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Zusammenfassung

In dieser Arbeit wurden Risse in Gesteinsbrocken auf dem erdnahen Asteroiden
Ryugu kartiert und analysiert, wofur Bilddaten der japanischen Hayabusa-2-Mission
verwendet wurden.

Daraus abgeleitet wurden Orientierungsverteilungen und Langenverteilungen der
Risse. Die bevorzugte Ausrichtung der Risse ist Nord-Siid bezogen auf Ryugus Aqua-
tor. Die wahrscheinliche Erklarung fur diese Verteilung ist der thermische Ein uss,
durch den diese Risse entstanden sind: Die Sonne beleuchtet am Morgen die Ostsei-
te der Felsbrocken und am Abend die Westseite. Dies fiihrt zu einem thermischen
Gradienten in Ost-West-Richtung, der wiederum eine Spannungsverteilung verur-
sacht, die das Risswachstum in Nord-Sud-Richtung begunstigt.

Die fur Ryugu ermittelte Verteilung der Risslangen ahnelt den Rissen auf einem
anderen Asteroiden, Bennu, der ebenfalls auf einer erdnahen Bahn kreist.

Die Langenverteilung lasst sich erklaren, indem der thermale Ein uss durch ein
Exponentialgesetz beschrieben wird und die Gréye der Gesteinsbrocken (und da-
mit auch der Risse) durch ein Potenzgesetz.

Die Langenverteilung wurde auch fir die Modellierung der zeitlichen Abfolge
des Risswachstums verwendet um Zeitskalen zu erhalten, in denen das Risswachs-

tum stattfand und die beobachteten Langenverteilungen entstanden sein kdnnten.

Abstract

Fractures in boulders on the Near-Earth-Asteroid Ryugu were mapped and anal-
ysed in this work, using image data from the Japanese Hayabusa-2 mission.

This resulted in orientation distributions and length distribution of the fractures.
The preferred orientation of the fractures is North-South, relative to Ryugu's equa-
tor. The likely explanation for this distribution is the thermal in uence under which
these fractures formed: The sun illuminates the east side of the boulders in the
morning and the west side in the evening, resulting in a thermal gradient in the

east-west direction, the thermal gradient in a stress distribution that promotes crack



growth in the north-south direction.

The distribution of fracture lengths determined for Ryugu is similar to the frac-
tures on another asteroid, Bennu, which also orbits in a near-Earth orbit.

The length distribution can be explained by describing the thermal in uence with
an exponential law and the size of the boulders (and thus also the fractures) with
a power law.

The length distribution was also used to model the temporal sequence of frac-
ture growth to obtain time scales when fracture growth occurred and the observed

length distributions could have formed.



1. Motivation

1. Motivation

How did our world form? Why is there life on Earth? Why is there water on Earth?
Could humanity prevent and survive a extinction event that killed the dinosaurs?
Are there enough resources for humanity's future?

A step towards answering these questions might come from research on asteroids
and other small bodies, as they are the remnants of the early solar system and wit-
nesses of the epoch of planet formation, about 4 billion years ago. Asteroid impacts
can be one of the biggest threats humanity could face, but they could potentially
also be what makes humanity prosper in the coming centuries via harvesting their
metallic resources.

To understand these enigmatic bodies, their foreign environment needs to be re-
searched and the processes that form and shape their surface need to be analyzed.
Part of this research is the formation of fractures on asteroid surfaces. Fractures are
a well known surface feature, indicative of erosive surface processes that help us
understand how small asteroids evolve. By studying fractures on Ryugu, a small
near-Earth asteroid about 900 m in diameter, researchers can gain a deeper under-
standing of the processes that lead to fracture formation, their relationship to the
asteroid's geological history, and the implications for the behavior of asteroids as a
whole. Furthermore they teach us how the information from their surfaces correlate
with their original pristine nature.

