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Abstract—The following discussion is divided into seven major sections. The first section outlines the scientific
background and justification for asteroid studies in the context of understanding the formation and early
evolution of the solar system. The second section briefly reviews the nature and distribution of the asteroid
population. The third section discusses several major unresolved issues in asteroid and meteorite science which
can potentially be addressed by asteroid remote sensing investigations. The fourth section outlines the nature
and definition of the asteroid taxonomic classes. The fifth section summarizes the existing asteroidal spectral
(and other remote sensing) data sets which are used to determine compositions and the techniques employed in
the interpretation of such data. The sixth section explores the compositional meaning and diversity of these
taxonomic classes and suggests meteoritic analogues for the taxonomic types. The seventh section describes the
conclusions—or preliminary results—of several recent asteroid investigations which have focused on particular
unsolved issues of the asteroid-meteorite relationship and of the early solar system properties. The final section
discusses the overall conclusions and future directions.
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INTRODUCTION

Understanding the origin of the solar system is one of the
most fundamental goals of planetary science and extra-
terrestrial materials investigations. The formation epoch
encompasses the time interval from the late evolutionary stages
of the solar nebula through the first few hundred million years
of solar system history. The physical evidence relating to this
period is not preserved on the Earth or other larger planets due
to the destruction of the oldest rocks by geologic processes such
as differentiation, erosion, metamorphism and remelting. Until
very recently meteorites have provided our only reasonably well-
preserved samples from the late pre-accretionary and early post-
accretionary period of solar system history.  Meteorite
investigations, thus, provide a unique perspective on the
physical and chemical conditions and processes and on their
temporal sequence during these earliest stages of the solar
system.

Although many details remain to be clarified, current
models indicate that the present solar system is the culmination
of a series of events which began with the collapse of a
gravitationally unstable interstellar cloud of gas and dust to form
the solar nebula. Due to the conservation of angular
momentum, the solar nebula assumed the form of a flattened
disk with a central bulge. The Sun formed in the dense central
condensation of the nebula. Primordial or condensed dust and
ice grains settled to the mid-plane of the nebular disk to form a
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thin sheet from which a population of rocky and icy
planetesimals subsequently accreted. The volatile-poor, rocky
planetesimals present in the inner solar system accreted into a
series of larger intermediate bodies which in turn formed the
terrestrial planets—Mercury, Venus, Earth and Mars. Icy and
rocky planetesimals of the outer solar system formed the
embryonic cores onto which nebular gases accreted to form the
Jovian or gas giant planets—Jupiter, Saturn, Uranus and
Neptune. Pluto-Charon, the smaller satellites of Saturn,
Uranus and Neptune, and the cometary nuclei apparently
represent samples of those ice-dominated planetesimals or of
intermediate-sized objects accreted from the icy planetesimal
population. By the same token, the asteroids represent residual
rocky inner solar system planetesimals or fragments of the
bodies accreted from that population.

Visible, infrared and radio astronomical observations have
been utilized to study the late stages of nebular collapse and the
carliest stages of stellar evolution presently occurring in nearby
regions of our galaxy. However, the highest spatial resolution of
such observations is comparable to the dimensions of our entire
solar system, a scale which is much too coarse to address many
of the major issues of planetary science. Investigations of the
oldest terrestrial and lunar rocks provide a perspective on the
early planetary evolution of these objects, but a substantial
period of the earliest evolutionary record of these planets has
been erased by geologic processes. Thus, both the observational
data and the planetary geologic record become increasingly
incomplete as the spatial scale and/or the time period of solar
system formation is approached, with a major gap centered on
the event itself.

Asteroids Per 0.01 AU Bin

Basic physical principles have been used to derive plausible
models, such as those outlined above, describing the general
nature of the major stages from nebular collapse through
planetary accretion in the inner and outer solar system.
However, most of these theoretical models are sensitive to the
specific assumptions made during the modeling process and are
very seldom unique. A major purpose of meteorite and asteroid
studies is to provide the physical data base to check and
constrain such models.

WHAT ARE ASTEROIDS?

Asteroids (or minor planets) and comets are two classes of
small natural bodies which follow independent orbits about the
Sun.  Historically, the astronomical distinction between
asteroids and comets is that the former remain unresolved point
sources (the term "asteroid" means "star-like") while the later
develop an extended coma (vapor cloud) when present in the
warmer inner solar system. The asteroids are composed of non-
volatile rocky or metallic materials while the comets include a
substantial amount of volatile ices which sublimate to produce
the cometary coma and ion tail. Comiets also contain substantial
amounts of refractory dust (e.g., the silicate, metal, and organic
grains which make up the dust tail), so that an old comet can
deplete its near-surface ice inventory and develop a residual
"rocky" crust. Thus, some asteroidal bodies may be extinct or
devolatilized cometary nuclei which could still contain
substantial inventories of ice in their interiors.

The asteroids are located mostly between the orbits of
Mars—at 1.52 AU-and Jupiter—at 520 AU. (An "AU" or
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FiG. 1. Histograms of the number density of asteroids (binned into 0.01 AU intervals) vs. heliocentric distance (asteroid semimajor axis). The
distribution includes the proper clement data of 4500 asteroids from Knezevic and Milani (1989; version 5.7, updated 91/04/24) plus the current
elements for the 56 Hilda and 85 Trojan asteroids from the 1993 Ephemeris of Minor Planets. The upper histogram is plotted on a linear scale and the
lower on a logarithmic scale. The orbital semimajor axes of Mars and Jupiter plus the heliocentric distances of several mean motion resonances (4:1,

3:1, 2:1, and 3:2) are indicated by the scale between the two histograms.
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"Astronomical Unit" is a unit of length equal to the mean Earth-
Sun distance, 149.6 million km.) Figure 1 shows a histogram of
the abundance of asteroids as a function of semimajor axis (half
of the long axis of an elliptical orbit, commonly abbreviated "a").
The strong concentration of asteroids located between 2.0 and
3.3 AU is termed the asteroid belt. Several smaller discrete
populations lie outside these bounds including the Hungarias
(~1.8-19 AU), the Cybeles (~3.3-3.5 AU), the Hildas
(~3.9-4.0 AU), and the Trojans (~5.1-5.3 AU). Figure 2
plots the sine of the inclination (orbital tilt relative to the plane
of the planetary system, commonly abbreviated as "i") of
individual asteroids vs. their semimajor axes. The cluster of
asteroids located near a = 2.3—-2.4 AU and sine i = 0.35—-0.45
are the Phocaea objects. A number of additional short-lived
orbital classes are also distinguished (e.g. the Earth-crossing
Apollo and Aten objects and the Mars-crossing and Earth-
approaching Amor objects) which are apparently replenished
from the more stable asteroid populations.

The general structure of the asteroid distribution shown on
Fig. 1 and 2 is related to orbital resonances, primarily with
Jupiter, which fall into two major classes: mean motion
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resonances and secular resonances. Mean motion resonances
occur at heliocentric distances where the orbital period is some
small integer fraction of Jupiter’s period (e.g., an object with a =
2.50 AU orbits the Sun exactly three times for every one orbit of
Jupiter and is, therefore, in a 3:1 resonance with Jupiter). The
effects of strong cumulative orbital perturbations have generally
depleted the members of the initial asteroid population which
had semimajor axes at these resonance distances (eg., the
Kirkwood gap at 2.5 AU on Fig. 1). The main asteroid belt is
bounded on the inner edge by the 4:1 resonance at 2.06 AU and
on the outer edge by the 2:1 resonance at 3.28 AU.
Paradoxically, mean motion resonance perturbations can also
stabilize orbits. For example, the Hilda asteroids are stabilized
near the 3:2 resonance at 3.97 AU and the Trojan asteroids near
the 1:1 resonance at 5.20 AU. Like the main-belt objects, these
populations have apparently survived in those locations since
the earliest period of solar system history. These resonance
boundaries or trapping regions are labeled on Fig. 1. A detailed
review of asteroidal mean motion resonances can be found in
Froeschle and Greenberg (1989).

Secular resonances occur when the rate of precession of
asteroidal orbits is equal to a harmonic of the frequencies of the
orbital precession and the frequencies of the variations in
eccentricity and inclination of the orbits of the major planets,
most importantly Jupiter. Three major secular resonances
(designated vs, vg and vj6) define important asteroid belt
boundaries and are shown on Fig. 2b. The v resonance surface
forms a curve which defines the upper bound of the main
asteroid belt inclinations. The Phocaea region is isolated by
resonances, bounded at lower inclinations by the vg resonance,
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FIG. 2. a) Plot of sine inclination vs. semimajor axis for proper orbital
elements from Knezevic and Milani (1989; version 5.7, updated 91/04/24)
plus the current elements for the 56 Hilda and 85 Trojan asteroids from
the 1993 Ephemeris of Minor Planets. b) Same as Fig. 2a with the vs, v¢
and v1¢ secular resonances (solid lines) and the 2:1 and 4:1 mean motion
resonances (dashed lines) indicated. The exact inclination of the secular
resonances as a function semimajor axis is also a function of eccentricity.
The curves plotted here are for proper eccentricity (¢) = 0.05 from the
results of Williams and Faulkner (1981). c) An expanded view of the
main asteroid belt region of Fig. 2a. The Eos, Themis, and Koronis
asteroid families are indicated by the letters E, T and K, respectively.
Other clumps of points represent additional possible families.
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at smaller heliocentric distances by the v resonance, and at
higher inclination by the vs resonance. As in the previous case,
asteroids which initially occupied orbits falling within these
resonance have been strongly depleted. At low inclinations the
ve and vie secular resonances combine with the 4:1 mean
motion resonance to define the inner edge of the main-belt.
Secular resonances are reviewed by Scholl et al. (1989).

