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Asteroidal craters provide information not only about the geology of asteroids but also about the populations of impactors.  Significant statistics on crater densities as a function of diameter have been obtained from spacecraft imaging of Gaspra, Ida (and its moon), Mathilde, and Eros.  At spatial scales larger than about 100 m, the saturated crater populations on Ida and Eros are similar.  Gaspra is undersaturated with such craters, exhibiting a "steep" power-law production function.  Mathilde is uniquely dominated by huge craters with diameters similar to the body's radius.  The NEAR Shoemaker camera sampled craters and boulders down to just a few cm in size on Eros.  At spatial scales smaller than 10 m, craters are extremely rare on Eros and boulders are several hundred times more prevalent.  These data are best understood if small projectiles are unexpectedly rare in the asteroid belt (forming few small craters and fragmenting few boulders); armoring of the surface by boulders, seismic shaking, and levitated dust may also contribute to the unexpected nature of the surface layer of Eros.


1.  INTRODUCTION

As airless, solid bodies travelling in interplanetary space, asteroids are cratered by smaller asteroids and meteoroids, just like the Moon.  However, since asteroids are small, comparatively distant objects, ground-based telescopic observations had always been inadequate to resolve even the shapes of these bodies, let alone details of their surface geology such as impact craters.  That changed beginning on 29 October 1991, when the Galileo spacecraft obtained images of the 18 km long, S-type, main-belt asteroid 951 Gaspra from as close as 5,300 km (Veverka et al., 1994).  On 28 August 1993, Galileo acquired even higher resolution images of the larger, S-type, main-belt asteroid 243 Ida (Belton et al., 1996), and discovered its moon Dactyl.  Since then, the NEAR Shoemaker spacecraft has flown past and imaged a larger, C-type, main-belt asteroid, 253 Mathilde (Veverka et al., 1999).  Then it spent a year orbiting and mapping the surface of the S-type, Earth-approaching asteroid 433 Eros (see special NEAR-Shoemaker issue of Icarus, January 2002).  A few geological features like impact craters have also been identified in recent years from delay-doppler radar imaging of several chiefly small, Earth-approaching asteroids (cf. Benner et al., 2001; Ostro et al., 2002) and a large crater has been identified from Hubble Space Telescope imaging of 4 Vesta (Thomas et al., 1997).


Studies of asteroidal cratering elucidate many fundamental issues in planetary science.  Asteroids have been geologically inert since formative epochs; ever since, impacts have been the dominant process that has shaped their forms, sizes, and surface geology.  Other chapters in this volume focus on the large-scale inter-asteroidal collisions that catastrophically disrupt them, creating fragments that form families and asteroidal satellites and generally modulate the asteroid size distribution; such collisions also shape the interior structures of asteroids (e.g. "rubble piles").  Here I focus on the smaller-scale impacts that affect localities but not the bulk geophysical properties of these bodies; necessarily, impact cratering affects the variety of surface morphologies and geological structures generally, as amplified on by Sullivan et al. (2002).


Asteroid surfaces also serve as witness plates, recording impacts of objects too small to be seen by other techniques.  For example, the three spacecraft fly-bys imaged craters as small as tens to hundreds of meters in diameter, which record the impacts of bodies meters to tens of meters in size.  While the numbers of such objects in near-Earth space are approximately known from observations of rare, large bolides in the Earth's atmosphere and from the Spacewatch Survey (see chapter ***), such small objects cannot be detected in the much more distant asteroid belt or Trojan clouds.  NEAR Shoemaker's imaging of Eros reveals craters as small as a couple of centimeters (actually, the virtual absence of such craters), providing insights about still smaller interplanetary projectiles.


Impact cratering controls the attributes of asteroid surfaces, which will affect potential human operations at asteroids (mining asteroids for resources, trying to attach devices for purposes of deflection, etc.).  Because of the low gravity fields of asteroids, regolith processes are very different from those well-studied on the Moon, leading to the possibility (actually observed, in the case of Eros) that surface properties on a human scale may differ radically from our lunar-influenced expectations.  Associated with regolith evolution, of course, are issues related to the exposure of the optical surfaces of asteroids (and meteorites derived from materials once near the surface) to micrometeorites, solar wind particles, etc.; these "space weathering" processes alter the optical properties of asteroids, presenting a challenge to telescopic, remote-sensing studies of asteroids (see chapter by Clark et al., 2002). 


The holy grail in planetary cratering, of course, is to determine the relative and, especially, absolute ages of cratered surfaces...to apply the principles of "interplanetary correlation of geologic time" (Shoemaker et al., 1963).  Actually, absolute chronology is difficult to disentangle from other variables, including the poorly known physical attributes of asteroid surfaces.  Nevertheless, there are broad variations in crater densities and morphologies among the four asteroids studied, as well as from place to place on Eros, which permit interpretations that address the fundamental natures of these bodies.


This chapter reviews measurements and interpretations of crater populations on Gaspra, Ida (and its moon Dactyl), Mathilde, and Eros.  My emphasis is on the general attributes of the crater populations and on the processes that (a) form the craters and (b) degrade/destroy such craters as well as other features on asteroid surfaces.  Necessarily, I will also touch on rock/boulder populations on asteroid surfaces, since their production and retention is intimately entwined with cratering.


2.  SOME GENERALITIES ABOUT ASTEROIDAL CRATERING

I begin by establishing a qualitative, largely theoretical context in which to place the spacecraft observations of real asteroidal cratering that follow.  Many of these precepts have been understood since the original classic papers on asteroid collisions (e.g. Dohnanyi, 1971) and asteroid regoliths (e.g. Housen et al., 1979).  Other elements of this picture are still evolving, especially as computers have enabled realistic simulations of the processes that fracture asteroids, form asteroid families, and influence dynamical evolution of asteroids.


There are good reasons for expecting that impact cratering on asteroids has, to first order, been similar for the last 3 to 4 Gyr on nearly all asteroids from Near Earth Asteroids (NEAs) out to the Trojans.  In general, cratering rates within the main asteroid belt (and in the Trojan clouds) are two orders of magnitude greater than impact rates on the Moon.   Although the Late Heavy Bombardment (LHB, which is well documented on the Moon at 4 Ga) would be expected to have been a less important spike in impact rates in the crowded asteroid belt, evidence for the LHB may exist for several meteorite classes whose parent bodies are presumably asteroids (Bogard, 1995).  However, since the LHB, the numbers of asteroids and their orbital properties have not changed drastically.  Any slight, gradual decline in impact rates has been occasionally interrupted by modest spikes in cratering rates following major disruptive collisions.  Because of the appreciable eccentricities and inclinations of asteroid orbits, most asteroids and their debris collisionally interact with each other, although the more isolated asteroids between the outer-belt Cybeles and the Trojans are subject to a lower impact flux.  While NEAs whose aphelia have been lowered to within the inner edge of the main belt have much lower, lunar-like impact rates, their dynamical lifetimes in such orbits are brief; hence, their surfaces are likely to be dominated by craters formed during their earlier residence in the asteroid belt.


