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Background image: Dawn Framing Camera image of Vesta during the approach phase.
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Abstract

The asteroid (4) Vesta is a ~500 km large main kditate body that accreted and
differentiated a few million years after condensatof the solar nebula. Terrestrial planets
have formed by accretion of similar planetary embryThus, Vesta is interpreted as a
survivor protoplanet and the knowledge it yieldessential to understand the early stages of
planet formation.

To support mineralogical investigations of Vestalsface with near-infrared remote
sensing observations, | performed mineralogicalraat-infrared (0.7-2.5 um) analyses of 24
howardite-eucrite-diogenite (HED) meteorites andtmyesta’s surface. With these analyses,
| established an empirical calibration relating wevelength position of absorption bands to
average pyroxene compositions. Compared to prestudies, this calibration is based on a
larger meteorites sample and on consistent analylseharacterized the influence of
observation geometry on several spectral featufedHBD near-infrared spectra (i.e.,
wavelength position and depth of absorption barsgpgctral slopes, band area ratio). |
determined the range of phase angles within whiehh ¢ompositional variations (i.e.,
admixture of olivine or low-albedo material to pyeme mixture) can be distinguished from
observation geometry effects.

| retrieved near-infrared reflectance spectra fthm first orbital observations of Vesta
acquired by the visible to near-infrared imagingecpmeter (VIR) onboard the Dawn
spacecraft. Quantitative analyses of the VIR rédlece spectra using a radiative transfer
model revealed the presence of low-Ca and low-Fexgne, high-Ca pyroxene, feldspar and
olivine. The ubiquitous presence of such componecdsfirmed a compositionally
homogeneous upper layer (i.e., regolith). | appliedempirical calibration to VIR reflectance
spectra and found that Vesta’'s iron-poor terraiageha FgWos pyroxene composition,
whereas iron-rich terrains have an averageWs,, pyroxene composition. This confirms
that, despite a compositionally homogeneous rdygodtifferent terrains are preserved on
Vesta, possibly formed during an early magmatidgaerThe composition and geologic
context of these terrains are broadly consistetit differentiation models for the HED parent
body. In addition, | exploited the unprecedentedtigp resolution of the VIR reflectance
spectra to determine the global spatial distributid olivine-enriched material on Vesta. A
concentration of olivine-enriched areas was foumthe northern hemisphere.

| exploited the Dawn Framing Camera (FC) obserwvatiim compile a photo-geological

map of the northern hemisphere (22°N-90°N) andrdetes the stratigraphy using dating by



crater size-frequency distribution. The northermisphere is composed of an ancient (pre-
Veneneian epoch), densely cratered terrain, pdisisupted by a subdued tectonic system of
troughs and ridges, possibly formed by a large chifeleneneian epoch). The presence of
olivine-enriched material in such a geologic contpartly contradicts many pre-Dawn
concepts of Vesta's interior structure and difféetion based on the HED parent body.

As a consequence, new scenarios for the early #volwf Vesta (pre-Veneneian
epoch) have been proposed by other studies. Howewae provide consistent explanation
for the entire range of observations reported hémeaddition, the thesis revealed the
geological evolution of the olivine-enriched litbgies of Vesta after the pre-Veneneian
epoch. Most lithologies are probably the resultntdgmatic activity on Vesta and were
redistributed across the surface as impact ej€dbane-rich materials were exposed in recent

time (Marcian epoch) by subsequent impacts and massng.



Zusammenfassung

Der Asteroid (4) Vesta ist ein grofRer Silikatkormhes Hauptgurtels, welcher sich einige
Millionen Jahre nach der Kondensierung des sold¥ebels bildete und differenzierte.
Terrestrische Planeten bildeten sich durch die Ahiwiy ahnlicher planetarer Embryos. Aus
diesem Grund wird Vesta als ein Uberlebender Platep interpretiert dessen
Wissenspotential ausschlaggebend ist, um die Fasggptier Planetenbildung zu verstehen.

Um die mineralogische Erforschung der Oberflachst&e zu unterstitzen, habe ich
mineralogische und Nahinfrarot-Analysen (0,7-2,5uvon 24 Howardit-Eukrit-Diogenit-
Meteoriten (HED) als Analoge zur Vestaoberflachecdgefihrt. Mit diesen Analysen habe
ich eine empirische Kalibrierung ermittelt, welchdie Wellenlangenpositionen von
Absorptionsbandern in Beziehung zu durchschniglicRyroxenzusammensetzungen setzt.

Im Vergleich zu bisherigen Studien, stitzt sichsdiKalibrierung auf eine grol3ere
Anzahl an Meteoritenproben sowie einheitliche Asaly. Ich habe den Einfluss der
Beobachtungsgeometrie auf einige spektrale Eigeafigrh von HED-Nahinfrarot-Spektren
beschrieben (d.h. Wellenlangenpositionen und Inngon Absorptionsbandern, spektrale
Steigungen, Bandflachenverhaltnis). Ich habe fastlfe dass Variationen der
Zusammensetzung (d.h. Beimischung von Olivin odeedng-Albedo-Material zu
Pyroxenmischungen) innerhalb einiger Phasenwinkeitiee von Effekten der
Beobachtungsgeometrie unterschieden werden kdnnen.

Ich habe die ersten orbitalen Beobachtungen vortavdarch das visible to near
infrared imaging spectrometer (VIR) an Bord der De®onde entnommen. Unter der
Verwendung eines Strahlungs-Transfermodells, zeigiaantitative Analysen der VIR-
Reflektionsspektren die Pradsenz von kalzium- urmger@irmen Pyroxen, kalziumreichen
Pyroxen, Feldspat sowie Olivin. Das allgegenwartiyeftreten solcher Komponenten
bestétigte eine obere Schicht (d.h. Regolith) vomdgener Zusammensetzung. Ich habe die
empirische Kalibrierung auf VIR-Reflektionsspektrangewendet und fand heraus, dass
eisenarme Gebiete Vestas eine;pWos-Pyroxenzusammensetzung haben, wohingegen
eisenreiche Gebiete eine durchschnittliche\Ws:,-Zusammensetzung zeigen. Dies bestatigt,
dass trotz eines Regoliths homogener Zusammensgtaaterschiedliche Gebiete auf Vesta,
womaoglich aus einer frihen magmatischen Periodeaba wurden. Die Zusammensetzung
und der geologische Kontext dieser Gebiete stimgreh mit Differenzierungsmodellen des
HED-Mutterkorpers Uberein. Dartber hinaus, nutzle die zuvor unerreichte raumliche

Auflésung der VIR-Reflektionsspektren, um die glebaaumliche Verteilung von Olivin



reicherem Material auf Vesta zu bestimmen. Eine Z¢€otration von Olivin reicheren
Gebieten wurde in der nordlichen Hemisphare gefande

Ich nutzte Beobachtungen der Dawn Framing Camet, ((fim eine photogeologische
Karte der nérdlichen Hemisphare (22°N-90°N) anzidgen und die Stratigraphie mittels
Datierungen durch KratergroRen-Frequenzverteilungtastzustellen. Die ndrdliche
Hemisphare setzt sich aus altem (pré&-Veneneianigguoehe), stark verkratertem Terrain
zusammen, welches teilweise durchzogen ist vomeisehwach ausgeprégten tektonischen
System aus Graben und Ricken, die mdglicherweisehdeinen Impakt gebildet wurden
(Veneneia-Epoche). Das Auftreten von Olivin reigmer Material in einem solchen
geologischen Kontext steht teilweise in Widerspruah vielen Konzepten zur inneren
Struktur und Differenzierung Vestas aus der Zeitawn Untersuchungen.

In Folge dessen wurden neue Szenarios der frihemvidkiung Vestas (pra-
Veneneianische Epoche) in neuen Studien vorgesamlagon denen jedoch keines eine
Erklarung aller hier prasentierten Beobachtungetehi Dariiber hinaus zeigte diese Arbeit
die geologische Entwicklung der olivinhaltigen latbgien Vestas nach der pra-
Veneneianischen Epoche auf. Die Lithologien sindmlich das Resultat magmatischer
Aktivitat Vestas und wurden als Impaktejekta Ub& @berflache verteilt. Olivinreiche
Materialien wurden vor geologisch kurzer Zeit (Marssche Epoche) durch Impakte und
Hangrutschungen freigelegt.

Vi
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The ruins of the temple Vesta in the Roman Forum, Ro






,Mit dem grossten Vergniigen eile ich, Thnen, mein theuerster
verehrungswiirdigster Freund! Anzugeigen, dass ich so glicklich
gewesen bin, am 29. Mérz abermals einen neuen Planeten, von der Familie
der Asteroiden, zu entdecken. Diesmal war die Entdeckung eigentlich
kein Zufall, und hitten Witterung und Mondschein es nicht verhindert,
so wiirde ich diesen Mitbtirger unseres Sonnensystems wenigstens schon
14 Tage frither aufgefunden haben. Nach meiner Hypothese iiber diese
Asteroiden ndmlich - deren Wahrheit oder Falschheit ich tibrigens dahin
gestellt sein lasse, und die ich nur dazu benutze, wozu Hypothesen nur
tiberhaupt niitzlich sein konnen, ndmlich uns zu und bei Beobachtungen
zu leiten - habe ich, wie Ihnen bekannt ich, gefolgert, dass alle
Asteroiden, deren es noch sehr viele geben mag, den nord-westlichen
Theil des Gestirns der Jungfrau und den westlichen Theil des Gestirns
des Wallfisches passiren miissen. Regelméssig durchmustere ich also,
jeden Monat einmal, einen mir mit allen seinen Sternen sehr bekannt
gewordenen Theil desjenigen dieser beiden Gestirne, das gerade seiner
Opposition am néchsten ist. Als ich am 29. Marz Abends bald nach 8 Uhr
eine solche Durchmusterung des nordlichen Fliigels der Jungfrau
vornahm, fiel mir sogleich ein unbekannter heller Stern, wenigstens von
der 6. Grosse, westlich von No. 223 Thres Verzeichnisses und No. 20 nv
Flamsteed auf, den ich ohne Bedenken augenblicklich fiir einen neuen
Planeten hielt.”

Wilhelm Olbers, 3. April 1807,
Astronomishes Jahrbuch fir 1810, S. 194-201
in Schilling, Wilhelm Olbers: Sein Leben und SeWerte, 1894
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Preface

This thesis is based on peer reviewed articles gtdmmand published by the author in
scientific journals. Three first-authored articlresent the main results of the thesis related to
the spectral properties of HED meteorites, to tkelagy and mineralogy of Vesta and were

entitled:

Near infrared spectroscopy of HED meteorites: Bfext viewing
geometry and compositional variations
submitted to Icarus, 03.2015
by Ruesch, O., H. Hiesinger, E. Cloutis, L. Le Corre, J. Kallisc
P. Mann, K. Markus, K. Metzler, A. Nathues, andRéddy.

Article |

Detections and geologic context of local enrichraemtolivine on Vesta
with VIR/Dawn data
in Journal of Geophysical Research, 2014a, volub®e issue 9,
pages 2078-2108.
by Ruesch, O., H. Hiesinger, M. C. De Sanctis, E. Ammannito, E.

Article 1l

Palomba, A. Longobardo, M. T. Capria, F. Capacg¢idnFrigeri,
F. Tosi, F. Zambon, S. Fonte, G. Magni, C. A. Ragthand C. T.

Russell.

Geologic map of the northern hemisphere of Vestseth@n Dawn
Framing Camera (FC) images
in Icarus, 2014bvolume 244, pages 41-59.
by Ruesch, O., H. Hiesinger, D. T. Blewett, D. A. Williams,
D. Buczkowski, J. Scully, R. A. Yingst, T. Roatséh,Preusker, R.
JaumannC. T. Russell, and C. A. Raymond.

Article Il

Six additional peer reviewed journal articles wetdlished by the author in collaboration
with scientists of the Dawn team. These articlescdbe results that support the discussion

presented in this thesis. Of these six articlegelro-authored publications describe results of
Xiii



spectral analyses and the detection and charaatienzof the minerals pyroxenes and olivine

on Vesta's surface:

Article IV

Article V

Article VI

Modal mineralogy of the surface of Vesta: evideioc@ibiquitous
olivine and identification of meteorite analogue
in Icarus, 2014, in press.

by Poulet, F.O. Ruesch, Y. Langevin, and H. Hiesinger.

Olivine in an unexpected location on Vesta's swefac
in Nature, 2013, volume 504, pages 122-125.
by Ammannito, E., M. C. De Sanctis, E. Palombal_@ngobardo,
D. W. Mittlefehldt, H. Y. McSween, S. Marchi, M. Tapria, F.
Capaccioni, A. Frigeri, C. M. Piete®, Ruesch, F. Tosi, F.
Zambon, F. Carraro, S. Fonte, H. Hiesinger, G. MdgrA.
McFadden, C. A. Raymond, C. T. Russell and J. Mis8ine.

Small fresh impact craters on asteroid 4 Vesta:
A compositional and geological fingerprint
in Journal of Geophysical research, 2014, voluntg Kkue 4,
pages 771-797.
by Stephan, K., R. Jaumann, M. C. De Sanctis, Bi, Fo
Ammannito, K. Krohn, F. Zambon, S. Marchl, Ruesch, K.-D.
Matz, F. Preusker, T. Roatsch, C. A. Raymond ant. Russell.

Three additional publications present details adcHfic geological features of the northern

hemisphere and the production and chronology fanstnecessary for dating surface units:

Xiv



Vesta’s north pole quadrangle Av-1 (Albana): Ge@tagap and
the nature of the south polar basin antipodes
in Icarus, 2014, volume 244, pages 13-22.
by Blewett, D.T., D. L. Buczkowsk{. Ruesch, J. E. Scully, D. P.
O’Brien, R. Gaskell, T. Roatsch, T. J. Bowling, Brmakov, H.
Hiesinger, D. A. Williams, C. A. Raymond and C.Russell.

Article VII

Geomorphology and structural geology of Saturn&issae and
adjacent structures in the northern hemisphereaests
in Icarus, 2014, volume 244, pages 23-40.

Article VIII by Scully, J. E.C., A. Yin, C.T. Russell, D.L. Bkezvski, D.A.
Williams, D.T. Blewett,O. Ruesch, H. Hiesinger, L. Le Corre, C.
Mercer, R.A. Yingst, W.B. Garry, R. Jaumann, T. Roh, F.

Preusker, R.W. Gaskell, S.E. Schroder, E. Amman@itiv!.

Pieters, C.A. Raymond, the Dawn Science Team.

The cratering record, chronology and surface age@bpVesta in
comparison to smaller asteroids and the ages of HidDeorites
in Planetary and Space Science, 2014, volume Hfs3104-130.
Article 1X by Schmedemann, N., T. Kneissl, B.A. Ivanov, G.Gchdel, R.J.
Wagner, G. Neukun®. Ruesch, H. Hiesinger, K. Krohn, T.
Roatsch, F. Preusker, H. Sierks, R. Jaumann, Vdyed
Nathues, S. Walter, A. Neesemann, C.A. RaymondCamd

Russell.