Resonances are also important since they provide potential
escape routes for most of the flux of asteroid and meteorite-
sized objects lost from the belt, a small portion of which arrives
on Earth as meteorites. Wisdom (1985) showed that the chaotic
zone associated with the 3:1 resonance can rapidly transfer
objects with semimajor axes near 2.5 AU into Earth-crossing
orbits.  Wetherill (1985, 1987, 1988) and Wetherill and
Chapman (1988) have argued that the terrestrial meteorite flux
and the near-Earth asteroid population will contain large
contributions from objects adjacent to the 3:1 resonance and to
a lesser extent near the vg resonance. In these models, some
portion of the ejecta from impacts onto asteroids adjacent to
these resonances would be injected into the resonances and,
thence, transfered into Earth-crossing orbits. Farinella et al.
(1993) have computed the injection probabilities of fragments
from specific asteroids into the 3:1 and vg resonances and
conclude that a large fraction of the meteorites could be
generated by a small (~1%) and possibly non-representative
portion of the asteroid population.

Asteroid families are an important additional aspect of the
main asteroid belt, which is shown at an expanded scale on Fig.
2c.  There are clumps (dynamical associations) in this
distribution (and in the similar plots of other orbital element
pairs) which indicate concentrations of objects in similar orbits.
Asteroid families are dynamical associations which are the
individual fragments of the full or partial collisional breakup of
a parent body. Such associations are properly designated genetic
families when the family members have compositions which are
consistent with derivation from a single parent body. Although
relatively few dynamical associations have been rigorously tested
for genetic relationships, it is generally believed that the most
prominent examples (e.g., the Eos, Koronis, Themis families,
etc.) are true genetic families (e.g., Gradie et al., 1979; Chapman
et al., 1989; Bell, 1989; Williams, 1992). The presence and
nature of such genetic families provides important constraints
on collisional disruptions of large (hundreds of km) bodies, on
the rate of orbital diffusion in the asteroid belt, on the
collisional lifetime of asteroids as a function of size, and on the
thermal history and internal compositional structures of their
parent bodies.

Infrared observations from the IRAS spacecraft revealed
the presence of zodiacal dust bands associated with the major
(Eos, Koronis, Themis) asteroidal families (Sykes, 1990).
Mutual collisions between family members and fragments
appear to be the source of this fine material. These bands
appear to be major contributors to the asteroidal dust flux and
may be distinguishable in the cosmic dust collections (Flynn
1989).

The collisional processes which formed most asteroids can
result in very large departures from spherical shapes as indicated
by the amplitudes of rotational light curves. Recent radar
observations of two Earth-approaching asteroids (1989
PB-Ostro et al. 1990; 4179 Toutatis—Ostro 1993, pers. comm.)
have shown that both objects are contact binaries (i.e., a pair of

bodies in contact). The images of the small main-belt asteroid
951 Gaspra obtained by the Galileo spacecraft (Belton et al.
1992) showed a very irregular body.

ISSUES AND QUESTIONS

Before reviewing the techniques and results of asteroid
investigations, it is useful to focus on the current issues in
asteroid science that provide the context in which this work is
being carried out. Several major outstanding issues and
questions in asteroid and meteorite sciences are briefly outlined
in the following sections. This listing is incomplete, if for no
other reason than the firm assurance that additional questions
will arise as we improve our understanding of the issues
currently being considered.

Identification of Specific Meteorite Source Bodies

Laboratory investigations of the chemical, mineralogic,
petrologic and isotopic properties of meteorites have defined a
detailed chronology of conditions and events in the early solar
system. However, the meteorites do not indicate—except in a
very model dependent fashion—the locations of their parent
bodies in the primordial solar system or their sources in the
present solar system. The meteorites are "float", a geologic term
used to designate scattered rock fragments not found in direct
association with their source outcrops. (As students in the
geologic sciences quickly learn, "mapping on float" is an activity
fraught with potentially misleading results.) Without a spatial
context, the meteoritic constraints on conditions, processes and
sequence of events cannot be formulated into unambiguous
models of the nebula and early solar system. Fortunately, most
main-belt asteroids appear to be at heliocentric distance
corresponding to their relative formation locations.
Investigations of asteroid compositions can identify potential
parent bodies of specific meteorites or meteorite types or
identify objects which have experienced similar evolutionary
histories to known meteorite types. Asteroid investigations can
provide a "map" to complement the meteorite "clock". This
combination provides the basis for much better understanding
of the early solar system than either data set alone.

Parent Bodies of the Ordinary Chondrites

The ordinary chondrite (OC) meteorites dominate (>75%)
the terrestrial fall population. It has been commonly assumed
that the OCs represent samples of some particularly abundant
and important class of primordial bodies. Telescopic spectral
surveys have provided at least tentative compositional
indications on nearly 20% of the 5000 numbered main-belt
asteroids. Despite these efforts, no unambiguous ordinary
chondritic assemblages have yet been identified, although most
other meteorite classes (e.g., irons, stony-irons, basaltic and
olivine achondrites, and the different types of carbonaceous
chondrites) have good analogs among the asteroids. Where do
the ordinary chondrites come from? The only asteroids which
have been spectrally identified as probable ordinary chondritic
assemblages are several small Q-type objects in the Earth-
approaching minor planet population. However, if the
dominance of the meteorite flux by ordinary chondrites during
the past half million years is not a fluke, then these planet-
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approaching ordinary chondritic Apollo-Amor-Aten objects
must be replenished (on time scales which are very short
compared to the age of the solar system) from some long-lived
source region.

The apparent paradox between the meteoritic and the
asteroid evidence concerning the origin of the ordinary
chondrites is one of the most important and perplexing
problems in planetary science. Several solutions to this dilemma
have been suggested (e.g., Wetherill and Chapman, 1988; Bell et
al., 1989; Gaffey et al., 1989, 1993). These include suggestions
that: (a) the analysis of asteroidal spectral data is systematically
in error, (b) ordinary chondrites come from a rare asteroid type,
(c) the ordinary chondrites come from small (unheated) main-
belt asteroids, and (d) the ordinary chondrite derive from parent
bodies which were expelled to the Qort cloud during the
accretionary epoch and which are returning to the inner solar
system as Apollo objects from comet-like orbits.

Selection Effects in the Meteoritic Sample of
Early Solar System Material

Meteorites provide our only moderately large sample of
solar system material from beyond the Earth-Moon system.
However, if the large main-belt asteroids—or their collisional
fragments—are, indeed, the primary sources of the meteorites,
then there are large selection effects and major gaps in our
sample the meteorite parent bodies. Independent of the
problem of the ordinary chondrite parent bodies, there is
evidence for major discrepancies between the relative
abundances of asteroid types in the main-belt and the relative
fluxes of analogous meteorite types. For example, among more
than 900 larger (>10—-20 km) main-belt asteroids tabulated by
Tholen (1989), there is a solitary V-type basaltic object (Vesta)
while there are five A-type (dunites or mono-minerallic olivine
assemblages) objects, a ratio of 1:5. However, among meteorite
falls the ratio of analogous meteorite types (basaltic achondrites
and olivine achondrites) is 52:0 (Sears and Dodd, 1988). When
the Antarctic finds are included the ratio is approximately 78:2
(Sears and Dodd, 1988; Prinz et al, 1986; Warren and
Kallemeyn, 1989). The discrepancy between these
corresponding asteroidal and meteorite assemblages is ~400:1.
This is consistent with the very strong selection bias between
potential asteroidal contributors to the meteorite flux suggested
on dynamical grounds (e.g., Farinella et al., 1993).

Thermal History and Heating Mechanisms of
Inner Solar System Planetesimals

An important subset of the meteorites are the products of
igneous differentiation processes within heated parent bodies.
Two major heating mechanisms (the decay of a short-lived
radionuclide such as 26Al and inductive heating resulting from
an intense solar wind outflow during an early solar T-Tauri
episode) have been proposed as the primary source of the
thermal energy to melt these parent bodies (e.g., Sonett and
Reynolds, 1979; Hewins and Newson, 1988). The presence of
26A1 in abundances sufficient to provide igneous temperatures
has been detected in mineral inclusions in Allende and other
meteorites, although the bulk 26Al abundance in those
meteorites is much lower than required to melt the assemblages
(Lee et al., 1976, 1977). However, planetesimals with higher

initial bulk 26A1 abundances than that found in presently studied
chondritic meteorites remain viable candidates for the parent
bodies of such differentiated meteorites. Strong solar wind
outflows are characteristic of the early T-Tauri stage of stellar
evolution. The magnetic fields associated with such outflows
can deposit substantial energy in the interiors of planetesimals
immersed in such an outflow (Herbert, 1989). It remains to be
seen whether the Sun actually underwent a T-Tauri stage and
whether the outflow rate was sufficiently strong to produce
igneous temperatures or whether this outflow even was present
in the region of the present asteroid belt.

Initial observational studies of asteroids indicated a strong
radial dependence on the relative proportion of objects which
attained igneous peak temperatures decreasing in a linear
fashion from ~100% in the inner belt (2.0 AU) to zero in the
outer belt (3.5 AU) (Gaffey, 1990a, b). Such a heliocentric
pattern is consistent with—but does not unambiguously establish
the predominance of—the T-Tauri induction heating
mechanism (Herbert et al., 1991). Grimm and McSween (1993)
have recently argued that this heliocentric pattern is also
expected from the 26Al heating mechanism combined with
nebular accretion patterns. Detailed mineralogical
characterizations of igneous asteroids as a function of
heliocentric distance combined with the thermal constraints
provided by petrologic investigations of analogous meteorite
assemblages should permit discrimination of the primary
heating mechanism and of the nebular conditions or processes
which permitted it.

