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ABSTRACT 

This study consisted of a comprehensive laboratory and 

telescopic investigation of H20 distribution among the low-

albedo, outer belt asteroids (2.5 - 5.2 AU). The water 

distribution was determined by surveying asteroids for the 

3-pm molecular H20 and structural OH ion absorption, the 

spectral signature of meteorite and asteroid hydrated 

silicates. survey results were interpreted using the mid

infrared (2.5-25 pm) reflectance spectra of 16 carbonaceous 

chondrites and other likely asteroidal materials. The 19 

asteroids observed in this program, augmented by earlier 

reflectance data, yielded 3-pm band depth measurements that 

reflect the present outer belt H20 distribution. Of the 32 

C-class asteroids in this sample, 66% have hydrated silicate 

surfaces, indicating a mild aqueous alteration episode early 

in solar system history. strictly speaking, the C class is 

thus not a primi ti ve asteroid group, but the anhydrous 

objects appear little altered, as do the P and D asteroid 

classes beyond 3 • 5 AU. In addition to this pronounced 

difference in hydration state among the outer belt classes, 

the C region shows a gradual decline in hydrated silicate 

abundance from 2.5 to 3.5 AU. This trend, coupled with the 

apparently anhydrous P and D surfaces, is consistent with an 

original outer belt asteroid composition of anhydrous 
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silicates, water ice, and complex organic material. Early 

solar wind induction heating of proto-asteroids declined in 

intensity with heliocentric distance, and produced the 

observed radial decrease in hydrated silicate abundance. 

The mild thermal processing of the outer belt is a 

continuation of the intense heating and differentiation 

episode that occurred sunward of 2.5 AU, and both events 

support the induction heating mechanism. The large outer 

belt inventory of volatile-rich objects may have been a 

significant contributor to the atmospheres of the 

terrestrial planets. 
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CHAPTER I. WATER ON OUTER BELT ASTEROIDS: 

AN INTRODUCTION AND OVERVIEW 

One of the fundamental questions in the Planetary 

Sciences is that of the origin of Earth and the other 

terrestrial planets. The word "origin" speaks not only to 

the issue of how the planet formed, but also to the nearly 

inseparable issue of what solar system or interstellar 

materials served as raw ingredients for planetary formation. 

The original composition of a planet-sized body is crucial 

to its subsequent thermal, physical, and of course chemical 

evolution. Thus the chemical state of the elements during 

planet formation -- their partitioning into molecular gases, 

mineral grains, and eventually rocks and atmospheres -- is 

an obvious target for planetary science research. The 

asteroids, by all indications accretionary remnants which 

never coalesced into even moon-sized objects, may preserve 

in some instances the elemental and mineral compositions of 

the nebular gas and dust present when planet-building began. 

Meteorite stUdies have produced the bulk of such 

compositional information to date, but unraveling the 

asteroid belt's original chemical and mineralogical state 

from our limited meteorite collections is no easy task: our 

conclusions apply only generally to the thousands of 
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possibilities glimpsed through the telescope. High-quality 

analysis of a few dozen "choice" asteroid samples would do 

much to improve our knowledge of early solar system 

formation conditions. The prospects for such ambitious 

field work in the remainder of this century are remote, 

however, and may be so for several decades. Without sample 

return, only remote sensing techniques can give us the range 

of compositional data necessary to place in context the 

detailed, yet fragmented, analyses of individual meteorites. 

The central purpose of this research is to search for 

H20 (in the form of hydrated silicates) on the surfaces of 

the outer belt asteroids, and to explore the consequences of 

its presence there for the asteroids and terrestrial 

planets. This work builds on efforts begun in the 1970's to 

associate the well-studied meteorite classes with 

observationally defined asteroid groups, and thus understand 

the origin and evolution of the asteroid bel t. In this 

approach, groups of asteroids were compared with meteorites 

having similar visual and near-IR (0.3 - 2.5 ~m) reflectance 

properties, in order to discover broad asteroid 

compositional trends and firm links between meteorite 

classes and probable parent bodies. Remotely sensed 

composition, more specifically the asteroid's surface 

mineralogy, is today the most accessible indicator of an 

asteroid's "physico-chemical history" (Gaffey, 1987). 
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For the present, asteroid remote sensing necessarily 

depends on ground-based astronomy, though a few spacecraft 

asteroid encounters may occur in the next five years. 

Interpretation of the data also depends heavily on infrared 

laboratory spectra of meteorites and analogous mineral 

mixtures, particularly in establishing compositional links 

between meteorites and the observed asteroid classes. 

For two reasons, I concentrated my research on objects 

in the middle to outer asteroid belt, 2.5 to 5.2 

Astronomical units (AU) from the sun: first, meteorite and 

asteroid spectra in the 3-pm region suggested that outer 

bel t obj ects retained significant amounts of the volatile 

elements, found only in the most chemically "primitive" 

carbonaceous chondrites: second, new telescope 

instrumentation made the use of the mid-infrared (2~5 - 25 

pm: Estep-Barnes, 1977: Salisbury et al, 19B7b) spectral 

region much more practical, especiallY suited to a search 

for the most important and cosmically abundant of these 

volatiles, water. 

water is important not only because of its relative 

abundance in the solar nebula and ubiqui tous presence on 

Earth. The compound is also essential to terrestrial life, 

linked inextricably to life's origins. Water from the outer 
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asteroid belt may have supplied part of the Earth's original 

water budget, and its continued presence in the belt raises 

obvious questions about the details· of its incorporation 

into these obj ects. The mineralogical water detected on 

asteroids also suggests a link between their origin and that 

of another class of small, volatile-rich solar system 

objects, the comets. The rationale behind a search for 

asteroidal H20 is simply that those objects might be 

representative of an entire class of early planetary raw 

materials. The terrestrial planets may have accreted 

material with a common chemical heritage, still discernible 

today in the volatile-rich material of the outer belt. 

The results described in later chapters will be clearer 

after an introductory look at the general structure of the 

asteroid belt, which will place the outer, "primitive" belt 

objects in their proper spatial context. The asteroid belt 

has a distinct compositional gradient, a systematic 

variation of asteroid taxonomic class with heliocentric 

distance, documented by Gradie and Tedesco (1982), Chapman 

(1987), and Bell (1986). The low-albedo outer asteroid 

classes are thought to be dominated optically by "primitive" 

organic material; ironically, this most intriguing spectral 

property is also the greatest obstacle to their 

mineralogical characterization. The exploitation of the few 

remaining spectral features for compositional information 
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was the primary motivation for this project's development, 

and the chapter ends with a statement of the formal goals 

and structure of the dissertation. 

The structure of the Asteroid Belt 

Well-characterized orbits exist for nearly 4000 

asteroids. These objects may be divided spatially into three 

major groups according to their mean distances from the sun 

(semi-major axis, a). First, there are the Earth

approaching asteroids, the Apollos, Amors, and Atens, each 

group named after a representative minor planet. This group 

includes objects whose orbits may approach those of any 

terrestrial planet, and which likely provide most of the 

Earth's present meteorite flux. The second and largest 

group, the Main Belt asteroids, have orbits which lie 

between that of Mars and Jupiter between 2 and 4 AU (Fig. 

1.1). The Main Belt also includes the Hungarias and Hildas, 

which lie just inside and outside, respectively, of the 

densest portion of the asteroid bel t. The third asteroid 

group, the Trojans, reside in stable orbits in the vicinity 

of the Sun-Jupi ter L4/L5 Lagrange points, preceding and 

trailing Jupiter by 600 , respectively. 

Papers by Shoemaker et ale (1979), Gradie et ale (1979), 

and Zellner et ale (1985b) offer more information on the 



N 
QE9 d 11 

en 
~ en a: en z 
Cl Cl iii Cl 
C) -I ~ 

Cl Z Q ::::) 0 -I Cl ::::) 
2: :::c a: 

Cl :::c t- t-

O 

N 

o 
Semimojor Axis A.U. 

copyright 1979 by the University of Arizona Press. 
Reprinted with permission. 

22 

Fig. 1.1. Distribution of asteroids as a function of 
hel iocentric distance, in increments of 0.05 AU. Posi
tions of the planets and the maj or asteroid groups are 
indicated. Jupiter orbital resonances are marked with the 
appropriate Jupiter/asteroid orbital period ratios. (From 
Lebofsky et al., 1988, and Gradie et al., 1979.) 
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asteroids' spatial distribution. Briefly, the asteroids are 

concentrated into a number of n families, n each with very 

similar orbital elements (Gradie et al., 1979). Fig. 1.1 

shows the major families, along with distinct gaps 

associated with the major Jupiter orbital resonances. While 

an overwhelming maj ori ty of asteroids reside . in the main 

belt, well-defined groups of asteroids span heliocentric 

distances ranging from inside 1 AU all the way to Jupiter's 

orbit at 5 AU, Their wide distribution presents us with an 

opportunity to observe preserved mineral assemblages from a 

wide range of early solar system environments, the whole 

point behind our study of these objects. 

Asteroid Diameters 

Direct determination of asteroid diameters usually 

depends on observation of stellar occultations; because such 

eclipses are proportional to apparent cross-sectional area, 

occul tation diameters are known for only the largest 

asteroids. Radar, while model dependent, is becoming more 

capable for Earth-crossers and the largest belt asteroids. 

For most objects, diameters and albedos are derived from a 

standard thermal model, which solves the radiation balance 

equation using flux measurements at both visual and thermal 

IR wavelengths (Lebofskyet al., 1986). The comprehensive 

source for asteroid diameters is the Infrared Astronomical 



satellite (IRAS) asteroid survey (Veeder, 

1986), with values for over 1700 objects. 

supplemented (and, of course, preceded) 

thermal measurements for some 200 objects. 
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1986: Matson, 

These data are 

by ground-based 

Fig. 1.2 shows the number of asteroids detected by IRAS 

as a function of diameter (associated figures from Veeder, 

1986). The distribution clearly shows the observational 

limits of IRAS; the drop in number at diameters below 30 km 

reflects the difficulty in detecting the weak flux from such 

small objects. This small-diameter deficiency is also 

contradicted by the observed power-law growth in small 

diameters typical of the asteroid population (Davis et al., 

1985). In Fig. 1.3, where asteroid diameter is plotted as a 

function of semi-major axis, the observational limit is even 

more apparent: the diameter threshold rises steadily with 

distance from the sun, reaching 50 km at 5.2 AU. In 

summary, there is no correlation between the number and 

location of asteroids and their size. 

Albedos 

An asteroid's geometric albedo (Pv) is the ratio of the 

flux reflected from an asteroid at a given wavelength and 

zero phase angle to the flux from a perfedtly reflecting 

Lambertian disk of equal diameter and distance. Albedos, 
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like diameters, are determined by a standard thermal model 

using simultaneous measurements of asteroid visual and 

thermal flux; together these determine a unique geometric 

albedo and diameter that satisfies the thermal balance 

equation (Lebofsky et ale 1986). An examination of the lRAS 

Pv data show that asteroids span a range of albedos, from a 

minimum of approximately 0.04 to nearly 0.50. Objects with 

the lowest values are among the darkest objects in the solar 

system. Albedos reflect a surface's bulk mineralogical 

composition and its physical state, and so the albedo 

distribution is of interest. The number of asteroids in 

each albedo interval is plotted in Fig. 1.4, which shows a 

peak in asteroid albedo just less than 0.05. The lRAS data 

show a smooth decline in number with increasing albedo out 

to a Pv of _0.40, but a processing artifact may obscure 

another peak, derived from ground-based data, at a value of 

0.10. A plot of albedo vs. semi-major axis (Fig. 1.5) 

reveals that asteroids with higher albedos are concentrated 

toward the inner part of the main belt: darker objects are 

common throughout the belt, and dominate the population 

beyond 3.5 AU. This gradation in asteroid albedo is 

mirrored by an associated shift in asteroid taxonomic class 

outward through the belt. The low albedo C class dominates 

beyond 2.5 AU, and is superceded by the even darker P and D 

classes from 3.5 to 5.2 AU. My research is aimed directly 

at understanding this spatial variation in asteroid class. 



32 

Compositional structure of the Asteroid Belt 

Spectral information coupled with albedo data can 

separate asteroids into distinct groups based on a number of 

different classification algorithms (Tholen, 1984). The 

evolution of such taxonomic classes with successively larger 

and better quality data sets was reviewed recently by 

Tedesco et al. (1988). The first real classification 

system, by Chapman et ale (1975), used broad-band 

polarimetry, radiometry, and spectrophotometry to classify a 

sample of 110 asteroids. The next maj or effort was by 

Zellner (1979), who classified 752 objects using a broad 

range of standard observational techniques. When the Eight 

Color Asteroid Survey (ECAS; Zellner et al. 1985a) became 

available, Tholen (1984) used a cluster analysis of that 

data set to introduce his now widely used taxonomy. The 

latest efforts use the ECAS augmented by lRAS albedos 

(Chapman, 1987b; Tedesco et al., 1988). 

Chapman et ale (1975) first recognized two dominant 

asteroid classes, Sand C, that stem from plausible 

associations with meteorites: S for stony-irons (silicates) 

and C for carbonaceous chondrites. (The authors were 

careful, though, to emphasize the pitfalls separating the 

real spectral differences from any compos i tional 
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interpretations. Mineralogical identifications based on 

spectrophotometry were yet to come.) The spectrally neutral 

E and H (metallic) classes were introduced by Zellner and 

Gradie (1976) and Zellner et al. (1977). Gradie and Tedesco 

(1982), using the new ECAS results and radiometric albedos, 

added the low albedo classes F (flat spectra) and P (pseudo-

metallic). A class of very dark asteroids with very red 

visual and near-IR spectra was recognized in work by Degewij 

and van Houten (1979). Tholen's taxonomy appeared in 1984; 

he incorporated the previous schemes into a comprehensive 

system that added new classes A, Q, and T, and two C 

subgroups (B and G). 

The significance of the lettered asteroid types, of 

course, lies not in the naming, but in the inferred 

composition associated with each. Gradie and Tedesco (1982) 

made the initial correlation of class with heliocentric 

distance, showing that different asteroid classes occupy 

successive regions of the belt. Their plot of asteroid 

class distribution as a function of solar distance 

(corrected for observational bias) demonstrated a marked 

radial structure (Fig. 1.6). The S class dominates the 

inner belt, the Cs the middle and outer belt, and the Ds the 

Trojan region. They regarded that distribution as a first 

order image of the belt's original mineralogical state. The 

pattern's preservation over 4.5 billion years strongly 
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suggests asteroid formation at or near the present belt 

locations. When linked to surface mineralogy by 

spectrophotometry, the class variation is clear evidence for 

overlapping "rings" of different asteroid composition at 

increasing distances from the sun. If, based on meteorite 

analog ies, one equates the S, C, and D classes, 

respectively, with volatile-poor silicates, carbonaceous 

chondrite-like material, and volatile-rich 

"ultracarbonaceous" material (Gradie and Veverka, 1980), the 

radial structure represents the mineralogical record of belt 

formation temperatures, or the effects of some radially 

varying thermal event early in solar system history, or 

both. The observational basis of the Gradie and Tedesco 

distribution has been reaffirmed by Chapman C1987b). 

Bell (1986) has integrated the radial taxonomic 

structure into a model for belt origin and evolution, 

proposing specific asteroid class/meteorite relationships. 

His three asteroid "superclasses" (igneous, metamorphic, and 

primitive) are based on a proposed belt-wide thermal episode 

that declined in intensity with solar distance. The igneous 

Ss dominate the belt sunward of 2.7 AU, the metamorphic Cs 

are centered ~t about 3.2 AU, and the primitive superclass 

CPs and Os) take over beyond 3.4 AU. Since the Bell model 

encompasses the outer belt asteroids that are the focus of 

this study, I discuss it in detail in Chapter VII. 
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Significance of This Study 

The preceding discussion placed the asteroids in their 

physical and (proposed) mineralogical context. What central 

issues in asteroid study does this work address? 

Surface composition. Detailed knowledge of asteroid 

composition in the absence of documented ( i. e. non

meteoritic) returned samples depends on remote sensing 

techniques, particularly reflectance spectroscopy. 

Reflectance measurements enable the detection of mineral

specific absorption features. However, a basic spectral 

characteristic of the low-albedo asteroids dominating the 

outer belt is their "grayness", the near-total absence of 

diagnostic absorptions throughout the visual and near-IR 

(0.4-2.5 ~m) portions of the spectrum. Spectral studies of 

carbonaceous chondrites (Johnson and Fanale, 1973; Gaffey 

and McCord, 1979) have attributed this blandness to an 

opaque component that lowers reflectance and contrast so 

effectively that it masks silicate mineralogical features. 

My use of longer wavelengths offers a solution. In the 

mid-infrared (2.5 to 25 ~m), many opaque materials (I.e., 

organics) become transparent, restoring spectral contrast. 

In addition, beyond 2 ~m, stronger molecular vibrational 
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features begin to supplant the charge transfer and charge 

exchange bands typical of shorter wavelengths. This is 

especially true of the various H20 and OH absorption bands 

near 3 pm: their prominence makes them the primary target 

used in this study. Spectral contrast is also aided by the 

fine particle sizes typical of lunar and inferred asteroidal 

regoliths: in the mid-IR finer size fractions tend to 

increase the continuum reflectance and thus intensify the 

absorption bands (Salisbury et al., 1987b). 

Volatile detection. water exhibi ts the most intense 

vibrational bands in the mid-IR below 5 pm: this familiar 

molecule is of fundamental interest in primitive bodies, 

because (1) its abundance is related to the original 

volatile complement of obj ects in a given formation zone, 

and (2) its retention by asteroids implies a relatively mild 

thermal history once accretion ended. If a water-rich 

asteroid belt formed with significantly more mass than we 

observe today, it may have been a potentially important 

contributor to terrestrial planet volatile inventories. 

The present-day abundance of volatile-rich asteroids is 

also of interest in exploring links between asteroids and 

comets. Particularly in the outer belt, water-rich 

asteroids may bear a superficial and even a genetic 

resemblance to comet nuclei. The presence of water on 
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asteroids as well as comets is evidence, perhaps, of a 

generic water/silicate composition among small planetesimals 

formed beyond the orbit of Mars. Detailed study of such 

asteroids should increase our understanding of the entire 

suite of small solid bodies in the outer solar system. 

Nebular environment during planetesimal formation. A 

class of volatile-rich, and hence relatively unaltered, 

asteroids should retain mineral assemblages that represent 

the dust component of the local solar nebula. Mineral 

abundances have been used in meteorite studies to determine 

a specific temperature/pressure history in the nebular zone 

where parent body formation occurred: similarly, primitive 

asteroid compositions can place rough limits on nebular 

conditions. The presence of H20 implies a thermal 

environment favorable for long-term storage of original 

nebular materials, including possible relics of the 

interstellar cloud that collapsed to form the solar system. 

Asteroids may prove to be an accessible class of time 

capsules, preserving the earliest stages of solar system 

history through their long "burial" in the outer belt. 

Goals of the study 

This dissertation work grew originally from a laboratory 

study aimed at determining the reflectance properties of the 



38 

very dark organic component of carbonaceous chondrite matrix 

material (CCMM) (Wilkening 1978). with encouragement from 

J. Lewis and L. Lebofsky I expanded the work to include mid

IR asteroid reflectance observations, for eventual 

comparison with representative carbonaceous chondrite 

laboratory spectra. The resulting asteroid and meteorite 

data sets gave rise to a model for outer belt asteroid 

origin and evolution that satisfies present observations and 

predicts compositions for asteroids not sampled by the 

terrestrial meteorite collection. The goals of the study 

were as follows: 

(1) Obtain mid-IR reflectance data on a representative 

sample of low-albedo asteroids, using the NASA Infrared 

Telescope Facility (IRTF). The sample should represent the 

the entire outer asteroid belt, from 2.5 to 5.2 AU. 

(2) compile a spectral library of low albedo asteroidal 

materials, using a variety of carbonaceous chondrites and 

mixtures of appropriate mineral analogs. Emphasis should be 

placed on characterizing the 3-~m H20 bands and the 3.4-~m 

C-H organic stretch feature. Include spectra taken at outer 

solar system temperatures and pressures. 

(3) using the above two data sets, characterize low-

albedo asteroid surface compositions their likely 
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mineralogies, estimated surface H20 abundances, and organic 

materials. Examine asteroid spectra for associations with 

particular types of carbonaceous chondrites. 

(4) Determine the distribution of volatiles (H20) on 

outer belt asteroids through quantitative band depth 

measurements of the 3-pm hydrated silicate signature. 

Search for trends in the H20 abundance as a function of 

asteroid orbital and physical characteristics. 

(5) Using the mineralogical information derived above, 

examine the implications for the chemical and physical state 

of the solar nebula in the region of the asteroid belt. 

(6) Integrate the H20 distribution results into our 

understanding of the incorporation and retention 0 f 

volatiles during asteroid formation. Explore the 

implications for origins of organic material and the 

physical evolution of low albedo surfaces on small solar 

system objects. 

(7) Apply the compositional data to similar classes of 

outer solar system bodies. The reflectance work on hydrated 

silicates and organics should apply directly to the Galilean 

satellites, the Iapetus dark hemisphere, and comet nuclei. 
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(8) Predict probable mineral assemblages for the 

martian satellites Phobos and Deimos (both C asteroid 

analogs) in advance of the Soviet encounter. Support 

projected asteroid encounters by the Galileo and CRAF 

missions using the new reflectance data base. 

The common thread running through these goals is an 

effort to understand the surfaces, origins, and evolution of 

low albedo, outer belt asteroids as a coherent whole. Are 

these objects distinctly different in origin or do they 

share a common heritage? Are they representative of most 

small bodies in the outer solar system, particularly comets? 

Do these asteroids preserve very old mineral assemblages 

still unsampled by our meteorite collections, of interest 

for direct sample return? Do the asteroid composi tions 

reflect a thermal history discernible throughout the main 

belt? What is the significance of volatile-rich asteroids 

for terrestrial planet atmospheres, meteori te parent body 

evolution, and the potential use of space resources? 

Ambitious questions, to be sure. While difficult to 

address within a single dissertation's scope, I feel this 

work supplies useful insights into all of these issues. 

Chapter II presents the rationale behind a search for 

volatile-rich asteroids as derived from meteoritic evidence. 
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CHAPTER II. EVIDENCE FOR ASTEROID VOLATILES 

Before beginning a telescopic search for asteroid 

volatiles, one should have some reasonable expectation that 

they may be present. This chapter, then, examines the 

composi tiona1 traits that make volatile-rich asteroids a 

worthy observational target. Evidence for large numbers of 

water-rich asteroids comes mainly from carbonaceous 

meteorites, but also from direct asteroid reflectance 

measurements, inferences from other ground-based 

observations, solar nebula chemical modeling, and proposed 

relationships between comets and some asteroid classes. 

Recent dynamical studies (Wisdom, 1985) reinforce the 

hypothesis that the asteroid belt is the ultimate source for 

most of the terrestrial meteorite flux. The fact that 

meteorites are the only "ground truth" measurements of 

asteroid compositions is not a trivial point. All remote 

sensing interpretations of asteroid mineralogy must at least 

be consistent with existing meteoritic evidence, and, 

ideally, integrate that evidence into a larger framework 

explaining both asteroid and meteorite origins. Thus 

meteori te volatile inventories are the logical departure 

point for an investigation of the outer belt asteroids. 
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Carbonaceous Chondrites 

Because carbonaceous chondrites are the most volatile

rich meteorites, with albedos and spectra closest to those 

of outer belt objects, it is worth taking a moment to review 

the carbonaceous chondrite classes and compositions, with 

emphasis on volatile content. As Dodd (1981) points out, 

all chondrites are chemically primitive, in that the ratios 

of their major, non-volatile elements (Fe, Si, Mg, AI, Ca, 

etc.) approach those observed in the sun's atmosphere. The 

carbonaceous chondrites (especially CIs) come closest in 

bulk composition to that of the sun, retaining 5-10% of the 

solar C, N, and H20 abundances (Prinn and Fegley, 1988). 

The carbonaceous chondrites fall into four classes, each 

designated by the first letter of that class's prototypical 

example: CI: lvuna: CM: Mighei: co: Ornans: CV: Vigarano. 

The original C1, C2, and C3 designations were based on bulk 

H20, S, and C content (Van Schmus and Wood, 1967) and 

correspond to the current CI, CM, and CO/CV classes. 

The near-solar composition of CI chondrites has given 

them a wide reputation as the most primitive meteorite 

class, one reinforced by the presence of abundant low

temperature mineral phases, incapable of surviving even mild 

metamorphism. The CI matrix is a microbreccia composed 

almost totally of fine-grained hydrated silicates and 
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magnetite (i.e., a chondrite without chondrules). About 30% 

of the matrix is montmorillonite [{Na,Ca)O.3(Al,Mg)2 

Si04010 (OH) 2 ·nH20] I but the dominant silicate is a septe

chlorite [(Al,Fe,Mg,Mn)4-6 (Al,Fe,Si)4010(OH,O)8]. The 

matrix is also laced with fractures filled with fluid

emplaced carbonates and hydrated Ca- and Mg-sulfates. 

Like the CIs, CM carbonaceous chondrites have a hydrated 

silicate-rich matrix, but they contain significant numbers 

of chondrules (Fig. 2.1). The dominant matrix mineral is an 

Al-poor septechlorite called cronstedite, though 

montmorillonite is also present. 

The CV and CO chondrites are markedly different from the 

volatile-rich CIs and CMs, consisting largely of chondrules 

and high-temperature mineral grains. CVs generally have 

more matrix material (42% vs. 34%) than the COs, and CV 

matrices consist more often of fine-grained, Fe-rich 

olivines. CM-like hydrated silicates are rare (Dodd, 1981). 

