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ABSTRACT

Hundreds of thousands of asteroids have been discovered in the asteroid belt and in near-
Earth space. Oxygen is an abundant element in meteorites and presumably in most asteroids. 
Spectral refl ectance measurements of asteroids in the visible and near-infrared can identify 
oxygen-bearing minerals such as those found in the olivine, pyroxene, and serpentine groups 
due to their distinctive absorption features. Interpretation of the mineralogy of asteroids is 
complicated by the effects of space weathering, which tends to redden and darken the surfaces of 
asteroids. Asteroids are primarily classifi ed into a number of taxonomic classes and subclasses 
according to their spectral properties in the visible wavelength region. However, asteroids with 
similar spectral properties in the visible may have different spectral properties in the near-
infrared and, therefore, different interpreted mineralogies. Defi nite trends in the abundances 
of different taxonomic classes versus heliocentric distance are apparent. These trends appear 
to be a function of both composition differences and degree of heating. However, dynamical 
processes have signifi cantly affected these trends. Close observation of asteroids by spacecraft, 
such as NEAR-Shoemaker to 433 Eros and Hayabusa to 25143 Itokawa, are currently the best 
way to discern the mineralogies of individual asteroids. 

INTRODUCTION

Oxygen is the most abundant element in the Earth’s crust and mantle, most meteorites (e.g., 
Hutchison 2004), and presumably in most asteroids. Many studies of oxygen’s importance in 
the formation of different meteorite types investigate the oxygen fugacity experienced during 
the formation and subsequent metamorphism of minerals in meteorites, the effects of aqueous 
alteration, and differences in oxygen isotopic compositions.

Asteroids are defi ned as small bodies that orbit the Sun. Over 300,000 asteroids have been 
discovered so far. Comets are also small bodies that orbit the Sun, but are thought to be much 
more volatile-rich than asteroids. An object is identifi ed as a comet and not an asteroid if it has 
a tail or appears diffuse, which indicates that volatiles are evaporating off the object’s surface. 
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2 Burbine et al.

Asteroids appear as single points of light in the sky. Extinct cometary nuclei may look like 
asteroids because they have lost most of their volatiles (Weissman et al. 1989).

With the exception of lunar and Martian fragments, meteorites are believed to be from 
asteroids. However, meteorites are found out of geologic context; by linking meteorites with 
specifi c asteroids or asteroid types, we can place them into context, with the knowledge gained 
on large spatial scales complementing the smaller scales studied in the laboratory. Observations 
of objects in different regions of the asteroid belt provide a cross-section of conditions early in 
Solar System history. Cometary meteorites may exist (Campins and Swindle 1998), but none 
have been unequivocally identifi ed.

Different meteorite groups formed in environments ranging from very reducing to very 
oxidizing (Weisberg et al. 2006). Approximately 300 different minerals have been identifi ed in 
meteorites (Rubin 1997a,b), and mineral assemblages predicted by theoretical condensation 
sequences (e.g., Grossman 1972; Ebel 2006) (Table 1Table 1) are found within some meteorites.

To interpret the oxygen fugacity and amount of aqueous alteration that a particular asteroid 
has experienced, telescopic data must be analyzed. Many mineral groups commonly found in 
meteorites have distinctive absorption features in different wavelength regions. The presence 
or absence of specifi c minerals allows constraints to be placed on the oxygen fugacity and/or 
temperatures during mineral formation and any subsequent alteration due to pressure and/or 
temperature.

This chapter will discuss how remote sensing can be used in constraining the oxygen 
fugacity and degree of aqueous alteration experienced by asteroids, in determining meteoritic 
analogs, and in understanding compositional and oxidation gradients in the solar nebula. The 
main belt is a dynamic place where asteroids have experienced up to ~4.6 b.y. of collisional 
evolution and alteration of the optical properties of their surfaces, which complicates our ability 
to derive any of these constraints. To truly understand how oxygen has affected the mineralogy 
of asteroids, these dynamical and space weathering-related issues must also be considered. 

Table 1. Condensation sequence for different minerals from Grossman (1972) and 
Lewis (1997). The temperatures in parentheses are the temperatures where the con-
densate disappears.

Temperature (K) Mineral

1758 (1513) Corundum (oxide), Al2O3

1647 (1393) Perovskite (oxide), CaTiO3 

1625 (1450) Melilite group, Ca2Al2SiO7-Ca2MgSi2O7 

1513 (1362) Spinel (oxide), MgAl2O4 

1471 FeNi metal 

1450 Diopside (pyroxene), CaMgSi2O6

1444 Forsterite (olivine), Mg2SiO4

1362 Anorthite (feldspar), CaAl2Si2O8 

1349 Enstatite (pyroxene), Mg2Si2O6 

<1000 Alkali-bearing feldspar, (Na,K)AlSi3O8-CaAl2Si2O8

<1000 Ferrous olivines, (Mg,Fe)2SiO4; Ferrous pyroxenes, (Mg,Fe)2Si2O6 

700 Troilite (sulfi de), FeS

490 Serpentine (phyllosilicate), (Fe.Mg)3Si2O5(OH) 

405 Magnetite (oxide), Fe3O4 

400 Talc (phyllosilicate), Mg3Si4O10(OH)2
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Oxygen and Asteroids 3

DYNAMICAL STRUCTURE OF THE ASTEROID BELT

The position of an asteroid in the Solar System is usually given by its semi-major axis (a), 
the sine of its proper inclination (i), and its proper eccentricity (e). The semi-major axis is the 
average distance from the Sun in astronomical units (AU); the sine of the proper inclination 
gives the tilt of an asteroid’s orbit to the ecliptic; and the eccentricity is the degree to which an 
asteroid’s orbit deviates from circular. These proper elements remain practically unchanged 
over astronomically long timescales unless the bodies are in a dynamically unstable region.

The main asteroid belt is defi ned as the region between Mars (1.4 AU) and Jupiter (5.2 AU). 
The majority of known asteroids fall between ~2.1 and ~3.2 AU (Fig. 1Fig. 1). Current estimates of 
the number of asteroids in the main belt, that have diameters greater than 1 km, range from 
6.7×105 (Ivezić et al. 2001) to 1.9×106 (Tedesco et al. 2005). Only ~220 main-belt asteroids 
have diameters greater than 100 km. Except for the largest objects (e.g., 1 Ceres, 2 Pallas, 4 
Vesta), almost all asteroids are thought to be fragments of once-larger bodies. 

The main belt is bounded and crossed by a number of resonances (Fig. 1). Mean motion 
resonances occur when the orbital period of an asteroid is a simple fraction of the orbit of 
Jupiter. These mean motion resonances tend to result in depletions or concentrations in aster-
oids. The 3:1, 5:2, and 2:1 resonances (at ~2.5, ~2.83, and ~3.28 AU, respectively) all result in 
depletions due to embedded secular resonances that are thought to generate chaotic orbits (e.g., 
Lecar et al. 2001), making them the likely source regions of near-Earth asteroids (NEAs) and 
meteorites. The arcing gap (ν6) that bounds the inner main belt is due to a secular resonance 
with Saturn. Resonances where groupings of asteroids are located include the Hilda asteroids, 
which are in a 3:2 resonance (~3.9 AU) with Jupiter, and the Trojan asteroids, which are in a 1:1 
resonance with Jupiter at ~5.2 AU and are found at the two Lagrangian points 60° ahead of (L4 
Trojans) and 60° behind (L5 Trojans) Jupiter.

Asteroid families are groupings identifi ed by fi nding clusters in proper element space. They 
are thought to be the direct outcomes of collisional events between asteroids. The collisional 
origin of asteroid families has been established by a series of theoretical and observational 
studies (e.g., Bendjoya and Zappalà 2002; Zappalà et al. 2002, Cellino et al. 2002). There are 
several tens of known asteroid families (e.g., Zappalà et al. 2002). The number of members 
and the dynamical bounds of a family are dependent on the number of asteroids with proper 
elements known at any given time as well as the statistical technique that is used to identify 
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Figure 1. Plot of semi-major axis versus proper sine of inclination for 
~62,000 asteroids. A number of resonances are indicated.
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these clusters (Zappalà et al. 1995). Families are customarily named after the fi rst member of 
that family or group that was discovered. 

Originally, it was thought that spectroscopic observations of families would allow disrupted 
differentiated objects to be identifi ed, since these disrupted bodies should have large metallic 
iron cores and many associated, smaller olivine-dominated objects and basaltic bodies (e.g., 
Granahan and Bell 1991; Granahan 1993). Spectral observations of asteroid family members 
(e.g., Bus 1999; Florczak et al. 1999; Cellino et al. 2002; Mothé-Diniz et al. 2005), however, 
have found that most family members have similar spectral properties. These spectral similarities 
imply that either the original parent body was not differentiated, or the disruption produced 
relatively homogeneous fragments. For the latter scenario, Michel et al. (2003, 2004) found 
that the disruption of pre-shattered parent bodies produces family members that are formed 
by the gravitational reaccumulation of smaller bodies. This may suggest that differentiated, 
pre-fragmented bodies could produce family members that may appear homogenous. Objects 
with proper elements that fall within the bounds of a family, but are not actually fragments of 
the disrupted parent body, are called interlopers (Migliorini et al. 1995). Interlopers are usually 
identifi ed by having spectral properties that are thought to be incompatible with most of the 
other family members (e.g., Chapman et al. 1989). 

ASTRONOMICAL TECHNIQUES

Brightness

The apparent brightness of an object as seen from Earth is defi ned as its apparent 
magnitude. Because the Earth’s atmosphere absorbs radiation and the amount of absorption is 
a function of the thickness of the atmosphere, apparent magnitudes are normalized to values 
outside the atmosphere. The scale is logarithmic, with brighter objects having lower values. 
The star Vega has an apparent magnitude of ~0, with A0-type stars with surface temperatures of 
10,600 K defi ned as zero magnitude at all wavelengths. An object with an apparent magnitude 
of −1 would be ~2.5 times brighter than Vega, and an object with an apparent magnitude of 
+1 would be ~2.5 times fainter than Vega. The magnitude for the Sun is −26.7, that of the 
full Moon is −12.6, and for the faintest stars observable with the naked eye, the magnitude is 
approximately +6.

The apparent magnitude of an asteroid is a function of its diameter, visual albedo, and 
its distance from Earth. Almost all asteroids, with the exception of Vesta, tend to be fainter 
than +6 in the visible wavelengths and cannot usually be observed without a telescope. Visual 
albedo (pV) is the amount of light refl ected in the visible wavelength region from an asteroid. 
An albedo of 1.0 indicates a perfect refl ector. The distance of an asteroid from Earth can easily 
be determined, but the diameter and visual albedo are much more diffi cult. At the same distance 
from the Sun, a large, dark body and a small, bright one could have the same magnitude. The 
magnitude independent of distance, or absolute magnitude (H), of an asteroid is defi ned as the 
visual magnitude of an asteroid if it were placed one AU away from the Earth, one AU from the 
Sun, and observed at zero phase angle. (Phase angle is the angle between the Sun, the target, 
and the detector.) This defi nition of absolute magnitude is only theoretical since it is impossible 
to situate an asteroid at those locations and have it also be at zero phase angle. If you know the 
absolute magnitude and assume an albedo, the diameter (D) of an asteroid in kilometers can be 
estimated from the formula D = (1329 × 10−0.2H)/(pV)½ (Harris and Harris 1997). 

Refl ectance spectroscopy

The photons measured from an asteroid by a telescope are those emitted by the Sun 
that have either been refl ected from the asteroid’s surface or are the result of the absorption 
and then emission by electrons associated with different transition elements in a variety of 
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Oxygen and Asteroids 5

different minerals as the electrons change energy levels. Different wavelengths of light do not 
interact equally with the surface. The fraction of light that is refl ected and absorbed and then 
emitted at different wavelengths is a function of a number of properties of the surface such 
as composition, particle size, and temperature. Absorption features are due to the preferential 
absorption of light at particular wavelengths. 

An asteroid’s refl ectance spectrum is a plot of the intensity of light detected from its 
surface as a function of wavelength (e.g., 4 Vesta in Fig. 2Fig. 2). Labeled in Figure 2 are a number 
of important absorptions such as Band I, Band II, and a feature that extends into the UV 
(ultraviolet). The area between the spectrum and a line tangent to the peaks at ~0.7 and ~1.4 
μm is the Band I Area and the area between the spectrum and a line tangent to the peaks at ~1.4 
and ~2.5 μm is the Band II Area. The distinctive “symmetric” Band I and II absorptions are 
characteristic of the mineral pyroxene. Error bars are one-sigma, but are smaller than the points 
for most of the spectrum. The disconnect in the spectrum at ~0.9 μm is due to the overlap of 
a visible spectrum and a near-infrared (IR) spectrum, which were taken at two different times 
and with two different instruments. A spectrum is said to be red-sloped if the refl ectance of 
the object tends to increase with increasing wavelength, blue-sloped if the refl ectance tends 
to decrease with increasing wavelength, and to be spectrally fl at if the refl ectance is generally 
monotonic with increasing wavelength. 

As in Figure 2, asteroid refl ectance spectra are commonly normalized to unity at a 
particular wavelength because, as mentioned earlier, the fl ux versus wavelength measured 
from an asteroid is a function of both the size and albedo of the object plus its distance from 
Earth. Therefore, it is very diffi cult to determine how well an asteroid refl ects light from 
simple measurements of its brightness. The normalizing wavelength is usually 0.55 μm, which 
corresponds to the peak sensitivity to bright light for the human eye and approximately the 
peak of the emission curve for the Sun. Albedo has a number of slightly different defi nitions 
(Hanner et al. 1981), but in this chapter will be defi ned as the percentage of light refl ected at a 
particular wavelength from an object.

Most asteroid albedos are from measurements by the IRAS (Infrared Astronomical 
Satellite) (Matson et al. 1986, 1989; Tedesco et al. 2002), which measured the emission from 
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Figure 2. Refl ectance spectrum of 4 Vesta with important features labeled. These important features include 
the UV (ultraviolet) feature, Band I, and Band II. The Band I Area is the area between the spectrum and a 
line tangent to the peaks at ~0.7 and ~1.4 μm and the Band II Area is the area between the spectrum and 
a line tangent to the peaks at ~1.4 and ~2.5 μm. Spectrum is a combination of SMASS II (Bus and Binzel 
2002a) and SpeX data. Spectrum is normalized to unity at 0.55 μm. Error bars are one-sigma.
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asteroids at four bandpasses centered at approximately 12, 25, 60, and 100 μm. The IRAS 
observations, in conjunction with a visual magnitude measurement, allow an albedo and 
diameter for an asteroid to be determined that simultaneously matches the refl ected sunlight 
and thermal emission from the object (Lebofsky and Spencer 1989). The underlying physics 
is Planck’s law of blackbody radiation. Observations of asteroid polarization can also yield 
albedos, though while this technique was commonly used in the 1970s in particular, there have 
been relatively few recent albedo determinations made in this fashion.

Spectral data

There are two distinct types of spectral data that are relevant for determining asteroid 
compositions. Photometric observations record the absolute brightness of an object. Filters are 
used to control the bandpass of the recorded light and to allow the intercomparison between 
datasets taken with different detectors that have different sensitivities. Using a set of fi lters 
with different central wavelengths and measuring the magnitude of an asteroid with each fi lter 
allows a spectrum to be constructed. The color index is the difference in magnitude between 
two spectral regions and is always defi ned as the short-wavelength magnitude minus the long-
wavelength magnitude. Usually, these spectra are of relatively low resolution, such as those 
produced in the Eight-Color Asteroid Survey (ECAS) (Zellner et al. 1985b), and the Sloan 
Digital Sky Survey (SDSS) (Ivezić et al. 2001), but higher resolutions are possible, such as 
those found in the 24-color (Chapman and Gaffey 1979) or 52-color asteroid surveys (Bell 
et al. 1988). Such data are termed spectrophotometric and were the most common form of 
asteroid spectral data until the late 1980s. The SDSS has provided visible data on ~11,000 
asteroids with known orbits out of over 58,000 observations (Ivezić et al. 2002). 

Spectroscopic data, by contrast, have all wavelengths of interest obtained simultaneously. 
CCDs (charge-coupled devices) sensitive to extended visible wavelengths (~0.4-1.0 μm) 
are now commonly available (e.g., Bus et al. 2002), and objects as faint as 19th magnitude 
(corresponding to a size of ~5 km at 3 AU) can be observed spectroscopically with a 4-
m telescope. Visible spectroscopic surveys include SMASS (Small Main-Belt Asteroid 
Spectroscopic Survey) (Xu et al. 1995), SMASS II (Bus and Binzel 2002a), and S3OS2 (Small 
Solar System Objects Spectroscopic Survey) (Lazzaro et al. 2004).

The development of IR arrays has revolutionized asteroid science. The near-IR (0.8-2.5 
μm) spectral region is crucial for inferring asteroid mineralogies because both olivine (ol) and 
pyroxene (pyx) have strong absorption bands in this region, as detailed in Gaffey et al. (2002) 
and Burbine et al. (2002b). The NASA Infrared Telescope Facility (IRTF) SpeX instrument 
(Rayner et al. 2003), located on Mauna Kea, can observe 17th-18th magnitude objects, allowing 
high-quality data (e.g., Binzel et al. 2001; Sunshine et al. 2004; Hardersen et al. 2005, 2006) to 
be obtained for objects of sizes comparable to those available in the visible region. Much fainter 
objects can be observed using larger telescopes, of course, but such telescopes have not often 
been brought to bear in asteroidal studies, and the majority of asteroid data are obtained at 3-4 
m-class observatories.

Water and OH have strong absorptions in the 3-μm region, which can also be observed 
using SpeX. While the fi rst wave of HgCdTe IR detectors were only sensitive to 1-2.5 μm, 
InSb detectors, such as used with SpeX, extend that coverage out to 5.5 μm. This spectral 
region is considered by some to be part of the near-IR, while others put it in the “thermal 
IR” or “mid-IR.” The absorptions due to OH that make this region of interest in mineralogy, 
however, also can wreak havoc with ground-based observations. Few sites have instruments 
capable of observing in this wavelength region, with most published observations coming from 
the telescopes on Mauna Kea.

Beyond this spectral range is the mid-IR. Spectral datasets at these longer wavelengths 
include the Cornell MIDAS (Mid-IR Asteroid Spectroscopy) Survey (~8 to 13 μm) (Lim et 
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al. 2005) and observations using the Spitzer Space Telescope (Cruikshank 2005; Emery et al. 
2005). Compositional data have been more diffi cult to interpret at these wavelengths than at 
shorter wavelengths, but there are advantages to this wavelength region. In the mid-IR, any 
minerals that do not contain Fe2+ have diagnostic absorption features, and absorption features 
due to different minerals add linearly. Continuing detector development and the availability of 
Spitzer data could lead to a revolution in this fi eld. Although compositional work has been less 
common in this region due to the high number of spectral features (Salisbury et al. 1991), most 
asteroid albedos determined from earth-based observations are determined using 10- and 20-
μm spectrophotometry, effectively very low-resolution spectra. 

There is a general tradeoff between the faintness of an object and the spectral resolution 
that can be profi tably obtained. Spectrophotometric analysis can be done on very faint objects, 
but the data produced usually do not allow detailed interpretations to be made, due to their 
low resolution compared to spectroscopic data. A comparison between spectrophotometric data 
(large squares) and spectroscopic data (small squares) for asteroid 11 Parthenope is displayed in 
Figure 3Figure 3. Note the absence of spectrophotometric data around ~1.4 and ~1.9 μm, which is due 
to problems in obtaining enough signal around atmospheric water bands. In addition, because 
time elapses between the measurement of the fl ux at each wavelength, care must be taken to 
account for possible changes in sky conditions as well as for changes in asteroid cross-sectional 
area, which can skew the results. The main drawback with spectroscopic data is the restriction 
to relatively bright objects relative to the objects obtainable by spectrophotometric means for 
the same size aperture.

Corrections

The radiation emitted from the Sun primarily follows a blackbody curve that peaks in the 
visible; however, the transmission of light through the Earth’s atmosphere changes dramatically 
with wavelength (Fig. 4Fig. 4). When combined with the differences in detector technology and their 
sensitivities in different wavelength regions, the mineralogical analysis of different types of 
asteroids has been necessarily uneven. In order to provide accurate results, remote sensing 
data need to be corrected for the various ways that the spectral distribution changes between 
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leaving the Sun and arriving on the observer’s computer screen. That distribution carries the 
signature of the Sun, modifi ed by the surface properties of the asteroid, then modifi ed again by 
the Earth’s atmosphere and the properties of the detector. Only the modifi cation by the surface 
of the asteroid is actually of interest for compositional studies, and the other effects need to be 
calibrated or corrected for.

Because the Sun cannot be directly observed during asteroid observations, standard stars 
with colors similar to the Sun, such as those classifi ed as G2 spectral types, are observed. To 
correct for absorption by the atmosphere, standard stars should be observed at similar airmasses 
to an asteroid, or standards should be observed over a wide range of airmasses to calculate the 
atmospheric behavior that evening. These corrections entail dividing the measured fl ux of the 
asteroid by the measured fl ux of a standard star (or series of standard stars) at each measured 
wavelength. In the wavelength region where most asteroids are observed (0.3 to 2.5 μm), ther-
mal emission from main-belt asteroids is usually not a signifi cant contributor to the fl ux of an as-
teroid. The basic formula (Gaffey et al. 2002) for the asteroid refl ectance at each wavelength is
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where Fluxλ of an object is the number of measured photons at a particular wavelength for 
that object. A discussion of asteroid observing techniques can be found in Gaffey et al. (2002). 
Corrections also may also have to be made for phase reddening for observations at high phase 
angle. At higher phase angles, the spectra of asteroids become redder (e.g., Luu and Jewitt 
1989, 1990; Michelsen et al. 2006).

At wavelengths near 3 μm (or shorter wavelengths for NEAs), the thermal fl ux from 
objects in the asteroid belt can become a signifi cant fraction of the total fl ux and must be 
modeled and removed to give a true idea of the refl ectance spectrum. The specifi cs of how 
much thermal fl ux is emitted depends critically on variables such as solar distance at the time 
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Oxygen and Asteroids 9

of observation, as well as fi xed values such as diameter and albedo; however, for most main-
belt low-albedo asteroids, the thermal contribution is 1-10% of the total fl ux at 3.1-3.5 μm. A 
“Standard Thermal Model” (STM) for asteroids was formulated by Lebofsky et al. (1986) for 
use with 3-μm observations.

