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abstract
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More than 200 boulders are among the many prominent geological features seen on Lutetia by the OSIRIS cameras onboard Rosetta. Most are concentrated around the central crater in Baetica regio with a few more apparently associated with Patavium crater. The size range of boulders visible to OSIRIS is about 60–300 m. We model the trajectories of boulders ejected from the central crater and show that their distribution is consistent with most of them being created from that crater, similar to the situation on asteroid Eros where most of the boulders are believed to originate from Shoemaker crater. We evaluate various destruction mechanisms for ejecta blocks and conclude that, using current estimates of the number of small asteroids in the main belt, destruction by impacts of small (several meters diameter) projectiles limits the lifetime of the boulders (and the age of the central crater) to a maximum of 300 million years. Since several analyses of crater ages and size distributions also come up with surprisingly young ages, the size-frequency distribution of small main-belt asteroids (below the size currently reached by surveys) may warrant to be revisited. & 2011 Elsevier Ltd. All rights reserved.
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1. Introduction During the Rosetta ﬂyby of asteroid (21) Lutetia, about 50% of the surface of the asteroid was imaged with high resolution (up to 60 m/pixel) by the OSIRIS Narrow Angle Camera [NAC] (Sierks et al., 2011). Lutetia is exceptionally rich in its geomorphological history (Thomas et al., 2012). Among the many features identiﬁed, a large number of boulders show up prominently as positive relief features, typically close to the resolution limit, with shadows next to them, important for their identiﬁcation. Fig. 1 shows that most of the boulders are concentrated around the central crater cluster in Baetica, with some more visible close to Patavium crater, at the border between Noricum and Narbonensis (see Thomas et al., 2012; Massironi et al., 2012 for the deﬁnition of the regions on Lutetia). The highly irregular spatial distribution close to big craters suggests connection of the



boulders with the creation of those individual craters. Indeed, for asteroid (433) Eros it is has been postulated that most of the boulders there originated from a single large impact crater (Thomas et al., 2001). The association of boulders with individual craters implies information about the history of the asteroid. The ‘‘boulder forming’’ impacts are most likely the youngest of their size range. Estimates of the lifetime of boulders allow estimation of the age of the crater from which boulders were ejected. In Section 2 we describe the identiﬁcation methods of boulders and the resulting counts. We discuss the possible detection of secondary craters due to boulder impacts. Section 3 analyses the origin of the boulders and derives age constraints for large craters on Lutetia. Concluding remarks are given in Section 4.



2. Boulder identiﬁcation and counts n
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In order to measure a size distribution for the boulders visible on the surface of Lutetia we ﬁrst deﬁne the type of feature we will identify and count as boulders. This is especially important at the resolution limit at which it becomes difﬁcult to distinguish boulders from other features such as small craters of the same dimensions, which appear very similar in the OSIRIS images.
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to the above criteria could still contain unresolved sub-structure. As a result of the point spread function (PSF) of  1.6 pixels, only the largest ones of them (Z200 m in diameter) are clearly visible as single entities. The smaller identiﬁed boulders only fulﬁll the requirements set for classiﬁcation as convex features. Therefore some features might actually be either localized accumulations of smaller material (mounds) or rocky outcrops (e.g., on the slopes of the central crater). During the measurements there were also a number of small craters, of similar dimensions as the boulders detected in close vicinity to the measured features (Fig. 2). This is a potential indication of secondary craters associated with the boulder creation mechanism (e.g. from boulders, which impacted in a loose layer of regolith). We selected the following images for the boulder count: NAC_20100710T15:42:47:523Z_IS40_1251276001_F22:img ðscale ¼ 67:0 m=pxÞ and NAC_20100710T15:44:48:158Z_IS40_1251276000_F22:img ðscale ¼ 59:7 m=pxÞ



Fig. 1. (a) Overview image. The red (image centre) and blue (towards bottom left) boxes indicate the regions shown in b and c, respectively. All boulders found on Lutetia are within those regions. (b) Central crater in Baetica region. ‘‘L’’ on the left image indicates a landslide. All boulders found in the region are indicate on the image to the right. (c) Region near Patavium crater. All boulders found in this region are indicated in the image to the right. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.).



