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ABSTRACT

The visible (0.33-1.0pm) reflectance spectrum of nine near-Esrth

asteroids have been measured with a two-beam photoelectric photometer

and the 2.2m telescope at Mauna Kea Observatory. Reflectance spectra of

eight additional near-Earth asteroids are compiled and presented wi.th

the new measurements. Infrared data exist for eight of these 17 objects

and are used to augment interpretation of the visible spectra.

Mineralogical-petrological interpretation assuming cosmically abundant

material is made based on the principles of crystal field theory. No

rare or unusual minerals are seen on the surface of these objects. The

surface composition of near-Earth asteroids (with one exception) contain

common rock-forming minerals such as olivine, pyrox.ene and phyllosili

cates. Opaque components are present but cannot be mineralogically

identified. The spectra of near-Earth asteroids have stronger mafic

silicate absorption bands than normally present in spectra of main belt

asteroids. The spectrum of 2201 1947XC cannot be interpreted in terms

of common asteroidal components. This spectrum is examined for evidence

of cometary features but no active comet features are seen. Further con

sideration of low level cometary activity is warranted based on its

orbital elements and unusual spectrum.

There are presumably observational biases in the observed near

Earth asteroid population. A technique to test whether the observed

brightness bias is a function of observational circumstances is pro

posed. The excess of high albedo near-Earth asteroids may be a function

of the composition of their source region.

The mineralogical-petrological intepretation of near-Earth

asteroids is made to address the following questions: (1) w~at are the

source regions of near-Earth asteroids? (2) What is the relation of
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near-Earth asteroids to meteorites? and (3) Are nea.r-Earth asteroids

potential extra-terrestrial resources?

A number of asteroid analogues exist in proposed source regions,

near the Kirkwood gaps, the U6 resonance, and the Flora family. There is

one analogue of a large main belt asteroid. The Mars-crossers have not

been adequately sampled to determine whether or not near-Earth asteroids

are supplied from this population. There are no near-Earth analogues

among the seven Mars-crossers that have measured reflectance spectra.

Additional spectral coverage or albedo determinations are needed to con

firm the similarity of surface composition that is suggested by some

asteroids with similar reflectance spectra to some near-Earth asteroids.

Some interesting analogues include 1580 Betulia and 2 Pallas, 1685 Toro

and 349 Dembowska, and 1915 ~~etzalcoatl and 4 Vesta because these main

belt compositions were unique among the asteroids until the near-Earth

asteroid analogue~ were discovered. Perhaps these compositions are com

mon in small asteroids which have not previously been measured because

of their size. The existing data suggest there are representatives of

near-Earth asteroid sources in all of the regions proposed on dynamical

grounds (except for Mars-crossers which have not been adequately

tested). There is no satisfactory test for the relation of neu-earth

asteroids to extinct cometary nuclei. Two asteroids have compositions

suggestive of cometary compositions: 2201 1947XC and 1580 Betulia (a

phyllosilicate-rich assemblage of which comets are expected to be com

posed). The compositions of the other measured asteroids do not agree

with the most often assumed notion that comets are dirty (hydrated sil~

cate) snowballs.

Seven near-Earth asteroids are meteoritic analogues. The following

types are represented in the presently known population: LL4 ordinary

chondrite, shocked-black L chondrite, carbonaceous chondrite type 3, and
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diogenite. There are no irons, stony-irons, low metamorphic grade car

bonaceous chondrites (types 1 or 2) and many achondrite types are not

represented. The low frequency of ordinary choondrite compositions com

pared to that in the meteorite collection is consistent with the

hypothesis that a few parent bodies are located in dynamically favorable

regions to supply 90% of the observed meteorite falls. The number of

non-meteoritic analogues is consistent with the recently discovered

diversity of the meteorite population. There are some near-Earth

asteroids which are not favorably positioned to collide with the Earth

as frequently a~ others. Rare meteorite types may come from these near

Earth asteroids that do not have measured reflectance spectra to date.

The absence of assemblages dominated by nickel-iron supports the

observed old cosmic ray exposure age and dynamical models using sources

from regions with mean lifetimes consistent with the comic ray ages,

outside of the near-Earth population.

The presently known near-Earth asteroid population consists of

material potentially useful for extra-terrestrial activities. There are

abundant silicates. The presence of phyllosilicates and opaques can pro

vide water and other volatiles (2100 Ra-Shalom, 1580 Betulia). At least

two objects are inferred to have fine-grained metal (1980AA, 1862

Apollo) •

- vi -



TABLE OF COBTEl'l'S

ACKNOWLEDGE~NTS. ••••••••••• •••••••• •••• •••••••••••••• iii

ABSTRACT. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • iv

LIST OF TABLES ••••••.•••••••••••••••••••••••••••••••••

LIST OF FIGURES ••••••••••••••••.•••••• ~ •••••••••••••••

PREFACE •••••••••••••••••••••••••••••••••••••••••••••••

CHAPTER 1 MINERALOGICAL-PETROLOGICAL CHARACTERIZATION

OF NEAR-EARTH ASTEROIDS ••••••••••••••••••••

CHAPTER 2 REVIEW OF ESTIMATES OF POPULATION SIZE,

ORIGINS OF NEAR-EARTH ASTEROIDS AND

viii

ix

xiii

1

METEORITES. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 105

CHAPTER 3 RELATION OF NEAR-EARTH ASTEROIDS TO

POTENTIAL SOURCE REGIONS BASED ON

MINERALOGY AND PETROLOGy................... 135

CHAPTER 4 SUMMARY AND FUTURE DIRECTIONS.............. 188

APPENDIX A••••• & • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 191

vii



LIST OF TABLES

Table Page

I Observing Condition and Geometry of Measured

Asteroids .•..•.............•................•...

II Photometric Measurements of 17 Near-Earth

Ast eroids .•............•...•...........•......•.

III Physical Measurements of 17 Near-Earth

Asteroids ••... ~ .............................•...

IV Mineralogical characterization of near-Earth

asteroids .

V Possible Resonances and Encounters in the

62

63

64

65

Inner Solar System.............................. 133

VI Meteorites Associated with Large Impact

Craters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . 134

VII Analogues of Near-Earth Asteroids in the

Solar System.................................... 158

VIII Asteroid Compositional Types.................... 160

IX Large Asteroids with Semimajor Axis within

0.1 AU of 2:1 Kirkwood Gap...................... 161

X Large Asteroids with Semimajor Axis within

0.1 AU of 5:2 Kirkwood Gap...................... 162

viii



LIST OF FIGOUS

Figure Page

1 Some near-Earth asteroid orbits ••••••••••••••••••• 73

2 2100 Ra-Shalom/Sun via two calibration

techniques........................................ 74

3 Visible reflectance spectra of 17 near-Earth

asteroids ••••.•.•••••••••.••.•• G.................. 75

4 High resolution IR reflectance of near-Earth

asteroids and JHK reflectance..................... 76

5 Spectral groups A-D of near-Earth asteroids ••••••• 77

6a Representation of a condition creating color

centers 78

6b Some color center absorptions..................... 78

6c Schematic representation of a semi-conductor...... 78

6d Reflectance spectrum of sulphur, a semiconductor.. 78

7a Reflectance spectrum of nickel, a metal conductor. 79

7b Absorption edges of metals with plasma frequencies

in the UV-Vis spectral region..................... 79

8 The effect of an opaque on the reflectance

and albedo of a transparent mineral............... 80

9 A charge transfer absorption band and variations

with temperature and pressure..................... 81

10 Schematic of transition metal ion in a crystal

field and reflectance spectrum of pyroxene due

. I . .. f F 2+to Lntra-e ectron1C tranSLtLons 0 e

in octahedral coordination •• "..................... 32

- ix -



11a Spectrum of two olivines with different

chemistry ••••....••.•..•...•••..••••.•..• e........ 83

lIb Decrease in albedo of olivine as a function of

increasing iron••••••••••••••••••••• o •• ~.......... 83

l2a-d Reflectance spectra of asteroidal material at dif-

ferent phase angles............................... 84

13 Reflectance spectra of powders with different

packing densities................................. 86

14 Reflectance spectrum of enstatite of different

particle sizes .••...•...•... c..................... 87

lSa-d Variation in reflectance as a function of body

shape for different materials..................... 88

16a Variation in reflectance as a function of

temperature for enstatite......................... 90

l6b Variation in reflectance as a function of

mixing ratio of olivine and pyroxene.............. 90

17 Reflectance as a function of shock pressure....... 91

18 Reflectance spectra of ordinary chondrite shock

facies of Dodd and Jarosewich..................... 92

19a-b VUV spectra of unshocked and shocked plagioclase.. 93

20 Olivine-orthopyroxene mixtures convolved to

JHK bandpa sse s. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 94

21 Olivine-clinopyrc:ene mixtures convolved to

JHK bandpasses........................... . 95

22 Clinopyroxene-orthopyroxene mixtures convolved

to J'HK bandpasses................................. 96

23a Reflectance spectra of ordinary chondrite and

opaque mixtures................................... 97

23b Spectra of meteorite types........................ 97

- x -



24 Average spectra of C3V and C30 meteorite types.... 98

25 Spectrum of diopside, high-calcium pyroxene....... 99

26 Compilation of spectra of lS66 Ic~rus............. 100

27 Spectra of 1685 Toro at two apparitions and

L-type ordinary chondrites........................ 101

28 Laboratory spectra of two eucrite meteorites...... 102

29 Spectra of 1915 Quetzalcoatl and ferric

iron-bearing silicates •••••••••••••••••••••• ~ •••••

30 Spectrum of comets •.••........•....•..............

31a-c Spectra of M~rcury, Mars and the Moon •••••••••••••

32a-e Spectra of the satellites of the outer solar

103

104

166

system. .. .. . . •. . . .. . . . . . .. . ... .. . ... .. .• . ..•. .. . . . 169

33

34

Spectrum of 1915 Quetzalcoatl and 4 Vesta. 173

Asteroid histogram••••••••••••••.•••••••••.••••••• 174

35a-b Spectra of near-earth asteroids and analogues near

the 5:2 Kirkwood gap.............................. 175

36 Spectrum of 1862 Apollo and asteroids with similar

visible spectral features......................... 176

37a-b Visible and IR spectrum of 1862 Apollo, 39

38

39

40

41

42

43

Laetitia and 349 Dembowska •••• <, •••••••••••••••••••

Spectrum of 1685 Toro and 349 Dembowska •••••••••••

spectrum of 1036 Ganymed compared to five aster-

oids near the 5:2 Kirkwood gap ••••••••••••••••••••

Location of secular resonances in a-i space •••••••

Spectrum of 1981QA and analogue, 18 Melpomene near

the (~ resonance ••• _.................... 181

Spectrum of 433 Eros and 40 Harmonia ••••••••••••••

Spectrum of 887 Alinda and two analogues in the

177

178

179

180

182

Flora family...................................... 183

- xi -



44 Spectrum of 1036 Ganymed and two analogu~5 in the

Flora family •....•.... c............................ 184

45a-b Flora family analogues to 1620 Geographos and 1627

Ivar .•...•.....................•...•. "..........•. 185

46 Flora family analogues to 1981QA.................. 186

47 Flora family analogues to 1862 Apollo............. 187

- xii -



PJlEFACE

In the past 25 years the solar system has been aggressively

explored with both spacecraft and ground-based telescopes. The solar

system beyond Saturn and the asteroids remain to be explored with space

craft. Ground-based telescopic investigations are a precursor to space

craft exploration of solar system bodies. A group. of small asteroids

which temporarily (106-107 ye~rs) occupy orbits in the near-Earth

environment had not been studied extensively with ground-based tech

niques until recently when an effort was made to locate these objects

and instrumentation became sensitive enough to measure their physical

properties. The results of these efforts have expanded our knowledge of

the solar system and the Earth within it by comparison. Ground-based

data are used in planning future spacecraft missions which provide

direct and higher resolution measurements of physical properties.

This dissertation is a study of the mineralogical and petrological

properties of 17 near-Earth asteroids which are members of the Apollo,

Amor or Aten groups. These asteroids by definition, occupy orbits that

cross that of the Earth and sometimes Mars (Apollos), cross that of Mars

and sometimes the Earth (Amors), and cross that of the Earth and never

Mars (Atens). Spectral reflectance measurements between 0.33 and 1.0 pm

were measured and mineralogical-petrological interpretations made to

characterize the population. This information addresses four basic

scientific questions: (1) What is their surface mineralogical composi

tion? (2) What are the source regions of near-Earth asteroids? (3)

What is the relation of near-Earth asteroids to meteorites? (4) How

useful are near-Earth asteroids as extra-terrestrial resources? Each

question will be addressed in the following chapters.
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The first problem is to determine the nature of these bodies of

which there are many aspects. One of importance is their mineralogy and

the combination of minerals that constitute the asteroid's petrology.

In the absence of an in situ geological survey, the average mineralogy

and petrology of their surface can be constrained from ground-based

measurements of the reflectance spectrum and knowledge of their albedo,

polarization and radar properties, and phase coefficients. To this end,

the visible reflectance spectrum (0.33-1.00 pm) of 17 near-Earth

asteroids were measured using a 2-beam photoelectric photometer and the

2.2m telescope operated "by the University of Hawaii at Mauna Kea Obser

vatory. The mineralogical and petrological components of the asteroid

are interpreted from the spectra according to the principles of crystal

field theory and labor~tory experiments of the behavior of minerals and

their mixtures in reflected light. The assumption is made that these

objects are made of cosmically abundant minerals until interpretation on

this basis is not possible or independent evidence indicates otherwise.

The assumption is relaxed if necessary. This technique is limited by the

s~gna1/noise and wavelength resolution of the data, the availability of

additional measurements and calculations such as albedo, near-infrared

reflectance, and the strength and breadth of our theoretical and experi

mental data base. In Chapter 1 the data and interpretive technique are

described and mineralogical interpretation of each observed asteroid is

made. The results are compiled into a characterization of the popula

tion based on the existing data and evaluated in terms of its represen

tativeness of the whole population. With this information additional

questions can be addressed.

From statistical analyses of their orbital evolution it has been

shown that the fate of near-Earth asteroids is collision with the Earth,

another terrestrial planet or ejection from the solar system. Their
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mean lifetime is 10 7 108 years. The numbers and mass of these

asteroids, had they diminished from a primordial population, would be

staggering. It is therefore concluded that there are one or more

replenishing sources. The existing knowledge of the mineralogy and

petrology of source regions proposed on dynamical grounds is compared to

near-Earth asteroids to provide observational constraints to theory in

Chapter 3. A literature review of the population size estimates and

origin are presented in Chapter 2.

By comparing the mineralogical-petrological composition of near

Earth asteroids with solar system objects proposed (or not favored) as

sources for dynamical reasons, their origin can be constrained by obser

vational information. Unfortunately it is not possible to prove a

genetic relation between two objects without direct sampling of both

regions. Even then the task would be formidable. Negative results are

definitive and positive correlations support a given hypothesis.

The most diverse source of extra-terrestrial material available to

study on Earth is meteorites. Lackin~ in our knowledge of meteorites is

the region of the solar system in which they formed. They were in

Earth-crossing orbits before becoming meteorites. What is their rela

tion to near-Earth asteroids? Are meteorites fragments of near-Earth

asteroids or fragments from elsewhere in the solar system, or both? The

mineralogical character of the near-Earth asteroids is related to the

meteorites in Chapter 3 as well.

The fourth question which these data address is the usefulness of

these materials for space industrialization. This question is also

briefly addressed in Chapter 3.
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Chapter 1

IIIRERALOGlCAL-PEnOLOGICAL ClIABACTEIlIZATIOB OF IIEAJl-EAIlTll

ASTEROIDS
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IBTIlODUCTIOB

The near-Earth asteroids are a dynamically-defined group of small

asteroids. They are divided into three subgroups: Amars, Apollos, and

Atena. The orbits of the Amors have a semi-major axis >1.0 and per

ihelion 1.02< q < 1.30 AU, the orbits of the Apollos have a semi-major

axis >1.0, and perihelion < 1.02 AU (Figure 1), and the orbits of the

Atens have a semi-major axis <1.0 and aphelion >0.98 AU. Shoemaker et

a1. (1979) have estimated that this population of asteroids consists of

500 Amors, 800 ~ 300 Apo11os and 100 Atens; however, there are currently

known only 36 Amors, 34 Apollos, and 3 Atens, a count which is subject

to change with new discoveries. The mean lifetime of the near-Earth

asteroids against collision with a planet or ejection from the solar

system has been calculated to be on the order of 107 - 108 years

(Arnold, 1964) as opposed to the main-belt asteroids between Mars and

Jupiter with orbits stable over the lifetime of the solar system.

An observational study in which the visible reflectance of near

Earth asteroids was measured from 0.33-1.0 pm was carried out to deter

mine their mineralogy. This information addresses a number of scien

tific questions and engineering applications while contributing to the

exploration of the solar system.

addressed in subsequent chapters.

The scientific questions will be

In this chapter, the near-Earth

asteroid population is mineralogically and petrologically characterized

with presently available data to expand our knowledge of the objects in

the solar system.
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DATA

Instrumentation and New Data

An observational program to measure visible (0.33-1.0pm) reflec

tance spectra of near-Earth asteroids began in December, 1979 using the

2.2m telescope of the Mauna Kea Observatory and a 2-beam photoelectric

spectrophotometer (McCord, 1968). By August, 1981, data had been col

lected on ten near-Earth objects, eight of them previously unobserved.

The Amor object 433 Eros and the Apollo-type 1685 Toro were remeasured.

Due to the small size and high apparent magnitude of these objects,

only the reflected sunlight between 0.33-1. 0 pm can be measured with

existing ground-based telescopes and instrumentation. Twenty-two

interference filters with a half-height bandwidth of 0.025 pm rotate

through the optical path transmitting light to the InGaAs photomulti

plier (RCA type 31034C) [Measurements of 2201 1947XC were made with a

GaAs tube RCA type 3l034B]c A chopper .mirror measures sky and asteroid

flux alternately at 10Hz. The flux is amplified, counted and recorded

on magnetic tape. The data are calibrated using standard stars to

correct for instrumental signatures and atmospheric extinction (Chapman

and Gaffey, 1979). The ~ata reduction calculations were made using an

interactive spectrum processing routine (Clark, 1980). The calibration

procedure results in a reflectance relative to Sun, scaled to unity at

0.56 pm by convention (Chapman and Gaffey, 1979) (Figure 2). Not all

objects have an albedo determination, therefore the relative scale Ls

warranted. Table I lists the observing conditions and geometry of

near-Earth asteroids measured in this observing program.

Two standard star calibrations were made with measurements of 2100

Ra-Shalom. A standard star (~ Equ) from the Planetary Geosciences stan

dard star catalogue (unpublished) and a solar spectr-al analogue (RR
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7504, 16 Cyg B) (Hardorp, 1981) were measured. The data reduced using

both stars (Figure 2) produce the same results except at the ultraviolet

(UV) edge of the spectrum. This is an endorsement for the continued use

of both sets of standards. One of the disadvantages of using 16 Cyg B is

that it is not in the ecliptic (+500 17m). This presents two problems:

It is not always observable, and the atmospheric conditions may not be

the same at great angular distances from the object under observation.

Extinction corrections may therefore not always be adequate with this

star, as evidenced by the lack of agreement in the UV.

Existing Data

P.~eviously measured spectra of seven near-Earth asteroids using the

same instrumentation (Chapman and Gaffey, 1979 and references therein)

are also included in the data set to characterize this population. Four

of these spectra have not been previously interpreted (1566 Icarus, 1620

Geographos, 1580 Betulia and 1036 Ganymed, Figure 3). The spectra of

1685 Toro (Chapman et a1., 1973), 433 Eros (Pieters et ~., 1976) and

887 Alinda (Gaffey and McCord, 1978) .ill be reinterpreted.

~-Color Photometry

Dave Tholen of the University of Arizona and Dr. Ed Tedesco of the

Jet Propulsion Laboratory have provided 8-color photometry of near-Earth

asteroids prior to publication in some cases (Figure 3). These data are

used primarily for verification of new and previously existing measure

ments unless there are no higher resolution data available. The 8-color

spectra of 1943 Anteros (Veeder et a1., 1981) and 1979VA (Tedesco and

Tholen, unpublished) will be interpreted without higher resolution 24

filter spectra as they are not available.
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Additional physical measurements

In order to strengthen, constrain or expand upon mineralogical

interpretations, additional physical measurements are necessary and/or

useful. These data were used as available and are compiled in Tables II

and III.

Albedo measurements - Albedo measurements are necessary to con-

strain interpretations with widely different implications. The data

used in this analysis from both radiometric (e.g., Morrison, 1977) and

polarization (e.g., Zellner and Gradie, 1976) measurements are presented

in Table III. The standard model for determining albedo from

radiometric data has been shown to fail for some near-Earth asteroids

(Lebofsky et al., 1979). When adequate models are produced additional

knowledge of surface properties will be known.

Visible and Infrared Photometry - The existing UBV photometry con-

verted to fl~x relative to V magnitude is presented in Table II. These

data are used to confirm higher resolution measurements in overlapping

spectral regions. Broad-band JHK photometry can also constrain interpre-

tations in a manner to be discussed in the interpretation section. JHK

photometry exists for 433 Eros (Chapman and Morrison, 1976). 1862

Apollo (Hartmann et ~., 1982), 1943 Anteros (Veeder et a1., 1981) 2100

Ra-Shalom (Lebofsky et a1., 1979) 2201 1947XC (Soiffer et a1., personal
r

communication), and 1979VA (Hartmann et ~., J.982) (Figure 4). These

data are compiled in Table II having been converted to flux relative to

1.6 pm using the JHK values for the sun of Degewij et ale (1980). Only

the data of Hartmann et a1. (982) were measured with simultaneous

broad band visible (V) photometry. The JHK reflectance is arbitrarily

scaled to 1.0 at H and the vertical scale should be thought of as float-

ing relative to the visible reflectance except in the case of 1862

Apollo and 1979VA. 433 Eros (Larson and Veeder, 1979) has been measured
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with sufficient wavelength resolution to permit a more secure and

detailed mineralogical analysis (Figure 4). 433 Eros has also been

measured in the 3.0-~m region (Eaton et a1., 1982).

DESCRIPTIOB OF SPECTRA

A compilation of available visible reflectance spectra are

presented in Figure 3. In Figure 5, spectra with similar spectral

characteristics are shown together. For descriptive purposes the

observed spectra form four groups each with different spectral charac

teristics (albedo is ignored). The spectrum of 2201 1947XC does not fit

into any of these groups.

Group A - The spectra in Figure 5a have a non-linear ultra-violet

(UV) absorption edge! with a minimum relative reflectance of 0.40 or

less, a maximum reflectance atproximate1y 0.70 ~m of between 1.1 and

1. 2, and a near-infrared (NIR) absorp.tion band with a minimum reflec

tance between 0.90 and 0.75.

Group]! - These spec t r a (Figure 5b) have a linear UV absorption

edge between 0.40 and 0.76 pm. There is a break in slope near 0.40 pm

with minimum reflectance varying between 0.2 and 0.5. The maximum

reflectance of 1.10-1.25 is at 0.76 pm. The minimum reflectance in the

NIR absorption band is >1.0.

Group .9. - The UV absorption edge slope is lower in the group C

types (Figure 5c) than group B. The minimum reflectance is 0.50 or

greater. The UV break in slope near 0.40 ~m is in the same position as

group B spectra. The NIR break in slope occurs near O. 73 ~m. The NIR

absorption is weak and poorly defined. The minimum reflectance in the

absorption band is > 1.0.
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Group'1! - Group D spectra (Figure 5d) are flat in the visible.

Minimum UV reflectance is 0.80 with a break in slope near 0.43 pm. The

NIR break in slope occurs at approximately 0.80 pm with a minimum

reflectance of 0.90.

KIBERALOGICAL-PETB.OLOGlCAL IBTEIlPRETIVE TECBBIQUES

Introduction

Mineralogical and petrological interpretation of visible ref lec

tance spectra is made from consideratio~ of the possible photon interac

tions with mineral phases. Mineralogy and absorption features are

correlated in laboratory studies of controlled samples (e.g., Adams,

1974) and/or a theoretical understanding of the phenomena (e.g., Burns,

1970). Interpretation techniques of reflectance spectra of planetary

objects is discussed in various places in the literature and to various

degrees of completeness. Most notable·foT t.heir thoroughness in terms

of interpreting asteroid reflectance spectra is the work by Gaffey and

McCord (1978).

