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Abstract

Based on recent geologic research it appears that meteoritc bombardment is a major
agent in the exogenic dynamics of Earth and other planetary bodies, especially in
more ancient times (e.g. Neukum, 1984; Hildebrand et al., 1991; Gehrels, 1995;
Becker et al., 2004 and Bottke et al., 2012). Furthermore, meteoritic bombardment is
one of the few foreseeable natural hazards which mankind is able to prepare for to
a certain degree. This is true predominantly for larger projectiles which orbital
characteristics is known well ahead of a potential impact. Predicting impact risks,
however, requires a deep understanding of numerous processes, which eventually
result in such an event. Even the simple comparison between the Moon and the
Earth shows for instance, that the time-dependent behavior of the projectile flux as
well as the crater size-frequency distribution, is hard to investigate thoroughly on
Earth alone.

This thesis aims to relate the understanding of the meteoritic bombardment in the
Earth-Moon system to other dynamical regions of our Solar System. Resulting in a
significant improvement in one of the key issues in the field of planetary sciences:
the ability to date planetary surfaces from impact craters on bodies from the inner
Solar System to the asteroid Main Belt and the giant planet satellites of the outer
Solar System.

This tool is key in understanding the geologic history of the investigated bodies
since the terminal phase of planetary accretion about 4 Ga ago until today. The
cratering records of planetary bodies and the related projectile dynamics in the
inner Solar System are relatively well known from vast sets of remote sensing data
of the Moon, Mars and to a lesser degree, Mercury. In the case of the Moon, absolute
calibration of the measured crater frequencies was possible by radiometric dating
of returned lunar rock and soil samples. For bodies in the asteroid Main Belt and
beyond, in the outer Solar System, the smaller sets of remote sensing data,
limitations in observations of projectiles, and incomplete models of projectile
dynamics complicate the interpretation of the cratering records and thus the
understanding of the geologic history of respective planetary bodies.

The work presented in this thesis utilizes the lunar cratering record and adopts it
with some customization for the investigated planetary bodies with significantly
different impact environments than the Moon. By comparing the predictions of the
lunar-like model and the observed cratering records at different locations in the
Solar System (Martian satellite Phobos, Main Belt asteroids and Saturnian satellites)
a significant increase in knowledge has been achieved about the projectiles” origin
and their dynamical characteristics. Applying the lunar-like cratering models to
surface areas that are related to major geologic events on the investigated bodies
allowed for the exploration of their individual geologic histories as well as, partially,
their dynamical histories. A comparison of the geologic histories of the planetary
bodies across the Solar System also offers a possibility to understand the
development of the Solar System in many different aspects. Such aspects are for



instance the projectile dynamics and collisional evolution of small bodies from the
late stage planetary accretion until today. Stratigraphic relationships were used in
order to test the lunar-like models and alternative models of other scientific working
groups for consistency.

Results from the Saturnian satellites Mimas and lapetus, the Main Belt asteroids
Vesta, Lutetia, Ida and Gaspra as well as the Martian satellite Phobos studied in this
work showed that they are consistent with a lunar-like impact history.

Under consideration of earlier work, the timing of youngest basin forming impact
events on the Moon, Mars and the larger asteroids as well as the time of the Phobos
capture and the catastrophic disruption of the precursor bodies of Ida and Lutetia
lead to the conclusion of similar projectile flux characteristics at all of these bodies
at the end of the heavy bombardment time period. During the first billion years of
Solar System history the exponential decline in the Solar System-wide projectile flux
could be interpreted as the tail of planetary accretion. In this respect the Saturnian
system needs further analysis in order to find and properly date its youngest basin.

For the Saturnian satellites Mimas and lapetus the crater distributions suggest a
planetocentric and collisionally evolved source of projectiles with relatively low
impact velocities. Mimas appears to have been geologically inactive since its surface
accumulated the currently observable craters. The satellite shows the same crater
retention age (~4.3 Ga) over its whole surface. Its largest crater, Herschel, formed
about 4 Ga ago. Crater size-distributions on the asteroids Ida, Gaspra, Lutetia and
Vesta clearly show a lunar-like behavior that has previously been discussed and
was expected to be shallower at small sizes based on modelling of collisional
cascades of asteroids. In the case of the geologically complicated asteroid Vesta,
absolute crater retention ages of basin forming events show a high level of
agreement with an independent radiometric chronometer. This particular result
does not only imply a consistent conversion of the lunar cratering functions to
Vesta, but also supports the underlying lunar chronology. Results from the Martian
satellite, Phobos, suggest that the poorly understood formation of its grooves likely
occurred more than ~3 Ga ago and that Phobos is probably a captured asteroid that
has been in orbit about Mars since about 4 Ga.



Kurzfassung

Die jiingere Geschichte geologischer Forschung hat die Erkenntnis wachsen lassen,
dass Meteoriteneinschldge auf der Erde ein wesentlicher Faktor der exogenen
Dynamik insbesondere auf der jungen Erde waren (z.B. Neukum, 1984; Hildebrand
et al., 1991; Gehrels, 1995; Becker et al, 2004 und Bottke et al., 2012).
Meteoriteneinschldge gehoren zudem zu den wenigen Naturkatastrophen, auf die
sich die Menschheit in einem gewissen Rahmen theoretisch vorbereiten kann. Dies
gilt insbesondere fiir grofiere Projektile, deren Flugbahnen lange vor einem
potenziellen Einschlag bekannt sind. Zur Vorhersage von
Meteoriteneinschlagsrisiken ist ein sehr gutes Verstindnis aller Faktoren
notwendig, die zu einem solchen Ereignis fithren. Schon der einfache Vergleich
zwischen dem stark bekraterten Erdmond und der fast gar nicht bekraterten Erde
zeigt, dass das zeitliche Verhalten, sowie die Grofien - Haufigkeitsverteilung von
Meteoriteneinschldgen aus statistischen Griinden nur sehr schwer direkt auf der
Erde erforscht werden konnen.

Das Ziel dieser Arbeit ist es, das Verstindnis des Meteoritenbombardements im
Erde - Mond System in einen Bezug zum Bombardement in anderen Regionen des
Sonnensystems und moglichen Projektilpopulationen zu setzen. Dabei wird die
Methode zur Datierung planetarer Oberflichen durch Meteoriteneinschlagskrater
vom inneren Sonnensystem auf die Korper des Asteroidengtirtels und die Monde
des dufieren Sonnensystems tibertragen. Die vorliegende Arbeit liefert damit einen
Beitrag in einem der zentralen Aufgabenfelder in der Planetologie.

Datierungen der planetaren Oberfldche sind der Schliissel zum Verstindnis der
geologischen Entwicklung der untersuchten Korper seit der Endphase der
Planetenentstehung vor etwa 4 Ga bis heute. Die Kraterverteilungen auf den
Korpern des inneren Sonnensystems und die Dynamik der entsprechenden
Projektile werden durch die umfangreichen fernerkundlichen Datensitze von
Mond und Mars bereits gut verstanden. Fiir den Mond konnten die gemessenen
Kraterhdufigkeiten mit radiometrisch datierten Boden- und Gesteinsproben kali-
briert werden. Fiir die Korper aufierhalb des inneren Sonnensystems, ist die
Datenlage schwieriger und Modelle zur Projektilherkunft und -dynamik scheinen
unvollstandig zu sein, wodurch Interpretationen zur beobachteten Kraterverteilung
und zur geologischen Entwicklung der Koérper erschwert werden.

Die vorliegende Arbeit nutzt die lunare Kratergrofien - Haufigkeitsverteilung und
passt sie als Model an die individuellen, zum Teil sehr stark vom Mond
abweichenden, Einschlagsbedingungen der untersuchten Koérper an. Durch den
Vergleich der Vorhersagen der monddhnlichen Modelle mit den beobachteten
Kraterverteilungen an verschiedenen Orten innerhalb des Sonnensystems
(inneres/dufleres Sonnensystem und Asteroidengitirtel) konnte ein deutlich verbes-
sertes Verstandnis zur Herkunft der Projektile und ihrer dynamischen
Eigenschaften erlangt werden. Die Anwendung mondéhnlicher Kraterverteilungs-
modelle auf wichtigen geologischen Einheiten erlaubt die Untersuchung der
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individuellen geologischen und z.T. dynamischen Entwicklung der betrachteten
Korper. Der Vergleich signifikanter geologischer Ereignisse der einzelnen
planetaren Korper im Sonnensystem ldsst auch Riickschliisse auf dessen
Entwicklung als Ganzes zu. Mit Hilfe stratigrafischer Beziehungen wurden sowohl
die monddhnlichen Kraterverteilungsmodelle als auch alternative Modelle auf ihre
jeweilige Konsistenz getestet.

Die in der vorliegenden Arbeit von den Saturnmonden Mimas und lapetus, den
Hauptgiirtelasteroiden Vesta, Lutetia, Ida und Gaspra und dem Marsmond Phobos
gewonnenen Ergebnisse sind konsistent mit einer monddhnlichen Impaktgeschich-
te.

Unter Berticksichtigung friitherer Arbeiten fiihrt die zeitliche Einordnung der
jingsten beckenbildenden Einschlagsereignisse auf dem Mond, Mars und Vesta als
auch die Zeit des Phoboseinfangs und der katastrophalen Zerstérung der
Vorlduferkorper von Ida und Lutetia zu der Schlussfolgerung einer dhnlichen
Entwicklung der Einschlagsrate mit exponentiell abnehmender Intensitit auf allen
diesen Korpern bis zum Ende der Periode starken Bombardements ca. 1 Ga nach
Entstehung des Sonnensystems. Dieses zeitlich sehr dhnliche Verhalten des
Meteoritenbombardements in grofSen Teilen unseres Sonnensystems, konnte als die
auslaufende Akkretion der planetaren Korper interpretiert werden. In diesem
Zusammenhang sollte das Saturnsystem noch weiter untersucht werden, um dort
das jlingste Becken zu finden und korrekt zu datieren.

Bei den Saturnmonden Mimas und lapetus weisen die Kraterverteilungen auf eine
planetozentrische und kollisionsentwickelte Quelle der Projektile hin, die mit
relativ niedrigen Geschwindigkeiten einschlagen. Mimas scheint geologisch inaktiv
zu sein, seitdem die beobachtbaren Krater entstanden sind, da das gleiche
Kraterretentionsalter (~4.3 Ga) auf der gesamten Oberfldche gefunden wurde. Sein
grofiter Krater Herschel entstand vor etwa 4 Ga. Die Krater-Grofienhdufigkeits-
verteilungen auf den untersuchten Asteroiden Ida, Gaspra, Lutetia und Vesta
zeigen eine deutlich monddhnliche Charakteristik, die schon in fritheren Arbeiten
diskutiert aber basierend auf Kollisionskaskadenmodellierungen bei kleinen
Kratergrofien deutlich flacher erwartet wurde. Im Falle des Asteroiden Vesta zeigen
absolute Kraterretentionsalter beckenbildender Ereignisse einen hohen Grad an
Ubereinstimmung mit einem unabhéngigen radiometrischen Chronometer. Dieses
wichtige Ergebnis impliziert zum einen die konsistente Ubertragung der lunaren
Chronologie- und Kraterproduktionsfunktion auf Vesta und zum anderen wird die
zugrunde liegende lunare Chronologiefunktion damit indirekt bestdtigt. Die
Ergebnisse von Phobos legen nahe, dass die wenig verstandene Bildung seiner
Furchensysteme vermutlich vor mehr als etwa 3 Ga stattfand und das es sich bei
Phobos moglicherweise um einen vor ca. 4 Ga eingefangenen Asteroiden handelt.
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Introduction

1 Introduction

1.1 Significance of chrono-stratigraphy and the role of radiometric
ages for the determination of the geologic history of planetary
bodies and the history of the Solar System

The airburst of a 17 to 20 m diameter bolide, equivalent to an explosion of
approximately 500 (£100) kt TNT (Brown et al., 2013), over the Russian city of
Chelyabinsk with ~1200 injured people and the independent close fly-by of a ~50 m
sized asteroid inside the geosynchronous orbit of the Earth on the same day in
February 2013 draw the public attention to the cosmic neighborhood of our home,
Earth. In the media response to these events questions were raised about a planetary
defense strategy and the frequency and magnitude of such threats. The Chelyabinsk
bolide disrupted within the atmosphere causing no significant impact crater.
However, in the past larger meteorites have left impact structures on Earth’s surface
such as the ~1 km diameter Barringer crater, the ~25 km Ries crater, the ~150 km
Chicxulub crater or the ~160 km Vredefort impact structure. The Earth Impact
Database! currently lists 188 confirmed impact structures on Earth. On the Moon
however, even a small amateur telescope reveals a much higher density of impact
craters on its surface (Fig. 1-1). The dearth of impact craters on Earth is a result of
the intense geologic activity resurfacing our planet continuously and erasing its
cratering record.

From Fig. 1-1 it can also be determined that even on the Moon with heavily reduced
geologic activity, there are areas with significantly lower crater density than other
areas. The brighter lunar highlands are heavily cratered, while the darker lunar
maria are much less cratered. The nature of the lunar craters was ambiguous (e.g.
Gilbert, 1893) until, during the Apollo era, their origin as impact structures became
more and more clear (e.g. Taylor, 1975; Neukum, 1984 and references therein). With
the advent of highly successful lunar mapping spacecraft the lunar impact craters
were systematically measured and their size-frequency distribution analyzed (e.g.
Shoemaker and Hackman, 1962 and Baldwin, 1964). The differences in crater
frequencies of the lunar highlands and the maria areas were interpreted as a result
of different surface ages (e.g. Baldwin, 1964) allowing for the determination of
relative stratigraphic relationships of geologic surface units. Theoretical analysis of
impact probabilities of small bodies crossing the Earth orbit by Opik (1960) led to
initial lunar surface age estimates on the order of 4.5 Ga, which were subsequently
revised under the assumption of higher impact rates in the past (e.g. Hartmann,
1966).

L http:/ /www.passc.net/EarthImpactDatabase/Diametersort.html
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Fig. 1-1: Basic lunar observations: Amateur image of the Moon in a small telescope taken as a webcam mosaic
on 19.10.2003. It reveals the bright heavily cratered lunar highlands and the darker less cratered lunar maria.
The image shows the waning Moon with North direction rotated to the right (image by the author).

With the United States Apollo and the USSR Luna sample return missions it became
possible to calibrate the lunar cratering record at the sampling sites for absolute
radiometric ages. Assuming an isotropic bombardment the calibrated crater size-
frequency distribution also allowed for determination of absolute surface ages for
the entire lunar surface. However, for technical reasons all sample return missions
to the Moon targeted its nearside. The lunar nearside is dominated by several large
impact basins (e.g. Wilhelms et al., 1987), the floors of which are covered with post
impact volcanism basalts (e.g. Hiesinger et al., 2010). Except for the large South-Pole
Aitken basin and a few smaller basins, the farside of the Moon is dominated by
heavily cratered highlands (e.g. Wilhelms et al., 1987). The spatial dichotomy of
lunar basins may already imply a biased sampling by the historic sample return
missions.

Historic sampling of the top layer of the lunar regolith may cause a heavy
overweight of samples originating in the upper lunar regolith i.e. the youngest
major ejecta blanket. That bias in sampling lunar soil and rocks may have caused a
still ongoing debate lasting since the early publications with respect to the geologic
interpretation of lunar samples (e.g. Baldwin, 1974; Tera et al., 1974, Hartmann,
1975; Neukum, 1984; Haskin et al., 1998; Hartmann, 2003; Gomes et al., 2005;
Tsiganis et al., 2005; Baldwin, 2006; Morbidelli et al., 2010; Bottke et al., 2012; Nimmo
and Korycansky, 2012 and Fernandes et al., 2013). In fact, for most parts of the lunar
nearside it is expected that the Imbrium impact event deposited hundreds of meters
of ejecta (Haskin et al., 1998). Those ejecta are covered by thinner ejecta of
subsequent smaller impacts and post mare basalt flows. Subsequent impact events
large enough to excavate material from below the Imbrium ejecta blanket may
provide samples of older large basin forming events. Such samples are continuously



Introduction

reworked by ongoing impact gardening. It may be assumed that pre-Imbrian
material is only a minority in the sample collection of Apollo and Luna missions.
The resulting distribution in radiometric ages would show a major peak in surface
ages corresponding to the Imbrium ejecta layer, which has been mostly sampled
(Neukum, 1984).

The found distribution of radiometric ages among the lunar sample material led to
the conclusion of a cataclysmic peak in impact rates of less ~200 Ma duration on the
Moon and Earth around 3.9 Ga ago (Tera et al., 1974). This interpretation has been
challenged by advocates of a smoothly decaying impact flux (e.g. Baldwin, 1974;
Hartmann, 1975 and Neukum, 1984). Tera et al. (1974) present a schematic diagram,
which shows how their view on the terminal lunar cataclysm evolved from pre-
Apollo time to post-Apollo time (Fig. 1-2).
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Fig. 1-2: Development of interpretations on the lunar cratering rate from pre-Apollo time through post-Apollo
time and different views of a lunar cataclysm (Fig. taken from Tera et al., 1974). The vertical axis represents
the impact rate on the Moon and the horizontal axis shows the age, starting on the left at the Moon-forming
event until today (arrow-tip on the right).

The characteristics of the decay in the lunar impact flux has profound implications
for the late stages of the Solar System formation. This becomes evident once the
reason for a smooth decay or a spike in the lunar projectile flux is investigated. In
fact there is a large variety of proposed scenarios that have been tested against
observations not only for the Moon but for other Solar System bodies as well.
Especially since the year 2005 there have been many publications referring to
numerical simulations of orbital mechanics known as the Nice model (Gomes et al.,
2005; Tsiganis et al., 2005 and Morbidelli et al., 2010).
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The Nice model is a dynamical simulation of the outer Solar System that gives
support for the initial idea of the terminal lunar cataclysm also termed as late heavy
bombardment (LHB). Based on this model, predictions about the predominantly
impacting projectiles were made with respect to their nature, timing and dynamical
characteristics. In its initial form the Nice model proposed a high ratio of cometary
projectiles in the inner Solar System around 3.9 Ga ago over a duration of a few tens
of millions of years. That should have been caused by a resonance catastrophe
between Jupiter and Saturn, which led to destabilization of the orbits of Uranus and
Neptune and in some flavors of the model the order of Uranus and Neptune is
switched. This event is accompanied by a destabilization of the small body
populations in the asteroid Main Belt but even more in the Kuiper Belt beyond the
orbit of Neptune. The initially more compact configuration of the outer Solar System
changed into the one, which is currently observed. Due to inconsistencies with
observations (e.g. O'Brien et al., 2006; Alexander et al., 2012; Fischer-Godde and
Becker, 2012; Nimmo and Korycansky, 2012 and Fernandes et al., 2013) the Nice
model was adapted in a way that the spike in impact rates is much more extended
(200-300 Ma), the predominant projectiles changed from comets to asteroids and the
onset of the LHB was pushed back to 4.1 Ga (e.g. Bottke et al., 2012 and Morbidelli
et al., 2012). Interestingly, the lunar chronology by Morbidelli et al. (2012) is nearly
the same proposed by Neukum (1984) and Neukum and Ivanov (1994) for the time
range from 4.1 Ga ago until today (Fig. 1-3).

Utilizing scaling laws that relate projectile diameters to crater diameters (e.g.
Ivanov, 2001 and Holsapple et al., 2002) it is possible to derive crater production
functions not only for the Moon but also for other planetary bodies. Also impact
fluxes can be derived based on statistically derived impact probabilities from the
current orbits of involved bodies (Opik, 1960 and Bottke et al., 1994). This approach
requires model assumptions for the early Solar System configuration and the
respective predominant projectile populations. From this approach most of our
knowledge about the geologic history of the other terrestrial planets and their
satellites, the giant planets satellites and some asteroids is derived. Only on the
Moon ground truth data from returned sample material at known locations can be
used for absolute impact flux calibration, if accurately applied.

But even without knowing the actual time dependence of the impact flux for each
body, in most cases it is possible to use crater frequency measurements in order to
develop relative stratigraphies. This is possible for all bodies experiencing an
isotropic bombardment but not for those with asymmetric impact geometries such
as the retrograde orbiting satellite Triton in the Neptunian system, where a clear
apex-/antapex asymmetry is evident (e.g. Dones et al., 2009). From relative
stratigraphy we know for instance that Venus shows a relatively homogeneous
surface age probably indicating episodic events of global volcanism, while Mars’
heavily cratered southern highlands appear much older than the smooth plains in
the northern lowlands indicative of regional resurfacing. Also on Mars the very low
crater frequency on volcanic calderas and dunes may imply relatively recent
geologic activity (Neukum et al., 2004). That is also true for the Jupiter moon Io
which lacks any known impact craters and which is characterized by active sulfuric
volcanism, as recorded by the Voyager, Galileo and New Horizons spacecrafts.
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Fig. 1-3: Comparison of impact rates (left) and chronology functions (right) in the non-cataclysm view by
Neukum and Ivanov (1994) and two modern flavors of a terminal lunar cataclysm by Morbidelli et al. (2012)
during the first billion years after Solar System formation (Fig. taken from Morbidelli et al., 2012).

Furthermore, the South Pole area on Enceladus in the Saturnian System also shows
much lower crater frequencies and thus lower crater retention ages (absolute model
age since the last resurfacing event) than other areas of that body. On lapetus the
equatorial ridge system is as heavily cratered as the heavily cratered plains in
between the basins. That and the ridge’s interruption where basins are
superimposed, indicate the high age of the ridge system that predates at least the
youngest basins. On the large asteroid Vesta absolute surface ages are heavily
debated but just from crater frequency measurements it can be determined that the
floor of the large South Pole basin named Rheasilvia, is younger than its respective
ejecta blankets (Schenk et al., 2012a and Schmedemann et al., 2014a). That may
imply significant mass wasting processes inside the basin after it formed (Otto et
al., 2013; Kneissl et al., 2014 and Schmedemann et al., 2014a). This collection of
examples shows that relative stratigraphic relationships of geologic units can be
analyzed by measuring crater frequencies.

