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Abstract

Visible wavelength spectra have been obtained for 1189 main-belt asteroids during
the second phase of the Small Main-belt Asteroid Spectroscopic Survey. These
telescopic measurements were made using charge-coupled device (CCD) detectors,
allowing for the targeting of smaller asteroids. A majority of the asteroids sampled have
estimated diameters of 30 km or less. The SMASSII survey provides the largest
internally-consistent sampie of asteroid spectra ever obtained, and reveals a greater
range of spectral diversity among asteroids than has been previously shown. This
diversity may arise from a broad range of surface ages, where smaller (collisionally
younger) asteroids may have less evolved or processed surfaces than do larger
asteroids. Processes that affect the development of a regoiith, and the distribution of
regolith particle sizes may produce the observed variations in spectral features.

The larger sample size, greater spect:al resolution, and greater photometric
precision of the SMASSII survey, compared with the most extensive previous survey,
provide a basis for developing a new "feature-based" taxonomic classification system for
asteroids. This new taxonomy builds on the robust, large-scale structure of existing
taxonomies, and relies on the presence or absence of specific spectral features to define
new class boundaries. The SMASSII measurements reveal that many of the previous
taxonomic classes that appeared to be distinctly separate, are instead spanned by a



nearly continuous transition of spectral properties. This continuum may be evidence of
sampling a more complete range of mineralogies. This newly found continuum makes it
difficult to define a unique taxonomic structure using classical multivariate techniques,
requiring that subjective boundaries be defined in some cases. The scale-length in
spectral variance observed in many dynamical asteroid families was used as a metric for
constraining the class sizes in this new taxonomy. The resulting new taxonomy consists
of twenty-six spectral classes. Members of the previously defined X-class (which could
be subdivided only using albedo information) display sufficient variation in spectral
features to allow subgroups to be distinguished without the use of albedo.

A subset of 465 SMASSII asteroids were specifically targeted to test the genetic
reality of small dynamical "families.” These families likely result from the collisional
disruption of larger parent asteroids, and are identified as clusters of objects havirg
similar orbital parameters. The targeted region, encompassing the heliocentric distance
range of 2.690 to 2.815 AU, contains 14 families that had been previously identified,
based on numerous analyses of orbital distributions in this region of the main belt. A
newly developed multivariate technique that analyzes the combination of spectral
characteristics and orbital parameters reveals that all 14 of these previously proposed
families are distinct from the "background" population oi asteroids. This result implies
that each of these families is likely to have been truly formed by a collisional event,
providing strong evidence for an extensive collisional history within the asteroid belt. C-
and S-type esteroids appear equally capable of forming families. Each family is found to
be relatively homogeneous in its spectral characteristics, allowing the boundaries of the
families, and potential interlopers, to be more precisely identified than was possible in
previous dynamical analyses. The relative spectral homogeneity within each of these
families provides little evidence for any to have been formed from a differentiated parent
body. It remains a mystery as to why there is no clear evidence of a major family
containing members from different geologic units, derived from a differentiated parent
asteroid. In addition to the 14 previously identified dynamical families, our analysis has
revealed five additional associations of spectrally similar asteroids in this same small
heliocentric range. These spectral clusters may represent the dispersed fragments of
older collisionally derived families.

Thesis Supervisor: Professor Richard P. Binzel
Department of Earth, Atmospheric, and Planetary Sciences
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Chapter 1

Introduction

1.1 Discovery of the asteroids

The origin of asteroid studies can be traced back to the end of the 16th century. It
was then that the German mathematician and astronomer, Johannes Kepler (1571-
1630) found that the distances of the known planets from the sun could be described by
six concentric spheres, whose sizes were determined by the nesting of five “‘perfect”
geometrical solids. This simple analogy lec Kepler to realize that the distance
Separating Mars and Jupiter was not proportional to those distances between the other
Planets, and that there must be another, as yet undiscovered planet, occupying this part
of the solar system: “Inter Jovem et Martem interposui planetam" (Between Jupiter and
Mars | placed a planet) (Kepler 1596).

Efforts to further understand the relative distances of the planets from the sun laid
dormant for 170 years until 1766, when the German physicist and mathematician
Johann Daniel Titius von Wittenberg (1729-17886) found an empirical relationship for
describing planetary distances. This relationship is based on the series of numbers
given by:

y = 04,04 +(0.3x2"

where n=0,1,2, 3,.... The resulting values of 0.4, 0.7, 1.0, 1.6,... give the approximate
heliocentric distances for the major planets in astronomical units (AU). This rule was
popularized by the young astronomer, Johann Elert Bode (1747-1826), and soon
became known as "Bode's Law". The accidental discovery of a seventh planet, Uranus,
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by Sir William Herschel in 1781, added even more weight to the Titius-Bode relationship.
With an orbital semimajor axis of 19.2 AU, the average distance of Uranus from the sun
closely matches the predicted distance of 19.6 AU. While we now know that the
relationship between planetary distances and the numerical sequence described by
Titius and Bode is purely coincidental, Bode's Law did prompt the search for, and
discovery of several previously unknown objects orbiting the sun. In particular, this law
predicts that, at a distance of 2.8 AU, there should be a planet located between Mars
and Jupiter, just as Kepler had surmised.

One of the strongest supporters of Bode's Law was Baron Xavier von Zach (1754-
1832). Inspired by the discovery of Uranus, von Zach began a dedicated search for the
missing planet betw=en Mars and Jupiter in 1783, going so far as predicting its orbit and
position in the sky in 1785. However, it was the Sicilian monk, Father Giuseppe Piazzi
(1746-1826), director of the Palermo Observatory, who discovered a moving star in the
const._.lation of Taurus on January 1, 1801. While initially believing that he had
discovered a comet, Piazzi continued to follow the object for over a month. Upon
iearning of Piazzi's discovery, Bode concluded that the missing planet had been found.
This new planet was named Ceres, after the Roman goddess of corn and harvests.

By the time that the discovery of Ceres was made public, the new planet had
moved into conjunction with the sun, temporarily making observations impossible. Once
Ceres had moved clear of the sun by the summer of 1801, several attempts were made
for its recovery, but were all unsuccessful. The short orbital arc that had been recorded
by Piazzi made it impossible to accurately predict the future track of Ceres using the
techniques that were presently available. In October, this problem caught the attention
of the German mathematician, Karl Friedrich Gauss (1777-1855). Gauss quickly
perfected the method of least-squares, and derived a technique of orbit determination,
the basis of which is still used for calculating orbits today. Based on Gauss' orbit, Ceres
was recovered on the morning of January 1, 1802, exactly one year after its discovery,
by both Baron von Zach, and by the Ger man doctor, Heinrich Wilhelm Olbers (1758-
1840), the latter normally being credited for the recovery.

Olbers continued to observe Ceres, providing Gauss with additional positions so

that its arbit could be improved. On the night of March 28, 1802, Olbers unexpectedly
found a second moving planet in the vicinity of Ceres. Initial orbit computations showed

14



that this new object was also in a heliocentric orbit, located between Mars and Jupiter.
Named Pallas, after the goddess of wisdom, this new planet posed a problem, since now
there were two planets where Bode's Law had predicted only one. Observations by
Herschel showed that the sizes of both Ceres and Pallas were much smaller than any of
the other planets, and he proposed a new class of objects which he called "asteroids"
because of their star-like appearance. Olbers (1803) developed the first theory for the
origin of asteroids by suggesting that Ceres and Pallas were actually fragments of a
planet that had been broken to pieces and that additional fragments might be found. As
predicted, a third asteroid, named Juno, was discovered by Karl Harding on September
1, 1804, and Olbers himself discovered the fourth asteroid, Vesta, on March 29, 1807.

Even with this seemingly rapid succession of discoveries, an understanding of the
true nature of the region of asteroids, called the "asteroid belt" was slow to emerge. The
fifth asteroid, Astraea, was not discovered until 1845. By 1850, ten asteroids were
knewn, and it was generally assumed among astronomers that few asteroids remained
yet to be found. However, after 1850, the rate of asteroid discoveries began to
accelerate, due in large part to the efforts of amateur astronomers, who were armed with
increasingly better star charts, and would visually scour the sky for moving objects. By
the end of 1890, over 300 asteroids were known. In 1891, a major revolution occurred
when Max Wolf (1863-1932) of the Kénigstuhl Observatory in Heidelberg introduced the
photoaraphic process as a way of searching for asteroids. By taking photograpns of the
night sky, not only was the search for new objects made much more efficient, but the
accuracy and reliability of positional measurements were also greatly improved. By this
time, however, the astronomical community was beginning to lose interest in asteroids.
The introduction of photography had opened up numerous avenues of study of much
more distant and exotic parts of the universe. Techniques of photographic photometry
and spectroscopy were focused on stars and galaxies, and asteroids were commonly
relegated to the level of "vermin of the skies". Thanks to the hard work of a dedicated
handful of observers, the rate of asteroid discoveries has continued to grow over much
of the 20th century, with improvements in photographic emulsions and astronomical
cameras leading the way for greater numbers of fainter objects to be found. Since the
introduction of computers, the calculation of orbital elements has also become routine,
and strategies have been established for handling the "bookkeeping” that is associated
with monitoring thousands of objects. Today, over 10,000 asteroids have been
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observed sufficiently weli that they have received a permanent catalog number, and
several hundred are being added to this catalog every year. A current view of the inner
solar system is shown in Figure 1.1, where the positions of all numbered asteroids up to

10,257 have been plotted.

Figure 1.1: Planar view of inner solar system, showing the positions of approximately
10,257 asteroids on 14 April 1999 19:00 UT (2:00 EST). Large circles show the orbits of the Earth
(inner-most), Mars, and Jupiter. The locations of these planets are marked by small circles.
Planet-crossing asteroids are seen inside of the orbit of Mars, while the two clouds of objects
preceding and following Jupiter in its orbit are the Trojan asteroids.
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1.2 The physical nature of asteroids

Asteroids (also called "minor planets") are generally described as being small
bodies that are in orbit about the sun, and which have no atrnosphere or detectable
outflow of gases or dust. Asteroids do not represent the most pristine material in the
solar system (this distinction is usually given to the comets and Kuiper Belt Objects).
Many asteroids have undergone various degrees of geological processing such as
melting, differentiation and metamorphism, while others have tended to retain their
original, primitive mineralogical forms. However, asteroids have not undergone the
extensive processing associated with large planet formation, and thus still hold a
significant amount of information about the conditions in the early solar system. Rather
than being the disrupted fragments of one large planet, as was suggested by Olbers, the
currently accepted explanation for the formation of the asteroids is that they are remnant
planetesimals that never fully accreted into a major planet. In the early stages of
planetary accretion, it is believed that Jupiter formed rapidly. As Jupiter grew, the extent
of its gravitational influence also expanded, perturbing the orbits of those planetesimals
in the present asteroid belt, and increasing their relative orbital velocities so that, when
mutual collisions occurred, they were more likely to be destructive (leading to the break-
up of the objects) than constructive (the accretional agglomeration of objects).

Collisions have played a significant role throughout the formation and evolution of
the solar system. They are central to the later stages of the planetary accretion, and
continue today, with the surface of essentially every terrestrial planet and satellite
showing some evidence of recent impacts. The mutual collisions between asteroids play
a major role in the evolution of objects within the main belt. During the recent spacecratft
flybys of the asteroids 951 Gaspra, 243 Ida, 253 Mathilde, and 433 Eros, the irregular
shapes and cratered surfaces of these objects were clearly revealed. Besides altering
the asteroid's topography, mutual collisions also result in a dynamical evolution of the
asteroids. A collision can instantaneously change the rotational characteristics of an
asteroid, altering the period of rotation, and inducing a precession of the rotational pole.
Fragments that are formed during a collision will likely take on orbital characteristics that
are similar to that of the original parent asteroid. The resulting groups of fragments in
orbital element space are called families. If a fragment resuiting from a mutual collision
is injected into one of the chaotic resonance regions within the main belt, the orbit of that
object may evolve dramatically in response to planetary perturbations. If the fragmeit
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becomes Mars-crossing, it may eventually experience a close gravitational encounter
with Mars, and become Earth-crossing. This combination of collisional production,
resonance transport and planetary encounters is believed to be a primary mechanism for
resupplying the metecroid and near-Earth asteroid population that we see today.

There are strong lines of cosmochemical and dynamical evidence that a majority of
the meteorites found on the Earth originated in the asteroid belt. From these meteorites,
we have learned much aboul the early conditions of the solar nebula. We can place
constraints on the physical environment, the temperatures and pressures, under which
accretion took place. The meteorites also record a long history of thermal and coilisional
processing that has occurred throughout the history of the asteroid belt. in all, the
meteorites provide some of the most fundamental details about the origin and formation
of the solar system, and give us hands-on examples of what the asteroids are like. The
only problem is, we don't know exactly where they came from. To form a complete
picture of the asteroid belt, the source bodies of the meteorites must be known.

The best observational evidence currently available for linking meteorites and
asteroids is through their spectral reflectance properties. The way in which light is
reflected {from the surfaces of meteorites and asteroids depends strongly on the specific
minerals that are present. The comparison of spectral properties between the asteroids
and meteorites should be straightforward, and has led to some reliable matches.
However, in several cases, the spectral comparisons do not match. There are
systematic differences between the spectral reflectance properties of asteroids and
meteorites that are difficult to explain, and have led to significant debates between
asteroid and meteorite scientists. For example, one of the most common types of
meteorites, the ordinary chondrites, have few spectral analogs among the observed
asteroid population. A solution to this dilemma may be on the horizon, however, with the
observations of very small, near-Earth asteroids, where a spectral link between the
ordinary chondrites, and the S-type asteroids (one of the most common asteroid spectral
types) is beginning to emerge. This apparent connection between the near-Earth S-type
asteroids and the ordinary chondrites provides further evidence to a growing consensus
that surface alteration processes on the asteroids (possibly the development and aging
of lcose material, called a "regolith") can significantly alter the spectral properties of
asteroids. The effects of these weathering processes must be understood if a solid
connection between the meteorites and asteroids is to be made.
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1.3 Structure in the asteroid belt

Even in the snapshot of the inner solar system seen in Figure 1.1, the distribution
of the asteroids is not completely random. In this two-dimensional view, the primary
concentration of asteroids (the main belt), forms an annuius, with inner and outer
boundaries that are defined by the gravitational influences of Mars and Jupiter,
respectively. There are a number of asteroids located inside of the orbit of Mars. These
asteroids are planet-crossing (including the near-Earth asteroids), and are much more
transient in nature, having relatively short dynamical lifetimes. There are two clouds of
asteroids located roughly 60° either side of Jupiter that are known as the Trojan
asteroids. The Trojan asteroids are locked into stable orbits by the 1:1 resonance with
Jupiter, so that their orbital period around the sun is essentially the same as that of
Jupiter. The positions of these asteroids, with respect to Jupiter, slowly change over
time as they "librate" or oscillate around the L, and L stability points in the sun-Jupiter

system.

More detailed structures are identified when examining the distributions of the
orbital elements. In Figure 1.2, the distribution of semimajor axes is plotted for the
numbered asteroids up to and including number 8980. This distribution is not smooth,
but instead, there are concentrations of asteroids at some values of semimajor axis,
while at other values of semimajor axis, there are distinct gaps where no asteroids are
found. These gaps were first identified by Daniel Kirkwood (1867) as coinciding with
mean-motion resonances with Jupiter. These resonances occur when the orbital period
of an asteroid is a low-order multiple of Jupiter's period, such that Jupiter and the
asteroid make regular close approaches at the same points in their orbits. The resulting
gravitational tugs by Jupiter have the effect of increasing the asteroid's orbital
eccentricity. However, the exact means by which asteroids are cleared from these gaps
has been debated.

Statistically significant groupings in the orbital elements of asteroids were first
recognized by Hirayama (1918). Hirayama called these clusters "families”, and
suggested that the members of a family shared a common origin, such as the break-up
of a larger, parent body. To recognize these families, the effects of long-term, or
“secular” perturbations on the orbital elements must first be accounted for. These
secular perturbations are the results of fundamental oscillations in the orbits of the major
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Figure 1.2: Plot of the distribution of semimajor axes for over 8000 asteroids in the main
belt. Four prominent mean-motion resonances are marked. At the locations of these resonances,
the numbers of asteroids are depleted. These depleted zones are called the Kirkwood Gaps.

planets, and affect all of the asteroids. Thus, if an asteroid family is formed from single
parent, the orbits of the individual fragments will become dispersed over time due to
these perturbations. The effects of secular perturbations can be removed by calculating
a set of elements called "proper elements".

In the remainder of Hirayama's work (1923, 1928, 1933), a total of nine clusters of
asteroids were identified, though only five of these were significant enough to be
considered as the “classical" Hirayama families. Many advances have occurred since
Hirayama's time, including the methods used for calculating proper elements, and the
statistical techniques used to search of asteroid groupings. The significant increase in
the number of known asteroids since 1918 has also helped in the search for dynamical
families. Brouwer (1951) was the first to confirm Hirayama's results. More recently,
searches by Williams (1971, 1979, 1989, 1992), Kozai (1979), Lindblad (1994),
Bendjoya (1993), and Zappala et al. (1990, 1994, 1995) have added varying numbers of
families. In the latest work of Zappala et al. (1995), two different clustering techniques



were used to search of asteroid clusters. In this search, roughly 30 statistically
significant families were identified, and an equal number of groupings were recognized
that are classified as being less significant. The set of proper elements used by Zappala
et al. are plotted in Figure 1.3, where many clusters of asteroids can be seen of various
sizes.

Another trend that is observed among the asteroids is that asteroids with different
mineralogical compositions tend to be found at different distances from the sun. These
gradations in composition are probably a reflection of the chemical and physical
conditions in the early solar nebula. In particular, the temperature in different regions of
the solar nebula would controi what mineral grains wouid condense out first.
Condensation models for the early solar system predict that higher temperature
minerals, such as silicates, will tend to dominate the inner part of the asteroid belt, while
lower temperature carbonaceous materials will more likely be found in the outer regions
of the belt. These trends are observed in the distributions of spectral classes, as seen in
Figures 1.4 and 1.5, where the distribution of silicate-rich S-type asteroids peaks in the
inner part of the belt, while the carbon- and volatile-rich C-types tend to dominate the
outer part of the main belt.

1.4 The "reality" of dynamical families

One of the major questions surrounding the dynamical asteroid families is: "Are
they real?" When Hirayama (1918) first identified clusters of asteroids, he hypothesized
that the members of each family were genetically related - that is, coming from a
common parent. However, the mechanism he proposed for the formation of these
families was the internal, spontaneous disruption of the parent, much like the splitting
that had been observed in various cometary nuclei. Kuiper (1950) dismissed this theory
because there appeared to be no suitable mec chanism. Instead, he proposed that these
families resulted from the mutual collisions between asteroids.

If these families are the result of collisions, then they represent natural collisional
experiments at sizes and energies many orders of magnitude greater than is possible to
reproduce in laboratory experiments, and could provide considerable insight into the
collisional processes that have occurred throughout the history of the asteroid belt. From
the study of these families, there are many important questions that might be addressed
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Figure 1.3: Plots showing the distribution of proper elements for 12,437 asteroids. The
upper plot shows the distribution in eccentricity (plotted again semimajor axis) while the lower
panel shows the distribution in inclination versus semimajor axis. The Kirkwood Gaps are visible
as depleted zones, such as that located at the semimajor axis distance of 2.5 AU. Many clusters
of asteroids, referred to as dynamical families, are also visible in both plots. Approximately 30
significant clusters have been identified in this dataset by Zappala et al. (1995).
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Figure 1.5: Similar to Figure 1.4, but showing the distribution of classes defined by
Chapman (1987). Note the relative difference in the distributions of C- and S-types in this piot, as
compared to those shown in Figure 1.4. Also reproduced from Gradie et al. (1989).
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about the physics of collisions, such as the partitioning of kinetic and rotational energies
among the fragments. The sizes and shapes of the family members could be used to
determine how the parent body fragmented. True, genetic families also provide the
unique opportunity to examine the exposed interiors of once, much larger planetary
bodies.

By measuring the spectral reflectance properties of the astercids in a dynamical
family, it is possible to address the question of whether the family makes
"cosmochemical sense". If the spectral properties of the family members are very
similar, this provides strong evidence that the family results from the disruption of a
homogeneous parent. On the other hand, if the family results from the break-up of a
differentiated body, we might expect to see different spectral types among the family
rnembers, related to the different mineralogical layers of the parent. If the members of a
purported family appear to have originated from both differentiated (high-temperature)
and undifferentiated (low-temperature) sources, then it is unlikely that this group of
asteroids resulted from the breakup of a single body.

Some of the previous investigations into the reality of asteroid families (Gradie and
Zellner 1977, Gradie et al. 1979, Chapman 1987, Bell 1989) have produced mixed
results. Each of these studies was conducted by examining the distribution of taxonomic
types among the family members. It was generally found that the largest of the
dynamical families were real, with the majority of members from each of these families
belonging to the same taxonomic class. However, Bell found that most of the small
dynamical families were not made up of genetically related members, while Chapman
showed that many of the small families were likely real. More recent spectroscopic
studies have focused on asteroids in the larger families (Binzel et al. 1993a,
Doressoundiram et al. 1998, Florczak et al. 1999). In each case, the members of a
family have been found to be spectrally similar, suggesting a relatively homogeneous
parent body. The question still remains about the reality of smaller asteroid families.

1.5 Motivation for the SMASSII survey

Some of the fundamental problems currently confronting asteroid scientists may
stem from the fact that we have substantial knowledge about the physical properties of
the larger asteroids, but know very little about the smaller ones. Those fundamental
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questions that deal with compositional interpretations, and the comparison to meteorite
evidence, may be particularly prone to this bias towards larger objects. Smaller
asteroids are more susceptible to collisional disruptions, so that their surfaces may be
much younger than those of larger asteroids. Similarly, the ability to form and retain a
regolith will be significantly reduced on smaller asteroids, due to their weaker
gravitational potential.

In the 1980s, the introduction of charge-coupled devices (CCDs) to astronomy
marked a major milestone in the physical studies of asteroids. The increased sensitivity
of CCDs, and the 2-dimensional format, provided new and more efficient ways of
observing asteroids. In particular, the development of CCD spectrographs in the late
1980s made it possible to obtain spectra of significantly fainter asteroids, and at much
higher spectral resolution than had been previously possible with filter photometry.

Between 1991 and 1993, the first phase of the Small Main-belt Asteroid
Spectroscopic Survey (denoted SMASSI) produced CCD spectra for 316 asteroids,
covering the visible wavelength region from 0.4 to 1.0 um (Xu et al. 1995). The goal of
the SMASSI survey was to sample a significant number of smaller asteroids to address
some of the major problems relating to the connection between metecrites and
asteroids. In particular, SMASSI tried to address the apparent shortages of ordinary
chondrite-like asteroids, and olivine-rich asteroids within the main belt. The apparent
link that has been found between the small, S-type near-Earth asteroids and the ordinary
chondrites was mentioned above. However, the missing olivine still remains a puzzle.
One of the major results of the SMASSI survey was the identitication of over 20
asteroids with spectra similar to the basaltic achondrite meteorites (Binzel and Xu 1993).
This spectral signature is quite distinctive, and had previously only been observed for the
asteroid Vesta. All of these new asteroids have orbits similar to that of Vesta, confirming
the previous predictions of a dynamical family associated with Vesta. The distribution of
these Vesta-like asteroids extends to the 3:1 Jovian resonance which establishes a
viable dynamical link for Vesta as the source of the basaltic achondrite meteorites.

The second phase of this spectroscopic survey (SMASSII), builds cn what was
learned during the first phase while focusing on the detailed study of small dynamical
families. Most significantly, the approach we have taken in studying dynamical families
focuses on understanding the compositional characteristics of an entire region where a
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number of small dynamical families have been proposed. In this region, concentrated
effort is made to sample not only the members of these proposed families, but also the
background population. The goals of this concentrated surveying are:

* to determine if these small dynamical families are real genetic associations;

 to determine an accurate list of members for each family and define the family
boundaries in orbital space;

* to determine the taxonomic makeup of each family, and establish whether the
parent was homogeneous or differentiated;

e to search for new families that have not been identified based on previous
searches of orbital elements.

As described above, resolving these questions with regard to the validity of small
asteroid families provides an important step for understanding the collisional history ot
the asteroid belt.

1.6 Outline for this work

This work presents the results of the SMASSII survey as it relates to the
compositional nature and distribution of asteroids in the main belt. Chapter 2 details the
manner in which this survey was conducted, the data reduction procedures, and the
basic observational results. All of the final spectra are displayed in Appendix B. While
the study of dynamical families is the main objective of this work, the tremendous bulk of
the SMASSI! survey (in terms of spectral resolution and the number of objects surveyed)
posed an additional challenge. The current system of asteroid taxonomy, developed by
Tholen (1984), was based on broad-band spectrophotometry. Our CCD data reveal
significantly more detail about the spectral characteristics of asteroids than do the broad-
band colors, and as a result, the Tholen taxonomy could not adequately address the
richness of information within the SMASGSII data set. Thus a significant component of
this work is the development of a new feature-based taxonomy that takes fuller
advantage of the CCD data. The principles of asteroid classification are discussed in
Chapter 3, and this new feature-based taxonomic system is developed and described in
Chapter 4. Armed with this new taxonomy, Chapter 5 presents a combined
spectroscopic and orbital analysis designed to accomplish goals for investigating
asteroid families, as specified above. Chapter 6 summarizes the conclusions.
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Chapter 2

SMASSII: The Small Main-belt Asteroid
Spectroscopic Survey - Phase Il

Since their introduction in the late-1970s, charge-coupled devices (CCDs) have
revolutionized many aspects of optical astronomy. Due to their high quantum efficiency,
large dynamic range, and the dimensional stability of CCDs, these solid-state detectors
have virtually replaced photographic emulsions and photomultiplier tubes in most
astronomical applications (Janesick and Elliott 1992). Use of CCDs has thus lead to
substantial improvements in the light-coilecting efficiency for telescopes of all aperture
sizes, and correspondingly, in the efficient use of the available observing time. Ground-
based observations of asteroids have greatly benefited from CCD technology. In direct
imaging mode, CCDs are now routinely used to discover new asteroids, and to provide
the astrometric measurements needed to accurately calculate their orbits (Gehrels 1991,
Rabinowitz 1991). Multiple images of an asteroid can be used to measure changes in its
brightness over time, leading to a estimation of that asteroid’s shape and its rotational
properties (Wisniewski and McMillan 1987, French and Binzel 1989). With the increasing
availability of low-resolution CCD spectrographs, more observers are using this
technique to measure the spectral reflectance properties of asteroids (e.g. Vilas and
Gaffey 1989, Luu and Jewitt 1990, Sawyer 1991, Vilas et al. 1993, Xu et al. 1995,
Doressoundiram et al. 1998).

The first reporied use of CCDs in asteroid spectroscopy was by Vilas and Smith
(1985). The procedures for taking and reducing asteroid spectra have been fairly well
established by Vilas and Smith (1985), Sawyer (1991), and Xu et al. (1995), as well as
others. Central to the calibration process is the division of the recorded asteroid
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spectrum by that of a solar-like star, revealing a signature of how the asteroid's surface
reflects sunlight as a function of ‘wavelength. While this method for determining a
reflectance spectrum is straightforward, it works only if the data are taken and reduced in
a way that preserves the relative spectrophotometric integrity of both the asteroid
spectrum and that of the solar-like star. Besides the improved quantum efficiency of the
detector, which allows for the observations of fainter targets, the principal advantage of a
two-dimensional CCD array within a long-slit spectrograph is the ability to measure the
spectrum of an asteroid and that of the background sky simultaneously, over a large
wavelength interval. This avoids many of the complications encountered by filter
photometry techniques that arise due to temporal variations in sky conditions, as well as
possible photometric variability of the asteroid due to its inherent rotation.

Between 1991 and 1993, the first phase of the Small Main-belt Asteroid
Spectroscopic Survey (hereafter referred to as SMASSI) was carried out, resulting in
spectral measurements for 316 different asteroids (Xu et al. 1995). The goai of SMASSI
was to survey the spectral properties for a large sample of small- to medium-sized
asteroids, primarily focusing on those objects located in the inner main-belt. Among the
accomplishments of SMASSI was the identification of the first main-belt asteroid whose
reflectance properties resemble that of ordinary chondrite meteorites (Binzel ef al.
1993b), and the spectral verification of a delivery method for basaltic achondrite (HED)
meteorites from Vesta to the Earth (Binzel and Xu 1993).

Building on the experiences of SMASSI, our goal in carrying out phase two of the
Small Main-belt Asteroid Spectroscopic Survey (SMASSII) has been to produce a
spectral dataset that is internaliy consistent, where the observations and reductions are
carried out in the most uniform manner possible. The procedures used in SMASSII
roughly parallel those used during SMASSI (Xu et al. 1995), though a number of
modifications were made, especially in how the data were reduced. The primary
observational objectives of SMASSII were the sampling of planet-crossing asteroids
(both Near-Earth Asteroids and Mars-crossing asteroids), and the continued study of
dynamical families, with particular emphasis on the Vesta family, and an in-depth study
of several dynamical families located in the middie of the main asteroid belt, between 2.7
and 2.8 AU.
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2.1 Observations

All SMASSII observations were carried out between August 1993 and May 1997,
using either the 2.4 m (f/7.5) Hiltner or 1.3 m (f/7.6) McGraw-Hill reflecting telescopes.
These telescopes are operated by the MDM Observatory (formerly known as the
Michigan-Dartmouth-MIT Observatory) and are located on the southwest ridge of Kitt
Peak in Arizona. The data were obtained using the Mark Ill long-slit CCD spectrograph,
along with one of two CCD cameras, all facility instruments of the MDM Observatory.
The camera that was primarily used contains a SITE 1024x1024 thinned, backside
illuminated CCD with 24 um square pixels, and is nicknamed "Charlotte". The second
camera, called "Wilbur", was used only when Charlotte was not available, and contains a
Loral 2048x2048 thick, front-side illuminated CCD with 15 um pixels. The spectrograph
is equipped with a low-resolution grism (150 lines per mm, blazed at 0.73 um) that gives
a dispersion of roughly 0.001 um per unbinned CCD pixel. A slit, oriented in the north-
south direction on the sky, and measuring 4.5 arcseconds wide and approximately five
arcminutes long, was used for all of the observations. We chose this moderately large
slit width to ensure that most of the light from the asteroid or standard star passed
through the slit, allowing for uncertainties in guiding and variations in seeing. The
spectral resolution, as defined by the width of this slit, was about 0.007 um. Since the
unbinned pixel sizes for both Charlotte and Wilbur are small compared with this spectral
resolution, and with the spatial image scale projected by the spectrograph, Charlotte's
pixels were binned 2 by 2 during readout, while Wilbui's pixels were binned 3 by 3. This
avoided greatly oversampling the 2-D spectral images and helped improve the signal-to-
noise ratio for faint targets. A Wratten 22 gelatin filter was always placed directly over
the long-wavelength half of the dewar window, positioned to block the second-order
spectral image that would otherwise be superimposed on the red half of the first-order
spectrum. This procedure allowed the entire 0.4 to 1.0 um wavelength range of the first-
order spectrum to be recorded in a single exposure.

For each asteroid, a set of 2 to 5 spectral images were usually taken, with
exposure times ranging from a few seconds, up to 900 seconds for the faintest objects.
Longer exposures were avoided in order to limit the number of cosmic ray strikes that
accumulate on the detector. Whenever possible, objects were observed within 1 hr of
crossing the meridian, when the airmass for the object was near its minimum value. The
median airmass for all of the SMASSII observations was about 1.12. Observing near the
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meridian has the added benefit that any dispersion of the image, due to differential
refraction, would be roughly parailel to the north-south orientation of the slit. This
reduced the chance of variations in the color or slope of a spectrum due to light being
refracted outside of the slit. In order to calibrate the relative reflectance of each asteroid,
observations were also taken every night of selected solar analog stars. To minimize
the spectral uncertainties that might be introduced by using different solar analogs, only
four stars were used in the final reduction of the SMASSII data. The two primary stars,
16 Cyg B (HD186427, My, = 6.2, spectral type G5V) and Hyades 64 (HD28099, My =
8.1, G8V), are both widely accepted as good solar analogs (Hardorp 1978), and were
used for the calibration whenever possible. When neither of these two stars could be
observed, HR4486 (HD101177, My, = 6.4, GOV) was used (Hoffleit 1982). On two nights

in May 1995, a fourth star, HRE384 (HD126053, My = 6.3, G1V) (Hoffleit) was observed

and ultimately used in the calibration of nine asteroid spectra. During each observing
run, a series of bias frames was taken that would be used in processing the CCD
images. For wavelength calibration, we also regularly obtained a set of Hg-, Ar-, and
Xe-spectral line images that was produced using lamp sources contained within the
Mark Il spectrograph. During each observing run, as the CCD images were taken, they
were closely examined for quality. In particular, as each asteroid was observed, a quick-
look reducticn was performed on at least one of the CCD frames, in which a 1-D
spectrum for the asteroid was extracted and divided by the spectrum of a solar analog.
This real-time examination allowed us to quickly estimate the quality of the CCD data,
and determine if an object should be reobserved on another night.

2.2 Data Reduction

The data reduction was performed using the Image Reduction and Analysis Facility
(IRAF), developed and maintained by the National Optical Astronomy Observatories
(NOAO) (Tody 1993). Preprocessing of the CCD images involved a two-step bias
subtraction. First, the mean bias level was determined from the unexposed overscan
region in each CCD image, and subtracted. Then, any higher-order residual variations
in the bias were removed, using a bias structure image constructed from the bias frames
taken at the telescope. The spectral images span the entire dynamic range of the CCD,
with peak data numbers being recorded around 0.7 pm where the quantum efficiency of
the CCD is highest. As was found in SMASSI (Xu et al. 1995), this large range in data
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values makes flat fielding of the images difficult without considerably increasing the
noise level at the extreme blue and red ends of the spectrum. Rather than attempting to
flat field the images, we relied on the inherently flat characteristics of both Charlotte and
Wilbur. Based on flat fields obtained of the twilight sky in a direct imaging mode, we
know the average pixel to pixel variations for both of these detectors to be considerably
less than 1%. To ensure that the lack of flat fielding did not affect our final spectra, great
care was taken to center the object during each observation along a prescribed CCD
column, so that any variations in pixel sensitivity would be divided out during calibration
by the solar analog.

Extraction of a 1-D spectrum from the 2-D image was carried out using the apall
task within /RAF. This extraction procedure involves several operations: locating and
tracing the spectral image and defining the boundaries of an aperture, summing the
pixels within that aperture, and subtracting a background level that is determined from a
row by row fit to sky regions outside of the aperture. After many tests and a careful
selection of parameter values used in apall, the extraction of the SMASSII data was
carried out in a semi-automatic mode. The width of the extraction aperture was
determined entirely by the peak data number recorded in the spectrum, and ranged from
9 arcseconds for the faintest asteroids to 24 arcseconds for the brightest targets, such
as the solar analog stars. The background sky level was determined for each row in the
image using a 4th-order polynomial fit to two sky regions, 45 arcseconds wide, and
located just to either side of the extracticn aperture. Along with the extracted 1-D
spectrum, apall produces a record of the 16 uncertainty at each point in the spectrum,
based on a Poisson noise model that includes the gain and readnoise of the detector.
These uncertainties were propagated through the rest of the calibration process, so that
meaningful error bars could be attached to the final spectra. A wavelength correction
was applied to each spectrum, using a dispersion model based on measured lines in the
Hg-Ar-Xe lamp images. When this correction was applied, the pixels making up the 1-D
spectra were rebinned to a dispersion of 0.0025 um, providing a uniform database from
which different spectra could be easily compared and combined. A correction for
atmospheric extinction was applied to the data, using the airmass of the observation,
and a mean extinction model developed for Kitt Peak (based on Hayes and Latham
1975). By keeping the airmass of the observations low, any differences between this
model and the true extinction wouid be largely corrected for in the division by the solar

31



analog. Finally, a nightly spectrum of the solar analog was produced by averaging the
individual star observations after each was examined for bad pixels and for any
inconsistencies in spectral slope. Each asteroid spectrum was then divided by this
average sclar analog and normalized to unity at 0.55 um.

