lN') University of North Dakota
2 UND Scholarly Commons
Theses and Dissertations Theses, Dissertations, and Senior Projects

January 2015

Ceres — VIS-IR Surface Composition Analysis: A
Review In Advance Of The DAWN Mission

Daniela Henckel

Follow this and additional works at: https://commons.und.edu/theses

Recommended Citation

Henckel, Daniela, "Ceres — VIS-IR Surface Composition Analysis: A Review In Advance Of The DAWN Mission" (2015). Theses and
Dissertations. 1783.
https://commons.und.edu/theses/1783

This Thesis is brought to you for free and open access by the Theses, Dissertations, and Senior Projects at UND Scholarly Commons. It has been
accepted for inclusion in Theses and Dissertations by an authorized administrator of UND Scholarly Commons. For more information, please contact

zeinebyousif@library.und.edu.


https://commons.und.edu?utm_source=commons.und.edu%2Ftheses%2F1783&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/theses?utm_source=commons.und.edu%2Ftheses%2F1783&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/etds?utm_source=commons.und.edu%2Ftheses%2F1783&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/theses?utm_source=commons.und.edu%2Ftheses%2F1783&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/theses/1783?utm_source=commons.und.edu%2Ftheses%2F1783&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:zeineb.yousif@library.und.edu

CERES - VIS-IR SURFACE COMPOSITION ANALYSIS: AREVIEW IN
ADVANCE OF THE DAWN MISSION

by

Daniela Henckel
Bachelor of Science, University of Potsdam, 2010
A Thesis
Submitted to the Graduate Faculty
of the
University of North Dakota

in partial fulfillment of the requirements

for the degree of

Master of Science

Grand Forks, North Dakota

May 2015



This thesis, submitted by Daniela Henckel in partial fulfillment of the
requirements for the Degree of Master of Science from the University of North Dakota,
has been read by the Faculty Advisory Committee under whom the work has been done
and is hereby approved.

Dr. Michael J. Gaffey

Dr. Ron Fevig
Dr. Santosh Seelan

.///[/I’f/;z,, o é« /d%/

/

Dr. Gabriele Arnold

This thesis is being submitted by the appointed advisory committee as having met
all of the requirements of the School of Graduate Studies at the University of North
Dakota and is hereby approved.

Wayne Swisher

Dean of the School of Graduate Studies

Date



PERMISSION

Title Ceres — A VIS-IR surface composition analysis: A review in
advance of the DAWN mission

Department Space Studies Department

Degree Master in Science

In presenting this thesis in partial fulfillment of the requirements for a graduate
degree from the University of North Dakota, | agree that the library of this University
shall make it freely available for inspection. | further agree that permission for extensive
copying for scholarly purposes may be granted by the professor who supervised my
thesis work or, in his absence, by the Chairperson of the department or the dean of the
School of Graduate Studies. It is understood that any copying or publication or other use
of this thesis or part thereof for financial gain shall not be allowed without my written
permission. It is also understood that due recognition shall be given to me and to the
University of North Dakota in any scholarly use which may be made of any material in
my thesis.

|y, A
Vi

Daniela Henckel

30. April 2015

il



TABLE OF CONTENT

LIST OF FIGURES ... .ot IX

LIST OF TABLES ...ttt ettt aeesnne s Xiv

ACKNOWLEDGEMENT ... oot XVii

ABSTRACT et ne e Xviii
CHAPTER

1. INTRODUCTION oo 1

1,10 IMIOTIVATION ...ttt 1

1.2, State OF RESEAICN.......ccuiiiiciiieie e 3

1.2.1. FACES AN TIGUIES ....cueieiiiiistesi e 3

0 00 R 4 o S SSSRSS 4

1.2.1.2. SNAPE AN SIZE ...t 7

1.2, 1.3 IMI8SS ..ottt 8

1.2.0.4. DENSIY ..ottt 9

1.2.1.5. TOPOGraPNY .ot 10

1.2.0.6. EVOIULION ..o 11

Model after Zolotov (2009) .......ccoeeieeiieiieie e 12

Model from McCord and Sotin (2005) and Parker et al. (2005) ............ 12

1.2.1.7. INternal STIUCLUIE ......ccvviiiiiiieieee s 14

1.2.2. SUIACE PrOPEITIES ...c.vviiiicciie ettt 17

1.2.2.1. Spectral Properties .......covviieiie it 19

Composition of carbonaceous chondrites: CI chondrites ....................... 19

v



Composition of carbonaceous chondrites: CM chondrites...................... 20

Composition of carbonaceous chondrites: CO chondrites...................... 21
Composition of carbonaceous chondrites: CV chondrites...................... 21

Ceres in the ultraviolet wavelength range (UV, 0.01-0.4 um) ............... 22

Ceres in the visible wavelength range (VIS, 0.4-0.8 pm)..........ccccveneee. 24

Ceres in the near-infrared wavelength (NIR, 0.8 — 2.5 pm). .................. 25

Ceres in the mid-infrared (MIR, 2.5 — 16 M)...ccccoivviiiiiniieieeieceeen, 26

Ceres in the FIR, millimeter and radio wavelength (>16 pm)................ 32

SUMMEIY .. 33

1.2.2.2. Surface COMPOSITION.......ccviieiiieriiiee et 35
1.2.2.3. Albedo and color variations.............ccceerereineneisese e 38
1.2.2.4. Surface morphology (grain size, roughness, packing density) ........ 42
1.2.2.5. HOMOQENEILY ......ooivieiiciie ittt 43
1.2.2.6. Thermal PropertieS.......c.coeveeveiiesieeie e 44