Igneous Processes and Internal Structures of
Differentiated Bodies

The presence of igneous asteroids requires that their parent
bodies had accreted to at least substantial fractions of present
asteroid sizes (in order to provide the gravitational field
required for magmatic differentiation) within the operational
period of the heating mechanisms, which in either case is within
a few million years of the initial collapse of the original
interstellar nebula. The processes of early igneous
differentiation on planetary scales have been investigated
theoretically (eg., Stevenson, 1981; Taylor, 1992), but
experimental data have been obtained only on gram-sized
laboratory samples or from highly evolved terrestrial and lunar
geologic examples. Mineralogical characterizations of specific
minor planets can be used to identify their probable thermal
and geochemical histories by analogy to the processes which
produced the igneous meteorites. The individual members of
asteroidal genetic families expose various portions of the
interior of their parent bodies. Comparison of the physical
dimensions and relative compositions of individual family
members should permit a general reconstruction of the internal
structure of their parent bodies. In essence the spectral study of
asteroid families allows us to look inside a number of planetary,
albeit small, bodies which have undergone different degrees of
igneous differentiation from different initial compositions.

Nature of Collisional Processes on Asteroidal Size Scales
The meteorites represent fragments chipped from surface or

near-surface lithologic units on bodies in the present solar
system. The presence of iron meteorites requires the large scale
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disruption of differentiated parent bodies to expose core
material. While the debris of exploding planets are a staple of
science fiction movies, we cannot actually carry out experiments
involving asteroid-scale collisions, much less planetary-scale
collisions. All experimental data on fragmentation events, even
those involving nuclear explosions, are many orders of
magnitude smaller in scale than actual asteroidal collisions.
Models of planetary and planetesimal-scale collisional processes,
therefore, involve very large extrapolations from the
experimental data. The asteroids provide a natural laboratory to
study such processes. Most smaller (<100 km?) asteroids are
probably fragments of disrupted parent bodies, and studies of
the internal layers revealed on their surfaces provide constraints
on both the evolution of the parent bodies and on the processes
which broke them apart.

The best direct information on asteroid-scale collisional
processes can probably be attained by studying the asteroid
genetic families. The tightly concentrated families (e.g., the Eos,
Koronis and Themis families) appear to represent relatively
recent (~108-10° years?) parent body breakups. Different
asteroid families represent the disruptions of parent bodies with
a variety of compositions and sizes, which permits examination
of the role played by material strength and self gravity in large
scale collisions.

Collisional Lifetimes and Orbital Dispersion

The rate of processes which change asteroid orbits and
which fragment these objects affect the relative contributions of
various asteroid regions (and specific objects) to the terrestrial
meteorite flux. Of particular interest are the relative strengths
of metal-rich and silicate-rich planetesimals during collision
events. Target strength has been suggested as a critical
parameter in the ejection of meteorite-producing fragments
from their parent objects (Greenberg and Chapman, 1983;
Greenberg and Nolan, 1989). Melosh (1984, 1989) showed that
target strength should exert a strong control over the maximum
size of ejecta fragments from impact events. The long average
cosmic ray exposure ages of iron meteorites relative to stony
meteorites has generally been attributed to the significantly
greater physical strength of the former which permits longer
average survival in the collisional environment of space.

Original Size of Inner Solar System Planetesimal Population

Models of solar system formation postulate a transitional
stage when much of the condensed matter is tied up in
planetesimals but before the major planets have accreted from
those planetesimals. The asteroid belt is the surviving remnant
of the original inner solar system planetesimal population.
Gravitational perturbations and collisional disruptions have
depleted the original population, producing a mass loss of
unknown proportions, with estimates ranging from 50% to
99.9%, although more recent estimates range from 60% to 80%
(e.g., Chapman and Davis, 1975; Davis et al., 1989). Asteroid
compositions can provide constraints on the collision evolution
of the planetesimals and upon the survival of their fragments.
For example, the preservation of an apparently intact basaltic
crust on the surface of Vesta places upper limits on the original
planetesimal population and on the collisional processes in the
belt (Davis et al, 1985). The absence of abundant A-type

(mantle-type olivine assemblages) asteroids, which would be
expected from the disruption of differentiated planetesimals
("the great dunite shortage"—Chapman, 1986; Wetherill and
Chapman, 1988; Bell et al., 1989), places constraints on either
the collisional lifetime of silicate bodies in the 20—40 km size
range or on the number of disrupted differentiated
planetesimals.

Compositional Gradients in the Solar Nebula

All proposed solar nebula models are characterized by
pressure and temperature gradients between the high
temperature and pressure regions of the inner nebula and the
low temperature and pressure regions of the outer nebula. The
actual gradients depend upon the total mass of the nebula, its
evolutionary stage, and the rate and scale of heat and mass
transport by convective processes. The redox (reduction-
oxidation) states of mineral assemblages in unmetamorphosed
chondritic assemblages provide a measure of the temperatures
and pressures at which their component phases last equilibrated
with the nebula. Thus, the enstatite chondrites formed from a
much higher temperature region of the nebula than did the
carbonaceous chondrites. However, the nebular temperature
and pressure values provided by the chondritic suite cannot be
used to establish a strongly constrained nebular model unless
their original heliocentric locations can be established.
Asteroidal studies can provide the additional information
needed to complete the data set for such models.

ASTEROIDAL SURFACE MATERIAL
CHARACTERIZATIONS

A knowledge of the surface mineralogy of individual
asteroids and groups of asteroids can provide the data base for
answering or improving our understanding of the major issues
outlined above. The level of sophistication attainable in such
compositional interpretations depends upon: (a) the availability
of interpretive calibrations to analyze the observational data, (b)
the quality of spectral or other remote sensing data, and (c) the
appropriateness of that data for detecting and characterizing the
critical mineral species present on asteroidal surfaces. The
following sections review the present state of the art in each of
these areas.

Diagnostic Spectral Features and Interpretive Methods

Asteroid surface material characterizations are based upon
the interpretation of observable diagnostic properties to
determine presence, abundance and/or composition of one or
more mineral or chemical species on the surface of that object
(e.g., Gaffey et al., 1989). Visible and near-infrared (VNIR)
reflectance spectroscopy is the most sensitive and broadly
applied remote sensing technique for characterizing many
cosmically important mineral phases and has been used
extensively to determine asteroid compositions. However in
individual cases, other remote sensing techniques provide the
critical diagnostic test of asteroid surface composition. For
example, high radar albedos can provide the diagnostic test or
strong constraints on the presence of abundant metal phases on
asteroid surfaces (e.g., Ostro et al., 1985, 1991; Ostro, 1989).

However, VNIR reflectance spectroscopy provides the best
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currently available means of characterizing the surface
compositions of most asteroid types. The diagnostic features in
reflectance spectra arise from electronic and vibrational
transitions within specific mineral or molecular species. The
energy (wavelength) of the absorption features depends upon
the ionic (e.g., Fe2+, Fe3+, Ti 4+, etc.) or molecular (e.g., H,0,
OH, CO3, C-H, etc.) species involved and the mineral structure
in which that species is located. Since minerals are characterized
by unique compositions or limited compositional ranges in
specific  crystallographic  structures, each produces a
characteristic reflectance spectrum and many exhibit diagnostic
spectral features. The reflectance spectra of several important
meteoritic mineral species are shown on Fig. 3a. Each of these
minerals has a characteristic spectral curve. For example, olivine
has a broad 1 um absorption feature composed of three
overlapping components. Pyroxene exhibits a pair of features
near 1 and 2 um, the exact positions of which depend on the
composition of the pyroxene. Iron-nickel metal provides a
reddish spectral contribution to many asteroids. Spinel has a
strong broad absorption feature longwards of 1.5 gm.

Other minerals also exhibit diagnostic spectral features in
asteroids. Water-bearing minerals, such as the piyllosilicates in
CI and CM meteorites, exhibit an intense "water" absorption
feature near 3 um with overtone features located near 1.4 and
1.9 um (e.g., Jones, 1988; Jones et al., 1990; Lebofsky et al., 1989,

vy
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1990; Clark et al., 1990). The carbonate minerals exhibit a series
of CO32~ vibrational features between 1.7 and 2.7 um (eg.
Gaffey, 1986, 1987). Organic compounds such as those present
in the CI and CM meteorites exhibit strong C-H features near
34 pym and weaker overtones near 1.7 and 23 um (eg,
Cruikshank and Brown, 1987; Jones, 1988; Cloutis, 1989;
Cruikshank et al., 1991a). Porphyrins, a geologically significant
class of organic molecules, show diagnostic features near 0.4 and
0.5-0.6 um (Holden, 1988; Gaffey and Holden, 1987, 1990).
The interested reader is referred to Burns (1970a, 1981), Adams
(1974, 1975) and Clark et al. (1990) for detailed summaries of
the spectral properties of wide variety of cosmic and terrestrial
mineral species. The detection of any of these mineralogical
signatures in an asteroidal spectral reflectance curve indicates
the presence of that mineral species in the body’s surface
material.

The spectral parameters (e.g., band positions) of these
absorption features are related to the specific composition of
the individual mineral. For example, the wavelength positions
of the 1 and 2 um features in pyroxene spectra are a function of
the Ca and Fe contents of the individual mineral samples. The

0.35 T T T T T T

w

0.30 F HE 3
0.25 F 3
020 F 3

LLE

0.10 | 4

Spectral Reflectance

0.05 ]

0.00 1 1 1 P | 1 1
0.2 0.6 1.0 1.4 1.8 2.2 2.6

Wavelength (um)

L6 7

L4 ]

Spectral Reflectance
e © © o o
-t n N w w
(4] o (4 o o
T T T T T
% (]
—
w
1 1 1

0.2 0.6 1.0 1.4 1.8 2.2 2.6

Wavelength (um)

FIG. 3. Reflectance spectral of several cosmically or meteoritically
important minerals and mineral assemblages. a) Spectral reflectances of
olivine (Ol), pyroxene (Px), iron-nickel metal (FeNi) and spinel (Sp). b)
Average spectral reflectance curves of H6, L6 and LL6 chondrites. The
LL6 curve has been displaced downward by 0.10 for clarity. Note the
systematic broadening and shift towards longer wavelength of the 1 um
absorption feature from H to LL assemblages. c) Average spectral
reflectance curves of different metamorphic grades of L-chondrites. The
L4 curve has been displaced downward by 0.05 for clarity. Note the
intensification of the absorption features from type 4 to type 6.
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interested reader is referred to Burns (1970b), Adams (1974),
King and Ridley (1987) and Cloutis and Gaffey (1991) for
discussions of the relationships between mineral chemistry and
absorption band positions for several cosmically important
mineral types.