A procedure for mineralogical and petrological interpretation of

reflectance spectra is based on the possible causes of spectral

features. Certain mineral structures have electronic configurations of

ions with energy levels separated by the energy equivalent to visible

and near-infrared photons. With incident light of the allowed energy,

the photons are absorbed creating absorption bands diagnostic of the

crystal structure. The mean photon path length is a function of physi

cal properties such as composition, particle size and texture. The

. reflectance (including the scattered and absorbed components of the

incident light) is affected by physical parameters but the true position

of the absorption bands is controlled by the mineralogy alone. In a
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mineralogical interpretation one wishes to first define the nature of

the absorption, what chemical species are involved and in what crystal

lographic structure the cations and anions reside. The study of the

combination of mineral phases reveals information of the origin and his

tory of the asteroid and constitutes its petrology. A discussion of the

possible mineralogy and petrology of materials which produce absorption

features in the three general spectral regions (UV, visible and near

infrared) covered by measurements in this study follows. The effects of

physical parameters are also considered.

Practically speaking, interpretation of visible reflectance spectra

from 0.33-1.0 pm is limited to: (a) determining the presence or absence

of mafic silicates based on an absorption band in the O.9-pm region, (b)

the chemistry in terms of high or low iron and calcium contents (Adams,

1974), (c) the presence or absence of opaque and metallic components

which cannot be specifically diagnosed in all cases and (d) elimination

of certain physical and mineral-chemistr~ combinations.

Absorptions in the UV-Visible

Absorptions in the UV-Visible region of the spectrum can be caused

by four different phecomena: color centers (e.g., Kittel, 1976, Bill and

Calas, 1978), conduction bands (Kittel, 1976, Hunt et al., 1971a), cry

stal field transitions (Burns, 1970) or intervalence charge transfer of

ions (e.g., Burns, 1981).

Color Centers - Color centers arise from trapped electrons in cry

stal structure lattice defects. Naturally occurring color centers are

commonly found in high symmetry crystals where it is easy to produce

defects. When the presence of impurities result in a charge imbalance

in a crystal lattice, electrons are bound by the crystal field of the

surrounding ions to try to preserve electrical neutrality (Figure 6a).
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In this bound state the electron can be excited to higher energy levels

and absorption bands can form (Figure 6a). Color centers can only be

unambiguously identified upon the elimination of other types of absorp

tions and with independent evidence that conditions exist which would

cause lattice defects. Such conditions include high radiation fields,

or possibly high degreeu of shock. A test for the presence of color

centers is to measure the spectrum at different temperatures. The

absorption band disappears at high temperatures because the guest ion is

driven from the lattice defect. This test has not been made for any

asteroid to date. It is possible to test for color centers for some

Earth-crossing asteroids as their surface temperatures vary by hundreds

of degrees (a result of their eccentric orbits which place them at

widely varying distances from the Sun). Identifying the geochemistry

and type of color center cannot be done with reflectance spectroscopy

alone (e.g., Bill and Calas, 1978). Color centers may be confused with

crystal field bands and some charge tr~n8fer bands.

Conduction Bands - The energy required for transitions between some

valence and conduction bands in semi-conductors is equivalent to photon

energies in the UV-Visible (Figure 6b). The wavelength of the onset of

the band is dependent on the particular semi-conductor (Figure 6b). The

onset of the band which is extremely abrupt for pure semi-conductors, is

reduced with an increase in impurity abundance. Conductivity is propor

tional to temperature (Kittel, 1976), therefore a decrease in tempera

ture results in a lower conductivity and concurrent decrease in inten

sity of the band.

Metals - The valence and conduce Lon bands overlap in conductors,

therefore there is no forbidden gap and absorption is continuous (Figure

7a). Colored metal conductors have absorption edges at visible

vave Lengt.ha which correspond tl) the plasma fr.e~~~l!cy of the conductor
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(Hecht and Zajac, 1976). This is the frequency below which the plasma

density prevents absorption, the index of refraction is imaginary and

the incident light is reflected (Figure 7b). The nature of a strong

absorption edge (semi-conductor band edge or plasma frequency edge) can

not be determined from a reflectance spectrum alone.

Opaques - Opaque minerals are conductors or semi-conductors which

totslly absorb photons at all wavelengths of interest. The most common

solar system opaques include elemental carbon, magnetite (spinels), and

fine-grained metallic grains with oxide coatings. These minerals have a

prominent effect on spectra which is disproportionate to their contribu

tion by weight but important for information which reveals physical and

chemical conditions of rock formation. One mechanism which results in

total absorption is the formation of energy bands at ions instead of

discrete energy level splitting. When anions with a full orbital energy

state interact with cations with empty adjacent orbitals, they overlap

and form energy bands and most of the .light is absorbed at all optical

wavelengths. This phenomenon occurs in oxides (e.g., Hunt ~ a1.,

1971). Some opaques are strong absorbers in which case the physical

mechanism of absorption is a very strong charge transfer (as in the case

of magnetite). The spectrum of elemental carbon and small (tens of

microns) to large (centimeter) grained magnetite is featureless. Sub

micron-sized magnetite (and probably carbon) becomes transparent in the

infrared. Unfortunately, existing techniques cannot discriminate

between opaque t ypas , It is theoretically possible to identify the

presence of silicate ~paques (magnetite and ilmenite) from vacuum

ultra-violet (VUV) spectroscopy, however carbon and elemental metals

have no features in this region (Wagner ~ al., 1980). It is important

to pursue methods of remotely determining the mineralogy and chemistry
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of the opaques because of their value in determining formation condi

tions.

The addition of small amounts (1-5%) of an opaque component such as

carbon or magnetite drastically reduces the strength of an absorption

and its albedo (Figure 8, e.g., Singer, 1981, Clark, 1981, Johnson and

Fanale, 1973). The general effects of shock are similar but the addi

tion of opaques reduces the albedo and spectral contrast at a faster

rate than shock alone. For example, the spectral contrast of a silicate

and opaque mixture would be lower at a given albedo than for a sample

shocked to the same albedo. Different opaques probably behave dif

ferently in this manner as well.

Charge Transfer Absorptions - Charge transfer (CT) processes have

been studied for many terrestrial and lunar materials (e.g., Smith and

Strens, 1976, Loeffler et a1., 1974). The absorptions originate from

the transfer of electrons between two valence states of adjacent ions.

Charge transfer absorptions are the st~ongest type of absorption (e.g.,

Burns, 1970). In certain cases and with additional knowledge of spec

tral parameters a charge transfer band can be assigned to specific ion

interactions. Due to the short wavelength cutoff of Earth-based meas

urements, CT absorptions are usually only observed as absorption edges

making it difficult or impossible to determine band centers. With a

decrease in temperature (Smith and Strens, 1976) and an increase in

pressure (Mao, 1976) CT bands increase in intensity (Figure 9a,b). A

reflectance spectrometer on a spacecraft could measure the same area at

different times of the day looking for spectral variations due to tem

perature, thereby unambiguously defining CT bands. Until this is possi

ble, they are identified based on intensity, which is temperature and

abundance dependent, and their apparent band width which often extends

into the visible spectral region. The CT absorption is non-linear and
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has a characteristically concave shape (Figure 9). It should be noted

that not all charge transfers extend beyond the ground-based observa-

tional limit of 0.33 pm, nor are they always extremely. intense. High

temperature, a low abundance of charge transferring species and an abun-

dance of opaque material can reduce the intensity of the band. Band

position is independent of pressure.

Crystal Field Absorptions - The most mineralogically diagnostic

absorptions in reflectance spectra of dielectrics are intra-electronic

transitions of d-orbital electrons in transition element-bearing

minerals. Crystal structures containing cations with unfilled d-orbital

electronic energy states set up electric fields which cause splitting of

energy - states schematically shown in Figure lOa. Absorptions in the

0.9-pm region are due to the transition of Fe 2+ electrons between t 2g

and eg orbitals in cations in octahedral coordination (Figure lOb,

Burns, 1970). The presence of an absorption at 2.0pm in combination

with the 0.9~pm band is diagnostic of .the presence of pyroxene. Addi-

tional minerals have absorption bands in the 0.9-pm region whi~h can be

identified based on band position. Pyroxene, olivine, phyllosilicates

and ferric oxides are the most cosmically abundant minerals with absorp-

tions in this region.

The position, band width and band depth contain information about

the type of transition (whether it is allowed or forbidden), chemistry

of the mineral in which the transition occurs and the mineral structure

in which the cation resides. Knowledge of the mineralogy of a solar

system body places constraints on the original state and history of the

body. Extensive laboratory i.nvestigations have aided in developing

techniques to interpret reflectance spectra in terms of crystal field

theory, especially for applications in remote sensing of planetary

objects (e.g., Adams, 1974, Nash and Conel, 1974, Hazen et ll., 1977,
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1978, Singer, 1981, Sill, 1973, Fink and Burk, 1971, Adams and Gou11aud,

1978, Hunt & a1., 1970-1974). In most cases if there is one crystal

field band, there are others which make identification of the presence

of a mineral possible based on the appropriate combination of absorption

bands. This analytical approach is valid only if the material is

assumed crystalline and free of absorbing species which would mask diag

nostic absorptions. In the caBe of Mars for example, it seems that the

soil is approaching an amorphous state as some diagnostic absorptions

are present and others are absent (Singer, 1982). Interpretation of the

absence of bands is not always unique as in the case of Mars.

Olivine chemistry - The position of the maximum visible reflectance

in olivine spectra is sensitive to olivine chemistry. With increasing

iron content the 1.0-pm bands shift to longer wavelength and the 0.65-pm

band shifts to shorter wavelengths (Burns, 1970a). This causes the

position of the maximum visible reflectance to shift. This behavior has

not been well calibrated due to a preoccupation with the stronger. cry

stal field bands in the 1.0-pm region. For example in a spectrum of

F085 (Singer, 1981), the maximum reflectance is at 0.57 while for the

olivine in Chassigny meteorite (F067~ Floran et al., 1978), the peak is

at 0.66 pm (Figure lla). These laboratory spectra are used in the fol

lowing mineralogical interpretations to constrain olivine chemistry.

Vibrational bands - Because the new data reported in this study

cover the spectral region between 0.33-1.0 pm, this discussion does not

include vibration bands and their combinations and overtones as possible

causes of absorptions. Features attributable to these phenomena are

usually located beyond 1.0 pm. The overtones that do occur in the NIR

(water) are shallow and not observable at the wavelength reSOlution of

these data.
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Factors Which Alter Absorption Bands

The existence and energy (position) of an absorption band is con

trolled by the mineralogy of the target object. The strength of the

band is proportional to the abundance of the absorbing species in the

mean optical path length. This is controlled by either crystallography,

chemistry (e.g., oxidation state and abundance of the absorbing species

in the crystal structure), the addition of a mineral component or varia

tions in physical parameters such as particle size, morphology, packing

and viewing geometry. When surface processes alter the crystal structure

and/or chemistry, the effects are seen in reflectance spectra.

Interpretation of these variations is based on laboratory experiments

with common solar system minerals, their mixtures and naturally occur

ring solar system assemblages such as meteorites (e.g., Gaffey, 1976,

McFadden et al., 1982) and lunar samples (e.g., Adams and Jones, 1970).

Additional data sets such as albedo, polarization and radar properties

are needed to constrain the interpreta~ion (Gaffey and McCord, 1978).

The bi-direction.!l1 reflectance at 0.56 pm relative to MgO

(equivalent to albedo in this case because the albedo measurements of

the asteroids have errors larger than the difference between bi

d i r ec t i.onaI reflectance and geometric albedo) of low iron mafic sili

cates is higher than iron-rich mafic silicates (Figure lIb). The

strength of absorption bands increases with increasing iron content and

increasing particle.size. Asteroids have albedos between 0.03 and 0.30.

The band strength and albedo combined can place constraints on mineral

chemistry and particle size assuming temporarily that there are no

opaques present (which also lowers the albedo). In the absence of

asteroids with albedos >0.30 the existence of pure olivine or pyroxene

assemblages with particle sizes ranging from 5-74p can be eliminated.
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Large grained, low iron silicates cannot be ruled out as their albedo

would be lowered as a result of the large mean optical path length.

In most cases mineralogy controls the primary spectral features.

Physical effects alter the albedo predominantly over spectral features.

With the spectral resolution and signal/noise of the asteroid spectra

presented here, physical effects are considered but are not significant

enough to effect the spectral interpretation. A review of the effects

of non-mineralogical parameters on reflectance spectra follows.

Physical Parameters - Experimental studie~ have shown that viewing

geometry (Gradie et a1., 1980), packing density, particle size (Adams

and Felice, 1967), body shape (Gradie and Veverka, 1981), shock (Adams

et a1., 1979) and temperature (Singer and Roush, 1982) all affect

reflectance spectra. Laboratory experiments have shown that the man

ifestation of these physical parameters in the UV region of reflectance

spectra is no more than a 10% variation in the UV absorption band depth

at the extremes that are expected to n~turally occur in all cases except

shock and particle size (Figure 12-17). Variations in spectra in the

0.9pm region will be discussed for each situation.

Viewing Geometry and Packing Density - The differences in reflec

tance of typical asteroidal material due to the range in viewing

geometry at which these data were obtained (00 - 640 ) (Figure 12) do not

affect the mineralogical interpretation of the spectra. The situation

is similar for different packing densities (Figure 13). The variations

are of the same size or smaller than the errors of the observational

data. At the extremes of viewing geometry, the reflectance in the O.gpm

region varies between 15-30% for different materials (Figure 12).

Particle Size - Variations in particle size are dominated by albedo

changes and strength of the l.O-pm band (Figure 14) such that between

<30-pm and 150-250-pm particle sizes the albedo changes by more than
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100% at 0.56 pm (Figure 14b) and the 0.9-pm relative band depth changes

by 100% (Figure 14c). The relative strength of the UV absorption edge

changes by 50%. The appropriate combination of albedo and band depth

must exist in order to constrain the effects of particle size over chem

ical mineralogy.

Body Shape - Body shape-dependent spectral differences result in

spectral variations vf 6% at the extremes of an ellipsoid with a major

to minor axis ratio, alb = 3 (Figure 15, Gradie and Veverka, 1981).

Most reasonable shape variations result in a small change in slope in

the spectrum (Figures 15b, c). Anything but extreme shape differences

would not be detectable in asteroid reflectance spectra. Figure 15d

shows that the effects of shape are reduced slightly at higher phase

angles.

Temperature - Temperature variations result in shifts of band posi

tion and band width (Sung et a1., 1977, Singer and Roush 1982). The

change in the UV absorption band is negligible and the position of the

1.0-pm band does not change as a function of temperature (Figure 16a).

The width of the l.O-pm band broadens with an increase in temperature.

A spectrum might be incorrectly interpreted as an olivine pyroxene mix

ture when it is really a spectrum of a hot pyroxene (compare with Figure

16b) •

Shock - The reflectance spectrum of shocked material is altered to

the extent that the crystal structure is changed. Experiments by Adams

et al. (1979) have shown that only slight changes in the reflectance of

enstatite occur after shock pressures of 597 kbar, however the albedo is

reduced by 33% at this pressure (Figure 17). Undulatory extinction is

seen in thin section at these pressures. At lower pressures (250 and

298 kbar) the Fe2+ absorption bands in oligoclase and labradorite disap

pear. This indicates major reorganization of Fe-O bonds an~ the
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formation of diaplectic glass which can also be seen in thin section.

The effects of shock are dependent on the strength of the bonds within

each particular mineral. In a reflectance spectrum, the presence of

pyroxene will dominate any signature of shocked plagioclase and/or

olivine. In spectra of pyroxene-opaque mixtures, the effect of adding

an opaque component to a pyroxene is to lower the albedo and reduce the

spectral contrast, theoretically the same effect is seen in spectra of

shocked minerals. Detailed studies comparing these two effects have not

yet been made.

A number of L-type ordinary chondrites that were classified into

shock facies by Dodd and Jarosewich (1979) were measured in a survey of

the reflectance properties of meteorites (Gaffey, 1976). These spectra

have been examined for correlations of spectral properties with shock

facies (Figure 18). The data show that the albedo and band depths

decrease with increasing shock facies. It is possible that some other

phenomenon, possibly varying trace amounts of opaques or glass, controls

the observed spectral trend. There is presently insufficient data to

test the significance of these observations however the suggestion is

definitely there and follow-up experiments are warranted. There is some

experimental evidence that these two conditions may be constrained on

asteroids with vacuum-ultraviolet (VUV) spectra. Figure 19 shows that

the position of the interband energy gap, Eg, shifts to higher energy

when crystals have been shocked (Wagner et a!., 1980). However, the

existing VUV asteroid spectra do not have adequate signal to noise to

make this test for shock effects (Veeder, personal communication).

Mineralogical Interpretation of Asteroid Surfaces with Broad-band JHK

Photometry
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Broad-band JHK photometric measurements can often be made of near

Earth asteroids when they are too faint for higher wavelength resolution

measurements. Some mineralogical constraints can be derived from JHK

data. We have used the laboratory mixtures of Singer, (1981) and numer

ically integrated the data over JHK filter transmittance using the same

technique as Clark, (1982).

Examination of Figures 20-22 shows that in an assemblage of binary

silicate m;,xtures, JHK data can differentiate between the presence of

orthopyroxene and clinopyroxene mixed with olivine or with each other,

and the presence of large proportions of olivine. The presence of spec

trally dominant amounts of olivine is seen by a low relative reflectance

at J and high relative reflectance at K. The presence of olivine is

distinguished from a clinopyroxene (which also has a low relative

reflectance at J) by the absence of a low relative K reflectance caused

by the 2.0-pm band in clinopyroxene (Figure 22). Orthopyroxene and cli

nopyroxene mixed with olivine are distinguished by the different posi

tion of the 2.0-pm band and its effect on JHK data (Figures 20 and 21).

If the K reflectance is less than the H reflectance, then clinopyroxene

is present. When the' spectrum of orthopyroxene dominates in a mixture

it is not possible to identify the other component. For example, JHK

data alone cannot differentiate between olivine or clinopyroxene when

the orthopyroxene dominates the spectrum with 75% orthopyroxene present

(Figures 20 and 22).

The addition of spectrally significant amounts of opaques would

remove the mineralogically diagnostic features of these measurements and

lo""oar the albedo (Figure 8). Measurements of three component mixtures

need to be made to determine what fraction of opaques erases the sili

cate signatures.
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The addition of spectrally significant amounts of opaques would

remove the mineralogically diagnostic features of these measurements and

lower the albedo (Figure 10). Therefore, if JHK data of asteroids show

diagnostic characteristics of the silicates with an albedo lower than

expected for pure silicate mixtures of the particle size (45-90p) dis

cussed here, then the cause of the reduced albedo is not due to the

presence of material that is opaque in the IR.

MINERALOGICAL IBTERPRETATIOR

The principles and experimental results of the previous section are

used to determine the mineralogy and petrology of the 17 near-Earth

asteroids observed to date. Because meteorites are fragments of small

extra-terrestrial bodies, they are good asteroid-analogue material. For

this reason we consider the mineralogy and spectral characteristics of

each asteroid in terms of meteoritic analogues. This information w111 be

used in a subsequent chapter to address the genetic relation between

near-Earth asteroids and meteorite parent bodies.

433 Eros

The 0.9- and 2.0-pm absorption bands and the UV absorption edge

indicate the presence of mafic silicates (Figure 4) (e.g., Burns, 1970).

Both olivine and pyroxene are present on the basis of the width of the

0.9- band (Figure 3), the high IR (infrared) relative reflectance and

shallow 2. O-pm pyroxene band. Due to the uncertainty in the IR slope

inherent in fourier transform spectroscopy, the 2.0-J1m band position

cannot be determined accurately to derive silicate chemistry quantita

tively using the IR data of Feierberg et a1. (1982) however, some com

positions can be eliminated. The 2.0-J1m band position is at too long a

wavelength to be due to the presence of orthopyroxene, and at too short
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a wavelength to be a high-calcium clinopyroxene. This interpretation is

based on the position of the pyroxene bands in mixtures measured by

Singer (1981). The pyroxene is therefore a low-calcium clinopyroxene as

determined by the approximat~ position of the 2.0-pm band. The composi

tion of the olivine cannot be determined because the calibration has not

been derived quantitatively yet. The albedo of this asteroid (Table

III) and the depth of the 1.0-pm band are low for a pure crystalline

olivine-pyroxene mixture.

The depth 00%) of the 0.9-pm band (reflectance maximum/minimum)

may be controlled by four possible mechanisms: 0) the absence of

absorbing species indicating that the silicates are low in iron, (2) a

short mean optical path length which may be caused by small particle

S1ze, (3) the presence of an opaque component, (4) shock, or (5) reduced

amounts of crystalline mB~erial. The first two possibilities are elim

inated based on the low albedo of 433 Eros (0.125, Table III). A combi

nation of the last three cases could create the characteristics of the

observed spectrum. If the silicates and opaques are small particles

such that the spectral contrast is reduced by the particle size of the

silicates and the spectrum of the opaques becomes wavelength dependent

in the IR, then the spectrum would have the observed features (low spec

tral contrast and high IR reflectance). An example of this phenomenon

is seen in laboratory mixtures (Figure 23a) measured by Miyamoto et a1.

(982). We speculate (Gaffey, personal communication but the authors

don't state) that the unmeasured particle size of the carbon black used

by Miyamoto et li. (1982) is small enough to produce a wavelength

dependent spectrum with a high IR reflectance.

Meteoritic analogues - The spectral features and albedo of 433 Eros

were compared to spectra of classes of meteorites measured by Gaffey

(1976, Figure 23b). The albedo of 433 Eros is too low and the
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absorption bands too weak for this asteroid to be a high albedo achon-

drite analogue. The absorption bands are stronger and albedo lower than

those of aubrites. The albedo is too high and bands too strong to be an

ureilite analogue. Tha stony-irons that have been measured have higher

IR reflectance and albedo. The ordinary chondrites have higher albedos

for the most part and lower IR slopes and o.9-pm absorption bands with

minimum reflectance <1.0 relative to 0.56 pm in all cases. The low-Ca

pyroxene composition is not consistent with the ordinary chondrites

either. The UV absorption is more linear in 433 Eros than in ordinary

chondrite spectra. The black chondrites have lower albedo and lower IR

reflectance. The carbonaceous chondrites have lower albedos and weaker

absorption bands than that of 433 Eros. The C30's have the appropriate

albedo but lower IR reflectance and weaker absorption bands. There are

therefore no meteoritic analogues to 433 Eros, contrary to previously

published suggestions (Feierberg et g., 1982, Pieters et a1., 1976),

assuming that the ref 1ectance of the surface of asteroids behave as

powdered meteorites measured in the lab.

887 Alinda

The reflectance spectrum of 887 Alinda shown in Figure 3 was inter-

preted by Gaffey and McCord (1978) as a silicate and opaque assemblage.

An interpretation of the spectral features indicates that the UV absorp-

tion edge is a CT band edge. The NIR absorption band in the spectrum of

2+887 Alinda is a spin-forbidden, Laporte allowed Fe transition in a

mafic silicate, probably olivine and pyroxene based on their cosmic

abundance and bandwidth which is broader than that formed by pyroxene

alone. The absorption band is weak for four possible reasons which

re~~lt in a short mean optical pathlength: (l)low iron abundance,

(2)smal1 particle size, (3) presence of opaques, (4) shock effects. The
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albedo of 0.18 (Morrison and Zellner, 1979) constrains these hypotheses.

In the case of the first two possibilities, the albedo has to be high.

The measured albedo contradicts the first two hypotheses. In the last

two cases the albedo is reduced relative to a pure silicate spectrum.

The presence of an opaque component is most likely by elimination of the

shock hypothesis. The high degree of shock required to reduce the

strength of absorption bands (Adams ot al., 1979) is not expected from

collisions of small bodies and from evidence in the meteorites. These

conclusions based on the albedo of 887 Alinda are tentative because of

the fact that the polarimetric and radiometric albedos are discordant

(Morrison, 1977). It is possible that the standard radiometric model

does not apply to 887 Alinda as has been discussed for some other small

asteroids by Lebofsky ~~. (1979).