To investigate the fracture origin, fractures on the rubble-pile asteroid Ryugu are
mapped and analysed in this thesis. Ryugu possesses several unique characteristics
and properties that make it an ideal target for investigating fractures and their impli-
cations: The Japanese mission, Hayabusa2, successfully visited Ryugu and collected
a wealth of image data using state-of-the-art instruments. The mission provided

high-resolution images and detailed surface topography, enabling a thorough anal-



1. Motivation

ysis of fractures on Ryugu's surface and their characteristics. Ryugu is classi ed as
a rubble-pile asteroid, which means it is composed of numerous rocky fragments
loosely held together by gravitational forces. This structure is of particular interest
because it can a ect how fractures propagate and evolve on the asteroid's surface.
Furthermore Ryugu is a primitive, carbon-rich asteroid that has preserved material
from the early solar system. By studying fractures on Ryugu, scientists can gain in-
sights into the processes that occurred during the formation and evolution of aster-
oids, providing valuable information about the origins of our solar system. Ryugu
also exhibits surface features such as craters and regolith. These features suggest
past geological activity, potentially including impact events and internal processes.
The investigation of fractures on Ryugu's surface can shed light on the mechanisms
and dynamics that have shaped its surface over time. These unique characteristics
of Ryugu make it an intriguing target for investigating fractures and contribute to
our broader understanding of the formation and evolution of asteroids in the solar

system.
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2. Introduction

2. Introduction

2.1. Asteroids

The term "small bodies" generally describes any celestial body smaller than a dwarf
planet (about 1000 km in diameter). Any small body, that is not a comet 1, a natural
satellite or moon? is an asteroid. Asteroids range in size from just a few metres
to several hundreds of kilometres. Most asteroids are found between Mars' and
Jupiter's orbits, about 2 to 4 astronomical units (AU) 3 away from the sun, giving
rise to the term asteroid belt. Since the largest object in the asteroid belt, Ceres, was
classi ed as a dwarf planet in 2008, Pallas is the largest asteroid at 546 kilometres
diameter. A comparison of di erent asteroids to scale is shown in Fig. 1.

Asteroids are typically classi ed according to their density and chemical compo-
sition into 3 main categories: metallic M-types, sillicaceous, stony S-types and car-
bonaceous C-types. C-type compositions are often called 'primitive’ because they
are believed to have undergone little changes in the past 4.5 billion years and present
the primordial material well, out of which the planets have formed. Since asteroids
have no protecting atmosphere, they are subject to the harsh space environment.
This includes total vacuum, impactor bombardment of all sizes, high-energy irradi-
ation and extreme temperature variations, with very little gravitational pull; making
asteroids a very exotic place in space and therefore highly interesting to study.

Asteroids are the left-over debris from the processes that formed the inner plan-
ets. Studying them tells us a lot about the early solar system formation. This could

help us explain how water and the building blocks of life came to Earth, potentially

1A comet is a celestial object containing ice that undergoes gas emission as it approaches the Sun.

2|f a celestial body does not orbit around the sun, but instead another body, it is a moon or natural
satellite.

3An astronomical unit (AU) is the average distance from Earth to the Sun, so about 150 million
kilometres.

11



2. Introduction

helping to solve one of the most fundamental mysteries of our planet's origins.

Although most asteroids are located on orbits in the asteroid belt, some of them
can deviate from their original asteroid belt orbits due to collisions or orbital reso-
nances. This can and has led to them colliding with planets including Earth. In fact,
an asteroid impact is thought to be the cause of the Cretaceous-Paleogene extinction
event*. Recently the NASA DART mission intentionally collided a spacecraft with
an asteroid's moon to test the possibility of altering an asteroids orbit. In case of
a potential large impact likely happening with our Earth, this would be the only
hope of preventing a catastrophe. These asteroids are called near-earth asteroids
and since their orbits are closer to Earths' orbit they are comparatively easier to
reach, which is part of the reason why the near-earth asteroids Bennu and Ryugu
were selected for their respective missions.

But asteroids could also be bene cial to humanity, the prospect of potentially min-
ing the mineral content of them for use on Earth and in space is gaining more atten-
tion. Some asteroids contain high amounts of valuable metals like platinum, gold
and iron, as well as rare-earth elements that are essential for modern technology
(Andrews et al., 2015). Mining these resources could reduce the reliance on Earth's

nite resources and provide materials for future space exploration and coloniza-
tion. The idea of mining asteroids is still in its infancy, but companies like Planetary
Resources and Deep Space Industries have already been founded with the goal of
making it a reality. However, there are also concerns about the environmental im-
pact and ethical considerations of asteroid mining, as well as the potential for con-
icts over ownership and extraction rights. Despite these challenges, the study and
exploration of asteroids remain an important area of research and discovery in the

eld of space exploration.

