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Abstract 
We are gaining an increased awareness and understanding of 

Earth-orbiting space debris. Meteoroid experiments in near-Earth 
orbit must therefore now be able to differentiate between 
interplanetary meteoroids and space debris. Space debris impacts are 
not thought, however, to have significantly affected near-Earth 
meteoroid measurements carried out in the early 1960's. New 
experimental evidence also makes it appear very probable that most 
impact pits on lunar rocks with pit diameters smaller than 7 
micrometers have been generated by lunar secondary ejecta impacts, 
and not by primary meteoroid impacts. In addition, ages determined 
from solar flare tracks in lunar rocks are not considered secure. 
Lunar crater production rates are more reliably deduced from 
meteoroid space experiments and not from solar flare track ages. 
When all of the above qualifications are taken into account, however, 
a rather satisfactorily self-consistent meteoroid flux versus mass 
distribution is obtained. 

1. Introduction 
Hanner et al.(1976) and Leinert et al.(1981) have determined 

broad features of the heliocentric distribution of meteoroids from 
zodiacal light observations between 0.3 and 3 AU. It is difficult, 
however, to derive much information about the size distribution of 
meteoroids from only the zodiacal light data obtained to date. Even 
the relatively easy question of whether or not sub-micron grains 
scatter a significant fraction of the observed zodiacal light is not 
similarly answered by everyone. Lamy and Perrin(1980), for example, 
suggest submicron grains could contribute significantly to scattered 
light, while Leinert et al.(1980) noted that the zodiacal light 
spectrum that they observe is reddened relative to the solar 
spectrum, rather than the reverse that would be expected if 
contributions by submicron grains were significant. 

It is therefore necessary to make use of direct measurement*such 
as the photographic and radar meteor data, the spacecraft in situ 
meteoroid sensing data, and the lunar impact crater data to obtain a 
relatively complete picture of the size distribution of meteoroids. 
Detailed orbital information is also better obtained through direct 
measurements. It is direct measurements that give rise to our 
knowledge of meteor streams, beta meteoroids(Berg and Grun,1973; Zook 
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meteoroids in order to determine an uncontaminated near-Earth 
meteoroid flux. Therefore it is proper to ask if the flux 
established by Naumann(1966) is a valid meteoroid flux. We believe 
that the flux determined by Naumann is, indeed, a valid flux for the 
following reasons: 

1. The meteor data, with well determined trajectories, are 
clearly uncontaminated by orbital debris. 

2. When corrected for Earth(or Moon) shielding, the Explorer XVI 
and Explorer XXIII 25 micrometer thick sensors were penetrated at a 
rate 2.3 times greater than were similar sensors on the five Lunar 
Orbiter spacecraft(Grew and Gurtler,1971). Such a near-Earth 
increase is entirely to be expected just due to the near-Earth 
gravitational focussing of meteoroids(see Zook,1975 for uncertainties 
in the expected gravitational increase). Thus the meteoroid 
penetration measurements taken in the early 1960's appear not to have 
significantly suffered from penetrations by space debris. 

3. Brownlee et al. (1974) discovered two hypervelocity appearing 
impact pits on 800 square centimeters of aluminum foil that was 
exposed for 67 days during the Skylab IV mission. The two craters 
were 26 and 75 micrometers deep, respectively, and under chemical 
analysis, contained meteoritic material. As noted by Zook(1980), the 
near-Earth flux obtained from these two craters is 0.04 
impacts/(square centimeter-year). This flux completely agrees with 
that obtained by Cour-Palais(1974) although the statistical weight of 
two impacts is not great. More important, the chemical analyses 
showed that, in this size range, impacts during 1973 were not largely 
caused by space debris. 

3. The Lunar Microcrater Data 
Most of the rocks returned from the Moon during the Apollo 

missions showed abundant evidence of meteoroid impact pitting. It 
was quickly understood that, in those cases where crater 
superposition was not a problem, the observed pit size distribution 
probably reflected the impacting meteoroid mass distribution. 
Because nearly all of the impact craters were 
hypervelocity-appearing, with glass-lined central pits, it was felt 
that very few of the observed pits were likely to have been caused by 
secondary lunar ejecta impacts. This feeling was strongly reinforced 
by the results of Schneider's (1975) laboratory experimental study on 
cratering due to secondary ejecta. Schneider created the high speed 
ejecta with a hypervelocity impact of a steel ball at normal 
incidence onto a glass plate. Before we further examine the question 
of secondary ejecta-caused craters, we first mention the differing 
impact crater size distributions obtained on lunar rocks by two 
different investigator groups. 

