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ABSTRACT

Context. After landing on C-type asteroid Ryugu, MASCOT imaged brightly colored, submillimeter-sized inclusions in a small rock.
Hayabusa2 successfully returned a sample of small particles from the surface of Ryugu, but none of these appear to harbor such
inclusions. The samples are considered representative of Ryugu.

Aims. To understand the apparent discrepancy between MASCOT observations and Ryugu samples, we assess whether the MASCOT
landing site, and the rock by implication, is perhaps atypical for Ryugu.

Methods. We analyzed observations of the MASCOT landing area acquired by three instruments on board Hayabusa2: a camera
(ONC), a near-infrared spectrometer (NIRS3), and a thermal infrared imager. We compared the landing area properties thus retrieved
with those of the average Ryugu surface.

Results. We selected several areas and landforms in the landing area for analysis: a small crater, a collection of smooth rocks, and
the landing site itself. The crater is relatively blue and the rocks are relatively red. The spectral and thermophysical properties of the
landing site are very close to those of the average Ryugu surface. The spectral properties of the MASCOT rock are probably close to
average, but its thermal inertia may be somewhat higher.

Conclusions. The MASCOT rock can also be considered representative of Ryugu. Some of the submillimeter-sized particles in the
returned samples stand out because of their atypical spectral properties. Such particles may be present as inclusions in the MASCOT

rock.
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1. Introduction

On 3 October 2018, a lander was released by the Hayabusa2
spacecraft of the Japan Aerospace Exploration Agency (JAXA)
toward the surface of 162173 Ryugu, a small near-Earth asteroid
of the taxonomic C type. The Mobile Asteroid surface SCOuT
(MASCOT) was a small package equipped with a camera, spec-
trometer, radiometer, and magnetometer (Ho et al. 2017). The
little lander successfully completed its 17-hour-long mission at
the asteroid, during which all instruments collected data (Ho
et al. 2021). The onboard MASCam camera acquired 20 images
while descending to the surface, of which roughly half show the
area around the landing site (Jaumann et al. 2019). After land-
ing, MASCOT settled in front of a rock that was a bit larger than
the lander itself. Multispectral imaging of the rock revealed a
dark matrix with numerous small, relatively bright, multicolored
inclusions (Jaumann et al. 2019; Schroder et al. 2021). While
the inclusions appear similar to those in carbonaceous chondrite
(CC) meteorites, the rock is not easily associated with any partic-
ular CC group (Schroder et al. 2021; Otto et al. 2021). The rock’s
absolute reflectance as measured by MASCOT is consistent with
Ryugu’s average reflectance (Schroder et al. 2021). The MAS-
COT radiometer (MARA) found the rock to possess an unusually
low thermal inertia, which suggests a high porosity (Grott et al.
2019; Hamm et al. 2022).

Whereas MASCOT retrieved the detailed properties of a
single Ryugu rock, instruments on board Hayabusa2 mapped
the entire asteroid surface multiple times over the course of
its mission. To the optical navigation camera (ONC), the sur-
face of Ryugu appeared dark and generally uniform in color,
with abundant rocks and boulders (Sugita et al. 2019). Small
boulders that are brighter than average are widespread, some of
which may be of exogenous origin, derived from S-type asteroids
(Tatsumi et al. 2020b; Sugimoto et al. 2021). The dominant color
variations at visible wavelengths are variations in the spectral
slope, where some areas are bluer than average, meaning they
have a shallower or negative spectral slope (Sugita et al. 2019).
Examples of blue terrain are the equatorial ridge, the poles,
some impact craters, and a large boulder (Otohime Saxum) at
the south pole (Morota et al. 2020; Tatsumi et al. 2020a, 2021;
Yokota et al. 2021). Observations made during the collection
of samples suggest that such blue terrain is relatively young
(Morota et al. 2020). The near-infrared spectrometer (NIRS3)
found the dominant spectral variations in the near-IR to be asso-
ciated with a narrow absorption feature centered at 2.72 pm,
linked to hydroxyl (OH)-bearing minerals (Kitazato et al. 2019).
In addition, weak variations in the spectral slope in the near-IR
have been uncovered (Galiano et al. 2020). The thermal infrared
imager (TIR) found Ryugu’s average thermal inertia to be consis-
tent with that of the rock seen by MASCOT (Okada et al. 2020;
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Table 1. ONC-T filter characteristics (Tatsumi et al. 2019).

Filter A Bandwidth
(nm) (nm)
ul 398 36
b 480 27
v 549 31
Na 590 12
W 700 29
X 857 42
p 945 56

Notes. The effective wavelength was calculated with respect to the solar
spectrum.

