 1 0-1 and 1 0-2) .  

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 1 0- 1 .  Surveyor selenocentric coordinates (in degrees) 

Spacecraft 

I • --- - - - - - -
III ·---- - - -
v 
v 
v 

- - - - - - -

I - - - - - - -
II ·---- - - -

Lunar Orbiter 
photographs (ref. 10-1) 

A "' 

3 1 6. 7!J 2. 468 
336. 66 3. 0 1 8  

- - - - - - - - - - - - - - - - -
358. 62 . 47N 
348. 55 40. 928 

lnfiight data fit (ref. 1o-2) 

A U> "' u. 

3 1 6. 665 0. 06!) 2. 4398 0. 084 
336. 59 0 02 3. 0 1 8  . 1 1 

23. 20 0 04 1 .  49N 0 1 6  
358. 624 0 006 . 4 19N 0 064 
358. 5!J 0 06 41 .  0 1 8  0 07 

• Posttouchdown solutions constrained to ACIC lunar radius value. 
X= selenocentric longitude, de g. 
<t> = selenocentric latitude, deg. 
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-

Posttouchdown data fit 

A U> "' u. 

316. 676 0. 029 2. 501 8  0. 005 
3 1 6. 682 0 0 1 1  3 .  0558 0 005 

23. 201 0 026 1. 4 1 5 N  0 006 

358. 629 0 018  . 460N 0 006 
348. 653 0 008 40. 97 1 8  0 0 1 0  
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FIGUR E  10-1 .-Surveyor VI, DSS 42. First lunar day, 0 - C  residual set (compressed 
five data points/min) . LE 4 was used. Note periodicity . 
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FIGURE 10-2.-Surveyor VII, DSS 6 1 .  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 as input 
observables. The "refinement" of LE 4 is in 
two parts : ( 1 )  the Jz, 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 1 964) ; (2) sus
pected faulty fitting to the Brown lunar theory 
(ref. 1 0-8) ,,·as corrected to one significant place . 

The 0-C 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-C residual, long-term 
trends, LE 4 dependent, are shown in figures 
1 0-1  and 1 0-2 . The LE 5-associated residual, 
long-term periodicity shown in figure 10-3 
depicts an appro:\imate period of one lunation 
with an amplitude of 0.7 mm/sec. In retrospect, 
all of the Surveyor 0-C residual sets demon
strate LE 5-induced, long-term periodicities 
(figs. 1 0-4 and 10-5) . 

LE 8-dependent, long-term residual trends 
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FIGURE 1 0-3.-Surveyor VII,  DSS 6 1 .  First lunar day, 0 - C  residual set (one data poin t /  
min) . L E  5 was used. 
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FIGURE 10-4.-Surveyor V, DSS 6 1 .  First lunar day, 0 - C  residual set (one data point/ 
min) . Refractivity index : N61 = 270. LE 5 was used. 
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FIGURE 1 Q-5.-Surveyor VI ,  DSS 42. First lunar day, 0 - C residual set (compressed five 
data points/min) . LE 5 was used. 

26 27 

are apparent in figure 1 0-6. 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 SurYeyors I, III, and V, spacecraft 
control was frequently transferred as soon as 
possible to DSS 1 1  (Goldstone, Calif.) by DSS 

42 (Canberra, Australia) and DSS 6 1  ( Robledo, 
Spain) . Tlus was desirable from the standpoint 

Diurnal Signature 

The 0-0 residuals for Surveyors I, III ,  V,  
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FIGURE 1 0-6.-Surveyor VII, DSS 6 1 .  First lunar day, 0- C residual set (one data point/ 
min) . LE 8 was used. 

of video research operation. The lunar rise over 
DSS 42 and the lunar set over DSS 6 1  were 
infrequently observed. As a consequence, the 
daily residual traits are deceptive (see figs. 10-7 
through 1 0-9 ; also see fig. 1 0-4) . 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 VH, 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 extensive effort was made to create these 
data characteristics. Because of the acquisition 
of low-elevation tracking, a more complete 
picture of the diurnal signature is available 
(see figs. 1 0-7 through 1 0-9) . This signature 
can be attributed to tropospheric refraction 
(deficient modeling) , ionospheric charged-par
ticle effects (not modeled) , and/or lunar latitude 
errors (suspected lunar ephemeris defect) . 

Recent investigations by Liu (ref. 1 0-9) and 
.l\1 ulholland (ref. 1 0-1 0) ha ''e ten ta t i  vely iden
tified and ordered the three diurnal errors 
presently incorporated into the Single Precision 
Orbi t Determination Program (SPODP, ref. 
1 0-1 1 )  resid unl sets : 

( 1 )  Tropospheric refraction : ,....,33 mmfsec/ 
1 00 N 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. 1 0- 1 1 ) .  The empirical refraction function 
I S  

. 01{ [ I )  r 
t:.rp=-- ( 'YT ' 

r sin 'Y+ 
2 

+ 02 

-[,in ( ,-�)+ o,J' }a�.o 
where 01 , 02, and 03 are empirically determined 
constants (01 = 0.0018958, 02= 0.06483, and 
03= 1 .4) and 

t:.rj, =refraction correction applied to the 
SPODP-calculated data types, hertz 

r= doppler count interval, seconds 
-y=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 solution for the Deep 
Space Station locations are all set at  N=340.0. 
Recent research by A. Liu (ref. 1 0-9) has 
provided evidence that the following values for 
N are more precise : 

DSS 1 1 :  N11 = 240.0 
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FIGURE 1 0-7.-Surveyor VII.  Pass 1 1  
for DSS 1 1 .  Refraction influence on 
SPODP residuals. LE 5 was used. 

2 I I 
N4 2 =0 
(ZERO REFRACTION 

CORRECTION) I 0 

~ 0 1-

-2 I I 
2 

N42 =  34b I 

(SEA LEVELl 

o \ �-
u 0 Q) 

� E E 
w -2 I I 
t-<l 2 I I a: 

w N42=310 
<!> 

(MEAN REFRACTION z <l CORRECTION, BASED ON a: 
OBSERVATIONS) 

O f-� � 
-2 J _l 

2 I I 
N42= 2BO 

(ARBITRARILY CHOSEN TO 
MINIMIZE SUM OF THE 
SQUARES OF RESIDUALS) 

0 ' 
�-

-2 l I 
0 240 4 80 

TIME, min 

FIGURE 1 0-8.-Surveyor VII.  
Pass 1 1  for DSS 42.  Refraction 
influence on SPO DP residuals. 
LE 5 was used. 
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FIGURE 1 0-9.-Survcyor VII. Pass 
1 1  for DSS 6 1 .  R efraction influ
ence on SPODP residuals. LE 5 
was used. 
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DSS 42 : N42=300.0 
DSS 6 1 : N61= 3 1 0.0  

This influence of tropospheric refraction is  
primarily a phase retardation plus a bending, 
and a consequential l engthening, of the ray 
path .  By using Liu's formulation, an error of 
1 00 units of N generates 0 - C  residuals of 
0 .5  Hz (33 mmfsec) for horizon runge-rate 
observations. The refrnction-induced 0- C 
residual signature contained in reference 1 0-9 
greatly resembles the 0 - C  residual character
istics of the SmTeyor passes. An examination 
of figures 1 0-7 through 1 0-9 (SmTeyor VII,  
DSS 1 1  residuals, puss 1 1 ,  with varying Yalues 
of N) shows significant ele,·ation-dependent 
0 - C  residual biases that  correlate remarkably 
well  with the computed refrnc tion-error func
tions. Exam ina t.ion of figures 1 0-8 (DSS 42) 
and 10-9 (DSS 6 1 )  revenls e,·idence of like 
influences. 

Lunar Ephemerides (Diurnal 0 - C  Residual 
Contribution) 

Although the troposphere is an acknmdedged 
major, but unevaluated , error source that 
wnrrants the evaluation efforts in process, there 
are other model limitations such as the lunar 
ephemeris. 

u 
w 

� E E 
w 
>
<! 
"' 

w "' z .. a: 

....... SURVeYOR l 0 - C RESIDUALS 

J. D. :Mulholland (ref. 1 0-10) has pro,·ided 
tentative evidence of lunar ephemeris defects 
(one significant place) that  have approximate
ly n daily influence. A correlation study of 
Surveyor 0 - C  residuals and the suspected 
error functions is inconclusive (figs. 1 0- 10  
through 1 0-12) . 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 ,  con tinuous, two-way doppler 0 - C  
residuals i s  a function o f  effective electron 
density, \\·hich is dependent on elevation angle, 
elevation range of change, the Sun's local hour 
angle, solar activity, and t.rnnsmitter frequency. 
The residual signature resulting from this 
SPODP model omission is similar to the 
tropospheric refraction-error function signa
ture ;  hmYever, the ionospheric influence on the 
tracking data is of a lesser magnitude. Ac
cordingly, the ionospheric effect can be removed 
or diminished from the 0-C residuals by a 
slightly erroneous value of N in the tropo
spheric model . 

THEORETICAL 0 - C RESIDUALS ASSOCIATED 
WITH TRACKING STATION ERROR 

- 2 L_-L----�--�-----L----�----L---�,o-----L----�,----�,�--�----� .. �--� • • 

OATE (JUNE 1966) 

FIGURE 1 0-1 0.-SurYeyor I, DSS 42. First lunar day, 0 - C residual set (compressed five 
data points/min) . LE 5 was used. 
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FIGURE 1G-1 1 .-Surveyor VI, DSS 42 and DSS 6 1 .  Two-way 
doppler 0- C re&idual set versus suggested ephemeris
dependent tracking station position error. LE 5 was used. 
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FIGURE 10-1 2.-Surveyor VII,  DSS 42 and DSS 6 1 .  Two-way doppler 0 - C residual set 
versus suggested ephemeris-dependent tracking station position error. LE 5 was used, 
coupled with refraction refinement. 

