
Probing asteroid composition using
visible and near-infrared spectroscopy.

Item Type text; Dissertation-Reproduction (electronic)

Authors Howell, Ellen Susanna.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 19/05/2023 15:35:56

Link to Item http://hdl.handle.net/10150/187372

http://hdl.handle.net/10150/187372


INFORMATION TO USERS 

This manuscript)las been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted Thus, some 
thesis and dissenation copies are in typewriter face, while others may 
be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard mar~ 
and improper alignment can adversely affect reproduction. 

In the UDlikely. event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
contimJing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 

UMI 
A Bell & Howell Information Company 

300 North Zeeb Road. Ann A~bor. MI48106-1346 USA 
313/761-4700 800:521-0600 





PROBING ASTEROID COMPOSITION USING VISIBLE 
AND NEAR-INFRARED SPECTROSCOPY 

by 

Ellen Susanna Howell 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PLANETARY SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 99.5 



OMI Number: 9620428 

UMI Microfonn 9620428 
Copyright 1996, by UMI Company. All rights reserved. 

This microfonn edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

2 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Ellen Susanna Howell 

en t itled _...:P~r~o:::..b:::..i~n~g=--=A~s::.;t::.:e:::r:.:o:.:i::.:d=-=C:.=o~m::.tp:..:o:.::s:..:i::.;:t:.:i:::o:.::n~u:.::s:.:i::;n:.c;gL.....!V~i:::s:.:i=.::b:.:l:.:e=-:::a:::n:.:d:-...-_____ _ 

Near-Infrared Spectroscopy 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

~/rYI7\-
Date 7 

:?-- - ( 1 -c, :r 
Date 

fJ-1 It( /7s 
Date 

2/(ct-1'1;" 
Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Date 



:3 

STATE~IENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of the requirements for 
an advanced degree at The University of Arizona and is deposited in the University 
Lihmry to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission. 
provided that accurate acknowledgement of source is made. Requests for permission 
for extended quotation from or reproduction of this manuscript in whole or in part 
may be granted by the head of the major department or the Dean of the Graduate 
College when in his or her judgment the proposed use of the material is in the interests 
of scholarship. In all other instances. however. permission must be obtained from 
the author. 



-l 

ACKNOWLEDGEMENTS 

I am grateful to all of those people who made this possible. I especially 
thank my advisor. Larry Lebofsky. who taught me about obserying in the infrared. 
Ste\'e Larson deserves special accolades for his help and generously making his 
CCD spectrograph available on any and all occasions. His boundless energy and 
enthusiasm are always a source of inspiration. I am also indebted to John Lewis for 
supporting me for several years as I discovered the challenge of observing near-Earth 
asteroids. I am grateful to George and Marcia Rieke for making their inst.ruments 
available. and for their patience with late night phone calls for help. A special thanks 
are chw t.o Gene and Carolyn Shoemaker for their inspiration and friendship. 

Any obfiervationa.l effort requires the assistance of many people. Especially when. 
as in this work. two or more telescopes are operating at once. I am deeply indebted 
to the operators and st.aff of the M?vIT. IRTF. KP:'-JO and FAO obsen'atories for 
their assistance and support. I enlisted many volunteers t.o help gather these data: 
Mike. Elizabeth. Bob. Andy. Dan. Jeff. Mark. Bobby and others. I (ollldn't, have 
done it without you. 

lowe thanks to Barry Lutz and Wes Lockwood. without whose support I would 
never have started on this adventure. And I am grateful to Bobby Bus, for teaching 
me which end of a telescope to look through, and for asteroid 2/:35. Thanks for 
encouraging me to go to graduate schoo!' in spite of e\·erything. Special thanks to 
Charlie I":owal who gave me the first opportunity to use a telescope, and without 
whom I never wonld have discovered Comet Howell. 

Of course, I would also like to thank my parents and family for their continued 
encouragement, and for not asking how much longer it was going to take nearly as 
often as they wanted. 

Ane! most important, I am forever grateful to all those who have made graduate 
school a joy rather than a trial: you know who YOll are. What a long strange trip 
it's been. 



I dedicate this dissertation to the memory of my mother, 

Ann Elizabeth Howell 

I am grateful that she lived to see me complete my education. 

She instilled in me a love of reading and learning that 

was essential to my academic success. She also demonstrated 

to me that the learning process continues throughout life. 

.j 



LIST OF FIGURES 
LIST OF TABLES . 
ABSTRACT .... 

TABLE OF CONTENTS 

INTRODtTCTION AND MOTIVATION 
1. t vVh.y Study Asteroid Composition"? 
L2 What are Asteroids"? . . . . . . . . 
t .:~ ..-\ Formation Scenario for the Asteroids 

t .:3.1 Relat.ing Asteroids to :\·Ieteorites . 
1.4 Collisional Processes . . . . . . . . . . . 

L .. U Asteroid Collisions with the Earth. 
1.;3 Ast.eroids as Resources . . ... 
l.() How to Determine Composition 
1. 7 0 hs(-'rvations at. :3 pm . . . . . . 
1.8 Compositional Heterogeneity .. 

2 AN EXTENDED ASTEROID TAXONOMY 
2. t Why Classify Asteroids"? ....... . 
2.2 Past Taxonomic Classification Systems 

2.2.1 Tholen's Eight-Color Taxonomy 
2.:3 The Data . . . . . . . . . 
2.4 Artificial Neural Networks ...... . 
2.5 Our Classification Method . . . . . . . 
2.6 Results of the ANN Asteroid Classification 

2.6.1 The 8-Color Classification . 
2.6.2 The 65-Color Classification 

Sub-Classes of S Asteroids . 
The X (E. M, and P) Class 
The C. G, B. and F Classes 

6 

9 
11 
1:2 
14 
1-l 
16 
17 
:2() 
.)-
-I 

28 
:30 
:31 
:3:3 
:3() 

:37 
:37 
:38 
:38 
-1:2 
.1,6 
00 
52 
5:3 
57 
39 
70 
70 

2.7 Discussion of ANN Classification . 72 
2.7.1 Consistency Tests 72 
2.7.2 The Spectra. . . . 74 

2.8 Summary and Conclusions 79 
2.9 Future Applications. . . . 80 

:3 COMPOSITION OF DISTANT ASTEROIDS 82 
:3.1 Evidence for Volatile-Rich Composition. 82 
:3.2 V.IRK Photometry of Low-Albedo Asteroids 8;,) 

:3.2.1 Near-Infrared Taxonomic Results for Possible D Asteroids 90 
:3.2.2 U nllsual Trojan Asteroids ...... 97 

:3.:3 Color as a Function of Heliocentric Distance . . . . . . . . . . . . 99 



TABLE OF CONTENTS - Contillltfri 

:3.4 Implications for Origin of Trojan Asteroids 
:3.:'5 A Search for \Vater on D Asteroids . . . . . 
:3.6 A Search for Organic Material on Distant Asteroids 

:3.6.1 Previous \tVork .............. .. 
:3.6.2 A Search for CN-Bearing Solids ...... . 

Higher Resolution Search for CN-Bearing Solids 
:3.7 Case Studies. . . . . . . 

:3.7.1 514·5 Pholus ... 
4 NEAR-EARTH ASTEROIDS 

4.1 Introduction....... 
-1.2 Relationship to Meteorites. Main-Belt Source Regions. 
-u New Observations of NEAs ..... . 
4.-! CCD Photometry and Spectroscopy . 

4A.1 Standard Star Calibration .. 
4.·5 Near-Earth Asteroid Taxonomy ... 
-l.6 Detecting \tVater on NE'ar-Earth Asteroids 
-l.7 Case Studies 

4.7.1 4179 Toutatis ........... . 
Observations ........... . 
Combining Visible and :\fE'ar-infrared ObsE'rvations . 
Analysis of Near-infrared Spectrum: S snbclass 
Analysis of the :3-llm Spectral Region 

A. ThE'rmal l'.lodels ....... . 
B. ;\[odE'ling of -l1l9 Toutatis Data 

-1.7.2 -l954 Eric and -l9!5:3 1990 NIl' 
5 SPECTRAL VARIABILIT'{ ..... . 

·5.1 Introduction ............ . 
5.2 Variability at Visible Wavelengths 
5.:3 Variability in the Near-Infrared 
·5A Variability at :3 Itm ..... . 
.5.:3 Conclusions . . . . . . . . . . . 

6 SUMMARY AND CONCLUSIONS 
6.1 What Have We Learned from Spectral Studies"? 
6:2 Overall Compositional Structure of the Asteroid Belt 

6.2.1 New Ideas about Aqueous Alteration .. . 
6.2.2 Composition Trend for D Asteroids ... . 
6.2.3 New Ideas about Jupiter Trojan Asteroids 

6.:3 Composition of Near-Earth Asteroids ...... . 
6.:3.1 Implications for the value of NEAs as resources 

6.4 Compositional Heterogeneity ........... . 
APPENDIX A: Observational Data Collected 1989-1994 
APPENDIX B: Standard Stars ..... . 

B.l .JHKLM Solar-type Standard Stars ....... . 

102 
105 
110 
110 
11:3 
11:3 
118 
118 
12:3 
12:3 
12:3 
126 
128 
1:30 
1:32 
I:W 
I :19 
I:H) 
L -II 
L ·l-l 
L-l6 
l·I!) 

I-lD 
FiO 
l:j:j 

l:jl) 

l:j8 

159 
160 
164 
166 
167 
167 
168 
168 
16!J 
170 
171 
lil 
17:3 
17-l 
178 
178 



TABLE OF CONTENTS - Continued 

B.2 Other .JHKLM Standard Stars .. . 
B.3 Other Solar Stars ....... . 
BA NQ Bolometry Standard Stars. 

REFERENCES . . . . . . . . . . . . .. 

S 

liS 
179 
li9 
180 



LIST OF FIGURES 

1.1 Composite image of 24:3 Ida from Galileo spacecraft ... 
1.2 Plane view of the solar system 14 February 1995 21 liT . 
1.:3 Asteroid distribution by semimajor axis ..... . 
1.4 Mean Spectra for Tholen Asteroid Classes ...... . 
1.;3 Distribut.ion of Tholen classes by semimajor axis ... . 
1.6 Reflectance spectra for common rock-forming minerals 
1.7 Transmission of filters in the :3-j.im region 
1.8 The ~H.'IT .1. Hand K filter band passes . 

2.1 
2.2 
2.:3 
2.:3 
2.4 
2 .. 5 
2.;3 
2.6 
. ) -
-.1 

2.S 
2.9 

:3.1 
:3.2 
:3.:3 
:3.4 
:3.5 
:3..5 
:3 .. 5 
:3.6 
:3.7 
:3.S 
:3.9 
:3.10 
:3.11 
:3.12 
:3.1:3 
:3.14 
:3.10 

Struct.ure of a processing element .... 
An artificial neural network interconnection pattern 
a) Kohonen SOM for the 8-coI0l' data .... 
b) Principal Component plot of 8-coI0l' data 
Kohonen SOM for the 6;3-colol" data. .. 
ab) ANN Sub-classes of the S asteroids 
cd) ANN Sub-classes of the S asteroids 
Comparison of S asteroid subgroups .. 
ANN S asteroid subgroups compared to Chapman's classification . 
S subclass membership dependence on albedo . 
Phase reddening effects in S asteroid subclasses ......... . 

Increasing red slope with heliocentric distance at visible wavelengths. 
Representative spectra of low-albedo asteroids ..... 
Visible and near-infrared colors of low albedo asteroids 
Visible and near-infrared colors of D asteroids only 
a) Spectra of Trojan Asteroids. 
b) Spectra of Trojan Asteroids ........... . 
c) Spectra of Trojan Asteroids ........... . 
Combined visible and near-infrared spectrum of 120S Troilus 
D asteroid color with semimajor axis ......... . 
Continuum slope as a function of heliocentric distance. 
Spatia.l distribution of hydrated asteroids 
Search for water on distant D asteroids . . . . . . . . 
0.:3-:3.:3 Itm Spectra of :3:36 Lacadiera ........ . 
Evidence of CN-bearing solids on solar system bodies 
Sample spectra of clay minerals ......... . 
Search for CN solids on asteroids using the MMT 
ab) Distant ast.eroid spectra 2-2.;) pm ...... . 

9 

18 
19 
20 
21 
2-l 
:32 
:3-l 
:3:) 

84 
86 
90 
92 
94 
95 
96 
98 

100 
101 
107 
lOS 
109 
111 
112 

114 
116 



LIST OF FIGFRES - Continued 10 

:3.1.5 cd) Main belt. asteroid spectra 2-2.5 f.Lm . . . . . . . . . . 117 
:3.16 Visible and Thermal Infrared Observations of 5145 Phollls 120 

·U Taxonomic class distribution of NEAs . . . . . . . . . . . . 126 
-l.2 Observability of asteroids at varying resolution and spect.ral range 128 
-l.:3 NEAs in bvw colors. 1:3;j 
-l,-l NEAs in vwx colors . . . . . . . . . . . . . . . . . . 1:36 
-l.·5 V.]K Colors of NEAs . . . . . . . . . . . . . . . . . 1:37 
·!.6 Phyllosilicate band detected on main belt asteroids 1:39 
-l.7 Correlation of :3-jlm band with D.T-Ilm band 1-1:0 
-l.S Composite Spectrum of -1:179 Toutatis . . . . . U2 
-l.9 Visible Lightcllrve of -1:179 Toutatis . . . . . . U.5 
-l.10 4179 Toutatis compared to other S-type NEAs 1-1:7 
-l.ll Spectral interpolations considered between 1 and 1.2.5 pm. US 
-l.12 Thermal models for -l179 Toutatis . 1;j:3 
-l.1:3 Composite spectrum of -l9;j-l Eric 1;j6 

5.1 Photometry of 199:3 KA .... , 
5.2 Spectral differences in .52-color survey . 
;j.:3 Effects of phase reddening . . . . . 
5,-l Variable wat.er band on 511 Davida 
oj';) Variable wat.er band on 10 Hygiea . 

160 
162 
16:3 
16-l 
16.j 



11 

LIST OF TABLES 

1.1 Description of Tholen asteroid classes. . . . . . . . . 22 
1.2 Possible meteorite analogs for Tholen asteroid classes 2:3 

2.1 Eight Color Asteroid Survey Filter Bandpasses . . . . -1::3 
2.2 Summary of ANN Learning and Prediction Success Rates. i-! 
2.:3 ANN Asteroid Classifications ..... i.") 
2.-1 Summary of Classification Differences. . . . . . i() 

:3.1 Photometric Observations of Distant Asteroids. 8i 
:3.2 Asteroids Observed with CRSP at I\PNO 4-m Telescope 115 

-u Near-Earth Asteroids Observed 1989-1994 . . . . . . . . 1:30 
4.2 Observational Circumstances of 4179 Toutatis -I: .January 199:3 141 
-1.:3 Best-fit thermophysical model parameters ........... 1:'52 



12 

ABSTRACT 

The compositional distribution of asteroids provides clues to understanding solar 

system formation and evolutionary processes in the asteroid belt. The surface 

mineralogy and distribution of volatiles on asteroids is determined llsing visible 

and near-infrared spectroscopy. A revised asteroid taxonomy is developed which 

incorporates compositional information from the near-infrared asteroid spectra. A 

search is conducted for organic compounds on distant asteroids, thought to be most 

volatile-rich in composition. Our near-infrared spectroscopy of outer belt ast.eroids 

shows a trend of increasing red continuum slope with heliocentric distance. 

interpret this trend as a compositional change, possibly due to increasing abundance 

of complex organic compounds on these more distant objects. I do not obselTe 

a eN absorption band near 2.2 {tm. and conclude that the organics present are 

not primarily eN-bearing solids. The :3-f./,m water absorption band is not. detert(-'d 

on distant D asteroids, but is seen on main belt D asteroicls. This observation is 

consistent with the idea that D asteroids are volatile-rich, but the object must be 

heated in order to transform the silicates into hydrated minerals. No evidence of 

clay minerals is seen on any of the distant asteroids observed. The majority of the 

.Jupiter Trojan asteroids have a uniform spectral appearance in spite of collisional 

processing, which implies that the dark red surface material is not a thin surface 

coating, but is representative of the bulk composition. 

Observations of near-Earth asteroids indicates a wide range of compositions, 

suggesting a variety of source regions. Two objects are detected which may contain 

hydrated minerals, a valuable resource in space. Three near-Earth asteroids are 
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studied in detail, revealing a range of pyroxene chemistry and olivine content 

inconsistent with ordinary chondrite composition. The occurrence of spectral 

variability. and implied compositional inhomogeneity is approximately 20%. and on 

spatial scales as small as tens of meters. This observation implies that asteroids 

are geologically complex. not chemically uniform. as is often assumed in meteorite 

studies. 



CHAPTER 1 

INTRODUCTION AND MOTIVATION 

1.1 Why Study Asteroid COlnposition? 

1-1: 

A central theme in understanding the solar system is piecing together its origin 

and formation. From there. we can apply the processes that have shappd the 

dynamics and chemistry to obtain the system we observe today. However, the degrf'f.' 

to which these processes have operated and interacted is a complex puzzle indeed. 

The asteroids represent an important clue to this mystery since they are composed 

of much less processed material than the planets. and have experienced less thermal 

processing as evidenced by meteorite samples. The work described here aims to 

determine asteroid compositions in order to address a number of problems in solar 

system science. 

The most primitive of these objects will give clues to formation conditions III 

the solar nebula. The distribution of volatiles in particular indicates the thermal 

history of the region between 2 and 5 AU. Studies of differentiated asteroids give liS 

an understanding of the heating process and extent to which collisions have affected 

the planetesimals after accretion. Collisional evolution has also redistributed the 

asteroids from the asteroid belt to both the inner and outer solar system. The 

interaction asteroids have had with the Earth are central to understanding its origin. 

and have also affected the evolution of the biosphere. It is important to understand 

these past effects as well as possible future interact.ions. The composition and 
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distribution of near-Earth asteroids (NEAs) are important clues to their origin and 

to the transport mechanisms which bring them to Earth. Finally. asteroid surface 

composition provides an understanding of how homogeneous or inhomogeneous the 

accretion process was. and how subsequent collisions ha\'e mixed and modified the 

rocks. Asteroids that have been catastrophically disrupted give us a stratigraphic 

look at asteroid interiors if we can piece together how different asteroid compositional 

types are related t.o each other. 

First. the motivation and implications of probing asteroid composition are 

reviewed. Following that, the general asteroid taxonomy is discussed. which provides 

the framework for understanding the broad composition of the asteroids. Chapter 2 

describes how the asteroid taxonomy determined from extensive \'isible photometry 

is extended and enhanced by the greater compositional information provided by 

near-infrared spectroscopy. In Chapter :3. this coverage is extended to the more 

distant. presumably more primitive, asteroids to gain insight into their composition 

a.nd origin. These objects are not . 'presented in the meteorite collection. and are 

accessible only by remote sensing. Chapter -l describes the compositional distribution 

of the near-Earth asteroids. These objects may be from a wide \'ariety of locations 

within the main belt, and may have arrived at their present locations through many 

different mechanisms. Meteorites are derived directly from this population, and thus 

have a more direct relationship with NEAs. This direct relationship may facilitate our 

relating meteorite chemical groups to observed asteroid classes. Detailed observations 

of several individual NEAs are also discussed. Chapter .j addresses the implications 

of inhomogeneous composition observed on several individual objects. Compositional 

inhomogeneity puts constraints on the collisional history and processing an individual 
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asteroid has experienced. These studies mark the transition from treating asteroids 

as single compositional units to discussing the geologic units which make up an 

asteroid. Finally, a summary and some natural extensions of this work are described 

in Chapter 6. 

1.2 What are Asteroids? 

.-\steroids and comets represent material leftover from planetary formation. For 

the purposes of this work. the term "asteroid" will be used to describe those bodies 

from which subliming volatiles are not detectable. The term "comet" will be used 

for objects with an observable coma of gases at least at some point in its orbit.. 

An individual object may at one time be an asteroid, whereas it may clearly be a 

comet at another. Those objects suspected to be comets, or actually observed to be 

outgassing at one time, which are not currently active at any point in their orbit, 

will be referred to as "extinct comets", in accordance with the terminology used by 

Hartmann et al. (1987). Although some workers associate a region of origin with 

these terms, I use them as merely descriptive, and do not rule out a volatile-rich 

composition or an outer solar system origin for some of the objects we call asteroids. 

Most of the asteroids reside between the orbits of Mars and Jupiter. and are 

widely believed to be remnant planetesimals that were prevented from accreting into 

a larger body by the gravitational influence of Jupiter. As Jupiter grew larger, it 

perturbed the orbits of the asteroids, and the relative velocities between the asteroids 

increased to the point where collisions resulted in disruption rather than accretion. 

Close encounters with Jupiter and the other planets scattered leftover planetesimals 

widely throughout the solar system. The heavily cratered surfaces of the terrestrial 
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planets and outer planet satellites attest to a long history of collisions by smaller 

bodies. Learning more about the origin, evolution and composition of these objects 

can tie many aspects of solar system study together. 

Even the largest asteroids are not spatially resolved by groundbased telescopes. 

but we assume that they might look like the small satellites of Mars or the 

smaller outer planet satellites. Recently, the Galileo spacecraft, enroute to Jupiter, 

encountered two main belt asteroids, allowing a detailed look at these objects for the 

first time. A composite image of asteroid 243 Ida is shown in Figure 1.1. This object 

is approximately 60 km long and 20 km wide. The irregular shape and cratered 

surface confirms our expectations that asteroids are remnants of rocky bodies which 

have nndergone extensi ve collisional processing. 

A snapshot of the solar system with the first 6160 numbered asteroids (as of 

November 1994) plotted is shown in Figure 1.2. The distribution of asteroids in the 

main belt by semimajor axis is shown in Figure 1.:3. where the gaps due to resonance 

with Jupiter are clearly shown. Distant asteroids of particular interest are the 

Trojan asteroids, orbiting at ·5.2 AU with orbital longitudes 600 from .Jupiter. These 

groups can be clearly seen in Figure 1.2. These objects are discussed in detail in 

Chapter :3. 

1.3 A Formation Scenario for the Asteroids 

Although we do not expect asteroids to be pristine solar nebula material, they arE' 

considerably less processed than the terrestrial planets. These objects are transitional 

bet.ween the inner solar system. which is dominated by rocky material, and the out.er 

solar system. which is dominated by volatiles such as hydrogen, helium and water. 
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Figure 1.1: This composite image of asteroid 243 Ida was taken by the Galileo 
spacecraft on 28 August 1993. This object is approximately 60 km long and 20 
km wide. These images reveal asteroid surfaces to be highly irregular and he~vil'y 
cratered. 
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Figure 1.2: The positions of the 6160 numbered asteroids at 21:00 UT, 14 February 
1995 are shown projected into the ecliptic plane. The main belt extends from 
about 2-:3 .. 1 AU. The Cybele and Hilda concentrations of objects at 3.4 and :3.9 
AU, respectively, as well as the leading and trailing Trojan clouds are clearly shown. 
The orbits of .Jupiter and the terrestrial planets are also plotted, and their positions 
are marked by solid dots. The planet dot sizes are scaled relative to one another. 
but not to the same scale as the orbits. 

Planetesimals which originated in the outer solar system accreted icy material as 

well as some rock, probably in the form of dust grains. Planetesimals which formed 

near the current asteroid belt (2-:3 .. 5 AU). haw a higher rock to ice content. but 
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Figure 1.:3: The distribution of numbered asteroids by semimajor axis is not uniform. 
The gaps at resonances with .Jupiter are labeled. along with other dynamical groups 
of interest. 

some outer belt asteroids may retain some volatile materials below the surface. The 

distribution and composition of these' objects give clues to the composition of the 

nebula as well as the extent of radial mixing that occurred. 

Graclie and Tedesco (1982) first reported that asteroid composition changes 

systematically with heliocentric distance. Tholen (1984) confirms this trend using 

his expanded and formalized taxonomy, which has become the most widely used 

system. Table 1.1, condensed from Tholen and Barucci (1989), summarizes the main 
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Mean 8-Color Spectra of Tholen Asteroid Classes 
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Figure 1.-1: Mean 8-co1Ol' spectra for the Tholen asteroid classes are shown. after 
Tholen (1984). The spectra are all at the same scale. but offset. for clarity. The Q 
class asteroids are not represent.eel in our data. 

distinguishing characteristics of the Tholen taxonomic classes. The mean spectrum 

for each class is shown in Figure 1.4, after Tholen (1984). The compositional 

interpretation of Tholen's taxonomy and possible meteorite analogs are discussed 

in Bell et al. (1989), and Gaffey et al. (1989). Table 1.2 lists the assumed asteroid 

compositions according Lo Bell et al. (1989), Figure 1..5, after Bell et al. (1989), shows 

that S-class objects are most prevalent in the inner part of the asteroid belt, while the 

dark, low albedo D and P class objects are most abundant in the outer belt. C class 



Tholen Asteroid Classes 
Class Albedo Spectrum Characteristics 

.-\ med-high very red at ,\ :5 0 .• f.lm. absorption at ~ Iflm 

B 0.6:5 a :50.1 subclass of C. higher albedo. flat spectrum 
less red at longer wayelengths than (' 

C low UV absorption feature. flat to slightly red spectrum 
D low featureless. red spectrum especially at ,\ ~ a,'flm 

E high featureless spectrum. flat to slightly red 

F low subclass of C. featureless spectrum. flat to slightly blue 

G low subclass of C. strong UV absorption feature 

M moderate featureless spectrum. flat to slightly red 

p low featureless spectrum. flat to slightly red 

Q med-high strong absorption at ,\ < a .• f.lm and at ,\ > 0 .• flm 
center between that of A and V classes 

R med-high strong absorption at ,\ < O.i f.lm and at 
,\ > a.if.lm. center between that of A and V classes 
349 Dembowska only known class member 

S med-high variable absorption at ,\ < 0.7 flm and at 
,\ > a.if.lm (sometimes absent) 

T low moderate absorption at ,\ < a.8·jflm 

V med-high strong absorption at ,\ < O.if.lm and at 
,\ > O. i flm, center near a.9.j flm 

Other letters and symbols used 
U unusual spectrum for designated class 

x spectrum consistent with E, M or P classes in the 
absence of albedo information 

22 

Table 1.1: Distinguishing characteristics of the asteroid classes described by Tholen 
and Barucci (1989) are listed. Mean spectra of these asteroid classes are shown in 
Figure 1A. Extensions to this system and subclasses of some groups are described 
in Chapter 2. 
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Meteorite Analogs for Tholen Asteroid Classes 

l\ I i lIera logy 

pyx, plag 
pyx, 01 
pyx, 01, Fe-Ni 

01, FeNi 
Ff'Ni, silica\.<>s'! 
FeNi, enstat.ite 
Fe-free silical.C' 

unknown 
hydrat.ed silicates, carbon 
orga Illes, opaq lies 

orgclllics, cclrllOlI, in'! 
organics, carbon, icc'! 
hydrated silicat.es, 
carbon, organics 

Meleoril.e Allalogs 
(Bell et a!. HIS!!) (CaIre)' et a!. l!18!J) 
basa I tic acholld ri t('s 
ol-rich acholldrite's'! 
pallasif,es, lo<iranil.es 
irons? 

brachinit.es 
I rOils 
enstatit.e chondritf' 
allbl'itcs 

highly altered CC 
highly altered CC 

Ilolle 
none 
CI, eM chondrit.es 

basaltic achondrites 
pyx-oJ acholl(\rite 
pallasitcs, ol-rich stony iron, 
l11'eilites, prilllit.ive achondrites, 
cO,ev chondrites 
olivine achondrite, pallasit.e 
irons and t.race silicates 

f'lIsta t.i te aehoud ri Les 

organic-rich dust'?, CI-Cl\f? 
CI J -CM2 aqueollsly 
altered 

orgallie coslllic dmit. 
organic dust., CIl-CM2 
CII-CM2 chondrites 

J( 01, pyx, carbon CV, CO chondritC's (not included) 
ordinary chondrit.es Q 01, pyx, FeNi II, L, LL chonc1ritC's 

('( ~=carf)()lliH,(,()\(s cholldril.f', ol=olivine, plag= plagioclase, PYX=PYI'OXCIIC' 

Tablc' I.~: '1'1)(' lIIilleralogy of I.IIC' Tholen aslc'roid classes alld possibk 1Ilet.f'orit.c analogs are listed 
\\'1)('11 !I((',\" c'xis!.. No 1IIC'IC'ol'ill's ClII'I'C'lIl.1y llIatch s(,\'f'I'al of the classes (lc-scribC'<1. I\lel.C'ol'iL(> groups also 
('xis\. for which 110 cOl'l'('spoIH\ing ast.eroid class is known. Iv 
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Spatial Distribution of Tholen Asteroid Classes 
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Figure 1.5: After a figure by Bell et al. (1989). the distribution of the major Tholen 
asteroid classes by semi major axis is shown. sorted into 0.1 A U bins. The Eos. Themis 
and Koronis family asteroids have been omitted. Lines interpolate across bins which 
contain no objects. The number of objects is normalized by the percentage of that 
class in that bin. and by the total number of objects in t.hat bin. The higher albedo 
asteroid classes, E. M and S, are concentrated in the inner belt. The outer belt and 
Trojan region are dominated by D and P class asteroids. 

asteroids are more common in the central and outer belt. than in the inner region. 

This gradation has been assumed to be a remnant of nebula condensation at varying 

temperatures, and thus implies that most of the asteroids are near their original 

formation locations. For those meteorites with probable asteroid class associations. 

such as 4 Vesta and other V class objects with the basalt.ic achondrites. a clear 

picture emerges of the formation, collisional history and transport to Earth of this 



material (Binzel and Xu 199:3). Although there are no meteorite analogs for the 

P and D class asteroids, their prevalence in the outer asteroid belt suggests that 

these must be more volatile-rich than inner or middle belt objects. The low albedo 

and water of hydration seen on many C-type asteroids links them to CI and C':\J 

carbonaceous chondrites, also commonly aqueously altered and containing hydrated 

minerals. However. hydrated minerals on other asteroid classes suggests that thf' 

alteration. or metamorphic episodes in t.he asteroid belt. may be more widespread 

and complex than first thought. The abundance of hydrated silicates on objects in 

the middle belt.. while more distant asteroids have anhydrous surfaces. suggests that 

the heating event did not extend to these objects. In order to form hydrated silicat.es. 

liquid water must be in contact with the minerals for some length of time. Meteorite 

textures indicate that water percolated through the matrix materiaL leaving veins 

of hydrated minerals and salts behind. Even though more distant asteroids are 

presumably more volatile-rich objects, if the heating was not sufficient to melt ice. 

we would see only anhydrous silicates. One goal of this work was to obtain additional 

observational constraints on outer belt asteroids to test this scenario. 

