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Abstract

Recent space missions to asteroids and comets, have revealed divers morphologic features
on multiple scales that can be linked to the presence of volatiles in the regolith of small
bodies. The research presented in this thesis investigates the physics of these volatile-
related morphologies addressing (1) the relationship between surface morphologies and
the presence of volatiles, (2) the regolith’s volatile content linked to morphologic features,
(3) the difference of asteroidal and cometary outgassing, and (4) the role of volatiles
in the evolution of the surfaces and interiors of small bodies. For a comprehensive
understanding a combination of three analysis techniques was applied including the
geologic interpretation of remote sensing and in situ space mission data, the investigation
of sublimation processes on the morphology of volatile-rich analogue materials in the
laboratory, and discrete element method modelling assessing the physical and mechanical
properties of cometary regolith through the simulation of dynamic surface processes.
While morphologic features of many small bodies are considered in this thesis, a focus
lies on those observed by the Dawn, Rosetta and Hayabusa2 missions. They include
concentric crater fractures on Ceres and their relation to a volatile-rich subsurface layer,
pitted impact deposits in volatile-rich ejecta on Vesta, mass-wasting features in volatile-
poor/rich regoliths on Vesta and Ceres, aeolian-like features created by volatile-driven
particle redistribution on comet 67P/Churyumov-Gerasimenko, and pond-like features
generated through volatile fluidisation of Vesta’s regolith. In situ analyses of Ryugu and
67P /Churyumov-Gerasimenko revealed a link between volatile sublimation and surface
roughness and the similarity of Ryugu’s regolith and that of aqueously altered carbona-
ceous chondrites. In the laboratory, analogue materials and the effect of volatile content,
particle shape, insolation and organic material on the morphologic evolution of cliffs were
established. Discrete element method modelling extracted the mechanical and physical
regolith properties by simulating boulder drops and cliff collapses on 67P/Churyumov-
Gerasimenko and helped constraining the formation process of aeolian-like features.
The work shows that morphologic features give access to the composition, geology and
evolution of small solar system bodies and paves the way for future research involving

other planetary objects and new data sets.






Zusammenfassung

Weltraummissionen zu Asteroiden und Kometen zeigen vielseitige Morphologien auf ver-
schiedenen Gréflenordnungen, die mit dem Vorhandensein volatiler Materialien im Re-
golith von Kleinkorpern in Verbindung gebracht werden koénnen. Die hier vorgestellte
Habilitationsschrift befasst sich mit der Physik dieser Morphologien und erlautert (1) die
Verbindung zwischen Oberflichenmorphologien und dem Vorhandensein von volatilen
Materialien, (2) den Gehalt an volatilen Materialien im Regolith in Verbindung mit
diesen Morphologien, (3) den Unterschied zwischen Asteroiden- und Kometenaktivitét
(4) die Rolle von volatilen Materialien bei der Entwicklung kleiner Kérper. Dazu wurde
eine Kombination von drei Analysetechniken angewandt: die geologische Interpretation
von Fernerkundungs- und In-situ-daten, die Untersuchung von Sublimationsprozessen
im Labor und die diskrete Elemente Modellierung dynamischer Prozesse.

Wéhrend viele Kleinkérpermorphologien in dieser Arbeit beriicksichtigt werden, ste-
hen die von den Missionen Dawn, Rosetta und Hayabusa2 im Vordergrund. Sie um-
fassen durch eine volatilreiche unterirdische Schicht erzeugte konzentrische Rissstruk-
turen um Krater auf Ceres, Sublimationssenken in volatilreichem Auswurfmaterial auf
Vesta, Massenbewegungen in volatilarmem /-reichem Regolith auf Vesta und Ceres, aus-
gasungsinduzierte &olisch-dhnliche Strukturen auf 67P/Churyumov-Gerasimenko und
flache, durch Fluidisierung erzeugte, Ablagerungen auf Vesta. In-situ-analysen zeigen
auch den Zusammenhang zwischen Sublimation und Oberflichenrauigkeit sowie die Ahn-
lichkeit der Regolithtextur von Ryugu und wéssrig verdnderten kohligen Chondriten.
Dariiber hinaus wurden im Labor kometare Analogmaterialien hergestellt und die Auswir-
kungen des Gehalts an Eis, der Partikelform, der Energieeinstrahlung und des organis-
chen Materials auf die morphologische Entwicklung von Klippen untersucht. Diskrete
Elemente Modellierungen leiteten mechanische und physikalische Regolitheigenschaften
durch die Simulation von Gesteins- und Klippenstiirzen auf Kometen her. Sie tragen
auch dazu bei den Entstehungsprozess von &olisch-ahnlichen Strukturen zu erkléren.

Die Arbeit zeigt, dass Morphologien Aufschluss tiber die Zusammensetzung, die Ge-
ologie und die Entwicklung kleiner Kérper im Sonnensystem geben und ebnet den Weg

fiir kiinftige Forschungen an weiteren planetaren Objekten und neuen Datensétzen.
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Preface

The main theme of this habilitation thesis falls in the discipline "Planetary Science" and
concerns the volatile-related processes that shape the surfaces of small planetary bodies
(e.g. asteroids and comets). A variety of morphologic features on small bodies, such as
mass wasting, smooth pond-like and pitted impact deposits, fractures, boulders, cliffs,
aeolian-like features and surface roughness, are investigated to determine their relation
to the volatile content of the hosting body and its regolith. The research is based on
data returned by space missions to small bodies and focuses on the interpretation of the
surface morphology through multi-spectral remote sensing and in situ images spanning a
wide range of spatial scales from sub-millimeters to kilometres. Additionally, it includes
laboratory experiments and numerical modelling of surface processes caused by volatile
sublimation. The research also comprises comparative studies with meteorites as regolith
analogues.

The habilitation thesis summarises the work of the junior research group "The Physics
of Volatile-related Morphologies of Asteroids and Comets", which implemented the re-
search from March 2017 to August 2021 at the Institute of Planetary Research of the
German Aerospace Center (DLR) in Berlin. Next to the group leader (myself, K. A.
Otto), three doctoral students (D. Haack, T. Michalik, R. Parekh) and two post-doctoral
researchers (D. Kappel, M. Sachse) worked in the group. The PhD students success-
fully defended their theses at the end of the project. The group was also occasionally
supported by interns and university students.

Chapter 1 gives an introduction to small planetary bodies and space missions to them
along with an overview of the applied research methods. This is followed by Chapter 2,
a compilation of the conducted research comprising eleven articles that were published
by members of the research group. Each article is preceded by a description setting out
the context and the contribution of the authors, in particular the contribution of myself
as submitter of this habilitation thesis. The papers are then attached in their original
format. Chapter 3 summarises and concludes the presented work. Finally, Chapter 4
gives an outlook to future research and presents an article furthering the original research

idea.
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List of Abbreviations

I am the first author of four of the included articles. One of these articles is incor-
porated as an outlook on how to pursue the initiated research (Chapter 4). Six articles
were published by the junior research group’s PhD students, who I provided guidance
for as their main supervisor. Two further articles were published by the post-doctoral
researchers under my supervision. I am the corresponding author of one of their articles
and second or last author of all included articles that I did not lead as first author.

The articles included in this thesis have been sketched in my proposal to form a junior
research group. Thus, I not only provided guidance to the students and post-doctoral
researchers while working on the articles, but I also had a significant scientific input from
providing the original idea of the articles to writing specific sections and contributing
interpretations. For some articles I also provided preparatory material (Sections 2.1.5
and 2.3.2). More details on my specific contributions can be found in conjunction with

the articles attached in this thesis.
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1 Introduction

1.1 Volatiles on Asteroids and Comets

Asteroids and comets play a significant role in planetary research, because they bear
the potential to have preserved information from the early epoch of our Solar System.
Although they may have undergone some alteration, they are small remnants of an
epoch when the planets of our Solar System formed and enable the investigation of this
process (Figure 1.1). But due to their small mass, asteroids and comets can also easily
be diverted from their orbits by more massive objects into potentially collisional orbits
with other planetary bodies. This makes them deliverers of materials which includes
volatiles such as water, the main ingredient of a habitable environment.

A large collection of asteroids can be found between 2.1 and 3.3 AU from the Sun in
the Main Asteroid Belt. The members orbit the Sun on relatively stable and predictable
orbits. Many asteroids are fragments or rubble piles (Figure 1.1d) resulting from the
disruption of planetesimals in the early epoch of our Solar System (e.g. DeMeo et al.,
2015), but some larger objects, such as Ceres (Figure 1.1a) and Vesta (Figure 1.1b),
can be described as protoplanets that evolved through the early stages of planetary
formation and had already begun the process of differentiation (Russell et al., 2004).

Some asteroids have been scattered into orbits accompanying planets, such as the
Trojan and Greek asteroids located in Jupiter’s Lagrange points (Emery et al., 2015),
or approaching planetary orbits. Earth possesses such a near-Earth asteroid population
and although some of these asteroids are a potential impact hazard (Perna et al., 2015),
they are also relatively easy to reach by spacecraft.

Three major compositional classes of asteroids can be distinguished (Tholen, 1989;
Bus et al., 2002; DeMeo et al., 2009): M-type asteroids are metal-rich, such as Psyche;
S-type asteroids are stony, such as Itokawa and Eros; and C-type asteroids are carbona-
ceous, such as Ryugu and Bennu. C-type asteroids represent the majority of the known
asteroids (DeMeo et al., 2022) and are rich in volatiles. In the past, C-type asteroids
accommodated conditions allowing liquid water to exist and initiate aqueous alteration

of the asteroidal material. This has also been the case for dwarf-planet Ceres whose com-
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a) 1 Ceres b) 4 Vesta

Figure 1.1: Examples of small planetary bodies orbited by spacecraft. a) Ceres and
b) Vesta are the two most massive bodies in the Main Asteroid Belt (Dawn Mis-
sion). ¢) 67P/Churyumov-Gerasimenko is a Jupiter family comet (Rosetta Mission)
and d) Ryugu is a near-Earth C-type rubble pile asteroid (Hayabusa2 Mission).
Image credit: Ceres: NASA/JPL-Caltech/UCLA/MPS/DLR/IDA/PSI, Vesta:
NASA/JPL-Caltech/UCLA/MPS/DLR/IDA, 67P: ESA/Rosetta/MPS for OSIRIS
Team MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA, Ryugu: JAXA.

position matches that of C-type asteroids (Feierberg et al., 1981). The pyroxene-rich
Vesta, on the other hand, is accompanied by its own family called the V-type asteroids
(Bus et al., 2002).

Despite the presence of volatiles in some asteroids, their surfaces are generally depleted

in such (e.g. Rivkin et al., 2010), because without a protective atmosphere or dust cover



1.1 Volatiles on Asteroids and Comets

volatiles sublimate under the thermal conditions present in the Main Asteroid Belt and
closer to the Sun. Nevertheless, volatile outgassing has been observed on Ceres (Kiippers
et al., 2014) and may be an explanation for particle ejections on Bennu (Lauretta et al.,
2019b).

Comets, on the other hand, originate from the region beyond the giant planets and are
often on highly eccentric orbits (Levison, 1996). Their volatile-rich composition indicates
formation in the cooler outer region of the Solar System where volatile ices condensed
(e.g. Bockelée-Morvan et al., 2004). They are best known for their striking tails made
of gas and dust ejected into space when approaching the Sun.

Although some comets have parabolic or hyperbolic orbits, two major types of comets
can be distinguished: long-period (>200 yrs) originating from the Oort cloud and
short-period comets (<200 yrs) originating from the Kuiper Belt (Levison, 1996). The
Rosetta mission recently visited comet 67P/Churyumov-Gerasimenko (hereafter 67P,
(Figure 1.1c)), a short-period Jupiter family comet with an orbit remaining within
Jupiter’s orbit and a period of 6.55 yrs (Lamy et al., 2007).

If the thermal conditions are favourable, volatiles encountering the vacuum will subli-
mate and form distinct morphologic features not only by the sublimation process itself,
but also by induced processes such as the redeposition of particles lifted by outgassing
forming aeolian-like features (Thomas et al., 2015; Keller et al., 2017) (Figure 1.2,c).
Asteroids in near-Earth orbits and most asteroids in the main belt accommodate such
thermal environments. Comets on highly eccentric orbits may meet sublimation con-
ditions temporarily. Morphologic differences between asteroid and comet surfaces are
evident (compare Figure 1.1c and d), but the cause of these differences is still in discus-
sion.

The presence of subsurface water or ice reservoirs, which can exist on larger asteroids
such as Vesta and Ceres (Scully et al., 2015; Castillo-Rogez et al., 2020), may form
surface features such glacier-like thick mass-wasting features (Schmidt et al., 2017) (Fig-
ure 1.2,a) or pits in smooth crater deposits created through volatile sublimation (Denevi
et al., 2012) (Figure 1.2,b). Some large scale volatile-related features, such as the impact
crater Occator (Scully et al., 2019) and the mount Ahuna Mons on Ceres (Ruesch et al.,
2016), indicate that volatiles contribute to interior processes, including differentiation
and tectonic deformation (Sizemore et al., 2019). These processes are directly related to
the evolution of the host body and its surface. On small scales, volatile-rich boulders,
such as those on asteroid Ryugu (Figure 1.2d), exhibits distinct surface textures (Jau-
mann et al., 2019). However, more research is needed to refine the role of volatiles in the

formation of surface morphologies on multiple spatial scales. Moreover, it is desirable to
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a) Mass-Wasting on 1 Ceres b) Pits on 4 Vesta

c) Aeolian-like Features on 67P d) Boulders on 162173 Ryugu
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Figure 1.2: Examples of small volatile-related surface features. Shown are a) a mass-
wasting feature exhibiting thick lobate tongues indicative of volatile content in the
regolith on dwarf-planet Ceres, b) the pitted floor of Marcia crater on asteroid
Vesta generated through volatile loss, ¢) aeolian-like features on comet 67P created
through the volatile-driven redistribution of regolith and d) boulders composing
the carbonaceous volatile-containing regolith of asteroid Ryugu. The white arrows
point at the features of interest. Image credit: a) NASA/JPL-Caltech/UCLA/
MPS/DLR/IDA/PSI, b) NASA/JPL-Caltech/UCLA/MPS/DLR/IDA/JHUAPL,
¢) MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA, d) MASCOT/DLR/
JAXA.

constrain the volatile content from such surface morphologies.

1.2 Small Body Regolith

The surfaces of asteroids and comets are covered with a soil-like and often boulder-rich
layer that weathers and evolves under space conditions (Clark et al., 2002). This layer,
called regolith (Greek: reghos (blanket) + lithos (stone)), is the building material for
the geology and morphology visible in remote sensing and in situ space mission data.

Regolith is exposed to the complex physical environment present on asteroids and
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comets and weathers accordingly (Hapke, 2001; Clark et al., 2002; Pieters and Noble,
2016). Not only are these bodies airless and thus their surfaces are directly exposed
to the impingement of energetic solar wind particles, solar radiation, galactic cosmic
rays and the vacuum of space, but their surface gravitational acceleration is significantly
smaller than that known from Earth while surface temperatures and their gradients can
be extreme. The morphology of the regolith not only reflects these extreme conditions,
but it can also be indicative of the physical and mechanical properties of the regolith.
For example, the angle of repose of a mass-wasting deposit hints at the inter-particle
friction of the mass-wasting constituents and may be influenced by the ambient gravity
(Kleinhans et al., 2011; Nakashima et al., 2011).

Meteorites are considered samples of regolith ejected from the surface of asteroids and
delivered to Earth. As such, meteorites can be related to the different asteroid classes
based on their composition (DeMeo et al., 2022). An example is the suggested connection
between carbonaceous chondrites and C-type asteroids (Jaumann et al., 2019, Lauretta
et al., 2019a; DeMeo et al., 2022). Chondrites are named after the fact that they are
meteorites containing chondrules, small millimetre-sized spheres formed from molten
droplets in space before aggregating into a larger asteroid. Other refractory objects
in chondrites include calcium-aluminum-rich inclusions (CAIs) and amoeboid olivine
aggregates (Greshake and Fritz, 2018). However, carbonaceous chondrites are fragile
meteorites and their relative abundance compared to the stony and metallic meteorites
is below the relative abundance of C-type asteroids compared to S- and M-type asteroids.
This indicates that the entry through Earth’s atmosphere and the subsequent terrestrial
weathering introduces a bias in the meteorite selection with the more fragile meteorites

being less common (Grott et al., 2019).

1.3 Space Missions to Asteroids and Comets

The originally Earth-bound telescopic research into asteroids and comets was signifi-
cantly complemented, when comet 1P/Halley and asteroid (951) Gaspra were the first
objects of their kind photographed by the Giotto Mission in 1986 and the Galileo Mission
in 1991, respectively (Keller et al., 1988; Belton et al., 1992).

The data from space missions has tremendously increased in quantity and quality in
recent years (e.g. Figure 1.1). Figure 1.3 illustrates small bodies that were orbited by
space missions organized by their surface acceleration and volatile content. The first
small body to be orbited by a spacecraft was near-Earth S-type asteroid Eros which

was visited by NASA’s NEAR-Shoemaker mission for one year arriving in February
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Small bodies orbited by spacecraft

-Gerasimenko

‘- ) Ryugu Ceres

Increasing volatile content

Itokawa 7
Eros

Increasing surface acceleration

Figure 1.3: Sketch illustrating the surface acceleration and volatile content of small
bodies orbited by spacecraft. While the S-type asteroids are low in volatile
content, comets possess abundant volatiles. The surface acceleration depends on the
bodies’ size and density. Small bodies that have been flown past by spacecraft are
not included. With the exception of asteroid Bennu*, all shown small bodies have
been considered in this habilitation thesis. The sketch is for illustrative purposes
only and is not to scale.

2000 (Veverka et al., 2000). NEAR-Shoemaker was equipped with six instruments al-
lowing to investigate Eros’ geology, topography, gravity, magnetization, structure and
composition. NEAR-Shoemaker’s mission was followed by JAXA’s Hayabusa sample
return mission arriving at S-type asteroid Itokawa in September 2005. Next to its sam-
pling devices, Hayabusa was equipped with five instruments focussing on the geology,
topography and composition of Itokawa (Fujiwara et al., 2006). NASA’s Dawn mis-
sion was the first mission to orbit two objects in the Main Asteroids Belt. With three
instruments on board, a framing camera, a spectrometer and a gamma ray and neu-
tron detector, Dawn orbited Vesta for almost 14 months in 2011/12 before setting out
to Ceres where it arrived in 2016 and operated 28 months before the depletion of its
hydrazine (Rayman, 2020). ESA’s Rosetta mission accompanied Jupiter family comet
67P /Churyumov-Gerasimenko from early 2014 until 2016. Rosetta carried a lander, Phi-

*OSIRIS-REx started exploring Bennu in October 2018 and thus data had not yet been available for
most of the time in which the research group was active.
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lae, which was deployed onto 67P’s surface in 2014. Rosetta and Philae were equipped
with eleven and ten instruments, respectively, and focused on the characterisation of the
comet nucleus’ physical properties, chemistry, mineralogy and isotopic composition, as
well as the study of cometary activity (Boehnhardt et al., 2017; Taylor et al., 2017). In
2018, near-Earth C-type asteroids Bennu and Ryugu have been reached by the OSIRIS-
REx and Hayabusa2 missions, respectively (Lauretta et al., 2019a; Watanabe et al.,
2019). Both missions are sample return missions but also investigated the composition,
geology, topography and thermal properties of their target asteroids with five orbiter
instruments. They operate cameras, a near-infrared spectrometer, a thermal imager and
a laser altimeter. OSIRIS-REx additionally carries a x-ray spectrometer and Hayabusa2
is equipped with a small carry-on impactor that was shot onto Ryugu to expose fresh
sampling (Arakawa et al., 2020). Hayabusa2 also deployed two rovers and the MASCOT
lander onto Ryugu’s surface performing in situ regoltih science (Lange et al., 2020; Ho
et al., 2021). Hayabusa2 collected regolith samples in two touch down maneuvers and
delivered a total of 5.4 g to Earth in 2020 (Yada et al., 2022). Samples of Bennu are
expected to arrive on Earth in 2023. Both missions have been extended: OSIRIS-REx
will rendezvous with the potentially hazardous asteroid Apophis in 2029 (DellaGiustina
et al., 2022) and Hayabusa2 will fly by a rare L-type near-Earth asteroid in 2026 and
rendezvous with a fast rotator in 2031 (Mimasu et al., 2022).

These space missions delivered a wealth of data from remote sensing and in situ
observations complemented by returned sample material. Analyses of these data sets
are still ongoing and will be enhanced by future space mission, equipped with landers
and sample return devices, to small bodies such as JAXA’s MMX and Destiny™ missions
to Mars moon Phobos and active asteroid Phaethon (Kuramoto et al., 2022; Ozaki et al.,
2022), respectively, ESA’s Hera mission to the binary asteroid system of Didymos and
Dimorphos (Michel et al., 2022), and NASA’s Psyche and Lucy missions to metal-rich

asteroid Psyche and Jupiter’s Trojans, respectively.

1.4 Research Questions

The significance of asteroids and comets lies in their role as remnants of the epoch of
planetary formation, but it has also been suggested that they are carriers and deliverers
of the ingredients necessary for life. As described above, volatiles, of which water is the
most abundant species in our Solar System, may reveal their presence through morpho-
logic features on small body surfaces. Although the known diversity of these features has

recently enhanced by a number of space missions to asteroids and comets, the relation-
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ship between surface morphologies and the presence of volatiles as well as the amount
of volatiles related to them is often unknown. A variation in surface morphology on
asteroids and the more active comets has been observed, however, it is unclear to which
extent this variation is introduced by volatile outgassing and how volatiles contribute
to the evolution of a small body’s surface and interior. Thus, this thesis addresses the

following key questions:

¢ What is the relationship between surface morphologies and the presence of volatiles

on small bodies?

e Can we constrain the volatile content and abundance from surface morphologies

observed in small body environments?
e How are asteroidal and cometary outgassing features related?

e« What is the role of volatiles in the evolution of small body surfaces and their

interiors?

1.5 Methods

Various methods have been applied to interpret space mission data comprehensively.
This section briefly introduces the three techniques applied in this thesis including geo-
logic and morphologic space mission image analysis, laboratory experiments of subli-
mating analogue materials and discrete element method (DEM) modelling of regolith
dynamics. A more detailed description of the methods can be found in the presented

publications.

1.5.1 Space Mission Image Analysis

Cameras are standard instruments on space missions that not only provide a view of
the object, but that are also necessary for navigation. After the initial calibration and
correction of the images (e.g. Schroder et al., 2013b; 2021; Tubiana et al., 2015; Tatsumi
et al., 2019), they can be processed knowing the instrument pointing to generate a variety
of products including mosaics of combined individual images, digital terrain models,
photometrically corrected images and shape models (e.g. Gaskell et al., 2008; Gwinner
et al., 2009; Raymond et al., 2011; Roatsch et al., 2012; 2013; Schroder et al., 2013a;
2017b; Preusker et al., 2015; 2017; 2019; Scholten et al., 2019). Body referenced data
products allow the measurement of length and bearing and are indispensable for geologic

interpretations.
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Often, space mission image detectors are monochrome, but with the help of colour
filters or local illumination with coloured LEDs, colour composite images can be pro-
duced that also provide spectral information in the visible wavelength range (e.g. Reddy
et al., 2012; Fornasier et al., 2015; Schroder et al., 2017a; 2017b; Jaumann et al., 2019;
Sugita et al., 2019). Four example, the ROLIS and MasCam in situ cameras with four
coloured LED arrays were operated on Rosetta’s Philae and Hayabusa2’s MASCOT
lander, respectively (Mottola et al., 2007; Jaumann et al., 2017).

Maps of bodies that are close to spherical (e.g. Ceres, Vesta) can be evaluated using
standard geoinformation systems (van Gasselt and Nass, 2011). However, the more the
shape of a small body differs from a sphere, the more the analysis increases in complexity
and distortion effects can become severe (Stooke, 1998). A prominent example of such
a non-spherical object is comet 67P whose bi-lobed shape does not allow to assign a
unique latitude and longitude value to each point on its surface (Preusker et al., 2015).
In such cases, images or map products have to be projected onto the body’s shape model
for spatial measurements and a proper geologic interpretation. For this purpose and for
searching, retrieving and projecting data of small bodies a variety of tools is available,
e.g. the Small Bodies Data Ferret! or the Small Body Mapping Tool (SBMT) (Ernst

et al., 2018) are commonly used tools for NASA missions.

1.5.2 Laboratory Experiments

A number of comet simulation chambers (Griin et al., 1991; Pommerol et al., 2015;
Kaufmann and Hagermann, 2018; Kreuzig et al., 2021) has been used to explore volatile
outgassing as the main driver for cometary activity in the laboratory. Such chambers
are usually composed of a liquid nitrogen cooled vacuum chamber, a solar simulator and
various sensors to monitor the chamber’s environmental condition. They can accommo-
date up to decimeters sized samples. Analysis instruments vary depending on the focus
of the experiments and include among others cameras, spectrometers, optical coherence
tomographs, and radiometers (Pommerol et al., 2015; Kreuzig et al., 2021).

One of the major challenges is represented by spatially and gravitationally scaling
earthbound experiments to small body environments. The difference in feature size and
gravitational acceleration may be counterbalanced by reducing the particle size in the
laboratory, so that the ratio between cohesive and gravitational forces of grains can be
adapted to match the ratio on a small body. The ratio between the cohesive and gas

drag forces from sublimating ice-rich surfaces can be tweaked by increasing the energy
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input in the laboratory (Bischoff et al., 2019; Haack et al., 2021a).

