
9. Lunar Surface Closeup Stereoscopic Photography 

The lunar samples returned by the Apollo 11 
mission have provided preliminary information 
about the physical and chemical properties of 
the Moon and, in particular, about Tranquility 
Base. Because of the mechanical environment to 
which lunar samples are subjected during their 
return from the Moon, limited information can be 
obtained from lunar samples about the structure 
and texture of the loose, fine-grained material 
that composes the upper surface of the lunar 
crust. A stereoscopic camera capable of photo- 
graphing the small-scale ( between micro and 
macro) lunar surface features was suggested by 
Thomas Gold, Cornell University, and built 
under contract for NASA. 

The photographs taken on the mission with 
the closeup stereoscopic camera are of outstand- 
ing quality and show in detail the nature of the 
lunar surface material. Several photographs con- 
tain unusual features. From the photographs, 
information can be derived about the small-scale 
lunar surface geologic features and about proc- 
esses occurring on the surface. This chapter 
presents a description of the closeup stereoscopic 
camera, lists and shows single photos from pairs 
available for stereoscopic study, and contains an 
interpretation of the results reported by Profes- 
sor Gold in Science, vol. 165, no. 3900, pp. 1345- 
1349, Sept. 26, 1969. 

Apollo Lunar Surface Closeup Camera 

The Apollo Lunar Surface Closeup Camera 
(ALSCC), built by Eastrnan Kodak under con- 
tract to the NASA Manned Spacecraft Center, 
was designed to optimize operational simplicity 
(fig. 9-1). The camera is an automatic, self- 
powered, twin-lens stereoscopic camera capable 
of resolving objects as small as SO pm in diameter 
on color film. Simplicity of operation was achieved 
by making the camera focus and the flash ex- 

launch with sufficient Ektachrome MS ( SO368 ) 
film for the complete mission. To obtain a photo- 
graph, an astronaut merely sets the camera over 
the material to be photographed and depresses 
the trigger located on the camera handle. When 
the exposure is complete, the film is automatically 
advanced to the next frame, and the electronic 
flash is recharged. 

posure fixed and by loading the camera prior to FIGURE 9-1. - Apollo lunar surface closeup camera. 
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The requirement to simplify the ALSCC op- 
eration necessitated a reasonable depth of field 
that could be achieved only by limiting the 
image magnification produced by the system. The 
camera lenses are diffraction-limited 46.12 mm 
f/17 Kodak M-39 copy lenses focused for an 
object distance of 184.5 mm, providing an image 
magnification of 0.33. The lenses are mounted 
29 mm apart, with their optical axes parallel. 
The area photographed is 72 mm x 82.8 mm and 
centered between the optical axes; thus, stereo- 
scopic photographs with a base-to-height ratio of 
0.16 are provided (fig. 9-2). 

Location of the Stereoscopic Photographs 

The specific location at the Apollo 11 lunar 
landing site where individual stereoscopic photo- 
graphs were taken cannot be determined with 
a high degree of confidence. Because of the lim- 
ited size of the area photographed by the cam- 
era, the subject material cannot be identified 
within the large-scale lunar surface photography. 
In the scientific debriefing of the Apollo 11 

I 
F i lm format: 27.64 by 24 mm Fi lm plane 

- TV 
u ~ - X n  . k 4 - ~  

m x a k J  

- - 

m u 
10 5 0 10 20 

Ft -_ LM rocket exhaust disturbance - Crater 
* Rock 

;:t;,;!3., Documented-sample area 

LRRR Lunar Ranging Retroreflector 
PSEP Passive Seismic Experiment Package 
& Tentative location of stereoscopic photographs 

crew, Astronaut Armstrong indicated the gen- 
eral areas, relative to the lunar module, where 
sequential sets of photographs were taken. Based 
upon Astronaut Armstrong's comments and the 
time history of events on the surface, the general 
locations of the photographs were tentatively 
established (fig. 9-3). 

Description of Photographs 

Analysis of the photographic data is not com- 
plete and will therefore be published in future 
documents. For this report, only a preliminary 
description of four photographs, provided by 
Gold, is included. 