The compositional gradient observed in the asteroid belt is strong evidence 

against early ideas that the asteroids were once a planet that had been disrupted. Bell 

et al. (1989) draw much of the observational evidence together into a coherent picture 

of the origin and subsequent processing in the asteroid belt. The Bell superclasses 

combine objects assumed to have similar thermal histories. The igneolls or highly 

processed objects lie in the inner belt. The middle belt contains the slightly heated. 

01' metamorphic classes, mostly those which contain hydrated minerals. The most 

primitive objects are found in the outer belt. which appear to have never been heated 
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enollgh to melt any ice they may have accreted. The composition of these dist.ant 

objects is not known. since there are no meteorites in ollr collection that spectrally 

resemble these asteroids. Another goal of this project is to determine the composition 

of these asteroids by direct observation. 

Distant asteroids. including the Jupiter Trojans. tend to have very low albedos. 

and are red in color, compared to the sun. A plausible composition is a mixture 

of ices. silicate dust and complex organic material. Nebula models and the Jovian 

satellite compositions lead liS to expect objects with a large abundance of volatiles. 

perhaps as much as .50% water ice or clathrates, containing mixtures of water. 

methane. ammonia and other ices. To mask the high reflectivity and blue color 

of water ice, some organic material or fine-grained carbon must be intimately mixed 

with the ice. A devolatilized crust of this organic material and silicate dust could 

insulate the ice below. and preserve it against sublimation over the age of the 

solar system. Though plausible and consistent with observation. this compositional 

interpretation is pure speculation. and has not been tested. 

1.3.1 Relating Asteroids to Meteorites 

Samples of the Earth-crossing asteroids arrive to us as meteorites, whose 

composition and mineralogical structure is known in great detail. In many cases. 

the temperatures, pressures and timescales that are implied by the textures and 

compositions of meteorites are not consistent with the overall picture of how the 

asteroid belt has evolved. To interpret these data properly. we must understand the 

mechanisms which bring them to Earth-crossing orbit, and the selection effects which 

produce the distribution that we observe. This problem is extremely complex. and 



I will not address it in detail. However, the study of the compositional distribution 

of the near-Earth asteroids (NEAs) directly addresses an important aspect of this 

dilemma. The spectral appearance of meteorite samples is systemat.ically different 

than the spectral appearance of main belt asteroids (Gaffey et al. 1989. Britt et 

al. 1992, Bell et al. 1989). Despite some good matches. the distribution of observed 

main belt asteroids and the majority of meteorites do not seem to represent t.he same 

population. However. it is hard to believe that most meteorites are not. ultimately 

derived from the asteroid belt (aside from those few which appear to come from the 

moon and Mars). Clearly, meteorites must have been NEAs right before they entered 

the Earth's atmosphere. The NEA population should match the meteorite collect.ion 

more closely then the main belt. It has been suggested that effects of surface regolith 

change the spectra of asteroids compared to their meteorite counterparts. If true. 

these effects will be minimized for very small asteroids which cannot retain a regolith. 

Asteroids 2·50m in diameter and smaller can be observed by ground based techniqut's 

only in the NEA population when they are close to the Earth. Learning more about 

the composition of NEAs will test these hypotheses, and help link meteorites to their 

ancestor asteroids. 

1.4 Collisional Processes 

The observed size distribution of the main belt asteroids is an indication that 

the population is collisionally evolved. It has long been recognized that over the age 

of the solar system, Jupiter must have ejected a great many objects from the solar 

system. Our current understanding of the formation of the asteroid belt is reviewed 

by Wetherill (1989). The observed asteroid belt is only a remnant of the mass 
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which must have once been there. In addition to loss from gravitational scattering. 

mass is also lost as repeated collisions grind the rock to dust. which is eventually 

lost due to Poynting-Robertson drag, which causes it to spiral inward to the sun. 

After some period of time, a size distribution will be established in the population 

as collisions occur. Dohnanyi (1969) showed the size distribution of a collisionally 

e\'olved population is in equilibrium for a power law with a slope of -1.8:3. He 

found this value agrees with the observed asteroid size distribution. for sizes large 

enough to be completely sampled. Since that time. the sampling is complete to mnch 

smaller sizes as detectors and search techniques improye. This relat.ion seems to hold 

in genera\. although there may be discrepancies in the detailed distribution (e.g. 

Rabinowitz et a\. 199:3). The cratering record on solid bodies of the solar system 

also attests to a long history of collisions as an important evolutionary process. 

Asteroids and comets are the remaining examples of these impactors. Planetary 

geology relies on using crater density and size distribution as an indicator of the age 

of the surface. However. crater scaling, size distributions. and mechanical strength 

are all dependent on the composition of the object. For example, iron meteorites 

break differently and produce larger craters for their size than fragile carbonaceous 

chondrites (e.g. Chyba et a\. 199:3). The reliability of the interpretation of cratering 

data is only as good as our understanding of the underlying process. 

1.4.1 Asteroid Collisions with the Earth 

Although the Earth has been extensively processed geologically, and continues 

to evolve, the evidence of past impacts remains on its surface. Hundreds of impact 

craters have been identified from shock produced mineralogy and ejecta deposits. 
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even when the crater itself has long since eroded beyond recognition (Grieve and 

Shoemaker 1994). The geological record indicates that the evolution of life has been 

punctuated by episodes of rapid extinction of vast numbers of species. t'ollO\ved by 

rapid evolution of the survivors to fill the empty ecological niches. At least one 

of these events. between the Cretaceous and Tertiary geologic periods, has been 

strongly linked to an impact event. probably producing Chicxulub crater off the 

Yucatan peninsula in Mexico (Alvarez et al. 1980. Hildebrand 199:2). Several other 

extinction events may also be the result of impact events, although the evidence 

is more sparse (Rampino and Haggerty 1994). There is no doubt that impacts 

have occurred on the Earth, many large enough to cause extreme global climate 

changes. Understancling the importance of impacts on the Earth's evolution requires 

that we know the frequency of such events both now and in the past. Recent. 

search programs to discover more NEAs are helping to determine the current size 

and orbital distribution. and assess the current impact frequency (Shoemaker and 

Shoemaker 1988, Rabinowitz et al. 199:3). The cratering record on the moon helps 

determine the impact history and the impactor flux on the Earth as a function of 

time. Although long neglected, the importance of collisional processes on the Earth 

is now recognized, and may be the dominant mechanism controlling the evolution of 

life on Earth. 

The severity of an impact is determined by the energy delivered to the target 

by the impactor. For an impact into competent rock. Melosh (1989), equation 

7.S.-1:, gives the transient crater diameter, Dat , in terms of the impactor parameters 
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according to the relation: 

where Pp is projectile density. Pt is target density. L is projectile diameter. and n: 

is impact energy (1/2MF2). All quantities are in ?vIKS units. Thus. Dnt IX p~.33. 

all others being equal. Since the density of cometary material and iron meteorites 

spans at least an order of magnitude ("" OJ5 - igcm -3). this leads to a fact.or of 2..! 

in the resulting crater size. The mechanical strength of cometary material compared 

to that of iron meteorites spans several orders of magnitude. This strength controls 

the altitude in the Earth's atmosphere at which the object will fragment. and thus 

the damage it can inflict (Chyba et al. 199:3). Extinct comets pose a mnch smaller 

threat than rocky or metal-rich asteroids of the same size. The fraction of the NEAs 

which are extinct comets is not known, although estimates range from 0-50% (Binzel 

et al. 1992. Wetherill 1988). In assessing the past effects as well as future hazards. 

we need to know the compositions of the NEAs. 

1.5 Asteroids as Resources 

Asteroids are not only interesting for their interaction with other solar system 

bodies and with each other, but also as individual objects. Understanding the 

environment is vital for the adaptation and the survival of any species. As our 

environment extends to include near-Earth space and eventually the entire solar 

system, our understanding of these regions and their relationships to each other 

becomes more important. In terms of energy, NEAs are the easiest objects to reach 

with spacecraft, and represent a wider variety of materials tha.n is found on the moon 
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(Lewis et al. 199:3). Volatiles. and water in particular. will be extremely valuable 

commodities in space both for fuel and for life support. Our future success at !i\'illg 

and working in space may depend on our knowledge of the distribution of water 

among the NEAs. Extinct comets may be the richest source of water available. 

Finding a means of identifying them after their surface ices have sublimed remains 

an important question. Using remote sensing to address these issues is one of the 

primary goals of this work. and serves as a framework to plan future spacecraft 

1111SS10ns. 

1.6 How to Deterllline COlllpositioll 

The near-infrared (1-2.5 pm) region of the spectrum is particularly' diagnostic 

for rock-forming minerals. Figure 1.6 shows the reflectance spectrum for common 

materials found in meteorites, and assumed to be present on asteroids. The 

continuum of most of these materials is generally red-sloped. and diagnostic 

absorption bands are found near 1 pm and 2 pm for pyroxene. and at 1.2 I'm for 

olivine. The iron-nickel (Fe-Ni) spectrum is generally red-sloped but featureless. 

The 1 to 2 .. 5-ltm region is particularly valuable because this region is accessible 

using groundbased telescopes. At wavelengths longer than that, thermal emission 

from the Earth's atmosphere starts to become the dominant source of the signal. 

For asteroids in the main belt, thermal emission is generally negligible (:; 2%) at 

wavelengths shorter than 2.5 Itm, but starts to become significant at wavelengt.hs 

greater than 3 Jtm. Reflectance spectroscopy between 0.:3 and 2.5 pm is the primary 

remote sensing technique used here. Silicon based charge-coupled device (CCD) 

detectors are extremely sensitive between 0.3 ancll.O Jtm. InSb detectors are sensitive 
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Figure 1.5: The reflectance spectra for common rock-forming minerals are 
shown, from Gaffey et al. (1989): (a) iron-nickel metal, (b) olivine (Chassigny). 
(c) orthopyroxene (diogenite. ,Johnstown), (d) plagioclase feldspar (lunar sample 
1206:3,79 - J. B. Adams), (e) spinel-bearing Allende inclusion. Spectra c, d, and e 
have been offset in albedo by OA. 0..1: and 1.0, respectively, for clarity. These minerals 
are found in meteorites, and expected to be found on asteroids. The spectral region 
between 0.:3 and 2 .. j p.m is accessible through the Earth's atmosphere, with sensitive 
detectors on groundbased telescopes. Diagnostic absorption features in olivine and 
pyroxene near 1 p.m and :2 p.m are particularly valuable for determining mineralogy 
through remote sensing. 
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between 0.8 and 2 .. ) pm. although not yet. at the sensitivity level that can be achieved 

with ('CDs. These are the primary detectors I have lIsed in the spectrographs and 

photometers for gathering the data upon which these conclusions are based. 

1. 7 Observations at 3 /-tm 

The spectral region between:3 and :3.5 pm. although more difficult to observe using 

groundbased telescopes. contains extremely valuable information. worth t.he effort to 

extract. The hydroxl radical (OH) and water molecule have several overlapping 

absorption bands between 2.7 and :3.1 pm. Hydrated silicates containing structural 

hydroxl groups as well as clays with interlayer water molecules show a strong 

absorption band in the :3-pm region. Jones (1989) showed that in laboratory samples 

this band is not easily masked. even in mixtures with opaques such as carbon wit.h 

very low overall reflectivities. This band has been detected in meteorite samples. as 

shown for example in Lebofsky (1980). Lebofsky et al. (1981) detected this band on 

asteroid 1 Ceres. and inferred a link between C or G type asteroids and CI and C:'d 

chondrites. 

The technique for detecting this band requires careful monitoring of the sky 

background and comparing the reflectance level on each side of the deepest part of 

the absorption band at 2.7-2.8 pm. In the center of the bane!. the atmosphere is 

nearly opaque, even at high altitude sites such as Mauna Kea Observatory. Chopping 

the telescope secondary mirror between object and nearby sky allows the high 

background signal and the object signal to be separated. The Cryogenic Array 

Spectrometer used by .Jones et a1. (1990) is no longer in use. so data in this spectral 

region are now obtained using a photometer and relatively narrowband filters are 
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Figure l.i: The transmission characteristics of the filters used in the :3-pm region 
are shown. These filters are used together with an InSb photometer at the NASA 
Infrared Telescope Facility. The high altitude and low atmospheric water vapor 
content a.re crucial to the success of these observa.tions. 

used (,\j ~,\ "" 10) cent.ered at 2.95. 3.1:3 and :3.:3 Ilm. Broadband measurements 

using .J. Rand K filters are also obtained. so that the continuum short ward of the 

3-I'.m region is determined for comparison. Characteristics of these filters are shown 

in Figure l.i and in Figure 1.8. A drop in reflectivity between 2.2 and 2.95 I/,In 

and subsequent increase at :3.15 and :3.:3 pm indicates presence of structural OR. 

molecular water or both. These filter measurements do not distinguish between 

hydroxl and molecular water or ice. 

Determining the continuum between 1 and 2 .. 5 flm is important to identify the 



1 

~ .8 0 
.r-! 
rIl 
rn 

.r-! 

S .6 rn 
~ 
Cd J K ~ 

E-! 
Q) .4 
:> 

.r-! 
-+-:I 
Cd ...... 
Q) .2 p:: 

o 
1 1.5 2 2.5 

Wavelength {}.tm} 

Figure 1.8: The filter band passes for the .1, Hand K filters used with the infrared 
photometer at the MMT are shown. The There is a small (2%-.5%) color correction 
between the corresponding filters used at the NASA IRTF and the ones shown above. 
The effective wavelengths are 1.25. 1.65 and 2.20 pm. respectively. 

:3-pm banel. Asteroids of C. B, F and G classes have flat or slightly sloped spectra in 

this region. so simply a drop in reflectivity between 2.2 and 2.95 Ilm indicates a water 

bancL However, as noted by Rivkin et al. (1995), asteroids of other classes may have 

steeper sloping continua that require more careful examination. The observations 

reportecl here are mostly of D and P class asteroids. which have steeply sloping 

continua, but are closely approximated by a linear fit. 

This spectral region also includes a strong C-H absorption at :U: pm. Materials 



:w 
with abundant organics might be expected to show this spectral feature. Howevel .. 

searches for this band on asteroid surfaces have been unsuccessful (Piscatelli et. 

al. 1989). Observations of comets at these wavelengths ha\'e been successful at 

detecting organics in the gas phase (Hoban et al. 1991). Observations aimed at 

detecting organic solids are discussed in more detail in Section :3.6. 

1.8 Compositional Heterogeneity 

Seen only as points of light in the telescope, asteroids are often treated as 

compositionally homogeneous chemical mixtures. always in equilibrium. However. 

nearly any comparably sized area on the Earth is a complex geologic stntctlll'f'. 

neither homogeneous nor in chemical equilibrium. The underlying goal of t.hi:; 

work is to reveal asteroids as realistic geologic specimens. not as ideal theoretical 

constructs. Although in many cases. the sensitivity and resolution simply is not yet 

available to make these spatial distinctions from groundbased observations. the data 

interpretation must allow for the possibility. In some cases. t.here is clear evidence of 

compositional changes on scales of hundreds of kilometers (Gaffey 199..],) down to tens 

of meters (Howell et al. 199;3). Collisions may also produce local heating and shock 

processing of minerals. as well as mixing materials of widely different compositions 

and origins. Meteorite breccias ha.ve been recovered which clearly must be the result 

of collisional mixing (Zolensky et al. 1994). These effects must be sorted out if 

we are to extract primordial information from asteroid composition. Compositional 

heterogeneity also puts constraints on the degree of thermal processing and collisional 

processing that has taken place among the asteroids. 



CHAPTER 2 

AN EXTENDED ASTEROID TAXONOMY 

2.1 Why Classify Asteroids? 

The first step to understanding the relationships within a group of diverse objects 

IS to classify them according to their physical characteristics. Many researchers 

have classified asteroids based on various criteria. Tholen and Barucci (1989) have 

recently presented a comprehensive review of the various taxonomies that haw 

been put forth. These taxonomies are all based on similarities in the reflectance 

spectra and in some cases the albedos of the objects. The spectrum is related to the 

surface composition. so any taxonomy based on these data is related to the surface 

composition of the asteroid. However, many asteroid spectra do not have unique 

compositional interpretations. 

vVhat is striking about the many different systems of asteroid classification is not 

so much the differences. but the similarities. The same general groupings appear 

regardless of the parameterization chosen. These similarities indicate that these 

are real divisions among the objects manifested in different ways, not artifacts of the 

parameterization. However, it is important to remember that in different wavelength 

ranges. spectral differences may result from a single compositional element, and 

possibly only a minor constituent of the asteroid. 

While a taxonomic system is a useful first step in understanding the overall 

structure of the asteroid belt, it does not necessarily include all the information we 
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ha\'e available. In most formal classification processes. we must limit ourselves to the 

data that are available for all of the objects considered. Thus. interpretation of this 

or any asteroid taxonomy should also consider any additional pieces of information 

that were not included in deriving the taxonomy itself (e.g. albedo. polarization. 

radar reflectivity, etc.). 

I use an artificial neural network (ANN) to classify asteroid spectra. This work 

was carried out in close collaboration with E. Merenyi. and is presented in Hom,l\. 

Merenyi and Lebofsky (1994). Previous taxonomic systems are reviewed a.nd the 

Tholen taxonomy is described. since the ANN system extends his syst.em by using 

additional spectral information. vVe briefly describe the data that were used for 

our classification of the asteroids. To compare the neural network technique to the 

minimum tree classification method that Tholen used. we use the same 8-color data 

that Tholen used for his analysis. Then we apply the neural network technique to 

the combined 8-color and.52-color data acquired by Bell et a\. (1988), which extends 

the spectral range from 1.1 to 2.5 pm. The results and interpretation of the asteroid 

groupings are presented, followed by some notes OIl unusual objects and cases where 

our ANN classification differs from that of Tholen. The strengths of this technique 

are evaluated and future applications are discussed. 

2.2 Past Taxonomic Classification Systems 

2.2.1 Tholen's Eight-Color Taxonomy 

Tholen (1984) used a minimum tree to determine a cluster structure within 

the 8-color asteroid spectra. The data are described fully in Zellner et al. (198.5). 

and briefly in Section 2.3. The data are expressed in magnitudes relative to the 
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sun. normalized to 0.0 in the v filter (centered at 0.:)0 1£111). Since the data are 

normalized. seven independent variables describe the 8-colol' photometric data. The 

minimum tree method connects these points in i-dimensional space. minimizing the 

total distance covered. Branches. or long connections between groups connected 

by shorter links, determine breaks between the clusters. Tholen also performed a 

principal components analysis. which finds a new basis set for the i-dimensional 

data. The first axis is defined to be in the direction with the greatest \·ariance. the 

next is orthogonal to that with the next greatest variance. and so on. These new 

vectors will show the dispersion in the data most clearly. The first two principal 

components span 98% of the total variance. so the intrinisic dimensionality of these 

data is near two. This low-dimensionality is not surprising, since the spectral points 

are clearly conelated with their neighboring points. 

In his asteroid classification using the 8-color spectra. Tholen identified fOUl'teen 

classes of asteroids (Tholen 1984. Tholen and Barucci 1989). The mean spectra for 

the Tholen classes are shown in Figure 1.-1, after Tholen (HJS-!). He found two 

significant principal components, one related to slope and the other to the presence 

or absence of an absorption band near 1pm. Five broad asteroid groups were dC:"fined. 

the A. X, D, C. and S classes of asteroids. The A-type asteroids are a small group of 

objects whose spectra are very red, and resemble pure olivine. The X-type asteroids 

include the E, NI, and P types, distinguished from each other by albedo. D-type 

asteroid spectra are very red and do not show any absorption features. The G-. B-. 

and F -type asteroids are closely related to the C-type asteroids. These classes are 

distinguished primarily by the steepness of the spectrum at 0.:3-0.4 pm due to the 

Fe-O charge-transfer absorption band centered in the ultra\'iolet (FV). This band has 
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been linked to the hydration state of the surface minerals on asteroids. with increased 

oxidation of iron being related to the presence of water at some time in the asteroid's 

history (Feierberg et al. 198.5). Ho'wever. not all C-type asteroids show evidence of 

surface hydration (Jones et al. 1990, Lebofsky et al. 1990). The S-type asteroids have 

variable red slopes. and show either olivine or pyroxene absorption bands. or both. 

The rare R. V. and Q classes are generally similar to the S class. but. with much 

stronger absorption bands. The only member of the R class is :349 Dembowska. TIl(-' 

only example of the V class was 4 Vesta. but recently additional V-type objects haw 

been identified (Cruikshank et al. 1991, Binzel and Xu 199:3). The Q class currently 

includes only near-Earth asteroids. The .52-color survey includes members of all of 

these classes except the Q class. 

Tholen did not include the asteroid albedo in defining his clusters. since scaling 

the albedo appropriately to balance the range of color data proved difficult. After 

the clusters were determined. the available albedos were used to check for internal 

consistency within a class. The E. M. and P asteroids are spectrally indistinguishable. 

but have widely different albedos. Similarly. the BOo and C-type asteroids are not 

spectrally well separated, but do have different albedos. However, the albedos of 

many asteroids are either unknown or highly uncertain, and limit the size of the 

database defining the taxonomy. For this reason, we have followed Tholen's method 

of using only the spectral data, even though the albedo clearly contains valuable 

information about composition. 

Although he did not do a formal classification using the additional spectral 

information provided by the 52-color survey, Bell noticed that the Eos family 

asteroids (a=:3.0 AU) seemed to be anomalous among the S class. These objects 
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show much less reddening in the continuum from 1 to 2.0 Jim. and he suggested a 

separate K class for these objects (Bell et at. 1987. Bell et at. 1988). However. while 

all K-type asteroids are in the Eos family. not all Eos family asteroids are K types. 

Teclesco et at. (1989) also created a K class that includes two Eos family members. 

but extends to other S-class objects as well. Their taxonomy is based on l:. V. 

and x filter photometry (with central wavelengths of 0.:365, 0.550. and 0.701 pm. 

respectively) and the Infrared Astronomical Satellite (IRAS) albedo, and did not 

include any near-infrared data. In fact, the K class as defined by Bell is a subset of 

the Tedesco et at. (1989) K class. in spite of the differences in the defining spectral 

parameters. 

Burbine (1991) performed a principal components t.ransformation using the .j:2-

color survey data combined with the 8-color data. He found five significant principal 

components. The first is correlated with the overall slope of the spectrum. The 

second is correlated with the depth of the i-JIm absorption bane!. consistent with 

the first two principal components in the 8-color analysis (Tholen 1984). The third 

is correlated with the depths of both the 1- and 2-Jlm absorption bands for most 

objects, separating olivine-rich objects from pyroxene-rich objects. The fourth and 

fifth do not have a clear interpretation, but each contains only 2.2% of the total 

variance. He found that the Tholen groups remained distinct, and did not change or 

augment that taxonomy. However, it is important to note that Burbine did not do 

an independent classification, but only tried the Tholen groupings and found them 

adequate. He used only 66 of the highest quality spectra for his principal component 

analysis, and did not have all taxonomic classes represented. 

The majority of the 52-color survey asteroids are S class. There is considerable 
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diversity in the spectral appearance of these objects, especially between 0.8 and 

.) -_ •. J ILm. However. in the visual range there are also spectral variations. ane! 

many workers have suggested that subdivisions among the S-type asteroids may 

be appropriate. Chapman (198i) suggested a division into several groups based on 

the U -B and B-V colors. These were not selected as natural divisions among the 

objects. but as convenient. unambiguous divisions of the group int.o se,''''n subgroups. 

Gaffey et al. (199:3) parameterized the spectra using the pyroxene band positions 

and depths to measure pyroxene composition and olivine/pyroxene ratio. These 

measures were correlated with meteorite compositions in an attempt to determine 

which asteroids might be likely parent bodies of ordinary chondrites. Barucci et 

al. (1!)8i) combined the 8-color photometry and IR.-\S albedos and classified ·[:38 

asteroids using G-mode analysis. They obtain four subclasses of Tholen's S-type 

a:;teroids. though the majority of the objects are of the first or SO class. W'e compare 

our division of the S-type asteroids with these other groupings in section Section 2.6.2. 

2.3 The Data 

Most asteroid classification systems have been based on reflectance spectra. The 

two surveys which we have used, the 8-color survey and the 52-color survey, have 

been described in detail by Zellner et al. (198.5) and Bell et al. (1988). respectively. 

We will briefly summarize these data here, and describe the modifications that were 

made before entering these data into the neural network. 

The taxonomy developed by Tholen is based on the 8-color asteroid survey. which 

remains unchallenged as the most complete sampling of the asteroid belt to date. 

The 8-color spectrophotometry spanned 0.3-1.1 /-lm for most of the .589 asteroids 



Table 2.1: Eight Color Asteroid Survey Filter Bandpasses 

Filter Effective Wavelength FVVHM 
(fLill) (fLm) 

s 0.:3:37 0.047 
u 0.:3.59 0.060 
b 0..!:37 0.090 
v 0 .. 550 0.057 
w 0.701 0.058 
x 0.85:3 0.081 
p 0.948 0.080 
z 1.041 0.067 

After Zellner et al.'s (198;3) Table 1. the effective wavelengths are determined relatiw' 
to the solar spectrum. Parameters for v. w, p. and z filters are for the Varian 
photomultiplier. For additional details. see Tedesco (1989). 

surveyed. The characteristics of the filters used are summarized in Table 2.1. A 

large range of heliocentric distances was sampled. including groups such as the Hildas 

(:Ul AU) and the Trojans (5.2 AU). The data are given as magnitudes relative to the 

Sun. represented by a mean of four solar analog stars. The spectra are normalized 

to 0.0 magnitude at 0 .. 5.5 fLill. Typical errors are 1-:3%, larger in a few cases. Tholen 

used 405 of the .589 objects, representing the highest quality spectra for his cluster 

analysis. vVe omitted 50 of the 589 asteroids which had only five of the eight colors 

measured, but did not exclude any on the basis of large errors. Since the formation 

of the cluster structure determined by the neural network is less sensitive to noise in 

the data than many classical methods, these two classifications are comparable. 

Bell et al. (1988) carried out a smaller-scale asteroid survey covering 0.8-2.5 pm 
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for 117 asteroids chosen to represent all of the established Tholen classes. A. 

circularly variable filter \vith :3..5%-.5.2% spectral resolution was used to obtain ·52-

color spectrophotometry. They found that the S-type asteroids showed considerable 

variability in the pyroxene and oli\'ine absorption bands in the near-infrared. and 

changed their observing strategy to include more of these objects: thus .59 of the 11 'j 

objects are member:: of Tholen's S class. 

We extended the 52-color data to 0.:34 /1m by adding Tholen's 8-color photometry. 

matching the spectra in the region of overlap. Bell et al. (1988) reported relativf' 

reflectance values, so for consistency. we converted the Tholen magnitude values to 

relative reflectance, scaled to 1.0 at 0 .. 5.5 pm. These quantities are related by 

where AI is magnitude and F is flux, or in this case where it has been divided by 

the solar analog flux value. relative reflectance. 

The .52-color spectra were taken in two sections with different spectral sampling. 

For convenience. we resampled these data at a uniform spacing throughout. the 

spectral range. Seventeen asteroids did not have 8-color photometry available. but 

12 of those had UBV photometry reported (Tedesco 1989), and Tholen classifications 

(Tholen 1989). Using solar colors from Hardorp (1980), we converted these data to 

reflectance, and used a cubic spline to produce 0.34- to 0.8-ltm data consistent with 

the other objects for which 8-co10r photometry was available. The interpolations were 

checked carefully to guard against artifacts produced by the cubic spline. We used 

6.5 points from 0.34 to 2 .. 57 pm, spaced at 0.03.5 pm, as the input data to the neural 

network. Hence we will refer to these modified spectra as 65-color spectra. Gaps 
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due to telluric water absorption at 1.4 and 1.9 J-Lm are also closed in this manner. 

Since the spline sampling is comparable to the original spectral resolution of the 

data in most of the range, the noise variability is reproduced by the spline with 

only minimal smoothing. The uncertainties are not explicitly used by the neural 

network. A classification using only the 52-color data in its original form showed 

little difference from the version based on resampled data. giving confidence t.hat 

this treatment did not affect the results. 

During the 52-color survey. several asteroids were observed on two or morp 

different nights. These spectra were examined individually. and in those cases where 

the spectra were nearly identical. they were averaged to improve the signal-to-noise 

ratio (SIN). When the spectra were sufficiently different, they were not averaged. 

and two versions were retained. We define significantly different as point to point 

differences of more than two sigma for three or more adjacent points. Two spectra 

of :367 Amicitia showed significant variation, but since no visible data were available 

for this object, it was not included in either classification. 

There were four separate spectra of 4:3 Ariadne with two distinct. shapes. Each 

pail' was averaged, but the two differently shaped spectra were retained. Altogether, 

20 objects were observed on two or more nights, and six of those showed spectral 

variation. These differences may be due to surface inhomogeneity. but could also be 

due to lightcurve variations during the time necessary to obtain the spectrum. Other 

sources of observational or instrumental errors are also possible, though we feel they 

are less likely. These data are discussed in greater detail in Chapter .5. Additional 

observations of these asteroids would be especially valuable t.o resolve this issue. 
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2.4 Artificial Neural Networks 

The human eye and brain are extremely efficient at pattern recognition compared 

to traditional image processing algorithms. Ideally, to classify groups of spectra into 

generalized groups. we would like to look at and evaluate each example. However. as 

databases get large, this is not a practical technique, nor are we able to be unbiased 

in our view of the data. We tend to see the features we can interpret as dominating 

the spectrum. and to ignore those features which we cannot interpret. Over the 

last decade, ANNs have been shown to excel in the field of pattern recognition and 

classification (Huang and Lippman 1987, Merenyi. Edgett and Singer 199:3. Merenyi. 

Singer and Farrand 199:3). They are able to handle large data sets easily and quickly. 

A very good review on ANNs is given by Pao (1989). 

ANNs are massively paralleL finely distributed computing architectures that 

mimic the information processing of the nervous system in a simplified way. They 

consist of a large number of artificial neurons. or processing elements (PEs) as shown 

in Figure 2.1. These simple PEs are (usually) identical, and are densely wired into a 

net-like structure with weighted connections. This net structure is typically organized 

into one input, one output, and one or more hidden layers. An example of an ANN 

architecture is illustrated in Figure 2.2. PEs in one layer can be connected to any PE 

in other layers. For the networks in this study, all PEs in a given layer are connected 

to all PEs in the subsequent layer. At any time step, each PE in each layer receives 

signals from its input connections. For example, at the input layer, each PE will 

receive the weighted sum of all the spectral channels of a given spectrum. This 

weighted sum is transformed by the so-called transfer function, which is generally a 
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Figure 2.1: The structure of a processing element. the building block of neural 
networks, is shown. Each processing element computes the weighted sum of its 
inputs. The weights, TtVi , are adjusted during the learning process. The output of 
the processing element is a function. called the transfer function, of this sum. In 
general. the transfer function is a nonlinear function. Reproduced with permission 
from NeuralWare, Inc. (1991). 

nonlinear function (e.g., sigmoid, hyperbolic tangent, or similar function). The result 

is sent to the PE's output connections, which in turn will be input to the PEs in the 

next layer. The data are driven through the network in this fashion and finally an 

output vector is presented at the top layer. For example, this vector can represent 

the labels of different classes. encoded in the form of binary vectors (class A = 1, o . 