A history of ionosphere activity for the first 
lunar day of all successful Sur>eyor missions 
is being compiled.1 Once this informa tion is 
available, the correla tion of the tropospheric 
refraction and ionospheric charged-particle in
fluences with the 0 - C  residuals will be more 
fully inYestigated. 

One Combinational Parameter 

The three diurnal components that comprise 
the diurnal signature are highly correla ted. 
The use of one "combinational" parameter, as 
a means of fi tting out of the 0 - C  residual, 
sets the influences resulting from tropospheric 
refraction, ionospheric charged-particle effects, 

1 l\I. Davis, Stanford University Electronics Labora
tories, Calif. 

339-462 0-69--2 5  

and lunar ephemeris defects, Is the only 
a\·ailable approach a t  this time. 

The results from the use of this procedure 
are most striking. The preponderance of the 
diurnal signature has been remo,·ed by the 
manipulation of the refraction indices. Figures 
1 0-7 through 1 0-9 show that the 0 - C  re
siduals, emanating from the se\·eral SPODP 
Surveyor tracking data  reductions, nsed the 
following refrac tion indices : 

( 1 )  Nu =N42= N61 = 0  No refraction cor-
rection. 

(2) Nu= N42 =N61=340.0 Sea-le,·el re-
fraction correction. 

(3) Nu= 240 ; N42= 3 1 0 ;  N61=300 Re-
frac tion correction based on observa
tions of Lunar Orbiter II (ref. 1 0-12 ) .  

(4) Nu= 240 ; N42= 280 ; N6t =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. 

I t  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 n ature of the error 
sources. 

H igh Parameter Correlation 

C. N. Cary (ref. 1 0-13) has demonstrated 
the insensitivity of the rllnge-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 Moon'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 ext.remely elongated 
in the mean direction of the Earth (fig. 1 0-
1 3 (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 selenoeen tric latitude, longi
tude, and radius is minimal .  As the obliqueness 
of the mean Earth direction increases rela tive 
to the lunar surface, the surface parameters 
become more highly correlated with lunar 
radius (fig. 1 0-13 (b) ) .  

I t  i s  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 

I t  is possible to constrnin the terrestrial 
tracking station position parameters in the 
SPODP tracking data reduction to those of 
some previous determination . However, such 
fl constrained solution can lead to systematic 
distortion . There are m any 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 POS IT ION 
OF EARTH MEAN POSITION 

OF EARTH 

( a )  (b) 

F IGURE 10-1 3.- (a) Surveyors III, V, and VI were in sufficiently close proximity to the 
selenographic X-axis to approximate a n  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 touch down close to the selC>nographic 
X-axis. Surveyor I was displaced in longitude 44° W, Surveyor VII  at 4 1° S latitude. 
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diurnal rotation , ionosphere, space plasma 
effects, etc.) . There is n 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 trucking 
data fit by constraining to the previously 
determined terrestrial tracking stu tion posi
tions. The a priori standard deviations asso
ciated with the parnmeters are : 

( 1 )  Surveyor III , VII selenocentric distance : 
0. 1 km ; Surveyor I ,  V, VI selenocentric dis
tance : 1 0. 0  km 

(2) Surveyor selenocen tric latitude : 4 .0° ( 150 
km) 

(3) Surveyor selenocentric longitude : 5 .0° 
( 1 50 km) 

(4) DSS 1 1  geocentric distance: 300 meters 
(5) DSS 1 1  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 6 1  geocentric longitude : 0 .005° (0.5 

km) 
Surveyor I 

Suryeyor I landed on the lunar surface on 
June 3, 1966 ; intermittently, coherent two-way 
doppler data were acquired until l unar night 

" 
� <. E E 0 a 
w 0 0 0 � � � ... 0 gJ o( r 8 <I a: � <!: 8 
w �= � " 0 
z <I a: 

_, 

§ 
0 0 

'I> 

on June 1 7 .  Post touchdown data for Surveyor 
I were analyzed by C. N. Cary. The density 
of the data collected by DSS 1 1  and DSS 42 
can be visualized by inspecting figures 10-14  
and 10-15 .  

The 0 - C  residuals contained in  figures 
1 0-14 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 1 1  re
siduals signify a scattered distribution through
on t the passes. The na tnre of this phenomenon 
is discussed in the section "Diurnal Signature ."  

The long-term trend of the Surveyor I 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 
1 0-2 . The high coiTelation anticipated between 
the lunar radius and longitude is in evidence 
in the correlation matrix based on the normal 
equation matrix (table 1 0-3) . Table 1 0-3 
depicts the correlation between parameter 
pairs : two-by-two correlations independent of 
other parameter influences. A correlation based 
on the variance/covariance matri.'\: depicts all 
N parameter coiTelations considered. Table 
1 0-4 is such a correlation matrL'\: for Surveyor 
I position parameters . The absence of the high 

� « � � 
� � 0 

o S  » 0 0 0 J 0 

0 0 0 a. 
6 

� 
; [  � 

-2 �
3--�----�--�--�--�----L---�,0

�--�
,

--�,2����3--�1�4 --�J��
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DATE (JUNE 19661 

FIGURE 10-14.-Surveyor I, DSS 1 1 . First lunar day, two-way doppler 0 - C  residual set 
(one data point/min) . LE 5 was used. 
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FIGURE 1 0-15.-Surveyor I, DSS 42. First lunar day, two-way doppler 0 - C  residual set 
(four data points/5 min) . LE 5 was used. 

TABLE 1 0-2. Surveyor I parameter solutions 

19 20 

Para meter a A priori parameters A prlori Solution Standard 

RADS _ _ _ _ _ _ _ _ _ _  - - - - _ _ _ _ _  - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

LATS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

LO�S- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
DSS 1 1 :  

R l  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

LQ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

DSS 4 2 :  
R l  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

LQ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

• The parameters are defined as : 
R A D S = selenocentric distance, k m  
LATS = selenocentric latitude, deg 
LO�S = selenocentric longitude, deg 

1 735. 6 
2. 4 1 1S 

3 1 6. 654 

6372. 0188 
243. 1 5067 

637 1 .  6881 
1 48. 98141  

R l = geocentric distance of Deep Space Station, km 
LO = geocentric longitude of Deep Space Station, deg 

constraint& 

l OS  
1 05 
1 05 

0. 500 
0. 005 

0. 500 
0. 005 

vector deviation 

1 735. 474 1 .  338 
2. 502S 0 09 1 

3 1 6. 676 0 06 1 

6372. 0071 0 004 
243. 1 5099 0 0002 

6371. 694 0 004 
1 48. 98172 0 0002 

Surveyor I l l  correlation in table 1 0-4 between the selena
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 . I t  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 



POSTTOUCHDOWN TRACKING DATA ANALYSES 379 

TABLE 1 0-3. Sun•eyor I position parameter 
correlations,  based on normal equation matrix 

Parameter • RADS LA TS 

RADS _ - - - - - - - - - - 1 .  0 0. 555 
LATS _ _ _ _ _ _ _ _ _ _ _ _  - - - - - - - - - - 1 .  0 
LONS _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - -

• The parameters are defined as : 
RADS = selenocentric distance, km 
LATS = selenocentric latitude, deg 

LONS = selenocentric longitude, deg 

LO.VS 

0. !)!)6 
- .  5i8 

1 . 0 

TABLE 10-4 . Surveyor I position parameter 
correlations, based on variance/covariance 
matrix 

Parameter • RADS LA TS 

RADS _ _ _ _ _ _ _ _ _ _ _  1. 0 - 0. 33 1 
LATS _ __ _ _ _ _ _ _ _ _ _  - - - - - - - - - - 1. 0 
LONS _ _ _ _ _ _ _ _ _ _ _  - - - - - - - - - - - - - - - - - - - -

a The parameters are defined as : 
RADS = sclenocentric distance, km 
LATS = selcnocentric latituae, deg 
LON S = selenocentric longitude, deg 

L O.YS 

0. 553 
-. 1 5 1  

1. 0 

TABLE 1 0-5. Surveyor III position parameter 
correlations, based on mormal equation matrix 

Parameter s RADS LA TS 

RADS _ _ _ _ _ _ _ _ _ _ _  1 .  0 - 0. 1 058 
LATS_ __ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  1 .  0 
LONS _ _ _ _ _ _ _ _ _ _ _  - - - - - - - - - - - - - - - - - - - -

a The parameters are defined as: 
RADS = selenocentric distance, km 
LATS = selenocentric latitude, deg 
LO N S = selenocentric longitude, deg 

LO.VS 

0. 9820 
. 2808 

1 . 0 

overcome. The resulting parameter solutions 
and the related correlation matrb: are presented 
in table 1 0-7 . 

Diurnal and longer termed characteristics 
are evident in the Surveyor III  0 - C  residual 
sets (figs. 10-16  and 1 0-17) . 

TABLE 1 0-6. Surveyor Ill position parameter 
correlations, based on variance/comriance 
matn�x 

Parameter • RADS LA TS LONS 

RADS _ _ _ _ _ _ _  1. 0 0. 8754 0. 8252 
LATS _ _ _ _ _ _ _  - - - - - - - - 1 . 0 . 4i26 
LONS _ _ _ _ _ _ _  - - - - - - - - - - - - - - - - 1 . 0 

• The parameters are defined as : 
RADS= selenoccntric distance, km 
LATS = selenoccntric latitude, deg 
LONS = selenocentric longitude, deg 

Surveyor Y 

I Standard 
devia tion 

2. 828 
. 022 
. 045 

The Sun·eyor V 0 - C  residual sets exhibit 
the long-term periodici t ies 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 1 1  
and DSS 6 1  residual sets (see fig. 1 0-2 1) .  In 
fact, for these two stations, it appears that 
overcorrection has occurred. The significance 
of this "combinational" parameter's varia tion 
is not understood at this time. It is not known 
whether this varia t.ion 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 "com binational" pa
rameter variational. 