A stereoscopic view (fig. 9 4 )  shows a close- 
up of a small lump of lunar surface powder ap- 
proximately 0.5 in. across, with a splash of glassy 
material over it. A drop of molten material ap- 
pears to have fallen on the powder, splashed, 
and frozen. 

Figure 9-5 shows a clump of lunar surface 
powder with various small, differently colored 
pieces. Many small, shiny spherical particles can 
be seen. 

FIGURE 9-2. - Schematic of the ALSCC. FIGURE 9-3. - Locations of ALSCC photographs. 
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FIGURE 9-4. - A small lump of lunar soil with a glazed FIGURE 9-6. - Stone embedded in powdery lunar surface 
top and a smaller glazed piece to the right. The larger material. ( NASA ASll-45-6712 
object shows no change of color or texture compared 
with the surrounding ground, known to be soft, fine- 
grained soil, except for the glaze mark. (NASA AS11- 
45-6704 ) 

Another stereoscopic view (fig. 9-6) shows a 
stone, approximately 2.5 in. long, embedded in 
the powdery lunar surface material. The small 
pieces grouped closely around the stone suggest 
that it suffered some erosion. On the surface, 
several small pits are seen, mostly less than one- 
eighth in. in size and with a glazed surface. The 
pits have a raised rim, characteristic of pits 

made by high-velocity micrometeorite impacts. 
One stereoscopic view (fig. 9-7) of the sur- 

face of a lunar rock shows an embedded %-in. 
fragment of a different color. On the surface, 
several small pits are seen, mostly less than one- 
eighth in, in size and with a glazed surface. The 
pits have a raised rim, characteristic of pits 
made by high-velocity micrometeorite impacts. 

FIGURE 9-5. - Clump of lunar surface powder (NASA FIGURE 9-7. - Stereoscopic view (NASA ASll-45-6709) 
ASll-45-6706) 
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The stereoscopic views in figures 9-8 to 9-20 
are included in this report to make the avail- 
ability of the photographs known. Descriptions 
or interpretation of these photographs were not 
available for this publication. 

These photographs are available upon request 
from the NASA Manned Spacecraft Center, 
Houston, Tex. The following is a listing of the 
17 photograph numbers, keyed to the figure 
number used in this chapter. 

Photograph 

AS 11-45-6704 
AS1145-6706 
ASll45-6712 
AS 1145-6709 
AS1145-6697 
AS1145-6698 
AS 11-45-6699 
ASll45-6700 
ASll45-6701 
AS1 1-45-6702 

FIGURE 9-9. - Stereoscopic view ( NASA AS11-45-6698 ) 

FIGURE 9-10. - Stereoscopic view (NASA AS11-45-6699) 

FIGURE 9-8. - Stereoscopic view ( NASA ASll-45-6697 ) 
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FIGURE 9-11. -This is the bottom of a crater, and the 
affected area is close to the upper edge of the frame 
(and   re sum ably beyond). Here, glazing is seen in a 
very regular fashion, with the edges and points that 
face upwards and out in a direction to the upper right 
consistently affected. The stereoscopic view is re- 
quired to observe the directional effect. (NASA AS11- 

FIGURE 9-13. - Stereoscopic view (NASA ASll-45-6702) 

FIGURE 9-12. - Stereoscopic view ( NASA ASll-45-6701) 

FIGURE 9-14.-Stereoscopic view (NASA ASll-45- 
6702-1 ) 
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FIGURE 9-15. - Stereoscopic view (NASA ASll-45-6703) 

FIGURE 9-17. - Stereoscopic view (NASA ASll-45-6707) 

FIGURE 9-16. - Stereoscopic view ( NASA ASll-45-6705 ) 

FIGURE 9-18. -A large area of glazing is seen in the 
lower left region, both on the horizontal and on the 
sloping surfaces of the ~rotuberance. Some glazing is 
also seen on the lower right object, with edges and 
points particularly affected. In the upper part of the 
picture a small glossy bead is seen poised on a nar- 
row pedestal. (The detail in the color stereoscopic 
transparencies far exceeds that which can be repro- 
duced in the present print. ) ( NASA ASll-45-6708) 
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known previously or that could not be seen with 
similar definition by Astronauts Armstrong and 
Aldrin in their careful inspection of the lunar 
surface. One of those is outstanding in being 
wholly unexpected and possibly of consequence 
not only to lunar geology but also to aspects of 
the study of the Sun, the Earth, and other bodies 
of the solar system. 