A major difference between the carbonaceous chondrites 

classes is their bulk volatile content (Table 2.1). Water 

can make up 10% of CI and 5% of CM meteorites (all figures 



Fig. 2.1. Close-up photo of Murchison CM chondrite sample 
(Field Museum). Note ablation crust, black matrix material 
and lighter chondrules. 



TABLE 2.1 VOLATILE CONTENT IN CARBONACEOUS CHONDRITES 

Element 

S 

C 

H 

Species: 

S 

C 

N 

H 

Type: 

Type: 

H20 (0)* 

FeO 

CI 

5.92 

3.61 

2.08 

CI 

6.04 

3.19 

0.26 

1 

10 

30 

CM CO 

(wt. %) 

3.38 2.01 

2.30 0.31 

1.42 0.09 

CM CO 

(wt. %) 

2.2 0.4 

cv 

2.14 

1.08 

0.38 

from Wiik, 1969 

cv 

0.9 

*oxygen in the form of water 

from Lewis and prinn, 1984 
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are weight percentages). The H20 (and, for that matter, 

most H) resides predominantly in the matrix phyllosilicates 

mentioned above. They incorporate water (actually, 

hydroxyl, or OH radicals) into their lattice structure; 

hence the term "bound water." Interlayer or adsorbed water 

is also present, but water in those sites is so mobile and 

the minerals themselves so hygroscopic that original 

meteoritic water could have easily exchanged with 

terrestrial water. (Lewis and Prinn [1984] suggest that as 

much as one half of the reported water in CI and CM analyses 

may be terrestrial). water is also present in minor amounts 

in hydrated H2o-soluble salts like gypsum and epsomite. 

other normally volatile elements are usually 

concentrated in the complex organic material present to some 

degree in all four carbonaceous chondrite classes. This is 

particularly true for carbon and nitrogen (Prinn and Fegley, 

1988). Carbonaceous material seems to be common among outer 

belt asteroids, judging from the low albedos of the C/P/D 

classes and the visual/near-IR spectral parallels between 

carbonaceous chondrites and the C class (Chapter IV). 

Organic-rich asteroids, already the probable source of the 

carbonaceous chondrites (Dodd, 1981), may have contributed 

heavily to terrestrial planet inventories of H, C, Nand S, 

particularly in an isotopic sense. 
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Are Meteorite Volatile Reservoirs Primordial? 

Because of their near-solar volatile abundances, the CI 

chondri tes have gained a reputation over time as the most 

chemically primitive meteorites: they could not have endured 

even moderate temperatures (> _500 K) without losing most of 

their H20 and complex organics. "Chemically primitive" soon 

came to imply "primordial", as in unaltered or pristine. A 

popular I but somewhat unwarranted, view has been that the 

Cl/s are indeed a surviving mineral assemblage recording the 

detailed chemistry of nebular condensates. This primordial 

cachet soon migrated to the CI asteroidal analogs I the C 

class, promoting a perception that the numerous Cs were 

primitive planetesimals or their collisional fragments. 

However, C class observations from this work contradict that 

assumption: most Cs seem to have experienced a mild heating 

episode. A true proto-asteroid composition may be preserved 

only on unheated Cs or on asteroid classes yet unsampled. 

The water-rich, hydrated silicate minerals found in CI 

and CM chondri te matrices are thermodynamically stable; a 

formerly plausible explanation for their origin was that 

they formed when AI- and Mg-silicates reacted with H20 vapor 

in the solar nebula. Their presence in the primitive 

carbonaceous chondrites implied that nebular hydrated 

silicates were plentiful in the early solar system, 
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constituting an important class of raw materials for 

asteroid and terrestrial planet formation (especially as a 

volatile-rich veneer at the end of accretion). Beginning in 

the late 1970's, however, the idea of hydrated silicates as 

"primary" meteoritic (or asteroidal) material was displaced 

by meteoritic evidence that they are secondary alteration 

products: more recent chemical modelling highlighted the 

difficulties of producing hydrated silicates in the nebula 

(Prinn and Fegley, 1987, 1988). 

By far the most direct evidence stems from textural and 

petrologic studies of carbonaceous chondrites. The 

chemistry and morphology of CI and CM clay mineral matrices 

show convincing evidence of phyllosilicate formation via the 

action of liquid water. Kerridge and Bunch (1979) detailed 

the morphological and mineralogical evidence for CI and CM 

chondri te alteration: in the CIs, veins of Mg- and Ca-

carbonates and sulfates are present throughout dominant Fe

and Mg-rich hydrated silicates in the matrix (McSween, 

1979a). Both the veins and the characteristic magnetite 

(Fe304) morphology stem unequivocally from fluid deposition 

processes. 

1000 years, 

Liquid water contact was maintained for a time ~ 

though leaching apparently did not transport 

precursor material over a scale greater than about 1 cm. 

The CM chondrites, though morphologically distinct from 
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the CIs, also display mineral associations and textures 

characteristic of aqueous alteration. Analyses show the 

matrix underwent addition of H20, C02 I and water-soluble 

organic compounds during the alteration, which took place in 

a parent body regolith at temperatures < 400 K (Bunch and 

Chang, 1980). Carbon and H20 were mobile phases during the 

process, but again bulk meteorite compositions were 

unaffected by liquid transport (McSween, 1979b). Kerridge 

and Bunch (1979) conclude that both CI and CM chondrites 

were first subjected to low velocity impacts and brecciation 

on a parent body surface, then altered by liquid water while 

regolith overturn and exposure continued. While hydrated 

silicates are rare in chondrites of higher petrologic type, 

a few (of type CV, CO, and LL3) have sulfate abundances that 

indicate the parent bodies experienced a low-temperature, 

aqueous oxidation episode (Burgess et al., 1987). 

McSween (1987) notes that carbonaceous chondrites were 

especially vulnerable to aqueous alteration, because their 

fine-grained matrices made them permeable to fluids evolved 

from the interiors of their parent bodies. The present 

consensus among meteoriticists is that hydrated silicates 

(along with sulfates, carbonates, and magnetite) in 

carbonaceous chondrite matrix material are of secondary 

origin (Frederiksson and Kerridge, 1988). This assumption is 

fundamental to this dissertation, as it implies that 
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asteroidal hydrated silicates are also alteration products.) 

Two corollaries are readily apparent: (1) Water was 

plentiful enough on parent asteroids to produce enough 

hydrated silicate surfaces to survive subsequent collisional 

processing and still be detected today: and (2) an early 

heat source was necessary to drive the alteration episode on 

this class of proto-asteroids. I will return to both of 

these implications in Chapter VI. 

other Evidence for Asteroid Volatiles 

We have firm evidence that liquid water was present very 

early on some carbonaceous chondrite parent bodies. Several 

other lines of evidence extend the presence of water and 

other volatiles to the outer belt asteroids themselves: 

The most convincing is the direct observation of 

asteroid water of hydration using 3-l'm reflectance 

spectroscopy (Lebofsky, 1980), the technique described in 

Chapter IV. By 1985, Lebofsky, Feierberg, and others 

(Lebofsky et al., 1981: Larson et al., 1979: Feierberg et 

al., 1985a) had surveyed approximately 20 C, P, and 0 

objects, confirming hydrated silicates on six of the ten 

largest C asteroids. These results suggested the Cs might 

represent a widespread volatile-rich population. 
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More indirect evidence of a water-rich outer belt came 

from visual/near-IR spectral comparisons of asteroids and 

laboratory analogs. Gradie and Veverka (1980) found that a 

laboratory mixture of 10% organics and 90% clay minerals 

reproduced the typical D asteroid spectrum. They proposed 

that the D-class Trojan asteroids were composed largely of 

hydrated silicates and a higher organic fraction than the 

usual 3-5% CI/CM chondrite abundance. These plentiful 

organics would account for the lower albedos of the Ps and 

Os and the near-IR spectral reddening displayed by the 

latter. The proposed hydrated silicate/organic mixture was 

of course rich in water, carbon, hydrogen, and nitrogen. 

Gradie and Veverka (1980) based their "ultra

carbonaceous" (hydrated silicate/organic) outer belt 

composition partially on the predictions of equilibrium 

models of solar nebula chemistry (Grossman and Larrimer, 

1974; Lewis, 1972). They predicted that under proper 

temperature and pressure conditions (in a cooling nebula or 

in a low-temperature region far from the sun), alteration of 

anhydrous high-temperature phases (like olivine and 

pyroxene) into hydrated silicates would occur. The outer 

asteroid belt may have been such a transition zone, between 

the apparently anhydrous proto-planets of the inner S class 

and the condensed ice zone at and beyond Jupiter's orbit. 

Closer to the sun temperatures would have been too high to 
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produce hydrated silicates before the nebular H20 

dissipated, while at Jupiter's orbit the nebula was 

sufficiently cool to condense not only hydrated silicates, 

but also H20 ice. Attempts to identify the generic mineral 

suite typical of outer belt nebular conditions have relied 

chiefly on chemical equilibrium models (Lewis, 1972, 1974: 

Lewis and Prinn, 1984; Prinn and Fegley, 1988). These 

models predict path-independent mineral stability zones, and 

imply no unique condensation or heating history for a given 

T,P state. Typical stable, low-temperature nebular hydrated 

silicates are tremolite, hydroxyapatite, talc, and 

serpentine. These minerals are excellent water reservoirs 

-- nebular serpentine could have retained up to 14% water by 

mass (Lewis, 1974). Table 2.2 lists a representative 

"condensation" sequence of these low-temperature minerals. 

The presence of hydrated silicates in carbonaceous 

meteorites seemed to confirm the predictive power of 

equilibrium condensation modelling, but the strong evidence 

for an alteration origin for those minerals (presented 

above) has eroded confidence in a nebular origin. Given 

that water is undeniably present in meteorites and at least 

some low-albedo asteroids, solar system formation models 

must provide a source for H20 other than nebular, or 

primary, hydrated silicates. The icy Galilean satellites 

show that water ice was stable in the nebula at and beyond 
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Jupiter's orbit, so a reasonable alternative is that water 

ice was the original form of asteroidal H20, condensed in 

situ or perhaps scattered inward to the belt. We shall see 

later that this work supports the H20 ice alternative. 

A final suggestion that water may have been plentiful 

among outer belt asteroids stems from color and albedo 

similarities between D-class asteroids and comet nuclei. 

Based on similar visual and near-IR (0.7 2.5 pm) 

reflectance properties (reddened infrared spectra and 

albedos ~ 0.04 ), Hartmann et al. (1985, 1987) proposed a 

genetic link between the D asteroids and comets, with 

compositions dominated by water ice, silicate dust and 

carbonaceous material. If such a link is confirmed by 

observation, the outer belt may harbor even more water than 

meteoritic analogies suggest. The Halley spacecraft 

encounters also indicate a plentiful cometary organic 

component, the same material, perhaps, which dominates the 

spectra of C, P, and D asteroids. 

Volatiles as Remote Sensing Targets 

Which of the'volatile-rich materials found in meteorites 

(and proposed for the outer belt asteroids) are detectable 

using spectroscopic techniques? What are their diagnostic 

spectral features? 
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TABLE 2.2 PREDICTED H20-BEARING MINERALS AT THERMO-CHEMICAL 
EOUILIBRIUM IN A SOlAR NEBULA GAS 

Equilibrium Phase H20 % 
Temperature (K) 

500 Tremolite 2.2 
Ca2Mg5Si8022(OH)2 

<470 Na-Phlogopite 4.5 
NaM93AlSi3010(OH)2 

460 Hydroxyapatite 1.8 
CaS(P04)30H 

400 Serpentine 13.0 
M93Si20S(OH)4 

230 Serpentine 13.0 

<274 Serpentine + Brucite 16.1 
M93Si20S(OH)4 + Mg(OH)2 

22S Serpentine + Brucite 16.1 

400 Talc 4.8 
M93Si4010(OH)2 

340 Talc 4.8 

160-280 Talc 4.8 

250 Talc + Brucite 8.3 

160 water Ice 100 
H2O 

from Prinn and Fegley (1988) 
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Carbonaceous chondrite matrix material (CCMM) is a 

relatively bland target for spectral observation: its opaque 

component, primarily organic material but including some 

magnetite, produces'a low albedo and effectively suppresses 

visual and near-IR mineral absorption features (Wilkening, 

1978). However, the individual components of CCMM do have 

molecular vibration absorptions in the mid-IR (2.5-25 pm). 

Water is not only the most plentiful volatile but also 

possesses the strongest set of absorption features: the 

mineralogical water in CCMM displays not only sharp 1.4- and 

1.9-pm bands, but also a broad, intense feature near 3-pm. 

While the 1.4- and 1.9-pm features in CCMM are suppressed by 

dark organics, the 3-pm band has proven useful in previous 

asteroid reflectance work (Lebofsky 1978, 1980; Lebofsky et 

al., 1981), and is the major target of this study. 

All organic (C/H) compounds display a C-H stretch 

vibration absorption near 3.4-pm. This reflectance feature 

has been little studied in the laboratory prior to this 

work, and its low contrast in meteorite spectra makes its 

ground-based detection in asteroids problematic (Cruikshank 

and Brown, 1987). Nevertheless, the importance of cometary 

and asteroidal organic compounds as reservoirs for both 

biological precursor molecules and atmospheric constituents 

warrants an attempt at spectral detection. 



Minor volatile 

interest spectrally. 

56 

species in meteorites are also of 

Examples of the hydrated salts found 

in CI chondrites were examined by Lebofsky et ale (1981) and 

Feierberg et ale (1981); they display a 3-pm absorption 

similar to that of hydrated silicates. Magnetite, an 

effective albedo suppressant, is featureless in the near-IR, 

but may be distinguished from organic material both by its 

near-IR slope and its reflectance properties beyond 2.5 pm. 

Sublimation makes water ice a short-lived compound on 

the surfaces of main-belt asteroids (Lebofsky, 1980). 

surprisingly, its shallow 3.1-pm band was reported in 

spectra of 1 Ceres by Lebofsky et ale (1981) and Jones et 

ale (1987). Because of the persistence of this feature on 

the largest asteroid and a possible ice component in outer 

belt prot-asteroids, the 3-pm reflectance of H20 ice is a 

worthwhile target for laboratory investigation. 

with these first two chapters we have in hand both a 

rationale for the dissertation and reasonable cause to 

proceed wi th a search for outer belt volatiles. We turn 

next to the laboratory spectra typical of these volatile

rich materials. Chapter III will provide the basis for both 

the interpretation of actual asteroid spectra and the 

proposed scenario for outer belt formation and evolution. 
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CHAPTER III. LABORATORY REFLECTANCE MEASUREMENTS 

FOR METEORITES AND SIMULATED ASTEROIDAL MATERIALS 

Infrared reflectance spectroscopy provides a means to 

identify both individual elements and mineral assemblages in 

a wide range of solid materials. 

this study to two problems: (1) 

It finds application in 

identifying absorption 

features in the mid-IR (2.5 to 25 pm: Estep-Barnes, 1977; 

Salisbury et al., 1987b) which show practical diagnostic 

potential for astronomical observations; and (2) determining 

asteroid surface composition through comparison with 

laboratory materials. 

The infrared spectrum of a mineral is a highly 

characteristic property, yielding basic information on 

composi tion and interatomic bonding. In most cases this 

"fingerprint" can give proof of identity without recourse to 

any other analytical methods (see review by Estep-Barnes, 

1977) • infrared spectroscopy is particularly useful for 

ground-based asteroid surveys because of the sheer numbers 

of objects involved: even low resolution measurements can 

often reveal an obj ect' s bulk composition. This chapter 

reviews the pertinent laboratory reflectance work on 

meteorites, summarizes terminology for clay minerals and 

mineralogical water, and describes the dissertation's 
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laboratory reflectance program. The candidate asteroid 

materials examined here comprise the most comprehensive 

collection of mid-IR laboratory spectra for comparison to 

both ground-based and spacecraft observations. 

Physics of Reflectance Spectroscopy 

Two types of electronic interactions can occur between 

atoms in a mineral crystal lattice and the incident light 

falling upon them: crystal field transitions and charge 

transfer interactions. Both are common photon interactions 

in the visible/near-IR region. This discussion parallels 

Gaffey's excellent 1976 summary of these processes. 

Crystal field transitions refer to electron energy 

shifts in the outer d orbital shells of transition metal 

elements (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu). In mineral 

targets the most abundant of these elements are Fe2+ and 

Ti3+ cations. Surrounded by the mineral's crystalline 

atomic lattice, the cation's anisotropic orbital 

configuration distorts under electrostatic repulsion from 

the adjacent anions. The new configuration splits the 

otherwise identical d orbitals into different energy levels, 

and the electrons can then jump between them upon absorption 

of a photon of appropriate energy. The energy differences 

are a function of the cation identity and the coordination 
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site size and symmetry, which in turn are characteristic of 

the mineral itself. Three common types of meteoritic 

silicates -- olivines, pyroxenes, and feldspars -- generate 

Fe2+, near-IR crystal field absorptions between 1-2 ~m. 

Charge transfer interactions occur not between orbitals 

of the same cation but between two adjacent cations. The 

cations must be capable of existing in different oxidation 

states (e.g. Fe2+ and Fe3+, Ti3+ and Ti 4+) to permit the 

exchange of valence electrons. If a cation pair absorbs a 

photon, they may exchange an electron and momentarily change 

oxidation states. Another type of charge transfer, which 

produces a strong ultraviolet (UV) absorption just short of 

the visible, results from electron exchange between a cation 

and adjacent ion. This UV absorption is a prominent feature 

in nearly all silicates, and is sensitive to the abundance 

of Fe3+ (Fig. 3.3). 

Crystal field and charge transfer absorptions require 

photons with energies in the UV to near-IR spectral range. 

Lower energy photons can excite vibrations in molecular 

compounds, the absorbed wavelength depending on the 

molecule's structure and its location in a mineral lattice. 

The vibrations can be either stretching motions along, or 

bending motions between the bond axes, with stretching 

motions occurring usually at much higher frequencies than 
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the bending modes (Estep-Barnes, 1977). The most intense 

silicate vibration features occur between 8.5 - 12.0 pm, due 

to asymmetric displacement of the oxygen atom in 5i-0 bonds 

(Salisbury et al., 1987a). Carbonates display strong bands 

near 7 pm due to asymmetric stretching of the c-o bond, and 

sulfates exhibit an intense stretching fundamental near 8.7 

pm. Unfortunately, atmospheric interference limits the 

utility of these features in ground-based observing. Given 

such atmospheric limitations and the volatile-rich 

compositions of our asteroid targets, the most useful 

vibration features are those due to water and hydroxyl, and 

a brief review of their spectral properties is in order. 

Water and Hydroxyl Vibration Bands 

The fundamental absorptions of the H20 molecule occur at 

2.9 and 6.1 pm (Fig. 3.1). The 2.9 pm feature consists of a 

symmetric stretch absorption at 3.10 pm and an anti

symmetric stretch at 2.9 pm (Aines and Rossm~n, 1984). The 

6.1 pm feature is due to the bending of the H20 molecule. 

In addition, there are two bands in the near-IR at 1.4 and 

1.9 pm that result from linear combinations and mu! tiples 

(overtones) of the fundamental vibrations (Table 3.1). 

Water in a crystalline environment, free of the hydrogen 

bonds characteristic of liquid water, can produce sharper 
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features than those in the liquid water spectrum (Aines and 

Rossman, 1984). This is particularly true of hydroxyl 

radicals incorporated into a mineral lattice. The hydroxyl 

O-H stretch absorption occurs near 2.7 pm, and if OH alone 

is present, the broad 2. 9-pm H20 feature will be absent 

(Lebofsky, 1980: Salisbury et al. 1987a). Molecular water 

also produces the 1.9-pm H20 bending mode combinations. The 

1.4- and 2. 7-pm bands are thus unique to hydroxyl: the 

additional presence of the 1.9-, 2.9- and G.1-pm features 

indicates that water molecules are involved. 

Volatile-rich meteorites and asteroids display a broad 

3-pm water absorption. This very prominent band is a 

combination of the OH 2. 7-pm band and the broader 2. 9-pm 

feature caused by molecular H20. These absorptions are 

characteristic of H20 in clay minerals, whose many 

configurations are discussed in the next section. 

clay Mineralogy 

Clays, or phyllosilicates ("phyllo-II from the Greek, 

meaning "leaf"), are comprised of two structural units that 

combine to form the clay mineral lattice (Grim, 1968). The 

first unit consists of two sheets of oxygens (furnished by 
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TABL'R 3.1: WATER AND HYDROXYL VIBRATIONAL ABSORPl'IONS 

MOLECULAR H2O 

Wavelength (pm) 

Band Assignment Liquid Gas 

1/ 2 6.08 6.269 

1/ 1 3.106 2.73 

21/ 2 3.04 3.13 

1/ 3 2.903 2.66 

1/ 2 + 1/ 3 1.96 1.87 

211 2 + II 3 1.49 1.44 

211 3 1.45 1.33 

II 1 + II 3 1.50 1.35 

II 1 + II 2 + II 3 1.20 1.11 

211 1 + 1/ 3 1.01 0.902 

HYDROXYL OH 
(Nominal band positions) 

1/ OH 

21/ OH 

Combination of II OH and Al-OH 
bending mode and/or lattice modes 

Combination of II OH and Mg-OH 
bending mode and/or lattice modes 

2.75 

1.38 

2.2, 2.3 

2.3, 2.4 

Adsorbed 

* 
* 
* 
* 

1.92 - 1.97 

1.42 - 1.44 

.. " 
.. " 

1.15 - 1.22 

* Closer to liquid band assignments than the gaseous ones. 

From Hunt and Salisbury, 1970: Hunt, 1977. 
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Fig. 3.1. (a) Infrared absorption spectrum of a film 
(roughly 1 JIm thick) of liquid water showing the 
overlapping stretching modes near 3400 cm-1, and the 
bending mode near 1630 cm-1 • (b) Vibration modes of the 
H20 molecule. (From Aines and Rossman, 1984.) 
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Montmorillonite 
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in octahedral 
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Fig. 3.2. Schematic family tree of the phyllosilicates. 
(After Hurlbut, 1971). 



a 

I,· 
I! 
~"(~' i * I . 

Copyright 1976 by the Am~rican Geophysical Union. 
Reprinted with permission. 

65 

Fig. 3.3. Normalized reflectance spectra for carbonaceous 
chondrites: (a) CI (2, including very weathered specimen 
Alais: (b) eM (5 samples): (c) CO (3 samples): and (d) CV 
(5 samples). Several particle sizes are represented for 
some specimens. (From Gaffey, 1976). 
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Fig. 3.4. Comparison of the spectral reflectance of Ceres 
with laboratory samples of hydrated minerals. The spectra 
show the 2. 7-lJm absorption due to structural hydroxyl 
ions, and the broad 3-lJm band due to bound and adsorbed 
molecular H20. (From Lebofsky et al., 1981.) 
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Fig. 3.5. Reflectance spectra of quartz, limonite, and 
carbonaceous chondrite powders (particle size between 0 
and 74 pm). Note the varying intensities of the H20 and 
C-H organic bands at 3 and 3.4 pm, respectively. (From 
Pang et al., 1982). 
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hydroxyl ions) containing embedded AI, Fe, or Mg cations, 

each equidistant from 6 hydroxyl anions. with an Al cation, 

only two-thirds of the possible cation positions need be 

filled to balance the structure electronically: in other 

words, 2 A13+ cations balance 6 OH- anions in octahedral 

coordination, and the structure is termed a dioctahedral 

layer. In the case of Mg2+ , all 3 sites among the 6 

hydroxyl anions must be filled: this strucuture is a 

trioctahedral sheet. The second unit is built of silica 

tetrahedra, where an 5i atom is equidistant from four 

oxygens: the oxygens mark the apexes of the tetrahedron 

with the 5i atom at the center. 

The simplest clays are just octahedral layers, without 

silica tetrahedra (Fig. 3.2). These are followed by two

sheet structures, one silica and one octahedral layer. Next 

in complexity are the three-layer sandwiches, with an 

octahedral layer lying between two silica tetrahedral 

sheets. These three-layer clays can also substitute Al for 

Mg in their structures, requiring the adsorption of Ca and 

Na cations between layers for charge balance. These Al 

substi tutions may become so prevalent that K cations are 

bonded at regular intervals between layers for proper 

electronic balance. 
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Terminology for Mineralogical water 

The 3-pm absorption band is diagnostic of H20 in the 

clay structural lattice or at interlayer sites. The 

nomenclature for this mineralogical water has evolved over 

the years, with Grim (196B) furnishing a thorough review, 

and Lebofsky (19BO) adapting the terminology for asteroid 

work. Roush and Singer (1987) organized these conventions 

into a simple terminology for water in various mineralogical 

sites, recognizing three distinct varieties. The first type 

is found in pores, on surfaces, and around the edges of 

particulate samples (regardless of type). This water 

consists of loosely bound H20 molecules held only by Van der 

Waals' forces, and is termed physically adsorbed water. 

A second type consists of water molecules bound more 

tightly than physically adsorbed water, and found almost 

exclusively in interlayer sites of smectite clays. If the 

molecules are attached directly to the sheet silicate 

surfaces of a clay, they are known as surface-bound water. 

Very similar to but more tightly held than surface-bound 

water are those H20 molecules bound to adsorbed interlayer 

cations. Interlayer cation-bound water is driven off from 

clays at higher temperatures, and thus has significance for 

hydrated silicates under space environmental conditions. 
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The last species of hydration, structural hydroxyl ions, 

refers to OH radicals built into octahedral clay structures. 

This variant is also known as structural water, and the 

three varieties taken together as water of hydration. 