Future Surveyor V data reductions will 
determine the value of N for DSS 1 1  and 6 1 ;  
this determination \viii 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 sol'ution vector correlation matrix 

Parameter • 
A priori parameter 

RADS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - � 1 736. 1 
LA TS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - 2. 940 
LONS _ _ _ _  _ _ _  _ _  _ _ __ _ _ _ _  _ _ __ _ 336. 6 
DSS 4 2 :  

I 
RL - - - - - - - - - - - - - - - - - - - - 1 6371. 6881 I LQ_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  148. 98140 

DSS 61 : 
RL - - - - - - - - - - - - - - - - - - - - I 6370. 0005 I LQ_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  355. 751 1 4  

• The parameters are defined as: 

A priori con8traints 

0. 1 
5. 0 
5. 0 

Solution vector 

1 1736. 106 
- 3. 055 
336. 682 5 1  

. 500 I 6371. 7019 

. 005 148. 98139 

. 500 I 6370. 0053 

. 005 35.5. 7 5 1 1 3  

Standard deviation 

0. 3 1 4  
. 005 
. 0 1 1  

. 002 

. 0003 

. 003 

. 0003 

RADS = selenocentric distance, km (constrained to ACIC determination) 
LATS = selenocentric latitude, deg 
LON S = selenocentric longitude, deg 

RI = geocentric distance of Deep Space Station, km 
LO = geocentric longitude of Deep Space Station, deg 

RADS 

1 . 0 

Surveuor Ill 

L A TS 

0. 273 
1 . 0 

Correlation matrix 

LONS 

0. 552 
- .  264 

1 . 0 

DSS 42 

Rl LO 

- - - - - - - - � - - - - - - - - � - - - - - - - - 1  1 .  0 1- 0. 395 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 .  0 

DSS 61 

Rl 

0. 048 
-. 137 

1 . 0 

LO 

- 0. 2 1 9  
. 8 1 7  

-.  129 
1. 0 

c..;! 00 0 

[/2 c::: !:lj < t<:l ....:: 0 !:lj 
"d !:lj 0 Cl !:lj � 
!:lj t':l 
gj t"' o-3 [/2 



u 
� 
� ' e E 
w .... <! a: 
w "' 2 <! a: 

0 
� % ·� 

� 
0 �0· 

� "§0 

; -I 

POSTTOUCHDOWN TRACKING DATA ANALYSES 

0 0 j 0 0 
i Oo ? no .. 0 !)% O oo �0 '!. 0 "' .,. 

i 
f8 
� %  0 � 0 8 

00 

8 
� 
l .. 0 0 '!. 

A v 

0 
Oo 
8o 

a 
00 
.. 
w 

00 

381 

-2�20�--�2�,--�2�2�--�273----�2.�--�2�,----�2.�---2�7�--�2�8----�2.�---3�0�--�----�2�\v-��--�-----7----�----� 
DATE (APRIL/MAY 1967) 

� E E 
w .... <! 
a: 
w "' 2 
<! 
a: 

l I 
, ,  

0 

_ ,  

-3 
20 

FrGURE 1 0- 1 6.--Surveyor III, DSS 42.  First lunar day, two-way doppler 0 - C  residual set. 
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FtGURE 1 0-1 7.--Surveyor III,  DSS 6 1 .  First lunar day, two-way doppler 0 - C  residual set. 
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FIGURE 1 0- 1 8.-Surveyor V, DSS 1 1 . First lunar day, 0 - C  residual set (one data point/ 
min) . Refractivity index : N11 = 340. LE 5 was used. 
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1 0-1 9.-Surveyor V, DSS 42. First lunar day, 0 - C residual set (one data point/ 
min) . Refractivity index : N42 = 340. LE 5 was used. 
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FIGURE 1 0-20.-Surveyor V, DSS 6 1 .  First lunar day, 0 - C residual set (one data point/ 
min) . Refractivity index : N61 = 340. LE 5 was used. 
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FIGURE lG-21 .--Surveyor V. DSS 1 1, pass 9; DSS 42, 
pass 4; and DSS 61, pass 5.  Refraction influence 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 selena
centric distance and longitude parameters (see 
table 10-10) ; thus, the radial determination is 
valid. 

Surveyor VI 
Parameter Solution 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 1 0-1 1 
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 l atitude : 550 meters 
Lunar longitude : 1800 meters 
LE 4 and LE 5, coupled with identical data 

samples, were used to reduce Surveyor I p ost
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 d ata 

points/min) ,  also produced different probe 

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 1 0-8. Surveyor V parameter solutions 

A priori 
Parameter a A priori standard 

parameters deviation 

RA DS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1734. 9 0. 3 
LA TS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 .  49N 
LO NS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  23. 2 
DSS 

DSS 

DSS 

1 1 :  
RL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  637 1 .  999 
LQ __ - - - - - - - - - - - - - - - - - - - - 243. 15070 

4 2 :  
Rl _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  637 1 .  688 
LQ _ _  - - - - - - - - - - - - - - - - - - - - 148. 98140 

61 : 
Rl _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6370. 000 
LQ ___ - - - - - - - - - - - - - - - - - - - 355. 7 5 1 1 4  

• The parameters are defined as : 
RADS= selenocentric distance, km (N11 = 240.0) 
LATS= selenocentric latitude, deg (N42= 280.0) 
LONS= selcnocentric longitude, deg (N61 = 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 

refract ion indives (N =340) 

1 735. 1 14 
1. 406N 

23. 2 1 7  

637 1 .  997 
243. 15101 

637 1 .  696 
1 48. 98169 

6369. 998 
355. 75 143 

Standard 
deviation 

0. 298 
. 006 
. 025 

. 004 

. 0001 

. 003 

. 0001 

. 003 

. 0001 

TABLE 1 0-9. S1m•eyor V correlation matrix of parameters 

Parameter a Standard 
deviation 

RADS 

Surreuor l' 

LA TS LO.VS 

DSS 11 DSS IZ 

Rl LO Rl LO 

Using LE 5 
and solved for 

refravtion indices 

1735. 1 1 3  
1 .  4 1 5 N  

23. 201 

6372. 009 
243. 1 5101 

637 1 .  699 
148. 98174 

6370. 005 
355. 75150 

DSS 61 

Rl LO 

RADS _ _ _ _ _ _ _  _ 0. 298 1 . 0 0. 018  - 0. 313 0. 009 0.  1 86 0. 255 0. 179 - 0. 209 0. 1 85 
. 226 

- .  982 
LA TS _ _ _ _ _ _ _ _  _ 

LONS __ _ _ _ _ _ _  _ 

DSS 1 1 :  
RL _ _ _ _ _  _ 

LQ _ _ _ _ _ _  _ 

DSS 4 2 :  
RL _ _ _ _ _  _ 

LO _ _  - - - - 

DSS 6 1 :  
R L  _ _ _ _ _  _ 

LO _ _ _ _ _ _  _ 

. 006 - - - - - - - -

. 026 - - - - - - - -

. 004 - - - - - - - -

. 0001 - - - - - - - -

. 003 

. 0001 

. 003 

. 0001 

• The parameters are defined as: 

1 . 0 
- - - - - - - -

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

RADS= selenocentric distance, k m  
LATS= selenocentric latitude, deg 
LONS= selenocentric longitude, deg 

- .  301 - . 162 
1 . 0 - .  27 1 

- - - - - - - - 1 . 0 
- - - - - - - - - - - - - - - -

R l =  geocentric distance of Deep Space Station, k m  
LO= geocentric longitude of Deep Space Station, deg 

. 1 85 - . 242 
- . 949 . 127 

. 151  - . 172 
1 . 0 - . 105 

1 . 0 

. 207 
·- . 969 

. 284 

. 947 

- .  208 
1 . 0 

- .  559 
. 412  

- . 129 
- . 4 1 4  

. 044 
- . 422 

1 . 0 

. 285 

. 956 

- . 1 1 7  
. 977 

- . 403 
1 . 0 
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Radius : 1 meter 
Lunar latitude : 30 meters 
Lunar longitude : 90 meters 

The relative displacements of the SurYeyor VI 
selenocentric position error ellipses are shown 
in figure 1 0-22 .  The position solutions from 
Lunar Orbit er IV photographs and from the 
Surveyor VI cruise data fit are grven in table 
1 0-1 2 .  

TABLE 10-10 .  Surveyor V position parameter 
correlation, based on normal equation matrix 

Parameter • RADS LA TS 

RADS _ _ _ _ _ _ _ _ _ _ _  1 .  0 - 0. 6746 
LATS _ __ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  '1. 0 
LO NS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

• The parameters are defined as : 
RADS = selenocentric distance, km 
LATS =selenocentric latitude, dog 
LONS = selenocentric longitude, deg 

LO.VS 

- 0. 8657 
- .  7737 

1 . 0 

The statistical dependence of one parameter, 
relative to other purameters within a recursive 
least-squares fit, can be in ferred 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 m atrices (table 1 0-13) 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. 

0 - 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 fi ts .  In terms of past experience, 
the solu tions 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 fi ts. 

TABLE 1 0-1 1 .  Surveyor VI parameter solutions 

A priori 

Parameter a 
Parameter Standard 
estimates deviation 

RADS _ _ _ _ _ _ _ _ _ _ _ _ 1 736. 0 10. 0 
LA TS _ _ _  - _ _ _ _ _  - _ - . 437 5. 0 
LO NS _ _ _ _ _ _ _ _ _ _ _ _  358. 630 5. 0 
DSS 1 1 :  b 

r, _ _  - - - - - - - - - - 5206. 333 . 24 
LO_ · - - - - - - - - - 243. 1 5070 . 005 

DSS 42 : b  
Ta - - - - - - - - - - - - 5205. 348 . 24 
LO _ _ _ _ _ _ _ _ _ _ _  1 48. 98140 . 005 

DSS 61 : b 

r, _ _ _ _ _ _ _ _ _ _ _ _  4862. 601 . 23 
LO _ _ _ _ _ _ _ _ _ _ _  355. 751 14 . 005 

• Parameters are defined as : 
RADS= selcnocentric distance, km 
LATS = selenocentric latitude, deg 
LONS= selenocentric longitude, deg 

Compressed data 

LE I Standard 
parameter deviation 

aolutian 

1 744. 027 0. 894 
. 474 . 007 

358. 65102 . 019 

5206. 332 . 002 
243. 1 5079 . 001 

5205. 342 . 002 
1 48. 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. 

