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Chapter 1

Introduction

We have investigated the problem of the origin of the ordinary

chondrites and their possible link with the S-type asteroids using

several different approaches. This controversial problem is of current

interest because the ordinary chondrites (OC's) are the most numerous

and most ancient of meteorites but as yet their Solar System source

region has not been definitively identified. For several decades

meteoriticists have scrutinized these meteorites for clues as to the

origin and evolution of the Solar System. They are among the most

chemically primitive meteorites known, having been relatively

unprocessed since their original formation 4.6 billion years ago, and the

textures and minerals they preserve are fascinating records of the

conditions that prevailed during the formation of the planets.

There is a long history to the search for the ordinary chondrite

parent bodies. Petrological constraints require only that we find three

parent body asteroids, one for the H chondrites, one for the L

chondrites and one for the LL chondrites. Dynamical modelling and

orbital reconstructions of falls indicate that these parent bodies are



most likely to be in the main asteroid belt (Anders, 1978; Wisdom, 1985;

Wetherill and Chapman, 1988), namely at the heliocentric distance of

the 3:1 resonance Kirkwood gap. This happens to be where the S-type

asteroids are located, and hence the OC meteorite - S-Type asteroid

controversy arises.

S-type asteroids are a spectrally diverse class of objects. In

general, their reflectance spectra appear to indicate surface

compositions of varying proportions of olivine, pyroxene, and Fe.Ni

metal. These are also the minerals that compose the ordinary

chondrites, and so a genetic link is indicated. Unfortunately, the closer

we look the more difficult it becomes to draw this connection.

The subject of this dissertation is the connection, or lack thereof,

between the ordinary chondrites and the S-type asteroids. Using a

variety of reflectance spectroscopy methods, we discuss compositions,

physical characteristics, and surface processes which affect their optical

properties and influence inferred origins. We look in every direction

for evidence to bear on this issue - the laboratory, the literature, the

Galileo spacecraft data, infrared telescopic data, and theoretical models.

To begin the investigations, Chapter two is a report on laboratory

experiments which were performed in an attempt to simulate the

optical surfaces of ordinary chondrite parent bodies to see if the optical

properties of the S-type asteroids could be "manufactured" by alteration

of ordinary chondrites. The next chapter is a three-parameter analysis

of the main spectral features which were found to be most altered by

the experiments from Chapter two. In this chapter we discuss the
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historical background of the problem and make some statements

regarding the efficiency of space weathering processes in altering

reflectance spectra of the meteorite parent bodies. In addition, the

three-parameter analysis is used to display the characteristics of a large

number of S-asteroid and OC meteorite spectra to search for genetic

implications. Chapter four is an examination of the first spacecraft

images and spectral maps of an S-type asteroid, with an emphasis on

characterization of the physical surface, and mapping of spectral

heterogeneity with possible mineralogic implications. Chapter five is a

presentation of a new telescopic survey of the S-type asteroids.

Utilizing the seven color infrared filter system recently designed by

Granahan and Bell (1992), reflectance photometric observations of 60

small and previously unobserved S-type asteroids were made and are

analyzed for spectral variations and meteorite-affinity implications.

Specifically, we investigate the suggestion that the OC parent-bodies

may be found among the smaller main-belt asteroids (Bell et al., 1989).

Finally, in Chapter six, an anlysis of the compositions of S-type

asteroids is performed using theoretical modelling and the Hapke

spectral reflectance theory. The model compositions are analyzed for

trends that can be related to what is already known about S-asteroids

and the meteorites proposed to be derived from them.

3



Chapter 2

Laboratory Experimentation

The Meteorite-Asteroid Spectral
Comparison: The Effects of Comminution,
Melting and Recrystallization

Published in
Icarus, Volume 97, pp. 288-297, 1992.
With Coauthors F.P. Fanale and J. W. Salisbury

Abstract

Laboratory results from a simulation of the possible effects of

spectral alteration on reflectance of the optical surface of ordinary

chondrite parent bodies is presented. Diffuse reflectance spectra from

0.3 to 2.6 microns were obtained for three chondritic meteorites. To

simulate possible regolith processes the samples were then

comminuted to finer grain sizes, and the effect of comminution on

their reflectance spectra was measured. Following comminution, the

4
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samples were melted, recrystallized, recomminuted, and remeasured.

These laboratory alterations produced a decrease in absorption band

depths at 0.95 microns, and melting and recrystallization produced a

significant drop in albedo. A reddening of the continuum, as

previously reported for eM meteorites upon comminution and for

lunar samples upon vitrification, also occurred for OC meteorites to a

minor extent. Thus, although it was found that spectral characteristics

could each be significantly changed by these procedures, no set of

procedures was able to simultaneously affect all relevant parameters in

such a way as to improve the match between ordinary chondritic

meteorites and S-class asteroids. These results are consistent with

what is known of physical aspects of asteroid regolith evolution and

with the existence of several currently satisfactory spectral matches

between meteorites and asteroid spectral classes.

5



2.1 Introduction

Studies of mineralogical properties of the asteroids are of

fundamental importance for our understanding of the formation and

early evolution of the solar system. In this vein the connections

between meteorite types and their possible parent-body asteroids

continues to be an area of active research. Many satisfactory spectral

matches have been found between meteorite classes and spectral classes

of asteroids. However there are very few known asteroidal analogs to

the ordinary chondrites (OC's) (Gaffey, 1985; McFadden, 1983a;

McFadden et al. 1985), and it is unclear whether there are meteoritical

analogs to the S-class asteroids in our meteorite collection (Gaffey et al.,

1989; Bell et ai., 1989). The failure to find meteoritical matches for all

asteroid classes could reflect poor statistical sampling of the asteroids.

Alternatively, it is possible that our method of spectral comparison

overlooks unknown regolith processes that may be occurring on

asteroids which would alter the reflectance spectra of their optical

surfaces (Wetherill and Chapman, 1988). The most likely regolith

processes are comminution and vitrification, which are known to

affect spectra of lunar materials (Housen et al. 1979; Matson et al., 1977;

Pieters, 1984) and can be simulated in the laboratory. The spectral

effects of these two processes is the subject of this chapter.

6



We begin by asking the question: Based on spectral

characteristics, if there is a qualitative match between the inferred

mineralogies of a meteorite and an asteroid, could there be some

extraneous reason for a poor match in albedo, continuum slope or

band depth? Is there any possible process that could alter these

characteristics without altering band center position? In fact, these are

the very characteristics altered by vitrification in lunar regolith

samples. In order to determine the extent to which these factors could

be altered by possible asteroidal regolith processes operating on

ordinary chondritic material, comminution and vitrification were

simulated in the laboratory by pulverizing, melting and quenching,

and then repul verizing meteorite samples. The results of this

experiment are presented here together with some discussion of the

implications for asteroid-meteorite spectral linkage.

2.2 Previous Work

2.2.1 Laboratory Methods

The method used so far for meteorite-asteroid comparisons is to

pulverize meteorite samples to grain sizes thought to approximate

asteroid surface textures (DolIfus and Zellner, 1979; Dollfus et al., 1989),

to obtain their reflectance spectra in the laboratory and then to compare

the meteorite spectra with asteroid spectra obtained telescopically

7



(McCord and Gaffey, 1974; Gaffey, 1976; McFadden and Gaffey, 1978).

Polarization data (Chapman et al., 1975; Dollfus et al., 1989) indicate

that asteroid surfaces are fine grained (between 30 and 300 microns).

Also, in the case of the moon, mean particle sizes in the repeatedly

comminuted fine fractions of lunar soils peak between 45 and 100

microns, which may set a good lower limit for less worked materials

(Housen et al., 1979) such as those which supposedly exist on asteroidal

surfaces. Photometric modeling of telescopic spectra supports this

interpretation of grain sizes (Hapke and Wells, 1981), and leads to the

expectation that pulverization occurs to some extent on

atmosphereless planetary surfaces.

Thus, the conventional laboratory method is based on the

assumption that pulverization is the main regolith-forming process in

effect on asteroid surfaces (Gaffey and McCord, 1978; Housen et al.,

1979). However, it remains possible that reflectance spectra of exposed

optical surfaces of asteroids may also be altered by solar wind

implantation, glass or agglutinate formation, or other processes, to a

greater extent than the deeper material which supplies meteorites. The

top-most few micrometers of an asteroid's surface (its optical surface) is

what we must consider to be representative of its entire composition.

(See McKay et al., 1989, for a review of shortcomings in our knowledge

of the properties of asteroid surfaces.) If there is some alteration

process affecting this optical surface, then the surface reflectance

properties may not necessarily be representative of the asteroids

interior composition (King et al., 1984). On the other hand, if accepted

8



connections between meteorites and asteroids are valid, such a

"weathering" process, if it exists, must affect mineralogically distinct

asteroid types to different degrees, or in various ways.

2.2.2 Spectral Measurements

The spectrum characteristics most often measured for diagnostic

meteorite-asteroid comparison include; albedo, in the case of asteroids,

and reflectance, in the case of meteorites (both values taken at 0.56

microns) (Lebofsky and Spencer, 1989; Gaffey, 1976). Also measured are

continuum slope, vibrational and electronic absorption band depths,

band areas, and band center positions. For comparisons between

telescopic and laboratory da ta, small (-10%) differences in albedo are

more ambiguous, and thus considered less important, than variations

in continuum slope and band depths (Clark and Roush, 1984;

McFadden, 1983b; Gaffey and McCord, 1978; Gaffey, 1984).

2.2.3 Asteroidal Regolith Processes

Models for glass and agglutinate formation in asteroidal

regoliths generally conclude that these processes are largely inhibited by

a) low relative impact velocities in the main belt, and b) large

percentages of material lost due to collisions between small bodies

(Matson et al., 1977; Harz and Schaal, 1981; McKay et al., 1989). Such

models are consistent with the low levels of agglutinates found in
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meteorite regolith breccias (McKay et ai., 1989; Bell and Keil, 1988) and

with interpretations of telescopic observations (Gaffey and McCord,

1978). Before concluding that glass and agglutinate formation processes

do not occur on asteroidal optical surfaces, however, it is important to

understand the contribution of vitrified material to spectral reflectance

curves. Clearly, the spectral properties of a glass will depend on its

chemical composition (Cloutis et al., 1990b). For impact-produced

glasses, the minerals from which it forms are of primary importance.

On the moon ilmenite is an abundant opaque phase and, when

included in glass, it tends to reduce the albedo of the lunar regolith. In

the formation of agglutinates (or other impact-produced glasses),

mean while, iron is reduced to metallic iron, and this results in a

reddening of the slope of its spectrum. Agglutinate formation is a

result of micrometeorite bombardment, and the agglutinitic fraction of

the regolith increases with time (Adams and McCord, 1971; Matson et

al., 1977; Horz and Schaal, 1981). This creates a measure of the exposure

age or 'maturity' of a lunar soil in the space environment (Matson et

aI., 1977; Nash and Conel, 1973). Forma tion conditions are also

important, however, and variations in temperature and rates of fusion

can affect reflectance characteristics. Darker glasses are produced, for

example, if the heating times are increased (Cloutis et al., 1990b). This

is probably the result of the increasing concentration of refractory

elements, or of a change in the oxidation states of the transition series

metals. The spectral differences between glass and agglutinate

formation products are as yet undetermined. It may be that the
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vitrification processes for these two products are sufficiently different

in terms of energy and oxidation state environments that the metal

components of target lithology will behave differently (McKay et aI.,

1989).

In addition, shock effects are known to affect spectra, partly as the

result of enhanced dispersal of the metallic phase (Gaffey, 1976; Britt

and Pieters, 1989). Sub-micron grains of Fe,Ni metal and troilite will

appear in optically important areas, such as grain boundaries, due to

shock-induced dispersion, and this will change the reflectance of the

material considerably (Britt and Pieters, 1989). Also, Salisbury et aI.

(1975) note an overall increase in reflectance and band strength with

increasing petrologic type among ordinary chondrites due to the

corresponding reduction in the percentage of opaque material present.

Bell and Keil (1988) studied the spectra obtained from cut

sections of ordinary chondrites which were high in solar-wind

implanted gases. This high gas content implies that the OC breccias

were at the surfaces of their parent bodies for some length of time, and

may represent the very regolith which we attempt to simulate. The

results of Bell and Keil show no evidence for surface alteration

processes which may indicate that 1) there is no such process, or 2) it is

not detectable in the OC breccias.
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2.2.4 Spectral Matching

Although several satisfactory asteroid-meteorite matches have

been made (Gaffey et al., 1989) an example of a spectral mismatch is the

hypothesized link between the ordinary chondrites and the S-c1ass

asteroids (see Figure 2.1). Wetherill and Chapman (1988) have

presented a full discussion of this problem, but a brief overview of the

relevant points are needed here. The most abundant single class of

asteroids observed in the inner main asteroid belt are S-class, and over

eighty percent of meteorites in the current collection are ordinary

chondrites (Sears and Dodd, 1988). In fact, eighty-one percent of all

observed falls are OC's, while eighty-nine percent of all Antarctic finds

are OC's. At first glance they are indeed spectrally similar, and a

genetic link is suggested. Both the OC's and the S's appear to reflect

varying proportions of olivine, pyroxene, and Fe.Ni metal (Gaffey,

1976; Gaffey et al., 1989; Bell et al. 1989; Cloutis et al., 1990a), and both

types have a roughly similar range of albedos (reflectance at 0.56

microns) (see Table 2.1). Additionally, modeling by Wisdom (1983,

1985), and Wetherill (1985) has quantitatively shown that ordinary

chondritic meteorite fluxes and orbital parameters can be supplied by

asteroidal sources near the 3:1 Kirkwood gap in the asteroid belt, which

is just where the S-class asteroids are. Most workers, however, agree

that the specific problems with this spectral comparison far outweigh

the statistically comfortable connection.
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Table 2.1

Meteorite-Asteroid Spectral Parameters
A table of typical values for continuum slope (as measured from 0.7 to
1.5 microns), band center depths (as defined by Clark and Roush, 1984),
and albedo for both the S-class asteroids (from Bell et al. unpublished
data) and the Ordinary Chondrite meteorites (from Gaffey, 1976).

Slope Band Depth Albedo Type

S-ASTEROIDS

3 Juno 0.14 0.09 0.22

7 Iris 0.66 0.12 0.25

12 Victoria 0.46 0.09 0.16

15 Eunomia 0.33 0.10 0.19

26 Proserpina 0.24 0.08 0.16

32 Pomona 0.29 0.10 0.25

37 Fides 0.40 0.13 0.17

39 Laetitia 0.40 0.09 0.29

68 Leto 0.31 0.12 0.20

80 Sappho 0.47 0.13 0.15

average: 0.37 0.10 0.20

DC-METEORITES

Vavilovka 0.05 0.34 0.27 LL

Dhurmsala 0.26 0.31 0.29 LL6

Soko Banja 0.07 0.26 0.29 LU

Elenovka 0.01 0.33 0.31 L

Bjurbole 0.29 0.24 0.24 L4

Borkut 0.21 0.17 0.16 L5

Mocs 0.08 0.39 0.33 L6

Zjoutnevyi 0.01 0.26 0.36 H

Nanjemoy 0.05 0.24 0.32 H6

Bur Gheluai 0.05 0.18 0.15 H5

average: 0.11 0.27 0.27

15



Interpretation of S-c1ass spectra based on band area ratios have

led to estimates of olivine/pyroxene ratios that are too high to match

the contents found in OC meteorites (Feierberg et al. 1982; Gaffey, 1986).

Band depths, (calculated as outlined by Clark and Roush, 1984) are a

measure of the strength of the absorption and thus an indicator of

relative abundance of the absorbing medium and tend to be deeper for

the OC meteorites than for the S-class asteroids. This fact has led to

some estimates of high metal/silicate ratios for S asteroids relative to

those found in OC meteorites (Gaffey and Ostro, 1987). In addition, the

slope of the S-class continuum (see Table 2.1) is characteristically more

red than that of the OC's (Gaffey and McCord, 1979). Continuum

reddening can result from a) increased metal components, b)

comminution effects (Johnson and Fanale, 1973), c) temperature

decreases (Roush, 1984), d) high specular return from flat metal sufaces

(Britt and Pieters, 1988) or from e) glass and agglutinate contents

(Adams and McCord, 1971). As mentioned above, direct comparisons

between meteorite reflectance and asteroidal albedo are inexact at best

(Lebofsky and Spencer, 1989; Britt, 1991). It should also be noted that

the errors introduced by size and flux uncertainties into asteroid albedo

calculations can be significant (Tedesco et al., 1989). The meteorites

measured for Table 2.1 were ground to a fine grain size, ( - 60 microns)

and although this fact enhances the match between asteroid and

meteorite albedos, it serves to intensify the differences in their band

depths. Considering the uncertainties inherent in the standard

comparison procedure, it is conceivable, therefore, that phenomena
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peculiar to the surface of asteroids are affecting the diagnostic value of

reflectance spectroscopy in asteroid - meteorite spectral comparisons.

2.3 Procedure

2.3.1 Sample Preparation

This chapter is an attempt to further constrain the effects of

comminution and vitrification as optical surface alteration processes by

studying their effects on the three spectral parameters of continuum

slope, absorption band depth, and albedo of ordinary chondrites.

Several different meteorites were selected on the basis of availability to

be used for this study: Ozona, an H6 find; LaCriolla, an L6 fall; and

Nuevo Mercurio, an H5 fall, all ordinary chondrites. These meteorites

also sufficiently represent the range of possible reflectance values

found among ordinary chondrites (see Tables 2.1 and 2.2). Samples

were ground to various grain sizes with an ordinary ceramic mortar

and pestle. Different grain sizes were obtained not by separation but by

repeated grinding of the same sample, and the sizes noted are to be

considered the upper limit of grain sizes in the sample as the

distribution allowed through the sieving process favors larger numbers

of finer fractions. In order to cover the range of grain sizes expected to

be present on asteroidal surfaces, three size fractions were prepared: 350

microns, 150 microns, and 50 microns.
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Bidirectional reflectance spectra were obtained at the NASA

supported Reflectance Experiment Laboratory (RELAB) facility at

Brown University (see Figure 2.3). Observational geometry in the lab

is set up to simulate likely telescopic observational geometry: an

incidence angle of 300 and an emission angle of 00 . Spectra were taken

at a resolution of 1.5% (see Figure 2.2), using halon as a reference

material, with a spot size of 0.5 cm. Samples are prepared for

reflectance measurements in the following manner: The dish is

partially filled and then tapped lightly to induce settling. This process

is repeated until the sample cup is filled. The surface is then made

level by passing the edge of a stainless steel spatula straight across the

top. All samples are carefully prepared in exactly the same manner

(Mustard and Pieters, 1989). It should be noted, however, that

significant changes in reflectance of samples is observed when sample

preparation varies from a packed to a sifted surface. This effect has

been especially noted in the thermal infrared and may also be

important in the wavelength region considered here (Salisbury and

Eastes, 1985).