If absolute crater retention ages are derived from various bodies in the Solar System
in their individual dynamical environments, it may even be possible to decipher the
late stages of planetary formation and specific impact flux related events in the Solar
System history. Although both models for the lunar projectile flux discussed above
are very similar on the Moon for the mentioned time frame from 4.1 Ga until today,
they differ significantly in their underlying assumptions. While the Nice-model is
based on dynamical models, which initially implied a terminal lunar cataclysm and
showed a high dependence of the location of the target bodies within the Solar
System, the competing model of a smoothly decaying lunar impact flux assumes a
relatively stable Solar System with no terminal lunar cataclysm. As proposed by
Neukum (1984), not only the inner Solar System but also the satellites of Jupiter and
Saturn were cratered predominantly by Main Belt asteroids from planetocentric
orbits. Thus, all of these bodies may have experienced impact fluxes similar to that
at the Moon with similar time dependences but different absolute fluxes.
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In order to verify which model is the more likely one, specific events in the geologic
history of different bodies need to be analyzed. For instance, on the Moon Hartmann
(19654, b, 1970, 1972) and Neukum (1984; 2001) identified much higher impact rates
before 3.5 Ga than since that time. If this behavior with similar timing could be
identified on other bodies as well, it may support a smooth decay model with a
largely stable late stage Solar System similar to the one proposed by Neukum (1984).
If a lunar-like behavior in impact rates cannot be observed on other bodies this may
point to a more complicated dynamical history possibly similar to the Nice model.
An example for this case is the chronology model by O'Brien et al. (2014) for the
Main Belt asteroid Vesta that is very different from the lunar-like model for ages
> ~3 Ga.

For unambiguous results more surface samples not only from the Moon but also
from other planetary bodies are required as well in order to correlate cratering data
with independent radiometric ages. For the Moon a deep drilling project that
penetrates the expected thick ejecta blankets of the younger large impact basins
would be desirable in order to investigate their four-dimensional (lateral, vertical
and temporal) relationships and their correlation to particular impact basins.
However, some samples of other Solar System bodies already exist in meteorite
collections. The problem here is that besides the Moon and Mars it appears all other
meteorites are pieces of asteroids and the sample locations are largely unknown.
About 6% of all meteorites on Earth belong to the HED (Howardite - Eucrite -
Diogenite) class which is likely derived predominantly from the large Main Belt
asteroid Vesta (e.g. Binzel and Xu, 1993). The Dawn mission at Vesta (e.g. Russell et
al., 2012) revealed that the asteroid is dominated by two large impact basins in the
southern hemisphere. These massive impact events are probably recorded in
radiometric ages of Vesta-derived meteorites (Bogard and Garrison, 2003 and
Bogard, 2011). Such signals in radiometric ages can be correlated with the respective
crater retention ages. As for Mars, a recent publication (Werner et al., 2014) claims
the identification of the source region of shergottite meteorites that allowed the
authors to verify the impactor flux in the early history of Mars.

The main conclusion of what has been said so far is that measurements of crater
frequencies are a powerful tool for understanding stratigraphic relations between
various geologic units on a planetary body that allows for relative dating specific
geologic events. Absolute dating of surface units however requires sophisticated
knowledge about the projectile flux for the various planetary bodies over a large
fraction of the Solar System history. For best results the cratering chronology needs
to be calibrated with an independent and reliable technique such as radiometric
dating of rock samples. Only for the Earth and the Moon are the required data
available for such a calibration but difficulties in lunar data interpretation and
scarcity of impact craters on Earth leave behind ambiguity. Absolute surface dating
on other bodies based on lunar/Earth-derived calibrated cratering chronologies
always depend on certain assumptions and models of the respective projectile
characteristics (density, impact velocity, flux) at the body in question. If for some
reason the absolute age of a cratered surface is known to some degree, this
information can be used to derive unknown parameters of the impacted projectiles



Introduction

(e.g. chapter 7). That in turn could provide information about the projectile source
region during the Solar System history.

1.2 Scope of this Work and Structure

The scope of this work is to utilize the lunar crater production function and the lunar
crater chronology function published by Neukum (1984) and Neukum and Ivanov
(1994) for absolute surface dating on smaller planetary bodies with lower surface
gravity as well as a different dynamical environment. For this aim both functions
are scaled to the impact conditions at the respective target bodies. The validity of
the scaled functions is tested against numerous measurements of the crater size-
frequency distribution on the Martian satellite Phobos, the Main Belt asteroids
Vesta, Lutetia, Ida and Gaspra and the Saturnian satellites Mimas and Iapetus.
These bodies were selected because of their good coverage by high-resolution image
data which allows to extract statistically representative data, their particular
location in the Solar System as well as the ability to distinguish between dynamical
characteristics of possible projectile populations. Results are compared with
published work and in the case of Vesta even correlated with radiometric data of
Vesta derived HED meteorites.

This work is based on five publications submitted to the journals “Planetary and
Space Science” and “Icarus”. Except for the manuscript in chapter 7 (in review) all
papers are published. The Author of this thesis, Nico Schmedemann, is leading
author of the publications presented in chapters 3, 4 and 7. Following the title of
each publication in chapters 3 - 7, is a note about the work the author did for the
respective publication. In chapter 2 information and methodologies are detailed that
are not presented in the papers. The necessity to explain these methods became
apparent during several discussions within the Dawn team. Therefore, these
methods and respective examples are related to irregular asteroid-like bodies.
Presented papers in which the author of this thesis is lead author investigate the
reasoning for lunar-like production and chronology functions, present the
derivation and resulting coefficients for crater production and chronology functions
and apply the functions to sample areas in order to derive absolute model ages for
major surface units that are key in understanding the geologic history of the
respective bodies. These papers are presented in chapter 3 “The age of Phobos and
its largest crater, Stickney”, chapter 4 “The cratering record, chronology and surface
ages of (4) Vesta in comparison to smaller asteroids and the ages of HED meteorites”
and chapter 7 “Impact Crater Size - Frequency Distribution on Mimas and the Age
of Herschel”. In the context of the Dawn mission the remaining chapter 5
“Morphology and formation ages of mid-sized post-Rheasilvia craters - Geology of
quadrangle Tuccia, Vesta”, and chapter 6 “Olivine or impact melt: Nature of the
“Orange” material on Vesta from Dawn” demonstrate, how crater retention ages
based on the derived lunar-like functions are used in concert with other flavors of
remote sensing data in order to piece together a global understanding of the
investigated body.
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In chapter 8 a conclusion is given about major results as well as yet unsolved issues.
The latter point is part of an outlook of work that needs to be conducted in the
future.



Details on methodology not included or referenced in the presented papers

2 Details on methodology not included or referenced in the
presented papers

2.1 Brief overview on the geology and astronomic relation of the
investigated bodies

2.1.1 Phobos

Phobos is the inner one of the two natural Martian satellites. Due to its close orbit
about Mars inside the Mars-synchronous orbit and within the Roche-limit, Phobos
is exposed to substantial tidal forces that will cause further decay of its orbital height
and which will ultimately lead to its disruption and impact of the debris on Mars
within the astronomically near future. As detailed in chapter 3 the origin and
dynamic history of Phobos is largely unknown and subject to scientific discussion.
Relative stratigraphy suggests that the large crater Stickney formed before or
contemporary with the groove system. The formation of the groove system is also
under scientific discussion (e.g., Ramsley and Head III, 2013 and Murray and
Heggie, 2014). Phobos’ low density of ~1.9 g/cm? (Willner et al., 2014) suggests low
density materials and/or a rubble-pile like characteristics of this ~23 km diameter
irregular body. The composition of Phobos is still uncertain (Pieters et al., 2014). It
was hypothesized that the Kaidun meteorite is probably derived either from Ceres
or Phobos (Zolensky and Ivanov, 2003).

2.1.2 (951) Gaspra

Gaspra is an S-type Main Belt asteroid and probably member of the Flora family
(Chapman et al., 1996b). With its semi-major axis of 2.2 AU Gaspra is located within
the inner asteroid Main Belt. Gaspra has a diameter of about 12 km and a density of
roughly 2.7 g/cm?® (Thomas et al., 1994). Because of its size and shape Gaspra is
likely a remnant of a collision event that separated Gaspra from its precursor parent
body. Crater retention ages suggest the break up occurred roughly 200 Ma ago
(Chapman et al., 1996b). The collisional life time of Gaspra was estimated at ~ 500
Ma (Bottke et al., 1994).

2.1.3 (243)Ida

Similar to Gaspra, Ida is an S-type Main Belt asteroid (Veverka et al., 1996). Ida is
about 32 km in diameter with a density of about 2.6 g/cm?® and highly irregular
shape (Thomas et al., 1996). Thus, Ida is probably a remnant of an asteroidal break
up event as well. This is supported by Ida’s location in the phase space of the
Koronis family in the outer Main Belt. Crater retention ages suggest a breakup of
the Ida precursor body around 2 Ga ago (Chapman et al., 1996a). The age of the
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possible break up event is updated to about 3.5 Ga in chapter 4. Ida’s semi-major
axis is about 2.9 AU.

2.1.4 (21) Lutetia

With about 100 km diameter Lutetia is about 3 times larger than Ida and large
enough that it could have escaped catastrophic disruption over the age of the Solar
System (Bottke et al., 2005b and Sierks et al., 2011b). It is listed as M-type Main Belt
asteroid orbiting the Sun at a semi-major axis distance of 2.4 AU. Thus, Lutetia is an
object of the inner Main Belt. A crater cluster at its North Pole exposes a number of
boulders suggesting a relatively recent formation of the respective craters.
Presumably older craters show smoothed morphologies indicating resurfacing
processes due to seismic shaking and/or ejecta blanketing due to neighboring
impacts and landslides caused by high relief topography. Lutetia shows several sets
of lineaments that might be impact related (Thomas et al., 2012). The relatively high
density of 3.4 g/cm?® may suggest a low porosity and/or high density materials in
the subsurface (Patzold et al., 2011). Thus, Lutetia could be the heavily battered
remains of a partially differentiated body (Weiss et al., 2012).

2.1.5 (4)Vesta

With a mean diameter of about 514 km, after (1) Ceres and (2) Pallas, Vesta is the
third largest object in the Main Belt and the second most massive. Vesta circles the
Sun at a distance of about 2.4 AU. The vestan geology is dominated by two large
impact basins in the southern hemisphere. The older basin, named Veneneia, is
tectonically related to a trough system named Saturnalia Fossae that is about 30°
inclined with respect to the equator. Veneneia has a diameter of about 400 km. The
younger basin, named Rheasilvia, is tectonically related to an equatorial trough
system named Divalia Fossae. Rheasilvia has a diameter of about 500 km (Jaumann
etal., 2012b). The determination of the basin formation ages is extensively discussed
in chapters 4 and 5. Hydrocode modelling of the Rheasilvia impact suggest that it
caused global resurfacing (Bowling et al., 2013).

The internal distribution of mass indicates that Vesta is a differentiated body
(Russell et al., 2012). Vesta is the only known larger Main Belt asteroid with a
basaltic crust. Thus, most of the HED meteorites found on Earth are believed to
originate on Vesta (McCord et al., 1970; e.g. Binzel and Xu, 1993 and Scott et al.,
2009).

2.1.6 Mimas

Mimas is the innermost of the mid-sized Saturnian satellites. It circles Saturn in a
locked rotation at a distance of about 185 600 km. Its diameter is about 400 km.
Mimas’ density of a little more than 1 g/cm? (Thomas et al., 2007) suggests a
composition vastly dominated by water ice, that is also found almost
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uncontaminated on the satellite’s surface (Filacchione et al., 2010). The satellite
shows an anomaly in thermal inertia on a global scale (Howett et al., 2011).

2.1.7 lapetus

Iapetus is the outermost of the mid-sized Saturnian satellites. It circles Saturn in a
locked rotation at a distance of about 3.6x10° km. Its diameter is about 1400 km.
Similar to Mimas lapetus” density of slightly more than 1 g/cm?® (Thomas et al.,
2007) suggests a composition dominated by water ice, that is heavily contaminated
with organic materials on the satellite’s surface (Filacchione et al., 2010). Iapetus
shows a major color dichotomy between its leading and trailing hemisphere (Denk
et al., 2010). Along its equator Iapetus features a ridge about 20 km high that is
interrupted by large impact basins (Porco et al., 2005).

2.2 Scaling error of projected imaging data between reference body
surface and true body surface on irregularly shaped small bodies

Global imaging as well as topographic data is often published with reference to a
sphere even in the case of irregular bodies (e.g. Roatsch et al., 2012). Thus, surface
measurements are performed with respect to a reference sphere. Due to the often
highly irregular shape of small bodies some areas are below and other areas are
above the spherical reference body. Therefore, feature sizes are distorted and
measured with slightly incorrect sizes, in case they vertically divert from the
reference sphere. Features below the reference surface appear too large, features
above appear too small. Here the expected errors for Ida, Gaspra, Lutetia and Vesta
are quantified. Projected crater size errors are proportional to the ratio of the radii
of the true body and the reference body at a specific location. Errors of projected
area sizes are proportional to the squared ratio of the radii of the true body and the
reference body. The largest possible scaling errors between true body surface and
the surface of the reference body are indicated for each asteroid in Fig. 2-1 and
tabulated in Table 2-1. Fig. 2-1 also shows inlays of the cross sections for each
asteroid and the respective reference spheres. The cross-section meridian was
chosen such that it contains the broadest possible range of true body radii based on
available topographic models. That does not necessarily mean that such a meridian
contains the absolute largest and smallest body radius. The vertical axis in the cross-
section diagrams is always the z-axis of the Cartesian coordinate system of each
body. That direction also correlates to the body’s rotation axis.

2.2.1 Caselda:

The radii of the fit ellipsoid for Ida as given by Thomas et al. (1996) are 29.9 x 12.7 x
9.3 km3. In ArcGIS, our preferred mapping tool, the imaging data is projected on a
reference sphere with a mean radius of 15.7 km as it was derived by Thomas et al.
(1996). Thomas et al. (1996) also provide a digital elevation model (DEM) and a
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basemap, which is rectified and projected to the reference sphere. The used Ida
DEM and basemap are provided by the “Small Body Shape Models V2.1”2 data
collection of the Planetary Data System. These data were used as reference in order
to rectify the Galileo imaging data for the crater measurements. The basemap has a
ground resolution of about 25 m/pixel in its best resolved areas.

2.2.2 Case Gaspra:

The diameters of the principal axis of Gaspra as given by Thomas et al. (1994) are
18.2 x 10.5 x 8.9 km3. A mean radius of 6.1 km as it was derived by Thomas et al.
(1994) is used for the reference sphere on which the imaging data were projected in
ArcGIS. As for Ida the DEM and basemap for Gaspra is taken from the “Small Body
Shape Models V2.1” data collection of the Planetary Data System.

The basemap is rectified and projected to the reference sphere. It has a ground
resolution of about 55 m/pixel. This basemap is used in order to rectify the Galileo
imaging data for crater measurements.

2.2.3 Case Lutetia:

The dimensions of Lutetia are (121+/-1) x (101+/-1) x (75+/-13) km? (Sierks et al.,
2011b). Thus, an average radius of 49.5 km is used for the reference sphere on which
the imaging data is projected in ArcGIS. Sierks et al. (2011b) provide a basemap,
which is rectified and projected to the reference sphere. This basemap is used in
order to rectify the Rosetta imaging data used for crater measurements. The DEM
of Lutetia is described by Preusker et al. (2012a).

2.2.4 Case Vesta:

The radii of the best-fit ellipsoid for Vesta are 286.3 x 278.6 x 223.2 km? (Preusker et
al., 2012b). Roatsch et al. (2012) provide a Dawn HAMO (High Altitude Mapping
Orbit) basemap, which is rectified and projected to a reference sphere with 255 km
radius. This basemap with ~70 m/pixel ground resolution and the digital elevation
model by Preusker et al. (~93 m/pixel lateral resolution) is used for low resolution
crater measurements down to approximately 500 m crater size. For high resolution
crater counts down to about 50 m crater size imaging data from the Dawn Low
Altitude Mapping Orbit (LAMO) with about 20 m/ pixel ground resolution is used.

2 http://sbn.psi.edu/pds/asteroid/EAR_A_5_DDR_SHAPE_MODELS_V2_1/
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Table 2-1: Reference Radii for Gaspra, Ida, Lutetia and Vesta and the Extreme Values of their Topography.
The four columns on the right side indicate the respective distortion of crater and area sizes.
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Fig. 2-1: Correction between reference and true body surfaces: Inlays: True body cross-sections along the
topographically most variable meridian for Gaspra, Ida, Lutetia and Vesta are given as blue outlines.
Respective reference spheres are indicated as red outlines with the same center as the true-body cross-
sections. Main Panel: Minimum and maximum radii for each of the four asteroids are given as ratio with
respect to the radii of the reference spheres along the x-axis. The y-axis gives the correction factor for crater
sizes (blue) and areas (red) with respect to the ratios indicated along the x-axis. Vesta as largest body shows
the smallest diversions (<20%) from the spherical reference body. Diversions for Lutetia, the second largest
body in this selection are up to ~40%. Gaspra’s reference sphere diverts up to ~80% from the true body
surface. Ida’s highly irregular shape diverts up to a factor of about ~2 from its reference sphere. This extreme
difference results in a factor of two incorrect crater sizes and a factor of ~4 incorrect areas.
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2.3 Applicability of saturation or standard equilibrium distribution on
small bodies

Crater saturation (e.g. Hartmann, 1984 and Richardson, 2009) or standard lunar
equilibrium distribution (Neukum and Dietzel, 1971 and Neukum, 1984) describes
a change of slope from initially steep (-3 cumulative or -4 differential) crater
distributions towards a shallower cumulative -2 slope (differential: -3 slope) for
small crater diameters (< ~10 km). On the discussed asteroids the scaled lunar-like
production function becomes flatter than -2 cumulative slope for craters > ~10 km
diameter. Thus, a comparison to the standard lunar equilibrium distribution (in the
following text: “equilibrium distribution”) is only meaningful below ~10 km crater
size. Equation (2.1) gives the equilibrium distribution as presented by e.g Neukum
and Dietzel (1971), Neukum et al. (1975) and Neukum (1984).

N =10"D"? (D [km], N [1/km?]; Neukum, 1984) (2.1)

The equilibration effect occurs during ongoing cratering of already densely cratered
surfaces. It is interpreted as the point where there is a statistical balance between
the obliteration and formation of craters by the impact process. The obliteration
includes not only the geometrical overlap of crater rims but also incorporates ejecta
blanketing and crater degradation by seismic shaking (Thomas and Robinson,
2005).

Small bodies are characterized by low escape velocities. Thus, impact ejecta are
partly lost to space and contribute less to surface blanketing. On small bodies
seismic shaking maybe the more dominant process of crater degradation compared
to ejecta blanketing (Thomas and Robinson, 2005). Crater degradation by seismic
shaking also appears to be influenced by surface gravity, in a way that it becomes
more localized with increasing surface gravity (Richardson, 2013).

Where the crater production function is shallower or equal to a -2 cumulative slope,
a crater distribution could also reach quasi-equilibrium where its shape would not
be affected such that it would resample the initial production distribution. A surface
model age derived from such a distribution would only represent a minimum age
of the respective surface (e.g. Neukum and Dietzel, 1971 and Chapman and
McKinnon, 1986).

Crater distributions on small bodies may not be in equilibrium or saturation
although they plot already above the conventional lines of equilibrium or saturation
on the Moon (Chapman et al., 1996b and Hartmann and Gaskell, 1997). Small fresh
craters measured on asteroids (chapter 4) are typically below the lunar equilibrium
distribution for small craters (Neukum and Dietzel, 1971). But if heavily degraded
craters are also taken into account the measurements are sometimes above the lunar
equilibrium distribution for small craters as shown for Ida, Gaspra and Lutetia in
Fig. 2-2. The case for Ida shows the distribution for all craters almost parallel to the
line of equilibrium for diameters <1 km. The distribution of only the fresh craters
appears slightly steeper than the equilibrium down to crater sizes of ~500 m. Thus,
the actual position of the equilibrium may be a function of the crater detection limit.
Higher crater frequencies from recent crater counts compared to older ones are also
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reported by Fasset et al. (2012) for the Moon. Recent data sets are of much better
data quality than at the time when lines of equilibrium or saturation were
empirically determined on the Moon. Even if old data sets are digitally enhanced
and analyzed more craters may become visible, especially if they are degraded by
some processes. The slope of the equilibrium function appears not to be affected
and is probably a better indication of crater equilibrium than the absolute position
of an equilibrium function.
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Fig. 2-2: Standard lunar equilibrium distribution and crater frequencies on Ida, Gaspra and Lutetia: Open
squares represent measurements of fresh and pristine craters only. Filled triangles show measurements of
all craters, including degraded ones. While fresh craters plot close to the lunar equilibrium distribution
(dashed line), measurements including degraded craters plot mostly above the lunar equilibrium. In the case
of Ida (left panel) the distribution for all craters above equilibrium seem to follow a -2 slope, while the fresh
craters < 1 km, because of crossing the equilibrium, appear to show a slightly steeper distribution than the
equilibrium. This may indicate a sensitivity of the vertical position of the equilibrium function with respect to
the crater detection limit. In the case of Gaspra (center panel) the fresh crater distribution plot below the
lunar equilibrium function for craters 2 200 m. The distribution for all craters < 400 m follows closely the
equilibrium, while two bins at 7 and 8 km plot clearly above the equilibrium (total number of craters in these
two bins is statistically insignificant). In the case of Lutetia fresh craters seem to be in equilibrium below the
lunar equilibrium function between 500 m and 3 km crater size. The distribution of all craters < 2 km is
shallower than the equilibrium slope (cumulative: -2). Although above the actual lunar equilibrium function,
craters > 2 km show a wavy distribution and as presented in Fig. 4-19 they are in reasonably good agreement
with a lunar-like crater distribution which is scaled to Lutetia. Thus, these craters appear not to be in
equilibrium yet.
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2.3.1 Highest crater frequencies on Vesta — in equilibrium?