Most meteorites, and presumably asteroids, are composed of
mixtures of two or more minerals. Figure 3b compares the
spectral cutves of three types of ordinary chondrite which differ
in the abundance and composition of their constituent olivine
and pyroxene phases. The increased relative abundance of
olivine along the H-L-LL trend is evident in the broadening of
the 1 um and the shift of the band minimum of this feature
toward longer wavelengths. Petrographic properties such as
grain size and uniformity are evident in the increasing band
intensity seen between different metamorphic grades of
chondrites, such as the L4-L5-L6 sequence shown on Fig. 3c.

Several procedures have been developed to determine the
abundances of individual mineral phases from the spectra of
such mixtures. McFadden and Gaffey (1978) defined a spectral
calibration for determining the relative abundance of pyroxene
and plagioclase in basaltic achondritic assemblages. Cloutis et al.
(1986) developed an empirical calibration for the determination
of phase abundance in the spectra of olivine-orthopyroxene
mixtures. Recently scattering and mixing model approaches
have been outlined to derive phase abundances from reflectance
spectra (e.g.,, Mustard and Pieters, 1989; Kinoshita and
Miyamoto, 1990). Hiroi and Takeda (1990) used a spectral
mixing model to derive the surface phase abundances of the S-
asteroid 29 Amphitrite.

The analysis of reflectance spectra can, thus, provide a
variety of compositional data on asteroid surface materials.
Spectral analysis can establish the presence of specific mineral
phases such as olivine, pyroxene, feldspar, spinel, hydrated
phyllosilicates, carbonates, organic compounds and (apparently)
Fe-Ni metal if the abundance of these species exceeds some
threshold. More detailed analysis of high quality asteroidal
spectra can determine the average compositions of the pyroxene
phases and the relative abundances of olivine and pyroxene and
of pyroxene and feldspar in the surface materials of individual
asteroids where these are the dominant mineral species. Radar
albedo measurements can constrain the combination of surface
porosity and metal abundances on asteroids, and in some cases
can provide strong indications of very high metal abundances.
In addition, for targets sufficiently close to permit a strong signal
return, radar observations can image body shape as shown by the
recent results for Earth-approaching asteroid 4179 Toutatis
(Ostro 1993, pers. comm.). Table 1 lists the available
calibrations, both quantitative and qualitative, for the
mineralogical and compositional analysis of asteroidal spectral
data.

Asteroid Spectral Observations

A reflectance spectrum is the measure of the flux of
reflected light relative to incident light as a function of
wavelength (1). For asteroidal objects reflected sunlight
dominates the measured flux between the ultraviolet (<0.35
pm) and near-infrared (>2.5-5 pum depending upon surface
temperature which is a function of heliocentric distance, albedo
and surface thermophysical properties). At longer wavelengths
the observed flux is increasingly due to blackbody radiation

TABLE 1. Mineralogical Properties Derivable from Spectral Analysis.

Primary and Secondary Ref*
Mineralogical Property Spectral Parameter(s)
Utilized
Pyroxene Structural Type (opx,cpx) 1zm (& 2 um) Band
Positions 1,2
Ca2t Content of Pyroxene (Wo) 1 um (& 2 um) Band
Positions 1,2
Fe2* Content of Pyroxene (Fs)  2xm Band Positions 1,2
Fe2t Content of Olivine (Fa) 1 #m Band Position
& Depth 34
Olivine-Pyroxene Abundance Ratio 2 #m/1 #m Band Area Ratio 5
1 um Band Position
Spectral slope
Presence of Hydrated Silicates 3 um Absorption Feature 6,7
Presence of CH-bearing organic 1.7,23&32um
Compounds Absorption Features 6,8,9,10
Phyllosillicate Type Weak 0.5—-1.0 #um Features 11,12
Fine Structure of 1.4 yum
Feature 11,12
Mafic mineral particle size 1 & 2 4m Band Depth 6
Abundance of opaque or spectrally 1 & 2 #m Band Depth 13
neutral mineral phase
Fe-Ni metal content Spectral slope and band
intensity 14
Radar Albedo 15

* References: 1. Adams (1974); 2. Cloutis and Gaffey (1991); 3. Burns
(1970b); 4. King and Ridley (1987); 5. Cloutis et al. (1986); 6. Jones
(1988); 7. Jones et al. (1990), 8. Cruikshank and Hartmann (1984); 9.
Cruikshank et al. (1991a); 10. Cloutis (1989); 11. King (1986) ; 12.
Clark et al. (1990); 13. Cloutis ef al. (1990a); 14. Cloutis ez al. (1990b);
15. Ostro (1989).

emitted from the warm surface of the asteroid. The measurable
reflected flux depends on the incident sunlight (proportional to
the inverse square of the asteroid’s heliocentric distance), on the
inverse square of the asteroid-Earth distance, on the illuminated
and observed surface area of the asteroid, and on the surface
albedo of the asteroid. Thus, it is generally easier to obtain
higher quality spectral data for inner belt (i.e., closer to the Sun
and to the Earth) high albedo bodies than for equal-sized bodies
at greater heliocentric distances or with low albedos. Because
both the solar flux and the transparency of the BEarth’s
atmosphere varies greatly with wavelength, the highest
observable fluxes are in the visible region of the spectrum
(~04-10 um) which generally translates to higher quality
data. By contrast, in the 3 um spectral region, where
atmospheric water vapor is a strong absorber and the solar flux is
lower, it is very difficult to obtain high signal-to-noise data.
Reflectance spectra differ in the wavelength interval
covered, in the number of samples at different wavelengths
within that interval, and in the spectral bandpass measured by
each wavelength sample. In the limiting case, the difference
between the relative reflectance at two wavelengths is termed
"color", in line with our common visual experiences. The UBV
system (three broadband filters centered near 0.32, 0.43 and
0.55 um) represent an example of a data set covering a small
spectral interval at low spectral resolution (A4/A~10%). The
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most useful low resolution data set, the ECAS (Eight Color
Asteroid Survey; Zellner et al., 1985) asteroidal data includes
the three UBV filters plus five additional broadband filters
which extend the spectral measurement interval from 0.310 um
(s-filter) through 1.055 um (z-filter). The 52-channel system
(e.g., Bell et al., 1988) with 52-channels spaced across the spectral
interval between 0.8—2.6 um is an example of a moderate
spectral resolution (AA/A ~3%) system. CCD spectra (e.g., Vilas
and Smith, 1985; Luu and Jewitt, 1990; Jewitt and Luu, 1990;
Sawyer, 1991; Binzel and Xu, 1992, 1993; Vilas and McFadden,
1992; Vilas et al., 1993) with a few hundred samples across all or
part of the 0.4—1.0 um spectral interval represent high spectral
resolution  (A/A~0.1-03%) data. Interferometric
observations (A~0.8~3.5 um; AMA <0.1%; Feierberg et al.,
1980, 1981, 1982) represent very high resolution spectral data.
In spectral intervals where intense atmospheric absorptions
interfere, such as the wavelength range from 2.5 to 3.6 um
(usually called 3 um spectra) which is utilized to detect water-
bearing minerals, only low- or moderate-resolution data have
been obtained (e.g., Lebofsky, 1980; Lebofsky et al., 1981, 1989,
1990; Jones, 1988; Jones et al., 1990). Asteroidal reflectance
spectra have been obtained from the hard ultraviolet (~0.2 #m)
through the near-infrared (~4 um). At wavelengths beyond
~3—5 pm, the thermal emission from the surface exceeds the
incident solar radiation, and flux measurements are dominated
by the emitted "blackbody” radiation. Thermal infrared spectral
(intermediate bandwidth) and flux (broadband radiometry)
measurements have been made for numerous asteroids, many of
which were obtained by the IRAS satellite. Additional
asteroidal remote sensing data sets include radar reflectivity
which can provide diagnostic compositional information for
certain asteroid classes (Ostro 1989). Table 2 summarizes the
asteroidal spectral data and other remote sensing data sets
which are currently available.

With the exceptions of observations of asteroids from Earth
orbit by the IUE (International Ultraviolet Explorer) and IRAS
(Infrared Astronomical Satellite) spacecraft and by the Galileo
spacecraft during its flyby of the small main-belt asteroid 951
Gaspra, all asteroid spectral data have been obtained from
Earth-based telescopic observations. A brief review of the
general procedures for obtaining and reducing that data
provides a useful perspective on the nature and limitations of
these data sets. Of necessity, telescopic observations of
asteroids are made through the atmosphere above the observing
site. The sensitivity of the instrument varies with wavelength
and often changes with time, which limits the usefulness of any
fixed calibration.  Additionally, the transmission of the
atmosphere is a function of wavelength and of the atmospheric
pathlength (airmass) which varies with the zenith angle and
which changes constantly as the Earth’s rotation moves the
object across the sky.

The asteroid observations are ratioed to observations of
standard (calibrated reference) stars at the same (or similar)
airmasses to correct for the effects of instrumental sensitivity,
telescopic and optical throughput, and atmospheric absorption.
The calibrated flux of the standard star as a function of
wavelength is utilized to convert the asteroid/star ratio at each
wavelength to an asteroid/sun or reflectance measurement. The
quality (ie., signal-to-noise ratio) of the final asteroid
reflectance  spectrum  varies  significantly  depending
on the goals of individual observing programs.

TABLE 2. Asteroid spectral and remote sensing datasets.