The chosen identiﬁcation criteria were:



 clearly identiﬁable brightness variation (from above to below average value).



They were chosen because they show most of the illuminated northern hemisphere of Lutetia and were among the highest resolution images. Both images were taken with the ‘‘orange’’ ﬁlter centered at 649 nm with a bandwidth of 85 nm full width half maximum. The analysis starts with calibrated and distortion corrected images (Level 3). The images have been sharpened by deconvolution with the point spread function of the camera and displayed with a factor of two, non-interpolated, magniﬁcation and maximized contrast. Boulders were identiﬁed by visual inspection. For each identiﬁed feature two positions (P1, P2) have been recorded, separated by the largest elongation of the feature. The boulder positions and diameters follow therefore as the middle point between the two measured positions and the separation in distance. For future reference we recorded a version of each evaluated image with the identiﬁed boulder positions (see Fig. 1). We evaluated the resulting size distribution to an accuracy of one image pixel, which represents the estimated measurement accuracy. Although, owing to the presence of shadows, the identiﬁcation of objects is not limited to the camera resolution of 2 pixels, we estimate the count to be incomplete for boulders of smaller sizes (below 120 m). This corresponds to a completeness limit at a total feature size (boulderþshadow) of about 4 pixels, comparable to that typical of crater counts (e.g., Marchi et al., 2010). We identiﬁed 203 boulders close to the central crater and 31 more in and around Patavium crater. No boulders are seen on the landslides of the central crater. Since the landslides may have buried boulders, there is no evidence for an asymmetry in the direction of boulder ejection. The size distribution of the boulders in the central crater is shown in Figs. 3 and 4.



3. Origin and evolution Here we ﬁrst investigate the hypothesis that most of the boulders were ejected from 2 individual craters. We compare boulder sizes and spatial distributions with those expected from impacts into hard rock. We then analyze the presence and size distribution of the boulders in terms of the age of the producing craters. In our analysis we concentrate on the central crater that provides best statistics.



 ‘‘Convex feature’’: a bright positive relief feature must be seen with a dark one (its shadow) next to it. The direction of the shadow must be consistent with the position of the sun. As the resolution is limited to  60 m/pixel in the OSIRIS images around closest approach, the features identiﬁed as boulders according



3.1. Boulder size distribution The empirical size distribution of the boulders was determined in Sect. 2. Here we compare it to theoretical distributions, assuming that most of the boulders were created from two
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individual impacts into rock. The large size of the boulders requires impact into rock (as opposed to impact into regolith) as their formation mechanism. This is also consistent with the crater being much deeper than the estimated regolith depth on Lutetia (a few km crater depth vs. a few hundred meter regolith depth, Vincent et al., 2012). O’Keefe and Ahrens (1987) used empirical data over a wide range of scales to derive the size-velocity distribution of impact ejecta. In particular, for impact and explosion events, the mass of the largest ejecta fragment ML is related to the total mass of ejecta MT by a power law: ML ¼ 0:05M0:8 T ,



Fig. 2. Boulders close to similarly sized craters. The white and black arrows denote craters and boulders, respectively. While it is difﬁcult to clearly identify boulders with individual (secondary) craters, there is a clear correlation between boulder density and crater density, suggesting that some craters may be secondaries created from impact by boulders.
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Fig. 3. Measured size distribution of boulders on Lutetia. The count may be incomplete for the two smallest size bins. Overplotted is a power law distribution with an exponent of  5. The bin size is 40 m.