The observation is that of glossy surfaces, in 
appearance a glass of color similar to the sur- 
rounding powdery medium, lying in very par- 
ticular positions. Small craters that are plentiful 
on the lunar surface - 6 in. to 2 or 3 feet in 
diameter - have frequently some clumps of the 
lunar soil or rough spots of the surface texture 
concentrated toward their center. They give the . - 

FIGURE 9-19. - Stereoscopic view (NASA ASll-45-6710) appearance of having been swept in at a time 
later than the formation of the crater. Some of 
these little lumps appear to have just their top 
surfaces glazed. The glassy patches that can be 

FIGURE 9-20. - Stereoscopic view (NASA ASll-45-6713) 

Apollo 1 1  Observations of a Remarkable 
Glazing Phenomenon on the Lunar Surface 

T. Gold 

The Apollo 11 mission carried a closeup stereo 
camera with which the astronauts took 17 pic- 
tures. Each is of an area 3 by 3 in., seen with a 
resolution of approximately 80 pm. There are 
many details seen in these pictures that were not 

seen on the photographs range in size from X mm 
to about 1 cm. 

The glazed areas are clearly concentrated 
toward the top surfaces of protuberances, al- 
though they exist also on some sides. Points and 
edges appear to be strongly favored for the 
glazing process. In some cases, droplets appear 
to have run down an inclined surface for a few 
millimeters and congealed there. 

The astronauts' information was that similar 
things were seen in many small craters, many 
more than the eight instances of which we have 
photographs. They were not able at the time to 
pick up any of the objects for the sample return. 
They did not see a single glazed piece in any 
different geometrical position other than near 
the center of a small crater. They were not able 
to handle any of the objects, and thus have no 
direct observation as to the thickness of the 
glass. Since they only saw them from eye-height, 
looking down at the ground in front of them, 
their visual acuity would be considerably less 
than that of the camera, and they could there- 
fore not supplement the detailed information 
contained in the pictures. 

Several theories of the origin of this phenome- 
non have to be discussed. 

1. An effect connected with the rocket exhaust 
of the desoent stage. 
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It  might be thought that in the last phases of 
the landing process the rocket flame melted some 
lunar material and that this was blasted over the 
surrounding terrain. While at first this seems a 
very attractive hypothesis, when pursued in 
more detail it runs into difficulties. These are 
concerned with the regional distribution of the 
objects and also with the detailed geometrical 
relationships in the places where they are seen. 

The astronauts noticed these objects first in a 
region ahead and to one side of the landing 
approach path, about 50 ft from the spacecraft. 
The pattern of disturbance caused by the rocket 
could be seen to extend hardly beyond the foot- 
pads of the spacecraft. The inspection of the 
approach path and the region directly under- 
neath the nozzle of the rocket showed the ground 
disturbed there, but no evidence of any melting 
was seen. It seems most unlikely that if melting 
occurred, all molten material was blasted away, 
not leaving a higher concentration near the 
source. 

No explanation can be found of how material 
so flung out would end up concentrated in little 
clumpings in the bottoms of small craters with- 
out there being also some on the flat surface or 
in much shallower depressions. The material 
could not be thought to have been propelled by 
gas drag and to have slid over the surface, to 
land perhaps in sheltered holes, since the rocket 
gas-drag forces are quite inadequate at a dis- 
tance of more than a few feet from the rocket. 
This is substantiated by the fact that the radially 
streaked pattern of the ground radiating out 
from underneath the spacecraft disappears at a 
distance of between 10 and 15 ft. No glassy objects 
could have been dragged over the surface by 
this stream at a distance of 50 ft; if they had 
been flung that far, they would be lying essen- 
tially where they landed, and no reason is then 
seen for the specific distribution that was found. 