Uncompreosed data 

LE 5 LE 5 Standard 
parameter parameter deviation 

solu tion aalu tion 

1736. 439 1736. 528 0. 840 
. 459 . 460 . 006 

358. 63229 358. 62941  . 0 1 8  

5206. 332 5206. 332 . 002 
243. 1 508 1 243. 1 05082 . 001 

5205. 342 5205. 342 . 002 
148. 98156 1 48. 98157 . 001 

4862. 606 4862. 606 . 001 

355. 75126 355. 75128 . 001 
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TABLE 1 0- 12 .  Surveyor VI location determinations 

Source 

I •- - - - - - - - - - - -

2 b _ _ _ _ _  - - - - - -

3 · - - - - - - - - - - - -

4 d _ _ _ _ _ _ _ _ _ _  _ 

5 ·-- - - - - - - - - - -

Selenographic 
latit ude, r;p, deg 

0. 49N 
. 437N 
. 474N 
. 459N 
. 460N 

Standard Selenographic Standard 
deriation of r;p longitude, X, deg del'ia tion of X 

0. 065 
. 007 
. 007 
. 006 

358. 60 
358. 630 
358. 65 1 
358. 632 
358. 629 

0. 006 
. 019  
. 0 1 9  
. 0 1 8  

• Lunar Orbiter IV photograph (see ref. 10- 1 0) .  
b Terminal cruise SPODP position (cruise data ; see ref. 10-2) .  
• SPODP data reduction using LE 4 (compressed postlanded Surveyor data). 
d SPODP data reduction using LE 5 (compressed postlanded Surveyor data) . 
• SPODP data reduction using LE 5 (uncompressed postlanded Surveyor data) .  

Lunar radiui!J, 
R 

1 744':'04 
1 736. 44 
1 7 4 1 . 468 

387 

Standard 
devia tion of R 

0. 89 
. 89 
. 84 

TABLE 1 0-13 .  Sun•eyor VI correlation matrix 11sing LE 5 (compressed data fit) 

Parameter a 

RADS _ _ _ _ _ _ _  _ 

LATS _ _ _ _ _ _ _ _  _ 

LONS _ _ _ _ _ _ _ _  _ 

DSS 1 1 :  
RL _ _ _ _ _ _  _ 

LO _ _ _ _ _ _  _ 

DSS 4 2 :  
R L  _ _ _ _ _ _  _ 

LO _ _ _ _ _ _  _ 

DSS 6 1 :  
R L  _ _ _ _ _  _ 

L O  _ _ _ _ _ _  _ 

Standard 
deriation 

0. 894 
. 007 
. 0 1 9  

. 002 

. 001 

. 002 
. 001  

. 002 

. 001 

Surreyor J'/ 

RADS LATS 

1 . 0 0. 795 
- - - - - - - - 1 . 0 
- - - - - - - - - - - - - - - -

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

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

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

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

• The parameters are defined as:  
RADS= selenocentric distance, km 
LATS= selenocentric latitude, deg 
LONS= selenocentric longitude, deg 

LO.VS 

- 0. 698 
- .  8 1 7  

1 . 0 

- - - - - - - -

- - - - - - - -

- - - - - - - -

- - - - - - - -

DSS 11 

Rl LO 

0. 322 0. 698 
. 270 . 793 

- .  358 - . 981 

1 . 0 . 308 
- - - - - - - - 1 . 0 

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

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

DSS 42 

Rl LO 

0. 392 0. 691 
. 347 . 796 

- .  396 - .  991 

. 1 64 . 357 

. 393 . 973 

1 . 0 . 352 
- - - - - - - - 1 . 0 

DSS 61 

Rl 

0. 047 
1 0 1  
1 3 1  

- .  061 
- 135 

- .  038 
- - - - - - - -

1 . 0 

LO 

0.  705 
. 793 

- .  988 

. 360 

. 97 1 

. 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  
mmfsec) . 

The LE 4-dependent, longer term periodici
ties demonstrated by the residual sets (see 
figs . 1 0-23, 1 0-24, and 1 0-1 )  are as anticipated. 
The residual sinusoidal pattern is descriptive 
of the range-rate differences between LE 5 and 

LE 4 (ref. 1 0-6) after least-squares minimiza
tion has been attempted (see fig. 1 0-6) . 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-C residual set 
assist in the comparison of the two functions 
(see fig. 1 0-25) ; a high correlation is evident. 

The absence of any detectable long-term 
p attern in the LE 5 0-C residual sets indi-
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FIGURE 1 0-24.-Surveyor VI, DSS 6 1 .  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. 1 0-26, 1 0-27, and 1 0-5) . 

The diurnal 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. 1 0-28 
through 1 0-30) . 

Surveyor VII 

Because of the selenocentric error ellipsoid 
orientation (fig. 1 0-14) resulting from the 
high lunar l atitude of Surveyor VII ,  it is rea
sonable to expect a high eorrela tion between 
selenocentric distance and latitude (ref. 1 0-13) , 

as verified by an examination of table 1 0-14.  
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 1 0-15 .  

The parameter determinations that result 
from lunar ephemeris variations and "combi
national" parameter values are presented in 
table 10-16,  and plotted in fig. 1 0-3 1 .  The 
associated parameter correlations are contained 
in table 1 0-17 .  
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FIGURE 1 0-25.-LE 5-LE 4 range-rate differences 
versus Surveyor VI DSS 42 0- C ret�iduals. 

TABLE 1 0-14 .  Su.rveyor VII correlations, based 
on normal equation matrix 

Parameter • RA DS b LA TS 

RADS b_ _ _ _ _ _ _ _ _ _  1 .  0 0. 9642 
LATS _ _ _ _ _ _ _ _ _ _ _ _  - - - - - - - - - - 1 .  0 
LO NS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

a The parameters are defined as: 
RADS= selenocentric distance, km 
LATS =selenocentric latitude, deg 
LONS =selenocentric longitude, deg 

b RADS unconstrained. 

L ONS 

0. 3954 
. 1 526 

1 . 0 

TABLE 1 0-15. Surveyor VII correlations, based 
on normal equat1'on matrix 

Parameter a RADSb LA TS 

RADS b_ _ _ _ _ _ _ _ _ _  1 .  0 0. 8302 
LATS_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  1 .  0 
LONS _ _ _ _ _ _ _ _  - - - _ _  - - - _ _ _  - - - - - - - - - - - -

• The parameters are defined as :  
RADS = selenocentric distance, k m  
LATS =selenocentric latitude, deg 
LONS= selenocentric longitude, deg 

LO.VS 

0. 0400 
. 4588 

1 . 0 

b RADS constrained to ACIC determination. 

The deficiencies of the data fits are dem
onstrated by the 0 - C  residuals. In terms of 
p ast experience, these solutions are good. A 
residual feature is a discontinuity in the 0- C 
residual  of DSS 6 1  at  00 : 00 GMT on 4 con
secutive days (figs. 10-7 through 1 0-9) . The 
reason is not known at this time. 

The standard deviation of the high-frequency 
noise associated with the residual sets is 0 .002 
Hz (0. 1 3  mm/sec) . 

The LE 4-dependent, longer term periodicities 
demonstrated by the residual sets (see fig. 
1 0-12) are as anticipated. The residual sinus
oidal pattern is descriptive of the range-rate 
differences between LE 5 and LE 4 (ref. 
1 0-13) after least-squares minimization has 
been attempted (fig. 1 0-25) . LE 5 is a better 
model of lunar motion than LE 4 .  
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Surveyor VII 0-C residuals that result 
from recursive least-squares fits u tilizing the 
LE 5 lunar motion model exhibit long-term 
periodicities with an approximate period of 
one lunation and an amplitude of about 0.7 
mm/second (fig. 1 0-3) .  

The new integrated ephemeris, LE 8 ,  m
duced long-term trends into the 0 - C  re
siduals (fig. 1 0-6) which are larger than those of 
LE 5.  

The diurnal nature of the Surveyor VII 
0-C residuals is the same as the daily varia
tions identified with the 0-C residuals of 
SmTeyors 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 8 solutions 

Standard 
DSS Rl deviation LO 

of Rl 

1 1  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  637 1.  9989 0. 3 243. 1.'1070 
42 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6371 .  6881 . 3  148. 98140 
61 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6370. 0005 . 3  355. 75 1 14 

Standard 
LE DSS IV Rl deviation LO 

of Rl 
- --

1 1  240 637 1.  9998 0. 002 243. 15067 
5 42 280 637 1.  686 1 . 003 1 48. 98145 

6 1  270 6370. 0049 . 002 355. 75 1 17 
1 1  340 637 1.  994 . 002 243. 1 5067 

5 42 340 637 1.  6795 . 003 148. 98146 
6 1  340 6370. 000 1 . 002 355. 75 1 1 6 
l l  240 6372. 0102 . 002 243. 1 5065 

4 42 280 637 1 .  6934 . 003 148. 98142 
6 1  270 6370. 0101  . 002 355. 75 1 1 5 
1 1  340 6372. 0039 . 002 243. 15068 

4 42 340 637 1.  6868 . 003 148. 98143 
6 1  340 6370. 0053 . 002 355. 7!i1 14 
1 1  240 6372. 002 1 . 002 243. 1!i068 

8 42 280 637 1. 6868 . 003 1 48. 98 146 
6 1  270 6370. 6032 . 002 355. 75 1 1 8  
1 1  340 637 1.  9957 . 002 243. 15068 

8 42 340 637 1. 6802 . 003 148. 98147 
61  340 6369. 9985 . 002 355. 7.'i l l 8 

• The parameters arc defined as : 

