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Images from the surface of asteroid Ryugu show rocks similar to carbonaceous chondrite meteorites

   

spectrally different inclusions implying that it did not experience extensive aqueous alteration.

The inclusions appear similar to those in carbonaceous chondrite meteorites.

One Sentence Summary: The presence of abundant multi-color, millimeter-sized inclusions in a Ryugu rock indicate strong similarities with carbonaceous chondrites.

Main text:

Japan Aerospace Exploration Agency's (JAXA) Hayabusa2 sample return mission (1), carrying the MASCOT lander, arrived at asteroid Ryugu on 2018 June 27 (2). Its initial measurements showed that that Ryugu has an equatorial radius of 502 ± 2 m, a bulk density of 1.19 ± 0.02 g cm -3 , and spectral properties typical for carbonaceous chondritic material of Cb-type (2).

Ryugu's visible geometric albedo is 4.5 ± 0.2%, making it one of the darkest objects in the Solar System (3). The German Aerospace Center (DLR) developed MASCOT in cooperation with the French Centre National d'Etudes Spatiales (CNES) (4). MASCOT was released from the Hayabusa2 mothership at 01:57:20 UTC on 2018 October 3, from an altitude of 41 m above the surface of Ryugu [START_REF]Materials and methods are available as supplementary materials[END_REF]. At 02:03:14 UTC, the lander made first contact with the surface (at contact point CP1), impacting the shadowed side of a large boulder. MASCOT then bounced backward and traveled a further 17 m over the surface to come to its first rest at settlement point 1 (SP1) in a local depression (Fig. 1A-C). During the six-minute descent toward the surface and the bouncing phase, the MASCam camera (6) took 20 images. In the same period, Hayabusa2's Optical Navigation Camera (ONC) (3,7) recorded both the shadow of MASCOT on the surface, and the lander itself when its bright, white top was visible. These images allowed us to reconstruct the descent and bouncing trajectory (Fig. 1) [START_REF]Materials and methods are available as supplementary materials[END_REF]. An up-raising maneuver (4,[START_REF]Materials and methods are available as supplementary materials[END_REF], at this measurement position (MP1) (Fig. 1B) left the lander upside down with most instruments looking into the sky. A sequence of 5 images acquired during the first night on the asteroid shows three moving objects, whose angular velocities coincide with Ryugu's rotation period of 7.63262 ± 0.00002 hours (2). We identified these as Jupiter, Saturn, and the 2.0 magnitude star σ Sgr. In the morning of the second day, MASCOT activated an internal mobility unit to reach a second location (MP2) (Fig. 1B), now properly orientated for its instruments to study the surface.

Here MASCam initiated a full day/night imaging cycle, using an onboard array of LEDs to illuminate the area in front of the camera (Fig. 2). On the morning of the third day, the lander slipped about 5 cm sideward by executing a mini-move to enable stereo imaging for photogrammetric analysis, reaching a third location (MP3) (Fig. 1B and2C) [START_REF]Materials and methods are available as supplementary materials[END_REF]. Additional imaging over that day (Fig. 2D) enabled us to observe the surface at changing illumination and viewing geometries [START_REF]Materials and methods are available as supplementary materials[END_REF]. ONC also imaged MASCOT close to the lander's end-of-mission, allowing us to constrain its final location after the 2 nd relocation to MP4 as 22.31 ± 0.05°S, 317.16 ± 0.05°E [START_REF]Materials and methods are available as supplementary materials[END_REF]. After 17h 7min of surface operations, MASCOT lost contact with Hayabusa2, shortly before its batteries ran out.

The MASCam images acquired during descent and bouncing reveal a surface covered with rocks and boulders of different lithologies. Four types of rock have been identified in ONC images (3).

Two of these types are readily identified in MASCam images (Fig. 3): dark and rough (type 1) and bright and smooth (type 2). Type 3 rocks (bright and mottled) were not observed. In the highest resolution MASCam images, the surfaces of rock type 1 have a cauliflower-like appearance with a very small-scale rough and crumbly surface (Figs 1,2 A,C). Type 2 rocks appear flat and possess elongated, non-dendritic fractures that divide the rock into planar slabs with smooth surfaces. MASCam observed rocks with sizes from decimeters to a few tens of meters. The distribution of both rock types is spread almost evenly over the surface in the areas imaged by MASCam. This observation is consistent with the interpretation that Ryugu originated either from two parent bodies after collision, break-up and re-accumulation resulting in two types of material or formed within the same parent body at different interior temperature and pressure conditions as a result of catastrophic disruption and redistribution also resulting in two types of material (3). Ryugu's bulk composition is expected to be similar to that of carbonaceous chondrites containing phyllosilicates and organics (CI or CM meteorites) (2,3,8,9). Exposure of such materials to the diurnal temperature changes of ~100 K on Ryugu (2, 10) may trigger thermal fatigue, leading to crack growth and potentially breakdown of consolidated material (11,12). Measurements by the MASCOT radiometer (MARA) instrument indicates that the rock in front of the lander has a bulk porosity of at least 28% and a low tensile strength (10). Type 1 rocks, may respond to thermal fatigue by crumbling, resulting in their cauliflower appearances at small scales. Type 2 rocks may instead split in planar slabs, indicating preferential fracturing along weaker dimensions.

