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Kurzfassung

In dieser Arbeit wurden Massenbewegungen im Rheasilvia-Einschlagsbecken
der Südhemisphäre des Asteroiden (4) Vesta untersucht. Die Besonderheiten
des Beckens sind seine Größe von 500 km Durchmesser, die Lage des Zen-
trums, welche nahezu mit der Rotationsachse Vestas übereinstimmt und die
Überlagerung mit dem ähnlich großen Einschlagsbecken Venenia.

Die meisten Massenbewegungen, wie Hangrutschungen oder Lawinen, sind
aufgrund ihrer relativ kleinen Bewegungsdistanzen nicht sichtbar von der Cori-
oliskraft beeinflusst worden. Jedoch weist die Krümmung von einigen radialen
Bergrücken darauf hin, dass diese durch Massenbewegungen im Modifikation-
sprozess des Rheasilvia-Einschlags entstanden sein könnten. Danach wurden
sie durch die Corioliskraft während der Bewegung in Richtung Kraterboden
abgelenkt.
In dieser Arbeit wurden 32 gekrümmte Bergrücken untersucht, um her-

auszufinden, ob diese durch die Corioliskraft beeinflusst wurden. Dazu wurden
mehrere Inertialkreise an die gekrümmten Bergrücken angepasst und mit Hilfe
der Kenntnisse über Form und Rotation von Vesta Geschwindigkeitsprofile
der Massenbewegungen erstellt. Zur Bestimmung der Geschwindigkeit an
einem Punkt wurde eine interaktive und statistische Methode entwickelt,
die automatisiert an jeden Punkt auf dem gekrümmten Bergrücken mehrere
Interialkreise anpasste. Der am häufigsten vorkommende Intertialradius eines
Punktes wurde folglich benutzt um die Geschwindigkeit an diesem Punkt zu
bestimmen.
Das Ergebnis der Geschwindigkeitsanalyse bekräftigt die Corioliskraft

als Ursache für die Krümmung der Bergrücken. Die Geschwindigkeiten
(29.6 ± 24.6 m/s) stimmen nicht nur mit zuvor numerisch simulierten
Geschwindigkeiten des Rheasilvia-Beckens überein, sondern topographische
Eigenschaften, wie die Hangneigung und Massenablagerungen, sind ebenfalls
mit den resultierenden Beschleunigungen und Verlangsamungen im Einklang.

Abschnitte mit konstanter Beschleunigung, Verlangsamung und Geschwin-
digkeit zeigen, dass die Massenbewegungen in heterogenem Regolith mit
unterschiedlicher Topographie und Reibung stattgefunden haben müssen.
Außerdem konnten Materialeigenschaften wie die effektive Viskosität (1.9–
9.0·106 Pa·s) und der effektive Reibungskoeffizient (0.02–0.81) des Materials
abgeschätzt werden.
Die gemessenen Beschleunigungen an der Kraterwand weisen darauf hin,

dass der Hangwinkel zur Zeit der Massenbewegungen steiler gewesen sein
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muss als gegenwärtig beobachtet werden kann.
Diese Arbeit lieferte neue Einsichten in das Verhalten von Material während

des Rheasilvia-Einschlags. Zum ersten Mal konnte so gezeigt werden, dass
der Coriolis-Effekt einen Einfluss auf die Massenbewegungen während eines
Einschlagsprozesses haben kann und dass die erzeugten Krümmungen bis
heute beobachtbar sind.

Abstract

This work investigates the influence of the Coriolis force on mass motion
related to the Rheasilvia impact basin on asteroid (4) Vesta’s southern
hemisphere. The giant basin is 500 km in diameter, with a centre which
nearly coincides with the rotation axis of Vesta. The Rheasilvia basin partially
overlaps an earlier, similarly large impact basin, Veneneia.
Mass motion within and in the vicinity of the Rheasilvia basin includes

slumping and landslides, which, primarily due to their small linear extents,
have not been noticeably affected by the Coriolis force. However, a series of
ridges related to the basin exhibit significant curvature, which may record
the effect of the Coriolis force on the mass motion which generated them.

In this thesis 32 of these curved ridges, in three geologically distinct regions,
were examined. The mass motion velocities from which the ridge curvatures
may have resulted during the crater modification stage were investigated.
Velocity profiles were derived by fitting inertial circles along the curved ridges
and considering both the current and past rotation states of Vesta. An
iterative, statistical approach was used, whereby the radii of inertial circles
were obtained through repeated fitting to triplets of points across the ridges.
The most frequently found radius for each central point was then used for
velocity derivation at that point.

The results of the velocity analysis are strongly supportive of a Coriolis force
origin for the curved ridges. Derived velocities (29.6 ± 24.6 m/s) generally
agree well with previously published predictions from numerical simulations
of mass motion during the impact process. Topographical features such
as local slope gradient and mass deposition regions on the curved ridges
also independently agree with regions in which the calculated mass motion
accelerates or decelerates.
Sections of constant acceleration, deceleration and constant velocity are

found, showing that mass motion is being governed by varying conditions of
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topography, regolith structure and friction. Estimates of material properties
such as the effective viscosities (1.9–9.0·106 Pa·s) and coefficients of friction
(0.02–0.81) are derived from the velocity profile information in these sections.
From measured accelerations of mass motions on the crater wall, it is also
shown that the crater walls must have been locally steeper at the time of the
mass motion.

Together with these novel insights into the state and behaviour of material
moving during the modification stage of Rheasilvia’s formation, this work
represents the first time that the Coriolis Effect on mass motions during
crater formation has been shown to result in diagnostic features preserved
until today.
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1. Introduction

1.1. Motivation

Every solar system body experiences collisions with other objects throughout
its lifetime. While smaller bodies may disrupt or simply disintegrate in the
impact event, larger bodies, such as the Moon or asteroid Vesta, often show
a landscape of impact craters on their surfaces [e.g. Jaumann et al., 2012].

Understanding the morphology, distribution and formation of impact craters
on planetary bodies is relevant to many scientific questions related to geo-
physics, planetary science and geology. For example, subsurface material is
distributed over the surface during the impact excavation [e.g. Melosh, 1989].
Consequently, geologists can analyse the mineralogy and composition of mate-
rial previously hidden in the underground. Furthermore, planetary scientists
can determine relative and absolute surface ages from the size-frequency
distribution of impact craters on geologic surfaces [e.g. Neukum, 1984].

Geophysicists may also be interested in the behaviour of material under the
extreme pressure and temperature conditions experienced during an impact
event. For example, the formation of complex craters exhibiting a central
peak needs temporary low internal friction (e.g. acoustic fluidization [Melosh,
1979]) to explain the preservation of the central peak. Material mobility
during the modification stage of the unstable crater cavity is thus larger than
that expected for cohesive or granular materials. However this stage has
never been observed in situ nor is it possible to set up an experiment with
planetary dimensions to investigate the material properties and dynamics of
the impact process. Therefore, the standard approach for investigating these
characteristics is the use of numerical simulations [e.g. Jutzi et al., 2013].

Promisingly for impact research, the asteroid Vesta - recently explored by
NASA’s Dawn mission [Russell and Raymond, 2011] - has a large complex
central crater [Thomas et al., 1997a; Jaumann et al., 2012; Schenk et al.,
2012], named Rheasilvia. Rheasilvia exhibits a set of curved ridges that may
have been formed by the Coriolis deflection of highly mobilized material
during crater formation. The data collected by the Framing Camera on
board the Dawn spacecraft [Sierks et al., 2011] not only showed the curvature
of these ridges in detail but was also used to determine the current shape,
axes and rotation period [Konopliv et al., 2014]. With this information it is
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1. Introduction

possible to determine the Coriolis-deflected mass-wasting velocities occurring
during the impact event. The Rheasilvia impact therefore represents a unique
opportunity to look into the impact dynamics of complex basin formation
without a priori assumptions regarding material properties or impact energies,
as necessary for impact simulations. The actual material properties can then
be derived from the mass motion velocities.
The results of this investigation will not only verify numerical impact

simulations, but it will also provide insight into one of the most violent events
in Vesta’s history. The geology of Vesta is highly modified by the Rheasilvia
impact event and almost the entire southern hemisphere is shaped by the
impact basin and ejecta [Jaumann et al., 2012; Schenk et al., 2012]. Under-
standing the Rheasilvia formation process is therefore key to interpreting the
geology and evolution of Vesta.

1.2. Outline

This thesis is composed of eight further chapters. In Chapter 2 the general
context including the Main Asteroid Belt, the Dawn Mission and asteroid
Vesta is introduced. This chapter is followed by an introduction to the
theoretical background, focussing on the dynamics of impact cratering and
the Coriolis Effect (Chapter 3). Chapter 4 presents the data used in this
thesis. The geologic setting of the curved ridges within the Rheasilvia basin
with a focus on the Coriolis Effect on mass-wasting processes is introduced
in Chapter 5. This chapter is an edited version of the publication “Otto,
K.A., Jaumann, R., Krohn, K., Matz, K.-D., Preusker, F., Roatsch, T.,
Schenk, P., Scholten, F., Stephan, K., Raymond, C.A. and Russell, C.T.
(2013) Mass-Wasting Features and Processes in Vesta’s South Polar Basin
Rheasilvia. Journal of Geophysical Research: Planets, 118(11):2279–2294,
doi:10.1002/2013JE004333”. The method for deriving mass-wasting velocities
from the curved ridges is described in Chapter 6. The resulting mass-wasting
velocities for three distinct geologic regions are presented in Chapter 7.
Subsequently, Chapter 8 discusses the applicability of the Coriolis Effect on
the Rheasilvia curved ridges and derives constraints on the cratering process.
Furthermore, material properties such as the effective viscosity and coefficient
of friction of the mass-wasting material are derived from the dynamic profile
of the curved ridges. Finally, conclusions are reached and the results are
summarised in Chapter 9.
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2. The Main Asteroid Belt

2.1. The Main Asteroid Belt at a Glance

The Main Asteroid Belt is a population of asteroids orbiting the sun between
the orbits of Mars and Jupiter. The largest member, (1) Ceres, was the first
to be discovered in 1801 by Guiseppe Piazzi followed by (2) Pallas, discovered
by Wilhelm Olbers in 1802, and (3) Juno, discovered by Karl Harding in 1804
[e.g. Russell and Raymond, 2011; Foderà Serio et al., 2002]. In 1807 Olbers
discovered the third largest and second most massive main-belt asteroid,
(4) Vesta (Section 2.4), the focus of this thesis.

Since then hundreds of thousands more asteroids have been discovered.
Today the population is estimated to number half a million objects larger
than 1.6 km in diameter with fewer than 20 of them exceeding 250 km
[Garlick, 2003]. Figure 2.1 shows some examples of asteroids visited by
spacecraft. Their orbital semi-major axes range from ∼2.1 AU to ∼3.3 AU,
with eccentricities up to ∼0.251 and inclinations up to ∼20◦. Asteroids with
similar orbital elements form dynamically linked families which, in most cases,
arise via disruption of a larger asteroid [Farinella et al., 1982].

The distribution of asteroid orbits is punctuated by gaps at various orbital
distances (Figure 2.2), which are caused by orbital resonances with the giant
planet Jupiter (Kirkwood resonances [Garlick, 1888]). For semi-major axes
where the orbital periods are integer multiples of Jupiter’s orbital period, the
regularly repeated gravitational pull eventually causes an asteroid to leave
the asteroid belt and potentially cross planetary orbits. Another important
resonance is the υ6 secular resonance with Saturn, which arises when the
perihelion precession of an asteroid’s orbit is synchronized with that of
Saturn. This resonance sets the lower boundary to the semi-major axis and
the maximum inclination of the Main Asteroid Belt [Britt et al., 2007]. Today
the total mass of the Main Asteroid Belt is ∼6·10−4 Earth masses [Krasinsky
et al., 2002].

Based on their spectral reflectivities, which are related to their surface
composition, the asteroids are divided into taxonomic classes. The commonly
used Small Main-Belt Asteroid Spectroscopic Survey (SMASSII) classification

1For comparison, the eccentricities of Earth and Mars are 0.02 and 0.09, respectively.
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2. The Main Asteroid Belt

Figure 2.1.: Examples of some main-belt asteroids visited by spacecraft. The
dimensions and visiting spacecraft are labelled. This image was modified from
a version published at http://apod.nasa.gov/apod/ap100726.html. Credit:
ESA/NASA/JAXA/RAS/JHUAPL/UMD/OSIRIS.

is based on predefined principal components, e.g. the slope in the visible
wavelengths (0.435–0.925 µm) (Slope in Figure 2.3) and the presence and
strength of the 1 µm absorption band (PC2’ in Figure 2.3) [Bus and Binzel,
2002a,b; Bus et al., 2002]. The three major groupings are the S-, C- and
X-complexes. The S-types are dominant in the inner asteroid belt (near
2.1 AU) [Gradie and Tedesco, 1982] and of silicaceous or stony composition.
The C-types are most abundant in the outer asteroid belt (near 3 AU) [Gradie
and Tedesco, 1982] and of carbonaceous composition with low albedo. They
form the largest group of asteroids. X-type asteroids are similar to C-type
asteroids but generally exhibit higher albedos.

Figure 2.4 shows the spectrum of Vesta obtained by the Infrared Telescope
Facility (IRTF) in 2011. Asteroid Vesta is the largest member of the V-type
asteroids with a steep UV-slope and two strong absorptions centred at 0.9 µm

4
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Figure 2.2.: The distribution of nearly 157,000 numbered asteroids of the
Main Asteroid Belt binned in 0.0005 AU sections. The mean motion reso-
nances with Jupiter are labelled. The υ6 resonance sets the lower limit to
the asteroid distribution at 2.1 AU but varies with inclination. This plot is
reproduced from a graph provided by A. Chamberlin (JPL/Caltech, 2007)
and is available at http://ssd.jpl.nasa.gov/?histo_a_ast.

and 2 µm caused by electronic absorption of Fe2+ in orthopyroxenes. The
absorption features are easily distinguished from the S-, C- and X-complexes
in Figure 2.3 due to their deeper absorption at ∼1 µm. The spectrally and
dynamically connected V-type asteroids are most probably fragments of
Vesta that were excavated through impacts. Samples of this family are the
Howardite, Eucrite and Diogenite (HED) meteorites [e.g. McSween et al.,
2011; Binzel and Xu, 1993; McCord et al., 1970] (Section 2.4.1).

The different taxonomic classes are indicative of different formation and
evolutionary processes for the asteroids in the main belt. Dust and ice grains
accreted in the early Solar System to form larger bodies, so-called planetesi-
mals. Depending on the accretion location and time, larger planetesimals (a
few tens to hundreds of kilometres) may have undergone subsequent differen-
tiation2 [e.g. McCoy et al., 2006; McSween et al., 2002]. Impacts have broken
up most of these bodies into monolithic fragments with compositions repre-

2These asteroids are represented by the achondritic meteorites found on Earth, such as
the HEDs.
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Figure 2.3.: Illustration of taxonomic classes based on the first two principal
components (Slope and PC2’, see text for details) for 1443 Small Main-Belt
Asteroid Spectroscopic Survey (SMASSII) asteroids. The slope describes the
change of reflectivity in the visible wavelengths and the principal component 2
(PC2’) illustrates the strength of the 1 µm absorption band. The S-complex is
easily distinguishable from the C- and X-complexes. The C- and X-complexes
are mainly separated by their albedo. The location of V-type asteroids is
sketched for reference. They form a separate class dynamically and spectrally
associated with asteroid Vesta [Binzel and Xu, 1993]. The boundaries are
approximate. Data extracted from Bus and Binzel [2002a], Copyright (2002),
with permission from Elsevier Ltd.

senting those of their previous locations inside the parent body. Additionally,
the debris may have coalesced to form rubble-pile asteroids [e.g. Fujiwara
et al., 2006; Richardson et al., 2002; Michel et al., 2001].

However, some planetesimals did not accumulate enough sources of heat,
mainly the radioactive element 26Al, and therefore did not differentiate.
These asteroids consist of metamorphosed or aqueously altered material
accreted from Solar System dust3 [Feierberg et al., 1982; McSween et al.,
2002]. Therefore the different types of asteroids reflect the planet-forming
processes of the early Solar System, from accretion to differentiation. In other

3These asteroids are represented in meteorite collections by the ordinary and carbonaceous
chondrites, respectively.
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2.2. Asteroid Spin and Impact Rates

Near−Infrared Spectrum of Vesta
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Figure 2.4.: Near-infrared spectrum of Vesta from the NASA Infrared
Telescope Facility (IRTF), measured in 2011. The spectrum has been
normalized to 1 at 1.5 µm. The strong absorption features at 0.9 µm
and 1.9 µm are characteristic for V-type asteroids. The data were re-
trieved from the Planetary Data System (PDS) and are available at
http://sbn.psi.edu/pds/resource/reddyvesta.html [Reddy, 2011].

words, the current asteroids are remnants from the planet-forming epoch
of our Solar System, a fact that highlights their scientific significance and
which has inspired many surveys, observation campaigns [e.g. Bus and Binzel,
2002a,b], and in particular the Dawn Mission [Russell and Raymond, 2011]
(Section 2.3).

2.2. Asteroid Spin and Impact Rates

Asteroids not only vary in shape, size and composition, they also have
different rotation rates, often influenced by collisions [Paolicchi et al., 2002],
gravitational interactions with planets [Scheeres et al., 2000] or radiation
pressure effects (e.g. YORP Effect [Rubincam, 2000]).
Generally their rotation periods range between 1 h and 30 h with larger

asteroids typically possessing slower rotation rates. For very large asteroids
(diameter >200 km) the average rotation period is ∼8 h. The upper limit to

7
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2. The Main Asteroid Belt

the rotation rate of rubble pile asteroids is given by their cohesive strength
which must exceed the centrifugal force for the asteroid to remain intact
[Pravec and Harris, 2000].
Collisions on rotating targets may excavate spinning and tumbling frag-

ments [Fujiwara and Tsukamoto, 1981]. Additionally, the angular momentum
of the impactor may be transferred to the target affecting its spin [Henych
and Pravec, 2013; Paolicchi et al., 2002]. However, tumbling of asteroids is
damped relatively quickly by dissipative forces [Pravec et al., 2002]. When the
rotation axis is not aligned with the principle axis of inertia of the asteroid,
periodic stresses are exerted on the asteroid material inducing internal fric-
tion. The subsequent loss of rotational energy requires the convergence of the
rotation axis and the principle axis of inertia in order to preserve the angular
momentum [Breiter et al., 2012; Sharma et al., 2005; Efroimsky, 2001]. The
time span of this process is dependent on the shape of the rotating asteroid
and increases with decreasing size, angular velocity and density [Efroimsky,
2001; Efroimsky and Lazarian, 2000; Burns et al., 1973].

Gravitational perturbation between asteroids and between asteroids and
planets may transfer angular momentum between the interacting bodies.
Considering an irregularly shaped rotating asteroid flying past a planet or
massive asteroid, the rotation rate may be influenced depending on the
orientation of the asteroid at the periapsis of fly-by. The asteroid’s spin is
increased if the periapsis lies along the leading edge and decreased if the
periapsis lies along the trailing edge of the rotating asteroid [Scheeres et al.,
2000].

Small asteroids with irregular shape may spin-up or spin-down by the
anisotropic reflection of sunlight when the net momentum of the reflected
photons exerts a torque on the asteroid [Komarov and Sazanov, 1994; Sazonov,
1994]. Additionally, a torque may be produced by the radiation of thermal
photons from an irregularly heated or shaped asteroid surface (Yarkovsky
Effect) [Rubincam, 2000]. These effects are most significant for small asteroids.
Although the momentum transferred by the reflected and emitted photons is
relatively small, the asteroid spin may be altered on an appropriate time-scale
(∼100 Ma for a 10 km sized asteroid) [Rubincam, 2000].

The Yarkovsky Effect on smaller asteroids (diameter .10 km) with effective
thermal inertia may also introduce a radial drift of their semi-major axis
by the diurnal and seasonal delayed radiation of thermal photons [Bottke
et al., 2002, 2000]. Asteroids perturbed in this way may cross other asteroids’
orbits and potentially collide with them. Strong and weak orbital and secular
resonances with the planets (Section 2.1) are also able to deflect asteroids
into chaotic, collisional paths [Minton and Malhotra, 2010].
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2.3. The Dawn Mission

The asteroids in the Solar System have experienced a series of epochs with
increased impact rates. The Jovian Early Bombardment (triggered by the
formation of Jupiter and occurring within the first 10 Ma after the formation
of the Solar System [e.g. Turrini et al., 2011; Papaloizou et al., 2006]) and
the Late Heavy Bombardment (caused by the migration and crossing of the
2:1 resonance of Jupiter and Saturn [Gomes et al., 2005; Tsiganis et al., 2005;
Morbidelli et al., 2005], occurring approximately between 3.8 Ga and 4.0 Ga
ago [Morbidelli et al., 2012]) are the most violent events in Solar System
history. During these bombardments the impact rates were more frequent and
energetic, resulting in the disruption of asteroids and a significant depletion
of the asteroid belt [Coradini et al., 2011; Weidenschilling, 1977].

Compared to these bombardments, the current dynamic state is relatively
steady. The mean impact velocity on asteroids in the main belt is 5.1 km/s
with an impact probability of 2.8·10−18 1/(km2·a) [O’Brien and Sykes, 2011;
Bottke et al., 1994]. The mean impact velocity on Vesta is 4.7 km/s when
excluding impacts of Vesta family members. The impact probability on Vesta
is 2.7·10−18 1/(km2·a) suggesting an impact of an asteroid with diameter
>1 km onto Vesta every ∼4.2 Ma [O’Brien and Sykes, 2011].

2.3. The Dawn Mission

2.3.1. Mission Objectives

In September 2007 the NASA discovery mission Dawn was launched to explore
the two most massive main-belt asteroids, Vesta and Ceres. Vesta and Ceres
have survived the violent history of the Main Asteroid Belt as two intact
terrestrial proto-planets. Consequently they preserve physical and chemical
evidence of the planet-forming epoch, which makes them unique targets when
investigating evolutionary processes in the Solar System, including those of
the Main Asteroid Belt and the terrestrial planets [Russell and Raymond,
2011; Rayman et al., 2006].

The role of size and water in the evolution of the terrestrial planets will be
explored in particular by the Dawn Mission. Although today Vesta and Ceres
are at similar distances from the Sun (2.36 AU and 2.76 AU, respectively),
Vesta is dry, whereas Ceres shows evidence of water [Perna et al., 2015;
Küppers et al., 2014; Britt et al., 2002]. Thus the two contrasting asteroids
enable the Dawn Mission to explore two evolutionary paths in one mission
[e.g. Russell and Raymond, 2011; Russell et al., 2004].

Additionally, Dawn is able to clarify and refine the suggested spectral and
orbital connection of Vesta and the HED meteorites (Section 2.4.1). By
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2. The Main Asteroid Belt

(a) GRaND.
Credit: UCLA.

(b) VIR.
Credit: SELEX GALILEO/ASI/INAF.

Figure 2.5.: Dawn’s Gamma Ray and Neutron Detector (a) and Visual and
Infra-Red Spectrometer (b).

providing the geologic context, Dawn enables the interpretation of laboratory
studies of HEDs in relation to the structure and evolution of Vesta [McSween
et al., 2011].

2.3.2. Scientific Instruments

To achieve these scientific objectives, three instruments are carried on board
the Dawn spacecraft. They include a gamma ray and neutron detector
(GRaND), a visual and infra-red spectrometer (VIR) and a framing camera
(FC), constructed to compositionally and geologically map the surfaces of
Vesta and Ceres. Additionally, Dawn performs a gravity investigation via the
navigation system and a topography experiment using FC images [Russell
et al., 2004].

GRaND (Figure 2.5(a)) detects the abundance of thermal, epithermal and
fast neutrons and performs gamma ray spectroscopy with a set of different
scintillators. The neutrons and gamma rays are produced by cosmogenic
nuclear reactions and radioactive decay in the upper layer of the surface
material [Prettyman et al., 2011]. The spectroscopy and abundance of gamma
rays and neutrons detected by GRaND enable the mapping of surface ele-
mental compositions at regional scales (∼270 km at Vesta). In particular at
Vesta, GRaND mapped the mixing ratios of the HEDs and detected exogenic
hydrogen [Prettyman et al., 2012].
The VIR spectrometer (Figure 2.5(b)) images the surface at wavelengths
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Figure 2.6.: The Dawn Framing Camera. Credit: MPS.

ranging from ultra-violet (0.25 µm) to near-infrared (5.0 µm). VIR is able
to detect solid compounds such as oxides, silicates, organics and ices by
analysing absorption features in the visible and infrared spectra [De Sanctis
et al., 2010]. Band depth at 0.9 µm and 1.9 µm are indicators for pyroxene
absorption and these were found to be the most prominent spectral features
on Vesta [De Sanctis et al., 2012]. With a resolution of up to 70 m/pixel, the
mineralogy of Vesta could be correlated with the geology of the surface and
the HEDs [McSween et al., 2013a].
The Framing Camera (FC, Figure 2.6) is built to image the surface of

Vesta and Ceres and provides the spatial and geologic context of VIR and
GRaND data, as well assisting orbit navigation of the spacecraft. FC’s field
of view of 5.5◦ × 5.5◦ is focussed by a refractive lens system (150 mm focal
length) onto a 1024 × 1024 pixels frame-transfer CCD4 [Sierks et al., 2011].
With an overall spectral range of 400–1050 nm, the FC is equipped with a
clear filter and a set of seven band-pass filters. Ranging between ∼430 nm
and ∼980 nm, they enable a colour-based compositional interpretation of

4Charge Coupled Device
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Survey
3000 km (2735 km), 69.0 h

HAMO
950 km (685 km), 12.3 h

LAMO
465 km (200 km),  4.0 h

Vesta
265 km, 5.3 h

Figure 2.7.: Illustration of the science orbits at Vesta. The distance from
Vesta’s centre, the altitude (in brackets) and the orbital period are shown.
Vesta with a rotation period of 5.3 hrs is shown in the centre. Credit:
UCLA/McREL, Elke Kersten (DLR).

the surface. FC’s stereo coverage of the surface also allows the production
of a Digital Terrain Model (DTM) and a global shape reconstruction for
geophysical analysis [Sierks et al., 2011]. The resolution of the camera was
as high as 20 m/pixel at Vesta and provided an extensive insight to Vesta’s
geology [e.g. Jaumann et al., 2012; Schenk et al., 2012; Yingst et al., 2014]
(Section 2.4.4).

2.3.3. Mission Operations

After some delay, on September 27, 2007 Dawn was launched from Cape
Canaveral. Following a gravity assist manoeuvre at Mars in February 2009,
Dawn arrived at Vesta on July 16, 2011. Dawn spent over 400 days in orbit
around Vesta and left on September 5, 2012, to proceed to Ceres where it
arrived in March, 2015 [Russell et al., 2015, 2013].
While at Vesta, Dawn collected data in four scientific orbits: The Survey

Orbit at 2735 km, the High Altitude Mapping Orbit (HAMO) at 685 km and
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Table 2.1.: Vesta’s physical properties derived from Dawn data (from Russell
et al. [2012]).
Parameter Value Error
Major Axes1 [km] 286.3 / 278.6 / 223.2 ± 0.1
Mean Radius [km] 262.7 ± 0.1
Volume2 [km3] 74.54·106 ± 0.05·106

Mass [kg] 2.59076·1020 ± 0.00001·1020

Bulk Density [kg/m3] 3456 ± 35
Gravitational Flattening [J2] 0.0317799 ± 0.0000002
Spin Pole Right Ascension [◦] 309.03 ± 0.01
Spin Pole Declination [◦] 42.23 ± 0.01
Rotation Rate3 [◦/day] 1617.333119 ± 0.000003
Escape Velocity4 [m/s] 362.4 ± 0.1

1 284.50 km / 277.25 km / 226.43 km after Konopliv et al. [2014].
2 Derived from the best fit ellipsoid.
3 1617.333128◦/day after Konopliv et al. [2014].
4 Applying Equation 2.1.

the Low Altitude Mapping Orbit (LAMO) at 210 km altitude (Figure 2.7).
Before leaving Vesta, Dawn entered a second HAMO phase (HAMO2) allowing
the investigation of the northern hemisphere which previously had been in
seasonal shadow. While the HAMOs were flown with stereo pointing to allow
the construction of a stereo-DTM, Dawn pointed towards the surface (nadir
pointing) in LAMOs.
The Survey Orbit was mainly dedicated to the VIR spectrometer. In

HAMO the FC was the prime instrument and GRaND was given priority
at LAMO. Nevertheless, all instruments were able to collect data in every
science orbit. As a result, the FC imaged 99% of Vesta’s surface with HAMO
resolution (∼70 m/pixel), 66% with LAMO resolution (∼20 m/pixel) and
produced a DTM with 80% surface coverage from HAMO images [Russell
et al., 2013; Preusker et al., 2012b].

2.4. Asteroid (4) Vesta

Our knowledge about Vesta increased tremendously with Dawn’s recent visit
(Figure 2.8). The Dawn instruments not only mapped the surface composition,
mineralogy and geology but were also able to refine physical parameters, such
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2. The Main Asteroid Belt

Figure 2.8.: Global mosaic of (4) Vesta derived from Dawn data. Credit:
NASA/JPL-Caltech/UCAL/MPS/DLR/IDA.

as the spin pole, shape, density and rotation period (Table 2.1) [Konopliv
et al., 2014; Russell et al., 2012]. Additionally, the osculating orbital elements
were improved (Table 2.2).

Vesta is the second most massive object in the Main Asteroid Belt. It is a
dry differentiated proto-planet which resembles a tri-axial ellipsoid with axes
of 286.3 km × 278.6 km × 223.2 km. The rotation period of 5.3 h (angular
frequency of 3.27·10−4 s−1) is relatively fast far this shape [Konopliv et al.,
2014]. Vesta possesses a crust of relatively light eucritic material, a mantle
of denser diogenitic material and an iron core [Russell et al., 2013]. With a
mass of 2.6·1020 kg, the bulk density of 3.5 kg/m3 is comparable to silicate
densities derived from HED analyses [Russell et al., 2013, 2012].

Vesta exhibits a large number of geologic features (Section 2.4.4) including
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Table 2.2.: Vesta’s heliocentric ecliptic J2000 osculating orbital elements
at epoch 2012-January-01.0 derived from Dawn data (from Konopliv et al.
[2014]).
Element Value 1-σ Uncertainty
Eccentricity 0.088267108519 ± 1.46·10−10

Semi-Major Axis [AU] 2.361546970577 ± 8.85·10−10

Inclination [◦] 7.13436762265 ± 2.24·10−9

Longitude of Ascending Node [◦] 103.90115152105 ± 3.61·10−9

Argument of Perihelion [◦] 149.98494722851 ± 1.77·10−9

Mean Anomaly [◦] 90.806006254 ± 2.96·10−7

Period [days] 1325.541438115 ± 7.46·10−7

an extensive topographical variation, albedo variations, and impact craters
of various sizes and ages (Section 2.4.3) [e.g. Jaumann et al., 2012]. The
regolith (Section 2.4.2) reveals lithologies of the different HED mineralogies
supporting the relation between Vesta and the HEDs (Section 2.4.1).

2.4.1. The HED-Meteorites

As a subset of the achondrite meteorites, the Howardites, Eucrites and
Diogenites (HEDs) are breccias with petrologic evidence for a common dif-
ferentiated parent body. Eucrites are basalts indicating igneous processes
(Figure 2.9). Diogenites are ultramafic pyroxene-rich meteorites indicating
intrusive processes. Howardites are breccias composed of a mixture of eucrites
and diogenites. These compositions lead to the conclusion that the HED
parent body underwent magmatic differentiation where eucrites formed the
basaltic crust and diogenites were intrusive material [McSween et al., 2013b,
2011; Duke and Silver, 1967]. Although whether the HEDs originate from
Vesta is still a matter of debate [Wasson, 2013], they certainly originated
from a parent body that was compositionally and evolutionarily similar to
Vesta.

Evidence that the HED meteorite collection originated from Vesta is their
spectroscopic similarity to the asteroid [e.g. McSween et al., 2013b; Burbine
et al., 2001; McCord et al., 1970]. A catastrophic impact event on Vesta,
possibly the impact forming the Rheasilvia basin near Vesta’s south pole, may
have produced the Vesta family (Section 2.4.3) [Schenk et al., 2012; Thomas
et al., 1997a]. Members of the family were deflected by the 3:1 Jovian orbital
resonance or the υ6 secular (precession) resonance with Saturn into the inner
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2. The Main Asteroid Belt

(a) Piece of the Millbillillie Eucrite
fallen in Australia in 1960 from the
meteorite collection of the University
of Hawai’i (∼10 cm).

(b) Johnstown Diogenite fallen in Johnstown, Col-
orado in 1924 (∼15 cm). Courtesy of Laurence
Garvie, CMS, ASU.

Figure 2.9.: Two examples of HED meteorites. Note the brecciated texture
of the eucrite (a) and the large crystals in the diogenite (b). Howardites are
a mixture of eucrites and diogenites.

Solar System, potentially crossing the Earth’s orbit [Cruikshank et al., 1991;
Migliorini et al., 1997].

2.4.2. Regolith

The uppermost layer of Vesta is composed of regolith which has formed
through continuous impact gardening, breaking and redistributing the original
crust.

The FC images (up to ∼20 m/pixel) are able to resolve the regolith prop-
erties on a macroscopic scale (e.g. boulders). In order to investigate the
regolith on the microscopic scale, photometric and thermal properties of the
surface are used. Evaluating the change of reflectance with varying phase
angle, Schröder et al. [2013] measured the physical roughness of the regolith
and found increased values on young ejecta blankets where fresh regolith is
expected. Gundlach and Blum [2013] estimated the regolith grain size by
analysing remote measurements of Vesta’s thermal inertia. Making assump-
tions regarding the material properties and packing density of the regolith
particles, they found a value of ∼54 µm. Hiroi et al. [1994] suggest an even
finer regolith size of less than 25 µm by matching the spectra of dry sieved
HED powders with telescopic spectra of Vesta.
Although observed on other airless bodies, such as the Moon [Keller and
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Figure 2.10.: Distribution of HED mineralogy on Vesta derived from VIR
spectra (from Ammannito et al. [2013b], Copyright (2013), with permis-
sion from Macmillan Publishers Ltd). The colours correspond to diogenite
(red), howardite (green) and eucrite (blue). Overlapping fields are diogenitic
howardite (yellow) and eucritic howardite (cyan). The impact basins Rheasil-
via and Venenia are labelled. Note the increased abundance of diogenitic
material inside the basins and the more eucritic areas towards the north. The
map is in equidistant projection.

McKay, 1997] and asteroid Itokawa [Noguchi et al., 2011], there is no evidence
for nano-phase iron produced by space weathering of micrometeorite impacts
and solar wind interactions. Vesta’s regolith is locally homogeneous due to
fine-scale mixing [Pieters et al., 2012].
The mineralogy of the HEDs is represented in Vesta’s regolith where

different areas show increased abundances of diogenites and eucrites. For
example, the Rheasilvia impact basin (Section 2.4.3) exposes diogenitic
material, whereas the older northern hemisphere is predominantly eucritic
with a few diogenitic outcrops (Figure 2.10) [Ruesch et al., 2014b; Ammannito
et al., 2013a; De Sanctis et al., 2013].

2.4.3. Rheasilvia and Veneneia

One of Vesta’s most prominent features is the Rheasilvia basin. Rheasilvia
covers almost the entire southern hemisphere and was first detected on Hubble
Space Telescope images [Thomas et al., 1997a]. In Figure 2.8, Rheasilvia
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Figure 2.11.: Stereographic projection of the southern hemisphere of Vesta
derived from a HAMO mosaic (resolution: ∼70 m/pixel, [Roatsch et al.,
2012]). The underlying Digital Terrain Model (DTM) is referenced to a
285 km × 229 km biaxial ellipsoid [Preusker et al., 2012b]. The approximate
locations of Rheasilvia and Veneneia are outlined. Matronalia Rupes and
Vestalia Terra are labelled. The troughs and Divalia Fossa are most apparent
near the equator between 0◦E and 90◦E.

appears as a cut off of the southern hemisphere with the central mount
protruding near the pole.