1.3. Information on the Dawn MISSION.........cccouririiiiiinirieine e 45
1.4, GO0als and OULIING .......c.ooviiiiiiieie s 49
2. METHODOLOGY oot 51
2.1, EXPerimental SEL-UP .....ccvooiiiiiiiiiisieeeee e 51
2.1.1.Samples for MeasUremMENTS ........cc.oiiieriiirisieiee e 51
2. 1. 1.1 MELEOIIEES ...ttt 51
2.1.1.2. MONO-MINEIAIS.......coiiiiiiiiiiie s 52
2.1.2.Set up for spectral MEeASUrEMENT ...........ccocvriiiiieiee e 52
2.1.3.Limitations Of the MeasuremMeNtS ..........ccccvririririeiene e 55
2.2. Spectra from other institutions and data bases............ccccevereieieieninenice 55
2.3, SOTIWATE ... 56



2.4. Origin of spectral features - fundamentals...........c.ccccoocveieiiieni s, 56

2.4.1.Absorption processes (transition ProCeSSES) ......c.cvvververeereereerveseeseereenns 57
2.4.1.1. EIeCtroniC tranSitioNns ..........ccooveiiririenieisiesesese e 57
2.4.1.2. Crystal field transitions CFT........cccooeiiiiieiiie e 57

2.4.2.Charge TIanSTeI ......ooiiiiiiieee s 58
2.4.2.1. Intervalence-charge transfer (IVCT) transitions...........cccocevveeennen. 58
2.4.2.2. Oxygen-metal charge transfer (OMCT) transitions............cccccccuev... 59

2.4.3.LattiCe VIDIatiONS .........ccoiiieiiiieiesie s 59

3.SPECTRAL DATA AND ANALYSIS . 61
3.1. Meteorite spectra in the 0.2 to 5 um wavelength range..........c.ccoovvvvvniciennnn. 61

311, Cl CRONAIIEES ...ttt 61
L LLLL IVUNA o 61
3112 OrgUEIL .o 65
B L L3 ABIS o e 67

3.1.2. CIM ChONAIIEES. ...t e 68
3.1.2.1 IMIUFCRISON ..o 68
3.1.2.2. BANEN .o 69
3.1.2.3. Cold BOKKEVEIT .........cciiiiiiiiiieeecceeee e 70
3124, MIIGNEI o e 72
3125, IMIUITAY ...t 73
3.1.2.6. INOGOYA ...ttt bbbt 74

3.1.3. CV CRONAIITES ... 76
3L L3 L AIIENUE ... e 76
3. L.3.2. VIQAIAN0 ...ttt bbb 78

3.1.4. CO CRONAIITES ...ttt 79

vi



T B G 1] (Y- V2T URR TR 79

3.1.5. Comparison of the DLR measurements to the database spectra .............. 81

3.2. Mineral spectra in the 0.2-5 pum wavelength range ..........cccecveveiieviciecieneen, 82
3.2.1. MONIMOFTHONITE ... e 82

3.2.2. SAPONITE. ...t 84

312,83, BIUCKEE ... 85

3.2.4. CroNSTEALITE ......eeveeeeeet e 87

3.2.5. BUAAINGIONITE ...ttt 89

3.2.6. CaArDONALES. .....cuveiiteitesteeti e 90

3.2.7. MAGNETITE ... 94

3.2.8. TOCKIIINITE ... 95

3.2.9. THOMIEE ...t 97

32,00, PYIITE ottt 98

B0 O 0= ] o H USSR PSPRSSRN 100

3.2.12. WALl 1CE/TIOSE......eeeeeiieiieeeie e 102

3.3. Ceres’ SPECITUIN ..veiiiiiiiiiiie e 103

4. INTERPRETATION OF DAT A e 106
4.1. Comparison of Asc, ARy and ARg.......cccoeiiiiiiiiiiii e 106

4.2. Grain SIZe EfFECES. ....c.viiieiice e 111

4.3. Comparison spectral characteristics with Ceres’ spectrum ...........cccceeveerenens 114

4.4, Linear MINeral MIXING........coouiiiiiiiieieie sttt 122

5. CONCLUSITON Lttt st e eee e 125
ABBREVIATIONS ottt ae e 132
APPENDICES ettt ettt et e e ree s 136
Appendix A: Sample Description: Meteorites........cccvviiiiiieiie i 137

vii



Appendix B: Sample Description: chemical analysis meteorites ..............ccccuen..... 145

Appendix C: Sample description: MINerals .........cccccevveveiiieiieese e 148
Appendix D: Sample description: chemical analysis minerals...............cc.ccccven..n. 158
Appendix E: Analytical Data Meteorites and Minerals...........cccccoveviviieciieieennnn, 162
APPENDIX F: Additional spectra used for analysis...........cccoceoeiininniiinicnen 166
REFERENGCES ..ottt 168

viii



LIST OF FIGURES

Figure Page

1-1. The diagram illustrates the orbit of Ceres (light blue) and several planets.. ................ 5

1-2. Ceres' unique rotation shows potential evidence for a deep liquid reservoir

WITHIN TES TNEEIION. 1.ttt 5
1-3. Ceres has the shape of an oblate SpPheroid.. ... 8
1-4. Summary of possible thermal evolution models compared against shape data

available for Ceres (modified after Castillo-Rogez and McCord, 2010).........ccccvvvevennnne 13
1-5. Different internal structures based on different SCENArios.. ........cccoeereririninieieienn, 15
1-6. Cutaway view of Ceres showing the differentiated layers of the dwarf planet.......... 16