1.5.3 Discrete Element Method Modeling

DEM modelling reproduces the dynamics and behaviour of granular, discontinuous ma-
terials that consist of separate, discrete particles (N-body simulation). Typically, these
particles are polydisperse spheres presenting a high degree of symmetry minimizing the
computational resources needed for a simulation. As regolith is composed of individual
particles, fragments, and loosely consolidated material, DEM modelling is a powerful
tool to investigate the motion, interplay and mixing of regolith. It is capable of simu-
lating the dynamics of assemblies of particles in the complex environments present on
asteroids and comets. Particularly, the low gravity as well as the large size of some
solar system objects (e.g. rubble pile asteroids) is not easily accessible in laboratories
but manageable with DEM simulations (Tancredi et al., 2012). In small planetary body
research, DEM modelling has been used, for example, to simulate impact cratering pro-
cesses (Wada et al., 2006), the Brazil nut effect (Tancredi et al., 2012), material ejection
via strong centrifugal forces (Hirabayashi et al., 2015), lander-regolith interactions (e.g.
Maurel et al., 2018; Murdoch et al., 2021; Sunday et al., 2021; 2022; Thuillet et al.,
2021) and spacecraft sample collection mechanisms (Thuillet et al., 2020). Applying pa-
rameter studies to the simulation of morphologic features and dynamic processes, such
as overhangs, boulder drops or cliff collapses, also allows constraining the physical and
mechanical properties of the involved regolith (Kappel et al., 2020).

However, in reality regolith particles are usually non-spherical and the amount of par-
ticles involved in a dynamic process can be extremely large. To handle such scenarios,
particle angularity is usually represented by rolling friction, but codes including angular
particles have also been established (Ferrari and Tanga, 2020). Additionally, connecting
individual particles with bonds enables creating complexly shaped particles in a simula-
tion. Larger scenarios (e.g. mass-wasting processes) can easily exceed the computational
capabilities, in which case scaling methods, such as coarse graining, have to be applied.
This technique describes particles collectively in computational parcels whose physical
properties are scaled such that the macroscopic simulation results become statistically

similar to those obtained without coarse graining (Bierwisch et al., 2009).
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2 Synergy of Conducted Research

2.1 Volatile Morphologies Examined Using Image Data

The following six articles concern the investigation of various surface morphologies on
small bodies and their relation to volatiles in the regolith. The investigations span a
wide range of small bodies from small near-Earth asteroid Ryugu and comet 67P to
some of the largest objects in the Main Asteroid Belt, Vesta and Ceres. They utilise
in situ as well as remote sensing image data and thus allow a multi-scale interpreta-
tion of regolith morphology from local sub-millimetre-sized to global metre-sized pixel
resolutions. Comparisons with carbonaceous chondrites as regolith analogue for C-type
asteroids are also included.

The articles Otto et al. (2021a) and Otto et al. (2021b) focus on small-scale and in
situ observations of asteroid and comet regolith and carbonaceous chondrites as terres-
trial analogue materials. They evaluate data collected by the lander cameras ROLIS on
67P and MasCam on Ryugu. Otto et al. (2021a) compares the roughness of asteroid
and comet regolith on sub-millimetre scales using in situ image data from both lander
cameras. This study determines a set of roughness parameters including the fractal
dimension, Hurst exponent, joint roughness coefficient, root-mean-square slope, hemi-
spherical crater density, small-scale roughness parameter, and Hapke mean slope angle
using an automated image analysis technique for in situ image data developed for this re-
search. It reveals that on sub-millimetre scales comet 67P’s surface is about 6% rougher
than that of Ryugu. A possible contribution to this variation in roughness could be the
different regolith volatile contents and their sublimation on C-type asteroid Ryugu and
active comet 67P.

Otto et al. (2021b) links the texture on sub-millimetre scales of asteroid regolith and
aqueously altered carbonaceous chondrites. A total of 14 carbonaceous chondrites have
been imaged in four different colours using the MasCam qualification model. Similar
to the analysis of inclusions on asteroid Ryugu (Jaumann et al., 2019; Schroder et al.,
2021), bright spots were mapped and analysed in terms of their brightness relative to the

matrix in the red light, the relative spectral slope, the size frequency distribution and
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2 Synergy of Conducted Research

the matrix volume abundance. The study finds that the inclusions seen in in situ images
on Ryugu fit well in the parameter space spanned by carbonaceous chondrite inclusions
supporting findings that Ryugu’s regolith is similar to carbonaceous chondrites that once
has been in contact with liquid water.

The articles Otto et al. (2021a) and Otto et al. (2021b) can be cited using:

e Otto, K. A., Matz, K.-D., Schroder, S. E., Parekh, R., Krohn, K., Honda, R.,
Kameda, S., Jaumann, R., Schmitz, N., ... Yoshioka, K. (2021a). Surface Rough-
ness of Asteroid (162173) Ryugu and Comet 67P/Churyumov-Gerasimenko In-
ferred from in Situ Observations. Monthly Notices of the Royal Astronomical So-
ciety, 500(3), 3178-3193. https://doi.org/10.1093/mnras/staa3314.

o Otto, K. A., Schréder, S. E., Scharf, H. D., Greshake, A., Schmitz, N., Trauthan,
F., Pieth, S., Stephan, K., Ho, T.-M., ... Yabuta, H. (2021b). Spectral and
Petrographic Properties of Inclusions in Carbonaceous Chondrites and Comparison
with In Situ Images from Asteroid Ryugu. The Planetary Science Journal, 2(5),
188. https://doi.org/10.3847/PSJ/ac034b.

The following four articles employ remote sensing data predominantly from the Dawn
Mission to asteroid Vesta and dwarf-planet Ceres.

Otto et al. (2019) and Michalik et al. (2021) each focus on a specific morphologic
feature observed on Ceres and Vesta, e.g. concentric fractures around some craters on
Ceres and pitted impact deposits (PIDs) associated with the crater Marcia on Vesta,
respectively. The article by Otto et al. (2019) investigates the link between a volatile-
rich layer in the subsurface of Ceres and the presence of concentric fracturing observed
around some medium-sized craters (~50 km in diameter) employing a finite element
relaxation model. The investigation shows that over a few million years a crater cavity
in a regolith with a shallow (<10 km) low-viscosity subsurface layer generates stresses
that can lead to the observed concentric fracturing. The best match is found for a
2 km thick layer buried underneath 1 km of regolith. A correlation between craters with
concentric fractures and other volatile related features, such as pitted impact deposits,
suggest that the shallow low-viscosity subsurface layer is enriched in ice.

Michalik et al. (2021) use clear filter and colour images as well as spectral data to
discuss the morphology and compositional variation of outgassing-related PIDs and the
origin of the volatiles involved in their formation. They investigate features inside the
crater and in the ejecta blanket of the young Marcia crater on Vesta and find that
the PIDs in the ejecta blanket occur in topographically induced ejecta accumulations

and the accompanying increase of deposit thickness. They exhibit higher reflectance
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and pyroxene band strength than their immediate surroundings. Their unique spectral
characteristics suggest a unique formation involving the loss of volatiles delivered by
exogenic sources (e.g. through meteorite impacts). However, high volatile contents are
not necessary to generate PIDs and ~1 wt% may be enough to induce the formation of
PIDs.

The articles by Parekh et al. (2021a) and Parekh et al. (2021b) apply an inter-planetary
body comparison focussing on mass-wasting and pond-like features. The research de-
scribed in Parekh et al. (2021a) concerns the effect of volatiles on mass-wasting behaviour
on Vesta and Ceres. Both bodies are similar in their physical environment (e.g. heliocen-
tric distance, surface acceleration) but possess regoliths with different volatile contents.
While Vesta is comparatively dry, Ceres’ regolith includes volatiles. The study finds that
mass-wasting deposits on Vesta have shorter run-out lengths compared to Ceres. But the
volatile content in the regolith does not significantly influence the effective coefficient of
friction of the regolith which is represented by the ratio of fall height and run-out length
of a landslide. This indicates that volatile content is not the only parameter that plays
a role in the morphology of mass-wasting features.

The work shown in Parekh et al. (2021b) focuses on the contribution of volatiles in
the formation of pond-like features on Vesta and smaller planetary bodies including
asteroids Eros and Itokawa. Pond-like features are flat deposits on the crater floor and
were first detected on Eros. The article introduces a classification of pond-like features
on Vesta, namely ejecta ponds and dust ponds. While dust ponds possess an undulating
surface with an abrupt change in slope towards the crater wall, ejecta ponds occur in
the vicinity of large craters and form as a result of melt pooling creating a smooth crater
floor. The morphology of the dust ponds indicates that a combination of seismic shaking
and volatile-induced fluidisation of the regolith is likely responsible for the formation of
pond-like features on Vesta.

The above mentioned articles can be cited using:

o Otto, K. A., Marchi, S., Trowbridge, A., Melosh, H. J., & Sizemore, H. G. (2019).
Ceres Crater Degradation Inferred from Concentric Fracturing. Journal of Geo-
physical Research: Planets, 124(0), 1-16. https://doi.org/10.1029/2018JE005660.

e Michalik, T., Matz, K.-D., Schréder, S., Jaumann, R., Stephan, K., Krohn, K.,
Preusker, F., Raymond, C., Russell, C., & Otto, K. A. (2021). The Unique Spectral
and Geomorphological Characteristics of Pitted Impact Deposits Associated with
Marcia Crater on Vesta. Icarus, 369, 114633. https://doi.org/10.1016/j.icarus.
2021.114633.
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e Parekh, R., Otto, K. A., Jaumann, R., Matz, K. D., Roatsch, T., Kersten, E.,
Elgner, S., & Raymond, C. A. (2021a). Influence of Volatiles on Mass Wasting
Processes on Vesta and Ceres. Journal of Geophysical Research: Planets, 126(3),
€2020JE006573. https://doi.org/https://doi.org/10.1029,/2020JE006573.

o Parekh, R., Otto, K. A., Matz, K. D., Jaumann, R., Krohn, K., Roatsch, T.,
Kersten, E., Elgner, S., Russell, C. T., & Raymond, C. A. (2021b). Formation
of Ejecta and Dust Pond Deposits on Asteroid Vesta. Journal of Geophysical Re-
search: Planets, 126(11), e2021JE006873. https://doi.org/10.1029/2021JE006873.
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2.1.1 Otto et al. (2021a)

Otto, K. A., Matz, K.-D., Schréder, S. E., Parekh, R., Krohn, K.,
Honda, R., Kameda, S., Jaumann, R., Schmitz, N., ... Yoshioka, K.
(2021a). Surface Roughness of Asteroid (162173) Ryugu and Comet

67P /Churyumov-Gerasimenko Inferred from in Situ Observations.

Monthly Notices of the Royal Astronomical Society, 500(3),
3178-3193. https://doi.org/10.1093 /mnras/staa3314.

As first author of this article, I conducted the presented research including the computer-
based image analysis and the data generation and interpretation. K.-D. Matz provided
support in preparing the data for analysis. S. E. Schréder, R. Parekh, K. Krohn and
R. Jaumann contributed preparatory analyses and helped with the interpretation of the
subsequently derived roughness parameters. The remaining authors were involved in
processing image data and building, calibrating and operating the ONC and MASCOT

instruments.
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ABSTRACT

Alteration processes on asteroid and comet surfaces, such as thermal fracturing, (micrometeorite) impacts or volatile outgassing,
are complex mechanisms that form diverse surface morphologies and roughness on various scales. These mechanisms and their
interaction may differ on the surfaces of different bodies. Asteroid Ryugu and comet 67P/Churyumov—Gerasimenko, both, have
been visited by landers that imaged the surfaces in high spatial resolution. We investigate the surface morphology and roughness
of Ryugu and 67P/Churyumov—Gerasimenko based on high-resolution in sifu images of 0.2 and 0.8 mm pixel resolution over an
approximately 25 and 80 cm wide scene, respectively. To maintain comparability and reproducibility, we introduce a method to
extract surface roughness descriptors (fractal dimension, Hurst exponent, joint roughness coefficient, root-mean-square slope,
hemispherical crater density, small-scale roughness parameter, and Hapke mean slope angle) from in sifu planetary images
illuminated by LEDs. We validate our method and choose adequate parameters for an analysis of the roughness of the surfaces.
We also derive the roughness descriptors from 3D shape models of Ryugu and orbiter camera images and show that the higher
spatially resolved images result in a higher roughness. We find that 67P/Churyumov—Gerasimenko is up to 6 per cent rougher
than Ryugu depending on the descriptor used and attribute this difference to the different intrinsic properties of the materials
imaged and the erosive processes altering them. On 67P/Churyumov—Gerasimenko sublimation appears to be the main cause for
roughness, while on Ryugu micrometeoroid bombardment as well as thermal fatigue and solar weathering may play a significant
role in shaping the surface.

Key words: Comets: individual: 67P/Churyumov-Gerasimenko—Minor planets, asteroids: individual: (162173) Ryugu-—
Planets and satellites: fundamental parameters —Planets and satellites: surfaces — Techniques: image processing..

1 INTRODUCTION

The roughness of airless planetary surfaces is an influential parameter
for remote sensing observations of celestial bodies. It has important
impact on the photometric behaviour of a surface and therefore influ-

* E-mail: katharina.otto@dlr.de

ences measurements of reflectance spectroscopy including imagery
(Hapke 1984) and thermal emission (Davidsson et al. 2015).
Methods to derive the surface roughness from a planetary body
have been developed for various scales. On large scales, roughness
is an important parameter for the geologic interpretation of planetary
terrains (Helfenstein 1988; Steinbriigge et al. 2020). It also causes
effects such as self-heating when light is reflected and radiated to
another point on a planetary surface due to the local tilt of the
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terrain. This can increase local erosion or activity on comets and
the Yarkovsky and YORP-effects on asteroids (Keller et al. 2015;
Rozitis & Green 2013, 2012). These effects are usually accounted
for with a sufficiently high-resolution shape models that have been
derived for many planetary missions from image data (Preusker et al.
2019, 2015) or laser altimetry (Barnouin-Jha et al. 2008). The latter
allows the derivation of surface roughness from the pulse width of
the reflected laser beam (Steinbriigge et al. 2018).

On smaller scales, surface roughness influences the spectral rock
signature at wavelengths from the visible to thermal spectrum
(Hapke 1981; Davidsson & Rickman 2014). Generally, it is assumed
that planetary surfaces are covered with a particulate medium that
depending on the particle size and shape influences the reflectance
spectra of the observed surface (Hiroi & Peters 1991). However,
with increasing spatial resolution of the spectral data the porosity
and roughness of the surface material can influence the spectral
contrast, spectral shape, and the absolute reflectance/emission due to
additional volume scattering and cavity effects (Rost et al. 2018) and
should be taken into account in order to avoid a misinterpretation.
In addition, the roughness on scales that cause shadowing effects
or small-scale self-heating have to be considered when interpreting
near-infrared and thermal measurements (Davidsson, Gutiérrez &
Rickman 2009). However, only topographic features larger than
the thermal skin depth, usually in the centimetre scale, affect these
measurements (Davidsson et al. 2015). For example, the thermal skin
depth of asteroid Ryugu is approximately 1.5-3 cm (Hamm 2019)
and 0.6 cm for comet Churyumov—Gerasimenko (Davidsson et al.
2016).

The Hayabusa2 sample collection procedure revealed that boulders
on C-type asteroid Ryugu are covered with a layer of fine-grained
particles (<1 mm) that were removed from the boulder surfaces dur-
ing the collection process (Morota et al. 2020). In situ observations of
Ryugu as well as comet Churyumov—Gerasimenko reveal that their
surfaces are depleted in fine-grained materials and that the majority
of surface features are bare rocks or centimetre- to decimetre-sized
particle assemblies (Yano et al. 2006; Mottola et al. 2015; Schr”oder
et al. 2017a; Jaumann et al. 2019). The rock surface roughness has
implications for the shear strength and friction angles of the regolith
with higher surface roughness introducing higher friction between
the constituents (Reeves 1985; Xu & Sun 2005; Jiang, Li & Tanabashi
2006).

In applied geological sciences, the roughness is often estimated
by visually comparing a rock profile with a standard roughness
scale (Barton & Choubey 1977). More objective methods involve
determining the fractal dimension or the root mean square of the
slope distribution (RMS-slope) of rock profiles (Tse & Cruden 1979;
Lee, Lee & Park 1997). The RMS-slope is also commonly used as
roughness parameter in thermal modelling (Rozitis & Green 2013;
Davidsson et al. 2015). Another roughness parameter taking into
account more complex surface structures, including overhangs and
caves, is the small-scale roughness parameter, which is the geometric
measure of the surface area in relation to its flat projected area
(Lagerros 1997; Davidsson & Rickman 2014)

In this work, we will extract roughness parameters from the
only two surfaces of small bodies imaged in situ: asteroid Ryugu
and comet Churyumov—Gerasimenko. This allows us to derive the
millimetre scale roughness measured over a horizontal scale of a
few tens of centimetres of the two volatile-rich bodies, compare
them quantitatively and discuss the different alteration processes’
influence on the surface structure. To gain insight of the dependence
of roughness on the spatial scale, we also apply our method to two
global images from Ryugu and Churyumov—Gerasimenko. By doing
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Figure 1. Asteroid Ryugu and comet 67P/Churyumov—Gerasimenko imaged
from orbit (upper row) and in situ (lower row). (a) Ryugu is approximately
900 m in diameter. (b) Churyumov—Gerasimenko from a frontal view with the
small lobe in front of the big lobe (~2.5 km across). (¢) In situ image of Ryugu
illuminated with MasCam’s red LED. The scene is approximately 25cm
across. The darker appearing area in the lower right corner is a cave (~7 cm
wide). (d) In situ image at Philae’s second landing site on Churyumov—
Gerasimenko illuminated with ROLIS’ red LED. The scene is approximately
80 cm across. Stray light is clearly visible as alternating light and dark circular
areas originating from the lower edge of the image. The overexposed feature
in the top right is caused by Philae’s leg.

so, we avoid any influence that the method of derivation may have
on the result.

In the following sections, we first summarize the space mission
operation at Ryugu and 67P and their main observations (Section 2),
followed by a detailed description of the data used in this work
(Section 3). In Section 4, we introduce the roughness parameters and
methods developed to extract them. Section 5 includes an analysis
of the model parameters and summarizes the roughness parameters
of Ryugu and 67P. Section 6 discusses the influence of the model
parameters and possible formation mechanisms of surface roughness.
Finally, a discussion of the wider context of the results and its
conclusion is given in Sections 7 and 8, respectively.

2 IN SITU OBSERVATIONS

Before deriving roughness parameters for Ryugu and Churyumov—
Gerasimenko, we first introduce the general scene of the landing
sites.

2.1 Scene of the MASCOT landing site

In 2018 June, JAXA’s Hayabusa2 mission rendezvoused with Cb-
type near-Earth asteroid Ryugu (Watanabe et al. 2017, 2019). Ryugu
is a top-shaped asteroid of approximately 950 m diameter (Fig. 1a).
Its relatively low density of 1.19 g cm™ suggests a high bulk porosity
(>50percent) and rubble pile structure (Watanabe et al. 2019).
Ryugu is relatively dark with a geometric albedo of 4.0 percent
at 0.55 pm (Sugita et al. 2019; Tatsumi et al. 2020) and has been
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Figure 2. The 3D shape models used in this work and representative profiles.
(a) The MasCam shape model from the in situ observation of Ryugu. The
scene is approximately 25 cm across and a facet is about 3 mm wide. The
light-shaded area is the MARA footprint. (b) ONC DTM of the area around
Mascot’s landing site (50 m x 50m at 20 cm spatial resolution). (¢ and d)
Profiles through MasCam and ONC DTM (the black lines) as indicated in (a)
and (b), respectively. The red line is the reference surface.

linked to CI or CM meteorites (Jaumann et al. 2019; Kitazato et al.
2019; Sugita et al. 2019). The surface and regolith appear rough,
covered with rocks and boulders of various sizes and shapes (Sugita
et al. 2019), while smaller particles in the sub-centimetre size range
and dust are missing (Jaumann et al. 2019). Four morphologic types
of boulders have been identified (Sugita et al. 2019): the unique
bluish boulder Otohime Saxum near the south pole, bright and
mottled, bright and smooth, and dark and rugged boulders. The last
two types have also been observed by the Mobile Asteroid Surface
Scout (MASCOT) during its descent and the rugged boulder type
has additionally been observed in situ in high image resolution on
Ryugu’s surface (Fig. 1c¢).

MASCOT was detached from the Hayabusa2 spacecraft on 2018
October 3 and after the initial descent phase and relocation on the
surface, MASCOT landed near a crumbly and rough boulder that
it observed in situ with four on-board instruments [Jaumann et al.
2019; camera, radiometer, magnetometer, and spectrometer (unable
to return expected data; Ho et al. 2017)] including a high-resolution
camera (MasCam; Jaumann et al. 2017). Due to a slight tilt towards
the surface (22° with respect to the surface plane), a field of view
of 55° and the Scheimpflug optics of MasCam, resolutions down to
0.15mm could be achieved in the lower part of the images while
at the same time maintaining image sharpness for larger distances.
Additionally, MasCam was equipped with an LED array composed
of four individual colours (blue, green, red, NIR) for illumination
during night time. A mini-move by MASCOT allowed observing of
the scene from two different directions, which was used to derive
a 3D shape model of the observed rough boulder on a spatial scale
down to ~3 mm (Fig. 2a; Scholten et al. 2019).

MasCam showed a scene, approximately 25 cm across, highlight-
ing a bare boulder with bright inclusions in the millimetre scale, but
visible absence of sand and pebble-sized particles (Jaumann et al.
2019). This in combination with the radiometric measurements led
to the conclusion that the boulder is highly porous (28—55 per cent)
and that the tensile strength is relative low (200-280 kPa; Grott et al.
2019). In fact, small pores larger than 1 mm could not be observed
while smaller pores may be present but not resolvable within the
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MasCam image (Grott et al. 2019). The 3D scene shows a prominent
hollow in the foreground with a size of approximately 7cm with
multiple smaller indentations (~2 cm) and a roughly 2 cm extended
overhang at the right-hand corner of the scene (Fig. 1c). The hollow
and indentations have a convex shape. Cauliflower-like undulations
on the scale of ~1 c¢cm form the surface texture of the boulder. They
are covered with further, smaller undulations of approximately 2—
3 mm, which suggest a fractal nature of the surface. Although there
are exceptions, the feature size of 1 cm and 2-3 mm appears to be a
characteristic for this scene.

The images of MasCam show a cauliflower-like rock surface tex-
ture, which can also be observed for cohesive fine-grained materials.
This is particularly evident in the images acquired during night
when the LEDs were used to illuminate the surface. This structural
appearance resembles pristine cometary material observed in situ
by the Philae lander comet Churyumov—Gerasimenko (Bibring et al.
2015; Schr”oderet al. 2017a) and is also similar to fracture surfaces of
aqueously altered carbonaceous chondrites (Fuchs, Olsen & Jensen
1973; Gounelle & Zolensky 2014). We will discuss the similarities
and differences between Ryugu’s and Churyumov—Gerasimenko’s
surface texture in more detail in this work.

2.2 Scene of the ROLIS landing site

On November 12, the Philae lander on board the Rosetta mission was
detached and landed on comet Churyumov—Gerasimenko (Ulamec
et al. 2016). After the initial touchdown and bounce, Philae got
to rest at the Abydos site, a relatively rough terrain on the comet.
Churyumov—Gerasimenko is a bi-lobate Jupiter family comet with
dimensions 4.3km x 2.6km x 2.1km (Jorda et al. 2016). With
an estimated bulk porosity of 70-75percent (Jorda et al. 2016),
Churyumov—Gerasimenko is more porous than asteroid Ryugu.
Churyumov—Gerasimenko is relatively dark with a geometric albedo
of 6.2 percent at 0.55 um (Ciarniello et al. 2016). Geomorphologi-
cally, Churyumov—Gerasimenko possesses a north—south dichotomy
exhibiting a rough consolidated terrain in the south and a smooth
airfall-covered terrain in the north. This is probably caused by the
increased erosion of the Southern hemisphere during the perihelion
passage (Keller et al. 2015). The rough terrain of the Southern
hemisphere, where Philae came to its final rest, is composed of
consolidated material of 10-50cm thickness (Knapmeyer et al.
2018). This layer probably formed by sintering and cementing of
volatiles and dust in the near surface layers (Spohn et al. 2015). Two
camera systems on-board Philae, CIVA, and ROLIS, showed this
consolidated rough terrain in detail (Poulet et al. 2016; Schr”oder
et al. 2017a). Similar to MasCam on Ryugu (Jaumann et al. 2019),
CIVA reports on two types of textures within the field of view — a
smooth fine-grained and a rough granular texture (Poulet et al. 2016).
ROLIS describes a consolidated jagged surface with cracked plates.
Schr”oder et al. (2017a) also note the fractal nature of Churyumov—
Gerasimenko’s surface by describing similar surface morphologies
on various scales.

The ROLIS camera on-board Philae operated in a similar manner
to MasCam on Ryugu. Both cameras possess a 1024 m x 1024
sensor and a four colour LED array [465-812 nm (MasCam), 470—
870 nm (ROLIS)] for illuminating the near surface (Mottola et al.
2007; Jaumann et al. 2017). ROLIS was mounted underneath the
Philae lander and was focusing on a surface 30 cm away from the
lens. At this distance, the field of view of 58° has a pixel resolution
of 0.33 mm (Mottola et al. 2007). However, as Philae landed on its
side and thus ROLIS partly pointed to the horizon ROLIS’ infinity
lens, aimed to be employed for long distances during descent, yielded



the best image of the scene on Churyumov—Gerasimenko (Schr”’oder
et al. 2017a).