Rheasilvia is centred approximately at 301◦E and 75◦S and with its diameter
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of 500 ± 20 km it is comparable to Vesta’s diameter of ∼525 km [Jaumann
et al., 2012; Schenk et al., 2012]. Rheasilvia possesses a central peak of
∼180 km diameter and 20–25 km height (Figure 2.11). It nearly coincides
with the rotation axis, which makes it quite a unique setting in terms of the
Coriolis Effect.
Rheasilvia is 19 ± 6 km deep and exhibits a prominent ridge and groove

terrain with a spiral deformation pattern [Schenk et al., 2012]. Beyond the rim,
the ejecta deposition extends ∼100 km. Scarps of landslides and slumping
blocks appear developed along the inner basin rim [Otto et al., 2013]. The
most prominent scarp - Matronalia Rupes - is centred at 50◦S and 83◦E and
extends ∼208 km [Krohn et al., 2014b]. It exposes relatively fresh slumping
areas and landslides emanating from the rim.
As the Rheasilvia basin is the setting of this thesis, details about the

geology are described in Chapter 5.
A second, older impact basin of 400 ± 20 km diameter underlies Rheasilvia.

It is named Veneneia and located at 170◦E and 52◦S (Figure 2.11). As it
pre-dates Rheasilvia, Veneneia’s topography is less extensive, with a depth of
12 ± 2 km [Jaumann et al., 2012; Schenk et al., 2012]. Only a few scarps and
potential eroded landslides are observed inside the basin [Otto et al., 2013].
Two sets of large-scale fault-bounded graben, so called troughs, partly

encircle Vesta near the equator and ∼30◦ north of the equator [Jaumann
et al., 2012; Buczkowski et al., 2012]. There are 86 equatorial troughs which
extend between ∼349◦E and ∼84◦E with length varying from 19 km to
380 km. They encircle approximately two thirds of Vesta and are up to
∼5 km deep and ∼15 km wide. The roughly parallel troughs possess steep
scarps and flat floors [Buczkowski et al., 2012]. The largest equatorial trough
is named Divalia Fossa (Figure 2.12).
The most prominent northern trough is called Saturnalia Fossa. There

are a total of seven troughs aligned with Saturnalia Fossa with lengths of
up to ∼366 km, widths of up to ∼38 km and depths of ∼8 km [Buczkowski
et al., 2012]. They appear between ∼180◦E and ∼270◦E [Ruesch et al., 2014a].
These troughs are generally smoother compared to the equatorial troughs,
with rounded edges and infilling on the floor. This indicates that the northern
troughs formed earlier and are thus more eroded than the equatorial troughs
[Jaumann et al., 2012; Buczkowski et al., 2012].
Both sets of troughs are believed to be related to the Rheasilvia and

Veneneia impact basins because the centre positions of the circular troughs
coincide with the centres of the basins. Hence, the northern troughs would
correspond to Veneneia and the equatorial troughs to Rheasilvia [Jaumann
et al., 2012]. However, laboratory experiments with impacted plastic spheres
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Figure 2.12.: Side view of the equatorial troughs of Divalia Fossa.
Credit: NASA/JPL-Caltech/UCLA/MPS/DLR/IDA.

show that stress planes develop around the impact point antipode, so that
the northern troughs could relate to Rheasilvia if the impactor hit Vesta at
5 km/s with an impact angle of 40◦ [Stickle et al., 2015].
Rheasilvia’s and Veneneia’s ages were determined by two crater counting

models: The lunar chronology, which is calibrated with the size-frequency
distribution of craters on the Moon [Schmedemann et al., 2014; Neukum et al.,
2001] and the asteroid flux chronology, which is estimated by using the model
of the dynamical evolution of the asteroid belt [O’Brien et al., 2014]. The
lunar flux model reveals ages of 3.5 ± 0.1 Ga for Rheasilvia and 3.7 ± 0.1 Ga
for Veneneia [Schmedemann et al., 2014]. The asteroid flux model reveals
ages of 1.0 ± 0.2 Ga for Rheasilvia and 2.1 ± 0.2 Ga for Veneneia [O’Brien
et al., 2014; Schenk et al., 2012]. The errors given here are based on statistical
analyses and do not represent errors of the model itself. The large discrepancy
between the two models is still a matter of debate.

2.4.4. Geology

As mentioned above, Vesta is a remnant proto-planet with a differentiated
interior which survived the epochs of earlier bombardment (Section 2.2).
Consequently, the geology of Vesta exhibits evidence of these processes.
Figure 2.13 provides a context map of the geologic features discussed in this
section.
Upon arrival at Vesta, the FC revealed an extraordinary geologic scene

including a complex topography, mass-wasting features, tectonics, albedo
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Figure 2.13.: Global equidistant map of Vesta derived from a HAMO mosaic
(resolution: ∼70 m/pixel, [Roatsch et al., 2012]). The geologic features
discussed in the text are labelled.

variations and a variety of impact crater morphologies [Jaumann et al., 2012]
(Figure 2.14). Due to Vesta’s relatively low gravity (2.5 m/s2), the topography
varies widely, ranging from -22.3 km to 19.1 km with respect to a reference
ellipsoid of 285 km by 229 km [Jaumann et al., 2012].

The distinct topography supports steep slopes, locally exceeding 40◦ refer-
enced to the ellipsoid. However, gravitational slopes are slightly flatter, but
also reach values of ∼40◦ [Jaumann et al., 2012]. Due to the reduced gravity
(compared to the Moon or Mars) deposits on Vesta are flatter while scarps
tend to be steeper [Kleinhans et al., 2011].
Impacts in this environment often form craters with asymmetric shapes

in which the uphill side forms a sharp rim and the downhill side exhibits a
smooth transition [Krohn et al., 2014a; Jaumann et al., 2012] (Figure 2.14(a)).
This can be explained by the hindering of ejecta deposition on the uphill side
due to topography, and slumping material superimposing the downhill ejecta.
Additionally, mass wasting is encouraged by the steep slopes and the

gravitational environment [Krohn et al., 2014b; Otto et al., 2013; Jaumann
et al., 2012] (Figure 2.14(c)). Otto et al. [2013] identified various features
such as landslides, slumping blocks, flow-like and rippled features. These
features are particularly related to the Rheasilvia basin, which spans a large
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(a) The asymmetric crater Antonia. (b) Dark (black arrow) and bright (white
arrow) material in crater Cornelia.

(c) Landslides emanating from Matronalia Rupes. White arrows indicate a lobate deposit,
black arrows point out a slide chute.
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(d) The plateau Vestalia Terra (red-yellow) with laccolith uplift Burmalia Tholus (dashed
circle) and crater Teia (arrow).

Figure 2.14.: Examples of features described in the text. (a), (b) and (c)
are in stereographic projection. (d) is in equidistant projection. The images
are extracted from a LAMO mosaic (resolution: ∼20 m/pixel, [Roatsch et al.,
2013]). The DTM is referenced to a 285 km × 229 km biaxial ellipsoid
[Preusker et al., 2012b].

elevation range (20–30 km). Mass movements are probably triggered by
impact-related seismic shaking whose shock wave briefly destabilizes the
material and thus induces a down-hill motion [Richardson et al., 2005; Titley,
1966]. Mass-wasting features will be discussed in more detail in Chapter 5.

One of Vesta’s largest individual features is Vestalia Terra, located at the
outer intersection of the Rhesilvia and Veneneia basins (Figure 2.14(d)). It
consists of a ∼20 km raised plateau covering ∼80,000 km2 between approxi-
mately 25◦N to 35◦S and 200◦E to 300◦E [Buczkowski et al., 2014; Jaumann
et al., 2012]. Besides various other features, Vestalia Terra also exhibits a
∼36 km wide and ∼68 km long dome, called Burmalia Tholus, situated at
the eastern edge [Buczkowski et al., 2014].

Although investigations of HED meteorites indicate that Vesta was volcani-
cally active due to radioactive heating [Keil, 2002; Wilson and Keil, 1996],
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the surface geology today does not show directly related features such as
ancient lava flows or volcanoes. However, Buczkowski et al. [2014] describe
the topographically raised Burmalia Tholus in the Vestalia Terra region as
an ancient magmatic intrusion forming over a dyke. The pressure of this
intrusion may have raised the surface material without breaking through,
forming an underground laccolith. This hypothesis is supported by the
spectral properties of the small crater Teia, on Burmalia Tholus, which is
thought to have excavated upper mantle material of more orthopyroxene-rich
composition relative to surrounding terrain [De Sanctis et al., 2014].
At the western edge of Vestalia Terra, three prominent craters, Marcia,

Calpurnia and Minucia, are aligned, resembling a snowman (Figure 2.8).
Marcia, the largest and youngest of the three craters, shows a particular
variety of geological features [Williams et al., 2014]. These include impact
melt deposits, pitted terrain and pristine bright and dark material [Jaumann
et al., 2014, 2012]. Marcia is located at ∼10◦N and ∼190◦E. Its shape is
slightly asymmetric with a length of∼63 km and a width of∼58 km [Williams
et al., 2014]. This asymmetry is sustained by the undulating western rim
which exhibits layers of emanating bright and dark material [Jaumann et al.,
2014]. Marcia’s pitted terrain, which partly covers the crater floor and ejecta
field, is believed to originate from the impact derived release of volatiles
[Williams et al., 2014; Denevi et al., 2012]. The ejecta field of the three
craters, highlighted by its low albedo, is prominent enough to be visible in
Hubble Space Telescope images [Thomas et al., 1997b].

In addition to the ejecta field of the snowman craters and along the Marcia
rim, dark material is located at diverse places on Vesta [Jaumann et al., 2012;
Reddy et al., 2012b] (Figure 2.14(b)). Jaumann et al. [2014] classified the dark
material into three classes: outcropping dark material at crater walls, scarps
and escarpments; dark material on crater rims, in ejecta and mass-wasting
deposits, and dark regolith and linear dark features. These deposits suggest
a possible delivery and distribution mechanism of dark material via impacts
[Jaumann et al., 2014; Turrini et al., 2014; McCord et al., 2012].

However, the distribution of dark material is not globally homogeneous and
instead correlates with the rim and ejecta of the Veneneia basin [Jaumann
et al., 2014], a region which is also enriched in hydrogen [Prettyman et al.,
2012]. The spectrum of dark material is very similar to the average regolith on
Vesta and can be reproduced by mixing average regolith with a small amount
of a darkening agent, for instance carbonaceous material [De Sanctis et al.,
2013; Reddy et al., 2012a; McCord et al., 2012]. This suggests that Veneneia
was probably produced by a carbon-rich low-velocity impactor (<2 km/s)
whose remains are exposed as dark material and redistributed via subsequent
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impact gardening [Jaumann et al., 2014; Reddy et al., 2012a; McCord et al.,
2012].

Despite the occurrence of dark material, Vesta is a relatively bright asteroid
with a geometric albedo of 0.38 ± 0.04 at 554 nm [Li et al., 2013]. Not
surprisingly, Vesta also exhibits bright material (Figure 2.14(b)). Bright
material can be classified in four groups: Crater wall and slope material,
radial ejecta material, spot material localised in small craters, and diffuse
material unrelated to impacts [Zambon et al., 2014; Mittlefehldt et al., 2012].
The distribution of bright material peaks in the mid southern latitudes (0–
60◦S) with the Rheasilvia basin being depleted in bright material. This
suggests that impact craters may expose a bright lithologic unit [Li et al.,
2012].

The spectrum of bright materials resembles that of average Vesta regolith
but hints at non-pyroxene components such as olivine or plagioclase [Zambon
et al., 2014]. Additionally, some spectral features, such as deeper band
depth, are indicative of young and unweathered material [Stephan et al., 2014;
Zambon et al., 2014; Li et al., 2012]. Supporting this, the bright material is
often associated with relatively fresh impact craters [Stephan et al., 2014].

2.4.5. Shape and Gravity

Ermakov et al. [2014] used Dawn’s gravity measurements and fitted a three-
layered ellipsoidal body to the result in order to constrain the core-mantle-
crust structure of Vesta. Best fit parameters reveal an iron core of ∼108 km,
an olivine-rich mantle of ∼226 km and a HED-like crust of ∼254 km mean
radius. The work also shows that Vesta today is not in hydrostatic equilibrium,
possibly disturbed by the Rheasilvia and pre-dating Veneneia impact events.
Fu et al. [2014] determined Vesta’s previous shape and rotation period by

fitting the a tri-axial ellipsoid to the relic hydrostatic terrain of the northern
hemisphere. They found that the best fit ellipsoid was described by axes
of 280.6 km × 274.6 km × 236.8 km with the centre of mass being 5.7 km
further to the south. They inferred a former rotation period of 5.02 h (6.3%
faster than today’s 5.34 h [Konopliv et al., 2014]) and a 3.0◦ shifted rotation
axis passing through longitude 182.7◦E.
Ground-based Doppler tracking of Dawn combined with FC data allowed

the determination of Vesta’s gravity field [Konopliv et al., 2011]. The gravi-
tational acceleration on Vesta varies between 0.23 m/s2 and 0.27 m/s2 with
a maximum centrifugal contribution of -0.03 m/s2 at the equator [Ermakov
et al., 2014].

Using an average acceleration gV of 0.25 ± 0.03 m/s and Vesta’s mean
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Figure 2.15.: Vesta’s Bouguer anomaly mapped to a 290 km × 265 km
ellipsoid through harmonic degree 15 (from Konopliv et al. [2014], Copyright
(2014), with permission from Elsevier Ltd). 1 gal converts to 0.01 m/s2. The
Bouguer anomaly is defined as the residual gravity after subtracting the
effects of shape and topography, indicating density variations. Note the high
anomaly of Vestalia Terra around 30◦S and -140◦E (lower left of the map)
and the low anomaly to the south related to the southern impacts Rheasilvia
and Veneneia. The map is in Mollweide projection (equal area projection).

radius r from Table 2.1 the following equation provides an estimate of the
escape velocity vesc on Vesta’s surface:

vesc =
√

2gVr = 362.4± 0.1 m/s. (2.1)

Fitting the measured gravity to a three-layered Vesta model reveals the
gravity anomalies (Bouguer anomaly) due to density variations (Figure 2.15).
The highest positive gravity anomaly is found in the region of Vestalia Terra
possibly caused by dense ultramafic mantle material [Buczkowski et al., 2014;
Raymond et al., 2013]. The area with the lowest gravity anomaly is connected
with the giant impact basins Rheasilvia and Veneneia and indicates a thin
crust [Ermakov et al., 2014].
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3.1. Impact Cratering Dynamics

Impact cratering has been common on planetary bodies throughout the
history of the Solar System. During the current epoch, airless bodies with
little erosion, such as Vesta, preserve a variety of crater morphologies such
as simple bowl-shaped, complex or the previously mentioned asymmetric
craters (Section 2.4.4). This section introduces the physics of impact cratering.
Impact cratering can be divided into three stages [e.g. Osinski and Pierazzo,
2013; French, 1998; Melosh, 1989]: The contact and compression stage during
which the impactor penetrates the target, producing a shock wave, the
excavation stage when the crater cavity is formed as a result of particle motion
induced by the shock wave and the modification stage during which initial
collapse of the transient crater occurs [e.g. Gault et al., 1974] (Figure 3.1).
However, the stages represent a continuous physical process and therefore
must have some overlap. Because this thesis focuses on the Rheasilvia impact
basin, this chapter concentrates on the formation of large complex central
peak craters. Nevertheless, the differences between simple and complex crater
formation only occur after the end of the excavation stage. To simplify
matters, the stages described below only consider vertical impacts1.

3.1.1. Contact and Compression Stage

This first stage of crater formation describes the physics when the impactor
penetrates the target and is therefore very brief. The duration τ is approxi-
mately described by:

τ ≈ L

v sin(θ) , (3.1)

where L is the impactor’s size, v its velocity and θ the impact angle [Melosh,
2013]. Using the Rheasilvia impact as an example, with an impactor size of
37 km, a velocity of 5.5 km/s and an impact angle of 90◦ [Ivanov and Melosh,
2013], the contact and compression stage would have lasted ∼7 s.

1Further information on oblique impacts can be found for example in Elbeshausen et al.
[2009] or Pierazzo and Melosh [2000] and references therein.
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Figure 3.1.: Sketch illustrating the three stages of an impact event forming
a complex crater: (a) contact and compression stage, (b) excavation stage
and (c) modification stage. See text for explanations. Adapted from Osinski
et al. [2011] and French [1998].
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With the impactor touching the target, the involved materials irreversibly
compress, increasing the density, pressure and temperature of the involved
materials. Supersonic shock waves are generated and propagate into both
the target and the impactor (Figure 3.1(a)). While the shock wave expands
into the target, the shock wave in the impactor eventually reaches the back
of the impactor contacting the free surface. A pressure relief (rarefaction)
wave is then produced, propagating back into the impactor. The unloaded
impactor moves into the target at reduced speed or vaporises if the shock
was energetic enough. Upon arrival of the rarefaction wave at the boundary
between impactor and target, the contact and compression stage finishes.

The processes of the contact and compression stage are identical for simple
and complex craters. Differences occur at the end of the following stage when
the central uplift begins as well as during the modification stage.

3.1.2. Excavation Stage

The excavation stage describes the propagation of the shock wave into the
target and the opening of the crater cavity generated by the excavation flow
(Figure 3.1(b)).

With the shock wave reaching the free surface of the target a rarefaction
wave is produced analogously to the rarefaction wave in the impactor. The
interference of the rarefaction and pressure waves in the near surface reduces
the local pressure resulting in less shocked, but still fragmented target material
(red in Figure 3.1(b)). The stress wave interference causes an up- and outward
displacement of the fragmented material at high velocities (up to half the
impact velocity [Melosh, 1989]) early in the excavation process, so-called
spallation. The generated fragments may form asteroid families or meteorites
if they reach the escape velocity of the target body [Melosh, 1984].

The expanding shock wave is nearly hemispherical beneath the impact point
and flattened in the interference zone (Figure 3.1(b)). Therefore, the stream
lines in the target material, which follow the negative pressure gradient, bend
out- and upwards towards the surface (dashed lines in Figure 3.1(b)). Once
the displaced material reaches the pre-impact surface, it follows ballistic
trajectories to form an ejecta curtain at an emission angle of approximately
45◦ that propagates away from the impact location (Figure 3.1(b)).

The excavation flow first stops in the direction of most resistance which
is beneath the crater. However, there is less resistance in the near surface,
where the crater continues to grow. The end of the excavation stage is marked
when the maximum diameter due to excavation is reached. At this point, the
transient crater has formed [e.g. Melosh, 1989].
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Given the gravity g and the final crater depth hf , the time scale texc of the
excavation flow can be estimated for gravity-driven deceleration [Melosh and
Ivanov, 1999]:

texc ≈
√
hf

g
. (3.2)

Using the 19 km deep Rheasilvia basin and Vesta’s gravity of 0.25 m/s2 as
an example, the excavation stage would have lasted ∼275 s.

In complex craters, the transient crater might not necessarily be parabolic
in shape as the central part of the crater cavity has already started to rise due
to gravitational rebound of the target (Section 3.1.3). However, analogous to
simple craters, the complex transient crater is often described as the parabolic
transient crater that fits the maximum depth and diameter. In this case, the
diameter is approximately three to four times larger than the crater depth
[Melosh, 1989]. The concept of the transient crater is introduced to describe
the initial shape of the crater that will be subject to further collapse and
uplift in the following modification stage.

3.1.3. Modification Stage

The final modification stage of crater formation is marked by collapse due
to gravity inducing an uplift of the crater floor and failure of the crater rim
(Figure 3.1(c)). At the end of this stage the preliminary final crater has
formed, which is then modified by subsequent geologic processes, such as
erosion and infill, on longer time scales.
The modification stage starts when the major driving force to material

motion is dominated by gravity. The transient crater cavity is supported
by the material strength. When the negative buoyancy of the crater cavity
exceeds this strength, the crater floor is uplifted and the rim collapses in
terraces, forming prominent scarps along concentric normal faults (Section 5.1)
[e.g. Kenkmann et al., 2013]. In addition, shocked and fractured near-surface
material on the crater wall and central peak wastes towards the crater floor
(dashed arrows in Figure 3.1(c)).

The highly shocked and fractured material involved in the mass wasting
of the modification stage is particularly mobile and reaches velocities in the
order of 50 m/s [Jutzi et al., 2013]. The extraordinary mobility is caused by
the temporary reduction of internal friction induced by the embedded impact
energy (Section 3.1.5).

The duration of the modification stage is similar to that of the excavation
stage as stated in Equation 3.2 (∼275 s) [e.g. Kenkmann et al., 2013]. The
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stage ends when the initial gravity-driven material motion stops due to
internal friction and material strength. After some initial mass wasting
along the newly formed crater walls, the temporary final crater has formed.
However, cooling of the impact-heated material may take the order of 105

years depending on the crater size and embedded energy [Melosh, 1989].

3.1.4. Crater Degradation

After the modification stage, the crater cavity is not in isostatic equilibrium
as the target material tends to close the cavity by viscous relaxation [Scott,
1967]. In linear approximation, the depth h decreases exponentially with
time:

h(t) = h0e
(−t/tvr), (3.3)

where h0 is the original crater depth and tvr is the characteristic relaxation
time needed to reduce the depth by a factor of e:

tvr = 4πηt

ρgD
. (3.4)

Here ηt is the viscosity of the target material, ρ is the density and g is
the gravity of the target. D is the crater diameter [Melosh and Ivanov,
1999; Scott, 1967]. The Rheasilvia impact crater as it appears today, with
η = 1025 Pa·s [Melosh and Ivanov, 1999], ρ = 3.5 g/cm3, g = 0.25 m/s2 and
D = 500 km, would have a relaxation time of tvr ≈1011 years. Assuming an
age of t = 3.5 Ga [Schmedemann et al., 2014] and a crater depth of h = 19 km,
it is possible that the original basin has relaxed by ∼700 m in depth so far.
Finally, the crater is further degraded by other processes. On dry airless

bodies, such as Vesta, these processes include mass wasting, space weathering
and impact gardening [e.g. Krohn et al., 2014a; Otto et al., 2013; Pieters
et al., 2012]. The major result is infilling of the cavity so that the crater
topography is smoothed.

3.1.5. Acoustic Fluidisation

The apparent preservation of the central peak of complex craters implies that
the material properties of the modification flow are described by transient low
internal friction and low strength (e.g. the internal coefficient of friction of
large lunar craters during the modification stage is less than 0.03 [McKinnon,
1978]) followed by a loss of these properties which freezes the central peak in
position. Otherwise the central peak would collapse back to a surface level,
as it is the case for an impact into water.
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Figure 3.2.: Sketch illustrating acoustic fluidisation. At a depth h, the
overburden pressure of ρgh is larger than the threshold for sliding given by
τ/µ. The acoustic fluctuations oscillate with a variance of ∆p around the
overburden pressure. Sliding occurs whenever the total pressure drops below
the threshold for sliding. Adapted from Melosh [1979].

The commonly accepted mechanism for temporary fluidising the target
material during the modification stage of crater formation is presented by
Melosh [1979] who introduced the theory of acoustic fluidisation. The theory
states that the rheology of the debris surrounding the crater cavity is influ-
enced by strong shaking and vibrations generated by the stress wave. These
vibrations induce an acoustic field in the assumed homogeneous material
and temporarily reduce the overburden pressure below the threshold for the
material to flow2 (Figure 3.2).
Given a target material with density ρ and a target body with gravity g,

the overburden pressure po at depth h is given by po = ρgh. Under non-
fluidised conditions the overburden pressure may exceed the threshold for
sliding pt = τ/µ, defined by the applied shear stress τ and the coefficient

2The temporary low strength behaviour can also be described as a Bingham fluid, which
behaves elastically below, and flows viscously above, an applied critical stress.
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of friction µ. Assuming that the acoustic pressure field fluctuations can be
described by Gaussian statistics, a variance ∆p can be defined with which
the pressure oscillates around the overburden pressure. If the combination of
overburden pressure and fluctuation drops below the threshold for sliding, the
material begins to flow. With increasing variance of the acoustic field, this
condition is reached more frequently resulting in a more effectively fluidised
material [Melosh and Ivanov, 1999; Melosh, 1989].

The oscillation intensity of the fluidised material drops exponentially with
time and eventually falls below the threshold necessary for sliding. The
fluidised material returns to dry Coulomb friction, bringing the central uplift
and rim collapse to a halt.
Other mechanisms on dry airless bodies capable of reducing the strength

of the material mobilized in the modification stage include: localised brittle
deformation, impact heat and melt, and dust lubrication [e.g. Singer et al.,
2012]. Brittle faulting during the impact event generates a network of fractures
which may reduce the strength on a macroscopic scale and can produce ductile
behaviour of rocks [Kenkmann, 2002]. Impact heat may reduce the strength
of rocks if temperatures approach their melting points [e.g. Stesky et al.,
1974] and impact melt mixed within the mobilized material may lubricate the
rock contacts resulting in lower contact friction [Dence et al., 1977]. A dust
suspension may reduce the internal friction of larger blocks by reducing the
effective normal pressure by buoyancy [Hsü, 1975]. Additionally, if present,
volatiles such as water may reduce the internal friction by lubrication [Singer
et al., 2012; Legros, 2002]. Although these mechanisms are relevant during
the modification stage, they are not sufficient to uplift the crater floor.
Acoustic fluidisation is also believed to be the reason for the reduced

internal friction of very large landslides [Collins and Melosh, 2003; Melosh,
1986]. Here, the motion of the wasting debris generates acoustic vibrations
which fluidise the material and increase the run-out length.

3.1.6. Acoustically Fluidised Material Properties

Acoustically fluidised masses moving during the modification stage can be
described with an effective viscosity ηeff and coefficient of friction µeff different
from those of the undisturbed target material.

For high enough acoustic energy densities the acoustically fluidised material
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can be explained by a Newtonian fluid3 with effective viscosity ηeff :

ηeff ≈
ρλc2

s
2cp

, (3.5)

where ρ is the bulk density of the granular debris, λ is the wavelength of the
acoustic vibrations, cs is the effective shear wave speed and cp compressional
wave velocity [Collins and Melosh, 2003]. Because the acoustic wavelength
increases with the crater size, larger craters have larger viscosities [Melosh,
1986].

Alternatively, the viscosity of a Newtonian fluid moving down an inclined
plane - a scenario described by the crater modification stage - can be estimated
by Jeffreys’ equation:

ηeff ≈
gρ sin(α)d2

3v , (3.6)

where α is the inclination of the plane, d is the thickness and v is the migration
velocity of the viscous material [e.g. Takagi, 2010; De Blasio, 2011]. The
viscosity of an acoustically fluidised material roughly ranges between 105 Pa·s
and 107 Pa·s [Melosh, 1986, 1979] - comparable to basaltic lava flows on Earth
such as the Mauna Loa lava flows in Hawai’i [Moore, 1987].

The material involved in the modification stage can also be modelled as a
body moving along an inclined plane with slope α in a gravity environment g
(Figure 3.3). The friction coefficient µ is defined as the ratio between friction
force FFR and normal force FN. Without friction the body would slide down
the plane with acceleration aFF = g sin(α). However, the acceleration due to
friction aFR reduces the apparent acceleration a = aFF − aFR. Consequently
the coefficient of friction is given by:

µ = FFR

FN
= aFR

g cos(α) = aFF − a
g cos(α) . (3.7)

Alternatively the coefficient of friction can be calculated from the fall
height h and the run-out length l of the sliding object (Figure 3.3):

µ = h

l
. (3.8)

Note that Equation 3.7 and Equation 3.8 are equivalent definitions of the
coefficient of friction.
Within the Rheasilvia basin, the masses on the crater wall and central

peak travelled a distance of ∼160 km and ∼90 km, respectively, to reach
3A Newtonian fluid has a linear relationship between shear stress and shear rate.
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Figure 3.3.: Sketch illustrating the accelerations acting on a slab moving
down an inclined plane at an angle α and with a coefficient of friction µ =
0.2. The gravitational acceleration (g) points downwards. The normal (aN)
and friction-free sliding accelerations (aFF) are derived from the magnitude
of gravity and the inclination of the plane. The resulting acceleration down
the plane (a, red arrow) is the sum of the friction-free sliding acceleration
and the acceleration due to friction. The slab’s fall height (h) and run-out
length (l) are sketched (green).

the crater floor from a height of ∼19 km. This yields effective coefficients of
friction of ∼0.12 and ∼0.21 for the crater wall and central peak, respectively,
which is comparable to values of large landslides [Legros, 2002]. However, the
run-out length is restricted by the crater size and shape and therefore this
estimate can only be a rough approximation.

3.1.7. The Rheasilvia Impact Event

Numerical impact simulations are the common approach when reconstructing
planet-scale impact events. Motivated by the Dawn mission, the Rheasilvia
impact event has been analysed using various numerical models.
Ivanov and Melosh [2013] used the B version of the Simplified Arbitrary La-

grangian Eulerian code (SALEB). They set up a two-dimensional simulation
with a maximum cell and time resolution of 930 m and 0.015 s, respectively.
By trial and error they adjusted their model to simulate the observed topog-
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raphy of Rheasilvia. Assuming a spherical Vesta of 540 km diameter with a
crust of 40 km thickness and an iron core of 100 km in radius, they found that
Rheasilvia could have been produced by a 37 km diameter basaltic impactor
with a vertical impact velocity of 5.5 km/s. A maximum crater depth of
82 km was reached ∼400 s after the impact began and the transient crater
diameter was found to be 264 km. Although the impact energy was not
sufficient for extensive impact melting, it allowed 2–8×105 km3 of material
to escape from Vesta by spallation and excavation. A maximum excavation
depth of ∼40 km was reached. Spallation displaced upper crust material
∼10 km away from the impact point and took place on almost the entire
surface of Vesta.

Additionally, Williams et al. [2013] estimated the melt volume of a 5 km/s
Rheasilvia impact. It ranges between 47 km3 and 4400 km3 depending on
the target porosity, where the larger amount of melt volume corresponds to a
higher porosity [Wünnemann et al., 2008]. This is a relatively small amount
compared to bodies with larger impact velocities, such as the Moon. However,
the calculation is supported by the sparse geomorphologic evidence of impact
melt.

Using the similar iSALE shock hydrodynamics code, Bowling et al. [2013]
found that the shock wave might have generated an antipodal uplift. However,
due to younger impacts near Rheasilvia’s antipode, the feature is not confirmed
by Dawn observations.
Jutzi et al. [2013] used a three-dimensional smooth particle hydrodynamics

(SPH) impact code to simulate the Veneneia and Rheasilvia impacts. The
basis of their simulation is a spherically layered, 550 km diameter Vesta and
a 64 km diameter Veneneia impactor with an impact velocity of 5.4 km/s.
They assumed a vertical impact to model the Veneneia impact and used the
resulting shape as a base model to simulate the subsequent Rheasilvia impact
event. The rotation axis (period of 5.3 h) was placed in the centre of the
Veneneia basin. A 66 km diameter Rheasilvia impactor striking at 5.4 km/s
(vertically), 40◦ from the centre of Veneneia, successfully reconstructed Vesta’s
current topography and ejecta distribution. As a result, they found that the
ejecta which reaccumulated in the north came from a depth of 20 km and
the area where Veneneia and Rheasilvia intersect probably exposes material
from 60–100 km depth.

Additionally, the simulation shows that Vesta’s rotation induces a deflection
of mass motions during crater collapse (Figure 3.4). At typical velocities
of 50 m/s, the trajectories resemble the curved structures observed in the
Rheasilvia basin (Section 5.2).

The transition from the excavation to the modification stage of Rheasilvia’s
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Figure 3.4.: Snapshots of the SPH simulation conducted by Jutzi et al.
[2013]. Three stages of the Rheasilvia modification stage on a rotating Vesta
are shown. The black lines illustrate the material flow. The Coriolis force
causes the flow lines to be curved similarly to the observed curved structures
in the Rheasilvia basin. Extracted from Jutzi et al. [2013], Copyright (2013),
with permission from Macmillan Publishers Ltd.

formation roughly coincides with reaching the maximum crater depth. Ivanov
and Melosh [2013] found a maximum depth of 82 km after ∼400 s which is
of the same order as the ∼275 s estimated by Equation 3.2. Generally, the
modification stage would roughly last for a similar time scale, however the
simulations by Jutzi et al. [2013] and Ivanov and Melosh [2013] both indicate
that the basin formation was still in progress after 1200 s.

Assuming a mass motion velocity of 50 m/s and a duration of the wasting
process of 1200 s, the length of the trajectory of a moving mass during the
modification stage is given by 60 km, which is approximately 1/4 of the
Rheasilvia radius. However, it is likely that the mass wasting occurred over
longer time scales, possibly extending over the entire basin walls [Jutzi et al.,
2013].

3.2. The Coriolis Effect

3.2.1. Forces in a Rotating Reference Frame

Asteroid Vesta rotates and this introduces two forces: The centrifugal and
the Coriolis force. They can be easily explained by observing the rotating
system from a non-rotating reference frame [e.g. Etling, 2008; Knauss, 1997;
Durran, 1993].
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Let Vesta’s rotating reference frame be denoted by the index V and the
non-rotating inertial system by the index I. Both systems have their origin
in the centre of Vesta (geocentric coordinate system, Figure 3.5). Vesta
rotates with the angular velocity ~Ω and thus the time derivative of a vector
transforms between the two systems as follows:(

d

dt

)
I

=
(
d

dt

)
V

+ ~Ω× (3.9)

This implies that an object at point ~r, moving with a velocity ~vV on Vesta’s
surface, moves with the velocity ~vI in the inertial system:

~vI =
(
d~r

dt

)
I

=
(
d~r

dt

)
V

+ ~Ω× ~r = ~vV + ~Ω× ~r. (3.10)

The relation between accelerations in the inertial and Vesta system is given
by applying Equation 3.9 on Equation 3.10:(

d~vI

dt

)
I

=
(
d~vV

dt

)
I

+
(
d

dt
(~Ω× ~r)

)
I︸ ︷︷ ︸

Ω = const.

=
(
d~vV

dt

)
I︸ ︷︷ ︸

Eq. 3.9

+ ~Ω×
(
d~r

dt

)
I︸ ︷︷ ︸

Eq. 3.10

=
(
d~vV

dt

)
V

+ ~Ω× ~vV + ~Ω× ~vV + ~Ω× ~Ω× ~r

=
(
d~vV

dt

)
V

+ 2~Ω× ~vV + ~Ω× ~Ω× ~r (3.11)

Consequently, a non-accelerated motion in the inertial system with no external
forces ({d~vI/dt}I = 0) experiences an acceleration in the rotating frame.
Rewriting without the index V the relation is:

d~v

dt
= −2~Ω× ~v − ~Ω× ~Ω× ~r, (3.12)

or in terms of the force ~F :

~F = −2m~Ω× ~v︸ ︷︷ ︸
Coriolis Force

−m~Ω× ~Ω× ~r︸ ︷︷ ︸
Centrifugal Force

. (3.13)
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φgeodetφgeocen equatorial plane

ellipsoid

Figure 3.5.: Sketch illustrating geodetic and geocentric latitude of an ellip-
soid (blue). The geodetic latitude of a point is defined as the angle between
the ellipsoid’s normal vector at that point and the equatorial plane (green).
The geocentric latitude is defined as the angle between the vector spanning
from the ellipsoid’s centre to the point and the equatorial plane.