1-7. The model of the internal structure of Ceres according to McCord and Sotin

(2005). ... eeeeeeeeeseee e e e s s e es e st e s s e e sttt e et e et ettt 17
1-8. Mean reflectance spectra for Tholen asteroid Classes. ........ccccccvvveivieviivieiiccecienn, 18
1-9. UV SPECIIUM OF CRIES. ..iovviiiiiieiie sttt ettt e e nbeeanne s 23
1-10. CCD reflectance spectrum Of 1 CEreS .......ccivieiiiiieiieiece e 24
1-11. Ceres’ spectrum in the 0.4-2.5 pum region is largely free of diagnostic

ADSOIPLIONS. .. bbbttt e bbbttt 25
1-12. Spectrum of Ceres in the wavelength range between 2.8 and 4.0 pm...........ccoc..... 26

1-13. 2.2-4.1 pum spectra of Ceres from 17 May and 18 May 2005, normalized to
1At 2.2 LN e 27

1-14A. Linear mixing model results for the near-infrared reflectance spectrum of
(O] £ TP 28

X



1-14B. Mixings of different Minerals. ..........ccccooooiiiiiii i 29

1-15A. Linear mixing model results for the mid-infrared reflectance spectrum of
(O] RSP OUPRPPP 29

1-15B. The figure shows the spectra of brucite, magnesite, cronstedtite and
IMAGNETITE. . ..ttt e bbb bbbt bbbt 30

1-16. This figure shows fits to the mid-IR spectrum of Ceres, with fits to the
spectrum by mixtures of magnesite (magnesium carbonate: Mg in the figure),
magnetite (Mt), brucite (Br), and Cronstedtite. ...........cooeviereiieniieieee e 32

1-17. Radar constraints on the surface densities of Ceres and Pallas provide a joint
constraint on regolith porosity and specific gravity (zero-porosity density; shaded

=101 T0] 1) TR ST PRSPPI 33
1-18. Images of Ceres acquired With the HST ..ot 38
1-19. Selected views of Ceres in the K-band during ~200° of its rotation. ....................... 40
1-20. J-, H- and K- band maps of Ceres covering ~80% of Ceres’ surface...........c.ceeue. 41
1-21. Color map of theoretically-derived surface temperatures on Ceres.. .........ccceevenee. 45
1-22. DAWNS’S Framing CameTa. ..........cccoveruiiieniieiriseesieesiesee s 46

1-23. VIR built by Italian Space Agency ASI and National Institute for
Astrophysics INAF; hyperspectral spectrometer; wavelength range: 0.25 to 5 pm;
from: Selex Galiileo, INAF, and ASL. .......oooiiiiie e 47

1-24. The Gamma Ray and Neutron Detetctor (GRaND) instrument on board of
the DAWN SPACECTATL. ......eoviiieieece et sre e enes 48

1-25. NASA's Dawn spacecraft will be getting an up-close look at the dwarf
planet Ceres starting in late March or the beginning of April 2015. ... 48

1- 26. This graphic shows the planned trajectory of NASA's Dawn spacecraft
from its launch in 2007 through its arrival at the dwarf planet Ceres in early 2015. ........ 49

2-1. A513 measurement unit of the Bruker IFS 66v/s at the DLR, Berlin. ....................... 53
3-1a. Scaled spectra of the meteorite IVUNA.. .........cccveiiiiiicce e 63

3-1b. This plot shows the determination of ASC, AR1 and AR2 explained at a
sample Of the IVUNA METEOTITE........ccvoiiii i 64



3-2. Plot of spectral reflectance data of the meteorite Ivuna in the wavelength
range from 0.2 105 M., .ot 65

3-3. Plot of spectral reflectance data of the meteorite Orgueil in the wavelength
range from 0.2 10 5 ML .ot 66

3-4. Plot of spectral reflectance data of the meteorite Alais in the wavelength
range from 0.2 10 2.6 M. ...ooiuieie ettt e e reente e nre s 67

3-5. Plot of spectral reflectance data of the meteorite Murchison in the wavelength
range from 0.2 10 5 M. ..o 68

3- 6. Spectra of the meteorites that were measured at the DLR in Berlin Adlershof
and Bremen and at the University of MUNSEEr ...........cccoeveiieii i 69

3-7. Plot of spectral reflectance data of the meteorite Banten (whole rock) in the
wavelength range from 0.2 0 5 M. ..ceoiiiiiiiiiiee e 70

3-8. Plot of spectral reflectance data of the meteorite Cold Bokkeveld in the
wavelength range from 0.2 10 5 M. ....ooviiiiii i 71

3-9. Plot of spectral reflectance data of the meteorite Mighei in the wavelength

range from 0.2 10 2.6 UM .o.viiviiiiieieee ettt 72
3-10. Plot of spectral reflectance data of the meteorite Murray in the wavelength
range from 0.2 T0 5 M., coeiiiiiiie e et te e srae e aeeanne s 74
3-11. Plot of spectral reflectance data of the meteorite Nogoya in the wavelength
range from 0.2 10 5 M. oo bbb 76
3-12. Plot of spectral reflectance data of the meteorite Allende in the wavelength
range from 0.2 T0 5 M. oot ba e srae e naeeanne s 77
3-13. Plot of spectral reflectance data of the meteorite Vigarano in the wavelength
range from 0.2 10 5 ML oot 79
3-14. Plot of spectral reflectance data of the CO chondrite Kainsaz in the
wavelength range from 0.2 10 2.6 M. ......ooiiiiiiiiiic e 80
3-15. Plot of the reflectance spectra of the mineral montmorillonite. ..............cccccoveveee. 83
3-16. Plot of the reflectance spectra of the mineral saponite..........c.c.ccceevvvievieiiecineenne, 85
3-17. Plot of the reflectance spectra of the mineral brucite. ..........ccccoooviiiiiiii i, 87
3-18. Plot of the reflectance spectra of the mineral cronstedtite.............ccccoevvevieiiecinnnnne. 88