ROLIS showed an approximately 80 cm x 80 cm scene at Philae’s
second landing site on comet Churyumov—Gerasimenko (Fig. 1d).
Similar to Ryugu, no individual grains or pebbles were detected
on the surface, but some ejected particles were visible moving
along the horizon (Schr”oder et al. 2017a). A bimodal brightness
distribution with dark smooth patches and bright areas running along
rough edges are visible. The albedo variation has been suggested
to be the result of different degrees of consolidation of the same
material with the light areas being less consolidated compared
to the dark areas. The surface also appears to have no visible
inclusions or pores above ~1 mmi in size (Schr”’oderetal. 2017a). The
surface morphology of Churyumov—Gerasimenko appears similar
to Ryugu with cauliflower-like patterns and undulations, but of
slightly larger extent of ~5cm. The cometary structure seems
somewhat more ragged, illustrated by small ~1 cm slots and pointy
ridges.

3 DATA

3.1 MASCOT on Ryugu

We used in situ images acquired by MasCam at the second landing
site at 22°S and 317°E (Jaumann et al. 2019). At this location, the
main science cycle was conducted and day and night time images
were taken. For the evaluation of roughness, we chose the image
acquired during night time illuminated with the red LED (image
tag: F1087378791.701_29464 12, exposure time: 3 ms, image depth:
14 bit) as the stray light in this image appears the least prominent
(Schr”oder et al. 2020) and the contrast highest compared to the other
illumination colours (Fig. 1c). This image is 1024 x 1024 pixels
large and has a pixel resolution of approximately 0.2 mm across
the foreground of the image which is the focus of our analysis. A
geometric correction of the image was not applied as the effects are
negligible.

A shape model of the scene observed by MASCOT and a S0 m x
50 m large shape model with a spatial resolution of 20 cm and 124000
facets derived from Hayabusa2’s optical navigation cameras (ONC)
images of MASCOT’s landing site (Preusker et al. 2019; Scholten
et al. 2019) were used to independently derive the RMS-slope and
small scale roughness parameter for comparison with our method
(Fig. 2).

3.2 Philae on 67P/Churyumov-Gerasimenko

We analyse the roughness of a cometary rock using images taken on
Churyumov—Gerasimenko by the ROLIS camera on-board the Philae
lander on Rosetta (Mottola et al. 2007). However, the ROLIS images
are highly affected by stray light introduced by the lens system and
an overexposed part of the lander foot in one corner of the image.
Thus, we used the enhanced and processed red image published by
Schr’oder et al. (2017a) for our analysis (Fig. 1d). The image is
slightly out of focus, however, as we will see below (Section 4.2)
this will not affect our conclusions. The pixel resolution of this image
is approximately 0.8 mm in the foreground with a total of 1024 x
1024 pixels.

3.3 Global analysis

Finally, we used two global images acquired with the red filters of
the orbiter cameras on-board Hayabusa2 (ONC-T; Kameda et al.
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2017) and Rosetta (OSIRIS; Keller et al. 2007) to extract large-scale
roughness values with our method (Fig. 1a and b). The image of
Ryugu (image tag: hyb2_onc_20180925_091520_twf_12d) has an im-
age depth of 10 bitand a size of 1024 x 1024 pixels. For validating the
quality of our method, we also used the blue version of this image that
was taken a minute after the red image and is visually almost identical
to the red image (image tag: hyb2_onc_20180925_091624_tbf_12d).
The image of Churyumov—Gerasimenko (image tag: NAC_2014-08-
06T01.20.01.282Z_1D30-1397549600_F28) has an image depth of
14 bit and is with 2028 x 2048 pixels twice as large as the other
images used in this work. Both images have a spatial resolution
of approximately 2 m. Here, we chose an image showing a frontal
view of Churyumov—Gerasimenko to avoid the bi-lobate shape of
the comet to influence our results. Both global images are geomet-
rically corrected to minimize large-scale distortion effects on the
analysis.

4 METHOD

In this work, we report on the topographic surface roughness on
asteroid Ryugu and comet Churyumov—Gerasimenko from space
mission images. We introduce a new objective and reproducible
method to extract eight commonly used roughness parameters includ-
ing the RMS-slope, hemispherical crater density, fractal dimension,
Hurst exponent, JRC, small-scale roughness parameter, and Hapke
mean slope angle from such images. Before describing the method
(Sections 4.2 and 4.3), we first introduce the roughness parameters
in detail (Section 4.1).

4.1 Description of roughness parameters

4.1.1 RMS-slope

The RMS-slope distribution of a planetary surface can be derived
when the topography of a body is known. Given a local or global
shape model composed of N connected facets, the RMS-slope
s is defined as the root of the square of each facet’s slope 6;
weighted by the projection of the facet area a; on to the local
reference plane (Spencer 1990; Rozitis & Green 2011; Davidsson
et al. 2015):

N

Doic ;%a; cos 6;
y .

i @i Cos b;

In order to assess spatially unresolved roughness of remote sensing
data from space missions, specifically those of thermal infrared emis-
sion observations, various roughness models have been established
(Davidsson et al. 2015). A commonly used model assumes that the
unresolved roughness can be represented by a flat surface speckled
with spherical-section craters (Buhl, Welch & Rea 1968; Spencer
1990). The parameters defining the roughness are the crater density
f and the ratio between crater depth and crater curvature diameter
8= %(1 — cosy), where y is the largest slope angle of the crater.
The RMS-slope is then defined as (Lagerros 1996; Davidsson et al.
2015):

SZ\/f (y_w) o
2 sin 2

The RMS-slope in this model depends on two parameters f'and y,
however, in many cases of modelling roughness on airless bodies,
hemispherical craters are assumed (y = 90°, § = 0.5) so that the

ey
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RMS-slope simplifies:

f/m
(G ®

A saturation of hemispherical craters results in an RMS-slope of
49°. This model has also been applied by Grott et al. (2019) when cal-
culating the thermal conductivity of the boulder observed on Ryugu
from thermal infrared measurements. A hemispherical crater density
of f = 0.34 represents a good agreement with their measurement.
On Churyumov—Gerasimenko, the hemispherical crater density is
highly dependent on the geologic setting and varies between 0.1 and
0.8 (Marshall et al. 2018). For comparability, we will also use the
hemispherical crater density in this work.

§5=0.5 =

4.1.2 Small-scale roughness parameter

The small-scale roughness parameter & describes the ratio between
the area of a rough surface g, and its projection on to a refer-
ence surface a, (Davidsson et al. 2009; Davidsson & Rickman
2014):

e
=1 @)
al’

The advantage of this parameter is that it considers the contribution
of cavities and overhangs of a rough surface that cannot be repre-
sented by the RMS-slope. It approaches 1 for very rough surfaces.
For some thermal roughness models, including the crater roughness
model described above, the small-scale roughness parameter is
identical to the small-scale self-heating parameter when scattering
is neglected (Davidsson & Rickman 2014; Lagerros 1998, 1997).
Using a thermophysical model reproducing temperatures extracted
from the near-infrared spectrum of comet 9P/Tempel 1, Davidsson
et al. (2009) found that small-scale self-heating parameter values
between 0.6 and 0.75 are common for the comet and values as low
as 0.2 were also found in smoother areas.

4.1.3 Hapke mean slope angle

Another popular roughness parameter, commonly used in spectral
investigations of remote sensing data, is the Hapke mean slope angle
 of a rough surface. Hapke (1984) assumes that the roughness is
introduced by flat facets with normally distributed orientations and
defines the Hapke mean slope angle of these facets as
_ 2 [T
tanf = — tanfa(0)do, ()
T Jo

where a is a normalized Gaussian distribution of not too large
slope angles 6. Following Lagerros (1997), the relationship between
Hapke’s mean slope angle and the small-scale roughness parameter
& (equation 4) can be expressed as

E\(cot? 0 /)

=1- — =
§ 7 tan @ erfc(cotf/ /)’

(6)

if the slopes follow a Gaussian distribution. Here, E|(x) =
floo exp(—xt)/t dt. In the roughness regime of most planetary
surfaces (6 ~ 20°—40°), the relationship between & and 6 is nearly
linear with a slope of 0.009 [1/°] (Fig. 3).

As we will see later, the criterion that the slope distribution is
normally distributed is a consequence of the method we will apply
and this assumption is therefore valid. However, the constraint to
small angles will pose some difficulties as we will discuss in Section
7.
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Figure 3. Relationship between the Hapke mean slope angle and small scale
roughness parameter (equation 6). The relationship is approximately linear
in the regime of most planetary surfaces with € ~ 0.009[1/°] - 6.

4.1.4 Fractal dimension, Hurst exponent, and joint roughness
coefficient

The fractal dimension is a measure of the surface roughness of self-
affine structures (Zahouani, Vargiolu & Loubet 1998). Fractal sur-
faces possess the characteristic that with decreasing measuring unit
r the total length of the measured surface L increases monotonically
(Mandelbrot 1967; Huang, Oeltke & Speck 1992):

L(r)y=r""", N

where D is the fractal dimension, which varies between 1 for smooth
and 2 for rough 2D surfaces. Fractal descriptions have been found to
be useful in various geologic applications including the description of
coastlines and the joint surfaces of rocks (Mandelbrot 1967; Odling
1994).

The fractal dimension is dependent on the dimension of the space,
e.g. 2D or 3D, it has been determined for. The Hurst exponent
H is linearly related to the fractal dimension, independent of the
dimension of space and varies between 0 and 1 for smooth and rough
contours/surfaces, respectively (Shepard & Campbell 1998):

H=2-D (for 2D profiles), (8a)

H=3-D (for 3D surfaces). (8b)

A way to construct such a fractal surface is the Koch curve. Starting
with a straight line segment, a triangle with base length 1 and height
h is placed in the centre of the line forming the first-order Koch
curve. The repetition of this procedure on each of the first-order line
segments generates the second order and so on, creating a fractal
structure. In geoscientific applications, natural rock joints are often
assumed to follow a construction similar to the Koch curve (Xie
& Pariseau 1994). The advantage is that the fractal dimension can
be estimated from a single length-scale of a 2D contour using the
equation

D— log4
~ log (2 (1 + cos(tan~" (2h/1))))’

©)



Figure 4. Illustration of the derivation of the fractal dimension of a 2D
profile. Shown is the measurement (the blue-dashed lines) of base length and
asperity height of a natural contour (the red line). The reference contour is
sketched as the yellow line.

where /1 and [ are the average height and the base length of high-order
asperities of a rock joint (Xie & Pariseau 1994; Li & Huang 2015;
Fig. 4). The fractal dimension of the equilateral Koch curve with
h = /3/2l yields D = log 4/log 3 = 1.26.

The fractal dimension can be correlated to the joint roughness
coefficient (JRC), a measure of the roughness of rock joints used to
estimate the peak shear strength of a material. The JRC has been
empirically related to the fractal dimension by the formula (Li &
Huang 2015)

JRC = 118.89(D — 1)>4%3, (10)

The peak shear strength 7 of a joint rock surface is given by

JCS
) +<Db), (11)
On

where o, is the effective normal stress, JCS is the joint wall
compressive strength, and @, is the basic friction angle (Barton
1976). Note that both, 7 and o, have the unit of a pressure.

T = o, tan (JRClog (

4.2 Roughness from 2D images

To extract the surface roughness from images acquired in situ
on asteroid Ryugu and comet Churyumov—Gerasimenko with the
highest available spatial resolution, we derive the RMS-slope, hemi-
spherical crater density, small-scale roughness parameter, Hapke
mean slope angle, fractal dimension, Hurst exponent, and JRC from
the outline of imaged rocks applying an objective and reproducible
method suitable for images acquired with LED illumination. Due
to its high quality and resolution, we tested our method and its
dependence on the input parameters using the MasCam image
(Section 5.1).

Our method is based on the observation that the texture and
material imaged is relatively homogeneous over an area smaller
than the rock but large enough to be statistically relevant (>1000
pixels). Within the illuminated images, it can be assumed that parts
of the rock with the same distance to the LED have a similar radiance
and that with increasing distance the radiance decreases (o r2). This
makes areas with the same distance from the camera similarly bright
in the image. Thus, we aim at determining the 2D surface at a specific
distance, represented by pixels of similar radiance. It can be imagined
as a cut through the rock perpendicular to the camera at a specific
distance. The texture caused by bright or dark inclusions and varying
surface tilts at this specific distance is considered by computing the
histogram of pixel brightness values at the given distance and by
assuming a Gaussian distribution of these pixel values. The mean
and variance of this distribution allow constraining pixels belonging
to a specific distance by their brightness values.

3183
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Figure 5. The four images used in this work. Each region to be analysed
(labelled in upper row) was investigated using five slightly varying starting
regions (the white circles). Note that the number of regions investigated in
each image varies and that a different starting region selection procedure
was applied for the global images. Here, the size of the starting regions
varies with the smaller starting regions being a subset of the larger ones,
whereas the in situ images have overlapping staring regions of the same size.
(a) The red MasCam image of Ryugu (~0.2 mm spatial resolution). (b) The
red ROLIS image of Churyumov—Gerasimenko (~0.8 mm spatial resolution).
Note the stray light emerging from the lower image boundary as quasi-circular
alternating light and dark regions. The starting regions were chosen in areas
that are less dominated by stray light. (c) ONC image of Ryugu at ~2m
spatial resolution. (d) OSIRIS image of Churyumov—Gerasimenko at ~2m
spatial resolution.

More precisely, looking at the in sifu images (Fig. 5a and b), for
each image investigated we identified structures [labelled front left,
middle, cave, front right, and back right on Ryugu and left edge
and centre on Churyumov—Gerasimenko (Fig. 5a and b)] of which
to measure the surface roughness. Where available, we also used
a shape model to make sure that the structures had a more or less
constant distance to the camera. Within these structures, we defined
five circular starting regions that covered a representative texture and
colour of the structure to investigate (Fig. 5). The regions comprised
~1835 pixels within the in situ images. Within the MasCam image
this corresponds to a roughly 1cm in diameter circle on the rock
surface. For each structure, we derived the roughness parameters
by growing all of the five circular starting regions using a standard
growing algorithm (see below for details) and averaged the results to
generate a representative value.

We also used two global images of Ryugu and Churyumov—
Gerasimenko to derive the roughness parameters on a larger scale.
For these, we used a slightly different approach taking advantage of
the fact that the background of the images is black space and therefore
easily distinguishable. The five circular starting regions covered the
majority of the imaged object (Fig. 5Sc and d). Comprising dark pixels
showing space in the circular starting regions, results in a pixel value
histogram with two peaks, one at the average asteroid/comet pixel
value and one at the average space pixel value, which would allow a
precise determination of the object’s limb. However, we used circular
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(a)

Figure 6. Sketch illustrating the method used in this work. (a) Image
composed of pixels with lighter area to the left separated from a darker
area to the right by a dark shadow. (b) Starting region in the light area.
The large white circle illustrates the starting region. Pixels with the white
dots belong to the starting region. (¢) The grown region marked by the red
dots. (d) Boundary pixels (the red dots) and their connection (the red lines).
(e) Boundary contour (red) and reference contour (yellow). The yellow dots
illustrate the boundary between adjacent sections as needed for deriving the
fractal dimension (compare with Fig. 4b).

starting regions that predominantly cover the object to be consistent
with the approach used for structures in the in situ images. The
five circular starting regions had varying sizes ranging from 0.5-1.2
x 10° pixels for Churyumov—Gerasimenko and 0.8-1.4 x 10° for
Ryugu. Each smaller circular staring region was a subset of the larger
ones.

We then grew each of these regions using a region growing
algorithm. Figs 6 and 7 illustrate our method. We determined the
mean and standard deviation of the pixels’ values within each circular
starting region (7e) and added all connected neighbouring pixels
(each pixel has eight neighbours) that had radiance values falling
within the mean plus/minus a multiple of the standard deviation to
the region (Figs 6¢ and 7e). Pixels not fulfilling this criteria but
being surrounded by pixels fulfilling it were also considered part
of the grown region. In general, we constrained the values using
one standard deviation around the mean, but also investigated the
effect when changing this range (Section 5.1). The boundary of this
grown region was then used as the structure’s boundary profile. The
boundary pixels are connected in a closed loop (the red line in 7a)
with each boundary pixel having exactly one preceding and one
following neighbour within the eight surrounding pixels (6d).

Although in some cases, specifically the MasCam observations,
the image quality appears relatively good the roughness on the
pixel scale is not solely introduced by the topography of the rock
surface. Instead effects such as image noise, point spreading of
particularly bright features, and rock texture introduce a roughness
to the rock surface that needs to be neglected when deriving the
topographic roughness. In order to remove such factors, we applied
a morphologic operator to the grown region. By mathematically
closing the grown region with a circular structural element (dilation
followed by erosion), we filled indentations of the size of the
structural element along the contour boundary (e.g. Gonzalez &
Woods 2018). This process also counteracts any biases arising from
blurry image boundaries.

Inclusions are the most prominent disturbance along the boundary
within the rocks on Ryugu. Their size ranges from 0.1 to 2 mm with
a characteristic size of 3 pixels in the area investigated. We therefore
chose the size of the structural element for the closing operation to be
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Figure 7. Illustration of the growing region algorithm in the middle of the
MasCam image. (a—c) The MasCam image with circular starting region
(white), rough detected outline (red), and smoothed reference contour
(yellow). (b) and (c) are subsets of (a) as indicated by the white box. Note that
the rough outline follows the shadow detected closest to the starting region
rather than the most prominent one. (d) Histogram of all pixel values within
the grown region. The blue histogram represents the histogram of the starting
region as shown in (e). The dashed and dash—dotted lines indicate the mean
and the 1standard deviation, respectively.

3 pixels across, but also investigated the influence of different sizes
of the structural element.

To derive the above described roughness parameters from the
boundary, a reference contour is needed. This reference contour
represents the assumed local rock topography without any roughness.
Although all roughness parameters depend on this reference contour,
it is often chosen arbitrarily in the literature. Here, we derived the
reference contour by applying a running mean along the rough
boundary contour. For each point along the boundary, we derived
the mean x—y position including the preceding 50 and following
50 pixels along the boundary. Within the MasCam images, 100
pixels correspond to roughly 2 cm length, which is an appropriate
length-scale given the size of indentations and overhangs described
in Section 2.1. This smoothened boundary was used as the reference
contour (Figs 6e, and 7a and c). We also experimented with changing
the length of the running mean. Note that the constraint formulated
by Hapke (1984), that the slope angles follow a Gaussian distribution
(Section 4.1.3), is automatically fulfilled when applying a running
mean to define the reference contour.

Given the reference contour and the rough boundary contour of
a specific structure identified in the high-resolution images, we
derived the RMS-slope of the rough contour by determining the
angle between the line connecting two adjacent pixels along the rough
boundary contour and the line connecting the corresponding pixels on
the reference contour. Following equation (1), we derived the RMS-
slope from this angle and the length of the section between the two
adjacent pixels on the rough contour. Because the derivation of the
RMS-slope requires a 3D surface boundary rather than a 2D surface



contour, we assumed that the depth of the pixel along the direction of
the boresight vector is the same as the pixel dimension in the image,
e.g. 1. This allowed us to simply use the distance between two pixels
as the facet area required in equation (1). Using the angle between the
reference and rough boundary contour as described above and again
assuming that the extent of the pixels along the boresight vector is
1, we derived the small-scale roughness parameter by projecting the
rough boundary segment on to the reference contour and applying
equation (4).

Finally, we derived the fractal dimension of the rough boundary
contour with respect to the reference contour by finding the inter-
sections of the rough boundary contour and the reference contour.
For each section bounded by two adjacent intersections (Fig. 6e)
we derived the base length by calculating the distance between the
two adjacent intersections along the reference contour and the local
height by calculating the maximum distance of any rough boundary
pixel located in this section to the reference contour (Fig. 4b).
We then derived the fractal dimension applying equation (9) by
repeating these calculations for each section bounded by two adjacent
intersections and determining the average base length and height
from all sections. We then applied equation (10) to estimate the JRC.

4.3 Roughness from 3D shape models

Additionally, we derived the roughness parameters from two local
shape models. For a comparison with the roughness estimated by
fitting thermal measurements (Grott et al. 2019), we considered the
roughness of the MARA footprint in the MasCam DTM separately.
As reference surface we used an arbitrary sphere. Note that the radius
of this sphere is not necessary to determine because the angle between
a facet’s and the sphere’s local normal vectors is independent of the
radius of the sphere.

Furthermore, we determined the fractal dimension and corre-
sponding Hurst exponent and JRC for these differently resolved
shape models near the MASCOT landing site. These parameters
are derived from 2D contours. Thus, we extracted 10 arbitrary
profiles each and calculated the reference contour for the 20cm
resolution ONC DTM by smoothing the profiles consisting of 250
data points (50 m) with a running mean of 100, which corresponds to
approximately 20 m, maintaining the same ratio between the DTM
spatial resolution and smoothing resolution (0.01) as applied in the
image-based method described above. Due to the small length of
the profiles of the 3 mm resolution MasCam DTM (53-121 data
points, 16-39 cm), the smoothing factor was chosen to be 34 (10 cm),
which is on average the same ratio between profile length and
smoothing factor as chosen for the ONC DTM, and thus maintains
comparability. Profiles crossing through the cave in the front of the
MasCam DTM were not considered due to restrictions of our 2.5D
profile extraction tool. To derive a representative fractal dimension,
Hurst exponent and JRC we averaged the results from the individual
profiles. The so-derived 2D fractal dimension is comparable to the
3D value (Tatone & Grasselli 2009; Cai et al. 2018)

5 APPLICATION AND RESULTS

5.1 Effect of input parameters on roughness

In order to access the reliability of our results and its sensitivity to the
chosen parameters, we used the basic parameter set as described in
Section 4.2 for the middle region in the MasCam image (smoothing
factor of reference contour = 100, standard deviation multiplier =
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1, size of structural element = 3, image pixel resolution = 1) and
varied one parameter at a time. The result is summarized in Table 1.

To explore the robustness of our method against image noise, we
added a Gaussian random noise to the MasCam image with a scale
factor of 10 per cent and 50 per cent of the mean pixel value of the
image. As shown in Fig. 8, the area detected by the grow region
algorithm varies slightly in the 10 per cent noise image (Fig. 8b) and
expands to the right-hand side in the 50 per cent noise image (Fig. 8c)
compared to the original image (Fig. 8a). This can be explained by
noisy pixels bridging shadows and allowing the algorithm to grow
into areas that are separated by a shadow in the image without or
little noise. We then extracted the roughness values and found that the
RMS-slope and corresponding hemispherical crater density slightly
decrease (for 10 per cent noise level) and increase (for 50 per cent
noise level) when introducing noise, but they agree within their errors.
The fractal dimension and derived values (Hurst exponent and JRC)
show the opposite effect of a very small increase in roughness for a
10 per cent noise level and a decrease for 50 per cent noise level. This
decrease can be explained by the growing region reaching the image
border to the right and therefore artificially detecting a flat boundary.
The small-scale roughness parameters and Hapke mean slope angles
are constant within their errors. This inconsistency in roughness
variation and the low variation within the derived roughness values
with additive noise shows that the image noise does not have a
systematic effect on the roughness derived. This is achieved by the
mathematical closing of the detected boundary, which effectively
erases any noise along the boundary on the scale of the structural
element.

The filters and camera settings also have an effect on the point
spread function on the detector and therefore on the quality of an
image. The point spread function is dependent on the incident angle,
camera temperature, and wavelength. We investigated whether the
wavelength influences the result of our method by repeating the
global analysis of Ryugu with a blue Ryugu image taken a minute
after the red image shown in Fig. 5(c). Both, the red and blue
image, are visually nearly identical and so we used the exact same
starting region locations. The roughness derived from the blue and
red images are either identical or agree within 1o standard deviation.
We thus conclude that the wavelength the image was taken at and the
according point spread function does not have a significant effect on
the roughness derived from an image.

The smoothing factor to generate a reference contour was chosen to
be 100, e.g. arunning mean of 100 points was applied to the boundary
surface. Increasing this number results in a smoother and decreasing
in a rougher, more similar to the boundary surface, reference contour.
The RMS-slope and corresponding hemispherical crater density
increase steadily with increasing smoothing factor. This behaviour is
expected because the reference contour’s similarity to the boundary
contour decreases with increasing smoothing factor and therefore
results in a higher roughness. A similar trend is observed for the
small-scale roughness parameter and Hapke mean slope angle with
an exception for the highest smoothing factor of 300, which is the
lowest value. However, the error on this value is comparatively large
and points at an outlier within the individual starting regions’ results.
The fractal dimension and derived parameters (Hurst exponent and
JRC) show no obvious trend with increasing smoothing factor. The
more similar the reference contour is to the boundary contour (e.g. the
smaller the smoothing factor), the more intersections of the reference
and boundary contour exist and the more values for the average
section length and height can be taken into consideration generating a
larger statistic, but not necessarily different values. Thus, a smoothing
factor of 100 is reasonable for the scene observed.
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Figure 8. The effect of noise on growing a region in the middle of the image.
The white, red, and yellow outlines represent the staring region from with
the growing algorithm started (compare with Fig. 5a), rough contour and
reference contour. (a) Original image, (b) additive noise of 10 per cent of the
mean pixel value, (c) additive noise of 50 per cent of the mean pixel value.
Note that the grown region approaches the image boundary on the right in (c)
that causes a smaller fractal dimension.