... ,0: class B = O. L ... ,0, etc.). 
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Figure 2.2: A sample artificial neural network interconnection pattern is shown. after 
a figure in ::-.reuraIWare, Inc. (1991). The circles represent processing elements (PEs). 
Data flow from bottom to top. In this example, each element of the hidden layer 
receives input from each data channel in the input buffer. Similarly. each element 
of the output buffer receives input from all elements of the hidden layer. The dense 
interconnectivity gives the network its computational flexibility. The interconnection 
pattern between PEs is one of the main characteristics of a particular neural network 
paradigm. 

In supervised training, A;.J")Ts learn to derive the characteristics of a group of 

spectra (a class) from a subset of that group for which the class memberships (the 

class labels) are known. The collection of such subsets for all classes is the training 

set, and the spectra in this set are called the training spectra. These patterns are 

presented many times to the network along with their known class labels. For a given 
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pattern. the network compares its own actual output with the known class label (the 

lat.ter is the "desired output" in neural net terminology). Based on the difference 

between the actual and desired output. the weights throughout the entire network 

are then adjusted so that next time the actual output more closely approximates the 

desired output (the correct class label) for this pattern. The adjustment procedure 

is prescribed by the so-called learning rule. If the training samples are consistent. 

the training will converge after some number of iterations. meaning that the weights 

will no longer change significantly. At this point, the network is trained, which 

means that it will give the correct label for the training patterns, and it can make 

predictions for patterns that were not included in the training set. If an inconsistent 

set of training samples is given, the training may not converge. In other cases. the 

network may be able to learn the inconsistent labels, but then it will not be able to 

make good predictions for unknown patterns based on that knowledge. 

ANNs are proven to be more robust and less sensitiye to noise than most 

conventional methods. Their capability to learn relationships from samples of 

underrepresented or unevenly represented classes, and learn complica.ted (e.g .. 

nonlinear, embedded) class boundaries is superior to most standard techniques 

(Huang and Lippman 198i). The massively parallel and distributed architecture 

offers dramatically increased computing speed, often with significantly reduced 

memory requirements compared to conventional sequential computers. The 

numerous ANN paradigms developed for various problems differ mainly m the 

connection pattern among the PEs, the transfer function and the learning rule. 
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2.5 Our Classification Method 

The ANN paradigm employed here is a hybrid network. Its hidden layer is a 

two-dimensional self-organizing map (SOM) developed by Kohonen (1988). which is 

coupled with a categorization learning output layer. These two layers have different 

learning rules. The mathematical formulae for self-organization as well as for the 

Widrow-Hoff learning rule of the output layer can be found in the work by Pao 

(H)S9). The particular software implementation that we used is from Neural\Yare. 

Inc. (1991). This ANN performs classification in two phases. First. in unsupen'ised 

mode, a topologically ordered map of the input patterns is formed in the 2-D hidden 

layer (the Kohonen layer), based on their similarity to each other. Each PE becomes 

a representative of several input patterns. Very similar patterns will be mapped onto 

the same PE or PEs that are close to each other in terms of their input connection 

weights. The similarity measure in this case is the Euclidean distance, but could 

be different if so dictated by the characteristics of the data. The minimulIl tree 

algorithm used by Tholen also uses the Euclidean distance as the similarity measure. 

This topological map, together with the Euclidean distances between the PEs in 

terms of their weights, yields information about the cluster structure of the data 

as explained below. No a priori assumption on the number, size, or center of the 

clusters is used. The output layer is not learning during the unsupervised phase. 

After the unsupervised training has converged (no more significant changes occur in 

the weights), we switch to the supervised phase and train the output layer to associate 

the previously clustered patterns into the classes that are thought to be meaningful. 

As we mentioned above, the network will have difficulty if we try to teach class lahels 
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that are in contradiction with the cluster structure it has formed. Decisions about 

meaningful classes are based on initial assumptions about taxonomic classes. and in 

some cases additional data, such as albedo and interpretations of clusters that the 

network may suggest (as was the case with the subclasses of the S asteroids). 

The 2-D Kohonen layer maps the n-dimensional data space nonlinearly onto 

a 2- D map. preserving the topology of the higher dimensional space. This map 

shows the similarity relationship among input patterns. Unlike principal component 

plots, which only present 2-D or three-dimensional (:3-D) projections of the data. the 

Kohonen map fully represents the n-D data space in 2-D, in terms of the ordering of 

the patterns based on similarity. The information about possible cluster separations 

lies in the PE weights. After appropriate analysis. separations can be df'fined and 

overlain on this 2-D topological map in the form of fences. the height of which 

represents the degree of separation between PEs. 

Ultsch and Simeon (1990) describe a successful approa.ch to the analysis of t.he 

Kohonen map and representation of cluster separations by these fences. \Ve used 

their technique with some minor modification. For example, in Figure 2.:3. the fences 

derived from the PE weights are superimposed on the Kohonen map, a wider line 

indicating a stronger separation, or higher fence. 

The fences determined at this stage should be considered preliminary. Naturally. 

these class boundaries are not rigid and can change if more objects are used in 

the network clustering. An advantage of this ANN paradigm is that training time 

is modest, so the classification can be easily revised as more spectra are obtained. 

Once trained, the network identifies unknown patterns very quickly and easily. 

In the application of this ANN paradigm to asteroid classification, we assumed 
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t.he Tholen (1989) classes were a good first estimat.e of the class membership of most 

asteroids. The network is initially t.rained using all of the spectra with their Tholen 

class labels. Later, subsets of the available data are used. with some examples set 

aside as "unknowns" to check the network's ability to generalize from the examples 

it has seen. These jackknifing test.s are described in more detail in Sect.ion :2.1.1. 

"Ve turned to the examination of the Kohonen map when the network had difficulty 

learning the membership of certain objects. It is important to emphasize t.hat the 

cluster structure is defined by the data in the unsupervised training phase and is not 

changed in the supervised phase. The network only learns to assign class labels to 

previously defined clusters during training. If the labels it is taught are too sparse 01' 

contradictory, it will not learn to identify the class. and/or it will misclassify patterns 

which were not included in the training set. 

2.6 Results of the ANN Asteroid Classification 

We used the neural network to classify asteroids first. using the 8-color spectra 

alone, and then combining the 8-coI0l' and .52-color surveys into a 65-colol' resampled 

spectrum. We first make a direct comparisc:n of our classification and Tholen's. The 

two classifications are based on the same data, although we used a larger subset 

of the 8-color data for our classification, including some lower SIN spectra. Even 

though the two classification techniques are very different, the similarity measures are 

the same, and we obtain very similar results. giving us confidence in the technique. 

We then apply the neural network technique to the 6.5-color spectra.. We discuss 

the classification results, and present suggestions for modifications to the Tholen 

taxonomic system in Section 2.1. 



2.6.1 The 8-Color Classification 

The Kohonen SOM in Figure 2.:3(a) shows the cluster structure determined from 

the neural network, using only the 8-color data. For comparison, Figure 2.:3( b) shows 

Tholen's principal component analysis (PCA) with the clusters determined using 

the minimum tree algorithm. The heavy lines on the SOi\.f indicate the degree of 

separation. or fence height between the PEs. heavier lines representing higher fences. 

Although most of the asteroids in our S-C010l' classification agree with their Tholen 

class labels. there are some that do not. even though the two techniques used t.he 

same data and the same similarity measure. In most. cases disagreement.s occur when 

the classes are separated by albedo. not spectral shape. such as between the E. :\1. 

and P classes or between the C and B classes. Discrepancies might a.lso arise from a 

mathematically proven shortcoming of the minimum tree clustering algorithm, called 

the "chain" effect. which means that two objects will be considered close if a short 

chain exists between them. The definition of a short chain is the length of the longest 

link in the chain that leads from one object to the other, through any number of 

objects. Therefore, two objects that are connected by a large number of short links, 

may be put in the same cluster even if they are far apart. A complete and rigorous 

discussion of this can be found in the work by Fu (1976). Tholen used the distance 

of an object from identified cluster centers as well as the chain length between up to 

three objects in the minimum tree to reduce this problem. 

In general. the rela.tionships of the groups to each other in both the Tholen peA 

and the Kohonen SOM (Figure 2.:3 and Figure 2.:3) are the same. For ease in referring 

to the SOM, the grid of PEs are labeled on the axes. These do not represent variables, 
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Figure 2.:3: a) The topological Kohonen map for the 8-color spectra is shown. Each 
grid square represents a processing element in the Kohonen hidden layer. Each object 
is labeled by its Tholen type. vVhile this map is analogous to Figure 2.:3(b). it is not a 
graph. but rather a topological map. However, distances on this map are not linear. 
because it represents the similarity relationships in the full i-dimensional space. 
The heavy lines represent the degree of separation between processing elements in i
dimensional space. These can be more easily visualized as fences of varying heights. 
where heavier lines represent higher fences. The object labeled S near the D class in 
the upper left is 152 Atala. See Table 2.-1:. explanatory note 6 regarding this object. 
See text for analysis of the clusters. 
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Figure 2.3: b) This plot from Tholen (1984) shows the principal component 
projection of the 405 high-quality spectra gathered during the S-color asteroid survey. 
The letters correspond to the Tholen asteroid taxonomic types. The units on the 
axes are arbitrary. This 2-D projection best illustrates the i-dimensional cluster 
structure of the data from which Tholen derived his asteroid taxonomy. 
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but are analogous to cartographic grid labels. The olivine-rich A-type asteroids are 

a very distinct group in both systems. The C-type asteroids are a diverse group in 

both systems. The G-type asteroids are a well-defined subgroup in the SOM at j5. as 

well as in the PCA. The F-type asteroids are also separated from the C-type objects. 

but less tightly clustered. In the SOM there are some divisions between the F-type 

asteroids. The B-type asteroids are only partly separated from the C-type asteroids 

in spectral appearance (note objects at g4 and gl), but are higher in albedo. The 

D-type asteroids in the upper left corner are well separated in both systems. In the 

SOM. t,here is an additional separation of two main belt D-type asteroids in PEs dl-! 

and d15. The T-type asteroids seem transitional between the D- and S-type objects 

in the PCA. In the SOM. they are more closely related to the S types. and are not 

strongly separated. Asteroid .570 Kythera at n14. is ''''eakly separated from the other 

T-type objects. The S-type asteroids are also a very diverse group in both systf'ms. 

although not divided by large distances as are the F types. There are some fences 

separating S objects such as at PEs k.5 and 12. Asteroid 11·5 Thyra, at k5. is also 

unusual in the 6.5-color classification. The isolated object at 12 is the near-Earth 

asteroid 1627 Ivar. The group of S objects near the A asteroids includes many of 

the objects designated So in the .52-color classification. The X-type asteroids (the E, 

M, and P types) seem to show more diversity in the SOM than in the PCA. These 

objects are well separatecl from the S-type and D-type asteroids, but are not well 

separated from the C-type asteroids. The distinction between C-type and P-type 

asteroids is somewhat arbitrary, since it is based on the span of colors among the 

M-type objects. The SOM shows some indication that there is a division among 
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X-type objects. one group in the upper right. and another in the lower left. This 

separation will be considered further in Section 2.6.2. 

2.6.2 The 65-Color Classification 

When we add more spectral information. we expect that the cluster structure 

might be different. However. as Burbine (1991) found when performing a PCA on 

the combined 8-color and ;,)2-color survey data, the Tholen classes still seem to clo 

a reasonable job. Figure 2,4 shows the SOM for the 65-color spectra. again with 

lines indicating the fence heights. and grid labels for ease of discussion. (A version 

of this figure in color can be found in Howell. Merenyi and Lebofsky (1994).) For 

any PE. there are fences horizontally, vertically, and diagonally between adjoining 

PEs. the heights of which are not necessarily related. For example, the So asteroid 

:354 Eleonora. at 11:3, is well separated from the PEs in all directions except diagonally 

to the lower left to k12 and j12. This asteroid is not strongly separated from the 

other So objects. 

The groupings are similar to the 8-color clusters with the additional spectral 

information being clearly most diagnostic for the S-type asteroids since the olivine 

and pyroxene bands are providing new compositional information. The diversity in 

the C-type asteroids and related G, B, and F types has decreased, while the diversity 

of the S types has increased when going from 8-color to 65-color spectra. This change 

is certainly due in part to the small number of samples of these asteroid types. The 

E-. I'v[-, and P-type objects still show some groupings among themselves, but it is 

not clearly related to the patterns seen in the 8-color classification. Especially in t.he 



15 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

150 T If T 
T 

1 

's;;;:";;lo • - 'S'''-o ... ~ ~o, ~ ... _._., T·_···· __ · ~.-..... 

-- ,-1'--0- .... - '0-'-'· ''--'If' --.... - ~-·-··::;"'~o~---IR'-... --1 

.... - .. - -- ._--. ··i'f·_· ..... So "50'-' ·Sci"·····so-· .... ~p ...... ·p .... -· .... Cx· .. · 
So 

._. --"15 . '!r"- "-- "So'-' .. SO"-·*----~-"" .... ·--.. . p ......... .. ex .... · ............. . s \s Cx Cx 
.. _·-1- - ·S·-· .. s .. _· .... __ ... _. . ,::; y"'-'" ......... _. ··ex·"· ·cx·" 

._---r .. _ .. -- .. s .. _· 'S-- .. s .. _- .. S".-... -- 'S'--" ..... -.... "E'''-'' ex· .. · ·ex .... 
E Cx 

'Sp Sp 'Ssp "S- -g--" ...- s--· ev' B+F m 
s p 8+F 8+F 

.. _.- SP-::;p ·SP"·Sp_·"- . \.vtl [Bev 
5p 

"sp .- - ~"- 'Sp Sp- -Sp"· '!{-- .. ---- IV' 

-1---1--· .- "Sp - ~ .. - Sp' 'Sp'- --.-.. l{- ...... JCv .... · 
sp sp Cv Cv 

- -.- - "'SP - 'sp- r-- 'Sp--" ----. -r-'''-'. ·Cvp·--

"sp' - ---_.-.... -_.- 'c:;;p' ... _. 'y--" 
CvP 
E 1M ... - --=-- 'E--_ ... 

P 

abc d e f gh i j kIm n 0 
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so than in Figure 2.3(a), due to the higher dimensionality of the data. The degree 
of separation in the 6.S-color space is denoted by lines or fences. where heavier lines 
represent higher fences. Analysis of the clusters is discussed extensively in the text. 
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bottom right part of the map, the Cv objects are not well separated from the P-type 

objects, the multiple labels indicating contributions from both class types. 

Sub-Classes of S Asteroids 

From examination of the 65-color SOM (Figure 2.4), some internal groupings 

were apparent among the S-class asteroids. The same groupings were present. when 

the neural network was trained on the S-type asteroids alone. 'vVe introduce two 

subgroups among the S-type asteroids. The So type. which are olivine-rich and 

reddest, and the Sp type, which are olivine-poor and least red. The remaining S 

types are intermediate in olivine content and continuum slope. In the SOM for the 

6:3-color asteroids, the olivine-rich A-type asteroids resemble the So-type asteroids 

more closely than any other type, although a high fence surrounds t.he A class. 

This association confirms that spectral similarity is correlated with composition 

in this case. It is important to note that these subdivisions do not necessarily 

repre:;ent natural divisions among the former S-class asteroids. That is, a. continuum 

of compositions exists from So to S and from S to Sp. In our experiments. no 

misclassification ever occurred between So and Sp. With the divis'ion we report. 

no misclassification occurred between So and S or Sand Sp. However, moving 

these boundaries either toward or away from the extrema in the continuum slope

olivine space might produce equally clean subgroups. There are Imv fences separating 

some Sp objects, especially near h-j, 2-6. Given the small number of spectra. 

any groupings which appear well separated could instead be an artifact of this 

particular set of examples. The important point is the So and Sp subclasses define 

the ends of a broad continuum of the former S-class asteroids for future studies 
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of compositionally different objects which may lead to finer divisions with clearer 

evolutionary interpretations. 

The ordering of the S-type asteroids on the 6.5-color SOM indicates a trend in 

spectral shape. but is not useful in itself if we cannot interpret it. Visual inspection of 

the spectra indicates that the spectral slope was a major factor in the grouping among 

the S-class asteroids. Figure :2..5 ( a) shows the V -.J versus .J - K colors for these S-type 

asteroids. where the effective wavelengths are 0.·55. 1.25. and :2.2 Ilm for V .. J. and K 

filters. respectively (see Figure 1.8). The redness of the spectrum was clearly a factor 

in determining the cluster structure. but did not explain everything. Figure 2.;'j(a) 

indicates that the V - K color is diagnostic for these asteroids. Previously. Chapman 

suggested subdividing the S asteroids on the basis of U - Band B-V colors. (Central 

wavelengths for U and B filters are 0.365 and 0.44 flm, respectively.) However, there is 

no correlation between the UBV and V.JK colors for the S asteroids, so our groupings 

are not the same as Chapman's groups. 

Barucci et al. (1987) subdivided the S-class asteroids based on spectral shape 

differences in the 8-color spectra. They designate their classes SO-53, with most 

of the objects falling in the primary or SO class. This group includes the K-class 

objects. Three of our So objects are classed as S2 in the Barucci system. These 

objects have a steeper slope in the UV region than the main SO group, but are 

otherwise indistinguishable. Asteroid 115 Thyra. at 17, is the only example of the 51 

group in the 6.5-color data. We classify this object as Sp. but it has an unusual blue 

spectral slope between 1.5 and 2 .. 5 flm. Barucci's S1 asteroids are characterized by 

the lowest overall spectral slope, but the slope from 0.3 to 1.1 {lm may not be a good 

general predictor of slope between 1 and 2.5 {lm. We did not have any examples of 
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objects classified by Barucci as sa. To test the hypothesis that the ordering of the 

S-type asteroids was related to compositional differences, we followed the method 

of Gaffey et al. (199:3). They parameterize the 1- and 2-flm absorption bands in 

a way that is sensitive to the olivine/pyroxene ratio and pyroxene composition in 

laboratory samples and meteorites. Using the asteroid spectra, we calculated the 

I-flm band center wavelength, and 2-llm band to I-pm band area ratio for thes(-' 

asteroids. The continuum was estimated by generating a con\'ex hull over the 0./

to 2.5-pm region of the 65-color spectrum. The band area was then calculated 

numerically using the 65-color data values, without additional smoothing. Compared 

to the methods employed by Gaffey et al., these calculations are somewhat crude. but 

fall within the calculated errors of their values for the same asteroids. Figure :2.:5( b) 

shows this compositional space for the So. S, and Sp asteroids excluding those for 

\vhich the calculated errors were larger than the sizes of the different regions that 

Gaffey et al. outlined. The error bar on Figure 2.5( b) in the band area ratio is a 

median error. This error is determined from the observational error for each point. 

and the estimated error from the continuum determination, but does not include 

a contribution from any wavelength uncertainty. The error in the continuum fit is 

based on formal propagation of the error in the line fit from two points, each of 

which is a mean of five adjacent data points. However, determining the continuum 

is difficult and based on subjective judgment. especially where the spectral coverage 

is limited. Because the continuum is often not easily determined for observational 

data. band areas may have very large uncertainties due to both noise and limited 

spectral coverage. The So and Sp groups are slightly separated in this space, but 

there is a complete overlap of the S group with both So ane! Sp groups. Figure 2.:j(c) 
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indicates that a combination of the band area ratio and the spectral slope matches 

the groupings formed by the neural network. The olivine-rich asteroids also tend 

to be the ones with very red continuum slope, and the olivine-poor objects tend 

to have less reddish slopes. but there is enough overlap that both parameters are 

necessary to explain the cluster structure. The V - K color is a good predictor of the 

group membership except for the transition region from S to Sp. In this region. the 

primary distinction is the band area ratio, which is a better indicator of pyroxene 

content. Since the olivine spectrum is very steep from O .. j.j to 2 pm. the color alone 

is a sensitive measure of the olivine contribution to the spectrum for these asteroids. 

The color can also be determined observationally with much greater accuracy and 

for much fainter asteroids than the band area ratio. 

Bearing in mind that the errors are large in calculating band area ratio. we 

eliminated the points for which the errors are especially large. that is. great.er than 

1..5 times the median error. For clarity. we also removed those points corresponding 

to spectra for \vhich there seem to be large spectral variations between observations 

made on different nights (connected pairs of points in Figure 2 .. 5( c)). These asteroid::: 

may be unusual in that they are especially inhomogeneous or perhaps lightcurve 

or other systematic errors affect the spectra. The remaining points are shown 

in Figure 2.5( d), and the new median error bar is illustrated in the upper right. 

Note that the y-axis error bar is the calculated 1-0- error. Figure 2.5( d) shows the 

relationships between these three groups more clearly. The Sp asteroid 11·5 Thyra., 

appearing in the lower left, has a blue-sloping continuum from 1 .. 5 to 2 .. 5 pm, which 

may indicate that the band area ratio is underestimated. Harris and Young (198:3) 

report observed lightcurve variahility for II·j Thyra of up to 20%, which might have 
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affected the continuum slope. However, the raw data show no indication of lightcurye 

variations oyer the time of these observations (.J. F. Bell, personal communication. 

HJ92 ). 

Applying the parameterization described above, Gaffey et a!. (199:3) outline seVf'n 

regions based on compositionally distinct meteorite samples. Figure 2.6( a) shows the 

separation of these groups: however, we have combined groups I and II. as well as 

VI and VII due to the small number of objects. vVe tried training the network to 

learn the Gaffey et a!. groups, but did not achie\'e a high learning rate, Figure 2.6( b) 

shows that. upon combining the band area ratio with the spectral slope. the Gaffey 

et a!. groups no longer separate weI!. 

C. R.. Chapman (personal communication. 1992) used an admittedly subjective 

evaluation of the pyroxene and olivine absorption band strength in his asteroid 

classification. Figure 2.7 shows that the So and Sp asteroids are more likely to 

have strong olivine and pyroxene designations, respectively. than S or K asteroids. 

For those objects with Chapman's "p" designation, one can rule out So as a probable 

class. Likewise. for those objects designated by Chapman as "0", Sp is an unlikely 

class. However, asteroids remaining in the S subclass occur with and without these 

designa.tions. It is encouraging that the neural network results agree with those 

obtained by careful inspection of individual spectra. In cases where the data involved 

are simply too extensive for manual treatment, ANNs are a good alternative. Near

infra.red spectra of these objects would determine their subclass membership. 

To investigate further implications for the So, S, and Sp asteroid classes. we 

examine the orbital characteristics of these objects. The semimajor axis is plotted 

against albedo for these objects in Figure 2.8. The albedos are taken from 
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Figure 2.6: a) As in Figure 2.5(b), Gaffey et al.'s (199:3) groupings of S-class asteroids 
are based on the chemical composition of meteorites and laboratory samples. For 
clarity, we have combined their groups I and II, and groups VI and VII due to the 
small number of objects. Asteroids for which our calculated errors are larger than 
the region occupied by its group have been omitted. b) The groups defined by Gaffey 
et al., as in Figure 2.6(a)' but with the same axes as Figure 2.5(c) are shown. These 
compositional groups do not separate well using this parameterization, although the 
So asteroids include most of the Gaffey et al. groups I and II, and the Sp asteroids 
include the Gaffey et al. groups V, VI, and VII. 
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Figure 2.7: Our modified S asteroid subgroups are compared with Chapman's 
classification. Within the Tholen S class. Chapman assigned a letter "p" to those 
objects with strong pyroxene absorption bands, and "0" to thosf> objects with a strong 
olivine absorption band. Our So objects are most likely to have "0" designation. and 
least likely to ha\'e "p" (no examples). The Sp objects on the other hand are most 
likely to have "p" designations. and least likely to have "0." However, our S group 
has examples of both, as does the K class, although we have only three members of 
the K class . 

. J. C. Graclie and E. F. Tedesco (unpublished data, 1988) when available. otherwise 

!RAS albedos are used (Tedesco 1989). The former are determined from ground based 

radiometry at 10 and 20 11m, combined with visible observations. There seems to 

be no albedo trend within or between the So, S, and Sp groups. Likewise, there 

is no clear trend with heliocentric distance, although as found by other workers 
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Figure :2.8: We plot asteroid semimajor axes and albedos determined by J. C. Gradie 
and E. F. Tedesco (unpublished data, 1988) when available, otherwise determined 
by IRAS (Tedesco 1989). The So asteroids are concentrated in the inner belt (see 
text). One of the two outer belt So asteroids is an Eos family member (a=:3.0 AU). 
and may be unusual for that reason. The Sand Sp asteroids show no correlation 
with the semimajor axis. No clear relationship with albedo is evident. 

(e.g. Chapman 1987, Bell et al. 1988), there is a tendency for So objects, that 

is, the olivine-rich reddest objects, to be in the inner asteroid belt. The greater 

abundance of the reddest S-class asteroids in the inner belt may be due to the 

tendency to observe closer objects at higher phase angles. and thus the continuum 

slope would systematically appear more red. The spectral reflectance of a material 

observed at two different phase angles will appear redder at larger phase angles, 
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Figure 2.9: The phase function depends on wavelength, and therefore can intwduce 
a slope to the spectrum. The 65-color spectra are not corrected for observational 
phase explicitly, so we look for a correlation between spectral slope and observational 
phase angle. The So, S, and Sp groups show similar ranges of observed phase angles. 
with no tendency for the reddest objects to be those observed at highest phase angle. 
We conclude that in this wavelength range the phase reddening is a small effect. 

since the scattering losses increase as' ,{4' With increasing phase angle, more blue 

light is lost relative to red, producing a spectral slope. Since none of these data has 

been corrected for phase reddening, we checked the observational circumstances for 

possible phase effects. Figure 2.9 shows that there was no difference in the range of 

observed phase angle for the So, S, and Sp groups. There is no correlation between 

the redness of the observed continuum slope and high observational phase angle. 
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We conclude that for these data. this effect is small. These groupings showed no 

clear correlation with any other physical parameters such as phase coefficient. object 

diameter. or other orbital characteristics. 

The X (E, M, and P) Class 

Unfortunately. the other Tholen classes had few representatives in the ,5:2-color 

survey, The X types (the E. 1\-1. and P types). seem to show some separation e\'en 

in the absence of albedo information in both the 65-color SOM and the 8-colO1'. 

However, the groupings seen in the 8-color SOM are different from those seen in the 

6;j-color SOM, There are not enough of these objects to be certain of the meaning 

of these separations. The main difference seems to be in the spectral slope. but the 

compositional interpretation of this is unclear. M-type asteroids were thought to 

be composed of Fe-Ni metal, which produces a red spectral slope, But for at least 

some M-type objects. there is water of hydration present in the surface minerals. 

inconsistent. with this composition (Jones et al. 1990, Rivkin et al. 199,5), The 

additional spectral coverage in the near-infrared certainly indicates there is great 

diversity among these objects in the continuum slope, but whether this is entirely a 

compositional difference is not clear. Other possible causes of continuum reddening 

that have been proposed are phase effects, particle size effects, or regolith weathering 

(Britt 1991). Additional observations are needed to further understand this group 

of asteroids and investigate the diversity of the groups. 

The C, G, B, and F Classes 

The additional near-infrared spectral data for the C class and related G. B. and F 

classes are difficult to interpret, The clear distinctions seen in the 8-color clustering 
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were mainly due to the strength and placement of the LTV Fe-O charge-transfer 

absorption band. Feierberg et a1. (198.5) have shown that the UV Fe-O band strength 

is positively correlated with the water of hydration in surface minerals. Based only on 

hydration state, some rearrangement of the C and G classes may be indicated. ~early 

all G-type asteroids observed to date show a water of hydration band. About half of 

the C-type asteroids sampled are also hydrated. Not enough B-type or F -type objects 

have been sampled to draw firm conclusions about these objects. The continuum 

slope from 1 to 2.5 Itm mayor may not be due to an additional compositional 

component. but if so. it indicates a still different grouping. vVe present the :\:\'":\' 

grouping of the C-type objects which is primarily based on the continuum slope 

curvature from 1 to 2 .. 5 Itm. The slope of C\' objects is concave downward (reflectance 

weakly increasing or decreasing with wavelength). while the Cx objects are convex 

downward (reflectance strongly increasing with wavelength). Though only a fe\\' of 

these objects have been observed at :3 Jlm, hydrated objects occur in both the Cv and 

ex groups. Given the success of the G-type asteroid grouping as indicating surface 

hydration, we do not propose this system as a replacement of the Tholen taxonomy. 

Instead, it is simply a grouping based on a different parameter, perhaps a different 

compositional element. Until this element can be positively identified, interpretation 

of this grouping is not possible. Additional observations are required to investigate 

this problem further. 

There are not enough B- and F-type asteroids in this sample to determine the 

relationship of these classes to the other classes. In the 8-color classificat.ion, the B 

and F classes separate fairly well from the C and G classes, even though the division 

between Band C asteroids is based on albedo. However, in the 6.5-color classification. 
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the small number of samples makes this separation less clear. vVe therefore combine 

these objects in a new class. designated B+F, a combination of the Tholen Band 

F classes. This label should not be confused with Tholen's not.ation which would 

indicate BF for an object most likely B, but possibly F. Asteroid :2 Pallas has an 

unusual spectrum. and was labeled B class in the training. Further investigation of 

these asteroids is a promising area of future research. 

2.7 Discussion of ANN Classification 

2.7.1 Consistency Tests 

A classification system can be considered self-consistent if it can correctly predict 

the class membership of test patterns based on the information contained within 

it. A test pattern is a pattern whose label is known but was not included in the 

training set. The modified classification for the 6.5-color data is self-consistent. that 

is. the ANN produces a 98 .. 5% correct learning rate for these class memberships. 

By '·correct." we mean that the neural network correctly reproduces the label it was 

taught for 98.5% of the spectra in the training set. The ANN has a 90% average 

prediction rate for unknown patterns, that is, patterns omitted from the training 

set. The prediction capabilities of the network were tested by "jackknifing." This 

procedure is common when the number of patterns is too small to partition them 

into a reliable training material and a representative test set. Instead. a smaller 

than desirable number is set aside for testing. After the network is trained with the 

complementary data that are still believed to be representative, its predictions for 

the test set are recorded. This process is repeated with several different test sets 

until enough patterns participated in one or more tests to draw conclusions. In our 
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case, the 6.5-color data set had only 117 spect.ra in our 1·5 modified classes which are 

rather unevenly represented. The three single object classes (B. R, and V) WE're 

not put to test. However, these asteroid spectra participated in the network training 

so that any test spectrum could be predicted as one of these types. vVe randomly 

selected two objects from each of the So, S, and Sp classes and one object from 

each of the other classes. thus having 16 test cases and 101 training samples in one 

jackknife. \Ve repeated this six times. with different random selections. Altoget.lw!". 