3-19. Plot of the reflectance spectra of the mineral buddingtonite. ..........ccccooiiiiieiene 90

3-20. Plot of the reflectance spectra of the mineral calCite. ............cccoeviiiiiiiniiiciee 92
3-21. Plot of the reflectance spectra of the mineral dolomite............ccocooveiiiiiiinnniinnn 93
3-22. Plot of the reflectance spectra of the mineral magnesite.. ..........ccocovrvrviineiennenn 93
3-23. Plot of the reflectance spectra of the mineral Siderite.. .........ccoeiiiiiiiiininieiee 94
3- 24: Plot of the reflectance spectra of the mineral magnetite.. ..........c.ccocevvrinivieiennenn 95
3-25. Plot of the reflectance spectra of the mineral tochilinite.. ..........cccoooviiniiiniinn 97
3-26. Plot of the reflectance spectra of the mineral troilite.............ccoeviiniiiiicie, 98
3-27. Plot of the reflectance spectra of the mineral pyrite.. ........cccooeviiiiininiinincee 99

3-28. Plot of the reflectance spectra of the organica anthraxolite, kerite and

ASPNAILITE. . ..eveeeie et e e e a e reer e e e re e 101
3-29. Plot of the reflectance spectra of water ice and water frost.............ccccccvveveiiennenn, 103
3-30. Plot of Ceres’ spectrum in the wavelength range between 0.2 and 5.0 um............ 104
3-31. Plot Of Ceres® SPECLIUM .....cciviiiiiiiiieiiiie e 105
4-1. Summary on the AR; vs. AR, values of the different meteorite classes.................... 108
4-2. Plot of the slope changes Agc for the different meteorites.. ........cccovcvvvviviiiicienn 110
4-3. Grain size effects of 3 different Meteorites.. ........ccocvvvviiiieiiiec e 112

4-4. The difference in the rain sizes of the meteorites are visible in the AR Vs.

AR; ratios marked by the solid lines in the figure.. ... 113
4-5. Plot of the different Ascmean Values for minerals discussed in section 3.2 and

(0= - PR STRUPRRUPRPRS 115
4-6. Plot of the different slope 1 and slope 2 values for the minerals discussed in

section 3.2 and the grey point MArks CereS.. ..o 117
4-7. Plot of mineral mixtures from table 4-2.. .........ccooe i 124
F- 1. Spectra of the CO chondrites Lance and Ornans (relative reflectance).. ................ 166

xii



F- 2. Spectra of anthraxolite (relative reflectance). ........coocovceveiniiii e 166
F- 3. Spectra of asphaltite (relative reflectance). ........ccccooevviiiiniinie e 167

F- 4. Spectra of kerite (relative reflectance).. ........ccoooveveieiinie i 167

xiii



LIST OF TABLES

Table Page

1- 1. Overview of the most recent published physical properties of Ceres and its

1-2. Modal mineralogy of the Orgueil CI chondrite after Bland et al. (2004)................. 20

1- 3. Modal mineralogy of the Murchison CM2 chondrite after Bland et al. (2004). ..... 21

1-4. Modal mineralogy of the CV chondrite Allende after Bland et al. (2004)............... 22
1- 5. Summary of the diagnostic features in the wavelength range between 0 to 5 um
based 0N the Previous SECLIONS. .........uciieii i 34
2- 1. Minerals measured at the DLR, Berlin AdIershof..........ccccooovviiiniiiiininicieien, 52
3- 1. Summary on the Ascmean, AR; and AR, values of the spectra of the different

(0721 10 oL 91
3- 2. Band assignments for the IR spectra of solid bitumens............ccccociiiiiiiiicnen. 102
4- 1. Overview on the diagnostic features for comparison with Ceres. ..........c.ccocvvvvenene. 120
4-2. Components and amounts of minerals used in the linear mineral mixing................ 123
A- 1. Description of the meteorites that were measured at the DLR Berlin. ................... 137
A- 2. Sample description of the meteorite spectra taken from the Relab database. ........ 139
A- 3. Spectrometers used in the Relab Measurements. ..........cccovveveiveiivereeiesieese e 144
B-1. Chemical analysis Of the MEeteOrites. ........ccooviiiiiiiiiieee e, 145
B- 2. Chemical analysis of the meteorites taken from the Relab spectral library............ 146
C- 1. Sample description of the minerals measured at the DLR Berlin...........c.cccceue...... 148

Xiv



C- 2. Sample description of the minerals taken from the Relab spectral library. ............ 150

C- 3. Sample description of the minerals taken from ASTER spectral library................ 155
C- 4. Sample description of the minerals taken from USGS spectral library. ................. 156
D- 1. Chemical analysis of the minerals taken from Relab spectral database. ................ 158
D- 2. Chemical analysis of the minerals taken from USGS spectral library. .................. 160
D- 3. Chemical analysis of the minerals measured at the DLR. .........c.ccccccoveivvinivennenne. 161

E- 1. Determined values of the meteorites for the wavelength of slope change, the
spectral slopes in the VIS and NIR (slopel and 2), the wavelength of slope 1 and 2
and the mean values of the SIOpe ChanNge. ... 162

E- 2. Determined values of the meteorites for the wavelength of slope change, the

spectral slopes in the VIS and NIR (slopel and 2), the wavelength of slope 1 and 2
and the mean values of the SIOpe ChanNge. ........cccooiiiiiiii e 163