At the second location, MASCam imaged a small rock in front of the lander. Night-time images were acquired with illumination provided by onboard LEDs [START_REF] Jaumann | [END_REF]. Because of the small phase angle (~5°), they reveal bright inclusions embedded in a dark matrix (Fig. 3). Most inclusions are smaller than one millimeter, but some are several millimeters across [START_REF]Materials and methods are available as supplementary materials[END_REF]. In one location (Fig. 3,E) the areal coverage of the inclusions is about 10%. The size of the inclusions is similar to those of chondrules (sub-mm range), calcium aluminum rich inclusions (CAIs), and other refractory inclusions in carbonaceous chondrite meteorites (8,9). Typical carbonaceous chondrites of subtypes CI2, CM, CO and CV possess refractory inclusions that appear similar to those in Ryugu's rock [START_REF]Materials and methods are available as supplementary materials[END_REF]. However, CI1 meteorites are not a good analog due to their very low abundance of inclusions (11,12). The destruction of inclusions in carbonaceous chondrites is thought to result from extensive aqueous alteration (13,14), so their preservation on Ryugu is consistent with the notion that the asteroid was only moderately hydrated in the past (3).

Ryugu's spectrum is similar to that of certain moderately heated CI and CM meteorites (3,15). The CI2 type meteorite Tagish Lake, which did not experience extensive heating, has a very low albedo and abundant inclusions, like Ryugu [START_REF]Materials and methods are available as supplementary materials[END_REF]16).

Judging by their color, we can distinguish two broad types of inclusions: blue and red, although inclusions of different colors are also abundant (Fig. 4). Blue inclusions feature a moderately negative spectral slope of about 10% over the visible wavelength range. The positive spectral slope of the red inclusions is much steeper, in the 20-50% range. Their reflectance in the near-IR (0.8 µm) is variable. Inclusions appear typically twice as bright as the rock matrix, although the smallest may be brighter as they are not spatially resolved. The spectral shape of unresolved inclusions is affected by the surrounding matrix to a minor degree, but because of their brightness they dominate the signal in each pixel. The inclusions in Fig. 4 B are well registered over the four color channels, and we expect no spectral artifacts as a result [START_REF]Materials and methods are available as supplementary materials[END_REF]. The very flat nature of the matrix reflectance spectrum is consistent with ground-based spectra of Ryugu (17,18,19) and the average ONC reflectance spectrum (3). The matrix reflectance has a slight excess at 0.63 µm that is responsible for the reddish appearance of the rock in the color images (Fig 3E -J), but it is within the calibration uncertainty. The visible colors of the inclusions provide compositional clues, but their interpretation is limited by the lack spectral data > 1m wavelength , where most diagnostic bands for mineralogy are located. However, we may infer the composition by comparing the Ryugu inclusions to those in carbonaceous chondrites. For example, the decreasing reflectance between 0.5 and 0.8 µm of the bright chondrules of the Murchison meteorite is due to olivine (9,20). The similar drop in reflectance towards 0.8 µm displayed by some Ryugu rock inclusions could also be due to olivine. The origin of the orange color of some of Murchison's larger inclusions is not known (20). The MASCam observation of abundant multi-color, millimeter-sized inclusions suggest that C-type asteroids are linked to carbonaceous chondrites.

The clearly visible inclusions suggest that the rock in front of MASCOT is not covered by microscopic (sub-mm) particles, which the MARA results confirm (10). MASCam observed no deposits of fine material during the descent. Such deposits were also absent from the surface of Itokawa (21), another rubble pile asteroid, whereas they are thought to be present on the surface of Eros (22). We expect dust to be formed continuously on the surface of Ryugu through exposure to the space environment (23,24,25). However, all boulder appears clean, and therefore dust particles have likely been removed, lost either to space or the porous interior (2).