Meteoritic analogues - The meteoritic analogue of an olivine

pyroxene assemblage with a small opaque component is a type 3 carbona

ceous chondrite (Gaffey, 1976). Gaffey and McCord (1978) concluded that

887 Alinda is a C3 meteoritic analogue. A further interpretive step can

be made by examining the spectra of C3V and C30 types (Gaffey and

McCord, 1979, Figure 24). The spectrum of 887 Alinda has stronger 0.9

pm regions features, a higher albedo, and a break in slope at shorter

wavelength than the C3V types. The spectral characteristics of 887

Alinda correlate with those of the C30 types, consistent w~th a higher

chondrule/matrix ratio, higher molar iron content and abundance of

olivine, and lower =gnetite and carbon abundance than C3V'" s , These

petrological differences are seen in reflectance as a higher albedo and

stronger absorption bands. An initial interpretation of 887 Alinda as an

H-type ordinary chondrite (Chapman, 1976) is incorrect mainly because of

the linearity of the UV absorption in the spectrum of 887 Alinda which

is not characteristic of H chondrites (Figure 23b).
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1036 GanYJled

The 0.33-0.93pm spectrum of 1036 Ganymed (Figure 3) was presented

by Chapman and Gaffey, (1979) but has not been interpreted previously.

The UV CT and NIR crystal field absorption edges (Figure 3) are indica

tive of the presence of mafic silicates. The mineralogy of the si11cate

cannot be determined without further spectral coverage and an albedo

measurement. The plateau between 0.63 and 0.80 could be a signature of a

high calcium pyroxene (Figure 25) or a low iron olivine. If the 0.66-pm

band is real, it is consistent with the presence of a low iron 011vine.

Higher resolution spectra are needed to confirm this band. Without an

albedo measurement the presence of opaques cannot be considered. With

the available data only the presence of silicates is certain The pres

ence of additional components and the chemistry of the s i l r.cat es is

speculative.

Meteoritic analogues - With no albedo constraint, all meteorite

types with UV and IR absorption bands are initially considered'as analo

gues (Figure 23b). The basaltic achondrites, nakhlites, chassignites,

and angrites are ~liminated based on the depth of the NIR absorption at

0.93 pm relative to the strength of the UV absorption edge. The NIR band

is much stronger in these meteorite types than in the spectrum of 1036

Ganymed. Ureilites have less spectral contrast than 1036 Ganymed. The

NIR absorption edge of ordinary chondrites is at shorter wavelengths

than the spectrum of 1036 Ganymed. The shocked, black chondrites are

eliminated on the basis of lack of spectral contrast as are the carbona

ceous chondrites compared to 1036 Ganymed. There are therefore no

meteoritical analogues to 1036 Ganymed. Additional wavelength coverage

or an albedo determination is not expected to change this interpreta

tion.
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1566 Icarus

The surface composition of 1566 Icarus (Figure 3) as presented but

not interpreted by Chapman and Gaffey (1979) and derived by Gehrels ~

a1. (1970, Figure 26) appears to be mafic-silicate-rich based on the

presence of the strong UV and NIR absorption edges. Because the NIR

reflectance has not defined an absorption minimum at 1.0 ~m (there is no

upturn in ref Lect ance }, the band probably represents the presence of a

significant olivine component. If the narrow band at 0.60 ~m is real,

this also indicates the presence of olivine. There ~s insufficient data

to determine silicate chemistry or olivine/pyroxene ratios. There is no

spectral evidence of an opaque, glass or metallic phase which would

reduce the spectral contrast or result in significantly redder spectra

than those observed. The albedo (0.30, Table III) indicates the presence

of an opaque, shock effects or both. The orbit of 1566 Icarus crosses

that of Mercury (Figure 1), the opaque component would probably not be a

volatile such as carbon, but rather magnetite because carbon is not

stable at very high temperature.

The difference ~n the two spectra indirectly calculated by Gehrels

et~. (1970) in the NIR region (Figure 26) is consistent with changes

in laboratory spectra of an L6 ordinary chondrite as a function of view

ing geomety (Gradie n a1. 1980, 1981). However, the data suggest

there are additional factors affecting the spectra. If it is assumed

that the mineralogical components of Icarus are similar to Bruderheam

(olivine/pyroxene/metal assemblage), an assumption that initial minera

logical analysis supports, then the behavior of the two Gehrels n al.

spectra are not totally consistent with spectral changes due to phase

angle. The higher phase angle spectrum of the laboratory material

remains redder until a cross-over point at O.83 ~m (Figure 12a). The

spectra of Icarus have a cross-over point at 0.50 ~m only where they are
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scaled. In addition the increased relative reflectance at the larger

phase angle below 0.50 pm is opposite to the phase relationship observed

with Bruderheim (compare in Figure 12a, spectrum at 40 and 300
, this

behavior is still seen at 600 (Gradie and Veverka, 1983) but by 1200 the

UV band is weaker than the rest). Therefore, there are factors in addi-

tion to viewing geometry responsible for the differences in the spectra

of 1566 Icarus. When the spectrum of Chapman and Gaffey, 1979 (Figure

30) are considered with the Gehre1s et &. spectra, the absence of a

uniform variation with phase angle is additional evidence for non-

viewing geometry variations. The observed changes may be attributed to

particle size, body shape and/or compositional variation w1th rotation.

Additional data are needed to constrain the cause of the observed

differences.

Meteoritic analogues - The existing data are not adequate to place

tight constraints on meteoritic analogues. Meteorite classes with low

spectral contrast can be eliminated such as aubrites, enstatite chon-

drites, and irons. Without direct measurements of the 1.0-pm region any

other class of meteorite is a potential candidate.

1580 Betulia

The spectrum of 1580 Betulia (Figure 3, Chapman and Gaffey, 1979)

has the lowest spectral contrast of the measured near-earth asteroids to

date. The featureless reflectance between 0.46 and 0.70 pm coupled with

the low albedo (Table III) are diagnostic of a high abundance of opaques

or large particle sizes of strongly absorbing material. Residual

absorptions in the UV and NIR are diagnostic of mafic silicates. Because

the band strength of both the UV and NIR band is weak (18 and 10%

. 1) h ·1· 1 0k 1 b 1 . F 3+ .r espectn.ve y t e S1 a.cates are 1 e y to e ow m e i.ron , High

iron phy110si1icates can be eliminated based on the position of the UV
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absorption edge. Constraints between low iron phyllosilicates and low

iron olivine and/or pyroxene are needed. There is an absence of a

reddening agent implying large particle-sized opaques instead of fine

grained opaques which have a wavelength dependent spectrum with a high

IR reflectance and large slope in the visible.

Meteoritic Analogues - All high albedo meteorites are eliminated

from consideration as analogues. Only C1 and C2 carbonaceous chondrites

have albedos as low as that of 1580 Betulia. The break in slope of the

UV absorption edge at 0.56 pm in carbonaceous chondrites (Figure 23b) is

not consistent with the break in slope at 0.43 pm in the spectrum of

1580 Betulla. Therefore, there are no meteoritic analogues to this

asteroid.

1620 Geographos

The presence of mafic silicates are indicated by the 'L'V and _NIR

absorption edge in the spectrum of 1620 Geographos (Figure 3, Chapman

and Gaffey, 1979). With an albedo of 0.187 (Zellner and Gradie, 1976,

Table III), the mafic silicate particle size could be large, there may

be opaques present or the low albedo could be the result of shock. The

large particle size can be ruled out due to the lack of a large NIR

absorption edge slope (Hunt and Salisbury, 1970).

Meteoritic analogues - There are no meteoritic analogues to the

spectrum of 1620 Geographos. None of the meteorite types has a relative

reflectance increasing to 1.2 at 0.73 pm and then falling off in a NIR

absorption edge.

1627 Ivar

There were data reduction problems with these data (Appendix A)

which were not satisfactorily resolved. The interpretation of this
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spectrum (Figure 3) is therefore tentative until confirmation of the

spectrum can be made. The 8-color spectrum of Tedesco and Tholen (Figure

3, personal communication) do not agree in the NIR. The UV and NIR

absorption edges in the 24-filter spectrum are indicative of the pres-

ence of mafic silicates most probably olivine and pyroxene. The strong

inflection or plateau between 0.50 and 0.65 pm is characteristic of

high-calcium pyroxene (Figure 25). The NIR absorption is poorly charac-

terized but appears strong. This as consistent with the high albedo

(0.23, Veeder, personal communication, Table III) of 1627 Ivar. The

interpretation of this spectrum must remain inconclusive until confirma-

tion data are available. The existing data suggest something unusual

possibly a monomineralic differentiated fragment.

Meteoritic analogues - There are no meteoritic analogues based on

these data or the 8-color photometry of Tedesco and Tholen.

1685 Toro

Chapman ~~. (1973) interpreted the spectrum of 1685 Toro as an

olivine-orthopyroxene assemblage. Additional data have become available

since then (Table II and III). An interpretation of the spectrum meas

ured in July, 1980 by Chapman (personal communication) combined with JHK

data (Veeder ~~., 1982) that are not tied into a simultaneously meas

ured V magnitude is presented here (Figure 4). The broad'NIR absorption

band and strong non-linear UV absorption with an inflection at 0.50 pm

and maximum reflectance at 0.66 pm (Figure 3) is indicative of the pres-

ence of olivine. The albedo of 0.14 (Dunlap n al., 1973, Table III)

indicates the presence of opaques. However, recent radar measurements

(Oatro ~ a1. 1983) indicate that the albedo is closer to 0.30, m

which case there would be a smaller opaque component present. Large

particle-size, monomineralic olivine is eliminated as an interpretation
~
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because the NIR absorption band is not strong enough. The composition of

the olivine in 1685 Toro is between Fa15 and Fa33 based on the position

of the reflectance maximum (Figure 3) compared to laboratory measure

ments of olivines of this composition (Figure 11a). If there is a pyrox

ene component, it has to be present in amounts <25% based on the slope

of the visible edge of the NIR band (compare with Figures 20, 21 from

Singer, 1981). Wi /5/25 mixture of 9livine and pyroxene, the 1.0-pm

absorption edge slope is more negative due to the influence of the

pyroxene band, than that in the spectrum of 1685 Toro based on comparis

ons with laboratory mixtures (Singer, 1981). At higher proportions of

pyroxene the position of reflectance maximum shifts to longer

wavelengths as well. These features indicate a pyroxene component <25%

by weight.

Th~.J6.."" data (Veeder et &., 1982) place some constraints on the

mineralogical interpretation. If 1685 Toro were a pure olivine assem

blage, the J/H ratio would be much lower relative to Hand K (Clark,

1982) due to the presence of the 1.3-pm band. The H ratio would still be

in the wing of the 1.3-pm band and the K/H ratio would be higher in the

absence of a 2.0-pm band. The JHK ratios of 1685 Toro do not support the

existence of a pure olivine assemblage. These data indicate the presence

of clinopyroxene because the K reflectance is slightly less than the H

reflectance. According to Figure 20, in an orthopyroxene and olivine

mixture, the K reflectance is never less than the H reflectance regard

less of how much orthopyroxene is present, indicating that the pyroxene

in 1685 Toro is not orthopyroxene. The surface of 1685 Toro consists

predominantly of low-iron olivine and low-calcium clinopyroxene.

The difference between the spectra of 1685 Toro measured at two

apparitions (Figure 27 bottom) may be attributed to a difference in

viewing geometry, aspect angle or mineralogical or textural

- 28 -



heterogeneity across its surface. The observed differences are larger

than those observed in laboratory measurements of an olivine-pyroxene

assemblage as a function of viewing geometry (Figures 12 a,d, Gradie et

al., 1980) in light of the fact that the phase angles were 60 0 and 40 0

in 1972 and 1980 respectively. The variations expected as a function of

irregular body shape according to the laboratory measurements of Gradie

et a1., 1981 (Figure 15c) would be of smaller magnitude and different

wavelength dependence than observed for 1685 Toro. The change in reflec

tance as a function of olivine/pyroxene alone is not similar to the

observed spectral differences (compare Figures 27 bottom and 16b). The

differences in the observed spectrum are therefore only attributable to

gross compositional variations as a function of rotational phase angle

or variation in aspect angle at the time of observation. These differ

ences must be verified and studied in more detail. If they are real

compositional variations, they are larger than any seen on any asteroid

previously (Gaffey, personal communication).

Meteoritic analogues - Chapman et ale (1973) point out that L-type

ordinary chondrites are predominantly olivine-orthopyroxene assemblages

and that the spectrum of 1685 Toro is similar to L-type ordinary chon

drites. The spectral features of this asteroid are not consistent w~th

L-type ordinary chondrites (Figure 27 top) in a manner indicating

mineralogical differences between the asteroid and ordinary chondrites.

The visible reflectance maximum is at longer wavelengths in L-type ordi

nary chondrites indicatin~ a different olivine composition. If the

albedo of Dunlap et al. (1973) is correct, then it is too low for an

ordinary chondrite. The albedo reported by Ostro et~. (1983) however

does not contradict the ordinary chondrite interpretation. If the JHK

data are correct in indicating that the pyroxene is a clinopyroxene,

then the mineralogy is not that of ordinary chondrites. The spectrum of
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1685 Toro is not an ordinary chondrite analogue on the basis of olivine

and pyroxene chemistry. An olivine rich meteorite type, chassignites,

have absorption bands almost a factor of two stronger (Figure 23b) and

an albedo higher than either of the two albedo calculations of 1685

Toro. If 1685 Toro were to have a chassignite composit~on of different

particle size than exist for the laboratory measurements, then the

albedo would be higher and the band depths less than the asteroid if the

particles were smaller. Or, if the asteroid were to have a larger parti

cle size than the meteorite type, the albedo would be lower and absorp

tion bands deeper than the meteorite reflectance. The observed combina

tion of different spectral features precludes a particle size difference

between 1685 Toro and chassignites. The 0.9-pm band in C30's and ureil

ites (Figure 23b) which have albedos consistent with the albedo determi

nation of Dunlap,~~. (1973) are 20-30% weaker. These factors elim

inate these meteorite types as analogues. There are no meteoritic analo

gues to 1685 Toro.

1862 Apollo

The NIR band, UV absorption and inflection in the visible reflec

tance spectrum of 1862 Apollo (Figures 3 and 4) are diagnostic of the

presence of mafic silicates. In this spectrum both olivine and pyroxene

are present based on the width of the band. The strength of the NIR

absorption is low for a pure olivine-pyroxene mixture. This can be

caused by four phenomena as discussed in the interpretation of 433 Eros.

The first two possibilities, low iron composition with moderate to

small particle size and small particle size independent of composition,

are eliminated due to constraints provided by the average albedo meas

urement of 0.21 -±,0.02 (Lebofsky et a1., 1981). However, the sut'face

could be composed of low iron mafic silicates of large particle sizes
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(>25Qp) (Hunt and Salisbury, 1970) which have an albedo consistent with

that of 1862 Apollo. The albedo could also be reduced by the presence of

opaques, which are present in small enough quantities to reduce the

albedo but not eliminate the spectral contrast. Metallic particles are

a candidate for this type of material (Gaffey, unpublished). The pyrox

ene is a low-calcium clinopyroxene based on the relative reflectance at

1.65 and 2.2 ~m (compare Figure 4 to Figures 20-22). The mineralogical

components are therefore olivine, low-calcium clinopyroxene and a small

quantity of opaques, and/or fine-grained metal.

Meteoritic analogues - The absorption bands are too strong for a

C30 or C3V analogue (Figure 24). The high albedo (0.21) supports elimi

nation of this identification. The absorption bands are too weak and

albedo too low for it to be a high albedo achondrite with strong 1.0-pm

absorptions. The UV absorption edge slope and lower albedo of ureilites

eliminate this assignment. LL4 ordinary chondrites have both the same

albedo, strength of absorption bands, ~ absorption edge shape and posi

tion of reflectance maximum as the visible spec t rum of 1862 Apollo. If

the JHK data are correct in indicating a clinopyroxene composition then

1862 Apollo is not an ordinary chondrite analogue. High resolution IR

spectra will resolve this issue.

The low reflectance at 1.25 pm relative to 0.56 pm is not charac

teristic of any known mineralogy. It is possible that the V-band meas

urements should be corrected for the large light curve variations of

1862 Apollo (0.6 magnitudes, Harris personal communication). If this is

the case, then the vertical scale in Figure 4 should be floated for 1862

Apollo too, the most appropriate meteoritic analogue.
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1865 Cerberus

The spectrum of 1865 Cerberus measured with 8-co10r filters and

24-filter photometry do not agree in the NIR (Figure 3). There were

problems with the data reduction (Appendix A) which, though not well

understood, may account for the differences. Additional measurements

should be made when the asteroid can be observed again. A tentative

interpretation is made knowing that remeasurement may prove it wrong.

The strong UV and NIR absorption are indicative of the presence of

mafic silicates, probably olivine and pyroxene. Opaques are a minor com

ponent based on the high spectral contrast. There is no albedo measure

ment so constraints on particle size versus opaque content cannot be

made.

1915 Quetzalcoatl

The narrow-band photometry and 8-colol.· spectrum of 1915

Quetza1coatl shown in Figure 3 do not agree within the errors of the

measurement. Since the higher resolution measurements were made when the

asteroid was 13.5 magnitudes versus 19.0 magnitude when 8-color measure

ments were made, the discrepancy is attributed to measurement error as a

function of signal to noise. For the purposes of mineralogical interpre

t at Lon, only the narrow -band photometry is used. The datum point at

0.70 pm has a large error due to fluctuations in the telluric O2 emis

sion which could not be accurately calibrated for this run.

The UV absorption in the spectrum of 1915 Quetza1coatl (Figure 3)

is a CT band. The mid-visible absorption band in the 0.6-pm region is a

spin-forbidden crystal field transition of a transition element other

than iron~ The 0.9 pm band is a spin-allowed, laporte forbidden crystal

field transition of ferrous iron in a low Ca, low Fe pyroxene. There is

little to no evidence of opaques, metals or olivine (Figure 4).
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The UV absorption edge assignment is based on the non-linear nature

of the absorption (Gaffey and McCord, 1979), its strength relative to

unity at 0.56 pm and the position of the band center being at a

wavelength ~0.35 pm. The mid-visible absorption band at approximately

0.60 pm is commonly attributed to olivine, however the 0.9-pm band is

not broad enough or positioned at the appropriate wavelength to indicate

the presence of olivine. In laboratory spectra of some eucrites (e.g.,

Figure 28) there is a similar band which must be attributed to a transi

tion element in pyroxene (possibly chromium, although the abundance of

transition elements has not been systematically correlated with this

spectral feature). There is no such absorption feature in lunar pyrox

enes measured by Haz en et a!. (I978) nor in spectra of pure pla

gioclase, the other component in eucrites. Additional evidence is

needed to constrain the assignment of a .specific cation in a specific

crystal structu~e.

The position of the O.9-pm band in the spectrum of Quetz81coatl

eliminates all minerals except low Ca, low Fe pyroxene and ferric

oxides. The band position is in the region of overlap between these two

crystal structures. This spectrum also has additional features commonly

found in ferric oxide minerals, notably an absorption in the mid-visible

and a strong UV absorption. The distinguishing characteristics between

ferrous and ferric iron, are the relative strengths of these bands and

the slope of the UV absorption. Figure 29 shows comparisons of the spec

trum of 1915 Quetzalcoatl with ferric oxide spectra, clays and mixtures

of ferric oxides and clay minerals (Singer, 1982). Examination of Fig

ure 29 shows that the UV absorption is stronger, the slope is higher,

and the O. 9-pm absorption is weaker in ferric oxide-bearing minerals

than in the spectrum of 1915 Quetzalcoatl. If the particle size of the

ferric iron-bearing minerals were to be larger than samples «38
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microns) measured by Singer (1982), then the spectral contrast and the

specular component would be reduced because particle sizes <38pm produce

the greatest spectral contrast in these minerals. Larger ferric iron

particle size "'!0 'Jl d reduce the slope of the UV absorption, perhaps

bringing it into agreement with that of Quetzalcoatl, but at the same

time the depth of the O.9-pm band would be reduced. This is not con

sistent with the observations of 1915 Quetzalcoatl. If a spectrally

opaque material were added to a ferric oxide, the UV absorption slope

would be reduced but so would the intensity of the other absorption

bands. In conclusion, the spectral signature of 1915 Quetzalcoatl is not

that of a ferric iron-bearing mineral in an octahedral crystal site.

Furthermore, ferric iron-bearing minerals can be distinguished from fer

rous iron-bearing minerals based on the relative intensity of the

absorption bands and the UV slope even when they both have absorptions

in the O. 9-pm region. This is contrary to the inference of Morris and

Neely (1981) that absorptions previously interpreted as ferrous iron

bands may indeed be ferric-iron absorptions. Because the band position

in the spectrum of 1915 Quetzalcoatl is at the short wavelength end of

the range observed in pyroxenes, the composition of the pyroxene is low

Fe and low Ca orthopyroxene as determined from the pyroxene calibration

of Adams (1974). The JRK data (Veeder ~ al., 1982, Table III, Figure

4) are consistent with an orthopyroxene-dominated assemblage because the

reflectance at 1.6 and 2.2 pm are the same within the errors of the

measurements (Figures 20-22). This is not the case when significant

amounts of clinopyroxene are present (Figures 21,22). The JHK data also

indicate that there is an olivine com- ponent present of less than 50%

by weight (Figure 20). This interpretation is based on the fact that the

relative reflectance at 1.25 pm is less than at 1.6 and 2.2 pm. In pure

orthopyroxene assemblages this would not be the case. Therefore, if
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olivine is the IR reddening agent, it is present in amounts less than

50% by weight. A third or totally different component must be present to

account for the albedo of 1915 Quetzalcoatl.

The spectrum of 1915 Quetzalcoatl does not have the characteristics

of a laboratory sample of pure orthopyroxene ground to particle sizes

ranging from <30 - 150-250 microns measured at room temperature (Figures

14 b,c). The bandwidth is narrower and the depth is less than laboratory

spectra of pure orthopyroxenes. Possible factors affecting these parame

ters include particle shape, packing, viewing geometry, temperature,

size, the presence of additional components and shock. Consideration of

these factors leads to the conclusion that the spectrum of 1915

Quetzalcoatl is that of a shocked orthopyroxene assemblage by elimina

tion of other possibilities.

Discussion: Particle shape and packing - 1915 Quetzalcoatl has the

reduced albedo expected from increased internal reflections of spherical

particles (Adams and Felice, 1967), however the spectral contrast is not

enhanced with respect to powders of orthopyroxenes which normally have

prismatic morphology. Tharefore particle sphericity is not the cause of

the observed differences. For the same reason that particle shape

differences don't account for the differences between the spectra under

discussion, particle packing also cannot explain the differences.

Phase angle - Because both the laboratory sample and the asteroid

spectrum were taken near 00 phase (Table I) there are no viewing

geometry differences to attribute to the spectral differences between

pure orthopyroxene and 1915 Quetzalcoatl.

Temperature - The temperature at the surface of Quetzalcoatl is

calculated to be about 252K with an albedo of 0.23 (calculated from the

standard radiometric model, Morrison, 1977). Therefore some bandwidth

reduction can be expected relative to room temperature spectra (Sung et
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al., 1977). The reduction in band depth with temperature (Figure 16a) is

not large enough (Singer and Roush, 1982) to account for the reduced

band depth in the spectrum of Quetzalcoatl relative to pure orthopyrox-

ene.

Particle size - The albedo of 1915 Quetzalcoatl (0.23, Veeder, per

sonna! communication, Table III) is not high enough to be a pure ortho

pyroxene assemblage unless the particle size is large (Figure 14b). The

reflectance of large particles (150-250 pm) in the bottom of the band is

not high enough to be attributed to larger particle sizes (Figure l4b).

When scaled to unity at 0.56 pm (Figure l4c) the relative band depth of

large particle sizes is larger than 1915 Quetzalcoatl.

Additional components - The relative strength of the spin forbidden

absorption compared to the 0.9-pm band depth indicates that there is no

additional component reducing the spectral contrast of the spectrum. A

non-specific opaque material would reduce spectral contrast in both the

UV and IR regions. A small phyllosilicate component would effectively

mask the NIR absorption band while at the same time contribute to the UV

absorption. The spectra of carbonaceous chondrites serve as an analogue

for a phyllosilicate dominated spectrum with a ferro-magnesian sil~cate

component (Gaffey, 1976). Such spectra (Figure 23b) retain the UV

absorption, and have a shallow O. 9-pm band. However, the albedo of a

mixture of pyroxene and phyllosilicates cannot be reduced to 0.23 and

retain the necessary spectral contrast. The JHK data support the pres

ence of an olivine component but do not explain the albedo, narrow band

width and reduced band depth relative to pure orthopyroxene.

Shock - From a comparison of the spectra of shocked and unshocked

enstatite orthopyroxene (Adams & a!., 1979, Figure 21) with that of

1915 Quetzalcoatl, it looks like this mechanism could produce a spectrum

with the observed features. Shock-diagnostic features remain to be
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determined. This interpretation is based on elimination of other possi

ble causes and a general agreement between observed and laboratory meas

urements of shocked minerals. The surface of 1915 Quetzalcoatl is most

likely a shocked assemblage of predominantly orthopyroxene w~th some

olivine.

