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Abstract

The Hayabusa2 mission provided a unique data set of asteroid Ryugu that covers a wide range of spatial scale from
the orbiter remote sensing instruments to the returned samples. The MASCOT lander that was delivered onto the sur-
face of Ryugu aimed to provide context for these data sets by producing in situ data collected by a camera (MasCam),
a radiometer (MARA), a magnetometer (MasMag) and a spectrometer (MicrOmega). In this work, we evaluate the suc-
cess of MASCQOT as an integrated lander to bridge the gap between orbiter and returned sample analysis. We find that
MASCOT's measurements and derivatives thereof, including the rock morphology, colour in the visible wavelengths,
possible meteorite analogue, density, and porosity of the rock at the landing site are in good agreement with those
of the orbiter and the returned samples. However, it also provides information on the spatial scale (sub-millimetres to
centimetres) at which some physical properties such as the thermal inertia and reflectance undergo scale-dependent
changes. Some of the in situ observations such as the presence of clast/inclusions in rocks and the absence of fine
particles at the landing site was uniquely identified by MASCOT. Thus, we conclude that the delivery of an in situ
instrument like MASCOT provides a valuable data set that complements and provides context for remote sensing and
returned sample analyses.
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Graphical Abstract

Introduction
Hayabusa2 is a mission by the Japan Aerospace Explo-
ration Agency (JAXA) that was launched in December
2014 to the near-Earth asteroid (162,173) Ryugu. After
arrival at the asteroid in June 2018 and an observa-
tion phase that not only included remote observations
but also the delivery of the MINERVA II and MASCOT
landers (Lange et al. 2020), as well as an impact experi-
ment (Arakawa et al. 2020), samples were returned to
Earth in December 2020. These samples can now be put
into context with the observations at and on the asteroid.
The small, agile Mobile Asteroid Surface Scout, MAS-
COT (Fig. 1), was delivered by the Hayabusa2 main
spacecraft to the surface of Ryugu on October 3rd, 2018
to perform in-situ measurements on the surface of the

asteroid (Jaumann et al. 2019; Ho et al. 2021). There,
it landed in front of a rough-looking rock of approxi-
mately 15 cm in size free of fine-grained deposits (Fig. 2).
Instead, bright spots, potentially inclusions, were visible
on the rock surface (Fig. 3) (Jaumann et al. 2019).

While the main objectives of the Hayabusa2 mission
were to understand the origin and evolution of materials
in the early solar nebula and in a C-type asteroid, Ryugu
(Watanabe et al. 2017), MASCOT was to focus on in situ
science, including the measurement of physical proper-
ties of the surface material and high-resolution imag-
ing of undisturbed surface material (Ho et al. 2017). The
combination of remote sensing from the main spacecraft,
in situ surface measurements by landers, and returned
sample analysis allow the Hayabsua2 mission to conduct
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Fig.2 a MASCOT's landing site imaged by MasCam at day time and b shape model of the scene. The scene is approximately 25 cm across. The
illuminated flat plateau (~ 15 cm across) is referred to as the MASCOT rock. The overexposed streaks in the foreground in a) are reflections of

MASCQOT's housing

global-, local-, and micro-scale observations. Thus, MAS-
COT bridges the gap between the samples returned and
the orbiter observations (Ho et al. 2017, 2021).

MASCOT has a payload of four scientific instruments:
a camera, MasCam, which resolved structures near the

landing site with a spatial pixel resolution of up to 200 pm
(Jaumann et al. 2017), a radiometer, MARA, to measure
thermal emission of the surface during a day—night cycle
and thus determine the thermal conductivity of surface
material (Grott et al. 2017), a hyperspectral near-infrared



Otto et al. Earth, Planets and Space (2023) 75:51

Page 4 of 16

o

Fig. 3 Rockilluminated by MasCam'’s red LED at night in relation to the returned sample. Sub-millimetre-sized bright spots are clearly visible in the
front. The two circles illustrate the ~ 1.7 cm across opening of the sample holders with the returned samples. The largest returned fragment (C9000)
with 1 ¢cm in size is also shown for reference. Due to the distortion in the MasCam image, the dimensions of the samples and the MASCOT scene are
only approximately to scale at the indicated location. Please note that the samples were not collected at this site and are shown here for reference
only. The images of the samples were retrieved from (Astromaterials Science Research Group (ASRG) 2022)

(NIR) microscope, MicrOmega, designed to determine
the surface mineralogical and molecular composition at
the grain scale (Bibring et al. 2017), and a magnetometer,
MasMag, to search for any sign of possible remnant mag-
netization (Her¢ik et al. 2017) (Fig. 1). With the exception
of the magnetometer MasMag, MASCOT’s instruments
have corresponding orbiter instruments: A telescopic
camera (ONC (Kameda et al. 2017)), a thermal mapper
(TIR (Okada et al. 2017)) and a spectrometer (NIRS3
(Iwata et al. 2017)). An overview of the MASCOT lander
design is given by Ho et al. (2017), while the actual mis-
sion activities including the on-asteroid operations is
summarised by (Ho et al. 2021).

Unfortunately, MASCOT landed on a depression with
the consequence that the surface to be characterized was
too far away to be illuminated and imaged by MirOmega
(Bibring et al. 2022). Nevertheless, an instrument iden-
tical to MicrOmega has been applied in the curatorial
work of the returned Ryugu samples and revealed sub-
millimetre chemical heterogeneities including carbonates
and NH-rich compounds (Pilorget et al. 2022).

