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ABSTRACT 

The process of the delivery of meteorites to the surface of the Earth from plausible 

source regions such as the asteroid belt is currently understood in general terms, but 

important uncertainties and conflicts remain remain to be resolved. 

Stochastic effects of the rare disruptions of large asteroids on the population 

of meteorite-sized Earth-crossing asteroids can change the flux and the proportions 

of compositional types in the infalling meteorite population. These changes can be 

significant in magnitude over timescales of lOB years. Changes of the order of 1 % can 

be expected on timescales of 105-106 y, consist ant with small differences between the 

Antarctic meteorites and modern falls. The magnitude of changes depends strongly 

on poorly-understood details of collisions. 

Asteroids 951 Gaspra and 243 Ida were recently imaged by the Galileo spacecraft. 

I use a numerical hydrocode model to examine the outcomes of various size impacts 

into targets the sizes of these asteroids. A shock wave fractures the asteroid in 

advance of crater excavation flow; thus, for impactors larger than 100 m, impacting 

at 5.3 km S-1, tensile strength is unimportant in these bodies, whether they are 

initially intact or are "rubble piles". Because of the shock-induced fracture, impact 

results are controlled by gra\·ity. Therefore these asteroids are much more resistant 

to catastrophic disruption than predicted by previous estimates, which had assumed 

that strength was controlling these processes for rock targets. 

Fracture of km-size asteroids is different from fracture in terrestrial experiments 

using few-cm targets. The composition distribution of delivered meteorites depends 

on the outcomes of such asteroid impacts. 



CHAPTER 1 

INTRODUCTION 
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Since meteorites were discovered, people have wondered whence they carne. The 

specific answer is known in only a few cases. It is almost certain that some pieces 

of the Moon have hit Earth [Melosh, 1985]; there is good evidence that some pieces 

of Mars have hit Earth [McSween, 1984]; and some data suggest that pieces of the 

asteroid Vesta have hit Earth [Drake, 1979] as meteorites, based upon a chemical 

comparison of the meteorites with the bodies. These measurements were possible 

for the Moon and for Mars because of spacecraft missions to those bodies: similar 

comparisons to other potential parent bodies will not soon be available. There 

are many more meteorites than can be explained by these few sources. Additional 

likely sources of meteorites include Mercury, Venus, Earth, asteroids, cornets, and 

interstellar particles. 

The general picture of meteorite delivery is fairly simple: A collision between 

two bodies somewhere breaks one or both into pieces, and puts some of the 

pieces on trajectories that eventually hit Earth. Meteoriticists, astronomers and 

celestial mechanicians have been trying to determine which of these sources are most 

important. By their sheer numbers, asteroids and cornets seem to be the most likely 

sources of the majority of meteorites, assuming there is some mechanism to deliver 

them to Earth. 
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1.1 Motivation 

Meteorites can be examined in great detail in the laboratory, but without some 

idea of where they came from, the information gained has little application. If we can 

determine whence, and how, the meteorites fell to Earth, we can apply meteoritic 

data to infer the properties of Solar System bodies. Knowledge of these properties 

helps us to understand how we and our planet came to be, and is essential if we wish 

to use the resources available in space. 

1.1.1 Meteorites as the Final Stage of Accretion 

We believe that most of the meteorites that fall to Earth are products of collisions 

in the asteroid belt, with some cometary material also contributing. Thus the fall of 

meteorites can be seen as the final stage of the process that formed the planets. We 

believe that the Earth (and the rest of the terrestrial planets) formed by collision 

and agglomeration of relatively small particles as our Solar system was forming. One 

agglomeration of such fragments, which happened to be the largest in its vicinity, 

became the "proto-Earth". As the largest body in the area, it tended to accumulate 

mass more quickly than did its neighbors. As it grew larger, and began to have 

substantial gravity, this process looked less like agglomeration of fragments, and 

more like fragments falling on to a planet. As the planets, especially Jupiter grew, 

their gravitational influence grew. They were able to stir up the swarms of particles, 

so that particles farther away from the proto planets had their orbits changed enough 

to hit them. Eventually, most of the material available to accrete had either been 

swept up and accreted by the gro\\'ing planets or ejected from the Solar system by 
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gravitational perturbations of the largest planets. Some objects happened to be in 

relatively stable orbits, far from a planet that would sweep them up, and' so survived 

longer. Gravitational perturbations and collisions occasionally altered their orbits 

enough that they too, fell on to the now-formed planets. 

The situation today is a continuation of this last step. There are a number 

of small bodies in relatively stable orbits in the asteroid belt and probably in the 

outer Solar System (including the Oort cloud). Occasionally, collisions and planetary 

perturbations carry a body out of the main asteroid belt into the vicinity of the Earth, 

where it has the opportunity to fall on the Earth and become a meteorite. Sometimes 

these collisions even knock pieces off of the planets they hit, which can then join the 

orbiting swarm, and perhaps hit the Earth as well. 

1.1.2 Effects of the Delivery Process on Meteorite Interpretation 

Over the last 45 years, research has begun to address the details of the process 

by which these meteorites are delivered to the Earth, which parts of the asteroid belt 

they come from, and what sort of processing happens along the way. The delivery 

processes affect the way we interpret meteorites as representing properties of their 

parent asteroids. 

Various researchers have treated various aspects of this problem, but have tended 

to focus on a particular facet, to the exclusion of others. The reason for this apparent 

parochialism is that the wide variety of disciplines involved, from nuclear chemistry 

to explosion modeling to celestial mechanics, makes complete understanding difficult. 

The result is that our knowledge is fragmentary, as the treatments of various parts 
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of the delivery process tend to ignore constraints imposed by earlier and later stages 

in the process. 

Data pertinent to the meteorite delivery process come from a variety of 

sources. The physical and chemical properties of the meteorites themselves contain 

information about parent bodies and their surroundings in space before arrival at the 

Earth. If measurable, the position and velocity of the falling meteorite can be directly 

extrapolated back to a heliocentric orbit, which in principle intersects that of its 

parent asteroid, if it still exists. More plausibly, properties of this orbit could indicate 

a likely source region. In practice, obtaining sufficiently accurate measurements 

is very difficult, and the delivery dynamics are very complex. The trajectories 

and physical properties of falling meteors, which are much more numerous than 

meteorites, yield similar orbital information, though the populations of meteors and 

meteorites are not the same, as there are many kinds of objects that can form meteors, 

but cannot survive the passage to the Earth. Finally, astronomical and spacecraft 

observations of asteroids, comets, dust, and other candidate sources in the solar 

system can be studied, and compared to analysis of meteorites. Each of these data 

sets will be discussed in Section 2.2. 

1.2 Philosophy-General Method of Approaching the 
Delivery Problem 

1.2.1 Both Asteroidal and Meteoritic Data Pertain 

There are two points of view from which to attack the problem of meteorite 

delivery. One can study the properties of fallen bodies (meteorites), and extrapolate 

back to the properties of the progenitors (e.g., asteroids). Alternatively, one can 
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observe the assumed progenitors, and extrapolate forward the properties of the 

meteorites that fall. Meteorites can be analyzed in great detail, though we tend 

to know little a priori about their origin. Their ancestries must be determined 

as an inverse problem with far too few constraints. Conversely, the evolution 

of the progenitor bodies can be considered as a fonvard problem, so that if one 

properly considers the various forces that affect them, the results are well-determined. 

Unfortunately, our knowledge of these progenitors is quite sparse: we have close 

up observation of a handful of asteroids, and low-resolution disk-averaged optical 

spectra of a small fraction of them, strongly biased towards the largest. The greatest 

advances can be made if we determine as much as possible from each end, and use 

the results of each method to place constraints on the unknowns of the other. 

1.2.2 Continuum Equations VB. Integration of Bodies 

The meteorite delivery problem has been modeled using primarily two methods. 

Workers such as Dohnanyi [1969] and Housen, Schmidt and Holsapple [1983] derived 

continuum equations that relate the properties of bodies at various sizes. This 

requires the continuum assumption that there are large numbers of bodies of all 

sizes, and that physical properties are a smooth function of size, or (more usually) 

are independent of size. In the opposite extreme, workers such as Wether'ill [1985] 

integrate the behavior of individual bodies, which requires either crude treatment of 

many bodies, or the assumption that a few will do. 

Each of these methods has advantages. The continuum equation method 

allows the use of mathematical formulm to describe the system, allowing a direct 

determination of the behavior of the system as a function of the assumed parameters. 
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Integration of the behavior of individual bodies allows for more detail in the modeling 

of the system, and allows for stochastic behavior of single bodies, which tends not to 

be possible analytically. The penalty is that a specific set of initial conditions must be 

chosen, precluding the determination of the dependence of the results on variations 

of those initial conditions. This problem can be addressed by simply making many 

runs with "arious initial conditions that span the input parameter space. In practice, 

parameter space tends to be many-dimensional, making a complete span rather 

difficult. Csing analytic methods, it is frequently easy to determine that the results 

are more sensitive to some parameters than to others, allowing one to concentrate on 

the important parameters. Using numerical integration there is no way to determine 

the important parameters a priori. 

Most of my work has been numerical simulation, because I have been concerned 

with the "ariability of populations and the behavior of individual bodies within 

populations. It is possible that some measures of the variability of populations could 

be treated through moment analysis, but analytic treatment of the effects of single 

bodies seems intractable. 

1.2.3 Volume of Results in Numerical Simulation 

Another problem that many researchers encounter is the quantity of numbers 

generated in typical computer models. For example, Milani et al. [1989] chose to 

stop their integrations of asteroid orbits after they reached two gigabytes of results. 

They decided that there were simply too many numbers to analyze, so there was no 

point in continuing. Typically, this problem is one of presenting all the information 
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in a way that can be visually interpreted. Again, with a many-dimensional parameter 

space, it is difficult to present all the information at once. 

I have attempted to avoid the problem that Milani et al. [1989] faced of excessive 

output. I have studied the statistical effects of a few large bodies in a population 

containing many small ones. Rather than record the complete state of the system at 

every timestep, as Milani et al. [1989] did, I maintain only a record of the statistics 

of the system over history and the current state. For this reason, I can let the system 

evolve indefinitely, without having the results become intractable. This method does 

have a disadvantage in that I must decide upon the interesting quantities before the 

model is run, as the old state information is not available after the fact. However, in 

my modeling, it is possible to simply re-run the model maintaining different statistics. 

This method is not reasonable for lengthy orbital integrations, as each one takes 

significant computer time, but it is for the problems I have addressed. 

Another approach when dealing with a problem that is computationally expensive 

(such as orbit integration) is to save all of the results on an inexpensive medium, 

and process the raw results afterwards to collect the statistics. There is too much 

information to treat individuals, except in a few unusual cases, so we analyze the 

results for the population instead of as a myriad of individual bodies. There is 

a tendency to want to get all the information out of the simulation, but all of the 

information is overwhelming. It makes more sense to have a lot of information stored 

in a way that is easily processed, than it is to have too little information that is fully 

analyzed but incomplete. In the specific case of asteroid orbital evolution, where we 

expect from analytic theory and Monte-Carlo experiments [Wetherill, 1985] that the 

interesting processes (such as meteorite delivery) require times of 10; to 108 years, 
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it would be useful to have numerical integrations operating for these times, even if 

the integration accuracy is low. 

1.3 What Follows 

In the next chapter, I present a review of previous studies of the meteorite 

delivery process. Chapter 3 then presents a numerical simulation that addresses 

whether the lack of an obvious source for the most common meteorite type (ordinary 

chondrites), and an apparent difference between the meteorites falling today and 

those that fell 105-106 y ago, could be due to stochastic variations in the asteroid 

population. Chapter 4 presents numerical simulations of asteroid impacts, in an 

attempt to resolve some of the uncertainties in the stochastic evolution model of 

Chapter 3. I was not able to substantially improve the stochastic model based 

upon the collisional modeling, but the results were interesting of themselves, as they 

improve our understanding of the collisional evolution of asteroids. 
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CHAPTER 2 

CRITICAL REVIEW AND SUMMARY OF PREVIOUS WORK 

2.1 What We Know about Meteorites 

We are interested in meteorites as samples of the regions of space in which they 

formed, modified by the collisional and dynamical processes that occurred on their 

way to Earth. Their compositions and fall patterns contain information about the 

delivery process as well. 

2.1.1 Cosmic Ray Exposure Ages 

Cosmic ray exposure ages of meteorites provide important information about the 

length of time that meteoroids have been exposed to space prior to falling to Earth. 

These ages are determined by measuring the isotopic changes resulting from nuclear 

reactions caused by galactic and solar cosmic rays. The number of tracks due to 

lattice damage from cosmic rays can also be used to date exposure. Cosmic rays 

penetrate only the top rv 1 m of material, so the ages represent times since material 

came within 1 m of the surface of the body in which it resided. A typical meteorite 

fall event during the history of human observation involves a body about 1 m in size 

hitting the Earth's upper atmosphere (most of the recovered meteorites are much 

smaller than 1 ill, due to mass loss and fragmentation during atmospheric entry). 

Cosmic-ray exposure ages thus tell us how long the meteorites were separate small 
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bodies orbiting the sun, plus the time (if any) that they were within a meter of the 

surface of parent bodies. 

If we assume that destruction of a body, for example by collision with another 

.. asteroid or the Earth, is a Poisson process, then the lifetimes of the bodies are 
. ~ . 

exponentially distributed [Apostol, 1969]. For such a distribution the e-folding decay 

time (the collision lifetime) and the mean particle age are the same, by the following 

argument. If the e-folding decay time is 7, and P(t) is the fraction of bodies in a 

population that have decayed, or equivalently the probability that a particular body 

has decayed, after time t, 

P(t) = 1 - e-t/ T (2.1) 

Then the mean age of bodies (t) is the moment of P(t), 

(t) = looo t~ dt (2.2) 

= looo (t/7)e- t/ T dt (2.3) 

= r. (2.4) 

Therefore, any determination of the ages of bodies is an indication of the decay time 

of the population, whether by collision or by dynamical ejection. 

Wetherill [1985] determined the decay time for lOti gm (about 20 em) bodies 

by examining cosmic-ray exposure ages and assuming that they represent the 

collision lifetime 7 by (2.4). For these small bodies, he assumed that collision 

with other (smaller) asteroids is the dominant loss mechanism, so that this lifetime 

represents the timescale of that mechanism. For larger objects, dynamical processes 

and planetary collisions become important, and are treated separately. Wetherill 

determined that the lifetimes could then be reconciled with the known sources of 
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Figure 2.1: Histogram of cosmic-ray exposure ages of H- and L-chondrites after Caffee 
et al. [1988J. The L-chondrite ages are consistent with the lifetimes of the parent 
bodies. The H-chondrite ages show a pronounced peak at 6-7 My superimposed on a 
background distribution similar to that of the L-chondrites. Some authors refer to a 
peak at about 8.\1Iy - this distinction is due to different estimates of the cosmic-ray 
flux and radioactive half-lives, and does not represent a separate peak. 

near-Earth asteroids, to within a factor of about two (Section 2.3.2). This match 

suggested that his model and assumptions were reasonable. 

Figure 2.1 shows histograms of H- and L-chondrite exposure ages. The L

chondrites shm ... ages of a few x 107 years. In contrast, the H-chondrites show a 

pronounced peak around i My, representing 72 of the 159 meteorites in the sample. 

This peak suggests that a collision about 7 My ago broke up a relatively large asteroid, 

and these meteorites (less rv 15 that would be expected from a uniform distribution) 

are fragments from that collision. Thus more than 30% of H-chondrites plausibly 

come from a single ancestor asteroid. This ancestor may not have been homogeneous, 

having likely suffered many collisions before the one that created this cluster of ages, 
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which might allow mixing of material from different sources; but since these are all 

H-chondrites, it is likely that the meteorites are genetically related. 

Other types of meteorites also show clusterings of ages, but most of these other 

types contain too few samples to be statistically significant. For example, Figure 2.2 

shows a histogram of iron-meteorite exposure ages. The ",700 My exposure ages of 

the type III AB irons, and possibly of type IV A, may represent discrete disruption 

events, but the rest of the apparent clusterings in ages of irons are likely noise. 

The ages are typically a few x 108 years, rather than the few x 107 years for 

chondrites. These longer ages are intuitively reasonable assuming that nickel-iron 

is much "stronger" than silicates. The relevant strength here is impact strength 

rather than static strength (see Section 4.3). Since irons are older than stones, they 

apparently have higher impacts strengths as well. These longer ages also demonstrate 

that at the meter-scales relevant to meteorites, ages are not controlled by planetary 

impact or dynamical evolution, which would be independent of strength. 

Clusterings of cosmic ray exposure ages indicate that stochastic collision events 

have created clusters of similar meteorites. The alternative is that delivery 

trajectories were somehow perturbed about 7 My ago, but such an event would create 

a peak in all the meteorite types, not just H-chondrites. For example, there are 

enough L-chondrites that such a peak would be visible and statistically significant 

in that population as well, and none is seen. Some smearing-out of measurements 

of cosmic-ray exposure ages is expected due to complications in age determination 

[Caffee et al., 1988], because the calibrations are done with spheres and half-solids, 

where meteorites were exposed as irregular bodies that were continually impacted; 

but for large populations like the L-chondrites, any real peaks should be observable. 
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Caffee et al. [1988]. The apparent peaks in ages of type III AB irons, and possibly 
of type IV A irons may represent real events. 
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2.1.2 Observed falls 

A "fall" is a meteorite that was seen entering the atmosphere, though in some 

cases the actual meteorite is not found until some time later. The observed 

falls represent the "freshest" asteroidal material available for analysis. These 

meteorites are not substantially weathered under terrestrial conditions, and thus 

retain their asteroidal chemical and isotopic compositions. Except for the Antarctic 

meteorites (discussed below), most of the known stony meteorites were observed 

falls. After a few years, stones weather into ordinary-looking rocks, and thus are 

rarely found unless they were seen falling. In contrast, iron meteorites retain a 

distinctive appearance even after terrestrial weathering, and so are occasionally found 

accidentally. Thus a much larger fraction of iron meteorites are "finds" rather than 

"falls" . 

In some cases the trajectories of falls can be traced back into heliocentric orbits. 

The three falls observed by time-resolved camera networks (Pribram, Lost City, and 

Innisfree) have fairly well-determined Earth-crossing orbits (see Section 2.1.4 for 

details). A fourth meteorite fall, Peekskill, was recently photographed on videotape, 

which allowed the determination of an orbit [Brown et al., 1994]. 

It is very difficult to determine orbits of meteors (whether or not a meteorite 

is recovered) without instrumental measurements. Although visual observers are 

sometimes able to describe the direction that a meteor moved by reference to local 

landmarks, they cannot describe the velocity sufficiently accurately to determine an 

orbit. Multiple observations (from different locations) of the direction of a meteor 

determine a radiant, which provides the direction of the velocity of the meteor 
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relative to the Earth. These directions can be compared to those expected for various 

sources, such as particular candidate parent bodies or populations, but do not directly 

determine an orbit. Several meteor showers have been related to specific comets this 

way. 

Another measurement of falls that may provide information about the 

delivery process is the record of recent heating revealed by thermoluminescence 

(TL) measurements of meteorites [Benoit, Sears and McKeever, 1991]. These 

measurements are sensitive to the maximum temperature during the last 100-10 000 

years the asteroid was in space. The maximum temperature is related to the 

perihelion distance of the asteroid. Because the TL buildup timescales (100-10 000 

y) are shorter than typical orbital-evolution timescales (Section 2.3), the perihelion 

that they indicate should be similar to the osculating perihelion of the meteorite 

before it fell. These measurements should be directly comparable to the fall time-of

day statistics, which, as discussed in Section 2.3.6, provide another indication of the 

perihelion distance. The TL determination of perihelion distance measurements are 

so recent that this comparison has not yet been done. 

2.1.3 Antarctic Meteorites 

In 1969, a research expedition collected a number of rocks at the edge of a 

glacier in Antarctica, nine of which turned out to be meteorites [Shima, Shima 

and Hintenberger, 1973]. Since that time, expeditions to Antarctica have collected 

more than an order of magnitude more meteorites than have been collected from all 

other sources. These Antarctic meteorites are spatially concentrated by flow in the 

Antarctic ice, and are found as the only dark objects on fields of clean ice. Estimates 
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of their terrestrial residence time based on measurements of chemical weathering, 

of TL, and of ice flow rates suggest that most fell between 104 and 106 years ago 

[Cassidy and Whillans, 1988; Lipschutz, Gaffey and Pellas, 1989; Nishiizumi, 1986J. 

These meteorites are valuable not only because they greatly increase the sampling of 

extra-terrestrial material, but also because they avoid some of the collection biases 

in observed falls (although they do suffer from other biases) [J( oeberl and Cassidy, 

1990J. They also provide a longer sampling interval, during which changes in the 

impacting flux could have taken place, as shown in Chapter 3. 

The Antarctic meteorites are generally smaller than the obsen'ed falls, and are 

mostly stones. There are several plausible reasons for these differences: 

1. Any rock found on the ice is probably a meteorite. Small meteorites that 

would be missed in a search in most other places on Earth are easily found 

when searching the ice. 

2. Smaller meteorites and stones are more readily concentrated by flow in the 

ice than larger meteorites and irons, since they have a larger surface-area-to

mass ratio. Large or dense meteorites tend to sink, while small stones follow 

the flow. This effect is well known [Cassidy and Whillans, 1988], but specific 

quantitative criteria are not. 

3. Stones may be more fragile than irons, and break when falling; after the flow, it 

is difficult to identify such "paired" meteorites, so this effect produces relatively 

more stones. 

4. The distribution of size and composition of infalling meteorites could have been 
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different in the past, when most Antarctic meteorites fell. This effect is not 

likely to dominate, but might be measurable (Chapter 3). 

Thus the Antarctic meteorite population has a different set of sampling biases than 

do the modern falls. In comparing the' two populations, it is important to examine 

the importance of the different biases. 

Lipschutz has suggested that differences between the population of Antarctic 

meteorites and that of modern falls show that infalling asteroidal material has 

changed over 105 y [Lipschutz and Samuels, 1991j. He claims se\'eral properties of 

these meteorites show real differences. One is that, in the Antarctic population, the 

fraction of H-chondrites is twice as large as in the modern population. He also claims 

that concentrations of volatile elements in the Antarctic H-chondrites are different 

from those in modern falls, in a manner consistent with a moderate (few-hundred °C) 

heating event since the Antarctic meteorites fell [Lipschutz, 1990j. 

Those assertions have met with rather heated criticism [Huss, 1990; lvIittlefehldt 

and Lindstrom, 1990j. The arguments concern the difficulty in determining the 

modification of Antarctic meteorites. Breaking of meteorites into multiple pieces on 

atmospheric entry and terrestrial alteration are difficult to assess. If the meteorite 

breaks into pieces upon entry, the various fragments produced will be collected 

as separate samples, the common origin of which ("pairing") will not be clear in 

Antarctica, as it would in an observed fall. Breaking could cause the apparent excess 

of H-chondrites if they are easier to fragment than other chondrites, either because 

of their material strength or because of their speed on atmospheric entry. Terrestrial 

alteration could cause the chemical differences. There is no particular reason to 
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belie"e that H-chondrites weather differently than L-chondrites (which do not show 

Antarctic differences), but it is difficult to know for certain. The issue remains 

controversial. 

Another problem is the statistical treatment of the data. The ranges of 

concentrations of the volatile elements, and their measurement errors, exceed the 

differences between the populations for most of the elements. Thus a statistical 

treatment is required to make the distinctions. In such a complicated system, it 

is difficult to be sure that the statistical analysis is free from assumptions about 

independence of measurements and data-to-parameter ratios. One indication that 

differences are real is the abundance (at least two falls) of polymict eucri tes, an 

extremely rare meteorite type [Takeda, 1990J. 

2.1.4 Photographic Meteors 

Se"cral networks of cameras have been established to photograph meteors to 

determine their positions and velocities: the All-Sky Network [McCrosky and 

Ceplecha, ], the Prairie Network [McCrosky and Boeschenstein Jr., 1965J, and the 

MORP [Halliday, Blackwell and Griffen, 1990J. The purpose of these surveys was to 

locate the resulting meteorites. If these experiments had worked, it would be possible 

to connect meteorites with their pre-atmospheric orbits, giving valuable information 

about the source regions. Although these surveys photographed thousands of 

meteors, only three meteorites were found. 

Wetherill and Re Velte [1981J compared the photographs of the fall of the Lost 

City meteorite with those of other bright meteors, and identified 28 meteors that 

they believed should have produced meteorites (24 of which should have been stones), 

--------------- -----
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and an additional 26 that may have. Figure 2.3 shows the orbits of these objects 

on a plot of semimajor axis a vs. eccentricity e. The 28 objects that Wetherill and 

Re Velie [1981J identified as stony are marked as x, and a number of the "low quality" 

objects are marked as + and.. This figure can help. elucidate the sources of the 

meteorites. As discussed in Section 2.3, dynamically young meteorites (those whose 

or bi ts evoh'ed least from their source before Earth impact), should still be in the 

resonance that brought them to Earth-crossing, and should have perihelion distances 

q very near 1 A.C. Earth encounters will scatter the orbits away from the resonances, 

but q remains near 1 for about 108 y [Wetherill, 1985J. Only very dynamically evolved 

meteorites hm'e their perihelion distances q scattered away from q = 1 by encounters 

with planets. In the figure, there are intriguing clusters near the 3:1, 4:1, and 1/6 

resonances, with q rv 1. However, the small number of points makes the significance 

of these clusters impossible to verify. 

Continued determination of meteor orbits could give us a great deal of information 

about meteorite (and NEA) origin, but the past surveys proved too labor-intensive 

to continue. They used film in a camera with a chopping shutter to encode the time 

information. Reducing these data involved measuring many short line segments by 

hand on a piece of film. A modern system of electronic cameras, with automated 

data reduction could make this problem tractable. Scotti, Rabinowitz and Gehrels 

[1991J have deyeloped a system for detecting moving objects (asteroids in their case) 

and computing orbits automatically. The success of their program suggests that a 

similar program to measure meteors would be feasible. 
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Figure 2.3: A plot of semimajor axis a vs. eccentricity e, showing as x the orbits 
of meteors identified as stony by Wetherill and Re Velle [1981]' using the published 
Prairie Network data [McCrosky et at., 1971]. The orbits of the numbered asteroids 
are shown as dots for reference. The limits of Earth-crossing orbits are shown by the 
q = 1 and Q = 1 lines; orbits to the right of the lines are Earth-crossing. The "Low 
Quality" stones are objects (+) should have survived entry, but may be slightly less 
dense than chondrites. The ones shown were close to meeting Wetherill and ReVelle's 
criteria for producing a meteorite. The objects marked "Strong" (_) are high-quality, 
but appear somewhat stronger than chondrites. The errors in these data are large 
enough that these distinctions may not be useful. 
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2.1.5 Radar Meteors 

Meteors can also be observed by radar detection of the ionization trails produced 

in the atmosphere [Baggaley, Steel and Taylor, 1991]. These trails can show the 

position and velocity of the meteor. With two sufficiently separated radar stations, 

the three-dimensional position and velocity can be accurate enoug;h to determine a 

heliocentric orbit. The errors in the measurements are much larger than for optical 

measurements in principle. However, the radar data reduction is automated, so in 

practice the accuracies are similar [J. Baggaley, pel's. comm.], except when selected 

optical observations are carefully reduced specifically to determine orbits. 

The main advantage of radar observations is the large number of radar-detectable 

meteors, compared to optical meteors for which there are reduced data. The current 

radar observatories measure thousands of meteors per day when they operate, and 

more than 10; meteors have been observed to date. Unfortunately, the observations 

are very strongly biased [Baggaley, Steel and Taylor, 1991], because the strength of 

the ionization goes as the fourth power of velocity. This bias is partly compensated 

by the longer duration of slower meteors, but the result is still a v3 dependance of 

detect ability, which favors detection of objects on cometary and retrograde orbits. 

Objects with relative velocities less than 30 km S-1 are very difficult to detect, 

selecting against near-Earth asteroids. The fast-moving objects are least likely to 

fall as meteorites, and tend to disintegrate in the atmosphere [Chyba, Thomas and 

Zahnle, 1993]. 

Additional biases are introduced by the small number of observing sites. The 

primary instrument being used operates from Christchurch, New Zealand, at a 
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latitude of --150
, and looks at the horizon towards the South, so that there is a 

fairly strong directional bias. In addition, the observatory is semi-autonomous, but 

can only run for a few days without attention, so it is generally operated near the 

well-known meteor showers. Hopefully both of these biases can be eliminated, but 

they are present in the data collected to date. 

The large number of measured orbits makes radar observations promising, but 

the strong biases hinder direct application to the problem of meteorite delivery. 

2.2 Candidate Sources of Meteorites 

There are a number of candidate source populations for meteorites. The following 

sections compare what is known about these sources and about their relative 

contributions of meteorites. 

2.2.1 Near-Earth Asteroids 

Bodies in Earth-crossing orbits, or nearly so, are called near-Earth asteroids 

(NEAs). By definition, all meteorites are NEAs when they hit the Earth. The 

timescales for destruction and dynamical ejection of NEAs are short compared to the 

age of the Solar System, so the population must be replenished regularly to maintain 

a steady-state (see Section 2.3.2). Thus NEAs are not the "original" ancestors of 

meteorites. 

There are a number of observations that allow the rate of replenishment to 

be computed, including the meteorite flux on the Earth, the terrestrial and lunar 

cratering records, and the characteristics of progenitor populations. Most modeling 

assumes that the population of NEAs does not change substantially (e.g., Wetherill 
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[1985]). In this Steady-State Approximation (SSA), individuals may come and go, 

but the number and character of the NEAs remains constant. The advantages of 

this assumption are discussed in Section 2.3.2. 

In fact, much of the replenishment is by collisional disruption of larger bodies; 

which is clearly a discrete, infrequent process. The population must undergo 

occasional sudden changes in numbers of bodies in the middle and small size range, 

and corresponding changes in the character as large bodies of distinctive composition 

break up and temporarily dominate the population. This process is the theme of 

Chapter 3. 