Meteoritic analogues - Based on interpretation of the visible

reflectance spectrum alone, the meteoritic analogue to 1915 Quetzalcoatl

~s a diogenite, a monominera1ic orthopyroxene assemblage. The JHK data

do not support this interpretation because the reflectance at 1.25 pm is

lower than at 1.6 and 2.2 pm (see Figure 20). A diogenite assemblage has

a higher reflectance at 1.25 pm than at 1.6 and 2.2 pm (see Gaffey,

1976). There are no known meteorite types with olivine present in abun

dances between the trace amounts found in diogenites (which is not evi

dent in reflectance spectra of diogenites) and ordinary chondrites. The

spectrum of 1915 Quetzalcoatl cannot be interpreted as an ordinary chon

drite assuming that the spectrum of the parent body and laboratory

meteorite sample are to be similar.

1943 Anteros

The 8-color data for two days (Figure 3) and JHK spectrum of 1943

Anteros was published by Veeder ~~. (1981, Figure 4). The UV and

NIR absorption edges are consistent with the presence of mafic sili

cates, predominantly olivine as evidenced by the position of the NIR

maximum reflectance at 0.82pm, the band minimum beyond 1.06Pm and the

fact that the reflectance at J relative to H is low. Pure plagioclase

also has an absorption band centered at about 1. 25pm, but the albedo

(0.80) is much higher than 1943 Anteros (Table III). The lower reflec

tance of K relative to H is a low resolution expression of a 2.0-pm cli

nopyroxene band. The clinopyroxene component ranges from 0-25% based on
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laboratory data of Singer (1982) (Figures 20-22) and the measurement

errors. The albedo (0.18, Veeder et al., 1981, Table III) indicates that

either the particle size is very large, an opaque is present or the

asteroid has been severely shocked. The spectral contrast is high which

would eliminate the presence of a significant opaque component. The con

tribution of shock cannot be evaluated with the existing data. Further

constraints are needed to discriminate between shock and pa~ticle size

effects.

Meteoritic analogues - Meteorite classes ~omposed of predominantly

olivine and clinopyroxene include ureilites, nakhlites, w1nonaites

(Prinz ~ al. 1980), and the type exampled by ALHA77005. Higher reso

lution data are needed to discriminate between these meteorite types.

The question of a meteoritic analogue remains open.

2100 Ra-Shaloa

The spectrum of 2100 I'..a~Shalom (Figure 3) has the same spectral

characteristics as that of 887 Alinda. However, there are differences

between the two. The albedo is lower (0.05 Lebofsky and Veeder, personal

communication, Table III), the 0.9-pm band is weaker and less well

defined and the UV absorption edge is weaker. These differences are

consistent with the presence of more opaques relative to 887 Alinda. The

strength and position of the edge of the UV absorption as compared to

1580 Betulia for example, implies the presence of phyllosilicates which

have a UV absorption that persists when other absorptions are masked

(e.g., compare with C2 carbonaceous chondrites in Figure 23). The sur

face composition is therefore a mafic silicate, olivine and/orpyroxene

and phyllosilicates. The limited IR data which are not tied into a V

magnitude (Figure 4) are consistent with this interpretation.
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Meteoritic analogues - The low albedo of 2100 Ra-Shalom (0.05) lim

its the possible meteoritic analogues to carbonaceous chondrites. The C3

carbonaceous chondrites are brighter and contain smaller amounts of

phyllosilicates than C2'su The C2's are generally darker than 2100 Ra

Shalom, due to the presence of more opaque carbonaceous material. 2100

Ra-Shalom has spectral features and albedo intermediate between the c2's

and C3's of the ~cteorite types.

2201 1947XC

The available data (Figures 3 and 4) on this asteroid are difficult

to interpret due to an ecclectic set of data and no albedo determina

tion. The conventional interpretation is as follows: the NIR absorption

band is indicative of the presence of mafic silicates. The short

wavelength position of the reflectance maximum at 0.6~m is indicative

of a spectrally dominant olivine component with a fayalite content

intermediate between Fa15 and Fa1a3 (Figure 13). From here the interpre

tation encounters contradictions. The UV ref lectance is greater than

unity relative to the reflectance at 0.56pm. This feature is not seen in

any known, common rock-forming mineral. To confuse matters, the UBV

photometry of this asteroid measured by Bowell and Harris (IAUC3436)

12/16-17/79 (Figure 3) does not indicate any unusual behavior for an

asteroid. The NIR band looks like the first of the three olivine bands

if the point to point scatter is considered noise. Because the standard

deviation of the data from an average of 50 spectra measured on two days

is smaller than the difference between data points, it is difficult to

call the results noise (see Appendix A). The JHK data are not consistent

with a dominant olivine component because the J reflectance is similar

to that at Hand K (Figure 4). Instead, the JHK data alone are con

sistent with a dominant orthopyroxene or a mafic silicate and opaque
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assemblage (Figures 8, 20-22). The IR data with 1.5% wavelength resolu

tion (Soifer et a1., personal communication) are consistent with this

suggested interpretation (Figure 4). However, the UV, VIS and NIR data

contradict the IR data.

The possibility of interpreting this spectrum in terms of features

from low level cometary activity is considered for four reasons. The

first being the difficulty interpreting the spectrum in terms of

asteroidal material, secondly the orbit of 2201 1947XC has a high eccen

tricity and is therefore more comet-like than asteroid-like, and Drum

mond (1982) finds a possible association between a meteor stream and

this asteroid. The fourth possible hint of a cometary source is that

the rotation period has been reported to be a multiple of 24 hours

(Harris, personal communication). A long rotation period can be

explained by outgassing forces which could reduce the angular momentum

of the object. This explanation is by no means unique.

Three comets (Comet Bennett 1969i, Johnson II a1., 1971, Comet

Arend-Rigaux, Chapman personal communication, and Comet Kobayashi

Berger-Milon 1975H, Chapman and Gaffey, personal communication) at vary

ing stages of activity have been measured with the same instrument used

for measurements of 2201 1947XC. These spectra are ShOWll in Figure 30.

Comet Ashbrook-Jackson (Newburn II al., 1981) was measured with the same

instrument using filters with band centers and bandwidths coincident

with cometary emission bands. Danks and Dennefeld'(1981} report a near

infrared spectrum of 19791, Comet Bradfield. None of these spectra have

features indentica1 to 2201 1947XC. There is no definitive cometary

spectral signature as can be seen from the diversity of the spectra in

Figure 30. Instead we look for individual features seen in comet spectra

and in that of the asteroid. There is no CN or C3 emission in 2201

1947XC. These strong bands are located at 0.388 and 0.40~m
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respectively, (Wurm, 1963). A high relative reflectance in Comet 1975H

(Figure 30) at these wavelengths indicate their presence. An NH emission

band occurs at 0.336pm. A test of the presence of this molecule as a

cause of the high UV reflectance in 2201 1947XC could be made knowing

the conditions under which this emission is seen compared to the observ

ing conditions of 2201 1947XC. Other cometary emission bands which might

be seen in this asteroid are forbidden lines of oxygen at 0.56 and

O.63J1m and additional NH2 bands in the near-infrared. At present the

spectral features seen in 2201 1947XC cannot be attributed to any come

tary activity. It is worth pursuing this question further.

The discrepancy between the UBV photometry of Bowell and Harris

(Figure 3) could be explained by the absence of cometary activity at the

time of their observations when the asteroid was further from the sun

(1.2 AU) than it was on 12;28-29/79 (1.07 AU) when spectral reflectance

measurements were made.

Based on the available data of this asteroid, the spectrum does not

show common rock-forming mineral signatures. Further app Li.catn.one of

cometary physics will be made in the future to address the possible con

nection between weak cometary emission and the surface of this asteroid.

Additional data should be collected in June, 1983, when the asteroid can

be observed again.

1979VA

An interpretation of the data of 1979VA is made because there is

both 8-color (Tedesco and Tholen, personal communication) and JHK pho

tometric measurements (Hartmann ~ &., 1982). Unfortunately, there is

no albedo determination. The flat spectrum with a break in slope at

0.43J1m is indicative of either large grains of mafic silicates, the

presence of opaques or a low abundance of iron in silicate(s). An
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albedo measurement will differentiate between the first two and the

third possibility. The JHK data show a rapid increase in reflectance

between 1.6 and 2.2pm. This may be due to the presence of. high-iron

olivine (Figure lIb, Hunt et al., 1970), small grains of magnetite (Hunt

et al., 1970), or carbon (Miyamoto et al., 1982) that are transparent in

the IR.

Meteoritic analogues - If the surface of this asteroid is large

grained fayalite, then there is no meteoritic analogue. There is no

meteorite spectrum with the observed spectral features through the VIS

and IR. Most meteorites have a lower slope in the IR.

1980AA

The O.9-pm band and the UV absorption are characteristic of the

presence of mafic silicates (Figure 3). The inflection in the visible

seen in 1685 Toro, 1862 Apollo and 1915 Quetzalcoatl is not present in

this spectrum. The observed spectral contrast indicates the presence of

opaques or a low abundance of iron in the silicates. There is no albedo

measurement to constrain these two interpretations. A high albedo would

support the low iron interpretation, while a low albedo supports the

presence of abundant opaques.

Meteoritic analogues - The strength of the 0.9-pm and UV absorpt~on

bands eliminates all but two types of achondrites as possible meteoritic

analogues (Figure 23b). These two possible analogues are elimi~ated on

additional criteria. Aubrites are eliminated because their absorption

bands are too weak, and ureilites are eliminated on the basis of the

presence of the prominent inflection in the visible (0.50 pm) which is

not seen in the spectrum of 1980AA. Future observations should verify

the absence of this feature. Carbonaceous chondrites types Cl and C2

are eliminated because the 0.9-pm band of 1980AA is too strong. The C3's
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are eliminated because the slope of the UV absorption is too low in

1980AA. absorption significantly to be a possible explanation of the

Particle size could be a possible explanation of the differences between

1980AA and C3's (Figure 14) based on the strength of the UV absorption

alone. The NIR band is not strong enough to support a large particle

size interpretation. The slope of the UV absorption edge also eliminates

ordinary chondrites which have distinctly non-linear UV slopes. Addi

tionally, the depth of the O.9~m band also eliminates the higher

metamorphic grade ordinary chondrites. Enstatite chondrites have a

weaker O.9-~m absorption band and stronger UV band than 1980AA. The only

meteoritic analogue is shocked, black chondrites which have a linear UV

absorption edge and a moderate to weak O.9-~m absorption band (Figure

23b). If the O.70-~m band in 1980AA is real however, then black, shocked

chondrites are not appropriate analogues. Another test of this interpre

tation is that the albedo should be-between 5 and 10%.

1981QA

1981QA has similar spectral features as 2100 Ra-Shalom and 887

Alinda (Figure 3). The UV absorption is stronger than 2100 Ra-Shalom but

the position of the break in slope and the 0.9-~m region reflectance are

similar. The petrologic assemblage therefore consists of a mafic sili

cate with either an opaque or metallic component. An albedo measurement

would constrain these two possibilities, however there is none available

to the best of my knowledge. 8-color photometry of this asteroid

(Tedesco and Tholen, personal communication) indicates the presence of

possibly shocked olivine or low-Fe olivine. Additional measurements are

needed.

Meteoritic analogues - The meteoritic analogue based on narrow band

reflectance measurements is either a C3 or E6 chondrite. An aubrite and

- 43 -



stony-iron analogue is eliminated because the NIR relative reflectance

is not as high as in these meteorites (Gaffey, 1976). According to the

8-color photometric measurements (Tedesco and Tholen, personal communi

cation) alone, there is no meteoritic analogue.

Bias Considerations

Is it possible to relate the significance of these results to the

real population of near-Earth astroids? This poses some formidable prob

lems. One possible factor in the apparent albedo bias of near-Earth

asteroids is the use of the standard radiometric model (Morrison, 1977).

This model fails for some asteroids and results in an erroneously high

albedo. More accurate modelling of the surface properties of 433 Eros

(Lebofsky and Rieke, 1979) and 2100 Ra-Shalom (Lebofsky, personnal com

munication) result in lower albedos than derived from the standard

radiometric model. Some of the high albedos measured for near-Earth

asteroids are real, however, because the results of 10- and 20-J.lm

radiometry and polarimetry are in agreement (e.g., 1862 Apollo). The

contribution of thermal properties to the apparent albedo bias is

resolvable with measurements at 10- and 20-J.lm and polarimetry.

The question of brightness bias cannot be addressed without some

indication of their source region. For example, if many of the near

Earth asteroids originate from the inner asteroid belt, then the

observed predominance of bright objects would be real, as the inner belt

is dominated by bright asteroids (e.g., Gradie and Tedesco, 1982). How

ever, this determination cannot be made with the benefit of bias correc

tion. Therefore, there is no reason to assume any proportion of bright

objects to dark objects.

Is there any observational selection as a function of orbital ele

ments other than semi-major axis? There are presently 66% more known
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objects in low inclination or low eccentr i.ci.ty orbits than in orbits

with inclinations >100 or eccentricity >0.50. Clearly, high inclination

and eccentric orbits have shorter observing windows from Earth. Correc

tions for this bias must await discovery of more asteroids in high

eccentricity and high inclination orbits.

Bias correction methods used by Zellner (1979) are not applied to

near-Earth asteroids because their bias is a function of discovery cir

cumstances. Perhape corrections for observational bias can be made

based on discovery circumstances. Zones of distance from the Earth at

the time of discovery can be defined in 0.01 A.U. bins. A correction to

the known population can be made by calculating a bias factor as the

number of discovered asteroids present in that zone relative to the

total number of near-Earth asteroids of known surface composition. This

correction assumes that the bias is a function of size only. Such a bias

is suspected, as only three known near-Earth asteroids have albedos

below 0.06. A look at the known population as a function of distance

from the Earth at discovery and albedo will determine whether or not the

albedo bias is size dependent. This approach will be more accurate than

binning the asteroids according to the discovery magnitude, as such mag

nitudes are not photometrically determined and there is considerable

personal bias in these estimates.

As of November, 1982, 25% of each group of the known Apollo, Amor

and Aten asteroids have been mineralogically characterized. Upon

addressing some of the questions discussed above we will have a better

idea of how well the observed population represents the true population.

I would not be surprised if compositionally dark objects in the near

Earth population are truly unusual.
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Population Characterization

A summary of the mineralogical components of the observed near

Earth asteroid population is presented in Table IV. The present data

base does not reveal any significant differences in mineralogy or

petrology between the Apollo, Amor and Aten asteroids as individual

dynamical groups. The presence of rare or unusual minerals does not

have to be invoked to interpret the spectra except in a few cases in

which there is considerable observational uncertainty. With the possi

ble exception of 2201 1947XC, these objects are composed of cosmically

abundant minerals commonly found on asteroid surfaces and in meteorite

assemblages. The proportions of these minerals and their chemistry that

combine to form these assemblages and the physical nature of their sur

faces, are for the most part different from most main belt asteroids and

meteorite asseblages that have measured reflectance spectra.

Mafic silicates dominate all but three spectra of near-Earth

asteroids measured to date (1580 Betulia, 1979VA and probably 2201

1947XC). This dominance of mafic silicates is interpreted from the

presence of strong UV and RIR absorption bands and/or albedos usually

higher than 0.010 (2100 Ra-Shalom has a lower albedo but a strong UV

absorption band). This is contrary to the situation existing among the

observed main belt asteroids (Chapman and Gaffey, 1979). Possible expla

nations for this include: mineralogical or textural differences, surface

weathering processes (or lack thereof) or observational bias. Each of

these possibilities will be discussed.

The spectra can be interpreted as having larger proportions of

mafic silicates than main belt asteroids. However, they are not pure

silicates as evidenced by the fact that the albedo and RIR absorption

band strengths are lower than laboratory mixtures of pure silicates.

One way to produce an apparently larger proportion of silicates is to
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have less opaques present. It is difficult to invoke a mechanism in

which opaques are preferentially lost from main belt parent bodies in

the process of near-Earth asteroid formation, assuming near-Earth

asteroids are fragments from main belt objects. If the particle size

alone were larger on near-Earth asteroids, then the albedo would be

lower in the presence of strong absorption bands. Smaller particle size

would result in higher albedo but lower spectral contrast compared to

main belt asteroids. Particle shape, packing and porosity result in

differences much smaller than the observed differences bet~..een near

Earth asteroids and the majority of the observed main belt asteroids.

The observed enhanced spectral contrast is analagous to the observed

higher spectral contrast in younger craters on the Moon. Therefore, the

near-Earth asteroids may exhibit higher spectral contrast and albedo by

virtue of their being fresh, unweathered material. This observation is

consistent with the dynamical calculations of short mean life times of

near-Earth asteroids and the assumption that these asteroids are younger

fragments of parent bodies that have or had weathered or protected sur

faces prior to the event that brought them into near-Earth orbit. If the

orbital change took an evolutionarily significant period of time, sur

face maturation is precluded in this time interval.

None of these asteroids have reflectance spectra dominated by the

signature of large grains of unoxidized metal. These spectra would have

a reflectance increasing with wavelength throughout the observed spec

tral range and low cons t ras t absorption bands. The absence of large

grained metal assemblages implies that these asteroids are not fragments

representing the boundary between the core and mantle of differentiated

bodies. The presence of fine-grained metal with an oxide coating cannot

be distinguished from other opaques. Such metal grains may be present

but cannot be discriminated from other opaques.
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The composition of 1915 Quetzalcoatl indicates that at least one of

these asteroids is a fragment of a differentiated body. This is the

second basaltic achondrite analogue found among the asteroids. It fills

a gap in the observed size range of these objects. Dynamical mechanisms

are now needed to connect basaltic achondrites, 1915 Quetzalcoatl and 4

Vesta. If a dynamical connection cannot be made then the presence of

1915 Quetzalcoatl would indicate that the basaltic achondrite parent

body is now the size of this 0.14 km body. Objects of this size are usu

ally below our detection limits. Whether or not other members of this

population are undifferentiated or differentiated cannot be answered

presently. Perhaps the presence or absence of a shallow mid-visible

absorption band might address this question. Further study is needed.

Assuming that meteorite analogues would have the same spectral

characteristics as meteorites measured in the lab, there is considerably

more compositional diversity among the near-Earth asteroids compared to

the meteorite population. The presence of only two ordinary chondrite

analogues among the observed near-Earth asteroids is disproportionate to

the number of ordinary chondrite meteorites. This supports the

hypothesis that the ordinary chondrite parent bodies are few in number.

It is also probable that the asteroids supplying the ordinary chondrites

have not been found. The orbital elements of 1980AA are not similar to

those calculated for the Farmington meteorite, also a black chondrite

(Levin et a1., 1976). The orbit of 1862 Apollo, the other ordinary

chondrite analogue, does not have an aphelion near Jupiter, a criterion

for an ordinary chondrite orbit (Wetherill, 1969).

If future meassurements of 2201 1947XC indicate that it does show

signs of weak cometary activity, the hypothesis and dynamical arguments

indicating that some near-Earth asteroids are cometary nuclei will have

some observational support. Presently the data are only suggestive and
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further attempts to explain the observed features in terms of the phy

sics of a cometary phenomenon will be made in the future.
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Table I

OBSER.VIRG PARAMETERS

Name Date Observatory Voltage Aperture (II) flo

433 Eros 8/25-26/81 MKO 2.2m 1900 18 38

1627 Ivar 11/4-7/80 MKO 2.2m 1800 12 11

1685 Toro a 7/15/80 KPNO 2.1m 2000 b 40

1862 Apollo 11/15-17/80 MKO 2.2m 1800 12 62-78

1865 Cerberus 11/4-7/80 MKO 2.2m 1800 12 10-12

1915 Quetza1coatl 3/5-6/81 MKO 2.2m 1800 12 5-7

2100 Ra-Shalom 8/25-26/81 MKO 2.2m 1800 12 29-30

2201 1947XC 12/28-29/79 MKO 2.2m 1700 18 64

1980AA 1/26/80 MKO 2.2m 2000 20 6

1981QA 8/27-28/81 MKO 2.2m 1900 18 25

aChapman, personal communication. bnot recorded.
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Table II

PHOTOMETRY OF 17 BEAIl-EAIlTR ASTEROIDS CORVEB.TED TO FLUX RELAfiVE TO V

Name ~/V RB/V RJ / V RH/V RK/V

433 Eros 0.S4.:!:..01a 0.79.:!:..01a 1.3.:!:.0.lm 1. S.:!:.O.ln 1. 7.:!:.0.ln

887 Alinda b bO.S9.:!:..OS 0.80.:!:..04

1036 Ganymed 0.61.:!:..01a 0.83.:!:..01a

lS66 Icarus O.S6.:!:..05c 0.86.:!:..04c

lS80 Betulia d d0.83.:!:..03 0.97.:!:..03

1620 Geographos O.S4.:!:..03 e 0.80.:!:..OZe

1627 Ivar f O.86.:!:.. 03g0.4S.:!:..03

168S Toro 0.SS.:!:..03g O. 79.:!:.. 02g o.84.±..0 SO 1.00.:!:..OSo 0.96.±..OSo

1862 Apollo h h O.82.:!:..02P 1. 12.±..07P 0.99.:!:..02P0.6S.:!:..01 O.86.:!:.. 01

186S Cerberus O.72h 0.87h

1915 Quetzalcoat1 0.60.:!:..03 i 0.83.:!:..OSi O.87.:!:..OSo 1.00.:!:..OSo 1.06.:!:..10o

1943 Anteros h h 1.06.:!:..13Q 1. 44.:!:.. 11Q 1.32.:!:..16Q0.69.:!:..03 0.8S.:!:..03

2100 Ra-Shalom O.72.:!:..04 j 0.9101 j 1.00.:!:..OSr 1.0S.:!:..04r

2201 1947XC k k 1.03.:!:..06s 1. 00.:!:..07 s 0.97.:!:..06sO.36.:!:..03 O.84.:!:..02

1979VA h h 0.99.±..17P 0.98.:!:..OSP 1. 19.:!:..OSP0.9S.:!:..01 1. o1.±.. 01

1980AA 1 10.64.:!:..01 0.8S.:!:..02

1981QA h h0.66.:!:..03 0.87.±..03

abBowell et al., 1979.
Zellner et a1., 1975.

cGehre1s et a1., 1970.
davg. of better observations.
Tedesco et al., 1978.

elun1ap, 1974.
Zellner et al., 1977.

~Dun1ap et a1., 1973.
.Tedesco and Tholen, pers. comm.
~. 1
.B~nze , pers. comm.
JBowe1l, IAUC3264.

kBowell and Harris, IAUC3436.
1Harris, IAUC34S0.
mChapman and Morrison, 1976.
nVeeder et al., 1976.
°Veeder et a1., 1982.
PHartmann et a1., 1982.
qVeeder et al., 1981.
rLebofsky et a1., 1978.
sSoiffer, et al., pers.comm•
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Table III

PHYSICAL P.AIWIETEIlS OF 17 BEAll-URTH ASTEROIDS

Name Pv(rad) Pv(pol) d (Ian) a e i

433 Eros 0.125.±..025a 0.20b 39.3x16.1a 1.458 0.219 10.77

887 Alinda 0.166c O.21b 3.6b 2.50 0.55 9.19

1036 Ganymed 2.66 0.54 26.45

1566 Icarus O.30d 1.04d 1.08 0.83 22.91

1580 Betulia 0.03e 0.046f 6.3 f 2.19 0.49 52.04

1620 Geographos 0.16g 2.4g 1.24 0.34 13.33

1627 Ivar 0.23h 6.2h 1.86 0.40 8.44

1685 Toro o.14i 5.6 i 1.36 0.44 9.37

1862 Apollo 0.21.±..02 j 1. 2-1. 5.±..1 j 1.47 0.56 6.26

1865 Cerberus 1.08 0.47 16.09

1915 Quetza1coat1 0.23h 0.14h 2.53 0.58 20.5

1943 Anteros 0.18k 2.0K 1.43 0.26 8.7

2100 Ra-Sha1om 0.051 <0.06m >1.41 0.83 0.44 15.7

2201 1947XC 2.18 0.71 2.5

1979VA 2.5 0.61 2.7

1980AA 1.86 0.43 4.1

1981QA 2.35 0.49 8.95

:Lebofsky and Rieke, 1979.
Zellner and Gradie, 1976.