Whereas the centrifugal force exists on every point of the rotating object, the
Coriolis force is only effective if an object is moving in the rotating frame.
On the southern hemisphere, the Coriolis Effect deflects mass motions to

the left in the direction of motion and accordingly to the right on the northern
hemisphere. This implies that masses moving towards and away from the
rotation axis on the same hemisphere are deflected in opposite directions.

As seen in Section 2.4.5 the centrifugal acceleration on Vesta reaches up to
0.03 m/s2 at the equator, which is ∼13% of the gravitational acceleration.
Considering an object on Vesta moving perpendicular to the rotation axis
with a velocity of 50 m/s, as suggested for typical mass wasting velocities
during the Rheasilvia modification stage [Jutzi et al., 2013], the Coriolis
acceleration is also ∼0.03 m/s2.

3.2.2. Geodetic Reference Frame4

Vesta’s shape can be well described by a biaxial ellipsoid (also known as a
spheroid). In Cartesian coordinates it is determined by:

x2 + y2

a2 + z2

b2 = 1, (3.14)

4Although usually used in purely terrestrial situations, for the sake of clarity the prefix
‘geo’ is used throughout this thesis when discussing standard geodetic terms, albeit
relating to Vesta.
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where a and b are the semi-major and semi-minor axes of the spheroid,
respectively.

In the following, it will prove useful to apply a geodetic coordinate system
to biaxial Vesta [Ripa, 1997]. A point on the surface of a spheroid centred at
the origin of the coordinate system can be described by latitude and longitude
when the two body axis are known. While a geocentric coordinate system
used above defines latitude as the angle between the vector of the surface
point and the equatorial plane, the geodetic system defines the latitude by the
angle between the normal vector of the surface point and the equatorial plane
(Figure 3.5). Thus, the major advantage of the geodetic coordinate system is
that the normal vector of a surface point is determined by the longitude and
the geodetic latitude. The longitude of the geocentric and geodetic systems
are equivalent because of the biaxial symmetry. The geodetic latitude ϕgeodet
and geocentric latitude ϕgeocen can be converted by the formula [e.g. Snyder,
1987]:

tan(ϕgeodet) = a2

b2 tan(ϕgeocen). (3.15)

3.2.3. Inertial Circles

The previously calculated Coriolis acceleration remains perpendicular to the
velocity of the moving object. Therefore, it does not change the magnitude
of the velocity, but only the direction. The deflection of a moving object at a
point at latitude ϕgeodet on Vesta can be obtained by defining a Cartesian
coordinate system which is fixed to this point [e.g. Etling, 2008; Knauss, 1997;
Durran, 1993]. The three axes of the body-fixed coordinate system are defined
by the direction of constant latitude (x), the perpendicular vector to x lying
in the tangent plane (y) and the surface normal vector (z) (Figure 3.6). In
this system, the angular velocity ~Ω can be represented by:

~Ω = Ω cos(ϕgeodet)êy + Ω sin(ϕgeodet)êz, (3.16)

where êx,y,z are the unit vectors of the body fixed coordinate system and Ω is
the magnitude of ~Ω. Consequently, the Coriolis acceleration ~aC of an object
moving with velocity ~v = (vx, vy, vz) in the body fixed system is described by:

~aC = −2~Ω× ~v
= −(f̃êy + fêz)× (vxêx + vyêy + vzêz)
= (fvy − f̃vz)êx − fvxêy + f̃vxêz (3.17)
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-Ω

φ

φ

Ω

y

z

Figure 3.6.: Illustration of the body fixed coordinate system used to inves-
tigate the Coriolis deflection on Vesta’s southern hemisphere (blue). Ω and
ϕ are the angular velocity (red) and geodetic latitude, respectively. The y-
and z-direction of the body fixed system and the components of Ω in this
system (red dashed) are sketched. Note that in the southern hemisphere the
geodetic latitude is negative.

Here, f and f̃ are the Coriolis parameters:

f = 2Ω sin(ϕgeodet) and f̃ = 2Ω cos(ϕgeodet). (3.18)

Considering a horizontal motion along the surface (vz = 0), which is reasonable
for mass-wasting processes, the Coriolis acceleration can be simplified:

~aC = fvyêx − fvxêy, (3.19)

or considering the separate components:
dvx

dt
− fvy = 0, dvy

dt
+ fvx = 0. (3.20)

Further rearrangement yields:

d2vx

dt2
+ f 2vx = 0, d2vy

dt2
+ f 2vy = 0. (3.21)

These are a set of differential equations characteristic for oscillations and can
thus be solved by the standard solution:

vx,y(t) = Ax,y sin(ωt) +Bx,y cos(ωt), (3.22)
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where Ax,y and Bx,y are the amplitudes and ω the frequency of the oscillation.
Solving the differential equations 3.20 and 3.21 with the standard solution
3.22 and appropriate initial conditions (e.g. vx|t=0 = |~v| = v and vy|t=0 = 0),
the velocity components are given by:

vx(t) = v cos(ft), vy(t) = −v sin(ft). (3.23)

Therefore, the horizontal motion of an object on a rotating body is described
by an oscillation with frequency f and period T = 2π/f . Hence, the Coriolis
parameter f is also often called Coriolis frequency. The trajectory of a moving
object initially positioned at the origin of the tangent plane (x|t=0 = 0 and
y|t=0 = 0) is found by integrating the equations for the velocities:

x(t) = v

f
sin(ft), y(t) = v

f
cos(ft)− v

f
. (3.24)

Consequently, the motion is represented by a circle in the tangent plane [e.g.
Etling, 2008]. The circle is called an inertial circle and its radius R is given
by

R = v

f
= v

2Ω sin(ϕgeodet)
. (3.25)

Equally, the mass motion velocity can be determined when the inertial radius
and the Coriolis parameter are known:

v = Rf = 2RΩ sin(ϕgeodet). (3.26)

At 45◦ latitude on Vesta, the Coriolis period is 3:46 h which indicates that
the Coriolis deflected mass motions related to the Rheasilvia impact, with
∼10–30 minutes duration, can only show a part of the inertial circle.

Strictly speaking, this solution is an approximation neglecting the fact that
the Coriolis force is not constant at each position of an inertial circle due to the
changing latitude (β-Effect) [Ripa, 1997]. However, this effect is negligible (in
the order of ∼5% variation) for changes in latitude as described in Section 6.2.
Additionally, the non-hydrostatic ellipsoidal shape of Vesta introduces a
component of gravity which is parallel to the tangent plane [Paldor and
Sigalov, 2001; Ripa, 1997; Durran, 1993] resulting in an acceleration of the
order of ∼5% of the centrifugal acceleration. Therefore, a drift is added to
the motion of the inertial circles. Nevertheless, this effect is superimposed
by the acceleration introduced by Vesta’s topography (Section 6.6) which
predominates the drift motion.
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3.2. The Coriolis Effect

3.2.4. Rossby Number

The above considerations are valid if the Coriolis force is the only force acting
on a moving object. However, in many cases there are additional forces
such as pressure gradients, friction or gravity [Knauss, 1997]. On airless
Vesta, pressure gradients are not present, however effects such as friction
and gravitational acceleration due to topography may additionally affect the
trajectory of moving masses.

Therefore, it is useful to define a measure of the significance of the Coriolis
Effect in a given scenario. The observed curvature of a mass moving horizon-
tally on a rotating object corresponds to the centrifugal acceleration which
keeps the mass on the curved trajectory. This centrifugal force is given by
v2/l, where v is the moving mass’s velocity and l is the radius of curvature. It
is counteracting the sum of all acceleration |~atot| acting on the mass including
the Coriolis acceleration and any other accelerations, e.g. gravity. The Coriolis
acceleration |~aC| can be approximated to vf using Equation 3.17, where f is
the Coriolis frequency.
The ratio of centrifugal and Coriolis acceleration is commonly used to

estimate the importance of the Coriolis Effect under the influence of additional
forces and is defined as the Rossby number Ro:

Ro = |~atot|
|~aC|

= v2/l

vf
= v

fl
. (3.27)

From Equations 3.27 it is clear that if there are no additional forces - a
scenario that was assumed in Section 3.2.3 - the Rossby number equals 1. In
this case, the Coriolis acceleration counteracts the centrifugal acceleration
and the mass motion will describe an inertial circle. For Ro� 1 the Coriolis
acceleration becomes negligible because the additional accelerations dominate
the Coriolis acceleration. On the other hand, the Coriolis Effect becomes
significant for Ro� 1. Thus, the Rossby number allows the influence of the
Coriolis Effect to be estimated without specifying the additional forces that
may superimpose the inertial motion [Knauss, 1997].

Considering the Rheasilvia impact basin to have a radius of 250 km and a
mass wasting velocity of 50 m/s during the modification stage [Jutzi et al.,
2013], the Rossby number at 45◦ latitude is Ro ≈ 0.4. Thus, the Coriolis Effect
is important for mass motions during the modification stage (Section 5.3).
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4. Data

The data analysed for this thesis are based on clear filter images provided
by the Framing Camera of the Dawn spacecraft [Sierks et al., 2011]. Two
pre-processed data sets including a mosaic in LAMO resolution (∼20 m/pixel)
[Roatsch et al., 2013] and a stereo-DTM produced from HAMO (∼70 m/pixel)
images [Preusker et al., 2012b] were used.

4.1. Digital Terrain Model

For these analyses a HAMO DTM provided by Preusker et al. [2012b] was used.
The DTM generation is based on stereophotogrammetric (SPG) mapping
utilising image data, spacecraft position and camera pointing. The latter are
available in the form of SPICE kernels - a package of mission-related geometric
information on spacecraft, instruments and target (http://naif.jpl.nasa.gov/).
As a first step, the surface was mapped with five different viewing angles.
After a pre-rectification of these clear filter images based on a presumption of
the geometry of the target, a set of control points were defined. Subsequently,
the equivalent image points were determined in multiple stereo images. The
intersection of the lines of sight from the FC to these image points yielded
the three-dimensional position. Finally, this information was interpolated
to global scale [Preusker et al., 2012a; Raymond et al., 2011; Gwinner et al.,
2009].

HAMO1 and HAMO2 provided sufficient stereo data (99% surface coverage
[Russell et al., 2013]) to calculate a Vesta DTM with a lateral spacing of
93 m/pixel and a mean ray intersection error of 7.5 m which translates to
a vertical accuracy of ∼5 m. The reference body used to state elevation is
an ellipsoid with major axis of 285 km and minor axis of 229 km [Preusker
et al., 2012b; Roatsch et al., 2012; Jaumann et al., 2012].

4.2. Mosaic

The DTM enabled the construction of a mosaic in HAMO and LAMO
resolution [Roatsch et al., 2013, 2012]. After ortho-rectifying each image with
reference to the DTM, a mosaic was produced by combining these images
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plane of projection
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Figure 4.1.: Schematic to illustrate a stereographic projection of the souther
hemisphere. The lines of projection (dashed lines) originate at the North
Pole. The projection plane (red) is located at the South Pole and oriented
parallel to the equatorial plane (green). The point where a line of projection
intersects the mapping sphere (blue) is projected to the point where the same
line intersects the projection plane. Adapted from Snyder [1987].

and averaging overlaps. Finally, the mosaic was projected by geocentric
vectors onto a sphere of 255 km radius to simplify the interpretation and
comparability of the data.

Vesta has a LAMO coverage of 66% [Russell et al., 2013]. Missing image
data in LAMO resolution was substituted with HAMO data. The missing
data cluster around the North Pole which was in seasonal shade during the
data acquisition. Fortunately, most of the southern hemisphere is covered at
LAMO resolution and the reduced resolution in a few places does not hinder
the scientific analysis.

The mosaic’s coordinate system applies positive East longitudes. However,
the zero longitude is different from the one used by the International Astro-
nomical Union (IAU) [Archinal et al., 2013] to publish data in the Planetary
Data System (PDS) [Li, 2012]. The mosaic uses the “Claudia” system which
is defined by the tiny crater Claudia. The conversion between IAU and
Claudia longitude is given by ϕ(Claudia) = ϕ(IAU) - 150◦ [Li, 2012].
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4.3. Map Projection

4.3. Map Projection

In this thesis I used a stereographic projection of Vesta’s southern hemisphere.
The projection preserves angles which means that circular objects on the
sphere appear circular in the projection. Therefore, it is especially useful for
identifying and measuring the curvatures of surface features.

The applied stereographic projection utilizes the North Pole as projection
centre and the tangent plane at the South Pole as projection plane. Conse-
quently, a point on the southern hemisphere is projected on the plane by the
vector which originates at the North Pole and intersects the hemisphere at
this point (Figure 4.1). Applying polar coordinates to describe the map, the
longitude of the sphere and the polar angle of the map are identical. The
latitude ϕ of the sphere converts to the polar radius r of the map [e.g. Snyder,
1987]:

r = 2R sin(ϕ)
1− cos(ϕ) = 2R tan

(90◦ − ϕ
2

)
, (4.1)

where R is the radius of the sphere (255 km).
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5. Mass-Wasting Features within Rheasilvia1

The geologic setting of this thesis is the Rheaslivia basin (Section 2.4.3). Of
particular interest are the mass-wasting features in this region as only moving
material can be affected by the Coriolis force.

Six different types of mass-wasting feature in the region inside and around
the Rheasilvia impact basin were identified. These include: intra-crater
mass-wasting features associated with young craters, flow-like and creep-like
patterns of shocked and fractured material, landslides indicative of massive
crater collapse, slumps of compact material and curved ridges from the early
formation stage of Rheasilvia [Otto et al., 2013]. This chapter concentrates on
slumping (Section 5.1) and curved ridges (Section 5.2) within the Rheasilvia
basin because they are relevant to the later analysis. A more detailed
description on the other types of mass-wasting feature can be found in Otto
et al. [2013] (Appendix C).

5.1. Slumping

Rotational slumping occurs on steep slopes, when the pressure of the slumping
body exceeds the shear resistance of a sliding surface [e.g. De Blasio, 2011].
In cohesive materials, the grains do not detach from each other to slide
downward, but a surface of rupture is formed by the shear stress of the
overlying body. The body as a whole then slumps downward along the
hemispherical or spoon-like shaped surface of rupture.
Features of rotational slumping include almost vertical scarps and heads

that are tilted backward toward the scarp. Transverse cracks, ridges and a
toe feature at the front of the slide can often be observed (Figure 5.1). Within
the Rheasilvia basin, these features are less prominent than the scarps and
thus difficult to identify. They are eroded by subsequent impact cratering or
local seismic shaking. In some places, the toes are still represented as slightly
elevated terrains.

1An edited version of this chapter and Figures 5.1, 5.2, 5.3, 5.7 and 5.8 are published in the
journal article “Otto, K.A., Jaumann, R., Krohn, K., Matz, K.-D., Preusker, F., Roatsch,
T., Schenk, P., Scholten, F., Stephan, K., Raymond, C.A. and Russell, C.T. (2013)
Mass-Wasting Features and Processes in Vesta’s South Polar Basin Rheasilvia. Journal
of Geophysical Research: Planets, 118(11):2279–2294, doi:10.1002/2013JE004333”.
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toe

transverse cracks
transverse ridges

minor scarp

main scarp
head

surface of rupture

Figure 5.1.: Schematics of a rotational slump (from Otto et al. [2013]). The
rotational slump slides on a curved surface of rupture generating a main
scarp and head feature. Further slumping results in minor scarps. The
slumping body exhibits transverse cracks and ridges due to the stretching
and compression within the slumping body. The toe feature represents the
front of the slump.

The crater of the Rheasilvia impact has degraded due to slumping in
various regions. Some slumping areas are heavily eroded, while others are
relatively well preserved. Therefore, slumping did not only occur as part of
the modification stage of the impact event (Section 3.1.3), but also after the
initial collapse (Section 3.1.4).

A prominent and relatively young area of rotational slumping blocks appears
along the Matronalia Rupes scarp (Figure 5.2(a)) towards the centre of the
Rheasilvia basin (within the area of 45◦S to 65◦S and 75◦E to 115◦E) [Krohn
et al., 2014b]. Matronalia Rupes represents the main scarp of the slumping
body and numerous minor scarps of subsequent slumping, ridges and the toe
of the slumping body are evident (Figure 5.2(a)). This slumping area proves
the continuing erosional degradation of Rheasilvia.
Furthermore, three ancient relics of slumping blocks within the region

of 35◦S to 55◦S and 165◦E to 185◦E, the area where Rheasilvia intersects
Veneneia, within 20◦S to 30◦S and 290◦E to 310◦E, and within 25◦S to 55◦S
and 320◦E to 40◦E (Figure 5.2(b)) could be identified (cf. Figure 5.3, purple
lines). Younger geological activities, such as impact cratering or sliding of
debris, eroded the original rotational slump scarps and heads, so that often
only the upper parts of the slumping heads are visible as rounded elongated
rims. The first two slumping areas have main scarps angled with respect to
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5.1. Slumping

(a) Rheasilvia’s youngest slumping area along the scarp of Matrona-
lia Rupes (main scarp), within the region of 45◦S to 65◦S and 75◦E
to 115◦E.

(b) An ancient slumping body, within the area of 25◦S to 55◦S and
320◦E to 40◦E. The major scarp represents Rheasilvia’s rim. The
advanced erosion may indicate that the slumping body originates
from the modification stage of the impact event.

Figure 5.2.: Slumping bodies within the Rheasilvia basin (from Otto et al.
[2013]). The minor scarps indicate slumping from previously wasted material
and ridges represent degraded scarps and material accumulations. The scarps
and ridges were identified using the DTM and LAMO mosaic. The images
are in a stereographic projection with the scale bar applicable at the centre.

51



5. Mass-Wasting Features within Rheasilvia

the rim of Rheasilvia, indicating that the basin did not collapse concentrically
in these regions. This might be due to varying material strengths and
substructures within the Rheasilvia wall. The third slumping region’s scarps
are parallel to the crater rim indicative of a concentric degradation of the
Rheasilvia basin. Its size and relatively high crater density may indicate that
this slumping feature is a relic from the modification stage of the impact
event (Figure 5.2(b)).

Further slumping of previously wasted material on asteroids can be triggered
by seismic activity due to impact processes [Richardson et al., 2005, 2004].
The relaxation of the Rheasilvia basin may also have triggered slumping by
deforming the base on which the masses rested. Younger geologic activities,
such as impact cratering or sliding of debris, eroded the original rotational
slump scarps and heads, so that often only the upper parts of the slumping
heads are visible as rounded elongated rims.

5.2. Curved Ridges

The Rheasilvia floor is characterized by numerous ridges and grooves that
extend radially and concentrically over the impact basin (Figure 5.3).
The concentric ridges are parallel to the crater rim with heights of up to

1 km and lengths of up to 10 km (Figure 5.4). They often occur perpendicular
to the slope, making it likely that they originated from the concentric crater
collapse and relaxation after Rheasilvia had formed. The area between 0◦E
and 90◦E is dominated by this type of ridge and also exhibits multiple larger
craters likely to have trigged the concentric collapse by means of rotational
slumping (Section 5.1, Figure 5.2(b)). The Rheasilvia rim is interrupted at
the intersection with Veneneia, between 90◦E and 220◦E. Here the curved
and concentric ridges cross with angles greater than 130◦.

The Rheasilvia basin also exhibits curved radial ridges. They are generally
larger than the concentric ridges, at up to 200 km in length. The overall
trend is one of curvature against the rotational movement of Vesta close to
the rim and towards the direction of rotation at the central peak (Figure 5.3,
grey lines). They often run in parallel, with smooth troughs separating them
(Figure 5.5). In some cases, the troughs exhibit flow-like structures on the
ridges’ flanks indicating material migration.

The radial ridges, which are ∼2.5 km high with lateral slopes varying from
10◦ to 20◦, are present throughout the entire Rheasilvia basin, but are most
prominent between 270◦E and 360◦E, between 90◦E and 220◦E (Rheasilvia
and Veneneia intersection) and on the central peak (Figure 5.3).
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Figure 5.3.: Curved ridges within the south polar basins (from Otto et al.
[2013]). The outer scarps of the Rheasilvia basin and central uplift are
outlined (black lines). The Rheasilvia and Veneneia basins are outlined
(white dashed circles). The curved ridges are divided into radial ridges (grey
lines) and concentric ridges (purple lines). A feature is labelled as a ridge
when it is elongated and elevated from its surroundings. Scarps are a drop-off
from a plateau, resembling a step. The features were identified using the
DTM. The map is a stereographic projection on a sphere of 255 km radius
overlaid by a DTM referenced to a 285 km × 229 km biaxial ellipsoid.
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(a) Curved concentric ridges at the Matronalia Rupes scarp within
the area of 56◦S to 62◦S and 80◦E to 88◦E.
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(b) Topographic profile.

Figure 5.4.: Morphology of curved concentric ridges. The ridges are perpen-
dicular to the main slope (white arrow) and describe a step-like undulation.
The topographic information is based on a DTM referenced to a 285 km ×
229 km biaxial ellipsoid. It is in a stereographic projection with the scale bar
applicable at the centre of the image.
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(a) Curved radial ridges pointing towards the central peak within
the area of 40◦S to 55◦S and 280◦E to 300◦E.
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(b) Topographic profile.

Figure 5.5.: Morphology of curved radial ridges. The ridges are parallel
to the main slope (white arrow) and describe an undulating surface. The
material in the valleys between the ridges shows flow-like structures indicating
mass movements. Also note the uniform slopes. The topographic information
is based on a DTM referenced to a 285 km × 229 km biaxial ellipsoid. It is
in a stereographic projection with the scale bar applicable at the centre of
the image.
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The structure of the radial ridges can be explained by them being artefacts
of the crater’s early formation stage, shortly after the Rheasilvia impact
event. During the modification stage, material wasted towards the crater
floor from the rim and rising central peak (Figure 3.1) [Jutzi et al., 2013]. Once
solidified, this highly shocked and fractured material formed the substructure
which was subsequently covered by regolith mobilized by slumping, sliding
and impact events. The relaxation of the Rheasilvia basin, impact events
and cooling of material may have exerted stress on the subsurface material.
This stress may have been released by following the path of least resistance
producing fissures and faults aligned with the subsurface structure. As a
consequence, the regolith covering the fissures and faults may have formed
the troughs and ridges by adapting to the subsurface topography. Thus,
the original substructure provides the general orientation of the ridges and
grooves (Figure 5.3, grey lines).

The slopes of the ridges are similar, possibly representing the static angle
of repose of subsided material (Figure 5.5(b)). Additionally, the evidence of
material migrating downhill on the flanks of the radial ridges supports this
scenario geomorphologically (Figure 5.5(a)). Possible explanations for the
curved nature of the ridges are given in Section 5.3.

The radial ridges are unlikely to be levees, often lining debris flows channels.
Such levees are produced by the reduced shear stress towards the sides of a
debris flow [e.g. De Blasio, 2011], however there is no morphological evidence,
in particular a region of deposition, associated with the ridges to support this
origin.

Complex craters on Earth also show evidence of radial ridges and grooves.
Kenkmann and Dalwigk [2000] describe radial transpression ridges as features
caused by the volumetric uplift of material when moving into a narrowing
crater cavity from the crater wall. Although, the expected widening of the
ridges in the Rheasilvia basin is not apparent, it is possible that material mi-
grating into the crater cavity bulged up the radial ridges along the subsurface
structure.

5.3. Coriolis Effect on Mass Movements

The Coriolis Effect instantaneously affects any particles from dust grains
to landslides moving with a perpendicular component to the rotation axis
of Vesta. However, the LAMO resolution of 20 m/pixel sets a limit on the
observable deflection. To estimate the travel distance and travel time of a
mass, it is assumed that a deflection is identifiable if it crosses over at least
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five pixels (∼100 m) and that the Rossby number (Equation 3.27) equals one,
meaning that the Coriolis and centrifugal forces are equivalent (Section 3.2.4).
Hence, a mass motion at a latitude of 45◦S requires a minimum velocity of
v = lfRo ≈ 5 cm/s and a minimum travel time of ∼30 minutes at that speed
to result in a deflection observable in LAMO resolution. In most cases masses
move with larger velocities than the minimum velocity, however the travel
times are generally shorter.

In the following paragraphs, the different types of mass wasting, including
intra-crater mass-wasting features associated with young craters, flow-like
and creep-like patterns of shocked and fractured material, landslides, slumps
of compact material and curved radial ridges from the early formation stage
of Rheasilvia as described in Otto et al. [2013] (Appendix C) will be analysed
and the Rossby number (Equation 3.27) will be derived to examine the
influence of the Coriolis force.
Most features associated with intra-crater mass-wasting regions, such as

spurs, boulders, dark patches and talus material do not show any evidence
of the Coriolis Effect because they do not preserve the trajectory of a mass
motion. Instead, spurs, dark patches and talus material are immobile features.
Only the rolling trace of a falling boulder could indicate the trajectory of
a movement. However, because the observed boulders were carried within
landslides, the rolling traces were immediately covered by landslide material.

Intra-crater landslides, however, preserve their trajectories along the trav-
elled path. They have been detected in craters of up to 50 km diameter and
thus the run-out length has a maximum of ∼25 km, but is shorter for smaller
craters or if the landslide stopped before reaching the crater centre. As an
example of how the Coriolis force affects intra-crater landslides, we consider
the dark landslide in crater Canuleia (Figure 2(b) in Appendix C, latitude ϕ
≈ 34◦S, slope α ≈ 24◦, length l ≈ 3 km). The Coriolis frequency (Equation
3.18) is f = 2Ω sin(ϕ) ≈ 2.7·10−4s−1. Using the modelling approach of Lucas
et al. [2014], the wasting velocity can be estimated: v ≈

√
gVD cos(α), where

gV is Vesta’s gravitational acceleration and D the mean thickness of the
landslide. The mean thickness cannot be resolved in the DTM, but the lower
limit can be estimated from the size of the largest blocks in the landslide
(∼100 m). Thus, applying a thickness of 100 m results in a minimum wasting
velocity of ∼4.8 m/s. Consequently, the lower limit for the Rossby number
(Equation 3.27) is Ro = v/(lf) ≈ 5.9, indicating that the Coriolis force had
only a minor effect on the mass motion. Furthermore, the effect is reduced for
landslides in regions of lower latitude and for those moving in the direction
of rotation (for details see Section 3.2).
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5. Mass-Wasting Features within Rheasilvia

(a) The flow-like feature within the area of 20◦S to 45◦S and 35◦E
to 95◦E.

(b) Close-up image of striations developed on the flow-like feature.

Figure 5.6.: The flow-like feature north of the Matronalia Rupes scarp (a)
and a close-up image of its striations (b). The arrows indicate the the flow
direction along which striations developed. The dashed white line in (a)
shows the extent of the feature and the rectangle illustrates the position of
the close-up image (b). The images are in a stereographic projection with
the scale bar applicable at the centre of the image. Image (a) is overlaid by a
DTM referenced to a 285 km × 229 km biaxial ellipsoid.
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5.3. Coriolis Effect on Mass Movements

When considering flow-like features, it is unreasonable to determine the
Rossby number to find whether they may be affected by the Coriolis force.
This is because the flow velocity is unknown as acoustic fluidisation (Sec-
tion 3.1.5) may reduce the internal friction and increase the velocity [Collins
and Melosh, 2003; Melosh, 1986]. However, analysing the flow-like feature
opposite the Matronalia Rupes scarp (Figure 5.6(a)), it is noticeable that the
main lobe shows a slight deflection to the east in accordance with the Coriolis
Effect. On the other hand, the striations developed on the surface do not
show a common deflection but rather follow the topography (Figure 5.6(b)).
Hence, it remains disputable whether the Coriolis force is responsible for the
deflected lobe.
Creep-like mass movement produces a pattern of small mounds which

migrate slowly downhill (Figure 6 in Appendix C). However, the terrain
is unlikely to maintain any Coriolis-affected deflection because the creep
trajectory is not preserved in the morphology of the mounds. Additionally,
the relatively slow creep velocity (in the order of millimetres to centimetres
per day) is below the minimum velocity associated with the data resolution
and therefore a deflection is not detectable.
Large landslides on Vesta usually spread during their migration (Fig-

ure 11(b) in Appendix C). The extent of the spreading overruns the morpho-
logic evidences of the Coriolis force. However, following the calculations above
for intra-crater landslides, the narrow landslide along the Matronalia Rupes
scarp (Figure 2.14(c), latitude ϕ ≈ 55◦S, slope α ≈ 40◦, length l ≈ 25 km)
yields a Rossby number of ∼0.3 and has thus probably been influenced by
the Coriolis Effect. Indeed, the slide shows a curvature in agreement with the
effect. It is, however, important to note that the topography also constrained
the motion of the slide. In other regions, the landslides seem to be following
the curved pattern of the ridge and groove terrain which is more likely to
be related to the substructure rather than the Coriolis Effect on the specific
landslides.

Slumping blocks and the related curved concentric ridges are much larger
than intra-crater landslides or creep-like features. However, the distance of
their motion is only approximately as long as the height of the main drop.
For the Matronalia Rupes slumping block (Figure 5.2(a)) at a latitude of
∼55◦S this drop is ∼5 km. Because the velocity of the slumping process is
unknown it is not possible to derive a Rossby number. However, the slumping
maximum velocity, when considering that the Rossby number needed to
observe a Coriolis deflection has to be below 1, is ∼3 m/s. Nevertheless, even
if these conditions were met, the block as a whole is embedded in the surface
material which restricted the motion in any other than the main mass-wasting
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5. Mass-Wasting Features within Rheasilvia

direction.
As described in Section 5.2, the curved structures of the radial ridges

appear to be remnants of the early gravitational crater collapse. The strength
properties of material during the early formation stage were plastic, with
negligible internal friction [Melosh, 1989], which made the mass motion
relatively fast. Using a latitude of ∼40◦S, a length of ∼200 km and a velocity
of ∼50 m/s, Jutzi et al. [2013] estimated a relatively low Rossby number of
∼0.5 for the curved radial ridges within the Rheasilvia basin, which indicates
that the material wasting downhill was influenced by the Coriolis force.
In accordance with the Coriolis Effect, the curvature points against the

direction of rotation for motion towards the rotation axis, and in the direction
of rotation for motion away from the axis (Figure 5.3). The curvature on
the crater wall of Rheasilvia would therefore have been generated by a mass
motion towards the rotation axis, which nearly agrees with the centre of
Rheasilvia. The patterns on the central peak suggest motion away from the
axis. This is consistent with the idea of masses moving downhill into the
basin, off both the crater rim and central peak, as the crater collapses.

The Coriolis Effect was capable of generating curved structures across the
entire Rheasilvia crater. However, in some regions, for example the central
peak and the intersection of craters Rheasilvia and Veneneia, additional
mechanisms may have produced curved features.
On Rheasilvia’s central peak, an oblique impact might have been able to

create curved scarps and ridges. A method for determining impact directions
was devised by Scherler et al. [2006], who investigated the structure of ridges
and faults of the central peak of Upheaval Dome (Utah, USA) to infer an
impact direction. The Rheasilvia central peak exhibits bent fractures and
faults visible as scarps from which material moved downhill (Figure 5.7).
The analysis of the central imbrication structure of Rheasilvia after Scherler
et al. [2006] is restricted by the small number of features and does not yield
a definite impact direction or obliquity. However, the curved main scarps of
the central peak, instead of straight radial expanded structures, may indicate
a non-vertical stress component, e.g. an oblique impact (Figure 5.3).
At the intersection of Rheasilvia and Veneneia, the crater collapse of a

two-layered target might have been able to produce the observed spiral
pattern. The development of curved strike-slip faults has been demonstrated
in experiments by Allemand and Thomas [1999]. They performed experiments
in a two-layered target with a lower ductile layer and an upper brittle layer
consisting of silicon and sand, respectively. A circular hole was cut through the
layers and the relaxation process with variable layer thickness was observed.
The collapse process produced spiral strike-slip faults for low brittle-ductile
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5.3. Coriolis Effect on Mass Movements

Figure 5.7.: Scarps and ridges of Rheasilvia’s central peak (from Otto et al.
[2013]). The minor scarps indicate slumping from previously wasted material
and ridges represent degraded scarps and material accumulations. The main
scarps are slightly curved suggesting a non-vertical stress component of the
impact. The centre of Rheasilvia (301◦E and 75◦S [Jaumann et al., 2012])
and the South Pole are labeled CR and SP, respectively. The image is in a
stereographic projection with the scale bar applicable at the centre of the
image. It is overlaid by a DTM referenced to a 285 km × 229 km biaxial
ellipsoid.

thickness ratios. These faults crossed in a characteristic V-shaped pattern,
meaning that the faults intersected at angles above 130◦ (Figure 5.8). The
spirals developed on the crater wall, but more prominently beyond the crater
rim.
The brittle-ductile thickness ratio of the intersection of Rheasilvia and

Veneneia has likely been reduced, because the Veneneia impact may have
removed parts of the brittle surface prior to the Rheasilvia impact. The
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5. Mass-Wasting Features within Rheasilvia

Figure 5.8.: Curved ridges at the intersection of Rheasilvia and Veneneia in
the area within 25◦S to 65◦S and 110◦E to 210◦E (from Otto et al. [2013]). The
dashed lines mark the most prominent structures. The V-shaped crossings
are indicated with black chevrons. They might be caused by the relaxation
of a bi-layered target with ductile and brittle components. The image is in
a stereographic projection with the scale bar applicable at the centre of the
image.

ratio might have been sufficiently low to allow spirals, represented by curved
ridges, to have formed during the relaxation process. Furthermore, the spiral
pattern in this region expands beyond the Rheasilvia rim as expected by the
Allemand and Thomas [1999] theory.

The Coriolis Effect is thus the only process that can explain the curved
pattern at all locations, however the oblique impact and crater relaxation
theories cannot be completely ruled out for the central peak and Rheasilvia-
Veneneia intersection, respectively.
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6. The Coriolis Model

6.1. Aim

As described in Section 5.2 the Rheasilvia basin exhibits curved radial ridges
which are probably related to the modification stage of the impact event.
Section 3.2.3 shows how the magnitude of the velocity v of a mass moving in
a rotating reference frame can be derived from the radius of curvature R of
the trajectory of the moving mass when the Coriolis parameter f is known:

v = Rf. (3.26)

Assuming that the curved radial ridges represent Coriolis-deflected mass
motion trajectories, a computer-based method to calculate the mass motion
velocity from the curvature of the Rheasilvia radial ridges using Equation 3.26
was developed for this work (Section 6.3). Velocities were derived for various
mapping points (Section 6.2) along the curved ridges using the radius of
curvature and the geodetic latitude at each location. Figure 6.1 shows a flow
diagram of the analysis.
The following sections explain how the radii of curvature and geodetic

latitudes were derived from the Dawn data and how they were used to
determine the mass motion velocity by additionally considering Vesta’s shape
and evolution (Sections 6.6 and 6.4).
The results of this analysis (Chapter 7) will show whether or not the

velocities agree with the postulated mass motion velocities of ∼50 m/s
derived from numerical impact simulations (Section 3.1.7, [Jutzi et al., 2013]).
Velocity profiles along the extent of the Rheasilvia curved ridges will also
be provided by this method (Section 6.8). Any acceleration or deceleration,
caused by gravity and friction respectively, will result in varying velocity
profiles. This will not only constrain the dynamics and material properties
(Section 7.4) associated with the impact event, but will also allow these
properties to be spatially resolved (Section 8.5).

6.2. Mapping

As a first step, the curved radial ridges from Figure 5.3 were mapped in detail.
Each curved ridge was approximated by a set of mapping points (105 to 757
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Mapping

Define
reference system

For each mapping point:

Decide on
bin size

Project neighbouring 
point pairs in tangent plane

of mapping point

Calculate v from Ω, R and φ

Determine inertial radii

Find
most commonly

occurring velocity

Record velocity

Plot velocity
profile

Figure 6.1.: Steps of the analysis to derive velocities from the curved ridges.
The procedures of each box are explained in the text.

mapping points per curved ridge, Table 6.1) which outline the extent of each
curved ridge. The alignment of these mapping points represents the curvature
which is later used to derive the mass-wasting velocity using Equation 3.26.