Fig. 2-3 shows two crater distributions from heavily cratered terrains on Vesta. The
presented measurements indicate that the oldest terrains on Vesta show small crater
distributions above the lunar equilibrium. In this size range an equilibrated crater
distribution should follow a straight slope of -2 cumulative or -3 differential. The
shown examples could be interpreted as being in production but in fact a vertically
shifted lunar equilibrium function is also consistent with the crater distribution > 1
km. Crater frequencies < 1 km show deficiencies due to resurfacing, resulting in a
shallower than -2 slope (cumulative). Therefore, it cannot be ruled out, that an age
of ~3.8 Ga, which is derived from the example measurement for crater sizes < 10 km
is only a lower boundary for the real surface age.
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Fig. 2-3: Comparison of equilibrium and production crater distribution of small craters on oldest vestan
surface: Cumulative (left) and differential (right) plots of highest crater frequencies < 10 km crater size found
on Vesta. In both cases the solid line represents the 3.8 Ga isochron which is the reference in case the
measurements are not in equilibrium. The dotted line is the vertically shifted lunar equilibrium function
(actual lunar equilibrium — dashed line). In the diameter range in question it is not clear whether the
measurement follows the plotted isochron or the shifted equilibrium function. Thus, an age of ~3.8 Ga can
be interpreted as a minimum for the densly cratered terrains in the northen hemisphere of Vesta.

Neukum (1984) reported that the diameter range of craters in equilibrium
propagates to larger diameters with increasing exposure age of a given surface. For
craters < 10 km diameter with a steep sloping production function, that is a direct
result of the shrinking crater formation rate with increasing crater diameter.
Therefore, a crater distribution in equilibrium at small diameters could still be in
production at larger crater diameters.
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2.4 Dependence of model ages on the shape of the production
function

The crater production function is used in order to relate the frequencies of arbitrary
crater diameters of a given measurement to the respective crater frequency at the
crater diameter for which the chronology function of the measured body is
calibrated. Publications presented in this thesis use chronology functions calibrated
to 1 km crater diameter. Exceptions from this rule are the Zahnle chronology models
(Fig. 7-10; Zahnle et al., 2003) presented in chapter 7. In case a measurement contains
craters in the size bin of 1 km this value can be used for dating the surface in the
respective counting area without knowing the production function. However, in
that case statistical errors are usually larger than fitting several crater size bins.
Moreover, not all measurements contain craters inside the 1 km crater bin and
require an appropriate crater production function that allows to fit crater
frequencies at any measured diameter range, where the function is defined, in order
to derive the related crater frequency at 1 km diameter. The shape of the production
function heavily depends on the model of the primary projectile distribution. The
following examples related to the Dawn mission at Vesta illustrate the effect of
slight differences in the crater production function with respect to the resulting
model ages. In both cases the chronology functions are identical at the age range in
question. One of the production functions (Vesta-Rev4; Schmedemann et al., 2014a)
is detailed in chapter 4. The production function by Marchi et al. (2014) was never
published with its coefficients. However, in 2013 D.P. O’Brien, one of the co-authors
of Marchi et al., provided a data table of their production function from which the
coefficients of the polynomial of 11-th degree were derived in order to use this
function with the craterstats software (Michael and Neukum, 2010). Both
production functions have been used in order to determine surface ages on Vesta.
They produce different model ages up to a factor of ~5 depending on the crater sizes
used. These differences are the result of slightly different shapes of the production
functions that are caused by the underlying model of the impacting projectile
population. While Schmedemann et al. assume the same projectile population that
impacted the lunar surface, Marchi et al. assume a projectile distribution that
resembles the average asteroid Main Belt with slope extrapolation for unobservable
small asteroids of at least 2 orders of magnitude in diameter. The reasons why the
average Main Belt solution is probably less accurate than the lunar-like one is
detailed in chapter 4.

2.4.1 Fitrange > 1 km (reference crater size)

In Fig. 2-4 a measurement from the Rheasilvia ridge and groove terrain (detailed in
chapter 4 and 5) is fitted in a diameter range larger than the reference diameter of 1
km. Because the slopes of the production functions differ somewhat from each other
around 1 km diameter, we get two different cumulative crater frequencies in the
sense that the steeper lunar-like production function gives higher crater frequencies
and thus higher model ages for the same measurement in the same fit range.
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Fig. 2-4: Comparison of production function for craters > 1 km: Left: Plot of the cumulative crater distribution
of the Rheasilvia ridge and groove terrain - open black squares (detailed in chapter 4 and 5). Production
functions for Vesta Rev4 by Schmedemann et al. (2014a) - red dashed curve and the production function used
by Marchi et al. (2014; provided by D.P. O’Brien, 2013) - blue dashed curve are fitted to the measurement
given by the open black squares in the same diameter range (fitted diameter range — solid curves). Blue and
red horizontal lines represent cumulative crater frequencies at 1 km crater diameter for the respective
production functions. Right: Plot of the Vesta chronology functions by O'Brien et al. (2014) - blue and lunar-
like (Schmedemann et al., 2014a) - red. The vertical axis of the chronology plot is equal to the vertical axis of
the crater distribution plot on the left. The interceptions of the blue and red horizontal lines (measured
cumulative crater frequencies at 1 km diameter) give the model ages for both chronologies. Vertical red line
- model age for crater production function from Schmedemann et al. (2014a). Vertical blue line - model age
for crater production function used by Marchi et al. (2014; provided by D.P. O’Brien, 2013).

2.4.2 Fitrange < 1 km (reference crater size)

Analog to the previous example but for the case of fitting the production function
to a measurement smaller than the reference diameter of 1 km, the steeper lunar-
like production function results in lower crater frequencies and thus lower model
ages (Fig. 2-5).

Within the Dawn team the combination of the production function by Marchi et al.
(2012c) and Marchi et al. (2014) and the chronology function by O'Brien et al. (2014)
has been termed “asteroid flux system”, while production and chronology functions
by (Schmedemann et al., 2014a) were termed “lunar-like system” or “lunar-derived
system”. Williams et al. (2014b) discuss the chronostratigraphy of Vesta using
absolute ages of both systems. Significant differences in model ages of analyzed
areas on Vesta are only partly caused by the presented differences in the used
production functions. Other reasons are the geologic interpretation of the used
counting areas, for crater frequencies > ~0.065 km2 or respectively model ages > ~3
Ga the much different shape of the used chronology function, and the ratio between
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identified craters and identifiable craters. Such issues are further discussed in
chapter 4.

With respect to the different shapes of used production functions similar issues also
exist for absolute model ages at Phobos and in the outer Solar System. In the case of
Phobos two different sets of production and chronology functions are described in
chapter 3. In chapter 7 for the example of Mimas the lunar-like production function
is compared with the significantly different production functions by Zahnle et al.
(2003) and the observed crater distribution.
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Fig. 2-5: Comparison of production function for craters < 1 km: Left: Plot of the cumulative crater distribution
of the Antonia ejecta blanket (detailed in chapter 4 and 5). Colors and functions are the same as in Fig. 2-4.
Right: Chronology functions — colors and functions are the same as in Fig. 2-4.
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Manuscript by Nico Schmedemann, Roland J. Wagner, Gregory G. Michael and Tilmann Denk in
revision for Icarus.

The first author of the manuscript selected and mapped the counting areas, did the crater
measurements, compared projectile distributions, derived the lunar-like crater-production and
chronology function, interpreted the measurements and results, prepared the figures and the
manuscript. The co-authors were involved in discussing the manuscript.

Abstract: In this paper we mainly discuss results of crater counting from 9 areas on
Mimas. The crater counting revealed crater size-frequency distributions created by
members of a collisionally evolved impactor family like the one which bombarded
the lunar surface. For the age determination we used chronologies based on
published work for various types of impactors. We (i) measured the crater size-
frequency distribution on Mimas between 0.4 and 130 km, (ii) derived scaling
parameters for conversion between projectile and crater sizes for Mimas and
Iapetus, (iii) compared crater-derived projectile size-frequency distributions for 3
dynamical cases with size-frequency distributions of Kuiper Belt Objects, comets
and Main Belt asteroids, (iv) determined a crater production function and cratering
chronology for one of the dynamical cases, (v) estimated the age of the crater
Herschel and the heavily cratered plains for 3 different chronology functions.

7.1 Introduction:

The investigation of the geologic history of the Saturnian satellites and the processes
of the early outer solar system are two major goals of the Cassini mission (Porco et
al., 2004). On February 14, 2010 a close flyby of the Cassini spacecraft at Mimas
revealed the most detailed images ever taken of this innermost of the midsized
Saturnian satellites. High resolution images were taken with the Cassini ISS
instrument (Porco et al., 2004), at image scales of up to 92 m/pixel. Compared with
the best data available prior to this flyby there was an increase of image resolution
by a factor of about 4. The main target during this flyby was the large crater Herschel
on Mimas’ leading side at 3° north/ 117° west and its vicinity. Although Herschel
is the most prominent crater on Mimas, its diameter of 135 km (Thomas et al., 2007)
is well below the maximum possible (240 km) without disrupting the 400 km
diameter icy body (Leliwa-Kopystynski et al., 2008).

Crater counting of previously unresolved small craters inside the Herschel crater
and on the proximal ejecta blankets allows the investigation of the crater size-
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frequency distribution at small sizes and eventually the dating of the Herschel
impact event relative to the surrounding heavily cratered plains. By application of
a cratering chronology function absolute cratering model ages can also be derived
from crater counts (e.g. Neukum, 1984; Neukum, 1985; Neukum and Ivanov, 1994;
Zahnle et al., 1998; Zahnle et al.,, 2003; Neukum et al., 2006 and Michael and
Neukum, 2010).

For the dating technique knowledge of the predominant projectile population i.e.
the underlying impact crater size - frequency distribution (SFD) and the impact
rates are required. These data determine models for the production function and
chronology. In the literature no consensus has been reached with respect to the main
impactor source in the Saturnian system and the related orbital dynamics of the
projectiles (Neukum, 1984; Zahnle et al., 2003 and Dones et al., 2009).

In this context, the addition of the small crater production size - frequency
distribution from the recent flyby to the already known distribution of larger craters
is valuable. The interior of crater Herschel and its ejecta blanket are appropriate
areas to measure the small crater SFD of post-Herschel impacts.

Crater SFDs inside or close to larger craters can be affected by secondary cratering.
Typical indications for this are herringbone patterns, crater chains or clustered
craters possibly associated with rays (Neukum, 1984; Bierhaus et al., 2001 and
Werner et al., 2009). Such features are well preserved in the surroundings of the ray
crater Inktomi on Rhea (Wagner et al., 2011 and Bierhaus et al., 2012). Bierhaus et
al. (2012) also states that secondary cratering on Mimas is unlikely, because of the
low surface gravity of Mimas. This would allow for a few distant secondaries only,
while most of the secondary projectiles go into an orbit about Saturn. Most of these
sesquinary projectiles (Alvarellos et al., 2005 and Bierhaus et al., 2012) should have
reimpacted on Mimas, producing a steep size distribution of small craters. This,
however, was not observed by Bierhaus et al. (2012).

In this work we present our results of crater counting in the Herschel area and
compare it to measurements of the heavily cratered plains of Mimas. Furthermore,
we compare the derived crater derived projectile size-frequency distribution of
Mimas with that one of Iapetus and potential projectile populations such as Kuiper
Belt Objects, comets and asteroids. We develop crater production and chronology
functions for Mimas and Iapetus and give absolute and relative ages for Herschel
crater with respect to the heavily cratered plains using the lunar-like (Neukum,
1984, 1985; Neukum et al., 2005 and Neukum et al., 2006) and Zahnle (Zahnle et al.,
2003) chronology models.

7.2 Methodology

Image processing:

In order to measure impact crater sizes we use Cassini ISS imaging data (Porco et
al, 2004). Raw images are corrected for artifacts caused by radiometry and
compression. The resulting images are enhanced by a slight unsharp masking and
usually cut off where the observation angle is below 10°. Finally the images are
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rectified to align with a global mosaic (basemap) (Roatsch et al., 2009 and Roatsch
et al., 2013a).

For the image processing we use the ISIS software environment (e.g. Becker et al.,
2013). If craters are already well resolved (rim to rim >10 pixel) on the basemap, no
additional images are used for the crater counting. This is not just time-saving but
also reduces errors due to misalignments and thus enhances our ability to compare
different measurements.

Mapping:

The mapping task is conducted using the ESRI ArcGIS software package. It
provides the necessary tools for mapping craters and counting areas. For a more
convenient workflow, we use the “CraterTools” plug in, developed by Kneissl et al.
(2011). CraterTools allows for map projection independent measurements of surface
features, reducing measurement errors caused by projection distortions. Area
outlines as well as identified craters are managed as shapes in the shapefile format.
Thus we have good control on the status of the measurements and the ability to
cross check measurements with other co-workers.

The definition of the counting area has significant impact on the measurement.
Following for instance Shoemaker and Hackman (1962), Neukum (1984) or
Wilhelms et al. (1987) we keep the counting areas in each case inside a single
geologic unit, that was formed by a single or related process(es). Our definition of
a geologic unit by this means is based on the surface morphology. In the case of
highly similar counting results from different areas which were emplaced by the
same event the measurements can be combined for better statistics. We do not
combine measurements of surfaces showing different cratering characteristics
which would disturb the resulting crater SFD.

Areas dense in crater chains or clustered craters are excluded from the counting
areas to avoid secondary craters. Based on crater measurements on the Cerberus
Plains on Mars and a theoretical work, Werner et al. (2009) found that an additional
contribution of visually well identifiable Zunil-secondary craters affected the
standard model crater retention age of the Cerberus Plains by less than the statistical
uncertainty. Works by Ivanov (2006) and Richardson (2009) also suggest a
predominance of primary craters at least on planetary bodies in the inner Solar
system. However, in the Saturnian system so-called sesquinary projectiles (e.g.
Dones et al., 2009 and Bierhaus et al., 2012) may be an issue. It may be possible that
significant cratering by sesquinary projectiles manifests as a steep crater
distribution similar to secondary cratering. Due to their dynamical characteristics
sequinary projectiles predominantly re-impact their source body (Alvarellos et al.,
2005) but should be widely dispersed across its surface. A steep crater distribution,
possibly caused by sesquinary craters, is present on Tethys (Schmedemann et al.,

2014b).

Data analysis: The crater diameters which have been measured and exported from
ArcGIS into a text file are binned and displayed with the software “craterstats”
(Michael and Neukum, 2010). In general, we present plots conforming to
suggestions made by (Arvidson, 1979). Although square-root 2 binning is
recommended by that publication we use a pseudo-log binning for higher
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resolution data plots. The pseudo-log binning has 18 intervals per decade with
pseudo-logarithmic spacing (Neukum, 1984). Its higher resolution compared to the
square-root 2 binning is useful for example in order to determine the positions of
slope changes in the crater distribution with higher accuracy, which is important in
analyzing differences between crater distributions. Due to the larger number of
potential tie points it also is better suited for piecewise alignment of individual
measurements in order to construct a combined crater SFD from several separate
measurements of one body as demonstrated by e.g. Neukum and Wise (1976),
Konig (1977), Neukum (1984) and Werner (2005). Craterstats is used to derive
surface model ages from measured crater size-frequency distributions by fitting a
crater production function to the measured crater distribution and converting the
measured crater frequency into an absolute age based on a chronology function.
That is detailed for instance in Neukum (1984) and Michael and Neukum (2010).
Chronology functions relate crater frequencies to model ages. Depending on the
nature of the main impactor source, we here apply two primarily different
chronologies in order to derive model ages.

The lunar-like model (Neukum, 1984, 1985; Neukum and Ivanov, 1994 and Neukum
etal., 2006) applies a chronology which is derived from the lunar chronology, which
in turn has been derived from radiometric dating of lunar rock samples and
measured crater frequencies at the sample sites. The asteroid Main Belt is assumed
as the main impactor source for the inner solar system and the Main Belt itself (e.g.
Neukum and Ivanov, 1994; O'Brien and Greenberg, 2005; Strom et al., 2005; Ivanov,
2008; Massironi et al., 2009 and Schmedemann et al., 2014a). Neukum (1984, 1985,
1997); Neukum et al. (1998); Neukum et al. (2005) and Neukum et al. (2006)
suggested a projectile source with high similarities to the asteroid Main Belt for the
satellites of the jovian and Saturnian system. Thus, the crater SFDs are highly similar
to the asteroid body SFD (e.g. Neukum, 1985 and Schmedemann et al., 2010) but
shifted on the diameter axis, due to the impact scaling between projectiles and their
respective craters. The lunar-like chronology function is adapted for the different
impact fluxes on the respective target bodies.

The Zahnle model (Zahnle et al., 2003) assumes a predominantly cometary source
of impactors at a nearly constant flux. This model is valid mainly for younger ages
(e.g. Kirchoff and Schenk, 2010). This is caused by the high uncertainty of the
cometary flux in the early solar system history. This model provides two
chronologies where the cases A and B differ in the impactor flux as well as the
impactor size-frequency distribution at small sizes. In this model planetocentric
debris expelled from primary impacts also play an important role in the Saturnian
system.

An overview of these models is given in (Dones et al., 2009).
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7.3 Image data and measurement areas

7.3.1 Image data

Table 7.1 gives the names of the measurements, image numbers and resolution of
the images used for crater counting on Mimas. The images we used range in scale
between 92 and 392 m/pixel resolution. All measurements described in this work
were performed on the Mimas basemap (Roatsch et al., 2009 and Roatsch et al.,
2013a) or on images aligned to it. For the map projection of Mimas, we used a two-
axial ellipsoid with 207.4 km semi-major axis and 190.6 km semi-minor axis,
following Thomas et al. (2007).

Since the SPICE-based image rectification of the ISIS image processing is often offset
to the respective basemap features, we re-rectifed the ISIS processed images to
realign them with the basemap. Therefore, the lower resolution images of this flyby
have been re-rectified to the Mimas basemap, while higher resolution images were
re-rectified to the lower resolution images, respectively.

Crater Herschel is about 130 km in diameter, as it appears on the basemap. Thomas
et al. (2007) give 135 km for the Herschel diameter while Leliwa-Kopystynski et al.
(2008) use 145 km. However, images processed in ISIS, using the latest SPICE-
Kernel dataset from the flyby in mid-February 2010, match well with the used
basemap.

Table 7-1: Image names and respective resolutions for measurements on Mimas.

Image number Resolution [m/pixel] Measurements
N1644777693 92 A7
N1644777828 95 A1, A3
N1644778567 116 A4, A5, A2
N1644781312 200 A6
N1501645855 392 A8
Basemap
(Roatsch et al., 2009; 216 (equator) A9

Roatsch et al., 2013a)

7.3.2 Description of counting areas

We selected the counting areas on a geomorphologic basis. Each counting area is
inside a geologic unit, which we took to have been formed at one distinct point in
time and is characterized by a homogenous surface morphology. We mapped the
counting areas to the best of our abilities in such a way that the areas do not cross
the borders of geologic units or the borders of images with changing resolution,
which could affect the crater statistics.

Herschel is a complex crater with a central peak (Fig. 7-1).
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Fig. 7-1: Herschel, Morphology and Thermal Inertia Anomaly: Crater Herschel on Mimas with central peak.
The darker blue area is likely a part of a high-amplitude thermal inertia anomaly (Howett et al., 2011) off the
western crater rim of Herschel, visible in the false color (ultraviolet, green and infrared) image (right).
(NASA/JPL/Space Science Institute, PIA06257).

Its shape is close to a circle but it is slightly elongated in the NW-SE direction, while
shortened along the perpendicular direction at a ratio of about 1.09. An older
Cassini ISS image from 2005 shows a possible trace of the “pacman’ structure which
has been found to be a part of a high-amplitude thermal inertia anomaly (Howett et
al., 2011) westward of Herschel in false colors (Fig. 7-1). Besides the central peak,
which is also elongated in the NW-SE direction, the interior of Herschel displays
several distinguishable features.

Fig.7-2 depicts a map of all the areas where crater frequency measurements were
conducted on Mimas. The region of measurement “A1” shows a part of the crater
floor with little or no cover by impact ejecta. Inside this measurement area only a
tew post-Herschel impact craters are clearly visible.

The crater floor NE of the central peak is characterized by an undulating
topography. The measurement which probed this particular area is “A2”. The
nature of this unit is uncertain but could represent some kind of frozen impact melt
(pers. comm. C. C. Porco, 2010).

In the southern part of Herschel there is significant mass wasting in the form of
slumped terraces. This mass wasting might have happened shortly after the impact,
when the transient crater relaxed. The respective measurement in this area is named
“A3”. This area was also heavily resurfaced during the impact und now displays a
post-impact cratering record.
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Fig. 7-2: Counting Areas: Areas of crater counting A1 — A9 (black outlines). The inlay gives a magnification of
the crater Herschel area and the respective counting areas. Basemap: Roatsch et al. (2009) and Roatsch et al.
(2013a).
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Outside crater Herschel but close to its NE crater rim, a morphologic unit of smooth
appearance was probed by crater counting with two measurements (“A4” and
“A5”). The morphology of this smooth unit seems to be similar to rampart craters
often found on Mars (Mutch and Woronow, 1980) but such features are also known
from icy satellites such as Ganymede (Horner and Greeley, 1982) and Dione
(Wagner et al., 2006). In any case the target materials seem to be rich in volatile
material like water ice, which is also the case for Mimas’ surface (e.g. Filacchione et
al., 2010).