After the reduction and calibration of the asteroid spectra was complete, each
spectrum was visually inspected for discrepant pixels. This process of defining which
pixels are "bad" is rather subjective, but flagging and deleting pixels from the data
ultimately had little effect on the final combined spectrum, its analysis or interpretation.
We found discrepant pixels to be either the random spikes that are due to cosmic ray
events, or systematic absorption or emission features in the spectra that can usually be
linked to the incomplete removal of terrestrial atmospheric bands during the division by
the sclar analog spectrum. Locations of the major atmospheric oxygen and H,O bands

between 0.5 and 1.0 um are shown in Figure 2.1. There is one systematic feature that
cannot be matched to an atmospheric band, but which appears in many spectra
between 0.515 and 0.535 um. This feature was seen only in observations taken in bright
moonlight, where the background sky level in the spectral image was particularly high,
and always appeared as a drop in flux (an absorption feature) in the final asteroid
spectrum. A possible explanation for this feature is the presence of the Wratten 22
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Figure 2.1: Atmospheric extinction in magnitudes per airmass as a function of wavelength,
showing the major absorption bands due to telluric HO and O, molecules (from Cochran and
Barnes 1981).
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blocking filter. The transmission of the Wratten 22 is essentially zero shoitward of 0.55
um, and increases to over 80% by 0.58 um. While this strong gradient in filter
transmission is offset in wavelength from the observed spectral feature, we think a
combination of scaitered moonlight, locaticn of the edge of the gelatin filter over the
dewar window, and reflections from the surfaces of that window may lead to a
background sky pattern whose value was consistently overestimated by the background
fitting function we used, producing the observed artifact in many of the reduced spectra.

During the observing runs and throughout the reduction process, the SMASSI| data
were evaluated for overall quality and internal consistency. As might be expected, the
quality of these data is closely tied to the sky conditions when the observations were
made. In trying to make efficient use of the telescope time that was available, many
observations were made under sky conditions that might be considered rnarginal, and as
a result, some data were taken that later had to be rejected. Observations made
through high-level cirrus were usually free of large systematic effects, though these
spectra generally showed an overall increase in their level of random noise. The
presence of cirrus usually meant that cbservations had to be limited to the brighter
asteroids, especially when moonlight was present. More significant, systematic effects
were seen in spectra that were taken through mid- to low-level clouds, higih humidity or
when the seeing was bad. Spectra taken under these conditions often contained
substantial residual water bands, and sometimes showed large changes in the overall
spectral slope between consecutive exposures. If the water bands or slope changes in
the spectra were too extreme (differences in average spectral slope that are typically
>0.03, using the definition of slope, ¥y, given in Chapter 3), the observations were usually
rejected, and the asteroid would be reobserved on another night.

Probably the most arguable aspect of the cbservation and reduction process used
was our decision to rely on a mean extinction model for Kitt Peak, rather than
independently determine nightly extinction coefficients. This course was foliowed
primarily as a matter of observing efficiency, with our goal being to survey the largest
number of asteroids possible without dedicating excessive amounts of observing time for
the purpose of calibration. Because of temporal, as well as spatial (different quadrants
of the sky) variations in extinction, there is a limit to the accuracy with which a nightly
extinction function can be determined. Based on long-term records of both nightly and
seasonal variations in extinction for Flagstaff, Arizona (Lockwood and Thompson 1986)
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(a continental observing site, having weather patterns and sky conditions similar to that
experienced on Kitt Peak), | tried to estimate the uncertainties introduced into the final
spectra based on the use of a mean extinction function. Since our observations were
targeted close to the time of meridian crossing, differences in airmass were kept to a
minimum, thus minimizing the effects of differences in the extinction coefficients.
Overall, uncertainties in the average spectral slope (related to the use of a mean
extinction model) should be less than £0.02 for those objects observed at the highest
values of airmass, and considerably less than this for most of the asteroids observed
during SMASSII. Since the magnitude of extinction coefficients rise sharply at short
wavelengths, we expect any difficulties tied to the extinction model to be most
pronounced in the violet end of our spectra.

The source of the larger, more sporadic changes in the average spectral slope,
with variations of up to 0 5 or even higher, is unknown, though a preferential loss of
either blue or red light through the spectrograph slit is implied. This effect is primarily
saen to occur in observations taken through cloudy skies, suggesting that clouds may
not behave like a completely neutral filter. The other possible explanation for the slope
variaticns is that the slit size we used was not sufficient to collect ali the light when poor
seeing is combined with the effects of differential refraction (Filippenko 1982). Whatever
the cause, a random offset in the slope of an asteroid spectrum may not be detected
without observations on multiple dates. As spectrai observations become more
common, and asteroids are reobserved by different observers, we suggest that offsets in
the overall slopes of spectra may be routinely seen, and that care must be taken to
separate these random effects from potentially real variations in the spectra due to
actual surface effects, such as phase reddening (Miner and Young 1975, Poutanen et al.
1985), or compositional differences on the asteroid (e.g. Howell 1995, Gaffey 1997).

A listing of observational circumstances for the 1189 asteroids presented in this
paper is given in Appendix A. For each asteroid, we identify the telescope and detector
used, and note the presence of clouds, high humidity or moonlight during the
observations. Also listed is the solar analog star used for the reflectance calibration.
This information can be useful in evaluating the quality and reliability of a spectrum.
Only those observations that were retained through tt~ analysis process and included in
the final dataset are listed. If an asteroid was observed on more than one night, multiple
lines in the table give the observational circumstances for each night. Along with the
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asteroid number and name, this table also gives spectral parameters and a taxonomic
classification determined during the analysis of these data.

For each asteroid, a final reflectance spectrum was produced by combining the
individual spectra of the opject using a weighted mean. Only those spectra that were of
acceptable guality were included, and any pixel values that were flagged as bad were
omitted from this calculation. Likewise, a formal set of errors, based on Poisson
statistics, was calculated using the uncertainties associated with the individual spectra.
The magnitude of these errors was compared with the actuai scatter of the data making
up the mean, confirming that these errors are consistent with the level of random noise
contained in the final reflectance spectrum. Although the spectrograph/CCD
combination gives a wavelength coverage from roughly 0.4 to 1.0 um, the final spectra
presented in this paper cover the interval from 0.435 to 0.925 pm. The spectra were
trimmed to this length to produce a uniform dataset, independent of the detector used,
the brightness of the asteroid, or the conditions in which the observations were made.
The quantum efficiency of Wilbur falls off rapidly shortward of 0.435 um, affecting the
spectra of even bright asteroids. This provided a natural limit for our specira at the blue
end, while at the red end, the limit is defined by the sharp band head of the teiluric pH,O
band, located at about 0.93 pm (Cochran and Barnes 1981). The final spectra, along
with error bars, are shown in Appendix B.
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Chapter 3

Parameterization and classification of the SMASSII
asteroid spectra

3.1 Some thoughts on classification

Whenever several individual members of a large population are studied in detail,
there is a natural desire to arrange those individuals into groups based on similarities in
their observed characteristics. This process of intercomparing and classifying members
of a population is common in many branches of research, especially in the biological
sciences. The basic concept of classifying a population and applying a set of labels
(called a taxonomy) to the resulting groups should be straightforward, but controversies
exist to the point that many books have been devoted to the competing philosophies of
classification (e.g. Abbott et al. 1985, Ridley 1986). These controversies deveiop from
the single fact that different groupings or taxonomies result when different characteristics
of the population are used in defining the ciassification process.

The goal of any taxonomy should be to represent a population in a way that
reflects the natural similarities among (or differences between) its individual members.
The choice of characteristics used in defining the classes should be driven by a
theoretical principle, or by some observable or measurable property of nature. In
biology, taxonomic systems are usually developed as hierarchical structures, designed
to reflect the theoretical pathways of evolution. The lowest level in this hierarchical
structure, the level of species, is commonly defined by the ability for members of the
same species to interbreed (Ridley 1986).
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Classification techniques are also widely used in other physical sciences. For
example, in astronomy, the classification of stars is based on a continuous taxonomic
system that, while derived from measurements of absorption lines in a star's visible
spectrum, is ultimately tied to one fundamental property of stars: their temperature (Kaler
1989). Since this classification system is rooted in some fundamental property of nature,
it is referred to as "natural” or "objective" taxonomy (Ridley 1986). Besides helping to
simplify or generalize the broad aspects of a population, the development of a natural
taxonomy can often help reveal new relationships that exist among members of the
population, and can lead to a better understanding of secondary processes that give rise
to more subtle differences between its members.

A population can be classified even when the underlying process responsible for
the differences among its members is not known. In this case, the taxonomy is usually
referred to as being "artificial" or "subjective” (Ridley), and is often more susceptible to
controversy among researchers. [f such a taxonomy is based on characteristics of the
population that are superficial, or is steered by incorrect assumptions about the physical
nature and evoiution of the population, it can actually lead to increased confusion. While
taxonomic classification is usually a necessary step in understanding the gross
properties of a population, its value should not be overestimated. Adopting a taxonomy
should never mask the importance of the actual observed (and measured)
characteristics of the individual members of the population. Finally, it is important that a
taxonomy is allowed to evolve over time, and that we confine its status to be a tool of
research, rather than allowing it to become a force the controls the direction of sciertific
efforts.

3.2 Previous asteroid taxonomies

Prior to the first close flyby of an asteroid (951 Gaspra) by the Galileo spacecratt in
October 1991 (Belton et al. 1992), our knowledge of the physical properties of asteroids
was limited to two sources: those disk-averaged characteristics that can be measured
from the Earth's surface (or from satellites in Earth orbit), and measurements of
meteorite samples that have been delivered to Earth via collisional and dynamical
processes in the asteroid belt (Binzel 1989). While meteorites can be carefully studied
in the laboratory and provide important constraints on the bulk properties of the asteroid
belt (Lipschutz et al. 1989), these samples have not so far been linked to individual
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parent asteroids, and therefore, do not provide a reliable foundation on which asteroid
taxonomy can be defined. instead, asteroids have traditionally been grouped and
classified based on similarities in their observed reflectance properties. The way in
which an asteroid reflects incident sunlight is the most reliable indicator we have of its
surface mineralogy, and (presumabily) its bulk composition.

Subtle differences in the color of asteroids were first teported by Bobrovnikoff
(1929), based on microphotometric measurements obtained from photographic spectra.
However, due to limitations of the photographic technique, very little progress was made
in the study of asteroid colors over the two decades that followed. In the mid-1950's,
standard UBV photometry was first used to systematically investigate the broad-band
colors of a large sample of asteroids. These observations led Wood and Kuiper (1863),
Chapman et al. (1971), as well as others to describe two distinct groups of objects,
based on their reflectance properties. Zellner (1973) was one of the first to recognize a
bimodal distribution in albedos, leading him to also suggest that asteroids could be
divided into two groups: dark “carbonaceous” types and brighter "stony" types. The
basis for a more rigorous taxonomy was finally developed in the mid-1970s, after
numerous programs were initiated to measure the physical properties of asteroids.
Combining narrow-band spectrophotometry with polarimetric and radiometric albedo
measurements, Chapman et al. (1975) applied the first taxonomy based on a system of
single letters: C representing the dark carbonaceous objects, S for the stony or
"silicaceous" objects, and U for those asteroids not fitting into those two main categories,
and thus considered "unusual" or "unclassifiable". In the years that have followed,
improvements in instrumentation and observing techniques, a substantial growth in the
size of asteroid databases, and the availability of different classification algorithms have
all helped inspire rnany researchers to try to improve on the way asteroids are classified.
While this evolution in asteroid taxonomy has helped reveal some important aspects, as
well as important questions, about the compositicnal and physical nature of these
objects, it has also led to a rather complex and sometimes confusing use of nearly every
letter in the alphabet. The early history of asteroid taxonomy has been thoroughly
reviewed, first by Bowell et al. (1978), and more recently by Tholen and Barucci (1989).

The most widely used of the various asteroid taxonomies is the one proposed by

Tholen (1984). The classification system developed by Tholen was a logical extension
of previous taxonomies (Chapman et al. 1975, Bowell et al. 1978), and was developed
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primarily using broad-band spectrophotometric colors obtained during the Eight Color
Asteroid Survey (ECAS, Zeilner et al. 1985), though measurements of albedo were also
included in defining some of the class boundaries. The resulting taxonomy is comprised
of 14 classes, each denoted by a single letter. In addition tc the two classical, and most
densely populated spectral classes, the C- and S-types, Tholen identified six other
spectrally distinct groups of objects, labelling them A, B, D, F, G, and T. Another three
groups, designated by the letters E, M, and P, are spectrally featureless at the resolution
of the ECAS data, and could only be separated based on their albedos. When albedo
information was not available, the E-, M-, and P-types were lumped into a generic "X"
class. Finally, three classes, denoted by Q, R, and V, were created for three spectrally
unusual objects: 1862 Apollo (Q-type), 349 Dembowska (R-type) and 4 Vesta (V-type).
Most of the ECAS asteroids were uniquely classified, and grouped into one of these 14
taxonomic classes, though when the classification was uncertain, muitiple letter
designations were assigned. The wide acceptance of the Tholen taxonomy has been
due, in part, to the simple way the spectral classes have been described, as shown in
Fig. 3.1 and Table 3.1.

Subsequent attempts have been made to improve, or expand on the Tholen
taxonomy. The taxonomy proposed by Chapman (1987) was intended to extend
Tholen’s taxonomy to less thoroughly observed asteroids. Barucci et al. (1987) and
Tedesco et al. (1989) each combined the ECAS data with IRAS (Infrared Astronomical
Satellite) albedo measurements (Veeder et al. 1989) before applying different
classification algorithms to define their taxonomic classes. Howell et al. (1994)
combined data from the 52-color asteroid survey (Bell et al. 1988) with the ECAS
measurements, and used an artificial neural network as a way of identifying the natural
boundaries between spectral groups. In each of these attempts to revisit the problem of
asteroid classification, the general structure of the Tholen classes was reproduced,
verifying the robust nature of this taxonomy. Over time, new classes have been added
to the Tholen system, based on spectral observations of particular objects. Bell (1988)
proposed the addition of a K-class to represent the unusual spectral properties observed
among asteroids belonging to the Eos family. The unique and possibly ordinary
chondrite-like spectrum of 3628 BoZnémcovéa prompted Binzel et al. (1993b) to define
the O-class. Similarly, the Z-class was proposed by Mueller et al. (1992) to account for
the extreme red color of the distant asteroid (Centaur) 5145 Pholus. In analyzing the
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Figure 3.1: Mean reflectance spectra for the Tholen taxonomic classes. From Tholen and
Barucci (1989). '

spectra of a large number of Vesta family asteroids, Binzel and Xu (1993) proposed
splitting the V-type spectral class into two parts by introducing a new J-class to represent
those objects with particularly deep spectral absorption features.
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Table 3.1: Description of Asteroid Classes

Letter

Designation Albedo Spectrum

A moderately  extremely reddish shortward of 0.7 um; strong absorption fea-

high ture longward of 0.7 um, centered near the 1.05 um filter

B moderately  higher albedo variant of the C class with a tendency toward

fow lower reflectivities at the red end of the spectrum (subclass of
the C class)

C low ultraviolet absorption feature shortward of 0.4 pm, generally
flat to slightly reddish longward of 0.4 um

D low generally featureless spectrum; neutral to slightly reddish
shortward of 0.55 um, very red longward of 0.55 pm; some
objects’ spectra tend to flatien longward of 0.95 pm

E high featureless spectrum; flat to slightly reddish over entire 0.3 to
1.1 pm wavelength range; differs from the spectrally identical
M and F classes in albedo only

F low featureless spectrum; flat to slightly bluish over entire 0.3 to
1.1 um wavelength range; differs from the C class in the weak-
ness of the ultraviolet absorption feature (subclass of the C
class)

G low very strong ultraviolet absorption feature shortward of 0.4 um,
flat longward of 0.4 um; differs from the C class in the strength
of the ultraviolet absorption feature (subclass of the C class)

M moderate featureless spectrum; flat to slightly reddish over entire 0.3 to
1.1 um wavelength range; differs from the spectrally identical E
and P classes in albedo only

P low featureless spectrum; flat to slightly reddish over entire 0.3 to
1.1 um wavelength range; differs from the spectrally identical E
and M classes in albedo only; spectra are intermediate
between C and D classes

Q moderately  strong absorption features shortward and longward of 0.7 pum;

high band center between those of A and V classes (1862 Apollo is
the type example)

R moderately  strong absorption features shortward and longward of 0.7 pm;

high banc center between those of A and V classes (349 Dem-
bowska is the type example)

S moderate moderate to strong absorption feature shortward of 0.7 pm,

and moderate to nonexistent absorption feature longward of
0.7 um
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Letter Albedo Spectrum

Designation
T low moderate absorption feature shortward of 0.85 um, and gener-
ally flat longward of 0.85 um
\ moderately  strong absorption feature shortward of 0.7 um and strong fea-

high ture longward of 0.7 um, centered near the 0.95 pm filter
other letters and symbols used in the classifications

| used for inconsistent data (e.g. a low albedo but an A-type spectrum); such a
designation would be used only in the case of unconfirmed data; should high-
quality data confirm such a combination, then a new asteroid class should be
introduced

K this letter has been reserved to represent a class of objects similar to 221 Eos;
at this time, nc formal definition for this class exists in the taxonomic system
described above

] appended to the classifications of those objects that fall far from the cluster
center, indicating an unusual spectrum for that class

X in the absence of albedo information, the E, M, and P classes are spectrally
degenerate; X is used to represent the spectrum shared by these three classes
and should be replaced by E, M, or P once a high-quality albedo becomes
available

indicates noisy data and a classification of lower quality
indicates extremely noisy data and a classification of dubious quality

indicates that physical data do exist but are useless for classification purposes
due to excessive noise

The descriptions listed in this table are from Table |, Tholen and Barucci (1989)

3.3 Parameterization of the SMASSII data

Before analysis of the SMASSII spectral data was begun, we constructed a uniform
dataset, consisting of a fixed number of evenly spaced data values for each spectrumn.
In SMASSI, this was accomplished by fitting each spectrum with a moderately high (7th
to 9th)-order polynomial. While these polynomials were sufficient to follow the features
along much of the spectrum’s length, the fits were essentially unconstrained outside of
the observed data interval. For SMASSII, we decided to use a smoothing spline
algorithm (Reinsch 1967, adapted by D. G. Schleicher). This is a cubic spline routine in
which the strict rules for interpolation have been modified to allow for variable amounts
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of smoothing. It makes use of a user-defined scaling factor that controls the level of
smoothing by scaling the uncertainty of each point in the spectrumi. For consistency, the
value of this scaling factor was independently determined for each spectrum based on
the total uncertainty and number of data points contained in the spectrum. Output from
the spline fit consisted of 49 points, or "channels”, covering the interval from 0.44 to 0.92
um at steps of 0.01 um. The normalization of each fitted spectrum was then re-
calculated to ensure that the reflectance at 0.55 pm was 1.00. Since this normalization
makes the 0.55 um channel redundant, each fitted spectrum is completely described by
the remaining 48 channels.

Due to the very broad, and often shallow profiles of mineral absorption bands,
adjacent channels in the spline-fitted asteroid spectra are highly correlated. This can be
seen in Table 3.2, where a representative section of the SMASSII correlation matrix,
centered on the diagonal from 0.80 to 0.88 um, is listed. Due to the potential presence
of strong pyroxene and olivine absorption features within this interval, it might be
expected that the variance between adjacent channels in this interval would be greatest.
By comparison, a broad sampling of this same correlation matrix is shown in Table 3.3,
where values at every 0.06 pm are listed. It is clear that the correlation between
channels becomes weaker as their separation in waveiength increases. This is
consistent with the fact that the number of characteristic features contained in an

Table 3.2: SMASSII correlation matrix (detail from 0.80 to 0.88u.m)

pm 0.80 0.81 0.82 0.83 0.84 0.85 0.86 0.87 0.88

0.80 1.00 0.99 0.98 0.95 0.92 0.88 0.83 0.73 0.75
0.81 0.99 1.00 0.99 0.98 0.95 0.92 0.88 0.84 0.80
0.82 0.98 099 1.00 0.99 0.98 0.95 0.92 0.89 0.86
0.83 0.95 0.98 0.99 1.00 0.99 0.98 0.96 0.93 0.90
0.84 0.92 0.95 0.98 0.99 1.00 0.99 0.98 0.96 0.94
0.85 0.88 0.92 0.95 0.98 0.99 1.00 1.00 0.98 0.97
0.86 0.83 0.88 0.92 0.96 0.98 1.00 1.00 1.00 0.99
0.87 0.79 0.84 0.89 0.93 0.96 0.98 1.00 1.00 1.00
0.88 0.75 0.80 0.86 0.90 0.94 0.97 0.99 1.00 1.00
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Table 3.3: SMASSII correlation matrix (overview, 0.06pm resolution)

um 0.44 0.50 0.56 0.62 0.68 0.74 0.80 0.86 0.92

0.44 1.00 0.97 -0.91 -0.91 -090 -089 -0.80 -0.45 -0.24
0.50 0.97 100 -095 -094 -094 -093 -083 -047 -0.25
0.56 | -0.91 -0.95 1.00 0.97 0.96 0.94 0.86 0.53 0.33
0.62 -0.91 -0.94 0.97 1.00 0.99 0.98 0.91 0.58 0.36
068 | -090 -094 0.96 0.99 1.00 0.99 0.92 0.58 0.35
0.74 -0.89 -093 0.94 0.98 0.99 1.00 0.94 0.61 0.39
080 | -0.80 -0.83 0.86 0.91 0.92 0.94 1.00 0.83 0.65
0.86 -0.45 -047 0.53 0.58 0.58 0.61 0.83 1.00 0.94
0.92 -0.24 -025 0.33 0.36 0.35 0.39 0.65 0.94 1.00

asteroid spectrum is small compared to the 48 channels we use to define that spectrum.
It is therefore useful to parameterize the important characteristics or features in a
spectrum, reducing the number of variables needed to describe them, and simplifying
the comparison of these particular features with those in other spectra.

The parameterization of spectral data can be achieved in different ways, though
the choice of rules by which the data are parametrized can have a substantial effect on
how the results are interpreted. One way to parameterize asteroid spectra is to identify
and measure specific features in the spectrum. This could include measuring the center,
depth or area of one or more specific absorption bands, or measuring the spectral slope
over a defined wavelength interval. This was the approach of Chapman et al. (1975),
who chose the parameters R/B, BEND, DEPTH and IR, defined by McCord and
Chapman (1975). These parameters provided a way of quantifying the presence or
absence of a UV slope and 1 um absorption feature in each spectrum, allowing the C-
and S-type asteroids to be easily separated. More recently, Gaffey et al. (1993a)
combined visible and near-infrared spectrophotometry and measured the depths and
positions of absorption bands at both 1 and 2 um as a means of dividing the S-types into
7 subclasses. In both cases, the rules for parameterization are carefully chosen, based
on prior knowledge of mineralogy, and assumptions about how this knowledge should be
applied to the problems of asteroid composition.
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Parameterization can also be achieved using various techniques in the field of
multivariate analysis. An example of this is Principal Component Analysis (PCA), used
by Tholen (1984) to visualize the distribution of taxonomic classes he had assigned to
the ECAS asteroids. The results of Tholen are reproduced in Fig 3.2, where the first two
principal components calculated from the ECAS dataset are shown, labeled by spectral
class. The allure of PCA, and similar multivariate techniques, is that parameterization is
based on the overall variance of the spectral data, without a priori knowledge of what
characteristics of the spectra are important.

Second Principal Component

|
0.4}

1

|

L | 2 L L | 1 1 ! 1 PR L | 2 P U I R S | I S nd
-4 -2 0 2 4 6
First Principal Component

Figure 3.2: Principal component plot showing the 405 ECAS asteroids used by Tholen in
defining his taxonomy (labeled with the Tholen class designation).
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3.4 The use of multivariate techniques

As a first step in the analysis of the SMASSII data, we used PCA to examine the
overall variations in spectral reflectance. For this, and all further studies of the SMASSI|
spectra, we relied heavily on statistical analysis routines contained in S-Plus, a program
environment developed by AT&T's Bell Laboratories (Venables and Ripley 1994). PCA
is one of the most basic techniques of multivariate analysis, and one that is regularly
applied in problems related to taxonomy. Often referred to as an "ordination" technique
(Abbott et al. 1985), PCA effectively remaps the original data into a new space whose
axes are oriented in a way that best represents the data's total variance. Applying PCA
involves a series of linear transformations of the data, using weighting values, called
"loadings" that are determined from the eigenvectors of the correlation (or covariance)
matrix for the original data. These transformations result in a series of orthogonal
rotations of the data in n-space, so that the largest amount of variance in the data is
described by the smallest number of uncorrelated variables, with the largest possible
fraction of the variance being accounted for by the first variable, or principal component
(PC1). The second principal component (PC2) represents the next largest fraction of the
variance, and so on. Using the eigenvectors derived from the correlation matrix results
in a scaling of the variance in each spectral channel by its standard deviation, giving
each channel equal weighting in the calculation of the principal components. The first
two principal components calculated by this method, based on the SMASSII data, are
plotted in Fig. 3.3. The overall appearance of this SMASSII principal component space
is very similar to that of the ECAS component plot in Fig. 3.2, with the primary difference
being that some of the major gaps separating spectral classes in the ECAS plot are
much less apparent in the SMASSII data. Also, there is the addition of objects in the
lower portion of the SMASSII principal component space (known to be V-type asteroids,
Binzel and Xu 1993) that, due to their small sizes, were not sampled during the ECAS
observations. '

Instead of using the scaled variances to determine the loadings, use of the
covariance matrix (unscaled variances) might be more appropriate for spectral data.
This should be considered, since all channels in the spectrum are measured in the same
units of relative reflectance, and differences in the true variance from channel to channel
could be significant in helping to differentiate between spectral types. To test this, the
principal components for the SMASSI| data were recalculated, based on the unscaled
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Figure 3.3: Plot of the first two principal components for 1190 SMASSII asteroids,
calculated using eigenvectors of the correlation matrix (each channel is given equal weight).
Asteroids observed as part of the Eight Color Asteroid Survey are labeled with the Tholen class,
while objects newly observed as part of SMASSII are shown as dots.

variances. The first two components from this solution are plotted in Fig. 3.4. Higher
numbered principal components are usually not very diagnostic in separating asteroid
spectra, as is seen in Fig. 3.5, where PC2 is plotted against PC3. While there are subtle
differences between Figs. 3.3 and 3.4, the fundamental structure of the space defined by
the first two components remains the same, independent of the matrix used in defining
the transformation. One way to quantitatively determine which parameterization is more
representative of the original data is with the percentage-of-variance criterion (Dillon and
Goldstein 1984), defined as:

s = (’é z,.J/ (ié 1,.) (3.1)
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Figure 3.4: Plot of the first two principal components for 1190 SMASSII asteroids,
calculated using eigenvectors of the covariance matrix (unscaled variances). Asteroids observed
as part of the Eight Color Asteroid Survey are labeled with the Tholen -:ass designation, while
those objects newly observed as part of SMASSII are shown as dots.

where /; is the i-th eigenvaiue, p is the number of variables, or channels in the spectrum,

and k is the number of principal components being considered. Using k = 2, we find
values for the percentage-of-variance of s = 0.970 based on eigenvalues from the
correlation matrix, and s = 0.979 from the covariance matrix. While this difference in
values for the percentage-of-variance is small, and the choice of matrix used in PCA
appears to have little effect on the interpretation of the results, | have adopted the use of
the covariance matrix (the unscaled variances) for all of the following investigations of
the SMASSII spectra. By comparison, in the analysis of the SMASSI asteroid data (Xu
et al. 1995), classification closely followed the Tholen taxonomy, with the assignment of
spectral types being based primarily on principal component scores determined by using
scaled variances (the correlation matrix).
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Figure 3.5: Same as Fig. 3.4, except plotting the second and third principal components.

While Tholen (1984) used PCA as a way to visualize the distribution of the ECAS
spectral classes, his classification scheme was actually defined using another
multivariate technique, the minimum-spanning tree (MST). MST uses a measure of the
distance, often referred to as "dissimilarity", separating pairs of spectra. A spectrum can
be represented as a point in n-dimensional space, with the dissimilarity between two
spectra being the measured distance between the two respective points. This distance
is measured using a specific rule or formula, called a metric. The most common metric,
and probably most applicable to spectral data, is the ordinary Euclidean distance,

p » 1/2
dij = { Z (Xin_Xjn) } (3.2)

n=1
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where dj is the distance, or dissimilarity between the i-th and jth spectrum, and X
represents the individual channels of the spectrum, where the total number of channels
is p. A number of multivariate techniques, especially clustering algorithms, utilize this
measure of dissimilarity, and are collectively referred to as "distance" methods. In the
minimum-spanning tree algorithm, each object in a dataset (where that dataset contains
a total number of objects, m) is represented by a point in n-dimensional space, and all m
points are connected, using the minimum number of m -1 segments, called branches.
The points are connected in such a way that the total length of all branches is minimized,
with the MST solution for any specific dataset being unique. In defining his taxonomy,
Tholen used the minimum tree soiution for 405 ECAS objects for which high-quality data
were available. The taxonomic clusters were then identified by cutting the longest
branches of the tree, where a branch was considered long when compared to the
lengths of shorter, neighboring branches. The decision of how many branches to cut
was arbitrary (Tholen and Barucci 1989).

Our original goal in classifying the SMASSI| asteroids was to accurately assign a
spectral type to each object, based on the Tholen taxonomy. To properly classify a new
asteroid in the Tholen system, it is necessary to find the three asteroids in the ECAS
dataset that are spectrally most similar (nearest neighbors) to the new object. The new
asteroid is then assigned the spectral class of its nearest neighbor, with the class
designations of the second and third nearest neighbors being added, in succession, if
these are different from the first designation (Tholen and Barucci 1989). However, there
are significant differences between the SMASSII and ECAS datasets. In particular, the
SMASSI| spectra cover a narrower wavelength interval than that sampled by the ECAS
observations, with only 4 of the 8 ECAS filter bandpasses falling within the SMASSII
spectral interval from 0.44 to 0.52 um. As a result, we cannot classify the SMASSII
asteroids using all of the ECAS colors in the way that Tholen had intended. This raises
important questions about how to best classify asteroids based on CCD spectroscopy. If
the spectral characteristics that are necessary to differentiate the Tholen classes are
present over the wavelength interval covered by the CCD spectra, then it should be
possible to tie the Tholen taxonomy to those spectra by obtaining CCD observations of
enough representative ECAS asteroids. On the other hand, the higher resolution of
CCD spectra reveals subtle details, such as shallow absorption features (e.g. Vilas et al.
1993, Hiroi et al. 1996), which cannot be identified in the broadband ECAS
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Figure 3.6: Minimum-spanning tree solution based on the 300 lowest numbered asteroids
observed during SMASSII (includes up to asteroid number 503). Two distinct clusters are seen: S-
types clustering near the middie of this plot, while the C- and X-type asteroids cluster together to
the lower-right of center..

measurements. Therefore, we decided it would be more prudent to revise the way
asteroids are classified, based on spectral reflectance properties, in a way that takes
fuller advantage of the information contained in CCD spectra.

Considerable effort was expended in determining which multivariate technique (or
combination of techniques) would be most applicable in defining a classification structure
from the SMASSII spectra. The argument made by Tholen in his decision to use the
MST algorithm for the ECAS data was based on the fact that the solution for any
particular dataset is unique. While the uniqueness of a solution is an important
consideration, other similar clustering methods, such as the different variations of
hierarchical clustering, may be more appropriate for this analysis, depending on the
particular rules used in determining the order that objects (or clusters) are linked. The
results from any of these clustering techniques are challenging to represent in two
dimensions, and plotting can become very unwieldy when the number of objects being
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Figure 3.7: Dendrogram showing the hierarchical clustering solution (using the single-
linkage algorithm), based on the same set of 300 asteroids as used in creating Figure 3.6.
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classified is large. The solution determined from a minimum-spanning tree can be
represented in two dimensions using the Friedman-Rafsky algorithm (Venables and
Ripley 1994). An example of this is shewn in Fig 3.6. By comparison, hierarchical
clustering has the advantage that results can be represented in a somewhat more
orderly fashion as a dendrogram, as seen in Fig 3.7.

A major disadvantage of using any of the distance techniques in defining a
taxonomy is that, while a clustering solution based on a specific dataset and clustering
algorithm may be unique, only the large-scale structure of the solution can really be
considered robust. In reality, a change in the clustering algorithm used, or more
importantly, a small change in the initial dataset (the addition or omission of even just a
couple of objects) can result in a very different clustering solution at the level that
individual objects are linked together. This is especially true when the characteristics
used to differentiate members of a population vary continuously throughout the
population, as seems to be the case with the spectral features seen in the SMASSI
data. Using a distance algorithm as the sole basis for defining class boundaries among
the SMASSII spectra would likely lead to a taxonomy that is subjective, and hard to
defend. Instead, we have decided to rely on PCA as the major tool in classifying the
SMASSI! asteroids. Because PCA maps objects into a complete space, the overall
solution is robust, even though the relationship between individual objects, and thus the
identification of clusters, cannot be quantified in the same manner as when distance
algorithms are used. The fact that PCA is so robust is clearly seen when comparing the
similarities in the principal component solution for the ECAS dataset and that for the
SMASSII spectra (Figs 3.2 and 3.4, respectively).

3.5 Discussion of the spectral slope and albedo

The average, or overall slope is one of the most fundamental, and more
controversial characteristics of an asteroid spectrum. This spectral slope, or color, can
range from slightly bluish or neutral_as in the spectrum of the asteroid 2 Pallas, to very
red, with 5145 Pholus (Binzel 1992) as an extreme example. In PCA, this average
spectral slope is highly correlated with the first principal component, though inspection of
the eigenvector that defines this principal component indicates that some fraction of the
short-wavelength wing of the 1 um absorption feature is also represented by PC1. While
most of the absorption features found in asteroid spectra can be linked to the presence
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of particular minerals, and are thus indicative of the asteroid's composition, the average
slopes measured from these spectra are not as easy to interpret. The spectral slcpe is
certainly dependent, to some extent, on the composition of the asteroid. However, there
are a number of processes, often collectively referred to as "space weathering’, that
have been proposed as ways of altering the optical properties of asteroid surfaces.
Recent evidence from both laboratory experiments (Moroz 1996) and spacecraft
observations (Chapman 1996) suggest that these surface alteration processes can
result in an increase, or reddening of the spectral slope, as well as an associated
decrease in the relative depths and band arzas of the other mineral absorption features
contained in the spectrum. Observing asteroids at high phase angles can also result in
an artificial increase in the spectral slope, called phase-reddening, though not enough
asteroids have been observed over a sufficiently large range of phase angles to fully
understand the effect. Added to this are the observational uncertainties, discussed in
the Chapter 2 that, to some extent, impact our confidence in the accuracy of the spectral
slope measurements. Based on these considerations, we decided to calculate, and
remove the average slope from each spectrum in the SMASSII dataset before
proceeding with any multivariate analyses. For each spectrum, we found the least-
squares fit to the equation:

r = 1.0 +y(A-0.55) (3.3)

where ris the relative reflectance at each channel, A is the wavelength of the channel in
microns, and v is the slope of the fitted line, forced to have the value of unity at 0.55 pm.
Dividing each spectrum by this best-fit line resulted in a residual spectrum whose value
at 0.55 pm is still 1.00, and whose mean value over all channels is approximately 1. The
value of the slope, ¥, is recorded as a major spectral parameter, corresponding mostly to
the first principal component (PC1), that describes the spectrum. A similar process of
removing the background slope, by fitting a straight line over the entire spectrum, was
used by Vilas et al. (1993) to study weak absorption bands in the reflectance spectra of
low albedo asteroids.