In total, 32 continuous curved ridges were identified covering the three
major areas of radial ridges as described in Section 5.2. There are 16 ridges
between 270◦E and 360◦E (Region 1, red in Figure 6.2), eleven ridges between
90◦E and 220◦E, the area where Rheasilvia and Veneneia intersect (Region
2, blue in Figure 6.2), and five ridges on the central peak (Region 3, green
in Figure 6.2). The three regions describe three different geologic settings
within the Rheasilvia basin. In the following the curved ridges are labelled
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6.2. Mapping

Figure 6.2.: The 32 curved radial ridges mapped using a stereographic
LAMO mosaic and DTM of Vesta’s southern hemisphere. The three regions
include the area between 270◦E and 360◦E (Region 1, red lines), the area
where Rheasilvia and Veneneia intersect (Region 2, blue lines) and the central
peak region (Region 3, green lines). In the text, the curved ridges are named
Curve 1–32 according to the labels.

Curve 1–32 as shown in Figure 6.2.
The mapping was performed on a stereographic projection of the LAMO

mosaic (∼20 m/pixel resolution, Section 4.2) and DTM (93 m/pixel lateral
resolution, Section 4.1) using the ArcGIS software package developed by
ESRI [2010]. It is common in planetary mapping to project mapping data
onto a sphere, because it simplifies the interpretation and comparison of
features [e.g. Roatsch et al., 2013; Gwinner et al., 2010]. In the case of Vesta,
a mapping sphere of 255 km radius was used as the reference body for the
map projection [Roatsch et al., 2013, 2012]. Therefore each mapping point
along a curved ridge was described by the two-dimensional position on this
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Table 6.1.: Number of mapping points of the 32 curved ridges.
Curve Number 1 2 3 4 5 6 7 8
Mapping Points 120 160 157 279 284 217 277 321
Curve Number 9 10 11 12 13 14 15 16
Mapping Points 336 279 407 305 249 280 369 757
Curve Number 17 18 19 20 21 22 23 24
Mapping Points 208 191 380 394 223 364 105 373
Curve Number 25 26 27 28 29 30 31 32
Mapping Points 149 195 283 179 160 173 356 160

mapping sphere. The coordinates of each mapping point were exported for
further analysis with custom software written in IDL [2012].

A curved ridge is morphologically characterised by an elongated terrain of
increased elevation with a significant topographic decrease in all directions
other than the ridge direction. Thus, the first step in identifying mapping
points outlining the current curved ridge was the analysis of the topographic
information. The line of locally highest elevation related to the curved ridge
was used as a starting location when identifying mapping points. However,
the highest elevation was not necessarily coincident with the location of
the ridge, for example when the topography was interrupted by impact
craters or altered by erosion. Therefore, each mapping point location was
additionally based on geologic interpretations of surface alterations apparent
within the image data. As per standard geologic mapping techniques [e.g.
Smith et al., 2011; R. Greeley and R.M. Batson, 1990], a mapping point
was finally assigned to a location when the combination of both surface and
topographic interpretations supported the presence of a curved ridge at this
location.

The distance between two neighbouring mapping points is therefore variable.
Depending on the ease with which the mapping points could be identified,
the distance between two mapping points varied between 150 m (∼8 pixels)
and 1200 m (∼60 pixels). Table 6.1 lists the number of mapping points for
each curved ridge.

6.3. Computer-Based Analysis

The previously described mapping information is the basis for determining
the radii of curvature of the curved ridges, and subsequently the mass-wasting
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velocities, related by Equation 3.26. The following sections explain how the
velocities were derived and how basic assumptions on Vesta’s shape and
rotation influence the analysis.

6.3.1. Defining the Reference Frame

In order to find the radius of curvature of the curved ridges, the mapping on
the reference sphere needed to be transferred to a reference frame describing
Vesta’s real shape more adequately. Based on the results of the DTM
construction, Vesta is best described by an ellipsoid with axes of 285.4 km ×
277.7 km × 223.8 km [Preusker, 2013, personal communication]. However,
to simplify matters a biaxial reference ellipsoid with the average of the semi-
major axes of 281.55 km and a semi-minor axis of 223.8 km was used instead.
This approximation is suitable, as the difference to the ellipsoidal semi-major
axes is only about 1%. It also extensively simplifies the analysis because it
becomes independent of the longitude.
In order to project each mapping point from the 255 km reference sphere

onto the 281.55 km × 223.8 km reference biaxial ellipsoid the geocentric
coordinates were simply adopted. In other words, the centres of both bodies
coincided with the centre of projection. Because this procedure was previously
done in reverse when constructing the mosaic (Section 4.2), the technique
resulted in a projection from Vesta’s real shape to Vesta’s ellipsoidal shape.

However, the following analysis requires geodetic coordinates for determin-
ing the mass-wasting velocities from the radii of curvature of the mapped
curved ridges (Equation 3.26), because of the relation between geodetic co-
ordinates and the surface normal and tangent plane of the spheroid. Thus,
Equation 3.15 was applied to the geocentric coordinates of each mapping
point to transform them to geodetic coordinates.

6.3.2. Calculating the Velocity

A few terms need to be defined prior the following explanations: As described
above, each curved ridge was mapped and approximated by 105 to 757
mapping points depending on their length and mapping accuracy. Considering
an arbitrary mapping point MP, a set of two mapping points with the
same point distance from a MP is called the neighbouring point pair of MP
(Figure 6.3). For example, the two direct adjacent mapping points of MP are
the first order neighbouring point pair. The second order neighbouring point
pair includes the points adjacent to the first order neighbouring point pair
and so on. Thus, each mapping point can have as many neighbouring point
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Figure 6.3.: Sketch illustrating the neighbouring point pairs of mapping
point MP (blue cross) on a curved ridge (red). The colours and loops join the
two members of a neighbouring point pair. For illustrative reasons, only a
subset of mapping points (coloured crosses on red line) forming the mapped
curved ridge are sketched.

pairs as it is away from the end or beginning of the curved ridge. In other
words, the nth point along a curved ridge has either (n − 1) or the (total
amount of points− n) neighbouring point pairs, whichever is smaller. Note
that because the mapping was based on the geological analysis, the actual
distance between a mapping point and the members of a neighbouring point
pair can vary and is different for each mapping point.

The latitude and local curvature of each mapping point enables the deriva-
tion of a mass motion velocity according to Equation 3.26. To analyse the
curvature at a mapping point, the tangent plane of the bi-axial ellipsoid
at each mapping point’s location was determined. The normal vector of
the tangent plane is described by the vector spanned by the longitude and
geodetic latitude of the mapping point. All neighbouring point pairs were
then projected into this plane. Projecting the neighbouring point pairs into
the tangent plane was necessary because the derivation of the inertial circles
is in the body-fixed coordinate system of the mapping point with the x- and
y-axes spanning the tangent plane (Section 3.2.3). Furthermore, if using the
position on the spheroid instead of the tangent plane, the curvature of the
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R

(a) (b) (c)

Figure 6.4.: Three steps to determine the unique circle that fits through
three points in a plane. (a) Three points in a plane. (b) After connecting two
points with one another, two perpendicular bisector are drawn. (c) The two
perpendicular bisectors intersect at the centre of the circle that cuts through
all three points. The radius is given by the distance from the circle’s centre
to any of the three points.

spheroid would limit the circles’ radii.
For each neighbouring point pair and the mapping point, the unique circle

with all three points lying on the circumference was determined. Figure 6.4
illustrates the technique. This circle was considered to be the inertial circle
related to the Coriolis Effect at the length-scale given by the neighbouring
point pair.

The normal vector to the vectors from the mapping point to the previous
and the following neighbouring point pair member was determined. If this
normal vector pointed outside the ellipsoid the radius at the mapping point
was defined as positive. A negative radius was assigned if the normal vector
pointed inwards. In this way, curvatures due to masses moving towards the
rotation axis were defined as positive and curvatures due to masses moving
away from the axis were defined as negative.
The radius of the inertial circle - typically of the order of ∼50 km - and

the geodetic latitude of the mapping point were finally used to determine
the velocity, by applying Equation 3.26. Consequently, each mapping point
was assigned a set of velocities - one velocity derived from each neighbouring
point pair.

Note that the distance between the two members of the neighbouring point
pairs sets the lower limit for the velocity: the smallest circle which can be
described by the neighbouring point pair is the circle with a diameter equal
to the distance between the members. For instance, the minimum distance
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between the two members of a point pair is ∼300 m. At 45◦S this results in
a threshold velocity of ∼0.1 m/s. Velocities below this threshold cannot be
resolved by this method. With higher order neighbouring point pairs this
threshold grows linearly with the distance between the members of the pair.

The distance between the two members of the neighbouring point pairs also
determines the distance over which the velocity is assumed to be constant. A
change in velocity is represented by a change in the inertial radius. However,
it is uncertain over which distances the velocities producing the curved ridges
in the Rheasilvia basin are constant. The masses are accelerated by gravity
but also decelerated by friction or topography. Therefore, the most commonly
occurring velocity was determined for each mapping point, filtering out
infrequent results.
A histogram of all calculated velocities was produced for each mapping

point, to determine the most commonly occurring velocity at that mapping
point. The bin size was set to 5 m/s, 10% of the simulated velocity of 50 m/s,
and the effect of changing the bin size is discussed in Section 6.5. All values
in the most populated bin were considered to be within the most commonly
occurring velocity range. If there was more than one most populated bin - a
scenario especially relevant for mapping points with only few neighbouring
point pairs (the points near the beginning or end of a curved ridge) - all
relevant bins were considered. The average of all values in the most populated
bin(s) were stored as the velocity of each mapping point.

Summarizing this procedure. the radii of curvature of each mapping point
were determined at various length-scales, using Equation 3.26 these radii
were then converted into mass-wasting velocities and subsequently the most
commonly occurring velocity over all length-scales was determined by using
a histogram and recorded as the “most likely” velocity of the mapping point.
The pseudo IDL-code used to perform this analysis is shown in Ap-

pendix A.2.

6.4. Ancient and Recent Vesta’s Reference System

As described in Section 2.4.5, Vesta’s current shape is not the shape it
possessed when the Rheasilvia impact occurred. The impact basin itself forms
the shape as we observe it today. Therefore it is necessary to investigate the
effect of the ancient and recent shape of Vesta on the velocities derived with
the method described in Section 6.3.
Because Vesta’s real shape during the Rheasilvia impact was probably

between the shape of today and the ancient one, it is reasonable to investigate
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Table 6.2.: Comparison of recent and ancient Vesta’s rotation and shape
parameters according to Fu et al. [2014]. The values are given in Vesta’s
recent reference system.
Parameter Recent Vesta Ancient Vesta
Semi-Minor Axis [km] 223.8 236.8
Semi-Major Axis [km] 281.6 277.6
Rotation Period [h] 5.34 5.02
Angular Velocity [10−4 s−1] 3.27 3.48
Position Rotation Axis [◦S] 0.0 87.0
Centre Longitude [◦E] 0.0 182.7
Centre Offset [km] 0.0 -5.7

the mass wasting based on both shapes as end-members of the real shape.
Additionally, whenever the ancient shape of Vesta is used, the ancient rotation
period of 5.02 h (Ω = 3.48·10−4 s−1) needs to be considered instead of Vesta’s
recent period of 5.34 h (Ω = 3.27·10−4 s−1). The centre of Rheasilvia in
ancient Vesta’s reference frame is located at 293◦E and 74◦S.

By fitting a bi-axial ellipsoid to the relic hydrostatic northern hemisphere of
Vesta, Fu et al. [2014] found that the ancient rotation axis of Vesta before the
Venenia and Rheasilvia impacts was offset by 3.0◦, cutting through longitude
182.7◦E, in comparison with the recent axis. The centre of mass was 5.7 km
south of the current position (Section 2.4.5). They also found different best-fit
bi-axial ellipsoid axes of 277.6 km × 236.8 km. Although the major axis is
similar to the current one, the minor axes differ by ∼6%. Table 6.2 lists the
parameters of the shape before and after the giant impacts.

Projecting the mapping points on ancient ellipsoidal Vesta was more com-
plicated than the process described in Section 6.3, because the centre of
the body is shifted south. The sphere to which the mapping was applied,
was centred at the origin of the coordinate system. Before transferring the
mapping points to the ellipsoidal shape, the axes were changed to the an-
cient system: the rotation axis was shifted to 87.0◦S and 182.7◦E, the zero
longitude cut the equatorial plane at 2.9◦S and 17.3◦E [Fu et al., 2014]. The
geocentric coordinates of each mapping point were then calculated referenced
to these new axes. The new mapping point coordinates were projected on
the ancient ellipsoidal Vesta centred 5.7 km below the origin by finding the
intersection point of the line of projection and the surface of ancient Vesta.
The projection centre was the origin of the coordinate system. Figure 6.5
illustrates this procedure. Finally, the longitude and geodetic latitude were
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Figure 6.5.: Sketch illustrating the procedure of projecting mapping points
into the ancient Vesta reference frame. The proportions are to scale. A
mapping point (blue cross) on the mapping sphere of 255 km radius (black
circle) is projected on ancient shape (red ellipsoid) by the line of projection
(dashed black line) originating in the centre of the mapping sphere. Ancient
Vesta is shifted 5.7 km south in relation to the mapping sphere and the axis
(red dashed line) is shifted by 3◦.

calculated with respect to ancient Vesta’s centre. The pseudo IDL-code
calculating the ancient Vestan coordinates is described in Appendix A.1.

Three independent factors influence the derived velocities for the mapped
curved ridges: The rotation rate, the ellipsoid axes and the shift of the
rotation axis. On ancient Vesta, the increased rotation rate yields higher
velocities based on Equation 3.26. The change of the ellipsoid and rotation
axes have variable effects on each mapping point depending on its location.
At some points the velocity increase induced by the larger ancient rotation
rate is compensated by these effects, at other points the effect adds to the
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Curve 3: Recent and Ancient Scenario
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Figure 6.6.: The most commonly occurring velocities of each mapping point
of Curve 3 with respect to Vesta’s recent and ancient shape and rotation.
The bin size is 5 m/s.

velocity. Due to the small difference in ellipsoid axes (6% and 1% for the
semi-minor and semi-major axes, respectively) and orientation of the rotation
axis (3◦), the velocities derived in the two reference systems are similar. On
average, the magnitudes of the velocities derived with respect to Vesta’s
ancient reference frame are ∼2% larger compared to Vesta’s recent system.
This is mostly caused by the increased angular velocity. A detailed error
analysis is given in Section 6.7.

Figure 6.6 shows an example (Curve 3) of the velocities of mapping points
with respect to Vesta’s ancient and recent shape and rotation. On average,
the velocities of Curve 3 on ancient Vesta are ∼3% lower than the velocities
calculated with Vesta’s recent shape. However, the velocities at some mapping
points are significantly different. These are differences which arise from finding
the most commonly occurring velocity from the velocity statistics of a mapping
point rather than a real, physical effect, for which a smooth trend would be
expected.
Because of the relatively small differences between the two scenarios and

intrinsic uncertainties in the properties of ancient Vesta, the following analysis
(Chapters 7 and 8) uses the recent shape and rotation of Vesta.
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Figure 6.7.: Histograms of Mapping Point 78 of Curve 3. (a) The bin size is
so large that only nine bins fall within the data range. The velocity derived
from this histogram is 56.4 m/s. (b) The bin size is so small that only a
subset of the values that should contribute to determining the most commonly
occurring velocity are considered. The velocity derived from this histogram
is 51.8 m/s.

6.5. Changing the Histogram’s Bin Size

As a result of the method described in Section 6.3, each mapping point is
assigned a set of velocities. However, because only one mass-wasting velocity
can be present at a mapping point, it is necessary to find the characteristic
velocity out of the set of velocities for each mapping point. This characteristic
velocity is the most commonly occurring velocity in the set.

To find the most commonly occurring velocity of a mapping point, the
velocities derived from all neighbouring point pairs were binned (Section 6.3.2).
The bin size (bin width) of this histogram sets the velocity range in which
the most commonly occurring velocity is found. Consequently, the error of
the most commonly occurring velocity is equivalent to half the bin size.
Figure 6.7 illustrates the effect of bin size on the velocity analysis of a

mapping point. If the bin size chosen is too large, the values within induce
large uncertainties in the velocity (Figure 6.7(a)). The velocity profile along
a curved ridge would then be noisy. On the other hand, if the bin size is too
small the most commonly occurring values may be split over multiple bins,
neglecting values that should contribute to the determination of the most
commonly occurring velocity (Figure 6.7(b)). Therefore, an appropriate bin
size is necessary.
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Curve 6, Recent Scenario

0 50 100 150
Distance [km]

-50

0

50

100

Ve
lo

ci
ty

 [m
/s

]

Bin Size: 18 m/s
Bin Size:   5 m/s

Figure 6.8.: The velocity distribution of Curve 6 with bin sizes of 5 m/s
(blue) and 18 m/s (red). At some locations the larger bin size distribution is
noisy while the smaller bin size is smooth (arrows). Also the larger bin size
increases the number of outliers (encircled).

There is a different best bin size for each mapping point depending on the
neighbouring point pairs and the location of the mapping point along the
curved ridge. However, choosing a different bin size for every mapping point
would result in variable errors and make the resulting velocities difficult to
compare. Therefore, a constant bin size was defined for the entire evaluation.
Three characteristic velocities of Vesta were used in order to investigate

the effect of the bin size: 18 m/s, 13 m/s and 5 m/s are 5% of the escape
velocity, 7.5% of the velocity a friction-free object would reach after sliding
down the Rheasilvia basin and 10% of the simulated expected velocity of
50 m/s (Section 3.1.7), respectively.

The velocities derived with these three bin sizes are similar. Considering all
mapping points, the average magnitude of the velocity is 26.6 m/s, 27.9 m/s
and 28.8 m/s for a bin size of 5 m/s, 13 m/s and 18 m/s, respectively.
However, when looking at the velocity profiles of a curved ridge evaluated
with different bin sizes (Figure 6.8), the velocity profiles are smoother when
using a bin size of 5 m/s (blue in Figure 6.8). There are also fewer outliers
at the 5 m/s bin size when compared to the larger bin sizes (encircled in
Figure 6.8). This indicates that the 5 m/s bin size is small enough to smooth
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Transient and Current Crater of Rheasilvia
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Figure 6.9.: The outlines of a symmetric transient crater (black, based on
models by Ivanov and Melosh [2013]), a simplified (without central peak)
representation of Rheasilvia (red) and the biaxial shape of Vesta (blue). The
angular velocity ~Ω and the mass motion velocity ~v with (black) and without
(blue) transient crater topography are sketched. β is the angle between the
equatorial plane and the direction of mass motion. The discrepancy between
the current shape and current Rheasilvia is small because Vesta’s spheroidal
shape was fitted to Vesta superimposed by the current Rheasilvia basin.
The component of the velocity relevant to the Coriolis force is parallel to
the equatorial plane. For illustrative reasons the southern hemisphere was
mirrored to the north.

the trend but is also large enough to minimise values escaping the trend. A
bin size of 5 m/s represents the most appropriate bin size and is therefore
used in the following analysis.

6.6. The Effect of Vesta’s Topography

Vesta’s ellipsoidal shape is highly modified by the Rheasilvia basin and
therefore it is necessary to investigate the effect of the basin’s topography on
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Projected Velocities

0 50 100 150 200 250
Distance [km]

0.7

0.8

0.9

1.0

1.1

Fr
ac

tio
n 

of
 V

el
oc

ity
 R

el
ev

an
t f

or
 C

or
io

lis
 F

or
ce

Vesta Ellipsoidal Shape

Transient Crater Topography
Current Crater Topography

Figure 6.10.: The fraction of velocity which is projected into the equatorial
plane as a function of the direct distance from the pole. The fractions of
biaxial Vesta (blue) and Vesta superimposed by the transient (black) and
current crater of Rheasilvia (red) are shown. This fraction is relevant for
the Coriolis force and is given by cos(β), where β is the angle between the
equatorial plane and the direction of mass motion (Figure 6.9). The Coriolis
relevant fractions of the transient and current crater topography differ from
the ellipsoidal shape by at most 15.8% and 4.9%, respectively.

the Coriolis force. As seen in Equation 3.13, the magnitude of the Coriolis
force FC is proportional to Ωv cos(β), where Ω and v are the magnitude of
the angular velocity and the mass motion velocity, respectively. β is the angle
between v and the equatorial plane and is dependent on the topographic
slope on which the mass motion occurred.
The transient crater of Rheasilvia describes the topography when the

modification stage began. It is therefore a reasonable approximation for the
topography on which the mass motion occurred. Subtracting the transient
crater calculated by Ivanov and Melosh [2013] (depth of 82 km, width of
264 km) from the biaxial shape of Vesta results in the shape illustrated in
black in Figure 6.9. In order to retain symmetry, the impact was considered
at the pole. Nevertheless, this has a negligible effect on the slope compared
to the uncertainty in the crater shape.
Only the velocity component parallel to the equatorial plane affects the
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6. The Coriolis Model

Coriolis force. Thus the fraction cos(β) of the magnitude of the velocity is
relevant for the Coriolis force. This fraction was calculated for the transient
and current crater topographies and for ellipsoidal Vesta (Figure 6.10). Near
the pole the components relevant for the Coriolis force derived from the three
shapes are similar, however, towards the rim of the craters, the differences
increase and reach maximums of 15.8% (transient crater topography) and 4.9%
(current crater topography) from the ellipsoidal shape of Vesta. Consequently
the velocities near the rim of Rheasilvia are not as reliable as velocities derived
near the centre.

6.7. Error Analysis

Sections 6.4 and 6.6 describe the current uncertainties in Vesta’s shape,
rotation and topography at the time when the Rheasilvia impact occurred.
This section will investigate the combined effect of these uncertainties on the
velocity.

The following error analysis is based on the prerequisite that the mapping
approach used does not introduce any spatial errors. This is reasonable
because the mapping was based on the geomorphologic interpretation of
surface features which may include techniques such as interpolation when
clearly justified (Section 6.2).
The velocity v of a mapping point is derived from the angular velocity Ω,

the geodetic latitude ϕgeodet and the inertial radius R of the mapping point
by applying Equation 3.26:

v = 2RΩ sin(ϕgeodet). (3.26)

The relative error of the angular velocity can be estimated by the difference
between the two values derived for the ancient and recent Vesta scenarios
(Section 6.4). They differ by 6.3%. The error in the latitude is roughly given
by the shift of the rotation axis of 3◦ (Section 6.4) and the relative error of
the inertial radius can be estimated by the projection uncertainty due to the
topography, of ∼15.8% (Section 6.6). Consequently the relative error of the
velocity is given by:

∆v
v

=

√√√√(∆R
R

)2

+
(

∆Ω
Ω

)2

+
(

∆ sin(ϕgeodet)
sin(ϕgeodet)

)2

=

√√√√(∆R
R

)2

+
(

∆Ω
Ω

)2

+
(

∆ϕgeodet

tan(ϕgeodet)

)2

. (6.1)
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6.8. Data Illustration

The latitude of the mapping points varies between 18.5◦ and 81.5◦, resulting
in relative errors of the velocity ranging between 17.0% and 23.1%.
Consequently, the major uncertainty of the velocities is introduced by

the unknown topography during the modification stage and the subsequent
distortion. Promisingly, the analysis of the velocities with respect to the slopes
of Rheasilvia will provide insight to the crater shape during the modification
stage (Chapter 8).

Nevertheless, the following comparative investigation of the velocity profiles
of the curved ridges (Chapter 7) is based on Vesta’s current biaxial ellipsoid
and rotation period without any additional topography. Therefore, the
derived velocities will not show any errors associated with uncertainties in
the shape model.

6.8. Data Illustration

As described in Section 6.2, there are a total of 32 curved ridges1 covering
the three regions within the Rheasilvia basin (Figure 6.2). These 32 curved
ridges were analysed using the method explained in Section 6.3 in order
to derive mass-wasting velocity profiles from the local radii of curvature
(Equation 3.26).

Two plots illustrating the calculated velocities were produced for each
curved ridge. In all plots, the x-axis represents the distance along the
mapping points starting at the point closest to the centre of Rheasilvia
at 301◦E and 75◦S on recent Vesta. The y-axes of the two types of plots
show either the velocity (velocity plots, e.g. Figure 6.11) and the topography
(topography plots, e.g. Figure 6.13). In the topography plots the velocities
are colour-coded with red labelling the highest, and black the lowest, speeds.
To reduce the effect of outliers on the colour-scales, all values exceeding the
three sigma interval around the mean velocity were clipped and neglected.
In the velocity plots (Figure 6.11), the beginning and end points of each

curved ridge exhibit scattering. This is because the mapping points near
the edges have only a few neighbouring point pairs and the histograms to
find the most commonly occurring velocities are sparsely filled. Because the
elements of all bins with the greatest number of members are averaged, the
average varies widely until a preferred bin becomes clearly apparent with
a high enough number of neighbouring point pairs. The number of values
needed before the average stabilises depends on the mapping and thus varies
for all curved ridges. For example, in Curves 10 (Figure 6.11(a)) and 13

1The curved ridges are named Curves 1–32 according to Figure 6.2.
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6. The Coriolis Model

Curve 10, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 10. Note the double trend around 80 km
from (blue loop).

Curve 13, Bin Size 5 m/s, Recent Scenario
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(b) Velocity plot Curve 13. Note the singularity at a change of sign
(dashed blue line) and the clustering of data points representing the
local curvature (green loop).

Figure 6.11.: Curves 10 (a) and 13 (b), illustrating features in the velocity
plots. The scattering near the edges of the plot is caused by small number of
neighbouring point pairs (red loops)
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6.8. Data Illustration

Histogram of Curve 10 at 125th Mapping Point
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Figure 6.12.: The histogram of the velocities of Mapping Point 125 of
Curve 10. Note the two peaks with similar heights at 20 m/s and 60 m/s.
The changing dominance of these peaks produces the double line around
80 km in Figure 6.11(a).

(Figure 6.11(b)) approximately the ten mapping points closest to Rheasilvia’s
centre fall into the scattering region (red ellipses in Figure 6.11). At the
other end of the curved ridge the scattering region is more clustered but also
contains roughly ten mapping points.
Another feature is visible in the middle of Curve 10 at around the 125th

mapping point, between 70 km and 90 km (Figure 6.11(a)). There are
higher and lower regions of values that follow separate trends (blue ellipse in
Figure 6.11(a)). This is caused by two commonly occurring velocities creating
two bins with a similar number of members (Figure 6.12). Depending on the
mapping point, one of the two bins has slightly more members and is thus
used to determine the velocity while the other bin is neglected. Therefore,
two trends develop - one for each bin. This feature illustrates that two
curvatures on two different length scales are present. It is not possible to
assign a definite velocity at this point, nevertheless this feature only occurs
in four plots (Curves 8, 10, 12 and 22) and is thus relatively rare.

Curve 13 (Figure 6.11(b)) exhibits another common feature in the velocity
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6. The Coriolis Model

plot: the large rise in velocities followed by a change in sign (blue dashed line
in Figure 6.11(b)). This singularity can be explained by a change in curvature.
At the point where the curvature transfers to the opposite direction, a saddle
point of locally infinite inertial radius is created which produces large velocities
and a subsequent flip of the sign.
When approaching a saddle point, the larger velocities scatter across the

histogram’s bins so that most bins have only one member. However, the
closest neighbouring point pairs (∼10 pairs) generate similar inertial radii of
the local morphology at the saddle point. Thus, the velocity corresponding
to the local morphology at the saddle point represents the most commonly
occurring velocity in the histogram which is represented as a cluster of points
in the velocity plot (green ellipse in Figure 6.11).
The major feature of the topography plots (Figure 6.13) is the presence

of impact craters (black arrows in Figure 6.13(a)). Impact craters formed
after the modification stage of Rheasilvia and therefore altered the surface
structures which resulted from the Rheasilvia event. This subsequent depo-
sition of impact ejecta, intra-crater mass wasting and the formation of the
crater cavity itself may have influenced the morphology of the curved ridges.
Consequently the velocity calculations are not reliable near impact craters.
For example, a change in sign of the velocity, as described previously, can
often be explained by subsequent impact craters that altered the surface after
the formation of the curved ridges.
Some curved ridges show mounds near the basin floor as evident in Fig-

ure 6.13(b). As the lowest point of Rheasilvia, the basin floor is characterized
by mass wasting and deposition due to gravity. The observed mounds in the
topography plots are commonly caused by depositions of material from a
direction non-parallel to the curved ridges near the basin floor. Here, the
derived velocities are not reliable, because the surface has been covered by
large volumes of mass wasting after the formation of the curved ridges.

6.9. Deriving Acceleration and Slope

The kinetic energy gained by a constantly accelerating object with mass m
from the initial velocity vi to the final velocity vf equals the work done under
the influence of the force ma along the travelled path ∆d:

ma∆d = 1
2mvf

2 − 1
2mvi

2. (6.2)
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Curve 2, Bin Size 5 m/s, Recent Scenario
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(a) Topography plot Curve 2. Two impact craters are located near
30 km and 65 km (black arrows).

Curve 8, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 8. Around 75 km, at the foot of the
central peak, a mound of non-parallel deposited material is evident.

Figure 6.13.: Curves 2 (a) and 8 (b), illustrating features in the topographic
plots.
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Curve 17 Squared Velocity Plot
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Figure 6.14.: Squared velocity plot of Curve 17. The blue mapping points
are values derived from negative velocities. The red line fitted to the data is
the least squares fit of the constantly accelerating section. The gradient of
this line equals 2a. Additionally the distance travelled ∆d, the initial velocity
vi and final velocity vf are labelled. The motion is from right to left towards
smaller distances.

Rearranging yields the acceleration a:

a = vf
2 − vi

2

2∆d (6.3)

or
vf

2 = 2a∆d+ vi
2. (6.4)

Thus, the acceleration (deceleration is negative acceleration) can be de-
termined from a linear trend when plotting the squared velocity over the
travelled distance (squared velocity plot, Figure 6.14). The gradient of the
linear trend in such a plot equals 2a.
The acceleration was extracted from the data by applying a linear least

squares fit2 to the accelerating sections within the squared velocity plots
2The IDL function LINFIT used here is based on the methods described in Press et al.
[1992].
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(Appendix B.3). The fit produces the intercept and gradient, as well as their
errors. The error of the intercept is the error in v2

i , the error of the gradient
((v2

f − v2
i )/∆d) divided by 2 is the error in the acceleration.

Additionally sections of constant velocity (a = 0) were identified in the
velocity plots. The constant velocity of a section was determined by averaging
the values contributing to the section. The standard deviation of these values
was used as the error of the constant velocity.

Furthermore the slope is of interest when analysing the dynamic properties
of mass wasting (Section 7.4). Thus, the geologically predominant slope was
determined from the topographic data (e.g. Figure 7.3(b)). If topographic
alterations due to, for example, impact cratering or mass wasting occurred, the
predominant slope was interpolated across these features (e.g. Figure 7.4(b)).
This slope was used for subsequent calculations (Section 7.4). For example in
Curve 2 (Figure 6.13(a)), the predominant slope neglects the impact craters,
resulting in a slope of 7.5◦.
The statistical error related to the slope is not representative of the un-

certainty introduced by geologic processes. Instead, the statistics illustrate
the variation of the current slope as measured with the DTM. Therefore, the
error of the slope is open to geologic interpretation and cannot be expressed
as a physical error.
Chapter 7 presents the measurements of sections of constant acceleration

and velocity and the slopes on which they are. A velocity trend was considered
reliable if at least ten mapping points followed it and if it was at least 5 km
long.
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Figure 7.1.: The velocity distribution of the 32 curved ridges on a stereo-
graphic topographic map of Vesta’s southern hemisphere. The individual
mapping points of the curved ridges are colour-coded according to their
velocity with red indicating high, and dark purple low, values. The colour bar
is linear and the overall blue and green tone of the curved ridges illustrates
that most mapping points fall in velocity range between approximately 0
and 100 m/s. However, some sections show higher (yellow to red colour) or
negative velocities (blue to purple colour).

7. Results

The following sections present the velocities (Equation 3.26), dynamics and
derived material properties of the curved ridges within the Rheasilvia basin.
The evaluation was based on Vesta’s recent shape and the bin size was set
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to 5 m/s. Differences found when applying ancient Vesta’s shape and when
changing the bin size are discussed in Sections 6.4 and 6.5, respectively. The
plots and statistics of all curved ridges are included in Appendix B.

As a graphical summary, Figure 7.1 shows the distribution of the velocities
along all 32 curved ridges within the Rheasilvia basin. The colour shows the
velocity with red representing high, and dark purple low, values. The average
magnitude of the velocity is 26.9 ± 24.1 m/s. When neglecting velocities
derived from curvatures which cannot be created by the Coriolis force, the
average curved ridge velocity is given by 29.6 ± 24.6 m/s. The large scatter in
the values indicates significant spatial variation of the mass-wasting velocities,
induced by external and internal forces.

The uneven distribution of velocities along some curved ridges (e.g. Curve 2)
may be produced by alterations of the surface after the formation of the curved
ridges by, for instance, mass wasting or impact cratering (cf. Figure 6.13).
Variable curvatures on different length scales also result in a range of velocities
(Equation 3.26) which, when distributed in the histogram used to find the
most commonly occurring velocity (cf. Figure 6.12), may produce an apparent
abrupt change in velocity along a curved ridge (Section 6.8).

In certain sections, the mass motion causing the curved ridges is undergoing
phases of acceleration and deceleration towards the Rheasilvia floor. These
are evident as the gradual change in colour in Figure 7.1. On the crater wall,
a change from blue to green indicates an acceleration, whilst a change from
green to blue means a deceleration, towards the basin floor.

An acceleration may be caused by the resultant gravitational force on a
moving mass, whereas internal and basal friction may decelerate moving
masses. Deceleration can also occur as a consequence of the topography
changing to flatter slopes which reduces the gravity component along the
mass motion direction. A constant velocity is reached when gravitational and
frictional accelerations cancel resulting in force-free movement. Sections 8.1,
8.2 and 8.3 will discuss how these processes relate to the crater formation
process.

Dynamic trends are evident in all three geologically distinct regions de-
scribed in Section 6.2 and will therefore be presented separately in further
detail in the following sections. Section 8.5 will discuss how the properties of
the three regions relate to each other.
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7.1. Region 1: 270◦E to 360◦E

Figure 7.2.: The velocity distribution of the curved ridges in Region 1
on a stereographic topographic map of Vesta’s southern hemisphere. The
individual mapping points of the curved ridges are colour-coded according to
their velocity with red indicating high, and dark purple low, values while the
colour bar is linear. The average positive velocity of the illustrated mapping
points is 31.2 ± 26.8 m/s.

7.1. Region 1: 270◦E to 360◦E

Figure 7.2 shows the curved ridges (Curves 1–16)1 of Region 1 on a topographic
map of Vesta’s southern hemisphere. The gradual change in colour along the
curved ridges represents accelerating (blue to green) and decelerating (green
to blue) motion towards the Rheasilvia floor. For example, the blue to green
to red colour change, towards the Rheasilvia floor, of Curve 11 indicates a
velocity increase.

The average velocity of the curved ridges in Region 1 is 16.6 ± 33.9 m/s

1The curved ridges are named Curves 1–32 according to Figure 6.2.
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(Table B.4). Neglecting negative velocities, which cannot be created by the
Coriolis force but are likely to be an effect of later alteration such as impact
cratering or mass wasting, the average velocity is 31.2 ± 26.8 m/s (Table B.4).
These values are discussed in Section 8.1. The large scatter in the velocities,
represented by the large error, is caused by the velocity changes along the
curved ridges.
Three different smooth velocity trends, indicating sections of constant

acceleration (Curves 1, 5, 6, 8–13, 15 and 16, e.g. Figure 7.3), of constant
deceleration (Curves 3–9 and 13–15, e.g. Figure 7.4) and of constant velocity
(Curves 4, 6, 7, and 10, e.g. Figure 7.5) are observed in Region 1. Some
curved ridges show multiple smooth trending sections at different locations
along the curved ridge (Curves 4–9, 12, 13, 15 and 16). This must mean the
material properties or topographic conditions are changing along the curved
ridges (Section 7.4). Curve 2 does not show any smooth trends.
In the following the constantly accelerating and decelerating sections and

the sections of constant velocity are shown in detail. The velocity and
topography plots of the curved ridges are presented in Appendix B.1 and the
velocity statistics of each curved ridge in Region 1 are listed in Table B.1
in Appendix B.2. The graphs illustrating the measurements in the squared
velocity plots and topography plots are in Appendix B.3.