ð1Þ



Where, masses are in kg. The relation is based on data for ejecta masses between about 1 kg and 41014 kg. If we approximate the central crater as a spherical cap, its mass is MT ¼ r 3 pð1=ð2aÞ þ1=ð6a3 ÞÞr



ð2Þ



Here r ¼10.5 km is the crater radius, a¼2.5 the radius/depth ratio (Vincent et al., 2012), and r ¼3400 kg/m3 (Sierks et al., 2011) the bulk density of Lutetia. With the resulting ejecta mass of  1015 kg, the mass of the largest fragment is 5.7  1010 kg and its size (taken as (ML/r)1/3) is 310 m, in agreement with the size of the largest fragments found. Instead of Eq. (1), several authors (e.g., Lee et al., 1996) used DL ¼0.25 d0.7 for the size of the largest fragment (with d the crater diameter). The relation is based on a study of lunar craters. Generally, the predictions of both scaling laws are similar. For the central crater on Lutetia, the size expected from the relation from Lee et al. would be 265 m, in the same range as found with Eq. (1). Most of the discrepancy Lee et al. ﬁnd when comparing the predictions of Eq. (1) with their scaling law for the size of the largest boulder on (243) Ida is caused by their incorrect conversion of Eq. (1) from grams to kg. Both scaling laws also predict the correct range for the largest boulder on Eros (150 m, Thomas et al., 2001), assuming Shoemaker crater as the source. The size distribution of the boulders near the central crater cluster is shown in Fig. 3. The largest boulders show a differential size distribution that follows a power law index of about 5, comparable to results for Eros (Thomas et al., 2001; Chapman et al., 2002), but steeper than for Itokawa (Michikama et al.,
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Fig. 4. Cumulative size distribution of boulders. The count may be incomplete for sizes o 120 m. The solid line is the size distribution according to Eq. (3), divided by 700 (i.e., Eq. (3) predicts nearly 3 orders of magnitude too many boulders), the dashed line is the distribution according to Eq. (4), corresponding to the differential size distribution shown in Fig. 3.
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2008). The boulders on Itokawa were most likely created by the catastrophic impact that formed the asteroid (Fujiwara et al., 2006). The shallower size distribution of its boulders may mean that it is collisionally younger (has suffered fewer impacts) than Shoemaker crater on Eros and the central crater on Lutetia. That would mean that Itokawa spent less time in the main belt than Eros did after creation of Shoemaker crater or Lutetia did after creation of the central crater. Alternatively, smaller ejecta blocks may have been preferentially removed during the impact that formed Itokawa. For boulder size smaller than about 150 m, the size distribution becomes shallower. A similar change in slope was observed for Eros (Thomas et al., 2001). It may indicate more efﬁcient destruction of larger blocks or, in the case of Lutetia, incompleteness of the boulder count for smaller blocks. The cumulative mass distribution from experimental craters or explosion events typically follows a power law with a slope of 0.5 ¨ (Horz and Cintala, 1997). However, the biggest ejecta blocks of large craters on the Moon, Mars or Eros contain a much smaller fraction of the total ejected mass than expected from the law: M C =M T ¼ 12ðD=DL Þ0:5



ð3Þ



with the mass MC of all fragments with diameter larger than D and DL the diameter of the largest ejecta block (e.g., Cintala et al., 1982). Fig. 4 shows that the same discrepancy exists for Lutetia: Eq. (3) predicts approximately 700 times more boulders than are observed. While it largely overestimates the total number of boulders, it is a reasonable approximation to the relative size distribution. Also shown in Fig. 4 is the cumulative mass distribution expected from the power law size distribution shown in Fig. 3: RD R D  0 5 1 03 0 M C =MT ¼ 1=MT D L NðD0 ÞMðD0 ÞdD0 ¼ r1V D L DDL DD D rdD ¼