2.3.2 Experimental Treatment

Small «2 grams) subsamples of the 350 micron grain size were

melted in a nitrogen controlled-atmosphere fusion furnace (for design

specifications see Jezek et al.,1980) at 1700°C for approximately 10

seconds with subsequent rapid cooling under a flow of nitrogen gas at a
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temperature of zero degrees Celcius. During melting the meteorite

powder was observed to reach the vapor pressure of silicate chemistry.

The attempt to quench the fused sample to a glass by exposure to cold

nitrogen gas resulted in a microcrystalline texture due to the olivine

normative chemistry of ordinary chondrite material. Thus, true

vitrification as observed for feldspathic minerals on the moon was not

possible for ordinary chondrite meteorites. The conditions specified

above were imposed in an effort to simulate, as closely as possible, the

non-oxidizing environment and low temperatures of an asteroidal

space environment. Following melting and recrystallization the

samples were reground to grain sizes of 350 and 50 microns.

2.4 Results

2.4.1 Spectral Alteration

For comparison purposes, spectra of various OC meteorites and

of typical S class asteroids were measured for continuum slope, for

band depth at the band center near 0.95 microns and for albedo (in the

case of asteroids, or reflectance in the case of meteorites). These

measurements are listed in Table 2.1. The meteorite data were taken

from spectra of the finer grain size ( - 60 microns) presented by Gaffey

(1976). It should be noted that the grain size distribution of Gaffey's

meteorite samples was cut off at 60 microns, resulting in a lack of finer
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grains which tend to coat large grains and dominate the spectra of the

optical surface. This lack of fines may produce a reduction in

reflectance and continuum slope.

The results from the vitrified samples of this study are presented

in Table 2.2. Grain sizes for the finest meteorite powders presented

here are less than or equal to 50 microns, slightly smaller than the

grain size for Gaffey's ordinary chondrites. The asteroid measurements

were taken from unpublished data provided by J.F. Bell et al. (1988).

For a complete description of the calculations of band depth and

continuum slope see Clark and Roush (1984). The values for band

depth listed in Tables 2.1 and 2.2 are calculated by fitting a straight-line

continuum between the maxima near 0.7 and 1.5 microns. The slope

of the continuum is calculated simply as the rise in reflectance divided

by the change in wavelength. The continuum is removed by ratioing

the entire spectrum to the slope (a scalar number). The band depth to

the relative minimum near 0.95 microns is then;

D =(Rc- Rb) / Rc (2.1)

where Rc is the reflectance of the continuum at the band center, Rb is

the reflectance of the sample at the band minimum, and D is the band

depth.
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Table 2.2
Experiment Results

Values for continuum slope, band depth, and albedo (actually
reflectance at 0.56 microns) for the unaltered and altered meteorites
presented in Figures 2.2 and 2.3.

Before Alteration

Nuevo Mercurio HS

50 microns

150 microns

350 microns

La Criolla L6

50 microns

150 microns

350 microns

Ozona H6

50 microns

150 microns

350 microns

After Alteration

Nuevo Mercurio

50 microns

350 microns

La Criolla

50 microns

350 microns

Ozona

50 microns

350 microns

Slope

0.01

-0.02

-0.02

0.04

0.10

0.08

-0.10

-0.09

-0.07

0.15

0.05

0.19

0.08

0.04

-0.05

2 1

Band Depth

0.29

0.32

0.39

0.18

0.28

0.27

0.11

0.17

0.16

0.06

0.12

0.09

0.13

0.07

0.08

Albedo

0.27

0.26

0.30

0.18

0.19

0.16

0.13

0.10

0.10

0.14

0.08

0.13

0.07

0.10

0.07



The normalized reflectance spectra of the unaltered meteorite

powders are shown in Figure 2.2. All samples show the 0.95 micron

olivine/pyroxene band, although their reflectances and spectral

contrasts vary (see Table 2.2). These samples have continuum slopes,

reflectances, and spectral shapes typical of ordinary chondrites (see

Table 2.1). After melting, recrystallization, and regrinding (see Figure

2.5), the reflectance at 0.56 microns has dropped drastically (from 0.27 to

0.14 in the case of Nuevo Mercurio), and the absorption band depth at

0.95 microns has decreased by as much as 23%. The slope of the

continuum, however, increases from the 50 micron-size sample of the

unaltered meteorites to the 50 micron-size of the fused samples. For La

Criolla this increase is most dramatic - from 0.044 for the unaltered

powder to 0.188 for the vitrified powder (see Table 2.2). This amounts

to an increase of 77% in the continuum slope value.
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Figure 2.2a Reflectance spectra of Nuevo Mercurio, an HS DC at
three grain sizes from 0.3 - 2.6 microns.
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Figure 2.2b Reflectance spectra of La Criolla, an L6 DC at three
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2.5 Discussion

Schematically, sample alteration as described here has these

general results: Spectral contrast decreases with a decrease in particle

size, and reflectance increases (with one caveat as mentioned below).

Continuum slope also increases with comminution (Johnson and

Fanale, 1973; Adams and McCord, 1971). After melting,

recrystallization, and repulverization, reflectance drops dramatically

and spectral contrast goes down. After repeated comminution to the

melted samples the increase in reflectance is accompanied by an

increase in continuum slope and a drop in spectral contrast.

2.5.1 Reflectance

In general, reflectance increases with decreasing particle size

(Adams and Filice, 1967), but in the case of multi-mineral

agglomerations such as the OC's we see the effects of two competeing

processes; increased reflectance due to increased volume scattering and

decreased reflectance due to dispersion of opaques. Thus, overall

reflectance decreases (see Figure 2.2) as the particle size gets smaller due

to dispersion of the fine grained metal opaques which ha ve an

increased spectral contribution at finer grain sizes (Britt and Pieters,

1989).
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2.5.2 Continuum Slope

Other studies, conducted on different types of meteorites and

lunar regolith powders have also shown these general trends.

Johnson and Fanale (1973) found increasing redness of the· continuum

due to decrease in the grain size of carbonaceous chondrites, all CM's

(see Figure 2.4). As the continuum slope increases in these samples,

the -0.95 micron olivine/pyroxene band grows more pronounced,

increasing the spectral contrast (Johnson and Fanale, 1973). An

increase in reflectance and continuum slope with decreasing particle

size is typical of iron-rich materials. This is due to the fact that only at

finer particle sizes can significant volume scattering take place in the

highly absorbing grains of iron-rich minerals. Thus a moderate

decrease in particle size and an increase in volume scattering will

result in an increase in reflectance and, with various iron absorptions

typically decreasing toward longer wavelengths, a redder slope.

Matson et al. (1977) found reddening of the continuum due to

maturation, or increased impact glass production, of a lunar regolith.

In this case the reddening was associated with a drop in albedo and

spectral contrast, and was linked with the presence of ilmenite, a

spectrally red component. Cloutis et al. (l990b) found reddening of the

continuum slope after vitrification of laboratory-concocted mixtures of

pyroxene, plagioclase, and ilmenite. This was accompanied by a drop

in albedo and spectral contrast.
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It has been suggested that contamination of meteorite samples by

terrestrial water could decrease continuum slope by introducing an

apparent downward trend of the continuum going into the water band

at 2.9 microns. The magnitude of this effect has not been investigated

here, although most workers argue that it is neglegible, due to the fact

that the water band and its overtones are sharp absorption band

features, and have little effect on the reflectance of the continuum. On

close examination of water-rich samples of montmorillonite, however,

the strength of the water bands imparts a negative slope on the

continuum in the 1.3 - 2.9 micron region, but the absorption bands in

the 0.8 to 1.3 micron region do not affect the continuum. This negative

effect on continuum slope thus appears to be possible for very water

rich samples, although even for the extreme case of montmorillonite

the resulting change in reflectance is not more than 10%. The extent to

which meteorites have been hydrated by terrestrial water is not

investigated here. Therefore since the continuum slopes for

meteorites in this study were measured between 0.7 and 1.5 microns,

they will have to be considered to be a minimum, keeping in mind

that changes greater than 10% are highly unlikely due to the fact that

ordinary chondrites are far less absorbant than montmorillonite clay.

32



2.5.3 Spectral Contrast

In general, spectral contrast will be a function of the absorption

coefficient of the material and the surface roughness scale. Thus, at a

particular wavelength, there will be an optimum particle size that

maximizes the band depth (Clark and Roush, 1984). For silicate bands,

like the olivine/pyroxene band at 0.95 microns, the optimum grain size

is several hundred micrometers. Below that size a decrease in particle

size will reduce spectral contrast.

In the process of melting and recrystallization the spectral

contrast of the mafic mineral bands has been highly reduced, as seen in

the pure glass samples shown in Figure 2.3. A mixture of fused and

unfused samples (50%:50%) at a grain size of 350 microns is presented

in Figure 2.5. These spectra are left unnormalised to better portray the

actual change in reflectance characteristics. The result of a drop in

reflectance and in spectral contrast was anticipated, but this experiment

was designed to test what happens upon repeated alteration of samples.

In order to simulate a possible regolith environment where target

materials on an asteroids surface are presumably bombarded repeatedly

in the course of their exposure time (Housen and Wilkening, 1982),

the altered samples were repulverized. Thus, after further

comminution to a grain size of 50 microns, the samples were

remeasured (see Figure 2.5). The results are presented in Table 2.2; for

all samples the reflectance and the continuum slope increased, but the

spectral contrast decreased.
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A comparison between Tables 2.1 and 2.2 shows the extent to

which melting, recrystallization, and comminution have an effect on

the spectra of ordinary chondrites. Based on the three spectral

characteritics measured, none of the three meteorites in this study can

be spectrally altered to have S asteroid characteristics. It thus appears

that this experiment has failed to find a path by which the spectra of

ordinary chondrites can be made to match those of the S-class asteroids.

2.6 Conclusions

In conclusion, the characteristics of the spectra of altered

ordinary chondrites presented in this work do more closely resemble

the S-class asteroids in that the mafic mineral bands are less intense.

However, the albedo is decreased to values below those of the S-class

and cannot be restored by further comminution. Most significantly,

the slope of the continuum remains too low to be S-like. This may be

the result of the fact that reddening associated with melting and

vitrification may depend on the intrinsic redness of the dispersed

opaques in the glass (as on the moon). The opaque phases in glasses

found in lunar soils, for example, are ilmenite-rich and are almost

invariably characterized by an increase in reflectance toward longer

wavelengths (e.g. Matson et al. 1977; Lucey et al. 1986). The opaque

metal phases found in ordinary chondrites, however, are spectrally flat,

and contribute neither to the slope of the continuum nor to the
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spectral contrast perhaps due to thin mineral coatings of iron oxides

and/or iron sulfides that tend to mask their redness (Gaffey, 1986).

These anomalous coatings have been suggested to explain the absence

of spectral redness, but their existence has not yet been proven (Britt

and Pieters, 1988). Having been completely melted and recrystallized,

however, the metallic particles of the altered chondrite powders in this

study might be expected to have different optical properties if indeed a

mineral coating were present before alteration.

The results of this study indicate that either 1) the processes we

chose to simulate regolith effects were inappropriate simulators of

processes that actually occur on asteroid surfaces, or 2) the effects of

melting, recrystallization, and comminution on meteorite samples are

insufficient to explain any mismatch between meteorites and the

optical surfaces of asteroids. In the first case it is possible that the

assumptions made about the space environment during melt-forming

impacts were incomplete, and if so there may be alternative methods

for simulation. For example, we were unable to simulate shock effects.

However, studies of shocked chondrites have failed to suggest any

spectral relationship to S class asteroids although a relationship to

some C class asteroids has been suggested (Britt and Pieters, 1989). In

the second case, this conclusion is supported by studies of OC regolith

breccias such as that of Bell and Keil (1988) which indicate no evidence

for appreciable vitrified melt contents nor for other space weathering

effects. Thus, if melt formation is not affecting the optical surfaces of

asteroids, we have increased confidence in the conventional method of
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meteorite-asteroid comparison. This conclusion is consistent with the

successful matches that have been made between meteorite and

asteroidal spectral classes.
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Chapter 3

Spectral Analysis

Ordinary Chondrites, S-Type Asteroids,
and Their Component Minerals: Genetic
Implications

Published in
Journal of Geophysical Research, Volume 97, No. E12,
pp. 20,863-20,874, December 25, 1992,
With Coauthors F.P. Fanale and J. F. Bell

Abstract

Three salient features of visible and infrared reflectance spectra

of ordinary chondrites (OC's) and S-type asteroids are: 1) albedo at 0.56

urn, 2) continuum slope, and 3) depth of the electronic absorption band

due to octahedrally coordinated Fe++ in olivine and pyroxene. These

quantities were numerically extracted from the spectra of 23 OC's

representing all metamorphic grades and 39 S-type asteroids to be

plotted in a three-dimensional coordinate system. The spectral
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characteristics of three OC's which were comminuted, melted,

recrystallized and recomminuted are also presented in the same

format.

The results show that although laboratory simulation of melt

alteration in an asteroidal regolith does alter OC spectra, the spectral

parameters of these altered meteorites do not change enough to leave

the parametric region defined by 'unaltered' OC spectra. When the

region containing the 39 S-asteroid spectra is compared with that of the

altered and unaltered OC's it is found that not one of the OC's falls

within the S-asteroid region. The differences may be largely attributed

to spectral differences between the respective metallic components.

The range of S-asteroid parameters is then compared with

potential pure 'end member' components most likely to result from

magmatic differentiation of a chondritic protoasteroid - olivine,

orthopyroxene, clinopyroxene, and Fe,Ni meteorite metal

(alternatively represented by the M-asteroids). It is found that the S

asteroid array is consistent with random mixtures of the differentiated

components except for a notable dominance of the spectral

characteristics of the opaque (metallic) component. These results

suggest that the M-asteroids may form a composition continuum with

the S-asteroids.

We discuss a scenario consistent with this analysis and with the

Bell et al. theory of the geological structure of the asteroid belt.

Ordinary chondritic protoasteroids of all sizes were probably the

dominant primary condensates in the inner portion of the main

40



asteroid belt. These were later heated by electromagnetic induction or

by 26Al nuclide decay. As a result, the smaller ones were subjected to

various degrees of metamorphism while the larger ones were subjected

to large scale magmatic differentiation. Petrological domains of the S

asteroids (beneath a mixed regolith) may be large and supply

achondrites, irons and stony irons to the earth rather than well mixed

breccias of these components. The (smaller) DC protoasteroids may

still be abundant in the asteroid belt, but, if small enough to escape

differentiation, may also be small enough to escape earth-based

identification.
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3.1 Historical Context

The longest running argument in asteroid science concerns the

mineral composition and meteoritical association of the asteroids

assigned to taxonomic type S. It was known long before asteroid

spectroscopy began that ordinary chondrites (OC's) make up more than

75% of observed meteorite falls. Some (but not all) meteoriticists of the

1960s came to believe these fall statistics must reflect the proportions of

meteorite parent bodies in the asteroid belt. Thus, when the first

asteroid colors and albedos were obtained in the early 1970s there was a

strong expectation that many asteroids would resemble the OC's.

Indeed, the spectral class "5" originally was intended to stand for

"silicaceous" as "M=metal" and "C=carbonaceous" (Chapman et al.,

1974). Thus the original 3 asteroid types were expected to neatly

account for ordinary chondrites, irons, and carbonaceous chondrites.

Later, when spectra of powdered ordinary chondrites were

measured in the lab (Chapman and Salisbury, 1973; Gaffey, 1976) it

became apparent that they actually had little similarity with S-asteroids

other than having olivine and pyroxene absorption bands. The

asteroids have a steep red continuum unlike that of the OC's, and the

details of the S-type silicate bands vary widely, implying a greater

mineralogic diversity than found in the OC range. To explain these

facts it was suggested that most S-type surfaces are differentiated
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assemblages of metal, orthopyroxene, and olivine (Chapman, 1976;

Gaffey and McCord, 1978). This mineralogy is similar to stony-iron

meteorites such as pallasites, lodranites, and siderophyres. Such

material would be the product of melting in the deep interiors of

asteroid parent bodies, which were subsequently exposed by collisional

disruption. Advocates of this hypothesis have proposed various

alternate source bodies for OCs. Probably the least objectionable of

these is the Q-class asteroids, which conveniently are all tiny Earth

crossing asteroids which have only been examined with limited

reflectance spectra (McFadden et al., 1984; McFadden et al., 1989). But

current collisional models of the asteroids require that this population

be constantly replenished from a reservoir in the main belt, where no

Q-types have yet been found (McFadden et al., 1985; Wetherill and

Chapman,1988; Wisdom, 1985).

Upon discovery of the continuum slope problem, it was

proposed that the red continuum of S-asteroids is created by some

"space weathering" process which alters the spectrum of the uppermost

regolith (Feierberg et al., 1982; McFadden, 1983a,b; King et al., 1984;

Pieters, 1984; McFadden and A'Hearn, 1986). These processes were

generally associated with the metal component of chondrites, because it

is observed that pure-silicate asteroids of classes V, R, A, and E do not

exhibit any reddening. This proposal has inspired investigations of

both synthetic metal-rich regoliths derived from OCs (Gaffey, 1986),

natural OC parent body regolith material preserved in some meteorite

breccias (Bell and Keil, 1988), and the shock blackened chondrites (Britt
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and Pieters, 1989). These studies and laboratory alteration of OC's

(Clark et al., 1992) demonstrate that "weathered" OC material does not

redden, bu t rather becomes spectrally flatter and in extreme cases

approximates a C-type spectrum, but never an S-type. In fact this

similarity has lead some to propose that shock blackened OC's actually

corne from C-type asteroids (Britt and Pieters, 1991).