A shown in Chapter 3, at any given time, it is fairly probable that a significant 

fraction of Earth-crossers comes from only a few individual progenitors, contrary to 

the Steady State Approximation. One implication of this stochastic behavior is that 

the population of meteorites represents the current population of NEAs, which could 

be quite different from the time-averaged population. Thus many assumptions and 

interpretations of meteorites may require reconsideration. For example, the peak 

in H-chondrite exposure ages probably means that one parent body was broken up 

that long ago, not that that age is the typical lifetime. Also, the meteorite flux 

we observe today could be enhanced over the average. For example, if a collision 

500 years ago were to have produced a large number of cm-size bodies, too small to 

become meteorites but large enough to disrupt real meteoritic parents, the current fall 

flux could be unusually high. This particular scenario is unlikely, but demonstrates 

the potential problems that assuming a steady-state introduces into the comparison 

of the NEA population with the meteorite population. 
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Astronomical Observations 

Number of NEAs Approximately 120 asteroids have been discovered with orbits 

that cross that of the Earth (q < 1.017 AU), and approximately 250 with perihelia 

q < 1.3 AU. There are too few to get a good size distribution, as the sampling biases' 

are very large for objects that pass so close to the Earth. In addition, the sampling 

bias due to the albedo distribution is substantial. Several authors, e.g. Shoemaker 

[1984J and Rabinowitz [1993J have attempted to correct for biases to some extent, 

but the data are still too sparse for a complete determination. 

Rabinowitz [1993J has suggested that there are more bodies in the 5-10 m size 

range than can fit a power-law distribution with a cumulative index of p = -2.5, 

based upon a discovery of five such objects by the Spacewatch project. This 

excess of small bodies, like the p = -3 for the 100-300 km main-belt asteroids (see 

Section 2.2.2) and the large p '" -3 value for very small bodies implied by the crater 

counts on the main-belt asteroid 951 Gaspra [Belton et at., 1992], suggests that 

there may be more small bodies than the equilibrium calculation of Dohnanyi [1969J 

predicted. This disequilibrium seems difficuit to maintain, because the smallest 

bodies have the shortest lifetimes against collisions, and would be expected to 

approach equilibrium the fastest. If real, this excess of small bodies has significant 

implications for the use of meteorite data to describe the population of NEAs. 

Wetherill [1985J claims that with the number of bodies predicted by a p = -2.5 

power-law, enough small bodies hit the Earth to explain the observed meteorite flux. 

If, as suggested by Rabinowitz [1993], there are many more meteorite-sized NEAs 

than that power-law estimate suggests, then most meteorite-sized NEAs must not 
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survive Earth-impact, perhaps due to low strength. In that case, the compositions 

of observed meteorites may not statistically represent the compositions of the NEAs. 

Alternatively, these small objects may represent another failure of the steady

state assumption. For example, Vickery and Melosh [1993] suggest that these 

"Rabinowitz objects" could be S?\C meteoroids recently ejected from the surface 

of Mars by a large impact. Thus they would not match the population of larger 

bodies, which would not have been enhanced by material ejected from :vIal's. 

Difficulty in Measuring Spectra Published spectral data are available for very 

few NEAs. Only 49 of 277 known (as of March 1994) NEAs have published classes, 

meaning that they have been observed at several (3 to 8) wavelengths in the visible 

and near-infrared spectral regions. Twenty-two more have recently been observed 

by us [Howell, Nolan and Lebo/sky, 1993]. A few have been observed in greater 

detail. Thus we have very little information indicating whether or not the NEAs are 

spectrally similar to meteorites. 

There are three reasons for this paucity of data. 1) Most NEAs are small, and 

thus usually faint, so that it is difficult to obtain spectra. 2) Because they pass 

relatively near the Earth, the angular encounter velocities are high, resulting in 

short apparitions; thus it is not possible to request and be granted telescope time for 

new discoveries before they are gone. 3) For many NEAs, apparitions are far apart 

in time, because they have semimajor axes, and thus mean motions, near those of 

the Earth, giving a long synodic period. 
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Observational Biases Because NEAs tend to be small and faint, there is a 

substantial bias towards discovering (and measuring the spectra of) high-albedo 

objects. Our NEA sample is very incomplete: we have probably discovered the 

largest two bodies, 1023 Ganymed (rv 40km), and 433 Eros ('" 20km), but smaller 

than that, we can only estimate. Attempts to compensate for this bias have been 

made, (e.g. Zellner [1979]), but it is very difficult when both the size distribution and 

the classifications are as poorly known as is true for the NEAs. The predominance 

of relatively bright S-types in the NEA population is at least partly due to bias 

[McFadden, Tholen and Veeder, 1989], because only the brightest well known objects 

are bright enough at a typical apparition. 

Observations of small NEAs by Howell, Nolan and Lebo/sky [1993J may be slightly 

less biased, because they were made on recently discovered objects that were passing 

near the Earth at the time, at closer than usual apparitions, so that they are 

frequently much brighter than the limit for obtaining spectra. These observations 

show a wide variety of types. Nonetheless, biases are still strong enough that the 

character of the population is not really well known. 

NEA Spectral Classifications Some NEAs do have well-determined spectra. 

Asteroid 1862 Apollo has a type "Q" spectrum according to the taxonomy of Tholen 

[1989J. This type is the best spectral match to ordinary chondrites among asteroids. 

Five of the six asteroids possibly typed Q are NEAs. The largest of these objects 

(1862 Apollo) is estimated to have a diameter of about 3 km. It is possible that 

there are more Q-type asteroids in the main belt, but that they all must be small. 

To be spectrally classifiable with current instrumentation, a 3 km object must come 

-----"--"-"--
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within about 1 AU of the Earth. While many main-belt asteroids do come that 

close at perihelion, they do not spend much time there. The most numerous NEAs 

are S-types, for which there are no clear meteorite analogs. Since the NEAs are 

the immediate parents of the meteorites, the compositions must be reconciled. 

Any differences represent filtering due to atmospheric entry, discovery biases, and 

stochastic effects. The issue of the apparent mismatch between statistics of NEA 

types and of meteorite compositions is addressed in Section 2.2.2. 

Delivery Processes (Earth Impact) 

The "delivery process" for meteorites from NEAs invol\'es running into the Earth 

without being destroyed in the process, requiring that the incoming asteroid be small 

enough to be slowed down by the atmosphere enough to avoid being vaporized on 

impact, yet large enough not to be ablated away completely by the time it gets 

to the ground. Also, the asteroid must not be fragmented into pieces too small 

to be recovered. If the specific energy of the impact exceeds the heat of fusion 

(or vaporization) of the impactor material by a factor of about 10, it will melt 01' 

vaporize. Refinement of these criteria is the subject of considerable research. 

Meteor researche!.'s have modeled ablation extensively in their analyses of meteor 

lightcurves [f(atasev, 1957]. Until the advent of the camera networks however, they 

had no data on the sizes of the meteors with which to calibrate their estimates. 

Wetherill and Re Velie [1981] compared the masses of the recovered meteors Lost 

City and Innisfree to meteor models, and found a difference of a factor of about 

20. They suggested that the discrepancy lay in the earlier estimate of the fraction 

of energy emitted as visible light in the ablation process. Since they have only 
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two meteorites for which these estimates have been made, the uncertainty is still 

substantial. 

Another physical process that Wetherill and ReVelle considered is fragmentation 

due to aerodynamic pressures. The front surface of the meteoroid feels a ram pressure 

PD = CDPv2/2, where P is the atmospheric pressure and CD is the drag coefficient. 

The sides and rear feel only the ambient atmospheric pressure, which is much lower. 

The peak pressure is of order 10 bar for a meteoroid the size of Lost City (rv 60 kg). 

For larger meteoroids, the peak pressure is higher, as the body is moving faster at a 

given altitude (and pressure). They note that the compressive strength of meteoritic 

material is of order 1000 bar. However, it is the (usually lower) tensile strength that 

pertains, not the compressive strength. 

This problem has been analyzed more recently by Chyba, Thomas and Zahnle 

[1993J and by Zahnle, Mac Low and Chyba [1993J in the context of the Tunguska 

event and the upcoming entry of comet Shoemaker/Levy 9 into Jupiter. Since 

bright meteors are frequently seen to fragment, aerodynamic fracture is clearly 

important. When multiple fragments are involved with their interacting bow 

shocks the aerodynamic behavior, ablation rate, and luminous efficiency (energy 

partitioning) are clearly quite complicated. 

The maximum and minimum sizes of meteorites that can sun'h'e to hit the Earth 

depends on the composition of the bodies, the entry velocities and the entry angles. 

While this problem is being examined theoretically, it is difficult to calibrate with 

observations because so few well-observed meteors have been collected as meteorites. 

---_ .... _-_ ... _---- -----
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2.2.2 Main Asteroid Belt (MAB) 

Astronomical Observations 

Completeness of Sample The implications of observations of the asteroid belt 

depend substantially on the completeness of the sample of observed bodies. Many 

more bodies are well-classified than in the NEA population, because many main-belt 

asteroids are quite large. However, smaller main-belt asteroids probably feed the 

NEAs, and ultimately the meteorites, so our knowledge of their properties is more 

important, though less complete. Figure 2.4 shows, for each of several diameter bins, 

a distribution of the fraction of asteroids of that size vs. (a) asteroid number, and 

(b) date of preliminary designation. These numbers are assigned to the asteroids by 

the L\. U. (via the Minor Planet Center). The asteroids are numbered (sequentially) 

when their orbits are sufficiently well determined that the objects can be easily 

found. This number is generally monotonic (though not at all linear) in time. The 

preliminary designation is in most modern cases effectively the date of discovery, 

requiring only that a crude orbit be determined. 

In each of the larger size bins (D > 32 km) in Figure 2.4, the discovery rate is 

approximately linear up to a point, and then flattens out, presumably when most 

of the objects of that size have been found. For smaller asteroids (D < 23 km) the 

discovery fraction vs. asteroid number has a substantial slope at the high asteroid

number end, indicating that these asteroids are still being discovered. The 23-31 km 

shows an intermediate behavior: the discovery rate seems to hm'e slowed, but not 

yet stopped, probably indicating that the sample is almost complete in this range. 

Since albedo and distance from Earth affect the brightness, the population of high-
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Figure 2.4: The fraction of the bodies in each diameter range discovered after (a) a 
given asteroid number, and (b) a given discovery year, as found by the preliminary 
designation. The preliminary designation scheme began in 1925 (at about asteroid 
number 1000); so only more recent discoveries were included in (b). The only real 
effect of omitting early discoveries is in the two largest bins (> 32 km), because 75% of 
those objects were discovered before the plot even begins. The Trojan asteroids were 
excluded, as their large perihelion distance (q ;::: 4) makes them substantially fainter 
than typical main-belt asteroids. That factor and their slow motion in the sky make 
them more difficult than average to detect, so that relatively large ones are still being 
discovered. Similarly, the NEAs have been excluded, as they are brighter at smaller 
sizes, which would skew the statistics. The Palornar-Leiden Survey objects have been 
excluded, as the observations were taken over a short time interval (approximately 
3 months). only in a small portion of space, and outside the standard scheme for 
preliminary designations. 

----------- ---- -
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albedo and inner-belt objects may well be complete, while lower albedo and outer-belt 

objects may not. Of these two effects, the distance is by far the more important, as 

brightness goes as the fourth power of distance, but is only linear in albedo. 

There are further complications due to changes in detector sensitivity over the 

years, but these results match other estimates [Farinella and Davis, 1994]. Figure 2.4 

excludes the Trojan asteroids, which, due to their large perihelion distances relative 

to the main asteroid belt, are detectable only at relatively large sizes. Since \'ery few 

of the asteroids have measured sizes, the sizes used are mostly computed by assuming 

an albedo. The uncertainty due to this assumption is substantial, especially for 

determining the sizes of individual asteroids. The assumption should not skew the 

statistics of the size distribution unless the' albedo distribution of small asteroids is 

different from that of large asteroids. 

Historical Factors Figure 2.4 shows irregularity in the discovery rates. Some 

irregularity is due to small-number statistics, but some is a result of the discovery 

process and may affect the completeness. When sorted by asteroid number 

(Figure 2.4a), rather than by date of discovery (Figure 2.4b), there are relatively 

few effects, as the number is simply sequential, and independent of the total rate. 

For the smaller sizes, we see at first a gradual increase in the discovery rate up to 

about asteroid 2000, as detectors became more sensitive, which then leveled off. This 

constant later discovery rate is somewhat misleading, as the last 3000 asteroids were 

all discovered in the last 15 years. This effect is seen in Figure 2.4b, where a sharp 

upswing occurs in the mid-1970s, primarily due to the observation programs of the 

Shoemakers and of E. Helin, who began programs of surveys to observe the entire 
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sky approximately once a month, searching for near-Earth asteroids [Shoemaker et 

at., 1979J. These surveys have clearly drastically improved the statistics of small 

asteroids, with the caveat that they discover so many objects that they only have 

the resources to follow up on the more "interesting" ones. Note also the behavior 

of the smallest bin (4-5 km) near 1982 and near asteroid number 3200. This curve 

crosses the CUl'\'es of larger sizes, perhaps due to a survey that was not excluded: 

the United Kingdom / Caltech Asteroid Survey [Bus, 1982]' which used the 1.2 m 

UK Schmidt telescope, and so was more sensitive than the Shoemaker survey, which 

uses a smaller (0.45 m) telescope. Unfort.unately, high-sensitivity surveys such as 

the CCAS are too expensive to run continuously. Other human factors affect this 

record as well. Figure 2.4 shows that vVorld War II stopped discovery (or at least 

the assignment of preliminary designations) altogether, until 1948. 

Observable Main-Belt Size Distribution Given those completeness estimates, 

we can plot the size-frequency distribution of bodies larger than about 30 km, 

and make good estimates down to about 20 km. Using surveys such as the PLS 

and UCAS, which attempted to count every asteroid in a region of the sky, it is 

possible to estimate the distribution at smaller sizes, but there are several additional 

sources of error, because of weather, instrumental sensitivity, and the possible 

correlation between size and composition, specifically albedo. The distribution of 

main-belt asteroids is generally taken to be a power-law. Figure 2.5 shows the actual 

distribution of numbered asteroids, excluding Jupiter's Trojan asteroids. In this log

log plot, no single straight-line (power-law) is evident, even where the statistics 
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Figure 2.5: Cumulative distribution of the number N of numbered asteroids larger 
than a given diameter D, excluding Jupiter's Trojan asteroids, Data as of November 
1993. 
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are complete, although there are two broad sections with fairly uniform slopes 

(corresponding to power-law exponents). 

The slope of the relatively linear region between 100 and 350 km diameter in 

Figure 2.5 corresponds to a cumulative power-law index of p = -3.0, (equivalent 

to a differential power-law index of -4). The total mass of such a system would 

not be bounded at small sizes if extrapolated indefinitely (Appendix A). If we fit a 

power-law to the portion of the curve between 30 and 100 Inn, we get a curve with a 

cumulative size-distribution index of approximately -1.25. This exponent is much 

smaller than the equilibrium value of -2.5 derived by Dohnanyi [1969]. In addition, 

this slope is maintained down to about 10 km diameter. It is not clear whether this 

fiat slope, both above and below the completeness limit, means that: 

1. The size distribution changes. 

2. We have not sampled it as well as is thought. 

3. The sampling biases are more complicated than expected. 

or 

4. The size estimates (based on an albedo distribution in many cases) are wrong. 

Clearly, a single collisional-equilibrium power-law, with a cumulative index 

between 2 and 2.5, does not well represent the actual asteroid distribution. Davis 

et al. [1985] and Davis, Ryan and Farinella [1993b] suggest that the shape of the 

distribution depends on the strength of asteroids as a function of size, which depends 

strongly on the mechanism of catastrophic disruption, the subject of Chapter 4. 

--------------
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Spectra and Taxonomic Classes Several workers have undertaken to take 

spectra of a large number of asteroids [Bell et al., 1988; Chapman and Gaffey, 1979'; 

Tedesco, 1989; Zellner, Tholen and Tedesco, 1985]. The most comprehensive of these 

are those of Tholen based upon the Eight-Color Asteroid Survey (ECAS) [Zellner, 

Tholen and Tedesco, 1985] and the 52-Color .-\.steroid Survey [Bell et al., 1988]. The 

ECAS took spectra of 589 asteroids in eight filters with central wavelengths from 

0.3 to 1.0 j.tm. This range includes the edges of mineral absorption features in the 

ultraviolet due to Fe+++ charge-transfer, and in the near-infrared due to the Fe++ d-d 

forbidden transition near 1j.tm. 1 The wavelength range extends at short wavelengths 

to the limits of atmospheric transmission, and at long wavelengths to the limits 

of the detector technology that could then be combined in one instrument. The 

basic classes were defined by Chapman, Morrison and Zellner [1975], and have been 

refined by a number of workers, each of whom added some details [Barucci et al., 

1987; Bowell et al., 1978; Howell, Merenyi and Lebofsky, 1994; Tholen, 1984]. The 

classification of ECAS asteroid spectra by Tholen [1989] is widely cited, because of 

the relatively large data set it used. The classification is based upon the Euclidian 

distances between the spectra taking each channel as a coordinate. The boundaries 

between the classes were drawn subjectively, however. 

Comparison with Meteorite Compositions 

If the meteori tes are derived from the main-belt asteroids, then they must be made 

of the same things. There are a variety of meteorite types, and a variety of asteroid 

lChemists tend to be surprised by the unusually long wavelengths of the silicate dod transitions, 
but the identifications seem to be correct. See Burns [1970] for details. 
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types, but connecting the two is problematic. Meteorites can be examined in great 

detail and at high resolution in the laboratory, but their surface characteristics have 

been altered by atmospheric entry. Asteroids can only be observed telescopically at 

low spectral and spatial resolution, and these observations detect only the outermost 

surface of the asteroids. Even the Galileo spacecraft observations of 951 Gaspra and 

243 Ida had spatial resolutions no better than tens of meters [Belton et al., 1994; 

Belton et al., 1992]: a piece the size of the largest historical meteorite fall, Allende, 

would be unresolved in these images. 

Nonetheless, asteroid spectra are at least crudely comparable to meteorite 

spectra. Some of the labels in the asteroid taxonomies are derived from the 

speculative mineralogy of two decades ago: C for carbonaceous, S for stony, M 

for metal, E for enstatite. Other labels relate to the observations: V for Vesta-like, 

R for red. Some of the labels are arbitrary, using letters not otherwise spoken for. 

These inferred compositions, and the spectra themselves, have been compared to the 

meteorites that must derive from them. Some asteroid spectra are quite similar to 

some meteorite spectra; e.g., the spectra of eucrites closely resemble those of the 

asteroid 4 Vesta. However, in response to overinterpretation of compositions based 

upon spectral class, Tholen has emphasized that the asteroid classification is not 

intended to make direct compositional interpretations [Tholen and Barucci, 1989]. 

A spectral class could represent a range of mineralogies, or minuscule differences in 

mineralogy could cause similar asteroids to fall into different spectral classes. 

On the other hand, the reason to classify spectra is that the classification should 

reflect the properties of the asteroid. The process of classification is fundamental to 

all the sciences. It is this classification that allows organization into a system that 



47 

explains the classification. The situation resembles that of geology a century ago. 

Geologists had classified rocks based upon their appearance and location, with no 

further direct implications. This classification allowed later workers to organize the 

observations into a sequence of geologic events. In the case of asteroid classification, 

we already know that the goal is a synthesis, but we have to be careful to distinguish 

between the classification and the interpretation. 

S-Asteroids and Ordinary Chondrites The difficulty in separating the 

classification and the interpretation is easiest seen in the ordinary chondrite problem. 

Ordinary chondrites are the most common meteorites, comprising approximately 

80% of falls. It seems reasonable that they should derive from the most common 

asteroid type, the S-asteroids. The S-asteroids appear "stony", containing olivine 

and pyroxine. Comparing the spectra, Feierberg, Larson and Chapman [1982] seemed 

to confirm that identification, for at least some S-asteroids. Later analysis by Gaffey 

[1986] and Gaffey et at. [1993] indicated that most S-asteroids are differentiated 

material with a significant metallic component, not ordinary chondrites. The 

uncertainties in the data make such comparisons difficult, hm\'ever, as shown in 

Figure 2.6. Figure 2.6 compares spectra of ordinary chondrites and S-asteroids. Note 

that the band-depth ratios are difficult to measure on the noisy low-resolution spectra 

available for asteroids. More recently, there have been several subclassifications 

of both S-asteroids [Gradie, Chapman and Tedesco, 1989; Howell, M erenyi and 

Lebofsky, 1994] and ordinary chondrites, e.g., Britt [1991]. Given the range of types 

of materials and the uncertainties in the data, it is difficult to be sure whether or 

not there is any overlap. 

----------.-. 
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Figure 2.6: This figure plots the wavelength of the center of the mineral absorption 
band near 11-'m vs. the ratio of the areas of the 2,."m to the l,."m bands, for S
asteroid spectra (points) and for ordinary-chondrite spectra (central polygonal area). 
The other rectangular areas represent olivine (upper left), and basaltic achondrite 
meteorites (lower right). Note that the uncertainties are substantial, making this 
comparison difficult. Figure from Gaffey et al. [1993]. 
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The ordinary chondrites and the S-asteroids each so dominate their respective 

populations that if they are not the same material, strong filtering must be removing 

S material during the meteorite delivery process. Some possibilities are (1) space 

weathering and regolith processing [Britt, 1991; Hausen et al., 1979]; (2) asteroid 

spectra are disk-averaged, and do not well represent the small-scale mineralogy 

[Wetherill, 1985]; (3) differences in the population as a function of size such that 

ordinary chondrites might really dominate very small asteroids; [Bell, 1993] and (4) 

stochastic effects of collisional evolution during delivery to Earth. The latter process 

is considered in detail in Chapter 3. 

The idea that the ordinary chondrites derive from smaller asteroids that remain 

largely unobserved is appealing because it does not require that either the asteroid or 

meteorite observations be wrong. The lifetimes of these smaller bodies would likely 

be shorter than the age of the Solar system, however, so some large parents probably 

exist. Other processes such as space weathering may be responsible for hiding them. 

The size distributions resulting from differing impact strengths may be responsible 

for making the ordinary chondrites more common at meteorite sizes than they are 

at larger sizes [Bell, 1993]. 

The Great Dunite Shortage Another discrepancy between asteroid and 

meteorite populations is, if anything, more difficult to reconcile. In the meteorite 

population, we observe (mostly) undifferentiated material (chondrites), and the 

surfaces and cores of differentiated bodies (HED achondrites and irons). If the 

stony surfaces of disrupted differentiated asteroids are seen as meteorites, the olivine 

(dunite) mantles should be seen as well. However, we only rarely see the mantles 
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of differentiated bodies. Irons may have higher impact strengths: and thus longer 

collision lifetimes than their stony former mantles. However, surface material would 

be preferentially delivered by cratering impacts onto intact differentiated bodies 

such as 4 Vesta: however [Drake, 1979; Greenberg and Chapman: 1983]. Thus, the 

achondrites must derive from intact differentiated asteroids, and the irons (and stony

irons) from disrupted differentiated asteroids whose (massive) olh'ine mantles have 

been completely ground to dust. 

2.2.3 Comets 

Long-period comets probably do not directly contribute meteorites, as they 

impact Earth at very high velocity, more than 40 km/s. If they are perturbed into 

lower-energy orbits, cometary material could hit the Earth at low enough velocities 

that meteorites could survive (see "Delivery Processes", below). If comets are 

perturbed into asteroid-like orbits, over time, they will lose surface \'olatiles, allowing 

non-volatile constituents to dominate their surface spectra. 

Astronomical Observations 

As time progresses, the astronomical distinction between comets and asteroids 

fades. The oldest distinction is that comets have "hair" (coma), and asteroids do 

not. That is to say, a comet is a body that shows a tail or an atmosphere (coma) of 

gas and dust . .-\.S time went by and people began to understand what caused these 

features, the names "cometary" and "asteroidal" began to be correlated with orbits 

and compositions. The astronomical observations that are relevant to the meteorite 

delivery problem are not those usually associated with comets. The tails and the 
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comre contain too little mass in too small sizes to be likely to reach the Earth. The 

observations of extinct and intermittent comets are relevant, and along with orbital 

distinctions will be discussed in Section 2.2.3. 

Agreement with Meteorite Compositions 

Comets are typically volatile-rich objects, as evidenced by the emission features 

seen in their spectra corresponding to (for example) H20, C2 , and CN. Carbonaceous 

chondrites contain substantial quantities of organic compounds and one, Murchison, 

even contains amino acids. Thus, while water-ice meteorites hm'e never been 

recovered. comets appear to have a compositional similarity to some kinds of 

meteorites. Some asteroids may contain these same compounds, so that comets 

are not specifically required as a meteorite source, though they are plausible. One of 

the meteors that Halliday, Blackwell and Griffen [1990J identified from the ~'IORP 

camera network data as likely to have produced a carbonaceous meteorite has been 

identified with the orbit of comet P /Wilson-Harrington [Campins et at., 1993J. 

The difficulty in analyzing camera network data, especially for a type of meteor 

(carbonaceous chondrite) which has never produced a recovered meteorite after 

network obsen"ation, makes this identification provocative but not com"incing. 

Delivery Processes 

Asteroids generally have spent most of the last 4.5 Gy is the asteroid belt between 

2 and -1 AT.."; while comets come from the Oort cloud, into which they were placed early 

in Solar System history. There is, however, mixing that blurs these sharp distinctions. 

Jupiter-family comets have smaller semimajor axes than do Trojan asteroids. Kresak 
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[1979] distinguished comet and asteroid orbits based on orbit stability. Corning from 

an outer solar system source, comets tend to be unstable in the inner solar system, 

and are subject to ejection. Since asteroids have been in the inner solar system 

for 4.5 Gy: they remain on stable orbits there. Kresak's criterion is based upon the 

Tisserand invariant (for Jovian encounters) T, discussed in Section 2.3.5. Objects 

with T < 3 are comets and objects with T > 3 are asteroids. Since Jovian encounters 

do not substantially change the Tisserand invariant, Jovian encounters do not mix 

objects from opposite sides of that boundary. However, inner-planet encounters can 

perturb comet orbits into the inner solar system. Wetherill and others [Wetherill, 

1991, and references therein] have modeled the evolution oflong-period comet orbits 

into "asteroidal" orbits. Wetherill's Monte-Carlo model showed that a small fraction 

of short-period comets with T < 3 are perturbed by terrestrial planet encounters 

into orbits with T > 3. He noted that this process violates some of the model 

assumptions, and so the results are not definitive, but no other modeling has been 

done. 

With the discovery of chaotic orbits [Everhart, 1979], the distinction by orbital 

stability became less clear. Objects near resonances can have their eccentricities 

drastically changed on short timescales, and can encounter planets and other 

resonances in complicated ways. Such resonances in the outer planet region may be 

the source of short-period comets [Levison and Stern, 1993]. Where these resonances 

are strong. the Tisserand invariant does not dictate long-term behavior, as encounters 

with a single planet do not necessarily dominate the orbital evolution of the bodies. 

Figure 2.7 is a plot of semimajor axis vs. eccentricity of short-period comets. Note 

that, at least at low eccentricities e, the comet orbits lie very near the Q = a for 

--- ------- - --- -------
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Figure 2.7: Plot of semimajor axis vs. eccentricity of short-period comets. The large 
dots show comet orbits and the small dots show the asteroid orbits. as in Figure 2.10. 
The solid lines are represent loci Q = a and q = a for the terrestrial planets, Jupiter, 
and Saturn. Note that, at low eccentricities, the orbits lie quite close to the Q = a 
line for Jupiter, indicating that the capture mechanism discussed in the text applies. 
Note, however, that in the high-e region, where the orbits cross those of the terrestrial 
planets, the orbits leave the Jovian Q = a line, and follow the terrestrial planets q = a 
lines. More likely, they are following lines of constant Tisserand im'ariant, which are 
very similar to the Q = a and q = a lines, even at the higher inclinations of comets 
(see figure 2.11). Only 16 of these 154 comet orbits have inclinations greater than 
30°. 
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Jupiter. Everhart [1985J explained this distribution as follows. A long-period comet 

from the Oort enters the solar system on a nearly parabolic orbit. The long period 

comet happens to make a close pass by Jupiter, which drastically alters its orbit along 

a line of constant Tisserand invariant, lowering its eccentricity and semimajor axis. 

Additional encounters can cause the orbit to evolve along Tisserand lines, staying 

near the limit of Jupiter-crossing; and some will move all the way to having their 

aphelion near Jupiter, rather than their perihelia. We mainly see those objects that 

have aphelia near Jupiter, presumably because they are much closer to us and the 

Sun, making them brighter than the more distant comets from which they evolve, 

both due to the intrinsic observability of nearer objects and due to the outgassing of 

volatiles producing comre and tails. 

At higher eccentricities, the comet orbits tend to leave the aphelion-at-Jupiter 

(Q = a) line. Some of these, with e I'V 0.5, may be Saturn- rather than Jupiter-family 

comets. Note however, that the high-eccentricity orbits seem to be tangent to the 

terrestrial planet orbits, again, due to the Tisserand invariance. This observation 

suggests that thefle comets have been perturbed by the terrestrial planets, though 

sampling biases may playa role in this clustering. It seems plausible that some may 

have been perturbed in the other direction as well. Such objects would probably 

then quickly become asteroids. 

Comets, by definition, have comre. Any Oort-cloud objects captured into the 

inner solar system would likely be heated sufficiently to have comre, but any "free" 

volatiles would probably be quickly driven off. The remnants may well remain in 

the inner solar system, looking like asteroids. Since they would have been brought 

there by inner-planet perturbations, they would likely be Mars- or Earth-crossing. 
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Figure 2.8 shows a blowup of the region where bodies are both Jupiter- and Terrestrial 

planet-crossing. For those (relatively few) asteroids in this region that have assigned 

classes [Tholen, 1989], I plot that information as well. Note that, between the Venus

crossing and Mars-crossing lines, all the lower eccentricity objects are stony-type (8, 

Q, or V class), but some of the higher eccentricity objects are "possibly organic" types 

(C, P, D), suggesting a cometary origin. One of the objects has both a comet and a C

asteroid name: Asteroid 4015 WilsonHarrington (discovered in 1979 as 1979 VA) was 

recently identified by Bowell and Marsden [1992] with the orbit of comet P /Wilson

Harrington (1949 III). This object no longer displays cometary activity. 