Shimaki et al. 2020). The surface appears to be dominated by
highly porous boulders, but the TIR also identified some boul-
ders with a higher density, more similar to that of typical CC
meteorites (Okada et al. 2020). Subsequent observations at low
altitude revealed the existence of ultra-porous boulders, with a
density approaching that of cometary material (Sakatani et al.
2021).

Now that the samples collected by Hayabusa2 have been
recovered, we can directly compare the Ryugu particles with the
MASCam images. A preliminary analysis of the Ryugu samples
indicates that any chondrules and Ca-Al-rich inclusions larger
than a millimeter are absent (Yada et al. 2021). Based on the
color, shape, structure, and near-IR spectral properties of the
particles, the samples are considered to be representative of the
asteroid surface (Tachibana et al. 2022; Pilorget et al. 2021; Yada
et al. 2021). As the rock seen by MASCOT features multicol-
ored inclusions, the question of how representative this rock is
of Ryugu as a whole becomes important. To answer this ques-
tion, we put the in situ MASCOT measurements in the context of
remote observations of the landing site by the Hayabusa2 ONC,
NIRS3, and TIR instruments. In the process, we investigated var-
ious types of terrains in the landing area that can be recognized
in observations by both lander and orbiter.

2. Data
2.1. ONC

The optical navigation camera ONC-T is a telescopic framing
camera with seven narrowband filters (Table 1) and a field of
view of 6.35° x 6.35°. The spatial sampling is 22 arcsec per
pixel, and the full width at half maximum of the point spread
function is less than 2 pixels for all filters (Kameda et al. 2017).
We analyzed ONC images that are calibrated to level 2d (ver-
sion 3d), which have the unit of reflectance (I/F) (Suzuki et al.
2018; Tatsumi et al. 2019; Kouyama et al. 2021b). The observa-
tion and illumination geometry in each image pixel, as defined
by the incidence, emission, and phase angles, were calcu-
lated using Ryugu shape model SHAPE_SPC_3M_v20200323,
derived from stereophotoclinometry (Hirata et al. 2020). We pro-
jected the images onto a regular latitude-longitude grid with bins
of 0.01° (equirectangular projection), using spherical gridding
(SPH_SCAT) in IDL.

We analyzed six multispectral ONC-T image sets acquired
around the time of the MASCOT landing (Table 2). The first
and last set were acquired two months before and six months
after the landing, respectively. They contain the highest reso-
lution multicolor images of the landing site available. The first
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four sets were acquired using all seven filters, whereas for the
last two sets the camera used only four filters. The projected
images registered well within each set, but there were large dif-
ferences between the sets. Therefore, we manually shifted the
sets in latitude and longitude to match surface features in the
landing area. MASCOT itself can be easily identified in the
images because of its high reflectance. It is visible in all sets
but the first, which was acquired prior to landing. The lander
dimensions are 28 X 29 x 21 cm® (Ho et al. 2017). Its longest
side measures 1.0 pixels in images of set 2 (lowest resolution)
and 1.5 pixels in images of set 6 (highest resolution).

2.2. NIRS3

The near-IR spectrometer NIRS3 is a passively cooled linear
image sensor with indium arsenide (InAs) photo diodes, and
is sensitive in the 1.8-3.2 um wavelength range with a field
of view of 0.11°, a spectral sampling of 18 nm per pixel, and
a spatial resolution of 40 m at 20 km altitude (Iwata et al.
2017). The NIRS3 spectra analyzed in this study are level 2d
data, calibrated to reflectance (//F) and corrected for thermal
emission. We selected two spectral data sets, one acquired on
19 July 2018 and the other on 30 October 2018 at phase angle
17.7° and 7.7°, respectively. The 19 July set comprises 17 spec-
tra acquired sequentially with mid-exposure times between
10:42:10.6 and 10:42:31.9 UTC. The 30 October set com-
prises 23 spectra acquired sequentially with mid-exposure times
between 09:51:05.6 and 09:51:34.9 UTC. The observation and
illumination geometry for each spectral footprint, as defined by
the incidence, emission, and phase angles, were calculated using
Ryugu shape model SHAPE_SFM_200k_v20200815, derived
from the shape-from-motion technique (Hirata et al. 2020).