When the first near-IR spectra of S-asteroids revealed that most

had higher olivine/pyroxene ratios than the OC's, it was proposed

(Feierberg et al., 1982) that they represented unknown types of

chondrites, specifically material with the silicate composition of

carbonaceous chondrites but no carbon. Since no such meteorites have

ever fallen on Earth, this hypothesis requires its advocates to abandon

the very fall-statistics argument that had originally inspired the

chondritic interpretation of S-types in the first place. Furthermore, the

asteroid 8 Flora which was cited as the most OC-like of the subset of S

types studied by these authors, was later shown to have large variations

in silicate mineralogy between different regions of its surface which

were inconsistent with the types of variations allowed for OC's (Gaffey,

1984).

The mounting spectral evidence for large variations in

composition between different S-asteroids and even across the surface

of individual ones lead some workers (e.g. Gaffey, 1984) to wonder if

both schools might be right. Indeed, since we observe an entire

"hemisphere" at once with Earth-based telescopes, it is impossible to

rule out some chondri tic areas on the surfaces of S-asteroids, if one
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allows some other areas to be made of extreme differentiated

mineralogies (e.g., pure metal or pure olivine). Current ideas about

asteroid differentiation lean toward complex patterns of heating and

melting, making the possibility of mixed asteroids with differentiated

and undifferentiated material on the same body viable. A serious

objection to this theory, however, is that the actual OC regolith breccias

do not contain differentiated clasts (Keil, 1982; Lipschutz et al., 1989),

which would be sure to exist in the megaregolith of a "patchwork

asteroid".

Alternatively, one may take the wide variety of S spectra to

indicate that there is actually no such thing as a unified "S-type

asteroid", but a variety of different objects with different origins and

histories which have not yet been properly distinguished. S-types span

about 40% of the parameter space in the V-B vs B-V plots of Bowell and

Lumme (1979), and also cover a wide range in parameter space in the

principal component analysis of Tholen (1984). For instance, the Eos

asteroid family contains objects formally classified S in most systems,

but with IR spectra that closely match those of CO or CV chondrites. A

new class "K" was recently created to contain these objects (Bell, 1988;

Tedesco et al., 1989). In addi tion, three strange S-type asteroids have

recently been distinguished from the rest of their class due to their

anomalous principal components in the PCA of Burbine (1991). These

three asteroids have infrared reflectance spectra which differ

significantly from the rest of the S-class population and have thus been

interpreted to have different formation histories and mineralogic
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affinities (Burbine et al., 1991). However, this probably does not herald

the end for Class S. There are still a significant number of well

observed objects with classical S-type properties that will always

remain, even if some of the fainter objects which have only

incomplete spectral data later turn out to be something else.

3.2 Previous Work

The most likely meteoritical analogs of the S-type asteroids are a

wide variety of stony-iron assemblages often grouped under the loose

term "anomalous stony-irons" (see Table 3.1). A subgroup of these

meteorites, the so-called primitive achondrites, has been used in

mixing-model simulations (Hiroi and Takeda, 1990, 1991; Hiroi et al.,

1992). These simulations have shown that a variety of S-asteroid

spectra can be closely reproduced by mixing primitive achondrite

spectra with various proportions of Fe,Ni spectra.

Studies of band area ratios have been used to distinguish

between the inferred mineralogies of the ordinary chondrite meteorites

and the S-type asteroids (Feierberg, 1982; Gaffey, 1991). Band area

ratios can indicate the relative proportions of mafic minerals present in

multi-mineral assemblages (McFadden and Gaffey, 1978; Cloutis et al.,

1986). This technique has the advantage that it is insensitive to

changes in grain size because changes in band areas due to grain size

are ratioed out. Metallic components are then analytically inferred
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Table 3.1

Stony-iron meteorite types likely to be derived from S-type
asteroids (assuming small-scale intermixing of metal and silicate
components). Meteorites in the top section have highly
differentiated silicate mineralogies. Those in the second section
have approximately "primitive" silicate compositions similar to
those in chondrites. Netschaevo is a unique example of actual
un melted chondrite clasts in an otherwise iron meteorite.
Winonaites and Acapulcoites are examples of achondritic,
metal-free meteorites which still retain nearly chondritic silicate
mineralogies. These may be from large (e-Im) metal-free regions
on S-type asteroids. Some pure iron meteorites may be derived
from completely Fe.Ni alloy regions on the same asteroids
(From T. McCoy, personal communication).

TYPE MINERALS #

Pallasites FeNi + olivine 40
Mesosiderites FeNi + basaltic clasts 2S
lIE "Irons" FeNi+ opx-albite globules 5
Guin FeNi+ opx-albite globules 1
NA "Irons" FeNi + opxcpx.mdimite 2
Sombrerte FeNi+ opxplg.glass 1
Tucson "Iron" FeNi+ fo-en globules 1

Lodranites FeNi+ ol.pyx 6
mCD "Irons" FeNi + ol,pyx,plg 2
IAB "Irons" FeNi + "chondritic" fragments 15
Bocaiuva FeNi+ "chondritic" fragments 1
Enon FeNi+ "chondritic" blobs 1
Britstown FeNi+ "chondritic" blobs 1
Kendall County FeNi+ "chondritic" blobs 1

Netsehaevo (lIE) FeNi+ "HH" chondrite clasts 1

Winonaites "chondritic" silicates 4
Acapulcoites "chondritic" silicates 5
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from the presence of slope continua as they possess no diagnostic

absorption bands in the wavelength region 0.3 to 2.5 microns.

Efforts have also been made to use Hapke reflectance theory in

mixing model analyses of reflectance spectra to extract compositional

information (Nelson, 1991). This method can be sensitive to changes

in particle size, however, and where particle size is a free parameter as

it is in asteroidal spectra, different assumptions can lead to inferred

mineralogies which differ by as much as 50% (Nelson, 1991).

Several principal component analyses (PCA) have been

conducted on the asteroid and meteorite spectral data sets studied in

this chapter (Tholen, 1984; Britt, 1991; Burbine, 1991). In general these

analyses have led to the conclusion that the OC meteorites and the S

type asteroids represent intrinsically different spectral classes.

However, the limitations of PCA are that it uses a statistical definition

of variance within a data set, and this definition may not necessarily

correspond to actual physical variations in mineralogical properties.

Those who use PCA caution that although it is a purely mathematical

analysis, free of preconceptions and assumptions, it is at least one step

removed from the actual data (Britt, 1991). Therefore, a hypothesis is

still needed to explain the failure to match spectra of meteorites with

the S-type asteroids, as well as the failure to identify main belt

asteroidal parent bodies for the ordinary chondrites.
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3.3 Approach

The approach used in the present study is to treat spectral

parameters most often diagnostic of mineralogical content as direct

indicators of spectral class groupings. This approach is thus

reminiscent of that used by Chapman and Gaffey (1979) who plotted

reflectance curves from about 0.3 to 1.1 microns for 277 asteroids

according to their RIB (red filter reflectance I blue filter reflectance) vs.

BEND (strength of the 1.0 micron absorption band) parameters. The

difference here is that the current data set covers the wavelength

region from about 0.3 to 2.5 microns, and thus represents more

compositional information.

The current approach differs from those of previous

investigators in two main respects: 1) We do not directly compare

complete spectra of asteroids with meteorites. Instead we

quantitatively summarize the three main parameters of these spectra 

continuum slope, band depth, and albedo - represented by three

numbers, or a position in a three-dimensional coordinate system. This

allows for a simultaneous display of a large number of spectral

parameters, derived from all groups and petrologic types within the

ordinary chondrites, and virtually all of the available S-asteroid spectra

of sufficient quality and wavelength coverage. 2) As an approach to

test the validity of spectral comparisons such as those made in this

study, we include data of ordinary chondrites which have been

subjected to intense alteration in our laboratory, as well as data from
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several asteroids which show rotational variations. In this way, optical

alteration effects which may be occurring on asteroid surfaces, as well

as normal spectral variation due to asteroidal aspect differences

through time, can be quantitatively assessed. Asteroidal regolith

processes may result in optical surface alteration, and processes such as

comminution and melting due to impact heating are considered here.

Because asteroidal aspect rotation can lead to strong spectral differences

from night to night in the course of telescopic observations, implying

important compositional information (e.g., Gaffey, 1984), these effects

are also considered. Thus, within the context of the three spectral

parameters discussed herein, we seek to quantify the ranges of these

effects, and to assess their implications for spectral studies of the

asteroids.

3.4 Procedure

In the wavelength range for which spectra of moderate

resolution are available for a large array of ordinary chondrite

meteorites and S-type asteroids, the most immediately apparent

spectral characteristics are:

1.) Albedo, or reflectance at 0.56 urn.

2.) The slope of the continuum.

3.) The depth of the I-micron absorption band due to

octahedrallycoordinated Fe2+ in olivine and pyroxene.
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Figure 3.1 shows an example of the technique employed to

extract the essential spectral characteristics listed above (Clark et al.,

1992). Continuum slope is calculated as a linear fit from peak to peak

around the mafic mineral band (Clark and Roush, 1984). By

convention, the continuum is removed from the spectrum before band

center position identification by ratioing the entire spectrum to the

continuum slope. The band center (wavelength at maximum band

depth) is the minimization of the derivative of a polynomial fit to the

absorption band near 0.95 microns. Band depth is then measured from

the continuum to the actual band center, regardless of the band center

position, as outlined by Clark and Roush (1984). Band depth is

therefore a measure of spectral contrast or the strength of the mafic

component signature, and due to the two-step procedure in the

calculations, the propagation of errors may result in considerable

uncertainty in this measurement, especially for some of the fainter

asteroids. The procedure for calculating slope and band depth for both

the asteroids and the meteorites is exactly the same. We present the

three characteristics, slope, albedo and band depth, in a 3-dimensional

space with three two-dimensional projections. This procedure allows

simultaneous display of these three numerical characteristics for a large

number of spectra. Specifically, we display parameters from the spectra

of 23 chondrites (Gaffey, 1976; Clark et al., 1992), and 39 S-type asteroids

(Bell et al., 1988).
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Figure 3.1. Asteroid data from J.F. Bell et aI. (1988), and
meteorite data from Gaffey (1976), were measured for the
following three criteria; slope, band depth and albedo. Spectra
were normalized to one at 0.56 microns. Measurements of the
continuum slope are calculated by a linear least square fit from
peak to peak around the mafic mineral band centered at about 1
micron. The continuum was removed by ratioing the entire
spectrum to the continuum slope. Absorption bands were fit
with a polynomial function which was then minimized to
identify the band center. For the asteroids the mafic band centers
varied from 0.92 to 1.02 microns, and for the meteorites from
0.90 to 0.98 Band depths were calculated as percentage of
reflectance from the continuum as outlined by Clark and Roush
(1984). All albedos for the asteroids are from the IRAS
observations as listed by E.F. Tedesco (1989), and all albedos for
the meteorites are reflectance measured at 0.56 microns.
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Albedos of the asteroids are taken directly from the lRAS survey

listing of Tedesco et al. (1989), and those of the meteorites are the

reflectance values at 0.56 microns. There exists some confusion as to

the intercomparability of these two numbers, and although we use

them synonymously here, it must be noted that they are in fact

calculated differently. Geometric albedo is the ratio of the brightness of

a planet and a Lambertian disc of the same radius viewed normally at

zero phase angle (Hapke, 1981). The lRAS albedos are calculated with a

thermal model which allows extrapolation to the reflectance value at

zero phase angle (Lebofsky and Spencer, 1989). Laboratory reflectance,

however, is relative to a Lambertian (perfectly diffuse) reflector and the

viewing geometry is always constrained to some small angle away

from zero phase. Albedos determined at any angle away from zero

phase are termed "pseudoalbedos" (Bowell et al., 1989). Since there is a

nonlinear response in brightness with very small phase angles around

zero, extrapolations to zero phase are model dependant and vary from

material to material (Bowell et al., 1989). There is always, therefore,

some inherent uncertainty in both calculations of geometric albedo.

Also, considering the fact that visual brightness is sensitive to changes

in texture and particle size as well as in composition, neither value can

be taken as more than a rough guide to similarities (Britt, 1991). The

meteorite data used for this study (Gaffey, 1976) were obtained in the

laboratory with the use of an integrating sphere. Thus, the albedo

values listed for the Gaffey meteorites are bond albedos, calculated by

integrating the light reflected from a sample over a 21t distribution.
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This albedo value will differ from the geometric albedo by a factor

proportional to the phase integral (Bowell et al., 1989). Here, we

present the data as it exists in the literature and take care to present the

uncertainties in these parameters. This implies that plots of band

depth vs continuum slope in the present analysis have higher

confidence levels than those of either band depth or continuum slope

plotted against albedo.

Table 3.2 is a list of the ordinary chondrites and S-type asteroids

examined in this study. The spectra of all of these ordinary chondrites

except La Criolla, Nuevo Mercurio, and Ozona (Clark et al., 1992) were

obtained from Gaffey, (1976) and the S-asteroid spectra represent the

complete collection from Bell et al. (1988), with the data for asteroid 951

Gaspra from Goldader et al. (1991). Apart from availability, no

selection process was used. There may exist a slight bias in albedo

because the S-asteroids from the Bell et aI. collection tend to have

high IRAS albedos (the IRAS albedo average of 120 S-type asteroids is

0.15, whereas the Bell et aI. (1988) average of 39 S-types is 0.20), and this

is probably due to the limiting magnitude constraint of telescopic

observations. The meteorites chosen from Gaffey's collection were

selected to cover the range of petrologic types, with two meteorites per

petrologic type included where possible, but those samples which were

labeled as 'rusted' were avoided. The characteristics of all spectra were

measured as described above.
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Table 3.2a
List of the S-Type Asteroids

3 Juno
6 Hebe
7 Iris
11 Parthenope
12 Victoria
15 Eunomia
18 Melpomene
20 Massalia
25 Phocaea
26 Proserpina
27 Euterpe
29 Amphitrite
32 Pomona
37 Fides
39 Laetitia
40 Harmonia
42 Isis
43 Ariadne
57 Mnemosyne
63 Ausonia
67 Asia
68 Leto
80 Sappho
82 Alkmene
89 Julia
113 Amalthea
115 Thyra
116 Sirona
264 Libussa
352 Gisela
354 Eleanora
364 Isara
376 Geometria
387 Aquitania
389 Industria
532 Herculina
584 Semiramis
980 Anacostia
1036 Ganymed
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Table 3.2b
List of the Ordinary Chondrite Meteorites

Name

Vavilovka
Benares
Dhurmsala
Olivenza
Soko Banja
Hamlet
Parnallee
Chainpur
Elenovka
Mezo Madaras
Bjurbole
Saratov
Homestead
Borkut
Mocs
Zjoutnevyi
Nanjemoy
Bur Gheluai
Pultusk
Beaver Creek
Nuevo Mercurio
La Criolla
Ozona
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LL6
LLS
LL4
LL4
LL3
LL3
L
L3
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L6
H
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H5
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In an attempt to simulate possible asteroidal regolith processes

which affect the optical surface (Horz and Schaal, 1981; King et al.,

1984), Clark et al., (1992) melted, recrystallized, and comminuted (in

various sequences) three ordinary chondri tes. The actual spectra are

given in Clark et al., (1992) as is a detailed description of the laboratory

procedures which were applied. For ease of direct comparison, data

from that study are presented here in the same format as we display all

other ordinary chondrite and S-asteroid spectra. Briefly, the laboratory

procedure was to grind several ordinary chondrite meteorites into

powders of various grain sizes - 350, 150 and 50 microns, which

approximates the range of grain sizes expected to be found on asteroid

surfaces (Dollfus et al., 1989). The 350 micron grain size samples were

melted in a fusion furnace at 1700° C for approximately 10 seconds and

then rapidly cooled under a flow of nitrogen gas at a temperature of

zero degrees Celcius. Following recrystallization the samples were

reground to grain sizes of 50 and 350 microns (Clark et al., 1992).

3.5 Results

3.5.1 Altered Ordinary Chondrites

Figure 3.2 shows the extent to which laboratory alteration can

change the spectral parameter positions of three ordinary chondrites.

Data are presented as a path from the starting point 1 to the final point
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4, where point one is the spectrum of the unaltered meteorite at a grain

size of 350 microns, point 2 is the same sample at a grain size of 150

microns, point 3 is the altered sample at 350 microns and point 4 is the

same altered sample at a 50 micron grain size. In the case of Ozona, an

H6 OC which is visibly dark in hand sample, there was virtually no

significant effect from any of the above procedures. In the case of La

Criolla (L6) and Nuevo Mercurio (H5) the effect of comminution on

albedo was slight, but comminution following melting did produce the

expected significant increases in continuum slope and albedo (see

Figure 3.2b). Also, melting and quenching produced a decrease in

albedo and band depth (see Figure 3.2c) as has been noted for naturally

vitrified lunar samples (Adams and McCord, 1971; Nash and Conel,

1973; Matson et al., 1977). Nonetheless, alteration without

comminution did not produce major reddening in the continuum as

was found to be the case for lunar samples (Pieters, 1984). The probable

cause will be discussed in the next section.
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Ordinary Chondrite Alteration
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Figure 3.2a The ordinary chondrites La Criolla L6, Nuevo
Mercurio H5, and Ozona H6. Results of a spectral alteration
experiment as presented in Clark et al. (1992). Point one is the
unaltered meteorite at 350 microns. Point 2 is the same powder
ground to 150 microns. Point 3 is the sample after
melting/recrystallization and regrinding to 350 microns, and
point 4 is the same sample ground to an upper limit grain size of
50 microns.
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Figure 3.2b Spectral parameters continuum slope and albedo for
the same OC spectra as in Figure 3.2a.
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Figure 3.2c Spectral parameters albedo and band depth for the
same OC spectra as in Figure 3.2a.
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3.5.2 Unaltered Ordinary Chondrites

Figure 3.3 shows the spectral characteristics of unaltered ordinary

chondrites. These chondrites, representing all groups and petrologic

types, define a solid field in the envisioned 3-dimensional parametric

space which is as large as that traversed by the intense laboratory

alteration of the ordinary chondrites. Indeed, the region defined by the

'unaltered' chondrites of all metamorphic classes overlaps and nearly

encompasses the effects of laboratory alteration observed by Clark et al.