  D5L 1 1  V DD D DL



ð4Þ



Here N(D) is the differential size distribution, V¼MT/r the crater volume taken from Eq. (2), and DD ¼40 m the size bin, chosen as the approximate size difference of the largest boulders. Eq. (4) shows that if the differential size distribution is a power law, then the cumulative distribution approximates a power law only for D 5DL. In other words, Eq. (3) is invalid for the largest ejecta. 3.2. Boulder ejection velocities and spatial distribution Lutetia is the ﬁrst case where most of the boulders on an asteroid appear clearly connected to individual craters (Fig. 1). While Shoemaker crater is most likely the source of most boulders on Eros (Thomas et al., 2001), due to the smaller size of that asteroid the distribution is more global. The situation on Lutetia may be best compared to Phobos were most large ejecta blocks that are close to or inside Stickney crater (Thomas, 1979). Here we test if the concentration of impact ejecta blocks around the central crater is indeed expected for Lutetia. We model the trajectories of boulders ejected from the central crater. Each boulder is launched from a random location within the crater. The direction of ejection is outward from the center of the crater with an angle of 401 relative to the local surface (following Housen et al., 1983 and references therein). The choice of the ejection speed for the model follows the derivation for the mass-velocity distribution of impact ejecta from O’Keefe and Ahrens (1987). It uses Eq. (1) and three other power laws: ﬁrst, it is assumed that the mass MLv of the largest



fragment ejected at a given velocity v is described by: MLv =ML ¼ ðv=vmin Þd



ð5Þ



Here ML is the mass of the largest fragment and vmin the minimum ejecta velocity. The exponent d  4 for rock is derived from a combination of the theory of fracture of rocks (Grady and Kipp, 1980) and crater ejecta scaling theory (Housen et al., 1983). Second, the total mass Ma of fragments are larger than mass M ejected at a given velocity is: Ma ¼ mv ð1ðM=M Lv Þb=3 Þ



ð6Þ



with the total mass mv of all fragments ejected between velocity v and v þdv and b ¼0.5 the same exponent in the size distribution of ejecta fragments as used in Eq. (3) (but here for ejecta of a given velocity). The third power law holds for the velocity distribution of fragments: mv ¼ ðxMT =vmin Þðv=vmin Þðx þ 1Þ



ð7Þ



Here the exponent x can be determined from scaling theory or experiment and is about 1.5 for rock. Finally, the mass of fragments ejected at a velocity higher than v and with a mass larger than M is given by: Z vmax Mmv ¼ Ma ðv0 Þdv0 , ð8Þ v



where vmax is determined by the condition MLv (vmax)¼ M in Eq. (5) and the integral is evaluated using Eqs. (6) and (7). The ﬁnal result is: Mmv ¼ MT ððv=vmin Þx 2ðM=M L Þx=d þ x=ðdb=32xÞððv=vmin Þd b=3x ðM=M L Þb=3 ðM=M L Þx=d ÞÞ