With the recent discoveries that asteroid 2060 Chiron has a coma, and that comet 

P /Wilson-Harrington (1949 III) became asteroid 4015 1979 VA 28 years later, the 

orbital distinctions are further clouded. It's time to consider them all the same thing, 

and call them comets on "good hair" days. 

2.2.4 Planets 

The terrestrial planets are viable candidate sources of meteorites, but they 

require a mechanism for getting the material out of the planet's deep gravity well. 

The discovery that 8NC meteorites contain gaseous constituents similar to Mars's 

atmosphere suggested that it is possible to do so, however. Cratering impacts can 

launch material onto trajectories that eventually lead to Earth. 

Astronomical Observations 

Astronomical observations of the planets are not terribly useful for comparison 

with meteorites because the indications of planetary origin of meteorites are from 
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Figure 2.8: Detail of Figure 2.7 in the Terrestrial planet crossing region. Asteroids 
with perihelia between those of Mars and Venus are marked by their taxonomic class 
[Tholen, 1989], if available. The open circles represent "stony" types: S, Q, and 
V. The open triangle, x, and star are P, C, and D classes, respectively, which are 
low-albedo objects. The large dot surrounded by an open square is comet P /Wilson
Harrington (1949 III) / asteroid 4015-WilsonHarrington. 



57 

detailed chemical analysis, not bulk appearance. The planetary meteorites identified 

to date were determined to be planetary by comparison of chemical and isotopic 

analyses with samples measured by the Viking landers or lunar rocks returned by 

the Apollo program. As such, the agreement with meteorite composition is essentially 

perfect. As mentioned in Section 2.2.1, Vickery and Melosh [1993] has suggested that 

the apparent overabundance of small "Rabinowitz objects" in near-Earth orbit may 

be SNC material, based upon an analysis of orbital evolution from Mars using the 

Monte-Carlo method of Wetherill. Csing a similar, but more detailed analysis, Bottke 

et al. [1994] suggest a terrestrial or lunar origin. Some of these objects have unusual 

spectra [Howell, Nolan and Lebo/sky, 1993; Rabinowitz et al., 1993], so with further 

observations it may be possible to determine whether they are candidate Martian 

material. 

Delivery Processes 

Getting material out of the gravity well In order to deliver meteorites from 

a planet, the material must first be raised out of a substantial gravity well. Melosh 

[1985] has shown that a volcano could not throw material out of the gravity well. 

Impact ejecta can be launched with sufficient energy, but most melts in the process, 

due to the enormous energy density in such an impact. However, Melosh [1985] 

and Vickery and Melosh [1987] have shown that it is possible to eject a small but 

sufficient fraction of unmelted material in pieces large enough to form meteorites. 

Lunar meteorites Less energy is required to deliver fragments of lunar 

material than to escape from the Earth-Moon system. Thus, if meteorites can be 
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brought from any other planet, they should be able to be brought from the Moon. 

Lunar meteorites have been discO\'ered, but are rar·e. This relative scarcity may be 

a result of the relative timings of the ejection events, or of the stability of the orbits 

of the ejected fragments. 

Meteorites from Mars It is possible to get solid material out of Mars' gravity 

well [Vickery and Melosh, 1987]. Any material that does escape is, of course, on 

Mars-crossing orbit. Mars-crossing asteroids can then be brought to Earth-crossing 

(Section 2.3). VickenJ and Melosh [1993] showed that it is possible to deliver Martian 

ejecta to the Earth, but further study is required to determine whether there is any 

detectable difference between Martian ejecta and asteroids originating in the main 

belt, that have evolved to have :\Iars-crossing orbits. The orbits of ejected Martian 

surface material may be initially lower in eccentricity than objects from the main belt 

that get perturbed into Mars-crossing orbits. It is not clear whether this distinction 

is important in the delivery process. It is possible that asteroids in circular orbits 

near the orbit of Mars are more stable than in similar orbits near the Earth, in which 

case the timescale for loss to collision or ejection from the Solar system would be 

longer than for lunar meteorites. 

Mercury In principle possible meteorites could come from Mercury or Venus by 

mechanisms similar to those that bring them from Mars, but those mechanisms may 

be less effective for these planets. :\,Iercury's small aphelion distance, 0.467 AU, means 

that the ejecta fragments must have more encounters to raise their orbits to Earth

crossing. Using the Monte-Carlo integration model of Vickery and Melosh [1993], 
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I find that about 0.7% of asteroids with initial orbits near that of Mercury evolve 

impact the Earth, usually after > lOB y. It is thus possible, though not common, 

to bring meteoritic material from Mercury to the Earth. Such meteorites may be 

identifiable as planetary by signs of gross differentiation and late crystallization ages, 

as were noted in the SNC meteorites before the atmospheric signature revealed their 

Martian origin [Turner, 1988]. 

Venus There are two difficulties in liberating Venusian material. Venus has more 

than twice the escape velocity as Mars, making it even more difficult to lift material 

out of the well. In addition, the thick atmosphere must be traversed both by the 

incoming projectile and the outgoing ejecta, although the incoming projectile may 

create a large enough hole to permit the latter to escape. Whether this process is 

possible is not clear. Since the signature of the Martian atmosphere was visible in 

the SNC meteorites, the signature of the rather dramatic Venusian atmosphere likely 

would be as well. 

Earth Terrestrial material could plausibly be ejected into space, then return later 

as meteorites. In a sense, lunar meteorites may really be Terrestrial, given the 

current theory that the Moon consists of ejecta from an impact into the Earth 

[Hartmann, Ph'iilips and Taylor, 1986]. The difficulty in ascertaining the origin 

of tektites [Vickery, 1993] shows that it might not be obvious that such meteorites 

were originally terrestrial. The problem of escaping the terrestrial gravity well is 

substantial. The lifetime of terrestrial material in near-Earth orbit is also not terribly 

long: most Earth-crossing material has a dynamic lifetime;:S lOB years; thus we would 
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only see the produces of recent impacts. The discovery of Terrestrial meteorites would 

suggest that Venusian meteorites could be found, but should have little other effect: 

If they are common, they should be most common in the vicinity of the Earth, but 

none have been discovered. 

2.2.5 Streams of Small Objects 

Meteorite streams would further complicate this issue. Drummond [1991] suggests 

that the orbits of some NEAs are more correlated than is expected for a random 

distribution, and that therefore these "streams" of asteroids are likely the products 

of a recent collision, which would also generate smaller fragments that could become 

meteorites. This phenomenon would concentrate the fragments in a small region 

of space, so that in that region, products of the body that formed the stream could 

dominate the random background population. If the Earth happened to pass through 

this region, we would see an excess of meteorites from the stream, and therefore from 

a single parent body, rather than a uniform sample of the meteorite source region. 

This same phenomenon produces meteor showers. Due to the small sample of NEAs 

and the possible statistical biases in their observations, this subject is currently under 

debate, and the implications for delivery of material from the main belt are uncertain. 

It is very unlikely that a stream could survive the dynamical processes that bring 

material from the main belt to the near-Earth region, as small differences in orbital 

parameters greatly affect the rate of evolution towards Earth-crossing. Thus any 

streams that do exist must have formed since the parent bodies "arrived" in the 

Earth-crossing region. For that reason the meteorite stream phenomenon should not 

. significantly affect the population of NEAs. 
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Correlations of meteorites with streams have been proposed [Dodd, 1992; 

Drummond, 1991; Lipschutz and Samuels, 1991; Steel, Asher and Clube, 1993; 

Treiman, 1993], but little of this work has well examined the uncertainties and the 

biases in the measurements of asteroids and meteorites. These potential correlations 

remain intriguing but unproven. 

2.3 Delivery from the Main Belt to Earth 

2.3.1 Overview 

Where in the asteroid belt do meteorites come from, and how representative of 

the population of that place are they, and what is the history of their ancestors? 

Thus we ask how the rocks formed, how the fragments were produced, and how they 

got here. 

The processes that form meteoroids and launch them on their journey to the 

Earth are poorly understood. We presume that collisions in the asteroid belt create 

debris, with a large enough velocity relative to the colliding bodies that some of the 

orbits are Earth-crossing or potentially so. The nature of debris produced in such 

collisions will be discussed extensively in Chapter 4. 

Collisions in the main belt are unlikely to sufficiently alter the orbits of the ejected 

fragments to put them in Earth-crossing orbits, at least not frequently enough to 

produce the meteorites and Earth-crossing asteroids that we observe. Intermediate 

orbital evolution is required. A number of mechanisms for orbital evolution may 

be effective in this process. The relative efficacies of these mechanisms have a large 

influence on which regions of the asteroid belt are sampled by meteorites. 



62 

2.3.2 Steady-State Population 

Wetherill [1985] developed a steady-state model of asteroid collisional evolution, 

which he combined with Monte-Carlo orbit integration to try to determine the source 

regions of meteorites. One fundamental assumption in this model is the steady-state 

approximation. 

As mentioned in Section 2.2.1, NEAs have characteristic lifetimes substantially 

shorter than the age of the solar system. Wetherill [1985] calculated that the typical 

lifetime is of order 108 y, by catastrophic collision, impact on a planet, or dynamical 

ejection from the solar system, all with about equal probability. If the population 

were not replenished, there would likely be a record of the implied"" 10 times higher 

impactor flux 230 My ago in the geologic record. 

Because the processes that remove NEAs have much shorter timescales than the 

age of the system, we assume that the population is continually replenished. If this 

is the case, we can write an equation that describes the number of bodies in the NEA 

population as a function of time dN(R) = the number of bodies with radii between 

Rand R+dR: 

:t dN(R) = F(R, t) - D(R, t) (2.5) 

Where F(R, t) is the flux of incoming bodies as a function of size and time, and 

D(R, t) is the rate of destruction. If the incoming flux is from many different sources, 

we could write a more complicated set of equations including the various sources and 

interconnections between the mechanisms. 

If we make the assumption that the rate of change of the intermediate states is 

much smaller than the flux moving through, we can solve this system fairly readily. 
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In this approximation, we assume that although individual bodies come, go, and 

break up, the total number and size distribution change only slowly. If we assume 

the destruction (or loss) rate D is a Poisson process, so that 

D(R, t) = dN(R, t)/r(R), (2.6) 

then: 

!dN(R) = F(R, t) - D(R, t) (2.7) 

0 = F(R, t) - dN(R, t)/r(R) (2.8) 

dN(R, t) = r(R)F(R, t) (2.9) 

Determining the collisional lifetime r is somewhat more complicated. Dohnanyi 

[1969] analyzed this problem, including catastrophic disruption (where a large body is 

reduced to a number of smaller bodies in a single event): and cratering (where a large 

body is slowly eaten away into a number of much smaller bodies) . .-\ssuming a power-

law size distribution of the form dN(R) = C RP dR, where dN(R) is the number of 

bodies with radii R between Rand R + dR, 'he concluded that a population with a 

p = -3.5 is in steady-state. A simplified form of his analysis, assuming a power-law 

distribution, is shown here. Assume a power-law differential distribution of bodies: 

dN(R) = C R'P dR'. 

Integration yields the number of bodies larger than R: 

N(R) = .-.2..-RP+l. 
l+p 

(2.10) 

(2.11) 

Equation 2.11 assumes that p is negative. The rate of destruction of bodies of size 

R, D(R) is proportional to the number of bodies large enough to disrupt them, and 

the collision cross-sectional area. Assuming that most impactor bodies are smaller 
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than the target, we ignore the size of the impactors in computing the area. If the 

smallest body that can disrupt a target of size R has size kR: 

D(R) ex: N(kR)R2 dN(R) 

ex: ~kP+l RP+3 dN(R) 
p+1 

= K- 1 RP+3 dN(R). 

From equation 2.6, 

r = dN(R)/D(R) 

= 
dN(R) 

K-l RP+3 dN(R) 

= KR-p-3 , 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

where K is a constant. Note that this result requires that k is also a constant, a 

restriction not in the full solution. 

\\"etherill used the r(R) derived above to extrapolate asteroid lifetimes from the 

size where the lifetimes are shown by cosmic-ray exposure ages. This extrapolation 

to other sizes thus depends on assumptions about asteroid disruption. For power-law 

size distributions, the solution is still tractable, as shown above. For non-power-law 

distributions, the situation is more complicated, and must be soh'ed numerically. As 

discussed in Section 2.3.3, many more assumptions are required in this case, so the 

current data on asteroids are not sufficient to constrain a more complete, non-power-

1m" computation of lifetimes. 

2.3.3 Self-Consistent determination of Collisional Lifetimes 

.-\ population out of steady-state will evolve towards it at a rate determined by the 

collision lifetimes, with smaller (short-lived) bodies reaching the steady-state solution 

---------- -._---
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more quickly than the larger (long-lived) ones. For example, if the population has 

an excess of small bodies with respect to the steady-state, they will be eroded faster 

than the (too few) larger bodies can replace them. Thus bodies of a given size 

reach steady-state in about their collisional lifetime. This equilibration process is 

complicated by the fact that the lifetimes of large bodies depend on the number of 

small ones, so as the system evolves towards steady-state, the lifetimes change. This 

phenomenon is partly responsible for the non-power-Iaw "waves", or fluctuations 

from power-law behavior, seen by Davis, Ryan and Farinella [1993a] and by Durda 

and Dermott [1993] when they attempted to use a self-consistent numerical model 

of asteroid collisions, where large bodies break up into smaller ones with lifetimes 

determined by the number of smaller bodies. 

The other factor apparently responsible for the "waves" is the cutoff at small 

sizes where models ignore smaller bodies. For sufficiently small particles, Poynting

Robertson drag removes the dust quickly compared to other processes; thus there is 

a real cutoff at small sizes. Durda and Dermott [1993] solved the small-body cutoff 

problem by applying measurements of the dust distribution from the zodiacal light. 

However, it does not speak well for the stability of the system as a whole that the 

number of 10 km asteroids depends strongly (factor of a few) on the number of l/-Lm 

dust particles in a time-dependent way that is not necessarily convergent. Thus non

power-law collisional behavior (such as that shown in Chapter 4) may strongly affect 

the real size distribution, which is necessarily self-consistent. 

For this rea.'3on, in Chapter 3, I use an assumed lifetime distribution rather than 

a self-consistent scheme. The collisional parameters required in a self-consistent 

model are too poorly known for that model to be very informative, since the effects 

-----_._ .. _._--_ .. _-



66 

I am studying may be swamped by effects of unknowns in collisional behavior. My 

approach may not be correct: it is possible that the observed inhomogeneities in the 

asteroid and meteorite populations are a result of the instability of the asteroid belt 

size distribution. There is no way to be sure without a much better understanding 

of asteroid collisions. 

2.3.4 Impact Effects 

Experiments on production of collisional debris have been performed in the 

laboratory, but not at the size scales relevant to the problem. The widely cited 

experiments of Gault, Shoemaker and Moore [1963J were performed by shooting 

pellets into sand, and filming the resulting ejecta fronts with high speed photography. 

These experiments were done at small sizes, and the resulting velocity distributions 

were rather crude because side-view photographs of exploding sand did not allow 

accurate measurements of individual particles, but only of the flow front as a whole. 

No size-velocity distribution for the ejected particles was determined, as it was not 

relevant to the issue they were addressing. These experiments fulfilled their purpose 

of determining whether the Apollo spacecraft would sink into the regolith on the 

surface of the Moon, but are not terribly relevant to collisional processes at larger 

scales. In addition, only the ejecta front was measured. Many of the references to 

the velocity distribution from those experiments are inappropriate. Very recently, 

experiments to measure the size-velocity distribution of collisional debris have been 

performed [Nakamura and Fujiwara, 1991; Takagi, Mizutani and Kawakimi, 1984J. 

These experiments involve stereoscopic high-speed photography, and an enormous 

amount of labor to measure the position of each ejecta particle in each frame. 
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Eventually, these experiments should result in size-frequency, size-velocity and size-

spin distributions for collisional disruption at the scales oj the experiments, which 

are currently preformed on ,,-,10 cm cubes and spheres. 

Based on equipartition of energy, one expects ejection velocity to be a strong 

function of the size of the debris particles, which should depend upon the way that 

energy and momentum are distributed among the fragments, with equipartition of 

energy trying to make small particles fly faster than large ones, and with "impedance 

matching" making particles of a certain "optimum" size receive the most energy. 

Several workers [Dobrovolskis and Burns, 1984; Farinella et al., 1993] have assumed 

a collisional velocity-frequency power-law distribution with a cutoff at low velocities. 

Unfortunately: these distributions ignore a size-dependence of velocity, and are rather 

unlike the velocity distributions we see in our modeling (Section 4.7). 

Since the work of Gault, Shoemaker and Moore [1963], there have been various 

experiments to determine the size-frequency distributions of ejecta under various 

conditions. Some have used centrifuges and pressure vessels to simulate the results 

of larger scales. Hausen, Schmidt and Holsapple [1983] used dimensional analysis 

to determine scaling laws, which allow extrapolation from laboratory-scale and 

explosion-scale cratering to asteroid-scale impacts. The extrapolation required is 

still 7-12 orders of magnitude, however. A factor this analysis does not consider is a 

possible change in the mechanism of fracture at different size- and time-scales. The 

strain rates involved vary from the order of 105 S-l for small impacts near the impact 

site to 10-1 S-l for km-scale impacts into large targets, suggesting that different 

fracture mechanisms may be important at these extremes. This analysis will be 

discussed extensively in Section 4.1. 
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For several reasons, workers to date have generally assumed power-law 

distributions. One such reason is that a power-law is sufficiently flexible to fit a 

wide variety of data over a reasonably wide range. In addition, the scaling relations 

derived by various workers assume that the fundamental physics of disruption is 

independent of the absolute size-scale of the bodies, resulting in the prediction of 

self-similar behavior. The only self-similar dependencies are exponential and power

law functions, so it is reasonable to begin with those. When both the scaling theory 

and the observations seem to match a power law, we are encouraged to expect that 

this behavior is physically meaningful. Dohnanyi [1969] derived equations for the 

number of bodies in a collisional population. Greenberg and Nolan [1989] derived a 

simpler form of these equations. Collisions and craters break large bodies up into 

smaller one which in turn can break up into even smaller ones. He derived integro

differential equations that relate the number of bodies of any size to the numbers of 

bodies at all other sizes. He was not able to solve the general system analytically, but 

he showed that if collisional debris from a single collision is produced with a power

law distribution N(R) = R-3.5, then a population with that power-law distribution 

satisfies the complete system of equations in equilibrium. 

2.3.5 Orbital Evolution 

Once a collision in the asteroid belt creates some debris, and gives it an initial 

velocity and size-distribution with respect to the parent, there are several routes by 

which this material can get to the Earth. These routes have been investigated by 

several researchers, and are summarized in Greenberg and Nolan [1993]. 

Figure 2.9 is a diagram of the solar system, as seen from above, showing the 
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Figure 2.9: A "snapshot" looking down on from above the ecliptic plane (bottom 
view) and at the side of (top view) the solar system at 1994 March 30, 22hUTC. 
The planets (Mercury-Jupiter) are shown as ellipses representing their orbits with 
x's at the position at the time of the snapshot. The dots represent the positions of 
approximately 10000 asteroids at that time. The resonance structure of the asteroid 
belt is not clear in this figure. Only the Trojan asteroids (1:1 Jovian resonance) are 
clearly visible leading and trailing Jupiter in its orbit. 
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planets and the numbered asteroids. The question is: how do bodies get from 

the relatively stable asteroid belt in to the dynamically unstable region near the 

Earth. Figure 2.9 is a snapshot of the system at a particular time, but is not 

particularly useful in analyzing the e\'olution of orbits, as individual bodies move 

large distances on the timescale of a few years, but their orbits remain fixed over 

much longer timescales. To see how orbits can evolve, we concentrate on Figure 2.10. 

This is a plot of the asteroids' orbital semimajor axes a vs. orbital eccentricities e. 

These parameters are a function only of specific energy and angular momentum of an 

asteroid, so that an a, e plot is a projection of phase space onto two dimensions. Both 

a and e are conserved quantities in the absence of outside perturbations other than 

gravitation due to the Sun, so they change much more slowly than position in space. 

Significant changes due to gravitational forces exerted by the major planets take on 

the order of 10"-109 y, perhaps more rapidly with collisions. Another advantage of 

an a, e plot is that, since a and e define the shape of the orbital ellipse, they indicate 

the distance to which an asteroid can approach another body, which is crucial in the 

orbital evolution process as we understand it. 

Although we do not yet understand all of the paths through orbital parameter 

space that an asteroid may take en route to Earth, there are a number of constraints 

and numerically modeled processes that give us a general idea of how most material 

gets here. 

One important constraint comes from the Jacobi integral of the restricted three

body problem. Suppose NEAs' heliocentric orbits were modified only by the 

gravitational effect of the Earth. and not by any other planets. Also, assume that the 

Earth's orbital eccentricity is negligible. In a rotating coordinate system, in which the 
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Figure 2.10: A plot of semimajor axis a vs. eccentricity e for asteroids. The numbered 
asteroids (and all NEAs) are shown as dots. The Jovian mean-motion resonances are 
shown at left. The position of the secular resonance V6 is shown for zero inclination. 
At higher inclinations, the V6 resonance moves out to much higher a. Note that the 
resonant structure of the asteroid belt is obvious in this figure, where it was almost 
invisible in Figure 2.9. The solid line indicates the limits of Earth-crossing orbits, 
which are where perihelion q or aphelion Q distance equal 1 AU (more precisely, 1.017 
and 0.983 AU when the Earth's e is taken into account). By definition, Amor class 
objects lie between the q = 1.017 AU and q = 1.3 AU lines; Apollos lie between the 
a = 1 AU and q = 1.017 AU lines; Atens lie between Q = 0.983 AU and a = 1 AU 
lines. 
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Figure 2.11: Figure showing lines of constant Tisserand invariant T - l/a + 
2 [a (1 - e2)]1/2 cos i as a function of a and e. The contours are at T = (from 
left to right) 3: 2.95, 2.9, 2.85, 2.8, 2.7, 2.6, 2.5, 2.4, 2.3, 2.2, 2.1, 2, 1.5, and 1. The 
plot on the left is for i = 0, and the plot on the right is for i = 250

• Note that for 
larger i, each contour shifts to lower values of e, but the shapes remain similar. 

positions of the Sun and Earth are fixed, an NEA's pseudo-energy must be conserved; 

this pseudo-energy, or "Jacobi Constant", is the sum of its gravitational potential, 

its kinetic energy in the rotating frame, and a pseudo-potential that accounts for 

centrifugal force. 

Tisserand [1882] expressed the Jacobi Constant approximately in terms of the 

orbital elements a, e, and i as the Tisserand invariant T: 

T = l/a + 2 [a (1- e2)f/2 cosio (2.18) 

Thus the NEA would be constrained to a single surface in a, e, i space. Figure 2.11 

shows the loci of those surfaces for i = 0 and for i = 25°. Note that for the larger i, 

each contour shifts slightly to lower values of e, but the shapes remain similar. 

Most of the time a NEA's orbit would change very little; upon close encounter 
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with the Earth it might change significantly, but always remaining on a surface of 

constant T. Tisserand derived (2.18) as a criterion for identifying comets before and 

after encounters with a planet. If we ignore effects of changes in i, encounters with 

other planets, and the orbital eccentricity of the Earth, the NEA would random walk 

along one of the contours of constant T shown in Figure 2.11, with the maximum 

step size corresponding to the change in velocity for a surface-grazing encounter. 

Based on a long series of numerical experiments, Wetherill [1988] (and references 

therein) has discussed a set of evolutionary paths from the main-belt to Earth

crossing and on to ultimate fates. These paths were described by Greenberg and 

Nolan [1993] in terms of a, e space as illustrated in Figure 2.12. Wetherill suggests 

that most Earth-crossing asteroidal material originates in the main-belt near the 

3:1 resonance with Jupiter. Impacts among the asteroids yield debris on slightly 

different orbits from the parent bodies. Some of this material (including bodies 

tens of kilometers in size in Wetherill's model) is given an a value near that of the 

resonance. Whether there are enough asteroids near enough to the resonance that 

collisions can give large pieces a big enough kick to get in to the resonance zone is 

unknown. If debris is ejected with a velocity ~v, then the change in a is: 

da = -6.715 x 1O-5dv (2.19) 

derived from Kepler's 3rd law. This formula is for circular motion, and assumes 

that the 6.v is along the direction of motion, and is thus an upper limit. Thus 

6.a .=s 0.027 AU for 6.v = 100 m S-1 at 2.5 AU (near the 3:1 Jovian resonance). 

This first orbital change' (shown as a small change in a in Figure 2.12) occurs 

instantaneously in this model. 
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Figure 2.12: Figure showing the dynamical paths that can deliver asteroids from 
the MAB to Earth-crossing, and then loss from Earth-crossing. The arrows show 
the various paths described in the text. The short vertical arrows in the asteroid 
belt represent collisional injection into resonance. The horizontal arrows represent 
perturbations by resonances, and the curved arrows represent the perturbations due 
to planetary encounters. The jagged arrow leading to dynamical ejection is from a 
Monte-Carlo integration using the code of Melosh and Tonks [1993J beginning with 
a Venus-crossing asteroid. This particular trajectory was chosen because it did not 
interfere with the rest of the plot. The trajectory shown occurred over 34 My. At the 
end of the interval shown, Jupiter and Saturn perturbations caused the semimajor 
axis to vary wildly, and raised the inclination to more the 50°, resulting in ejection 
from the Solar system in 41 My. 
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Figure 2.13: Evolution of eccentricity for an asteroid in the 3:1 resonance from 
Wisdom [1983J. tMAX = 2.4 My. Earth crossing (e = 0.6) is achieved in about 1 My. 
The timescale of the high-frequency oscillations is about 104 y. 

Once in the 3:1 resonance a body enters a regime of chaotic dynamics, in which 

orbital eccentricity can change drastically and unpredictably. From Figure 2.12 we 

see that a body in the 3:1 resonance must have its eccentricity raised to 0.6 to become 

Earth-crossing. The time variation of e for one numerical integration [Wisdom, 1983J 

is shown in Figure 2.13. In this case Earth crossing is reached after about 106 years, 

and e remains that large for about 10'1 years, though the assumptions used in the 

integration are violated when the eccentricity becomes that high. Wetherill [1985J 

assumes that these time-scales are characteristic for asteroidal material injected 

from the main-belt into the resonance. Whether any time-scale can be adopted as 



76 

characteristic or typical in the context of chaotic behavior is not certain [Greenberg 

and Nolan, 1989; Wetherill, 1987]. Nevertheless, a widely accepted model is that for 

many bodies e can increase to Earth-crossing as shown by the horizontal arrow in 

Figure 2.12. 

Once a body reaches Earth-crossing, it begins to random-walk along one of the 

contours of Tisserand invariance, moving about 0.03 AU during the 10,1 years before 

the chaotic behavior reduces e below 0.6, This change in a is enough to remove the 

body from resonance. Subsequently, the now NEA evolves largely under the influence 

of Earth encounters, random-walking along a constant-T contour near the q = 1 AU 

line (i. e., remaining shallow Earth-crossers). The population of such bodies will 

spread out along the contour. An individual will random walk down to a = 1 Al! in 

about 107 years (consistent with the usual time-squared dependence of random-walk 

distance). 

As the evolution approaches a = 1 AU, the constant-T contour curves away from 

the q = 1 AU line down towards the Q = 1 AU line (c/. the contours in Figure 2.11). 

As the value of a continues to decrease, e stops decreasing. The NEA becomes a 

more deeply Earth crossing body. At this stage in its evolution, the NEA begins to 

cross the orbit of Venus as well as that of the Earth. At this point the premise that 

Earth encounters dominate the evolution becomes invalid. Encounters with Earth 

will still give changes with constant-T, but similarly frequent encounters with Venus 

will give changes along the nearly orthogonal set of T contours for that planet. Then 

an :--.rEA is free to wander over the entire Earth- or Venus-crossing part of a, e space. 

After about 108 years, it might have evolved to almost anywhere in this region, 

and is likely to have impacted a terrestrial planet or become a Jupiter crosser, with 
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comparable probability for each. Once a Jupiter crosser, the NE.-\ is effectively lost, 

as it is ejected from the solar system by Jovian encounters in about 106 years. 

The above scenario is a "fast track": It converts main-belt material to NEAs in 

about 106 years. There is also a "slow track" of comparable potential importance. 

Long before the 3:1 resonance pumps e up to Earth-crossing, Mars crossing is reached 

at e approximately 0.3. Wetherill [1985J found from Monte-Carlo studies that 

encounters with Mars can move a body out of resonance (change a by 0.03 AU) in 

106 years, 100 times longer than the analogous effect of the Earth. From Figure 2.13, 

Earth-crossing is reached from the 3:1 resonance in about 106 y. Figure 2.13 also 

sho\\'s that for a substantial part of that time, the body is a Mars-crosser. Thus 

Wetherill assumed that about half of the objects in the 3:1 resonance are removed 

from resonance by Mars before becoming Earth-crossers . 

. -\ctually, depending on the changing value of Mars' own eccentricity, values of e 

greater than 0.35 (or even more) may be required to reach Mars-crossing. According 

to Figure 2.13, values that great are achieved during less than 20% of the 106 years 

before Earth-crossing is achieved, which suggests that Wetherill's estimate that half 

the bodies are removed from resonance by Mars may be considerably too high. 

The objects that are removed from resonance by Mars encounter then evolve 

primarily under the influence of repeated encounters with Mars, random walking 

along constant-T lines analogous to those of the Earth. They reach the locus 

q = 1AU and become Earth-crossers after about 108 years. They then evolve along 

the Earth's constant-T lines until they soon reach Venus crossing as well. 