On December 6, Hayabusa2 returned samples from
Ryugu to Earth. The samples were collected from two
sites on Ryugu and stored in separate sample containers.
Chamber A contained (3.23740.002) g surface material
from Ryugu’s equatorial ridge and Chamber C contained
(2.0254+0.003) g of surface and potentially subsurface

material collected near an artificial crater created by
Hayabusa2’s SCI impact experiment (Arakawa et al. 2020;
Yada et al. 2022). The samples are composed of predomi-
nantly millimetre-sized particles embedded in fine sub-
millimetre dust, with the largest fragment being ~8 mm
across (Yada et al. 2022). Preliminary investigations indi-
cate that the collected samples are representative of Ryu-
gu’s surface based on their colour, shape and structure
(Pilorget et al. 2022; Tachibana et al. 2022).

In this paper, we discuss the extent to which conclu-
sions from the measurements performed in situ at the
surface of Ryugu have been confirmed by ongoing sample
analysis, as well as how in situ data on undisturbed mate-
rial on the asteroid surface can enhance the interpreta-
tion of the returned samples.

In situ observations

Observations with MasCam

MASCOT’s MasCam is a scientific camera equipped
with a Scheimpflug optic that allows it to image the entire
scene along the camera’s depth of field (150 mm to infin-
ity) in focus. In addition, MasCam had the ability to illu-
minate Ryugu’s surface with an array of light-emitting
diodes (LEDs), equipped with 4 x 36 monochromatic
LEDs working in four spectral bands (Jaumann et al.
2017). MasCam took images both during descent and on
the surface with scales down to 0.1 mm/pixel (Jaumann
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et al. 2019). These observations revealed a number of
important properties of Ryugu, most of which were unex-
pected before landing. As already identified in Hayabusa2
ONC images, two types of boulders are clearly distin-
guished in lower resolution MasCam descent images:
brighter ones with smooth surfaces, non-dendritic frac-
tures and modified by a process that has resulted in both
sharp edges and rounded structures, and darker ones
with cauliflower-like surfaces and characteristics sug-
gestive of thermal-fatigue. Boulder sizes range from a
few millimetres to a few tens of metres and the sorting
of grains, pebbles and boulders is poor. The relatively
large sizes of boulders and their different morphologies
reflected by the two boulder types described above sug-
gest that they may be fragments from Ryugu’s parent
body/bodies that reaccumulated to form Ryugu itself and
reflect heterogeneities in Ryugu’s parent body/bodies
(Jaumann et al. 2019).

At the location of 22.32°S+0.05°/317.16°E 4-0.05°,
MASCOT came to rest on Ryugu’s surface and the fine
structure of boulders imaged there at the highest resolu-
tion exhibit a matrix with sub-millimetre size inclusions
and morphologies similar to carbonaceous chondrites.

In the context of the Ryugu rock, the word “inclusion”
has been used to describe bright spots surrounded by a
darker matrix (Fig. 3) (Schroder et al. 2021; Otto et al.
2021). Given the limitation in actually identifying the
composition and structure of these spots, the term “clast”
as used in sedimentary geology may also be adequate.
To maintain consistency with previous publications, we
will call the bright spots surrounded by a darker matrix
“inclusions” in this article.

No accumulation of fine dust is identified in the Mas-
Cam images. Close-up observations show the presence
of inclusions (Jaumann et al. 2019; Schroder et al. 2021;
Otto et al. 2021). Small inclusions have the character-
istic size (sub-millimetre) of chondrules, whereas the
larger ones may be refractory, calcium—aluminium-rich
inclusions (CAI). This suggests that Ryugu’s material
has experienced heating but is not fully hydrated, which
is consistent with the absence of the 0.7 um absorption
feature in ground-based reflectance spectra, confirmed
by ONC (Tatsumi et al. 2021). The visible colours of
the inclusions provide compositional clues, but their
interpretation is limited by the lack of reflectance data
in the IR wavelength range, where most bands that are
diagnostic for the mineralogy are located. However,
the spectral characteristics of the inclusions are simi-
lar to those in carbonaceous chondrites (Schréder et al.
2021; Otto et al. 2021). A systematic comparison of the
inclusions’ size distribution, relative spectral slope and
brightness relative to the matrix, and the matrix volume
abundance imaged within the rock on Ryugu and a set
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of carbonaceous chondrites including CM2, CO3, CV3
and CK3 revealed that Ryugu’s rock fits well within the
parameter space of these meteorites. However, Ryugu’s
material tends to have slightly larger inclusions and a
higher matrix volume abundance (Schroder et al. 2021;
Otto et al. 2021). MasCam also allowed the derivation
of the surface roughness on small spatial scales (sub-
millimetre) by applying a shadow tracing method to the
images taken at night when the scene as illuminated with
MasCam’s LEDs. The result showed that Ryugu’s rock
surface has a fractal dimension of 1.16 +0.04 and a root
mean square (RMS) slope of 36.6°£1.4°. It thus appears
less rough (~6%) compared to material imaged on comet
67P/Churyumov-Gerasimenko (Otto et al. 2020). The
difference in roughness may be explained by the different
processes altering the surfaces of asteroids and comets.
While sublimation of volatiles seems to be the main pro-
cess to generate roughness on comets, micrometeoroid
bombardment, thermal fracturing and solar weathering
may play a significant role in shaping asteroid surfaces
(Otto et al. 2020).