This thesis reviews the above first-authored asidArticle I, 11 and 1ll), and discuss their
implications by inter-correlation with the other-aathored publications. The thesis has the
following structure. Chapter 1 presents the rati®wé this work; Chapter 2 gives background
information on the Dawn mission instruments and HEBteorites; Chapter 3 covers the
methods of data analyses, such as photo-geologial spectral mapping and dating of
surface units. The summary of the results of Aetitl Il and Il are found in Chapter 4.
Chapter 5 discusses the implications of the adicteain results. Concluding remarks are
given in Chapter 6 and an outlook in Chapter 7. €hmplete articles are found in the

appendix. This thesis is concluded by three nom-pmeew outreach articles presenting
XV



Vesta, the scientific outcomes of the Dawn missarVesta, and Dawn’s next target: the

dwarf planet Ceres. The outreach articles are :

Rendez-vous avec |'astéroide (4) Vesta
in Orion (Schweizerische Astronomische Gesellsgha@i12,
volume 374, pages 16-20.
by Ruesch O., J. Amalberti, G. Andjic.

Vesta sans voiles
in Orion (Schweizerische Astronomische Gesellsgha@14,
volume 385, pages 28-29.
by Ruesch O. and J. Amalberti

La planéte naine Céres
in Orion (Schweizerische Astronomische Gesellsgha@14,
volume 385, pages 26-27.
by Ruesch O.
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1. Introduction

Towards the end of the eighteenth century, astr@ensrm central Europe realized that the
ideal sequence of planets orbiting at predictaldtadces from the Sun (Titus-Bode law) was
interrupted between Mars and Jupiter, at aroundt8oiomical Unit (AU). In the early years
of the nineteenth century, objects with a star-Bggearance were found in this gap by G.
Piazzi, W. Olbers and K. Harding (e.g., Fodera &etial., 2002). It was recognized that a
particular region now called the main belt exisitedhe Solar System, populated by bodies
smaller than planets, but different from cometg.(d-odera Serio et al., 2002). Those bodies
were designated as asteroids (Herschel, 1802)hétturn of the twentieth century, their
improved understanding let to the distinction betwéhe largest asteroids, one of which has
been classified as dwarf planet (IAU ResolutionD&0Q from the remaining significantly
smaller asteroids. Such distinction reflects theent understanding of the main belt: a region
where objects underwent the major stages of plianetation without accreting into a single
large body (e.g., Kirkwood, 1867; Safranov, 196%idénschilling and Cuzzi, 2006). These
objects, termed proto-planets, were ~1000 km laagies formed by accretion of kilometer-
sized planetesimals (e.g., Greenberg et al., 1@&/&herill and Stewart, 1989). Their material
melted through radiative heating and possibly edlitferentiation, i.e., the formation of a
core surrounded by a mantle and a crust (e.g., Me8vet al., 2002). At distances shorter
than ~2 AU, proto-planets accreted to form the lEand the other terrestrial planets. At
around 3 AU, instead, the gravitational influendeJopiter led to collisions and dynamical
excitations that destroyed most of the objectsitepunly few intact large proto-planets and a
myriad of smaller shattered debris (e.g., Wethenitl Stewart, 1989; O’Brien and Sykes,
2011). The surviving proto-planets represent thdy oexamples of relatively small,
differentiated planetary bodies (e.g., Russelllgt2906). Astronomical observations have
revealed that they are compositionally differerd,, idifferent proto-planet are dominated by
different silicates and ice/silicates mixtures (ekgjlton, 2002; Bus et al., 2002; Gaffey et al.,
2002). Their diversity suggests variations in thengive materials of the Solar Nebula, as
well as different evolutionary paths between ddfar proto-planets (e.g., de Pater and
Lissauer, 2010; Russell et al., 2011). The surgvplanetary embryos” like Vesta and Ceres
are thus crucial for the understanding of the est®ges of terrestrial planets formation and
for the early history of the Solar System (e.g.sgdll et al., 2006). The relevance of such
bodies for the understanding of the Solar Systestohyi was already understood by Wilhelm
Olbers and Pierre-Simon Laplace, as they speculaedt a possible genetic relationship

between asteroids and meteorites (Schilling, 1894).



The “new citizen of the Solar System”, as Wilhelntb@s refers to, or the fourth
asteroid in order of discovery, was first obserbgdOlbers in Bremen, Germany, on March
29, 1807 (Schilling, 1894). Few months later CGauss suggested its name Vesta (Bode,
1825). During almost two centuries, scientific @sh dedicated to this asteroid was limited
to orbital properties, albedo, and the size ofdhgct. With a semi-major axis of 2.36 AU,
Vesta emerged as an uncommon body due to its baghalbedo among asteroids and its large
size (radius of ~280 km, McCarthy et al., 1994)n&igy estimates of ~ 3300 kmrtactual
value 3456 km/r) Russell et al., 2012) first hinted to a silicdteminated body (Schubart
and Matson, 1979). A major turning point in the Wihexdge about Vesta occurred with the
first charged couple device (CCD) observationdatlteginning of 1970 (e.g., McCord et al.,
1970; McFadden et al., 1977). In reflectance olsewms between 0.4 and 1.1 pm an
absorption band was identified and attributed t0" Eeystal field transitions as in pyroxene
spectra, implying the predominance of basaltic nedtat the surface (McCord et al., 1970).
A strong similarity was found between the specftr¥@sta and of achondrite meteorites, the
howardites, eucrites, diogenites, HED (Chapman Salcsbury, 1973), forging for the first
time the now widely-accepted asteroid-meteorit& (iMcCord et al., 1970; Binzel and Xu,
1993; Gaffey, 1993).

Vesta's pyroxene dominated surface was interpietezl/idence for an intact, basaltic
crust, differing from the more common silicate sgds of asteroids composed of both
pyroxene and olivine, and usually pointing to a enprimitive or disrupted body (e.g., Gaffey
et al., 2002). The basaltic crust confirmed thastdainderwent internal differentiation (e.g.,
Keil, 2002). Such process was investigated in gietdil on the basis of HED meteorites. The
approach to consider HEDs as Vesta’'s samples wsissfiggested by the very similar iron-
bearing low calcium pyroxene, or pigeonite, anérldtty further evidences of the meteorite-
asteroid link. It was shown that a significant citgnof material was ejected from Vesta
during the formation of a large basin at the Sdke (Thomas et al., 1997). The impact site
represented the possible source region of matirallater formed the V-Type asteroids in
the Vesta asteroid family (Vestoids) (Thomas et #97). Small, <10 km wide, pigeonite-
bearing asteroids (V-type) were detected betweestaVand the Kirkwood orbital resonance
3:1 (and also thes resonance), in a region representing an orbithlvyay between Vesta and
the Earth (Binzel and Xu, 1993). Near Earth Astdsawvith V-type characteristics were also
identified (Cruiskshank et al., 1991; Migliorini at, 1997). Thus, meteoroids similar to the
latter could have impacted on Earth in the pastdeidered HED material (e.g., Migliorini et

al., 1997). It is important to stress that thesseolmtions support the delivery of Vesta
2



material to Earth through orbital resonances, tth@yot constitute a definitive proof of the
Vesta-HED link, however. Arguments suggesting toat@ry arise from both studies of
meteorites and astronomical investigations. Oxygetope ratios of most HEDs and iron
[IAB meteorites suggest a single source for batbugs, implying that HEDs derive from a
disrupted body, whereas Vesta is mostly intact (€gyton and Mayeda, 1996). In addition,
the picture is further complicated by the fact that all HEDs have identical oxygen isotope
ratios, but there are some outliners, such asdkaind Pasamonte (e.g., Wiechert et al., 2004).
This might suggest multiple bodies with a basattiast (e.g., Scott et al., 2009). Iron
meteorites imply the formation of a few tens oftppanets, which extensively melted and
formed a basaltic crust (e.g., Burbine et al., 3002EDs should therefore come from
different disrupted proto-planets and not a sirlgbely (e.g., Wasson, 2013). Astronomical
observations indicate that many V-type asteroidsrent related to the Vesta family and are
probably collisional debris of disrupted differextéd bodies (e.g., Lazzaro et al., 2000; De
Sanctis et al., 2011; Hardersen et al., 2014).démte around this subject constitutes one of
the motivations for this thesis. Note that a cltuséefinitive establishment of the Vesta-HED

link will probably require an isotopic analysis\éésta’s rocks.

Figure 1.1 Left: artist conception of Vesta before the launtithe Dawn mission. Vesta was
depicted with a close to spherical shape desp#dalge impact basin at the South Pole. Note
also darker lunar-like basaltic surfaces (Jerry Atnong, 2000). Right: Dawn Framing

Camera image of Vesta from an altitude of 6000 &ntered on the North Pole. The surface

is dominated by impact craters.



The study of HED meteorites, and thus insight itite differentiation of Vesta is
challenged by establishing the exact relationslgfvben the crystallization of eucrites and
diogenites on the HED parent body. Many eucritggagent basaltic material composed of
pyroxenes and plagioclase, whereas diogenites amaulate, orthopyroxenite rocks with
minor olivine (e.g., Hutchison, 2004; McSween et 2011). One scenario assumes that Vesta
underwent a single global melting episode, leadon@ magma ocean (e.g., Takeda, 1979;
Righter and Drake, 1997; Ruzicka et al., 1997)chistallization resulted in a thick olivine
mantle and a lower and upper crust representeddgeunlites and eucrites, respectively (e.g.,
Takeda, 1979; Righter and Drake, 1997; Ruzicka. £19297). This scenario predicted that the
olivine dominated mantle would be uplifted and esgu in the South Pole impact site (e.g.,
Gaffey, 1997; McSween et al., 2011). However, bseathis model could not explain all
geochemical and trace element diversities (e.gttléfhldt, 1994; Fowler et al., 1995),
alternative models were proposed. A model refetoeds serial magmatism suggests that
diogenites were mainly formed by intrusions (elMittlefehldt, 2000; Shearer et al., 2010)
into an already existing eucritic crust (e.g., Baet al., 2010; Yamaguchi et al., 2011). The
corollary of this latter model is that the olivingantle would be thinner than in the magma
ocean scenario (Yamaguchi et al., 2011).

The South Pole impact basin is a candidate locdtionrust and mantle investigations.
For example, Pieters et al. (2011) argued thassthecture of the first tens of kilometers of
Vesta’s crust will provide information on the stytd igneous activity and on the
differentiation of the body. Similarly, Wilson anieil (2012) proposed that volcanic
constructs potentially present on today's surfadeVesta might be related to early
magmatism, approximately 4.5 Ga ago. The morphetognd ages of these volcanic deposits
were expected to inform on the type and historywesta’s volcanism. The illustration of
Vesta in Figure 1.1 is based on such previsionti@mother hand, HEDs also emphasize the
role of impact cratering on the HED-Vesta parentlyb¢e.g., Metzler et al., 1995). A first
direct evidence for an intense bombardment histerthe nature of the howardites: they
consist of impact breccia of both eucrites and eiatg material (e.g., Bischoff et al., 2006).

The relevance and wide-reaching implications of diebated questions, such as how
exactly Vesta differentiated and the details ofvibdcanic and impact history, justified the
launch of a spacecratft for its close inspectiore NASA Discovery mission Dawn carries a
payload consisting of three instruments from Gewnndtaly and the United States: two
redundant cameras (FC), a visible to near-infraqgettrometer (VIR) and a gamma-ray and

neutron detector (GRaND) (Russell et al., 2003;120Wsing ion propulsion, the spacecraft
4



reached the asteroid Vesta in July 2011 and stenecbrbit until August 2012 when it was
redirected toward the dwarf planet Ceres for amenter in March 2015 (Russell et al.,

2013).
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As depicted in the global geologic map of Figure Jroduced from Dawn
observations, Vesta’'s surface is dominated by itngraters. The two largest craters, located
in the southern hemisphere, named Rheasilvia am®néa, have formed two systems of
troughs and ridges running along the equator atkdemorthern hemisphere (e.g., Jaumann et
al., 2012; Williams et al., 2014a). On the rimstbé two basins, ejecta resurfaced older
terrains, whereas within their interior large-saalass wasting occurred (e.g., Jaumann et al.,
2012; Otto et al., 2013; Williams et al., 2014a)rghological evidence for volcanism was
not found due to the intense bombardment histoxy.,(&Villiams et al., 2014b). Rare ridges
of possible magmatic intrusions were identified; imagmatic structures in the crust were not
found (Buczkowski et al., 2014). The ubiquitousgerece of pyroxenes in Vesta's regolith
and in rocky outcrops was nevertheless taken alepee for basaltic activity early in Vesta's
history (e.g., De Sanctis et al., 212). Briefly, wbarevealed a body shaped by impact
processes with no evidence for igneous-derived huggies.

In this framework, this thesis focuses on specgeological regions and specific
mineralogical characteristics in order to retraoe surface evolution from the initial surface
built by igneous activity to the one observed todalgservations of Vesta in the near infrared
spectral range were supported by laboratory analgéaneteorite analogues to Vesta, the
HED meteorites. In particular, investigations fomtison olivine, a tracer for ultramafic
magmatism and ancient terrains in the northern &@neire. Specifically, this thesis is
structured by three intercorrelated subjects:

* Quantification of the effects of variable pyroxecemposition and olivine and the
effects of observation geometry on the near inffaedlectance properties of natural
basaltic mixtures, analog to Vesta’s surface.

* On the basis of orbital near infrared observatiodsntification of any olivine-rich
lithology on Vesta, and determination of its looadrphology.

» Characterization of the geological history of thegion bearing olivine-rich
lithologies, i.e., the geology of the northern hgphiere.

To address these subjects, HEDs have been analgeedcally and spectrally under varying
observation and illumination conditions in the leddory to constrain their variability. |
exploited Dawn Framing Camera (FC) images to predaiggeologic map and crater size-
frequency distribution (CSFD) measurements of thiehern hemisphere for absolute dating.
In addition, | identified olivine on the surface danletailed its spatial distribution with
reflectance spectroscopy, which exploits the ebastignetic spectrum between 0.4 and ~ 3.5



pum. Reflectance spectra were derived from the D¥ligible to near InfraRed spectrometer
(VIR).