XV



ACKNOWLEDGEMENT

Foremost, | would like to express my sincere gratitude to my primary advisors Dr.
Michael J. Gaffey from the UND and Dr. Gabriele Arnold from the DLR for the
continuous support of my Master thesis study and research, for their patience, motivation,
enthusiasm, and immense knowledge. Their guidance helped me in all the time of
research and writing of this thesis. I could not have imagined having better advisors and
mentors for my Master thesis study. Besides my advisors, | would like to thank the rest of
my thesis committee: Dr. Santosh Seelan and Dr. Ron Fevig from the UND for their

encouragement, insightful comments, and hard questions.

| thank my fellow lab mate at the DLR Berlin, Kathrin Markus, for the stimulating
discussions, for all the help and assistance she gave me during my thesis work and for all
the fun we have had during our time at the DLR laboratory. Also I thank all the people
that offered me the chance to conduct my research: Dr. Addi Bishop of the University of
Minster, who provided me with the meteoritic samples for my research; Ines Blttner,
who was helping and advising me during my laboratory work at the DLR and Dr. Ralf-
Thomas Schmitt, the curator of the Naturkundemuseum in Berlin providing me with

important minerals for my measurements.

Last but not the least, I would like to thank my family and friends: my parents
Eva-Maria Henckel and Peter Henckel, for giving birth to me in the first place and

supporting me spiritually and financially throughout my life; my aunt Marion Graupner,

xvi



for being my travel companion and being a great support during this time and my best
friend Anke Graap, who always listens to my ideas and thoughts and has been a real

friend during this hard working time of my life.

xvii



ABSTRACT

Ceres has been heavily investigated during the last years prior to the DAWN
mission. Although it is the largest object in the Main Asteroid Belt, its properties,
especially the surface composition, are not well understood. Studies of Ceres surface
composition and texture are of particular importance to generally analyze the interior
and evolution of Solar System objects as well as the surface processes that are/were
active on those bodies. VIS-IR spectroscopy is an effective method to detect
characteristic absorption bands in the spectra of surface materials which can be related to

the surface composition of planets and asteroids.

The primary aim of this work is to review the previous visible and infrared earth-
based observations and the supporting laboratory work that have been done so far to get
an overview on the possible surface composition of Ceres prior to DAWN’s arrival.
These data will be compared with complementary spectral measurements in the
wavelength range of the VIR instrument onboard the DAWN spacecraft between 0.5 to
5 um. Measured analogue materials include meteorites (CM, CO, and CV chondrites)
and minerals (brucite, cronstedtite, tochilinite, buddingtonite). Additional spectra were
collected from databases like Relab to increase the range of data. These data include
spectra of meteorites, especially CM, CO, CV and CI chondrites, and of terrestrial

analogue materials, e.g. montmorillonite, carbonates, water ice and frost, pyrite,

xviii



magnesite. Diagnostic spectral characteristics, like the wavelength of slope change, the
spectral slopes in the VIS and NIR, and absorption bands, have been defined and
analyzed in the available spectra. They are a useful tool to identify Ceres’ surface

materials and to draw implications for the DAWN composition analysis.

Xix



CHAPTER 1

INTRODUCTION

1.1. Motivation

Although Ceres is the largest object in the Main Asteroid Belt (MAB), its physical
properties are still not well understood. While it is expected to have retained a large
amount of primordial water ice in its interior or surface, many questions about the
composition of Ceres’ surface and sub-surface layers, the properties of its regolith and its
degree of differentiation, are unanswered and have only been investigated based on
models or telescope observations. It is expected that Ceres could have experienced many
processes related to planetary evolution and survived the Late Heavy Bombardment
nearly intact and without major resurfacing processes (McCord and Sotin, 2005). Thus,
Ceres provides an excellent laboratory to gain knowledge on the accretion of the
planetoids during the history of the Solar System and on the role of the volatile elements
during those early stages of the Solar System history. It is fundamental to get a basic
understanding of the development during the early stages of the Solar System and of the
basic planetary processes (McCord and Sotin, 2005; Li et al., 2006). Furthermore, Ceres
is of extremely high importance to understand the processes of planetary accretion and
formation of the low-albedo primitive asteroids in the outer part of the Main Belt (Carry

et al., 2008).



1 Ceres and 4 Vesta were chosen for the DAWN mission as both bodies are very
different, but share the fact, that both objects are intact survivors from the early Solar
System time (Russell et al., 2011). They span the region of the rocky inner solar system
bodies and the wetter outer Solar System bodies. Both objects had undergone thermal
evolution but with different maximum internal temperatures (Russell et al., 2006). 4
Vesta is assumed to be a dry body following the evolutionary processes of the magma
ocean model and it is assumed that the HED meteorites (Howardites-Eucrites-Diogenites)
are fragments of an impact event on Vesta (Russell et al., 2006). The situation is different
for 1 Ceres as there are no known cerean meteorites which give hints about the evolution
of the dwarf planet (Russell et al., 2004). It is assumed that Ceres could contain a large
amount of water with a high probability of liquid water resulting in the lower density of
the object (Russell et al., 2006). There are some similarities to the icy moons like
Ganymede which has a similar density, surface and craters (Russell et al., 2006). The
evolution of 1 Ceres is explained by the wet body model and the dwarf-planet could be
completely frozen with a frozen solid crust overlying a convecting ice mantle. There are

no current estimates for the age of Ceres’ crust (Russell et al., 2006).

Studies of Ceres surface composition and texture are of particular importance to
get information on the interior and evolution of solar objects as well as the surface
processes of those bodies. VIS-IR spectroscopy (visual and infrared) is an effective
method to detect absorption features to get information on the composition of planetary
and asteroidal surfaces. Thus, this work will mainly focus on the spectral investigation of

possible surface materials of Ceres in order to get information on the composition and the



processes shaping Ceres’ surface. The measurements are carried out at the spectral

laboratory at the German Aerospace Institute (DLR) in Berlin Adlershof, Germany.