Crater populations on asteroids should roughly mimic the size distribution of impacting projectiles an order-of-magnitude smaller in size.  That is, depending on impact velocity, target size (which determines the importance of gravity), and target strength (especially for smaller impacts and impacts on smaller asteroids, where strength dominates over gravity), a projectile forms a crater roughly ten times its size.  For all asteroids, one might simplistically expect that the size distribution of impacting projectiles (and thus the diameter distribution of craters, the "production function") would be everywhere the same.  There is the possibility, however, that the quasi-steady-state size distribution is different within the Trojan clouds, or in the zone between the main belt and the Trojans.  And, pending understanding of the reasons for differences in bias-corrected size distributions correlated with taxonomic types (Zellner, 1979; Gradie et al., 1989), one might expect there to be size-distribution differences between crater populations in the inner and outer main belt.  Such differences, however, are probably modest so the first-order approach is to compare the cratering populations on different asteroids assuming the same production function.


Contrasting with the case of cratering on semi-infinite planetary surfaces, the physics changes as craters from larger impacts approach the sizes of finite-sized asteroids.  Catastrophic disruption is defined to result when the largest remnant following collision has less than half the mass of the original body.  Nevertheless, the outcomes of much smaller impacts are sensitive to finite body size.  First, there is the case where the shock wave penetrates throughout the body and is, perhaps, reflected, fracturing much of the body's interior (see simulations by Asphaug et al. [1998] and chapter ***).  An unfractured original body is forever changed after its first fracturing collision: it responds to subsequent impacts as a fractured, weaker body.  Larger impacts may spall off sizeable portions of the target body, in addition to creating craters that approach or even exceed the radius of the body itself.  Finally, still larger impacts that would form craters approaching the size of the body instead physically disaggregate the body.  Commonly, most fragments do not exceed escape velocity and instead settle back down, or reaccrete, into a so-called "rubble pile".  This historic term (see Chapman, 1978) has recently been more rigorously defined (see Richardson et al., 2002).  Only "supercatastrophic" collisions impart sufficient kinetic energy to launch different portions of a rubble-pile asteroid at greater than escape velocity and create an asteroid family, fulfilling the definition of catastrophic disruption (counterintuitively, rubbilization -- which weakens an asteroid's material properties -- actually strengthens an asteroid in the sense that it takes even larger impacts to disrupt it because of lowered ejecta velocities).  Prior to such final disruption, a typical asteroid may undergo many generations of further comminution and rubbilization.


Because of the power-law-like size distribution of asteroids, it is almost inevitable that asteroids will be thoroughly cratered, fractured, and rubblized before there is a chance of a large catastrophic collision creating a family of new, separate asteroids.  Even the objects created through such disruption are likely themselves to be rubble piles, according to the simulations of Michel et al. (2001).  Therefore, it is unlikely that any modern asteroids (except for some very small ones, smaller than some hundreds of meters) are created by catastrophic disruptions as clean, monolithic shards.  What theorists once might have considered to be "fresh" surfaces of newly created asteroids must now be considered to be more analogous to "megaregolith" surfaces on the Moon.


The finite sizes of asteroids and their lower gravities result in another major difference in cratering processes compared with the Moon.  Velocities of crater ejecta are comparable to, or exceed, an asteroid's escape velocity.  On a high gravity planet or moon, low velocity ejecta blocks pile up on the crater rim, higher velocity ejecta form a continuous ejecta blanket, and still higher velocity ejecta form a more extended distribution of secondary craters and rays.  Only a tiny fraction of ejecta (comparable to the impactor) actually escape the Moon, some of which become lunar meteorites.  On asteroids, in contrast, ejecta are much more widely spread out, resulting in larger but thinner (or absent) continuous ejecta blankets, and many projectiles that would form secondary craters on the Moon instead escape.  A few may wind up in usually-temporary satellitic orbits around the asteroid while most become independent, heliocentricly orbiting bodies; termed "interplanetary secondaries" by Hartmann (1995), these cratering ejecta projectiles mix with the smaller fragments from catastrophic disruptions and become an integral part of the small-end of the asteroidal size distribution.


The usual understanding of regoliths is grounded in the descriptions of lunar regolith, laboratory studies of core samples returned by Apollo astronauts, and modelling of lunar regolith processes.  Asteroid regolith processes must be very different.  In the case of the Moon, there is repetitious in place churning of the surface materials.  While lateral distribution of lunar ejecta occurs on scales wider than the regolith depth, the maintenance of albedo boundaries between the highlands and the maria -- visible through binoculars from Earth -- proves that regolith formation is essentially a localized, rather than global, process on the Moon.  Moreover, with a negligible fraction of regolith escaping the Moon altogether, a fraction of the upper lunar regolith undergoes countless generations of surface exposure intermingled with stirring to intermediate depths.  On asteroids, lateral movement of ejecta is much more enhanced, even as the horizon of such smaller bodies is much closer.  Any individual impact contributes less ejecta to a nearby locality; instead, ejecta are distributed widely, some globally.  Moreover, since a fraction of ejecta escapes, an asteroid is always in net erosion.  After only a few generations of redistribution, escape of a particular component becomes likely.  So regolith materials do not become "mature" (whether measured by grinding to fine sizes, agglutinization, surface exposure to space weathering, or any other measure of maturity).  And, paralleling the erosion of the regolith, considerable new, fresh material is generated from whatever substrate exists at the bottom of the regolith.  So regolith material is composed of a higher fraction of "fresh" material than on the Moon, where the regolith more effectively buffers the underlying rock.  (In a typical asteroidal rubble pile, however, such "fresh" material may be material that was once near or part of a surficial regolith in a previous-generation rubble pile.)

     The theoretical expectation of comparatively thin, immature surficial regoliths on asteroids is sometimes thought of as demonstrated by the differences between lunar regolith samples and the gas- and cosmic-ray-track-rich meteorites known as "regolith breccias".  But this is surely a comparison of apples-and-oranges.  We do not have samples of asteroidal regoliths in our meteorite collections.  The Earth's atmospheric filter strongly biases our meteorite collections toward the strongest asteroidal rocks.  These include breccias formed beneath impact craters, a goodly fraction of which are composed of materials that spent some time near the asteroid's surface, as revealed by their gas-rich and other attributes.  But to view such rocks as simply compacted surface soils is overly simplistic.  


3.  CRATERING ON GASPRA

Gaspra was the first asteroid revealed to possess craters.  Apart from Ida's 1.6 km moonlet Dactyl, Gaspra remains the smallest asteroid to be imaged by spacecraft.  The best resolution achieved, 54 m/pixel (covering one side of Gaspra) is twice as coarse as the best resolution achieved on Ida.  The opposite side of Gaspra was imaged from 15 or 20 times farther away and at a poorer lighting angle, revealing few topographic features.


The most thorough treatment of cratering on Gaspra is by Chapman et al. (1996a).  Carr et al. (1994) independently studied Gaspra cratering in the context of Gaspra's overall geology.  Greenberg et al. (1994) concentrated on analyzing the largest impacts on Gaspra (transitional to catastrophic fragmentation), including effects on the population of smaller craters.  Stooke and Ford (2001) reconsidered evidence for large impacts on Gaspra.