Rl = gcoccntric distance of Deep Space Station, km 
LO= gcocentric longitude of Deep Space Station, dcg 

RADS = sclcnoccntric distance, km 
LATS = sclcnoccntric latitude, dcg 
LONS = sdcnocentric longitude, deg 

A priori 

Standard Standard 
deviation RADS det,iation 

of LO of RADS 

- - - - - - - - - - 1 736. 0 0. 1 

Solution 

Standard Standard 
deviation RADS det•ia tion 

of LO of RA DS 

0. 0003 1 739. 05 1 0. 3 1 1  
. 0003 
. 0003 
. 0003 1 739. 059 . 3 1 1  
. 0003 
. 0003 
. 0003 1 739. 1 7 1  . 3 1 1  
. 0003 
. 0003 
. 0003 1 739. 179 . 3 1 1  
. 0003 
. 0003 
. 0003 1 739. 030 . 3 1 1  
. 0003 
. 0003 
. 0003 1 739. 038 . 31 1 
. 0003 
. 0003 

Standard 
L.4TS deviation 

of I,A TS 

41 .  1 5. 0 

Standard 
L;I TS devia tion 

of LA TS 

40. 9758 0. 010  

40. 9758 . 010  

40. 8988 . 0 1 0  

40. 9028 . 0 10 

40. 9558 . 010 

40. 9598 . 010  

LOIVS 

348. 56 

LOIVS 

348. 563 

348. 56 1 

348. 605 

348. 605 

348. 568 

348. 56.595 

Standard 
deviation 
of LONS 

5. 0 

Standard 
det•iation 
of LONS 

0. 008 

. 008 

. 008 

. 008 

. 008 

. 008 

"tl 0 
Ul 
� 0 
c::: 0 
!I: 1:::1 0 
<l z 
...., :::0 > 0 
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TABLE 1 0-17 .  Surveyor VII correlation matrix of parameters 

Parameter s Standard 
deviation 

RADS 

Surve11or Yll 

LA TS 

DSS 11 

LONS Rl 

DSS 42 DSS 61 

LO Rl LO Rl LO 

------------ l--------- l-------- l------- l------- l------- l-------· l------- l -------· 1------ ------
RADS _ _ _ _ _ _ _ _ 0. 3 1. 0 0. 8665 
LATS _ _ _ _ _ _ _ _ _  . 010 _ _ _ _ _ _ _ _  1 .  0 
LONS _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - - - - - - - - - - - - - -

DSS 1 1 :  
RL _ _ _ _ _  _ 

LO_ - - - - - 

DSS 42:  

. 002 

. 00003 

0. 3283 
. 9434 

1. 0 

0. 0656 0. 0025 0. 0 1 72 0. 01 12  
. 1619  . 2550 . 1213  . 2538 
. 0080 -. 7298 -. 1 334 - . 7402 

1 . 0 . 08 1 1  
1. 0 

. 0408 

. 1496 
. 0534 
. 6489 

0. 04 70 - 0. 0062 
. 1 558 . 2837 
. 0371 -. 8456 

. 06 1 5  

. 038 1 
. 0653 
. 74 16 ' 

Rl _ _ _ _ _ _ _  _ . 003 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1. 0 - . 1 828 . 04 15 
. 0315 

. 1 7 1 6  

. 7481 LO _ _ _ _ _ _  _ . 00003 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1. 0 
DSS 6 1 :  

RL _ _ _ _ _ _  _ . 002 
LO _ _ _ _ _ _  _ . 0003 

• The parameters are defined as : 
RADS = selenocentric distance, km 
LATS = selenocentric latitude, deg 

diurnal signature in evidence is characterized 
by figures 10-7 through 1 0-9. This signature 
can be attributed to tropospheric refraction 
(from deficient modeling) , ionospheric charged
particle effects (not modeled) ,  and/or station 
spin-axis distance, la t itude error (suspected 
lunar ephemeris defect) . Because of the cor
relation between these variables, most of the 
influence of these combined errors in the 
0 -- C  residuals can be effectively removed by 
incorporating any one 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, any one of the three parameters ; this 
approach provides a means of increasing the 
accuracy of the data fi t  by using a combination 
parameter (figs. 1 0-7 through 10-9) . 

The use of this "combinational" parameter 
produces dramatic improvements to the d ata 
fi ts o f  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 1 1  and DSS 
6 1  appeared to have been grossly undercor
rected for tropospheric refraction . The im
plications of this influence are not known at 
this time. 

1 . 0 

LONS = selenocentric longitude, deg 

. 1 744 
1 . 0 

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. 1 0-10 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 fi ts can be demonstrated by the sum of 
the squares of the weigh ted residuals. 

Ephemerides used : LE 5 

Sum of the squares : 57 

Refractivity value : 

Ephemerides used : LE 5 

LE 8 LE 4 

86 1 1 4  

LE 4 LE 8 

------- ------ 1----
Sum of the squares : 5 1  7 8  83 

Refractivity value : N11 = 240 ; N42= 280 ; N&l = 270 
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By this s tandard, LE 5 is the m ost accurate 
lunar ephemeris currently in exist euce. 

Summary 

( I )  Although LE 5 demonstrates a long-term 
periodicity with a period of one lunation and 
amplitude of 0. 7 mmjsec, it is the most accurate 
lunar ephemeris known t o  exist. 

(2) The selenocentric distance , latitude, and 
longitude for Sun·eyors V and VI have been 
determined and pres en ted. 

(3) A high selenocen tric distancejselenocen tric 
latitude and longitude correlation permitted a 
solution for only the lunar-surface coordina tes of 
Surveyors VII and III,  respectively (based on 
ACIC lunar radius determination) . 

(4) The Surveyor I position determination is 
subj ect to review in that a high correlation be
tween selenocentric longitude and distance has 
distorted the solution . 

(5) The new in tegrated ephemeris, LE 8, 
demonstrates a time-dependent ability t o  di
minish the diurnal signature of Surveyor VII 
residuals 

(6) A "combinationol" parameter was used 
to maximize the data fi ts of Surveyors V and 
VII. This parameter took the form of refrac
tivity in dices. 
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11. Laser Beam Pointing Tests 

C. 0. Alley (Chaiirman )  and D. G. Currie 

An opportunity to Yerify the ability of Earth 
stations for directing Yery narrow laser beams 
to a specific locat,ion on the lumtr surface was 
provided by the detection sensitivity of the 
SurYeyor VII Yidicon camera operating in its 
integration mode. Such tests were of interest 
primn.rily because of a planned Apollo lunar 
surface experiment in "·hich an astronaut  will 
empln,ce a corner reflector arrn.y to proYide a 
fixed point for very precise laser ranging. The 
successful monitoring of point-to-point Earth
:\Toon distances to the expected accuracy of 
± 1 5  em would proYide : ( 1 )  a definiti,-e test of 
the conjectured slow decrease of the gnwita
tional constant ;  (2) an experimental study of 
whether continental drift is occurring now; (3) 
new knowledge on the physical librntions, size 
and shape, and orbital motions of the Moon; 
and (4) new information on the rotation of the 
Earth (refs. l l-1  through l l-4) . An additional 
factor in testing narrow laser beam pointing n.nd 
tracking techniques lies in their potential use 
in space communications systems.  

The iden, of using tl Sun·eyor television 
camera for such tests occurred during a discus
sion on whether an astronaut could see the 
pulsed ruby laser beam planned for the retro
reflector ranging experiment. ?vieasurements on 
the waYelength sensitiYity of the vidicon smface 
were conducted in NoYember 1967 at the Jet 
Propulsion Laboratory (JPL) and indicated tl 
decrease from the peak sensit i,·ity by a f1tctor 
1/300 for the ruby laser "·a,·elength of 6943 A, 
making detection marginal for existing and 
planned ruby laser systems. HoweYer, the 
aYailn,bility of argon-ion lasers opern.ting in the 
blue-green (main wavelengths at 4880 and 
5145 A) , within the peak of the vidicon sensi
th·ity with ayerage powers of a few watts, 
suggested their use for the tests. The pointing 

397 

tlnd tracking techniques "·ould be similar to 
those used with pulsed lasers. 

Estimates of the power density on the :\!loon 
of a 10-\mtt (transmitted) argon-ion laser beam 
contained within a di,·ergence cone angle (half) 
of 10 seconds of arc yielded a ,-alue 2 .25 times 
the power density of n, magnitude 0 star, or 
nearly magnitude - 1 .  The power densi ty 
would scale directly as the power transmitted 
and inYersely as the square of the beam angle. 
Experience with star observations on previous 
Surveyor missions (p. 1 5  of ref. 1 1-5) indicated 
that the laser ben,ms could be easily observed 
if they were directed to illuminate the space
craft. The diameter of the illuminated area on 
the :\loon is about 2 km per arc second of 
divergence. 

Laser TransmiHing Stations 

Si.x transmitting stn,tions were established ; 
each consisted of n.n argon-ion laser with tl 
suitable optical system for collimating and 
aiming the laser beam. All six stations used 
the technique of directing the laser ben.m back
ward through a telescope to reduce the beam 
diYergence. HoweYer, each station used a 
different method for aiming the laser beam . A 
brief description of en,ch station is given below. 

( 1 )  Kitt Peak National Observatory, Tucson, 
Ariz.-The McMath solar telescope (60-in. ,  
f/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 benm were separated by a spe
cially constructed, divided-mirror beam splitter 
placed near the telescope fo�ul plane. A reticle, 
designed for the purpose and permitted offset 
guiding from nearby lunar features, and a 
field lens were plnced in  the focal plane. 

(2) Table Afountain Observatory, I Vrightwoorl, 
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Calif.-The JPL 24-inch telescope, u tilized at 
its f/36 Coude focus, and a 2-watt laser were 
used. A beam splitter with a pinhole was placed 
in the telescope focal plt1ne 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, lValtham, A1ass.-A 6-inch, two
mirror coelostat directed the beam from a 
specially constructed 4-inch , f/1 5  telescope 
to,Yard 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, Lexington, A1ass.
A beam from a 3.5-watt laser collimated with 
a 3-inch telescope was directed using a special 
servo-driYen az-el flat mirror. Guiding was 
accomplished using a second 3-inch telescope, 
which was boresighted to the first telescope. 