Further away from crater Herschel in NW direction, the measurement “A6” probes
an area which was not resurfaced during the Herschel impact to a great extent. This
area represents the presumably older, heavily cratered plain around Herschel and
thus the underlying stratigraphic horizon.

A similar measurement (“A7”) was made SE of Herschel crater. In this area large
craters from an underlying stratigraphic horizon are also visible, while small craters
are depleted by some process(es). A7 is located roughly one Herschel diameter
away from the center of Herschel. Hence, this area is at the margin of the classical
continuous ejecta blanket (e.g. Melosh, 1989).

Far away from the Herschel impact site, a large part of a heavily cratered plain
(“A8”) was measured on Mimas’ trailing side (Fig. 7-2). This measurement contains
a high number of midsized to large craters and gives a good representation of one
of the oldest areas on Mimas.

The largest area (“A9”) of crater counting on Mimas comprises almost the entire
surface area of the satellite where at least the largest craters are sufficiently resolved
for crater counting (Fig. 7-2). The main purpose of this measurement is to sample
the crater SFD at the largest crater diameter ranges, in order to construct a general
crater SFD for Mimas from measurements of all available crater sizes (Appendix
A1-A9).

7.4 Measurements

Tables A1-A9 in Appendix A give the measured impact crater size-frequency
distributions of the described areas in detail. An overview of the measurements is
presented as cumulative plots in Fig. 7-3. All measurements are terminated towards
smaller crater diameters by a so-called “roll-over”. This indicates systematic
undercounts of craters mostly close to the resolution limit of the respective image.
The roll-over is also influenced by illumination conditions and surface morphology.
If higher resolution images were available for the same geologic unit, crater
diameters from the higher resolution counts were used. For the age determination
we neglected the roll-over sections and fit the crater production function only to
that part of the measurements which presumably is not disturbed by issues related
to image quality, geologic processes or secondary/sesquinary cratering. Crater
distributions influenced by secondary or sesquinary cratering usually show steeper
size distributions than pure background primary craters, while the other mentioned
issues usually lead to kinks in the measured distribution with lower crater
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frequencies in specific size ranges (Neukum, 1984; e.g. Werner, 2005 and
Schmedemann et al., 2014a).

The crater size-frequency distributions of areas A1-A5 appear relatively similar and
thus indicate similar ages. Especially, the measurements A2, A3 and A5 plot almost
on top of another within the error bars. They also cover almost the same range in
crater diameter. Hence, these measurements can be merged for better statistics and
clarity. The merged data will be labeled as A235 (Appendix A235) and is
representative for younger Herschel impact resurfaced areas. A235 serves for
comparison with older areas i.e. the heavily cratered plains.

The areas A6 through A9 range over about 2.5 orders of magnitude in crater
diameter. The small vertical offsets of measurements sharing the same range of
crater diameters also indicate a similar cratering history of these surface units.
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Fig. 7-3: Plot of All Crater Counts: Measurements of highly resurfaced areas due to the Herschel impact (A)
and of the almost unaffected heavily cratered plains (B).

7.5 Size-frequency distribution of possible projectile populations in
the Saturnian System

In this section we compare the theoretical size distribution of impactor populations
derived from the measured cratering record of Mimas with published projectile
populations such as comets and Kuiper Belt objects as well as Main Belt asteroids.
The observed crater SFD on the target bodies is expected to have a similar shape
like the responsible main impactor population but should be scaled to larger
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diameters according to the respective impact conditions. This relationship has
already been used as a strong argument in the identification of Main Belt asteroids
as the main impactor source in the inner solar system (e.g. Neukum and Ivanov,
1994; Ivanov et al., 2002; O'Brien and Greenberg, 2005; Strom et al., 2005 and Ivanov,
2008).

Possible impactor populations for the Saturnian satellites have been described by
e.g. Dones et al. (2009), Zahnle et al. (2003) and Neukum (1985). We compare the
SFD of cometary, Kuiper Belt and asteroidal projectiles with the theoretical
projectile distribution derived from impact conditions and the observed crater SFD
on Mimas and lapetus, the outermost regular midsized Saturnian satellite. The
comparison of Mimas with lapetus helps to constrain the dynamics of the main
impactor source. The conversion between crater and projectile sizes is based on
scaling laws (Ivanov, 2001 and Ivanov, 2008).

Heliocentric and high eccentricity planetocentric impactors should differ
significantly in their impact velocity from co-orbital to low eccentricity
planetocentric projectiles. Due to the focusing effect of Saturn and the consequential
higher impact velocity, the related crater scaling should result in larger craters on
Mimas compared to lapetus. Low eccentricity, co-orbital projectiles impact with
very low velocities, close to the escape velocity of the target body. At such low
velocities scaling laws start to break down and our results may only be rough
approximations of the true values. If the impact velocity is dominated by the escape
velocity of the target bodies, much smaller variation in crater sizes between Mimas
and lapetus are expected compared to the cases of heliocentric and high eccentricity
projectiles. Bierhaus et al. (2012) estimate a minimum velocity on the order of ~200
m/s at which secondary or sesquinary projectiles form craters. Mimas’s escape
velocity is slightly below this threshold. Thus, if Mimas is impacted by co-orbital
projectiles, a significant fraction of this population may leave no craters behind.
Only craters formed by more eccentric projectiles at higher impact velocities may
be visible in the cratering record of Mimas.

7.5.1 Possible projectiles

Comets: Comets can be divided into several groups according to their orbital
characteristics (e.g. Levison and Duncan, 1997; Dones et al., 2009 and Weiler et al.,
2011). The two major categories are nearly isotropic comets (NIC) and Jupiter-
family comets (JEC). Weiler et al. (2011) describe a flat distribution at small sizes for
both categories (Fig. 7-4). Dones et al. (2009) argue for ecliptic comets (Jupiter-family
comets, Centaurs, Scattered Disk Objects) as the chief source for primary craters in
the outer solar system. The cometary size - frequency distribution published by
Weiler et al. (2011) is re-digitized and presented in Fig. 7-4.

Kuiper Belt Objects (KBO): KBO are a probably large group of small bodies beyond
the orbit of Neptune (e.g. Jewitt and Luu, 1993; Levison and Duncan, 1997 and
Dones et al., 2009). In order to determine the body SFD of KBO we used absolute
magnitude data from the JPL Solar System Dynamics Small-Body Database Browser
(Giorgini et al., 1996) in November 2011. We further assumed a geometric albedo of
6% for all bodies between 30 and 50 AU and derived the body diameter following
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Tedesco et al. (1992). We also re-digitized the data published by (Fraser et al., 2008).
Both data sets are shown in Fig. 7-4.

In a qualitative way the body SFD of comets and KBO seem to be very similar in
their overlapping region between 30 and about 150 km diameter. It is not clear if
this is also true for smaller sizes, because of the limited observation of KBO and
distant NIC. Weiler et al. (2011) suggest a shallow projectile size distribution as
shown in Fig. 7-4 among small NIC even in their source region, the Oort cloud.
Furthermore, volatile rich bodies like KBO and comets are losing significant
amounts of material due to sublimation processes and splitting events while
traveling the inner parts of the solar system. Thomas et al. (2013) estimated a global
vertical ablation of the JF Comet 9P/ Tempel 1 of about 30 cm per orbit. This implies:
Once comets are affected by thermal sublimation processes, their SFD has been
changed by non-collisional processes and therefore they do not reflect the original
SED. In relation to its volume a small comet will lose more material than a large
comet, because of the higher surface area to volume ratio. This might be one
explanation for the prominent deficiency of small comets (e.g., Zahnle et al., 2003
and Weiler et al., 2011). At large sizes (>50 km) KBO show changing slopes in their
SFD. This may be the result of a collisional evolution. Analysis of typical collision
velocities and frequencies following Bottke et al. (1994) show collision velocities of
less than half of that among MBA and collision frequencies about 4 orders of
magnitude less than those of typical MBA. These circumstances as well as the much
more volatile composition may imply a different SFD of KBO than that of MBA
(O'Brien and Greenberg, 2003). A detailed view on the SFD of KBO at small sizes
presumably will be available from the cratering record of Pluto and Charon, which
will be investigated in July 2015 by the New Horizons Mission.

Main Belt Asteroids (MBA): MBA have been determined to be the main impactor
source in the inner solar system (e.g. Neukum and Ivanov, 1994; Ivanov et al., 2002;
O'Brien and Greenberg, 2005 and Ivanov, 2008). For dynamical reasons MBA are
believed to provide only a tiny contribution to the projectile distribution in the
Saturnian system (e.g. Dones et al., 2009; Kirchoff and Schenk, 2010; Schenk and
Murphy, 2011 and Richardson et al., 2012). However, e.g. Neukum (1985), Neukum
et al. (1998), Neukum et al. (2005) and Neukum et al. (2006) argue for asteroids as
the main impactor source in the Jovian and Saturnian system due to similarities in
the size-frequency distribution of Main Belt asteroids and the observed crater
distribution. Since the MBA SFD is not uniform throughout the Main Belt (Tedesco
et al., 2005 and Elia and Brunini, 2007) we use the MBA SFD which is most similar
to the crater SFD on the inner Solar system bodies. This is the case for MBA between
2.1 AU (inner edge of Main Belt) and 2.825 AU (5:2 mean motion resonance with
Jupiter). That section of the Main Belt contains the highest radial densities of
asteroids and also contains the three most efficient resonance gaps in the Main Belt
(Gladman et al., 1997). As was done for the KBO, we determined the body SFD of
MBA by utilizing the absolute magnitude data from the JPL Solar System Dynamics
(JPL SSD) Small-Body Database Browser in November 2011 and calculated a
moving average geometric albedo with a bin size of 1 AU based on bodies with
known geometric albedo. For bodies with unknown diameter we derive the body
diameter after (Tedesco et al., 1992) by utilizing the determined floating average
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geometric albedo for the respective position in the Main Belt. If diameters were
available in the mentioned JPL SSD dataset we used those values. In Fig. 7-4 we plot
the size-distribution of all asteroids >5 km (observational completeness) in the semi-
major axis range of 2.1 - 2.825 AU. The SFD of unobservable small asteroids is given
by the extension of the asteroidal SFD towards smaller diameters by the SFD of
lunar projectiles derived from the lunar crater SFD following crater scaling relations
by Ivanov (2001) and Ivanov (2008). Schmedemann et al. (2014a) point out that there
is a difference in distribution slopes between the modelled small body Main Belt
population and the observed small crater population on the Main Belt asteroids and
inner solar system bodies. Observed small crater distributions show steeper slopes
around -3.5 cumulative (e.g., Neukum and Ivanov, 1994; Chapman et al., 1996a and
Chapman et al., 1996b) compared to values of around -2.5 cumulative derived from
collisional cascade simulations (e.g. Dohnanyi, 1969; Williams and Wetherill, 1994
and Tanaka et al., 1996). Schmedemann et al. (2014a) link this disagreement to
increasingly higher mobility towards smaller projectile diameters, which are more
influenced by radiation forces such as the YORP- and Yarkovsky effects.

MBA are expected to be much more stable against thermal influences of the inner
Solar System than comets and thus they show the wavy size distribution of a
collisionally evolved projectile population (e.g. Bottke et al., 2005a) and are much
less influenced by thermal effects than comets.

Based on Dones et al. (2009) we calculate typical impact velocities (Eq. 7.1) for the
three described groups of projectile populations and use the results in order to
determine the projectile distributions from the measured crater SFD by application
of scaling laws. We use the corrected version (Ivanov, 2008) of scaling laws by
Ivanov (2001). In Eq. 7.1 Umean is the average impact velocity of the projectile, vorb is
the orbital velocity of the target body, v.is the velocity of the projectile entering the
Saturnian system and vesc is the escape velocity of the target body.

Umean= (3Vorp° + Veo? + Vesc2)/? (Dones et al., 2009) (7.1)

Table 7.2 lists the projectile velocities derived from Eq. 7.1 for various dynamical
cases. We have two heliocentric cases where we took v..=3 km/s from Dones et al.
(2009) but also present a case with v.=12.05 km/s, which should be the v.. for bodies
having their aphelion at 45 AU in the central Kuiper Belt. This value is derived from
the squared difference of the solar escape velocity at the distances of Saturn
(Vesc=13.6 km/s) and the Kuiper Belt (Vesc=6.3 km/s). We further calculated two
planetocentric cases. The planetocentric - high eccentricity case would apply to the
outer irregular Saturnian satellites but is very similar to the heliocentric case with
v»=3 km/s. Therefore, we are not going to discuss the planetocentric - high
eccentricity case separately. The second planetocentric case is the low velocity
endmember for planetocentric projectiles. In this case projectiles are nearly on the
same orbit as the target body. This configuration is actually observed for
lagrangeian satellites in the Saturnian system in the cases of Polydeuces and Helene
in relation to Dione as well as Telesto and Calypso in relation to Tethys.
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Table 7-2: Impact velocities: Mean projectile impact velocities on Mimas and lapetus for various dynamic
€ases. Vesc and Vo, are taken from Bierhaus et al. (2012) and (Dones et al., 2009) respectively.

velocity at orbital escape Mean impact .
e . . . Dynamical
Target infinity velocity velocity velocity Case
[km/s] [km/s] [km/s] [km/s]
Mimas 12.05 14.32 0.159 27.58 Heliocentric
(12 km/s
lapetus 12.05 3.27 0.572 13.33 approach
velocity)
Mimas 3 14.32 0.159 24.98 Heliocentric
(3 km/s
lapetus 3 3.27 0.572 6.43 approach
velocity)
Mimas 0 14.32 0.159 24.80 Planetocentric
lapetus 0 3.27 0.572 5.69 high
eccentricity
Mimas 0 0 0.159 0.16 Planetocentric
lapetus 0 0 0.572 0.57 co-orbital

Table 7.3 summarizes the parameters we used to convert the observed crater sizes
into projectile sizes by application of scaling laws (Eq. 7.2). Scaling laws convert
projectile diameters into crater diameters and vice-versa. These calculations take
into account impact velocities and various physical and material properties of the
target and the impacting bodies.

Dy _ 1.21
Dp (2)0'43 (vsina)0-55 [(Dsg+Dt)g]0'28

(7.2)

Eqg. (7.2): after Ivanov (2001); corrected by lvanov and Hartmann (2007) and by Ivanov (2008) as his Eq. (8).

g is the surface gravity, Dp is the projectile diameter, v is the impact velocity, a is
the impact angle, & is the projectile density, p is the target density, Dsg is the
diameter of the strength to gravity transition and Dt is the diameter of the transient
crater. In an additional equation Ivanov (2001) calculates the relation between the
diameter of the transient crater and the final crater diameter in the case of complex
craters with diameters larger than the simple to complex transition diameter.

The used projectile densities of 0.6 g/cm?® and 2 g/cm? are average estimates for
comets and asteroids, respectively. The simple to complex and strength to gravity
transitions cannot be converted by a simple 1/g approach (Pike, 1980) from basaltic
bodies such as the Moon or the large asteroid Vesta, because of the different scaling
in icy targets. For instance, this becomes clear if the simple to complex transition for
Mimas is derived by a straightforward 1/g approach from the simple to complex
transition on the Moon (15 km; Ivanov, 2001). The result would be ~380 km for the
smallest complex crater on Mimas. As outlined above the largest crater on Mimas is
the 135 km large Herschel crater, which clearly shows a central peak and thus is of
complex character. Even the 64 km crater Arthur on Mimas shows a small central
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peak. Presumably Arthur is only slightly above the transition size from simple to
complex. We can use the simple to complex transition on Iapetus (15 km; Dones et
al., 2009), the surface gravities of lapetus and Mimas (0.223 m/s? 0.064 m/s?
Bierhaus et al., 2012) and the 1/g approach in order to calculate the simple to
complex transition on Mimas. Scaling from one icy body to another should not be
as problematic as scaling from basaltic to icy bodies. As expected the result of 53 km
is slightly below the size of crater Arthur.

7.5.2 Derivation of strength to gravity values by a modified 1/g approach

Unfortunately the strength to gravity values are known neither for Iapetus nor
Mimas. But we can use the values for Vesta (simple to complex transition ~70 km,
surface gravity 0.25 m/s? e.g. Schmedemann et al., 2014a) in order to calculate a
modified surface gravity for lapetus and Mimas, which incorporates the different
scaling in the icy target material. We choose Vesta instead of the Moon because its
size and surface gravity is closer to lapetus and Mimas. Eq.(7.3) calculates the
modified 1/g and Eq. (7.4) is used to calculate the strength to gravity transition on
Mimas. Equations for Iapetus are analog. gvesta is the vestan surface gravity,
gMimas_mod 15 the modified surface gravity of Mimas, SCvesta is the simple to complex
transition on Vesta and SCwuimas is the simple to complex transition on Mimas.

1/gvesta — 1/8Mimas_mod (7.3)

SCVesta SCMimas

Using the modified surface gravity of Mimas we can use the classic 1/g approach
by Pike (1980) to convert the strength to gravity transition from Vesta (sgVesta=1.94
km; Schmedemann et al., 2014a) to Mimas (sgmimas) Or lapetus, respectively. The
results are given in Table 7-3.

1/9mimas mod — 1/8vesta

(7.4)
SdMimas S8vesta

226



Impact crater size — frequency distribution on Mimas and the age of Herschel

Table 7-3: Impact parameters: Used parameters for conversion of crater sizes into projectile sizes for the
Moon, Mimas and lapetus. If not indicated otherwise target densities, cometary projectile density, surface
gravity and simple to complex transition were taken from Dones et al. (2009), Bierhaus et al. (2012) or were
calculated (see text above). The impact angle is chosen for the most probable case of 45° (Gilbert, 1893).

Mimas lapetus Moon
1.8
target density [g/cm?3] 0.9 0.9 (Vasavada et
al., 2012)
projectile density [g/cm?]
Comets/Asteroids 0.6/2 0.6/2 2
. . Mean impact Mean impact 17.5
lpasehe ks velocity velocity (lvanov, 2008)
impact angle [°] 45 45 45
surface gravity [m/s?] 0.0636 0.223 1.62
strength to gravity transition [km] 1.46 0.42 0.3
1
simple to complex transition [km] 52.6 15 (Ivanov5 2001)

7.5.3 Comparison between scaled projectile and observed projectile distributions

Fig. 7-4 shows comparative R-plots of projectile sizes calculated from measured
craters on Mimas, lapetus and the Moon as well as observed projectile SFD of
comets, KBO and MBA for the dynamical cases mentioned above (Table 7-2). The
black open circles represent the measured crater SFD of Mimas (this work) and
Iapetus (Schmedemann et al., 2007; Schmedemann et al., 2009 and Denk et al., 2010)
for comparison. Individual measurements were vertically normalized in order to
put measurements of younger units (usually smaller craters) to the same isochron
of the old areas (predominantly large craters). Measurements are normalized based
on measured crater frequencies in overlapping diameter bins. This procedure (see
also Section 6) is described in e.g. Neukum and Wise (1976), Konig (1977), Neukum
(1984) and Werner (2005). We applied a slight smoothing of the datasets to reduce
noise. The low pass filter is a floating average across 3 neighboring crater size bins
which preserves the general shape of the SFD. Both crater datasets show a distinct
humpback feature around 15 km crater size, which is also observed by Kirchoff and
Schenk (2010) not only on Mimas and Iapetus, but on other midsized Saturnian
satellites as well. From the measured crater distributions we calculate the respective
projectile sizes based on three predefined dynamical models (Table 7-2) and scaling
laws utilizing impact properties as shown in Table 7-2 and 7-3. We compare this
calculated projectile SFD with observed SFD of KBO, comets and MBA extended by
the lunar projectile distribution.
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Fig. 7-4: Target-separated comparison of scaled and observed projectile diameters: All datasets are slightly
smoothed by a floating average across 3 neighboring bins in order to reduce noise. Left panel (‘Mimas’): crater
and respective projectile sizes for Mimas. Right panel (‘lapetus’): crater and respective projectile sizes for
lapetus. Black open circles - R-Plots of measured crater SFDs, black dots, asterisks and inverted triangles -
projectile SFDs for the three dynamic cases of Table 7-2 with densities of cometary projectiles of 0.6 g/cm3
for high eccentric or heliocentric impactors and densities of asteroidal projectiles of 2 g/cm? for nearly co-
orbital impactors. Red ‘+" signs - asteroid body SFD between 2.1 and 2.825 AU, red dashed line - lunar crater
SFD scaled to projectile sizes and vertically aligned to the observed asteroid body SFD, open blue squares -
Kuiper Belt Object (KBO) SFD based on JPL Solar-System  Dynamics database
(http://ssd.jpl.nasa.gov/sbdb_query.cgi), blue crosses - re-digitized Kuiper Belt Object (KBO) SFD by Fraser et
al. (2008), open blue triangles and diamonds - cometary body SFD by Weiler et al. (2011) with “JF” indicating
Jupiter family comets (blue triangles) and “NIC” nearly isotropic comets (blue diamonds). The vertical
positions of all datasets are arbitrary for better visibility and comparability.

The following section about the interpretation of the data shown in Fig. 7-4 and Fig.
7-5 is speculative but points out some important dynamical characteristics of
projectiles in the Saturnian system.

