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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).



e Earth

Aphelion (Q) furthest from Sun

15 September 2006 "

A»pheAho'n (d) 2.987 AU

Distance from Earth: 2.135 AU Orbital inclination 10.6°
One AU = 93,000,000 Miles iaht blue
Distance from Earth to Sun dark blue

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).
They assumed that Ceres has a significant amount of water ice and might has accreted
somewhere beyond the ice line. The snowline divides the Solar System objects into dry
bodies (ranging to the AMB) and icy bodies in the region beyond the asteroid belt
(McKinnon, 2008; McKinnon, 2012; Kiippers et al., 2014). O’Brien and Sykes stated that
Ceres might have had a greater distance to the Sun than it has today. Its current semi-
major axis is 2.76 AU and C-type asteroids (Ceres is assumed to be a rare G-type
asteroid, a subclass of the C-type) have a peak abundance at 3 AU. Thus, it could be

possible that Ceres was scattered inwards (O’Brien and Sykes, 2011).

1.2.1.7. Internal Structure
Interior models of Ceres are strongly dependent on the assumed compositions of
Ceres (Mousis and Alibert, 2005). There are currently four models describing the internal

structure of Ceres (see figure 1-5):

a) an undifferentiated, homogenous (water and high density silicates), porous

interior and no relaxation (Thomas et al., 2005; McCord and Sotin, 2005)
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b) a differentiated Ceres with high-density core equivalent to Vesta with a core
radius of 350 km or a low-density serpentine core with a radius of 425 km
(McCord and Sotin, 2005)

c) same as b but including anti-freezing materials like ammonia maintaining a
liquid layer (McCord and Sotin, 2005). This would require that the crust is
composed predominantly of water ice, if not, the crust would sink down as
rock does not flow on water (Dr. Gaffey, personal communication) and

d) a fully differentiated model of Ceres with an inner iron core (McCord and

Sotin, 2005).

This last model seems highly unlikely as the inclusion of a significant amount of
water ice into the body would prevent internal temperatures from approaching the

melting point of rocky/metallic phases (Dr. Gaffey, personal communication).

3 N7 T—
A sty
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Figure 1-5. Different internal structures based on different scenarios. A) homogenous asteroid made of a
mixture of water and high-density silicates, b) differentiated Ceres with high-density core equivalent to
Vesta and a core radius of 350 km or a low-density serpentine core with a radius of 425 km, ¢) same as b
but including anti-freezing materials like ammonia which maintain a liquid layer and d) fully differentiated
model of Ceres within an inner iron core. From McCord and Sotin (2005).
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The most reasonable and by HST observations supported model is a differentiated
Ceres with a rocky inner core covered by an icy mantle layer and a dusty surface layer
(figure 1-5 b and c, 1-6 and 1-7). There is a 30 km difference between the observed polar
and equatorial radius indicating an internal mass distribution. This is supporting a
differentiated, not homogenous Ceres, with an internal structure somewhere between the
2 end-members (figure 1-5, a,d; McCord and Sotin, 2005). According to Mousis and
Alibert (2005), this model is in accordance with the oblateness of Ceres. Investigations
done by Thomas et al. (2005) indicate that there is a mass concentration toward the center
of the object. According to Ceres low density, it is expected that Ceres is composed of
rock and variable amounts of water ice (maximal 25%; McCord and Sotin, 2005). The
uniformly spheroidal shape, the deprived strong surface and topographic features and the
low density of Ceres indicate that volatile elements in the interior of Ceres are possible
(Carry et al., 2008). If Ceres contains volatile elements in its interior, they were most
likely to be in the form of clathrate hydrates, hydrates or pure condensates (Mousis and

Alibert, 2005).

Ceres’ layers

Thin, dusty
outer crust

Water-ice "
layer

Figure 1-6. Cutaway view of Ceres showing the differentiated layers of the dwarf planet. From NASA (b).
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Figure 1-7. The model of the internal structure of Ceres according to McCord and Sotin (2005).

Recent investigations of Ceres with the Herschel telescope lead to the detection of
water vapor on Ceres. The telescope found plumes shooting-up periodically. This is proof
that Ceres has an icy surface and an atmosphere. There is a clear spectral signature in the

FIR for water ice but the signal strength varies over time due to its rotation (ESA).

1.2.2. Surface Properties

Early observations of Ceres started with the study done by Herschel in 1802
(Herschel, 1802). The work on the reflectance spectra of asteroids began in the 1920s and
1930s (e.g. Bobrovnikoff, 1929; Johnson, 1939) but the first reliable spectral information
on Ceres was found in the 1970s for example by Chapman et al. (1973). It was
recognized that the surface is dark and spectrally neutral as there are no diagnostic
absorption features in the spectrum of Ceres (Chapman et al. 1973; Cruikshank and
Morrison, 1973; Zellner et al. 1974). According to the modelling of the spectral
properties of carbonaceous chondrites and the measurement of their properties in the
wavelength range of 0.4-2.5 um done by Chapman and Salisbury (1973), Johnson and

Fanale, (1973) and Gaffey (1976), Ceres is associated with the C-class asteroids and the
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carbonaceous (CC) chondrites (Lebofsky, 1978). More recent investigations infer that
Ceres belongs to the G-type asteroids, a sub-group of the C-type asteroids (Rivkin et al.,
2010). C-type asteroids, first classified by Chapman et al. (1973), have a low albedo (3.5-
5%; Bowell et al., 1978) and have a chondritic composition. The spectra of C-type
asteroids are bluish (the reflectance diminishes with increasing wavelengths), flat and
weakly featured (see figure 1-8; Gaffey et al., 1993). These asteroids are composed of
hydrated silicates, carbon, organics, opaque materials and shock-darkened silicates
(Nelson et al., 1993). The meteorite analogues for C- and G-type asteroids are Cl (Ivuna-

like CCs) and CM (Murchison-like CCs) chondrites (Bell et al., 1989).
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Figure 1-8. Mean reflectance spectra for Tholen asteroid classes. Tick marks on the ordinate are spaced
0.2 magnitudes apart. From Tholen and Barucci (1989)
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1.2.2.1. Spectral Properties

Ceres has been subjected to intensive studies in the past. In general, there are very
little rotational variations in the 0.4-4.0um region that suggest that the surface features
and the background regions have very similar mineralogies differing from one another
only slightly (Rivkin et al., 2010). The spectral region with the greatest sensitivity to
surface heterogeneity at 3 um is poorly constrained by Earth observations due to the
strong interference from atmospheric water vapor (Dr. Gaffey, personal communication).
Ceres’ spectrum has a strong blue slope (decreasing reflectance with increasing
wavelength) in the far- to mid-UV, a slightly red slope (increasing reflectance with

increasing wavelengths) in the VIS and IR (Parker et al., 2002).

Composition of carbonaceous chondrites: Cl chondrites. Cl chondrites are an
important group of the CCs to understand the origin and evolution of the Solar System.
This group of CC meteorites is composed of a diversity of subgroups that have exhibited
various degrees of thermal and/or aqueous alteration, but they are all characterized by a
general dark appearance and similar spectral shapes (Cloutis et al., 2011a). CI chondrites
have an astro-biological importance as their carbon-bearing phases are organic and
include many biological precursor materials (Nagy, 1975). Furthermore, these meteorites
could have been an important source of water for the Proto-Earth (Morbidelli et al.,
2000). CI chondrites contain 50-60 vol% phyllosilicates, predominantly serpentines and
saponite, intergrown with ferrihydrite, oxides (magnetite and maghemite), accessory
sulfides (pyrrhotite, pentlandite, cubanite), carbonates and sulfates (Richardson, 1978;
Zolensky and McSween, 1988; Buseck and Hua, 1993; Zolensky et al., 1993; Brearley

and Jones, 1998; Gounelle and Zolensky, 2001). CI chondrites have the highest matrix
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abundance compared to other CCs (Buseck and Hua, 1993). Table 1-2 summarizes the

modal mineralogy of an Orgueil CI chondrite.

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

Phase Vol%
Olivine Fo 100

Olivine Fo80

Olivine Fo 60

Troilite

Pyrrhotite
Ferrihydrite
Magnetite
Saponite-serpentine
serpentine

Composition of carbonaceous chondrites: CM chondrites. CM chondrites are
important meteorites in understanding the origin and evolution of the Solar System as
they are among the oldest and most primitive rocks (Cloutis et al., 2011b). CM chondrites
are aqueously altered rocks and thus, belong to the petrologic group 2 (Cloutis et al.,
2011b). They contain roughly 9 wt% (weight percent) water which is bound in the
phyllosilicates (Rubin et al., 2007). CM chondrites contain roughly 20 vol.% (volume-%)
chondrules, 1-11 vo0.% inclusions, 4-21 vol.% mineral fragments, up to 3vol.% opaque
phases and 57-85 vol.% phyllosilicates-rich matrix (e.g. Grossman and Olsen, 1974;
McSween, 1979). Other minor compounds include carbonates and sulfides (Zolensky and
McSween, 1988). The most abundant phases are Mg-serpentine (49-59vol.%) and Fe-
cronstedtite (43-50 vol.%; Cloutis et al., 2011b). Cold Bokkeveld contains more Mg-
serpentine (up to 59 vol.%) than Fe-cronstedtite (maximal 27 vol.%) (Howard et al. 2009

2011). Table 1-3 shows the composition of the CM chondrite Murchison.
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Table 1- 3: Modal mineralogy of the Murchison CM2 chondrite after Bland et al. (2004).