(5) Goddard Space Flight Center, Greenbelt, 
A1d .-An existing mobile laser satellite ranging 
system was used ; the pulsed ruby ln.ser was 
replaced by a 1 0-watt argon-ion ln.ser. 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 the � loon w:ts accom
plished by an image orthicon television display 
from a boresighted 1 6-inch telescope. 

(6) Perkin-Elmer Corp., Norwalk, Conn.-A 
portable 2-watt laser was attached at the 
Cassegrain focus of a 24-inch telescope. Aiming 
was accomplished by the 6-inch guide telescope, 
which was boresighted to the main telescope. 

To aid in locating Suryeyor VII on the lunar 
surface, Luna.r Orbiter photographs of the 
region around Tycho and ACIC Lunar Chart 
LAC 1 12 were supplied to all stations. The 
initial estimates of the landing coordinates, as 
well as the accurate locat ion of SmTeyor 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 1 0-

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, 1 968. 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 clays 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 ,  1 968. 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 2 1 .  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 lnser 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 Beoms 

Detection was achieved visually during the 
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first observing period on J auuary 20 for both 
Tucson and 'Vrightwood. Suspected laser beam 
spots wi th the correct locutions, as shown in 
figure 1 1-1 , were obsen·ed at the JPL Space 

Fl igh t Operations .Facili ty. Further confirma
tion resu l t ed when the Earth image was shifted 
3° wi thin the 6.5° n arrow field of view, the two 
spots shifting with it. The on-off sequencing 

FIGURE 1 1- 1 .-This photograph of a globe, with the overexposed crescent indicated by 
crosshatching, simulates the Earth as seen from Suryeyor VII at 09 : 00 Gl\IT on Jan
uary 20, 1 968. The station locations are indicated by black dots, and permit ready 
identification of the origin of the two laser beams in figure 1 1-2 as Table �1ountain 
Observatory near Los Angeles, Calif., and Kitt Peak National ObserYatory, ncar 
Tucson, Ariz. Simulations similar to this phot ograph were prepared in advance by 
J. J .  Rennilson, JPL, for each period of attempted laser detection. 
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FIGURE 1 1 -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, 
f/4, 3-second exposure of the Earth. The crescent of the Sun-illu minated Earth is 
distorted because of overexposure. This was one of the first pictures in which the beams 
were readily visible (Jan. 20, 1 968, about 09 : 06 G l\lT) . 
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discussed uboYe also seiTed to  verify the detec
tion of the beams. Full confirma tion was ob
tained only with the subsequent, detn i led st udy 
of correln tions in  projected enlargemen ts from 
high-q unlity photogrn phic negnti ves reprod uced 
from the video tnpe recordiugs by 1.t kinescope 
film recorder. A positive print of on e of the 
uegati\·es, enhanced using a high-con trast proc
ess, is shown in figure 1 1-2. The spread of the 
images O\"er sen�ral of the video scan lines is 
caused by nbermtions in the op tics (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 atmosph eric 
"seeing," while Tucson had deliberately spread 
th e beam . The spots appeared with an approxi
mate s tar magnitude of - 1 ,  us originally 
calculated.  Detection of t hese stat ions was 
accomplished again visually with about the 
same intensity during the second run on 
January 20 and 2 1 .  The approximate magnitude 
of the detected beams was determined by 
comparing pictures of the l aser beams with 
those of Jupiter. 

By digitizntion of the video pictures, it h as 
been possible t o  increase the sensiti\·ity of 
detection considerably beyond the visual .  It 

is estimated that,  by stretch ing the d igitizntion 
in regions near s tation locn tions, in tensities of 
ln.se1· beams directed to i l luminate  Surveyor VII 
cnn be detected with �6 the intensity dis
plnycd by Tucson nnd Wrightwood . This 
t echnique en abled easy deteetion of the Tucson 
beam on Jnnunry 19 (see fig. 1 1-3) .  (Wright
wood was not operating on that day.)  Figure 
1 1-4 shows a computer printout  of the region 
around the laser spot shown in figure 1 1-3. 

A search for ben.ms from the east-coast 
station has been made with the equipment at 
the University of 11arylancl developed for 
visual scan of bubble-chamber pictures. No 
positive results were found. Examination of the 
stretched digitized printouts has not given 
positi \·e indication us yet, but the work is 
con tinuing with the technique of averaging 
successive frames for enhancement and looking 
for correlations at predicted locations. Al though 
locnl weather conditions unci structural obscura
tions interfered with transmission from east
canst 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 
expm·ience gnined in n. vuriety of t echniques 
for tracking and pointing laser beams with 

-
FIGURE 1 1-3.-A comparison of these two pictures clearly reveals the Tucson laser beam. 

The picture was digitized by the JPL I mage Processing Laboratory, and the contrast 
then "stretched." (a) Jan . 19, 1968, 08 : 4 1 : 53 G :\IT. (b) Portion of the digitized, 
stretched picture ; the spot produced by the laser is indicated. 
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FIGURE 1 1-4.-Computer printout of the region around the laser spot of the digitized, 
stretched picture shown in figure 1 1-3. 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 
subject by this Surveyor Working 
will be prepared in the future. 

on this 
Group 

The potential value of well-collimated laser 
beams for space communications is emphasized 
by noting that the 1-watt laser beams appeared 
as bright stars, while the uncollimnted light 
from major cities was not detected . 
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12. Astronomy : Solar Corona Observations 

R. H. Norton 

Obo;ervo.t ions of the solar eoronn. were made, 
using the spucecr<lft television cn.mern., d nring 
postsunset periods of the SuiTeyor I, V, VI, 
n.nd VII missions ( table 1 2-1 ) .  The method of 
obsernttion from en.ch spacecraft was essen
tially the same. After the upper limb of the 
solar disk ho.d set behind the western horizon, 
a seq uence of timed pictures was taken wi th 
gradually increasing exposures tlatt rn.nged 
from f/5.6 ,  1 .2 seconds, for the innermost 
K-coronn. n.t 2 solar radii to J/4 , 30 minutes , 
for the outer F-corona beyond 20 solar radii 
(refs. 1 2-1 through 12-4) . 

Because photometric reduction of all pic
tures has not been completed, no finn.! conchl
swns cnn he made n.t this time. Al though all 
data will be digitized and reduced, primary 
emphasis will be placed on  the dt\ta derived 

from SuiTeyor VII, since it represents the best  
set of solar corona observations obtained. 
Earth-based (telescope) eclipse observations 
permit measurements of coronal rn.diance out  
to  8 or 1 0  solar radii ; spacecraft observations 
ha.ve extended this measmement to about  1 5  
solar r:1.dii . .Measurements from obsen'ations of 
the zodiac1l.l light have been mn.de inward to 
11.bout 50 soln.r radii. Surveyor VII will provide 
a determination of the way in which the far 
solar corona m erges into the zodiacal light. 
The brightness of the coronn.l/zodiacal light i n  
this region i s  due to scattering from particulate 
mn.tter. �feasurements of this brightness, po
briztttion ,  and variation with solar distance 
will, in turn, permit determinations of the 
distribu tion and densi ty of particulate matter 
in tl!e inner solll.f system. 

TABLE 1 2-1 . Solar corona observations 

G.li T of armsel 
ftlission Nuntber of 

Date llr:mln 

Surveyor } _  _ _ _ _ _ _ _ _ _ _ _ _ _  J une 1 4, 1966 1 5 :49 
Surveyor V _ _ _ _ _ _ _ _ _ _ _ _ _ _  Sept. 24, 1967 10 :57 
Surveyor n _ _ _ _ _ _ _ _ _ _ _ _ _  Nov. 24, 1967 13 :40 
Surveyor VIL _ _ _ _ _ _ _ _ _ _ _  Jan. 23, 1968 06:06 

1 2- 1 .  
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Appendix A 

Effects o f  L unar Particles on Spacecraft Mirror Surfaces 

L. D. Ja.ffe and J. J. Rennilson 

During some of the Surveyor missions, space
craft surfaces apparently were aft'ected by lunar 
particles thrown against them by the exhaust 
from the vernier-engine firings close to the lunar 
surfnce. These aft'ected spacecrnft surfaces in
cluded the tele\'ision camera mirror on S111Teyor 
III,  which landed with its vernier engines firing 
through touchdown (refs. A-1 thro11gh A-4) ; 
the side of the Surveyor V alpha-scattering
instrument sensor head, aft'ected during the 
static firing of the vernier engines after landing 
(ref. A-5) ; and the Sun'eyor VI photometric 
target, affected during the hop mnde by the 
spacecraft when the vernier engines were fired 
(refs. A-6 through A-8) . T\yo am.:iliary mirrors 
on Surveyor VII apparently were affected by 
lunar material ejected by a footpad or crushable 
block during landing (refs. A-9 and A-10) .  

Some lunar material was observed a s  a coat
ing on the Surveyor VI photometric target and 
on one of the Surveyor VII auxiliary mirrors. 
It has not been determined, however, whether 
the observed effects on the mirror surfaces of 
Surveyors III and V were caused by fine lunar 
particles adhering to the mirrors, by sandblast
ing of the mirrors by such particles, or possibly 
by deposition of condensed products of the 
engine exhaust. 