Observations with MARA

The MASCOT radiometer MARA is an instrument that
measured radiative flux emitted from the surface of
Ryugu in the thermal infrared wavelength range in six
dedicated channels (Grott et al. 2017). MARA operated
during the entire MASCOT mission starting at MAS-
COT’s separation from the Hayabusa2 spacecraft and
gathered data throughout the 17 h of operation (Ho et al.
2021). After landing, MARA measured emitted flux of
a rock at the MASCOT landing site over the period of
a full asteroid rotation (7:38 h). Two of MARA’s infra-
red channels were dedicated to measuring low night
time temperatures, and a bandpass filter between 8 and
12 um as well as a>3 pum long pass filter were employed
for this purpose. Four additional bandpass channels in
the 5.5-7, 8-9.5, 9.5-11.5, and 13.5-15.5 um wavelength
range were dedicated to recording emissivity as a func-
tion of wavelength and to constrain surface composi-
tion. MARA's field of view covers about 10-15 cm?* and
is within MasCam’s view (Grott et al. 2017; Hamm et al.
2018).

At the landing site, asteroid surface temperatures were
found to vary between 210 and 300 K based on meas-
urements in the 8—12 um wavelength range (Grott et al.
2019). Using a thermophysical model of the asteroid and
taking surface roughness into account, the thermal iner-
tia of the rock was found to be 28232 Jm™2 K !g12
(Hamm et al. 2018; Grott et al. 2019), a value similar to
the (225+45) ] m~2 K~! s72 later found to be glob-
ally representative for Ryugu’s boulders and surround-
ing material based on Hayabusa2 TIR data (Okada et al.
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2020; Shimaki et al. 2020). As there was no indication
for a masking layer of surface dust (Biele et al. 2019), the
low thermal inertia derived from MARA data was inter-
preted to be caused by a high intrinsic (micro-)porosity
of the rock. Thus, porosities between 0.28 and 0.55 were
derived based on an extrapolation of laboratory data for
the thermal conductivity of meteorites as a function of
porosity (Grott et al. 2019). A re-analysis of the MARA
data set using data assimilation techniques narrowed
down the range of uncertainties to thermal inertias
around (295+18) ] m~2 K~! s7¥2 and porosities between
0.30 and 0.52 (Hamm et al. 2020). With the availability of
a detailed shape model of the MASCOT rock (Scholten
et al. 2019) (Fig. 2b) to refine thermal re-radiation and
illumination conditions, and taking into account the
effect of sunlight reflection casted by MASCOT into
the MARA field of view (Fig. 2a), the data were re-ana-
lysed (Hamm et al. 2022). The thermal inertia was found
to be lower with 256 &+ 34) J m~2 K~! s~V and poros-
ity between 0.46 and 0.56 depending on the empirical
model used to relate porosity and thermal conductivity
(Krause et al. 2011; Flynn et al. 2018). Based on estimates
of Ryugu’s packing state and the constraint posed by Ryu-
gu’s bulk density, porosities around 0.50 £ 0.02 were later
favoured using semi-empirical mixing models (Grott
et al. 2020). Such porosities imply grain densities of
(2848 4 152) kg m 3, values similar to those found in CM
meteorites as well as CI Tagish Lake (Grott et al. 2020).
The infrared emissivity in the MARA bandpass chan-
nels was estimated by combing the thermal model of
a rock with a data assimilation scheme (Hamm et al.
2022). The emissivity estimates were compared to spec-
tra of thin sections of powder samples of meteorites.
These data show that the spectral variation of the rock’s
emissivity shares similarities with the bulk samples of
the most aqueously altered meteorites (CI, CM, and CR
carbonaceous chondrites), indicating Ryugu experienced
strong aqueous alteration prior to any dehydration.

Observations with MasMag

The MASCOT magnetometer MasMag is a triaxial flux-
gate magnetometer which acquired data from the begin-
ning of the lander descent, through the several bounces,
touchdown and at the final resting position (Hercik et al.
2020). The descent profile of the observed magnetic field,
after calibration and de-spinning, does not show any
detectable change in the magnetic field above the back-
ground level. The observed magnetic field vector fluctu-
ates within a+ 1 nT range and no systematic change was
visible when approaching the surface down to~10 cm
(distance of the sensor to the surface at resting position).
Such behaviour directly excludes any global magnetic
field and larger magnetization down to metre-scales.
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However, based on the accuracy of the measurement,
we can assess the upper limit of the magnetization under
certain assumptions. The specific magnetic moment
(level of magnetization) is the effective magnetic moment
(Am?) per kg of the material. Measuring this parameter
assumes, a priori, a homogeneous magnetization through
the sample. If the material was built from smaller mag-
netized particles, e.g., in a process of accretion and coag-
ulation, the mutual orientation of the domains would
be random and the contributions from magnetized
individual domains would cancel each other. The total
magnetic moment of the bulk is then negligible, while
the domains themselves can retain high levels of mag-
netization. Therefore, we speak about the magnetization
scale as the representative scale at which the material is
homogeneously (unidirectionally) magnetized. Micro-
scopic observation of the returned samples revealed that
the Ryugu particles were composed of lithologically dif-
ferent domains of several 100 s of micrometre in size
(Nakamura et al. 2022). Assuming a magnetization scale
of centimetre sized domains within a material with a
density of 1200 kg/m? leads to an upper limit of the spe-
cific magnetic moment on the order of 1072 Am?*/kg. The
investigations of chondrite meteorites show the natu-
ral remnant magnetization from 10~* to 1072 Am?%/kg
(Terho et al. 1996; Gattacceca and Rochette 2004). This
agrees with MasMag’s measurement and is to be further
refined by magnetization analysis of the returned sam-
ples (see section below).