Phase W1t% Vol%

Olivine Fo 100 1.4 6.8
Olivine Fo80 2.2 1.9
Olivine Fo 50 2.0 1.6
Clinoenstatite En 98 2.2 1.9
Pyrrhotite 2.9 1.8
Pentlandite 0.5 0.3
Magnetite 0.4 0.2
Serpentine 22.8 26.2
Cronstedtite/tochilinite  JREES) 58.1
calcite 1.1 1.2

Composition of carbonaceous chondrites: CO chondrites. CO chondrites (Ornans-
like CCs) have the petrologic type 3 (McSween, 1977; Barber, 1985, Brearley and Jones,
1998) which have to be affected by metamorphism (Greenwood and Franchi, 2004). They
are dominated by olivine of variable composition with only little phyllosilicates (Rubin et
al., 1985; Zolensky et al., 1993). The matrix of CO chondrites is composed of fine-
grained olivine (dominant phase is Fazo.go) With a lesser amount of pyroxene (McSween,
1979a; Brearly and Jones, 1998; Buseck and Hua, 1993), few kamacite, taenite, chromite,
ferrihydrite and minor serpentine (Zolensky et al., 1993). Phyllosilicates are just a minor
component in CO chondrites (Keller and Buseck, 1990a, b) and are, if present, alteration
products from pre-exiting matrix olivine. Fe-rich serpentine is the dominant phase of
phyllosilicates (Keller and Buseck, 1990b). Opaque phases are pre-dominantly

carbonaceous phases, NiFe metal and troilite (Cloutis et al., 2012a).

Composition of carbonaceous chondrites: CV chondrites. CV chondrites
(Vigarano-like CCs) are of importance as the Allende meteorite gave the best estimates
for the age of the Solar System and the timing of formation (Chen and Wasserburg,

1981). Furthermore, they have been linked to a number of possible parent bodies by using
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spectral criteria (Burbine et al., 2001). CO chondrites are petrologic type 3 (McSween,
1977, 1979a) and are composed of olivine (>75vol%), lesser amounts of enstatite,
plagioclase, magnetite, sulfides and metal (Howard et al., 2009a) and 0.01-1.5wt%
carbon (Pearson et al., 2006; Alexander et al., 2007), decreasing with increasing
metamorphic grade (Guimon et al., 1995). Aqueously alteration ranges from highly
alteration to extremely low alteration (Brearley and Jones, 1998; Gyollai et al., 2011).
Phyllosilicates in CO chondrites are mainly low-Al, fine-grained saponites and various
micas (Keller and Buseck, 1990b; Keller and McKay, 1993), serpentine and chlorite are
also present (Keller and McKay, 1993). In table 1-4 is shown the modal mineralogy of

the CV chondrite Allende after Bland et al. (2004).

Table 1-4. Modal mineralogy of the CV chondrite Allende after Bland et al. (2004).

Phase W1t% Vol%

Olivine Fo 100 20.5 23.4
Olivine Fo80 14.6 15.4
Olivine Fo50 21.4 20.6
Olivine Fo60 20.8 20.6
Olivine Fo25 4.3 3.9
Pentlandite 11.1 8.0
Clinoenstatite 5.9 6.6
Magnetite 0.3 0.2
Plagioclase (An100) 0.9 1.2

Fe-metal 0.2 0.1

Ceres in the ultraviolet wavelength range (UV, 0.01-0.4 um). Generally, there is a
lack of laboratory data and diagnostic absorption features at UV wavelength of Ceres.
However, as Ceres is related to the G-type asteroids, it has a very strong UV absorption
(Lupishko and Mohamed, 2009; Rivkin et al., 2010). Normally, reflectance values for all
asteroids decrease at UV wavelength, which could be explained by strong charge-transfer

absorption of iron-bearing minerals (Cloutis et al., 2008). The reflectance drop in Ceres
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spectrum in the UV is relatively sharp and occurs at ~400 nm (0.4 um, see figure 1-9)
which is shorter than that for other asteroids and could be explained by a lack of iron-rich
materials on the surface of Ceres (Rivkin et al., 2010). Parker et al. (2002) detected an
absorption band centered at ~280 nm (0.28 pum), seen in figure 1-9. A’Hearn and
Feldman (1992) detected an OH emission at 0.3085 pm (see figure 1-9). This is not
supported by studies done by Rousselot et al. (2011) who did not detect any OH

absorption lines in their spectra.

" & Chapman and Gaffey (1979)
00 Parker et al. (2002)
[ e Li et ol. (20086)
0.15 ﬁ % Li et ol. (2009) g
. Roettger ond Buratti (1994);
o
o
QL
L
<
2 010 -
% »
E o 00®C50000 0
D @ _
)
| i
0.05 é -
! i __.|"." ]
g
FTTRTETT LAY [TTTTRRTT] [TTTTERTT] IYTTRRTTT] [TTTTRRTT] [TTATTTIT,
100 200 300 400 500 600 700 800
A (nm)

Figure 1-9. UV spectrum of Ceres. The data was taken from different observations. Diamond symbols are
from the 24-color survey (Chapman and Gaffey, 1979). Squares are from HST/FOC (Parker et al., 2002).
Filled circles are from HST/ACS/HRC (Advanced Camera for Surveys/High Resolution Channel; Li et al.
2006). Crosses are from HST/ACS/SBC (Solar Blind Channel; Li et al. 2009), but are likely an
overestimate of the albedo of Ceres due red leaks in the filter. The small triangles are from International
Ultraviolet Explorer (IUE; Roettger and Buratti 1994). The error bars are actually smaller than the size of
symbols. The 24-color survey data are normalized to HRC measurement at 550 nm. The IUE data are
scaled to match HST measurements from 220 to 330 nm. All other data are independently radiometrically
calibrated for the albedo. From Rivkin et al. (2011).
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Ceres in the visible wavelength range (VIS, 0.4-0.8 um). The VIS and NIR are the
most accessible spectral regions to investigate asteroids as there are abundant diagnostic
features in these spectral ranges to get information on the possible surface composition of
the object (Rivkin et al., 2011). The reflectance spectrum of Ceres is weakly featured in
this wavelength range (figure 1-10: Lebofsky, 1978; Rivkin et al., 2011; Hiroi et al.,

1996; Cloutis et al., 2011a,b&2012a,b).

The Ceres’s spectrum between 0.4-1.0 um is flat and featureless with a strong
decrease in reflectance shortward of about 0.45 pum (figure 1-10; McCord and Sotin,
2005). Absorption features of Ceres’ spectrum are shown in figure 1-10. A weak feature
is seen near 0.6 um (figure 1-10) attributable to charge transfer in aqueous alteration
products. Similar features are found at longer wavelengths in carbonaceous chondrites

(Rivkin et al., 2010, De Sanctis et al., 2012).
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Figure 1-10. CCD reflectance spectrum of 1 Ceres. The dashed line marks the wavelength range of the
weak absorption feature and the red arrow marks it minimum at 0.6 um. The peak at ~0.765 pum is due to
O,-A. From Vilas et al. (1993).
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Ceres in the near-infrared wavelength (NIR, 0.8 — 2.5 pm). In the NIR region the
spectrum shows slightly rising reflectance toward the longer wavelengths with no
discernable absorption features (McCord and Sotin, 2005; see figure 1-11). There is a
broad absorption feature centered near 1.2 pm and it is suggested that this is due to
magnetite (Rivkin et al., 2010). There is no feature seen at 1.9 um (see figure 1-11)
indicative for extensive water on the surface (McCord and Sotin, 2005). A possible
explanation for the missing features is that the feature is too weak to overcome the effects
of the opaque phase or phases (Dr. Gaffey, personal communication). The main feature in
the VNIR spectra of Ceres is the decrease in reflectance shortward of 0.4 um (see figure
1-11). This feature could be attributed to an intervalence charge transfer band of iron
oxides (Fe?*/Fe®") (Rivkin et al., 2011) and is indicative for identifying the different types
of C-class asteroids according to the Tholen classification (Tholen and Barucci, 1989;

Rivkin et al., 2011).
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Figure 1-11. Ceres’ spectrum in the 0.4-2.5 um region is largely free of diagnostic absorptions. It
possesses a drop off in reflectance in the UV spectral region, due to oxidized iron and common to many
materials. It also has a band centered near 1.2 um, which is likely due to Fe®". This feature is also seen in
some CC'’s. It is suggested that this feature is due to magnetite or lizardite. SMASS/SPEX data are from
Bus and Binzel (2002a, 2002b) and 52-color survey data are from Bell et al. (1988). Modified after Rivkin
etal. (2011).
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Ceres in the mid-infrared (MIR, 2.5 — 16 pum). In the spectral region beyond
2.5 um (see figure 1-12) there are a number of vibrational absorptions like those of
water, hydroxyl, organic matter, carbonates, carbon dioxide, ammonia and other
volatiles (Rivkin et al., 2011). Especially the 3 um region allows first suggestions on
the surface composition but it is difficult to observe this spectral range from Earth as
there is interference from water and methane in Earth’s atmosphere (Rivkin et al.,
2010). A feature near 3 um would indicate that there are hydrated minerals present
(King et al., 1992; De Sanctis et al, 2012). There is currently no data available for the
spectral range around 2.7 to 2.8 um (see figure 1-13) as the Earth’s atmosphere is
opaque in this wavelength region due to water vapor (Dr. Gaffey, personal

communication).
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Figure 1-12. Spectrum of Ceres in the wavelength range between 2.8 and 4.0 um. The red and green
arrows mark the features and the minerals that are associated with this absorption feature. Modified after
Milliken and Rivkin (2009).
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Figure 1- 13: 2.2—4.1 um spectra of Ceres from 17 May and 18 May 2005, normalized to 1 at 2.2 um. The
18 May spectrum (black) is offset from the 17 May spectrum for clarity. Also shown as solid lines are
model spectra generated using a Hapke theory-based mixing model. These models use a carbonaceous
chondrite, a neutral material, carbonates, and either an ammonium-bearing or iron-rich phyllosilicate as
end-members. The figure also shows the CM meteorite Murchison, showing the very different band shapes
between it and Ceres. The end-member spectra were obtained from the Relab and ASTER database. Data
between 2.52 and 2.85 um were omitted due to excessive spectral contamination from water in the Earth’s
atmosphere. From Rivkin et al. (2006).