Previous Meteorite and Analog Laboratory Spectroscopy 

Johnson and Fanale (1973) published the first 

significant work on the visual/near-IR reflectance of 

carbonaceous chondrites. They demonstrated that just a few 

percent opaque material in a meteorite or mineral mixture 

can lower the albedo dramatically, decreasing the spectral 

contrast so much that prominent mineral absorptions are no 

longer visible. For example, despite the high water 

abundance of CI and CM chondrites, the carbonaceous matrix 

component suppresses the expected 1.4 and 1.9-pm hydrated 

silicate features. The two researchers concluded it was 

"unproductive" to search for volatile-rich CCMM by searching 

for the above water bands in the near-IRe 

Salisbury et ale (1975) reached a similar conclusion in 

their meteorite laboratory study. They found all four 

carbonaceous chondrite classes displayed nearly featureless 

visual/near-IR spectra, despite the presence of olivine, 

pyroxene, and hydrous minerals with distinctive absorption 

bands. Band suppression by organics has been the maj or 
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problem facing near-IR laboratory or astronomical studies of 

carbonaceous material, rendering samples with widely varying 

compositions essentially indistinguishable (Fig. 3.3). 

Gaffey (1976) published a mammoth work presenting visual 

and near-IR spectra for about 150 meteorite specimens. He 

noted that the different meteorite classes (and thus 

asteroid types) could generally be distinguished spectrally, 

though meteorites within a given class show little 

significant variation. The carbonaceous chondrite classes 

in particular displayed few distinguishing features in their 

near-IR spectra, making identification of specific parent 

bodies in the outer belt impractical (Fig. 3.3). 

The solution to the suppression problem became obvious 

with the advent of laboratory measurements beyond 2.5 pm. 

Hydrocarbons, while opaque in the visual and near-IR, become 

increasingly transparent past 2.5 pm, reducing the 

suppression of other mineral features (Salisbury et al., 

1986) • Also, weak vibrational overtones and combinations 

can produce distinctive molecular signatures in the mid-IR 

(e.g., the broad 3-pm H20 absorption). 

Laboratory comparison spectra produced for Lebofsky's 3-

pm asteroid observations in the late 1970's demonstrated the 

mid-IR's potential. Fourier transform spectra of 
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carbonaceous chondrites were published by Lebofsky (1978), 

Larson and Veeder (1979), Larson et al. (1979), Lebofsky et 

ale (1981), and Feierberg et ale {1981}. These laboratory 

spectra, extending through the water band to about 3.3 ~m, 

were keys to the identification of hydrated silicates on 1 

Ceres and 2 Pallas (Fig. 3.4). However I these spectra 

included only a few carbonaceous chondrites, and only a 

single orgueil spectrum by Salisbury (Lebofsky, 1978) 

included the 3. 4-~m C-H stretch absorption. Pang et al. 

(1982) improved this state of affairs with publication of 

several 2.5- to 4 . o-~m carbonaceous chondri te spectra, 

noting the correlation between the C-H band intensi ty and 

sample organic content. The three distinct CI, CM, and 

CV/CO spectral groups (Fig 3.5) promised bulk mineralogical 

assessments via 3-~m asteroid reflectance data. 

Miyamoto (1987) emphasized the contrast between the 

prominent 3-~m signature of a CM sample and the anhydrous 

spectrum of CV chondrite Allende. Using diffuse reflectance 

(like this work) to improve signal-to-noise ratio on dark 

samples, Miyamoto's six-meteorite study demonstrated the 

practical use of mid-IR spectra in distinguishing materials 

otherwise featureless in the visual and near-IR (compare 

with Jones et al., 1986). The 3- to 5-~m region contains 

information on both the presence of water and associated 

hydrated silicate mineralogy, and can diagnose candidate 
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opaque materials like organic compounds or magnetite. This 

3- to 5-~ region holds great potential for the next round 

of ground- and space-based asteroid observations, and so is 

the focus of the laboratory work described below. 

Scope of This Laboratory Work 

The laboratory portion of this thesis began as an 

attempt to characterize the reflectance properties of 

silicate/organic mixtures, the general composition of 

carbonaceous chondrite matrix material (CCMM). I found CCMM 

of interest because of its apparent widespread distribution 

in the asteroid belt (the C class), and its suggested 

presence 

satellites. 

on cometary nuclei and some outer planet 

In particular, Bell, Cruikshank, Gaffey (1985) 

had proposed that the dark hemisphere of Saturn's moon 

Iapetus was covered with material similar to CCMM. They 

matched the 0.5- to 2. 5-pm spectrum of the Iapetus dark 

hemisphere using a 1: 9 mixture of coal tar organics and 

unspecified clay minerals. Vilas and Smith (1985) also 

proposed that organic/silicate mixtures were the dominant 

materials on the surfaces of the 0 asteroids, and perhaps in 

the outer solar system. They suggested that changes in D 

asteroid spectral slope with increasing heliocentric 

distance were due to organic composition and/or temperature

related reflectance changes. However, they were unable to 
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attempt confirmation of their ideas in the laboratory. 

Both of the above groups based their thinking on visual 

and near-IR spectra of silicate/organic mixtures. 

Unfortunately, organic-dominated spectra in that region are 

completely bland, with Fe2+ silicate absorptions suppressed. 

Kid-IR reflectance promised better discrimination between 

different kinds of meteorites and asteroidal analogs. 

The silicate component of CI and CM matrices consists 

mainly of an Fe/Kg-rich serpentine clay (Kerridge and Bunch, 

1979), while CO and CV chondrite matrices are dominated by 

olivine. Previous spectral simulations (Johnson and Fanale, 

1973; Gradie and Veverka, 1980: Bell et al., 1985) used a 

terrestrial montmorillonite or generic clays to represent 

CCMM. Lebofsky et ale (1981) used both a chlorite and a 

montmorillonite. While actual meteorite spectra were best 

suited for asteroidal comparison, I wanted to explore 

possible asteroid compositions not present in our meteorite 

collections. For these analogs I chose a serpentine and an 

olivine as the CCMM silicate component. 

Simulating the CCMM organic component presented a 

greater difficulty. Carbonaceous chondrite organic material 

is extremely complex, and relatively scarce even in those 

meteori tes. Only two spectra of isolated CCMM organic 
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components -- from CM Murchison and CV Allende -- had been 

published (Johnson and Fanale, 1973: Bell et al., 1985) and 

these extended only to 2.5 I'm. The important 3. 4-pm C-H 

stretch region was simply unexplored. consequently, I chose 

to use actual extraterrestrial (meteoritic) organic material 

whenever possible, and terrestrial analogs would be compared 

to that standard for suitability. 

Meteorite Spectra 

The carbonaceous chondrite samples measured for this 

work are listed in Table 3.3. The spectra are presented in 

three different formats: first, absolute reflectance is 

plotted against wavenumber (em-1), an energy-related unit 

proportional to frequency: 

Wavenumber (cm-1 ) = [104 / l] = v / C 

where l is in pm, v is in Hz, and C, the speed of light, is 

in em. Second, absolute reflectance is plotted against 

waveleng't.h (2.4 - 5.0 I'm), and the final format is scaled 

reflectance (reflectance at 2.5 I'm = 1.0) versus wavelength 

(2.4 - 5.0 pm). These three formats allow comparison with 

visual and near-IR spectra from other data sets and the 

Chapter IV asteroid spectra. 
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spectrometer. Spectra were acquired at 4 cm-1 

resolution using a Nicolet 5DXB interferometer spectrometer 

with a triglycine sulfate (TGS) detector (made available by 

Dr. J.W. Salisbury of the u.S. Geological Survey [USGS], 

Reston, Virginia). The spectrometer records reflectance 

from 4809 to 349 cm-1 (2.08 to 28.7 ~), but I have plotted 

data only from 4600 to 400 cm-1 to avoid noise caused by the 

declining strength of the infrared source at the extreme 

ends of the spectral range (Salisbury et al., 1987a). 

The Nicolet incorporated a Spectra-Tech "Collector" 

diffuse reflectance attachment, which uses two 900 off-axis 

ellipsoidal mirrors that act as 6X beam condensers and focus 

the illuminating beam diameter to 1 mm. Illumination and 

reflection take place over a solid angle approaching ~ 

steradians. The reflectance measurements thus represent 

biconical reflectance over a wide solid angle. 

Sample spectra must be divided by a background reference 

spectrum to remove features produced by the infrared source, 

system optics, and absorptions by atmospheric gases. An 

aluminum mirror was used instead of a halon background 

because the latter exhibits strong absorption bands in most 

of the mid-IRe The mirror provides a uniform spectral 

reflectance over all wavelengths, and provides the high 



TABLE 3.3 METEORITE SAMPLES AND SOURCES 

Sample 

orguei!.l 
Orgueil.2 
Orgueil.3 
Orgueil 1104 
Alais 
Ivuna 

CI 
CI 
CI 
CI 
CI 
CI 

Murchison. 1 CM 
Murchison. 2 CM 
Murray. 1 CM 
Murray, 2 CM 
Cold Bokkeveld CM 
Cold Bokkeveld CM 
Cold Bokkeveld CM 

Omans CO 
Isna CO 
Warrenton. 1 CO 
Warrenton. 2 CO 
Warrenton. 3 CO 
Lance CO 
Lance 239 CO 
ALH 83108 CO 
ALH A77003 CO 
Felix 235 CO 

Allende CV 
Allende 818.136 CV 
Allende 818 CV 

Karoonda 
Karoonda 5936 

Source notes: 

CO/CV 
co/CV 

Particle Size 

< 75 pm 
< 75 pm 
< 75 pm 
< 75 pm 
< 75 pm 
< 75 pm 

B 
B 
B 
B 
B 
B 

< 75 pm B 
< 75 pm B 
< 75 pm B 
< 75 pm B 
< 75 pm B 
150-500pm B 
75-150 pm B 

< 75 pm B 
< 75 pm B 
< 75 pm B 
< 75 pm B 
75-150 pm B 
< 75 pm B 
< 75 pm B 
< 75 pm B 
< 75 pm B 
< 75 pm B 

< 75 pm 
< 75 pm 
< 75 pm 

< 75 pm 
< 75 pm 

B 
B 
B 

B 
B 

Source 

Paris 
ASU 
Gaffey 
smithsonian 
Paris 
AMNH 

Field 
ASU 
ASU 
Salisbury 
Gaffey 
Gaffey 
Gaffey 

Paris 
ASU 
AMNH 
Gaffey 
Gaffey 
Paris 
smithsonian 
NASA 
NASA 
Smithsonian 

Boynton 
ASU 
ASU 

AMNH 
Smithsonian 

Paris: P. Pellas, Museum National d'Histoire Naturelle 
ASU: C. Moore, Center for Meteorite Studies, A.S.U. 
AMNH: M. Weisberg, American Museum of Natural History 
Gaffey: M.J. Gaffey, Rensselaer Polytechnic Institute 
smithsonian: T. Thomas, u.S. National Museum 
Field: E. Olsen, Field Museum, Chicago. 

B - baked NB - not baked 
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reflectivity needed for comparison with mineral samples 

which ~xhibi t near mirror-l ike opacity at longer 

wavelengths. Note: Use of biconica1 reflectance with a 

mirror reference lowers the measured reflectance of a 

diffusely reflecting particulate sample by roughly a factor 

of 5 (at 2.17 pm) relative to the integrating sphere 

measurements commonly made in the visible and near-IR 

(Salisbury et a1., 1987a). 

Sample preparation and data reduction. All meteorite and 

analog samples were weighed and then ground in an agate 

mortar. Samples were dry-sieved to select a size fraction < 

75 pm in diameter, then placed in glass bottles and heated 

to 1000 C in air for 24 hours to drive off water adsorbed 

from the atmosphere, especially those molecules held loosely 

between clay layers. The procedure has little effect on 

structural hydroxyl ions (Roush and Singer, 1987). While 

still hot the samples were sealed and stored in a 

dessicating cabinet until measurement. Samples borrowed 

from M.J. Gaffey were not reground but left in their 

original particle size fraction so they could be returned to 

him intact. I prepared the samples in Tucson and carried 

them to Reston for the reflectance measurements. 

The sample holder was a 3 x 2 mm cup machined from aluminum, 

raised or lowered to the beam focus by a micrometer screw. 
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When sufficient sample was available (about 50 mg in most 

cases), it was shaken into the cup, leveled with a spatula, 

and covered with additional material sifted onto the surface 

with a standard brass sieve. The sifting ensured a 

particulate surface (~ 75 ~) for the measurement. In the 

case of a few rare meteorite samples, the material was 

merely leveled in the cup with a spatula. 

The spectrometer scanned a complete spectrum each second, 

averaging the accumulating spectra to provide the desired 

signal-to-noise ratio. For these dark materials 1000 scans 

provided excellent SIN ( ~ 100 ): each spectrum required 

approximately 16 minutes to acquire. 

spectra were recorded digitally on a-inch magnetic diskettes 

and plotted on a Hewlett-Packard plotter. The digital 

spectra, converted to standard format with a program written 

by Dr. R. Clark of USGS/Denver, were transferred 

electronically to Tucson and stored on 51/4-inch IBM floppy 

diskettes. Copies of these standard ASCII text files may be 

obtained from the author. 

All meteorite spectra are displayed first in the 2.5- to 25-

~m format, in Figs. 3.6 - 3.34, with reflectance plotted vs. 

wavenumber. There are two breaks in the X-axis scaling, at 

2200 and 1000 cm-1 . Prominent features visible in the 
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mineral and meteorite spectra are the sharp H20 band edge at 

3700 em-1 , the broad water absorption at 3500 em-1, and the 

1000 em-1 Si-O stretch absorption. Ground-based reflectance 

measurements are limited to wavelengths below 4 pm by 

atmospheric C02 and the precipitous drop in reflected solar 

flux beyond 3.5 pm, so I shall limit my discussion to 

spectral features wi thin the 2.5- to 5. O-pm range. A 

general discussion of mid-IR features beyond 5 pm can be 

found in Salisbury et ale (1987a). 

A list of all sample spectra appears in Table 3.4. Unless 

noted, I performed all reflectance measurements. 

Carbonaceous Chondrite Spectral Comparison: CI. The CI 

chondrite spectra are shown in Fig. 3.35 - 3.38. Major 

features include: (1) the deep, asymmetrical 3-pm H20 band, 

displaying a sharp, spike-like OH feature at 2.7 pm; and (2) 

a subdued 3.4- to 3.5-pm hydrocarbon C-H stretch band on the 

long-wavelength wing of the 3-pm H20 band. All 3 CIs shown 

Ivuna, Alais, and Orgueil -- have nearly identical 

spectra. Alais, a heavily weathered specimen (Gaffey, 

1976), has just a marginally deeper 3-pm band than Ivuna or 

Orgueil. 

2.7 pm 

The spiked edge superimposed on the 3-pm band at 

is the trademark of layer lattice silicates 

containing structural hydroxyl ions. 
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The depth of the absorption band here is defined as the 

difference in scaled reflectance between the projected 

continuum (a smoothly rising curve fitting the 2.5- and 4.0-

pm reflectance values) and the minimum band reflectance: 

d = Rcont - Rmin 

The 3.4-pm organic feature is unexpectedly subdued in these 

meteorites, which are known to contain 6-8% carbon 

compounds. The stronger 3.42-pm band is due to the out-of

phase stretching of a single C-H bond, while the weaker line 

at 3. 49-pm is due to the in-phase C-H stretch on a CH3 

methyl group (Jones et al., 1986). Compare the prominence 

of these two features with the spectrum of Murchison organic 

residue (Fig. 3.66), the end product of HF-acid dissolution 

of the bulk meteorite. The lack of contrast in the CI 3.4-

pm feature is due to the dominance of hydrated silicates in 

the CI matrix: most of the scattering particles are clays, 

and the organic bands become swamped by the extended wing of 

the 3-pm H20 absorption. By removing a smooth continuum 

representing the wing of the H20 band, the spectral contrast 

of the organic feature may be recovered. At first glance, 

asteroids with a hydrated spectrum are not the best targets 

for a 3.4-pm organic search, but the potential is there if 

signal-to-noise is sufficiently high to characterize the 

continuum. On relatively anhydrous asteroids with abundant 

organics, the organic band may be more prominent. 



TABLE 3.4 ARCHIVED LABORATORY REFLECTANCE SPECTRA 

METEORITES 

Orgueil 
Ivuna 
Alais 
Cold Bokkeveld 
Murchison 
Murray * 
Lance 
Ornans 

ALH 83108 
ALHA77003 
Isna 
Karoonda 
Warrenton 
vigarano 
Allende 
Felix 

ORGANIC MATERIALS 

Murchison residue (Chicago) 
Murchison residue (Jones #1) 
Allende residue (Forrest) 

REFLECTANCE REFERENCE STANDARDS 

Sulphur grains 

MINERALS 

Montmorillonite (beidellite) 
(bentonite) 

MINERAL ANALOG SERIES: 

Serpentine Murchison 

90 10 
75 25 
50 50 

100 
10 

01 10 
OS 10 
10 10 
25 10 
50 10 
10% 10% 

Coal tar residue 
Charcoal 

Halon* 

Magnetite 
Serpentine 

Olivine 

90 
89 
85 
80 
65 
40 

Glass 

80% 

* One Murray spectrum and the Halon spectrum were recorded 
by J.W. Salisbury. 
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Fig. 3.6. orgueil CI chondrite. Sample: ASU. 
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Fig. 3.10. Alais CI chondrite. Sample: Paris. 
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Fig. 3.15. Cold Bokkeveld CM chondrite. Sample: MoJ. 
Gaffey. 
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Fig. 3.27. ALLAN HILLS A77003 CO chondrite. Sample: NASA. 
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Fig" 3.28. Vigarano CV chondrite. Sample: M.J. Gaffey. 
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Fig. 3.32. Karoonda CO/CV chondrite. Sample: AMNH. 
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Fig. 3.33. Karoonda CO/CV chondrite. Sample: ASU. 
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Fig. 3.35. Orguei1 CI chondrite. Sample: Paris. 
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Fig. 3.36. orgueil CI chondrite comparison. 
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Fig. 3.37. Alais CI chondrite. Sample: Paris. 
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Fig. 3.38. Ivuna eI chondrite. Sample: AMNH. 
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Fig. 3.39. Murchison CM chondrite. Sample: Field Museum. 
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Fig. 3.40. Murchison CM chondrite. Sample: ASU. 
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Fig. 3.41. Murray CM chondrite. Sample: ASU. 
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Fig. 3.42. Murray CM chondrite. Sample: J. Salisbury. 
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Fig. 3.43. Cold Bokkeveld CM chondri te. Sample: M. J • 
Gaffey. 
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Fig. 3.44. Cold Bokkeveld CM chondrite. Sample: M.J. 
Gaffey. 
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Fig. 3.45. Cold Bokkeveld CM chondrite. Sample: M.J. 
Gaffey. 
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Fig. 3.46. lana CO chondrite. Sample: ASU. 
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Fig. 3.47. Felix CO chondrite. Sample: smithsonian. 
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Fig. 3.48. Ornans co chondrite. Sample: Paris. 
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Fig. 3.49. Lance CO chondrite. Sample: Paris. 
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Fig. 3.50. Lance CO chondrite. Sample: smithsonian. 
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Fig. 3.51. ALLAN HILLS 83108 CO chondrite. Sample: NASA. 
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Fig. 3.52. ALLAN HILLS A77003 CO chondrite. Sample: NASA. 
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Fig. 3.53. Warrenton CO chondrite. Sample: AMNH. 
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Fig. 3.54. Warrenton CO chondrite. Sample: M.J. Gaffey. 
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Fig. 3.55. Warrenton CO chondrite. sample: M.J. Gaffey. 
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Fig. 3.56. Vigarano CV chondrite. Sample: M.J. Gaffey. 
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Fig. 3.58. Allende 818 CV chondrite. sample: ASU. 
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Fig. 3.59. Allende 818.136 CV chondrite. Sample: ASU. 
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Fig. 3.60. Karoonda CO/CV chondrite. Sample: ASU. 
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Fig. 3.61. Karoonda CO/CV chondrite. Sample: AMNH. 
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Fig. 3.62. Karoonda CO/CV chondrite. Sample: Smithsonian. 
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Multiple samples of some meteorites were sometimes 

available, and are displayed together for evaluation of 

spectral homogeneity. Fig. 3.36 displays all 4 orgueil 

spectra. The only anomalies are in the Gaffey sample: the 

3-pm band is approximately 20% shallower, resulting in a 

slight increase in 3.4-pm band intensity. Gaffey's sample 

was furnished "as is": no crushing was done, only the 1000 C 

baking and the usual sifting into the sample cup. Gaffey's 

sample may have lost its smaller fines during storage and 

transfer, diminishing its 3-pm spectral contrast (Salisbury 

and Eastes, 1985) and enhancing the organic feature. 

eM Chondrites. Like the CIs, the CMs have a distinctive 

spectral shape (Fig. 3.39 - 3.45). The 3-pm band is again 

prominent, but less intense than in the CIs (d = 0.45 vs. 

the CI value of 0.55). The 3-pm feature in CMs is also 

narrower than its CI counterpart: reflectance is a minimum 

at 2.7-2.8 pm, and rises linearly to continuum at 3.8 pm, 

while the broad CI band stretches from a band minimum at 

2.9-3.0 pm to continuum very near 4.0 ",m. Only the Field 

Murchison sample displays the sharp 2.7-pm spike seen in the 

CI spectra, and in all CMs the 3. 4-pm feature is still 

overpowered by the wing of the water absorption. 

The effect of decreasing particle size is well-displayed 

in the Cold Bokkeve1d series (Fig. 3.43 - 3.45). As these 3 



141 

samples show, mid-IR spectral contrast for dark materials 

increases as particle size decreases, enhancing both the 3-

and 3.4-pm bands. This is due to the increased optical path 

length for photons transi ting the smaller particles: they 

can pass through more of them before being scattered, 

increasing the probability of absorption (Salisbury et al., 

1987b) • Based on this criterion, an asteroid with a fine 

particulate surface (a reasonable assumption for most 

asteroids, based on regolith modeling and thermal 

observations) is a favorable target for 3-pm observations. 

co Chondrites. The CO meteorites typically display 

dome-shaped 2.4- to 5-pm spectra that lack prominent 

absorptions (Fig. 3.46 - 3.55). The negligible 3-pm band (d 

averages 0.05-0.01) is consistent with a nearly anhydrous 

composition for these rocks (Table 2.1). Only Isna and the 

two Allan Hills Antarctic specimens have a d approaching 

15%. The 2.7-pm hydroxyl feature is absent, indicating that 

what little H20 is present may be adsorbed molecular H20, 

enhanced by terrestrial weathering. The 3.4-pm C-H band is 

barely visible, consistent with the carbon-poor compositions 

of the COs (Chapter II). 

CV Chondrites. Allende and vigarano have nearly 

featureless spectra from 2.4 to 5.0 pm (Fig. 3.56 - 3.59). 

The cv matrix material, dominated by anhydrous olivine, has 
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a very subdued 3-pm band. However, the 3.4-pm organic band 

has a variety of manifestations among the CVs. Vigarano has 

a band depth comparable to the COs, yet one Allende sample 

(Boynton) displays a very sharp band, deeper than any other 

meteori te surveyed here. The other Allende samples, from 

the Center for Meteorite Studies in Tempe, have very subdued 

or indiscernible organic features. The likeliest 

explanation is that the Boynton sample was contaminated by 

hydrocarbons during its several years of laboratory storage, 

but the possibility remains that it is an unusual organic-

rich Allende fragment. A spectrum from another Boynton 

fragment should reveal if contamination exists, and an 

organic analysis can determine whether the fragment's 

organic content is anomalous. 

Karoonda is an unusual carbonaceous chondrite, with 

chemical characteristics of both the CV and CO classes 

(Dodd, 1981). The otherwise bland (and anhydrous) Karoonda 

spectrum (Fig. 3.60 - 3.62) displays only a shallow band at 

4.2 pm, probably due to the C:N stretch bond (Szymanski and 

Erickson, 1970). The stone contains about 0.1% C and even 

less N (McSween, 1977), but enough triply bonded kerogen 

compounds may have survived to produce the absorption. 

Karoonda serves as an excellent example of anhydrous (though 

mildly metamorphosed) meteoritic material, perhaps the 

opposite end-member from wet CIs like Orgueil. As such 
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Karoonda may be a useful analog for anhydrous, low albedo 

asteroids. 

Mid-infrared spectra at 3-pm are much more useful for 

distinguishing the meteorite classes than visual/near-IR 

spectra. For comparison purposes, I obtained visual/near-IR 

spectra of a variety of low-albedo materials in July 1987 at 

the University of Hawaii (Fig. 3.63 - 3.64). For these 

measurements I used a circular variable filter attached to a 

spectrogoniometer, recording bi-directional reflectance for 

all the samples at near-zero phase angle. All of the 

samples, containing ~ 10% organics, display very similar, 

essentially bland spectra. In Fig. 3.63, Allende and 

Murchison are distinguishable only by albedo (reflectance) 

differences, and are nearly superimposed in the scaled plot. 

However, mid-IR spectral information (Fig. 3.65) can easily 

separate the two meteorites and Murchison organic residue. 

This technique is the key to interpreting the composition of 

low-albedo asteroids. 