ð9Þ



The minimum ejection velocity vmin was derived from the crater ejection scaling laws from Housen et al. (1983): pﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃ v ¼ ðK 1 gr þ K 2 Y=rÞðx=rÞ1=m ð10Þ Impact scaling theory distinguishes between strength-dominated cratering with the crater size limited by the strength of the target material and gravity-dominated cratering with crater size limited by target gravity (e.g., Holsapple, 1993). Since the impact that created the central crater on Lutetia is somewhere in the transition between the two regimes, we used the sum of the expressions for the 2 cases. The constants K1 ¼ 0.62 and K2 ¼0.1 were taken from Housen et al. (1983), the average gravity g of Lutetia is 0.0473 m/s2 (taken as that of the equivalent sphere of 49 km radius and density of 3400 kg/m3, Sierks et al. (2011)), and the ‘‘impact strength’’ of the target was taken as 2.5  106 Pa, a typical value for rock at about 100 m scales (Holsapple, 1993). The target strength is the least constrained parameter in Eq. (10), but vmin is relatively insensitive to it. For Y ¼2.5  106 Pa the minimum velocity is 16.5 m/s, for Y¼0 it would be vmin ¼13.8 m/s, while increasing Y by an order of magnitude to 2.5  107 Pa would result in vmin ¼22.4 m/s. The minimum velocity in Eq. (10) is for ejecta launched at the crater edge (distance x from crater center reaches the crater radius r). This derivation somewhat overestimates vmin because the scaling law in Eq. (10) breaks down close to the crater rim (e.g., Housen and Holsapple, 2011). The consequence is that some very low velocity ejecta are not considered in the model (the number of boulders falling into the crater may be underestimated). However, most ejecta are still described correctly and the general distribution of ejecta on the asteroid is not affected by the limit of the validity of the scaling law. For each boulder we eject in the model, Eq. (9) is used to get the launch velocity. Since the minimum size of boulders we can detect is about 60 m or about 1/5 of the diameter of the largest one, we only consider ejecta with a minimum mass Mmin so that
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Mmin/ML ¼1/125. A random number between 0 and 1 is drawn and the velocity v is chosen so that the random number represents Mmv (v, Mmin)/Mmv (vmin, Mmin) (the fraction of boulders heavier than Mmin that are ejected faster than v). The ballistic trajectory of the boulders is then integrated in the gravity ﬁeld of the asteroid. The shape model presented in Sierks et al. (2011) is used to compute the acceleration due to gravity at each time step using the analytical formula for the gravity of a homogeneous polyhedron (Werner, 1994). Calculations are done in the body-ﬁxed frame, taking into account centrifugal force and coriolis force with the rotation period of the asteroid of 8.16827 h (Carry et al., 2010). A time step of 1 s was used for the calculations. The program was validated by comparing trajectories of sample particles with the trajectory propagator roviz (Grieger et al., 2011). The results for the landing point agree to within 150 m. The result of a run with 500 boulders is shown in Fig. 5. Most boulders land within 5–10 km from the crater rim, in agreement with their observed distribution in Fig. 1. Azimuthally the distribution appears roughly isotropic, so the lack of boulders in the landslide suggests that the landslide buried many boulders, implying a depth of the slid material of 100–200 m. The boulders traveling further away from the crater are not concentrated in the Noricum and Narbonensis regions, so the ejecta blocks seen there are from another impact, most likely Patavium crater as indicated in Fig. 1. 3.3. Boulder destruction mechanisms and age Boulders are not uniformly distributed but concentrated around large craters. This implies that the presence of boulders constrains the age of big impact structures. Here we use the lifetime of boulders against various destruction mechanisms to estimate the age of the central crater on Lutetia. 3.3.1. Destruction by impact Boulders may be destroyed when being hit by later impactors. Lutetia, or at least its outer few tens of kms, are made of rocky



material, with the speciﬁc composition still being under debate (e.g., Vernazza et al., 2009; Belskaya et al., 2010). Therefore we use general results for rocky objects to estimate the size of an impactor needed to disrupt a boulder on Lutetia. From the results of the smooth particle hydrodynamics simulations by Benz and Asphaug (1999), a speciﬁc energy of Qn ¼470 J/kg is needed to catastrophically disrupt a basalt target of 100 m size at an impact velocity of 5 km/s, a typical relative velocity in the asteroid main belt Bottke et al. (2005a) arrives at a similar result for the catastrophic disruptions of asteroids from a model of the collisional evolution of the asteroid belt. The corresponding minimum size of an impactor that disrupts a boulder on Lutetia is determined from: 3