As the spectrum of Ceres is generally flat shortward of 2.5 um, it shows a strong
feature near 3.06 um which could be attributed to phyllosilicates, hydrated water (De
Sanctis et al., 2012), OH, CO3, SO, or other ions containing oxygen (McCord and Sotin,
2005), crystalline water ice plus irradiated asphaltite (Vernazza et al., 2005) or hydrated
salts (McCord and Sotin, 2005). Lebofsky (1978) concluded that the shape and depth of
the curves in the 3 to 4 um region are similar to those of the CM chondrites and that 10-
15 % water of hydration could be present in the surface material of Ceres. Lebofsky et al.
(1981) interpreted the feature near 3.1 um as frost whereas King et al. (1992) stated that

this feature is too narrow and too long in wavelength to be water ice, but more likely due
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to NHy-bearing minerals like buddingtonite or saponite. However, these minerals are
inconsistent with the MIR spectra of Ceres (De Sanctis et al., 2012). According to Rivkin
et al. (2006) it is more likely that the 3.06 um feature is caused by iron-rich clay like
cronstedtite (serpentine group, see figure 1-14 and 1-15). Milliken and Rivkin (2009)
identified the 3.06 pm feature to be brucite (Mg(OH),) as this mineral is consistent with
most of Ceres spectrum in the 3-14 pum range (figure 1-14 and 1-15). The Ceres’
spectrum misses some brucite bands between 1 to 3 um (figure 1-15; Zolotov, 2014).
Furthermore, brucite is not a major component in carbonaceous chondrites, but C2
chondrites do contain the mineral tochilinite, a mineral that consists of interlayered sheets

of sulphide and brucite sheets (Milliken and Rivkin, 2009).
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Figure 1-14A. Linear mixing model results for the near-infrared reflectance spectrum of Ceres.
Laboratory reflectance spectra of brucite, magnesite, dolomite, cronstedtite and ammoniated saponite were
scaled to one at their maximum reflectance point as inputs to the model. The reagent-grade brucite
spectrum shows weak spectral features indicative of minor contamination by carbonate (black arrows).
From Milliken and Rivkin (2009).
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Figure 1-14B. Mixings of different minerals. Models that used subsets of the endmember spectra produced
slightly different results, showing that Ceres’ major spectral features can be modelled by the presence of
brucite, carbonates and an opaque phase (sloped line). Including cronstedtite in the model improved the fit
near 3:4 um and at wavelengths <3:0 um, whereas including ammoniated saponite had a negligible effect.
From Milliken and Rivkin (2009).
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Figure 1-15A. Linear mixing model results for the mid-infrared reflectance spectrum of Ceres. The figure
shows laboratory reflectance spectra of saponite and ammoniated saponite. From Milliken and Rivkin
(2009).
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Figure 1-15B. The figure shows the spectra of brucite, magnesite, cronstedtite and magnetite. Model
results show that the broad absorption centered near 10 um can be fitted by either cronstedtite or brucite,
but carbonate is required to fit absorptions near 7 and 11 um. Differences in the strength of absorption
features between the Ceres and model spectra are probably caused by differences in the particle size
ranges and scattering properties between Ceres and the laboratory samples. From Milliken and Rivkin

(2009).

There are more absorption features in Ceres spectrum at 3.3 um, 3.44 um, 3.8 um
and 3.94 um indicating that carbonates are present at Ceres surface (see figure 1-12-1-14;
Milliken and Rivkin, 2009). The 3.3-3.4um was originally interpreted as NH,-bearing
phyllosilicates by King et al. (1992), but could also be attributed to aromatic

hydrocarbons (Rivkin et al., 2006).

Emission data on Ceres over the spectral range of the MIR (5-14 um) can also be
used to gain information on the possible composition of Ceres (Milliken and Rivkin,
2009). The MIR range of Ceres’ spectrum is unique among asteroids as it shows a strong

variation of spectral emissivity (Rivkin et al., 2010). In figure 1-16 is shown the MIR
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spectrum of Ceres. It shows three absorption features: two narrow peaks near 6.6 pum and
11.4 pm due to carbonates (Milliken and Rivkin, 2009) and a broader minimum centered
near 10 um (Cohen et al., 1998). This feature at 10 pum could be explained by the lack of
finer materials on the surface as finer materials reduce the contrast in the MIR (Rivkin et
al., 2010). There is a broad absorption feature between 8 to 11 um (Milliken and Rivkin,
2009). This feature might be indicative of brucite and/or cronstedtite. The brucite
spectrum shows weak features at 8.3 um and 9.9 um (figure 1-15b) and cronstedtite has a
strong decrease in reflectance between 7.5 to 9.5 pum (figure 1-15b; Milliken and Rivkin,
2009). Cohen et al. (1998) identified with the Christiansen frequency (CF) the maximum
near 9.5 um. The CF is the wavelength at which the reflectivity and emissivity are
independent of the grain size of the sample (Conel, 1969; Salisbury, 1993). Rivkin et al.
(2006) included in their linear mixing model magnesite (Mg)COs3 (figures 1-15b and 1-
16) as the resulting spectra better matches the significant wavelength in the MIR and
improved the quality of the 3 um spectral region fit.

The feature around 11.4 um according to Rivkin et al. (2010) was not re-observed
in later observations. It is assumed that this feature is related to a geographically localized
area on Ceres, possibly showing an increase in the abundance of carbonates or due to a
localized change in the surface texture, particle size and/or cementation. A region of high
spectral contrast could be an indicator for local geologic activity and the exposure of

fresh and recently re-crystallized material (Rivkin et al., 2010).
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Figure 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.
From Milliken and Rivkin (2009).

Ceres in the FIR, millimeter and radio wavelength (>16 pm). Mitchell et al.
(1996) did radar observation of three asteroids (Vesta, Pallas and Ceres) to characterize
their surface properties. They concluded in their work that Ceres has a smoother surface
at decimeter scales than the Moon, but a much rougher surface on larger scales. A
possible reason for this is the difference in material strength of both objects. Ceres has a
low radar albedo of 0.042+0.006 which is in the range expected for CC mineralogy.
Mitchell et al. (1996) determined the regolith density of Ceres based on the calculated
reflectivities to be 1.24+0.10 g/cm® and concluded that differences in the regolith density
(see figure 1-17) of the three investigated objects, especially between Ceres and Pallas,

are mainly due to different porosities or due to differences in the mineralogy.
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Figure 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 regions). These are compared with
typical densities of solid CC meteorites (types ClI, CM, CO, and CV). Constraints on the mean densities of
Ceres (dotted lines) and Pallas (dashed lines) are obtained by dividing each object’s total mass by the
volume of its a priori shape. From Mitchell et al. (1996).

Summary (table 1-5). To summarize, there is no real match for Ceres’ spectrum
among the available meteorites and mineral spectra (McCord and Sotin, 2005). In
previous works there were CC-like laboratory mixes created (montmorillonite, carbon
black, hydrated silicate minerals) to mimic Ceres’ spectrum, whereas other authors
proposed an opaque-rich assemblages like carbonaceous material to be the best fit
(McCord and Sotin, 2005). Interpretation ranges from primitive carbonaceous hydrous
silicate mixtures (C1) to metamorphosed mafic silicates and iron oxides (C4) (McCord
and Sotin, 2005). All data suggest that Ceres contains H,O- and/or OH-bearing phases
and organic compounds (Zolotov, 2009). Ceres’ spectrum has no clear signature of many
primary minerals such as olivine, pyroxene, feldspars and Mg-rich phyllosilicates like
saponite or serpentine which are common in chondrites (Zolotov, 2014). The
absence/deficiency of these primary phases indicates that the object has undergone
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alteration processes (Milliken and Rivkin, 2009). Ceres’ spectrum in the VIS and NIR is
associated with CC-type meteorites (McCord and Sotin, 2005). The mixture of Mg-
bearing carbonates, brucite, cronstedtite and magnetite provides a good fit for Ceres’
spectra at 3-14 um (Milliken and Rivkin, 2009). This model indicates a similarity to CM
chondrite materials that contain these aqueously altered materials (Zolotov, 2014). But
some uncertainties remain, e.g. the deeper depth of brucite at 3.06 um and carbonate at
3.31t0 3.4 um and 3.8 to 3.9 um bands in darker regions disagree with the low albedo of
these minerals (Rivkin et al., 2010). There is a limited variation in the band depth of the
3.06 and the 3.35 pum bands and a greater band depth correlate with region of lower
albedo. This effect is not consistent with space weathering and is inconsistent with
changes when mixing brucite and carbonates (Rivkin et al., 2010). Ceres MIR spectral
features could be explained by carbonate, magnetite and brucite/cronstedtite, whereas the
spectra of saponite and other smectite clays show an opposite trend to the Ceres’

spectrum at these wavelengths (Milliken and Rivkin, 2009).

Table 1- 5: Summary of the diagnostic features in the wavelength range between 0 to 5 pm based on the
previous sections.

Mineral Wavelengths Reference
carbonates ~3.3-3.4 pm, ~3.8-3.9 um, ~11.2 RivKkin et al. (2006), Milliken and
pMm Rivkin (2009)
brucite ~3.06 um Milliken and Rivkin (2009)
magnetite ~1.1um Larson et al. (1979)
OH? ~0.25 pm Parker et al. (2002), Li et al.
(2006)
silicates ~10 um Cohen et al. (1998), Lim et al.
(2005)
tochilinite Milliken and Rivkin (2009)
wpopiceiies 0.4 pum cutoff, 0.6 pum; 0.67 um, Milliken and Rivkin (2009);
1.0 um Feierberg et al. (1981), Vilas and
Gaffey (1989)
water frost Lebofski et al. (1981); Feierberg
etal. (1981)
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Tabke 1-5. Cont.

