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Programmatic Background
This report describes what we have accomplished during the five years during which we have researched issues concerning asteroid geology, principally Eros.   For various programmatic issues described in previous Progress Reports, including delayed funding, the need to finish up pre-requisite research, and time-critical obligations on spacecraft missions, work on this nominally three-year project stretched out over five years, with two no-cost extensions.  Nevertheless, we have accomplished research related to the project goals and have obtained some interesting new insights concerning Eros and other smaller asteroids.
We proposed to evaluate asteroid geology -- primarily that of the best observed asteroid, Eros, but also for asteroids Ida, Dactyl, Gaspra, and Mathilde -- in the context of cratering ejecta, regolith processes, boulders, and even asteroidal satellites.  We searched for and made measurements to obtain concrete geological evidence pertinent to these issues since asteroidal surfaces ought to bear witness to such processes.   High‑resolution spacecraft images by NEAR‑Shoemaker and other missions provide a rich library of geological evidence concerning asteroids, which can be utilized to test hypotheses concerning the ongoing steady‑state or episodic processes responsible for ejecta/regolith evolution in the context of impacts by heliocentric projectiles and even satellites and debris orbiting the asteroid.
Outline of this Report 

Because of the wide-ranging topics that we have researched, this report does not take the form of a scientific paper.  Nevertheless, we begin by describing a few of the principal research focuses of the project in the form of scientific papers, and then append a list of other research and activities that we have undertaken with partial or full support of this project.  Unlike page-limited scientific papers, we present an abundance of illustrations, tables, and detailed descriptions of protocols and techniques, mostly in Appendix 1.
*  Studies of crater size-frequency statistics, distinguished by morphological class, for different regions on the surface of Eros.  We also address boulder size-frequency relations.

*  Study of boulder populations on Eros, concentrating on a region where the geometry of the cratering impacts and the trajectories of boulders should result in different spatial densities of boulders on the surface.

*  Miscellaneous research and other activities supporting the goals of the research project. This includes, among many other things, research addressing one hypothesis (involving boulder armoring) for the relative absence of small craters on Eros; unexpected results from Ames Vertical Gun experiments on blocks embedded in regolith are described.

Crater Size Frequency Studies of Regions on Eros
Introduction
Eros is a remarkably non-spherical body with diverse geological provinces (e.g. as affected by the largest impacts, Himeros, Shoemaker, and Psyche) and previous research has indicated strong regional variations in various attributes of Eros, including distributions of boulders and “ponds”.  One of our goals was to discover the range of crater populations (including variations in the proportions of craters of different morphological classes) in such different regions.

We have employed standardized procedures we have developed for measuring craters on Eros, the Galilean satellites, Mercury, the Moon, and Mars to study regions of Eros not previously analyzed (e.g. by Chapman et al., 2001).  In this way, we not only enhance the previous databases concerning craters on Eros but address particular issues of regolith evolution, as affected by local gravity (e.g. at the “skinny” and “fat” ends of the body versus locations nearer the center of the body and also associations with major impact features, like Shoemaker crater, and their environs).

Technical Approach
Although we normally use an automated assistant to do pre-processing of images for detecting probable craters, in this research all crater identification, measurement, and classification was done by a human researcher, using software that permits rapid crater measurement and recording of classification estimates.  The software, developed at SwRI, is based on algorithms included within the Cornell crater measurement software “POINTS”.  We also developed a procedure for using an Eros shape model for deriving the areas of the images that were measured.
Generally craters were measured down to a diameter of 5 pixels, but an attempt was made to achieve completeness only to 6 pixels.  Actually, completeness is generally achieved only for somewhat larger craters, although this depends on crater class.  Fresh class 1 and class 2 craters can be recognized to smaller diameters than craters of the more degraded classes, 3 and 4.  For Eros, we encountered additional issues.   Because of abrupt curvature of the surface, hence foreshortening and variations in solar incidence angle, the more-distant, lower-resolution images have variations in crater recognizability across the image.  While we attempted to be cognizant of these issues, analysis of results suggest that some biases remain in crater recognition and classification.  Having assessed these issues, we offer conservative  interpretations of the results, bearing the level of objectivity we believe we have attained in mind.
We initially selected regions of interest using the “Virtual Reality Image Search” utility on the ASU NEAE website.  We then used the “Advanced Image Search” utility on that site to locate images with resolutions generally less than 5 meters/pixel, where the image center was within 5 degrees of the desired lat/long coordinates.  By visual inspection, many images were weeded out as too bright, dark, slanted, or redundant.  Areas of each image were determined, using an Eros shape model.  In this report, images are sometimes labeled with their complete frame numbers (e.g. in tables and context images) but are often abbreviated to the final four digits (e.g. in the R-plots).
DS9 is our image viewing software, which permits magnification of the image and instant modification of brightness/contrast, to enable the crater measurer to appropriately identify craters.  Depending on crater size, diameters are measured from selected points on the rim ranging from 2 (in an unforeshortened direction, or in a direction parallel to the solar illumination) to >6 for larger craters.  In rare cases of elliptical craters, the software determines the ellipticity and orientation of the ellipse, but we use the major axis as the diameter.  The analyst then estimates a degradation class (ranging from “fresh” = 1 to “highly degraded” = 4) based on judgments intended to be consistent with previous uses of such crater classes employed by Chapman in a series of publications over the past four decades.  As is usual, classes 1 and 2 are much less common than the more degraded classes; for purposes of obtaining statistically significant numbers, classes 1 and 2 and been merged in these studies of Eros.  On the marked images and R-plots, we depict classes with the following colors: purple = class 1, blue = class 1 (or classes 1 + 2 merged), red = class 3, and green = class 4.
In plotting the data, we use the standard R-plot (Crater Analysis Techniques Working Group, 1977), in which the differential frequencies are divided by D-3 and thus represent spatial densities.  In our R-plots we generally show both geometrical saturation and “empirical saturation” near the values that Hartmann (1984; see also Chapman & McKinnon 1986) found to be common on crater-saturated terrains on many planets and satellites.  We do not use √2 bins used by some workers but instead use bins of variable width selected to obtain statistically useful values and avoid bins with zero craters.  Generally we plot square-root N error-bars, although the error-bar for R values based on a single crater in a bin may have a somewhat arbitrary lower limit.  In many of our illustrations, we also show lines (generally dashed and of different colors to distinguish crater classes or different images), generally dashed, which are eye-ball fits designed to show the trends we perceive; they are not mathematical fits to the data.  Recall that our square-root N error-bars do not account for numerous systematic errors that often dominate at certain sizes (due to potential incompleteness and other issues).  We do remove points that we believe are likely to be incomplete, but these are subjective judgments.
Some of our measurements of images dealt with boulders rather than craters.  Despite the fact that boulders are bumps and craters are depressions, such features are not mirror images of each other in appearance.  Boulders are recognized by a group of bright pixels adjacent to a group of dark pixels (the boulder’s shadow) in a sense opposite to that of a crater.  But the  length of the shadow varies strongly with solar illumination angle.  So every attempt was made to measure boulder widths perpendicular to the solar illumination angel.  Generally boulders were measured to be slightly larger (e.g. by ~10-20%) than they actually are.  The main purpose of our boulder measurement activity is described in a separate section below; boulder sizes were a secondary goal, and the measurements are only approximate.  Nevertheless, the results are complementary, in part because we can recognize in the R-plots that the boulder measurements tend to be incomplete at sizes smaller than 20 m diameter (we exclude data for counts deemed to be incomplete).  The results in the later section include recognized boulders at sizes that we find here to be incomplete; this should not be a major issue, because the recognized boulders are generally more prominent than those that are missed, and the incomplete boulders should vary with boulder density roughly as the complete sample does.
Results and Interpretations for Crater Populations in Different Regions
Chapman et al. (2002) reported preliminary analyses of size-frequency distributions (SFDs) for craters and boulders on Eros.  Representative data are shown in Fig. 6 of this report (see  Appendix), based on Figs. 1 and 2 in Chapman et al., for boulders and for total craters (i.e. not distinguished by morphological class).
In the present study, we examine potential signatures in the SFDs for craters distinguished by morphological class for different processes and/or geological history in specific regions on Eros that might be expected to vary from the typical situation.  Twelve frames analyzed are listed in Table A1 (positions are shown in Fig. 7 and context images in Figs. 8 and 9.   In Appendix 1, we show the frames, with craters marked, and also show R-plots for craters, where large, black, open circles denote Total craters; craters of more degraded classes are shown with increasingly smaller symbols, color coded as described above.