The glassy objects were, by the astronauts' 
descriptions, substantiated by the pictures, 
usually found in a tight clumping, and the pic- 
tures indicate in several cases a definite com- 
mon azimuth dependence of the effect among 
the members of any one group. (There is no 
record of the azimuth position of the camera, 
so different groups cannot be compared with 

each other; but the camera was generally held 
facing nearly vertically downward. The astro- 
nauts were not aware of any azimuth effect, nor 
could they have been expected to see it, since it 
becomes evident only from a careful study of 
the high-resolution pictures.) 

I t  thus seems extremely improbable that any 
effect of the rocket exhaust can be held respon- 
sible for the phenomenon. 

2. Splashing of liquid drops from a larger im- 
pact elsewhere. 

Many of the same objections can be raised 
again here. Such droplets could not have landed 
in preferential places. On impact, with the ve- 
locities necessary from a source more than a 
few feet away, they would have toppled and 
destroyed many of the frail structures that they 
hit, and thus the geometrical relationships would 
have been lost. 

3. The objects are common in the ground, 
where they were distributed after being created 
by shock heating or volcanism. Erosion has ex- 
posed some of them. 

The fact that the objects are found in the 
bottoms of little craters argues against slow 
erosion exposing them, for these craters are 
filled up and not emptied out by the lunar sur- 
face transportation processes. There are many 
cases of a clearly visible outline of the glazing, 
showing shapes characteristic of viscous flow 
defining that outline. One is clearly not dealing 
with entirely glazed objects of which only a 
certain fraction is cleaned o.ff and exposed, but 
rather one is dealing with objects that are cov- 
ered with a glaze mainly on top. 

Small glassy spheres had been reported to be 
common in the lunar soil, and many are indeed 
also seen on the pictures. Their origin may be 
understood merely as a consequence of meteoritic 
impact melting and freezing during the ballistic 
trajectory of the ejected material. If the ground 
has been plowed over many times by impacts, 
as suggested by the topography of the Moon, a 
substantial admixture of spheres and other 
shapes resulting from only partial melting must 
indeed be expected in the ground. The glazed 
surfaces discussed here appear not to be of this 
character. Fragments of them may also appear 
in the lunar soil, and those would be expected 
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to be thin pieces, shiny on one side, and rough 
with embedded soil on the other. 

4. They are objects created by the impact 
that made the little craters in which they are 
now found. 

This seems impossible in view of the fact that 
they are frequently quite frail struc,tures, ap- 
parently only made of the powdery material, 
and they could not have survived and remained 
there in definite geometrical positions when an 
explosive force excavated the crater. While in a 
hard rock a glazed coating may remain lining 
the impact pit, this is very unlikely in a soft soil. 
All material exposed to enough heat to melt 
would be exposed also to aerodynamic forces 
large enough to be expelled. Any glass made by 
a strong pressure wave in the ground and subse- 
quently exposed would not have glossy surfaces 
except as a result of fracture. The shapes seen 
are in most cases clearly the result of a surface 
viscous flow and not of a fracture. 

5. Radiation heating. 
An intense source of radiative heating could 

account for all the facts that are now known. 
The wavelength of this radiation could be any- 
where in the electromagnetic spectrum between 
the far ultraviolet and the far infrared. For 
radiative heating from a small angular source 
in the sky the bottoms of craters are substantially 
favored. The equilibrium temperature in a given 
radiation field is likely to be between 10 and 20 
percent in absolute temperature above that of 
flat ground. (This problem has been discussed in 
some detail by Buhl, Welch, and Rea (ref. 9-I).) 
The reason for that is, of course, the diminution 
of the solid angle subtended by the cold sky for 
a particle in a hollow compared with one on flat 
ground. There is thus an intensity range where 
radiation heating will cause melting only in the 
bottoms of craters. The positioning of the ob- 
jects can be understood in these terms. 

No significant mechanical forces would be in- 
volved, and frail structures could suffer melting 
of their upper surface without being deranged. 
One protuberance, for example, shows no change 
in color or texture from the surrounding medium 
known to be soft powder; yet it has a large 
patch of glazed material over the top of it. If 
the source of the heating were not directly 

overhead, there could be a common azimuthal 
preference for the melted surfaces. 