3.1  Small Crater Population

Gaspra (Fig. 1) has few, if any, large craters, but appears peppered with fresh, small craters.  Compared with other asteroids imaged during subsequent years, this attribute of Gaspra's crater population is (so far) unique.


Representative crater counts for Gaspra are shown in Figs. 2 (cumulative) and 3 (R plot), based on counts by two independent research groups (Chapman et al., 1996a).  Data of Carr et al. (1994) agree.  In both studies, the craters were divided into comparatively fresh, bowl-shaped craters and one or more classes of comparatively subdued depressions, generally assumed to be highly degraded impact craters that were originally fresh, although the possibility was expressed by Carr et al. that some subdued craters might be of endogenic origin (e.g. collapse or drainage of regolith into underlying cavities, which might also be related to the formation of the several grooves seen on Gaspra).


Henceforth in this chapter, R plots will be exhibited exclusively, so I explain here several features of R plots (see definition in Crater Analysis Techniques W.G., 1977).  Unlike cumulative numbers, which include all craters larger than the size plotted, the data points shown in R plots are counts from within a diameter increment, and thus represent frequencies of craters near that size (plotted at the average diameter, D), uncontaminated by data from craters of much larger sizes.  R plots differ from standard plots of the differential size distribution (number within a diameter increment divided by the width of the increment and by the surface area counted) in that they are further divided by D-3.  This approach has several virtues.  First, since typical planetary crater populations follow differential power laws with exponents in the range of -2 to -5, the normalization permits deviations to be measured relative to D-3, which plots as a horizontal line on the R plot; thus such deviations are easier to see than looking for deviations from steeply sloping trends on the usual log-log differential or cumulative plots.  Second, the theoretical curve for saturation equilibrium -- in the case of a differential production population with an exponent steeper than -3 -- has a slope of -3, which plots as a horizontal line in an R plot (idealized saturation is at unity, while empirically many planetary and satellite crater populations follow horizontal trends near R = 0.2 to 0.3).  Finally, and related to the last point, height in an R plot may be interpreted as spatial density: points near the top of the plot indicate that craters of those sizes cover the surface whereas points low on the plot indicate that craters of those sizes are rare and sparsely distributed.


Given Gaspra's dimensions (roughly 18 x 10½ x 9 km), it could in principle -- by analogy with Mathilde -- sport prominent, bowl-shaped impact craters up to 5 or more km in size.  It does not.  The largest fresh crater on the side of Gaspra imaged in the highest resolution frame is a little over 1 km in diameter; one subdued crater is about twice as big.  Two craters approximately 3 km in diameter can be recognized in the other, low resolution images that cover the remainder of Gaspra's surface.  (Stooke and Ford, 2001, claim to see some other large craters.)  However, small fresh craters densely pepper Gaspra's surface near the resolution limit.  In fact, the steeply sloping trend of Gaspra's fresh crater population reaches empirical saturation near 150 m diameter, just below the size of the smallest craters for which complete counts are available.  Since, over the measured size range of 0.16 - 1.9 km, crater densities are generally well below saturation, the observed distribution must be the "production function," generally uninfluenced by size-dependent, erosive impact processes.  Its slope, around -4.3, is similar to that measured on the Moon and Mars for craters formed by similar-sized projectiles.  Gaspra may, therefore, have resolved a long-standing debate about whether the steep power-law slope (e.g. as observed on the Moon) might reflect dominance of the lunar small-crater population by secondary craters rather than primaries (cf. Neukum et al., 2001).  Gaspra appears to demonstrate that the steep slope is characteristic of the size distribution of small asteroids tens to hundreds of meters in size, a subset of which escape the asteroid belt and dominate cratering on the terrestrial planets.


The more subdued craters, which are most numerous relative to the fresh craters near ½ km diameter, may be impact craters that are older than average and have been eroded and degraded by saturation impacts forming craters near and below the resolution limit of the image.  Alternatively, they may represent the remnant of an earlier population of impact craters, some of which "show through" whatever process it was that created the comparatively "clean slate" on which the undersaturated, fresh crater population is expressed.  Stooke and Ford (2001) argue that this older population of preserved large craters is more substantial than reported by Chapman et al. (1996a); on the other hand, their counts also agree with those of Chapman et al. in showing that Gaspra is substantially undersaturated by craters ~1 km diameter.


In any case, even the fresh craters appear a bit subdued in profile compared with craters of similar size on other bodies.  Carr et al. (1994) report depth/diameter = 0.14 on Gaspra, in comparison with values near 0.2 for the Moon, Mars, and Phobos.  They suggest possible explanations (e.g. seismic ringing) why such craters might have formed with initially shallow shapes or might have been subsequently degraded.  It is more likely that the craters are shallower because of lower rims due to the wide distribution of crater ejecta on a low-gravity body (Sullivan et al., 1996).

3.2  Facets: Possible Large Craters

 From some perspectives in the low-resolution images, Gaspra exhibits a peanut-like shape, as though it is made out of two lumps.  However, much thinking about Gaspra has been influenced by the profile it happened to exhibit in the highest resolution image.  As seen in Fig. 1, there are several large structures, seen in profile, that either resemble incipient craters or have planar, facet-like shapes.  A portion of the imaged surface is another facet lying roughly in the image plane.  According to Thomas et al. (1994), one such facet is up to 6 km across, defining a plane to within ±200 m.  Greenberg et al. (1996) most thoroughly developed the concept that the facets are, in fact, impact scars or spalls (they count as many as 8 facets on Gaspra).  There is no way to tell, from the images alone, whether this hypothesis is correct, or whether Gaspra's shape (whether of a lumpy peanut or angular/faceted) was created in some other way -- e.g. as a result of the catastrophically disruptive collision that originally created Gaspra, from its parent body.  For instance, Gaspra might be the remnant "core" of a badly fractured, disrupted body, with its shape determined by spalls and fractures in the final collision.  Or it might be a rubble pile, dominated by two large components, each of which has faceted elements to its shape.  


Greenberg et al. turned to then-recent hydrocode modelling to support their argument that very large craters could form on a body without disrupting it.  (Previously it had been suggested that such large features, relative to body size, would inevitably have disrupted the body.)  More recent hydrocode work supports and extends this conclusion.  Chapman et al. (1996a) objected that only a single, latest such impact scar could exist because the topography that defines any earlier ones would have necessarily been obliterated by the concussion and ejecta of the latest large impact.  Imaging of Mathilde (see below), which shows several coexisting, very large craters, disproves that objection (cf. Stooke and Ford, 2001).  On the other hand, Mathilde's large craters look dramatically different from Gaspra's facets, and Mathilde's small crater population differs from Gaspra's, so Mathilde is a poor analog for Gaspra.


If the facets represent impact scars, they would have been formed during a period about 20 times as long as that represented by the visible fresh crater population, or 7 times as long as the period represented by all of Gaspra's small craters.