This work will elaborate in Chapter 1 the data gained in the pre-DAWN time
including the physical properties, the evolution, the surface properties and the relevant
data necessary for the DAWN mission. Chapter 2 will be on the methodology of this
work. Chapter 3 will focus on the spectral data and analysis, Chapter 4 will discuss these

results and Chapter 5 will be the conclusion.

1.2.  State of Research

1.2.1. Facts and figures

Ceres is the largest body of the MAB and is situated in the middle of the asteroid
belt (McCord and Sotin, 2005, Coradini et al., 2011). It contains nearly 1/3 (30-40%) of
the total mass of the MAB (Rogozin, 2014) and observations indicate that Ceres is a G-
type asteroid with low porosity (Tholen, 1984; Bus et al., 2002, Carry et al., 2008). G-
type asteroids are a subgroup of carbonaceous asteroids (C-type; Barucci et al., 1987; Bus
et al., 2002). They are low temperature condensates and have undergone little or no
heating (Gaffey et al., 1993). It was the first object in the asteroid belt that was
discovered. Giuseppe Piazzi, an Italian astronomer, spotted Ceres in 1801 while he was
searching for a suspected planet, using the Titius-Bode law, in the gap between the orbits
of Jupiter and Mars. Ceres was first classified as a planet, later reclassified as an asteroid
and since 2006 Ceres belongs to the dwarf planets along with Pluto and Eris. Ceres was
named after the Roman goddess of corn and harvest (NASA, a). It is assumed that Ceres

could have experienced many processes that are related to planetary evolution (McCord



and Sotin, 2005). During the last two decades there has been significant progress in the
understanding of Ceres’ surface and its interior due to increasing interest in the object,
especially since the Dawn mission was launched, and due to the availability of new

technology like sophisticated telescopes (Carry et al., 2008).

1.2.1.1. Orbit

Ceres has a mean heliocentric distance of a=2.767 AU (Solar System Dynamics;
figure 1-1). The rotational period (see table 1-1) was determined to be between 9.07417
hours (NASA, b; Chamberlain et al., 2007) and 9.076 hours (Lagerkvist and Magnusson,

1990). The most recent determinations of the poles are:

e a=973+7km, c =908 + 9 km (Drummond and Christou, 2008) and
e Carry et al. (2008) derived a pole at 288+66km, with a =b = 959.4+4.6 and

Cc = 888.8+4.2 km.

The eccentricity determined by Hilton (1998) is e=0.097 (osculating element).
The NASA webpage states a value of e=0.079138251 (proper element, NASA, b) and the
Solar Systems Dynamic Site states the eccentricity to be 0.07582. The proper element
describes the time averaged value of the eccentricity, whereas the osculating element
describes the eccentricity that was observed at a particular time or epoch. The values
established for Ceres’ inclination are 9.73 degrees (McCord and Sotin, 2005) and 10.59
degrees stated on the NASA webpage (NASA, b). Ceres obliquity is roughly 4 degrees
(Carry et al., 2008; Chamberlain et al., 2009; figure 1-2). Ceres aphelion distance is 2.984

AU and its perihelion distance is 2.547 AU (NASA, b).
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Figure 1-1. The diagram illustrates the orbit of Ceres (light blue) and several planets. The segments of
orbits below the ecliptic are plotted in darker color. The top left diagram is a polar view that shows the
location of Ceres in the gap between Mars and Jupiter. The top right is a close-up demonstrating the
locations of the perihelia (q) and aphelia (Q) of Ceres and Mars. Interestingly, the perihelia of Ceres (as
well as those of several other of the largest MBAs) and Mars are on the opposite sides of the Sun. The
bottom diagram is a perspective view showing the inclination of the orbit of Ceres compared to the orbits
of Mars and Jupiter. From Solar System Dynamics.
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Figure 1-2. Ceres' unique rotation shows potential evidence for a deep liquid reservoir within its interior.
From: NASA (a).



Table 1- 1. Overview of the most recent published physical properties of Ceres and its orbit. Sources of the

individual values are stated within the table.

ORBIT
Semi-major axis

Orbital period

Rotational period

Pole orientation
Eccentricity
Inclination
Average orbital
velocity
Perihelion
Aphelion
Obliquity
Mean radius
Diameter

Mass

Density
SURFACE
PROPERTIES
Albedo

Temperature

Surface gravity

Thermal inertia of

the regolith

2.7 AU

4.6 yrs

9.074170 hrs

291° RA and 59° Dec
0.079138251

10.59

17.88 km/second

2.547 AU
2.984 AU
12.31°

476.2 km

952.4 km
4.679 +0.033 x 10 ° Mg,
2.09 glcm®

~0.08

0.09 (visible)
167 K (surface)
235 K (equator)
0.28 m/s*

3.8+1.4x10* erg cm™ sec* K*

NASA (b)

AstDys

Warner et al. (2009)
Parker et al. (2006)
NASA (b)

NASA (b)

NASA (b)

NASA (b)

NASA (b)

Bills and Nimmo (2011)
NASA (b)

JPL Small-Body Database
Konopliv et al. (2011)
NASA (b)

Zolotov (2009)

Li et al. (2006, 2009)
Rousselot et al. (2011)
Li et al. (2006)

NASA (b)

Saint-Pe et al. (1993)




1.2.1.2. Shape and Size

Although there have been investigations of Ceres for many years its true mass and
dimensions are still uncertain (Zolotov, 2009). Pre-DAWN, three methods have been
used to determine the size and shape of Ceres: 1) the occultation of a star by Ceres, 2) the
Earth-orbital Hubble Space Telescope (HST) camera direct imaging, and 3) adaptive
optics (McCord and Sotin, 2005). Table 1-1 shows the most recently published values on
the shape and size of Ceres. Ceres is assumed to be a relaxed object which means that its

shape is determined by hydrostatic equilibrium (Thomas et al, 2005; Carry et al., 2008).