Protuberances, rather than flat ground, and 
sharp points and edges would be favored for 
melting if the heat source existed for a short 
time only. The reason for this is that heat con- 
duction will carry less heat away from such 
positions, and they would reach the temperature 
corresponding to the local radiative equilibrinm 
sooner than would flat surfaces. The observations 
are very clear in demonstrating such an effect. 
Similarly, the apparently thin coating of glaze 
clearly seen in many of the pictures indicates a 
short duration for the period of the radiative 
heating. With the approximately known rate of 
heat transfer in the lunar material, one may esti- 
mate that the duration of the heating phase was 
between 10 and 100 sec. 

Among the interpretations discussed here, 
only radiative heating seems to be able to ac- 
count for the major observational data; and it 
accounts well for both the distribution over the 
ground and the detailed geometrical arrange- 
ments in which the glazing is found, for it is in 
just those places that the temperature would be 
expected to be at a maximum. We must there- 
fore seek clues as to the nature of such a flash 
of radiation. 

The time of occurrence of the flash heating 
would have to have been sufficiently recent for 
micrometeorites not to have destroyed the glaze, 
nor for the mechanisms that redistribute the 
lunar soil to have blanketed the objects. Esti- 
mates of the micrometeorite rate at the present 
time vary considerably, but it seems very un- 
likely that the glaze could be maintained on the 
surface for as much as 100000 yr and probably 
not'for more than 30000. The event in question 
would thus have to have taken place within this 
geologically very recent past. Several possibili- 
ties have to be discussed. 

a. An impact fireball on the Moon. 
A large impact would no doubt generate in- 

tense radiation from the explosive gas cloud. 
This radiation will, however, be largely screened 
from reaching areas outside the crater made by 
the impact, and it seems unlikely that high radia- 
tion intensities would extend over regions be- 
yond those swept over by the explosive action 
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or the expelled material. Craters would be par- 
ticularly unfavorable locations for such a source 
of heat, rather than highly favored as the ob- 
servations show. 

b. An impact fireball on the Earth. 
Although very large impacts may have taken 

place on the Earth within geologic time, and 
may indeed be responsible for some of the wide- 
spread falls of tektites, no really major event is 
thought to have occurred within the sufficiently 
recent past. The energy released in an impact 
on the Earth of a 1-km meteorite at a velocity of 
20 km/sec is of the order of 3 X loz7 ergs and 
that, if it were all converted into radiation, 
would deposit on the order of 4 X lo5 ergs/cm2 
on the lunar surface. The value required to cause 
the observed effect is of the order of 3 X lo9 
ergs/cm 2. No fireball of adequate intensity 
seems to have existed on the Earth within the 
last hundred thousand years. 

c. A flash from the Sun. 
One can calculate the increase in the solar 

emission that would be required to cause melt- 
ing in favorable places on the lunar surface. 
The normal noontime temperature on the lunar 
equator is known to be approximately 394O K. 
The analysis of Buhl et al. (ref. 9-1) shows that 
the absolute temperature in the bottom of a 
hemispherical crater must be expected to rise 
about 11 percent above that of the surrounds. 
The normal noontime temperature would thus 
be 437O K in such locations. If f is the factor by 
which the solar luminosity is increased, we re- 
quire that 

f = (S)' . - ,  

where Tm is the melting temperature and TO 
the normal temperature in the same location. 
If we adopt a melting temperature of the lunar 
surface material of 1400° K, an appropriate 
figure for basalt, the value of f would be 106. 
The temperature of the flat ground in the same 
radiation field would then be 1260' K. (For a 
brief flash the fact that a crater bottom started 
out 40° hotter would further increase the margin 
between melting there and elsewhere.) 

The flash heating, if it originated from the 
Sun, overhead at the time in the lunar region in 

flared up for a period of between 10 and 100 sec 
to a luminosity of more than 100 times its pres- 
ent value. What could be the origin of such a 
flareup? 

Solar flares, as they are known at the present 
time, only reach a total energy output of less 
than ergs. The quantity we are discussing 
here is at least 4 X ergs for an isotropic 
source, or 2 X 103%rgs for a localized source 
on the Sun that radiates into a hemisphere only. 
While it cannot be ruled out completely that 
flares of such an intensity could occur, we have 
no evidence in this regard, although some earlier 
speculations exist (ref. 9-2). 