There is another "slow track" to the Earth via the V6 secular resonance at 

2.05 AU, and perhaps other resonances as well. Collisional debris in the inner 
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asteroid belt can have its eccentricity raised to Mars-crossing values by action of 

the 1/6 secular resonance, but, according to Wetherill [1987], such resonances cannot 

deliver significant amounts of material to Earth-crossing, primarily because there 

are so few asteroids near enough to the actual resonance (Figure 2.10). Material in 

the inner asteroid belt (near 2.2 AU) can have its eccentricity periodically raised to 

Mars-crossing by weak interaction with the 1/6 resonance. Repeated :vIars encounters 

could then random walk bodies closer to the 1/6 resonance, allowing eccentricities to 

be pumped up further. Eventually some bodies can be brought close enough to the 

1/6 resonance that they become deep Mars crossers, and then random walk to Earth 

crossing along the 108 year "slow track" . 

More recent numerical experiments [Knezevi6 et al., 1991; Scholl and Froeschle, 

1991J indicate that significant amounts of material between 2 and 2.5 AU (affected 

by the 1/6, v5, and 1/16 secular resonances, by the 4:1 Jovian resonance at 2.065 AU, 

and by Mars encounters), may be pumped directly into Earth-crossing by the effects 

of multiple resonances. The proximity of these resonances allows interactions among 

them to greatly enhance their abilities to deliver material to the Earth. Scholl and 

Froeschle [1991J have begun to explore these possibilities, by showing that objects as 

far out as 2.1 AU are delivered to Earth-crossing orbits in 106 years or less, indicating 

that interactions between resonances have important effects. Thus once an object 

becomes a :vIars crosser it may take any of several resonance "fast tracks" to the 

Earth, besides the 108 year "slow track". 

Milani et al. [1989J have performed numerical integrations of 410 asteroid orbits 

for 200000 years. Their results show the processes discussed here to be important, 
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and that higher order Jovian resonances and resonances with the Earth's orbit play 

a role in the orbital behavior of NEAs. 

2.3.6 Orbital Maturity 

Collisional disruption significantly affects the orbital distribution of asteroids 

undergoing the evolutionary processes described above. Depending on its size, a 

body leaving the asteroid belt may have a collisional lifetime so short that it cannot 

complete any of these orbital evolutionary sequences. For example, a stony body 1 m 

in diameter (a typical size for a meteorite before it hits the Earth's surface) would 

probably be destroyed by impact with an even smaller body in about 12 x 106 years. 

This value is based on the cosmic-ray exposure ages of most stony meteorites (see 

Section 2.1.1) [Wetherill, 1988J. 

Bodies with collisional lifetimes of 2 x 107 years would have a distinctive 

distribution in a, e space. Few could survive to Earth-crossing by the slow track 

via Mars encounters. Those that take the fast track would spread along constant-C 

lines near q = 1 AU, but would not survive long enough to spread over Earth-crossing 

space. Such a sub-population of NEAs can be described as orbitally immature. 

These orbitally immature bodies are characterized by perihelia near 1 AU. 

Whenever they encounter Earth, they are moving tangentially to Earth's orbit, and 

at higher heliocentric velocity (Figure 2.14). They overtake the Earth from its trailing 

side, where local times are PM. According to this scenario, most stony meteorites 

should fall after noon and before midnight. In contrast, populations of longer-lived 

bodies (such as larger NEAs or strong metallic ones) can reach orbital maturity; 

they can be scattered across Earth-crossing space, not only near q = 1 AU, and 
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o Sun Earth Orbit 

Earth Rota 

Figure 2.14: Figure showing the orbit of an asteroid that will produce meteorites 
with a strong PM excess. Since the asteroid is at perihelion, its radial component 
of velocity is zero, so that the tangential component dominates the velocity. The 
asteroid is moving faster that the Earth, and so approaches from the trailing 
hemisphere, "'here times of day are PM. A large z component will dilute the PM 
excess. 
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their fall times on Earth would be more evenly distributed over local time. This 

effect is complicated by the different atmospheric paths taken by asteroids falling on 

different parts of the Earth, resulting in different survival rates. For example, an 

asteroid hitting the Earth directly from behind can hit in the center, resulting in a 

vertical trajectory, or it can hit on the edge, and traverse the atmosphere tangentially, 

resulting in a nearly horizontal trajectory; and thus resulting in a very different 

atmospheric deceleration and heating profile. 

Small stony bodies that fall on Earth are not as strongly clustered on immature 

orbits as the above discussion would suggest. This result follows from the orbital 

distribution of stony fireballs shown in Figure 2.3, where a substantial fraction 

of the orbits are closer to Q = 1 AU than to q = 1 AU. Of course, that line of 

evidence depends on the correct identification as stones for bodies that were never 

recovered. However, fall-time statistics for stony meteorites that were recovered also 

point toward considerable orbital maturity for these small bodies. Only 64 ± <1% of 

ordinary chondrites and 53 ± 14% of achondrites have falien in the PM [Wetherill, 

1968; Wood, 1961]. These bodies are evidently far more orbitally mature than one 

might expect based on the collision lifetimes of bodies of their size. 

Ordinary Chondrites 

This problem and its significance were identified by Wetherill, who also developed 

the following plausible explanation [Wetherill, 1985]. Most meter-scale (pre

atmosphere meteorite-size) bodies that are injected into resonance zones probably do 

not survive collisions long enough to reach orbital maturity. However, larger bodies 

leaving the main-belt can evolve orbitally for much longer times. When such NEAs 
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are broken up by collisions with very small objects, some of their pieces (or pieces 

of their pieces created by subsequent impacts) will be meteorite size and will reflect 

the orbital maturity of their parents. 

Wetherill showed that if the bodies that started on this orbital evolution had 

a size distribution typical of a collision ally mature population, roughly dN(R) = 

R-3.5 dR,where dN(R) is the number of bodies with radii between Rand R + dR. 

[Dohnanyi, 1969] nearly all the meter-size bodies in a steady-state NEA population 

would be quite orbitally mature. This result seems reasonable, because the -3.5 

power law has most of the mass of the population in larger bodies, so after 

considerable collisional evolution en route to Earth, most of the surviving meter

scale objects must be later-generation pieces that reflect orbital maturity. 

In that case the P:\I fall times should be about 50% of all falls. Now the 

problem becomes the high value 64% (i.e., the substantial orbital immaturity) for 

ordinary chondrites, the most common stones. Wetherill [1985] explained this value 

by noting that. if the main-belt is in collisional equilibrium (power law exponent 

-3.5), the collision debris that it produces has a power law exponent of -4: There is 

a significant portion of the total mass in very small bodies. With this power law for 

the material originally placed into resonance, the steady state NEA population would 

be consistent with the P~1'f fall times for ordinary chondrites according to Wetherill's 

model. 

Achondrites 

The much less common achondrites, stony meteorites from differentiated parents, 

have PM fall fractions of 53 ± 14%. Contrasting this value with the ordinary 

--- .. ~.~- .... --.. -.. -... 
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chondrites (64 ± 4%), Wetherill [198i] inferred that these meteorites come primarily 

from near the Va resonance. 

The basis for this inference was the belief that bodies in this resonance cannot 

. have their orbits pumped up to Earth-crossing, so that they can only reach Earth via 

the Mars-crossing slow track. Such objects take 108 years to reach Earth-crossing, 

by which time their power law index ""ill have flattened to -3.5, even if it started at 

-4 when the population left the main belt. Nearly all meteorite-sized Earth-crossers 

from this population will be offspring of much larger bodies and thus will reflect the 

large bodies' orbital maturities, with a PM-fall portion near 50%, according to that 

model. 

Although key elements of this scenario were very innovative and probably play 

important roles in governing the character of NEA populations, the scenario as a 

whole is problematical for several reasons: 

First, as discussed above, there is now evidence that material from the Va region 

reaches Earth-crossing by a direct ':fast track". If this route is significant, then 

following the above logic it would presumably raise the PM-fall fraction for meteorites 

originating in the Va region. 

Second, the difference between the achondritic and chondritic fall-time 

distributions is not well represented by the single parameter of PM-fall fraction. 

The fall-time distributions cited by Wetherill [1968] are shown in Figure 2.15. The 

distributions are clearly quite different in shape. One interpretation might be that 

the shapes would be similar were it not for the "lunch-break" gap in the achondrites. 

The peak remains clearly before 3 P:\I and 4 PM in both cases. Until the gross 
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Figure 2.15: Figure showing a histogram of times of fall for ordinary chondrites (left) 
and achondrites (right), from Wetherill [1968J. Note that significantly more than half 
of the ordinary chondrites fall in the PM. The observational bias at times when it is 
dark likely skew the statistics then, but the daytime falls show the same asymmetry. 
The number of achondrites is too small to be of statistical significance, though the 
dip around noon and the peak between 15h and 16h are interesting. 

--- .. _-- ---- ._-_.-



85 

structure is better understood, explanations of small difference in AM/PM ratio 

seem inappropriate. 

Third, this model does not address the lack of olivine among stony meteorites 

from differentiated parents. Nearly all achondrites are of crustal-type materials, yet 

volumetrically their parents must have been mostly olivine, the material of their 

mantles. Greenberg and Chapman [1983] addressed this problem by assuming that 

most meteoritic material was liberated from main-belt parents by relatively surficial 

impacts, but that idea is at odds with the above scenario, which requires large objects 

to be ejected from the main-belt and which (at least for the chondrites) implicitly 

requires catastrophic fragmentation. 

2.3.7 Monte-Carlo model 

Most of the previous work modeling the delivery process has been done with a 

Monte-Carlo model developed by [Arnold, 1965; Opik, 1951; Wetherill, 1967]. This 

model is much faster than direct numerical integration, and seems to preserve many of 

the properties of the true dynamics. The model operates by computing the "collision 

probability" between an asteroid and each of the planets that it can encounter, based 

on the relative geometry of the orbits, and assuming that the apses and the nodes 

precess on a timescale much shorter than the collision timescale. The model then 

assumes that "encounters" between the asteroid and the appropriate planet occur 

based on the computed probability. An "encounter" is considered to occur when the 

asteroid enters within the "sphere of influence" [Opik, 1976] of the planet. 'When an 

encounter occurs, a random geometry is chosen, then the .6. V that the asteroid would 
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receive in that two-body encounter is added to the asteroid's velocity, resulting in a 

new orbit for the asteroid. 

This process is repeated until the asteroid impacts a planet (or the Sun), escapes 

the solar system, or is destroyed in an impact with another asteroid. The latter is 

based on an assumed lifetime, not by integration of orbits. 

This model makes a number of simplifications and assumptions that depend on 

the specific orbits being modeled. The first such is that the scheme works at all. The 

model is a "particle in a box" model 'with respect to the longitudes, and assumes 

random scattering. Precession is assumed to be so fast that an asteroid fills longitude

space between collisions, randomly running into planets without any correlation 

between encounters. Resonances which tend to constrain the asteroid to certain 

phases with respect to the planets it encounters, must be ignored or treated specially, 

as they constrain the asteroid in longitude. Such resonances change the collision 

probability. The model also assumes that two-body scattering accurately describes 

the encounters. This requirement could be relaxed, and only causes problems for 

low-velocity encounters, which have low probabilities. 

A further assumption is that only encounters within the sphere of influence have 

any effect. In Arnold's and Wetherill's versions of the model, this assumption is 

combined with a further one: that one can simulate a number of distant (but within 

the sphere of influence) encounters as a smaller number of closer encounters. A 

factor K is chosen (referred to as Arnold's K), such that only encounters within 

K T are considered directly, where T is the gravitational cross-section of the planet. 

The volume of space between KT and the sphere of influence is computed; then the 

probability of encounter between K T /2 and K T is increased by a factor that accounts 
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for the more distant perturbations, assuming that they behave as a random walle 

Given n encounters each applying OV, the n encounters apply a total .6 V of ynoV. 

This approximation reduces the number of encounters that must be computed. 

The value of Arnold's J( was chosen by trying a number of values, and noting the 

point at which the sensitivity to J( seemed to be small. Arnold [1965J and Melosh 

and Tonks [1993J found that a J( of 10 was appropriate. 

To test the sensitivity of the model to these assumptions, I used a Monte-Carlo 

model written by Vickery and Melosh [1993J that uses the method described in 

Wetherill [1967J. For inner-Solar-system integrations, using an Arnold J( of 10 I find 

that the fraction of the sphere of influence treated directly is typically 1/10-1/30, 

reducing the required computation time by 2 to 3 orders of magnitude. In the thirty 

years since Arnold's paper, computing power has increased, so that I was able to 

relax the J( approximation completely, and still run 105 asteroid simulations in a 

few days. The differences in results for different values of J( are difficult to quantify, 

but some statistics can be computed. Table 2.1 shows results for two different runs 

of 1000 particles with identical initial conditions, using a J( of 10. 30, and 00 (no J( 

approximation). The differences in number of impacts onto Mercury and Venus are 

~10%, larger than the statistical fluctuations. Previous workers using this Monte

Carlo model note similar accuracies in their descriptions. 

I also ran simulations to test the approximation that only encounters within 

the sphere of influence are important. I simply made the sphere of influence 100 

times larger than that of Opik [1976J. This increase necessitated using the J( 

approximation, as I did not have another 4 orders of computing power available. 

Therefore, these results are compared with those for Arnold's K of 10. Using the 

---- .-_ ..... _- - ..... 
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Arnold J( = 10 Arnold J( = 30 Arnold J( = ')Q 

Planet Impacts Ejections Impacts Ejections Impacts Ejections 

1 65 a 67 a 83 a 
2 471 a 503 a 507 a 
3 270 a 253 a 252 a 
4 13 a 14 a 12 a 
5 4 161 4 128 3 109 
6 a 12 a 27 a 31 
7 a 1 a 2 a 2 
8 a 2 a 1 a 1 

Table 2.1: Table comparing histories of asteroids integrated with an Arnold J( of 10, 
30, and without the Arnold J( approximation (K = 00). 

same measure as before, the number of asteroids impacting or being ejected by each 

of the planets, I find that relaxing the sphere-of-influence approximation changes 

the results by about twice the amount as the J( approximation does. However, 

with this large sphere of influence, encounters may not be approximable as two-

body interactions, so that the encounter L1 V's may be incorrect. .-\. more careful 

examination of this issue is required to determine the results accurately. In any 

e\'ent, the finite interaction zone approximation from the sphere of influence and 

Arnold's J( appear to introduce errors of order 20-40%. This value is comparable 

to the errors reported by other workers. A more complete calculation would require 

direct numerical integration. 

2.3.8 lVlapping Integrations 

Wetherill's result that the 3:1 resonance can provide enough asteroids to match 

the observed meteorite flux depends on the numerical integrations of W'isdorn [1983], 

--_. ----------------
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and subsequent experiments. These integrations are so important to the conclusion 

that I will describe them briefly here. 

The Resonance Mapping of Wisdom [1982] 

Wisdom's integration of particles near the 3:1 Jovian resonance separated the 

Hamiltonian (and thus the equations of motion) for these particles into parts, with 

the idea that each of the parts was simpler to solve than the whole. He separated 

the Hamiltonian into a 2-body Keplerian term HKcpler, a term containing the 3:1 

resonance HResonant, a term containing all other longitude-dependent perturbations 

HOrbitah and a term containing all of the secular terms HSecular' He then made 

simplifying assumptions about each of the parts as necessary to give a total solution. 

His approach is based on Poincare [1899], and Peirce [1849J (in Astron. J., 1, 1). 

He truncated the secular terms so that they and the Kepler term were analytically 

integrable. 

Wisdom's novel idea was, rather than ignoring the (hopefully irrele\'ant but 

possibly random-walk diffusive) high-frequency HOrbital terms, he chose them in such 

a way that they make the non-ignorable lower frequency HRcsonant terms easier to 

integrate. Specifically, he made them add to be a sum of a few Dirac delta functions, 

which are, by design, trivially integrated numerically. If any of the high-frequency 

terms turn out to be important, this method does not work, but neither do the 

methods that average over them. As he quotes Arnol'd [1978J about averaging of 

high-frequency terms: 

We note that this principle is neither a theorem, an axiom, nor a 



definition, but a physical proposition, i.e., a vaguely formulated and 

strictly untrue assertion. Such assertions are often fruitful sources of 

mathematical theorems. 
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Wisdom's method has the advantage of incltiding high frequency terms (although 

artificial ones), and may simulate real random-walk behavior due to these terms, 

which allm\'s diffusion through phase-space not allowed by the truncated formulation. 

There is one caveat that he does not mention: the phases of the high frequency 

terms become correlated in his treatment. In the past, I would have thought 

this irrele,·ant. However, in the last year, two different phenomena have been 

demonstrated (in planeta.ry science!) where the phase correlation of high frequency 

terms dominates the observable physics [Jayaraman and Dermott, 1993; Nelson et 

at., 1993]. These correlations are, so far, only important at zero phase, but are real 

nonetheless. Wisdom [1982] chooses the phase of the delta functions arbitrarily, so 

they are not at, for example, Jupiter's perihelion, and does not mention any effect 

in his experiments with different choices. 

For other problems, the mapping integrations have been verified several times: 

by repeating with a different timestep (and thus different high frequency terms), and 

with a classical integrator [Sussman and Wisdom, 1992]. The classical integrator gave 

a somewhat different exponential divergence timescale for the same problem (factor 

of four slo"'er) than did the mapping integrations, but the divergence timescale 

seemed sensitive to the initial conditions (which may reasonable be considered slightly 

different for the two integration methods). In the 3:1 resonance problem, the mapping 

integrations with different step sizes gave different times for the jump to e = 0.6 seen 
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in Figure 2.13, by two orders of magnitude!!, but the general behavior remains. The 

integration timestep is Jupiter's orbital period in this calculation, so if Jupiter's 

motion is determining the time of the sudden eccentricity increase, which certainly 

seems likely, then dramatic timestep dependence of the outcome is acceptable. If 

other factors are important, the resulting timescale for meteorite delivery by the 3:1 

resonance could be substantially different from that assumed by Wetherill. Wisdom 

suggests that this behavior may represent real phase-space diffusion, leading to 

chaotic behavior as the trajectories diffuse via random walk across separatrices, due 

to terms ignored in other analyses, and merely (purposefully) incorrectly treated in 

his model. 

Wisdom's method seems robust, but there is no indication of whether it is 

generally valid. 

For the 3:1 resonance problem, there is an additional technical limitation. 

Wisdom neglected terms above fourth order in eccentricity and inclination. For 

the meteorite delivery problem, where the "fast track" in the 3:1 resonance requires 

eccentricities of about 0.6, this approximation is insufficient. Thus the resonant 

behavior after the increase to high eccentricity is not well determined. 

The Simplified Mapping of Wisdom and Holman [1991] 

The mapping method of Wisdom [1982] requires a specific formulation of the 

resonant terms. He notes that the 3:1 Jovian resonance is well separated from other 

mean-motion resonances, so that the next resonant term, in the range of semimajor 

axes he investigated, was 2pt order in Jupiter's mean motion. Other cases are not so 

fortuitous, and adding in all the resonant terms is "an unbelievably tedious process." 
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[Wisdom and Holman, 1991J Thus Wisdom and Holman [1991J developed another, 

more general method. This method separates the original Hamiltonian into only 

Keplerian and non-Keplerian parts, and uses a finite-difference integration, where 

the simple Keplerian motion is computed analytically and the perturbations added 

in a time-stepping algorithm. Their method also has the advantage of operating 

directly in Cartesian coordinates, simplifying much of the arithmetic, and removing 

the requirement for series expansions in eccentricities and inclinations. However, they 

found that the integration speed is as slow as classical integrators for comparable 

accuracy. They suggest that it may be possible to increase the integration order, and 

thus the speed, but they have as yet been unable to do so. 

Unlike classical integrators, their scheme accurately maintains the Keplerian 

motion of bodies, even with large timesteps. This method can be used to qualitatively 

model orbital evolution at high speed but low accuracy, and so is useful in exploratory 

studies, but interesting behavior must be verified with a more accurate scheme. 
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CHAPTER 3 

STOCHASTIC EFFECTS IN THE METEORITE DELIVERY PROCESS 

Due to the great numbers of asteroids, there are many opportunities for 

interactions (collisions) to occur, but each individual event has a low probability. 

This property results in the Poisson probability distribution, as in radioactive decay. 

For asteroids, however, the particles (asteroids) are distinguishable, and individual 

events may affect the composition of the population, as well as the number of bodies. 

I refer to these as stochastic effects: the result of processes that occur commonly, 

but for which the "choice" of collisional target, and the timing of the collision can 

affect the asteroid and meteorite population we observe. l The question then is to 

determine whether these stochastic events affect anything observable, or alternatively 

the asteroids are "identical enough" that we observe the mean, or time-averaged 

population of asteroids and meteorites. 

3.1 Rationale 

The reason to address the question of stochastic variability in the meteorite 

population is to distinguish normal stochastic variations from secular population 

changes and from fluke events. In addition, stochastic variations may explain 

some of the apparent discrepancies between meteorite and asteroid populations, 

including the Ordinary Chondrite Problem (Section 2.2.2), the Great Dunite 

lThis definition as a random event seems to be common in the scientific community, but, from 
the Oxford English Dictionary: Stochastic (stokm'stik), a. Now rare or Oba. [ad. Gr. OiOXCXlr.\XUC;, 
f. Oioxa~e:aeCX\ to aim at a mark, guess, f. atOXOC; aim, guess) Pertaining to conjecture. 
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Shortage (Section 2.2.2), and the apparent difference between modern falls and 

Antarctic meteorites (Section 2.1.3). 

3.1.1 The Ordinary Chondrite Problem 

One of the long-standing difficulties in the problem of the delivery of meteorites 

is that the most common type of meteorite found on the Earth (ordinary chondrites) 

don't match the most common asteroids seen in the asteroid belt (S-class asteroids). 

One possible solution to this problem would be that ordinary chondrite parent 

bodies are not especially common, but that one (or a few) happen to have had 

recent impacts. and thus dominate the meteorite flux. This idea is supported by the 

observation that H-chondrites, which constitute about 25% of falls, have a peak in 

their cosmic ray exposure ages near 7 My, suggesting that a collision at that time 

exposed those meteorites to space. Similarly, L-chondrites (about 1/3 of falls) show 

signs of an event about 500 My ago [Lipschutz, Gaffey and Peilas, 1989], suggesting 

that many of them were part of the same ancestor body at that time. 

3.1.2 The Great Dunite Shortage 

If most meteorites derive from a few large parent bodies, then the Great Dunite 

Shortage may simply mean that no large dunite asteroids have recently been 

disrupted. Alternativ~ly, a basaltic parent body may have recently been disrupted 

to create the excess of basaltic meteorites over their olivine cousins. Since neither 

olivine (A-type) nor basaltic (V-type) asteroids are common in the Main Belt, the 

breakup of a single parent body of either type could easily dominate the fraction of 

olivine/basalt observed in the meteorites. 
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3.1.3 Antarctic Meteorites 

Another line of evidence that the population of meteorites changes with time is 

the apparent difference between the population of meteorites found in Antarctica, 

and that of historical falls. The magnitude of this difference is controversial, but 

even a small difference over the '" 105 year interval indicates that the population 

could change dramatically over the age of the Solar System. If this is a secular drift, 

rather than a stochastic effect, the early meteorite population (and related impact 

history) must have been very different from that which we observe today. 

3.2 Stochastic Model 

To determine the extent of stochastic effects on the population of asteroids, 

delivered to the Earth, I have developed a numerical simulation of the collisional 

and dynamical evolution of these bodies. Any numerical simulation of the evolution 

of a population is constrained in its ability to represent precisely both the population 

and the physical processes affecting it. Previous models of asteroid evolution (e.g., 

Wetherill [1985]), have considered the orbital dynamics in detail, but then were forced 

to represent the collisional processes and the population statistics relatively crudely. 

To examine stochastic effects, it is necessary to consider a large number of bodies, 

and to characterize their properties with considerable precision. Computational 

constraints require treating the physics in a relatively simple way in order that 

the simulation be faster than the real process. Specifically, collisional effects and 

especially orbital mechanics are represented by parameterized models based upon 

earlier studies [Melash, 1989; Wetherill, 1985]. 
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3.2.1 Overview 

To illustrate the structure of the simulation, a block diagram of the model is 

shown in Figure 3.1. The model parameterizes the orbital evolution as occurring 

between a series of boxes, or Regions, representing ranges of orbital-element space. I 

will use Italicized words (Region: Size, Type, and Clan) to mean specific components 

of the model, and normal text to indicate the words in their more general meaning. 

Each box (Region) contains a size distribution of the asteroids within that region, 

represented as a number in each of a series of size-range bins, each with a 

characteristic Size. Asteroids are moved between Regions with a timescale T that 

describes the physical process that changes their orbital elements; the rate at which 

asteroids flow from Regioni to Regio'ni+l is proportional to the number Ni in the 

source Region: dNi,HI/dt = .VdTi,i+l' The timescales T are described below. 

Within each Region, collisional evolution continually modifies the size-distribution 

of asteroids. 

The Regions in the model are: 

O. The Main Asteroid Belt. 

1. The Resonance Region, which contains asteroids in a dynamical resonance that 

can bring them to Earth. 

2. The Earth-crossing Region. which contains the Earth-Crossing asteroids. 

3. The Ejected Region, which contains asteroids that have been ejected from the 

Solar System or collided with a planet. 

The model steps through time, and in each step 6.t, computes the number of bodies 
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Figure 3.1: Block diagram of the delivery process. The rectangular boxes are 
dynamical Regions. Within each Region, collisions alter the size distribution, as 
indicated by the arrows. Objects move between Regions with various timescales, 
depending on the dynamical mechanism operating. A fiu..x from Main Belt is input 
on the left, due to collisions in the Main Belt that move objects into resonances. 
The population of the Earth-Crossing Region is monitored as a function of time, 
to determine population of Earth-Crossing Asteroids and thus, after accounting for 
atmospheric entry effects, meteorites. Eventually, objects move into the last box, 
the Ejected Region, which contains all the objects that have been lost, through 
collisions or dynamical ejection from the Solar System. The Ejected Region thus 
does not correspond to a real population of asteroids, but is included in the model 
for accounting purposes. 
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t::.Ni,i+l that move from each Region into the next. In principle, objects could move 

back into lower-numbered regions, but those processes are not considered. 

Step 1: Injection 

Transfer of bodies from Region 0 to Region 1 is modeled as a constant flux of 

asteroids (as a function of size) from Main Belt to the Resonance Region: t::.NO,l is 

a constant (function of size). 

Step 2: Orbital Evolution towards Earth Crossing 

A timescale 71,2 '" lOB Y is required for material in resonances to be perturbed 

into Earth-Crossing orbits via the 3:1 resonances and Mars perturbations (the "slow 

track" of Section 2.3.5); thus a fraction D..t/71,2 of the bodies of each size are 

moved from the Resonance Region into the Earth··Crossing Region in each timestep, 

assuming that this dynamical evolution is independent of size and that it is a 

Poisson process (The appropriateness of the latter assumption will be discussed in 

Section 3.2.4). 

Step 3: Dynamical Loss 

Similarly, material is moved from the Earth-Crossing Region to the Ejected 

Region with a timescale 72,3, which is the lifetime for asteroids to remain in Earth

crossing orbit: 10L lOB y. In all of the model runs discussed, 72,3 was taken to be 

lOB y. The Ejected Region is a sink where asteroids are removed from the system, 

either by impact into a terrestrial planet or by dynamical ejection from the Solar 

System (see Section 2.3). 
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Collisional Evolution 

The collisional evolution is modeled assuming that asteroids in each Region have 

a collisional lifetime that is a function of their Size. In principle, this lifetime depends 

on the population of bodies in each of the Regions through which the asteroid passes; 

however, I assume the lifetime to be constant for each Size within each Region, 

because most of the bodies in any of these Regions still have aphelia in the Main 

Belt, so most disruptions are caused by collisions with Main Belt asteroids [Bottke 

et al., 1993], which are assumed to have a constant population on the timescale 

of interest. For that reason, I further assume that the collisional lifetimes are the 

same (for a given Size) in all Regions. That assumption could be wrong for Earth

crossing asteroids, which spend only part of the time in the Main Belt. However, 

that effect is reduced because they are moving faster than average (with respect to 

other asteroids) when they are there. Our calculations indicate that the lifetimes of 

Earth-crossing and Main-belt asteroids are probably within a factor of two of one 

another [Bottke, Nolan and Greenberg, 1994J. Collisional lifetimes in the Ejected 

Region are irrelevant, because the objects are assumed to be lost. 

As with transfer between Regions, collisional behavior is considered as a Poisson 

process, so that in one timestep, a body has a probability tlt/TC of undergoing a 

collision. The body is then assumed to break up into smaller bodies with an assumed 

size distribution. The nature of this distribution and the Poisson process assumption 

depend on the way that asteroids respond to collisions. Here, I assume a power-law 

size distribution, from Wetherill [1985] (see Section 2.3.2), although recent work by 

me and by others (see Chapter 4) suggests that the size distributions may be more 
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complex. This evolutionary model allows an arbitrary size distribution, and does 

not require that it be self-similar at all sizes, so as models of collision outcomes 

are refined, I can incorporate them into the simulation. In the cases studied here, 

70 = 1.69 X 107 y (/~J, where R is the radius of the asteroid. 

Monitoring the Evolution 

Finally, the model maintains statistics on the population of asteroids in the 

Regions and Sizes of interest. Specifically, it maintains statistics on the population 

of meteorite-sized asteroids in the Earth-crossing Region. 

Note that this simulation does not track the evolution of individual bodies. 

Rather than determine whether an individual body undergoes a collision or is 

dynamically perturbed, it computes how many do so in a timestep. The model 

maintains a count of the number of asteroids in each Region and Size bin. The 

model can then track different kinds of asteroids, by maintaining separate Region 

and Size bins or each kind. 

Parameters Tested 

In the experiments described below, I tested the dependence of the evolution on 

the timescale 71,2 for delivery by resonance (71,2 = 106_lOB y), and on the power-law 

slope of the size distribution of the input flux from the MAB (p = -3.5--4). In the 

description of each experiment, those parameters are listed. 