Mimas: On Mimas the derived projectile distribution for the case of cometary
projectiles (highly eccentric planetocentric and heliocentric cases) decreases in R-
value between 0.7 and 2 km nucleus size towards larger diameters in the presented
R-plot of Fig. 7-4. This part is related to the humpback structure in the crater
distribution on Mimas. Statistics for larger diameters is sparse and is not well suited
for the purpose of comparison. Observed cometary nuclei in the same diameter
range show an opposite behavior. They clearly show a relative monotonic increase
towards larger sizes until about 40 km where they reach a local maximum.
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If we compare the distribution of derived asteroidal projectiles on nearly co-orbital
orbits with the observed Main Belt asteroid (MBA) SFD extended by the distribution
of Moon impacting asteroids, we find reasonably good similarity in the statistically
relevant diameter range of about 100 m to 20 km. This includes the humpback
feature in both distributions. We observe a shift of the derived asteroidal projectile
distribution towards larger diameters by a factor of ~2 with respect to the observed
Main Belt distribution. Co-orbital projectiles on Mimas are calculated with Mimas’
escape velocity as impact velocity. According to Bierhaus et al. (2012) the value of
only about 160 m/s may be too low in order to form craters on Mimas. Therefore,
co-orbital projectiles may not form craters on Mimas. Only projectiles on higher
eccentric orbits and thus higher impact velocities might be able to form craters on
Mimas. At higher impact velocities the respective impact craters would be larger
and thus the derived projectile sizes are smaller, in better agreement with the
observed Main Belt body SFD extended by the lunar projectile distribution.

lapetus: Because of its larger size lapetus also holds larger craters and thus the
theoretical projectile distributions give statistically relevant information over a
broader size range. The derived SFD of cometary projectiles on heliocentric orbits
(Vimpact=13.33 km/ s) is in reasonably good agreement with the observed SFD of KBO
and NIC in the size range of approximately 15 to 80 km. Also highly eccentric
cometary projectiles (Vimpact=6.43 km/s) would be somewhat in agreement with the
observed SFD of KBO and NIC but not as good as for the heliocentric case.
However, below ~15 km projectile size the observed cometary SFD (JF and NIC)
divert significantly from the two cases of the derived projectile distributions for
cometary projectiles impacting lapetus. The cometary SFD shows no sign of a
humpback feature in the range from 0.7 to 15 km nucleus size. For the crater derived
cometary projectiles impacting lapetus a significant part of the humpback feature
is expected in the range of about 0.7 to 10 km diameter with a slight diameter shift
depending on the dynamical case (heliocentric orbit or highly eccentric
planetocentric orbit).

As for Mimas, for Iapetus we also find a much better agreement between the crater
derived asteroidal projectile SFD and the observed MBA SFD extended by the SFD
of Moon impacting asteroids. For lapetus both distributions show generally similar
characteristics between ~10 m and 200 km projectile size. In a detailed view there
are some differences such as a misfit of the minimum around 100 m by a factor of
~3 or the minimum at ~30 km. At the 30 km minimum the derived projectile
distribution on Iapetus shows a minor peak within a larger minimum that is not
observed in the asteroid Main Belt SFD. This feature could be the result of a mixed
projectile population, which is dominated by an asteroid-like population for smaller
diameters (< ~30 km) and for larger diameters (> ~30 km) is dominated by cometary
projectiles. As pointed out above, in this size range there is good agreement with
NIC. Lower frequencies of cometary projectiles towards smaller sizes may result in
a relative predominance of asteroid-like projectiles in the Saturnian system even
though their absolute number is very low. On the other hand it could also be the
result of the same kind of projectile but under two dynamical setups, which would
result in a bimodal velocity distribution. An example for this situation could be the
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case if lapetus is impacted by co-orbital and highly eccentric projectiles such as
irregular satellites at the same time.

If we assume that Mimas and lapetus are impacted by the same projectile
population, we would expect that for one dynamical model the derived projectile
distributions for both target bodies are almost identical. This analysis is done in Fig.
7-5.

10°E i
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Fig. 7-5: Density-separated comparison of calculated and observed projectile diameters: All datasets are
slightly smoothed by a floating average across 3 neighboring bins in order to reduce noise. Frequencies are
arbitrary. Crater and projectile distributions are spacially grouped together for their respective dynamical
case which is underscored by symbols. Open circles - R-Plots of measured crater SFDs, dots, asterisks and
inverted triangles - projectile SFDs for the three dynamic cases of Table 7-2. In the lowest group lapetus’ and
Mimas’ projectiles, both at similar impact velocities of ~0.6 km/s, are compared with the SFD of MBA (2.1-
2.825 AU) extended by the distribution of Moon impacting asteroids (blue dashed line and blue dots).
Regardless of the projectile density the dynamical setup of the lowest group gives the best correlation
between projectiles impacting Mimas and lapetus. This solution also shows significant similarity to the
projectile distribution impacting the Earth’s Moon.

In Fig. 7-5 both plots show the measured crater distribution of Mimas and Iapetus
grouped together. For the derived projectile distributions only minor differences are
observable between the two panels, each panel shows one density case in order to
discriminate between cometary (density=0.6 g/cm?®) and asteroid-like (density=2
g/cm?®) projectiles. The measured crater SFD are very similar to each other and are
not showing a diameter shift of the distinctive humpback feature against each other
as would be expected for a heliocentric main impactor source due to the focusing
effect of Saturn. As a result, dynamical cases for heliocentric or high eccentricity
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planetocentric projectiles do not compare as well as the crater distributions.
However, it appears that there is a high agreement in the two projectile distributions
of Mimas and lapetus in the heliocentric case at small diameters around the
minimum at 20 or 40 m depending on the projectile density. Even if we are dealing
with more than one projectile source, it is not clear why predominantly smaller
projectiles should impact from heliocentric orbits while large projectiles may have
their source inside the Saturnian system. Large projectiles appear to impact at
significantly lower velocities as indicated by higher similarity (humpback feature)
for the co-orbital case (lowest impact velocities).

The case for very slow impacting co-orbital projectiles, still shows some
disagreement between calculated projectile distributions of Mimas and lapetus.
Here we see an offset of about a factor of 2 in diameter direction between the two
distributions. As mentioned above, projectiles impacting Mimas at its very low
escape velocity may not form craters at all. Thus, it may be possible that only faster
projectiles are recorded in the cratering record of Mimas.

The lowermost group in Fig. 7-5 is representing the co-orbital case for lapetus’
projectiles (Vimpact=570 m/s) while Mimas” projectiles impact with 600 m/s, which
is well above its escape velocity. Hence in both cases impact velocities are very
similar which results in a similar projectile distribution too. For comparison we also
show the MBA SFD between 2.1 and 2.825 AU extended by the size distribution of
lunar projectiles. Here the comparison of projectiles with higher or lower density
with the MBA SFD reveals small but interesting differences.

With projectile densities of 2 g/cm? (i.e. asteroids) and the MBA SFD maximum in
the humpback feature vertically normalized to the respective feature in the
calculated projectile distributions, there is good agreement with Mimas” projectiles
for the smallest shown sizes around the minimum in relative frequencies at ~200 m
diameter. For the same sizes the fit of lapetus’ projectiles is worse because it falls
below the MBA SFD. The opposite is true for the case with lower density projectiles
(0.6 g/ cm?) resembling cometary densities.

The distribution minimum around 20 km diameter is not well covered by Mimas’
projectile sizes. However, in the higher density case the minor peak in lapetus’
projectile distribution falls together with the minimum in the MBA distribution. In
the lower density case this minimum in lapetus” SFD is shifted towards larger
diameters such that its left part coincides with the absolute minimum of the MBA.
For diameters larger than the local peak in Iapetus’ projectile distribution there is
not a really good agreement with the MBA. As outlined before in this section
heliocentric comets may be the dominant projectile source.

Both density cases show an excess of projectile frequencies with respect to the MBA
SFD in the range between the small diameter minimum and the humpback
maximum. We speculate that this excess in projectiles could be the trace of
sesquinary projectiles. Schmedemann et al. (2014b) found indications for sesquinary
craters on Tethys below ~5 km diameter roughly consistent with the size range of
increased crater frequencies at Mimas and lapetus. For the diameter range between
the humpback maximum and the large diameter minimum it depends on the
density case whether there is excess (0.6 g/cm?3) or paucity (2 g/cm?) of projectiles.
From this analysis we summarize for projectiles in the Saturnian system:
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On Iapetus craters > ~100 km may be formed by heliocentric projectiles with low
density and cometary-like size-frequency distribution. Because of monotonic
decreasing relative frequencies of comets towards smaller diameters, craters < ~100
km on Mimas and lapetus are formed predominantly by an asteroid-like projectile
population, which SFD is characterized by a collisional evolution. Even if asteroid-
like objects enter the Saturnian system in extremely low numbers, they still might
outnumber small comets.

Per previous point small projectiles are predominantly asteroid-like projectiles
implying densities of ~2 g/cm3. Assuming correct scaling also low projectile
densities of 0.6 g/cm? appear to be able to explain the observed data. If such low
densities can be attributed to KBO it may imply that these objects indeed show a
collisional evolution similar to the MBA. This would also imply a much more
massive KBO population than is observed today. This is based on the fact that
collisional frequencies between observed KBO are about four orders of magnitudes
lower than between asteroids inside the asteroid Main Belt, according to calculated
collision frequencies following Bottke et al. (1994). Asteroidal densities of ~2 g/cm?
would be in agreement with Mimas’ co-orbital projectiles but there is less agreement
to those of Iapetus. However, having different projectile densities at lapetus and
Mimas would require a more complex projectile model that explains increasing
projectile densities going from the outer satellites towards the inner ones. This could
be achieved e.g. by tidal disruption of projectiles. It may be possible, that good
consistency for the low projectile density of 0.6 g/cm? is rooted in wrong crater
scaling at icy targets and in reality projectiles are of higher density.

Between the small diameter minimum and the humpback maximum both Mimas
and lapetus show an excess of crater frequencies. Schmedemann et al. (2014b) found
indication of sesquinary cratering on Tethys in a similar size range. Thus, it may be
possible that the observed slight excess of crater frequencies on Mimas and lapetus
could be caused by sesquinary cratering as well.

The SFD of KBO in the diameter range of the humpback feature and at smaller
diameters is unknown today. Thus, we cannot discriminate between the
populations of MBA and KBO yet. Based on the approach of Levison and Duncan

(1997) it might be thinkable that projectiles of both populations rendezvous slowly
with the Saturnian system and smoothly drift into the system at the Lagrange points
of that system supported by complex changes in the gravimetric field due to
interaction of the Sun, the large planets as well as the Saturnian satellites. Long term
orbital evolution may place the captured objects into low eccentric orbits about
Saturn. As a retrograde satellite Phoebe is most likely a captured object. Its
eccentricity is moderate with ~0.16. Its density (~1.6 g/cm?) is more similar to
asteroids than it is similar to comets. On the other hand there are a couple of low
density objects on circular orbits as well such as the heavily battered Hyperion.
Much less battered Calypso, Helene and Telesto are low density co-orbital objects
of the midsized satellites Tethys and Dione. Densities of Hyperion and the co-orbital
satellites are comparable to those of comets (Thomas, 2010) while the midsized
satellites are at least twice as dense (~1 g/cm; Thomas, 2010). The co-orbital
satellites are probably not of cometary origin or underwent significant resurfacing
because of their high albedo.
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Because of the given uncertainties and the high similarity of the observed crater
distribution on the Saturnian satellites with the MBA SFD extended by lunar
projectiles we follow Neukum (1985) and Neukum et al. (2006) and assume MBA as
main projectile source for craters < ~100 km in the Saturnian system for the
remainder of this paper. Based on that assumption we also assume a lunar-like time
dependent behavior of the projectile flux at the Saturnian satellites.

7.5.4 Apex-/Antapex asymmetry not observed

In literature it is well known that Saturnian satellites do not show a pronounced
apex-/antapex asymmetry (Neukum, 1985; e.g. Zahnle et al., 2001; Zahnle et al.,
2003 and Dones et al., 2009). One explanation often expressed is a saturated
cratering record that could obscure an apex-/antapex asymmetry. It is somewhat
unlikely that large craters of tens of km in diameter are in saturation given the
overall low impact frequency in the Saturnian system. For instance, if the surface of
Iapetus had been saturated by large craters and even basins, its equatorial ridge
would have been completely obliterated and not just partially as is observed.
Another favored explanation is the hypothesis that a fluid subsurface layer allows
the surface to rotate around the otherwise tidally locked satellite. This explanation
may be reasonable for bodies such as Titan or Enceladus where strong evidence for
subsurface liquids has been found. But the color dichotomy on Iapetus and its shape
of an ellipsoid of a fast rotating (16 h; Castillo-Rogez et al., 2007) body are at odds
with a drifting surface of the satellite. Its shape implies that Iapetus has probably
been completely frozen since ~4.4 Ga (Castillo-Rogez et al., 2007). Its color
dichotomy needs at least 1 Ga in order to develop (Spencer and Denk, 2010) and
under permanent surface drift the dichotomy should have been smeared out just as
the apex-/antapex crater frequencies would have been. Such a smeared-out color
dichotomy is not observed. Following an attempt by Horedt and Neukum (1984),
Zahnle et al. (2001) and Morota et al. (2008), Schmedemann et al. (2014c) give in their
Eq. (6) a theoretical estimation of the apex-/antapex ratio. That approach gives for
Iapetus an apex-/antapex asymmetry on the order of a factor of ~3.6 and for Mimas
a factor of ~34 would be expected for their current orbit about Saturn for heliocentric
projectiles (Table 7-2). As discussed previously, the cratering record of Iapetus may
suggest that craters only larger than ~100 km diameter are dominated by cometary
impacts from heliocentric orbits. Given the high similarity between the cratering
records of Mimas and lapetus, that would imply that only Herschel is probably
large enough to fall into the size range where comets may play some role. Although
Herschel is almost centered on Mimas’ leading side, Mimas does not provide the
required cratering statistics in order to prove or disprove an apex-/antapex
asymmetry for crater sizes > ~100 km. The observed random distribution of Iapetus’
basins would argue against a cometary source of even the largest impact structures.
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7.6 Crater chronology functions and crater production functions for
Mimas and lapetus

The main impactor source in the Saturnian system is not well understood as
outlined before. The chronology model of Zahnle et al. (2003) assumes ecliptic
comets on heliocentric orbits as the dominant class of projectiles for craters > ~20
km, although the authors admit this assumption is inconsistent with the unobserved
apex/-antapex asymmetry. Assuming a nearly constant impact rate their model
applies best to younger ages (e.g. Kirchoff and Schenk, 2010). For the highest crater
frequencies found for instance on lapetus the Zahnle et al. (2003) chronology model
results in surface ages equal to the age of the solar system which is in disagreement
with geophysical based estimates of highest surface ages by Castillo-Rogez et al.
(2007). As an alternative we suggest a lunar-like chronology which is adopted from
Neukum et al. (2006). Neukum et al. use highest crater frequencies on lapetus in
order to calibrate their lunar-like chronology. Based on Castillo-Rogez et al. (2007)
Iapetus” highest crater frequencies are set to 4.4 Ga. Since Neukum et al. (2006) did
not base their crater production function on some kind of scaling law and did not
publish the coefficients they used for their chronology and production function we
will present scaling parameters and coefficients here.

7.6.1 Crater production function

Our analysis in Section 5 suggested that the cratering record on Iapetus and Mimas
for diameters < ~100 km appears to be caused by a collisionally evolved projectile
population similar to the asteroid Main Belt and lunar projectiles. Thus, to zeroth
order we assume a lunar-like crater distribution for Iapetus and Mimas as well. Due
to good resemblance of observed crater size-frequency distribution and consistency
of projectile characteristics, we assume that the primary impact source for Mimas
and Iapetus delivers projectiles with a density of 0.6 g/cm? at an average impact
velocity of ~600 m/s. For lapetus we actually use its slightly lower escape velocity
of about 570 m/s (Bierhaus et al., 2012). However, we do not understand the related
dynamical processes which may have brought the projectiles into such low
eccentricity planetocentric orbits about Saturn. Table 7-4 gives an overview on the
scaling parameters we use for scaling the lunar crater production function to Iapetus
and Mimas. The values characterizing the projectile density and impact velocity are

derived from our analysis in Section 5 the remaining parameters were already given
in table 7-3.
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Table 7-4: Scaling parameters: Used parameters for conversion of the lunar crater production function to the
impact conditions on lapetus and Mimas. Values in the table are mostly equal to table 7-3. Where values
differ we used best estimates based on results in Section 5.

Mimas lapetus Moon
target density [g/cm?3] 0.9 0.9 18
(Vasavada et al., 2012)
projectile dsen5|ty 06 06 )
[g/cm’]
impact velocity [km/s] 0.6 0.57 17.5
P y ’ ’ (lvanov, 2008)
impact angle [°] 45 45 45
surface gravity [m/s?] 0.0636 0.223 1.62
strengt.h.to gravity 1.46 0.42 03
transition [km]
simple to complex 15
transition [km] 226 15 (Ilvanov, 2001)

Eq. (7.5) gives the polynomial of 11th degree for crater production functions
(Neukum, 1984; Neukum and Ivanov, 1994 and Neukum et al., 2001). In this
equation, Ncum is the cumulative crater frequency for craters equal or larger than the
crater diameter D and a, are the coefficients of the individual terms.

log Neym = ag + a1 log(D) + a,(log(D))? + -+ + a;; (log(D)** (7.5)

Table 7-5 provides the respective values for the used coefficients for the Moon, the
crater production function of which has been used as a reference, for lapetus and
Mimas.

The used scaling parameters lead to crater production functions which closely
resemble the measured crater size-frequency distribution in areas that are
presumably undisturbed by geologic processes. Fig. 7-6 presents the derived crater
production functions of Mimas, Iapetus and the lunar reference function.

Table 7-5: Coefficients of Mimas’ and lapetus’ production functions: The coefficients were derived from
impact scaling parameters used in Section 5. Projectile densities and impact velocities are assumed based on
results from Section 7-5.

Moon (Neukum, 1984) Mimas lapetus
do -2.5339 -4.067 -4.2777
a1 -3.6269 -2.4279 -2.3623
a; 0.43662 0.9078 1.3293
as 0.79347 0.38702 0.16438
as 0.086468 -0.079932 -0.94324
as -0.26485 -0.42628 -0.31414
de -0.066382 -0.27682 0.38191
a; 0.037923 0.16441 0.097819
as 0.010596 0.12387 -0.09531
ds -0.0022496 -0.038037 -0.00096443
(1) -0.00051797 -0.016073 0.011245
a1 0.0000397 0.0046267 -0.0022748
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Fig. 7-6: lapetus’, Mimas’ and lunar crater production functions: All production functions (PF) are normalized
in cumulative crater frequency at 30 m crater diameter and therefore they do not represent the same model
ages. The curves for Mimas and lapetus are truncated at 100 km because it may be possible that larger craters
and basins could predominantly be formed by cometary projectiles with likely different flux characteristic.
Lunar production function —gray curve, lapetus production function — black solid curve and Mimas production
function — black dashed curve.
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7.6.2 Crater chronology functions

As mentioned above Neukum et al. (2006) used the maximum surface age of lapetus
estimated by Castillo-Rogez et al. (2007) in order to calibrate a lunar-like chronology
for lapetus. Due to slight differences in crater scaling the crater production functions
of Mimas and Iapetus differ from each other slightly. Hence, the projectile flux at 1
km crater diameter also differs and thus the chronology functions are not identical.
Fig. 7-7 illustrates the calibration of the lunar-like crater chronology function for
Iapetus.
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Fig. 7-7: lapetus chronology calibration: (A) Crater chronology for the Moon (grey curve) and lapetus (black
dashed curve). (B) Measured crater frequencies for three different areas on lapetus with fitted crater
production function for lapetus. Diagrams in (A) and (B) are equally scaled in vertical axis. In (B) the cumulative
crater frequency of the fitted lapetus production function at 1 km crater diameter gives a value of ~9x10-
2km-2 for the highest crater frequencies that can be measured on lapetus. Castillo-Rogez et al. (2007)
estimate the oldest surface of lapetus to be ~4.4 Ga. In (A) the lunar chronology is vertically shifted downward
until it equals the measured crater frequency at a model age of 4.4 Ga.

Derived crater frequencies for the three individual measurements shown in panel
(B) of Fig. 7-7 can be averaged. The result of about 9x10-2 km-2 corresponds to the
highest crater frequencies that can be measured on lapetus. Castillo-Rogez et al.
(2007) estimate the oldest surface of lapetus to be about 4.4 Ga old. The cumulative
lunar crater frequency at 1 km diameter for 4.4 Ga equals 0.95 km2. Thus, the lunar
chronology curve needs to be shifted to lower frequencies by a factor of 10.5. This is
accomplished by scaling the k1 and k3 term in the equation of the lunar chronology
by the derived factor. Eq. (7.6) defines the lunar-like chronology function following
e.g. Neukum (1984), Neukum and Ivanov (1994), Neukum et al. (2001) and Marchi
et al. (2009). In this equation Ncum is the cumulative crater frequency for craters
>]1 km, ki3 are the used coefficients and t is the surface age in Ga.

Neum(D = 1km) = k;(eX2t — 1) + kst (7.6)
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ks resembles the linear term in Eq. (7.6), which is equivalent to the current rate of
collisions. In Table 7-6 we present the values for the lunar curve as well as those for
[apetus and Mimas.

In order to derive a chronology curve for Mimas we have to analyze the different
crater scaling on Iapetus and Mimas. All chronology curves are valid for cumulative
crater frequencies at 1 km diameter. Based on our scaling parameters in Table 7-4
on lapetus a 1 km crater is formed by a 182 m projectile. On Mimas the same crater
diameter is formed by a 145 m projectile. On Mimas a 182 m projectile is forming a
crater of 1.22 km diameter. From the Mimas production function we find that on
Mimas 1 km craters are about 1.6 times more frequent than 1.22 km craters. Hence,
for Mimas we have to scale the k1 and k3 values of the lunar-like chronology of
Iapetus with the factor 1.6.