# Technique Primary data references
Broad Band VNIR Filter Data
920  UBVfilters Tedesco (1989)

589  8-color (subvwxpz filters)
88 JHK filters

Zellner et al. (1985)

Johnson et al. (1975); Chapman and

Morrison (1976); Matson et al.

(1977); Leake et al. (1978); Larson

and Veeder (1979); Veeder et al.

(1982, 1983ab, 1984)

Medium Resolution (1-5%) VNIR Spectra

290  2-beam photometer, Chapman and Gaffey (1979);
24-filter data (0.33—1.1 #m) McFadden et al. (1984)

11 1% CVF data (0.6—2.6 um) Gaffey (1983, 1984); Gaffey and

Ostro (1987); Gaffey (unpublished)

119 52-channel 3% CVF data  Bell ef al. (1988); and in
(0.8—2.57 ym) preparation

79 7-Color Asteroid Survey  Clark et al. (1992); Granahan (in
(SCAS) preparation)

46 3% CVF data, CGAS,
and filters (2.5—5 pm)

Lebofsky et al. (1981); Eaton et al.
(1983); Feierberg et al. (1985);
Cruikshank and Brown (1987);
Jones (1988); Piscitelli
(unpublished); Jones et al. (1990)
Higher Resolution (<1%) VNIR Spectra
14 Fourier Transform spectra Feierberg et al. (1981, 1982)
(0.8—2.8 um)

150  CCD spectra Vilas and Smith (1985); Hahn et al.

(04 <1=<10um) (1986); Vilas and McFadden
(1992); Sawyer (1991); Binzel and
Xu (1992, 1993)
74 CCD spectra Luu and Jewitt (1990); Jewitt and
(04 <1 <0.7um) Luu (1990)

Thermal or Mid-Infrared Spectra

19 8—13 um, 2% resolution  Feierberg et al. (1983); Green et al.

(1985); Gillett and Merrill (1975)

31 8-13 & 8—24 um, Hansen (1976)
10% resolution

Broadband Mid- and Far-Infrared Photometry

1811  12,25,50, 100 mm IRAS fluxes

(not all channels for all Matson (1986)

objects)

Albedos

>250 Earthbased mid-infrared  Brown and Morrison (1984) and
photometry references therein

1811 IRAS (large uncertainties Matson (1986); Tedesco (1989)
for faintest sources)

Radar

52 3.5 & 13 cm radar Ostro (1989); Ostro et al. (1991)
reflectivities

Photometric parameter
113 G (magnitude-phase slope) Tedesco (1989)

Survey programs (where maximizing the number of observed
objects is a high priority) tend to produce lower S/N spectra
compared to observational programs targeted on individual or a
few objects.
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ASTEROID TAXONOMIC CLASSIFICATIONS

Taxonomy is the classification of objects into ordered

=8 . . .
categories and is used, in one form or another, in all fields of

natural science (e.g., Jaschek and Jaschek, 1987). A classification
can be based on a single property or a combination of properties
of the objects. In areas such as biology or geology, it is possible
to choose between many different parameters for the "best" way
to classify the objects since the samples are often readily
available for study and the desired parameters can be measured
for a large number of samples to produce the classification.
However in astronomy, since the objects of interest are
inaccessible, only a small number of parameters can usually be
measured; these parameters will often not provide the best
measure of the desired physical properties.

Since the early 1970s, many different researchers (eg.,
Chapman et al., 1975; Bowell et al., 1978; Tholen. 1984; Barucci
et al., 1987; Chapman, 1987, pers. comm.; Tedesco et al., 1989;
Howell et al., 1992b) have grouped asteroids into taxonomic
classes on the basis of various observational properties.
Although no mineralogical interpretations are included among
the parameters utilized in these classification procedures, an
important goal of the asteroid taxonomies is to identify groups
of asteroids which share similar surface compositions, thermal
histories and collisional evolution. Trends such as the
distribution of taxonomic classes in the asteroid belt (e.g.
Chapman et al., 1975; Gradie and Tedesco, 1982; Gradie et al.,
1989; Bell et al., 1989), differences in the rotation rate for
different classes (e.g. Binzel et al., 1989), and differences in the
size distribution for different asteroid classes (e.g., Chapman,
1987, pers. comm.) suggest that these efforts are grouping
asteroids with at least grossly similar properties.

The most widely used taxonomy was devised by Tholen
(1984), who used a minimal tree clustering algorithm on a set of
high-quality (405 out of 589) Eight-Color Asteroid Survey
(ECAS) spectra (0.3 to 1.1 um) (Zellner et al., 1985). Fourteen
classes were distinguished and identified by different letter
designations, some of which were retained from previous
asteroid classifications (e.g., Chapman et al., 1975; Bowell ef al.,
1978; Zellner, 1979). Eleven of these classes (A, B, C, D, F, G,
Q,R, S, T and V) could be distinguished by ECAS spectra alone
while three of the classes (E, M and P) had degenerate ECAS
spectra and could only be separated by using albedos. Other
letters that were used in Tholen’s classification include I for
inconsistent data, U for an unusual spectrum, and X for a EMP-
type spectrum with no albedo information (Tholen, 1989). Each
asteroid’s classification was also compared to the classification of
its nearest neighbors in the seven-dimensional ECAS space
(Tholen and Barucci, 1989). The number of nearest neighbors
an asteroid was compared to was dependent on the size of the
asteroid’s error bars. If the asteroid’s nearest neighbors had
different designations, the asteroid was given a multiple
designation in decreasing order of likelihood. Albedos, when
available, were used to check for consistency between members
of the same class. The classification of these 405 asteroids were
then used as the basis of comparison for classifying asteroids not
in the original high-quality ECAS sample. Using his 1984
classifications as a guide, Tholen (1989) also was able to classify
asteroids that only had UBV colors or 24-color spectra for a
total of 988 classified asteroids.

Subsequent asteroid taxonomies (Barucci et al., 1987
Tedesco et al, 1989) used entirely different classification
algorithms on the same (or similar) data sets and explicitly
included the IRAS albedos. Chapman (1987, pers. comm.)
extended Tholen’s classes to as many asteroids as possible using
the fact that parameters such as UBV colors and albedos can be
used to discriminate between many of the asteroid classes.
Chapman derived unique classes for 939 asteroids and
constraints on taxonomy for 1721 asteroids. Burbine (1991)
applied principal component analysis to composite (0.3 to 2.5
nm) ECAS and 52-channel asteroid spectral data (Bell et al.,
1988) and to meteorite spectra to test the sensitivity of the
classifications and their inferred meteoritic analogues to
additional spectral information. Howell et al., (1992b) used a
neural network (an artificial intelligence program that will
recognize patterns in a data set) to classify combined ECAS and
52-channel spectra. Even with the expanded spectral range,
asteroids investigated by Burbine (1991) and Howell et al.
(1992b) tend, for the most part, to cluster with the asteroids of
the same Tholen classifications. The most apparent difference
relative to the Tholen taxonomy was the introduction by Howell
et al. (1992b) of two sub-classes within the S-class and a re-
arrangement of the groupings of the C-types.

For the most part, the later taxonomic classifications derived
by different techniques and applied to extended data sets have
confirmed the robustness of the Tholen classes. Each of these
taxonomies separates asteroids into different classes whose
members have similar reflectance spectra and visual albedos.
Although, no specific mineralogical criteria were used in
defining the classes, the same spectral and albedo information
that is used in the classification can be interpreted to derive
mineralogical characterizations for individual asteroids in each
class. As a general rule, membership in different classes would
imply some real compositional difference between two
asteroids, but membership in a single class does not a priori
imply similar compositions. That is, a C-type asteroid almost
certainly has a different composition than an S-type asteroid,
but two different S-type asteroids are not necessarily composed
of similar materials. Thus within limits, if the nature and
diversity of the individual asteroid classes is understood, their
heliocentric distributions can be used to draw broad
generalizations concerning nebular compositional gradients and
asteroidal evolutionary histories.

As stated by Bell et al. (1989), "the true value of classification
can only be realized if a class name can be firmly linked with a
surface chemical composition." Bell (1986, 1989) has grouped
the asteroid classes (including his K-class; Bell, 1988) into
superclasses on the basis of the inferred average thermal
histories of each class (Table 3). The primitive classes are
believed to have undergone little or no heating, the
metamorphic objects have been heated sufficiently to exhibit
spectral changes, and igneous objects were formed by processes
which involved melting (Bell et al., 1989). Table 3 also lists the
general mineral assemblages and meteorite analogues which
were inferred for each of the asteroid classes in these studies.

The following section outlines the compositional nature and
diversity of the asteroid taxonomic classes based on
mineralogical interpretations of individual asteroids derived
from analysis of spectral, albedo, radar and other remote sensing
data sets. But it should be remembered that only a small
percentage of known asteroids (~30%) have been classified at
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TABLE 3. Asteroid superclasses.

Bell superclass't Tholen Inferred minerals Suggested meteorite

class analogs*
Primitive D clays, organics  (none)

P clays, organics  (none)

C clays, C, organics CI and CM chondrites

(K) ol, pyx,carbon  CV and CO chondrites
Metamorphic T ? ?

B+G+F clays,opaques altered carb. chondrites

Q pyx, ol, grey Fe-Ni H, L, LL chondrites
Igneous v plag, pyx, ol basaltic achondrites

R ol, pyx ol-rich achondrites?

S PY%, ol, red Fe-Ni pallasites, lodranites, irons

A ol brachinites

M Fe-Ni irons

E Fe-free pyx aubrites

I Table modified from Bell (1986, 1989).
Commonly suggested meteoritic analogues. See Table 4 for more
recent characterizations.

any level (e.g., Chapman, 1987, pers. comm.) because of the lack
of spectral or albedo information. Actual mineralogical
interpretations have been derived for an even smaller fraction
(~2%) of the known asteroids. Therefore, the asteroid
population probably contains considerably more diversity than
can be explicitly discussed in the following section.