Rivkin et al. (2005) found that NEAs can have a noticeable thermal fl ux at ~2.5 μm at 
perihelion. The thermal fl ux of these objects can then be modeled to constrain their albedos. 
Thermophysical models (Lebofsky and Spencer 1989; Harris and Lagerros 2002) including 
values for thermal inertia and rotation rate have been developed, as well as refi nements to 
the STM for NEAs. Because the uncertainty in the thermal contribution is normally much 
smaller than the observational uncertainties at 2.95 μm, where 3-μm feature band depths are 
typically calculated, the uncertainties in the thermal fl ux are normally neglected in band depth 
measurements. Thermal effects do affect the band shape beyond 3.1 μm, and typically the 
preferred thermal model is one which gives a continuum slope at the long-wavelength end of 
the 3-μm band consistent with the continuum slope shortward of 2.5 μm.

Interaction of photons with a surface

As a photon strikes a mineral grain, the photon is either absorbed, refl ected from the grain 
surface, or it passes through the grain (Clark 1999). For a single grain, photons are absorbed ac-
cording to Beer’s law, I = Ioe−kx, where I is the observed intensity, Io is the original light intensity, 
k is the absorption coeffi cient, and x is the distance traveled through the grain. The absorption 
coeffi cient varies according to wavelength and is different for different minerals. The degree to 
which photons are absorbed at a particular wavelength by a mineral grain is a function of the 
size of the grain and its absorption coeffi cient at that wavelength. A larger grain has a higher 
probability of absorbing a photon than a smaller grain. A grain with a higher absorption coef-
fi cient at a particular wavelength will tend to be more absorbing than a grain with a smaller 
absorption coeffi cient, which means that darker grains tend to be more absorbing than grains of 
lighter colors. 

Asteroidal surfaces are composed of different mineral grains. The photons that are scattered 
(refl ected from a grain’s surface or refracted through a grain) may either encounter another grain 
or be scattered away from the surface. The photons scattered away from the surface can be de-
tected and measured by a telescope. Because the grains are at a fi nite temperature, they will also 
emit photons, but most of these photons have wavelengths in the mid-IR. The relative abundance 
of mineral phases does not correlate directly with the spectral abundance for intimate mixtures. 
As shown by the spectral refl ectance model derived by Hapke (1981), the refl ectance of a mix-
ture is a function of viewing geometry and properties of the grains, such as the single scattering 
albedo (effi ciency of an average particle to scatter and not absorb light), porosity, diameters, 
and mass fractions (Mustard and Pieters 1989). The single scattering albedo is the ratio of the 
scattering coeffi cient to the sum of the absorption and scattering coeffi cients. Hapke (1981) 
modeling (e.g., Clark 1995; Clark et al. 2004a) has been used to try to derive the mineralogies 
of a number of asteroids. The visible-NIR spectrum of a mixture will generally be dominated by 
the species that is most absorbing at those wavelengths (e.g., Gaffey 1976). For example, a very 
small abundance of opaque material will tend to dominate the spectrum and suppress absorp-
tion features due to other minerals. Pyroxene tends to be more absorbing than olivine, so it will 
spectrally dominate any olivine-pyroxene mixture unless the mixture is predominantly olivine. 

ABSORPTION BANDS

Electronic absorption features

Visible and near-IR spectra are dominated by electronic absorption features that are 
primarily due to the absorption of photons by electrons associated with different transition 
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10 Burbine et al.

elements, e.g. Fe, Ni, Co, Cu, Ti, and Cr (e.g., Gaffey et al. 1989; Dyar and Gunter 2007) in 
a variety of different minerals. Crystal fi eld bands result from the absorption of photons by 
electrons, which allows the electrons to jump to higher-energy orbitals; these transitions tend 
to be the most diagnostic of different mineral species (Burns 1993). Orbitals are mathematical 
constructs and only approximate the wave functions for atoms with more than one electron 
(Scerri 2000). This section will assume that a single-electron model, as discussed in Burns 
(1993), can be applied to a three-dimensional electron system. 

The position, strength, and structure of crystal fi eld features vary according to the 
coordination number of each transition metal and the geometry of the site it occupies. In 
meteorites, Fe2+, Fe3+, Ti4+, and Cr3+ are the most common transition metal cations, though 
bands resulting from Ti3+, Mn2+, Mn3+, and Ni2+ are sometimes observed. The presence of Fe2+ 

typically causes the strongest absorption features of the transition elements in the visible and 
near-IR wavelength regions. Olivine and pyroxene (Fig. 5Fig. 5) have very distinctive absorptions in 
the visible and near-IR due to Fe2+.

First-series transition metals are defi ned on the basis of having unfi lled 3d electron orbit-
als (Burns 1993). The fi ve 3d orbitals fall into two distinct groups on the basis of the relation-
ship of their lobes to the x, y, and z axes: the t2 or t2g orbitals (dxy, dyz, dxz), and the e or eg orbitals 
(dx2-y2, dz2). If an ion is isolated (i.e., as when fl oating around unbonded), all of these orbitals 
are perfectly shaped. When a transition metal is incorporated into a mineral structure, the 
surrounding anions (oxygens) usually do not form a perfectly spherical distribution of charge 
around the cation. Instead, the charge is unevenly distributed, with the negative charge being 
concentrated in the vicinity of the anions at the polyhedral corners. The effect of this non-
spherical charge distribution is to destroy the degeneracy, so that the energies of all the orbitals 
are no longer equal. The electrons in the 3d orbitals that are close to the oxygen neighbors are 
repelled more strongly than those that are farther away from the oxygens. Thus, the energies 
of the formerly equivalent 3d orbitals change—they effectively split. Some will have higher 
energies (those close to the bonding oxygens) and some will have lower energies (those whose 
lobes point to areas that are oxygen-free). The difference in energy between the lowest orbit-
als and the highest orbitals is called crystal fi eld splitting and is represented by the symbol Δ 
(or sometimes, 10Dq). The energies of the Δ values are dependent on many factors, including 
the symmetry and coordination number of the coordination polyhedra; the valence state of the 
cation; the strength of its bond with the surrounding anions; the distance between the cation 
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Figure 5. Refl ectance spectra of olivine and pyroxene. Olivine spectrum is for EET 99402 (Fa35) 
(brachinite) (Burbine et al. 2006). Pyroxene spectrum is for Bouvante (eucrite) (Fs53Wo14) (Burbine et al. 
2001). Spectra are normalized to unity at 0.55 μm.
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Oxygen and Asteroids 11

and the surrounding anions; pressure; and temperature. Within any given mineral group, crystal 
fi eld splitting energies may also vary as a function of composition, with larger cations tending 
to move the absorption band minima to longer wavelengths. 

The effect of temperature is important to consider when comparing meteorite or mineral 
spectra to asteroid spectra, since most meteorites and minerals are measured at room tem-
perature while the surface temperatures of main-belt asteroids are much colder (~120-220 K) 
(Hinrichs et al. 1999). Singer and Roush (1985), Roush and Singer (1987), Moroz et al. (2000), 
and Sunshine et al. (2000) showed that, with decreasing temperature, the absorption features 
tend to narrow and band positions generally move to lower wavelengths, with the opposite 
trends observed with increasing temperatures. These effects are predicted by crystal fi eld theory 
(Burns 1993), since the thermal motions of atoms should decrease for lower temperatures and, 
therefore, fewer vibrational modes are available. 

The intensities of the crystal fi eld bands are related to the probability that electronic transi-
tions will occur. Spin-allowed transitions do not change the number of unpaired electrons. Spin-
forbidden transitions result in a change in the number of unpaired electrons and are much less 
likely to occur than spin-allowed transitions (Burns 1993). For example, Fe2+ would have four 
unpaired electrons and one pair of electrons before and after a spin-allowed transition while Fe2+ 
would have four unpaired electrons and one pair of electrons in its 3d orbitals before the transi-
tion and could have two unpaired electrons and two pairs of electrons its 3d orbitals after a spin-
forbidden transition. Spin-allowed transitions are much stronger than spin-forbidden ones. 

Absorptions can also occur as a result of charge transfer between adjacent cations, in a 
manner similar to crystal fi eld splitting, except instead of electrons jumping between orbitals 
within the same atom, electrons jump between atoms. These intervalence transfers of charge 
can create intense absorptions from very small numbers of shared electrons. For example, Fe2+ 
and Fe3+ ions in adjacent sites pass an electron back and forth. At one instant, the charge is 
distributed as Fe2+ and Fe3+, and the next instant it is Fe3+ and Fe2+. The resultant transitions are 
intense and signifi cantly wider than crystal fi eld bands. 

Another type of electronic absorption feature occurs because some minerals, such as sul-
fi des, have two energy levels in which electrons can reside (e.g., Clark 1999). The higher energy 
level is called the “conduction band,” where electrons can move freely. The lower energy level 
is called the “valence band,” where electrons are attached to individual atoms. The difference 
between the energy levels is called the band gap.

Olivine. Olivine most commonly occurs as a magnesium-iron silicate with the formula 
(Mg,Fe2+)2SiO4 with minor substitution by Ca, Mn, Fe3+, and Ni. The two endmember composi-
tions are termed fayalite (Fa), Fe2SiO4, and forsterite (Fo), Mg2SiO4. Olivine compositions are 
usually given in terms of mole percentages of one of these endmembers. The divalent cations 
in the olivine structure occupy two different six-coordinated sites that are designated as M1 
and M2. The M1 site is smaller than the M2 site by ~0.03-0.05 Å and is the more distorted of 
the two sites. The M1 site is a tetragonally-elongated octahedron (Burns 1993). The resultant 
site distortion creates a split in the energies of the two eg orbitals, giving rise to two distinctive 
absorptions in the visible region with absorptions at roughly 0.9 and 1.25 μm (~11,000 cm−1 
and ~8000 cm−1). The M2 site is more like a trigonally elongated octahedron, and this distortion 
results in the two eg orbitals being similar in energy. Thus, although there are again two possible 
transitions to eg orbitals, their energies (and wavelengths) are so similar (~1.13 and ~1.08 μm, 
or ~8830 and ~9270 cm−1, respectively) (Burns 1985) that only a single M2 absorption feature 
is usually observed at ~1.1 μm (~9000 cm−1). Substitution of Fe2+ for Mg moves the positions 
of all three olivine bands to longer wavelengths (e.g., Sunshine et al. 1998). 

A number of meteorites have distinctive olivine absorption features (Fig. 6Fig. 6). Brachinites 
are olivine-dominated meteorites containing over ~70 wt% olivine, with compositions of 
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12 Burbine et al.

Fa30-35 (Mittlefehldt et al. 1998). R chondrites contain about 58-75 vol% olivine, with com-
positions typically Fa37-40 (Brearley and Jones 1998). Pallasites are approximately 50-50 mix-
tures of olivine and FeNi metal, with olivine compositions between Fa10 and Fa20 (Mittlefehldt 
et al. 1998), but very little refl ectance spectra of unweathered samples have been obtained on 
pallasites.

Ni2+ can substitute for Mg2+ in olivine and can change the spectral properties of olivine 
(Wood 1974; King and Ridley 1987; Burns 1993). Ni2+ has an absorption band centered near 
0.7 μm, which causes the refl ectance maximum between the UV and 1 μm absorption features 
to move to shorter wavelengths. The wavelength position of this ~0.7 μm absorption band 
is dependent on the concentration of Ni in the olivine (e.g., Burns 1993). The presence or 
absence of Ni in olivine can give information on the initial oxidation state of the assemblage 
(Gaffey 1998). Olivine in R-chondrites, which formed under relatively oxidizing conditions, 
tends to be Ni-rich compared to that in other meteorites (e.g., Schulze et al. 1994). The R-
chondrite Rumuruti, however, which has a mean NiO concentration of 0.19 wt% (Schulze et 
al. 1994), does not show any noticeable difference in the position of the refl ectance maximum 
between the UV and 1 μm absorption features relative to the brachinite EET 99402, which 
does not have any detectable NiO (Mittlefehldt et al. 2003). 

Olivine is a major component of many different chondritic (ordinary, carbonaceous, R), 
achondritic (brachinites, lodranites/acapulcoites), and stony-iron (pallasite) meteorite groups. 
Among chondrites, the most olivine-rich chondrites tend to have the most fayalite-rich olivine, 
while the least olivine-rich tend to have fayalite-poor olivine (Sunshine et al. 2007). Iron must 
be oxidized to enter silicates, so relatively oxidizing conditions, which favor the formation 
of FeO, lead to more fayalitic compositions, while conditions under which Fe metal is stable 
lead to more forsteritic compositions (e.g., McCammon 2005). Therefore, the fayalite content 
of olivine in an asteroid can be an important indicator of its oxidation state. Differentiation, 
however, also can affect the composition of olivine in an asteroid (Sunshine et al. 2007). The 
earliest silicate melts from the partial melting of a chondrite are enriched in plagioclase and 
Fe-rich pyroxene. Thus, with continued melting the residue becomes more olivine-rich and 
more Mg-rich. It may not be possible to distinguish whether an olivine-rich assemblage with 
moderate fayalite content (~Fa20-40) was an oxidized chondrite or a chondritic assemblage that 
has experienced low degrees of partial melting (Sunshine et al. 2007). 

Pyroxene. The pyroxene-group minerals share the general formula M2M1(Si2O6) (Deer 
et al. 1997), where the M1 site is octahedral and the M2 site is a quite distorted 6- to 8-
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Figure 6. Refl ectance spectra of a brachinite (EET 99402) (Burbine et al. 2006) and an R chondrite 
(Rumuriti) (Burbine et al. 2003). Refl ectance spectra are normalized to unity at 0.55 μm and then offset in 
refl ectance by 0.5.
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Oxygen and Asteroids 13

coordinated site. The M1 site is thus smaller, and can be occupied by Al, Mg, Fe2+, Fe3+, Cr 
and Ti, while the M2 site may contain Ca, Na, Mg, Fe2+, Mn2+, Ni and Li. Some substitution of 
Al for Si in the tetrahedral sites also occurs. Pyroxene compositions are usually given in mole 
percentages of enstatite (En; MgSiO3), ferrosilite (Fs; FeSiO3), and wollastonite (Wo; CaSiO3). 
The low-Ca minerals are usually orthorhombic. When more than 10 mol% Ca is added, the 
structures all become monoclinic, the pyroxenes are termed clinopyroxenes, and are divided 
into Li, Na, Ca-Na, Ca, Mn-Mg, and Mg-Fe2+ subgroups. There is complete solid solution 
between the Mg and Fe species, but not with respect to Ca. A miscibility gap exists between 
pigeonite ((Ca,Mg,Fe)(Mg,Fe)Si2O6) (low-Ca clinopyroxene) and augite ((Ca,Na)(Mg,Fe,Al
)(Al,Si)2O6) (high-Ca clinopyroxene) (e.g., Longhi and Bertka 1996). When Ca completely 
fi lls the M2 sites and Ca makes up more than half of the M-site cations, the pyroxene structure 
itself is no longer stable because the additional Ca cannot fi t into the M1 site. Such minerals 
are pyroxenoids and are members of the wollastonite group.

In pyroxene, the M1 site is barely distorted; its geometry is that of a nearly perfect 
octahedron. Crystal fi eld bands arising from Fe2+ in M1 sites are similar in nearly all pyroxene-
group minerals; they occur in pairs around 1.18 μm (8475-8500 cm−1) and 0.93-0.98 μm 
(10,200-10,700 cm−1) (e.g., Adams 1975; Cloutis and Gaffey 1991; Straub et al. 1991; Burns 
1993; Schade et al. 2004). These bands have been well-studied in pyroxenes such as CaFeSi2O6 
(hedenbergite), where Fe2+ occurs solely in the M1 site because the M2 site is fi lled by Ca. Such 
high-Ca pyroxenes are usually called “type A.” These spectral properties can be seen in the 
spectra of some angrites (Burbine et al. 2006) (Fig. 7Fig. 7). Angrites are composed predominately of 
Al-Ti diopside-hedenbergite, Ca-rich olivine (including sub-calcic kirschsteinite; CaFeSiO4), 
and anorthite (CaAl2Si2O8) (Mittlefehldt et al. 2002). (Diopside has the formula CaMgSi2O6). 
The exception is Angra dos Reis, the type specimen of the angrites. The Angra dos Reis 
meteorite is composed almost entirely of Al-Ti diopside-hedenbergite (Prinz et al. 1977) and 
has the distinctive pyroxene 1 and 2 μm features (Fig. 7).

The M2 site is far more distorted than M1 because the metal-to-oxygen distances around 
the M2 site vary considerably with composition. Because site distortion increases the band 
intensity, pyroxene in which Fe2+ has substituted for Ca has bands that tend to dominate the 
spectra; even when Fe2+ is concentrated in the M1 site, bands due to a small amount of Fe2+ in 
the M2 will dominate. The features are typically located at 0.9-1 μm (~9600 cm−1), which is 
called Band I, and 1.9-2 μm (~4400 cm−1), which is called Band II, in Ca-rich compositions 
(Burns and Huggins 1973; Burns 1993). These two bands are usually thought to be the 
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Figure 7. Refl ectance spectra of two angrites: Angra dos Reis and D’Orbigny 
(Burbine et al. 2006). Spectra are normalized to unity at 0.55 μm.
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14 Burbine et al.

“typical” absorption features for pyroxene. The replacement of larger Ca2+ ions by smaller 
Fe2+ ions causes the M2 site to contract slightly and the crystal fi eld bands due to Fe2+ in the 
M2 site to move to shorter wavelengths (Adams 1974; Burns 1993). 

These spectral differences are readily apparent when looking at the pyroxene features found 
in the spectra of HED (howardite, eucrite, diogenite) meteorites (Fig. 8Fig. 8). Eucrites are composed 
primarily of anorthitic plagioclase and low-Ca pyroxene with augite exsolution lamellae, while 
diogenites are predominately magnesian orthopyroxene (Mittlefehldt et al. 1998). Howardites 
are polymict breccias containing both lithologic units and are the primary evidence that almost 
all HEDs come from one parent body, which is thought to be Vesta (McCord et al. 1970).

The band centers for the eucrites, which contain pyroxenes that are generally richer in 
Ca and Fe than pyroxenes in the howardites and diogenites, tend to be at longer wavelengths 
than those of howardites and diogenites. The band centers for the diogenites, which contain 
pyroxenes that are generally depleted in Ca and Fe relative to pyroxenes in the eucrites and 
howardites, tend to be at shorter wavelengths than other HEDs. Howardites tend to have band 
positions intermediate between eucrites and diogenites.

Virtually FeO-free enstatite has no distinctive absorption features in the visible or near-IR 
and is the dominant pyroxene in some meteorite types. Aubrites are composed primarily of 
this essentially FeO-free enstatite and are distinguished by their lack of distinctive absorption 
features and very high visual albedos (Fig. 9Fig. 9) (Burbine et al. 2002c). Weak absorption features 
seen in some aubrite spectra are most likely due to terrestrial weathering. Enstatite chondrites 
are primarily mixtures of FeO-free enstatite and FeNi. As with the aubrites, weak absorption 
features in enstatite chondrite spectra are also likely due to terrestrial weathering.

FeNi metal. Metallic iron is found in meteorites as either low-Ni kamacite, high-Ni taenite, 
or an intergrowth of these phases (Mittlefehldt et al. 1998). FeNi metal has moderate albedos 
(~0.10-0.30), and no absorption features in the visible and near-IR, with a monotonically 
increasing spectrum (Fig. 10Fig. 10) (Cloutis et al. 1990). Although a common constituent of 
meteorites, it has been diffi cult to constrain metal abundances of asteroids. This is because 
there is no obvious correlation between metal abundance and spectral slope, and metal may 
not be the only cause of the continuum in asteroid spectra. In many studies of asteroid spectra, 
the continuum is explicitly removed and only the silicate fraction is considered, with the metal 
fraction ignored. A further complication is the reduction of iron in silicates and the creation of 
nanophase iron (“space weathering”) potentially occurring in asteroid regoliths. The regolith 
is the surface layer of an asteroid, consisting of fragmentary, incoherent, rocky debris (Price 
2004). This causes ambiguity in distinguishing metal-rich mineralogies from space-weathered 
ones. Contrary to the conclusion of Gaffey (1976), Cloutis et al. (1990) found no correlation 
between Ni abundance and spectral redness in measured FeNi samples. Cloutis et al. (1990) also 
found that the spectra of iron meteorites become redder with increasing grain size. One question 
that has never been fully answered is why FeNi in iron meteorites is spectrally red while FeNi 
in ordinary chondrites, the most common type of meteorite to fall to Earth, is spectrally fl at 
(Gaffey 1986). H chondrites, which can contain up to ~20% metallic iron, are not spectrally red, 
while metallic iron separated from ordinary chondrites is spectrally fl at (Gaffey 1986). Gaffey 
(1986) proposed that metal grains in ordinary chondrites are coated with wüstite (FeO).

Feldspars. Feldspars are a series of Al-bearing silicate minerals that are commonly found 
in meteorites. The ideal chemical formula for feldspar is MT4O8 (Smith and Brown 1988). 
The M site is relatively large and can contain cations such as Na+, K+, and Ca2+ while the 
T site contains Si4+ or Al3+. Feldspars consist of a three-dimensional network of SiO4 and 
AlO4 tetrahedra with Na+, K+ and Ca2+ in the voids between the tetrahedra. End-member 
compositions in the feldspar series are orthoclase (KAlSi3O8), anorthite (CaAl2Si2O8) and 
albite (NaAlSi3O8). Plagioclase feldspar comprises a solid solution series between anorthite 
and albite. The crystal structure of plagioclase allows for the incorporation of only minor 
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Figure 8. Refl ectance spectra of the eucrite Bouvante (Burbine et al. 2001), howardite EET 87503 (Hiroi et 
al. 1995), and the diogenite LAP 91900 (Burbine et al. 2000). Spectra are normalized to unity at 0.55 μm.
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Figure 9. Refl ectance spectrum of enstatite from the Peña Blanca 
Spring aubrite. Spectrum is not normalized to unity at 0.55 μm.
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Figure 10. Refl ectance spectrum of FeNi powder ground from the Odessa coarse 
octahedrite (Cloutis et al. 1990). Spectrum is normalized to unity at 0.55 μm.
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amounts of Fe2+. Pure samples have a relatively high albedo and an absorption band due to 
the electronic transition of Fe2+ centered between 1.2 and 1.3 μm (Fig. 11Fig. 11). This signature is 
quickly overpowered in the presence of even small amounts of mafi c minerals, however. Thus, 
plagioclase is diffi cult to identify in mineral mixtures (Crown and Pieters 1989).

The spectral presence of plagioclase has been attributed to an absorption feature found 
between 1.2 and 1.3 μm in the spectra of eucrites, which usually contain 30-50 wt% plagioclase 
(Kitts and Lodders 1998). Klima et al. (2007), however, found that spectral measurements of 
pure synthetic pyroxenes have a band centered between 1.2-1.3 μm, which they attribute to 
Fe2+ in the M1 site.