~Morrison, 1977.
Gehre1s et a1., 1970.

efLebofsky et a1., 1978
Tedesco et a1., 1978.

gDun1ap, 1974.

h.Veeder, pers. comm.
:Dun1ap et a1., 1973.
JLebofsky et a1., 1981.
~Revised from Veeder et a1., 1981, pers. comm.
Lebofsky, pers. comm.

IDredesco, pers. corom.
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Table IV

HIRERALOGICAL-PETROLOGICAL CIWlACTERIZATIOH OF lIWt-lWlTH ASTEROIDS

Name Surface Type Met. Anal. Tax. Type

433 Eros low-Ca pyx-o 1 shocked? opaque? N S

887 Alinda ol-pyx-opaque C30 S

1036 Ganymed mafic sil- opaque? N S

1566 Icarus mafic si1 ? S

1580 Betulia low-Fe si1-opaque N F

1620 Geographos mafic sil-opaque N S

1627 Ivar hi-Ca pyx? N S

1685 Toro ol-pyx >75/25 N s

1862 Apollo ol-low-Ca-cpx-opaque or metal LL4 S

1865 Cerberus mafic sil? ? S

1915 Quetza1coat1 opx shocked? diogenite S

1943 Anteros ol>pyx N S

2100 Ra-Shalom ol-pyx-phy11o-si1 C2-C3 C

2201 1947XC ? N U

1979VA sil-opaque N C

1980AA mafic si1-opaque? Black chondr Lt e S

1981QA mafic s il-opaque or metal C3 or E6 PSM

pyx = pyroxene
01 = olivine
sil = silicate
cpx = clinopyroxene
opx = orthopyroxene
phy11o-si1 = phy11osi1icate

Met. Anal. = meteoritic analogue
N = none
Tax. = taxonomic
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Figure Captious

Figure 1: Plan view of some orbits of near-Earth asteroids.

1979XA=2201 1947XC.

Figure 2: 2100 Ra-Shalom via two calibrations. Data represented by

solid boxes were reduced with 16 Cyg B as the standard star. Solid

crosses connected with a solid line data were reduced with d Equ and an

d LyrlSun ratio.

Figure 3: Compilation of available visible (0.33-1.0 pm) reflectance of

near-Earth asteroids. Large, solid crosses represent UBV photometry con

verted to flux relative to V magnitude (references in Table II). When

solid crosses extend beyond 0.5Spm, the data are 8-color photometry of

Tedesco and Tholen. Reflectance is scaled to 1.0 at 0.56pm.

Figure 4: JHK photometry is converted to flux relative to V for 433

Eros, 1979VA and 1862 Apollo and plotted with visible spectra. All

other JHK reflectance is arbitrarily scaled to 1.0 at H since simultane

ous V photometry was not obtained. The vertical scale can therefore be

anywhere for these asteroids relative to the visible spectra. Broken

vertical lines indicate a floating vertical scale for data to the right

of the broken line.

Figure 5: Data representing four groups with similar spectral features.

Theile data are presented for descriptive purposes only. 1627 Ivar 8

color data (Tedesco and Tholen) only shown.

Figure 6: a: Schematic representation of a point defect in a cubic
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crystal lattice site, Kittel, 1976. b: Reflectance spectra of some

color centers in fluorite, Hunt et al., 1972. c: Energy level schematic

of a semi-conductor, Kittel, 1976. d: Reflectance spectra of sulphur

showing the strong band edge characteristic of a semi-conductor, Hunt ~

&., 1971a.

Figure 7: (a) Spectrum of nickel powder showing continuous absorption

of a metal conductor and a component of NiO which tends to lower the

reflectance and flatten the spectrum, T.V.V. King, personal communica

tion. (b) The plasma frequency edge of colored conductors. This

phenomenon mimics the behavior of semi-conductors but the physics is

different, Hecht and Zajac, 1976.

Figure 8: Mixtures of olivine and magnetite (Singer, 1981) and

integrated to JHK bandpasses. Small amounts of opaque lowers the albedo

drastically.

Figure 9: Top: Transmission spe~tra of biotite. Vertical scale is opti

cal density, higher value means stronger absorption in a reflectance

spectrum. Horizontal scale is frequency, the absorption band is at

0.73pm. Decreasing temperature makes charge transfer absorptions

stronger, Smith and Strens, 1976. Bottom: Transmission spectrum of

polycrysta1line pyroxene. Increasing pressure increases the strength of

charge transfer bands, Mao and Bell, 1974.

Figure 10: Top: Energy level diagram of d-orbital electrons in three

different fields, Burns, 1970. Bottom: Spectral reflectance of orthopy

roxene. An expression of the splitting of d-orbital energy levels in an

octahedral crystal field.
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Figure 11: (a) Reflectance spectra of olivines. With increasing iron,

the 0.60-pm band shifts to shorter wavelength, causing a shift in the

position of maximum visible reflectance. Fa15 from Singer, 1981. Fa33

measured in this study. (b) A general trend of decreasing albedo with

increasing iron abundance is illustrated in these olivine spectra, Hunt

et.!l., 1970.

Figure 12: The effects of viewing geometry of four types of asteroidal

material, Gradie et aI., 1980. (a) If effects of phase were mistakenly

ignored the mineralogical interpretation of these spectra would be the

same at all phase angles. (b) Higher phase angle spectra would be

interpreted as containing more sub-micron sized opaques or metallic com

ponent (which is probably what is happening as the path length increases

on a basalt). (c) same interpretation as for a basalt. (d) At ~=120 an

increase in sub-micron-sized opaques would be invoked based on a minera

logical interpretation alone.

Figure 13: Reflectance spectra of different packing densities, Adams

and Felice, 1967. If a mineralogical interpretation were made Lguor ing

the physical differences, there would be no effect on the interpreta-

tion.

Figure 14: (a) The specular reflectance component has a significant

effect on band depth compared to any discrete range of particle sizes,

Gaffey, personal communication. (b) The range in albedo as a function

of particle size is shown here, note the band is saturated at sizes

ranging from 150-250p T.V.V. King, personal communication. (c) Scaled

Sptctra from b. The largest difference in band depth occurs for smaller

particle sizes, when the albedo is higher (b). If particle-size were
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ignored, the 30-p spectrum might be incorrectly interpreted as a lower

iron pyroxene spectrum. However, the band position already indicates

that the iron content is about as low as it can be in a pyroxene.

Figure 15: Effects of body shape for different materials, Gradie and

Veverka, 1981. 11 M = 11 % Reflectance for small values. (a) A differ

ence in small-sized opaque abundance might be invoked to explain differ

ences due to extreme body shape effects. (b) There would be no effect

on the mineralogical interpretation due to body shape. (c) Mineralogi

cal interpretation would not be effected.

Figure 16: (a) With increasing temperature the long-wavelength band

edge gets broader, Singer and Roush, 1982. The band position does not

change. (b) A condition mimicking a change in temperature is the addi

tion of specific amounts of olivine (data from Gaffey, personal communi

cation). Only these ratios mimic the temperature change in orthopyrox

ene. Comparisons were not made in the IR which probably eliminates the

ambiguity.

Figure 17: Effects of shock on different silicates. The crystal struc

ture is altered at different pressures for different minerals.

Figure 18: Shock criteria (Dodd and Jarosewich, 1979) L-group ordinary

chondrites. (a) olivine fractured; plagioclase wholly or chiefly unde

formed. (b) olivine fractured; undulose extinction, plagioclase wholly

or chiefly undeformed. (c) same as for b but plagioclase largely to

wholly deformed. (d) olivine fractured and mosaic extinction; pla

gioclase wholly deformed and/or maskelynite. (e) olivine fractured,

with mosaic extinction and granulation; plagioclase largely or wholly
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maskelynite. (f) olivine recrystallized; plagioclase maskelynite.

Figure 19: Shift in plagioclase peak with shock in VUV spectrum, Wagner

et al., 1930 (peak at 200 nm is the epoxy in which the plagioclase was

mounted.)

Figure 20: Olivine-Orthopyroxene mixtures (Singer, 1981) integrated to

JHK transmission characteristics. The 2.0-pm orthopyroxene band is cen

tered between the Hand K filter.

Figure 21: Olivine-Clinopyroxene mixtures (Singer, 1981) integrated to

JHK transmission characteristics. The 2.0-pm band appears as a low K

reflectance relative to H. The reflectance of J remains less than H

because of the longer wavelength position of clinopyroxene relative to

orthopyroxene.

Figure 22: Clinopyroxene-orthopyroxene mixtures (Singer, 1981)

integrated to JHK transmission characteristics. Clinopyroxene can be

detected in amounts as low as 25% by the lower K reflectance relative to

J and H.

Figure 23: (a) The effect of adding an opaque that is transparent

(probably sub-micron-sized), Miyamoto et ll., 1982. (b) Reflectance

spectra of meteorite types from Gaffey, published in Chapman et ll.,

1975. Left: Chondrites: Ordinary chondrites: L6, LL, H, 14,5, 13,

Black. Enstatite chondrites: E, Abee. Carbonaceous chondrites: C4, C3V,

C2. Right: Achondrites: Diogenite: Diog. Howardite: How. Eucrite: Euc.

Aubrite: Aub. Nahklite: Nak. Chassignite: Chas. Ureilite: Urei.

Angrite: Ang. Stony-Iron: Mes. (mesosiderite).
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Figure 24: Differences between spectra of C3V and C30 meteorites

reflecting different chondrule-matrix ratio, opaque abundance and sili

cate chemistry, Gaffey, 1976.

Figure 25: Reflectance spectrum of diopside. The low iron abundance

results in the charge-transfer band edge shifting to shorter

wavelengths. The high calcium content expands the M2 octahedral site and

results in the 0.9-pm band shifting to longer wavelengths. Therefore,

there is a plateau in the mid-visible reflectance.

Figure 26: Derived spectra of Icarus (Gehrels .!tt al., 1970) (small

points) and spectrum measured by Chapman and Gaffey, 1979 (squares) and

UBV photometry Bowell et ~., 1979 (crosses). The variation in the spec

trum as a function of phase angle is not the same as measured in the

laboratory. However, since these were different apparitions, perhaps

body shape or other factors contribute to the differences. More measure

ments should be made in the future.

Figure 27: Spectrum of 1685 Toro compared to L-type chondrites. The

O.9-pm band edge or band minimum is not characteristic of these meteor

ite types.

Figure 28: Two pyroxene-plagioclase assemblages with a 0.60-pm absorp

tion band attributed to a transition element cation other than iron.

Figure 29: Ferric iron-bearing minerals have absorption band strengths

different from those of 1915 Quetzalcoatl.
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Figure 30: Reflectance of 2201 1947XC and comets measured and reduced

in the same manner.
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Introduction

Dynamical studies of the population and origins of near-Earth

asteroids have suffered from a paucity of physical measurements to con

strain theories. Both observational studies and dynamical theories will

be reviewed here. These theories propose different regions of the solar

system as sources of near-Earth asteroids. A review of proposed meteor

ite source regions is included.

Physical Measurements

The physical studies of the near-Earth asteroids studied with

reflectance spectroscopy are tabulated in Tables II and III of Chapter

1. Over the years a considerable body of information has accumulated but

it is still difficult to determine how representative the results are of

the true population.

Prior to the undertaking of this project, reflectance spectra of

three near-Earth asteroids had been interpreted and published: 1685

Toro (Chapman et ~., 1973, Johnson and Matson, 1973), 433 Eros (McCord

and Chapman, 1975, Pieters et a1., 1976). and 887 Alinda (Chapman, 1976,

Gaffey and McCord, 1978). Four others had been published but not inter

preted: 1036 Ganymed, 1566 Icarus, 1580 Betulia, and 1620 Geographos

(Chapman and Gaffey, 1979). Gehrels et a1. (1970) derived a reflec

tance for 1566 Icarus based on polarization data and assuming the sur

face of 1566 Icarus obeys the same inverse relationship between reflec

tivity and polarization as the Moon. The mineralogical interpretation of

433 Eros and 1685 Toro as Hand L type chondrites respectively, has been

superceded by interpretations based on new data and a theoretical under

standing of reflectance spectroscopy. Chapman (1976) overlayed the
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spectrum of 887 Alinda with an H3 ordinary chondrite and showed a match

to within the observational errors of the asteroid implying similar sur

face assemblages. These spectra were reinterpreted in Chapter 1.

Hethods and Results of Population Estimates

A systematic survey to discover planet-crossing asteroids began in

the 1970's (Helin and Shoemaker, 1979). Until there is evidence that all

planet-crossing objects of a certain size and brightness are discovered,

it is necessary to estimate the population size to evaluate the signifi

cance of its mineralogical character based on observational data. Three

techniques are used to estimate population size. The first estimate was

based on completeness of search criteria (Opik, 1963) and is still the

basis for more recent estimates (Helin and Shoemaker, 1979). Another

technique is based on cratering statistics for both the Moon and Earth

(e.g., Wetherill, 1976). The third method is based on chance rediscovery

statistics and has been subject to controversy in an obscure journal

(Kresak, 1978).

Opik (1963) estimated the number of Apollo asteroids at 43 based on

the following assumptions: (1) the sky was efficiently covered twice to

a limi.ting magnitude of 18.5 for an object 2.0 AU from the Earth (an

exaggeration), (2) a lunar albedo (0.11), (3) 1.0 km diameter, (4) and

the relative completeness of existing discoveries is expressed as: ~ =

1-exp(-V/VO) where V is the volume covered by observations and Vo is the

total volume occupied by asteroids. The number of known Apollo

asteroids with diameter >1.0 km was 7 at the time. With the number of

presently discovered Apollos of this size between 20 and 30 (there are

more with diameters <1.0 km) the same statistical assumptions today

would yield an estimate over 100. The increased ·sky coverage would not
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affect the estimate since Opik claims to have over-estimated that to

begin with. This technique results in a lower limit estimate.

A variation of this estimating technique has been made by Shoemaker

and Helin (1977) and Helin and Shoemaker (1979) who estimate the number

of Apollo asteroids to absolute visual magnitude 18 as 800 ± 400 based

on discoveries of three Apollo asteroids (five by 1979) discovered in

their survey and four others discovered in two other surveys. A statist

ical model using the volume of space searched in each survey and assum

ing that over a long period of time the argument of perihelion of Apollo

objects is randomly distributed in space, provides the estimate. The

error derives from the small number of discoveries with known

discovery-conditions and errors in estimated magnitude limits of each

survey. Using the same technique for Mars-crossers their estimated popu

lation size is 10,000-50,000 of these objects.

Population estimates based on cratering statistics (Wetherill,

1976) are made assuming a constant cratering rate subsequent to 3.3 b.y.

that was produced by Apollo objects. The observed number of post-mare

lunar craters >10 km is used to estimate the flux of projectiles larger

than 1 km which created the craters. This estimate will probably provide

an upper limit because active comets may contribute to the crater

statistics. The number of projectiles impacting the entire moon in 3.3

b.y. is 251. The steady state number of objects larger than 0.5 km with

a mean dynamic life time of 2 x 107 yr by Wetherill's calculation is

524. The same calculation using terrestrial craters gives a value of 589

for the population.

A third method of estimating the size of this population was

derived by Whipple (1967) and updated (Whipple, 1973). It is based on

the then true fact that none of the known Apollos had been accidently

rediscovered. If close to the total population were known, then random
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searches would result in rediscoveries of known objects. At the time

the estimate of 18th magnitude objects using this relation was 50. The

revision in 1973 resulted in an increase to approximately 100. Wetherill

(1976) thought that Whipple's treatment of the problem was incorrect.

Instead Wetherill (1976) calculated the probability inverse, "the proba

bility that there are S objects given that (T have been discovered and

that there have been no chance rediscoveries." The problem stated this

way requires an independent estimate of the population size to set an

upper limit. Using this form of the problem there is a 50% probability

that the population size is 700. If the next discovery of an Apollo

were a rediscovery, then the 50% probability size would be reduced to

400. Further chance rediscoveries would alter the upper limits deter

mined from independent techniques. To date there have been three or four

chance rediscoveries so the population size estimate should be coming

down. However the sky coverage is increasing which must be taken into

account. Using the same technique for Amor type objects and the two

chance rediscoveries of members of this group, there are an estimated

300-700 Amors. This is the same order of magnitude as the number of

Apollos.

In 1978 Kresak analysed the problem of chance rediscoveries and

their relation to the size of the Apollo population. His discussion

results in the conclusion that the absence of chance rediscoveries is

meaningless to the total population of Apollos. His main and relevant

point is that the opportunities for rediscovery are not random. Many

objects have predictable orbits after their discovery apparition, others

have predictable orbits but favorable apparitions have not recurred.

These objects are not subject to chance rediscovery. Only four objects

are subjects of possible chance rediscoveries. One of them has been

rediscovered since Kresak's work was published (2201 1947XC). In spite
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of this a lower limit of 10 is placed on the population, a value that

has already been exceeded.

Estimates using the three different but sometimes dependent tech

niques result in Apollo asteroid population size estimates between 300

and 800 with magnitudes brighter than 18 and diameters on the order of

one kilometer. With the amount of work put into the planet-crossing

asteroid search this seems like a large number. There are less than 50

presently known Apollos and 90% of them have been discovered in the past

20 years with a rapid increase in discovery rate in the past five years.

A number of these asteroids appear to have diameters less than I km as

well.

Mechanisms Resulting in Karth-Crossing Orbit

The mineralogical-petrological characterization of the near-Earth

asteroid population provides observational constraints to mechanisms

predicting Earth-crossing orbits. If there are objects remaining in the

predicted source region that can be compared with near-Earth asteroids

on a mineralogical-petrological basis, then a prediction can be tested.

This does not necessarily prove or disprove the prediction but it pro

vides an observational constraint to theory.

Opik (1951) first discussed the dynamical instability of planet

crossing orbits and calculated their life time to be 108 years against

collision with a terrestrial planet or ejection from the solar sys~em.

By reason of this mean life time an initial population subject to

exponential decay for 4.5 b.y. would have an initial size of 2.5 x 1019

times the then-known population (which numbered 7). An estimated mass

would be 100 times that of the Sun. These estimates are obviously impos

sible and these asteroids therefore have not been decaying from an in
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situ population throughout the age of the solar system. A replenishing

source or sources must be postulated. Possible sources of near-Earth

asteroids include planets, the Moon, asteroids and comets.

Planets and the Moon - Kilometer-sized fragments from planets and

the Moon are commonly eliminated from consideration on dynamical grounds

as they must be accelerate4 to the escape velocity of the planets. Large

obj ects cannot achieve such velocities through collision or any other

reasonably assumed mechanism.

Asteroids and Cometary Nuclei - Opik (1951,1963) discussed the sur

vival of asteroids and cometary nuclei in Earth-crossing orbits based on

first order approximations of the gravitational perturbations of Mars

and Jupiter and the number of known Apollos and comets. Some thoughts on

these parent bodies are reviewed in the following paragraphs.

Mars-Crossers - The Mars-crossers have orbits stable over the age

of the solar system according to calculations of Opik (1963). The rate

of injection of perturbed Mars-crossers into the Apollo group is 3.5 x

10-11 NM, where NM is the population of the Mars-crossers. Based on

estimates of the size of the Mars-crossers, about 0.36% of the total

Apollo population is derived from this source. If the Apollo population

is wholly derived from Mars-crossers, then there must be 100-1000 times

more Mars-crossers than Apollos, which by some estimates is the case.

Main Belt Asteroid Perturbations of main belt asteroids by

Jupiter into Earth-crossing orbit is eliminated as a possible source

mechanism based on the absence of Jupiter crossing asteroids to act as a

source. The life time of Jupiter-crossers is shorter than Earth-crossers
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by two orders of magnitude. Perturbations of main belt asteroid coll1

sional fragments directly into Earth-crossing orbits are not expected

based on the argument that collision fragments must acquire a relative

velocity higher than that expected for asteroid collisions (Opik, 1963).

Zimmerman and Wetherill (1973) proposed a mechanism whereby frag

ments (up to SOOm diameter) of collisions of asteroids near the 2: 1

Kirkwood gap in the main asteroid belt are injected into the Kirkwood

gap at velocities of 50-200 m/sec. In their model, resonant perturba

tions with Jupiter result in increased eccentricities while the semima

jor axis remains constant. Collision probabilities are high for frag

ments of this size and subsequent collisions remove the libration condi

tions and permit close approaches to Jupiter. Encounters with Jupiter

will result in decreased perihelia on a random basis, increased eccen

tricities and aphelia near 4.0 AU. Earth-crossing orbits are achieved

from statistical calculations within 104 years. Scholl and Froeschle

(1977) calculated the frequency distribution of fragments in the Kirk

wood gaps that approach the orbit of Jupiter. 30% of 100 calculations of

orbits within the 2:1 and 5:2 Kirkwood gap developed aphelia >4 AU indi

cating that it is statistically possible for objects to approach Jupiter

and presumably be subsequently perturbed into Earth-crossing orbit.

Objects in the 3:1 Kirkwood gap have perihelia approaching the orbit of

Mars which is likely to subsequently perturb asteroids into Earth-

crossing orbit.

Comets ~ If the Apollo asteroids are supplied wholly by comets and

a steady state population is assumed, between 103 and 4 x 105 comet

apparitions a year are required (Opik, 1963). This eliminates comets as

the sole source of Apollo cbjacts because there are not 1,000 to 100,000

comets a year. Capture of comets from Jupiter-crossing orbits is
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unlikely based on the small number of such objects, their short dynami

cal life time and the total efficiency required to capture these objects

into Earth-crossing orbit (Op i.k, 1963 and Shoemaker £ Al., 1979).

Comets with aphelia inside the orbit of Jupiter (of which Encke is one)

can evolve into Earth-crossing asteroids based on calculations of the

rate of devolatilization of Encke (Sekanina, 1972), the existence of a

few other comets ·which are almost extinct (p/Arend-Rigaux and P/Neujmin

1, Kresjik , 1979) and Monte Carlo calculations of initial orbits like

that of Encke (Wetherill, 1979). Only one Encke-like object is required

every 1-10 x 105 years to maintain the near-Earth population. It is

difficult to observationally verify this calculation with statistical

significance.

The most likely source of Apollo objects according to the con

siderations made by Opik, (1963) is comets brought into the terrestrial

environment by way of decelerating jet effects of retrograde rotation

comets. The time scale of deceleration into an Earth-crossing orbit is

approximately the same as the time scale of disintegration of a comet

(104 yrs). The Apollo population would therefore not be expected to have

any active comets in it. The sense of rotation initially being retro

grade is capable of evolving as the pole orientations can be changed

from the jet effects as well which would explain the observed prograde

rotation of the near-Earth asteroids.

Numerical Orbit Calculations Opik's calculations were made

without the benefit digital computers. Marsden (1970) performed long-

term direct numerical integrations of several asteroid orbits confirming

that the stability of their orbits is maintained even if perturbations

of planets other than Jupiter is taken into account. Asteroids thus

avoid encounters with Jupiter supporting the results of Opik that the
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life time of Jupiter-crossers is 103-104 yrs. Integrations of some

cometary orbits are also performed and suggest that low volatile comets

may also avoid encounters with Jupiter. In conclusion, if comets do

appear to be asteroid-like upon deactivation, their life time as such

objects is several orders of magnitude lower than Earth-crossing or main

belt asteroids.

Wetherill (1979) calculated the steady-state distribution of orbits

of Apollo and Amor objects for asteroids at the inner edge of the main

belt, cometary orbits similar to Encke and hypothetical extinct cometary

orbits with perihelia larger than that of Enke, Long range perturba

tions by Jupiter increase the probability of transferring asteroidal

material into Earth-crossing orbit. The effects of secular resonances

(Williams and Faulkner, 1981) and the increase in eccentricity resulting

from objects entering Kirkwood gaps (Zimmerman and Wetherill, 1973,

Scholl and Froeschle, 1977) are taken into ~ccount in this work.