2. Dawn operations, payload and HED meteorites

2.1 Dawn operations

Observations of Vesta by the Dawn instruments vpeméormed from three different orbits
with decreasing altitude, as depicted in Figure &tarting July 2011 (Russell et al., 2013).
This approach was necessary because the thredifscigstruments on board had different
requirements in terms of altitude of observatiohe highest orbit named “Survey” provided
an overview of the asteroid needed to plan subsgquession phases. The “High Altitude
Mapping Orbit” (HAMO-1) was optimized for the VIRhd FC observations of equatorial and
southern latitudes. Nominally, this phase is suid@d into 6 cycles, each cycle consisting of
10 orbits needed to cover the entire surface by-eNote that the northern hemisphere had
seasonal shadows and was poorly illuminated duhegdiAMO-1 period. The

“Low Altitude Mapping Orbit” (LAMO) was chosen mdin to satisfy the GRaND
measurement requirements, although FC and VIRadgaired data. During LAMO, a cycle
is defined as one week. Once having completed thsergations at LAMO orbit, the

spacecraft did not escaped the gravity
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description of the orbital operations can be foumBolanskey et al. (2011).

The spacecraft itself makes use of an ion propulsigstem with three thrusters, and
electrical power from solar panels articulated acbuhe y-axis (Figure 2.2). The three
payload instruments are directly fixed to the speafé and pointing in the z direction (Figure
2.2). The high-gain antenna for down-link of scerlata is boresighted in the x direction. A
detailed description of the spacecraft is presemted@ayman et al. (2006) and Thomas et al.
(2011).

ion thrusters

GRaND high gain antenna

Figure 2.2 Diagram of the Dawn spacecraft with the three iastents and key components.
With deployed solar panels, as shown here, theespaft measures 20 m in width (diagram

from Celestia — Chris Laurel).

2.2 Framing Camera (FC)

Two redundant Framing Cameras were built and opérhy the Max Planck Institut fir
Sonnensystemforschung with the participation of eutsches Zentrum fur Luft und
Raumfahrt, Institut fir Planetenforschung (Sierkalg 2011). During the operations at Vesta,
only one camera was activated. Each camera hascaneanatic (clear) filter and 7 band-pass
color filters covering the visible to near infrarethge of the electromagnetic spectrum. The
instantaneous field of view of 94 urad/pixel pradda pixel scale of ~60 meters/pixel and
~20 meter/pixel at HAMO and LAMO altitudes, respesly. Over 99% coverage of Vesta's
surface was obtained with the clear filter during\O-1 and 2 (Russell et al., 2013).

Figure 2.3 depicts the different spatial coveragbtined during different mission phases
with the FC clear-filter. In the area of study, ti@rthern hemisphere, two factors led to large
unobserved areas during LAMO: the season during datjuisition and large topographic
variations. The limited coverage of the footpriatghe northernmost latitudes and shadowed
areas are evident in Figure 2.3. Such effects wezteced during HAMO-2 and the departure
phase. Nevertheless, even for shadowed areas,etlyehigh sensitivity of the FC CCD



Figure 2.3 Lambert conformal conic projection of a quadrangleinterest between 22°N-
66°N and 90°E-180°E. Up: FC LAMO footprints in biggaly cycles 1 to 9 shown for clarity)
overlaying a LAMO mosaic. Shadowed areas are ptesed the footprints coverage is not
complete. Shadowed area northern of 50° not sh@ettom: FC HAMO-2 footprints (only
cycle 5 shown for clarity) in red overlaying a HAMOmMosaic. Note the absence of large
shadowed areas and the complete coverage. Thea lsptiial coverage is at the expense of
the smaller spatial resolution, as the size of simggle footprint suggests.(Footprints data

from S.Walter, Freie Universitét, Berlin).

allowed for the detection of faint light reflectég nearby illuminated areas, enabling some

scientific use (Ruesch et al., 2014b — Article.IBecause of such differences in coverage and

spatial resolution, a clear-filter mosaic was pr&tlifor each mission phase (Roatsch et al.,
10



2013). A given area of the surface was observediphailtimes under different geometric

conditions, as evident in Figure 2.3, allowing #pplication of the stereo-photogrammetry
method to derive digital elevation models (DTMsyayond et al., 2011; Jaumann et al.,
2012). Such higher-level datasets were producedhbyDeutsche Zentrum fur Luft und

Raumfahrt (DLR) (Jaumann et al., 2012; Roatsch. e2@13).

As a consequence of the described differences uerage, | chose to base the
geological mapping (see Chapter 3.2) on the HAM@@saic. Nevertheless, the higher
resolution LAMO images provide key observationshase been revealed, for example for
ejecta material (Ruesch et al.,, 2014b — Article. IIThus, LAMO images have been

investigated where available.

2.3 Visibleto near infrared spectrometer (VIR)

Reflectance data between 0.5 and 2.5 um were deffieen the Visible to near
InfraRed mapping spectrometer VIR, managed by tisitito Nazionale di Astrofisica
(INAF) in Rome (De Sanctis et al., 2011). VIR usediffraction grating as dispersing
element and two detectors to acquire a matrix fa visible (VIS) and infrared (IR)
wavelength range. Nominal dimensions of the mairx 256 pixels in the spatial dimension
(samples) and 456 pixels in the spectral dimenands) (Figure 2.4). The 256 pixels in the
spatial dimension constitute the so called slite®@l resolution is of 1.8 nm/band in the
visible range (0.25-1.05 um) and of 9.8 nm/bandhi& near-infrared range (1.0-5.0 pum).
Each of the 256 pixels has an instantaneous fielew of 250 prad, resulting in a pixel
scale at the surface of 700 meter/pixel during 8urand 200 meter/pixel during HAMO.
Observations of up to 67 % of the surface duriny®y were performed in pushbroom mode
or with a scanning mirror as depicted in Figure (¢ Sanctis et al., 2013). Pushbroom mode
or scanning provided the additional spatial dimemgiines), to the two-dimensional matrix
(samples and bands), creating a “cube” for eackrgbhion. An example of a VIR “cube” is
shown in Figure 2.4.

The issue related to shadowed areas, as descobelef FC, also applies for the VIR
instrument. Because of the relatively lower sewisjtiof the VIR IR detector, compared to the
FC, artifacts appeared both within and up to feR Ylxels away from non-illuminated areas.
The calibration of the instrument was performedifi@al nadir conditions and optimal signal
(Ammannito et al., 2007). For extreme observatienrgetries and for shadowed areas, i.e.,
for data with lower signal, the calibration doe$ compensate known artifacts. Such artifacts

are related to junction of order-sorting filtersaged on the sensitive area of the detector
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(Ruesch et al., 2014a — Article Il). As a conse@eenbservations of the northern hemisphere
were considered reliable only for the HAMO-2 phaskhough Survey data for northern
latitudes were also acquired. To exploit the lattata | developed a filter parameter to use
during the data reduction pipeline (Ruesch et 2014a — Article II). Artifacts of lower
importance are introduced by the inhomogeneityhefdetectors’s slit and are referred to as
stripes. In addition, spikes and even-odd artifadtge to the detectors readouts, affect the

spectral dimension (Ammannito et al., 2007).

o = = = — = VIR data product

VIR samples (x)
I o —

dispersing —T

| element = |

scanning . ., <, [
| mirror % ,,/.:% detetc'_cor § | i

= N w | mathX || ¢ 2= & [eeeeeory
| NN 3 I 050\\
\ \‘\\ ______________ 0(\

| ] | samples (x)

L

Vesta surface

o™
oue
R & k\"(\@\
S
X ¥ (,)(,0(\
o
Figure 2.4 Left: mode of observation of the VIR instrument agldtion between the two

spatial dimensions (samples and lines) and onetsgedimension (bands). Direction of

observation is indicated by the z arrow. Right:estle of a VIR hyperspectral cube.

These artifacts affect a narrow range of wavelend@#0.1 um) and have no direct
influence on the overall shape of the spectra, Wwiscused for mineralogical investigations
(see Chapter 3.5.2). A factor that controls theralVeshape of the VIR spectra is the
Instrument Transfer Function (ITF) (shown in Figd:d). To overcome uncertainties on the
accuracy of the ITF (which affect all the specteglared in nominal condition in the same
way), it is useful to analyze VIR spectra relatieeecach other and discern relative variations

to avoid misinterpretation.
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2.4 Gammay ray and neutron detector (GRaND)

The third instrument of Dawn, the gamma ray andtmeu detector (GRaND) takes
advantages of cosmogenic nuclear reactions andaetilie decay at depths of up to a few
decimeters from Vesta’'s surface to determine eleahahundance distributions (Prettyman et
al., 2011). The iron abundance map (Yamashita.et28l13) was used in this thesis as a
complementary dataset (Ruesch et al., 2015 — Art)chnd its derivation is briefly presented
here. GRaND sensors acquired gamma-rays spectrao(ints/s/keV) with characteristic
gamma-ray peaks produced by Fe thermal neutronureapeactions. First, the background
signal due to gamma rays and other photons wasastéd from the Fe peak areas, to obtain
the Fe counting rate (Yamashita et al., 2013). &giosntly, corrections to the Fe counting
rate were applied for live times, variations in theensity of galactic cosmic rays, and most
importantly, for the solid angle of observation.cBase the Fe counting rate is proportional to
the Fe abundancand the number density of neutron, a correction isessary to obtain the
Fe abundance only. The neutron number density tim&®d by taking into account the
effects of neutron absorption (e.g., Fe, Ca, Al,and hydrogen abundances (Prettyman et al.,
2013). The produced map is imported into a geogcapformation system (GIS) described

in section 3.1

2.5 HED meteorites samples

Howardites, eucrites, and diogenites (HED) areedgfitiated achondrite meteorites and
represent a single group of meteorites due to thimmlar texture, mineralogy, oxygen
isotopic ratios, Fe/Mn elemental ratios, and pegwmal relationships (e.g., Clayton and
Mayeda, 1983; Mittlefehldt et al., 2004; Hutchis@®04). The HED parent body probably
formed very early in the Solar System, with a ctmamation and silicate differentiation
occurring within the first ~5 Myr after CAl condet®n (Kleine et al., 2002).

Most diogenites are monomict, fragmental breccilasriinal coarse-grained k7
orthopyroxenites (e.g., Mittlefehldt et al., 200®)jivine (Fa1-7s Beck and McSween, 2010;
Shearer et al., 2010) can be occasionally presdmigh abundances (e.g., Beck et al., 2012).
Troilite, metal and silica are accessory phasesyelk as chromite, Ca-rich pyroxene and
plagioclase (e.g., Hutchison, 2004). It is reldiivevell established that a single process
during the magmatic activity of the early HED pdrbady was responsible for the formation
of orthopyroxenite diogenites and olivine-rich @aurgitic, Figure 2.6) and olivine-
dominated (dunitic) diogenites, but the exact pssces still debated (e.g., Shearer, et al.,

2010). Diogenites and olivine diogenites could espnt plutons or different horizons in
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layered intrusions within the HED parent body (Fenvkt al., 1995; Shearer et al., 1997 ;
Mittlefehldt, 2000, Shearer et al., 2010; Beck daBween, 2010). The magmas would have
been derived from batches of the HED body mantteg®er et al., 2010). Alternatively, the

lithologies could have been produced during thestatiization of a magma ocean (Warren,
1985; 1997; Righter and Drage, 1997 ; Ruzicka.etl@b7, Gosh and McSween, 1998).

(b) NWA 7542

Figure 2.5 (a) Transmitted light of a polymict eucrite in thgaction showing diogenitic and
eucritic clasts. (b) SEM-BSE image (from K. Meizlgdra carbonaceous chondrite clast in
NWA 7542 consisting of an olivine chondrule fragm(lark) embedded in a fine-grained
interchondrule matrix. (c) Polarized light of a thsection showing a cumulate eucrite with
large pyroxene grains with exsolution lamellae. {ansmitted light image showing an
uncommon eucrite consisting of an impact melt noith vesicular melt and plagioclase with

fluidal texture.

Eucrite meteorites are found in a variety of tegsurbasaltic, cumulate, monomict
breccia and polymict breccia (see McSween et @ll1Zor a review). The major minerals are
Anss.gs plagioclase and pigeonite, often with exsolutimméllae of augite. Minor minerals are
silica, ilmenite, chromite, troilite and metals g¢. Hutchison, 2004). Most eucrites are
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equilibrated through thermal metamorphism with tsudamellae in a host homogeneous
pigeonite (e.g., Takeda and Graham, 1991; Yamagetchi., 1996). Clouding is observed in
their pyroxene and plagioclase phases, consistingrecipitated sub micrometer-scale
opaques minerals (Harlow and Klimentidis, 1980yehsion of pigeonite to orthopyroxene is
observed for the most equilibrated eucrites, witteerow range of Mg/(Mg+Fe) and a wide
range of Ca/(Ca+Fe). Most eucrites also experiestetk, brecciation and melting events
(e.g., Metzler et al., 1995). Unequilibrated ewsishow chemical zoning of pyroxene and
have a wide range of Mg/(Mg+Fe). Cumulate eucréeehintermediate Mg/(Mg+Fe) values
between diogenites and non-cumulate eucrites ¢dugchison, 2004).

Figure 2.6 NWA 6013 (in polarized light) is a relatively unaomon olivine-bearing diogenite.
Olivine grains (average Fg) have a bimodal size distribution.

Howardites are breccia with more than 10 vol% afrigess (ophitic to subophitic basalt clasts,
granulite clasts) and 10 vol% of diogenites (pyrexé&agments), set in a fine-grained clastic
matrix. Impact rock clasts and impact melt dropledas occur (e.g., Ruesch et al., 2015 —
Article 1). Of interest for Vesta are rare carboeaes chondrite clasts, as in the polymict
eucrite NWA 7542 shown in Figure 2.5 (e.g., Zolgnsk al., 1996). Often of the CM type,
the clasts have a phyllosilicate (mostly serpeitineh matrix, which is responsible for
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hydrous absorption bands in the near-infrared sale@nge (Cloutis et al., 2011). With Dawn
observations, these absorption bands have beetifiggrnocally on Vesta (McCord et al.,
2012; Reddy et al., 2012; Nathues et al., 2014% f&ture of howardites implies that both
eucrites and diogenites formed on the same bodyuad@rwent brecciation, mixing and
thermal metamorphism within the parent body regdlé.g., Metzler et al., 1995; Bischoff et
al., 2006).

At the Institut fur Planetologie of the WestfalischVilhelms-Universitat Minster |

studied a total of 13 eucrites, 6 howardites adibgenites.
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3. Methods
3.1 Image data processing and visualization

Since digital image data were acquired by space@aatliable system for their cartographic
and scientific analyses was needed. The Uniteeg$taeological Survey (USGS) developed
and maintains the Integrated System for Imagers @pectrometers (ISIS) that enables
researchers to geometrically rectify and calib@tmetary images and spectrometer data, as
well as to apply post-processing procedures, famgde, to generate image mosaics (e.g.,
Anderson et al., 2011).