(1992).

3.5.3 S-Asteroids

In the same format as Figures 3.2 and 3.3, Figure 3.4 shows the

identical characteristics of 39 S-asteroids. One can see, by overlaying

Figures 3.3 and 3.4 that the S-asteroids as a class exhibit significantly

different spectral characteristics from the ordinary chondrites.

However, it should be remembered that these figures portray

projections of the solid fields defined by the 39 S-asteroids and the 23

chondrites and not the solid fields themselves. Such projections

provide an exaggerated representation of the actual overlap between

the two populations. In other words, although the chondrite field

overlays the projection of the S-asteroid field in the case of each pair of

parameters, in order for a chondrite spectrum to fall within the field
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Figure 3.3a The ordinary chondrite meteorites, including the
L's, LL's and the H's with two of each petrologic type of each
group (Gaffey, 1976). These meteorites were measured at a grain
size of 60 microns. Data includes the measurements of the three
ordinary chondrites from Clark et al. (1992), at a grain size of SO
microns. Error bars represent one standard deviation in the
calculation of the parameter.
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Figure 3.3h Spectral parameters continuum slope and albedo for
the same meteorites as in Figure 3.3a.
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Figure 3.3c Spectral parameters albedo and band depth for the
same meteorites as in Figure 3.3a.
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Figure 3.4a The S type asteroids, including all S-types observed
for the Bell et al. (1988) 52-Color survey for which IRAS albedos
are available, with no selection criteria. The filled circle
represents the data for 951 Gaspra (Goldader et al., 1991). Note
that the error bars represent one standard deviation in the
calculation of the parameters.
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Figure 3.4b Spectral parameters continuum slope and albedo for
the same asteroids as in Figure 3.4a.
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Figure 3.4c Spectral parameters albedo and band depth for the
same asteroids as in Figure 3.4a.

69



defined by the array of S-asteroids, the same chondrite must fall within

the S-asteroid fields on .all projections.

Figure 3.Sb shows that five out of 23 chondrites do fall within

the field of S-asteroids with respect to slope vs albedo, Figure 3.5c

shows that four different meteorites fall within the field with respect to

albedo vs. band depth. Figure 3.5a shows that none of these OC

meteorites fall within the field of the S-asteroids with respect to band

depth vs. slope. Therefore, with regard to the three main descriptions

of these spectra, not one chondrite out of 23 falls within the field which

contains all 39 S-asteroids. This result is further strengthened in

noting the fact that the albedo bias in the asteroid measurements

should tend to enhance population overlap, not decrease it. The

acknowledged uncertainties in the albedo and band depth parameters

between these two populations, however, suggests that the

conclusiveness of this result is limited mainly by our poor

understanding of the slope-imparting component of asteroid spectra,

and this will be discussed in more detail in later sections of this

chapter.
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Figure 3.5a The ordinary chondrites which fall within the fields
of the S type asteroids. (Note that in terms of these parameters,
there is no overlap - refer to the foIlwing two plots for
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Figure 3.Sb Spectral parameters continuum slope and albedo for
the same meteorites l1S in Figure 3.5a. Plotted with filled circles
are the meteorites which overlap. Numbers are for the
meteorites named as follows: 1) Benares LL6, 2) Homestead LS,
3) Borkut 1.5, 4) Dhurrnsala 1.1.6, 5) Bjurbole L4, 6) Chainpur
LL3, 7) La Crioll<l L6, 8) Saratov L4, 9) Hamlet LL4.
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Figure 3.Se Spectral parameters albedo and band depth for the
same meteorites as in Figure 3.5a.
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3.6 Discussion

When attempting a comparison between laboratory and

telescopic spectra, it is necessary to assess the probable magnitude of

various optical alteration processes known to be important on

atmosphereless solar system bodies. In this context the meteorite

regolith breccias have been carefully scrutinized for evidence of surface

processes (Keil, 1982). The regolith breccias tend to be relatively old,

which leaves the possibility that they may be products of an earlier

phase in asteroidal surface development and may not represent the

modern-day optical surfaces of most asteroids. Studies searching for

spectral effects of surface alteration in gas-rich chondritic regolith

breccias have so far failed to find evidence of optical alteration

processes (Bell and Keil, 1988). Our only other well-studied analog is

the moon, and many investigations of lunar regolith formation

processes have been conducted (Adams and McCord, 1971; Nash and

Conel, 1973; Matson et al., 1977; Housen et al., 1979). By studying the

moon we have learned that it is important to quantitatively assess

regolith effects for meteorite spectral analogs of asteroids because all

three of the spectral criteria we employ here can be significantly altered

by lunar regolith processes (Nash and ConeI, 1973; Pieters, 1984). It has

been shown, for example, that all three characteristics can be altered by

comminution (Adams and Filice, 1967; Johnson and Fanale, 1973), and
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by impact melting and vitrification (Matson et al. 1977). Also,

although it is unknown to what extent shocked materials are

represented in an asteroid's optical surface (Keil et al., 1992), the effects

of shock as ordinary chondrite meteorite alteration processes are

investigated elsewhere (Britt and Pieters, 1989, 1991).

3.6.1 Significance of Potential Optical Alteration

As indicated above, the effects of melting, recrystallization, and

comminution on the spectra of ordinary chondrites can be significant

(Clark et al., 1992). Gaffey (1976) and Salisbury (1975) have found a

strong correlation between ordinary chondrite metamorphic class and

spectral characteristics. Since partial melting at crystal boundaries and

subsequent recrystallization are processes of such metamorphism, it is

not surprising that laboratory alteration would cause chondrite spectral

parameter positions to move around within the chondrite field.

Processes such as recrystallization undoubtedly account for many of the

spectral differences among ordinary chondrites. However, as noted

above, the area traversed by even the severely altered laboratory

samples is largely encompassed by the range of the field of chondrites

unaltered in the laboratory. Thus, although possibly responsible for

the spectral differences among various metamorphic classes of

chondrites, impact melting and subsequent recrystallization cannot

enlarge or shift the field of the chondrites sufficiently to redefine the

field limits. The effects of shock vitrification on ordinary chondrite
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reflectance spectra have also been studied. Data on spectra of

chondrites showing various degrees of naturally induced shock

vitrification suggest that, like normal vitrification, shock does not

significantly redden the continuum, leading the investigators to

suggest affinity between shocked OC's and C-type asteroids (with low

albedo flat spectra) as opposed to S-asteroids (Britt and Pieters, 1989,

1991; Britt, 1991). This information together with the fact that not one

chondrite in 23 falls within the solid field containing all 39 S-asteroids,

suggests that ordinary chondrites and S-asteroids represent intrinsically

different populations.

3.6.2 Nature of S-Asteroids

Meteorite spectra have been related to the spectra of pure

specimens of the meteorite component minerals (Gaffey, 1976,1986;

Gaffey and McCord, 1979; McFadden and Gaffey, 1978). Figure 3.6

shows the positions of the spectral characteristics of the major

components of differentiated meteorites, including forsterite, fayalite,

metallic Fe,Ni, clinopyroxene and orthopyroxene -- all in the same

three dimensional format used to characterize the ordinary chondrites

and S-asteroid spectra. To this array are added points representing the

positions of M-asteroids, which are probably composed mainly of Fe,Ni

metal and have been interpreted to be the exposed cores of

differentiated bodies (Ostro, 1985; Gaffey and Ostro, 1987; Tedesco and

Gradie, 1987; Ostro et al., 1991).
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Figure 3.6a A plot of the component mineral positions (Roush,
1984), the M-asteroids (Bell et ul., 1988), and the Fe.Ni meteorites
(Gaffey, 1976).
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the same spectra as in Figure 3.6a.
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Before comparing candidate component spectra to those of S

asteroids, some discussion of the following questions are required: If

Fe,Ni meteorites corne from the M-asteroids then why are the spectra

of iron meteorites more 'red' than those of the metal asteroids? The

degree of redness varies: Is this due to some difference between

laboratory and telescopic spectral measurement techniques, ,?r are

Fe,Ni meteorite spectra affected by terrestrial alteration? It has been

shown that differing proportions of nickel and iron do not cause

significant variations in redness (Gaffey, 1986). Also, the fact that acid

leaching decreases redness argues against the possibility that terrestrial

weathering causes redness of the continuum slope. We further note

that the M-asteroids (Figure 3.6), which could not have been subjected

to terrestrial weathering, are also variably red. The largest M-asteroid,

16 Psyche, has a continuum slope as red as pure Fe,Ni.

As mentioned earlier, the simplest explanation for spectral

reddening is that it depends on the inherent redness of the metallic

components. Investigating this parameter, Gaffey (1986) showed that

the metallic component in ordinary chondrites has a 'flat' spectrum

unlike that of Fe.Ni meteorite metal despite the fact that they are

nearly chemically identical. It is important to understand the physical

basis for this key discrepancy. Britt and Pieters (1988) have shown that

laboratory spectra of Fe,Ni meteorites are red due to the high specular

return of polished metal surfaces. They found that the flux reflected

from such surfaces is dominated by the specular (narrow angle return)

component. Thus, for a rough or particulate surface the random
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distribution of surface element orientations will result in a reflected

flux dominated by the (reddish) specular component, at any viewing

geometry. This leaves us with the possibility of a random mixture of

metallic and mafic components for the surfaces of S-asteroids. Another

process must then be invoked to explain why ordinary chondrites,

which actually are mixtures of these components, do not have

reflectance spectra dominated by their metallic components. It is

possible that the metallic grains in chondrites are somehow coated

with a thin layer of material such as FeO or FeS (Gaffey, 1986), which

would alter the spectral signature of the metal and would fail to show

up in bulk chemical analyses. If this coating formed on grains in the

nebula, then it would persist as a ubiquitous coating in all chondrites.

In comparing Figures 3.4 and 3.6, we note that the distribution of

spectral characteristics of S-asteroids is, except in one respect, similar to

that which would be expected if the surfaces of these objects were

covered with random mixtures of domains representing those

component minerals present in meteorites which appear to come from

differentiated parent bodies. The one exception is that the spectral

characteristics appear to be strongly controlled by the metallic phase.

Almost certainly this is due to the fact that a simple model involving

areal exposure of pure components (a checkerboard model) is unlikely

to represent the optical nature of an asteroid surface (Housen et al.,

1979; Chapman et al., 1975; Housen and Wilkening, 1982). In fact

theoretical models suggest that asteroidal objects (especially small ones)

should be able to quite effectively 'paint themselves grey' by returning
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a weak layer of impact ejecta to cover the surface (Housen and

Wilkening, 1982; Asphaug and Nolan, 1992). This, together with the

well known tendency of opaque components to dominate intimate

mixtures (Gaffey, 1986; Cloutis et al., 1990a, 1990b; Britt and Pieters,

1989; Britt, 1991) is the probable explanation of the clustering of points

near the asteroids thought to represent the metallic component.

Although this type of spectral comparison is purely qualitative (as

opposed to more quantitative mixing models), it is an easy way to see

why most asteroid and meteorite spectroscopists currently believe that

the S-type asteroids represent differentiated rather than chondritic

mineralogy (Gaffey et al., 1989; Bellet al., 1989).

The idea that S-asteroids represent differentiated fragments is

perhaps supported by the results of Hiroi (1991) who produced a close

match to several S-type asteroids by analytically combining the spectral

signature of Fe,Ni metal with the spectra of several primitive

achondritic meteorites. Furthermore, asteroidal rotational variations

may also imply differentiated compositions for several S-asteroids. For

an example of the variation seen from night to night in observations of

an asteroid's different aspects, the wandering spectral parameters for

asteroids 8 Flora and 43 Ariadne have been plotted in Figure 3.7.

Spectral differences due to rotational variations have only relocated

asteroids within the S-type field in the parameter space, and have not

re-identified the asteroid to the meteorite field. Such intra-field

variations can be interpreted to suggest that large areas on the surfaces

of the asteroids are spectrally inhomogeneous, an interpretation which
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then implies a non-chondritic (differentiated) composition due to the

large domain-size of the inhomogeneities (Gaffey, 1984). We also note

that the effects of regolith optical alteration (as seen in the case of the

ordinary chondrites in Figure 3.2) are also sufficiently significant to

warrant consideration as an explanation for rotational variations of

differentiated asteroids.

It is worth noting that if the laboratory spectra of Fe,Ni

meteorites were ignored, and only the M-asteroids were used as

representative of the metal component of S-asteroid spectra, our

conclusions would not be affected. Moreover, the tangential

relationship between the S-asteroid points and the M-asteroid points

on these plots suggests that the two classes may in fact be part of a

continuum and that the distinction may be artificial. This is in

contradiction to the original taxonomy of Tholen (1984), whose PCA

analysis of eight colors in the visible and near-infrared resulted in a

very clear distinction between 5 and M-asteroids. Not until the work

of Burbine (1991),however, has the Bell et aI. data set of asteroid spectra

in the full wavelength region of 0.3 to 2.5 microns been analysed with

PCA. This work shows that the two populations overlap in terms of

the third and fourth principal components, and that they form a

continuum in the first (slope) and second (band strength) principal

components (Burbine, 1991).
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Figure 3.7a The wandering positions of spectral parameters for
asteroids 8 Flora (Gaffey, 1984), and 43 Ariadne (Bell et al., 1988),
due to their rotational variations. Although not reflected in this
plot, the albedo is also expected to vary as a function of asteroidal
aspect.
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Figure 3.7b Spectral parameters continuum slope and band
depth for the same asteroids as in Figure 3.7a.
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Figure 3.7c Spectral parameters albedo and band depth for the
same asteroids as in Figure 3.7a.

86



The work of Burbine also reveals the spectral similarity between

E, P, and M-asteroids, and shows that they differ only in terms of

albedo, of which there is some overlap. Since these classes of objects

have dissimilar inferred mineralogies and consequent geologic

affinities, it may seem hazardous to draw connections between classes

based on their parameter continuities. However, the Fe,Ni meteorites

must have corne from some parent body asteroid, and there is

independent evidence that the M-asteroids are metallic in nature

(Ostro et al., 1991). Thus it is conceivable that the metallic component

of the 5-types and the M-types may be the cause for their similarities, at

least as far as the parameters of continuum slope and geometric albedo

are concerned.

The question most frequently asked concerning genetic relations

between meteorites and asteroids is "Do ordinary chondrites come

from S-asteroids?" Plausible alternative suggestions for sources of the

OC's have been proposed (Bell et al., 1989). A possibly more profound

question is "Where are our samples of the S-asteroids?". It is

important that both of these questions be answered because existing

dynamical models for meteorite supply to near-earth orbit do not

explain how the most abundant class of asteroids in the inner main

belt are poorly represented in the meteorite collection (Anders, 1978;

Wisdom, 1985; Wetherill and Chapman, 1988). The data and

arguments presented here allow for several possibilities: 1) Beneath

the surface the S-asteroids exhibit very large petrological/mineralogical

domains, perhaps comparable to the size of the asteroids themselves,
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but the near-surface is covered with a well mixed weak layer (regolith)

which combines samples of these domains in a fine intimate mixture.

2) The S-asteroids consist of consolidated mixtures of mineralogies

similar to bulk ordinary chondrite mineralogy but with different

geological affinities and spectral properties. Taken together, these

possibilities allow for significant variations within the S-type

population and for identification of stony irons, irons, and achondritic

material as possible samples derived from the S-asteroids (see Table

3.1). Additional evidence supporting the first view are the rotational

variations seen of asteroid 8 Flora (Gaffey, 1984) as well as for several

other S-asteroids observed for the 52-Color survey (Bell et al., 1988).

These asteroids include 18 Melpomene, 43 Ariadne, 258 Tyche, and 352

Gisela.

3.6.3 Theoretical Scenario

Finally, it is possible to fit the evidence discussed in this chapter

within the context of a complete scenario for the geological structure of

the inner solar system. A full discussion of this "Big Picture"

hypothesis is presented in the work of Bell et aI. (1989). In this scenario

the original condensate from the solar nebula in the inner part of the

asteroid belt was unmetamorphosed ordinary chondrite material.

After accretion into protoasteroids of various sizes, either 26Al or

electromagnetic induction hea ting (Herbert and Sonett, 1979) caused

various degrees of thermal alteration ranging from mild pervasive
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metamorphism through partial or full differentiation, depending on

the size of the protoasteroids. Metamorphism produced the various

grades of ordinary chondrites in the smaller objects; partial or full

differentiation produced zones of stony irons, achondrites and irons in

the larger objects. During differentiation and coalescence of metal

particles, the oxide coatings hypothesized to be affecting the optical

properties of OC metal would be destroyed. Subsequent breakup would

then lead to exposure, on the S-asteroids, of a component with the 'red'

signature of Fe,Ni meteorites. Thus, the larger main-belt objects are

the S-asteroids which supply differentiated meteorites to the Earth, and

the smaller are the ordinary chondrite parent bodies which are small

enough to have been systematically excluded from earth based spectral

measurements (Bell et al., 1989; Zellner et al., 1985 ).

3.7 Conelusions

1) Comparison of earth based spectroscopic reflectance data on

asteroid classes with similar data on meteorite classes is a valid means

of establishing a genetic relationship between classes despite the

possibly significant effects of comminution and vitrification on an

asteroid's regolith, and terrestrial weathering on meteorite samples.

2) The S-type asteroids are genetically quite different from

ordinary chondrites and are not the parent body sources of the latter.
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The primary spectral difference is related to differences in the nature of

the metallic components.

3) The S-type asteroids represent components derived from

various zones of partially or fully differentiated protoasteroids and

supply achondritic, stony-iron, and some portion of the iron meteorites

to the earth. In addition, our analysis suggests that the M-asteroids are

merely S-asteroids which are especially poor in silicate components.

4) Except for the near surface, the petrological domains (silicate,

stony iron and metallic Fe.Ni) of S-asteroids must be large. This is

indicated by the fact that, despite some inevitable surface mixing,

significant petrological differences are evident in the variations in

whole disc spectra of some very large asteroids on rotation. Further, it

is indicated by the dynamicist's need to identify a major flux of

meteorites from the S-types, (they are stony-irons, irons and

achondrites) and by the absence of a large flux of breccias consisting of

these meteoritic components.

