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ABSTRACT 

High-resolution Fourier spectra in the 0.9-2.5 ym region were 

measured for sixteen asteroids. These data were combined with 

0.3-1.1 um spectrophotometry and 3.0-3.5 urn narrowband photometry for 

compositional analysis. Comparison spectra of meteorites and 

terrestrial minerals were measured in the laboratory, some under 

simulated asteroidal conditions of pressure and temperature. 

Spectra of eleven representative S-type asteroids show a range 

of olivine/pyroxene ratios overlapping those of ordinary and 

carbonaceous chondrites, but not approaching those of common 

differentiated meteorite types. The reddening in the asteroid spectra 

implies the presence of metallic iron, but if the metal is finely 

divided its abundance could be low. S-type asteroids have spectra most 

consistent with undifferentiated compositions, and some of them, 

especially 8 Flora, could be ordinary chondrite parent bodies. 

4 Vesta and 349 Dembowska are unusual asteroids which have 

spectra resembling those of achondritic meteorites. Vesta has a 

pyroxene-feldspar mineralogy intermediate in composition between 

eucrites and howardites. If shergottite-like basalts are present, they 

must be in low abundance. Dembowska has an olivine-pyroxene mineralogy 

similar in some ways to ordinary chondrites, but there is considerable 

ix 
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evidence that it is actually a fragment of the mantle of a 

differentiated Vesta-like parent body. 

The most diagnostic spectral feature seen on three low-albedo 

asteroids is the 3 ym band due to water of hydration, 1 Ceres must 

consist mostly of a low-iron clay mineral with some hydrated salts. 

2 Pallas has a low abundance of hydrated minerals relative to Ceres, 

with the bulk of its composition being anhydrous iron-free silicates. 

324 Bamberga probably contains clay minerals, but its spectrum is 

dominated by abundant magnetite. These and other C-type asteroids have 

surface compositions consistent with massive aqueous alteration of 

primary carbonaceous chondrite minerals. 

These results all indicate that the compositions of main belt 

asteroids are more closely related to the compositions of meteorites 

than was previously believed. S-type and C-type asteroids are 

undifferentiated assemblages of which ordinary and carbonaceous 

chondrites are an incomplete sample. Differentiated meteorites could 

be derived from the other relatively rare asteroid types. 



CHAPTER 1 

THE METEORITE-ASTEROID CONNECTION 

1.1 Introduction 

Meteorites are pieces of ancient interplanetary debris of 

unknown origin. Asteroids are small solar system bodies of unknown 

composition. Ever since meteorites were recognized as 

extraterrestrial matter, it has been speculated that asteroids are the 

probable sources of most meteorites. The possibility of a link 

between the two is of fundamental importance to planetary science. 

This is because meteorites have preserved records of chemical 

compositions and evolutionary processes from the earliest history of 

the solar system, all traces of which have been lost on more 

accessible, but geologically more active, bodies such as the earth and 

the moon. Two basic areas of modern experimental research are 

providing new information about the meteorite-asteroid connection. 

The first involves petrological and geochemical studies of meteorites 

in the laboratory. The second involves comparative spectroscopic 

studies of asteroids at the telescope and of meteorites in the 

laboratory. A synthesis of the information obtained from both of 

these lines of investigation reinforces the suspected 

interrelationships between meteorites and asteroids. The research 

1 
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presented in this dissertation emphasizes the second area mentioned 

above: remote spectroscopic observations of asteroid surfaces and 

comparisons with meteoritic and terrestrial mineral assemblages. In 

particular, we present new observations of asteroid surfaces, new 

techniques for analyzing these data for compositions, and new 

approaches to combining the astronomical and meteoritic evidence. Our 

conclusion is that there is a much closer correspondence than 

previously suspected between the compositions of asteroids and the 

compositions of the meteorites in our terrestrial collections. To 

provide some background for our conclusions we review below the 

present meteoritic and astronomical evidence. 

1.2 Meteoritic Evidence 

A schematic view of the formation of meteorite parent bodies 

is presented in Fig. 1. This scenario is based on meteoritic evidence 

as summarized by Wilkening (1979). Various studies suggest that 

meteorite parent bodies were on the order of 10-500 km in diameter 

(Anders 1964). Meteorites derived collisionally from such bodies can 

be divided into two basic groups, differentiated and undifferentiated, 

as a consequence of the thermal histories of their parent bodies. The 

undifferentiated chondrites are by far the more common of the two, 

representing 85% of meteorite falls. They are assemblages of solar 

nebula condensates which may be samples of the primitive material out 

of which the planets formed. Their bulk compositions contain the major 

non-volatile elements in close to their cosmic abundances. Chondrites 

can be further subdivided into distinct groups on the basis of 
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properties such as oxidation state, trace element abundance, and 

isotopic ratios. In this study we will concentrate on the ordinary 

and carbonaceous chondrites, which account for 78% and 5% of meteorite 

falls, respectively. The differences in composition betv/een ordinary 

and carbonaceous chondrites are believed to result from different 

pressures and temperatures at their formation locations (Larimer 

1973). Ordinary chondrites appear to have formed at higher 

temperatures in the inner solar system, while carbonaceous chondrites 

formed at lower temperatures in the outer solar system, the boundary 

between "inner" and "outer" being at about 2 AU. These two sources of 

primitive condensates are depicted in Fig. 1 as proto-ordinary 

chondritic and proto-carbonaceous chondritic asteroids. 

The various thermal processes which affected these primordial 

bodies soon after accretion produced the meteorites we see today. 

Some of the proto-ordi nary chondritic asteroids experienced at least 

partial melting soon after their formation, resulting in gravitational 

separation of minerals according to density. These are the parent 

bodies of the differentiated meteorites, which represent only 15% of 

observed falls. The heat source for these early melting events were 

probably radioactive decay of short-lived isotopes or electrical 

induction by a T-Tauri phase solar wind (Sonett and Reynolds 1979). 

The different types of differentiated meteorites can be understood in 

terms of depth of formation in their layered parent bodies. In this 

study we will concentrate on the basaltic achondrites and stony-irons, 

which appear to be derived from the surface and interior, 

respectively, of differentiated parent bodies like that in Fig. 1. 
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Although ordinary and carbonaceous chondrites are undifferentiated, 

they were affected by the thermal histories of their parent bodies. 

Many of the ordinary chondrites were subjected to some metamorphism 

within their parent bodies, but none have ever been melted. 

Apparently their parent bodies formed later and were not affected to 

the same degree by the above-mentioned heat sources. Likewise, 

carbonaceous chondrites are not pristine samples of solar nebula 

condensates, but have been affected by transient aqueous activity on 

or near the surfaces of their parent bodies. It is likely that 

occasional large impacts raised the temperature enough for liquid 

water to exist briefly. The assumption that underlies this study is 

that the asteroids consist mainly of fragments of bodies like those 

idealized in Fig. 1, and that the meteorites are derived from some of 

these fragments. In this perspective our task not only involves^ 

finding compositional relationships between meteorites and asteroid 

parent body candidates, but requires recognizing the evolutionary 

relationships as well. 

1.3 Astronomical Evidence 

Basic optical properties such as albedo and color have been 

determined for large numbers of asteroids by means of broadband 

photometric and polarimetric observations. On the basis of certain 

carefully defined optical properties, asteroids have been classified 

into distinct taxonomic groups (Chapman et al. 1975; Zellner 1979). 

Those designated as "C-type" have low albedos (typically 0.04) and 

neutral colors in the visible part of the spectrum. "S-types" have 
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higher albedos (typically 0.15) and reddish colors in the visible 

region. Other taxonomic types are M, E and R, and asteroids which do 

not fall into any of the defined groups are called "U-type", or 

unclassifiable. Of the main belt asteroids, 75% are of type C, 15% 

are of type S and 10% are other types. Near the inner edge of the 

main belt S-types are the most numerous, but further out C-types 

predominate. 

On plots of color versus albedo or of one color versus 

another, members of these groups tend to cluster with significant gaps 

between the clusterings. This strongly implies that the asteroid 

types are compositionally distinct, and that the asteroids within each 

group have a common origin. In this way, asteroids resemble 

meteorites, in that there is not a continuum of compositions, but a 

small number of definable groups. Thus, it seems reasonable to 

suggest that each asteroid taxonomic type corresponds to a meteorite 

type in our terrestrial collections. The colors and albedos of S-type 

asteroids are superficially like those of meteorites containing 

silicates and metallic iron, such as ordinary chondrites and 

stony-irons. C-type asteroids resemble dark meteorites such as 

carbonaceous chondrites. The other asteroid types tend to resemble 

various differentiated meteorite types or else are unlike any 

meteorite type. It is important to note, however, that the asteroid 

classifications are based on optical parameters which may or may not 

be compositionally diagnostic. The suggestive association of each 

taxonomic type with a meteorite type by a mnemonic (e.g., C = 

carbonaceous chondrite, S = stony-iron) is not definitive or unique. 
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Nevertheless, this taxonomic system is very useful as a framework in 

all areas of asteroid research, and we will use this framework to 

organize our discussion of more detailed spectroscopic observations. 

The compositions of asteroids can be determined at present 

only by remote spectroscopic observations, especially of the sunlight 

reflected off their surfaces. Spectral reflectance studies of 

asteroids began with the work of McCord et al. (1970), who found that 

the 0.3 - 1.1 ym spectrum of Vesta was a close match to that of 

certain basaltic achondrites. Since then, spectrophotometry in the 

0.3 - 1.1 pm region has been obtained for 277 asteroids (Chapman and 

Gaffey 1979). Over 80 different spectral types have been recognized 

in these data, but attempts to match directly meteorite spectra with 

asteroid spectra have not been very successful. The principal problem 

with simple spectrum matching is deciding what constitutes a "match". 

Derivations from an exact match in one spectral region may or may not 

be mineralogically significant. In addition, many important 

diagnostic spectral features lie at wavelengths longer than 1.1 pm. 

Thus, compositional inferences based only on matching spectra between 

0.3 and 1.1 pm can not be considered definitive. 

Further progress in astronomical observations of asteroids can 

be achieved by two means. First, more advanced techniques than curve 

matching must be used for interpreting spectral data. Second, 

high-resolution spectroscopic observations of asteroids must be 

extended further into the infrared where diagnostic absorption bands 

of common rock-forming minerals occur. The research presented here 

represents contributions to both of these areas. 
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In this study we present new high-resolution Fourier spectra 

in the 0.9 - 2.5 pm region for sixteen asteroids. In Table 1 we list 

for each asteroid the month and year of our observations, its 

taxonomic type, the semi-major axis of its orbit and its diameter. 

These are the first spectral data obtained beyond 1.1 pm, and for most 

of the asteroids in Table 1 are still the only data available. These 

particular sixteen ateroids were observed primarily because they were 

the brightest visible from the earth during the period of the study, 

and because they are representative of the spectral diversity seen in 

the data at shorter wavelengths. As we will show in succeeding 

sections, the extended (0.3 - 2.5 vim) spectroscopic coverage for these 

sixteen asteroids is a great advantage in compositional analysis. 

Examples of the spectral reflectance data available for 

analysis are presented in Fig. 2. The observational data for 

asteroids in Fig. 2 and throughout this study are derived from three 

sources. The 0.3 - 1.1 pm spectrophotometry is the most recent data 

published by Chapman and Gaffey (1979). The 0.9 - 2.5 um spectra are 

the contribution of this work. A detailed disucssion of our 

observational techniques is presented in Appendix A. The geometrical 

albedo data which provides us with the vertical scale in Fig. 2 is 

from Morrison and Zellner (1979). When data from all three of these 

sources are combined as in Fig. 2, the tremendous diversity in 

asteroid spectral reflectances can be seen clearly. As we show in 

Chapters 2, 3 and 4, this is a result of a great diversity in 

compositions and evolutions. 
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Table 1. Asteroids observed in this study 

Asteroid Date Taxonomic 
class 

Semi-major 
axis(AU) 

Diameter 
(km) 

433 Eros Jan. 75 S 1.46 22 

349 Dembowska Dec. 77 R 2.93 145 

1 Ceres May 78 C 2.77 1014 

4 Vesta May 78 U 2.36 530 

12 Victoria June 78 S 2.33 135 

29 Amphitrite Sept. 78 S 2.55 200 

39 Laetitia Oct. 78 S 2.77 157 

324 Bamberga Oct. 78 C 2.68 252 

18 Melpomene Dec. 78 S 2.30 162 

8 Flora Feb. 79 S 2.20 162 

5 Astraea Mar. 79 S 2.58 121 

2 Pallas Sept. 79 U 2.77 589 

4 Vesta Jan. 80 U 2.36 530 

3 Juno Jan. 80 S 2.67 247 

27 Euterpe Jan. 80 S 2.35 117 

9 Metis Jan.. 80 S 2.39 185 

7 Iris Oct. 80 s 2.39 208 
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Figure 2. Composite spectral data for three representa
tive asteroids. 



The main body of this work is divided into three sections, 

each corresponding to asteroids assigned to different taxonomic 

classes. Our conclusion in each case is that asteroids of a certain 

class correspond in composition to one of the meteorite parent body 

models depicted in Fig. 1. In Chapter 2 we analyze the spectral 

reflectances of eleven S-type asteroids. The spectrum of 8 Flora 

presented in Fig. 2 is typical of S-type asteroids in terms of albedo, 

absorption band depths and degree of reddening. Our conclusion is 

that S-type asteroids are undifferentiated bodies which have followed 

the evolutionary path of the ordinary chondritic asteroid in Fig. 1. 

Chapter 3 is an analysis of the spectra of two unusual asteroids, 4 

Vesta and 349 Dembowska. As is apparent from the spectrum of 

Dembowska presented in Fig. 2, these asteroids have high albedos and 

deep absorption bands. We conclude in Chapter 3 that Vesta and 

Dembowska have achondritic compositions, and have followed the 

evolutionary path of the differentiated asteroid in Fig. 1. In 

Chapter 4 we analyze the spectral reflectances of three low-albedo 

C-type or C-like asteroids. The data for 324 Bamberga in Fig. 2 shows 

the low albedo and flat spectrum typical of C-type asteroids. Our 

conclusion is that these asteroids have undergone extensive aqueous 

alteration on their surfaces, and are probably similar to the 

carbonaceous chondritic asteroid depicted in Fig. 1. In Chapter 5 we 

will reassess the canonical view of the relationship between meteorite 

parent bodies (Fig. 1) and asteroid spectral types (Fig. 2) as 

required by the conclusions of this study. 
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1.4 Interpretive Techniques 

There are three steps involved in the interpretation of 

spectral reflectance data for asteroid surfaces. The first step is 

the detection of specific minerals. The second step is the 

determination of the relative abundances of those minerals. The third 

step is extrapolation from surface composition to bulk composition. 

Only after the third step can we infer the origin and evolution of the 

asteroid under study. 

The detection of specific minerals involves the recognition 

and characterization of diagnostic spectral features. We limit 

ourselves to those common rock-forming minerals which are found in 

meteorites, while recognizing that the assemblage of minerals on an 

asteroid's surface as a whole may be unique. There are two basic 

classes of minerals in meteorites from a spectroscopic point of view. 

The first are the transparent or semi-transparent silicate minerals, 

which have diagnostic spectral features in the near-infrared. These 

include minerals such as olivine, pyroxene and feldspar. They have 

2+ 
electronic absorption bands due to Fe cations which have been 

characterized with great precision (Adams 1975). Clay minerals 
pi 

(layer-lattice silicates) also have Fe absorptions, but are more 

easily identified from the vibrational absorption bands of their 

component water molecules and hydroxyl groups. The second class of 

minerals are the opaques. These include the nickel-iron metallic 

minerals, and the low-albedo minerals such as carbon and magnetite. 

These opaque minerals lack diagnostic absorption features, but their 
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presence can be inferred because of their effect on the spectral 

features of the transparent silicates. 

On real asteroid surfaces, pure silicate minerals are not 

found in isolation, but are almost always mixed with other silicates 

and with opaque minerals. The complexity of the processes resulting 

in the observed spectral reflectances of these mixtures defies 

rigorous quantitative analysis at present. Nevertheless, a 

significant amount of information about the relative abundances of 

minerals in mixtures can be derived by various empirical methods. The 

standard method, which we employ in this study, begins with the 

preparation of finely powdered samples of minerals to simulate the 

dusty surfaces of asteroids (Dollfus and Zellner 1979). Two or more 

of these minerals are then mixed together in varying proportions. 

The spectra of these mixtures are examined for absorption features 

which vary systematically with the relative abundances of the 

component minerals. In this study we present several new empirical 

calibrations derived from easily measured spectroscopic parameters. 

These are applied to mixtures of pyroxene with olivine or feldspar, 

mixtures of pyroxene with metal, and mixtures of clay minerals with 

carbon or magnetite. Mixtures like these are common in meteorites and 

apparently on asteroid surfaces as well. As more empirical 

calibrations are employed, the state of the art in remote sensing of 

solid surfaces advances from simple curve matching to quantitative 

analysi s. 

Once we have detected some minerals on an asteroid's surface 

and estimated the relative abundances of a few of them, the job of 
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interpretation has just begun. In most cases, compositional analyses 

from remote spectroscopic observations will be incomplete because many 

abundant minerals may go undetected, and the relative abundance 

determinations of these detected will be uncertain by a factor of tv/o. 

In addition, our observations only apply to the top few microns of an 

asteroid's surface and give no direct information about the interior. 

Many investigators make the mistake of saying that the interpretation 

can not go beyond the spectroscopic evidence. However, many missing 

pieces of the compositional puzzle can be filled in if we invoke 

evidence from areas other than reflectance spectroscopy. 