In general, the SFDs show a trend roughly approximating the empirical saturation density for craters larger than about 100 m diameter and then slope steeply to the lower left, reflecting the fact (unexpected until the NEAR Shoemaker mission) that smaller craters are increasingly rare on Eros, as they are on Itokawa at similar scales, and are virtually absent at diameters of a few meters and smaller.  Compare Figs. 6 and 5, where eyeball estimates of the trends of all SFDs (for total craters) are plotted on the same graph.  (Curves that extend farther to the left are from higher resolution frames; vertical differences at the same diameter are spatial density differences, perhaps reflecting relative ages of the surfaces.)

Fig. 4 shows the SFDs for boulders larger than about 20 m from six frames measured and analysed for density variations in the context of a crater ejecta model (see next section of this Report).  Superimposed on this graph are the general trends from Fig. 6.  The red dashed line indicates the typical SFD for craters, with the red dotted lines indicating the extremes from Fig. 6.  The two blue dotted lines indicate the trend for boulders from Fig. 6, for typical regions on Eros and from the sparse boulder populations observed on the Low Altitude Flyby (LAF) sequence.  As can be seen, the region of our six frames used in the boulder study has a relatively high density of boulders.  The highest density and steepest SFD is for the frame that shows the highest cumulative number of boulders (see next section) while the red symbols indicate that the frame with the lowest cumulative number of boulders has a shallower slope.  (Our measurement procedures may introduce a slope that is slightly higher than reality.)
In general, our crater classifications normally result in larger numbers of degraded class 3 and 4 craters than fresh class 1 and 2 craters.  This is because a crater that is formed fresh but is degraded by one or more gradual processes soon loses its fresh character and spends most of its lifetime with more degraded morphology before becoming so indistinct as to be not recognizable.  In a steady-state crater degradation environment, the SFDs for the different classes tend to be roughly parallel.  Deviations from this usual behavior indicate special geological circumstances.  For example, a large proportion of fresh craters may indicate that an earlier period of erosion or blanketing effectively wiped the slate clean of craters, and then there has been recratering with very modest degradation processes since.  Varying proportions of craters of different classes as a function of diameter can indicate the scale of the crater degradation/obliteration processes that have been active.  We want to emphasize our caveats that the variable solar illumination angles (even on a single frame, as well as between different frames) are unavoidable in this study and can spuriously affect the assignment of morphological classes and even the recognizability of craters with modest relief.  Therefore, in the interpretations that follow, we refer to relationships that we believe are robust. 