5) The Bell et al. "Big Picture" hypothesis for the geological

structure of the asteroid belt is consistent with this analysis.
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Chapter 4

Spacecraft Observations

Color Heterogeneity in the Galileo Solid
State Imaging Data of Asteroid 951 Gaspra

Submitted to
The Galileo Solid State Imaging Team
With Coauthors M.S. Robinson, F.P. Fanale, I.C. Granahan,
and H.M. Garbeil

Abstract

The Solid State Imaging data returned from the recent Galileo

fly-by encounter with asteroid 951 Gaspra shows minor color

heterogeneities in color ratio and principal component images. We

investigate six different possible causes for these color differences: 1)

Contamination of IR bands by emitted radiation; 2) Variations in

reflectance due to temperature changes across the surface of Gaspra; 3)

Differences in spectral reflectance properties as a function of incidence

angle; 4) The effects of particle size variations on reflectance values; 5)
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Color differences due to maturation of surface materials; and 6) The

possibility of true mineralogical heterogeneities. This chapter presents

reduced data as well as an in-depth analysis of the above effects. We

conclude that the optical surface of 951 Gaspra is likely to be a regolith

composed of material intimately mixed on the scale of less than or

equal to 100 m. An anomalous unit is identified through principal

component analysis which is also evident in some color ratios. This

low-valued PC2 region cuts across a broad range of reflectance values

(l/F) and its presence is due to an increase in IR reflectance relative to

average Gaspra. Additionally, a few small craters show distinct

blueness in the color ratios. These differences could be due to either

grain size variations, spectral maturation of the surrounding surface

regions, or compositional heterogeneity. Due to the limitations of the

55I data and our current knowledge of asteroidal processes we are

unable to definitively identify causes for the observed heterogeneities.

However, our analysis leans toward the interpretation that grain size

differences (which may be part of a surface maturation process) can

account for the blueness of the craters, and that enhancement of the

metal component of 5-type asteroid mineralogy can explain the PC2

low value region. Additionally, we fit our observations into the

context of asteroid science and offer some speculations concerning the

proposed Galileo encounter with 243 Ida, another 5-type asteroid.
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4.1 Introduction

4.1.1 About Gaspra

Asteroid 951 Gaspra has been classified according to its visible

range based spectral properties as an 5-Type asteroid (Tholen and

Barucci, 1989). Its reflectance spectrum (see Figure 4.1) indicates a

composition of olivine and pyroxene as the main detectable minerals,

with some indication of a significant metallic component (Fe.Ni)

(Coldader ct al., 1991). In studies of such spectral properties (Caffey et

al., 1989; l3ell et al., 1988), astronomers have traditionally been confined

to average whole-disc observations of asteroids due to their small size,

and thus the Cali/eo 55I data, the first spacecraft images of a main belt

asteroid ever to be returned to Earth, are of great interest due to their

potential for spatial resolution in compositional mapping (Belton et al.,

1992). In the views returned by Cali/eo (see Figure 4.2), Caspra's

surface is dominated by topographic undulations and impact craters

which range in size from 2 km down to the limits of resolution, -215

m/pixel (Belton et al., 1992). And, as predicted from Earth based

observations (Coldader et al., 1991), Gaspra is an irregularly shaped

body, approximately 19x12xll krn across (Belton et al., 1992).

93



1.4

QJ 1.2
(J

I::
«l....
(J

~.... 1.0QJ

t:t:
-e
QJ
~

«i
S 0.8
J..
0

Z

0.6 - ECAS Ground-Based Data
lIE Gaspra Convolved to SSI
o SSI Disc Average

0.4 0.6 0.8
Wavelength in f.Lm

1.0 1.2

Figure 4.1a The disc-averaged total reflectance values ratioed to
reflectance at .56 microns for the SSI images are plotted as
squares with 'error' bars which represent one standard deviation
in the averaged data. Superimposed on this figure is a cubic
spline curve fit to the ECAS data for 951 Gaspra (Zellner et al.,
1985), along with the points defined by convolving S51
bandpasses with the ECA5 curve.
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Figure 4.tb The same as in Figure 4.1a, after multiplication by
the scaling factors found by Belton et al. (1992) for calibration of
the 55I images.
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Figure 4.2 Galileo Solid State Imaging (55!) views of asteroid 951
Gaspra. a) violet filter, b) green filter, c) .89 filter, d) .99 filter.
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4.1.2 55I Data

The following is a discussion of the GaliLeo SSI (Solid State

Imaging) data of Gaspra considering several different methods of data

reduction. As shown by Belton et al., (1992) there exist brightness

variations across the surface which may be attributed to compositional

heterogeneity. Here we will attempt to correlate brightness variations

with color and principal component units and, using the Earth based

reflectance spectrum as a guide, to set upper limits on compositional

information. First we present statistical data calculated to show the

color variation within the SSI data set, next the principal component

analysis of a masked image set, and finally color ratios of the calibrated

images. Possible causes for the color heterogeneity found in the 5SI

images will then be discussed in detail using evidence from laboratory

spectral reflectance studies. Principal Component Analysis (PCA) is

useful for discovering color heterogeneity units and for discerning the

dominant controls of color contrast. The ratio images are useful for

quantifying the variation between bands and between the units defined

by the PCA on a basis relative to the data set. Relating trends seen in

the SSI images to laboratory data is crucial for deriving compositional

information. All of these techniques are most reliable when used in

conjunction, especially for this data set as the percentage variations

observed are relatively low, and must therefore be cross checked for

truth.
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4.2 Statistics

The Galiieo Gaspra image data described here were obtained in a

co-registered format from Alfred McEwen of the USGS. The four

images taken with the SSI instrument are at filter bandpasses with

effective wavelengths of .40 microns (violet), .56 microns (green), .89

microns, and .99 microns (see Appendix A for plots of the bandpass

transmission curves). The pixel values are reported as units of I/F

multiplied by 10,000. Statistical analysis of the data was performed

using both the Planetary Image Cartography System (PICS - courtesy of

the USGS, Flagstaff) and the Land Analysis System (LAS). The Gaspra

'image cube' was masked by interactively drawing a polygon inside the

edges of Gaspra (see Figure 4.3) excluding the limb and terminator

regions. Using pixels within the polygon, the statistics listed in Tables

4.1,4.2 and 4.3 were calculated to describe the data and to quantify the

magnitude of the putative color heterogeneities observed on the

surface (Davis, 1986; Chavez and Kwarteng, 1989; Loughlin, 1991).
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Table 4.1 Data Statistics

Mean and standard deviations calculated for each 55I
band and the computed ratio images used in this study.
The third column indicates % variation within an image
calculated as «2*std) / avg)" 100. Note that only pixels
contained within the mask (see Figure 4.3) were included
in the statistical calculations.

Mean St.d % Variation
violet 459 161 70
green 668 239 72
.89 625 218 70
.99 673 231 69

.99/grn 1.015 0.057 11

.89/grn 0.937 0.080 17
vio/grn 0.693 0.041 12
vio/.99 0.684 0.042 12
vio/.89 0.738 0.049 13
.89/.99 0.928 0.041 9
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Figure 4.3 Location of the marginal polygon delimited on
the Caspra image. Only pixels that lie within the polygon were
used in the statistical analyses.
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Table 4.2 Covariance Matrix

Covariance matrix calculated for the four SSI images of
Gaspra, variances from within a band form the diagonal
(bold type) while inter-band variances fall under the
diagonal. Note that the green and .99 bands have the
highest covariance while the violet and .89 bands have
the lowest covariance.

violet
green
.89
.99

violet
25833
38380
34843
36917

green

57329
51783
54916

.89

47724
50213

.99

53368

Table 4.3 Correlation Matrix

Gaspra SSI image correlation matrix, the most correlated
bands are the green and violet while the least correlated
bands are the green and .89.

violet green
violet 1.000
green 0.997 1.000
.89 0.992 0.990
.99 0.994 0.993

.89 .99

1.000
0.995 1.000

Plotted in Figure 4.1a are the disc-averaged total reflectance

values for the SSI images as listed in Table 4.1. These averages are

plotted with 'error' bars which represent one standard deviation in the

averaged SSI data. Superimposed on this figure is the ground-based

reflectance spectrum of Gaspra plotted as a cubic spline curve fi t to the

Eight-Color Asteroid Survey (ECAS) data (Zellner et al., 1985). Using
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the bandpass transmission curves for the 551 filters this spectrum has

been convolved to 551 wavelengths according to the algorithm below

(McCord et al., 1982).

JA(A) SeA) Ti(A)
RiO..) =-=---:-----JSeA) Ti(A) (1)

Where Rt is the reflectance at the ith filter wavelength of the

asteroid (A) as it would appear in sunlight (8) through the ith filter of

transmission Ti, A is wavelength. These Ri values are plotted over the

ECA5 curve fit with star symbols.

It is important to note that Galilee viewed Gaspra at a phase

angle of 39° degrees, whereas most telescopic asteroid observations

occur at very small phase angles due to the geometrical relationship

between their orbits and that of the Earth. Some color variation is

expected due to this inconsistency in viewing geometry, and this may

explain the slight differences in the ECA5 vs the Galileo spectra as

plotted in Figure 4.1a. In order to calibrate the 551 data to average

Earth based spectral reflectance, Belton et al. calculated multiplication

factors for the 55I color images as follows: 1.04 for the AO-micron band,

1.0 for the .56-micron band, 1.16 for the .89-micron band, and 1.03 for

the .99-micron band. As discussed in Belton et aI. (1992), the

anomalously low reflectance values in the .89 micron band may be the

result of calibration problems. This band shows a decreased response

relative to that expected based on telescopic spectra (see Figure 4.1).
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Figure 4.1b is then the 55I averages calibrated according to Belton et aI.

(1992), replotted relative to the ECA5 curve fit.

The covariance matrix in Table 4.2 shows the degree to which

bands are correlated as they vary in brightness. The highest variance

within a band is seen in the green, while the lowest is seen in the

violet. The highest covariance is seen in the green and .99 micron

images, while the lowest is between the violet and .89 micron images.

In terms of correlation (Table 4.3), the most correlated bands are the

green and violet, while the least correlated are the green and .89

microns.

As can be seen by these data the surface of Gaspra is

homogeneous to first order, and does not exhibit large color variations.

However, it can be concluded from these statistics that there is some

minor indication of color heterogeneity between the four 55I images.

Noting that the ECA5 reflectance spectrum of Gaspra (Figure 4.1) has

an absorption feature due to olivine and pyroxene at 1.0 micron, it

might be expected that most of the variation would be found between

the green and .99 micron bands due to the fact that their relative values

may be controlled by variations in the depth of the 1.0 micron

absorption feature. It has been shown that the depth of this feature is

sensitive to changes in mafic mineralogy abundance (Adams, 1974;

Singer, 1981; Cloutis et al., 1986). Indeed, positive identification of such

variations in band depth across the surface of Gaspra is exactly what we

are looking for. If significant variations in mafic mineralogy exist, they
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should be detectable in the PCA and color ratio analyses presented

below.

4.3 Principal Component Analysis

Principal Component Analysis (PCA) is a technique often used

by image analysts to identify the essential information contained

within a large multi-variable data set. Although a complete

explanation of the technique is beyond the scope of this chapter, if used

properly it is a powerful way to reduce the number of variables down

to the most dominant few, and to identify their controls (see Davis,

1986; Chavez and Kwarteng, 1989). For example, since brightness will

vary across the surface of Gaspra simply due to topography, it would be

most convenient to find a method of removing that source of

variation from the data before looking for variation more indicative of

color heterogeneity. In the case of the 551 data, brightness differences

due to topographic shading dominate and thus are defined by the first

principal component. The second principal component would then be

potentially more interesting and could indicate, for instance, color

contrast between bands above that caused by topographic shading

differences.

Examination of the principal component data (Tables 4.4 and 4.5)

shows that the output first principal component contains 99.51% of the

variation amongst the four bands. From the first eigenvector values it
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can be seen that the loadings are generally even, although the violet

band contributes the least, which is expected because it contains the

least variance. The fact that most (99.51 %) of the data variation can be

lumped into the first PC, which in this case is essentially an average of

the 4 bands, suggests that very little of the variation in the images is

due to true color variation. As predicted, it can be seen in Figure 4.4

that most of the variations in the first principal component image are

due to modulation of incident sunlight by topographic undulations

(Moik, 1980; Chavez and Kwarteng, 1989; Loughlin, 1991). However, as

we shall soon show, the slight variations seen in the second PC image

are useful indicators of true color heterogeneity with less than trivial

causes.

Table 4.4 Principal Component Loadings

Principal component loadings used to compute principal
component values from the input reflectance values; PCi
= (L1 * violet) + (L2 * green) + (L3 * .89) + (L4 * .99) where
PC i is the ith principal component, and Lx is the xth
loading of the ith eigenvector.

Ll L2 L3 lA

Eigenvector 1 -0.375 -0.558 -0.509 -0.538

Eigenvector 2 0.255 0.684 -0.609 -0.311

Eigenvector 3 0.095 0.143 0.600 -0.781

Eigenvector 4 0.886 -0.448 -0.104 -0.054
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Figure 4.4 Principal component images calculated from the 4
filter Gaspra image data, see text for detailed discussion. a) 1st
Principal component image - essentially an average of the four
input images, the shading is the result of topographic
undulations. b) 2nd Principal component image, bright areas
generally correspond to shaded areas (high incidence angle) in
the original 4 band image and dark areas in the PC2 image
correspond to bright regions in the original images (low
incidence angle). A deviation from this overall trend is
observed in the two bright areas (see small arrows) associated
with impact craters and the broad dark area (called the PC2 low
value region) in the center left (see large arrow and text for
further discussion). The tonality in the image is essentially a
reflection of differences between an average of the two visible
bands and the two IR bands (see Table 4.4). c) 3rd principal
component - mainly the difference between the .89 and .99
bands, very little structure is visible indicating that most of the
information is system noise and/or misregistration. However,
note the bright streak on the nose of Gaspra (see arrow) which is
also visible in the 4th principal component. d) 4th principal
component - values are heavily weighted toward the difference
between the violet and green bands, note the correlation with
the 2nd principal component, especially the bright spots (see
arrows) also the bright streak along the nose seen in the 3rd
principal component. Additionally, a third bright spot is seen to
the right of the notch (see arrow) which is also faintly seen in the
second component image.
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Table 4.5 Principal Component Eigenvalues

Comparison of the variation in the Gaspra 551 data
computed in the principal component analysis. The first
principal component contains the vast majority of
variation within the data set, which is interpreted to be
due to modulation of incident sunlight by topographic
undulations.

Principal Eigenvalue Percent of Cumulative
Component Total Data Percent

Variation Variation

1 183348 99.51 99.51
2 589 0.32 99.83
3 235 0.13 99.96
4 81 0.04 100.00

The second component contains only 0.32% of the total

variation and as indicated by the loadings (Table 4.4), is essentially the

difference between the visible bands and the near IR bands. Areas

containing relatively low values in the 2nd PC image are due to

increased IR response relative to the visible, while high values are due

to relatively increased response of the visible bands compared with the

IR bands. This could be interpreted to mean that a minor color

difference does exist, possibly a general color shift at low or high

reflectance values. In other words there is a general trend of decreasing

IR with increasing visible response (or vice versa) which did not fit

within the general trend of the first PC, all four wavelengths increasing

together.

The second principal component (PC2) image shows a

conspicuously large region of relatively low values (see Table 4.6), that
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does not correlate well with the reflectance images or the first principal

component image. A comparison of its location with a contoured

version of the green reflectance (L'F) image (Figure 4.5a) reveals that

the PC2 low-value region lies in an area with a minimum reflectance

of -580 and a maximum of -1020. This is compared to a global range in

reflectance of about 0 to -1220. In other words, the low-value region

cuts across an area of Gaspra that reflects a significant change in

incidence angle. This strongly suggests that the PC2 low-value region

is due to actual spectral variation on the surface and is not simply an

artifact of topographic undulations.

Table 4.6 The PC2 Dark Feature

Absolute ON values for the center of the PC2 low-value
feature, just outside to the upper right - UR, and just
outside to the lower left - LL, from 3 principal component
images and 4 ratio images (each pair of numbers
corresponds to the average and standard deviation of a 3 x
3 box). Note that typically the LL value shows the most
contrast, but this corresponds to an area of rapid change in
the reflectance image. The UR values give a better
indication of the true contrast of the feature. Note that
the feature cannot be 'seen' in the .89/.99 ratio (UR).

LL Center UR

pa 2.0, 12 -39.6, 15 -15.5,14
PC3 -16.4,10.5 -9.9,8.0 -8.6, 11.3
PC4 4.6,3.0 -9.1,5.2 -2.3,4.0
.89/grn 0.926, .29 1.008,.17 0.943, .35
.99/grn 1.035, .24 1.079, .13 1.017, .13
vio/.99 0.673, .12 0.635, .80 0.671, .60
.89/.99 0.895, .22 0.935, .16 0.928, .21
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Figure 4.5 Comparison of the PC2 low-value unit identified here
and the 'darker' materials unit of Belton et a1., (1992). a) Outline
of the low-value unit identified in the 2nd proncipal component
image on a contoured version (each step in gray-scale
corresponds to a reflectance change of 1%) of the 55I green
reflectance (lIF) image of Gaspra. This unit encompasses a
reflectance range of 580 to 1020 O/F*10000). b) Outline of the
'darker' materials unit of Belton et a1. superposed on the same
contoured version of the green reflectance image. These units
were identified using a color composite image formed with a
(green albedo/one-rnicron albedo) ratio, a (one-micron albedo/
violet albedo) ratio and the violet albedo image. c) Actual data
points from the second principal componenet image used to
define the areas outlined in (a). d) Both the PC2 low-value unit
(blocky points) identified here and the 'darker' value unit of
Belton et a1. (outline) combined with the contoured green
reflectance image to show their relative spatial locations
(combination of (b) and (c».
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We note that this PC2 low-value region is distinct from, but contiguous

with, a nearby region of 'darker' material identified by Belton et al.,

(1992) (see Figures 4.5b and 4.5d). The technique used by these authors

to delimit units differs from that presented here. The Belton et al.

brightness units were defined with the use of a shape-model

calculation that essentially removed topographic shading and

substituted normal albedo values for each pixel. As discussed below in

more detail, this method requires some assumptions but is very useful

for identification of albedo brightness units. The relationship between

the Belton et al. 'darker' materials and the PC2 low-value region

presented here is unclear. They may in fact be different parts of a

continuous region such that their distinction is merely an artifact of

the topographic shading and our incomplete knowledge of the

photometric behavior of Gaspra surface materials. Alternatively, they

may be truly distinct, with separate causes for their existence. Indeed,

other small areas also show spatially discontinuous blotches of PC2 low

values of which some overlap occurs with the Belton et al. 'darker'

unit (see Figures 4.4 and 4.5). Since the second component contains

only 0.32% of the total variation in the image, however, the effect of

these features is very slight. Therefore, to further constrain its origin,

in the next section we look for simultaneous evidence for the PC2 low

value region among the ratio images.