Early estimates showed that Ceres has an equatorial radius of 479.6£2.4 km and a
polar radius of 453.4+4.5 km (occultation; Millis et al, 1987). Ceres axes determined by
HST observations are 487.5 km for its equatorial radius and 454.5 km for its polar radius
(Parker et al, 2006). Carry et al. (2008) determined the semi-axes with a=b=479.7+2.3 km
and c=444.4+2.1 km. Ceres mean radius varies between 467.6+2.2 km (Carry et al.,
2008) and 484+20 km (Saint Pe et al., 1993), or 476.2+1.7 km published by Thomas et al.

(2005).

According to Parker et al. (2002) it is more likely to assume the higher density for
Ceres of 2.206+0.043 g/cm® (Carry et al., 2008) as this is consistent with an object that is
homogenous and in hydrostatic equilibrium. Objects with a lower density and with the
size and rotation period of Ceres would have differences in the equatorial and polar
radius of roughly 40 km due to rotational flattening. However, the difference between the
polar and the equatorial radius occurs to be only 18.4+7.8 km. This implies that there is
no significant rotational flattening and thus, an internally homogenous body is unlikely

(Parker et al., 2002).



As illustrated in figure 1-3 and measured with Limb profiles, it is believed that
Ceres is a rotationally symmetric, oblate spheroid (Millis et al., 1987; Parker et al., 2002;
Drummond and Christou, 1998; Thomas et al, 2005; Carry et al., 2008). Chamberlain et
al. (2009) assumed that it is a smooth, oblate spheroid-shaped and gravitationally relaxed
object differentiated into a rocky core and ice-rich mantle. This is supported by Thomas
et al. (2005) who showed that Ceres is a polar flattened object which is consistent with a

relaxed differentiated body with a rocky core and an icy mantle.

Intensity scale
T

5.0 -4.0 -2.0 0.0 2.0 4.0
Percentage to mean value

Figure 1-3. Ceres has the shape of an oblate spheroid. Green areas are close to zero elevation, blue areas
are related to -3.0 to -4.0 (low) and red areas are equal to +4.0 (high). From W.M. Keck Observatory.

1.2.1.3. Mass

The mass of Ceres is determined by measuring the perturbations of Ceres’ mass
on the orbits of other bodies like Mars or other asteroids (McCord and Sotin, 2005) or by
measuring the gravitational perturbations experienced during the approach at close

encounters of Ceres with other large asteroids (e.g. 5303 Parijskij; Kovacevic and



Kuzmanoski, 2007). The most recent determination of Ceres’ mass is 9.47 x 10%° kg

stated by NASA fact sheet on Ceres (NASA, b).

1.2.1.4. Density
The values of Ceres’ density found vary between 2.03+0.05 g/cm® (Michalak,

2000) and 2.206+0.043 g/cm?® (Carry et al., 2008).

Ceres’ density is similar to the density of the CM chondrites (average density of
CM chondrites is 2.20 g/cm®; Macke et al., 2011), of Pallas (2.8 g/cm®) and of icy moons
like Ganymede (1.936 g/cm® Anderson et al., 1996; McCord and Sotin, 2005; Mousis

and Alibert, 2005) or Callisto (1.8344+0.0034 g/cm®; Anderson et al., 2001).

Ceres density is low compared with other differentiated objects. Possible

explanations for this low density of the body are:

1. Studies done by Cyr et al. (1998) and Mousis and Alibert (2005) suggest
that Ceres contains a significant amount of volatiles like H,O, CO,, CO,
CHa, N2, NH3, Ar, Xe and Kr in its interior contributing to the low density
of the object.

2. A water ice amount of roughly 20% of the total mass could also contribute
to the low density of Ceres (Mousis and Alibert, 2005). McCord and Sotin
(2005) suggest a possible water content of 17-27% by mass, the rest might
be anhydrous material. This is supported by the detection of a tenuous
atmosphere around Ceres indicating water ice on the surface (A’Hearn and

Feldman, 1992; Mousis and Alibert, 2005).



3. Zolotov (2009) assumes that the low density implies a significant amount
of low-density material made of hydrated and OH-bearing minerals like
phyllosilicates, salts or hydroxides, ices, clathrate hydrates and organic
compounds.

4. The internal structure is differ substantially from the assumed models
including a regolith layer with a significant porosity (Mousis and Alibert,
2005). However, this seems unlikely as objects with a volume of >10" km®
become near-spherical in shape as the pore space is eliminated by
compression due to gravity (McCord and Sotin, 2005; Thomas et al,

2005).

1.2.1.5. Topography
The extensive observational studies did not identify any specific geologic feature
at the surface of Ceres (Castillo-Rogez and McCord, 2010). The true topography will be

revealed by the DAWN spacecraft arriving at Ceres in spring 2015.