Raw images, also referred as Experimental Datald€&iR) are usually in a standard
format consisting of a file containing the data amdattached or detached label containing a
description of the data (Planetary Data SystemB Format). The calibration of Dawn FC
images and VIR cubes requires several steps, thst maportant being dark current
subtraction and flat field division (e.g., Sierks &., 2011; De Sanctis et al., 2011).
Eventually, a Radiance Data Record (RDR) produobisined by converting the DN (digital
numbers) values into radiometric units. Navigatemd ancillary data such as spacecraft
position, pointing, body shape and orientation, &wh position are stored in SPICE
(Spacecraft Planet Instrument Camera-matrix Evemksinels. Ground position (i.e.,
latitude/longitude) and photometric viewing angtdsan image can be computed with ISIS
using such kernels. Images with known ground pmsitan be map projected and mosaics
can be constructed. All these processes were applithe FC images by the DLR (Roatsch et
al., 2012; 2013). | processed the VIR data usin IStarting from the RDR format, as
detailed in section 3.5.4.

The higher-level products were then further inggged with several software
packages, discussed below. The transfer was dametlgi from ISIS to a Geographic
Information System (GIS) or through interface pagsasuch as the ISIS DLM system for
transferring ISIS data to the Interactive Data Leagg (IDL) system.

For the purpose of photo-geological mapping andlabs model age determination,
ArcGIS provided by the Environmental Systems Redednstitute (ESRI) was used. The
software allows the visualization and superpositbmifferent raster products in a common
map projection. The image products ingested intoGAS were FC clear filter and color
images and mosaics, VIR mineralogic maps, GRaNhehal maps, and digital elevation

models. In the ArcGIS environment, several processteps (e.g., stretching) and spatial
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inquiries (i.e., pixel valuegjan beperformed on the raster data.addition, vector data ce

be used fothe production of pho-geological maps (e.g., Nass et 2011
3.2 Photo-geological M apping

A morphological map of a planetary surfecontains information omelevant surface unit
linear featuresnd stratigrapt (e.g., Wilhelms et al., 1990}t is based on the interpretati
of surface textures (e.g., ughness) and topographic reliefs to identhree-dimensional
material units €.g., Tanaka et al., 20). The study of crossutting relationshig and surface
dating by CSFD measurements provide -stratigraphic relationships between the urFor
the purpose of mapping by the Dawn Science Team, ttfacs of Vesta was subdivided in
15 quadrangles following thscheme of Greeley and Batson (1990) aachet Av-1 through
Av-15 (Figure 3.1). IrRuesch et al. (20:b) — Article Ill, | mapped Avi to Av-5 located in
the northern hemisphere, i.e., covering the lagéitudrom 21°N to the North Pole. Fc
guadrangle AL, the imaging data were projected in a pstereographimap, whereas for
guadrangles Av-2 to 5 aalmber projection was chosen (e.g., SnydE387. The scale for the
northern hemisphere wab(,000. Thegeologic units were outlined in vector polygorin
association with raster produ in the ArcMap environment of ArcGl The first step in

mapping consisted in traefinition of geological contactéJsually, a gradational contact w

Ay-H-15
Rheasilvia

SOUTH POEAR
AREA

Av-H-4 Av-H-5
Eaparronia il Domitia Florania

- "
s

Av-H-6 Av-H-T Av-H-8 Av-H-9
Gegania Lucaria Marcia Mumisia

Av-H-11
Pinaria

by
Figure 3.1 The Vesta mapping quadranc with quadrangle numbers and official IAU nar
(Roatsch et al., 2013).
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defined for ejecta material, whereas an approximatgact was used for tectonically altered
terrains. Geologic units were defined, once all geelogic contacts were identified. Spatial
inquiries between the vector (e.g., polylines awtygones) and the raster data (e.g., FC
mosaic), as well as extraction of topographicafif@®from DTM, were performed within the
ArcMap environment. The Small Body Mapping Tool wesed for the visualization of the
DTM (Kahn et al., 2011).

3.3 Absolute Model Age deter mination of surface units

Like many planetary surfaces, Vesta's surfacebgestito the bombardment by small bodies,
mostly asteroids. In the absence of geological ggees that obliterate impact craters, a
surface unit accumulates craters with time (e.g@ukdm, 1983). Thus, the amount of craters
within a given surface unit (density) is relatedthe formation or exposure time of the unit
and the impact rate (e.g., Hartmann, 1966). Thigalgl for any range of crater diameters
(e.g., Neukum, 1983). The crater density versugecmiameter range is referred to as the
Production Function (PF) (Neukum, 1983). NeukunB@)%stablished that for any planetary
surface in the inner Solar System or in the maii the PF is controlled by an impactor
population with a certain size-frequency distribati{SFD). This assessment is based on the
high similarity between the SFD of the lunar andrd$lampactors and the Near Earth
Asteroids SFD (e.g., Neukum, 1983; Neukum et &012 Werner, 2005). The determination
of the impactor population can be calculated ussegeral lunar areas of different ages
(Neukum, 1983). First, the crater size-frequencytriiution (CSFD) of the areas is
determined. Then, the crater diameters are corvaédeprojectile (impactor) size using
impact scaling laws. The scaling laws use reasenatdumptions on the target and projectile
properties (density), impactor velocity, and sttengp gravity transition (lvanov, 2001;
Schmedemann et al., 2014 — Article 1X). After carsven, a lunar projectile SFD for each
area is obtained. After normalization of the prajecSFDs of different areas, a single SFD of
the lunar impactor population is obtained (Neuka@83).

The work by Schmedemann et al. (2014) — Article foflows the approach first
established by Neukum (1983) for the terrestri@npts and considers that the impactor
population on Vesta is represented by the impgmbpulation in the inner Solar System, i.e.,
the lunar impactor population. Following this asgtion, the SFD of the lunar impactor
population was converted into the SFD of projestid@ Vesta (Schmedemann et al., 2014 —

Article 1X). Scaling laws are used to convert potile sizes into crater diameters on Vesta.
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The PF of Vesta gives the cumulative number ofecsadf diameters larger or equal than D

(in km), formed on a square km area exposed tprihjectile bombardment for a given time:
log(Ncum) =ap+ leclzl Ay lOg(D)k (1)

the coefficients jpare:

Coefficient Vesta rev3 (Schmedemann et al., 202dtiele 1X)
& -3.1643
& -3.0382
& 0.5445
& 0.67305
& 0.11447
8 -0.34186
& -0.15077
& 0.079115
8 0.035557
& -0.0099727
a0 -0.002574
&1 0.00058434

The coefficient gis a function of the time of exposure and is gilsgn
aop = log(Ncum(D =1 km)) (2)

whereN (D = 1 km), the cumulative number of craters of diameterday equal 1 km,

also referred to as N(1), is given by:
Neum(D = 1 km) = k7 (e¥2t — 1) + kst (3)

Wheret is the surface exposure age in [Ga] measured kmdswrom the present. Equation
(3) is called the Vesta chronology function (CF)dais defined using the same time
dependence as for the modnin equation (3) is equal ta of the lunar chronology, derived
empirically (see belowyY. is the ratio of the current crater formation rateVesta to the rate

K3 vesta

on the Moon: r = . The factork, describes the rate of the exponential decay of

3 moon

collisions during the first ~1 Ga of Solar Systerstdry: it is a constantg = 6.93) valid for

all chronology functions. Fdrlower than ~3 Ga, the rate of collisions is constnd is given

20



by ks (ks=0.02037), using the intrinsic collision probalyiliand the number of available
projectiles (O’Brien and Greenberg, 2005; Bottkalet1994).

The lunar chronology function (artd) can be defined by (i) relating radiometrically
dated lunar samples to their geological unit, andrleasuring the N(1) of the surface of the
geological unit. The definitive relation of a dateample to its lunar geological unit is not
straightforward, especially in the case of ejed@aples (e.g., Stoffler and Ryder, 2001).
Thus, several chronology functions have been pegpds.g., Stoffler and Ryder, 2001). The
CF given in equation (3) was derived by Neukum @)a&ing a least square fit between the
absolute ages of radiometrically dated samples tatedmeasured N(1) of potential lunar
source region.

The derivation of absolute model ages on Vestaires|the above described production
and chronology functions and CSFD measurementgives area. The area must be within a
geologic unit, have homogeneous texture and beofreeater clusters formed by secondaries.
A specifically developed software presented in Kakeet al. (2011) is used within the ArcGIS
software to perform the diameter measurement ofi eéaater. The CSFD measurement is
binned and displayed in a logarithmic plot (Arvidset al., 1979). The PF is fitted to the
CSFD measurements by varying tag coefficient. Although the fit needs to include the
highest possible number of bins, small diametes linfluenced by secondary cratering or
resurfacing needs to be avoided. If there is mdguio evidence for one (or more)
resurfacing event, two (or more) PF might be fittedthe CSFD measurements. Once a
satisfying fit is achieved, equation (3) is solfedt with thea, of the fitted PF. A stochastic
age error on N(1) is used to evaluate differeneta/den different unit ages derived with the
same PF and CF. It is calculated from the meastoedting statistics:

oc=+N * — 4)

Where n is total number of craters used for the fit (Asod et al., 1979; Michael and
Neukum, 2010).

It has been argued that the dynamical history dietivers impactors to the inner Solar
System (NEA) is different from the collisional lasy of bodies within the main belt (e.qg.,
O’Brien et al., 2014). Also, the SFD of the innalé& System might have changed early in
the history of the Solar System (at around ~3.8, Gaitrary to the assumption by Neukum
(1983) (e.g., Wilhelms et al., 1978; Strom et aDP5; Head et al., 2010; O’Brien et al.,
2014). Thus, alternatives approaches to the abeserithed method considered the dynamical

history of the asteroid belt to determine the SKEhe impactors and the impact rate versus
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time relationship on Vesta (O'Brien et al., 201Bgtails on an alternative dynamical-based
approach can be found in O’'Brien et al. (2014) Muatchi et al. (2012). In Ruesch et al.
(2014b) — Article Il the alternative approach wasted revealing, however, inconsistencies
between the measured CSFD and the dynamical-b&ded S

3.4 Electron Probe Microanalyses

Electron probe microanalyses were performed toraete the chemical compositions of
minerals in HED samples. This analytical metholdased on diagnostic x-ray spectra emitted
by elements (e.g., Reed, 1993; Nesse, 1998). Bfectare usually produced by a heated
tungsten filament. Through electromagnetic fieldiectrons are focused on the sample,
usually a carbon coated thin section. When thetreledeam strikes the samples, x-rays are
emitted with a spectrum consisting of a continuumd aharacteristic peaks. The latter are
produced by the emission of radiation following thplacement of a dislodged electron in the
shells of the atoms. The energy, i.e., wavelengththe radiation is equal to the energy
difference between the outer shell and the K sbiethe atom (e.g., Reed, 1993), and the
radiation intensity is proportional to the amouhaagiven element present in the sample. In
the microprobe, the x-rays are measured by a wagtiedispersive spectrometer (WDS)
based on crystals (e.g., Zachariasen, 1967). Tiwed#dre absolute abundance of an element
with peak intensities, the instrument responsealb@ted using minerals standards of well
know composition. Following the technique of Pheliband Tixier (1968), for each element,
the specimen/standard detector counts (i.e., ity@ngatio (“k-ratio”) multiplied by the
concentration of the element in the standard isutalled. Then, a matrix correction is applied
to the k-ratio to obtain the absolute concentrabba given element. The matrix correction
takes into account additional processes occurringing Xx-ray production, such as
backscattered electrons, enhancement (fluorescead) absorption of x-ray, and the
efficiency in the production of x-rays (PhilibertcaTixier, 1968). With these corrections, it is
possible to measure the abundance of elementsanitncertainty of about 0.1-0.01 wt%
(e.qg., Reed, 1993).

For this study, | used a microprobe JEOL JXA 890€he Interdisziplindres Centrum
fur Elektronen mikroskopie und Mikroanalyse (ICEM)f the Westfalische-Wilhelm

Universitat Miunster.
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3.5 Reflectance spectr oscopy
3.5.1 Near infrared reflectance spectra

Usually, remote sensing reflectance spectra cootlstirectional diffuse reflectance and can
be defined with the angles incidence (i), emisgenand phase angle)(as follow. If a
surface receives an incident collimated radiantgroper unit ared, with J the irradiance
[W m? sf'] and o = cos(i), the scattered radiance of the surface measureddegector is
Jr(i, e, ) with r(i, e, «) the bidirectional reflectance The Bidirectional Reflectance

Distribution Functionis defined a®RDF(i,e, ) = %With units [str'] (Hapke, 2012). For

clarity, the spectral dependence on each parangetmmitted. Usually, reflectance data are
expressed asadiance factor (I/F) i.e., the ratio of the bidirectional reflectarmlea surface
r(i, e, ) to that of a perfectly diffuse surface (Lambédityminated at i=0 (Hapke, 2012). The
bidirectional reflectance of a Lambertian surfas@xpressed as3A *Uo/n (Hapke, 2012).
A_ is the direction-hemispherical reflectance andqgaal to 1 for a perfectly diffuse surface
(Hapke, 2012).

I/F = RADF(i,e,a) = mr(i,e,a) (5)

In the literature it is often referred to theflectance factagrdenoted here as REFF i.e., the
ratio of the bidirectional reflectance of a surféaaehat of a perfectly diffuse surface under the

same illumination conditions (Hapke, 2012).

REFF(i,e,a) = mr(i,e a)/K, ) (6

The reflectance spectra in this work are expresséd this latter parameter. Several

mathematical models have been developed to exfiredsidirectional reflectance in physical

terms of the surface (e.g., Hapke, 1981; Douté Sclumitt, 1998, Shkuratov et al., 1999;

Shkuratov et al., 2011). They are partly basedhenradiative transfer equation that governs
the radiation field through a medium which absorlesnits and scatter radiation

(Chandrasekhar, 1960).