2.2. Rubble-pile asteroids

Rubble-pile asteroids are a type of asteroid characterized by their loosely-bound,

agglomerated structure composed of various-sized rocks, boulders, and dust held

4The K-T extinction event, about 66 million years ago, is responsible for the extinction of the di-
nosaurs.

12



Asteroid Mission Year
951 Gaspra Gallileo 1991
243 Ida Gallileo 1993
253 Mathilde NEAR Shoemaker | 1997
433 Eros NEAR Shoemaker | 1998
9969 Braille Deep Space 1 1999
5535 Annefrank | Stardust 2002
25143 Itokawa | Hayabusa 2005
2867 Steins Rosetta 2008
21 Lutetia Rosetta 2010
4 \esta Dawn 2011
4179 Toutatis Chang'e2 2012
162173 Ryugu Hayabusa2 2018
101955 Bennu | OSIRIS-REx 2018

Table 1.: Asteroids visited by spacecrafts

2. Introduction

together by their own gravity (Walsh, 2018). These asteroids are thought to have

formed as a result of collisions between larger parent bodies, which shattered into

fragments that eventually reassembled into a new object (Michel et al., 2001).

The surface of a rubble-pile asteroid can be highly irregular, with varying den-

sity and porosity (Bottke et al., 2005). These asteroids are believed to be a common

type of small bodies in the solar system, and are considered to be potential threats

to Earth if they were to impact our planet. As other asteroids, rubble-pile aster-

oid often contain rounded grains, called chondrules, they are thought to be molten

droplets, that solidi ed in space (Johansen et al., 2015).

In recent years, several spacecraft missions, including NASAs OSIRIS-REXx (Lau-

retta et al., 2017) and Japan's Hayabusa2 (S. Watanabe et al. (2019)), have visited

and sampled rubble-pile asteroids, providing important data for scienti c investi-

gations.

2.3. Ryugu

Ryugu is a near-earth rubble-pile asteroid with a diameter of about 900 metres and

boulders in the range of 1 to 139 metres. See (Wada et al., 2018) and (Michikami et

al., 2019) as well as Fig. 2 and Fig. 4. Its surface has a high abundance of boulders

in a wide range of sizes, see Fig. 5. The cumulative size distribution of Ryugus

13



2. Introduction

Boulders follows a power law with an exponent of -2.65 according to Michikami
et al. (2019). The boulders have been classi ed earlier in three major categories,
with a correlation between brightness and morphology: Dark and rugged boulders,
bright and smooth boulders and bright and mottled boulders (Sugita et al., 2019).
However, as this work focuses on fractures, there was no special attention paid to
boulder morphology. In contrast to previously visited asteroids, Ryugu does not
have regolith-dominated areas without boulders. Ryugu's history is thought to be
complex, as a rubble-pile asteroid it probably formed from the debris of a much
larger (approx. 100 km), previously destroyed parent-body. It is possible that there
were multiple stages of collision and that two or more parent-bodies broke apart
and provided material to build Ryugu. Because of this Ryugu likely incorporated
di erent lithologies of the original parent-bodies (Sugita et al., 2019).

The Hayabusa2 mission was launched on December 3rd, 2015 from Tanegashima
in Japan to explore the near-earth asteroid Ryugu (Fig.6. The main mission ob-
jective was to return samples from Ryugu to Earth (S.-i. Watanabe et al. (2017)),
which actually were successfully returned to Earth in December 2020. Hayabusa2
carried a seven-channel optical camera (ONC-T (Sugita, 2022)), a laser altimeter, a
IR-Spectrometer and a thermal infrared imager. It also carried three small (10 cm)
rovers, produced by Japanese Universities. A small (25 cm) lander, MASCOT (Mo-
bile Asteroid Surface Scout), developed by the German Aerospace Research Center
DLR (Ho et al., 2021), complements these instruments. The rovers and the lander
were deployed on the surface of Ryugu during the 'proximity' mission phase (see
table 2). HayabusaZ2 also carried a explosive device called the SCI (small carry-on
impactor). Using a shaped charge, this instrument allowed Hayabusa?2 to simulate
an high-speed impact on Ryugu's surface (Saiki et al. (2013)). Some of theses in-
struments are visible in Fig.6. A similar sample-return mission was also done by

NASA to the near-earth asteroid Bennu, called OSIRIS-REXx (Lauretta et al., 2017).