3



Q n ¼ ½M i v2i =M B ¼ ½ri di v2i =ðrB dB Þ



ð11Þ



or di ¼ dB ðQ n rB =ð½ri v2i ÞÞ1=3



ð12Þ



Here M is the mass, d the diameter, v the velocity, and r the density. The indices i and B refer to impactor and boulder, respectively. With dB ¼100 m, rB ¼3400 kg/m3 (assumed to be the same as the bulk density of the asteroid), ri ¼2000 kg/m3, and vi ¼5 km/s, a minimum impactor size of about 4 m is needed to disrupt a boulder of 100 m diameter. There are of the order of 5  1011 asteroids 44 m in the main belt and the collision probability between them is of order P¼2.5  10  18 km  2 yr  1 (Bottke et al., 2005b). Consequently, an ejecta block with a surface of 100 m  100 m would be catastrophically hit every 80 million years. This is consistent with Bottke et al.’s statement that the collisional lifetime of a 100 m asteroid is 64 million years. If we take input values determined for Lutetia by Marchi et al. (2012) instead (v¼4.3 km/s and P¼4.1  10  18 km  2 yr  1), the lifetime is only about 50 million years. Those numbers need to be increased by approximately a factor of 2 (to a lifetime of 100–160 million) to correct for the fact that the boulder can be impacted from 2p sterad only (as opposed to 4p for an asteroid). Allowing in addition for some comminution of the original boulder population created by the impact, the upper limit for the age of the central crater is about 300 million years. Impacts that create craters larger than a boulder may destroy ejecta blocks even if they do not hit them. If the boulder is within the crater, it may be disrupted. In that case the crater radius may be the relevant size scale, not the size of the boulder. Then the lifetime tB of a boulder is given by: tB ¼



Fig. 5. Modeled trajectories of 500 boulders. The red points are the positions of ejections, the blue points the landing positions of the boulders.a. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.).
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P=2



R 3000 m 4m



1 2



NðDÞ maxððr c ðDÞÞ2 p, 0:01 km ÞdD



ð13Þ



with the differential size distribution N(D) (in 1/m), the crater radius rc created by the impact of a boulder with diameter D, and 0.01 km2 the surface area of a 100 m boulder. The impact probability P is divided by 2 to account for the limited solid angle ‘‘seen’’ by a boulder. The evaluation requires the differential size distribution of impactors on Lutetia between 4 m (the smallest projectile that destroys a typical boulder) and 3 km (no other large craters than the central crater are seen close to the locations of the boulder ﬁelds). For the larger end of this size range (down to about 0.5 km diameter) the differential size-frequency distribution of main-belt asteroids is constrained to a power law with an index between 2.3 and 2.5 (Yoshida and Nakamura, 2007; Gladman et al, 2009). For smaller objects, near-earth asteroids show a change towards a steeper slope of 3.5 of the size-frequency distribution for diameters smaller than about 300 m (slightly steeper than that determined in Stokes et al., 2003, see Bottke et al., 2005b and references therein for a compilation of observational data).
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This slope is consistent with the model of Bottke et al., 2005b for the size distribution of main-belt asteroids. Therefore we take the following size-frequency distribution for Asteroids that may impact Lutetia: 13



NðDÞ ¼ 4  10 D



3:5



ðD r300 mÞ



¼ 7:5  1010 D2:4 ðD 4 300 mÞ



ð14Þ



Here N(D) is normalized so that the total numbers of objects 44 m is 5n1011. Additionally, we determine the size rc of a crater from a given impactor with radius r according to the scaling relationship from e.g., Holsapple (1993): r c ¼ rC 1 ð3:22gr=v2I þðC 2 Y=ðrv2I ÞÞð2 þ mÞ=2 Þm=ð2 þ mÞ