23. TIR

The TIR is a two-dimensional uncooled micro-bolometer array
with 328 x 248 effective pixels that takes images of thermal IR
emission in the 8-12 um wavelength range. The field of view
is 16° x 12° with a spatial resolution of 0.05° per pixel, which
corresponds to 17 m per pixel at 20 km altitude (Okada et al.
2017). For the thermal analysis we used data calibrated to level 2
(brightness temperature) as archived (Okada et al. 2021). The
brightness temperature has a typical uncertainty of 3 K (Okada
et al. 2017). The shape model used for the thermal simulations is
the local digital elevation model (DEM) by Preusker et al. (2019),
re-meshed to reduce the number of facets. Prior to analysis, the
TIR thermal images were registered to ONC images. The TIR
data sets analyzed in this paper were acquired on 21 March 2019
at 19:01:37, 19:05:09, 19:08:41, 19:12:13, 19:29:53, and 19:33:25
UTC (six sets), as recorded in the file name.

3. Analysis and results
3.1. Terrain classification

MASCOT was aimed to land in an area just south of the equator
around longitude 320°E that was chosen, among other reasons,
for its high potential for spectroscopic diversity (Lorda et al.
2020). Of particular interest is “blue” terrain, which features a
neutral-to-negative spectral slope and is thought to expose fresh
material (Sugita et al. 2019; Morota et al. 2020). After land-
ing, MASCam made multispectral observations of one rock in
particular (Jaumann et al. 2019; Schroder et al. 2021), in a loca-
tion that we refer to as the “landing site”. As the descent was
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Table 2. ONC-T multiband image set details.

Set Date Time span (UTC) Distance (km) Pixel scale (m) Phase angle Filters

1 1 Aug. 2018  19:17:57-19:19:33  5.17 £ 0.02 0.553 +£0.002 18.5°+04° wul,b,v,Na,w,x,p
2 3 Oct. 2018 17:15:10-17:16:46  2.81 + 0.01 0.300 +£0.001  13.1°+0.3° wul,b,v,Na,w, x,p
3 4 Oct. 2018 00:25:09-00:26:45 2.79 +0.01 0.298 +£0.001  15.7°+0.3° wul,b,v,Na,w, x,p
4 4 Oct. 2018 00:55:09-00:56:45 2.76 + 0.01 0.295+£0.001  12.2°+04° wul,b,v,Na,w,x,p
5 21 Mar. 2019 19:05:54-19:06:49 1.77 £0.01 0.198 £ 0.001  20.9°+04° wul,b,v,x

6 25 Apr. 2019 02:51:14-02:52:08 1.76 + 0.01 0.188 £0.001 27.1°+04° wul,b,v,x

Notes. Date and time of image acquisition are from the image file name. Distance, pixel scale, and phase angle are for the MASCOT landing site.

/ ) _
. R:20180801_191901 tpf
G2 20180801 7191810 twf | %
*B: 20180801_191914_tbf (4

Fig. 1. Composite of projected ONC images acquired prior to the MAS-
COT landing (set 1) with (red, green, blue) = (p, w, b). Colors are
saturated. The file names of the images associated with each color chan-
nel of the composite are indicated. The white rectangle is the landing
area as detailed in Fig. 2. The arrow points at a small, distinctly blue
feature that we identify as an impact crater.

uncontrolled and the lander was expected to bounce, the exact
location of the landing site could not be predicted. But images
acquired by Hayabusa?2 at the time of descent were used to deter-
mine its coordinates as latitude 22.31°S and longitude 317.15°E
(Preusker et al. 2019; Scholten et al. 2019a,b).

The lander came to rest in what we refer to as the “land-
ing area” (indicated in Fig. 1). The landing area appears almost
devoid of blue terrain, with the only distinctly blue feature being
a small spot near the lower boundary, which we will discuss later.
Figure 2 zooms in on the landing area, showing color composites
of three separate ONC image sets (1, 2, and 6 in Table 2). The
composites have the ONC b (blue) and v (green) filters in the
blue and green color channels, and the x filter in the red channel
(Table 1). Filter x is centered on a wavelength a little beyond red
in the visible spectrum, so the color composites are close to nat-
ural color, as may be perceived by the eye. Composite a (set 1)
is made from images acquired two months before the release of
MASCOT and shows the landing site at relatively low resolution.
The insets in b and ¢ show MASCOT close up, as it appears in

the re-projected (resampled) images. Composite b (set 2) is made
from images acquired just after landing and has a bright spot at
the landing site that corresponds to the lander’s highly reflective,
white top side (Ho et al. 2017; Jaumann et al. 2017). This was
the nominal attitude in which MASCam acquired the images of
the rock. The lander size is 1.0 pixels in the original, unprojected
images, so neither its shape nor orientation can be distinguished
in the inset of b. Apparent color variations over the face of the
lander are artifacts due to projection mismatches in the differ-
ent spectral bands. Composite ¢ (set 6) is made from images
acquired half a year after landing. It shows the lander on its side,
that being the consequence of its final relocation (Scholten et al.
2019b). The inset in Fig. 2¢ shows a close-up of MASCOT. The
lander no longer appears white but rather has assumed an orange
color, which derives from the foil that covered its sides (Ho et al.
2017; Jaumann et al. 2017). The size of the lander is 1.5 pixels
in the original images, and both its slightly elongated shape and
orientation can be recognized, including a faint shadow on the
left side. The images in set 5 have a similar pixel scale as those
in set 6, and the lander’s appearance (color, shape, orientation)
in set 5 is the same as that in set 6.