101 

3.2.2 Tracking of Ancestry 

To test stochastic effects on the population, I monitor the fraction of bodies of 

each Size in each Region that are fragments of specific large "progenitor" asteroids 

that leave the Main Belt. A progenitor asteroid is not just the "parent body" of 

meteorite-sized asteroids, but the greatn-grandparent as well, through genorations of 

disruptions. Its fragments could constitute a substantial fraction of Earth-crossing 

meteorite-sized asteroids. These fragments make up a Clan of asteroids, all of which 

would have similar composition, having a common progenitor. To monitor that effect, 

in each timestep, I compute the number of large asteroids (larger than a certain size) 

that are injected into resonances. I assign each one a Clan tag. These tags follow 

them, and their collisional debris, through the dynamical and collisional modeling. 

The process described in Section 3.2.1 is carried out for each of the Clans in 

the model. If asteroids from a particular Clan dominate the population in a Region 

at any time, then most of the asteroids in that Region are products of a single 

progenitor body that left the Main Belt. As time passes, we expect the products of 

ancient collisions to be ground down and dynamically scattered, while the products 

of recent collisions remain locally concentrated. I use the Clan tags to track these 

phenomena. 

Objects injected into resonance that are too small to be assigned a Clan tag 

are included in a generic Clan. The cutoff size for asteroids lea"ing the Main Belt 

to be assigned to a Clan is determined by experiment. If a significant fraction of 

asteroids in any Size and Region come from the smallest possible progenitor, then 

the cutoff size must be reduced. If the smallest Clan progenitor neyer influences the 

---_ .. _ .. _-
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statistics, then the cutoff size can be increased. Each Size-bin change in the cutoff 

(factor of two in mass) results in approximately a factor of two in computer time and 

memory (depending on the parameters of the run), so it is important to optimize 

this parameter. 

By following evolution of genetically related asteroids with the Clan tags, I can 

sacrifice detail of the evolution and even location of even the largest asteroids, but 

still be able to trace the ancestry of even the smallest, as long as its original ancestor 

broken up in the leaving the Main Belt was large enough to be tagged. 

The Size bins range from the size of the smallest meteorites (before atmospheric 

entry) of about 0.1 m to the size of the largest asteroid (1 Ceres) with a diameter of 

approximately 1000 km. The largest Size bins have a very low flux from the Main 

Belt; since such large asteroids are almost never injected into resonance, considering 

them does not complicate the model. 

The model computes the number of asteroids of each Clan in each Region and of 

each Size, as a function of time. To characterize the population of meteorites hitting 

the Earth, it tabulates the population of asteroids in the Earth-Crossing Region that 

are in meteorite-sized Size bins. By examining the relative number of bodies from 

each Clan, it can determine the fraction of meteorites that are related to a single 

progenitor that left the Main Belt. To the extent that we understand the processes 

that determine the meteorite fall rates as a function of the Near-Earth population, 

we could get absolute values for the flux of different types of meteorites falling on 

the Earth. However, my emphasis here is on the relative numbers of meteorites of 

different types, and the variations in the fall rates, rather than the absolute values. 

The simulation I have just described could have been written in the form of 
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differential equations. For example, Dohnanyi [1969J derived and solved equations 

describing the collisional behavior, and Wetherill [1985J derived and solved equations 

for the transfer between dynamical regions. My numerical algorithm combines those 

processes, and further allows me to add stochastic effects to the simulation, as 

described in the next section. 

3.2.3 Stochastic Processes 

The continuum equation description so far includes no stochastic behavior. 

Stochastic processes are introduced into my model in two ways. The first is in the 

treatment of the transfer of asteroids between regions. If the number (j.N = ~t N) of 

asteroids of a given Size to be moved into a different Region or to undergo collisions 

is less than one, then that number is treated as a probability (the "Probability 

Regime!: ). If the number of asteroids to move from the Resonance Region to the 

Earth-Crossing Region is, 0.5, then there is a 50% chance that one body will move. If 

the number of asteroids to move is 75.6, then the mass corresponding to 75.6 asteroids 

moves. Since b.N ex: b.t, the Probability Regime depends on the timestep. Therefore, 

stochastic effects in processes that operate with timescales shorter than the timestep 

will not be observed. The timestep is chosen to be a fraction of the shortest timescale 

in the problem, and stochastic effects stern from the longest timescale in the problem 

(collisions of large asteroids), so no stochastic effects should be missed. All asteroids 

large enough to be Clan progenitors are in the Probability Regime. It is possible 

that the Probability Regime could be reduced in extent and preserve the stochastic 

effects: but I have not attempted to adjust that parameter. 

The Probability Regime can be extended to a cutoff larger than t::.N = 1. In 

---- ---- - -----
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that case, a Poisson-distributed random integer is computed [Knuth, 1969], with a 

mean of ~N, determining the number of asteroids to move. Generating Poisson

distributed random integers is computationally expensive (especially for large ~.V), 

and is required extremely often. For this reason, this method is not always used, 

and is only used for the largest sizes. I have not noticed any difference in the results 

between the t,,·o methods, but the Poisson-distributed scheme is more physically 

realistic, as it maintains an integer number of asteroids to smaller sizes. Maintaining 

an integral number of asteroids is only enforced in the Probability Regime in either 

case. 

Treating indi\'idual asteroids in this way can have significant stochastic effects on 

the population. For example, if there are only three large asteroids with collisional 

lifetimes of 1000 timesteps, then in most of the timesteps none of the asteroids will 

be disrupted. E"ery few hundred timesteps, on average, one of the asteroids will be 

broken up, and all of its (rather large) mass will be broken up into smaller pieces, 

and distributed into the smaller bins. If the mass of the asteroid is large enough, 

then this mass (in one Clan) contributes a significant fraction (perhaps most) of the 

mass in those smaller bins. This effect constitutes a stochastic fluctuation in the 

population at small sizes, due to a single large event. 

3.2.4 Simplifications 

The numerical model includes a number of simplifications in the physics to keep 

the problem computationally tractable. I discuss the potential implications of these 

simplifications in this section. 
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Collisional Lifetimes 

For collisional dynamics, the exponential lifetime approximation is quite 

reasonable. For any size target, there are many more objects of the (smaller) 

size necessary to disrupt it, but they are widely scattered. Thus there are many 

possible disruptions, each of which has a small probability of occurring, such that 

the total likelihood of one such event is computable. This is exactly the Poisson

distribution assumption. The model ignores the possibility of multiple disruptions 

in one timestep. There is also an approximation in assuming that every body in a 

Region has the same collision cross-section with the rest of the asteroid belt, which 

is not quite true, but probably within a factor of 2 (see Section 3.2.1). We have 

insufficient data on the asteroid population and collision physics to fully determine 

the lifetimes to better than a factor of 2, so our level of approximation is appropriate. 

Size Distribution of Fragments 

The size distribution of fragments created in collisional disruption is taken 

to be a power-law distribution, with the largest fragment being half as large as 

the disrupted- body. This simplification may have important effects. The actual 

mass-velocity distribution of ejecta may depend strongly on the impact conditions, 

and certainly affects the efficiency with which the ejecta can be delivered to a 

resonance. These distributions are rather poorly understood (Chapter 4). It would 

be possible to choose randomly from among possible impact circumstances (perhaps 

fast collision, slow collision, and cratering event) for each timestep, and perhaps 

for each subcategory (Size, Region, and asteroid composition), at least for the 

----- ----------------
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Probability-Regime collisions, but this complication is not yet justifiable given the 

current uncertain knowledge of collision outcomes. 

Self Consistency 

Other workers [Davis, Ryan and Farinella, 1993bj Durda, 1993J have modeled 

collisional populations allowing the lifetimes of bodies to be determined by the 

changing population of smaller bodies. Their methods ignore stochastic effects. 

Their models surprisingly give wave patterns in the entire size-distribution that 

depend on the processes affecting the smallest (/-lm-sized) particles. Allowing the 

lifetime to be self-consistently determined in this way requires that we understand the 

collisional mechanics in detail at all sizes from the smallest that can affect collisions 

(apparently /-lm-sized), all the way up to the largest bodies we wish to model. This 

is an interesting area of research, but understanding of the collisional and dynamical 

evolution may not be sufficient to make this self-consistent approach more, or even as, 

accurate as using external data, such as meteorite ages [Wetherill. 1985], to estimate 

the collisional lifetimes for use in the meteorite-delivery problem. 

Dynamical Evolution 

The dynamical evolution is also here modeled as a Poisson process. As 

we understand the orbital evolution towards Earth, there are two dominant 

processes: chaotic evolution in resonances and random-walk due to close planetary 

perturbations (see Section 2.3). It is not a priori clear how well either of these can be 

modeled as a Poisson process, but it is a plausible starting point in the development 

of evolution models. 

---------- ------- -----
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The chaotic behavior of objects in resonances usually seems to involve relatively 

steady behavior for a time, followed by a very rapid change to another, relatively 

steady mode. For example, in Figure 2.13, the test asteroid oscillates in eccentricity 

bet\\'een 0.1 and 0.4 for 106 y, then suddenly jumps up to eccentricity of about 

0.6. The applicability of the Poisson model depends on the timing of this jump 

in eccentricity. If it is equally likely to happen at any time, then the Poisson process 

model is perfectly applicable. If the jump in eccentricity is most likely to occur 

after about 106 years, then the Poisson process approximation is not a good one. In 

\Visdom's [1983J modeling, since the initial states of the particles are arbitrary, there 

is no :ltime 0", and therefore there can be no characteristic jump time. However, for 

each asteroid, the real injection process has a very definite beginning: the collision 

that injects the fragments; so there may well be such a time, which could be a 

potential shortcoming of my model. 

Random Walk The random-walk of asteroids due to planetary perturbations is 

not a Poisson process, but a diffusive one, with asymptotic behavior going as (t/r) 1/2 , 

rather than e-t/ r . To explore this potential difficulty, I compared this process to a 

Poisson process using a Monte-Carlo simulation. I found that pure random-walk 

diffusion behaves rather differently than a Poisson process, but that a modified 

version where the "random walkers" "fall off" the edges, equivalent to removal by 

Jupiter and the terrestrial planets, does give behavior similar to that of a Poisson 

process. 
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3.2.5 Model Evolution 

If one of the few large parents with long collisional lifetimes is disrupted, its 

progeny may modify the population of bodies at smaller sizes. It may affect 

the fraction of bodies of various compositions at smaller sizes. In this case, the 

proportions of various meteorite types observed at the Earth may not represent the 

proportions of asteroid parent bodies in the source regions, but rather may reflect the 

collisional disruption of a few large bodies, swamping the "background" distribution 

of asteroid types near the Earth. 

In my numerical experiments, the simulation is allowed to evolve for a length of 

time comparable to the age of the Solar System. The timestep is chosen to be a 

fraction of the shortest timescale in the problem, so that a reasonable approximation 

of Poisson statistics occurs in the transfer process. That timescale is 106 y, which 

is the collision lifetime for a 0.7 cm diameter body, and is also the oft-quoted, but 

uncertain (see Section 2.3.8), timescale for chaotic change in the 3:1 resonance. If the 

timestep were set exactly equal to the shortest timescale, all of the bodies would move 

or collide in one timestep, so that all of the products of one collision (for example) 

move between Regions or Size bins in unison, without mixing with the population 

already there. That result is generally not desirable. By making the timescale equal 

to a small fraction l/n of the shortest lifetime, the behavior approaches that of 

exponential decay, since N(t) = (1- l/n)t/n, which, in the limit of large n yields 

N(t) = e-t . Experimentation with the fraction shows that for a fraction l/n in the 

range 1/3 to 1/10, the system is sufficiently well behaved. Generally, the shortest 
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timescales are for the smallest (.-vI gm) bodies, for which accuracy in collisional 

behavior is not terribly important; so a fraction as large as 1/3 is acceptable. 

3.3 Statistical Results 

As the system evolves, statistics are maintained on quantities of interest. I focus 

on the range of sizes likely to fall as meteorites, i. e., with fallen masses bet\yeen about 

1 gm and 1000 kg. Meteorites can ablate substantially on their passage through the 

atmosphere~ so that bodies smaller than that generally burn up in the atmosphere 

before reaching the Earth's surface. Meteorites larger than that are too rare to be 

represented in the meteorite collection. I have taken the pre-atmospheric ;;meteorite

sized" portion. for which statistics are collected, to be 100 gm (approximately a -! cm 

diameter sphere of rock) to 1000 kg in all of my numerical experiments that follow. 

That size range is somewhat arbitrary, and does not include Allende (more than two 

tons recO\'ered) [Graham, Bevan and Hutchison, 1985], for example, but does include 

most few-kg stones. 

3.3.1 Fraction of Parents Dominating 

The model records, as a function of time, the fraction of asteroids in each 

Region that comes from the three parent body Clans that contribute the most mass 

in the meteorite size-range, that is, the fraction of mass from the three biggest 

contributors among Clan progenitors that are represented in the Earth-crossing 

(potential meteorite) population. 
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3.3.2 Rate of Change 

I monitor the length of time that a given Clan dominates the meteorite-sized 

asteroids in the Earth-Crossing Region, or is among the top five Clan contributors. 

This duration 'determines how fast the population of meteorites changes as parent 

bodies break up, and thus determines whether the population of meteorites can 

change on observable timescales, such as the 105-106 y difference between the 

Antarctic meteorites and modern falls. (Section 2.1.3). No matter how large a 

contribution individual progenitors make, if the change in dominance is slo\\', there 

would be no reason for the Antarctic meteorites to be compositionally different from 

modern falls, at least as a result of the population of infalling bodies. 

I keep track of not just the very largest contributors, but also somewhat smaller 

ones, because a Clan could move from, for example, third to fourth place, and back 

to third, and it is important to realize that it is the same body dominating in the 

long term, even though another Clan may have dominated for an interval in between. 

3.4 Model Runs 

3.4.1 !\tIodel Parameters 

This model has a number of parameters, that must either be constrained by 

data or be tested for their importance to the results. Most of the parameters are 

material properties of asteroids, but some are a function of the initial size distribution 

of asteroids. In the model runs I discuss here, I begin with the equilibrium 

power-law distribution and Wetherill's [1985J production population, as discussed 

in Section 2.3.2. I then test the sensitivity of the results to other distributions. 
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3.4.2 Case 1: p = -4 

In the first experiment, a flux of asteroids entering the Resonance Region 

had a power-law size distribution with a differential power-law size distribution 

dN(R) ex RP with p = -4, reflecting the production population in an equilibrium 

main-belt model (Section 2.3.2) and Wetherill [1985]. The timescale 71.2 for transfer 

from the Resonance Region to the Earth-crossing Region was 108 y, the "slow route" 

described in Section 2.3. I allowed this population to evolve, as described above, for 

4.5 x 109 y. 

Figure 3.2 shows the fraction of the time (y-axis), over the last two billion years, 

that a given fraction (x-axis) of meteorite-sized bodies in near-Earth orbits came 

from only a few Clan progenitors. These results show that, at any time, a significant 

fraction of meteorite-sized bodies is likely to come from only a few progenitors. The 

meteorite sample varies as the individual large asteroids are disrupted, and as Clans 

are collisionally and dynamically depleted. This fraction is too small to explain the 

ordinary chondrite problem as a probable stochastic variation, but it could explain 

small variations in the population of Antarctic meteorites compared with modern 

falls. The timescale of these variations is discussed in Section 3.4.6. 

3.4.3 Case 2: p = -3.5 

To test the importance of the initial size distribution, I tested a case with a power

law exponent for the input population of p = -3.5. This production population could 

correspond to a main-belt population with p = -3, or it might come from a different 

Main Belt distribution if the collisions that produce potential meteorites are different 
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Figure 3.2: Figure showing the fraction of the time (y-a.-ds), over the last two billion 
years, that a given fraction of meteorite-sized bodies in near-Earth orbits (x-axis) 
belong to only a few (three) Clans, for a production population exponent p = -4. 
Half the time, over the last two billion years, 4-6% of meteorites came from only 
three Clans; 10% of the time, up to 15% of meteorites come from only three Clans. 
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Figure 3.3: As Figure 3.2, for a production population exponent p = -3.5. Note the 
different horizontal scale. Half the time, over the last two billion years, about 20% 
of meteorites came from only three Clans; 10% of the time, about 50% of meteorites 
come from only three Clans. 

from those that determine the population of larger asteroids, for example, cratering 

collisions. 71,2 was taken as 108 y. 

Figure 3.3 shows the same information as Figure 3.2 for this "flatter" (more large 

bodies) population. In this case, half the time over the last two billion years, about 

20% of meteorites come from a few Clans, and occasionally up to 80% do. This rather 

dramatic stochastic variation would have a great influence on our ability to interpret 
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meteoritic data: If 80% of meteorites come from only a few Clan progenitors, the 

meteoritic data likely do not well represent the composition of the asteroid belt. 

Our understanding of the asteroid belt size distribution, and especially the size 

distribution of fragments resulting from an impact is poor enough that either of 

the two cases above (p = -4 or p = -3.5) is plausible. The real distributions are 

probably more complex than the power-laws shown here. 

3.4.4 Case 3: Tracking of Clans into the Main Belt 

In the algorithm described above, there is no way to know whether the Clan 

progenitors were once part of the same progenitor in the Main Belt. Since the 

process that starts an asteroid on its journey towards Earth-crossing is a collision, 

Clan progenitors are not really injected into resonances individually, but rather they 

are part of a collection of asteroids that are debris from the same collision. Thus, 

in the experiments that follow, rather than simply adding asteroids to the resonance 

Region, I assume that each injected asteroid has suffers a catastrophic disruption as 

part of the injection process. The model adds all of the debris from that collision to 

the Resonance Region. If such a disrupted asteroid is large enough to merit a Clan 

tag, then all of its associated debris is assigned to that Clan. In the previous cases, 

without this initial collision, very large (larger than about 20 km) asteroids usually 

moved through the dynamical model without ever suffering a collision, because 

their collision lifetimes were much longer than the dynamical timescale. Since the 

collisional debris of a large asteroid includes the meteorite size range, in this modified 

algorithm all Clans influence the statistics of meteorites-sized asteroids in the Earth

Crossing Region; none simply move through the simulation undisturbed. If a large 



115 

OJ 1 
S ...... 
r< 

.8 

.6 

.4 

.2 

o 
o 20 40 60 80 100 

Percent from Top Clans 

Figure 3.4: As Figure 3.2, for a production population exponent of p = -4, but with 
tracking of parentage into the asteroid belt. Half the time, over the last two billion 
years, about 20% of meteorites belong to only three Clans; 10% of the time, about 
50% of meteorites belong to only three Clans. 

enough progenitor is injected into the Resonance Region, some of the debris fragments 

are large enough that they would haye been assigned their own Clans in the earlier 

version; but this Tracking into the Main Belt maintains the fact that they all descend 

from the same progenitor. 

Figure 3.4 shows the results of considering this extended tracking of Clans into 

the Main Belt" for p = -4, T1,2 = 108 y. The large increase in stochastic variation 

shown in this figure compared to Figure 3.2 results from two things. First, since the 

progenitor was fragmented, small members of large Clans exist from the beginning: 

previously, Clan members resulted only from a collision of a Clan progenitor after 

injection into resonance, and the Clans with the most mass were unrepresented in the 
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meteorite-sized population until such a collision. Similarly, the initial fragmentation 

results in a number of relatively large asteroids in the same Clan; so that there are 

several opportunities for further fragmentation to produce meteorite-sized bodies in 

the same Clan. 

Notice that the curve in Figure 3.4 is "bumpy". Since the input flux is a uniform 

power-law, this lumpiness indicates that a relatively small number of progenitors 

produce the Clan-member meteoroids. This issue will be discussed in Section 3.4.6. 

The lumpiness occurs because larger (and therefore rarer) progenitors produce 

meteorite-sized asteroids than in the previous cases. Tracking into the Main Belt 

will be included in all of the cases that follow. 

3.4.5 Case 4: Alternative Dynamical Paths 

Next I consider the effect of the time required for delivery to Earth-crossing 

orbit after the initial collision. There were several dynamical mechanisms for 

delivering meteorites discussed in Section 2.3. The cases shown so far have only 

examined the "slow track" where asteroids have their eccentricities increased by a 

combination of Mars perturbations and v6-resonance perturbations. On this "slow 

track", the population has time to collision ally evolve before it reaches Earth

crossing. Alternatively, if asteroids take the "fast track" to Earth-crossing via the 

3:1 Jovian resonance, many small bodies are delivered directly from the asteroid 

belt. The next case compares these two dynamical tracks, with all other conditions 

identical to those of Section 3.4.4. Figure 3.5 shows the fraction of time that a 

certain percentage of the Earth-crossers is likely to come from only three Clans in 

each of three cases: A) the "fast track" (71,2 = 106 y via the 3: 1 resonance), B) the 

----- -----~~ 
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Figure 3.5: As Figure 3.4, for a production population slope of p = -4, with tracking 
of Clans into the Main Belt. The three curves represent three different dynamical 
paths to Earth crossing. Curve A is for Tl,2 = 106 y, Curve B is for Tl,2 = 108 y, and 
Curve C is for half of each. 
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"slow track" (71,2 = 108 y via Mars and the V6), and C) an equal mixture of both the 

fast- and slow-tracks. For bodies that take the fast track to Earth (Curve A), most 

of the time only a few percent of the Earth-crossers come from the three ancestors 

that contributed the most. These bodies experienced very little collisional evolution 

during their rapid orbital evolution. For the population that comes \'ia the slow-track 

(Curve B), half the time 20% of the bodies come from only three ancestors, and 10% 

of the time about 50% of the bodies do. Curve B is identical to Figure 3.4. The 

slow-track bodies can be dominated by a few parents because there is plenty of time 

for collisional evolution. Curve B shows a population split evenly between fast- and 

slow-track bodies. This figure shows that understanding the dynamical timescales 

for delivery to Earth-crossing orbit is crucial to determining the extent of stochastic 

variations in the meteorite and NEA populations. 

3.4.6 Rate of Change 

The experiments described above show that a stochastic fluctuation in the 

population of meteorite-sized· asteroids in Earth-crossing orbit can cause the 

meteorite population observed at anyone time to be different from the Main Belt or 

time-averaged Earth-crossing asteroid populations, Next I address the timescales of 

these changes. To explain differences between modern falls and Antarctic finds, for 

example, we need to show that changes occur in 105 to 106 years, much shorter than 

the Earth-crossing residence time of about 108 years. 

For the experiment discussed in Section 3.4.4 (Case 3), with p = -4, I computed 

the length of time each Clan remained one of the top three contributors. Figure 3.6 

shows the distribution of those results. The contributors are weighted by the time 
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Figure 3.6: Figure showing the distribution of times that a Clan is on of the dominant 
3 among Earth-crossing, meteorite-sized asteroids in the experiment described in 
Section 3.4.4, where p = -4. If, for example, a Clan produces the most meteorite
sized bodies in the Earth-Crossing Region for 100 My, it is placed in the 100 My bin. 
The number in a bin is weighted by the length of time the Clan remains important, 
because short-lived parents give a high rate of change, but for only a short time. The 
curve shows cumulative distribution of the number of Clans that are important for 
a given length of time or shorter. 
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that they contribute, because, while a short-lived Clan leads to rapid change, it does 

so for only a short time. A long-lived parent leads to slow change, and does so for a 

long time. This example, with an median dominance time of about 90 My, is typical 

of all of the runs, in that the longest-lived parents last a few x 108 years, with an 

approximately linear slope. 

3.4.7 Implications of the rate of change of parent bodies 

The rate of change of dominant Clans determines the extent to which these 

stochastic variations in the meteorite-sized Earth-crossing asteroid population affect 

the meteorite sample. For a dramatic change in one ordinary chondrite type, only 

one Clan needs to come or go, so the timescale for change is typically 50 :VIy. 

Figure 3.6 suggests that a change of a dominant Clan on a timescale as short 

as 1 ~Iy happens a few percent of the time over history. Smaller changes, due to 

a change in a less dominant Clan should happen more often. For example, if one 

dominant Clan changes over 1 My 1 % of the time, then one of the 100 dominant Clans 

should change in 1 My 1 - 1/ e = 74% of the time. Thus small (few %) differences 

(due to changes in small Clans and small changes in the large ones)) between the 

modern falls and the Antarctic meteorites are expected, but a 50% change would 

be unlikely. Such a change would either be a low probability fluke event, or due to 

some other cause than the normal changes in the near-Earth asteroid population as 

a whole that this model simulates. 

These results are consistent with some of the data on Antarctic meteorites, for 

example the larger numbers of polymict eucrite breccias and lunar meteorites in the 

Antarctic population than in modern falls [Takeda, 1990]. These rare meteorite types 
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(both among the Antarctic meteorites and the modern falls) could descend from clans 

that have decreased in dominance over the time since their fall in Antarctica. 

3.5 Size Distribution of Near-Earth Asteroids 

My model also shows how the size distribution of near-Earth asteroids varies 

with time from stochastic disruptions of large asteroids. I address whether stochastic 

variations could be responsible for the non-uniform crater-size distribution seen on 

the planets [Strom and Neukum, 1988]. Figure 3.7 shows variation of this size 

distribution for the case described in Section 3.4.4. At sizes smaller than 10 m, 

collision equilibrium holds. Between 10 m and about 10 km, all of the snapshots 

show similar, but non-equilibrium behavior, where the input. size distribution strongly 

influences the population. Above about 10 km, stochastic variations dominate the 

size distribution, so that the luck of the moment dominates other effects. Note that 

the size distribution is smooth at small sizes, so stochastic effects modify the total 

number of small bodies, but not their size distribution. At the larger sizes, where 

stochastic effects do modify the size distribution, the resulting distribution is quite 

jagged. 

The features in the planetary crater size distributions are much broader than 

the jagged features seen in Figure 3.7. The crater-size distributions are thus not 

likely stochastic effects, but more likely permanent features of the impactor size 

distribution. The features occur near the transition size where gravity becomes 

important in asteroid collisional evolution (see Chapter 4 and Davis et al. [1985]). 

Thus systematic size-dependence in the collision physics probably is more important 

to this bend than are stochastic fluctuations. 
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Figure 3.7: This figure shows the size distribution of asteroids in the Earth-Crossing 
Region, normalized to the steady-state p = -3.5 differential distribution of Dohnanyi 
[1969]. Each of the lines is a snapshot at a different time. Note three regimes: 
equilibrium at small sizes, non-equilibrium steady-state at intermediate sizes, and 
stochastic (non-steady-state) at large sizes. 
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3.6 Summary of Stochastic Effects 

I have shown that stochastic variations in the meteorite-sized population of 

Earth-crossing asteroids can cause substantial deviations from the average Main 

Belt population. I have shown that these fluctuations change too slowly to be likely 

causes of large differences between the modern fall and Antarctic find populations 

of meteorites, though stochastic variations do yield small differences between those 

populations. 

Five percent of the time~ 50% of meteorite-sized Earth-crossing asteroids would 

come from only 3 Main-Belt ancestors, enough to explain how ordinary chondrites 

could dominate the meteorites if they were relatively common (but not necessarily 

dominant) in the Main Belt. 

It is reasonable that only a few ordinary chondrite progenitors contribute~ or that 

one kind of observed meteorite may be uncommon in the asteroid belt. However, 

this result does not resolve the ordinary chondrite problem. The odds that three 

uncommon ancestors produce the most common meteorites are much lm\'er. An 

appropriate analogy is a random draw from a deck of cards. We should not be 

surprised that we have drawn the .-\ce of Hearts, Queen of Spades, and Two of 

Clubs. We had to draw something, and those were as likely as any other. We 

would be surprised by three aces. I have shown that drawing three parent bodies is 

reasonable, rather than three hundred; it is still unlikely that the three are all alike. 

The latter is required to explain the ordinary chondrite problem as a stochastic effect. 

If large (factor-of-two) differences between the .-\ntarctic meteorites and modern 

falls are real, they likely derive from some source other than a stochastic variation of 
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the population of NEAs, such as atmospheric filtering, different collisional properties 

of potential meteorites, and meteorite streams. I am sure there are others as well. 

3.6.1 Further Work 

This model could be expanded to consider the asteroid belt as a whole, rather than 

as a flux of bodies into resonance. Then, asteroids near resonances could continue to 

provide Clan material over time, not just as a single influx at the moment of injection. 

In addition, a more complete dynamical evolution model would allow a more careful 

consideration of meteorite streams and resonance effects, which are ignored in this 

model. Given the advances in computing even since I began this work, a dynamical 

model that follows the actual orbits of at least the largest asteroids, such as that 

used in the r.lonte-Carlo integrations of Wetherill [1967, et seq.] could be used in 

this model with little difficulty. 

At the moment, the unknowns in the physical properties of asteroids outweigh 

the modeling oversimplifications. Continuing this type of modeling will require 

substantial additional understanding of those physical properties. Thus, the next 

chapter describes an investigation of collisional fragmentation of asteroids. 
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CHAPTER 4 

CRATERING, SHATTERING, AND DISRUPTION 

4.1 Background on Cratering and Collisional Shattering 
and Disruption 

For all but the largest asteroids, the outcomes of collisions between asteroids have 

determined the size distribution of the population. Different materials fragment 

differently, so the size distribution may depend on composition. The size-velocity 

distribution of ejected fragments governs the ease with which asteroids are disrupted 

and launch meteorites onto trajectories to Earth. These properties have been studied 

experimentally, but the measurements are difficult to perform and to interpret, and 

the required extrapolations for asteroid applications are substantial. The importance 

of these distributions was evident in my study of stochastic effects (Chapter 3). 

Furthermore, the recent imaging of two small asteroids, 951 Gaspra and 243 Ida, by 

the Galileo spacecraft has motivated a careful examination of the response of such 

small bodies to impacts. 