Also visible in the PC2 image are two impact craters and their

associated 'ejecta blankets' (see arrows in Figure 4.4). Their brightness

in the second principal component indicates an increased response in
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the visible wavelengths relative to the hemispherical average (see the

discussion of these features in the section on ratio images below).

These anomalously 'blue' craters are consistent with the identification

of Belton et al. (1992) of 'brighter' materials seen in their albedo image

of Gaspra.

The third principal component (0.13% variation) consists mainly

of the difference between the two IR bands while the fourth

component (0.04% variation) is mostly the difference between the two

visible bands and is grossly similar to the second principal component

image. These variations are extremely small and are possibly

contaminated with noise, however it is interesting to note that trends

can be seen in these two PCs, rather than a simple random field of

noise (see caption Figure 4.4).

Essentially, this PC analysis has reduced the dimensionality of

the data set from four to about two. The first dimension can be

thought of as brightness, and the range of values of this dimension is

mainly due to changing topography. The second dimension can be

thought of as the difference between the visible wavelengths and the

IR wa velengths, and since there is less than 1% of the total variation in

this component, we conclude that Gaspra is extraordinarily

homogeneous. Indeed, except for the above-mentioned localized

features, it appears that the surface is well-mixed on a sub-pixel scale.

Next, we examine the ratio images to check for consistency with the

PCA and for the possible occurrence of new color heterogeneity units.
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4.4 Image Ratios

A ratio image is formed simply by dividing, pixel-by-pixel, one

band of an image by another. In an ideal case this ratioing process

removes all shading caused by aspect (direction a facet is facing) and

slope, leaving only true color or spectral differences (Lillesand and

Kiefer, 1979; Moik, 1980; Drury, 1987). In the case of a pure gray,

spherical asteroid imaged by an ideal camera, all shading variations

would be caused by a gradual sloping away from the sub-solar point

(limb-darkening); assuming that the spectral properties of the surface

are such that incoming radiation is isotropically scattered. Ratioing

two bands of the ideal gray asteroid therefore results in a uniform field

of one (Table 4.7). Likewise if the asteroid were 'red' (enhanced

Table 4.7

Idealized uniformly gray asteroid pixel values moving
away from the subsolar point (Spot A) to the very edge of
the terminator (Spot C). Note that the response as a
function of wavelength (band) is uniform from subsolar
point to terminator. These values illustrate the removal
of topography that occurs in the ratioing of two bands.

Bandt Band2 Bandt/Band2

Spot A 10.0 10.0 1.0

Spot B 5.0 5.0 1.0

SpotC 0.1 0.1 1.0
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reflection in red relative to all wavelengths), and all wavelengths had

an equal spectral response to change in incidence angle, a ratio image of

red/green would also result in a constant field, but the constant would

be a value greater than one.

Much the same as with the peA, the value of creating ratio

images is that they allow for a separation of shading caused by

topographic irregularities and true spectral distinctions ti.e. differing

mineral types or particle size effects) that may occur (Loughlin, 1991;

Chavez and Kwarteng, 1989). For instance, from examining a single

band it may not be obvious whether shading changes are caused by

topographic variations or by a gradual change in mineralogy. In this

case, assuming that the minerals involved have a distinct spectral

signature in the available wavelengths, a ratio image should enhance

these spectral differences and remove topographic shading. However,

if there is a non-uniform response per wavelength as incidence angle

changes, ratio images may not be able to separate topographic changes

from true spectral differences (Table 4.8). In fact, such a case may result

in spurious interpretation of incidence angle effects as true

mineralogical differences. In the case of the ideal spherical asteroid it

would be easy to spot such an effect as a bull's-eye pattern away from

the sub-solar point. In the case of a highly irregular object, such as

Gaspra, this effect must be accounted for in any interpretation of ratio

anomalies seen on the surface, especially if they are highly correlated

with topographic features.
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Table 4.8

Effects of a non-uniform response per wavelength as
incidence angle changes from sub-solar point (Spot A) to
the edge of the terminator (Spot C) on a compositionally
homogeneous body.

Spot A
Spot B
SpotC

Bandl
10.0
5.0
0.1

Band2
10.0
5.5
0.1

Bandl/Band2
1.0
0.9
1.0

The band ratio images show that while the previously noted PC2

low-value feature cannot be confidently identified in either the

violet/green or .89/.99 ratios (see Figures 4.6a and 4.6d), it is identifiable

in both the .89/green and the .99/green ratios (Figures 4.6b and 4.6c). In

both cases the PC2 low-valued spot is less distinct where the reflectance

images are brightest. To determine the spectral contrast a 3x3 box

average of the ratios centered in the feature was extracted from both the

.89/green [avg=1.008, std=0.017] and the .99/green [avg=1.079, std=.013].

Comparing these values to the masked Gaspra hemispherical average

at these wavelengths [.89/green, avg=0.937; .99/green, avg=1.015],

indicates that the PC2 low-value region is consistent with a decreased

IR absorption feature band depth relative to the hemispherical average.

For the .89/green ratio image the deviance of the PC2 low value feature

from global average is about 7%, whereas for the .99/green image this

deviance is about 6% (see Figure 4.1 and Table 4.6).
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Figure 4.6 Color ratios of the 55I bands; a) violet/green; bright
areas of the ratio (relatively bluer) generally correspond to high
reflectance regions in the input images. This relationship
implies a direct control by incidence angle on surface color, b)
.89/green, c) .99/green; the apparent incidence angle control on
color as identified in the violet/green ratio is also observed here.
However, there are numerous small features that mayor may
not be the result of changes in incidence angle (see text), d)
.89/.99; very little structure is seen in this ratio due to the strong
covariance between these two bands, e) violet/ .99; note that the
'blue' craters (also identified in the PC images) contrast strongly
with their surroundings (see text for the level of contrast), f)
violet/ .89.
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As noted in the previous principal component section, two craters and

their associated ejecta show up distinctly in the color ratios. Looking at

the ra tio of .99 / green (see Figure 4.6) the average of 6 pixels around the

crater towards the center of Gaspra is 0.885, while the average of 9 pixels

around the bottom center crater is 0.942 (the arrow in Figure 4.4

indicates the relevant crater). This compares to the hemisphere

integrated average of 1.015. From these ratios it is evident that the

crater anomalies are relatively 'blue' in the sense of visible vs IR

reflectance. For the .99/green ratio, the blue craters deviate from global

average by 13%, for the .89/green ratio, this deviance is about 9%,

whereas for the violet/green ratio the craters are not discernable.

In sum, it thus appears that the two sources of color

heterogeneity seen in the 551 images with color ratio and principal

components analysis are the pe2 low-value region and the 'blue'

craters. Taken together, these color variations amount to no more

than 10% difference from the global average of Gaspra's reflectance.

4.5 Discussion

What is the cause of the apparent color heterogeneity on the

surface of Gaspra seen in the ratio images and principal component

images? A synthesis of the statistics calculated above, interpretation of

various image processing products, and previous work allows us to

investigate six possible causes as follows: 1) Contamination of IR bands
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by emitted radiation, 2) Spectral reflectance response to changes in

temperature of the reflecting medium, 3) Spectral reflectance response

to changes in viewing geometry, 4) The effect of changes in particle

size, 5) The effect of possible maturation of surface materials, and 6)

Spectral reflectance variations between analog endmember

mineralogies.

4.5.1 Contamination by Emitted Radiation

The first effect to be accounted for among the SSI images is the

possibility tha t thermal emission due to blackbody radiation is

contributing to the ON values in the infrared SSI wavelengths. Recent

telescopic observations have resulted in an estimated surface

temperature of about 240 K for Gaspra (Goldader et al., 1991; J. Spencer,

personal communication). Since a blackbody radiation spectrum peaks

at 10 microns for 250 K and falls off exponentially toward shorter

wavelengths, however, there is essentially no thermal radiation

between .40 and 1.0 microns. Gaspra is thus too cold for any effects due

to thermal emission at the SSI band passes (see Figure 4.7) and

therefore we conclude that none of the color variations seen on Gaspra

are the result of emitted radiation.
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Blackbody Spectrum, 2500K
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Figure 4.7 The blackbody function for a temperature of 250K
(from D.J. O'Connor). This temperature closely corresponds to
the calculated temperature of the illuminated hemisphere of
Gaspra. It is clear that no significant emission occurs at the
wavelengths sensed by Galileo (0.40 - 0.99 microns).
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4.5.2 Spectral Reflectance as a Function of Temperature

It is yet possible that spatial temperature variations across the

surface of Gaspra are causing wavelength dependent variations in

reflectance. To test this hypothesis we include the work of Roush

(1984) to compare the effect of temperature (T) on the reflectance of

olivine.

Table 4.9

Reflectance as a function of temperature for olivine
(from Roush, 1984).

SSI ratio

violetlgreen
.89/green
.99/green

0.625
0.825
0.625

0.667
0.821
0.643

0.620
0.768
0.574

As presented in Table 4.9, the reflectance of olivine does indeed

vary as a function of temperature. These data would indicate that

temperature might play a role in controlling some of the color

heterogeneity seen on the surface of Gaspra. If we assume that

reflectance changes linearly with temperature between 173 and 273 K,

then considering the temperature range 220-260 K (40 K difference), the

.99/green ratio ranges from 0.611 to 0.583 which translates to about a

5% shift in the ratio value (see Table 4.10). Because Gaspra is generally

homogeneous, it is most useful to examine both the ratio images and
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the principal component images to see if there is any indication of this

shift. Temperature differences on the surface would be most noticeable

(assuming a uniform thermal inertia) on facets facing away from the

sun and in areas bordering the dawn terminator.

Table 4.10

Estimated reflectance values for two Galileo filters as a
function of temperature for olivine (from Roush, 1984).
Estimates were calculated by a first order fit to the data
presented in Table 4.9.

T (K) violet/green .89/green .99/green

170
180
190
200
210
220
230
240
250
260
270

0.668
0.664
0.659
0.654
0.650
0.645
0.640
0.636
0.631
0.626
0.621

0.823
0.817
0.812
0.807
0.801
0.796
0.791
0.785
0.780
0.775
0.770

0.654
0.638
0.631
0.624
0.617
0.611
0.604
0.597
0.590
0.583
0.576

Examination of these suspect areas, however, shows no

systematic trends occurring at a level which can be safely attributed to

temperature (see Figures 4.4 and 4.6), There remains some possibility,

however, that the low-value pe2 region discussed above may be a

result of temperature contrast. Looking closely, it can be seen that the

low-value region is just beyond a topographic high such that as Gaspra
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revolves it goes from shadow into sunlight while the surroundings

merely change in shading. If the PC2 region were thus cooler than the

rest of Gaspra it would be expected to have a decreased response in

reflectance at the IR wavelengths relative to the visible wavelengths.

Comparing the values from Tables 4.6 and 4.9, we calculate that an

extreme temperature change of 173 to 273 K, for example, results in

roughly 5% discrepancy in response between the violet/green and the

.99/green ratios relative to the rest of Gaspra. For the PC2 low-value

region the actual discrepancy in response is abou t 1.1% for the

violet/green to 6% for the .99/green color ratio, which is consistent

with a 5% discrepancy. Reflectance anomalies due to temperature

difference is thus consistent with the data, and may well be a partial

cause. It seems highly unlikely, however, that a temperature difference

of 100 K is possible on the surface of Gaspra, and thus, although we

cannot rule it out, we interpret that the PC2 low-value region is not

entirely a result of temperature variation.

4.5.3 Spectral Reflectance as a Function of Incidence Angle

As mentioned above, the viewing geometry for the Galileo 551

observation of Gaspra was at a phase angle of 39° degrees, whereas most

telescopic observations of asteroids occur at low phase angles in order

to maximize reflected sunlight. Slight differences between the Galileo

spectrum and ground-based spectra are expected due to this

inconsistency. This effect is distinct from the 'incidence angle effect',
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however, and since the four 55I images were obtained at a constant

phase angle, some consideration to account for varying incidence

angles is due.

Herein called the 'incidence angle effect', there exists a well

known variation of spectral reflectance for a given material when

illuminated at varying incidence angles (e.g. Gradie et al., 1980). As

shown in Figure 4.8, the phase angle can be kept constant while the

angles of incident and emitted light varies. For example, Galileo

viewed Gaspra at a phase angle of about 39° degrees, but since the

asteroid is not topographically flat, the angles of incident and reflected

sunlight will vary across the surface. In order to quantify the resulting

differences in reflectance as a function of wavelength due to this effect,

we have studied the work of Nelson (1984) and Gradie et al. (1980).

Here we present a brief analysis of this effect for the 551 wavelengths in

particular, and for several end-member cases at a wavelength in the

far-infrared for a more general comparison.
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Figure 4.8 illustration of the viewing geometry of Galileo,
Gaspra, and the Sun. This shows how the incident angle varies
relative to the emission angle for a constant phase angle of 390 degrees.

126



Ground-based observations indicate an albedo of 0.22 for Gaspra

(Goldader et al., 1991). However, it must be kept in mind that the

geometric 'albedo' of an asteroid is usually measured by astronomers

as the fraction of light reflected at a visual wavelength (0.56 microns),

relative to a perfect Lambertian sphere, while the 'albedo' of a

laboratory sample is taken to be the reflectance relative to a diffuse

reflector at low phase angle at 0.56 microns. To extrapolate from typical

telescope observational geometry to reflectance at zero phase angle, the

nonlinear increase in reflectance due to the 'opposition effect' must

then be taken into account (Bowell et al., 1989). Thus, as presented in

the literature, the values for the 'albedo' of a laboratory sample and the

'albedo' of an asteroid are actually different parameters and can

therefore be compared only roughly.

Belton et al. (1992) have used a shape model that uses

photoclinometric techniques as well as limb fitting, to correct for the

reflectance geometry of the 55I images, and have used their derived

'albedos' to define color brightness units on the surface of Gaspra.

With this technique, assuming the shape model to be sufficiently

accurate, they were able to calculate normal albedos at each pixel,

producing relative brightnesses between bands which are thus

corrected for incidence angle effects and can thus be directly compared

to materials viewed at near normal geometry in the laboratory. Here,

in lieu of correcting for local incidence angle variations, we first seek to

quantify variations in apparent brightness due to incidence angle at the

551 wavelengths as they occur for two laboratory samples. We study the
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case for basalt, and for an ordinary chondri tic meteorite (Gradie et al.,

1980).

Figure 4.9a, reproduced from Gradie et al., (1980) shows the effect

of an increase in phase angle on various geometries for a basalt sample

from Gardiner, Montana. The absolute reflectance of this sample at

0.55 microns is 0.22, so that its laboratory albedo is roughly similar to

Gaspra's telescopic albedo. It can be seen that at higher phase angles

there is little change in reflectance as emission angle varies from 60° to

0° degrees (which, in this case, means that incidence angle goes from 0°

to 60° degrees), especially for the 551 wavelengths (040 - .99 microns).

However, at lower phase angles there is a significant rise in reflectance

toward longer wavelengths as the emission angle varies from 60° to 0°

degrees (and as incidence angle goes from 0 to 60 degrees). Table 4.11a

presents the data in terms of a percentage change in reflectance values

tit 551 wavelength ratios.
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Figure 4.9 The effect of varying emission angle (and therefore
incidence angle) at various phase angles for a) a powdered
sample of Montana basalt, and b) the L6 ordinary chondrite
Bruderheim. The 55I bandpass centers are indicated by straight
lines at the appropriate wavelengths. Note that most of the
variation in reflectance with emission angle occurs toward
longer wavelengths at lower phase angles for basalt, while
Bruderheim shows the opposite trend (the phase angle for the
55I Gaspra data is 39° degrees). Data is from Gradie et al., (1980).
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Table 4.11a Basalt

The normalized spectra from Figure 4.13 of Little Lake
Basalt at grain sizes of between 45 - 75 microns, are
measured for percent change in reflectance values as the
incidence angle changes from 0 to 60 degrees (data from
Gradie et al., 1980).

violet/ .89/ .99/
Incidence angle green green green

0° 0.86 1.05 1.05
60° 0.83 1.11 1.12

percent change 3.49 5.71 6.66

0° 0.82 1.12 1.13
60° 0.80 1.17 1.18

percent change 2.44 4.46 4.42

0° 0.78 1.18 1.21
60° 0.80 1.17 1.18

percent change 2.56 0.85 2.50

phase angle

Figure 4.9b, also from Gradie et al., (1980), shows the effect of

varying incidence angles for a sample of Bruderheim, an L6 ordinary

chondrite, at two phase angles. At grain sizes of between 45 and 75

microns, this sample has an absolute reflectance of 26%. Because of its

high olivine content, there is an absorption feature at 0.95 microns in

the reflectance spectrum of Bruderheim, which makes it more

appropriate than the Montana basalt as a comparison sample to

asteroid 951 Gaspra. Reflectance behavior for bands located within an

absorption feature will not necessarily show the same trends as for
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those located outside absorption features. Table 4.11b lists the

reflectance values and a calculation of the percentage variation

between 55I bands which could be expected due to this effect. Notice

that, due to the absorption band, the spectral reflectance behavior of

this sample with varying geometry differs strongly from the case of

basalt.