After the average slope of each spectrum was fitted and a residual spectrum had
been constructed, all of residual spectra were parameterized using PCA. It was
anticipated that, by first removing the average spectral slopes, the application of PCA to
the residual spectra would te more efficient at separating objects based predominantly
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on differences in their spectral absorption features. With the introduction of this newest
set of principal components, there is the potential for confusion about which component
system is being used in describing the spectral data. To help minimize confusion, we
make the following distinctions: Slope, PC2', and PC3' refer to this new set of spectral
components, where the slope was independently fitted and removed before PCA was
applied, while the variables PC1, PC2, and PC3 refer to the more traditional principal
components that were determined initially, based on the unscaled variances of the
original spectra, and which are plotted in Figs 3.4 and 3.5. In Appendix A, it is the newer
set of spectral components, Slope, PC2', and PC3' that are listed for each SMASSII
asteroid.

The spectral components listed in Appendix A are recorded to four decimal places,
corresponding to the precision with which these components have been plotted in
various figures (such as Figures 3.8 and 3.9). However, these spectral components
should be considered accurate to only the second decimal place. As described in
Chapter 2, there is an inherent uncertainty (less than +0.02) in the average spectral
slope that arises from the use of a mean extinction model in the calibration process. In
addition, sporadic variations in spectral slope (0.05 or higher) were occasionally noted
in successive measurements of the same asteroid obtained under poor sky conditions,
though these observations were usually rejected from the final SMASSI| dataset. Even
under good observing conditions, however, spectra obtained of an asteroid on multipie
nights sometimes showed variations that are difficult to explain. While these variations
are most noticeable in the average spectral slope, differences are also seen in the
shapes and depths of various absorption features within the asteroid spectra.

During the SMASSII survey, 131 different asteroids were observed on muitiple
nights. This number includes asteroids that were measured on different nights of the
same observing run, as well as objects that were reobserved during different runs, with
the observations being separated in time by months, or even years. By comparing these
multiple observations, it is found that spectra taken on different nights of the same
observing run are usually similar in form, with typical variations in the Slope component
(for ~80% of the cases) being 10.03 or less. In those cases where an asteroid was
measured during different observing runs, however, the resulting spectra sometimes
show greater variations, with differences in the Slope component being typically less
than £0.07 (again, for ~80% of the cases), but in the worst case, is found to be as large
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Figure 3.8: Plot of the fir. . two spectral components (Slope and PC2') for 1190 SMASSII
asteroids. Objects that were observed as part of the Eight Color Asteroid Survey are labeled with
their Tholen taxonomic class, while asteroids newly observed during SMASSI| are shown as dots.

as +0.15. Because the run-to-run variations are generally larger than the night-to-night
differences, | suggest that compositional heterogeneity (revealed by the asteroid’s
rotation) is not the primary source for the observed spectral differences. These run-to-
run variations might be instrumental in nature, though every attempt was made to
minimize differences between observing runs by following the same observing
procedures throughout the entire SMASSII survey. It is also possible that these
variations arise from differences in observing geometry, such as phase-angle effects
(phase-reddening, e.g. Miner and Young 1976) or temperature-related variations in
spectral properties that occur with changes in the asteroid’s neliocentric distance (Lucey
and Keil 1998, Lucey et al. 1998). While the photometric precision of the SMASSII
observations is typically high, and by itselt, would lead to relatively small formal
uncertainties in the calculated spectral components (less than +0.01), the variations in
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Figure 3.9: Same as in Fig. 3.8, except showing the spectral component plane defined by
components PC3’ and PC2'. Compare the structure seen in this plot with that of Fig. 3.5.

spectral properties that have been observed for some asteroids at different epochs lead
to larger estimated uncertainties in the spectral components listed in Appendix A. Based
on the repeatability of spectra in our final analysis, we estimate the 1o uncertainty in
Slope to be +0.05, while the uncertainty in PC2’ is +0.025 and the uncertainty in PC3'’ is
10.02 for any asteroid that was observed only during one observing run.

The 3-D parameter space defined by Slope, PC2', and PC3' is best examined
along the two planes shown in Figures 3.8 and 3.9. Except for an apparent clockwise
rotation in the plane, the overall appearance and relative locations of the spectral groups
seen in Fig 3.8 are very similar to those found in Fig 3.4. However, plotting PC3' against
PC2' (Fig 3.9) reveals significantly more structure in the data than is seen in the
comparable plot of PC3 vs. PC2 (Fig 3.5). A direct comparison of the two principal
component systems is shown in Fig. 3.10, where corresponding components from the
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Figure 3.10: Comparison of the first three spectral components (Slope, PC2', and PC3')
with the corresponding principal components (PC1, PC2, and PC3).

58



Table 3.4: Percentage of variance accounted for by spectral components

Component (Th:i:: ? 984) (Xusen::I.s 13;95) (niﬁ"nﬁ??gm (ﬁﬁrf s?li;:e)
PC1 67.7% 58.7% 53.3% 456% (slope)
PC2 26.8% 28.6% 24.4% 31.3% (PC2)
PC3 2.6% 7.4% 6.7% 7.0% (PC3)
PC4 1.7% 3.7% 3.7% 3.7% (PC4)
Total: 98.8% 98.4% 88.1% 87.6%

two systems are plotted against each other. Frame B of this figure shows that the
difference between components PC2' and PC2 is particularly large, suggesting that the
increased structure revealed in Fig. 3.9 is primarily a result of the spectral detail that is
preserved in component PC2'. Another way of comparing these different sets of
parameters is to determine what percentage of the variance in the original spectral data
is accounted for by each of the principal (or spectral) components. In Table 3.4, the
percentages for the first four components from each system are listed, with the results
from the ECAS principal component solution (Tholen 1984) and that of SMASSI (Xu et
al. 1995) being included for comparison. As expected, the percentage of the total
variance accounted for by the Slope parameter is noticeably less than the maximum
possible that is accounted for by component PC1. What is interesting is that this
difference in the percentage between the Slope component and PC1 is almost entirely
accounted for by next spectral component, PC2'. It is also important to note that the
total variance accounted for by the first four components describing the SMASSII data is
substantially less than that accounted for by the first four components describing either
the ECAS or SMASSI datasets (88%, as compared to 98%). This can be attributed to
the significantly larger size of the SMASSI| dataset, and to the correspondingly greater
trend towards a continuum in the variation of spectral features.

Another characteristic describing how an asteroid's surface reflects sunlight is its
albedo. Ever since the early-1970s, when photopolarimetric and radiometric albedo
measurements first became available (e.g. Zellner 1973, Morrison 1974), these
measurements have been included as a major component in the classification schemes
of asteroids. In the Tholen taxonomy, spectral classes were initially identified using the
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Figure 3.11: Histogram of IRAS albedos for 625 asteroids that were also observed as part
of SMASSII. The overplotted curve shows the frequency estimate resulting from an average
shifted histogram. The saddle point separating the two modes of the distribution occurs at an
albedo of approximately 0.11.

ECAS broad-band colors, but albedos were subsequently used to subdivide the
spectrally degenerate X-class into the low-, medium-, and high-albedo P-, M-, and E-
types. Albedos were also used to test the significance of other class divisions, such as
the B- and F-types. Introduction of the IRAS asteroid measurements prompted Tedesco
et al. (1989) and Barucci et al. (1987) to include the IRAS albedo as a principal
characteristic when defining their taxonomic classes.

A gross relationship between albedo and spectral features has long been
recognized, and can be clearly seen in Figs. 3.11 and 3.12, where the 625 SMASSII
asteroids that also have IRAS albedo measurements have been plotted. Even with this
relationship, however, the classification of asteroids based on measurements of albedo
should be done with hesitation, especially when that classification ultimately leads to
interpretations about the bulk composition of asteroids. An important example of the
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Figure 3.12: The three primary planes of spectral component space. Plotted are the 625
SMASSII asteroids for which IRAS albedos are available. Those asteroids for which the IRAS
albedo is less than 0.11 are shown as Xs. Asteroids with albedos > 0.11 and < 0.3 are plotted as
open circles. Filled circles represent those asteroids with albedos > 0.3. The separation between
low- and high-albedo asteroids is most correlated with component PC2'.

contradictions that arise, due to interpretations based cn albedo, is found within Tholen's
M-class, which includes asteroids with moderately high albedos, ranging from 0.1 to 0.3.
Based primarily on measurements of their albedo, members of this class have long been
presumed to have a metallic NiFe composition, and to be the source bodies for iron
meteorites. However, polarimetric (Lupishko and Belskaya 1989), radar (Ostro et al.
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1985), and near-IR {Jones et al. 1990, Rivkin et al. 1995) observations of M-types have
shown several of these asteroids to have properties that are inconsistent with a metallic
iron composition. As with the spectral slope, an asteroid's albedo might be modified by
space weathering processes. In the laboratory, simulations of repeated shock melting
and recrystallization have been shown to darken both meteorite samples, and selected
minerals thai are thought to be common on asteroid surfaces. This reduction in
reflectivity is most evident in silicate minerals, and is often seen in conjunction with an
increase, or reddening of the spectrai slope (Moroz 1996). Along with true compositional
differences between asteroids, surface alteration processes might help explain the wide
range of albedos measured in some speciral classes.

3.6 Fundamentals of developing a feature-based taxonomy

The decision to reexamine (and revise) the structure of asteroid taxonomy was
made very cautiousiy. When the SMASSII survey was initiated, we had no intention of
changing the way asteroids are classified. The taxonomic system developed by Tholen
has been in use for over a decade, and is generally well accepted by the asteroid
science community. It was only as the analysis of the SMASSII data progressed that it
became apparent just how difficult it would be to reconcile the SMASSII spectral results
with the Thoien taxonomy. While it would have been possible to force the SMASSII data
to fit within the general structure of this taxonomy, doing so would have been a
disservice to the information contained in the SMASSII spectra, and to asteroid science
in general by propagating a classification system that will eventually have to evolve to
meet the needs of the higher-resolution asteroid spectroscopy available today.

Before proceeding with the definition of a new asteroid taxonomy, i* is important to
define a set of goals, or fundamentals, that can direct how the classification is carried
out, and how the taxonomy should be structured. Because we do not yet know the true
underlying composition or surface properties of individual asteroids, the taxonomy we
develop will necessarily be artificial, and will thus be open to considerable debate.
However, by providing these fundamental guidelines, it is hoped that the reasoning
behind certain decisions (which, at times, are subjective) might be clearer. Some of the
points listed here were raised in the previous discussions, but because of their
importance, they are repeated here.
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e This new classification system should be built on the robust structure of the
Tholen taxonomy. Our goal is to maintain the overall structure, and spirt of the present
asteroid taxonomy that has evolved over time through the works of Tholen and others.
The commonly used definitions of the primary asteroid classes should be maintained in
order to help preserve continuity between past and future research efforts.

e This new classification system should be based only on spectral (absorption)
features. Spectral features provide the best indicator of an asteroid’s underlying
composition. For this purpose, the average slope of the spectrum is considered a
spectral feature, though its importance should be carefully weighed against that of the
other absorption features contained in the spectrum. Albedo is not included in this
classification system, because its diagriostic power is not as great as that of spectral
features. Rather, albedo should be considered as a separate, quantitative parameter in
conjunction with the spectral class. Whatever their cause (compositional heterogeneity,
phase effects, temperature effects, etc.), some degree of variation in the features
(including slope) of an asteroid’s spectrum should be expected over time.

» This new classification system must account for the apparent continuum between
spectral classes. While the primary concentrations of C- and S-type asteroids are well
defined in principal component space, the regions surrounding them, and the boundaries
separating minor spectral classes are growing more vague as the number of objects is
increased (and as the average size of the asteroids observed decreases). The
taxonomy should be structured in a way that reflects the fact that boundaries between
classes are not distinct. Tholen identified several spectral endmembers, such as the A-,
B-, D-, Q-, and R-types, which continue to define the limits of spectral variation.
However, as significantly smaller asteroids are measured, especially among the NEAs,
unusual spectral types are likely to emerge, and so any classification system must not
only be flexible in allowing for the continuum between the known classes, but it must be
expandable to accommodate future outliers.

e The scale length for taxonomic classes should be comparable to the spectral
variance seean in many of the dynamical families. For the asteroid families we have
sampled, we generally find the members of any particular family to be spectrally similar.
The range of spectral variance that is observed within these families can be used as a
guide in judging the average extent of the taxonomic classes. In some cases, a
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particular dynamical family is used to define a specific spectral class (for example, the V-
types are defined by the Vesta family, while the K-types are defined by the Eos family).
This strategy provides for an optimum number of spectral classes. This number of
classes needs to be great enough to make efficient use of the information contained in
the spectra, but should not be so numerous that the classification system promotes
overinterpretation of the results.

 This new classification system should be defined based on an intelligent use of
multivariate analysis techniques. Whatever techniques are chosen, they should be used
as tools, in combination with other numerical methods, and should involve some level of
intervention by the "human neural net". The information contained in an asteroid
spectrum is complex. Not all features in the spectrum can (or should) be weighed
equally, nor can any one numerical technique properly parameterize all of the
information contained in each of the various spectral features. Thus, visual inspection of
the data, and the ability to make human judgments about the classification of objects,
based on specific rules, must be allowed. While this implies a certain level of
subjectivity, it protects against having to blindly accept the resuits of clustering
techniques that may not be sensitive to subtle details in the spectra. Ultimately, the
classification system might be best refined using a supervised, regression algorithm,
such as an artificial neural network (Howell et al. 1994). To properly apply such an
algorithm, though, the initial classification scheme should first be well established.

e This classification system is based only on visible wavelength spectra. For
observations of asteroids at different wavelengths (UV, near-IR, etc.), similar, parallel
classification systems should be developed such that the characteristics of any asteroid
can be judged on the merits of each type of observation, rather than attempting to
consolidate all of our knowledge into a single letter designation. Ultimately, this may
lead to a hierarchical structure of asteroid classification.

e Once defined, this new classification scheme should be easily usable and
applicable by others. The visual inspection of a CCD spectrum, to identify the presence
of pertinent features, and a straightforward quantitative comparison of relative
reflectances with those defining a taxonomic class, should be all that is needed to assign
an asteroid to that class.
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Chapter 4

Derivation of a Feature-based Asteroid Taxonomy

The development of this feature-based taxonomy takes advantage of several
strengths inherent in the SMASSII observations. The most significant aspect of the
SMASSII survey is its size. The spectra of 1190 individual asteroids are included in this
investigation, nearly three times the number that was used by Tholen in the formulation
of his taxonomy (405 asteroids with high quality spectrophotometry, Tholen 1984). This
total of 1190 objects arises from the 1189 asteroids discussed in Chapter 2 (and
presented in both Appendices A and B, all having perihelion distances of q > 1.3 AU),
plus the Earth-crossing asteroid 1862 Apollo, which is included as a taxonomic
benchmark for the Q-class. While there are 74 other near-Earth asteroids that were
observed during the SMASSII survey, apart from 1862 Apollo and its historical definition
of the Q-class, the taxonomy developed here is based only on those asteroids having
perihelion distances greater than 1.3 AU. The rationale for this is primarily based on our
interest in revealing the maximum spectral diversity within the main belt as it pertains to
the study of asteroid families. Because of their small sizes, and likely younger surfaces,
NEAs tend to have an even broader diversity of spectral characteristics that could skew
this taxonomy away from its primary emphasis. The near-Earth objects observed during
SMASSII are being treated in a separate study by Binzel et al. (1999b).

Another important aspect of the SMASSII data is its iniernal consistency. By
closely following the same observing strategy and data reduction procedures throughout
the SMASSII survey, we have tried to limit the number of variables that might affect the
final spectra. This leaves the primary source of uncertainty in our results to be those
factors that were, for the most part, outside of our control, such as an asteroid's apparent
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brightness, or variations in sky conditions at the time of the observations. In general, as
fainter objects are observed, or if the sky conditions are less than perfect, a decrease in
the overall signal-to-ncise of the resulting spectrum should be expected. Linder certain
conditions, however, systematic features (or artifacts) also appear in these spectra,
usually resulting from the incomplete subtraction of telluric sky lines (as described in
Chapter 2). A serious attempt has been made to identify and remove any artifacts from
the final spectra, but residual traces of these features may still be present. Special care
was taken to ensure that the presence of such artifacts did not influence the
development of this taxonomy, nor the scientific interpretation of the spectra (Chapter 5).

The primary limitations of the SMASSII survey are associated with its relatively
narrow wavelength coverage (0.44 to 0.92 um). While the high spectral resolution of the
SMASSII data provides a detailed mapping of several different absorption features
regularly found in asteroid spectra, this wavelength interval is not usually considered
sufficient to provide meaningful interpretations of the underlying mineralogy. The most
diagnostic absorption features readily identified in asteroid spectra are those of silicates,
with two major bands being located between 0.7 and 2.5 um (with band centers near 1
and 2 um, Cloutis et al. 1986). With the addition of observations in the near-infrared
(e.g. 52-coior, Bell et al. 1988, and SMASSIR, Burbine et al. 1997), a quantitative
analysis of these silicate bands is possible (Gaffey et al. 1993a, Sunshine and Pieters
1993), and can lead to the relatively unambiguous identification of oiivines
((Mg,Fe),SiO,4), orthopyroxenes ((Mg.Fe)SiO3), and/or clinopyroxenes ((Ca,Mg,
Fe),Si>Og) on asteroid surfaces. However, since this new feature-based taxonomy is

not dependent on considerations of mineralogy or cosmochemistry, this limitation in
wavelength coverage dozes not affect our classification results. Accordingly, | will not
dwell on details of mineralogy in the discussions of taxonomy that follow, nor will |
attempt to be complete in reviewing all previous works on asteroid compositions, their
thermal histories, or on the comparisons between asteroids and meteorites. Instead,
thorough reviews of these topics can be found in the literature (Gaffey et al. 1989,
Gaffey et al. 1993b, Pieters and McFadden 1994).

In trying to preserve the general taxonomic structure for asteroids that has evolved
since the early works of Chapman et al. (1975) ard Bowell et al. (1978), and which was
refined by Tholen (1984), we adopt the well-defined separation between C- and S-type
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asteroids, as well as the somewhat vague division that separates the C- and X-types in
forming the basis of our taxonomy. We also retain many endmember classes that have
been previously recognized, such as the B-, D-, A-, R-, and Q-types, which help define
the nominal range of variation observed among asieroid spectra. The primary difference
in comparing our feature-based taxonomy with the Tholen taxonomy is how intermediate
classes are defined. Tholen concatenated different class designations (letters) to
describe those ECAS asteroids lying near the boundaries separating distinct spectral
classes. In contrast, we try to reinforce the idea of a continuum between asteroid types
by increasing the total number of classes, so that the typical scale length in parameter
space of these classes is consistent with the variance in spectral propetrties observed in
most of the dynamical families that we have sampled. The use of asteroid families to
provide a scale length is based on the assumption that families are collisional in origin,
and that members of each family are composed of inherently similar material. Because
we do not rely on any one quantitative method to define all of the spectral classes, there
is no simple means for distinguishing those objects that lie near the boundaries
separating classes from those near the center of a class. For now, we accept the fact
that there will be some level of uncertainty in the taxonomic classification of asteroids,
especially for those objects that may straddle class boundaries.

4.1 Overview of the classification process

In the following six sections | describe the philosophy, as well as the specific
techniques, used in establishing the SMASSII taxonomic system. In particular, many
decisions were made affecting the resulting taxonomy that need to be explained and
defended. A general discussion in section 4.7 describes the application of this taxonomy
to future datasets in terms of quaniifiable spectrai features and characteristics.

The approach used-in defining our taxonomic classes is divisive; that is, the
process begins by considering the entire set of SMASSII asteroids as a single cluster.
At each step in the classification process, this cluster is subdivided into an increasing
number of smaller clusters, with the boundaries between these groups being defined by
the presence or absence of specific feaiures in the asteroid spectrum, or by the
parameterization of particular spectral characteristics. This is the basis for describing
this work as a feature-based taxonomy. At first, boundaries are drawn that divide the
entire population into the most basic associations: the classical C-, S-, and X-types.

67



These associations, or "complexes”, are very large, and each, in turn, is subdivided to
form the final taxonomic classes. As asteroids are assigned to these final classes, they
are excluded from further consideration in the classification process. A brief summary of
the steps making up this decision tree is given here, with a thorough discussion of the
classification process following in subsequent sections.

The first decisions made in this classification process dealt with initial
parameterization of the entire SMASSII dataset. This included the calculation of
average spectral slopes, and construction of the residual spectra, as well as the decision
to use PCA as the primary. parameterization tool. Each of these preliminary procedures
were discussed in detail in Chapter 3. Once the SMASSII data were represented in the
spectral component space of Slope, PC2', and PC3', the next major step involved
identifying the three primary spectral domains (the C-complex, the S-complex and the X-
complex), defining the boundaries that separate these complexes, and identifying those
outlying asteroid types that should not be included in any one of the three complexes.
While seemingly straightforward, this step is undoubtedly the most critical in determining
how the final taxonomy is structured. Defining the exact boundaries between the major
complexes was necessarily subjective, but relied as much as possible on the previous
classification results of Tholen (1984), Barucci et al. (1987) and Howell et al. (1994).

In the next step, those asteroids not included in the three major complexes were
assigned to one of five final taxonomic classes. For the most part, this involved using
the existing definitions for the D-, T-, O-, and V-classes, although a new Ld-class was
introduced to describe a spectral type that had not been well observed, or noted as
being significantly different, prior to the SMASSII survey.

This was followed by a rather long, though straightforward treatment of the S-
complex. First, five classes that make up the periphery of the S-complex were defined.
This included the well-established A-, Q-, and R-classes, the K-class that was first
proposed by Beli (1988) based on observations of asteroids in the Eos family, and
finally, a new L-class that we have introduced to represent a spectral type that was
previously noted as being unusual (Burbine et al. 1992), but which had not been
separately classified. The assignment of asteroids to these five classes relied heavily on
the visual identification of certain spectral features: specifically the unusual widths and
shapes of both the reflectance maximum near 0.7 um and the short-wavelength end of
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the 1 um absorption band. After the A-, K-, L-, Q-, and R-types had been identified and
removed from consideration, the remaining members of the S-complex were subdivided
analytically. This involved first calculating the mean of all remaining S-complex
asteroids using the original spectra, as well as finding the mean spectrum for each of the
A-, K-, L-, Q-, and R-classes. Based on their dissimilarity with respect to each of these
mean spectra, the remaining S-complex asteroids were assigned to one of six classes:
the S-, Sa-, Sk-, Sl-, Sg-, and Sr-types.

The next steps in the decision tree involved subdividing the C-complex. First, the
spectral component p'ane of PC2' versus PC3' was used to identify those members of
the C-complex whose spectra either contain a broad 0.7 pm absorption feature
(identified as Ch-types) or exhibit an excessive UV reflectance drop-off (classified as Cg-
types). The class designation of Cgh was reserved for those objects showing both a 0.7
um feature and a strong UV absorption. After the Cg-, Ch-, and Cgh-types were
removed from consideration, the remaining asteroids in the C-complex were subdivided
into the C-, B-, and Cb-classes, based on a combination of spectral slope, and the
presence or absence of a slight to moderate UV reflectance drop-off.

The final steps used in defining this taxonomy were reserved for the X-complex.
The X-types, as defined by Tholen, were considered spectrally featureless, and were
only separable into the E-, M-, and P-classes when albedo measurements were
included. Based on the SMASSII observations, we find that many members of the X-
complex are not totally featureless, and that subtle differences in the spectra are
sufficient to subdivide this group. The first step is to identify those members of the X-
complex whose spectra contain a unique set of features, similar to those seen in the
spectrum of 64 Angelina and which are described in detail below, and to assign these
asteroids to the Xe-class. The remaining members of the X-complex are then
subdivided into three additional classes. The first of these classes, the X-class (also
referred to as “X-types”, not tc be confused with the X-complex) is reserved for those
asteroids whose spectra are relatively lir ear (featureless), except for the occasional
presence of two minor absorption features: a small, curved UV drop-off shortward of
0.50 um, and a shallow absorption feature centered near 0.9 um. The Xc- and Xk-types
are distinguished from members of the X-class by a distinct bend in their spectra around
0.7 um (a decrease in spectral slope longward of 0.7 um), and are separated based on
their average spectral slope, with the Xk-types being redder than the Xc-types.

69



4.2 Separation of the three speciral compiexes

As was demonstrated several times in Chapter 3, the use of multivariate analysis
to represent the diversity of asteroid spectra regularly results in the identification of two
distinct groupings. This bimodal distribution in reflectance properties has long been
known from measurements of both broad-band colors (Chapman et al. 1971) and
albedos (Zeliner 1973, Morrison 1974), and led to the initial taxonomic assignments tor
C- and S-type asteroids. With the introduction of narrcw-band spectrophotometry, and
now CCD spectroscopy, our understanding of the spectral reflectance characteristics
that underlie this bimodal districution is becoming more refined. Over the visible
wavelength interval from 0.4 to 1.0 um, the spectra of "S-type" asteroids are generally
described as having a moderate to strong UV slope shcortward of 0.7 um and range from
being flat to having a deep silicate absorption feature longward of 0.7 pm (the minimum
of that absorption band being centered at roughly 1 um). By comparison, the "C-type"
asteroids have spectra that tend to be more neutral in color, and have absorption
features that are relatively shallow, if present at all. Because the spectral properties of
these two asteroid types are sufficiently different, and because these two types dominate
the observed asteroid population, they are represented as two distinctly separate
concentrations in spectral componerit space.

Introduction of the E- and M-classes by Bowell et al. (1978) provided the basis for
a third major spectral grouping of asteroids that, today, are generically referred to as X-
types (Tholen 1984). These asteroids have spectra that range from sligntly to
moderately red in color, and any absorption features that may be present are usually
very subtle. In spectral component space, the X-types plot approximately between the C-
and S-types. However, while the division between the X- and S-types is well defined in
this component space, a natural boundary separating the C- and X-type asteroids is
essentially nonexistent. The difficulty in separating the C- and X-types occurs because
there is no significant variation in the number density of objects along the line connecting
these two groups in component space. The transition between C's and X's, based
primarily on the gradual increase in the average spectral slope, appears to be truly
continuous, and makes any clear definition of the boundary separating these two groups
problematic.
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| have adopted these classical definitions for S-, C-, and X-types as the foundation
of this feature-based taxonomy. The number of SMASSII asteroids contained in each of
these groups is quite large, and correspondingly, the spectral variance among the
members of each group is large. These three major groupings, from here on referred to
as "complexes”, are not, in themselves, the final product of this taxonomy, but rather
define the basis on which further divisions in the classification process are made.
Because of this, however, the separation of these three complexes is a critical step in
the development of this taxoromy. Thanks to the intermediate location of the X-complex
bridging the gap between the C- and S-complexes in spectral component space, the
approach used in defining the boundaries dividing these three complexes is actually
straightforward. The primary question that needed to be addressed is "What is the
extent of the X-types (and thus, of the X-complex)?". By defining, at this point in the
process, what spectral properties constituted membership in the X-complex, the
memberships of both the S- and C-complexes would also, as a result, be determined. To
ensure a good level of consistency with earlier taxonomies, we relied on those asteroids
observed during the SMASSII survey that had been previously classified by Tholen
(1984), Barucci et al. (1987) or Howell et al. (1994). In particular, there are 98 SMASSI|
asteroids that were at least partially identified as X-types in one or more of these
previous taxonomies (this includes any asteroid for which the class assignment of X, E,
M, or P was used as either a single, or in a multiple designation). Based on these
asteroids, we determined those spectral characteristics that are most consistent with X-
types (described in detail in a following section), and identified all of the SMASSII
asteroids that share those particular characteristics. By estabiishing this range for the X-
complex, boundaries were automatically drawn that separate the C-, X-, and S-
complexes.

These boundaries separating the C-, X-, anc S-complexes can be approximated as
planar surfaces in the 3-dimensional spectral component space. In Figure 4.1, the three
primary planes representing this space have been plotted (showing all pairwise
combinations of the components Slope, PC2', and PC3'). All 1190 asteroids are shown,
and lines have been added to each plot to represent the two surfaces dividing the
spectral complexes, as projected onto these piimary component planes. These piots
are then repeated in Figure 4.2, where the boundarie. have been reproduced ior
reference, but only members of the S-complex have been repioited. It is clear from this
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Figure 4.1: The three principal planes of spectral component space. Plotted are all 1190
asteroids used in defining this feature-based taxonomy. The lines drawn on each plot represent
the approximate boundaries separating the C-, X-, and S-complexes.

figure that the lines shown do not represent solid boundaries separating the spectral
complexes, but are rather to be used as guides. The three spectral components plotted
here can account for a majority of the variance due to features in the asteroid spectra,
but not all of it. For asteroids making up the S-complex, the first three spectra,
components mainly account for the slope of the spectrum, and the shape and Jdepth of
the 1 um silicate band. Higher order variations in these spectra simply contribute to
scatter in the location of points in this space. This is a limitation of PCA, and must be
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Figure 4.2: Same as Figure 4.1, but showing only the 553 SMASSII asteroids belonging to
the S-complex.

acknowledged throughout the classification process discussed below. It is important,
therefore, that any asteroid lying near a boundary is individually inspected, and that an
intelligent dec...on is made as to which complex (or taxonomic class) it should belong.
Rules for reaching such decisions are discussed in section 4.7.1. In Figures 4.3 and 4.4,
similar representations are shown for the C-complex and the X-complex, respectively.
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Figure 4.3: Same as Figure 4.1, but showing only the 360 SMASSI! asteroids belonging to
the C-complex.

4.3 Description of outlying spectral classes

There is a significant number of SMASSI| asteroids whose spectra lie outside of
the nominal ranges defined for the C-, X-, and S-complexes. These objects all plot on
the perigery of component space, and are divided into two distinct regions. The first of
these regions is well separated from the three main complexes, and occupies the lower
left corner of the primary component plane defined by PC2' versus Slope. The second
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Figure 4.4: Same as Figure 4.1, but showing only the 220 SMASSII asteroids belonging to
the X-complex.

region of outliers is more closely associated with both the X- and S-complexes, lying in
the upper right-hand corner of the spectral component plane, but the spectra of these
objects clearly do not fit within the classical definitions of either the X- cr S-types. These
outliers are assigned to one of five different spectral classes: the D-, T-, Ld-, O- and V-
classes. The location of these srectral classes in component space is shown in Figure
4.5,
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Figure 4.5: Component plot identifying those objects with spectral types that lie outside of
the S-, C-, and X-complexes.

The first classes to be considered were the D- and T-types. Defining the
boundaries for these two classes was based, in part, on the mean broad-band colors
calculated by Tholen for the D- and T-classes, and on the scatter in spectral component
space of those SMASSII asteroids previously classified as D- or T-types (Tholen 1984,
Barucci et al. 1987, Howell et al. 1994). The spectra of objects in these two classes are
relat'vely featureless, having a moderate to steep slope shortward of 0.75 um, but often
becoming less steep longward of 0.75 um, with this change in spectral slope being
gradual over a broad wavelength interval. The primary characteristic that diiferentiates
the two classes is the average spectral slope, with D-types being steeper, or redder in
color, than the T-types. In component space, the two classes plot side-by-side, with the
boundary separating them being iocated at z Siope value of ~0.72. The location of tixe
T-types in component space is significant, in that they lie on one end of the boundary
separating the X- and S-complexes, and are in close proximity to members of both the
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Xk-class (of the X-complex, described in a later section) and the L-class (of the S-
complex, also discussed in a later section). The iact that the T-types bridge this space,
forming a continuum between the Xk-, L-, and D-types, may help to explain the variety of
compositional interpretations that have been made regarding T-type asteroids (Gaffey et
al. 1993b). Objects classified as D-types are predominantly found in the outer asteroid
belt, especially among the Trojan asteroids (French et al. 1989, Lagerkvist et al. 1993),
and are thought to be composed of relatively primitive, organic material. Since outer-belt
asteroids were not a focus of the SMASSII survey, D-types are greatly undersampled in
our spectral results. Even so, we classify nine asteroids as being D-types, eight of these
having semimajor axes between 2.6 and 3.9 AU. This number is consistent with the
findings of SMASSI (Xu et al. 1995), where three D-types were identified in the main belt
from a total survey sample of 316 asteroids.

The remaining outliers on the right-hand side of this component plane were
classified as Ld-types. The spectra of these asteroids have a very steep red slope
shortward of 0.7 um, and become essentially flat longward of 0.75 pm, with a maximum
relative reflectance of roughly 1.3. This is a fairly unusual spectral type and was
essentially unsampled in the ECAS survey, with only one of the twelve SMASSII
asteroids assigned to the Ld-class being previously classified (234 Barbara, designated
as an S-type, Tholen 1984, and as an SO-type, Barucci et al. 1987). The component
space occupied by these twelve objects is large, filling the region bounded by the edge
of the S-complex, and extending along the PC2' axis from the bottom edge of the D-
class to the top of the A-class (in the lower right-hand corner of the S-complex). The
designation "Ld" was selected to reflect the fact that, spectraliy, these objects are most
similar to the L-types (discussed in the next section), but have a much steeper slope, like
the D-types.

Located on the left-hand edge of the spectral component plane is a single object
representing the O-class. This class was defined by Binzel et al. (1993b) based on the
unusual spectral properties of the asteroid 3628 BoZnémcova. This spectrum is
described by a moderately red slope from 0.44 to 0.54 um, followed by a generally
linear, but much shallower spectral slope that reaches a maximum relative reflectance of
only 1.05 at 0.7 um. The short-wavelenrgth half of a veiy deep silicate absorptioi teature
is then seen longward of 0.75 um. Based on comparisons with meteorite data, Binzel et
al. found the spectrum 3628 to be most consistent with that of L6 and LL6 ordinary
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chondrites, and suggested this main-belt asteroid may represent a possible iink to
ordinary chondrite meteurites found on Earth. The unique nature of this object is greatly
reinforced by the fact that in the resuits of the SMASSII survey, no other main-belt
asteroid was observed whose spectral properties even approach those of 3628
BozZnémcova.

The V-class was first proposed by Tholen (1984) to describe the unusual spectral
properties of the asteroid 4 Vesta. The visual reflectance spectrum of Vesta has a
moderately steep, red slcpe shortward of 0.7 um, and a very deep absorption band
longward of 0.75 pm, similar to the spectra of basaitic achondrite (HED) meteorites
(McCord et al. 1970). During the SMASSI survey, Binzel and Xu (1993) identified over
20 asteroids that are not only spectrally similar to Vesta, but also have orbital
parameters similar to those of Vesta. This clustering of V-type asteroids in orbital
parameter space not only helps confirm the existence of a suspected dynramical family
(Williams 1979, Zappala et al. 1990), but because of this ciuster's proximity to both
secular (vg) and mean-motion (3:1) resonances, it provides possible pathways for
delivering HED meteorites to Earth (Greenberg and Chapman 1983). In classifying the
"Vesta chips", Binzel and Xu actually divided the spectral class, designating those
objects with particularly deep 1 um bands as J-types ("J" for Jchnstown diogenite).
Observations of asteroids in the Vesta zone were continued throughout the SMASSII
survey, with nearly 20 additional V-type asteroids being added to the total known.