3.06 um King et al., (1992)
3.06 pm Vernazza et al. (2005)
11.4 um Rivkin et al. (2011)
1.1-1.2 ym Larson et al. (1979)

1.2.2.2. Surface Composition

The current knowledge of the surface composition of Ceres is based on telescopic
observations in the UV, VIS, NIR and MIR spectral ranges (Zolotov, 2014) but the exact
surface composition will remain unclear until the arrival of the DAWN spacecraft in
spring 2015. Ceres’ surface appears to be dark (Thomas et al., 2005) and rather uniform
(Carry et al., 2008). The uniform surface suggests that the surface did not experience any
giant impacts such as in Vesta’s South Pole (Rivkin et al., 2010). It is also possible that
resurfacing events have erased any significant variations that might have resulted from
impacts (Rivkin et al., 2010). It is expected that Ceres surface will be found to be covered
with a regolith layer tens of meters thick (Lupishko and Mohamed, 2009). Lebofsky et al.
(1981) assumed that the phyllosilicates on Ceres are covered by a fine layer (=0.01 um
thick) of water ice.

Ceres position in the Solar System could be far enough away so that primordial
elements could have been preserved from strong heating during the T-Tauri phase of the
Sun (Carry et al., 2008). The dwarf planet has been identified as a carbonaceous asteroid
with surface material similar to type | and type Il carbonaceous chondrites (Lebofsky et
al., 1978; Castillo-Rogez and McCord, 2010). This is supported by the density of Ceres

being between the densities of CC material type | (2.6-2.9 g/cm®) and type Il (2.2-2.3
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glcm®) (Lebofsky et al., 1978). These CC meteorite materials were aqueously altered
from its source material at warm but still low temperatures in the parent body, then
brecciated very early in the history of the Solar System (Mc Cord and Sotin, 2005). These
alteration and brecciation occurred within a few million years of chondrule and CAl

formation (McCord and Sotin, 2005).

Bland (2013) stated that Ceres is clearly composed of rocky material that could
have been formed at the surface as water ice sublimates away and if non-ice material is
present, it must be within the ice layers. Ceres surface could be covered by low-density
dry clay-like material with a low thermal inertia and high porosity (Chamberlain et al.,
2009) and iron-poor olivine at top of phyllosilicates (Castillo-Rogez and McCord, 2010
and references within). Possible minerals at the surface indicated by spectral observations
could be OH-bearing and/or hydrated minerals (Lebofski et al., 1981), cronstedtite (Fe-
phyllosilicate) (Rivkin et al., 2006; Milliken and Rivkin, 2009), magnetite or other
darkening agents (Zolotov, 2014), Mg-bearing carbonates (Rivkin et al., 2006; Rivkin
and Volquardsen, 2010), and Ca-carbonates (Rivkin et al., 2006; Castillo-Rogez and

McCord, 2010; Zolotov, 2014).

According to Milliken and Rivkin (2009), Fe-bearing minerals and calcite are not
expected to be abundant at Ceres’ surface, but Mg-carbonates MgCO3; and brucite
Mg(OH); are likely to exist. These minerals suggest that there were extensive alteration
processes in the presence of liquid water and CO, (Milliken and Rivkin, 2009; Rivkin et
al., 2006; Rivkin et al., 2010). The presence of Mg-carbonates is consistent with the
alteration of brucite in the presence of CO, with graphite as its possible source (Rivkin et

al., 2010). It is assumed that some materials on Ceres could be transported there by
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impacts of C- and H,O-rich bodies during the Late Heavy Bombardment (LHB)

(Zolotov, 2014).

Based on the bulk density of Ceres (see table 1-1) it is assumed that the water
content could range between 0% (Zolotov, 2009) and 20% by mass (McCord and Sotin,
2005) depending on the mineral composition (Rousselot et al., 2011). As liquid water is
instable on Ceres’ surface (Castillo-Rogez and McCord, 2010) it seems possible that the
formation of aqueous altered materials could have happened in the interior of Ceres or
near the surface by transient fluids and/or on parent planetesimals of the impacting bodies
(Zolotov, 2014). The water ice could have survived 4.5 Gyr at a depth of only 10 to 100
meter near the equator and less than 1 to 10 meters at latitudes larger than 40° (Fanale
and Salvail, 1989). The alteration could occur at the base of an ice ocean or at the base of
an unmelted ice and silicate crust prior to foundering of that crust (Rivkin et al., 2010).
Materials then could have been brought up to the surface by cryovolcanism or after

crustal foundering (Rivkin et al., 2010).

Kippers et al. (2014) investigated possible source regions of water vapor at Ceres.
All observations (ground-based and HST) that detected water vapor from Ceres correlate
dark regions at Ceres’ surface as the likely source because these regions are warmer than
the average surface resulting in sublimation of water-ice reservoirs. The water activity on
Ceres’ surface is not concentrated on Polar Regions as water ice is most stable in these
regions. Kippers et al. (2014) proposed two possible mechanisms for the water vapor
production on Ceres. First, it is possible that there is a cometary-like sublimation at the
surface removing ice and near-surface dust and exposing fresh ice layers. Secondly, cryo-

volcanism could be responsible for the water vapor production.
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1.2.2.3. Albedo and color variations

Ceres surface appears to be featureless and uniform (figure 1-18; Carry et al.,
2008) and images of Ceres do not show strong albedo variations (Saint-Pe et al., 1993),
The average albedo of Ceres is 0.086 with an albedo contrast of only a few percent at VIS
wavelengths, whereas the NIR albedo variations are +6% (Rivkin and Volquardsen,
2010; Moullet et al., 2010). Li et al. (2006) detected that surface albedo variations are
between 0.02 and 0.16 and determined the visible albedo to be 0.09. This value is similar
to the value of Tedesco (1989) who estimated the visible albedo to be 0.1. The geometric
albedo was estimated by Millis et al. (1987) to be 0.073 (A=5600A), whereas Parker et al
(2002) calculated a geometric albedo of 0.056 (near-UV, A=3636A), 0.029 mid-UV
(A=2795A) and 0.090 far-UV (A=1621A). All these values are above the value for CM
chondrites of 0.03-0.05 (3-5%). Thus, there must be a large fraction of high albedo
material on Ceres’ surface (McCord and Sotin, 2005) mixed with CM material or salts

from aqueous alteration processes (McCord and Sotin, 2005).

Figure 1-18. Images of Ceres acquired with the HST. The high brightness of the bright spot in the images
does not correspond to the real scaling, but only stresses its slightly higher albedo in comparison with the
surrounding surface. From Lupishko and Mohamed (2009).
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Studies done by Carry et al. (2008) reveal a clear trend of bright features to
display a higher H-band albedo than in the K-/J-band indicating a similar origin for the
bright features (figures 1-18, 1-19, and 1-20). The bright features show spectral
similarities to phyllosilicates and carbonates. Spectra of calcite and montmorillonite show
that these minerals best fit the spectra of the bright features. Siderite, cronstedtite or
augite spectra only match small percentage of Ceres’ surface and could be minor
compounds such as pyroxene and olivine. The dark features do not display a similar
trend. This implies that the dark regions may be a result of various surface processes or
represent different levels of surface aging. Their spectra are similar to enstatite but this
mineral has a high density and thus is unlikely to be present at Ceres’ surface. As water
ice is not expected to be stable at the surface, it is possible that dirty ice could be present.
The dark features are mainly found at high latitude above 30-40° and none of them is in
the equatorial region. This matches the assumption that water ice is more stable at higher

latitudes (Carry et al., 2008).

In figure 1-19 are shown several large albedo features that possibly could be
impact craters (Li et al., 2006). Carry et al. (2008) categorized some of these features in
the mid-latitudes at ~30°N as impact structures with diameters of 180 km and more
(figure 1-19, 1-20). The two largest features shown below in figure 1-19 (red dots) were
named A and B. Both A and B are large with a diameter of A~180 km, and with a
diameter of B of ~350km. Both features appear to be homogenous indicating similar
composition and/or a similar resurfacing history (Carry et al., 2008). Feature A could be
interpreted as a geological feature like a basin or impact structure as there is a bright

central peak possibly resembling the central peak often seen in craters from high
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energetic impacts (Carry et al., 2008). It is obvious that one hemisphere of Ceres is
brighter than the other. There is a dark region running from North to South located at the

boundary between the two hemispheres (figure 1-20; Carry et al., 2008).

surface feature A

surface feature B

Figure 1- 19: Selected views of Ceres in the K-band during ~200° of its rotation. The image is oriented
with North up and East left. The two main surface features present on Ceres are indicated with the arrows
A and B and can be followed during part of their rotation. The brighter spots visible near the limb of Ceres
in some of the images are artifacts from the deconvolution. From Carry et al. (2008).
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Figure 1-20. J-, H- and K- band maps of Ceres covering ~80% of Ceres’ surface. The areas in white are
terra incognita due to rotational phases not imaged from Keck. The theoretical resolution elements at
JIH/K bands are shown at the bottom-right corners. Albedo variations are within 6% around the mean
surface value for each map. The errors are estimated to be 2.5% maximum. Several round shaped features
are visible including a dark feature with a bright center spot at ~234° +23°) (named “A”) and a dark
region at ~(125°, +20°) named “Piazzi” by Parker et al. (2002) (here “B”). Two other dark features are
visible in the Southern hemisphere at ~(80°, -20°) and ~(285°, -35°) as well as other smaller features
elsewhere. One hemisphere (0° to 180°) appears to be sensibly brighter (1%) than the other at these
wavelengths. A dark region running North/South is located at the boundary between the two hemispheres
and is present in all maps. From Carry et al,( 2008).

A team of astronomers at the Keck observatory headed by B. Carry produced
albedo maps covering 80 percent of Ceres’ surface, which appears to display a wealth of
40 to 160 km large geological features with intensity in reflected light varying by ~12

percent across the surface. They suggest that the variations could be due to terrain
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features, as well as differences in their surface composition and/or degree of alteration by
space weathering effects such as aging of surface due to interaction of solar wind, and/or

micrometeorites impacts, etc. (W.M. Keck Observatory).