Table 4.11b Bruderheim Meteorite

The normalized spectra from Figure 4.13 of Bruderheim,
an L6 ordinary chondrite at grain sizes of between 45 - 75
microns, are measured for percent change in reflectance
values as the incidence angle changes from 0 to 60 degrees
(data from Gradie et al., 1980).

violet!
Incidence angle ~

0° 0.82
60° 0.77

percent change 6.10

.89/ .99/
green gIWl phase angle

0.67 0.69 4°
0.67 0.69
0 0

0°
60°

percent change

0.74
0.76
2.70

0.64
0.67
4.47

0.66
0.68
3.03

To show the nonlinearity of the incidence angle effect we

include the work of Nelson (1984) for end-member cases of

montmorillonite (high albedo) and charcoal (low albedo) at a far

infrared wavelength of 1.655 microns. At this wavelength there is a
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1.655 microns will be unhindered with absorption features. Although

not directly comparable to the 55I wavelengths, the incidence angle

effects in the far-ill. are likely to be much greater than they appear in

the visible wavelengths (as seen above), and thus this quantification

will present an overestimate of an upper limit. Table 4.12 presents the

data in terms of percentage changes in reflectance values with changing.

incidence angles. In Figure 4.10 the nonlinearity of this change in

reflectance as a function of incidence angle is illustrated for a phase

angle of 40°.

Table 4.12

The percentage change in reflectance at 1.655 microns as
the incidence angle changes from 0 to 60 degrees for three
different materials: montmorillonite, a mixture of
montmorillonite and charcoal, and charcoal, at three
different phase angles (Data from M.L. Nelson, 1986).

Montmorillonite Mixture Charcoal Iphase anala
Incidence AnQle

o• 0.615 0.325 0.045 40·
30· 0.605 0.325 0.045
60· 0.665 0.375 0.070

percent change: 7.80% 13.30% 32.80%

o· 0.620 0.345 0.045 45·
30· 0.605 0.320 0.045
60· 0.665 0.370 0.065

percent chance: 7.00% 6.20% 29.00%

o· 0.625 0.350 0.050 50·
30· 0.610 0.325 0.045
60· 0.665 0.365 0.060

percent change: 5.50% 10.80% 21.60%
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Figure 4.10 The variation in reflectance as a function of
incidence angle at 1.655 microns for montmorillonite, charcoal,
and a mixture of the two. Data from Nelson (1986). This shows
the nonlinearity of reflectance dependence on incidence angle.
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Based on the information in Tables 4.11a and 4.11b, we can

extrapolate reflectance behavior of our analog samples to the 55I phase

angle of 39°. However, because the incidence angle effect has been

shown to be nonlinear we can only safely set limits on ranges expected

for the color ratios. Looking at the basalt data, one could expect to see a

greater change in reflectance at the infrared/green color ratios relative

to changes in the violet/green ratio for small phase angles. For

Bruderheim, however, the trend is exactly opposite. For example,

viewing basalt at a constant phase angle of 39°, the change in the

.99/green ratio will vary between 2.5 and 4.4%, while the violet/green

ratio remains within 2.5% with changing incidence. Extrapolation to

behavior at a 39° phase angle for the meteorite sample, however, is

highly uncertain. According to the data in Table 4.11b, the .99/green

ratio could vary between 0 and 3.0%, while the violet/green varies

from 6.1 to -2.7%. Therefore reflectance behavior as a function of

viewing geometry is highly dependent on the composition of the

reflecting medium. Furthermore, absorption bands complicate the

issue by reversing trends observed between 55I bands for a non

absorbing medium. For a true analog study of the incidence angle

effect for Gaspra, laboratory studies would have to be conducted with

an actual assemblage of Gaspra-like mineralogy. Alternatively, Belton

et al., (1992) have presented an approximation to normal viewing

geometry derived with the use of a 'lunar-like' photometric function.

The use of photometric models requires assumptions as to

composition, particle size distributions, phase functions, and scattering
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behavior for Gaspra-type surface materials. Since very few of these

parameters are known, the assumption of a 'lunar-like' photometric

function may be the most appropriate method for attempting to

extrapolate to normal reflectance until more is known about asteroid

surface properties (Belton et al, 1992).

We can compare the results listed in Tables 4.11 and 4.12 and

conclude that the effect of varying incidence angles on reflectance at the

SSI wavelengths is not likely to result in changes in reflectance greater

than 5%. This estimate of an upper limit is based on the reflectance

behavior of the basalt as changes for Bruderheim are not expected to be

greater than 5%, and changes in reflectance at 1.655 will be much

greater than those at the shorter SSI wavelengths.

In any case, color heterogeneity due to this effect should be

correlated with topography and should not result in reflectance

contrasts between bands (assuming a homogeneous material is

reflecting) of more than 5%. Therefore, although considerable, this

effect cannot fully explain the localized color heterogeneities (on the

order of 10%) that we observe on Gaspra.

4.5.4 Spectral Reflectance as a Function of Particle Size

Because regolith processes in effect on the surfaces of asteroids

are largely unknown (McKay et al., 1989), the physical characteristics of

the optical surface are also unknown. Probably the most important

parameter, apart from composition, is the grain-size distribution.
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Considering polarization data, several attempts have been made to

determine grain sizes on the optical surfaces of asteroids (Chapman et

al., 1975, Dollfus et al., 1989). An estimate of between 30 and 300

microns has been generally agreed upon by most workers, and a more

precise estimate of an average grain-size between 50 and 200 microns is

presented by Dollfus et al. (1989) based on photopolarimetry. This is

still an order of magnitude range, however, and as discussed below,

there is a rather dramatic effect on the optical properties of silicate rock

powders within this range (Adams and Filice, 1967).

In general, as the particle size of a silicate rock powder decreases,

its spectral reflectance increases (Adams and Filice, 1967; Johnson and

Fanale, 1973). In order to quantify this effect for an analog study with

the Gaspra 551 data, we have plotted reflectance as a function of particle

size for a) olivine and pyroxene, and b) a sample of basalt. The

olivine and pyroxene data (from Azuma et al., 1988), were measured

with a spectrophotometer attached with an integrating sphere. Such a

device will serve to increase the absolute reflectance measurements of

samples above values normally obtained with a bidirectional viewing

geometry. For our purposes this is not a problem as all reflectance

values are normalized to reflectance at 0.56 microns, thereby reducing

the variability between data sets. The basalt sample is from Little Lake,

California, and is listed to contain plagioclase, olivine and pyroxene

(Adams and Filice, 1967).

We seek to quantify the grain size effect in terms of the

maximum uncertainty due to poor grain size constraints at the 551
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wavelengths of Gaspra images. The ideal choice of an analog material

with which to study this grain size effect would be an S-type asteroid

meteorite. However, no meteorite analog has yet been measured in

the lab which exactly produces an S-type spectrum (Gaffey et al., 1989;

Clark et al., 1992; Fanale et al., 1992). Only modelling attempts have

been made so far to simulate the S-Type spectrum with its inferred

mineralogy (Hiroi and Takeda, 1991; Clark et al., 1993), and only

limited grain size information exists in the literature due to the

difficulty of comminuting pure nickel-iron metal (Britt and Pieters,

1988; Hiroi et al., 1992). Therefore, we present data on reflectance

versus grain size for pure olivine and orthopyroxene (Azuma et al,

1988) as well as for basalt (Adams and Filice, 1967). Pure olivine and

orthopyroxene were chosen because they are among the actual

minerals inferred to be at the surface of asteroid 951 Gaspra (Goldader

et al., 1991; Gaffey, 1984, 1986; Gaffey and Ostro, 1987). In general,

however, reflectance properties of mineral mixtures are combinations

of the reflectance properties of its endmember components (Hapke,

1981; Hapke and Wells, 1981; Bowell et al., 1989). The properties of the

pure samples can thus be considered as extreme cases, suitable for

upper limits on reflectance changes. The missing endmember in this

case is the metallic component of S-type mineralogy, and this is due to

the difficulty of comminuting nickel-iron metal to different grain sizes.

Finally, although basalt has a mineralogical composition which differs

from that inferred for S-type asteroids, the sample of Little Lake basalt

used here is olivine-rich and may thus represent a good endmember
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case of a mineral mixture. The shape of its spectrum, at least for the

wavelength region of interest, is also similar to the S-types. Both

spectra exhibit reflectance minima at about 1.0 micron and are

relatively bright in the visible.

Figure 4.11 presents spectral reflectance da ta for olivine and

orthopyroxene as a function of particle size. In all cases, values for the

grain sizes as plotted were taken to be the average of the grain size

limits as listed in Azuma et al. (1988). Shown in terms of color ratios

relative to the green, Figure 4.12 presents the normalized reflectance

behavior at the three different color ratios of the SSI filters. So, within

the estimates of particle sizes in existence on asteroid surfaces we have

a range of reflectance values for the violet/green filter ratio, for

example, of about 28 to 49% (Table 4.13). To further illustrate, we next

evaluate the change in reflectance upon comminution of basalt.

Figure 4.l3a shows the decrease in reflectance with increasing grain

size. In Table 4.14 are listed the changes in reflectance normalized to

the green filter (Figure 4.13b). For basalt the same violet/green ratio

shows a decrease of about 8.3% as the grain size goes from 30 to 90

microns. This amount of variation, expected due to uncertainty in

grain size on asteroid surfaces, already accounts for more than one

standard deviation of the 5SI whole disc average of this color ratio (see

Tables 4.1 and 4.14). Therefore, this effect is substantial and may be an

explanation for some of the color inhomogeneities in the processed SSI

images of Gaspra.
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Figure 4.11a Data from Azuma et al. (1988) showing the
reflectance of a sample of olivine as a function of grain size.
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Figure 4.11b Data from Azuma et al. (1988) showing the
reflectance of a sample of orthopyroxene as a function of grain
size.
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Figure 4.12a The reflectance of olivine, in values relative to 0.56
microns as a function of grain size as listed in Table 4.13 (from
Azuma et al., 1988).
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Table 4.13 (from Azuma et aI., 1988).
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Figure 4.13a Reflectance as a function of grain size for a sample
of basalt from Little Lake, California (from Adams and Filice,
1967). Grain sizes listed are averages of the ranges listed in
Adams and Filice (1967).
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Figure 4.13b The same data as in Figure 4.13a normalized to
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violet/green vs ill/green for large grain sizes.
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Table 4.13 Olivine and Orthopyroxene

This table shows reflectance for maximum and minimum
grain sizes for pure samples of olivine and orthopyroxene
as shown in Figures 4.12a and 4.12b. Note that for the
violet wavelength the minimum in reflectance occurred
at a grain size of about 180 microns. For each Gaspra 55I
image filter ratio the percentage change in reflectance
values as grain size increases from 60 microns to 300
microns is shown (data from Azuma et al., 1990).

60 micron 300 micron % Change
Olivine

Violet/green 0.82 0.55 49
.89/green 0.73 0.38 92
.99/green 0.59 0.25 136

Orthopyroxene

Violet/green 0.69 0.54 28
.89/green 0.55 0.46 20
.99/green 0.71 0.54 31

Table 4.14 Little Lake Basalt

Reflectance for maximum and minimum grain sizes of
Little Lake Basalt. Note that for the violet wavelength the
minimum in reflectance occurred for a grain size of about
90 microns. For each 55I filter the percentage change in
reflectance values as grain size increases from 30 microns
to 300 microns is shown (data from Adams and Filice,
1967).

30 micron 300 micron % Change

Violet/green 0.91
.89/green 0.97
.99/green 0.94
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Within the context of the SSI data, we can examine what

happens to the .99/green ratio as particle size varies. Since this ratio for

the olivine is 0.59 for the 60 micron grain size and 0.25 for the 300

micron grain size, we can see that the ratio decreases considerably

(136% in this case) for this range of grain sizes. Looking at the ratio of

.99/green for basalt, we find a more moderate expected decrease of

about 16.4%. As mentioned above, this ratio, of all the possible SSI

band ratios, is likely to be the best indicator of compositional

heterogeneity. However, the ratio could vary by at least as much as

16% due to grain size variations, and this amount of uncertainty must

be accounted for before trends in mineralogy can be analyzed with

certainty. Since we cannot assume a grain size distribution for the

surface of Gaspra, therefore, we must conclude that there is not enough

information available for mapping compositional variations (see

section 6 for more detail) in the mafic mineralogy of Gaspra with the

.99/green ratio.

If, however, there is a particle size difference between a crater

ejecta blanket and the surrounding asteroidal regolith it may show up

in this .99/green ratio image (see Figure 4.6c). It is also possible that

ridges and valleys have different particle size distributions (Thomas,

1979; Belton et al., 1992). If this is the case then particle size variations

could account for most of the brightness trends on Gaspra mapped by

Belton et al. (1992), especially as these trends were observed to correlate

with topography. As seen on the moon, crater rays exhibit particle

sizes different from the surrounding regolith. Fresh crater ejecta
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material is expected to be coarser grained (Moore, 1972; Cintala et al.,

1982). If we assume the 'blue' craters mentioned in the analyses above

are morphologically most recent, then an interpretation of a coarser

grain size is consistent with the decrease in the .99/green ratio relative

to the violet/green trend plotted in Figure 4.13b. Alternatively, if

there is not a particle size difference associated with these fresh craters,

then something is occurring to the surrounding regolith to make it

appear relatively more red. This raises the possibility of regolith

maturation, which is discussed below.

The evidence presented here indicates, therefore, that grain size

variations can result in spectral variations on the scale of 8 to 16%.

Thus, grain size variation alone could explain most of the color

heterogeneity (10%) seen on the surface of Gaspra, and thus it is clear

that particle size effects merit serious consideration.

4.5.5 Color Differences due to Surface Maturation

In this chapter we consider two different kinds of optical surface

maturation: 1) that caused by evolution of particle size due to

micrometeorite bombardment, and 2) that caused by agglutinate

formation of the finest particles. Both effects are functions of time, and

thus lead to a measure of exposure age for surface materials. The first

effect is expected to occur, at least to some extent, on all atmosphereless

planetary bodies. The second effect has been seen only on the moon, so

far (McKay et al., 1989).
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Lunar crater rays are observed to redden and darken with age

due to glass formation. These agglutinates are formed from the

original bright crystalline ray material during impacts by micro

meteorites. As micrometeorites impact the crater rays small amounts

of melt are formed which cause the coalescing of mineral grains,

glasses and previously formed agglutinates (Duke et aI., 1970; McKay et

al., 1970; Adams and McCord, 1971; Heiken, 1975). The melt formed

during the micrometeorite impacts contains small fractions of Fe

metal, which are mostly responsible for the reddening and darkening

of the lunar crater rays.

As discussed by Horz and Schaal (1981), "collisions of

interasteroidal objects travelling at greater than or equal to 5 km/sec

will inescapably produce agglutinate-type soil glasses if the asteroidal

surfaces are highly comminuted, fine-grained deposits with porosities

of about 30%." However, as reviewed by McKay et aI. (1989), there are

several effects which possibly inhibit agglutinate formation on

asteroids, such as the expected low impact velocities in the main belt

and the large percentage of material lost due to collisions between

small bodies. In addition, laboratory attempts to simulate glass

formation with ordinary chondrite meteorite powders failed to

produce significant quantities of vitrified material due to the olivine

normative mineralogy of ordinary chondrites (Clark et al, 1992). In

any case, most workers agree that if indeed this process is occurring, it

is not able to sufficiently mask the spectral signature of the unaltered

asteroidal material (Gaffey, 1976; Matson et al, 1977; Gaffey and McCord,
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1977; Bell and Keil, 1988). In addition, it is well known that meteorite

regolith breccias show much less glass than similar regolith breccias

from the moon (Keil, 1982), indicating that glass forming processes are

different on the moon than on meteorite parent bodies and that they

probably cannot be safely compared (Clark et al. 1992).

The available evidence indicates, therefore, that maturation of

an asteroidal regolith is not expected to be lunar-like. Regardless, it is

evident that something is causing several craters to have a distinct

spectral signature while others have none. This could indicate surface

maturation by particle size evolution, and since particle size effects

have been shown to be significant, we find this interpretation to be

most consistent with the data. It is possible, however, that the

anomalously 'blue' craters are caused by excavation of underlying

material that is mineralogically distinct from the optical surface (see

part 6), and that there is no spectral change of the optical surface with

time. If this were the case then distinct mineralogical domains

approximately the size of a few 'blue' crater radii, would have to exist

locally. Otherwise all craters would have similar ejecta. It seems

highly unlikely that the craters are exactly superimposed on the only

mineralogically different domains on Gaspra, therefore we believe

these craters to be evidence for surface maturation (which may include

processes of particle comminution), whether or not the craters are

excavating intrinsically different material. This evidence for surface

maturation does not distinguish between the possible maturation
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processes of particle size evolution, solar wind or cosmic ray

bombardment, or glass and agglutinate formation.

4.5.6 Color Differences due to Mineralogical Heterogeneity

The most likely composition of Gaspra as inferred from its

telescopically obtained reflectance spectrum is an expected olivine to

pyroxene ratio of about 3/1 with subequal nickel-iron metal and silicate

abundances (Goldader et aI. , 1991; Gaffey, 1984, 1986; Gaffey and Ostro,

1987). Such compositions as well as rotational variations have led

some workers to believe that S-Type asteroids may represent the core

mantle boundaries of differentiated parent bodies (Gaffey, 1984), and

may even preserve the transition from core-mantle to surface crust

(Gaffey and Ostro, 1987).

In order to test the likelihood that the surface of Gaspra is

composed of several distinct zones we have extracted reflectance values

of various differentiated asteroids at the SSI wavelengths and have

noted the percentage variation that might occur in a color ratio image

across the surface of Gaspra if it were indeed so geologically interesting

(Table 4.15). For the end members in this example we have chosen two

M-Type asteroids to represent the metal component, two A-Type

asteroids to represent the olivine-rich component, and as a matter of

interest we also present spectral data for Vesta, a basaltic asteroid which

may represent the nearly intact crust of a differentiated body (Gaffey et

al., 1989).
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Table 4.15

Ratios of reflectance values at 55I wavelengths for M, A,
and V-type asteroids (from Bell et al., 1988).