The standard deviation multiplier is used to define the cut-off
value for the growing region. All pixels with values lying within the
mean plus/minus the standard deviation times its multiplier of the
starting region are considered for growing the region. Changing the
standard deviation multiplier results in different cut-off values with
larger regions for larger multipliers. All roughness values show a
decrease in roughness with increasing standard deviation multiplier.
The larger the standard deviation multiplier, the larger are the grown
regions and the distances to the camera they cover. Particularly at a
large distance from the camera, the brightness gradient is smaller and
borders of the grown region are smoother, which is represented in the
lower roughness values. Also, boundaries that align with the image
frame and that were not taken out of consideration, further smooth
the roughness values. It is therefore advisable to use a small standard
deviation multiplier and constrain the grown region to a small area.

Before determining the roughness of the grown region, a math-
ematical closing operation was applied to the boundary to remove
any roughness introduced by inclusions, local surface tilts or image
noise. The standard size of the structural element was 3 pixels. A
smaller (1 pixel) and larger (5 pixels) structural element resulted in
a higher and lower roughness, respectively, for all roughness values.
This trend is expected because the size of the structural element
removes any roughness on the scale of the structural element or
smaller. Consequently, the larger the structural element, the smoother
is the boundary and the lower the roughness. A structural element
of 3 pixels, which is the approximate size of the inclusions and also
removes blurriness and noise on the one pixel scale, is therefore the
best choice for the size of the structural element.

Finally, we investigated the effect of the image scale by artificially
decreasing the pixel resolution. For this, we reduced the image pixel
resolution by averaging the pixel values within cells of 2 x 2, 4
x 4, 8 x 8, and 16 x 16 original pixels. We also explored the
effect of decreasing the smoothing factor of the reference contour
with the according image pixel resolution factor that maintains the
spatial scale of the smoothing at about 2 cm. Dividing the smoothing
factor by the image pixel resolution factor generally results in
smaller roughness values because the smoothed reference contour
approaches the shape of the rough boundary contour which naturally
decreases the roughness relative to the reference contour. The only
exception can be observed at a small-scale roughness parameter and
deduced Hapke mean slope angle at an image pixel resolution factor
of 2. Here, the roughness of the adjusted smoothing factor (divided
by the image pixel resolution factor of 2) is larger. Nevertheless, since
the values agree within their 1o standard deviation, these values can
be considered outliers.

3187
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For large image pixel resolution factors (8 and 16), all roughness
values decrease with decreasing image resolution (e.g. increasing
image resolution factors). At these low image resolutions, the grown
regions only exist of a few pixels and the boundary contour is
comparatively smooth accordingly. However, when considering the
adjusted smoothing of the reference contour (e.g. maintaining the
spatial scale of the smoothing for the reference contour by dividing
the smoothing factor of the reference contour by the image pixel
resolution factor), the roughness values do not peak at the highest
pixel resolutions, but at an image pixel resolution factor of 2 for
the RMS-slope, hemispherical crater density, small-scale roughness
parameter, and Hapke mean slope angle and at an image pixel
resolution of 4 for the fractal dimension, Hurst exponent, and JRC.
This observation is probably caused by a few very bright boundary
pixels (e.g. bright inclusions). Given the method of artificially
reducing the image resolution by averaging the values in a given cell
(e.g.2 x 2and 4 x 4), such pixels affect the boundary roughness on
a larger scale when the image resolution is decreased. However, this
roughness will not be removed by the subsequent erosion procedure
asitis the case for the original image because its structural element is
on the scale of or smaller than the image resolution. Thus, the effect
of an increased roughness for a slightly reduced image resolution
is probably an effect of the methods applied rather than a natural
observation.

Following the analysis above, we conclude that the following
parameters are most suitable for our subsequent analysis of Ryugu’s
(Section 5.2) and Churyumov—Gerasimenko’s (Section 5.3) small-
scale roughness derived from in sifu images: smoothing factor of
reference contour = 100, standard deviation multiplier = 1, size of
structural element = 3, and image pixel resolution = 1.

5.2 Ryugu roughness

Fig. 5(a) shows the location of the five circular starting regions from
which the growing algorithm was started in five different locations
(structures) on Ryugu. According to their location, they are labelled
back right, cave, front right, left-hand side, and middle. Table 2
lists the roughness parameters for the five regions in the MasCam
image of Ryugu. For all structures, the approximate pixel resolution
in horizontal and vertical direction is 0.2 mm, but depending on the
local topography it varies slightly (Table 3).

In addition to the roughness values derived from the MasCam
image using our new method, we also extracted the roughness values
using shape models from MasCam and ONC. The region on Ryugu’s
rock which was observed by MARA was additionally evaluated for
comparison with thermally derived roughness parameters (Table 2).

The values for the RMS-slope of the five regions imaged by
MasCam on Ryugu determined with the above described method
is larger than the RMS-slope of the global image derived with the
same method. The values derived from the MasCam shape model is
in between these two values. At the location of MARA’s footprint
on the Ryugu rock the RMS-slope is smallest, possibly caused by
the comparatively flat local topography. The approximate roughness
derived by fitting thermal measurements to the MARA night time
data yields a similar value to the geometrically derived RMS-slope of
this region. The shape model’s RMS-slopes are generally smoother
than the RMS-slope derived with our new method as they have a
lower spatial resolutions compared to the image they are derived
from and particularly steep slopes are averaged out. Consequently,
the ONC shape model with a resolution of 20 cm has the lowest
RMS-slope. The hemispherical crater density is proportional to the
squared RMS-slope (equation 3) and thus shows the same trend.
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Table 3. Approximate distance of the structures on Ryugu from the camera
and the according approximate pixel resolutions in horizontal and vertical
direction with reference to the image frame.

Region Approximate Pixel Pixel
distance from resolution resolution
camera (cm) horizontal (mm) vertical (mm)
Back right 27.9 0.25 0.25
Cave 26.5 0.23 0.21
Front right 24.7 0.21 0.20
Front left 22.5 0.19 0.17
Middle 249 0.23 0.211

The fractal dimension, Hurst exponent, and JRC also show an
increased roughness with decreasing spatial resolution of the data
set. The only exception to this trend is found for the small-scale
roughness parameter and the deduced Hapke mean slope angle. Here,
the meanroughness of the five regions imaged by MasCam at a spatial
resolution of 0.2 mm is slightly smaller than the roughness derived
from the MasCam shape model at a spatial resolution of ~3 mm.
Nevertheless, the deviation is smaller than the error of the roughness
values and is thus not significant.

With the exception of the location in the front right of the MasCam
image, all roughness values derived with our method have arelatively
small standard deviation (Table 2). The front right part of the image
is close to the bottom right corner of the image that constrained
the growing region. Because the image boundary is a straight line,
the roughness of a grown region reaching the image boundary is
underestimated and causes the comparatively small roughness values
and large errors. The fractal dimension and deduced parameters
are not affected as significantly by this because the straight image
boundary introduces only a small number of smooth sections that
have a negligible effect on the derivation of the fractal dimension
(equation 9). Nevertheless, it should be avoided to extract roughness
values too close to the image boundary.

5.3 67P/Churyumov-Gerasimenko roughness

We derived the roughness parameters from the ROLIS image of
Churyumov—Gerasimenko in two locations, in the centre and at the
left edge of the image (Fig. 5b, Table 4). As mentioned above,
the image is slightly out of focus, which results in a systematic
underestimation of the roughness as small-scale topography will not
be resolved. Thus, the roughness reported on here is only a lower
limit. In both locations, most roughness values are similar and agree
within their errors. Only the small-scale roughness parameters and
Hapke mean slope angles for both locations vary more significantly
(Table 4). As seen by comparing the roughness parameters derived
from the ONC and MasCam images, the roughness parameters
derived from the global OSIRIS image of Churyumov—Gerasimenko
are also generally smaller compared to the values derived from the
high resolution images. Itis also noticeable that due to the large image
size (2048 x 2048 instead of 1024 x 1024 pixels) the errors of the
roughness values derived from the OSIRIS image are comparatively
small.

6 SMALL-SCALE SURFACE ROUGHNESS

6.1 Influence of spatial resolution, data sets, and method

Our method is sensitive to the decision made on the input parameters
including the standard deviation multiplier of the circular region,

Asteroid and comet surface roughness 3189

the size of the structural element of the boundary contour, and the
smoothing factor for the reference contour. Testing the influence of
these input parameters, we conclude that the best set of parameters
in order to achieve comparability between different images is a
standard deviation multiplier of 1, a structural element size of 3,
and a reference contour smoothing factor of 100. Using these values
as a base, we can achieve comparability and reproducibility for this
and future data sets. However, the parameters may have to be adjusted
for possible future images depending on the data set and its quality.
Varying point spread functions for different camera filters do not
affect the results of the roughness values derived using our method.
Image noise may influence the results on roughness with an increased
noise level introducing larger roughness; however, the effect is not
dramatic even for high noise levels, so that our method is capable
of generating comparable results for a variety of images at similar
spatial resolutions.

The roughness values of Ryugu derived from the MasCam and
ONC shape models and images using the newly introduced method
described in Section 4 shows that the roughness is dependent on
the data set and its spatial resolution with higher spatial resolutions
presenting lower roughness values. The same applies when compar-
ing the roughness derived from the ROLIS and OSIRIS images at
different spatial resolutions using our method. The spatially higher
resolved images result in higher roughness. Because fractal surfaces
have the characteristic that with decreased spatial resolution the total
contour length decreases, it is expected that small-scale roughness
remains unresolved at lower resolution.

When using the same data format and looking at the same planetary
body, the roughness is spatially variable. For example, using the
MasCam shape model, the roughness of the entire scene is much
larger than the roughness of the MARA footprint area which is a
subset of the entire scene (RMS-slope: 34.9° versus 26.2°, small-
scale roughness parameter: 0.321 versus 0.141). The MasCam shape
model shows that the MARA footprint is indeed on a relatively flat
plateau surrounded by steeper slopes (Fig. 2a). Even though the five
regions in the MasCam image have similar distances and orientations
to the camera, our image-based method results in noticeably different
roughness values in the five regions. The surface roughness has
a significant influence on many remote sensing observations, but
assuming a constant roughness value for an observation may not be
advisable.

Nevertheless, considering the data sets from Ryugu and
Churyumov—Gerasimenko used in this work, the roughness is higher
for higher spatial resolution when considering the DTM-based and
our image-based method separately. Generally, our image-based
method derives higher roughness values compared to the DTM-
based method that can be explained by the higher spatial resolution
and the shape models’ tendency to underestimate the roughness
when meshing the topography. Extracting profiles from the DTMs
to estimate the traditionally 2D roughness parameters, the fractal
dimension, Hurst exponent, and JRC, results in even lower roughness
values (Tatone & Grasselli 2010). Following this observation, it is
not advisable to use 3D shape models for extracting these roughness
parameters as they are significantly underestimated.

6.2 Roughness of Ryugu and 67P/Churyumov-Gerasimenko

Although the surface texture of undulating cauliflower-like fea-
tures appears similar on asteroid Ryugu and comet Churyumov—
Gerasimenko, the surface of Churyumov—Gerasimenko is slightly
rougher compared to Ryugu on both the in situ sub-millimetre scale
and the global scale. The fact that the spatial resolution of the Ryugu
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Table 4. Parameters describing the roughness of comet 67P/Churyumov—Gerasimenko derived from a high-resolution ROLIS image and a global OSIRIS
image. The reference contour was derived by smoothing with a running mean of 100, standard deviation multiplier for region growing method set to 1 and all
neighbours considered. For comparability with the Ryugu analysis, outline indentations with a size of 3 pixels across where removed from the high resolution

images. The outline of the global image was not smoothed.

Location RMS slope (°) Hemispherical Fractal Hurst exponent JRC Small scale Hapke mean
crater density dimension roughness slope angle (°)
parameter
ROLIS image centre 383 £0.6 0.61 £0.02 1.18 + 0.03 0.82 £ 0.03 56.4+34 0.346 £ 0.015 442 +1.9
ROLIS image left edge 38.1 £0.7 0.60 £ 0.02 1.17 = 0.02 0.83 £ 0.02 55.14+22 0.323 £ 0.006 41.74+0.3
OSIRIS global image 341+£0.2 0.48 £+ 0.01 1.11 £ 0.003 0.89 £ 0.003 45.7+0.5 0.277 £+ 0.004 36.5£0.5

MasCam image is higher (0.2 mm versus ~0.8 mm) and that the
Churyumov—Gerasimenko ROLIS image is slightly out of focus
implies that comet Churyumov—Gerasimenko is indeed rougher than
asteroid Ryugu because a higher spatial resolution and sharper image
would result in higher resolved roughness. For example, the RMS-
slope of Ryugu at a 0.8 mm spatial resolution (image pixel resolution
factor of 4 in Table 1) is 36.6° £ 0.7°, 4.6 per cent less than the RMS-
slope of 38.3° &+ 0.6° for the same scale on Churyumov—Gerasimenko
(in the image centre). The same observation can be made for the
Hapke mean slope angle which is 4.7 per cent less.

The spatial resolution of the Ryugu and Churyumov—Gerasimenko
global images is similar, but all roughness parameters at this
scale also indicate that Churyumov—Gerasimenko is rougher than
Ryugu. The RMS-slope and Hapke mean slope angle of Ryugu
at the 2m resolution global scale are 32.9° + 2.2° and 35.0°
+ 5.1°, respectively, 3.6 percent and 4.3 percent less than that
of Churyumov—Gerasimenko (RMS-slope: 34.1° + 0.2°, Hapke
mean slope angle: 36.5° & 0.5°). With the exception of the fractal
dimension at the in situ scale, which is probably slightly distorted
by the applied method as argued in Section 5.1, all roughness
parameters show the same trend with Churyumov—Gerasimenko
being between 2.8 percent and 5.5 percent rougher compared to
Ryugu. However, given the comparatively large errors at this
scale for Ryugu, the conclusion is less reliable than at smaller
scales.

6.3 Roughness caused by sublimation of volatiles

Given that Ryugu is a rubble pile Cb-type asteroid (Sugita et al.
2019; Kitazato et al. 2019) and Churyumov-Gerasimenko is an
active comet, differences in roughness can be expected. Laboratory
experiments have shown that volatile outgassing under cometary
conditions increases the near surface porosity and generates fluffy
particles or aggregates from the sublimation residues that are ejected
from the surface (Griin et al. 1993; Kossacki et al. 1997). The Rosetta
mission at Churyumov—Gerasimenko confirmed the existence of
fluffy aggregates in the size range of a 10-500 wm (Langevin et al.
2016) and 0.2-2.5mm (Fulle et al. 2015), a scale comparable to
the image resolution used in this work. It is probable that their
fluffy nature is also preserved in Churyumov—Gerasimenko’s near
surface (Poch et al. 2016) and contribute to the observed rough
texture of the comet. On the other hand, Ryugu has been reported
to be neither pristine nor active and its surface materials, which
were potentially compressed within the parent body and subsequently
during a catastrophic impact event (Okada et al. 2020; Sugita et al.
2019), are likely more compacted and thus may show a lower
roughness compared to Churyumov—Gerasimenko.
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6.4 Roughness caused by micrometeoroid impacts

Surface roughness on the centimetre and millimetre scale may also
be caused by micrometeoroid impacts, as was argued for the Moon
(Bastin 1966) and observed on near-Earth asteroids Itokawa and
Bennu (Miyamoto et al. 2007; Ballouz et al. 2020). As described in
Section 2.1, the surface of Ryugu is characterized by cauliflower-
like undulations of ~1 cm that are covered with smaller undulations
of approximately 2-3mm. The smaller undulation size is also
confirmed by our measurements of the fractal dimension, in which
the contour is divided into sections by the intersection of the rough
and reference contour. These intersections are approximately 2.5 mm
long. Furthermore, impact experiments on to carbonaceous chondrite
analogue materials simulating micrometeoroid bombardment show
resemblance to the observed surface morphology of Ryugu and result
in a mean surface slope (32°) similar to the one derived for Ryugu
(Avdellidou et al. 2020).

To test if the cauliflower-like structures may be a result of
spallation and compaction of micrometeoroid bombardment into a
highly porous and low strength rock, we assume that a hypervelocity
impact into a highly porous material can be assumed to be 10 times
larger than the impactor (Tedeschi et al. 1995), thus a 250 pm particle
would cause a 2.5 mm impact feature. Based on the Interplanetary
Meteoroid Environment Model 2 by Soja et al. (2019), the mean
impact speed of a 250 pm dust particle in a near Earth orbit is approx-
imately 16kms~' and has an flux of ~8 x 107 m~2s~!. Assuming
that the rock imaged by MasCam has been exposed at the surface
since Ryugu’s formation [approximately 107 yr ago (Arakawa et al.
2020)], this flux results in about 1.6 x 10° accumulated impacts in
the imaged 25cm x 25cm scene or 250 impacts per cm”. This
implies that the total area affected by an impact of this size is
approximately 10 times larger than the area of the scene meaning
that the surface should show traces of such impact cater features and
that micrometeoroid bombardment plays a role in the formation of
Ryugu’s surface roughness. However, impactors of various sizes hit
the surface and specifically smaller particle impacts occur much more
frequently (e.g. ~5 x 1077 m~2 s~!for 50 pm particles). They should
erode larger crater features with time. For example, in the considered
timeframe the total crater feature area of 50 um impactors is about
30 times larger than the target area.

Further processes eroding the surface of airless bodies include
solar weathering and thermal fatigue. It is possible that Ryugu’s
cauliflower-like texture represents an intrinsic property of the rock
when exposed to multiple surface processes, including solar space
weathering and thermal fatigue in addition to micrometeoroid
bombardment. Given the different strength of regolith on differ-
ently classified objects and the expectation that thermal erosion
of carbonaceous chondritic material is more efficient than thermal
erosion of ordinary chondritic material (Delbo et al. 2014), the small-



scale surface morphology and roughness may vary between different
bodies. These processes are most effective on asperities and round
rock surfaces (Delbo et al. 2014; Gault, H”orz & Hartung 1972).
Given that Ryugu is a product of a catastrophic impact and has been
bombarded by meteoroids since its rocks should exhibit impact-
induced intrinsic fracture patterns on various scales (Tomeoka,
Yamahana & Sekine 1999) encouraging thermally induced foliation
along them and possibly supporting the cauliflower-like texture.
In contrast, the surface of Churyumov—Gerasimenko is renewed
approximately every 6.5yr when the comet passes its perihelion
and ejects large amounts of its surface material. Micrometeoroid
bombardment should therefore not play a significant role in the
formation of surface roughness on Churyumov—Gerasimenko.

A combination of the above-mentioned processes and the differ-
ences in bulk material composition and texture is likely the cause
for the observation that Churyumov—Gerasimenko is rougher than
Ryugu.

7 DISCUSSION

It is challenging to relate the roughness of Ryugu and Churyumov—
Gerasimenko to previously derived values on other planetary bodies
and materials on the Earth because of the variations in applied
methods, scales, and data sets. Nevertheless, to achieve a sense for
their roughness, we will discuss a few values of other materials and
planetary bodies.

The fractal dimension and derived JRC are acknowledged param-
eters used in geological sciences for the estimation of the peak shear
strength of a material. Common values for the fractal dimension
for typical rocks (quartz, granite, sandstone, limestone, shale) range
between 1.05 and 1.19 (Pal et al. 2017). The best match for Ryugu
(D=1.16 £0.04) as well as Churyumov—Gerasimenko (D = 1.18 &
0.03) appears to be the comparatively rough limestone investigated
in their survey. On larger scales, the fractal dimension has been
investigated for geologic features such as lava flows on the Earth (D
= 1.06—1.19) as well as the Moon (D = 1.20; Bruno et al. 1992).
Note that all comparative values have been derived with the box
counting method. The application of different methods may have an
influence on the derived values (Klinkenberg 1994), but the method
used in this work yields the most reliable correlation with the JRC
(Li & Huang 2015).

The JRC relates the shear peak strength and normal stress fol-
lowing equation (11). Although the assumption that Ryugu’s rock is
jointed due to its impact history seems reasonable, the JRC may not
be an adequate parameter on Ryugu and Churyumov—Gerasimenko
given the small gravitational field in which the rocks exist. The
values presented in this work are guidance but do not claim that they
represent the actual behaviour of rock on the small bodies.

The Hurst exponent has been derived for Eros and Itokawa, two
small S-type asteroids previously visited by spacecraft, from laser
ranging data. Over a range of 3 m—1 km the global Hurst exponent
of Eros was found to range between 0.81 and 0.97 (Cheng et al.
2002; Susorney & Barnouin 2018) and from scales between 8 and
32 m the global Hurst exponent of Itokawa is 0.51 & 0.07 (Susorney
et al. 2019). The differences in roughness have been attributed to
different geologic processes and internal structures of the two bodies,
with Eros possessing a stronger intact interior with surface impact
craters and Itokawa being a rubble pile asteroid with large variations
in the geopotential and induced regolith migration as main surface
process (Susorney et al. 2019). At a scale of 2 m, we derived a similar
global Hurst exponent of Ryugu of 0.92 + 0.02 [and Churyumov—
Gerasimenko (0.89 £ 0.003)] to the one derived for Eros. Although
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Ryugu as arubble pile asteroid should geologically resemble Itokawa
more than Eros, it is possible that the discrepancy is caused by
Ryugu’s comparatively symmetric shape and the different boulder
size distributions at this scale. Smaller boulders seem to be buried in
the regolith on Ryugu and the different composition of Ryugu and
Itokawa probably results in different sized impact fragments because
S-type asteroid materials (ordinary chondrites) are stronger than C-
type asteroid materials (carbonaceous chondrites; Popovaetal.2011;
Michikami et al. 2019).

The RMS-slope has been retrieved from many data sets of
planetary missions applying different methods and scales. Generally,
the values range between 20° and 40° for airless bodies, but variations
are common with scale and location. Thermal modelling is able
to retrieve roughness estimates on the scale of the thermal skin
depth (centimetre scale). The best-fitting RMS-slope of Ryugu at
the Mascot landing deduced by a thermal model site is 28.6°. Similar
investigations of Ceres and the Moon result in higher RMS-slopes
of 40° (Davidsson et al. 2015; Miiller et al. 1999; Spencer 1990)
and 30°—39° (Rozitis & Green 2011; Shkuratov et al. 2000; Spencer
1990), respectively. Radar observations of slightly higher wavelength
(decimetre scale) confirm these values (Mitchell et al. 1996). The
comparatively high roughness has been attributed to a fine-grained
regolith covered surface that, in contrast to Ryugu (Jaumann et al.
2019), is able to form on these objects with larger gravitational
pull. The roughness from thermal measurements on Churyumov—
Gerasimenko has been shown to be locally highly variable and covers
the range from 16° to 44° (Marshall et al. 2018). Given the high
variation in published values, our estimates of the RMS-slope of
Ryugu (36.6° & 1.4°) and Churyumov—Gerasimenko (38.3° £ 0.6°)
agrees with these estimates.

The RMS deviation (difference in height between points separated
by a constant distance/measuring length) of planetary bodies has
also been derived from shape models and laser altimeters at different
resolutions (Barnouin-Jha et al. 2008; Ermakov et al. 2019). The
RMS deviation directly relates to the Hurst exponent and the RMS
slope can be deduced from the RMS deviation at a given measuring
length (Shepard et al. 2001). Unfortunately, on the spatial scales of
the data sets investigated in this work (0.2 mm -2 m), there are no
comparable data sets from any other planetary bodies to date.

Based on the stereophotogrammetric analysis of Apollo Lunar
Surface Closeup Camera images, Helfenstein & Shepard (1999)
were able to derive the RMS slope and Hapke roughness parameter
for lunar soil on sub-millimetre scales. They found values of
16°—25° for the RMS-slope and 24°—27° for Hapke’s mean slope
angle of different regolith types (lunar mare, Fra Mauro regolith).
Comparing these values with the stereophotogrammetrically derived
shape model of Ryugu at slightly larger scales (3 mm), we find larger
values of 34.9° and 26.2° (RMS-slope) for the entire rock and MARA
footprint area, respectively. The Hapke mean slope angle of Ryugu
for these two areas is 21.7° and 41.4°, slightly smaller and larger
compared to the values derived from the Moon. Because the Moon’s
surface regolith is a fine-grained soil covering bare rock surfaces,
which is not present on Ryugu, differences in roughness values are
expected. This example illustrated how significantly these values can
vary locally when using 3D shape models at small scales.

The Hapke mean slope angle is generally derived from photometric
models and gives the roughness on a microscopic scale at which
shadows influence photometric observations (Hapke 1984). In our
work, the Hapke mean slope angle was derived from the small-scale
roughness parameter (equation 6). Our values for the Hapke mean
slope angle are generally high (Ryugu: 40.8° & 3.5°, Churyumov—
Gerasimenko: 44.2° £ 1.9?) compared with values derived from pho-
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tometric analyses of Churyumov—Gerasimenko (19° & 9°, Ciarniello
et al. 2015) and comet Tempel 1 (16°—32°, Li et al. 2007). The same
trend is observed for values from asteroids Eros (24°—28°, Clark et al.
2002; Li, A’Hearn & McFadden 2004), Itokawa (26°—38°, Kitazato
et al. 2008; Tatsumi et al. 2018) and Ceres (18°—29°, Ciarniello
et al. 2017; Li et al. 2019; Schroder et al. 2017b). The Hapke mean
slope angle of Ryugu derived from photometric fitting was found
to be 28° £ 6° (Tatsumi et al. 2020). The discrepancy between
geometrically and photometrically derived mean slope angles has
previously been explained for the Moon by Helfenstein & Shepard
(1999). They suggest that below spatial resolutions of approximately
0.1 mm roughness may not be photometrically detectable. As we
approach such scales in our investigation, this limitation may be
applicable. Furthermore, by comparing geometrically and photomet-
rically derived roughness values from an artificially generated terrain,
Labarre, Ferrari & Jacquemoud (2017) showed that the Hapke mean
slope angle systematically underestimates the surface roughness.
They attribute this behaviour to the often unsuitable assumption of a
Gaussian distribution of not too large slope angles and a moderately
bright material. All the latter two assumptions are not valid for the
scene observed on Ryugu and Churyumov-Gerasimenko and may
thus explain the significantly higher value for the Hapke mean slope
angle that we derive geometrically in this work.