Unfortunately, MASCam did not image the landing site itself
prior to landing. We therefore focus on terrain that was imaged
during the descent, located immediately south of the landing site
(Fig. 3a). Several surface features seen by MASCam can also be
identified in an ONC image that was acquired immediately after
the release of MASCOT (Fig. 3b). We recognize what appears
to be a small impact crater of about 5 m in diameter with a boul-
der at its center (circled). This crater appears blue in Fig. 3c and
can be identified with the small blue spot at the bottom of the
rectangle in Fig. 1. The central boulder appears especially blue.
Arrows point at a cluster of smooth, bright, and angular boulders
that Jaumann et al. (2019) identified as type 2, in accordance
with the definition in Sugita et al. (2019). These boulders appear
distinctly red in the enhanced color composite. Boulders and
cobbles with a rough appearance do not stand out in Fig. 3c as
having a particular color, with most appearing as either average
or somewhat reddish or bluish in color. The MASCOT land-
ing site itself (red cross) also appears unremarkable in terms of
its color. To summarize, we selected three areas and landforms
in the landing area (hereafter called “units”) for further anal-
ysis: (1) the terrain immediately surrounding the landing site,
(2) a collection of smooth, angular rocks, and (3) a small impact
crater.

3.2. ONC

We characterized the spectral properties of the three units by
extracting spectra from the ONC image sets listed in Table 2. As
the absolute reflectance is generally a function of phase angle,
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Fig. 2. Color composites of identically projected ONC images of the MASCOT landing area. The arrows point at the landing site. (a) Before
landing (set 1). (b) Right after landing, with MASCOT in the nominal orientation (set 2). (¢) Half a year after landing, with MASCOT in the
final orientation (set 6). The file names of the images associated with each color channel of the composite are indicated. The brightness in each
composite is scaled from zero to the maximum reflectance over all color channels. The insets show close-ups of MASCOT.

MASCOT landing site
MASCOT viewpoint

R: 20190425_025208_txf
G: 20190425 _025114_tvf
B: 20190425_025146_tbf |

Fig. 3. Images of the MASCOT landing area. (a) MASCam image
#103, which was the fourth of the descent sequence. (b)) ONC image
20181003_015814_w?2f (3 Oct 2018). (c¢) Color composite of projected
ONC images from set 6 (Fig. 2¢), with colors strongly saturated and
red intensity reduced. The arrows indicate a number of smooth, angu-
lar boulders, and the dashed circles outline a 5 m large impact crater.
The green circle represents the location of MASCOT at the moment it
acquired the image in panel a (Scholten et al. 2019a).

we compared image sets that were acquired at approximately
the same phase angle. Sets 1 and 5 were both acquired around
phase angle 20°, with a difference of only 2.4° between the
sets. Figure 4 shows the reflectance spectra for each unit as the
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average over the areas as defined in the insets. The resolution of
the shape model we used for projecting the images is not suffi-
cient to allow for the complete removal of photometric effects
due to topography by means of photometric correction. Because
the absolute reflectance of the averaged units may be affected by
differences in topography, we normalized the spectra at 550 nm
to better assess the spectral shape. Because the reflectance also
varies within each unit due to topography, we adopted the stan-
dard error of the mean instead of the standard deviation for the
error bars for the data points; we mostly assessed the trustwor-
thiness of the spectral shapes from similarities between the two
sets. Set 1 contains all eight spectral bands that are available
to the ONC, whereas set 5 lacks three of them. For reference,
Fig. 4 also includes the average spectrum of the Ryugu sur-
face at phase angle 19.5° (labeled “Ryugu average™) derived by
Tatsumi et al. (2020a). The spectral differences between the units
are small but generally consistent in both sets. The reflectance
spectrum of the landing site (unit 1) is close to that of average
Ryugu, being slightly lower at the blue end of the spectrum and
slightly higher at near-IR wavelengths. The smooth rocks (unit 2)
are redder than average Ryugu (steeper spectral slope) over the
full wavelength range in both sets. The impact crater (unit 3) is
bluer than average Ryugu, with a reflectance that is markedly
lower at near-IR wavelengths in both sets. Although the phase
angles of the other four image sets are not as close to the 19.5°
of the average Ryugu spectrum, their spectral plots all confirm
the color trends (Fig. A.1).