ð15Þ



The constants are C1 ¼ 0.86 and C2 ¼3, the scaling exponent



m ¼0.55, an impact velocity vI ¼5 km/s was used and the other parameters were taken as in Eq. (10). The resulting lifetime of a boulder estimated with Eq. (13) decreases to approximately 140 million years, only slightly below the lifetime of maximum 160 million years when considering the size of the boulder, not of the crater, as the limit for destruction. Realistically the destruction limit will be somewhere in between so we conclude that the maximum age of the central crater as derived from the ubiquitous presence of boulders is approximately 300 million years. 3.3.2. Burial of boulders by impact ejecta Burial in large regolith layers created by impacts is another impact related mechanism that would not destroy boulders, but make them unobservable. We calculate the average regolith height created in a given time t similar to the destruction calculations in subsection 3.3.1: Z h ¼ V R =AL ¼ Pt=4 NðDÞVðDÞdD0 ð16Þ Here VR is the total regolith volume created in time t, AL the surface area of Lutetia, and V(D) the volume of the crater created from an impactor with diameter D (determined from Eqs. 15 and 2). The factor 4 is the ratio between surface area and cross section of Lutetia. The regolith layer thickness depends critically on the size of the largest crater considered in Eq. (16). For a time span of 300 million years, the accumulated amount of regolith is about 210 m, comparable to the size of a boulder. Nevertheless burial by ejecta is unlikely to limit the ‘‘lifetime’’ of boulders. Most of the regolith is accumulated by a few large impacts. Reducing the maximum impactor size from 3 km to 1 km, the thickness of the regolith layer decreases to about 60 m, smaller than the observable boulders. Most of the regolith is created by rare, big impact events. From the images of the asteroid, it seems likely that the impact creating the central crater was the last big (impactor size a few kms) impact on the observed northern hemisphere of Lutetia. We cannot exclude the possibility of a recent large impact on the unobserved southern hemisphere. However, a run of the model presented in section 3.2.2 for the ejection velocity and emplacement of regolith in general (no lower mass limit) shows that on a big asteroid like Lutetia most of the regolith is distributed locally, relatively close to the crater. Even a statistically unlikely recent large impact on the southern hemisphere would not transport sufﬁcient regolith to bury most of the north polar region where the central crater is located. While burial by impact ejecta is unlikely to limit the lifetime of the boulders currently seen on Lutetia, rare large impact like the ones that created the big central crater and Massalia crater may erase previously existing boulders by burial and/or seismic



shaking of the body. That may explain why all boulders we see can be associated with two individual craters. 3.3.3. Disintegration by thermal stress Dombard et al. (2010) propose disaggregation by thermal stress as a destruction mechanism for the boulders on Eros. They suggest that the ponds visible on Eros are the remains of (partly) destroyed boulders. They show that ponds are seen preferable at low latitudes that experience more terminator crossings (and associated large temperature gradients) than polar regions (for both Eros and Lutetia the spin axis is close to the orbit plane). Thermal stress is not expected to be an efﬁcient destruction mechanism for the boulders observed close to the central crater on Lutetia. While the resolution of the ﬂyby images is insufﬁcient to check for the presence of ponds, the boulders ejected from the central crater are at high latitudes where terminator crossings are rare. Also, thermal gradients will be less extreme in the asteroid main belt than in near-earth space. As described by Dombard et al. (2010), even on Eros most boulders at high latitude are not associated with ponds. This does not exclude the possibility that the lifetime of boulders created at low latitude on Lutetia is effected by thermal stress.