However, it shall be noted that there is a discrepancy
between the meteorite measurements, which in gen-
eral show bulk magnetization (even on>10 cm scales)
and the measurements on solar system bodies. So far,
only three magnetic measurements were performed on
the surface of small bodies: Ryugu, S-type asteroid Eros
(Acuiia et al. 2002) and comet 67P/Churyumov-Ger-
asimenko (Auster et al. 2015). All three measurements
show no magnetic signal that can be directly related to
the body or the regolith. At least in case of Ryugu and
comet 67P/Churyumov-Gerasimenko, the discrepancy
could be that the pristine material has rather low coher-
ence (tensile strength), which might prevent the material
to reach the Earth’s surface. The fact that Ryugu’s samples
contain no chondrules and that the material has a very
low grain density of 1380 kg/m™> and tensile strengths,
leads to the conclusion that Ryugu is not lithified enough
to survive atmospheric entry (Herbst and Greenwood
2022). Consequently, we may not have a representa-
tive meteorite sample on Earth, although initial sample
analysis revealed that Ryugu’s mineralogy is similar to CI
chondrites (Tsuchiyama et al. 2022). Therefore, it is not
excluded that future observations will reveal small bodies
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with significant magnetic signatures, as it is expected for
metal-rich asteroid types.

MASCOT results in context of orbiter instruments

The Hayabusa2 orbiter was also equipped with a tel-
escopic camera (ONC), a Spectrometer (NIRS3) and
a radiometer (TIR) that allow a cross interpretation of
MASCOT data and orbiter data spanning multiple spa-
tial scales (Ho et al. 2021).

Within the landing site of MASCOT, MasCam con-
firmed two of the four types of rock nmorphologies
identified in the ONC images of Hayabusa2 (Sugita et al.
2019): the dark and rough type 1 boulders and the bright
and smooth type 2 boulders (Jaumann et al. 2019). In
addition, MasCam provided close-up fine-scale texture
identification. Sugita et al. (2019) derived from their data
that the rugged surfaces and edges of the type 1 boulders
showed uneven layered structures that could be related
to the inclusion of coarse-grained clasts. This assump-
tion is supported by the high-resolution of the MasCam
images, in which the mm-size structure of type 1 boul-
der results in a granular friable surface texture (Jaumann
et al. 2019). The images of MasCam at the MASCOT
landing site revealed a rock with a cauliflower-like sur-
face texture consisting of undulations of~1 cm scale
and 2-3 mm scale. This topographic surface roughness
at the sub-millimetre scale could be quantified by sur-
face roughness parameters (Otto et al. 2020). Compared
with roughness values derived from thermal modelling of
Ryugu’s surface, the small-scale analysis of Ryugu’s rock
revealed a lower RMS slope of 36.6°+1.4° compared to
47°+5° (Shimaki et al. 2020; Otto et al. 2020). Apply-
ing the image analysis technique to a global image of
Ryugu and deriving the RMS slope from MARA day time
measurements through fitting the thermal model to the
measured data also reveal lower RMS values (32.9°+2.2°
and 28.6°, respectively) (Otto et al. 2020). The discrep-
ancy between these values can be explained by the dif-
ferent methods to derive the RMS slope and reflects the
dependence of the roughness parameters on the spatial
scale on which they are derived.

MARA results serve as an important anchoring point
for the interpretation of global thermal imaging data,
which was provided by Hayabusa2’s TIR instrument. TIR
data indicate boulders, such as observed by MasCam
during MASCOT’s descent, cover a large part of Ryu-
gu’s surface and only a minority of boulders were found
to have thermal inertias exceeding 600 ] m~2 K~! s712,
which is similar to that of typical dense carbonaceous
chondrites (Okada et al. 2020). A thermal inertia of
(2254+45) ] m~2 K~ ! s72 was found to be globally rep-
resentative for Ryugu (Okada et al. 2020; Shimaki et al.
2020). Therefore, the majority of boulders as well as the
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surrounding large (>10 c¢m) rock fragments are inter-
preted to be highly porous (Okada et al. 2020), consist-
ent with estimates of inter-boulder porosity of about 16%
(Grott et al. 2020) and a bulk porosity of approximately
50-60% (Watanabe et al. 2019).

MASCOT was able to complement the Hayabusa2
orbiter data with necessary constraints by providing
local high-resolution data. For example, the presence of a
dust-free surface, small scale surface texture, the thermal
inertia of an individual rock sample or the lack of mag-
netization were delivered by MASCOT (Ho et al. 2021).
In particular, the lack of a dust layer observed by MAS-
COT, significantly helped to interpret TIR orbiter data.
Dust covering a rock influences the surface temperature
and alters the apparent thermal inertia of the underly-
ing material (Biele et al. 2019). This, could have led to the
misinterpretation of TIR data. In addition, Shimaki et al.
(2020) found that the area around MASCOT’s landing site
(~9 x 9 m?) has a 30% lower thermal inertia compared to
MARA’s measurements ((200+7) ] m™2 K~ s72 and
(282 + 9535) Jm 2 K' s7172 respectively) indicating a
scale dependence of the thermal inertia that could not
have been detected without MASCOT. The application
of this multi-scale analysis technique is promising for
future planetary explorations.

A detailed comparison between orbiter and lander
measurements and results can also be found in Ho et al.
(2021). Table 1 summarizes the results of the sample
analysis, MASCOT and the relevant orbiter instruments.