Spinels. Spinels are a group of minerals with the general formula of XY2O4, where X 
has a charge of +2 and Y has a charge of +3. Spinels found in meteorites include spinel sensu 
stricto (MgAl2O4), hercynite (FeAl2O4), magnetite (Fe3O4), and chromite (FeCr2O4). Mao and 
Bell (1975) saw that spinel and chromite have an absorption feature centered near 2 μm (Band 
II) and a weak to non-existent one at 1 μm (Band I). A spectrum of spinel is displayed in 
Figure 12Figure 12. Mao and Bell (1975) attributed the 2-μm absorption to octahedral Fe2+. A weaker 
absorption between 0.6 and 0.7 μm was attributed to spin-forbidden bands of tetrahedral Fe2+. 
Cloutis et al. (2004) did a spectral study of spinel, hercynite, and chromite from 0.3 to 26 μm. 
They found a large number of spectral features with some of the band positions of the features 
correlating with Fe2+, Fe3+, Cr, Mg, or Al contents. Rajan and Gaffey (1984) measured the 
refl ectance spectra of CAIs in the CV chondrite Allende and found that CAIs tend to have 
a strong Band II and a very weak Band I. They attributed these spectral properties to either 
spinel and/or a Ti-rich augite (a type A pyroxene). Cloutis and Gaffey (1993) and Cloutis 
(2001) have done spectral studies of minerals commonly found in CAIs.

Sulfi des. Troilite (FeS) is the most common sulfi de in meteorites. Other sulfi des found in 
meteorites include oldhamite (CaS), ferromagnesian alabandite ((Mn,Fe,Mg)S), and daubréelite 
(FeCr2S4). Sulfi des tend to have a very sharp absorption feature in the visible wavelength 
region (Fig. 13Fig. 13), due to the movement of electrons between the conduction and valence bands. 
The sulfi de with the strongest absorption band is oldhamite (Burbine et al. 2002c), which has 
strong absorption features at ~0.5 μm and ~0.9 μm. Oldhamite is commonly found in aubrites 
and enstatite chondrites. Troilite (Burbine et al. 2002c) has a very weak absorption feature in 
the ultraviolet and usually is treated as an opaque due to its low albedo. 

Vibrational absorption features

Photons can also cause molecules to be promoted into vibrational states of higher 
energies. Water and hydroxyl-bearing minerals have diagnostic features throughout the IR 
due to vibrational absorptions of H2O or OH (hydroxyl). Water is a V-shaped molecule with 
hydrogen atoms at the end of its arms and an oxygen atom at the intersection of the arms (see 
Criss and Farquhar 200X). The water molecule can undergo three types of vibrations (Gaffey 
et al. 1989): a bend where the V opens and closes, which occurs at a wavelength of ~6.08 
μm; a symmetric stretch where the arms both lengthen or shorten together, which occurs at 
~3.05 μm; and an asymmetric stretch, where one arm lengthens or shortens, which occurs 
at ~2.87 μm. For hydroxyl-bearing minerals, the bond between oxygen and hydrogen can 
only lengthen or shorten, so absorptions occur at ~2.87 μm. Sulfates also have a number of 
vibrational absorption bands due to stretching and bending of SO4 and possibly OH and/or 
H2O ions (Cloutis et al. 2006).

A 3-μm absorption feature in hydrated minerals is typically caused by a combination of the 
very strong OH-radical absorption feature and the very strong fi rst overtone of the 6.08-μm H2O 
fundamental at 3.04 μm. Overtones occur at higher frequencies (shorter wavelengths) and are 
integer multiples of the fundamental frequencies. Adsorbed water has a symmetric stretch mode 
giving rise to an absorption feature at ~3.05 μm and an anti-symmetric stretch feature at ~2.87 
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Figure 11. Refl ectance spectrum of plagioclase feldspar (An97) from lunar anorthosite 
15415 (Pieters 1996). Spectrum is not normalized to unity at 0.55 μm.
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Figure 12. Refl ectance spectrum of spinel from Ambatomaninty, Madagascar 
(Cloutis et al. 2004). Spectrum is normalized to unity at 0.55 μm.
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Figure 13. Refl ectance spectra of troilite from the Paragould LL5 chondrite and oldhamite from the 
Norton County aubrite (Burbine et al. 2002c). Spectra are normalized to unity at 0.55 μm.
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μm. Structural hydroxyl (OH) that has been incorporated into mineral lattices produces a stretch 
absorption at ~2.7 μm. The depth of the fundamental H2O or OH feature depends on many pa-
rameters besides the abundance of hydrated material, including particle size and albedo.

Phyllosilicates. Phyllosilicates are composed of sheets of interconnected six-member rings 
of SiO4 tetrahedra (e.g., Burns 1993). Phyllosilicates contain hydroxyl (OH−) ions in their crystal 
structure. Phyllosilicates in meteorites (Rubin 1997a) include those in the serpentine group 
such as cronstedtite, greenalite, and antigorite. Phyllosilicates in meteorites also include clay 
group minerals such as montmorillonite and saponite. Clays contain H2O as well as OH−. These 
minerals have silicon:oxygen ratios of 2:5, as three of the four oxygens from each tetrahedron 
are shared with other tetrahedra.

Phyllosilicates are commonly found in CI, CM, and CR chondrites. The spectrum of a CM 
chondrite, whose 3-μm feature is primarily due to OH in phyllosilicates, is shown in Figure Figure 
1414. Both Mg-rich (King and Clark 1989; Calvin and King 1997) and Fe-rich (Calvin and King 
1997) phyllosilicates have distinctive spectral absorption features; however, these absorption 
features tend to be subdued in carbonaceous chondrites due to the high proportion of opaques in 
these meteorites. Water abundances as low as fractions of a weight percent are observable using 
3-μm spectroscopy in the laboratory (Salisbury et al. 1991). Higher-order overtones at shorter 
wavelengths (1.4 and 1.9 μm) are masked more easily by opaques than the 3-μm feature (Clark 
1981), and they are not always seen, even in freshly-fallen phyllosilicate-bearing meteorites 
(Hiroi et al. 2001b).

Determining water contents. Techniques to quantify the amount of OH or hydrogen 
present on asteroidal surfaces have been developed as a means of comparing the astronomical 
observations to laboratory studies of meteorites. The fi rst connections between spectroscopy and 
amount of hydrated minerals were made by Miyamoto and Zolensky (1994), who correlated the 
H/Si ratio to the integrated intensity of the 3-μm band, and by Sato et al. (1997), who correlated 
the integrated intensity to two spectral ratios, respectively. Rivkin et al. (2003a) combined these 
two correlations to determine a relation between spectral ratios and the H/Si ratio and applied 
it to C-complex asteroids, fi nding a bimodal distribution of CM-like values and anhydrous 
objects. (The C-complex contains C-types and objects with similar spectra.) An independent 
effort by Milliken and Mustard (2005) involving the calculation of normalized path lengths 
shows promise of being applicable to a wide range of materials, whereas the relations of Rivkin 
et al. (2003a) are technically only valid for carbonaceous chondrite-like surfaces.
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Figure 14. Refl ectance spectrum of LEW 90500 CM chondrite (Hiroi et al. 
1996b) out to 4 μm. Spectrum is normalized to unity at 0.55 μm.
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Due to the diffi culties of observing in the 3-μm region compared to the visible and near-IR, 
there has been great effort put toward identifying and establishing an alternate way to detect 
and measure hydrated minerals on asteroids using proxy bands. Observations by Feierberg et 
al. (1985) established that the 0.35-0.4 μm spectral slope in low-albedo asteroids was correlated 
with the 3-μm band depth. This slope is due to an inter-valence charge transfer band (IVCF) 
in ferric oxide. However, this correlation was not seen to extend to higher-albedo objects that 
have the 3-μm band. Furthermore, with the popularity of red-optimized CCDs for spectral work 
over photometers, the 0.35-0.4 μm region is not commonly used and would not confer much 
advantage over observations in the 3-μm region.

A more promising proxy band is found near 0.7 μm, attributed to a charge transfer 
absorption involving Fe2+ and Fe3+ (Vilas and McFadden 1992; Vilas 1994; Fornasier et al. 
1999). This band is seen in some phyllosilicates and some carbonaceous chondrites, though not 
all. It also appears in some anhydrous terrestrial minerals (King and Clark 1997). Cases where 
the 3-μm band is present but the 0.7-μm band is absent are interpreted as due to the fact that 
the 0.7-μm band is more sensitive to heating, as shown by Hiroi et al. (1996b). Such objects 
may have been mildly heated, to the extent that the carrier of the 0.7-μm band is destroyed but 
some OH still remains. More diffi cult to understand are objects for which a 0.7-μm band is seen 
without a 3-μm band. Howell et al. (2001a,b) have shown that those objects display evidence 
of rotational variation in the 0.7-μm region and uneven coverage by hydrated minerals. Without 
simultaneous observations in both of these wavelength regions (which can be very diffi cult to 
arrange), no defi nitive answers can be given, but the observations are consistent with the 3-
μm and 0.7-μm observations sampling parts of an asteroid with different hydration states. In 
brief, the presence of a 0.7-μm band almost guarantees the presence of a 3-μm band, while the 
absence of a 0.7-μm band is not diagnostic for the absence or presence of a 3-μm band.

SPACE WEATHERING

Remote sensing methods, for the most part, do not sample the pristine rocks of the 
body, but rather the exposed regolith. Exposure to the harsh space environment can alter the 
physical and optical properties of the regolith in subtle, but important ways, and it is critical 
to understand these changes in order to properly interpret remote sensing datasets. The term 
“space weathering” is generally used to describe both the processes and products by which 
physical and optical changes are incurred by an exposed surface. Solar wind implantation and 
sputtering, and the melting and vaporization associated with micrometeorite bombardment are 
the major components of space weathering.

The soil samples returned from the Moon by the Apollo program provide us with a 
unique opportunity to study the effects of soil formation in the laboratory, and thus our current 
understanding of space weathering comes largely from lunar soils. There are two major 
space weathering products found in lunar soils: agglutinates, and grain rims. Agglutinates are 
glass-welded aggregates created by melting due to micrometeorite impacts (Fig. 15Fig. 15). They 
are ubiquitous in lunar soil, accounting for as much as 60% of very mature soils (McKay 
et al. 1991). Grain rims, like the one shown in Figure 16Figure 16, can be created by both subtractive 
(radiation damage) and additive (vapor deposition and solar wind sputtering) processes (Keller 
and McKay 1993, 1997; Wentworth et al. 1999). These rims are quite common in mature lunar 
soils, with up to 90% of grains bearing rims (Keller et al. 2000). 

Effect of space weathering on refl ectance spectra

Both rims on grains and agglutinates commonly contain single-domain metallic iron 
particles that are usually called nanophase iron (npFe0). npFe0 has distinct and predictable 
effects on the optical properties of lunar soils (e.g., Pieters et al. 1993, 2000; Taylor et al. 
2000). The effects on spectra in the visible/near-IR region have traditionally been described as 
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threefold: npFe0 results in an attenuation of the characteristic absorption bands, and also causes 
the refl ectance spectra to darken and redden. The process is actually more complex than simply 
“reddening” and “darkening”, however; as a soil acquires npFe0, its continuum changes in a 
regular and predictable way (Noble et al. 2001). These trends, fi rst noticed in the fi nest fractions 
of lunar soil, are illustrated in Figure 17Figure 17. Very small amounts of npFe0 result in a steep curvature 
in the visible while longer wavelengths remain relatively fl at (stage 1). As more npFe0 is added, 
the spectrum remains concave, but becomes very red throughout the visible/near-IR range 
(stage 2). From this point the spectrum becomes increasingly linear and begins to darken (stage 
3), eventually ending up very dark (stage 4—though natural lunar soils never reach this stage). 
These stages have also been seen experimentally (Allen et al. 1996; Noble et al. 2003) and have 
been modeled (Hapke 2001). Hendrix and Vilas (2006) found that space weathering causes the 
spectra of asteroids to appear bluer at near-ultraviolet wavelengths, in contrast to the reddening 
that occurs at longer wavelengths. Space weathering is complex, and the exact weathering 
effects of these various processes will be dependent on both composition and environment, 
and thus will vary from body to body. For silicate materials, we can extrapolate what we have 
learned from lunar space weathering and apply that knowledge to silicate asteroids. Much less 
is known about space weathering of carbonaceous material. 

Figure 16. TEM image of a nanophase, iron-rich, vapor-deposited rim 
on a cristobalite (SiO2) grain from lunar soil 10084.

Figure 15. TEM (Transmission Electron Microscope) image of a 
nanophase iron-rich agglutinate from lunar soil 10084.
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Space weathering environment of asteroids

The space environment at the asteroid belt is signifi cantly different than at the Moon. 
In particular, the greater distance from the Sun means that less solar wind reaches asteroids 
in the main belt, and therefore, less sputtering should occur, and the lower average impact 
velocity should result in less melting and vaporization as compared to the Moon. Given those 
conditions, the rate of space weathering is expected to be signifi cantly slower than the lunar 
case. Though the velocity of impacts is lower, the rate of impact is greater in the asteroid belt 
as compared to lunar conditions. Therefore, the turnover rate for soils at the surface should be 
higher and weathering products will not build up as they do in lunar soils. Alteration of silicate 
asteroid regoliths then should be most similar to the stage 1 described above, with reddening 
concentrated in the visible region of the spectrum.

Experimental studies

In recent years, several groups have tried to re-create space weathering in the laboratory 
using either ion irradiation to simulate the solar wind, or lasers to simulate micrometeorite 
impacts. The classic sputtering experiments were performed by Hapke in the 1970s (Hapke 
2001), but more recent experiments have used a variety of techniques on a variety of materials 
to expand our knowledge of ion-induced alteration. Strazzulla et al. (2004) irradiated an H5 
meteorite with Ar++ ions and concluded that, for NEAs, solar wind irradiation may be a very 
effi cient process, with the ability to alter OC material to S-complex spectra on timescales 
of 104-106 yr. (The S-complex contains S-type asteroids and objects with similar spectral 
properties.) Further work (Brunetto and Strazzulla 2005; Marchi et al. 2005a) also suggests 
that not only npFe0, but the simple amorphization of the uppermost layer can redden and 
darken asteroidal surfaces. Recently, Moretti et al. (2006) tried to duplicate the effects of 
micrometeoroid impacts on the refl ectance spectra of ordinary chondrites. 

Moroz et al. (1996) was the fi rst to attempt to simulate micrometeorite bombardment 
using lasers. Unfortunately, it was found that the pulse length of their laser was too long, 
resulting in more material melting than vaporizing in their experiments. Spectral changes in 
their samples resulted largely from the creation of glass phases. Sasaki et al. (2001) developed 
a system utilizing a Nd-YAG (λ = 1064 nm) laser capable of nanosecond pulses, which 
more closely mimic the vaporization associated with micrometeorite bombardment. TEM 
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Figure 17. Schematic diagram of the weathering trends seen
 in the visible and near-IR spectra of lunar soils.
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(Transmission Electron Microscopy) analyses of their samples confi rm the production of npFe0 
from both olivine and pyroxene. Furthermore, it was demonstrated that it is more diffi cult to 
redden the spectrum of pyroxene than olivine in this manner (Yamada et al. 1999). Hörz et al. 
(2005) point out, however, that lasers cannot reproduce the shock conditions of actual impacts 
and little is known about shock-induced vaporization. Recently, alteration experiments on 
powdered silicates using a UV excimer laser were performed by Brunetto et al. (2006a). Their 
results also show reddening and darkening, but they attribute these alterations to changes in the 
morphological structure of the sample surface rather than the creation of npFe0. Vernazza et al. 
(2006b) were able to redden and darken the Bereba eucrite using ion irradiation. 

A few ion irradiation and laser experiments have also been performed on carbonaceous 
material. Moroz et al. (2004a) found that complex organics, which are spectrally red by nature, 
lose their red slope when exposed to ion irradiation, due to irradiation-induced carbonization. 
Ion irradiation of carbonaceous chondrites (Lazzarin et al. 2006) reddened their spectral slope. 
Laser experiments were performed by Moroz et al. (2004b) on a CM2 chondrite using a Nd-
YAG laser with a microsecond pulse duration. Their results (Shingareva et al. 2004) produced 
signifi cant melting and vitrifi cation (conversion into glass) of their samples. The resulting spec-
tra (Moroz et al. 2004b) showed dehydration, an overall smoothness, and a red spectral slope.

Evidence of space weathering on asteroids

There is growing evidence of space-weathering alteration of S-complex asteroids. Images 
from the Galileo spacecraft appear to show color changes with time on the asteroids Ida and 
Gaspra, i.e., fresh craters appear “bluer” than older surfaces, exactly the effect predicted from 
space weathering models (Chapman 1996). Binzel et al. (1996) demonstrated using SMASS 
data that, among S-complex NEAs, a continuum exists from bodies that spectrally resemble 
ordinary chondrites to those with classic S-complex spectra. This result is also consistent with an 
ongoing alteration process. Spacecraft data for S-type 433 Eros suggest that it is compositionally 
an ordinary chondrite (Trombka et al. 2000). A recent study by Nesvorny et al. (2005) found, 
using SDSS data, that over time the spectra of S-complex asteroids become redder and their 
absorption bands become shallower. Brunetto et al. (2006b) estimated that the time needed to 
space-weather asteroid 832 Karin is similar to the age (~5.8 Ma) estimated for the formation 
of the Karin asteroid family (Nesvorný and Bottke 2004). A spectral study of Karin family 
members by Vernazza et al. (2006a) in the visible and near-IR found that the observed objects 
had spectral slopes slightly redder than ordinary chondrites, which they argue is consistent with 
only a small degree of spectral alteration due to the young age of the family. 

There have been fewer efforts expended towards understanding space weathering effects 
on other types of asteroids. Though their age data were limited, the Nesvorny et al. (2005) 
study did fi nd a correlation between ages and colors for the C-complex asteroids in their survey. 
Interestingly, it suggests the opposite trend from S-complex objects. Spectra of the C-complex 
asteroids become “bluer” with age. In addition, Lagerkvist et al. (2005) found that red D-
asteroids among the Cybele group (3.3-3.5 AU) tended to be smaller than the more spectrally 
neutral P-asteroids and C-complex objects. They suggest that this difference may be due to 
weathering effects where the collisional disruption of the larger (and more “mature”) objects 
creates smaller objects with freshly exposed (redder) surfaces. More work is clearly needed, but 
these initial studies are consistent in suggesting that carbon-rich material loses redness as it is 
exposed to the space environment.

Implications for visible/near-IR remote sensing

The biggest consequence of space weathering for interpretation of spectral data for silicates 
is the attenuation (reduction of strength) of absorption bands. Weaker bands are more diffi cult 
to distinguish, and subtle infl ections can be lost. Further, bands at different wavelengths may 
attenuate at different rates. For example, there is evidence that the 1-μm band (Band I) may 
attenuate faster than the 2-μm band (Band II), impacting the apparent olivine/pyroxene ratio 
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(Ueda et al. 2002a). Band centers do not generally appear to be infl uenced by space weathering 
processes. Weathering will also result in a reddening of the spectral slope, particularly at visible 
wavelengths. For carbon-rich asteroids, the effects of space weathering are still somewhat 
unclear, though dehydration, with the accompanying attenuation of water-related bands, is 
likely to be a major consequence. The amount of weathering required to signifi cantly impact or 
completely eliminate water-related bands, however, is not well constrained. 

ORDINARY CHONDRITES, LODRANITES/
ACAPULCOITES, AND UREILITES

The most common meteorites are the ordinary chondrites (H, L, LL), and identifi cation of 
their parent bodies has been a signifi cant part of asteroid studies for over 30 years. Ordinary 
chondrites are primarily mixtures of olivine, pyroxene, and FeNi metal. H (high-iron) 
chondrites contain the highest abundances of metallic iron, L (low-iron) have lower metallic 
iron abundances, and LL (very-low iron) have the lowest abundances. The ordinary chondrites 
follow Prior’s Rules (e.g., Hutchison 2004), so the LL chondrites have the highest iron 
abundances in their silicates, L chondrites have lower abundances, and H chondrites have the 
lowest. H chondrites usually contain approximately equal percentages of olivine and pyroxene, 
L chondrites usually contain slightly more olivine than pyroxene, and LL chondrites generally 
have twice as much olivine as pyroxene.

Pyroxene tends to spectrally dominate any olivine-pyroxene mixture. These effects can 
be seen in the spectral properties of ordinary chondrites (Fig. 18Fig. 18). H chondrites have the 
most distinctive pyroxene absorptions while LL chondrites have the most distinctive olivine 
absorptions, with L chondrites intermediate between H and LL chondrites. 

There are a number of other meteorites with distinctive olivine and pyroxene bands. 
Lodranites/acapulcoites are primarily mixtures of orthopyroxene and olivine and have 
experienced partial melting (e.g., McCoy et al. 2000). Spectral measurements (Fig. 19Fig. 19) of these 
meteorites (Hiroi and Takeda 1991; Burbine et al. 2002a) show that their spectra are dominated 
by orthopyroxene. Besides olivine and pyroxene, ureilites contain 10% or less dark interstitial 
material that consists of varying amounts of carbon, metal, and sulfi des (Mittlefehldt et al. 
1998). Ureilites have absorption features (Fig. 19) due to pyroxene and olivine that are subdued 
in strength (Cloutis and Hudon 2004).
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Figure 18. Refl ectance spectra of Allegan H5 chondrite, Girgenti L6 chondrite, and Greenwell Springs 
LL4 chondrite (Burbine et al. 2003). Refl ectance spectra are normalized to unity at 0.55 μm and then offset 
in refl ectance by 0.5.
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DETERMINING MINERAL CHEMISTRIES

Gaffey et al. (2002) developed a number of formulas for determining average pyroxene 
compositions from their Band I and Band II centers. Band centers are the band minima 
observed when the continuum (either red- or blue-sloped) has been divided out. The formulas 
for molar contents of Fs and Wo, with uncertainties, are: 

 Fs (±5) = 268.2 × Band II center (μm) − 483.7 (Wo < 11) (2)

 Fs (±5) = 57.5 × Band II center (μm) − 72.7 (Wo = 11-30; Fs < 25 excluded) (3)

 Fs (±4) = −12.9 × Band II center (μm) + 45.9 (Wo = 30-45) (4)

 Fs (±5) = −118.0 × Band II center (μm) + 278.5 (Wo > 45) (5)

 Wo (±3) = 347.9 × Band I center (μm) − 313.6 (Fs < 10; Wo ≈ 5-35 excluded) (6)

 Wo (±3) = 456.2 × Band I center (μm) − 416.9 (Fs = 10-25; Wo ≈ 10-25 excluded) (7)

 Wo (±4) = 418.9 × Band I center (μm) − 380.9 (Fs = 25-50) (8)

The values in parentheses after each formula are the compositional ranges where the equation 
is valid. These formulas were derived from the spectra of minerals, and can only be directly 
used for refl ectance spectra of pyroxene-dominated assemblages with little to no spectral 
component due to olivine. These formulas work well for predicting the pyroxene mineralogy 
of assemblages with one pyroxene. For assemblages with low- and high-Ca pyroxenes, Gaffey 
et al. (2002) argue, from the analysis of the spectra of ordinary chondrites, which contain two 
pyroxenes, that the Band II position is an almost-linear function of the abundances of these two 
types of pyroxenes. To calculate the average pyroxene compositions from the spectrum of an 
olivine-orthopyroxene mixture, the displacement in the Band I center position due to olivine 
must be corrected for by using a correction factor from Gaffey et al. (2002). The amount of 
displacement will increase with increasing abundance of olivine. 