Extraterrestrial Organics and Laboratory Analogs 

The organic fraction in carbonaceous chondrites is 

largely a complex, coal-like material known as kerogen (a 

non-specific term denoting any organic mixture of ill

defined structure, composition, and origin). Because of its 
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Fig. 3.63. Suppression of mineralogical features in 
disparate low albedo materials at visual and near-IR 
wavelengths. Meteorites and organic residues are 
indistinguishable. 
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Fig. 3.66. Acid-insoluble organic residue from Murchison. 
Chicago sample from R. Lewis. Jones sample produced for 
this work. 
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Fig. 3.67. 3-~m reflectance of coal tar organic residue. 
Note sharp hydroxyl feature at 2.7 ~m. 
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Fig. 3.68. 3-pm reflectance of serpentine/coal tar organic 
residue. Compare with Fig. 3.72. 
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Fig. 3.69. Allende acid-insoluble organic residue. Sample 
from W. Forrest, University of Rochester. 
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Fig. 3.71. Serpentine-organics (9:1) analog mixture. 
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Fig. 3.72. Serpentine-organics (5:5) analog mixture. 
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Fig. 3.73. Reflectance spectra from cooled sample stage. 
Note emergence of 3.1-~m ice feature in 1:3 mixture upon 
initial cooling to 83 K. 
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Fig. 3.74. Cooling series for various low albedo analogs. 
No obvious changes are evident. 
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strong 3. 4-pm C-H absorption, meteoritic kerogen is 

desirable in simulations of low-albedo asteroidal materials, 

but unfortunately is scarce in terrestrial laboratories. I 

obtained one 6 mg sample, the acid-insoluble organic residue 

from the Murchison CM chondrite, from R. Lewis at the 

University of Chicago. I isolated several hundred mg of 

additional kerogen at the Lunar and Planetary Laboratory. 

The procedure was straightforward if somewhat tedious. 

I subjected most of a 13 g, Field Museum Murchison sample to 

al ternating HF and HCl baths at 50oC, each two-week 

dissolution run including some 10 cycles. After all 

silicates were dissolved, the remaining kerogen was washed 

in AlC13 solution to remove hydrous fluorides, then rinsed 

in water and dried. The yield was just over 100 mg, less 

than 1.0% of the original sample. A detailed account of R. 

Lewis' Chicago dissolution procedure is in Alaerts et al. 

(1980), and other useful techniques were found in Robert and 

Epstein (1982), Yang and Epstein (1983), and Wedeking et al. 

(1983) • Studies show the kerogen survives the acid 

dissolution process substantially intact, and maintains its 

chemical integrity (Durand and Nicaise, 1980). 

The "Jones" organic residue is quite similar spectrally 

to the Chicago sample, with a prominent 3. 4-pm absorption 

containing two separate C-H peaks (Fig. 3.66). Meteoritic 
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kerogen has the correct visual, near-IR, and mid-IR spectral 

properties for an asteroidal organic analog : it is very 

black, suppresses near-IR absorption features, and exhibits 

no spurious absorption bands of its own. It also displays a 

clear hydrocarbon signature at 3.4 ~m, free of competition 

from the strong H20 band. This material was my organic 

component of choice in preparing asteroid surface analogs. 

Bell et ala (1985), lacking meteoritic kerogen, used a 

coal tar residue as their organic analog. I prepared a 

similar sample from common road paving tar (generously 

provided in multi-gallon quantities by a Tucson paving 

company), removing soluble organics with a succession of 

hexane, xylene, and acetone rinses. The resulting 

spectrum's 3.4-~m C-H band is not as intense as meteoritic 

kerogen (Fig. 3. 67) , and it has a prominent hydroxyl 

absorption at 2.7-~m {probably from a clay component making 

up some 60% of the paving material}. Coal tar will not 

serve as a pure organic mid-IR analog, but when combined 

with hydrated silicates, the clay's strong 3-~m band swamps 

coal tar's narrow 2.7-~m feature {Fig. 3.68}. Thus suitable 

mixtures of common street tar may pave the way 

(figuratively) for successful asteroid surface analogs. 

Two other carbon-rich materials proved uninteresting in 

the mid-IR. A sample of Allende organic residue, originally 
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produced by the Anders meteorite group in Chicago, and 

supplied by W. Forrest at the University of Rochester, is 

shown in Fig. 3.69. No organic band is visible, and the 

residue closely resembles the charcoal spectrum in Fig. 

3 .70. Charcoal (or carbon black) is an effective opaque 

material in the visual/near-IR, and at least has no 

anomalous absorptions from 2.5 to 5.0 pm. 

Terrestrial Analogs to Meteorites and Asteroids 

The carbonaceous chondrite spectra displayed above cover 

a wide range of matrix compositions, including hydrous and 

anhydrous silicates and varying amounts of organic material. 

However, certain asteroid compositions, particularly the P 

and 0 classes, apparently are not represented by meteorites. 

I combined Murchison organics with terrestrial serpentine to 

cover intermediate compositions and explore the effects of 

the opaque kerogen on the intensity of the 3-pm water 

absorption. (See Table 3.4 for the composition range.) 

Two examples (Fig. 3.71, 3.72) illustrate the results of 

the analog series. The 90% serpentine, 10% organics sample 

resembles a CM chondrite, and shows the usual 2.7-, 2.9- and 

3.4-pm bands. However, because of the well-ordered 

crystalline structure of the serpentine, the hydroxyl band 

is narrower and deeper than that produced by the poorly 
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organized clays in the CM matrix. On the wing of the water 

band, the 3.4-pm C-H band is well-defined. This is a 

successful meteoritic analog. 

The 50% serpentine, 50% organics sample is an extreme 

example of an organic-rich analog (Fig. 3.70). While the C

H band is more prominent, as expected, the 3-pm band depth 

is still nearly 20% of continuum. Apparently, organic 

abundances far above those expected for any asteroids cannot 

obscure a hydrated silicate absorption (assuming an intimate 

physical mixture of two discrete components; if organics 

coat the silicates, suppression of the 3-pm band may be 

possible. ) This suggests that if an asteroid fails to 

exhibit a 3-pm band, it is due to the absence of hydrated 

silicates rather than an obscuration by organics. 

I attempted another analog series using olivine as a 

matrix material, corresponding to the CO and CV chondrites. 

Unfortunately, some of the terrestrial olivine powder had 

weathered to a clay, and hydroxyl absorptions were present 

even in mixtures lacking any serpentine. A promising 

solution is to replace olivine with pure silica glass, as it 

has no significant 2.5- to S.O-pm absorptions. 

Temperature and Environmental Effects 
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Kerogen makes up some 80% of the organic material in 

carbonaceous chondrites. Material like the Murchison 

organic residue (Fig. 3.66) has often been used as an analog 

for a variety of low-albedo (i.e., organic-rich) surfaces in 

the asteroid belt and outer solar system. Bell et al. 

(1985), Vilas and Smith (1985), and Cruikshank and Brown 

(1987) have proposed material similar to meteoritic kerogen 

as the dark surface component on Iapetus, the D-class, and 

C-class asteroids, respectively. Vilas and smith also 

suggested that unspecified temperature-induced organic 

changes could explain a systematic slope variation with 

solar distance in their visual/near-IR D asteroid spectra. 

To evaluate that possibility I ran a series of environmental 

simulations on meteorite organics and asteroidal analogs. 

Dr. J .K. west and Mr. G.P. Latorre of the Advanced 

Materials Research Center, University of Florida, 

Gainesville collaborated with me in this investigation. 

They added a cooled vacuum chamber to their Nicolet 20SXB 

FTIR spectrometer's diffuse reflectance stage. A Joule-

Thompson refrigerator maintained temperatures as low as 83 K 

on the sample support arm, and a vacuum system maintained 

pressures at 10-6 torr. 

Sample preparation was identical to the USGS procedure, 

and some samples were measured in both spectrometers. After 
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taking an initial spectrum at room temperature, the 

temperature was lowered immediately to 83 K, then raised 

gradually to ambient in approximately 50 K steps. The 

samples run were: 

Sample Serpentine Organics 

Murchison residue (Jones) 100% 

Analog 2575 25% 75 

Analog 5050 50 50 

Analog 9010 90 10 

Coal tar residue 100 

Coal tar mixture 50 50 

The cooled sample spectra are shown in Fig. 3.73 and 

3.74. No significant absorption changes were seen in the 

3.4-~m band during initial cooling or the subsequent warm-up 

to room temperature. organic slope changes at shorter 

wavelengths, suggested by Vilas and Smith (1985), seem 

unlikely -- no discernible changes occur at the short-

wavelength, 2. 5-~m end of the spectra. However, in Fig. 

3.73 (top), an obvious change occurred in the 3-~m region 

after cooling the 25% serpentine/ 75% organics sample to 83 

K: centered at 3.0-3.1 ~m is a deep water ice band. The ice 

is probably adsorbed water from the sample that migrates to 

the surface to form frost (Lebofsky 1980). The water source 



162 

appears to be in the organic fraction, since the other 

samples with higher fractions of hydrated silicates show no 

such ice absorptions. Upon sample warming, the ice slowly 

sublimes under vacuum and is lost, resulting in ice-free 

spectra well below 273 K. Based on the lack of other 

cooling effects, room temperature spectra are adequate for 

comparison to asteroids, so long as care is taken to protect 

fine-grained samples from atmospheric water contamination. 

Because cooling to 83 K (the approximate temperature of 

the Saturnian satellites) appears to have no significant 

spectral implications, the Vilas and Smith (1985) suggestion 

that cooled organics could change the near-IR slopes of 0 

asteroid spectra does not survive initial scrutiny. A very 

interesting experiment along these lines will be to measure 

the spectral properties of cometary organics over a wide 

range of heliocentric distances during the ~ mission. 

Major Results 

The laboratory spectra presented here provide a firm 

basis for interpretation of low-albedo asteroid spectra. 

Major points of the laboratory investigation include: 

(1) Even without absolute albedo measurements near 3 ~m, 

mid-IR reflectance measurements can distinguish the maj or 
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carbonaceous chondrite classes, using the shape of the 3-~m 

H20 band. Medium resolution 3-~m asteroid spectra should 

reveal any associations with carbonaceous chondrites. 

(2) The hydrated silicate H20 band, if present, appears 

relatively immune to suppression by high concentrations of 

meteoritic kerogen. Lack of a 3-~m band indicates a paucity 

of hydrated silicates, not masking by by organic material. 

(3) Meteoritic kerogen is a satisfactory spectral analog 

for the organic asteroid component. Its production in 

hundred-mg quantities as the acid-insoluble residue from 

carbonaceous chondrites is straightforward. 

(4) Environmental condi tions in the asteroid belt are 

unlikely to affect mid-IR asteroid reflectance. Cooling to 

83 K produces no important changes in the 3.4-~m. 

The library of meteorite and analog spectra presented in 

this chapter are directly applicable to mid-IR asteroid 

reflectance data. With the spectral characteristics of the 

carbonaceous chondrites and their major constituents well in 

hand, I move on to the presentation of our astronomical 

observing techniques and the asteroid spectra themselves. 
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CHAPTER IV. SPECTRAL REFLECTANCE OF LOW-ALBEDO 

ASTEROIDS -- IDENTIFICATION OF HYDRATED SILICATES 

The second data set for this project consists of a group 

of 3-pm asteroid reflectance spectra. Observations of the 

low-albedo C, P, and D classes were tailored to detect 

asteroidal hydrated silicates and measure the corresponding 

3-pm band depth. In some cases, spectral quality was 

sufficient in this band to search for mineral-specific 

structure, including the 3.4-pm C-H stretch absorption. 

Along with detection of structural hydroxyl ions and other 

hydration species on a given asteroid, the observations 

together serve as a statistical base for analysis of the 

outer belt's water distribution. Hydrated silicates are 

tracers of a primitive object's early thermal history, and 

the present H20 distribution in the outer belt potentially 

reflects the evolution of proto-asteroids during the era of 

terrestrial planet formation. 

Previous Asteroid Compositional Studies 

The first technique capable of discerning compositional 

differences among asteroids was UBV photometry, which 

measured asteroid brightness through the broadband U (0.36 

pm), B (0.42 pm), and V (0.54) filters (ultraviolet and blue 

end of the visual spectrum). UBV colors, which are 
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sensitive to Fe3+ absorptions near 0.4 pm, served as one set 

of classification criteria for the Chapman et al. (1975) 

taxonomy, giving rise to the initial Sand C asteroid 

classes. More detailed color measurements resulted in the 

Eight Color Asteroid Survey (ECAS -- see Zellner et al., 

1985a), aimed at mineralogical absorptions in the UV through 

the near-IR. The ECAS served as the basis for Tholen's 

current asteroid taxonomy, and is still the most 

comprehensive reflectance data set (Tholen, 1984). 

Narrow-band spectrophotometric observations exist for a 

growing number of asteroids. In this technique, a circular, 

continuously varying transmission filter is rotated in front 

of a photometer, yielding brightness values at moderate 

resolution over a wide range of wavelengths. The resolution 

is great enough to permit precise band depth measurements 

from the ultraviolet through the near-IR, concentrating on 

the 1 and 2-pm olivine/pyroxene Fe2+ features (Chapman and 

Gaffey, 1979; Gaffey and McCord, 1979; Bell et al., 1988). 

The most recent 52-color spectrophotometric survey by Bell 

et ale (1988) includes a large number of low-albedo 

asteroids. Despite the generally lower albedo trend outward 

through the belt (S: 0.154, B: 0.088; G: 0.055; T: 0.042; F: 

0.040; C: 0.039; P: 0.030; D: 0.030), there is considerable 

overlap, and the classes cannot be distinguished by albedo 

alone (Tholen, 1984). with neutral or reddish spectra 
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nearly featureless from 1.0 to 2.5 ~m (Figs. 4.1,4.2), the 

low-albedo asteroids are distinguished only by general near

IR slope differences that convey nothing in the way of 

mineralogical information. Again, organic material is the 

probable culprit, suppressing the near-IR absorption bands 

exploited in the brighter asteroid spectra. 

Mid-IR Spectrophotometric Observations 

As noted in Chapter III, mid-IR observations can 

eliminate organic band suppression and distinguish between 

the carbonaceous chondrite classes. Lebofsky (1978) 

pioneered asteroid observations beyond 2.5 ~m, using narrow

band filters to identify the 3-~m hydrated silicate 

absorption in reflectance data from 1 Ceres. His next round 

of 3-~m observations found both hydrated and anhydrous 

objects in a group of seven C class asteroids (Lebofsky, 

1980). Larson et al. (1979, 1983) added high-resolution 

multiplex (or Fourier) spectroscopy to the narrow-band 

filter data, and identified both hydrated and anhydrous 

surface components on 2 Pallas. Similar J-~m Fourier 

spectra of Ceres (Lebofsky et al., 1981) resembled the 

laboratory spectrum of montmorillonite, a member of the 

smectite clay group. Unfortunately, the Fourier techniques 

proved impractical for asteroids other than bright low

albedo objects like Ceres and Pallas: the incoming signal 
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Fig. 4.1. Visual/near-IR spectra of 1 Ceres. Note UV 
band shortward of 0.5 Jjm and lack of mineralogical 
absorptions beyond 0.7 Jjm. 
Fig. 4.2. Visual/near-IR spectra of 0 class asteroid 267 
Tirza. Reddened near-IR spectrum is typical of Os. (Both 
figures are from Bell et al., 1988). 
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from dimmer obj ects can be obscured by background thermal 

radiation and detector noise, (Larson and Veeder, 1979). 

Fourier techniques have thus been limited to bright 

asteroids at wavelengths shorter than about 3.3 pm. For 

example, Feierberg et al. (1981) used Fourier spectra to 

look for aqueous alteration products on the large objects 1 

Ceres, 2 Pallas, and 324 Bamberga, but turned to narrow-band 

spectrophotometry to survey a dozen smaller, dimmer Cs 

(Feierberg et al. I 1985a). The latter paper revealed a 

correlation between 3-pm band depth and the strength of the 

Fe3+ UV absorption between 0.3 and 0.4 pm, matching the 

spectral characteristics of H2o-rich carbonaceous 

chondrites. Thus, the presence of a 3-pm band can be 

inferred from shorter wavelength data. 

An Enhanced 3-pm Observing Program 

The last Feierberg et al. paper (1985a) concluded that 

six of the ten largest C asteroids have a hydrated silicate 

surface component. On 1 Ceres, the largest asteroid, 

Lebofsky et al. (1981) also identified a 3.1-pm water frost 

absorption. With hydrated silicates turning up throughout 

the C class, a survey of a larger low-albedo sample seemed 

warranted. In addition, higher resolution would pay 

dividends in greater characterization of the 3-pm band and 

possible 'detection of ice and organic absorptions. 
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Narrow-band spectrophotometic instruments were available 

for the work, but the slow process of stepping through the 

circular variable filter (CVF) range using a single detector 

limited an observer to only 2 or 3 objects per night under 

ideal conditions. Given the tight observing schedule at 

NASA's Mauna Rea Infrared Telescope Facility (IRTF) and the 

whimsical effects of Madame Pe1e on Hawaiian weather, any 

meaningful survey would take years. Luckily, a new IRTF 

detector, the Cooled Grating Array Spectrometer (CGAS), 

became available in 1986 (Tokunaga and Smith, 1986). 

Instead of the CVF coupled with a single detector, the CGAS 

uses a linear 32-detector array (indium antimonide) to 

sample the infrared spectrum simultaneously over a span of 

nearly 0.6 pm. A diffraction grating spreads the asteroid's 

reflected light into its constituent wavelengths and throws 

the IR spectrum onto the detector array. Liquid nitrogen 

cools the detectors to 77 K to increase sensitivity and 

minimize thermal background interference. 

The CGAS detectors are not as sensitive as single 

detector photometers (they become saturated by 3-pm 

background noise in a few seconds) I but their repetitive 

short integrations produce a respectable spectrum more 

quickly than a CVF system operating at a third of the CGAS 

resolution. Thus CGAS is ideal for surveys of moderately 
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Fig. 4.3. Ceres spectrum from circular variable filter 
(CVF) and Cooled Grating Array Spectrometer (CGAS). Note 
increase in resolution and spectral range with CGAS. 
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bright asteroids, producing a spectral resolution (~/A~) of 

about 170: i.e., 

apart near 3 pm). 

data points are less than O. 02 microns 

A fortuitous yet crucial CGAS feature is 

the inherent breadth of its spectral range: scanning 0.6 pm 

at a glance, the array can measure reflectance on both sides 

of the telluric "water gap", where radiation from 2.5 - 2.8 

pm is nearly totally absorbed by atmospheric H20. 

straddling the gap with simultaneous readings at, say, 2.5 

and 2.9 pm, CGAS produces a far more accurate 3-pm band 

depth than a sequential CVF scan (Fig. 4.3; the CVF scan is 

the upper spectrum). 

The CVF and CGAS Observations 

The observ ing program goal was to collect 3 -/lm 

reflectance data for as large a group of low-albedo 

asteroids as possible over a span of approximately two 

years. These spectra, in turn, would characterize the 

dominant surface mineral assemblages, and when combined with 

previous 3-/lm data, describe the outer belt H20 

distribution. The NASA IRTF observations were carried out 

from the 13,800-foot summit of the dormant Mauna Kea 

volcano, on the dates indicated in Tables 4.1 and 4.2. 

The spectra are plotted as relative (or scaled) 

reflectance vs. wavelength, with reflectance shown 
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"relative" to the spectrum of the solar-type standard star. 

The scheme for data reduction follows this general equation 

from Chapman and Gaffey (1979), where all the terms refer to 

the brightness of the object at a given wavelength: 

asteroid asteroid star 
-------- = --------- x ------

sun star sun 

The desired spectral ratio is the asteroid spectrum divided 

by the solar spectrum, a quantity devoid of solar spectral 

lines, containing only mineralogical absorption features. 

The telescope and detector record asteroid reflectance, but 

it is impractical for the same equipment to measure the 

solar spectrum, given the disparity in brightness. 

Instead, we measure the spectrum of a "standard star" 

near the asteroid, producing both a correction for varying 

airmass (atmospheric path length) along the line-of-sight, 

and a spectral calibration factor (equal to the star/solar 

spectral ratio). Whenever possible we chose standard stars 

that are solar analogs (Hardorp 1980, 1982), or, failing 

that, the same spectral type (GS) as the sun. In practice 

we found the calibration factor for our work was _1. O. 

Finally, I scaled the asteroid/star ratio to a value of 1.0 

at 2.S pm, producing a spectrum directly comparable to the 

meteorite data in Chapter III. 



TABLE 4.1: CVF OBSERVATION LOG 

NASA INFRARED TELESCOPE FACILITY, MAUNA REA, HAWAII 

INSTRUMENT: RC-2 photometer, CVF 
OBSERVERS: M.A. Feierberg 

L.A. Lebofsky 

DATE OBJECT SPECTRAL STANDARD 
CLASS* STAR 

02/18/86 511 Davida C Hyades 64 
1 Ceres G 35 Leo 

02/19/86 511 Davida C Hyades 64 
1 Ceres G 35 Leo 

INSTRUMENT; RC-l photometer, CVF 
OBSERVERS: L.A. Lebofsky 

T.D. Jones 
E.F. Tedesco 

12/08/86 19 Fortuna G Hyades 64 
10 Hygiea C Hyades 64 
704 Interamnia F 35 Leo 

12/09/86 114 Kassandra T Hyades 64 
10 Hygiea C Hyades 64 
704 Interamnia F 35 Leo 

* The C class includes subclasses B,F,G, 
represent classes as distinct as the Cs. 

and T. P and 
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TABLE 4.2: CGAS OBSERVATION LOG 

NASA INFRARED TELESCOPE FACILITY, MAUNA KEA, HAWAII 

OBSERVERS: T.D. Jones, L.A. Lebofsky 

DATE OBJECT SPECTRAL STANDARD 
CLASS STAR 

04/21/87 532 Herculina S 70 Virginis 
1 Ceres G 16 Cyg B 
511 Davida C 70 Virginis 
2 Pallas B ). Serpentis 

04/24/87 5 Astraea S 35 Leo 
511 Davida C 70 Virginis 
18 Melpomene S SAO 120107 
2 Pallas B SAO 65083 
1 Ceres G 16 Cyg B 

04/25/87 704 Interamnia F 35 Leo 
16 Psyche M 35 Leo 
511 Davida C 70 Virginis 
2 Pallas B SAO 65083 
1 Ceres G 16 Cyg B 

OBSERVERS: T.D. Jones, M.S. Marley 

10/01/87 92 Undina M SC 8167 
111 Ate C SC 8167 

10/02/87 324 Bamberga CP Hyades 142 
10/03/87 375 Ursula C 51 Pegasus 

423 Diotima C SAO 147237 
51 Nemausa CU K. Ceti 
52 Europa CF Hyades 142 
13 Egeria G Hyades 142 

OBSERVERS: T.D. Jones, L.A. Lebofsky 

02/01/88 55 Pandora M Hyades 106 
13 Egeria G Hyades 106 
10 Hygiea C 35 Leo 

02/02/88 313 Chaldaea C Hyades 64 
130 Elektra G SAO 136389 
505 Cava FC 35 Leo 

02/03/88 55 Pandora M Hyades 64 
173 Ino C SAO 136389 
409 Aspasia CX 70 Virginis 

02/04/88 88 Thisbe CF Hyades 64 
324 Bamberga CP Hyades 64 
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TABLE 4.3: ASTERO:IOS OBSERVED AT 3-ua 

OBJECT CLASS H2O? BAND DEPTH SOURCE 
(%) 

1 CERES G YES 2l. ± 1.3 1 
2 PALLAS B YES 18 1.2 1 
10 HYG:IEA C YES 12 3.7 1 
13 EGERIA G YES 40 15 1 
19 FORTUNA G YES 25 6 1 

24 THEMIS C YES 4 ± 2 2 
31 EUPHROSYNE C NO 0 1 3 
36 ATALANTE C YES 14 1 3 
51 NEMAUSA CO YES 37 15 l. 
52 EUROPA CF NO 0 6 1 

65 CYBELE P NO 0 ± 1 3,4 
70 PANOPAEA C YES 35 12 4 
72 FERONIA TOG YES 8 5 2,4 
74 GALATEA C NO 2 1 3 
87 SYLVIA P NO 1 10 2 

88 THISBE CF NO 0 ± 10 1,4 
114 KASSANDRA T NO 0 5 1,2 
130 ELEKTRA G YES 22 13 1 
139 JUEWA CP NO 0 2 3 
148 GALLIA GU NO 0 9 1 

173 INO C YES 0 ± 7 1 
233 ASTEROPE T NO 0 2 2 
247 EUKRATE CP NO 2 2 3 
308 POLYXO T YES 14 2 2 
313 CHALDAEA C YES 22 15 1 

324 BAMBERGA CP YES 6 ± 1 3 
344 DESIDERATA C YES 18 4 3 
375 URSULA C YES 18 14 1 
386 SIEGENA C YES 23 2 3 
409 ASPASIA CX YES 11 6 1 

410 CHLORIS C YES 24 ± 3 3 
423 DIOTIMA C NO 0 60 1 
505 CAVA FC YES 5 11 1 
511 DAVIDA C YES 12 4 1,3 
554 PERAGA FC NO 0 4 

704 INTERAMNIA F YES 6 ± 4 1,2 
721 TABORA D NO 0 8 2 
773 IRMINTRAUD D NO 0 6 2 
776 BERBERICIA C YES 23 2 3 



176 

CONTROLS: 

4 VESTA V NO 0 ± 1 4 
5 ASTRAEA S NO 0 6 1 
16 PSYCHE M 1'10 2 4 1 
18 MELPOMENE S NO 0 6 1 
55 PANDORA M YES 37 22 1 
92 UNDINA M YES 45 12 1 
532 Herculina S NO 0 2 1 

Source notes: 1: This work. 
2: Feierberg et ale (1985b) 
3: Feierberg et ale (1985a) 
4: Lebofsky (1980) 
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This was the general scheme for both CVF and CGAS data 

reduction, but the execution varied for each. Each CVF 

observation of a given object (including multiple 

wavelengths) was reduced individually, using a desk-top 

computer and spreadsheet software. For CGAS, the several 

thousand short integrations recorded in the course of a 

night required FORTRAN reduction routines run on the Lunar 

and Planetary Laboratory's Interdata 8-32 (VAX-class) 

computer. The reduction routines (for emission sources) 

were written by T. Nagata at the University of Hawaii's 

Institute for Astronomy, and I wrote additional programs to 

handle the reflectance data. 

A brief word about the displayed error bars is in order. 

