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Abstract-The three largest Skylab IV Command Module windows that were exposed for 84 days to 
space were optically scanned for impact features as small as 30 ,um in diameter. This scanning effort, 
which was carried out at an optical magnification of 35 x, detected features approximately three times 
smaller than were found in the original 5 x scanning effort over the entire window surface by Cour-
Palais (1979). Some 289 features were recorded from the 35x scan for later detailed analyses. Sixty 
of the largest and most promising features were cored from the windows for SEM and EDS analysis. 
Twenty-six of the cores contained craters with glassy pits, and of these, fourteen were found to 
contain strikingly obvious liners coating the interior of the glassy pit. The six largest features cored 
from the windows do not have a central glassy pit which leaves their previously reported hypervelocity 
origin in some doubt. 

The remaining twenty-eight features that were cored from the windows show no clear evidence for 
a hypervelocity origin and evidence available at this time is insufficient to identify an origin in earth 
orbit or as ground damage. EDS analysis of six of the seven liners that have been examined show 
detectable aluminum in the liner or lip of the glassy pit. The source of aluminum is most probably an 
earth orbiting population of aluminum oxide spherules, exhaust effluent from solid rocket motors. 

INTRODUCTION 

The role of microparticle impacts in space and on planetary bodies without an 
atmosphere has been the focus of considerable research in support of the space 
program. Laboratory studies and analysis of lunar samples provide the bulk of 
reference data. This research outlines some new and unique observations of 
crater morphology on the Skylab IV/ Apollo windows, features that have not 
been observed previously. These unusual data have renewed interest and resur-
rected certain questions about the nature and origin of some of the impacting 
materials in space. Our preliminary results are presented in support of this re-
newed interest. 

The Command Module (CM) windows of the Skylab III and IV missions 
recorded the near-earth impacting meteoroid flux for periods of 59-1 /2 and 84 
days, respectively. Cour-Palais (1979) examined these windows for meteoroid 
impact craters and obtained an impact flux in very satisfactory agreement with 
his previous analyses of windows from the earlier Apollo missions. 
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These data have several important applications including: (1) obtaining absolute 
lunar regolith evolution rates; (2) establishing the current absolute erosion rates 
of lunar rocks; (3) establishing the surface exposure duration for certain lunar 
rocks still in crater production (if the cratering rate is assumed constant in time); 
(4) providing a foundation for deducing the space survival time of meteoroids 
against the collisional destruction of other meteoroids. However, questions had 
arisen about the origin of the impacting flux. These questions were derived largely 
from the investigations of Hallgren and Hemenway (1976) and Nagel et al. (1976) 
who detected abundant aluminum in some of the impact craters analyzed from 
Skylab experiment (S-149). Hallgren and Hemenway showed from field-of-view 
considerations that some of the craters with aluminum were produced by hyper-
velocity impacts and were not derived from secondary ejecta from the adjacent 
orbital workshop. As there are no expectations of meteoroids with only aluminum 
and no other elements (with Z> 11 and thereby detectable by energy dispersive 
X-ray analysis), these results gave rise to a suspicion of an earth-orbiting cloud 
of debris. 

The above considerations, in part, prompted us to undertake a careful reex-
amination of the Skylab IV CM windows for meteoroid impacts. We rescanned 
these windows optically at a magnification of 35 x. This compares with the orig-
inal 5 x scan of the entire window surface and a 20 x scan of 224 cm2 of surface 
area (Cour-Palais, 1979). With our detection threshold set for a 30 µ,m impact 
spall diameter which corresponds to a pit diameter of about 7 µ,m, we had hoped 
to detect the inflection point (where the graph curvature changes from convex to 
concave) in the cumulative pit diameter distribution seen by Morrison and Zinner 
(1977) in lunar data. With the increase in meteoroid impact velocity largely due 
to the gravitational field of the earth, we anticipated that this inflection point 
should move to about 10 µ,m assuming the fused silica windows reacted similarly 
to lunar materials. We should, therefore, have had some chance of detecting this 
inflection point with our improved optical resolution. 