8 CONCLUSIONS

Based on a newly developed image analysis technique suitable to
extract surface roughness, we derived a set of roughness descriptors
for asteroid Ryugu and comet Churyumov—Gerasimenko based on
high-resolution images with 0.2 mm pixel ' and ~0.8 mm pixel ™'
covering a scene of approximately 25 and 80 cm horizontal extent,
respectively and two global images with 2 m spatial resolution. We
complemented our survey with two local shape models of Ryugu at
3 mm and 20 cm spatial resolution. The roughness descriptors include
the fractal dimension and the deduced Hurst exponent and JRC, the
RMS-slope and derived hemispherical crater density, and the small-
scale self-heating parameter and deduced Hapke mean slope angle.
As a Cb-type asteroid and an active comet, Ryugu’s and Churyumov—
Gerasimenko’s composition is expected to be different. However,
the general cauliflower-like texture of both bodies visible in the high
resolution in situ images appears similar. The structure on Ryugu
is most likely linked to erosion via micrometeoroid bombardment,
solar weathering, and thermal fatigue of a compacted impact rock
fragment, whereas on Churyumov—Gerasimenko sublimation-driven
erosion of a volatile-rich regolith is potentially the most dominant
process for forming surface roughness. We suggest that these
different processes and compositions combined are represented by
the slightly rougher descriptors (2.8-5.5 per cent) for Churyumov—
Gerasimenko than for Ryugu on the investigated scales.
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All data derived in this work are incorporated in the
article. Images from the Hayabusa2 mission will be
published in the Data Archives and Transmission System at
https://www.darts.isas.jaxa.jp/pub/hayabusa2/onc_bundle/. The
image from the Rosetta mission is available at ESA’s Planetary
Science Archive at https://archives.esac.esa.int/psa/ and can be
accessed by searching for ‘OSIRIS [instrument]” (Product identifier:
N20140806T012001282ID30F28). The original ROLIS image is
available at ftp://psa.esac.esa.int/pub/mirror/INTERNATIONAL-
ROSETTA-MISSION/ROLIS/RL-C-ROLIS-2-FSS-V1.0/DATA/
(Product identifier: ROL_FS2_141113001408_-336_04) and was
processed using the method described in Schroder et al. (2017a)
and the polynomial coefficients provided as supplementary
material to this publication. The MasCam image is available
at http://europlanet.dlr.de/Hayabusa2/MASCAM/index.html
(Product identifier: F1087378791_701_29464 rl). The
digital terrain models shown in Fig. 2 are available at
http://europlanet.dlr.de/Hayabusa2/MASCOT/index.html under
the according publication.

REFERENCES

Arakawa M. et al., 2020, Science, 368, 67

Avdellidou C. et al., 2020, Icarus, 341, 113648

Ballouz R.-L. et al., 2019, in Asteroid Science 2019. Lunar and Planetary
Institute, p. 2123

Barnouin-Jha O. S. et al., 2008, Icarus, 198, 108

Barton N., 1976, Int. J. Rock Mech. Mining Sci. Geomech. Abstr., 13, 255

Barton N., Choubey V., 1977, Rock Mech. Felsmechanik Méc. Roches, 10, 1

Bastin J. A., 1966, Nature, 212, 171

Bibring J.-P. et al., 2015, Science, 349, aab0671

Bruno B. C., Taylor G.J., Rowland S. K., Lucey P. G., Self S., 1992, Geophys.
Res. Lett., 19, 305

Buhl D., Welch W. J., Rea D. G., 1968, J. Geophys. Res., 73, 5281

Cai Y., Tang H.-m., Wang D.-j., Wen T., 2018, Math. Probl. Eng., 2018, 1

Cheng A. F. et al., 2002, Icarus, 155,51

Ciarniello M. et al., 2015, A&A, 583, 1

Ciarniello M. et al., 2016, MNRAS, 462, S443-S458

Ciarniello M. et al., 2017, A&A, 598, 1

Clark B. E. et al., 2002, Icarus, 155, 189

Davidsson B. J. R., Rickman H., 2014, Icarus, 243, 58

Davidsson B. J. R., Gutiérrez P. J., Rickman H., 2009, Icarus, 201, 335

Davidsson B. J. R. et al., 2015, Icarus, 252, 1

Davidsson B. J. R. et al., 2016, A&A, 592, 1

Delbo M. et al., 2014, Nature, 508, 233

Ermakov A. I, Kreslavsky M. A., Scully J. E. C., Hughson K. H. G., Park R.
S., 2019, J. Geophys. Res., 124, 14

Fuchs L. H., Olsen E., Jensen K. J., 1973, Smithsonian Contrib. Earth Sci.,
10,1

Fulle M. et al., 2015, ApJ, 802, L12

Gault D. E., H”orz F,, Hartung J. B., 1972, in Proceedings of the 3rd Lunar
and Planetary Science Conference. The MIT Press, p. 2713

Gonzalez R. C., Woods R. E., 2018, Morphological Image Processing, 4th
edn. Pearson, p. 694

Gounelle M., Zolensky M. E., 2014, Meteorit. Planet. Sci., 49, 1769

Grott M. et al., 2019, Nat. Astron., 3, 971

Griin E. et al., 1993, J. Geophys. Res. , 98, 15091

Hamm M., 2019, PhD thesis, Freie Univ. Berlin

Hapke B., 1981, J. Geophys. Res., 86, 3039

Hapke B., 1984, Icarus, 59, 41

Helfenstein P., 1988, Icarus, 73, 462

Helfenstein P., Shepard M. K., 1999, Icarus, 141, 107

Hiroi T., Peters C. M., 1991, in Proceedings of Lunar and Planetary Science.
Lunar and Planetary Institute, p. 313



Ho T.-M. et al., 2017, Space Sci. Rev., 208, 339

Huang S. L., Oelfke S. M., Speck R. C., 1992, Int. J. Rock Mech. Min. Sci.
Geomech. Abstr., 29, 89

Jaumann R. et al., 2017, Space Sci. Rev., 208, 375

Jaumann R. et al., 2019, Science, 365, 817

Jiang Y., Li B., Tanabashi Y., 2006, Int. J. Rock Mech. Min. Sci., 43, 837

Jorda L. et al., 2016, Icarus, 277, 257

Kameda S. et al., 2017, Space Sci. Rev., 208, 17

Keller H. U. et al., 2007, Space Sci. Rev., 128, 433

Keller H. U. et al., 2015, A&A, 583, 1

Kitazato K. et al., 2008, Icarus, 194, 137

Kitazato K. et al., 2019, Science, 364, 272

Klinkenberg B., 1994, Math. Geol., 26, 23

Knapmeyer M., Fischer H.-H., Knollenberg J., Seidensticker K. J., Thiel K.,
Arnold W., Faber C., M”ohlmann D., 2018, Icarus, 310, 165

Kossacki K. J., K”omle N. I., Leliwa-Kopystynski J., Kargl G., 1997, Icarus,
128, 127

Labarre S., Ferrari C., Jacquemoud S., 2017, Icarus, 290, 63

Lagerros J. S. V., 1996, A&A, 310, 1011

Lagerros J. S. V., 1997, A&A, 325, 1226

Lagerros J. S. V., 1998, A&A, 332, 1123

Langevin Y. et al., 2016, Icarus, 271, 76

Lee S.D.,Lee C. 1., Park Y., 1997, Int. J. Rock Mech. Min. Sci., 34, 174

Li Y., Huang R., 2015, Int. J. Rock Mech. Min. Sci., 75, 15

LiJ., A’Hearn M. E,, McFadden L. A., 2004, Icarus, 172, 415

LiJ.-Y. et al., 2007, Icarus, 187, 41

LiJ.-Y. etal., 2019, Icarus, 322, 144

Mandelbrot B., 1967, Science, 156, 636

Marshall D. et al., 2018, A&A, 616, 1

Michikami T. et al., 2019, Icarus, 331, 179

Mitchell D. L. et al., 1996, Icarus, 124, 113

Miyamoto H. et al., 2007, Science, 316, 1011

Morota T. et al., 2020, Science, 368, 654

Mottola S., Arnold G., Grothues H.-G., Jaumann R., Michaelis H., Neukum
G., Bibring J.-P., 2007, Space Sci. Rev., 128, 241

Mottola S. et al., 2015, Science, 349, aab0232.1-4

Miiller T. G., Lagerros J. S. V., Burgdorf M., Lim T., Morris P. W., Salama
A., Schulz B., Vandenbussche B., 1999, in Cox P., Kessler M., Danesy
D., eds, ESA Special Publication, Vol. 427, The Universe as Seen by ISO.
ESA Special Publication, p. 141

Odling N. E., 1994, Rock Mech. Rock Eng., 27, 135

Okada T. et al., 2020, Nature, 579, 518

Pal S. K., Rao K. U. M., Kumar P. S., Rajasekar R., 2017, Arch. Metall.
Mater., 62, 1787

Poch O., Pommerol A., Jost B., Carrasco N., Szopa C., Thomas N., 2016,
Icarus, 267, 154

Popova O., Borovicka J., Hartmann W. K., Spurny P., Gnos E., Nemtchinov
1., Trigo-Rodriguez J. M., 2011, Meteorit. Planet. Sci., 46, 1525

Poulet F. et al., 2016, MNRAS, 462, S23

Preusker F. et al., 2015, A&A, 583, A33

Asteroid and comet surface roughness 3193

Preusker F. et al., 2019, A&A, 632, 1

Reeves M. J., 1985, Int. J. Rock Mech. Min. Sci. Geomech. Abstr., 22, 429

Rost E., Hecker C., Schodlok M. C., Van der Meer F. D., 2018, Minerals, 8, 1

Rozitis B., Green S. F., 2011, MNRAS, 415, 2042

Rozitis B., Green S. F.,, 2012, MNRAS, 423, 367

Rozitis B., Green S. F.,, 2013, MNRAS, 433, 603

Scholten F. et al., 2019, A&A, 632, 1

Schr”oder S. E. et al., 2017a, Icarus, 285, 263

Schr”oder S. E. et al., 2017b, Icarus, 288, 201

Schr”oder S. E. et al., 2020, Planet. Sci. J., Submitted

Shepard M. K., Campbell B. A., 1998, Icarus, 134, 279

Shepard M. K., Campbell B. A., Bulmer M. H., Farr T. G., Gaddis L. R.,
Plaut J. J., 2001, J. Geophys. Res., 106, 32777

Shkuratov Y., Stankevich D., Sitko M. L., Sprague L. A., 2000, in Sitko M.
L., Sprague A. L., Lynch D. K., eds, ASP Conf. Ser., Vol. 196, Thermal
Emission Spectroscopy and Analysis of Dust, Disks, and Regoliths.
Astron. Soc. Pac., San Fransisco, p. 211

SojaR. H. etal.,, 2019, A&A, 628, 1

Spencer J. R., 1990, Icarus, 83, 27

Spohn T. et al., 2015, Science, 349, aab0464.1-4

Steinbriigge G., Stark A., Hussmann H., Wickhusen K., Oberst J., 2018,
Planet. Space Sci., 159, 84

Steinbriigge G. et al., 2020, Icarus, 343, 113669

Sugita S. et al., 2019, Science, 364, 1

Susorney H. C. M., Barnouin O. S., 2018, Icarus, 314, 299

Susorney H. C. M., Johnson C. L., Barnouin O. S., Daly M. G., Seabrook J.
A., Bierhaus E. B., Lauretta D. S., 2019, Icarus, 325, 141

Tatone B. S. A., Grasselli G., 2009, Rev. Sci. Instrum., 80, 125110.1-10

Tatone B. S. A., Grasselli G., 2010, Int. J. Rock Mech. Min. Sci., 47, 1391

Tatsumi E. et al., 2018, Icarus, 311, 175

Tatsumi E. et al., 2020, A&A, 639, 1

Tedeschi W. J., Remo J. L., Schulze J. F,, Young R. P., 1995, Int. J. Impact
Eng., 17, 837

Tomeoka K., Yamahana Y., Sekine T., 1999, Geochim. Cosmochim. Acta,
63, 3683

Tse R., Cruden D. M., 1979, Int. J. Rock Mech. Min. Sci. Geomech. Abstr.,
16, 303

Ulamec S. et al., 2016, Acta Astron., 125, 80

Watanabe S. et al., 2019, Science, 364, 268

Watanabe S.-i., Tsuda Y., Yoshikawa M., Tanaka S., Saiki T., Nakazawa S.,
2017, Space Sci. Rev., 208, 3

Xie H.-P., Pariseau W. G., 1994, Sci. China B, 37, 1516

Xu Y. F, Sun D. A, 2005, Géotechnique, 55, 691

Yano H. et al., 2006, Science, 312, 1350

Zahouani H., Vargiolu R., Loubet J. L., 1998, Math. Comput. Modelling, 28,
517

This paper has been typeset from a TEX/IATEX file prepared by the author.

MNRAS 500, 3178-3193 (2021)



2 Synergy of Conducted Research

2.1.2 Otto et al. (2021b)

Otto, K. A., Schréder, S. E.; Scharf, H. D., Greshake, A.,
Schmitz, N., Trauthan, F., Pieth, S., Stephan, K., Ho, T.-M., ...
Yabuta, H. (2021b). Spectral and Petrographic Properties of
Inclusions in Carbonaceous Chondrites and Comparison with In Situ

Images from Asteroid Ryugu. The Planetary Science Journal, 2(5),
188. https://doi.org/10.3847/PSJ/ac034b.

This article was published in tandem with Schroder et al. (2021) and is one of two
articles evaluating image data of carbonaceous chondrites taken with MasCam’s qualifi-
cation model at the Natural History Museum in Berlin (MfN). S. E. Schroder, A. Gre-
shake, N. Schmitz, F. Trauthan, K. Stephan and I prepared the experimental setup and
conducted the measurements at the MfN. After an initial image processing by S. E.
Schréder, H. D. Scharf, a student assistant, conducted the mapping. I wrote the code
to statically evaluate the mapped inclusions’ size, colour, brightness and abundance. I
illustrated, compared and discussed the results with each other, previous publications
and findings from the surface of Ryugu. S. Pieth formatted the photos of the meteorites
and compiled the supplementary material. T.-M. Ho, R. Jaumann, A. Koncz and N.
Schmitz were involved in managing and building MasCam and its qualification model.
All authors contributed to discussions on the results and refining the manuscript.

The supplementary material of this publication is attached after the article.
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Abstract

We imaged a set of carbonaceous chondrites from the CM2, CO3, CV3, and CK4 groups using the qualification
model of MasCam, the camera on board the asteroid lander MASCOT, which touched down on asteroid Ryugu in
2018 October. A CI1 meteorite was also imaged but excluded from the analysis due to prominent terrestrial
weathering. Following the methods used to image the rock on Ryugu, we placed a total of 14 meteorites
approximately 20 cm in front of the camera to achieve a spatial resolution of about 0.2 mm per pixel and
illuminated the samples with onboard light-emitting diodes of four different colors in the visible wavelength range.
We mapped bright and dark inclusions within the meteorites and derived the inclusion brightness relative to the
matrix in the red light, the relative spectral slope of each inclusion, the inclusion size frequency distribution and the
matrix volume abundance. We find that the meteorite groups overlap within these parameters, but individual
samples, as well as individual inclusions, can have deviating values. Terrestrial weathering appears to have no
systematic influence on these parameters. Relating our analysis to the inclusions found in the rock on Ryugu, we
find that the spectral parameters of Ryugu’s inclusions fit well in the parameter space of the carbonaceous
chondrites. Compared with the most common types of carbonaceous chondrites, Ryugu’s rock has larger
inclusions (mean diameter: 0.63 £ 0.91 mm) and a higher upper limit to the matrix abundance (92.4 vol%).

Unified Astronomy Thesaurus concepts: Meteorites (1038); Carbonaceous chondrites (200); Asteroids (72);

, S. Pieth', K. Stephan' ®,

Asteroid surfaces (2209); Spectroscopy (1558); Planetary science (1255); Landers (901)

Supporting material: figure set

1. Introduction

Chondrite meteorites are the oldest and most primitive rocks
of the solar system and predominantly consist of chondrules,
refractory objects (calcium-aluminum-rich inclusions (CAls)
and amoeboid olivine aggregates), FeNi metal, and fine-grained
matrix. Refractory inclusions, chondrules, and FeNi metal
formed very early in the solar nebula by high-temperature
processes including condensation and evaporation. In contrast,
fine-grained matrix consisting of silicates, oxides, sulfides, and
carbon-rich material formed at much lower temperatures.
Mixing and accretion of high- and low-temperature fractions
finally lead to the formation of chondritic rocks. The
carbonaceous chondrite meteorites are the most volatile-rich
and least thermally processed of the chondrites and are the
closest to matching the bulk composition of the Sun (Greshake
& Fritz 2018). As such, they are of greatest interest also for
comparison with C- and K-type asteroidal material (Clark et al.
2009; Greenwood et al. 2020).

JAXA’s Hayabusa2 sample-return mission arrived at the
near-Earth asteroid (162173) Ryugu in 2018 June (Watanabe
et al. 2019). Ryugu is a top-shaped rubble pile asteroid
(950 m in maximum diameter) comprising fragments that

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

re-accumulated after a catastrophic disruption of its parent body
(Watanabe et al. 2019). Compositionally, Ryugu is classified as
a Cb-type asteroid (Sugita et al. 2019) and is suggested to be
linked to carbonaceous chondrites (Wada et al. 2018; Jaumann
et al. 2019; Sugita et al. 2019), and its comparatively low
albedo (4.5% at 0.55 um) best matches thermally or shock-
metamorphosed carbonaceous chondrites (Kitazato et al. 2019;
Sugita et al. 2019). A detailed compositional analysis will be
possible upon the return of the samples collected in two
touchdown maneuvers in 2019 February and July. The samples
were returned to Earth on 2020 December 6 (Tsuda et al.
2020).

In preparation for the sample collection and for obtaining
ground truth for the collected samples, Hayabusa2 deployed
two MINERVA-II1 rovers (Yoshimitsu et al. 2017) and its
Mobile Asteroid Surface Scout (MASCOT) onto the surface of
Ryugu in 2018 September and October (Jaumann et al. 2019;
Tsuda et al. 2020). MASCOT observed Ryugu’s surface with
four scientific instruments (Ho et al. 2017): a camera, MasCam
(Jaumann et al. 2017); a radiometer, MARA (Grott et al. 2017);
a magnetometer, MasMag (Hercik et al. 2017); and a near-
infrared spectrometer, MicrOmega (Bibring et al. 2017). After
being deployed onto Ryugu’s surface from a height of 41 m,
MASCOT landed on a bare, dust-free rock where it operated
for two Ryugu days (17 hr) before the battery was empty
(Jaumann et al. 2019). MasCam, equipped with an LED array
allowing the illumination of the surface during the night,
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imaged the landing site rock in detail with spatial resolutions up to
0.2 mm pixel . The LED illumination enabled the identification
of millimeter-sized bright inclusions with red, neutral, and blue
spectral slopes within the Ryugu rock (Schroder et al. 2021).
These inclusions were suggested to be a mixture of chondrules
and refractory inclusions, leading to the conclusion that Ryugu’s
rock is linked to carbonaceous chondrites (Jaumann et al. 2019).
The accompanying MASCOT instruments including the radio-
meter MARA and the Magnetometer MasMag revealed a high
porosity and missing magnetic field in agreement with expecta-
tions for carbonaceous material (Grott et al. 2019; Hercik et al.
2020). The spectrometer MicrOmega was not able to take any
measurement.

In our previous work, we analyzed the size distribution and
spectrophotometric characteristics of inclusions identified in
the Ryugu rock imaged by MasCam and found that Ryugu’s
rock does not easily fit into the carbonaceous chondrite
categories (Schroder et al. 2021). The inclusions in Ryugu’s
rock are large compared to those in the most common
carbonaceous chondrites but are closest in size to those in
CR2 and CV3 carbonaceous chondrites. In contrast, matrix
abundance in Ryugu’s rock is most similar to that in CM2s.
However, the data on matrix abundance and inclusion size
distributions in the millimeter size range for meteorites that
were published are relatively limited compared to what is
published on petrographic analyses that are nowadays possible
in the laboratory. A comparatively old data set on inclusion size
distributions in carbonaceous chondrites in the millimeter range
from King & King (1978) proves difficult to relate to in situ
measurements from Ryugu, which will be addressed in this
work. We note that it has been suggested that material from a
Ryugu-like body may not survive the entry into Earth
atmosphere given its high porosity (Grott et al. 2019) and that
a corresponding meteorite analog may not be present in our
collection on Earth.

In this work, we aim to bridge the gap of information in the
size range accessible to in situ observations by imaging a set of
well-characterized carbonaceous chondrites. We obtained these
meteorites from the meteorite collection of the Natural History
Museum in Berlin and used the MasCam qualification model
(QM) to image them under similar conditions to MasCam on
Ryugu. We investigate the visual comparability of in situ
images of Ryugu and images of carbonaceous chondrites
obtained in the laboratory and discuss whether such compar-
isons can be used as guidance for the upcoming returned
sample analysis and for future missions with in situ experi-
ments, such as the MMX mission.

2. Data
2.1. MasCam Specifications

MasCam and its QM possess a 1024 x 1024 CMOS detector
behind a Scheimpflug optical layout (Scheimpflug angle:
7.395°). This allows an image to be in focus at varying distances
from the camera. The optical axis is tilted 22° downward in
relation to the camera mounting so that the entire scene along the
camera’s depth of field, from 15cm to the local horizon, is in
focus. At a distance of 15cm, the pixel resolution reaches a
minimum of 0.15mm (Jaumann et al. 2017). MasCam is
equipped with a four-color LED array (36 LEDs per color) with
wavelength centered at 471 nm (blue), 532 nm (green), 630 nm
(red), and 809 nm (near-infrared) (Table 1, Figure 1). The LED
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Table 1
Wavelength of the Four Color LEDs on MasCam’s LED Array

Color Abbreviation Wavelength (nm)
Blue B 47155
Green G 532712
Red R 630110
Near-infrared IR 809113

Note. The errors on the wavelength are the FWHM. From Schroder et al.
(2021).

array is located 2cm below the aperture. It allows the
illumination at night to derive spectral information in the visible
to near-infrared wavelength based on the four colors of the LEDs
(Jaumann et al. 2017). The image depth of MasCam is 14 bits.

2.2. Description of the Studied Carbonaceous Chondrites

The carbonaceous chondrites selected for the present study
cover the range of major carbonaceous chondrite groups. CI
and CM chondrites are the most carbon-rich carbonaceous
chondrites and have experienced severe aqueous alteration on
their parent body /bodies. In CI chondrites nearly all anhydrous
silicates have been altered to phyllosilicates, while in CM
chondrites many very small chondrules and CAIs have been
preserved. Neither of these meteorite types has experienced
thermal metamorphism. In contrast, CO and CV chondrites are
at most only weakly altered but have experienced thermal
metamorphism to different degrees. Both types contain
abundant chondrules and CAls, with COs being much more
fine-grained. CK carbonaceous chondrites are thermally altered
at even higher temperatures compared to CVs and COs and
have a high abundance of matrix. They contain large up to
1 mm size chondrules, rare CAls, and do not contain any FeNi
metal.

None of the samples used has been subject to any kind of
destructive research work, and the investigated surfaces are free
of artificial marks. Most meteorite surfaces were rough and
fractured, in analogy to the rocks on Ryugu, but some of them
were cut or possessed a fusion crust from the entry into Earth’s
atmosphere. The latter surfaces were not considered in this
work, but we also investigated the influence of the surface
structure (cut or fractured) on the identification of inclusions
(Section 4.1).

3. Method
3.1. Experimental Setup

In order to achieve comparability with the measurements
taken on the surface of Ryugu, we mounted the MasCam QM
on a stand approximately 10cm above the surface of our
experiment table. The table was covered with uniformly gray
paper on which we placed the meteorite samples about 20 cm in
front of the camera. We arranged the meteorite surface to be
imaged approximately perpendicular to the boresight vector of
the camera lens by using small wooden wedges when
necessary. For scale we also imaged a 1 cm cube and millimeter
labeled measuring stick (Figure 1).

We then darkened the room completely and imaged each of
the 14 meteorites listed in Table 2 using only the illumination
in each of the four LED colors. Where possible, we imaged
multiple sides of the meteorites and also included flat cut and
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Figure 1. Experimental setup (a) and color composite image of Murchison taken by the QM. The black bar on the top of (b) is manually removed background.