Prefiring and postfiring television observa
tions of the gold plat ing on the S11neyor V 
sensor head help to determine the cn 11se of these 
effects. The sides of the sensor head were made 
of polished aluminum alloy on which n layer of 
gold, nominally 1 micron thick, was electro
plated for temperature control with an under
layer of copper 25 microns thick. Before the 
vernier-engine firing (fig. A-l (a) ) ,  an image of 
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the sensor-head circular plate and of the lunar 
surface for a few centimeters inboard was 
clearly visible in the gold pia ting ; after the 
firing (fig. A-1 (b) ) ,  no image was visible when 
the near side of the sensor head wns in sunlight. 
Some image could be seen in a part of the side 
in shadow (fig. A-l (c) ) .  The side itself appeared 
matte when sunlit and the lower few centimeters 
of i t  were darkened ; lunar fragments were 
observed on the circular plate. Before the firing, 
the sensor head was about 70 em from the near
est engine, which was fired for 0.55 ± 0.05 
second at  a thrust level of 1 .2 X  1 07 ± 0.2 X 107 
dynes ; the nozzle was 39 em above the lunar 
surface. The exhaust from the vernier-engine 
firing caused the sensor head to move hori
zontally about 1 0  em and to rotate 1 5° .  

No pictures of the sensor head were taken 
through the color filters before the engines were 
fired ; after the firing, however, a set of wide
angle pictures was taken through the red, 
green, and blue filters of the television Ct"tmera 
(ref. A-l l ) .  These pictures were taken on Sep
tember 1 4, 1967,  t"Lt 03 :55 :43 (fig. A-2 ) ,  
03 :56 :07, and 03 :57 :05 G:\I'f. Areas i n  these 
pictures were selected for color determination 
as follows : 

Area 1 :  Lunar surface material illuminated 
by direct sunlight. 

Area 2 :  Lunar surface material illuminated 
by direct sunlight and by sunlight reflected 
from the right fn ce of the sensor head. (This 
fnce was shielded from the \"ernier engines.) 

Aren, 3 :  Upper part of sensor-het"td side ex
posed to engine exhaust. 

Area 4 :  Upper part of sensor-hend side ex
posed to engine exhaust. 
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FIGURE A-1 .-Narrow-angle pictures of the inboard face of the sensor head on Surveyor V. 
(a) Before the static firing of the vernier engines (Sept. 1 2, 1967, 05 : 06 : 27 Gl\IT) .  
(b) After the static firing of the vernier engines (Sept. 14 ,  1 967, 07 : 15 : 09 Gl\IT) .  
(c) After the static firing of the vernier engines (Sept. 2 1 ,  1 967, 08 : 33 : 1 4  G l\IT) . 
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FIGURE A-2.-Wide-angle, digitized picture of Su rveyor V sensor head and surrounding 
lunar surface, after engine firing. Squares and numbers indicate t.he areas selected for 
eo lor determination. Taken through the green filter (Sept. 14, 1 967, 03 : 55 : 43 Gl\1 T) . 
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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 \·ideo signals 

from the three frames were recorded directly 
on to magnetic tape. These analog recordings 
,,·ere then converted into digital mrits, didding 
the black-to-white ,·ideo leYel into 64 equal 
diYisions. 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 cn,n be 
specified by chromaticity coordinates in the 
international color system (ref. A-1 ) .  The CIE 1 
tristimulus values (color coordinates) are line
arly proportional to the luminous efficiency 
values. During preflight camera calibration, the 
proportionality factors ,,·ere determined by ex
posing the camera to colors of known chro
matici ties. 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 CIE diagram (fig. A-3) . 
Included in tlris figure, 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 surface 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 (I nterna
tional Commission on Illumination) . 

339-462 0-69--2S 

lower pnrt of the sensor head, resembles closely 
the color of the surface (area 1 ) .  

I t  seems clear, then, that the darker, lower 
part of the sensor-head side (area 5) was cov
ered with lunar material, adhering to  a nearly 
\"ertical surface. On the other hand, the upper 
part of the sensor-head side (areas 3 and 4) 
was essentially gold, apparently roughened by 
impact of fine lunar particles. Lunar particles 
thrown by the \·ernier engines onto the space
craft surface evidently both sandblast and coat 
the surfaces. 
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Appenclix 8 
The L unar Sunset Phenomenon 

L. H. Allen 

FIGURE B-1 .-Surveyor VII daylight picture of the western horizon, including the sunset 
position (Jan . 1 0, 1 968, 08 : 1 6 : 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, j agged, 
discontinuous line. The Sur\·eyor VII lunar 
sunset pictures probably are the most inter
esting in that this line was j agged, its brightest 
parts shifted "·ith 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-smface features that lie beyond 
(farther west) , casting shadows on the local 
horizon. As a general rule, the gaps appeared 
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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 hne 
shifted slowly to the sou th as a function of time 
and as a function of Sun·eyor \rl l  ::;pacecraft's 
southern latitude on the lunar surface. The 
laternl shifting effects were noticeable only on 
Sun·eyor VII, because it operated much farther 
from the lunar equator than any of the other 
spacecmft. 

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 westem horizon. The brightness of the 
line decreased with time. This narrow-angle Surveyor VII picture was taken about 
17 minutes after local sunset (Jan. 23, 1 968, 06 : 20 : 28 Gl\IT) . 

FI GURE B-3.-Narrow-angle Surveyor VII picture of the line taken about 50 minutes after 
local sunset (Jan. 23, 1 968, 06 : 52 : 1 1  Gl\1 T) . 

FIGURE B-4.-Narrow-angle Surveyor VII picture of the line taken about 90 minutes after 
local sunset (Jan. 23, 1 968, 07 : 3 1 : 52 G l\IT) . 
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FtGUnE B-5.-View of the sunset position taken over 14 hours after sunset by the Surveyor 
VII television cag1era. 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 1Iercury, spread by the camera's white spread 
function and elongated by lunar rotation during the 30-rninute exposure time (Jan. 23, 
1 968, 20 : 45 : 55 GMT) .  

i s  formed by a close ridge ; on the extreme right 
(north) i t  is formed by another ridge that is 
farther away (further 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 t"·o ridges should provide a better under
standing of the relationship of the western 
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 
i tself 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 
n 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 
linage will be spread. This spreading, as con
firmed in tests at the Jet Propulsion Labora
tory's ad\'anced imaging laboratory, ''"ith 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 V I I .  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  (Jan. 23, 1968, 09 : 25 : 57 G�IT) . 

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, 1 4 : 1 5 : 26 G.:\IT) .  
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television camern, resul ted i n  a smooth , almost 
strnigh t-line linear sprcnding rein tionship as a 
function of scene l uminance. This function was 
obsened to hold true e\·en with scene luminance 
four times greater tluw that required for video
signnl  saturation. Thus, this spreading can be 
nsed advan tageously for rein ti ve pho tometry 
m easurements of the line, because the true 
width of the line is considered by the author to 
be less th an the limiting resolution of the tele
visio n  camern. . This cnn be appreciated by 
observing the line's wid th at, or near, i ts ex
tremities in figures B-2, B-3, B-4, and B-7. 
A more n ccurn te analysis of the photometry 
involved with the line may afford not  only an 
understanding of the limits of particle size but 
rather a complete size-frequency distribution 
function. 

Factors contributing to the shape distortion 
in the resultant images of a thin whi te line 
t arget on a black background are vidicon 
Ia tern! leakage \Yhi te  spread function (halation ; 
as a funct ion of differen tial electron charge 
remaining wi thin the vidicon target's photo
conductive m aterial) and the introduction of a 
clamping action (with i ts resultant overshoot) 
whenever the video exceeded a certain threshold 
level in the white direction .  The Intern! leakage 
is essen tially 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 \vere the only anomaly. 

The overshoot, with such a line target and 
with the bright sunset l ine, was the introd uction 
of a zone of "blacker than  black" signals 
trailing the initial transition, and makes the 
center of the resul tan t band appear to be closer 
to the leading edge of the transition than i t  
actually i s .  In  the Surveyor VII pictures, this 
could give the illusion that the lunar bright 
l ine is suspended above the surface when com
pared to the daylight picture of the same area .  
(This illusion is  even more pronounced if one 
takes in to account that  lateral leakage white 
spreading exist ing in the daylight picture 
makes the horizon appear slightly raised .) 

The landed orientation of the Surveyor VII 
spacecraft on the l unnr surface is s uch th at the 
television camera's line-scan direction, in the 
Surveyor VII pictures of the line, is sweeping 

fro tn  the blnck sky, down through the line, and 
ending in the d n.rk-gray portio n  of the lunar 
s l l l'faee. The Surveyor VI orienta t ion at i ts 
location on  the lunar smface is such that  the 
sunset pictures (fig. B-7) resulted in the line
scan direction from the dark-gmy surface, up 
through the brigh t line, and ending in  the sky. 

Laboratory Simulations 

In an at tempt to  appreciate the cliffrnction
sco. t t ering effect, labora tory t ests were con
ducted with sandpaper. Preliminary experiments  
with various sizes of sandpaper (garnet cabinet 
paper) ha Ye led to the following conclusions. 
For n given t hreshold of detectability, or for a 

given amount of masking such as by earthshine, 
a maxim urn 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, i ts 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 h aving a distribution th at 
contained various particle sizes limited only by 
the size of the larger graded grains. 

The forward-scat tering processes involved 
\Yi th sandpaper when illuminated by a non
coherent ,  near point source, whi te  light probably 
sufficient ly duplicates the processes in volved 
wit h  the genern,tion of the lunnr sunset l ine to 
make i t  a useful model excep t for the remote 
possi bility of particle suspension. Preliminary 
measuremen ts using various sa ndpaper models 
did not reveal any polarized light component 
along the bright line at the large phase angles 
in volved \vith i ts generation. 

I nterpretations of Optical Phenomenon 

The bright line must, at least in part, be  the  
result o f  diffraction of  sunligh t by the  horizon 
or edge of lunar-stu-fnce material that is viewed 
by the camera and illuminated by the Sun, 
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even though sunset at the television camera's 
location has occurred up to 2 hours earlier. I t  
seems very likely that diffraction, refraction, 
and forwa1·d seattering may all be involved 
(ref. B-1 ) ; further study is required, howe,·er, 
before any explanation is considered firm. 

Because the Sun serves as an illuminating 
source subtending a solid angle of W for the fu ll 
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. (Such 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 ejecta particles 
in ballistic traj ectory, resulting from micro
meteorite bombardment impacts, is sufficient to 
make any significant contribution. 