Table 7-6: Coefficients for Eq. (7.6) for calculation of cumulative crater frequencies at 1 km crater diameter
at a given exposure time for the Moon, lapetus and Mimas.

k1 k2 k3
Moon (Neukum, 1984) 5.44x107* 693 8.38x10™*
lapetus 5.181x107* 6.93 7.981x107
Mimas 8.238x10°* 6.93 1.269x10™*

7.7 Surface ages of measured units on Mimas

Fig. 7-8 panel A displays cumulative plots of the merged measurement A235 (filled
circles) and its vertically normalized version (open circles) together with the
measurements on the heavily cratered plains (A6 - A9). All measurements are given
in their differential representation in panel B. Each measurement shows a so-called
roll-over at the 3 or 4 smallest crater bins. This is caused by systematic
undercounting of craters due to multiple reasons such as issues at resolution or
illumination or even human related issues that lead to detection of some but not all
such small craters. Except for measurement A7 all measurements show good
agreement with the derived (Section 6) crater production function. The
measurement A235 shows an offset of a factor of about 6 towards lower crater
frequencies with respect to the areas A6 - A9. That suggests a younger surface age
of the areas resurfaced by the Herschel impact. These measurements are therefore
in agreement with the relative stratigraphic position of Herschel above (or younger
than) the heavily cratered plains. Measurement A235 is vertically normalized in
order to overlap as well as possible with measurements A6, A7 and A8. The shifted
version of A235 is designated as ‘A235 (normalized)’. The measurements A235
(normalized) as well as A6 through A9 (lower part of A7) are in good agreement
with the 4.3 Ga isochron which is based on the lunar-like crater production function
for Mimas.

In the cumulative plot we also fit the individual measurements with the previously
derived Mimas production function and calculate a model age based on the lunar-
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like chronology function for Mimas. Both functions are explained in Section 7.6. The
quoted errors quantify only the statistical error, not that of the model. We also show
the Case A and B crater production function for Mimas re-digitized from Zahnle et
al. (2003; Fig. 5). The Case B function appears to be in agreement with craters < ~2
km but diverts significantly of up to a factor of 5 for larger craters. The Case A
function is in agreement in a diameter range of ~2 to ~10 km. This function is too
shallow for smaller and larger crater sizes. Because of these strong inconsistencies
between observed crater distribution and Zahnle production functions we used our
lunar-like production function in order to derive crater frequencies at 10 km
diameter (needed for Zahnle chronologies) from those obtained at 1 km diameter
by the craterstats software (Michael and Neukum, 2010; Michael, 2013).
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Fig. 7-8: Measurements and Crater SFD: (A) Merged data of areas A2, A3 and A5 (A235; filled circles) plot
below the heavily cratered plains (A6 - A9) by a factor of about 6. Open circles represent the vertically
normalized measurement “A235 (normalized)”. The dashed curve represents the lunar-like crater production
function as isochron for an exposure age of 4.3 Ga. Black solid lines indicate the fit ranges used in order to
derive surface ages for the individual measurements. The gray dotted and dash-dot curve show the Zahnle
Case A and B production functions for Mimas (Zahnle et al., 2003; Fig. 5) aligned to measurements of the
heavily cratered plains. (B) Differential plot of the same data with same symbology which is presented in
panel (A).

Except for A235 and the upper part of A7 all measurements plot very close to the
4.3 Ga isochron (lunar-like chronology). That indicates that large fractions of
Mimas’ surface show similar ages over a relatively broad range of crater diameters.
Significant ejecta blankets are rarely developed by impact cratering on Mimas.
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Because of the very low escape velocity, presumably existing ejecta blankets are
widely dispersed over Mimas’ surface similar to those on asteroids (e.g. Cintala et
al., 1978).

Herschel for instance does show an ejecta blanket with lower crater frequency than
the heavily cratered plains. Area A7 is located about one Herschel diameter south
west of Herschel and thus it is placed at the outer margin of the classical continuous
ejecta blanket (e.g. Melosh, 1989). In fact, measurement A7 shows a resurfacing
feature with large craters > ~1 km as frequent as they are on the heavily cratered
plains but craters < ~0.5 km are less abundant. This could indicate the destruction
of the small craters by Herschel ejecta (Michael, 2013). Given a general depth to
diameter ratio of ~0.2 as is also observed on other Solar system bodies (e.g. Vincent
et al., 2014) we estimate roughly 200 m of Herschel ejecta in the location of area A7.
A detailed plot of measurement A7 in Fig. 7-9 even indicates a model age very close
to the model age we find for Herschel from measurement A235 for small craters
which are not yet affected by the roll-over.
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Fig. 7-9: Differential plot and fit of measurement A7: Craters < 500 m show lower crater frequencies than
craters > ~1 km. The frequencies of the large craters are consistent with the heavily cratered plains. Small
crater frequencies are very similar to those measured at Herschel resurfaced areas. Thus, it appears
reasonable to assume that the observed kink in measurement A7 is caused by resurfacing due to Herschel
ejecta blanketing.

Table 7-7 gives a summary on the five presented measurements. It shows lunar-like
as well as Zahnle model ages for the cases A and B which are described by Zahnle
et al. (2003). Zahnle models are calibrated for 10 km crater diameter. We determine
crater frequencies at 10 km diameter from the measured frequency at 1 km diameter
based on the derived lunar-like crater production function for Mimas. That function
indicates 48 times more 1 km craters than 10 km craters on Mimas’ surface. We did
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not use Zahnle production functions in order to do this conversion because both
production functions by Zahnle appear to be relatively inconsistent with the
measured data in contrast to our lunar-like solution.

Table 7-7: Lunar-like and Zahnle model ages for measurements A235, A6, A7, A8 and A9 with respective
statistical errors. Measured crater frequencies are related to 1 km crater size (N1) and were derived by fitting
the lunar-like crater production function for Mimas to the individual measurements (Fig. 7-8; panel (A)). For
Zahnle ages crater frequencies are converted to 10 km diameter for which the respective chronologies are
calibrated.

lunar- lunar- lunar- Zahnle Zahnle Zahnle Zahnle Zahnle Zahnle
source Area like like like CaseA CaseA CaseA CaseB CaseB CaseB N1 fit N1 fit
[km?] Age Age ‘+’  Age ‘-’ Age Age ‘+’  Age ‘-’ Age Age ‘+’  Age ‘! Error
[Ga] Error Error [Ga]l Error Error [Ga] Error Error
A235 1049 4.04 0.013 0.015 2.01 0.13 -0.14 0.29 0.03 -0.03 0.0125 0.0012
A6 6286 4.3 0.02 0.023 4.41 0.06 -0.10 1.43 0.17 -0.18 0.0720 0.0105
bQZe 758 431 0.021 0.024 4.44 0.05 -0.09 1.52 0.18 -0.20 0.0776  0.0119
re/-s\er 758 4.03 0.011 0.011 1.85 0.10 -0.11 0.26 0.02 -0.02 0.0112  0.0008
A8 47300 4.32 0.0064 0.0067 4.48 0.01 -0.02 1.63 0.06 -0.06 0.0847 0.0038
32250
A9 4.29 0.015 0.017 4.37 0.06 -0.08 1.35 0.12 -0.13 0.0672  0.0073

0

For the lowest crater frequencies indicative for the formation age of the Herschel
crater model ages differ significantly. The lunar-like model gives about 4 Ga, Zahnle
Case A gives roughly 2 Ga and Zahnle Case B points to a relatively recent formation
of Herschel only about 300 Ma ago. The situation for measurements of the heavily
cratered plains is slightly different. Here the highest model ages are determined
from the Zahnle Case A model with about 4.4 Ga, only slightly younger is the result
based on our lunar-like chronology with about 4.3 Ga. The Zahnle Case B model
again gives clearly the youngest estimate with about 1.5 Ga model age. Thus, the
absolute differences in model ages of Herschel with respect to the heavily cratered
plains vary between 300 Ma (lunar-like model) and 2.4 Ga (Zahnle Case A model).
Fig. 7-10 presents the used chronology models and measured crater frequencies. At
points where the horizontal lines of the measured crater frequencies intercept the
chronology functions, the x-axis values give the model ages for the respective
combination.
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Fig. 7-10: Measured Crater Frequencies and Chronologies: Lunar-like (this work) and Zahnle (Zahnle et al.,
2003) chronology models for Mimas, measured cumulative crater frequencies (= 1 km crater diameter
converted to crater frequencies > 10 km crater diameter) for the heavily cratered plains (A6 - A9) and
resurfaced areas at Herschel crater (A235). Crossing points between horizontal lines (measured frequencies)
and chronology curves give respective model ages.

7.8 Conclusion

We have gathered a reliable data set from the cratering record of Mimas. The data
comprise two of the most important surface units; the heavily cratered plains and
highly resurfaced areas within or close to Herschel crater. An offset by a factor of 6
towards lower crater frequencies indicates a younger surface age of the Herschel
impact-resurfaced areas compared to the surrounding heavily cratered plains.

In order to estimate absolute surface ages we applied the Zahnle chronologies as
well as our own alternative chronology to our data. We developed an alternative
chronology for Mimas and Iapetus that assumes a collisionally evolved projectile
population similar to that which impacted the lunar surface. By comparing
projectile SFD, which are derived from the measured crater SFD on lapetus and
Mimas and observed SFD of possible projectile populations such as comets, KBO
and Main Belt asteroids we conclude that the predominant projectile distribution
visible in the cratering record of the investigated satellites has more similarities with
Main Belt asteroids than with comets. We admit that comets and KBO may play
some role for crater diameters in excess of roughly 100 km. At smaller sizes a wavy
crater distribution is apparent that points to a collisionally evolved projectile
distribution similar to that which impacted the lunar surface. This wavy SFD is
thought to be a result of intense collisional evolution within the early asteroid Main
Belt (e.g. Bottke et al., 2005a). Theoretically a similar process may have developed a
collisionally relaxed wavy SFD within the Kuiper Belt as well (e.g. Davis and
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Farinella, 1997) but a rather shallow SFD of observed comets may question this
hypothesis (Zahnle et al., 2003 and Weiler et al., 2011). Different slopes between
asteroidal and cometary SFD would be expected due to different target materials
and collision conditions (e.g. Davis and Farinella, 1997 and O'Brien and Greenberg,
2003). Thus, if the Kuiper Belt underwent a collisional evolution its waves most
likely differ from those observed in the asteroid Main Belt size distribution.

It has been argued that the steep distribution of small craters is a result of secondary
(e.g. Shoemaker, 1965) and sesquinary cratering induced by large cometary impacts
(e.g. Zahnle et al., 2003). In fact for Tethys Schmedemann et al. (2014b) may have
found indications for significant contribution of sesquinary cratering. The found
crater distribution on Tethys has specific similarities with secondary cratering in the
northern hemisphere of the asteroid Vesta (Schmedemann et al, 2014a). As
discussed with respect to Fig. 7-5 Iapetus as well as Mimas indeed show some excess
in crater frequencies in a similar diameter range (0.5 - 5 km) where it is observed on
Tethys (<5 km). This might suggest that a small fraction of craters has been formed
by sesquinary projectiles on Mimas and lapetus but it is much less significant than
it is on Tethys. Our observation of only a small fraction of sesquinary craters is
basically in agreement with (Bierhaus et al., 2012), which did not find indication of
extensive sesquinary cratering,.

Further analysis of the projectile density and dynamical characteristics in the
Saturnian system led to an unsatisfactory result. While the observed crater SFD is
very similar but not exactly the same as the SFD of Main Belt asteroids, the projectile
densities inferred from crater/projectile scaling point to relatively low densities
similar to those of comets. Furthermore, only very low impact velocities are allowed
on the order of the escape velocity of the target bodies. These results however
heavily depend on the chosen scaling parameters. In Section 5 we argued for a
modified 1/g approach (Pike, 1980) in order to determine strength to gravity
transitions on lapetus and Mimas with reasonably good results in terms of
similarity between derived production function and observed crater distribution for
both cases. However, we did not use the modified surface gravity within the actual
scaling between crater and projectile sizes because the modified simple to complex
and strength to gravity transitions should already account for the different scaling
in icy targets. First results including a modified surface gravity in the crater scaling
equation would allow for higher projectile densities as well as higher impact
velocities. Thus, this solution appears to be promising for future work but it needs
to be investigated whether this approach is valid.

Despite these issues yet to be solved our measurements clearly show a strong
inconsistency between the observed crater distribution and the production
functions used by Zahnle et al. (2003). Our approach with a lunar-like crater
production function for lapetus as well as Mimas, implying a collisionally evolved
projectile distribution, leads to a much higher similarity between model function
and measured crater distribution. Such a high degree of similarity is required in
order to find unique and narrow ranges for fitting the model production function
to a measured crater distribution. In the case of Mimas we find consistent surface
ages for the heavily cratered plains over a broad range of crater diameters (~2.5
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orders of magnitude). This is not possible with both production functions by Zahnle
et al. (2003).

While comets dynamically appear to be the most prominent projectile source in the
Saturnian system, they cannot alone be responsible for the observed crater
distribution on Mimas and Iapetus. Observations indicate a projectile population
that is collisionally evolved similar to the one that impacted the lunar surface.
However, it is dynamically difficult to explain how this might have happened. A lot
more work is required in order to understand cratering processes and projectile
sources in the Saturnian system.
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7.10 Appendix — A - data tables

The tables 1 through 9 give the measured crater statistics of the respective areas.

Table A1l - Crater Statistics of Al

Total Area [km?]: 758.91

D |F(D)| N_dif Error [C(D)| N_cum | +/-Error

0.25| 3 |7.91E-02|4.57E-02| 42 |5.53E-02|8.54E-03

03| 3 |7.91E-02|4.57E-02| 39 |5.14E-02 |8.23E-03

0.35| 2 |5.27E-02|3.73E-02| 36 |4.74E-02|7.91E-03

04| 3 |7.91E-02|4.57E-02| 34 |4.48E-02|7.68E-03

0.45| 5 |1.32E-01|5.89E-02| 31 |4.09E-02|7.34E-03

05| 3 |3.95E-02|2.28E-02| 26 |3.43E-02|6.72E-03

06| 2 |2.64E-02|1.86E-02| 23 |3.03E-02|6.32E-03

0.7 | 2 |2.64E-02|1.86E-02| 21 |2.77E-02|6.04E-03

0.8 | 4 |527E-02|2.64E-02| 19 |2.50E-02|5.74E-03

09| 2 |2.64E-02|1.86E-02| 15 |1.98E-02|5.10E-03

1 3 |3.95E-02|2.28E-02| 13 |1.71E-02|4.75E-03

1.1 | 3 |3.95E-02|2.28E-02| 10 |1.32E-02|4.17E-03

1.2 | 1 |1.32E-02|1.32E-02| 7 |9.22E-03 |3.49E-03

13| 2 |2.64E-02|1.86E-02| 6 |7.91E-03|3.23E-03

14| 2 |2.64E-02|1.86E-02| 4 |5.27E-03|2.64E-03

15| 2 |2.64E-02|1.86E-02| 2 |2.64E-03|1.86E-03
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Table A2 - Crater Statistics of A2

Total Area [km?]: 354.61
D |F(D)| N_dif Error |C(D)| N_cum | +/-Error
03| 2 [1.13E-01|7.98E-02| 60 |1.69E-01|2.18E-02
0.35| 3 [1.69E-01|9.77E-02| 58 |1.64E-01|2.15E-02
04| 4 [2.26E-01|1.13E-01| 55 |1.55E-01|2.09E-02
0.45( 12 |6.77E-01|1.95E-01| 51 |1.44E-01|2.01E-02
0.5 | 13 [3.67E-01|1.02E-01| 39 |1.10E-01|1.76E-02
0.6 | 11 [3.10E-01|9.35E-02| 26 |7.33E-02|1.44E-02
0.7 5 [1.41E-01|6.31E-02| 15 |4.23E-02|1.09E-02
0.8 | 3 |[8.46E-02|4.88E-02| 10 |2.82E-02|8.92E-03
09| 4 [1.13E-01|5.64E-02| 7 |1.97E-02|7.46E-03
1 1 [4.03E-03|4.03E-03| 3 |8.46E-03|4.88E-03
1.7 | 1 |1.57E-03|1.57E-03| 2 |5.64E-03|3.99E-03
35| 1 [1.57E-03|1.57E-03| 1 |[2.82E-03|2.82E-03

Table A3 - Crater Statistics of A3

Total Area [km?]: 150.50

F(D)

N_dif

Error

C(D)

N_cum

+/-Error

0.2

1.33E-01

1.33E-01

40

2.66E-01

4.20E-02
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0.25| 1 |1.33E-01|1.33E-01| 39 [2.59E-014.15E-02
03| 5 |6.65E-01|2.97E-01| 38 |2.53E-01|4.10E-02
0.35( 7 |9.30E-01|3.52E-01| 33 |2.19E-01|3.82E-02
0.4 | 8 |1.06E+00|3.76E-01| 26 |1.73E-01|3.39E-02
0.45( 6 |7.97E-01|3.26E-01| 18 |1.20E-01|2.82E-02
05| 8 |5.32E-01 |1.88E-01| 12 |7.97E-02|2.30E-02
0.6 | 2 |6.65E-02 |4.70E-02| 4 |[2.66E-02|1.33E-02
0.8 | 1 |9.49E-03 |9.49E-03| 2 |1.33E-029.40E-03
1.5| 1 |9.49E-03 |9.49E-03| 1 |6.65E-03|6.65E-03

Table A4 - Crater Statistics of A4

Total Area [km?]: 637.46
D [F(D)| N_dif Error |C(D)| N_cum | +/-Error
0.35( 1 [1.57E-02|1.57E-02| 47 |7.37E-02|1.08E-02
0.45( 4 |1.26E-01|6.28E-02| 46 |7.22E-02|1.06E-02
0.5 | 4 |6.28E-02(3.14E-02| 42 |6.59E-02|1.02E-02
0.6 | 7 |1.10E-01|4.15E-02| 38 [5.96E-02|9.67E-03
0.7 | 7 |1.10E-01|4.15E-02| 31 |4.86E-02|8.73E-03
0.8 | 4 |[6.28E-02(3.14E-02| 24 |3.77E-02|7.69E-03
09| 6 [9.41E-02|3.84E-02| 20 |3.14E-02|7.02E-03
1 1 |1.57E-02|1.57E-02| 14 |2.20E-02|5.87E-03
11| 1 |1.57E-02|1.57E-02| 13 |2.04E-02|5.66E-03
1.2 | 3 |4.71E-02|2.72E-02| 12 |1.88E-02|5.43E-03
13| 2 |3.14E-02|2.22E-02| 9 |1.41E-02|4.71E-03
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14| 1 |1.57E-02|1.57E-02| 7 |[1.10E-02|4.15E-03

15| 1 |7.84E-03|7.84E-03| 6 |[9.41E-03|3.84E-03

1.7 | 4 |3.49E-03(1.74E-03| 5 |7.84E-03|3.51E-03

35| 1 [8.72E-04(8.72E-04| 1 |1.57E-03|1.57E-03

Table A5 - Crater Statistics of A5

Total Area [km?]: 543.82

D |F(D)| N_dif Error |C(D)| N_cum | +/-Error

0.2 | 1 [3.68E-02|3.68E-02| 94 |1.73E-01|1.78E-02

0.25| 3 [1.10E-01|6.37E-02| 93 |1.71E-011.77E-02

0.3 | 11 [4.05E-01|1.22E-01| 90 |1.66E-01|1.74E-02

0.35( 22 |[8.09E-01|1.73E-01| 79 |1.45E-01|1.63E-02

04 (12 |4.41E-01|1.27E-01| 57 |1.05E-01|1.39E-02

0.45( 12 [4.41E-01|1.27E-01| 45 |8.28E-02|1.23E-02

0.5 | 12 [2.21E-01|6.37E-02| 33 |6.07E-02 | 1.06E-02

0.6 | 5 |9.19E-02|4.11E-02| 21 |3.86E-02|8.43E-03

0.7 | 3 |5.52E-02|3.19E-02| 16 |2.94E-02|7.36E-03

08| 4 |7.36E-02|3.68E-02| 13 |2.39E-02|6.63E-03

09| 4 |7.36E-02|3.68E-02| 9 |1.66E-02|5.52E-03

1 1 |9.19E-03|9.19E-03| 5 |9.19E-03|4.11E-03

1.2 | 2 |1.23E-02|8.67E-03| 4 |7.36E-03|3.68E-03

15| 1 |[3.68E-03(3.68E-03| 2 |3.68E-03|2.60E-03

2 1 |3.68E-03|3.68E-03| 1 |[1.84E-03|1.84E-03
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Table A6 - Crater Statistics of A6