“Fat End” Versus “Skinny End”
Frames 0301 and 2010 show the SFDs for larger craters from the “fat” and “skinny” ends of Eros, respectively.   Craters >100 m diameter roughly follow the empirical saturation density (Hartmann, 1984).  At smaller sizes, frequencies drop appreciably.  It appears on 2010 that a larger proportion of craters are subdued on the “skinny” end, but this is not confirmed by the higher resolution images.  [The data in frame 2010 may suffer from the fact that a small fraction of the frame, but a much larger fraction of the surface area covered by it, is sloping away to the right and has a higher solar illumination angle, perhaps resulting in failure to recognize craters and a tendency to give craters a more degraded class.  Correction for these effects would bring the SFD for 2010 more into conformity with the higher resolution frames in the vicinity.]
Four especially high resolution images were measured from the “fat end,” 3376, 3546, 3770, and 3396.  These frames provide a visually graphic illustration of the diminished numbers of smaller craters and transition to predominantly boulders at small scales.  All four images show similar SFD trends, with an apparent excess of degraded craters near 10 m diameter compared with a comparative lack of craters (relative to the downward sloping trend) around 20 to 40 m diameter.  (This bump also seems to be present near 20-30 m in the SFD for the lower resolution “fat end” image 0301.)  It is unlikely (and certainly not known) that there is such a “bump” in the production function of meter-scale projectiles that would augment the frequency of these smaller craters.  Also, many kinds of erosive or blanketing processes preferentially erode smaller craters.  So an excess of smaller craters suggests a process that either (a) enhances the sizes of craters formed by meter-scale projectiles, (b) indicates a regolith process that preferentially degrades larger craters and preserves smaller ones, or (c) reflects a quiescent period after erasure of craters with re-cratering by small craters (with no ongoing degradation) by the usual crater production function (sloping up to the left).  Richardson et al. (2004) proposed that seismic shaking by impacts would result in preferential losses of smaller craters on the surface of Eros.  This reversal of the trend near 10 m crater diameter on this end of Eros may indicate something about a layered structure within the regolith, or preferential scales of regolith movement.  Or it may indicate episodic crater erasure and re-cratering.
The three relative high resolution images of the “skinny” end of Eros, 2270, 3994, and 7486 show very similar SFDs, all sloping very steeply down to the left below about 60 m diameter, with no hint of the excess near 20 m seen on the “fat” end images.  Whatever process is efficiently erasing small 10 to 50 m craters on the “skinny” end may also be contributing to the formation of ponds, which are especially prevalent here (see map of pond distribution by Robinson et al., 2001).  Ponds occupy a very minor fraction of the surface area, so are not directly responsible for loss of small craters, but the material that fills ponds is plausibly derived locally by erosion or mass-wasting, which are processes that would degrade craters in the locale.   

Craters In and Near Himeros and Shoemaker
Major topographical features, like Himeros and Shoemaker, would naturally be expected to affect the populations of smaller craters, both within them and within their vicinity.  First, the cratering event itself destroys all pre-existing craters within the formation, creating a new surface to be recratered; also, regions exterior to the crater are strongly affected by ejected debris and by seismic shaking.  Such processes would be expected to be especially severe for a relatively recently formed large crater like Shoemaker.  Second, the topography of a large crater creates unusually steep slopes in places where mass-wasting and sensitive response to seismic shaking would be expected.  Several of these factors may be reflected in our crater measurements.
Frame 1896 shows a locale within Shoemaker crater.  The SFD is similar to SFDs for the “skinny” end of Eros with relatively many craters many tens of meters to over 100 m in diameter, but a steep fall-off in the number of smaller craters 10 to 20 m diameter.  Since all of these craters had to form subsequent to Shoemaker, it appears that crater populations on typical areas of Eros were also generally formed subsequent to Shoemaker, indicating relatively rapid crater obliteration processes predominate everywhere on Eros.  Indeed, one end-member hypothesis is that the formation of Shoemaker itself obliterated all pre-existing craters around Eros, by seismic shaking.  This frame appears to be in a relatively level area (apparently on a small plateau within Shoemaker), which is another reason for its relatively high crater density: the surface is not being efficiently mass-wasted, as would a more steeply sloping surface, nor is it in the bottom of a topographic cavity, where craters might be covered up.
Frame 1872 covers a wide area, mostly outside of Shoemaker but near to it (a small corner drapes within Shoemaker).  It shows the lowest density of craters >100 m diameter in our study.  Yet there is a “bump” in mostly moderately degraded craters centered around 60 – 80 m diameter.  It is plausible that there was a great amount of mass-wasting, destroying craters smaller than several hundred meters, followed by a period of relative quiescence when the inner solar system crater production function began re-cratering the re-initialized and temporarily stabilized surface with craters smaller than about 100 meters.

Frame 1250, includes much of the interior of the huge topographic feature (and probable old, large crater) Himeros.  It shows a population of craters that is definitely below saturation density, probably due to active mass-wasting processes on the slopes of Himeros.  A significant number of measured craters (included in the R-plot) are elliptical or in chains, which may reflect endogenic craters or features associated with mass-wasting of the inner wall of Himeros.  The presence of a significant number of class 1+2 craters and the numerous class 3 craters suggests that there may have been a comparatively recent period of relative quiesence. 
Summary
Our regional studies of craters on Eros demonstrate that there are a wide variety of crater populations across its surface.  Some of the variations are clearly related to large-scale features on the surface, such as the recently formed large crater Shoemaker and the steeply sloping terrain of Himeros.  However, we find differences between the “fat” and “skinny” ends of Eros, despite the fact that they share other attributes in common, such as an abundance of ponds.  (All of our “fat end” and “skinny end” frames are within 6 deg. of the equator and thus within the rather narrow equatorial strip where ponds predominate (Robinson et al., 2001).