WINDOW EXAMINATION AND CORING 

The spacecraft windows are held in place by a gasket and a frame that restricts 
the area of exposure. The exposed area of each window was determined by 
cutting out sheets of paper to fit snugly into the recessed area of the window 
frame and then measuring the areas of these paper sheets with a planimeter. We 
measured areas of 940 cm2 each for the right and left windows and 685 cm2 for 
the hatch window. The last number differs somewhat from Cour-Palais' (1979) 
determination of 740 cm2 for the hatch window. We believe our procedure yielded 
a more precise result ( ± 1 % error) than did his approximate procedure. We then 
scribed the outline of these exposed areas on the Skylab IV CM windows with 
a diamond point pen in order to minimize the amount of area we needed to search 
for hypervelocity impact craters. 

After cleaning the surfaces with a detergent (Alconox), the windows were 
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optically scanned for candidate impact craters at a magnification of 35 x . A small 
area of about 30 cm2 was scanned at 50x. We feel that we were able, at 35 x, to 
detect and examine essentially all craters with a spall diameter larger than 40 µ,m. 
Our threshold was set at 30 µ,m but it is probable that we failed to detect some-
thing like 10% of the crater population at that threshold. For the 50x scan we set 
a threshold of 15 µ,m. 

To do the optical scanning we used a System C-7200 COSCAN optical com-
parator made by Optronics International (Chelmsford, Mass.). This system has 
an optically transparent table riding on an air bearing with 25 cm of travel in both 
x and y directions. We used it with transmitted light so that the craters would 
show up as shadows in an otherwise clear view. The table was motor driven with 
a logarithmic x-y controller and proved to be very satisfactory for our purposes. 

Each window was scribed into four quadrants which were then scanned sep-
arately. When a crater was found, we searched it for features (such as a glassy 
pit) that would indicate a possible hypervelocity impact origin for it. The optical 
comparator had a 2 x zoom capability that was useful for more detailed viewing. 
All those craters that were considered to be of possible hypervelocity impact 
origin were then recorded by a penciled dot on a sheet of white paper precisely 
positioned by retaining tabs glued on the sides of the window. Each such dot was 
numbered for later reference. We recorded 25 craters on the hatch window, 140 
on the right window and 124 on the left window for a total of 289 craters. Ap-
proximately two hundred other features were dismissed during the optical scan-
ning as pits clearly resulting from glass polishing processes or from some other 
non-hypervelocity impact origin. 

The sixty craters that were optically judged to be the best candidates for a 
hypervelocity origin were then cored from the three windows, 25 from the right 
window, 22 from the left window and 13 from the hatch window. Four other 
craters were accidentally destroyed during the coring process. A one millimeter 
thick wafer containing the crater was then sawed from each core and ultrasoni-
cally cleaned in acetone, methonal, liquid freon, and occasionally, triply distilled 
water. Samples were then sputter coated with about 25A of Au40: Pd60 alloy to 
produce an artifact free surface using the technique of Morrison and Clanton 
(1979). The coated samples were examined with a JEOL SEM-lO0CX TEM-
SCAN which is capable of better than 30A resolution point-to-point at 100,000x 
in the SEM mode. Chemical analysis data were obtained with a Princeton 
Gamma-Tech 1000 EDS. 

CRATER MORPHOLOGY AND CHEMISTRY 

Although all of the cores contained features whose origin was suspected to be 
from hypervelocity impacts, the magnification, resolution and depth of field of 
the optical microscope was inadequate to characterize or classify the features. 
Based on SEM studies, the impact features can be grouped into three major 
types: (1) Glassy pit craters, microcraters with a central glass lined pit surrounded 
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by a raised lip of impact-fluidized glassy material, (2) pitless craters, microcraters 
without a central glass-lined pit and raised lip but with well developed zones of 
radial and concentric fracture, (3) damage craters, shallow features without fluidized 
glass but with poorly developed radial and concentric fracture. 

Glassy pit craters 

Twenty-six examples of hypervelocity impacts that produced impact-fluidized 
glassy pits and raised rims have been documented. The morphology in general 
is similar to features observed on lunar samples but the spall zones often appear 
to be more shallow (Fig. 1). However, twelve of the glassy pit craters, unlike 

Fig. 1. SEM micrograph of a hypervelocity impact pit of probable micrometeorite origin. 
Fractures radiate from the glassy rim that surrounds the deep central pit. Most of the 
original surface near the point of impact has spalled away leaving conchoidal fracture 
scars. Four of the radial fractures extend beyond the conchoidal spall zone. A small 
portion of the original surface extends out over the glassy rim and serves to illustrate 
how the impact feature forms below the original surface. Surrounding the spall area is 
a thin white line that marks the edge of the magnesium flouride antireflection coating on 
the window that has been torn away by the impact event. 