Total Area [km?]: 6286.39
D |F(D)| N_dif Error |C(D)| N_cum | +/-Error
15| 3 |2.39E-03|1.38E-03| 76 |1.21E-02|1.39E-03
1.7 4 |2.12E-03|1.06E-03| 73 |1.16E-02|1.36E-03
2 | 12 |3.82E-03|1.10E-03| 69 |1.10E-02|1.32E-03
2.5| 10 [3.18E-03|1.01E-03| 57 [9.07E-03 |1.20E-03
3 1 |3.18E-04|3.18E-04| 47 |7.48E-03|1.09E-03
35| 5 [1.59E-03|7.11E-04| 46 |7.32E-03 |1.08E-03
4 | 6 |1.91E-03|7.79E-04| 41 |6.52E-03 |1.02E-03
45| 6 |1.91E-03|7.79E-04| 35 [5.57E-03 (9.41E-04
51| 8 |1.27E-03|4.50E-04| 29 |4.61E-03|8.57E-04
6 | 6 |9.54E-04|3.90E-04| 21 |3.34E-03|7.29E-04
7 5 |7.95E-04|3.56E-04| 15 |2.39E-03|6.16E-04
8 | 2 |3.18E-04|2.25E-04| 10 |1.59E-03|5.03E-04
9 1 |1.59E-04|1.59E-04| 8 |1.27E-03|4.50E-04
10| 1 [1.59E-04(1.59E-04| 7 |1.11E-03|4.21E-04
11| 1 |[1.59E-04|1.59E-04| 6 |[9.54E-04(3.90E-04
12| 1 |7.95E-05|7.95E-05| 5 |[7.95E-04(3.56E-04
14| 1 |[1.59E-04|1.59E-04| 4 |[6.36E-04(3.18E-04
15| 2 |[2.12E-05|1.50E-05| 3 |[4.77E-04(2.76E-04
30| 1 |1.06E-05|1.06E-05| 1 |[1.59E-04|1.59E-04
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Table A7 - Crater Statistics of A7

Total Area [km?] 757.938

D |F(D)| N_dif Error |C(D)| N_cum Error

0.15| 3 |3.96E-03|2.29E-03| 302 |3.98E-01 | 2.29E-02
0.17] 1 |1.32E-03|1.32E-03| 299 |3.95E-01 | 2.28E-02
0.2 | 16 |2.11E-02|5.28E-03 | 298 | 3.93E-01 | 2.28E-02
0.25| 26 |3.43E-02|6.73E-03| 282 |3.72E-01 | 2.22E-02
0.3 | 35 |4.62E-02|7.81E-03 | 256 |3.38E-01 | 2.11E-02
0.35| 37 |4.88E-02|8.03E-03| 221 |2.92E-01 | 1.96E-02
0.4 | 30 |3.96E-02|7.23E-03 | 184 | 2.43E-01 | 1.79E-02
0.45| 22 |2.90E-02|6.19E-03 | 154 | 2.03E-01 | 1.64E-02
0.5 | 20 |2.64E-02|5.90E-03| 132 | 1.74E-01 | 1.52E-02
0.6 | 23 |3.04E-02|6.33E-03| 112 |1.48E-01 | 1.40E-02
0.7 | 12 |1.58E-02|4.57E-03| 89 [1.17E-01|1.25E-02
0.8 | 17 |2.24E-02|5.44E-03| 77 |1.02E-01|1.16E-02
09 | 7 |9.24E-03|3.49E-03| 60 |7.92E-02|1.02E-02
1 | 11 |1.45E-02|4.38E-03| 53 |6.99E-02|9.61E-03
1.1 | 2 |2.64E-03|1.87E-03| 42 |5.54E-02 | 8.55E-03
1.2 | 7 |9.24E-03|3.49E-03| 40 |5.28E-02|8.34E-03
1.3 | 4 |5.28E-03|2.64E-03| 33 |4.35E-02 |7.58E-03
14| 6 |7.92E-03|3.23E-03| 29 |3.83E-02|7.11E-03
1.5 | 5 |6.60E-03|2.95E-03| 23 |3.04E-02 |6.33E-03
1.7 | 4 |5.28E-03|2.64E-03| 18 |2.38E-02 | 5.60E-03
2 7 |9.24E-03 |3.49E-03 | 14 |1.85E-02|4.94E-03
3 1 |1.32E-03|1.32E-03| 7 |9.24E-03 |3.49E-03
35| 1 |1.32E-03|1.32E-03| 6 |7.92E-03|3.23E-03
4 1 |1.32E-03|1.32E-03| 5 |6.60E-03 |2.95E-03
45| 1 |1.32E-03|1.32E-03| 4 |5.28E-03|2.64E-03
5 2 |2.64E-03|1.87E-03| 3 |3.96E-03|2.29E-03
9 1 |1.32E-03|1.32E-03| 1 |1.32E-03|1.32E-03
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Table A8 - Crater Statistics of A8

Total Area [km?]: 47300.60

F(D)

N_dif

Error

C(D)

N_cum

+/-Error

13

1.48E-03

5.60E-04

771

1.63E-02

5.87E-04

1.4

4.23E-04

2.99E-04

764

1.62E-02

5.85E-04

1.5

35

3.70E-03

6.26E-04

762

1.61E-02

5.84E-04

1.7

20

1.41E-03

3.15E-04

727

1.54E-02

5.70E-04

165

6.98E-03

5.43E-04

707

1.50E-02

5.62E-04

2.5

58

2.45E-03

3.22E-04

542

1.15E-02

4.92E-04

106

4.48E-03

4.36E-04

484

1.02E-02

4.65E-04

3.5

52

2.20E-03

3.05E-04

378

7.99E-03

4.11E-04

56

2.37E-03

3.17E-04

326

6.89E-03

3.82E-04

4.5

30

1.27E-03

2.32E-04

270

5.71E-03

3.48E-04

47

9.94E-04

1.45E-04

240

5.08E-03

3.28E-04

37

7.83E-04

1.29E-04

193

4.08E-03

2.94E-04

32

6.77E-04

1.20E-04

156

3.30E-03

2.64E-04

23

4.86E-04

1.01E-04

124

2.62E-03

2.36E-04

21

4.44E-04

9.69E-05

101

2.14E-03

2.13E-04

10

13

2.75E-04

7.63E-05

80

1.69E-03

1.89E-04

11

12

2.54E-04

7.33E-05

67

1.42E-03

1.73E-04

12

11

2.33E-04

7.01E-05

55

1.16E-03

1.57E-04

13

4.23E-05

2.99E-05

44

9.31E-04

1.40E-04

14

11

2.33E-04

7.01E-05

42

8.88E-04

1.37E-04
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15| 9 [9.52E-05(3.17E-05| 31 |6.56E-04|1.18E-04

17| 8 |5.64E-05|1.99E-05| 22 |4.65E-04|9.92E-05

20| 9 |3.81E-05|1.27E-05| 14 |2.96E-04 |7.91E-05

25| 4 |5.64E-06|2.82E-06| 5 |1.06E-04|4.73E-05

40| 1 [1.41E-06(1.41E-06| 1 |[2.12E-05|2.12E-05

Table A9 - Crater Statistics of A9

Total Area [km?2]: 322372.15

D |F(D)| N_dif Error |[C(D)| N_cum | +/-Error

6 3 |9.31E-06 |5.37E-06 | 338 | 1.05E-03 | 5.70E-05

7 7 |2.17E-05|8.21E-06 | 335 | 1.04E-03 | 5.68E-05

8 | 27 |8.38E-05|1.61E-05| 328 | 1.02E-03 | 5.62E-05

9 | 20 |6.20E-05|1.39E-05| 301 |9.34E-04 | 5.38E-05

10 | 24 |7.45E-05|1.52E-05| 281 | 8.72E-04 | 5.20E-05

11 | 25 |7.76E-05 | 1.55E-05| 257 | 7.97E-04 | 4.97E-05

12 | 22 |6.82E-05|1.46E-05| 232 | 7.20E-04 | 4.73E-05

13 | 27 |8.38E-05|1.61E-05| 210 | 6.51E-04 | 4.50E-05

14 | 35 |1.09E-04 |1.84E-05| 183 | 5.68E-04 | 4.20E-05

15 | 28 |4.34E-05|8.21E-06 | 148 | 4.59E-04 | 3.77E-05

17 | 37 |3.83E-05|6.29E-06 | 120 | 3.72E-04 | 3.40E-05

20 | 41 |2.54E-05|3.97E-06| 83 |2.58E-04|2.83E-05

25 | 20 |1.24E-05|2.78E-06| 42 |1.30E-04|2.01E-05
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30 | 11 |6.82E-06|2.06E-06| 22 |6.82E-05|1.46E-05
35| 6 |3.72E-06|1.52E-06| 11 |3.41E-05|1.03E-05
40 | 1 |6.20E-07|6.20E-07| 5 |1.55E-05|6.94E-06
45 | 1 |6.20E-07 |6.20E-07| 4 |1.24E-05|6.20E-06
50 | 2 |8.86E-08|6.27E-08| 3 |9.31E-06|5.37E-06
120| 1 |4.43E-08|4.43E-08| 1 |3.10E-06 |3.10E-06

Table A235 - Crater Statistics of combined measurement A235

Total Area [km?]: 1048.93

D |F(D)| N_dif Error |C(D)| N_cum | +/-Error
0.2 2|3.81E+01 | 2.70E+01 | 194 |1.85E+02|1.33E+01
0.25 4|7.63E+01|3.81E+01| 192 |1.83E+02 | 1.32E+01
0.3| 18|3.43E+02|8.09E+01 | 188|1.79E+02 | 1.31E+01
0.35| 32|6.10E+02|1.08E+02 | 170|1.62E+02 | 1.24E+01
0.4| 24|4.58E+02|9.34E+01 | 138|1.32E+02 | 1.12E+01
0.45| 30|5.72E+02|1.04E+02| 114 |1.09E+02 | 1.02E+01
0.5| 33|3.15E+02|5.48E+01| 84 |8.01E+01 |8.74E+00
0.6| 18|1.72E+02|4.05E+01| 51|4.86E+01 |6.81E+00
0.7 8|7.63E+01|2.70E+01| 33|3.15E+01 |5.48E+00
0.8 8|7.63E+01|2.70E+01| 25/|2.38E+01 |4.77E+00
0.9 8|7.63E+01|2.70E+01| 17|1.62E+01 |3.93E+00

1 2|9.53E+00 | 6.74E+00 9| 8.58E+00 | 2.86E+00
1.2 2|6.36E+00 | 4.49E+00 716.67E+00 | 2.52E+00
1.5 2|9.53E+00 | 6.74E+00 514.77E+00 | 2.13E+00
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1.7 1|3.18E+00 | 3.18E+00 2.86E+00 | 1.65E+00
2 1| 6.36E-01| 6.36E-01 1.91E+00 | 1.35E+00
3.5 1| 6.36E-01| 6.36E-01 9.53E-01| 9.53E-01

Table A1-9 - Crater Statistics of all combined normalized measurements

Total Area [km?]: 322243.35 (arbitrary due to normalization)

D F(D) N_dif Error C(D) N_cum | +/-Error
0.45 |58125|3.61E+03 | 1.50E+01| 220875 |6.85E+02 | 1.46E+00
0.5 |63937|1.98E+03 |7.85E+00|162750|5.05E+02 | 1.25E+00
0.6 34875 |1.08E+03 | 5.80E+00 | 98812 |3.07E+02 | 9.76E-01
0.7 15500 |4.81E+02 | 3.86E+00 | 63937 |1.98E+02 | 7.85E-01
0.8 15500 |4.81E+02 | 3.86E+00 | 48437 |1.50E+02 | 6.83E-01
0.9 12514 |3.88E+02 | 3.47E+00 | 32937 |1.02E+02 | 5.63E-01
1.000 68 |2.11E+00| 2.56E-01 | 20423 |6.34E+01| 4.44E-01
1.100 | 6450 |2.00E+02|2.49E+00| 20356 |6.32E+01| 4.43E-01
1.200 | 1692 |5.25E+01|1.28E+00| 13906 |4.32E+01 | 3.66E-01
1.300 | 1527 [4.74E+01|1.21E+00| 12213 |3.79E+01| 3.43E-01
1.400 | 1263 |3.92E+01|1.10E+00| 10687 |3.32E+01 | 3.21E-01
1.500 | 2701 [4.19E+01| 8.06E-01 | 9424 |2.92E+01| 3.01E-01
1.700 | 2299 |2.38E+01|4.96E-01 | 6723 |2.09E+01| 2.54E-01
2.000 | 731 |4.54E+00|1.68E-01 | 4424 |1.37E+01|2.06E-01
2.500 | 263 |1.63E+00|1.01E-01 | 3692 |1.15E+01| 1.89E-01
3.000 | 1155 |7.17E+00| 2.11E-01 | 3430 |1.06E+01| 1.82E-01
3.500 255 |1.58E+00|9.91E-02 | 2274 |7.06E+00| 1.48E-01
4.000 289 |1.79E+00| 1.06E-01 | 2020 |6.27E+00| 1.40E-01
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4500 | 233 |1.45E+00|9.47E-02 | 1731 |5.37E+00| 1.29E-01
5.000 | 345 |1.07E+00|5.76E-02 | 1498 |4.65E+00| 1.20E-01
6.000 | 235 |7.29E-01 | 4.76E-02 | 1153 |3.58E+00| 1.05E-01
7.000 | 243 |7.54E-01 | 4.84E-02| 918 |2.85E+00| 9.40E-02
8.000 | 134 |4.16E-01 | 3.59E-02| 675 |2.10E+00| 8.06E-02
9.000 93 |2.89E-01|2.99E-02 | 541 |1.68E+00|7.22E-02
10.000 | 80 |2.48E-01|2.78E-02| 448 |1.39E+00|6.57E-02
11.000 | 88 |2.73E-01|2.91E-02| 368 |1.14E+00|5.95E-02
12.000 | 33 |[1.02E-01|1.78E-02| 280 |8.67E-01|5.19E-02
13.000 | 31 |9.62E-02 |1.73E-02 | 246 |7.65E-01 |4.87E-02
14.000 | 51 |[1.58E-01|2.22E-02| 215 |6.68E-01|4.55E-02
15.000 | 35 |[5.43E-02 |9.18E-03| 164 |5.11E-01|3.97E-02
17.000 | 39 |[4.03E-02 |6.46E-03| 130 |4.03E-01|3.54E-02
20.000 | 51 |3.17E-02 | 4.43E-03 91 2.82E-01 | 2.96E-02
25.000 | 20 |1.24E-02 | 2.78E-03 40 1.24E-01 | 1.96E-02
30.000 8 4.97E-03 | 1.76E-03 20 6.20E-02 | 1.39E-02
35.000 5 3.10E-03 | 1.39E-03 12 3.72E-02 | 1.08E-02
40.000 2 1.24E-03 | 8.78E-04 7 2.20E-02 | 8.21E-03
45.000 1 6.21E-04 | 6.21E-04 5 1.55E-02 | 6.94E-03
50.000 3 9.31E-05 | 5.38E-05 4 1.24E-02 | 6.21E-03
150.000| 1 3.10E-05 | 3.10E-05 1 3.10E-03 | 3.10E-03
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8 Summary and outlook

The published papers and manuscript prepared for publication presented in the
previous chapters (3 - 7) contain their own summaries pronouncing the specific
topic of the paper with respect to a broader context. Specifically chapters 4, 5 and 6
are related to the first extensive global characterization of asteroid Vesta based on
orbital remote sensing data in the frame of the Dawn mission. In this final chapter
results from Phobos, Ida, Gaspra, Lutetia, Vesta and Mimas will be summarized
with conclusions about the applicability of lunar derived cratering characteristics
going from the inner to the outer Solar System.

The goal of this thesis was to convert the lunar crater production and chronology
function to asteroids and planetary satellites with significantly different impact
conditions than observed on the Moon and at various dynamical environments in
the inner and outer Solar System as well as inside the asteroid Main Belt.
Furthermore, the derived crater production function was verified against the
observed crater size-frequency distribution. The chronology function on the other
hand was verified by plausibility tests of derived crater retention ages, respective
stratigraphic relationships of the measured geologic units and consistency with
independent chronometers. In addition, the crater-derived projectile distributions
were compared with observed size-frequency distributions of possible projectile
populations. The application of the found crater production and chronology
functions to the cratering records of geologic key units on Phobos, Ida, Gaspra,
Lutetia, Vesta and Mimas allowed for the determination of time constraints for
major events in the geologic histories of these bodies. For this purpose geologic
mapping of representative sample areas on each body were carried out in order to
apply the technique of age determination of planetary surfaces by measurements of
crater size-frequency distributions.

8.1 Applicability of lunar-like crater production and chronology
functions:

In the scientific community there is a significantly decreasing acceptance concerning
the applicability of a lunar-like projectile flux (size distribution and development
over time) going from the inner to the outer Solar System. In contrast to that concern
it was shown, that a lunar-like crater size-frequency distribution is well applicable
on Phobos, the Main Belt asteroids as well as the Saturnian satellites, if correctly
scaled to the respective impact conditions. The lunar-like chronology could be
compared with an independent chronology only for the case of Vesta. For this case
a good agreement was found between crater retention ages on Vesta and
radiometric ages of Vesta-derived HED meteorites.
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The following sub-chapters detail the results from Phobos, the investigated Main
Belt asteroids and Mimas.

8.1.1 Phobos (chapter 3):

It was shown that a slightly better fit of the measured crater distribution favored the
dynamical case in which Phobos spent most of its existence in orbit about Mars.
Although highly controversial, estimates about the groove formation on Phobos by
Murray and Heggie (2014) are well in agreement with groove formation ages
(>3 Ga) derived for the previously mentioned dynamic case. As well as the groove
formation ages, the formation age of the large crater Stickney was also determined
at 4 - 42 Ga. Thus, from simple principles of superposition, it is possible that
Stickney was resurfaced by a groove formation event, which is actually observed.
Hence, the absolute dating and observed stratigraphic position of Stickney with
respect to the grooves are realistic, although relative stratigraphy alone cannot
discriminate between both dynamical cases. In order to find a further constraint on
the dynamical history of Phobos its apex-/antapex asymmetry was analyzed.
Unfortunately, only large craters could be used for this analysis due to
heterogeneous resurfacing of Phobos” surface. Such craters are too sparse to give
statistically valid results. Thus, this approach was inconclusive.

8.1.2 Main Belt asteroids (chapters 4, 5 and 6):

The primary goal in investigating the crater size-frequency distribution and surface
ages on Ida and Gaspra was to compare results with previous publications
(Neukum and Ivanov, 1994; Chapman et al., 1996a and Chapman et al., 1996b) in
order to show the reproducibility of older results by the taken approach. It is shown
that the measured crater distribution on both bodies is well in agreement with
previously published data. Improved image restoration techniques and enhanced
handling of highly irregular body surfaces allowed for upgraded measurements
that pushed the limit of crater identification slightly further out. This allowed for
identification of even older underlying stratigraphic layers in both cases. The lunar
production function, scaled to the impact conditions on Ida and Gaspra, is also well
in agreement with measured crater distributions. For crater diameters below
~10 km these measurements show, that the observed small crater population with
a cumulative slope of about -3.5 is clearly steeper than the expected size-frequency
distribution of small projectiles inside the Main Belt (e.g. Dohnanyi, 1969 and
Gladman et al., 2009). The steep slope in observed crater distributions cannot be
explained by secondary craters, because of the very low surface gravity on Ida and
Gaspra with respectively low escape velocities, which are far too low for the
formation of secondary craters (Bierhaus et al., 2012). On the other hand, the
observed size- frequency distribution of small (< ~1 km) Main Belt asteroids indeed
appears to show a shallow (~-1.5) cumulative slope (Gladman et al., 2009). A
possible solution to this puzzle involving radiation forces such as the Yarkovsky
effect (e.g. Farinella et al., 1998) is proposed in chapter 4.2.2. Surface ages derived
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from crater counts on Ida and Gaspra are in good agreement with previous
publications as well. Thus, the applied conversion of lunar crater functions to the
impact conditions on Main Belt asteroids was successful. In addition, the used
technique to scale the lunar chronology based on a statistical analysis of orbital
elements of orbit-crossing asteroids (Bottke et al., 1994) provided reasonable results,
comparable with previous publications.

Lutetia is about twice as large as Ida and thus the cratering record covers a critical
part of the lunar-like crater production function for Lutetia around 10 km, where
the distribution slope is changing. On Lutetia measured crater distributions follow
closely the lunar-like production function derived for Lutetia. However, an earlier
publication (Marchi et al., 2012b) shows a different crater production function that
incorporates a kink, which has been interpreted as a result of layering in the surface
regolith of Lutetia. The measurements presented in chapter 4.7.1.3 of this thesis
show that the previously observed kink in the crater distribution is most likely not
a result of regolith layering but a resurfacing effect, in which small craters were
damaged or destroyed by seismic shaking and/or ejecta blanketing of neighboring
impact events. Thus, the found chronostratigraphy for Lutetia is reinterpreted and
more detailed than in the publication by Marchi et al. (2012b) although in general,
the found model ages are comparable.

As outlined before, techniques for transferring the lunar crater functions to Main
Belt asteroids and deriving realistic collision probabilities for correct chronology
scaling worked well on Ida, Gaspra and Lutetia. Applying the same techniques to
Vesta result in basin formation ages for Rheasilvia and Veneneia of about 3.5 and
3.7 Ga, respectively. These results are in strong disagreement with Marchi et al.
(2012c) and Schenk et al. (2012a). These publications find 1 Ga for the formation age
of Rheasilvia and at least 2.1 Ga for the formation age of Veneneia. In chapters 4 and
5 reasons for the disagreement are detailed. Three major reasons for disagreement
can be identified.

I) Geologic interpretation of measured areas: Marchi et al. (2012¢c) and Schenk et
al. (2012a) assume that no significant mass wasting inside the Rheasilvia
basin occurred long after its formation. They extract the Rheasilvia
formation age from the basin floor. A careful analysis of statements in
Schenk et al. (2012a) reveals strong indication that the authors date
Rheasilvia ejecta on the floor of the neighboring Veneneia basin with 2.1
Ga in their chronology system (see also next point). Thus, in their
chronology system (asteroid-flux system) Rheasilvia ejecta are at least
twice as old as the floor of the Rheasilvia basin, implying significant
resurfacing processes up to 1 Ga after the basin formation. Hence, results
by Marchi et al. (2012c) and Schenk et al. (2012a) are inconsistent.