14



2. Introduction

Figure 1.: Asteroids in comparis%?m Translated from NZZ (2020).



2. Introduction

Figure 2.: Asteroid Ryugu as imaged by JAXA's Hayabusa2 mission. Credit @ JAXA
Rie et al. (2022).

Name of mission phase Period

EDVEGA (Electric Delta-V Earth Gravity Assist). Dec. 3, 2014 - Dec. 3, 2015
From launch until Earth swing-by.

Transfer Dec. 3, 2015 - June, 2018
Approach June, 2018 - June 28, 2018
Proximity June 28, 2018 - Nov. 13, 2019
Return Nov. 13, 2019 - Oct. 21, 2020
Reentry Oct. 22, 2020 - Dec. 5, 2020

Table 2.: Hayabusa2 mission phases from Sugita (2022)

16



2. Introduction

Figure 3.: Asteroid Bennu as imaged by NASAs OSIRIS-REx mission. Credit @
NASA Lauretta et al. (2017).

17



2. Introduction

Figure 4.: High resolution image of Ryugus surface with Hayabusa2's
shadow. The shadow's width is about 6 metres. Image name:
hyb2_onc_20190308 032449 wlf |12a. The apparent brightness in the center
of the image is due to the opposition e ect.

18



2. Introduction

Figure 5.: Amount of boulders on Ryugu and Bennu. Data from Michikami et al.
(2019) and DellaGiustina et al. (2020).
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2. Introduction

Figure 6.: External views of the Hayabusa2 spacecraft and onboard instruments, by
Tsuda et al. (2013)

20



2. Introduction

2.4. Bennu

To address the fundamental questions posed in chapter 1, NASA launched the OSIRIS-
REX (Origins, Spectral Interpretation, Resource Identi cation, and Security Regolith
Explorer) mission. The primary objective of the mission was to gain insights into
the formation of the early solar system by returning an asteroid sample.

More than 500,000 asteroids were considered as potential targets, with about 7,000
classi ed as near-earth asteroids. Among these, 192 had suitable orbits, making the
mission nancially feasible. To facilitate sample retrieval, asteroids smaller than 200
meters were excluded, narrowing down the candidates to 26 possible targets. Only 5
of these candidates exhibited a carbonaceous, primitive composition a sign of little
alteration making them ideal candidates for study. Bennu emerged as the most
well-characterized asteroid, primarily due to detailed astronomical observations,
leading to Bennu's selection for the OSIRIS-REx mission (Lauretta et al., 2017).

Bennu, a near-earth rubble-pile asteroid with a diameter of about 500 meters, has
a spheroidal shape and a visually striking equatorial ridge (see Fig. 3), likely formed
by rotational forces. Categorized as a B-type asteroid, it belongs to the spectrally
bluer subclass of C-type carbonaceous asteroids mentioned earlier.

OSIRIS-REX boasts a plethora of instruments, this includes three spectrometers,
several cameras, a laser altimeter and a sample retrieval mechanism, operating with
nitrogen gas (Ajluni et al., 2015). These are visible in Fig. 7.

When OSIRIS-REXx arrived at Bennu in 2018 the surface of Bennu was unexpect-
edly rough and rocky (Lauretta et al., 2019). This was a signi cant challenge for the
mission team, since the asteroid was expected to have a smooth surface with small-
grained regolith. A rocky surface makes the approach of the spacecraft, to collect a
sample, much more di cult. However these challenges where overcome, allowing
a sample to be taken in 2020 (Lauretta et al., 2021). This sample is projected to arrive

on Earth in September 2023, where it will be meticulously analysed.
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2. Introduction

Figure 7.: External views of the OSIRIS-REXx spacecraft and onboard instruments,
by Lauretta et al. (2017).

2.5. Thermal Fracturing

To acquire a better understanding of the environment and processes that form and
shape Ryugu and similar small bodies, studies have tried to demonstrate and quan-
tify the in uence of the thermal environment on the development of asteroids land-
scapes (Delbo et al. (2022)). One area of research that has received signi cant at-
tention is thermal fracturing, which is the process of cracking and breaking of rocks
due to temperature changes induced by the di erent exposure to the sun during
rotation. On small bodies like Ryugu, thermal fracturing can occur when the sur-
face experiences rapid changes in temperature, such as when the asteroid rotates
and exposes di erent regions to sunlight and shadow. Non-thermal processes that
could induce fracturing are (micro-)impact or gravitational e ects.