Approximation methods to include resonance effects into Monte Carlo

iterations of Opik's (1951) collision formula as developed by Arnold,

(1964b) form the basis of the analysis. It is concluded that both comets

and asteroids supply the near-Ea.rth asteroid population. The assump

tions include mean collision life times of <109 yrs of inner belt

asteroids (Gault and Wedekind, 1969 as referenced in Wetherill, 1979),

and result in a steady-state production rate of 5 x 10-6 objects/yr and

a supply from the asteroid belt of only 1.5 x io-6 objects/yr. These

results are lower than the observed Apollo-Amor population by a factor

of 10, hence, it is concluded that there must be a significant cometary

component. The effects of including the U6 resonance in the calcula

tions reduces the size of the near-Earth population. It does not effect

the ratio of cometary versus asteroidal sources.
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Shoemaker et al. (1979) suggest that the interaction between a 3:1

commensurability with Jupiter and orbital changes due to Mars encounter

may be an important mechanism contributing to the near-Earth asteroid

population. The existence of three Earth-crossing Amor asteroids in 3:1

commensurability with Jupiter is the basis for the suggestion although

calculations of the strength and rate of this mechanism have not been

made. Objects with semimajor axes within the inner part of the main

belt (1580 Betulia and 1974MA) may have originally resided close to (/5'

There are no E~rth-crossing asteroids presently located in the (~ reso

nance even though the Flora family lies near that region and is a poten

tial source of parent bodies as suggested by Levin et~. (1976).

Dyoa.ical Conditions in Rear-Earth Orbits

The fate of individual near-Earth asteroids is studied through

numerical integration of their orbits taking into account perturbations

by the major planets. Orbital resonances of near-Earth asteroids with

the terrestrial planets may be stable or unstable resulting in a reser

voir or sink for objects in the near-Earth environment. Janiczek et ~.

(1972) discovered nine minor planets that have close approaches and

resonances with Venus or the Earth. The list of objects and their reso

nances are listed in Table V.

Danielsson and Ip (1972) integrated the orbit of 1685 Toro over a

200 yr interval and showed that it is in an 8:5 resonance with the Earth

and a 13:5 resonance with Venus. The resonance with Venus and the par

ticular geometry relative to the Earth makes the resonance vulnerable to

instabil ities. Janiczek & a1. (I972) integrated the orbit over 600

yrs. The stability of the resonances could not be ascertained. Ip and

Mehra (1973) discuss the mutual effects of the Earth and Venus
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resonances on the orbit of 1685 Toro and concluded that both resonances

are unstable due to the off setting forces of each resonance. Williams

and Wetherill (1973) integrated the orbit of Toro for 5000 yrs and con

cluded that if close approaches to Venus and the Earth don't destroy the

double resonance, then a close approach to Mars will on a time scale of

3 million years.

Sinclair (1969) and Schweizer (1969) discovered the 3:1 resonance

of 887 Alinda with Jupiter. Marsden (1970) integrated the orbit over

1400 years confirming the existence of the libration. He also integrated

the orbit of 1915 Quetza1coat1 (1953 EA) and suggested that because the

characteristics of the orbit are so similar they may have a common ori-

gin. He further calculated that they separated from each other 10,000

years ago when they had a common w (argument of perihelion). Janiczek

(1972) concluded that the resonances of 887 Alinda with the

Earth, Venus and Jupiter is stable.

433 Eros's orbital period varies regularly with a period of 40

years due to the 4:7 resonance between Eros and the Earth (Ip and Mehra,

1973~. The effect of the 7:1 resonance with Jupiter is seen in the vari

ations of the maxima and minima of the orbital period.

1627 Ivar is in a 11:28 resonance with the Earth. According to Ip

and Mehra, (1973) this resonance is stable in spite of it s high-order

nature. According to Janiczek et a1. (1972, Table VI) Ivar is in a 2:5

resonance with the Earth.

Weissman and Wetherill (1974) consider the stability of asteroids

in the triangular equilibrium points of the Earth-Sun system and found

that near-periodic orbits in terrestrial space are stable for at least

104 years. No such objects have been found in limited searches for them.

Another dynamical condition of objects in near-Earth orbits are

non-random distributions of the component of the angular momentum

- 116 -



perpendicular to the plane of the ecliptic (Wetherill, 1976). There are

six clusterings of the perpendicular component of angular momentum which

suggest common origins. There has been no explanation of how to preserve

this quantity yet change the semi-major axis of the orbits which are not

similar within each group.

The Relation Between Rear-Earth Asteroids and Meteorites

possible sources of meteorites include asteroids, comets, extra

solar bodies, the Moon, planets and their satellites. With limited com

positional knowledge of solar system bodies there has been more specula

tion and theoretical consideration given to possible parent bodies. An

asteroidal origin is generally assumed. The question however, is by no

means answered.

Asteroids - Asteroids are potential sources of meteorites because

they are the size «1000 km diameter) expected of meteorite parent

bodies and are located in a stable to metastable region of the solar

system (Wasson and Wetherill, 1979) which is necessary in order to

currently supply meteorites to the Earth. They are also subject to col

lisions which can produce fragments of meteorite size. The problem is to

determine a mechanism which places the debris in an Earth-crossing orbit

on the time scale of 106-107 years as constrained by cosmic ray exposure

ages (e.g., Bogard, 1979).

Comets - Based on the orbital elements of 45 meteorites (Simonenko,

1975) they are not compatible with extra-solar or long period comet ori

gins. An association between material entering the Earth's atmosphere

and comets has been established from photographic studies of orbits of
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meteors (Ceplecha and McCrosky, 1976) and the orbits of known comets.

However, it is not clear that the material that survives to land on the

Earth is the same as the cometary meteors since only three photographed

meteor fireballs (which permit orbital determinations) have been

recovered as meteorites (Wasson and Wetherill, 1979). Theoretical argu

ments of comets being sources of meteorites are the same as those for

near-Earth asteroids discussed previously.

The Moon - The Moon is eliminated as a possible meteorite source on

the basis of different mineralogy and petrology for all types except

basaltic achondrites. The basaltic achondrites differ from lunar basalts

in three respects. These include a different oxygen isotope composition

(Clayton and Mayeda, 1978, Clayton et ~l., 1976), absence of a negative

europium anomaly characteristic of lunar mare basalts (Consolmagno and

Drake, 1977), and older radiometric ages of basaltic achondrites (Weth

erill et al., 1981). A meteorite found in Antarctica recently does

appear to be of lunar origin, a fact which if proven, will demonstrate

an error in dynamical assumptions and calculations.

Planets and their satellites - A planetary origin is usually ruled

out by the argument that meteorites from planets would show severe shock

effects or be entirely melted or vaporized due to the energy of an

impact and the high escape velocity required to eject fragments into

meteoritic orbits (Urey and Craig, 1953, Wetherill, 1974). A planetary

source cannot presently be ruled out with direct evidence. There is

presently indirect evidence that shergottites, nakhlites and chassig

nites are martian ejecta (reviewed by Wasson and Wetherill, 1979).

Planetary satellites less than 1000 km in diameter having suffered

collisions remain potential sources of meteorites however this mechanism
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has not been investigated in any detail. Larger satellites have escape

velocities which are expected to shock the ejecta to degrees not seen in

meteorites.

Observational Evidence

From Asteroids - Laboratory measurements of the reflectance of

meteorite powders were reported and compared to available asteroid

reflectance measurements between 0.33-1.1 pm (Chapman and Salisbury,

1973, Gaffey and McCord, 1978, 1979). Chapman and Salisbury's (1973)

comparisons showed that few asteroid spectra closely match common

meteorite spectra in spite of the same range in spectral characteristics

being present for both class of objects. From these results they con

cluded that (1) the meteorites are not members of a uniformly sampled

asteroid belt (2) if the meteorites do come from the asteroid belt, then

they come from a rare and previously unsampled region. Chapman (1976)

discusses the relationship between asteroid and meteorite spectral types

and the distribution of asteroidal material in the main belt. He con

sidered the size distribution of the asteroids and the relationship to

asteroidal parent bodies. The formation time of gas-rich brecciated

meteorites is reasoned to be soon after accretion as the regoliths

formed on present-day asteroids cannot be modelled to be similar to the

brecciated meteorites. In spite of the fact that few asteroid spectra

are a good match to meteorite spectra, the composition of main belt

asteroids are similar to meteoritic material. These conclusions ignore

the physical significance of the lack of a good spectral match.

From Meteorites - Fish et ale (1960) discuss the origin of meteV4

ites from asteroidal sized bodies «250 km). They show that diamonds in
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meteorites form as a result of impact, not as a function of pressure in

large planet-sized bodies and that differentiation of silicates and

metal can occur on small bodies in 102-104 years.

Wetherill (1969) uses cosmic-ray exposure ages, local time of fall

and apparent radiant (apparent point of origin in the sky) of meteorites

to look for distributions of orbital elements of ordinary chondrites.

Monte Carlo methods are used to calculate evolving orbits terminating in

Earth impact. The effect of secular perturbations of Jupiter and close

encounters with planets are included. Only initial orbits with low

inclination, aphelia near Jupiter and perihelia inside the Earth's orbit

impact the Earth.

Levin and Simonenko (I969) discuss constraints on the orbits of

meteorites based on radiants and upper limits of the velocity required

for an object to survive passage through Earth's atmosphere. Calculated

orbits are consistent with origins in the asteroid belt.

Anders (I975) determines the place of origin of stony meteorites

based on trapped solar-wind gas abundances. His resul ts are not con

clusive however, as he concludes that implantation took place between 1

and 8 AU from the Sun. Moreover, the cratering rate had to be 102-103

times higher than at 1 AU. He rules out cometary parent bodies as many

of the gas-rich meteorites are the result of anhydrous differentiation

which contradicts the observations of volatile rich comets. In addition

the relatively short life time of comets in the asteroid belt, approxi

mately 107, is too short for the development of a significant regolith

which enables gases to be trapped. Thirdly, there were no exotic xenol

iths found in meteorites at the time. This observation may no longer be

valid (e.g., Neal and Lipschutz, 1981).
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Dynamical Model Calculations - Arnold (1964a) used theory developed

by Opik (1951) and Monte Carlo methods to calculate the history of

objects with a statistically significant number of starting orbits.

Orbital evolution was followed until capture by a planet or ejection

from the solar system taking into account perturbations by the major

planets. These calculations were made on the assumptions that (1) the

time scale for planetary collisions is long such that the distribution

of orbital elements is random and (2) secular perturbations are small

compared to perturbations of major planets. The starting orbits were

those of asteroids crossing both the Earth and ~~rs, Mars-crossers only

and lunar ejecta. He then used cosmic ray exposure ages to constrain the

results of his dynamical models. The results showed that (1) the mean

life time of planet-crossing orbits are shortened and homogenized by

major planet perturbations, (2) Octahedrites (with older cosmic ray

exposure ages) probably formed in Mars-crossing orbits and were per

turbed into Earth-crossing orbit, and (3) approximately 10% of all

meteorites have passed as close to the sun as the orbit of Mercury, a

prediction affecting rare gas contents in meteorites.

Arnold (1964b) modified his calculations to include (1) destruction

by further collision with asteroids, (2) the effects of elliptical

orbits, and (3) starting orbits from physical assumptions including a

cometary orbit. The implications of the calculations are discussed in

Arnold, (1964c). An asteroidal origin for chondrites is possible only if

they formed from multiple collisions of a body 5-20 times larger than

Jupiter in cross-section. Because this is unlikely, a source of ordinary

chondrites must be sought elsewhere and/or the model reworked. Bombard

ment ages of iron meteorites are consistent with an asteroidal origin.

Wetherill and Williams (1968) propose that collisions within the

near-Earth asteroid population will produce meteorite-sized fragments
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with the short (10 7) commic ray exposure ages observed in ordinary chon

drites. However, if Apollos are derived from main belt asteroids, there

should be more meteorites with older cosmic ray exposure ages than short

ones. Since this does not occur, it seems that the Apollos were not

derived from the main belt. However, this does not effect the hypothesis

that meteorites are fragments of Apollos because the Apollos are not

necessarily derived from the asteroid belt. The expected mass yield

from fragments of Apollo asteroids is not large enough to account for

the meteorites. In addition, the known orbits of Apollo asteroids are

not consistent with the observed distribution of chondrite radiants and

the time of the day at which chondrites fall. Wetherill (1976) reconsid

ers the earlier work of Wetherill and Williams (1968) and revises the

size of the Apollo population. A higher mass yield of meteorites from

Apollo asteroids is calculated using observational data indicating

larger diameters than previously believed (albedo measurements_ became

available for more objects). This higher mass yield can account for the

entire flux of chondritic material (108-109 g/yr). However, he concludes

that the source of Apollo objects is still most likely comets.

Levin ~ a l , (976) reconstructed the orbit of the Farmington

meteorite based on a radiant determined from newspaper reports of the

fall and assuming different velocities. They conclude that this meteor

ite is a fragment of an Apollo asteroid because its calculated orbit is

Earth-crossing with aphelion in the inner edge of the asteroid belt and

cosmic ray exposure age is short (25,000 yrs) implying that the colli

sion exposing it to radiation took place in near-Earth orbit. None of

the known Apollo asteroids of the time of publication have orbits simi

lar to that of Farmington. 1862 Apollo, Hermes and 1865 Cerberus were

passable matches.
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Considerations of the abundance and delivery rate of material from

the inner asteroid belt by way of secular perturbations and encounters

with Mars and Earth as sources of differentiated meteorites is addressed

by Wetherill and Williams (1978). The older cosmic ray exposure ages of

iron meteorites (10 8-109) has to be consistent with dynamical theory

bringing material to the Earth. It is clear that the collisions frag

menting these objects did not take place in Earth-crossing orbit as the

exposure ages are longer than the mean life times of near-Earth

asteroids. The young exposure ages of achondrites «20 m.y.) are

accounted for by collisional destruction of the older fragments. The

estimates of the abundance of meteorites supplied by this mechanism is

enough to produce the observed distribution of differentiated meteor

ites.

Composition of Large, Earth Impacting Projectiles - Wolf et ale

(1980) analyzed the composition of eleven impact melts by neutron

activation analysis to characterize the nature of the enrichments over

basement rock composition. The enrichments are compared with meteoritic

material. The results are summarized in Table VI. It is interesting

that all classes of meteorites are represented, chondrites, irons and

achondrites. Ordinary chondrites seem to be under represented relative

to their abundance in the meteorite collection. This might be a function

of the strength of ordinary chondrites compared to other classes

although there is evidence of carbonaceous projectiles which are even

weaker than ordinary chondrites.

Meteors and Near-Earth Asteroids - Drummond (1982) associated some

meteor showers with near-Earth asteroids as did Sekanina (1976). This

indicates that some meteors might be collisional debris associated with
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asteroids. If any of these meteors survive to become meteorites and are

recovered, we will know we have an asteroid fragment in hand. Studies

of the chemical composition and physical strength of meteors (Wetherill

and Revelle, 1982) are possible and provide information of meteor parent

bodies. The asteroid-meteor associations are newly discovered and no

physical studies of these meteors have been made yet.

SU8D&ry

The background for discussing the implications of the

mineralogical-petrological interpretation presented in Chapter 1 has

been reviewed. In the final chapter the results from Chapter 1 will be

applied to the theories and information reviewed above in an effort to

determine the origin of near-Earth asteroids and their relation to

meteorites.
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Table V

possible Resonances and Encounters in the Inner Solar Systea

Semi- Multihle Multtle
major major panel minor p anet

Period axis Major mean motion mean motion Possible
Minor planet Yr A.U. Eccentricity planet i j encounters

Ems (433) I. 7b 1.4581 0.2221) Venus I 3
Earth 4 7 Yes

Alinda (887) 3.99 2.5158 0.5436 Venus 2 IJ
Eanh I 4 Yes
Mars 8 17 Yes
Jupiter 3 I

Ganyrned (1036) 4.33 2.6584 0.5424 Venus I 7
Earth 3 13 Y~

...... Mars 10 23 Yes
w Amor (1221) 2.67 1.9223 0.4358 Venus 3 13
w Eanh 3 8 Yes

Mars 12 17 Yes
Jupiter 9 2

Icarus (1566) 1.12 1.0777 0.8267 Venus 5 9 Yes
Venus 6 II Yea
Venus II 20 Yes
Earth 8 9 Yes
Earth 17 19 Yes
Mars Yes

Betulia (1580) 3.25 2.1949 0.4928 Venus 3 16
Earth 4 13 Yes
Mars II 19 Yes

Geogruphos (1620) 1.39 1.2440 0.3353 Venus 4 9 Yes
Earth 5 7 Yes
Earth 13 18 Yes
Mars Yes

Ivar (1627) :U5 1.86-12 0.3967 Venus I 4
Earth 2 5 Yes
Mars 17 23 Yes

Toro (1685) 1.60 1.3679 0.4360 Venus 5 13 Yes
Earth 5 8 Yes
Mars 20 17 Yes
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Table VI

Meteorites Associated with Large Impact Craters

Crater

Rochechouart
Bosumtwi
Mistastin
Gow Lake

Clearwater East
Lake Wanapitei
Brent

Nicholson Lake
Ries
Manicouagan

Oiam.
km

- 20
10.5
2B

5

22
8.5
4

12.5
24
70

Meteorite Reference

IrA Iron b
Iron? cd
Iron?? ag
Iron?? g

C1 or C2 cde
C or LL g
L? d

Nakh1ite.Ureilite g
Aubrite? f
Achondrite?? cd

a. Horgan et ale (1975).
b. Janssens et ale (1977).
C. Pa1me et ale (1978a).
d. Pa1me et ale (1978b).

e. Pa1me et ale (1979).
f. Morgan at ale (1979).
g. This work.
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Chapter 3

IlELATiOB or DAI.-EAJlTR ASTEROIDS TO POTEIITUL SORCE IlEGIOBS

BASED OB lfi::mlALOGY ABD PETB.OLOGY
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Introduction

In the previous chapter, literature covering near-Earth asteroid

population estimates, dynamical models predicting source regions, and

the relation of near-Earth asteroids to meteorites was reviewed. In

this chapter, the results of mineralogical and petrological characteri

zation of near-Earth asteroids is compared to the known.mineralogy and

petrology of predicted source regions. This is the largest observational

data base available to provide constraints to dynamical theories. The

relation of meteorites to the observed near-Earth asteroids is discussed

in the second part of this chapter.

Procedure

Each potential source region of near-Earth asteroids will be con

sidered. These include the surface of planets and satellites, main belt

asteroids, asteroids near Kirkwood gaps (Scholl and Froeschle, 1977) and

secular resonances (Williams and Faulkner, 1981), Mars-croBsers, the

Flora, Phocaea and Hungaria families, and comets (e.g., Opik, 1963). A

comparison based on mineralogy and petrology will be made first if pos

sible. Such an analysis can only be made with the Moon. When data are

not adequate for a mineralogical analysis, a comparison based on similar

spectral properties and albedo is made. Physical measurements of

asteroids are not complete enough to answer the question of mineralogi

cal similarity. A number of asteroids are targetted for further meas

urement of either spectral reflectance and/or albedo as their surface

compositional similarity is only suggestive. Table VII summarizes the

results. The first order assumption that fragments of parent bodies

have the same spectral signatures and albedo as the source from which
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they are derived is made. The validity of this assumption will be dis

cussed at the end of the chapter.

In the process of comparing near-Earth asteroid spectra with exist

ing asteroid spectra, a number of potential matches were eliminated

because of a lack of agreement between the data in the mid-visible

region where the flux and detector sensitivity are high. These matches

are only suggestive until additional coverage can verify the match

through all wavelengths observed. If the data do not agree to within the

experimental error of both spectra, the comparison was carried no

further and the asteroid was eliminated as a potential compositional

analogue because of the different mineralogy implied by the absence of a

match. In some cases a spectrum matched very well in the vis i.bl e but

there was no coverage across the 1.0 pm region for the main belt

asteroid. If the near-Earth asteroid was observed in the 1.0-pm region,

it was only compared with asteroids with similar wavelength coverage. A

number of mineralogical similarities are suggested between near-Earth

asteroids without 1.0-pm region coverage and main belt asteroids with

I.O-pm region coverage. These potential analogues are discussed in the

following section. Many asteroids with similar spectral characteristics

have different albedos. This criterion alone eliminated many potential

analogues. In a few cases IR data is available. These data often elim

inate matches that were based on the visible spectra alone.

Results

Planets and Satellites

The surface composition of the terrestrial planets and the Moon

are known to varying degrees of thoroughness and certainty as a result
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of manned exploration and ground-based reflectance measurements. The

surface composition as determined from reflectance spectroscopy of Mer

cury (Figure 3la Vilas and McCord, 1976), and Mars (Figure 3lb Singer et

a1., 1979) show surface compositions different than any of the near

Earth asteroids in both the visible and near-infrared (NIR). This is not

a surprising result as the gravity field and weathering environments

control the regolith properties of planets and large satellites. The

regolith is noc expected to be retained on a large ejecta fragment from

a planet. The important question is whether or not their bedrock compo

sitions are similar to near-Earth asteroids, as some of them could be

large fragments from grazing impacts. This question cannot be answered

without knowledge of sub-regolith mineralogy and petrology which is not

known for Mercury and Mars. If martian bedrock is ultramafic, its spec

tral properties might be similar to those of 1685"Toro (Figure 3). 1915

Quetzalcoatl (Figure 3) has a basaltic composition which could be simi

lar to that of Mercury or Mars. These associations are purely specula

tive due to the presently limited knowledge of both the planets and

near-Earth asteroids.

near-Earth asteroids. The spectrum of 1915 Quetzalcoatl (Figure 3)

has the spectral features of a basaltic achondrite, which in the absence

of additional constraints (e.g., oxygen isotope and trace elemement ana

lyses), may be similar to lunar basalts (Figures 31c-a). Some lunar

basalts such as high-titanium mare basalts would have a low albedo and

pyroxene bands masked by ilmenite. It is possible that such basalts

would have similar spectral features to 1980AA or 1580 Betulia (Figure

3). The anorthositic composition of the lunar highlands (Figures 31c-a)

is not seen in any near-Earth asteroids.

Most of the satellites of the outer solar system are icy bodies but

their visible reflectance spectra contain signatures of the non-ice
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component. If the near-Earth asteroids originated from these objects or

their environment, the asteroids might have the same non-ice component

on their surface. A comparison of the reflectance spectra of near-Earth

asteroids with the satellites of the outer solar system reveals no spec

tral similarities. The satellites of Saturn (Figure 32a McCord et al.,

1970) show no UV silicate absorptions indicating a paucity of silicates

which is not characteristic of near-Earth asterQids. The visible

reflectance spectra of the Galilean satellites of Jupiter (Figure 32b

McFadden et ale 1980) have UV absortion band slopes and weak to absent

l.O-pm bands which are different than any of the near-Earth asteroid

spectra. J8, and J9 (Figure 32c Smith II &., 1981) have spectra

characteristic of RD-type asteroids. They are not spectrally similar to

near-Earth asteroids. The Uranian satellites Titania and Oberon (Figure

32d Bell gt al., 1979, Cruikshank, 1982) are not similar to any of the

n~:ar-Earth asteroids measured to date. They have slopes and inflections

not seen in near-Earth asteroid spectra. Triton,· a neptunian satellite

(Figure 32e Bell et &., 1979) also has no analogue in the near-Earth

population. These conclusions are not unexpected but are considered for

the sake of completeness.

Main Belt Asteroids

The results of the mineralogical-petrological interpretation of the

near-Earth asteroids reported in Chapter 1 indicate that the surface of

these objects are composed of common minerals found on asteroids and

throughout the inner solar system with a few tentative exceptions.

Interpretation of 277 visible reflectance spectra (Chapman and Gaffey,

1979) is not complete. Feierberg et a1. (1982) have interpreted a

selected sample of these asteroids. Gradie and Tedesco, (1982) used
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lower resolution spectra and albedo determinations to study the distri

bution of compositional types between 1.8 and 5.2 AU. They concluded

that the compositional variation observed through the main belt is pri

mordial, meaning that it has not changed since the formation of the

solar system. Compositional types in the near-Earth population may have

originated in regions where these types predominate.

Among the nine compositional types used by Gradie and Tedesco

(1982, Table VIII) there are no representatives of the D or E types

found in the near-Earth population to date. There is one U-type (2201

1947XC). The predominant groups are Sand R types to which 12 out of 17

near-Earth asteroids belong. There are four asteroids that are either

members of the C, F, P or M group. The absence of albedo measurements

for some of these asteroids prevents definite classification into these

groups at this time.

The surface composition of 1915 Quetzalcoat1 consists of orthopy

roxene and a neutral, unspecified component or shocked minerals con

sistent with the spectral features of diogenite meteorites, a subset of

the basaltic achondrites. The mineralogical characteristics of parts of

the surface of the main belt asteroid 4 Vesta (Figure 33) are the same

8S 1915 Quetzalcoatl.

Asteroids Near Resonances

1:1 Kirkwood Gap - Table IX (Wasson and Wetherill, 1979) lists the

14 large asteroids with semimajor axes within 0.1 AU of the 2:1 Kirkwood

Gap (Figure 34). Half of the asteroids on the 11st have measured reflec

tance spectra. A comparison was made between these spectra and near

Earth asteroid spectra. None of the near-Earth asteroids measured to

date have similar spectral characteristics to measured asteroids near
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the 2:1 Kirkwood gap.