ONGOING FOCUSED ASTEROIDAL
OBSERVING PROGRAMS

The previous discussion included examples of both survey
and focused observational programs which have been reported
in the literature. It is useful to provide an expanded discussion
of several recent observational programs focused of resolving
specific issues in asteroid and meteorite science.

Small Main-Belt Asteroid Spectroscopic Survey (SMASS)

One of the possible resolutions of the ordinary chondrite
spectroscopic paradox is that the ordinary chondrite parent
bodies are present as small main belt asteroids which escaped
strong post-accretionary heating (e.g., Bell et al, 1989). This
hypothesis can be tested by spectroscopic studies of small main-
belt asteroids. Fortunately, the capability to make such critical
observations has recently been attained through the advent of
CCD detectors used in conjunction with large telescopes and
modern spectrographs. The first systematic survey taking
advantage of these capabilities, the Small Main-Belt Asteroid
Spectroscopic Survey (SMASS) (Binzel and Xu, 1992, 1992 has
obtained asteroid spectra 1 = 0.4—1.0 um, A1 = 0.001 um)
down to a limiting magnitude V ~ 18, corresponding to main-
belt asteroid diameters of less than 10 km. Coverage over this
wavelength range is sufficient to distinguish the unusual A-type,
Q-type, R-type, and V-type spectral signatures from the more
common S- and C-types.

CCD Spectral Investigations of Dark Asteroids

Vilas and Smith (1985), Sawyer (1991), Vilas and McFadden
(1992) and Vilas et al. (1993) have compiled a number of high
resolution spectra of low albedo asteroids across (most of) the
04-10 um spectral interval. Although the dark C-type
asteroids are commonly considered to be featureless in this
spectral region, some of these spectra show the presence of
weak (<5%) absorption features (e.g., Vilas and Gaffey, 1989;
Vilas and McFadden, 1992; Vilas et al., 1991, 1992, 1993; Hatch
et al., 1992) which indicate specific phyllosilicates (e.g.,
antigorite; King, 1986) or other mineral species. Although some
of these features are very weak, their general existence has been
verified by observations by different observers, instruments and
observing procedures. It is hoped that these data sets will
provide a means of assessing the aqueous alteration processes
believed to be responsible for forming hydrated minerals in
meteorites and on asteroids.

THE COMPOSITIONAL NATURE AND DIVERSITY OF
ASTEROID TAXONOMIC CLASSES

As discussed above, membership in a taxonomic class is not
based on mineralogy or composition but rather on the
observational parameters themselves. However the members of
a particular asteroid class usually have similar spectra which
implies that each type is composed of a limited suite of mineral
assemblages. The compositional nature of each asteroid class
can only be assessed by mineralogical analysis of spectral and
other remote sensing data for individual members of that class.
An estimation of the compositional diversity within a particular
class is attained when a significant portion of its membezship has
been analyzed. Progress in these two efforts varies greatly
between the taxonomic classes. The following discussion reviews
the present status of knowledge for each currently established
or proposed taxonomic type. The mineralogic diversity and the
meteorite analogues of the various asteroid taxonomic classes
are summarized in Tables 4a and 4b.

Taxonomic Class V (and J)

Asteroid 4 Vesta is unique in being the only large main-belt
member of the V-class. The spectral reflectance curve of Vesta
(Fig. 4) is characterized by two strong symmetric absorption
features centered near 1 and 2 um with a weaker feature (seen
as an inflection on the long wavelength edge of the 1 um
feature) near 1.2—-1.3 um. Vesta has an IRAS albedo of 0.38
and a reflectance spectrum which is very similar to those of
basaltic achondritic meteorites (McCord et al., 1970; Chapman
and Salisbury, 1973; Veeder et al., 1975; Johnson et al., 1975;
Larson and Fink, 1975; Feierberg et al., 1980; Feierberg and
Drake, 1980) although whether the eucrites, howardites or
diogenities constitute the best analogue is subject to debate.
The 1 and 2 um features are due to pyroxene and their specific
wavelength positions indicate a predominantly iron-bearing low
calcium pyroxene or pigeonite (~ FssoWojo—McFadden et al.,
1977; Gaffey, 1983). The absorption band at 1.2—1.3 um is due
to plagioclase feldspar. Vesta exhibits significant rotational
spectral variations indicating a variety of basaltic units across its
surface (Gaffey, 1983), consistent with the spectral differences
between different types of basaltic achondrites. The spectrum
of Vesta is interpreted as evidence for a nearly intact basaltic
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crust (eucrite) of a differentiated body with several large impact
basins which expose lower crust (diogenite) and upper mantle
(olivine-bearing) assemblages.

Vesta is the largest—by nearly a factor of 50 in diameter
and 125,000 in mass—member of the Vesta family (Williams,
1979, 1992; Zappala et al., 1990). CCD spectroscopy from 0.45
to 1.0 um of four Vesta family members (1906 Naef, 3155 Lee,
3268 De Sanctis, and 4038 Kristina) detected a Vesta-like
spectrum (and, hence, V-type) for each of these four asteroids

TABLE 4a. General mineralogy and possible meteorite analogues of the
asteroid taxonomic types.

Type Major Mineral Phases’ Possible Meteorite Analogs*
V  Pyroxene +/—Feldspar Eucrites, howardites,
diogenites
A Olivine +/—FeNi metal Olivine achondrites
Pallasites
Olivine-metal partial melt
residues
E  Enstatite (<Fsy) Enstatite achondrites
(aubrites)
Iron-bearing enstatite (Fs2-4)
Fe-bearing Aubrites (Fs2-4)
R Olivine + Orthopyroxene Olivine-pyroxene cumulates
Olivine-pyroxene partial melt
residues
M Metal +/—enstatite Iron meteorites
Hydrated Silicates + organics? Enstatite chondrites
S See Table 4b See Table 4b
Q Olivine + Pyroxene (+ metal) Ordinary chondrites
C  Iron-bearing hydrated silicates CI1 & CM2 chondrites
Delsydrated CI1 & CM2
assemblages
B Iron-poor hydrated silicates Partially deliydrated highly
leached CI1-type assemblages
G  Iron-poor hydrated silicates Highly leached CI1-type
assemblages
F  Hydrated silicates + organics Organic-rich CI1 & CM2
assemblages
P Anhydrous silicates + organics Olivine-organic cosmic dust
particles
D  Organics + Anhydrous silicates Organic-olivine cosmic dust
particles
T  Troilite (FeS) (+ FeNi metal) Troilite-rich iron meteorites
K Olivine + opaques CV3/C03 chondrites
Z  Organics (+ anhydrous silicates) Organic-rich cosmic dust
particles

T Mineral species or assemblages in italics are inferred from spectral

(Binzel and Xu, 1992). Addition observations have confirmed
that the Vesta family is composed of V-type objects as shown on

TABLE 4b. General mineralogy and possible meteorite analogues of the

S-asteroid subtypes.
Subtype™ Mineralogy' Possible Meteorite
Analogst
S(I) Olivine >>> pyroxene Pallasites
(+/~FeNi metal)* Pyroxene-poor ureilites
Pyroxene-poor
brachinites
Olivine-metal partial
melt residues™

S(I)  Olivine > > clinopyroxene Cpx-bearing ureilites
(+/—FeNi metal)* Cpx-bearing brachinites
(0.05 < cpx/(ol+cpx) < 0.20) Olivine-Cpx cumulates*

Cpx-bearing pallasites#
Highly metamoiphosed
C-type assemblages*

S(III)  Olivine > clinopyroxene Cpx- and opx-bearing
+ orthopyroxene ureilites
(+/-FeNi metal)*

S(IV)  Olivine + orthopyroxene Opx-bearing ureilites
(+/-FeNi metal)?* Lodranites
(0.20 < opx/(ol+opx) < 0.50) Winonites & IAB irons

H,L,LL Chondrites

S(V)  Olivine ~ clinopyroxene Lodranites

(+/-FeNi metal)* Cpx-basalt intrusions
into H-chondrite
matrix*

S(VI) Olivine ~ orthopyroxene Siderophyres
(+/-FeNi metal)* (Steinbach)

Lodranites

Winonites & IAB irons

Subsolidus-reduced
chondrites®

Anorthosites*

S(VII) Pyroxene > olivine Mesosiderites
(+/-FeNi metal)* Siderophyres
(Orthopyroxene > clinopyroxene) (Steinbach)

Lodranites

Winonites & IAB irons

Cpx-poor mesosiderites®

Subsolidus-reduced
chondrites™

Anorthosites*

T Characterizations from Gaffey et al. (1993).

# Metal abundance is poorly constrained and appears to be highly

?ropertics which are not specifically diagnostic.
Analogs in italics have not been found or presently identified in

. . variable.
meteorite collections.

# Assemblages not presently identified in the meteorite collections.

FIG. 4 (Opposite page). Normalized reflectance spectra of representative members of asteroid taxonomic classes. Each example is labeled with the
type, the albedo range for that type in parentheses, and the name of the individual asteroid in square brackets. Spectral data for types A, V, R, B, T, C,
D, M and E are combined from Bell et al. (1988), Zellner (1985) and Chapman and Gaffey (1979). The spectral data for 1 Ceres (type G) is from Bell
et al. (1988), Zellner et al. (1985) and Vilas and Gaffey (1989). The data for 15 Eunomia (type S) is from Gaffey and Ostro (1987). The data for 1862
Apollo (type Q) is from McFadden et al. (1984) and Hartmann et al. (1982). All spectra are plotted at the same vertical scale, except for that of 446

Aeternitas (type A) in the upper left corner which is vertically compressed to two-thirds of the common scale. Albedo ranges for each type are from
Tedesco et al. (1989).