In all, twenty-one V-types are plotted in the lower left-hand corner of the spectral
component plane shown in Figure 4.5. The dispersion of these points in component
space is quite large, consistent with the wide range of spectral variation observed among
these objects. Even so, | do not to adopt the division beiween the V- and J-classes, but
rather, include all members of this group in a single V class. To be consistent with this
feature-based taxonomy, any future subdivision of this spectral space should be labelled
as subclasses of the V-types (for example, a Vj class).

In Figure 4.6, the average spectrum for each of these five outlying classes is
plotted, along with envelopes representing the 1o range in spectral variation. Because
these classes of asteroids plot on the periphery of spectral component space, the
average spectra plotted here are examples of some of the extremes in spectral
characteristics observed thus far among the main-belt asteroids.
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Figure 4.6: The mean reflectance spectrum (solid curve) for each of the five outlying
spectral classes. The dashed lines represent the 1a envelope determined from the variance in
each wavelength channel.

4.4 The S-complex

In the component space defined by Slope, PC2' and PC3', the S-complex is
represented by a triaxially-symmetric, centrally-condensad cloud of points, as plotted in
Figure 4.2. All of the asteroids contained in this complex have the common spectra!
characteristic of a moderate to steep red slope over the wavelength inierval from 0.44 to
0.70 pm, usually reaching a maximum reflectance between 0.72 and 0.76 um.
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Longward of this peak reflectance (out to the limit of our observations at 0.92 um), these
spectra can range from being approximately flat, or neutral in color, to having a very
deep silicate absorption band that reaches minimum reflectance at around 1 pm.
Because the UV slope (shortward of 0.70 pm) and the 1 pm band are the two most
dominant features observed in the visibie spectra of asteroids, these features dominate
the variance described by the lower-order spectral components, particularly Slope and
PC2'. The shape of the S-complex in spectral component space (both the concentration
of objects at the center, and the appioximate triaxial symmetry of the distribution)
indicates that the variations observed in the UV slope and 1 um band depth within the S-
complex should be treated as continuous, and suggests that subdividing this complex
into smaller spectral classes could be achieved, in part, using analytical methods.

4.4.1 Description of the A-, Q-, and R-classes

Three spectral classes defined in the Tholen taxonomy (the A-, Q-, and R-types)
plot on the lower perimeter of the S-complex (as projected in the primary plane of PC2'
vs. Slope). The spectra of these objects contain moderate to very deep 1 um absorption
bands, consistent with their lower (or more negative) values of component PC2'. What
differentiates these asteroids from others in the bottom half of the S-complex is subtle
peculiarities in the shape and width of the reflectance peak, and to a smaller extent, in
the shape of the 1 um silicate absorption band over the wavelength sampled. In
particular, for most asteroids contained in the S-complex, the spectral reflectance
maximum is located between 0.72 and 0.76 um, and the interval over which significant
curvature occurs (that interval over which the spectral slope transitions from the UV
slope to the 1 um absorption band) is typically 0.07 to 0.09 um wide. For those
asteroids classified by Tholen as A-, Q-, or R-types, the width of the spectral peak is
usually outside of this nominal range, with some asteroids having reflectance maxima
that are especially narrov; or sharply peaked (with the curvature being confined to an
interval of ~0.05 um), while other asteroids have spectral reflectance maxima that are
particularly broad (interval of curvature 20.1 um). In addition to these variations in the
shape of the reflectance peak, the 1 pm absorption band often appears to be more
rcunded, or "bowl-shaped", than is typical for S-type asteroids.

Based on the ECAS results, Tholen uniquely identified five asteroids as A-types:
246 Asporina, 289 Nenetta, 446 Aeternitas, 863 Benkoela, arnd 2501 Lohja (Tholen
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Figure 4.7: Three examples of A-typa spectra, showing the range of variation observed for
different spectral teatures. The reflectance maximum, marked A, is seen to be fairly narrow, or
sharply peaked in some A-type spectra (such as 863 Benkoela), but in other A-lypes, such as 246
Asporina, the maximum can be quite broad. The 1um absorption band can appear significantly
rounded (see B for asteroid 863) though the presence of a rounded absorption feature is usually
correlated with a sharply-peaked maximum. When the reflectance maximum is broad, the
absorption feature is likely to be more linear in appearance, as is seen in 246 Asporina. Most A-
types appear to have a subtle bend, or deflection, in the red slope, centered around 0.625 pm
(King and Ridley, 1987). This feature is marked with an arrow and labelled C in the first two
spectra, but in the spectrum of 289 Nenetta, this feature is quite pronounced, with a width of over
0.07um as shown by the labelled bracket.

1989). Two other ECAS asteroids were assigned the letter "A" as part of a multiple
designation: 1658 Innes (AS) and 1747 Wright (AU:). During the SMASSII survey, we
reobserved each of the five unambiguous A-types identified by Tholen, and used inese
in defining the lirnits of the A-class in our feature-based taxonomy. The A-types have an
unusually steep red slope shortward of 0.70 um, and a moderately deep 1 um band.
Mineralogicaiiv, there is little debate over the interpretation of these spectra, which are
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characteristic of an olivine composition (Gaffey 1994, Lucey and Keil 1997). However,
based on our observations of the five ECAS asteroids, we find that there are actually two
distinct spectral forms associated with the A-class. The first of these forms has a
reflectance maximum that is narrow, or sharply peaked, and a 1 pm band that is
particularly rounded. Two examples of this form (289 Nenetta and 863 Benkoela) are
plotted in Figure 4.7. The other spectral form has a refleciance peak that is much
broader, and a 1 um feature that shows little or no curvature (is essentially linear) out to
the end of the observed spectrum (at 0.92 um). An example of this spectral type (246
Asporina) is also plotted in Figure 4.7. In those A-type spectra with sufficiently good
signal-to-noise, a subtle bend, cr deflection is commonly observed in the UV slope,
centered around 0.625 pum (King and Ridley 1987, Sunshine et al. 1998). In some
spectra, such as that of 289 (see Figure 4.7), this feature can have a substantial width,
and appears to result from the combination of multiple band components.

A total of 15 A-type asteroids were identified in the SMASSII survey, including the
five A-types previously known from the ECAS survey. While these objects occupy a
relatively large, elongated region of spectral component space (see Figure 4.8), the
apparent correlation between the components Slope and PC2' can be reasonably
explained. Those A-types that exhibit a sharp reflectance peak, and correspondingly
more rounded (and thus deeper) 1 pm absorption band will be fitted by a lower average
spectral slope (measure of component Slope). In contrast, those spectra with broader
reflectance maxima, and thus more linear or shallow 1 um bands will be fitted by a
steeper average slope. In Figure 4.8, arrows have been added to show the approximate
directions in which the UV slope and 1 pm band depth increase. It is clear that the A-
types cluster in an orientation along the line of variable 1 pm band depth, while the UV
slope tends to be more constant (consistently very steep, or red). Though the A-types
are generally isolated in the lower right-hand corner of Figure 4.8, inclusion of an
asteroid in the A-class must ultimately depend on inspection of the shapes of the
reflectance maximum and 1 pm band. The differences in the 1 um band strength have
been confirmed through observations in the near-IR by SMASSIR (Burbine et al. 1999).
Arguments could be made to subdivide the A-class based on these differences in shape
and strength of the 1 um band, but until more A-types are observed and the range of
spectral variability is better established through mapping the full structure of the 1 um
band, we suggest maintaining a single A class, thus preserving the definition of Tholen.
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Figure 4.8: Component plot showing the subdivision of asteroids within the S-complex. For
clarity, those asteroids classified as "S" (with no subscript) are shown as dots. Arrows are plotted
to show the general trends of primary spectral features in component space. The depth of the 1
um feature trends from negligible in the K- and L-types, to very deep in the R- and Q-types. Note
also that the trend for increasing UV slope (the slope for that part of the spectrum shortward of
roughly 0.7 um) is skewed with respect to the Slope axis (the Slope axis being a measure of the
average slope over the entire spectral interval.)

The earliest definition of the R-class (Bowell et al. 1978) contained several
asteroids whose spectra have a steep UV slope and a strong 1 pm absorption feature.
However, with the addition of near-IR spectrophotometric measurements, and the
introduction of the A-class, the R-class became very exclusive. Tholen found only one
definitive R-type in his classification of the ECAS asteroids, 349 Dembowska. The
maximum reflectance in the Dembowska spectrum is very sharply peaked, and
somewhat skewed due to the steep drop-off of the 1 um absorption band. Unlike the A-
types, whose near-IR spectra reveal a single absorption band centered near 1 pm
(indicating a composition dominated by olivine), the near-IR spectrum of Dembowska
exhibits strong absorption features at both 1 and 2 um, interpreted as resuiting from a
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mixture of olivine and pyroxene, with little or no NiFe metal (Feierberg et al. 1980, Gaffey
et al. 1989). In the SMASSI!| data, we have identified one other asteroid, 1904
Massevitch, whose visible wavelength spectrum is nearly identical to that of 349
Dembowska. However, a comparison of the proper orbital elements for these two
asteroids (for Dembowska, a = 2.925 AU, e' = 0.055, sin i’ = 0.135, while for 1904
Massevitch, a = 2.744 AU, e’ = 0.039, sin i’ = 0.205, from proper element file version
6.8.5, Milani and KneZevic 1994) suggests that it is unlikely these two objects originated
from the same disrupted parent body.

The only asteroid unambiguously identified as a Q-type by Tholen is the near-Earth
asteroid (NEA) 1862 Apollo. This asteroid, as well as 74 other NEAs, were observed as
part of SMASSII. As discussed earlier. results from our observations of NEAs are being
reported on separately by Binzel et al. (1999b), with preliminary findings already given
by Binzel et al. (1996). While we do not include the spectrum of 1862 Apollo in
Appendix B, we do include the fitted channels for this asteroid in our calculation of
spectral components, thus providing a benchmark for the Q-class within our feature-
based taxonomy. The spectrum of 1862 Apollo contains a moderately steep UV slope
and a deep 1 pm absorption feature. The refleciance maximum (centered at roughly
0.71 um) is noticeably broader, and more rounded, than is typical for S-type asteroids.
Similarly, the 1 um absorption feature is very rounded, or "bowl-shaped”. Using the
position of the 1 um band, McFadden et al. (1984, 1989) interpreted the surface
composition of Apollo to be a mixture of olivine and pyroxene, similar to that found in
ordinary chondrite meteorites. While several asteroids have been identified among the
NEA population whose spectral properties are similar to that of 1862 Apollo (Binzel et al.
1996), no asteroids in the main belt have been found whose spectral characteristics are
sufficiently close to those o* Apollo to be included in the Q-class.

4.4.2 Description of the K- and L-classes

Asteroids plotting in the upper portion of the S-complex, as viewed in the primary
plare of PC2' versus Slope, have spectra in which the 1 jum band tends to b~ shallow.
Specifically, for those asteroids located on the upper perimeter of this complex, the 1 pm
hand depth is essentially zero, leaving an approximately flat, or neutral spectrum over
the interval longward of 0 75 um (where the UV slope has ended). Thz transition from
the UV slope to this flat segment occurs smoothly, usually over a wavelength interval cf
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~0.05 um. To describe this spectral form, | have reserved the term "smoothly angled".
In the definitions of both the K- and L-classes, the spectral segment longward of 0.75 um
is not required to be absolutely flat (the slope over this segment can range from
moderately bluish to slightly reddish), but it must be linear, with no significant concave-
up curvature like that normaliy asscciated with the 1 pm absorption band. While several
asteroids having this spectral form were measured during ECAS, in the Tholen
taxonomy, these objects were assigned to the S-class, and have traditionaily been
referred to as "featureless" S-types.

Gradie and Zelines (1977) found that asteroids belonging to the Eos family have
UBV colors and radiometric albedos that are intermediate between those of C- and S-
type asteroids. Over the visible wavelengths, the spectra of Eos family members are
generally similar to those of S-type astercids in that they exhibit a moderate UV slope
shortward of 0.7 um. However, over the interval of 0.75 to 0.92 um, these spectra
contain no significant 1 um feature. In spectral component space, the Eos family
asteroids cluster around a PC2' value of 0.0, and plot as a continuous extension from the
densely-poupulated core of S-types. The first proposal for a separate K-class was made
by Bell (1988), based on near-IR specirophotometry of Eos family objects in which he
iound the 1 um silicate absorption feature to be particularly shallow, and the 2 pm band
to be essentially absent. Bell found a close similarity between the spectral and albedo
data for these K-types and that of anhydrous CV3 and CO3 chondrite meteorites.
Tedesco et al. (1989) also defined a K-class based on their three-parameter taxoromy,
but included extra objects in the class that are not associated with the Eos family. A
thorough study of the Eos family was conducted by Doressoundiram et al. (1998) using
CCD spectroscopy, in which a wide range of spectral slopes among the family members
was revealed. This spread in spectral slopes was interpreted as a record of
compositional variation within the Eos parent body, though Doressoundiram et al. also
found evidence suggesting tr.at surface weathering processes may have reddened many
of the spectra. In the SMASSII data, we have identified 28 asteroids as K-types, though
only about half of these objects are directly associated with the Eos family.

Based on his principal component analysis of the combined ECAS and 52-color
survey data, Burbine (1991) identified two S-type asteroids, 387 Aquitania and 980
Anaco.tia, that have an unusual near-IR spectrum when comgared with those of typical
S-types (Gaffey et al. 1990, 1993a). These same asteroids were also noted as being
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unusual by Britt and Lehofsky (1992). The spectra of both Aquitania and Anacostia
contain a moderately deep, broad 2 pm absorption band, while the 1 um feature is very
weak. In mixtures of olivine and pyroxene, it is the 1 um absorption band that is usually
strongest, with the relative intensity of the 2 um band approaching that of the 1 um
feature only in assemblages that are dominated by pyroxene (Cloutis et al. 1986).
Burbine et al. (1992) interpreted these anomalous spectra as indicating the presence of
spinel, which is commonly found in inclusions contained in CV3 and CO3 meteorites.

Over the visible wavelengths, 387 Aquitania and 980 Anacostia have spectra that
are generally simiiar to those of K-types. There is a moderately steep UV slope
shortward of 0.70 um, and relatively fliat, featureless interval longward of 0.75 ym, with
the transition being smoothly angied. The primary characteristic separating these
asteroids from the K-class is the fact that the UV slope is considerably steeper for
Aquitania and Anacostia than for the average K-type asteroid. In SMASSI, Xu et al.
(1995) identified 6 inner main-belt S-type asteroids whose visible wavelength spactra are
similar to those of Aquitania and Anacostia. In SMASSII, w= have identified 31 such
asteroids, leading us to propose a new spectral class to describe them, and denJting
this class by the letter "L". The letter L was chosen to stress the apparent speciral
continuum these asteroids form with relation to the K-types, as well as the S-types. In
the SMASSII spectral component space, the separation between the K- and L-classes
occurs at a Slope value of about 0.60. Burbine et al. (1992) noted the similarties in
orbital semimajor axes and inclinations (proper sin i) of Aquitaria and Anacostia,
suggesting a possible Aquitania-Anacostia family .ormed by the cisruption of a spinel-
bearing CV3-type parent body, and indicated that 599 Luisa and 729 Watsonia may also
be members of this famiiv. The SMASSII observations tend to support this hypothesis,
with Luisa and Watsonia being classified as K- ana L-types, respectvely. We have also
found that most members of the proposed Henan family (Zappala et al. 1995) are L-
types (these family memberships will be discussed at length in Chapter 5). This fact that
the Eos family primarily contains K-tvpes, while the proposed Aquitania-Anacostia and
Henan families are dominated by L-types, was significant in our decision to form the
separate "L" spectral class, rather than simply expanding the boundaries of the K-class.
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4.4.3 Subdividing the core of the S-complex

Once the A-, K-, L-, Q-, and R-types l.ad been identified among the SMASSI|
asteroids, and removed from further steps in the classification process, a total of 476
objects still remained as unclassified within the S-complex. While all of these asteroids
shared the common S-lype characteristics of a moderately wide reflectance maximum,
usually centered between 0.72 and 0.76 pm, and a 1 um feature that shows moderate
concave curvature, there was still considerable diversity among these spectra, especially
in the steepness of the UV slopes, and in the depths of the 1 um bands.

Previous efforts to subdivide the S-class (e.g. Chapman 1987, Gaffey et al. 1993a,
Howell et al. 1994) were primarily driven by mineralogical considerations. Based on
observations in the near-IR, measurements of the 1 and 2 um silicate absorption bands
provide direct evidence for the olivine and/or pyroxene compositions of S-tvpe asteroids
(Burns 1970, Adams 1974, 1975, Cloutis et al. 1986). While the SMASSII observations
are limited to the visible wavelength region and record only the shorter wavelength half
of the 1 pm band, it must be argued that the first two spectral components (Slope and
PC2') calculated from the SMASSII data are fully capable of srparating the A-, Q-, and
R-type asteroids (as well as the K- and L-types) with their wide diversity of inferred
mineralogies (as shown in Figure 4.8). Because we have interpreted the S-complex to
be a continuous distribution of spectral forms, with the A-, K-, L-, Q-, and R-classes
representing endmembers of this distribution, it follows that a trend in silicate
composition may also extend throughout the S-complex as plotted in spectral
component space. There were many asteroids observed during SMASSIi whose overall
spectral slope, and depth of the 1 um band closely matched those of A-type asteroids,
but which were not classified as A-types because the shape of the reflectance maximum
and the degree .0 which the 1 pm feature was either rounded or linear did not meet the
criteria that we had established in defining the A-class. During SMASSI (Xu et al. 1995),
eight asteroids were identified as having spectra similar to those of A-types, but which
were uitimately not included in the A-class. Instead, these SMASSI asteroids were
noted as being "olivine-rich" or "clinopyroxene-rich" S-types. In the SMASSII data, we
have similarly found many asteroids whose spectra come close to matching those of the
two identified R-type asteroids (349 Dembowska and 1904 Massevitch), but which were
not classified as R-types because their refiectance maxima and 1 um bands appeared
too “rounded" in shape. By maintaining these seemingly strict definitions for determining
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those objects to be includad in the A- and R-classes (and similarly, those asteroids
included in the K-, L-, and Q-classes), we attempt to preserve these classes as true
endmembers of the spectral continuum.

The Slope and PC2' components account for the majority of the variance in our
spectra. It therefore foliows that the spectral variations found among asteroids in the S-
complex (which are primarily manifested as differences in the UV slope and 1 um band
depth, where these features are isolated by the Slope and PC2' componenis) can be
separated based solely on a measure of spectral variance. This suggests that a simple,
quantitative approach can be used to classify asteroids in the S-complex, which is
independent of principal component analysis. The procedure we have adopted uses the
dissimilarity (defined in Eqn. 3.2) to measure thz deviation between individual spectra
and the mean spectra calculated for different regions of the S-complex. In Table 4.1, the
reflectance values are listed for the mean spectra of all asteroids contained in each of
the A-, K-, L-, Q-, and R-classes. For the Q-class, the values presented in this table are
those for the single asteroid 1862 Apollo. Likewise, for the R-class, the values listed
represent the mean of two spectra (asteroids 349 Dembowska and 1504 Massevitch),
while the mean spectrum for the L-class is derived from 31 different asteroids. Also
listed in Table 4.1 is the mean spectrum for the "core" of the S-complex, which includes
all 476 members of the complex which had not already been classified as A-, K-, L-, Q-,
or R-types.

The primary calculation involves determining the dissimilarity (Euclidean distance,
as given by Egn. 3.2) for each asteroid in the core of the S-complex (any asteroid not yet
classified) with respect to each of the six mean spectra in Table 4.1. Examining the
distribution of dissimilarities for all 476 asteroids with respect to the mean core spectrum
(this dissimilarity with respect to the core of the S-complex is denoted by dg), we find that

10 (68%) of these asteroids have dissimilarities dg < 0.25. Using this 1o definition, any
asteroid in the S-complex with a value of dg < 0.25 was classified as an S-type (with no

subscript) in our feature-based taxonomy. For the remaining unclassified asteroids, with
values of dg > 0.25, the classification of each object was determined from the set of

dissimilarities [d,, dy, d), dq, d;] that were calculated with respect to the mean spectra of

A-, K-, L-, Q-, and R-types listed in Table 4.1. By finding which of these five
dissimilarities is smallest (finding the minimum value contained in the set, denoted as
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Table 4.1: Mean spectra used in subdividing the S-complex

Wavelength Mean relative reflectance

(um) Core of S-complex | A-types K-types L-types Q-types R-types
0.44 0.8111 0.7106 0.8598 0.8170 0.8178 07934
0.45 0.8296 0.7368 0.8740 0.8348 0.8332 0.8110
0.46 0.8481 0.7632 0.8881 0.8525 0.8488 0.8289
0.47 0.8663 0.7897 0.9020 0.8702 0.8644 0.8472
0.48 0.8842 0.8162 0.9156 0.8876 0.8805 0.8656
0.49 0.9017 0.8426 0.9290 0.9050 0.8970 0.8829
0.50 0.9188 0.8691 0.9423 0.9220 0.9143 0.8989
0.51 0.9358 0.8958 0.9552 0.9386 0.9321 0.9158
0.52 0.9527 0.9226 0.9674 0.9548 0.9502 0.9366
0.53 0.9691 0.9483 0.9789 0.9702 0.9679 0.9599
0.54 0.9848 0.9746 0.9896 0.9851 0.9845 0.9808
0.55 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
0.56 1.0144 1.0243 1.0099 1.0147 1.0146 1.0184
0.57 1.0273 1.0471 1.0192 1.0285 1.0283 1.0355
0.58 1.0388 1.0680 1.0275 1.0414 1.0410 1.0502
0.59 1.0497 1.0879 1.0355 1.0538 1.0526 1.0632
0.60 1.0611 1.1075 1.0440 1.0664 1.0629 1.0770
0.61 1.0732 1.1274 1.0531 1.0797 1.0725 1.0904
0.62 1.0858 1.1474 1.0626 1.0932 1.0820 1.1028
0.63 1.0981 1.1674 1.0715 1.1060 1.0915 1.1163
0.64 1.1103 1.1884 1.0796 1.1185 1.1010 1.1334
0.65 1.1223 1.2103 1.0877 1.1305 1.1105 1.1507
0.66 1.1340 1.2317 1.0960 1.1419 1.1198 1.1664
0.67 1.1451 1.2507 1.1037 1.1526 1.1287 1.1808
0.68 1.1548 1.2671 1.1103 1.1623 1.1361 1.1948
0.69 1.1632 1.2808 1.1161 1.1709 1.1412 1.2064
0.70 1.1709 1.2917 1.1214 1.1791 1.1442 1.2154
0.71 1.1778 1.3002 1.1255 1.1869 1.1453 1.2232
0.72 1.1833 1.3059 1.1286 1.1935 1.1440 1.2267
0.73 1.1876 1.3087 1.1323 1.1992 1.1405 1.2285
0.74 1.1900 1.3088 1.1360 1.2041 1.1354 1.2313
0.75 1.1889 1.3047 1.1378 1.2067 1.1281 1.2266
0.76 1.1841 1.2961 1.1371 1.2068 1.1173 1.2117
0.77 1.1765 1.2842 1.1344 1.2056 1.1031 1.1892
0.78 1.1675 12713 1.1309 1.2044 1.0852 1.1644
0.79 1.1574 1.2584 1.1276 1.2031 1.0638 1.1384
0.80 1.1457 1.2446 1.1238 1.2010 1.0395 1.1086
0.81 1.1331 - 1.2305 1.1197 1.1988 1.0137 1.0768
0.82 1.1209 1.2174 1.1168 1.1975 0.9884 1.0498
0.83 1.1096 1.2061 1.1153 1.1969 0.9651 1.0301
0.84 1.0979 1.1951 1.1132 1.1957 0.9443 1.0108
0.85 1.0852 1.1831 1.1092 1.1929 0.9264 0.9877
0.86 1.0729 1.1717 1.1041 1.1898 0.9119 0.9660
0.87 1.0617 1.1624 1.0986 1.1873 0.9009 0.9488
0.88 1.0520 1.1554 1.0931 1.1857 0.8926 0.9358
0.89 1.0445 1.1504 1.0881 1.1851 0.8860 0.9272
0.90 1.0392 1.1468 1.0841 1.1851 0.8804 0.9225
0.91 1.0359 1,1442 11817 1.1861 0.8757 0.9217
0.92 1.0340 1.1425 1.0805 1.1880 0.8717 0.9243
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min[d,, di, d,, dq, d]). we assign each of the remaining asteroids to one of five spectral
classes, the Sa-, Sk-, Sl-, Sg-, and Sr-classes. For example, those asteroids in the S-
complex for which dg > 0.25, and for which d, = min[d,, d, d|, dq, d;] (and which had not

been previously classified as A-types) were assigned to the Sa-class.

Figure 4.8 shows the distribution nf spectral classes making up the S-complex,
plotted in the component plane of PC2' versus Slop=. Members of the A-, K-, L-, Q-, and
R-classes are clearly seen occupying different regions around the perimeter of this
distribution. Also seen are the relative locations of members belonging to the Sa-, Sk-,
Sl-, Sq, and Sr-classes. For clarity, those asteroids classified as S-types are
represented by the dots concentrated in the center of this distribution. In this plot, those
asteroids classified as Sa-types occupy the region between the S-types and the A-types.
This results from the fact that the dissimilarity between the S-types and A-types is
significant, leaving a relatively large gap of component space between the positions of
A-types and the center of the S-type distribution that can be allocated to the Sa-class.
Likewise, the R-type asteroids (and the Q-type asteroid 1862 Apollo) plot relatively far
trom the center of the S-type distribution, so that the Sr- and Sq-type asteroids plot in
intermediate locations on this component plane. The relatively large values of
dissimilarity between the A- and S-types, the Q- and S-types, and the R- and S-types
are what led Tholen (1984) to idendfy the A-, Q- and R-classes as being distinct from the
S-class in his minimum tree analysis. The asteroids that we assign to the Sa-, Sq-, and
Sr-classes are generally small in size, and were not well sampled by the ECAS
observations that provided the basis for Tholen's taxonomy. The trends in spectral
shape, marked by arrows in Figure 4.8, indicate that the primary difference between the
A-types and the Sa-types is the steepness of the UV slope (this is in addition to the
subtle differences in the shapes of the reflectance peaks and the 1 um bands that were
described above). Likewise, the R- and Q-types differ from the Sr- and Sg-types
primarily in the depth of the 1 um absorption band. These differences, while relatively
minor, can be seen in Figure 4.9, where the mean spectra for each of the classes in the
S-complex is plotted. The case for the Sk- and Sl-classes, and their relationships to the
K- and L-classes in spectral component space is slightly different. The UV slopes (and
correspondingly, the average spectral slopes) for asteroids in both the K- and L-classes
are not significantly different from those of the S-class asteroids. Thus, the only
characteristic that really distinguishes the K- and L-types from the S-class is the absence
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Figure 4.9: Similar to Figure 4.6, but showing the mean spectra for those classes contained
in the S-complex.

of any substantial curvature in the 1 um band, while the magnitude of the spectral
variance separating the K- and L-types from the S-class is relatively small. As a result,
the K- and L-classes plot immediately adjacent to the S-types in spectral component
space, leaving the Sk- and Sl-types to plot on the perimeter of the distribution shown in

!
N —
-~

9



Figure 4.8. The Sk-types occupy a space bounded by not only the K- and S-classes, but
also by the Sqg-class. Similarly, the Sl-class is bounded by the L-, S-, and Sa-classes.
The positions of these various classes in the PC2' versus Slope plane illustrates the fact
that not only do the Sk- and Sl-types have more substantial 1 pm bands than the K- and
L-types, but also that the UV slopes of the Sk- and Sl-types bracket the range of slopes
fourd among asteroids assigned to the S-class. These relationships between the K-, L-,
S-, Sk- and Sl-classes are also apparent in the mean spectra plotted in Figure 4.9.

4.4.4 Previous classifications of S-types

This description of six separate classes (the S-, Sa-, Sk-, Sl-, Sg- and Sr-classes)
within the core of the S-complex is not the first subdivision of S-type asteroids to be
proposed. Due to the large spectral diversity among the S-types, there have been
several previous attempts to identify subclasses within this group (Chapman and Gaffey
1979, Barucci et al. 1987, Chapman 1987, Gaffey et al. 1993a, Howell et al. 1994), often
based on mineralogical considerations that are justified by the presence of silicate
absorption bands in the S-type spectrum. While only one of these silicate absorption
features (the 1 um band) is partially measured in the SMASSI| spectra, and even though
our approach in subdividing the core of the S-complex was stricily analytical, there may
be trends resulting from our anaiysis of the SMASSI| data that have some mineralogical
significance. In particular, if our ability to clearly differentiate the A-, K-, L-, Q-, and R-
types within the PC2' versus Slope component plane is extended to include the core of
the S-complex, then it should be possible to separate those S-type asteroids whose
compositions are more "olivine-rich" from those that are more "pyroxene-rich". To test
this, we compare the SMA3SI! results with previous classifications of S-types provided
by Chapman (1287), Gaffey et al. (1993a) and Howell et al. (1994).

The analysis by Chapman (1987) involved the combination of several different
datasets, including broadband UBV colors, 24-color spectrophotometry (Chapman and
Gaffey 1979), ECAS colors (Zellner et al 1985), and IRAS albedos (Veeder et al. 1989).
Using the spectral parameters of BEND, DEPTH, and IR (Chapman and Gaffey 1979),
together with albedo, Chapman classified the S-type asteroids as being either silicate-
rich or silicate-poor (rich in metal or opaques). By estimating the position of the 1 um
band ceriter and determining the IR parameter (infrared reflectance, defined as rq g5 -

ro.73), many of the silicate-rich S-types were further classified as being either olivine-rich
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or pyroxene-rich. In frame A of Figure 4.10, 46 asteroids observed during SMASSII that
had been previously identified as olivine- or pyroxene-rich S-types by Chapman are
plotted in the PC2' versus Slope component plane. This plot shows the olivine-rich (o)
and pyroxene-rich (p) objects to be relatively well mixed in component space, with only a
small indication of olivine-rich objects separating tcwards the lower-right corner in this
plane (and similarly the pyroxene-rich objects show a slight tendency for plotting more
towards the upper left).

Gaffey et al. (1993a) used the combined spectrophotometric data from ECAS, the
24-color survey, and the 52-color survey (Bell et al. 1988), providing spectral coverage
over the wavelength interval of 0.32 to 2.5 pm. Uwing the spectral slope, positions of the
1 and 2 pm band centers, the depth of the 1 um band, and the ratio of areas between
the 2 pm and 1 pm bands, Gaffey et al. were able to estimate the olivine to pyroxene

abundance ratios, as well as determine the Ca®* and Fe?* content of the pyroxenes
(differentiating the clinopyroxenes and orthopyroxenes) for 39 S-type asteroids. Based
on their findings, these S-type asteroids were grouped into seven classes, ranging from
the olivine-rich S(l)-class to the most orthopyroxene-rich class, S(VIl). In frame B of
Figure 4.10, the Gaffey et al. classifications for 29 SMASSII asteroids have been plotted,
though for clarity, the seven spectral classes, S(l) - S(VII) hove been grouped into three
broader categories: the olivine-rich classes, S(l) and S(ll) are indicated by the label "o",
the more clinopyroxene-rich classes S(lil) - S(V) are labelled "c", and the orthopyroxene-
rich classes S(V1) and S(Vll) have been plotted with the letter "p". The clinopyroxene-
rich objects are fairly well scattered over much of the plotted distribution, but there
appears to be more of a separation between points representing the orthopyroxene-rich
asteroids, which are concentrated toward the upper left, and those for the olivine-rich
objects, which appear to plot mostly in the lower-right corner.

In the work of Howell et al. (1994), an artificial neural network was used to analyze
the combined ECAS and 52-color datasets. In this analysis, Howell et al. found two end-
member subclasses among the S-type asteroids that were interpreted as being
compositionally distinct: the olivine-rich "So" class and the pyroxene-rich "Sp" class.
Again, in frame C of Figure 4.10, the locations for 27 asteroids observed during
SMASSII that had been at least partially classified as So- or Sp-types in the Howell
taxonomy are plotted in the PC2' versus Slope plane. In this case, the tendency towards
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Figure 4.10: Comparing the subclassifications of S-types. In part A, asteroids that were
classified by Chapman (1987), and which were observed during SMASSII, are plotted by their first
two spectral components (Slope and PC2'). Only those objects for which Chapman used the "p"
(pyroxene) or "o" (olivine) discriminators are shown. Similarly, in part B, asteroids classified by
Gaffey et al. (1993) are shown. For clarity, objects classified by Gaffey et al. as types St or Sl
(olivine-rich) are shown with the label “0", while objects in classes SVI or SVII (orthopyroxene-rich)
are plotted as "p". Intermediate classes, Sl - SV (clinopyroxene-rich) are plotted as "c". In part C,
those S-types classified by Howell et a/. (1994) in the subclass Sp (pyroxene-rich) are plotted as
“p", while So types (olivine-rich) are plotted with the label "o".
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separation of asteroids classified as being either olivine-rich or pyroxene-rich by Howell
et al. appears to be more substantial, with olivine-rich objects clearly tending to plot in
the right half of our spectral component plane.

This increasing agreement between our spectral component analysis and previous
classifications of S-type asteroids (seen in frame A-C in Figure 4.10) might be partially
explained by the increased spectral coverage available to Gaffey et al. and Howell et al.
with the addition of the 52-color data. However, the choice of spectral parameters and
the analysis techniques used must also play a role. For example, a comparison of the
Gaffey et al. classifications with those of Howell et al. shows sorne inconsistencies, even
though roughly identical datasets, covering the same wavelength interval were used in
the two analyses (Howell et al. 1994). The general agreement between our SMASSI|
results and the Howell et al. classifications might result from the use of analysis
techniques (PCA and an attificial neural network, respectively) that account for all
variations within the spectral data, rether than on discrete measurements of individual
features or characteristics, as in those techniques used by Chapman (1987) and Gaffey
et al. (1993a).

4.4.5 Secondary features in S-type spectra

in addition to the UV slope, shortward of 0.7 um, and the 1 um absorption feature,
which are the primary spectral characteristics that distinguish the S-type asteroids, the
SMASSII spectra also reveal other, much more subtle features in the spectra or S-type
asteroids, primarily appearing as deviations in the UV slope. In Figure 4.11, four
representative S-type spectra are plotted, showing two particular variations in the UV
slope that are commonly seen in the SMASSII spectra. The first of these is a gentle to
moderate deflection in the slope that can be described as an "angled” UV drop-off. This
bend in the UV slope typically occurs at a wavelength of 0.53 um, with the spectral
interval shortward of 0.53 pm always appearing steeper, or redder in slope. This UV
drop-off is due to charge transfer absorptions (Adams 1975), similar to the more rounded
drop-offs seen in the spectra of C-type asteroids. The second of these features is even
more subtle, and can usually be seen only in spectra with sufficiently high signal-to-noise
ratios, or in the spline-fitted spectrum. This feature is usually noticed as a small bump,
or deflection in the UV slope, located 0.58 to 0.59 um. However, in the best examples of
this feature, it is clear that this feature spans the interval from approximately 0.565 to
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Figure 4.11: Four SMASSII spectra are shown, highlighting differences that are observed in
the UV slope (shortward of 0.7 um) among S-types. The spectrum of 3 Juno is representative of
the most common S-type, where the spectrum shows a slight increase (reddening) of the UV slope
shortward of 0.53 um (as marked). A nearly linear or featureless UV slope, as seen in the
spectrum of 39 Laetitia, is found to be much less common. In the case of 1483 Hakoila, the
spectral slope over the interval shortward of 0.53 um is very red. An example of a rather common,
though subtle absorption feature is seen in the spectrum of 384 Burdigala. 7This feature (actually
described as two absorption bands by Hiroi et al. 1996) spans the interval from approximately
0.565 to 0.69 pum (centered around 0.62 um), though in the SMASSII spectra, this feature is
usually best detected as an inflection in the UV slope at around 0.585 um (marked with arrow).
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0.69 um. A feature similar to this is described by Cloutis et al. (1986) in laboratory
mixtures of olivine and orthopyroxene. However, the specific nature of this band,
centered at 0.65 um was not determined. Hiroi et al. (1996) examined this feature in the
spectra of 9 S-type asteroids, and found it to be the composite of two separate
absorption bands, centered at roughly 0.60 and 0.67 um. They interpret the presence of
these minor bands as indicating the presence of either oxidized iron compounds or
spinel-group minerals.