Through laboratory experiments and numerical simulations, researchers have
found that thermal fracturing can lead to the formation of various surface features
on small bodies, including boulders, rocks, and regolith. The size and distribution

of these features can provide clues about the thermal history of the asteroid, as well
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2. Introduction

as its physical properties and structural characteristics (Delbo et al. (2014)).

By studying the spatial distribution of these features and their relationship with
the asteroid's topography, researchers can infer the extent of thermal fracturing that
has occurred on Ryugu and how it has in uenced the asteroid's landscape.

Thermal fracturing is therefore a key process that shapes the surface of small bod-
ies like Ryugu, and studying its e ects can provide valuable insights into the geolog-

ical history of these objects and the physical processes that govern their evolution.

23



3. Methods

3. Methods

3.1. Identi cation and mapping of fractures

In this thesis images from the HAYABUSA-2 Optical Navigation Camera (ONC
(Sugita, 2022)) were used to identify fractures in Fig.8. A fracture on a boulder
was usually identi ed as a dark linear feature, since the sunlight usually does not
illuminate the fracture entirely.

However, the visual identi cation of fractures is prone to errors, since fractures
are not the only linear features that produce shadows. Boulder boundaries or pre-
existing features in the rock can be mistaken for fractures. To avoid this ambiguity,
the mapped fractures were divided into three groups, describing the fracture con-

dence level (see table 5 in chapter 4): (i) one group that only contains features
that are de nitely and obviously fractures given their morphologic appearance (e.g.
properly split boulders or comparatively wide fractures); (ii) one larger group, that
contains all group-one features plus some fractures, that might only be shadows;
and (iii) the largest group containing more than tenfold the amount of features in
the other groups, with features that are often hard to identify correctly and therefore
might not all be fractures, see Figs. 10, 11, 12 and 13.

The fractures were mapped by drawing a multi-line shape le in QGIS (QGIS De-
velopment Team (2023)), as a fracture usually consists of multiple segments. The
aim of this work is to apply the mapping done by Delbo et al. (2022), based on
OSIRIS-REXx data from asteroid Bennu in Fig.9, to a second asteroid, Ryugu. How-
ever the mapping was not exactly reproducible like outlined in Delbo et al. (2022),
because they worked on a global high-resolution data set by Bennett et al. (2021),
which is not available for Ryugu.

Instead, | selected Hayabusa2 images via their y-by distance to Ryugu. | have

24



3. Methods

chosen images from the proximity phase in the Hayabusa2 mission (see table 2),
where the distance between the Hayabusa2 spacecraft and Ryugu was less than 1
km, leading to a best-case resolution of 10 mm/pixel (Kameda et al., 2016). | then
map-projected these images using a equidistant cylindrical projection (see Longley
et al. (2005)). Here problems arose: the spice kernels(NASA Navigation Ancil-
lary Information Facility, 2023), that contain the needed telemetry data to project
the images are damaged. This contains data such as spacecraft-, instrument- and
mission-target location and orientation in their respective coordinate system. Spice
kernels are usually used by NASA to plan and interpret space mission data. But
since they were corrupted, so called "geocubes" were used to map-project images
(Rie et al., 2022).

These geocube les (le-ending: .dbpc) contain the information which pixel is
at which latitude and longitude on Ryugu and are provided by the Japanese Space
Agency. However, the quality of these geocubes was variable. Some of the images
are perfectly projected, thus one picture smoothly overlaps into the next picture
without any problems. Most of the images were projected reasonably well, where
some minor displacements between di erent pictures are visible, but on a negligible
scale. And then some of the geocube les contained such corrupted information
thatimages that show the same geographic features were projected onto completely
di erentlocations on the map. This resulted in 198 correctly projected images, listed
in A, from 457 in total that were taken below 1 km. These are the pictures on which

the actual mapping took place (Fig. 8).

3.2. Data Processing

Once the mapping was done, the fracture coordinates were exported in QGIS. This
data was then read and processed with Python. The lengths I; of the fracture seg-
ments were obtained via the euclidean norm on the map-projected images, see equa-
tion 3.1. This assumes Ryugu is spherical, which Ryugu is not (see Fig.2), but since
the fractures are small (cm - m), the resulting error is negligible. After this, the

segment-lengths were summed up to compute the total length of a fracture. The
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