68 spectra participated in at least one test set. Among the So. S. and Sp classes. 26 

were tested. Nlisclassifications among E. ~I, and P types were not counted. although 

we kept these separate class designations. The results are summarized in Table 2.2. 

Trained with our modified class labels. the network achieves a 98% learning success 

rate. The network has a 90% average prediction rate for patterns omitted in the 

jackknife tests. For comparison. we ran the same experiment with exactly the same 

test set selections, for the original Tholen class designations. As shown in Table 2.2. 

the learning and prediction success rates were 97.:3% and 71 %. respectively. Because 

of the small number of patterns, the resolution of the prediction rate is 6% (i.e .. 

if one. two or three patterns are misclassified, the prediction rate is 94%, 88% and 

82%, respectively). The resolution of the training success rate is 1%. Our results 

indicate that we achieved a cleaner class structure for the 6.5-color spectra than the 

initially assumed class memberships. The network is utilizing the additional spectral 

information effectively. 
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Table 2.2: A0JN 65-Color Asteroid Classification 

ANN Taxonomy Tholen Taxonomy 

Jackknife Learning Prediction Learning Prediction 
Number Rate % Rate % Rate % Rate % 

1 98 88 99 T6 
2 99 88 98 T6 
:3 99 94 96 TO 
-! 99 88 97 6-!-
·5 98 88 96 TO 
6 98 94 98 TO 

Average 98 .. 5 90 97.:3 71 

Summary of learning and prediction results from neural network classification. The 
top row contains success rates in our modified taxonomy. for the 6:3-color asteroid 
spectra. For each jackknife test 1-6. the left column contains the percentage of 
correctly learned class labels. the right column shows the percentage of correct.ly 
classified unknown spectra. The bottom row compares the corresponding success 
rates when using Tholen's class designations for the same data. While the learning 
rates are comparable, the network is better able to generalize the information to 
classify unknowns using our modified taxonomy. Thus our modified classification is 
more internally consistent. 

2.7.2 The Spectra 

Our modified classes for the asteroids with 65-color spectra are listed in Table 2.:3. 

The general taxonomic differences in spectral shape are evident from HowelL Merenyi 

and Lebofsky (1994), Figure 11. This figure compares the 6.5-color spectra grouped 

both according to the ANN classification and by Tholen's classification. The objects 

Bell et al. (1988) designated as K, are separated from Tholen's S class. and 422 

Berolina is classed as EM, rather than its original DX Tholen class, since it has a. 

high albedo (.J. C. Gradie and E. F. Tedesco. unpublished data, 1988). Table 2.-!-

lists those objects for which our class determination differs from the Tholen class 
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Table 2.3. A~~ :bt.eroid Classification 

~ulllber Ast.eroid Class ~ulllber Asteroid Class ~umber Asteroid Class 

Ceres CvB 6T Asia Sp 336 Lacadiem 0 
:! Pallas BCv 68 Leto 5 346 Hermeutaria S 

:l Juno Sp 69 Hesperia ~I 349 Dl'llIbowska R 
4 V(·st.a V T6 Freia P 352 Gisda SSp 
!i Astraca Sp 80 Sappho So 354 Eleonora So 
(j Hebe Sp 82 Alkmene Sp 356 Liguria C:v 

T Iris 5 86 Semele CvP :l64 Isara So 
!) ~lelis S S9 .Julia S 368 Haidca 0 

10 Hygiea B+F 92 Uudina :VI 3T6 Gl)Otllet.ria So 
11 Parthenope S !lll Ae!ile T 3T!) Hlleuna B+F 
12 Victoria So 101 Helena Sp :l8!i Ihllalar Sp 
l:l Egeria Cv 103 Hera SSp :lST Aqllilania Sp 
Ui Ellnomia S 106 Oionl' Cv 3S!) Induslria Sp 
16 Psyche :VI 113 Amalthea 50 422 Beroliua E:Vl 
18 :Vlelponll~lIe S.SoT 114 Kass<lndra T 431 :"lephdc B+F 
H) Fortuna Cx 115 Thyra 5p 446 Aeleruilas :\ 
20 ~[<lSsalia Sp IlCi Sirona 5p 4i(j Hedwif,\ P 
21 Lutel.ia~ :VI 130 Elektra ex !ill Davida C'x 
22 Kalliope :VI 135 Hert.ha ~I.T 521 Brixia l'vP 
25 Phocaea 50 138 Tolosa S 532 Herculina S 
2(j Proserpina Sp 145 Adeona C'vP 5li4 Pcra~a. Cv 
2T Euterpe 5 152 Atala O(S) liS4 Semiramis So 
29 Amphitrite Sp 153 Hilda P (j39 Latona So 
31 Euphrosyne Cx 218 Bianca SpS 653 Berenike K 
:l2 Pomona Sp 221 Eost K 661 Cloclia K 
33 Polyhymnia Sp 2:33 Asterope T 6T4 Rachcle Sp 
3T Fides S 2;jlj Cilrolin<l 5 T02 Alauda ex 
:39 Laetit.ia S 241 l~crlJ1i\,uiu. Cx T04 Interallmia B+F 
40 Harmonia Sp 246 Asporina A T14 Ulula 5 
·12 Isis So 25S Tyche Sp.SSp T62 Pulcova B+F 
43 Ariadne Sp.S 264 Libussa Sp iT2 TaneLC Cx 
44 ~ysa E 2(iT Tirza D iT3 Irmintraud D 
4(j Hest.ia P 2TO Anahita S S49 Am :VI 
liT :VInemosync Sp 289 ~encLLa A 863 Bcnkocla :\ 
5l) Elpis Cx 308 Polyxo TSo 9S0 Anllcostia T 
6:l Ausonia 50 31i Roxarw! E 103G GllnYlIled Sp 
G4 Angelina E 324 Bamberga ex 162T !var S 
(ili C'ybele P 

"Asteroid 21 Lutetia classified as :VICv; however. its albedo excludes the Cv class. 
t Asteroid 221 Eos classified ilS Kev P; however. its albedo excludes both Cv and P classes. 
! ASl.l'roid 31 i Roxane cl,lSsified ,IS ECv; however, its albedo excludes tlte Cv dass. 

Table 2.:3: Classification determined by the neural network using the 65-color spectra 
are presented. In cases where two or more classes contributed at least :30% in at least 
one third of the jackknife tests, multiple class labels are shown. In most cases, one 
class was clearly dominant. Labels are listed in decreasing order of contribution. In 
cases where two different spectra for the same object classified differently, the classes 
are separated by a comma. 
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Asteroid Classification Differences 

Asteroid Tholen ANN ANN Notes 
Class 8-Color Class 65-Color Class 

2 Pallas B B BCv 1 
10 Hygiea C C B+F 2 
18 Melpomene S S SoT,S :3 
21 Lutetia iVI M M -1 

1:35 Hertha M M M,T 5 
152 Atala D(S) D D 6 
221 Eos S S K 7 
258 Tyche S S Sp,SSp 8 
261 Prymno B C 
:308 Polyxo T T TSo 9 
:317 Roxane E F E 10 
:379 Huenna B C B+F 
-122 Berolina DX EM 11 
.5.5-1 Peraga. Fe F Cv 12 
6:,):3 Berenike S S K 1:3 
661 Cloelia S S K 1:3 
980 Anacostia SU T T 1-1 

2:379 Heiskanen C B 
2407 Haug C X 

Table 2.4: Classifications of objects which differ from their original Tholen clasR, 
unusual objects and special cases. In cases where no class is reported, the object 
did not have the appropriate observations to include it in that classification. For 
example, some objects that were not observed in the 8-color survey did have UBv' 
colors, and so were included in the 65-color classification. See notes on individual 
objects. 

either in the 8-color classification, the 6.5-color classification, or both. Special cases 

or unusual objects are also listed with explanatory notes. For those objects that did 

not show a clear class affinity, Tholen listed other possibilities in order of preference. 

For example, CP is most likely C, but possibly P. Our 8-co1Ol' classification showed 

all of the CP objects in the 65-color data are more closely related to other C-class 

asteroids than to the P class, so we list them as C class. The network determines 
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:"Iotes t.o Table 2.4 

(1) 2 Pallas has a unique spectrum that is well separated from the ot.her B ast.eroids. and may 
desem~ a separate das~. It was trained as the only B asteroid. but classified as having significant 
contriburion from t,he ('\. class. 

(2) 10 Hygiea classifes as B+F. althought there is a contribution from the ex class. The albt'do 
is 0.U79 ± U.OU5. measured by both IRAS and .1. C'. Gradie and E. F. Tedesco (unpublished data. 
1988). which is consistent with the B class. 

(:3) 18 ~[dpomene was observed to have significantly different spectra on two separat.e days of 
observation. This object appears to be inhomogeneous. 

(-I) 21 Lutetia shows an affinity to t,he Cv class. but it has an IRAS albedo of 0.21. which clearly 
excllHles this possibility. It has an unusually flat spectrum for an ,\1 class asteroid. 

(;)) 1:35 Herr.ha is classed as :\1 by Tholen. One spectrum classifies as T. but it is noisy. Another 
spectrum from another date is consistent with the ~I cia.,s. The IRAS albedo. 0.1:3. is more consist'~nt 
with t.he \1 dass. but not. far from the T class albedo range of O.Oii-U.IO. 

((j) 1:)2 Atala ha-; been reclassified as 5 based on observations by Vilas and Smith (198ii). The 
spectrum shown lwre classifies as 0 in both our 8-color and (iii-color systems. as well as in Tholf'n's 
original t,axonomy. Tholen postulates that the spectrum was contaminated by a red st.ar during the 
8-color survey observations. This object was not omitted from the analysis. since it illust.rates a case 
where training the network with an inconsistent label did not affect its ability to correctly classify 
t,he spectral shape. Although this object was labeled S. the net,work repeatedly classified it as D 
based on spectral appearance. Additional observations of this ohject at visible and near-infrared 
wavelengths would be valuable. 

(7) 221 Eos shows an affinity to the Cv and P types in tlw 6ii-color classification. bllt its IRAS 
albp.do of U.l:l is not, consistent with these classes. Its family membp.rship is consist.ent with a l\ 
classi ficatioll. 

($) 258 Tyche was observed on two separate occaisons. One of these spect.ra classified as S. the othp.r 
as Sp. This objf'ct seems t.o be inhomogeneous. 

(9) :308 Polyxo ha~ an unusual spectrum for the T class. and it ha~ a contribution from the So class 
based on the st,eep slope from 0.0 to l.ii jlm. However it does not have pyroxene or olivine absorpt,ioll 
bands. This asteroid was noted as anomalous by Tholen as well. 

(10) :317 Roxane has a fairly flat spectrum. and shows a contribution from the Cv class. However. 
its IRAS albedo of O.iiO clearly identifies this object as an E-type asteroid. 

(11) -122 Berolina is classed as OX but does not show any affinity to the D asteroids .. J. C. Gradie 
and E. F. Tedesco (unpublished data. 1988) find a high albedo (0.;) ± U.2). which narrows t,hp. 
possibilities to E or :\-l. This object does not have an 8-color spectrum. but does have UBV colors. 
This object is included with the E asteroids in Figure 11. but it is still possibly an M. given the 
uncertainty in albedo. 

(12) ;)ii-l Peraga is classified as Cv in the (50-color system. but still shows some affinity to the B+F 
class. Its IRAS albedo. O.Uii. is consistent with either F or Cv classes. but not the B class. 

( 1:3) Both (iii3 Berenike and (561 Cloelia classify as l\ using the 6ii-color spectrum. Both belong to 
the Eos family. which strengthens the l\ classification. even though the spectra are quite noisy. 

(14) 98U Anacostia is classified a~ SU by Tholen. indicating an unusual spectrum. It is most similar 
to the T class but has a small contribution by the So class. Burbine et al. (1992) suggest that t,he 
spectrum of this object resembles spinel. 
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weighted multiple class associations. For those objects that showed at least :30% 

contribution by at least one other class in at least two of the six jackknife tests. 

we list the additional class designation. In some cases. the albedo narrows the 

class membership possibilities (see Table 2.4 notes). We define the B+F class as 

a combination of Tholen's Band F classes, with the exception of 2 Pallas, which 

was trained as B. The remaining Band F asteroids are not distinguishable in ollr 

65-color classification due to the small number of samples. In the jackknife testing. 

2 Pallas showed a similarity to the Cv class. so its ANN classification is Bev. The 

spectrum of 1 Ceres is also unusual, and it showed similarity to 2 Pallas. giving it a 

CvB class. Howe\'er, the two objects are different from each other. 

Among 20 objects observed on two or more separate occasions. SIX showed 

significant spectral variation as described earlier. One of these objects. :367 Amicitia. 

was not included clue to lack of visual observations. Two spectra of 4:3 Ariadne. 

86:3 Benkoela. 18 Melpomene. 2.58 Tyche, and 1:35 Hertha were analyzed separately. 

Although noisy. both versions of 863 Benkoela classified as A. OIle spectrum of 

4:3 Ariadne classified as Sp while the other classified as S, but very near the boundary 

between Sand Sp. One spectrum of 18 Melpomene classified as SoT, the other 

as S. OIle 258 Tyche spectrum classified as Sp, the other as SSp. In the case of 

13.5 Hertha. one of the spectra classified as lVI, but the other classified as T, although 

it is somewhat noisy. If these variations are due to compositional variation on the 

asteroid, then the implication is that asteroid inhomogeneities occur at a level that 

is easily cletectable at near-infrared wavelengths. However. these variations may 

also result from systematic errors. Rotationally resolved spectra of these objects are 

needed to settle this important issue, since the funclamental meaning of a taxonomic 
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class is quite different if objects routinely show different classes on different faces. 

Spectra.! variation on individual asteroids is considered in more detail in Chapter 0. 

2.8 Summary and Conclusions 

'We classified combined 8- and 52-color asteroid reflectance spectra with a 

Kohonen-type artificial neural network. Although the method is very different from 

that used by Tholen to determine his now widely used taxonomic system. our results 

are generally consistent with Tholen's taxonomy when based on a similar data set. 

We extend the spectral range of the data to include the near-infrared spectra. and 

introduce our classification. augmenting the Tholen taxonomy: some classes are 

rearranged, and certain objects are assigned class labels different from Tholen ·s. 

Two compositionally meaningful subclasses are defined \vithin the S asteroids. \OVe 

define So as olivine-rich, red asteroids, and Sp as olivine-poor. less red objects. This 

classification is self-consistent to a high degree. i.e .. the neural network trained with 

our modified class labels produces 98% learning success, and a 90% average prediction 

rate for unseen patterns. 

We find some evidence to suggest the C class and related G, B. and F classes show 

different clusterings with the extended spectral coverage. One such rearrangement 

is presented, although the compositional interpretation is not clear. The number 

of samples of these objects is small, and more observations are required to clarify 

these groupings. Similarly. the X asteroids, that is, the E, NI, and P classes, exhibit 

clusters within the group that are not related to albedo, but the number of objects 

is currently too small to interpret the meaning of these groups. 
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2.9 Future Applications 

The primary strengths of this technique are its flexibility, noise tolerance, and 

ability to handle large, high-dimensional data sets quickly, Previous attempts to 

classify these data by PCA techniques, which had been so successful with 8-color 

data, suffered from problems with observational noise, and were limited to only 

a fraction of the available .52-color data (Burbine 1991). Many spectral analysis 

techniques which are well suited to laborotory quality data are not suited to the 

limitations of telescopic data for many faint astroicls (Gaffey et al. 199:3. Sunshine 

and Pieters 199:3). However. the ANN ignores noise more easily than many other 

techniques. 

Although many applications of ANNs demonstrate their ability to handle high

dimensional data, this is not a particularly good example. The 6.5-color spectral 

points are highly correlated in wavelength, and the intrinisic dimensional space 

probably does not greatly exceed that which can be handled by simpler techniques. 

However, this is a good test case to compare the technique with an accepted method 

and achieve a similar result. This application gives us confidence that the method 

can effectively deal with more complex data sets and extract patterns which have 

meaningful interpretations. The true power of the ANN analysis technique will 

come with future applications to asteroid databases which combine many different 

types of observations and constraints, too extensive and complex to handle using 

conventional methods. The tools which we develop to extract and analyze the 

SOM in this application will then be invaluable when individual evaluation becomes 

impossible. The ANN is far from an automated method, and requires careful scrutiny 
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in order to extract compositional meaningful information. However. this kind of 

technique will become more and more important as data sets become large and 

diverse. This technique also has the capability to determine which input parameters 

are most discriminating to determine the classification. This information could be 

very important to guide future observations. The primary value of this work is not 

the classification system itself, but the process of determining it. and the promise 

that this technique shows for expanded data sets in the future. 



CHAPTER 3 

COMPOSITION OF DISTANT ASTEROIDS 

3.1 Evidence for Volatile-Rich Composition 

82 

Solar system bodies generally become more volatile rich at increasing heliocentric 

distances. As discussed in Section 1.:3, the distribution of taxonomic types changes 

systematically with distance. This trend has been interpreted as the remnant of 

a compositional gradient in the solar nebula. Subsequent thermal and collisional 

processes have acted to complicate the picture, but we expect that outer belt objects 

are more volatile-rich than inner belt asteroids. Figure 1..j, after Bell et al. (1989), 

shows the regions occupied by the so-called superclasses. where inner belt objects are 

mostly "igneous' (i.e., differentiated). and outer belt asteroids are mostly "primitive" 

(unheated). In bet.ween, some metamorphism has occurred, mostly in the form of 

partial differentiation, aqueous alteration. or both. 

The dist.ant asteroids are dominated in numbers by the asteroids at the stability 

points of Jupiter's orbit, the .Jupiter Trojans. These objects orbit the sun at the same 

distance as Jupiter (5.2 AU), and are either 60° ahead or behind .Jupiter in orbital 

longitude (see Figure 1.2). These groups are referred to as the leading a.nd trailing 

Trojan clouds, respectively. They undergo slow (few hundred years) libra.tion a.bout 

this stability point. The Trojan clouds are dynamically isolated from the main belt 

and from each other. The dynamics of these objects are discussed by Shoemaker 

et al. (1989) and references therein. Some previously measured physical properties. 
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mostly lightcurve periods, amplitudes, and visible spectra, are reported and reviewed 

by French et al. (1989). Additional observations have been reported more recently by 

Binzel and Sauter (1992). Nearly all the Jupiter Trojans belong to taxonomic classes 

D and p, which are characterized by low albedos and featureless red-sloped spectra 

compared to the sun. The composition of these objects is not known. and they have 

no meteorite analogs. Under the assumption that these are primitive objects. the 

red continuum slope has been attrih1lt.ed primarily to complex organic compounds 

(Graelie and Veverka 1980. Vilas and Smith 198.5). A primary aim of this \vork is to 

provide direct observational e\"idence to test this hypothesis. 

Since the larger Jovian satellites have a large water ice inventory. we expect that 

planetesimals formed at this distance also originally contained water ice. Although 

it would not be stable at the surface, water ice could still exist at depth. insulated 

by a crust of organic compounds and possibly silicate grains (Lebofsky 1980). This 

idea is supported by the observation that water ice on many .Jupiter family comets is 

observed to sublime at heliocentric distances of 2-3 AU, but not at larger distances. 

Low-activity comets such as P /Neujmin 1 and P / Arend-Rigaux are dark and reddish 

in color (Hartmann et al. 198i, Campins et al. 198i, Millis et al. 1988) with only 

a small fraction « 10%) of the surface actively outgassing. Some fraction of the 

outer belt asteroids may be comets which are no longer active. Likewise, some of the 

.Jupiter family comets may be former outer belt asteroids which were perturbed into 

higher eccentricity orbits relatively recently. Learning more about the composition 

of these objects will help clarify their origin anel the dynamic evolution in this region 

of the solar system. 

Vilas and Smith (198.5) observed outer belt asteroids primarily of the D and P 
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Vilas D Asteroid Groups I-IV 
Increasing Red Slope with Distance 

~--------------------------------~--------------------------------~ 

I II III IV 

-.5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~_L~ 
2.5 3 3.5 4 4.5 5 5.5 

Group mean semimajor axis (AU) 

Figure :3.1: As described in Vilas and Smith (198.5). four groups of D class asteroids 
are binned by semimajor axis. The error bar indicates the range of semimajor axes of 
the objects within t.he bin. In the case of Group III, there are only two objects whose 
semimajor axes are marked by the X. spanning the range indicated by the dashed 
line. The mean spectral slope in each bin is plotted along with an error bar indicating 
the standard deviation of the sample within the bin. Uncertainties in determining 
the slope from the spectra are much smaller than the sample deviation. I relate 
this t.rend to t.he V -K color seen for these same binned objects for comparison in 
Figure :3.8. 

classes. Jupiter Trojans as well as main belt D class asteroids were included in their 

sample. They found that the visible spectra of more distant objects were redder than 

the spectra of D class asteroids closer to the sun. No absorption features were seen 

in the spectra between 0.4 Itm and 1.0 /lm. They interpret this as a compositional 

trend of increasing redness with heliocentric distance, and attribute it to increasing 

amounts of complex organics on the asteroid surfaces. shown in Figure :3.1. Hartmann 
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et al. (1982) include broadband infrared observat.ions of comets in t.heir analysis of 

the dependence of continuum color on heliocent.ric distance. They observe that most 

comets in their sample are even redder than the Trojan ast.eroids. and conclude 

t.hat this trend continues into the outer solar system. However. observations of 

2060 Chiron. now seen to have cometary activity (Meech and Belton 1989). show 

it is not red. but is neutral compared to the SUllo Asteroid :j1-V) Pholus. at nearly 

the same heliocentric distance as 2060 Chiron, is the reddest object seen in the 

solar system to date (Muller et al. 1992. Fink et al. 1992. BinzeI1992). and fits this 

reddening trend, although it may not be representative of objects that formed at. 

that distance (Tholen and Senay 199:3, Luu and Jewitt 199-1:). Both these distant 

objects have orbits which are chaotic, and could have originally come from either 

closer or farther from the sun than their current orbits. 

3.2 VJHK Photometry of Low-Albedo Asteroids 

The infrared spectrum of low albedo asteroids typically has a continuum of nearly 

constant slope and no absorption feat.ures. Examples of low albedo ast.eroid spectra 

are shown in Figure :3.2. C class objects and the related B. G. and F class asteroids. 

have flat to slightly red sloping spectra in the near-infrared. whereas the spectra 

of P and D class asteroids, common in the outer asteroid belt, are more strongly 

red sloped. None of the low albedo class members observed as part of the 52-color 

survey show any absorption features between 1 and 2 .. 5 pm, so their spectra are well 

characterized by broadband colors. Hartmann et al. (1982) show that the broadband 

colors V, J, H, and K characterize different classes of low albedo objects particularly 
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Examples of Low Albedo Object Spectra 
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Figure :3.2: Representative 6:3-color spectra of several low albedo asteroid classes 
are presented. No absorption features are evident in this spectral range, except for 
the wing of the UV FeO band seen at the blue end of the visible spectrum. The 
continuum in the near-infrared varies from nearly flat in the C class, to strongly red 
for the D class asteroids. The low reflectivity rules out Fe-Ni metal as a significant 
reddening agent. 

well. Many of the outer belt objects, especially the Trojan asteroids, are too faint to 

be observed except by using broadband filters. 

Between November 1989 and April 1992, we observed 3.5 outer belt asteroids 

through .J. H, and K filters with an InSb photometer. Figure 1.8 shows the passbands 

of these filters. Their central wavelengths are 1.2.5, 1.6.5 and 2.20 f.lm, respectively. 

The observations are summarized in Table :3.1. Roughly half of these data were 



Asteroids Obsel'ved in broadband filters VJHK 

Asteroid Type Date UT Time 1'\'lv (T V-J (T J-II (T J-I\ (T 

267 Tirzau D 31 ]\by 1984 0.:1:38 0.001 0.092 0.001 O.18G 0.001 
:l;W Lacadiera D 10 Nov 1990 2.6010 I :LjG:J 0.0 III O.:JIS 0.0:32 0.098 0.0:12 0.192 O.OIS 
:WS lIaidea" D 7 Sep 1985 0.:J:38 0.001 0.117 0.001 0.201 0.001 
5:I(j Ilerodias TDG 0:3 Apr 1990 9.58:10 12.77,1 0.010 0.1!)9 0.0:12 O'(J:l9 0.0·12 0.05;1 0.0,12 
.,)72 Hehekka XDC :31 Dec I !l91 11,4790 I :1.S41 0.025 0.012 0.0:38 0.0:32 0.0:10 O.O:W 0.0·10 
5!)() Scheila PCD to Feh 1991 II.SS:JO 1:1.1 :lO 0.028 0.2·I:J 0.02:3 0.0!J.l 0.0:12 0.181 0.0:3:J 
G2·1 Ilpktor D 0:3 A PI' I !)!)O 7.2280 I-U58 0.007 0.517 0.0:\1 n. lOG 0.0,12 0.2,15 O.O·/(j 
77:3 Irmintralld D 02 Oct IHHO 1:1.7250 1:J.8(i!) 0.010 O.·I:H 0.028 0.1,12 0.0-12 (l.20!) 0.0:J7 
7!)(i Sarita XD 29 Dec 1991 7.'1700 12.(i55 0.005 0.2:W O.O:JO 0.124 0.04·1 0.217 0.012 
88·1 Priallllls D 31 Dec I!H)) 9.70!10 I (usn 0.0:10 0.:18:3 O.O,lfl n.15!) O.O!)·I 0.:HJ8 0.n51 
!)I·I IIidalgo D 10 Nov 1990 5.5!)00 14.(i0·1 0.008 0.·112 0.02!) O. J(j:3 0.0:35 0.:\10 0.0·12 

11·1 :3 OdYSSCIlSb D 17 Apr 1!H)2 S.8!)10 15.!1l G 0.1 (i·1 0.!):J7 0.18:\ 0.207 (l.OIH 0.2!)2 (1.0!)0 
1172 Aneas D 22 A Ilg I !)S8 0.501; 1l.!121 0.175 0.0:3:\ O.2!IS 0.0:32 
1177 Gonllessia XFU :II Dec 1991 (i.}:100 1,1.9:38 0.02,1 0.1 J(j 0.0:38 0.107 O.O·/(i 0.2:3fi D.012 
1208 TroilllS FeU 10 Nov 1990 12.21·10 15.fil ,I 0.012 -0.2·10 O.O:!:~ D.I!)5 0.071 0..t02 0.12:J 
12(i!) Bollalldia" D 07 Feb I!)SI I:t!) H.17 0.02 0.'1(; (I. II!) IJ.2fl 0.10 O.:Hi lUI!) 
1578 I\irkwoodc D 27 Oc!. 1 !ISI 1:3.0 15./:1 0.0:1 O.!'i:~ (1.0·1 O.:H (l.(1 1 (U!) n.o I 
17,IS l'vlal\derli c D :W Sep 1981 G.7 1.5.8·1 0.20 0.(;:3 0.10 0.:32 0.05 0.51 0.0:\ 
17(i5 Wl'I1hel DX 10 Nov 1 !l!l0 SAIOO 1:1.911 0.01:3 0.107 o.o:n O.O(iS 0.0 .. 1:1 0.1:10 (1.050 
IS(i7 Dei phohus D :J I Dec I!J!) I !).2·/(iO I fi.GS·I 0.029 O.fi:JO 0.011 O.:WO O.O-H (1.:\:18 (1.0·1·1 
20(i0 Chiron B l!l Nov I !IS9 10.n lfi.·180 0.022 -0.17(; O.D:t~ -O.O!)O o.on 0.11 10 o.om;; 
~2()7 Allt.cllol' D :3 I Dec I !I!I I 7.7!}~0 I I). 7~K (1.0~!1 0.52:J 0.0·10 11.1 !)(; O.O·Hi O.:J/II (J.O I!) UJ 

-I 



Asteroids Observed in broadband filters VJHK (cant.) 

A~teroid Type DaLe liT Time ]'vlv a V-.J 

222:3 Sarpedoll DlI :31 Dec 19!)] 10.9860 16..186 0.032 0.!)84 
~2'11 Akat.holls D 31 Dec 1991 (i.5710 1 5.8li I 0.0;15 O.:Hili 
2:1.17 Pher('c1o~ D :11 Dec I!J!J 1 11.8810 Hi.! Hi 0.0:30 0.515 
2:W3 C('i>riolles D :II Dec l!lfJ I 10.·14'10 I G.O!Jfi 0.028 0.52!J 
2:175 Hall<·k J) :11 l)ee I !J!J I 12.5:120 1.1. Hili 0.0:1O (U8·1 
~G7·1 Palldal'm; J) :ll Dec.I !)!) I 8.li·I!JO J(iA:J2 0.0:10 O.!)(iO 
289:1 Peiroo~ J) :H Dec HHH 7.1 ()!JO IG.507 0.0;10 0.515 
2895 I\klllnon 10 Nov I !)!JO 10.8!):30 17.075 0.018 O.O!)2 
;l:317 Pari~ 10 Nov 1990 11.28(iO )(i. I (iO 0.0'2:3 (JA I!J 
:3151 Mellt.or 10 Nov I!J!JO !).91:W 15.:310 0.010 0.0·1.1 
51-15 Phollls" Z 22 Feb 1992 :3.5·12 17.10!J 0.0;35 I .;J:~:3 

a) From ECAS and 52-color survey dat.a 
Il) J-H and .J-K from 25 Apr 1991 
c) From Hartmann et al. (1982) 
d) .J IIK phot.omet.ry in collaborat.ion with n. l'vIcLeod 

a J-JI a 

0.1).!·1 0.212 O.OH 
O.O·I!J 0.15·1 O.O.l!) 
(l.0·1·1 0.201 O.O.J7 
0.012 O.I(H 0.0:15 
(l.(112 O.12(i 0.0·12 
O.OHi 0.175 (J.OM 
n.O·17 0.22:1 0.057 
n.027 n.OGI 0.058 
0.018 0.1 G2 (1.0(i2 
0.0:18 O.O!)O OJI(il 
(J.07·1 0.050 0.085 

.J-l\ 

0.:100 
O.:WG 
(U·I·I 
0.:101 
0.:1·10 
0.:1!)8 
0.:W2 
0.280 
n. '28G 
0.201 
0.1 IO 

a 

0.0!):1 
0.0.1'2 
(1.0·J(j 
0.0-17 
(l.()·1 ~ 
0.052 
0.0.18 
(J.08(J 
0.100 
0.072 
O.O(i:1 

lh 
CFJ 
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gathered using the Whipple Observatory's Multiple Mirror Telescope (.\H'ilT). The 

remaining observations were obtained at the NASA Infrared Telescope Facilit.y 

(IRTF). Simultaneous observations were made at visible wavelengths \vith a CCD 

detector. The IRTF has a submicron photometer (operates at visible wavelengths). 

which can be used alternately with the infrared photometer by simply moving a 

mirror into and out of the optical path. Using this instrument, nearly simultaneous 

visible photometry can be obtained. When the MMT was used. we also obtained 

observing time on the nearby Catalina Station 1.·54-m telescope and coordinated 

the observations such that the CCD measurements were made simultaneously with 

the infrared photometry. This technique insures that brightness changes due to the 

changing cross-sectional area of the asteroid as it rotates do not affect the spectral 

slope or broadband colors. The rotation periods of these objects are generally 

not known, but, for example, the amplitude for Trojan asteroid 62-1: Hektor can 

be as high as 1.09 magnitudes (Dunlap and Gehrels 1969). Brown (1985) and 

Hartmann et al. (1988) suggest that many of these objects may be elongated and have 

higher light curve amplitudes than similar sized main belt asteroids, although this 

conclusion has subsequently been challenged (R. Marcialis, private communication). 