Determining the ratio of olivine to pyroxene

Cloutis et al. (1986) found that the ratio of the area of Band II (2-μm feature) to the area 
of Band I (1-μm feature), which is called the Band Area Ratio or BAR, was related to the 
ratio of olivine to orthopyroxene. This ratio is usually written as ol/(ol+opx) and was derived 
from the analysis of physical mixtures of olivine and orthopyroxene. The equation can be 
written as ol/(ol+opx) = (0.417 × BAR) + 0.052 or ol/(ol+opx) = (−0.417 × BAR) + 0.948, 
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Figure 19. Refl ectance spectra of the Lodran lodranite (Burbine et al. 2002a) and the Y-74659 ureilite (Hiroi 
unpublished). Refl ectance spectra are normalized to unity at 0.55 μm and then offset in refl ectance by 0.5.
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and is valid for the interval 10-90% orthopyroxene (Gaffey et al. 2002). Using the refl ectance 
spectra of primarily ordinary chondrite meteorites, Burbine et al. (2003) derived the equation 
ol/(ol+opx) = (−0.228 × BAR) + 0.768. The pyroxene component contains both orthopyroxene 
and clinopyroxene. The mineralogies of Burbine et al. (2003) were determined from CIPW 
(Cross, Iddings, Pirsson, Washington) norms, which are theoretical mineralogies calculated 
from bulk elemental compositions. Gastineau-Lyons et al. (2002) noted systematic offsets 
between modal (mineralogic maps of thin sections) and normative (theoretical calculations 
of mineralogy) ol/(ol+opx) ratios for meteorites and that CIPW norms may not accurately 
estimate mineral abundances of silicates in chondrites.

Modifi ed Gaussian Modeling

The Modifi ed Gaussian Model (MGM) is a numerical tool for modeling the component 
absorption bands in the visible and near-IR spectral regions. Developed by Sunshine et al. 
(1990), MGM has been demonstrated to be a physically realistic model of electronic transition 
absorption bands that are well understood from crystal fi eld theory (Burns 1993). The 
model was created as an improvement over the use of Gaussians to deconvolve the spectra 
features, which Sunshine et al. (1990) found could not adequately model olivine and pyroxene 
absorption bands. Sunshine et al. (1990) found that absorption bands were best fi t with a 
modifi ed Gaussian, m(x), which uses a power law such as m(x) = s × exp{−(xn-μn)2/2σ2}, 
where n was found to be −1 for room temperature measurements.

MGM can be used to model meteorite and asteroid spectra. The spectra are modeled as 
a number of absorption bands superimposed onto a linear continuum in log refl ectance and 
energy (Sunshine 1997). Due to the overlapping absorption features of minerals commonly 
found in meteorites and asteroids (low-Ca pyroxene, high-Ca pyroxene, olivine), however, it is 
diffi cult to apply MGM to mixtures that are not primarily monomineralic. In addition, asteroid 
data tend to have lower resolution and larger error bars than laboratory spectra, which leads to 
more uncertainties in the resulting fi ts.

Studies using MGM look primarily at the positions and strengths of the fi tted absorption 
bands. MGM has been used to fi t the spectral features of minerals (e.g., Sunshine et al. 1990, 
2000; Sunshine and Pieters 1993, 1998) and meteorites (e.g., Schade and Wäsch 1999; Schade 
et al. 2004; Mayne et al. 2006). A number of asteroid spectra have also been fi t using MGM for 
mineralogical analyses (e.g., Hiroi et al. 1996a; Ueda et al. 2002b; Sunshine et al. 2004, 2007; 
de León et al. 2004, 2006; McFadden et al. 2005) or to determine a ratio of band areas (e.g., 
Rivkin et al. 2004a). This ratio of band areas is used for objects that do not have full spectral 
coverage of both Bands I and II, which does not allow for a Band Area Ratio to be determined 
but does allow for MGM to fi t the absorption features. The resulting areas from the MGM fi t 
can be ratioed and appear to be proportional to the Band Area Ratio.

ASTEROID TAXONOMY

Asteroid taxonomies group objects with similar spectral properties into classes with 
the hope that objects with the same classifi cation have similar surface mineralogies. Most 
taxonomies are based on extended visible (~0.4 to ~1.0 μm) refl ectance spectra because these 
data are the easiest to obtain, and mineralogically signifi cant absorption features occur in this 
wavelength region. Asteroid classifi cations started as simple systems that classifi ed objects as 
stony or carbonaceous (e.g., Zellner et al. 1975). The stony and carbonaceous designations 
evolved into a letter-based system using the S, C, or U (unusual) designations (Chapman et 
al. 1975). As more objects were observed, more classes (and letters) were used to distinguish 
between objects with different spectral properties. 

The classifi cation system that was most widely used in the late 1980s and 1990s is the 
asteroid taxonomy developed by Tholen (1984). Tholen (1984) grouped objects into fourteen 
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classes (Table 2Table 2) using a minimal-tree analysis of seven colors from eight broad-band fi lters 
from 0.34 to 1.04 μm and visual albedo, when available. Most classifi ed asteroids have 
estimated diameters of 20 km or greater. This classifi cation system was primarily based on the 
strengths of the UV and 1-μm absorption bands, which were the only features apparent in this 
spectral region and at this spectral resolution. 

The X-class had a wide range of albedos and its members were divided into the E- (high 
albedo), M- (intermediate albedo), and P- (low albedo) classes. E-, M-, and P-types are 
generally thought to have experienced distinctly different heating histories, with the E-types 
linked with the high-albedo and enstatite-rich aubrites, M with metallic iron cores, and P 
with low-albedo, carbon and/or organic-rich asteroids. All three types of material would be 
expected to have similar spectral properties when observed using the limited resolution of the 
ECAS fi lters, but they would have strongly contrasting albedos. 

The drawback with using taxonomic letters that are often derived from the fi rst letter of 
a specifi c inferred composition is that it is often assumed that all members of a class have 
that composition even though the classifi cation just indicates specifi c spectral properties. The 
M-class was derived from the word “metallic” because members of this class have spectral 
properties similar to those of metallic iron, with fl at to slightly red, featureless visible spectra 
and moderate albedos (~0.11-0.30). Many researchers assume that all M-types have metallic 

Table 2. A listing of Tholen (1984) and other commonly used classes.

Tholen Class IRAS Albedo Spectral Properties in the Visible

A 0.17-0.60 very strong UV feature, strong 1 μm feature

B 0.06-0.16 weak UV feature, blue past 0.4 μm, subclass of C 
complex

C 0.03-0.20 weak UV feature, fl at to reddish past 0.4 μm

D 0.03-0.08 very red spectrum

E 0.50-0.55 fl at to slightly red, featureless spectrum, higher albedo 
than P- and M-types

F 0.03-0.10 very weak UV feature, fl at to bluish past 0.4 μm. subclass 
of C complex

G 0.05-0.11 strong UV feature, fl at past 0.4 μm, subclass of C complex

M 0.11-0.30 fl at to slightly red, featureless spectrum, albedo between 
P- and E-types

P 0.02-0.07 fl at to slightly red, featureless spectrum, lower albedo than 
M- and E-types

Q (0.21)a strong UV and 1 μm features

R 0.38 strong UV and 1 μm features

S 0.05-0.50 strong UV feature, usually has 1 μm feature

T 0.05-0.10 weak UV feature, reddish past 0.4 μm

V 0.42 strong UV and 1 μm features

Other Classes Spectral Properties

K (Bell 1989) 0.14 spectrum intermediate between S and C asteroids

J (Binzel and Xu 1993) ? deeper 1 μm feature than a V-type spectrum

O (Binzel et al. 1993) ? weak UV feature out to 0.44 μm, very strong 1 μm feature 

W (Rivkin et al. 1995) 0.16-0.25 M-type with 3 μm feature

aThe albedo for 1862 Apollo is from Lebofsky et al. (1981b).
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iron compositions even though a number of different types of material could have these 
spectral properties. 

A few classes initially had only one member. The Q-class was used to classify NEA 1862 
Apollo, the R-class was used for 349 Dembowska, and the V-class was used for asteroid 4 
Vesta. The Q-class has become synonymous for asteroids with spectra similar to ordinary 
chondrites because Apollo has a visible spectrum (McFadden et al. 1985) similar to LL 
chondrites. A number of objects were discovered near Vesta with similar spectral properties 
to Vesta and the HEDs (howardites, eucrites, and diogenites) (e.g., Binzel and Xu 1993), and 
these objects were also called V-types.

A few more classes (Table 2) were subsequently proposed to describe objects with 
distinctive spectra whose spectral properties were not adequately described in the Tholen 
(1984) taxonomy. K-types have spectra intermediate between S- and C-types (Bell 1988); this 
classifi cation was initially used to describe members of the Eos family. The J class was used 
to classify asteroids that had UV and 1-μm features of similar strength to diogenites (Binzel 
and Xu 1993; Xu et al. 1995). The O-class was used to describe the visible spectra of 3628 
Božnĕmcová (Binzel et al. 1993; Xu et al. 1995), which has a weak UV feature and very 
strong 1-μm feature. Božnĕmcová was interpreted as having similar spectral properties to LL 
chondrites (Binzel et al. 1993). The W-class was proposed for M-types with 3-μm absorption 
features (Rivkin et al. 1995). The presence of a 3-μm absorption feature is consistent with 
hydrated silicates on the surface and is not consistent with a surface of metallic iron. 

Near-IR spectra tend, for the most part, to confi rm the basic interpreted compositions for 
the asteroid classes. S-types usually have absorption features in the near-IR due to olivine and/
or pyroxene (e.g., Gaffey et al. 1993a). V-types usually have near-IR spectra similar to HEDs 
(e.g., Burbine et al. 2001b). A-types usually have spectra consistent with olivine-dominated 
surfaces. B-, C-, F-, and G-types usually have low albedos and relatively featureless spectra 
out to 2.5 μm and are usually linked with carbonaceous chondrites (e.g., Burbine 1998) or 
thermally altered carbonaceous chondrites (Hiroi et al. 1993, 1996b). The relatively featureless 
spectra of E-types out to 2.5 μm and their high albedos are consistent with aubrites. D- and 
P-types usually have extremely red near-IR spectra and low albedos, which are consistent with 
the spectral properties of organic-rich primitive material.

Almost every Tholen (1984) class appears to contain objects with a variety of 
compositions. Gaffey et al. (1993a) did a study of the visible and near-IR spectra of a number 
of S asteroids and grouped them into seven subtypes (I through VII) based on the interpreted 
ratios of olivine to pyroxene from the analysis of Band Area Ratios and Band I minima. At 
the two compositional extremes, S(I) objects had spectra consistent with silicate assemblages 
that were almost entirely olivine while S(VII) objects had silicate assemblages almost entirely 
composed of pyroxene. With increasing subtype number, the proportion of pyroxene at the 
surface tends to increase. S(IV)-types had interpreted mineralogies consistent with ordinary 
chondrites. The range of meteorite types that may derive from the S-type asteroids includes 
the pallasites, ureilites, brachinites, lodranites/acapulcoites, ordinary chondrites, winonaites, 
and mesosiderites (Gaffey et al. 1993a,b). Near-IR observations of X-types (E, M, P) by Clark 
et al. (2004b) appear to be consistent with more than three types of assemblages. Observations 
in the 3-μm region e.g., (Jones et al. 1990; Rivkin et al. 1995) also show that a variety of 
assemblages exist within a number of Tholen (1984) asteroid classes, because many classes 
(e.g., E, M, C) contain objects with and without 3 μm bands. 

The most recent asteroid taxonomy (Bus 1999; Bus and Binzel 2002b) extends the 
taxonomy of Tholen (1984) to the CCD spectra of Bus and Binzel (2002a). Bus (1999) found 
that the Tholen (1984) taxonomy could not adequately distinguish the spectral variations in 
their high-resolution CCD spectra, so 26 taxonomic types and subtypes were defi ned (Table 3Table 3 
and Fig. 20Fig. 20) to classify ~1400 main-belt and NEAs. These types included the Tholen (1984) A, 

12_Burbine_etal.indd   2712_Burbine_etal.indd   27 12/26/2007   11:19:41 PM12/26/2007   11:19:41 PM



28 Burbine et al.

B, C, D, Q, R, S, T, and X classes plus the K class (Bell 1988), the newly defi ned L class, and 
the O class (Binzel et al. 1993). The “L” designation was chosen to stress the apparent spectrum 
continuum that these objects have with K asteroids. Over half of the asteroids classifi ed by Bus 
(1999) have diameters of less than 20 km.

The Bus (1999) taxonomy used the presence or absence of a number of specifi c spectral 
features to classify the CCD spectra. The letter “h” was used for objects that had a 0.7 μm 
feature (Fig. 20). This feature is usually assumed to be due to the presence of oxidized iron 
in phyllosilicates; King and Clark (1997), however, found that this feature is present in the 
spectra of other types of minerals. The letter “g” was used for C objects that had deep UV 
features because the Tholen (1984) G class was not defi ned in the Bus (1999) taxonomy. Some 
objects were classifi ed as Cgh-types. The letter “e” was used for X-types that had a feature 
centered at ~0.49 μm (Fig. 20). 

Bus (1999) also found that a number of objects have spectra intermediate between the 
S and the A, K, L, Q, and R classes. These intermediate classes were designated as the Sa, 

Table 3. Bus (1999) and Bus and Binzel (2002b) taxonomic classes.

Class Spectral Properties in the Visible

A Very steep red slope shortward of 0.75 μm and a moderately deep absorption longward of 0.75 μm

B Linear, featureless spectrum over interval of 0.44-0.92 μm with negative (bluish) to fl at slope

C Weak to medium UV absorption shortward of 0.55 μm, fl at to slightly reddish longward of 0.55 μm

Cb Linear, featureless spectrum from 0.44-0.92 μm with a fl at to slightly reddish spectral slope

Cg Strong UV feature shortward of 0.55 μm and fl at to slightly reddish slope longward of 0.55 μm

Cgh Similar to Cg spectrum, except for addition of broad, shallow absorption band centered near 0.7 μm

Ch Similar to C spectrum, except for addition of broad, shallow absorption band centered near 0.7 μm

D Relatively featureless spectrum with a very steep red slope

K Moderately steep red slope shortward of 0.75 μm, fl at to slightly negative slope longward of 0.75 μm

L Very steep red slope shortward of 0.75 μm and then becoming approximately fl at

Ld Very steep red slope shortward of 0.7 μm, becoming approximately fl at longward of 0.75 μm

O Red slope from 0.44-0.54 μm, less sleep from 0.54 to 0.7 μm, deep absorption longward of 0.75 μm

Q Moderately steep red slope shortward of 0.7 μm and deep, rounded absorption longward of 0.75 μm

R Very steep red slope shortward of 0.7 μm and a deep absorption longward of 0.75 μm

S Steep, reddish slope shortward of 0.7 μm and a moderate to deep absorption longward of 0.75 μm

Sa Spectrum intermediate between S and A types

Sk Spectrum intermediate between S and K types

Sl Spectrum intermediate between S and L types

Sq Spectrum intermediate between S and Q types

Sr Spectrum intermediate between S and R types

T Moderately steep red slope shortward of 0.75 μm, becoming fl at longward of 0.85 μm

V Moderate to very steep red slope shortward of 0.7 μm with a deep absorption longward of 0.75 μm

X Generally featureless spectrum with a slight to moderate reddish slope

Xc Slightly reddish spectrum, generally featureless except for gentle curvature

Xe Slight to moderate reddish slope with series of absorption features such as one shortward of 0.55 μm

Xk Moderately red slope shortward of about 0.75 μm and generally fl at longward of 0.75 μm

12_Burbine_etal.indd   2812_Burbine_etal.indd   28 12/26/2007   11:19:41 PM12/26/2007   11:19:41 PM



Oxygen and Asteroids 29

Sk, Sl, Sq, and Sr classes (Fig. 20) and are considered part of the S-complex, consisting of 
the S class plus the A, K, L, O, Q, and R classes. Spectra intermediate between C and B 
objects were called Cb, and those between L and D objects were called Ld. The C-complex 
contains the B, C, Cb, Cg, Ch, and Cgh classes. The X-complex includes the X and Xe class 
plus Xc (intermediate between the X and C classes) and the Xk (intermediate between the X 
and K classes) classes. Other authors (e.g., Binzel et al. 2004), however, have defi ned these 
complexes differently, by including different Bus (1999) classes in each complex.

X-type asteroids span a wide range of albedos, and contain a large range of interpreted 
mineralogies. In the Tholen (1984) taxonomy, the albedos are used to separate the X class 
into the E- (high albedo), M- (moderate albedo) and P- (low albedo) subclasses, while the 
separation in the Bus taxonomy into X-, Xe-, Xk-, and Xc-classes is based on infl ections and 
absorptions not visible at the low spectral resolutions available to Tholen (1984). Care must 
be taken in being clear which taxonomy is used, as the classes and subclasses are not perfectly 
matched, and results derived from studying one group (the E class, for instance) cannot be 
strictly applied to another group (Xe in this case).

The signifi cance of these intermediate classes is unknown. Bus (1999) found a continuum 
of asteroid spectral properties. Spectral differences between asteroids are probably due to a 
combination of factors (e.g., composition, degree of space weathering, grain size), which are 
very hard to constrain, so it is diffi cult to impossible to know what is actually causing small 
spectral variations between objects.

A number of asteroids (Table 4Table 4) have had their mineralogies interpreted from analyses 
of their refl ectance spectra and/or comparison to mineral or meteorite spectra. The following 
sections will discuss the mineralogical interpretations of a number of taxonomic classes. 

A-types

A-types have visible spectra indicative of silicate compositions dominated by olivine. 
Their near-IR spectra tend to confi rm that these objects have olivine-dominated surfaces 
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Figure 20. Refl ectance spectra of Bus (1999) taxonomic classes. 
The wavelength range for each spectrum is ~0.44 to ~0.92 μm.
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Table 4. Mineralogical characterizations of asteroids. This table is
 an expanded version of the one in Gaffey et al. (2002).

Asteroid Classa a (AU)b Interpreted Composition c Reference

1 Ceres G, C 2.77 hydrated silicates Vernazza et al. (2005)
2 Pallas B 2.77 hydrated silicates Larson et al. (1979)
3 Juno S, Sk, S(IV) 2.67 ol/(ol+pyx) ≈ 0.70, L chondrite Gaffey et al. (2002)
4 Vesta V 2.36 howardite, eucrite, diogenite Gaffey (1997)
6 Hebe S, S(IV) 2.43 ol/(ol+pyx) ≈ 0.6, H chondrite Gaffey and Gilbert (1998)
7 Iris S, S(IV) 2.39 ol/(ol+pyx) ≈ 0.70, L chondrite Gaffey et al. (2002)
8 Flora S, S(III) 2.20 ol/(ol+pyx) ≈ 0.75, FeNi Gaffey (1984)
9 Metis S, S(I) 2.39 ol/(ol+pyx) ≈ 0.88, FeNi Kelley and Gaffey (1997)
11 Parthenope S, Sk, S(IV) 2.45 ol/(ol+pyx) ≈ 0.66 Gaffey et al. (2002)
12 Victoria S, L, S(II))? 2.33 ol/(ol+pyx) ≥ 0.86 Gaffey et al. (2002)
13 Egeria G, Ch 2.58 CM chondrite Burbine (1998)
15 Eunomia S, S(III) 2.64 ol, pyx, FeNi Reed et al. (1997)
16 Psyche M 2.92 FeNi metal Ostro et al. (1985)
17 Thetis S 2.47 low-Ca and high-Ca pyx Sunshine et al. (2004) 
18 Melpomene S, S(V) 2.30 ol/(ol+pyx) ≈ 0.53 Gaffey et al. (2002)
19 Fortuna G, Ch 2.44 CM chondrite Burbine (1998)
20 Massalia S, S(VI) 2.41 ol/(ol+pyx) ≈ 0.34 Gaffey et al. (2002)
21 Lutetia M, Xk 2.44 CO3/CV3 chondrite Birlan et al. (2006)
25 Phocaea S, S(IV) 2.40 ol/(ol+pyx) ≈ 0.70 Gaffey et al. (2002)
26 Proserpina S, S(II) 2.66 ol/(ol+pyx) ≈ 0.70 Gaffey et al. (2002)
27 Euterpe S, S(IV) 2.35 ol/(ol+pyx) ≈ 0.75 Gaffey et al. (2002)
37 Fides S, S(V) 2.64 ol/(ol+pyx) ≈ 0.28 Gaffey et al. (2002)
39 Laetitia S, S(II) 2.77 ol/(ol+pyx) ≈ 0.74 Gaffey et al. (2002)
40 Harmonia S, S(VII) 2.27 ol/(ol+pyx) ≈ 0.11 Gaffey et al. (2002)
42 Isis S, L, S(I) 2.44 ol/(ol+pyx) ≈ 1.00, FeNi Gaffey et al. (2002)
43 Ariadne S, Sk, S(III) 2.20 ol/(ol+pyx) ≈ 0.80-0.87 Gaffey et al. (2002)
44 Nysa E 2.42 enstatite Clark et al. (2004)
63 Ausonia S, Sa, S(II-III) 2.40 ol/(ol+pyx) ≈ 0.73, FeNi Gaffey et al. (2002)
64 Angelina E, Xe 2.68 aubrite Zellner et al. (1977)
67 Asia S, S(IV) 2.42 ol/(ol+pyx) ≈ 0.54 Gaffey et al. (2002)
68 Leto S, S(II) 2.78 ol/(ol+pyx) ≈ 0.82 Gaffey et al. (2002)
69 Hesperia M, X 2.98 low-Fe, low-Ca pyx, FeNi Hardersen et al. (2005)
80 Sappho S, S(IV) 2.30 ol/(ol+pyx) ≈ 0.70 Gaffey et al. (2002)
82 Alkmene S, Sq, S(VI) 2.77 ol/(ol + pyx) ≈ 0.39 Gaffey et al. (2002)
110 Lydia M, X 2.73 low-Fe, low-Ca pyx, FeNi Hardersen et al. (2005)
113 Amalthea S, S, S(I-II) 2.38 ol/(ol+pyx) ≈ 0.87, FeNi Kelley and Gaffey (1997)
115 Thyra S, S, S(III-IV) 2.38 low- and high-Ca pyx Gaffey et al. (2002)
125 Liberatrix M, X 2.74 low-Fe low-Ca pyx, FeNi Hardersen et al. (2005)
130 Elektra G, Ch 3.12 organic-bearing Cruikshank and Brown (1987)
138 Tolosa S 2.45 low-Ca pyx Hardersen et al. (2006)
201 Penelope M, X 2.68 low-Fe low-Ca pyx, FeNi Hardersen et al. (2005)
216 Kleopatra M, Xe 2.77 FeNi Ostro et al. (2000)
221 Eos S, K 3.01 CO3 chondrite Bell (1988)

partially differentiated Mothé-Diniz and Carvano (2005)
246 Asporina A 2.70 ol Sunshine et al. (2007)
289 Nenetta A 2.87 ol Sunshine et al. (2007)
306 Unitas S 2.36 low-Ca pyx, ol Hardersen et al. (2006)
308 Polyxo T 2.75 Tagish Lake Hiroi and Hasegawa (2003)