Fig. 2. SEM micrograph of a liner coating the interior of a hypervelocity impact pit. 
Based on the morphological relationships of the liner and the pit, a scenario during 
formation can be outlined. Some rather restricted conditions for the impact event are 
indicated and in particular, low impact velocities ( < 10 km/ sec) are required because of 
the large amount of projectile material that survives the impact. 

Initially, sufficient impact energy is available to form the classic glassy pit which chills 
rapidly. The projectile which is shock melted is sufficiently plastic to deform to the 
shape of the host pit yet not so fluid as to mix with and become an integral part of the 
glassy pit wall. The liner cools and contracts forming a cast of the pit wall. The sepa-
ration of liner from the pit wall suggests materials with differing physical and chemical 
properties. 
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Fig. 3. SEM micrograph of a hypervelocity impact crater with two liners coating the 
interior of the glassy pit. Both the liners, although now incomplete and broken, appear 
to conform to the irregular interior of the pit yet are clearly separate from the wall and 
each other. The outer liner is crossed by several tension cracks; droplets and debris 
partially cover the exposed surface. The inner liner, exposed where the outer liner has 
broken away, is generally smooth with a surface that is almost totally free of debris, 

Fig. 4. A higher magnification view of the broken edges of the double liner shown in 
Fig. 3. Some of the clues of the dynamics of crater and liner formation are illustrated 
in this SEM micrograph. The two layers were sufficiently plastic during emplacement 
to deform and coat the interior of the pit but because of physical or chemical differences, 
the layers do not mix with and become an integral part of the glassy wall. Further 
cooling and contraction tends to accentuate the separation of the liners from the host 
pit. The liners appear to have a fairly uniform thickness; the top liner is about 2000A 
and the bottom liner is about 3000A thick. 

lunar samples, show clear evidence of a glassy liner in the pit (Fig. 2). Addition-
ally, two other examples have been found that have a double liner (Figs. 3 and 
4). Six elongate craters have also been documented and two of these have partially 
developed liners (Fig. 5). One crater which has a pit within a pit was also found 
(Fig. 6). 

Pitless craters 

This group contains the six largest features of possible hypervelocity impact 
origin observed on the windows (Fig. 7). One has a spall dimension of over 
1 mm. The crater morphology is characterized by four distinct and concentric 
zones, (1) a large outer shallow spall, (2) a deeper spall with well developed radial 
fractures, (3) a depressed shatter zone of radial and concentric fractures and (4) 
a deep central shatter pit with well' developed radial and concentric fractures. 
There is, however, no clear evidence impact-fluidized melt and no central pit of 
melted glass. 
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Fig. 5. Elongate hypervelocity impact craters on lunar samples are rare. This crater on 
the SL-4 window is not only elongate but also has a liner that is partially developed in 
the central pit. Although EDX analysis of the chemistry of the impact products is 
incomplete, Si and a small amount of Ti are the only elements detected in the rim 
materials of this crater. 

Fig. 6. The SEM micrograph illusuates a hypervelocity impact pit of possible micro-
meteorite origin. Alhtough the general morphology resembles what has now come to be 
expected from a hypervelocity impact on the lunar surface, the interior morphology of 
the glassy pit is unusual. The normally concave floor is penetrated by a deeper and 
nearly concentric pit. An irregularly shaped projectile may explain the origin of the 
double pit. 

Damage craters 

These features have some morphological feature that suggest a hypervelocity 
impact origin when viewed under a binocular microscope. Further study with the 
SEM, however, dictates a low-velocity impact origin. The variety of fracture, 
shatter and spall morphology indicates that a wide range of particle sizes, dens-
ities and velocities contributed to the window damage. Figure 8 illustrates the 
damage from a low-velocity directional impact. 