The current surface compositions of the asteroids are the 

result of processes which obey well-known principles of chemistry, 

physics and geology. Clearly, if we detect a single mineral or a 

group of minerals on an asteroid's surface which can only be produced 

by a particular process, we can then apply the basic principles 

concerning that process to the asteroid as a whole. From these 

principles we can infer the evolutionary history of the asteroid and 

can often extrapolate from the surface composition to the bulk 

composition. We use this type of analysis several times in this 

study. In Chapter 2, we show that S-type asteroids contain 

significant amounts of olivine, pyroxene and metallic iron on their 

surfaces. The coexistence of these minerals of widely different 

densities is evidence that these asteroids have not gravitationally 

differentiated, even though we can not uniquely determine the metal 

abundance. In Chapter 3 we can safely say that Vesta is a 

differentiated body, because the pyroxene-plagioclase rocks on its 



surface can only be produced in an igneous process. From basic 

principles of geochemistry we can also infer that the unobserved 

interior of Vesta consists largely of olivine. In Chapter 4 we find 

evidence for both primary CCMM components and their secondary 

alteration products on C-type asteroids. From this we can infer that 

the bulk compositions of these asteroids resemble that of carbonaceous 

chondrites, although the near-surface region has been affected by 

aqueous alteration to a high degree. This is a case where spectral 

differences between a class of asteroids and a meteorite type actually 

serve to reinforce the relationship between the two. From these 

examples it is clear that a fairly complete compositional and 

evolutionary analysis of an asteroid can be derived from incomplete 

spectroscopic evidence, if we insist that the model derived be 

geochemically and physically plausible. 



CHAPTER 2 

SPECTROSCOPIC EVIDENCE FOR UNDIFFERENTIATED 
S-TYPE ASTEROIDS 

2.1 Introduction 

In this chapter we present high-resolution spectra of eleven 

S-type asteroids in the 0.9-2.5 pm spectral region. These data are 

interpreted in combination with the most recent 0.3-1.1 pm 

spectrophotometry. From the composite spectra we determine in Section 

2.2 that these S-type asteroids have silicate compositions similar to 

those of undifferentiated ordinary chondrites. We demonstrate in 

Section 2.3 that the spectral properties of our limited sample of 

eleven asteroids are representative of the range observed in 

classified S-types, although not all extremes are covered. In Section 

2.4 we present laboratory spectra of iron-silicate mixtures that 

suggest that the high metal abundances invoked in some previous work 

are not absolutely necessary to explain the observed spectra of S-type 

asteroids. Finally, in Section 2.5 we discuss the compatibility of 

our new spectroscopic evidence with parent body models for meteorites. 

We conclude that S-type asteroids are undifferentiated, and that some 

of them could be ordinary chondrite parent bodies. 

Narrowband spectrophotometry in the 0.3-1.1 pm region for 52 

S-type asteroids is presented by Chapman and Gaffey (1979). The 
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average spectrum of an S-type asteroid in this spectral region can be 

described as follows: a linear, reddened slope from 0.3 to 0.7 pm, a 

plateau from 0.7 to 0.8 pm, and a shallow absorption feature centered 

near 1 pm. This spectral reflectance has been interpreted by Gaffey 

and McCord (1978) as an assemblage containing both metallic Fe and 
? + 

Fe'1 -bearing silicates. Metallic Fe has a linear, reddened spectral 

reflectance in the visible and near-infrared regions and appears to 

2+ 
dominate the spectra of S-type asteroids. The Fe -bearing silicates 

olivine and pyroxene are the principal components of ordinary 

chondrites and the silicate portions of stony-irons. These silicate 

minerals have diagnostic absorption features in the 0.3-2.5 pm 

spectral region due to Fe^+ cations located in different crystal 

lattice sites. In particular, the 1 pm absorption feature in S-type 

spectra can be assigned to olivine and/or pyroxene whose compositions 

are similar to those in ordinary chondrites and stony-irons. The 

spectrophotometric data also clearly show that there are significant 

variations in the relative proportions of olivine and pyroxene present 

on S-type asteroids. 

The reflectance spectra of ordinary chondrites have an obvious 

curvature shortwards of 0.5 pm due to an intense silicate absorption 

in the UV. This feature is partially suppressed in the spectra of 

S-type asteroids, whose spectra are more nearly linear between 0.3 and 

0.7 pm. This difference has been explained by invoking a higher (50%) 

metal abundance on S-type asteroids than that found in ordinary 

chondrites (5-20%) (Pieters et al. 1976). The effect of this opaque, 

spectrally featureless metal phase would be to suppress the stronger 



silicate features. The interpretation of S-type asteroids as 

metal-rich was supported by the broadband JHK photometry of Veeder et 

al. (1978). They found that the normalized 2.2 pm reflectances of 

S-type asteroids were between 1.3 and 1.8 (normalized to 0.56 pm), 

clearly much higher than the values between 1.0 and 1.1 measured for 

ordinary chondrites by Gaffey (1976). These high infrared 

reflectances were consistent with the high metal abundances inferred 

from spectrophotometry at shorter wavelengths. 

On the basis of the evidence outlined above, the spectral 

characteristics of S-type asteroids clearly imply a metal-si 1icate 

mixture. Both ordinary chondrites and stony-irons have been mentioned 

as possible meteoritic analogs for S-type asteroids. These two 

competing models are depicted in Fig. 3. Because of the inferred high 

metal abundance, the "canonical" interpretation is that the present 

surfaces of these asteroids reveal the iron-rich cores of 

differentiated parent bodies (Fig. 3, right) whose outer silicate 

crusts have been stripped away by collisions (Chapman 1976). 

Differentiated stony-iron meteorites, which account for only 2% of 

observed falls, would be their meteoritic analogs. However, this 

association created the problem of there being few, if any, asteroidal 

parent bodies for the most common meteorite type, the ordinary 

chondrites. It also conflicts with some inferences from meteoritical 

studies that ordinary chondrites are a common type of material in the 

asteroid belt (Anders 1978). Many investigators have suggested that 

S-type asteroids are in fact ordinary chondrites (Fig. 3, left), and 

that some physical process has enhanced the apparent spectral 
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olivine + 
pyroxene + 
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undifferentiated asteroid differentiated asteroid 
(ordinary chondrites) (achondrites, stony irons) 

Figure 3. Cross-sections of idealized meteorite parent bodies. 
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abundance of metal on their surfaces. The metal abundance on S-type 

asteroids is difficult to determine since metallic Fe has no 

diagnostic absorption features and the optical properties of 

metal-silicate mixtures are not well understood. In addition, the 

silicate compositions of S-type asteroids have been characterized only 

approximately from 0.3-1.1 um spectrophotometry since some diagnostic 

absorption features, particularly those giving pyroxene composition 

and olivine/pyroxene ratio, are located between 1.1 and 2.5 ym. Thus, 

spectral data further into the infrared will permit better 

determinations of the silicate compositions and allow reconsideration 

of the classification of S-type asteroids as differentiated bodies. 

2.2 Determination of Silicate Compositions 

The spectral reflectances of eleven S-type asteroids observed 

over the 0.3-2.5 um region are presented in Fig. 4. The 0.3-1.1 prn 

spectrophotometry is from Chapman and Gaffey (1979). The 0.9-2.5 pm 

spectra were measured with a Fourier spectrometer (Larson and Fink 

1975a) operating at a resolution of 50 cm"*. The data for 433 Eros 

were previously presented by Larson et al. (1976). The other ten 

spectra were recorded between September 1978 and October 1980 at the 

1.5 m telescopes of the University of Arizona Observatories . The 

Fourier spectra were normalized to 0.56 pm by overlapping them with 

the spectrophotometry in the region from 0.9 to 1.0 pm. The error 

bars in the spectrophotometry represent plus or minus one standard 

deviation. In a Fourier spectrum, the average peak-to-peak noise 

which appears as high-frequency "jitter" across the spectrum 
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corresponds to approximately three standard deviations. To derive 

relative reflectance curves from Fourier spectra, the observed spectra 

of the asteroids are divided by the spectra of solar-type comparison 

stars. A l ist of our comparison stars and a discussion of our 

observational techniques is presented in Appendix A. 

The eleven asteroids observed with the Fourier spectrometer 

are among the brightest visible from the earth, having K magnitudes 

(2.2 ym) less than 9 at the time of our observations. 433 Eros is an 

Earth-approacher with a diameter of 22 km. The other ten are located 

in the inner half of the main belt and have diameters between 110 and 

250 km. The extent to which this small sample is representative of 

the general population of S-type asteroids will be discussed in detail 

in Section 2 .3. 

The infrared spectrum (0.7-2.5 ym) of the typical S-type 

asteroid is described as follows: an absorption feature centered near 

0.95 ym, a weaker absorption feature centered around 1.9-2.0 ym, a 

maximum between these two absorptions at 1.5-1.6 ym, and an overall 

reddened slope. The normalized 2.2 ym reflectances of the spectra in 

Fig. 4 fall between 1.20 and 1.75. This is in agreement with the 

previously cited broadband JHK photometry of Veeder et al. (1978) for 

the nine of our eleven asteroids that they measured. In six of the 

nine cases, the 2.2 ym reflectances agree within the combined 

uncertainties (see Appendix A). 

The spectra contained in Fig. 5 illustrate the basis of our 

silicate analysis. The infrared spectra (0.7-2.5 ym) of asteroids 8 

Flora, 27 Euterpe and 9 Metis are included as examples of S-type 
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asteroids whose spectra share the characteristics described above, but 

whose absorption features show significant differences. The slope of 

the apparent continuum level in each spectrum was removed to permit 
O i 

more direct comparisons of their Fe silicate features with those in 

the spectra of terrestrial and meteoritic minerals. We assumed that 

the continuum level is linear in wavenumber, piecewise continuous, and 

tangent to the spectral reflectance curve outside the silicate 

absorptions. 

> Figure 5 also contains representative laboratory comparison 

spectra of three meteoritic silicates: olivine, pyroxene and 

feldspar. Only the pyroxene displays an absorption near 2 pm. Thus, 

the features near 0.95 and 2.0 pm in the asteroid spectra can be 

uniquely assigned to a pyroxene component. However, the 0.95 pm 

asteroid features are significantly stronger than those at 2 um, and 

they extend asymmetrically to longer wavelengths. This implies the 

presence of another mineral which absorbs primarily in the 1 pm 

region. Both olivine and feldspar have broad absorptions near 1 pm 

that extend beyond 1.5 pm, but Fig. 5 demonstrates that their spectral 

behavior when mixed with pyroxene is quite different, thus permitting 

a distinction between olivine-pyroxene and pyroxene-feldspar mixtures. 

The spectrum of a type L chondrite (Fig. 5, center) illustrates a 

mixture of olivine and pyroxene whose spectral characteristics are 

clearly influenced by both components. The 0.9 pm pyroxene band and 

the 1.1 pm olivine band are blended, producing an asymmetrically 

broadened band centered at 0.95 pm. The strength of the 2 pm band has 

been decreased relative to that of the 1 pm band, because the 
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abundance of pyroxene is less and olivine has no 2 pm band. These 

changes in the 1 and 2 um bands cause the position of the maximum 

between the bands to shift to a longer wavelength. The spectrum of 

the eucrite (Fig. 5, right) illustrates the spectral characteristics 

of a mixture of pyroxene and feldspar. The blending of the 0.9 pm 

pyroxene band and the 1.2 pm feldspar band also has the effect of 

shifting the position of the maximum to longer wavelengths. However, 

there is little change in the relative strength of the two pyroxene 
O . 

bands, because the Fe absorption in feldspar is extremely weak at 

0.9 pm. In the spectra of the S-type asteroids (Fig. 5, left), the 

2 pm bands are clearly weakened relative to the 1 um bands. On this 

basis we conclude that the spectra of S-type asteroids contain blended 

olivine and pyroxene absorptions, as in the spectrum of the L 

chondrite. 

To put our analysis on a quantitative basis, we made the 

following measurements from the spectral reflectance curves, as 

indicated in Fig. 5: the strength of the 2 pm band relative to that 

of the 1 pm band, and the position of the local maximum in the 

spectral reflectance between these bands. We used these two 

parameters to infer the silicate compositions of our S-type asteroids. 

The dependence of these parameters on composition has been established 

by measurements of the reflectance spectra of properly prepared 

samples of known composition. This has been done for meteorites by 

Gaffey (1976) and for terrestrial minerals by Singer (1981). A 

calibration derived from their results is presented in Fig. 6. 
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Figure 6 compares the position of maximum reflectance between 

bands to band depth ratio for the eleven asteroids in this study. 

Pure olivine and pure pyroxene with compositions similar to those in 

ordinary chondrites and stony-irons plot in the upper right and lower 

left, respectively, as indicated by the circles in Fig. 6. Mixtures 

of olivine and pyroxene plot along the dashed line connecting the two 

points, shifting towards the upper right with increasing olivine 

content. Mixtures of pyroxene and feldspar plot along the dashed line 

on the left side, shifting towards the upper left with increasing 

feldspar content. The locations of the various meteorite types are 

also marked in Fig. 6. All ordinary chondrites cluster tightly around 

a maximum position of 1.5 pm and a band depth ratio of 0.5. Their 
« 

olivine/pyroxene ratios fall in a narrow range between 1 and 2. The 

range of ordinary chondrite spectral parameters is indicated by the 

dashed line. Differentiated meteorites, on the other hand, have a 

distinct bimodal distribution on this plot. Pallasites, whose 

silicate fractions are almost entirely olivine, cluster tightly around 

the point for pure olivine at a maximum position of 1.8 pm and a band 

depth ratio of 0 (no 2 ym band). Mesosiderites and eucrites, whose 

silicate components are almost entirely pyroxene and feldspar, plot 

along the left side of the graph with maximum positions around 

1.4-1.5 pm and a band depth ratio of 0.8. There are no meteorites 

containing more than about 50% feldspar, so the pyroxene-feldspar line 

terminates at the position of eucrites. Very few differentiated 

meteorites have silicate compositions whose spectral parameters plot 

midway along the olivine-pyroxene line. Mo known ordinary chondrites 
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have silicate compositions which would plot near the extremes of the 

olivine-pyroxene line. Thus, known primitive and differentiated 

meteorites are clearly separated on this plot on the basis of the 

spectral parameters dependent upon their silicate components. 

Following the examples in Fig. 5, we have plotted on Fig. 6 

the values of these two parameters for the eleven S-type asteroids in 

our study. The error bars have been estimated subjectively but are 

expected to correspond to about plus or minus one standard deviation. 

The error bars for the band depth ratios tend to be large because of 

the weakness of the 2 ym bands and the fact that the 2 ym bands are 

partially obscured by telluric H^Q absorption at 1.9 ym. The error 

bars for the positions of the maxima are small because the Fourier 

spectra have their highest signal-to-noise ratios at 1.6 ym, exactly 

where the maxima occur. It is possible that there could be a 

systematic shift in the asteroid parameters relative to those of the 

meteorite samples due to particle size differences, but this effect 

should be smaller than the observational uncertainties. 

The asteroid data cluster about midway along the 

olivine-pyroxene line, proving that substantial amounts of olivine and 

pyroxene are present. Those asteroids plotting toward the lower left, 

such as 8 Flora, have olivine/pyroxene ratios of 1 or 2, overlapping 

the range of ordinary chondrites. Those in the upper right, such as 9 

Metis, have higher olivine/pyroxene ratios, with values as high as 5 

or 10 possible. Olivine-rich meteorites containing less than 10% 

pyroxene do not show 2 ym absorptions in their spectra (Gaffey 1976), 

so any olivine/pyroxene ratios higher than 10 would be inconsistent 
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with the presence of 2 pm features in all the asteroid spectra in 

Fig. 4. Thus, the silicate compositions of the eleven S-type 

asteroids in our study range from 50-90% olivine and 10-50% pyroxene. 

The inferred olivine/pyroxene ratios for a majority of the asteroids 

in Fig. 6 are higher than that of ordinary chondrites. Type CV and CO 

carbonaceous chondrites have olivine/pyroxene ratios typically around 

10, although they have never been seriously considered as being 

possible meteoritic analogs for S-type asteroids. This is because 

carbonaceous chondrites contain low-albedo opaques such as carbon and 

magnetite, which lower their albedos below those of S-type asteroids 

and substantially mask their silicate absorption features. Also, they 

lack the metallic iron that appears to be responsible for the 

reddening of the asteroid spectra. It is especially significant that 

none of the eleven asteroids have spectral parameters that plot in 

Fig. 6 near the values for pure olivine or pure pyroxene, or for 

pyroxene-feldspar mixtures. 

For the asteroids with higher quality infrared spectra in 

Fig. 5, we can also determine the compositions of their pyroxenes. As 

stated earlier, the 2 pm absorption bands are uniquely assigned to 

2+ 
Fe cations in pyroxene, and these bands shift to longer wavelengths 

with increasing Fe end-member abundance. Thus, using calibrations by 

Adams. (1974) for orthopyroxenes and low-calcium clinopyroxenes, the 

observed 2 ym band position directly gives pyroxene composition. When 

combined with the olivine/pyroxene ratios determined above, an 

additional criterion becomes available to help distinguish between 

primitive and differentiated assemblages. We have determined that 8 



Flora has one of the lowest olivine/pyroxene ratios (1-2) in our 

sample, and its 2 pm band position of 1.90 + .03 pm is consistent with 

a pyroxene composition like that in ordinary chondrites, between Fs^g 

and Fsgy. 9 Metis has one of the highest olivine/pyroxene ratios 

(5-10) in our sample, and the band position 2.00 + 06 pm indicates a 

pyroxene composition which may be more iron-rich than that in ordinary 

chondrites, but still consistent with that of carbonaceous chondrites. 