The j agged appearance of the line was not an 
anomaly, but a departure from the mean or 
offset of the line, with a high positive correla
tion with the jagged stones that appear on the 
horizon in figure B-1 .  In the author's opinion, 
i t  is extremely improbable that individual 
particles of dust ejected by micrometeorite 
impacts and suspended either electrostatically 
or in ballistic trajectory would assume a dis
tribution that would so closely match the 
jaggedness of individual rocks. I nstead , ballistic 
traject01·ies, 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-suspension mechanism (if 
it "·ere capable of being sustained or even 
existing) would be constrained by net charge 
and mass functions by a mean net charge 
gradient abo,·e the mean surface (horizon) . 
In  either case, the j agged eft'ect 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 
j aggedness of the individual rocks. 

Because the electrostatic suspension of par
ticles hypothesis is said to be dependent on 
sunlight as the source of energy to generate and 
sustn.in it ,  and because particles are suspended 
for a few seconds only, according to the pro
posed 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 sorp.e speculation that a 
I unar atmosphere exists. In reality, the strip's 
appa1·ent thickness is the resul t  of the camera's 
white spread function .  (See "Camera Char
acteristics," p .  4 15.)  

Possible Future Observations 

Based on the information obtained from 
analyzing Surveyor television pictures, that the 
line was detectable for 2 homs, or 1° of lunar 
rotation ,  the author predicts that a continuous 
ring or halo, simultaneously 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 100 000 to 375 000 km 
from the Moon. At distances much closer than 
about 1 00 000 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 1° .  At distances 
much larger than about 375 000 km, the 
presence of Bailey's beads will probably mask its 
presence as the solid angle subtended by the 
lunar disk is reduced to that of the solid angle 
subtended by the solar disk where the umbra 
ends. For all except t.he closer distances, where 
very small gaps may appear beeause of occulta
tion by lunar-surface features, the ring should 
appear to be very thin, but bright n,nd uniform 
in intensity. I ts 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, e\'en though the solar coroll !t 
probabiJ� will always be detectable during al l 
conditions that permit the ring to be \'iewecl . 
The ring \ri l l  probably re\'eal a small amount of 
j aggedness as i t  outlines surface features such 
n.s mountains. (There is a possibil ity thn.t some 
of the total eclipse pictures mnde from Earth
based telescopes reveal the presence of this 
ring. In such cases, it would h a,,e been con
sidered p art of the solar coroJH\.) 

If viewed from positions other than the 
centerline of the umbm, b u t  still within the 
umbra at distances greater than about 145 000 
km from the l\loon , the ring will st i l l  be con
tinuous, but  will no longer be uniform in 
brightness. At closer distances, there will be 

posi tions within the u m bra whc1·e the ring wi ll 
no longer be cont inuous, but will show the 
same type of gaps that e:\:ist in the Sun'eyor 
pictures. 

Similarly, it appears logical to assume th n,t 
any spherical body will 1tppear to ha\'e a h alo 
nround i t  if i t  is viewed from i ts u mbra and at 
distances such that the body subtends an angle 
larger than t h at of the i l luminating source, 
but no larger than 2°. 

Reference 

B-1 .  Surveyor V I I :  A Preliminary Report. NASA 
SP-173, National Aeronautics and Space Admin
istration, Washington, D.C.,  1968, pp. 7 1 ,  72, 274, 
and 276. 





Appenclix C 

Surveyor Science Teams ancl Cognizant Personnel 

Analyses of the scie11 tijic data for the Surl'eyor missions were conducted by 
the Surveyor Scien tific Erahwtion Advisory Team, Investigator Teams, and 
Working Groups . !Hembership for these groups, at the time of the Sun•eyor V 11 
mission, was as follows: 

Surveyor Scientific Evaluation Advisory Team 

L. D. JAFFE, Chairman 

C. 0. ALLEY 
S. A. BATTERSON 
E. 1\[. CHRISTENSEN 
s. E.  DWORNIK 
D .  E. GAULT 
J. W. LUCAS 
D.  0. 1\'IUHLEMAN 
R.  H. NoRTON 
R.  F. ScoTT 
E.  M .  SHOEMAKER 
R.  H. STEINBACHER 
G. H. SUTTON 
A. L.  TURKEVICH 

Jet Propulsion Laboratory 
Uni\'ersity of Maryland 
Langley Research Center 
Jet Propulsion Laboratory 
NASA Headquarters 
Ames Research Center 
Jet Propulsion Laboratory 
California Institute of Technology 
Jet Propulsion Laboratory 
California Institute of Technology 
U.S. Geological Survey 
Jet Propulsion Laboratory 
University of Hawaii 
University of Chicago 

I nvestigator Teams 

Television 

E. l\L SHOEMAKER, Principal 
investigator 

R. A. ALTENHOFEN 
R.  l\1. BATSON 
H. E. H OLT 
G. P. KuiPER 
E.  c. MORRIS 
J.  J. RENN!LSON 
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. H A  YTHORNW AITE 
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 
Jet Propulsion Laboratory 
University of Arizona 

University of Chicago 

Jet Propulsion Laboratory 
Argonne National Laboratory 

California Institute of Technology 
Pennsylvania State University 
Detroit Arsenal 
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Working Groups 

Lunar Surface Thermo/ Properties 

J. W. LucAs, Chairman 

J. E. CoNEL 
D. GREENSHIELD 
R .  R. GARIPAY 
W. A. HAGEMEYER 
H .  c. I NGRAO 
B. P. JONES 
J.  M. SAARI 
G. VITKUS 

Lunar Surface Electromagnetic Properties 

D .  0. MuHLEMAN, Chairman 
w. E. BROWN, JR. 
L. H .  DAVIDS 
J. NEGus DE Wvs 
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. H uTTON 
L. D. JAFFE 
R. J-I. JONES 
H .  Y. Ko 
R.  F. Sco;rT 
F. ScHMIDT 
R. L. SPENCER 
F. B .  SPERLING 
G. H. SuTTON 

Astronomy 

R. H .  NoRTON, Chai1 man 
J.  E. GUN N  
w .  c. LIV!NOSTON 
G. A. NEWKIRK 
H. ZIRIN 

Lunar Theory onJ 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 La bora tory 
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 
H ughes 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, I nc. 
Jet Propulsion Laboratory 
Jet Propulsion Laboratory 
University of Hawaii 

Jet Propulsion Laboratory 
Jet Propulsion Laboratory 
Kitt Peak N a tiona! Observatory 
H igh Altitude Observatory 
Mount Wilson and Palomar Observa

tories 

Ames Research Center 
Jet Propulsion Laboratory 
University of Minnesota 
Cornell University 
l\·fcDonneli-Douglas Corp. 
University of Arizona 
U.S. Geological Survey 
Goddard Space Flight Center 
Princeton University 
U.S. Geological Survey 
University of California, San D iego 
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J.  E. FALLER 
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University of Maryland 
Jet Propulsion Laboratory 
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Kitt Peak National Observatory 
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Wesleyan University 
Goddard Space Flight Center 
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Jet Propulsion Laboratory 
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Surveyor Program, at the time of the Surveyor VII mission, were 

S. E. DwoRNIK 
L. D .  JAFFE 
R.  H. STEINBACHER 
E. l\1. CHRISTENSEN 

F. I .  ROBERSON 

E. J.  FRANZGROTE 
R. E.  PARKER 
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J.  J .  RENNILSON 
D. L. SMYTH 
M. BENES 
J.  N. STRAND 
E. T. JoHNSON 
s. L. G ROTCH 
C. H. GOLDSM ITH 
A. L. FILICE 

D. H. LE CROISSETTE 
c. E. CHANDLER 
R. J.  HOLMAN 
1\f. I. SMOKLER 

E. R. RouzE 

J.  N. LINDSLEY 
D. D. GORDON 
R.  c. H EYSER 

D .  L.  SMYTH 
E. J. FRANZGROTE 
F. I. RoBERSON 
c. R. H EINZE:-! 

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-
SamplGr Experiment 

Cognizant Scientist, Alpha-Scattering Experiment 
Alpha-Scattering Experiment, 
Cognizant Scientist, Television Experiment 
Television Experiment 
Television Experiment 
Television Experiment 
Television Science Data Handling 
Cognizant Engineer, Image Processing Laboratory 
Non-Television Science Data Handling 
Surveyor Experiment Test Laboratory 
Landing Sites 

Instrument Development 

Manager, Instrument DGvelopment 
Project Engineer, Instruments 
Cognizant Engineer, Alpha-Scattering Instrument 
Supervisor and Cognizant Engineer, Television 

Instrument 
Cognizant Engineer, Soil l\Iechanics Surface Sampler 

Space Science Analysis and Command 

Director 
Assistant D irector 
Director, Television Performance Analysis and 

Command 
Director, Television Science Analysis and Command 
Director, Alpha-Scattering Analysis and Command 
Director, Surface-Sampler Analysis and Command 
Command Controller 
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\V. JA KOBOWSKI 
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J.  H. RICHARDSON 

c. G .  CARLSON 

R .  E. SEARS 

R. R. G UNTER 

J .  D. CLOUD 
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Associate Administrator for Space Science and Applications 
Deputy Associate Administrator for Space Science and 

Applications 
D irector, Apollo Lunar Exploration Office 
Surveyor Program l\Ianager 
Program Engineer 
Program Engineer 
Program Scientist 

Jet Propu lsion Laboratory 

D irector 
Assistant Laboratory Director for Flight Projects 
Surveyor Project l\Ianager 
Assistant Project l\1anager 
Spacecraft Systems l\1anager 
Project Scientist 
Assistant Project Scientist 

,
Tracking and Data System Manager 

H ughes Aircraft Co. 

Senior Vice President 
l\Ianager, Space Systems Division 
Surveyor Program l\Ianager 
Assistant l\Ianager, Test and Operations 
Assistant l\1anager, Engineering and l\ lanufacturing 
Chief Scientist 
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