Sample analysis results in context of MASCOT observations
On December 6th, 2020, Hayabusa2 returned samples of
the surface of Ryugu in two sample containers totalling
5.4 g of Ryugu material (Yada et al. 2022). The intense
suite of analysis that these samples will have been under-
going also includes the determination of morphologic
and physical properties (Tachibana 2019; Tanaka et al.
2022) which were previously derived from MASCOT
data. This gives MASCOT the unique opportunity to
link orbiter data and returned samples and relate these
properties on different spatial scales. Table 1 summa-
rizes the findings of MASCOT that have overlap with
the Hayabusa2 orbiter instruments and the analysis of
the returned samples. Figure 3 illustrates the spatial rela-
tion between the returned samples and the scene around
MASCOT imaged by

Comparison with MasCam

The majority of particles returned from Ryugu are in
the sub-millimetre size range, but there are also parti-
cles up to~8 mm in size. Initial visual classification of
fragments larger than 1 mm included two types of par-
ticles: 1) Rugged, predominantly round, and 2) smooth,
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angular particles (Yada et al. 2022) (Fig. 4a). During its
descent, MasCam (as well as ONC) also identified such
distinct types of boulders: a rough and dark and a smooth
and comparatively brighter type. Thus, the morphologic
heterogeneity appears to be present over a large spatial
scale covering three orders of magnitude from millime-
tre scales of the returned samples to metre scales of the
boulders on Ryugu. These different morphologic types
and their distribution may hint at the presence of rego-
lith with different degrees of material alteration (Jau-
mann et al. 2019; Morota et al. 2020; Sakatani et al. 2021)
and their mixing through impact gardening or regolith
migration. The fact that the morphologic differences can
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be traced down to the millimetre scale implies that the
rough and smooth boulders’ materials are physically dif-
ferent rather than being the product of, for example, var-
ying exposure times to space weathering.

While the orbiter identified a boulder size frequency
distribution with power index of —2.65 for boulders>5 m
(Michikami et al. 2019), the returned samples have a size
frequency distribution with a power index of —3.88 for
particles>1 mm (Yada et al. 2022). The discrepancy may
be caused by the different scales on which the measure-
ments have been taken as well as the sampling, curation
and/or delivering process (Yada et al. 2022). However,
MasCam did not identify any pebbles (defined as the size

b
ﬂ N
¢ &
i RN Sl

RE O AR ol

Fig.4 aTwo fragments of returned samples showing smooth (red) and rough (blue) surface textures and b smooth (red) and rough (blue)
boulders imaged by MasCam during its descent. The scale bars are only approximately applicable at the indicated location. Note the different scale
in a) and b). The shown fragments in a) are labeled C0005 (left) and C0008 (right) and were retrieved from the Hayabusa2, Ryugu Sample Curatorial

Data Set (Astromaterials Science Research Group (ASRG) 2022)
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range from 4 to 64 mm) or dust at its landing site. Instead
MasCam imaged a dust-free, dark and rough rock (Fig. 2)
nearby its landing site. Within this rock MasCam identi-
fied a number of bright millimetre-sized spots that were
interpreted to be inclusions (e.g., CAI) as similar features
are observed in some carbonaceous chondrites (Jaumann
et al. 2019; Schroder et al. 2021; Otto et al. 2021). With
a spatial resolution down to 0.1 mm/pixel, these features
have sizes ranging between 0.2 mm and 5.4 mm in diam-
eter (Schroder et al. 2021; Otto et al. 2021) and comprise
about 7.6% of the rock imaged with the rest being darker
matrix (Schroder et al. 2021). Their average size appears
to be slightly larger than that of similar features common
to carbonaceous chondrites (Otto et al. 2021). However,
such inclusions could not be identified in the returned
samples, in fact there are no intact CAI or chondrules in
the returned samples even on the sub-millimetre scale
(Yada et al. 2022; Nakamura et al. 2022), which reflects a
high degree of aqueous alteration. However, Pilorget et al.
(2022) report on the presence of bright isolated grains
and structures on scales<50 um that are comparable to
MasCam’s observations of bright spots. Most of these,
however, fade to average brightness when changing the
observation geometry, which was not possible to do with
MasCam. Yumoto et al. (2022) explained the bright spots
in the samples and the ones seen by MasCam as specular
reflections and Nakamura et al. (2022) identified flat sur-
faces covered with a 2 um thick saponite-rich layer that
may cause such reflections. However, the large number as

SO0 L0
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well as the variation in colour of the bright spots seen by
MasCam make this unlikely to be the sole explanation for
the bright spots. It is more realistic that MasCam imaged
inclusions (Schroder et al. 2022). The presence of inclu-
sions in the rock imaged by MasCam and the lack of such
features in the returned samples may hint that there are
different types of material present on Ryugu, possibly
originating from the two impacting parent bodies.

The Ryugu Sample Database (Astromaterials Science
Research Group (ASRG) 2022) shows microscope images
and photos of 704 individual returned particles between
0.6 mm and 10.3 mm in size. Although this collection
may not be complete, some grains show distinct specu-
lar reflections and brighter patches in the sub-millimetre
size range (e.g., A0038, A0136, A306, C0041). However,
unlike inclusions, the brighter patches exhibit indistinct
boundaries (Fig. 5). It is possible that MasCam imaged
a rock with brighter patches similar to those seen in the
returned samples, but did not resolve the boundary mak-
ing a distinction between inclusions and areas with indis-
tinct boundaries difficult.

Pilorget et al. (2022) show individual carbonate
and NH-rich grains in the returned sample material.
Although, the grains are not illustrated in the visible
wavelengths at which MasCam operated, compositional
heterogeneities appear to exist at the sub-millimetre
scale. It is possible that such grains are fragments of
larger grains that may have been shattered during the
sampling process or the landing of the return capsule and

Fig. 5 Two examples of grains with brighter patches (left: C0041, right: A0038). The gray circle in the top left illustrates the average size of the
inclusions identified by MasCam. The images are retrieved from the Hayabusa2, Ryugu Sample Curatorial Data Set (Astromaterials Science Research

Group (ASRG) 2022)
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Fig. 6 Thermal conductivity as a function of porosity for different
meteorite samples. For reference, the models proposed by Flynn et al.
(2018) and Krause et al. (2011) are also shown. Thermal conductivity
of the MASCOT rock was estimated based on the analysis of Hamm
etal. (2022). Thermal inertia and thermal conductivity relate to each
other following Eq. 1. The porosity and thermal conductivity for the
Ryugu samples (Nakamura et al. 2022) is indicated

that these grains could have been identified as inclusions
by MasCam.