Table 2
List of Carbonaceous Chondrites Imaged with the MasCam Qualification
Model at the Natural History Museum in Berlin

Meteorite Name Petrographic Type Collection Year
Allende CV3 Fall 1969
Colony CO3 Find 1975
El-Quss CM2 Find 1999
Karoonda CK4 Fall 1930
Lancé Cco3 Fall 1872
Mighei CM2 Fall 1889
Murchison CM2 Fall 1969
Murray CM2 Fall 1950
Ningqiang C3-ungrouped Fall 1983
Nogoya CM2 Fall 1879
NWA 11118 CM2 Find 2016
Orgueil CIl Fall 1864
Ornans CO3 Fall 1868
‘Warrenton CO3 Fall 1877

Note. Note that we imaged Orgueil (CI1) but excluded it from the analysis due
to surficial terrestrial weathering (Figure 6).

rough fractured surfaces to analyze the effect of the surface
structure on the identification of inclusions. This summed up to
a total of 23 image setups (Table 3). For some meteorites,
multiple pieces were available, allowing us to evaluate the
variability of inclusion distributions within different samples of
the same meteorite. Furthermore, we imaged the same surface
at different perspectives of the largest piece from the
Murchison meteorite to analyze the effect of the sample
orientation on the inclusion identification. For every image, we
adjusted the exposure time according to the reflectivity at a
given wavelength to make maximum use of the camera’s full
dynamic range of 14 bits while ensuring that there were no
under- or overexposed pixels. In exceptional cases we allowed
a few overexposed pixels that were presumably due to specular
reflection on crystal facets. We defined overexposure as the
signal exceeding 10,500 DN, the threshold for which the
nonlinearity correction is invalid (Jaumann et al. 2017). Table 3
summarizes the setup parameters for each meteorite imaged.
The camera’s distance to the meteorites plays a crucial
role in the determination of the inclusion sizes. As shown in

Figure 1(a), the camera was attached at about 10 cm above the
surface at which the meteorites were positioned. Therefore, we
had to calculate the distance between the camera and the
meteorites from measurements of the camera height and the
horizontal distance between the camera stand and the meteorite.
We validated this estimate by calculating the apparent size of a
1 cm-size cube, which we imaged next to the meteorite.

3.2. Image Calibration

All image acquisitions were performed in a darkened room
except for reference images, for which we temporarily switched
on the room lights generating a diffuse illumination condition.
The meteorite imaging campaign was performed over the
course of several days. We started every day by acquiring nine
bias images. A bias image is an image taken with a minimum
exposure time of 0.2138 ms. We constructed a bias frame as the
median over these images. For each meteorite we acquired the
following set of images: five reference images in room light
followed by a sequence of 10 images for each LED color (40 in
total). Each set of 10 images comprised five LED-illuminated
images and five dark (nonilluminated) images, with each LED-
illuminated image immediately followed by a dark image with
the same exposure time. Each image was corrected for bias
using the bias frame for that day, and the result was corrected
for nonlinearity. For each of the five image pairs, the corrected
dark image was subtracted from the preceding, corrected
illuminated image. The calibrated image (with units of DN /ms)
was constructed as the median of the five dark-subtracted
images, divided by the exposure time and a color flat field. A
flat field for each color had been created at the start of the
experiment by imaging a BaSO, plate parallel to the bottom of
the camera, which was at a height of 7.5 cm (five image pairs
per color, alternating illuminated and dark). Division by these
color flat fields corrected, to first order, differences in
illumination over the field of view. However, we note that
the correction does not consider the three-dimensionality of the
meteorites imaged, which introduces different illumination
patterns for each color. For larger meteorites, such as the big
piece of Allende, the correction may be less adequate than for
smaller meteorites.



Table 3
Sample Characteristics and Experimental Parameters Used to Image Carbonaceous Chondrites
Meteorite Analysis Area Surface Camera Meteorite Camera Exposure Time Exposure Time Exposure Time Exposure Time
Meteorite Name Mass (g) (sz) Structure Distance (cm) Height (cm) Red (ms) Green (ms) Blue (ms) IR (ms)
Allende big 219.2 223 cut 15.9 10.1 700 800 1100 1500
Allende small 79.2 1.3 fractured 16.2 9.6 500 500 700 900
Colony 3.1 1.7 cut 15.2 8.5 700 900 1500 1500
El-Quss 4.5 32 cut 13.4 7.5 700 700 1100 1600
Karoonda side 1 15.5 7.9 fractured 15.6 9.4 550 550 800 1000
Karoonda side 2 15.5 6.0 fractured 16.7 9.4 800 800 1200 1600
Lancé side 1 62.2 10.3 fractured 15.1 9.6 500 500 700 1100
Lancé side 2 62.2 6.4 fractured 15.1 9.6 550 550 800 1200
Mighei side 1 18.5 6.5 fractured 14.6 8.9 300 300 400 600
Mighei side 2 18.5 4.7 cut 14.7 8.9 800 800 1000 1400
Murchison big tilt 1 118.0 9.8 fractured 15.8 9.6 400 300 450 900
Murchison big tilt 2 118.0 7.6 fractured 15.8 9.6 700 700 1000 1300
Murchison slap 354 17.6 cut 16.1 9.6 700 700 1200 1500
Murchison small 11.2 6.2 fractured 14.6 8.0 600 600 900 1200
Murray 6.7 1.4 fractured 143 7.5 600 600 800 1200
Ningqgiang side 1 9.0 3.2 fractured 15.0 8.5 500 450 600 800
Ningqgiang side 2 9.0 32 fractured 15.0 8.5 600 550 800 1100
Nogoya 1.3 1.1 fractured 14.3 7.5 800 800 1200 1400
NWA 11118 side 1 1.8 2.0 fractured 14.1 7.8 700 700 1000 1400
NWA 11118 side 2 1.8 1.3 fractured 14.1 7.8 1300 1500 2300 2500
Orgueil 114.3 b fractured 17.4 10.7 700 700 1100 1700
Ornans 8.0 5.0 fractured 17.7 8.5 700 700 1100 1500
‘Warrenton 5.7 2.6 fractured 18.0 8.5 700 700 1000 1300

Note. The first column states the names of the meteorites. If multiple pieces of the same meteorite were imaged, we added a descriptive word (e.g., big, small, side, tilt, slap) to identify the different pieces or imaging
conditions. The camera meteorite distance was calculated from the camera height and the mean horizontal distance between the meteorite and camera foot considering the expansion of the imaged meteorite and the
location of the aperture in the camera (Figure 1). Note that we imaged Orgueil (CI1) but excluded it from the analysis due to surficial terrestrial weathering (Figure 6).
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Figure 2. Example of the QM image of Murchison (big tilt 1) (a), the identified inclusions in red and the mapping area in blue (b), and the spectrum of inclusions
(dashed red line) and matrix (solid red line) (c). The errors on the wavelength are the FWHM according to Table 1. The spectral slope of the inclusions (R — B)/B) is
0.12 £ 0.11 and the relative brightness between inclusions and matrix at the red wavelength (relative R brightness) is 1.37 £ 0.51. The matrix volume abundance

is 71.1%.

3.3. Inclusion Mapping

Using ared, green, and blue radiance color composite image,
we mapped inclusions within meteorites imaged by the QM
using ArcGIS’s mapping tools. We define an inclusion as a
distinctly bright or dark region within the surrounding matrix
and include all features regardless of their shapes. Mapped
inclusions therefore comprise chondrules as well as refractory
inclusions. This definition of inclusions also implies that the
derived matrix abundance represents an upper limit, because
inclusions smaller than the image resolution cannot be resolved
and are thus considered as matrix. Without assigning a spatial
reference, we outlined inclusions as polygons and converted
these polygons into a raster data set of the same size as the QM
images (1024 x 1024 pixels). Within this data set, all pixels
belonging to the same inclusion/polygon have a distinct
number, allowing a straightforward subsequent analysis of the
color and size of each individual inclusion. Note that due to the
Scheimpflug principle, the pixel resolution increases toward the
bottom of the image.

Before identifying inclusions in the images, we first
determined the outline of an area of interest on the meteorite.
For each meteorite we enclosed an area of similar distance and
orientation to the camera by locating a region of similar texture
and brightness in the image. In general, this region was a
fractured or cut surface of the meteorite. Features such as labels
or fusion crusts on the outside of the meteorite were not
considered in this area of interest. We then mapped the most
prominent inclusions first. The subsequently mapped inclusions
were identified with an increasingly smaller field of view so
that each location was looked at multiple times at different

spatial resolutions. When an inclusion had similar brightness
values to the matrix, we compared the inclusion in question to
other inclusions of similar brightness and morphology in the
context of the entire area of interest. In nondefinite cases the
features were not mapped. The minimum size of mapped
inclusions was one pixel (~0.2 mm). The area of the region of
interest that was not mapped as an inclusion is considered to be
matrix.

To determine the area of the matrix and inclusions, we
assumed that each image pixel showing the meteorite surface
had the same distance to the camera, which we tried to achieve
by placing the meteorite surface to be analyzed perpendicular
to the boresight vector of the camera aperture. We derived the
distance of the meteorite from the camera (Table 3) to calculate
the pixel resolution and additionally verified the pixel
resolution from the distance and the size of the 1 cm cube
using its location inside the image. Each inclusion area was
then calculated from the number of pixels and their resolutions.

4. Results and Interpretation

We investigated 23 images of 14 different carbonaceous
chondrites. An example showing the QM image of Murchison
(big tilt 1), the inclusion mapping, and the average inclusion and
matrix radiance at each LED wavelength is given in Figure 2. To
gain insight into the meteorites’ spectral and inclusion properties,
we generated three plots (Figures 3, 4, 7, and 9). In the first plot,
we show the ratio between the brightness of the inclusions and
the brightness of the matrix in the red LED image (relative R
brightness) as a function of the inclusion size. Here we include
all pixels that were mapped as inclusions and average their
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Figure 3. Relative brightness (a), spectral slope (b), and cumulative size distribution (c) of fractured and cut surfaces in comparison. The median inclusion size and the
25th and 75th percentile are shown in (a) and (b). The two black arrows indicate the same fractured surface of Murchison that was imaged from two different
orientations. In (c), these two surfaces are indicated by the dotted lines. (d) lists the matrix volume abundance. In the case of Murchison, for which multiple surfaces

were imaged, the mean and standard deviation is shown.

values. We note that this approach only allows us to distinguish
between a meteorite with all neutrally colored inclusions and a
meteorite  with equal numbers of blue- and red-colored
inclusions by looking at a range of values and the standard
deviation on the average value, which should be larger in the
second case compared to the first. The size is given in square
millimeters as well as the diameter of a circle with the same area
as the mapped inclusion. The second plot shows the relative
spectral slope, (R — B)/B, where R and B are the red and blue
radiance, respectively. A positive spectral slope means a reddish
color and a negative spectral slope denotes a bluish color. In
both plots, the spectral values for all inclusions have been
averaged and are presented as a data point with error bars
according to the standard deviation. The inclusion size is
presented by the median size and the 25th and 75th percentile as
errors bars. We used this representation instead of the mean and
standard deviation, because the large variation in inclusion sizes
occasionally results in errors that are larger than mean value,
giving the unphysical impression that inclusions could have
negative sizes. A third plot shows the cumulative inclusion size
distribution of the mapped inclusions. Combined cumulative
inclusion size distributions of more than one meteorite are
derived by simply combining the lists on mapped inclusion sizes
into one data set. Plots of individual images in combination with
an inclusion and matrix spectrum and a color composite image

of the meteorite with its mapped inclusions are available in the
figure set in the Appendix.

We also estimated the areal inclusion density by simply
dividing the total inclusion area by the mapping area. The areal
density can be assumed to be equal to the volumetric density
following the Delesse Principle (Royet 1991).

In the following, we will first investigate the influence of the
measuring setup and sample preparation on the spectral and
petrographic parameters (Section 4.1). We will then focus on the
variations observed within one meteorite (Section 4.2), within
the different carbonaceous chondrite groups (Section 4.4) and
the effect that terrestrial weathering might have on the spectral
parameters (Section 4.4). Finally, we will put our results into
context with previous investigations (Section 5.1) and the
asteroid Ryugu (Section 5.2).

4.1. Influences of the Meteorite Surface Structure and
Orientation

To investigate the influence of surface structure on the
identification of inclusions in the meteorites, we imaged, next
to fractured surfaces, three cut surfaces of meteorite falls
including Allende (CV3) and Mighei and Murchison (CM?2)
and mapped the inclusions using the same procedure as for the
images of the fractured surfaces. Figure 3 shows the relative
brightness, spectral slope, and inclusion size distribution in
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Figure 4. Relative brightness (a), spectral slope (b), and cumulative size distribution (c) of different fractured surfaces of the same meteorite in comparison. Only
fractured surfaces of meteorite falls are included. The median inclusion size and the 25th and 75th percentile are shown in (a) and (b). The two black arrows indicate
the same surface of Murchison that was imaged in two different orientations. In (c), these two surfaces are indicated by the dotted lines. (d) lists the matrix volume

abundance.

comparison with the fractured surfaces. The variations in
relative brightness and spectral slope of individual inclusions
are too large to allow a clear distinction between the different
surface textures. The cumulative inclusion size distribution
appears to be shifted toward both larger and smaller values for
the cut pieces compared to the fractured ones. The same can be
observed for the matrix volume abundance, which is also larger
and smaller for the cut surfaces (Figure 3(d)). It is therefore not
possible to state if a cut meteorite surface leads to a systematic
error in evaluating the inclusion size distribution. Moreover,
the slope of the cumulative size distribution in the near-linear
region (around 50%) is similar for all samples, which implies
that the rate of decrease in inclusion number with increasing
size is similar for all meteorites. Thus, there is no systematic
effect on the relative R brightness, spectral slope, inclusion size
distribution, and matrix volume abundance caused by the
texture of the meteorite surface.

Using Murchison, we imaged the same meteorite surface at
two different orientations to investigate the influence of the
imaging setup on the inclusion identification (Murchison big tilt
1 and 2). Compared to the first meteorite orientation in front of
the QM, the second orientation was upside down. The variations
in the relative brightness and spectral slope are minimal;
however, the size distribution varies significantly. The two
distributions (red dotted lines in Figure 3(c)) deviate at larger

inclusion sizes, so that the median inclusion size is 0.10"5-05 mm

and 0.1570:03 mm for the two distributions. This also influences
the apparent matrix abundance, which is given by 78.9 vol% and
85.0vol% for the two measurements. The large variation
between the two distributions is related to distortion effects that
occur for different surface orientations and distances to the QM.
We assumed in our analysis that the meteorite surface had the
same distance to the camera at all locations, and this example
shows that a deviation from this assumption can have a
significant influence on the inclusion size distribution. This is
particularly prominent for meteorites that cover a larger area
within the image and the Murchison used in this example was
one of our largest meteorites. It is therefore necessary to point
out the high degree of measurement uncertainty that can derive
from the orientation and position of larger meteorites. It also
emphasizes the necessity to know the exact topography when
analyzing in situ images of Ryugu (Section 5.2). The structure of
the meteorite surface (cut of fractured) influences the parameters
derived to a similar degree.

4.2. Variations within One Meteorite

We imaged different fractured surfaces of the same meteorite
piece to analyze the variation within one meteorite (Figure 4).
This was done for Murchison, Ningqiang and NWA 11118
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Figure 5. Relative brightness of the inclusions compared to the matrix brightness using the green LED (a) and the relative spectral slope (b) plotted against the year of
meteorite fall. (¢) and (d) show the relative slope from green (532 nm) to red (630 nm), which may be indicative of weathering-related iron oxidation, for the
inclusions and matrix, respectively. The data are grouped into the different carbonaceous chondrite groups and include cut as well as fractured surfaces. A correlation

is not evident.

(CM2), Lancé (CO3), and Karoonda (CK4). For Murchison we
also included the same side that was imaged from two different
directions as mentioned in Section 4.1. We exclude NWA
11118 from the following analysis as it is a find, and thus, the
weathering history is unknown.

We find a slight variation in relative brightness, spectral
slope, and inclusion size distribution within one meteorite, but
all values of one meteorite agree within their errors. The most
significant variation is observed for the inclusion size
distribution. As explained above, the determination of the
inclusion size is highly dependent on the exact knowledge of
the distance between the meteorite and the QM, which is one of
the major uncertainties in our work. The error on the matrix
volume abundance is less than 5% for all samples, with the
smallest value of 0.2% found for Karoonda. The variation of
the parameters between the different surfaces of the same
meteorite is less than the variation that is introduced by cutting
the surface (Section 4.1). We will therefore exclude the cut
meteorite surfaces from the following analysis.

4.3. Effect of Terrestrial Weathering

Meteorites react with the environment and atmosphere on
Earth, which influences the compositional and therefore
spectral properties of the meteorite matrix and inclusions
(Bland et al. 2006; Salisbury & Hunt 1974). Depending on the

duration, humidity, and temperature a meteorite is stored at,
weathering such as element mobilization, oxidation of metal
and mafic silicates, or veining may occur on various timescales
(Gounelle & Zolensky 2001; Sephton et al. 2004; Bland et al.
2006). A variation in inclusion color may be most detectable
from the oxidation of iron oxyhydroxides, which can introduce
an absorption feature near 900 nm, an absorption edge between
500 nm and 600 nm and a steep drop in reflectance toward
shorter colors (Salisbury & Hunt 1974; Cloutis et al. 2011,
2012b). However, a variation in the size distribution of
inclusions is not expected.

Figure 5 illustrates the average relative brightness of
inclusions compared to the matrix using the red LED image
(relative R brightness), the average spectral slope between red
and blue (R — B)/B), and the average spectral slope between
red and green (R — G)/G, 532 nm and 630 nm), which would
be most diagnostic of the absorption edge between 500 nm and
600 nm of the inclusions in dependence of the year of fall onto
Earth. We also show the matrix’s (R - G)/G slope for
comparison. For each meteorite image, one data point was
derived. Both the relative R brightness and the spectral slopes
of the inclusions as well as the matrix seem to be independent
of the time these meteorites spent on Earth as well as of the
carbonaceous chondrite group they belong to. Fluctuations of
these parameters are large, even within the same group and do
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Figure 6. CI1 Orgueil as imaged by the QM (color composite). The bright patches are not inclusions but terrestrial weathering features. This example illustrates the

challenges in identifying inclusions in weathered meteorites.

not allow us to constrain the terrestrial alteration stage of the
meteorites. A general reddening in spectral slope of the
meteorites related to weathering (Rubin & Huber 2005) cannot
be observed. The only exception may be made for the relatively
old CO3 group in our work which appears to have increased
spectral slopes for both, the inclusions and the matrix. The fact
that CO3s are more susceptible to terrestrial weathering in
comparison to the other meteorite groups investigated in this
work has also been reported previously (Cloutis et al. 2011,
2012a, 2012b, 2012c).

Furthermore, terrestrial weathering may create surface
features that appear similar to meteorite inclusions. To illustrate
this, we imaged a piece of the CI1 Orgueil, which fell onto
Earth more than 150 years ago (Figure 6). This piece does not
have any inclusions and inclusion statistics are thus not shown
here. However, terrestrial weathering is common in CI
meteorites and introduces brightness variations in the surficial
appearance Vvia, e.g., the formation of sulphate veins or crystals
(Dufresne & Anders 1962; Cloutis et al. 2011; Gounelle &
Zolensky 2001). These may appear similar to inclusions in the
other meteorite images. This demonstrates that the effect of
terrestrial weathering influences the inclusion identification
process and needs to be considered as a main source of error.
Using our QM imaging technique, this phenomenon introduces
an overestimation of inclusion abundances and/or sizes when
bright weathering features are falsely identified as inclusions or
merge individual smaller inclusions into a single larger one.
With our method it is not possible to distinguish between
inclusion-like weathering features and real inclusions, however,
given the protected storage capabilities at the Natural History
Museum, and after a thorough visual inspection of the samples
before imaging them, we chose meteorites with minimal
terrestrial weathering features.

4.4. The Carbonaceous Chondrite Groups

Figure 7 shows the relative brightness, spectral slope and
cumulative size distribution of the carbonaceous chondrite
groups CM2, CV3, CO3, and CK4 as well the ungrouped
Ninggiang in comparison. Here, we only show the values of
meteorite falls with a fractured surface as labeled in Table 3.

The relative inclusion brightness and the spectral slope as a
function of the median inclusion size cluster for each carbonac-
eous chondrite group with the exception of the CO3 group (Lancé
Ornans and Warrenton) in which Lancé is distinguished from the

other two meteorites by its comparatively large relative brightness
and spectral slope. Lancé has previously been found to differ from
other CO3s by having an overall high 600/500 [nm] ratio, which
may be attributed to more abundant hydrous phases and
ferrihydrite-like materials (Keller & Buseck 1990; Cloutis et al.
2012a). However, the large error bars on our measurements
indicate that individual inclusions can have values that signifi-
cantly deviate from the clusters.

The average spectral slope of the inclusions of all carbonaceous
chondrite groups is positive (i.e., red, Figure 4(b)). The CO3
inclusions generally have the largest (reddest) spectral slope with
mean values ranging from 0.15 to 0.32 distinguishing them from
the other groups. Concerning the relative brightness, Lancé fits well
in the cluster of the CM2s and CV3s, but the other two CO3
meteorites imaged (Ornans and Warrenton) as well as the CK4
meteorite Karoonda have lower relative inclusion brightness values,
which are even below 1 (Figure 4(a)). This means that in the red
LED light the matrix is brighter than the average inclusion. This
distinguishes Ornans, Warrenton, and Karoonda from the other
meteorites, which all have relative R brightness values above 1.2.

The CV3 Allende (the only meteorite of this group in our
experiment) most prominently distinguishes from the other
meteorite groups in terms of the sizes of its inclusions.
Although the slope of the cumulative size distribution of all
carbonaceous chondrite groups is similar, the CV3 distribution
is shifted toward larger inclusion sizes. In Section 5.1 we will
show that this observation has been confirmed previously
which validates our method.

Matrix volume abundances vary between 73.5% (CV3) and
94.7% + 0.2% (CK4) and do not correlate with the median
inclusion size (also see Figure 8(d)). For example, the matrix
volume abundances of the CV3s and the CM2s are similar
(84.4% and 85.9% =+ 3.8%, respectively), but the CV3s and
CM2s have the largest and smallest median inclusion sizes
(0.22704% and 0.10700%), respectively.

We also had a CII sample available, Orgueil. Within our
sample collection, Orgueil, which fell in 1864, is the meteorite
with the longest retention time on Earth. Thus, this sample was
unfortunately weathered to a degree that bright spots (possibly
surficial sulphate deposits) covered the surface and were easily
confused as bright inclusions. Because such inclusions are
actually not found in CIl carbonaceous chondrites (Cloutis
et al. 2011), we excluded Orgueil from our analysis.
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Figure 7. Relative brightness (a), spectral slope (b), and cumulative size distribution (c) of individual measurements of the different carbonaceous chondrite groups in
comparison. The median inclusion size and the 25th and 75th percentile are shown in (a) and (b). (d) shows the inclusion size distributions of each carbonaceous
chondrite group derived by considering all inclusions identified within this group. (e) lists the average matrix volume abundance of the different groups. Measurements

of fractured surfaces of meteorite falls are included.

5. Scientific Context and Discussion
5.1. Previous Investigations of Meteorite Inclusions

Given the availability of high spatial resolution instruments
(e.g., optical or electron microscopes) in Earth-based labora-
tories, many analyses on meteoritic inclusions focus on size
scales below the pixel resolution of the QM (~0.2 mm; e.g.,
Rubin & Wasson 1986; Ebel et al. 2016; Simon et al. 2018).
King & King (1978), however, measured the inclusion size
distribution of inclusions larger than 0.1 mm in CM2, CO3,
CV3, and CR2 carbonaceous chondrites using polished thin
sections and a microscope. Their sample analysis areas were
between 13 mm? and 210 mm? in size, whereas our sample
areas were generally larger, varying between 111 mm® and
2234 mm? (Table 3). One has to take into consideration that the
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different inclusion identification techniques, as well as the
sample preparation (e.g., thin sections, fractured surface), will
affect the identification of inclusions; however, their analysis
best matches our work in terms of spatial resolution. Figure 8
shows their findings in comparison with our measurements.
Generally, our method results in larger inclusion sizes
compared to the data derived by King & King (1978), and with
the exception of the CM2s, we derive about 10% lower matrix
volume abundances. This is also represented by the individual
meteorites in each carbonaceous chondrite group. The coarser
appearance in our measurements is probably related to the larger
sample sizes used in our work, which allows us to identify more
larger inclusions and our minimum inclusion size of one pixel
(~0.2 mm), which increases the relative abundance of larger
inclusions compared to King & King (1978), who measured
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Figure 8. Cumulative size distribution of the meteorites imaged in this work in comparison with previously published results by King & King (1978). (a) shows the
comparison between individual meteorites. For a more general overview, we combined the inclusions of all meteorites of a specific carbonaceous chondrite group of
our measurements and calculated the mean and standard deviation of a specific group using the measurements of King & King (1978) in (b). Please note that Leoville
and the CR2 do not have error bars because they comprise only one measurement. The CV3 Leoville is shown individually as it separates significantly from the other
CV3 meteorites. Measurements of fractured and cut surfaces of meteorite falls are included. Tables (c) and (d) list the matrix volume abundance of the samples shown
in (a) and (b), respectively. Where multiple samples were combined, the mean and standard deviation of the matrix volume abundance is given.

inclusions down to a size of 0.1 mm. Nevertheless, the King &
King (1978) cumulative size distribution flattens less signifi-
cantly toward larger inclusion sizes. This implies that compared
to the King & King (1978) method, our analysis identified fewer
large inclusions in relation to the total number of inclusions. This
discrepancy is most likely introduced by the more thorough
visual inspection that was conducted by King & King (1978),
including the usage of reflected as well as transmitted light,
which cannot be accomplished by our method. This may have
allowed them to identify faint large inclusions that we may have
interpreted as matrix. The discrepancy is particularly evident for
the CV3 meteorites (blue lines in Figure 8) whose inclusion size
distribution shows the shallowest slope.

King & King (1978) note that the inclusion size distributions
of the CM2 and CO3 meteorites are virtually identical. We
observe the same behavior for the CM2s and CO3s, and the
CK4 Karoonda and the ungrouped Ninggiang also have very
similar inclusion size distributions. The largest deviation from
this group of inclusion size distributions is presented by the
CV3 Allende, which has much larger inclusions. These coarser
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inclusions are evident in our as well as the King & King
(1978) work.