It is plausible that there are regional differences in regolith structure or in the strength of influences by large cratering events.  For example, we see suggestions of massive crater obliteration processes or events wiping the slate clean of craters, followed by re-cratering.  This is most prominent on the “fat” end of Eros, which we note is much closer to the recent Shoemaker cratering event than the “skinny” end. 
Boulder Density Distributions on Eros: A Case Study

Background on the study of boulders on Eros

Our goal with the study of boulders on Eros was to attempt to gain some insight into collision processes on Eros.  We have seen (previous section) that many of the craters on Eros are significantly degraded.  This is likely due to blanketing by ejecta from subsequent impacts.  On a normal planetary surface, much of the ejecta from small- to moderate-sized impacts remain in the immediate vicinity of the crater (a few crater radii).  But on Eros, with very low gravity and a relatively rapid spin rate, ejecta from craters can blanket a significant portion of the asteroid.  This would tend to partially bury or at least degrade craters with either boulder material or finer ejecta.  Therefore, one might expect that the ejecta from the most recent impact events would be the best preserved, and hence most evident if we were to map the distribution of such boulders.  To test this, we made simulations of the ejecta expected from a number of relatively fresh (intermediate size) impact features.  The predicted ejecta patterns on the surface of the asteroid were stunning (see Fig. 1).  We mapped boulder densities across the sharp boundaries predicted to determine if we could detect any differences.  We describe that work here.  Some evidence of reimpacting boulders can be seen in impact tracks (even bouncing impactor tracks) that we have studied on the surface.  These could be ejecta launched from distant craters, impacting at a grazing angle, or even returning satellites that have come back to the surface.  We examine evidence for such tracks in a later section.

Searching for evidence of ejecta blankets on Eros

Boulders of all sizes litter the surface of Eros. While some of these boulders may represent subsurface rubble from ancient impacts that have migrated to the surface through various processes that till and rework the regolith, surely others represent ejecta fragments from recent cratering impacts that have directly deposited them onto the surface of the asteroid.  Indeed, Durda (2009) has shown that a few examples of specific boulders with distinct associated landing tracks contain crucial clues to the terminal trajectories of their parent impactors and can be used to trace these blocks to their source craters.

These and other such ejecta blocks represent the coarsest fraction of Eros’ regolith and are important, readily-visible ‘tracer particles’ for crater ejecta blanket units that may be linked back to specific source craters, thus yielding valuable information on physical properties of Eros (e.g., regolith structure and target strength) and constraining various aspects of impact cratering in low-gravity environments (e.g., ejecta mass/speed distributions and amount of retained ejecta).

An important ‘property’ of ejecta blanket units emplaced on the surfaces of small, rapidly-rotating, and highly-elongated and irregularly-shaped bodies is that the ejecta material they are formed from is subjected to complex dynamical processes.  These processes can produce ejecta blankets with very sharp and distinct boundaries (see Fig. 1).  Dynamical models (e.g., Geissler et al. 1996, Durda 2004, Durda 2009) of reaccretion of impact ejecta on asteroids thus provide important and necessary tools for a detailed investigation of the distribution and morphology of blocks and finer regolith across Eros’ surface.

Our search for evidence of ejecta blanket deposition began by looking for fresh impact craters greater than 1 kilometer in diameter.  According to our prior models, an impact event forming a crater of that size should distribute boulders around much of Eros’ surface, but certain areas might receive a far greater concentration of debris than others, but with remarkably distinct boundaries in some cases.
As an example of our work, we present a case study on what we consider an ideal crater candidate for this type of investigation: Valentine (15.7N, 207.4W, D = 2.34 km).  Valentine is a large impact craters greater than 1 km in diameter that should have formed a substantial ejecta blanket with some distinct, sharp boundaries.  Green lines in the left images of Fig. 1 correspond to the distinct ejecta blanket boundaries seen in our numerical simulation results on the right.  Crater Cupid is in the upper panel, while Valentine is in the lower.  The white squares in the left images indicate the approximate areas shown in the higher resolution images of Fig. 2.
The left panel of Fig. 2 is an expansion (higher resolution images) of the region surrounding Cupid, while the right panel shows Valentine (these are the white boxes from Fig. 1).  The left panel is NEAR-Shoemaker image 148485857, while the right panel consists of NEAR-Shoemaker images 133864085 and 133864199.  Green lines approximate the predicted boundaries between potentially block-rich ejecta blanket deposits (above and to the left and below and to the left, respectively) and surrounding, unblanketed regolith.

The resolution of the example images in Fig. 2 is not necessarily sufficient to directly detect obvious differences in boulder spatial density.  To assist in locating yet higher-resolution images to conduct our study, we searched for sections in our numerical simulation results where sharp ejecta blanket boundaries should have deposited boulders conveniently along one side of a line of longitude (i.e. perpendicular to the equator).  We found one such region near 191 degrees W longitude between 0 and 30 degrees of north latitude, corresponding to a section of ejecta blanket associated with the crater Valentine.

Our models show that in this region ejecta from Valentine should be tightly confined to longitudes greater than about 191 W.  
We studied the boulder density in six images at the proper latitudes within six degrees of 191 W longitude.  The goal was to map crater densities across the predicted sharp ejecta boundary at longitude 191.  A context picture of our 6 frames is shown in Fig. 10.  The frame numbers, locations, resolutions, and other information is given in Table A1.  Actual crater size-distributions were calculated for each of the six frames and are shown elsewhere in this report.  They show the typical steep size distribution characteristic of ejecta.

We marked boulders within these images using the same DS9 software we used for marking craters.  A subsequent tool converted the pixel locations of each boulder into latitude and longitude based upon the coordinates of the four image corner points.  This procedure should provide accurate measurements to within a small fraction of a degree assuming the image is flat and has minimal camera skew.  All six of our images met this criterion.

We then binned the results according to degrees of longitude, resulting in the data contained in Table A2.  The longitude-binned crater densities are plotted in Fig. 11. These data clearly indicate a sharp rise in boulder densities with increasing longitude within a degree along our target longitude of 191 W.  We believe these results indicate a distinct and real boundary, significant at least at the 3-sigma level.   The striking distinction from one side of the boundary can be seen in Fig. 12 (low density) and Fig. 13 (high density).
While we think the evidence is clear, we note here some of the caveats regarding our measurements and procedures:
1) Sun angle and direction varied from image to image, making smaller boulders easier to spot in some images. The overall effect appears to be minimal.

2) Boulder sizes contain some ambiguity due to the orientation of the boulder and the sun. An elongated boulder will cast a much smaller shadow if the sunlight hits the boulder on an end rather than lengthwise. We compensated by marking the diameter of obviously elongated boulders along the longest axis.