Nevertheless, care was taken to avoid possible spectral changes with time by making 

simultaneous observations. Observations were made through each filter at least twice. 

and colors were interpolated with a cubic spline fit to the mid-time of the observation 

set. 
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Figure :3.:3: Asteroids observed in broadband visible and near-infrared colors are 
shown. These colors are corrected such that solar colors are zero. After Hartma.nn 
et al. (1982), the regions occupied by Jovian and Uranian satellites. water ice. and 
mainbelt D and C class asteroids are outlined. Those objects which were possibly D 
class based on visible photometry alone which do not have infrared colors consistent 
with other D asteroids are assumed to be members of other classes. and are not 
included in the statistics. 

3.2.1 Near-Infrared Taxonomic Results for Possible D Asteroids 

Figure 3.3 shows the observed colors for the Trojan asteroids and other outer 

belt objects observed. Outlined areas show the color ranges of the outer planet 

satellites, main belt C, and D asteroids. after Hartmann et al. (1982). All of the 

observed objects previously known to be D class. plot in the D asteroid region. Only 

those within 2 0' of the D asteroid region outlined are included in the st.at.istics 
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for D asteroids. Most of the Trojan asteroids are D class, but plot away from the 

area occupied by the main belt D asteroids. Three Trojan asteroids. 1208 Troilus. 

:289;) Menmon, and :3..J:.51 ~lentor are unusual. and will be discussed separately in 

Section :3.2.2. These objects were omitted from the statistical treatment of the 

Trojans D asteroids. Several main belt asteroids are classed by Tholen as D but 

include other classes as possibilities (see Table :3.1). For example, an object classed 

as XD means most likely X but possibly D class. Most of these objects do not 

have infrared colors consistent with the D class. Albedo measurements are now 

a\'ailahle (Tedesco et al. 1992) which indicate that the XD asteroids 796 Sarita 

and 176.5 vVrubel are both M class. consistent with the spectral colors. Asteroid 

·572 Rebekka has an albedo value of 0.085±0.005. which i::; marginally consistent 

with the D class, but is not consistent in spectral colors. This object is likely either 

;\101' P. 

The first of the Centaur asteroids, 2060 Chiron. is shown on this plot. with 

colors nearly neutral with respect to the sun. The Centaur asteroids are objects 

with semimajor axes at or beyond that of Saturn. Most of these objects lie beyond 

Uranus as well, at between :30 and :3.5 AU. Recently. 2060 Chi ron has been seen to 

have cometary activity. which may mean that the measured colors are affected by the 

coma. and may not be comparable to those of asteroids (Meech and Belton 1989). 

Hartmann et al. (1982) compared colors of several comets using these parameters, 

and found that many comets have colors consistent with those of the redder D class 

asteroids plotted here. Many of the comets they measured did have substantial 

comae. where dust scattering can affect the colors. A 'Hearn et at. (1989) and Millis 

et aL (1988) measured low activity comets to minimize this effect, and also found the 
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Figure :3..1: The D asteroid region of Figure :3.3 is shown on an expanded !icale. A 
trend in overall red slope is seen between main belt D asteroids and Trojan asteroids. 
Distant asteroid .514.5 Pholus is outside this plot (see Figure :3.:3). The Cybele and 
Hilda asteroids have more diverse colors than the Trojan group. 

nuclei were dark and red compared to outer belt asteroids. We also measured the 

near-infrared colors of 5145 Pholus. the seconcl Centaur object found. whose orbit 

lies between Saturn and Uranus. This is the reddest object yet seen in the solar 

system, based on the visible spectrum. vVe observe that 514.5 Pholus is a.lso red in 

the infrared, but not outside the range seen for other distant D asteroids. 

Figure 3...1: shows just the D asteroid region of Figure 3.:3 on an expanded scale. Of 

the 8 mainbelt asteroids observed, only 4 are confirmed to have near-infrared colors 
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con:;istent with the D class. Together with 2 additional mainbelt D asteroids obselTed 

during the .5:2-color survey. all 6 of these asteroids are less red than the more distant 

objects. The Trojan D asteroids all have very similar colors, much redder in both 

V -.1 and .J - K than the main belt objects. The slope difference is distributed over 

a broad range of wavelengths. 0 .. 5-2.5 pm, and is not attributable to any particular 

spectral feature. The outer belt objects, the Cybeles (:3.2 AU) and Hildas (:U1 AT."). 

have more diverse taxonomic types than the Trojans. Although most of these objects 

are P and D asteroids. many are C class. and some are higher albedo objects as well. 

The unusual asteroid 92 U ndina. a member of the l\J class. lies near the C'ybele 

region. but has a hydrated surface. which may mean it merely resembles other :\I 

class objects. and is not compositionally similar (Jones et al. 1990. Rivkin et al. 199:")). 

Too few D class Cybeles and Hilda were observed to draw general conclusions. 

The combined visible and near-infrared spectra of the Trojan objects listed 111 

Table :3.1 are shown in Figure :3..5(a). Figure :3.5(b) and Figure :3.5( c). When available. 

the 8-color or UBV photometric observations are also shown. The spectra are all at 

the same scale, offset for clarity. As expected, the spectra of these asteroids are 

generally linear. without strong absorption features. However. several objects have 

infrared and 8-color photometry which indicates a possible absorption band between 

1.1 and 1:2.5 ~Lm. This feature is consistent with a silicate band of olivine possibly 

mixed with pyroxene. A silicate band on these asteroids is puzzling since the albedos 

of these objects are very low (0.03-0.05), and do not allow for large amounts of these 

higher albedo minerals. Higher resolution spectroscopy is required to confirm this 

band and perform more detailed modeling of the abundance and grain size necessary 

to explain these observations. 
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Figure 3.;'5: a) The combined visible and near-infrared spectra of Trojan asteroids 
are shown in this plot. When avaliable, 8-color photometry is included. scaled by 
the measured V -.1 value. Otherwise. UBV photometry, or simply V is shown. A 
spline fit is computed and plotted for clarity. but does not represent the spectrum in 
detail. A possible silicate feature near 1 f.Lm is discussed in the text. 
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Figure 3 .. 5: b) Same as Figure 3.5(a). 
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3.2.2 Unusual Trojan Asteroids 

Three of the Trojan asteroids observed are unusual. Neither taxonomic class 

nor albedo are determined for asteroids 289.5 Memnon and :34.51 Mentor. Higher 

resolution spectra, or at very least. CCD spectra of these objects are necessary to 

further investigate their composition. The Tholen taxonomic class based on eight

color photometry of 1208 Troilus is Feu. which means possibly F or (less likely) 

C. but unusual. The error bars are large for the longer wavelength photometry. 

which turn downwarcl near 1 J.lm. The composite eight-color and broadband 

infrared photometry are shown in Figure :3.6. The V filter photometry \vas obtained 

simultaneously with the .J, H. and K points. The fit with the previoltsly acquired 

eight-color photometry is quite good. The near-infrared photometry is not consistent 

with other F or C class asteroids. but rather indicates a deep silicate absorption 

band near 1 J.lm. These observations have not been confirmed, but no source of 

observational error could be found. The IRAS albedo of this object is very low. 

0.0:38±0.OO:3, which is not consistent with other silicate-rich asteroids (Tedesco et 

al. 1992). The large band depth is surprising given the low albedo, since laboratory 

studies show that masking bands with. opaque material such as carbon greatly 

decreases the spectral contrast (Clark 1981). This deep absorption feature is not 

consistent with either a thin veneer of low albedo organic-rich dust on a silicate 

surface or a mixed regolith of organic dust and silicates. An exposure of silicate 

material, small in areal extent. in a primarily low albedo surface is consistent with 

the observations, but it's hard to imagine how such an arrangement could be created. 

These three objects have high inclinations. even for Trojans. The values for 
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Figure :3.6: Trojan asteroid 1208 Troilus was observed on 10 November 1990 
simultaneously in visible and near-infrared wavelengths using broadband V, .J, H. 
and K filters. The previously measured eight-color photometry is also shown. This 
asteroid is the only Trojan not classed as D or P based on the eight-color photometry. 
The near-infrared data show an exceptionally deep absorption band near I-pIn. The 
albedo of this object is not consistent with other pyroxene- and olivine-rich asteroids. 

1208 Troilus. 2895 Memnon, and :3451 Mentor are :3:3.6°,27.2°, ancl24.7°, respectively. 

The mean inclination for all Trojan asteroids known is 1.5.5±8.6°, while the mean 

inclination for this sample is 17.:3±9.8, which is not a statistically significant 

difference. However, the mean inclination of these three objects, 28.5±:3.7. is not 

consistent with a random sample from the Trojan population as a whole. or even 

from this set of observed Trojans, at the 95% significance level. Since, as discussed 
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in Section :3.4. the Trojan encounter velocities are controlled by the high inclination. 

this correlation is intriguing. Possibly either enhanced collision probabilities. or more 

catastrophic collisions experienced by these objects is responsible for the unusual 

spectral appearance. However. additional observations of high inclination objects 

are required to confirm this trend. 

3.3 Color as a Function of Heliocentric Distance 

Figure :3.7 shows the V - K color for the objects shown in Figure :3.4. All of the 

Trojan asteroids are also shown. Asteroid 1208 Troilus does not belong to the D 

class. The objects 289.5 Memnon and 3451 Mentor also do not appear to be D-type 

objects, but the statistics and linear fit are calculated both with and without these 

objects. To confirm a significant trend with heliocentric distance. the objects are 

sorted by semimajor axis into bins 0.4 AU wide. Otherwise. the large number of 

Trojan asteroids dominates the statistics. I also omit ·514·5 Phoills and 2060 Chi ron 

from the fitting procedure, since they would otherwise control the slope. vVe do not 

yet know if either of these objects can be considered "typical" of that heliocentric 

distance. Their large size alone, suggests that they may not be representative. Other 

Centaur asteroids (also called Kuiper belt asteroids) have been determined to be very 

red at visible wavelengths, but no others have been measured in the infrared, so a 

direct comparison cannot yet be made. Figure 3.8 shows the binned data, with error 

bars to show the standard deviation within the bin. If only a single object appears 

in a bin, the error bars shown are 3-0" observational errors. Asteroid 944 Hidalgo is 

the only object in the bin centered at 5.6 AU, and two measurements of this object 

about one year apart differ significantly. The range of colors seen in the (,ybele and 
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Figure :3.7: The V-K slope of D class asteroids, and distant objects are showll. 
For convenience, the semimajor axis is shown on a logarithmic scale. to more easily 
include the distant objects 2060 Chiron and 51 001,.15 Pholus. unusual Trojan asteroid:,; 
are marked, although most fall in a narrow range of continuum slopes. The solid 
lines are least-squares fits to the binned data (see Figure :3.8). The dashed line is the 
trend found by Vilas and Smith (1985). 

Hilda regions is somewhat greater than that seen in the Trojan clouds. although the 

number of objects is small. No significant differences are seen between the leading 

and trailing Trojan clouds. The range of colors seen among all main belt D asteroids 

is larger than that seen among the Trojan objects. 

The similarity of V.lK spectral slope among the Trojan D-type asteroids. 

especially given the large number of objects observed, is an unexpected result. These 

observations are the first infrared photometry obtained of a significant number of 



101 

2.---------------------------------------------------, 

~ 

I 

> 

1.5 

1 

.5 

o 

1.5 2 

Data Binned in Semi-Major Axis 

2060 Chiron 

3 4 5 6 8 10 12 15 20 25 
Semimajor axis (AU) 

Figure :3.8: The semimajor axes of the objects plotted in Figure :3,4 are sorted into 
O.-! AU wide bins. A logarithmic scale is used for clarity given the data range. The 
colors of the objects within a bin are averag~d. The error bars show the standard 
deviation within the bin. not the error of the mean. The dotted line shows the trend 
found by Vilas and Smith (198.5) based only on visible spectra of a t'e\v outer belt 
objects (see Figure 3.1). The solid lines show the least-squares fit, weighted by the 
variation within each bin. The flatter line excludes unusual Trojans 289.5 Memnon 
and :3-1.51 Mentor, which are probably not D-class asteroids. The steeper fit includes 
these objects in the Trojan bin. Neither fit includes the data for 1208 Troilus. 
2060 Chiron or .5145 Pholus. 

Trojan asteroids. If these objects had the same variance in color as the main belt 

asteroids. the probability of observing this standard deviation from a randomly 

selected sample is less than 10-17
• The mean surface color of the Trojan D asteroids 

is statistically different at the 99% significance level from that of main belt objects 

in the same taxonomic class. 
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3.4 bnplications for Origin of Trojan Asteroids 

In order to understand how the surface composition of the Trojan asteroids relates 

to their origin. the dynamics of this group of objects must first be investigat.ed. 

The orbital stability of objects in the Trojan points has been studied extensively. 

hut the dynamical evolution of Trojan asteroids is extremely complex. Now that 

computer capability has reached the point where the orbital evolution can be followed 

numerically for long periods of time, with sophisticated algorithms speeding the 

process as welL this problem is being studied in detail. Recent results by Levison. 

Shoemaker and Shoemaker (1995. in preparation) indicate that Trojan objects are 

stable against longterm perturbations. but only in regions that grow smaller wit.h 

time. Over the age of the solar system. many objects may have "evaporated" frol11 

the Trojan clouds. reducing the number of objects that may have originally existed 

there. It is possible that material in a proto-Jupiter disk could also feed these 

zones. althollgh the extent to which material could be exchanged is unclear. Larger 

stability zones in the past may have facilitated capture into those regions. Additional 

numerical experiments are needecl to clarify the origin and evolution of these regions. 

for .Jupiter as well as the other planets, now that a ~\'Iars Trojan asteroid has been 

discovered (lVlarsden 1990). 

Fnder some circumstances capture into the Trojan clouds may be possible. 

A slight perturbation could put such an object or its collisional debris into the 

Trojan stability region. However, if the outer satellites of .Jupiter are the result of 

"typical" encounters, it is hard to imagine that capture is the dominant mechanism 

for populating the Trojan clouds. These satellites have very large eccentricities. 
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large inclinations and some are retrograde. The recent temporary capture of Comet 

Shoemaker-Levy 9 around Jupiter illustrates that objects can be very loosely bonnd 

to .Jovian orbit. and might escape into the Trojan regions under some circumstances. 

Numerical experiments seem to indicate that entry and exit from temporary .Jupiter 

orbit through the sunward and anti-sunward stability points may be more common. 

but transfer to leading or trailing stability points may also be possible. Shoemaker et 

al. (1989) estimate that given reasonable dynamical assumptions. a negligible fraction 

of the current mass of Trojans is likely to be captured from planetesimals scatt.ered 

from the outer solar system. They estimate probabilities of less than 10% for capture 

of objects> 200 km. They conclude that the majority of the Trojan population can 

be explained by a plausible mass of Jupiter planetesimals originating between 5 and 

9 AU. Impacts by planetesimals scattered from the Uranus-Neptune regions can 

explain the observed size distribution and large spread in orbital inclinations. The 

colors of the larger objects measured here suggests that most of the Trojans are very 

similar to each other, supporting a common origin and or at least long-term residence 

in the Trojan region. 

The surface depth sampled by visible and infrarecllight is typically 10-100 pm at 

most. The similarity of spectral color among the Trojans could simply be a surface 

coating which forms and is stable at that heliocentric distance. The data suppport 

some kind of red material which has an optical thickness that increases with distance 

from the sun, either due to increasing thickness or to increasing areal coverage on a 

given object. The volume of space occupied by the Trojan asteroids can be roughly 

estimated from their orbital elements. The mean eccentricity of the 186 Trojans with 

known orbits is 0.Oi5, and mean inclination is 1.5 .. 50
• The approximate volume. l/. 
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occupif'd is given by 

l/ = 2il"R~R(Rsin(i)) 

where R is the mean semimajor axis (.5.2 AU). and i is the mean inclination. ~R 

is the range in semimajor axis about the mean value which is estimated by the 

difference between perihelion and aphelion distances. 

~R = (1 + e)R - (1 - e)R = 2eR 

The libration amplitudes range from 20 to 6:30
• so assuming that 1200 in orbit.al 

longitude is accessible to each Trojan. the resulting volume is 2:3.6 .. v 'a. III 

comparison. the main belt asteroids have a mean inclination of 8.;')0 and occupy 

the region between 2.0 and :3.2 AU, The volume of space is occupied by the main 

belt is roughly 8.7 AlP, The bias-corrected combined Trojan population estimated 

by Shoemaker et al. (1989) of objects 2: 1·5 km diameter is half the size of the main 

belt. The relative velocities are similar. since the Trojan asteroids have a high 

inclination distribution. and the out of plane velocity component dominates. :\Iarzari 

et al. (199.5) numerically integrate Trojan orbits and find mean collision velocities 

of !j kms-1
• about the same as collision velocities in the main belt (Farinella and 

Davis 1992, Bottke .J1'. et al. 1994). Since the density of Trojan asteroids is about 

1/5 that of the main belt, collision lifetimes are roughly five times longer than for 

main belt objects of a given size. The collision lifetime of a 10 km main belt asteroid 

is estimated at 1 Gyr, so for a Trojan asteroid. objects 10 km and smaller the 

lifetime is at or less than the age of the solar system. Plenty of collisional debris 

is thus produced, and collisional processing of the surfaces of the larger Trojans is 

inevit.able. Shoemaker et. al. (1989) note that the size distribution of the L4 (leading) 
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Trojans is similar to that of the main belt. which is the result of collisional evolution. 

This similarity implies that the Trojan population is almost certainly collisionally 

evolved as well. The high inclination distribution means that relative velocities are 

high enough to disrupt the bodies. Shoemaker et al. (1989) identify Trojan dynamical 

families. the existence of which demonstrates that collisional debris can remain in the 

stability zone. If the dark red surface material were a thin coating of dust. collisions 

would erode this material. lea.ving much more diversity in surface appearance than 

is observed. The uniform spectral appearance of the Trojans suggests instead that 

this material is a primary compositional component. and forms at least. a thick 

surface layer if not the bulk of the asteroid such that collisional processing reveals 

only more of the same materiaL not \'astly different mineralog:y. Studies of the 

Trojans asteroids therefore are promising for determining solar nebula condit.ions. 

and although collision ally evolved. they do not seem to be thermally altered to any 

great degree. 

3.5 A Search for Water all D Asteroids 

Few outer belt asteroids are bright enough to observe at 3 pm, but these 

observations may be critical in determining the origin of these asteroids. The 

technique for making ground based observations of asteroids at :3 Ilm to detect the 

water absorption band is described in Section 1.7. If these distant asteroids originally 

formecl near or beyond their present location, they are probably volatile-rich. Jovian 

and Saturnian satellites are approximately .50/.50 water ice to rocky materiaL so we 

expect that the Trojan asteroids also had a significant initial fraction of water ice. 

Jones (1989) showed that even a large fraction of opaque material such as carbon 
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could not mask the strong water absorption band at :3 f.lm. If the outer belt objects 

are indeed rich in water ice. we expect to see this band even on these low albedo 

asteroids. Although ice is not stable on the surface of distant asteroids. hydrated 

minerals formed in contact with water either at depth or sometime in the past. 

would be observable on the surface (Lebofsky 1980). However. while 50-60% of 

the main belt asteroids surveyed are hydrated. only one Cybele (G class asteroid 

U67 :\Iashona) has a hydrated surface. Among 19 D and P class asteroids surveyed. 

including three Cybeles. two Hildas. and two Trojans. no hydrated objects have been 

found beyond :2.9 AU. Figure :J.n shows the distribution of asteroids observed at :3 JIm 

and the occurrence of hydrated asteroids as a function of semimajor axis. Objects 

beyoud :3.2 AtT are less frequently hydrated. Lebofsky et al. (1990) observed two 

Trojan asteroids. and did not find convincing evidence of a hydration band, a.lthough 

some structure was seen at wavelengths beyond :3.2 pm. I observed several additional 

outer belt D and P asteroids including 944 Hidalgo. and did not find evidence of 

hydration. These data are presented in Figure :3.10. Photometry of Trojan asteroid 

1172 Aneas shows it is not hydrated. Asteroid 773 Irmintraud was also observed. 

but did not show a clear hydration band. However. the flux of this object at :3.15 

pm was low, indicating a possible feature. The Sf~ and spectral resolution was not 

sufficient to identify this feature. Asteroid 944 Hidalgo. which has semimajor axis of 

.5.768 AU, was also observed at :3 ILm, and found to be anhydrous. This object may 

be an extinct comet, based on its highly elliptical orbit. A lack of hydrated silicates 

in cometary dust is consistent with Giotto dust measurements of Comet P fHalley. 

The scenario clescribed by Lebofsky et al. (1990) and .Jones et al. (1990) predicts an 

anhydrous surface for asteroids with semimajor axis equal to 944 Hidalgo. However. 
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figure :3.9: The occurrence of hydrated asteroids as a function of semimajor axis is 
shown. Between 2.2 and :3.:3 AU. objects are binned by 0.1 AU. Beyond that. Cybele 
asteroids (:3.:3-:3.5 AU). Hilda asteroids (:3.8-·LO AF) and Trojan asteroids (;3.2 AU) 
are shown separately. The object. at :3.8 AU is 944 Hidalgo. a high eccentricity object 
with an aphelion distance near Saturn's orbit. Fe\\' objects beyond :3 AU (where D 
and P asteroids are most abundant) are hydrated. 

because of its high eccentricity. 944 Hidalgo's perihelion distance is 2.0 AU. which 

might be enough heating to melt ice at some depth, if only for a short time each orbit. 

These observations may put limits on the thickness and insulation of the dark crustal 

material on 944 Hidalgo. Searches for gas emission from 944 Hidalgo at perihelion 

have been unsuccessful. 

A few asteroids in the main belt are classed as D-type, and are spectrally similar 

to outer belt and Troja.n a.steroids. 'vVe observed a :3-flm absorption band on asteroid 
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0.3-3.5 J.l.m Spectra of D Asteroids --t--~ 
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Figure :3.10: Combined visible. near-infrared and :3 Itm spectra of outer belt asteroids 
are shown. The continuum linearly extrapolated from the .1. H. and K photometry 
is shown for reference as a clashed line. If a water absorption band is present. the 
points at 2.9.5 and :3.15 pm will be below the continuum and moving closer t.o it at 
longer wavelengths. Trojan asteroid 1172 Aneas and Cybele asteroid 721 Tabora are 
not hydrated. Outer belt asteroid 773 Irmintraud does not show a hydration bane!. 
although there may be a feature near :3.1.:> pm. 

:336 Lacadiera on 29 and :30 December 1991, as seen in Figure 3.11. However. on 

11 Februa.ry 1992 no absorption band was seen. Variability in this band may result 

from incomplete or patchy aqueous alteration from partial ice melting or partial 

exposure of hydrated areas on the surface. Chapter 5 addresses the implications of 

compositional variations on a single asteroid in more detail. These data confirm tha.t 
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Figure :3.11: The asteroid 336 Lacadiera was observed on two different occasion:; 
in the :3 pm region. Broadband.J. H. and K measurements were also obtained 
to determine the continuum level. This continuum is extrapolated linearly to :3.·1 
Itm for reference shown as a dashed line. The eight-color photometry and ;")2-color 
photometry are shown in the upper spectrum for reference. The :3-flm photometry 
is consistent with no absorption band in the upper spectrum. The lower spectrum 
suggests a band is present at the :3-0- level. 

main belt D asteroids are compositionally distinct from those found further out in 

the asteroid belt. This is consistent with the idea that these objects began with the 

same composition. and a thermal event altered the material on objects close enough 

to the sun to melt water ice. Asteroid :3:36 Lacacliera has the smallest semi major axis 
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known for a D asteroid, excluding near-Earth asteroid :3552 Don QuixotE'. which has 

not. been observed at :3 Jtm. 

3.6 A Search for Organic Material on Distant Asteroids 

3.6.1 Previous Work 

Although the featureless red continuum slope of D and P class asteroids is 

consistent with complex organic compounds, no direct evidence of these materials 

exists. Laboratory studies of complex organics. oftE'n called kerogens or tholins. 

show that these compounds form readily from mixtures of water, methane and 

ammonia with addition of some form of energy (Khare et al. 1981). Solar nebula 

conditions are likely to have allowed complex organic molecules to form at a wide 

range of heliocentric distances. However. diagnostic spectral features for most of 

these compounds are found between ..J: and 20 pm. which is a difficult spectral region 

to observe usi ng ground based telescopes. Cruikshank et al. (1991) noted a feat me 

at low SIN in several spectra of outer solar syst.em objects (see Figure :3.12). Tlwy 

suggested that this band at 2.2 pm might be an overtone of a CN feature seen at ..J:.:3 

or -IA pm in CN-bearing polymers. This feature is tentatively identified in spectra 

of comets. D-type asteroids, and the dark side of Iapetus. 

Bell et al. (1989) and Gaffey et al. (1989) suggest that outer belt objects might 

be rich in clays as well as organic compounds. Characteristic absorption bands 

due to clay minerals are found at 2.2 Jtm and 2.3 pm. due to AIOH and MgOH 

stretching bands, respectively, as shown in Figure :3.13. Weathering of silicates to 

cla.y" minerals occurs in the presence of liquid water. Although Prinn and Fegley 

(1989) calculate that the kinetics of this reaction prohibits the formation of hydrated 
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Figure :3.12: This figure from Cruikshank et al. (1991) shows a tentative feature in 
several comets, two D-type asteroids and the dark material on Iapetus. They suggest 
that feature is an overtone of a eN band at 4.3-4..1 f.Lm, which is seen in eN-bearing 
polymers. These complex organic compounds form readily even at low temperatures 
from mixtures of methane. water and ammonia. 
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Figure 3.13: This figure from Adams (197-1:) shows visible and near-infrared spectra 
of clay minerals, which form as weathering products from silicates. The absorption 
bands at 2.2 and 2.:3 /.Lm are due to AlOH and MgOH stretching bands, respectively. 
The structural OH also produces a strong absorption band ne.ar 2.7 /.Lm. 

silicates in the solar nebula, except perhaps catalyzed on grain surfaces, more recent 

laboratory work indicates that the reaction rate coefficients were underestimated. 

Bose (1993) finds that enstatite can react with water vapor to form brucite under 

solar nebula conditions. However, measured Comet P /Halley dust and Brownlee 

particles expected to have a cometary source are exclusively anhydrous silicates 

(Langevin et al. 1987). Probably the majority of silicates initially incorporated into 

asteroids were anhydrous. and hydrated minerals are an alteration product. vV'e 
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expect that clays will form only in those areas of the asteroid belt where there was 

sufficient. heating to melt water ice so that aqueous alteration could oCCllr. 

3.6.2 A Search for CN-Bearing Solids 

A search for eN -bearing solids was conducted to confirm its identification and 

determine its distribution in the asteroid belt. Several different inst.ruments were 

used to try to detect the overtone band at. 2.2 /lm. Determining the band shape 

and width was an important first step to confirm the identification of this band 

as the overtone of the CN feature. The observations of D asteroids :368 Haidea 

and jj:3 Irmintraud reported by Cruikshank et al. (1991) were taken with the 

IRTF photometer and circularly variable filter (CVF) at approximately .5% spectral 

resolution. The photometer and CVF at the MMT allowed 1,;'5% resolution. and 

the larger aperture made it possible to achieve high enough SIN for some outer 

belt objects. I observed several potentially organic-rich using this system including 

944 Hidalgo. These data are presented in Figure :3.14. No clear feat.ure was seen near 

2.2Ilm. However. the integration times required with this system were pl'Ohibith'e for 

a large scale survey, which would be necessary to determine the spatia.! distribution 

of this material. 

Higher Resolution Search for CN-Bearing Solids 

Array detectors allow higher spectral resolution and operate with higher efficiency 

than single detector systems. I used the Cryogenic Spectrometer (CRSP) at the 

Kitt Peak National Observatory 4-m telescope in December 1991. to try to detect 

the eN feature. This instrument operat.es at spectral resolution of 0.009 !lm 

per pixeL with a .52x48 pixel array detector. The observations spanned the 2-
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Figure 3.1-1:: Spectra taken of 944 Hidalgo using the infrared photometer and 
Uj% resolution circularly variable filter (CVF) at the MMT are presented. Long 
integration times require sampling at half the desired resolution, so the feature would 
be barely resolved. A tentative feature is seen at 2.2-2.:3 Ilm but it is not statistically 
significant. 

2...1 fll11 spectral window. In spite of extensive setup problems and poor weather 

conditions. I obtained observations of 17 objects using this system. including four 

Trojans. The array unfortunately suffered from high dark current, with unpredictable 

fluctuations. The SIN in the reduced data was not as high as anticipated. but no 

absorption band was seen at the 10% level. Some of the objects observed were 

the same as those shown by Cruikshank et al. (1991) as having the overtone banel. 



Asteroids Observed with C'RSP at KPNO -I:-m Telescope 

Ast<>roid Type Date UT Time Phase rH ~ 

1:39 .]uewa CP 1·1 Dec 1991 12:40 11.78 2.5:32 1.6-11 
267 Tirza DU 16 Dec 1991 12:40 1:3.0.5 :3.017 :2.:2:29 
:3:36 Lacadiera D 1-1: Dec 1991 11:4·5 20.29 2.-1:22 1.759 
:368 Haidea D 15 Dec 1991 0:3:10 14.91 2.918 2.18:3 
:377 Campania PD 1-1: Dec 1991 10:45 18.01 2.616 1.!J26 
!j:37 Pauly DU: 15 Dec 1991 0.5:·5.5 9.08 :3.2:38 2.:3.56 
.5:37 Pauly DU: 16 Dec 1991 04:40 9.:3-1: :3.2-10 2.:3(j;} 
·572 Rebekka XDC 16 Dec 1991 06:55 10.0:3 2.201 1.260 
617 Patroclus P 1.5 Dec 1991 10::35 5.67 .5.-1::31 4 .. 579 
77:3 Irmintraud D 16 Dec 1991 10:·50 1-1:.:38 :3.08:') :2.:371 
796 Sarita XD 1.5 Dec 1991 04::30 21.:35 2.000 1.200 

1177 Gonnessia XFU 16 Dec 1991 0-1::10 12.95 :3.:309 2.;'578 
12-1:1 Dysona PDC 16 Dec 1991 02:20 16.-1:-1 :3.262 2.787 
1765 Wrubel DX 16 Dec 1991 11:40 9.26 :3.:')47 2.700 
2207 Antenor D 16 Dec 1991 0.5::30 1.67 .5.0·1-1 4.068 
2:37.3 Radek D l.j Dec 1991 09:10 6.-19 :3.:3:31 2.-lOl 
:3:317 Paris 16 Dec 1991 10:00 -1.:')6 5.8-16 -1.960 
:3451 Mentor 15 Dec 1991 0;::30 ·5.-1:7 :').:3-18 4.-182 

Table :3.2: Observational circumstances for asteroids observed using the cryogenic 
array spectrometer. No absorption band was detected at the 10% level on any of 
these objects. 