King & King (1978) also investigated the inclusion size
distribution of the CR2 Renazzo and the CV3 Leoville, which
deviate from their other carbonaceous chondrite measurements
due to comparatively large inclusion sizes. Unfortunately, we
did not have these samples available for our measurements, but
we show them here (Figure 8) to illustrate the possible
variations within the carbonaceous chondrite groups.

Brearley & Jones (1998) and Scott & Krot (2014) summarize
the petrographic characteristics of carbonaceous chondrites
(Table 4). Comparing their summary to our results, we find that
we derive significantly higher matrix and lower chondrule and
refractory volume abundances for all carbonaceous chondrite
groups. King & King (1978) also derive higher matrix and
lower chondrule and refractory inclusion volume abundances
with the exception of the CM2 group. This discrepancy may be
attributed to a different definition of matrix material or different
derivation methods on which Scott & Krot (2014) and Brearley
& Jones (1998) are not very specific. Additionally, analytical
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Table 4
Summary of the Petrographic Characteristics of the Carbonaceous Chondrites Investigated in This and Other Works

Chondrule + Refractory Inclusions
Abundance (vol%)

Carbonaceous
Chondrite Group

Matrix Abundance (vol%)

Chondrule Mean Dia-
meter (mm)

Chondrule + Inclusions
Median Diameter (mm)

This Work: Chon-

S&K K&K This Work S&K K&K This Work  S&K  drules + Inclusions K&K This Work

CI <0.001 95
CM 25 47421 123+47 70 929432 831+71 03 0.48 & 0.20 0.023 £0.003  0.0973%]
CR 51-61 34.8 . 30-50 478 0.7 0.525

CO 43 171+£66 9.4+40 30 743+98 863+72 0.5 0.41 +£0.19 0.024 +0.003  0.12%0%2
cv 55 289+59 17.7+35 40  567+88 735453 1.0 0.68 + 0.46 0.053+0.023  0.26%0%
CK 19 35402 75 947+02 0.7 0.47 +0.24 0.1453:49
Ryugu 7.6 92.4 0.63 £ 0.91 0375938

Note. The values have been extracted from Scott & Krot (2014, abbreviated as S&K) and King & King (1978, abbreviated as K&K). Three dots indicate that no data
has been collected for the according position. We also show the results from Ryugu derived by Schroder et al. (2021) with the same method. Mean and median
inclusion sizes of Ryugu are directly derived from their data set, but only considering inclusions less than 25.5 cm away from the camera to avoid distortion effects
introduced by the shape model, which becomes less reliable at larger distances (Scholten et al. 2019). Please note that we did not distinguish between refractory
inclusions and chondrules in our work. Our values are averages of all cut and fractured surfaces of a specific carbonaceous chondrite group including finds and falls.
The matrix abundance is directly calculated from the chondrule and refractory abundance (100% — inclusion abundance). The values from Scott & Krot (2014) may

not sum up to 100% due to excluded sulfide and metal components.

instruments became more precise over the time span of these
works. On the other hand, our definition of matrix as the
material that is not an inclusion is likely oversimplified
compared to other definitions, and our resolution limit of
0.2 mm may have led to the exclusion of small inclusions
further contributing to an overestimation of the matrix volume
abundance.

Brearley & Jones (1998) describe the size frequency
distribution of chondrules as log-normal distributions with
well-defined mean diameters. Although we are not able to
distinguish between chondrules and inclusions, we also observe
a distribution of combined chondrules and inclusions with a
log-normal shape. However, a well-defined mean value is not
obvious. Instead our derived inclusion sizes span over a wide
range of sizes, whose mean and median size cover the values
from Scott & Krot (2014) within their errors. The only
exception is given by the CO3 group with smaller mean
chondrule sizes compared to our measurements. However, May
et al. (1999) report larger average inclusion sizes varying
between 0.19-0.30 mm for this group, which is in agreement
with our values. Scott & Krot (2014) also report a significantly
larger chondrule and refractory inclusion abundance as well as
lower matrix volume abundances for the CO3 group not only
compared to our work, but also compared to the work by King
& King (1978). This illustrates the difficulties in comparing
these parameters when different methods or samples of the
same group are used. Nevertheless, in agreement with Scott &
Krot (2014) and King & King (1978), we find the largest
inclusion and chondrule sizes for the CV3 group, while the
sizes for the other groups are similar.

To illustrate the dependence of measuring technique on the
derived chondrule and inclusion sizes, we consider the example
of the Allende meteorite (CV3), which has been investigated in
numerous studies (Friedrich et al. 2015) including those of
Simon et al. (2018), who evaluated SEM images with a 3 um
pixel resolution, and Teitler et al. (2010), who picked chondrules
from fines. Simon et al. (2018) report relatively small average
particle sizes of 0.34 mm =+ 0.48 mm, whereas Teitler et al.
(2010) derive mean sizes of 0.92 mm =4 0.74 mm. This under-
lines the necessity of deriving meteorite inclusions with
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MasCam’s QM for an adequate comparison with the inclusions
found in the Ryugu rock.

Although absorption features of phyllosilicates, iron-rich
oxides, and spinel are present in the wavelength covered by
the QM and should be present in the carbonaceous chondrites
imaged (e.g., Cloutis et al. 2011), the limited spectral range and
resolution provided by our experiment unfortunately does not
allow us to observe such features. Comparing the spectral slope
and the relative brightness of the inclusions with previous
investigations also proves difficult due to the lack of publications
focusing on the spectral behavior of inclusions in carbonaceous
chondrites in the visible range. Therefore, we cannot validate our
observed relative brightness and overall red slope of the
inclusions. However, the reflectance spectra of carbonaceous
chondrite slabs including matrix as well as inclusions also
generally possess a red slope in the visible due to the presence of
iron oxyhydroxides (Trigo-Rodriguez et al. 2014).

5.2. Relation to Inclusions in Ryugu’s Rock

Meteorites are believed to be fragments that were ejected
from asteroids via impacts or catastrophic disruptions. Ryugu is
a rubble pile asteroid and formed as a result of a catastrophic
disruption (Watanabe et al. 2019). So, rocks on Ryugu are
probably similar in texture and composition to meteorites found
on Earth. The surface of Ryugu appears free of dust (Jaumann
et al. 2019), which allowed the imaging of bare rock textures
comparable to those of meteorites on Earth. Thus, it is
reasonable to analyze the inclusion size distribution as well as
the color of inclusions of meteorites in the same manner as
done by Schroder et al. (2021), who analyzed the rock and its
inclusions imaged by MasCam on asteroid Ryugu (Figure 10).
Figure 9 and the last row in Table 3 show their findings in
comparison with the meteorites evaluated here. Note that the
mapping of inclusions on Ryugu and the mapping of the
meteorites was conducted by the same co-author (H.S.). Thus,
systematic differences between Ryugu and the meteorites
should be minimal. Our analysis of meteorite inclusions
confirms the link between the rubble pile asteroid Ryugu’s
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Figure 9. Relative brightness (a), spectral slope (b), and cumulative size distribution (c) of measurements combined in different carbonaceous chondrite groups in
comparison with Ryugu. The median inclusion size and the 25th and 75th percentile are shown in (a), (b), and (c). (d) shows the dependence of the matrix volume
abundance on the median inclusion size. Note that the values shown here are upper limits of the matrix volume abundance introduced by the spatial resolution limit of
our method. (e) lists the values of (d). Measurements of fractured surfaces of meteorite falls are included.

rock and meteorites by finding generally comparable inclusion
colors and size distributions.

Schroder et al. (2021) conclude that based on the inclusion size
distribution, Ryugu appears similar to CV3 and CR2 groups as
analyzed by King & King (1978). Based on the upper limit to the
matrix abundance, the CM2s may be most representative for
Ryugu. In agreement with Schroder et al. (2021), who could only
base their analysis on a comparison with the data provided by King
& King (1978), we also conclude that Ryugu’s rock’s inclusion
size distribution best fits with the CV3 group, but the Ryugu rock
is coarser than that of CV3s. The matrix volume abundances of the
CK4 group and Ryugu are almost identical (94.7% 4 0.2% and
92.4%, respectively). In contrast the matrix volume abundance of
the CM2 group is comparatively small (78.9% =+ 5.7%).
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Generally, the relative brightness, as well as the spectral slope
of the inclusions in the meteorites and the inclusions found on
Ryugu, is similar, despite the terrestrial weathering, which may
have reddened the inclusions (Rubin & Huber 2005). On the
other hand, the inclusions found in the rock on Ryugu are likely
to have experienced some degree of space weathering, including
micrometeoroid bombardment, solar radiation, and thermal
stresses (Jaumann et al. 2019; Otto et al. 2020). It is unlikely
that meteorites possess any material that has been exposed to
space weathering because their entry into Earth’s atmosphere
would have removed or fused the outer layer of the meteorites
that would have been exposed to space before the fall. Although
space weathering also tends to darken and redden the spectra of
the matrix and inclusions (Noble et al. 2001; Fiege et al. 2019),
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Figure 10. The rock on Ryugu imaged by MasCam while illuminated with the red LED at night (a). The scene is approximately 25 cm across. (b) shows a contrast
stretched zoom of the rock and its inclusions. The location of (b) is indicated by the box in (a).

the reddening due to terrestrial weathering appears to occur to a
similar degree.

Sugita et al. (2019) and Kitazato et al. (2019) compared
spectra of Ryugu in the visible wavelengths with meteorites
party overlapping with the meteorites considered in this work
(e.g., Murchison, Allende, Orgueil). The spectra of Ryugu are
taken from orbit and the meteorite spectra used in their work
are taken from powders and thus do not allow inclusions and
matrix to be distinguished as done in this work. However, they
show that Ryugu’s spectrum is generally darker and flatter than
that of carbonaceous chondrites. The spectra of both inclusions
and matrix of the meteorites we imaged follow the expected
spectral behavior of carbonaceous chondrites in the visible
wavelengths and possess a slightly reddish slope (see Figure 11
in the Appendix).

Considering the four parameters derived in this work
(relative brightness, spectral slope, inclusion size distribution,
and matrix volume abundance), Ryugu is most similar to a
different group for every parameter, e.g., the mean brightness
of the CO3s, the mean spectral slope of the CM2s, the median
grain size of the CV3s, and the matrix abundance of the CK4s
is most similar to Ryugu’s values of these parameters. The
most prominent difference between the inclusions in the rock
on Ryugu and those in the meteorites are the presence of
comparatively large inclusions on Ryugu (Table 4).

The spectral parameters of the inclusions of Ryugu’s rock
(relative brightness, spectral slope), as well as the matrix volume
abundance, fit well within the total parameter space of the
carbonaceous chondrites imaged in this work (Figure 9), with the
exception that Ryugu’s rock appears to have larger inclusions. For
the inclusion size analysis on Ryugu, a three-dimensional shape
model was used (Scholten et al. 2019). In Sections 4.1 and 4.2, we
showed that not knowing the exact distance of our samples to the
camera and their three-dimensional shape can introduce errors in
the size frequency distribution, which could be minimized for the
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Ryugu analysis for which a shape model was available. Thus, our
analysis of individual meteorites is more prone to errors and may
increase or reduce the similarity to Ryugu’s inclusion size
distribution. The averaged inclusion size distributions of the
meteorite groups (Figure 9(c)) should balance these distortion
effects, but it is still not possible to attribute Ryugu’s rock to one of
the meteorite groups based on the presented parameters alone
given that the groups themselves overlap significantly within the
parameter space. A more sophisticated chemical analysis, which
will be possible upon the collected sample return by Hayabusa2,
will be necessary to find the best match. It is also possible that the
Ryugu rock is not represented in the meteorite collections, because
it would have not survived the entry through Earth’s atmosphere
due to its low intrinsic tensile strength (Grott et al. 2019).

6. Summary and Conclusions

In order to interpret and relate in situ images of a rock
showing bright inclusions on asteroid Ryugu, we imaged a set of
carbonaceous chondrites from the CM2, CO3, CV3, and CK4
groups using the QM of MasCam, the camera on board
MASCOT. We also imaged a CI1 (Orgueil) but excluded it from
our analysis due to terrestrial weathering giving false impres-
sions of inclusions. Using the same method used for images
taken on Ryugu, we imaged the meteorite samples illuminated
by colored camera LEDs (blue, green, red, and infrared) and
mapped bright inclusions in a color composite image of the blue,
green, and red images. We then evaluated the inclusion size
distribution, the relative brightness of the inclusions against the
matrix in the red image, the inclusion spectral slope (R — B)/B),
and the matrix volume abundance.

First, we investigated the influence of the laboratory
conditions on the parameters of interest by imaging cut as
well as fractured surfaces and different sides of the same
meteorite. We found that the variations between the two types
of surfaces are on the same order as the fluctuations between
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different sides of the same meteorite. The derived inclusion size
distribution is the most sensitive parameter and can vary
significantly, indicating that the distortion introduced by the
camera needs to be compensated by knowledge of the exact
shape of the samples imaged. This was not available for the
meteorites but has been derived for the MASCOT’s landing site
on Ryugu (Scholten et al. 2019).

The influence of terrestrial weathering on the spectral
properties of the inclusions is not evident as a systematic
variation with age.

Considering only fractured surfaces, we find that all
meteorite groups overlap within their relative inclusion bright-
ness, spectral slope, inclusion sizes, and matrix volume
abundance. The most significant deviations from the average
spectral slope can be observed for the CO3 group including
Lancé with the largest spectral slope. The relative inclusion
brightness of the CK4 group and two CO3s (Ornans and
Warrenton) is lower than the average. The CV3 group,
represented by Allende in our work, shows the largest inclusion
sizes and largest matrix abundance.

Our analysis results in consistently larger inclusion sizes
compared to previous investigations. With the exception of the
CM?2 group, our analysis also shows a higher matrix volume
abundance, which is likely caused by our simple definition of
matrix as the parts of the meteorite that are not an inclusion.

In conclusion, the parameters derived in this work, which are
limited by the spectral resolution of the LEDs on MasCam and
its QM, cannot be used alone to distinguish between different

(a)

Allende_big Allende_big

Inclusion diameter [mm)]

(b)

Inclusion diameter [mm)]
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meteorite groups. But it is possible to identify individual
meteorites with prominent parameters. Comparing our results
to the rock on Ryugu imaged by MasCam thus allows us to
predict that the inclusions in Ryugu’s rock are probably larger
compared to those known from the carbonaceous chondrites
imaged in this work. The rock’s matrix abundance, relative
inclusion brightness, and spectral slope fit well within the
parameter space of the carbonaceous chondrites.
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Appendix

This appendix contains a figure set for all 22 meteorites
imaged in this work (Figure 11). Each figure in the set has six
panels that show the plain and mapped images, the average
matrix and inclusion spectrum, the relative R brightness of
individual inclusions, the relative spectral slope of individual
inclusions,
inclusions.

and the cumulative size distribution of the
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Figure 11. Supplemental figure images of the Allende (big) meteorite. The panels show a plain QM image (a) and a QM image with mapped inclusions (b), the
average matrix and inclusion spectrum (c), the relative R brightness of individual inclusions (d), the relative spectral slope of individual inclusions (e), and the
cumulative inclusion size distribution (f). Dashed and dotted lines in (d) and (e) indicate the mean and 1o standard deviation.

(The complete figure set (22 images) is available.)
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Meteorite name

Petrographic type

Meteorite mass [g] Analysis area [cm?]

Surface structure

Camera meteorite

Camera height

Exposure time red

Exposure time

Exposure time

Exposure time IR

distance [cm] [em] [ms] green [ms] blue [ms] [ms]
Allende big Ccv3 219.2 223 cut 15.9 10.1 700 800 1100 1500
Allende small Cv3 79.2 1.3 fractured 16.2 9.6 500 500 700 900
Colony Cco3 3.1 1.7 cut 15.2 8.5 700 900 1500 1500
El-Quss CM2 4.5 3.2 cut 134 7.5 700 700 1100 1600
Karoonda side 1 K4 15.5 7.9 fractured 15.6 9.4 550 550 800 1000
Karoonda side 2 CK4 15.5 6.0 fractured 16.7 9.4 800 800 1200 1600
Lancé side 1 cOo3 62.2 10.3 fractured 15.1 9.6 500 500 700 1100
Lancé side 2 co3 62.2 6.4 fractured 15.1 9.6 550 550 800 1200
Mighei side 1 CM2 18.5 6.5 fractured 14.6 8.9 300 300 400 600
Mighei side 2 CM2 18.5 4.7 cut 14.7 8.9 800 800 1000 1400
Murchison big tilt 1 CcM2 118.0 9.8 fractured 15.8 9.6 400 300 450 900
Murchison big tilt 2 CM2 118.0 7.6 fractured 15.8 9.6 700 700 1000 1300
Murchison slap Ccm2 354 17.6 cut 16.1 9.6 700 700 1200 1500
Murchison small CM2 1.2 6.2 fractured 14.1 8.0 600 600 900 1200
Murray CM2 6.7 1.4 fractured 14.3 7.5 600 600 800 1200
Ninggiang side 1 C3-ungrouped 9.0 3.2 fractured 15.0 8.5 500 450 600 800
Ninggiang side 2 C3-ungrouped 9.0 3.2 fractured 15.0 8.5 600 550 800 1100
Nogoya CcM2 1.3 1.1 fractured 14.3 7.5 800 800 1200 1400
NWA 11118 side 1 CM2 1.8 2.0 fractured 14.1 7.8 700 700 1000 1400
NWA 11118 side 2 CcM2 1.8 1.3 fractured 14.1 7.8 1300 1500 2300 2500
Ornans CO3 8.0 5.0 fractured 17.7 8.5 700 700 1100 1500
Warrenton CcOo3 5.7 2.6 fractured 18.0 8.5 700 700 1000 1300
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2.1 Volatile Morphologies Examined Using Image Data

2.1.3 Otto et al. (2019)

Otto, K. A., Marchi, S., Trowbridge, A., Melosh, H. J., &
Sizemore, H. G. (2019). Ceres Crater Degradation Inferred from

Concentric Fracturing. Journal of Geophysical Research: Planets,
124(0), 1-16. https://doi.org/10.1029/2018JE005660.
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pare with numerical modeling performed by A. Trowbridge using finite element modeling.
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Ceres Crater Degradation Inferred From
Concentric Fracturing
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Abstract The dwarf planet Ceres exhibits a collection of craters that possess concentric fractures
beyond the crater rim. These fractures typically range from a few hundred meters to a few kilometers
in length and are less than 300 m wide. They occur preferentially on elevated regions around the crater
and are located less than a crater radius beyond the rim. In total there are 17 craters exhibiting concentric
fracturing beyond the rim. They are located in the midlatitudes. The craters' diameters range between
20 and 270 km. We investigate the concentric fractures of three craters (Azacca, Ikapati, and Occator) in
detail and suggest that the formation of such concentric fractures can be explained by a shallow (<10-km)
low-viscosity (~10?°-Pa-s) subsurface layer extending underneath the crater and its surroundings.

Finite element modeling of such a scenario applied to a typical concentrically fractured crater of 50-km
diameter implies that the depth of the low-viscosity layer is comparable to the crater depth and the
layer does not extend to the surface. Given that not every crater of comparable size on Ceres exhibits
concentric fractures, it is also suggested that these conditions are only met locally and may be related to
the surface temperature. Correlations of concentrically fractured craters with other volatile related
features, such as pitted terrains and floor fracturing, suggest that the low-viscosity subsurface layer may
be enriched in ice.

Plain Language Summary The dwarf planet Ceres has recently been visited by the Dawn
spacecraft, which was able to take high-resolution images of Ceres' surface (~35 m/pixel). These images
show that small concentric fractures surround some craters, at distances of up to one crater radius external to
the craters' rims. Such fractured craters seem to be unique to Ceres. We investigate the appearance of these
fractures and how they may have formed. Previous investigations of Ceres' composition have found that
Ceres may possess water ice or salt in its upper layers. We suggest that a deformable, possibly ice-rich or
salt-rich, layer under the concentrically fractured craters may have formed the fractures. The weight of
the material overlying such a layer over long timescales (60 Myr) may deform it, producing near-surface
stresses that cause fracturing. We find that certain conditions (e.g., a layer less than 10 km below the surface,
with a thickness of a few kilometers) are more likely to form fractures, and the presence of concentric
fracturing therefore hints at the distribution of ice or salt in Ceres' subsurface.

1. Introduction

The dwarf planet Ceres, orbited by the Dawn spacecraft since 2015, shows a variety of different impact
craters of various ages, sizes, and morphology (Buczkowski et al., 2016; Hiesinger et al., 2016). Despite pre-
vious assumptions about an upper ice-rich mantle (Castillo-Rogez & McCord, 2010), Dawn showed that
many of Ceres' craters are not viscously relaxed (Bland et al., 2016). Their morphology and evolution are
directly influenced by the properties of Ceres' upper layers, which seem to be composed of relatively
mechanically strong constituents (Russell et al., 2016), such as a silicate-rich rock-ice mixture containing salt
and clathrate hydrates, carbonates (Bland et al., 2016; De Sanctis et al., 2015, 2016; Fu et al., 2017), and
ammoniated phyllosilicates (De Sanctis et al., 2015, Ammannito et al., 2016). However, there are a number
of features suggesting the presence of water ice in Ceres' upper layers (Sizemore et al., 2018), such as lobate
landslides (Schmidt et al., 2017), domical features (Ruesch et al., 2016), pitted terrains (Sizemore et al., 2017),
and smooth long-wavelength topography (Fu et al., 2017). The shallow subsurface may contain a maximum
of 30-40% water ice by volume on average, although there is evidence of regional heterogeneity (Bland et al.,
2016; Fu et al., 2017).
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Another indicator of Ceres' shallow composition is prominent fracturing of the surface, which is mostly
associated with the southern craters Yalode and Uvara (Buczkowski et al., 2016; Crown et al., 2017).
North of these craters, linear structures are evident as pit crater chains, grooves, or troughs, which extend
in a quasi-radial pattern northwest of Uvara crater and reach lengths of up to 143 km (Crown et al.,
2017). They are suggested to have formed as a result of extensional stresses possibly introduced by upwelling
of salt or another low-density material mobilized by convection or diapirism (Buczkowski et al., 2016, Scully
et al., 2017).

Extensive fracturing within craters as well as floor-fractured craters are abundant on Ceres (Buczkowski
et al., 2016; Hiesinger et al., 2016). The fractures occur either in a concentric pattern near the crater rim
or central dome or as linear fractures crossing the floor (Buczkowski et al., 2016). Inner crater fracturing
may be related to endogenic activity (Nathues et al., 2017), cryomagmatic uplift under the crater floor
(Buczkowski et al., 2017), or stresses introduced by the instability of the subsurface (Krohn et al., 2017;
Scully et al., 2019). Moreover, the crater Occator has been connected with recent activity generated by vola-
tile reservoirs in the subsurface (Ruesch et al., 2018) and subsequent cryovolcanic activity (Krohn et al.,
2016), possibly triggered by the impacts (Bowling et al., 2019).

Investigation of Ceres' crater size frequency distribution shows that craters larger than 100-150 km in
diameter are missing on Ceres' surface when compared to predicted impact rates or the cratering record
on asteroid Vesta (Marchi et al., 2016). Different mechanisms for crater removal have been discussed includ-
ing resurfacing by widespread cryovolcanism and viscous relaxation (Bland et al., 2016; Marchi et al., 2016).

Cryovolanism seems a viable scenario, particularly early in Ceres' history; however, no clear flow fronts have
been detected at the highest spatial scale available (~30 m/pixel). Viscous relaxation results from gravitation-
ally introduced stresses imposed on the ductile material surrounding a crater cavity. The relaxation of a
crater includes the uplift of the crater floor and subsidence of material beyond the crater rim (Parmentier
& Head, 1981). Viscous material flowing into a crater cavity may also generate concentrically or spirally
aligned strike-slip faulting beyond the crater rim (Allemand & Thomas, 1999).

Assuming viscous relaxation as the cause of crater removal on Ceres (Bland et al., 2016), crater rims should
be topographically evident over geologic time scales due to their comparatively small spatial wavelength. For
the same target conditions, the relaxation process is dependent on the size of the relaxing feature and most
efficient on larger length scales (Parmentier & Head, 1981). Thus, narrower features, such as crater rims, are
preserved compared to the broader crater cavity. However, rims of large craters could not be properly iden-
tified on Ceres' surface. This also seems at odds with the inferred rheologically stiff top layer of Ceres (Fu
et al., 2017). It is possible that a combination of the above factors, in addition to erosion of the craters, facili-
tated by the weaker materials found on Ceres (compared to more rocky asteroids, such as Vesta) can explain
the lack of large craters (Marchi et al., 2016).

In this regard, in addition to the fracturing processes and features described above, which have also been
identified on other planetary objects including Mars (Bamberg et al., 2014) and the Moon (Schultz, 1976),
Ceres exhibits another interesting fracture pattern: concentric fractures and pit crater chains beyond the
rims of some craters (Buczkowski et al., 2017). Similar features have not been observed for craters on other
planetary bodies including bodies with ice-rich surface material, such as Mars or the icy satellites of Saturn
and Jupiter. The lower high-resolution surface coverage at the icy satellites, however, may not have allowed
detection. In this work, we investigate the nature of these concentric fractures around impact craters on
Ceres including their morphology, distribution, and relation to topography. We will present a model for their
formation and will discuss the implications these may have on the observed cratering record on Ceres.