3) We only studied six images with best coverage within six degrees of our target line of longitude. A more thorough study should expand the region of interest.

4) Small parts of some images overlap, and were therefore counted twice.

5) We didn't have complete coverage of the study region. Small gaps between some images prevented us from studying complete lines of longitude contiguously.

Ejecta boundary units like this can now be used to assess a rough stratigraphy and assign relative ages, locally, to cratering events in this region.  Statistical evidence of the boundary in boulder counts here will aid linkage of specific boulders in this region back to their source crater, Valentine.  That will provide very useful constraints on cratering mechanics and the subsurface mechanical properties.  Even failure to find evidence of some boundaries in the boulder counts in other areas will still provide new, useful information on surface evolution timescales, boulder burial rates, etc.  Obviously, the boulders must get buried or themselves degrade with time, or we might instead expect a steady-state uniform boulder density across the surface.

Similarly, boulder densities can be used to assess local surface history, provided we can constrain (even partially) the parent crater for the boulders, the search for which, to first order, will be guided by the models.  Boulder size and morphology may have some bearing on boulder origin or history.  For example, burial depths of boulders by regolith will help us assess a boulder’s relative age and origin.  At the same time, we will look for differences in regolith depth (as assessed in the manner similar to that described by Chapman et al. 2002) across predicted ejecta boundaries.  Clearly, our dynamical models indicate that ejecta (and ejecta boundaries) cover large swaths of terrain, and therefore there will be sufficient numbers of craters and boulders to assess size-frequency distributions across boundaries.  But in certain regions, due to their size and local density of craters/boulders, only rough estimates of densities will be extractable, in lieu of size-frequency distributions.

Role in understanding satellites

From the work here, we have seen that relatively small impacts can produce large fields of boulders.  And they may have relatively sharp boundaries, potentially allowing us to trace the boulders back to their origin crater/impact.  However, in the simulation that produced the Valentine boulder fields above, it was noted that not many of the ejecta particles escaped the asteroid, to either enter orbit or on escape trajectories.  This is significantly different from many other simulations that have been done by Durda et al. to simulate production of asteroid satellites.  The Valentine impact used an impactor speed of about 5 km/s, with an impactor size of about 200m.  Other simulations, e.g. trying to make the Psyche crater, also using impactor speeds of 5 km/s, but with impactor of size 400m, broke Eros apart and was clearly outside of the range for making satellites, at least around an existing Eros.  Therefore, we think it is reasonable to assume that satellites would require impactor sizes within the relatively narrow range of about 200-400m.  In such cases, much of the ejecta are likely to go into at least temporary orbit about Eros, and probably not leave the distinctive boundaries seen in the Valentine simulation.  How much lower the impact energies would need to be before Eros would not be disrupted will need additional modeling.  Probably satellites could be created in a Psyche-like event, but additional simulations will be needed.  

A large point of this work is that if we can validate simulations that produce well-defined ejecta fields, visible on Eros today, then we can have some confidence that the simulations are indeed realistic.  And therefore, when the other collision parameters are modified, e.g. the impactor size or speed, are cranked-up, high enough to produce satellites, but potentially leaving no (or at least a much weaker) signature in terms of ejecta patterns and boundaries, we can likewise have confidence that we are close to simulating the conditions for satellite formation as well.
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Fig. 1.  Crater ejecta simulations for boulder density studies.
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Fig. 2.  Insets from Fig. 1.

Miscellaneous Research and Activities Supporting Project Goals
During the five years supported by this project, we have participated in scientific meetings, given presentations, contributed to published or in-press papers, and participated in brief scientific analysis of relevant issues that are separate from the studies described above.  We describe this research and associated activities in this section.
Blocks, Tracks, Etc.  (Durda)
We have been searching for tracks from blocks in order to estimate physical parameters (like coefficient of restitution) for interactions between blocks and the regolith of Eros.  For the block in the image below (Fig. 3), we have a couple of candidate source craters identified.  The block is about 40-45 meters across, which implies it had to be launched from a crater no smaller than about 1.4 km across.   For one of the 'favored' candidates within the backtracked source footprint on Eros' surface, we get a landing speed and angle for this block at this spot of about 7 m/s at an angle of about 7 degrees above the local horizon. The local surface g is about 0.54 cm/s2.  The skip distance from the first big gouge to the landing crater is about  297 meters.  Using the simple ballistic range equation, we obtain a 'launch' speed from the first gouge to the final crater of about 2.58 m/s.  That gives an effective coefficient of restitution of the surface at that spot of about 0.37.  Note that this is for the case of a massive block the size of a building, which would have a  lot of momentum and gouge very deeply in to the surface.
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Fig. 3.  Block and associated gouge.

Studies of Gaspra  (Chapman and Bottke)
In 2006, Bottke and Chapman used cratering models, simulating crater saturation and other phenomena, applied to understanding the size distribution of craters on Gaspra.  The research was reported in an LPSC abstract in 2006 (Bottke & Chapman, 2006), entitled “Determining the main belt size distribution using asteroid crater records and crater saturation models.”