3.3  Regolith on Gaspra

Carr et al. (1994) inferred, on fairly speculative grounds, that Gaspra has regolith tens of meters deep.  Surely there is some regolith, necessary to explain the correlation of slight color variations on Gaspra's surface with topography.  Chapman et al. (1996a) showed that the average depth of regolith, created just from the visible craters (not including facets nor some other possible large craters tabulated by Stooke and Ford, 2001), would be < 10 m deep; it could be considerably thinner, given the net erosive impact environment applicable to this small asteroid with minimal gravity.  This would be the regolith depth, if the "clean slate" on which the small crater population is expressed was created in the disruptive collision that originally formed Gaspra, not counting pre-existing megaregolith material originating on the precursor body.  On the other hand, if the facets and other possible large craters reflect real impacts, in which case the existing small-crater population would be only the latest cratering generation of many, then the regolith could be much deeper.  It is always very difficult to determine a body's internal properties (in the vertical dimension) from imaging of its surface. 

3.4  Age, History, and Nature of Gaspra

The prime hope in cratering studies is the possibility for absolutely dating events in the geological history of solar system bodies.  This expectation is rarely fulfilled with sufficient accuracy.  The best absolute chronologic information comes from various isotopic chronometers measured from samples.  Failing that, cratering can be a back-up, provided (a) the impact rate (and associated crater formation rate, dependent on uncertain scaling relationships) is known and (b) the craters can be identified and counted unambiguously.  The result is, however, only a "crater retention age", which may not be related to the age of the body itself (e.g. when the catastrophic disruption occurred that liberated Gaspra from its parent body). 


Carr et al. (1994) attempted to determine the crater retention age of Gaspra's fresh craters by the following direct approach:  They adopted a statistics-of-one estimate of the number of 1-km diameter craters on Gaspra and then extrapolated from the known number of 50 km diameter main-belt asteroids down to the numbers of 100 m asteroids (which would make 1 km craters, but whose actual numbers are completely unknown) using several published theoretical models for extrapolation from much larger bodies.  The derived age ranges from 2 x 107 y to the age of the solar system, which is too unconstrained to be useful.


Chapman et al. (1996a) adopted a more sophisticated approach to estimate the formation rate of 1 km craters on Gaspra, utilizing the known lunar crater size distribution as well as the inherent information from Gaspra imaging about the steeply-sloping power-law for smaller craters.  However, improvement in knowledge of the numbers of 100 m main-belt asteroids was at the margin, and the uncertainties are nearly as large as for Carr et al.  Chapman et al. derived a crater retention age of ~2 x 108 yr.  A self-consistent, but now obsolete and unreliable, estimate of the collisional lifetime for a Gaspra-sized object was ~5 x 108 yr.  Thus Gaspra's crater population was found to be somewhat youthful relative to when the asteroid would likely be catastrophically disrupted, consistent with Gaspra's observed undersaturated crater densities.  Since Gaspra's larger, precursor body presumably had an even longer expected survivability against catastrophic disruption, the conclusion would be either (a) that Gaspra was formed unexpectedly recently (about 200 Myr ago, assuming that the cratering age reflects the age of Gaspra's formation) or (b) that Gaspra has gone through multiple generations of surficial cratering since formation much earlier in solar system history (in accord with the interpretation of the facets as large impact craters).  The former conclusion, being "unexpected", might be least preferred, except that independent analyses of asteroid families suggest that the Flora family (of which Gaspra may be a part) formed comparatively recently (Nesvorny et al., 2001).


Greenberg et al.'s interpretation of Gaspra is of a rubble pile, possibly dominated by a couple of large components, which has suffered a lengthy history of subsequent impacts, including those that formed the facets.  The large impacts would have, in their model, seismically "jolted" the surface, repeatedly cleansing it of pre-existing smaller craters and other topography (but not other facets).  Presumably one facet marks the latest such impact, and it created the smoothed surface on which the small, fresh craters have since formed.


A very different interpretation (Chapman, 1997) turns to another variable (compositional strength of the body) to explain Gaspra's significant differences from other closely studied asteroids.  If Gaspra is a very strong body -- for instance, if it is a monolithic, metallic object, like the core of a differentiated parent body -- then several attributes that distinguish it from Ida, Mathilde, and Eros might all be explained.  (1) Gaspra's apparently non-chondritic, olivine-rich composition may be akin to pallasites, generally regarded as coming from the core-mantle interface of a parent body.  (2) Gaspra's undersaturated crater density might reflect the difficulty of forming craters in a solid, strong, metallic surface, rather than youthful age (strength-scaled impacts into solid metal rather than rock would form considerably smaller craters); hence, Gaspra's surface could be very old. (3) Its angular, faceted shape (if that's the correct characterization) might hint that Gaspra's composition is fundamentally different from that of other asteroids, which do not share this attribute. 


4.  CRATERING ON IDA AND DACTYL


Ida is second only to Eros in the resolution and coverage of cratering data obtained, yet -- apart from some preliminary reports -- only one analysis of Ida's crater statistics has been published (Chapman et al., 1996b).  Nevertheless, the discovery of Ida's moon (the first ever found around an asteroid, Chapman et al., 1995), grooves and other interesting geological features, and significant color differences across Ida inspired numerous studies of collisional physics with prime application to Ida (e.g. Asphaug et al., 1996; Durda, 1996; Davis et al., 1996; Geissler et al., 1996; and Greenberg et al., 1996).  In addition, Ida's cratering processes figure centrally in studies of the asteroid's geology (Sullivan et al., 1996) and of its population of ejecta blocks (Lee et al., 1996).  Finally, nearly 30 craters or possible craters were recognized on Dactyl and were analyzed by Veverka et al. (1996).

4.1  Crater Population on Ida

Unlike Gaspra, Ida's surface looks very similar to the cratered lunar surface at similar scales (Fig. 4).  And, indeed, crater statistics reveal that Ida is sensibly saturated with craters of all sizes below ~1 km diameter, and close to saturation for the largest craters (1 - 15 km diameter).  By "saturation" I mean empirical saturation with R = ~0.3.


Ida crater counts are presented in the R plot in Fig. 5 (additional counts are displayed in Chapman et al., 1996b).  Relative to the R=0.3 reference line, the largest craters on Ida are relatively numerous.  There is a slight depletion for craters a few km in diameter, then a rise back to R=0.3 near 1 km.  The distribution then follows the equilibrium slope down to the smallest craters resolved (diameter 0.1 km).  These features are consistent with saturation cratering of Ida by a production population with a shape identical to that observed on the Moon (Neukum and Ivanov, 1994) and on Gaspra.  Craters <1 km diameter are certainly in saturation, as reflected by the equilibrium distribution of crater morphologies (high proportion of degraded craters, small but constant fraction of fresh craters; see Belton et al., 1994).  On the other hand, saturation equilibrium is not a unique interpretation for the larger craters, which follow a shallow-sloped production function.  They may be in either quasi-equilibrium, reflecting many generations of cratering, or they may reflect the first generation of cratering which is approaching saturation for the first time since Ida's surface was created.