4. Conclusions Boulders are ubiquitous on small bodies. They were detected on Phobos and on all asteroids that have been imaged with sufﬁcient spatial resolution from spacecraft. In many cases (Stickney on Phobos, Shoemaker crater on Eros, and the central crater on Lutetia presented here) they have been associated with large impact structures. We show that for Lutetia, gravity is strong enough that the concentration of ejecta blocks from impacts around the source crater is expected. In particular, applying scaling relationships for the size-velocity distribution of impact ejecta, boulders with sizes of several tens of meters or larger are not expected to escape Lutetia, consistent with the nondetection of a satellite by Bertini et al. (2012). The size distribution of the boulders on Lutetia is steep. It is comparable to that on Eros, whereas that on Itokawa is somewhat shallower. Since boulders are the largest impact ejecta, comminution by later impacts will steepen their size distribution (the largest sizes will be destroyed, but not replenished). The differences seen between Itokawa on one hand and Eros and Lutetia on the other hand may reﬂect different processing stages on different asteroids, with the boulders on Itokawa having suffered less collisional modiﬁcation. Impacts of asteroids with a diameter of several meters is the dominant destruction mechanism for boulders on Lutetia. It limits their age and, by inference, that of the 20 km crater dominating the northern hemisphere, to a maximum of 300 million years. Given that the central crater is the second largest crater on the 50% of Lutetia imaged by OSIRIS and that Lutetia is most likely primordial (Sierks et al., 2011), the expected frequency of an impact creating a crater of 20 km or larger is about once per a billion years. It is notable that the age limit for the central crater on Lutetia would also apply to the impact that created the boulders seen by Galileo on Ida (Lee et al., 1996) and to the boulders ejected from Shoemaker crater on Eros (Thomas et al., 1991; in the case of Eros, 300 million years is the maximum time between the impact creating Shoemaker crater and the transfer of Eros from the main belt into near-earth space). Furthermore, on asteroid Steins, visited by Rosetta in 2008 (Keller et al., 2010), a lack of craters below a diameter of 500–600 m was noted by Marchi et al. (2010). They explain the ‘‘missing’’ craters with a resurfacing event connected to the impact that formed Ruby crater, the largest crater on Steins. The corresponding age of Ruby
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crater is inferred to be below 250 million years, compared to a collisional age of Steins of 2.2 billion years. Quoting studies on Gaspra and Eros in addition to their investigation of the crater sizefrequency distribution of Steins, Marchi et al. (2010) note that ‘‘Despite the low number statistics, the cratering age of the main belt asteroids smaller than  20 km seems to be systematically younger than their collisional age.’’ Taken together, the large number of extraordinarily young craters derived from the presence of boulders and from crater size distributions is unlikely to be a statistical ﬂuke. Therefore a critical review of the input data of the age determination is due. The age or lifetime calculations depend on two quantities: ﬁrstly the scaling relations used to determine the catastrophic disruption threshold for ejecta blocks or crater size vs. impactor size, and secondly the sizefrequency distribution of asteroids in the main belt. Crater scaling relationships are well established (e.g., Holsapple and Housen, 2007) and asteroid evolution models now derive scaling laws for the catastrophic disruption threshold that agree with those from hydrocode models (Bottke et al., 2005a). Therefore in the following we discuss the possibility that the number of small main-belt asteroids maybe overestimated. The size-frequency distribution of main-belt asteroids in Bottke et al. (2005b) is the output of a model of the collisional and dynamical evolution of the asteroid belt. The resulting size distribution ﬁts the observed distribution for main-belt asteroids 41 km, and for near-earth asteroids it agrees with measurements for size scales from 10 cm to the largest objects of 410 km. There are no measurements of the size distribution for main-belt asteroids smaller than about 500 m, those relevant for boulder lifetimes. In Bottke et al. (2005b), the shape of the size-frequency distribution curve for those objects is the same as that of the near-earth objects. This is a consequence of the disruption law (speciﬁc energy of catastrophic disruption vs. size) used by Bottke et al. That disruption model agrees with both laboratory experiments and hydrocode calculations. Main-belt asteroids are injected into near-earth space by drift into dynamical resonances where their orbital eccentricity is pumped up. The Yarkovsky effect (an orbit drift due to the reaction force on thermal emission, e.g., Bottke et al., 2002) is the main cause of the transfer into resonances. The ratio between Yarkovsky force and gravity is higher for smaller objects because the Yarkovsky force is (to ﬁrst order) proportional to the surface area of the asteroid. Therefore the removal rate of asteroids due to Yarkovsky drift is expected to be size dependent. However, to derive the observed near-earth asteroid size-frequency distribution from the near-identical modeled distribution of small main belt asteroids, Bottke et al. (2005b) had to assume constant Yarkovsky loss for objects smaller than 1 km. A detailed model of the collisional and dynamical evolution of asteroids is beyond the scope of the present paper, but we note that a Yarkovsky drift with the expected size dependence would produce a shallower size distribution of small asteroids. That shallower size distribution in turn would increase the life time of boulders and the maximum age for large craters on asteroids. Given the accumulating evidence for ‘‘too young’’ craters in the asteroid main belt, it may be worthwhile to revisit the size-frequency distribution of small main-belt asteroids and the associated evolution models.
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