In 2007 we revisited images of Gaspra and the identification of craters in Galileo images of that asteroid.  Gaspra has recently figured prominently in larger debates concerning the size frequency distribution of projectiles in the solar system.  Now that small craters (< 2 km diameter) on the Moon, Mars, and the Galilean satellites are increasingly subject to debate as to what proportion of them may be secondaries, the apparently steep size distribution for craters on Gaspra has been argued by G. Neukum and his associates as indisputable evidence that the primary production function is very steep.  We disagree.  Dr. Chapman presented a colloquium at the Lunar and Planetary Institute (26 October 2007), showing that there are 20 craters on Gaspra > 0.5 km diameter whereas Neukum has published Gaspra crater counts finding only 5 craters with such large sizes.  The result of Neukum’s incomplete counts of large craters on Gaspra results in a spuriously steep size distribution for Gaspra. Nevertheless, we agree that there appears to be a sprinkling of very fresh craters on Gaspra with a steep size distribution (differential slope ~-4.3) superimposed on a shallower-sloping (~-3.5) population of craters on Gaspra.  The issues involving differences in Gaspra crater counts made by different experimenters were highlighted by P.I. Chapman in a formal “Commentary” during the May 2006 “Workshop on Planetary Chronologies” held at LPI.
The latter observation has raised the question of whether the more recent craters are due to a special event that cratered Gaspra with an unusually steep size distribution that has not had time to collisionally evolve into the more usual -3.5 sloped size distribution.  Working with  other colleagues, we have proposed that the formation of an asteroid family (the Baptistina family) about 150 My ago (comparatively recently) may have contaminated the surface of nearby Gaspra in ways that distinguish it from Eros (see 2007 LPSC abstract by Bottke, Vokrouhlicky, Chapman, and Nesvorny, entitled “Gaspra’s Steep Crater Population was Produced by a Large Recent Breakup in the Main Asteroid Belt” [Bottke et al. 2007]).  [Chapman’s participation in this research was supported by this grant; most of the Baptistina research was funded by other grants.]

Experimental investigation of the impact fragmentation of blocks embedded in regolith.  (Durda and Chapman)

A series of experiments were carried out, under separate funding and designed by Dr. Durda and colleagues, last year at the Ames Vertical Gun facility to study the effects of impact into blocks in a regolith, ranging from sitting on top of a regolith to being buried within the regolith, with several degrees of partial burial.  The abundant blocks on the surface of Eros were a major motivation for these experiments.

Interpretation of these experiments and preparation of a manuscript (see Appendix 2; Durda et al., 2010) submitted to Meteoritics and Planetary Science earlier in the spring was dominantly supported by the present grant.  The experiments were illuminating and unexpected in several ways.  For example, shock waves and reverberations from the block resulted in development of a crater around the block; hence examples of blocks sitting within craters should not be interpreted only as (a) the crater was made by the ejecta block’s low-velocity landing or (b) the block rolled across the surface and settled into the cavity.
We also saw numerous instances of apparent craters actually being made by irregularly shaped, spinning fragments from the block repetitively dipping into the regolith as they moved far away from the impact at high velocity.  These are “secondary craters” of a sort, but very different from what is usually imagined.

The full results, interpretations, and application to regoliths of small asteroids are available on the MAPS on-line website.
Collaborations on Asteroid Research and Programmatic Work  (Chapman)

Dr. Chapman collaborated with Drs. Bottke, O’Brien, and others, in the wake of the Hayabusa mission, to understand the reasons for lack of small craters on both Eros and Itokawa, and discussed results in the LPI colloquium mentioned above.  Dr. Chapman has emphasized that comparisons between Eros and the small NEA Itokawa should be made when viewed at the same absolute scale rather than considering the geomorphology scaled to body diameter; he discussed these matters at the October 2006 “Workshop on Spacecraft Reconnaissance of Asteroid and Comet Interiors,” held in Santa Cruz.

He also refereed several papers on these topics.  Dr. Chapman participated in the “First Workshop on Binaries in the Solar System” (Steamboat Springs CO, Aug. 2007), organized (under other grants) by Dr. Merline; our developing understanding of processes of asteroid-satellite formation suggest that it is quite likely that Eros once had a satellite, probably produced by collision.
Dr. Chapman investigated several smaller issues related to asteroidal cratering, initiated by inquiries from other scientists.  For example, he addressed issues raised by Dr. A. Rubin regarding cratering of Ida and Ida crater ejecta in the context of deriving meteorites from Ida.  And he evaluated a unique concept by Dr. Ormes and others that observations of gamma rays from asteroids might actually constrain the slope of the size distributions of main-belt asteroids and asteroidal craters.

Dr. Chapman was invited to present an Introductory Briefing, entitled “Spacecraft Results about NEO Properties” at the NASA Workshop on “Near-Earth Object Detection, Characterization, and Threat Mitigation,” held in Vail, Colorado, in June 2006.  Results from continued synthesis of evidence about geomorphological processes (e.g. regolith development) on small bodies developed during the early stages of our DDAP research helped to inform the interpretation of small-scale properties of asteroid surfaces reviewed by Dr. Chapman at this meeting. 

Dr. Chapman also worked on several programmatic matters related to DDAP, including reviewing proposals submitted to the DDAP program.
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Appendix 1
R-Plots for Craters in Studied Regions
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On “fat end” of Eros.
Within Himeros.
[image: image9.png]10

Eros 1250

1 Geometric Saturation

Saturation

o

0.01

R (spatial density)

0.001

0.0001
0.001

0.010

0.100
Diameter (km)

1.000

10.000



[image: image10.png]




[image: image11.png]


[image: image12.png]


Outside of Shoemaker.

Relatively high resolution image within Shoemaker.
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On “skinny end” of Eros.
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Moderately high resolution image showing “ponds” on “skinny end” of Eros.
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High resolution image from “fat end” of Eros.
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Moderately high resolution image in vicinity of “ponds” on “skinny end” of Eros.
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Very high resolution image of locality on “fat end” of Eros.
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High resolution image from “fat end” of Eros.
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High resolution image from “fat end” of Eros.
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Moderately high resolution image in vicinity of “ponds” on “skinny end” of Eros.
R-Plots for Craters and Boulders, Followed by Frame Locations and Context Images  
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Fig. 4.  R-plot for six boulder frames, with trends from Chapman et al. (2001) shown for both boulders and craters.
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Fig. 5.  Hand-drawn lines show trends for total craters on each frame studied.
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Fig. 6.  R-plots for craters and boulders on Eros from Chapman et al. (2001).
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Fig. 7.  Locations of frames.