The albedo of Ceres surface is much more uniform in the UV-VIS region than
those of any other asteroid or satellite and this uniformity suggests that the color
variations are relatively small (Rivkin et al., 2010). Color variations in the 2 to 4 pm
region also vary with different longitude. Higher-albedo regions show evidence of a
shallower band depth at 3.05 um (Rivkin and Volquardsen, 2010) than low-albedo
regions. Possible reasons for that are 1) brucite-rich areas having lower albedo and vice
versa, 2) space weathering (as areas with smaller band depth are more weathered than
those with deeper band depth) or 3) different particle sizes across Ceres’ surface with
finer particles resulting in a smaller band depth (Rivkin and Volquardsen, 2010). Albedos
in the mid- and near-UV show no evidence for rotational phase-dependent variations

(Parker et al., 2002).

1.2.2.4. Surface morphology (grain size, roughness, packing density)
The surface roughness and the grain size influence the amount of the reflected,

scattered and absorbed part of the incident EM radiation (Arnold, 2014).

Ceres surface seems to be covered by fine-grained, dusty, and porous surface
materials (Zolotov, 2014; Lupishko and Mohamed, 2009). It is possible that these
materials are gravitationally sorted (Zolotov, 2014). Cohen et al. (1998) assumed in their
work a particle size of 40-130 um as the average particle size on Ceres’ surface. This

assumption is based on the fact that small asteroids with a low surface gravity are
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depleted in finer particles and are enriched in coarser material (Dollfus, et al., 1989).
However, Ceres might have retained its finer particles at the surface due to a higher

gravity.

Based on radar observations done by Mitchell et al. (1996) and by Ostro et al.
(1979), Ceres’ surface seems to be fairly rough at a scale of 10 meters though its surface
appears to be smoother than those of Vesta or the Moon. This could be explained due to
the different surface composition and material strengths of the objects (Lupishko and
Mohamed, 2009). Li et al. (2006) determined the roughness parameter of be 44°+5°. It is
likely, that the roughness does not vary over the surface of Ceres indicated by a low
topography based on the relaxed shape of Ceres (Thomas et al., 2005), and the uniform

surface of Ceres (based on albedo and color variations; Li et al., 2006).

Radar observation of Ceres showed that the object has a low reflectivity indicating

that the regolith layer is very loosely packed (Ostro et al., 1979).

1.2.2.5. Homogeneity

Ceres appears to be photometrically homogenous with little variations in the
spectral signature across the surface (Lupishko and Mohamed, 2009; Carry et al., 2012).
The dwarf planet does not appear to have regions with appreciably different surface
mineralogies and appears to be spectrally uniform (Rivkin and Volquardsen, 2010) and
be covered by a dusty regolith being a few centimeters thick. This layer was created by
impacts of micrometeorites and larger bodies (Carry et al., 2008) and could be an
explanation for the shallow spectra in the VIS and NIR and Ceres’ small albedo contrast

(Carry et al.,, 2008). The low spectral contrast of Ceres could reflect impact
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homogenization by impact surges and gravitationally fallout of ejected material (Zolotov,
2014). A possible reason for the homogeneity of Ceres’ surface is that an unstable ice-
silicate crust would result in break-up and resurfacing of Ceres’ surface, with mixing and
deposition of minerals. These processes would erase major albedo and morphological
features (Carry et al., 2012). Another reason could be resurfacing processes due to

ancient cryo-volcanism (Carry et al., 2012).

1.2.2.6. Thermal properties

The temperature on airless bodies is dependent on the albedo of the surface
(Moullet et al. 2010). All work done on Ceres’ surface temperature concluded that the
temperature is a function of the latitude (see figure 1-21), local topography and
surface/sub-surface material. Fanale and Savail (1989) and McCord and Sotin (2005)
determined the temperature range from 180K at the equator to 130 K at the poles. These
values are for an albedo of 0.09 (McCord and Sotin, 2005). Li et al. (2006) estimated the
temperature at the surface near the equator to be 235 K but stated that localized low
albedo regions might have higher temperature than this. Lebofsky et al. (1981) based
their temperature estimates on ammonium-bearing mineral species assuming their
presence and suggested a secondary temperature of maximal 400 K (King et al., 1992).
Bland (2013) and Bland et al. (2013) estimated the maximum surface temperature to be

178 K at the equator, 160 K at mid-latitude and 140 K at the poles or even below 100K.
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Figure 1-21. Color map of theoretically-derived surface temperatures on Ceres. The maximum
temperature is 177 K at the equator. Temperatures of 160 K and 140 K occur at latitudes of 49° and 67°,
respectively. The maximum (subsurface average) temperature is 178 K at Ceres’ equator. Temperatures
decrease slowly across the mid-latitudes, decreasing to 160 K at +49°, and 140 K at +67°. Temperatures
can theoretically drop below 100 K at very high latitudes (84°). From Bland (2013).

1.3. Information on the Dawn mission
The Dawn mission is the ninth Discovery Program mission of the NASA/JPL to
investigate the dwarf-planet 1 Ceres and the asteroid 4 Vesta, both are situated in the
MAB. It is a mapping mission and the first one using an ion propulsion system. The main
objectives of this mission are to increase the knowledge of the present state of the two
bodies and to understand how they evolved over time, to characterize the surface of both
objects and to probe their internal structures (Russell and Raymond, 2011). The

instruments used on the DAWN spacecraft are a framing camera (FC), a visible and near

infrared (VNIR) spectrometer and a gamma ray and neutron detector (GRaND).

The FC (see figure 1-22) is designed by the German Aerospace Institute (DLR)
and will map Vesta and Ceres through a clear filter and 7 band-pass filters covering the
wavelengths from the VIS to the NIR (Sierks et al., 2011). The camera will also be used
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to determine the physical parameters of both targets, the global shape as well as the local
topography and surface geomorphology (Sierks et al., 2011). Furthermore, the FC will
provide information on the composition of Ceres and Vesta via reflectance characteristics
and it will serve for orbit navigation (Sierks et al., 2011). The resolution of the camera
will be up to 12 meter per pixel in the low altitude mapping orbit at Vesta and 62 meter

per pixel at Ceres (Sierks et al., 2011). For further information on a detailed view of the

FC see Sierks et al. (2011).

Figure 1-22. DAWNS'’s Framing Camera. From: S. Storms, LANL

The DAWN spectrometer (VIR, see figure 1-23) is a hyperspectral spectrometer
with imaging capability (De Sanctis et al., 2012). It covers the wavelength between 0.25-
1.0 um and 0.95-5.0 um (Russell et al., 2006). The spatial resolution of the VIR is 0.250
mrad with spectral resolution varying from 30 to 170 (Russell et al., 2006). The main
objectives of the VIR are the identification of the different materials and mixtures present

in the bodies, the relevant minerals at their surfaces (e.g. silicates, hydrogen), the
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determination of the overall continuum slopes of the spectra and the mapping of the

presence and extent of space weathering and of the entire bodies (De Sanctis et al., 2012).

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

The Gamma Ray and Neutron Detector (GRaND; see figure 1-24) is a deck-
mounted instrument, consisting of 21 sensors. These sensors are arranged to separately
measure planetary gamma rays and neutrons from backgrounds originating from the
spacecraft and the space environment (Prettyman et al., 2003; Russell et al., 2006). The
gamma ray detector is a large bismuth germanate scintillator and cadmium zinc tellurite
(Prettyman et al., 2003; Russell et al., 2006). The neutron spectroscopy uses Li-loaded
glass and boron-loaded plastic scintillators to measure the different neutrons (Prettyman

et al., 2003; Russell et al., 2006).
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Figure 1-24. The Gamma Ray and Neutron Detector (GRaND) instrument on board of the DAWN
spacecraft. From Max-Planck Institute for Solar System Research MPS.

Three orbits are planned (for further information see Russell and Raymond, 2011,
figure 1-25 and 1-26) at each object with different altitudes (Russell et al, 2004) and with
a nadir pointing direction during operations (Russell and Raymond, 2011). The spacecraft
was launched on September 27, 2007 and reached 4 Vesta in 2011. Dawn is heading to
Ceres now and will arrive there in spring 2015 (see figure 1-26 for trajectory of the

DAWN spacecraft).
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Figure 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. This graphic shows the science-gathering orbits planned for
the spacecraft, with the altitudes above the surface noted for each of the orbits. Modified after NASA (a).
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Figure 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. When it gets into orbit around Ceres,
Dawn will be the first spacecraft to go into orbit around two destinations in our solar system beyond Earth.
Its journey involved a gravity assist at Mars and a nearly 14-month-long visit to Vesta. From: NASA (a).

1.4. Goals and outline

The 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 to complementary spectral measurements of chosen
meteorites (CM, CO, and CV chondrites), and minerals in the wavelength range of
the VIR instrument onboard the DAWN spacecraft between 0.5 to 5 pum. Linear
mineral mixings will be modeled to complete the database used in this work. To
collect a wider range of data, spectral databases like Relab will be searched for
available spectra of meteorites (including CM, CO, CV, and CI chondrites) and

minerals (e.g. montmorillonite, carbonates, water ice and frost, pyrite, magnesite).
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Minerals will be selected for measurements based on the composition of the
meteorites investigated in this work and the data acquired until now by other
scientists. Diagnostic features, like the wavelength of slope change, the spectral slope
in the VIS and NIR, and the occurrence of spectral absorption bands in the spectra,
will be determined and compared to the spectral characteristics of Ceres. Finally, the
data collected in this work will be used to discuss implications for DAWN’s
composition analysis and the studies of the nature and origin of Ceres’ surface. The
comparison between the data collected in this work and the corresponding results
from DAWN will give an insight into the reliability of ground-based observations to
space-based observations.