The CVF error bars represent the largest of two associated 

errors: (1) the standard deviation (0) of the mean 

brightness at a given wavelength measured at the telescope, 

or (2) the standard deviation of the mean resulting from a 

simple averaging of several complete CVF spectra on the same 

night. For the CGAS spectra, the standard deviation of the 

measured voltage (brightness) at a given wavelength was 

propagated through the co-addition of spectra to produce the 

plotted 1-0 error bars. 

A significant data reduction problem encountered in mid

IR reflectance work is the removal of asteroid thermal flux. 
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Fig. 4.15. eGAS spectrum of 10 Hyqiea (e). 
Fig. 4.16. eGAS spectrum of 148 Gallia (GU). 
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Fig. 4.17. CGAS spectra of 13 Egeria (G) showing the 
effects of observing geometry on signal quality. 
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Fig. 4.20. CGAS spectrum of 88 Thisbe (CF). Note the 
very high thermal component at and beyond 3 pm, which is 
computationally removed when computing band depth. 
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Fig. 4.21. eGAS spectrum of 173 Ino (e). 
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Fig. 4.23. eGAS spectrum of 313 eha1daea (e). 
Fig. 4.24. eGAS spectrum of 130 Elektra (G). 
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Fig. 4.25. CGAS spectra of 324 Bamberga (CP), with 
prominent thermal emission beyond 3-~m. 
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Beyond 3 pm, emitted thermal energy from the asteroid begins 

to supplant reflected sunlight in the signal received at the 

telescope. A "standard thermal model" developed by Lebofsky 

and others (Lebofsky et al., 1986) yields an estimate of the 

emitted/reflected flux ratio at a given wavelength, which 

can be applied to the measured spectrum. The emitted flux 

for main-belt objects is negligible at 3 pm, contributes 5-

10% of the signal at 3.4 pm, and dominates beyond 3.5 pm. 

The model does a reasonable job of restoring the spectrum to 

a continuum reflectance near 1.0 at 3.5 pm (similar to the 

carbonaceous chondrite spectra in Chapter III), and I 

subtracted a calculated thermal component from all CVF 

spectra (Figs. 4.4-4.9). However, in the case of 511 Davida 

(Fig. 4.6) and 19 Fortuna (Fig. 4.8), the model appears to 

overcompensate for thermal emission and unrealistically 

lowers the 3.4-pm reflectance. The same problem was noted 

by Feierberg et al. (1985a), so I chose to leave the CGAS 

spectra uncorrected for thermal emission. I did run a model 

calculation to confirm that each CGAS 3-pm region was free 

of a significant thermal component; where thermal 

contributions were important, I used the Lebofsky et al. 

model to correct the 3-pm band depth. (The thermal problem 

is not severe for most objects in the outer belt, where 

reduced solar flux lowers the black body temperature.) In 

summary, the CVF plots are corrected for thermal 

contributions, the CGAS spectra are plotted without 
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corrections, and the 3-pm band depths listed in Table 4.3 

use the thermal model where appropriate. 

Table 4.3 lists the low-albedo asteroids that have been 

observed at 3 pm. (Piscitelli and Cruikshank at the 

University of Hawaii conduct 3-pm CGAS observations, but 

their 3.1- to 3.6-pm spectral coverage does not include the 

water of hydration band.) CVF and CGAS data from this 

dissertation are denoted by a "1" in the SOURCE column. We 

examined three nearly equidistant swaths of the night sky 

with CGAS, covering most of the bright C objects (and 

related sub-classes) down to approximately magnitude 12. 

Sky background saturation of the CGAS detectors prevents 

observations of objects dimmer than 12th magnitude 

( incl uding most P and D asteroids), so I supplemented my 

data with previous CVF observations by Lebofsky (1980) and 

Feierberg et al. (1985a,b) to increase the sample size and 

better characterize the hydrat~d silicate distribution. 

Those observations are noted in Table 4.3; I performed the 

data reduction and analysis for all spectra that appear in 

the dissertation. 

Discussion of CVF and CGAS Spectra 

I here compare the individual spectra in terms of their 

3-pm characteristics. The highest-quality spectra come from 
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the brightest asteroids, with 1 Ceres and 2 Pallas 

representing the best of the data set. The most noteworthy 

feature in both spectra is the distinct drop in reflectance 

from 2.5 to 2.9 pm. The CVF spectra (Fig. 4.4-4.9) lack 

data from 2.2 - 2.5 pm, but meteorite data show a generally 

flat spectrum in this region, so I have assumed the CVF 

measurements at 1.25, 1.65, and 2.2 pm (only the latter 

point is shown) define a continuum whose peak reflectance is 

equivalent to the 2.5-pm CGAS value. Thus the 3-pm band 

depth can be expressed as: 

CVF: d = R2.2 pm R2.9 pm 

CGAS: d = R2.5 pm R2.9 pm 

While atmospheric H2o obscures the shape and depth of the 

critical 2. 7-pm hydroxl band, the 3-pm reflectance does 

correspond (as a lower limit) to the overall depth of the 

broad 2.7- to 3.4-pm H20 feature. Appropriate errors in the 

2.9-pm reflectance are listed in Table 4.3. 

Ceres (Fig. 4.4) displays the 3.1-pm water ice feature 

superimposed on the wing of the 3-pm band (Lebofsky et al., 

1981). The 3-pm band depth d is 0.21 (±0.01). While the 

other CVF spectra do not have the signal-to-noise ratio 

(SNR) or resolution (>../!J.>' = 50) to show detailed spectral 

features, the presence of the 3-pm band is usually confirmed 

by inspection. 
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The improvement in resolution and SNR with CGAS is 

apparent in the Ceres spectra (Fig. 4.3: the lower spectrum 

is from CGAS). Both the CVF and CGAS spectra show a similar 

shape and the 3.1-pm ice feature, but CGAS has smaller 

errors (more observations are possible in a given time 

interval), and includes the 2. s-pm continuum values. 

Several features in the CGAS spectrum are worth mentioning, 

as they are found in other spectra: (1) Co-adding a large 

number of spectra taken over a wide range of airmass depends 

on accurate extinction corrections for both the standard 

star and asteroid. Because the star and asteroid airmass 

values are never identical, slight errors in airmass 

compensation result in imperfect removal of a deep 

atmospheric methane feature. This produces a spike at 3.3 

pm in the asteroid/star ratio spectrum. (2) Thermal 

emission in the Ceres CGAS spectrum is evident at 3.5 pm and 

beyond, especially compared to the corrected CVF spectrum. 

The thermal component is present to varying degrees in the 

other CGAS spectra. 

The Ceres spectra show remarkable consistency, proving 

CGAS' ability to measure band depths accurately from night 

to night and object to object (Fig. 4.10-11). Rotational 

variations in the Ceres and Pallas spectra are not 

significant, as each night's observations were averaged over 
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roughly a third of the 8-9 hour period for these two bodies 

(Burns and Tedesco, 1979). Of interest in the Ceres spectra 

is the declining continuum at 2.5 pm, not seen in 

carbonaceous chondrite spectra. The ice feature persists 

from night to night, and no real structure at the 3.4-pm C-H 

stretch position is evident. 

CGAS spectra of 2 Pallas show similar repeatability 

(Fig. 4.12). No 3.1-pm ice feature is present, and the 2.5-

pm continuum is more nearly level and chondrite-like. No 

organic feature is evident at this scale. The band depth d 

is 0.18 (±0.01). 

I observed a number of non-C class asteroids as 

experimental controls. In Fig. 4.13, two well-known S- and 

M-class representatives (differentiated silicate and nickel

iron meteorite analogs, respectively) show no 3-pm 

reflectance drop. In these slightly noisy spectra, the 

decrease in 2. 5- to 2.9 -pm signal qual i ty due to tell ur ic 

H20 is evident. As a consequence, data from 2.6 - 2.9 pm 

were generally not used for measuring band depth. 

Spectral quality depended mainly on asteroid brightness 

and viewing geometry; obj ects near the CGAS magni tude 12 

limit proved to be difficult targets. 13 Egeria (Fig. 4.16) 

produced a good spectrum in October 87, but by February 88 
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it had moved away from opposition, and 3-1'lD band depth 

measurements became impractical. Even tripling the number 

of observations (24 vs. 8) could not arrest the 

deterioration. Note the similar loss of quality in the 324 

Bamberga spectra in Fig. 4.25. 

Several individual spectra are worthy of notice in the 

balance of the CGAS data. 130 Elektra (Fig. 4.25) is a G 

asteroid (a subclass of C), whose spectrum reportedly 

displays the 3.4-pm organic absorption (Cruikshank and 

Brown, 1987). My Elektra spectrum doesn't have the quality 

to confirm their report, but Elektra certainly does have the 

deep H20 band of the CI or CM carbonaceous chondrites. 

However, in Chapter III I noted the 3. 4-pm organic band's 

lack of contrast when superimposed on the wing of the water 

feature. Therefore I am not optimistic that Cruikshank and 

Brown's claim can be confirmed by similar techniques. 

Two of the control spectra revealed the unexpected 

presence of a prominent 3-pm band. 55 Pandora (Fig. 4.29) 

and 92 Undina (Fig. 4.32) are both nominally identified as M 

asteroids, supposed analogs to the nickel-iron meteorites. 

Spectrally featureless in the near-IR, neither object was 

well-categorized under the Tucson Revised Index of Asteroid 

Data (TRIAD) system (C-, M-, E-, and U-class visual/near-IR 

spectra cannot be distinguished without albedo data -- see 
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Zellner, 1979 for TRIAD information). Tholen (1984) 

reclassified both objects as M based on their relatively 

high albedos. However, the 55 and 92 lRAS albedos (0.32 and 

0.20, respectively) may be caused by a faulty application of 

the thermal model (e.g. these objects may have rocky rather 

than the assumed dusty surfaces, with resulting higher 

thermal inertia and lower sunward emitted flux). The 

original CMEU and U classifications for 55 and 92 imply that 

"C" is a more accurate designation in light of the 3-pm data 

presented here. Interestingly, an unpublished Soviet 

polarimetry study of M-class objects (Lupishko and Belskaya 

presented this paper at the 1988 Asteroids II conference) 

noted that both 55 and 92 displayed anomalous polarization 

properties, and concluded that these obj ects might have a 

silicate component and/or atypical asteroid surfaces. My 3-

pm data suggest that any silicates present are hydrated. 

Comparison with Laboratory Meteorite Spectra 

Two sets of CGAS spectra, 1 Ceres and 2 Pallas, are of 

sUfficient quality to compare with the carbonaceous 

chondrite data in Chapter III. The comparison is best 

conducted individually, since Ceres and Pallas have 

dissimilar 3-pm spectra (Larson et al., 1983). 

Ceres has a very broad 3-pm band with a depth of about 



205 

0.20. only the CI and eM meteorites have comparable band 

depths. In addition, Ceres' reflectance is still below the 

2.5-pnt continuum level at 3.6 pm, even with the thermal 

component included. Such a broad band is not typical of any 

carbonaceous chondrites spectra, except perhaps the CIs 

(shown again for comparison in Fig. 4.35) • The Ceres 

spectrum also declines in reflectance from 2.8 to 3.0 pm, 

unlike CM spectra, which rise from a 2.8 pm minimum. 

Perhaps the 3.1-pm ice band is broad enough to cause this 

effect; its superposition on the 3-pm water band may also 

delay the return to continuum reflectance levels. While by 

no means a match, the CI spectra are the only analogs for 

Ceres in the mid-IRe 

Pallas' spectrum has a shallower 3-pm band (0.18) than 

Ceres and a simpler shape, exhibi ting a monotonic rise in 

reflectance from a 2.8-pm minimum (Fig. 4.12, 4.35-36). 

That structure is reminiscent of Murray (Fig. 4.35) or 

Murchison (Fig. 4.36). While the 3-pm band is not as deep 

as the CM band (0.18 vs. 0.35), the discrepancy may be due 

to an anhydrous component mixed with the water-rich eM 

material. Larson et ale (1983) proposed that the anyhdrous 

component might be Mg-rich, low-Fe2+ olivines like those 

found in eo and CV matrices. Such a component would both 

reduce the depth of the 3-pm band and raise the albedo above 

that of organic-rich CCMM (Pallas' albedo is 0.014, much 
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higher than typical C class values (_0.06). Laboratory 

spectra presented in Chapter III can test the Larson et al. 

proposition in the following way: 

A two-component mineral assemblage may be present on a 

surface in one of two simple states: segregated by area, 

with each component occupying separate regions (of arbitrary 

scale), or an intimately mixed combination evenly scattered 

over the surface. If the two components are segregated, and 

we record a spatially unresolved spectrum combining those 

separate areas, the total reflectance is just a linear 

combination of the two component spectra (Bell et al. 1985). 

The disk-integrated reflectance RD, at a given wavelength, 

is a simple sum of components: 

RO = C1R1 + C2R2 

where constants C1 + C2 = 1 are the relative areas occupied 

by components 1 and 2, and R1 and R2 are the corresponding 

reflectance values. I have taken typical carbonaceous 

chondrite spectra from Chapter III and produced model 

combinations of 4 two-component mixtures. Orgueil and 

Murchison represent the H2o-rich CI and CM end-members, 

while Warrenton and Karoonda represent anhydrous co and CV 

olivine matrices (Fig. 4.37-40). In terms of shape and band 

depth, the Pallas spectrum seems to fit best a 40% Murchison 

- 60% Karoonda mixture. The high proportion of anhydrous 

silicates is also consistent with Pallas' higher albedo. 
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Fig. 4.35. Reflectance of the maj or carbonaceous 
chondrite classes compared to 2 Pallas. The eM class has 
a general resemblance, but has a 3-pm band nearly twice as 
intense as Pallas'. 
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Fig. 4.36. Comparison of 2 Pallas to Murchison CM 
chondrite. No strong evidence for a C-H absorption at 3.4 
11m can be seen. 
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Fig. 4.37. Linear spectral combinations of 2 meteorite 
types can match the 2 Pallas spectrum more closely. 
Fig. 4.38. As above, for Orqueil and Karoonda. 
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The other two-component combination is an intimate 

mixture, and the resulting spectra are best simulated in the 

mid-IR by prepared laboratory analogs. The two-component 

analogs in Chapter III consist only of hydrated silicates 

and organic material (e.g. Fig. 3.71-72), but from those 3-

IJm band depths it seems clear that the matrix hydrated 

silicate abundance must be less than 50% to produce a d of 

about 0.20. Further laboratory work with olivine/clay 

mixtures (plus a darkening agent like Murchison residue) 

should improve the comparison, but based on the simulations, 

2 Pallas must have a substantial (> 50%) anhydrous silicate 

component no matter how the components are mixed. Further 

laboratory work aimed at this question is underway. 

The 3.4-lJm organic band. As noted earlier, cruikshank and 

Brown (1987) reported the detection of organic material in 

the 3-lJm spectrum of asteroid 130 Elektra. An organic 

search was one of the original motivations for this 

dissertation, but the laboratory effort and our initial CGAS 

results illustrated the difficulties of detecting the 3.4-lJm 

band, even on volatile-rich asteroids. A comparison of CM 

chondrite Murchison to Pallas (Fig. 4.36) shows little 

evidence for the subdued C-H band in the best of our CGAS 

spectra. The lower part of the figure, at enlarged scale, 

also shows no real parallels between the two, though the 
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slight flattening of the Pallas slope at 3.4 pm may offer 

slight cause for hope. More daunting is evidence from Fig. 

4.41, where enlarged Ceres and Pallas spectra from several 

nights are plotted. Aside from the 3.33-pm methane spike, 

there are no consistent features near 3.4 pm supporting an 

organic identification. This evidence calls into question 

cruikshank and Brown's identification: their 130 Elektra 

spectrum was of similar quality, was taken on a single 

night, and used for comparison a Murchison organic spectrum 

(Fig. 3.66) with much better 3.4-pm contrast than Murchison 

itself. I regard the 130 Elektra organic identification as 

very uncertain, even though the presence of organics in the 

outer belt is highly probable. Confirming their existence 

directly will be a difficult task. 

3-pm Band Distribution in the Asteroid Belt 

The CVF and CGAS 3-pm spectra, added to the previous 

spectrophotometric data from Lebofsky (1980) and Feierberg 

et ale (1985a,b), constitute a sample of 39 low albedo 

asteroids. These band depths (or the corresponding 2.9-pm 

reflectance values), when compared to each object's physical 

and orbital characteristics, should yield important insights 

into the original H20 distribution in the outer belt. 

An obvious relationship to investigate is one between 
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asteroid type and 3-pm band presence. The sample includes 

all low albedo classes: C, P, D, (and the C subclasses G, T, 

F, and B). OVerall, 66% of the C and C subclass objects 

show a 3-pm absorption diagnostic of hydrated silicates 

(Fig. 4.42). The figure differs for these asteroid types (C 

- 68%, G - 80%, T - 50%, F - 66%, and B - 100%), but clearly 

a majority of the Cs have hydrated silicate surface 

components. By contrast, of the 7 Ps and Os in the sample, 

just 1 (324 Bamberga) shows a 3-pm band, and a weak one at 

that. These figures suggest significantly different 

hydration states among the two types of low-albedo 

asteroids: the carbonaceous chondri tic Cs, and the 

ultracarbonaceous Ps and Ds. 

A check of the band minimum reflectance at 2. 9-pm vs. 

semi-major axis (solar distance) for the sample supports 

this class difference. Since the Ps and Ds are likely 

residents of the outer belt beyond 3 AU, 3-pm reflectance 

should be highest there. Fig. 4.43 confirms this is the 

case. A least-squares line fit to the sample has a positive 

slope and a correlation coefficient of R = 0.36, confirming 

a lower hydrated silicate abundance farther from the sun. 

For N = 39, the probability that an uncorrelated set of data 

points would yield R = 0.36 is approximately 3% -- the 

probability that the data are correlated is > 96%. 

Statisticians (Mark Twain said there are "liars, damned 
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hydrated, while the P and D classes are nearly anhydrous. 
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Fig. 4.43. Observed distribution of 3-pm reflectance 
(hydrated silicate abundance) with solar distance for low 
albedo asteroids. There is a strong statistical 
correlation between increasing reflectance and increasing 
distance, suggesting that hydrated silicates decline in 
abundance with distance. Data from this work, Lebofsky 
(1980), and Feierberg et ale (1985a,b). 
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Fig. 4.46. U - B color difference vs. depth of the 3-~m 
band (in units of magnitude) for asteroids observed in 
this work. 3-~m band depth (H20) is correlated positively 
with the intensity of the near-UV absorption band (Fe3+), 
consistent with the presence of a hydrated silicate phase 
generated by aqueous alteration. Results similar to 
Feierberg et al., 1985a. 
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liars, and statisticians") term "significant" a correlation 

with over 95% probability, so these data indicate a 

statistically significant decline in hydrated silicates (and 

surface H20 content) outward from the C portion of the belt 

(Jones et al., 1988). The supposedly ultracarbonaceous P 

and 0 types appear to be the most water-poor objects 

(spectrally) in the outer belt! 

Plots of 3-pm reflectance vs. diameter I albedo I 

eccentricity e, and inclination i are shown in Fig. 4.44-45. 

Band depth appears unrelated to diameter, e, and i, making 

it unlikely that collisional fragmentation can account for 

production of anhydrous and hydrated asteroids. If, as 

Feierberg et al. (1985a) suggested, collisions had shattered 

mildly differentiated asteroids into hydrated mantle 

fragments and anhydrous core remnants (dehydrated from an 

original phyllosilicate composition), then the wetter 

asteroids (the proto-asteroid outer layers) should have 

generally high inclinations or eccentricities as a result. 

Such a trend is not evident. Further, one anhydrous 

asteroid, 52 Europa, is 312 kIn in diameter, and it seems 

difficult to arrange the total dehydration of such a large 

core and the subsequent loss by impact of all hydrated 

surface components, while still retaining the typical C 

spectrum and low albedo. The hydration state of these 

asteroids must be dominated by original composition and 
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thermal evolution rather than collisional history. 

supporting this proposition is a positive correlation 

between reflectance and albedo (Fig. 4.44). Deeper water 

bands tend to occur on objects with higher albedo, perhaps 

due to surface emplacement of hydrated salts, carbonates, or 

sulfates during aqueous alteration. Unaltered (low-albedo) 

assemblages tend to have albedos around 4-5% , reinforcing 

the notion that outer belt asteroids (at least Ps and Ds) 

have not undergone much physical or chemical evolution. 

Feierberg et al. (1985a) found a strong positive 

correlation between an asteroid I s 3-pm band depth and its 

broadband U-B colors (the magnitude difference between 0.36 

and 0.43 pm, respectively). Their data showed that hydrated 

silicate surfaces also display a sharper UV/visual charge 

transfer band attributed to Fe3+, a typical cation in 

aqueously altered iron-rich silicates. I checked the 

asteroids in this work for a similar relationship. A linear 

fit through the plot of U-B colors vs. 3-pm band depth (both 

expressed in units of magnitude) for the 19 CVF/CGAS 

asteroids in my sample produces a correlation coefficient R 

of 0.51 (Fig. 4.46). The probability that these two 

variables are positively correlated is > 97%, in excellent 

agreement with results from the 14 Feierberg et ale 

asteroids (which included only 4 from my sample). Thus a low 
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albedo asteroid may be screened initially for a 3-pm 

hydrated silicate feature using widely available U-B data 

(Zellner, 1979: Zellner et al., 1985a). The dual presence 

of the pronounced U-B color difference and 3-pm band also 

confirms that we are observing Fe-rich hydrated silicates 

similar to CI and CM CCMM, and not some other H2o-bearing 

species. 

The presence of low-albedo hydrated silicates is direct 

evidence for an asteroid alteration episode that achieved 

temperatures of 0 - 250C (Clayton and Mayeda, 1984). Thus 

the hydrated silicate decline with increasing heliocentric 

distance among low-albedo asteroids (Fig. 4.43) defines a 

rough 300 K isotherm -- the hydrated Cs experienced interior 

temperatures at least that high during early heating. The 

fraction of asteroids heated to that temperature is close to 

1.0 at 2.5 AU, and near zero by the P region near 3.5 AU. 

This decline with distance is strongly reminiscent of the 

steep fall-off in differentiated asteroids seen over 2-4 AU, 

defining an approximate 1300 K isotherm in the inner part of 

the belt. (Gaffey, 1988). The radial dependence common to 

Gaffey's 1300 K and this work's 300 K contour leave little 

doubt that the heating mechanism was itself strongly 

dependent on solar distance. That radial dependence is a 

key characteristic of the heat source and a major clue to 

its identity and effectiveness at outer belt distances 
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(Chapter VI). 

The 3-pm reflectance data help to integrate the low

albedo asteroids into the context of the entire asteroid 

belt: beyond the heavily differentiated inner belt (Gaffey, 

1988), most of the Cs are not primitive, unaltered objects, 

but have undergone at least a moderate degree of internal 

heating and subsequent aqueous alteration. The Ps and Os, 

by contrast, display no surface H20 despite their proposed 

volatile-rich heritage. Can these disparate facts, based on 

the observations presented here, be understood in a general 

model for the formation of all outer belt asteroids? I turn 

to this task in Chapters V, VI, and VII. 



224 

CHAPTER V. ORIGINAL COMPOSITION OF OUTER BELT ASTEROIDS 

In Chapter IV I presented the H20 distribution in the 

outer belt, based on the pattern of 3-pm H20 absorptions on 

the low-albedo asteroids which dominate that region. The 

decline in hydrated silicate abundance with increasing 

heliocentric distance runs counter to the suggested volatile 

enhancement in the "primitive" P and D classes. In fact, 

all the Ps and Ds in this sample show no hydrated silicate 

feature, with only a weak band present on one C/P hybrid. 

Where are the expected volatile-rich objects beyond 3 AU? 

The explanation for this paradox between observational 

evidence and cosmochemical prediction may lie in a new 

understanding of the original composition of outer belt 

asteroids. 

Model Predictions of outer Belt Composition: Equilibrium 

Condensation 

A starting point (and only that) for estimating the 

probable raw materials available for asteroid accretion can 

be found in the chemical equilibrium condensation models of 

Lewis (1972) and Grossman and Larimer (1974). In these 

models proto-asteroids accrete from solid grains condensed 

under the prevailing nebular conditions in the vicinity of 
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the asteroid belt. Temperatures in the asteroid formation 

zone ranged from roughly 400 - 200 X, with pressures no 

higher than 10-4 bar (Lewis and Prinn, 1984). The 

equilibrium condensates produced by cooling of a solar 

composition nebular gas to those temperatures from, say, 

1500 X, were in sequence: refractory oxides, enstatite, 

alkali aluminosilicates, FeO and FeS, the amphibole 

tremolite, magnetite, and finally serpentine, talc, and the 

hydrated silicates noted in Table 2.2. If temperatures 

continued to fall, water ice would have condensed at _170 X, 

followed by ammonia hydrates at 150 X. Note that production 

of these predicted equilibrium mineral suites is path

independent. In other words, composition is a state 

function of pressure and temperature, and a given 

composition can be achieved by heating as well as cooling. 

Equilibrium is obtained fastest under high-T conditions 

(Lewis and Prinn, 1980). The time scale for equilibrium at 

low temperatures may be longer than the time scale for 

transport of solids from other portions of the nebula, 

resulting in non-equilibrium compositions. Abundant 

meteorite evidence exists for such a state of affairs, and 

some parent bodies apparently accreted from components 

derived from quite different temperature regimes. The 

carbonaceous chondrites are the best examples of such 

unequilibrated assemblages, with refractory Ca/AI inclusions 
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and chondrules intimately mixed with low-T phyllosilicates 

and organic kerogen (Wood and Chang, 1985). The meteoritic 

evidence rules out a quiescent nebula with simple 

condensation occurring smoothly along the nebular mid-plane; 

equilibrium models cannot predict exact meteoritic or 

asteroid assemblages beyond a generic mineral group. 