There are hints that Ida has a global dichotomy (Thomas et al., 1996), which is reflected in the crater populations in the sense that one "lobe" of Ida has numerous large craters, while the other has none (except for Vienna Regio, if that is counted as a crater).  Perhaps Ida is a rubble pile, dominated by two large components.  One lobe is saturated with craters while the other one has been re-set (i.e. previous craters destroyed), possibly by the impact that created Vienna Regio.  This interpretation is at some variance to the model preferred by Asphaug et al. (1996), in which the grooves preferentially located in the cratered lobe were produced by far-field stress waves created by the formation of Vienna Regio on the other lobe, implying structural coherence between the two apparent components.

4.2  Regolith on Ida

Evidence for regolith on Ida is much more obvious than on Gaspra, partly because of higher resolution images but also because regolith is more abundant on Ida.  The visible population of craters would have produced a global regolith averaging ~150 m deep.  Given that the crater population is plausibly saturated, this is a minimum estimate.  Sullivan et al. (1996) offer several kinds of photogeological evidence for regolith 50 - 100 m deep on Ida, but they also note reasons for expecting megaregolith up to several km deep.


Geissler et al. (1996) model the ejecta from Azzurra, a large but rather poorly resolved impact crater on the opposite side of Ida from the well-imaged hemisphere.  This crater appears to be morphologically fresh and certainly has high albedo, like the freshest craters on the Moon.  Also, Azzurra, like some smaller fresh craters (Sullivan et al., 1996), exhibits spectral reflectance attributes suggesting that it is youthful and has not been subjected very long to the space-weathering effects that apparently gradually redden S-type asteroids (Chapman, 1996).  Geissler et al. find that ejecta from Azzurra (at a few m/sec) are distributed non-uniformly around Ida, tending to match the distribution of bluer-than-average color patches on Ida.  


A portion of higher-velocity ejecta blocks, launched at ~10 m/sec in Geissler et al.'s model, accumulate in regions on Ida where 17 positive relief features, probable ejecta blocks, are mapped by Lee et al. (1996).  The blocks range in size from about 50 to 150 m.  They are, in all probability, a sampling of the large end of a size distribution that includes innumerable smaller blocks (below the resolution of Ida images, but well expressed on Eros -- see below).  It is plausible that extant blocks were derived from a recent, large cratering event, since blocks are gradually destroyed by meteoroid impacts over time, in a process analogous to the collisional disruption of small, nearly gravity-free asteroids.


Because of the similarity in appearance of Eros and Ida at scales above the resolution limit for Ida (and in other ways; e.g. both are S-IV types and their sizes are not too dissimilar), it is plausible that NEAR Shoemaker's high-resolution investigations of Eros (see below) would be applicable, in most respects, to Ida. 

4.3  Cratering Age and History of Ida

Ida exhibits about 10 times the density of craters a few km in size as does Gaspra.  Based on the estimate (see above) of Gaspra's crater-retention age at 200 Myr, Chapman et al. (1996b) and Davis et al. (1996) estimate a cratering age for Ida near 2 Byr.  Given that Ida may be saturated with craters, that is a lower limit to the age of Ida as an independent body -- there could have been a number of generations of cratering.  Contemporaneous models for the age of the Koronis family, of which Ida was a part, suggest family creation about 2 Byr ago (see also Farinella et al., 1996); however, approaches to understanding the ages of asteroid families are undergoing revision, particularly as dispersion of family members becomes understood as resulting from Yarkovsky forces and minor resonances rather than just the initial ejection velocities, so those earlier family-age estimates must be regarded as obsolete.


Presumably Ida was created as an independent body in the catastrophic disruption of the parent body of the Koronis family.  It is probably a rubble-pile itself, based on its double-lobed shape, its bulk density of ~2.6 g/cm3 (compared with ~3.5 for ordinary chondrites), and recent theoretical results on family creation (Michel et al., 2001).

4.4  Cratering on Dactyl

Dactyl is, by far, the smallest asteroid imaged by spacecraft, although the quality of the image is comparable to that of some of the best radar delay-doppler images of NEAs of similar size.  Ida's satellite appears spherical, but is actually best approximated by an ellipsoid with axes 1.6 x 1.4 x 1.2 km.   Crater counts are presented by Chapman et al. (1996b) and Veverka et al. (1996).  While nearly 30 possible craters were perceived on the one side of Dactyl that was imaged, the statistical sample of secure craters under good viewing and lighting geometry is restricted to only 9 craters.  To first order, Dactyl is saturated with craters between 100 and 300 m in diameter.  Some of these craters appear to form a short chain, but the alignment is probably not statistically robust.


A potential problem posed by the existence of Dactyl is that its expected lifetime against collisional disruption (and perhaps erosion) is considerably shorter than the minimal age of Ida, ~2 Byr (Davis et al., 1996; Geissler et al., 1996).  Provided that Dactyl was formed, as seems most plausible, in the same catastrophic disruption of the Koronis family parent body that created Ida, then Dactyl would likely have suffered catastrophic disruption itself after only a few hundred million years (or even sooner, depending on model parameters).  The best explanation for Dactyl's retention is that it has indeed undergone several such disruptive impacts, but much of the debris has reaccreted while orbiting Ida.  Such a process needs to be quantitatively demonstrated.  As shown by Geissler et al., reaccretion of ejecta launched from Dactyl is inefficient; much of it is accumulated on Ida itself.  In all probability Dactyl has lost mass and is smaller now than it was when it first entered orbit around Ida.


5.  CRATERING ON MATHILDE

The NEAR Shoemaker spacecraft was not designed to operate in the main asteroid belt, so the image sequence obtained for this main-belt C-type during the spacecraft's serendipitous fly-by was unexpectedly and remarkably successful (Veverka et al., 1999).  On the other hand, the best resolution was only 0.12 x 0.20 km/pixel (the pixels are rectangular, so resolutions differ in orthogonal directions), about three times coarser than for Gaspra.  While Mathilde is the biggest asteroid imaged by spacecraft, the counting areas for crater statistics were limited by the gaping shadowed areas within the giant craters that characterize this asteroid.  Unlike Gaspra and Ida (and, of course, Eros), no images were obtained of the "back side" of this extraordinarily slowly rotating object (Earth-based radar data have been obtained and may eventually reveal something about the unseen side).


Despite these limitations, NEAR Shoemaker's images of Mathilde revolutionized thinking about asteroidal cratering.  Defying all expectations, Mathilde not only exhibits one crater exceeding its own radius, it has 4 such craters, not even counting those that may exist on its as-yet-unseen side.  This remarkable aspect of Mathilde, which dominates its appearance (Fig. 6), is the subject of several publications, which attempt to explain it:  Cheng and Barnouin-Jha (1999), Housen et al. (1999), Davis (1999), Asphaug and Thomas (1998), and Asphaug (1999).  Chapman et al. (1999) treat the whole population of craters on Mathilde.