Fechtig et al.(1974) compiled a variety of impact pit data on 
lunar rocks to obtain, using associated solar flare track ages, a 
composite meteoroid flux versus mass(or pit diameter) curve. 
Morrison and Zinner(1977) found that lunar rock 12054, collected 
during the Apollo 12 mission to the Moon, exhibited an unusually 
steeply increasing surface density of microcraters with decreasing 
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pit diameter, for pit diameters below about 7 micrometers. They 
argued that this and other lunar rocks with similarly steep micron-
to-submicron micropit distribution curves were the best candidates 
for the "true" lunar microcrater production curve. That is, they 
felt that these particular rock surfaces must not have been coated 
with the very thin layer of lunar dust that was often postulated to 
be causing a suppression of the creation of submicron pits on most 
lunar rocks—such suppression as would give rise to the "flatter" 
distribution observed by other groups, such as the Fechtig group. 
Both groups of investigators noted that the meteoroid fluxes that 
they derived were lower than the satellite-obtained meteoroid flux. 

We now address the problem of the microcrater production rate. 
The microcrater production rate on a lunar rock is conventionally 
derived as follows: 1. The surface density of microcraters on the 
rock is measured; 2. The solar flare track density is measured versus 
depth into the same rock; 3. Using a track versus depth profile on a 
separate rock with an independently established exposure age as a 
standard, the solar flare track "exposure age" of the rock is 
obtained; 4. The crater production rate is then calculated by 
dividing the track age in item 3 into the crater surface density 
determined in item 1. 

The solar flare track production rate is not, however, reliably 
known. The fact that different groups of investigators obtain 
contradictory results is one cause for caution. Zinner and 
Morrison(1976) report, for example, that there is a factor of 50 
difference between the ratio they obtain for the surface microcrater 
density to the track density at 100 micrometer depth, and the 
corresponding ratio obtained by Hutcheon(197b). The reason for this 
difference is not yet understood. Furthermore, researchers such as 
Storzer et al.(1973) and Hutcheon et al.(1974) have obtained a very 
steep increase in solar flare track density as they proceeded from 
the interior of the lunar rock outward toward the surface, while 
Blanford et al. (1975) and Morrison and Zinner(1977) obtain a much 
smaller increase. That is, no "standard track density versus depth 
profile" has yet been agreed upon by workers in this field. Finally, 
Zook et al.(1977) and Zook(1980) argue that the solar flare track 
production rate could well have been higher about 20,000 years ago 
than is presently true. Such a time variation would give rise to 
excessive apparent surface exposure ages. Thus, one should use the 
direct in situ meteoroid sensing data, qualified as they are, rather 
than the track data to give the current impact pitting rate on lunar 
rocks. 

We next wish to address the question of impact pitting by lunar 
secondary ejecta. Flavill et al. (1978) and Allison et al .(1981) 
reconsidered ejecta cratering, using both the Schneider(1975) data 
and new oblique angle impact data obtained with a Van de Graf 
accelerator(Flavill et al.,1978), but with a different primary mass 
distribution curve. They found that both their own data and the data 
generated by Schneider would suggest that many of the pits on lunar 
rocks between 1 and 10 micrometers in diameter were caused by 
impacting secondary ejecta. 
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Significant new experimental data have been recently obtained 
by Zook et al.(1984) using a light gas gun to propel glass and basalt 
projectiles at oblique angles onto sawed basalt rock surfaces. The 
impact velocities were typically in excess of 6 km/s and the ejecta 
were permitted to impact onto glass witness plates. These shots gave 
ejecta pitting rates that were two orders of magnitude higher than 
were obtained at normal incidence(by either Schneider, or Zook et 
al.). The resulting secondary impact pits look very similar to pits 
observed on lunar rocks, and the size distribution approaches the 
steepness observed by Morrison and Zinner(1977). Thus it now seems 
very probable that the lunar microcrater population for micron-sized 
pits(<7 micrometers in diameter) is usually dominated, depending on 
the particular lunar rock exposure geometry, by secondary ejecta 
cratering and not by primary interplanetary meteoroid cratering. The 
variations among different microcrater size distributions obtained 
from different lunar rocks may be due, not to variable lunar dust 
obscuration as often thought previously, but to variations in lunar 
rock surface exposure geometry relative to the primary and secondary 
cratering environment. Impact craters on lunar rocks with central 
pits larger than 7 micrometers are still believed to be directly 
caused by impacting meteoroids. 

4. Conclusions 
1. Earth-orbiting space debris generates impacts on 

Earth-orbiting sensors that can be mistaken for meteoroid impacts. 
It is not thought, however, that Earth-orbiting meteoroid experiments 
carried out in the early 1960's were significantly contaminated by 
debris impacts. Future studies will need to use either particle 
trajectory information or particle chemistry to separate meteoroids 
from man-made debris. 