3.3. NIRS3

Our analysis of NIRS3 spectral data is focused on three spec-
troscopic quantities. For the definition of these quantities we
considered the reflectance r; (I/F) at central wavelength A in
pn meters. The three reflectance values, r9, 20, and rys, are
defined as the average reflectance of three NIRS3 channels, one
at the central wavelength and its two neighbors. The associated
uncertainties, o719, 020, and 0,5, are defined as the standard
deviation of the three channels. The reflectance at the cen-
ter of the 2.72 um absorption band is defined in a different
way because the band is so narrow. We estimate r,7, as the
reflectance of the NIRS3 channel at the central wavelength, and
uncertainty o7, as the average of 09, 020, and 0 5. The three
spectroscopic quantities that we analyzed are (1) the reflectance
at 2.0 wm, defined as r,, (2) the near-IR spectral slope, s, with
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TIOE0 v N ow o x p ] IO v N ow o xp
[y L ] o [ ]
= 1.05[ b = 1.05[ ]
@ L J (0] L ]
3 r ] o I ]
c c
9] i ] 9] i 1
5 1.00[ 7] 5 1.00[ ]
2 L i 2 [ i
g < 5|
B 095F - )‘.t v 3 Ryugu average ¢ 2 0.95F Ryugu average ¢
% L) voe ~|"* "y landing site ¢ 1 % C landing site * 1
1S o A My ) blue crater o £ i blue crater o
2 0-90 b A o . red rocks © ] 2 0.90 : redrocks ]

L v 8 &y ¢ | L

0.85L \. ot ) ) ) . 0.85L N n L . ) ,

300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000

wavelength (nm) wavelength (nm)

Fig. 4. Spectra of different terrain units in the MASCOT landing area for image sets 1 (a) and 5 (), with the average phase angle indicated in the
plot title. Error bars indicate the standard error of the mean and are generally smaller than the plot symbols. The insets show color composites of
the respective sets, including the locations of the pixels that were averaged for each unit in the legend. The “landing site” unit for set 5 excludes
the lander itself. Spectra are normalized at 550 nm, and letters correspond to ONC filter names. The Ryugu average spectrum is that for the 19.5°

phase angle in Fig. 4 of Tatsumi et al. (2020a).

a 19 Jul 2018 (17.7°)

latitude (deq)

310
longitude (deg)

320

b 30 Oct 2018 (7.7°)

{4
3,

latitude (deQ)

310
longitude (deg)

320 330 340

Fig. 5. Footprints of two NIRS3 transects that run across the MASCOT landing area (+), overlaid on the enhanced ONC color composite in Fig. 1.
(a) Spectra acquired at phase angle 17.7° on 19 July 2018. (b) Spectra acquired at phase angle 7.7° on 30 October 2018. Footprints that cover the

landing site are marked in green.

uncertainty o (both in um™"), defined as (Galiano et al. 2020)
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__Ns—ny 1
ST 25- 19, M
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_ (g + 39"
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T 2519, @
and (3) the depth of the 2.72 pum absorption band, d, with
uncertainty o4, defined as

s —nmn
d="2"127
s

3

with

12
2 2
(0'2.5 * 0'2.72)

s

oq = 4)
As s and d are compound quantities, oy and o, are large
compared to 0.

We identified two NIRS3 transects of high spatial resolu-
tion that traverse the MASCOT landing area. Their footprints
are shown in Fig. 5 on a background that is the ONC enhanced
color composite shown earlier. Apart from the landing site itself,
at latitude —22.3°, the transects also cover relatively blue ter-
rains around latitudes —15° and —35°. The two major differences
between the transects are the phase angle and spatial resolution.
The average phase angle of the transects acquired on 19 July and
30 October 2018 is 17.6527° + 0.0001° and 7.6831° + 0.0002°,
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Fig. 6. Spectral properties of the MASCOT landing area from the NIRS3 transects in Fig. 5. (a) Reflectance at 2.0 pm along the transects. (b) Near-
IR spectral slope along the transects. (¢) Depth of the 2.72 pm band along the transects. (d) Spectra associated with footprints that cover the landing
site, marked as green in Fig. 5. The dotted line in panels a—c indicates the latitude of the landing site.