5.1  Crater Population on Mathilde

Fig. 7 presents an R plot of crater frequencies on Mathilde (Chapman et al., 1999), derived from the total counting area for which the smaller craters have adequate viewing and lighting angles, less than 15% of the total surface area of Mathilde.  Craters 0.65 - 3 km diameter follow the D-3 line characteristic of empirical saturation at R ~0.25.  The wide range of morphologies, from fresh to very subdued, at all sizes confirms the interpretation that Mathilde's smaller craters are in saturation equilibrium, like sub-km craters on Ida, and sub-150 m craters are presumed to be on Gaspra.  Counting statistics are poor for craters in the 3 - 15 km diameter range, but such craters may fall below the R=0.25 line, analogous to the depletion of several-km craters on Ida.  Remarkably, the seven craters >15 km diameter define a trend that even exceeds geometrical saturation (R=1) at 30 km.


The crater densities for small and intermediate sized craters in Fig. 7 may be biased to higher values since the counting regions are almost wholly exterior to the large craters, whose interiors are generally shadowed or have other unsatisfactory viewing conditions.  In those portions of the giant crater interiors that are visible, smaller crater densities are quite low, probably reflecting destruction by downslope mass-wasting.   

5.2  Giant Craters, Interior Structure, and Collisional History

Although there have been descriptions of large craters -- order of body radius -- on other asteroids and planetary satellites, most are poorly resolved or otherwise indistinct (e.g. the facets on Gaspra).  Several of the giant craters on Mathilde are unambiguous concavities: deep, circular, and bowl-shaped.  As surprising as their sizes are, their relatively pristine morphologies are astonishing.  It was commonly assumed that any impact sufficiently energetic to form such a large crater must have approached the size that would have catastrophically fragmented the target object; whether or not the target actually came close to being disrupted and perhaps reaccreted into a rubble pile, such impacts were expected to have destroyed all pre-existing topography by seismic shaking and other obliteration processes (e.g. ejecta blanketing) in the near vicinity of crater rims.


Clearly those suppositions were wrong.  Several of the giant craters are proximate to each other, or even overlapping, yet there is little evidence of later ones disrupting pre-existing ones.  Moreover, there is little evidence of any blanketing of surrounding terrain by low-velocity ejecta from the huge craters.  Something must be very different about Mathilde compared with the other asteroids studied.  Most researchers who have considered this puzzle conclude that Mathilde's internal constitution is somehow responsible.  Indeed, the best estimate of Mathilde's bulk density is 1.3 g/cm3 (Veverka et al., 1999), half that of Ida; this estimate is highly uncertain, though, since nearly half of Mathilde's surface that would help define the body's volume was wholly unseen (Veverka et al. point out that most of the uncertainty is on the lower end and that Mathilde's density is very likely to be less than 1.5 g/cm3).


Housen et al. (1999) suggest that Mathilde may be composed of weakly bonded porous, crushable materials (consistent with the low density), which are capable of compaction.  Laboratory cratering experiments in much media, using a centrifuge to simulate the greater role of gravity in the large-scale impacts on Mathilde, demonstrate that craters form almost solely due to compaction, with nearly all ejecta falling back within the cavity rather than being excavated as in cases of cratering in normal geological materials (including sand).


Asphaug and Thomas (1998) and Asphaug (1999) have used smooth particle hydrocode (SPH) modelling to offer another option for explaining Mathilde's large craters.  Impacts into a rubble pile with high porosity attenuate and localize shock wave propagation, limiting damage beyond the confines of the crater, and launch most debris at velocities exceeding escape velocity, thus resulting in little blanketing by ejecta.  The results are not necessarily contradictory; the hydrocodes lack the resolution to model the fine-scale, porous structure experimented with by Housen et al., and the simulation does not involve inherently crushable material.


While it is not possible to rigorously decide which, if either, of these ideas is correct, there are reasons to prefer the idea of crater formation by crushing and compaction.  C-type asteroids, especially those like Mathilde that lack spectral evidence for water, are plausible parent bodies for the least thermally processed meteoritic materials.  While nearly all of the rocky or dirt-clod meteorites that make it through the Earth's atmospheric filter have been strongly selected for strength, the structures of asteroidal interplanetary dust particles (IDPs) suggest that primitive asteroids might not be lithified and may be made of a porous lattice-work of inherently crushable materials.  As described by Housen et al., repetitious impacts serve to compact such material, increasing its density, and perhaps even lithifying it in places.  The structures modelled by Asphaug (necessarily constrained by computational limitations) appear to be more contrived.  After all, we already know that many asteroids -- probably including Ida -- are likely to be rubble piles with appreciable porosity, yet they exhibit no features even transitional toward the giant craters on Mathilde.  Most likely it is Mathilde's C-type composition, whatever that is actually like, which is responsible for its radically different response to hypervelocity impact cratering.


An important point should be made about Mathilde's structure (cf. Cheng & Barnouin-Jha, 1999): the fact that Mathilde has a very low density does not necessarily imply that it is a "rubble pile," in any of the usual senses of that word.  While its bulk density is compatible with the proportions of rock and voids that one would get from a rubble-pile structure of a disrupt​ed/reaccreted body made of low-density carbonaceous meteorites, that is hardly a unique model.  Primitive objects could have been made, and could remain, of even lower density materials (including ice) with voids characteristic of the original primordial structure.  However, primitive objects existing in the asteroid belt must necessarily have been structurally modified by the pummeling of impacts; whether the rubble-pile gestalt is applicable to such bodies is doubtful.


Standard models of collisional disruption ages and cratering ages (Davis, 1999) suggest that Mathilde is ancient and that its surface might even be billions of years old.  But such model-dependent calculations may be inapplicable to a body with material properties that respond so oddly to impacts.


6.  EROS

Eros was thoroughly studied during a year-long orbital mission by the NEAR Shoemaker spacecraft (cf. Veverka et al., 2000) before making several low-altitude flyovers and finally landing on the surface on 12 February 2001 (cf. Veverka et al., 2001).  Only preliminary analyses of this vast data set have been published, as of this writing.  But attributes of the data are unique -- especially imaging at unprecedented resolution down to a couple of centimeters -- and even the preliminary results are exceptionally important for understanding asteroidal cratering.  A complication, of course, is that Eros is currently in a different impact environment, essentially detached from the asteroid belt, than the other asteroids examined by spacecraft; but, as I will explain, virtually all of the impact cratering expressed on Eros (except at very small spatial scales) must reflect its previous existence in the main asteroid belt.


This review primarily reflects the work of Chapman et al. (2002), although it is influenced by other work reported in the January 2002 special issue of Icarus by the NEAR Shoemaker Science Team.

6.1  Craters >100 m Diameter

We first consider Eros cratering from the perspective of the early imaging from 200 km altitude, with a resolution of ~25 m/pixel -- equivalent to the best resolution obtained on Ida (Fig. 8).  The R-plot (Fig. 9) shows crater frequencies essentially indistinguish​able from those found for Ida.  (Crater frequencies are lower, by about an order-of-magnitude, in one region, named Shoemaker Regio, which has since been understood to be the interior of an irregular but apparently recent, large impact crater.  Small craters are also relatively few on the walls of other craters, probably due to mass-wasting.)  Although quantitative measurements have not yet been made to determine the size-frequency relationship for craters of different morphological classes, the crater populations seem to exhibit a full range of morphologies indicative of saturation equilibrium.  Therefore, to first order, Eros looks like Ida and probably for the same reasons.