2. The lunar impact crater data is very probably dominated by 
secondary ejecta craters for impact pit diameters smaller than 7 
microns. Also, the solar flare track ages established for lunar 
rocks are probably incorrect, and therefore should not be used to 
establish impact crater production rates. 

3. The meteoroid mass distribution obtained from data on lunar 
impact pits larger than 7 microns closely fits the early 
satellite-obtained meteoroid data, as shown by Gr'u'n et al.(1984). 
Thus the lunar data, when properly interpreted, are of great value, 
and nicely complement the satellite and the zodiacal light data. 

References 

Allison, R.J. and McDonnell, J.A.M. (1981). "Secondary cratering 
effects on lunar microterrain: Implications for the micrometeoroid 
flux," Proc. Lunar Planet. Sci., 12B, 1703-1716. 

Berg O.E. and Grun E. (1973) "Evidence of hyperbolic cosmic dust 
particles", In: Space Research VIII, Akademie Verlag, Berlin, 1047-
1055. 

Blanford, G.E., Fruland, R.M., and Morrison, D.A. (1975). "Long-term 

https://doi.org/10.1017/S0252921100084402 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100084402


94 H. A. ZOOK ET AL. 

differential energy spectrum for solar-flare iron-group particles," 
Proc. Lunar Sci. Conf. 6th, 3567-3576. 

Brownlee D.E., Tomandl D.A., Hodge P.W., and Horz F. (1974) Elemental 
abundances in interplanetary dust. Nature 252, 667-669. 

Clanton U.S., Zook H.A., and Schultz R.A. (1980T "Hypervelocity 
impacts on Skylab IV/Apollo windows". Proc. Lunar Planet. Sci. 
Conf. 11th, 2261-2273. 

Cour-Palais B.G.Q974) "The current micrometeoroid flux at the Moon 
for masses <10" g from the Apollo window and Surveyor 3 TV camera 
results." Proc. Lunar Sci. Conf. 5th, 2451-2462. 

Fechtig, H., Hartung, J.B., Nagel, K., Neukum, G. and Storzer, D. 
(1974). "Lunar microcrater studies, derived meteoroid fluxes, and 
comparison with satellite-borne experiments", Proc. Lunar Sci. 
Conf. 5th, 2463-2474. 

Flavill, R.P., Allison, R.J., and McDonnell, J.A.M. (1978). 
"Primary, secondary and tertiary microcrater populations on lunar 
rocks: Effects of hypervelocity impact microejecta on primary 
population", Proc. Lunar Planet. Sci. Conf. 9th, p. 2539-2556. 

Grew G.W. and Gurtler C.A. (1971) the Lunar Orbiter Meteoroid 
Experiments. NASA TN D-6266, 43 pages. 

Gru'n, E. and Zook, H.A. (1980). "Dynamics of micrometeoroids in the 
inner solar system"; In: Solid Particles in the Solar System (eds. 
I. Halliday and B.A. Mcintosh) D. Reidel, Dordrecht, 29~3-298. 

Gru'n E., Zook H.A., Fechtig H., and Giese R.H. (1984) Col lisional 
balance of the meteoritic complex. Submitted to Icarus. 

Hallgren D.S. and Hemenway C.L. (1976) "Analysis of impact craters 
from the S-149 Skylab Experiment", Lecture Notes in Physics 48 (H. 
Elasser and H. Fechtig, Eds.) 270-274. 

Hanner, M.S., Sparrow, J.G., Weinberg, J.L. and Beeson, D.E. (1976). 
"Pioneer 10 observations of zodiacal light brightness near the 
ecliptic: Changes with heliocentric distances", Lecture Notes in 
Physics, 48, 29-35. 

Hartung J.B., Hauser E.E., Horz F., Morrison D.A., Schonfeld E., Zook 
H.A., Mandeville J.-C, McDonnell J.A.M., Schaal R.B., and Zinner 
E. (1978) Lunar surface processes: Report of the 12054 consortium. 
Proc. Lunar Planet Sci. Conf. 9th, 2507-2537. 

Hutcheon, I.D. (1975). "Micrometeorites and solar flare particles in 
and out of the ecliptic", J. Geophys. Res., 8J3. 4471-4483. 

Hutcheon, I.D., MacDougall, D., and Price, P.B. (1974). "Improved 
determination of the long-term average Fe spectrum from 1 to 460 
MeV/amu", Proc. Lunar Sci. Conf. 5th, 2561-2576. 

Kessler D.J. and Cour-Palais B.G. (1978) Collision frequency of 
artificial satellites: The creation of a debris belt. Journal 
Geophys. Res., 83, No. A6, 2637-2646. 