In our spectral component analysis of the SMASSII data, subtle, higher-order
features such as the 0.60 and 0.67 um bands are easily lost in the total variance that is
contributed by the entire dataset. However, this does not preclude us from separately
analyzing a subset of the SMASSII data, with the goal of better isolating these features
using multivariate techniques. The spectra of all 476 asteroids making up the core of the
S-complex (the S-, Sa-, Sk-, Sl-, Sq-, and Sr-types) were reanalyzed, using only those
wavelength channels covering the UV siope, from 0.44 to 0.70 um. As in our original
analysis of the SMASSII data, an average slope, y, was first determined for the spectral
interval of 0.44 to 0.70 um by fitting a line to the spline-fitted channels, where this line is
constrained to have a value of 1.0 at 0.55 pm, as given by Eqn. 3.3. The fitted spectrum
is then divided by this line, prcducing a residual spectrum whose mean value, averaged
over all channels from 0.44 to 0.70 um, is roughly 1.0. These residual spectra were then
analyzed using PCA. The first three spectral components resuiting from this new
analysis are calied Slopesy), PC2's¢), and PC3gy), where th.e subscript (g4) identifies
these components as pertaining to this special treatment of the UV slope in S-type
spectra, and are listed in Table 4.2. For convenience, | refer to these new components,
calculated based or: subsets of the SMASSII data, as secondary components.

The secondary component plane of PC3'gy) versus PC2'gy) is plotted in Figure

4.12, showing the locations for all 476 asteroids making up the core of the S-complex.
Because these components were calculated specifically to isolate subtle features in the
UV slopes of the S-type asteroids, trends in the spectral components can be empirically
identified that correspond 1> variations in the strengths of these features. In Figure 4.12,
these trends are marked with arrows, indicating the directions of increasing strength for
the angled UV drop-off, which is most closely correlated with component PC2's;), and

for the 0.62 pm band (identified as the combined 0.60 and 0.67 pum bands by Hiroi et al.
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Table 4.2: Secondary spectral components for S-types

Spectral components Spectral components

Asteroid Type g, pc2r  pcy'  Pc2  Pcy | Asterald Type gn. pc  pca  pc2 PCH
(S1) (S7) (s1) (S2) (S2) (S1) (s1) (s1) (S2) (s2)

3 Sk 0855 00182 00019 00508 00115 198 S 1001 00571 00248 00225 -0.0014
§ S 1096 00154 -0.0017 -0.0004 -0.0027 208 Sk 1.078 00257 00062 00215 -0.0033
6 S 1153 00394 00032 00369 0.0038 226 S 1.029 00349 00078 00258 -0.0046
7 S 1.167 00078 0.0022 00164 0.0049 230 S| 1431 00558 00102 00378 0.0037
11 Sk 0861 00166 -0.0145 00484 0.0042 237 S 1375 -0.0i96 00046 00047 -0,0096
14 S 0930 00188 00093 00409 -0.0129 243 S 1073 00260 -0.0046 00172 -0.0020
15 S 0971 00132 00035 0.0366 -0.0076 244 Sa 1742 -0.0111 -00344 -00248 00044
17 Sl 1.323 00175 -0.0035 0.0348 -0.0018 245 S 1.288 0.0344 0.0063 0.0046 0.0059
18 S 1.159 0.0045 -0.0032 0.0448 0.0040 263 S 1.253 -0.0140 0.0016 0.0288 -0.0185
20 S 0984 00349 00086 0.0088 -0.0041 264 S 1057 00650 00111 00012 -0.0129
25 S 1392 00229 00105 -0.0230 -0.0291 278 S 1202 -0.0328 -00029 00038 -0.0106
26 S 1222 00036 00098 -0.0037 0.0082 281 S 1421 00246 -0.0127 00048 0.0059
28 S 1.305 -0.0116 -0.0090 0.0249 0.0046 288 S 1406 -0.0243 0.0015 -0.0026 -0.0311
29 S 1.047 0.0244 0.0211 0.0461 0.0010 295 S 1249 00204 0.0039 0.0047 0.0129
30 S 1400 0.0286 0.0034 0.0321 0.0137 306 S 1461 -0.0159 -0.0069 -0.0311 -0.0134
32 S 1131 00168 -0.0013 00168 -0.0036 310 S 1322 -00559 -0.0005 00426 0.0244
33 Sq 0769 00274 00099 00124 -0.0098 312 Sk 0995 00267 00241 -0.0151 -0.0131
37 S 1343 0.0205 -0.0036 0.0326 0.0046 321 S 1.067 00243 -0.0036 0.0256 0.0000
39 S 1.007 0.0906 0.0269 0.0243 -0.0004 327 SI 1,495 -0.0t67 0.0012 -0.0017 0.0137
40 S 1.179 0.0424 0.0038 0.0125 0.0028 346 S 1065 -00143 -0.0153 0.0320 0.0046
43 Sk 0929 -0.0044 00051 00291 00045 352 Sl 1.548 -0.0163 00075 00029 0.0006
57 S 1077 00416 00073 00297 -0.0077 353 S 1356 -0.0006 -0.0020 00097 0.0027
60 S 1341 00038 00113 -0.0133 0.0050 354 S| 1.748  0.0162 00134 -0.0037 0.0291
61 S 1.263 0.0077 0.00¢3 0.0152 -0.0249 355 S 1502 -0.0024 0.0035 -0.0207 0.0111
63 Sa 1781 0.0605 0.00,5 -0.0013 0.0032 371 S 1.344 -0.0016 0.0042 00010 -0.0059
67 S 1190 -0.0065 -0.0030 0.0021 -0.0210 374 S 1226 -0.0060 00007 -0.0115 -0.0069
80 S 1373 00049 00066 00093 0.0186 378 S 1249 -0005 00204 -0.0011 -0.0158
82 Sq 0592 0.1098 0.0220 0.0088 -0.0114 384 S 1.295 -0.0076 0.0101 -0.0016 -0.0073
100 S 1160 00047 -0.0018 00395 -0.0150 389 S 0967 00277 00001 00326 -0.0003
101 S 1.449 -0.0093 -0.0118 0.0108 0.0062 391 S 1324 -0.0084 -0.0017 0.0074 -0.0267
103 S 1375 -0.0043 -0.0037 -0.0047 -0.0283 394 S 1076 00026 00075 0.0150 -0.0202
108 S| 1502 -0.0231 -0.0102 -0.0006 -0.0216 405 S 1432 -0.0214 00030 00174 0.0064
113 S 1528 -0.0664 00169 -0.0543 0.0148 416 S| 1454 00503 00163 00288 -0.0191
115 S 1396 00392 00026 00121 0.0076 432 S 1444 00334 00058 -0.0056 -0.0057
116 Sk 0.856 0.0309 0.0040 0.0248 0.0028 443 Sl 1,532 0.1063 0.0239 -0.0045 0.0050
118 S 1210 00167 0.0208 -0.0003 -0.0042 453 S 1544 -00388 -0.0123 0.0001 0.C083
i19 S 1.585 -0.0083 -0.0031 -0.0134 0.0032 456 S 1367 -0.0189 00079 -0.0172 00132
123 S 1398 00374 00018 0.0055 -0.0023 462 S 1079 -00129 00076 00398 00036
124 S 12389 0.0124 -0.0028 0.0240 0.0106 470 S 1334 0.0313 0.0024 0.0053 -0.0026
148 S 1288 -0.0174 -0.0090 0.0183 -0.0050 471 S 0972 0.0100 0.0113 0.0234 0.0058
151 Sl 1613 -0.0262 -0.0128 0.0167 0.0040 477 S 142 -00111 0.0044 0.0045 0.0029
158 S 1086 00013 0.0016 0.0017 -0.0111 484 S 1306 -00367 -0.0092 00236 -0.0037
167 Sk 0799 00317 00122 0.0479 -0.0025 485 S 0967 00372 00174 00183 -0.0103
169 S| 1456 00245 00061 00050 -0.0004 496 S 1609 -0.0020 -0.0008 -0.0394 -0.0187
174 S 1.326 -0.0278 -0.0121 -0.0086 -0.0293 509 S 1199 00062 -0C014 00161 -0.0143
179 Sk 0836 00705 00077 0.0264 -0.0055 512 S 1486 00040 -0.0085 -0.0185 00083
183 S 1108 -0.0320 -0.0039 -0.0023 -0.0038 519 S 1.110 00241 00235 00301 00104
188 S 1405 -0.0173 00055 0.0070 -0.0038 532 S 1050 00594 00168 00259 -0.0026
192 S| 1587 00209 0.0017 00097 00058 533 S 1.164 00053 00117 00149 -0.0157
193 Sk 0762 00240 00130 00412 0.0012 534 Sk 0970 00061 00067 00230 00051
196 S 0971 00352 00095 0.0236 -0.0004 553 S 1.564 -0.0303 -00027 -0.0311 0.0008
197 S 1407 -0.0419 -0.0099 -0.0167 0.0028 556 S 0.888 00907 00192 00359 0.0031
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Table 4.2: Secondary spectral components for S-types

Asteroid Type

Spectral components

Asterold Type

Spectral components

Slope PC2’ PC3¥ PC2 PC3' Slope PC2 PC3¥ pPC2’ PC3’
(s1) (S1) (S1) (S2) (S2) (S1) (51) (S1) (S2) (S2)
563 Sl 1.632 -0.0037 -0.0076 0.0151 0.0083 1134 S 1212 -0.0011 -00158 0.0213 -0.0126
571 S 1220 0.0270 0.0013 -0.0137 -0.0073 1139 S 1625 -0.0015 -0.0128 -0.0277 0.0195
584 Sl 1557 -0.0033 0.0011 -0.0113 -0.0001 1140 S 1361 0.0007 0.0021 -0.0025 0.0026
597 S 1.040 00231 00129 0.0001 -0.0026 1147 S 1663 -0.0528 -0.0093 0.0036 0.0080
600 S 1.248 00156 0.0091 -0.0135 0.0008 1152 SI 1.692 -0.0422 -0.0148 0.0025 -0.0064
622 S 1.247 -0.0082 0.0050 0.0091 -0.0047 1165 S 1471 -0.0125 -0.0009 -0.0240 0.0073
625 Sa 1.900 0.0592 -0.0129 -0.0004 0.0063 1186 Sk 0.707 -0.0244 -0.0159 0.0578 0.0189
631 S 1335 -0.0131 0.0050 -0.0110 -0.0062 1188 S 1.528 -0.0198 0.0018 -0.0075 -0.0041
633 S 1352 0.1019 -0.0258 0.0533 0.0147 1204 S 1239 00243 -0.0007 0.6241 0.0082
649 Sk 1.017 0.0082 0.0101 -0.0048 -0.0085 1228 S 1345 -00168 0.0077 -0.0349 -0.0102
670 S 1.024 0.0065 0.0158 0.0073 -0.0088 1248 S 1398 00209 -00040 -0.0085 0.0070
673 S 1.190 0.0415 -0.0169 0.0604 0.0133 1252 S 1.448 0.0335 -0.0121 -0.0114 -0.0152
675 S 1.102 0.0013 -0.0012 0.0301 0.0085 1272 St 1687 -0.0115 -0.0033 00098 0.0278
677 SI 1539 -0.0167 0.0042 0.0270 -0.0209 1278 S 1406 -0.0178 -0.0055 0.0056 -0.0269
699 Sk 0825 00038 00097 0.0184 -0.0012 1293 Sq 1.209 -0.0128 0.0112 -0.0428 -0.0122
716 S 1302 0.0443 -0.0189 0.0041 -0.0149 1316 Sr 1454 -0.0677 -0.0109 -0.0278 -0.0210
720 Sq 0.806 -0.0081 -0.0014 0.0323 0.0044 1324 Sq 0.717 0.0151 0.0340 0.0093 0.0275
737 S 1358 -0.0242 0.0043 0.0132 -0.0046 1329 S 1563 -0.0110 -0.0058 0.0005 0.0121
749 S 1365 -0.0297 0.0037 0.0150 0.0062 1336 S 1426 -0.0134 -00305 0.0022 -0.0025
782 S 1374 0.0569 -0.0119 0.0169 0.0112 1348 S 1.730 0.0415 -0.0177 0.0167 0.0022
793 3 1231 -0.0091 00027 -0.0129 -0.0103 1350 Sa 1.950 -0.1643 0.0060 -0.0281 -0.0052
797 S 1366 0.0057 -0.0093 0.0098 0.0011 1374 Sq 1.080 -0.0532 0.0123 -0.0066 0.0039
808 Sk 1.002 0.0347 00099 -00128 -0.0106 1385 S 1457 -00277 -0.0093 00063 -0.0113
819 S 1407 -0.0468 -0.0013 -0.0057 0.0032 1423 S 1.148 0.0367 0.0316 0.0065 0.0027
825 S 1.656 -0.0421 -0.0032 -0.0421 -0.0007 1433 S 1.199 -0.0326 -0.0159 -0.0020 0.0071
847 S 1328 -0.0048 0.0036 -0.0137 0.0006 1458 S 1654 -0.0478 -00183 -0.0109 00143
862 S 1167 -0.0430 0.0030 -0.0211 -0.0309 1480 S 1.081 -0.0211 -0.0C43 0.0327 0.0070
870 S 1.650 -0.0167 0.0079 -0.0198 0.0056 1483 Sq 0.893 -0.1045 00079 00172 0.0132
897 Si 1377 -0.0279 -0.0063 0.0467 -0.0128 1494 Sr 1.842 0.0036 00128 -0.0311 0.0056
898 SI 1529 06.0288 -0.0014 0.0203 -0.N0054 1549 S 1564 -00182 0.0005 -0.0283 -0.0129
913 Sa 1734 -0.0462 -0.0126 -0.0226 0.0059 1550 S 1.273 -0.0078 -0.0020 0.0019 0.0090
929 S 1642 0.0009 -0.0203 -0.0150 0.0042 1553 S 1399 -0.0288 -0.0257 -0.0013 -0.0028
950 Sa 1982 -0.0356 -0.0369 -0.0010 0.0C"S 1562 S 1619 -0.0057 -00078 -0.0154 0.0063
951 S 1.380 -0.0351 00035 -0.0069 -0.0064 1563 Sa 1.785 -0.0325 -0.0110 -0.0281 0.0137
970 S 1.092 -0.0134 -0.0028 -0.0041 0.0093 1565 Sq 1.017 -0.0892 -0.0010 -0.0183 -0.0168
984 Sr 1.879 -0.0004 0.0184 -0.0770 0.0311 1587 Sa 1.904 -0.0086 -0.0084 -0.0334 0.0077
985 S 1502 0.0404 -0.0135 -0.0029 -0.0074 1593 S 1749 00194 00065 -0.0346 0.0300
994 S 1.084 0.0516 -0.0073 0.0414 -0.0010 1594 S 1.254 0.0200 0.0156 -0.0003 0.0019
1011 Sr 1958 -0.0974 0.0122 -0.0205 -0.0043 1601 SI 1.576 0.0691 0.0076 -0.0241 -0.0089
1016 S 1320 -0.0253 -0.0085 -0.0294 -0.0067 1618 S 1.173 0.0348 -0.0060 0.0202 0.0036
1020 S 1461 0.0360 -0.0208 0.006t -0.0018 1629 S 1532 -0.0377 -0.0009 -0.0155 0.0033
1052 S 1375 -0.0340 -0.0115 0.0012 0.0078 1634 Sr 1.154 0.0489 00149 -0.0139 0.0239
1055 S 1228 -0.0210 0.0078 -0.0067 -0.0058 1635 S 1.012 0.0243 -0.0132 0.0417 -0.0085
1056 S 1425 00000 -0.0029 0.0058 0.0012 1640 S 1.162 0.0343 0.0131 0.0240 0.0110
1058 S 1400 0.0114 0.0072 -0.0088 0.0084 1642 S 1.633 -0.0303 0.0214 -0.0168 -0.0325
1065 S 1552 0.0713 0.0047 -0.0187 -0.0035 1659 S 0965 00729 00192 00471 -0.0225
1069 S 1332 0.0474 0.0132 0.0021 -0.0114 1660 S 1200 00163 00021 00037 -0.0058
1088 S 1364 -0.0262 -0.0093 -0.0011 -0.0065 1662 Sr 1.783 -0.0171 00275 -0.0341 -0.0032
1102 S 1340 0.0229 0.0053 -0.0007 -0.0275 1664 S 1446 -0.0174 -0.0012 -0.0082 -0.0108
1106 S 1.097 0.0464 -0.0092 0.0473 0.0083 1667 Sa 1.913 0.0234 -0.0060 -0.0153 -0.0013
1110 S 1320 -0.0083 -0.0001 -0.0034 0.0133 1680 S 1317 0.0335 0.0210 -0.0128 -0.0035
1131 S 1624 00563 0.0051 -00144 00166 1738 S 1244 -0.0111 0.0002 0.0213 0.0002
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Tabie 4.2: Secondary spectral components for S-types

Spectral components Spectral components

Asterold Type giohe pc2r  PC3  pc2 pca | Asteroid Type gino pcr  pca  PC2' PC3
(S1) (1) (S1) (S2) (S2) (S1) (81) (S1) (52) (S2)

751 & 1434 00207 00011 00190 00018 2467 S 1672 00100 -0.0077 -00268 0.0051
1777 Sq 1076 -00128 -0.0011 00035 -0.0145 2478 S 1266 -0.0187 00108 00020 0.0008
1785 Sk 1.096 00454 00202 00144 0.0112 2482 S 1.146 -00027 -0.0026 00073 0.0016
1798 S 1523 00483 -0.0047 -00108 0.0053 2493 S 1364 00779 -00243 00100 0.0127
1807 S 1.152 00536 -0.0032 00145 0.0125 2504 Sk 0908 -0.0055 -0.0041 00241 -0.0031
1830 S 1379 -00419 00017 -C.0326 -0.0091 2521 S 1.176 -00224 -0.0356 00171 0.0013
1831 S 1564 00408 00016 -00101 0.0165 2575 Sr 1753 00203 -00201 00589 0.0155
1839 S 1335 -00404 00221 -00067 -0.0363 2604 Sa 2218 -0.0465 -0.0444 -0.0749 -0.0029
1848 S 1788 -0.0744 00221 00099 -0.0103 2625 S 1435 -00182 -0.0029 -00037 0.0C78
1856 S 1421 -00253 -0.0025 0.0022 -0.0037 2631 S 1313 00305 00212 -0.0005 -0.0116
1857 S 1379 -00292 00021 -00119 0.0043 2635 S 1552 -00746 -0.0089 -0.0320 -0.0135
1888 S 1.239 00408 00002 -0.0124 0.0075 2703 S 1039 00235 00039 -0.0003 -0.0133
1948 S 1113 00634 00036 00155 0.0025 2709 S 1331 00276 00076 -0.0142 0.0054
1968 S 1243 -00123 -0.0040 -0.0031 -0.0176 2737 S 1374 -00221 -0.0068 -0.0066 -0.0004
1977 Sk 0663 00867 -0.0253 00624 0.0010 2744 S 1387 -0.0504 -00052 -00335 0.0014
2019 S 1288 00271 00236 00151 0.0052 2746 St 1367 -00382 00015 -0.0420 -0.0035
2022 S 1579 -00528 00046 -0.0259 0.0094 2748 S 0945 00651 00047 00303 -0.0124
2038 Sa 1998 00827 -0.0301 00148 -0.0067 2750 S 1196 -00549 00221 -0.0058 -0.0072
2042 Sq 1.180 -0.0144 -0.0010 0.0111 -0.0020 2754 Sa 1859 -0.0262 -0.0068 -0.0213 0.0017
2053 S 1245 00636 00302 -0.0242 0.0213 2789 S 1.161 -00139 -00031 00150 -0.0202
2056 S 1379 -0.0200 -0.0063 -0.0173 -0.0063 2801 S 1499 00089 -0.0177 00029 00077
2078 Sk 0958 -0.0038 -0.0027 0.0060 -0.0049 2818 S 1726 00044 -0.0114 -0.0265 0.0000
2088 S 1536 00442 -00182 -0.0538 0.0054 2834 S 1468 00561 00135 -00236 -0.0102
2089 Sq 0975 00037 -00113 00047 -0.0072 2855 S| 1647 00476 -0.0055 00573 -0.0011
2107 S 1615 00408 00017 -0.0108 0.0044 2873 S 1276 -00174 -00029 -00072 -0.0032
2118 S 1.081 00279 00044 00014 -0.0017 2874 S 1474 00287 -0.0033 -0.0100 0.0008
2131 S 1.195 00097 00127 00283 -0.0031 2875 S 1538 -0.0116 00068 0.0118 0.0062
2141 S| 1510 -0.0073 -0.0141 00171 -0.0110 2881 S 1123 00339 -00156 -0.0140 0.0093
2157 S 1495 00515 -0.0311 00156 0.0000 2002 Sq 1.269 -0.0107 00086 -0.0398 0.0061
2167 S 1532 -00317 00106 -0.0053 -0.0016 2005 S 1085 00505 00053 00392 0.0162
2185 S 1.436 00350 -0.0107 0.0038 0.0130 2911 S 1496 00604 -0.0117 0.0024 0.0066
2189 S 1.242 00289 00122 -00052 -0.0079 2317 5 1304 -00273 00107 -00199 0.0119
2268 S 1259 00171 -001C7 -0.0066 -0.0049 2049 S 1164 -00470 -0.0018 -0.0017 -0.0001
2280 Sa 1855 -0.0329 -0.0106 -0.0369 0.0292 2053 S 1366 -0.0148 00005 0.0002 -0.0032
2282 S 1.190 -0.0290 00006 00247 0.0016 2055 S 1572 -0.0162 -0.0095 -0.0146 0.0143
2305 S 1389 -0.0219 00013 00016 0.0048 2956 Sr 1516 -0.0578 -0.0134 -0.0520 -0.0058
2308 S 1416 -0.1273 00029 00310 00192 2977 S 1356 00198 -0.0162 00157 00154
2317 S 1426 -0.0317 00086 0012f 0.0104 2088 S 1653 00014 -0.0067 -0.0395 0.0131
2335 Sa 1916 00373 -00002 -00342 00024 3020 S| 1673 -00275 -00083 0.0177 0.0096
2353 S 1207 -0.0088 00077 00233 -0.0021 2040 S 1730 00339 00005 -0.0197 0.0171
2369 S 1194 00374 00197 00326 0.0048 3060 S 1.630 -0.0165 -0.0034 -0.0693 -0.0178
2373 S 1103 00101 00172 00012 -0.0214 3121 5 1.154 00367 00109 00222 00036
2386 S 1334 00146 00004 00147 0.0111 3151 S 1.343 00137 -0.0207 00059 0.0036
2396 Sa 1810 00589 -0.0033 -0.0119 -0.0020 3170 S 1108 -00376 00238 -0.0039  0.0000
2401 S 1234 00270 -0.0071 -0.0126 -0.0163 3181 S 1379 -00256 00105 -0.0187  0.0008
2402 S| 1746 -0.0778 -0.0089 -0.0128 0.0137 3209 S 1321 00119 00109 00087 -0.0141
2409 S 1307 00415 00076 -00005 0.0048 3216 5 1376 00891 -00137 0.0260 00100
2410 S 1582 00014 00140 0001€ 00130 3255 S 1148 -0.0014 00108 -0.0224 -0.0037
2427 Sk 0838 00535 -0.0014 00168 -0.0068 3258 S 1560 00245 -0.0022 -0.0072 -0.0029
2430 S| 1548 00781 00229 00170 0.0098 3306 S 1282 00181 00085 -0.0057 0.0222
2438 S 1552 00514 00130 -00211 -0.0039 3309 S 1516 00062 -0.0144 0.0045 0.0015
2451 S 1326 -0.0120 -0.0065 00261 0.0030 3314 S 1430 -00044 00041 -0.0258 -0.0099
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Table 4.2: Secondary spectral components for S-types

Astaroid Type

Spectral components

Asterold Type

Spectral components

Slope PC2' PC3' PC2’ PC3’ Slope PC2’ PC3’ pc2’ PC3’
(S1) (s1) (51) (S2) (S2) (S1) (S1) (S1) (S2) (52)
3340 S 1223 0.0563 -0.0170 0.0115 0.0027 4116 Sl 1528 0.0963 -0.0065 0.0209 -0.0013
3363 Sq 0.988 -0.0139 -0.0009 -0.0149 -0.0195 4182 Sr 1259 -0.0206 0.0111 -0.0135 -0.0117
3364 S 1.402 -0.0046 -9.0116 0.0096 0.0073 4200 S 1221 -0.0247 -0.0003 0.0173 0.0010
3371 Sr 1.066 -0.0038 0.0088 -0.0345 -0.0127 4222 S 1346 -0.0563 -0.0067 -0.0131 0.0114
3376 Sq 1053 00357 0.0013 -0.0786 -0.0306 4261 Sq 0.725 (0.0260 0.0098 0.0188 -0.0115
3385 S 1489 -0.0456 0.0047 -0.0267 -0.0001 4287 S 1541 -0.0703 -0.0012 0.0230 -0.0060
3394 S 1206 0.0007 0.0032 0.0016 0.0119 4293 S 1478 -0.0404 00019 -00112 0.0098
3395 Sr 1264 -0.0399 -0.0043 -0.0196 -0.0169 4305 S 1202 0.0324 -0.0064 0.0186 0.0113
3401 S 1.194 0.0289 0.0056 0.0107 -0.0014 4327 Sk 0.890 0.0608 -0.0066 0.0369 -0.0106
3416 Sa 2.092 0.0237 0.0099 -0.0218 0.0327 4340 S 1.167 -0.0117 0.0019 0.0017 -0.0026
3417 S 1290 0.0161 -0.0006 -0.0047 0.0000 4352 S 1382 -0.0372 -0.0024 -0.0061 0.0032
3430 Sk 1.024 -0.0096 -0.0040 0.0022 -0.0090 4372 S 1.150 -0.1235 0.0235 0.0476 -0.0322
3474 Sa 1.738 -0.0045 -0.0034 -0.0049 -0.0056 4374 S 1332 00043 0.0105 -0.0114 -0.0110
3491 Sq 1.032 -0.0541 0.0066 0.0010 0.0223 4382 Sa 1914 0.0430 -0.0044 -0.0312 0.0089
3493 S 1738 0.0058 -0.0038 -0.0386 0.C0S4 4407 Sa 1.859 -0.0357 0.0119 -0.0046 0.0163
3511 S 1495 -0.0450 -0.0082 -0.0252 0.0055 4417 S 1695 00606 -0.0157 -0.0169 0.0012
3534 S 1443 -0.0406 -0.0026 -0.0029 0.0024 4422 S 1342 -0.0211 -0.0028 0.0080 0.0010
3545 Sa 1.783 0.0422 -0.0030 -0.0136 0.0080 4435 S 1330 -0.0165 0.0036 -0.0285 -0.0105
3546 Sa 1.747 0.0007 -0.0075 -0.0084 0.0005 4479 S 1507 -0.0538 0.0096 -0.0233 0.0107
3592 S 1210 0.0065 0.0049 0.0300 -0.0019 4512 Sa 1.88t -0.0537 0.0006 -0.0133 0.0189
3635 S 1290 0.0754 -0.0029 -0.0254 -0.0001 4516 Sa 1815 0.0242 -0.0180 0.0146 0.0133
3636 S 1.293 -0.0366 0.0112 -00179 0.0080 4536 S 1344 -00066 -0.0107 0.0000 -0.0047
3640 S 1336 -0.0059 0.0047 0.0060 0.0069 4558 S 1204 00114 0.0067 -0.0162 -0.0122
3669 S 1302 -0.0252 -0.0025 0.0003 0.0037 4570 Sa 1.890 -0.0453 -0.0054 0.0119 0.0108
367+ Sk 0.942 0.0097 0.0013 0.0022 -0.0228 4611 S 1587 -0.7312 0.0021 -0.0425 (C.0140
3678 S 1306 0.0015 -0.0074 -0.0233 -0.0008 4628 S 1487 -0.0202 -0.0045 -0.0099 0.0099
3700 Sk 1.006 0.0025 0.0146 0.0026 -0.0191 4649 S 1490 -00098 0.0054 -0.0512 0.0117
3701 S 1355 0.0121 -0.0104 0.0004 0.0053 4702 S 1.032 0.039%6 00154 00277 0.0212
3712 S 1258 0.0315 0.0028 0.0215 -0.0008 4733 Sq 0.933 0.0364 00079 -0.0106 0.0285
3767 Sa 1.e85 -0.0176 -0.0219 -0.0012 0.0085 4748 S 1581 -0.0714 -0.0100 -0.0501 0.0120
3788 S 1461 0.0°44 -0.0323 0.0284 0.0117 4767 S 1401 -0.0266 -0.0047 C.0108 0.0109
3792 S 1.191 -0.0083 0.0331 -0.0299 -0.0054 4774 S 1249 0.0483 0.0134 0.0076 0.0047
3800 S 1755 -0.0039 0.0002 -0.0274 0.0175 4824 Sr 1.070 0.0632 0.0067 -0.0883 -0.0361
3809 S 1268 00166 0.0078 -0.0065 -0.0122 4844 S 1480 00073 0.0019 -0.0233 -0.0015
3813 S 1.080 0.0262 0.0213 0.0271 0.0175 4853 S 1193 0.0117 -0.0026 0.0252 -0.0058
3819 Sr 1578 -0.1018 0.0387 -0.0955 0.0083 4884 S 1344 -0.0286 -0.0068 0.0047 0.0119
3831 S 1.533 -0.0031 -0.0268 00216 0.0022 4910 S 1612 00524 -0.0243 0.0027 0.0106
3853 S 1.049 -0.0229 -0.0033 0.0162 -0.0015 4923 S 1319 00045 00020 -0.0201 -0.0241
3858 Sa 2.179 -0.1380 -0.0010 -0.0543 -0.0092 4945 S 1.754 0.0251 0.0298 -0.0072 -0.0155
3860 S 1475 0.0921 -0.0400 0.0076 0.0053 4950 Sk 1.057 0.0535 0.0036 -0.0137 -0.0006
3861 S 1192 0.0027 0.0133 0.0174 0.0038 4951 S 1.573 -0.0260 0.0060 -0.0360 0.0078
3862 S 1510 0.0327 -.0099 0.0047 -0.0022 4968 3q 0.956 -0.0097 -0.0074 0.0043 -0.0094
3303 Sq 0912 0.0083 -0.0104 0.0098 -0.0087 4995 S 1.106 -0.0098 0.0152 -0.0073 -0.0018
3910 S 1502 -0.0506 -0.0186 -0.0088 (.0066 5008 S 1322 0.0180 -0.0201 ©.0193 0.0152
3920 Sa 1.960 0.0066 -0.0102 -0.0312 0.0329 5010 S 1.089 00053 0.0011 -0.0158 -0.0168
3949 Sg 1.128 -0.0049 0.0001 -0.0133 0.0035 5013 SI 1.563 -0.0202 -0.0116 -0.0011 -0.0013
3972 S 1.179 0.0389 -0.0115 -0.0105 -0.0009 5038 S 1258 -0.0012 -0.0008 0.0196 -0.0032
4001 S 1.074 -0.0005 -0.0082 0.0165 -0.0078 5069 S 1440 -0.0125 -0.0003 -0.0133 -0.0050
4037 Sk 1.144 -0.0211 -0.0093 -0.0021 0.0G96 5134 SI 1631 -0.0087 -0.0042 0.0078 0.0098
4039 S 1555 -0.0435 -0.C095 -0.0629 -0.0012 5142 Sq 1.048 00181 0.0255 -0.0011 -0.0034
4051 Sq 0.636 0.0589 0.0216 0.0001 -0.0074 5159 S 1464 0.0052 -0.0126 0.0012 00145
4096 SI 1698 0.1086 -0.0142 -0.0121 0.0038 3195 Sa 1733 -0.0235 -0.0067 -0.0188 0.0113
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Table 4.2: Secondary spectral components for S-types

Spectral components Spectral components
Asterold Type “gi,ne  pc2r PCa'  Pc2  pca | Asterold Type gione pc2 PCa'  PC2 PCY
(s1)  (s1) (S1) (S2) (82) (s1)  (s1) (81) (52) (s2)
5196 S 1354 -0.0190 -0.0106 0.0022 -0.0137 6086 SI 1647 -0.0029 00004 00058 0.0119
5208 S 0960 -00212 -0.0031 0.0217 -0.0043 6146 Sq 1.121 -0.0078 -0.0089 0.0086 -0.0056
5214 S 1.190 -0.0072 -0.0065 -0.0052 0.0055 6192 S 1467 -0.0175 -0.0198 -0.0317 0.0120
5242 Sq 0.930 0.0177 -0.0102 0.0235 -0.0087 6211 Sr 1.443 0.0610 -0.0055 -0.0520 -0.0038
5253 S 1.642 -0.0237 -0.0001 -0.0170 -0.0042 6364 S 1.283 0.0025 -0.0031 0.0002 0.0050
5261 Sr 1648 -0.0385 0.0396 -0.0454 0.03¢2 6386 S 1388 0.0820 -0.0074 -0.0138 -0.0044
5275 Sa 2.051 -0.0655 -0.0062 -0.0378 -0.0053 6585 Sk 1.049 -0.0359 0.0004 -0.0043 -0.0058
5392 Sl 1.657 -0.0561 -0.0092 -0.0049 0.0069 6592 Sgq 1.020 0.0024 0.0033 -0.0005 -0.0165
5397 S 1471 0.0469 -0.0035 0.0530 0.0167 6669 S 1.342 -00416 0.0001 -0.0233 -0.0021
5401 S 1416 -0.0058 -0.0167 0.0166 0.0029 6847 Sk 0913 -0.0152 0.0041 0.0181 -0.0203
5407 Sk 0.776 0.0057 0.0033 0.0411 -0.0222 6908 S 1.128 0.0371 00012 0.0065 -0.0147
5448 S 1479 .0.0300 -0.0029 0.0011 0.0008 7056 Sq 1.080 -0.0224 -0.0037 -0.0098 -0.0126
5482 Sa 1914 0.0016 -0.0260 -0.0298 0.0020 7170 S 1550 -0.0178 -0.0206 00221 0.0060
5485 S 1420 00116 0.0091 0.0052 0.0043 7211 S 1076 00384 00082 0.0149 0.0034
5510 S 1.738 00296 -0.0108 -0.0378 0.0245 7224 Sq 1.070 -00771 0.0138 -0.0435 -0.0135
5534 S 1.123 0.0031 -0.0034 0.0363 0.0062 7225 S 1620 -0.0525 00019 -0.0224 0.0156
5552 S 1.076 0.0081 0.C029 0.0238 -0.0113 7397 S 1518 -0.0654 -0.0024 00185 0.0025
5563 S 1.253 -0.0709 -0.0002 -0.0042 -0.0149 7451 S 1292 -0.0225 -0.0142 00138 00117
5565 S 1.296 0.0040 0.0038 0.0174 -0.0128 7564 S 1.260 -0.0246 00111 -0.0214 -0.0123
5595 S 1.205 -0.0313 0.0004 0.0022 -0.0085 8333 Sgq 1.037 -0.0080 0.0037 -0.0195 -0.0019
5610 S 1066 -0.0224 00030 0.0154 -0.0084 8334 S 1.090 -00271 0.0260 0.0289 -0.0058
5622 Sk 1.148 -0.1108 -0.0011 -0.0076 -0.0063 8516 S 1.297 -0.039 -0.0026 -0.0329 -0.0005
5647 S 1331 0.0076 -00016 -0.0232 0.0011| 1977AW2 Sq 0.720 0.0093 0.0115 0.0439 -0.0111
5685 S 1.272 -0.0232 00154 0.0i101 0.0120 1987UF5 S 1.568 -0.0405 -0.0040 00044 00118
5817 S 1659 0.0571 -0.0182 -0.6274 0.0090| 1991PE10 S 1,154 0.0334 -0.0007 0.0345 0.0113
5892 S 1312 -0.0230 -0.0016 -0.0093 -0.0057 1992AE1 Sq 1.177 -0.0230 0.0005 -0.0069 0.0000
5965 Sa 1.806 0.0085 -0.0010 -0.0007 -0.0060| 1995BM2 Sq 1.157 -0.0175 -0.0046 -0.0087 -0.0179
6071 S 1.150 -0.004t -0.0099 -0.0036 -0.0028 1996UK Sq 0.839 0.0207 0.0026 0.0225 0.0028
6077 Sq 0.836 -0.0344 -0.0007 0.0069 0.0057 1996VC S 1232 -0.0609 -0.0108 0.0044 0.0080
6078 S 1269 -0.1049 0.0214 0.0016 -0.0092 1997CZ5 S 1203 -0.0290 0.0076 -0.0235 -0.0092

1996), which is most closely correlated with PC3'(gy). Those asteroids classified as S-
types are shown as dots in this figure, while members of the Sa-, Sk-, SI-, Sg-, and Sr-
classes are specifically labelled. Because the actual distribution of spectral classes is
hard to determine from this plot, these components have been replotted in the form of
histograms in Figure 4.13, where the distribution for each spectral class is separately
shown for all three secondary components. We find that the UV slope, as quantified by
the component Slope(sy), is highly correlated with spectral class. This should be

expected, since the primary component Slope (the average slope over the entire
spectral interval of 0.44 to 0.92 um) is also clearly correlated with spectral class. As for
the components PC2'g,) and PC3'(sy), trends with respect to taxonomic class appear to

be small. However, we note that members of the Sr-class appear more likely to have
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Figure 4.12: Piot of the secondary spectral components PC2'(g4y and PC3'(s4) for S-type
asteroids (including all subclasses of S-types). PC2'g;; is sensitive to the bend in the spectrum
around 0.53 um, where the spectrum shortward of 0.53 um can be redder (steeper) than that over
the interval from 0.53 to 0.70 um. Arrows on this plot indicate the general direction of this trend.
By comparison, the component PC3'(g4) is most sensitive to the presence of the broad (though
very subtle) absorption feature centered near 0.62 um. The trend in component space for objects
whose spectra contain this feature is marked.

strong UV drop-offs in their spectra shortward of 0.53 um, as compared with the other
spectral classes. Likewise, the spectra of asteroids belonging to the Sk-, Sa-, and Sr-
classes appear more likely to contain the 0.62 um feature.