A higher energy origin for some of the damage craters may be argued on the 
basis of deep conchoidal spalls and well developed radial fractures. Some of these 
craters have what appears to be a fused aggregate of particles a few hundred 
angstroms in diameter that partially cover selected areas within the spall zone. 
These "popcorn" like features (Fig. 9) may represent incipient melting of pro-
jectile or target material, or perhaps some form of contamination that was not 
removed during the cleaning processes. Studies to date have not yet clearly iden-
tified an origin for these features. 

Only a limited amount of chemistry has been attempted on the samples at this 
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time. The data are limited to some qualitative EDS analysis and WDS analysis of 
some of the glassy pit craters with liners. The Skylab IV/ Apollo window material 
is an optical grade of fused quartz and impurities do not exceed a few parts per 
thousand. The surface of the window is coated with about 200 angstroms of 
magnesium floride, an antireflection coating. EDS analysis of areas on the un-
damaged window easily detects the Mg-rich surface. In the spall areas, Si is 
typically the only element that can be detected. Six of the seven lined glassy pit 
craters that have been analyzed by EDS show detectable aluminum in the liner 
or rim material (Fig. 10). Additionally Ti has been detected in the rim of one of 
the elongate and lined glassy pit craters (Fig. 5). 

Because much of the EDS analysis must be done on submicron thick features, 
considerable effort will be required to obtain more quantative data. The glassy 
pit crater shown in Fig. 2 was also subjected to extensive analysis on a Cambridge 

Fig. 7. The pitless craters are the largest damage features on the SL-4 windows and do 
not have a clear hypervelocity origin-no glassy central pit remains. There is evidence 
based on some laboratory tests, however, that the glassy pit may be dislodged by the 
violence of the impact event. 

The damage typically forms four distinct zones (1) an outer very shallow spall about 
1 mm in diameter, (2) a deeper spall about 500 µ,m in diameter that is characterized by 
large well developed radial fractures, (3) a depressed shatter zone about 230 µ,m in 
diameter of smaller radial and concentric fractures, and (4) a deep shatter pit about 150 
µ,m in diamter with well developed radial and concentric fractures. 

Fig. 8. A number of features too small to be clearly characterized with an optical mi-
croscope proved under SEM analysis not to have a hypervelocity impact origin; no 
central glassy pit had been developed. The variety of fracture, spa!! and shatter forms 
indicate a range in particles sizes or densities or velocities may have contributed to the 
window damage. 

A zone of shatter marks the impact point of the projectile. The conchoidal spalls are 
unequally developed and asymmetrically arranged. An origin from a low-velocity direc-
tional impact is indicated. 
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Fig. 9. Some of the craters in the Skylab IV/ Apollo windows have patches of what 
appear to be individual particles, some 400 to 600A in diameter, that appear to have 
been fused together to form a "popcorn" morphology. This material may represent 
target material that has been partially sintered or may represent some form of contam-
ination that was not removed during the cleaning process. EDS analysis of submicron 
particles is difficult and a definite composition has not yet been obtained. 

Fig. 10. EDS spectra from the rim of a glassy pit crater. The verticle axis is count rate, 
the horizontal is energy (Ke V). The dominant peak is silicon from the fused quartz 
window. The aluminum occurs only in the glassy rim material. The source of the alu-
minum is thought to be from aluminum oxide spherules, exhaust effluent from solid fuel 
rocket motors. 

9 1e 

SEM equipped with wave length dispersive spectrometers (WDS). This WDS 
study confirmed the earlier EDS analysis; Al was the only foreign element that 
could be detected in the glassy pit/liner. 

Crater morphology from hypervelocity impacts on lunar samples has been ex-
tensively documented since the return of the Apollo 11 samples (e.g., Carter and 
McGregor, 1970; Frondel et al., 1970; Goldstein et al., 1970; McKay et al., 
1970). Later, several research groups (e.g., Horz et al., 1971, and Fechtig et al., 
1976) carried out exhaustive surveys of microcratering on lunar rock surfaces. 
An extensive bibliography and review of the cratering literature is given by Ash-
worth (1978). Additionally, the work of Morrison and Clanton (1979) documents 
details of craters less than 1000A in diameter on lunar samples. 