Schroder et al. (2021) also investigated the colour and
reflectivity of the inclusions imaged by MasCam in the
visible wavelengths and found blue as well as red inclu-
sions. These inclusions are up to two times brighter than
the surrounding matrix, independent of their size or
colour. A possible explanation for their colour may be
the presence of phyllosilicates, Fe-rich oxides, or spinel
which may give rise to a red slope and an enrichment
in olivine may cause a blue appearance (Schroder et al.
2021). The spots imaged by MasCam have a mean diam-
eter of 0.63+0.91 mm, which is comparatively large in
the context of other carbonaceous chondrites (Schroder
et al. 2021; Otto et al. 2021). Yumoto et al. (2022) imaged
the returned samples as a whole as well as 69 individual
particles with sizes ranging between 1 and 7 mm at vis-
ible wavelengths corresponding to the ONC filters with
a spatial resolution down to~20 pum/pixel. They report
on predominantly red sub-millimetre sized spots in the
returned samples, which are up to ten times brighter
than the average and ubiquitous on the returned sam-
ples. They argue that these spots, and similarly the red
spots identified by MasCam, may be specular reflections,
while the blue spots may be carbonate-rich inclusions.
Other materials that could give rise to the spot-like bright
appearance, such as sulphides, have also been detected
within the returned samples (Nakamura et al. 2022).

Yumoto et al. (2022) and Schroder et al. (2021) also
investigated the reflectivity in the visible wavelength of
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the returned samples and the rock in front of MasCam,
respectively. While Yumoto et al. (2022) found that the
reflectance of some individual returned fragments is
about 30-70% higher than that of global Ryugu as meas-
ured by ONC, Schroder et al. (2021) found a reflectance
of the rock in front of MasCam in agreement with ONC
observations. ONC measured the geometric albedo
(phase angle of zero) at which no shadows are visible
and MasCam imaged the rock at a low phase angle with
almost no shadows, making the comparison straightfor-
ward (Schroder et al. 2021).

In general, the reflectance measured by ONC and the
powdered returned samples agrees well. The fact that the
average Ryugu observed by ONC is slightly brighter than
the powdered samples (ratio of 0.9) may be attributed to
the particle size of the samples (Nakamura et al. 2022).
The dust covered surface on Ryugu before sample collec-
tion was brighter than the surface after the dust had been
removed by the spacecraft thrusters during the sampling
process (Morota et al. 2020). Given that the dust-free
rock imaged by MasCam is not significantly darker than
average Ryugu, this may imply that dust free surfaces
similar to those observed by MasCam are common on
Ryugu.

Based on the low reflectivity, the flat spectral slope
in the visible wavelengths and the inclusions identified
in the rock imaged by MasCam, the rock appears to be
similar to carbonaceous chondrites (Jaumann et al. 2019;
Schroder et al. 2021; Otto et al. 2021). However, the anal-
yses did not allow to constrain a specific type of carbo-
naceous chondrite confidently. Suggestions range from
CI similar to the Tagish Lake meteorite (Jaumann et al.
2019) to CR or CV based on the relatively large size of
the inclusions (Schroder et al. 2021) and also include the
possibility that there is no Ryugu equivalent in our ter-
restrial meteorite collection (Grott et al. 2019; Schroder
et al. 2021; Otto et al. 2021). ONC global data hints at
thermally metamorphosed carbonaceous chondrites as
an appropriate meteorite analogue given the dark nature
of Ryugu’s regolith (Sugita et al. 2019). Preliminary inves-
tigations of the returned samples suggest that based on
their physical properties and bulk chemical composition,
CI type carbonaceous chondrites appear to be having
most similarities to Ryugu’s samples (Tanaka et al. 2022;
Yokoyama et al. 2022), but Ryugu has higher porosity,
lower albedo and is more fragile in nature (Yada et al.
2022) and also is compositionally also nearly free of sul-
fates, ferrihydrites and interlayer water (Yokoyama et al.
2022). This evaluation is shared by the investigation of
MARA of the Ryugu rock which is discussed in the fol-
lowing section.
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Comparison with MARA

The thermal inertia of the rock at the MASCOT landing
site of 256 (£43) ] m2 K~! s7V/2 derived from MARA
measurements (Hamm et al. 2018, 2022; Grott et al.
2019) is significantly lower than the value determined
for the samples, which (is 890+45) J m™2 K~! s7/2 (at
298 K) (Nakamura et al. 2022). However, this discrep-
ancy may be caused by the different scales on which the
measurements have been taken (Nakamura et al. 2022).
Furthermore, it is conceivable that the sampling pro-
cess introduced a bias towards more consolidated mate-
rial, while friable particles may have been shed off or
destroyed in the process. In situ measurements by MAS-
COT may have probed material which could have been
mechanically weakened by thermal fatigue. The induced
cracks would result in a thermal inertia that was lower
than that of the more consolidated returned samples.