A major reason for examining these secondary features in the spectra of S-type
asteroids is to look for possible correlations with mineralogy. If such correlations exist,
the olivine-rich or pyroxene-rich composition of S-types might be inferred from the
presence or absence of these features in our CCD specira. In Figure 4.14, the
secondary component planes of PC3'(gyy versus PC2'gy) are shown for those SMASSII

asteroids that had been previously classified by Chapman (1987), Gaffey at al. (1993a),

103



1.325% -0.0018 0.0001

oal | I | A !
o g Y
0
1.88% -0.0086 -0.0067
04l 1 B i R I
02} - - Sa
Y T
0
0.929 00097 0.0039
04 ! - ! - :
o .
8 o2} l - . - Sk
(o]
2 o
(o]
[t 1.568 -0.0037 -0.0040
S oal ' i ' i '
o I I I
o I Sl
S o2} - - I
0 1 1 1 a
1.017 ~-0.0080 0.0026
oaf ! - ' . ‘
02| - ! 5q
| L
0
1.485 -0.02C5 0.0100
0.4k 1 B 1 | |
02f s . Sr
ol Dbkl [ J . L. d ol
05 1 15 2 -01 0 01 -004 0 004
Slopegy, PC2' 4, PC3' 1)

Figure 4.13: Histograms showing the frequency distribution of S-types (including all
subclasses of S-types) as functions of the three secondary spectral components Slope(sy),
PC2'(gy), and PC3'(sy). The component of Slope(gy) is highly correlated with spectral class, as
would be expected, since the trend in UV slope is very apparent ir the primary spectral component
plane of Slope vs. PC2' (see Figure 4.8). At the top of each histogram, the location and value of
the median for that distribution are shown. The other two secondary components do not show any
significant correlations with spectral type, though there seem to be some subtle trends. In
particular, the distributions with respect to PC2'(g4) indicates that asteroids belonging to the class
Sr are more likely to exhibit a bend in the spectral reflectance (reddening of the slope) shortward of
0.53 pum, while the spectra of Sk-types are least likely to contain this bend in the UV slope.
Likewise, inspection of component PC3'gy) shows that Sk-, Sg- and Sr-type spectra are more
likely to contain the 0.62 um feature.
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Figure 4.14: Similar to Figure 4.10, but objects are plotted by the two secondary
components PC2'g4) and PC3'gq). This figure suggests there is no obvious correlation between
spectral features over the interval of 0.44 to 0.70 um (either the bend in the UV slope or the
presence of the 0.62 um feature) and other spectral features (in the near-IR) that reveal the
presence of olivine or pyroxene.
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and Howell et al. (1994). These three plots use the same criteria for the labelling of
asteroids that was used in Figure 4.10. Figure 4.14 shows that there is no significant
correlations between either the UV drop-off cr the presence of the 0.62 um feature, and
the silicate composition of these asteroids. In particular, frame C of this figure shows the
distribution of secondary components for asteroids classified by Howell et al. as either
olivine-rich or pyroxene-rich. There is no apparent separation of these compositional
types by either component PC2'g4) or PC3'g4), while in Figure 4.10, these same objects

were reasonably well separated by the primary components of Slope and PC2'.

We also considered whether the shape of the reflectance maximum, or the
wavelength at which that maximum is centered, might be correiated with composition. By
isolating that part of the spectrum containing the reflectance peak, we can use PCA to
parameterize its shape in a way that allows for simple comparisons. For this
investigation, the spectra of all 476 asteroids making up the core of the S-complex were
again included, but only those wavelength channels covering the interval from 0.65 to
0.84 um were used. Since these channels represent values from the spline-fitted
spectrum that was originally normalized at 0.55 pm, we first renormalized each of these
shorter spectral segments to a value of 1.0 at 0.65 umm. Next, the average slope was
determined for each of these shortened spectral segments, where the line being fit was
forced to have a value of 1.0 at 0.65 pm. Each spectrum was then divided by its fitted
line, and the resulting residual spectra (each having a mean value of roughly 1.0 over
the entire interval of 0.65 to 0.84 pm) were analyzed using PCA. The secondary
spectral components derived from this anaiysis are denoted by the subscript (53, and

the two most relevant components, PC2'g,; and PC3'(gy), are listed in Table 4.2. These

two secondary components are also plotted in Figure 4.15, wheie the trends
corresponding to variations in the width of the reflectance peak, and in the wavelength
(center) of that peak, have been marked. To better understand the distributions of these
components as functions of spectral class, histograms for PC2'gp) and PC3/gp) are
plotted in Figure 4.16. These histograms do reveal some interesting, and useful trends,
especially with regard to the width of the spectral peak, given by component PC2'(g).
For example, the Sa- and Sr-classes tend to have reflectance maxima that are nairower
in shape than do the Sk- and Sl-classes, as determined by PC2'(g5). Since the Sa- and

Sr-classes also typically have the deepest 1 pm bands, this immediately suggests a
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Figure 4.15: Plot of the secondary spectral components PC2'sp) and PC3'(s) for S-type
asteroids (including all subclasses of the S-types). PC2'(g» is sensitive to the width of the peak in
spectral reflectance, while PC3'(g) is an indicator of the wavelength at which that peak is located.
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Figure 4.16: Histograms showing the frequency distribution for all classes of S-types as
functions of the two secondary components PC2'(g, and PC3'(gp). The plots of PC2' (g5 indicate
that Sa- and Sr-types have a narrower (more sharply peaked) maximum in spectral reflectance
than do the Sk- or Sl-types. This width of the reflectance peak is strongly correlated with the depth
of the 1um feature, represented by the primary spectral component PC2' (as shown in Figure
4.15). Inspection of the distributions in PC3'(g5) shows that the wavelength at which the maximum
reflectance occurs is slightly bluer (approaching 0.72 um) for Sa- and Sl-types, while maximum is
typically at redder wavelengths (approaching 0.76 um) for Sk-, Sq-, and Sr-types. This trend in the
wavelength at which peak reflectance occurs is somewhat correlated with the primary spectral
component Slope.
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Figure 4.17: Plot of the relationship between the secondary spectral compenent PC2' gy,
which is a measure of the width of the spectral reflectance peak, and the primary component PC2’,
which is most strongly correlated with the depth of the 1pm band. This relationship shows that as
the 1um band becomes deeper, the maximum reflectance tends to be more sharply peaked.

possible relationship between PC2's5) and the primary component PC2'. This rather

strong correlation between the 1 pm band depth (PC2') and the width of the reflectance
peak (PC2'(s5)) is demonstrated in Figure 4.17.

To determine if the secondary components describing the width and location of the
reflectance peak might be indicative of mineralogy, comparisons are again made with
the Chapman (1987), Gaffey et al. (1993a) and Howell et al. (1994) taxonomies, as
shown in Figures 4.18, 4.12 and 4.20. This time, however, we show these data in the
form of pairwise plots, and include not only the two components describing the
reflectance peak (PC2'gp) and PC3'gp), but also include the measure of UV slope,
provided by Slope(sq). In each of these plots, the plane that appears to be most userul

in separating the olivine-rich asteroids from the pyroxene-rich objects is that defined by
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Figure 4.18: Plots showing all pairwise combinations of the secondary spectral components
Slope(sq), PC2'sz), and PC3'(gy) for S-types classified by Chapman (1987), and which were
observed during SMASSII. Foliowing the same criteria used for Fig. 4.10, only those objects for
which Chapman used the discriminators "p" (pyroxene) or "o" (olivine) are included. While
statistically insignificant, there is a subtle indication in each of the component planes that olivine-
rich objects preferentially plot on one side of the distribution, while pyroxene-rich objects tend to
cluster toward the other side of the distribution..
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Figure 4.19: Similar to Fig. 4.18, but plotting asteroids classified by Gaffey et al. (1993). For
clarity, those objects classified by Gaffey ot al. as Sl or Sli (olivine rich) are shown with the label
"0", while objects in classes SVI or SVII (orthopyroxene rich) are plotted as "p". Intermediate
classes, Slil - SV (clinopyroxene rich) are plotted as "c".
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the secondary components PC2'gy and Slopeg,), while the wavelength of the
reflectance peak (PC3'g;) does not seem to be as important for distinguishing
mineralogical differences. A careful compariscn of these three figures with the
corresponding plots in Figure 4.10 shows there to be no significant improvement, or
decline in the ability to separate olivine-rich and pyroxene-rich asteroids based on the
secondary components Slopesy) and PC2'gy), as compared with using the primary

components Slope and PC2'. This suggests that simply knowing the UV slope, and the
shape of the spectral reflectance maximum for an S-type asteroid may, to some extent,
be diagnostic of its silicate mineralogy. To further test this, however, a more thorough
sampling of S-type asteroids is required in the near-IR, such as that currently being
provided by the SMASSIR survey (Burbine et al. 1929). Only through expanded, and
improved observations and measurements of the 1 and 2 um silicate absorption bands
can some of the discrepancies between the classifications given by Chapman (1987),
Gaffey et al. (1993a), and Howell et al. (1994) be clarified.

4.5 The C-complex

Based on the ECAS colors, Tholen (1984) defined four classes to describe those
asteroids whose spectra are generally flat and featureless longward of 0.4 pum, and
which can have ultraviolet drop-offs in reflectance (Fe-O charge transfer absorptions)
shortward of 0.4 um. These classes, denoted by the letters B, C, F, and G, are often
referred to as sub-classes of a larger C-class or "C-group”, reflecting the fact that the
spectral differences separating these classes are small. By Tholen's definition, the B-
type asteroids have spectra containing a moderate-strength UV absorption feature and
an overall slope (longward of 0.4 um) that ranges from slightly bluish to neutral in color.
By comparison, Tholen's C-types have a UV feature of similar depth, but the overall
slope is more reddish in color. The F-ciass was reserved for those asteroids with the
smallest UV drop-offs, while G-types have the deepest UV features. Tholen considered
measurements of albedo as a means for separating these classes, but as with the
spectral features, variations in albedo among these asteroids are relatively small, with
only the B-class having a mean albedo that is statistically distinguishable (higher) from
the mean values for the other three classes.

The extent of our C-complex, as defined in Section 4.2, is essentially equal to that
of the C-group (the B-, C-, F-, and G-classes) described by Tholen. In spectral
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component space, the C-complex is not centrally-condensed, but rather plots as a
bifurcaied cloud with two broad, but relativeiy distinct concentrations of points that are
best separated in the spectral component plane of PC3' versus PC2' (see Figure 4.3). In
the PC2' versus Slope plane, this distribution is generally elliptical in shape, except for
the sharp boundary with the X-complex, resulting from the continuous variation of
spectral forms between the two complexes. In separating the X- and C-complexes,
spectral slope is the primary distinguishing factor, though spectral shape also plays a
important role. In particular, in our feature-based taxonomy, the presence of a broad,
distinct concave-down curvature, located in the middle of a "C-like" spectrum is
attributed to members of the X-complex. As the magnitude of this curvature increases
(represented by a decrease, or more negative value of PC2'), the fitted average slope of
the spectrum (component Slope) decreases. This correlation between the Slope and
PC2' components accounis for the fact that the plane separating the C- and X-
complexes is not normal to the Slope axis, as depicted in Figure 4.3.

The bifurcated distribution of the C-complex, in component space, results from two
relatively distinct populations within the complex that are differentiated based on the
presence or absence of a broad absorption feature, centered near 0.7 um (correlated
primarily with PC2'). In addition to the 0.7 um feature, the PC3' versus PC2' plane is
also sensitive to the depth of the UV absorption (mostly correlated with PC3'). The order
in which the C-complex was divided into taxonomic classes was based on the
dominance of these two spectral features in component space. Spectra containing a
deep UV feature were classified first, followed by objects whose spectra exhibit a 0.7 pm
band. Finally, those spectra with shallow to non-existent UV absorptions were
subdivided, based primarily on their spectral slope.

In separating the G-class asteroids from the B- and C-types, Tholen had the
advantage of colors derived from the ECAS s-, u-, and b-bandpasses (with bandcenters
of 0.337, 0.359 and 0.437 pm, respectively) in determining the strength of the UV
absorption, which is normally associated with an Fe-O intervalence charge transfer
transition in the structure of silicate minerals (Gaffey 1976, Gaffey et al. 1989). This
wavelength interval is not sampled in the SMASSII spectra, which begin at 0.44 pm, and
therefore, cannot be used to characterize the UV feature to the same extent as was
possible with the ECAS data. However, in the SMASSII spectra, the subtle curvature
associated with this UV absorption usually begins just shortward of 0.55 pm, so that over
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the interval from 0.44 to 0.55 um, a diagnostic portion of the feature is measured. In the
spectral component plane shown in Figure 4.21, the trend for increased depth of the UV
feature extends to the left (as marked), corresponding primarily to a decrease in the
value of component PC3'. This plot was used as a guide in defining a boundary
between those C-type asteroids with moderate UV features, and those with deep
features. To denote those asteroids with deep UV features, the letter "g" is appended to
the class label of "C", thus maintaining some level of consistency with the Tholen G-
class.

In Figure 4.21, those asteroids plotting in the region of the distribution extending
from upper-center to the left have spectra containing the 0.7 um absorption feature. This
feature, first reported by Vilas and Gaffey (1989), has been identified in the spectra of
many low-albedo asteroids (Sawyer 1991, Vilas et al. 1993, and others). A similar
feature is found in the spectra of CM carbonaceous cnondrite meteorites, leading to the
suggestion that, in asteroid spectra, this absorption is due to the presence of oxidized
iron in phyllosilicates, formed through aqueous alteration processes (Vilas and Gaffey
1989). However, a similar absorption feature has been found in the spectra of other
mineral forms (King and Clark 1997), raising questions about the true identity of the 0.7
um band measured in the asteroidal spectra. Following the suggestion of Burbine and
Bell (1993), the letter "h" has been appended to the label "C" to identify those asteroids
whose spectra contain the 0.7 um feature. Fourteen of the asteroids observed during
SMASSII have spectra containing both the 0.7 um band and a deep UV drop-off, and are
assigned the designation "Cgh". These two spectral types (the Ch- and Cgh-types,
containing the 0.7 um band) are observed to be the major constituents of some
dynamical families. For example, the Dora family (discussed in Chapter 5) is made up
almost entirely of Ch-type asteroids, while the Chloris family consists of a mixture of both
Ch- and Cgh-types.

Once the Cg-, Ch-, and Cgh-types had been identified, they were removed from
further steps in the classification process. The spectra of those objects remairiing in the
C-complex have UV absorption features that range from moderately deep to nonexistent
(spectra that are essentially linear down to 0.44 pm), and have overall slopes varying
from moderately bluish to slightly reddish. These characteristics fall within ihe ranges
defined by Tholen for the B-, C-, and F-classes, though as before, the limited wavelength
interval over which the UV feature is sampled in the SMASSII spectra makes it difficult to
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Figure 4.21: Plot of the primary spectral components PC2’ versus PC3’ for asteroids in the
C-complex. For clarity, those asteroids classified as "C" (with no subscript) are shown as dots.
Arrows indicate distinct spectral trends that are represented in this component plane. Most
notably, asteroids whose spectra contain a broad 0.7um feature (classified as Ch- and Cgh-types)
cluster in the upper-left half of this plot. The C-types (dots) do not show this absorption feature,
and asteroids plotting in the lower-right part of this distribution actually show a slight convex-up
shape in the middle of the spectrum. On the left-hand side of the plot, spectra tend to have a deep
UV drop-oft (objects classified as Cg and Cgh), while spectra that are essentially linear in shape
plot to the upper right. An asteroid located in the middle of this distribution will have a moderate
UV drop-oftf, and will be approximately linear over the interval from 0.55 to 0.92um. Because the
UV drop-off and 0.7 um absorptions dominate the variance represented in this plane, the Cg, Ch,
and Cgh classes separate weil. However, the spectral classes that do not include these
absorption features, but rather are defined based primarily on the average spectral slope (the C-,
B-, and Cb-types), do not separate out well in this plane.
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Figure 4.22: Plot of the primary components Slope and PC3', showing only the C-, B-, and
Cb-classes. The B- and Cb-type asteroids are roughly linear in shape, with the classes being
divided primarily on spectral slope. The B-type spectra tend to be the most linear, while the Cb-
type spectra can show some subtle curvature due to the UV absorption feature. This presence of
curvature among the Cb-types is the reason the boundary separating the B- and Cb-classes is not
sharply defined at a Slope value of 0.0. The C-types exhibit a slight to moderate UV drop-off, as
indicated by the arrow.

apply Tholen's definitions directly to these data. In particular, when comparing the
SMASSII spectra of objects previously classified by Tholen as either B- or F-types, we
find these two classes to be indistinguishable. Even so, the region of component space
occupied by the remaining C-complex asteroids is not small, especially when replotted in
the PC3' versus Slope plane (as shown in Figure 4.22), where variations in the average
spectral slope and UV drop-off are best represented. When the spectral makeup of
pertinent dynamical families is also taken into account, we find that further subdivision of
this part of the C-complex is justified. In particular, most asteroids belonging to the
Pallas family (see Chapter 5) have spectra that are essentially linear (featureless), with a
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slight to moderate bluish slope, and cluster in the upper-left half of the distribution shown
in Figure 4.22. By comparison, asteroids contained in both the Astria and Hoffmeister
families have spectra with slopes that are neutral to slightly reddish and a UV abscrption
that is shallow to moderate in depth (clustering primarily in the lower-right haif of Figure
4.22). Based on these considerations, the asteroids plotted in Figure 4.22 are divided
into three classes: the B-, C-, and Cb-types. The B-class is reserved for those asteroids
whose spectra are linear, showing no substantial evidence of curvature related to a UV
absorption feature, and for whom the measure of average spectral slope (component
Slope) has a value less than zero. Those asteroids with spectra having well-defined UV
features, ranging in depth from shallow to moderate, and for which the middle of the
spectrum (the interval from roughly 0.6 to 0.8 um) varies from being flat to having a very
slight concave-down curvature, are assigned to the C-class. Based on these definitions,
the B- and C-classes are spectrally distinct, making it difficult to classify those asteroids
with intermediate spectral shapes. To fill this gap, the Cb-class was formed. Asteroids
classified as Cb-types have Slope values ranging from -0.1 to 0.1, and have UV features
ranging from very shallow (for those objects with Slope values approaching -0.1) to
nonexistent, thus including those spectra that are linear, but which have Slope values
slightly greater than zero. The mean spectra for all six classes contained in the C-
complex are plotted in Figure 4.23, along with envelopes showing the 1c variation for
each class.

Over the past two decades, there has been growing interest in determining the
hydration state of asteroids by looking for the presence of hydrated minerals on their
surfaces (Lebofsky 1978, Feierberg et al. 1981, Jones et al. 1990). In particular, a
series of absorption features, centered around 3 um, has been observed in the
reflectance spectra of many asteroids, and is interpreted as resulting from the presence
of both structural OH ions and interlayer H,O molecules in hydrated silicates. An

investigation by Jones et al. (1990) showed that, among low-albedo asteroids, the
hydration state of these objects, as determined from the 3 um feature, is related to
heliocentric distance, with asteroids in the inner belt being more likely to have undergone
an episode of heating and aqueous alteration than those asteroids in the outer belt,
where any water present is likely to remain in the form of subsurface ices. Due to the
difficulties inherent in near-IR observations, including lower fiux levels, and the increased
presence of telluric absorption bands, accurate measurements of the 3 um band are

118



L
1.0 - = === - g -
° L ]
c —
S 1.0 + Fe———————-=-2 = (Ch —1
O
o L
©
o
s ] *
% 1.0 - ;/"—"'5_——__:—_:_;; Ch .
[0'd
1.0 - ==—-——— Cgh -
P -
| 7
1.2 F
o  e=====%:Cg -
08 E
1 f 1 ¢ |
0.5 0.7 0.9

Wavelength (um)

Figure 4.23: Similar to Figure 4.6, but showing the mean spectra for those classes
contained in the C-complex.
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Figure 4.24: The primary spectral component plane, PC2' versus PC3', plotted with the
same limits as used in Figure 4.21. Twenty-six SMASSII asteroids are plotted for which a
hydration state has been determined, based on observations of the 3 um water band. Objects are
labelled as "W"et or "D"ry, as listed in Table | of Merényi et al. (1997). The tendency for hydrated
objects (Wet) to plot towards the upper left of this plot, while dry obiects tend to plot to the lower
right appears to be correlated with increased strengths of both the UV drop-off and the 0.7 pm
feature.

often problematic. Because of this, Merényi et al. (1997) investigated whether the
presence of water in asteroids could be predicted based on spectral features shortward
of 3 pm, using artificial neural network techniques. In the case of C-type asteroids, Vilas
(1994) found a strong correlation between the presence of a 3 pm hydration band and
the presence of the 0.7 um phyllosilicate band, affirming the idea that the 0.7 um band
results from aqueous alteration processes. In Figure 4.24, the position of 26 SMASSII
asteroids are plotted in the PC2' versus PC3' component plane (to the same scale as
plotted in Figure 4.21), where these asteroids have been labelled as either "W"et or
"D"ry, based on the compilation in Table | of Merényi et al. (1997). While the separation
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between wet and dry asteroids is not perfect in Figure 4.24, the tendency for wet objects
to plot in the upper-left portion of this plane, while dry objects cluster toward the lower-
right half, is significant. This plot confirms the correlation found by Vilas (1994), with 10
out of the 11 SMASSII asteroids classified as Ch- or Cgh-types being designated as wet,
based on 3-um band observations. The mixture of wet and dry asteroids in the center of
the distribution in Figure 4.24 should be expected, and reinforces the idea of continuous
variations in spectral, and presumably mineralogical properties (including the hydration
states) among the asteroids. In searching for hydrated asteroids, those plotting in the
upper-left portion of Figure 4.21 should be especially targeted, and in particular,
measurements of the 3 pm feature in the spectra of Dora and Chloris family members
may help put constraints on thermal processing in the interiors of asteroids.

4.6 The X-complex

As described in Section 4.2, membership in the X-complex is limited to those
asteroids whose spectral characteristics are similar to those of the X-types (including the
E-, M-, and P-types) identified in earlier taxonomies. In particular, SMASSII asteroids
that had been praviously classified as X-, E-, M-, or P-types by Tholen (1984}, Barucci et
al. (1987) or Howell et al. (1994) were used to define the extent of the X-complex. In
past discussions of taxonomy, the spectra of X-type asteroids have been described as
generally featureless (linear) over the visible wavelength interval from 0.4 to 1.0 um, with
slopes that range from slightly- to moderately-red in color. To formally assign an
asteroid to one of the E-, M-, or P-classes, its albedo must be known. Even though
albedo was never directly considered in the development of our feature-based
taxonomy, it was a significant parameter in both the Tholen and Barucci et al.
taxonomies. Because we have relied on these earlier classifications of Tholen and
Barucci et al. in forming the basis of our feature-based taxonomy, it must be assumed
that albedo has indirectly influenced our definition of the X-complex, and, in particular,
how its boundary with the C-complex was established.

Based on the wide range of albedos, and physical evidence provided by
meteorites, asteroids classified as E-, M-, or P-types have traditionally been interpreted
as having very different mineralogies and thermal histories. The low-albedo P-type
asteroids are thought to be composed of primitive, undifferentiated materials, while the
high-albedo E-type asteroids are interpreted as being differentiated, and having a low-
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iron, enstatite composition. The M-class asteroids have intermediate albedos, closely
matching those of nickel-iron meteorites, leading to the idea that these asteroids are the
collisionally-produced fragments of differentiated metal cores (e.g. Bell et al. 1989).
However, based on recent findings, these broad interpretations, particularly those for the
E- and M-classes, are being challenged. For example, polarimetric measurements
(Lupishko and Belskaya 1989) and radar observations (Ostro et al. 1985) of selected M-
type asteroids have revealed surface properties that are, in some cases, inconsistent
with metallic iron. Even more notable is the possible evidence for hydrated minerals on
the surfaces of some E- and M-type asteroids (Jones et al. 1990, Rivkin et al. 1995), the
existence of which would be in direct contradiction with the high temperatures (1400 to
1900 K) associated with the differentiation of iron-silicate mixtures (Haack et al. 1990).

The SMASSII observations reveal that the visible-wavelength spectra of asteroids
contained in the X-complex are not uniformly featureless. Instead, we find a set of
subtle, but distinct spectral features that seem to be uniquely associated with this
complex. The shapes and locations of these features can be accurately described, and
to some extent, can be correlated with trends that are observed in spectral component
space. Most significantly, these features provide a means for subdividing the X-complex
that is independent of albedo. The presence (or absence) of two particular features, an
absorption band centered near 0.49 pm and a broad, concave-down curvature,
extending from roughly 0.55 to 0.8 pm, provides the basis for dividing this complex into
four spectral classes.

The first of these classes is defined by a combination of three cpectral features, the
most significant being the 0.49 um band. This band was first recognized as a prominent
feature in the spectrum of asteroid 64 Angelina. This same band has been subsequently
identified, though at much weaker levels, in the spectra of 26 other SMASSII asteroids,
not including the near-Earth objects. Among the NEAs (Binzel et al. 1993b), the
spectrum of 3103 Eger contains a particularly strong 0.49 um feature, second in strength
only to that observed in the Angelina spectrum. In those spectra with sufficiently high
levels of signal-to-noise, a second, much weaker absorption feature is observed,
centered near 0.59 um. In addition, a smoothly-angled, convex deflection in the spectral
slope occurs near 0.72 pm. These three features are labelled in the spectrum of 64
Angelina, which is plotted in Figure 4.25. Also plotted in this figure are the spectra of
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Figure 4.25: Representative spectra of asteroids belonging to the Xe-class. A combination
of three features are used in defining this class, though often these features are very subtle, as is
apparent in the spectra of 4205 David Hughes and 136 Austria. The prototype spectrum for this
class is 64 Angelina, shown at the top of this panel. The most prominent feature in the Angelina
spectrum is the "hook-shaped" absorption feature centered near 0.49 um (labelled A). A second,
much shallower absorption can be seen around 0.59 um (labelled B), as well as the smoothly
angled bend in the spectrum around 0.72 um (labelled C). These features have been intentionally
left unlabeled in the other three spectra, so as to not influence a critical inspection of these data.
In the cases of 4205 and 136, the most diagnostic feature is the slight concave-up curvature of the
0.49 pm band, though recognizing its presence usually requires the fitting of a smoothing function,
such as a spline, to the data.
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434 Hungaria, 4205 David Hughes, and 136 Austria, demonstrating the various degrees
at which these features can be present. In many cases, only by examining the fitted
(smoothed) spectrum can these features be properly identified. Of the 27 asteroids
whose spectra contain the 0.49 pm band, 13 had been previously classified by Tholen,
with the largest fraction (6 objects) being assigned to the E-class based on their high
albedos. For this reason, these 27 asteroids have been assigned to a spectral class
labelled "Xe". Burbine et al. (1998) suggested that the 0.49 pm feature in these spectra
arises from the presence of troilite (FeS). Troilite is often found in enstatite-rich aubrite
meteorites, which are thought to be derived from E-type asteroids (Zellner et al. 1977,
Gaffey et al. 1992).

The other principal characteristic used in dividing the X-complex is a broad, and
very gradual convex curvature, covering the wavelength interval from roughly 0.55 to 0.8
um. Once the Xe-class asteroids had been identified, and removed from further
consideration, nearly half of the remaining X-complex asteroids were found to exhibit this
spectral curvature. These asteroids tend to fill a gap in the spectral continuum between
the C-types, where those members of C-class lying on the lower right-hand edge of the
distribution in Figure 4.22 tend to have a very slight concave-down curvature in the
middle of their spectra, and the K- and T-type asteroids, whose spectra have a more
substantial, and more sharply defined curvature. Because of the wide range in average
spectral slopes among these asteroids, two classes were formed, the Xc- and the Xk-
types, with the division between these classes occurring at a Slope value of 0.26.

The fourth taxonomic class contains all remaining members of the X-complex. The
spectra of these asteroids are generally linear in form, except for minor absorption
features that can be present at either end of the SMASSI! spectral range. Because the
reflectance spectra of these asteroids most closely match the traditional definition of the
"X-class" (including the E-, M-, and P-types defined in previous taxonomies), the label
"X" is used to designate this class in our feature-based taxonomy. The spectra of four
representative X-class asteroids are plotted in Figure 4.26, showing that, in general, the
absorption features present are relatively weak. In the spectrum of 139 Juewa, a UV
absorption feature is marked, very similar in shape to the rounded UV features (Fe-O
charge-transfer bands) present in the spectra of C-class asteroids. Among the X-types,
however, the depth of this UV feature rarely exceeds that exhibited by 139 Juewa. At
the red end of these spectra, a weak to moderate absorption band is often detected near
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Figure 4.26: Representative spectra of asteroids belonging to the X-class. These spectra
are generally linear in shape, and have a slight to moderate reddish slope. Many X-type spectra
that appear linear actually contain a VERY subtle bend, usually centered between 0.78 and
0.80um. An example of this is seen in the spectrum of 272 Antonia (labelled A). A shallow UV
drop-off is also commonly observed, though a deeper drop-offs, such as that seen in the spectrum
of 139 Juewa (labelled B), are relatively uncommon. Finally, many X-type spectra are found to
have a shallow feature centered near 0.9 um. Most often, this feature is relatively narrow (less
than 0.1 um wide) like that in the spectrum of 678 Fredegundis, though occasionally it can be
broader (1653 Yakhontovia). The spectrum of 1653 is particularly anomalous, appearing to be an
intermediate spectral phase between the X- and the S-complexes.
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Figure 4.27: Plot of the primary spectral components Slope and PC2’ for the X-complex.
Due to the subtle nature of the features observed in these spectra, the boundaries separating the
spectral ciasses are not well defined in spectral component space. A fairly clear division is seen
between the Xc- and Xk-classes btased on the average slope (Slope = 0.26), but no clear
boundaries exist for the X-types or Xe-types. Arrows show the general trend for increasing (or
decreasing) spectral curvature that defines the difference between the X-types and the Xc- and
Xk-types.

0.9 um, an example of which is marked in the spectrum of 678 Fredegundis. This
feature probably results from the presence of silicates (pyroxene or olivine), similar to
the 1 um band contained in S-type spectra. The spectrum of 1653 Yakhontovia, shown
in Figure 4.26, is somewhat anomalous, and has been included in the X-class through a
process of elimination. An equally unusual spectrum of 1653 Yakhontovia was obtained
during SMASSI (Xu et al. 1995) that was interpreted as showing similar characteristics to
that of 44 Nysa. The intermediate nature of the Yakhontovia spectrum, with
characteristics belonging to both the S- and X-complexes, reinforces the concept of a
continuum in spectral reflectance propeities that links these two complexes. At the top
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of Figure 4.26, the spectrum of 272 Antonia is plotted, showing that even in the most
featureless spectra, small deflections in slope are often present. The spectra contained
in the X-class have average slopes ranging from slightly- to moderately-red, with Slope
values in the range of 0.08 to 0.55, though, as seen in Figure 4.27, the majority of the
asteroids in this class have spectral slopes clustering in the lower half of this range, with
a median value for the Slope component of 0.21. An additional argument for forming the
X-class, and recognizing these asteroids as distinct frcm the Xc- and Xk-types, is
provided by members of the Lydia and Phaeo families {see Chapter 5). These asteroids
are predominantly classified as X-types, with most members having linear spectra that
show no broad curvature like that present in the Xc- and Xk-type spectra.

Figure 4.27 shows the distribution of all X-complex asteroids in the spectral
component plane of PC2' versus Slope. A general trena is apparent, with those
asteroids in the X-class (objects with spectra that are relatively featureless) plotting in
the upper-left portion of this distribution, while those asteroids whose spectra exhibit
more curvature (the Xc- and Xk-types) plot lower in the distribution. However, the
separation of these two spectral forms is not distinct in this lower-order component
plane. Asteroids belonging to the Xe-class, which exhibit unique, but usually weak
spectral characteristics, seem to plot almost anywhere within this distribution. The only
classes that are fully separated in this component plane are the Xc- and Xk-classes,
which are distinguished based on spectral slope.