There are some second-order differences between Eros and Ida at these spatial scales.  A global fabric of grooves and ridges is evident on Eros, especially from some lighting geometries, which is not apparent in the more restricted views of Ida.  Several features, e.g. the lengthy ridge Rahe Dorsum, clearly have no analog on Ida.  These features, and other data, have led NEAR researchers to favor a model of Eros as a heavily fractured "shard" (that is, retaining a roughly coherent rather than disarranged internal structure), implying that Eros may never have been disrupted and reassembled into a rubble pile.  Eros also lacks the spatial heterogeneities in color that are important on Ida; perhaps this difference is due to superficial processes (including enhanced space-weathering during Eros' recent residence in Earth-approaching orbits, as well as a possibly enhanced role of levitated dust coating rock surfaces). Conceivably, the stochastic timings of rare large impacts resulted in an unexpectedly recent formation of Ida's Azzurra, making Ida the odd-ball.


The large, saddle-shaped structure named Himeros, assumed but not proven to be an impact structure, is unique.  With a diameter approaching the shortest body dimension of Eros, it could be considered to be analogous to the giant craters on Mathilde.  On the other hand, there is only one feature that large on Eros, and it is not so impressive in comparison with Eros' overall dimensions.

6.2  Craters < 100 m Diameter and Boulders

Both Eros and Ida appear to have crater populations in saturation equilibrium at crater diameters < 1 km (and perhaps at larger sizes, too, as explained in Sect. 4.1).  By analogy with the similar-appearing lunar surface, and given a Gaspra- or lunar-like production function, there was every expectation that the equilibrium population would be expressed at all smaller sizes, down to at least the scale of 1 to 3 m craters, which are near equilibrium densities on the Moon (Morris et al. 1968).  As shown in Fig. 10, this is dramatically not the case for smaller craters on Eros.


Instead, the density of craters begins to decline below empirical saturation around 100 m diameter and is only ~0.5% of empirical saturation at 4 m!  The images taken during NEAR Shoemaker's landing sequence (Fig. 11) show very few craters centimeters to meters in size, but they would be difficult to recognize in the rocky terrain (some of those that are visible are pits in big rocks) and such low spatial densities are difficult to characterize with any statistical significance because they reflect the presence of only a handful of craters per image. 


In a complementary way, boulders increase in spatial density with decreasing size over the same size range that craters are decreasing (Fig. 10).  The largest boulder on Eros is about 150 m in size, but they approach the densities of empirically saturated craters at sizes between 3 and 8 m (boulder density varies regionally much more than does crater density, by factors of tens).  While landing sequence images (taken in the vicinity of the rim of Himeros) are dominated by a rocky and bouldery landscape, the rocks are not "piled up" on each other, as would be predicted by an extrapolation to smaller sizes from the very steep power-law size-distribution (differential exponent ~-5) in the size range of 8 to 30 m.


Despite the shocking predominance of positive relief features (boulders) rather than craters in the higher resolution images of Eros, there is nothing inconsistent with what might also be true for Ida (if it could be resolved).  Indeed Lee et al. (1996), from analysis of 17 blocks on Ida between 50 and 150 m in size, correctly predicted that the largest block on Eros would be "of order 100 m."  Lee et al.'s sampling of blocks was from just a modest fraction of Ida's surface and was markedly incomplete; it is entirely consistent with Thomas et al.'s (2001) global tabulation of ~100 blocks >50 m in size on Eros.  Thus Ida could well have innumerable small blocks, just like Eros.  Consistent with theories for the origin of the much rarer blocks on the Moon, large blocks are believed to have been produced by excavation and spallation in association with the formation of large, recent craters.  Thomas et al. (2001) suggest that many of the larger blocks on Eros might have been excavated by the impact that formed the large (7½ km) recent crater, Shoemaker Regio.  On the other hand, the profusion of smaller, meter-scale blocks on Eros, which are much more numerous than on the Moon, requires explanation.

6.3  Processes Affecting Small-Scale Character of Eros' Surface

High resolution imaging of Eros revealed abundant geological features of great interest, including "ponds" and other features.  I concentrate here on processes that might explain the unexpected scarcity of small craters and abundance of small boulders on Eros (cf. Chapman et al., 2002, for more details).


Logically, the smaller craters were (a) formed at expected frequencies but subsequently erased (by erosion or blanketing), (b) formed less efficiently due to factors that might inhibit formation of a crater by an impacting projectile, or (c) formed in reduced numbers because of a paucity of small impactors.  One would naturally turn to explanation (a) (e.g. ejecta blanketing or seismic shaking from a very large impact), but it fails, for several reasons.  First, the very strong size-dependence of the observed crater depletion does not fit models for crater erasure (typically varying as 1/diameter, e.g. for infilling of homologously shaped craters [Chapman, 1974]); second, effects due to large impacts would be intermittent and the production function should be prominently re-expressed (unless the major cratering event improbably happened "yesterday"); and, finally, boulders would be buried by blanketing, just as the craters would be.  Crater formation might be inhibited by the armoring of the surface by the numerous boulders; this might affect the production of some craters smaller than 10 m diameter, but boulders are not sufficiently pervasive to account for orders-of-magnitude depletion.  The most workable explanation is that the impactor population is depleted in projectiles meters in diameter and smaller.  While the meteoroid population in near-Earth space is quite well characterized, and is not so depleted, the numbers of small asteroids in the main asteroid belt -- where, as we will see, Eros acquired most of its cratering -- are not known.  As Bell (2001) has suggested, the Yarkovsky forces that derive meteorites from the asteroid belt deplete the belt of objects of just these sizes.  A quantitative model has yet to be done that would demonstrate if such depletion overcomes processes that repopulate the belt with objects of such sizes in order to explain the apparent orders-of-magnitude depletion.  It may be that the Yarkovsky effect must be supplemented by other processes operating at the smallest sizes, including armoring by abundant boulders, seismic shaking, and perhaps small-scale blanketing by electrostatically levitated dust.


Let me turn briefly to the profusion of boulders.  These rocks might be produced as ejecta blocks from large craters (perhaps after temporary existence in orbit around Eros for a few of them) and/or by erosive exhumation of blocky megaregolith in situ.  There is some evidence for alignments and directionalities of boulders that suggests a small fraction may necessarily be formed in the latter way, although the global distributions reported by Thomas et al. (2001) favor ejection from large impact craters (chiefly from one crater) for most boulders.  A problem is that few boulders exhibit trails (or pits) that were expected to reflect how some of them must necessarily land at very oblique (or vertical) angles in the regolith.


The craggy appearance of many boulders, contrasting with the more round​ed/sandblasted appearance of most lunar blocks, is one factor that led Bell (2001) to invoke the Yarkovsky effect.  Boulders and rocks have limited lifetimes on the Moon for the same reasons that the ages of meteorites, as measured by cosmic-ray exposure, are limited (cf. Lee et al., 1996).  A depletion -- for Eros compared with the Moon -- of small projectiles relative to the numbers of projectiles that form the large, boulder-producing craters would sustain the larger population of boulders on Eros.  In this way, the beauty of the Yarkovsky explanation for the paucity of craters (paucity of small projectiles) simultaneously explains the abundance of boulders.  It operates in the asteroid belt but not on the Moon. 