The path-independent equilibrium models cannot address 

the issue of whether all asteroidal materials were 

homogenized in a hot nebula before cooling to their present 

thermodynamic state. In fact, there is solid evidence to 

the contrary: interstellar organics and silicates survived 

solar nebula collapse and were incorporated into meteorite 

parent bodies. The presence of deuterium-rich kerogen (a 

non-specific term denoting any organic mixture of ill

defined structure, composition, and origin) in CI and CM 

chondrites, is the clearest proof that proto-asteroids drew 

on non-equilibrium materials during their formation 

(Kerridge and Chang, 1985). The asteroidal hydrated 

silicates, target of the all the 3-pm observations in this 

work, are both predicted equilibrium materials and 

demonstrated products of parent body aqueous alteration, and 

verifying their true nature is of crucial importance for 

this thesis. 

and thermal 

The inferred original asteroid compositions 

history presented here all turn on the 

assumption that hydrated silicates cannot be primary nebular 
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products (Kerridge and Bunch, 1979: Bunch and Chang, 1980; 

Fredriksson and Kerridge, 1988). 

Kinetic Inhibition of Nebular Hydrated silicate Formation 

I pointed out in Chapter II that meteoriticists now 

regard carbonaceous chondrite hydrated silicates as clear 

products of parent body aqueous alteration episodes 

(Fredriksson and Kerridge, 1988). In addition to extensive 

meteoritic evidence, we have strong theoretical grounds for 

ruling out a nebular origin for hydrated silicates. J .S. 

Lewis, who initially used the hydrated matrices of the 

carbonaceous chondrites to support his equilibrium model for 

nebula condensation (Lewis, 1972, 1974), was one of the 

first to call their nebular origin into question. Nebular 

hydrated silicate formation from olivine/pyroxene reactions 

with water vapor should occur at _350-300 K. However, Lewis 

and Prinn (1984) pointed out that the equilibrium hydration 

of crystalline silicates faces serious kinetic difficulties: 

the proposed reactions occur between solids and H20 vapor at 

10-8 bars, and at or only slightly above room temperature. 

Few gas-solid reactions are robust under those conditions. 

Current models demonstrate that nebular hydration is no 

different. Two papers by Prinn and Fegley (1987, 1988) 

present an excellent discussion of how kinetic effects 
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dominate the formation of hydrated silicates in the nebula. 

Non-equilibrium effects in a cooling parcel of nebular dust 

and gas will predominate when the parcel's characteristic 

cooling time (tcoo1) is less than the chemical time scales 

for gas-phase (tg) , gas-solid (tgs) , and solid-solid (tss) 

reactions inside the parcel. Expressed another way, kinetic 

effects dominate when tcool < t g , tcool < t gs , or tcoo1 < 

tss (Prinn and Fegley 1987). Kinetic dominance is thus 

favored by low temperatures I fast radial transport, high 

nebular cooling rates, and (for solid reactions) by large 

grain sizes and fast accretion of those grains into larger 

particles. 

A solid-solid reaction is likely to be the slowest of 

the three cases, and most susceptible to kinetic effects. 

The hydration of forsterite and enstatite into serpentine 

serves as a good example: 

Mg2Si04(s)+MgSi03(s)+2H20(g) = Mg3Si20S(OH)4(s) 

This reaction, because it requires the transport and 

reaction of elements between solid minerals, may proceed 

especially slowly at the low nebular temperatures where 

serpentine becomes thermodynamically stable (_400 K). If 

tcool « t ss , then this reaction may be truncated while the 

nebula cools even further; lacking other "fast" hydration 

pathways, dust grains may not be able to incorporate H20 

until ice becomes stable below _200 K. Prinn and Fegley 
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(1988) estimate the time scale for the above hydration 

reaction as _1023 sec. (the age of the solar system is about 

1017 sec. ) • Referring to Table 2.2, we see that the 

hydrated silicates tremolite and hydroxyapatite are stable 

at higher temperatures and may form more quickly, but those 

minerals are much less important for water retention in the 

asteroid belt because Ca and P are much less abundant in the 

nebula than are Mg and si. 

From a theoretical chemical standpoint, then, hydrated 

silicates are unlikely nebular products. The possibility 

then exists that the asteroids accreted hydrated silicates 

from surviving interstellar dust grains. At least three 

independent lines of observational evidence counter this 

possibility and support the premise that asteroidal 

silicates began accretion as anhydrous dust grains. The 

first is a ground-based observation of dust emission from 

comet Halley in 1986 by campins and Ryan (1987,1988). The 

10-pm silicate emission peak matches the Si-o absorption in 

spectra of anhydrous interplanetary dust particles (IDPs) 

composed primarily of olivine. The spectrally distinct 

absorption of hydrated silicate IOPs eliminates them as 

analogs to the Halley dust. The second observation comes 

from the Halley /Giotto mass spectrometer dust composition 

measurements (Brownlee, 1987). The Halley dust Mg/Fe and 

Fe/Si ratios are quite distinct from those of orgueil and 
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lOP hydrated silicates. By contrast, mass spectra of 

anhydrous, sub-micron IDPs are a qood match to the Halley 

dust component. cometary silicates, then, appear to be 

anhydrous, even after 4.5 billion years of storage in an 

environment more volatile-rich than that of any probable 

asteroid. The last line of evidence is the existence of a 

group of lOPs with very primitive mineralogies and extra

solar O/H enhancements. Flynn (1988) proposes for dynamical 

reasons that a large fraction of all lOPs are asteroidal, 

not cometary, in origin, and thus the primi ti ve group is 

derived from essentially unaltered asteroids. Taken 

together, the evidence suggests that silicate grains in the 

outer belt escaped hydration, and remained anhydrous during 

their incorporation into proto-asteroids. 

Ice as the Asteroidal water Component 

Without hydrated silicates as an accretion feedstock, 

how did the C asteroids (and the el and CM parent bodies) 

acquire their 5-10 wt.% H20? The only logical answer is 

that it was in the form of ice. Once water vapor cooled in 

the nebula to _160 K, condensation began, and ice may have 

mantled dust grains before they accreted into proto

asteroids. Bunch and Chang (1980) proposed the possibility 

of ice as the original asteroidal water reservoir, but did 

not discuss its origin explicitly (see also Nozette and 
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Wilkening, 1982). Prinn and Fegley (1988) note that the 

_160 K condensation temperature for water ice in Barshay's 

(1981) nebula model occurs at about 3.4 AU, and even nearer 

the sun if nebula pressures are higher. In fact, ice 

condensation at 3 AU is not an absolutement requirement for 

supplying the C region with water: there was undoubtedly 

some inward transport of material from Jupiter (5.2 AU) 

during its formation. (Ice is of course stable today on 

Jupiter's outer Galilean satellites [LebofskYI 1980]). The 

inward transport could have occurred through turbulent 

transport of dust grains by nebular gas, scattering of icy 

Jupi ter planetesimals, or via the extension of the outer 

belt accretion (or "feeding") zone toward Jupiter, bringing 

material from the ice stability field to the accreting 

asteroids. If accretion were rapid and the material 

sufficiently icy, significant quantities of ice could be 

incorporated into early asteroids and protected from 

sublimation. 

Asteroidal ice becomes more plausible if the ice 

concentration near Jupiter was not confined to the solar 

nebula H20 abundance. stevenson and Lunine (1988) calculate 

that if ice condensation begins at about 5 AU (Jupiter's 

orbit is at 5.2 AU), the resulting H20 sink will diffusively 

transport water vapor to the condensation front, enhancing 

the ice surface density by as much as 75 at the expense of 
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the terrestrial planet formation zone. Most of the 

transported water vapor condenses over a span of _0.4 AU 

outward from the condensation front, triggering a rapid 

accretion of planetesimals into the core of a proto-Jupiter. 

As the nebula cooled, the condensation front should have 

moved gradually sunward (into the asteroid belt). The 

important point here is that not all of that ice will have 

the misfortune to be consumed by Jupiter -- some fraction of 

that material will be scattered into the belt. Another 

potential source of ice in the belt is condensation in the 

cooler region above the nebular mid-plane, inside the 

condensation front at 5 AU. This source can only be 

important, however, when the nebular mid-plane sunward of 

the front has cooled enough to prevent evaporation of the 

ice grains during downward settling. 

Surface ices on asteroids do not have a long life 

expectancy (Lebofsky, 1980). However, if ice were 

incorporated into asteroid interiors during accretion, it 

should have survived for the (at most) few million years 

required for aqueous alteration (DuFresne and Anders, 1962; 

Kerridge and Bunch, 1979). water is present today on at 

least one asteroid: both Lebofsky et al. (1981) and this 

work (Jones et al., 1987) confirm a 3.1-~m ice absorption in 

mid-IR Ceres spectra. The surface frost sublimes (rather 

quickly) into vacuum (Lebofsky, 1980), and must be 
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replenished from an interior reservoir. The reservoir would 

be preserved both by the insulating overburden and the 

formation of a permafrost layer beneath the regolith 

(DuFresne and Anders, 1962), an effective cold trap for 

escaping H2o. Even near-surface ice may persist if initial 

sublimation leaves behind a lag deposit similar to those 

proposed for comets (Brin and Mendis, 1979: Fanale and 

Sa1vai1, 1984). However, given the high radiative steady

state temperatures (_200 K) of low-albedo asteroids at 3-4 

AU, surface ices cannot survive without resupply, possible 

only for large objects (like Ceres) with a large initial 

inventory. Objects that retain interior ice may be so self

insulating that they exhibit no detectable spectral 

signature. 

organic Origins 

Organic compounds are important volatile reservoirs in 

meteorites, and they dominate both visual and near-IR 

asteroid spectra (Chapters IV and V). Their volatility also 

makes them important tracers of maximum parent body 

temperatures: complex kerogens begin to break down at T > 

_500 K, and water-soluble organic compounds must have been 

emplaced during aqueous alteration at T < _400 K (Bunch and 

Chang, 1979). Organic abundance (inferred from albedo) may 

be increasing as one moves outward through asteroid classes 
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c, P, and D, reflecting a metamorphic temperature profile 

through the belt or a variation in the original emplacement 

of kerogen. 

Prinn and Fegley (1988) give a current review of the 

competing theories for organic origin: here I briefly 

describe how 3-pm observations bear on their efficacy. 

Organics are the best candidate for giving the C, P, and D 

classes their low albedos, but not all of these asteroids 

display the 3-pm signature denoting an aqueous alteration 

episode. Thus kerogen synthesis cannot be an an exclusive 

parent body process, such as Fischer-Tropsch catalysis of 

kerogen on proto-asteroids. Its origin is thus removed to a 

nebular environment (Hayatsu and Anders, 1981) or to 

volatile mantles on on interstellar silicate dust grains 

(Greenberg and d'Hendecourt, 1985). The enhanced D/H ratio 

of organic kerogens solidly favors the latter regime 

(Kerridge, 1983). Other proposed methods for organic 

origin, such as accretion shock processing during nebular 

infall, or dust-generated lightning in the nebula, seem 

unlikely to produce the variation in organic-related 

observables found over a 2 AU span in the outer belt: 

declining albedo and near-IR reddening with increasing solar 

distance (Vilas and Smith, 1985). Stevenson (1988) notes 

that both shock and lightning processing are strictly local 

in effect and inefficient in producing large amounts of 
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processed gas, let alone organic solids. 

The ice condensation model for the formation of Jupiter 

proposed by stevenson and Lunine (1988) has a potentially 

important implication for nebular organic synthesis. If the 

region sunward of the condensation front is depleted in H20 

by diffusive transport of water vapor toward the 

condensation zone, the C/O ratio in the future asteroid 

region may increase enough to tie up most oxygen as CO; the 

excess carbon can then react with H2 to produce 

thermodynamically stable carbon compounds (Lewis, personal 

communication) • However, any model for kerogen synthesis 

must also be capable of supplying such material far beyond 

the putative condensation front, because comet Halley has a 

nucleus dominated by polymeric carbon compounds with an 

albedo < 0.04 (Sagdeev et al., 1986). Other comet nuclei 

are similarly dark (A'Hearn, 1988), suggesting that 

preservation of interstellar organic grain mantles is the 

simplest way to disperse kerogens throughout the solar 

system. 

Three-micron reflectance spectroscopy should be able to 

resolve a related question of organic origin on comets and 

outer planet satellites. Thompson et al. (1987) propose 

that the dark organic component of comets and the Uranian 

satellites is produced by cosmic-ray and proton bombardment 
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of methane-rich ices. An observational test is in order: 

the Thompson et ale laboratory organic residues should be 

compared to 3.4-pm laboratory spectra of Murchison residue 

(Fig. 3.66) and, eventually, detailed comet nucleus spectra 

provided by the Comet Rendezvous and Asteroid Flyby mission. 

The laboratory work can be done imme~iately, but the CRAF 

spectra may be delayed beyond the turn of the millenium. 

Low-albedo Asteroid Composition 

The 3-pm data presented here indicate a declining 

hydrated silicate abundance outward through the C, P, and D 

classes. Hydrated silicates on the few observed Ps and Ds 

are conspicuous by their absence. This state of affairs is 

something of a dilemma, as it does not bear out the proposed 

trend toward "primitive" compositions (organics and H20) in 

the outer belt (Gradie and Veverka, 1980). One can neatly 

resolve the paradox by concluding that the hydrated silicate 

abundance does not reflect original water inventories, but 

only the extent of aqueous alteration on a given proto

asteroid. Absence of hydrated silicates (on a C, P, or D 

object) implies either (1) a volatile-poor parent body, or 

(2) early interior temperatures and pressures too low to 

support an alteration episode. In the latter case the 

asteroidal silicates would retain their original anhydrous 

character, resembling the olivine-rich matrix of the CV 
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chondrites (McSween, 1987). The original outer belt 

asteroid composition was necessarily a mixture of anhydrous 

silicates, water ice, and relic interstellar organic 

material. Any other bulk combination is inconsistent with 

the constraints imposed by these new 3-~m asteroid 

observations, the composition of Halley and interplanetary 

dust, and the deuterium enrichment and widespread 

distribution of organic kerogens. 

Additional Tests of outer Belt Composition 

This 3-pm data set includes only a few P and 0 

asteroids. Their distance and very low albedo make them 

especially difficult observing targets: CGAS, unable to see 

below magnitude 12, could only sample a few CP types, while 

CVF measurements require long integrations on each object to 

build up sufficient signal-to-noise. Nevertheless, P and 0 

measurements at 3-~m are essential in confirming the H20 

distribution observed here. To this end, Lebofsky, Gaffey, 

Bell, and I have requested and won IRTF time in August 1988 

to conduct 3-~m P and 0 observations, using the CVF with a 

more sensitive photometer and improved filters. Two or 

three such observing runs should add up to ten P and D types 

to th~ 3-~m data base. 

Where possible, we should use CGAS or another 
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telescope/detector combinations at favorable oppositions to 

obtain detailed 3-pm spectra of main-bel t Ps and Ds. The 

mineralogical characteristics of primitive silicates should 

be explored via additional analyses of interplanetary dust, 

which are far more diagnostic than are the bland 3-pm 

reflectance spectra of anhydrous asteroids. 

The ultimate (and long-awaited) data on primitive 

asteroid and comet compositions must come from a spacecraft 

encounter. The CRAF mission may encounter a primi ti ve 

asteroid or two on its way to a cometary target -- at least 

one candidate should be a P or D object. The launch of the 

Soviet Phobos probes this month promises compositional and 

reflectance information on C-class silicates and organics 

(the hydration states of Phobos and Deimos are unknown). 

There is even some possibility that Galileo will make 

multiple asteroid encounters on its Earth/Moon/Venus 

swingbys, yielding detailed information on surface H20 and 

organic content. For the next decade, however, information 

on low-albedo asteroids as a class will continue to rely on 

ground-based systems. 

We now have clear observational evidence for an outer 

belt asteroid composition of anhydrous silicates (most 

likely olivines and pyroxenes), water ice, and organic 

material. What happens when such a mixture undergoes mild 
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heating, and what heat source is most consistent with the 

mildly altered C asteroid surfaces we observe today? 
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CHAPTER VI. THERMAL AND CHEMICAL EVOWTION OF OUTER BELT 

ASTEROIDS 

The C asteroids as a class do not retain a pristine or 

unchanged composition from the era of asteroid formation: 

some two-thirds of our sample have surfaces hydrated to 

varying degree, while the others apparently lack H20. The 

two populations are closely intermingled, and are found at 

near-identical solar distances (see Fig. 4.43). Production 

of such diverse mineralogies implies that asteroid accretion 

was an amazingly stochastic process, producing very similar 

non-volatile compositions but widely varying water contents. 

The alternative is a selective, thermally driven alteration 

episode, strong enough to produce hydrated silicates in 

quantities that can survive to the present, yet mild enough 

to preserve meteoritic kerogen and its associated hydrogen 

isotopic variation. 

Early Heat Sources 

What are the likely heat sources? For most asteroids I 

the potential for widespread thermal metamorphism caused by 

long-lived radioactivity or impact heating is very small 

(sonett and Reynolds, 1979; Lebofsky et al., 1988). 

Radioactive nuclides with half-lives on the order of 109 
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years cannot heat bodies smaller than a few hundred km in 

radius, since the cooling time constant for such objects is 

much shorter than that for the radioactive thermal input. 

Most asteroids are < 200 km in radius, and the present belt 

mass is inconsistent with the shattering of a number of 

Vesta-sized asteroids (Davis et al., 1985), so long-lived 

radioactive decay cannot have been of major importance. 

still, Pallas and Ceres may have accumulated some heat from 

this source. Impact heating from accretion or subsequent 

intra-belt collisions is even less efficient. Heating is 

intense at the impact site, but little energy is retained, 

because it is released at the surface and radiated away 

immediately. 

26Aluminum, with a half-life of 7.2 x 105 years, is a 

potent heat source compared to long-lived radionuclides and 

impact energy. If present at the concentrations implied by 

26Mg excesses in the Allende CV chondrite, it can melt 

bodies with radii ~ _10 km (Lebofsky et al., 1988). That 

efficiency is a drawback, unfortunately, because homogeneous 

distribution of 26AI from 2 to 5 AU would lead to wholesale 

melting of the belt. This lack of selectivity is 

inconsistent with the overall radial structure of the 

asteroid belt (Bell, 1987). Nor does 26Al appear to be 

plentiful in carbonaceous chondrites: 26Mg excesses 

associated with 26AI are found only in very localized sites 
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within rare Allende Ca-Al-rich inclusions, not in the bulk 

matrix. Those inclusions are particularly lacking in CM 

(i.e., low-albedo asteroid) material, where we want at least 

some warming to occur. Chondrules are common in CM 

chondrites, making it improbable that favored refractory 

sites for 26AI have been destroyed by aqueous alteration. 

Recently, Grimm and McSween (1988) modeled ice melting 

in a hypothetical CM parent body undergoing 26AI heating, 

and found such a heat source wanting in several respects. 

First, the melting zone never migrated near enough to the 

surface to produce a regolith alteration zone. Moreover, in 

order to keep temperatures within the 2SoC upper limit 

imposed by CI/CM oxygen isotope fractionations, the 26Al 

concentration must stay well below that found in Allende. 

The models show that 26AI heating does not lend itself well 

to the alteration environment prevalent on the CI/CM parent 

bodies. 

Asteroid observations deal yet another blow to 26Al 

heating: our C class 3-~m results are inconsistent with its 

effects. If 26Al were present in the mid- to outer belt, at 

the very least the largest asteroids should have mel ted 

(Lewis and Prinn, 1984), yet the largest low-albedo 

asteroids, Ceres and Pallas, are only moderately altered. 

The 3-~m band depth spatial distribution (Fig. 4.43) 
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requires even more capricious action by 26AI, because in the 

C region both heated and apparently unaltered asteroids are 

thorougly mixed on a small scale. 26Al' s heating 

characteristics are inconsistent with both a gentle decline 

in aqueous alteration over a 3 AU span and starkly different 

thermal outcomes on a local scale. If effective anywhere, 

26AI must have been confined largely to the formation zone 

of the small refractory inclusions that later found their 

way into Allende. 

Electrical induction heating offers a solution 

consistent with the 3-pm data and the overall belt 

compositional gradient. Simply put, in asteroid induction 

heating, the solar wind deposits its kinetic energy in the 

interior via resistance to induced currents. Since a 

summary of the process is in press (Lebofsky, Jones, and 

Herbert, 1988), I will simply note here the characteristics 

of electrical induction heating as they pertain to the 

spectral evidence at hand. 

The electrical induction currents within a body depend 

on the solar wind mass flux and the object's electrical 

conductivity, among many other factors. Thus heating 

declines with heliocentric distance, and there are optimum 

ranges of composition (conductivity) and asteroid size for 

the most efficient thermal input. Modeling carried out by 
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Herbert and Sonett (1979, 1980), and Herbert (1988) shows 

that for a reasonable choice of input parameters, electrical 

induction can cause widespread melting at the inner edge of 

the asteroid belt (creating the differentiated S class), 

while leaving Ceres, Pallas, and most of the Cs relatively 

unscathed. Melting a body as large as 4 Vesta (probable 

source of the basaltic achondrites) is more difficult, 

however, since the model heats small objects (r _ 10 Jan) 

most efficiently. Herbert (1988) suggests that if induction 

heating continued during the last stages of asteroid 

accretion, vesta may have garnered enough still-mol ten S 

objects to generate a basaltic crust. 

Electrical conductivity has a major influence on the 

thermal evolution of a body undergoing induction heating. 

Conductivity measurements of Murchison and Allende (Duba and 

Boland, 1984) favor a model asteroid heating profile that 

declines in intensity with solar distance, similar to the 

observed succession of asteroid classes (Bell, 1986). 

However, conducti vi ty measurements over large temperature 

ranges exist for only those two meteorites, and Murchison of 

course is dominated by parent-body generated hydrated 

silicates. Clearly, more laboratory conductivity profiles, 

especially for anhydrous meteorites (COjCV), will increase 

confidence in these induction heating models. 



245 

Volatiles in a proto-asteroid undergoing induction 

heating may enhance the thermal input. For example, water 

ice, carbon, halides, and reduced sulfur compounds driven 

from a heated interior and recondensed in an otherwise 

porous regolith may reduce markedly the object's series 

resistance to induction currents (Lebofsky et al., 1988). 

This effect will prolong the lifetime of a given heating 

episode, as the usually insulating surface layers tend to 

reduce heating rates rapidly when the solar wind flux begins 

to decline. This positive feedback loop may enhance further 

volatile release and migration, driving aqueous alteration 

and conveniently flagging that asteroid as one where 

induction heating operated at moderate levels. 

Effects of Heating on Asteroid Volatiles 

The chemical effects of the various heating scenarios 

are functions of composition, peak temperature, lithostatic 

pressure, heating rate and episode duration, and the 

material heat capacity. With the mid- to outer belt 

seemingly dominated by volatile-rich carbonaceous materia~, 

thermal modeling for that type of assemblage is most 

relevant to this work. 

DuFresne and Anders (1962) pointed out that internal 

heating of a small hydrated silicate body \-lould produce a 
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narrow band of liquid water, whose upward migration under 

continued heating would create a superficial icy layer 

(similar to permafrost), and confine an underlying wet zone. 

In the absence of hydrated silicates, the water may just as 

easily be supplied by asteroidal ice. 

Gaffey and Lazarewicz (1988) modeled the evolution of 

CM-type test objects up to 500 km in radius. with 

conservative assumptions about the the thermal input (only 

long-lived radionuclides at CI and CM abundances, and no 

insulating surface layer) they hoped to predict the minimum 

thermo-chemical effects on originally homogeneous low-albedo 

asteroids. The largest temperature rise, approximately 

800oC, occurred in the core of a Ceres-sized (r = 500 krn) 

object, 1.5 billion years after formation. silicate melting 

did not occur. Core dehydration and mobilization of water 

and other volatiles created successive alteration zones 

outward from an Fe-rich olivine core: (1) 

olivine/pyroxene/magnetite, followed sequentially outward by 

(2) olivine/pyroxene/magnetite/ phyllosilicate, (3) 

phyllosilicate and FeO, and (4) an unaltered surface layer. 

Liquid water was stable in two of the zones. 

outgassing is also an important process in their model. 

Interior formation of water vapor is augmented by C02 and co 

from oxidation of carbon compounds. The evolved gas from 
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carbonaceous chondrite heating experiments (bulk composition 

similar to the primitive asteroids proposed above) is a 

mixture of H20, CO, and CO2 (90-95% by volume), with smaller 

amounts of CH4 and 502. The peak gas release occurs between 

600-900 K, delayed only 20-60 K at central pressures of 3 

kbar. According to Gaffey and Lazarewicz, H20 and C02 vapor 

pressures can reach 2 kbar in the heating zone, exceeding 

the confining pressure and fracturing the surrounding rock. 

Water released in the interior, propagating upward, could 

roughly double the H20 content in the 100 km layer nearest 

the surface. In this "damp" layer, a thin film of liquid 

would coat grain surfaces, an ideal environment for aqueous 

alteration and formation of hydrated silicates. 

Lewis and Prinn (1984) found that heating would generate 

an H20-C02 fluid laden with soluble materials such as NH4+, 

Na+, ~, and ca2+ salts of C032-, 5042-, and halide anions. 

Upon reaching the surface layer, the fluids would deposit 

their salts in pore spaces, creating CI-type assemblages. 

Interestingly, if a mobile co-rich fluid vented to the very 

low pressures of the surface environment, CO might very well 

decompose into graphite, a very effective albedo-lowering 

material (Gaffey and Lazarewics, 1988). 