Experimental studies of hypervelocity impacts under controlled laboratory con-
ditions (e.g., Roy et al., 1972; Roy and Slattery, 1973; Mandeville and Vedder, 
1971; Vedder, 1971, 1976) provides an additional insight into such variables as 
projectile velocity, density, angle of incidence and the role of different target 
materials. A review of the equipment and the various techniques that have been 
used to produce hypervelocity impacts under laboratory conditions is given by 
Fechtig et al. (1978). Additionally, a brief description of the micrometeoroid 
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detectors that have been flown in space is provided along with some of the prob-
lems associated with cross calibration of equipment/experiments. 

The literature on lunar samples and laboratory simulations fails to document 
previous observations of liner morphology similar to those occurring on the Sky-
lab IV/ Apollo windows. The literature does, however, provide a precedent for 
hypervelocity craters with high aluminum. Hallgren and Hemenway (1976) ana-
lyzed 18 craters found on the S-149 Skylab experiment using a SEM with EDS 
capability and observed that most of the craters had high aluminum contents. 
The high aluminum contents are inconsistent with the observations of Anders et 
al. (1973) for the composition of meteorites in lunar soils. Although Nagel et al. 
(1976) and Hallgren and Hemenway (1976) could relate most of the hypervelocity 
pits to primary or secondary impacts from space debris, some craters appeared 
to have a true micrometeorite origin. 

Our detection of high aluminum in six of the seven glassy pit craters with liners 
supports the findings of Hallgren and Hemenway (1976) and Nagel et al. (1976). 
A source for the aluminum may be inferred from indirect evidence; Brownlee et 
al. (1976) comment that 90 percent of the collected stratospheric particles in the 
3 to 8 µ,m range are aluminum oxide spherules. Sampling flights through the 
exhaust plumes of Titan III rockets identified the source of these particles as 
exhaust effluent of solid rocket motors (Ferry and Lem, 1974). The review by 
Brownlee (1978) of stratopsheric microparticle collection and analyses discusses 
the basis for identifying cosmic dust particles in this background of rocket exhaust 
effluent, terrestrial contamination and other man-induced space debris (titanium 
based paint flakes). 

Our original goal was to determine the micrometeorite flux in near earth orbit. 
Our study has presented us with a much more complex problem than was first 
anticipated. We now find that we must separate a natural flux from a man-induced 
flux. At this time, the origin for two of the crater morphologies is not totally 
clear. The literature fails to provide a previous example of glassy liners in glassy 
pit craters in glass targets. However, Cour-Palais (pers. comm.) has observed an 
example of aluminum from a metallic projectile lining a hypervelocity pit in a 
copper target. 

Additionally, the largest craters on the window do not have a clear hypervel-
ocity origin. The radial and concentric fracture pattern of these features is char-
acteristically associated with hypervelocity craters with glassy pits, yet no clear 
trace of a glassy pit remains. Some basis for arguing that the glassy central pit 
may have spalled from the surface can be developed. Cour-Palais (pers. comm.) 
has carried out a number of hypervelocity impact experiments that resulted in 
the ejection of the glass-lined pits from the fused silicate targets. These experi-
ments were done with a light gas gun with projectile velocities in the range of 7 
to 8 km/s. Also Carter and McKay (1971) noted an example of a pit that had 
nearly left its parent crater in a heated (750°C) fused silica target. The impact 
velocity in this case was 7.2 km/s. Notwithstanding these observations, however, 
we cannot yet be sure that the six largest craters did not result from processes 
occurring during manufacture, checkout or recovery of the Apollo spacecraft. 
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CRATER SIZE DISTRIBUTION 

Cumulative crater size distribution based on SEM studies obtained from 32 of 
the 60 Skylab IV/Apollo window cores are shown in Fig. 11. The six largest 
features, the pitless craters, are plotted as closed symbols; the 26 glassy pit 
craters comprise the remaining plot of data. The 28 damage craters are not in-
cluded. The 14 craters that have a liner which coats the central glassy pit are, in 
addition, replotted separately to the lower left in Fig. 11. In each case the total 
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Fig. 11. Cumulative crater number versus crater pit diameter in micrometers for the 
three Apollo Command Module windows from the 84-day Skylab IV mission. Except 
for the six largest craters shown as filled symbols, only those craters were chosen that 
have a remelted glass-lined pit strongly indicative of hypervelocity impact. The data 
points to the upper right constitute a plot of all the larger candidate hypervelocity craters 
from the three windows, while the data points to the lower left are a subset in which the 
glass-lined pit has a separate inner liner of apparently foreign material. Morrison and 
Zinner's (1977) plot (renormalized to equal 7.5 at a 40 µ,m pit diameter) of impact pits 
on lunar rock 12054 is shown for comparison. 
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number of craters with a pit diameter larger than some chosen diameter are 
plotted versus that diameter. Both axes are scaled logarithmically. 