To describe these processes, I use the following definitions. "Fragmentation" 

means the process of breaking a body into fragments. Ie is defined as the ratio of the 

mass of the largest fragment to the original target mass. A body is "shattered" or 

"catastrophically fragmented" if Ie < 1/2. It is "disrupted" when those fragments 

have sufficient velocity to escape from the their own self-gravity, and I similarly define 

I R to be the fraction of the mass remaining bound to the target after impact. 
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A key property is the strength of bodies under various conditions, but "strength" 

has several different meanings in the context of collisional outcomes. All involve a 

quantity with the units of force per unit area (pressure), or, equivalently, energy per 

unit volume [Hausen, Schmidt and Holsapple, 1983]. One measure of "strength" is 

the specific energy Q (energy/mass) required for a given outcome, which differs from 

energy /volume only by a factor of the density of the target material. Here I define 

"physical strength" as static tensile strength against brittle failure. Tensile strength 

is usually assumed to be the most appropriate material strength for models used to 

extrapolate to asteroid sizes, e.g., by Hausen, Schmidt and Holsapple [1991]' because 

the critical failure is assumed to be tensile. In this chapter, I show that physical 

strength is almost always unimportant in the asteroid impacts examined here. The 

shock wave generated by the impact fractures material before crater flow begins, so 

that physical strength is irrelevant. 

This discovery shows that the widely adopted "strength scaling" used to 

extrapolate from laboratory experiments to asteroids has generally (until recently) 

been applied inappropriately. Contrary to earlier models, resistance to destruction, 

which I call "resistance" or "sturdiness", does not depend on strength, even for 

asteroids as small as Gaspra (rv 13 km diameter). 

4.1.1 Cratering Experiments on Earth 

The best studied impact experiments have been in the cratering regime. They 

have been performed over a relatively wide crater-size range, varying from micron

sized dust impacts to km-scale nuclear blasts. While a bomb explosion is not exactly 

an impact event, both processes deposit a large amount of energy in a short time in a 
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small region some distance underground, and the results are similar where they have 

been compared (e.g., Hausen, Schmidt and Holsapple [1991]). The main differences 

between Earth-based experiments and impacts on asteroids are the amount of gravity 

and the nature of the target material. Asteroids may be covered with loose regolith, 

and the substrate may be "rubblized:l by earlier impacts or primordial weakness. 

In contrast, the experimental targets have generally been sediments and igneous 

rocks. Such differences could result in different ejecta behavior, especially far from 

the impact point. 

The size- and velocity-distributions of material are less well studied than the size 

of crater formed. Most workers still use the results of Gault, Shoemaker and Moore 

[1963] (see Section 2.3.4) regarding the velocity distribution of crater ejecta. The 

models based on those results can be considered only rough a.pproximations. 

4.1.2 Collisional Fracture Experiments 

A number of experiments have been performed to determine the energy required 

to shatter or disrupt finite targets, beginning with those of Gault and Wedekind 

[1969]. These shattering experiments have typically been performed in ",IDcm 

spheres or cubes. One important parameter to be determined from these experiments 

is the "impact strength" of the target. A common measure of the impact strength 

is Q*, the specific energy required to shatter a body so that Ie = 1/2. Similarly, 

I define QD as the specific energy required for disruption (J R = 1/2) rather than 

shattering. QD is most directly releyant to the rates of collisional production and 

destruction of asteroids. Unfortunately, since Earth's gravity far dominates any self

gravity of the targets, for laboratory-scale experiments determination of QD would 

---------- --.--. 
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require detailed understanding of the partitioning of the impact energy to be useful. 

That information is difficult to obtain. Several workers have attempted to compute 

the energy difference required for disruption QD /Q* == "'(, e.g., Davis et al. [1985], 

Hausen and Holsapple [1990], and Barge and Pellat [1993], but those results require 

additional extrapolation. 

More recently, several groups have been performing high-speed impact 

experiments to examine the size- and velocity-distribution of ejecta fragments from 

collisional shattering, using high speed stereoscopic photography to follow the paths 

of individual fragments from a shattered target. These are reviewed in Fujiwara et al. 

[1989J and Ryan [1993J. This technique gives much better measurements of velocity

frequency measurements than had previously been obtained. The data reduction is 

laborious and tedious, so data are still "quite sparse" [Fujiwara et at., 1989J. 

Ryan [1993; see also Ryan, Hartmann and Davis [1991J has performed numerous 

impact experiments into 10 cm spheres of various materials to determine the size

distribution of ejecta, as function of the impact energy and target material. In 

these experiments, the shapes of the resulting fragments depend on the impact 

velocity and the target material. At high impact velocities (several km S-l), "core 

fragmentation" results, in which one largest fragment from near the center of the 

original target remains intact. At lower impact velocities, "cone fragmentation" is 

more common, with several roughly conical largest fragments of about the same 

size. As a further complication, ice targets break very differently than do basalt or 

aggregate targets, yielding two or three large fragments, rather than several similar 

conical ones [Fujiwara et al., 1989J. The high-pressure experiments of Hausen, 

Schmidt and Holsapple [1991J with rv 10 em targets showed still another kind of 
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fragmentation that occurred under applied atmospheric pressure: Some of their 

experiments yielded one approximately hemispherical fragment, and a large number 

of much smaller fragments. Some of their experiments yielded craters almost as big 

as the targets. 

These qualitative differences of collisional outcomes complicate our understanding 

of the processes involved, and make extrapolation difficult. However, it seems 

likely that these continuing experiments will improve our understanding of ejecta 

distributions substantially over the next few years. 

4.1.3 Velocity Distribution of Asteroid Families 

Asteroid families are probably the daughter products of disruptions of larger 

parent asteroids, whose fragments have not migrated very far in orbital space so that 

their proper elements remain similar [Chapman et al., 1989; Milani and Knezevic, 

1992]. Some spurious identifications of family members are inevitable [Zappala 

et al., 1990], but the extreme orbital and spectral similarity within some families 

indicates that they are genetically related. The apparent velocity dispersions among 

family members (50-200 m S-1) are a few times larger than those found by impact 

experiments [Chapman et al., 1989] or by my numerical simulation (Section 4.4.3). 

This discrepancy indicates that there may be a scaling problem in comparing 

experimental results with the asteroid belt. However, Carpino et al. [1986] note 

that it is difficult to determine the velocity dispersions of families to the required 

accuracy, so the actual values may be closer to the experimental results. 

I suggest an alternative explanation: Special impacts may be required to create 

families. Figure 4.1 illustrates possible outcomes of collisions into variolls types 
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Figure 4.1: Figure from Chapman et ai. [1989] showing their estimates of the 
likelihood of forming asteroid families depending on the initial state of the parents. 
The work shown in this chapter shows that most asteroids large enough to detect 
but too small to gravitationally differentiate should fall in categories 2-4. 
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of targets and suggests that only certain types of asteroids and certain types of 

collisions may form identifiable families. Category 1 is an intact solid "strong:' target, 

category 2 is an intact "weak solid" target; categories 3 and 4 have yarious degrees of 

fragmentation: and category 5 is inhomogeneous. Whether categories 1 or .j produce 

families depends on the circumstances of the impact. Chapman et al. [1989] suggest 

that objects in category 2 should produce fragments too small to observe: but while 

ejecta from completely pre-fragmented targets can be no larger than the original 

fragment size: Ryan [1993] has shown experimentally that even "'eak cohesion can 

result in final fragments larger than the constituent pieces. Brecciated (and re

cemented) meteorites exist, therefore there is at least some possibility of cohesion 

between fragments. If the velocity dispersion of the ejecta were small enough (less 

than their mutual escape velocity), agglomerations of ejecta could re-form into larger 

asteroids. 

My numerical modeling (Section 4.3) suggests that most asteroids are in classes 

2-4. Thus, unless the initial fragments are well cemented, family-producing collisions 

may be atypical. In that case, families may not be products of typical impacts. This 

conclusion would resolve a dilemma posed by the impact record on the asteroid 

243 Ida. Preliminary results [Belton et al., 1993] suggest that Ida, and thus the 

Koronis family to which it belongs, may be over a billion years old. If families are 

that long lived, one would expect to find many more of them than we obserye [Harris, 

1993]: unless family formation occurs only under special circumstances. Binzel [1988] 

suggests that the Koronis family is relatively young (compared to the Eos family and 

to the age of the solar system), but his estimate (less than 2-4 Gy) is consistent "'ith 

the Belton et al. [1993] estimate. 
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Families do exist however, so it is problematical that so far none of our (hydro code 

or laboratory) experiments show similar high velocity dispersions, if these dispersions 

are real. We are continuing to simulate a wider variety of collision scenarios, in an 

attempt to identify family-producing conditions. 

4.1.4 Scaling Laws 

In a sequence of papers, Kevin Housen, Robert Schmidt, and Keith Holsapple 

developed a set of scaling laws to predict from experiments the outcomes of impacts 

[Holsapple and Schmidt, 19S0; Holsapple and Schmidt, 19S2; Holsapple and Schmidt, 

19Si; Holsapple and Hausen, 19S6; Hausen, Schmidt and Holsapple, 19S3; Hausen 

and Holsapple, 1990; Hausen, Schmidt and Holsapple, 1991j. These scaling laws are 

based on a dimensional analysis of the problem, combined with fits to existing data. 

In the following I illustrate how this scaling works. 

In their model, the relevant parameters in cratering are assumed to be the 

projectile radius a, projectile density 0, impact velocity U, target density p, target 

strength Y, and target surface gravity 9 [Hausen, Schmidt and Holsapple, 19S3j. A 

cratering event is divided into two phases. In the "early-time" phase, momentum and 

energy are coupled into the target, and only a, U, and 0 are important. In the "late

time" phase, ejecta flow extends well beyond the impact region, and only p, g, and 

Yare important. A key assumption of their scaling model is that the two phases are 

coupled only by a single parameter C, derived from the early-time parameters, that 

completely describes the impact's effect on the late-time ejecta evolution [Holsapple 

and Schmidt, 19Sij. 

Since C is assumed to be a function of three other variables, and there are three 
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physical dimensions involved (length L, mass lV[, and time T), C must have some 

combination of those dimensions: Ll/l MrjJT~, where none of the exponents is zero. 

Since C could be redefined as being raised to any power, one of the exponents can 

be set to 1 without loss of generality: Hausen, Schmidt and Holsapple [1983] set 

~ = 1. There is only one way to arrange the three variables a, 0, and U to have those 

dimensions: Length a, Mass oa3
, and Time a/U. Thus 

(4.1) 

where k is a dimensionless constant that can be determined by experiments. 

Next, they perform a similar operation on each outcome parameter of interest 

using the late-time parameters. For example, the crater radius is 7' = 7'(C, p, g, Y). 

The dimensional analysis requires that there be one fewer parameter to uniquely 

derive an expression of the form of equation 4.1, so Hausen, Schmidt and Holsapple 

[1983] assume that there exists a "strength regime" (for example, very small 

asteroids) where the outcome has no 9 dependence. Then, 7' = 7'(C, p, Y) or 

equivalently C = C(r, p, Y). By (4.1), C has units Ll/l iV[rlT. There is only one 

way to arrange 1', p, and Y to have those units: Length 1', Mass pr3, and Time 

Vr2p/Y. Thus, as in equation 4.1. 

C = krl/l(pr3)rjJJr;:. 

Eliminating C with equation 4.1, and solving for :{a: 
:. = k ( 02y ) 2(l/l+3rjJ+l) 
a p3U2 

= ('02Y ) 1/(
2e

x) 

k p3U2 ' 

where ex == -(0 + 3¢ + 1). 

(4.2) 

(4.3) 

( 4.4) 
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The unknown coefficients k and ex must be determined experimentally as a 

function of the target and impactor materials. Unfortunately, apparently similar 

materials can give widely varying results. For example, two similar experiments 

using 20 tons of TNT ("FLAT TOP II" and "FLAT TOP III") performed in 

desert alluvium with different amounts of soil moisture yielded ex of 2.83 and 1.78, 

respectively. This large difference in the experimentally determined parameters for 

similar materials does not bode well for extrapolation of scaling-law results by many 

orders of magnitude up to asteroid-scale events in materials with unknown properties. 

4.1.5 Weaknesses and Strengths of Scaling-Laws 

The dimensional analysis requires a number of assumptions that are questionable. 

Consider the assumption that r is a function of three parameters, e.g., C, p, and 

Y. If there were no purely strength-dominated regime, there would be (at least) a 

fourth parameter. In that case, no unique combination of them would correspond to 

the dimensions L, lvI, and T. The assumption that a single coupling parameter C 

can represent of all of the early-phase parameters is also questionable. 

Scaling analysis has other weaknesses as well. If not all of the important variables 

have been identified, or if the distinct phases with simple coupling do not really exist, 

then the method fails. If, for example, the sound speed of the material is important, 

as experiments have shown it to be [Fujiwara et al., 1989], another variable must 

be introduced. This variable may be eliminated by computing' results separately 

in the "subsonic" and the "supersonic" regimes, with different fracture mechanisms 

operating in different regimes. For example, "strength" has different meanings at 



135 

different size scales, as I show in Section 4.3, which introduces another parametric 

variation not accounted for in the scaling analysis. 

Scaling laws do allow interpolation and limited extrapolation of experimental 

results. However, the large extrapolations required to address planetary problems 

are not reliable using these scaling laws. If experiments could be performed at scales 

relevant to asteroid impacts, scaling laws would be useful for predicting the results 

of other similar impacts. Also, some aspects of impact processes are more easily 

extrapolated than others. For example, for the largest targets, gravity likely is the 

only relevant force. Thus, when it applies, gravity scaling should give useful results. 

There is, however, no well-founded a priori way to know at what size gravity 

comes to dominate. In the strength-scaling limit, the primary resistance to the flow 

of ejecta is due to the strength of the rock. On the Earth, this regime is thought 

to apply to the formation of craters up to a few tens of meters in diameter [Melosh, 

1989]. For larger craters, the primary resistance is due to gravity: excavation stops 

when insufficient energy remains to lift the overlying material against the force of 

its weight. On asteroids, the material may be very weak, and the force of gravity is 

much smaller than on the planets. Thus the dominant force is uncertain. Empirical 

scaling laws derived for terrestrial conditions do not directly apply. 

4.1.6 Scaling Law Results 

Using these scaling procedures, Hausen, Schmidt and Holsapple [1983] derived 

expressions for a number of cratering observables including crater radius, ejecta 

velocity as a function of time and launch position, and ejecta blanket thickness, 

using experimental data to determine the necessary constants. Later work using a 
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similar scaling approach yielded a criterion for catastrophic fracture of finite targets; 

specifically between the specific energy required for shattering Q* and the radius of 

the target R [Holsapple and Housen, 1986; Housen and Holsapple, 1990]. Figure 4.2 

shows the results of that model. At small target sizes (less than about 30 km), the 

model is in the strength regime. The gradual negative slope in this regime is due to 

their assumption that impact strength in the strength regime is a weak function of 

strain rate e: 

(4.5) 

for the model shown, where S is a constant. The strain-rate dependence of the 

strength comes from the Grady-Kipp crack-propagation model. 

In their model, for large enough objects, gravity dominates. Their scaling 

procedure yields the slope shown for targets larger than about 30 km marked "Hausen 

and Holsapple [1990]", The transition point near 30 km was obtained by equating 

the impact strength of the material (from laboratory experiments [Cohn and Ahrens, 

1981]) with gravity. A greater impact strength would shift the gravity-scaled segment 

to the right. Holsapple [1993] suggests that the gravity-scaled curve is so steep that 

the transition point cannot be much different than they claim. 

At the time of the work of Housen and Holsapple [1990], there was another line of 

evidence regarding the value of Q* at sizes greater than 30 km, which could constrain 

the curve in the gravity-scaled regime. Arguing from the velocity distributions and 

fragment size distribution of asteroid families, and assumptions about the energy 

partitioning in the collisional events that created the families, [Pujiwara, 1982] 

inferred values of QD, shown as triangles in Figure 4.2. These values of QD were much 
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Figure 4.2: Figure showing the specific energy required to catastrophically fragment a 
target. A target'is considered fragmented when the largest fragment is half the mass 
of the original target (fe = 1/2). The lines are scaling law results from the authors 
indicated. Scaling laws were computed from the published formula:! for an impact at 
5.3 km S-l into a basalt target with a density of 2700 kg m-3 . Note that the slopes 
of the gravity-scaling curves are similar. This is because the force of gravity is by far 
the most well understood of all those acting; the debate is about the size at which 
it comes to dominate. Constraints from asteroid families and from the experiments 
of Housen, Schmidt and Holsapple [1991] are discussed in the text. Constraints from 
hydro code experiments are discussed in Section 4.7.2. The open squares represent Q* 
and the open circles represent QD from the hydro code experiments described in this 
chapter. The letters indicate the size of the target: A) Gaspra-sized (Section 4.3), 
B) Ida-sized sphere, and C) Ida-sized ellipse (Section 4.6). 
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higher than those predicted for Q* by the scaling-law of Housen and Holsapple [1990]. 

Housen and Holsapple [1990] attributed this difference to the difference between QD 

(inferred by Fujiwara [1982]) and Q' (estimated by their scaling relation). 

Housen and Holsapple [1990] recognized that their way of reconciling their Q* 

scaling with Fujiwara's [1982] QD values violated the impact model of Davis et al. 

[1985] in the following way: Davis et al. 's model predicted that if disruption required 

such a large excess of energy (about two orders of magnitude) over that required 

for shattering, the fragments would have been too small to be observed as family 

members. Housen and Holsapple [1990] dismissed Davis et al. 's model because it is 

inconsistent with their own interpretation of the Fujiwara [1982] results. Another 

way of reconciling the Housen and Holsapple [1990], Fujiwara [1982]' and Davis et al. 

[1985] results would be if the strengths were much lower than Housen and Holsapple 

[1990] assume, which would shift their line to the left. They dismissed this idea, 

finding it "difficult to imagine how the strength of basalt could be much lower than 

the value used here." 

Sevel'allines of research are shm\'ing that large bodies are effectively weaker than 

competent rock, including more recent laboratory experiments by Housen, Schmidt, 

and Holsapple's group and the numerical simulations described in Sections 4.3 to 4.8 

of this thesis. 

4.1. 7 Revisions of Scaling-Law Results 

High-Pressure Laboratory Experiments 

Housen, Schmidt and Holsapple [1991] performed a set of experiments using high 
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pressure to simulate the effect of gravity on fracture of self-gravitating bodies. In 

these experiments, they used weak targets, with tensile strengths of about 1 bar. 

They interpreted these experiments as showing that, in the gravity regime, bodies 

are substantially more resistant to fracture than their previous analysis predicted 

[Housen and Holsapple, 1990], giving a better match to the asteroid family data, as 

shown in Figure 4.2. Hausen, Schmidt and Holsapple [1991] cautioned that applied 

pressure is an imperfect simulation of gravity, since applied pressure produces a 

single pressure throughout the body, rather than the gradient produced by gravity. 

Nevertheless these experiments were a significant source of additional data relevant 

to the scaling of fracturing and disruption. 

Although Housen, Schmidt and Holsapple [1991] interpret these results as 

indicating that bodies in the gravity regime are stronger than their earlier results 

suggested, I find that this same result could be obtained by simply inserting the 

strengths of the "fly ash" they used in these experiments into the earlier scaling law. 

The Grady-Kipp parameters for the "fly ash" have not been determined, only their 

static strengths. I assumed that the fracture parameters of the '.'fly ash" are similar 

to those of basalt. If that assumption does not hold, neither the following estimate 

nor the comparison to earlier results by Housen, Schmidt and Holsapple [1991] are 

appropriate. Thus it would be useful to obtain fracture parameters for the fly ash. 

For basalt, the transition strain rate (the strain rate at \vhich the dynamic 

strength shown in equation 4.5 is equal to the static strength) is about 8 S-l for 

a 9 em radius target [Melosh, Ryan and Asphaug, 1992]. I scaled the strength to 

experiments used in Housen and Holsapple [1990] down to the transition strain rate 

using equation 4.5 [Housen and Holsapple, 1990], yielding a static strength of 170 bar. 

-------------------
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Any of the materials analyzed by lvlelosh, Ryan and Asphaug [1992J would scale to at 

least 40 bar. The static tensile strengths of the targets used by Housen, Schmidt and 

Holsapple [1991J were measured (ASTM C;!96-86) to be about 1 bar (9.2-17.5 PSI). 

From Equation 19 of Housen, Schmidt and Holsapple [1991]' Rstrength-gravity ex yl/2, 

where Y is the tensile strength. Thus the strength-gravity transition should then 

occur at a size about one order of magnitude smaller than for the strong target, 

almost exactly that shown in Figure ;1.2. In effect, Housen, Schmidt and Holsapple 

[1991J are now agreeing that weaker effective material strengths are appropriate. 

Hydrocode results 

Using a numerical hydrocode we have found that the strengths Q* appropriate 

to impacts into km-scale bodies are much lower than those assumed by Housen 

and Holsapple [1990J. I have shown [Nolan, Asphaug and Greenberg, 1992; this 

dissertation; Nolan, Asphaug and Greenberg, 1992J that these low strengths are due 

to a difference in the mechanism of disruption for large (km-scale) and for small (cm

to m-scale) bodies. This difference in mechanism was not taken into account in the 

scaling-law formulations. In the next section I describe the numerical experiments 

that led to that conclusion. 

4.2 Numerical Modeling of Impacts 

I attack this problem using a numerical hydrocode (SALE [Amsden, Ruppel and 

Hirt, 1980],) modified by H. J. Melosh and E. Asphaug to include the fracture 

algorithm of Grady and J(ipp [1987J [Asphaug, 1993; Asphaug and Me/ash, 1990; 

Asphaug and Melash, 1993; Me/osh, Ryan and Asphaug, 1992J. This program 
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models the small-scale physics of fracture, shock, and gravity, allowing the ejecta 

to form under the relevant physical conditions. The numerical procedure has the 

advantage over scaling relationships that it operates locally, at relatively small scale, 

using the physical properties of materials rather than phenomenological parameters 

extrapolated to large scale. The large-scale results are determined as a consequence 

of the cumulative small-scale processes. 

Melosh, Ryan and Asphaug [1992]' Asphaug [1993], and Ryan [1993] confirmed 

that the results of this numerical hydrocode model match the outcomes of laboratory 

experiments. Asphaug and Melosh [1993] used this program to model an impact that 

could create the crater Stickney on Phobos. That result contradicted the results of 

scaling-law models, which predicted that an impact large enough to create Stickney 

would destroy the satellite. This method can be used to predict the results of asteroid 

collisions, avoiding some of the assumptions made in scaling laws. Because the 

program is able to retain information on the fracture state of target bodies, it can 

be used to model the results of repeated fragmentation as well. 

The hydrocode model does have some disadvantages compared with analytic 

scaling theory. The large-scale results depend strongly on correct representation 

of the small-scale fragmentation. Also, as in any numerical model, each case of 

interest must modeled separately, until enough cases have been studied to show 

how the results depend on the various model parameters individually. The correct 

prediction of terrestrial impact outcomes suggests that the measurement accuracy of 

the fracture parameters (and the model itself) is sufficient for the materials modeled, 

but it is not clear how well these materials match those of asteroids. The latter 

problem also applies to scaling-law extrapolations, but experiments appropriate to 
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those models have been performed with a greater variety of materials than for the 

hydrocode's fragmentation model. Until the appropriate experiments are performed 

on real asteroidal materials (presumably meteorites), these material uncertainties 

will remain. 

The results reported here use the two-dimensional version of the hydrocode, with 

the targets modeled as axially symmetric solids. With this \'ersion, I was able 

to perform a large number of model runs much more quickly than with a three

dimensional model. A three-dimensional model could more closely match the actual 

shapes of asteroids, but as long as we are concerned with the behavior of typical 

asteroids rather than specific ones, the exact shape is unimportant to the general 

problem of asteroid disruption and cratering. The shape can be an arbitrary solid 

of revolution, although the actual grid is rectangular, so that large asymmet.ries can 

result in numerical instabilities. Later (Section 4.6), I will discuss some shape effects 

in the context of 243 Ida. 

The Grady and Kipp [1987] fracture model assumes that materials have a pre

existing distribution of flaws, and that brittle fract.ure occurs by failure of these 

flaws under stress. This distribution of flaws is modeled as two material parameters, 

determined by experiment. As implemented in the hydrocode [Asphaug, 1993; 

Melosh, Ryan and Asphaug, 1992]' these flaws change the bulk material properties 

through a parameter D called "damage". This parameter varies from a to 1 to 

describe degree of fragmentation of the material as fracture proceeds. \Vhen D = 0, 

the material behaves as a Hooke solid; as D increases, the elastic moduli are reduced 

by the quantity 1- D for tensile and shear stresses. Thus, when D = 1, the material 
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has been fragmented so that it has zero tensile strength, and behaves as a liquid, 

responding only to compressional forces. 

In the numerical experiments described below, I compare the results of 

simulations of an impact into an asteroid with simulations of a "laboratory-scale" 

impact, to show that "strength" has different meanings in different contexts. I discuss 

the usual results measured in cratering experiments: the size of the crater formed, 

the amount of ejecta, etc. In addition, because the hydro code tracks the state of the 

target as the impact occurs, I can interpret the processes that occur. This capability 

revealed some interesting discoveries: unexpectedly large craters and resistance to 

catastrophic disruption, global surface "jolt" of unconsolidated surface material, and 

the nature of the "strength-gravity transition" . 

4.3 Large- and Small-Scale Impacts 

Imaging of asteroid 951 Gaspra by the Galileo spacecraft showed a surprisingly 

steep crater-size distribution, and a number of multi-km concavities that were 

discounted as impact craters because the then-current scaling laws indicated that 

such large cratering events would shatter the asteroid [Belton et al., 1992]. In order 

to address these observations, I have applied the hydrocode to impacts into a Gaspra

sized object [Asphaug and Nolan, 1992; Nolan, Aspha'ug and Greenberg, 1992]. In 

Section 4.6! I consider impacts into the larger and more irregular asteroid 243 Ida, 

also imaged by the Galileo spacecraft. 

The target in these simulations is a 12.6 km diameter basalt sphere, which has 

approximately the same volume as 951 Gaspra. Specific objectives were to determine: 
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1. Whether the multi-km basins discounted as craters by Belton et at. [1992] 

might, in fact, be impact craters. 

2. How impacts that form the largest craters seen in the Galileo images would 

modify the cratering record" at smaller sizes. 

3. Whether a regolith or rubble-pile is likely to form. 

The answers are (1) yes, (2) a lot, and (3) yes and yes. 

4.3.1 Large Cratering Event 

First, I consider the impact of a 123m diameter basalt (8 = 2"iOOkgm-3) body 

hitting the 12.6 km diameter target at 5.3 km S-l. This velocity "'as based on an 

estimate of the RMS velocity for other asteroids impacting Gaspra [William F. 

Bottke Jr., pers. comm.] at the time when we began the modeling. The current 

best evaluation is slightly lower, about 5.0 km S-l [Bottke et at., 1993], not by enough 

to affect the results reported here, except, for example, for a slight change to the 

lifetime of Gaspra due to a small change in the size of the smallest body that can 

destroy it. Figures 4.3-4.6 show a time sequence of this impact in the model Gaspra. 

Figure 4.3 shows the initial state. The left half shows the model grid, and the right 

shows the velocities at each of the grid nodes, all initially zero, except for the actual 

impactor. The grid is a solid of rotation about an axis at the right hand edge of the 

grid (the left hand edge of the velocity field). Thus, in this case it is a sphere. In 

some of the models, the projectile is formed by extending the grid upward, so that 

the earliest deformation makes the grid more regular rather than Jess, increasing the 

code stability. For moderate-velocity impacts with relatively small projectiles (like 
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Figure 4.3: Figure showing a hydrocode simulation of an impact of a 123 m diameter 
projectile into the 12.6 km diameter basalt sphere at 5.3 km S-1. The left half of the 
figure shO\\"s the coordinate grid, and the right half shows the velocity of each of 
the computational nodes. The model is a solid of rotation about the right edge of 
the coordinate grid (or the left edge of the velocity field), so the modeled body is a 
sphere. At t = 0, the body is undeformed, and all the velocities are 0, except for 
the projectile, which is the node at the upper pole, and has a velocity of 5.3 km S-l 

straight down. Its velocity vector is hidden by the drawn axis. 
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the one-node projectile here), that turned out to be unnecessary, and increased the 

size of the smallest possible projectile. 

Figure 4.4 shows the situation 0.234 s after the initial contact. On the right, 

note that the velocity field is essentially radial, away from the point of impact. The 

contour plot on the left shows the "damage" parameter D used in the fragmentation 

model. At the early stage shown in Figure 4.4, both the shock wave due to the 

(marginally) supersonic impact and strain of crater flow are fracturing the material, 

increasing D in the fracturing region. Figure 4.4 shows that undamaged material 

has substantial velocity (and divergence of velocity), so that cratering is occurring 

in undamaged rock. Material strength can affect the flow behavior at this stage. 

Figure 4.5 shows a later stage in the process, 1.88 s after initial contact. The 

damage front has proceeded about halfway down the body, and the velocity field 

begins to look like cratering flow. Here, the damage front is due to the shock wave 

and to the following rarefaction wave. The region of ejecta flow has long since been 

left behind by the damage front. At about this time, the damage front spreads out, 

indicating that the shock wave is dissipating. 

Figures 4.4 and 4.5show fundamentally different fracture mechanisms in 

operation. In Figure 4.4, cratering flow is through solid unfractured rock. Later, as 

the cratering event proceeds (Figure 4.5) cratering flow is in fragmented, strengthless 

rock. From the point of view of crater excavation, the rock only has physical strength 

for a \'ery short time at the beginning of crater formation. For most of the crater 

formation, and certainly when the maximum crater extent is reached, the material 

has little physical strength to resist flow. Cohesion may provide some strength, but 
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Figure 4.4: The model 0.234 seconds after the impact. The right half is the velocity 
field as before. The horizontal bar at the bottom is a scale bar , here 200 m S-l. The 
left half is a contour map of damage, as discussed in the text. The contour values 
are from low (L) to high (H) 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9. Note that the 
contour level!> are very tightly clustered within a 1-2 cell lengths, as the damage 
front is propagating with the rarefaction wave that follows the shock wave. 
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Figure 4.5: Later in the run (1.88 s), the parameters plotted as before. The scalebar 
is 200 m S-l. The damage has propagated much of the way through the body, and 
the region of increasing damage has grown to be about 10 cells wide. Note that the 
entire region in which crater flow is occurring, and will occur, has been completely 
damaged. 
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it is orders of magnitude less than in the original unfractured material. I will discuss 

this possibility further in Section 4.4.1. 