The band positions for the other nine asteroids in our study appear to 

fall between 1.9 and 2.0 pm, but in most cases the uncertainties are 

too large to permit mineralogical analyses. The observed band 

positions for ordinary chondrites also range from 1.9 to 2.0 pm 

(Gaffey 1976), so the pyroxene compositions of the asteroids in our 

study are consistent with ordinary chondrites. High-calcium 

clinopyroxenes like those in some basaltic achondrites (band position 

>2.0 pm) are not observed. 

Thus, we conclude that the silicate compositions of these 

S-type asteroids correspond to those of undifferentiated meteorites. 

Some of the asteroids have olivine/pyroxene ratios and pyroxene 

compositions like those of known ordinary chondrites. The others have 

silicate compositions like CV and CO carbonaceous chondrites, but with 

less carbon and magnetite and more metallic Fe. None of the common 

differentiated meteorite types are plausible meteoritic analogs for 

these S-type asteroids. 
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2.3 The Diversity of S-type Asteroid Spectra 

The purpose of this section is to place the eleven S-type 

asteroids for which composite infrared spectra exist into the context 

of the larger sample of S-type asteroids observed at wavelengths 

shortwards of 1.1 pm by filter spectrophotometry. Chapman and Gaffey 

(1979) identified 98 asteroids as having S-type (or S-like) spectra. 

Forty-six of these were not measured sufficiently far into the 

infrared to characterize their 1 ym absorption features. The 

remaining 52 were divided by Chapman and Gaffey into 22 groups with 

recognizably different spectra. 

For the purpose of this study we have redefined the groupings 

using criteria relevant for comparison with the 0.9-2.5 um Fourier 

spectra. We are particularly interested in the structure of the 

near-infrared absorption feature present in spectra of most S-type 

asteroids between 0.9 and 1.1 ym. Unfortunately, filter data in this 

wavelength range are rather noisy for most asteroids because of the 

survey nature of Chapman's observing program and the relative 

insensitivity of detectors. We have, therefore, excluded several 

especially noisy spectra and used somewhat less restrictive criteria 

(especially for such spectral parameters as overall redness that are 

not directly related to the absorption band) in regrouping 45 good 

quality, complete filter spectra. 

Table 2 lists our nine modified S-type groups and the member 

asteroids. The groups were assembled largely on the basis of spectral 

parameters contained in the TRIAD file. For their definitions, see 



Table 2. S-type spectral groups 

Group Member asteroids* 

A 12, 30, 119, 236, 1449 

B 108, 115, 341 

C 9, 23, 29, 40, 79, 89, 230, 674 

D 6, 11, 14, 18, 20, 32, 37, 82, 532 

E 63 

F 8, 17, 25, 27, 28 

G 39, 192, 760 

H 3, 7, 15, 68 

I 43, 116, 433, 887, 1055, 1685 

• 
Underlined asteroids are part of our composite sample 



Chapman and Gaffey (1979). Given the number of variables involved and 

the fact that there do not seem to be distinct clusters of properties, 

the groupings should be thought of as a division of a continuum of 

spectra rather than as an identification of well-defined types. Some 

asteroids (e.g., 3, 17, 30, 532) fall near the boundaries of groups 

and could have been placed in either of two groups. There is a 

significant amount of variation within some of the groups in 

parameters, such as redness and band depth, which are related to 

spectral contrast. 

Weighted mean spectra for the nine S-type spectral groups are 

plotted in Fig. 7. This comparison clearly reveals the important 

differences among S-type spectra. We describe below the mineralogical 

significance of these differences in the 0.3-1.1 pm spectra. 

The overall redness of a spectrum in the visible region is 

measured by R/B or, toward shorter wavelengths, by the U-B and B-V 

color indices. The redness of S-type spectra is believed to result 

?+ 
from Fe -bearing silicates (e.g., pyroxene and olivine) as well as 

metallic Fe. S-type asteroids with less red colors than average may 

contain some colorless opaque minerals, such as carbon or magnetite. 

Differences in surface texture and particle size also may modify 

reddening. The curvature of the visible part of the spectrum is 

measured by the parameter Bend. A straightforward interpretation of 

differences in Bend, for assemblages of metal mixed with iron-bearing 

silicates, is that large values of Bend correlate with smaller 

quantities of metal. 
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The chief differences among the nine spectral groups in Fig. 7 

concern the 1 pm absorption band: its depth, its position, and its 

shape. Band depth is affected, in part, by the quantity and particle 

sizes of the mineral or minerals contributing to the feature. In 

addition, band depths may be diminished by finely disseminated opaques 

(either metal or colorless opaques). 

The spectral parameters IR, Band Center, and Bandwidth all 

correlate with the relative proportion of pyroxene and olivine as well 

as with the elemental compositions of the silicates (e.g., fraction of 

iron, magnesium, or calcium). Orthopyroxene is clearly present on many 

S-type asteroids, as indicated by absorption bands with center 

wavelengths shortward of 0.93 pm (Adams 1974). The broadened bands 

and strongly negative values of the IR parameter (indicating depressed 

reflectance near 1.05 pm) are indicative of olivine (cf. Chapman and 

Salisbury 1973). Greater proportions of olivine are indicated by 

larger values of Center Wavelength and Bandwidth and by strongly 

negative values of the IR parameter. These criteria would be somewhat 

different if we admitted the possibility that a calcium-rich 

cl inopyroxene were present, but a variety of evidence, including the 

center wavelengths of all the 2 pm absorption bands observed in the 

spectra in Fig.. 4, demonstrates that such cl inopyroxenes are not 

present. 

We now describe each group and how each of the eleven 

asteroids in Fig. 4 relates to them. The mineralogical 

interpretations are based on the 0.3-1.1 pm spectrophotometry only. 



GROUP A: These spectra lack discernible absorption bands, 

although they tend to flatten longwards of 0.8 pm, which may indicate 

the minor presence of an iron-bearing silicate such as olivine. These 

asteroids probably have a larger mixture of opaques and/or colorless 

silicates than is typical for S-type asteroids. 12 Victoria is a 

member of this group. The infrared filter data for Victoria are 

rather noisy and are not inconsistent with the suggestion of weak 

olivine-pyroxene bands in its 0.9-2.5 \m Fourier spectrum in Fig. 4. 

GROUP B: These spectra exhibit a modest orthopyroxene 

absorption but show no evidence for olivine. None of the eleven 

asteroids with composite spectra in Fig. 4 are represented in this 

very olivine-poor group. 

GROUP C: These spectra are also dominated by a pyroxene 

absorption feature, but either the pyroxene is more iron or 

calcium-rich than in the case of Group B or, more likely, there is an 

admixture of some olivine. Nevertheless, these asteroids appear to be 

olivine-poor in comparison with most S-types. 9 Metis, a member of 

this group, has a shallower absorption band and is partly like Group A 

asteroids. 29 Amphitrite, also a member of Group C, is less red and 

has a smaller value of Bend than average. 

GROUP D: These asteroids are also olivine-poor. In addition, 

their spectra are much less red than those of any other group. 18 

Melpomene is a typical member of this group. 5 Astraea would probably 

be a member of group D, but its filter data were not included in the 

average because of their lower quality. 



GROUP E: This group consists of a single asteroid which is 

unusually reddish and has a rather large value of Bend. Other 

parameters have intermediate values. 

GROUP F: These spectra are also rather red, but their chief 

feature is an unusually deep absorption band. 8 Flora and 27 Euterpe 

are both typical members of this group. 

GROUP G: These are the reddest spectra. Like Group F, they 

imply intermediate proportions of olivine, but unlike Group F the 

absorption bands have the modest depths typical of S-type asteroids. 

The spectrum of 39 Laetitia is fairly similar to spectra of the other 

two members of this group. 

GROUP H: These asteroids are apparently olivine-rich. In 

addition, this group exhibits the lowest mean value for the Bend 

parameter. 7 Iris is a typical member of this group. 3 Juno appears 

to have an intermediate proportion of olivine, and its spectrum is 

less red than other spectra in the group. Three of the four asteroids 

that compose this group are the three largest S-type asteroids in the 

asteroid belt. 

GROUP I: These spectra have unusually deep absorption bands. 

Their Bandwidths, Band Centers, and IR parameters indicate an 

olivine-rich mixture of silicates. Also, the Bend parameter is 

unusually large, indicating a relatively metal-free composition. 433 

Eros may be a l ittle less olivine-rich than is typical of this group. 

All of these asteroids are small and many of them are 

Earth-approachers. 



Of the nine S-type spectral groups identified from 0.3-1.1 pm 

filter data, seven are represented in our 0.3-2.5 pm composite sample. 

No asteroids in Group B, the most olivine-poor, or Group E, the most 

reddened, have been observed beyond 1.1 pm. In some individual cases, 

there are discrepancies between the oli vi ne/pyroxene ratios inferred 

in this section and those inferred in Section 2.2. We estimate that 

the determinations of the oli vine/pyroxene ratios from the 1 pm band 

shape of the filter data in Fig. 7 have typical uncertainties about 

twice as large as those of the determinations made from the 0.7-2.5 pm 

spectra in Fig. 6. For the noisier spectra, the combined 

uncertainties of the two methods are equal to the total spread seen in 

the data in Fig. 6, so the differences in inferred ol i vi ne/pyroxene 

ratios are not serious inconsistencies. 

The 0.3-1.1 pm filter data appear to show a wider range of 

olivi ne/pyroxene ratios than is seen in our sample of eleven in 

Fig. 6. Although part of this spread may be due to uncertainties in 

the filter data, it is likely that a small percentage of this larger 

sample of S-types has more extreme olivine/pyroxene ratios than any in 

our composite sample. It cannot be excluded that a few S-type 

asteroids have olivine without pyroxene or pyroxene without olivine. 

However, the asteroids in our 0.3-2.5 pm study cover much of the 

diversity among typical S-type asteroids, and they all contain 

significant proportions of both olivine and pyroxene. 
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2.4 The Abundance of Metallic Iron 

In the preceding sections of this chapter we have concentrated 

on the silicate compositions of our sample of S-type asteroids as a 

criterion for distinguishing between primitive and differentiated 

mineralogies. This emphasis is partly because olivine and pyroxene 

have diagnostic spectral features in the infrared which are easily 

measured and interpreted. However, the abundance of free metallic 

iron on these asteroids, if it could also be determined accurately, 

would be an equally important criterion. Clearly, if some future 

observation (e.g., density) were to demonstrate conclusively that 

S-type asteroids contain 50 weight % metallic iron, then we would be 

forced to conclude that they are differentiated objects. Our problem 

would then be to account for their apparently undifferentiated 

silicate compositions. At this time, however, we must examine the 

available spectral data to determine what constraints actually exist 

on the metal abundances of S-type asteroids. 

Previous interpretations have identified S-type asteroids with 

metal-rich stony-iron meteorites, principally because their 

reflectance spectra appear to be dominated by metallic iron (Gaffey 

and HcCord 1978). Compared with ordinary chondrites, S-type asteroids 

have more linear and reddened spectra, shallower silicate absorption 

features and lower albedos (Zellner 1979). We conducted laboratory 

studies of iron-silicate mixtures to demonstrate how these spectral 

characteristics are influenced by metal abundance and distribution. 
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Some of these laboratory spectra are compared to asteroid spectra in 

Fig. 8. 

In Fig. 8 (left group) we present first the infrared spectra 

of 8 Flora and 349 Dembowska. Comparison of their spectra is useful 

because they are both main belt asteroids of similar size (about 150 

km diameter) and spectral differences between them should be due to 

real compositional differences rather than to differences in surface 

texture. Dembowska is an unusual R-type asteroid whose 0.3 - 1.1 ym 

reflectance spectrum has been compared to that of metal-poor LL 

ordinary chondrites (McCord and Chapman 1975) or olivine achondrites 

(Gaffey and McCord 1978). In Chapter 3 we analyze our 0.9 - 2.5 pm 

spectrum of Dembowska and conclude that it could be either a 

chondritic or an achondritic asteroid. The silicate spectral 

parameters for Dembowska would plot among the S-type asteroids in 

Fig. 6, but it has a much higher albedo (0.28) due to a lack of 

metallic iron. Assuming that 349 Dembowska is a metal-free 

olivine-pyroxene assemblage, the spectral reflectance of 8 Flora can 

be modelled with a similar silicate mixture plus an opaque mineral 

with a lower albedo such as metallic iron. The amount of metal 

required to produce the difference between Dembowska's and Flora's 

spectra is very important. If it is 20 weight % or less, the 

composition of 8 Flora may be indistinguishable frotn that of ordinary 

chondrites. If, however, much more than 20 weight % is required, 8 

Flora may be better modelled as a differentiated stony-iron object. 

In simulations of an asteroid's surface mineralogy it is 

important to adjust particle size and other textural parameters, 
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Figure 8. The effect of metallic iron on the reflectance of silicates. 



especially for opaque components. We have included in Fig. 8 

laboratory spectra representing two extremes: finely divided iron 

intimately mixed with the silicates, and isolated macroscopic patches 

of metal and silicate. For the first case, we prepared a powdered 

sample of a terrestrial pyroxene with particle sizes less than 74 

microns. As shown in Fig. 8 (center group, top spectrum), this sample 

reproduces the band depth and albedo characteristics of asteroid 349 

Dembowska, although the asteroid undoubtedly contains a great deal of 

olivine in addition. To simulate the metallic iron on asteroids, we 

used a sample of powdered iron (Fischer Scientific Co.) with particle 

sizes between 33 and 74 microns. The metallic iron in ordinary 

chondrites and stony-irons contains a few percent nickel, but this 

does not substantially affect its color. Most metal grains in 

ordinary chondrites are larger than 100 microns (Affiatalab and VJasson 

1980), but metal grains on asteroid surfaces might be more finely 

divided. Meteoritic iron is ductile at room temperature, but at 

temperatures below 200°K, more typical of main belt asteroids, iron 

becomes brittle and could be fractured by high-velocity impacts (Remo 

and Johnson 1974). We mixed the pyroxene and metal powders in varying 

proportions, and measured the infrared reflectance spectra of the 

samples using the same Fourier spectrometer that was used for the 

asteroid observations. The results are shown in Fig. 8 (center 

group). The admixture of 20 weight % metal produces a substantial 

reduction in the absolute band depths and albedo of the sample, 

comparable to the difference between the asteroids 349 Dembowska and 8 

Flora. The spectrum of this mixture is also reddened to the same 



degree as that of Flora, although the absence of the olivine 

absorption makes it appear flatter. The relative strengths of the 1 

and 2 w pyroxene bands remained constant with the admixture of metal, 

providing evidence that the spectral parameters developed in Section 

2.2 to determine the silicate compositions are largely independent of 

metal content. Addition of 50% metal almost completely suppresses the 

pyroxene bands and the sample appears almost indistinguishable from 

pure metal. If the particle sizes of silicate and metal in our 

experiments are like those on asteroids, then the infrared spectra of 

8 Flora and other S-type asteroids do not require that more than 20 

weight % metal be present. More significantly, an abundance of 50% 

metal, like that in stony-iron meteorites, could be ruled out. 

Our second experimental simulation assumed that S-type 

asteroids have surfaces variegated on a scale of centimeters or 

kilometers, with separate areas of pure silicate and pure metal. In 

this case, observations of asteroids would be hemispherical, areal 

averages of silicate and metal reflectance spectra. In Fig. 8 (right 

group) we have simulated such a "checkerboard" surface by averaging 

the spectra of metallic iron and pyroxene according to areal coverage, 

assuming the density of the metal is 3 times that of the silicate. 

Assemblages with 20-50 weight % metal have spectra which differ very 

little from pure pyroxene. If 8 Flora has such a variegated surface, 

it could easily contain 50% or more metallic iron. In fact, 349 

Dembowska could also have a lot of metallic iron. From the examples 

in Fig. 8 it is apparent that the physical state of the surface plays 

a very important role in the relative spectral contribution of 



metallic iron. Therefore, it is important to be aware that spectral 

observations alone cannot uniquely constrain the metal abundance on 

the surfaces of asteroids to any particular value. In particular, 

there is no quantitative basis for concluding that S-type asteroids 

have an excess of metallic iron relative to that found in ordinary 

chondrites. 

2.5 Discussion 

From our analysis of the infrared reflectance spectra of 

eleven S-type asteroids, we conclude that: 

1) The silicate compositions of the eleven S-type asteroids in 

our study resemble those of undifferentiated (chondritic) meteorites 

in terms of olivine/pyroxene ratios and pyroxene compositions. 

2) None of our sample of eleven S-type asteroids have silicate 

compositions resembling those of any common differentiated stony-iron 

meteorites (the nearly olivine-free mesosiderites or the nearly 

pyroxene-free pallasites). 

3) Our sample is representative of the spectral diversity of 

S-type asteroids, although a small percentage of S-types may have more 

extreme olivine/pyroxene ratios. 

4) The infrared spectra of S-type asteroids are compatible 

with a wide range of metallic iron abundances, but values less than 20 

weight % are sufficient to match all observational constraints if the 

metal is very finely divided and uniformly dispersed. 

In Fig. 3 we presented idealized models of differentiated and 

undifferentiated asteroids. We will now examine the above 



spectroscopic evidence in coinbination with the rneteoritic evidence to 

test the compatibility of S-type asteroids with these models. 