respectively. The spatial resolution of the 17.7° transect is about
half that of the 7.7° transect. The transects run approximately
south to north in a straight line. The average longitude of the
footprint center of the 17.7° and 7.7° transects is 316.5° + 0.9°
and 318.0° + 0.3°, respectively. While the upper parts of the
transects mostly cover the same terrain, they diverge at the bot-
tom. Nevertheless, to facilitate our analysis we plot the three
spectroscopic quantities as a function of only latitude in Fig. 6.
Major differences between the transects are due to the differ-
ence in average phase angle (7.7° versus 17.7°). Spectra in the
transect with the higher average phase angle have a lower aver-
age 2.0 um reflectance, a higher near-IR spectral slope (redder),
and a slightly lower 2.72 um band depth. The difference in
reflectance is consistent with the general shape of the phase
curve (stronger shadows at higher phase angle). The increase in
spectral slope with phase angle is known as phase reddening and
is consistent with both ONC and NIRS3 observations (Tatsumi
et al. 2020a; Domingue et al. 2021). The 2.72 um band appears
to be shallower at larger phase angles, which had not yet been
reported for Ryugu. This behavior is different from that observed
for the dwarf planet Ceres, also a body of low albedo, for which
several bands deepen with phase angle (Longobardo et al. 2019).
Across the transects, the 2.0 um reflectance shows variations that
are significant because of the relatively small error bars. In par-
ticular, the blue terrains north and south of the landing site stand
out as slightly more reflective than average. In contrast, varia-
tions in the near-IR slope and the 2.72 um band depth are on the
order of the size of the error bars. This means that the bright,
blue terrains do not show a significantly different slope or band
depth.
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The latitude of the MASCOT landing site is indicated in
Fig. 6. The spectral properties of the landing site do not stand out
as unusual in the transect plots. Figure 6d shows the spectra asso-
ciated with the two green footprints in Fig. 5, which represent the
area surrounding the landing site. Differences between the two
spectra are primarily due to the different phase angle of acquisi-
tion, in particular the increase in the spectral slope below 2.6 um
(known as phase reddening) and the decrease in the 2.7 pm band
depth.

3.4. TIR

To analyze the TIR data we used a thermal model devel-
oped by Takita et al. (2017), which was used previously by
Okada et al. (2020) and Shimaki et al. (2020). The analysis
comprised the following steps: (1) We performed thermal sim-
ulations using the local DEM with constant thermal inertia (I')
values of 50, 100, 200, 300, 400, 500, and 750 J m? K~! 705,
The simulations were restricted to the latitude (-27°,-17°)
and longitude (312°,322°) intervals (Fig. 7, solid white box).
(2) For each observation epoch, we created seven simulated
TIR images based on the results of the thermal simulations and
the estimated spacecraft position and attitude (Sakatani et al.
2021). From these seven simulated images, we created 134 (lin-
early) interpolated images for a total of 141 images for I'y =
(50,55, ...,750) Tm? K~ s703_(3) Because of the uncertainty in
the position and attitude of the spacecraft, the simulated images
(Tgim) are not perfectly aligned with the observed images (Tops).
Thus, we performed image alignment by affine transformation
of the simulated images, which also provides the latitude and
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240 250 260 270 280 290 300

Temperature (K)

Fig. 7. TIR brightness temperature image 20190321_190509_12 regis-
tered to ONC-T image 20190321_190554_tvf. The bright spot inside the
red circle is the MASCOT lander. The solid white box marks the region
covered by the local DEM for which we performed the thermal simula-
tions. The dashed white box marks the region for which we derived the
thermal inertia (see Fig. 8).

longitude for each pixel of the TIR images (Kouyama et al.
2021a). (4) The observed and simulated images were binned into
a grid with a 0.5° cell size, corresponding to roughly two TIR
image pixels. We restricted the following analysis to the lati-
tude (—26°,-18°) and longitude (313°,321°) intervals (Fig. 7,
dashed white box) because the simulated temperatures in the
outer regions are affected by thermal input from terrains beyond
the DEM. For each grid cell (i, ), we calculated the root-mean-
square (RMS) of the residuals of the surface temperature as

NG

RMS (i, j, Ti) = D Tows, i ) = Tyim(n, 1, j, TP,
n

NG, )
®)

with N(i, j) the total number of observations in the cell. The
I’y value associated with the lowest RMS was adopted as the
thermal inertia I'(i, j) of cell (i, j). In addition, we determined
the best-matching thermal inertia for each individual observa-
tion by evaluating Tops(n, i, j) — Tsim(n, i, j, ['x) for each Ty, and
determined the highest and lowest thermal inertia values of the
N observations. We define the uncertainty interval of I'(i, j) as
the range spanned by these highest and lowest values. The cal-
culation of the RMS in Eq. (5) does not account for the 3 K
uncertainty of Ty,s. As this uncertainty has a random nature,
it will hardly affect the minimum of the RMS, through which
we find I'(i, j). Also, the uncertainty of Tps is small compared
to the mismatches between Tops(n2) and T, (n,I') for the best-
matching I' (Figs. 8c—e, compare red and blue drawn lines),
from which we derive the boundaries of the I'(i, j) uncertainty
interval. While the uncertainty of Ty, adds uncertainty to the
boundaries of the I'(j, j) uncertainty interval, our method to
estimate the boundaries themselves remains reasonable.