The observational circumstances are summarized in Table :3.2. and the spectra are 

presented in Figure :3.15(a) and Figure :3.15(b). No absorption features were 

detected between 2 and 2.5 Itm that could be identified either as eN polymers or 

as clay minerals. The lack of these clay features. along with the lack of a :3-pm 

band rules out clays as a component of these asteroid surfaces. This observation is 

consistent with the idea that the ice component of the outer belt asteroids was not 

melted, and aqueous alteration did not occur there. Matthews and Ludicky (1991) 

suggest that liquid water would react with eN-bearing polymers and break them 



116 

Q) 
Search for CN Solids on Trojan Asteroids 

0 
J:l 1.2 
ctl 

-+oJ 1.0 2207 Antenor~ 0 
Q) - 1.2 .... 
Q) 

p::: 1.0 3317 Paris 
"d 1.2 Q) 
N 1.0 619 Patroclus~ ..... -ctl 

S 1.2 
~ 

1.0 3451 Mentor ~ 0 
z a 

1.8 2 2.2 2.4 
Wavelength (J.lm) 

Q) 
Search for CN Solids on Outer Belt Asteroids 

0 
J:: 1.2 
ctl 

-+oJ 1.0 1177 Gonnessi~ 0 
Q) - 1.2 .... 
Q) 

~ p::: 1.0 1241 Dysona 
"d 1.2 

~ 
Q) 
N 1.0 1765 Wrubel ..... -ctl 

S 1.2 
~ 

1.0 2375 Radek ~ 0 
Z b 

1.8 2 2.2 2.4 
Wavelength (J.lm) 

Figure :3.1.5: ab) High resolution asteroid spectra were obtained at the Kitt Peak 
National Observatory 4-m telescope to search for eN-bearing solids. The spectra 
are to the same scale, offset for clarity. At the 10% level, no absorption bands were 
seen. This panel shows Trojan asteroid (a) and outer belt asteroid spectra (b). 
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Figure :3.1.5: cd) Same type of data as in Figure :3.1.5( a), but for main belt D asteroids. 
Again, at the 10% level, no absorption bands were seen. Asteroid .5:37 Pauly was 
observed on two different nights, so both spectra are shown in panel (d). These 
spectra illustrate the repeatability of the measurements. Some of these asteroids 
(:368 Haidea and 77:3 Irmintraud) were the same ones reported by Cruikshank et al. 
(1991) where a feature was tentatively identified at 2.2-2.:3 pm. 



118 

dowll into shorter chains. reducing the red continuum produced by the long complex 

molecules. The observation that main belt D asteroids are less red than more distant 

D asteroids supports this idea. although the primary organic component may not Iw 

eN-bearing solids. but some other organic molecule. For example. Thompson et aJ. 

(198i) present infrared spectra of tholins which do not contain eN. and do not ha\'e 

absorption bands in the -1 Ilm region. However. these tholins do contain structural 

OH. which we also do not detect. 

V nfortunately this is yet another negative result. consistent with the general 

idea that outer belt asteroids are rich in organic compounds. but lacking specific 

evidence of their presence. Ho\\,e\·er. sensitive instruments in the mid-infrared are 

rapidly being developed. and may allow this diagnostic region to be probed soon. 

A methanol absorption band at :3.6 flm has been identified in the coma of Comet 

Swift-Tuttle (Hoban et al. 1991). Similar observations may soon be possible for a 

wider variety of fainter objects. Space based observations in the mid- and far-infrared 

(-1-100 pm) promise to open up a whole new area of solar system investiga.tion in 

addition to more distant astronomical objects. Positive proof of specific orga.nic 

molecules on asteroid surfaces may have to await these next generation instruments. 

3.7 Case Studies 

3.7.1 5145 Pholus 

The discovery of ·514.5 Pholus (1992 AD) confirmed long held suspIcIons of a 

population of asteroid-like objects in the Uranus-Neptune region of the solar system 

and beyond. Not only were planetesimals expected to be stable here. since the 

accretion times of the outer solar system are long, but also the flux of short period 
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comets could not be supplied by the observed long period comet population. A 

population of objects concentrated near the ecliptic was postulated to explain the 

.J upiter family of short period comets. Initial searches to observe these objects 

directly were unsuccessful (Luu and Jewitt 1988). but the discovery of ·514;) Pholus 

by the Spacewatch search program showed that these objects did exist. and that 

2060 Chiron was only one of many such objects. Dynamical studies of 20(i0 (,hiroll 

also indicated some sort of supply region must exist. since the orbit of 2060 Chiroll 

is chaotic due to perturbations by {} ranus and Saturn. The Pluto-Charon system 

may also be related to this population of objects. although its orbit is protected from 

Neptune perturbations by a resonance (Cohen and Hubbard 19(i4). 

The discovery of ·514.5 Pholus came at a time when 2060 Chiron had j1\st been 

confirmed to have cometary activity and an observable coma. Photometry had 

indicated brightness variations which could not be explained by geometry or a 

plausible phase function. l\Teech and Belton (1989) confirmed the presence of a 

coma. and thus of cometary activity as 2060 Chiron neared perihelion. However. 

the colors of 5145 Pholus were vastly different than those of 2060 Chiron (Muller et 

a!. 1992). During an attempt to measure the albedo of 2060 Chiron. by measuring the 

thermal emission and visible brightness simultaneously, we were fortunate to obtain 

these measurements for .5145 Pholus as well. These observations were obtained at 

the :vIMT, using a bolometer with Nand Q filters (10.6 and 21.0 Jlm. respectively) 

and visible observations from the Catalina 1.54m telescope with a CCD. The Nand 

Q fluxes are plotted along with a model black body curve in Figure :3.l6. \Veather 

conditions were not ideal, and the atmospheric water was rather high. although 

conditions were photometric. We suspect that the Q filter was affected by the excess 
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Figure :3.16: a) Simultaneous photometry was obtained of 5145 Pholus on 1 February 
1992 at visible and thermal infrared wavelengths. The combined light curve is shown 
along with the times at which thermal observations were obtained through Nand Q 
filters (centered at 10.6 and 21.0 f.1m, respectively). b) The measured thermal flux is 
shown with a model black body curve, assuming emissivity of 0.9. The observations 
are consistent with a visible albedo of pv ::; 0.08 and a diameter of D~140 km. The 
data are also consistent with the asteroid being larger and darker. 
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water absorption, giving a different effective wavelength for the standard stars than 

for the object. due to different flux distributions. A standard thermal model fit to 

the N data. allowing :30' excursions for the Q data gives a visible geometric albedo 

of Pv ::; O.OS. and a diameter of D ~ 1-1:0 km (Howell et a!. 1992). The low albedo. 

together with the extremely red colors seen by Muller et al. (1992). is consistent with 

this material being primarily complex organic kerogens. 

The color of ·51-1::3 Pholus. determined by fvIuller et a!. (1992). is reelcler than an~' 

solar system object pre\'iously measured. They assumed that the steep red slope 

indicates similarity to D class asteroids. and therefore of organic-rich composition. 

They suggested that this object be put into the ne\v Z taxonomic class. In 

collaboration with B. lVIcLeod. we measured the broadband V, J, H. and K colors for 

.5U.) Pholus, and confirmed that the spectrum continues to be very red at infrared 

wavelengths. although not outside the range of spectral slope seen in other distant 

D asteroids. This observation is further evidence that organic material is a likely 

compositional candidate. Although it may be coincidental, this object falls very near 

the continuum slope that would be predicted for its semimajor axis from Figure :3.8. 

although it was not included in the data determining the linear fit. 

Assuming that the red color of 514.5 Pholus is primarily due to organic material. 

we calculated the amount required, using a Hapke model and optical parameters for 

organic kerogens from Khare et al. (1984). Assuming that the particles are 200 pm 

in diameter, an areal coverage of ",30% would be required to produce the observed 

spectrum, with the remaining area assumed to be neutral in reflectance with an 

albedo of 0.08. If the surface is an intimate mixture of neutral and organic material 

of the same particle size. then approximately 10-1.5% organic kerogens are needed. 



l~~ 

Although these model abundances can vary widely with different particle sIze:; 

and optical properties. these calculations show that the amounts required are not 

excessive given reasonable assumptions. vVhile not definitive. organic kerogens of the 

sort produced in the laboratory are adequate to explain the steep red continuum of 

the spectrum of ·51-1":5 Pholus, with surface abundance levels that are not unreasonably 

high. More recently. Wilson et al. (1994) used a more sophisticated model to match 

the ·51-!5 Pholus spectrum with a mixture of ice. organic tholins and carbon. They 

find that best fit to be for ",lO-Jlm particles. 10% HC'N polymer. 1:)% tholin. and 

7:3% water ice. They obtain an improved fit using ammonia ice in place of tile 

water ice. However. a variety of models adequately match the spectral data within 

observational uncertainties. Spectral features observed by Luu et al. (199:3) also 

support the presence of organic materials. although their tentative band at 1.7 JlIll 

was not correctly assigned. Tholen and Senay (199:3) obtain extreme red \·isibl(~ 

colors for additional Centaur asteroids such as 199:3 HA2. which suggests that the 

dark reddish objects are the common variety of asteroid at this heliocentric distance. 

and the 2060 Chiron is the exception. Whether 2060 Chiron's neutral colors are due 

to the onset of cometary activity or to some other intrinsic difference is not yet clear. 



CHAPTER 4 

NEAR-EARTH ASTEROIDS 

4.1 Introduction 

1 :2:3 

Near-Earth asteroids (NEAs) are important both as examples of material that 

accreted to form the Earth. and for their interaction with the Earth and effect on 

Earth's evolution. These objects are the immecliate predecessors of meteorites. which 

can be evaluated in great chemical detail. NEAs provide a link between highly 

processed terrestrial material and more primitive solar system materials which may 

retain clues of solar system formation conditions. However. as impactors. NEAs 

continue to interact with the Earth and its biosphere and may haw played a major 

role in past mass extinctions. In future space explorations, these objects may again 

be critical for providing raw materials and volatiles to support spacebased activities. 

'Water will be a very valuable resource. providing both life support and fuel. In terms 

of energy. NEAs are the easiest space targets to reach. and finding t.hose that. may 

be sources of water is especially valuable for the success of future space exploration. 

4.2 Relationship to Meteorites, Main-Belt Source Regions 

The lunar surface carries the record of a long association of asteroids with the 

Earth. The Earth's surface. too, shows evidence of asteroid impacts. although 

sometimes the evidence is harder to uncover. The dynamical lifetimes of NEAs 

are short compared to the age of the solar system, typically 10; to 108 years until 
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they either hit a terrestrial planet. or become Jupiter crossing and are ejected from 

the solar system (iVIcFadden et a!. 1989, Greenberg and Nolan 1989). The ~EA 

population must be replenished from some source, most likely the main asteroid 

belt.. Wisdom (1982) showed that asteroids residing in the :3:1 resonance with .Jupiter 

(a.=2.5 AU) experience changes in eccentricity and semimajor axis in a chaotic way. 

If t.hese changes are large enough. material is delivered to Earth-crossing orbit. This 

mechanism is thought to be one of the primary pathways of t.ransporting asteroid 

fragments to become NEAs. However, it is possible that other resonances are also 

effective. and that extinct. short-period comets may also cont.ribute significantly to 

the population. 

Assuming that asteroids are the primary precursors to the NEAs. then meteorites 

are samples of these objects delivered to Earth for close inspection. The study 

of meteorites has revealed much about the chemistry and formation conditions of 

meteorites. But although the relationship seems clear. the correlation between the 

spectral appearance of meteorites and even NEAs, much less main belt asteroids, is 

surprisingly poor. In general, asteroid spectra have a redder continuum slope. and 

have much shallower absorption bands than their closest meteorite counterparts. 

Specula.tion runs rampant about regolith processes that might cause such effects in 

spite of the material being the same. A wide variety of ;'space weathering processes" 

have been proposed that might occur on asteroid surfaces (Britt 1991, Bell 1994). 

Unfortunately, most of these processes, when duplicated in the lab. do not produce 

the observed effects, and indeed many of them make matters worse. Clark et aJ. 

(1992) investigated the effects on ordinary chondrites which might allow them to 

masquerade as S class asteroids. Although they replicate some reddening of the 
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continuum. and loss of band contrast. the magnit.ude of the changes are much 

too small to account for the observed differences between S class asteroids and 

ordinary chondrites. Logically. these very common meteorites should come from 

the most abundant NEAs. and the most abundant asteroids in the inner belt. but 

the compositional differences cannot be reconciled. 

Several resolutions to this dilemma have been proposed. although no satisf.ying 

solution yet exists. A stochastic event. making the current meteorites speciaL has 

been proposed. However. at least three ordinary chondrite precursors are needed to 

account for the observed meteorites. The probabilit.y of three special eyents occurring 

to explain the abundance of ordinary chondrites is extremely small (:'-Jolan 19n-t). 

Bell et a1. (1989) discuss the ordinary chondrite dilemma in some detail. and suggest. 

that since these meteorites are not. very strong mechanically. perhaps they are f'asil.\" 

disrupted by collision. and the pieces of this material in near-Earth orbit are small 

enough to escape detection. Aside from the fact that one is always uncomfortable 

with the idea that at sizes just below detection. the compositional distribution 

changes dramatically, detection limits have in fact improved substantially since this 

suggestion was made. Xu et a1. (199:3) have surveyed small objects in the inner 

belt, near-Earth space. and near resonance zones. They find one object that does 

indeed match the spectrum of an ordinary chondrite quite \vell, but this is only one of 

several hundred objects, chosen more or less at random (Binzel et al. 199:3). Current 

observations do not support a vast swarm of small ordinary chondrite parents. unless 

of course, they are still just below the detection limit. 
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Figure 4.1: The distribution by taxonomic class for NEAs is shown, as of April 1995. 
Those objects which may belong to one of several classes are grouped according to 
the most likely. and denot.ed by the hatched area. A few of these objects have been 
observed sufficiently to determine t.he composition in rnore detail. These observations 
are described in Section 4.7. 

4.3 New Observations of NEAs 

NEAs are being discovered at an ever increasing rate. but little is known about 

their composition. Figure 4.1 shows the distribution of Tholen taxonomic classes 

among the NEAs known as of April 1995. As of April 199.5, for only 70 of :327 NEAs 

is there any compositional information at all. Often the observations are sparse and 

the uncertainties are large for these faint fast moving targets, and the taxonomic 

class can be one of several possibilities. Observing NEAs is a challenge because the 
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window of observational opportunity is very limited. ;\'[ost of these objects are faint. 

and are difficult to detect. vVhen an object does happen to approach the Eart h 

and becomes bright, it is usually for a very short period of time, typically days. 

Many NEAs have Earth-like orbits, and so the synodic periods. or the time between 

successive encounters. are very long. In the case of an NEA and the Earth. where 

the orbital period of these two objects are only slightly different. the time between 

favorable apparitions is often decades. New objects are usually discO\'ered at vpry 

favorable apparitions. making them more attractive targets than waiting for know\1 

asteroids to retllrn. Some luck is involved. since telescope time must. be scheduled 

(and just.ified) long before the target object has been disco\"(~red. \,Vith discovery rates 

of NEAs approaching one or two per lunation. the chances are good that. a candidate 

object will appear during a.ny particular observing run. increasing the opportunit.ies 

to study these objects in detail. I have obtained timely observations of several small 

NEAs in order to determine their composition. In a few cases. favorable apparitions 

allow near-infrared observations as welL in which case more extensive compositiona.l 

information can be obtained. 

Although the desirable wavelength ranges to distinguish rock-forming minerals 

extends from the visible to :3.5 p.m, with small faint asteroids some trade-offs are 

necessary. Figure 4.2 shows the detection limit as a function of wavelength with the 

grounclbased telescopes used in this work. Different spectral resolution levels are also 

shown in the different wavelength regions. Clearly. the gain in cletection magnitude 

in the visible is substantial, and for faint NEAs. this is usually the only region that 

is accessible. The typical visual opposition magnitude for most NEAs is li .. 5 t.o IS.0. 

Occasionally during a favorable apparition a NEA will cross the threshold of near-
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Figure 4.2: The capability of the grollndbased telescopes and instruments used in this 
work are summarized in this figure. The resolution P/.6.)') possible in the different 
spectral regions is shown with the corresponding limiting magnitude. The limit.ing 
magnitudes in the visible region are for a 1.5-m telescope. The limit.ing magnitudes 
in the infrared are for a :3-m telescope. Curreilt.ly. the :3-ll111 spectral region is only 
accessiblt~ using the :3-111 IRTF. 

infrared detect.ability. Asteroids -1l79 Toutatis. 4954 Eric. and 495:3 UJ90 lVIti were 

observed at such favorable opportunities. and are discussed in Section 4.7. Detection 

at :3 pm through the Earth's atmosphere is even more difficult. and only 4179 Toutatis 

was observed at these wavelengths. 

4.4 CCD Photometry and Spectroscopy 

Between November 1989 and May 1994, we observed :31 NEAs. Most of these 

objects are small and faint and can only be observed using CCD detectors in the 
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visible region of the spectrum. In some cases. only broadband filter photometry was 

obtained, although most of the data consist of spectra at resolution of approximately 

.50 A/pixel. sampled at 11.6 A. Through the generosity of S. Larson. the International 

Halley Watch all-reflecting coronagraph was made available for these obser\'ations. 

This instrument was usee! in spectral mode with a grat.ing blazed at about 7000 A. 

The slit was 2.5 arcsecone!s wide, alt.hough later observat.ions were made using a -1-.5 

arcsecond slit to reduce differential refraction problems. The detect.or is a thinned 

and coated RCA ;J20x.512 ('CD with a sensitivit.y range of :3000 t.o 10;')00 A. The 

useful spectral region for these data is typically 4000-9000 A. Broadband photomf.'t ry 

was obtained in Harris V, and in many cases Harris B and Cousins R filters as well. 

A typical observing sequence consisted of a 10 minute exposure of the spectrum. 

followed by several (usually :3) exposures in the V filter. then another 10 minute 

spectrum exposure. The spectra were co-added to build up the SIN without too 

large a contamination by cosmic rays. In order to improve the SIN. the CCD spectra 

\vere binned from the original 25 A to about 100 A, which is still adequate to define 

the broad spectral feat.ures of surface minerals. The interspersed V images aJlowed 

local removal of light curve effects, but rotation periods and amp~itudes were usually 

not determined. A few objects made favorable apparitions during this time period. 

and were observed at near-infrared wavelengths as well. Whenever possible. newly 

discovered objects were observed by whatever means could be applied. Table -I:. 1 

provides a summary of the observational circumstances for these asteroids. and the 

type of data obtained. 
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Near-Earth Asteroids Observed 1989-1994 
Asteroid :"JEA Type ~ R Phase Datafl Taxonomy 

(AU) (AF) (deg) 
NO\·ember 19 1989 
1989 VA ATE 0.21 1.16 :32 s,pJR CBFG 
1989 VB APO 0.1:3 1.11 18 s.pJR CBFG 

186.5 Cerberus APO 0.18 1.12 :39 s.pJR S 
August 27-28 1992 
1992 LR AlvIO 0.1:3 1.14 16 s S 
1992 NA AMO 0.09 1.07 44 s B 
1992 HE APO 0.74 1.28 52 s S 
January 4 199:3 

4179 Toutatis APO 0.18 1.16 1.5 IR SoS 
May 18-19 199:3 
199:3 K.\ Ai\IO 0.007 1.02 42 s, p Xli 

·1660 Nerens APO 0.62 1.6:3 2 p ex 
October 12-14 199:3 

1866 Sisyphus APO 0.99 1.22 ,32 s(IR) S 
:3200 Phaethon APO OA1 0.87 96 s F 

199:3 ?-.IF MvIO OA:3 1.42 1:3 s S 
19t34 KB APO 1.17 2.12 11 p(IR) S 
February 1 199-1 

·195·1 Eric A !\I 0 0.789 1.669 22.:3 IRs S 
~Iarch 10-12 1994 

49:34 Eric Al\IO 0.92 1.89 lOA s S 
1994 Eli APO 0.0:39 1.0:32 8.9 p SA 
March 28 1994 

49.54 Eric AMO 1.110 1.989 18.:3 IR,p.s S 
May 27 1994 

495:3 1990 l\IU APO 0.15 1.015 84.8 IRs S 

aType of data acquired: s = CeD spectroscopy, p = CCD photometry, IR = near· infrared 
spectrophotometry, IRs = near-infrared spectroscopy 

Table 4.1: Observational circumstances and type of data obtained are listed for NEAs 
observed. Individual objects are discussed in the text. 

4.4.1 Standard Star Calibration 

Observations of solar type stars were obtained to model atmospheric extinction as 

a function of airmass and wavelength. The asteroid spectra were divided by this solar 
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spectrum to obtain reflectance. Landolt (198:3) and Landolt (1992) standard star 

observations were used to calibrate the photometric observations. Bright.er spectral 

standards were used to simulate the solar spectrum and obtain reflectance from t.he 

asteroid observations. These stars. tabulated in Appendix B. were chosen for their 

similarity to solar type. and position near the ecliptic. so that they could be obsel'\"(:'cl 

at similar airmasses near in time to the asteroid targets. Popular solar analog stars 

such as 16 Cyg B are good solar matches. but with declination of +300
• they rarely 

occur near asteroid targets. Hyades 64, a very close solar match. was used whenever 

possible, and other solar stars were checked against it for consistency. I found all of 

the solar analog stars in Appendix B to match Hyades 64 within observational error 

(typically 2%). 

The instrument IS rotated on the telescope to match the slit direction and 

parallactic angle as closely as possible. The parallactic angle is the angle between 

the declination and local normal to the horizon. which is the direction of greatest 

atmospheric dispersion. Aligning the slit with the parallactic angle insures that 

differential refraction occurs along the slit, and light is not lost outside the slit 

preferentially at short wavelengths. Although efforts were made to also minimize 

differential refraction by observing objects near transit, some corrections were 

necessary. A model was constructed to estimate the refraction effects. Assuming 

that the point spread function can be approximated as a Gaussian, the full width at 

half maximum (FWHM) was estimated based on the seeing. The plate scale is 0.7:38 

arcsec/pixel, while typical seeing FWHM is 1.5-2.0 arcseconds. so the images are 

always seeing-limited. The guider peak sensitivit.y is at approximately 7000 A. so we 

assume that the image at this wavelength is centered in the slit. Correction factors 
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are applied based on the fraction of the image out of the slit given the refraction 

at that airmass and parallactic angle. If the corrections are larger than :30%. the 

data are considered highly suspect and flagged with large uncertainties. Usually the 

corrections are of order .5% or less over all but the shortest wavelengths « ·lOOO A). 

4.5 Near-Earth Asteroid Taxonomy 

The primary goal of this obsen·ation program is to determine the composition 

of as many NEAs as possible. As a first order measure of composit.ion. we t.ry to 

determine the taxonomic class membership. so spectral resolution comparable to 

that of the 8-color survey (see Section 1.1) is sufficient. Broadband B. V and R 

photometry at even lower resolution and limited spectral coverage can often narrow 

down the possible taxonomic classes significantly. However. the large obsen·ational 

uncertainties limit the accuracy and uniqueness of taxonomic class determination. 

The data quality usually does not warrant a sophisticated technique such as an Ai\:\: 

as described in Chapter 2, or even PCA. 

The CCD photometry is obtained using broadband B, V. R, and sometimes I 

filters. In order to use these observations to determine taxonomy. we need to relate 

the Tholen 8-color photometry to these measurements. As described in Tedesco et al. 

(1982), filter transformations are determined from 8-color u-b and b-v to Johnson 

U -B and B-V (see below). Hardorp (1980) gives solar colors in Johnson filters 

determined from close solar analog stars. However, this rigorous treatment has not 

been done for 8-color filters at longer wavelengths. B. Skiff (personal communication) 

determined the weighted average of the V - Rand R- I solar colors from a literat ure 



search of stars with well-determined spectral types. For this work I have a.dopted: 

F - R" = 0.:367 ± O.OO() 

\/ -L = 0.70.5 ± 0.010 
.~I 

The transformation from Cousins R. and I filters are calculated from the few stars 

observed by both Tedesco et al. (1982) and Landolt (198:3) or Landolt (1992). The 

transformations obtained by Tedesco et al. (1982) and by us are gi\'en below. 

([T - B)J = [1.070 ± 0.007] (u - b) + [0.20:3 ± 0.00-1:] 

(B - V)J = [0.968 ± 0.009] (b - \') + [0.67-1: ± 0.00:3] 

(V - Rlc = [0.8:36 ± 0.040] (v - w) + [0.35.5 ± 0.006] 

(\/ -I)c = [0.87.5 ± 0.020] (v - x) + [0.69.5 ± 0.00-1] 

The colors obtained in these t.ransformations are normalized to :\0 stellar flux. so 

the solar colors are included in these values. In cases where the asteroid's CCD 

spectrum was obtained, the S-color photometry could be calculated directly. The 

filter transmission functions are given by (Tedesco et al. 1982), and were convolved 

directly with the spectrum. 

Results of taxonomic classification of the NEAs we obser\'ed are listed in Table 4 .. 5. 

Figure 4.:3 shows b-v versus v-w colors for a representative sample of Tholen 

asteroid classes. Most of the classes are reasonably well separated in this space. 
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Several NEAs are shown on this plot with their observational uncertainties. and the 

probable class memberships are clear in most cases. Colors of 199:3 KA measured 

at different rotational phases are plotted on Figure 4.:3. This unusual asteroid is 

discussed in more detail in Section .j.2. A few objects were measured at only V

and Cousins R. or at Cousins I (central wavelengths 0.67 and 0.81 pm for Rand 1. 

respectively). where CCDs tend to be more sensitive. These colors also distinguish 

the Tholen classes fairly well. and Figure 4.-l shows these observat.ions. In t he case of 

4660 Nereus. although only V -R was measured. we can st.ill eliminate the S class as a 

possibility, making this object an unusually interesting potential target for the NEAR 

spacecraft mission. Tholen (personal communication. 199:3) tentatively measured a 

moderate U - B value. indicating X rather than C as a more likely taxonomic class. 

vVhenever possible. we also observed NEAs in the near-infrared. Although the 

V, .J. and K colors distinguish between low albedo objects in the C and D classes 

effectively (see Section :3.2), with the addition of the higher albedo classes. the 

separation is less clear. Figure 4.5 illustrates the placement of the Tholen classes 

in V-.J and .J-1\ colors, using objects from the 52-color survey as well as additional 

observations we have obtained. The colors have been normalized such that the solar 

V -.J 0 = 0.0 and .J - 1\1!1 = 0.0. The Tholen class memberships of these objects is 

obtained from 8-color photometry. For clarity. the observational uncertainties are not 

shown for the survey objects. but are typically .5% or smaller. The NEAs observed in 

these colors are plotted, and their class membership can be determined by inspection 

with reasonable certainty. The subclasses of the C asteroids (B. F, and G) do not 

separate well in this space, and objects 1989 VA and 1989 VB could belong to any of 

these subclasses. In some cases, such as with 4179 Toutatis ancl49M Eric, the Tholen 
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Figure 4.:3: The colors of several NEAs are shown in 8-color filter colors b-v and 
v-w. For reference, the colors of 52-color survey objects show the areas in this space 
occupied by the Tholen taxonomic classes. The probable class memberships of most 
of these NEAs are clear from inspection. In some cases, the NEAs were observed 
through a Cousins R filter. and a transformation from V -R to v-w is applied. 
Where the CCD spectrum is measured. the 8-coI0l' filter transmission function is 
convolved directly with t.he spectrum. 

taxonomic class was determined prior to our observations, but additional information 

about subclass membership was obtained from the near-infrared spectrum (Howell. 

Britt, Bell. Binzel and Lebofsky 1994, Howell, Rivkin. Marcialis. Nolan. Grier, Bus 

and Slivan 1994). These observations are described in detail in Section -l.i. 
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v-x. For reference, the colors of 52-color survey objects show the areas in this space 
occupied by the Tholen taxonomic classes. Asteroid 1991 JR was observed in Cousins 
I filter in collaboration with B. Muller. and a transformation from V -I to v-x is 
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4.6 Detecting Water on Near-Earth Asteroids 

Observations of NEAs at :3 f.lm are contaminated by thermal emission. and thus 

do not yield direct information about the hydration state. However. we can infer 

from observations of the main belt at 3 f.lm which taxonomic classes of asteroids 

are hydrated. Thus, we can identify asteroids which might be hydrated and observe 

those ill greater detail. We find in the main belt that ",60% of the C class objects 

are hydrated. Nearly all G-class objects observed t.o date are hydrated. Surprisingly. 
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reasonable certainty. The C subclasses (B. F and G classes) do not separate well in 
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several E and M class objects are hydrated as well (Rivkin et al. 1995). Three NEAs 

have been identified as E or M class to date (see Figure 4.1). Asteroid 4660 Nereus. 

an XC as described above, is thus potentially a hydrated object in either case. 

As shown in Figure 3.13, clay minerals, which can form from hydration of silicates. 

have absorption bands at 2.2 or 2.:3 ILm. depending on precise mineralogy. During 

the past two years, three objects, 41i9 Toutatis. 49.54 Eric, and 4953 1990 MU were 

bright enough to observe at near-infrared wavelengths. All of these objects are S 
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types. composed of mixtures of olivine. pyroxene. and Fe-Ni met.al. The mineralogy 

of these objects indicates that they are differentiated. and are not likely to contain 

hydrated silicat.es. No direct evidence of clay minerals is seen in the spectra between 

2.2 and 2.:3 pm. Detailed mineralogy of these asteroids is described more fully in 

Section -l. i. 

Since det.ection limits in the visible exceed those in the near-infrared. observers 

have sought visible spectral features that would indicate hydrated minerals. Vilas et 

al. (l!)94) and Sawyer (1991) have made use of a weak absorption feature near O.i pm 

which they attribute to Fe-bearing phyllosilicates (see Figure -l.6). 'vVe checked 

the reliabilit.y of this band as an indicator of hydrated minerals. correlating 01\1" 

:3-pm observations of the same objects wherever possible. Figure -l.i shows that 

the relationship between the water absorption band to the O.i-pm feature is not 

completely reliable. We find disagreement almost .50% of the time (i of 16 cases). 

both when the :3-pm band is present and O.i-pm band is not. and vice versa. This 

phyllosilicate band would be a good water indicator for NEAs if the interpretation 

is unambiguous. Unfortunately, other Fe-bearing mat.erials may also exhibit this 

feature. Additional work on this problem is in progress. Another possibility is that 

the aqueous alteration is not complete, and only appears on the surface in localized 

spots. We have evidence that about 20% of the objects observed have some variability 

in the depth of the water feature. This important point is discussed in greater detail 

in Chapter .5. 