Chapter 2 will elaborate on the methodology of this work, explaining the
experimental set-up, the measured meteorites and minerals, the instruments, the
limitations of this work, the software that have been used in this work and a short
section on the origin of the spectral features. Chapter 3 will focus on the spectral data
and the analysis of these data. In chapter 4 the spectral data from chapter 3 will be
interpreted and in chapter 5 will be drawn the conclusions of the spectral analysis and
interpretation. The last chapter will summarize all data gathered and draw

conclusions.
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CHAPTER 2

METHODOLOGY

2.1. Experimental set-up

2.1.1. Samples for Measurements

The review of research that has been done on Ceres’ surface composition is the
basis for the laboratory measurement and spectral investigation of possible analog
materials. The measured samples will include meteorites and minerals. The
measurements were done at the DLR, Berlin Adlershof (Planetary Emissivity Laboratory
PEL,; see Helbert et al. 2010), the Institute of Planetology at the University of Munster
(Infrared and Raman for Interplanetary Spectroscopy, IR/IS) and at the DLR, Bremen

(Complex Irradiation Facility CIF; Renger et al., 2014).

2.1.1.1.Meteorites

Cut slabs of meteoritic samples were provided by A. Bishop (Institute of
Planetology at the Westféalische Wilhelms University in Minster; see appendix A for

detailed sample description) and include the following:

e CM2: Cold Bokkeveld, Murchison, Banten, Nogoya
e CV3: Allende, Vigarano
e (CO3: Kainsaz
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2.1.1.2.Mono-minerals

Minerals for complementary measurements (pulverized and whole rock) were
chosen on the basis of the meteorite compositions in section 1.2.2.1 and of the review of
the work done so far on Ceres in section 1.2.2.1 and 1.2.2.2. Table 2-1 summarizes the
measured minerals and the information on these minerals is found in appendix D and E

(chemical analysis).

Table 2- 1: Minerals measured at the DLR, Berlin Adlershof. The samples were prepared and pulverized
by Ines Bittner (DLR, Berlin Adlershof). All samples were pulverized except the buddingtonite which was a
whole rock.

silicates others
cronstedtite (serpentine group) sulfides:
smectites: tochilinite
saponite

oxides:

brucite Mg(OH)
buddingtonite NH;AISi30g

2.1.2. Set up for spectral measurement

Reflectance spectra were obtained at the DLR in Berlin Adlershof, at the DLR in
Bremen and at the IR/IS at the University of Minster. The measured wavelength range
was 0.5 to 25 um. The used spectrometers were an evacuated Bruker IFS66v/S, an

evacuated Bruker Vertex 80, the Bruker Vertex 70v and the Bruker IFS 88.

The IFS 66v/S (DLR, Berlin) was used to measure the wavelength range between
1 and 25 pm using a Bruker A513 reflectance unit (see figure 2-1). The calibration
standard for all measurements was diffuse reflecting gold-plated sandpaper or a gold
mirror and the used IR source was a Globar-lamp. The beamsplitter was KBr (potassium

bromide) in combination with a liquid-nitrogen cooled MCT-detector (mercury cadmium
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telluride detector). The pressure while measuring the samples was 0.2 mbar. The number
of scans was chosen to be 500. The higher scan number was chosen due to increasing
noise in the spectra related to the small aperture. The standard aperture was chosen to be
4 mm, dependent on the size of the sample. All measurements were done under room
temperature conditions. The angle of incidence i and the exit angle e are individually

chosen for each measurement. All samples were measured at i=e=15°.

Figure 2-1. A 513 measurement unit of the Bruker IFS 66v/s at the DLR, Berlin. The image show both
mirrors that are individual adjustable (yellow circles) and a sample place in the sample holder (red circle).

VIS spectra in the wavelength range between 0.45 and 1 pum were collected with a
Bruker 1FS88 at the DLR in Berlin Adlershof. A Harrick Seagull reflectance unit with
pressed halon as a calibration standard was used. The beamsplitter was made of quartz
with a Si-Diode-detector and the VIS source was a tungsten-lamp. Cups of powdered
samples were rotated during the measurements, whereas the whole rocks were not rotated
during measurement. The scan number was 500 and the aperture was 4 mm (standard,
variations are due to sample size). The angle of incidence i and the exit angle e were
equally chosen for this instrument (i=e=15°) as there is no possibility of varying these

angles individually and all adjustments have to be made manually. The time between
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every measurement of the samples was 5 minutes as the chamber requires some time to

be purged by dry air in order to have more or less similar measurement conditions.

To get a better overlapping for the spectra in the range between 1 and 2 um, the

buddingtonite, brucite and cronstedtite were measured with the Bruker Vertex 80v (DLR

Berlin Adlershof), an FTIR spectrometer with a high spectral resolution greater than 0.2
cm™, and a resolving power of greater than 300,000:1 (Helbert et al., 2010). It can be
operated under vacuum conditions to remove atmospheric features from the spectra. It
covers the spectral range from 1 to 50 um. The Bruker Vertex 80v has two detectors, one
is a liquid nitrogen cooled MCT covering the wavelength range between 1-16 um and a
room temperature DTGS (deuterated tri-glycine sulfate) covering the wavelength range

between 15 to 50 um. It uses a KBr beamsplitter.

As the IFS88 is limited to wavelength >0.5 pm, the Vertex 80v of the DLR
Institute of Space Systems in Bremen was used. It is possible to measure the samples in
the wavelength range between 0.2 and 1.1 pm. This instrument has an A513 reflection
unit. The source was a deuterium-lamp and the used standard was spectralon. The
measurements were done under a pressure in the 10™° mbar range. The sample and the
standard were alternately measured (256 scans, 6 times each) to reduce variations in the

resulting spectra as the source is not stable over time.

To get a better overlapping of the IFS66 and Vertex 80 data the Bruker Vertex
70v at IR/IS at the Institute of Planetology at the University of Minster was also used.
This instrument uses a Globar lamp as a NIR source and has a CaF, beamsplitter

(calcium fluoride). It is not required to cool the InGaAs detector (indium-gallium-
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arsenide detector). This instrument has an A513 reflection unit and the standard was
spectralon. The spectra were corrected with a calibration curve received by the
manufacturer of the spectralon. The measured spectra were multiplied by the reflectivity

of the spectralon.

2.1.3. Limitations of the measurements

Some materials that are relevant to the surface composition of Ceres could not be
measured at the DLR, Berlin Adlershof due to laboratory limitations. This includes water
ices and frost as these materials require special set-ups in the laboratory that are not
feasible with the current settings in this laboratory. Furthermore, as there is a wide range
of organic material that could be potentially important to interpret Ceres’ surface, only
three members of organica were chosen. Other spectra of organic material if required will
be taken from spectral libraries like Relab (http://www.planetary.brown.edu/relab/) or
ASTER (http://speclib.jpl.nasa.gov/) or USGS http://speclab.cr.usgs.gov/spectral.lib06/

ds231/datatable.html).

2.2. Spectra from other institutions and data bases
As mentioned above some spectra were taken from spectral libraries. To complete
the data on the meteorites measured at the DLR laboratory, spectral reflectance data of
CM, CI, CV and CO meteorites were taken from the Rrelab spectral database. Most of
the mineral spectra were taken from Relab, as this library offers a variety of different

mineral spectra with different measurement set-ups and grain sizes.

The data of water ice and frost were collected from ASTER spectral library.

Spectral data of anthraxolite and kerite were delivered by L. Moroz. To get a wider range
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of data in the region between 1 and 2 um data from other relevant materials like brucite,

cronstedtite or buddingtonite were also collected from spectral libraries.

2.3. Software

The software that was used to collect the data during measurement and to process
the raw data was OPUS. This software is provided by Bruker (www. Bruker.com) and is
used for the measurement, the processing and the evaluation of IR, NIR and Raman
spectra. Magic Plot (www.magicplot.com) was used to visualize and to analyze the
measured data and the Relab data. This software is an application for scientific and
engineering data analysis, graphing, nonlinear curve fitting and multi-peak fitting. 1IDL
was used to normalize data to one spectrum and to model different mineral mixings.

Finally, Plot Digitalizer, a freeware, was used to digitalize the different spectra of Ceres.

2.4. Origin of spectral features - fundamentals

Spectral signatures or features were used to identify specific materials (minerals,
ices and organics) on Ceres’ surface. These features are caused by the interaction of the
incoming electromagnetic radiation with solid body materials. As a result of this
interaction different mechanisms produce photon absorptions of the excitation radiation
at appropriated wavelengths. The type of excitation depends on the wavelength of the
incoming radiation; the shorter the wavelength, the higher the energy of the
electromagnetic wave (Gaffey et al., 1993; Arnold, 2014, p.123f). The short wavelength
VIS range is dominated by electronic processes, whereas for longer mid-infrared
wavelengths lattice vibrations of atoms, molecules, and groups of molecules cause
absorption features (fundamental vibration bands) for most of the relevant materials

(Salisbury, 1993). In the transition range of the short wavelength, infrared from SWIR
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overtone and combination tone bands of the fundamental vibrations occur (Arnold, 2014,

p. 124). These processes will be briefly elaborated in the following sections.

2.4.1. Absorption processes (transition processes)

2.4.1.1. Electronic transitions

Molecular electronic transitions are based on the excitement of electrons of the
transition metals and Lanthanides in the crystal structure of a mineral (Burns et al., 1993).
Absorption bands of electronically processes are produced at different energies because
crystal structures incorporating cations into the solid body have variable symmetries. This
led to the formation of absorption bands that have varying wavelength based on the

amount of energy needed to produce them (Burns et al., 1993; Arnold, 2014, p. 126).