Pit diameter was measured on SEM micrographs from rim center to rim center 
as presented by Morrison and Zinner (1977) but unlike Cour-Palais (1979) who 
measured the diameter of the interior of the rim. This difference in measurement 
becomes increasingly important in the smaller craters where the rim width is 
comparable to the rim diameter. 

The shape of the cumulative curve formed by the 32 Skylab IV/ Apollo datum 
points does not resemble the lunar impact pit size distribution curve obtained by 
Morrison and Zinner (1977) on lunar rock 12054, shown as a solid line on Fig. 
11 (renormalized for easier comparison). These observations raise questions as 
to the origin of either the lunar impact pit data or the window impact pit data. 
One possible solution could be that neither the pitless craters nor the glassy pit 
craters with liners are due to meteoroid impact. A curve excluding both the pitless 
craters and the glassy pit craters with liners does give rise to a curve nearly 
parallel to the Morrison and Zinner (1977) lunar rock data. Another possible 
solution is to presume that many of the smaller lunar impact craters are formed 
by hypervelocity secondary ejecta. This latter solution seems less probable, how-
ever, because one would then also expect to see numerous low velocity impact 
features; but lunar samples are dominated by the glassy pit craters. 

Because of our uncertainty as to the actual fraction of the impact craters that 
were due to meteoroid impacts, a flux vs. size curve is not now presented. How-
ever, to make a flux calculation in numbers of impacts per cm2 per year, one 
merely divides the observed number of craters down to some chosen limiting 
diameter by 215. The number 215 is derived by reducing the window area (2565 
cm2) to an effective area that sees 21r steradians of space after accounting for 
Skylab and ATM shielding, window inset shielding and earth shielding (see Cour-
Palais, 1979 for details) and then multiplying that effective area by the exposure 
duration in years (84 days = 0.23 years) of the windows. If one subtracts both 
the pitless craters and the glassy pit craters with liners from the data, a flux 
approximately 2.5 times lower than that given by Cour-Palais (1979) is obtained. 

SUMMARY 

Although more work clearly needs to be done to fully understand the origin and 
distribution of the microcraters on the Skylab IV/ Apollo windows, the following 
observations seem pertinent: 

1. Aluminum is detected as the only foreign component in six of the seven 
lined glassy pit craters so far examined by EDS analysis. The most probable 
source is from aluminum oxide spherules, exhaust effluent of solid fuel rocket 
motors. The seventh crater contains titanium which may have been derived from 
an impact of a chip of thermal paint. 

2. The size distribution of the lined glassy pit craters appears to be compatible 
with an origin by hypervelocity impacts of aluminum oxide spherules. If the 
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aluminum oxide spherules are in earth orbit, impact velocities largely in the range 
of 7 to 10 km/s should be expected. Thus, the impact velocities are well below 
those expected for most impacts by micrometeorites and these lower velocities 
may be significant in the development of the lined glassy pit craters. 

3. The documentation of hypervelocity impacts on Skylab IV/ Apollo windows 
that contain aluminum support the observations of Hallgren and Hemenway 
(1976) and Nagle et al. (1976) and strongly indicate that there is a significant 
population of man-induced micro-debris in earth orbit. 

4. The six largest craters observed on the windows are pitless craters. No 
impact fluidized glass is in evidence and an origin has not been clearly established. 
However, the conchoidal and radial fracture pattern of the pitless craters more 
closely resembles that observed with hypervelocity impacts than damage caused 
during polishing, window installation, ground operations, recovery, etc. 

5. The shape of the curve of the Skylab IV/ Apollo cumulative number versus 
pit diameter plot compares favorably with the Morrison and Zinner (1977) lunar 
curve only when the pitless craters and the lined glassy pit craters are excluded. 
We have not yet seen the inflection point expected at ~ 10 µ,m pit diameter. 
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