2. Data

We used the LAMO (Low Altitude Mapping Orbit) mosaic (35 m/pixel) by Roatsch et al. (2017) and the
HAMO (High Altitude Mapping Orbit) Digital Terrain Model (DTM, 140 m/pixel, 10 m vertical accuracy)
referenced to a 482 km X 446 km biaxial ellipsoid to morphologically and geologically map and characterize
concentric fractures around craters on Ceres. Additionally, for the crater Occator, we used a DTM at LAMO
spatial resolution with a vertical accuracy of ~1.5 m (Jaumann et al., 2017). At the time of our analysis,
LAMO resolution DTMs were not available for the other regions of interest.
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Figure 1. (a) Crater Azzaca with locations of profile lines and close-up frame. The concentric fractures beyond the crater
rim are marked as blue lines. (b) A close-up view of concentric fractures in the northwest of Azacca. (a) and (b) are
extracted from an equidistant map with north pointing to the top. (c) Profiles through the concentric fractures and the
crater floor. For illustrative reasons, profiles A and B are vertically shifted by 8 and 4 km, respectively. The profiles are
aligned at the crater rim (dashed line). The black vertical lines indicate individual fracture locations. Profiles A and B show
a step-like profile of terraced walls, while profile C shows the relatively steep slope and flat floor associated with less
simple mass wasting. (d) The distribution of concentric fractures beyond the crater rim of Azacca. For each range of dis-
tance - the bin size is 0.5 km - the combined concentric fracture length at the given distance from the crater rim is shown.

3. Observations
3.1. Examples

In the following sections we will focus on three characteristic craters on Ceres with concentric fracturing to
illustrate the nature of these craters and fractures. In order to investigate the influence of environmental
conditions, such as local topography and potential recent geologic activity, on the formation of concentric
fractures, we investigate three craters: The first example is Azacca, a 50-km-diameter crater, as an
average-sized concentrically fractured crater. Azacca's morphology is relatively simple and thus provides a
good basis for analysis. Ikapati is a similarly sized crater, but, in contrast to Azacca, it is positioned on a pro-
minent slope and possesses concentric fractures cross-cutting its rim. Finally, we will focus on Occator as an
example of a larger crater (92-km diameter) with concentric fractures. Occator is also of specific interest due
to its possible connection to recent activity and cryovolcanism (Krohn et al., 2017).

3.1.1. Azacca

Azacca is a 50-km-diameter large crater located at 6.7°S and 218.4°E (Figure 1). Azacca exhibits prominent
linear fractures crossing the crater floor in a rough north-south direction and inner circumferential fractures
where the crater wall meets the crater floor. A terraced rim and central ridge are also present (Buczkowski
et al., 2017). Azacca's flat floor also accommodates some degraded pitted terrains (Sizemore et al., 2017).

The concentric fractures beyond the crater rim are mostly clustered in the northwest of the crater, but some
concentric fractures are also evident in the east and southwest (Figure 1a). These areas are also associated
with slightly higher elevation compared to other parts of the crater vicinity. The northwest part of the
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Figure 2. (a) Ikapati crater with concentric fracturing beyond the crater rim (blue lines). Profile and close-up locations are
marked. (b) Close-up view of concentric fractures beyond and directly on Ikapati's rim. (a) and (b) are extracted from an
equidistant map with north pointing to the top. Ikapati's fractures on the crater rim are unique within craters with
concentric fracturing. (c) Topographic profiles through outer cracks in Ikapati as indicated in (a). The locations of con-
centric fractures are marked as vertical black lines. Profiles A and B are vertically shifted by 8 and 4 km, respectively.
The profiles are aligned at the crater rim (dashed line). Profiles A and B cut through the terraced wall at the higher ele-
vation region of Ikapati, while profile C cuts through the flat floor and preexisting depression. (d) The distribution of
concentric fractures beyond Ikapati's rim and the combined concentric fracture length at the given distance from the
crater rim. The bin size is 0.5 km.

crater also shows extensive terrace formation inside Azacca. The crater floor in this region is at higher
elevation, which may be explained by the collapse of material into the crater. The concentric fractures
extend to 14 km beyond the crater rim, roughly half a crater radius.

3.1.2. Ikapati

Ikapati is also a 50-km-diameter complex crater located at 33.8°N and 45.6°E (Figure 2) with noticeable
pitted terrain possibly related to volatile outgassing and floor cracking (Pasckert et al., 2017; Sizemore
et al., 2017). Floor fractures appear as cracks and pit crater chains with predominantly parallel alignment
to the crater terraces and walls. Ikapati is situated at the northeastern edge of a depression, which was prob-
ably formed by one or several coalesced impact craters. Thus, Ikapati's southwestern rim is approximately
5 km lower than the northeastern rim. The terraced crater rim occurs in the higher elevated northern part
of the crater, while the floor of Ikapati and the depression to its southwest are filled with smooth material
which is most likely impact melt (Pasckert et al., 2017).

Tkapati exhibits most of its outer concentric fractures in the northeast where a transition from the highest
(~2.5 km) to the medium elevated region (~0.5 km) occurs (Figure 2a). Some of these concentric fractures
are located directly on the crater rim, where a large block of material slumped into the crater (Figure 2b).
The crater rim here is lower and broadened (Figure 2c, profile B) compared to other rim regions around
Ikapati. The concentric fractures located on the crater rim of Ikapati are unique on Ceres. Further
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Figure 3. (a) Occator crater with profile lines and close-up frames for Figure 4 (left box) and Figure 3b) (box near center).
The blue lines sketch the location of concentric fractures beyond Occator's rim. The white arrow points at a buried crater
with quasi-concentric fractures aligning with its inner crater wall. (b) Close-up of concentric fractures in the northwest
of Occator. (a) and (b) are extracted from an equidistant map with north pointing to the top. (c) Profiles through Occator
and concentric fractures beyond the rim as shown in (a). The black vertical lines indicate the locations of individual
concentric fractures. Profiles A and B are shifted vertically by 8 and 4 km, respectively. The profiles are shifted horizon-
tally to align at the crater rim (dashed line). Profiles A and B cut through the terraced crater wall, and profile C

cuts through a relatively steep crater wall with little slumping. (d) The distribution of Occator's concentric fractures
beyond the crater rim and the combined concentric fracture length at the given distance from the crater rim. The bin size
is 0.5 km.

concentric fractures are located on the elevated region to Ikapati's northwest and on the steep slopes where
Tkapati cuts into the preexisting depression. A small number of concentric fractures are located beyond the
crater rim in the southwest inside the preexisting depression. The concentric fractures appear within 14 km
beyond the rim of Ikapati, which is approximately half a crater radius.

3.1.3. Occator

Occator is a 92-km-diameter crater located at 19.8°N and 239.3°E (Figure 3), which shows evidence for
recent activity (Buczkowski et al., 2017; Nathues et al., 2017; Ruesch et al., 2017). Its central 9-km-wide
depression with a 2-km-wide domical bright feature and a collection of fractured bright spots on the floor
suggest the ascent and crystallization of a sodium carbonate-rich brine, possibly triggered by an impact event
(Bowling et al., 2019; De Sanctis et al., 2016; Nathues et al., 2017). Occator has extensive terraced walls but
also some steep slopes with little evidence for slumping, particularly in the southeast (Figure 3c, profile C).
The floor of Occator is extensively fractured, exhibiting linear radial fractures emanating from the crater
center, crosscutting fractures near the southwest crater wall, and circumferential fractures along and on
the terraced crater wall and surrounding the central pit (Buczkowski et al., 2017, 2019). Occator's floor
is partly covered by lobate flows (Krohn et al., 2016) but also exhibits hummocky terrain at the slightly
elevated northwestern part of the crater. Degraded pitted terrains have also been identified (Sizemore
et al., 2017).
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Figure 4. Concentric fractures and pit crater chains around Occator crater
(92-km diameter). The location of this scene is sketched in Figure 3a. An
example pit crater chain (a), coalesced pit crater chain (b), and elongated
fracture with variable width (c) are labeled. The concentric fractures run
relatively parallel (e.g., cracks (a) and (b)) with variable spacing, width, and
length. Some concentric fractures are partially disconnected; for example,
coalesced pit crater chain (b) integrates into fracture (c). An approximately
2-km-diameter crater with crossing concentric fractures (d) indicates that
the concentric fractures formed, or were reactivated, after the formation of
craters on the ejecta blanket of Occator crater.

Concentric outer fractures are predominantly present in the relatively
high region west and northwest of Occator with some concentric fractures
on a higher plateau in the southeast and in the south (Figure 3a). There
are no concentric fractures in the north, where a preexisting crater is
located and in the northeast where an uneven depression is evident.
Most fractures are concentric to Occator's wall, but a set of quasi-
concentric fractures follow the shape of a preexisting smaller crater
(20-km diameter) in the west. The distribution of the concentric fractures
extends up to 40 km from the crater rim, which is slightly less than the
crater radius. There is a reduced amount of fracturing between roughly
10- and 20-km distance.

3.2. Characteristics of Concentric Crater Fractures

Concentric fractures observed beyond crater rims on Ceres appear as pit
crater chains with either individual or coalesced pits or as elongated
cracks (Figure 4). The concentric fractures occur on the crater rim (e.g.,
Tkapati; section 3.1.2), close to the crater rim and may extend up to one
crater radius beyond the crater rim.

The widths of the observed concentric pit crater chains and concentric
fractures range between a lower limit given by the image resolution of
35 m/pixel and a maximum of 300 m. Individual pits of a concentric frac-
ture are separated by 150 to 300 m, while the typical distance between two
parallel concentric fractures is on the order 500 m to 2 km. The typical
concentric fracture length is on the order of 1 km, and the maximum indi-
vidual concentric fracture length is about 6 km. Elongated patterns of
individual smaller concentric fractures strung together often resemble
the appearance of a common large concentric fracture. Some of the con-

centric fractures show a bulbous elongated shape with variable width, while others have a relatively homo-
genous width. The depth of most concentric fractures is too small to be visible in the DTM; however, in a few
cases it was possible to measure their depths in the Occator crater region. A depth of approximately 20-50 m
could be derived from the LAMO DTM, but the accuracy in this elevation range has to be considered with
caution. The strong contrast between illuminated and shadowed flanks of the concentric fractures suggests
relatively steep slope angles and potentially deeper cracks. Assuming a slope angle of 35°, which is compar-
able to the slope of Occator's wall, the depth of the concentric fractures can be estimated to be 100 m for the
widest concentric fractures.

The concentric fractures generally occur in clusters around an impact crater. The radial distance of the con-
centric fractures from the crater rim is less than a crater radius, and most concentric fractures are located
within 15 km of the crater rims (Figure 5). Generally, the maximum distance of concentric fractures from

Fracture Distance

E 140 # Prominently Fractured Craters
9 120 <10 Fractures

5

£ 100

S 80

g 60

&40

€

g 20

I T2 &

2 0 50 100 150 200 250 300

Diameter [km]

Figure 5. The maximum distance of concentric fractures from the crater
rim versus the crater size. The different colors represent craters with pro-
minent concentric fracturing and less than 10 concentric fractures (see
Table 1). The area below the red line indicates locations within one crater
radius beyond the crater rim.

the crater rim increases with crater radius; however, the variation is large
for individual craters. These variations may be introduced by variations in
the geologic setting, for example, the topography or subsurface layout, or
the observational conditions that may be different for different craters.
Although these clusters appear on various elevations and slopes, they
are in general not present in lower regions. Most commonly the con-
centric fractures are evident on higher areas or steep slopes and exhibit
radial extension. On the smaller scale, individual concentric fractures
occur in depressions and on hills. Neighboring concentric fractures are
generally aligned in parallel. Topographic irregularities may locally
diverge the concentric fracture alignment. Nevertheless, cross-cutting
concentric fractures have not been observed.

The concentric fractures occur on topographically smooth as well as
hummocky regions of the ejecta blanket. An interesting observation is
that in some cases the concentric fractures crosscut smaller impact
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Figure 6. Global distribution of craters on Ceres with concentric fracturing beyond the crater rim. Seventeen craters have
been identified; most of them are found in the midlatitudes. There are nine craters with prominent concentric fracturing
(>10 fractures, red) and eight craters with fewer, less evident concentric fractures (<10, yellow). The distribution of
concentric fractures (purple lines) and the outline of the relevant craters (black polygons) are marked.

craters on top of the ejecta blanket (Figure 4). This indicates that the concentric fractures formed after the
formation of the small impact craters, which themselves must have formed after the emplacement of the
impact ejecta. Additionally, the concentric fractures sometimes align with preexisting topography, such as
the rim of an impact crater that has been covered by emplaced ejecta.

3.3. Distribution of Craters With Concentric Fracturing Beyond the Crater Rim

We found a total of 17 craters with concentric fractures on Ceres (Figure 6). We distinguish between craters
with prominent concentric fracturing and less obvious concentric fracturing. There are nine prominently
concentrically fractured craters, in which the concentric fractures are abundant (> 10) and well developed
as pit crater chains or fissures (Figures 1-4). These concentric fractures also appear relatively fresh. Less
obvious concentrically fractured craters have fewer (<10) concentric fractures. The lower number of
identifiable concentric fractures may be a result of erosion. We identified eight craters with <10
concentric fractures.

The distribution of craters with concentric fractures beyond the crater rim does not seem to be correlated
with the global distribution of fractures on Ceres, which are abundant between 210°E and 300°E, between
40°N and 60°S, and between the craters Occator and Dantu (0-45°N and 90-260°E; Scully et al., 2017).
Craters with concentric fractures beyond the rim also occur in areas depleted in linear fractures suggesting
that the causes for forming Ceres' global linear features, such as extensional stresses introduced by upwelling
material (Scully et al., 2017), are different from the ones generating concentric fractures.

The craters occur predominantly in the midlatitude range between 46°S (Urvara) and 34°N (Ikapati). The
polar region, where colder temperatures are expected, is depleted in craters with concentric fracturing
beyond the crater rim. Although low incident angles may accentuate morphological features in these
regions, concentric fractures have not been identified above 40°S and 45°N. Toward the poles, this observa-
tion may be influenced by the low incidence angles introducing larger shadowed regions. The shadows cast
by large scale topographic features, such as crater rims, may obscure possible small scale concentric frac-
tures. Thus, a reliable investigation is only possible up to 60°N/S.

The craters have diameters between 20 km (Juling) and 270 km (Yalode) with an average diameter of
approximately 70 km (Table 1).

Most of the craters with concentric fractures appear to be relatively young. With the exception of the basin
Yalode, none of the craters with concentric fractures exhibit features of viscous relaxation, such as the
shallowing of long wavelength topography. However, other fresh craters in a similar geographic region
and with similar diameters may not have concentric fracturing beyond their rims. Examples of such craters
are Ezinu (116-km diameter, 43°N) and Oxo (10-km diameter, 42°N).
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Table 1
List of All Craters With Concentric Fractures Beyond the Crater Rim

Prominent Depth-to- Maximum concentric

Crater Diameter concentric Floor Pitted diameter ratio fracture distance
name (km) fracturing fractures terrain (10_2) (km)
Aristareus 36 X X X 7.6 2.3
Azacca 50 v v v 6.0 14
Consus 64 X X X 5.9 10.5
Cozobi 24 X X X 10.4 3
Dantu 126 v v v 4.0 15
Haulani 34 v v v 8.9 12
Tkapati 50 v v v 8.0 14.5
Jarimba 69 X X X 5.8 8
Juling 20 v v X 13.8 6
Kondos 44 X v X 6.8 8.5
Kupalo 26 v v v 9.6 8
Lociyo 38 X v X 7.2 21
Occator 92 v v v 3.8 38
Rongo 68 X v X 5.9 6.5
Tupo 36 X v X 6.9 10
Urvara 170 v v v 3.5 65
Yalode 260 v v X 2.5 76

Note. The name, size, and prominence of concentric fracturing are listed. Additionally, the presence of floor fractures
and pitted terrain and the craters' depth-to-diameter ratio are noted.

Floor fractured craters are abundant on Ceres and may have formed by the floor uplift of cryomagmatic
intrusions (Buczkowski et al., 2016, 2017). They are characterized by a smaller depth-to-diameter ratio com-
pared to other craters on Ceres (Buczkowski et al., 2017). The floor fractures include central and off-central
sets of linear parallel and radial cracks crossing the crater floor. Ten of the craters with concentric fractures
also exhibit floor fracturing in the crater interior and inner crater concentric fractures close to the crater wall.
The depth-to-diameter ratio of the craters with concentric fracturing is slightly lower compared to the gen-
eral ratio shown by Hiesinger et al. (2016) with two exceptions (Figure 7); however, these outliers are the
craters Ikapati and Urvara. As described above, Ikapati is located at the edge of a depression introducing
uncertainties in the depth measurements. A similar argument is valid for Urvara which is located in an area
of relatively high topography in the rougher southern region.

Craters with concentric fractures on Ceres are complex, exhibiting a central peak or ridge. Urvara and
Occator craters also have a central depression possibly caused by subsidence related to cryomagmatic
intrusions or generated during the impact formation (Buczkowski et al., 2016). Another indication of some
of the craters' connection to volatiles is that all craters with pitted terrain (total of 7; Sizemore et al., 2017) are
also craters with concentric fractures.

4. Formation Scenarios for Rim Fractures
4.1. Volumetric Compaction of a Volatile-Rich Ejecta Blanket

Buczkowski et al. (2017) suggest that the concentric fractures around Occator crater are caused by the volu-
metric compaction of a volatile-rich ejecta blanket. The vertical as well as horizontal compaction of such a
deposit due to volatile outgassing and desiccation cause tension in the material. In areas of buried preexist-
ing topography, such as crater rims and slopes, this tension may generate concentric fracturing along the
buried topography (Buczkowski & Cooke, 2004; Cooke et al., 2011).

This model is supported by the observation that most concentric fractures around craters on Ceres are rela-
tively close to the crater rim (less than a crater radius), where most tension is expected due to the relatively
steep slopes near the crater rim. Assuming that the higher elevated regions are related to a thicker ejecta
deposit, these regions will possess more absolute compaction. If compaction is the reason for the
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Figure 7. The depth-to-diameter ratio of craters with concentric fracturing
beyond the crater rim. Green diamonds represent craters with concentric
and floor fractures, and blue diamonds mark craters that only have con-
centric fractures beyond the rim but no floor fractures. The red line indicates
the global crater depth-to-diameter ratio on Ceres extracted from Hiesinger
et al. (2016). Note the double logarithmic scale.

concentric fracturing, this may explain the observation that the concentric
fractures mostly occur on elevated regions.

Specifically, around the crater Occator there is a ~20-km diameter crater
buried by Occator ejecta with quasi-concentric fractures aligning with
the inside of the buried crater's wall (Figure 3a, white arrow). The occur-
rence of these fractures on the steep flanks of an ejecta-buried crater is
supportive of the volumetric compaction model; however, concentric frac-
tures are not generally related to specific topographic features such as
mounds, troughs, or slopes (Figures 1c, 2¢, and 3c).

Most craters with concentric fracturing are also classified as floor frac-
tured craters. Specifically the fractures within Occator are suggested to
have formed by water or salt-rich magmatic injection (Buczkowski
et al, 2017). If so, it is expected that Occator's ejecta blanket was
volatile-rich, which is necessary for volumetric compaction.

The craters with concentric fracturing occur within the warmer midlati-
tudes of Ceres. Due to the illumination difference and the small rotation
axis' tilt (~4°), compaction due to outgassing and desiccation may be slower in the colder pole regions and
they may even allow the existence of water ice in permanently shadowed regions (Schorghofer et al.,
2016). This lack of desiccation may explain why craters with concentric fracturing are not observed in the
polar regions, if volumetric compaction by volatile degassing and desiccation is the cause for the outer
concentric fractures.

Thermal contraction cracking and differential sublimation of volatile-rich materials typically results in poly-
gonally shaped fracture patterns (Lachenbruch, 1962; Levy et al., 2009). Although these are observed at some
locations on Ceres, for instance, on the crater floors of Occator and Dantu (Buczkowski et al., 2019, Williams
et al., 2018), the concentric fractures beyond the crater rim do not intersect each other or form polygons.
However, we cannot rule out the presence of intersecting fractures on a smaller scale below spatial resolu-
tion of the images used in this study. This observation is not consistent with the theory of volatile loss of
the surface layer, which is expected to result in polygon formation (Goehring, 2013).

Following the model of Buczkowski and Cooke (2004), the concentric fracture spacing may be an indication
of the deposit thickness and both are roughly of the same order. The typical concentric fracture spacing is
500 m to 2 km. In the case of the buried impact crater west of Occator (white arrow in Figure 3a), the spacing
is approximately 500-900 m. This would imply that the covering deposit/ejecta is similarly thick. Although
this estimate seems applicable for Occator, it may not be feasible in other locations where the concentric
fracture spacing is larger and consequently unreasonably large deposit thicknesses would be derived. Here
other mechanisms, such as the relaxation of a low-viscosity subsurface layer, may play a more
dominant role.

4.2. Relaxation of a Low-Viscosity Subsurface Layer

Allemand and Thomas (1999) experimentally investigated the development of faulting by relaxation of a
cavity cut into a layered target with a ductile lower and a brittle upper layer. They showed that the relaxation
may generate concentric normal faulting beyond the crater rim if the ratio of the thickness of the upper
brittle and the lower ductile layer is high, for example, the brittle layer has the same as or a higher thickness
than the ductile layer.

Walsh and Schultz-Ela (2003) proposed the flow of a viscoelastic subsurface salt layer as cause for the
formation of graben in Canyonlands National Park, Utah, USA (McGill & Stromquist, 1979; Walsh &
Schultz-Ela, 2003). Gravity spreading generated by the overburden expelled the viscous layer at the base
of the canyon. This deformation process creates stresses in the overlying brittle rock formation which results
in graben formation parallel to the canyon. Despite the differences in shape, the process of expelling a
viscous subsurface layer by overburden pressure may be similarly applicable to craters.

The concentric fractures around craters on Ceres may be caused by the drainage of material into opening
faults and fissures caused by the relaxation and deformation of a viscous subsurface layer. The drainage of
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material is evident for many concentric fractures because they are often composed of pit crater chains and
coalesced pits (Figure 4), which form by material wasting into subsurface hollows. Following drainage
experiments with unconsolidated, noncohesive materials (Horstman & Melosh, 1989), the pit spacing can
be used to estimate the regolith thickness. The theory suggests that the spacing of the pits and the regolith
thickness are of similar size, which allows estimating the thickness of the regolith covering the concentric
fractures around craters on Ceres to be equal to the pit spacing of 150 to 300 m. Alternatively, considering
a crater rim height of ~300 m (compare with crater Azacca, Figure 1c, profile B) and assuming that the
regolith near the crater rims is mostly ejecta of the crater itself, the regolith thickness can be estimated to
a maximum of approximately 20% of the total crater rim height (Sharpton, 2014; Sturm et al., 2016). This
yields a minimum regolith thickness of 60 m. In reality the regolith cover is likely to be thicker due to the
accumulation of regolith from subsequent impacts. The estimated 150- to 300-m regolith thickness based
on the pit spacing is therefore a reasonable estimate.

The upper brittle layer, required by Allemand and Thomas' and Walsh and Schultz-Ela's model, may be
provided by the impact gardened upper regolith of Ceres, and the lower viscoelastic layer may be provided
by an ice-rich subsurface. Fu et al. (2017) applied a geodynamical finite element simulation to reproduce
Ceres' topography and were able to derive a depth-dependent viscosity of Ceres' crust with a surface viscosity
of ~10?° Pa-s and a rapid decay of a factor of 10 per 10- to 15-km depth for the uppermost 40 km.

The volatile connection between concentrically fractured craters and volatiles is shown by the fact that all
craters with pitted terrains are also concentrically fractured. Additionally, most concentrically fractured cra-
ters are floor-fractured, which may be related to cryomagmatic intrusions (Buczkowski et al., 2017). Thus,
the viscosity of the subsurface layer is likely related to its water ice content. The preferential occurrence of
concentrically fractured craters in the midlatitudes may imply that the warmer temperatures are able to
reduce the subsurface viscosity so that concentric fracturing is possible.

Ermakov et al. (2017) report a reduction in topography in Ceres' equatorial region, which is consistent with a
temperature dependent relaxation of an ice-rich crust due to insolation. The number of craters with con-
centric fractures is also increased in the midlatitudes. It is possible that the temperature conditions and
coupled material properties in this area provide the necessary conditions for concentric fracturing around
craters on Ceres, whereas the colder polar regions are less prone to viscous relaxation (Bland, 2013).
Viscous crater relaxation as a condition for the concentric fracturing process is also supported by the fact that
most concentrically fractured craters have a relatively low depth-to-diameter ratio (Figure 7) which is
expected for viscously relaxed craters (Parmentier & Head, 1981).

Concentric fractures predominantly develop on elevated regions around craters on Ceres (Figures 1la, 2a,
and 3a). A higher elevation also implies a larger overload and pressure on the putative subsurface viscoelas-
tic layer. The elevation difference may be as high as 1 km (Figures 1a, 2a, and 3a), while the average concen-
trically fractured crater depth is about 3.5 km, so that the additional overload may enhance the forces
supporting the generation of concentric normal faulting.

Alternatively, the lower viscoelastic layer may be formed by the heat generated by the impact process itself.
Bowling et al. (2019) simulated the Occator impact using the iSALE2D shock physics code and were able to
infer that the close vicinity of the impact site has an increased temperature compared to the impact site
before the impact. Liquid water or warm ice in the subsurface of a fresh impact crater could temporarily
create a less viscous subsurface (Bland, 2013).

Given that concentrically fractured craters are sparsely distributed on the surface of Ceres (total of 17
craters), the criteria for concentric crater fracturing seems often not fulfilled. A heterogeneous subsurface
with low-viscosity, probably ice-rich or salt-rich patches may be able to explain the occurrence of the craters
with concentric fractures beyond the rim. This may also explain the variable maximum distance of con-
centric fractures beyond the crater rim (Figure 5), and the layer thickness may have an effect on location
of the development of concentric fractures (section 4.2.2). Such a compo