Preliminary analysis of samples returned to Earth show
that the average bulk density of Ryugu sample particles is
(12824231) kg m ™2 (Yada et al. 2022), but later analysis
taking the 3D shape of the particles into account arrive at
higher densities between 1700 and 1900 kg m ™ (Naka-
mura et al. 2022). Assuming sample grain densities rep-
resentative for CI and CM carbonaceous chondrites, the
microporosity of Ryugu samples can be estimated to be
close to 0.10 to 0.23 (Nakamura et al. 2022). This is much
smaller than the value derived from in situ measurements
(Grott et al. 2019) and the value favoured by Grott et al.
(2020), which indicated high microporosities. This may
be due to a selection bias for the samples, which need to
exhibit some internal strength to survive the energetic
sampling process.

To put MARA measurements into context, a summary
of meteorite thermal conductivity as a function of poros-
ity is shown in Fig. 6 together with estimates of thermal
conductivity for the MASCOT rock and returned sam-
ples. The thermal conductivity k of the rock is derived
from the measured thermal inertia I" using

2
k=— (1)

PCp
where p is the bulk density and the heat capacity of
the material calculated using Ryugu’s average night
time temperature of 230 K. The thermal conductiv-
ity has then been estimated assuming a heat capacity
of 635 ] kg~' K™! (Hemingway et al. 1973). The density
p is determined from p = (1 — ¢)os, where ¢ is poros-
ity and ps the grain density, for which we assume values
between 2120 and 2210 kg m~3, representative for CI
and CM chondrites, respectively (Nakamura et al. 2022).
Using the models by Flynn et al., (2018) and Krause et al.
(2011), we then derive porosities between 0.43 and,
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resulting in thermal conductivities between 0.049 W
m~! K™! and 0.146 W m~ K~!.Spectral analysis of the
returned samples shows an extremely dark optical to
near-infrared reflectance and a spectral profile with weak
absorptions at 2.7 and 3.4 pm (Pilorget et al. 2022; Yada
et al. 2022). This implies the presence of hydrous miner-
als and organic matter and/or carbonate consistent with
the spectral trend found by Hamm et al. (2022). Taken
together and considering the absence of submillimetre
CAls and chondrules and the samples’ bulk chemical
composition (Yokoyama et al. 2022), these findings indi-
cate that Ryugu is most similar to CI chondrites but has
lower albedo and higher porosity. Considering that the
thermal inertia and tensile strength of a material are both
influenced by grain contacts, the thermal conductiv-
ity can be used to estimate the tensile strength o; (Grott
et al. 2019) following the formula:

n k

~ 2000 k, )

Ot
where k and k; are the thermal conductivity of the bulk
material and grain, respectively, and E is the Young’s
modulus. This results in an approximate tensile strength
of 200-280 kPa for Ryugu’s rock investigated by MARA
(Grott et al. 2019) and ~229 kPa following the same
approach applied to TIR data (Grott et al. 2019; Okada
et al. 2020; Shimaki et al. 2020). To derive the tensile
strength of the retuned samples, Kurosawa et al. (2022)
(also see (Nakamura et al. 2022)) conducted a three-
point flexural bending test. They placed two 3 x 3 mm?
cut pieces of 0.788 mm and 0.950 mm thickness onto two
bars of a testing machine and broke the samples by slowly
pushing a piston down onto the sample while monitor-
ing the load. They found a peak tensile strength between
3 and 8 MPa much higher than that of estimates using
the thermal conductivity and MARA and TIR data. This
discrepancy can be explained by the different size scales
on which the tensile strength was derived. The tensile
strength of brittle materials scales with 1/+/L (Bazant
1999), where L is the characteristic length of the investi-
gated sample. The size of the sample on which the tensile
strength test has been conducted is about two orders of
magnitude smaller than the characteristic length (a few
thermal skin depths, ~ decimetre) of the rocks on Ryugu.
Thus, considering the above-mentioned scaling relation,
these values agree with each other (Biele et al. 2022).

Camparison with MasMag

Magnetic mineral characterization based on microscopic
measurements of Ryugu samples show magnetite parti-
cles of various shapes (framboid, spherulite particles or
dodecahedrons) and sizes (0.2-10 pm) (Dobrica et al.
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2022; Yamaguchi et al. 2022) comprising 4-7% of the
total grain volume (Yamaguchi et al. 2022). The measured
mass specific susceptibility (8.39 x 107> m>/kg)), the satu-
ration remanence/saturation magnetization ratio (0.09),
and the coercivity of remanence/coercivity ratio (5) (Sato
et al. 2022; Tanaka et al. 2022; Nakamura et al. 2022) cor-
responds to values similar to those observed in carbona-
ceous chondrites (e.g., Thorpe et al. 2002; Rochette et al.
2003; Sridhar et al. 2021). The particles were also charac-
terized magnetically in terms of low-temperature rema-
nence cycles, isothermal remanence gradient curve, and
first-order reversal curve measurements, indicating that
the fine-grained framboidal magnetite, coarse-grained
magnetite, and pyrrhotite are dominant ferromagnetic
minerals in Ryugu particles (Sato et al. 2022). The natu-
ral remanence measurements of two Ryugu particles of
0.1-1 mm scale show stable vector components with a
total specific moment of ~10~> Am?/kg, and the stable
components are likely carried by the framboidal mag-
netite (Sato et al. 2022; Nakamura et al. 2022). The value
corresponds well to the specific magnetic moment of
chondrites. The lithological structure of the returned
samples indicates that the magnetization scale is likely
within the scale of the brecciated domain size of a few
100s of micrometres as these are randomly distributed in
the matrix. This is consistent with the observations that
the remanence intensity of 0.1-1 mm sized materials
(~107% Am?*/kg (Sato et al. 2022)) is orders of magnitude
larger than those of decimetre sized materials (~107°
Am?/kg (Hercik et al. 2020)).