CO3 chondrite Dotto et al. (2004)
346 Hermentaria S 2.80 low-Ca and high-Ca pyx Hardersen et al. (2006)
349 Dembowska R 2.93 ol/(ol + pyx) ≈ 55 Abell and Gaffey (2000)
354 Eleonora S, Sl, S(I) 2.80 ol with 5-10% pyx Sunshine et al. (2007)
387 Aquitania S, L 2.74 spinel on surface Burbine et al. (1992)
433 Eros S, S(IV) 1.46 ordinary chondrite McCoy et al. (2001)
434 Hungaria E, Xe 1.94 enstatite Kelley and Gaffey (2002)
446 Aeternitas A 2.79 ol with 5-10% pyx Sunshine et al. (2007)
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480 Hansa S 2.64 low-Ca pyx, ol Hardersen et al. (2006)
532 Herculina S, S(III) 2.77 low- and high-Ca pyx Gaffey et al. (2002)
584 Semiramis S, Sl, S(IV) 2.37 ol/(ol+pyx) ≈ 0.74, FeNi Gaffey et al. (2002)
599 Luisa S, K 2.77 CV3 chondrite Burbine et al. (2001a)
624 Hektor D 5.22 carbon, pyx Cruikshank et al. (2001)
653 Berenike S, K 3.01 CO3 chondrite Burbine et al. (2001a)

partially differentiated Mothé-Diniz and Carvano (2005)
674 Rachele S, S(VII) 2.92 ol/(ol+pyx) ≈ 0-0.32 Gaffey et al. (2002)
808 Merxia Sq 2.75 basaltic Sunshine et al. (2004)
832 Karin S 2.86 ordinary chondrite Sasaki et al. (2004)
847 Agnia S 2.78 basaltic Sunshine et al. (2004)
863 Benkoela A 3.20 ol with 5-10% pyx Sunshine et al. (2007)
980 Anacostia SU, L 2.74 spinel on surface Burbine et al. (1992)
984 Gretia Sr 2.80 ol with 5-10% pyx Sunshine et al. (2007)
1036 Ganymed S, S(VI-VII) 2.66 ol/(ol+pyx) ≈ 0.18-0.36 Gaffey et al. (2002)
1273 Helma V 2.39 eucrite/howardite Burbine et al. (2001b)
1459 Magnya V 3.15 eucrite-like Hardersen et al. (2004)
1862 Apollo Q 1.47 LL chondrite McFadden et al. (1985)
1906 Naef V 2.37 eucrite/howardite Burbine et al. (2001b)
1929 Kolla V 2.36 eucrite Kelley et al. (2003)
1933 Tinchen V 2.35 eucrite/howardite Burbine et al. (2001b)
1951 Lick A 1.39 ol de León et al. (2004)
2045 Peking V 2.38 eucrite/howardite Burbine et al. (2001b)
2442 Corbett J 2.39 eucrite/howardite Burbine et al. (2001b)
2501 Lohja A 2.42 ol with 5-10% pyx Sunshine et al. (2007)
2579 Spartacus V 2.21 eucrite/howardite, ol? Burbine et al. (2001b)
2590 Mourào V 2.34 eucrite/howardite Burbine et al. (2001b)
2653 Principia V 2.44 eucrite/howardite Burbine et al. (2001b)
2763 Jeans V 2.40 eucrite/howardite Burbine et al. (2001b)
2851 Harbin V 2.48 eucrite/howardite Burbine et al. (2001b)
2867 Steins E 2.36 enstatite Barucci et al. (2005) 
3103 Eger E, Xe 1.41 enstatite Gaffey et al. (1992)
3200 Phaethon F 1.27 hydrated silicates Licandro et al. (2007)
3268 De Sanctis V 2.35 eucrite/howardite Burbine et al. (2001b)
3376 Armandhammer Sq 2.35 eucrite/howardite Burbine et al. (2001b)
3551 Verenia V 2.09 eucrite/howardite Cruikshank et al. (1991)
3657 Ermolova J 2.31 eucrite/howardite Burbine et al. (2001b)
3819 Robinson Sr 2.77 ol with 5-10% pyx Sunshine et al. (2007)
3908 Nyx V 1.93 eucrite/howardite Cruikshank et al. (1991)
3944 Halliday V 2.37 eucrite/howardite Burbine et al. (2001b)
3968 Koptelov V 2.32 eucrite/howardite Burbine et al. (2001b)
4005 Dyagilev J 2.45 eucrite/howardite Burbine et al. (2001b)
4055 Magellan V 1.82 eucrite/howardite Cruikshank et al. (1991)
4147 Lennon V 2.36 eucrite/howardite Burbine et al. (2001b)
4188 Kitezh V 2.34 eucrite/howardite Burbine et al. (2001b)
4215 Kamo J, V 2.42 eucrite/howardite Burbine et al. (2001b)
4900 Maymelou V 2.38 eucrite/howardite Burbine et al. (2001b)
4979 Otawara S 2.17 ordinary chondrite Fornasier et al. (2003)
6178 1986 DA M 2.81 FeNi Ostro et al. (1991)
6611 1993 VW Q 1.70 ordinary chondrite Di Martino et al. (1995)
9969 Braille Q 2.35 equal amounts of ol and pyx Buratti et al. (2004)
25143 Itokawa S 1.32 LL chondrite Binzel et al. (2001)
69230 Hermes S 1.66 L/LL chondrite Rivkin et al. (2004a) 
2002 NY40 Q 2.05 LL chondrite Rivkin et al. (2003b)

a The classes (where available) are from Tholen (1984), Tholen (1989), Xu et al. (1995), Bus and Binzel (2002b), and Gaffey 
et al. (1993a). 

b Semi-major axes for main-belt asteroids are from the AstDyS website (http://hamilton.dm.unipi.it/cgi-bin/astdys/
astibo?proper_elements:0;main) and for near-Earth asteroids are from the Minor Planet Center website (http://cfa-www.
harvard.edu/iau/lists/Unusual.html).

c Abbreviations: ol = olivine; pyx = pyroxene; and plag = plagioclase.
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(Fig. 21Fig. 21). Approximately 20 A-types have been identifi ed, including 289 Nenetta, 246 Asporina, 
446 Aeternitas, and 863 Benkoela. Olivine-dominated asteroids also exist among S-types, but 
are not classifi ed as A-types because they have weaker absorption features in the visible. 

The identifi cation of only a small number of A-types has been a mystery because the 
presence of ~10 magmatic iron groups and a number of ungrouped irons, which may represent 
~50 parent bodies (Burbine et al. 2002b), implies a large number of disrupted differentiated 
objects. The mantle-derived debris would be expected to be olivine-rich. One possible 
explanation for the “absence” of this mantle material is that the differentiated assemblages 
were disrupted early in the history of the Solar System and the mantle material has been 
subsequently broken down to sizes that are not spectrally observable (Burbine et al. 1996).

The focus of much of the research on the mineralogy of A-types has been on determining 
the fayalite content of their olivine, since olivine-dominated meteorites with different thermal 
histories tend to have distinctive iron contents. A-types are commonly linked to either pallasites 
(Fa10-20) or brachinites (Fa30-35), but R-chondrites (Fa37-40) also appear to be possible spectral 
analogs. These meteorite types have experienced very different thermal histories. Pallasites 
are believed to be from the core-mantle boundaries of differentiated bodies, brachinites are 
thought to be derived from objects that partially differentiated, and R-chondrites have been 
heated but not melted. Compensating for temperature effects, Sunshine et al. (2007) analyzed 
the spectra of six A-types using MGM. They found that one A-type was Mg-rich (iron-poor) 
(1951 Lick, ~Fa20), two objects were more Fe-rich (246 Asporina and 289 Nenetta, ~Fa40), and 
three objects (446 Aeternitas, 863 Benkoela, 2501 Lohja) were Mg-rich with 5-10% pyroxene. 
Asporina and Nenetta are consistent with an R-chondrite assemblage or the partial melting of 
an R-chondrite, while the other objects are consistent with differentiated assemblages (e.g., 
pallasite).

C-complex

C-complex asteroids include the B, C, F, and G asteroids of the Tholen (1984) taxonomy 
and the C-complex objects of the B-, C-, Cg-, Ch-, and Cgh-types of the Bus (1999) taxonomy. 
These asteroids are typically linked with carbonaceous chondritic material because, like the 
latter, they have low albedos and relatively featureless spectra, with only weak absorption 
bands in the visible and near-IR. 

Asteroid 1 Ceres, a member of the C-complex, is the largest object in the main belt 
(975 by 909 km) (Thomas et al. 2005). Although one of the fi rst asteroids to be observed 
spectroscopically, the details of Ceres’ surface composition are still not agreed upon. Its 
visible and near-IR spectrum places it in the C complex in the Bus (1999) taxonomy, with a 
basically fl at spectrum. Ceres’ albedo is higher than those of most other C-complex objects, 
with an IRAS albedo of 0.11 (Tedesco et al. 2002) and a visual albedo of 0.09 (Li et al. 2006). 
Ceres was classifi ed as a G-type in the Tholen (1984) taxonomy due to its strong UV feature. 
Larson et al. (1979) originally interpreted a low-resolution 3-μm spectrum along with Ceres’ 
visible and near-IR spectrum (Fig. 22Fig. 22) as indicating a CI chondritic composition. 

Higher-resolution spectra of Ceres in the 3-μm region (Lebofsky et al. 1981a) show a band 
shape due to water, with a minimum near 3.05 μm. This band minimum was confi rmed by King 
et al. (1992), Rivkin et al. (2003a), and Vernazza et al. (2005). The interpretations have varied 
dramatically. Lebofsky et al. (1981a) considered a water ice frost to be responsible, though 
such a frost is only stable near the poles of Ceres. This interpretation seemed to be bolstered 
by the observation of OH emission off the sunlit pole of Ceres by A'Hearn and Feldman 
(1992) using International Ultraviolet Explorer (IUE) satellite observations. King et al. (1992) 
attributed the 3.05-μm band (Fig. 22) to ammonium (NH4

+) ions in clays. Such minerals are 
found in hydrothermal systems on Earth, and were considered possible on asteroids by Lewis 
and Prinn (1984), who postulated NH4

+-bearing brines. The presence of an ammoniated clay 
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Figure 21. Refl ectance spectrum of 446 Aeternitas (Bus and Binzel 2002a; Binzel personal communication). 
Spectrum is normalized to unity at 0.55 μm. Error bars are one-sigma, but are smaller than the points for 
most of the spectrum.
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Figure 22. The lower spectrum, of Ceres, was constructed from three different datasets, showing how 
full spectral coverage requires piecing together information from multiple sources. The upper spectrum, 
of Pallas, was constructed the same way. Evident in both spectra is the local maximum near 0.75 μm. 
Shortward of 0.5 μm is an absorption due to oxidized iron. A local minimum is seen in both objects near 
1.2 μm; this feature is also seen in clay minerals and carbonaceous chondrites. The two objects differ in 
obvious ways, however: Pallas has an overall blue slope to its spectrum (lower refl ectance with increasing 
wavelength) compared to Ceres' relatively fl at continuum. Also, Ceres and Pallas have very different band 
shapes near 3 μm. Pallas' band shape is similar to that found in CM meteorites, while Ceres' is unknown in 
meteorites and has been interpreted several different ways. C-types that have been surveyed tend to have 
Pallas-like band shapes, though Ceres-like shapes are also seen. Error bars are one-sigma.
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assemblage on Ceres would place tight constraints on the highest temperature experienced 
because temperatures higher than 400K lead to deammoniation of clays. 

Vernazza et al. (2005) found that a spectral minimum near 3.05 μm could be generated 
in macromolecular organic materials irradiated in the presence of water ice. Recent work by 
Thomas et al. (2005) found that the shape of Ceres is inconsistent with a homogeneous body, 
and postulates the existence of a subsurface ocean (though perhaps currently frozen). McCord 
and Sotin (2005) show that such an ocean is a natural outcome of thermal models, and suggest 
that Ceres is 17-27% water by mass, beneath a ~10 km-thick, unmelted crust. The presence of 
large amounts of water could plausibly resupply a frost, though modeling has not been done. 
Rivkin et al. (2006b) identifi ed absorption features in Ceres’ spectrum that appear to be due to 
carbonates and Fe-rich clays. 

In the near-IR, Ceres also can be seen to have a very broad (~1 μm in width), relatively 
shallow (~5% band depth) band centered near 1.2 μm. This band is also seen in carbonaceous 
chondrites and is likely due to phyllosilicates. Ceres' band shape, with a minimum near 3.05 μm, 
is shared by several other asteroids, including 10 Hygiea, 24 Themis, and 375 Ursula (Rivkin 
et al. 2003a; 2004b). If all of these objects have similar mineralogies, looking at their common 
properties should help distinguish between the competing theories of Ceres' composition. 

As with Ceres, early work associated Pallas with carbonaceous chondrite meteorites 
(Larson et al. 1983). The main spectral difference between Ceres and Pallas is the shape of their 
3-μm bands (Fig. 22), and the signifi cant blue slope in the spectrum of Pallas in the visible and 
near-IR. Pallas was seen as being potentially poor in Fe2+, with evidence for low-Fe hydrated 
and anhydrous silicates. Pallas’ band shape in the 3-μm region is commonly found among low-
albedo objects, and is reminiscent of the band shapes of the CM chondrite Murchison. However, 
Pallas’ IRAS albedo (0.16) is much higher than the visual albedos of CM chondrites (~0.05). 
The cause of spectral continua is not well-understood, and while blue slopes are uncommon, 
they are not unknown.

Rivkin et al. (2003a) found an H/Si ratio of ~1.6 for Pallas, with an equivalent water content 
of ~7.5%, assuming 30% SiO2. This is lower than what is seen for CM meteorites by roughly 
one third, but is still well within the range that could be expected for hydrated meteorites. Given 
what we currently know about Pallas spectroscopically, we might expect a CM-like object. The 
calculated density of Pallas (4.2 ± 0.3 g/cm3) (Hilton 1999), however, is considerably higher 
than the average bulk density of CM chondrites (~2.1 g/cm3) (Britt and Consolmagno 2003). 

A number of C-complex asteroids have been linked to CM chondrites. Asteroid 19 Fortuna 
(Fig. 23Fig. 23) has a refl ectance spectrum that is very similar to CM2 chondrite LEW 90500 (Burbine 
1998). Asteroid 13 Egeria was also found to be spectrally similar to CM2 chondrites. Both 
objects have the 0.7 μm feature that is found in the spectra of CM chondrites. Both asteroids have 
diameters greater than 200 km and are located near the meteorite-supplying 3:1 resonance.

Hiroi et al. (1993, 1996b) found that a number of thermally metamorphosed CI 
and CM chondrites had no 0.7 μm bands and weaker UV and 3-μm features compared to 
unmetamorphosed CI and CM chondrites. Heating to temperatures of ~400 °C and above 
destroys the original aqueous minerals in the carbonaceous chondrites. Nakamura (2006) 
has identifi ed one metamorphosed CM chondrite (Y-793221) as being a regolith breccia of a 
hydrous asteroid, based on evidence of the effects of impact, heating, dehydration, and solar-
wind implantation. A number of large C-complex asteroids (Hiroi et al. 1993, 1996b) have 
spectra similar to these metamorphosed carbonaceous chondrites. 

D- and P-types

A large number of outer-belt objects are classifi ed as D- and P-types due to their red-sloped, 
featureless spectra and low albedos. Cybele asteroids observed by Lagerkvist et al. (2005) in the 
visible wavelength region tended to be primarily X-, D-, and P-types. Visible refl ectance spectra 
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of asteroids in the Hilda group (3.70-4.20 AU) by Dahlgren et al. (1997) show that these objects 
are mostly D-types with very few C- and P-types. Measured albedos of these objects range from 
0.03 to 0.11. Visible and near-IR observations of Trojans have found no clear evidence of 0.7-
μm bands (Jewitt and Luu 1990; Barucci et al. 2002; Bendjoya et al. 2004; Fornasier et al. 2004; 
Dotto et al. 2006b), possibly indicating that these objects are not similar to CM chondritic mate-
rial. Hiroi et al. (2004) were able to duplicate the spectral properties of P-types in the visible and 
near-IR, however, using mixtures of altered and unaltered CI/CM meteoritic material and the 
unusual chondrite Tagish Lake. The material was altered through heating with a pulsed laser. 

Jewitt and Luu (1990) observed 32 Trojan asteroids in the visible wavelength region and 
found that they have a range of spectral slopes from relatively fl at to slightly red. They noted the 
possible presence of absorption features in the 0.5-0.6 μm range in the spectra of two Trojans, 
1870 Glaukos and 5028 Halaesus, which resembled features found in porphyrins of organic 
materials. Fornasier et al. (2004) observed 26 Jupiter Trojans at the L5 Lagrangian point in the 
visible wavelength region. No discernible absorption features were found to be present in any of 
the Fornasier et al. (2004) spectra. Observations with the Spitzer Space Telescope by Emery et 
al. (2005) found that the mid-IR spectra of Trojan asteroids are most consistent with anhydrous 
silicates; however, Kanno et al. (2003) has detected a 3-μm band in the spectra of main-belt 
D-type asteroid 773 Irmintraud. Irmintraud was classifi ed as D-type by Tholen (1984), but as a 
T-type by Bus and Binzel (2002b). 

E- and Xe-types 

E-types have relatively featureless spectra and high albedos. These spectral properties 
are consistent with aubrites (Zellner et al. 1977), which consist almost entirely of FeO-free 
enstatite (Burbine et al. 2002c). Bus (1999) did not use albedo information in his classifi cation 
scheme, so he grouped objects (E, M, P) that Tholen (1984) subdivided by albedo into the X-
complex. High-resolution spectra of these objects (Bus and Binzel 2002a) show that a number 
of these asteroids also have features centered at ~0.49 μm, and Bus (1999) classifi ed them as 
Xe-types (Fig. 24Fig. 24). This ~0.49-μm feature has been linked to oldhamite (CaS) (Burbine et al. 
2002c), which is commonly found in aubrites. These E- and Xe-types have been found in high 
numbers in the Hungaria region, such as 434 Hungaria (Kelley and Gaffey 2002). E-type NEA 
3103 Eger has been postulated as the source body of the aubrites (Gaffey et al. 1992). Other 
E- or Xe-type objects, such as 64 Angelina, are found further out in the belt. E- and Xe-type 
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Figure 23. Refl ectance spectra of 19 Fortuna (Bus and Binzel 2002a; Binzel personal communication) and 
CM2 chondrite LEW 90500 (Hiroi et al. 1993). Spectra are normalized to unity at 0.55 μm. Error bars are 
one-sigma, but are smaller than the points for most of the spectrum.
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44 Nysa has a high albedo (0.49), but also has a 1-μm feature that indicates the presence of 
a Fe2+-bearing silicate (Gaffey et al. 1989; Clark et al. 2004a). This interpreted composition is 
different from that found in aubrites, which have silicates that are virtually Fe2+-free.

K- and L-types

Asteroids in the Eos family have long been noted to have spectral properties intermediate 
between the S- and C-types in the visible wavelengths (Gradie and Zellner 1977). The Eos 
family (extending from 2.97 to 3.07 AU) (Zappalà et al. 1994) has over 3,200 members (Mothé-
Diniz et al. 2005). Bell (1988) found that these objects tend to have relatively fl at spectral slopes 
in the near-IR with shallow silicate absorption bands, and labeled these objects as K-types. 
Asteroids outside the Eos family have also been classifi ed as K-types. Burbine et al. (2001a) 
noted the spectral similarities between Eos family members (221 Eos and 653 Berenike) and 
a CO3 chondrite and a non-Eos family member (599 Luisa) with a CV3 chondrite. Recently, 
Mothé-Diniz and Carvano (2005) noted spectral similarities between Eos and Divnoe (Petaev et 
al. 1994), an ungrouped olivine-rich achondrite, and argue that Eos family members have been 
extensively heated.

The L-class asteroids (Bus 1999) have stronger UV slopes than K-types. L-types include 
387 Aquitania and 980 Anacostia, which were identifi ed as having anomalous spectra (Burbine 
et al. 1992), because their 2-μm features are stronger than their 1-μm features. Burbine et al. 
(1992) postulated that these spectral properties are consistent with the spectra of spinel in CAIs. 
Burbine (2000) noted that there appears to be a number of different mineral assemblages among 
L-types. For example, L-type 42 Isis has distinctive olivine absorption bands and was labeled as 
an S(I)-subtype by Gaffey et al. (1993a).

M-types

M-type asteroids have spectra consistent with FeNi metal in the visible region plus 
relatively moderate visual albedos (0.10-0.30). These spectral properties are consistent with 
FeNi being the only constituent present, as in iron meteorites or, if other constituents beside 
FeNi are present, they are spectrally transparent (e.g., enstatite chondrites).

Extended spectral coverage has increased the number of possible mineralogies present in 
the M-class. Observations in the 3-μm region by Jones et al. (1990) and Rivkin et al. (1995, 
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Figure 24. Refl ectance spectra of 64 Angelina (Bus and Binzel 2002a; Binzel personal communication) 
and oldhamite from the Norton County aubrite (Burbine et al. 2002) out to 1 μm. Spectra are normalized to 
unity at 0.55 μm. Error bars are one-sigma, but are smaller than the points for most of the spectrum.
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2000) all show that some M-types have absorptions interpreted as due to hydrated minerals. 
Rivkin et al. (2000) classifi ed these “wet” M-objects as W-types in order to separate different 
mineralogies from one another. The amount of water implied by these minerals is still a matter 
of some debate, as relations appropriate to M-types have not been determined. However, these 
observations show that many of the asteroids fi rst classifi ed as M are not consistent with iron 
meteorites, as an iron composition cannot be reconciled with hydrated minerals in spectrally 
observable amounts. Rivkin et al. (2000) found that roughly 1/3 of the M-types had a 3-μm 
band. The largest asteroids were found to be much more likely to have the 3-μm band than 
smaller ones, with the breakpoint at a diameter of ~65 km. They argued that this was consistent 
with the idea that larger M-types were too large to be disrupted cores, as their implied parent 
body sizes were very large compared to the sizes of objects expected to be disrupted over 
the course of Solar System history. Hardersen et al. (2005) also found spectral diversity in 
the M class, interpreting some objects as having reduced silicate mineralogy consistent with 
core-mantle boundaries, smelting-type reactions, or Bencubbinite-like mineralogies. This latter 
group does have some hydrated minerals, though direct comparisons are frustrated by the lack 
of available CB or CH spectra.