7.1.1. Accelerating Velocity Sections

Curve 1 illustrates an example of a constantly accelerating curved ridge
(Figure 7.3). From roughly 23 km to 30 km along the curved ridge the square
of the velocity increases linearly. The velocity increase from ∼10 m/s to
∼26 m/s equates to an apparent acceleration of ∼0.04 m/s2 when applying
Equation 6.3.
Table 7.1 lists the measured values for the initial velocity vi, the final

velocity vf , the travelled distance ∆d and the corresponding acceleration a.
For orientation, the approximate position from Rheasilvia’s centre at which
the measurement was taken P , is added. Furthermore, the predominant slope
α, derived from the topography plot, is included. The method for deriving
the acceleration and slope are described in Section 6.9.

The predominant slope was used to calculate the acceleration of a friction-
free object sliding down this slope on Vesta. With Vesta’s gravity gV, this
acceleration is given by gV sin(α) and represents the maximum acceleration
reachable on the current slope. The last column in Table 7.1 shows the ratio
of the acceleration of the sliding friction-free object and the acceleration
determined with the squared velocity plot. If the ratio is below one, the

90
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Curve 1 Squared Velocity Plot
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(a) Squared velocity plot Curve 1.

Curve 1, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 1.

Figure 7.3.: Curve 1, with an accelerating section between 22 km and 30 km.
The mass motion occurred from right to left. (a) The blue points correspond
to negative velocities and the accelerating trend is fit by the red line. (b)
The predominant slope is sketched (black line) and the dashed lines mark
where the measurement was taken.
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Table 7.1.: Measurement parameters and derived values for the accelerating
sections, from the squared velocity and topography plots in Region 1 (Ap-
pendix B.3). The superscript IC denotes the presence of an impact crater at
the measurement location. The measurements in bold are reliable (see text)
and were used to derive the material properties in Section 7.4.
Curve vi vf ∆d P α a gV sin(α) a

gV sin(α)
[m/s] [m/s] [km] [km] [◦] [·10−3

m/s2]
[·10−3

m/s2]
1 10.0 26.5 6.8 147 12.5 44.2 54.3 0.82

±4.0 ±6.5 ±0.12
5IC 19.1 57.8 7.0 146 1.8 211.6 7.7 27.41

±21.7 ±0.9 ±4.32
5 10.0 22.6 9.3 155 0.9 22.1 3.9 5.73

±3.5 ±0.5 ±1.13
6 37.7 41.6 11.8 192 7.0 13.2 30.4 0.43

±3.9 ±3.6 ±0.14
8 39.2 52.0 37.7 166 2.7 15.4 11.8 1.31

±1.7 ±1.4 ±0.21
9 19.5 37.9 5.4 192 1.1 97.8 4.9 19.86

±11.3 ±0.6 ±3.30
10 46.9 56.3 11.4 182 9.2 42.7 4.2 1.06

±5.6 ±0.5 ±0.19
11IC 101.5 173.5 21.4 174 4.0 462.6 17.5 26.50

±22.7 ±2.1 ±3.43
11 43.9 97.7 21.6 207 8.7 176.3 37.9 4.65

±20.4 ±4.6 ±0.77
12IC 39.2 102.4 5.0 160 1.9 891.6 8.3 106.92

±83.3 ±1.0 ±16.26
12 5.7 24.6 5.5 173 1.2 51.6 5.1 10.04

±4.0 ±0.6 ±1.44
13 2.8 18.0 14.9 198 11.2 10.5 48.5 0.22

±0.9 ±5.8 ±0.03
15 20.8 24.0 5.0 174 4.3 14.5 18.8 0.77

±5.5 ±2.3 ±0.31

continues on page 93

92



7.1. Region 1: 270◦E to 360◦E

Table 7.1 continued

16 20.4 64.5 12.2 175 12.3 152.8 53.1 2.88
±16.4 ±6.4 ±0.46

16 11.4 29.4 12.4 228 0.9 29.5 3.9 7.55
±2.6 ±0.5 ±1.12

measured acceleration is smaller than the friction-free sliding acceleration
and physically possible on the current slope.

The relative errors of gV and gV sin(α) are equivalent (12% [Ermakov et al.,
2014]) and the relative error of a

gV sin(α) is given by
√

(∆a
a

)2 + (∆gV
gV

)2 following
standard error propagation, where ∆ indicates the absolute error.
All calculated accelerations but two (derived from Curves 11 and 12) are

below the gravitational acceleration of Vesta (0.25 ± 0.03 m/s2). The impos-
sibly large accelerations of Curves 11 and 12 can be explained by the presence
of impact craters where the measurement was taken (cf. Figure 6.13(a)).
The impacts have probably deformed the original structure of the curved
ridges. Additionally, Curve 5 has a relatively large acceleration of ∼85% of
Vesta’s gravity. Again the topography plot shows an impact crater where
the measurement was taken. Consequently, the accelerations derived from
Curves 5, 11 and 12 are not reliable.

The remaining measurements produce accelerations below ∼71% of Vesta’s
gravity, which would be expected for masses moving under the influence of
gravity.
The accelerations derived from Curves 1, 6, 13 and 15 are less than for a

friction-free sliding object (Table 7.1). They are 82% ± 12%, 43% ± 14%,
22% ± 3% and 77% ± 31% of the maximum friction-free sliding acceleration,
respectively. These accelerations indicate that gravity was able to induce, or
continue, the mass motion on the current slope. The average of all positive
velocities associated with Curves 1, 6, 13 and 15 is given by 22.1 ± 15.5 m/s
and the maximum of all values does not exceed 99.3 m/s.

Nevertheless, in the remaining eight measurements not effected by impact
cratering (Curves 5, 8–12, and 16), the calculated accelerations exceed those
which would be reached by an object when sliding frictionless down the
present slope (Table 7.1). It is therefore impossible that the slopes on which
these accelerations appear are the slopes on which the masses moved. The
acceleration of Curve 10 is however, only slightly larger than the acceleration
of a friction-free sliding object and may be below the friction-free sliding
acceleration within the measuring error.
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7. Results

The velocities associated with Curves 5, 8–12 and 16 are generally larger
compared to those with accelerations below the friction-free sliding accel-
eration (Curves 1, 6, 13 and 15). Their average positive velocity is 34.1
± 27.1 m/s and the maximum value is 177.1 m/s.

7.1.2. Decelerating Velocity Sections

Curves 3–9 and 13–15 show constantly decelerating trends along sections of
the curved ridges. Figure 7.4 shows the squared velocity and topography plots
of Curve 6 as an example. From roughly 40 km to 85 km along the curved
ridge the velocity drops linearly from ∼39 m/s to ∼13 m/s in the squared
velocity plot. This equates to a deceleration of ∼-0.015 m/s2 (Equation 6.3).
Table 7.2 shows the corresponding measurements from the remaining fourteen
curved ridges based on the procedure described in Section 6.9.
Curve 8 exhibits a topographic mound near the basin floor where the

deceleration was measured. This mound is indicative of subsequent mass
wasting, non-parallel to the curved ridge (cf. Figure 6.13(b)). Curve 9
shows two sections of deceleration at an impact crater (cf. Figure 6.13(a)).
Both processes probably have altered the original structure and hence the
measurements are not reliable at these locations.

Generally, the mean positive velocities of the curved ridges with decelerating
trends, with the exception of Curves 8 and 9, is 26.3 ± 18.9 m/s with
an individual maximum of 123.8 m/s. The deceleration ranges between
-(14.8 ± 1.3)·10−3 m/s2 and -(181.0 ± 11.8)·10−3 m/s2 (Table 7.2).

With the exception of Curves 8 and 9, all curved ridges show a step in the
topographic slope where the decelerating section begins. In the topography
plots, this appears as accumulated material on top of the predominant slope
(Figure 7.4(b)).

7.1.3. Constant Velocity Sections

Curve 7 is an example of a curved ridge with a constant velocity section.
Figure 7.5 shows that between roughly 24 km and 44 km from Rheasilvia’s
centre the velocity is ∼23 m/s. Comparing this section with the topography
plot, it becomes clear that the constant velocity is associated with a plateau
(Figure 7.5(b)). Shortly before reaching the plateau, a decelerating trend is
evident in the velocity plot (Figure 7(a)).

Table 7.3 lists the measured values for all four curved ridges with constant
velocity sections in Region 1. The constant velocities of Curves 4, 6, 7 and 10
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7.1. Region 1: 270◦E to 360◦E

Curve 6 Squared Velocity Plot
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(a) Squared velocity plot Curve 6.

Curve 6, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 6.

Figure 7.4.: Curve 6, with a decelerating profile between 40 km and 87 km.
The mass motion occurred from right to left. (a) The blue points correspond
to negative velocities and the fit to the decelerating trend is illustrated by
the red line. (b) A deposit (grey area) accumulated by the deceleration of
material wasting on top of the predominant slope (black line). The dashed
lines mark where the deceleration was measured. Similar depositional features
are observed in Curves 3–7, 9, 13–15, 22 and 26.
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7. Results

Table 7.2.: Measurement parameters and derived values for the decelerat-
ing sections, from the squared velocity and topography plots in Region 1
(Appendix B.3). The superscripts MW and IC indicate subsequent mass
wasting and the presence of impact craters at the measurement location,
respectively. The measurements in bold are reliable (see text) and were used
to derive the material properties in Section 7.4.

Curve vi vf ∆d P α a

[m/s] [m/s] [km] [km] [◦] [·10−3

m/s2]
3 58.7 35.4 29.1 176 7.7 -37.5

±3.8
4 52.4 35.7 17.3 188 5.9 -42.5

±3.3
5 54.1 27.7 14.3 174 12.2 -75.6

±6.0
6 38.9 13.0 45.5 171 7.5 -14.8

±1.3
6 56.6 37.5 10.3 198 10.7 -88.0

±15.6
7 36.8 24.9 6.1 175 3.3 -60.0

±7.5
7 74.6 44.9 9.8 183 5.0 -181.0

±11.8
8MW 52.4 35.7 15.5 135 3.1 -72.7

±6.8
9IC 15.8 8.8 8.8 158 2.0 -9.8

±2.6
9IC 39.8 17.7 10.9 165 2.0 -58.1

±4.6
9 65.6 50.7 8.7 181 3.9 -100.0

±6.3
13 24.5 3.4 15.7 138 4.1 -18.8

±1.9
14 24.4 7.7 5.5 134 5.7 -48.6

±6.7
15 27.9 10.1 9.0 123 3.9 -37.7

±3.3
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7.1. Region 1: 270◦E to 360◦E

Curve 7, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 7.

Curve 7, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 7.

Figure 7.5.: Curve 7, with an constant profile between 24 km and 44 km.
The mass motion occurred from right to left. (a) The red line represents
the fit to the constant velocity section. (b) A deposit (grey area) covers
the predminant slope (black line) forming a plateau. The dashed lines mark
where the constant velocity was measured. A plateau is also observed for
Curves 20 and 24.
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7. Results

Table 7.3.: Measurement parameters for the constant velocity sections,
from the velocity and topography plots in Region 1 (Appendix B.1). The
measurements are reliable (see text) and were used to derive the material
properties in Section 7.4.

Curve v ∆d P α

[m/s] [km] [km] [◦]
4 28.0

±1.8
25.4 166 5.5

6 39.5
±1.6

24.7 190 7.4

7 23.1
±1.6

19.8 166 3.7

10 11.4
±1.4

26.2 222 1.2

range between 11.4 ± 1.4 m/s and 39.5 ± 1.6 m/s (Table 7.3). The average
of all positive velocities of the curved ridges is 33.2 ± 23.2 m/s.

7.2. Region 2: The Rheasilvia and Veneneia Intersection

Eleven curved ridges (Curves 17–27) cover the area where Rheasilvia and
Veneneia intersect. Figure 7.6 shows the curved ridges of Region 2 on
a topographic map of Vesta’s southern hemisphere. The derived average
velocity is 12.6 ± 33.9 m/s (Table B.4). Neglecting negative velocities, which
indicate an uphill motion away from the pole and thus are not physically
explicable by the Coriolis Effect, the average velocity is 31.0 ± 25.3 m/s
(Table B.4). These values are discussed in Section 8.2.

As with Region 1, the relatively large fluctuation in velocity can partly
be explained by dynamic trends, including sections of constant acceleration
(Curves 17, 19, 22, 24 and 25), constant deceleration (Curves 22, 24 and 26)
and constant velocity (Curves 20 and 24). Figure 7.6 illustrates these sections
by the gradual change and preservation of colour along the curved ridges.

Note that Curves 18, 21, 23 and 27 changed too randomly to allow smooth
trends to be detected. Additionally, Curve 23 shows an increase in elevation
towards Rheasilvia’s centre, indicating that the curved ridge is located in an
area of irregular topography.
The velocity and topography plots of the curved ridges are shown in
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7.2. Region 2: The Rheasilvia and Veneneia Intersection

Figure 7.6.: The velocity distribution of the curved ridges in Region 2
on a stereographic topographic map of Vesta’s southern hemisphere. The
individual mapping points of the curved ridges are colour-coded according to
their velocity with red indicating high, and dark purple low, values while the
colour bar is linear. The average positive velocity of the illustrated mapping
points is 31.0 ± 25.3 m/s.

Appendix B.1 and Table B.2 in Appendix B.2 lists the velocities of each
curved ridge in Region 2. The graphs illustrating the measurements used in
the squared velocity plots and topography plots are in Appendix B.3.

7.2.1. Accelerating Velocity Sections

There are six sections of accelerating velocities along curved ridges within
Region 2 (Table 7.4). All accelerations are below the gravitational acceleration
of Vesta with the maximum value being 41% of Vesta’s gravity. Although these
values agree with gravitationally accelerated mass motions on Vesta, only one
acceleration (Curve 25) is lower than the maximum reachable acceleration of
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7. Results

Table 7.4.: Measurement parameters and derived values for the accelerat-
ing sections, from the squared velocity and topography plots in Region 2
(Appendix B.3). The superscript IC denotes an impact crater at the mea-
surement location. The measurement in bold is reliable (see text) and was
used to derive the material properties in Section 7.4.
Curve vi vf ∆d P α a gV sin(α) a

gV sin(α)
[m/s] [m/s] [km] [km] [◦] [·10−3

m/s2]
[·10−3

m/s2]
17IC 8.0 40.4 11.7 139 -3.7 67.2 -16.3 -4.11

±3.0 ±2.0 ±0.53
19 6.6 29.7 5.4 200 13.8 78.5 59.6 1.32

±16.1 ±7.1 ±0.31
22 34.4 60.7 17.4 153 9.7 71.7 42.2 1.70

±5.4 ±5.1 ±0.24
24 18.1 42.2 7.0 161 11.0 103.7 47.6 2.18

±8.5 ±5.7 ±0.32
24IC 24.3 32.0 10.1 174 1.4 21.4 6.2 3.43

±3.5 ±0.7 ±0.70
25 6.9 25.0 26.9 206 14.2 10.8 61.3 0.18

±1.1 ±7.4 ±0.03

a friction-free sliding object on the current slope (gV sin(α)).
Curve 25 exhibits an accelerations of 18% ± 3% of the friction-free sliding

acceleration on the current slope (10.8·10−3 m/s2, Table 7.4). The average
positive velocity is 22.8 ± 15.4 m/s with a maximum individual value of
79.3 m/s.

The accelerating section of Curve 17 (139 km from Rheasilvia’s centre) and
the second accelerating section of Curve 24 (174 km from Rheasilvia’s centre)
coincide with impact craters which are likely to have altered the topography
and influenced the measurements (cf. Figure 6.13(a)). In the case of Curve 17,
the impact crater has changed the local slope to a negative value. In other
words the elevation locally increases towards the basin floor.

The remaining accelerating sections of Curves 19 and 22, as well as the first
accelerating section of Curve 24, have accelerations above the friction-free
sliding acceleration on the current slope (Table 7.4). Their average positive
velocity of 37.8 ± 27.3 m/s and the maximum individual value of 146.1 m/s
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7.2. Region 2: The Rheasilvia and Veneneia Intersection

Table 7.5.: Measurement parameters and derived values for the decelerat-
ing sections, from the squared velocity and topography plots in Region 2
(Appendix B.3). The superscript IC denotes an impact crater at the mea-
surement location. The measurements in bold are reliable (see text) and were
used to derive the material properties in Section 7.4.

Curve vi vf ∆d P α a

[m/s] [m/s] [km] [km] [◦] [·10−3

m/s2]
22 62.6 23.9 29.0 193 7.7 -57.7

±1.9
24IC 44.5 27.5 9.5 182 1.4 -64.4

±5.2
26 53.5 29.4 8.5 152 8.3 -118.1

±10.2

are relatively large compared to those of Curve 25.

7.2.2. Decelerating Velocity Sections

Curves 22, 24 and 26 have sections of constantly decelerating mass motions.
From the topography plot, Curve 24 has an impact crater at the location

of the deceleration (cf. Figure 6.13(a)), which possibly had an effect on the
observed curvature.

Curves 22 and 26 have decelerations of -(57.7 ± 1.9)·10−3 m/s2 and -(118.1
± 10.2)·10−3 m/s2, respectively (Table 7.5). As with Curve 6 in Section 7.1.2,
the sections of deceleration are accompanied by a pile of material settled
on top of the predominant slope (cf. Figure 7.4(b)). The average positive
velocity of Curves 22 and 26 is 37.5 ± 25.3 m/s with a maximum individual
value of 130.3 m/s (Table B.2).

7.2.3. Constant Velocity Sections

Curves 20 and 24 have sections of constant velocities of 22.5 ± 1.5 m/s and
45.8 ± 3.9 m/s, respectively. The average positive velocity of both curved
ridges together is 29.6 ± 18.7 m/s and the maximum individual value is
105.5 m/s.

The topography plots show that the constant velocity sections of Curves 20
and 24 are located on plateaus similar to the case of Curve 7 (Figure 7.5(b)).
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7. Results

Table 7.6.: Measurement parameters for the constant velocity sections,
from the velocity and topography plots in Region 2 (Appendix B.1). The
measurements are reliable (see text) and were used to derive the material
properties in Section 7.4.

Curve v ∆d P α

[m/s] [km] [km] [◦]
20 22.5

±1.5
15.0 176 7.4

24 45.8
±3.9

12.4 191 3.9

A deceleration is evident in the velocity plots (Figures 20(a) and 24(a)) for
both curved ridges prior to the constant velocity section.

7.3. Region 3: The Central Peak

Curves 28–32 cover the central peak region (Figure 7.7). These ridges curve
in the opposite direction compared to Regions 1 and 2 as a result from moving
away from the centre of Rheasilvia down the central peak, if the Coriolis force
affected mass wasting here. Thus, their velocities are negative in the used
system (Table B.3) and of blue to green colour in Figure 7.7. The average
velocity is -7.3 ± 23.4 m/s, and neglecting positive velocities which cannot be
generated by the Coriolis force here, the average velocity is -21.6 ± 16.2 m/s
(Table B.4). These values are discussed in Section 8.3.

Curves 29 and 31 posses constantly accelerating sections and Curve 30 has
a section of constant velocity. Curves 28 and 32 do not have any identifiable
smooth trends. None of the curved ridges in Region 3 shows a constantly
decelerating trend which might be due to the small number of curved ridges
in this region.
Note that an increase in a negative velocity in the direction away from

Rheasilvia’s centre results in a positive acceleration. In other words, in
analogy to Regions 1 and 2, the acceleration in the direction of gravity
(downhill) is positive.

The velocity and topography plots of the curved ridges are presented in
Appendix B.1 and Table B.3 in Appendix B.2 lists the velocities derived for
each curved ridge in Region 3. The squared velocity and topography plots
illustrating the measurements of the constantly accelerating sections are in
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7.3. Region 3: The Central Peak

Figure 7.7.: The velocity distribution of the curved ridges in Region 3
on a stereographic topographic map of Vesta’s southern hemisphere. The
individual mapping points of the curved ridges are colour-coded according to
their velocity with red indicating high, and dark purple low, values while the
colour bar is linear. The average negative velocity of the illustrated mapping
points is -25.9 ± 28.4 m/s.

Appendix B.3.

7.3.1. Accelerating Velocity Sections

The sections of constant acceleration of Curves 29 and 31 are below Vesta’s
gravity of 0.25 ± 0.03 m/s2 (Table 7.7). However, the section of constant
acceleration of Curve 29 coincides with a mound of non-parallel mass-wasting
deposits near the Rheasilvia floor which probably altered the original struc-
ture (cf. Figure 6.13(b)). The acceleration of Curve 31 is 4.8% of Vesta’s
gravitational acceleration and 57% ± 9% of the friction-free sliding accelera-
tion on the current slope. Thus, acceleration due to gravity is plausible. The
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7. Results

Table 7.7.: Measurement parameters and derived values for the accelerating
sections, from the squared velocity and topography plots in Region 3 (Ap-
pendix B.3). The superscript MW denotes subsequent mass wasting at the
measurement location. The measurement in bold is reliable (see text) and
was used to derive the material properties in Section 7.4.
Curve vi vf ∆d P α a gV sin(α) a

gV sin(α)
[m/s] [m/s] [km] [km] [◦] [·10−3

m/s2]
[·10−3

m/s2]
29MW 6.5 17.4 8.5 87 3.1 15.3 13.5 1.13

±2.1 ±1.6 ±0.21
31 19.7 30.0 21.2 25 4.8 12.0 20.9 0.57

±1.3 ±2.5 ±0.09

Table 7.8.: Measurement parameters for the constant velocity sections,
from the velocity and topography plots in Region 3 (Appendix B.1). The
measurement is reliable (see text) and was to derive the material properties
in Section 7.4.

Curve v ∆d P α

[m/s] [km] [km] [◦]
30 -8.9

±1.2
8.0 83 4.4

average negative velocity of Curve 31 is -26.6 ± 15.6 m/s with a maximum
individual negative value of -91.2 m/s (Table B.3).

7.3.2. Constant Velocity Sections

Curve 30 has an average negative velocity of -14.9 ± 12.4 m/s with a minimum
individual value of -53.3 m/s and has a section at a constant velocity of -8.9
± 1.2 m/s (Table 7.8) at roughly 83 km from Rheasilvia’s centre. Furthermore,
the section of constant velocity coincides with a plateau in the slope (cf.
Figure 7.5(b)). A relatively constant decrease in velocity shortly before
reaching the plateau is evident in the velocity plot, however the section is
too short to be listed as a constantly decelerating section.
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7.4. Material Properties

7.4. Material Properties

7.4.1. Viscosity

As described in Section 3.1.3, acoustically fluidised material with high acoustic
energy densities can be described by a Newtonian fluid, with an effective
viscosity. The mass wasting of the Rheasilvia modification stage can be ex-
plained by such an acoustically fluidised motion (Section 3.1.7). Consequently
the constant velocity sections identified earlier can be used to calculate the
effective viscosity ηeff using Equation 3.6:

ηeff = gVρ sin(α)d2

3v . (3.6)

The thickness d of the flow was estimated to be 2.5 ± 1.0 km, corresponding
to the approximate curved ridge height as described in Section 5.2. The
curved ridges are representative of the curved structure produced during the
Rheasilvia modification stage and the curved ridge height is therefore an
appropriate measure of the vertical length scale of the mass motion. The
density ρ was assumed to be 2000 ± 1000 kg/m3, as suggested by Collins
and Melosh [2003] and Iverson [1997]. The error of the viscosity propagates
as follows:

∆ηeff = ηeff

√√√√(∆gV

gV

)2

+
(

∆ρ
ρ

)2

+ 2
(

∆d
d

)2

+
(

∆v
v

)2

, (7.1)

where ∆ indicates the absolute error of a value. The relative error on Vesta’s
gravity is 12% [Ermakov et al., 2014]. There was no error assumed on the
slope, as this is open to geologic interpretation and cannot be expressed as a
statistical error (Section 6.9).
Table 7.9 lists the effective viscosities derived from the seven reliable

sections of constant velocity in the three regions (Sections 7.1.3, 7.2.3 and
7.3.2). The viscosity ranges between 1.5·106 Pa·s and 9.0·106 Pa·s, with the
largest value found in Region 3. The average viscosities of Regions 1 and
2 are (3.0 ± 0.8)·106 Pa·s and (3.8 ± 3.2)·106 Pa·s, respectively. Region 3
possesses only one reliable measurement ((9.0 ± 7.0)·106 Pa·s). Section 8.4
discusses these values with respect to expected values and the geologic region
they occur in.

7.4.2. Coefficient of Friction

Alternatively, the mass wasting can be visualized as a body of debris sliding
down the crater wall and central peak as described in Section 3.1.3 and
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7. Results

Table 7.9.: Measurement parameters, viscosities and coefficients of friction
derived from constant velocity sections.
Curve Region v ∆d P α ηeff µeff

[m/s] [km] [km] [◦] [·106 Pa·s]
4 1 28.0 25.4 166 5.5 3.6 0.096

±1.8 ±2.7
6 1 39.5 24.7 190 7.4 3.4 0.130

±1.6 ±2.6
7 1 23.1 19.8 166 3.7 2.9 0.065

±1.6 ±2.2
10 1 11.4 26.2 222 1.2 1.9 0.021

±1.4 ±1.5
20 2 22.5 15.0 176 7.4 6.0 0.130

±1.5 ±4.6
24 2 45.8 12.4 191 3.9 1.5 0.068

±3.9 ±1.2
30 3 (-)8.9 8.0 83 4.4 9.0 0.077

±1.2 ±7.0

Equation 3.7:

µeff = aFR

gV cos(α) = aFF − a
gV cos(α) = gV sin(α)− a

gV cos(α) . (3.7)

Only the measured acceleration a and gravity gV (0.25 ± 0.03 m/s2) introduce
errors into the calculation. Following standard error propagation the absolute
error of µeff can be calculated by:

∆µeff = a

gV cos(α)

√√√√(∆gV

gV

)2

+
(

∆a
a

)2

, (7.2)

where ∆ indicates absolute errors.
Tables 7.10 and 7.11 list the coefficients of friction of the previously de-

scribed reliable accelerating and decelerating curved ridge sections (Sec-
tions 7.1.1, 7.1.2, 7.2.1, 7.2.2 and 7.3.1). The coefficients of friction are also
derived from the sections of constant velocity (Sections 7.1.3, 7.2.3 and 7.3.2).
Here, the apparent acceleration is zero and consequently the friction-free
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Table 7.10.: Measurement parameters and coefficients of friction derived
from accelerating sections.

Curve Region P α a µeff

[km] [◦] [·10−3

m/s2]
1 1 147 12.5 44.2 0.041

±4.0 ±0.027
6 1 192 7.0 13.2 0.070

±3.9 ±0.017
13 1 198 11.2 10.5 0.155

±0.9 ±0.006
15 1 174 4.3 14.5 0.017

±5.5 ±0.023
25 2 206 14.2 10.8 0.208

±1.1 ±0.007
31 3 25 4.8 12.0 0.036

±1.3 ±0.008

sliding acceleration and acceleration due to friction have the same magnitude.
In other words, µeff = tan(α) (Table 7.9) and no error is introduced.

The coefficients of friction derived from the constantly accelerating, decel-
erating and constant velocity sections vary between 0.017 and 0.814. The
highest coefficients of friction are observed for the constantly decelerating
sections 0.369 ± 0.192. The constantly accelerating sections and sections of
constant velocity have similar average coefficients of friction of 0.088 ± 0.076
and 0.084 ± 0.039, respectively. Nevertheless, the values are in agreement
within their errors.

Considering the regions separately, Regions 1 and 2 have similar average
coefficients of friction of 0.250 ± 0.208 and 0.279 ± 0.222, respectively.
Region 3 has an average coefficient of friction of 0.082 ± 0.048. Although
these values agree within their errors, the total number of measurements
varies significantly between the regions (twenty, five and two measurements
in Regions 1, 2 and 3, respectively) and hence this comparison needs to be
considered with caution.
Section 8.4 discusses the measured coefficients of friction with respect to

values which may be expected, the trends from which they are derived and
the geologic region in which they occur.
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7. Results

Table 7.11.: Measurement parameters and coefficients of friction derived
from decelerating sections.

Curve Region P α a µeff

[km] [◦] [·10−3

m/s2]
3 1 176 7.7 -37.5

±3.8
0.287
±0.024

4 1 188 5.9 -42.5
±3.3

0.274
±0.024

5 1 174 12.2 -75.6
±6.0

0.526
±0.045

6 1 171 7.5 -14.8
±1.3

0.191
±0.009

6 1 198 10.7 -88.0
±15.6

0.547
±0.077

7 1 175 3.3 -60.0
±7.5

0.298
±0.042

7 1 183 5.0 -181.0
±11.8

0.814
±0.099

8 1 135 3.1 -71.7
±6.8

0.341
±0.044

9 1 181 3.9 -100.0
±6.3

0.469
±0.054

13 1 138 4.1 -18.8
±1.9

0.147
±0.012

14 1 134 5.7 -48.6
±6.7

0.295
±0.036

15 1 123 3.9 -37.7
±3.3

0.219
±0.022

22 2 193 7.7 -57.7
±1.9

0.368
±0.029

26 2 152 8.3 -118.1
±10.2

0.623
±0.071

31 3 25 4.8 -12.0
±1.3

0.132
±0.008
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In the previous chapter, the velocities along the 32 curved ridges within
three geologically distinct regions of the Rheasilvia basin were introduced
and evaluated. Furthermore, effective viscosities and coefficients of friction
were derived from the data. The following sections first discuss whether the
Coriolis force is a plausible candidate to have caused the curved ridges in the
three regions. Implications for dynamics, crater shape and material properties
will then be derived for the modification stage of the Rheasilvia impact event
and related to values from the literature.

8.1. Region 1: 270◦E to 360◦E

The mean positive velocity of all the curved ridges of Region 1 (31.2± 26.8 m/s,
Table B.4) agrees well with numerically simulated mass motion velocities
during the Rheasilvia modification stage (Section 3.1.7). Jutzi et al. [2013]
derived a typical mass motion velocity of 50 m/s, which is within the velocity
range of most individual curved ridges investigated in this region. Curve 1,
with a maximum value of 42.2 m/s (Table B.1), is the only curved ridge
whose velocity range does not include 50 m/s. Not only do the separate
curved ridges have average positive velocities of around 50 m/s (Table B.1),
but also the sections of constant velocity (11.4–39.5 m/s, Table 7.3) agree
with the predicted value within the same order of magnitude. The fact that
the velocities derived independently from the curved ridges by assuming they
were caused by the Coriolis Effect, agree with the predicted mass motion
velocity from Jutzi et al. [2013], is strong evidence that the Coriolis force was
indeed responsible for the curvature.
Furthermore, it is expected that the velocity within the basin increases

from low values near the origin of the motion and decreases again near the
basin floor where the motion comes to a halt. In Figure 7.2 this trend is
evident as the blue to green to blue colour change of the curved ridges. This
gradual increase and decrease of the mass-wasting velocities along the curved
ridges is another good indication that the curved structure of the ridges does
not contradict formation by the the Coriolis Effect.

The transient crater at the beginning of the modification stage was approx-
imately 82 km deep and had a radius of 132 km [Ivanov and Melosh, 2013].
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Spatial Distribution of Accelerations in Region 1
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Figure 8.1.: The spatial distribution of accelerations derived for Region 1.
The red dashed line indicates zero acceleration. Values above, below and on
this line are accelerating, decelerating and moving with constant velocity,
respectively. The bars on the distance describe the distance over which the
acceleration, deceleration or velocity was constant (∆d) while the error bars
on the acceleration illustrate the 1-σ uncertainty of the measurement.

Today Rheasilvia is about 19 km deep and has a radius of 250 km [Jaumann
et al., 2012]. The central peak has a diameter of roughly 180 km. The mass
motions of the modification stage must have occurred during the transition
between these two extreme crater shapes.
However, it is most probable that the curved ridges developed towards

the end of the modification stage, because they would otherwise be overrun
by large amounts of subsequent mass-wasting material, potentially hiding
their curved structures. In agreement with this, the majority of curved
ridges within Region 1 (eleven out of sixteen) originate beyond 200 km from
Rheasilvia’s centre. This indicates that the mass motion occurred at a time
during the modification stage when the crater had grown to at least this size.

Masses moving down the transient crater wall of Rheasilvia are affected by
Vesta’s gravity. However, depending on the frictional forces, the masses may
accelerate, decelerate or move with a constant velocity.

During the modification stage, masses wasted downhill from both the crater
wall and central peak, towards the basin floor [Melosh, 1989]. Consequently,
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8.1. Region 1: 270◦E to 360◦E

the crater floor is filled with this material. In the Rheasilvia basin, most
debris must have collected at radii of between roughly 90 km and 120 km
from the centre, at the foot of the central peak. In this area the converging
mass-wasting material should produce large variations in velocities, preventing
the formation of the uniform conditions necessary for sections of constant
acceleration, deceleration and constant velocity. The fact that distances up
to 120 km from Rheasilvia’s centre do not show any such sections (Figure 8.1)
agrees with this expectation.

Figure 8.1 illustrates where sections of constantly accelerating and deceler-
ating masses, and masses moving with constant velocity, were measured. The
distances cluster between 120 km and 240 km from Rheasilvia’s centre and
the accelerations cover a range of ±0.2 m/s2. The range may be related to
alteration of the curved ridges after their formation (e.g. impact cratering or
further mass wasting, Section 6.8), heterogeneities in material properties or
asymmetries in the crater shape and slopes. More precisely, heterogeneities
within the pre-impact regolith or variations in acoustic energy during the
modification stage may have resulted in variable internal friction within
the wasting material, producing variable accelerations. Additionally, these
heterogeneities may have created asymmetries in the crater shape, generating
different downhill accelerating components (gV sin(α) varies). Nevertheless,
all measured accelerations are below Vesta’s gravitational acceleration of
0.25 ± 0.03 m/s2 and therefore agree with expected values of masses moving
under the influence of gravity.
Most accelerating sections (eight out of twelve sections) indicate that the

mass motion was accelerated more than physically possible on the current
slope. Their accelerations exceed the acceleration of a friction-free sliding
object on the that slope. The slope on which they occurred must therefore
have been steeper in order to produce such accelerations. This conclusion
also independently arises from the theory of crater modification [Ivanov and
Melosh, 2013] which states that the transient crater was deeper than the
final crater, resulting in steeper slopes (Section 3.1.7). The remaining four
accelerating sections for which the acceleration was below the frictionless
sliding acceleration may have been produced on the current, or a steeper, slope.
Consequently, the mass motion is likely to have taken place on steeper crater
walls during the modification stage of Rheasilvia. The current slopes were
produced by subsequent mass wasting covering the original trajectories. The
original curved structure must therefore be in the regolith-covered subsurface.
However, it is not possible to predict how much steeper the slopes were

because the ratio a/gV sin(α) is unknown, as is how it might change with
distance from Rheasilvia’s centre. As mentioned above, it is likely that the
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8. Discussion

Table 8.1.: Minimum slopes (αmin) calculated from the accelerating sections
(Equations 8.1 and 8.2) whose measured acceleration (a) exceeds the acceler-
ation of a friction-free sliding object (gV sin(α)) on the current slope (α) in
Region 1. P is the position of the accelerating sections within the Rheasilvia
basin.