[image: image35.png]



Fig. 8.  Shoemaker/Himeros context image.
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Fig. 9. Context images: “Fat end” above, “skinny end” with ponds and boulders below.
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Fig. 10.  Context image showing layout of images used in boulder study.  Vertical red lines are longitudes 185, 191, and 197 deg. W; 191 approximates the theoretical line (white) where the boulder density from the recent crater should change.  Purple rectangles show frame locations.  Blue grid (2 x 2 deg.) is from Eros shape model.  Frame numbers:  1 = 136880451, 2 = 133864085; 3 = 135268359; 4 = 132895502; 5 = 135412435; 6 = 140761925.

Tables and Figures for Boulders Study
Table A1.  Frame numbers for studies of craters and boulders.  (Lat/Long are in degrees, resolution is in meters/pixel.  For boulder frames, L = longitudes <191, H = >191.)
|-----------------------------------------------------------------------------|

|IMAGE_NUMBER| LATITUDE|LONGITUDE|RESOLUTION_m|AREA_sq_km|       REGION       |

|-----------------------------------------------------------------------------|

|  132895502 |  21.07  |  187.39 |    4.06    |  2.8730  |      boulder_2L    |

|  133864085 |  12.20  |  195.06 |    4.04    |  2.1848  |      boulder_2H    |

|  135268359 |   7.89  |  195.07 |    4.01    |  2.0968  |      boulder_2H    |

|  135412435 |  16.24  |  188.69 |    4.55    |  2.6847  |      boulder_2L    |

|  135420301 |   0.94  |  23.88  |    3.68    |  2.5219  |       fat_end      |

|  136492010 |   1.81  |  178.08 |    4.06    |  4.2728  |     skinny_end     |

|  136880451 |   17.4  |  196.18 |     4.0    |  2.9273  |      boulder_2L    |

|  140761925 |   6.79  |  188.57 |     4.4    |  3.0108  |      boulder_2H    |

|  143461250 |  13.93  |  273.82 |    9.46    |  14.7659 |       himeros      |

|  144671872 |  -47.67 |  356.02 |    9.91    |  16.8609 |  outside_shoemaker |

|  155522270 |  -2.53  |  179.37 |    2.13    |  0.8227  |        ponds       |

|  155881896 |  -18.18 |  337.23 |    1.89    |  0.6627  |      shoemaker     |

|  155883376 |  -4.15  |  14.48  |    0.96    |  0.1671  |      high_res      |

|  155883546 |  -3.64  |  19.42  |    0.89    |  0.1469  |      high_res      |

|  155883770 |  -3.46  |  26.31  |    0.88    |  0.1410  |      high_res      |

|  156083396 |  -5.83  |  24.46  |    0.59    |  0.0520  |      high_res      |

|  156667486 |   -4.9  |  177.09 |     2.0    |  0.6163  |        ponds       |

|  157163994 |  -0.67  |  175.97 |    1.95    |  0.5219  |        ponds       |

|-----------------------------------------------------------------------------|

Table A2.  Measurements of boulder densities as function of longitude.
|--------------------------------------------------------------------------------|

|  IMAGE_NUM |MIN_LONG|MAX_LONG|MIN_LAT|MAX_LAT|AREA_sq_km|NUM_COUNTED|  DENSITY |

|--------------------------------------------------------------------------------|

|  136880451 |   192  |   193  | 14.35 | 21.98 |  0.2207  |     6     |   27.19  |

|  136880451 |   193  |   194  | 14.14 | 21.93 |  0.3689  |     31    |   84.04  |

|  136880451 |   194  |   195  | 13.95 | 21.87 |  0.3651  |     29    |   79.43  |

|  136880451 |   195  |   196  | 13.75 | 21.83 |  0.3579  |     17    |   47.50  |

|  136880451 |   196  |   197  |  13.5 | 21.81 |  0.3554  |     25    |   70.34  |

|  136880451 |   197  |   198  |  13.3 | 21.76 |  0.3525  |     47    |  133.33  |

|  136880451 |   198  |   199  | 13.08 | 21.73 |  0.3471  |     34    |   97.94  |

|  136880451 |   199  |   200  | 13.08 | 21.61 |  0.3053  |     20    |   65.51  |

|  136880451 |   200  |   201  | 14.61 | 21.52 |  0.1792  |     13    |   72.54  |

|            |        |        |       |       |          |           |          |

|  133864085 |   191  |   192  | 10.45 | 16.08 |  0.0859  |     6     |   69.82  |

|  133864085 |   192  |   193  | 10.16 | 16.01 |  0.3265  |     25    |   76.57  |

|  133864085 |   193  |   194  |  9.81 | 15.76 |  0.3241  |     40    |  123.43  |

|  133864085 |   194  |   195  |  9.49 | 15.51 |  0.3177  |     35    |  110.16  |

|  133864085 |   195  |   196  |  9.11 | 15.27 |  0.3173  |     29    |   91.41  |

|  133864085 |   196  |   197  |  8.7  | 15.01 |  0.3169  |     34    |  107.28  |

|  133864085 |   197  |   198  |  8.34 | 14.75 |  0.3129  |     38    |  121.46  |

|  133864085 |   198  |   199  |  8.2  | 14.49 |  0.1840  |     7     |   38.03  |

|            |        |        |       |       |          |           |          |

|  135268359 |   192  |   193  |  6.18 | 11.66 |  0.3365  |     76    |  225.84  |

|  135268359 |   193  |   194  |  5.64 | 11.31 |  0.3389  |     85    |  250.82  |

|  135268359 |   194  |   195  |  5.13 | 10.93 |  0.3403  |     61    |  179.24  |

|  135268359 |   195  |   196  |  4.6  | 10.55 |  0.3406  |     95    |  278.90  |

|  135268359 |   196  |   197  |  3.98 | 10.16 |  0.3421  |    103    |  301.11  |