~ © Meteoritical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993Metic..28..161G

e (wn) yjBusjenem (wn) yjBuajerem (wn) yjBusjenem (wn) yjBusjenem
. . . . . . . . . . . ‘0
fo 9'z z'z 8L 'L 0+ 90 20 z z'z 8L  vL 0L 90 2O z Tz 8'F vb 0L 90 o 9'z z'z 8%+ v'L 0L o.o 0o
T T T T T 80 ™ ™ T T T 90 T T T T T T T — T
I .
ro | 20
:
i 3 .
L ¥ lo1 LI P m 80 | 80
¥ i
ete el eaa 60 L &0
. .rll]l\..n-l I 1
- > o - -...-Ill 9
B [ ] % et lh\‘-}l = m <t oqou ~* mﬁﬁ ot T TLL L j’mf/-\ ot
3 ICLET] .
mmm.umo- . [selled 2] (%01-s'v) @ edAL [sa100 1] (%6'6-c'8) © adhL
t “ f t f " Ve t + t + t v
[esAN vl (%2S-tp) 3 2dA) [ealBAH 01] (%S'2-6'2) O @adAy
: : ot t vi e " + f t 2L #
ﬁ 90 90
; ﬁ
. -
- {80 I AA 80
w 80 & = 480
x i I 4
) i .
L [ . {ot i .
4 = = -
.
> m i NH oL | N . oL
j=¥ HH : v -
. 15 = -
m L {zt .TW et % < F g
S o 1 k
g A o~ o | L/
2 i .- , y ¥
2 [. . v e v [oiody z98i] (%i2) © odAL f
m el .
= ; I ; ; } 4 vl vl
M [ayohsd 911 (%02-8) W adAL [eipuessex piL] (%p'g-€2) L edAL m r fe1san t] (%8g) A adAL
t " + f—t f o+ t + + ¢ ' 91 m et “ et .
- 90 (€/2 :91e9S 101d [BOIIBA) {
L m.m.o = 90 w [seyuiajoy 9vv] (%6v-68) v odAL %
t ﬁ 80
i 80 ;
[eepieH 89€] (%1°5-6'7) Q edAL $ )
+ . {01 . 80 i
x
' u- m i oL
[etwoun3 gi] (%0€-01) S odA) - g L 1
F 421 - 401 x m
y iy %
i . .
: £ 421
} *l u-nl unu
N h
o v - 4z - | .
AA ¥V 4 x . £ 9t
x x - .
H
$ - I x PEA!
i3 = ¥ * .
[ ] = I
L mwm 49t ﬁll‘ RS mH oy mw.m ¥
5 3 - e 2 D LIk T )
- e et P - " 0z
m - [exsmoqueq 6vel (%ve) u odAL {91
L L L L L L 8L s L L L L 1 9L X N | N . N L 1 L L L

|enjoadg pazijewloN

ERITCIEETTENY]

aouejoalyay |ea1oedg pazijewioN

aduedapay |endads pazijewioN

© Meteoritical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993Metic..28..161G

3WELT E .28 CIB1G!

2,
[=h

r

174

M. J. Gaffey et al.

Fig. 5 (Binzel and Xu, 1993). Because of Vesta’s spectral
uniqueness in the main belt, it is almost certain that these
asteroids represent fragments from the surface of Vesta. These
results and their implications for the meteorites parent bodies
are discussed below.

Three Earth-approaching Amor asteroids (3551 1983 RD,
3908 1980 PA, and 4055 Magellan (formerly 1985 DQ2)) also
exhibit V-type spectra from 0.3 to 2.5 ym (Cruikshank et al.,
1991b). These asteroids have deeper 0.9 and 1.9 um absorption
bands than Vesta implying more pyroxene-rich surfaces, larger
mineral grain sizes, and/or more bare rock surfaces than Vesta.
It has been proposed that these asteroids may represent near-
Earth source bodies that provide significant contributions to the
terrestrial flux of basaltic achondrites. As discussed below, the
recent work of Binzel and Xu (1993) indicates that such objects
are probably derived from Vesta.

Binzel and Xu (1993) have distinguished a spectral subset
(type J) within the small V-type objects in the Vesta family. In
the type J spectra, the 1 um is centered at shorter wavelength
than in the type V spectra, indicating a less calcic pyroxene
similar to that present in the diogenites (the letter J is a
mnemonic for the Johnstown diogenite).

Taxonomic Class A

A-asteroids exhibit a strong decrease in reflectance
shortward of 0.7 um and a strong broad absorption feature
centered near 1 #m with no significant 2 um absorption feature
(e.g., Fig. 4). This spectrum is exhibited by all members of this
class including: 246 Asporina (Cruikshank and Hartmann, 1984),
289 Nenetta (Cruikshank and Hartmann, 1984; Bell et al., 1984),
446 Aeternitas (Bell ef al. 1984), and 863 Benkoela (Bell et al.,
1988). There is essentially no ambiguity in the interpretation of
this spectrum which is characteristic of the mafic mineral olivine.

—T T T T T 1
I -\‘ -
g 2.0 i g_\
v » 3155
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15 54 % e o~ ]
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g 9 L i B |
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S
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FIG. 5. Reflectance spectra of 4 Vesta and three smali members of the
Vesta family (2590 Mourao, 3155 Lee, 4038 Kristina—Binzel and Xu,
1993). Except for Vesta, the spectra have been offset for clarity. All
exhibit a strong well defined pyroxene feature centered near 0.91-0.93
pm which is characteristic of basaltic achondrites and of the V-type
objects. The variations in band depths and spectral slopes between these
objzcts probably result from differences in particle sizes in their optical
surfaces and in the type of basaltic assemblage.

Of the five A-asteroids classified by Tholen (1989), two
(Asporina and Nenetta) have low IRAS albedos (0.13 and 0.14,
respectively) while two (Aeternitas and Benkoela) have much
higher albedos (0.35 and 0.39, respectively). A fifth A-asteroid,
2501 Lohja, has no albedo information. If the albedo range
among the A-asteroids is real (i.e., not due to poor IRAS
observations), the differences may be a function of metal
abundance with a higher metal content resulting in a darker
surface material. It is generally concluded (e.g., Bell ef al., 1989;
Gaffey et al., 1989, 1993; Cruikshank et al., 1991b) that these
asteroids are either mono-minerallic olivine assemblages
(dunites) or olivine-metal assemblages from the mantles or
core-mantle regions of differentiated parent bodies. The
meteorite analogues of the A-type objects would be olivine
achondrites and/or pallasites.

Taxonomic Class E

E-asteroids exhibit featureless or very weakly featured flat to
slightly reddish spectra (Fig. 4) and have high albedos (mean =
0.44) which distinguishes them from the M- and P-type asteroids
having similar spectral curves but much lower albedos. Tholen
(1989) identified 12 members, plus two possible members, of
this class among 984 classified asteroids. The high albedos and
relatively featureless spectra of the E-objects indicate surfaces
dominated by some type non-absorbing material such as very
iron-poor or iron-free silicate (e.g., enstatite, forsterite, or
feldspar; Gaffey et al, 1989). This asteroid class has been
identified as probable parent bodies for the enstatite
achondrites or aubrites (Zellner, 1975; Zellner et al,. 1977,
Gaffey et al., 1989, 1992). The spectrum of the original E-
asteroid 44 Nysa (Zellner, 1975) exhibits a weak 0.92 um
absorption band (Bell et al., 1988; Gaffey et al., 1989) that is
characteristic of low-iron enstatite (~Fs;—4) such as that
present in forsterite chondritic inclusions in the Cumberland
Falls aubrite breccia (Neal and Lipschutz, 1981) and the
accessory iron-bearing silicate phases in enstatite chondrites
(Lusby et al., 1987). Achondritic meteorites (i.e., aubrite-like
assemblages with ~ Fs;_4) analogous to Nysa are not present or
have not yet been recognized in meteorite collections. This
absorption band is not apparent in other E-asteroid thus far
studied, indicating the presence of at least two different, if
closely allied, types of material within this taxonomic class; one
type analogous to the enstatite achondrites (aubrites) and the
other to an unsampled and somewhat more iron-rich aubrite-
like assemblage. Recent observations of Nysa by Howell
(Lebofsky, 1993, pers. comm.) suggest the presence of a 3 um
"water" absorption feature. If this result is verified, it would
require a significant revision of the interpretation of Nysa.

The Hungaria region asteroids include a very high
proportion (>50%) of E-type objects. Although the total
number of Hungaria objects is small (~1% of the 5000
numbered asteroids), this group includes approximately half of
all the E-objects in the entire belt. Gaffey et al. (1992) proposed
that the E-type Apollo asteroid 3103 (1982 BB) originated from
the Hungaria region, and that it is the immediate parent body of
at least some of the aubrites. Even though the high albedo of E-
asteroids enhances their discovery probability, 3103 (1982 BB)
is the only E-asteroid known among the near-earth asteroids.
This asteroid is in a relatively stable and long-lived Earth-
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Asteroid spectroscopy

crossing orbit which would explain the long cosmic ray exposure
ages of the aubrites compared to other stony meteorites.

Taxonomic Class R

Asteroid 349 Dembowska is the sole member of the R-class.
Its reflectance spectrum (Fig. 4) exhibits strong 1 and 2 um
absorption features reminiscent of Vesta, as is the IRAS albedo
(0.34) of Dembowska. The spectrum indicates a pyroxene-
olivine assemblage with little or no metal (Feierberg et al., 1980).
However, as can seen by comparing the spectral curves of Vesta
and Dembowska on Fig. 6, the 1 um feature of Dembowska is
broadened towards longer wavelength while the 2 um feature is
narrower and centered at shorter wavelength. The Dembowska
spectrum indicates an olivine-pyroxene mixture (in
approximately equal abundances) where the pyroxene is
dominantly a calcium-poor, low iron ( ~ Fsig-30) orthopyroxene
similar to those in ordinary chondrites. Dembowska appears to
be either a piece of the cumulate olivine-pyroxene mantle of a
differentiated body (Feierberg and Drake, 1980) or a silicate
residue left by the extraction of metal within a partially
differentiated body (Gaffey et al., 1989; Gaffey et al., 1993).
There are no unambiguous analogues to either assemblage
within the meteorite collections. Dembowska could represent a
Vesta-like differentiated or partially differentiated body with
the basaltic crust stripped away or it could be a mantle fragment
from such a body. Its diameter (~ 140 km; Tedesco, 1989) could
be reconciled with either model.