A second indication that results by Marchi et al. (2012c) are inconsistent
due to flawed geologic interpretation of measured counting areas is
related to an undescribed crater plot in Fig. 14c by Williams et al. (2014a).
A measurement by the co-author S. Marchi (the lead author of Marchi et
al. (2012c)) is labeled with “Df” for Divalia Fossae. That is the equatorial
trough system that formed as a by-product of the Rheasilvia impact event
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1)

(Jaumann et al., 2012b). In the Fig. by Williams et al. the Df measurement
is fitted with a 2 Ga isochron of the model production function used by
Marchi et al. (2012c) and Schenk et al. (2012a), indicating the formation of
the Rheasilvia-connected trough system took place about 2 Ga ago
(asteroid-flux system), very similar to the result from the floor of the
Veneneia basin.

A third indication that the Rheasilvia formation age is higher than the
crater retention age on its floor, can be found in Marchi et al. (2014). In
that publication a measurement on Matronalia Rupes at the Rheasilvia
basin rim is described. Marchi et al. (2014) fit both the crater distribution
of the Rheasilvia floor (Marchi et al., 2012¢c) and the crater distribution of
Matronalia Rupes with a 1 Ga isochron, in order to prove the same
formation age of Rheasilvia ejecta at Matronalia Rupes and the floor of
the Rheasilvia basin. However, cumulative frequencies of several of the
largest crater size bins of the Matronalia measurement plot clearly above
the fitted isochron, which point towards a higher formation age of
Rheasilvia ejecta at Matronalia Rupes than the floor of Rheasilvia shows.

Shape of the crater production function: The lunar-like crater production
function (chapter 4.2.2) shows a slightly steeper slope than the model
production function by Marchi et al. (2014) for small diameters that
includes the reference diameter of 1 km (Kneissl et al., 2014; chapter 5 and
chapter 2.4). Even with the same chronology function these various slopes
result in variable model ages depending on whether a crater distribution
is fitted at diameters smaller or larger than 1 km as described in chapter
2.4. For the example of crater measurements on the ejecta blankets of
Octavia and Oppia craters presented in chapters 4.3 and 6.4.3 as well as
the Rheasilvia floor measurement by Schenk et al. (2012a) it can be
demonstrated, that in the framework of the model production function
by Marchi et al. Octavia, Oppia and the floor of Rheasilvia are roughly
contemporary with ~1 Ga formation age (Fig. 8-1). From principles of
superposition Octavia and Oppia clearly formed after Rheasilvia. Octavia
and Oppia feature “orange material” ejecta blankets in Clementine color
ratios that are interpreted to be most likely related to impact melt from
Rheasilvia and/or Veneneia formation that was excavated by the Oppia
and Octavia impact events (Le Corre et al., 2013). If that is true, it is not
clear why the orange material is not observed in other parts of the
Rheasilvia ejecta blanket as prominent as it is seen in the ejecta of Oppia
and Octavia.

For the case of the lunar-like crater production function, Oppia and
Octavia are about 1.4 Ga younger than the floor of Rheasilvia. As outlined
in the previous point I) the floor of Rheasilvia most likely does not show
the formation age of the basin. Considering a Rheasilvia formation age of
3.5 Ga (chapter 4) Oppia and Octavia are roughly 3 Ga younger than
Rheasilvia. In this case the disappearance of the “orange” characteristic
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of large parts of the Rheasilvia ejecta is plausible e.g. due to impact
gardening.

production function: (Marchi et al., 2014)
chronology function: (O‘Brien et al., 2014)

lunar-like production function: (Schmedemann et al. 2014)
lunar-like chronology function: (Schmedemann et al. 2014)
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Fig. 8-1: Comparison of crater retention ages for lunar-like (Schmedemann et al., 2014a) and Marchi et al.
(2014) production functions: Squares — Oppia NE measurement from chapter 4.3.2.8, triangles — Rheasilvia
floor redigitized measurement from Schenk et al. (2012a). The Rheasilvia floor measurement is comparable
to the Rheasilvia Ridge and Groove terrain measurement (chapters 4.3.2.3 and 5). Left panel: a single isochron
at 1 Ga model age based on the model production function by Marchi et al. (2014) is able to fit both, the cater
distribution on the Oppia ejecta blanket and on the floor of Rheasilvia, implying similar formation ages.
Observed higher crater frequencies in the ejecta blanket of Rheasilvia are not considered with respect to the
Rheasilvia formation age by Schenk et al. (2012a) and Marchi et al. (2014). Right panel: the steeper lunar-like
production function result in an Oppia formation age, clearly younger than the floor of Rheasilvia (age
difference: ~1.4 Ga). Besides other areas Schmedemann et al. (2014a; chapter 4.3) link crater frequencies on
the Rheasilvia ejecta blanket to the basin formation age. Oppia formed on the proximal Rheasilvia ejecta.
Thus, background craters that are still showing through the Oppia ejecta date the Rheasilvia formation with
about 3.5 Ga in the lunar-like chronology system.

Shape of the crater chronology function: The shape of the chronology functions by
O'Brien et al. (2014) and Schmedemann et al. (2014a) in chapter 4.2.3.1 are nearly
identical for ages younger than ~3 Ga. For ages higher than that, differences occur
up to 1 Ga in a way that the lunar-like chronology Schmedemann et al. (2014a)
provides younger ages than the chronology by O'Brien et al. (2014), which is
predominantly founded on dynamical models such as the Nice model (e.g.
Morbidelli et al., 2012) and the E-Belt model (Bottke et al., 2012). Fig. 8-1 gives an
example for background craters in the Oppia ejecta blanket that are used to date the
formation of the Rheasilvia ejecta blanket. For respectively measured crater
frequencies model ages from both chronologies divert by roughly 1 Ga. This is
nearly the largest possible difference between the two chronologies. Going to even
higher crater frequencies result in smaller differences again, because the shallow
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chronology by O'Brien et al. (2014) quickly approaches the age of the Solar System
but then shows a very steep characteristic close to the formation age of the Solar
System. Thus, the age difference for the highest measured crater frequencies on
Vesta, derived from the global distribution of craters > 200 km is only ~600 Ma
(chapter 4.7.3).

Results for the crater retention derived formation ages of the Veneneia basin and
the Rheasilvia basin are compared with independent radiometric ages that record
high energetic impacts on Vesta. For the lunar-like frame work a reasonably good
correlation is found for the two most recent major events recorded in the Ar-Ar
chronometer of Vesta derived HED meteorites (chapter 4.4). If crater frequencies
presented in chapter 4.3 are used with the alternative chronology by O'Brien et al.
(2014) then the formation of Rheasilvia occurred about 4.4 Ga ago (see also Fig. 8-
1). That is in disagreement with the comparatively fresh morphology of the
Rheasilvia basin and its ejecta blanket that are not superimposed by any of the major
impact events recorded in the Ar-Ar chronometer of HED meteorites within the
time frame between 3 and 4 Ga.

8.1.3 Mimas (chapter 7):

Crater measurements: Measurements of the crater size-frequency distribution on
Mimas” heavily cratered plains in several areas that cover the satellites leading and
trailing hemisphere revealed very similar crater frequencies in their overlapping
sections. This result underlines the well-known non-existence of a clear apex-
/antapex asymmetry that would be expected from heliocentric projectiles but is not
observed in the Saturnian system (Neukum, 1985; Zahnle et al., 2003 and Dones et
al., 2009). Furthermore, these measurements imply a nearly global uniform surface
age for Mimas as a result of a geologically dead body. Only one measurement (A7)
shows a clear diversion towards smaller crater frequencies. Because this area is
located at the outer margin of the continuous ejecta blanket of the large crater
Herschel, the measured deficiency in crater frequencies is interpreted as a
resurfacing effect caused by the Herschel ejecta. Measurements conducted on the
proximal Herschel ejecta and within the crater revealed very similar crater
distributions as well. If the crater frequencies from the Herschel resurfaced areas
and the heavily cratered plains are compared with each other, a clear offset (factor:
~6) is found with lower frequencies on the Herschel ejecta.

Derivation of the crater production function: The nature of the projectiles in the
Saturnian system is still controversial. Mainly dynamicists argue for ecliptic comets
or Kuiper Belt Objects that impact the Saturnian satellites from heliocentric orbits at
hyper velocity (e.g.,, Zahnle et al., 2003 and Dones et al., 2009). That view is
contradicted by the non-existence of an apex-/antapex asymmetry and an observed
crater size-frequency distribution that is much different from the size-frequency
distribution of observed cometary nuclei (e.g., Neukum, 1985 and Zahnle et al.,
2003). However, the small diameter (< ~50 km) size distribution of Kuiper Belt
Objects is still unknown due to observational limits. In the manuscript presented in
chapter 7 the crater size frequency distributions that are observed on Mimas and
Iapetus are scaled to projectile sizes for various dynamic cases. By assuming the
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same projectile population at both bodies, a comparison of the cratering record
derived projectile distributions for the chosen dynamic cases were used in order to
identify the most likely impact conditions at the two different levels in the gravity
well of Saturn where Iapetus and Mimas reside. Crater data from lapetus were also
used for crater scaling purposes and chronology calibration for Mimas. Further
comparison of derived projectile distributions with body size-frequency
distributions of known small body populations (Kuiper Belt Objects, comets and the
Moon impacting Main Belt asteroids) led to the conclusion that the observed crater
distributions on Mimas and lapetus are consistent with a collisionally evolved
projectile population similar to the one that impacted the lunar surface but with
densities similar to cometary nuclei at very low velocities on the order of ~600 m/s.
These boundary conditions provided the parameters for scaling the lunar crater
production function to Iapetus and Mimas. The problematic transition in scaling
material behavior going from basaltic regolith to cold icy regolith was solved by a
modified surface gravity for the icy satellites. The modification was applied based
on the observed simple to complex transitions on Iapetus and Vesta. The resulting
lunar-like crater production function is purely derived from observed data and
simple ratio equations. It fits the observed crater distributions on Iapetus and
Mimas reasonably well. However, it diverts significantly from previously published
production functions based on a cometary projectile source (Zahnle et al., 2003).
Derivation of the chronology function: Previously published chronologies for the
Saturnian satellites are derived from orbital mechanics and observed small body
populations (e.g. Zahnle et al., 2003). A different approach is used in the presented
manuscript (chapter 7). By geophysical modeling Castillo-Rogez et al. (2007)
derived a surface age of roughly 4.4 Ga for the oldest crust rigid enough to retain
even large impact basins on lapetus. This is used in an approach by Neukum et al.
(2006) to calibrate the crater chronology function of lapetus by assuming that the
highest crater frequencies found on Iapetus reflect a crater retention age of 4.4 Ga.
The shape of the used chronology function equals the lunar chronology but is
vertically offset in order to satisfy the mentioned boundary condition. The
conversion of the lunar-like chronology from lapetus to Mimas assumes the same
flux characteristic and projectile source for both bodies. Given the lower surface
gravity on Mimas the slightly different crater scaling required a respective scaling
of the chronology function as well.

Resulting model ages: The application of the derived crater production and
chronology functions to the measured crater frequencies on Mimas result in
relatively high surface model ages of ~4.3 Ga for the heavily cratered plains and
~4 Ga for the Herschel impact. Previously published chronologies by Zahnle et al.
(2003) provide two cases for Mimas. In the case A scenario the measured crater
frequencies for the heavily cratered plains, fitted with the lunar-like production
function, give a model age of ~4.4 Ga and for the Herschel resurfaced areas only
2 Ga. Case B provides much younger ages of 1.5 Ga and 0.3 Ga for the heavily
cratered plains and the Herschel resurfaced areas, respectively. Thus, the presented
cratering chronology for Mimas is only in rough agreement with the case A scenario
by Zahnle et al. (2003) for the heavily cratered plains. All other ages divert
significantly. The lunar-like production function was used for Zahnle model ages,
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because it shows higher similarity to the actually measured crater distributions than
the production function for Mimas provided by Zahnle et al. (2003). Given the
geophysically determined surface age estimate for lapetus (Castillo-Rogez et al.,
2007), it appears rather unlikely that Mimas shows highest surface ages on the order
of 1 to 2 Ga. Thus, the lunar-like approach gives reasonable model ages although no
independent chronology is available yet. Much wore work is required in order to
understand the main projectile source and projectile dynamics in the Saturnian
system.

Results in the broader context of Solar System evolution:

Assuming the derived crater production and chronology functions, conducted
measurements and respective interpretations result in reasonable surface model
ages, the results presented in this thesis add valuable information for understanding
the Solar System around an important time of its evolution. That is its dynamical
transition from a state of accretion to a quasi-stable configuration around 3.5 Ga
ago. The declining impact flux in the lunar chronology during the first billion years
of Solar System evolution is direct evidence that the rate of mass accretion was
decreasing until about 3.5 Ga ago. Since that time collisions in the asteroid Main Belt
have delivered collisional debris at a nearly constant rate. The period of the
exponential decay in impact rates appears to be accompanied by basin forming
events as well. Thus, this relationship was proposed in order to derive crater
retention ages from the Jovian satellites by setting the age of the youngest basin in
the Jovian system (Gilgamesh on Ganymede) to the age of the youngest lunar basin
(Orientale; e.g. Neukum, 1984). Results from Vesta, Mimas and the possible capture
of Phobos around 3.9 Ga are in agreement with this view. Furthermore, the timing
of the last major break up events of the Ida and Lutetia precursor bodies around
3.5 Ga may point to the reason why basin formation stopped around that time. Ida
and Lutetia are in the right size range in order to form basins for example on the
Moon. It appears that around 3.5 Ga ago break up events of larger bodies within the
Main Belt that resulted in basin forming debris ceased. Because of the similar timing
of youngest basin forming impacts on Vesta and the inner Solar System bodies and
generation of basin related projectiles, the dynamical models described in the Nice
(e.g. Morbidelli et al., 2012) and E-Belt (Bottke et al., 2012) models appear to be
incomplete. These dynamical models predict clearly different ages for the cessation
of basin forming events as it is illustrated for instance for the formation age of the
Rheasilvia basin (3.5 vs. 4.4 Ga; Table 4-6) in the two chronologies for Vesta.
Furthermore, the high correlation between crater retention ages for the Rheasilvia
and Veneneia basins on Vesta and radiometric ages of Vesta derived HED
meteorites in the lunar-like chronology (Fig. 4-16) that is not found for the Nice-
model based chronology is a strong argument against a dynamical evolution of the
Solar System as it is described in the Nice and E-Belt models.

In order to understand why a lunar-like crater size-frequency distribution is found
even in the outer Solar System, the origin and material as well as dynamical
characteristics of possible projectile populations have to be taken into account.
Smaller Main Belt asteroids and debris from collisions among the asteroids is driven
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by the collisions themselfes and radiation forces such as the Yarkovsky effect into
different orbits. On this migration these bodies collide with other asteroids or could
even reach a resonant zone in the asteroid Main Belt. Inside the resonant zones they
are quickly dynamically excited and thrown onto planet crossing orbits (e.g. O'Brien
and Greenberg, 2005). The radiation related migration acts as a size dependent sink
for small bodies within the Main Belt and could explain why the observed transient
small body distribution is shallower than small crater distributions found on
planetary surfaces, where craters accumulate over time (chapter 4.2.2).
Gravitational interactions with the major planets enable small bodies to migrate
independently of their size between the planets. Thus, asteroidal material impacting
the major planets or their satellites is predominantly derived by a roughly fixed
ratio from the numerous mean motion resonances in the Main Belt. The ratio relates
to the effectiveness of each resonance. The most effective resonances are v6 at the
inner Main Belt border, 3:1 at about 2.5 AU and the 5:2 resonance at about 2.825 AU
(Gladman et al., 1997). These resonances occupy the inner and middle Main Belt,
the body size-frequency distribution of which is slightly different from the average
Main Belt. The small body migration between the major planets could explain why
even in the outer Solar System the same crater distribution is observed that is also
known from the Moon and which corresponds well with the inner and middle Main
Belt body distribution. In principle also Kuiper Belt objects do the same migration
between the major planets (Levison and Duncan, 1997) but much longer orbital
periods in the distant outer Solar System require longer time scales for orbit
changing interaction with other bodies. Furthermore, icy Kuiper Belt Objects may
simply sublimate on their way into the inner Solar System. Sublimation acts more
efficiently on small bodies than on larger ones, because of the higher surface to
volume ratio. Hence, there is a chance of Kuiper Belt projectiles impacting the
satellites in the outer Solar System, if they hit their target soon after the projectiles
left the Kuiper Belt. Therefore, cratering records of Saturnian satellites could show
some influence by Kuiper Belt objects but most likely at large projectile sizes
(> ~20 km) rather than at smaller diameters.

8.2 Outlook:

The Cassini mission will end in 2017. Until then it will provide more valuable
imaging data of the Saturnian satellites. Moreover, existing Cassini and Voyager
data will be reanalyzed and further in-depth analysis will be conducted in order to
continue the investigation of the cratering record of the Saturnian satellites and
understand the nature, dynamics and importance of the impacting projectile
populations. Built on this foundation crater production and chronology functions
can be derived or improved for each of the Saturnian satellites.

With the ongoing Dawn mission to the dwarf planet Ceres respective crater
production and chronology functions are currently under development. It is
expected that Ceres has an ice-rich layer in excess of 100 km thickness (McCord et
al., 2012a) just tens of meters under its dusty surface regolith (pers. com. J. Castillo-
Rogez). The ice layer requires an advanced crater scaling technique, because of the
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much different material parameters compared with basaltic bodies. However, the
experience gained from crater scaling applications on icy bodies in the Saturnian
system is very helpful in deriving a reliable set of crater functions for Ceres. A first
test of those functions is planned on the early imaging data from the Dawn at Ceres
mission in spring 2015.

Following in short order in July 2015 the targeted fly-by of the New Horizons
spacecraft at the Pluto-Charon system will provide high resolution imaging data of
the planetary surfaces in the Plutonian system. Although not involved in the New
Horizons team, publicly available data will allow for analyzing the crater
distribution in the Plutonian system. That will certainly provide extremely valuable
data for understanding the projectile distributions in the outer Solar system.
Following the Pluto fly-by, New Horizons will be aimed at a Kuiper Belt Object
even further out in the Solar system. A few candidates are already identified and at
least one can definitely serve as target for a fly-by mission in the time frame of 2018-
2020 (pers. com. A. Stern).

In July 2016 the Juno mission3, a NASA spacecraft of the New Frontiers program,
will arrive at Jupiter. This mission is dedicated to study the Jovian magnetosphere
and atmosphere in great detail and depth. This will possibly allow for the
investigation of atmospheric residuals of observed impacts on Jupiter. By chance
even a direct observation of small impacts in Jupiter's atmosphere might be
possible. The probably most famous of such events was the impact of the fragments
of comet Shoemaker-Levy 9 in 1994. But also in recent years amateur astronomers
observed smaller impacts that might be caused by asteroids as well. Due to different
composition of both classes of small bodies, they may have left behind characteristic
traces in the Jovian atmosphere that could help in understanding the nature of the
impacting projectiles.

Following the US-led Juno mission in the early 2030s the European JUICE Mission*
will start to investigate the Jovian satellite system. Besides other tasks one goal of
the mission will be the generation of high resolution imaging data of the Galilean
satellites surpassing the already high quality imaging data by the Galileo mission
that suffered from a low data transmission rate due to an incompletely unfolded
high gain antenna. This high quality data from JUICE will further support our
understanding of the cratering records on the Jovian satellites and the respective
projectile populations.

In the tradition of the Galileo and still active Cassini missions a Uranus and Neptune
orbiter mission would be very helpful in order to fill in large gaps of our knowledge
about the ice giants and their role in the Solar System in many respects. From the
Voyager2 mission we know for instance about the weird processes of nitrogen
geysers on the surface of Triton, which is certainly a captured Kuiper Belt Object,
because it circles Neptune on a retrograde orbit. It features an extreme apex-
/antapex asymmetry (e.g. Dones et al., 2009) that probably implies a substantial
population of prograde projectiles in orbit about Neptune. Understanding the
Neptunian system, thus could also help in understanding all the other giant planet
satellite systems much better.

3 http://www.nasa.gov/mission_pages/juno/overview/index.html#.VFd_88nwu10
4 http://sci.esa.int/juice/
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Furthermore, ground truth data is needed in order to verify results of earlier
investigations that are exclusively based on remote sensing data or just model data.
In the case of Vesta HED meteorites give confidence that the lunar-like approach
gives reasonable results. Unfortunately, in general the sample sites of meteorites are
unknown. Thus, linking crater retention ages and radiometric ages of meteorites is
problematic.

Any mission that puts a lander on the surface of any satellite should be considered
for the feasibility of a sample return. Unfortunately this attempt with respect to the
Russian Phobos Grunt mission failed unexpectedly already in low Earth orbit.
Another interesting development for the aim of understanding the Solar System’s
small body populations is the planning and construction of a new generation of
ground-based telescopes with aperture sizes on the order of 30 m that will help to
push the observational limits of small body populations to much smaller diameters.
For instance, based on the small body inventory of the JPL Horizon system from the
72 bodies (= 15 km) currently (02.11.2014) known, that cross the orbit of Saturn, 10
were discovered only in 2014 and 27 within the last 5 years. These numbers imply
that the investigation of our cosmic backyard has just begun and many more
discoveries lie ahead of us. A better understanding of the small body populations
and impact risk development throughout the Solar System history can also help in
understanding how life on planet Earth coped with a changing rate of catastrophic
impact events. In mankind’s own interest of survival, better knowledge about the
orbits and size-frequency distributions of even very small objects in the Solar
System will help in predicting impact risks on Earth. The comparatively small
bolide of Chelyabinsk in 2013 appeared out of the blue sky and injured more than
1200 people. In the future, such events could possibly be predicted and people could
be protected if necessary.
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