Are extensive thermal effects limited only to objects on 

the scale of Ceres? This work, after all, identified 
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plentiful hydrated silicates on smaller asteroids (r ~ 200 

km). Wood (1979) suggested that the fragmented regoliths of 

most small asteroids would substantially lower the outer 

thermal conductivity: thermochemical changes would then 

occur on smaller bodies otherwise dominated by radiative 

heat loss to space. Gaffey (personal communication) 

believes that on bodies > 250 km in radius, high central 

temperatures and alteration are virtually unavoidable, and 

any augmentation of a radionuclide heat source by induction 

heating can result in extensive internal metamorphism or 

melting. Unfortunately, for still-intact objects of that 

sort, spectroscopic observations may reveal nothing beyond 

the usual aqueous alteration, as melts may be too dense to 

rise to the surface (Hildebrand et al., 1987). 

An important result of this thermal modeling is that for 

all but the largest objects (r < 200 km), original olivine 

interiors will typically undergo only modification to 

hydrated silicates and other aqueous alteration products. 

When shattered, as almost all smaller asteroids are during 

the course of 4.5 billion years of collisional evolution 

(Davis et al., 1985), the exposed core fragments will still 

be hydrated and organic-rich -- C class asteroids. The 

existence of anhydrous C asteroid 52 Europa (r = 156 krn) is 

consistent not with total dehydration (the albedo is < 0.06) 

but with either (1) minimal heating, or (2) a paucity of 
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original water. Europa resides beyond 3 AU, but so do many 

hydrated asteroids, so a shortage of ice during accretion is 

unl ikely. But how much better an explanation is 

differential heating of this closely grouped population? 

The idea is plausible , given the range of composi tions 

represented by the carbonaceous chondrites: that range also 

represents a span of over 6 orders of magnitude in 

electrical conductivity (Brecher et al., 1975). Thus c, P, 

and 0 asteroid precursors may vary widely in their 

susceptibility to electrical induction heating -- the 

different thermal outcomes seen in this 3-pm survey are in 

fact consistent with the general decline in hydrated 

silicate abundance seen in Fig. 4.43. 

Collisional Effects and Interpretation of 3-pm Data 

The interpretation I have presented thus far has not 

come directly to grips with the collisional effects of 4.5 

billion years of asteroid orbital evolution. The first 

issue to deal with is whether our reflectance data "reflect" 

the bulk asteroid composition or merely the top few microns 

of a weathered, gardened surface layer. If collision

generated dust were coating asteroids of varying bulk 

composition, we would fail to see the radial compositional 

structure that we indeed observe (Gradie and Tedesco, 1982). 

Further, if the dust coatings were local in origin, then we 
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would not see the variation in asteroid type among the 

members of the orbitally related Hiriyama families, 

interpreted as collisional fragments of a single parent 

body. Weathering effects seem to be ruled out for the same 

reason, and gardening is thought to be much less important 

than continual exposure of fresh interior material in 

impact/regolith models (Housen et al., 1979). The consensus 

(as the reader might suspect) is that reflectance data do 

represent the bulk composition of asteroid surface layers. 

To what extent, though, have mutual asteroid impacts 

muddied the (asteroidal) waters? Are present asteroids mere 

fragments of larger parent objects, or reasonably intact, if 

battered, survivors of early asteroid evolution? In 

answering this question the Davis et al. (1985) model is 

still the most commonly accepted. Their numerical 

simulation indicates that most of the present asteroids ~ 

250 km in diameter are shattered survivors of original 

bodies, reassembled after a catastrophic collision. Only a 

few of the largest objects are substantially intact. At 

present, our low-albedo sample ranges in diameter from 100 

km up to the largest asteroids, Ceres and Pallas. For that 

diameter range, > 85% of the objects are either shattered 

survivors (reflecting the pre-collision composition) or 

intact survivors (Fig. 6.1). 

to be stripped, dehydrated 

Thus anhydrous Cs are unlikely 

cores « 10% of the model 
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Fig. 6.1. Fraction of asteroids calculated to be either 
(1) non-shattered survivors, (2) shattered survivors, (3) 
eroded cores, (4) partially dispersed cores, or (5) 
discrete fragments as a function of diameter. Results are 
from a collisional model that best produces the present 
belt size distribution, starting from a belt mass some 2.5 
times the present value. Asteroids observed in this work 
are nearly all shattered or non-shattered survivors. 
(From Davis et al., 1985). Copyright Academic Press, Inc. 
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population), even if they could undergo such a process and 

still manage to masquerade as C's. Note that Pallas should 

be a shattered survivor, which helps to explain the surface 

exposure of such a large anhydrous (unal tered) component 

compared to Ceres, whose surface is almost surely intact 

(Davis et al., 1985). 

Based on the 3-~m data presented in Chapters III and IV, 

we have seen how the hydrated silicate distrihution in the 

outer belt is consistent with a mild thermal episode among 

the C asteroids. That episode had a distinct dependence on 

heliocentric distance, and an ability to produce widely 

varying thermal outcomes on objects otherwise similar in 

location and size. A few C asteroids of substantial size 

escaped aqueous alteration altogether. These 

characteristics (especially the mild character of the 

alteration episode over a wide range of diameters) largely 

disqualify 26Al heating, and are most consistent with the 

electrical induction heating mechanism proposed by Herbert 

and Sonett (1980). Collisional evolution has affected our 

sample of low-albedo obj ects, but has not obscured the 

original compositions inferred from our reflectance data. 

The reader should have emerged from the "half-baked" 

rubble of the outer asteroid belt ready for a brief 

discussion of the implications of this work and a summary of 
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its major findings. 



CHAPTER VII. VOLATILE-RICH ASTEROIDS: IMPLICATIONS 

AND CONCLUSIONS 

The compositional data presented here indicate that 

the outer belt asteroids originally accreted as 

planetesimals made of anhydrous silicates, water ice, and 

organic material. One can speculate that the proportions 

of those ingredients varied with heliocentric distance, 

with ice and organics more plentiful farther from the 

sun. Only the radial dependence of the early heating 

episode drove the C, P, and D classes down different 

evolutionary paths: the moderately-heated Cs lost nearly 

all their water ice, the meltwater supplying an aqueous 

alteration process that converted surface minerals into 

hydrated silicates. In this last chapter I first propose 

a complementary composition for the P and D classes, 

examine a few of the possible implications arising from a 

population of volatile-rich asteroids, and conclude with 

a summary of the major findings from the dissertation. 

Absence of 3-~m Absorption Band: Implications for P and D 
Asteroid Composition 

In the last chapter I invoked a mild initial heating 

episode to explain the 3-~m characteristics of the C 

class, and now turn to the dominant asteroids beyond 3.5 

AU, the Ps and Ds. Those examined thus far do not show a 
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3-~ hydrated silicate absorption, and any explanation of 

C class surfaces must also explain those two asteroid 

types in a natural way. What is a plausible scenario? 

Devolatilizing such objects presents a host of problems: 

Externally driven dehydration of surface phyllosilicates 

would require both an untenable starting composition and 

an implausibly robust heat source, as surface layers cool 

most efficiently. Total dehydration by a strong interior 

heat source is equally unlikely, given the great heat 

sink provided by H20 and other volatiles (Lewis and 

Prinn, 1984): such a thorough outgassing would also 

generate extensive spectral and albedo changes. Masking 

of the 3-pm H20 absorption by surface organic material is 

possible, but Chapter III laboratory results show that 

suppressing such a strong feature is difficult: albedo 

decreases to some limiting value (_o.04), but the water 

band remains visible. If organic kerogen formed in the 

nebula via Fishcher-Tropsch reactions (Hayatsu et a1., 

1981), with hydrocarbons coating the catalyzing grains, 

the resulting carbon-mantled phyllosilicates might be 

able to hide the 3-pm band (ignoring, of course, kinetic 

difficulties in hydrating nebular silicates). However, 

despite similar intimate mixing of hydrated silicates and 

organics in fine-grained carbonaceous chondrite matrix 

material (Wilkening, 1978), the CI and CM water of 

hydration feature at 3-pm is quite strong. 
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Proposed scenario for producing low albedo asteroids. 
Accretion of ice and anhydrous silicates from the solar 
nebula combined with relic interstellar organic kerogen 
formed very dark, volatile-rich asteroids, of which the Ps 
and Ds may be representative. Selective induction heating 
(related to solar distance, electrical conductivity) 
produces aqueous al teration at the surface and perhaps 
even melting in the interior, giving rise to the carbon
aceous chondrite parent bodies and the present C class. 



Incorporation of water in the form of ice seems the 

most reasonable explanation for the missing P and D 3-~m 

band (Bunch and Chang, 1980). The proto- Ps and Ds may 

have been loose agglomerations of ice and anhydrous 

silicates, whose outer layers quickly lost their ice to 

sublimation or gentle solar insolation, while their 

interiors never achieved temperatures high enough to 

drive H20 vapor or fluid to the surface (Fig. 7.1). 

While the Ps and Os were unscathed by electrical 

induction heating, probably due to their distance, their 

near-surface ice has sublimed away during billions of 

years of space exposure and occasional large impacts 

(this outgassing would be unlikely to hydrate surface 

silicates; recall the anhydrous cometary silicates in 

Chapter V.). A lag deposit of anhydrous silicates and 

carbonaceous material blanketing the surface, free of 

subsequent aqueous alteration, would explain the lack of 

a 3-~m band, the low albedos, and reddish near-IR spectra 

reminiscent of comet nuclei (Hartmann et al. 1987). This 

assemblage is enriched in complex carbon compounds, but 

H2o-poor in a spectral sense. On the other hand, if P 

and 0 interiors retain some ice, these asteroids would 

resemble comets in some aspects of structure and 

composition (Hartmann et al., 1987). Judging from the 

ice/rock ratios of the Galilean satellites, the D-class 
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RELATIONSHIP OF ASTEROID AND METEORITE CLASSIFICATION SYSTEMS 

Bell Tholen Inferred 
Superclaaa Class Minerals Meteorites 

PRIMITIVE D Clays, Organics (None) 
P Clays, Organics (None) 
C Clays, e, Organics CI and eM chondrites 

(Eos) 01, Pyx, Carbon CV and CO chondrites 

METAMORPIDC T ? ? 
B+G+F Clays, Opaques Altered C. C.a 

Q Pyx, 01, Grey NiFe H, L, LL Chondrites 

IGNEOUS V Plag, Pyx, 01 Bualtic Achondrites 
R 01, Pyx 01-rich achondrites? 
S Pyx, 01, Red NiFe Pallaaites, Loclranites, Irons 
A 01 Bra.chinites 
M NiFe Irons 
E Fe-free Pyx Aubrites 

(Mara) (SNC meteorites) 
(Moon) (Lunar meteorites) 

Table 7.1. Asteroid and meteorite class relationships. 
Data from this work indicates that clays are not part of the 
primitive asteroid composition. From Bell et al., 1988. 



Trojan asteroids in particular may have had a substantial 

<_50%) ice component, blurring the distinction between 

asteroids and inactive comets. The CRAF IR mapping 

spectrometer and comet nucleus penetrator will provide a 

crucial test of this relationship. 

Primitive Asteroids and Carbonaceous Chondrites 

This scenario suggests that the P and D classes 

represent the belt's least altered mineral assemblages. 

We have no P and D meteorite samples, but McSween's 1987 

model for hydration of C! and CM matrices indicates the 

olivine-rich matrices of the relatively unaltered CV 

chondrites are suitable precursors (McSween, 1987). They 

are probably similar to the P and D anhydrous silicate 

component as well. By contrast, the B, F, G, and T 

classes represent original asteroidal material modified 

by selective induction heating. These asteroids are 

probable parent bodies for the carbonaceous chondrites, 

though Bell et ale (1988) advocate CIS hybrid 221 Eos as 

the CV/CO parent body. 

How does the Bell et ale suggestion square with the 

3-",m data? The hydration state of 221 Eos is unknown, 

but its semi-major axis (_3 AU) is consistent 'with a low 

hydrated silicate abundance. The albedo (0.104) is a bit 
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high for a close relationship with the Ps and Os, but 

then CO and CV chondrites are brighter than the CIs and 

CMs. There may be a range of primordial asteroid 

compositions, not unexpected over a span of 2 AU, with 

anhydrous Cs, Ps, and Os as possible end members. 

The 3-plIl data set fits very well into J. F. Bell's 

interpretive framework for the mineralogical evolution of 

the entire belt (Bell, 1986: Bell et al., 1988). He 

proposes three asteroid "superclasses" that relate the 

standard Tholen taxonomy to the observed radial 

compositional structure. The superclasses (igneous, 

metamorphic, and primitive), according to Bell, represent 

the effects of the heliocentrically varying electro

inductive heating episode (Table 7.1). Igneous types 

dominate the belt sunward of 2.7 AU, .the metamorphic 

group occupies a narrow zone centered around 3.2 AU, and 

the primitive class dominates outside 3.4 AU. Bell 

derives various meteorite types from environments not 

only at different heliocentric distances but also at 

varying depths within the various superclass parent 

bodies. 

I would differ with Bell only in the composition he 

assigns to the P and 0 classes (definitely not "clays"), 

and to his designation of the Cs as a "primitive" class. 
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Surely they are relatively unaltered, but the "primitive" 

label perpetuates the misconception of carbonaceous 

chondrites as primitive meteorites, when we know they 

have experienced a range of thermal histories and 

alteration episodes. The Cs should be regarded as 

"mildly altered. 1I 

Asteroid Volatiles and the Terrestrial Planets 

Volatile-rich asteroids and their cousins, the 

chemically similar short-period comets, have potentially 

important implications for models of terrestrial planet 

atmospheric evolution. A great deal of asteroidal 

material was lost from the dynamically unstable region 

between 3.2 and 5.2 AU because of Jupiter's proximi ty 

(Tedesco, 1984). Some of these relatively unaltered 

bodies (P and D proto-asteroids) were no doubt placed in 

planet-crossing orbits even while asteroid accretion 

continued. Because this primordial belt population was 

largely volatile-rich, the scattered asteroids carried a 

full complement of carbon compounds and varying amounts 

of water ice. Swept up by the Mars, Earth, and Venus, 

these obj ects may have had a maj or role in volatile 

deposition and atmospheric growth on those planets. (See 

Lebofsky, Jones, and Herbert [1988] for a discussion of 

the delivery mechanisms.) 
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One immediate implication of a heavy flux of 

volatile-rich proto-asteroids is that the early Venusian 

and terrestrial atmospheres would ha~e acquired similar 

water inventories (Prinn and Fegley, 1987; compare with 

Grinspoon, 1987; Grinspoon and Lewis, 1988). Asteroid 

volatiles may not only have contributed to a wet Venus 

but also caused a glut of water on Earth (Lewis and 

Prinn, 1984). only 0.002 Earth masses of intercepted CI

like material would supply Earth with its entire 

atmospheric and oceanic H20 budget. Of course, 0.002 

Earth masses (1.2 x 1025 g) is still more than 3 times 

the present belt mass (3.7 x 1024 g), but the original 

belt mass may have exceeded the Earth's (Weidenschilling, 

1975). The estimated H20 content of the existing C class 

alone amounts to at least 20 times the Earth's present 

atmospheric mass, or about one-tenth the mass of the 

oceans (Lebofsky, Jones, and Herbert, 1988.). This is 

not to say that asteroid impacts supplied the Earth's 

oceans, but they could have had a profound effect on 

isotopic make-up and trace gas abundances. 

Predictions and Targets for Future Exploration 

The Soviets will launch two spacecraft to the Martian 

satellites Phobos and Deimos in July 1988, to arrive in 
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the summer of 1989. These two moons match the C 

asteroids in terms of visual/near-IR colors (Pang et al., 

1986). The spacecraft each carry a French grating 

spectrophotometer (Bibring et al., 1988) sensitive out to 

3 pm in the mid-IR, with a spectral resolution at 3 pm 

about 25% less than that of CGAS ()'/Il)' = 137). The 

instrument will have 22 channels, compared to CGAS' 30, 

in the half micron between 2.5-3.0 pm. The CGAS 

"superiority" is more than offset by the fact that the 

French ISM instrument will be only 50 meters from its 

"asteroid" target, with no intervening atmospheric H20. 

(On the other hand, the French observers will be in 

Moscow, not Hawaii.) Spatial resolution at Phobos close 

approach will be < 50 cm. 

The ISM instrument should be capable of detecting the 

2.7-pm and 2.9-pm hydroxyl and H20 bands at Phobos. It 

will not be able to detect organics. A significant 

hurdle to overcome in obtaining the desired reflected 

sunlight spectrum will be the removal of the strong 

thermal contribution from the warm surface (Phobos's 

blackbody temperature at 1.5 AU is _265 K). The standard 

star technique for solar calibration is impractical, so 

pre-launch calibrations will be necessary to remove all 

but mineralogical features from the spectrum. 
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Discovery of hydrated silicates on Phobos would not 

be surprising; linear crater chains associated with the 

satellite's parallel grooved fracture planes suggest that 

it once outgassed water after a major impact (Veverka and 

Thomas, 1979; Hartmann, 1980). As a possible fragment of 

some larger main belt asteroid, it may represent a chunk 

of a hydrated C parent body. A spacecraft measurement of 

H20 content (by laser mass spectroscopy or IR reflectance 

measurements) would be an excellent calibration of the 3-

I£m band depth for carbonaceous chondrite-like material, 

and tell us whether meteorite H20 content accurately 

reflects that of C-class surfaces. Hope for organic 

detection on Phobos must rely on the laser surface 

analysis instrument, which will only measure elemental 

carbon abundance, not the C-H bond structure exhibited in 

IR reflectance or emission spectra. Based on albedo and 

visual/near-IR colors, it is a safe bet that carbon will 

be found, but the C/H ration measured will include water

derived H, making an organic C/H ratio impossible. 

Afte::- the Phobos "asteroid" encounters, the next 

minor planets visited will be those along Galileo's route 

of flight, perhaps followed by the targets of a series of 

soviet Vesta rendezvous missions in the mid-90's. As I 

noted above, we should make every effort to fly by or, 

ideally, rendezvous with a P- or D-class object, as they 
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may represent very primitive assemblages similar to 

inactive comet nuclei. The CRAF spacecraft, configured 

for the study of an organic- and water-rich comet 

nucleus, is ideally suited for such an encounter. The 

sophisticated, expensive, and oft-delayed Galileo and 

CRAF missions will return valuable asteroid data, but a 

great deal could be learned relatively cheaply and 

quickly about the typical belt asteroids by launching a 

Mars Observer-class spacecraft to a rendezvous with an 

Earth-crossing C. Ground-based 3-pm work could pick an 

appropriate hydrated or anhydrous target, of which 

thousands are more accessible than t:he lunar surface in 

terms of the total velocity change required (Lewis and 

Lewis, 1987). The mineralogical data thus obtained would 

provide clues to the identity of carbonaceous chondrite 

parent bodies, test the thermal evolution scenario 

presented here, and make an excellent start on a resource 

survey of the near-Earth population. 

Major Findings and Conclusion 

The reader finally deserves a concise summary of the 

results of this research program. I here list the major 

achievements and findings: 

(1) I compiled an extensive mid-IR spectral library of 

265 



low-albedo materials, including 16 representative 

carbonaceous chondrites and a suite of appropriate 

terrestrial analogs. Meteori tic kerogen was used 

successfully as the organic analog component. 

(2) Laboratory results showed that even intimate 

mixtures of organics and hydrated silicates cannot 

suppress the 3-pm H20 band. The low-temperature asteroid 

environment is unlikely to affect the 3.4-pm organic band 

or other mid-IR reflectance properties. 

(3) Three-micron spectra were obtained for 19 low albedo 

and 5 S or M class asteroids. The Cooled Grating Array 

Spectrometer proved efficient for measuring 3-pm 

reflectance for moderately bright, low-albedo asteroids. 

(4) Observations confirmed a 3.1-pm H20 ice feature in 

the spectrum of 1 Ceres. However, no 3. 4-pm organic 

features were visible in even the best asteroid spectra, 

casting doubt on previous identifications. Two M class 

objects displayed 3-pm H20 bands that indicated a 

hydrated surface component on these "metal" asteroids. 

(5) 1 Ceres has no spectral match among the carbonaceous 

chondrites, but a 40%/60% CI/CV combination comes closest 

to matching the 3-pm band. The band depth suggests a 
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surface H20 content of about 5 wt.%. The 2 Pallas 

spectrum closely resembles a 40%/60% CK/CV areal mixture. 

Its anhydrous component must be ~ 50% regardless of 

whether areal or fine-scale mixing dominates the surface 

materials. Pallas' water content is roughly 2 wt.%. 

(6) 66% of the C,G,T,F, and B asteroids in the 3-Jlm 

sample display a hydrated silicate absorption. The C and 

C subclass objects were widely subjected to a mild 

heating and aqueous alteration epis()de. Only one weak 

H20 absorption appears in 7 P and 0 spectra, indicating a 

major difference between the compositions of the C and 

P/O classes. The latter appear to have escaped extensive 

heating and aqueous alteration. 

(7) Hydrated silicates gradually decline in abundance as 

one leaves the C region of the outer belt, disappearing 

entirely among the P and 0 classes. The abundance tends 

to increase with albedo, but is uncorrelated with 

eccentricity, inclination, or diameter. The distribution 

among the C, P, and D classes is consistent wi th an 

original composition of anhydrous silicates, water ice, 

and complex organic kerogen. Carbon compounds and H20 

were probably more abundant in the outer belt. 

(8) The declining abundance of hydrated silicates with 
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heliocentric distance, the variety of C asteroid 

hydration states at near-identical solar distances, and 

mild warming of even large asteroids is consistent with 

electrical induction heating just after asteroid 

formation. Collisional processing of the asteroids in 

this data set is unlikely to bias interpretation of outer 

belt composition or H20 distribution. Anhydrous Cs are 

not dehydrated core fragments. 

(9) The volatile inventory of the outer belt was 

dominated by water ice, making this population 

potentially important as a source of volatiles for the 

terrestrial planets. The inferred composition of the Ps 

and Os suggests that they may have once been ice-rich. 

(10) For the next five years, further definition of the 

outer belt H20 population must rely on ground-based 

techniques. Essential 3-J£m observations of Ps and Os 

will progress slowly. Survey data may be augmented by 

u.s. and soviet asteroid flyby and landing spacecraft. 

I was surprised as this work progressed at how many 

aspects of planetary science the volatile distribution 

problem touched on. The implications of a water-rich 

outer belt are varied and complex, and many avenues 

suggested by this research remain open for further 
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exploration. One of my favorites is a detailed study of 

the near-Earth asteroid population aimed at both volatile 

detection and assessment of resource potential. Modified 

fragments of the truly primitive asteroid classes 

(resembling the CV/CO chondrites) may reside undetected 

among the Earth-crossing population. A second choice is 

the problem of organic origin and its distribution in the 

outer belt and beyond. Some other areas for graduate 

students to explore are: 

(1) low temperature spectral studies of ice/meteorite 

mixtures. 

(2) ice resupply models for Ceres. 

(3) optimum size/composition range for electrical 

induction heating models. 

(4) thermal profiles in model C, P, and D parent 

asteroids. 

(5) application of similar mineral assemblages to outer 

planet satellite spectra. 

I encourage students to explore these as possible 

dissertation topics; as an incentive, I make the 

(somewhat) optimistic prediction that the end of the next 

graduate student generation (ca. 1993) will see the 

return of at least some close-in spacecraft asteroid 

data. (Unfortunately one might need to read Russian to 
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fully exploit the results.) Regardless of the state of 

space-based asteroid observations over the next ten 

years, the outer asteroid belt is too intriguing a topic 

to ignore, and both modeling and ground-based 

observations will be of continued value. 

270 



271 

LIST OF REFERENCES 

A'Hearn, M.F. 1988. Observations of cometary nuclei. Ann. 
Rev. Earth Planet. Sci. 16, 273-293. 

Aines, R.D., and G.R. Rossman. 1984. water in minerals? A 
peak in the infrared. JGR 89, 4059-4071. 

Alaerts, L., R.S. Lewis, J. Matsuda, E. Anders (1980) 
Isotopic anomalies of noble gases in meteorites and 
their origins--VI. Presolar components in the Murchison 
C2 chondrite. GCA 44, 189-209. 

Barshay, S. S. 1981. Combined conc!ensation-accretion models 
of the terrestrial planets. Ph.D. the sis, MI T , 
Cambridge, MA. 

Bell, J. F. 1986. Mineralogical evolution of the asteroid 
belt. LPSC XVII, Lunar and Planetary Institute, 
Houston. 985-986. 

Bell, J .F., D.P. Cruikshank, and M.J. Gaffey (1985). The 
composition and origin of the Iapetus dark material. 
Icarus 61, 192-209. 

Bell, J.F., P.O. Owensby, and B.R. Hawke. 1988. The 52-color 
asteroid survey: final results and interpretation. 
Abstract. in Lunar and Planetary Science XIX, (Lunar and 
Planetary Institute, Houston). 57-58. 

Bibring, J.-P., S. Cazes, M. Combes, G. Guyot, B. Gondet, Y. 
Langevin, P. Fuget, F. Rocard, and A. Soufflot. 1988. 
The infrared observation of Mars and Phobos. in Lunar 
and Planetary Science XXX, (Lunar and Planetary 
Institute, Houston). 75. 

Brecher, A., P.L. Briggs, and G. Simmons. 1975. The low
temperature electrical properties of carbonaceous 
meteorites. Earth and Plan. Sci. Ltrs. 28, 37-45. 

Brin, G.D., and D.A. Mendis. 1979. Dust release and mantle 
development in comets. Astrophys. J. 229, 402-408. 

Brownlee, D.E., M.M. Wheelock, S. Temple, J.P. Bradley, J. 
Kissel. 1987. A comparison of Halley, meteorites and 
interplanetary dust. Bull. Amer. Astron. Soc. 19, 879. 