The conventional interpretation of S-type asteroids is that 

they are differentiated bodies like the model on the right in Fig. 3, 

with the outer silicate layers stripped away. Their surfaces would 

consist of olivine and metallic iron, corresponding to pallasites 

(olivine stony-irons) in composition. This prediction is contradicted 

by our conclusion 1, above, that the eleven S-type asteroids we 

studied have chondritic proportions of olivine and pyroxene on their 

surfaces. However, our differentiated asteroid model may be too 

simplistic. It is possible that collisional mixing of the crust, 

mantle and core of a differentiated asteroid could produce breccias 

containing olivine and pyroxene on their surfaces (Chapman and 

Greenberg 1981). If S-type asteroids are undifferentiated bodies, our 

conclusion 3, above, would require that nearly all of them have such 

olivine-pyroxene mixtures on their surfaces. Since we have no 

meteorite samples of such mixtures, however, olivine-pyroxene breccias 

can not be common on asteroid surfaces. Thus, while modelling S-type 

asteroids as complex differentiated bodies is compatible with the 

spectroscopic evidence, it is not supported by any rneteoritic 

evidence. 

The alternative interpretation is that S-type asteroids are 

undifferentiated bodies like the model on the left in Fig. 3. The 

presence of chondritic abundances of olivine, pyroxene and metallic 

iron on all S-type asteroids is consistent with all the spectroscopic 

evidence summarized above. This interpretation is also supported by 



some meteoritic evidence. The terrestrial meteorite flux consists 

mainly of ordinary chondrites, so we know that such undifferentiated 

bodies exist. Several of the S-type asteroids in our study have 

spectral parameters in Fig. 6 which are consistent with those of known 

ordinary chondrites. This is especially true of 8 Flora, which is also 

the largest member of a dynamical family or group of families of about 

200 asteroids which may have been formed by the collisional breakup of 

one or more larger bodies (Tedesco 1979). The asteroids in the Flora 

region are dynamically favored among main belt asteroids as a source 

of meteorites (Wetherill and Williams 1979). Thus, the ordinary 

chondrites may be samples of some S-type asteroids. On the basis of 

the available astronomical and meteoritic data, we therefore favor the 

conclusion that most S-type asteroids are undifferentiated bodies, 

similar or identical to ordinary chondrites in composition. 



CHAPTER 3 

SPECTROSCOPIC EVIDENCE FOR TWO ACHONDRITE PARENT BODIES 

3.1 Introduction 

In this chapter we present new high-resolution spectra in the 

0.9 - 2.5 urci region for two unusual asteroids, 349 Dembowska and 4 

Vesta. These data are combined with the most recent 0.3 - 1.1 pm 

spectrophotometry for compositional analysis. From the composite 

spectra we determine in Section 3.2 that Dembowska and Vesta have 

silicate compositions similar to those of differentiated basaltic 

achondrites. In Section 3.3 we discuss the compatibility of our new 

spectroscopic evidence with differentiated parent body models. We 

conclude that Vesta remains the best candidate for the basaltic 

achondrite parent body, although Dembowska may be a fragment of a 

differentiated Vesta-like asteroid. 

Vesta and Dembowska stand out from all other asteroids because 

of their high albedos and deep absorption bands in the infrared. 4 

Vesta is the brightest asteroid as viewed from the earth, having a 

diameter of 530 km and a visual geometric albedo of 0.24 (Morrison and 

Zellner 1979). The spectrophotometry of McCord et al. (1970) between 

0.3 and 1.1 ym showed an absorption band near 0.92 pm. They assigned 

this feature to a pigeonitic pyroxene, similar in composition to that 

found in eucrites and howardites. This interpretation was confirmed 



by Larson and Fink (1975b). whose IR spectroscopic observations first 

revealed the companion 2 urn pyroxene band. 

The other unusual asteroid is 349 Dembowska, which has an 

albedo of 0.28 and a diameter of 145 km. It was first recognized as 

an unusual object in the spectrophotometry (0.3-1.1 ym) of McCord and 

Chapman (1975). They described it as an olivine-pyroxene assemblage 

most similar to L6 or LL6 ordinary chondrites. Gaffey and McCord 

(1978) reinterpreted the same data, and proposed that the spectrum was 

more consistent with an olivine achondrite composition, with reddening 

provided by minor metallic Fe or pyroxene. The JHK photometry of 

Matson et al. (1977) showed a very high reflectivity at 2.2 tin 

compared to that at 0.56 pm, which is inconsistent with the spectral 

reflectance of known ordinary chondrites. 

The spectral characteristics of these two unusual asteroids 

imply a metal-free, silicate-rich composition. Various kinds of 

achondrites have been mentioned as possible meteorite analogs. 

Achondrites are meteorites which resemble terrestrial igneous rocks. 

Their compositions and mineralogies require a high temperature melting 

episode in their source regions. Most achondrites appear to be 

derived from the surface or near-surface regions of differentiated 

asteroids like the one in Fig. 3 (right). Some rare olivine-rich 

achondrites may be derived from the mantle. As a rule, achondrites are 

almost entirely free of metallic iron, which is consistent with their 

origin on differentiated parent bodies. Studies of trace element 

abundances imply that there must have been several different source 

regions of differing compositions to account for the different 



achondrite types (Stolper et al. 1979). This could be interpreted as 

requiring several different parent bodies, or a single parent body 

with an inhomogeneous interior composition. The identification of 

these parent bodies is therefore important to understanding both the 

early thermal history of the solar system and the dynamical processes 

that delivered fragments of these parent bodies to Earth as 

meteorites. A more complete understanding of these igneous 

differentiation events is especially important, since there are other 

large asteroids known to contain water in their surface material. 

This implies that they have not been heated above 400°C since their 

formation (Lebofsky 1978). The apparent presence of both primitive 

and highly differentiated asteroids is one of the more interesting 

problems to be explained in theories of the formation and evolution of 

pi anetesimals. 

The spectral reflectance of achondrites is unique among 

meteorite types in being almost unambiguously diagnostic of their 
2+ 

composition. They consist mainly of the Fe -bearing silicates 

pyroxene, olivine and feldspar which have prominent electronic 

transition bands in the near-infrared (0.7-2.5 ym). Most achondrites 

lack significant amounts of any opaque minerals which would suppress 

their spectral features or otherwise complicate remote compositional 

analysis. Therefore, asteroids with achondritic surfaces are 

relatively easy to recognize. 
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3.2 Compositional Analysis of New Infrared Spectra 

In Fig. 9 we present a new infrared spectrum of Vesta, 

obtained in January 1980 at the UAO 1.5 m telescope. This more recent 

observation in Fig. 9 has higher signal-to-noise and broader spectral 

coverage than any previous observations. In Fig. 9 we also compare 

the spectrum of Vesta with two types of basaltic achondrites, a 

eucrite and a shergottite. In Fig. 10 we present a new infrared 

spectrum of 349 Dembowska derived from observations in December 1977 

at the UAO 2.3 m telescope. Figure 10 also compares the spectrum of 

Dembowska with two meteorite types mentioned in previous 

interpretations: an LL ordinary chondrite and an olivine-rich 

shergottite achondrite. These infrared spectra are joined to the 

0.3 - 1.1 pm spectrophotometry in the manner described in Section 2.2. 

The spectral analysis of Vesta and Dembowska can begin in the 

same manner as that for the S-type asteroids in Chapter 2, but can 

proceed much further because of the strength of the absorption 

features, the high quality of the spectra, and the availability of 

numerous meteoritic analogs for comparison. Figure 11 is identical to 

Fig. 5 from the previous chapter, except that the spectra of Vesta and 

Dembowska have replaced those of the S-type asteroids. This figure 

demonstrates the different spectral behavior of olivine-pyroxene and 

pyroxene-feldspar mixtures. This difference is much easier to see in 

the spectra of Vesta and Dembowska than in the spectra of S-type 

asteroids because of the greater band depths. 
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Figure 9. The spectral reflectances of 4 Vesta and 
two meteoritic analogs. 
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Figure 10. The spectral reflectance of 349 Dembowska 
and two meteoritic analogs. 
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Figure 11. Analysis of silicate compositions for Vesta and Dembowska. 
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Figure 12 demonstrates the compositional dependence of 

observed infrared band positions for assemblages containing pyroxene. 

The dots give the band positions for the asteroid and meteorite 

spectra in Figs. 9 and 10. The two dashed lines show the trends for 

large numbers of meteorite samples measured by Gaffey (1976). The 

band positions of pyroxenes are known to shift to longer wavelengths 
2 + ? + 

with increasing abundance of Fe (and Ca ) cations. The 

pyroxene-feldspar basaltic achondrites plot along the trend for pure 

pyroxene determined by Adams (1974), because of the negligible effect 

of the weak feldspar absorption. However, olivine-pyroxene assemblages 

depart significantly from the trend for pure pyroxene, as is obvious 

from the ordinary chondrite trend in Fig. 12. Ordinary chondrites 
2+ 

have olivine/pyroxene ratios which increase with the Fe abundance in 

the pyroxenes, and the blending of the olivine and pyroxene 

absorptions shifts the position of the 1 pm band to longer 

wavelengths. The position of the 2 pm band is unaffected, so it can 

be used to determine pyroxene composition. We will now analyze the 

compositions of Vesta and Dembowska separately, and then discuss their 

consistency with achondrite parent body models in Section 3.3. 

4 Vesta. A pair of pyroxene bands dominates each spectrum in 

Fig. 9. Eucrites and shergottites contain about 60" pyroxene, and the 

similar strength of these bands in Vesta's spectrum indicate that 

pyroxene must also be the major surface mineral on the asteroid. We 

determine the first absorption band minimum to be at 0.92 + 0.01 nm, 

in good agreement with the measurement of McFadden et al. (1977) of 

0.924 + .004 ym. The second absorption band minimum is at 1.97 + 
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0.02 pm, a more accurate measurement than previous determinations 

(Larson and Fink 1975b; Larson 1977; McFadden and McCord 1978) due to 

drier atmospheric conditions and careful attention to choice of 

comparison objects and to air mass matching. The band positions for 

Vesta and the two basaltic achondrites are plotted in Fig. 12. From 

our two IR band positions we determine the composition of Vesta's 

pyroxene to be f rSg0+5, using Adams' (1974) calibrations. This mineral 

is slightly less iron-rich than the pyroxene (Fs^q) in the eucrite in 

Fig. 9. Although there is a range of pyroxene compositions in 

eucrites, the observed band positions reflect average pyroxene 

compositions. Our band positions for Vesta are significantly lower 

than those measured for a large number of eucrite samples by Gaffey 

(1976), so we conclude that there is a significant difference in 

average pyroxene composition between Vesta and the eucrites. This 

result could be interpreted literally as a pyroxene of different 

composition than that in eucrites. It may be more reasonable, 

however, to assume that Vesta's observed band positions also represent 

an average composition, possibly including low-iron (Fs£5) components 

mixed with eucritic pyroxenes (Fs^g), as in howardites. The band 

positions for howardites in Fig. 12 indicate a composition of about 

Fs^0, but these meteorites are known to contain a mixture of pyroxenes 

in the compositional range FS25 - FSgg. Shergottites are similar to 
?+ ?+ eucrites, but they contain some pyroxenes with higher Fe and Ca 

abundances. The high optical density of these pyroxenes causes the 

band positions for shergottites to move to much longer wavelengths, as 

we show in Fig. 12. The band positions for shergottites are 



inconsistent with those of Vesta, so shergottite-1ike pyroxenes cannot 

be present in abundance on Vesta. 

Basaltic achondrites can contain up to 50% feldspar, and from 

Fig. 11 we can see that Vesta must also have substantial amounts of 

this mineral on its surface. Vesta's spectrum matches that of the 

pyroxene very well, except in the 1.1-1.4 um region where there is a 

slight inflection compared to pure pyroxene component. This is due to 

the additional presence of a weak absorption band centered near 

1.25 ym that we assign to a feldspar component. The spectrum of the 

pure feldspar component (Fig. 11, right group) shows the full IR band, 

which is very broad and shallow. When mixed with a pyroxene 

component, only the region of the absorption maximum can be seen by 

visual inspection. The typical eucrite spectrum in Fig. 11 (right 

group) displays a similar depression in the 1.1-1.4 pm region. 

Eucrites typically contain 40% feldspar, but the spectral consequences 

are very subtle. For howardites, which contain only 25% feldspar, the 

1.25 pm feature may not be identifiable. In the spectrum of Vesta, 

the feldspar feature is clearly present, but is apparently weaker than 

that in eucrites. Based upon these comparisons, we conclude that 

Vesta's surface contains feldspar, and the pyroxene/feldspar ratio is 

intermediate between that of eucrites (1.5) and howardites (3.0). 

This is consistent with the results of McFadden and McCord (1978) who 

determined a pyroxene/feldspar ratio between 1.2 and 2.2 from a 

calibration of band depths. 

The 0.9 pm pyroxene band on Vesta is not extended 

asymmetrically towards longer wavelengths, so there is no 



observational evidence for olivine on Vesta's surface. This is 

consistent with the fact that basaltic achondrites contain only 

0-1% olivine. The high albedo and strong absorption bands on Vesta 

rule out the presence of dispersed opaque minerals such as metallic 

iron, carbon or magnetite. These minerals are also rare in basaltic 

achondrites. 

Numerous attempts have been made to detect compositional 

variations on asteroid surfaces. Photopolarimetric observations by 

Degewij and Zellner (1978) indicate that brightness variations on 

Vesta are attributable to albedo variations on a nearly spheroidal 

body. Variations of a few percent in the color of Vesta in the 

visible and UV parts of the spectrum have been attributed to 

compositional variations (Degewij et al. 1979). We have searched our 

IR spectroscopic observations of Vesta for evidence of substantial 

compositional variation with rotation. Our observations of Vesta on 

27 Hay 1978 covered 2^45m, equal to one half of its light curve 

period, thereby providing spectroscopic coverage of its entire 

surface. Figure 13 shows five time-resolved spectra of Vesta, each 

representing 25 mi n of observing time. The first and fifth spectra 

are of opposite hemispheres of the asteroid. We detect no variations 

in the depths of the pyroxene bands at the 2% level, and we do not see 

any shifts in their positions (+25 cm-1 limits). Smaller spectral 

variations than these observational limits are less than the spectral 

variations between eucrites and howardites, or between one eucrite and 

another (Gaffey 1976).. The spectroscopic uniformity of our 

time-resolved observations of Vesta means that the composition deduced 



59 

4 Vesta 27 May 1978 

U.T. 

C-

o-

2 5 2.0 
wavelength, /im 

Figure 13. Time-resolved spectra of 4 Vesta. 
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from the spectrum in Fig. 9 characterizes all parts of Vesta's 

surface. The mineralogical significance of Vesta's reported 

brightness and color variations must therefore be constrained by these 

direct spectroscopic limits to compositional heterogeneity. 

349 Dembowska. The absorption band at 1.88 + 0.03 pm in 

Dembowska's spectrum is uniquely assigned to an orthopyroxene mineral. 

Using calibrations by Adams (1974), we determine the composition of 

this pyroxene component to be Fs24+g. Comparison of the spectra in 

Fig. 10 reveals that the 2 pm pyroxene band on Dembowska is at a 

shorter v/avelength and is noticeably narrower than the 2 pm band of 

the ordinary chondrite, even though they have about the same average 

composition. From the position of Dembowska's band minima in Fig. 12, 

we might infer that its pyroxenes are iron-poor compared to those in 

ordinary chondrites, even though we know they are about the same. 

This apparent discrepancy occurs because the absorption bands of 

ordinary chondrites tend to be broadened and shifted to longer 

wavelengths by the inhomogeneity of their pyroxene components. The 

pyroxene components with higher Fe*- abundances also have higher 

optical densities and thus contribute more to the absorption features. 

The achondrite ALHA 77005 also has pyroxenes of different compositions 

(McSween et al. 1979), resulting in the broad and shallow appearance 

of its 2 pm band. Therefore, from comparison of the 2 pm absorption 

features in Fig. 10, we conclude that the pyroxene on Dembowska is 

similar in composition to that in ordinary chondrites and some 
2+ 

Fe -poor, olivine-rich achondrites, but is more uniform in 

composition than that in the meteorites. Also, the band positions for 



Dembowska in Fig. 12 are definitely inconsistent with the pyroxene 

compositions of basaltic achondrites. 

The presence of the 1.88 ym band requires a companion band at 

0.91 urn, according to the trend for pyroxenes in Fig. 12. This band 

is clearly present on Dembowska, but the minimum is shifted to 0.93 ym 

and the band is asymmetric, being extended in its long wavelength 

wing. This characteristic is also seen in the 0.90 ym absorption band 

of the L chondrite (Fig. 11, center group), which in this assemblage 

is due to blended olivine and pyroxene absorptions with an 

olivine/pyroxene ratio of about 1. The position of the maximum 

between the two absorption bands and the band depth ratio for 

Dembowska indicate an olivine/pyroxene higher than that for the L 

chondrite, and higher than that for most ordinary chondrites except 

for some LL chondrites with olivine/pyroxene ratios higher than 2. 

There are other features of Dembowska's spectrum which suggest that 

its olivine/pyroxene ratio may be higher than that of any ordinary 

chondrites. The spectrum below 0.6 ym shows a steep linear dropoff, 

and its reflectivity from 1.7-2.5 ym is much higher than that at 

0.56 ym. These are both characteristics of a pure olivine mineral, 

and suggested to Gaffey and McCord (1978) that Dembowska had a 

composition like olivine achondrites. The olivine spectrum in Fig. 11 

(center group) is actually that of the Chassigny meteorite, an olivine 

achondrite which contains only 5% pyroxene. This meteorite has no 

detectable 2 ym band, so by comparison Dembowska must have much more 

than S% pyroxene to account for its prominent 2 ym band. We conclude 

from the above comparisons with the meteorite spectra in Figs. 10 and 



11 that Dembowska has an olivine/pyroxene ratio between 2 and 5 (i.e., 

20-35% pyroxene). In equilibrated olivine-pyroxene assemblages, the 

olivine composition parallels that for pyroxene in terms of Fe and 

member abundance. From this we can infer that the olivine on 

Dembowska has the composition ^27+8' although we cannot measure it 

di rectly. 