Taxonomic Class M

The M-type asteroids have reddened (ie., reflectance
increasing with wavelength) unfeatured (or perhaps weakly

15— —— T 7T 771

1.0

Normalized Spectral Reflectance

1.4 1.8 2.2 2.6
Wavelength (um)

Fig 6. Comparison of the normalized spectral reflectance curves of V-
type asteroid 4 Vesta (solid line) and R-type asteroid 349 Dembowska
(symbols). Data from Bell et al. (1988) and Gaffey et al. (1989). The
Dembowska curve has been offset downward by 0.15 to match the Vesta
curve near 1.6 um.

featured) spectral reflectance curves (Fig. 4) similar in shape to
those of the E- and P-asteroids (see previous discussion of
taxonomy), but have albedos (0.10—0.32) intermediate between
the E- and P-classes. The M-asteroid spectral curves and
albedos are consistent with Fe-Ni metal and have generally been
thought to be the exposed metallic cores of differentiated
asteroids which suffered catastrophic disruptions. An alternate
enstatite chondrite-type interpretation is possible due to the
absence of diagnostic VNIR spectral features in the enstatite
components of those assemblages. Possible weak absorption
features near 0.9 um for some M-asteroids (Chapman and
Gaffey, 1979; but not as evident in the data of Bell et al., 1988)
may indicate the presence of abundant low-iron (<Fss)
pyroxene in E-chondrite-like assemblages or more iron-rich
(>Fsjg) pyroxene in silicate-bearing iron meteorite-like
assemblages (Gaffey et al., 1989; Lupishko and Belskaya, 1989).
The spectrum for one M-asteroid, 69 Hesperia (Bell et al., 1988),
apparently exhibits a very broad spinel-like absorption feature
longwards of ~1.6 um.

Radar observations presently provide the most sensitive
available indication of the metal abundance on M-asteroids.
Since the radar albedo is a simultaneous function of both
porosity and metal abundance (effective dielectric constant of
the surface), it is not possible to unambiguously determine
metal abundance on most asteroid surfaces (Ostro et al., 1985;
Ostro, 1989). However, radar investigations of several M-
asteroids have produced strong evidence for metal-rich surfaces.
Psyche has the highest radar albedo (0.29) of all main-belt
asteroids, which is consistent with both a metallic regolith having
typical lunar values of porosity (~0.5) and with an enstatite
chondrite-type (~30% metal) regolith with a porosity (~0.3)
slightly below the lunar range (Ostro ef al., 1985; Ostro, 1989).
(Typical lunar porosities are between 0.35 and 0.55.) Another
M-asteroid, 97 Klotho, has a radar albedo {0.18) which is
comparable to typical S- or C-type asteroids of its size and which
is consistent with either an enstatite chondrite regolith of low-
porosity (in the lunar range) or a high-porosity metallic regolith.
One M-type Amor asteroid (1986 DA—Tedesco and Gradie,
1987) exhibits the highest radar albedo (0.58) of any observed
asteroid which strongly implies a metallic surface (Ostro et al.,
1991).

Observations in the 3 um spectral region (Jones et al., 1990)
have been obtained for two M-asteroids (16 Psyche and 55
Pandora) and one X-asteroid (92 Undina), which would be
classified an M based on its IRAS albedo (0.20). Pandora was
classified as an E-type asteroid by Barucci et al. (1987) and by
Tedesco et al. (1989) due to its IRAS albedo of 0.32, however
recent polarimetric observations of Lupishko et al. (1992) have
given an M-like polarimetric visual albedo (0.12) for Pandora.
No 3 um feature is present in the spectrum of Psyche indicating
an anhydrous mineral assemblage consistent with either the iron
meteorite or enstatite chondrite interpretations. However,
Pandora and Undina both exhibit significant 3 um absorption
features that indicate the presence of hydrated silicates on the
surfaces of Pandora and Undina and which is not consistent
with the metallic or metal-rich interpretations.

The M-class includes a number of diverse assemblages.
There is good evidence that some M-objects represent metallic
cores or core fragments exposed by the collisional breakup of
differentiated parent bodies. There is also evidence for
undifferentiated metal-bearing reduced silicate assemblages
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analogous to the enstatite chondrites or to (presently
unsampled) highly metamorphosed chondritic assemblages
which underwent subsolidus reduction. A fraction of the M-
asteroids may include hydrated silicates in their surface
assemblages representing some affinity to aqueously altered
meteorites such as the CI and CM assemblages and/or to the
several hydrated asteroid classes.

This extreme diversity within the M-class represents a
"failure” of the classification system to cluster genetically similar
types of materials. The objects which are classified as M-type do
not exhibit strong diagnostic spectral features in the spectral
intervals used in the existing taxonomic classifications. Thus,
while the classification procedures lump together objects with
similar observational parameters, those parameters are not
adequate to discriminate between several types of assemblages
with very different compositions and evolutionary histories. The
real fault lies not in the classification procedures but in the
common inference that taxonomic type implies composition. To
have any real validity, that extension of the meaning of
taxonomic class can only be made from actual compositional
interpretations of the spectral and other appropriate remote
sensing data sets of individual members of the taxonomic type.

The M-class appears to be a heterogeneous variety of
objects composed of unrelated assemblages and hence offers
considerable potential insight into issues of nebular
compositional gradients and thermal histories. = However
additional observational data will be needed to exploit that
opportunity. Priority should be given to obtaining: (a) high
precision (S/N > 300—400), moderate resolution (AA/A ~ 1%)
observations across the 0.7-1.1 um interval to establish the
presence and position of the possible weak pyroxene features;
(b) a more complete 3 um survey of the M-asteroid population
to separate the hydrous and anhydrous subgroups; and (c) high
quality radar observations of a significant sample of M-asteroids
to better constrain metal abundances, a feasible task with the
upgraded Arecibo radar facility (Ostro, 1989).

Taxonomic Class S

The S-class was one of three original asteroid types defined
by Chapman et al. (1975) based upon albedos, colors, and phase-
polarization behavior. The S-asteroids constitute the second
most abundant (~15%) asteroid class and are distinguished by
spectra with moderate to steep reddish slopes shortward of 0.7
nm and weak to moderate absorption features near 1 and 2 gm.
The absorption bands are significantly weaker than those in V-
and R-type spectra and have normalized reflectances greater
than unity at the absorption band minima indicating the
presence of a major spectral reddening agent, generally
presumed to be Fe-Ni metal. The S-asteroids have IRAS
albedos ranging from 0.10 to 0.30. The typical S-asteroid
spectrum (Fig. 4) indicates the presence of some mixture of
olivine, pyroxene and Fe-Ni metal (e.g., Gaffey et al., 1989, and
references therein).

Portions of the asteroid and meteorite communities have
long identified the S-objects as the most probable main-belt
source bodies of the ordinary chondrites which dominate the
terrestrial meteorite flux (e.g., Wetherill, 1985; Wetherill and
Chapman, 1988). However, compared to the laboratory spectra
of ordinary chondrites (e.g.,, Chapman and Salisbury, 1973;
Gaffey, 1976), the spectra of S-asteroids have reddish spectral

slopes and significantly weaker mafic silicate features (Fig. 7).
Spectra indicate that most S-asteroids have higher olivine
abundances than ordinary chondrites (Feierberg et al., 1982). As
matters now stand, no main-belt asteroids have been
unambiguously identified as the source bodies, or even probable
source bodies, for the most common meteorite despite the fact
that the number of investigated objects is now approaching a
thousand. However the significance of the spectral
discrepancies between the ordinary chondrites and the S-
asteroids is vigorously debated, and a number of meteorite
investigators suggest that the resolution to the apparent paradox
arises from shortcomings in the spectral analysis (e.g., Pellas,
1988). Potential main-belt sources of ordinary chondritic
assemblages are discussed below in the section on recent results.
It has long been recognized that the S-class includes a very
diverse group of objects, and various investigators have
identified compositionally distinct subsets within the original S-
asteroid population. Feierberg et al. (1982) distinguished seven
spectrally distinct subtypes of S-asteroids. Based on those
subtypes, Chapman (1987, pers. comm.) subsequently defined a
nomenclature (e.g., 590s) which estimated the relative
mineralogical traits of individual S-objects from ECAS and 24-
filter (0.35—-1.1 um) spectra. The key element of this
nomenclature lies in the lower-case letters which indicate
inferred compositional traits: s = silicate-rich; m = metal-rich;
o = olivine-rich, and p = pyroxene-rich.] Bell (1988)
distinguished a new class (K-type) from previous members of
the S-class and interpreted these objects, found primarily among
the Eos family, as composed of material analogous to the
undifferentiated CO3/CV3 carbonaceous chondrites. Burbine et
al. (1992) interpreted the spectra of two anomalous S-type
asteroids (387 Aquitania and 980 Anacostia) to indicate surfaces
composed of undifferentiated CV3/CO3-type assemblages
enriched in spinel-bearing calcium-aluminum inclusions (CAIs)
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FIG. 7. Comparison of the reflectance spectrum of a typical S-asteroid,
15 Eunomia (Gaffey and Ostro, 1987) with that of an average ordinary
chondrite (average LL6 from the data of Gaffey, 1976) with an
approximately similar silicate mineralogy. Note the characteristic
steeper spectral slope and weaker absorption features of the S-asteroid
compared to the ordinary chondrite. Eunomia has a spectral slope (0.30
+ 0.01) and a band depth (0.13 =+ 0.01) near the median for the range of
these spectral parameters for the S-type objects (0.055—-0.550 and
0.048-0.240, respectively; Gaffey et al., 1993).
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