Figure 8a shows a map of the thermal inertia of the MAS-
COT landing site area, with a map of the associated uncertainty

in Fig. 8b. The TIR data that cover the landing site itself are
most consistent with a thermal inertia of 18065 J m? K~ 703
(Fig. 8c). This value is consistent with the landing site thermal
inertia estimate of 200 + 7 J m> K~! s7%3 from global Ryugu
observations by the TIR (Shimaki et al. 2020), but somewhat
lower than the 256f‘3t J m? K~ 5703 found by MARA (Hamm
et al. 2022), possibly because MARA observed only a single
boulder (Shimaki et al. 2020). Furthermore, the average thermal
inertia of the entire region of Fig. 8a is 181 J m? K~ s703 with
an average uncertainty of 102 J m?> K= s7%3, which is consis-
tent with the Ryugu global average of 225 + 45 J m? K~! s703
(Shimaki et al. 2020). Thus, we conclude that the thermophysical
properties of the MASCOT landing site are typical for Ryugu.

4. Discussion

In this paper we addressed the question of whether the rock in
front of MASCOT can be considered representative of Ryugu
by analyzing Hayabusa2 observations of the landing area. While
the rock itself was too small to be characterized, the landing
site has spectral and thermophysical properties that are very
close to those of average Ryugu. Two other landforms that we
studied are a collection of smooth, angular rocks that appear rel-
atively bright in MASCam images and a small impact crater. The
smooth rocks also appear bright in ONC images and are redder
than average over the entire visible to near-IR wavelength range.
Sugita et al. (2019) originally defined bright and smooth rocks as
“type 2”. The authors compared the spectral properties of type-
2 and type-1 boulders, the latter being dark and rugged. Type-2
boulders were found to be either of similar color or bluer than
type-1 boulders. This result is not consistent with the reddish
color of the smooth boulders in the landing area. Differences in
surface roughness can lead to differences in brightness, but not
color, for rocks of the same material. At the special observation
geometry known as opposition, when shadows are absent, dif-
ferences in the intrinsic reflectivity of materials (normal albedo)
are readily apparent. Yokota et al. (2021) studied variations in
normal albedo over the surface, but did not address the reflec-
tive properties of type-2 rocks. The low surface roughness may
explain why type-2 rocks appear relatively bright to MASCam,
but they are not necessarily made of intrinsically bright material.
Tatsumi et al. (2020b) studied the spectral properties of bright
boulders, defined as having a peak normal albedo value larger
than 1.5 times Ryugu’s globally averaged normal albedo. A few
boulders in their sample have a relatively red spectrum, similar
to that of our unit 2 boulders. The authors uncovered the exis-
tence of bright boulders with spectra that are similar to those
of S-type asteroids. The unit 2 spectrum is inconsistent with
that of S-type boulders, as the reflectance does not drop beyond
0.7 pm.

The small crater in the landing area (unit 3) has a relatively
fine-grained surface with a small boulder at the center, and was
spotted by MASCam just south of the landing site. Its mor-
phology confirms that this roughly circular feature is an impact
crater, consistent with a blue color in ONC images. Small, blue
impact craters such as these are thought to have formed relatively
recently in Ryugu’s history (Morota et al. 2020).

Most lines of evidence suggest that the MASCOT rock is
indeed representative of Ryugu’s surface. But the rock features
multicolored inclusions (Jaumann et al. 2019; Schroder et al.
2021), whereas the sample particles, apparently, do not. Ryugu
particles harbor neither chondrules nor Ca-Al-rich inclusions
larger than about a millimeter, although their microporosity is
consistent with the estimate for the rock (Yada et al. 2021). The
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Fig. 8. Thermal inertia of the MASCOT landing region. (a) Thermal inertia map. The background image is the same ONC-T image as in Fig. 7.
The MASCOT landing site is indicated by a red circle. (b) Map of the thermal inertia uncertainty, defined as the difference between the maximum
and minimum possible thermal inertia values. (c—e) Temperature history of the three grid cells highlighted with a dashed line in panels a and b. The
red curves are the observations, and others are simulations. In each plot, the black curves represent the simulated temperature with thermal inertia
values of 50, 100, 200, 300, 400, 500, and 750 J m? K~! s~, The solid blue curve represents the (interpolated) simulated temperature profile with
the best-guess thermal inertia, for which the RMS in Eq. (5) is minimum, whereas the two dashed blue curves are the profiles with the minimum

and maximum possible thermal inertia.