Curve P α a gV sin(α) αmin

[km] [◦] [·10−3

m/s2]
[·10−3

m/s2]
[◦]

5 155 0.9 22.1
±3.5

3.9
±0.5

5.1
±1.0

8 166 2.7 15.4
±1.7

11.8
±1.4

3.5
±0.6

9 192 1.1 97.8
±11.3

4.9
±0.6

23.0
±4.0

10 182 9.2 42.7
±5.6

4.2
±0.5

9.8
±1.8

11 207 8.7 176.3
±20.4

37.9
±4.6

44.8
±9.5

12 173 1.2 51.6
±4.0

5.1
±0.6

11.9
±1.7

16 175 12.3 152.8
±16.4

53.1
±6.4

37.7
±7.1

16 228 0.9 29.5
±2.6

3.9
±0.5

6.8
±1.0

mass motion generating the curved structures occurred towards the end of
the modification stage. Consequently, the slopes were possibly only slightly
steeper than the observed ones today, although it cannot be excluded that
locally the slopes may have been steeper at the end of the modification stage
due to slumping or rim collapse [Melosh, 1989].
Table 8.1 lists the minimum slopes αmin derived from the measured ac-

celerations of Region 1. The minimum slope is given by the smallest slope
necessary to produce the measured acceleration a, under Vesta’s gravity gV:

αmin = arcsin
(
a

gV

)
. (8.1)

The error (in radians) derives from standard error propagation, where ∆
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8.1. Region 1: 270◦E to 360◦E

indicates the absolute error of a value:

∆αmin = 1√
g2

V − a2

√√√√∆a2 +
(
a

gV
∆gV

)2

. (8.2)

Most accelerations (five out of eight) correspond to minimum slopes ranging
between 3.5◦ and 11.9◦, which are similar to the slopes observed today (0.9◦

to 12.3◦).
However, some measured accelerations hint at much larger slopes at the

time of the curved ridge formation. The measured acceleration of Curve 11
requires a minimum slope of 44.8◦ in order to be smaller than the acceleration
of a frictionless sliding object. Although such steep slopes are rare today,
they were probably present during the modification stage [Ivanov and Melosh,
2013] and may have been preserved locally until the late modification stage.
For example, slumping and rim collapse (Section 5.1) may have locally and
temporarily generated scarps with steep slopes [Melosh, 1989] which were
subsequently covered by the mass wasting associated with the curved ridges.
Thus the previously described scattering of accelerations (Figure 8.1) may
have been induced by the earlier spatial variation of slopes on the crater wall.

Sections of decelerating mass motion indicate that the gravitational pull was
exceeded by basal or internal friction, slowing the mass motion. A reduction in
acoustic energy introduced by the thinning of the wasting avalanche, possibly
towards the end of the modification stage, or the end of mass motion near
the crater floor can cause such an increase in friction [Collins and Melosh,
2003]. It is expected that the masses slow down when reaching the basin
floor and subsequently lose their acoustically fluidised low friction behaviour.
Supporting this, the decelerating sections are mainly observed between 120 km
and 200 km from Rheasilvia’s centre (Figure 8.1) and cluster closer towards
the centre compared to the accelerating (∼140–230 km) and constant velocity
sections (∼160–230 km). Again this observation is in agreement with mass
motion behaviour on the crater wall.
The debris of an avalanche is expected to pile up when masses start to

decelerate. This creates a pile of material covering the slope. Indeed, with
the exception of Curves 8 and 9, which are modified by mass wasting and
impact craters, all decelerating sections of Region 1 show a step in the slope
where the decelerating section begins. In the topography plots, this appears
as accumulated material on top of the predominant slope (Figure 7.4(b)).

Furthermore, the sections of constant velocity are present on topographical
plateaus and show sections of decelerating velocity shortly before reaching
the plateau (Figure 7(a)). It is possible that the plateau was deposited by
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the moving masses when reaching a constant velocity or that the plateau pre-
existed and caused the decrease in velocity and subsequent constant velocity,
agreeing with the expected relation between mass motion and topography.

The presence of such topographic features indicates that the mass motion
occurred towards the end of the modification stage, because further large
scale subsequent mass wasting in the modification stage would have covered
these features.

The presented characteristics of the curved ridges in Region 1 including the
velocity range, the increase and decrease of velocities along the curved ridges,
the distribution of accelerations, the predicted crater shape with steeper
slopes and the agreement of decelerations and topography strongly indicate
that the curved ridges are correctly interpreted as having been formed by the
effect of the Coriolis force on moving masses. The extent of the curved ridges
and the presence of mass wasting associated topographic features hints at
the formation of the curved ridges towards the end of the modification stage.
Additionally, the accelerations exceeding the friction-free sliding acceleration
support the theory that the slope on which particular mass motions occurred
must have been steeper and spatially variable.

8.2. Region 2: The Rheasilvia and Veneneia Intersection

The average positive velocity obtained for the eleven curved ridges associated
with Region 2 (31.0 ± 25.3 m/s, Table B.4) agrees well with the numerically
simulated characteristic mass-wasting velocity of ∼50 m/s of the Rheasilvia
modification stage [Jutzi et al., 2013]. The constant mass-wasting velocities
observed on Curves 20 and 24 (22.5–45.8 m/s, Table 7.6) also agree with the
simulated value and the simulated value lies within the range of velocities of
the separate curved ridges. These observations are all in agreement that the
Coriolis force produced the curved ridges in Region 2.

As with Region 1, it is expected that masses moving down the crater wall
first accelerate due to gravity and subsequently decelerate when reaching
the basin floor, where the slopes flatten and friction becomes dominant.
Although the curved ridges’ velocity distributions in Region 2 are generally
more undulating compared to those of Region 1, the velocity profiles show
an overall velocity increase from low values near the crater rim and velocity
decreases towards the basin floor. This is shown by the blue to green to blue
colour trend in Figure 7.6. Outliers from this trend may be explained by
alterations of the curved ridges after their formation, such as impact cratering
or mass wasting. The Coriolis model therefore successfully describes the
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Spatial Distribution of Accelerations in Region 2
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Figure 8.2.: The spatial distribution of accelerations derived for Region 2.
The red dashed line indicates zero acceleration. Values above, below and on
this line are accelerating, decelerating and moving with constant velocity,
respectively. The bars on the distance describe the distance over which the
acceleration, deceleration or velocity was constant (∆d) while the error bars
on the acceleration illustrate the 1-σ uncertainty of the measurement.

expected dynamics of the curved ridges.
As explained in the previous section, the mass wasting must have occurred

towards the end of the modification stage. Curved structures produced earlier
in the modification stage were overrun by subsequent mass wasting of the
later phase. Seven out of the eleven curved ridges of Region 2 originate near
the crater rim of the current basin beyond 200 km from Rheasilvia’s centre,
as would be expected. Earlier in the modification stage the basin had not
yet grown to this size, which would make a detection of curved ridges at the
given locations impossible.

As with Region 1, Region 2 shows constant acceleration, deceleration and
constant velocity sections along the curved ridges (Figure 8.2). The area
near the central peak should not show such smooth trends, because the
motion of merging masses from the central peak and crater wall result in an
converging of material. In agreement, constant sections are only observed
between 150 km and 220 km from Rheasilvia’s centre on the crater wall
(Figure 8.2).
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8. Discussion

Table 8.2.: Minimum slopes (αmin) calculated from the accelerating sections
(Equations 8.1 and 8.2) whose measured acceleration (a) exceeds the acceler-
ation of a friction-free sliding object (gV sin(α)) on the current slope (α) in
Region 2. P is the position of the accelerating sections within the Rheasilvia
basin.

Curve P α a gV sin(α) αmin

[km] [◦] [·10−3

m/s2]
[·10−3

m/s2]
[◦]

19 200 13.8 78.5
±16.1

59.6
±7.1

18.3
±4.5

22 153 9.7 71.7
±5.4

42.2
±5.1

16.7
±2.4

24 161 11.0 103.7
±8.5

47.6
±5.7

24.5
±3.8

Eight sections for which the acceleration, deceleration or velocity was
constant were measured in Region 2 (Figure 8.2). The scattering of the values
between ±0.13 m/s2 can be explained by impact cratering or mass wasting
which altered the curved ridges after their formation. Heterogeneities within
the wasting material may also have caused variations in internal friction,
resulting in different accelerations and asymmetries in the distribution of
slopes at the formation stage of the curved ridges. These variations in slope
would have generated variations in the downhill accelerating component of
gravity (gV sin(α)).
All measured accelerations are below that due to Vesta’s surface gravity

and it is therefore possible that the mass motion was driven by gravity.
However, three out of four accelerating sections indicate that the current
slope is not representative of the slope on which the masses moved during the
modification stage, because the measured accelerations exceed the acceleration
of a frictionless sliding object on the current slope.

The greater than friction-free sliding acceleration can only be explained if
the slopes on which the masses moved during the modification stage were
steeper than at present, resulting in larger downhill accelerations (gV sin(α)).
As previously mentioned, this requirement agrees with crater formation
theory, which predicts steeper slopes during the modification stage [Melosh,
1989]. Assuming that the measured accelerations occurred frictionless, the
minimum slopes (Equation 8.1) at the time of the mass motion must have
varied between 16.7◦ and 24.5◦ (Table 8.2). These slopes are reasonable for
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Rheasilvia towards the end of the modification stage [Ivanov and Melosh,
2013].

Region 2 exhibits two sections of decelerating mass motion suitable for
analysis. As explained above, a decelerating debris avalanche will deform and
pile up as a consequence of volume conservation. Just such, deposits were
detected on top of both predominant slopes where the decelerations were
measured (Figure 7.4(b)). Furthermore, the sections of constant velocity are
associated with plateaus in the topography plots and a decrease in velocity
shortly before reaching the plateaus. It is possible that the masses spread
over the plateaus at constant velocities as a consequence of the change to
flatter slopes or that the plateaus were deposited by the constantly moving
masses. Thus the expected relation between mass motion and topography is
evident in the velocity measurements and indicates a relatively late formation
time in the modification stage as otherwise subsequent mass wasting would
have covered these topographic features.

Region 2 is characterised by the intersection of the large basins Rheasilvia
and Venenia (Section 2.4.3, Figure 2.11). Section 5.3 explains how curved
structures may have been produced by the relaxation of Rheasilvia: the
underlying Venenia basin may have reduced the brittle-ductile thickness ratio
which may have generated spiral strike-slip faults [Allemand and Thomas,
1999]. However, the observations derived with the Coriolis model including
the range of velocities, the increase and decrease of velocities along the
motion, the distribution of accelerations, the predicted steeper crater walls
and the agreement of decelerating mass motions with the topographic deposits
strongly indicate that the curved ridges were formed by the Coriolis Effect.
Furthermore, Allemand and Thomas [1999] predict the formation of the spiral
strike-slip faults beyond the crater rim, however, the curved ridges do not
expand beyond the crater rim. Consequently, the Coriolis Effect is found to
be the preferred model for forming the curved ridges in Region 2.

8.3. Region 3: The Central Peak

Region 3 contains the five curved ridges on the central peak. The average
negative velocity of all curved ridges (-21.6 ± 16.2 m/s, Table B.4) as well as
the section of constant velocity measured within Curve 30 (-8.9 ± 1.2 m/s,
Table 7.8) agree, within the order of magnitude, with an characteristic mass-
wasting velocity of the modification stage (∼50 m/s) independently derived
by Jutzi et al. [2013]. With exception of Curve 32 whose minimum value is
-33.3 m/s (Table B.3), the range of velocities includes this simulated value.
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Spatial Distribution of Accelerations in Region 3
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Figure 8.3.: The spatial distribution of accelerations derived for Region 3.
The red dashed line indicates zero acceleration. Values above and on this line
are accelerating and moving with constant velocity, respectively. The bars on
the distance describe the distance over which the acceleration, deceleration or
velocity was constant (∆d) while the error bars on the acceleration illustrate
the 1-σ uncertainty of the measurement.

Although the measured velocities occupy the lower end of the simulated
velocities, the general agreement still supports the theory that the Coriolis
Effect has influenced the curved ridges.
As in Regions 1 and 2, an expected increase and decrease in velocity,

generated by the initial acceleration of the mass motion on the central peak
and final deceleration near the crater floor, is evident along most curved
ridges in Region 3 (four out of five). Figure 7.7 illustrates this as the green to
blue to green colour change towards the basin floor. This observation shows
that the Coriolis model used to derive the velocities reproduces the expected
dynamics, indicating that the curved ridges were deflected by the Coriolis
Effect.

The masses merging at the crater floor (between roughly 90 km and 120 km)
from the central peak and crater wall are expected to have prevented any
smooth velocity trends near this location. Indeed, the trends observed within
Region 3 extend to at most 90 km from Rheasilvia’s centre at the foot of the
central peak (Figure 8.3). The part of the curved ridges extending into the
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crater floor area do not show any smooth trends.
Unlike the crater walls, the slope of the central peak does not necessarily

have to be steeper during the modification stage. The peak starts rising at
the end of the excavation stage and settles into a stable form towards the
end of the modification stage [Osinski et al., 2011]. Although a rebound of
Rheasilvia’s central peak is possible, it has not been reported in the literature.

The acceleration found in Region 3 (Figure 8.3) is not only below Vesta’s
surface gravity, but it is also below the acceleration of an object sliding
frictionless on the current slope. It is therefore possible that the slope of the
central peak when the mass motion occurred was similar to the current slope.
However, in contrast to Regions 1 and 2, a constraint on the formation time
of the curved ridges in Region 3 cannot be derived from this observation.
Instead, with only one constantly accelerating and one constant velocity
section within Region 3, definite conclusions about the central peak formation
are not possible.

The measured section of constant velocity is associated with a topographical
plateau and a decrease in velocity is evident before reaching constant velocity.
It is possible that the plateau was deposited or that it produced the constant
velocity when the masses decelerated from moving downhill, agreeing with
the expected relation between mass motion and topography.
Section 5.3 describes the effect of an oblique impact on the fracture and

fault pattern of the central peak. Scherler et al. [2006] found that an oblique
impact can cause bent imbrication structures similar to the curved ridges on
Rheasilvia’s central peak. However, the best indication of an oblique impact is
the asymmetric ejecta distribution, which for Rheasilvia, may be related to an
oblique impact but might also be caused by the compositionally heterogeneous
target [Schenk et al., 2012]. The velocities, the gradual increase and decrease
of velocities towards the basin floor, as well as the distribution and magnitude
of the accelerations strongly support the Coriolis force explanation for the
curved ridges in Region 3 which is therefore the most applicable explanation
for having generated the curved ridges. Nevertheless, the small number of
curved ridges and measurements make it difficult to reach definite conclusions.

8.4. Material Properties

The mass motion of the three regions can adequately be described by the
Coriolis model. Therefore the measured sections of acceleration, decelera-
tion and constant velocity can be used to provide insight into the material
properties of the wasting debris, including effective viscosities and effective
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Spatial Distribution of Viscosity
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Figure 8.4.: The distribution of the effective viscosities along the extent
of the Rheasilvia basin. The current crater floor covers the area between
roughly 90 km and 120 km. The bars on the distance describe the distance
over which the section was constant in velocity (∆d) while the error bars on
the viscosity illustrate the 1-σ uncertainty of the measurement.

coefficients of friction (Section 7.4). The following paragraphs will discuss
the derived properties with respect to the region in which they occur and the
trend from which they derive.

8.4.1. Viscosity

The viscosity could be derived for seven sections of constant velocity (Ta-
ble 7.9). All viscosities (1.5–9.0·106 Pa·s, comparable to basaltic lava flows
[Moore, 1987]) agree with the estimates of acoustically fluidised material
of 105–107 Pa·s [Melosh, 1986, 1979]) and agree within their errors. They
are consistent with a constant viscosity of ∼2–3·106 Pa·s (Figure 8.4). The
scatter in the calculated viscosities hints that variable conditions of acoustic
fluidisation occurred within the Rheasilvia basin, generating fluctuations
in the material properties. The large error bars are mainly introduced by
uncertainties in debris density and flow thickness (Equation 7.1).

As discussed in Sections 8.1 and 8.2, the current slopes of Regions 1 and 2
are most probably shallower than the slopes on which the motion actually

120



8.4. Material Properties

occurred. Because the viscosity is proportional to sin(α), this implies that
the calculated viscosities are underestimated. The average measured current
slopes of constant velocity sections in Regions 1 and 2 are 4.5◦ and 5.7◦,
respectively. The ‘minimum’ slopes derived from the comparison of the
measured constant acceleration and the frictionless acceleration are 17.8◦

and 19.8◦ for Regions 1 and 2, respectively (Tables 8.1 and 8.2). Using the
minimum slopes to calculate the viscosities with Equation 3.6, the viscosities
would be larger by a factor of∼4 and ∼3 in Regions 1 and 2, respectively (from
sin(αmin)/ sin(α)). Nevertheless, even with this correction, the viscosities
agree with the expected range for acoustically fluidised material [Melosh,
1986, 1979].

8.4.2. Coefficient of Friction

In addition to the viscosity, the effective coefficients of friction were derived
in the three regions for constantly accelerating, decelerating and constant
velocity sections.

Coefficients of friction for dry material range between roughly 0.47 and 1.5
[De Blasio, 2011]. Vesta’s surface rocks may be appropriately approximated as
basalt (Section 2.4.2), with a coefficient of friction of ∼1.19 [De Blasio, 2011].
The dynamically derived coefficients of friction of constantly accelerating
sections (0.088 ± 0.076) and constant velocity sections (0.084 ± 0.039) are well
below these values (Tables 7.9 and 7.10). However, the mechanisms involved
in the crater modification stage, e.g. acoustic fluidisation, temporarily reduce
the effective coefficient of friction by an order of magnitude or more [Collins
and Melosh, 2003; Hsü, 1975]. Thus, the coefficients of friction derived from
the constantly accelerating sections and sections of constant velocity and
their local slopes are in agreement with values derived from large acoustically
fluidised landslides [Legros, 2002].
The coefficients of friction derived from the sections of constant deceler-

ation (0.369 ± 0.192) are generally larger, which is as expected because a
deceleration implies greater friction. The coefficients of friction approach
the lower values of dry material (Table 7.11). This may hint at a smaller
degree of acoustic fluidisation in sections where a deceleration was measured,
possibly induced by heterogeneities within the energy density and involved
material.

Figure 8.5 illustrates the distribution of the effective coefficients of friction
with distance from Rheasilvia’s centre for the three regions. The vertical
scatter in the plot is probably related to spatially variable material properties
induced by regolith heterogeneities or different degrees of acoustic fluidisation
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Spatial Distribution of Coefficient of Friction
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Figure 8.5.: The distribution of the effective coefficients of friction along
the extent of the Rheasilvia basin. The current crater floor covers the area
between roughly 90 km and 120 km. The bars on the distance describe the
distance over which the section was constant in acceleration, deceleration or
velocity (∆d) while the error bars on the coefficients of friction show the 1-σ
uncertainty of the measurement.

[Collins and Melosh, 2003; Melosh, 1986]. Additionally, later mass wasting
and impact cratering may have locally influenced the curvature and slopes,
resulting in a wider range of coefficients of friction.

Alternatively, the variation of the effective coefficients of friction within the
basin may be explained by self-sustaining acoustic fluidisation of the wasting
material as observed in Struzstroms [Collins and Melosh, 2003]. The motion
of the wasting material itself induces an acoustic energy field. This field may
add to the acoustic energy embedded by the impact event and may further
reduce the coefficient of friction when propagating downhill. Self-sustaining
acoustic fluidisation is dependent on the volume of the wasting material and
may therefore be more or less effective depending on the size of the wasting
avalanche [Collins and Melosh, 2003; Melosh, 1986]. The local addition of
such an acoustic energy field may contribute to a wider range of effective
coefficients of friction.

The coefficients of friction in Regions 1 and 2 are similar (0.250 ± 0.208 and
0.279 ± 0.222, respectively), however Region 3 exhibits coefficients of friction

122



8.5. Dynamical Comparison of the Regions

Table 8.3.: Comparison of dynamic measurements of the three geologically
distinct regions within Rheasilvia.
Region Acceleration Deceleration Constant Average

Range Range Velocity
Range

Pos./Neg.
Velocity

[% of gV] [·10−3 m/s2] [m/s] [m/s]
1 4.2 – 70.5 -(14.8 – 181.0) 11.4 – 39.5 31.2 ± 26.8
2 4.3 – 41.5 -(57.7 – 118.1) 22.5 – 45.8 31.0 ± 25.3
3 4.8 -8.9 -21.6 ± 16.2

which are reduced by a factor of about 3 (0.082 ± 0.048). Note that this
observation contradicts the higher viscosity found in Region 3 (Section 8.4.1).
The low coefficients of friction also contradict the relatively small velocities in
Region 3. However, the small number of measured coefficients of friction does
not provide reliable statistics for Region 3. It may well be that the coefficients
of friction are actually distributed in a similar manner to Regions 1 and 2
and agree with the measured velocities and viscosities in Region 3.
The effective coefficients of friction were derived on the current slopes.

However, the earlier analysis suggests that steeper slopes in Regions 1 and
2 may have been present when the mass motion occurred. In general, the
coefficients of friction determined with Equation 3.7 would be larger on steeper
slopes, because the friction must compensate for the increased component of
the gravitational acceleration downhill on the steeper slope. Consequently
the derived coefficients of friction in Regions 1 and 2 represent the lower limit
to the possible values.

8.5. Dynamical Comparison of the Regions

Regions 1 and 2 seem similar in terms of the dynamic properties such as
the average velocity and the acceleration and deceleration of sections of the
curved ridges (Table 8.3). Region 3, however, appears to differ.
For example, the magnitude of the average negative velocity in Region 3

is ∼70% less than the average positive velocities of Regions 1 and 2. The
negative velocity in Region 3 is generated by the direction of motion away from
the rotation axis. For comparison, the average positive velocities of Regions 1
and 2 vary by ∼1%. This observation is complemented by the relatively
small value for the constant velocity section measured within Region 3. Here,
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the magnitude of the constant velocity of 8.9 ±1.2 m/s is ∼19–78% of the
velocities measured in Regions 1 and 2.

The range and distribution of accelerations in Regions 1 and 2 are relatively
similar and reasonable for material moving under the influence of gravity.
This may indicate similar conditions of acoustic fluidisation in Regions 1 and
2. The acceleration measured in Region 3 (4.8 m/s2) is similar to the lowest
values measured in Regions 1 and 2 (4.2 m/s2 and 4.3 m/s2, respectively).

The relatively large velocities and accelerations in Regions 1 and 2 may be
explained by steeper slopes at the time of the mass wasting. The necessity
for steeper slopes in Regions 1 and 2 is shown by the measurements of
accelerations which exceed the acceleration of a friction-free sliding object
on the current slope (Sections 7.1.1 and 7.2.1). In Region 3 the measured
acceleration is 57% of the acceleration of a frictionless moving object and
thus does not require a steeper slope (Sections 7.3.1). Hence, the larger
gravitational component downhill in Regions 1 and 2 at the time of the mass
wasting resulted in larger accelerations and velocities compared to Region 3,
which may have had a similar slope to the current one.

With steeper slopes in Regions 1 and 2, the degree of acoustic fluidisation
in all three regions is likely to have been similar when the mass motion
occurred. This is supported by the similar viscosities in the three regions
when considering the steeper slopes in Regions 1 and 2 (Section 8.4.1). Only
the low coefficients of friction in Region 3 seem to contradict, however, the
small number of measurements in Region 3 in combination with the large
scatter of coefficients of friction in Regions 1 and 2 does not provide reliable
statistics.

In Regions 1 and 2, some measured accelerations exceeded the acceleration
of a friction-free sliding object. The measurements (Tables 8.1 and 8.2) show
that the average minimum slopes of Region 1 (17.8◦ ± 15.8◦) and Region 2
(19.8◦ ± 4.1◦) are similar, but the scatter is much larger in Region 1. This
may hint at the complex topography of a heterogeneous regolith layer before
the Rheasilvia impact. Pre-existing target conditions may have resulted in
an irregular rim collapse and a commensurate variation of slopes during
Rheasilvia’s modification stage in Region 1. In contrast, the creation of the
underlying Veneneia basin in Region 2 may have smoothed the topography,
thinned the regolith layer and loosened and created small regolith fragments,
resulting in more homogeneous target properties. Thus, the subsequent
Rheasilvia impact produced similar slopes during the modification stage in
Region 2.
It is probable that the regolith in Region 2 is less consolidated compared

to other regions within Rheaslivia because underlying Venenia loosened and
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fragmented material prior to the Rheasilvia impact. This less consolidated
regolith may explain the undulating velocity profiles in Region 2. Such
material is more likely to be mobilized by seismic shaking of impact events
after the curved ridges’ formation and would therefore blur and alter the
curved ridges, resulting in less smooth velocity distributions compared to
areas with more consolidated regolith.

8.6. Comparision to Other Mass-Wasting Velocities

The mass wasting during the modification stage of the Rheasilvia impact
can be compared to very large landslides which show similar mass-wasting
behaviour to impact events [Collins and Melosh, 2003; Melosh, 1986]. In
particular, so-called sturzstroms are described by acoustically fluidised debris
and rock avalanches with extraordinary mobility and run-out lengths [Collins
and Melosh, 2003].

In some cases it was possible to estimate the velocities of sturzstroms
on Earth. For instance, Jibson et al. [2006] report mass-wasting velocities
larger than 54 m/s triggered by the Denali Fault earthquake in 2002. The
sturzstrom material consisted of a rock/ice mixture propagating ∼11 km
on a glacial surface after a drop of ∼2 km. Plafker et al. [1971] reported a
debris avalanche of rock, ice, snow and soil travelling 14.5 km after a drop
of ∼3.5 km with an average wasting velocity of 80–90 m/s during the 1970
Peru earthquake. Crosta et al. [2001] estimate the general velocities of debris
and rock avalanches to be 10–100 m/s.
Although these estimates are similar to the velocities of the Rheasilvia

modification stage on Vesta derived in this work, they may result from
different dynamics because of the different gravitational acceleration, the
presence of an atmosphere, and water mixed within the avalanche body on
Earth.
The much lower gravitational acceleration on Vesta reduces the potential

energy of a mass by a factor of ∼40 compared to Earth. This is partly
compensated by the higher drop heights on Vesta. For Rheasilvia, with a
drop height h = 19 km, the approximate mass specific potential energy is
Epot = gVh = 5 kJ/kg. For comparison, the Denali Fault drop of 2 km and
the Peru avalanche drop of 3.5 km result in mass specific potential energies
of ∼20 kJ/kg and ∼35 kJ/kg on Earth, respectively. However, the material
properties of the avalanche will determine how much of the available energy
is finally transferred into kinetic energy.

The measured mass-wasting velocities for the Rheasilvia modification stage,
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the Denali Fault and the Peru earthquake avalanches are ∼30 m/s, ∼54 m/s
and ∼85 m/s, respectively. These velocities result in kinetic energies per unit
mass (Ekin = 1

2v
2) of 0.5 kJ/kg, 1.5 kJ/kg and 3.6 kJ/kg, which are 10%, 8%

and 10% of the maximal available potential energy of the Rheasilvia basin,
the Denali Fault and the Peru earthquake avalanches, respectively. Although,
this comparison is purely based on gravitational effects and does not consider
any material differences, such as the presence of water as lubricant on Earth,
the portions of potential energy transferred into kinetic energy for the three
mass-wasting scenarios are in good agreement. This may mean that a common
process, e.g. acoustic fluidisation, is involved, supporting the mobilization of
the masses almost independently of the specific geologic conditions [Collins
and Melosh, 2003].
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9.1. Conclusions

Using the Coriolis model described in Chapter 6, it was possible to derive
mass-wasting velocities during the Rheasilvia modification stage for 32 curved
ridges distributed over three geologically distinct regions. These include the
area between 270◦E and 360◦E (Region 1), the area where the Veneneia basin
underlies Rheasilvia (Region 2) and the central peak (Region 3).

Based on the discussion in Chapter 8, the following scenario and conclusions
of the Rheasilvia modification stage are supported by the Coriolis model:

1. Towards the end of the modification stage (approximately 30 minutes
after impact [Jutzi et al., 2013; Ivanov and Melosh, 2013]), downhill
mass wasting was deflected by the Coriolis force, creating a curved
pattern.

2. Masses wasted with a characteristic velocity of 29.6 ± 24.6 m/s. This
velocity could be reached due to the temporarily reduction in internal
friction by acoustic fluidisation. More precisely, the effective coefficients
of friction were reduced to values ranging between 0.02 and 0.81 and
the effective viscosities ranged between 1.9·106 Pa·s and 9.0·106 Pa·s.

Region 1:
The characteristic velocity was 31.2 ± 26.8 m/s.
The pre-existing topography of a heterogeneous regolith layer
induced the asymmetric rim collapse of temporarily steep slopes,
on which the the mass-wasting material propagated.

Region 2:
The characteristic velocity was 31.0 ± 25.3 m/s.
Mass wasting was influenced by the underlying Veneneia basin.
The previous impact had smoothed the topography and homogenised
the regolith layer, resulting in a similar distribution of slopes during
the modification stage.

Region 3:
The characteristic velocity was 21.6 ± 16.2 m/s.
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The mass motion occurred on probably similar slopes, compared
to today’s topography.

Regions 1 and 2:
The mass motion occurred on steeper crater walls, compared to
today’s topography.
Decelerating material on the crater wall, generated by a change in
slope or friction, piled up and today appears as deposits on the
predominant slope.

Regions 1, 2 and 3:
The moving masses accelerated due to Vesta’s gravity near the
crater rim and near the top of the central peak and decelerated
when reaching the flatter slopes of the crater floor.
The wasting material from the central peak and crater wall merged
at the foot of the central peak, where the convergence of masses
prevented the formation of smooth velocity trends.

3. The mass wasting on Rheasilvia’s wall and central peak attenuated
at the end of the modification stage. Further alteration of the basin
occurred in the form of mass wasting due to slope failure and impact
cratering.

4. The isostatic adjustment of the giant basin to the equilibrium shape
of Vesta stressed the crater shape. This stress was probably released
along the curved pattern created by the Coriolis-deflected mass wasting
of the modification stage. Subsequently the curved ridges were formed
by regolith aligning with the Coriolis pattern.

9.2. Summary

This work investigates the formation process of the large south polar Rheasil-
via basin on asteroid (4) Vesta. The Rheasilvia basin is a 500 km diameter
impact basin whose centre nearly coincides with Vesta’s rotation axis. This
situation makes Rheasilvia unique in terms of the Coriolis Effect.

The Dawn spacecraft orbited Vesta in 2011 and 2012, providing image data
of Vesta’s surface at resolutions of up to 20 m/pixel. This data and a digital
terrain model derived from stereo images (at resolution of ∼90 m/pixel) were
used to investigate the Coriolis Effect on mass-wasting features related to the
Rheailvia basin.
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Most mass-wasting processes, such as slumping and landslides, are not
visibly affected by the Coriolis force, primarily due to their small linear
extents, however, on Vesta there are distinctive curved radial ridges within
Rheasilvia which are probably representatives of the modification stage of
the impact event when the Coriolis force deflected masses moving towards
the basin floor.

A method to determine mass-wasting velocities along 32 prominent curved
radial ridges within the Rheasilvia basin was developed. Located on Vesta’s
best fit ellipsoid, a set of inertial circles was fitted to each mapping point along
a curved ridge. Using the inertial radii, the angular velocity of Vesta and
the geodetic latitude of the mapping point, a set of mass-wasting velocities
was inferred for each mapping point. Finally, the most commonly occurring
velocity was determined with the help of a histogram and a velocity profile
for each curved ridge was derived.
The curved ridges of three geologically distinct regions were analysed

with this method. The regions are: the area between 270◦E and 360◦E
(Region 1), the area where Rheasilvia and another large basin, Veneneia,
intersect (Region 2) and the area of the central peak (Region 3). The average
velocities in these regions are 31.2 ± 26.8 m/s (Region 1), 31.0 ± 25.3 m/s
(Region 2) and 26.6 ± 16.2 m/s (Region 3).

Numerous aspects of the velocity profiles in the three regions support
the theory that the Coriolis force caused the curved ridges. These include:
the agreement of Coriolis-derived velocities with computer-based simulated
mass-wasting velocities of ∼50 m/s, the increase and subsequent decrease of
velocities along the curved ridges, the independent requirement of steeper
crater walls during the modification stage, the absence of smooth velocity
trends near the crater floor and the deposited material associated with
decelerating velocity trends.
Some sections along the curved ridges showed constantly accelerating

and decelerating velocities, as well as constant velocity. This behaviour
enabled the determination of effective viscosities and coefficients of friction
for the acoustically fluidised material during the Rheasilvia modification
stage. The viscosities (derived from sections of constant velocity, the slope,
and assumptions regarding the debris density and flow height) range between
1.9–9.0·106 Pa·s. Coefficients of friction (derived from the slope and sections
of constant acceleration, deceleration and velocity) range between 0.017 and
0.814.

The geologically distinct regions show different behaviour during the modi-
fication stage. Regions 1 and 2 are similar in dynamic properties, however
the mass motion must have occurred on steeper slopes compared to the cur-
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rent topography. Mass wasting on the central peak exhibits lower velocities
and accelerations which were probably caused by flatter slopes compared to
Regions 1 and 2 at time of the mass wasting.
The Rheasilvia basin on Vesta provided a unique opportunity to investi-

gate the dynamical and physical processes of the formation of large impact
craters during the modification stage. In the case of Rheasilvia, the current
morphology enabled the mass-wasting processes to be reconstructed based
on the current structure of the curved ridges. A detailed geophysical analysis
of these features yielded quantitative constraints on velocities, as well as on
material properties and transport during and after the modification stage.
This approach is unique, as no other methods have so far dynamically re-
constructed an impact event purely based on observations. In addition, this
thesis demonstrated for the first time that the Coriolis force can strongly
affect the crater formation process on rapidly rotating objects.
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Appendix

A. IDL-Code Samples

A.1. Calculating the Velocity

;+
; :Name:
; anaysis_velocity
;
; : Description :
; This function calculates the velocity of each
; point of a curved ridge. It projects the
; neighbouring points in the tangent plane of the
; centred point , determines radius and velocity
; for each neighbour distance and finds the most
; common radius by sorting radii in a histogram .
;
; : Parameters :
; threeD: three dimensional array containing
; the x, y and z- coordinates of each
; mapping point on the reference
; ellipsoid derived with latlonTo3D
; lat_lon : two dimensional array containing
; geocentric latitude and longitude of
; each mapping point
; binsize : binsze for statistical derivation of
; velocity , e.g. 5 m/s
;
; : Returns :
; dis_vel : two dimensional array containing the
; distance from Rheasilvia ’s centre and
; the velocity of each mapping point
;-
FUNCTION Anaysis_Velocity , threeD , lat_lon , binsize
; Constants describing Vesta ’s shape and rotation
; recent ; ancient
a = 223800. ; a = 236770.
b = 281550. ; b = 277620.
omega = 0.000327 ; omega = 0.000348
length = n_elements(threeD)/3-1
vel_distrib = 0.
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vel_err = 0.
velocity = 0.
; Looping through all mapping points of a curved

ridge
FOR i=1, length -1 DO BEGIN

if i LT length /2. THEN pairs=i $
ELSE pairs=length -i

velocity =[0.]
; Looping through all neighbouring point pairs

FOR j=1, pairs , increment DO BEGIN
prev_point = threeD [*,i-j]
post_point = threeD [*,i+j]

; Normal vector at threeD [*,i]
norm_vec = [threeD [0,i]/b^2, $

threeD [1,i]/b^2, $
threeD [2,i]/a^2]

; Projecting the neighbouting point pair in the
tangential plane

prev_point_proj = prev_point - $
((( transpose( prev_point - threeD [*,i]) $
# norm_vec ) / (transpose( norm_vec ) $
# norm_vec )) # norm_vec )

post_point_proj = post_point - $
((( transpose( post_point - threeD [*,i]) $
# norm_vec ) / (transpose( norm_vec ) $
# norm_vec )) # norm_vec )

; Reduce points to 2D with threeD [*,i]=[0 ,0] ,
prev_point =[ rPrev ,0] and post_point =[ xPost ,yPost]

; Distance between prev_point_proj and threeD [*,i]
rPrev = float(norm( prev_point_proj $

- threeD [*,i]))
; Distance between post_point_proj and threeD [*,i]

rPost = float(norm( post_point_proj $
- threeD [*,i]))

; Testing direction of curvature
dir_x = (transpose( prev_point_proj - $

threeD [*,i]) # ( post_point_proj - $
threeD [*,i]) / (rprev*rpost))[0]

dir_y = (transpose( norm_vec ) # $
(crossp (( prev_point_proj - $
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threeD [*,i]), ( post_point_proj - $
threeD [*,i]) / (rprev*rpost))))[0]

IF dir_x LT -1 THEN dir_x =-1
IF dir_x GT 1 THEN dir_x= 1

; Angle between prev_point_proj and post_point_proj
IF dir_y LT 0 THEN begin

prevpostan = 2.*! pi - acos(dir_x)
ENDIF ELSE BEGIN

prevpostan = acos(dir_x)
ENDELSE

; Calculating the 2D position of the post_point
xPost = rPost*cos( prevpostan )
yPost = rPost*sin( prevpostan )

; Determine circle through threeD [*,i], prev_point
and post_point

x = [rPrev ,0., xPost]
y = [0. ,0. , yPost]
cir_3pnt , x, y, r, x0 , y0

; Assigning direction of curvature
IF dir_y LT 0 then r = -r
IF float( prevpostan ) EQ !pi then r = 0.