The high albedo of Dembowska and the high spectral contrast in 

the absorption bands rule out significant quantitites of dispersed 

low-albedo opaque minerals or metallic iron. The two meteorites in 

Fig. 10 have band depths similar to Dembowska and contain less than 5% 

metallic iron. Previous interpretations attributed the high relative 

IR reflectance of Dembowska to a high metal abundance (Matson et al. 

1977), but we show in Fig. 14 that this is not a tenable hypothesis. 

In Fig. 14 we try to reproduce the spectrum of Dembowska by averaging 

the spectrum of an LL5 chondrite with that of Fe metal. The 

reflectance at 1.6 pm relative to that at 0.7 um is indicated for each 

spectrum. If we assume a surface covered in equal areal proportions 

with silicates and metal, we can reproduce the degree of reddening in 

Dembowska's spectrum. However, the band depths of this construct have 

been reduced by 50%, and no longer come close to matching those of 

Dembowska. There are no known meteoritic olivine-pyroxene assemblages 

with band depths nearly great enough to reproduce the spectrum of 

Dembowska when averaged with metallic iron. Reference to Fig. 8 in 

Chapter 2 shov/s that the spectra of S-type asteroids can be reproduced 

in this manner, but Dembowska's albedo and spectrum are inconsistent 

with such a high metal abundance. We propose instead that the 
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reddening of Dembowska's spectrum is due to its high olivine 

abundance, as was first suggested by Gaffey and McCord (1978). The 

olivine on Dembowska might contribute relatively more to its spectrum 

if the olivine crystals on the surface were larger than those in 

ordinary chondrites, permitting a longer path length for the photons. 

Gaffey (1976) showed that achondrites have stronger absorption 

features than chondrites, because of their larger crystal size and 

lack of dispersed metal and opaques. Thus, the anomalous reddening in 

Dembowska's spectrum relative to that of LL chondrites with similar 

olivine/pyroxene ratios might be explained by petrographic differences 

rather than compositional differences. 

3.3 Discussion 

The identification of the source regions of meteorites 

requires synthesizing many different types of evidence. In Table 3 we 

summarize our compositional analyses of Vesta and Dembowska and 

compare them with the compositions of several meteoritic 

olivine-pyroxene and pyroxene-feldspar assemblages. The compositional 

information for the meteorites is derived from Van Schmus and Hood 

(1967) and Mason (1978). The eucrite source region model is from 

Drake (1979). With this new, more exact compositional information we 

will reexamine the previous interpretation of these asteroids as 

achondritic bodies. 

Dembowska was first interpreted as a chondritic asteroid 

(McCord and Chapman 1975), but more recently was characterized as an 

achondritic assemblage (Gaffey and McCord 1978). In our compositional 
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Table 3. Comparison of asteroid and meteorite compositions 

Assemblages Pyroxene 
composition 

Mineral abundance 
ratios 

01ivine-pyroxene: 01 ivine/pyroxene: 

LL chondrite Fs27 2 

L chondrite Fs22 2 

H chondrite Fs16 1 

olivine achondrite Fs27 15 

ALHA 77005 shergottite Fs23 2 

eucrite source region Fs30 5-15 

349 Dembowska Fs24+8 2-5 

Pyroxene-feldspar: Pyroxene/feldspar: 

diogenites Fs25 >10 

howardites Fs25-60 3 

eucrites Fs60Wo5 1.5 

shergottites Fs60Wo5-30 1.5 

4 Vesta Fs50+5 1.5-3 



analysis we have the advantage of extended spectral coverage, but 

unfortunately we are still unable to decide unambiguously between 

these two possibilities. In Table 3 we show that the basic 

compositional parameters for Dembowska (pyroxene composition and 

olivine/pyroxene ratio) are consistent with those of undifferentiated 

meteorites such as LL chondrites as well as differentiated 

mineralogies such as the shergottite ALHA 77005 and the eucrite source 

region. Our analysis tends to confirm the findings of Gaffey and 

McCord that some spectral features of Dembowska resemble those of 

olivine-rich achondrites rather than ordinary chondrites. These 

features include the shape of the 2 pm pyroxene band, the falloff at 

wavelengths shortward of 0.6 pm, and the overall reddening which 

cannot be attributed to metallic iron. However, at the present state 

of the art in spectral analysis, these features cannot be 

unambiguously interpreted. Characterization of Dembowska as 

achondritic also conflicts with our argument in Chapter 2 that 

asteroids containing both olivine and pyroxene are likely to be 

undifferentiated. Therefore, we must invoke evidence from studies 

other than spectroscopic ones to help us resolve the question of 

Dembowska's composition. 

In Chapter 2 we compared and contrasted Dembowska with Flora, 

an S-type asteroid which is typical of members of its class in most 

optical properties. Both Dembowska and Flora are members of dynamical 

families which may have resulted from the breakup of larger parent 

bodies. By studying the other members of their families we may be 

able to reconstruct the interior composition of these parent bodies. 



Tedesco (1979) made broadband photometric observations of many 

asteroids of the Flora families, and found that 98% of them had 

similar reddish UBV colors. This implies that the original parent body 

was fairly homogeneous, which is consistent with it having an 

undifferentiated composition. In contrast, the members of the 

Budrosa-Dembowska family have highly dissimilar spectral reflectances. 

Dembowska has an olivine-rich metal-poor composition, whereas 338 

Budrosa and 613 Ginevra are M-type objects which may be composed of 

metallic iron. Another member of this family, 558 Carmen, has a 0.3 -

1.1 pm spectrum which resembles that of Vesta, but the data are too 

noisy to conclude definitively that it is a fragment of a basaltic 

crust. However, it is premature to assume that the members of the 

Budrosa-Dembowska family can be reassembled to form a geochemical ly 

plausible parent body. Zellner et al. (1977) showed that the Nysa and 

Hertha families could be reconstructed to form an achondritic parent 

body, but subsequent observations of some smaller members of these 

families showed that this hypothesis was untenable (Zellner et al. 

1981). Thus, we conclude that there is considerable direct and 

circumstantial evidence to support the interpretation of Dembowska as 

an achondritic asteroid, although some aspects of this conclusion must 

remain speculative. Better understanding of the spectral consequences 

of petrographic differences and more observations of Budrosa family 

members are required to proceed any further. 

In the case of Vesta, there is little doubt that the surface 

of this asteroid is achondritic, because pyroxene-feldspar assemblages 

occur in nature only as the result of igneous differentiation 



processes. Moreover, Vesta is unique among the observed asteroids 

greater than 50 km in diameter in having such a pyroxene-feldspar 

mineralogy. As we showed in Chapter 2, most or all S-type asteroids 

have substantial amounts of olivine, so these objects are unlikely to 

be parent bodies for basaltic achondrites. From Table 3 we can see 

that the composition of Vesta is not identical in all details with 

that of eucrites, but these small differences could be explained by a 

mixture of eucrites and howardites. This is consistent with the theory 

that both eucrites and diogenites come from the same parent body, 

possibly Vesta, and that the howardites are produced by impact mixing 

and brecciation on its surface (Dreibus et al. 1977). The possibility 

that Vesta is the eucrite parent body led Consolmagno and Drake (1977) 

to calculate the bulk composition of the parent planet of the 

eucrites. These investigators concluded that the mantle of the 

eucrite parent planet should constitute more than 90% of the planet 

and should be composed mostly of olivine, with lesser amounts of 

pyroxene, feldspar and metal. The calculated composition of this 

eucrite source region is also listed in Table 3 with the 

olivine-pyroxene assemblages. Had the parent planet been completely 

disrupted, Consolmagno and Drake concluded that we would expect to 

observe at least nine times as many meteorites representative of the 

olivine-rich mantle as meteorites representative of the basaltic crust 

(eucrites and howardites). The absence of a single meteorite with the 

expected composition of this mantle leads to the conclusion that the 

eucrite parent planet must still be intact and should be covered with 

basalts. As Vesta is the only large asteroid with appropriate surface 



composition, Consolmagno and Drake proposed that Vesta is the unique 

source of basaltic achondrites. Wetherill (1974) objected to this 

conclusion since none of the conventional dynamical mechanisms are 

capable of delivering eucrites to Earth on a time scale consistent 

with their cosmic ray exposure ages of 107 yrs. But the eucrites 

must come from somewhere, so unless another parent body is found, 

unconventionl dynamical mechanisms must be invoked to explain the 

terrestrial flux of eucrites (Hostetler and Drake 1978). 

The eucrites are not the only type of meteoritic basalts, and 

Drake (1979) has noted that the arguments presented by Consolmagno and 

Drake (1977) in favor of Vesta as the eucrite parent body apply 

equally well to the shergottites. The shergottites are basaltic lavas 

derived by the melting of a material with different oxygen isotopic 

composition and volatile content from those of the eucrites (Stolper 

and McSween 1979). Fortunately, the eucrites and the shergottites 

are easily distinguishable from their infrared spectra. Shergottites 

contain some high-calcium clinopyroxenes which have band positions at 

longer wavelengths than the pyroxenes in eucrites and on Vesta 

(Fig. 12). Shergottites have the properties of surface lavas, but if 

they are present on the surface of Vesta, they must constitute a minor 

rock type. The tight constraints on the upper limits of spectral 

variation with rotation for Vesta in Fig. 13 rule out major local 

concentrations of any rock types with spectral reflectances differing 

from those of eucrites and howardites. This observation leaves us 

with the apparent paradox that both the eucrite and shergottite parent 

planets should be extant, but there is only one asteroid which we are 
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certain has a basaltic surface (Vesta). Three plausible solutions to 

this paradox will be considered. 

1) The eucrites and shergottites are both derived from Vesta, 

and this asteroid is an isotopically and compositionally heterogeneous 

body. Certainly there is theoretical and observational evidence for 

the assembly of materials from different locations in the solar system 

in a single body (Wetherill 1976; Clayton and Makeda 1978). Thus, 

material accreting on a single parent body may be slightly 

heterogeneous with respect to isotopic characteristics. The isotopic 

homogeneity of terrestrial and lunar samples may be due to their 

extensive geological evolutions rather than initial homogeneity. A 

smaller, asteroidal parent body might well retain evidence of initial 

isotopic heterogeneities. Were Vesta this body, spectroscopic evidence 

requires that the shergottites must comprise a minor fraction of the 

surface lavas. This requirement is consistent with the small numbers 

of shergottites (Shergotty, Zagami, ALHA 77005) relative to eucrites 

and howardites (over 70 known samples) in our museum collections. 

2) Asteroid 349 Dembowska or some smaller member of its 

dynamical family is the shergottite parent planet. This large, 

main-belt asteroid is located near a Kirkwood gap, and is a 

dynamically favorable source of meteorites (Wetherill 1978). The 

reflectance spectrum of Dembowska is similar to that of ALHA 77005 

(Fig. 10), so the surface of Dembowska could plausibly be interpreted 

as the exposed mantle of the shergottite parent planet. However, this 

interpretation contradicts the evidence above that the crust of the 

shergottite parent planet should still be intact. An ad hoc dynamical 
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mechanism would have to be invoked to explain why we have two samples 

of the crust but only one sample of the volumetrically more abundant 

mantle (Chapman 1979). The small number of samples make this argument 

weaker than in the case of the eucrite parent planet. 

3) The shergottites are derived from Mars. Wasson and 

Wetherill (1979) and Wood and Ashwal (1981) have suggested that 

meteorites could be derived from Mars and that, if any meteorite came 

from Mars, Shergotty is the best candidate. The mechanism consists of 

acceleration to escape velocity as a result of impact volatilization 

of Martian permafrost. Wasson and Wetherill noted the problem that 

the cosmic ray exposure age of 2 x 106 years is short in comparison 
O 

with the rubidium-strontium and argon ages of 2 x 10 years, implying 

that the ejected mass must have had dimensions of at least 5 m and 

possibly as large as 100 m to shield Shergotty from cosmic rays for 

99% of the transit time to Earth. It is unlikely that such large 

masses can be ejected from Mars without being totally melted. Again, 

an unusual dynamical mechanism must be invoked. 

The three solutions to the paradox described above are 

consistent with the observational data, but have different dynamical 

problems. Clearly, improved understanding of various dynamical 

mechanisms for delivering meteorites to Earth is required before we 

can say which of these solutions is most likely (or least unlikely). 



CHAPTER 4 

SPECTROSCOPIC EVIDENCE FOR AQUEOUS ALTERATION 
ON C-TYPE ASTEROIDS 

4.1 Introduction 

In this chapter we present new high-resolution spectra in the 

0.9 - 2.5 um region for three low-albedo C-type or C-like asteroids. 

In Section 4.2 we use laboratory simulations to characterize the 

spectral reflectance properties of carbonaceous chondrite matrix 

material (CCMM) components. In Section 4.3 we combine our new 

asteroid spectra with 0.3 - 1.1 ym spectrophotometry and 3.0 - 3.5 pm 

photometry for compositional analysis. These composite spectra are 

examined for evidence of primary or secondary CCMM minerals. In 

Section 4.4 we discuss the compatibility of our new spectroscopic 

evidence with the model for carbonaceous chondrite parent bodies. We 

conclude that these C-type or C-like asteroids contain both primary 

and secondary CCMM components, and that they have undergone aqueous 

alteration to a greater degree than any meteorite. 

In the early 1970's, when the observational techniques of 

polarimetry and radiometry began producing albedo determinations for 

asteroids, it was discovered that many asteroids have extremely low 

albedos (Matson 1971). These dark asteroids were called "C-type", 

symbolic for carbonaceous-type, since carbon seemed to be the only 

cosmically abundant material capable of producing such low albedos 



(Chapman et al. 1975). Carbon and carbon polymers are the darkening 

agents in CCMM, the principal component of CI and CM chondrites 

(Wilkening 1978). The possible relationship between low-albedo 

asteroids and carbonaceous chondritic meteorites has been intensively 

investigated (Johnson and Fanale 1973). Infrared (0.9-3.5 pm) spectral 

reflectance studies have shown that the surfaces of low-albedo 

asteroids are in many ways analogous to carbonaceous chondrites 

(Lebofsky 1978; Larson et al. 1979), but. significant compositional 

differences have been inferred from observation at UV and visible 

wavelengths (Gaffey and McCord 1979). Thus no C-type asteroid spectrum 

can yet be "matched" in all details with any meteorite spectrum. 

There are at least two possible explanations for this observational 

fact: 1) The C-type asteroids have compositions different from 

carbonaceous chondrites, and the two are not genetically related, or 

2) C-type asteroids have the same compositions as carbonaceous 

chondrites, but some unknown mechanism is changing the spectral 

reflectances of their surfaces. 

Concurrent with detailed astronomical observations of 

asteroids, chemical and petrological studies of CI and CM chondrites 

have revealed that these are not pristine samples of solar system 

condensates as was once believed. Rather, these meteorites have been 

affected by aqueous activity within their parent bodies (Kerridge and 

Bunch 1979). Aqueous alteration produces major observable changes in 

the spectral reflectances of meteoritic minerals, because most of 

their absorption features are due to iron cations and water molecules, 

both of which are highly mobile in alteration processes. 



Carbonaceous chondrite matrix material is a low-temperature 

assemblage of fine-grained clay minerals, organic polymers, magnetite 

and iron sulfides which constitute the black, fine-grained matrices of 

CI and CM chondrites (Wilkening 1978). Primordial CCMM may have formed 

by low-temperature reactions of higher-temperature condensates with 

solar nebula gas. However, there are some mineral phases in CI and CM 

chondrites which appear to have formed as a result of post-accretion 

aqueous processes on or near the surfaces of the meteorite parent 

bodies. For example, sulfate and carbonate salts, and some of the 

magnetite, in CI chondrites appear to have crystallized from an aqueous 

solution (Kerridge et al. 1979). In addition, the iron-rich clay 

minerals in CM chondrites appear to have undergone alteration to form 

iron-poor clay minerals and magnetite (McSween 1979). There is also 

evidence for alteration in CO and CV chondrites, which contain much 

less of the volatile-rich matrix material (Bunch and Chang 1979). The 

spectral differences between the primary and secondary minerals in CCMM 

are striking, and must be taken into account when analyzing 

observational data on low-albedo asteroids. 

4.2 Spectral Reflectance Properties of CCMM Components 

The most diagnostic spectral feature of CCMM is a strong 

absorption band at 3 pm. Among meteorites, this band is seen only in 

CI and CM chondrites (Lebofsky 1978; Larson et al. 1979). This feature 

can be uniquely assigned to fundamental vibrational modes of water 

molecules in clays, salts and other hydrated minerals (Lebofsky 1977, 

1980). The detection of 3 pm absorption features due to hydrated 



minerals on seven low-albedo asteroids by Lebofsky (1980) is the 

strongest observational evidence available for the presence of CCMM on 

asteroids. 

Water, in the form of water frost, has a short lifetime on the 

surface of any main-belt asteroid (Lebofsky 1980). However, the lattice 

hydroxyl groups and interlayer water molecules in clay minerals have 

varying degrees of stability. Dehydration curves for clay minerals are 

usually obtained by measuring loss of weight of the material upon 

heating to higher and higher temperatures (Grim 19C8). Typical results 

for clay minerals heated to 100°C show rapid loss of water that is 

loosely absorbed on surfaces and in pores. A gradual loss of most 

interlayer water then occurs up to 550°C. At this temperature the 

lattice water begins to be released and the structures of the clay 

minerals break down, usually irreversibly. Hydrated magnesium sulfate 

begins to lose water at 150°C, but it is not completely dehyrated until 

reaching a temperature of 350°C. Similar results have been obtained by 

measuring the spectra of hydrated minerals as they are heated, and 

observing the disappearance of absorption features due to water 

molecules (Hunt et al. 1971b; Lindberg and Snyder 1972). However, the 

surface of an asteroid has been at a low temperature over the age of 

the solar system, with only occasional heating by impact events and 

exposure to radiation. It is more relevant to know what type of water 

has most likely been retained under these conditions. 