Figure 4.6 shows the model after 240s. At this time, we are faced with one of 

the standard problems in cratering models: when does the cratering finish. Since 

there is no friction in the model, the ejecta flow will continue forever, though more 

and more slowly. It is possible to set upper limits on the final crater size, however. 

By this time, damage has long since ceased to increase. Since the ejecta velocities at 

this time are only a few m S-l, they will not cause further expansion of the damaged 

region. Thus an upper limit to the size of the crater is the extent of the damaged 

region when the damage stops increasing. In the case shown here, that limit is 

between 45° and 90° from the impactor. Another upper limit to the crater size is 

that the flow must have enough energy to lift its own weight out of the crater bowl. 

This constraint determines the gravity-scaled crater size. I assume that the crater 

will not become larger than the gravity-scaled size of Melosh [1989]. Note, however 

that these crater sizes are only upper limits. Viscosity in the flow of crater ejecta 

may stop the crater flow before it reaches either of these limits, but since viscosity 

is not included in this model, there is no way to determine its effect. 

4.3.2 Small Cratering Event 

For comparison, Figures 4.7-4.9 show an impact that forms a 1 em crater in a half

space. It is not possible to use the finite Gaspra model for this size impact, as grid 

would have to be extremely fine to represent such a small impactor. Such a fine grid 

is computationally prohibitive. One-cm craters are unlikely to suffer from ignoring 

the overall surface curvature, so a half-space seems an adequate approximation. 
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Figure 4.6: The model 240 seconds after the impact. The scalebar is 100 m s-1. 
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Figure 4.7: Figure showing a hydrocode simulation of an impact that forms a 1 cm 
crater in an infinite half-space. The left half of the figure shows the coordinate grid, 
and the right half shows the velocity field. The model is a solid of rotation about the 
right edge of the coordinate grid (or the left edge of the velocity field), so the modeled 
body is a disk. There are "continuous outflow" boundary conditions for velocity on 
the bottom and outside edges, so that the model approximates an infinite half-space. 

------.-.... ---.-.-- . 
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Figure 4.7 shows the initial grid. Again, it is a solid of rotation about the right hand 

edge of the coordinate grid, so that the grid represents a disk. However, in this case 

the bottom and side edges of the grid have "continuous outflow" boundary conditions, 

momentum to flow out through them. These boundary conditions effectively convert 

the disk model into an infinite half-space. However: the extension is imperfect, 

because sound waves can reflect off of the boundaries. 

Figure 4.8 shows the situation 3.77 J.lS after impact. As in Figure 4.4, the damage 

front is expanding with the shock wave. The flow velocities are approximately radial 

from the impact point. Figure 4.9 shows the event 60.4 J.lS after the impact. Note 

that the crater flow is still keeping up with the damage front, and that there are 

substantial velocities outside the damaged region. 

Outside of the crater bowl, we see low velocity (about 2 m s-l) "swirls". These 

swirls are sound waves that have been reflected off of the sides and bottom of the 

model due to the imperfect boundary conditions that reflect some of the energy back 

into the model. The swirls are not a problem of themselves, but they indicated that 

sound waves were reflecting. Careful examination of the pressures indicated that 

these reflected sound waves were constructively interfering along the axis, causing 

extra damage there. It should be possible to derive a sound-absorbing boundary 

condition, but my solution in these model runs was to make the grid large enough 

that the sound waves did not reflect back before the damage evolution was complete. 

In any event, since the extra damage was along the axis, the horizontal extent of the 

damaged region, and thus the final crater size, was not substantially affected by this 

error. 

The crater bowl IS at approximately the same position as the damage front 

---------------
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Figure 4.8: The model 3.77 microseconds after the impact. The right half is the 
velocity field and the left half is a contour map of damage as in Figure 4.4. The 
scalebar is 200 m S-l. Note that the contour levels are very tightly clustered within a 
1-2 cell length, as the damage front is propagating with the rarefaction wave, which 
follows the shock wave. 
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Figure 4.9: Later in the run (121 f-ls), the parameters plotted as in Figure 4.4. The 
scalebar is 10 m S-1. The damage has propagated as far as it is going to. Note that 
there are substantial crater flow velocities right up to the edge of the undamaged 
region. 
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(shown facing the velocity field), which is no longer advancing. The damage front is 

somewhat deeper in the center, partly due to the wave artificially reflected from 

the bottom and sides, but this feature appears to some extent even before the 

reflected shock returns. Asphaug and Melosh [pers. comm. 1994] suggest that the 

axial symmetry in the two-dimensional model artificially weakens the axis, where the 

nodes have very little mass. This effect may also be partly due to the substantial 

momentum of the impacting projectile. As the crater was evolving, material was 

being ejected right at the edge of the damage front, or more likely~ the damage was 

done by the ejection flow which was proceeding through unfractured rock doing work 

against tensile strength. 

The flow velocities in undamaged material imply that elastic and plastic 

deformation are doing work against the strength of the material, so strength may be 

important in determining the final size of the crater. In comparison~ the flow in the 

large event of Section 4.3.1 is in material rubblized by the shock wave, so any initial 

tensile or shear strengths became irrelevant, and only compressive stresses can be 

transmitted . 

.-\. key qualitative difference can be recognized in Figures 4.5 and 4.9 in the profile 

of velocities as a function of distance from the impact site. In Figure 4.5, the flow 

velocities decrease gradually with distance from the impact. Contrarily, in Figure 4.9, 

the flow velocity decreases dramatically at the point where the flow field crosses 

the damage front. Clearly, the strength of the unfractured material is significantly 

affecting the crater flow for small impacts, but not for large ones. 
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4.3.3 Strengthless Targets 

If the apparent differences in ejecta flow noted above are due to the loss of physical 

strength with size as I claim, then initially strengthless targets would give very 

different results from those above for the small impact, and very similar results to 

those above for the large impact. I tested this hypothesis by running simulations 

identical to those shown above, except with damage D set to 1 when the run began. 

Large Impacts 

Figure -1.10 compares the final ejecta flow patterns for the run with (left) and 

without (right) initial tensile strength. The case on the left is the same as that 

described in Section 4.3, 15 s after the impact. The crater sizes, the flow patterns, 

and the ejection velocities are quite similar in the two diagrams. There are some 

minor differences, apparently due to different energy and momentum partitioning in 

the initial stages when the undamaged body retains tensile and shear strength (as 

shown in Figure 4.4), and possibly to a difference in the effective depth of burial for 

the same reason. Nonetheless, these results demonstrate that physical strength is 

unimportant in an impact of this size, even though gravity was completely ignored 

in this calculation. 

Small Impacts 

For comparison, Figure 4.11 shows the same comparison for the small impact. 

On the left we see the strong target 60.4 J.LS after impact, identical to Figure 4.9, and 

on the right we see the result of the same impact into a strength less target. On the 
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Figure 4.10: Impacts of 123 m diameter projectiles into strong (left) and weak (right) 
12.6 km diameter spherical targets at 5.3 km S-1, 15 s after impact. The velocity 
scalebar is 100 m S-1 in both cases. The similarity indicates that physical strength is 
unimportant in an impact of this size. 
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Figure 4.11: Figure comparing impacts of a 1 mm projectile into strong (left) and 
weak (right) semi-infinite targets at 5.3 km S-l, 60.4 J.lS after impact. The velocity 
scalebar is 10 m S-1 to show detail in both cases, so some velocity vectors are 
truncated. The peak velocities are> 70 m S-l Note that these two outcomes bear 
little resemblance to one another, and therefore physical strength is very important 
in impacts of this size. 
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left, we see high velocity ejecta (tens to hundreds of ms- I ) leaving the crater bowl 

almost vertically. 

For comparison, the right-hand model in Figure 4.11 shows the crater evolution 

in pre-damaged material. In this simulation, we see that the crater bowl is larger 

than in the un fractured case~ and that it is still expanding hemispherically: node 

velocities are radial from the impact, rather than vertically up out of the bowl. This 

crater will continue to expand~ slowing as more mass is accelerated. Eventually it will 

form a pattern similar to that of Figure 4.10, with a much larger crater than shown 

for the unfractured target. Note that these two outcomes bear little resemblance to 

one another, and therefore physical strength is very important in impacts of this size. 

Thus these experiments have demonstrated my claim that physical strength is 

only important for small impacts even ignoring the effects of gravity. In larger 

impacts, the shock wave due to the impact fractures the target so that it behaves as 

a strengthless material during the later cratering flow. These experiments also show 

that determining the strength-gravity transition by comparing the physical strength 

of the material to the force of gravity will not work, because strength is eliminated 

by the shock wave. 

Comparison of Large and Small Impacts 

These simulations show that the effects of physical strength are very different for 

large and for small impacts. This difference is not due to the effect of gravity, which 

was ignored in all of the simulations shown above. Thus in these simulations we 

observe a strength-fracture transition. A further transition to a gravity-dominated 

regime occurs at sizes when gravity dominates the flow of material in strengthless 
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rock. The point of transition to gravity-dominance depends on the gravity of the 

target and on the other forces resisting flow, such as viscosity, and is not directly 

addressed here. If there are no other forces resisting flow, gravity will become 

important once physical strength is eliminated. On Earth, that case likely applies. 

On asteroids, where gravity is much weaker than on Earth other forces such as 

viscosity may be important at intermediate scales. The point of transition to gravity

dominance has nothing to do with static strength, however, and predictions of the 

transition point based on a comparison of the gravitational stress with the static 

strength are bound to fail. This will be seen in Section 4.5, where I compare these 

hydro code results with scaling-law predictions for cratering. 

For small impacts, material strength dominates the crater evolution: the crater 

is confined when the flow has insufficient energy to fracture the material. For large 

impacts, physical strength is important only at the very beginning of the event, 

before the shock has fractured the material in which the flow is occurring. Indeed this 

strength makes the resulting crater larger than in the strengthless case, presumably 

by distributing the energy and/or momentum more effectively. 

4.4 Effects of Fragment Sizes 

4.4.1 Fragment Size Distribution 

Figure 4.12 shows contour plots of the fragment sizes resulting from the impact 

of Section 4.3.1. Not surprisingly, the fragments are smallest nearer to the impact, 

and get larger with distance. This trend is a result of the stress pattern in the 

body. Recall that, in the Grady-Kipp fragmentation model used in the hydrocode, 
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Figure 4.12: Figure showing contours of the fragment size distribution (left) and the 
speed distribution (right) from the impacts of figure 4.3. 
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fractures grow as a function of the strain rate, until failure occurs. Failed regions 

are treated in the model as having zero tensile strength. I discuss the accuracy of 

this assumption in Section 4.4.2. Near the impact, fractures nucleate very quickly 

due to the large strain rate, which accompanies the passage of a strong shock. Since 

there are many fractures, they do not have to propagate far before they intersect 

and failure occurs. Farther from the impact, the shock weakens, so that the strain 

rates are lower, resulting in lower nucleation rates. Thus, a few fractures grow large 

before failure, resulting in large fragments. 

The resulting fragment size distribution has several implications for asteroid 

disruption and cratering. The first of these is the expected rubblization of an asteroid 

due to its impact history. Our results suggest that impacts substantially smaller than 

those required to disrupt the target cause global fragmentation. The fragment size 

distribution however shows that some of the fragments are several km in scale. Thus 

such an impact "cracks" the body into large blocks, suggesting that asteroids of this 

size should be "rubble piles", although many would include multi-km blocks among 

the rubble. Objects of Gaspra-size would probably be too small to re-anneal due to 

compression or heating. 

4.4.2 Flow in Fragmented Material. 

An important aspect of the cratering process is the flow within the fractured 

material. The smallest fragments should flow as a liquid, especially at the strain rates 

involved in cratering. Larger fragments may flow less readily, although the properties 

of terrestrial landslides demonstrate that our understanding (and intuition) of large-
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scale flow is not adequate to be certain. Therefore the following discussion is 

qualitative and somewhat speculative. 

It is plausible that large blocks will not participate in crater flow without further 

fracture. Our fragmentation model is too simple to investigate this possibility, as it 

assumes that all fragmented material has zero tensile and shear strength, as discussed 

in Section 4.2. Material strength may reenter the crater-size-determining physics by 

determining the size the region where blocks are small enough to flow, which I will 

call the "gravel region". Cratering flow could only take place in this region, because 

outside of it, in the "boulder region", D = 1, but the blocks are too large to flow. In 

this case, strength-scaling may apply at large sizes, as well as at small ones, though 

there should be a discontinuity: In small impacts, the cratering flow occurs in intact 

rock, and the flow must do work against strength. In larger impacts, the cratering 

flow occurs in fractured, low-strength rock, because the shock does the work against 

strength in fracturing the blocks to be small enough to How. 

This issue is difficult to address with terrestrial experiments, because gravity 

dominates the energy budget at the sizes where this mechanism would operate. Also, 

terrestrial landslides suggest that large blocks do flow well under some circumstances, 

and the "boulder region" may never form. Similarly, for smaller impacts, where 

fracture does not fill the body, the cratering flow may eventually reach unfractured 

rock, at which point its progress should be halted if the strain rate in the ejecta flow 

is slow enough to prevent brittle fracture. This limit of the damaged region is an 

upper limit to the final crater size. 

From this qualitative discussion it is clear that fragment size may affect the flow 
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Figure 4.13: For the impact shown in Figure 4.3, I show, as a function of great-circle 
distance from the impact, the peak speed attained by material at that point. 

properties of ejecta, in a sense similar to viscosity. This effect is not considered in 

our hydrocode model, because it is not well enough understood. 

4.4.3 Escaping Fragment Sizes and Velocities 

An important aspect of the results of these experiments are the size- and velocity-

distributions of escaping material, because they control meteorite and asteroid 

formation, including disruption and formation of NEAs. In order to form meteorites 

and asteroids in an impact, the fragments ejected must be of the appropriate size 

and leave with sufficient speed. Figure 4.12 showed that the fragment sizes are small 

near the impact and get larger with increasing distance. Figure 4.13shows that the 

ejecta velocities are largest near the impact. The large fragments at greater distance 

move at lower velocities, a result consistent with equipartition of energy, but which 

presents a dilemma for producing meteorites and NEAs. Our results show that 

some large fragments do move at greater than escape velocity, but that it is difficult 
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to produce many large fragments moving fast enough to form asteroid families for 

example. This issue will be discussed further in Section 4.7.5. 

4.5 Crater Sizes 

These experiments allow estimates of the sizes of craters formed on Gaspra as a 

function of impactor size. Impactors larger than 60 m in diameter were simulated 

using the spherical Gaspra model, and smaller impactors were simulated using the 

infinite half-space model. Determination of the final crater size in a numerical model 

such as this one is quite difficult, because the model material is homogeneous, and, 

in the larger impacts discussed here, completely fluid. 

Figure 4.14 shows a, comparison of the sizes of craters formed for a variety of 

impacts into our model Gaspra with the results predicted by scaling-law models. 

The triangles represent the size of the region within which damage D = 1 for each 

impactor size. These can be considered upper limits to the crater size. The straight 

solid line is a least-squares fit to those estimates. For smaller craters, the results 

appeared to be independent of size, indicating that physical strength controlled the 

outcomes. For impactors larger than about 100 m in diameter, the gravity-scaled 

estimate (upper dashed line) is smaller than the damaged region. Thus, for such 

large impacts, gravity stops the crater flow before it reaches the edge of the damaged 

region. 

For impacts smaller than the gravity-scaled limit, there is no mechanism to stop 

the ejecta flow until it reaches the edge of the damaged region, since the material 

strength has been reduced to zero. This transition occurs because of the loss of 

physical strength due to shock fracture, described above. These results permit 

----------_._-------_._--_. 
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Figure -L14: Crater sizes as a function of impactor diameter for impacts at 5300 m S-1. 

The "Strength Scaling" curve the conventional one for Gaspra-sized asteroids prior 
to this research [Vickery, 1986]. The "Gravity Scaling" curve is from Melosh [1989], 
assuming a sphere with a density of 2700 kg m -1 and a diameter of 12.6 km. The 
triangles are model results, representing the size of the region within which damage 
D = 1 in each model run, and can be considered upper limits to the crater size for 
that run. The straight solid line is a least-squares fit to those results between 5.6 m 
and 150 m impactor diameter, where neither physical strength nor gravity controlled 
the outcome. These hydrocode results permit craters as large as the diameter of the 
target! as discussed in the text. 
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craters as large as the target diameter, because the entire body is fractured (D = 1 

everywhere and Ie < 1/2) in an impact' too large to disrupt the target (in > 1/2). 

Processes not modeled may prevent the craters from growing that large, as discussed 

in Section 4.4.2. 

Based upon a comparison of the yield strength of rocks and the force of gravity. 

most previous workers considered cratering on Gaspra to be in the so-called "strength 

regime". The dominance of strength is assumed because the surface gravity of Gaspra 

is low enough that the gravity term in the scaling analysis is negligible compared 

with the tensile strength of rocks, and for terrestrial craters, the gravity and strength 

terms seem to be sufficient to describe the crate ring process. As discussed above, 

our hydrocode model suggests that strength, as well as gravity, is negligible at these 

sizes. 

4.6 Effects of Target Shape 

4.6.1 Qualitative Description of Shape Dependence 

In Sections 4.3-4.5, I discussed the results of impacts into a spherical Gaspra

sized body. But both Gaspra and 243 Ida, the other asteroid imaged by Galileo, 

are far from spherical; they are highly elongated. To examine the importance of 

target shape, I compared the results of impacts into a prolate ellipsoid of Ida's 

size and approximate shape, and a sphere of the same volume. Figure 4.15 shows 

this comparison, The plots on the left show the results of an impact into a 32 km 

diameter sphere, and the plots on the right show the same impact into an ellipsoid 

with major and minor axes of 52 km and 25 km, respectively, These two bodies ha\'e 

._---., '----- --, 
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the same volume (and mass), so differences in the outcome are due to shape, not 

specific energy Q. The effects of shape likely depend on the impact point; and the 2-

dimensional code restricts us to axially symmetric impacts. Nevertheless, the results 

are instructive. 

Figure 4.15 shows the state 4 minutes after impact by a 934 m diameter projectile 

at 5.3 km S-l. The impact was vertically downward from the top. The spherical 

target is completely fragmented (damage D = 1 throughout), and the elliptical 

target almost completely so. The results for these two models are qualitatively 

different however. 

The left half of each of the upper plots shows the fragment sizes. The largest 

fragments in the spherical target are between the 10 m and 100 m contours, and 

the largest fragments in the elliptical target are 100-1000 m; thus both targets are 

shattered. Neither will be disrupted, as most of the fragments are moving at less 

than the escape \'elocity, except near the impact site. On the other hand, the 

craters formed may be nearly half the original target volume, in which case the 

event would be formally defined as "disruption". However, the event would be 

qualitatively different from the usual concept of a disruption event. Usually: in 

laboratory experiments, the largest fragment is generally a solid "core fragment" 

from near the target center, or is one of a number of similar-sized pieces. Here, 

the remaining largest piece would be gravitationally bound, and include a crater at 

the impact site. The form of disruption in these Ida simulations is seen in the high

pressure experiments of Ho'usen, Schmidt and Holsapple [1991]' however, as discussed 

at the beginning of this chapter. 

In the spherical case, surface particle velocities are> 10 m S-l, almost as high as 
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Figure 4.15: These diagrams show a slice through an Ida-sized (spherical on the 
left, elliptical on the right) asteroid 4 minutes after impact by a 934 m diameter 
projectile at 5.3 km S-l. The model is axisymmetric, and the impact was vertically 
downward from the top. The top figures show contours of fragment size (left half of 
each plot) and maximum particle speed (right half). The bottom figures show the 
velocity vectors at the end of the run. The scalebars are 50 m S-l. The spherical 
target has been fractured into pieces 100s of meters in size, while the elliptical target 
is fractured into krn-scale blocks. Also, the particle velocities far from the crater 
are much higher on the spherical target: surface material will be thrown several km. 
On the elliptical target, surface velocities are low and surface material will only be 
thrown tens of meters. 
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the escape velocity (20 m S-I). so loose blocks will move lOs of km before falling back 

to the surface. The body was fractured and pieces thrown off. Most of these pieces 

reaccumulate, though the surface will have been completely rearranged. The crater 

formed is also quite large (approximately half the body). 

The result in the elliptical case is quite different. A small part of the target 

remains unfractured, and since the axis is artificially weakened as mentioned in 

Section 4.2, the unfractured region may be several km in size. This result is 

catastrophic fragmentation (ft < 1/2), but most of the asteroid remains relatively 

undisturbed, so Q* < Q < QD. Far from the impact, the surface velocities are only 

'" 50 em S-I, and material is only thrown lOs of meters. This event may be large 

enough to erase the smallest craters visible in the Galileo images of Ida, but would 

have no effect on the larger features. Far from the impact, this event causes cracks 

to form, but no large scale rearrangement occurs. The crater completely destroys 

the upper 1/4 to 1/3 of the target, but the event is relatively localized. This effect 

is likely due to the relatively long distance the initial shock must travel to fracture 

the other end of the ellipse: the shock energy goes into pulverizing and ejecting the 

nearer material rather than travelling farther away. It appears that the effects near 

the impact point are similar to those in a smaller spherical target, perhaps the size 

of Ida's minor axis. The distal effects appear similar to those in a larger spherical 

target, perhaps the size of Ida's major axis. 

This difference between the differently shaped targets has some important 

implications for the disruption of irregular objects. It suggests that it is more difficult 

to disrupt irregular objects than it is to disrupt symmetric ones, because it is difficult 

to distribute the impact energy, and a hemispherical shock, into the irregular body. 
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The one test case I examined is not sufficient to prove this hypothesis, however. I 

chose it because it was one of a few cases treatable with a two-dimensional model. 

A full three-dimensional model is required to go farther. One important case is an 

impact into a body of this shape, but along the minor axis. If my hypothesis about 

the localization of disruption holds, such an impact would break the asteroid in two, 

while causing relatively minor damage to the ends. 

4.7 Velocity Distribution of Ejecta 

In this section, I discuss the velocity distribution of material ejected in an impact. 

This distribution is one of the most important for the meteorite delivery problem, 

because it directly affects the amount by which ejecta can move in orbital element 

space with respect to the parent target, and thus the ease of injection into resonance 

and delivery to the Earth. The velocity-size distribution of ejecta also determines 

the ability of disrupted bodies to form asteroid families, the existence of which are 

an important constraint to our understanding of the impact behavior of the asteroid 

belt. 

4.7.1 Dependence on Physical Strength 

In the regime where physical strength is important, the distribution of ejection 

velocities can depend directly on the strength of the rock. In strong rock, shear and 

tensile stresses build up before fracture. In an elastic material (like intact rock), 

these stresses build up energy: E = ()" . E. Upon fracture, these stresses can be 

relie\'ed as kinetic energy if the particle is free to move in the release direction. This 

case is different than in weak material, where shear and tensile stresses cannot be 
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maintained. Compressive stresses are maintained, and cause pressure waves and 

ejecta flow. Thus the ejection velocities should be different in these two cases. 

For larger impacts, where the strength regime does not apply because of the 

fragmentation of the object, the issues are different. It would at first seem that there 

should be no difference between strong and weak materials. However, Figures 4.3 and 

4.10 show somewhat different flow patterns and velocities, probably because early 

in the event the material has not been disrupted, and release of elastic stress upon 

failure alters the distribution of energy and momentum. This effect is not large, and 

applies only in the early stages of the process, so it does not significantly affect the 

ejecta velocity distribution. 

4.7.2 Q* VB. QD 

The distinction between fragmentation and disruption is very important to 

the evolution of the asteroid belt and the delivery of meteorites. For laboratory 

experiments, fragmentation and disruption are the same; there is no binding force 

after fracture, so the target falls apart. On asteroids, even relatively small ones, 

gravity prevents the slowest-moving fragments from escaping. In terms of the energy 

required, the ratio (or possibly the difference) between Q* and QD is important 

to allow the comparison of laboratory experiments (and scaling relations derived 

therefrom) with asteroid impacts. Both Q* and QD can be determined from our 

numerical results. There is uncertainty in each of these results, as described below, 

but, empirically, the size of the largest fragment (or the fraction of mass escaping) 

changes very rapidly with impact energy near the barely-catastrophic point, so the 
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Q* and QD measurements are insensitive to errors in determining when the largest 

fragment (or the fraction of mass escaping) is exactly half the size of the target. 

Hydrocode measurements of Q* 

The fragment-size distribution is computed in the Grady-Kipp algorithm, so one 

can vary the impactor energy until Ie = 1/2, and thus measure Q*. However, 

since the fragment-size distribution is computed for each cell, the physical meaning 

of computed fragment size is not clear when those sizes are larger than the cells. 

Another estimate of Ie = 1/2 is when half the body is completely damaged (D = 1). 

Empirically, both of these criteria for Ie = 1/2 give similar results, so the uncertainty 

in Q* is not large. 

For such large fragment sizes, the Grady-Kipp fragmentation parameters are 

extrapolated over many orders of magnitude, and thus the results are uncertain. 

If the target material has a natural fracture scale, perhaps because it is a rubble 

pile, the Grady-Kipp extrapolation will be incorrect, and the fragment sizes will 

be wrong. This latter uncertainty applies to the scaling-law results of Hausen and 

Holsapple [1990] as well. 

Ryan [1993] has computed Q* for a number of materials using this hydrocode 

model. Her results are shown in Figure 4.16. The hydrocode results show that, in 

the regime where gravity is unimportant (below about 10 km in this plot of low

velocity experiments), the targets are weaker (smaller Q*) than predicted by the 

scaling law of Hausen and Holsapple [1990], apparently due to the loss of strength 

due to shock fracture. 
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Figure 4.16: Computation of Q* for various materials (points and fit curves) 
compared to the scaling law of Hausen and Holsapple [1990] and to constant
energy scaling, from Ryan [1993], Figure 7.60. Only the "BASALT" curve (solid 
circles) is directly comparable, because the other materials have Grady-Kipp 
fracture parameters different than those used in the scaling relation. This figure 
is quantitatively different from Figure 4.2, because the impact velocity is 1.65 km S-l 

here, rather than 5.3 km S-l .. 
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Hydrocode measurements of QD 

The node velocities are known, so one can vary the impactor energy until half of 

the volume of the target has a velocity greater than the escape velocity, and thus 

measure QD. This procedure does not have the problem of the Q* determination, 

because in a disruption, the fragment size need not be measured to determine the 

catastrophic limit. In addition, at the disruption point, the fragments tend to 

be smaller than the cell size, so the distribution is better determined. The only 

difficulty with this measurement is that the cratering flow is still expanding when 

the calculation must be terminated. In principle, the cratering flow could expand to 

fill the entire body, so that it all escapes. In measuring QD, I assume that that does 

not happen, and that maximum speed achieved in the run is the relevant quantity 

to measure. In the cases I have examined, the ejecta flow front for constant speed 

advances only as time1/ 6 • Since none of the plausible frictional mechanisms for halting 

the ejecta flow are considered in the model, it is likely (but not proven) that this 

assumption is reasonable. 

Figure 4.2 shows that the hydro code results give Q* lower than predicted by 

the scaling laws, and that QD is much larger than Q* in the cases shown. The 

large difference between Q* and QD is due to the low material velocities due to the 

fragmentation of the target. In this figure, it appears that gravity dominates QD at 

Gaspra's size or smaller (;:5 10 km) diameter. Including gravity in the spherical Ida 

simulation did not affect the final fracture patterns or flow velocities significantly, so 

gravity dominates Q* only at sizes larger than Ida (.::::: 30 km). 
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4.7.3 Asteroid Regoliths 

My hydrocode modeling shows two distinct modes of regolith formation on 

asteroids. The first is a "megaregolith" produced by fracture in large impacts. As 

shown above, large impacts can fracture asteroids into 100 m to km-scale blocks 

without dispersing the blocks, forming a "rubble pile". The second type of regolith 

is crater ejecta that did not have sufficient velocity to escape the asteroid's gravity. 

The megaregolith implies that asteroids are weak at large sizes even before the 

shock fragmentation discussed above, due to previous impacts. This weakness does 

not imply that asteroids must be spherical, but it does imply that no large blocks can 

be more inclined to the local geoid than the angle of repose. In an elongated object, 

the local gravity may not be particularly close to radial from the center of mass, so 

the friction-supported shapes may be quite complicated. My hydrocode modeling 

predicts that rubble piles should be very common for asteroids in the 10 km size 

range, because a much smaller impact can fragment an asteroid than can disperse 

the fragments. Many of my conclusions in this chapter depend on this result. 

The extent of regolith due to crater ejecta is more complicated to determine. In· 

this model, since the physical strengths are low in fractured material, ejecta velocities 

are low near the end of crater formation, where the volumes of the ;;shells" of ejecta 

are large. Thus we get a substantial fraction of ejecta moving at less than the escape 

velocity. This fraction depends strongly upon where (and thus hm\') the crater flow 

ceases. Figure 4.17 shows my estimates of the amount of regolith deposited as a 

function of impactor size, for the model Gaspra events. Carr et al. [1994] estimate 
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Figure 4.17: Figure showing the globally-averaged regolith depth as a function of 
impactor size, for 5.3 km S-l impacts into a Gaspra-sized target, based upon these 
hydrocode experiments. The regolith depth computed here is simply the volume of 
crater ejecta moving at less than the escape velocity divided by the surface area of 
the target. Above the "Catastrophic limit", almost all of the surface material of 
the asteroid (including the crater ejecta) is moving faster than escape velocity, so 
regolith is not added. A radial regolith profile is shown in Figure .. U9. 
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that there are tens of meters of regolith on Gaspra, consistent with these estimates 

of meters to tens of meters deposited for the largest craters. 