Here, the physical factors controlling the bidirecal reflectance are described. These
factors are fully or partly taken into account hyrent models for particulate surfaces (e.g.,
Hapke, 1981; Douté and Schmitt, 1998, Shkurati.etl899). The intrinsic properties of a
surface material (independent on particle size ahdpe) are described by the optical
constants or complex refraction index (e.g., Bohaew Huffman, 1983). They are the

principal factor controlling the spectral featufsmafic material in the near-infrared range
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(e.g., Bohren and Huffman, 1983; Lucey, 1998) ameirtphysical origin is described in
section 3.5.2. The influence of particle size ofleotance spectra is described by radiative
models (e.g., Hapke, 1981; Shkuratov et al., 199@) a detailed experimental study of grain
size variations on HED near-infrared spectra waseqmted in Cloutis et al. (2013). It is
known experimentally that the geometry conditiomfuence a reflectance spectrum through
phase reddening, i.e., stronger absorption at ehosavelengths compared to longer
wavelengths and resulting increase in spectrales(epy., Adams and Filice, 1967; Gradie et
al., 1980; Reddy et al., 2011; Schroder et al.42®Ruesch et al., 2015 — Article 1). Geometric
conditions also influence absorption bands (e.gad@ et al.,, 1980, Reddy et al., 2011,
Ruesch et al., 2015 — Article 1). The radiativensf@r model proposed by Hapke (1981; 2012)
explains such effects by the varying contributiarissingle and multiple scattering (e.g.,
Hapke, 2012). However, alternative explanationsehlagen proposed (e.g., Schroder et al.,
2014). As a consequence of the still ambiguousronfisuch effects, and in order to quantify
the spectral variations due to geometry effectst ph this thesis focuses on laboratory
measurements of HED samples under varying geomadnditions (Ruesch et al., 2015 —
Article I). Temperature effects, although known dontribute to a spectrum shape (e.qg.,
Burns, 1993; Moroz et al., 2000; Burbine et alQ@0are minor for the range of temperatures
during Vesta VIR observations (Longobardo et @14). The exact influence of additional
factors, such as porosity and roughness, is paorterstood by current radiative transfer
models but is known to affect particulate refleceuspectra (e.g., Adams and Filice, 1967;
Capaccioni et al., 1990; Shepard and Helfenst&@y72Hapke, 2008). Finally, if the grains of
a particulate surface have different compositiang.( pyroxene, feldspar); their mixture will
influence the reflectance spectra with a nonlinkeaction (e.g., Nash and Conel, 1974;
Singer, 1981; Hapke, 1981; Mustard and Pieters9;1P8ulet et al., 2014 — Article 1V). On
Vesta, the mixture occurs at a sub-pixel scale, below the spatial resolution of the
observation (e.g., Poulet et al., 2014 — Article,Msually at a kilometer scale for VIR
observations (De Sanctis et al., 2011). The mixtare be considered “intimate”, i.e., photons
encounter grains of different composition beforeaging the surface and reaching the
detector (e.g., Hapke, 1981). In addition, therggare possibly not homogeneous, but present

compositional variations at a sub-grain scale (&glusions).

3.5.2 Absor ption bands

As detailed above, the position, width and stremgftabsorption bands in a spectrum are

diagnostic of the chemical, mineralogical and ptgisproperties of the target surface (e.g.,
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Clark, 1999). The mechanisms of absorption ardreleic transitions, molecular rotation, and
lattice vibration (e.g., Burns, 1993; Hapke, 201R).the near-infrared range, electronic
transitions are important and are presented hexdeddlar vibrations are responsible for
bands in the mid-infrared range (e.g., Burns, 198Hke, 2012).

Charge transferabsorption is an electronic transition occurrinigew electrons transfer
between ions. The resulting band centers usuatlyraa the ultraviolet, with the wings of the
absorption extending into the visible range (ClatR99). Qystal-field absorption of an
incident photon is enabled by electronic transgidrom a lower to a higher energy level
(Burns, 1993). In transition elements the energyassion between orbital levels is termed
crystal-field splitting parameter A)) and for cation-oxygen transitions is inversely
proportional to the cation-oxygen interatomic dista (r). In an octahedral framework of
oxygen atom thel-orbital energy levels of B&are splitted intoey andtyg orbitals (Figure
3.2). Depending on the geometry (e.g., distortminthe octahedral sites M1 and M2, further
splitting occurs (e.g., Burns, 1993). Thgbetween the energy levels can also be represented
as wavenumber (cf), and controls the positions of absorption bafdisis, the structure or
geometry of the crystallographic site hosting tramsition elements (e.g., £dn olivine or
pyroxene) is directly influencing the crystal-fiedglitting parameter and thus the absorption
(e.g., Burns 1993; Klima et al. 2007, 2011). Theriamlity of the M1 and M2

crystallographic sites of pyroxenes and its impiazs are explained below.

symmetric symmetric
ochtaedral M1 site ochtaedral M2 site
site site
—— 10700 cm™ ~0.9 pum
e — -7 10750 cm™ ~0.9 um e S o
E A E A
—
A A
[+] o]
= 1
%D 4900 cm™ ~2.0 pm
< 8550 cm?~1.2 um
Y oo g A L
2g S 2g N

Figure 3.2 Energy level diagrams for the 3d orbitals of’Fén orthopyroxene. The slightly
distorted crystallographic M1 site and the strondlgtorted M2 site are shown together with
orbital splitting in regular octahedral sites. Mairelectronic transitions and their

corresponding wavelengths are indicated (adaptechfBurns, 1993).
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The M1 crystallographic site in pyroxenes corregiono a relatively symmetric
octahedral site and usually hosts the followingorst Mdf*, F&*, Mn?*. As illustrated in
Figure 3.2, F& in the M1 site creates crystal-field absorptions@9 pm and ~1.2 pm. With
increasing abundance of the large”'Feation by replacement of the smaller #gn
ortophyroxene, the crystal-field splitting parametecreaseA, o r°), and the wavelength
position of the ~0.9 um band slightly increase (®url993). Usually, however, the band at
0.9 um is masked by the stronger crystal-field gitsm due to F€ in the M2 site (Burns,
1993). The stronger bands due tG'Ha the M2 site are the results of the larger aiughlly
distorted polyhedral site that enables substamtigtal-field splitting (e.g., Burns, 1993;
Denevi et al., 2007; Klima et al., 2007; 2011). T2 crystallographic site hosts Mg Fe",
Mn?* and C&" (e.g., Adams, 1974; Burns, 1993). Note that alifiothe M2 site can host
several cations, it is preferentially filled byFén the absence of a Main bands are
located at ~0.9 um and ~2.0 um and are resporfsibtee characteristic bands of pyroxenes
(Burns, 1993). With increasing €an the crystals, the M2 site increases in sizeaAssullt,
the crystal field splitting parameter decreaseg] #re ~1 and ~2 um bands created by
Fe?*slightly shift to longer wavelengths (e.g., Hazéale 1978; Burns, 1993).

3.5.3VERTEX 70v reflectance spectra

For laboratory measurements of reflectance spedtraperated a fourier transform
spectrometer VERTEX 70v hosted at the IR/IS Latlwrgadf the Institut fir Planetologie of
the Westfalische Wilhelms-Universitat Munster. lre tVERTEX 70v, an interferometer unit
with exchangeable beam splitters allows a rangeva¥elengths to be measured near-
simultaneously (e.g., King et al.,, 2004). Raw datmsists of an interferogram, i.e., an
intensity (voltage) versus retardation (opticahpdifference) spectrum. A fourier transform is
then applied for conversion to the frequency donemid for obtaining an intensity versus
energy (wavelength) spectrum (Figure 3.3) (e.gngket al., 2004). For the range 0.7 to 2.0
pum (NIR) a DigiTect InGaAs detector operating abrmotemperature and a Tungsten light
source were used. Whereas for the range 2 to 1GNWiR) a DigiTect HgCdTe (MCT)
detector cooled with liquid nitrogen and a Globlaertnal source were employed (Bruker
Optics). A Spectralon standard for the NIR range @m Infragold standard for the MIR range
were provided by the Labsphere company. The vepdwrided a correction factor for the
Spectralon in the range 0.7-2.0 um. This corredi@ator C (with values higher than 0.93) is

wavelength dependent (Labsphere report, 2014).
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Figure 3.3 Retrieval of reflectance spectra from the VERTEX Sjiectrometer. From left to
right: interferogram of a sample, spectrum as action of wavelength for a sample (dashed
line) and a standard (continuous line), sampletendard ratio, ratio corrected using factor

C described in the text (note the removal of a batrth15 pm).

To simulate the particulate surface of Vesta’'s,dbié samples were powdered and dry
sieved at 4 different particle size: 500-250 punQ-20 um, 90-45 um and 45-0 um. The latter
grain size range is most similar to the averageta/esarface (e.g., Hiroi et al., 1994). As
described above, a reflectance spectrum is alsacion of the geometry of observation, i.e.,
incidence, emission and phase angles. A Bruker A3Xfoniometer was used to vary the
incidence and emission angles independently. Tims axf the goniometer move only in one
plane, without variation of the azimuth angle. Tmegans that all the measurement were
performed on the principal plane, no azimuth veoret. Due to mechanical constraints, the
smallest incidence and emission angles allowedl8fefor both angles. The light source
aperture diameter was set at 4 mm, leading tamselbf 8.3x7.2 mm illuminating the circular
sample cup of 10 mm diameter (for an incidence enfl30°). This setup enables enough
light at the detector but prevents illuminationtieé aluminum cup. All measurements were
performed in low pressure environment t16ar) to avoid absorption bands due to water
vapor.

If the detector measures a voltayéi, e, «) in the near-infrared, and if it is assumed
that Vranaara (i, €, @) results from a perfectly reflecting diffuser, tleflectance factor can be

calculated as:

REFF(i, e, a) = —semptete® - ) (7

Vstandard(i.e.a)

This is illustrated in Figure 3.3. However, califiva standards are known to deviate from
perfect Lambertian behavior, (e.g., Pieters, 1988stard and Pieters, 1989; Bonnefoy et al.,
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2000). Alternative methods to retrieve the reflacefactor are described in Pommerol et al.
(2011) and Gunderson et al. (2007). The princigleegiprocity states that for a uniform
surface without inhomogeneity, illuminated by lightm a collimated source, the following
relation must be satisfie®EFF (i,e,a) = REFF (e, i, ) (Hapke, 2012). This test provides a
robust method to estimate the uncertainties ofrtkasurements, related to instrumental errors
and to the inhomogeneity of the sample (e.g., Poming al, 2013). The standard deviation
over the entire spectral range is less than 1% Vaiter errors in the range 0.7-1.2 pum
compared to the 1.2-2.5 pum range.

3.5.4 VIR reflectance spectra

Here, the specific data reduction and calibratibthe VIR dataset is laid out. A more general
description is given in section 3.1. An in-deptlegantation of the VIR instrument, data
reduction and calibration can be found in De Sanetial. (2011), in Ammannito (2007), in
Filacchione and Ammannito (2011), in Filacchion®(Q@), as well as in Capria and Joy
(2011).

The level 1la or EDR of the VIR data consist of $feexpressed in digital number
(DN). The first steps in the calibration pipelinensist in the subtraction of the dark current
and identification of anomalous pixels (e.g., desaturated). Dark current measurements
were acquired before and after each observatiort, Nlee data were spectrally calibrated by
associating a central waveleng#f) é@nd width to each band using ground calibratiatad
The data are radiometrically calibrated by conwgrieach DN spectrum into physical units
(i.e., in radianceR(l) [W m?sr' um?]) through an Instrument Transfer Function (ITFgan
the exposure time (Figure 3.4). It is importanhtde that the ITF is a critical component for
the calibration and has direct influence on thepsha the spectra and their absorption bands.
The ITF was measured on ground before launch andists of the instrument response
multiplied by the flat field (De Sanctis et al., 20 Ammannito et al., 2007). Calibration
lamps within the instrument allow for validation orodification of the ground-based ITF
during the flight (De Sanctis et al., 2011; Ammaaret al., 2007). The completely calibrated
data is referred to as level 1b or RDR. Teélectance factoiis obtained from the RDR
following equation (6) (Figure 3.4):

RA) =«

REFF = S /@

(8)
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where the solar irradiance at Vestsig)/d? with S@) the solar irradiance at 1 AU anidthe
distance Sun-Vesta in AU. As seen in Figure 3#ectance factor spectra contain spikes and
even-odd effects. Post-processing corrections eaapiplied to correct them (e.g., Ruesch et
al., 2014a — Article II).
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Figure 3.4 Key spectra for the calibration of VIR IR data. Rrdeft to right: ITF, measured

radiance R{), solar irradiance S${), and the final product, i.e., the reflectancetdac

3.5.5 Analysis of reflectance spectra

To characterize a reflectance spectrum, key spepaeameters can be calculated. For

pyroxenes dominated spectra, the parameters aeb#wdute reflectance usually measured at
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Figure 3.5 Left: Reflectance spectrum of a pyroxene-dominatachple. Two broad

absorption bands (Bl and BII) are visible. Poiits/,, andl; are tie points at or close to the
continuum of the spectrum, and separated by therpben bands. Between the tie points,
continua are approximated by dashed lines.aRd R denote the reflectance at the band
minimum and at the continuum. Right: reflectancectium divided by the continua. The

depth and center are shown for both bands.
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0.56 um, the spectral slope, i.e., the ratio deothnce 0.75/0.56 and 1.45/0.75, and the depth
of the relevant absorption bands, as illustrate&igure 3.5 (e.g., Cloutis et al., 1986). The
band depth is defined as 1/R., where R is the reflectance at the band minimum apdhe
reflectance at the continuum (Clark and Roush, 198de bands centers are calculated by
first dividing the reflectance spectrum by the kmntbntinua, then by measuring the
wavelength of the minimum of reflectance (Figurg)3e.g., Burbine et al., 2009; Ruesch et
al., 2015 — Article 1). Cloutis et a. (1986) foutitht an additional parameter (Band Area
Ratio, BAR) is useful to characterize spectra afoggne-olivine mixtures. The parameter is
the ratio of the area within the BIl and the arathiw the Bl. The parameter exploits the fact

that olivine admixture lead to different changeshia Bll area relative to the Bl area.
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4. Review of articles
4.1 Ruesch et al., 2015 - Articlel

Manuscript | treats laboratory investigation of thieD meteorites. The HED electron
microprobe analyses are presented in section Bddspectral analyses in section 3.5.5. From
the suite of 24 HEDs, 4 samples have been spgctaallyzed as a function of observation
geometry, and their investigations constitute ir& part of Ruesch et al. (2015) — Article I.
The comparison between the spectral analyses ofetiiee HED suite and the sample
compositions represents the second part of thdystu

Figure 4.1 illustrates reflectance spectra forpaasentative HED sample, the howardite
NWA 1943, acquired under 24 observation geometdasexpected from previous studies
(e.g., Gradie, 1980; Reddy et al., 2011), the nchimnges occur for the overall reflectance.
Increasing incidence angles lead to a decreasefleictance, whereas increasing emission
angles, lead to a slight increase followed by arebese in reflectance. Also identifiable in
Figure 4.1 is the decrease of the ~1 um and ~2 gmdsdepths, as incidence and emission
angles increase. The band depth decrease is weabsemt for incidence angle i=0°, i=15°
and i=30°, and is considerable for i=45° and i=80°Ruesch et al. (2015) — Article I, | have
compared the band depth decrease with changesflettamce at 0.56 um and found
similarities with variations caused by compositioredfects. Admixture of low albedo
material to an eucrite powder leads to a decrefseflectance and pyroxene band depth, as
found by Cloutis et al. (2013). For an emissionlangf ~45° or greater, such trend is
undistinguishable from that due an increase indence angle. Thus, this needs to be
considered in compositional investigations basedramote sensing data. Furthermore, as
expected from previous studies (e.g., Gradie andekka, 1986), critical changes due to
increasing incidence and emission angles are féamithe spectral slopes and band area ratio
parameter. As phase angles increase, the visippeslfirst increase, than decrease, whereas
the near-infrared slopes have a tendency to inergamotonically. Systematic changes are
not found for the band area ratio parameter asephagles, incidence or emission angles
increase. The viewing and illumination conditiome &und to have no effects on the band
position, confirming previous studies (e.g., Bedkak, 2011). Thus, this latter spectral
parameter can be used with reliability for composél investigations.