In our laboratory experiments, we used terrestrial minerals 

(Ward's Natural Science) which are analogs to the water-bearing 

minerals in carbonaceous chondrites. The samples were finely powdered 



to simulate the dust-covered surfaces of asteroids (Dollfus and Zellner 

1979). All of the reflectance spectra were recorded with a Fourier 

spectrometer (Larson and Fink 1975a) operating in the wavelength region 

1.5-3.5 pm at a resolution of 10 cm"1. They are presented here on a 

linear wavelength scale for ease of comparison with other published 

spectra. Spectra were first recorded with the samples at ambient 

atmospheric conditions. The sample chamber was then evacuated to about 

.01 torr, using a liquid nitrogen cold trap to ensure removal of 

volatiles, and the sample temperature was reduced to approximately 

100°K. Spectra were periodically recorded over a period of 24 hours to 

monitor the changes in the absorption features as water was lost. 

Typical results for some of the samples are presented in Fig. 15. The 

prominent absorption features at 1.9 pm and 2.9-3.0 pm are assigned to 

water molecules, and at 2.3 pm and 2.7 pm to hydroxy! groups (see Hunt 

and Salisbury 1970; Grim 1968). 

Chlorite and serpentine are terrestrial clay minerals similar 

to those found in CCMM. There was no significant change in their 

spectra, indicating that none of the water was frozen out or 

evaporated. The presence of absorptions due to water molecules in 

their spectra show that there is some adsorbed and possible interlayer 

water which is bound tightly enough to be stable in a vacuum for at 

least this short time period. However, there were major changes in the 

spectrum of montmorillonite due to the disappearance and extreme 

weakening of absorption features at 1.9 pm and 2.9-3.0 pm, 

respectively. The montmorillonite structure is capable of absorbing 

large amounts of water between its layers and on grain surfaces and 
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most of this loosely bound water is rapidly lost in a vacuum, leaving a 

3 pm feature of about the same strength as that in serpentine and 

chlorite. The salt mineral here is "anhydrous" magnesium sulfate which 

had been sitting on a laboratory shelf for years, forming hydrated 

minerals by absorbing water molecules from the air. Most of this water 

is quickly lost in a vacuum, but a relatively strong 3 pri feature 

remained. 

A comparison of the four spectra labeled "after" reveals that 

the absorption features in each due to HgO molecules are practically 

indistinguishable, whereas the features due to OH groups are different. 

Thus, the 3 pm feature is a characteristic, of hydrated minerals but 

cannot be used to identify a particular one. 

In the above experiments, the spectral changes due to loss of 

water occurred within a few minutes of evacuation of the sample 

chamber, and there were no observable changes in the next 24 hours. 

Reduction of the temperature to 100°K had no observable effect. 

Comparison with the heating experiments summarized by Grim (1968) and 

those of Hunt et al. (1971b) suggests that holding hydrated minerals in 

a vacuum at low temperatures is equivalent to heating them to between 

100°C and 200°C over the same time scales. 

Dehydration on an asteroid might proceed to a further degree 

than our experiments, but evidence from meteorites suggests that it has 

not gone to completion. Richardson (1978) has noted that some form of 

hydrated magnesium sulfate must have been a pre-terrestrial phase in CI 

chondrites because the temperature necessary to dehydrate it is well 

above the stability limit of some of the organic compounds in the CI 



matrix material. Cosmic ray track studies of CM carbonaceous chondrites 

(MacDougall and Kothari 1976) indicate that they have brecciation ages 
Q 

of 4 x 10 years, which implies that they have resided near the 

surfaces of their parent bodies for most of the age of the solar 

system. Thus, the existence of hydrated minerals in carbonaceous 

chondrites confirms that water has long-term stability on asteroidal 

bodies, although the identity of the meteorite parent bodies is 

uncertain at present. 

From our empirical calibration of 3 pm band depth dependence on 

2.2 urn albedo for suitable mineral-opaque mixtures, we infer the 

abundance of hydrated minerals present on an asteroid's surface. A 

similar experiment with mixtures of pyroxene, plagioclase and ilmenite 

was previously conducted to simulate the spectral reflectance of the 

lunar surface (Nash and Conel 1974). In our experiments, samples of 

terrestrial chlorite and magnesium sulfate identical to those in 

Fig. 15 were mixed with increasing amounts (1-3 weight %) of carbon 

black to reduce the albedo and the strengths of the absorption 

features. Spectra of these samples and that of the Murchison CM 

chondrite were then recorded under the same conditions of pressure and 

temperature as in the previous dehydration experiments. 

In our results in Fig. 16 we see that the chlorite-carbon black 

mixture with a 2.2 ym reflectivity of 0.07 matches very well the 3 pm 

band depth and general appearance of the spectrum of the Murchison CM 

chondrite v/ith the same albedo. As far as its spectral properties are 

concerned, this meteorite can be described as fine-grained clay mineral 

mixed v/i th carbonaceous matter. The chlorite-carbon black mixture is, 
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therefore, a good spectral simulation of CCMM in the 3 pm spectral 

region. Actually, the clay minerals in CM chondrites are unlike any 

terrestrial minerals, but most closely resemble septechlorites, the 

low-temperature polymorphs of chlorites (Mackinnon and Buseck 1979; 

Bunch and Chang 1980) They contain essentially the same amount of 

structural water, but in different lattice locations. We have also 

measured spectra of serpentine and montmorillonite mixed with carbon 

black, and these show about the same 3 pm band depth dependence on 

albedo as chlorite and septechlorite. Thus, we conclude that this type 

of calibration is useful for determining the abundances of clay 

minerals on asteroids, even though remote observations are not yet 

capable of distinguishing between different types of clay minerals. 

The presence of hydrated salts on the surface of an asteroid 

might add to the strength of the observed 3 pm band, but the salt must 

be physically separate from the dark matrix material to have this 

effect. As demonstrated in Fig. 16, the 3 pro band is effectively 

eliminated if the magnesium sulfate salt is mixed with enough carbon 

black to reduce its albedo to 0.10. This is because the optical 

density of the salt is much less than that of chlorite. In CI 

chondrites, hydrated salts are present in veins between the dark matrix 

material, apparently deposited during aqueous events on the parent body 

(Richardson 1978). If such deposits v/ere on the surface of an asteroid 

consisting otherwise of dark material, they should substantially 

increase the albedo and the strength of the 3 um feature. In Section 

4.3 we apply the results of our laboratory calibrations to Lebofsky's 

(1980) low-resolution asteroid data at 3 pm. 



Even if the presence of clay minerals on C-type asteroids can 

be established, their surfaces cannot immediately be reconciled with 

carbonaceous chondrites because of discrepancies in the albedos. CI 

and CM chondrites have visual geometric albedos of 0.05-0.06, whereas 

the albedos of C-type asteroids cluster around 0.04, with some lower 

than 0.03 (Zellner et al. 1977). Unless some unknown surface darkening 

effect is taking place, the asteroids must contain greater quantities 

of low-albedo opaque minerals. One possible conclusion is that 

asteroids have inherently greater amounts of carbonaceous matter than 

meteorites. Another possibility is that a greater proportion of 

magnetite is present on asteroid surfaces. This low-albedo opaque 

mineral is a product of aqueous alteration of Fe-rich clay minerals. 

If aqueous alteration has affected asteroids to a greater extent than 

in meteorites, it is probable that greater amounts of magnetite are 

present, and this mineral could lower the asteroids' albedos. However, 

it is difficult to distinguish spectrally between carbon and magnetite 

unless the magnetite is present as a major component. 

Figure 17 shows the 1-3 pm reflectance spectra of terrestrial 

montmorillonite, blacks of carbon and magnetite (Fisher Scientific), 

and mixtures of these minerals. The water and hydroxyl absorption 

features of montmorillonite are suppressed very effectively in mixtures 

with 2 weight % of these opaques and there is a roughly linear, 

decreasing reflectivity toward longer wavelengths. The spectra of 

these mixtures are not distinguishable, yet the spectra of the pure 

carbon and magnetite phases can easily be distinguished. Carbon black 

has a linear, decreasing reflectivity from 1 to 3 ym, whereas the 
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reflectivity of magnetite is flat from 1.0 to 1.5 pm, and then slowly 

increases from 1.5 to 3.0 pm. Thus, a low-albedo asteroid containing 

abundant magnetite on its surface might exhibit this increasing 

reflectivity from 1.5 to 3.0 pro, a spectral behavior unique to 

magnetite and some other iron-rich opaque minerals such as ilmsnite and 

troilite (Hunt et al. 1971a). The abundance of magnetite would 

probably have to be higher than that in carbonaceous chondrites, 

because this spectral behavior is not seen in any meteorite samples. 

In Section 4.3 we discuss the spectrum of one very low-albedo asteroid, 

324 Bamberga, in terms of the presence of abundant magnetite. 

The production through aqueous alteration of a clay mineral 

with a lower Fe/Mg ratio would have other readily observable effects of 

the spectral reflectivity of CCMM. The iron cations in the meteoritic 

clay minerals produce an intense UV absorption with the absorption edge 

at about 0.5 pm in the spectra of CI and CM chondrites. However, in a 

construct using low-iron terrestrial montmorill onite and carbon black 

to simulate meteorite spectra, Johnson and Fanale (1973) measured an 

absorption edge at 0.4 pm. We then expect that such a low-iron clay 

produced by aqueous alteration on an asteroid would have a less intense 

UV absorption than is seen in CCMM, with the absorption edge located at 

wavelengths shorter than 0.5 pm. Other iron-rich silicates such as the 

olivine and pyroxene in CV and CO chondrites and ureilites also produce 

UV absorptions; however, these minerals have lower optical densities 

than iron-rich clays, which means their UV absorption will be more 

effectively suppressed by the presence of opaques. Therefore, 

high-optical density iron-rich clays can dominate the UV spectral 



reflectance of the surface of an asteroid, even if substantial amounts 

of low optical density silicates are present. Only if aqueous 

alteration processes completely deplete the iron from the clay minerals 

will the intense UV absorption be eliminated. 

Gaffey and McCord (1978) have suggested that the location of 

the UV absorption edge is diagnostic of composition in silicate-opaque 

assemblages. For assemblages with albedos matching C-type asteroids, 

an absorption edge located at 0.5 pm indicates the presence of at least 

some iron-rich clay mineral, while an absorption edge at 0.4 pm could 

be due to either an iron-poor clay mineral or iron-rich olivine and 

pyroxene. The olivine and pyroxene bands at 1 and 2 pm or the water 

absorption at 3 pm could then be used to distinguish between the two 

possibilities. 

There are also silicates with no diagnostic spectral features. 

Iron-poor olivine and pyroxene are found in CI and CM chondrules and 

inclusions, and these minerals have featureless spectra and very low 

optical densities (Adams 1975). These phases may not belong in the 

original CCMM, but since they are found in all CM chondrites they may 

be a ubiquitous component of low-albedo asteroids (Wilkening 1978). 

The results of Section 4.2 confirm the importance of 

distinguishing between primary CCMM components and their alteration 

products. The alteration produces major observable changes in spectral 

reflectivity, since the absorption features are mainly due to iron 

cations and water molecules, both of which are highly mobile in 

alteration processes. Aqueous alteration of CCMM would be expected to 

decrease the strength of the UV absorption by removing iron from the 
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clay minerals, lower the overall albedo if large amounts of magnetite 

are produced, or possibly raise the albedo and strengthen the 3 ym 

absorption if hydrated salts are produced. With this perspective we 

will now examine the 0.3-3.5 ym spectral reflectances of three v/ell 

observed low-albedo asteroids to determine if there is any evidence for 

CCMM or its alteration products on their surfaces. 

4.3 Compositional Analysis of Asteroid Spectral 
Reflectances 

As subjects for spectral analysis we have chosen the three 

low-albedo asteroids for which high signal-to-noise spectral data exist 

over the wavelength interval 0.3 to 3.5 ym. in Fig. 18 we show the 

composite spectral reflectances of asteroids 1 Ceres, 2 Pallas, and 324 

Bamberga. The points between 0.3 and 1.1 ym are narrowband photometry 

from Chapman and Gaffey (1979). The solid lines extending from 0.9 to 

2.5 ym are high-resolution Fourier spectra obtained in 1978 and 1979. 

The spectra of Ceres and Pallas are more recent observations with 

different calibrations than those presented by Larson et al. (1979) 

(see Appendix A). For Ceres we also obtained a Fourier spectrum 

between 2.9 and 3.5 ym in December 1980. The Fourier spectra are 

normalized to the shorter wavelength data in the region of overlap at 

around 1 ym. The broadband photometry at 1.25 ym (J), 2.2 ym (K) and 

3.45 ym (L), and the narrowband photometry between 3.0 and 3.5 ym are 

from Lebofsky (1980). The IR photometry is normalized to the Fourier 

spectra at 2.2 ym. 
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Figure 18. The spectral reflectances of three low-
albedo asteroids. 



In the asteroid taxonomic system, both 1 Ceres and 324 Bamberga 

are classified as "C" type, and 2 Pallas is unclassifiable because of 

its high albedo, although it resembles C-types in some ways (Zellner 

1979). The albedos used in Fig. 18 are the presently adopted values in 

the TRIAD file which are based on weighted averages of polarimetric and 

radiometric determinations (Morrison and Zellner 1979). 324 Bamberga 

is more typical of C-type asteroids, and our analysis of it may be 

applicable to many more C-type asteroids for which extensive spectral 

data are not yet available. 1 Ceres and 2 Pallas can be thought of as 

unusual individuals spectrally as well as in size, having diameters of 

1014 km and 589 km, respectively, compared to 252 km for Bamberga. 

To begin our analysis, we discuss in detail the 3 um 

reflectivities of these asteroids, since most of the laboratory work 

presented in the previous section deals with this spectral region. The 

narrowband photometry at 3.0 ym should be most sensitive to the 

presence of water of hydration, since the absorption feature in 

water-bearing minerals such as those in Fig. 15 is still near its 

maximum intensity at this wavelength. The intensity of the absorption 

falls off sharply by 3.2 ym, and ground-based observations from 2.6 to 

2.9 ym are hindered by water vapor absorption in the earth's 

atmosphere. 

Lebofsky (1980) expressed the 3 ym reflectance relative to 

2.2 ym, but here we will add some uncertainty to his figures because in 

individual cases we can see that the continuum level of the asteroid 

spectrum upon which the 3 ym absorption is superimposed is not flat at 

2.2 ym, and can be higher or lower at 3 ym. For example, the 3 ym 



reflectance of Bamberga is equal to its 2.2 urn reflectance, but if we 

extrapolate the spectrum to 3 pm from the slope between 1.25 pm and 

2.2 pm, we see that the continuum level should be significantly higher 

at 3 pm. Thus, it is probable that a 3 pm absorption feature is 

present, even though the spectrum appears flat between 2.2 pm and 3 pm. 

Figure 19 is a plot of 2.2 pm albedo versus 3 pm reflectance 

(relative to 2.2 pm) derived from the asteroid data in Fig. 18 and the 

laboratory data in Fig. 16. The dashed line connecting the three 

laboratory measurements (x's) represents the trend followed when 

chlorite is mixed with increasing amounts of carbon black. 

Measurements of mixtures of serpentine and montmorillonite with carbon 

black as well as mixtures of all three clay minerals with magnetite 

black fall nearly on the same trend. 

We believe that the curve in Fig. 19 represents systematic 

behavior that can be applied to terrestrial and meteoritic clay 

mineral-opaque mixtures. Note, for example, that the Murchison 

meteorite, designated in Fig. 19 by the single data point (0), falls on 

the trend determined by terrestrial assemblages of similar minerals. 

The trends for mixtures of hydrated salts and opaques would fall above 

this line, since the salts have inherently weaker 3 pm absorptions due 

to their low optical densities. 

If the three asteroids in this study were composed of similar 

clay minerals with the only difference being a variation in the amount 

of opaques, they should all plot along the same trend in Fig. 19. 

However, 1 Ceres and 2 Pallas plot far away from the clay mineral 

trend, and in different directions. Only 324 Bamberga overlaps the 
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curve, but the uncertainty in the observational parameters is large. 

These three asteroids appear to have similar surface textures (Dollfus 

and Zellner 1979), so their failure to plot on the curve in Fig. 19 is 

unlikely to be due to particle size differences. We therefore conclude 

that the spectral characteristics of these three asteroids cannot be 

accounted for by the addition or subtraction of a single component. We 

believe, rather, that the surface mineralogies of these asteroids are 

more convincingly explained by differences in the type and abundance of 

their hydrated minerals, and that some of these differences imply 

alteration of primary CCMM minerals. 

Simple inspection of Fig. 19 provides some important insights 

into the role of an alteration mechanism. 1 Ceres has a significantly 

stronger 3 pm absorption than would be expected for a clay 

mineral-opaque mixture of the same albedo, and much stronger than that 

for hydrated salts. The Fourier spectrum of Ceres shows a slightly 

weaker 3 un absorption than does the photometry, but the data point for 

Ceres in Fig. 19 would still fall well to the right of the clay mineral 

trend. Therefore, no single hydrated mineral can be responsible for 

Ceres' spectral reflectance. However, the presence of small patches of 

high-albedo hydrated salts on a surface consisting otherwise of 

low-albedo clay minerals would account fpr both Ceres' stronger 3 pm 

absorption and its high albedo relative to most C-type asteroids (0.06 

vs. 0.04). 