The fate of fine particles is determined by a balance of forces. Cohesive forces are thought to dominate over electrostatic, gravitational, and solar radiation pressure forces for particles up to a decimeter in size, for a body as small as Ryugu (26). Although the cohesive barrier may be overcome by means of electrostatic levitation (25), the physical conditions leading to this process on small bodies are not well understood. On Ryugu, larger particles (>100 µm) are more likely to be removed from the surface than finer dust (27). Alternatively, cohesion may be overcome by means of physical force, such as micrometeorite impact, seismic shaking, boulder migration and collision, drag by sublimation of volatiles, and/or thermal fracturing (25). The absence of fine deposits on the surface of small rubble piles like Ryugu and Itokawa implies the existence of an efficient removal mechanism for small particles. Gravel-sized particles may collect into the interior under the influence of gravity, but the absence of dust is not easily explained because of the strong cohesive forces involved. All images and input data used in this paper and supplementary material are available at http://europlanet.dlr.de/MASCAM at least until they become available at the long term archive of PDS at https://pdssbn.astro.umd.edu/. Additional data from the mission will be delivered to the DARTS archive at https://www.darts.isas.jaxa.jp/planet/project/hayabusa2/, and higher-level data products will be available in the Small Bodies Node of the Planetary Data System https://pds-smallbodies.astro.umd.edu/ one year after landing on the asteroid. 
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Materials and Methods

The Landing Process.

It required about 4±1.5 sec. for MASCOT to leave the Mechanical and Electrical Support System (MESS), the structural interface to the Hayabusa2 mothership. The lander underwent a free-fall which lasted 6 min towards Ryugu before experiencing the first contact (CP1) on the asteroid followed by a bouncing phase of 15 min 37 sec. until it finally came to rest at the first settlement point (SP1). During the bouncing phase, the MASCOT Magnetometer (MASMag) instrument ( 28) detected up to three soft impacts. At SP1 the Guidance, Navigation and Control (GNC) sensors detected a false orientation of the lander, thus a self-raising maneuver was executed to turn the lander into the correct orientation for scientific measurements. Unfortunately, this was a wrong interpretation, due to a sub-threshold signal return from the dark surface or/and a cavity to the GNC sensors detecting ground proximity, and MASCOT started its 1 st science measurement cycle (MP1) upside down with the instruments looking into the sky. The measurement sequence was interrupted immediately after a link was established with Hayabusa2 and a relocation was commanded (1 st relocation) to correct for the orientation error. MASCOT jumped for 70cm (Fig. 1). Once it came to rest, its GNC detected the orientation correctly and the 2 nd science measurement cycle (MP2) was initiated. After its completion and a mini-move of 5 cm dedicated to stereo measurements (MP3), a second change of location was commanded (2 nd relocation). MASCOT reached its fourth and last measurement point (MP4) at an additional distance of 10 cm. However, at this time the anticipated operational lifetime of 16 hours was already exceeded. The remaining energy just allowed MASCOT to enter a predefined "end of life" status with priority on data transmission and only minimal scientific operations. During the descent and bouncing, MASCam performed a low cadence imaging (1/min) for 6 min, followed by a high cadence imaging (1 per 30s) for another 6.5 min. In total, MASCam acquired 20 descent and bouncing images, starting at 01:59:47UTC (about 2.5 min after separation from Hayabusa2), and ending at 02:12:27UTC (about 6.5 min before coming to rest in SP1). In addition, before, during and after the landing of MASCOT, the Optical Navigation Cameras (ONC) of Hayabusa2 took images from distances of hundreds down to tens of meters. A stereo-photogrammetric analysis (29)(30)(31)(32)of ONC images was used to derive precise orientation parameters (orbit position and attitude) for the landing site area and to reconstruct the descent and bouncing trajectory (Fig. 1). Based on the orientation data, together with image distortion models from star calibration, an initial digital terrain model (DTM) of the landing site (Fig. 1C) was computed. Rectified ONC image maps of the landing site were produced to aid in reconstructing the descent and bouncing trajectory. In the close-up images of ONC, MASCOT's white top radiator and/or its shadow can be detected on the ground. MASCOT was visible during descent in 7 ONC images and in another 10 ONC images during bouncing (Fig. 1C). At 02:03:14UTC, MASMag recorded a first contact (CP1) with the surface, and ONC images show this happened at the shadowed side of a boulder. After deflection by the boulder, MASCOT bounced backward  m across the surface before coming to rest in SP1(Fig. 1). The DTM reveals that, during bouncing, MASCOT traversed downwards into a local depression. At 02:14:04 UTC, ONC acquired its last image showing MASCOT during bouncing, almost 2 minutes after the last MASCam image had been taken. ONC also imaged MASCOT at its final position (Fig. S1) and confirmed the surface coordinates of 22.31±0.05°S/317.16±0.05°E, which allowed us to reconstruct the entire trajectory of MASCOT from its release to its final rest.

Depth Map and Scaling from MASCam Images.