2.4.1.2. Crystal field transitions CFT

Crystal field transitions are the most common electronic process (Burns et al.,
1993; Clark, 1999) and are formed by absorption of photons in the wavelength range
from the UV to the NIR. CFTs are based on the crystal field theory developed by Van
Vleck (1932). This theory is a model that describes the influence of the electronic field of
the anions/ligands on the electrons of the d- and f-orbitals. This theory helps to
characterize the interaction of electromagnetic radiation with minerals which have
incorporated transition metals (e.g., Ni, Cr, Co, Fe, etc.; Burns et al., 1993; Clark, 1999).
It was later extended and now includes the ligand field theory LFT (Hartman and llse,
1951). CFTs depend on the symmetry properties of the transition metal’s 3d orbitals and

their energy differences with the anions and ligands (Burns, 1993; Arnold, 2014, p, 130).
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Most important for rock-building minerals are low degree symmetries producing
the diagnostic Fe**/Fe** absorption bands in the VIS/NIR. Bands of the Fe?* ions occur at
1.04 to 1.08 pm, 0.45 pm, 0.49 pm and 0.615 pm (Burns, 1993; Arnold, 2014, p.130).
Fe** absorption features are generally weaker than Fe®" transitions and occur in the

wavelength range between 0.4 and 0.9 um (Arnold, 2014, p. 134).
2.4.2. Charge Transfer

Charge transfer is the overlapping of orbitals of neighboring transitional metals
during electron transitions between two adjacent cations (e.g. Burns, 1981; Amthauer and

Rossmann, 1984).
2.4.2.1. Intervalence-charge transfer (IVCT) transitions

There are two different kinds of metal-metal charge transfers. There is the charge
transfer between two equal metal ions with different valence (e.g., Fe?* > Fe®) or the
charge transfer between two different metal ions with different valence (e.g., Fe** >
Ti*"). Features are produced by photon absorption during the electron transition from one
ion to the other when the energy level is increased. The band width is wider than those

produced by CFTs (Sherman and Waite, 1985; Burns et al., 1993; Arnold, 2014, p. 135).
2.4.2.2. Oxygen-metal charge transfer (OMCT) transitions

This kind of transitions is between the central metal ion and an oxygen ligand.
Features produced by photon excitation in the UV wavelength range have higher

intensities than CFTs.
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To summarize these fundamentals for the iron features based on the work done by

Burns (1985a,b) and Arnold (2014, p136):

Spin-allowed CFTs in Fe?* > feature near 1 um

e Spin-forbidden CFT in Fe®* - weak but sharp feature in the VIS

e Spin-forbidden CFT in Fe**-> wide feature in the VIS wavelength range
e Fe?* > Fe* IVCT > feature between 0.55 and 0.8 pm

e O > Fe OMCT - feature in the UV (0.262-0.263 pum)

e 0% > Fe* OMCT > feature at 0.27 pm

e 0% > Fe* OMCT - feature at 0.40 um

2.4.3. Lattice vibrations

Lattice vibration bands arising from spectral selective absorption of radiance are
caused by excitation of oscillations of atoms, ions or molecules in a solid state material.
These vibrations depend on the mass, bond strength of these atoms/molecules, and on the
crystal structure of the lattice. Therefore, they contain diagnostic spectral information for
minerals and many solid organics. Comprehensive theoretical work exists in classifying
the different lattice vibrations and applying this knowledge for planetary surface
composition analysis (e.g. Hunt, 1982, Salisbury and Walter, 1989). There are
fundamental vibrations (transitions between vj=0 to vj=1) causing so called Reststrahlen
bands. For silicates such features are associated with Si-O stretching modes and occur
between 8 and 12 um. For water ice stretching and bending of the H,O produce three
bands - two between 2.9 and 3.2 pum and one near 6 um. Overtone vibrations are the

energies of the first overtone that have roughly the wave number of the fundamental
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multiplied by 2. Combination vibrations are based on the addition of two or more
fundamental vibrations (e.g. vi + v, + v3). The resulting features occur mostly in the
SWIR and they are weaker than those resulting from the fundamental vibrations (Clark,

1999; Arnold, 2014, p. 139ff).
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CHAPTER 3

SPECTRAL DATA AND ANALYSIS

3.1. Meteorite spectra in the 0.2 to 5 um wavelength range
The base of this work is the measurement of available meteoritic samples and
minerals and the analysis of their spectral behavior. To complete this data and to compare
the data better to each other, Relab spectral data from the Brown University was also
used. For details and sample descriptions see appendix A and Appendix B (chemical

analysis).

Based on section 2.4 diagnostic absorption features have been identified and
described. These include the wavelength of the slope change Asc, slope 1 (AR;1) and slope

2 (ARy).

3.1.1. Cl chondrites

3.1.1.1. Ivuna

The spectra of Ivuna are shown in figure 3-1a. The samples are dark (low mean
reflectance). The spectra are mostly flat and weakly featured. A broader band between
2.7 and 3.7 um can be attributed to structural water, OH-groups or adsorbed water (from
the Earth’s atmosphere). Measuring samples under terrestrial conditions often results in

higher amounts of water adsorbed by the samples compared to expected conditions for
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the surfaces of an airless planetary object. This effect influences the spectral behavior in
the 2.7 to 3.2 um region, described in section 3.2.1 (p. 82-84) in more detail and has to be

considered using this band for comparative spectral studies.

The Ivuna spectra show variable slopes from the visible to the infrared range. To
determine characteristics of these differences, the spectral slopes of the spectra and the
wavelength of slope change were introduced. To gain comparable results and to remove
albedo differences, all data were scaled to one spectrum (Murchison, cgp096) at 0.7 um
(R=0.0504). To scale the spectra the value of each spectrum at 0.7 um was determined
and the R=0.0504 then divided by this value to get a factor. Each spectrum was
multiplied by the respective factor. In figure 3-1a are shown the scaled spectra of Ivuna.
These scaled spectra were used to determine the wavelength of the slope change Asc,
slope 1 (AR;) and slope 2 (AR3) (see figure 3-1b). The Agc, slope 1 (visible spectral

range) and slope 2 (near-infrared range) are characterized as follows:

e wavelength of the slope change Asc (um) is defined as the wavelength

where the slope changes (< 1 um). It was determined by applying a linear
function to the spectral slopes in the VIS and NIR wavelengths region.
The intersection of both lines was defined as Asc. Appendix E summarizes

the Asc values for the different meteorites and minerals.

o slope 1 (AR, in um™) is defined as the slope of the function of the linear

regression line adjusted to the spectrum shortward of the Asc. Appendix E
summarizes the wavelength range of slope 1 for the different meteorites

and minerals.
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e slope 2 (AR in um™) is defined as the slope of the spectrum in the

wavelength range longward of the Asc to 2 pm. In appendix E the
wavelength range and the values of slope 2 are summarized for the

different meteorites and minerals.
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Figure 3-1a. Scaled spectra of the meteorite Ivuna. The spectra show variations in slope 2 although they
have the same grain size of 0-125 pum.
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determination of slope 1 and slope 2
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Figure 3-1b. This plot shows the determination of Asc AR; and AR, explained at a sample of the lvuna
meteorite.

The spectra of Ivuna show a steep positive slope in the VIS changing to a
shallower positive slope in the NIR. Although the samples have the same grain size of 0-
125 um they show variations in the NIR slope (figure 3-2), e.g. the c4mb60 spectrum has
a negative slope in this region. The Ascmean IS at 0.553 pm and the slope shortward is
steeper (AR1:0.1002-0.1254 um™) than the slope longward of the Asc (AR,: -0.0076-
0.0069 pm™). The black arrows in figure 3-1a mark possible absorption features seen in
the single spectra of the Ivuna meteorite. The weak absorption feature at ~0.5 um could
be attributed to Fe-O in magnetite, maghemite or ferrihydrite (Cloutis et al., 2011a).
There is another shallow feature seen in all three spectra at roughly 1.95 um attributed to
OH or water in the structure of phyllosilicates, carbonates or sulfates (Cloutis et al.,

2011a).
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Figure 3-2. Plot of spectral reflectance data of the meteorite lvuna in the wavelength range from 0.2 to 5
pum. The offset between the single data is +0.01 (compared to the spectra marked by the red arrow). The
data was taken from Relab. For detailed descriptions of the samples (including source of measurements)
see appendix A.

3.1.1.2. Orgueil

The different spectra of Orgueil are presented in figure 3-3, for information on the
single spectra see appendix A. There is only information on the grain size of one sample
available (ncmb57, 0-100 um). The spectra are weakly featured in the wavelength range
shortward of 2.7 um and generally have a positive slope from 0.3 to 2.6 um. The spectra
have a weak negative slope in the wavelength range longward of 3.7 um. The Ascmean IS at
0.533 um and the slopes in the shortward wavelength range are steeper (AR;: 0.1078-

0.1465 um™) than those in the wavelength region > Asc (AR: 0.0013-0.0139 pm™)
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There are two weak features visible in nearly all spectra (black arrows in figure 3-
3). The feature at ~0.45 um could be attributed to phyllosilicates, magnetite and/or to
organic material (Cloutis et al., 2011a). The other feature is at ~1.4 um and appears to be
due to hydroxyl or water in the structure of the minerals (Cloutis et al., 2011a). As there
is also a feature at ~1.9 um this meteorite seems to have bond water in its structure
(Cloutis et al., 2011a). Orgueil also has a broad feature between 2.7 um and 3.4 um (for
detailed description see section 3.2.1, p. 82-84). According to Osawa et al. (2005), the
2.71 pm feature could be attributed to serpentine (lizardite), whereas Zaikowski (1979)

attributed this feature to chlorite and chamosite.
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Figure 3-3. Plot of spectral reflectance data of the meteorite Orgueil in the wavelength range from 0.2 to 5
um. The offset between the single data is +0.02 (compared to the spectra marked by the red arrow). The
data was taken from Relab. For detailed descriptions of the samples (including source of measurements)
see appendix A.
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3.1.1.3. Alais