The albedo of Pallas (0.08) is even higher than Ceres' (0.0G), 

but the interpretation proposed above for Ceres (high-albedo hydrated 

salts) is inconsistent with the low observed strength of Pallas' 3 pm 



absorption. This feature is much weaker on Pallas than on Ceres (see 

Fig. 18), and also much weaker than would be expected for a clay 

mineral-opaque mixture with an albedo of 0.08 (see Fig. 19). Thus, we 

conclude that both hydrated clay minerals and salts can only be minor 

components of Pallas' surface, and that the bulk of its surface 

minerals must be anhydrous. Since hydrated salts are secondary 

alteration products, they are less likely to be present on Pallas than 

primary clay minerals, given the overall low abundance of hydrated 

mi nerals. 

The spectrum of 324 Bamberga appears flat between 2.2 and 

3.0 pm (see Fig. 18), but there is probably a weak 3 pm absorption 

feature present, because the continuum level of the spectrum should be 

increasing in this region. However, the uncertainty in the strength of 

the 3 um absorption allows interpretations ranging from 100% clay 

minerals to a totally anhydrous composition (see Fig. 19). 

In the above discussion we have combined albedo measurements 

with our new IR spectral data to demonstrate that these three asteroids 

differ significantly in the type and abundance of their hydrated 

mineral components. In order to characterize more completely their 

surface mineralogies, we present below a new synthesis of all available 

spectral data for each asteroid. 

1 Ceres. The above analysis of the 3 pm absorption suggests 

that Ceres is composed mostly of clay minerals with some hydrated 

salts. The shallow, broad absorption around 1 ym and the strong UV 

absorption are also characteristic of iron-bearing clay minerals (Hunt 

and Salisbury 1970). However, the UV absorption in the spectra of CI 



and CM chondrites extends out to 0.5 and 0.6 pm, because the CCMM clay 

minerals contain abundant ferric and ferrous iron. The UV absorption 

edge in Ceres' spectrum is located at 0.4 ym, so the clay mineral on 

Ceres' surface must be depleted in iron relative to a CI or CM 

chondrite (Gaffey and McCord 1978, 1979). Aqueous alteration has been 

observed to remove iron from clay minerals in CCMM yielding magnetite 

(ferric-ferrous oxide) and an iron-depleted clay mineral as end 

products (McSween 1979). On Earth as well magnetite crystals can be 

found growing in chlorite masses which are being leached by water. 

Thus, the unusual spectral reflectance of Ceres' surface is consistent 

with Ceres having a bulk composition the same as carbonaceous 

chondrites. We propose that, if Ceres originally had a composition 

like CCMM, some alteration process has affected its surface to a much 

greater extent than is seen in any meteorite. If aqueous alteration is 

that process, the production of magnetite lowered its albedo, but 

isolated deposition of small amounts of high-albedo salt on the surface 

has negated the effect of the opaque. 

2 Pallas. The weakness of both the 3 ym and UV absorptions in 

Pallas' spectrum compared to those in Ceres' spectrum means that 

low-iron clay minerals must be in relatively low abundance on Pallas. 

Pallas has a higher albedo than Ceres, and consideration of Fig. 19 

shows that if its anhydrous minerals were the same as those on Ceres, 

the absorption features would be much stronger than those observed. 

Iron-rich olivine and pyroxene like that in CV and CO chondrites cannot 

be present on Pallas either. Some of these meteorites have albedos 

similar to that of Pallas, and the absorption bands due to ferrous iron 
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at 1 pm and 2 pm are clearly visible, but no such features are seen in 

Pallas' spectrum. The most likely candidates for the bulk of Pallas' 

composition are the iron-free olivines and pyroxenes like those in CM 

chondrules. These minerals are spectrally featureless so we can not 

identify them in remote spectral observations, but our analysis forces 

us to conclude that most of the surface of Pallas must consist of some 

spectrally featureless, non-opaque mineral. It is believed that the 

chondrules and the matrix material in CM chondrites were formed 

separately in the solar nebula, and later mixed when the meteorites 

were formed (Wilkening 1978). It is possible that these two components 

were mixed in varying proportions in different parts of the asteroid 

belt, in which case Pallas could be an extreme example of a CM 

chondrite, consisting mainly of chondrules with a small amount of 

altered matrix material. 

324 Bamberga . As the previous analysis showed, the 3 pm 

reflectance of Bamberga does not strongly constrain the amount of 

hydrated mineral present, because the uncertainty in the continuum 

level in that region is about the same as the expected strength of the 

3 pm absorption for CCMM with an albedo of 0.04. Nevertheless, some 

clay mineral is probably present. The spectrophotometry in the UV is 

noisy, but Bamberga appears similar to many other C-type asteroids in 

having a shallow UV absorption with the absorption edge at 0.5 pm. 

According to the analysis of Gaffey and McCord (1978), at least some 

iron-rich clay mineral like that in CCMM must be present, but with the 

UV absorption suppressed somewhat by a greater abundance of opaques. 

The presence of substantial amounts of iron-poor clay minerals cannot 
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be ruled out. The probable nature of the opaque mineral present can be 

deduced from the appearance of the spectrum between 1.0 and 2.5 pm. The 

spectrum of Bamberga is flat or slightly decreasing from 1.0 to 1.5 pro, 

and then increases slowly from 1.5 to 2.5 ym. No known carbonaceous 

chondrite has an infrared reflectivity like this, but magnetite black 

(Fig. 17) has exactly these spectral characteristics. The presence of 

abundant magnetite on Bamberga would explain the infrared spectrum as 

well as the low albedo. As stated earlier, magnetite is an alteration 

product of iron-rich clays, and may be more abundant on the surfaces of 

C-type asteroids than in carbonaceous chondrites. 

4.4 Discussion 

Having examined the albedos and the broad-band spectral 

reflectances of three low-albedo asteroids, we find that their surface 

compositions must be unlike those of any known type of carbonaceous 

chondrite. Moreover, each asteroid surface differs from the others in 

compositionally significant ways. In interpreting these differences we 

have examined the possibility that aqueous alteration of primary CCMM 

minerals has occurred to varying degrees on these asteroids. In 

general, this mechanism is consistent with the observations, although 

not uniquely constrained by them. It is now certain, however, that 

primary CCMM material by itself is quite inadequate as a meteoritic 

analog for any of these three asteroids. 

We summarize in Table 4 the various observational constraints 

that support the aqueous alteration interpretation. For the primary 

CCMM minerals and their probable alteration products we estimate the 
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Table 4. Spectroscopic evidence for aqueous alternation products 

Components 1 Ceres 2 Pallas 324 Bamberga 

Primary 

Fe-rich clay minerals - - + 

Carbon ? ? ? 

Fe-poor olivine, pyroxene - + ? 

A1teration 

Fe-poor clay minerals + + ? 

Magnetite ? ? + 

Hydrated salts + - -

key to symbols: + evidence for its presence 
- evidence against its presence 
? could be present, no evidence for or against 
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degree to which each mineral's presence is supported by observations. 

The distribution of symbols clearly supports some of the conclusions 

stated above: each asteroid is compositionally distinct; and CCMM by 

itself is not acceptable, especially for 1 Ceres, as an analog. In 

addition, we believe that it is highly significant that Table 4 shows 

direct or indirect evidence for secondary alteration products on the 

surface of each asteroid, although a common mineralogy seems ruled out. 

We therefore propose that the unusual spectral reflectances of these 

and possibly many other C-type asteroids can be explained by the 

alteration of CCMM minerals, either in an aqueous process or in some 

other analogous chemical process. 

It is important to realize that the reflection spectrum of an 

asteroid samples only the top few microns of the surface, and that this 

surface layer might not be preserved in meteorites which may be derived 

from that asteroid. Therefore, it is not necessary for the entire 

regolith of these asteroids to have been altered; a process which 

affects only the surfaces exposed to space would be sufficient. 

Laboratory experiments simulating surface processes affecting hydrated 

minerals on asteroids may be the key to understanding the spectral 

reflectance of low-albedo asteroids. 



CHAPTER 5 

CONCLUSIONS 

5.1 Summary of Observational Results 

The compositional information obtained from the new 

observational data in this study is summarized in Table 5. For each 

group of asteroids under consideration, we list the minerals detected 

or inferred to be present, the evolutionary process responsible for the 

observed composition, and our best guess as to the meteoritic analogs. 

We now review the extent to which each entry in the table is an advance 

over previous interpretive work. For this purpose we wil.l compare our 

summary in Table 5 with a similar table in Gaffey and McCord (1978) 

which was based primarily on 0.3 - 1.1 um spectrophotometry. 

For the three low-albedo asteroids studied, our research shows 

that hydrated clay minerals are the dominant minerals present. In 

addition9 we are now able to distinguish between the iron-rich clays on 

Bamberga and the iron-poor clays on Ceres and Pallas, since data are 

available in both the UV and 3 pm regions. Gaffey and McCord (1978) 

mentioned the possibility that iron-poor clays could be present on 

Ceres and Pallas, but considered this unlikely since it would require 

massive amounts of aqueous alteration. However, our new observations 

suggest that hydrated salts and magnetite, both products of aqueous 

alteration, may be present in significant amounts. Therefore, the 



Table 5: Summary of Observational Results 

Asteroids Minerals 
detected 

Mi nerals 
i nferred 

Process 
i nferred 

Meteorite 
analogs 

Low-albedo 

1,2,324 
Fe-rich clays 

Fe-poor clays 

Hydrated salts 

Magnetite 

Low-temperature 
aqueous alteration 

CI, CM chondrites 

S-type 

3,5,7,8,9,12,18, 
27,29,39,433 

Olivine 

Pyroxene 

Fe metal No differentiation 
or alteration 

H, L chondrites 
(CV, CO chondrites?) 

High-albedo 

4,349 
Olivine 

Pyroxene 

Feldspar 

none High-temperature 
igneous differentiation 

Eucrites, Howardites 
(shergottites?) 

KO 
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surface compositions of these large C-type or C-like asteroids are now 

consistent with aqueous alteration of CI or CM chondrite-like material. 

For each of the eleven S-type asteroids studied, we have 

detected significant amounts of olivine and pyroxene, and inferred the 

presence of metallic iron. Gaffey and McCord (1978) also found that 

these components were present on S-type asteroids, and proposed that 

their compositions ranged from pyroxene-rich to olivine-irch 

stony-irons. From our observations at longer wavelengths, we are able 

to restrict the silicate compositions to a narrow range of 

olivine/pyroxene ratios, consistent with chondritic compositions. Our 

laboratory work also shows that the high metal abundances 

characteristic of stony-iron meteorites are not required to explain 

S-type spectra. Ordinary chondrites or even CV or CO chondrites are 

possible meteoritic analogs. 

In the case of the two high-albedo asteroids, 4 Vesta and 

349 Dembowska, our results are substantially in agreement with the 

achondritic interpretation of Gaffey and McCord (1978). With our new 

infrared spectra, however, we are able to determine their compositions 

more precisely. The high-temperature silicates olivine, pyroxene, and 

feldspar are probably the only minerals present in significant amounts 

on these asteroids. Vesta has an intact pyroxene-plagioclase crust, 

whereas on Dembowska this crust apparently has been stripped away, 

exposing the olivine-rich mantle. It is possible that Vesta is the 

parent body for both eucrites and shergottites, but a small member of 

Dembowksa's dynamical family could be a source of basaltic achondrites. 
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There is a clear inverse relationship in Table 5 between the 

albedo of the asteroids and the number of new minerals we have detected 

in our study. For brighter asteroids, the diagnostic absorption 

features are very obvious and some minerals can be detected from the 

0.3 - 1.1 ym spectra alone. For asteroids with lower albedos, opaque 

minerals tend to suppress these spectral features, so extended spectral 

coverage is helpful in compositional analysis. 

5.2 Summary of Laboratory Calibrations 

The empirical calibrations derived from laboratory experiments 

which we utilized in this study are summarized in Table G. For each 

calibration we list the figure in which it is presented, the minerals 

whose abundance ratio is inferred, the spectral parameters measured, 

and the accuracy of the determinations. We now review the extent to 

which each entry in the table is an advance over previous interpretive 

work. 

In Fig. 6 we present a new calibration of spectral parameters 

for mixtures of the transparent silicates olivine and pyroxene. 

Pyroxene has strong absorption features, and the effect of mixing in 

the low-optical density olivine is to produce subtle changes in the 

pyroxene spectrum. Our new calibration is similar to one presented by 

Gaffey and McCord (1978), but is made more accurate by the availability 

of spectral data in the 1.1 - 2.5 um region. We are able to estimate 

olivine/pyroxene ratios to within a factor of two for the S-type 

asteroids in our study. 
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Table 6: Summary of Laboratory Calibrations 

Figure Spectral parameters 
measured 

Abundance ratio 
i nferred 

Accuracy 

6 Band depths 
Reflectance max. 

01ivine/pyroxene Factor of 2 

8 Albedo 
Band depths 

Silicate/Fe metal Qualitative 

12 Band positions %Fs in pyroxene 5% 

14 Band depths 
Reddening 

Silicate/Fe metal Factor of 2 

17 Albedo 
Slope 

Magnetite/carbon Qualitative 

19 Band depths 
Albedo 

Hydrated/anhydrous 
minerals 

Qualitative 
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Figure 8 presents the first experimental measurements of 

mixtures of silicates with finely divided metallic iron. The purpose 

of this experiment was to show the qualitative effect of metallic iron 

on the albedo and band depths of the pyroxene spectrum. From this 

experiment we were able to show that a small amount of finely divided 

metal could produce the spectral effects of a large amount of 

coarse-grained metal. 

The calibration of pyroxene band positions we use in Fig. 12 

was derived by Adams (1974). Hhat is new in our study is the 

availability of band positions for two asteroids, 4 Vesta and 349 

Dembowska. We are able to show with relatively high accuracy that the 

pyroxene compositions of these asteroids correspond to achondritic 

compositions. 

The spectral analysis carried out in Fig. 14 is a special case 

of the qualitative analysis of silicate-metal mixtures in Fig. 8. Here 

we are only considering the limited case of an LL chondrite assemblage 

mixed with coarse-grained metallic iron. In this case we show that the 

band depths in Dembowska's spectrum are a factor of two too great to be 

consistent with the high metal abundance inferred by other 

i nvestigators. 

The mixtures of montmorillonite with low-albedo opaques in 

Fig. 17 show the qualitative difference between carbon black and 

magnetite. The only difference in the effects of these two opaques on 

silicate spectra is to produce different slopes. With the knowledge of 

this effect we are able to suggest that magnetite rather than carbon is 

the dominant opaque on the surface of 324 Bamberga. 
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In Fig. 19 we present a new calibration of spectral parameters 

for mixtures of hydrated minerals with opaques. Our experiments are 

similar to those carried out by Johnson and Fanale (1973), but are more 

useful because of the availability of both laboratory and asteroid 

observations in the 3 pm region. Our new experiment shows that the 

abundances of hydrated minerals are qualitatively different on the 

three asteroids under study. 

Consideration of Table 6 reveals that the laboratory 

calibrations we derived in this study are logical extensions and 

improvements of previous efforts. What makes our calibrations more 

useful is primarily the availability of asteroid spectral reflectance 

data at longer wavelengths. 

5.3 The Formation Locations of Asteroids and Meteorites 

For a complete understanding of the compositions of solar 

system bodies, we must be able to look back in time towards their place 

of origin. From studies such as this one we estimate what the 

compositions of present-day asteroids are. However, this does not tell 

us where these asteroids formed in the early solar system. Likewise, 

we know that all the meteorites in our collections were recently in 

orbits which intersected that of the earth, but chemical and isotopic 

studies show that they must have formed at a wide range of heliocentric 

distances. To construct a model for the conditions at the time of 

formation of the solar system, the available astronomical and 

meteoritic evidence must be convolved with dynamical theories 

concerning the displacement of small bodies from one solar system 



location to another. In this chapter we will propose a scenario for 

the formation locations of meteorite parent bodies and their subsequent 

movement to their present locations. Most of the meteoritic evidence 

used in our discussion existed prior to our observations, and more 

details and references can be found in Uilkening (1979) and Wasson and 

Wetherill (1979). 

The oxygen isotope compositions of ordinary chondrites and 

silicate-rich differentiated meteorites are close to those of the earth 

and the moon, so it is probable that these meteorite groups formed in 

the inner solar system, possibly at a distance from the sun of 1 AU. 

At the present time there are few or no asteroids with orbits near that 

of Earth, and any such objects would have short lifetimes to collision 

with the planets. Therefore, the parent bodies of these meteorites 

must be located at the present time at a different location from where 

they were formed. Dynamical studies show that planetesimals formed 

between 0.4 and 1.5 AU from the sun could be perturbed into orbits in 

the asteroid belt by various resonance processes. Many of these 

objects would remain near these resonances, so fragments ejected from 

these bodies by collisions would be favorably placed to be perturbed 

back into Earth-crossing orbits by the inverse of the resonance 

processes. The Apollo-Amor asteroids may originate in this way. Thus, 

it is likely that meteorite parent bodies formed in the inner solar 

system are now stored in the inner asteroid belt, preferentially near 

resonances and Kirkwood Gaps. Some of these bodies may have been 

perturbed further into the outer parts of the asteroid belt and away 

from resonances. 
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From our results in Chapter 2, we concluded that S-type 

asteroids are ordinary chondrite-1ike bodies. These asteroids are 

concentrated in the inner part of the main belt, and many are favorably 

located near resonances. It is therefore plausible some of the S-type 

asteroids are residual ordinary chondrite planetesimals, formed in the 

inner solar system and perturbed to their present locations. We noted 

in Chapter 2 that asteroid 8 Flora is compositionally most similar to 

ordinary chondrites of the S-types we studied. Asteroids of the Flora 

family, being near a resonance, are prime candidates for the sources of 

Apollo-Amor objects. Most of the other S-type asteroids are probably 

bodies which formed at their present location in the main belt and have 

unsampled compositions. They should resemble known ordinary 

chondrites, but may have higher olivine/pyroxene ratios and more finely 

grained metallic iron. 