Other data support the diversity of mineralogies among M-types. Radar observations of 
216 Kleopatra (Mitchell et al. 1995) show a high radar albedo consistent with a surface of 
metallic iron. The radar albedo is the radar cross section per unit of projected surface area 
(Ostro et al. 2000). The observations of 16 Psyche also show a somewhat high radar albedo. 
Asteroid 21 Lutetia, conversely, has a radar albedo typical of C-types. Barucci et al. (2005) 
found that Lutetia, one of the spacecraft targets of the Rosetta mission, has spectral properties 
similar to carbonaceous chondrites. Magri et al. (1999, 2007) found that main-belt M-types 
have higher mean radar albedos and a wider range of radar albedos than other taxonomic types, 
implying that both metal-rich and metal-poor M-types exist. 

Polarimetric and photometric data from Lupishko and Belskaya (1989) also indicate that 
the largest M-types are not pure metal. Available densities also show variation through the 
M class: observations of the orbit of the satellite of 22 Kalliope give a density of 2.37 g/cm3 
(Margot and Brown 2003), inconsistent with an iron meteorite, but consistent with the 3-μm 
observations of Rivkin et al. (2000), while 16 Psyche has had reported densities that range from 
1.8 ± 0.4 g/cm3 (Viateau 2000) to 6.98 ± 0.58 g/cm3 (Kuzmanoski and Kovacevic 2002), the 
latter consistent with an iron meteorite mineralogy. Because densities of metallic iron are ~7.3-
7.7 g/cm3, the bulk porosity of Psyche would have to be around ~70% for it to be composed 
entirely of metallic iron if its density is 1.8 g/cm3 (Britt et al. 2002). This degree of porosity 
seems implausible for a metallic iron body.

M-type 16 Psyche has been long thought to be the FeNi core of a disrupted differentiated 
body. Psyche has a relatively high radar albedo among main-belt asteroids, which appears 
consistent with both a metallic regolith having typical lunar values of porosity and an enstatite 
chondrite-type regolith (~30% metal) with a porosity slightly below the lunar range (Ostro 
et al. 1985; Magri et al. 1999). Lupishko and Belskaya (1989) noted that the ECAS spectra 
of Psyche appeared to show a weak absorption feature in the 0.8 to 0.9-μm range. Hardersen 
et al. (2005) has also observed a weak absorption feature at ~0.9 μm that they attribute to 
orthopyroxene. The presence of Fe2+-bearing silicates on the surface of Psyche is consistent 
with a differentiated metallic core with orthopyroxene on the surface, and not with an enstatite 
chondrite composition (Hardersen et al. 2005). Binzel et al. (1995) found no signifi cant changes 
in the visible rotation spectra of Psyche, implying no large-scale variations in the content of the 
silicates (if present) on the surface.

M- and Xe-type 216 Kleopatra has been proposed to be the FeNi core of a disrupted 
differentiated body. Kleopatra has an extremely high radar albedo that is consistent with a 
metallic regolith having typical lunar porosity values (Mitchell et al. 1995). Hardersen et al. 
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(2005) observed a weak absorption feature at ~0.9 μm for Kleopatra that they attribute to 
orthopyroxene on the surface.

O-types

O-type 3628 Božnĕmcová has been previously linked with the ordinary chondrites due 
to its spectral similarities with these meteorites in the visible wavelength region (Binzel et 
al. 1993). Božnĕmcová is located near the 3:1 resonance and has a diameter of ~7 km. In the 
visible wavelength region, Božnĕmcová has a relatively fl at to slightly red refl ectance from 
0.5 to 0.8 μm and a very deep 1-μm absorption feature, similar to the characteristics of the L6 
and LL6 chondrites. A near-IR spectrum (out to 1.65 μm) of Božnĕmcová, however, does not 
resemble spectra of ordinary chondrites (Fig. 25Fig. 25) (Burbine and Binzel 2002).

Q-types

Q-type 1862 Apollo has long been known (McFadden et al. 1985) to have spectral 
properties similar to LL chondrites (Fig. 26Fig. 26). Apollo and LL chondrites have similarly-shaped, 
asymmetric 1-μm features and weak 2-μm features. Additional Q-type asteroids were identifi ed 
in spectroscopic surveys of NEAs (e.g., Bus and Binzel 2002b). Binzel et al. (2004) defi ned 
a Q-complex containing Q- and Sq-types and found that one-quarter of classifi ed NEAs were 
of this complex. This observation appears to be consistent with the dominance of ordinary 
chondrite material in our meteorite collections. 

R-types

Asteroid 349 Dembowska has long been known to have a unique refl ectance spectrum 
(Fig. 27Fig. 27) (e.g., Feierberg et al. 1980), which is unlike any known meteorite. From analyses of 
its visible and near-IR spectrum, Abell and Gaffey (2000) derive an ol/(ol+opx) ratio of ~0.45-
55 with a pyroxene composition of ~Fs25Wo10. They interpret this composition as indicating 
that Dembowska only experienced small degrees of partial melting. Bus (1999) also identifi ed 
1904 Massevitch, 2371 Dimitrov, and 5111 Jacliff as being R-types. 

S-complex

Approximately 40% of the objects observed by Bus (1999) were classifi ed as part of the 
main S-complex (S, Sa, Sk, Sl, Sq, Sr). As mentioned earlier, asteroids classifi ed as part of the 
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Figure 25. Refl ectance spectra of 3628 Božnĕmcová (Bus and Binzel 2002a; Burbine and Binzel 2002) 
and LL6 chondrite Bandong (Burbine et al. 2003). Spectra are normalized to unity at 0.55 μm. Error bars 
are one-sigma.
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S-complex span a continuum of compositions from olivine-dominated to pyroxene-dominated 
(Gaffey et al. 1993a). This range of compositions has caused S-types to be subdivided on 
the basis of visible (Bus 1999; Bus and Binzel 2002a) and near-IR spectra (Gaffey et al. 
1993a; Howell et al. 1994). Meteorite types possibly derived from S-type asteroids include the 
pallasites, ureilites, brachinites, lodranites/acapulcoites, ordinary chondrites, winonaites, and 
mesosiderites. Hardersen et al. (2006) has also found a number of S-types that have spectral 
properties consistent with partially differentiated assemblages that do not appear to be present 
in our current meteorite collections.

The prevailing question concerning S-type asteroids is: what percentage of them have 
mineralogies similar to ordinary chondrites, the most common type of meteorite to fall to 
Earth? A number of authors (e.g., Binzel et al. 1996; Chapman 1996, 2004) argue that S-
types are predominantly ordinary chondrites. Binzel et al. (1996) found that S-complex 
NEAs tend to have spectral properties intermediate between those of ordinary chondrites 
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Figure 26. Refl ectance spectra of 1862 Apollo (Binzel et al. 2006) and LL6 chondrite Bandong (Burbine 
et al. 2003). Spectra are normalized to unity at 0.55 μm. Error bars are one-sigma.
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Figure 27. Refl ectance spectrum of 349 Dembowska (Bus and Binzel 2002a; Binzel personal 
communication). Spectrum is normalized to unity at 0.55 μm. Error bars are one-sigma, but are smaller 
than the points for most of the spectrum.
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and main-belt asteroids, implying a spectral continuum, which was consistent with reddening 
and reduction of the band strength of spectra of ordinary chondrite assemblages by space 
weathering. Alternatively, a number of authors (e.g., Gaffey et al. 1993a; Hardersen et al. 2006; 
Gaffey 2006) argue that S-types are primarily partially differentiated objects, on the basis of 
observation of a number of asteroids with interpreted mineralogies that are not consistent with 
ordinary chondrite assemblages. 

The S-asteroid that is most closely linked with a meteorite type is 6 Hebe, which has been 
proposed as the parent body of the H chondrites (Gaffey and Gilbert 1998). Calculated Band 
Area Ratios and Band I minima for Hebe are consistent with H chondrites, with an interpreted 
ol/(ol+opx) ratio of 0.6 (Gaffey et al. 2002). However, Hebe’s spectrum is reddened compared 
to ordinary chondrite spectra. Gaffey and Gilbert (1998) propose that sheets of metallic 
iron on the surface, produced by impact heating, are the cause of this reddening. Evidence 
for impact melting and sheets of metallic iron on the H-chondrite parent body are found in 
the IIE iron Watson (Olsen et al. 1994), which contains silicates with chemical and oxygen 
isotopic compositions similar to H chondrites, and Portales Valley, a metal-veined H6 chondrite 
(Ruzicka et al. 2005). As mentioned earlier, however, ambiguities in interpreting the spectrum 
of FeNi metal make this interpretation non-unique. For example, a space-weathered ordinary 
chondritic surface could yield a similar spectrum (Pieters et al. 2000).

T-types

T-type asteroids, as defi ned by Bus (1999), have visible spectra intermediate between Xk-, 
L-, and D-types. T-types have been linked with a variety of compositions, including mixtures 
of organics and hydrated silicates (Gaffey et al. 1993b) and troilite-rich surface compositions 
(Britt et al. 1992). One of the most-studied T-type asteroids is 308 Polyxo, due to its relatively 
large estimated size of ~141 km. Hiroi and Hasegawa (2003) noted the spectral similarity of 
Polyxo in the visible and near-IR with the unusual carbonaceous chondrite Tagish Lake, while 
Hiroi et al. (2005) noted the spectral similarity of Polyxo and the ungrouped C2 chondrite WIS 
91600. Dotto et al. (2006a) analyzed spectra from 7 to 26 μm for 308 Polyxo and found that, 
in this wavelength region, Polyxo was similar to CO3 chondrite Ornans and was not spectrally 
similar to Tagish Lake. 

V-types

V-type 4 Vesta is the asteroid that has been most persuasively argued to be a meteorite 
parent body (e.g., Pieters et al. 2005). McCord et al. (1970) discovered that the Vesta spectrum 
has absorption bands in the visible wavelength region that are similar in structure, wavelength 
position, and strength to the bands found in HED spectra. Larson and Fink (1975) found that 
these spectral similarities continue into the near-IR. Hiroi et al. (1994) found that the spectrum 
of a very fi ne-grained howardite, EET 87503, was a good match for the spectrum of Vesta 
(Fig. 28Fig. 28). Vesta is a relatively large object (560 by 544 by 454 km) (Thomas et al. 1997b), and 
is part of the Vesta family, which has over 4000 members (Mothé-Diniz et al. 2005). About 
75% of the classifi ed asteroids in the Vesta family are V-types. In the Vesta family, objects 
with V-class designations generally have diameters less than 10 km, while objects with other 
designations tend to have sizes greater than 10 km (Burbine 2000). 

The proposed linkage between Vesta and the HEDs was strengthened by Binzel and Xu 
(1993), who found of a number of small objects (< 10 km across) with spectra similar to those 
of HEDs in the Vesta family, and located between Vesta and the 3:1 resonance. These objects 
are typically called “Vestoids.” Additional main-belt V-types have been identifi ed by Bus and 
Binzel (2002b) and Florczak et al. (2002). A 460-km crater near the south pole of Vesta has 
been identifi ed using Hubble Space Telescope Images (Thomas et al. 1997a) and has generally 
been linked to the formation of the Vestoids. Near-IR spectra of Vestoids (e.g., Burbine et al. 
2001b; Kelley et al. 2003; Duffard et al. 2004) confi rm their spectral similarities to HEDs 
(Fig. 29Fig. 29). A near-IR spectral study (Duffard et al. 2004) of nineteen V-types near Vesta confi rms 
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the presence of different kinds of basalts, but with no clear correlation between mineralogies 
and membership to the Vesta’s dynamical family.

Vestoids tend to have a relatively large spread in semi-major axis and much tighter distribu-
tions in inclination and eccentricity because it is dynamically easier to change the semi-major 
axis of a body than its inclination or eccentricity (Binzel et al. 1999). Objects randomly ejected 
from Vesta would be expected to have such a distribution. Dynamical modeling of the migration 
of some inner main-belt Vestoids (Carruba et al. 2005) suggests that some of these objects could 
be fragments of Vesta. Roig and Gil-Hutton (2006) have identifi ed ~500 possible Vestoids in the 
belt using SDSS colors. Approximately half of these possible Vestoids are part of the Vesta dy-
namical family while most of the other possible Vestoids are located in the inner main belt and 
are most likely fragments of Vesta. Roig and Gil-Hutton (2006) identifi ed six possible Vestoids 
in the middle/outer part of the belt that appear quite isolated in proper element space.
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Figure 28. Refl ectance spectra of 4 Vesta (Bus and Binzel 2002a; Binzel personal communication) and 
howardite EET 87503 (Hiroi et al. 1994). Spectra are normalized to unity at 0.55 μm. Error bars are one-
sigma, but are smaller than the points for most of the spectrum.
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Figure 29. Refl ectance spectra of 1929 Kollaa (Bus and Binzel 2002a; Binzel personal communication) 
and eucrite Bouvante (Burbine et al. 2001b). Spectra are normalized to unity at 0.55 μm. Error bars are 
one-sigma.
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Asteroid 1459 Magnya (Fig. 30Fig. 30) was the fi rst V-type to be identifi ed in the outer main belt 
(a = 3.15 AU) (e.g., Lazzaro et al. 2000). Dynamically, it is very diffi cult to derive Magnya from 
Vesta (Michtchenko et al. 2002). Magnya’s recently obtained albedo is 0.37 ± 0.06 (Delbo et al. 
2006), which is consistent with HEDs and is much higher than its previously determined IRAS 
albedo (0.12 ± 0.03). Magnya’s diameter was calculated to be 17 ± 1 km (Delbo et al. 2006). 
Hardersen et al. (2004) found Magnya to be a basaltic assemblage with an average pyroxene 
composition of En55-57Fs36Wo7-9.

Cochran and Vilas (1997, 1998), Vilas et al. (2000), Sykes and Vilas (2001), and Cochran et 
al. (2004) have found a weak feature at 0.5065 μm in their high-resolution CCD spectra of Vesta 
and some, but not all, Vestoids. All HEDs appear to have this feature (Hiroi et al. 2001a).

Hasegawa et al. (2003) reported a 3-μm absorption feature in their spectrum of Vesta at 
about the 1% level. They proposed that this feature may be due to solar wind implantation, 
with protons reacting with oxygen atoms to form hydroxylated minerals in glasses, and/or the 
impact of CM2 material. Further observations of Vesta by Vernazza et al. (2005) and Rivkin 
et al. (2006a) in the 3-μm region do not confi rm the presence of this 1% feature. Rivkin et 
al. (2006a) note that a 1% drop in refl ectance is consistent with HED laboratory data, all of 
which have been affected by terrestrial water. More laboratory study of HEDs under conditions 
optimized for 3-μm spectroscopy is necessary before the continuum behavior is known to the 
1% level near 3 μm.

HELIOCENTRIC DISTRIBUTIONS OF 
TAXONOMIC CLASSES IN THE MAIN BELT

From the earliest observations of asteroids using UBV (ultraviolet, which peaks at 
~0.36 μm; blue, which peaks at ~0.44 μm; and visible, which peaks at 0.55 μm) fi lters, it has 
been known that there are systematic spectral differences between inner and outer main-belt 
asteroids (e.g., Chapman et al. 1971; Gradie et al. 1989). Inner-belt objects tend to have redder 
(refl ectance increasing with increasing wavelength) UBV spectra than the bluer (“fl atter” 
spectra), outer-belt objects. This spectral trend was also apparent when the fi rst asteroid 
taxonomies were developed (e.g., Chapman et al. 1975), because asteroids classifi ed as S-
types were found to dominate in the inner part of the asteroid belt while C-types dominated 
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Figure 30. Refl ectance spectra of 1459 Magnya (Binzel personal communication) and eucrite Bouvante 
(Burbine et al. 2001b). Spectra are normalized to unity at 0.55 μm. Error bars are one-sigma.
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the outer part. Since Chapman et al. (1975), researchers have carried out various analyses with 
increasingly larger datasets using different taxonomies, applied to different data sets.

For albedo, the main source is the IRAS (Tedesco 1986) and TRIAD (Tucson Revised 
Index of Asteroid Data) (Bender et al. 1978) catalogs. For visible spectral data, the surveys 
available are the ECAS (Zellner et al. 1985b), SMASS I (Xu et al. 1995) and II (Bus and 
Binzel 2002a), and S3OS2 (Lazzaro et al. 2004). It is important to note that all observational 
surveys are naturally biased towards bright objects, and to the particular scientifi c focus of 
the survey. Therefore, in order to analyze the true heliocentric distribution of classes, it is 
necessary to correct for observational bias. The research that attempted this kind of analysis 
differs slightly in the details of how the bias correction is performed, and mainly in the total 
amount of numbered asteroids known at the time of the analysis.

Zellner (1979) used a variety of observations of over 700 objects available in TRIAD 
to investigate the distribution of the C-, S-, M-, E-, and R- types, as defi ned by Bowell 
(1978). Gradie and Tedesco (1982) accomplished the same kind of analysis using the major 
classes of Bowell (1978) plus the additional D-, F-, and P-classes, since the Tholen (1984) 
classifi cation had not been published yet. Gradie and Tedesco (1982) mainly used albedos 
from the preliminary results of the 10- and 20-μm radiometric survey (Gradie and Tedesco 
1988) and ECAS spectra (Zellner et al 1985b). In both of the latter two works, the classifi ed 
sample objects were bias-corrected according to the population of ~1,400 numbered objects. 
The availability of IRAS data (Matson et al. 1986), which yielded albedos for more than 1,700 
numbered asteroids, allowed Gradie et al. (1989) to reanalyze the taxonomic distribution of 
asteroids, using their extended 18-class taxonomy based on Tholen's (1984) taxonomy.

Zellner (1979) separated the asteroids into 15 orbital element zones. Four of these 
zones were associated with dynamical families (Eos, Koronis, Nysa, Themis); six of them 
represented dynamical associations like the Flora clan, and the Apollo-Amor, Hungarias, 
Phocaeas, Hildas, and Trojans; four zones were natural separations of the main belt from 2.06 
to 3.65 AU according to major mean motion resonances (3:1 at ~2.5 AU, 5:2 at ~2.83 AU and 
the 2:1 at ~3.27 AU); and one zone was called “exceptional”, covering all objects that could 
not fi t into one of the previous groups. The Gradie and Tedesco (1982) zones were slightly 
different, based on the twelve regions defi ned by Kiang (1971): nine zones corresponding to 
the Kirkwood gaps and other commensurability points; the range 1.0 < a < 2.0 AU; the Hildas; 
and the Trojans. Gradie et al. (1989), on the other hand, bias-corrected their data using the 19-
zone system of Zellner et al. (1985a). 

To perform the bias correction in either work, only asteroids with mean opposition 
magnitudes less than 16.5 were retained in the sample, and each zone was then divided into 
half-magnitude bins. Then, the bias factor f was computed as the ratio of the number of 
asteroids present in the zone to the number sampled. It was assumed that for each classifi ed 
asteroid A, with a bias factor f, there are f−1 additional objects of identical type and diameter 
in the same zone. Additionally, Gradie and Tedesco (1982) identifi ed and discarded members 
of asteroid families (Flora, Nysa, Koronis, Eos, Themis). To account for the oversampling 
of these objects, each dynamical family has been represented by a single object of the most 
common type found in that family. They also discarded the planet-crossing objects because 
their formation locations are different from where they are found today. 

The main result of these works is that the heliocentric distribution of taxonomic types 
is not uniform. This agrees with the earlier work of Chapman et al. (1975), who performed 
a bias-corrected analysis of the physical properties of a set of ~80 asteroids with D > 90 km. 
Moderate-albedo S-types prevailed in the inner belt (a < 2.4 AU) while low-albedo objects 
dominated the outer belt (a > 2.4 AU). Zellner (1979) found that, for the whole main belt 
population, ~75% are C-types, ~15% S-types, and ~10% are other types.
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Gradie and Tedesco (1982) showed that the main belt is highly structured, with at least six 
major compositionally distinct regions, and a particular class or set of classes dominating each 
region. They proposed that the asteroids formed at or near their present locations, because this 
distinct zoning of the distribution could not be explained by random transport of objects over 
large distances of the Solar System. In particular, the S-types peak at ~2.3 AU and make up 
40% of the local population, while the C-types have their maximum at ~3.0 AU, accounting 
for 80% of the local population.

Assuming the usual linkages between taxonomic classes and particular asteroids, the 
distribution of objects found by Gradie and Tedesco (1982) mimics part of the equilibrium 
condensation sequence (Table 1), with enstatite-rich bodies being found in the inner belt and 
asteroids becoming more oxidized with larger heliocentric distances. High-albedo E-types 
(linked with the enstatite-rich aubrites) are found in the innermost part of the belt. S-types, 
which tend to contain ferrous olivines and pyroxenes, are most abundant in the inner part of 
the belt. The low-albedo C-complex objects (usually linked with some type of carbonaceous 
chondritic material) peak in the middle of the belt. Lower-albedo P- and D-types, believed to 
be organic-rich, peak in the outermost part of the belt. 

In the Chapman et al. (1975) analysis, the same general characteristic was seen: moderate-
albedo objects dominate the inner belt and the low-albedo objects were preferably found in the 
outer belt. The main difference between the results of Chapman et al. (1975) and the work of 
Gradie and Tedesco (1982) concerns the distribution of C-class objects in the main belt. Gradie 
and Tedesco (1982) see a peak in the distribution at around 3.0 AU, which is not as apparent in 
the Chapman et al. (1975) distribution.

Since the last decade, high throughput long-slit spectrographs employing charge-coupled 
devices (CCDs) have become widely used in measuring the visible spectra of asteroids. 
Initiated in 1991, data from SMASS II (Bus and Binzel 2002a) became available in 2001, and 
produced an internally consistent dataset of spectra for over 1,400 asteroids in the 0.44-0.92 
μm spectral range. The SMASS II survey focused on regions surrounding the asteroid 4 Vesta, 
and between 2.69 and 2.82 AU, with detailed investigations of dynamical families in these 
regions. 