The spectrum of the CI chondrite Alais ranges from 0.2 to 2.6 pum and is
illustrated in figure 3-4. There is no information on the grain size available. The data was
taken from Relab (see appendix A). The spectrum Alais is characterized by a generally
positive slope between 0.3 and 1.8 um and by a negative slope after 2.0 um. As in the
other CI chondrite spectra, it is weakly featured in the wavelength range between 0.2-2.6
pm. The determined Ascmean IS at 0.525 pum and the spectra have a steep AR; of 0.1344-
0.1355 um™, whereas AR; is shallower (0.0258-0.0261 pm™). One absorption feature
appears around 0.45 um (black arrows in figure 3-4) and could be attributed to Fe-O in
magnetite, maghemite or ferrihydrite (Cloutis et al., 2011a). Both spectra show a clear
feature at ~1.9 um due to hydrated phases like saponite, ferrihydrite or hydrated sulfates

(Cloutis et al., 2011a).
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Figure 3-4. Plot of spectral reflectance Data of the meteorite Alais in the wavelength range from 0.2 to 2.6

pum. The data was taken from Relab. For detailed descriptions of the samples (including source of
measurement) see appendix B.
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3.1.2. CM chondrites

3.1.2.1. Murchison

Figure 3-5 and 3-6 illustrate the different spectra of Murchison. The Relab spectra
are available in a variety of grain sizes indicated in figure 3-5 (e.g. s3mb64: 0-63 um;
c4dmb64: 63-125 um). The spectra of the meteorites measured at the DLR are shown in
figure 3-6. All Murchison spectra have a positive slope in the VIS/NIR region, changing
to negative longward of 3.5 um. The Ascmean IS at 0.495 pum. The AR; values are between

0.000964 and 0.178 um™ indicating a steeper slope than AR; (-0.0089-0.0237 pm™).
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Figure 3-5. Plot of spectral reflectance data of the meteorite Murchison in the wavelength range from 0.2
to 5 um. The offset between the single data is +0.01. The data were taken from Relab. For detailed
descriptions of the samples (including source of measurements) see appendix A.

The spectra are weakly featured. The weak absorption feature at ~0.65 to 0.7 um
(black arrow in figure 3-5) could be attributed to saponite group minerals or Fe-bearing

serpentines (Cloutis et al., 2011b). The spectra of Murchison show a feature at ~2.8 um.
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This feature is getting weaker in the Icmb64 spectrum and nearly disappears in the

ncmb64a spectrum. This feature is described in section 3.2.1 (p. 82-84).

Meteorites measured at DLR 0.2-5 um

| |
2 } : Kainsaz
I |
L | | Banten
|
I
| |
1.5 \ [
o \ | )
Q | Vigarano
c% v \ I
b3 - I |
é } : Murchison
2 1k | [
(] | |
> I |
= I e e
= - R e (i | Nogoya
© B | [
H — | [
I |
0.5 [ [
I |
| |
} 1 Allende
B | |
I |
—l | | Cold Bokkeveld
0 I | 1 | TR L I | 1
1 2 3 4 5

wavelength [um]

Figure 3-6. Spectra of the meteorites that were measured at the DLR in Berlin Adlershof and Bremen and
at the University of Munster. For detailed sample description see appendix A. The offset between the
spectra is +0.02.

3.1.2.2. Banten

Figure 3-7 shows the spectrum of the meteorite Banten, measured at the DLR in
Berlin Adlershof as a whole rock. It has a positive slope in the wavelength range between
0.2 and 5 um. The spectrum shows a general increase in the relative reflectance over this
wavelength range. The change in slope was determined to be at a wavelength of <0.48

pm. The slope longward of the Asc is AR»=0.0172.

There is a shallow, narrow absorption feature marked by the black arrow at ~0.6

um attributable to Fe®*/Fe* possibly from cronstedtite or saponite (Cloutis et al., 2011b).
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There is a double feature with minima at ~2.76 and 3.06 pum. The first band could be

attributed to OH (Hunt, 1977) and the other feature could be due to water, brucite or

saponite.

0.025

0.02

0.015

relative reflectance

0.01

0.005

Banten 0.2-5 um

.......

Banten_DLR

2

3 4 5

wavelength [um)]

Figure 3-7. Plot of spectral reflectance data of the meteorite Banten (whole rock) in the wavelength range
from 0.2 to 5 um. The data is from measurements at the DLR and there are no other spectra available in
the spectral libraries. For detailed descriptions of the samples (including source of measurements) see

appendix A.

3.1.2.3. Cold Bokkeveld

The different Relab spectra of the CM chondrite Cold Bokkeveld are shown in

figure 3-8 and the spectrum of the whole rock measured at the DLR is shown in figure 3-

6. The Relab data are only available in the 0.3-2.6 um range in different grain sizes (0-

125 pm, 0-75 pm, 75-150 pm and 150-500 um). The spectra collected from Relab have a

general steep positive slope in the wavelength range shortward of 0.6 um. Some spectra
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(e.g. c4mb61) show a negative slope in the wavelength range longward of 0.6 pm,
whereas others like ColdBokkeveld DLR (figure 3-6) or cimb61 (figure 3-8) show a
positive slope in this wavelength region. The Ascmean 1S at 0.481 um. The AR; values
range from 0.102-0.178 um™ and the AR, values are between -0.0089-0.0164 pm™ which
is much shallower than the slope 1 value. The spectra of Cold Bokkeveld are weakly
featured as the other CM chondrite spectra. There appears to be a feature at ~0.6 to 0.7
pm in the ColdBokkeveld_DLR spectrum and it also appears in two Relab spectra (see
figure 3-8) which could be attributed to saponites (Cloutis et al., 2011b). There is another
possible absorption feature at ~1.4 um occurring in three spectra (figure 3-8) attributed to
OH (Sherman and Virgo, 1988). In the spectrum of ColdBokkeveld_DLR (figure 3-6) is

seen a broad absorption feature at 2.6-3.3 um that appears to be a double feature.
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Figure 3-8. Plot of spectral reflectance data of the meteorite Cold Bokkeveld in the wavelength range from
0.2 to 5 um. The offset between the single data is +0.02 (compared to the spectra marked by the red

arrow). The data were taken from Relab. For detailed descriptions of the samples (including source of
measurements) see appendix A.
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3.1.2.4. Mighei

In figure 3-9 is shown the spectrum of the CM chondrite Mighei. There is only
one spectrum available of this meteorite covering the spectral range from 0.3-2.5 pm
(grain size: 0-75 pm). The sample has an overall low reflectance. The spectrum has a
generally steep positive slope (AR;=0.1423) in the wavelength range shortward of
Asc=0.48 pum. The spectral slope then rises slightly positively indicated by AR;=0.0124.
The spectrum of the Mighei meteorite is weakly featured. There is one absorption feature

at ~0.6 um attributable to saponite (Cloutis et al., 2011b).
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Figure 3-9. Plot of spectral reflectance data of the meteorite Mighei in the wavelength range from 0.2 to

2.6 pm. The data was taken from Relab. For detailed descriptions of the samples (including source of
measurement)s see appendix A.
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3.1.2.5. Murray

In figure 3-10 are shown the spectra of the CM chondrite Murray. The data was
taken from Relab. Three spectra have a grain size of 0-100 pum and there is no data
available on the grain size of the cgp098 spectrum. The samples are dark (low
reflectance). The spectra have a general steep positive slope in the wavelength range
shortward of Ascmean =0.513 pm. The AR; values are between 0.1296-0.1657 pm™,
whereas the AR, values are between 0.0073-0.144 pm™ indicating a much shallower
slope in the wavelength range longward of the Asc. The slope of the spectra is shallower
in the range from ~1.5 to 1.6 um to 2.6 pum and has a negative rise in the wavelength

region longward of 3.9 um.

The spectra of Murray show some weak absorption features. One is at ~0.75 pum
(see figure 3-10, black arrows) attributed to serpentine phyllosilicates (Cloutis et al.,
2011b) and another feature is at ~0.9 um, possibly due to saponite or serpentines (Cloutis
et al., 2011b). There is a weak absorption feature at ~1.4 um, but this is only seen in the
spectra of cgp098 (see figure 3-10). Ncmb56 shows a broad asymmetric absorption
feature between 2.6 and 3.2 um which is possibly a double feature (see figure 3-10). This

spectral region is discussed in section 3.2.1 on pages 82-84.
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Figure 3-10. Plot of spectral reflectance data of the meteorite Murray in the wavelength range from 0.2 to
5 um. The offset between the single data is +0.02 (compared to the spectra marked by the red arrow). The
data was taken from Relab. For detailed descriptions of the samples (including source of measurements)
see appendix A.

3.1.2.6. Nogoya

Figures 3-6 and 3-11 show the plot of the spectra of the meteorite Nogoya The
samples measured at Relab are available in different grain sizes, e.g. c2mb62: 0-125 um,
c3mb62 :0-63 or c4mb62: 63-125um. The spectra have a generally steeper positive slope
in the wavelength region shortward of the Ascmean=0.49 um. This is shown by the values
of AR; ranging from 0.1373-0.1581 um™. The AR, values of -0.0051 to 0.0168 pm™
indicate a shallower slope in the NIR region of the spectra than in the VIS. The Relab
spectra have a shallow positive slope from the Asc to ~2.6 um whereas the sample

measured at the DLR shows a steeper slope in this wavelength region (see figure 3-6 and
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3-11). The DLR spectrum has a negative slope longward of 3.5 pum, but the ncmb62

spectrum has a slightly positive slope after 3.5 um.

The spectra of Nogoya (figure 3-6 and figure 3-11) are only weakly featured.
There is a small, shallow feature at ~0.6 to 0.7 um seen in all spectra of Nogoya (see
figure 3-11, black arrows) attributed to saponite group phyllosilicates and/or serpentines
(Cloutis et al., 2011b). Three spectra show a weak absorption feature at ~2.2 to 2.3 um
which could be due to saponite group phyllosilicates and/or serpentine group minerals
(Cloutis et al., 2011b). There is a double absorption feature in the spectrum of
Nogoya DLR between 2.6-3.3 um (figure 3-6). This feature also appears in the Relab
(ncmb62) spectrum as a single feature but is shallower and without the steep increase in
reflectance at ~3.15 um (for detailed discussion of this wavelength range see section

3.2.1 on pages 82-84.
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