|  135268359 |   197  |   198  |  3.73 |  9.71 |  0.3288  |    112    |  340.62  |

|            |        |        |       |       |          |           |          |

|  132895502 |   183  |   184  | 18.75 | 25.24 |  0.2953  |     11    |   37.25  |

|  132895502 |   184  |   185  | 18.58 | 25.14 |  0.3196  |     6     |   18.77  |

|  132895502 |   185  |   186  | 18.39 | 24.97 |  0.3209  |     5     |   15.58  |

|  132895502 |   186  |   187  | 18.17 | 24.81 |  0.3247  |     5     |   15.40  |

|  132895502 |   187  |   188  | 17.94 | 24.64 |  0.3246  |     15    |   46.21  |

|  132895502 |   188  |   189  | 17.66 | 24.45 |  0.3229  |     9     |   27.88  |

|  132895502 |   189  |   190  |  17.4 |  24.3 |  0.3259  |     3     |   9.21   |

|  132895502 |   190  |   191  | 17.19 |  24.1 |  0.3207  |     5     |   15.59  |

|  132895502 |   191  |   192  | 17.19 | 23.94 |  0.2327  |     5     |   21.49  |

|            |        |        |       |       |          |           |          |

|  135412435 |   184  |   185  | 14.88 | 18.42 |  0.1694  |     2     |   11.81  |

|  135412435 |   185  |   186  | 14.21 | 20.29 |  0.2972  |     21    |   70.65  |

|  135412435 |   186  |   187  | 13.77 |  20.6 |  0.3840  |     31    |   80.73  |

|  135412435 |   187  |   188  | 13.23 | 20.11 |  0.4047  |     28    |   69.19  |

|  135412435 |   188  |   189  | 12.68 | 20.11 |  0.4051  |     24    |   59.25  |

|  135412435 |   189  |   190  | 11.93 | 19.57 |  0.4053  |     20    |   49.35  |

|  135412435 |   190  |   191  | 11.93 | 18.87 |  0.3522  |     21    |   59.63  |

|  135412435 |   191  |   192  |  13.0 | 18.19 |  0.2276  |     31    |  136.21  |

|  135412435 |   192  |   193  | 14.33 | 17.35 |  0.1029  |     14    |  136.11  |

|            |        |        |       |       |          |           |          |

|  140761925 |   185  |   186  |  4.18 |  8.89 |  0.2605  |     12    |   46.07  |

|  140761925 |   186  |   187  |  2.96 |  9.31 |  0.4432  |     26    |   58.66  |

|  140761925 |   187  |   188  |  2.96 |  9.71 |  0.5019  |     34    |   67.74  |

|  140761925 |   188  |   189  |  3.35 | 10.12 |  0.4900  |     28    |   57.14  |

|  140761925 |   189  |   190  |  3.59 | 10.47 |  0.4834  |     26    |   53.78  |

|  140761925 |   190  |   191  |  3.9  | 10.47 |  0.4135  |     32    |   77.38  |

|  140761925 |   191  |   192  |  4.28 |  9.06 |  0.2392  |     7     |   29.27  |

|            |        |        |       |       |          |           |          |

|    TOTAL   |   185  |   186  |  4.18 | 24.97 |  0.8786  |     38    |   43.25  |

|    TOTAL   |   186  |   187  |  2.96 | 24.81 |  1.1519  |     62    |   53.82  |

|    TOTAL   |   187  |   188  |  2.96 | 24.64 |  1.2312  |     77    |   62.54  |

|    TOTAL   |   188  |   189  |  3.35 | 24.45 |  1.2180  |     61    |   50.08  |

|    TOTAL   |   189  |   190  |  3.59 | 24.30 |  1.2146  |     49    |   40.34  |

|    TOTAL   |   190  |   191  |  3.90 | 24.10 |  1.0864  |     58    |   53.39  |

|    TOTAL   |   191  |   192  |  4.28 | 23.94 |  0.7854  |     49    |   62.39  |

|    TOTAL   |   192  |   193  |  6.18 | 21.98 |  0.9866  |    121    |  122.64  |

|    TOTAL   |   193  |   194  |  5.64 | 21.93 |  1.0318  |    156    |  151.19  |

|    TOTAL   |   194  |   195  |  5.13 | 21.87 |  1.0231  |    125    |  122.17  |

|    TOTAL   |   195  |   196  |  4.60 | 21.83 |  1.0158  |    141    |  138.81  |

|    TOTAL   |   196  |   197  |  3.98 | 21.81 |  1.0144  |    162    |  159.70  |

|    TOTAL   |   197  |   198  |  3.73 | 21.76 |  0.9942  |    197    |  198.16  |

|--------------------------------------------------------------------------------|
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Figure 11.  This shows the variation in boulder counts as a function of longitude.  Generally, boulders average around 50 per degree for longitudes <191 deg. but rise steeply to around 200 per degree at greater longitudes.
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Fig. 12.  Boulders marked on frame 5502, which has the lowest density of boulders of the six frames studied.
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Fig. 13.  Boulders marked on frame 8359, which has the highest boulder density of the six frames studied.

[image: image40.png]


                                                                                                                                                       

Appendix 2
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Abstract

We present results of a set of impact experiments designed to examine the effects of

impacts onto rocky blocks resting on and embedded within regoliths. The targets were

~500-gram granodiorite blocks, struck with ⅛-inch aluminum spheres at nominal speeds

of ~5 km/s. The granodiorite blocks were emplaced in 20-30 grade silica sand to

simulate an asteroidal or lunar regolith; block burial depths ranged from resting flush on

the surface to submerged completely below the surface. We observe a trend for largest

remnant mass to increase with block burial depth. Documentary still image and highspeed

video of the resulting block fragments and surrounding regolith reveal new insights

into the morphologies of blocks and secondary craters observed on asteroids like 433

Eros.                                                                                                   