Discussion

A primary scientific objective of MASCOT was to pro-
vide a link between orbiter observations of the asteroid
Ryugu and the samples returned from it by conducting
in situ asteroid science. Table 1 lists the measurements
conducted by MASCOT and their corresponding find-
ings from the returned samples and the orbiter instru-
ments where available. Most of the listed properties
could be derived from MasCam and MARA. Properties
that agree at all scales, from the returned sample, in situ
and orbiter investigations include characteristics derived
from images, such as the surface texture of particles/
boulders, the colour in the visible wavelength, and the
potential meteorite analogue (suggested to be a CI car-
bonaceous chondrite), as well as characteristics derived
from thermal measurements, such as density, porosity
and closest meteorite analogue.

In general, MASCOT’s observations appear to have
a greater overlap with orbiter observations, including
the reflectance in the visible wavelengths, thermal iner-
tia and derived tensile strength, compared to returned
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samples measured at smaller scales. This seems to imply
that at a spatial scale below MASCOT’s resolution (sub-
millimetre to centimetre), these properties increase in
magnitude. With returned particles being several milli-
metres in size at most, the scale at which the reflectance
and thermal inertia (and the derived scale-dependent
tensile strength) change appears to be in the millimetre
range. Indeed, this range also describes the scale, and
below, at which roughness begins to dominate the pho-
tometric behaviour of a regolith (Labarre et al. 2017).
The scale also represents the diurnal skin depth of Ryugu
regolith (~3-10 mm (Hamm et al. 2022)), the character-
istic length scale for thermal measurements. Thus, it is
not surprising that measurements from MASCOT and
the returned samples differ and the spatial scale at which
this difference occurs is in agreement with MASCOT’s
observations.

There is a divergence of the particle size frequency
distributions observed on different scales. While Mas-
Cam did not see any grains or fine particles, the power
index of boulders>5 m is much smaller than the one of
the retuned sample fragments, possibly caused by fur-
ther fragmentation of the samples during and after the
sampling process (Yada et al. 2022). This can also explain
why there are no particles visible in the MasCam images
equivalently sized to the returned sample fragments.
Another possible explanation for the absence of fine par-
ticles at the MASCOT landing site is that fine grains may
be present inside pores (Morota et al. 2020) and are thus
not visible in images from MasCam.

MasCam identified inclusions (Jaumann et al. 2019),
while the returned samples are depleted in inclusions
(Yada et al. 2022), but no equivalent observation could
be made by the orbiter because of its lower spatial res-
olution. Due to the presence of different rock types on
Ryugu that have been identified by ONC and MasCam
data (Sugita et al. 2019; Jaumann et al. 2019), it cannot
be excluded that the rock imaged by MasCam is of a dif-
ferent type than the returned samples. In addition, some
of the identified inclusions could also be specular reflec-
tions (Yumoto et al. 2022; Schroder et al. 2022).

In all cases in which the orbiter and returned sample
observations agree, MASCOT confirmed these obser-
vations and thus links meter and sub-millimetre scale
observations. However, there are also some observations
that are unique to MASCOT, such as the detection of
inclusions/clasts in the rock at MASCOT’s landing site
and absence of fine particles on the asteroid surface (Jau-
mann et al. 2019). Although it can be assumed that the
returned samples are generally a good representative of
Ryugu’s regolith in terms of their morphology and com-
position (Yada et al. 2022; Tachibana et al. 2022), MAS-
COT shows that heterogeneities within the rock and on
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the asteroid surface exist on millimetre scales. Although
some of MASCOT’s unique observations could also
be retrieved from more returned sample material, this
is not a highly ranked requirement for future missions
given that Earth-based analytical methods can be per-
formed on much smaller samples (Sawada et al. 2017).
Thus, MASCOT has proven to be a valuable addition to
the Hayabusa2 mission providing additional scientific
output, confirming observations, and bridging the gap in
spatial resolution between the orbiter and the returned
samples. MASCOT provides critical in situ context for
the returned samples and confirms the value of including
surface science packages on future sample return mis-
sions (Ulamec et al. 2014; Lange et al. 2018).

Conclusion

We have revisited the findings of the MASCOT lander
onboard Hayabusa2 that was delivered to the surface
of asteroid Ryugu and related its scientific findings to
those of the returned samples and the orbiter instru-
ments. MASCOT’s in situ observations on centimetre
to millimetre spatial scales has proven to be a valuable
link between orbiter observations and laboratory inves-
tigations of the returned samples. MASCOT allowed a
close view of undisturbed surface material of a C-type
asteroid, a first measurement of its kind. While confirm-
ing some observations, such as the surface texture of par-
ticles/boulders, the colour in the visible wavelength, the
density, the porosity and the type of potential meteorite
analogue, MASCOT has also provided knowledge about
inclusions in rocks and the presence of dust-free surfaces
at scales that could not be retrieved from the returned
samples and the Hayabusa2 orbiter. We conclude that the
delivery of a lander on a planetary body provides valu-
able information that supports remote sensing as well as
returned sample analyses.

Abbreviations

CAl Calcium—-aluminium-rich inclusions
LED Light emitting diode

MARA MASCOT Radiometer

MasCam  MASCOT Camera

MASCOT  Mobile Asteroid Surface Scout
MasMag ~ MASCOT Magnetometer
MicrOmegaMASCOT Hyperspectral Microscope
ONC Optical Navigation Camera

TIR Thermal Infrared Imager

NIRS3 Near Infrared Spectrometer

Scl Small Carry-on Impactor

RMS Root Mean Square
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