6.4  History of Eros

Eros is in a relatively short-lived, temporary Earth-approaching orbit, subject to chaotic dynamics and occasional close encounters with planets.  Therefore, its past (and future) history cannot be specified deterministically.  Its dynamical evolution as an NEA has been investigated by Michel et al. (1998) and more recently by Bottke (2001).  While Michel et al. find that Eros is in an unusually long-lived orbit for an NEA, perhaps 50 - 100 Myr, Bottke's simulations suggest that it has been an NEA for only the order of 15 Myr.  During that time, it may or may not have been collisionally decoupled from the main asteroid belt.  For instance, in Michel et al.'s 5 Myr integrations of 16 Eros clones, 3 have collisional histories comparable to main-belt asteroids (because Eros' aphelia sticks out into the main belt for most of the time) while about half of the clones have collisional fluxes down by two orders of magnitude, similar to the lunar impact rate.  In the latter case, Eros may have had a relative hiatus in cratering rates for the past few tenths of a percent of its lifetime; while that is a short fraction of its lifetime, it may be long with respect to timescales for space weathering, thus manifesting observable spectral differences compared with main-belt asteroids that have had no recent cratering hiatus.


Bottke's analysis shows that Eros was most likely (~50% chance) derived from the nu6 secular resonance, but may instead have left the main belt via Mars-crossing (30% chance) or 3:1 resonance (20%) routes.  In all probability Eros was created by a catastrophic disruption of its parent body perhaps ~2 Byr ago (very approximately, by analogy with the age of Ida, which has a nearly identical cratering record [Chapman et al., 1996b]) in a collision that may have produced a family of other asteroids.  Zappalà et al. (1997) proposed that Eros and another large NEA, Ganymed, may have been produced at the time of the creation of the Maria family, on the edge of the 3:1 resonance.  However, it is more likely that Eros was formed far from a resonance "escape hatch" and slowly drifted for aeons under the Yarkovsky force to one of the previously mentioned resonances.  During this time, it would have accumulated between ~99% and ~99.99% of its cumulative impact record, depending on its subsequent degree of decoupling from the asteroid belt.  Thus its large-scale geology must be that of a main-belt asteroid.  However, the possibility that it may have had a cratering hiatus for the last ~10 Myr or longer, during which it has been subject to solar wind and impact flux more nearly like that of the Moon, implies that its smallest scale attributes (and even optical properties) might differ from what would be true had it remained in the asteroid belt.


7. CONCLUSIONS

Asteroids, the erstwhile "vermin of the skies," have had a difficult time living down the reputation of "seen one asteroid, seen them all."  In yet one more case, asteroidal cratering, we have seen that cratering on different asteroids is more commonly dissimilar than similar.  Of the four asteroids whose surfaces have been imaged by spacecraft, only two (Ida and Eros) seem similar, while the other two (Gaspra and Mathilde) are dramatically different from Ida and Eros, and even more dramatically different from each other (Fig. 12).  Moreover, the very high-resolution images of Eros have demonstrated that our theoretical expectations of what an asteroid surface might look like close-up were badly wrong.


One way to try to understand the differences in cratering traits among these bodies is to ascribe them to dramatic differences in the structural nature of the asteroids.  Those bodies with crater populations (100 m to 10 km diameter) most similar to that on the Moon can be taken to be rocky bodies, structurally similar to the lunar crust.  (Differences at high resolution can be ascribed, in part, to the different regolith processes expected for small, low-gravity bodies, perhaps augmented by differences in the small-projectile populations in and outside of the asteroid belt.)  The gaping, huge craters on Mathilde may reflect that body's exotic, low-density, crushable composition, perhaps typical of primitive carbonaceous objects.  Finally, the faceted shape of Gaspra and its very underabundant population of medium and large craters may exemplify the response of a solid metallic (e.g. pallasitic) object to impact cratering.  The only way to know if these speculations might be correct is to continue to explore the asteroids, close up.
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FIGURES
Figure 1.  Highest resolution image of Gaspra.

Figure 2.  Cumulative size-frequency relationship for craters on Gaspra.  Total crater counts by Neukum's group are similar to Chapman's counts of fresh craters only.  Cumulative power-law exponents of least squares fits are indicated; smaller symbols indicate counts based on small counting statistics or incompleteness and are not included in the fits.  Counts for possible large impact features called facets are indicated.

Figure 3.  R plot size-frequency data (spatial densities) for craters on Gaspra.  Fresh craters (circles) and all craters (X's with central dot; includes fresh and degraded craters) are plotted, as well as approximate curves for other small bodies.  Differential power-law exponents of least squares fits are indicated for filled circles and X's with dots; empty circles and X's without dots indicate low-quality or incomplete data.  The approximate density level for empirical equilibrium is indicated.  

Figure 4.  High-resolution mosaic of Ida.

Figure 5.  R plot size-frequency data for craters on Ida.  Same data as plotted in Fig. 2 of Chapman et al. (1996b).  A weighted least-squares fit yields -3.1 for the differential power-law exponent.  The data approximate the empirical saturation curve, especially at diameters < 1 km.

Figure 6.  NEAR Shoemaker image of Mathilde, showing several of its giant craters.

Figure 7.  R plot size-frequency data for craters on Mathilde (legend indicates frame numbers).  The data point for the largest craters indicates the extraordinary numbers of giant craters.  Smaller craters have similar frequencies to craters of the same size on Ida (line).

Figure 8.  Images of opposite hemispheres of Eros at moderate resolution.  Himeros is near the left end of the upper image, Psyche near the center of the lower image.

Figure 9.  R plot size-frequency data for craters on Eros > 15 m diameter.  Various regions sampled are indicated by different symbols.  The small, solid dots between 90 and 600 meters, which plot at least an order of magnitude lower than most data, are for portions of Shoemaker Regio, a probable recent, large impact crater responsible for distributing many of the larger blocks around Eros.  Comparison curves for Gaspra, Ida, and Mathilde are also shown.

Figure 10.  R plot size-frequency relations for craters and boulders on Eros, from 1 cm to 10 km diameter.  A few representative counts are plotted.  Solid curves represent, approximately, trends for craters and boulders on Eros, the nominal crater production curve at large diameters, and the lunar maria crater distribution (which follows the production curve at diameters larger than 1 km and then follows the empirical saturation line at smaller sizes).  Curves for Eros craters and boulders below 3 m are schematic pending detailed analysis.

Figure 11.  The 5th last image taken during NEAR Shoemaker's final descent to the surface of Eros.  This image shows a region roughly 18 m across; the largest boulders are 2 to 3 m in size.  The surface is essentially covered with rocks and boulders.  Solar illumination is from the left.

Figure 12.  Images of Gaspra, Ida, Mathilde, and Eros to the same scale.