Asteroids of types M, R and U are the most likely candidates 

for the parent bodies of differentiated meteorites. These types also 

appear to be concentrated towards the inner edge of the main belt and 

near some resonances, but the statistics are poor due to their smaller 

numbers. M-types could be the sources of stony-irons, and R- and 

U-types such as Dembowska and Vesta could be the sources of basaltic 

achondrites. These differentiated asteroids were probably originally 

part of the ordinary chondritic population, but formed earlier and 

underwent melting due to decay of short-lived radioactive isotopes. 

The oxygen isotope compositions of the carbonaceous chondrite 

groups are highly unequilibrated compared to those of the meteorite 

types mentioned above, so it is probable that they formed in the 
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cooler, outer portions of the solar system. The high volatile content 

of CI and CM chondrites is consistent with this view. It is not 

possible to say where the "outer" solar system begins, so carbonaceous 

chondrites could have formed anywhere from the asteroid belt outv/ard. 

Asteroids with very low albedos are concentrated in the outer main belt 

and among the Trojans associated with Jupiter, and some of these are 

located near resonances which make them possible sources of meteorites. 

Since low-albedo C-type or C-like asteroids are so plentiful both among 

main belt and Apollo-Amor asteroids, it is probable that we have some 

fragments of them on Earth. These fragments would certainly be among 

the carbonaceous type of meteorites, so the canonical view is that 

there is an association between C-type asteroids and carbonaceous 

chondrites. 

From our own results in Chapter 4, we concluded that three of 

the largest C-type or C-like asteroids are compositionally similar to 

carbonaceous chondrites, but have undergone more extensive aqueous 

alteration, at least on the surface. It is possible that the larger 

carbonaceous asteroids had more internal or collisional heating which 

drove the aqueous alteration further than is seen in any meteorite. Our 

terrestrial collection of carbonaceous chondrites may be derived from a 

few smaller asteroids which had little or no internal or collisional 

heating, or which had their highly altered outer surface layers 

stripped away by collisions early in solar system history. If our 

conclusions about C-type and S-type asteroids are correct, then the 

parent bodies of ordinary and carbonaceous chondrites should now be 

well-mixed in the main asteroid belt, although they formed in widely 
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separated locations. This could be supported by the presence of 

foreign CM-like fragments in some ordinary chondrite breccias. 

The differences between our scenario above and previous ones 

are due to the new spectroscopic evidence that we have obtained. 

These differences can be summarized as follows: 

1) S-type asteroids appear to be undifferentiated objects, and 

some of them are potential ordinary chondrite parent bodies. 

2) Vesta remains the only candidate for the eucrite parent 

body, although Dembowska may be a fragment of a Vesta-like asteroid. 

3) Aqueous alteration of primary CCMIi components is a process 

operating on the surface of many C-type asteroids. 

All three of these statements point to a closer compositional 

relationship between the main belt asteroid population and the 

meteorites than was previously believed. The terrestrial meteorite 

flux is probably derived from a small handful of asteroids which 

sample only a limited portion of the range of compositions present. 

Thus, a sample return mission to a typical asteroid will probably 

yield a previously unknown composition, but one which is closely 

related to a common meteorite type. 

5.4 Implications for Other Areas of Planetary Science 

The relationship between the terrestrial meteorite flux and 

the main belt asteroids is only a small part of the general question 

concerning the origin of the bodies responsible for the impact 

bombardment of the terrestrial planets and Jovian satellites 
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throughout solar system history. Our scenario proposed in Section 5.3 

has many implications for this broader problem of planetary science. 

The observed size-frequency distribution of craters on a 

planet's surface is a function of the size-frequency distribution of 

the impacting objects. The most heavily cratered terrains on 

planetary surfaces probably date from the time of solidification of 

the crust. Younger, resurfaced terrains have lower crater densities, 

and record later periods of impact bombardment. The size-frequency 

distribution as a function of time constrains theories of the possible 

origin of the impacting objects. 

All of the crater populations on the heavily cratered terrains 

of the moon, Mars, and Mercury have similar size-frequency 

distributions. This strongly suggests that the same population of 

small bodies was impacting all the terrestrial planets during this 
g 

period of "heavy bombardment" some 4.4 - 4.3 x 10 yrs ago. The 

younger, lightly-cratered plains on the moon and Mars have similar 

crater populations, which are different from those of the older, more 

heavily cratered areas. This younger population is not seen on 

Mercury, suggesting that it is a separate and distinct population from 

that responsible for the earlier peiod of bombardment on all the inner 

planets. The crater populations on the oldest surfaces on Ganymede 

and Callisto have a different size-frequency distribution from those 

in the inner solar system, even taking into account their icy 

composition (Strom et al. 1981). Therefore, we have evidence for 

three different populations of small bodies in the solar system. The 
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first, impacted the inner planets soon after they solidified, the 

second impacted the Jovian satellites soon after they solidified, and 

third has impacted the inner planets from the period of lunar mare 

flooding (3.8 x 10^ yrs ago) until the present. 

Our scenario in Section 5.3 strongly implies that the present 

flux of meteorites on Earth is derived from the main belt asteroids, 

either directly or via Apollo-Amor objects. If this is correct, then 

the population of objects responsible for the recent bombardment of 

all the inner planets should also originate from the asteroid belt 

through mutual collisions. Recent observations of Earth-approaching 

asteroids confirm that they are of the same taxonomic types as 

asteroids in the inner main belt (Zellner et al. 1981). This is in 

contradiction with some dynamical calculations which predict that 

extinct comets, whose orbits have decayed due to degassing, should be 

the major source of Earth and Mars-crossing Apollo-Amor objects 

(Wasson and Wetherill 1979). These dynamical calculations also 

predict that it is difficult to derive the observed flux of stony 

meteorites from the main belt on a time scale consistent with their 

cosmic ray exposure ages of about 10^ yrs. If our scenario above is 

correct, it may turn out that the resonance processes for delivering 

meteorites to Earth from the asteroid belt are a factor of ten more 

efficient than is currently believed. It should also follow that the 

cores of extinct comets are very small and fragile, and meteors 

derived from these bodies do not survive entry into Earth's atmosphere 

to be collected as meteorites. 
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Given our explanation of the origin of the recent population 

of impacting bodies, there are two theories of the origin of the 

bodies responsible for the ancient bombardment of the terrestrial 

planets (Wetherill 1975). The first theory says that these objects 

are remnants left over from the accretion of the planets. If this is 

the case in the inner solar system, it cannot also be the case in the 

outer solar system, since the cratering records are different. Another 
O 

argument against this theory is the short lifetime (< 10 yrs) of 

these objects to collisions. The second theory says that accretional 

remnants from the outer solar system, which have longer lifetimes 

against collision, were perturbed into the inner solar system. Close 

encounters with Earth or Venus tidally disrupted these bodies, 

producing the ancient population of impacting bodies in the inner 

solar system. This theory would explain the difference in crater 

size-frequency distributions between ancient surfaces in the inner and 

outer solar system. It could also account for the presence of 

volatiles such as CO2 and on the terrestrial planets. Models for 

the formation of planets predict that the terrestrial protoplanets 

were too hot to retain these volatiles (Cameron 1979). Various lines 

of evidence suggest that the inventory of volatiles on the earth, Mars 

and Venus were acquired from a thin veneer of carbonaceous chondritic 

material added late in their accretion histories (Larimer 1971; 

Ganapathy and Anders 1974; Lewis 1974; Kaula and Bigeleisen 1975; 

Anders and Owen 1977; Hoffman et al. 1979). This material may have 

been derived from this heavy bombardment of material from the outer 

solar system. 
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5.5 Suggestions for Future Research 

With achieved and projected improvements in detector 

sensitivity, infrared spectroscopic observations should soon be 

possible for asteroids two magnitudes fainter than those observed in 

this study. This will increase the number of asteroids within reach 

from a few dozen to over one hundred. Since there is not enough time 

available on large telescopes to observe all of these asteroids, 

future observers must be selective in order to maximize scientific 

return and minimize use of facilities. We now present proposed 

guidelines, which are based on the observational results of this 

study. 

We established in Chapter 2 that the spectral reflectances of 

the eleven S-type asteroids studied were representative of the 

majority of asteroids in this class. Therefore, future observations 

of S-type asteroids should be restricted to those which may have 

atypical silicate compositions, based on their 0.3 - 1.1 pm spectra. 

In this way, we are more likely to find any olivine-rich or 

pyroxene-rich bodies that may represent differentiated stony-iron 

compositions. Some small Earth-approaching S-types should also be 

observed, since these are likely to be sources of meteorites. In 

general, however, infrared observations of S-type asteroids will have 

diminishing scientific returns in the future because of the basic 

similarity of the asteroids' spectral features. 
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Asteroids of type M are likely candidates for the parent 

bodies of certain differentiated meteorites, and therefore deserve 

some attention. Unfortunately, the 0.3 - 1.1 urn spectra of these 

asteroids show no obvious diagnostic absorption features, so any 

features in their 1.1 - 2.5 pm spectra are likely to be weak. The 

best plan would be to obtain high signal-to-noise infrared spectra for 

one bright asteroid of this type, such as 16 Psyche. If these data 

confirm the lack of absorption features, there is little point in 

observing more asteroids of this class. 

In Chapter 4 we demonstrated that the 3 ym absorption feature 

seen in the spectra of some C-type asteroids is compositionally 

diagnostic. However, only a few of the brightest C-type asteroids 

have been observed spectrally in this region. In order to 

characterize the compositions of C-types to the same extent that we 

have done for S-types, high-resolution spectroscopy in the 3 pm region 

should be obtained for several more of these asteroids. In addition, 

lower resolution photometry in this spectral region should be obtained 

for a larger number of C-type asteroids so we can estimate what 

proportion of them contain water of hydration. This is essential for 

a better understanding of the link between these asteroids and 

carbonaceous chondrites. Thus, observation of C-type asteroids in the 

3 ym region could be the most scientifically productive area of 

research in the near future. 



APPENDIX A 

OBSERVATIONAL TECHNIQUES 

The infrared spectra of asteroids presented in this work were 

obtained with a rapid-scanning Fourier spectrometer system (Larson and 

Fink 1975a). The InSb detector and blocking filters were cooled to 

liquid nitrogen temperatures. At wavelengths shortward of 2.5 the 

dominant source of noise in these spectroscopic observations is 

detector noise. Therefore, multiplexing spectrometers such as the one 

used in this study have a sensitivity advantage over grating or CVF 

(circularly variable filter) spectrometers. This multiplex advantage 

is equal to he square root of the number of resolution elements in the 

spectrum. For low-resolution (50-100 cm"*) observations of asteroids, 

the multiplex advantage is a factor of ten, or more than two stellar 

magnitudes. This advantage of a Fourier spectrometer made the 

asteroid observations presented in this study possible. 

A typical observing program for a given night consisted of 

several sets of asteroid-comparison star observations lasting from two 

to five hours each. In most cases, asteroids were observed on several 

consecutive nights and the spectra were averaged. The data were 

recorded in independent one-hour blocks of time. An asteroid was 

observed for 45 minutes, with input beams switched every 5 minutes to 

correct for changing sky background. The comparison star was then 

114 
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observed for 5 minutes. Comparison stars were chosen so that they 

were in the same part of the sky and at the same average air mass as 

the preceding Mock of asteroid data. In this way we could dispense 

with air mass corrections, and could use the comparison star as an 

offset guiding star as well to save time. 

To determine relative reflectances, the observed spectrum of 

an asteroid must be divided by the spectrum of the sun. In standard 

photometric observations, published measurement's of the sun's spectrum 

and those of various standard stars are used as intermediate 

calibrations to be applied to the actual observed spectra. This 

technique is successful when used with broadband photometric 

observations, but has drawbacks when used with high-resolution 

spectroscopic observations. First, the spectrum of the sun has not 

been accurately measured, perhaps due to the severe problems incurred 

in observing such a bright source. The two most widely used solar 

calibrations, those of Arvesen et al. (1969) and Labs and Neckel 

(1970), disagree by as much as 10% at some infrared wavelengths. 

Thus, any errors in these calibrations will be propagated in the data 

to which they are applied. Second, the standard stars generally used 

are not solar-type, and may have more lines in their spectra than the 

sun. If these are not corrected for, spurious features can be 

introduced into the relative reflectance spectra. In choosing our 

comparison stars, we did not adhere to standard photometric practice 

but were guided by more practical considerations. In our 

high-resolution observations we were more interested in detecting 

discrete spectral features than in determining broad-band asteroid 
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colors. However, the calibration technique we employed seems to have 

preserved photometric accuracy while at the same time avoiding the 

problems inherent in the standard photometric technique. 

In our determinations of relative reflectances, we divided the 

asteroid spectrum directly by that of a solar-type comparison star 

without any intermediate calibrations. In the 0.9-2.5 urn spectral 

region, the spectra of the sun and other solar-type stars are 

essentially smoothly-varying, quasi-blackbody functions. In G-type 

stars, spectral lines absorb less than \% of the flux in this region. 

At the resolution of our data, the differences in the infrared spectra 

of solar-type stars are limited to slight differences in slope due to 

small temperature differences. Thus, we avoid introducing any 

spurious features into our relative reflectance spectra, although we 

sacrifice some accuracy in the overall slope of the spectra. 

In Table 7 we list the 16 comparison stars used in our 

asteroid observations. The J-K color indices are from recent 

observations by Lebofsky (1981), and the other data are taken from 

Hoffleit (1964). These are all dwarf or subgiant stars with spectral 

types ranging from F5 to G7. The sun is classified as a G2V star, and 

Johnson et al. (1968) found the average J-K color index for G2V stars 

to be 0.36. In their careful calibration of comparison stars for 

asteroid observations, Tedesco et al. (1981) use BS 7504 as a solar 

analog. This G5V star has a J-K color index of 0.39, a value which 

falls in between those derived from the solar calibrations of Arvesen 

et al. and Labs and Neckel. Thus, it seems probable that the J-K 

color index of the sun is very close to that of BS 7504. The J-K 
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Table 7. List of comparison stars 

Bright star 
catalogue number 

Spectral type Visual 
magnitude 

J-K 
color index 

582 dGl 5.9 0.34 

650 dF9 5.5 0.34 

660 GOV 4.9 0.46 

1729 GOV 4.7 0.35 

2047 GOV 4.4 — 

2251 dGO 5.7 — 

2313 dF8 5.9 — 

3650 dG7 6.5 0.49 

3951 G4V 5.4 0.41 

4374 GOV 3.8 0.40 

4540 F8V 3.6 0.30 

5235 GOIV 2.7 0.33 

6243 F5IV 4.6 — 

7597 dG5 4.7 — 

7896 G5IV 5.0 0.40 

8969 F7V 4.1 0.31 

7504 
(solar analog) 

G5V 6.2 0.39 



color indices of our comparison stars listed in Table 7 fall betwen 

0.30 and 0.49, a variation of +0.10 from that of BS 7504. For some of 

our comparison stars we have no recent determinations of their 

infrared colors, but have relied on other photometric data and direct 

comparisons with other stars to satisfy us that they have solar colors 

as well. For some of our comparison stars with colors significantly 

different from that of the sun, we applied a correction function to 

their spectra to adjust their observed colors to that of the sun. 

These functions were linear in wavenumber, and designed to fit the 

mean colors as a function of spectral type as determined by Johnson et 

al(1968). This technique, although empirical, was shown to be 

highly accurate by Low-and Rieke (1974). 

In our work we analyzed the absorption features present in the 

asteroid spectra independently of the apparent broad-band colors. 

However, comparison of our spectroscopic data with photometric data 

for asteroids indicates that the colors inferred from our spectra have 

good photometric accuracy. In Table 8 we list the reflectances in the 

K photometric band relative to the V band for 13 of our 16 asteroids 

as determined by Veeder et al. (1978). Next to those we have listed 

the 2.2 ym reflectances of our infrared spectra in Figs. 4, 9, 10 and 

18, normalized to 1.0 at 0.56 pm. These values should correspond to 

the reflectances in the K bands since the asteroid spectra are slowly 

varying functions between 2.0 and 2.4 pm. In eight out of thirteen 

cases, the values determined from our spectra are within the 

uncertainties of the photometric data. If we assume that our values 

have errors of +0.10, comparable to those of the photometry, there is 
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Table 8. Comparison of spectroscopic and photometric data 

Asteroid Reflectance in K 
photometric band 

Reflectance at 
2.2 ym in spectra 

1 Ceres 1.03 + 0.10 1.03 

2 Pallas 0.83 + 0.08 0.88 

324 Bamberga — 1.00 

3 Juno 1.30 + 0.10 1.32 

5 Astraea 1.30 + 0.15 1.40 

7 Iris 1.44 + 0.09 1.51 

8 Flora 1.55 + 0.11 1.41 

9 Metis 1.45 + 0.10 1.75 

12 Victoria 1.72 + 0.13 1.64 

18 Melpomene — 1.20 

27 Euterpe 1.37 + 0.10 1.40 

29 Amphitrite — 1.33 

39 Laetitia 1.49 + 0.08 1.28 

433 Eros 1.7 +0.1 1.50 

4 Vesta 1.16 + 0.07 1.29 

349 Dembowska 1.57 + 0.14 1.46 
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agreement within the combined uncertainties in eleven out of thirteen 

cases. Therefore we have achieved near-photometric accuracy in our 

asteroid observations by using independent photometry of our 

comparison stars. 
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