The phenomenon may not be in the nature of 
a flare, but in the nature of a very minor novalike 
outburst of the Sun. The nova phenomenon 
among the stars is not understood, but it is nor- 
mally concerned with a different class of star, and 
the intensity of the outburst, up to 100 times the 
normal luminosity, for a period of only tens of 
seconds every few tens of thousands of years, 
would be a phenomenon that would not have 
been recognized astronomically among stars of 
the solar type. One can therefore not completely 
rule out the possibility that stars like the Sun do 
have occasional instabilities of internal origin, 
but very much weaker than the novae. 

The infall into the Sun of a comet or asteroid 
is another possibility.' An object falling into the 
Sun at the velocity of escape would have to have 
a mass of 3 X 10" g for the kinetic energy to be 
sufficient to generate the flash. This would put 
the object into the class of asteroids or very large 
cometary cores. 

For the infalling energy to be converted into 
radiation in its entirety, it would be necessary 
for the object to break up in the solar atmosphere, 
and for no substantial pieces to remain intact at 
the level of the photosphere. Tidal disruption 
and violent heating could perhaps be invoked to 
break up a cometary body more readily than an 
asteroidal one. Also, comets have been known to 
approach the Sun very closely in historical times, 
and the statistical evidence would be that many 
have hit the Sun in a period of 30 000 years. The 
mass required ( 3  X 1021 g )  is above that which 
has been guessed at for presently known comets. 

question, thus requires that the Sun's luminosity 'suggested by F. Hoyle. 
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An icy cometary core would have to have a 
radius of approximately 100 km, while some pres- 
ently known comets2 may have cores as large as 
50 km. The suggestion that the flash was due to 
an infalling comet seems to merit further atten- 
tion. 

If such a flash occurred on the Sun within 
geologically recent times, there are many other 
consequences that may perhaps be recognized on 
the Earth or other planets. If the flash occurred 
as a result of an infalling object, or of a super- 
flare, or of an internal outburst that exposed sub- 
photospheric material, its spectrum would be 
mainly in the ultraviolet. So far as the Earth is 
concerned, the total extra heat delivered would 
be mainly spread in the atmosphere and does not 
cause a substantial rise in the temperature of the 
lower atmosphere. The heat delivered to the 
ground is not likely to have been enough to cause 
any permanent effects. Nevertheless, there may 
be effects in the geologic record that can be 
attributed to such an event. The upper atmos- 
phere of the Earth and of Venus, and the entire 
atmosphere of Mars, would, however, have been 
seriously affected. On the Earth, the ratio of 
3He and *He in the outer atmosphere suggests 
that there is no substantial preferential loss by 
slow evaporation of 3He (refs. 9-3 and 9 4 ) .  If 
the outer atmosphere were entirely swept away 
by such outbursts, then the present ratio, which 
implies an absence of a preferential thermal 
evaporation at normal temperatures of 3He, 
would be more readily understood. The appar- 
ent absence of nitrogen on Mars, as reported 
from the data of the Mariner 6 and 7 flights, 
could also be understood if the entire atmosphere 
had been swept away and, in the short time 
since, had been replenished only from the con- 
stituents frozen out on the polar cap, which may 
be CO2, but not nitrogen3 

*F. Whipple, private communication. 
3Suggested by C. Sagan. 

Flash heating on the surface of Mercury would 
have been much more intense, and if made of 
lunar-type rock, almost an entire hemisphere 
would have been glazed. We do not know the 
surface material, nor the effects of erosion and 
solar irradiation on Mercury, and the absence 
now of a glazed hemisphere could be understood 
as due to a different material or a faster destruc- 
tion of glass on Mercury than on the Moon. 

No doubt many more facts will come to light 
concerning the lunar surface and, perhaps, this 
phenomenon, in the analysis of the lunar samples 
brought back by Apollo 11. A rapid publication 
of these findings was nevertheless indicated by 
the urgency to make the best possible scientific 
preparations for the next Apollo flights. 

A more complete review of this and other in- 
formation contained in the closeup pictures will 
be published later. 
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