1:1 Kirkwood Gap - There are 45 asteroids larger than SO km diame

ter within 0.1 AU (Table X, Wasson and Wetherill, 1979) of the 5:2 Kirk

wood gap (Figure 34). Thirty-two of these asteroids have been measured

by reflectance spectroscopy and were examined for spectral features and

albedo similar to near-Earth asteroids.

The spectrum of 1580 Betulia and 2 Pallas are similar (Figure 35a).

Both these asteroids have unusually high inclinations, low albedo

(0.03-0.06 Lebofsky & .2l., 1978 and 0.06 Morrison and Zellner, 1979

respectively) and a similar reflectance spectrum. 2 Pallas is the larg

est member of a family of asteroids lying between the (~ and (~6 secular

resonances (Williams and Faulkner, 1981). The similar surface composi

tion and high inclination orbits are suggestive of a genetic relation

between these two objects.

The spectrum and albedo of _68 Leto and 1620 Geographos are similar

to the extent of spectral overlap (Figure 35b). Measurements of 1620

Geographos covering the 1.0 pm region are needed to confirm the similar

ity.

The spectrum of 1862 Apollo has similar spectral features to 471

Papagena, 39 Laetitia and 349 Dembowska (Chapman and Gaffey, 1979, Fig

ure 36). The albedo of 1862 Apollo is higher (0.21 +/-0.02, Lebofsky et

al., 1981) than 471 Papagena (0.163, Morrison and Zellner, 1979) and 39

Laetitia (0.167, Morrison and Zellner, 1979). Based on a comparison of

the JHK spectrum of 39 Laetitia (Larson and Veeder, 1979) and the VJHK

spectrum of 1862 Apollo (Hartmann ~.2l., 1982), the width and depth of

the 1.0-pm band indicate different mineralogies for these two asteroids

(Figure 37a). The albedo of 349 Dembowska is higher (0.278, Morrison

and Zellner, 1979) than 1862 Apollo indicating the presence of brighter

or a smaller amount of opaque material on the surface of Dembowska. The
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IR spectrum of 1862 Apollo has a broader l.O-Jlm band and a lower IR

reflectance relative to 0.56 11m than 349 Dembowska (Figure 37b, Feier

berg & aI., 1980). These comparisons show that similarities of the

visible spectra alone do not necessarily imply mineralogical similari-

ties. Additional data can prove otherwise. There are therefore no

asteroid analogues to 1862 Apollo found in the vicinity of the 5:2 Kirk

wood gap.

The spectrum of 349 Dembowska and 1685 Toro (Figure 38a) have simi

lar spectral features. Recent results of radar observations of 1685 Toro

(Oatro & al., 1982) indicate an albedo (pv) close to 0.30, more than

twice as high as that reported by Dunlap & al. (1973). This brings the

albedo of 1685 Toro and 349 Dembowska to within measurement error of

each other. The reflectance relative to H at JHK wavelengths of these

two asteroids is the same to within measurement error (Figures 4 and

37b). Because the JHK reflectance of 1685 Taro is not tied in with the

visible data there remains a possibility that there is a vertical offset

between the infrared spectra of the two asteroids which will indicate

different mineralogies. The existing case for mineralpgical similarity

is strong and should be verified with further measurements.

Five S-type asteroids near the 5:2 Kirkwood gap have similar spec

tral features to those of 1036 Ganymed to the extent of spectral overlap

(Figure 39). An albedo determination of 1036 Ganymed is necessary to

confirm mineralogical similarity. All of these asteroids have albedos

between 0.14 and 0.16 (Morrison and Zellner, 1979).

(/6 - Asteroids near the (/6 resonance (Figure 40) number 23 (Willi

ams, 1979). Seven asteroids near this resonance have measured ref lec

tance spectra. Another nine asteroids are identified on the plot of sec

ular resonances (Williams and Faulkner, 1981), six of which have meas

ured reflectance spectra. In spite of 40% coverage of these asteroids,
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there is only one spectral analogue to any of the near-Earth asteroids.

1981QA and 18 Melpomene (Figure 41) are regarded as spectral matches

except in the NIR where agreement is poorer. Albedo measurements are

needed on 1981QA to be consistent with the mineralogical similarity

implied by the spectral match.

Flora Family

The flora faMily lies near the (~ resonance (Figure 40 Williams and

Faulkner, 1981) and has 259 members (Kozai, 1979). Eighteen members of

this family have measured reflectance spectra. Similarities of reflec

tance spectra of near-Earth asteroids and measured Flora family members

is quite common.

The visible spectrum of 40 Harmonia and 433 Eros are similar (Fig

ure 41b) although Feierberg et al. (1982) classify these two asteroids

into different groups. The albedo of Harmonia (0.148, Morrison and

Zellner, 1979) is within the errors of the 0.125 +/- 0.025 albedo of 433

Eros (Lebofsky and Reike, 1979). The IR reflectance indicates a higher

olivine content in 433 Eros than on 40 Harmonia.

The spectra of 496 Gryphia, 1055 Tynka, 341 California, and 1830

Pogson (Chapman and Gaffey, 1979) are similar tv that of 887 Alinda. The

albedo of 341 California (0.216, Gradie and Tedesco, personal communica

tion) is equally higher than that of 887 Alinda (0.18, Morrison and

Zellner, 1979) as that of 496 Gryphia (0.154, Gradie and Tedesco, per

sonal communication) is lower. 1830 Pogson and 1055 Tynka (Figure 42)

have no measured albedo. It is possible that the surface composition of

these two asteroids are all different based on the limited data avail

able. An albedo determination will give more information.
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Two Flora family members have similar spectral characteristics to

those of 1036 Ganymed: 453 Tea and 1055 Tynka (Figure 43). Albedo meas

urements are not available for any of these asteroids and spectral cov

erage is limited.

The spectrum and albedo of 1058 Grubba (Chapman and Gaffey, 1979)

and 1620 Geographos (Figure 44a) are similar to the extent of their

spectral coverage. Extended wavelength coverage for both asteroids and

an albedo determination for 1058 Grubba will address the similarity of

their surface compositions.

The general shape of the reflectance spectrum of 770 Bali and 1627

Ivar are similar (Figure 44b). They alone appear to be unique among the

measured population of asteroids. Higher signal/noise data may eliminate

this uniqueness.

The spac t rum of 1830 Pogson, 341 California and 1449 Virtanen

(Chapman and Gaffey, 1979) suggest similarities in spectral characteris

tics with 1981QA (Figure 45). Measurements of albedo and additional

reflectance spectra are needed to ascertain mineralogical similarities

among these asteroids.

In Figure 46 similar mineralogy between 1862 Apollo and 496 Gryphia

and 1088 Mitaka are suggested. Only 496 Gryphia has an albedo measure

ment (0.154, Morrison and Zellne~, 1979) which is lower than 1862

Apollo, eliminating this asteroid as mineralogically similar. An albedo

of 1088 Mitaka is needed to address mineralogical similarity.

Phocaea and Bungaria Faaily

Only three members of the Phocaea family have measured reflectance

spectra. Of those three only 25 Phocaea (Chapman and Gaffey, 1979) has a

good spectrum with spectral coverage through the 1.0-~m region. Similar
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spectral features exist between 433 Eras and 25 Phocaea but the albedos

are different. This eliminates the possibility of mineralogical similar

ity between these two asteroids. None of the few Hungaria family members

with measured reflectance spectra have spectral similarities to any

near-Earth asteroids.

Mars-croSBers

There are 73 numbered asteroids with orbits which cross that of

Mars (Williams, 1979, Bowell et al., 1979). The Amors and some Apollos

are subsets of this class. Some inner belt asteroids cross the orbit of

Mars but have semi-major axes larger than Amors. Only six members in

addition to nine Amors and Mars-crossing Apollos of this group have

measured reflectance spectra. None of the measured Mars-crossers have

spectra similar to the near-Earth asteroids. There are too few Mars

crossers with measured reflectance spectra to allow conclusions to be

drawn from these data. An observational program to measure more Mars

cro~sers is needed.

The mineralogy and petrology of 887 Alinda and 1915 Quetzalcoatl do

not indicate a genetic relation to each other as the similarity of their

orbits suggest (Marsden, 1970). It is possible that these two asteroids

are derived from different layers of the same parent body and have dif

ferent surface compositions. More information on the composition of the

silicates on 887 Alinda is needed to determine petrological compatibil

ity with the mineralogy of 1915 Quetzalcoatl.

Spectral similarity between 1620 Geographos and 1036 Ganymed is

implied by logical arguments associating both asteroids with the compo

sition of 68 Leto. Extended spectral coverage and an albedo determina

tion for 1036 Ganymed will test this association. 887 Alinda and 1981QA
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also have similar spectral properties but await an albedo determination

of 1981QA before mineralogical similarity can be implied.

COllets

An interpretation of the spectrum of 2201 1947XC (Figure 3) in

terms of cometary phenomena was made in Chapter 1 to explain the

features of the spectrum that are not characteristic of common rock

forming minerals. The common emission features seen in active comets

could not explain the observed features.

Our knowledge of the characteristics of comets exhausted of vola

tiles is presently very poor. At times when comets are inactive, they

are dark and at great distances making measurements difficult. There is

presently no observational data on extinct (volatilly exhausted) comets

to compare with the silicate-rich near-Earth asteroids.

Meteorites

In Chapter 1 the question of meteoritic analogues was addressed for

each asteroid to aid in the mineralogical-petrological interpretation of

this population. Table IV lists the results. Six out of 17 measured

near-Earth asteroids are meteorite analogues. It has been shown that

three near-Earth asteroids that have previously been determined to be

most-like ordinary chondrite meteorites (1685 Toro, 887 A1inda, and 433

Eros) do not have the spectral features characteristic of these classes

of meteorites. The mineralogical interpretaion of 887 A1inda of Gaffey

and McCord, (1978) has been further interpreted as a C3 of the Ornans

type. 2100 Ra-Sha1om and possibly 1981QA are also C3-analogues. Two

ordinary chondrite analogues. have been found in 1862 Apollo (LL4) and
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1980AA (black L chondrite). 1915 Quetz8lcoatl is the only achondrite

analogue presently known. 1981QA cannot be distinguished from an E6

analogue without an albedo determination. None of the other near-Earth

asteroids observed to date have meteoritic analogues.

1915 Quetzalcoatl is a rare meteorite analogue. There were nine

diogenites in the world's meteorite collection prior to the discovery of

diogenites from three separate falls in Antarctica (e.g., Takeda ~ al.,

1981). The mineralogical and petrological differences among these

meteorites is small. In addition there is a clustering of the time of

year in which these meteorites have fallen to Earth meaning that most of

these meteorites intersected the Earth from the same orbit. One of the

diogenites (Peckelsheim) struck the Earth the day 1915 Quetzalcoatl was

discovered on one of its close approaches to the Earth. This fall was

not during the time of year of the observed clustering, however. The

other diogenite falls cluster in the summer when 1915 Quet2;alcoatl is on

its way into the asteroid belt and the Earth has moved 1450 in its

orbit. This observation may be no more than interesting coincidence.

There is a stray fall in November.

Discussion

Planets and satellites - There is not sufficient information on the

composition of the terrestrial planets to eliminate the possibility that

some of them are planetary projectiles. Possibly some lunar mare frag

ments are near-Earth asteroids but the dynamics of this situation are

not favorable. The spectral signatures of the non-ice components of the

outer solar system satellites do not indicate any mineraogical similar

ity to near-Earth aet:eroids. Our preconceived ideas on the different

origins of near-Earth asteroids and outer solar system satellites
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remains unchanged by new observational data.

Asteroids - There are no asteroid analogues to 1566 Icarus, 2201

1947XC, and 1865 Cerberus based on the data available for comparison.

The asteroids measured in 8-color photometry were not considered for

analogue analysis. All other near-Earth asteroids have at least one

analogue somewhere in the asteroid belt.

The case for compositional similarity between 4 Vesta and 1915

Quetzalcoatl, 2 Pallas and 1580 Betulia, 349 Dembowska and 1685 Toro is

very convincing because these main belt asteroid compositions were pre

viously unique. A compositional link between 433 Eros and 40 Harmonia is

likely because there are no other asteroids with spectral characteris

tics similar to 433 Eros. The dynamical evidence for the 5:2 Kirkwood

Gap (of which 349 Dembowska is a neighbor) and members of the Pallas and

Flora families (of which 40 Harmonia is a member) being source regions

for these asteroids coupled with the mineralogical similarity based on

existing reflectance spectra is a convincing argument in favor of

genetic relations between these objects. A dynamically favorable mechan

ism to bring fragments from 4 Vesta into Earth-crossing orbit has not

been proposed. The genetic relation implied between these asteroids

with rare surface mineralogy may indicate that their composition is only

rare in large bodies. It is possible that there are many small asteroids

presently below detection limits with the composition observed in the

small near-Earth asteroids. If this is the case, the large remnant

bodies are probably the parent bodies unless dynamical conditions pre

clude a genetic relation.

The population of near-Earth asteroids is decidedly different from

the main-belt population as it is presently known. The fact that some

analogues are found at all in dynamically favorable regions, if addi

tional data indicate similar surface compositions, does support
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dynamical models. Except in the case of the Mars-crossers which are

poorly sampled and the 2:1 Kirkwood gap (which is well sampled) there is

evidence of near-Earth asteroid analogues among each predicted source

region and the main belt as well.

The ability to determine mineralogical similarity of near-Earth

asteroids to other near-Earth asteroids will help determine part of

their history. If there is mineralogical similarity among these

asteroids and their orbital characteristics do not preclude a genetic

relation, then some of these bodies may have formed in their present

location from collisions. This is a source that has been ignored prob

ably because the co llision frequency is much lower in the inner solar

system than in the main asteroid belt.

Comets - If we assume that the dynamical models are correct and

that most or some of the near-Earth asteroids are extinct cometary rem

nants then these observational results imply that cometary cores consist

of common asteroidal material, formed inside the orbit of Jupiter and

transported to the Oort cloud acquiring volatiles in the process. This

is contradictory to the dirty snowball acdel of Whipple (e.g., Donn and

Rahe, 1982) which has assumed a position of prominence in cometary sci

ence. The scenario implied by the mineralogy and petrology of near-Earth

asteroids is a scenario that has been proposed by Opik (1966) but with

no observational evidence to support it.

Meteorites - The observational data indicate that not all near

Earth asteroids are meteoritic analogues. This means that there may be

more meteorite types that have not yet been recovered, if meteorites do

come from near-Earth asteroids, or not all near-Earth asteroid fragments

survive to become meteorites. It is also possible that the meteorite

types not presently found among the near-Earth asteroids have not been
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observed yet. An equally valid argument is that their parent bodies may

be totally fragmented and reside in regions of the asteroid belt that

are below detection limits of existing instrumentation. The greater

proportion of non-meteorite analogues among presently known near-Earth

asteroids (9 out of 17) indicates that not all meteorites come from

near-Earth asteroids. The existing data also suggest a disproportionate

number of C3 analogues in the near-Earth and main belt asteroid popula

tion (there are C3-type main belt asteroids, Gaffey and McCord, 1978)

that is not reflected in meteorite statistics. It is likely that but not

necessary for the C3 parent body to presently reside in the near-Earth

asteroid population.

The date of diogenite falls suggest some mechanism preferentially

favoring falls in the summer. The statistics of diogenite falls are

insignificant and summer months are supposedly favored for meteorite

recovereries, nevertheless it would be interesting if a mechanism were

found that would preferentially send debris from 1915 Quetzalcoatl near

the Earth when it is at 1200 longitude in its orbit. It is difficult to

overlook a trend that stands out among many sets of poor statistics

which is the case with the diogenites among meteorite fall statistics. A

few other types appear to cluster too •

. The abundance of ordinary chondrites is not reflected in the near

Earth or main belt asteroid populations. This indicates that the parent

bodies of ordinary chondrites are few in number or totally disrupted and

too small to be detected as asteroids. The presence of two known ordi

nary chondrite analogues supports the theory that a phase of their life

time is passed in near-Earth orbit. The orbits of 1862 Apollo and 1980AA

are not similar to any of the five determined orbits of ordinary chon

drites (Ballabh et al., 1978, Halliday et al., 1978, Levin et al., 1976,

McCrosky et a1., 1971, Ceplecha, 1961) which supports the theory that
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most ordinary chondrite parent bodies are too small to be detected as

asteroids.

Extra-terrestrial Resources - Our present knowledge of the mineral

ogy and petrology of near-Earth asteroids indicates that they consist of

common rock-forming minerals, namely olivine, pyroxene and opaques of

different compositions occuring in varying proportions. The nature of

the population in general has not changed since the population was last

assessed in terms of useful extraterrestrial resources (Gaffey et &.,

1979). There are three or four asteroids with a significant opaque com

ponent. The mineralogy of 1580 Betul ia has been shown to contain an

opaque component. It is not possible to distinguish between fine

grained metal or volatiles such as carbon but both materials are useful.

No near-Earth asteroids with & nickel-iron surface has been observed.

The population is no longer dominated by ordinary chondrite composi

tions, however two are found which presumably contain nickel-iron, one

with small amounts (LL-type -low metallic iron), the other with more

iron (H-type, black chondrite). The carbonaceous chondrite analogues are

of the low volatile type consisting mostly of olivine and <4% lolater and

<2% carbon by weight. No volatile-rich C1 or C2 analogues have been

found. It is possible that 1979VA or 1580 Betulia which do not have

meteoritic analogues have more volatiles than C1 andlor C2 meteorites.

This inform~tion is not presently available.

Future directions - It has only been in the past few years that

physical measurements of the near-Earth asteroids has become possible.

Our data base is just becoming useful. Obviously the acquisition of data

must continue. We know that the near-Earth asteroids, like the main belt

asteroids are diverse mineralogical assemblages but in a manner dif

ferent from the majority of main belt asteroids. Investigations into
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the nature of these differences should continue. Polarization measure

ments have virtually ceased in the asteroid community. Because near

Earth asteroids move through large phase angle ranges in a short period

of time, polarization measurements of them is less time consuming. They

also constrain mineralogical and radiometric interpretations. These

types of measurements should be encouraged. Radar measurements are par

ticularly feasible for near-Earth asteroids. Considerable work is neces

sary to relate the information contained in the radar data to physical

properties. When a link is found our understanding of the surface of

these bodies will be considerably enhanced.

Space craft missions to these objects will increase our capability

to learn about their nature and history. Because there are so many of

them, it is not economically feasible to visit all of them in the for

seeable future. Therefore, ground-based measurements should continue to

be made as they are economically feasible. In the event that a space

craft mission does go to any asteroids, it seems desireable that there

be experiments which look at all views of the object from the macros

copic, . hand lense and microscopic range. In addition, basic physical

parameters need to be determined such as density, moment of inertia, and

seismic profiles to characterize their internal profile.
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Table VII

SOUllCE UCIORS ARD REAR-EARTH ASTEIlOm ARALOGUES

Source Albedo Diameter Taxonomy Analogue

Mercury

Lunar Mare

Mars

satellites

Planets and Satellites

Asteroids

?1915 Quetzalcoatl?

?1915 Quetza1coat1?
?1980AA?
?I580 Betulia?

?1685 Toro?

none

4 Vesta 0.255 530 U 1915 Quetzalcoat1

1:1 Kirkwood Gap

None

1:1 Kirkwood Gap

2 Pallas 0.066 692 U 1580 Betulia

68 Leto 0.147 127 S 1620 Geographos
1036 Ganymed

349 Dembowska 0.27 R 1685 Toro

471 Papagena 0.163 144 S 1036 Ganymed

354 .Eleonora 0.165 154 S 1036 Ganymed

39 Laetitia 0.167 157 S 1036 Ganymed

532 Herculina 0.16 220 S 1036 Ganymed
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Table VII (continued)

Source Albedo Diameter Taxonomy Analogue

U6

18 Melpomene 0.149 162 S 1981QA

Flora Family
1055 Tynka S 887 Alinda

1036 Ganymed
1830 Pogson S 887 Alinda

1981QA

453 Tea S 1036 Ganymed

1058 Grubba 0.16 13.4 S 1620 Geogrltphos

770 Bali U 1627 Ivar

1449 Virtanen S 1981QA

341 California 0.216 16 S 1981QA

1088 Mitaka R 1862 Apollo

Phocaea Family none

Mars-Crossers none
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Table VIII

ASTEROID COHPOSITIOIlAL TYPES

l'
S
\1
1
I'
()

K
I'
l

Vi-ual ~~"I11~IJ'lc'

..lbedo

Low I' 1I,lIh~ I
\l.,dl'l'alc' tll,lI~ 11.: 11

Moderate tllIJ7-1I :,11

I .'\\ I' II tit" I

Low 1'_ ILIII1:'1
I.U\\' 1,- 11.1111'1
\"1\ 11I!!1I I II :.\1
V~n 11I~1I I - II : \ I

Spccuu1 rdk~li\'il~ tll..I 10 1.1 IWII

:'o:~lIlr..1. ,li!!111 ;I!,,"rpllon bluew ..rd ,,1'11.4 1J.1I1
f{c'dd"II,'d, I ~ 1'"',tll\ ;111 ;,1""1'111 ion h,lI111 II,'I III I,ll "III
1:~"llIrdc''', ,Illpilll,: III' 101" rcd
"'I;,I
Similar III :'.1. hence pseudo-M or P
VcT\ r,'d IlIlIellanl "I' 0,7 IJ.Il1
\'~r~ I~d, h;lIld, deeper 111;111 S
1''''111111'1"", fbi "I ,I"pill!! "I' 111:" ,,'d
l.'lId""llloIhk III 1111' 'y,It:Il1'
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Table IX

Large Asteroids with Se-imajor Axis within 0.1 AU of 2:1 Kirkwood

Gap

Asteroid

106 Dione
511 Davida
154 Bertha
J:' Undi uu

702 Alauda
7:_1:_~ ~1JIILlHli\l

175 Andromache
S30 Turandot
381 ~lyrrha

1uti flee uba
122 Gerda
H95 He l i o
7Fl MdUI'iti"
903 r~ea 11 ey

a

3.17
3.18
3.18
3.19
3.19
3.20
3.21
3.21
3.21
J 'J')
.L~

i "?.) • L.

') -,,,
..J.Lt-

3. ~)11

3.24

.18

.18

.10

.07

.03

.13

.20

.20

.12

.09

.06

.14

.07

.05

5
16
21
10
21
6
3
8

13
4
?

26
14
12

B( 1,0)

8.8
7.4
8.5
1.9
8.3
9.6
9.6

10.3
9.7
9.7
9.2
9.5

'1.0
10.9

(1 ass

c
c
c
(

C
C
C
c
C
r
,l

Diameter
(km)

139
323
191
244
205
119
113
81

126
61

139

Classifications and di.uneters f rom r~orrison (1977) am! Zel l ner and
I>owe 11 (19:' 7). Bowe 11 '.1:' ., (I 97R), OJ lid BO~If~ 11 (pr i val e r.ounru ni cat ion,
1978). Abso lut e mann i tudr», from Gehre l s and Geht'el<, (19m).
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Table X

Large Asteroids with Se-dmajor Axis within 0.1 AU of 5:2 Kirkwood

Gap

Asteroid a e B( 1,0) Class Diameter
(km)

146 Lucina 2.72 .07 13 9.2 C 141
45 Eugenia 2.72 .08 7 8.3 C 226

410 Chloris 2.72 .24 11 9.5 C 134
156 Xanthippe 2.73 .23 10 9.8 C 104
140 Siwa 2.73 .21 3 9.6 C 103
11 0 Lydi a 2.73 .08 6 8.7 C 170
200 Dynamene 2.74 .13 7 9.5 C 123
185 Eunike 2.74 .13 23 8.7 C 169
247 Eukrate 2.74 .24 25 9.3 C 142
387 Acquitania 2.74 .24 18 8.4 5 112
173 Ino 2.74 .21 14 9.1 C 142
308 Polyxo 2.75 .04 4 9.3 U 138
128 Nemesis 2.75 .12 6 8.8 C 164

71 Niobe 2.76 .17 23 8.3 5 115
93 Minerva 2.76 .14 9 8.7 C 168

356 Liguria 2.76 .24 8 9.3 C 150
41 Daphne 2.76 .27 16 8.1 C 204
1 Ceres 2.77 .07 11 4.5 C 1003

88 Thisbe 2.77 .17 5 8.1 C 210
39 Laetitia 2.77 .11 10 7.4 5 163
2 Pallas 2.77 .23 35 5.2 U 608

148 Gall ia 2.77 .19 25 8.5 5 106
532 Herculina 2.77 .17 16 8.0 S 150
393 Lampet i a 2.77 .33 15 9.2 C 129
28 Bell ona 2.78 .15 9 8.2 S 126
68 Leto 2.78 .18 8 8.2 5 126

139 Juewa 2.78 .17 11 9.2 C 163
446 Aeternitas 2.79 .07 11 10.2 0 40
216 Kleopatra 2.79 .25 13 8.1 M 128
354 Eleonora 2.80 .12 18 7.5 5 153
346 Hermentaria 2.80 .10 9 8.9 S 84
236 Honoria 2.80 .19 8 9.5 S 65
441 Bathi lde 2.81 .08 8 9.5 M 66
804 Hispania 2.84 .14 15 8.9 C 141
385'I1matar 2.85 .13 14 8.8 ? ?