; Geodetic latitude
lat_geodet = atan(tan( lat_lon [0 ,*] $

*!pi /180.) / (1 -((b-a)/b))^2) *180./! pi
; Determining the velocity

velocity = [velocity ,2.* omega*r* $
sin( lat_geodet [i]*! pi /180.)]

ENDFOR
velocity = velocity [1: n_elements( velocity ) -1]

; Extracting non -zero values
null_num = where( velocity NE 0, nn)
velocity_reduced = velocity [ null_num ]

; Testing if velocity has more than one value
IF n_elements( velocity ) EQ 1 THEN BEGIN

vel_distrib =[ vel_distrib , velocity ]
vel_err =[ vel_err , 0.]

ENDIF ELSE BEGIN
IF nn GT 0 THEN BEGIN

; Producing a histogram
his = histogram( velocity_reduced , $
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omax=omax , omin=omin , $
location =binvals , binsize =binsize , $
reverse_indices =ri)

; Finding the largest bin
max_lok = where(max(his) EQ his)

; Storing values of largest bin
values = 0.
for k=0, n_elements( max_lok ) -1 do begin

values = [values , velocity_reduced $
[ri[ri[ max_lok [k]]: $
ri[ max_lok [k]+1] -1]]]

endfor
; Storing mean of largest bin in common array

vel_distrib =[ vel_distrib , mean(values $
[1: n_elements(values) -1])]

vel_err =[ vel_err , stddev(values $
[1: n_elements(values) -1])]

ENDIF ELSE BEGIN
; Storing zero if there are no values in the

histogram
vel_distrib =[ vel_distrib ,0.]
vel_err =[ vel_err ,0.]

ENDELSE
ENDELSE

ENDFOR
; Finding distance of mapping points for plotting
; recent ; ancient
axis_lat =75. ; axis_lat =74.
axis_lon =301. ; axis_lon =293.
; Finding distance to Reasilvia ’s centre
distance_RS = 0.
lon_180 = lat_lon [1 ,*]
lat_geo_det = atan(tan( lat_lon [0 ,*]*! pi /180.) $

/ (1 -((b-a)/b))^2) *180./! pi
lat_geo_det_RS = atan(tan(- axis_lat *!pi /180.) $

/ (1 -((b-a)/b))^2) *180./! pi
FOR l=0, n_elements( lat_geo_det ) -1 do begin

ell_ll2rb , lon_180 [l], -lat_geo_det [l], $
axis_lon , lat_geo_det_RS , dist_RS , azi1 , azi2

distance_RS = [distance_RS , dist_RS ]
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ENDFOR
; Finding distance along curve
curve_len = fltarr(n_elements( lat_lon )/2)
lat_geo_det_first_point = atan(tan( lat_lon [0 ,0] $

*!pi /180.) /(1 -((b-a)/b))^2) *180./! pi
FOR l=1, n_elements( lat_lon )/2-1 do begin

ell_ll2rb , lon_180 [l-1], -lat_geo_det [l-1], $
lon_180 [l], -lat_geo_det [l], point_dist , $
azi1 , azi2
curve_len [l] = [ curve_len [l -1] + point_dist ]

ENDFOR
; Returning the distance from Rheasilvia ’s centre ,

the distance along the curve , the velocity and
the standard deviation of of the velocity

dis_vel = transpose ([[ distance_RS [2: n_elements $
( distance_RS ) -2]], [ curve_len [1: n_elements $
( curve_len ) -2]], [ vel_distrib [1: n_elements $
( vel_distrib ) -1]], [ vel_err [1: n_elements $
( vel_distrib ) -1]]])

RETURN , dis_vel
END
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;+
; :Name:
; latlonTo3D
;
; : Description :
; This function converts latitude and longitude
; in 3D coordinates (x,y,z) on the bi -axial
; reference ellipsoid
;
; : Parameters :
; lat_lon : two dimensional array containing
; geocentric latitude and longitude of
; each mapping point
;
; : Returns :
; threeD: three dimensional array containing
; the x, y and z- coordinates of each
; mapping point on the reference
; ellipsoid
;-
FUNCTION latlonTo3D , lat_lon
; Constants describing Vesta ’s shape
; recent ; ancient
ab_ax = 281550. ; ab_ax = 277620.
c_ax = 223800. ; c_ax = 236770.
; Calculating the distance from the origin of the

coordinate system
r = reform(ab_ax*c_ax /( sqrt(c_ax ^2* $

cos( lat_lon [0 ,*]*! pi /180.) ^2 + $
ab_ax ^2* sin( lat_lon [0 ,*]*! pi /180.) ^2)))

; Calculating x, y and z
x = r*cos( lat_lon [1 ,*]*! pi /180.)* $

cos( lat_lon [0 ,*]*! pi /180.)
y = r*sin( lat_lon [1 ,*]*! pi /180.)* $

cos( lat_lon [0 ,*]*! pi /180.)
z = - sqrt (1. - (x^2+y^2)/ab_ax ^2)*c_ax
threeD = reform ([x,y,z],n_elements(x) ,3)
RETURN , transpose(threeD)
END
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A.2. Ancient Vesta’s Reference System

;+
; :Name:
; shift_axis
;
; : Description :
; This function calculates the latitude and
; longitude of the mapping points with respect
; to the ancient rotation axis which was shifted
; by 3 degree. The function operates on a
; spherical object and is followed by the
; functions proj_off and latlonTo3D to complete
; the transformation in to Vesta ’s ancient shape.
;
; : Parameters :
; lat_lon : two dimensional array containing
; geocentric latitude and longitude of
; each mapping point
;
; : Returns :
; lat_lon_new : the new latitude and longitude
; with respect to the shifted rotation
; axis
;-
FUNCTION shift_axis , lat_lon
r = 1.
lat_lon_new = lat_lon
; x,y,z coordinates of mapping points
pnt_x = r*sin ((90. - lat_lon_new [0 ,*]) *!pi /180.)*

cos( lat_lon_new [1 ,*]*! pi /180.)
pnt_y = r*sin ((90. - lat_lon_new [0 ,*]) *!pi /180.)*

sin( lat_lon_new [1 ,*]*! pi /180.)
pnt_z = r*cos ((90. - lat_lon_new [0 ,*]) *!pi /180.)
; Position of axes after Fu et al. 2014
sh_lat_a = (90. - 2.9) *!pi /180.
sh_lon_a = (17.3) *!pi /180.
sh_lat_b = (90. + 0.8) *!pi /180.
sh_lon_b = (107.3) *!pi /180.
sh_lat_c = (90. - 87.) *!pi /180.
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sh_lon_c = (360. - 177.3) *!pi /180.
; Converting axes position to x,y,z coordinates
x_a = r*sin( sh_lat_a )*cos( sh_lon_a )
y_a = r*sin( sh_lat_a )*sin( sh_lon_a )
z_a = r*cos( sh_lat_a )
x_b = r*sin( sh_lat_b )*cos( sh_lon_b )
y_b = r*sin( sh_lat_b )*sin( sh_lon_b )
z_b = r*cos( sh_lat_b )
x_c = r*sin( sh_lat_c )*cos( sh_lon_c )
y_c = r*sin( sh_lat_c )*sin( sh_lon_c )
z_c = r*cos( sh_lat_c )
; Transferring into shifted system
basis_1 = [[1. ,0. ,0.] , [0. ,1. ,0.] , [0. ,0. ,1.]]
basis_2 = [[x_a ,x_b ,x_c], [y_a ,y_b ,y_c], $

[z_a ,z_b ,z_c ]]
pnt = transpose ([ pnt_x , pnt_y , pnt_z ])
basis_tr = transpose(la_linear_equation(invert $

( basis_2 ), basis_1 ))
pnt_nr = transpose(la_linear_equation(invert $

( basis_tr ), pnt))
; Converting to new latitude and longitude
lat_lon_new [0 ,*] = asin(pnt_nr [2 ,*]/r) *180./! pi
lat_lon_new [1 ,*] = atan(pnt_nr [1,*], pnt_nr [0 ,*]) $

*180./! pi
; Converting negative longitudes
sh = where( lat_lon_new [1 ,*] LT 0, cnt)
IF cnt GT 0 THEN lat_lon_new [1,sh] = $

360. + lat_lon_new [1,sh]
RETURN , lat_lon_new
END
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;+
; :Name:
; proj_off
;
; : Description :
; This function calculates the latitude and
; longitude of the mapping points with respect to
; the ancient ellipsoid ’s origin which was offset
; by 5.7 km.
;
; : Parameters :
; lat_lon : two dimensional array containing
; geocentric latitude and longitude of
; each mapping point
;
; : Returns :
; lat_lon_new : the new latitude and longitude
; with respect to the offset in origin
;-
FUNCTION proj_off , lat_lon
a = 277620.
b = 236770.
off = -5660.
m = tan( lat_lon [0 ,*]*! pi /180.)
x = (a^2* off*m - sqrt(a^4*b^2*m^2 + a^2*b^4 - $

a^2*b^2* off ^2)) / (a^2*m^2 + b^2)
y = sqrt (1 - x^2/a^2)*b
lat_new = atan(y/x)
lat_lon_new = lat_lon
lat_lon_new [0 ,*] = -lat_new *180./! pi
RETURN , lat_lon_new
END
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Curve 1, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 1.

Curve 1, Bin Size 5 m/s, Recent Scenario

0 10 20 30 40 50
Distance [km]

-6

-5

-4

-3

-2

-1

0

E
le

v
a

ti
o

n
 [

k
m

]

Velocity [m/s]

  42.6

   0.0

 -48.0

(b) Topography plot Curve 1.

Figure B.1.: Curve 1 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 2, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 2.

Curve 2, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 2.

Figure B.2.: Curve 2 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 3, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 3.

Curve 3, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 3.

Figure B.3.: Curve 3 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.

166



B. Curve Plots and Statistics

Curve 4, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 4.

Curve 4, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 4.

Figure B.4.: Curve 4 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 5, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 5.

Curve 5, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 5.

Figure B.5.: Curve 5 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 6, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 6.

Curve 6, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 6.

Figure B.6.: Curve 6 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 7, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 7.

Curve 7, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 7.

Figure B.7.: Curve 7 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 8, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 8.

Curve 8, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 8.

Figure B.8.: Curve 8 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 9, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 9.

Curve 9, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 9.

Figure B.9.: Curve 9 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 10, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 10.

Curve 10, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 10.

Figure B.10.: Curve 10 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 11, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 11.

Curve 11, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 11.

Figure B.11.: Curve 11 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 12, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 12.

Curve 12, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 12.

Figure B.12.: Curve 12 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 13, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 13.

Curve 13, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 13.

Figure B.13.: Curve 13 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 14, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 14.

Curve 14, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 14.

Figure B.14.: Curve 14 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.

177



Appendix

Curve 15, Bin Size 5 m/s, Recent Scenario

0 20 40 60 80 100 120
Distance [km]

-100

-50

0

50

100

V
e

lo
c
it
y
 [

m
/s

]

(a) Velocity plot Curve 15.

Curve 15, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 15.

Figure B.15.: Curve 15 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 16, Bin Size 5 m/s, Recent Scenario

0 50 100 150 200
Distance [km]

-150

-100

-50

0

50

100

150
V

e
lo

c
it
y
 [

m
/s

]

(a) Velocity plot Curve 16.

Curve 16, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 16.

Figure B.16.: Curve 16 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 17, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 17.

Curve 17, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 17.

Figure B.17.: Curve 17 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 18, Bin Size 5 m/s, Recent Scenario

0 20 40 60 80
Distance [km]

-80

-60

-40

-20

0

20

40

60
V

e
lo

c
it
y
 [

m
/s

]

(a) Velocity plot Curve 18.

Curve 18, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 18.

Figure B.18.: Curve 18 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 19, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 19.

Curve 19, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 19.

Figure B.19.: Curve 19 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.

182



B. Curve Plots and Statistics

Curve 20, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 20.

Curve 20, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 20.

Figure B.20.: Curve 20 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 21, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 21.

Curve 21, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 21.

Figure B.21.: Curve 21 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 22, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 22.

Curve 22, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 22.

Figure B.22.: Curve 22 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 23, Bin Size 5 m/s, Recent Scenario

0 10 20 30 40 50
Distance [km]

-40

-20

0

20

40

60

80

V
e

lo
c
it
y
 [

m
/s

]

(a) Velocity plot Curve 23.

Curve 23, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 23.

Figure B.23.: Curve 23 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 24, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 24.

Curve 24, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 24.

Figure B.24.: Curve 24 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 25, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 25.

Curve 25, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 25.

Figure B.25.: Curve 25 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 26, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 26.

Curve 26, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 26.

Figure B.26.: Curve 26 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 27, Bin Size 5 m/s, Recent Scenario

0 20 40 60 80 100
Distance [km]

-100

-50

0

50

100

V
e

lo
c
it
y
 [

m
/s

]

(a) Velocity plot Curve 27.

Curve 27, Bin Size 5 m/s, Recent Scenario

0 20 40 60 80 100
Distance [km]

-11

-10

-9

-8

-7

-6

-5

E
le

v
a

ti
o

n
 [

k
m

]

Velocity [m/s]

  92.7

   0.0

 -79.5

(b) Topography plot Curve 27.

Figure B.27.: Curve 27 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 28, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 28.

Curve 28, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 28.

Figure B.28.: Curve 28 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 29, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 29.

Curve 29, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 29.

Figure B.29.: Curve 29 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 30, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 30.

Curve 30, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 30.

Figure B.30.: Curve 30 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 31, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 31.

Curve 31, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 31.

Figure B.31.: Curve 31 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 32, Bin Size 5 m/s, Recent Scenario
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(a) Velocity plot Curve 32.

Curve 32, Bin Size 5 m/s, Recent Scenario
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(b) Topography plot Curve 32.

Figure B.32.: Curve 32 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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B.2. Curve Statistics
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B. Curve Plots and Statistics

Table B.1.: Velocities of curved ridges of Region 1.
Curve Number

Mapping
Points

Velocity
Range

Mean
Velocity

Mean
Velocity

Magnitude

Mean
Positive
Velocity

[m/s] [m/s] [m/s] [m/s]
1 120 -48.0 5.6 11.7 12.8

↔ 42.2 ±14.5 ±10.2 ±10.2
2 160 -62.6 17.1 25.8 31.4

↔ 84.7 ±29.0 ±21.7 ±22.6
3 157 -42.4 34.1 37.6 42.4

↔ 123.8 ±29.0 ±24.3 ±23.2
4 279 -69.7 19.8 30.7 35.8

↔ 123.4 ±33.1 ±23.4 ±23.6
5 284 -61.6 14.2 22.9 26.4

↔ 100.0 ±27.4 ±20.6 ±22.3
6 217 -43.9 20.6 28.0 33.8

↔ 96.6 ±26.1 ±18.0 ±17.1
7 277 -65.9 16.3 28.4 31.3

↔ 120.5 ±31.5 ±21.2 ±22.4
8 321 -18.1 30.3 31.2 33.6

↔ 107.3 ±20.9 ±19.5 ±18.6
9 336 -59.6 26.0 30.3 34.1

↔ 83.5 ±27.9 ±23.0 ±23.0
10 279 -119.0 16.9 31.0 31.9

↔ 140.6 ±39.3 ±29.4 ±28.2
11 407 -104.8 33.1 47.1 54.0

↔ 177.1 ±55.5 ±44.2 ±46.8
12 305 -54.5 15.3 22.1 26.5

↔ 104.3 ±28.1 ±23.0 ±25.1
13 249 -54.1 5.9 15.9 15.6

↔ 67.6 ±19.4 ±12.4 ±11.9
14 280 -48.2 1.6 14.0 13.8

↔ 57.4 ±18.2 ±11.7 ±13.0
15 369 -91.1 3.0 23.3 20.5

↔ 99.3 ±30.8 ±20.3 ±18.5
16 757 -104.0 9.9 28.8 30.5

↔ 120.8 ±35.7 ±23.3 ±24.1
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Table B.2.: Velocities of curved ridges of Region 2.
Curve Number

Mapping
Points

Velocity
Range

Mean
Velocity

Mean
Velocity

Magnitude

Mean
Positive
Velocity

[m/s] [m/s] [m/s] [m/s]
17 208 -48.4 12.5 19.4 22.0

↔ 85.8 ±21.8 ±15.9 ±16.5
18 191 -61.3 -1.8 14.3 13.1

↔ 50.1 ±19.1 ±12.7 ±11.9
19 380 -121.0 15.6 32.1 40.9

↔ 146.1 ±43.4 ±33.1 ±38.0
20 394 -68.5 3.8 27.9 28.4

↔ 105.5 ±34.9 ±21.2 ±22.0
21 223 -116.8 14.8 32.8 42.6

↔ 133.7 ±39.8 ±26.9 ±28.4
22 364 -101.9 23.6 38.0 41.7

↔ 130.3 ±41.1 ±28.4 ±28.4
23 105 -24.5 19.4 22.1 26.9

↔ 71.7 ±22.3 ±19.6 ±19.7
24 373 -59.5 17.9 26.6 30.9

↔ 87.3 ±25.6 ±16.3 ±15.3
25 149 -73.1 10.9 21.0 22.8

↔ 79.3 ±23.7 ±15.5 ±15.4
26 195 -99.5 10.4 27.9 29.7

↔ 84.3 ±34.1 ±22.1 ±19.4
27 283 -79.5 7.9 20.7 22.3

↔ 92.7 ±27.1 ±19.2 ±21.0
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Table B.3.: Velocities of curved ridges of Region 3.
Curve Number

Mapping
Points

Velocity
Range

Mean
Velocity

Mean
Velocity

Magnitude

Mean
Negative
Velocity

[m/s] [m/s] [m/s] [m/s]
28 179 -69.1 -9.8 16.6 -22.0

↔ 22.1 ±20.6 ±15.7 ±17.7
29 160 -73.8 -13.2 18.1 -21.8

↔ 28.2 ±20.6 ±16.4 ±17.6
30 173 -53.3 -4.2 14.5 -14.9

↔ 59.9 ±19.3 ±13.3 ±12.4
31 356 -91.2 -11.2 24.4 -26.6

↔ 72.6 ±27.2 ±16.4 ±15.6
32 160 -33.3 6.9 15.2 -12.0

↔ 51.0 ±16.7 ±9.6 ±9.5

Table B.4.: Joint velocities of curved ridges in the regions.
Region Number

Mapping
Points

Velocity
Range

Mean
Velocity

Mean
Magnitude

Velocity

Mean
Pos./Neg.
Velocity

[m/s] [m/s] [m/s] [m/s]
1 120 -119.0 16.6 27.9 31.2

↔ 177.1 ±33.9 ±25.5 ±26.8
2 160 -121.0 12.6 27.2 31.0

↔ 146.0 ±33.9 ±23.8 ±25.3
3 157 -91.2 -7.3 19.0 -21.6

↔ 72.6 ±23.4 ±15.4 ±16.2
all 279 -121.0 12.4 26.6 30.0/-20.3

↔ 177.1 ±33.7 ±24.1 ±25.9/18.8
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B.3. Curve Measurements
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B. Curve Plots and Statistics

Curve 1 Squared Velocity Plot
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(a) Squared velocity plot Curve 1. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 1 Topography Plot
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(b) Topography plot Curve 1.

Figure B.33.: Measurements (red line) derived from Curve 1 evaluated with
a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 2 Squared Velocity Plot
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(a) Squared velocity plot Curve 2. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 2 Topography Plot
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(b) Topography plot Curve 2.

Figure B.34.: Curve 2 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 3 Squared Velocity Plot
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(a) Squared velocity plot Curve 3. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 3 Topography Plot
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(b) Topography plot Curve 3.

Figure B.35.: Measurements (red line) derived from Curve 3 evaluated with
a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 4 Squared Velocity Plot
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(a) Squared velocity plot Curve 4. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 4 Topography Plot
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(b) Topography plot Curve 4.

Figure B.36.: Measurements (red line) derived from Curve 4 evaluated with
a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 5 Squared Velocity Plot
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(a) Squared velocity plot Curve 5. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 5 Topography Plot
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(b) Topography plot Curve 5.

Figure B.37.: Measurements (red line) derived from Curve 5 evaluated with
a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 6 Squared Velocity Plot
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(a) Squared velocity plot Curve 6. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 6 Topography Plot
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(b) Topography plot Curve 6.

Figure B.38.: Measurements (red line) derived from Curve 6 evaluated with
a bin size of 5 m/s with respect to Vesta’s recent shape.

206



B. Curve Plots and Statistics

Curve 7 Squared Velocity Plot
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(a) Squared velocity plot Curve 7. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 7 Topography Plot
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(b) Topography plot Curve 7.

Figure B.39.: Measurements (red line) derived from Curve 7 evaluated with
a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 8 Squared Velocity Plot
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(a) Squared velocity plot Curve 8. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 8 Topography Plot
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(b) Topography plot Curve 8.

Figure B.40.: Measurements (red line) derived from Curve 8 evaluated with
a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 9 Squared Velocity Plot
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(a) Squared velocity plot Curve 9. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 9 Topography Plot
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(b) Topography plot Curve 9.

Figure B.41.: Measurements (red line) derived from Curve 9 evaluated with
a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 10 Squared Velocity Plot
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(a) Squared velocity plot Curve 10. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 10 Topography Plot
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(b) Topography plot Curve 10.

Figure B.42.: Measurements (red line) derived from Curve 10 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 11 Squared Velocity Plot
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(a) Squared velocity plot Curve 11. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 11 Topography Plot
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(b) Topography plot Curve 11.

Figure B.43.: Measurements (red line) derived from Curve 11 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 12 Squared Velocity Plot
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(a) Squared velocity plot Curve 12. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 12 Topography Plot
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(b) Topography plot Curve 12.

Figure B.44.: Measurements (red line) derived from Curve 12 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 13 Squared Velocity Plot
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(a) Squared velocity plot Curve 13. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 13 Topography Plot

0 20 40 60 80 100 120
Distance [km]

-10

-8

-6

-4

-2

0

E
le

v
a

ti
o

n
 [

k
m

]

(b) Topography plot Curve 13.

Figure B.45.: Measurements (red line) derived from Curve 13 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 14 Squared Velocity Plot
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(a) Squared velocity plot Curve 14. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 14 Topography Plot
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(b) Topography plot Curve 14.

Figure B.46.: Measurements (red line) derived from Curve 14 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 15 Squared Velocity Plot
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(a) Squared velocity plot Curve 15. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 15 Topography Plot
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(b) Topography plot Curve 15.

Figure B.47.: Measurements (red line) derived from Curve 15 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.

215



Appendix

Curve 16 Squared Velocity Plot
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(a) Squared velocity plot Curve 16. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 16 Topography Plot
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(b) Topography plot Curve 16.

Figure B.48.: Measurements (red line) derived from Curve 16 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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B. Curve Plots and Statistics

Curve 17 Squared Velocity Plot
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(a) Squared velocity plot Curve 17. Black and blue points are values derived from
positive and negative velocities, respectively.
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(b) Topography plot Curve 17.

Figure B.49.: Measurements (red line) derived from Curve 17 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 18 Squared Velocity Plot
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(a) Squared velocity plot Curve 18. Black and blue points are values derived from
positive and negative velocities, respectively.
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(b) Topography plot Curve 18.

Figure B.50.: Curve 18 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 19 Squared Velocity Plot
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(a) Squared velocity plot Curve 19. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 19 Topography Plot
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(b) Topography plot Curve 19.

Figure B.51.: Measurements (red line) derived from Curve 19 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 20 Squared Velocity Plot

0 20 40 60 80 100 120 140
Distance [km]

0

2.0•103

4.0•103

6.0•103

8.0•103

1.0•104

1.2•104

V
e

lo
c
it
y

2
 [

m
2
/s

2
]

(a) Squared velocity plot Curve 20. Black and blue points are values derived from
positive and negative velocities, respectively.
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(b) Topography plot Curve 20.

Figure B.52.: Curve 20 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 21 Squared Velocity Plot
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(a) Squared velocity plot Curve 21. Black and blue points are values derived from
positive and negative velocities, respectively.
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(b) Topography plot Curve 21.

Figure B.53.: Curve 21 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 22 Squared Velocity Plot
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(a) Squared velocity plot Curve 22. Black and blue points are values derived from
positive and negative velocities, respectively.
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(b) Topography plot Curve 22.

Figure B.54.: Measurements (red line) derived from Curve 22 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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B. Curve Plots and Statistics

Curve 23 Squared Velocity Plot
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(a) Squared velocity plot Curve 23. Black and blue points are values derived from
positive and negative velocities, respectively.
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(b) Topography plot Curve 23.

Figure B.55.: Curve 23 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 24 Squared Velocity Plot
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(a) Squared velocity plot Curve 24. Black and blue points are values derived from
positive and negative velocities, respectively.
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(b) Topography plot Curve 24.

Figure B.56.: Measurements (red line) derived from Curve 24 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 25 Squared Velocity Plot
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(a) Squared velocity plot Curve 25. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 25 Topography Plot
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(b) Topography plot Curve 25.

Figure B.57.: Measurements (red line) derived from Curve 25 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 26 Squared Velocity Plot
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(a) Squared velocity plot Curve 26. Black and blue points are values derived from
positive and negative velocities, respectively.
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(b) Topography plot Curve 26.

Figure B.58.: Measurements (red line) derived from Curve 26 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 27 Squared Velocity Plot
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(a) Squared velocity plot Curve 27. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 27 Topography Plot
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(b) Topography plot Curve 27.

Figure B.59.: Curve 27 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 28 Squared Velocity Plot
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(a) Squared velocity plot Curve 28. Black and blue points are values derived from
positive and negative velocities, respectively.
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(b) Topography plot Curve 28.

Figure B.60.: Curve 28 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 29 Squared Velocity Plot
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(a) Squared velocity plot Curve 29. Black and blue points are values derived from
positive and negative velocities, respectively.
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(b) Topography plot Curve 29.

Figure B.61.: Measurements (red line) derived from Curve 29 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 30 Squared Velocity Plot
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(a) Squared velocity plot Curve 30. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 30 Topography Plot
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(b) Topography plot Curve 30.

Figure B.62.: Curve 30 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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Curve 31 Squared Velocity Plot
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(a) Squared velocity plot Curve 31. Black and blue points are values derived from
positive and negative velocities, respectively.

Curve 31 Topography Plot
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(b) Topography plot Curve 31.

Figure B.63.: Measurements (red line) derived from Curve 31 evaluated
with a bin size of 5 m/s with respect to Vesta’s recent shape.
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Curve 32 Squared Velocity Plot
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(a) Squared velocity plot Curve 32. Black and blue points are values derived from
positive and negative velocities, respectively.
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(b) Topography plot Curve 32.

Figure B.64.: Curve 32 evaluated with a bin size of 5 m/s with respect to
Vesta’s recent shape.
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[1] The Rheasilvia crater is Vesta’s largest impact basin. It is a 500 km diameter
complex crater centered near the south pole and overlying the 400 km diameter impact
basin Veneneia. Using Framing Camera (FC) data from the Dawn spacecraft’s Low
Altitude Mapping Orbit (20 m/pixel) and a digital terrain model derived from High
Altitude Mapping Orbit stereo data, we identified various mass-wasting features within
the south polar region. These features include intra-crater mass movements, flow-like and
creep-like structures, slumping areas, landslides, and curved radial and concentric ridges.
Intra-crater mass-wasting features are represented by lobate slides, talus material, dark
patches on the crater wall, spurs along the crater rim and boulders. Slumping areas
develop in compact material, whereas landslides form in relatively loose material. Both
may be triggered by seismic shaking induced by impacts. Intra-crater mass wasting and
slid and slumped materials are homogeneously distributed throughout the basin. Slumping
and sliding processes have contributed most efficiently to basin degradation. Flow-like
and creep-like features originate from granular material and cluster between 0ıE and
90ıE, an area exposing shocked and fractured material from the Rheasilvia impact event.
The radial curved ridges are likely to be remnants of the early Rheasilvia collapse process,
when radially moving masses were deflected by the Coriolis Effect. The concentric ridges
are artifacts from the crater rim collapse. Curved ridges at the intersection of Rheasilvia
and Veneneia, and on Rheasilvia’s central peak, may also have been influenced by the
Rheasilvia basin relaxation process, and an oblique impact, respectively.
Citation: Otto, K. A., et al. (2013), Mass-wasting features and processes in Vesta’s south polar basin Rheasilvia, J. Geophys. Res.
Planets, 118, doi:10.1002/2013JE004333.

1. Introduction
[2] Asteroid (4) Vesta is important for understanding the

early formation processes of terrestrial planetary objects.
Not only is it the second most massive asteroid after (1)
Ceres but it is also believed to be a surviving protoplanet
[Keil, 2002; McCord et al., 2006; Russell et al., 2012].
Vesta is also thought to be the parent body of the Howardite
Eucrite Diogenite (HED) meteorite family [McCord et al.,
1970; Consolmagno and Drake, 1977; Binzel and Xu, 1993],
which originated from different layers of a differentiated
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body and that may have been ejected as a result of a large
impact event [Thomas et al., 1997; Zuber et al., 2011].
However, until the NASA discovery mission Dawn visited
Vesta, there had been no detailed data to aid in understanding
the evolutionary processes of the protoplanet.

[3] The Dawn spacecraft orbited Vesta from August
2011 to September 2012 and collected surface data with
three instruments [Rayman et al., 2006; Russell et al.,
2004; Russell and Raymond, 2011]: the Visual and Infrared
Spectrometer (VIR) which is able to detect surface
mineralogical compositions through the analysis of spec-
tral variations and the corresponding absorption features [De
Sanctis et al., 2010], the Gamma Ray and Neutron Detec-
tor (GRaND) which enables the evaluation of the isotopic
composition of surface material [Prettyman et al., 2011],
and the Framing Camera (FC) which observes the surface
in wavelengths ranging from visible to near infrared, while
systematically changing observation geometries to provide
multiple stereo coverage [Raymond et al., 2011; Preusker et
al., 2012; Jaumann et al., 2012]. In addition to a broadband
clear filter, the FC is equipped with seven narrowband filters
with effective wavelengths between 430 nm and 980 nm
[Sierks et al., 2011].

1
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[4] The Dawn mission allowed Vesta’s morphology to be
studied in detail. Here we concentrate on mass-wasting fea-
tures in the southern hemisphere associated with the giant
impact basin Rheasilvia. We identified and mapped various
types of mass movements, the investigation of which aids
in understanding the gravitational, structural and material
properties of Vesta’s surface as well as impact and surface
degradation processes.

1.1. Gravitational Properties of Vesta
[5] Vesta is a triaxial ellipsoid with major axes of

286.3 km, 278.6 km, and 223.2 km and a mean radius
of 262.7 km (˙ 0.1 km) [Russell et al., 2012; Jaumann
et al., 2012]. With a mass of 2.59 � 1020 kg, the average
surface gravity is 0.25 m/s2. However, the density distribu-
tion as well as elevation differences generates variations in
the local gravity field. Elevation differences vary the field
by up to 20%. Density variations have an effect of about
1% [Raymond et al., 2012], and centrifugal effects due to
Vesta’s relatively fast rotation of 5.3 h per revolution [Russel
et al., 2012] decrease the gravitational acceleration by at
most 0.3%.

[6] Its low gravity means that Vesta preserves large varia-
tions in elevation. The elevation with respect to a 285 km by
229 km reference spheroid ranges from –22 km to +19 km
[Jaumann et al., 2012; Preusker et al., 2012]. Most slopes
have a gradient of 5ı to 10ı, although slopes as steep at 40ı
can be found on scarps of slumping material [Jaumann et al.,
2012]. Vesta’s slopes are influenced by the low-gravity field
on the surface, and two types of repose angles have to be
considered. The static angle of repose influences the shape of
scarps after the failure of material. This angle increases with
decreasing gravity. The dynamic angle of repose is formed
by depositions, such as landslide fans, and in contrast to
the static case, the dynamic angle decreases with decreasing
gravity [Kleinhans et al., 2011]. Thus, scarps are steeper and
deposits flatter in Vesta’s gravity environment compared to
more massive bodies such as the Moon.

1.2. The Giant Impact Basin Rheasilvia
[7] The giant south polar impact basin Rheasilvia was first

observed by the Hubble Space Telescope [Thomas et al.,
1997]. The center of the 500 km ˙ 20 km diameter basin,
located at 301ıE and 75ıS, almost coincides with the south
pole [Jaumann et al., 2012]. The elevation differences from
the lowest region to the rim and central peak of the crater
are about 35 km and 20 km, respectively. The excavation of
vast amounts of material from Vesta’s crust and upper mantle
upon the impact that created Rheasilvia is likely to have
changed Vesta’s main moments of inertia, moving the rota-
tion axis to its current position [Thomas et al., 1997; Zuber
et al., 2011]. Centered at 170ıE and 52ıS with a diameter
of 400 km˙ 20 km, a second older impact basin, Veneneia,
has been identified under the Rheasilvia impact basin
[Jaumann et al., 2012; Schenk et al., 2012] (e.g., Figure 1).
Ages estimated from crater density counts indicate that
Rheasilvia and Veneneia are relatively young, with respect
to Vesta’s northern hemisphere [Schenk et al., 2012; Marchi
et al., 2012].

[8] The rim of Rheasilvia is well preserved between
330ıE and 120ıE and between 200ıE and 290ıE. The rim
between 120ıE and 200ıE is interrupted by the underlying

Veneneia basin [Jaumann et al., 2012], and thus, the mate-
rial forming Rheasilvia’s rim in this region lies within the
Veneneia depression, resulting in a lower elevation when
compared to areas with no underlying depression. Between
290ıE and 330ıE, opposite Veneneia in relation to Rheasil-
via’s center, the crater rim is also low. Such asymmetry in
the crater shape and structure might be caused by preimpact
topography, anisotropies in the target material [Collins et
al., 2008], or an oblique impact [Poelchau and Kenkmann,
2008].