Bunch, T.E., and S. Chang • 1980. Carbonaceous chondrite 
phyllosilicates and light element geochemistry as 
indicators of parent body processes and surface 
conditions. GCA 44, 1543-1577. 



272 

Burgess, R., I.P. Wright, and C.T. Pillinger. 1987. Evidence 
for hydrothermal alteration in meteorites of higher 
petrologic type. LPSC XVIII, 137-138. 

Burns, J.A., and E.F. Tedesco. 1979. Asteroid light curves: 
results for rotations and shapes. in Asteroids, T. 
Gehrels, ed. (Univ. of Arizona Press, Tucson). 494-527. 

campins, H., and E. V. Ryan • 1987. The structure of the 
silicate emission in comet Halley. Bull. Amer. Astron. 
Soc., 19, 868. 

campins, H., and E. V. Ryan (1988). The structure of the 
silicate emission in comet Halley • Submitted to 
Astrophys. J. 

Chapman, C.R. 1987a. Distributions of asteroid compositional 
types with solar distance, body diameter, and family 
membership. Meteoritics 22, 353-354. 

Chapman, C.R. 1987b. The asteroid belt: compositional 
structure and size distributions. Bull. Amer. Astron. 
Soc. 19, 839. 

Chapman, C.R., D. Morrison, and B. Zellner. 1975. Surface 
properties of asteroids: a synthesis of polarimetry, 
radiometry, and spectrophotometry. Icarus 25, 104-130. 

Chapman, C.R., and M.J. Gaffey. 1979. Reflectance spectra 
for 277 asteroids. in Asteroids, T. Gehrels, ed. , 
(Univ. of Arizona Press, Tucson). pp. 655-687. 

Cruikshank, D.P., and R.H. Brown. 1987. Organic matter on 
asteroid 130 Elektra. Science 238, 183-184. 

Davis, D.R., C.R. Chapman, S.J. Weidenschilling, and R. 
Greenberg. 1985. collisional history of asteroids: 
evidence from Vesta and the Hiriyama families. Icarus 
62, 30-53. 

Degewij, J., and C.J. van Houten. 1979. Distant asteroids 
and outer Jovian satellites. in Asteroids, T. Gehrels, 
Ed. (Univ. of Arizona Press, Tucson). 417-435. 

Dodd, 1981. Meteorites: a petrologic-chemical synthesis. 
Cambridge University Press, Cambridge. 

Duba, A.G., and J.N. Bowland. 1984. High temperature 
electrical conductivity of the carbonaceous chondrites 
Allende and Murchison. Lunar and Planetary Science xv, 
Lunar and Planetary Institute, Houston. 232-233. 



273 

DuFresne, E.R., and E. Anders. 1962. On the chemical 
evolution of the carbonaceous chondrites. GCA 26, 1085-
1114. 

Durand, B., and G. Nicaise. 
isolation. in Kerogen, 
Technip, Paris. 35-54. 

1980. Procedures for kerogen 
(B. Durand, ed.). Editions 

Estep-Barnes, P.A. (1977). Infrared spectroscopy. in 
Physical methods in determinative mineralogy ( J 
Zussman, ed.). Academic Press, New York. 529-603. 

Fanale, F. P., and J .R. Sal vail. 1984. An idealized short 
period comet model: surface insolation, H20 flux, dust 
flux, and mantle development. Icarus 60, 476-511. 

Feierberg, M.A. I L.A. Lebofsky I and H. P. Larson. 1981. 
Spectroscopic evidence for aqueous alteration products 
on the surface of low albedo asteroids. GCA 95, 971-
981. 

Feierberg, M.A., L.A. Lebofsky, and D.J. Tholen. 1985a. The 
nature of C-class asteroids from 3-pm spectrophotometry. 
Icarus 63, 183-191. 

Feierberg, M.A., L.A. Lebofsky, and D.J. Tholen. 1985b. Are 
T, P, and 0 asteroids really ultraprimitive? Bull. of 
Amer. Astron. Soc. 17, 730. 

Flynn, G.J. 1988. Cosmic dust: a new type of asteroidal 
material. Abstract. Asteroids II conference, March 8-
11, 1988. Tucson, AZ. 

Fredriksson, K., and J.F. Kerridge. 1988. Carbonates and 
sulfates in CI chondrites: formation by aqueous activity 
on the parent body. Meteoritics 23, 35-44. 

Gaffey, M.J. 1976. Spectral reflectance characteristics of 
the meteorite classes. J. Geophys. Res. 81, 905-920. 

Gaffey, M. J • 1987. Instrumental requirements and 
observational strategies for spectrophotometric data 
acquisition during a CRAF-type asteroid flyby. Lunar and 
Planetary Science XVII, (Lunar and Planetary Institute, 
Houston). 308-309. 

Gaffey, M.J. 1988. Thermal history of the asteroid belt: 
implications for accretion of the terrestrial planets. 
Lunar and Planetary Science XIX, (Lunar and Planetary 
Institute, Houston). 369-370. 



274 

Gaffey, M.J., and T.B. McCord. 1979. Mineralogical and 
petrological characterization of asteroid surface 
minerals. In Asteroids, T. Gehrels, Ed. (University of 
Arizona Press, Tucson.), pp. 688-723. 

Gaffey, M.J., and A.R. Lazarewicz. 1988. The thermal and 
mineralogical evolution of small, planetary objects. In 
preparation. 

Gradie, J.C., C.R. chapman, and J.G. Williams. 1979. 
Families of minor planets. In Asteroids, T. Gehrels, 
Ed., (University of Arizona Press, Tucson.) pp. 688-723. 

Gradie, J.C., and J. Veverka. 1980. The composition of the 
Trojan asteroids. Nature 283, 840-842. 

Gradie, J .C., and E.F. Tedesco, 1982. Compositional 
structure of the asteroid belt. Science 216, 1405-1407. 

Greenberg, J.M., and L.B. d'Hendecourt (1985). Evolution of 
ices from interstellar space to the solar system. in 
Ices in the Solar System. (J. Klinger et aI, eds.) D. 
Reidel, Dordrecht. 185-204. 

Grim, Ralph E. 1968. Clay mineralogy. McGraw-Hill, New York. 

Grimm, R.E., and H.Y. McSween, Jr. 1988. Water and the 
thermal history of the eM carbonaceous chondrite parent 
body. Lunar and Planetary Science XIX, (Lunar and 
Planetary Institute, Houston). 427-428. 

Grinspoon, D.H. 
reconsidered. 

1987. Was Venus 
science 238, 1702-1704. 

wet? Deuterium 

Grinspoon, D.H., and J .S. Lewis. 1988. Cometary water on 
Venus: implications of stochastic impacts. Icarus 74, 
21-35. 

Grossman, L., and J.W. Larimer (1974). Early chemical 
history of the solar system. Rev. of G~ophys. and Space 
Physics 12, 71-101. 

Hardorp, J. 1980. The sun among the stars. III. Energy 
distributions of 16 northern G-type stars and the solar 
flux calibration. Astron. Astrophys. 91, 221-232. 

Hardorp, J. 1982. The sun among the stars. V. A second 
search for solar spectral analogs. Astron. Astrophys. 
105, 120-132. 

Hartmann, W.K. 1980. Surface evolution of two-component 
stone/ice bodies in the Jupiter region. Icarus 44, 441-



275 

453. 

Hartmann, W.K., D.P. cruikshank, and D.J. Tholen. 1985. 
outer solar system materials: ices and color 
systematics. in Ices in the solar system, J. Klinger et 
al., eds. D. Reidel, Dordrecht. 169-181. 

Hartmann, W.K., D.J. Tholen, and D.P. Cruikshank. 1987. The 
relationship of active comets, II extinct II comets, and 
dark asteroids. Icarus 69, 33-50. 

Hayatsu, R., and E. Anders (1981). 
meteori tes and their origins. 
1-37. 

Organic compounds in 
Topics CUrro Chem. 99, 

Herbert, F. Primordial solar wind heating of planetesimals 
and asteroids. Abstract. Asteroids II conference, 
Tucson. 

Herbert, F., and C.P. Sonett (1979). Electromagnetic heating 
of minor planets in the early solar system. Icarus 40, 
484-496. 

Herbert, F., and C.P. Sonett (1980). Electromagnetic 
inductive heating of the asteroids and moon as evidence 
bearing on the primordial solar wind. In Proc. Conf. 
Ancient Sun (R.O. Pepin, J. Eddy, and R.B. Merrill, 
eds.), p. 563-576. 

Hildebrand, A.R., T.D. Jones, and L.A. Lebofsky. 1987. Is 
Ceres differentiated? Meteoritics 22, 410-411. 

Housen, K.R., L.L. Wilkening, C.R. Chapman, and R.J. 
Greenberg. 1979. Regolith development and evolution on 
asteroids and the moon. in Asteroids, T. Gehrels, ed. 
(Univ. of Arizona Press, Tucson). 601-627. 

Hunt, G.R., and J.W. Salisbury. 1970. 
infrared spectra of minerals and 
minerals. Modern Geology 1, 283. 

Visible and near
rocis: I. Silicate 

Hunt, G.R. 1977. Spectral signatures of particulate minerals 
in the visible and near infrared. Geophys. 42, 501-513. 

Hurlbut, C.S., Jr. 1971. pana's manual of mineralogy, 18th 
edition. John Wiley and sons, Inc. New York. 

Johnson, T.V., and F.P. Fanale (1973). Optical properties of 
carbonaceous chondrites and their relationships to 
asteroids. J. Geophys. Res. 78, 8507-8518. 

Jones, T.D., Lebofsky, L.A., and J.S. Lewis. 1986. Mid-IR 



276 

reflectance of low albedo surface analogs. Bull. Amer. 
Astron. Soc. 18, 763. 

Jones, T.D., L.A. Lebofsky, and J.S. Lewis. 1987. Mid-IR 
reflectance spectra of C-class asteroids: new resul ts 
from the NASA IRTF. Bull. Amer. Astron. Soc. 19, 841. 

Jones, T.D., L.A. Lebofsky, and J.S. Lewis. 1988. The 3-pm 
hydrated silicate signature on C class asteroids: 
implications for origins of outer belt objects. Lunar 
and Planetary Science XIX, (Luna rand Plane tary 
Institute, Houston). 567-568. 

Kerridge, J.F. (1983). Isotopic composition of carbonaceous
chondrite kerogen: evidence for an interstellar origin 
of organic matter in meteorites. Earth and Plan. Sci. 
Letters 64, 186-200, 

Kerridge, J .F., and T.E. Bunch. 1979. Aqueous activity on 
asteroids: evidence from carbonaceous meteorites. in 
Asteroids, T. Gehrels, edt (Univ. of Az. Press, Tucson). 
745-764. 

Kerridge, J.F., and S. chang (1983). survival of 
interstellar matter in meteorites: evidence from 
carbonaceous material. in Protostars and Planets II 
(D.C. Black and M.S. Matthews, eds.) Univ. of Az. Press, 
Tucson. 738-754. 

Larson, H.P., and G.J. Veeder. 1979. Infrared spectral 
reflectances of asteroid surfaces. in Asteroids, T. 
Gehrels, edt (Univ. of Arizona Press, Tucson). 724-744. 

Larson, H.P., M.A. Feierberg, U. Fink, and H.A. Smith. 1979. 
Remote spectroscopic identification of carbonaceous 
chondrite mineralogies: applications to Ceres and 
Pallas. Icarus 39, 257-271. 

Larson, H.P., M.A. Feierberg, and L.A. Lebofsky. 1983. The 
composition of asteroid 2 Pallas and its relation to 
primitive meteorites. Icarus 56, 398-408. 

Lebofsky, L.A. 1978. Asteroid 1 Ceres: evidence for water of 
hydration. Mon. Not. Roy. Astron. Soc. 182, 17-21. 

Lebofsky, L.A. 1980. Infrared reflectance 
asteroids: a search for water of hydration. 
85, 573-585. 

spectra of 
Astron. J. 

Lebofsky, L.A., M.A. Feierberg, A.T. Tokunaga, H.P. Larson, 
and J.R. Johnson. 1981. The 1.7- to 4.2-pm spectrum of 
asteroid 1 Ceres: evidence for structural water in clay 



277 

minerals. Icarus 48, 453-459. 

Lebofsky, L.A., M.V. Sykes, E.F. Tedesco, G.J. Veeder, D.L. 
Matson, R.B. Brown, J .C. Gradie, M.A. Feierberg, and 
R.J. Rudy. 1986. A refined "standard" thermal model for 
asteroids based on observations of 1 Ceres and 2 Pallas. 
Icarus 68, 239-251. 

Lebofsky, L.A., T.D. Jones, and F. Herbert. 1988. Asteroid 
volatile inventories. in origin and Evolution of 
Planetary and Satellite Atmospheres. S.K. Atreya, J .B. 
Pollack, and M.S. Matthews, eds. (Univ. of Arizona 
Press, Tucson). in press. 

Lewis, J. S. 1972. Low temperature condensation from the 
solar nebula. Icarus 16, 241-252. 

Lewis, J.S. 1974. The chemistry of the solar system. Sci. 
~ 230, No.3. 50-65. 

Lewis, J.S., and R.G. Prinn. 1980. Kinetic inhibition of co 
and N2 reduction in the solar nebula. Astrophys. J. 
238, 357-364. 

Lewis, J.S., and R.G. Prinn. 1984. Planets and their 
atmospheres. Academic Press, Orlando. 

Lewis, J. S., and R.A. Lewis. 
breaking the bonds of Earth. 
New York. 

1987. Space resources: 
Columbia University Press, 

Matson, D.L. 1986. Infrared astronomical satellite asteroid 
and comet survey preprint version no. 1. JPL internal 
document 0-3698. Jet Propulsion Laboratory, Pasadena. 

McSween, H.Y., Jr. 1977. Carbonaceous chondrites of the 
Ornans type: a metamorphic sequence. GCA 41, 477-491. 

McSween, H.Y., Jr. 1979a. 
primitive or processed? 
Phys. 17, 1059-1078. 

Are carbonaceous chondrites 
A review. Rev. Geonhys. Snace 

McSween, H. Y., Jr. 1979b. Alteration in CM carbonaceous 
chondri tes inferred from modal and chemical variations 
in matrix. GCA 43, 1761-1770. 

McSween, H.Y., Jr. 1987. Aqueous alteration in carbonaceous 
chondri tes: mass balance constraints on matrix 
mineralogy. ~ 51, 2469-2477. 

Miyamoto, M. (1987). Infrared diffuse reflectances (2.5-25 
~m) of some meteorites. Icarus 70, 146-152. 



278 

Nozette, S., and L.L. Wilkening. 1982. Evidence for aqueous 
alteration in a carbonaceous xenolith from the Plainview 
(H5) chondrite. GCA 46, 557-563. 

Pang, K.D., S.F.S. Chun, J.M. Aje110, Z. Nansheng, and L. 
Minji. 1982. organic and inorganic interpretations of 
the martian UV-IR reflectance spectrum. Nature 295, 43-
46. 

Pang, K.D., J.M. Aje110, J.I. Lunine, J. Wagner, B. Hapke, 
and E. Wells. 1986. A pre-Phobos-mission assessment of 
tne composition of the Martian moons based on Viking, 
Mariner 9, and ground-based data. Lunar and Planetary 
Science XVII (Lunar and Planetary Institute, Houston). 
642-643. 

prinn, R.G., and B. Fegley, Jr. 1987. The atmospheres of 
Venus, Earth, and Mars: a critical comparison. Ann. 
Rev. Earth Planet. Sci. 15, 171-212. 

Prinn, R.G., and B. Fegley, Jr. 1988. Solar nebula 
chemistry: origin of planetary, satellite and cometary 
vol at i 1 e s • in origin and evolution of planetary and 
satellite atmospheres: S. Atreya, J. Pollack, and M. 
Matthews, eds. (Univ. of Az. Press, Tucson). In press. 

Robert, F., and S. Epstein (1982). The concentration and 
isotopic composition of hydrogen, carbon, and nitrogen 
in carbonaceous meteorites. GCA 46, 81-95. 

Roush, E.A., and R.B. Singer. 1987. Effects of sample 
dehydration on reflectance spectra (0.6-4.3 pm) of 
phy110si1icates and palagonites. Submitted to L.. 
Geophys. Res. 

Sagdeev, R.Z, G.A. Avanesov, Ya.L. Ziman, V.I. Tarnopolsky 
eta a1. 1986. Vega spacecraft encounters with comet 
Halley. Nature 321, 259-262. 

Salisbury, J.W., G.R. Hunt, and C.J. Lenhoff. 1975. Visible 
and near-infrared spectra: X. Stony meteorites. Modern 
Geology 5, 115-126. 

Salisbury, J .W., L.S. Walter, and N. Vergo. 1987a. Mid
infrared (2.1-25 mm) spectra of minerals: first edition. 
U.S. Geological Survey Open-File Report 87-263. Reston, 
Virginia. 

Salisbury, J.W., B. Hapke, and J.W. Eastes. 1987b. 
Usefulness of weak bands in mid-infrared remote sensing 
of particulate planetary surfaces. J. Geophys. Res. 92, 



279 

702-710. 

Shoemaker, E.M., J.G. williams, E.F. Helin, and R.F. Wolfe, 
1979. Earth-crossing asteroids: orbital classes, 
collision rates 'with Earth, and origin. in Asteroids, 
T. Gehrels, Ed., (University of Arizona Press, Tucson). 
pp. 253-282. 

Sonett, C.P., and R.T. Reynolds. 1979. Primordial heating of 
asteroid parent bodies. in Asteroids, T. Gehrels, ed. 
(Univ. of Arizona Press, Tucson). 822-848. 

Stevenson, D.J. 1988. Chemical heterogeneity and imperfect 
mixing in the solar nebula. Astrophys. J., submitted. 

Stevenson, D.J., and J.I. Lunine. (1988). Rapid formation of 
Jupiter by diffusive redistribution of water vapor in 
the solar nebula. Icarus 75, in press. 

Szymanski, H.A., and R.E. Erickson. 1970. The infrared band 
handbook. 2nd edition. vol. 1. IFI/Plenum, New York. 

Tedesco, E.F. 1984. Asteroid compositional "rings": clues 
to the compositions of primordial planetesimals in the 
middle solar system. in Planetary Rings, A. Brahic, 
ed., (Cepadues-Editions, ToUlouse, France). 703-712. 

Tedesco, E.F., J.G. Williams, D.L. Matson, J.C. Gradie, and 
L.A. Lebofsky. 1988. A three-parameter asteroid 
taxonomy. Submitted to Astron. J. 

Tholen, D.J. 1984. 
of photometry. 
Tucson. 

Asteroid taxonomy from cluster analysis 
PhD dissertation, University of Arizona, 

Thompson, W.R., B.G.J.P.T. Murray, B.N. Khare, and C. Sagan. 
(1987). Coloration and darkening of methane clathrate 
and other ices by charged particle irradiation: 
appl ications to the outer solar system. J. Geophys. 
Bes. 92, 14933-14947. 

Tokunaga, A.T., and R.G. Smith. 1985. A faint object 
spectrometer for the infrared. Astrophys. Space Sci. 
118, 471-472. 

Van Schmus, W.R., and J .A. Wood. 1967. A chemical-
petrologic classification for the chondritic meteorites. 
~ 31, 747-65. 

Veeder, G.J., 1986. The lRAS asteroid data. In lRAS 
Asteroid and Comet Survey Preprint Version No.1 (D.L. 
Matson, ed.), 2:1 - 2:54. JPL internal document 0-3698, 



280 

Jet Propulsion Laboratory, Pasadena. 

Veverka, J. , and P. Thomas. 1979. Phobos and Deimos: a 
preview of what asteroids look like? in Asteroids, T. 
Gehrels, ed. (Univ. of Arizona Press, TUcson). 628-651. 

Vilas, F., and B.A. Smith. 1985. Reflectance 
spectrophotometry (0.5-1.0 ~m) of outer belt asteroids: 
implications for primitive, organic solar system 
material. Icarus 64, 503-516. 

Wedeking, K.M., J.M. Hayes, and U. Matzigkeit. 1983. 
Procedures of organic geochemical analysis. in Earth's 
earliest biosphere: its origin and evolution. J. W • 
Schopf, ed. 428-442. Princeton Univ. Press, Princeton. 

Weidenschilling, s. 1975. Mass loss from the region of Mars 
and the asteroid belt. Icarus 26, 361-366. 

Wiik, H. B. 1969. On regular discontinuities in the 
composition of meteorites. Commentationes Phys. 
Mathemat. 34, 135-45. 

Wilkening, L.L. lS78. Carbonaceous chondritic material in 
the solar system. Die Naturwissenschaften 65, 73-79. 

wisdom, J. 1985. A perturbative treatment of motion near the 
3/1 commensurability. Icarus 63, 272-289. 

Wood, J.A. 1979. Review of the metallographic cooling rates 
of meteorites and a new model for the planetesimals in 
which they formed. in Asteroids, T. Gehrels, ed. (Univ. 
of Arizona Press, Tucson). 849-891. 

Wood, J .A., and S. Chang. 1985. The cosmic history of the 
biogenic elements and compounds. NASA SP-476. (NASA, 
Washington, D.C.). 

Yang, J., and S. Epstein. 1983. Interstellar organic matter 
in meteorites. ~ 47, 2199-2216. 

Zellner, B. 1979a. Asteroid taxonomy and the distribution 
of the compositional types. In Asteroids, T. Gehrels, 
Ed. (University of Arizona Press, TUcson). pp. 783-806. 

Zellner, B. 1979b. The Tucson revised index of asteroid 
data. in Asteroids, T. Gehrels, ed. (Univ. of Arizona 
Press, Tucson). 1011-1013. 

Zellner, B. and J .C. Gradie. 1976. Minor planets and 
related objects. xx. Polarimetric evidence for the 
albedos and compositions of 94 asteroids. Astron. J. 



281 

81, 262-280. 

Zellner, B., M. Leake, D. Morrison, and J.G. Williams. 1977. 
The E asteroids and the oriqin of the enstatite 
chondrites. GCA 41, 1759-1767. 

Zellner, B., D.J. Tholen, and E.F. Tedesco. 1985a. The 
eiqht-color asteroid survey: results for 589 minor 
planets. Icarus 61, 355-416. 

Zellner, B., A. Thirunagari, and D. Bender. 1985b. The 
large-scale structure of the asteroid belt. Icarus 62, 
505-511. 



THE UNIVERSITY OF ARIZONA 
T U C SON, A R I Z 0 N A 85721 

DEPARTMENT OF PLANETARY SCIENCES 

LUNAR AND PLANETARY LABORATORY 

29 July 88 

Ms. Martha Strassberger 
Rights and Permissions 
Academic Press, Inc. 
Orlando, Florida 32877 

Dear Ms. Strassberger, 

We spoke 
permission to 
as background 
question are: 

today on the phone about my obtaining 
use several figures from past Icarus articles 
material in my dissertation. The figures in 

Fig. 2 from Lebofsky et al., 1981, Icarus 48, 453-459. 

Fig. 14 from Davis et al., 1985, Icarus 62, 30-53. 

I would appreciate it greatly if you would send me 
written permission to include the above figures, properly 
cited, in my dissertation (a Planetary Sciences study on 
asteroids). I have a deadline of 9 August for submission of 
this work, so a speedy reply would be most helpful. Thank 
you in advance for your assistance in this matter. 

Sincerely, 

~.b. 
Thomas D. Jone 
Graduate Rese rch 

August 3, 1988 

PERMISSION GRANTED, provided that 1) 
complete credit is given to the source, 
including the Academic Press copyright 
line; 2) the material to be used has 
appeared in our publication without 
credit or acknowledgement to another 
source and 3) if commercial publication 
should result, you must contact Academic 
Press again. 

Strassberge-r. 
Contracts, Rights and 
ACADEMIC PRESS, INC. 
Orlando, Florida 32887 



Da te: 16 August 1988 

Macmillan Magazines ltd 
4 Little Essex Street 
London WC2R 3lF 
Telephone 01-836 6633 
Telex 262024 

Macmillan Maga2ines Limited hereby grants permission for the 
reproduction of the specified material from H~~Y~~ for the 
purpose stated, provided that acknowledgment is made and provided 
that the author (whose address appears with the relevant paper) 
has also agreed. 

Please use the following form of acknowledgment: 

Reprinted by permission from H~ty~~ Vol. xxx pp. xxx 
Copyright (c) 19xx Macmillan Maga2ines Ltd 

Yours sincerely 



SCiENCE 

DATE: 

TO: 

15 Augu6t 1988 

Thoma6 V. Jone.6 
PlanetaAY Sclence6 
Un~veA6~ty 06 AA~zona 
TUc.60n, AZ 85121 

PUBLISHED BY THE AMERICAN ASSOCIATION 
FOR THE ADVANCEMENT OF SCIENCE 
1333 H STREET. N.W .• WASHINGTON. D.C. 20005 
(202) 326-6500 

CABLE ADDRESS: AD\' ANCESCI 

FROM: Rosalind R. White, Permissions Editor 

We grant permission to reprin~ the following material from SCIENCE 
provided that you comply with the conditions below. (Such permission 
is for a one-time use.) 

F~g. 1 6Aom "Comp06~tlona.e. StAUc.tuAe on the A6teAo~d Belt," J. GAadle 
& E. Tede6co, vol. 216, pp. 1405-1407, 25 June 1982. 

CONDITIONS: 

That you obtain permission from the author, who may grant or withhold 
permission and who mayor may not want to charge a fee if permission 
is granted. (Please find author's address below/at this time you may 
request original artwork.) 

xx That you give appropriate credit to the author and to SCIENCE, includ
ing in y~ur citati~n the volume number, dRte, and page numgers. 

xx That you include the statement: Copyright 19XX by the AAAS. 

A permission fee of is assessed, payable to the American 
Association for the Advancement of Science upon publication. (Please 
return carbon copy with payment.) 