In an attempt to more quantitatively isolate those spectral features that distinguish
the four X-complex classes, a new set of secondary spectral components, based solely
on the X-complex, were calculated. Because the primary spectral features described
above (the 0.49 pm and 0.59 pm bands observed in the Xe-type spectra, and the
spectral curvatures that @re centered near 0.7 um) are contained within the wavelength
interval from 0.44 to 0.80 um, only that portion of each spectrum was included in this
new analysis. Following the standard procedures described in Chapter 3, the average
slope, v, was first recalculated for each spectrum, using the least-squares solution to
Eqgn. 3.3 for those spectral channels between 0.44 and 0.80 um. As before, this fitted
line is constrained to have a value of 1.0 at 0.55 um. The spectrum of each asteroid
(over the interval of 0.44 to 0.80 pm) was thei divided by its slope function, producing a
residual spectrum with mean reflectance, over all channels, of approximately 1.0. The
residual spectra for all X-complex asteroids were then analyzed using principal
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Table 4.3: Secondary spectral components for X-types

. ?poclrll componenta Spectral components
Asterold Typ®  gi50e  PC22  PC3T  PCH Asterold Type “g 0 pc2 PCY  PCA'
(X1) (X1) (X1) (x1) (X1) (X1) (X1) (X1)
16 X 0.6036 -0.0107 -0.0016 -0.0070 336 Xk 0.5416 0.0841 -0.0237 -0.0100
21 Xk 0.4641 -0.0309 -0.0163  0.0136 337 X 0.2394 0.0013  0.0098 -0.0093
22 X 0.4312 -0.0143 0.0271 0.0020 338 XK 0.5236 -0.0588 -0.0223  -0.0070
44 Xe 0.1884 0.0471 00132  0.0339 348 X 0.2241 0.0173  0.0199 0.0066
46 Xc 0.2986 0.0781  -0.0150 -0.0063 359 X 0.1987 0.0854 0.0028  0.0045
55 X 0.3224 0.0327 0.0203 0.0057 363 X 0.3669 0.0402 0.0251  -0.0020
56 Xk 0.5799 -0.0428 -0.0437 -0.0105 375 Xc 0.3744 00728 -0.0162 -0.0198
64 Xe 0.6507 -0.0142  -0.0776 0.1041 393 Xc 0.2976 -0.1159 0.0427 0.0066
65 Xc 0.2814 0.0037 -0.0295 -0.0117 396 Xe 02738 -0.013 0.0249 0.0179
69 X 0.4097 0.0168 0.0173  -0.0041 399 X 0.2195 0.0860 0.0119 0.0108
71 Xe 0.6197 -0.0809 -0.0183 0.0193 409 Xc 0.3325 0.0573 -0.0065  0.0002
75 Xk 05598  -0.0309 -0.0335 -0.0093 413 X 0.2252 00242 0.0171 0.0033
76 X 0.2083 0.0063 0.0223 0.0007 417 Xk 0.5569 -0.0914 0.0324 -0.0104
83 X 0.4137 0.0861 0.0212  -0.0041 434 Xe 0.7602 -0.1111 -0.0795 0.0293
a7 X 0.3739 0.0390 0.0238  -0.0007 441 Xk 0.6426 -0.0275 -0.0110  0.0077
92 Xc £.3234 0.0546 -0.0054  0.0026 504 X 0.1889 0.0303 0.0101 0.0077
99 Xk 0.3860 -0.0566 0.0139  -0.0034 507 X 0.3228 0.0544 0.0070  -0.0061
107 X 0.2624 0.0393 -0.0343  -0.0053 516 X 0.4084  -0.0222  0.0256 0.0014
110 X 0.2896 0.0113 0.0209  -0.0009 523 X 0.2493 0.0634 0.0138 0.0125
114 Xk 0.6179 0.0247 -0.0194  -0.0093 £43 Xe 0.3000 -0.0344 0.0251 0.0106
117 X 0.3276 0.0105  0.0217 -0.0137 547 Xk 0.5222 0.1137 -0.0632 -0.0130
125 X 0.2904 0.0039  0.0326 0.0010 559 Xk 0.5903  -0.1093  0.0020 -0.0022
129 X 0.2416 0.1084 -0.0215 -0.0017 564 Xc 0.3484 -0.0162 0.0141 0.0058
131 Xc 0.3533 -0.0964 0.0205  -0.0006 578 Xc 0.3817 -0.1117 0.0208 0.0053
132 Xe 0.2623 -0.0202 -0.0116 0.0417 581 Xk 0.4730 -0.0561 -0.0259 0.0010
135 Xk 0.6776 -0.1128 0.0100 -0.0034 598 X 0.4030 0.0200 0.0157  -0.0052
136 Xe 0.5837 0.0406 -0.0373  0.0108 604 Xc 0.3112  -0.1955 0.0292 -0.0088
139 X 0.2259 0.0141 0.0398 -0.0048 627 X 0.4462 0.0478 -0.0105 -0.0096
140 Xc 0.3408 0.0439 -0.0374  -0.0046 629 X 0.4273 0.0047 0.0262 -0.0028
143 Xc 0.2049 0.0557 -0.0300 -0.0017 634 X 0.1477 0.0718 -0.0105 -0.0064
153 X 0.2397 0.0203  C€.0270 -0.0066 671 Xk 0.4580 0.0065 00232 -0.0029
161 Xc 0.2951 0.0021 0.0038  -0.0025 678 X 0.2253 0.0598  0.0106 0.0091
166 Xe 0.3336 -0.0499 0.0233  0.0147 687 X 0.3734 0.0638 -0.0046  0.0050
173 Xk 0.4106 -0.0581 -0.0157  -0.0074 712 X 0.3142 -0.0642 0.0136 0.0011
184 X 0.2998 0.0606 0.0022 0.0077 715 X 0.3645  -0.0366  0.0480 -0.0074
190 X 0.1929 0.0404 0.0165 0.0068 718 X 0.2886 0.0190 0.0083 -0.0164
199 X 0.5598 0.0719  0.0048 0.0032 731 Xe 0.4916 -0.0319 -0.0314 0.0169
201 X 0.3268 0.0198  0.0216 -0.0045 739 X 0.3743 0.0043  0.0167 -0.0046
209 Xc 0.3280 -0.0528 -0.0415 -0.0197 741 X 0.2108 0.0607 0.0070 0.0024
214 Xc 0.3675 -0.0963 -0.0253 -0.0054 757 Xk 0.4857 0.0062 -0.0207 -0.0047
216 Xe 0.4042 0.0788  0.0010  0.0208 759 X 0.2045 0.0213 -0.0014 0.0066
242 Xc 0.3480 0.0303 0.0175  -0.0027 77 X 0.1796 0.0788  0.0096 0.0078
247 Xe 0.2746 -0.0315 -0.0449  -0.0096 779 X 0.2523 0.0479 0.0171 -0.0042
250 Xk 0.5518  -0.0056 -0.0384  -0.0059 781 Xc 0.2830 -0.0091 -0.0032 -0.0046
259 X 0.2606 -0.0252 0.0247  -0.0021 789 X 0.3115 -0.0139 0.0025 0.0155
261 X 0.3027 0.0413 0.0051 0.0106 792 X 0.3972 0.0266 -0.0024  -0.0056
272 X 0.2456 0.0816  0.0014 0.0112 796 X 0.2293 0.0309 0.0004 -0.0005
279 X 0.3375 0.1682  -0.0241  -0.0036 815 Xe 0.6046  -0.0363 -0.0477  0.0317
34  Xc 0.2936 0.0041 0.0003 -0.0140 844 X 0.3641 0.0354 0.0116  -0.0105
317  Xe 0.2264 0.0378 -0.0025  0.0201 860 X 0.1978 0.0708 0.0138 0.0084
322 X 0.4136 0.0424 -0.0048 -0.0130 866 X 0.3460 0.0045 0.0017 -0.0310
332 Xk 0.3930 0.0133 -0.0006 -0.0043 872 X 0.3250 0.0073 0.0156 -0.0144
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Table 4.3: Secondary spectral components for X-types

Spectral components Spectral components

Asteroid Type g0s  pc2z PCI  PCA Asterold Type " g pc2 PCY  PCA
(x1) (x1) (x1) (x1) {x1) (x1) (x1) (x1)

907 Xk 04345 00083 002863 .00234 1897 X 02131 00401 00128 00006

924 X 02084 00351 00121 00134 1998 Xc 03014 -0.0087 00085 -0.0128

941 X 02044 00016 0.0280 -0.0017 2001 Xe 02955 -0.0333 00116  0.0439

961 X 02216 -00029 0.0285 -0.0108 2035 Xe 06448 -0.0352 -0.0199  0.0339

965 Xc 02435 00142 -0.0264 -0.0056 2065 Xc 03483 -0.1334 00157  0.0104

973 Xk  (.4741 -01440 00427 -0.0050 2073 X 02569 00188 00120 00073
1014 Xe 09641 -00478 -0.1063  0.0021 2194 Xc 02681 00047 -0.0213 -0.0103
1015 Xc 0.2933 -0.0573 -0.0106 -0.0217 2306 X 0.2463 -0.0043 0.0241 0.0036
1022 X 04297 00251 -0.0035 -0.0001 2349 Xc 03014 00851 -0.0C92  0.0031
1025 Xe 08523 -0.1604 -0.0362  0.0165 2390 X 02607 00113 0.0001  0.0083
1032 X 03543 00266 -0.0076  0.0024 2507 Xe 05075 -0.0004 -0.0185  0.0190
1039 X 0.4522 -0.0252 -0.0096 0.0022 2559 Xk 0.4504 0.0232 0.0148 0.0021
1046 Xe 0.2627 0.0106 0.0296 0.0246 2560 Xc 0.2941 -0.0575 0.0227 -0.0090
1071 Xk 05535 00305 -0.0388 -0.0107 2567 Xc 04418 00791 00212  -0.0008
1094 Xk 05931 00369 00137 -0.0182 2582 Xc 03767 -0.0619 00187 -0.0149
1098 Xe  0.1582  0.1180 -0.0063  0.0212 2606 Xk 06288 00772 -0.0017 -0.0059
1103 Xk 04140 00032 -0.0235  0.0013 2681 Xk 07556 -0.1275 -0.0161 -0.0169
1104 Xk 0.5656 0.1016 -0.0439 0.0000 2861 Xc 0.2458 -C.0785 0.0621 0.0142
1107 Xc 03170 -00230 0.0263  -0.0020 2879 X 02227 00191 00118 00022
1114 Xc 02305 00261 -0.0188 -0.0060 2006 Xc 03005 00128 00122 -0.0275
1135 Xk 04008 00171 -0.0062 -0.0099 2996 Xc 03080 -0.0307 -0.0554  -0.0040
1155 Xe 04043 00076 -0.0550  0.00C8 3214 Xc 02379 -0.0074 -0.0126  -0.0068
1181 X 02789 00512 00107 00151 3224 X 01784 00553 0.0168  0.0049
1187 X 05678 -00073 00100 -0.0109 3256 X 03517 00219 00167 -0.0069
1196 X 02852 00256 0.0035 -0.0120 3262 X 03118 00135 -0.0104 -0.0150
1201 Xc 03946 00563 -0.0349 -0.0167 3367 X 01883 00185 00097 -0.0023
1212 X 03306 00734 00010 -0.0112 3406 X 03441 -0.0093 00171  -0.0025
1214 Xk 0.4849 -0.0282 -0.0437 -0.0114 3440 X 0.3345 -0.0405 0.0148 0.0131
1222 X 02194 0.0258 0.0129 0.0025 3451 X 0.1921 0.0219 0.0225 -0.0014
1251 X 02569 0.0591 00183  0.0057 3533 Xk 04711 00858 00072  0.0161
1304 X 03620 00223 00184  0.0041 3567 Xc 02306 00257 0.0083 -0.0063
1323 Xc 0.2760 -0.0136 -0.0052 -0.0091 3575 X 0.2283 0.0710 0.0455 0.0048
1327 X 0.3395 0.0356 0.0087 -0.0085 3670 X 0.2350 -0.0039 0.0409 0.0116
1351 Xk 0.5364 -0.0300 -0.0443 -0.0383 3686 X 0.2265 0.0193 -0.0063 0.0056
1352 X 0.3403 -0.0080 0.0266 0.0084 3704 Xk 0.4308 -0.0301 -0.0434 -0.0140
1407 X 0.2620 -0.0237 0.0306 0.0041 3730 Xk 0.5051 0.0021 0.0009 -0.0165
1420 X 0.2254 0.0288 0.0437 -0.0007 3759 X 0.2137 0.0022 0.0268 -0.0025
1424 X 0.2522 0.0092 0.0305 -0.0302 3958 Xc 0.2584 -0.0481 -0.0522 0.0135
1428 Xc 0.3920 -0.024C 0.0107 -0.0145 3976 X 0.4938 0.0076 0.0085 -0.0023
1493 Xc 03099 -0.0544 00278 -0.0177 3985 X 05424 00297 00070 -0.0064
1502 Xc 03207 00462 -0.0159  -0.0093 4205 Xe 03812 -0.0212 -0.0153  0.0221
1517 X 02374 00186 00073  -0.0062 4332 Xe 02014 00649 -0.0088 0.0164
1541 Xc 02003 -0.0475 00109 -0.0056 4342 Xc 02045 01239 00313  0.0263
1548 Xk 06392 -00364 -0.0050 -0.0164 4353 Xe 00067 -0.0296 -0.0840 -0.0159
1592 X 0.2220 0.0090 0.0260 0.0092 4369 Xk 0.5051 0.0696 0.0179 -0.0031
1604 Xc 03316  0.0240 -0.0363 -0.0124 4424 Xk 05313 -0.1859 -0.0022 00154
1638 X 0.2601 0.0048 0.0351 0.0064 4461 X 0.3760 -0.0189 0.0166 -0.0025
1653 X 0.3686 -0.0530 -0.0136 -0.0075 4547 X 0.1877 0.0071 0.0124 -0.0024
1715 X 63255 00063 00160 -0.0028 4701 Xe 04070 -0.0048 00118  0.0155
1730 Xe 06021 -00349 -0.0461  0.0061 4750 X 03121 00149 00037 -0.0079
1847 Xc 03991 -00562 00225 -0.0067 4786 Xc 03920 00434 -0.0558  -0.0023
1860 X 01841 00583 00012 -0.0062 4845 X 03391 00189 -0.0087  -0.0087
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Table 4.3: Secondary spectral components for X-types

- Spectral components Spectral components
Asterold Type g0  pc2r PCY  PCH Asterald Type " giong pc2r PC3T  PCA
(x1) (X1) (X1) (X1) (X1} (X1} (X1) (x1)
4942 X 0.3918 0.0429 0.0011 0.0123 5588 X 0.2977 0.0814 0.0060 0.0104
5087 X 0.2955 -0.0238 0.0489 -0.0047 5632 Xc 0.3265 -0.1055 0.0236 0.0074
5103 X 0.1768 0.0327 0.0287 0.0081 6249 Xe 0.6005 -0.0040  -0.0427 0.0056
5294 X 0.2618 0.0371 -0.0005 0.0099 1973AW3 Xc 0.2379 -0.0065 -0.0064 -0.0154
5467 X 0.5012 0.0587 0.0013  -0.0187 1990WAS X 0.1994 0.0062 0.0337 0.0027
5576 Xk 0.4626 -0.0748 0.0175 -0.0071 1996 TE11 Xc 0.2811 -0.0463  -0.0031 0.0120
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Figure 4.28: Plot of the secondary spectral components PC4'(xyy versus PC3'(xy) for ali
asteroids in the X-complex.
separating the Xe-class asteroids from the rest of the X-complex objects.

The high-order component (PC4'xy)) Is relatively efficient at
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Figure 4.29: A 3-D plot showing the secondary spectral components Slope(x1), PC2'(x1),
and PC3'(x4) for the X-types (shown as small, filled squares), and the Xc- and Xk-types (shown
combined as open circles). The Xe-types are not plotted. While this set of secondary spectral
components is efficient at separating the Xe-types from the rest of the X-complex (as shown in
Figure 4.28), the separation between the X-types and the combined Xc- and Xk-types appears
only slightly improved compared with Figure 4.27, where the two primary components of Slope
and PC2' were used.

component analysis. To differentiate these new, or secondary spectral components
from other components previously calculated, the subscript of (x4 is appended to the

component labels (for example, Slope(x;), PC2' x4, etc.). In Table 4.3, the first four
components from this analysis are listed. The secondary component plane of PC4'(x,)
versus PC3'x4) is shown in Figure 4.28. All members of the X-complex have been

included, though for clarity, those asteroids classified as X-, Xc-, or Xk-types are plotted
as points. In this plane, it is clear that the spectral characteristics defining the Xe-class,
particularly the 0.49 pm band, can be isolated. In Figure 4.29, members of the Xe-class
have been removed, and the remaining X-, Xc-, and Xk-types are plotted in the 3-
dimensional space of Slope(xy), PC2'(x4), and PC3'(x4), to determine if these classes can
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Figure 4.30: Similar to Figure 4.6, but showing the mean spectra for the four classes
contained in the X-complex.

be better separated based on these new secondary components. However, this plot
shows that the boundary between the X-types and the combined Xc- and Xk-types is still
vague, with little to nc improvement over the separation that was achieved by the
primary components Slope and PC2' in Figure 4.27. This difficulty in quantitatively
separating the X-class from the Xc- and Xk-types results, in part, from the subtle nature
of the spectral curvature used to differentiate the classes, and how that curvature was
evaluated in each individual spectrum. Another factor contributing to the scatter along
this boundary in component space is the higher-frequency, random variations in each
fitted spectrum that contribute to the overall variance described by these lower-order
spectral components. Finally, in Figure 4.30, the mean spectrum is plotted for each of
the four classes contained in the X-complex, along with envelopes representing the 1o
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variation, as a function of wavelength, for all of the spectra contained in each of those
classes.

4.7 Discussion

In the general scheme of asteroid taxonomy, the question can be asked: "What
sets this new feature-based taxonomy apart from previous efforts to classify asteroids?"
After all, every other taxonomy has been based on measurements of how incident
sunlight interacts with, and is reflected from mineral grains on the surfaces of asteroids,
and thus, in principle have relied on variations in spectral features. We assert that the
taxonomy presented here differs from earlier classification systems in two important
ways: 1) this is the first time results from high-resolution CCD spectroscopy have been
use as the basis for development of a compiete asteroid taxonomy, and 2) we have
relied on the detection of distinct, though sometimes subtle differences in spectral
features for developing our taxonomic classes, rather than basing these classes directly
on the results of multivariate analysis techniques. In the preceding discussions, we
routinely used results from principal component analysis, and referred to projections of
asteroid spectra in component space as a means of visualizing the differences between
those spectra. However, we made every effort to relate the variance described by those
spectral components to trends in specific features contained in the spectra. In the end, it
is the presence or absence of these spectral features, along with the recognition of
variations in those features, that form the foundation of this taxonomy. The procedures
followed in developing the taxonomy can best be described as a "human neural
network”, in which, as information was gained and assimilated throughout the learning
process, decisions were made as to how to best proceed with the structuring of the
taxonomy, and with assigning objects to individual spectral classes. An objective test of
this taxonomy will be to train an artificial neural network, based on the rules used here in
defining each spectral class, and to reanalyze the SMASSII dataset, comparing the
resulting classifications from that analysis with the taxonomic designations we present in
Appendix A.

4.7.1 Application to new asteroids

An important aspect of any taxonomy, and a measure of its usefulness to
subsequent scientific efforts, is how easily the taxonorny can be applied to newly
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observed, but as yet unclassified members of a population. When a taxonomy is derived
using multivariate techniques, it can be difficult to incorporate new members into that
taxonomy, and often requires that the muitivariate solution be recalculated based on an
expanded dataset, consisting of the original sample plus the newly observed members
of the population. If instead, the rules and procedures around which the taxonomy is
developed are based on specific identifiable (and quantifiable) characteristics of the
population, then it should be possible tc apply those rules to any new member in a
straightforward manner, without requiring any reanalysis of the original sample.

A concise summary of our new feature-based asteroid taxonomy is shown in
Figure 4.31. All 26 spectral classes are plotted with constant horizontal and vertical
scalings, and are arranged in a way that approximates the relative position of each class
in the primary spectral component plane of PC2' versus Slope. This key provides a
particularly instructive comparison of these 26 classes by emphasizing the continuous
relationship between adjacent classes, and demonstrating how the major spectral
features (in particular, the average spectral slope and the 1 pm band) vary across this
continuum. However, this figure does not, in itself, provide any specific rules by which a
new asteroid might be classified, and therefore should only be considered a "quick
reference” to this taxonomy. A more thorough summary of the individual classes is
needed, though how this information is best presented depends, in large part, on how it
is intended to be used. For example, if a large number of asteroid spectra are to be
classified, then it might be more efficient to consider each spectral class separately, and
to identify all of those asteroids whose spectral properties belong to that class. One the
other hand, if only a single asteroid is being considered, then it might more appropriate
to ask what spectral features or characteristics are present, and based on those
characteristics, quickly focus in on a proper classification. In either case, accurate
descriptions of the pertinent spectral features are fundamental to successfully applying
this taxonomy to other asteroids. Figure 4.32 summarizes all of the primary spectral
features and characteristics that are used in defining our spectral classes. Throughout
the text, | have tried to maintain a consistent terminology when describing the different
forms of these features.

Descriptions for all 26 classes are listed in Table 4.4. These descriptions are

qualitative in nature, highlighting those features or characteristics in the spectrum that
are considered diagnostic. Also listed in this table are the permanent numbers of up to
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Figure 4.31: Key showing all 26 SMASSII taxonomic classes. The spectra are arranged in a
pattern that approximates the class location in spectral component (PCA) space. Thus, depth of
the 1 um band generally increases from iop to bottom, and average spectral slope increases from
left to right. Due to the spectral complexity of the C- and X-complexes, the locations of some of
these classes do not strictly follow the pattern. The horizontal lines to which each spectrum is
referenced shows the normalized reflectance of 1.00.
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Definitions of Spectral Features

Slopes (colors) of linear spectra
Tum feature

reddish (or positive)
slope
— - - - — - linear

neutral (or fiat)
slope

bluish (or negative)

slope shallow (dr ~ 0.1)

sharply (or narrowly) J dr
peaked —f - == moderote (dr ~ 0.15)
(dA ~ 0.05um)

moderately peaked _ _ _ J ar
(dA ~ 0.08um)

deep (dr > 0.2)

broadly peaked

~ .1
- (dA ~ 0.1um) - £\~ rounded
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smoothly angled
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Figure 4.32: Definitions of the primary spectral features used in defining this taxonomy. The
terms used to cescribe these features are used in subsequent tables and figures, as well as
throughout the text. Brackets define the important region of each spectrum (showing the limits of
the pertinent feature). Measures of dA (interval of wavelength) or dr (interval in relative
reflectance) are given as guides. The dashed lines refer to a normalized reflectance of 1.00.
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Table 4.4: Description of classes within this feature-based taxonomy

Type

Description

Examples of
spectral type

A

Very steep to extremely steep red slope shortward of 0.75 pum,
and a moderately deep absorption feature, longward of 0.75 pm.
The shape of the spectrum around 0.75 um, where the refiectance
is maximum, can either be sharply peaked, or can be quite broad,
with the shape of the peak being possibly tied to the shape and
roundness of the 1um feature. A subtle absorption featurs is often
present around 0.63 um.

246, 289, 863

Linear, featureless spectrum over interval of 0.44 t0 0.92 um, with
negative (bluish) to flat slope.

2,24,85

Weak to medium UV absorption feature shortward of 0.55 pum,
generally flat to slightly reddish and featureless longward of 0.55
pum.

1,10, 52

Cb

Generally linear, featureless spectrum over interval of 0.44 tc 0.92
um (though very subtle curvature is possible), with a flat to slightly
reddish slope.

150, 210, 2060

Cg

Strong UV absorption feature shortward of 0.55 um and generally
flat to slightly reddish slope longward of 0.55 um, occasionally with
a shallow absorption feature longward of 0.85 pum.

175, 1300, 1695

Cgh

Similar to Cg spectrum, except for addition of broad, moderately
shallow absorption band centered near 0.7 pm.

38, 106, 706

Ch

Similar to C spectrum, except for addition of broad, relatively shal-
low absorption band centered near 0.7 pm.

19, 48, 49

Relatively featureless spectrum with very steep red slope. A
decrease in spectral slope (less red) is sometimes observed long-
ward of 0.75 um.

1542, 2246, 4744

Moderately steep red slope shortward of 0.75 um, a smoothly
angled maximum and a basically fiat to slightly negative (bluish)
slope longward of 0.75 um, showing little or no curvature of the
absorption band.

221, 579, 679

Very steep red slope shortward of 0.75 1'm, becoming approxi-
mately flat, with a relative reflectance of about 1.2 longward of
0.75 um.

42, 236, 908

Ld

Very steep red slope shortward of 0.7 um, becoming essentially
flat, with a relative reflectance of roughly 1.3 longward of 0.75 um.
Spectrum is generally steeper over the interval of 0.44 to 0.7 um,
and is flatter from 0.75 to 0.92 pm, than is typical for D-types.
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Table 4.4: Description of classes within this feature-based taxonomy

Type

Description

Examples of
spectral type

o)

Moderately red slope from 0.44 to 0.54 pm, then iess steep over
interval of 0.54 to 0.7 um, reaching peak relative reflectance of
1.05. Deep absorption feature longward of 0.75 um. Single type
object (3628 BoZnémcova) in class.

3628

Moderately steep red slope shortward of 0.7 um, and a deep, very
rourded absorption feature longward of 0.75 um that reaches a
minimum reflectance level of about 0.9. Single type object {1862
Apollo) in class.

1862

Very steep red slope shortward of 0.7 um, and a deep absorption
feature longward of 0.75 pum. The shape of the spectrum, near
maximum reflectance, is more sharply peaked than it is in S-type
spectra, and is somewhat skewed due to the absorpticn band that
reaches a minimum at roughly 0.9 um with a relative reflectance
level of 0.9. Additional small absorption feature is centered near
0.52 pm.

349, 1904

Moderately steep, reddish slope shortward of 0.7 um, and a mod-
erate to deep absorption band longward of 0.75 pm. Average S-
type spectrum has a peak reflectance of about 1.2 at 0.73 um.
The specitral slope is almost always slightly steeper over the wave-
length interval of 0.44 to 0.55 um than it is from 0.55 to 0.7 um,
and often, there is a broad, but shailow absorption feature cen-
tered around 0.63 um.

57,20

Sa

Spectrum intermediate between S- and A-types. Very steep red
slope shortward of 0.7 um. Shape of the spectrum around maxi-
mum reflectance is more gently rounded than it is in A-types.

63, 244, 913

Sk

Intermediate between S- and K-type spectra. Absorption feature
longward of 0.75 um shows moderate curvature, unlike the K-type
spectra, which are approximately linear cver that interval. Com-
pared with other S-types, the 0.63 pm feature can be strong.

3,11,43

Si

intermediate between S- and L-type spectra. Absorption feature
longward of 0.75 um is shallow to moderately deep, unlike L-types,
where this spectral interval is essentially flat.

30, 192, 354

Sq

Spectrum intermediate between S- and Q-types. Compared with
other S-types, can contain a relatively strong 0.63 um feature.

33, 720, 1483

Sr

Intermediate between S- and R-type spectra. Very steep red
slope shortward of 0.7 pm and a deep absorption feature long-
ward of 0.75 um. Reflectance peak is broader and more symmet-
rical in shape than it is for R-types.
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Table 4.4: Description of classes within this feature-based taxonomy

Type

Description

Examples of
spectral type

T

Moderately steep red slope shortward of 0.75 um, becoming flat
with a relative reflectance between 1.15 and 1.2 longward of 0.85
pm. The change in spectral slope occurs very gently.

96, 596, 3317

Moderate to very steep red slope shortward of 0.7 um, with an
extremely deep absorption band longward of 0.75 um that usually
reaches a minimum relative reflectance level of 0.7 tc 0.8. The
spectral slope between 0.44 and 0.55 um is usually slightly
steeper than that over the interval of 0.55 to 0.7 um. An additional
small absorption feature, centered near 0.52 um, is occasionally
seen. The largest member, 4 Vesta, is anomalous in that its slope
and band depth are less extreme than for cther members Jf this
spectral class.

4, 1829, 2912

A generally featureless spectrum, with slight to moderate reddish
slope. A subtle UV absorption feature, shortward of 0.55 um, can
be present, as well as an occasional shallow feature longward of

0.85 um.

22, 55, 69

Xc

A slightly reddish spectrum, generally featureless except for a
gentle curvature, concave-side down, over the middle and red por-
tions of the spectrum.

46, 65, 92

Xe

Overall slope that is slightly to moderately red, with a series of
subtle absorption features. Most dominate feature is an absorp-
tion band, shortward of 0.55 um, that exhibits a concave-side up
curvature (especially visible in the spectrum of 64 Angelina, where
the center of this band is clearly seen at 0.49 um). Often present
is a very shallow absorption feature centered around 0.6 um.
Also, a decrease in spectral slope (becoming less red or even blu-
ish) is usually seen longward of 0.75 um.

64,71, 434

Xk

Moderately red slope, shortward of about 0.75 um, and generally

flat longward of 0.75 pm with a peak relative reflectance of roughly
1.1, the change in slope occurring very gradually. Similar in spec-
tral shape to Xc. but redder in overall slope.

21,56, 114
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Table 4.5: Statistics for selected wavelength channels in each spectral class

~ Type Wavelength (um)
(No. of
objects) 0.44 0.50 0.60 0.65 0.70 0.75 0.80 0.85 0.92

High  0.747  0.886 1.139 1.248 1330 1350 1337 1297 1.243
Low 0659 0.841 1.095 1.179 1243 1215 1.112 1.052 1.033
Mean 0711 0.869 1.108 1.210 1292 1.305 1245 1.183 1.143
StDev  0.025 0.013 0.011 0.019 0.025 0.037 0.060 0.069 0.067
High 1075 1.025 1.006 1.006 1.002 1.005 1.002 1.009 1.009
B Low 0967 0985 0977 0961 0945 0932 0900 0.880 0.838
(51) Mean 1.007 1.004 0.988 0.984 0.977 0.974 0.968 0.960 0.935
StDev  0.022 0.007 0.007 0.011 0.014 0.018 0.024 0.027 0.039
High 0977 1.002 1.032 1038 1.042 1.059 1061 1.064 1.064
C Llow 0872 0952 0971 0984 0973 0967 0959 0931 0856
(137) Mean 0935 0978 1.007 1.013 1015 1.016 1014 1008 0.993
StDev  0.025 0.00¢ 0.009 0.011 0.013 0.016 0.017 0.023 0.034
High 1.039 1.010 1.009 1.028 1.030 1.023 1.032 1.039 1.041
Cb Low 0957 0.981 0.986 0990 0.983 0877 0.978 0964 0.929
(25) Mean 0.980 0.995 0.997 1.000 1.000 1.003 1.002 0994 0.978
StDev  0.019 0.007 0.005 0.008 0.010 0.011 0.015 0.020 0.032
High 0.868 0.962 1.028 1.050 1.052 1.057 1.067 1.082 1.057
Cg Low 0825 0.924 0.999 0993 0989 0988 0.992 0.969 0.927
©) Mean 0.852 0.945 1.018 1.028 1.027 1.025 1.026 1.022 1.007
StDev 0.013 0013 0012 0.020 0020 0.023 0027 0.036 0.044
High 0912 0.992 1.024 1.027 1.026 1.030 1.047 1063 1.076
Cgh Low 0811 0937 0966 0934 0.904 0903 0912 0913 0.870
(14) Mean 0868 0961 0998 0986 0974 0975 0990 0995 0983
StDev 0.025 0.013 0016 0.027 0035 0038 0042 0.047 0.060
High 1.021 1.004 1.013 1.014 1015 1.026 1.046 1.056 1.073
Ch Low 0878 0.962 0970 0945 0928 0931 0937 0925 0911
(124) Mean 0939 0985 0.992 0983 0977 00983 0.991 0996 0.992
StDev 0.028 - 0.009 0.008 0.014 0.018 0.021 0.025 0.029 0.038
High 0936 0971 1.055 1.108 1.171 1234 1252 1.300 1.408
D low 0843 0933 1.041 1.089 1.139 1.184 1201 1.218 1.199
@) Mean 0882 0951 1.046 1.098 1.150 1.199 1222 1247 1.287
SiDev 0.029 0012 0005 0.006 0010 0015 0018 0026 0.067
High 0.897 0959 1073 1.128 1166 1.168 1.153 1.153 1.175
K Low 0.809 0922 1031 1066 1092 1.106 1.084 1.063 1.029
(28) Mean 0.860 0.942 1.044 1083 1.121 1.138 1.124 1.109 1.081
StDev 0.023 0009 0.010 0.016 0019 0018 0019 0023 0.036

A
(15)
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Table 4.5: Statistics for selected wavelength channels in each spectral class

Type Wavelength (um)
{No. of
objects) 044 0.50 060 065 070 075 080 085 0.92
High 0875 0947 1094 1.172 1232 1.263 1.242 1.232 1.268
L Low 0743 0892 1.048 1.098 1.139 1.168 1.166 1.157 1.097

(31) Mean 0817 0922 1.066 1.130 1.179 1207 1201 1.193 1.188

StDev 0.032 0.014 0.013 0.021 0.026 0025 0021 0.019 0.041
High 0.875 0.951 1.111 1210 1.267 1.327 1.359 1373 1.403
Ld Low 0717 0.875 1.049 1.117 1.178 1216 1230 1224 1.204

(12) Mean 0.800 0.913 1.080 1.164 1.228 1.270 1281 1.286 1.292

StDev 0.044 0022 0.018 0.028 0.031 0.035 0.039 0.041 0.069

High - - - - - - - - -
0 Low - - - - - - - - -
(1) Mean 0907 0960 1.019 1.034 1045 1035 0936 0.822 0.727
StDev - - - - - - - - -
High - - - - - - - - -
Q Low - - - - - - - - -
(M Mean 0818 0914 1063 1.110 1.144 1,128 1.040 0.926 0.872
StDev - - - - - - - - -
High 0.814 0899 1.082 1.152 1216 1236 1.117 0.290 0.926
R Low 0.773 0.899 1.072 1149 1215 1217 1101 0985 0.922
@) Mean 0.793 0.899 1.077 1.151 1215 1227 1.109 0.988 0.924

StDev 0.029 0.000 0008 0.003 0.001 0.014 0011 0.004 0.003
High 0907 0947 1.100 1.172 1236 1244 1204 1.158 1.153
S low 0742 0872 1.038 1076 1.116 1.132 1.094 1.026 0.935
(332) Mean 0.813 0919 1.060 1.121 1.169 1.188 1.146 1.086 1.036
StDev 0.029 0.012 0012 0.019 0.024 0024 0023 0.027 0.040
High 0789 0912 1.116 1209 1.285 1.316 1290 1.247 1.230
Sa Low 0668 0857 1076 1.152 1.221 1233 1.167 1.099 0.972
(31) Mean 0746 0.891 1.094 1.180 1.244 1261 1215 1.149 1.089
StDev 0.029 0.012 0010 0.014 0015 0020 0024 0035 0.059
High 0915 0972 1055 1.105 1.144 1.158 1.113 1.057 1.04G
Sk Low 0781 0917 1.026 1.052 1.082 1.085 1.055 1.019 0.943
(29) Mean 0.860 0941 1.038 1.083 1.117 1.130 1.090 1.033 0.987
StDev 0.026 0.011 0007 0.012 0017 0.018 0013 0011 0.025
High 0.847 0924 1097 1.179 1239 1272 1254 1216 1.225
S low 0730 0.891 1.062 1.121 1.173 1208 1.180 1.123 1.055
(35) Mean 0.789 0809 1.075 1.148 1208 1.238 1208 1.165 1.140
StDev 0.027 0.008 0.009 0.013 0.015 0016 0.020 0.026 0.041
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Table 4.5: Statistics for selected wavelength channels in each spectral class

Type Wavelength (um)
(No. of
objects) 044 050 060 065 070 075 080 085 0.92
High 0.948 0964 1.057 1.113 1.157 1.166 1.104 1.028 0.986
(953) Low 0803 0918 1.022 1056 1077 1072 1.021 0950 0.849

Mean 0.848 0936 1.039 1084 1118 1.125 1.073 1.000 0.929
StDev  0.034 0.011 0.009 0.017 0.021 0.024 0.021 0.020 0.032
High 0.868 0.941 1.096 1.178 1.244 1242 1.181 1098 1 049
Sr Low 0713 0.865 1.042 1092 1.140 1.149 1.068 0982 0.859
(16) Mean 0788 0.904 1.068 1.137 1.189 1.194 1.125 1.035 0.948
StDev 0.043 0.023 0.018 0.029 0034 0.032 0034 0034 0.047
High 0.938 0968 1.061 1119 1.164 1180 1.187 1209 1.243
Low 0854 0942 1.024 1.055 1091 1.128 1.137 1.143 1131
Mean 0.894 0956 1.041 1.083 1119 1,150 1.164 1.175 1.183
StDev  0.027 0.008 0.011 0.016 0.019 0.015 0.015 0.021 0.038
High 0893 0.959 1.111 1208 1298 1317 1.152 0954 0.806
v Low 0665 0.858 1.022 1.048 1.074 1092 0998 0.771 0.609
(21) Mean 0.784 0905 1.071 1.139 1.198 1.206 1.054 0.870 0.730
StDev  0.054 0.024 0.020 0.038 0.052 0.050 0.036 0.041 0.056
High 1.011 099 1.037 1.067 1092 1116 1.135 1.154 1.189

(14)

X Low 0.889 0.957 1.000 1.008 1.019 1.028 1.034 1.009 0.989
(107) Mean 0940 0977 1.013 1.030 1045 1.058 1.063 1.061 1.060
StDev 0.024 0.008 0.007 0.012 0.016 0.019 0.021 0.026 0.038

High 0979 0987 1.038 1.061 1072 1.084 1076 1.073 1.104

(Z(;) Low 0863 0943 1.006 1.020 1.026 1.036 1.010 0.994 0.934

Mean 0918 0969 1020 1.039 1.050 1.054 1.047 1.037 1.020
StDev 0.031 G.011 0008 0.008 0010 0.012 0015 0020 0.034
High 1.014 0989 1.076 1.137 1167 1.174 1.173 1141 1.155
Xe Low 0.815 0905 0999 1.009 1.021 1.036 1.037 1.015 0.992
27) Mean 0923 0.950 1.030 1.057 1.077 1.089 1.088 1.081 1.068
StDev 0.041 0021 0020 0035 0042 0040 0040 0041 0.049
High 0979 0.980 1.062 1094 1120 1.126 1.140 1139 1.172
Xk Low 0822 0922 1.018 1.032 1.057 1063 1.065 1.055 1.043
37) Mean 0899 0959 1033 1.061 1084 1096 1.098 1098 1.100
StDev 0.037 0.013 0.010 0013 0014 0018 0020 0023 0.034
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three asteroids, observed during the SMASSII survey, which are representative
examples of that spectral class. Listed in Table 4.5 are the high and low values, the
mean, and the standard deviation for nine spectral channels, based on all of the
SMASSII asteroids contained in each spectral class. When combined, the information
contained in Tables 4.4 and 4.5, along with the graphical representations of the mean
spectra (such as those shown in Fig. 4.31, and with greater detail in Figs. 4.6, 4.9, 4.23
and 4.30) provides a sufficient foundation for applying this taxonomy in the classification
of other asteroids. If an asteroid is to be classified using these general class
descriptions, the CCD spectrum needs to meet some limited requirements: 1) the
spectrum should ideally cover the wavelength interval of 0.44 to 0.92 um, though, as
long as the spectrum extends far enough in both directions that features such as the UV
drop-off or 0.49 um band (at the blue end), and the degree of curvature, or linearity, in
the 1 um band (at the red end) can be recognized, a shorter wavelength ccverage is
acceptable, 2) the spectrum must be properly calibrated to a solar analog star, and
normalized to unity at 0.55 pm, 3) any discrepant values, or systematic (instrumental)
features in the spectrum should be removed, or at least the intervals over which those
features occur must be determined and their effects on the spectrum accounted for, and
4) the spectrum should be fitted by a smoothing function to reduce the random noise
level of individual channels.