In the second part of this study, the exact pasitbthe ~1 um (BI) and ~2 um (BII)

bands are calculated for the whole HED suite. Tipeséions are compared to the average
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Figure 4.1 Reflectance spectra of the NWA 1943 sample. Eathljpistrates measurements

under the same incidence angle (i) but varying simmsangles (e).Note (1) how the overall
reflectance decrease, (2) the reflectance decrémggeater outside the absorption bands,
leading to a decrease of the bands depths, (3) bamds do not appear, e.g., constant

presence of the shoulder at ~1.2 pum.

Ferrosilite (Fs) and Wollastonite (Wo) content loé tsamples powders obtained from EMPA
analyses (described in section 3.4). As expectenh fihe crystal field theory (e.g., Burns,
1993), a general proportionality was found betwgenFs and Wo contents and the Bl and
Bl positions. For pyroxene contents higher thar38s discrimination between variations in
iron and calcium content is ambiguous, as Bl ariccBihters are controlled by both elements.
Previous studies have established empirical equatelating the band positions to the Fs and
Wo contents (Gaffey et al., 2002; Burbine et ab0@). | have investigated the validity of
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these empirical calibrations by using the new amtkpendent spectral and compositional
dataset (21 pyroxene-dominated HEDs) compiledisdtudy. As a result, | found systematic
differences of, in average, Fs~5 mol% and Wo~2 mdi%overcome such discrepancies, |
have provided new calibrations based on the HER sui

These new calibrations have been applied to séleeigions on Vesta, for which the
modal mineralogy was modeled in Poulet et al. (2641Article IV. Band positions have been
calculated from VIR reflectance data. The lattevenebeen retrieved with the same
methodology developed for Ruesch et al. (2014a)rtcla 11 and Poulet et al. (2014) —
Article IV, and described in section 3.5.5. The ma®n-rich terrain has a pyroxene
composition of FgWo4and the most iron-poor terrain has a compositiohsgWos (Figure
4.2). The use the Burbine et al. (2009) calibratjamhich are based on fewer HED samples,
results in slightly higher Fs and Wo values (Figl2).

vy Vesta Fe-rich terrain (Eumachia crater) AN
O Vesta Fe-poor terrain (Severina crater)

“‘I‘-\\

Figure 4.2 Pyroxene quadrilateral with derived compositionsti@o end member terrains on
Vesta. Solid symbols show compositions calculatiéd the calibration of Burbine et al.
(2009) and open symbols with the calibration dgvetbin Ruesch et al. (2015) — Article I.

These pyroxene compositions are consistent withddreved modal mineralogy (including
low-Ca and high-Ca pyroxene) by Poulet et al. (3044Article IV. They correspond to the
spatial average composition of few kilometers wadeas. The low-iron area is located in the
southern hemisphere, in the topographically lowdlkeia basin, whereas the high-iron area
is located in the equatorial region at higher dlieva(Poulet et al., 2014 — Article IV). These
contexts suggest that the igneous activity of tyevesta formed lithologies with varying
pyroxene compositions as a function of the deptlelevation. As also found by De Sanctis et
al. (2012), Prettyman et al. (2012), and Yamaskitaal. (2012), these lithologies are
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consistent with a predicted crust structure oftiii® parent body (Takeda, 1979; Righter and
Drake, 1997; Ruzicka et al., 1997; Pieters e&éll1; McSween et al., 2013).

4.2 Ruesch et al., 2014a - Articlel |

The discovery of olivine based on VIR data was reggbin Ammannito et al. (2013) — Article
V. The study revealed that the spectral signat@i@ieine is subdued relative to pyroxenes,
implying a relatively low amount of olivine at tispatial sampling of VIR (~170 m/pixel). It
is worth mentioning that the determination of thanicontent of olivine by reflectance spectra
is not straightforward, as the olivine absorpti@mdls are also a function of the grain size of
the olivine, which is an additional unknown (e.8unshine and Pieters, 1998; Poulet et al.,
2014 — Article 1IV). Furthermore, the observed olwvion Vesta is always admixed with
pyroxene, i.e., in a multicomponent nonlinear mix(iMoroz and Arnold, 1999). The location
of the spectral signature of olivine was found le horthern hemisphere, associated with
craters Bellicia and Arruntia, and not in the seuathhemisphere where the exposed olivine-
dominated mantle was expected (e.g., Pieters g2@l1; McSween et al., 2013). Thus,
although the early result identified a spectrahatgre of olivine in a few limited regions, no
evidence for an olivine-dominated mantle was fo(fPallet et al., 2014 — Article V).

As a follow-on study, Ruesch et al. (2014a) — Aetid investigated the global spatial
occurrences of olivine enrichments and their lonarphological settings. In order to detect
the spectral signature of olivine, a method wasliged to study the subtle variations of the
VIR spectra. In particular, spectral parametersewsiculated for the whole dataset. Spectra
with key parameter variations (e.g., in the Bedliéirruntia region) were visually investigated
and attention was given to the wavelength incredske band at ~1.2 um, to the wavelength
shifting of the band center near ~2 um, and toaverall decrease of the pyroxenes bands
with decreasing albedo. Following the visual inigegions, thresholds based on the spectral
parameters were defined in order to identify enmehts in olivine relative to the
surroundings (Figure 4.3). Knowledge of geometrfeas acquired during the study of
Ruesch et al. (2015) — Article | was exploitedttoe development of the spectral parameters.

In this study, the area around craters Bellicia Arrdntia first identified in Ammannito
et al. (2013) — Article V was confirmed to be thesholivine enriched area on Vesta, and
was spectrally mapped in detail (Figure 4.4). Aatopf additional sites were identified with
an equal or weaker spectral signature of olivinehasBellicia-Arruntia region (Ruesch et al.,
2014a — Article II).
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Figure 4.3 VIR spectra of Bellicia crater from Ruesch et(aD14a)— Article Il. The spectra
are taken outside and within (red spectrum) aniodvrich area. Note the large spectral

variation between 1.0 and 1.5 pm.

Once olivine enriched pixel were identified, thegre mapped to characterize their spatial
variations. All but one site are located within thastern hemisphere, northward of ~40°S
(Ruesch et al., 2014a — Article I1). The identifisiles cover an area of 5-25 keach. The
sites are found at or near impact craters of diaradietween 5 to ~50 km. The craters are
morphologically fresh and younger than 600-1000 (Raesch et al., 2014b - Article IlI,
Ruesch et al., 2014a — Article 1l). The geologiatexts of the olivine-rich areas are diverse.
Often they correspond to downslope material (dustlebris avalanches) and to spurs on
crater walls. Other occurrences are associatedsaitl craters less than ~1 km. Only a few
sites are related to the Rheasilvia impact ejenthta low-Fe pyroxenes. These latter sites
directly sample material that was located at depths few to few tens of kilometers before
the impact of the Rheasilvia basin (Ruesch et2fl14a — Article IlI). Thus, small-scale
enrichments in olivine and low-Fe pyroxene werespné within the crust before the
Rheasilvia impact.

The investigations of the geologic context imphatttolivine-enriched surfaces on
today’s surface are poorly gardened. It is propdlsationce exposed on the surface, olivine
grains get fractured, broken apart and mixed withie surface regolith. As the regolith is
spectrally dominated by pyroxenes, the olivine atgre will decrease with time.

On the basis of a comparison with laboratory mesuof olivine and orthopyroxene, the
highest concentration of olivine was estimated 30-60 vol% (Ammannito et al., 2013 —
Article V). The quantitative estimation of the lommeost concentration of olivine in the soil of

Vesta was the subject of Poulet et al. (2014) +ckertV, and is briefly described here.
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olivine enriched N

Figure 4.4 Framing Camera images of the impact crater Belliaral olivine enriched areas
identified in Ruesch et al. (2014a)Article II. Olivine is found on the Bellicia cratevall,
where rocky spurs and mass wasting occur (thinwasjo Smaller craters on the ejecta of
Bellicia also expose olivine-rich material (thickrews). Bellicia crater is approximately 60

km in diameter.

In Poulet et al. (2014) — Article IV, spectral mtdg based on the Shkuratov radiative
transfer theory (Shkuratov et al., 1999) was usdi hear-infrared spectra for a subset of the
HED suite presented in Ruesch et al. (2015) — kertic Abundance estimates of the end-
member mineral spectra were accurate to within 35%3%. The particle sizes of the end-
members were also appropriately estimated. Negts#ime modeling technique was applied
to VIR data. With the expected minerals, i.e., I0&-and low-Fe pyroxene, high-Ca
pyroxene, plagioclase, and olivine, satisfactoty 6f the VIR spectra were achieved. The
retrieved mineralogy was relatively uniform for fdifent terrains of Vesta, confirming the
presence of a well-gardened regolith. It was fotnad the olivine component was required in
modeling each studied spectrum, with abundancesndrd0-15 vol%. Furthermore, a
bimodal distribution of grain sizes was inferredhwcoarse-grained olivine (~200 pm) and
fine-grained (~100 um) pyroxenes and plagioclaSesh widespread low amount of olivine
in Vesta's soil is consistent with morphologicalsetvations (described in Ruesch et al.,
2014b — Article I11) indicating regolith mixing adlivine and pyroxene. The implications of

such findings are discussed in Chapter 5.
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4.3 Ruesch et al., 2014b - Articlell]

In manuscript I, the geologic maps of the 5 qaadyles of the northern hemisphere of Vesta
are presented. With the support of CSFD measurenéme geological evolution of the
hemisphere is discussed. Here, the geologic undseaents characterizing the history of the
northern hemisphere on Vesta are briefly presemtetironological order, from the oldest to
the youngest (Figure 4.4). It is noteworthy to nmthat inconsistencies with the production
function are found for terrains older than ~3 Gading to less reliable absolute model ages
for such older units (Ruesch et al., 2014b — Aetitl).

The unitcratered highlandbrown color in Figure 4.4) has a densely cratenedace
and usually stands at higher elevations relativihéoother major units. In Schmedemann et
al. (2014) — Article IX, its age was approximatedBal-3.8 Ga. It is interpreted as an ancient
crustal material fractured by impacts (Ruesch gt28l14b — Article Il and Blewett et al.,
2014 - Article VII). It has similar characteristiathough lower elevation, as Vestalia Terra,
interpreted as a plateau overlying a fossil mapitkene (Raymond et al., 2013; Buczkowski et
al., 2014). Three ruin (i.e., morphologically subdy basins have formed on the cratered
highland, i.e., Caesonia (=100 km in diameter), rdfafla (~200 km in diameter) and
Postumia (~200 km in diameter). A fourth large irtpaccurred sometime later at the South
Pole and formed the Veneneia basin (Jaumann €(dl2). This event marks the end of the
Pre-Veneneian epoch and the beginning of the Vearempoch (Williams et al., 2014a). The
Veneneia impact disrupted part of the cratered laighterrain in the northern hemisphere.
Such modified terrains were defined@aturnalia Fossae craterddrrain and theSaturnalia
Fossae trough terraindark and light purple, respectively in Figure )4.Both units are
characterized by ridges and troughs up to tenswfirklength. They are more frequent and
less subdued in th8aturnalia Fossae trough terrainompared to thé&aturnalia Fossae
cratered terrain The Rheasilvia impact occurred at the actual IS@ate at about 3.5 Ga or 1
Ga, depending on the chronology (Schmedemann,e2@l4 — Article IX; Williams et al.,
2014a; Marchi et al., 2012). This event defined Heginning of the Rheasilvian epoch
(Williams et al., 2014a). Large tectonic featurelsited to Rheasilvia are not recognized in the
northern hemisphere. Small scale lineations (iilgges, grooves), however, might be surface
expressions of faults induced by the Rheasilviaaich{Scully et al., 2014 — Article VIII).
Near the Veneneia and Rheasilvia antipodal areasll-scale linear depressions were also
identified, consistent with impact-induced stres¢Bewett et al., 2014 — Article VII).
However, large-scale morphological features ab#mens antipodes, instead, as seen on larger

bodies such as the Moon and Mercury, are lackingw@tt et al., 2014 — Article VII). The
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evolution of the northern hemisphere after the Ritnda event is characterized by impact
craters of diameter less than ~60 km. Belliciaarahich mineralogy is described in Ruesch
et al. (2014a) — Article II, represents one of thesent. It partly impacted on the ancient
crustal material of unitratered highlandOverall, these young impacts formed a continuous
ejecta blanket and outer discontinuous ejectaduarlevel of yellow in Figure 4.4). Starting
at about 100-150 Ma, the Marcian epoch succeededRtieasilvian epoch (Ruesch et al.,
2014b — Article 1lI; Williams et al., 2014a). Suelpoch is characterized by morphologically
fresh features. Low albedo ejecta also characteopee craters, and are interpreted as signs
of exogenous contamination by carbonaceous chenahdtterial (Reddy et al. 2012; McCord
et al., 2012). The most recent events consist aglsmaovements, such as fine-grained debris
avalanches, especially at steep slopes on cratkr. wa
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Map Legend

Units Linear Features Craters
[Teh'| cratered highland material [Tl lobate crater material - 'nge ) L f"esrlll cratter
St Saturnalia Fossae trough material cwo | crater wall outcrop ~¢—fidge.lincertain l;! Zma :rzer

|87l satumalia Fossae cratered material dark lobate material X trough . L___] degraded crater
Vestalia Terra cratered material s | smooth crater material - trouqh uncertain SeologicEoniart
undifferentiated crater material crater field (sc field) v-—= possible fault g
hummocky crater material —— scarp crest ——— gradational unit contact
discontinous crater material lineation

| bc | bright crater material —-— crater chain

| ber | bright crater ray material ------- smooth crater rim crest

| dc | dark material sharp crater rim crest

| _der | dark crater ray material e ruin crater rim

Av-2

Figure 4.5 Geologic maps of the northern hemisphere of Veghalivided into five quadrangles (see Figure 3fthm Ruesch et al. (2014b)
Article 1ll. Inset in Av-2 indicates location ofdtire 4.3 (Bellicia). The brown color unit is theatgred highland, formed during the Pre-Veneneian

epoch. Purple and light purple units are terraimactured by the Veneneia impact. Yellow units iagiccrater materials formed during the most
recent epochs, the Rheasilvian and Marcian.
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5. Discussion
5.1 Overview

Vesta’'s geological history has been divided intorfepochs, from the older to the younger:
Pre-Veneneian, Veneneian, Rheasilvian and Maraan, (Williams et al., 2014a; Ruesch et
al., 2014b — Article Ill). Here | present the magrents and processes that occurred during
these epochs and that can be retraced to todayaesunorphology and mineralogy. Results
from Articles I, 11, Ill and IV form the basis ohis discussion, which focuses on the olivine

bearing materials and their parent lithologies.