I 

-~ 
5'~ 

-~ 
-~ 

''''~J 
"~ J 

.. ~j 

... .9 1." .5 .8 .7 .8 .9 

Wavelength (;mt) 
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4.7 Case Studies 

4.7.1 4179 Toutatis 

The opportunity to observe 4179 Toutatis was extraordinary. The mean 

opposition brightness of this object is }fv = IS, but in December 1992 and January 

199:3. 4179 Toutatis spanned .\-[v = 12-1:3. The taxonomic type of this object ,vas 

determined to be S from visible photometry early in this apparition (D. J. Tholen. 

personal communication. 1992). The spectral diversity of S class asteroids indicate 
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Figure 4.7: For those objects observed at both :3 pm and 0.7 Ilm we plot whether the 
data agree or disagree as to the hydration state. 'v'ie find disagreement almost 50(,1c 
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a wide range of pyroxene. olivine, and Fe-Ni compositions (Bell et al. 1989. Gaffey 

et al. 1989, Howell. Merenyi and Lebofsky 199.1,) Laboratory studies sho\\' that the 

absorption bands of pyroxene near 1 and 2 pm change systematically in band center 

and shape with changing mineralogy (Adams 1974:). The combination of the olivine 

absorption band near 1.2 Jim and the pyroxene absorption band near 1 pm. gives rise 

to an asymmetric band typically centered between 0.92 and 1.1 pm. The bancl area 

relative to the local continuum of the 1- and 2-ILm bands in S-type asteroid spectra 

has been used by Cloutis et al. (1986) to inclicate relative abundances of olivine 



4179 Toutatis on 4 January 199:3 

rH 
n 
Phase 
V Mag 
J Maga 

1.1.58 AU 
0.018 AU 

14 .. j 0 

12.86:3 ± 0.027 
12.;'):32 ± 0.0:37 

1-11 

a) Corrected for solar colors, with V!, - J.!, = +1.116 magnitudes (Campins et al. 
1985). 

Table -1:.2: Observational Circumstances of 4179 Toutatis -1 January 199:3 

and pyroxene in the surface mineralogy. The wide range of mineralogies among the 

Tholen S class asteroids has prompted many workers to suggest subdivisions within 

this group. Howell, Merenyi and Lebofsky (1994) define two subgroups based on 

composition and spectral slope. Gaffey et al. (199:3) define seven S class subgroups 

based on the 1- and 2-f.lm bands, but excluding spectral slope. The classification of 

4179 Toutatis in this framework and some implications are discussed below. 

Observations 

The spectrum of 4179 Toutatis shown in Figure 4.8, is a composite of spectra and 

filter photometry obtained between 6.5 and 12.2 UT on 4: .January 199:3 using three 

different telescopes. The observational circumstances of the asteroid o'n this date are 

listed in Table 4.2. I obtained the spectrophotometry spanning 1.2-2.5 Itm at the F. 

1. Whipple Observatory's Multiple Mirror Telescope, using an InSb photometer and 

a circularly variable filter with 1.5% spectral resolution. These observations were 

made between 6.5 and 7.5 DT. Solar analog stars were also observed under similar 
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Figure 4.8: The composite spectrum of 4179 Toutatis is shO\vn. The ('CD spectrum. 
shown as a solid line. covers 0.·5-1.0 J.lm. The cross marks the point at which the 
spectrum is normalized to 1.0 relative reflectance. The interpolated V magnitude 
was used to scale the near-infrared photometry to this point. The IRTF photometry. 
shown as solid circles, includes broadband J, Hand K filters (1.2.5, 1.6.5 and 2.20 pm. 
respectively), and filters at 2.95 and 3.35 11m with FvVH),! 0.1 pm. The MMT data. 
shown as open circles, span 1.:3-2.4 Ilm, and is scaled to the IRTF data at 2.2 pm. 
These data were taken at 1..5% !:::..).,/ )., spectral resolution. but have been smoothed to 
about 10% resolution here. The gap near 1.9 11m is due to a telluric water absorption 
banel. The residual reflectance upon removing the thermal emission is denoted by the 
open squares. The thermal contribution is negligible at wavelengths shorter than 2 .. ) 
Ill11. The error bars shown are one sigma. However, the error bars on the open squares 
show the entire range of reflectance values using all of the different thermophysical 
models discussed (see text). These models systematically overestimate the thermal 
contribution at :3.3.5 Ilm relative to that at 2.95 pm. If hydrated surface minerals 
were present. we would expect that the slope between these two points wOllld ]w 

increasing with wavelength. not decreasing. 
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atmospheric conditions before and after the asteroid was observed. The asteroid flux 

is divided by the stellar flux to obtain the relative reflectance. The original data 

were sampled at 0.0:3.5 pm intervals. but have been smoothed to half this resolution 

to improve the SIN. Data affected by telluric water vapor near 1.9 Ilm haye been 

omitted. 

The photometry in the :3-llm region was obtained at the NASA Infrared Telescopf' 

Facility by D. T. Britt. and .J. F. Bell. These data were obtained between 1L) and 

12.:2 UT. using an InSb photometer and narrowband filters centered at 2.9:j and 

:3.25 pm. In order to determine the continuum in the 1-2.5 pm region. observations 

with broadband .J. H. and K filters, centered at 1.2.5, 1.65 and 2.2 pm respectively. 

were also acquired. As described above, solar analog stars are observed at similar 

atmospheric conditions to obtain the relative reflectance. The .JHI\ measurements 

are shown in Figure 4.8 as solid circles, and they match the MMT observations very 

closely. Thermal emission from the asteroid is significant in the :3-:3.:3 pm spectral 

region. The removal of the thermal flux by modeling the surface thermal properties 

is discussed in Section -l.7.1. 

The CCD spectrum covering 0.5-1.0 pm was obtained by R. P. Binzel at the 

Michigan-Dartmouth-MIT Observatory at Kitt Peak between 8.8 and 9.:3 liT on -l 

.January 199:3. A long-slit spectrograph was used to obtain these data, and ratioed 

to a solar analog star, observed at the same airmass. The scaling of these data was 

done using the V magnitude on this date reported by P. Pravec on -l and .5 January 

(Spencer et al. 1994), interpolated to the time of these observations. The char.ge in 

V magnitude between Binzel's observations and Britt and Bell's is small, due to the 

slow rotation of the asteroid, and relatively slowly changing sub-earth longitude at 
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this time. The V -J magnitude of the solar analog star was used to determine the 

relative reflectance of the asteroid (Campins et al. 1985). 

Combining Visible and Near-infrared Observations 

The rotation period of -1:179 Toutatis is uncertain at this time, but is known to 

be long, on the order of several days (Spencer et al. 1994). The change in sub

earth longitude during these observations is therefore less than LjO and assumed 

negligible. Observations by P. Pravec in the Czech Republic were obtained OIl 

-L01;").1 and -1:.8125 January (Spencer et al. 1994). bracketing these measurements. 

vVe calculate the V magnitude at the time of the broadband measnrements with a 

linear interpolation. Figure 4.9 shows the photometric behavior of 4179 Tout.atis 

near the time of these observations. The visible photometry of P. Pravec at this 

time indicates a local lightcurve maximum probably occurred near the time of our 

observations, but without a detailed understanding of the light curve we cannot 

determine its height. \Ve assume a linear interpolation between January -I:.Ol;j-l: 

and -1:.872.5, but acknowledge that we are probably underestimating the brightness of 

4179 Toutatis in the V filter. We adopt a value of }.tJv = 12.86:3 ± 0.027 magnitudes 

at 11.844 UT. which is the mid-time of Britt and Bell's observations. This value is a 

formal uncertainty based on the reported standard deviation in Pravec's observations. 

However, the uncertainty in the lightcurve shape introduces an uncertainty which 

may be closer to O.1;j magnitudes or greater. A linear change between January 

4.01·54 hours to 4.872.5, implies the change in magnitude between 6.5 and 12.2 UT was 

less than 0.09 magnitudes, approximately three times the standard deviation of our 

reported measurements. Without a more detailed understanding of the lightcurve. 
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Figure -1:.9: Visible light.curve of 41i9 Toutatis obtained by P. Pravec (Spencer et 
al. 1994) during :3-.5 January 199:3 is shown. The interval of the spectral observat.ions 
is marked by vertical lines. A linear interpolation was used to estimate the V 
magnitude. and to sca.le the CCD spectrum to the near-infrared photometry. The 
point plotted is the interpolated value at the mid-time of the IRTF photometric 
observations, lIsed to determine the V -J color. If a lightcurve maximum occurred 
in this intervaL then the V -J color could be up to 0.1·5 magnitudes smaller than we 
assume. 

a correction for changing cross-sectional area between obtaining the near-infrared 

spectrum and the near-infrared photometry is unwarranted. The broadband .J. H. 

and K photometry provides the absolute magnitudes at these effective wavelengths. 

Using the colors of the sun from Campins et al. (198.5), we obtain the corrected 

colors of the asteroid. The resulting 1/ - J = +0.:3:31 ± 0.0:3i magnitudes, using 
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l'" - .J,~ = +1.116. The formal error does not include the uncertainty in the visual 

lightcurve. which could be as much as O.1.:i magnitudes. 

Analysis of Near-infrared Spectrum: S subclass 

The near-infrared spectrophotometry clearly shows a pyroxene absorption band 

near 2 /lm. Unfortunately, we cannot determine the center of the I-I'm banel. cilH' 

to the gap between the CC'D spectrum and the onset of the MMT data at 1.:3 

pm. HO\vever. the center of the 2-pm band is sensitive to the pyroxene mineralogy 

(Adams 1974). We divide the spectrum by a continuum fit between 1..5 and :Lj 

pm. A parabola is then fit between 1.60 and 2.2:3 pm. which gives a band center 

at 1.966 ± 0.012/lID. Using Fig. :3 and Fig. ·5 of Adams (1974), this corresponds 

to Fs.;o (50% Fe/(Ca+Fe+Mg)), and Wo, (7% Ca/(Ca+Fe+?vlg)). The uncertainty 

corresponds to the 95% confidence interval from the parabolic fit coefficients. or 

approximately 1.60' error bars. The resulting range of mineralogy is FS45- 5.; and 

W'05- l0 . The high iron content establishes that the 4179 Toutatis parent body has 

had considerable differentiation of the silicates. In comparison, ordinary chondrite 

pyroxenes are typically FS25 or less. If the 1-/lm band was due solely to pyroxene. t.his 

composition would have a band center between 0.910 and 0.9:3.5 ILm. However. the 

CCD spectrum indicates the band center must be at wavelength 0.96 /lm or longer. 

indicating some olivine must be present as well. 

Even though we lack data between 1.0 and 1.2 microns, we can establish 

reasonable bounds for the band area by interpolation. and comparison with other 

S class asteroid spectra similar to the 4179 Toutatis spectrum in other regions. 

Figure 4.10 shows that the .52-color spectra of near-Earth asteroids 1627 Ivar and 
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Figure 4.10: The 4179 Toutatis spectrum is shown as in Figure -L8. For comparison. 
the solid curves are Bell et al. 's (1988) 52-color spectra for two other S-type near
Earth asteroids. The spectrum of 1627 Ivar is somewhat noisy. but is a good match 
in the 2-llm region. The overall spectrum of 10:36 Ganymed is less reeL but is a fairly 
good match in the visible region. 

10:36 Ganymed (Bell et al. 1988) are very similar to 4179 Toutatis in overall slope and 

2-llm band depth. We use a range of possible band shapes, shown in Figure 4.11. to 

determine the most likely relative olivine and pyroxene abundances. and the resulting 

uncertainties. We use the neural network described in Section 2 to classify the 

three interpolated spectra, marked 1, 2 and 3 in Figure 4.11. Spectrum 1 classifies 

as S, while spectra 2 and 3 are classified as SoS, or moderately olivine-rich. with 

moderately to strongly red continuum. The So class contributes .5.5% and S class 
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Figure 4.11: -11i9 Toutatis spectrum is shown as in Figure 4.8. together with three 
possible interpolations between 1.0 and 1.25 Illn. A cubic spline was applied in this 
region. and extended as far to either side as possible, and still allow a smooth fit 
to the data on both sides. For ease of reference. the nominal fit is denot.ed as :2. 
and the extremes by 1 and :3 as shown. Each of these spectra \\'ere then classified 
separately to determine the range of possible taxonomic types det.ermined by the 
artificial neural network (see text). The primary difference in band shape is due to 
olivine content, where curve 1 has the lowest olivine content. and curve :3 has the 
highest. 

contributes 4.5% in both spectra 2 and a. These spectra are divided by a continuum 

fit between O.i and 1..5 Ilm. We then calculate the l-Ilm band center. and area. The 

band center is nominally at 0.99 pm, with values of 0.96 and 1.05 pm for spectra 1 

and :3. respectively. Likewise the band II/band I area ratio is nominally 0.61, with 

values of 0.5a and o.n for spectra 1 and 3, respectively. Using the sub-types defined 
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by Gaffey et al. (199:3), this region is most consistent with sub-type III. but overlaps 

subtypes IV and II as well. These subtypes contain olivine and clinopyroxene. which 

is consistent with the mineralogy discussed above. Gaffey et al. (199:3) associate a 

red continuum with high Fe-Ni abundance, but while plausible, this interpretation is 

not unique. Britt (1991) discuss several possible interpretations of a red conti nu um 

slope between 0 .. 5 and 2 .. 5 Itm. including Fe-Ni abundance, which may be responsihle 

for this effect. 

Analysis of the 3-/-Lm Spectral Region 

A. Thermal Models 

Three basic models have been developed to predict the thermal emission from 

asteroids with varying levels of complexity: the non-rotating or Standard Thermal 

Model (STi\'I), the fast. rotating or isothermal latitude model, and the thermophysical 

model. These models are described in detail by Lebofsky and Spencer (1989). 

and references therein, and will be briefly summarized here. The STM assumes 

a non-rotating body in instantaneous equilibrium with the solar insolation. The 

temperature of the sunlit side has a maximum at the subsolar point. and decreases 

with angular distance () from that point as [cos (}]1/4. The dark side of the asteroid is 

at 0 K. The model assumes the object is observed at 0° phase so the observed flux is 

corrected from the actual phase. A thermal phase coefficient of 0.01 magnitudes per 

degree is usually assumed (Lebofsky et al. 1986). An empirical normalization factor. 

77, multiplies the asteroid's thermal emission to account for angular distribution of 

the thermal emission (infrared beaming). The value of 7J is chosen such that the 

observed thermal flux at zero solar phase is equal to the STM flux from objects 
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of known diameter. For example. the asteroid 1 Ceres has a value of IJ = O. 'j();j 

(Lebofsky et al. 1986). The thermal inertia of the surface material is assumed to be 

zero. so this model applies to slowly rotating objects. or very dusty surfaces. The 

fast rotating, or isothermal latitude model assumes the object has a temperature 

distribution at each latitude which is constant with longitude, that is. t.he same on 

both night and day hemispheres of the body. This applies to rapidly rotating objects. 

or rocky objects with high thermal inertia. The thermophysical model includes the 

thermal inertia as a parameter. and allows intermediate rotation rates. This model 

makes a smooth transition to the STM in the extreme case of no rotation, zero 

t.hermal inertia. and to the isothermal latitude model in the case of fast rotation and 

high thermal inertia. Spencer et al. (1989) define a thermal parameter 0. 

where r is the thermal inertia. w is the angular rotation rate of the ast.eroid. (0 IS 

the emissivity, (J' is the Stefan-Boltzman constant, a.nd T is t.he asteroid's subsolar 

temperature. The thermal parameter is zero for the STrvL and is infinite for th<=' 

isothermal latitude model. For values of 0 between 0.1 and 10, a thermophysical 

model is required to model the diurnal heat flow through the surface. 

B. Modeling 4179 Toutatis Data 

The thermal flux is significant for an asteroid at 1.158 AU. the heliocentric 

distance of 4179 Toutatis on 4 January. The radar images obtained of this asteroid 

show it to be highly elongated, irregular, and possibly bifurcated (Ostro et al. 199:3). 

The surface appears to be rough at the radar scale (a few em), which can substantially 

affect the angular thermal emission distribution. or beaming factor. Howev<=,l'. 
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41;9 Toutatis rotates \'ery slowly, so the assumption of no rotation is probably not a 

bad one. Calculation of the thermal parameter for 4119 Toutatis using the thermal 

inertia of the moon (1 x 104 erg cm-2 1\-4 s-t). gives 0 = 0.01. This would indicate 

that the STiVI would be applicable. However. using this model we obtain a thermal 

correction that is too large. The resulting reflected spectrum turns down from 2.;') pm 

to :3.5 ILm. which is not seen for any S-type asteroids. meteorites. or laborat.ory 

spectra of rocky asteroid analog materials. In order to obtain a thermal correction 

that results in a flat residual reflectance spectrum using the STM. a beaming fact.or 

of 1.:3 is necessary. which implies that much of the energy is emitted at high phase 

angles. or that the thermal inertia is not zero, and energy is emitted from the night 

side. or both. 

When we apply the thermophysical model. assuming a beaming factor of 0.9. 

and albedo of 0.20, a thermal inertia of :3-8 x 105 erg cm-2 K-4 s-t is required to 

fit the data. This value is :30-80 times that of the lunar surface, which implies 

a rocky surface with little or no dust. Adopting a thermal inertia of 4 x 10.5• 

to fit the observations at the 3a level requires 17 2: 0.9. Pv 2: 0.:2. and € 2: O.D. 

These model results are summarized in Table 4.:3. Figure 4.12 shows the range of 

acceptable thermal model fits given the parameters in Table 4.:3. Although these 

fits are satisfactory, all underestimate the flux at 2.95 pm, and overestimate the 

flux at :3.:35 ILm. The unusual shape of 4179 Toutatis may be responsible for an 

unusual thermal emission phase function. as the geometry is not known for the time of 

observation. However, the visible lightcurve indicates that we observed 4179 Toutatis 

near a maximum, which may indicate a side view. As noted in Brown (198.5), a 

large axial ratio can result in a large beaming factor using the STM. Intuitively. 



Best-Fit Thermophysical Model Parameters to -I:li9 Toutatis Data 

Thermal Beaming Emissivity Albedob Phase 
InertiaU Parameter CoefficientC 

r 1] E pv iJe 

:3-8 x 105 2: 0.9 2: 0.9 2: 0.20 0.005 - 0.01 

a. Thermal inertia in units of erg cm-2 r.;:-l S-I/2. 

b. /Jv is the geometric albedo at 0.5·5 Itm, or at the V filter wavelength. 
c. The phase coefficient is used to correct observed magnitudes to zero phase angle. 

Table -1:.:3: 

if a beaming factor of 1.0 is a smooth sphere, then beaming of less than 1.0 can 

be due to focusing of energy at low phase. such as by concavities or craters on 

the surface. Likewise, beaming of grea.ter than 1.0 can be expected from a surface 

more convex than a sphere, which directs more energy to large phase angles. Of 

course. the roughness scale to which the :3-llm radiation is sensitive is comparable 

to the thermal penetration depth, or a few millimeters at most. However, if the 

roughness at this scale is random, the larger scale shape of the body may dominate 

the phase function. A highly ellipsoidal shape might explain the poor fit in spite of 

the additional parameters in the thermophysical model. which assumes a spherical 

asteroid. The open squares in Figure 4.8 show the residual reflectance spectrum 

when the best fit thermal model emission is removed. At the 3-0' level. the spectrum 

is flat or slightly decreasing between 2 .. 5 and 3.:3.5 ItID. If an absorption band due to 

hydrated minerals or adsorbed water were present, the flux at 2.9.5 pm would be low 
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Figure 4.12: Thermophysical Models were applied to the ,1179 Toutatis data to 
determine the contribution by thermal emission. The solid circles are the IRTF 
observations, with :30" error bars. The thermal contribution at wa.velengths shorter 
than 2.2 !lm is less tha.n 1% in all models, so this point is used for normalizat.ion. 
The range of model parameters given in Table 4.:3 is shown by the shaded region. No 
combina.tion of parameters fit the data at 2.95 !lm without greatly overestimating 
the flux at :3.:35 !Lm. 

compared to continuum points at 2.2 and 3.35 !lm. To date, no S-type asteroid has 

been found to contain hydrated surface minerals. The olivine and pyroxene surface 

mineralogy on 4179 Toutatis is consistent with high temperature formation and an 

anhydrous surface. However, the uncertainties in applying the thermal model are 

large, so the presence of hydrated minerals cannot be entirely ruled out with these 

data. alone. 
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Spectral observations indicate 4] 79 Toutatis has a surface composed of olidne. 

pyroxene, and possibly Fe-Ni metal. The position of the '2-pm pyroxene band 

indicates an average pyroxene composition of WojEn.j3Fs.5o. The uncertainties in the 

band center lead to a 95% confidence interval of FS45 -.5.;. and W05- 1O • This high Fe 

content indicates that the -1179 Toutatis parent body had considerable differentiation 

of the silicates. compared to pyroxenes found in ordinary chondrites. Although the 

1-1.'2 pm region was not observed. the I-flm pyroxene band center is at a wawlength 

longer than 0.96, which indicates some olivine must be present. An art.ificial neural 

net.work. trained to recognize asteroid taxonomic classes llsing near-infrared spectra. 

finds -1179 Toutatis to be in class SoS. a moderately olh'ine-rich ast.eroid with a 

moderately red sloping continuum. The :3-flm observations indicate that the thermal 

behavior of this asteroid is not like that of large main-belt objects. The standard 

thermal model overestimates the thermal flux of 4179 Toutatis. and requires much 

of the energy to be emitted at high phase angles, or emitted on the asteroid's night 

side, implying nonzero thermal inertia. A rocky surface with some thermal inertia 

provides the best fit to the observed data, although some discrepancies remain. The 

rotational aspect of the asteroid at the time of these observations is not known, 

but the poor model fit might be explained by the viewing geometry. vVithin the 

range of thermal model parameters discussed, we do not find any evidence for an 

absorption band at :3-flm, once the thermal flux is removed. Given the uncertainties 

in the surface thermal characteristics. these data alone are not definitive. but are 

consistent with an anhydrous surface. 

Asteroicl4179 Toutatis makes another close pass by the Earth in the fall of 1996. 

although it will be more than 2 magnitudes fainter than it was in 199'2/199:3. Another 
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observing opportunity will occur in the fall of 2000. when this asteroid will be as 

bright or brighter than it was in 1992/1993. Hopefully these next apparitions will 

give us an even more detailed look at the surface characteristics of this interesting 

asteroid. Spectroscopy at different asteroid longitudes can help determine if this 

object is two separate units gently joined together, or whether it is an object of 

uniform composition. The observations reported here will provide a basis on which 

to build a more complete picture of the mineralogy of this asteroid in the years to 

come. 

4.7.2 4954 Eric and 4953 1990 MU 

-1:9:')4 Eric and 495:3 1990 MU had favorable apparitions in winter and latf' spring 

of 1994, respectively. I used the Steward Observatory FSpec camera. which is a 

long-slit infrared spectrograph. to observe these asteroids from 1.-1, to 2.5 pm. A gap 

in coverage at 1.9 pm is unavoidable with this system. -1:95-1: Eric was previously 

determined to be S-type (W. Wisniewski, personal communicat.ion). and using these 

observations I determined that -1:9.5:3 1990 MU is also a member of the S class. 

These objects are generally thought to be formed through at least partial melt.ing 

at temperatures too high to retain hydrated minerals. No member of the S class or 

its subclasses has been observed to have hydrated surface minerals. An absorption 

band due to pyroxene near 2 /-lm was detected on both of these objects. CCD 

spectra for these objects were obtained on 24 February 1994 and 28 March 1994. 

Fortuitously, we were able to coordinate simultaneous observations of 4954 Eric using 

a CCD spectrograph, CCD imaging system, and an infrared photometer through the 

generosity of several observers who took time out from their scheduled programs. The 
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Figure ·L1:3: The combined visible and near infrared spectrum of .Jo9.5.Jo Eric is shown. 
The simultaneous photometry obtained on 28 iVlarch 1994 determines the scaling of 
the visible and near infrared sections of the spectrum. The visible CCD spectrum 
was also obtained on 28 March. The infrared spectrum was obtained 1 February. 
and is not corrected for rotation phase. See text for additional discussion. 

composite spectrum is shown in Figure 4.1:3. The photometry and CCD spectrum 

were obtained simultaneously on 28 March 199.Jo. The infrared spectrum. obta.ined 

1 February 1994. was scaled to the H and I\: photometry, although the rota.tional 

phase may be different. A partial lightcurve indicates the period of 49.54 Eric was 

approximately 10 hours in October 1990 (VV. Wisniewski, personal communication). 

However, the pole orientation is not known, so we could not correct for viewing 

geometry or apply phase corrections with any certainty. 

Using the method described in section Section 4.7.1, we determine a band 
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position of 1.91 ± 0.04 for 49.5-1: Eric. which corresponds to an average surface 

pyroxene composition of Fs30 WooEnio. The l-Jlm band position is at wavelengths 

longer than 0.91 Jtm, which indicates some olivine must be present. Unfortunately 

we did not obtain photometry of -195:3 1990 MU, so the continuum cannot be 

determined and removed. The apparent band center is 1.89 ± 0.0·5. giving an 

average pyroxene composition of Fs3.; \iVooEn6';. Both of these objects are consistent 

with all the pyroxene in orthopyroxene. and no clinopyroxene at all. But small 

amollnts cannot be ruled out. The mineralogy of these objects is significant Iy 

different from -l179 Toutatis. The high Fe abundance of 4179 Toutatis indicates 

extensive silicate fractionation. whereas these objects have been less fractionated. 

The ~EA population consists of a diversity of S-type asteroids which have different 

thermal histories and different mineralogies. A chance sampling of even these fe\\" 

objects reveals that the S-type asteroids are not dominated by the breakup of a single 

object, producing large numbers of similar fragments. As suspected from dynamical 

modeling and reflected in the meteorite collection, the ~EAs are a diverse group of 

objects, probably from a variety of source regions. As we investigate more objects. 

we hope to more clearly define these source regions and their relative importance. 



CHAPTER 5 

SPECTRAL VARIABILITY 

5.1 Introduction 

Since spectroscopy at visible and near-infrared wavelengths only probes the top 

few microns of the asteroid surface, it may not represent the bulk composition. 

Even if the object is not differentiated. surface processes such as those active on 

the lunar surface can make the surface material look different than the rock from 

which it is derived (Pieters et al. 199:3). Regolith processes on asteroids have recei\"(~d 

much attention and debate, but until recently no direct observations were available. 

Images of 951 Gaspra indicate that even on this 6 km by 2 k111 body, some regolith 

is retained from impact debris. Slight color differences around fresh-looking craters 

suggests that newly exposed material has a different spectral signature than the older 

regolith. However, asteroids do not always paint themselves unformly with regolith. 

since we do see spectral differences at different rotational phases on some objects. 

The frequency at which spectral differences occur gives an indication of the time 

scale for the formation of regolith. If only a few cases are observed. then the time 

scale is short, and recent impacts are covered relatively quickly. If spectral variation 

is common, then regolith processes are slower, and we would expect an increase of 

spectral variation on smaller objects, since a smaller fraction of impact debris is 

retained. 



5.2 Variability at Visible Wavelengths 

Asteroid observers searched for variable color with rotational phase for many 

years. No dramatic variations were seen, and the conclusion was that asteroids must 

"paint themselves gray" as debris from cratering events accumulated. However. while 

this may be true for larger asteroids. the smallest objects cannot hold much if any 

regolith. and should show larger variations. As described in Chapter -U. I targeted 

small, newly discovered NEAs to determine their composition. I observed one SHch 

object. 199:3 KA. at broadband B. V and R filters OIl 18 May 19!H. Figure ·5.1 

shows these data as a function of time. The brightness of this object. assuming an 

albedo of about 0.1 indicat.e it is approximately :30 meters in diameter. The V and R 

observations show little or no change outside the observational errors. which implies 

t.hat the cross-sectional area is not changing substantially during this time. However. 

the B filter photometry shows a dramatic increase for about :30 minutes. Since all the 

observations are interspersed. this must be a color change. not an overall brightness 

change. The colors measured outside this time period are consistent with the Tholen 

X or marginally the T or S classes. The average colors during the brightening at B 

are unlike those of any asteroid class. No known rock-forming minerals have those 

spectral colors either. Cometary emission of eN can cause such an effect. however 

that feature is outside the wavelength range covered by this filter , falling in the F 

filter range, not the B filter. Unfortunately, another opportunity to observe this 

object does not occur in the near future. If this observation indicates some sort of 

compositional variation, then this object is heterogeneous on a scale of meters. 
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Figure 5.1: We obtained photometry of the small NEA 199:3 KA shortly after its 
discovery. The observations were made cycling through the filters in rapid succession. 
While little or no variation was seen in the V and R filters. a brightening was seen 
in the B filter during a :30 minute period. This change cannot be clue to changing 
cross-sectional area, or the other filters would also show a change. This brightening 
must. be changing composition. however the colors do not correspond to an.v known 
asteroid class or mineral. 

5.3 Variability in the Near-Infrared 

Since the near-infrared carnes more spectral information than the visible. 

searching for variability with rotational phase might be more fruitful at these 

wavelengths. Gaffey (1994) reported one of the first widely accepted studies of 

spectral variation and therefore compositional variation on asteroid 4 Vesta. He 

observed this object at known rotational phases and showed statistically significant 

shifts in the absorption band width and central wavelength. The large size and high 
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albedo of -I: Vesta allow very high SIN data to be obtained. making these small 

differences measurable. Using laboratory data of pyroxene and olivine mixtures. he 

relates these spectral changes to compositional changes in the pyroxene chemistry. 

However. these interpretations are model dependent since the grain sizes and degree 

of int.imate mixing are unknown. 

As described in Section 2.7, during the .52-color survey 20 objects were obselTPd 

on more than one night. and in some cases separate years. These spectra were 

examined separately to determine whether they should be averaged. If the spectra 

contained at least :3 adjacent points with reflectance values more than :3-0- apart. 

they were treated as if they were separate objects. Typically many more than three 

points satisfied this criteria, as the examples in Figure 5.2 show. Two spectra of 

4:3 Ariadne, 86:3 Benkoela, 18 Melpomene, 2.58 Tyche. and 1:35 Hertha were analyzed 

separately. Asteroid :367 Amicitia was not included since neither 8-color observations 

nor UBV photometry were available. Three of these objects have two different 

final classifications for the separate spectra. Rotationally resolved spectra of these 

objects are needed to settle this important issue, since the fundamental meaning 

of a taxonomic class is quite different if objects routinely show different classes on 

different faces. 