4.7.4 Jolt 

Examining the velocity distribution of surface material on a recently-impacted 

asteroid, and remembering that this model predicts both regolith and megaregolith, 

we note another important effect that modifies the surfaces of asteroids. The ::jolt" 

due to an impact imparts sufficient velocity to loose surface material (eyen far from 

the crater) to throw it substantial distances. This effect will tend to erase small 

features (and in extreme cases, not-so-small features) on the surface. 

Figure -1.13 showed the peak velocities achieved by surface material during the 

event sho\\'n in Figure 4.3. Note that, in the center of the crater, quite high velocities 

are achie\·ed. Clearly that material escapes the weak gravity. Over most of the 

surface, \'elocities of the order of 1 m 8- 1 are observed. Since the escape velocity 

is 4 m S-l: this material, if free to move, may be thrown quite high: and, if not 

thrown perfectly vertically, quite a long distance. The directions of velocities in 

Figure 4.5 are approximately radial. Therefore, the velocities are not simply due to 

a change in center-of-mass momentum after the high-velocity ejecta escapes. The 

apparent similarity of the directions of throw might indicate that everything moves 

in unison: so that nothing is erased. Consideration of the real topography seen on 

asteroids 951 Gaspra and 243 Ida suggests that this unison is unlikely. The real throw 

directions will be affected by the (large) local irregularities, both in the topography 

and in the gravity field. 

Figure 4.18 shows the distance that an object thrown with the speed from 

-----------_. -.---
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Figure 4.18: From the speeds in Figure 4.13, the distance an object ,vould be thrown 
at that speed assuming a 60° ejection angle and a spherical body. 

Figure 4.13 would travel horizontally, assuming that it is thrown at 30° from the 

vertical, and that gravity is spherically symmetric. We see that unconsolidated 

surface material (regolith or even blocks) will be thrown about 100 m by the "jolt" 

of this impact. Greenberg et at. [1994] used these results to explain the crater size-

distribution of Gaspra, assuming that jolting material a given distance obliterates 

(or just obscures) craters about 5 times that diameter, or about that dept.h. It is 

important to remember that this "jolt" erasure only operates when there is loose 

material to be jolted, as these residual late-time velocities probably cannot fracture 

material. However, the earlier shock fracture of the body and the existing regolith 

and megaregolith created by previous impacts should provide such loose material, 

and allow this "jolt" erasure to occur. 

We can compare the "jolt" erasure of topography with the rate of burial by 

crater ejecta, using Figure 4.19. Here we see that the global-average regolith depth 

produced by this impact is about 20 m. This value is rather uncertain, as it depends 

------_. __ ... -._. 
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Figure 4.19: As a function of distance from impact, the depth of regolith added by 
the ejecta blanket, computed using the ejection velocities from Figure 4.13, assuming 
that hemispherical shells are ejected from the crater with the velocity of the surface 
material. The jitter in the ejecta blanket height is noise due to the discrete binning. 

critically on the volume of ejecta that has low velocity, namely that farthest from 

the impact. Since the volume of "shells" of ejecta go as the crater radius r3, a small 

error in the crater radius causes a large error in the regolith estimate. 

For this size crater, the "jolt" seems to be more effective in obscuring craters 

than does ejecta blanketing. Figure 4.20 shows that, with increasing impactor size, 

jolt distance goes as about the cube of impactor size, while Figure -1:.17 showed that 

regolith depth was approximately linear in impactor size for these large impacts (due 

to a combination of crater volume and fraction escaping). For the largest survivable 

events, jolt becomes extremely important, as most ejecta escape, but the jolt 

effectiveness increases, while for smaller events, blanketing is more important. Both 

processes do erase craters on asteroids. The "jolt" process had not previously been 

recognized because it is not important on larger bodies, while incorrect assumptions 

----_._-----_ ... _-----
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Figure 4.20: Figure showing the median distance that "jolted" material is thrown, 
as a function of impactor size. 
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about the applicability of the strength-scaling regime made most workers ignore 

ejecta blanketing. 

4.7.5 Asteroid Families 

One of the few available constraints on the outcome of impact events is the 

existence of asteroid families. These families are groups of asteroids with similar 

orbital elements, believed to be the products of a catastrophic disruption of a 

larger parent [Chapman et al., 1989]. For the largest families, the elements seem 

similar enough that the clusters would be unlikely to form by chance. In addition, 

there is mineralogic evidence that relates asteroids within some of the families [Bell, 

1989; Binzel and Xu, 1993]. The hydro code model seems inconsistent with the idea 

that most catastrophic impacts should produce asteroids families: for impacts that 

produce the dispersion velocities observed in the families, the fragments tend to be 

very small. There are several possible explanations for this discrepancy. 

Observable asteroid families are the products of larger parent bodies than I have 

considered here, but the general principles should remain the same. It is difficult to 

get a substantial fraction of material accelerated to large velocity with large fragment 

sizes. Most of the mass is ejected at low velocity in our model, typically 50 m S-1 

and less, except for material right at the impact point, which is probably melted or 

vaporized. Figure 4.12 demonstrates the problem. For the impact into the spherical 

Ida-sized body shown in Figure 4.15~ the largest fragments (ignoring the problem of 

getting them out of the body) are smaller than 1 km, and the largest velocities are 

rv80 m S-1. Impact by a larger (or faster) impactor increases the maximum velocities, 

and decreases the maximum fragment size. 

-------_ .. _---- ------
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This problem will only become worse with larger targets; as the gravity increases, 

the fragments must be moving faster and faster to escape. The problem of getting 

"Chips off Vesta [Binzel and Xu, 1993t has been examined by Asphaug [1993]. His 

results (using the same hydrocode as in this work) suggest that it may be possible 

to get a few multi-km blocks off of Vesta at greater than escape velocity (about 

350 m S-l) in a large cratering event, without disrupting the body, but that most 

of the fragments ejected are smaller. There are several possible solutions to this 

discrepancy, besides the obvious one, preferred by K. Holsapple [pel's. comm. 1993], 

that the code results are just wrong. 

Measurements of velocity dispersion 

One problem with the velocity dispersion data for asteroid families is that the 

velocities are derived from proper orbital elements. Carpino et al. [1986] simulated 

the recovery of velocity dispersion from proper elements by simulating an explosion of 

a parent (with a velocity dispersion of 150 or 200ms- 1
), integrating the orbits of the 

fragments, computing proper elements for the fragments particles, and attempting 

to recover the original velocity dispersion. they conclude that: 

A reliable reconstruction of the fragment velocity field appears to require 

far better computations of proper elements than we are able to do at the 

present time. 

In fact, the disparity in velocity distribution (up to about a factor for the Koronis 

family) they describe was a comparison to a time average of the computed proper 

elements, a luxury not available in the real world. The difference was even larger 

----_._-_ ....•.... 
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when they compared the unaveraged elements. In that paper, they use relatively 

simple linear proper elements. 

The difficulty in computing dispersion velocities from orbital elements occurs 

for two reasons. First, .Cartesian coordinates are only directly convertible to and 

from osculating elements, for example by Gauss' method. Carpino et al. [1986] 

note this limitation, but in the linear theory they use, the dispersion should not 

be affected, just the absolute values. Secondly, proper elements are an attempt to 

compute constants of the motions of the particles, by accounting for the periodic 

forcing by planetary perturbations, and it is known that no such constants exist. 1 

Paulo Farinella [pel's. comm. 1993] notes that more recent (and more sophisticated) 

sets of proper elements derived by Milani and f(nezevi6 [1992, et seq.] do not give 

the same divergence with time as the older set does; but even this more recent set 

of elements was compared with numerical integration for 5.6 x 106 y, which is quite 

short compared to even relatively young estimates of the ages of families [Harris, 

1993]. Farinella also noted, however, that this is a partly non-linear theory, and 

that the difficulty in converting to Cartesian velocities is exacerbated: the velocity 

dispersion is not known to be preserved. 

Considering that Sussman and Wisdom [1992] claim that the whole Solar System 

is chaotic with a 4 My timescale, it is not clear what proper elements mean on long 

timescales. To really determine how well velocity dispersions are known, much longer 

integrations need to be performed, in the experiment of Carpino et al. [1986]. If the 

1 Actually, Carpino et al. [1986] did their tests in the restricted three-body problem, for which 
one constant does exist, the Jacobi constant, but in the real situation, the Jacobi constant isn't 
strictly constant.. 
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velocity dispersions are smaller than the few hundred m S-l shown in Chapman et 

at. [1989], the asteroid families would be more consistent with the hydrocode results. 

Large Events 

Another possibility is that the family parent was much larger than the combined 

mass of the observed family members, and the collision to form the family was 

extremely catastrophic (Ie « 1/2). In this case, the large fragments we see would 

still be small compared to the original target. The rest of the family mass could be 

in fragments too small to see; they could have been eroded away over time; or they 

could have been ejected even faster and separated from the family by dynamical drift. 

If the asteroid families are products of the breakup up much larger targets, then they 

would be less common than if they are formed from minimum-mass parents, as the 

parent collisional lifetime would be much longer. 

This possibility is in line with the recent observations of asteroid 243 Ida by the 

Galileo spacecraft which show a heavily cratered Ida, with a suggested cratering age 

of about 2 x 10° y [Belton et at., 1993]. Since Ida is a member of the Koronis family, it 

seems that either the family is at least that old, the population of small asteroids that 

cross the orbit of Ida is larger than believed, or Ida is an interloper in the family, and 

only has the same orbital elements by chance. Even if there are more small asteroids 

than we think, which is quite possible, it would be difficult for the populations to 

be so different than at Gaspra to explain the difference in crater counts. I prefer 

to believe that Ida is not an interloper, because then Ida gives us information on 

asteroid families, but that is an msthetic rather than a factual preference. Currently, 
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it would be difficult to give a strong argument for any of these explanations of Ida's 

heavily cratered surface being more likely than any other. 

This "large event" hypothesis can be considered a subset of more general "special 

event" scenario. It has the problem that even larger parent bodies are required, 

making the problem of getting out of the gravity well even more difficult. The 

problem may not be too severe for the smaller families, but for the large ones, with 

minimum-mass sizes of a few hundred km, the escape velocity becomes quite large. 

Special Events 

If we knew that asteroid families were young, say 108 years old, then we would 

predict that there must have been many of them over the age of the Solar System, 

and that we only see the ones that have not yet faded into the background through 

dispersion of orbits, disruption of the members, and the arrival of interlopers. This 

idea is reasonable based on the assumption that families are formed by the disruption 

under "typical" circumstances of a minimum-mass parent. 

Alternatively, if hydrocode results are right, and "typical" disruptions do not 

form families, perhaps a less common impact e\'ent is required to form a recognizable 

family. Thus the families we recognize today may be the only ones that ever existed, 

or at least fewer "generations" from the beginning than predicted by the minimum

mass" minimum-impact hypothesis. Plausible special requirements to for a family 

include an extreme disruption Un « 1/2) discussed abm'e, along with several other 

possibilities. 

One good candidate for a special family-forming e\'ent would be low-velocity 

impact. Low impact velocity and large impactor size tend to produce a low strain 

------_._._--
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rate, and thus large fragments, compared to the more frequent ",5.3 km S-l impacts 

I have been showing. Since the sound speed in rock is several km S-l, none of the 

impacts considered are "hypervelocity" as in planetary impacts, where entry into the 

gravity well adds several km S-l to the impact velocity. Subsonic impacts are fairly 

common in the asteroid belt. Bottke et at. [1993] showed that about 10% of impacts 

in the asteroid belt occur with collision velocity less than 2 km S-l The probability 

of disruption by a low velocity impact is low because a larger impactor is required to 

shatter a target at low velocity. It would be reasonable that a low-velocity impact, 

though requiring a larger impactor to cause disruption, would liberate more large 

fragments from the disrupted target. 

In the laboratory, low-velocity (~ 1 km S-l) impacts produce more similar-sized 

fragments ("cone fragmentation") where high-velocity impacts produce a single 

central core, and a number of small spall fragments [Fujiwara et at., 1989]. Low 

velocity impacts also partition about an order of magnitude more energy into kinetic 

energy of ejecta in these laboratory experiments [Ryan, 1993]. Whether these 

relations would hold at the target size required to form a family is not known, 

although Aspha'ug [1993] suggests that the same difference in fragmentation mode 

(core- vs. cone-fragmentation) occurs in large targets. Examination of this idea 

requires detailed knowledge of the formation of individual fragments, and is not 

suited to study with a two-dimensional code. Certainly momentum transfer into 

the target would be different than for supersonic impact, as the impactor would not 

vaporize and explode upon impact. 

Another type of "special" event that may be important in family formation would 

be an impact into an unfractured (or possibly "correctly" fractured) target. If a 
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body has suffered a number of large, but non-catastrophic impacts~ it may well be 

fractured into small pieces. In this case, it would be difficult to get large fragments 

to escape, because there simply are none. Thus perhaps families are only formed 

when a parent "lucky" enough to have escaped significant previous fracture finally is 

disrupted. This paucity of large fragments would be less of a problem for large bodies, 

because the internal pressure could become high enough for some re-cementing to 

occur. Ryan, Hartmann and Davis [1991] show experimentally that experimentally 

weakly-cemented, pre-fragmented targets produce fragments just as large as intact 

targets. Since un-cemented, pre-fragmented targets cannot, not much pre-impact 

strength is required to allow large fragments. 

In short, there are several ways in which "special" types of impacts are required 

to create asteroid families. If the ages of families could be better constrained 

dynamically, we would have a better idea whether the hydrocode difficulty in forming 

families is a problem or a correct simulation of the real situation. 

4.8 Summary 

4.8.1 Strength VS. Gravity Scaling in Light of Hydrocode Results. 

On Earth, both the strength and gravity regimes are observed: for small (cm

scale) craters, the strength regime applies, while for large (km-scale) craters, the 

gravity regime does. The exact transition point is not well determined or understood, 

but appears to be crater sizes of about 1 to 100m (crater size) range. Since gravity is 

so small on asteroids, it was assumed that the transition would occur at larger sizes 

there. Hausen and Holsapple [1990] assume that, for catastrophic disruption, the 

-------.--.~.--.- .... -.--. 
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transition occurs where the lithostatic pressure equals the tensile strength~ between 

10 and 100 km. In the analyses above, I find that find that the transition is caused 

by a loss of strength at these sizes due to fragmentation preceding ejecta flow, not 

by the shift in the dominant forces that they assume .. In that case, asteroid craters 

would not be in the strength regime. In the intermediate regime, large enough that 

strength has been lost but too small for gravity to have much effect, other terms in 

the analysis of Holsapple and Schmidt [1982] may be important. These terms have 

so far been ignored, as they are always small on the Earth. For example, momentum 

and viscosity may dominate the physics of craters on asteroids. It is possible that 

the small gravity is the dominant force, once strength has been reduced. 

The advantage of this hydrocode model was that it allowed me to see the fracture 

proceed in front of the flow, and realize that there be no physical strength in the 

flow region, because the shock had already fragmented the material there. Several 

authors distinguish between physical strength and impact strength, but then assume 

that they are related. For a recent example, Housen, Schm'idt and Holsapple [1991] 

carefully measured the ASTM tensile and compressive strengths of their target 

materials, setting aside standardized 2 x 4-in cylinders cast simultaneously with the 

targets. 

Housen, Schmidt and Holsapple [1991] examine the effects of an applied 

overpressure to simulate gravity, and note that even small pressures make for much 

more uniform outcomes, as well as increasing Q*. These experiments show that 

the effects of the overpressure are predictable, because the strength due to applied 

pressure cannot be reduced by fracture as tensile strength does. unfortunately for 

comparison with asteroid impacts, physical strength should be important at the small 
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scales of these laboratory experiments. They plan to do experiments with different 

physical strength targets. The results of these will be interesting. 

One of the complaints about the hydrocode model is that it does not allow 

friction-induced shear stress [K. Holsapple, pel's. comm. 1993]. 'While an ad hoc 

coefficient of friction would be fairly simple to implement, we have been reluctant to 

do so, because the hydrocode matches the results of experiments so well. It may be 

that friction is not important due to acoustic fluidization, e.g., Gaffney and Melosh 

[1982]. 

The results of this hydrocode modeling have been used to match the cratering 

distributions of asteroids 951 Gaspra [Gr'eenberg et al., 1994] and 243 Ida [Nolan, 

Asphaug and Greenberg, 1993], though the number of free parameters is large enough 

that these cratering models do not really test the conclusions well. Further work 

examining the "special" impacts discussed above may help. 



CHAPTER 5 

CONCLUSIONS 

This work produced a number of novel results . 

• Stochastic variations in the population of near-Earth asteroids are 
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- Sufficiently large and rapid to produce small (few-percent) differences 

in the population of Antarctic meteorites with respect to modern falls 

(Section 3.4). 

- Not likely to produce the ordinary chondrites as a stochastic variation 

(Section 3.6). 

o For impacts into Gaspra-sized targets, the initial shock wave fractures the 

target before cratering flow begins (Section 4.3). 

- Strength scaling does not apply for crater sizes larger than about 50 m 

diameter on Gaspra (Section 4.5). 

- Gaspra-sized asteroids are rubble piles due to repeated fracture by impacts 

(Section 4.4.1). 

- km-size craters on Gaspra produce lOs of meters (globally averaged) 

of regolith, because the lack of strength produces low ejecta velocities 

(Section 4.7.3). 

- Disruption of Gaspra-sized targets (and larger) is controlled by gravity for 

impacts at 5.3 km S-1 (Section 4.7.2). 
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• impact "Jolting" of surface regolith erases craters (Section 4.7.4). 

5.1 Overall Process 

As described in Chapter 2, the mechanisms of meteorite delivery are understood 

in the sense that they describe in a reasonable way the set of processes that can 

deliver material to near-Earth orbit. An asteroid in the main asteroid belt has its 

orbit moved into a resonance with a major planet; this change is usually due to a 

collision between two asteroids. Gravitational perturbations by that planet can then 

alter the asteroid's orbit to be Earth-crossing in a small fraction of the age of the 

Solar System. Continued collisions break large asteroids into smaller ones. Near

Earth asteroids have a lifetime short compared to the age of the Solar System, due 

to those collisions and to perturbations by and collisions with the terrestrial planets. 

The details of all of those processes are much less well understood. Chapter 2 

discussed the dynamical processes and the applicable data. Chapter 3 examined 

stochastic effects on the populations as a whole, to address the questio.n of how 

well the meteorite sample represents the as~eroid population. Chapter 4 applied 

a numerical model of impacts for comparison with the more traditional scaling 

laws used in the past. The results of the numerical models of both Chapter 3 and 

Chapter 4 provided interesting results, though the most interesting results were not 

those to which the studies were originally directed. 

5.2 Stochastic Model 

The stochastic model in Chapter 3 showed that there may be strong effects of 

single large collisions, but that these effects do not likely dominate the population of 
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meteorites. It is quite possible that one parent body produces 30% of the meteorites, 

but it is not likely that three uncommon asteroids produce 80% of the meteorites. 

Specifically, it is unlikely that the parent bodies of the ordinary chondrites are 

uncommon in the asteroid belt. Stochastic effects are larger when there the size

distribution of asteroids is flatter: relatively more large bodies than a dN(R) = R-3.5 

population. 

It is also possible that differences between the populations of meteorite falls and of 

Antarctic finds are produced by stochastic changes. However, these changes happen 

rather slowly (compared to the < 106 y ages of the Antarctic meteorites) unless 

the population of asteroids is relatively steep, the opposite of the requirement for 

large variations. Small (1%) changes are expected over rv 106 y, consistent with the 

observation of an excess of rare types of meteorites (Polymict eucrites and lunar 

meteorites) . 

5.2.1 Future of Stochastic lVlodel 

The stochastic model, as presented here, was designed to determine whether some 

of the great problems in reconciling the meteoritic data with asteroid observations 

could result from simple stochastic variations in the population of near-Earth 

asteroids as a whole. It showed that large effects on the populations as a whole 

occur with a long timescale. If some of the rapid changes in meteorite delivery, 

Antarctic differences and the time/date-of-fall clusterings claimed by TTeiman [1993] 

and by Dodd [1992], are real, then they must be dynamical clustering effects. The 

stochastic model assumes that when an asteroid is disrupted, the fragments are 

uniformly distributed over the dynamical Region. In reality, these fragments will 
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remain clustered for some interval. Whether this clustering remains long enough to 

cause the effects described is unknown. 

5.2.2 Additional Dynamics 

The stochastic model makes very simple assumptions about the population of 

MAB asteroids supplying the flux of bodies, and about the outcomes of collisions. 

Farinella et al. [1993] has shown that, given certain assumptions about asteroid 

cratering, the asteroid 6 Hebe may be one of the three ordinary chondrite parent 

bodies, with the material coming from cratering of its surface. 6 Hebe is very near 

the 1/6 and Jovian 4:1 resonances, and thus could contribute an unusual amount of 

material due to its special location. Effects such as those could be included in the 

stochastic model, but would be substantial complications. The orbits of as least 

large asteroids would have to be directly evolved. Direct computational evolution of 

orbits would require substantially more computing than was available when I began 

this work. 

5.3 Collision Modeling 

The collision modeling I presented in Chapter 4 showed that the mechanism 

of impact fragmentation in Gaspra-sized targets is different from than in cm

scale terrestrial experiments. Thus, direct extrapolation of impact outcomes from 

those em-scale experiments to km-scales by scaling-law formulre (e.g., Hausen and 

Holsapple [1990]) yields incorrect results. The results of the hydro code experiments 

do match the scaling-law predictions of Hausen and Holsapple [1990] if a very low 

(few-bar) tensile strength is used in their formulre, much lower than they believed 
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was reasonable. The hydrocode modeling shows that this low strength is due to 

shock-induced fracture of the target. Since the shock propagates much faster than 

the crater excavation or target disruption flow in these large targets, the flow occurs 

in fractured, low-strength material. Thus, the fracture reduces the effective target 

strength by orders of magnitude from that of intact rock. 

Scaling laws are more amenable to computation of many impact outcomes, and to 

examining the functional dependence on initial conditions than are numerical models. 

However, numerical "brute-force" integrations such as the ones shown in Chapter 4 

are better able to illustrate the mechanisms and patterns of flow; and thus can 

show when and why the assumptions of the scaling-law models are appropriate, and 

when they fail. For large impacts such as those that disrupt Gaspra- and Ida-sized 

asteroids, the physical mechanism of disruption is different from that in terrestrial 

experiments. Thus different scaling-laws apply. 
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Much of the discussion that follows deals with the details of size distributions of 

populations of bodies, or of outcomes of collisional events. Thus, in this section I 

will review the literature on size- and velocity-distributions relevant to the problem 

of meteorite delivery, and to asteroid collisions in general. This is a subject of great 

controversy in the community. It influences the implications of almost all of our 

data on asteroids and meteorites. The most important data regarding the collisional 

behavior of asteroids are: a) the size distribution of bodies in the asteroid belt, b) 

the size-distribution of near-Earth asteroids, c) the size of an impactor that disrupts 

a given asteroid as a function of collision velocity, and d) the size and velocity 

distributions of fragments created in a collision. The relevant data are frequently 

contradictory, and the uncertainties are large. 

A.I Measurement and Extrapolation 

The fundamental problem in determining these distributions is that of scale. 

Typically, data exist only for the largest (e.g. astronomically observable) and smallest 

(e.g. laboratory-scale) bodies. The length scales for these are different by 3-7 

orders of magnitude, depending on the size distribution of interest. In most cases, 

the data are fit by power-law distributions for convenience. When attempting to 

interpolate between the large-scale and small-scale data, one frequently finds that 
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the required interpolations are quite different from the measured values on either 

end. This problem is true for the asteroid size-distribution, where we compare the 

observed distribution of the largest (> 50 km asteroids) and the smallest (few J-tm 

dust) bodies. It is also true of the velocity distribution from collisional disruption, 

where laboratory experiments on 10 cm targets give maximum ejecta velocities of 

approximately 100 m S-1, and examination of asteroid families suggests that in the 

10-100 km range, the minimum velocities are of that magnitude. It is further true 

of cratering, where Earth-based experiments (g = 9.8 m S-2) suggest ejecta velocities 

of 100-1000ms-1, and our numerical hydrocode experiments for asteroids (and, in 

our interpretation, the images of 951 Gaspra) where g rv 0.01 m S-2 , suggest ejecta 

velocities of a few m S-1. The meteorite delivery problem and other critical issues 

require credible information on the intermediate scales. 

A.2 Power Laws 

The size distributions used in treatments of asteroid dynamics, both theoretical, 

and those used in crater-counting and similar fields, are typically taken to be 

power-law distributions (for example, Chapman et al. [1989], Fujiwara et al. [1989], 

Greenberg and Chapman [1983], Wetherill [1985]). The power laws are typically 

fits to data which are then extrapolated over up to seven orders of magnitude 

[Fujiwara et al., 1989,p. 241]. There are, in some cases, theoretical reasons to 

expect this behavior [Dohnanyi, 1969], though that theory predicts a specific power

law, which is not in fact the same as the measured one. There are generally two 

reasons for the power-law assumption. The first is that, over the narrow range of 

data usually available, a power-law gives an adequate representation of the data. 
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The second is that a power-law is self-similar at all scales. The assumption of self-

similarity appears in much (most?)' of the literature on impacts, cratering, and 

disruption [Ivanov, 1990]. The only functions that display this self-similarity are 

power-laws and exponential functions. This property simplifies the mathematical 

analysis of the distribution functions enormously. In many cases there are probably 

real physical reasons why power-laws are obeyed over moderate scales; however, 

transitions between mechanisms and dominant forces occur in all of these problems 

(for example the difference between strength- and gra\"ity-scaling [Melosh, 1989]). 

It seems unlikely that a power-law distribution measured at 10 cm scales accurately 

represents the behavior of 1000 km bodies. 

On the other hand, in most cases we have no choice but to try to decide what 

can be done, and then assume that our best measurements are good enough. It is 

important to note the uncertainties, but if one tests a range of model distributions, 

one must then hope that the range of outcomes contains the physical answer. This 

method seems reasonable, but the possibility that a non-power-Iaw break in the 

physics could completely change the results must be considered. Greenberg et al. 

[1994] showed that the cratering record of 951 Gaspra is explained only by a non

power-law size distribution of impactors. 

A.3 Representation of Size distributions 

One technical issue when dealing with pO\ver-law size-distributions is that there 

are several methods for representing them, each of which has it's advantages and 

disaclvantages, and each of which appears in the literature. A general power-law 

distribution is of the form N(x) = axp . Most distributions have a few large bodies 

-------_ ..... __ . 
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and many small ones, so that if x is radius or mass, p < O. Distributions can be 

cumulative or differential (distribution function or density function). Cumulative 

distributions give, for any given size, the number of bodies larger than that size. 

Differential distributions give the number of bodies of a given size, or, because we 

are dealing with discrete items, the number of bodies in a range x < size < x + .6x. 

Differential distributions (density functions) tend to be more intuitive, as they give 

the number of bodies of a given size, but have the problem that the function depends 

on the bin size, and if there are statistically few objects in a bin, are quite noisy. Since 

the function depends on the bin size, comparing two literature results can be quite 

difficult, unless they are binned identically. Cumulative distributions are independent 

of bin size, which generally simplifies the mathematics and intercomparability, but are 

non-intuitive to read, as the number is that of objects of a given size combined with 

all larger objects. They are perfectly good however, when comparing one distribution 

with another, as there is no ambiguity. 

The other main difference in distributions is that of the independent variable. 

Some authors prefer the mass of the bodies, and some prefer the radius. For 

asteroids, radius is easier to measure, as we know the mass of only four asteroids 

from perturbations of the orbits of other bodies [Millis and Dunham, 1989], and only 

one to within 10%. On the other hand, energy scales with mass, which is therefore 

frequently more convenient in calculations. 

Actually, there are a large number of additional distributions that have been used 

for some applications: Crate'r Analysis Techniques Working Group [1978] examined a 

number ot these distributions, and concluded that, for cratering, when plotting data, 

a cumulative distribution is more useful, for the intercomparison reason I mentioned 
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above. They also chose a particular renormalized differential distribution that is 

specific to cratering. I may plot differential distributions when plotting alialytical 

results, as it is more intuitive when it can be sampled sufficiently finely. 

For comparison, given a differential size distribution of radius 

dNr(r) - number with r < radius < r + dr (A.l) 

- al rP dr, (A.2) 

the cumulative distribution 100 

dNr(r') dr' would be 

Nr(r) - number with radius 2:: r (A.3) 

- a2 rep+!) (A.4) 

Similarly for mass: 

Nm(m) - a3 m(p+l)/3 (A.5) 

dNm(m) = a4 m(p-2)/3 dm. (A.6) 

where I have left out the conversions between the as, as they are not terribly 

enlightening. Thus the p = -3.5 (differential in radius) used by Wetherill [1985J 

is the same distribution as p = -2.5 (cumulative in radius) in Farinella et al. [1993J 

and p = -11/6 (differential in mass) in Dohnanyi [1969J. 

As p is typically in the range -1 to -4, an additional problem arises: the 

mass is unbounded at large sizes. This problem can be dealt with mathematically 

by truncating the distribution at large sizes. A common choice is to truncate 

the distribution at the point where the integrated number of larg"er bodies is 1. 

This method has some physical appeal. Of course, what really happens is that a 

continuous pmyer law does not well represent the distribution when there are so few 

bodies of that size. Similarly, if p < -4, the mass is unbounded at small sizes. This 
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problem is more difficult to deal with, as there are a great many such bodies, and 

it is difficult to choose a cutoff. Clearly, no bodies can qe smaller than a molecule, 

but just as clearly, the physics which generated a power-law distribution is unlikely 

to hold at sizes that small. Even with p between -land -4, the number of small 

bodies in infinite, but does not usually cause a problem, as the mass is bounded, 

and the total mass of the small particles is negligible, so the change in physics which 

limits them applies to particles which are irrelevant anyway. Small particles are 

also have non-gravitational forces on them, which further complicates the issue, as 

they spiral into the sun. The area of these particles is unbounded if p < -3. This 

property has implications for the gegenschein. Again, however, removal by Poynting

Robinson drag, orbital modification by the Yarkovsky effect, and diffraction effects 

on reflectivity make the interpretation of these small particles more complicated. 
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