Main
Epochs Age [Ga] observations Main processes
. degradation of
Marcian morphology
mechanical mixing
0.10-0.15 _homogeneous
mineral abundances by impacts of surface
terrains with and sub-surface material
distinct pyroxenes
olivine exposures A
Rheasilvian
Rheasilvia crater, large scalfe (herpispherical)
ejecta, scouring, disruptions
faulting
3.5
Veneneian Veneneia crater, / \
faulting . .
3.7 disruption
shallow deep and re-accretion
Postumia crater mantle mantle
shallow
magma magma mantle
ocean ocean © magma
C
v& T(b)/v ocean
4.6 accretion

Figure 5.1 Chronological table summarizing the geological bigtof Vesta, subdivided into
Vesta’s four geological epochs. In the “Main praes column, interpretations explaining
the main observations and the different scenarggs(and c) for the Pre-Veneneian epoch

are reported. Absolute ages are discussed in Willi@t al., (2014a).
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5.2 The Pre-Veneneian Epoch

Despite the relatively homogeneous modal abundaotesinerals (Poulet et al., 2014 —
Article 1V; Stephan et al., 2014 — Article VI), c@ositionally distinct terrains are present on
today’s Vesta (De Sanctis et al., 2012; Yamashitd. £2013; Stephan et al., 2014 — Article
VI ; Ruesch et al., 2015 — Article 1) and in orexasion with a distinct morphology (Vestalia
Terra, Buczkowski et al., 2014). These terrainsehprobably formed during the magmatic
activity of the Pre-Veneneian epoch. An additiopigice of evidence for the preservation of
terrains comes from the previously mentioned oévemriched material in close proximity to
low-iron pyroxene and in association with Rheasilejecta (Ruesch et al., 2014a — Atrticle
II). Such minerals are reminiscent of small scadkamafic complexes, such as plutons,
formed during the Pre-Veneneian epoch. If thesaites are indeed relatively intact and of
magmatic origin, they were preserved up to the Marepoch despite the disruption and
distribution of part of the crust due to large iroiza(at least up to ~500 km in diameter). This
interpretation fits into the scenario of Vesta asrdact differentiated protoplanet (Russell et
al., 2012; De Sanctis et al., 2012) (Figure 5.and b), where pristine magmatic constructs
such as plutons would be exposed by later impazts, (Pieters et al., 2011), during the
Veneneian, Rheasilvian and Marcian epochs. The raagractivity was probably related to
the crystallization of a magma ocean, as severaiatal and isotopical studies of HEDs
propose (McSween et al., 2011; Barrat et al., 20Hkeda, 1979; Righter and Drake, 1997,
Ruzicka et al., 1997). As a consequence of the rmagrean crystallization, several studies
predict a 15-20 km thick crust represented by ¢eEm@nd diogenites, overlaying a (shallow)
olivine mantle (McSween et al., 2011; McSween gt2413). This “shallow mantle” scenario
(Figure 5.1, a) is in agreement with several HERIgses, but it is not supported by Dawn
observations (Ammannito et al., 2013 — Article Vc8Aveen et al., 2013).

To explain the lack of mantle exposure within thgé basins, it has been proposed that
Vesta has a thicker crust than previously modgdedsibly as thick as 80 km (Figure 5.1, b;
Clenet et al., 2014). A thicker crust and a deeptlaavould be the result of intrusions after
global-scale melting (i.e., the magma ocean) arndr aleep cumulate crystallization, as
suggested by some HED analyses (Barrat et al.,; 20dfdaguchi et al., 2011). Such putative
intrusions could also explain the small-scale ufméic plutons exposed by Rheasilvia
(Ruesch et al., 2014a — Article 11).

The idea of Vesta being a relatively intact proémt, contrasts with another scenario
developed to explain the missing olivine mantlen§&dmagno et al. (2014) proposed that

during the Pre-Veneneian, the collisional environtrwas so intense that it disrupted the
41



protoplanet, and that Vesta formed by re-accreatiositered and chemically stripped material
(Figure 5.1, c). This latter scenario could provaseexplanation for the tentatively proposed
widespread low-abundance of olivine (Poulet et 2014 — Article 1V). In fact, Article IV
proposed that the intense impact bombardment oémeneian and/or pre-Veneneian epoch
has disrupted and globally distributed the olivdwninated mantle (Poulet et al., 2014 —
Article 1V). Although this observation supports a-accretion model as proposed by
Consolmagno et al. (2014), a note of caution iessary. Uncertainties remain on the VIR
ITF (Ammannito pers. com.) and thus on the iderdiion of widespread olivine. As a
consequence, a confirmation of the ITF reliabiigyneeded before far-reaching interpretation
can be made. Impacts during the Pre-Veneneian elgaching to global-scale resurfacing
have possibly been erased in later epochs. Thussuoh ancient events, morphological
investigations provide no insights. At this poitiie production functions presented in chapter
3.3 can be helpful to illustrate the range of bordbeent scenarios during the Pre-Veneneian.
The empirical lunar-like production function prewdidhat the number of Rheasilvia-sized
impacts formed before ~3 Ga was high, reachingal td 6 Rheasilvia-sized impacts at ~4
Ga (Schmedemann et al., 2014 — Article 1X). Thusudggest that global-scale resurfacing
would have been possible by such putative largeaatsp It is worth mentioning that the
numbers of impacts before ~ 4.1 Ga cannot be mdda¢eause the lunar-like production
function is defined for ages up to ~ 4.1 Ga (Schenezhn et al., 2014 — Article 1X). The
other end-member scenario for the history of imgpdciring the Pre-Veneneian is provided by
the production function of the dynamical model (@R et al., 2014). This latter function
predicts less than 2 Rheasilvia-sized impacts twerentire Vesta's history (O"Brien et al.,
2014). In this scenario, Rheasilvia was probabéydhly largest impact, implying no global-
scale resurfacing events. This limit of size anthbar of impacts on Vesta is a consequence
of an observational constrain: Vesta retains aelgrgitact basaltic crust (e.g., Davis et al.,
1985), and thus was not shattered (e.g., Davik,€lt%85; O’Brien et al., 2014).

Note that although two different approaches hawnleveloped for the Vesta impact
history, none provides an explanation for an olkesgtrexcess in crater density between ~8 to
~11 km in diameter (Ruesch et al., 2014b — Artitlle Hence, further investigations on the
Vesta production functions are needed and couldigieeanew insights into the bombardment
history.

In addition to (i) the lack of olivine-dominatedhology in the deepest region of Vesta,
(ii) the possible widespread low abundance of néyiand (iii) the small-scale occurrences of

olivine enriched material, a fourth unexpected matmgical observation deserves to be
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mentioned. Within the Rheasilvia basin, i.e., ia teepest region of Vesta, VIR observations
identified exposures of a high albedo material pldp with a high content of feldspar
(Zambon et al., 2014). Feldspar was expected tprégent on Vesta on the basis of eucrite
mineralogy, and Poulet et al. (2014) — Article hdeed reported that feldspar is widespread
on Vesta, although with apparently small abundanddége detection of a feldspar-rich
material at great depths within Vesta is unexpediesvever, and is reminiscent of a felsic
lithology. In recent years the importance of felsicks in planetary bodies has been revisited
(Terada and Bischoff, 2009; Wray et al., 2013; €aand Poulet, 2013) and might also be of
importance for Vesta. Hence, future HED studies peilological models should take such
lithology into consideration.

It appears that the 3 main scenarios (Figure 5.i,amd c) are capable of at least partly
explaining the present characteristics of Vestathrednferred properties of the HED parent
body. The whole sets of observations are not exgthiby a single model, however. The
difficulty probably arises from the two oppositdssef observations and interpretations. One
set gives insights into planetary differentiatiomdals from HED meteorites, the other is

forced to constrain the models from orbital rens#asing.

5.3 The Rheasilvian and Veneneian Epochs

The Veneneian and Rheasilvian epochs were pundtigtéwo large impact events. Studies
based on impact modeling have shown that impadiseo$ize of the Rheasilvia and Veneneia
basins distributed ejecta material several kilomsetkick all over the Vesta surface (Jutzi et
al. 2013). Such ejecta were interpreted as haviistriltited material rich in olivine
presumably from the mantle. Ruesch et al. (2014Atiele Il revealed that thick ejecta from
the basins in the southern hemisphere is not bliged globally, but is limited to the southern
and equatorial regions (Ruesch et al. (2014b) iclartll; Stephan et al., 2014 — Article VI).
Only small-scale ridges and lineations might o from Rheasilvia ejecta scouring
(Ruesch et al., 2014a — Article 1l; Ruesch et 2014b — Article Ill; Scully et al., 2014 —
Article VIII). The amount of material that couldyebeen distributed by such process (ejecta
scouring) is not well constrained (Ruesch et @14a — Article 11). On one hand, the amount
of material distributed from the southern to thetinern hemisphere by such process is
limited, as most ejecta material is deposited witbhne crater radius from the rim (e.g.,
Housen and Holsapple, 2011). On the other handsi#es of the Rheasilvia and Veneneia
basins are large relative to Vesta’'s diameter;exigp case usually not taken into account in

common ejecta modeling and investigated in grettilde.g., Housen and Holsapple, 2011).
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Nevertheless, the absence of clear morphologicaurfacing by the Rheasilvia and
Veneneian ejecta at northern latitudes is takesxtdtude an link between most of the olivine-
rich sites and the south polar basins. In onlyva ltecations in the southern hemisphere, the
relationship with Rheasilvia has been clearly disthbd (see next section) (Ruesch et al.,
2014a — Article II).

The presence of an ubiquitous low-amount of olivias suggested in Poulet et al.
(2014) — Article IV, implies an olivine-rich parehthology, such as an olivine-rich mantle,
and an efficient process of mixing (Poulet et 2014 — Article 1V). The question remains
whether the Rheasilvia and Veneneia impacts wesgoresible for the exposure of the main
olivine lithology (Poulet et al., 2014 — Article )Vor whether older impacts already disrupted
and partly distributed the material. Because thextaj from the Rheasilvia impact is not
globally present, | suggest that previous impadtging the Pre-Veneneian epoch, were
responsible for the global distribution of olivibearing material. Pre-Veneneian relicts of
impact basins that can be recognized on todayfacgiare few, and smaller than Rheasilvia
(e.g., Postumia basin is ~200 km in diameter). Thaige basins responsible for global

resurfacing, if they occurred, were later erasedbscured by subsequent impacts.

5.4 The Marcian Epoch

During the most recent epoch, the Marcian, theaserevolution was dictated by impacts and
the formation of craters with diameters less th&@ km. Each impact started a multitude of
processes. Rapid overturn of material occurrecbugpproximately 5 km deep (Ruesch et al.,
2014b — Article 1ll; Melosh, 1989), followed by exgure at the surface of un-gardened
material. Vertical redistribution of material aetBurface by ejecta emplacement was limited
to less than ~30 km (Ruesch et al., 2014b — Artitjevelosh, 1989). No impact event with
global effects occurred. At the crater interiorgss wasting processes were active, including
slumps, debris flows and fine-grained avalanchese khat additional processes occurred, not
discussed in this thesis. Such processes areddtaimlatile loss and pitted terrain formation
(Denevi et al., 2012) and impact melt formatioadieg to melt flows and ponds (Williams et
al., 2014b). During the Marcian epoch, mass waspracesses were responsible for the
exposure of material enriched in olivine materi@sd with compositionally distinct
pyroxenes. After exposure, the fresh material widgegt to surface mixing. Such long-lasting
process is due to micrometeorite bombardment ashddeegolith formation (Pieters et al.,

2012). It is also responsible for the globally onih abundance of minerals (Poulet et al.,
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2014 — Article 1V). During this epoch, the sub-aié material underwent several cycles of
exposure to the surface, mechanical mixing ancabbyi overlaying material.

Exposure of olivine-enriched material requires Hart discussion. In Ruesch et al.
(2014a) — Article Il a magmatic lithology was praed for the origin of the olivine-enriched
material (further discussed in section 5.2), wherBathues et al. (2014) argued that the
dozen of olivine enriched sites do not all share same origin. Observations described in
Ruesch et al. (2014a) — Article Il highlight divergeologic contexts and are consistent with
this latter interpretation. Nathues et al. (201¥wever, suggested that most of the olivine-
enriched material is due to infall of olivine-riampactors (e.g., chondritic and achondritic-
like material), whereas only fewer locations wepglained by endogeneous, possibly
magmatic, material. Although the exogeneous oricannot be completely excluded, one
specific observation argues against a major cauttagb from infall material. The sites are
limited to one hemisphere, whereas dark materialwences, that have a well established
exogeneous origin (McCord et al., 2012; Reddy gt24112; Stephan et al., 2014 — Article
VI), are found globally. The shallow depths at whithe material occurs is interpreted to
imply a surface (exogenic) source (Nathues ek@ll4). In Ruesch et al. (2014a) — Article Il
it is shown how the depth of the material is ralate the exposure process: olivine-rich
material cannot be observed at greater depths dayte surface because it is probably
covered by mass wasting deposits. Thus, the shallepth does not necessarily suggest a

shallow or exogenous origin (Ruesch et al., 201Aatiele 11).

5.5 Noteon theorigin of HED

The “missing mantle” topic discussed above const#a major inconsistency between the
mineralogy of Vesta’s interior and that of the HR&rent body. Thus, strong evidence for the
genetic link between the two bodies remains elysiough there have been attempts to
reconcile the observed rarity of olivine on Vesiithwhe mineralogy of the HED parent body
(McSween et al., 2013; Clenet et al., 2014). Ondtmer hand, the pyroxene chemistry and
distribution is in agreement with predictions foetHED parent body (Ruesch et al., 2015 —
Article I; De Sanctis et al., 2012; Ammannito et 2013). As demonstrated in Ruesch et al.
(2015) — Article I, the pyroxenes on Vesta are \&@myilar to those of the HEDSs in their iron
and calcium contents (Ruesch et al., 2015 — Articl&n eucritic lithology is relatively well
preserved, whereas a pure diogenite lithology tdound in the study of Ruesch et al. (2015)
— Article I, suggesting that the lithology is rap@ssibly due to intense disruption and mixing

(Ruesch et al., 2015 — Article I). Indeed, Zamborale (2014) confirm that diogenites are
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composed of only a few percent of fresh materiale partial ambiguity on the HED origin
remaining after the Dawn mission suggest that,réutrbital remote sensing observations
should ideally be coupled with in situ measurements
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6. Conclusions

In this thesis | exploited a range of remote sansipproaches, from photo-geologic mapping
to meteorite spectroscopy, to unveil part of Vesigéological history from the first orbital
observations of a large asteroid provided by Dawn.