Initiated some years later, another survey, S3OS2 (Lazzaro et al. 2004), was completed 
and obtained visible spectra for over 700 asteroids from 0.5-0.92 μm. Like SMASS II, S3OS2 
is also biased, because part of the survey focused on some large asteroid families or clans 
like Flora, Eunomia and Themis, as well as the “Magnya region” around 3.14 AU, and the 
regions around some resonances. Another focus of the S3OS2 was on asteroids located at high 
eccentricities and inclinations. Asteroid spectra in both surveys were classifi ed according to 
Bus' (1999) taxonomy, which is based on the Tholen's (1984) taxonomic system. Therefore, 
most of the objects belonging to one of the classes of Tholen are also members of one of the 
Bus (1999) complexes.

Bus (1999) used ~1,200 objects located between 2.10 and 3.278 AU, with most objects 
having D < 20 km, to determine the heliocentric distribution of the Bus (1999) classes. The 
diameters of the objects were estimated using the mean IRAS albedos for each spectral class. 
He divided the belt into three zones, with limits of 2.100 ≤ a < 2.501 AU, 2.501 ≤ a <2.825 AU, 
and 2.825 ≤ a < 3.278 AU. These boundaries were defi ned according to the locations’ major 
mean motion resonances. As in the earlier works, the correction factor, f, for a particular zone 
was calculated as the ratio between the total number of asteroids in that bin to the number of 
classifi ed asteroids in the bin. Then, given an asteroid belonging to a taxonomic class, and with 
a correction factor f, the remaining f−1 asteroids of the same class were distributed around the 
semi-major axis of a, according to a normal distribution, with a standard deviation of ±0.1 AU. 
This procedure was adopted in order to avoid the creation of large concentrations of asteroids 
in regions where the bias correction factors were large.
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Mothé-Diniz et al. (2003) used ~2,000 classifi ed objects from both the SMASSII and S3OS2 
surveys with semi-major axes between 2.064 and 3.278 AU. Only asteroids with magnitude H < 
13.0 were used in the analysis. This corresponds to objects larger than 7 km in the S-complex, 
13 km in the C-complex and 10 km in the X-complex, considering a mean albedo for each 
complex derived as the average of the median albedo of the subclasses of the complex. To 
account for the bias correction, Mothé-Diniz et al. (2003) used small refi nements of the method 
used by Bus (1999), with the belt divided into 6 zones, according to the major mean-motion 
resonances with Jupiter (at ~2.50, ~2.823, ~2.956 AU). Two additional divisions were placed 
at 2.70 and 3.08 AU for a better correction. Also, the distribution of the f−1 asteroids in semi-
major axis was made according to a standard deviation (σ) derived empirically: σ = 0.008 × f, if 
0.008 × f ≤ 1/6Δa; and σ = 1/6Δa otherwise. As in the work of Bus (1999), this procedure was 
adopted in order to minimize the effects of large bias factors in some regions.

Mothé-Diniz et al. (2003) studied the taxonomic distribution according to different 
criteria: using the whole debiased population; considering each asteroid family as one body of 
the most common class in the family, plus the “interlopers;” considering only objects larger 
than 13 km (to study the infl uence of very small objects in the distribution) and removing the 
effects of families; and, fi nally, all the preceding analysis techniques, but for asteroids in the 
Low Main Belt (LMB) and in the High Main Belt (HMB) separately. The HMB was composed 
of asteroids with high eccentricities (e > 0.15) or high inclinations (i > 15°), and the LMB 
contained the remaining objects. The authors did not study the distribution of the “outlying 
classes” V, O, T, D, and Ld of Bus (1999), because the relative frequencies of these classes 
were signifi cant only in very narrow regions of the main belt. Figure 31Figure 31 shows the percentage 
of each complex versus heliocentric distance for the whole sample, while Figures 32Figures 32a,b shows 

Figure 31. Plot reproduced from Mothé-Diniz et al. (2003) data, showing the fraction of bias-corrected 
SMASSII and S3OS2 objects per semi-major axis, from 2.064 to 3.78 AU, for the major S-, C-, and X-
complexes and the outlying Ld-, D-, and T-classes.
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the percentages for the HMB and LMB, respectively. The outlying classes Ld, D, and T, which 
are not presented by Mothé-Diniz et al. (2003), have been added to Figure 31 for a better 
comparison with the distributions produced by Bus (1999).

The results of Bus (1999) confi rm the main results of Gradie and Tedesco (1982). 
Considering only objects larger than 20 km, they found that the percentage of objects of the 
C-complex increases from ~25% in the inner to almost 65% in the outer main belt. On the 
other hand, the percentage of asteroids in the S-complex decreases from about 55% to 5% in 
the same interval of semi-major axis, while the distribution of asteroids in the X-complex is 
quite fl at, at a level of 20%. 

The results of Mothé-Diniz et al. (2003) are also similar to the previous works of Gradie 
and Tedesco (1982) and of Bus (1999), but only if they used a “restricted sample:” either the 
objects larger than 30 km diameter, or those with high inclinations or eccentricities (HMB) 
(Fig. 32a). Using the entire database, the distribution of taxonomic classes is signifi cantly 
different from previous work because it does not show a steep decrease of S-types with semi-
major axis. The S-types are rather evenly distributed along the main belt, even when families 
and small asteroids are not included in the analysis (smaller than 13 km, which represents the 
size above which the population of asteroids in the three complexes of Bus (1999) is complete). 
By studying the spatial distribution (HMB vs. LMB) of the asteroidal population, Mothé-Diniz 
et al. (2003) noticed that the distribution in the LMB (Fig. 32b) is very different from that in 
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Figure 32. (a) Plot reproduced from Mothé-Diniz et al. (2003) data, removing asteroid families as described 
in the text, and considering only objects in the high main belt (HMB). (b) The same as in Figure 32a, but 
considering only objects in the low main belt (LMB).
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the HMB (Fig. 32a), with the latter distribution being similar to the results of previous authors. 
These results indicate that the LMB seems more “mixed” than the HMB.

In addition to the new spectroscopic data, an enormous database of asteroid 
spectrophotometric data from SDSS has been released (Ivezić et al. 2001). Five-color CCD 
photometry was determined almost simultaneously in fi ve bands: u, g, r, I, and z, centered 
respectively at 0.3557 μm, 0.4825 μm, 0.6261 μm, 0.7672 μm, and 0.9097 μm, that have 0.1-
0.3 μm band widths (Fukugita et al. 1996). This catalogue provides important information on 
asteroids because it has a detection limit much fainter (V ≈ 21.5) than other asteroid surveys 
(V ≈ 18) (Ivezić et al. 2002) (Fig. 33Fig. 33). Using SDSS observations, Ivezić et al. (2002) estimated 
that 90% of asteroids in the main belt are parts of families. They found that objects that did 
not belong to the most populous families and are usually thought of as background objects 
did show color clustering. One fl aw in this argument is that just because objects have similar 
colors does not mean that they are genetically related. 

The main limitation of any study of the distribution of taxonomic classes is the availability 
of spectral data. The observations that allow taxonomic classifi cations cover only a small 
fraction of the numbered asteroids. This leads to large bias factors in some regions that have 
not been well-sampled. Another limitation is the incompleteness of the numbered population, 
presently starting at about absolute magnitude 11.75 in the external part of the main belt (3.0-
3.5 AU), 12.25 in the intermediate main belt (2.6-3.0 AU), and 12.75 in the inner main belt 
(2.0-2.6 AU) (Jedicke and Metcalfe 1998).

One could also expect a limitation caused by the magnitude cutoff, i.e. the diameter cutoff, 
which is a function of heliocentric distance, and is different for each class. In fact, this causes the 
bias analysis to be limited to diameters larger than the cutoff diameter of the most distant zone. 

Absolute Magnitude (H)

N
um

be
r

Figure 33. Histograms showing the number of objects observed in SMASSII and 
S3OS2, compared to those observed in SDSS, per half-magnitude bin.
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This point does not represent a real limitation, because most of the small objects come from the 
breakup of larger bodies, and in all analyses, the asteroid families were considered as one single 
body. Therefore, most of the small objects in the sample were not taken into account.

The meaning of some taxonomic classes has changed signifi cantly from the fi rst 
classifi cation scheme of Chapman et al. (1975) and the fi rst work on the distribution of classes 
of Zellner (1979). However, the cores of some classes have suffered little change. This is the 
case of the S and C classes, which were recognized very early as distinct groups. In the Bus 
taxonomy, all the S-types, and their subtypes according to other taxonomies, are included in 
the S-complex. The same is true for the C-complex. Thus, the conclusions from research on 
the C- and S-complexes should be directly comparable to previous studies that involved the 
C- and S-types.

The same is not true for X-types. The X-complex of Bus (1999) is composed of, among 
others, objects from the earliest E-, M-, and P-classes, which are subtypes of Tholen’s (1984) 
X-class. As discussed earlier, objects from the E-, M- and P-classes have similar, featureless 
visible spectra, but have been separated according to their albedo. However, even if an old X-
type object belongs to the X-complex, it is diffi cult to compare the distribution of this complex 
from 2.064 to 3.278 AU to previous studies. These earlier works included the heliocentric 
distributions of types E, M and P individually, and because albedo data are not used in the Bus 
(1999) taxonomic scheme, we cannot say whether or not the distribution of the X-complex or 
of one of its subtypes is similar to that of earlier works.

There are defi nite trends in the distribution of X-types in the far inner and outer main belt 
regions that appear consistent with mineralogical differences. Asteroids in the Hungaria group 
(1.78-2 AU) are known to contain a considerable number of asteroids classifi ed as E (Clark et 
al. 2004a), X, and Xe (Carvano et al. 2001). The distribution of different classes in the Cybele 
region was found to be a function of size, with the spectrally red D-type asteroids generally 
more numerous at small diameters, while larger asteroids tended to be more spectrally neutral 
(fl atter spectral slopes), such as X-types. The number of P-types decreases with increasing 
distance from the Sun. Dahlgren et al. (1997) found that objects in the Hilda group (3.70-4.20 
AU) are typically D types, with very few C- and P-types, and with relatively low albedos 
(0.03-0.11). Still farther out, Fornasier et al. (2004) found that Trojan asteroids (~5.2 AU) are 
predominantly D-types with only a few P-types. 

Taxonomic classifi cations are based on spectral features which, among ground-based 
spectroscopic measurements, are the best indicators of an asteroid’s underlying composition. 
Therefore, they should provide some indication of an asteroid’s mineralogy, as well as 
an interpretation of their distribution along the main belt. Based on the results of Gradie 
and Tedesco (1982), Bell et al. (1989) attempted to relate the distribution of classes with 
mineralogy, by proposing a scenario in which the “igneous” asteroids (objects formed from 
a melt and represented by the classes V, R, S, A, M and E) were in the inner part of the main 
belt; the “metamorphosed” (those that have been suffi ciently heated to exhibit spectral changes, 
represented by the classes B, F, G, and T) in the middle; and the “primitive” (those that have 
undergone little or no heating, with representatives in the classes D, P, C, K, and Q) in the outer 
part of the belt. These three large groups were called “superclasses” and agreed with the intuitive 
picture of a heliocentric heating gradient. This interpretation is dubbed the “Big Picture.”

The main complaint with the “Big Picture” is the mineralogical interpretation of the 
igneous classes. Bell et al. (1989) considered the S-types as igneous since, at that time, they 
were commonly associated with achondrites and stony-iron meteorites, even if an alternative 
association with ordinary chondrites was already postulated through dynamical studies and 
meteorite fall rates. With the increase of the quantity and quality of the observations, as well 
as a better understanding of the space weathering phenomenon, however, this paradigm has 
changed. There is now stronger evidence linking some S-types to ordinary chondrites and a 
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better understanding of space weathering processes (e.g., Chapman 1996; Binzel et al. 1996; 
Pieters et al. 2000; Chapman 2004). There is evidence for partially differentiated S-complex 
asteroids (e.g., Gaffey et al. 1993a; Hardersen et al. 2006; Gaffey 2006), but it is still unclear 
whether chondritic or partially differentiated objects predominate among the S-types. 

Sunshine et al. (2004) suggest that some members of the Merxia and Agnia families 
might be differentiated. However, the location of these two “differentiated” families in the 
main belt (around 2.74 AU and 2.78 AU, respectively) does not seem to support the kind of 
heating gradient in the asteroid belt that Bell et al. (1989) suggested. Another question is the 
absence of differentiated families associated with M-types. Such families were to be expected 
if M-types are metallic cores of differentiated parent bodies that formed locally and were 
shattered by catastrophic collisions. Moreover, the discovery of hydration bands in some M-
types (Rivkin et al 2002) suggests that many M-types are not metallic. Finally, a basaltic V-
type (1459 Magnya) was found in the outer belt, without any apparent dynamical relation with 
the Vesta family (Lazzaro et al. 2000; Michtchenko et al. 2002). This discovery is inconsistent 
with the strict zoning of the belt proposed by Bell et al. (1989). Mothé-Diniz et al. (2003) 
showed that S-types are almost as abundant in the outer part of the belt as in the inner belt. 

In summary, the scenario of the “Big Picture” is no longer valid but, on the other hand, 
at present no clear and/or intuitive geological scenario for the distribution of the taxonomic 
classes can be proposed. In fact, a picture emerges of a main belt where both the dynamical and 
thermal evolution is much more complex than what is depicted in the Bell et al. (1989) “Big 
Picture.” There seems to be much more mixing than was previously proposed, specifi cally 
among small asteroids.

This mixing is consistent with the knowledge that Yarkovsky effects can lead to considerable 
semi-major axis mobility for small asteroids (Bottke et al. 2002, 2006b). The Yarkovsky effect 
is a non-gravitational thrust produced when small bodies absorb sunlight, heat up, and then re-
radiate the energy after a short delay due to the thermal inertia of the surface. In this context, 
we can suggest a possible explanation for why the taxonomic distribution in the upper main 
belt is more similar to what is seen when only bigger asteroids are considered: in general, high-
eccentricity asteroids can move only through a small range in semi-major axis before hitting a 
resonance and being removed.

The abundance of high-albedo objects with featureless spectra consistent with aubrites 
in the interior Hungaria region of the belt appears to indicate that objects in this region were 
heated to temperatures high enough for them to melt. The abundance of C-complex asteroids 
in the outer part of the belt and D- and P-objects still farther out indicates that asteroids in these 
regions were not signifi cantly heated. But without knowing how ordinary chondrites, partially-
differentiated, and fully-differentiated asteroids are distributed in the S-complex population, it 
is very diffi cult to understand how the heating gradient varied throughout most of the belt. Was 
there a sharp dropoff in heating with heliocentric distance, or was the dropoff more gradual? 

DISTRIBUTION OF HYDRATED ASTEROIDS IN THE MAIN BELT

Looking at the belt as a whole, it is clear that there is a correlation between semi-major axis 
and various measures of hydrated mineral concentration. Figure 34Figure 34 shows the fraction of objects 
testing positive for hydrated minerals using the 0.7-μm and 3-μm regions. An understanding 
of the distribution of water in the asteroid belt is inevitably shaped by an understanding of 
how meteorite samples are delivered to Earth. The fraction of hydrated meteorites found on 
Earth is skewed by many factors, including the relatively low strength of hydrated meteorites 
relative to other meteorites, and the observation that impacts into carbonaceous chondrites 
seem to generate fewer large pieces of ejecta and a greater mass of dust (Tomeoka et al. 2003). 
When combined with the greater contribution made to the meteorite population by objects in 
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the inner asteroid belt and near resonances, it is unlikely that the meteorite collection is a true 
measure of the relative proportions of materials present in the asteroid belt, and furthermore 
some unsampled mineralogies may easily be present. As discussed by Burbine et al. (2002b), 
there is a huge difference between the number of distinct parent bodies (~100-150) that we 
have evidence for in our meteorite collections and the number of asteroids in the main belt. In 
terms of the carbonaceous chondrites, roughly 2/3 of falls are hydrated. This ratio is in good 
agreement with observations of main-belt C-types, of which roughly 2/3 show a 3-μm band 
(Rivkin et al. 2002).

Nearly 400 different objects in the C-complex have been identifi ed in the SMASS and 
S2OS3 surveys (Bus and Binzel 2002b; Lazzaro et al. 2004). Figure 34 shows a histogram 
of this population and its Ch/Cgh fraction as a function of semi-major axis. In addition, the 
fraction of the C-complex sample that appears hydrated (Ch- and Cgh-subclasses) is shown. 
The fraction of hydrated C-types, by this measure, is 0.51 ± 0.07 between 2.3 and 3.2 AU, 
where the majority of this class is found. 

The majority of hydrated C-types have spectra with band shapes similar to those of the 
CM chondrites. However, roughly 1/3 of the objects have band shapes like Ceres, which differs 
signifi cantly from the typical CM-like shape (Rivkin et al. 2004b). It appears that within a 
given asteroid family, all members tend to share the same hydration state (Bus 1999). However, 
several objects have been seen to have varying 0.7- or 3-μm bands with rotation (Howell et al. 
2001a), which is not obviously consistent with the family observations.

In the outer belt, the number (and fraction) of objects which show evidence of hydrated 
minerals drops dramatically. Observations at 3 μm by Jones et al. (1990), Lebofsky et al. (1991), 
Howell (1995), and Emery and Brown (2003) found no clear-cut evidence of any Trojan with a 
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Figure 34. Hydrated C-types in the main belt. The histogram shows the number of C-complex (shaded) 
and Ch/Cgh-subclass (solid) objects in the belt vs. semi-major axis (AU). In areas with good statistics, the 
Ch/Cgh objects represent roughly half of the C-complex. The open symbols represent this fraction, using 
the axis on the right. It is uncertain whether the increase from 2.1-2.3 is an artifact due to small number 
statistics. Given that some C-types can be hydrated without having a 0.7-μm band (which would make 
them Ch/Cgh), the true fraction of hydrated C asteroids is higher than 0.5.
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3-μm band. Given the position of the Trojans, between hydrated C-types and the icy satellites 
of Jupiter, this is particularly surprising. Jones et al. (1990) interpreted this to mean that the Tro-
jans, which presumably formed from water ice and anhydrous silicates, never got hot enough 
to create hydrated minerals, and that any ice present would be found beneath the surface. Crui-
kshank et al. (2001) obtained data on 624 Hektor and analyzed it using a Hapke mixing model. 
They placed a relatively high upper limit of 40% for phyllosilicates mixed with low-albedo 
constituents, and noted that the lack of a 3-μm band did not rule out surfi cial hydrated miner-
als per se. They also reinterpreted the trend of decreasing frequency of hydrated minerals with 
increasing solar distance as due to an increase in macromolecular carbon compounds, which 
could mask the spectral signature of hydrated minerals.

The Trojan asteroids are an interesting contrast to the moons of Jupiter. The Galilean 
satellites (other than Io) appear to not only have copious amounts of water ice, but also hydrated 
non-ice material (McCord et al. 1997; McCord et al. 1999). The small, irregular moons of 
Jupiter also show evidence of hydrated minerals: a 3-μm band is present on Amalthea (Takato 
et al. 2004) and a 0.7-μm band is seen on Himalia, along with a possible 3-μm band (Jarvis 
et al. 2000; Chamberlain and Brown 2004). Recent work (Morbidelli et al. 2005) suggests 
that the Trojans may have been captured from the Kuiper Belt during the period of planetary 
migration. In that case, the connection between the Trojans and main-belt asteroids becomes 
more confusing, and the lack of hydrated minerals even more puzzling.

The inner asteroid belt is dominated by objects that are usually interpreted as the parent 
bodies of anhydrous meteorites, such as the ordinary chondrites and achondrites. There is some 
evidence of aqueous alteration in ordinary chondrites, with the identifi cation of phyllosilicates 
(Hutchison et al. 1987) and fl uid inclusions in halite (NaCl) (Zolensky et al. 1999) in some 
ordinary chondrites. We may expect some inner belt S-types to show 3-μm bands. Indeed, 6 
Hebe, proposed as the H chondrite parent body by Gaffey and Gilbert (1998), has been found 
to have a weak 3-μm band (Rivkin et al. 2001). About 1/3 of the M-types reported by Rivkin 
et al. (2000) have a 3-μm band, as do 4 of the 6 E-types surveyed (Rivkin et al. 1995; Rivkin 
1997). The mineralogies of hydrated M-types, labeled as the W-class by Rivkin et al. (1995), 
and of hydrated E-types have not been fully understood, perhaps representing objects with 
mineralogies not present in our meteorite collections, such as having large concentrations of 
high-albedo salts. Hardersen et al. (2005) included bencubbinites as a possible interpretation of 
a number of M- and W-types using 0.8–2.5 μm data, which may be a preferred interpretation 
because some of these meteorites contain hydrated minerals (Krot et al. 2002).

The hydrated E-types have no obvious analogs among meteorites, although hydrated 
enstatite chondrite clasts exist in the Kaidun meteorite (e.g., Zolensky and Ivanov 2003). The 
hydrated E-types are all in the main part of the asteroid belt rather than the Hungaria region, 
which dominates the inner edge of the belt and is where the majority of E-types are found. This 
is consistent with the Hungaria-region objects being different mineralogically from the E-type 
asteroids further out in the belt.

NEAR-EARTH ASTEROIDS

Near-Earth asteroids, or NEAs, are asteroids with perihelia less than 1.3 AU. Over 4,000 
NEAs are currently known. Because of their short dynamical lifetimes, resupply from the 
main belt is necessary to provide the number of NEAs currently seen. Mars-crossers (MCs) 
are objects whose orbits cross that of Mars and are thought to be in the process of being 
dynamically pushed out of the main belt into the NEA population. Binzel et al. (2004) looked 
at the classifi cations and spectral properties of ~400 NEAs. The NEAs tend to be dominated by 
objects that are part of the S- (S, Sa, Sk, Sl, Sr, K, L, and Ld) and Q- (Q and Sq) complexes, as 
defi ned by Binzel et al. (2004), with approximately 2/3 of all objects belonging to one of those 
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two complexes. More recent surveys (Lazzarin et al. 2004) have results that are consistent with 
Binzel et al. (2004). Marchi et al. (2005b), de León et al. (2006), Duffard et al. (2006), and 
Davies et al. (2007) have also identifi ed a number of NEAs with V-type spectra.

Marchi et al. (2006a) found a correlation between the visible spectral slope and perihelion 
distance. They found that the average spectral slope decreases with decreasing perihelion 
distance, which means that Q- and Sq-types are more abundant at smaller perihelion distances. 
NEAs with small perihelion distances are more dynamically evolved, meaning that they have 
had more close encounters with planets. Nesvorný et al. (2005) proposed that close encounters 
with planets should change the optical properties of a surface through tidal effects that can 
remove a signifi cant proportion of space-weathered material or can bury the space-weathered 
material under fresher subsurface material. 

There appears to be fewer hydrated NEAs than one would expect from looking at either 
the main-belt or meteorite data. Because of the faintness of typical NEAs, 3-μm observations 
are diffi cult, and those which are observable typically require much larger thermal corrections 
than are necessary for main-belt objects. Therefore, these objects are obvious candidates for 
use of the 0.7-μm proxy band. Binzel et al. (2004) found 18 NEAs belonging to the C complex, 
including objects with and without the 0.7-μm band. Because of their comparable albedos, 
observing biases between hydrated and anhydrous objects should be minimal or nonexistent.