Kessler D.J. (1984J "Orbital debris issues," Advances in Space 
Research (In press). 

Lamy, P.L. and Perrin, J.M. (1980). "Zodiacal light models with a 
biomdal population"; In: Solid Particles in the Solar System (I. 
Halliday and B.A. Mcintosh, eds.) D. Reidel, Dordrecht, 75-80. 

https://doi.org/10.1017/S0252921100084402 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100084402


THE INTERPLANETARY MICROMETEOROID FLUX AND LUNAR MICROCRATERS 95 

Leinert, C , Richter, I., Pitz, E., and Planck, B. (1981). "The 
zodiacal light from 1.0 to 0.3 AU", Astron. Astrophys., 103, 
177-188. 

Morrison, D.A., and Zinner, E. (1977). "12054 and 76215: New 
measurements of interplanetary dust and solar flare fluxes", Proc. 
Lunar Sci. Conf. 8th, 841-863. 

Nagel K., Fechtig H., Schneider E., and Neukum G. (1976) 
"Micrometeorite impact craters on Skylab Experiment S-149", Lecture 
Notes in Physics 48, (H. Elsasser and H. Fechtig, Eds.) 271-278. 

Nauman R.J. (1966). "The near earth meteoroid environment", NASA TN 
D-3717. 

Schneider, E. (1975). "Impact ejecta exceeding lunar escape 
velocity", The Moon, 13» 173-184. 

Storzer, D., Poupeau, G., and Kratschmer, W. (1973). "Track-exposure 
and formation ages of some lunar samples", Proc. Lunar Sci. Conf. 
4th, 2363-2377. ~ 

Taff L.G., Beatty D.E., Yakutis A.J., and Randall P.M.S. (1984). 
"Low altitude, one centimeter, space debris search at Lincoln 
Laboratory's (M.I.T.) Experimental Test System", Advances in Space 
Research (in press). 

Zinner, E., and Morrison, D.a. (1976). "Comment on 'Micrometeorites 
and solar flare particles in and out of the ecliptic1, by I.D. 
Hutcheon", J. Geophys. Res., 8^, 6364-6366. 

Zook, H.A., Flaherty, R.E., and Kessler, D.J. (1970). "Meteoroid 
impacts on the Gemini windows", Planet. Space Sci., 18, 953-964. 

Zook H. A. (1975) "The state of meteoritic material on the Moon", 
Proc. Lunar Sci. Conf. 6th,, 1653-1672. 

Zook, H.A., and Berg, O.E. (1975). "A source for hyperbolic cosmic 
dust particles", Planet. Space Sci., 23. 183-203. 

Zook, H.A., Hartung, J.B., and Storzer, D. (1977). "Solar flare 
activity: Evidence for large-scale changes in the past." Icarus, 
32_, 106-126. 

Zook. H.A. (1980). "On lunar evidence for a possible large increase 
in solar flare activity 2x10 years ago", Proc. Conf. Ancient Sun 
(eds. R.0. Pepin, J.A. Eddy and R. Merrill), 245-266. 

Zook, H.A., Lange, G., Grun, E., and Fechtig, H. (1984). "Lunar 
primary and secondary microcraters and the micro-meteoroid flux", 
Lunar and Planet. Sci. XV, 965-966. 

Discussion 

R. Walker: I would like first to comment and then ask a question. 
1. Microcraters are found not only on lunar rocks but also on 
crystals removed from the bottom of core tubes. In some cases we 
know (from isotopic measurements) that the crystals were exposed at 
the surface of the Moon at least 5x10 to 1x10 years ago. Thus 
the interplanetary dust has been a more or less constant component of 
the solar system for a good fraction of its total lifetime. 2. The 
contribution of secondary craters should be measurable by measuring 
crater populations on different parts of a large glass deposit. 
Glass on the very top of a rock should have the least secondaries, 

https://doi.org/10.1017/S0252921100084402 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100084402


96 H. A. ZOOK ET AL. 

that on the side of a rock -- the most. Have you thought about this 
and is there an appropriate rock? 

H. Zook: The answer is yes. Lunar rock 12054, returned during the 
Apollo 12 mission to the Moon, would be an excellent rock to use for 
this type of investigation. Its lunar orientation is well known, and 
its remarkably smooth glass surface faces in a variety of directions, 
including vertically where, presumably, secondary impacts should be 
rare or non-existent. Don Morrison (in Hartung, et al., 1978) did 
look at a chip from the top of this rock and found no craters smaller 
than 10 microns in diameter. A more complete study would be easy to 
do and should be carried out. 
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