2. Database
[9] The FC collected image data in clear and narrowband

wavelengths from different orbital altitudes with pixel scales
down to 20 m/pixel in the Low Altitude Mapping Orbit
(LAMO). In the High Altitude Mapping Orbit (HAMO,
70 m/pixel), it obtained multiple images of the same area
with different viewing geometries [Raymond et al., 2011].
Based on this photogrammetric (stereo) data set, three-
dimensional maps have been constructed on a reference
spheroid of 285 km by 229 km. The resulting Digital Ter-
rain Model (DTM) has a spatial resolution of �100 m/pixel
(48 pixels/degree) and a vertical accuracy of�5 m [Preusker
et al., 2012]. The images were combined into a global
mosaic for interpretation of morphologic structures, surface
features, and stratigraphic relations [Roatsch et al., 2013;
Jaumann et al., 2012].

[10] The maps in this work are presented in the “Clau-
dia” coordinate system. This system is different from the
coordinate system recommended by the International Astro-
nomical Union (IAU) [Archinal et al., 2011] as used to
publish data in the Planetary Data System (PDS) [Li, 2012].
The Claudia longitude may be obtained from the IAU/PDS
longitude by subtracting 150ı.

3. Method
[11] FC images in LAMO resolution were used to analyze

the morphology of mass-wasting features on Vesta’s surface.
The images were projected on a sphere of 255 km radius for
large-scale mapping using a stereographic projection (equal
angle). The elevation was taken into consideration using
the DTM. A stereographic map of three narrowband ratios
(749 nm/438 nm, 749 nm/917 nm, and 438 nm/749 nm)
in HAMO resolution was applied for surface compositional
interpretation. Tompkins and Pieters [1999] and Pieters et
al. [2011] used these band ratios to define the Moon’s mafic
mineralogy; here Dawn HAMO images were used to calcu-
late the same ratios for Vesta. The ratios indicate the depth
of pyroxene absorption around 1000 nm (749 nm/917 nm)
and the change of absorption between visible infrared and
ultraviolet wavelengths (438 nm/749 nm).

4. Observed Types of Mass Wasting
[12] We identified six different types of mass-wasting fea-

tures in the region inside of and around the Rheasilvia impact
basin. These include intra-crater mass-wasting features asso-
ciated with young craters, flow-like and creep-like patterns
of shocked and fractured materials, slumps of compact mate-
rial, landslides indicative of massive crater collapse mass
wasting and curved ridges from the early formation stage of

2



OTTO ET AL.: RHEASILVIA MASS WASTING

Figure 1. Context map showing the figure locations. The Rheasilvia and Veneneia basins are outlined.
The map is a stereographic projection on a sphere of 255 km radius overlaid by a Digital Terrain Model
(DTM) referenced to a 285 km by 229 km spheroid. All outlined figures are magnifications of this
stereographic Low Altitude Mapping Orbit (LAMO) map.

Rheasilvia. In the following sections, we provide a descrip-
tion and detailed mapping of each type of feature. Figure 1
presents a context map of the illustrated features.

4.1. Intra-Crater Mass Wasting
[13] Mass wasting inside craters is part of the excava-

tion and modification process of crater formation [Melosh,
1986] and even within craters in microgravity environments,
such as the asteroid Itokawa or Mars’ moon Phobos, this
type of mass movement is observed [Miyamoto et al., 2007;
Shingareva and Kuzmin, 2001].

[14] After the excavation, the newly formed crater is not
necessarily in a state of equilibrium. In the unstable con-
dition when the slopes of the crater walls are higher than
the angle of repose, debris will slide down into the crater
[Melosh, 1989]. On Vesta, such debris slides can be observed
on the crater floors as a pond of fine material or aprons along
the crater wall in craters larger than 6 km [Krohn et al.,
2013]. Intra-crater landslides are often terraced concentri-
cally due to downhill sliding. In some cases, the material
bulges to form smaller hills on the crater floor, indicating
the kinetic energy of the sliding mass was sufficient to pile
up the material against gravity. Smaller landslides also form
lobate tongues inside craters (Figure 2, arrow a).

[15] The debris aprons are sometimes associated with
darker albedo bands at the transition from crater floor debris
to crater wall (Figure 2, arrow c). These occur on slopes of

about 25ı to 30ı. Above the low-albedo patches, the crater
wall is generally smooth. Underneath the patches, toward
the crater floor, the surface is more frequently cratered and
appears to be older. The downslope motion of granular mate-
rial causes inverse size segregation of the grains in the
moving body by convection [Khosropour et al., 1997] and
kinetic sieving (the “Brazil Nut” effect). A reduction in shear
forces allows the larger overlying particles to travel faster
than the bulk of the material underneath [De Blasio, 2011].
Thus, the coarse-grained material exposes the finer mate-
rial by traveling farther when the finer material has already
settled. As a result, the smaller particles accumulate at the
top of the apron. This size segregation may contribute to
the formation of dark albedo patches along the crater wall.
The craters which show the low-albedo patches are conse-
quently often filled with larger boulders near the front of the
landslide tongue where coarse-grained material is expected.
These boulders may have segregated from the bulk of the
landslide (Figure 2, arrow d). In subsequent mass-wasting
processes, slides overrun the dark patches and form tongues.
This albedo phenomenon occurs rarely and is thus likely to
be dependent on material properties at the crater locations.

[16] Similar markings are seen on other asteroids such as
Eros [Thomas et al., 2002]. There, they are not necessarily
associated with craters but are related to slopes larger than
�25ı and are an indicator for downslope movement.

[17] Some craters show spurs in the crater wall where
larger blocks or crustal segments protrude from the crater

3
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Figure 2. Examples of intra-crater mass-wasting features. (a) Crater Fonteia at 53ıS and 141ıE and
(b) crater Canuleia at 34ıS and 295ıE. Note the different scales of the images. Both craters show lobate
downslope movement (arrows a). In the case of Canuleia, a dark landslide emanates from the lower part
of the image to the crater center. Spurs are present at the rims of the craters (arrows b). Fonteia shows
dark patches overrun by brighter material (arrows c). Canuleia also exhibits low-albedo features but in a
less prominent manner. Some larger boulders have gathered on the craters’ floors and walls (arrows d).
Also note the rocky block slightly above the center of Fonteia. Talus material is indicated by the dotted
line inside crater Canuleia.

rim (Figure 2, arrow b). Larger boulders (up to 150 m across)
often collect at the crater floor as a result of rock fall from
these spur formations (Figure 2, arrow d). The spurs of all
marked craters are similar in size, protruding 0.5 km to 3 km
into the crater. The spur size is limited by the thickness of
the compacted target material and varies between different
crater locations.

[18] We also identified ponded talus material at the bottom
of some craters. These ponds are filled by landslide material
(Figure 2b, dashed line). The debris is often not flattened
on the crater floor but is composed of lobes oriented toward
the center of the crater. Vesta’s relatively high mass means
that seismic shaking does not flatten the debris in craters as
efficiently as on smaller asteroids such as Eros [Richardson
et al., 2004].

[19] The distribution of intra-crater mass-wasting features
is approximately homogeneous (Figure 3). This suggests
that the material properties that cause these features are not
localized but similar throughout the southern hemisphere.

[20] Intra-crater mass wasting is associated with young
craters. A longer period of erosive activity, such as seismic
shaking, might trigger landslides which fill a crater. Spurs
might break off the crater rim and accumulate as boulders
on the crater floor. Ejecta from later impacts in the vicin-
ity of a crater, as well as intra-crater landslides, cover other
intra-crater mass-wasting features including boulders and
dark patches. Eventually, the crater is completely filled with
talus material and no longer exhibits any other intra-crater
mass-wasting features.

[21] The above described intra-crater mass-wasting fea-
tures concern craters smaller than 50 km in diameter. Larger
craters, such as Rheasilvia and Veneneia, exhibit different
types of mass-wasting features. Here, spur formation and
boulders occur only locally on the crater rims, where the
impacts cut through compacted target material. Dark patches
do not occur, but additional features, such as the flow-like

and creep-like features, are present. Slides and slumping are
the most common mass-wasting processes and are further
described in the following sections.

4.2. Flow-Like Features
[22] The Rheasilvia basin exhibits flow-like mass move-

ments, which show a flume-like pattern with striations par-
allel to the direction of travel and lobate scarps at the front
of the features. The striations suggest fluid-like flow behav-
ior, indicating that the frictional forces between the particles
are small.

[23] A possible explanation for the low friction within a
landslide was suggested by Melosh [1986] who introduced
acoustic fluidization as a process to reduce friction within a
very large landslide (more than 107 m3) resulting in small
height-to-distance ratios. The fluidization is generated by
strong acoustic vibrations that temporarily reduce the pres-
sure within the landslide. This allows the landslide to move
under applied shear stresses that are below the threshold of
motion for the given overburden.

[24] Flow-like features are most common on slopes of
about 5ı to 20ı and cluster on the highest part of the Rheasil-
via rim and on the central peak (Figure 4). Areas toward the
Veneneia basin and lower elevated regions do not show such
features. The surface of the flow-like features are smooth
and based on the number of impact features on them, they
appear to be younger in comparison to the surrounding area.
The paths of the steepest slope do not generally coincide
with the flow direction. This implies that the recent topogra-
phy is formed by the deposit of the slide or that subsidence
has taken place after the formation of the flow-like features.

[25] The outer crater rim of Rheasilvia along the Matrona-
lia Rupes scarp (within the area of 20ıS to 45ıS and 35ıE to
95ıE) is dominated by a downslope flow-like mass-wasting
feature (Figure 5). The fan of the flow is �100 km long
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Figure 3. Distribution of intra-crater mass-wasting features including dark patches along the crater wall
(blue), slides emanating into the crater bowl (green), talus material on the crater floor (yellow), spur
formation along the crater rim (orange), and boulders (red). Only craters with non-eroded features are
marked. The map is a stereographic LAMO projection on a sphere of 255 km radius.

extending over an elevation change of �7 km with slopes
varying between 10ı to 20ı. This results in a height-to-
distance ratio of 0.07 and thus can be classified as a long
runout landslide. The relatively large volume of the landslide
(�6000 km3) may have enabled acoustic fluidization to have
reduced the internal friction.

[26] The flow-like feature originates from the edge of
a plateau formed by the crater rim of Rheasilvia. Vari-
ous parallel oriented striations with an angle of �30ı to
the slope direction (Figure 5, arrows) emerge downhill and
form lobate slide fronts. Some of the material has subsided,
forming depressed areas in front of the slide’s toes, which
might be due to compaction of a soft base or underlying
topography.

[27] Another flow-like feature is located on the crater wall
of Rheasilvia, directly opposite the previously described fea-
ture (within the area of 21ıS to 33ıS and 248ıE to 265ıE).
The flow points toward Rheasilvia’s center but again orig-
inates from the elevated crater rim. The central peak also
exhibits flow-like downward movement of material, which
suggests that the material forming Rheasilvia’s rim and
central peak differs from other surface materials within the
crater, appearing to have lower internal friction. The forma-
tion of highly shocked and fractured materials on the crater
wall and central peak during the impact process may explain
the occurrence of flow-like features on elevated regions.
Other possible formation processes include destabilization
of fallback ejecta on steep flanks and impact melt flows.

A combination of these effects would seem most plausible
and a detailed study of the flow-like features can be found in
Williams et al. [2013].

4.3. Creep-Like Features
[28] Other mass-wasting features occurring on Vesta’s

southern hemisphere are creep-like mounds on the regolith-
covered surface. These mounds are elongated features with
a straight or slightly curved shape. Their lengths vary from
a few hundred meters to several kilometers and they often
appear in clusters with a curved alignment perpendicular to
the slope (Figure 6).

[29] The creep-like mounds are too small for their ele-
vation to be inferred from the DTM; nevertheless, their
shadows indicate their raised morphology. The length of a
shadow cast by a nearby crater rim with measurable height in
the DTM was used to determine the illumination angle and
direction. With this information and considering the slope of
the terrain, the typical heights of the creep-like mounds were
estimated to be about 100 m to 150 m.

[30] The creep-like features occur on the inner and outer
slopes of Rheasilvia’s rim and on the central peak. They
cluster in the region between 0ıE and 90ıE. On the oppo-
site Rheasilvia crater rim, between 210ıE and 240ıE, further
regions with creep-like features are evident. Other, much
smaller creep-like regions are spread over the Rheasilvia
basin, where they are often associated with the ejecta and
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Figure 4. The distribution of flow-like (red) and creep-like features (black). The flow-like features are
associated with elevated regions such as the Rheasilvia rim and the central peak. Flow-like and creep-like
features cluster in the area between 0ıE and 90ıE. Further creep-like features occur in scattered regions
within the Rheasilvia basin. The map is a stereographic projection on a sphere of 255 km radius overlaid
by a DTM referenced to a 285 km by 229 km spheroid.

wall material of young craters. The clustering of regions with
creep-like features on Rheasilvia’s rim, central peak, and
near young craters (Figure 4) indicates that material exhibit-
ing creep-like features possesses the physical properties of
highly shocked and fractured material.

[31] A possible explanation for the formation of the creep-
like features is the local compaction of material due to
seismic shaking from nearby impact events. Compaction
and creeping can be a result of a pressure wave propagat-
ing through the regolith [Titley, 1966; Schultz and Gault,
1975], causing the material to pile up in small creep-like
mounds. This phenomenon has already been observed on
other asteroids [Richardson Jr. et al., 2005].

4.4. Slumping
[32] Rotational slumping occurs on steep slopes, when the

pressure of the slumping body exceeds the shear resistance
of a sliding surface [De Blasio, 2011]. In a cohesive mate-
rial (in which the main intra-material connection is provided
by electrostatic bonds between the grains), the grains do not
detach from each other to slide downhill, but a surface of
rupture is formed by the shear stress of the overlying body.
The body as a whole then slumps downward along the sur-
face of rupture. This surface is hemispherical or spoon-like
shaped, a result of the stress exerted on the material. As the
center of mass of the sliding body does not coincide with the

center of the circle formed by the surface of rupture, a torque
is produced. Thus, the driving force of slumping originates
from the torque produced by gravity on the center of mass.

[33] Features of rotational slumping include almost ver-
tical scarps and heads that are tilted backward toward the
scarp. Transverse cracks, ridges, and a toe feature at the
front of the slide can often be observed (Figure 7). Within
the Rheasilvia basin, these features are less prominent than
the scarps and thus difficult to identify. They are eroded
by subsequent impact cratering or local seismic shaking.
In some places, the toes are still represented as slightly
elevated terrains.

[34] The crater of the Rheasilvia impact has degraded due
to slumping in various regions. Some slumping areas are
heavily eroded while others are relatively well preserved.
A prominent and relatively young area of rotational slump-
ing blocks appears opposite the flow-like feature along the
Matronalia Rupes scarp (section 4.2, Figure 5) toward the
center of the Rheasilvia basin [Krohn et al., 2013]. It is
located within the area of 45ıS to 65ıS and 75ıE to 115ıE
with the Matronalia Rupes scarp representing the main scarp
of the slumping body (Figure 8). Numerous minor scarps
of subsequent slumping, ridges, and the toe of the slumping
body are evident.

[35] We identified three ancient relics of slumping blocks
within the region of 35ıS to 55ıS and 165ıE to 185ıE, the
area where Rheasilvia intersects Veneneia, within 20ıS to
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Figure 5. The flow-like feature north of the Matronalia Rupes scarp, within the area of 20ıS to 45ıS
and 35ıE to 95ıE. The arrows indicate the origin of the flow, from which striations developed. The
dashed line shows the extent of the feature. The image is in a stereographic projection with the scale bar
applicable at the center of the image. It is overlaid by a DTM referenced to a 285 km by 229 km spheroid.

30ıS and 290ıE to 310ıE, and within 25ıS to 55ıS and
320ıE to 40ıE (see Figure 9). Younger geologic activities,
such as impact cratering or sliding of debris, eroded the orig-
inal rotational slump scarps and heads, so that often only
the upper parts of the slumping heads are visible as rounded
elongated rims (see also section 4.6). The first two slumping
areas have main scarps with an angle to the rim of Rheasil-
via, indicating that the basin did not collapse concentrically
in these regions. This might be due to varying material
strengths and substructures within the Rheasilvia wall. The
third slumping region’s scarps are parallel to the crater rim
following a concentric degradation of the Rheasilvia basin.
The region includes an area of large craters with diame-
ters up to 30 km (Figure 9) which possibly triggered the

slumping process. The locations of the described slumping
areas are sketched in Figure 10.

4.5. Slides
[36] Landslides are a form of avalanches which occur

when the constituents of a material behave in a granular
manner. The collapse of a previously stable slope of such
material can be triggered by seismic shaking induced by
nearby impact events [Titley, 1966; Richardson Jr. et al.,
2005]. The shock waves of these events briefly increase
the shear stress and can trigger a slide when the slope
does not return to a stable state. Once moving, the material
converts potential energy into internal and kinetic energy.
The motion is usually stopped by a topographic obstacle,

Figure 6. Creep-like features on Rheasilvia’s central peak in the region centered at 68ıS and 343ıE. The
arrows indicate examples of the elongated mounds. The creep-like mounds are parallel to the slope with
a straight or slightly curved shape. The image is overlaid by a DTM referenced to a 285 km by 229 km
spheroid. It is in a stereographic projection.
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toe
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transverse ridges

minor scarp

main scarp

head

surface of rupture

Figure 7. Schematics of a rotational slump. The rotational slump slides on a curved surface of rupture
generating a main scarp and head feature. Further slumping results in minor scarps. The slumping body
exhibits transverse cracks and ridges due to stretching and compression within the slumping body. The
toe feature represents the front of the slump.

including reductions in slope which decrease slide momen-
tum and provide a stable halting position.

[37] Boulders and smaller constituents of the slide col-
lide during the movement, disintegrate, and distribute the
momentum inside the slide in directions other than the
downslope direction. This results in a spreading and widen-
ing of the landslide body where topography does not place
constraints on the movement. This stretching is evident in
landslides in the Rheasilvia basin (Figure 11).

[38] The Rheasilvia basin exhibits multiple ancient and
recent landslides. The less eroded and younger landslides
tend to be less massive in volume and runout length.
The landslides migrated from the rim and central peak of
Rheasilvia toward the basin floor. For most identified slides,
an eroded scarp can be observed. The resting bodies of the
slides consist of elongated lobes or widened fans of material.

[39] Figure 10 illustrates the distribution of landslides.
The slides were separated into two categories, certain and
possible, based upon the ease with which they could be iden-
tified. The landslides are almost evenly distributed along the
crater rim and central peak. However, there is a region, iden-
tified above as a slumping area (section 4.4) between 10ıE
and 60ıE in the Rheasilvia basin that is less populated with
slides. The observed reduction in slides within the slump-
ing area is consistent with other slumping areas, as slumping
blocks consist of cohesive material that slides in blocks on
the surface of rupture. Also, larger craters within the 10ıE
to 60ıE area are likely to have altered the area so that slides
are no longer identifiable.

[40] Some of the slides emanating from the rim of
Rheasilvia tend to have a slightly curved runout. It is prob-
able that they followed an underlying curved topography,

Figure 8. The youngest slumping area in the Rheasilvia basin along the scarp of Matronalia Rupes (main
scarp), within the region of 45ıS to 65ıS and 75ıE to 115ıE. The minor scarp within the slumping body
indicates slumping from previously wasted material, and ridges represent degraded scarps and material
accumulations. The scarps and ridges were identified using the DTM and LAMO mosaic. The image is
in a stereographic projection.
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Figure 9. An ancient slumping body of Rheasilvia, within the area of 25ıS to 55ıS and 320ıE to 40ıE.
The major scarp is the origin of the slumping block representing Rheasilvia’s rim. Minor scarps within
the slumping body indicate slumping from previously wasted material, and ridges represent degraded
scarps and material accumulations. The larger impact craters were probably triggers for the slumping
along scarps that they cross. The image is in a stereographic projection.

Figure 10. The distribution of landslides and slumping areas in the Rheasilvia and Veneneia area. Solid
black lines represent reliable identification of landslides; dashed black lines mark possible landslides.
Slumping areas are outlined in red. Landslides are distributed approximately homogeneously along the
crater rim and on the central peak of Rheasilvia. Sliding and slumping areas are predominantly mutually
exclusive with the exception of some small landslides within old slumping areas. The map is a stereo-
graphic projection on a sphere of 255 km radius overlaid by a DTM referenced to a 285 km by 229 km
spheroid.
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Figure 11. (a) Recent landslides emanating from the Matronalia Rupes scarp within the region of 45ıS
to 55ıS and 51ıE to 75ıE and (b) a rim slide within the area of 20ıS to 49ıS and 224ıE to 266ıE. The
scarps from which the slides originate are outlined and arrows indicate their extent. In Figure 11a, note the
spur formation on the right (�40ı slope) and the creep-like structures within the left landslide body (�30ı
slope). In Figure 11b, the landslide forms a slope of �35ı at the scarp (static angle of repose), decreasing
to�5ı at the toe of the slide (dynamic angle of repose). The images are in a stereographic projection with
the scale bar applicable at the center of the images. They are overlaid by a DTM referenced to a 285 km
by 229 km spheroid.

which might have been produced by the Coriolis Effect
(section 5.2). The current topography may have been pro-
duced by structures generated during the Rheasilvia basin
uplift and the subsequent movement of material along them.

[41] Figure 12 shows an example of a landslide being
constrained by the surrounding topography. The landslide
might have been triggered by the impact that formed nearby
Canuleia (Figure 2b). Dark material emanates from the
smooth rim of Canuleia in opposite directions: toward the
crater center and outward from the crater rim. The crater
rim is likely to have collapsed and the dark material moved
toward topographic lows represented by both the cavity of
Canuleia and the Rheasilvia floor. For comparison, examples
of unconstrained landslides are shown in Figure 11.

[42] There are some slides not associated with an inward
movement of material to the Rheasilvia floor. They show

no evidence of curvature and can be found along the rim of
Veneneia and close to the area of the flow-like feature shown
in Figure 5 (within the area of 20ıS to 45ıS and 35ıE to
95ıE). In the case of Veneneia, the slides are compact and
less elongated compared to those found along the Rheasilvia
rim. Since the Veneneia basin has been extremely modified
by the Rheasilvia impact and its ejecta, the identification of
landslides associated with Veneneia is difficult.

[43] Along the Matronalia Rupes scarp, within the area
of 50ıS to 56ıS and 66ıE to 75ıE (see Figure 11a), some
smaller slides, with a gulley-like morphology [Krohn et al.,
2013], emanate downslope. The runout material cuts chan-
nels into the more solid slope material which sticks out as
spurs. These slides are relatively young, with smooth sur-
faces and slopes of �40ı or more. Larger slides usually
self-flatten the slope to about 5ı to 35ı (Figure 11).

Figure 12. A landslide moving between two ridges of the underlying topography (arrows), located
within the area of 30ıS to 45ıS and 285ıE to 295ıE. The landslide came to rest with a slope of�10ı and
was probably triggered by the impact crater in the top left of the image (Canuleia). The image is overlaid
by a DTM referenced to a 285 km by 229 km spheroid. It is in a stereographic projection with the scale
bar applicable at the center of the image.
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Figure 13. Curved ridges within the south polar basins. The outer scarps of the Rheasilvia basin and
central uplift are outlined (black lines). The curved ridges are divided into radial ridges (grey lines) and
concentric ridges (purple lines). A feature is labeled as a ridge when it is elongated and elevated from its
surroundings in all directions. Scarps are a drop off from a plateau, resembling a step. The features were
identified using the DTM. The map is a stereographic projection on a sphere of 255 km radius overlaid
by a DTM referenced to a 285 km by 229 km spheroid.

Figure 14. Curved radial ridges pointing toward the central peak within the area of 40ıS to 55ıS and
280ıE to 300ıE. The material in the valleys between the ridges shows flow-like structures, indicating
movement of this material. The image is overlaid by a DTM referenced to a 285 km by 229 km spheroid.
It is in a stereographic projection with the scale bar applicable at the center of the image.
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Figure 15. Distribution of flow-like and creep-like features on a color map of Vesta’s southern hemi-
sphere. The red, green, and blue colors represent the reflectance ratios of 749 nm/438 nm, 749 nm/917 nm,
and 438 nm/749 nm, respectively (Clementine ratios equivalents). The clustering of the features agrees
with the location of green-yellow material, which is a mixture of 749 nm/917 nm and 438 nm/749 nm
ratios, indicating the depth of pyroxene absorption around 1000 nm and the change of absorption between
visible infrared and ultraviolet wavelengths, respectively [Tompkins and Pieters, 1999]. The map is a
stereographic projection on a sphere of 255 km radius.

[44] Slumping and sliding of material as part of gravita-
tional collapse are ubiquitous within the Rheasilvia basin.
Veneneia also shows some ancient slides. The relatively
young slides and slumps at the Matronalia Rupes scarp
demonstrate the ongoing collapse of the basin. Sliding and
slumping have been the most effective degradation pro-
cesses in the Rheasilvia basin because of their size and
quantity.

4.6. Curved Ridges
[45] The Rheasilvia floor is characterized by numerous

ridges and grooves that extend radially and concentrically
over the impact basin (Figure 13) (see also Mest et al.
[2013, in press]). They appear to be remnants of the early
mass-wasting processes during the crater modification stage.

[46] The radial ridges are curved and up to 100 km
long. The overall trend exhibits curvature against the rota-
tional movement of Vesta close to the rim and toward the
direction of rotation at the central peak (Figure 13, grey
lines). They often run in parallel, with valleys separating
them. In some cases, the valleys exhibit flow-like struc-
tures, indicating material migration. The radial ridges, which
are �2.5 km high with slopes varying from 10ı to 20ı,

are present throughout the entire Rheasilvia basin but are
most prominent between 270ıE and 360ıE (Figure 14). The
base of the central peak also exhibits curved radial ridges
between 330ıE and 360ıE and prominent curved scarps near
the top.

[47] The curved radial ridges appear to be artifacts of the
crater’s early formation stage, shortly after the impact event.
During the modification stage of a complex crater, material
wastes toward the crater floor from the rim and rising cen-
tral peak. The shocked material flowing downslope forms
the substructure which may provide the general orientation
of the ridges and grooves (Figure 13, grey lines) [Melosh,
1989]. Possible explanations for the curved nature of the
ridges are given in section 5.2.

[48] The Rheasilvia basin also exhibits concentric ridges
parallel to the crater rim (Figure 13, purple lines). They are
generally smaller than the radial ridges with elevations of
up to 1 km and lengths of up to 10 km. They often occur
perpendicular to the slope which makes it likely they origi-
nated from the concentric crater collapse and relaxation after
Rheasilvia had formed. The area between 0ıE and 90ıE is
dominated by this type of ridge and also exhibits multiple
larger craters likely to have trigged the concentric col-
lapse by means of rotational slumping (see also section 4.4,
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Figure 16. Scarps and ridges of Rheasilvia’s central peak. The minor scarps indicate slumping from
previously wasted material, and ridges represent degraded scarps and material accumulations. The main
scarps are slightly curved in different directions suggesting a non-vertical stress component of the impact.
The center of Rheasilvia (301ıE and 75ıS [Jaumann et al., 2012]) and the south pole are labeled CR and
SP, respectively. The image is in a stereographic projection with the scale bar applicable at the center of
the image. It is overlaid by a DTM referenced to a 285 km by 229 km spheroid.

Figure 9). The Rheasilvia rim is interrupted at the inter-
section with Veneneia between 90ıE and 220ıE. Here the
curved and concentric ridges cross with angles greater
than 130ı.

5. Discussion
[49] In the following passages, we discuss the correlation

of mass-wasting features with spectral observations and the
influence of the Coriolis Effect.

5.1. Flow-Like and Creep-Like Features
[50] Reddy et al. [2012] described Vesta’s surface proper-

ties using color ratios determined with filters of the FC. They
observed a swath of relatively higher 750 nm/920 nm and
980 nm/920 nm ratio material between 0ıE and 90ıE which
they interpreted as Rheasilvia impact ejecta. In this area,
the VIR spectrometer detects deeper absorption bands and
shorter wavelengths that indicate a higher abundance of dio-
genites (lower crust material) [De Sanctis et al., 2012]. The
original upper crust material (eucritic material) was possibly
covered by Rheasilvia impact ejecta.

[51] The diogenitic material (green-yellow in Figure 15)
correlates with the flow-like and creep-like features.

Diogenites originate from the lower crust of Vesta and thus
must have been deposited as shocked and fragmented ejecta
by Rheasilvia’s impact event [De Sanctis et al., 2012; Reddy
et al., 2012]. This material will therefore not only possess
different spectral properties, aiding in its easy identification,
but is also likely to have granular properties which differ
from the other extant surface material and may encourage
the formation of flow-like and creep-like features.

5.2. Spiral Pattern
[52] The ridge and groove patterns within the Rheasilvia

basin show prominent spiral structures between 270ıE and
360ıE. Further, radial ridges are observed between 90ıE and
220ıE and on the central peak. These areas are dominated
by curved radial ridges described in section 4.6 (Figure 13).

[53] A possible explanation for the curved pattern is the
Coriolis Effect [Schenk et al., 2012; Jutzi et al., 2013]. The
Coriolis force is a fictitious force that occurs in rotating
inertial systems. A linear movement toward or away from
the axis of rotation, seen from the outside, appears as a
curved movement within the system. The curvature points
against the direction of rotation for motion toward the rota-
tion axis and in the direction of rotation for motion away
from the axis. The structure on the crater wall of Rheasilvia
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Figure 17. Curved ridges at the intersection of Rheasilvia and Veneneia in the area within 25ıS to 65ıS
and 110ıE to 210ıE. The dashed lines mark the most prominent structures. Examples of the V-shaped
crossings are indicated with black chevrons. They might be caused by the relaxation of a bi-layered
target with ductile and brittle components. The image is in a stereographic projection with the scale bar
applicable at the center of the image.

would therefore have been generated by a mass motion
toward the rotation axis, which nearly agrees with the center
of Rheasilvia. The patterns on the central peak suggest a
motion away from the axis. This is consistent with the idea
of masses moving downhill into the basin, off the crater rim
and central peak, as the crater collapses.

[54] As described in section 4.6, the curved radial ridges
appear to be remnants of the early gravitational crater
collapse process. Jutzi et al. [2013] have simulated the
Rheasilvia impact event on rotating Vesta using a 3-D
smooth particle hydrodynamic impact code and found that
gravitational crater collapse at velocities of �50 m/s is able
to produce such a spiral pattern. The strength properties
of material beneath the crater cavity during the early for-
mation stage are plastic, with negligible internal friction
[Melosh, 1989], which makes these relatively high wasting
speeds likely. Thus, it is probable that the material wasting
downslope during the early gravitational crater collapse was
deflected by the Coriolis Effect.

[55] The ridge curvature can be used to infer the mass
motion velocities. Otto et al. [2013] fitted a set of circular
arcs to each curved ridge and using this method, the veloc-
ities could be estimated and are found to be in agreement
with those predicted by Jutzi et al. [2013].

[56] The Coriolis Effect is capable of generating curved
structures across the entire Rheasilvia crater. However, in
some regions, for example, the central peak and the intersec-
tion of craters Rheasilvia and Veneneia, additional mecha-
nisms may produce curved features.

[57] On Rheasilvia’s central peak, an oblique impact
might have been able to create curved scarps and ridges.
A method for determining impact directions was devised
by Scherler et al. [2006], who investigated the structure of
ridges and faults of the central peak of Upheaval Dome
(Utah, USA) to infer an impact direction. The Rheasilvia
central peak exhibits bent fractures and faults visible as

scarps from which material moved downhill (Figure 16).
The analysis of the central imbrication structure of Rheasil-
via after Scherler et al. [2006] is restricted by the small
number of features and does not yield a definite impact
direction. However, the curved main faults of the central
peak, instead of straight radial expanded structures, indi-
cate a non-vertical stress component, e.g., an oblique impact
(Figure 13).

[58] At the intersection of Rheasilvia and Veneneia, the
crater collapse of a two-layered target might have been
able to produce the observed spiral pattern. The develop-
ment of curved strike-slip faults has been demonstrated in
experiments by Allemand and Thomas [1999]. They per-
formed experiments in a two-layered target with the lower
ductile layer and the upper brittle layer consisting of silicon
and sand, respectively. A circular hole was cut through the
layers, and the relaxation process with variable layer thick-
nesses was observed. The collapse process produced spiral
strike-slip faults for low brittle-ductile thickness ratios.
These faults crossed in a characteristic V-shaped pattern,
meaning that the faults intersected at angles above 130ı
(Figure 17). The spirals developed on the crater wall but
more prominently beyond the crater rim.

[59] The brittle-ductile thickness ratio of the intersection
of Rheasilvia and Veneneia is reduced because the Veneneia
impact removed parts of the brittle surface. The ratio might
be sufficiently low to allow spirals, represented by curved
ridges, to form during the relaxation process. Furthermore,
the spiral pattern in this region expands beyond the Rheasil-
via rim as expected by the Allemand and Thomas [1999]
theory.

[60] The Coriolis Effect is the only process that can
explain the curved pattern at all locations; however, the
oblique impact and crater relaxation theory cannot be
completely ruled out for the central peak and Rheasilvia-
Veneneia intersection, respectively.
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6. Summary
[61] The impact basins of Rheasilvia and Veneneia show

various mass-wasting features that suggest different types of
material properties and conditions. We identified six differ-
ent mass-wasting types, including intra-crater mass wasting,
flow-like movements, creep-like features, rotational slump-
ing, landslides, and curved ridges.

[62] We classified five intra-crater mass-wasting features
including lobate slides, rocky spurs along the rim, boulders
inside the crater, dark albedo bands on the crater wall, and
talus material in commonly fresh craters in the southern
hemisphere. Not all craters exhibit every feature, but the
occurrence is nearly homogeneously distributed.

[63] The flow-like and creep-like features are phenom-
ena of shocked and fractured material. Their occurrence
is increased in the region between 0ıE and 90ıE in the
Rheasilvia basin. Outside the basin, they form on the slopes
of the basin rim, again clustering between 0ıE and 90ıE.
This correlates with the appearance of spectral variations
observed with the color filters (green-yellow material apply-
ing Clementine ratios) and was suggested to be Rheasilvia
impact ejecta [Reddy et al., 2012].

[64] Slumping toward Rheasilvia’s center occurs in a rota-
tional form, meaning that larger cohesive slumping blocks
slide on a spoon-like shaped surface of rupture. Some slump-
ing regions indicate a concentric collapse of the basin, others
are tilted relative to the crater rim of Rheasilvia. We iden-
tified three older slumping regions. The younger slumping
area along the Matronalia Rupes scarp proves the ongoing
erosional degradation of Rheasilvia.

[65] We observed features indicative of landslides in both
the Rheasilvia and Veneneia basins. The landslides origi-
nate from the crater rims and also from Rheasilvia’s cen-
tral peak. Older landslides are generally widened features,
whereas younger landslides, as those identified on the slope
of Matronalia Rupes scarp, exhibit lobate structures. Slides
and slumping areas are predominantly mutually exclusive
because of the cohesive and granular material properties for
slumping and sliding masses, respectively.

[66] The Rheasilvia basin exhibits curved ridges, both
concentric to the crater rim and in a radial direction. The
concentric ridges are likely to be remnants of the terraced
crater rim collapse. The curved radial ridges are most promi-
nent between 270ıE and 360ıE. As the center of Rheasilvia
nearly coincides with the rotational axis, the Coriolis force
is likely to have deflected radial mass motions of the early
crater collapse process. This process is plausible for the
entire Rheasilvia basin; however, at the intersection area of
Rheasilvia and Veneneia and on Rheasilvia’s central peak,
additional processes may have played a role in the formation
of the curved radial ridges. The curved features at the inter-
section of Rheasilvia and Veneneia cross in a characteristic
V-shaped pattern and can be interpreted as strike-slip faults
that are generated during the collapse process of Rheasilvia
on a bi-layered target with brittle and ductile components.
The bent pattern of scarps and ridges on Rheasilvia’s central
peak suggests a non-vertical stress component which might
have been produced by an oblique impact.

[67] Acknowledgments. We thank D. P. O’Brien, the two anony-
mous reviewers and the associate editor for their helpful and constructive
comments.
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