In contrast to the fraction of hydrated C-types found in the main belt and the fraction of 
hydrated carbonaceous chondrites, only one Ch-type has been found among the NEAs, and the 
Cgh-class was the only Bus (1999) class absent from the NEO population in this sample. The 
C-complex objects on Mars-crossing orbits are more evenly split (3 Ch-types out of 7). While 
this result is based on a relatively small sample, the numbers are surprising, because 9 Ch/Cgh 
NEAs would be expected if there were the same correlation between the 0.7- and 3-μm bands as 
seen in the main belt. Even assigning a 50% correlation, much lower than that seen among the 
main-belt objects, 6 objects would be expected. It is unclear what the cause is for this difference. 
The temperature (~400 oC) needed for the 0.7-μm band to disappear (Hiroi et al. 1996b) is much 
higher than the sub-solar temperatures for even very low-albedo objects at 1.0 AU, which may 
reach 150 oC at the most. However, because the Hiroi et al. (1996b) result is an upper bound on 
this band’s disappearance, heating due to solar radiation still may play a role. Heating due to 
micrometeorite impacts could also dehydrate carbonaceous chondritic material. In addition, the 
C-complex population of NEAs may contain a contribution from extinct comets (e.g., Binzel 
et al. 2004). Binzel and Lupishko (2005) estimate that 15 ± 5% of NEAs may be extinct or 
dormant comets, although most of these are on short-lived, Jupiter-crossing orbits (Bottke et al. 
2002). The extinct comet population might not contain hydrated minerals, or at least may not 
show evidence for them based on the available spectra (e.g., Abell et al. 2005). Near-IR spectra 
of 1373 Cincinnati and 2906 Caltech, which have cometary orbits, have spectral properties 
(Ziffer et al. 2005) roughly consistent with cometary nuclei and primitive asteroids. 

SPACECRAFT MISSIONS

The exploration of NEA 433 Eros by the Near Earth Asteroid Rendezvous (NEAR)-
Shoemaker mission opened another chapter in linking asteroids and meteorites. Like previous 
ground-based and fl y-by measurements, NEAR-Shoemaker relied heavily on the multi-spectral 
imager (MSI) and near-IR spectrometer (NIS), which provided refl ectance spectra from 0.45-
2.6 μm, for mineralogical interpretation and asteroid-meteorite linkages. Ground-based obser-
vations (Murchie and Pieters 1996) were interpreted to indicate that Eros was heterogeneous in 
composition, with an olivine-rich side and a pyroxene-rich side. Despite high spatial resolution, 
however, little color variation was observed by NEAR-Shoemaker, although signifi cant varia-
tions in albedo are present on Eros (McFadden et al. 2001). As had also been observed from 
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numerous telescopic studies of other S-types, NEAR-Shoemaker refl ectance spectra of Eros are 
a relatively poor fi t to the ordinary chondrites, although the band centers and Band Area Ratios 
are similar to those of ordinary chondrites. McFadden et al. (2001) calculated an ol/(ol+pyx) 
ratio of 0.58 ± 4% for Eros. This mismatch between spectral matching and derived band pa-
rameters has plagued much of asteroid spectroscopy and, for the fi rst time, NEAR-Shoemaker 
provided the tools to resolve this issue in the form of X-ray and gamma-ray spectrometers. 

Eros was the fi rst asteroid where in situ geochemical measurements (Trombka et al. 2000) 
have been made. These measurements provided not only a seemingly solid link between S-
types and ordinary chondrites, but also provided some unexpected insights into the processes 
occurring on asteroid surfaces. Evans et al. (2001) used gamma-ray data and Nittler et al. 
(2001) used x-ray data to determine the geochemistry of the surface of Eros. Calculated 
elemental weight ratios (Mg/Si, Al/Si, Ca/Si, Fe/Si), determined from x-ray data, and Si/O and 
the K abundance are all within the range of ordinary chondrites. However, the calculated S/Si, 
Fe/Si (determined from gamma-ray data), and Fe/O elemental weight ratios are low compared 
to values for ordinary chondrites. 

The two most plausible explanations for these differences are small degrees of partial melt-
ing and space weathering. Nittler et al. (2001) rejected the former hypothesis, because, while 
removal of metal and sulfi de could explain the apparent fractionation of these components 
relative to silicates, studies of partially melted meteorites universally fi nd non-chondritic Al/Si 
ratios in meteorites depleted in metal and troilite. Instead, it appears that a combination of space 
weathering and mechanical metal-silicate separation are responsible for the aberrant S/Si, Fe/Si 
(determined from gamma-ray data), and Fe/O ratios. Depletion of S likely results from disso-
ciation of FeS due to solar wind exposure and micrometeorite bombardment, with loss of the 
volatile S. In contrast, separation of metal from silicates to explain the low Fe/Si and Fe/O ratios 
likely results from the physical processes operating in the regolith to separate the dense metal 
from the lighter silicates. These interpretations have been bolstered by recent determinations of 
chondritic Cr/Fe, Mn/Fe, and Ni/Fe ratios from X-ray spectra (Foley et al. 2006).

While these interpretations paint a dynamic picture of the regolith of an asteroid, they were 
only possible because of the coupling of mineralogical information from refl ectance spectra 
and chemical information from X-ray and gamma-ray spectroscopy. Even with this powerful 
combination, uncertainties in the data prevented the NEAR-Shoemaker team from defi nitively 
linking 433 Eros to one of the chemical subgroups of ordinary chondrites (H, L, LL) (McCoy et 
al. 2001, 2002). It appears theoretically possible to use remotely-sensed Si/O ratios to determine 
the olivine/pyroxene ratio with a level of uncertainty that, coupled with precise mineralogical 
information, would allow one to remotely determine the fO2

 of formation of an asteroid. Such 
information and a defi nitive meteorite-asteroid link at the subgroup level, while theoretically 
possible, may well have to await sample return.

NEA 25143 Itokawa was the target of the Hayabusa mission, which orbited Itokawa 
and attempted to retrieve a sample. A refl ectance spectrum of Itokawa by Binzel et al. (2001) 
appears similar to a reddened LL chondrite (Fig. 35Fig. 35), with MGM modeling of the spectrum also 
consistent with an LL chondrite composition. Burbine et al. (2003) interpreted the resulting 
Band Area Ratio of Itokawa to imply an ol/(ol+pyx) ratio of ~0.70. Folco et al. (2005) argued that 
Itokawa could possibly be an impact-melted H or L chondrite where olivine has been enriched 
in the surface after impact melting. A mineralogical analysis by Abell et al. (2006) of their 
spectrum of Itokawa indicates a pyroxene composition of Wo16±5Fs44±5, which is much more 
FeO-rich than the average composition of pyroxene in ordinary chondrites, and an ol/(ol+pyx) 
ratio of ~0.70. Abell et al. (2006) believe that Itokawa is a partially differentiated object. 

Results from Hayabusa’s near-IR spectrometer confi rm the presence of olivine and pyroxene 
on Itokawa’s surface (Abe et al. 2006). Abe et al. (2006) fi nd that Itokawa’s surface is olivine-
rich and that Itokawa’s 1-μm band is most similar in shape to those of LL5/LL6 chondrites. 
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Results from Hayabusa’s X-ray spectrometer are consistent with L and LL chondrites (Okada 
et al. 2006). Using near-IR spectra data, Hiroi et al. (2006) found that one dark region on 
Itokawa was signifi cantly more space-weathered than a nearby bright region. They also found 
that the spectra of the two regions were consistent with LL5/LL6 chondrites with the spectral 
continuum removed, and that the spectral difference between the dark and bright region was 
consistent with a higher abundance of nanophase iron particles for the dark region. 

Sample collection was attempted, with Hayabusa twice landing on Itokawa’s surface. It is 
unclear at this writing if a metal projectile was successfully fi red to cause Itokawa fragments 
to be ejected from the surface and into the sample return canister. Due to thruster problems, 
the plan is now for the Hayabusa spacecraft to return to Earth in 2010. 

COLLISIONAL AND DYNAMICAL EVOLUTION OF ASTEROIDS

The collisional and dynamical history of the main belt is strongly linked with the growth 
and evolution of the planets, with the events occurring during this primeval era recorded in the 
orbits, sizes, and compositional distributions of the asteroids and in the meteorites reaching 
Earth. By studying asteroids and meteorites and placing them into the appropriate geologic con-
text, we can use these objects as probes into the processes by which planetesimals and planets 
formed from the solar nebula over 4.5 Ga ago. Hence, to understand the constraints provided by 
asteroids, we need to fi rst understand how the asteroid belt was affected by planet formation. 

The classical view of planet formation in the inner Solar System, which involves the 
gradual coalescence of many tiny bodies into rocky planets, can be divided into four stages: 
(i) the accumulation of dust in the solar nebula into km-sized planetesimals; (ii) runaway 
growth of the largest planetesimals via gravitational accretion into numerous protoplanets 
isolated in their feeding zones; (iii) oligarchic growth of protoplanets fed by planetesimals 
residing between their feeding zones; and (iv) mutual perturbations between Moon-to-Mars-
sized planetary embryos and Jupiter, causing collisions, mergers, and the dynamical excitation 
of small body populations not yet accreted by the embryos (e.g., Greenberg et al. 1978). It is 
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Figure 35. Refl ectance spectra of S-type NEA 25143 Itokawa (Binzel et al. 2001) and LL6 
chondrite Bandong (Burbine et al. 2003). Spectra are normalized to unity at 0.55 μm.
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believed that runaway growth occurs over a timescale of 0.01-1.0 m.y. while the latter stages 
required a few tens of m.y.

During this time, the main belt probably contained perhaps as much as an Earth-mass 
of material, enough to allow the planetesimals in the main belt region to accrete on short 
timescales. Eventually, most of the mass was agglomerated into planetary embryos on the scale 
of Moon- to Mars-size bodies (e.g., Wetherill 1992; Chambers and Wetherill 1998). In turn, 
these protoplanets dynamically excited the smaller bodies in the main belt region enough to 
cause some degree of radial mixing (Petit et al. 2001). This likely explains the semi-major axis 
distribution of large S- and C-types observed by Chapman et al. (1975) and Gradie and Tedesco 
(1982). At the same time, the dynamical excitation of these bodies increased their collision 
velocities enough to terminate accretion among most planetesimals and initiate fragmentation 
(Bottke et al. 2005a,b). 

The elimination of planetary embryos and numerous planetesimals from the primordial 
main belt was triggered by the formation of Jupiter several m.y. after the birth of the Solar 
System (e.g., Petit et al. 2002). Numerical simulations indicate that combined perturbations 
of Jupiter and the embryos dynamically ejected more than 90% of the bodies out of the main 
belt zone. The main belt may have experienced a second dynamical depletion event associated 
with the so-called Late Heavy Bombardment that took place roughly 3.9 Ga ago (Gomes et al. 
2005; Strom et al. 2005). Together, both events depleted the main belt not only of planetary 
embryos but also of over 99% of its population. At the same time, collisions during this phase 
produced numerous disruption events. Bottke et al. (2005a,b) argued that the wave-like shape 
of the main belt size distribution observed today is mostly a “fossil” left over from this early 
comminution phase.

After the Late Heavy Bombardment, the main belt population took on its current 
characteristics. Over the last 3-4 Ga, small bodies have been slowly lost from the main belt 
through a combination of collisions, dynamical evolution via Yarkovsky thermal forces, and 
resonances (e.g., Bottke et al. 2006a). The Yarkovsky effect compels asteroids smaller than 
30-40 km to drift in semi-major axis over long time scales. In some cases, bodies can drift 
far enough that they enter a powerful mean motion or secular resonance. From here, their 
eccentricities can be pumped up to planet-crossing (and Earth-crossing orbits), where a small 
fraction (1-2%) are delivered to Earth. This process tends to keep the NEA and meteoroid 
(asteroids too small to observe) populations in a quasi-steady-state, though they can be affected 
by large breakup events or smaller stochastic breakups occurring near resonances. This quasi-
steady-state explains why the lunar and terrestrial cratering rate appears to have been relatively 
constant (within a factor of 2) over 0.5-0.8 to 3 Ga ago (e.g., McEwen et al. 1997). Dynamical 
and collisional simulations based on this scenario have allowed us to glean insights into the 
nature of the asteroids and meteorites discussed above.

DELIVERY OF METEOROIDS TO EARTH

One intriguing question is how well calculated fall percentages, the percent of the falls 
that belong to each meteorite group, correlate with abundances of asteroids in the main belt 
or NEO population. Meteorite falls are heavily biased toward ordinary chondrites, with 
approximately 80% of the roughly 1,000 meteorites that have been observed to fall being 
ordinary chondrites. 

While the Yarkovsky effect is a “democratic” process in that it allows small objects across 
the main belt to drift into main belt resonances, this does not necessarily mean that the meteorite 
record itself represents a uniform sample of material from all main-belt regions. This idea was 
tested by Bottke et al. (2006a), who tracked the delivery effi ciency of test bodies started from 
various main-belt resonances to strike the Earth (Fig. 36Fig. 36). Their results indicate that meteoroids 
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escaping the main belt from resonances located at (semi-major axis) a < 2.3 AU have a 1-4% 
chance of striking the Earth. This fraction drops by two orders of magnitude, however, as we 
move to resonances with a >2.5 AU. Because the fl uxes of material escaping out of various 
main-belt resonances are thought to be comparable to one another (Bottke et al. 2002), the 
known meteorite collection is likely to be biased in favor of samples from the inner main belt. 
With the dominant taxonomic type found in the inner main belt being S-type asteroids, this 
may imply that S-types are primarily ordinary chondritic material.

There may also be additional biases in the fall statistics. For example, Gaffey (2006) 
argues that ordinary chondrites (H, L, LL) are derived from just three parent bodies (one being 
Hebe) that are located favorably near meteorite-delivering resonances (though this may be an 
oversimplifi cation of a more complicated problem in terms of meteorite delivery; see Bottke et 
al. 2005c). Gaffey (2006) argues that partially-differentiated asteroids are more abundant in the 
main belt. The argument of Gaffey (2006) is a combination of theoretical calculations that predict 
that most asteroids were not raised to high enough temperatures to fully melt, and mineralogical 
analyses of a number of main-belt S-types (e.g., Gaffey et al. 1993a; Hardersen et al. 2006). 
They show that most of these objects do not have interpreted mineralogies consistent with 
ordinary chondrites, but rather with partially differentiated assemblages. Partially differentiated 
meteorites (primitive achondrites), however, are less than 1% of known falls.

If the Gaffey (2006) idea is true, then the spectral trends found by Binzel et al. (2004) and 
Marchi et al. (2006b) would not necessarily imply space weathering. The S, Sq, and Q NEAs 
and the main-belt S-types would tend to have different mineralogies, with NEAs tending to have 
ordinary chondrite mineralogies and main-belt S-types tending to be partially differentiated. The 
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Figure 36. The delivery effi ciency of test bodies from various main belt resonances striking the Earth. 
To create this plot, we updated the work of Gladman et al. (1997) and tracked the dynamical evolution of 
thousands of test bodies started in all major main-belt resonances. For reference, we have also plotted the 
proper semi-major axis (a) (AU) and inclination (i) (degrees) of 71,323 numbered asteroids with absolute 
magnitude (H) < 14. The stars represent values taken from test bodies started in the ν6 secular resonance. 
In order of increasing a, we gave them i = 2.5, 5.0, 7.5, 10.0, 12.5, and 15.0 (Bottke et al. 2002). The fi lled 
square represents test bodies placed in the intermediate-source Mars-crossing region located adjacent to 
the main belt between a = 2.0-2.5 AU (Bottke et al. 2002). The fi lled circles are values from tests bodies 
placed in numerous mean motion resonances with Jupiter. Objects escaping the main belt with a < 2.3 AU 
are more than 2 orders of magnitude more likely to strike Earth than those with a > 2.8 AU. This implies 
that our meteorite collection is signifi cantly biased toward the innermost regions of the main belt.
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assumed dominance of ordinary chondritic material in the NEA population may also be due to 
the location of the “three” ordinary chondrite parent bodies favorably near meteorite-delivering 
resonances. Also, CI and CM chondrites are extremely friable (Sears 1998) and are signifi cantly 
less likely to make it through the atmosphere than the much stronger ordinary chondrites.

THE EFFECTS OF PLANETARY EMBRYOS AND 
RADIAL MIXING IN THE MAIN BELT

In the main belt evolution scenario above, we described how planetesimals undergoing 
gravitational interactions with planetary embryos are the likely explanation for the radial mixing 
seen among the large S- and C-complex asteroids. The implications of this idea, however, have 
yet to be fully explored. For example, recall that planetary embryos were also present in the 
terrestrial planet region, such that they, too, could have scattered planetesimals. To test this idea, 
Bottke et al. (2006a) used numerical simulations (Fig. 37Fig. 37) to track thousands of test bodies 
evolving amid a swarm of Moon/Mars-sized planetary embryos spread between 0.5-3.0 AU. 
They found that planetary embryo perturbations produce the same kinds of radial displacement 
of bodies observed in the main belt (Chapman et al. 1975; Gradie and Tedesco 1982). 

The more interesting part of the Bottke et al. (2006a) simulation, however, was concerning 
the objects scattered into the main belt zone through a combination of resonant interactions 
and close encounters with planetary embryos. They found that 0.01-0.1%, 1%, and 10% of 

Figure 37. A snapshot of inner Solar 
System planetesimals and planetary 
embryos after 10 m.y. of dynamical 
evolution (Bottke et al. 2006a). The 
starting conditions and methods 
used were the same as those used 
by Levison and Agnor (2003). Here 
we tracked a set of 100 embryos 
(grey dots) distributed between 
0.5-3.0 AU. Interspersed among 
the embryos, we placed 1,000 test 
bodies with uniform semi-major axes 
between 0.5-2.0 AU and low initial 
eccentricities and inclinations. The 
squares, crosses, and triangles show 
what happens to 1,000 planetesimals 
started with 0.5-1.0, 1.0-1.5, and 1.5-
2.0 AU, respectively. The black line 
represents the location of the main 
asteroid belt. Bottke et al. (2006a) 
found that numerous planetesimals 
(one square, several crosses and 
triangles) were driven into the main 
belt by gravitational interactions 
with embryos, with the highest 
concentration in the inner main belt 
region, the same region that is more 
likely to deliver meteorites to Earth.
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the particles that started with a = 0.5-1.0, 1.0-1.5, and 1.5-2.0 AU, respectively, achieved 
main belt orbits. Once there, Bottke et al. (2006a) found that these objects were dynamically 
indistinguishable from the rest of the main belt population. Even though many of these 
“interlopers” should be ejected over time via interactions with planet embryos, resonances, etc., 
the proportion of “interlopers” to indigenous material in the main belt should stay the same. 
Finally, Bottke et al. (2006a) found that most of the “interloper” material was emplaced into the 
inner main belt, the same region that is most likely to deliver meteorites to Earth. This implies 
that “interloper” material should be an important component in the meteorite collection.

COULD IRON METEORITES HAVE COME FROM 
THE TERRESTRIAL PLANET REGION?

If planetesimal material from the terrestrial planet region can actually be found in the 
main belt, what would it look like? Observations show a broad-scale taxonomic stratifi cation 
among large main belt asteroids, with S-complex asteroids dominating the inner main belt and 
C-complex asteroids dominating the outer main belt. This trend, if followed inward toward 
the Sun, implies that inner Solar System planetesimals experienced signifi cantly more heating 
than main belt asteroids (with the most plausible planetesimal heat source being short-lived 
26Al; halfl ife of 0.73 m.y.) (Bizzarro et al. 2005). Hence, bodies that accrete quickly stand the 
best chance of undergoing differentiation. While precise accretion timescales across the inner 
Solar System are unknown, modeling work suggests they vary with swarm density and distance 
from the Sun, such that accretion timescales increase with increasing heliocentric distance. 
Accordingly, if main belt interlopers are derived from regions closer to the Sun (Bottke et al. 
2002), their shorter accretion times would lead to more internal heating, and thus they would 
probably look like heavily-metamorphosed or differentiated asteroids. 

At this point, a reasonable connection can be made between the putative interlopers and 
iron meteorites. Cooling rate and textural data from irons indicate that most come from the 
cores of small (D ≈ 20-200 km) differentiated asteroids (Mittlefehldt et al. 1998). Isotopic 
chronometers also indicate that core formation among iron meteorite parent bodies occurred 
1-2 m.y. before the formation of the ordinary chondrite parent bodies (e.g., Kleine et al. 2005; 
Baker et al. 2005). The paradox is that if small asteroids differentiated in the main belt at such 
early times, it would be reasonable to expect larger bodies forming near the same locations 
to have differentiated as well (e.g., Grimm and McSween 1992). Hence, if iron meteorites 
are indigenous to the main belt, large numbers of differentiated bodies and their fragments 
should reside there today. This is not observed. Instead, Bottke et al. (2006a) argued that a 
more probable formation location for many iron meteorite parent bodies was the terrestrial 
planet region, where accretion occurred quickly, and thus differentiation was more likely to 
occur among small bodies. The protoplanets emerging from this population not only induced 
collisional evolution among the remaining planetesimals but also scattered some of the 
survivors into the main belt, where they resided for billions of years until escaping via a 
combination of collisions, Yarkovsky thermal forces, and resonances. If true, this means that 
some asteroids are main-belt interlopers, with a select few possibly being remnants of the 
long-lost precursor material that formed the Earth.

High-temperature condensates (Table 1) would also be expected to be scattered into the 
inner main-belt. Some of these “interlopers” may be enstatite chondritic and aubritic material, 
which are believed to have initially condensed very near the Sun (e.g., Rubin and Wasson 
1995). The inner-belt Hungaria region has a high proportion of X-types (Clark et al. 2004a), 
which includes the high-albedo E-types, the more moderate albedo M-types, and the Xe-types. 
X-types have spectral properties similar to aubrites, enstatite chondrites, and iron meteorites, 
which are all bodies that would be expected to have formed in the inner Solar System and 
scattered into the inner main belt in the Bottke et al. (2006a) model. 
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SUMMARY

Remote sensing can determine the presence of Fe2+ and Fe3+ and water (H2O or OH) on 
asteroid surfaces. Distributions among different asteroid classes can be seen in the asteroid 
belt; however, we currently do not know how well each asteroid class groups objects of similar 
surface compositions. It is also diffi cult to determine what these distributions actually mean 
due to the effects of space weathering, which appears to affect the refl ectance spectra of the 
surfaces of asteroids, and dynamical mixing, which affects the orbital distribution of objects. 
Sample return missions should allow us to better determine how well we can derive the surface 
compositions of asteroids from remote sensing. 
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