81 Terpsichore 2.85 .21 8 9.6 C 112
129 Antigone 2.87 .21 12 7.9 M 115
47 Aglaja 2.88 .14 5 9.2 C 158

471 Papagena 2.89 .24 15 7.9 S 143
386 Siegena 2.90 .17 20 8.4 C 191
238 Hypatia 2.91 .09 12 9.2 C 154
22 Ka11iope 2.91 .10 14 7.3 M 177
16 Psyche 2.92 .13 3 6.9 M 250

674 Rachele 2.92 .20 14 8.5 S 102
349 Dembowska 2.92 .09 8 7.2 0 144

Data from same source as Table IX.
_._-- --._._------------- -- -_.- _..---------
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figure Caption3

Figure 31: Reflectance spectra of terrestrial planets and the Moon:

(a) Mercury; (b) Bright and Dark r~gion of Mars, (c) The Moon- a. Mare

Serenitatis 2; b. J. Herschel highland crater; c. Apollo 11 site; d.

Apollo 16; e. Aristarchus crater from McCord et al., 1980.

Figure 32: Visible reflectance spectra of outer solar system satel

lites:

(a) satellites of Saturn; (b) Galilean satellites of Jupiter; (c) J8

and J9 satellites of Jupiter; (d) two satellites of Uranus: Oberon and

Titania; (e) satellite of Neptune: Triton.

Figure 33: Reflectance spectrum of 1915 Quetzalcoatl (squares connected

by solid line) and 4 Vesta (crosses-Gaffey personal communication).

Figure 34: The frequency of asteroids as a function of distance from

the Sun in AU showing the existence of the Kirkwood Gaps at commensura

bilities with the period of Jupiter.

Figure 35: (a) Spectrum of 1580 Betulia (squares connected by solid

line) and 2 Pallas (crosses). (b) Spectrum of 1620 Geographos ,(squares

connected by solid line) and 68 Leto (crosses).

Figure 36: Spectrum of 1862 Apollo (squares connected by solid lines)

and 471 Papagena , 39 Laetitia and 349 Dembowska (crosses). Additional

physical properties eliminate the possibility of mineralogical similar

ity between these asteroids and 1862 Apollo.
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Figure 37: Visible and infrared spectra of (a) 1862 Apollo (squares and

crosses connected by solid line) and 39 Laetitia (diamonds and x's). (b)

three ditferent data sets of 349 Dembowska.

Figure 38: Spectra of 1685 Toro measured at two different apparitions

(8/72 and 7/80 Chapman personal communication) compared to 349 Dem

bowska. The different spectra may imply varying olivine abundance or

composition. The differenc~ between the two spectra are too large to b€

due to body shape or aspect or phase angle.

Figure 39: Spectrum of 1036 Ganymed (squares connected by solid line)

compared to 532 Herculina, 68 Leto, 39 Laetitia, 354 Eleonora, and 471

Papagena (crosses).

Figure 40: Surfaces of secular resonances in proper inclination and sem

imajor axi's space (Williams and Faulkner, 1981) and locations of some

asteroids and families.

Figure 41: Spectrum of 1981QA (squares connected by solid line) and 18

Melpomene (crosses).

Figure 42: Visible and IR spectrum of 433 Eros (squares and crosses

connected by solid line) and 40 Harmonia (diamonds and x's).

Figure 43: Spectrum of 887 Alinda (squares connected by solid line) and

1830 Pogson and 1055 Tynka (crosses).

Figure 44: Spectrum of 1036 Ganymed (squares connected by solid line)

and 453 Tea and 1055 Tynka (crosses).
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Figure 45: (a) Spectrum of 1620 Geographos (squares connected by solid

line) and 1058 Grubba (crosses). (b) Spectrum of 1627 Ivar (squares

connected by solid line) and 770 Bali (crosses).

Figure 46: Spectrum of 1981QA (squares connected by solid lines) and

1830 Pogsan, 341 California, and 1449 Virtanen (crosses).

Figure 47: Visible and IR spectrum of 1862 Apollo (squares and crosses

connected by solid line) and 496 Gryphia and 1088 Mitaka (diamonds and

x's).
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Suaury

The near-Earth asteroid population as presently known consists of

common rock-forming minerals with one possible exception (2201 1947XC).

In spite of their common components there are few main belt asteroids

with similar surface compositions. A number of potential analogues are

noted but some of them will be shown to have different compositions when

additional data are available. With the presently available data there

are near-Earth asteroid analogues in all hypothesized asteroid source

regions based on dynamical theory, except in the 2: 1 Kirkwood gap and

among Mars-crossers. The Mars-crossers are presently poorly sampled in

ter~s of measured reflectance spectra. There is no satisfactory test of

the relation between near-Earth asteroids and extinct cometary nuclei.

Meteoritic analogues are surprisingly scarce among near-Earth

asteroids. Yet some analogues are found in the population. It seems that

irons, stony-irons and carbonaceous chondrites types 1 and 2 are either

not present or have not yet been observed. Only one achondrite analogue

has been found. The majority of the achondrite parent bodies remain

elusive to existing detection techniques. C3 analogues are abundant

relative to their frequency in the meteorite collection. Two but not a

lot of ordinary chondrites are found. Three asteroids that had previ

ously been interpreted as possible ordinary chondrite analogues have

spectral characteristic which differ from those of ordinary chondrites.

The near-Earth population is apparently more diverse than the meteorite

collection.

This observed diversity will be useful in extra-terrestrial space

activities. Silicates are abundant and phy1losilicates and volatiles are

present in some bodies but not as frequently as in the main belt. Water

may be expensive in space and not available on all asteroids. There are
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no nickel-iron-dominated objects found although the presence of some

metallic iron is implied by the existence of two ordinary chondrite

analogues.

Future Directions

The most interesting project to pursue related to mineralogy and

petrology is an interpretation of 2201 1947XC. Some effort will be put

into what a low activity comet might look like and trying to interpret

the spectrum of 2201 1947XC. This asteroid will be observable in June,

1983 and should be reobserved. It will be a useful exerc ise to try to

interpret the existing spectrum to develop tests for the relation of

near-Earth asteroids and cometary nuclei.

Additional data to test for near-Earth asteroid analogues is

needed. Some asteroids should have their spectra remeasured with

extended coverage to 1.0-pm including some of the near-Earth asteroids.

The albedo of a number of asteroids is needed too. Ed Tedesco of JPL has

the numbers of the asteroid albedos needed and has agreed to measure

them if they are observable.

The Palomar planet-crossing asteroid survey continues to discover

near-Earth asteroids. Many of them are below the detection limits of the

two-beam photometer used in this study. A project using a faint object

spectrometer should continue to collect mineralogical-petrological

information to reassess the results of this work. Such a project is

underway at the University of Arizona. Efforts should continue to evalu

ate the observational bias in these observations.

Of course nothing is better than sending one or more spacecraft to

these asteroids to obtain in .situ measurements of their chemical and

physLca], nature. These results will hopefully aid in planning such a
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mission. It would be very useful to have some microscopic imaging capa

bility on a space craft mission. This has never been done before and the

absence of seeing at this scale has made interpretation of other experi

ments more difficult. Other types of experiments determining surface

composition, elemental abundances and internal structure should also be

part of such a mission. Ground-based efforts have to continue, of

course, for economical reasons.
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APPDDIX A

Criteria for verifying measured reflectance spectra: (1) Observe an

object and obtain the same results on two different nights. (2) Measure

a previously observed object on an observing run with newly observed

objects. Check for repeatable results taking into consideration differ

ences in geometry. (3) Calculate star/star ratios of previously

observed standard stars. Check for agreement with previous results.

The ephemerides for the objects were provided by Ted Bowell of

Lowell Observatory, Jim Williams of the Jet Propulsion Laboratory and

the Russian Ephemeris of Minor Planets. The object was located with a

Quantex image intensified camera mounted to the photometer. The tele

scope was set up on the predicted coordinates a few minutes ahead of the

time it was predicted to be at a given pOdition. We then waited for the

object to enter the field of view and then began tracking it. This

t echnLque met with the most success in finding a fast-moving object.

Systematically scanning an area of the sky in the vicinity of the

predicted position was never successful. The scan took longer than the

time for the object to cross the area of the scan. Once set up on the

object we stepped through the filters.

DATA REDUCTIOB ROTHS

Dece-ber 28-29, 1979

1979XA=220l 1947XC

1979XA lh O.

lh 00.

8cl2S.

7d 5S.

The 12/29/79 ratio is fairly constant, but not exactly. It is a smooth

curve however. I tried calculating a starpack from the asteroid data,

but the results are very inconsistent with our expectations of what a

spectrum should look like. Remaining left to try is reducing the data
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relative to a secondary standard measured for another object.

The spectrum of 511 Davida was measured on 12/28/79. There was

some question at the time of observation as to the identification of the

object. The spectrum matches fairly well with measurements made on

January 26, 1980 and with previous measurements (Chapman and Gaffey,

1979) although I haven't a plot yet of the old data.

1980AA - Notes on run of January 26,1980 1980AA The data of this

run were collected by Mike Gaf f ey , Jeff Bell on the 2.2m telescope at

Mauna Kea Observatory January 26,1980UT. Only one night of data were

collected on this object. The Ga-As-c photomultiplier tube was used at

an operating voltage of 2000v. Characteristics of this run worthy of

note are that the beam ratio was close to 1.0, and the winds were about

3S-40mph at sunset. Some shaking of the telescope due to the wind was

reported at the end of data collection for this object. 1980AA was

located in a rich star field during the time of observation. Contamina

tion from field stars was insignificant. The only potential danger is

if the asteroid passes bi a faint star which happens to be in the sky

beam. This would result in an incorrect sky measurement and improper

sky subtraction. Such reports appear in the data logbook, however the

data reduction yields no spurious results.

Data Reduction-The data of this run were reduced twice almost two

years apart. The standard reduction procedure was used. At the second

reduction, the standard star was corrected for the ND filter used (ND2)

before the extinction corrections were made. This enabled the scaling

factors to be used to determine the light curve.

Channels 4-12 were used to scale the data and determine the light

curve. Two maxima and one minimum was observed. A period of 2.75 hours

is measured between the two maxima. This measurement is consistent with
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that measured by Harris of 2.70 hours (reference from a list he sent

dated 2/81 unpublished). The magnitude of the period is 0.2 magnitudes,

twice the value determined by Harris.

The main belt asteroid 511 Davida was also observed during this

run. These data were reduced and compared with previous measurements

(Chapman and Gaffey, 1979) in order to verify the results of the 1980AA

data. The UV absorption below 0.5 microns agrees with previous measure

ments. The 0.9 micron band is superimposed on a continuum with a higher

reflectance relative to 0.56 microns than previous measurements.

Ratios of 10 tau/a1f 1yr and bet vir/alf 1yr were calculated from

measurements of 10 tau/eta hyd and bet vir/eta hyde The previously cal

culated eta hyd/alf 1yr ratio (Owensby personal communication) was mul

tiplied by the measured ratios to derive the two standard/alf 1yr

ratios. Previous calculations of these ratios are compared with those

presently calculated. The agreement is not totally satisfactory, nor can

I presently provide exp1anativns of the discrepancies.

July 15,1980 UBO 1685 TORO 22:09:00 +lOd 57.

phase ang1e=39

These data were collected by Clark Chapman and Mark Rognstad at

Kitt Peak National Observatory using the Ga-In-AsC photomultiplier tube,

operating at 2000 volts with a 40 millisecond integration time. Inter

nal chop mode was used and sky measurements were made at 15-minute

intervals. The standard star 58 Aquila was observed at the beginning

and end of the twenty minutes in which Toro was observed (22:18-22:40

UT). The logbook records patches or banks of high clouds throughout the

night but the data for 1685 Toro were prejudged to be O.K. A nd1.0/ndO

correction was applied to the reduced data (58 aq1 was measured through
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Bove-ber 4-7,1980

the ndl filter). The ndl. 0 correction used was that measured between

4/29/79 and 5/3/79 at KPNO. Atmospheric extinction corrections were

calculated from 58 Aquila and applied to measurements of Toro upon

dividing by the standard star flux. The 58 Aquila/Sun ratio was mll~.ti

plied by the measured Toro/standard ratio to convert to reflectance

relative to Sun. Comparison of the new spectrum with previously existing

spectra is made in Figure 27.

~ata were obtained for only one night from this object. No other

previously measured asteroids were measured on this run. A theta vir/58

Aquila ratio may be calculated but has not been done. No light curve was

extracted from the data because the period of observation was short

relative to the period of rotation of the asteroid.

1627 Ivar 3:07:27 -2d 43. 468 phase-ll.0

1865 Cerberus 2:48:23 3d 47. 23s phase-9.S

The data reduction process for this run has been painful to say the

least. To begin with (Figure 3) there is an extreme offset in the spec

trum between 0.50 and 0.53 microns in both the spectrum of Ivar and Cer

berus on all three days of observation. Even if the 0.53 micron filter

is considered to be bad, the 0.56 micron data still introduces a large

offset in the spectrum not characteristic of reflectance spectra. The

measured nd2/ndO ratio also shows this offset at 0.53 and 0.56 microns

and it does not show up in laboratory calibrations of the nd filters.

The spectrum of 7 Iris measured during this run has an offset in the

opposite direction than seen in the Ivar, Cerberus and Psyche spectrum

at 0.53 microns. In addition, the wing of the IR absorption band of both

the Ivar and the Cerberus spectrum extends far into the visible <0.60

microns), has a steep slope, a convex shape and a large band depth. The

spectrum of 1627 Ivar has point to point scatter similar to that seen in
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the spectrum of 2201 1947XC. In this case the relative reflectance at

0.66, 0.73, and 0.80 microns is high relative to the ref lectance at

0.70, 0.76 and possibly 0.83 microns. This characteristic is not ident

ical to the phenomenon in the 2201 1947XC data. However the identical

phenomenon is observed in the spectrum of Psyche and the inverse is seen

in the spectrum of Iris measured on the same date.

It is difficult to associate these spectral characteristics with a

mineral or mixture of minerals with our present understanding of the

interaction of light with surface materials. The facts that the same

unusual spectral characteristics appear in all asteroid spectra observed

during this run, and even the neutral density calibration confirm the

suspicion that a systematic error is dominating the spectra. The size of

the standard deviation of the mean is remarkably small, especially in

the spectrum of Ivar, indicating that the observed phenomenon was opera

tional continually throughout this observing run. The standard deviation

of data of 1865 Cerberus spectrum are larger, however the object was

fainter than Ivar by a magnitude and a larger standard deviation of the

mean i~ expected. The spectrum of Iris measured 11/5/80 as an object of

magnitude 8.9 does net match measurements by Chapman and Gaffey, 1979

particularly at wavelengths of 0.53. 0.60, 0.63, 0.66, 0.73, 0.76, 0.80

and 1.0 microns. The spectrum of 16 Psyche does not agree with previous

measurements at 0.50-0.60 and 0.66-0.86 microns. In addition the 8

filter photometry of Tedesco and Tholen (unpublished) of both Ivar and

Cerberus do not agree with our measurements.

The criteria for determining a valid correction for these spectra

are elimination of unusual spectral characteristics and agreement of the

Iris and Psyche data with previous measurements. The corrected Ivar and

Cerberus spectrum should also agree with the measurements of Tedesco and

Tholen.
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While searching for the cause of the spectral characteristics vari

ous hypotheses were tested including:

(1) The filters were put in in the reverse order. The spectra of

Ivar and Cerberus almost look believable when the data are plotted in

reverse order, but Iris plotted this way is obviously wrong therefore

the filters were not in reverse order.

(2) I was observing non-asteroidal objects. Since the objects were

moving like a bat out of hell, they were either near-Earth objects or

man-made satellites. They could not have been satellites since they were

both located on three different nights with the ephemerides for each

object. Therefore, I was observing the correct objects.

(3) The standard stars were misobserved. If the telescope were set

on the wrong object we could not have found the asteroids, unless we

told the telescope operator to go to the wrong star. It might be possi

ble to misdirect the operator to one star but not to two or three.

Since the spectra reduced through different standards yield the same

spectrum, the problem is not due to misidentifying the standards.

(4) We could have given the right coordinates for a star we called

by the wrong name, i.e. we could have given the coordinates for omi tau

and called it 10 tau. However, multiplying the object/standard ratio by

the omi tau/sun ratio does not eliminate the unusual spectral features.

A similar type of confusion for other stars is not likely.

(5) The wind screen might have been obscuring the field of view.

This could not be the case because Ivar and Cerberus were located in

different regions of the sky (5 degrees apart). As the objects rose

and set the obscuration by the wind screen would change. The small

value of the standard deviation of the measurements preclude any varia

tion in the phenomenon such as varying obscuration as the cause of the

unusual spectral features.
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(6) There was a light leak of some sort in the instrument. If this

were the case the excess flux would be most excessive in the mid visible

spectral region and the object would receive a proportionately higher

amount of contamination than the standard. Would the spectrum then mim

ick that of the black body curve of the light bulb that may have been

left on? This would not explain the low relative reflectance at 0.53

and 0.56 microns. But it would explain the maximum reflectance at 0.6

microns.

(7) The dark slide was partially closed. It is extremely unlikely

that the dark slide would have remained in one position throughout the

run except completely opened.

(8) A linearity test was performed in which the log of two ratios

were plotted relative to one another to see if the photometer response

was linear through the range of the neutral density filter. The photom

eter response was linear over the range of magnitudes observed.

(9) It was suggested that a chopping phase error might create the

observed phenomenon. If the electronic chopping device was not synchro

nous with the mirror chopping, then part of the object signal could be

counted as the sky signal and vice versa. Under certain conditions this

can be calibrated and corrected. The algorithm for this correction was

derived and applied to the data. Unfortunately, the results were not

entirely satisfactory.

(l0) I tested to see if any of the standard corrections could be

wrong by eliminating them all together and then reapplying them one by

one. I used Cerberus since this spectrum needed the most correcting

(its weird features were most extreme). First I calculated Cerberus/sun

with no sky subtraction. This did not correct the problem. Sky subtrac

tions need to be made and the offset at 0.53 microns is present already.

But if the 0.53 micron filter is bad, the effect may not be showing.
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Since the shape of the raw sky flux mimicks the 9hape of the rela

tive reflectance spectrum, if I divide out the raw sky flux I should

theoretically be able to correct for the problem. The raw sky does not

embody the signature of only the weird spectral features. The slopes of

the extinction corrections also mimick the shape of the spectra, I

should be able to use that as a correcting factor too. I wish I knew

what this is telling me.

There seems to be a magnitude dependence on the unusua l spectral

phenomenon. The faintest objects show the most extreme spectral charac

teristics. Starting from the sky, the order of the magnitude of the

effect continues through Cerberus, Ivar, and Psyche from magnitudes of

15.1, 14.5, and 10.5. What seems to be important is the difference in

the magnitudes of the objects being ratioed.

Another thing to try is to correct the observed nd2/ndO calculation

measured at the telescope during the 11/4-7/80 run, to that measured

11/15-18/80 and then apply the lab/tel correction that worked for 1862

Apollo.

In my last attempt to salvage the data of the November 4-7, 1980

observing run I will reduce the data of Pallas and see if the correction

factor is intermediate between that of 7 Iris and the measurements of

Ivar and Cerberus. If the correction factor varies as a function of

magnitude I should then be able to extrapolate the correction to the

fainter objects.

What I actually did was use the standard star SA0094488, which was

observed to make extinction corrections for the Pallas data, to make

extinction corrections f:Jr 1627 Ivar. I then divided the extinction

corrected spectrum of 1627 Ivar by the extinction-corrected spectrum of

2 Pallas and multiplied by a previously measured solar-calibrated spec

trum of 2 Pallas to get the spectrum of 1627 Ivar relative to the sun.

- 198 -



The results are in agreement with the 8-color photometry of Tedesco and

Tholen except for the last two filters at 0.95 and 1.06 pm.

Roveaber 15-17, 1980

1862 Apollo was first observed November 15 and 17, 1980UT with the

photoelectric photometer used in this study and the Ga-As-c photomulti

plier operating at 1800v. The standard data reduction resulted in a

spectrum with a strong convex-shaped absorption in the UV which reached

a maximum at 0.60 pm. The ref lectance decreases with an increase in

wavelength. The high frequency noise pattern is present superimposed on

the convex-shaped absorption. The reflectance at 0.70, 0.76, 0.83, 0.86

and 1.0 pm is low, creating the noise pattern.

16 Psyche was observed on the night of November 15, 1980UT. The

newly measured spectrum of 16 Psyche does not match previous measure

ments (Chapman and Gaffey, 1979).

Star/star ratios were calculated of chi ori/alph aqr and omi

tau/alph aqr , The omi tau/alph aqr ratio does not agree well with pre

vious measurements. Therefore omi tau was not used as a standard star.

The general agreement of the chi ori/alph aqr ratio with previous meas

urements indicates that the alph aqr data are good. This star was used

as the standard for the reduction of these data.

The light curve of 1862 Apollo was calculated from data obtained on

November 17, 1980UT. Two maxima and two minima were observed. There is

some possibility that four maxima and three minima were observed. The

period between the two highest magnitude maxima is 3.2 hours. The max

imum light curve variation observed is 0.59 magnitudes. This is in fair

agreement with measurements by Harris (personal communication) of a

period of 3 hours and amplitude of 0.6 magnitudes. The measurements

obtained on 11/15/80 UT did not extend over a significant portion of the
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light curve to warrant inclusion In this presentation.

Karch 3-5, 1981

Notes on reduction of data for 1915 Quetz8lcoatl, March, 1981.

These data were reduced twice, about nine months apart. The first time,

the star pack was calculated as beta virgo nd2. The second time, the

nd2/ndO correction was made before the calculation of extinction correc

tions in order to determine the magnitude of the light curve from the

normalization values. The first reduction no~alized from channels 6

23, the second used channels 9-14. These channels used during the second

reduction all have positive values.

The data of this run are observed to have abnormally high and vary

ing dark counts as determined from the signal in the first and last

channels. These were blocked off with aluminum disks and covered with

black tape after we noticed the sky channel to fluctuate with time and

magnitude of the object under observation. In the initial reduction when

dark and sky signal were subtracted, I calculated the dark for each file

by averaging the four data points consisting of beam 1 and 2 of channels

1 and 25 and subtracted individual darks from each file. This worked

well for some files, but not for others. After the subtraction was per

formed some channels contain negative signal. This seems to indicate

that the dark noise was fluctuating more rapidly than the duration of

one run, about two minutes. There seems to be no choice but to throw

these data away. Fortunately, there is enough good data, from the begin

nings of both nights, to get a good, high signal-to-noise spectrum of

Quetzalcoatl from an average of about 23 runs. I will continue to

reduce the bad data only to obtain a light curve from the channels in

which all of the signal is positive, channels 9-14. These channels had

filters with transmissions varying between 47-76%.
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Extinction corrections were made with coefficients calculated from

data bracketing the cor-~cted data. This usually required the calcula

tion of two or three sets of corrections for each standard. A set of

corrections (called a starp~ck) were calculated from fitting a straight

line to two data points, or clusters of data points from he same time

interval.

Standard stars - The standard stars observed during this run

included beta virginis which was used to calculate extinction correc

tions, 109 virgo, chi 1 orionis, and eta hydra. To check for proper

response of the system, the ratios chi 1 orionis/beta virginis and epsi

lon hydra/beta virginis were compared to those ratios measured previ

ously.

August 25-28,1981

These spectra appear to have some systematic point to point

scatter. I suspect that if the voltage on the photomultiplier was higher

we wouldn't have had this problem.
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