HED meteorites have been investigated as they ¢eovhe closest near-infrared
spectral analog to Vesta’s surface. With an intenfieter-based spectrometer, | characterized
the HED near-infrared reflectance spectra and thairations as a function of observation
geometries. The quantitative relation between sgleptoperties and pyroxene composition
has been determined on the basis of the largestastrepresentative HED samples suite to
date. The main outcomes and applications of tiviestigation are:

(1) Spectral variations due to geometry effects cadisnguished from compositional

variations, i.e., olivine or low albedo materialnagture, within a certain range of
low phase angles (Ruesch et al., 2015 — Article I).

(2) Using a subset of HEDs, a radiative transfer modefor reflectance spectra was

tested to determine modal abundances (Poulet, &0dl4 — Article 1V).
| retrieved reflectance spectra of Vesta from VIBMID data acquired at unprecedent spectral
and spatial detail. Here, the main results obtaorethe basis of VIR data are summarized.

(3) By applying the quantitative relationship betweeediral properties and pyroxene
compositions to the VIR spectra, | determined alisopyroxene composition of
different areas on Vesta. Their distinct pyroxemenpositions probably reflect
distinct terrains of magmatic origin formed duritige earliest Vestan epoch, the
Pre-Veneneian (Ruesch et al., 2015 — Article I).

(4) By applying the radiative transfer modeling to V#Rectra, the presence on the
surface of the following minerals is detected: lman pyroxene, high-iron/calcium
pyroxene, plagioclase, and olivine (Poulet et 2014 — Article V). Their
abundances are relatively homogeneous across thle stwrface of Vesta. Although
the reliability of the VIR calibration needs comfiation, olivine appears to be
widespread and constitutes 10-15 vol% (Poulet.ef@ll4 — Article 1V).

(5) Higher abundances of olivine (upper limit 50-60%blare found in spatially limited
areas (<25 k@), usually occurring in the eastern hemisphere ¢Buet al., 2014a —
Article II). Largest occurrences are in the nonthé&atitudes. No evidence for an
olivine-dominated mantle was found, contradictingyious models for Vesta's

differentiation (Ammannito et al., 2013 — Article YRuesch et al., 2014a — Article
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I). 1 surmise that the lack of an olivine-domindteantle is related to the general
low abundance of olivine-dominated asteroids inrttzen belt.
| have exploited the unique images provided byRB#Dawn to produce a photo-geological
map of the northern hemisphere, where the highenddnces of olivine are found. Also, |
determined absolute model ages of specific terrhynsrater size-frequency measurements.
These investigations revealed:

(6) The olivine-bearing material is subject to surfau@ing and to cycles of exposure
and burial occurring at least during the Vestanchpthe Marcian epoch (<150 Ma)
(Ruesch et al., 2014a — Atrticle Il; Ruesch etZ2014b — Article IIl). Putative small-
scale ultramafic complexes of olivine and low irpgroxene on the southern
hemisphere were exposed by the large Rheasilviaam{iRuesch et al., 2014a —
Article 11).

(7) The Rheasilvia (~3.5 Ga) and Veneneia (~3.7 Gapotgpcreated graben systems
but did not affect the northern hemisphere withursing events (Ruesch et al.,
2014b — Article 1ll). Hence, they were not respbiesifor the distribution of most of
the olivine-enriched material. This partly contdi impact modeling of ejecta
emplacement. Global-resurfacing events — if anyustrhave occurred earlier,
during the Pre-Veneneian (>3.7 Ga).

These original results provide constraints on tiieréntiation and history of a large proto-
planet. A few scenarios for Vesta differentiatiordaarly evolution have been proposed by
other studies (e.g., McSween et al., 2013; Clenakt £2014; Consolmagno et al., 2014). Each
of these scenarios receives support by one or aewérthe observations reported in this
thesis, i.e., points 3 to 7. However, none of tbenarios provide consistent explanations for
the entire range of observations. Thus, it mightneeessary to revisit the concepts of
differentiation and the structure (crust-mantle rbary) of protoplanets: for example, by
taking into account a thicker crust as proposed, éwample, by Clenet et al. (2014).
Alternatively, a more extreme change of ideas mhghihecessary, for example the view of
Vesta as a re-accreted body (Consolmagno et al4)20Nhether based on pre-Dawn
knowledge or developed in recent years, both saenaeserve further investigations. The
lack of mantle exposure (Ruesch et al., 2014a iclast Il; Ammannito et al., 2013 — Article
V) constitutes an apparent disagreement with thieenticoncepts of the HED parent body,
and does not provide further support for the gendink between HED and Vesta.
Nevertheless, the range of iron and calcium cosaténtpyroxene on Vesta (Ruesch et al.,
2015 — Article 1) is consistent with the HED paréody.
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7. Outlook

The understanding of Vesta as presented in tht/sind the differences and inconsistencies
with our current understanding of HEDs reveal tpartance of planetary exploration by
spacecraft. Pre-Dawn concepts of Vesta’s intetiactire and differentiation based on HED,
although mostly agreed upon, are partly incorrébese concepts need to be partly revisited
in the light of recent Dawn results. The cruciamprehensive characterization of Vesta was
possible only after orbit insertion: a fly-by missiwould have revealed only a partial and
possible false understanding of this main belt bddg the other hand, the genetic link
between HED and Vesta remains an open questiom after the success of the Dawn
mission. Thus, as the next step, the scientific momty should consider in-situ
investigations to decipher this open scientificsjion.

Concerning future studies of Vesta with the acqLibawn’s observations, | suspect
that possible relevant insights into the role & BRheasilvia impact (and the fate of a possible
preexisting olivine lithology) could be gatheredtlwa detailed, local-scale study of small-
scale lineations and ridges related to the Rheasibasins. In addition, the study of
howardites, consisting of olivine-rich impact-meticks, might shed light into the impact
processes and the properties of the regolith. Theggerties will have direct consequences
for the near-infrared spectral range observed byw/Dawn. | also argue that the
understanding of crater size-frequency deviatiawsnfthe expected production functions
needs further attention and might have implicatidios our understanding of the
bombardment history throughout the Solar System.

Considerable understanding of Vesta can possiblgabkeered from studies of similar
sized asteroids (i.e., Juno, Pallas, Ceres) eveheif have different composition. In this
respect, the Dawn investigations of dwarf planete€estarting March 2015, should greatly
improve the understanding of Vesta. Although C&dscated at 2.8 AU, in an outer zone of
the main belt relative to Vesta, insights from Géebombardment history will be helpful in
depicting Vesta's bombardment history. The campaig@eres can provide observations by
the VIR instrument with which the reliability oféhVIR ITF can be improved. For example,
it might be useful to compare VIR observations efé€3 with ground-based observations. If
the precision of the VIR ITF can be improved, moeéable quantification of the olivine

abundance on Vesta will be obtained.
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- European Geosciences Union (EGU), General Assegidlg, 22-27 April, 2012,
Vienna, Austria.

- EPSC Meeting 2012, September 23-28, 2012, MadpdinS

- Dawn Science Team Meeting, October 1-3, 2012, Rdtaly,

- Paneth Kolloquium, October, 2012, Nordlingen, Genmna

- 44" Lunar and Planetary Science Conference (LPSC)ciM&8-22, 2013, Houston,
TX, United States.

- Vesta Crater Chronology Meeting, April 25-26, 20B8ulder, CO, United States.

- Dawn Science Team Meeting, May 28-31, 2013, PraxddeRI, United States.

- EPSC Meeting 2012, September 08-13, 2013, Londaietd Kingdom.

- Dawn Science Team Meeting, November 20-22, 2013rdlaMD, United States.

- Vesta in the light of Dawn, February 3-4, 2014, ston, TX, United States.

- 459 Lunar and Planetary Science Conference (LPSC)¢ciM&T-21, 2014, Houston,
TX, United States.

- Dawn Science Team Meeting, May 20-22, 2014, Be@iermany.
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Abstractsrelated to the PhD submitted to conferences and meetings

If first authored, the type of presentation (iposter/oral) is indicated.

LPSC (Lunar and Planetary Science Conference)03/2012  Poster presentation
Geologic Mapping of the Av-2 Bellicia Quadrangledd¥esta

Ruesch, O.; Hiesinger, H., Schmedemann, N.; KneissIBlewett, D. T., Williams, D. A.,
Russell, C. T.; Raymond, C. A.

LPSC 03/2012
Smooth Pond-Like Deposits on Asteroid 4 Vesta:ifneary Results from the Dawn Mission
Hiesinger, H.; Ruesch, O., Jaumann, R.; NathuefRdymond, C. A.; Russell, C. T.

EGU (European Geophysical Union General Assemblyp4/2012
Smooth pond-like deposits on asteroid 4 Vestat Fasults from the Dawn mission
Hiesinger, H.; Ruesch, O., Jaumann, R.; NathuefRdymond, C. A.; Russell, C. T.

EGU 04/2012 Poster presentation

Geologic mapping of the Av-2 Bellicia quadranglasteroid 4 Vesta

Ruesch, O.; Hiesinger, H., Schmedemann, N.; KneissIBlewett, D. T., Williams, D. A.,
Russell, C. T.; Raymond, C. A.

EPSC (European Planetary Science Conference)9/2012 Poster presentation
Influence of Observation Geometry and CompositioWis-NIR Spectra of HED Meteorites
Ruesch, O.; Hiesinger, H., Metzler, K.; Nathues, @loutis, E. A.; Reddy, V., Le Corre, C.;
Mann, P. J.

Paneth Kolloquium 10/2012 Oral presentation

Influence of Observation Geometry and CompositioVis-NIR Spectra of HED Meteorites
Ruesch, O.; Hiesinger, H., Metzler, K.; Nathues, @loutis, E. A.; Reddy, V., Le Corre, C.;
Mann, P. J.

LPSC 03/2013
Lunar-Like Chronology for Vesta --- Crater Retentidges Matching Independent Ar-Ar
HED Ages

Schmedemann, N.; Kneissl, T., Ivanov, B. A.; Midhae. G., Neukum, G.; Nathues, A.,
Sierks, H.; Wagner, R.; Krohn, K.; Le Corre, L.

LPSC 03/2013 Poster presentation

Assessment of HED Spectral Variability: Observati@ometry and Accuracy in Retrieving
Composition

Ruesch, O.; Hiesinger, H.; Metzler, K.; Kallisch;, Gloutis, E. A.; Reddy, V.; Le Corre, L.;
Mann, P. J.; Nathues, A.

LPSC 03/2013

Geologic Map of the Northern Hemisphere of Vestsellaon Dawn FC Images

Hiesinger, H.; Ruesch, O.; Blewett, D. T.; Buczk&iw®. L.; Scully, J. E. C.; Williams, D.
A.; Yingst, R. A.; Russell, C. T.; Raymond, C. A.
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EGU 04/2013

Crater Retention Ages from (4) Vesta Matching lshejent Ar-Ar Ages of HED Meteorites
Schmedemann, N.; Kneissl, T. Ivanov, B. A.; Mich&&l G.; Neukum, G.; Nathues, A.
Sierks, H.; Wagner, R.; Krohn, K.; Le Corre, L.

EGU 04/2013

Geologic Map of the Northern Hemisphere of Vesta

Hiesinger, H.; Ruesch, O.; Blewett, D. T.; Buczk&iyD. L.; Scully, J.; Williams, D. A.;
Aileen Yingst, R.; Russell, C. T.; Raymond, C. A.

Vesta Crater Chronology Meeting 04/2013 Oral @néation
Stratigraphy of Vesta northern hemisphere
Ruesch, O. Hiesinger, H.

DPS (Division of Planetary Science - American Astnmical Society) 10/2013

A compositional and geological view into ejectasofall fresh impact craters on asteroid 4
Vesta

Stephan, K.; Jaumann, R.; De Sanctis, M. C.; TlesiAmmannito, E.; Krohn, K.; Zambon,
F.; Marchi, S.; Ruesch, O.; Matz, K.

LPSC 02/2014

Geomorphology and Structural Geology of Saturn&issae and Adjacent Structures in the
Northern Hemisphere of Vesta

Scully, J. E. C.; Yin, A.; Russell, C. T.; BuczkdwsD. L.; Williams, D. A.; Blewett, D. T.;
Ruesch, O.; Hiesinger, H.; Le Corre, L.; Mercer, C.

Vesta in the light of Dawn 02/2014 Oral preseaotat

Some more Locations of Possible Exposed Olivindesta Using VIR/Dawn Data

Ruesch, O.; Hiesinger, H.; De Sanctis, M. C.; Ammin E.; Palomba, E.; Longobardo, A;
Capria, M. T.; Capaccioni, F.; Frigeri, A.; Tosi, F

LPSC 03/2014 Poster presentation

Distribution of the Near-IR Spectral Signature divide on Vesta with VIR/Dawn Data: The
Ultramafic Side of Vesta's Surface

Ruesch, O.; Hiesinger, H. DeSanctis, M. C.; Ammimrk.; Palomba, E.; Longobardo, A,;
Capria, M. T.; Capaccioni, F.; Frigeri, A.; Tosi, F

LPSC 03/2014

Vesta Evolution from Surface Mineralogy: Mafic dditfamafic Mineral Distribution
De Sanctis, M. C.; Ammannito, E.; Palomba, E.; Lavaydo, A.; Mittlefehldt, D. W.;
McSween, H. Y.; Marchi, S.; Capria, M. T.; Capactid-.; Frigeri, A.

LPSC 03/2014

Geomorphology and Structural Geology of Saturn&issae and Adjacent Structures in the
Northern Hemisphere of Vesta

Scully, J. E. C.; Yin, A.; Russell, C. T.; BuczkdwsD. L.; Williams, D. A.; Blewett, D. T.;
Ruesch, O.; Hiesinger, H.; Le Corre, L.; Mercer, C.
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LPSC 03/2014 Poster presentation

Marcia Crater, Vesta: Geology, Mineralogy, Compiasit and Thermal Properties
Ruesch, O.; Hiesinger, H.; Williams, D. A.; NathuAs Prettyman, T. H.; Tosi, F.;
De Sanctis, M. C.; Scully, J. E. C.; Schenk, P.¥ingst, R. A.

EGU 04/2014

An in-depth study of Marcia Crater, Vesta

Hiesinger, H.; Ruesch, O.; Williams, D.A.; Nathuéds, Prettyman, T.H.; Tosi, F.; De
Sanctis, M.D.; Scully, C.E.; Schenk, P.; YingstAR Denevi, B.W.; Jaumann, R.; Raymond,
C.A.; Russell, C.T.

PDS 11/2014

Modal mineralogy of Vesta
Poulet, F. ; Ruesch O.; Hiesinger, H.; Langevin, Y.
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