samples have unusual reflective properties (Pilorget et al. 2021;
Yumoto et al. 2022). They show significantly high inter-particle
and intra-particle reflectance variations due to the presence of
very bright spots that are smaller than a millimeter (Yumoto
et al. 2022). The spots have a reddish reflectance ten times higher
than average, apparently due to specular reflection. The authors
speculated that most of the red “inclusions” in the MASCOT
rock (but none of the blue) can be identified with such specular
reflections. While this mechanism may indeed lead to illusion-
ary inclusions, MASCam achieved submillimeter resolution and
none of the suspected resolved inclusions appear to be ten times
brighter than the rock matrix (Schroder et al. 2021). The influ-
ence of surface roughness was investigated by Otto et al. (2021),
who used a spare MASCam to image CC meteorites with both
fractured (rough) and cut (smooth) surfaces in a similar illumi-
nation geometry as on Ryugu. The authors demonstrated that
small-scale topography can lead to brightness enhancements that
masquerade as inclusions. Specular reflection was observed, but
only rarely. On the Ryugu rock, there were only a handful of
the brightest and most strongly colored spots on a total area of
roughly 13 x 13 cm? (Schroder et al. 2021), with some examples
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shown in Fig. 9. If they were due to specular reflections on a
rough surface, we would expect them to be ubiquitous.

The apparent discrepancy between the MASCOT rock and
the Ryugu samples may simply illustrate the diversity of rocks
present on the surface. After all, rocks with a variety of spectral
and thermal properties have been identified, possibly originat-
ing from different parent bodies or different layers in a single
parent body (Tatsumi et al. 2020b; Sakatani et al. 2021). Alter-
natively, the discrepancy may derive from the sampling method,
which involved shooting a pellet into the Ryugu surface (Morota
et al. 2020). The samples display compositional heterogeneities
at submillimeter scale. Among the bulk of dark particles,
Pilorget et al. (2021) identified several bright particles of about
0.5 mm in size that harbor carbonates or NH-rich compounds.
Some carbonate-rich grains feature a steep red slope at wave-
lengths <1.6 pm, possibly due to absorption by Fe?*. These
characteristics match those of the aforementioned brightest and
most strongly colored spots on the MASCOT rock, although it is
unknown what color these bright particles of unusual composi-
tion have in the visible wavelength range. Such bright particles
may be embedded in the rocks and pebbles of Ryugu, and
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Fig. 9. Inclusions in a rock on Ryugu as seen in a MASCam color com-
posite with (red, green, blue) = (I, G, B) (Schroder et al. 2021). The
arrows point at a few brightly colored examples. Colors are saturated,
and brightness is scaled linearly from zero to maximum (no pixels were
overexposed in this cropped image).

may end up as individual particles in the samples after being
dislodged upon the pellet impact or during atmospheric entry.
Inclusions may have originally formed within rocks as a result
of aqueous alteration of the parent body or accumulated in rocks
due to brecciation. We note that breccias appear to be common
in CC meteorites and that some rocks on the surface of Ryugu
are also thought to be breccias (Sugita et al. 2019). Imaging the
Ryugu samples with a MASCam spare, as in Otto et al. (2021),
may provide further insight into the nature of the inclusions
in the MASCOT rock. In the meantime, investigations of the
Ryugu samples continue. There have already been preliminary
reports of bright, millimeter-sized inclusions that are rich in car-
bonates (Loizeau et al. 2022; Nakato et al. 2022), which may
narrow the gap between the returned samples and the MASCam
observations.
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Appendix A: Spectra for other ONC image sets

We analyzed a total of six ONC image sets, as listed in Table 2.
In Fig. 4 we only show spectra for image sets 1 and 5, as their
average phase angle is closest to that of the Ryugu spectrum we
used for reference. Figure A.1 includes spectral plots for the other
four image sets (2, 3, 4, and 6) to demonstrate the consistency of

the results.
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Fig. A.1. Spectra of different terrain units in the MASCOT landing area for ONC image sets 2 (a), 3 (b), 4 (¢), and 6 (d), with the average phase
angle indicated in the plot title. Error bars indicate the standard error of the mean and are generally smaller than the plot symbols. The insets show
color composites of the respective sets, including the locations of the pixels that were averaged for each unit in the legend. The “landing site” unit
excludes the lander itself. Spectra are normalized at 550 nm, and letters correspond to ONC filter names. The Ryugu average spectrum is that for
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the 19.5° phase angle in Fig. 4 of Tatsumi et al. (2020a).
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