Despite this situation, some work has been done showing that topography is still
possible. Calculations done by Carry et al. (2008) imply that the highest relief on Ceres
could be 10 to 20 km. If water ice is incorporated into Ceres’ near surface regions, the
reliefs in large impact basins on icy satellites like Tethys will be a good equivalent for
Ceres possible topography (Thomas et al., 2005). Normally, on icy satellites the largest
craters are shallower than the small ones (Thomas et al., 2005). Thus, relief on Ceres
might be reduced due to higher surface temperatures than on the icy moons, but a
substantial crater record is possible without affecting Ceres’ basic relaxed shape (Thomas

et al., 2005). The assumed smoothness of Ceres’ relief is supported by HST observations.
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They show that the body deviates a maximum of 5 km from a relaxed spheroid (Thomas

et al., 2005; Castillo-Rogez and McCord, 2010; Bland, 2013).

The crater morphology on Ceres is affected by the composition of the possible ice
layer, its particulate fraction and density (Li et al., 2006; Bland et al., 2013; Bland, 2013).
Bland (2013) modeled the crater morphology as a function of temperature and material
strength. The results indicate that the crater density in the equatorial region could be

much lower than it would be expected for a rocky body.

1.2.1.6. Evolution

Ceres is assumed to be a differentiated object based on the density, shape and size
data, where the heavy material sank to the core and the lighter phases built the outer parts
of Ceres. The size and orbit of Ceres suggest that the body was not fragmented and
remains in its size and location from formation (McCord and Sotin, 2005). According to
compositional ideas such as CC material plus an unknown amount of water ice, Ceres is
expected to have been accreted from a mixture of ice and rock (McCord and Sotin, 2005)
or an accretion from anhydrous minerals, organics and water ice (Fanale and Savail,
1989). There is little or no direct evidence concerning Ceres’ formation time (Castillo-
Rogez and McCord, 2010) but there are models suggesting an early accretion (Castillo-
Rogez and McCord, 2010) and a late accretion (Zolotov, 2009). Two possible evolution
models are explained as follows: one is assuming a differentiated object with a near
surface ice-layer hundreds of km thick whereas the other is assuming a homogenous, ice-
poor interior structure. There is currently little evidence on the surface of Ceres for an
active geologic past (Bland, 2013). The real composition of Ceres remains unclear until

the arrival of the DAWN’s spacecraft in spring 2015.
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Model after Zolotov (2009). The model after Zolotov (2009) is shown in figure 1-
4 and assumes an undifferentiated body that consists of low-density hydrated material,
like phyllosilicates, hydrated salts or organics, with a grain density similar to the CI-
chondrites (Zolotov, 2009). It implies that Ceres accreted late but rapidly in the Solar
System history from pervasively hydrated planetesimals, or by in situ aqueous alteration
of contained ice, with no porosity collapse during heating by long-lived radiogenic
species (Castillo-Rogez, 2011). The inertial temperature was 200 Kelvin (K). The center
of the body reached temperatures greater than those of the melting point of ice in less
than 5 million years. In the next 10 million years the temperature profile was controlled
by ice melting. After that period, the body began to cool down and reached it recently
assumed temperature of 350 K. Using this model it is expected that there is still liquid
water in Ceres’ interior even today (McCord and Sotin, 2005), most likely in the form of
an aquifer, a rocky matrix where the porosity is filled with liquid water (Dr. Gaffey,

personal communication).

This model leads to an object with a homogenous mixture of ice and silicate
grains divided into a homogenous rock-ice core overlain by a water layer (McCord and
Sotin, 2005).

Model from McCord and Sotin (2005) and Parker et al. (2005). This model
assumes a differentiated Ceres with a rocky core surrounded by an icy mantle (figure 1-4)
or a rocky core surrounded by a deep layer of anhydrous silicates and an icy mantle
(Castillo-Rogez and McCord, 2010). A differentiated Ceres would indicate that the dwarf
planet accreted early in the Solar System’s history and was followed by hydrothermal

activity driven by the decay of short-lived radiogenic species like Al and ®Fe (Castillo-
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Rogez and McCord, 2010). The hydrothermally altered core could later dehydrate with
volume changes causing disruption of the surface (McCord and Sotin, 2005). The
dehydration would create a layered core structure that could enable partial melting of the
silicates (Castillo-Rogez and McCord, 2010). The water segregates from the silicates
when the temperature exceeds the ice melting temperature. This would occur quickly on
Ceres within geological timescales of roughly 10 million years after accretion. The ice
and rock did not melt to the surface and the thickness of the ice layer is controlled by the
heat flux. The thermal evolution is controlled by the water layer which led to a cooling
from above and results in a 3-layer structure: original ice silicate mixture, a liquid mantle
and a silicate core. This evolution model would lead to an inner core density of 3.44
g/cm® and an outer liquid water layer in the form of an aquifer with a thickness or

roughly 100 km (McCord and Sotin, 2005).
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Figure 1-4. Summary of possible thermal evolution models compared against shape data available for
Ceres (modified after Castillo-Rogez and McCord, 2010). A-C is the equatorial minus the polar radius.
There are four models for Ceres evolution: a) a porous hydrated mineral assemblage (Zolotov, 2009) b) a
structure stratified in an icy shell and a core dominated by hydrated silicates (McCord and Sotin, 2005;
Thomas et al., 2005), b) same as b) but with a deep layer of anhydrous silicates (Castillo-Rogez and
McCord, 2010) and d) a fully differentiated Ceres.
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It is still under debate whether Ceres accreted in its current position in the asteroid
belt (Zolotov, 2014; McCord and Sotin, 2005) or whether it has its origin deeper in the
Solar System and moved later to its current position. The latter could be supported by the
abundant amount of free water on Ceres (McCord and Sotin, 2005). Mousis and Alibert
(2005) support this thesis as icy planetesimals that have been developed in distances
greater than 5 AU can drift inwards to the current location of Ceres and may be accreted
by the forming asteroid. This theory was also considered by O’Brien and Sykes (2011).