A small, unintentional positional change of the MASCOT lander occurred at MP3. To differentiate between the positions before and after that movement we use the denominations MP3a (before, Fig. 2C) and MP3b (after, Fig. 2D). The movement appears to have been a mainly lateral repositioning of the lander to its right, effectively creating MASCam stereo image pairs of the landscape in front of the camera. Although the baseline and the stereo angle are very small and therefore not well suited for stereo-photogrammetric analysis, we could still use the disparities created by the slightly different viewing geometries. With an increasing distance of the objects to the image plane, the disparities decrease linearly allowing the differentiation between foreground and background objects. At this point we did not possess any knowledge about the sizes of the imaged objects nor the length of the stereo base. Therefore, no absolute values for the distances to the image plane could be given, only relations between individual regions. Fortunately, reflections from the MASCOT structure are visible in the MASCam image. These include the rectangular reflection caused by the alignment cube (Fig. 2C &D), a metallic cuboid at MASCOT's front used during the assembly of the lander for optical alignment. The reflection appears to be horizontally undistorted in the MP3a images, thus having the same width of 15 mm as the alignment cube's front side. With this information, we determined a distance of 33 cm between the reflection on the rock wall and the camera. The relative distances found previously were then scaled accordingly leading to a rough depth map of the area (Fig. S2). We also derived a base length of 5 mm between the positions of MP3a and MP3b. Due to different lighting conditions, the feature matching results are quite noisy and unreliable for background objects. Nevertheless, these estimates determine the sizes of foreground objects.

Supplementary Text

Analysis of Inclusions. MASCam was equipped with an array of LEDs in four different colors (blue (0.465 µm), green (0.523 µm), red (0.633 µm), and near-IR (0.812 µm)) to illuminate the surface in front of the lander at night [START_REF] Jaumann | [END_REF]. The last sets of images have the highest signal-to-noise ratio as the detector temperature had dropped during the night. During the first night on the asteroid, the camera was peering into empty space, but during the second night the lander was in the correct orientation to closely observe the surface. Despite applying a correction derived from pre-launch laboratory exposures of a uniform surface, several color artifacts remain unaffected, such as the green strip at the bottom of the frame and the reddish vertical stripes at left (Fig. 3 II in report). The color balance should be most accurate to 10% in the middle of the frame. In the image center, the rock appears gray with a reddish tint, and many small, predominantly bright inclusions are visible. The inclusions are only revealed due to small phase angle of the reflected LED light (<5°), and are not evident in images acquired during the asteroid day.

The MASCam optics display minor distortion with a slight dependence on the wavelength of light. Normally, one would apply a wavelength dependent distortion correction to images acquired with LEDs of different colors to construct a properly registered color composite. We characterized the wavelength dependence of the distortion in the laboratory before launch by imaging a checkerboard target [START_REF] Jaumann | [END_REF]. However, the wavelength dependence is so minor, that our attempts to correct for it actually introduced wavelength dependent artifacts. Therefore, we performed the color analysis on images that were not corrected for distortion. Moreover, Fig. 4B & C are located in the center of the image, where the wavelength dependent distortion should be the smallest. To illustrate the accuracy of the color registration in the inset in Fig. 4B, we enlarge the area around inclusion e in Fig. S4, preserving the shape of the original pixels. The brightest pixel is at the same location in all four images, with no perceptible color fringing around it. The apparent size of this inclusion is the same as that of the point spread function, which implies that inclusion e is probably not fully resolved. However, the accurate registration and lack of color fringing demonstrates that the inclusion is present at approximately the same location within the same pixel in all four images.

To estimate the percentage of inclusions, we manually mapped the bright inclusions in a slab of rock in front of MASCam using the night time image, illuminated by the red LED (Fig. 3). A total of 410 bright inclusions ranging between 0.03 to 4.56 mm² were identified assuming a constant pixel resolution of 0.2 mm at this site. This corresponds to an area of 10% to be covered by bright inclusions. CI, CM and CO meteorites include similar sized refractory materials as the rock observed on Ryugu. Table S2 shows a comparison of inclusions in meteorites with respect to albedo, inclusion abundance and size. Using the Delesse principle (33), which states that the areal density equals the volume density, these numbers are comparable to the areal abundance of inclusions of 10% observed for the rock on Ryugu. 
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Materials and Methods

The Landing Process. Depth Map and Scaling from MASCam Images. Supplementary Text Analysis of Inclusions. Figures S1 to S5, Tables S1 to S2, References (28)(29)(30)(31)(32)(33)(34)(35)(36)(37)(38)(39) Table S1. Landing timeline. The table summarizes the main events from separation until the end of the MASCOT operations on asteroid Ryugu as well as the day-night cycles at the measurement points (see also Fig. 1