It has been suggested that these differences are due not to compositional 

differences, but instead to viewing geometry or other effects snch as particle size 

distribution or possibly to observational errors. The spectral reflectance of a material 

observed at two different phase angles will appear redder at larger phase angles. since 

the scattering losses increase as .{;. With increasing phase angle. more blue light is 

lost relative to red, producing a spectral slope. Figure 5.3 shows the mean phase 
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Figure 5.2: Several objects observed at different times during the course of the 
:32-color SUl'\'ey showed significant spectral differences. In most cases. either the 
rotation period. pole orientation. or both are unknown for these objects. so sub
Earth latitude and longitudes are unknown. Observational errors are possible. but 
not likely to account for all the observed spectral differences. 4:3 Ariadne, for example. 
was observed four times, and the two distinct spectral shapes shown above were each 
observed twice. 

angle for each pair of observations versus the difference in phase angle between the 

separate observations. If the primary factor producing the red spectral slope were 

phase reddening, we would expect to see the biggest spectral differences on those 

objects at either the largest phase angles or the biggest difference in phase angle. 

However, Figure 5.:3 shows that the significant spectral differences are seen at phases 

and phase differences well within the range where, for other asteroids, no spectral 

differences are apparent. There is no tendency for objects observed at the highest 
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Figure 5.3: For those objects observed on two or more different nights. the difference 
in phase angle between the observations is plotted against the mean phase angle for 
each pair of observations. Objects with statistically different spectra are plotted as 
filled circles, while similar spectra that. were averaged are plotted as open squares. 
If phase reddening were a significant effect. the objects obsen'ed at highest phase 
angles or at the greatest difference in phase angles would show the greatest spectra.l 
differences. The objects where no siginificant spectral differences are seen are shown 
as open squares. while those where large differences are seen are plot.ted as filled 
circles. The spectral differences are not preferentially at either large phase angles or 
large phase angle differences. We conclude this is not a significant effect for these 
data. 

phase angles to be the reddest. so we conclude that phase reddening is not the 

primary cause of the red continuum slope on different sides of these asteroids. 
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Figure .5.4: Asteroid .511 Davida was observed on several different nights and shows 
variable depth in the :3-ltm water absorption band. Two different rotation phases are 
shown above. The continuum is extrapolated from the photometry at Hand K. and 
shown as a dashed line for reference. 

5.4 Variability at 3 /-LID 

During our survey of asteroids at :3 {lm, searching for hydrated minerals. 

several objects were observed on multiple occasions. In many cases, the depth 

of the absorption band changed, sometimes disappearing altogether. Subsequent 

observations confirm these differences, but again we do not have sufficient geometrical 

information to determine the sub-Earth latitudes and longitudes for many objects. 

Figure 5.4 and Figure .5.5 illustrate the t.ypes of variations seen, where the band depth 

varies from 0-20% at different times. This variability is not entirely unexpected. 
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Figure ·5.·5: Several observations of asteroid 10 Hygiea show variable band depth at 
:3 Itm. The rotation period and pole of this object are not known ?? The continuum 
is extrapolated from the photometry at Hand K. and shown as a dashed line for 
reference. 

since partial aqueous alteration or inhomogeneity in the initial ice distribution could 

result in patches of hydrated material, or material may be only partially exposed on 

the surface. As described earlier in Section :3.5, 3:36 Lacadiera also exhibits patchy 

hydration of the surface. 

Asteroid 55 Pandora has been studied extensively, and a rotation period and 

pole orientation have been determined (Magnusson et al. 1989). We observed 

this object at two different orbital longitudes, separated by nearly 4 years. On 

:30 December 1991, no absorption band was seen, whereas on :3 February 1988, a 
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tentati\'e absorption \vas identified. In the first instance. the viewing geometry was 

such that the pole area was viewed. In the second case. the sub-Earth latitude was 

less than 200
• giving an equatorial view. Therefore. the hydrated area is confined at. 

least to one hemisphere. Additional rotationally resolved observations of this object 

are a high priority to determine the location and spatial extent of the hydrated 

region. Since this object is also a high albedo ?o..J class object. the composition of the 

hydrated material is puzzling. Iron-nickel metal is ruled out by the water bane!. 

5.5 Conclusions 

Altogether. about 20% of the objects surveyed thus far show some variability in 

the near-infrared spectrum. Changing continuum le\'els might possibly be attributed 

to particle scattering effects, although changing composition seems more likely. 

However, changes in the in the depth of the water absorption band are clearly 

compositional changes in the surface material. All of these objects are large. at 

least :30 km. and most over 50 km. vVe expect these objects to retain regolith. 

similar to that seen on 243 Ida. for example. But these observations show that this 

regolith is not uniformly coating the object, nor is the material well mixed on thp 

sm-face. Either material must be unevenly distributed by collisions or large craters 

dominate the surface such that we can see spectral variation fairly frequently. This 

implies that the surface mineralogy is in fact indicative of the overall composition of 

the asteroids, at least to a depth much greater than the radiation penetration depth 

(microns) or even the regolith depth (meters). Reflection spectroscopy then is an 

appropriate tool to survey large numbers of asteroids and determine compositional 

trends. 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

6.1 What Have We Learned fronl Spectral Studies? 

Wi 

Near-infrared reflection spectroscopy is a powerful tool for remote sensing of solid 

bodies. The 1- to :3 •• 5-Jlm spectral region contains absorption features diagnostic 

for many common rock-forming minerals, hydrated minerals. and water. The 

Earth's atmosphere is relatively transparent over much of this region. making 

ground based measurements practical. Although spacebased observatories have some 

advantages, their availability is still so limited that large scale surveys of statist,ically 

significant numbers of objects can only be done using groundbased instrumentation. 

Quantitative measurements of chemical composition and abundance ratios can often 

be made for pyroxene and olivine using the absorption bands near 1 JIm and :2 pm. 

The continuum in the 1- to 2.5-pm region is also diagnostic for many of the taxonomic 

classes which are difficult to distinguish from the visible spectrum alone. especially 

when the SIN is low. However, the compositional interpretation of the continuum 

slope is not unique. In the course of this work, I have shown that the near-infrared 

spectrum contains valuable compositional information. which I llsed to extend the 

existing asteroid taxonomy, and refine our understanding of the outer belt asteroids. 

This work is the first in-depth analysis of near-infrared reflection spectra of asteroids. 

I have also applied this technique to near-Earth asteroids to learn more about their 

value as future resources. By combining ground based remote sensing with spacebasecl 
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imaging (either form orbiting telescopes like the Hubble Space Telescope. or from 

spacecraft missions such as Galileo and Near Earth Asteroid Rendezvous we gain far 

more than from either measurement alone. Interpretations drawn from the images 

of 951 Gaspra and 24:3 Ida rely heavily on the wealth of grollndbased data available 

for these objects. Expanding studies of other asteroids in light of this improwd 

understanding holds much promise for the further exploration of the asteroids. 

6.2 Overall COlnpositional St:ructure of the Asteroid Belt 

\Vhen I extend the Tholen taxonomy to include near-infrared spectrophotometry. 

the basic compositional classes remain intact. but additional compositional structure 

emerges. The S-type asteroids form a continuum ranging from oli\'ine-rich with a 

very red continuum to olivine-poor with only slightly red continuum compared to 

the SUllo These compositional subclasses do not seem to be related to their orbital 

distribution, albedo or other physical parameters, though there is a slight preference 

for olivine-rich objects to be in the inner asteroid belt. The C. B. F and G classes 

have variable near-infrared continua. but due to the small number of examples. the 

compositional significance is not clear. The ANN classification technique is powerful. 

especially in its ability to handle large complex data sets. Combining \videly different 

types of data together holds much promise for further discriminating compositional 

differences among the asteroids, and the ANN is well suited to this task. 

6.2.1 New Ideas about Aqueous Alteration 

Hydrated minerals had previously been detected on low albedo asteroids mostly 

in the middle asteroid belt. Although we expect distant asteroids to be increasingly 
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volatile-rich. previous attempts to find water of hydration on outer belt asteroid 

surfaces were unsuccessful. I concentrated on D-class asteroids which dominate the 

outer belt, and looked for signs that these objects are indeed volatile-rich. Hydrated 

minerals were in fact discovered on a main-belt D asteroid (:3:36 Lacadiera), and 

possibly on another (77:3 Irmintraud). However, no hydrated minerals were detected 

on more distant D class asteroids. This confirms the picture of aqueous alteration 

occurring as a secondary heating event which extended out to the middle belt. bllt 

did not affect the more distant objects. These distant asteroids ma.y still contain 

primordial ices which were never melted. and so did not react with t.he silicates to 

form hydrated minerals. Although not definitive. these new data are consistent with 

this overall formation scenario. 

6.2.2 Composition Trend for D Asteroids 

Simultaneous visible and near-infrared observations are particularly valuable 

for primitive outer belt asteroids, which are well-characterized by broadband filter 

photometry. Using this technique I have examined many of the Jupiter Trojan 

asteroids, most of which are too faint to study at higher spectral resolution. A 

trend toward increasing red slope with increasing heliocentric distance is detected in 

the near-infrared for the first time. A. similar trend was noted previously by Vilas 

and Smith (198.5) in the visible spectral region. This trend suggests a systematic 

compositional difference among the D asteroids. If the red color is due to complex 

organic compounds, there is an increasing abundance of this material at larger 

heliocentric distances. The suggestion that this is a thin coating of cometary dust 

or interplanetary material is not supported by the observations. 
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In an attempt to verify that complex organics are present on the surface of 0 

asteroids, I searched for the 2.2-pm overtone band of eN-bearing solids. tentatiyely 

identified by Cruikshank et al. (1991). Moderate resolution spectra in the 2-2.5-l-lm 

region do not show any absorption bands on 0 class asteroids. My observations of 

objects observed by Cruikshank et a\. (1991) do not confirm the band they detect. 

l\[y observations are at a higher SIN and at higher resolution than the observations 

they cite. Although inhomogeneous spatial distribution could account for spectral 

differences at different rotational phases, several objects were observed at several 

different times. Since I did not detect this band on any object I observed. the most 

likely explanation is that some previous observational error occurred. Cruikshank et 

a\. have not been able to duplicate their previous results either (Cruikshank personal 

communication, 199:3). These observations also rule out the presence of clays 011 0 

asteroids, since clays have an absorption band at 2.2-2.:3 pm. The continuum slope 

might still be due to complex organic compounds which do not contain significant 

amounts of CN polymers. 

6.2.3 New Ideas about Jupiter Trojan Asteroids 

The near-infrared colors of the Trojan asteroids are much redder than the reelclest 

main belt objects. The Trojan population seems to be much more uniform in 

spectral appearance than other dynamical groups such as the Cybeles and Hildas. 

Since capture into the Trojan clouds is unlikely, these are assumed to be primordial 

remnants of planetesimals formed at or near that heliocentric distance. The spectral 

similarity supports this idea, and is consistent with the composition being primitive 

organic-rich dust and unmelted ices buried below the surface. The Trojan population 
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is almost certainly collisionally evolved, and the high inclination distribution means 

that relative velocities are high enough to disrupt the bodies. If the dark red surface 

material were a thin coating of dust. collisions would erode this material, leaving 

much more diversity in surface appearance. The uniform spectral appearance of the 

Trojans suggests instead that this material is a primary compositional component. 

and forms a thick surface layer. A few Trojans. particularly 1:208 Troilus. have 

unusual spectra. some show weak silicate absorption banels. However. the low overall 

albedos preclude large areas of rocky material. Detailed modeling is required to 

determine how much of this higher albedo material is required to produce the banc\. 

but keep the albedo low. In the case of the very unusual spectrum of 1208 Troilus. 

additional observation are needed to confirm this spectrum and understand this 

object. Studies of the Trojans asteroids therefore are promising for determining 

solar nebula conditions. and although collisionally evolved, they do not seem to be 

thermally altered to any great degree. 

6.3 Composition of Near-Earth Asteroids 

6.3.1 Implications for the value of NEAs as resources 

[more hydrated types] [terrestrial impact debris?] [finding Nereus is NOT S] 

\·Ve find that a dedicated effort to determine composition of NEAs can result 

111 observations of up to 15 objects per year, about half of which are targets 

of opportunity observed soon after discovery. A range of taxonomic classes are 

represented in the NEA population. Rabinowitz et al. (1993) suggests that the 

smallest NEAs have unusual colors compared to larger objects, but the large 

uncertainties and small number of objects in the sample makes this conclusion 
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premature. Continuing efforts t.o observe these objects are important to understand 

their origins. and to identify potentially valuable resources in space. 

\'Ve identify four NEAs, 4660 Nereus, 1989 VA, 1989 VB and 1992 NA. which are 

members of taxonomic classes known to have hydrated members in the main asteroid 

belt. Studies of the D asteroid class indicate that hydration can occur for objects 

nearer the sun. and perhaps NEA :35,52 Don Quixote (D) is a good candidate source 

of water in space. D-class asteroids were thought to be extinct comets. however one 

known extinct comet (..],01.5 WilsonHarrington) and active comet 2060 Chiron are not 

red. but resemble C-class asteroids. We do not yet have a diagnostic test to identify 

extinct comets among the NEAs. Attempts to link weak visible phyllosilicate bands 

with hydrated minerals as evidenced by a :3-pm water absorption are not. entirely 

successful. Other. anhydrous Fe-bearing materials ma.y also exhibit these bands. 

However. these observations are difficult. and variability with rotation phase may 

also explain some of the inconsistencies. 

Favorable apparitions occurred for 4179 Toutatis. 495:3 1990 MU. and 495·l Eric. 

observed these objects in the visible and near-infrared simultaneously. and 

determined more detailed surface mineralogy. All of these objects are S-class 

asteroids, with evidence of olivine, pyroxene. and FeNi metal. The high Fe content 

in the silicates observed on the surface of 4179 Toutatis indicates considerable 

fractionation. A high degree of thermal processing in not consistent with the 

composition of ordinary chondrites. The other asteroids, 4953 1990 MU and 495·1 Eric 

sho\\'.less~ fractionation, but have distinct silicate mineralogies. 



6.4 COlnpositional Heterogeneity 

Among asteroids selected for obsrvation more or less at random. we see variation 

in composition with rotational phase about 20% of the time. This \'ariation indicates 

heterogeneity in composition on relatively small spatial scales. from 10 km to as 

small as 10 m (in the case of 199:3 KA). Asteroids are often idealized as uniform 

chemical bodies. in equilibrium spatially and temporally. But the evidence is dear 

that this is not true in general. Color variations and continuum slope variations. often 

confirmed by two or more sets of observations, are larger than can be accounted for by 

geometric effects such as phase reddening. Indirectly. this obsen'ations strengthens 

the argument that continuum slope is indeed evidence of compositional differences. 

Clear variation is also seen in the depth and sometimes presence of the 

water absorption band at 3 Ilm. These observations can only be interpreted as 

compositional variation. or at least variation in the degree of thermal alteration. 

Incomplete aqueous alteration or non-uniform surface exposure of hydrated minerals 

on the surface implies that the regolith on these bodies is not uniform and well 

mixed over the surface. The surface mineralogy in a useful indicator of the 

overall composition of the object beyond the top few microns of the surface dust. 

Resolved images of larger asteroids are starting to become possible, and together 

with groundbased spectroscopy will reveal the composition of asteroids in much 

greater detail. Additional coordinated observations to link the changing spectra 

with changing geometry and rotation periods for a larger number of asteroids will 

be important in understanding asteroids as complex geological bodies. 
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APPENDIX A 

Observational Data Collected 1989-1994 

Date Telescopea Instrumentb Weather ObjectsC 

2-8 Mar 1989 IRTF IR Phot cloudy 
19 Nov 1989 Mj\IT IR Phot clear 1 Tro. :3 ass. :3 NE 

Catalina CCD clear 1 Tro, 2 ass. -1 NEA 
20 Nov 1989 MMT IR Phot cloudy 

Catalina CCD cloudy 1 ass. 1 NEA 
1-6 ~Iar 1990 IRTF IR Phot cloudy 
0:3 Apr 1990 MMT IR Phot clear 1 Tro. 9.11 Gaspra .. :3 :'IB 

Catalina ('CD clear 1 ass. 951 Gaspra. :3 :'IB 
04 Apr 1990 MMT IR Phot partly clear 2 Tro. 951 Gaspra. :2 :'IB 

Catalina ('CD partly clear 2 Tro. :2 l'.I B 
28 Sep H.l90 MMT Bolometer cloudy 94-1 Hidalgo. :2 XEA 

Catalina CCD cloudy 94-1 Hidalgo, :2 NEA 
29 Sep 1990 MMT Bolometer cloudy 94..J, Hidalgo. 2 NEA 

Catalina CCD cloudy 94..J, Hidalgo. :2 NEA 
02 Oct 1990 IRTF IR Phot partly clear 944 Hidalgo. 1 NEA. :3 MB 
0:3 Oct 1990 IRTF IR Phot cloudy 
O..J, Oct 1990 IRTF IR Phot cloudy 
0.5 Oct 1990 IRTF IR Phot partly clear 94..J, Hidalgo. :2 :VIB 
18 Oct 1990 Catalina CCD clear 94..J, Hidalgo. 1 r.-IB 
19 Oct 1990 Catalina CCD clear 944 Hidalgo 
09 Nov 1990 MMT IR Phot partly dear 3 Tro 

Catalina CCD mostly clear 944 Hidalgo, :3 Tro. 1 MB 
10 Nov 1990 MivIT IR Phot clear 944 Hidalgo. -I: Tro. 3 ~IB 

Catalina CCD clear 944 Hidalgo. 4 Tro. :3 MB 
27 Jan 1991 MMT Bolometer cloudy 

Catalina CCD cloudy 2212 Hephaistos 
28 .Jan 1991 MMT Bolometer partly clear 2212 Hephaistos 

Catalina CCD cloudy 2212 Hephaistos. lOSS 
1 MB 

11 Feb 1991 IRTF IR Phot clear 3 ass. 4 MB. 1 NEA 
12 Feb 1991 IRTF IR Phot clear 3 OSS,.5 MB 
13 Feb 1991 IRTF IR Phot cloudy 
14 Feb 1991 IRTF IR Phot cloudy 
26 Mar 1991 MMT IR Phot cloudy 
26 Mar 1991 Catalina CCD cloudy 
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Date Telescopea Instrumentb \Neather Objects': 

2, Mar 1991 MMT IR Phot partly clear 2 MB 
2, Mar 1991 Catalina CCD cloudy 
28 Mar 1991 Catalina CCD cloudy 
29 ~Iar 1991 Catalina CCD cloudy 
2.t Apr 1991 M?vIT IR Phot partly clear 3 MB 

Catalina CCD clear .5 MB 
25 Apr 1991 MMT IR Phot clear .5 Tro, 3 OSS, :3 MB 

Catalina CCD clear 5 Tro, :3 OSS, :3 NIB 
26 Apr 1991 Catalina CCD cloudy 10SS.2 MB 
2, Apr 1991 Catalina CCD cloudy :3 MB 
10 Sep 1991 ).IMT IR Phot cloudy 

Catalina CCD cloudy 
11 Sep 1991 Mr.'IT IR Phot cloudy 

Catalina CCD cloudy 
12 Sep 1991 Catalina CCD partly clear 1991 EE 
1:3 Sep 1991 Catalina CCD partly clear 1991 EE, 1 OSS 
t-t Sep 1991 Catalina CCD clear 1991 EE. 2 OSS. 1 MB 
18 Sep 1991 MMT IR Phot cloud;,' 
19 Sep 1991 MMT IR Phot cloudy 
:30 Nm' 1991 MMT IR Phot cloudy 

Catalina CCD cloudy 
01 Dec 1991 ~I'IMT IR Phot cloud~' 

Catalina CCD cloud;,' 
02 Dec 1991 MMT IR Phot cloudy 

Catalina CCD partly clear 1 NEA, 2 MB 
13 Dec 1991 KPNO .tm CRSP clear 3 MB 
1-t Dec 1991 KPNO .tm CRSP partly clear 3 Tro. 3 lVIB 
1.5 Dec 1991 KPNO .tm CRSP cloudy 2 Tro. 4 OSS, 4 MB 
2, Dec 1991 IRTF IR Phot cloudy 
28 Dec 1991 IRTF IR Phot clear 243 Ida. 5 MB 
29 Dec 1991 IRTF IR Phot clear 243 Ida. , MB 
30 Dec 1991 IRTF IR Phot clear 9MB 
:31 Dec 1991 IRTF IR Phot clear 10 Tro, lOSS, 4 MB 
24 Jan 1992 MMT Bolometer cloudy 
25 .Jan 1992 MMT Bolometer partly clear 20SS 
28 .Jan 1992 MMT Bolometer partly clear 20SS 

Catalina CCD partly clear 20SS 
29 .Jan 1992 i\IMT Bolometer clear 20SS 

Catalina CCD clear 20SS 
13 Apr 1992 Catalina CCD cloudy 1 NEA, 2 MB 
1.t Apr 1992 Catalina CCD mostly clear 1 NEA, 2 MB 
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Date Telescopea Instrumentb vVeather ObjectsC 

1.5 Apr 1992 MMT IR Phot cloudy 
Catalina CCD cloudy 1 NEA 

l() Apr 1992 ivIMT IR Phot cloudy 
Catalina CCD cloudy 

1, Apr 1992 MMT IR Phot partly clear .5 Tl'o. 
Catalina. CCD mostly clear .5 Tro. 1 NEA. , MB 

18 Apr 1992 Catalina. CCD partly clear 1 NEA. :3 MB 
;30 .lUll 199:2 Catalina CCD clear GyIB 
01 .luI 1992 Catalina CCD clear , MB 

0:2 .Tnl 1992 Catalina. CCD mostly clear () :-.m 
oa .I ul 1992 Catalina CCD cirrus :2 :'-iEA. 4 :vIB 
0,( .Jul 1992 Catalina CCD cirrus :2 NEA, 6MB 
2, Aug 199:2 Catalina CCD clear ;) NEA, 8 MB 
28 A ng 1992 Catalina CCD clear 2 NEA. 6 MB 
1, :;0\' 1992 Catalina CCD clear 1 NEA, 12 ?vIB 
18 :;ov 1992 Catalina CCD clear 8 MB 
19 ~ov 1992 Catalina. CCD cloudy , MB 

20 Nov 1992 Catalina CCD cloudy 1 NEA, 1 MB 
12 Feb 199:3 Catalina CCD cloudy :3 MB 
1:3 Feb 199:~ Catalina CCD cirrus 1 MC 
18 Feb 199:3 Catalina CCD cloudy :2 NIB 
18 ~Iay 199:3 Catalina CCD clear 2 NEA 
19 ~'Iay 199:3 Catalina CCD clear 2 NEA,.5 MB 
20 )'Iay 199:3 Catalina CCD clear 1 NEA, 7 MB 
02 Oct 199:3 SO 2.:3m FSpec clear 8 MB 
0:3 Oct 199:3 SO 2.:3m Fspec cloudy 2 MB 
12 Oct. 199:3 Catalina CCD cirrus 1 NEA 
1:3 Oct 199:3 Catalina CCD cirrus 4 NEA, 1 NIB s,p 
1·1 Oct 199:3 Catalina CCD partly clear 1 NEA. 2 MB s,p 
15 Oct 199:3 Catalina CCD cloudy 2 NEA s 
11 ~ov 199:3 Catalina CCD cloudy 
1-1: .Jan 199-1: Catalina CCD cirrus 2 NEA 5 

15 Jan 1994 Catalina CCD cirrus 2 NEA s 
16 Jan 1994 Catalina CCD cirrus .5 NEA s,p 
01 Feb 1994 MMT FSpec clear 2 NEA, 1 MB 
21 Feb 1994 MMT GeSpec cloudy 
09 ~Iar 1994 Catalina CCD cirrus 1 MB 
10 )'Iar 1994 Catalina CCD cirrus 2 NEA 
11 l-.Iar 1994 Catalina CCD cloudy 
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Date Telescopea Instrumentb Weather ObjectsC 

09 ~Iay 1994 Catalina CCD cirrus 1 NEA s 
10 :''lay 1994 Catalina CCD cloudy 1 MB. 3 NEA s 
10 Nov 1994 Catalina 2KCCD clear MT.l NEA p 

SO 90inch 2.56x2.56 clear MT p 
11 Nov 1994 Catalina 2KCCD cloudy MT rp 

SO 90inch 256x256 clear MT p 

a) :'-IMT = Fred L. Whipple Observatory Multiple Mirror Telescope. Catalina = Fniversity 
of Arizona 1.54 m telescope, IRTF = NASA Infrared Telescope Facility at Mauna Kea 
Observatory, I\:PNO 4m = Kitt Peak National Observatory 4 m Mayall 
b) IR Phot = Infrared Photometer (at IvIMT equipped with broad- baml .J. H. and 1\ 
filters. and a 1.5% Circularly Variable Filter (CVF), at IRTF equipped with broad-band 
.J. H. and K filters, a 3-.')% CVF. and narrow-band filters at 2.95. 3.1, and :3.:3 I'.m) CCD 
= International Halley \-'latch CCD spectrograph. operable in both imaging and spectral 
modes with Harris V. and Cousins R broad-band filters. Bolometer = Bolometer with 
broad-band Nand Q filters. CRSP = Cryogenic Spectrometer used at 0.009 pm spectral 
resolution from 1.9-2...1 jlm. 

c) Tro = Trojan asteroid. OSS = Outer Solar System object (a> :3 AU), NEA = Near-Earth 
Asteroid. MB = Main Belt asteroid 



B.l 

B.2 

APPENDIX B 
Standard Stars 

JHKLlVI Solar-type Standard Stars 

8S HD Name SAO a (2000.0) [, 

HD280!J9 Hyades 6-1- SAO 09:l9:lfi 0-1- 26 :l9.2 + ifi -l-l- ·30 
Hyades 106 SAO 09-1-0-1-9 0-1- :38 .3,.2 +1-1- Ofi :.!:.! 
Hyades 1-1-2 SAO 09-1-11-1- 0-1- ·W :lO.:3 +1.52821 

HD-I--I-.50:,) SAO 21,861 Ofi 20 Of).l --1-8 -l-l- 2~ 

8S-I-,85 HD 11188-1- SAO O-l--I-2:l0 12 :l:3 -1--1- .. ') H1:H 2, 
BS-I-98a HDll-l-,10 J Com SAO 082,06 1:3 11 .32.:l +2, .52 -l1 
8S.523.') HD121:l,O 'I Boo SAO 100,6fi 13 :')-1- -1-1.0 + 18 2:l .52 
8S5868 HD 1-1-100-1- A Ser SAO 121186 15 -1-6 26 . .1 +0721 11 

HD 1-1--1-8,3 S.-\O 06508:3 16 06 :l9.1 +:3-1- 0:') .5, 
8S6212 HDUi0680 ( Her SAO 06.5-1-8.5 16-1-11,.1 +:11 :3r> 10 

HDl.j9222 SAO 066118 17:3200.9 +:3-1- 16 1.5 
HD1816.5.j SAO 0681-1-1- 19 19 :38.8 +:3, 19 .')0 

BS'.50:3 HD186-1-08 16 Cyg A SAO 0:31898 19 -1-1 -I-8 .. ~ +.50 :31 :31 
BS'·504 HD186-1-27 16 Cyg B SAO 031899 19 -1-1 .51.3 +.jO :31 0:3 

HD1918.5-1- SAO 0-1-9262 20 10 11.0 H3 .36-1-2 
HD21,Ol-1 51 Peg SAO 090896 22 .j, 27.9 +20 -16 08 

Other JHKLlVI Standard Stars 
BS HD :'-Tame SAO a (2000.0) b 1Iv 

BS116.5 HD23G30 T] Tau SAO 076W9 03 -1-,29.0 +2-1- 06 18 2.8, 
BS6603 HD 161096 )3 Oph SAO 122671 17-1-328.3 +0-1- :34 02 2.17 
BS7924 HD19'34.j a Cyg SAO 049941 20 -1-1 25.8 H·j 16-1-9 1.25 
BS7949 HD197989 € Cyg SAO 070-17-1 20 -16 12.6 +33.'58 1:3 2..!6 
BS8781 HD2180-l-5 a Peg SAO 108378 23 0-1- -15.6 +1.'5 12 19 2..!9 

(Campins et aI. 19i1:')) 
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)..[v Sp. Type 

S.12 Gil V 
, .!)() G·; V 
8.:1:1 G.; \. 
n.fi 1 GO 
-1-')-._1 GO y-
-I-.2G GO V 
2.fi8 GO [Y 
-I-..l3 GO V 
8 .. 5-1- G:; 
2.:H GO I\" 
G .. S-I- C·) ,_ 
6.:30 G8 V 
·5.9f) G2 \i 
6.20 G.) V 
'..l2 G.) \i 
.5 .. j3 G3 V 

Sp. Type 

B, III 
K2 III 
A2 I 
KO III 
B9 \i 



liD 

B.3 Other Solar Stars 

BS HD ~ame SAO Q (2000.0) a )'lv Sp. Type 

BS40:30 HD89010 35 Leo SAO 081260 10 1632.2 +2a :30 11 .'5.9i G2 IV 
SAO 12010. 13 46 ·56. i +06 01 41 9.24 G.) 

BA NQ Bolometry Standard Stars 

BS HD .:'fame SAO 11 (2000.0) fJ J-l,. Sp. T.\·pe 

B5061. HD12929 a .-\.ri SAO 0 •. 51.51 02 O' 10.3 +2:3 2. 4.5 2.0 K2 III 

B51-!5' HD29139 a Tau SAO 09402. 04 :3,5 .55.2 + 16 :30 ;J:J 0.85 K.j III 

B51i08 HD:34019 a Aur SAO 025112 0,5 16 41.:3 H5 .59 5:3 0.08 G.) III 
BS2943 HD61421 a C:vii SAO 11-5 •. 56 O' :39 18.1 +u.5 13 :30 0.:38 F5 IV 

B52990 HD62509 J Gem SAO Oi9666 0.4,5 18.9 +28 01 :34 1.14 KO III 
BS3i48 HD81.9' a Hya SAO 1368.1 09 2. a.5.2 -08 :39:31 1.08 K:3 II· III 
B5.j:340 HD12489. a Boo 5AO 100944 14 15 :19.6 +1910·'). -0.04 K 1 III 
B56i05 HD164058 i'Dra SAO 0:306.5:3 1.56 :36.:3 +.51 29 20 2.2:3 K.'i III 

B5'001 HD1.216. a Lyr 5AO 06.1.4 18 :36 56.2 +:384.01 0.0:3 .-\.0 V 
BSi.525 HD186.91 7 AqI SAO 10522:3 19 46 1.5 .. '5 +10:3648 2.i2 K:3 II 

From (Rieke et al. 198.'5) 
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