Another method for applying this taxonomy is provided by Figure 4.33. This
flowchart, or decision tree, presents a logical series of questions, each requiring a binary
response of "yes" or "no". The structure of this decision tree follows a natural thought
process, which begins by asking if the most prominent spectral feature, the 1 pum silicate
absorption band, is present. Subsequent steps in the flowchart determine if less
prominent features or characteristics are present, until a unique classification can be
established. Many of the questions included in this flowchart are quantitative in nature,
and require finding the relative reflectance, r, at a specific wavelength channel,
calculating the average spectral slope, y (analogous to the primary spectral component
Slope, as defined by Eqn. 3.3), or determining a series of dissimilarities with respect to
mean spectra (using Eqn. 3.2 and the mean spectra associated with the S-complex,
listed in Table 4.1). Other questions in the flowchart that ask if specific spectral features
are present can require decisions to be made that are necessarily more subjective. In
most cases, spectral features are quite obvious, especially in the fitted (smoothed)
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Procedure for Classifying New Asteroids

Begin with fitted spectrum, covering the
wavelength interval 0.44-0.92um,
normalized to unity at 0.55um, and
with dA=0.01um.

Find the least—saucres fitted value for the
average spectral slope, ¥ (Eqn. 3.3).

** |s there a 1um absorption band that
NO | exhibits convincing cancove—up curvature,

OR, if there is no significant curvature
to the 1um feature, is rg,u~rpqe, > 0.1?
YES
NO 1 s, < 0.822
YES
Is ry,s < 1.07 ond YES 0
is —0.50 £ v £ -0.15? 7\
NO
I1s 1.07 £ ry, £ 1.35 and YES _ v
is 0.3 < [(rgys—rop) — 0.177] s 0.77
¥ o
NO s 0.82 S r,,, S 0.95?
YES
NO Is 1.00 S ry,y & 1.15 and
| is 0.15 £ [{ry7s—rogs) — 0.177] S 0.3?
YES
NO ** |s the reflectance maximum broadly YES
peaked and the 1um absorption feature 7[3\- Q
. noticeably rounded?
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0020,

NO Is 1.20 £ ry,, £ 1.25 ond
is 0.20 £ y £ 0.40?
YES
NO ** Is the reflectance maximum sharply YES
peaked aond does the 1um feature appeor
to reach minimum oround 0.92um?
NO IS ryq & 1.24 ond
is 0.1 £ (ry;4—roq) = 0.25?
YES
—_
** Is the refleactance maximum sharply
NO peaked and is the 1um feature distinctly YES

/ N

rounded, OR, is the maximum more

rounded and does the intervcl from 0.78
to 0.92um appeor roughly linear?

Colculate the dissimilarity (Eqn. 3.2)
for each remaining spectrum with respect
to the six average spectra listed in
Table 4.1, producing the set:

[ds, du due dyv dg. dg)

Is dy § 0.25? YES

| no

Is d, = min[d,, d,, d,. dy, dj] YES

and is d, § 0.45?

[0
@
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@
|

Is d, = min[d,, d,, d.. dq. dg]

and is d, = 0.40?

YES

NO

Is d, = min{[d,, dy. d,. dq. de]

ond is d_ 5 0.40?

YES

NO

Is dg = min[d,,

.
ond is dg £ 0

YES

Is dg = min[d,, d,. d.. do. dg]

and is dy £ 0.45?

YES

¥ vo

NO

Is 1.10 § ry,y S 1.35?

YES

** Can the spectrum be described as
NO smoothly angled (with the wavelength
intervals 0.44-0.68um and 0.78-0.92um
being approximately linear), AND is
0.1 s [(2.040.267) = (rge—roe)] & 0.32

NO

YES

Is 0.2 £ y < 0.6?

NO

Is 0.6 s ¥y < 0.9?

NO

Is09 g ys '3

YES

YES ya L
/

YES

l
@
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Q)
|

Is 1.18 < ry, & 1.25 and

YES

is 072 s7ys12?

NO

NO Is 1.03 S ry, S 1.18?

YES

NO ** Can the spectrum be described as
broadly curved?

YES

** |s there evidence of a 0.49um
absorption feature (concave—up
curvature shortward of 0.55um)?

YES

NO

Is 0.02 & 7 < 0.26 ond

YES

iS foqp < 1.117

LNO

Is 0.26 § ¥y s 0.55 ond

YES

= Xc

iS rhey < 1.187

NO

NO

Is ¥ > 0.55 aond is ry,, < 1.25?

YES

NO I' s r,,, < 1.067
YES
NO | ** Is there o 0.7um obsorption
feature?
l YES
v

0O ®
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0JO) ©)
l

** Is there o deep UV drop-off | YES e Cah
(fous < 0.91)? 7~

NO

NO YES

Is 0.91 s ry,, s 1.02?

** Is there o deep UV drop—off | YES c
(fous < 0.87)? 7 9

NO

NO ** |s there a moderate UV drop-off YES
(0.87 £ r,,, & 0.98)?

The remaining spectro are generally
linear (fectureless, except for
the overall slope, and relatively subtie
features sometimes seen near the ends
L of the spectra).

Is 1.025 £ ry,, £ 1.12 and YES
is C.0OB £ 7 £ 0.55?

T

Is -0.4 £ y<£00andis YES B
-0.18 = [(ryes—oe) + 0.217] < 0.0? ~

NO

Is =0.11 sy £ 0.1ondis YES
0.0 S [(ryes—oes) + 0.219] S 0.045?

!NO

Cb

Figure 4.33: Flowchart mapping out a procedure by which this taxonomy can be applied to
a newly observed asteroid. Many steps in this procedure are quantitative, requiring very basic
measurements from the spectrum (a normalized reflectance at a certain wavelength, or the
measure of the average spectral slope, y). Some of the steps, however, are subjective (does a
particular feature occur in the spectrum, etc.). Subjective steps are flagged by a double asterisk
(**). At three points, the symbol ¥ indicates an exit from the process. At these exit points, if the
answer to that question is "NO", then there is no need to go on. The asteroid is undefined in this
taxonomy.
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spectrum. However, because of the continuous distribution in spectral forms, deciding if
a particular feature is present or absent will occasionally be difficult. Those questions in
the decision tree that are considered to be potentially subjective in nature are identified
by a double asterisk (**). This decision tree is complete, as defined by the SMASSI|
dataset. Thus, any asteroid whose spectrum lies within the range of spectral forms
sampled by SMASSII can be classified using this procedure. However, if a new spectral
form is encountered, it will not be possible to classify that asteroid within the 26 classes
that have defined, thus far, in this feature-based taxonomy. Three points exist in the
tlowchart, marked by the symbol ¥, which are exits from the procedure. If the spectrum
being considered reaches an exit point in the flowchart without meeting the criteria for
that class, then the effort to ciassify that asteroid should be stopped: The object is not
classifiable within this taxonomy.

To properly follow the procedure outlined in Figure 4.33, the spectrum being
classified must meet more rigorous requirements than were listed above (in connection
with the first classification strategy). In particular, the spectrum must cover the
wavelength interval of 0.44 to 0.92 pm, since the relative reflectances at these spectral
extremes are regularly required in answering questions posed in the decision tree. Also,
the spectrum must be fitted, preferably with a resampling step, dA, of 0.01 pm, so that
values of the relative reflectance, r, are less influenced by random noise contained in the
original spectrum.

4.7.2 Comparison with other taxonomies

Many of the asteroids observed in the SMASSII survey had been previously
classified in other recent taxonomies (e.g. Tholen 1984, Barucci et al. 1987, Tedesco et
al. 1989, Howell et al. 1994). These earlier classifications helped form the foundation of
our feature-based taxonomy, particularly in the definition of major boundaries between
the C-, S-, and X-complexes. By taking into consideration these previous works, we
have ensured a reasonable level of consistency between our taxonomy and that of
others. A comparison between the SMASSII spectral classes and the taxonomic
designations assigned by Tholen (1984) is given for 406 asteroids in Table 4.6. For
each spectral class, the full distribution of Tholen designations is listed, with the number
of objects assigned to each designation given in parentheses. A cursory examination of
this table reveals trends that, for the most part, should be expected given the strategies
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Table 4.6: Comparison with Tholen (ECAS) designations

SNtlyA;SII c':;as;ti:‘?:d Distribution of objects by Tholen classes
by Tholen
A 5/15 A (E)
B 20/ 51 C(3) F(3) B(2) BC (1) BFC (1) BFU (1) BFX (1) CF (1) CP (1)
FBCU (1) FC (1) FCB{1) FP (1) FX (1) XFU (1)
Cc 42/137 | C(21) X(4) CX(2) F(2) PC(2) B(1) BCF (1) CF (1) CU (1) FC (1)
FXU (1) G{1) P (1) PU (1) XC (1) XDC (1)
Cb 11/25 C(4) CD(2) B(1) CF (1) CX (1) M (1) XFCU (1)
Cg 3/9 C@)
Cgh 3/14 C(2) G(1)
Ch 64/124 | C(40) G(5) CX(3) XC (3) CG (2) BU (1) CP (1) CPF (1) CU (1)
DCX (1) FC (1) PD (1) SCTU (1) STU (1) X (1) XD (1)
D 2/9 D (1) DU (1)
K 13/28 S (12) TSD (1)
L 14/ 31 S(9) D (1) ST (1) STGD (1) SU(1) T (1)
Ld 1/12 S(1)
0] 6/1
Q 1/1 Q1)
R 1/2 R(1)
S 96/332 | S(90) C(1) DU (1) GU (1) QSV (1) SR (1) SU (1;
Sa 2/31 S(2)
Sk 11/29 S (11)
Sl 17/35 S (17)
Sq 4/33 S (4)
Sr 1/16 S(1)
T 5/14 T () D(1) PCD (1) ST (1)
\Y 1/21 V(1)
X 40/107 hxno(m X (8) P(5) C(3) CX(3) CP(2) XC(2) B(1) D(1) E(1) XB(1)
Xc 19/49 C(6) P(3) CDX (1) CP (1) CPU (1) CX (1) E(1) F(1) M (1) SU(1)
X (1) XSCU (1)
Xe 13/27 E(6) M(3) CD (1) GC (1) S(1) X(1)
Xk 17 /37 M(6) C(4) D(1) E(1) P (1) T(1) X (1) XD (1) XF (1)
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Table 4.7: Comparisons with other recent taxonomies

SMASSII Distribution among Distribution among Distribution among
type Barucci et al. classes Tedesco et al. classes Howell et al. classes
A AO (4) A(2) r(1) A (4)
B CO0 (6) BO (2) B1(2) B3(2) C((:)) F(3) C?2(1) FC(1) | Cx(2) BCv (1)
m
C CO (25) B1 (1) B3(1) C(26) C? (1) G2 (1) 1 (1) | B+F(2) CvB (1) Cx (1)
D2 (1) GO (1)
Cb CO0 (4) B2 (1) C(2) CF(1) CP(1) m(1) | Cx(1)
Cg Co (1) c(1)
Cgh COo {1) GO (1) C(1) G(1) cv (1)
Ch g? ((?)0) B3 (1) GO (1) C(31) G(3) C?2(1) Cv (2) CvP (2) Cx (2)
D DO (1) D(1)
K S0 (7) D3 (1) S1(1) K(3) S(2) SK(2) TK(1) | K(3)
L S0 (4) D3 (1) S3(1) S (5) So (1) Sp(1) T(1)
Ld S0 (1) S (1)
R Vo (1) r(1) R (1)
S S0 (48) S2(3) S1(2) S (41) r(2) K(1) SK(1) Sp (13) S (6) So (3)
S,SoT (1) SSp (1)
Sa SO0 (1) S (1) So (1)
Sk S0 (5) S(7) Sp(2) S(1) Sp,S (1)
Sl S0 (10) S2(2) S3(1) S (9) So (2) SSp (1)
VO (1)
Sq SO (1) S (1) Sp (2)
T DO (1) D3 (1) SO (1) 1(2) D(1) D (1) T(1) TSo (1)
\" Vo (1) r(1) V(1)
X MO0 (13) CO0 (7) B3 (1) M(11) C(4) CP(2) 1(2) M(3) P(2)
DO (1) EO (1) . D(1) E(1) E?(1) P(1)
PC (1)
Xc CO(5)MO(2) D3(1) EO(1) | C(3) M(2) C? (1) E(1) P(2) M(1)
S1(1) KCT (1)
Xe EO0 (2) MO (2) SO (1) E(3) M(1) M2 (1) S(1) E (3)
Xk MO0 (6) CO (4) DO (1) M(@) C(3) D(1) E(1) D(1) M(1) MT (1) T(1)

D3 (1)

KS (1) T(1) 1{1)
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used in defining the two taxonomies. in the Tholen system, asteroids are more likely to
be assigned multiple designations when the classes involved are small, and the
boundaries dividing them are less distinct (based on the magnitude of the dissimilarities
separating individual spectra). This is ciear in the distribution of Tholen classes for
asteroids contained in the C-complex, particularly the B-, C-, and Ch-classes where the
number of objects classified in both taxonomies is greatest. In the X-complex, there is
likewise a large dispersion of Tholen classes that is compounded by the inclusion of the
E-, M-, and P-classes, defined by Tholen based on albedo. In contrast, asteroids
belonging to the S-complex (the A-, K-, L-, Q-, R-, S-, Sa-, Sk-, Sl-, Sq-, and Sr-classes)
compare very consistently with the Tholen classifications with relatively few multiple, or
discrepant designations due to the large size (and corresponding spectral diversity) of
Tholen's S-class. Similar comparisons are made with the Barucci et al. (1987), Tedesco
et al. (1989) and Howell et al. (1994) taxonomies in Table 4.7.

4.7.3 Albedo

Even though albedo was not a parameter in the development of this feature-based
taxonomy, it is appropriate to investigate the general relationship between albedo and
the SMASSII spectral classes. IRAS albedos (from IMPS Final Product files #102 and
#103, Veeder et al. 1989) for 625 SMASSIi asteroids are listed in the surnmary of
observations given in Appendix A. These values were used in Figure 3.12, where the
relationship between albedo and spectral component space was first examined. From
this figure, it can be seen that albedo is most strongly correlated with the component
PC2', indicating a relationship between albedo and the strength of spectral absorption
features. To explore this correlation further, Figure 4.34 shows a log-linear plot of IRAS
albedo versus PC2', where each object has been labelled by its spectral class. The
general distribution of points in this plot reflects the bimodal nature of albedos that was
discussed at length in Chapter 3, with a pronounced separation between the C- and S-
complexes. In addition, the wide range of albedos associated with members of the X-
complex is clearly represented in this figure. The most intriguing aspect of this plot is the
detailed districution of asteroids belonging to the S-complex, and the apparent
relationship between albedo and depth of the 1 um silicate absorption band. The K- and
L-type asteroids have 1 um bands that are essentially nonexistent, and as a result, have
the nighest values of PC2'. On average, these asteroids also have the lowest IRAS
albedos. By comparison, asteroids belonging to the A- and R-classes have the deepest
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Figure 4.34: Relationship between al: do and the magnitude of spectral features (primarily
the depth of the 1 pm band) as described by PC2'. The bimodal distribution of albedos is clearly
seen in the separation of asteroids belonging to the C- and S-complexes. Also very evident is the
range of albedos for asteroids belonging to the X-complex.

1 um bands while, on average, having the highest albedos. This apparent relationship is
also seen in Table 4.8, which lists statistics based on the IRAS albedos, including the
mean and standard deviation for each of the SMASSII taxonomic classes. The general
explanation for differences in albedo between the C- and S-class asteroids is based on
the presence of opaque materials in the mineral matrix of C-type objects. The addition
of opaques, such as carbon/organics or iron oxides (magnetite), to silicate mixtures has
the effect of both reducing the reflectivity (2lbedo) of the material, and masking the
silicate spectral absorption bands {Johnson and Fanale 1973). However, extending this
explanation to the various classes (and presumably diverse mineral assemblages)
making up the entire S-complex may be difficult. While we note that this apparent
relationship between albedo and spectral band-depth among the S-complex asteroids
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may exist, any detailed discussion of its significance is beyond the scope of this present
work.

Table 4.8: Statistics for IRAS albedo measurements of SMASSIH asteroids

S;:;;teral s':‘l:;:)?e High Low Median Mean StDev H“l::ag.
D = 20km
A 6 0.60 0.17 0.21 0.27 0.16 10.6
B 32 0.32 0.04 0.07 0.08 0.06 11.9
o] 87 0.29 0.01 0.06 0.07 0.04 12.0
Cb 16 0.12 0.04 0.06 0.06 0.02 12.2
Cg 6 0.10 0.03 0.05 0.06 0.03 12.2
Cgh 10 0.17 0.05 0.08 0.09 0.03 11.8
Ch 96 0.10 0.04 0.05 0.06 0.01 12.2
D 6 0.09 0.04 0.06 0.06 0.02 12.2
21 0.24 0.08 0.14 0.15 0.05 11.2
L 17 0.26 0.04 0.16 0.15 0.05 11.2
Ld 4 0.23 0.08 0.12 0.14 0.07 11.3
(@] - - - - - -
Q - - - - - -
R 0.38 0.16 0.27 0.27 0.16 10.6
S 112 0.44 0.02 0.21 0.22 0.06 10.8
Sa 7 0.22 0.06 0.16 0.16 0.05 11.1
Sk 12 0.29 0.07 0.22 0.22 0.06 10.8
Sl 18 0.43 0.17 0.22 0.23 0.06 10.7
Sq 3 0.46 0.20 0.21 0.29 0.15 10.5
Sr 1 - - 0.42 0.42 - 10.1
T 10 - 0.09 0.04 0.05 0.05 0.0% 12.4
Vv 2 0.42 0.04 0.23 0.23 0.27 10.7
X 75 0.41 0.03 0.10 0.12 0.09 11.5
Xc 35 0.52 0.02 0.07 0.09 0.09 11.8
Xe 15 0.55 0.12 0.24 0.28 0.14 10.5
Xk 32 0.48 0.03 0.06 0.1 0.09 1.5
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4.7.4 Bias corrections

The upper half of Figure 4.35 shows a plot of absolute magnitude, H, versus
semimajor axis for asteroids observed during the SMASSII survey, excluding the near-
Earth objects. There are two notabie concentrations of objects in this plot, centered near
2.2 and 2.75 AU, that result from our intentional targeting of small asteroids in these
regions to investigate certain dynamical families. For comparison, the lower half of this
figure shows a similar plot, containing all numbered asteroids (excluding the NEAs)
through asteroid 8980. In this larger sample of objects, the effect of heliocentric distance
on the completeness of discovery (and on the eventual numbering) of asteroids is clearly
visible. Among the numbered asteroids shown, the mean absolute magnitude for
objects with semimajor axes around 2.2 AU is H = 13.5, while for asteroids with

semimajor axes around 3.2 AU, this mean value drops to H = 11.5, consistent with an 72
dependence of apparent brightness on the combined heliocentric and geocentric
distances of asteroids (which predicts a AH = -2.1 mag). Also seen in Figure 4.35 are
the effects of mean motion resonances with Jupiter that result in gaps in the number
density of asteroids as a function of orbital semimajor axis. Only the three lowest-order
resonances have been marked in this figure.

In Figures 4.36 and 4.37, the upper plot of Figure 4.35 has been replicated to show
the distributions of absolute magnitude and semimajor axis for each of the SMASSII
taxonomic classes. Considerable structure is present in some of these plots, especially
those devoted to the more populated spectral classes. The large scale concentrations of
points at fainter magnitudes primarily result from the selective sampling of asteroids in
specific regions of the belt, as mentioned above. However, smaller groupings can also
be seen in the distributions of certain taxonomic classes that can be attributed to the
spectral similarities of objects within asteroid families. A careful examination of these
figures reveals several large-scale trends, and differences between the various classes,
many of which, like the dominance of S-type asteroids in the inner belt, and conversely,
the dominance of C-types in the outer belt, have long been recognized (e.g. Chagman et
al. 1975, Gradie et al. 1989). The identification of significant trends in composition, as
inferred from the distribution of spectral types within the asteroid belt, can help put
constraints on models of the early inner solar system. Similarly, determining the
distributions of asteroid sizes can lead to a better understanding of their collisional
histories.
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Figure 4.35: The distribution of asteroids (by semimajor axis and absolute magnitude)
observed during SMASSII. For comparison, 8815 numbered asteroids are shown plotted to the
same scale in the bottom panel. Three major mean motion resonances are marked, in part to help
compare the two plots by eye, and to mark boundaries used in calculating a first-order bias
correction for the SMASSII sample.
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Figure 4.36: Plots of semimajor axis versus absolute magnitude, H, showing the raw (non-
bias-corrected) distributions of SMASSII asteroids by taxonomic class. The three lines
representing the mean motion resonances are duplicated in each frame to aid in comparing the
different plots. In many cases, two closely related spectral types are plotted together in the same
frame. The spectral types shown here belong to the S-complex, or to outlying spectral classes that
surrouncd the 3-complex (Ld-, O-, and V-types).
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Figure 4.37: Same as for Figure 4.36, except for asteroids belonging to the C- and X-
complexes, and the outlying D- and T-classes.
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The plots contained in Figures 4.36 and 4.37 show the raw distributions of
asteroids that were observed and characterized as part of the SMASSII survey. To
properly interpret the underlying factors and physical processes that led to these
distributions, however, it is important that corrections are first applied for the
observational biases that influence these apparent distributions. In the SMASSII survey,
a substantial fraction of the observationa! effects arises from the fact that bright asteroids
are easier to observe than faint ones, leading to a natural selection of inner-belt S-type
asteroids over outer-belt C-type asteroids. For example, a 10 km diameter S-type
asteroid with a heliocentric distance of 2.2 AU (observed at opposition) poses the same
observational challenge as a 45 km diameter C-type object with a heliocentric distance
of 3.2 AU. Beyond this basic consideration of brightness, there were several other, more
subtle factors that influenced the SMASSI| observations that stemmed from both the
observing strategy followed and our scientific goals. A high priority was placed on
obtaining spectral observations of planet-crossing asteroids, including both NEAs and
Mars-crossing objects. In addition, our studies of dynamical families focused on the
region of the belt surrounding the asteroid 4 Vesta, extending from the v6 secuiar
resonance to the 3:1 mean motion resonance, and on the region between 2.69 and 2.82
AU, where 15 different families were investigated (the results of which are presented in
Chapter 5). At the telescope, the decision of which asteroid to observe was driven by
these scientific objectives, but ultimately depended on the immediate sky conditions, and
the object's position in the sky with respect to the meridian. Astercids were sometimes
selected for observation because of unusual orbital parameters, such as a high
eccentricity or inclination. At other times, an asteroid might be targeted simply because
it was named in honor of a friend or colleague.

A general approach for correcting observational biases was described by
Chapman et al. (1975), and was later adopted by Zellner (1979) and Chapman (1987).
This method uses the entire set of numbered asteroids as the foundation for estimating
the true population and distribution of objects in the main belt. The balt is first divided
into several zones based on orbital parameters, and the distribution of numbered
asteroids contained in each of these zones is then determined as a function of
magnitude. Because the discovery and numbering of asteroids is not complete for
apparent magnitudes fainter than V ~ 15.5, Zellner extended the magnitude-frequency
relationship for each zone beyond V = 15.75 by assuming a constant slope, using the
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relationship /og(N) = 0.39V that was determined during the Palomar-Leiden Survey (van
Houten et al. 1970), where N is the number of asteroids per 0.5 magnitude bin. The bias
correction factor, f, for a particular zone and magnitude bin is simply the ratio of the total
number of asteroids in that bin to the number of classified asteroids in the bin. In
applying this correction factor, the assumption is made that for each classified asteroid in
a particular zone and magnitude bin, there are 1 asteroids in the same magnitude bin,
and of the same spectral class, that have not yet been classified.

This same approach was used in correcting for the observational biases and
selection effects inherent in the SMASSII dataset, though a few minor, but notable
changes were made to the procedures outlined by Zellner (1979) and Chapman (1987).
These changes primarily involved restricting the region of the belt over which the
correction factors were calculated, and the number of zones into which this region was
divided. First, because of the increased number of spectral classes contained in our
taxonomy, our analysis of the population is confined to that region of the asteroid belt
between 2.10 and 3.278 AU, where a sufficiently large number of asteroids were
observed that we could reasonably avoid small-number statistics in calculating the bias
corrections. Likewise, we divided the belt into only three zones, with limits of 2.100 < a <
2.501, 2.501 < a < 2.825, and 2.825 < a < 3.278, where these boundaries are defined by
the locations of major mean motion resonances. These zones have very similar
boundaries to zones |, I, and lll defined by Zellner (1979), though we do not include any
limits on eccentricity or inclination. The other zones identified by both Zellner and
Chapman, which isolate some of the larger asteroid families and dynamical regions in
the belt, were not included in our analysis. Using these additional zones did not seem
practical, given that the focus of the SMASSII survey was on numerous small asteroid
families. Separately correcting the biases in these additional zones, many of which were
not significantly sampled during SMASSII, would again have led to some calculations
being based on small numbers. One finai difference in our application of this procedure
was the use of absolute magnitudes, rather than apparent magnitudes, in determining
the magnitude-frequency distribution for each of the zcnes. This choice was based on
the apparent step-wise drops in the limiting absolute magnitude, as a function of
semimajor axis, seen in the upper plot of Figure 4.35. These drops are more
pronounced than the gradual fall-off in H observed among the numbered asteroids
plotted in the lower half of this figure, and are presumably artifacts resulting from our
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efforts to concentrate on particular regions of the belt during the SMASSII survey. Our
use of absolute magnitude in determining the magnitude-frequency relationships means
that the correction factors, listed in Table 4.9, are also presented as a function of
absolute magnitude, H.

In applying the correction factors given in Table 4.9, we assumed that, for every -
SMASSI| asteroid with an orbital semimajor axis between 2.10 and 3.278 AU, there were
-1 other asteroids (as defined above) with the same absolute magnitude and spectral
class, and with semimajor axes that are normally distributed about that of the known
object, with a 1c deviation of 10.1 AU. By assuming this distribution in semimajor axis,
we avoid the creation of artificial "families” of asteroids at locations where the bias
correction factors are large. Similarly, the boundaries of real families are blurred by this
correction. Sirice our interest in this analysis is determining the broad trends in spectral
types as a function of heliocentric distance, the smoothing of finer detailed structures,
such as families, does not alter the overall results. Figure 4.38 illustrates the bias-
corrected distributions of various spectral classes for asteroids with diameters of 20 km
or greater. Using the mean IRAS albedo for each spectral class, listed in Table 4.8, the
absolute magnitude of an asteroid 20 km in diameter was calculated, and is listed in the
last column of this table. Only those asteroids with absolute magnitudes equa! to or
brighter than this cutoff magnitude were used in deriving the distributions shown in
Figure 4.38. Revising this plot to include asteroids that are even smaller, based on the
SMASSII dataset, becomes increasingly problematic, as the bias correction factors
become larger, and less well determined, particularly in the outer part of the main belt.

4.7.5 Distributions by size and heliocentric distance

Gross trends in the distribution of asteroids contained in the three complexes, as a
function of orbital semimajor axis, are clearly visible in Figure 4.38. Considering only
those asteroids that are 20 km in diameter or larger, the percentage that belong to the C-
complex increases from roughly 25%, for asteroids with semimajor axes a = 2.1 AU, to
almost 65%, for objects with a = 3.28 AU. In contrast, for those asteroids in the S-
complex, this percentage decreases from 55% to just 5% over the same interval of
semimajor axis, while the distribution of asteroids belonging to the X-complex appears to
be relatively flat, at a level of ~ 20%. Plotted in the lower-right hand corner of Figure
4.38 is the average shifted histogram for each of the three complexes, as well as that for
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Table 4.92: Bias-correction values

Interval of semimajor axis (AU)

Interval of 2.100 < a < 2.501 2.501<a <2825 2.825<a<3.278
absolute
magnitude, H Num- Ob-  Correc-| Num- Ob-  Correc-| Num- Ob-  Correc-
bered served tion bered served tion bered served tion
objs. objs.  factor | objs. objs. factor | objs. objs. factor
30<H<35 1 1 1.0 1 1 1.0 0 0
35<H<40 0 0 0 0 0 0]
40<H<45 0 0 1 1 1.0 0 0
45<H<5.0 0 0 0 0 ] 0
50<H<55 0 0 2 2 1.0 1 1 1.0
55<H<6.0 2 2 1.0 2 2 1.C 3 2 1.5
6.0<H<6.5 3 1 3.0 3 3 1.0 3 3 1.0
6.5<H<7.0 4 3 1.3 6 2 3.0 6 5 1.2
70<H<75 7 6 1.2 11 11 1.0 14 11 1.3
7.5<H<8.0 9 8 1.1 23 22 1.0 29 22 1.3
8.C<H<8.S5 5 4 1.3 42 31 1.4 45 25 1.8
85<H<90 18 12 1.5 50 28 1.8 45 15 3.0
9.0<H<95 13 6 2.2 56 38 1.5 91 33 2.8
9.5<H<10.0 12 7 1.7 46 27 1.7 130 38 3.4
100<H<105 | 20 13 15 | 66 46 14 | 139 15 93
10.5<H<11.0 31 8 39 69 31 22 257 14 18.4
11.0<H<115 42 8 53 134 66 2.0 384 13 29.5
11.6<H<120 92 24 38 290 95 3.1 517 13 398
120<H< 125 220 44 5.0 432 114 3.8 8107 2 50°
125<H<13.0 491 . 60 8.2 6762 79 8.6 12699 3 60°
183.0<H<13.5 787 55 14.3 10602 18 15 19882 0 70°
13.5<H<140 | 12332 32 385 | 16617 2 20% | 31158 1 80°

8 Extrapolation, based on a logarithmic slope of 0.39 determined during the PLS (van Houten et al. 1970)
Bias-correctior: factors are estimated, due to the small number of asteroids in the SMASSII sample

162



I ¥ || v 1 T 1 v i
. C—complex o s S—complex
06F Oc EBde+co = 0.6 @Es @As -
Acn [YCg+Cgh OOx+L &JA+R+So+Sk |
+Sq+Sr |
504t 4  Goaf .
© 0
O D IXAXX
— —_ LU
w Lo
0.2 - 0.2 B
Y _l 7 0 _l [} N 1 ]
2 2 2.5 3
Semimajor axis (AU) Semimajor axis (AU)
T T 1 v | ' 1 v 1 4 1
+  X—complex : - All asteroids }
0.6F Bx Rxcexx - 06} .J
A xe 4
C -compiex
Soaf 1 G5o04f .
8 8 S—complex
— —
w W
0.2 - 0.2+ n
Y -complax
Ld+D+T
0 -l 1 L " ] 0 ~l N 1 2 1 - )
2 25 3 2 2.5 3
Semimajor axis (AU) Semimajor axis (AU)

Figure 4.38: Histograms showing the bias-corrected distributions for spectral classes as a
function of semimajor axis. Individual histograms give the cumulative fractional distributions for
classes within each complex, where the fractions are calculated based on the entire population
(the total distribution for all classes combined). In the lower right, the average shifted histograms
for each of the complexes are overlaid, along with the combined contribution fror outlying classes.
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the combined outlying spectral classes. These smoothed curves reveal higher-order
structure (secondary peaks) in the distrib<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>