Asteroids .40/green .89/green .99/green
M-Type

16 Psyche 0.97 1.16 1.21

135 Hertha 0.98 1.10 1.11

A-Type

446 Aeternitas 0.62 1.20 1.05

863 Benkoela 0.60 1.25 1.15

V-Type

4 Vesta 0.82 0.80 0.85

As presented in Table 4.15 reflectance values for the 55I

bandpasses are calculated by convolving the 55I filter transmission

curves to the ECA5 data of Zellner et al. (1985). Each value is ratioed to

reflectance at the green wavelength. The greatest percentage variation

between endmember mineralogies is in the violet/green ratio (-25%),

yet the above analyses show no such large scale variations in the

Galileo 55I images of Gaspra. Therefore a checkerboard model for 5

Type asteroids in which large discrete areas of the surface consist of

these (M and A-Type mineralogies) endmembers is not the case for

Gaspra. However, intimate mixtures of these materials at sub-pixel

scales is possible. Comparing the hemispherical average of the Gaspra
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violet and green filters the corresponding ratio value is 0.69, which to

first order approximates an average of the endmembers in Table 4.15.

A more subtle indicator of mafic mineralogy variations can be

detected in the ratio of the .89-micron band with the .99-micron band.

If we consider a case where 5-type asteroidal material (i.e., olivine,

pyroxene, and nickel-iron metal) is represen ted by a constant

metal/silicate ratio, we can use the .89/.99 ratio as a measure of the

olivine/pyroxene components. For example, as presented in Table

4.16, there is a systematic shift in the value of this ratio depending on

the chemistry of the pyroxene component. For pure olivine this ratio

has a value of about 1.38. Upon the addition of about 50%

clinopyroxene to the olivine, the reflectance spectrum shifts to a .89/.99

ratio value of 1.58, and pure clinopyroxene has a value of 1.65. Upon

the addition of orthopyroxene, however, this ratio becomes less than

one, and pure orthopyroxene has a value of 0.72. Before any specific

conclusions can be drawn from looking at this ratio for the 551 data,

however, some allowance must be made for the fact that the .89

micron band may be poorly calibrated. Before use of the multiplication

factors given by Belton et al. (1992), this ratio is about 0.928 for a

whole-disc average of Gaspra (listed in Table 4.1). After multiplication,

however, this ratio is 1.04. Therefore, due to this poorly constrained

calibration problem, any attempt to map pyroxene chemistry will be

highly uncertain. In any case, examination of the color ratio image

(Figure 4.6d) shows the homogeneity in these values for Gaspra. Also,

there is very little structure in the third principal component image,
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which is essentially the difference between the .89-micron and .99

micron bands, and the variation between them is only 0.13 percent of

the total variation in the data.

Table 4.16

Data from Singer (1981) illustrating the shift in the ratio of
the .89/.99 bands to grea ter than 1.38 for addition of
clinopyroxene and to less than 1.38 for addi tion of
orthopyroxene. The'" indicates the mafic proportions
derived by Gaffey (1987), this value for the .89/.99 ratio is
indeed consistent with the calibrated SSI ratio (1.04).

Mineralo&y ~ ~ .89/.99

100% Olivine 0.33 0.24 1.38
75% 01 + 25% Cpx 0.30 0.20 1.50
50% 01 + 50% Cpx 0.27 0.17 1.58
25% 01 + 75% Cpx 0.27 0.17 1.58
100% Clinopyroxene 0.28 0.17 1.65

100% Olivine 0.33 0.24 1.38
75% 01 + 25% Opx 0.26 0.24 1.08'"
50% 01 + 50% Opx 0.20 0.22 0.91
25% 01 + 75% Opx 0.18 0.23 0.78
100% Orthopyroxene 0.18 0.25 0.72
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4.6 Summary

In sum, the only definitive color heterogeneities are:

1) The relative blueness of 2-3 craters is significant due to the

number of similar craters which do not appear bluer than their

surroundings and due to the fact that these particular craters are

arguably morphologically "fresh", or recently formed. The blueness is

consistent with variations in grain size, as cratering is expected to

excavate material coarser than the surrounding regolith. The

possibilities remain, however, that the blueness is due to either

excavation of intrinsically different material or to the relative ages of

the excavated versus surrounding material. If the craters truly are

'blue' due to the mineralogy of excavated material then they may be

exposing a more mafic-rich material. Alternatively there could be

reddening (consistent with particle comminution) of older exposed

surface materials in the surrounding regolith, making the craters

appear relatively blue.

2) The PC2 low-value region, which is also evident in the

color ratios is of particular interest. Looking at Table 4.6 we can see that

the percentage variation in the .99-micron vs green color ratio between

the PC2 low-value region and an area of the general surface is about

7%. This is relatively significant. If we simply go down the checklist of

possible causes for such a high response in the .99-micron band relative

to the green band, we can mostly eliminate both emitted and reflected
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temperature effects because the variation is simply too high relative to

temperature variations expected to occur across the surface of Gaspra.

Additionally, we would expect to see a similar response in the PC2

toward the dawn terminator if the dark region is due to lower

temperatures. We may also eliminate incidence angle effects because

the low-value region cuts across a large range of incidence angle

contours (see Figure 4.5a), In addition we can say that a particle size

variation is not consistent with the trend in the data and is thus not a

likely cause of the pe2 low-value region. For example, if the region

were characterized by a finer-grained size domain than the

surrounding material, we would expect to see a shift in the visible

wavelengths toward higher values with a corresponding shift in the

visible minus IR difference (PC2) toward lower values due to the fact

the IR values increase faster than the vis values. For a coarser grain

size domain we would expect to see a decrease in visible reflectance

with a corresponding increase in the PC2 values. In fact, the region

cuts across the range of reflectance values in the visible and is low

valued in the second Pc. Thus, neither a grain size increase nor a grain

size decrease are consistent with the data. This leaves two remaining

possibilities: a) Surface maturation effects; in this case we can only say

that the dark region may be younger or older than the surrounding

terrain since we do not know, quantitatively, how asteroid regoliths

mature. b) Different mineralogy; in this case we would expect the

decrease in the .99-micron band to be due to an enhancement of the

metal component of S-Type asteroidal material. This is a distinct
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possibility, especially since the region also appears dark in the

violet/green band, an expected effect due to the decrease in visible

brightness with increased metallic component. Recall that the

spectrum of Fe,Ni metal is red and featureless through the infrared

(Britt and Pieters, 1988), and such a component would therefore be

expected to make the mafic silicate absorption band at .99 microns less

intense. Reasons for the existence of such a metal-rich region are

largely conjectural.

Our best hope of a detector of compositional variations was

probably the ratio of .99/green due to the fact that these wavelengths

are keys to the band depth of the olivine-pyroxene mafic mineral band

centered at .99 microns. Also important is the .89/ .99 ratio. However,

the relative lack of structure compared to the topographic/incidence

angle variations in both the principal component images and the color

ratio images indicates that significant variations in the ratios of these

bands do not exist (see Tables 4.1 and 4.3, and Figures 4.4 and 4.6). Since

we do not see significant spatial variation in PC3 we can conclude that

the mafic mineralogy is remarkably homogeneous on the surface of

Gaspra, except for the possibility that the metal component is enhanced

in the pe2 low-value region, thereby decreasing the percentage of mafic

silicates.
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4.7 Conclusions

In conclusion, we believe that the minor color variations visible

in the color ratio and principal component images of the 55I data can

be adequately explained with the possibly combined effects of particle

size variations (most important), incidence angle variations, and

temperature variations (see Figure 4.14). In general, we cannot

definitively invoke compositional heterogeneity to explain our

observations, because, except for the pe2 low-value region, they may as

easily be explained by the above mentioned surficial effects. In effect,

nearly all of the color heterogeneity seen in the 55I images is within

the error bars which are necessarily required by our poor knowledge of

the minute physical details of the optical surface (Figure 4.14),

Although somewhat disappointing, this result indicates that apart

from the few small outstanding features discussed above, the surface of

Gaspra appears to be remarkably well mixed on a scale of less than 100

m. The 55I images may record subtle spectral variations that occur

only at the optical surface. On the other hand, Gaspra may be covered

with a spectrally homogeneous regolith that could be quite deep

(Belton et al., 1992), but the preceding color analysis provides no

evidence for a regolith depth estimate.

Whether or not 5-Type asteroids are the parent bodies of the

ordinary chondrite meteorites (Bell, 1991) is not resolved by this

analysis of the 55I data. Gaspra appears to be homogeneous, but it is
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impossible to go beyond the resolution of the 551 images to see if this

surface homogeneity is on the scale of less than 1 centimeter

(indicative of chondritic meteorites) or less than 1 meter (indicative of

achondritic meteorites). Large-scale mineralogical heterogeneities

definitely do not exist, and therefore if indeed 5-type asteroids

represent the core-mantle regions of highly differentiated bodies (e.g.

Bell et al., 1985), then their component domains have been well-mixed

across the surface. Thus, we now know that even small asteroids may

have regoliths. Moreover, although the grain size distribution on

Gaspra is unresolved by the 551 data, there is some indication that the

upper regolith may be experiencing particle size comminution and/or

other optical surface processes. Such processes may affect the search for

definitive links between meteorites and their parent-body asteroids.

Galileo will encounter another 5-type asteroid, 243 Ida, in August of

1993. This fly-by will present asteroid scientists with another

opportunity to analyze a main-belt asteroid for compositional

heterogeneity. Ida is a member of the Koronis family, which is

estimated to have a collisional age of about 20 million years, whereas

Gaspra's collisional age, as estimated for the Flora family, is about 500

million years (Marzari and Davis, 1991; Belton et al., 1992; Granahan

and Bell, 1992). It is conceivable, therefore, that the surface of Ida will

be different from that of Gaspra's in terms of its history of exposure to

particle bombardment. In addition to its expected differences in

regolith properties, Ida has been shown to be a more likely candidate

for an ordinary chondrite meteorite parent body (Chapman et al., 1991;
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Belton et al., 1992), based on its spectral characteristics. Indeed, positive

identification of an ordinary chondrite parent body would go far to

resolve one of the longest standing controversies in asteroid science

(Gaffey et al., 1989; Bell et al., 1989; Fanale and Clark, 1991; Fanale et al.,

1992). Indeed, convincing spectral evidence for a small (7 km) main

belt Q-type asteroid OC meteorite parent body has been recently

presented by Binzel et al. (1993). The Binzel et al. observations cover

the visible portion of the spectrum (0.3 to 1.0 microns) and match the

OC's quite well in this wavelength region, thus further strengthening

the case for a separate class of objects (other than the S-types) as

potential OC meteorite parent bodies. In any case, the two asteroids,

243 Ida and 951 Gaspra, do well in sampling the range of spectral

characteristics seen within the S-type asteroid population, and thus

bring us closer to understanding the important class of 5-asteroids.
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Figure 4.14 Schematic plot showing the percentage variations
away from average values required as uncertainty due to the
various effects investigated in this chapter. For each S5I color
ratio, the percentage variation is calculated as shown in Table
4.1. The temperature uncertainty is an upper limit, calculated as
the percentage change in the color ratio for a sample of olivine
between the temperatures of 220 and 260 K. The incidence angle
uncertainty is an estimate calculated by studying the reflectance
behavior of a basalt sample with changing incidence angle at a
phase angle of 30 degrees. The uncertainty due to particle size is
an estimated lower limit calculated by noting the change in
reflectance as a function of wavelength for a sample of olivine
basalt. The effect of a change in mineralogy from an olivine-rich
endmember to a metal-rich endmember on each of the color
ratios is also presented in terms of an upper limit. All values
presented here are explained in the text, tables and figures in
more detail.
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Chapter 5

Telescopic Observations

First Results of the Seven-Color Asteroid
Survey: The Search for an Ordinary
Chondrite Parent Body

5.1 Introduction

5.1.1 The New Filter Photometry System

The new Seven-Color Asteroid Survey infrared filter system

(SeAS) is designed specifically to capture the essential mineralogical

information present in asteroid spectra. It is composed of seven broad

band filters which allow for infrared OR) observations of objects as faint

as 17th magnitude (Figure 5.1).

Schematically presented in Figure 5.2 are the wavelength

coverage and spectral resolution for various asteroid data sets,

including the new system, SeAS. Spectral bandpasses are indicated by

horizontal lines. An asterisk (*) indicates that asteroid data is no
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longer regularly being obtained with this system (adapted from Gaffey

et al. 1989). This figure shows that the evolution of asteroid surveys

has been in a direction from higher resolution to lower resolution. For

example, the 26-color 2-beam photometer asteroid survey was

conducted by Chapman and Gaffey in 1979 and a total of 277 asteroids

were measured and characterized in the visible to near-IR wavelength

ranges. Then Zellner et al. (1985) used this survey to analyze the range

of shapes of asteroid reflectance curves and reduced the number of

channels they considered to be necessary to define the reflectance curve

to a total of eight channels. These eight channels then became the

Eight-Color Asteroid Survey (ECAS) and the exchange of resolution for

broader bandpasses provided favorable integration times and

magnitude limits to gather the most significant number of asteroids

ever measured for one survey - a total of 589 objects (Zellner et al.,

1985). Now, after presentation and analysis of the 52-color survey of

102 objects observed in the IR wavelength region of 0.8 to 2.5 microns

(Bell et al., 1988; Burbine, 1991; Bell et al., 1989; Fanale et al., 1992), the

designers of the SCAS survey (Granahan and Bell, 1992) have similar

goals for the new system.

5.1.2 Survey Goals

One of the primary goals set for the new SCAS system was to

obtain the first infrared observations of an ordinary chondrite parent

body asteroid. Q-type asteroids are of special interest as they are

proposed to be the elusive parent bodies of the OC meteorites (Bell et
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al., 1989). Unfortunately, most Q-types (only six known) are Near-Earth

Asteroids, making them very difficult to observe. In fact most of the

known Q-types are only observable once in two - twenty years. Thus,

although they have been observed at visible wavelengths (Zellner et

al., 1985; McFadden et al., 1984) they have not yet been observed in the

infrared. For the first SCAS observation run, however, the asteroid 371

Bohemia reached a favorable magnitude and orbital position for

observation. Bohemia, a 57 kilometer diameter mainbelt asteroid, was

classified 'QSV' according to its ultraviolet, blue and visible

wavelength (UBV) properties in the taxonomic system of Tholen

(1989), and the opportunity to verify its designation as a Q-type (or OC

parent body) by obtaining observations in the IR was an intriguing

possibility. As discussed previously (see Chapter 3), Q-types are not

expected to be large asteroids (i.e, >50 krn), nor are they expected to be in

the main belt. Ra ther, as poten tial parent bodies of the

undifferentiated OC meteorites, they are expected to be objects which

were small enough to escape differentiation during the heating event

that differentiated main belt precursor objects to form the S-type

asteroids (Bell et al., 1989). Thus, positive identification of a fairly

large-sized mainbelt Q-type would be of major importance in the

scheme of the geological structure of the asteroid belt.

Also of interest of course, are the S-type asteroids. As a single

class of objects, they are highly variable. In fact, they cover about 40%

of the parameter space in the U-B versus B-V plots of Bowell et al.,

(1978), and an equal percentage of parameter space in the ECAS
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principal components analysis of Tholen (984). Recently, two new

asteroid classes have been defined from among the S-types based on

their IR properties (Bell et al., 1988; Granahan et al., 1993; Burbine et al.,

1992). These asteroids, the K-types and the Ss-types (spinel-rich), were

previously grouped among the S-types when only their visible

wavelength spectra were available, but were found to be quite

anomalous when observed in the infrared.

The possibility remains that the parent bodies of the ordinary

chondrite meteorites are lurking among the S-type asteroids (Gaffey et

al., 1992). Gaffey et aI. (1993) have recently classified the S-types

observed for the 52-color survey according to their IR spectral

reflectance properties. Grouped according to band area ratios and band

center positions, they find that the S-types can be divided into seven

subtypes, with one "ungrouped" set of two asteroid spectra left over. In

this context, the Gaffey et aI. S-c1ass subtype number IV is most similar

to the ordinary chondrite meteorites, and is interpreted to be the most

likely subtype to represent their parent bodies (Gaffey et al., 1992; 1993).

The Gaffey et al. analysis used the 52-color survey data set, with a

total of 39 S-asteroid spectra, [0 define their subtypes. Before

performing the band area ratio analysis, however, all spectra were

normalized to one at 0.56 microns and the continua from 0.70 to 1.50

microns were linearly fit and removed. This procedure gets rid of all

albedo and redness information present in the asteroid spectra, which

is perhaps justified in considering the fact that these spectral criteria are

the two least understood in terms of their mineralogical implications.
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Britt (1991) has shown that the parent bodies of the ordinary

chondrite meteorites may also be hiding among the population of low

albedo C-cIass asteroids and their subtypes. He hypothesizes that shock

produced by impacts on the surfaces of the OC parent bodies has

affected their optical properties so as to make them appear C-like.

It seems therefore, that there are three currently viable answers

to the question, "where are the ordinary chondrite parent bodies?"

They may be among the C-type asteroids, the Q-type asteroids, or the

smaller S-type asteroids. This chapter presents the preliminary results

of an ongoing search among the latter two possibilities.

5.2 Data Aquisition and Reduction

The first test of the SCAS system occurred in July, 1992. In four

nights at the Infrared Telescope Facility (IRTF) on Mauna Kea, Hawaii,

over 67 objects were observed. Data was aquired with the Primo I

infrared photometry instrument with optimum signal to noise ratios

of at least 100. Thirty-four of the observed objects have also been

observed in the visible wavelengths with the ECAS system. All spectra

obtained thus far are presented in order according to asteroid number

in Appendix B.
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5.2.1 Standard Stars

Standard stars were observed at half-hour intervals throughout

each night. All of the standard stars observed are from the

Smithsonian Astrophysical Observatory online catalog and are listed as

G5 type stars. These stars are shown in Table 5.1. The SAO star

observations were used to construct linear extinction functions for each

of three time segments of each night. In order to correct the standard

star fluxes for comparison to reflected sunlight, each star was

multiplied by a correction factor obtained by fitting the extinction

function to the observation airmass at the solar-type star 16 Cygnus B.

Because this correction factor varies with wavelength, a separate

calculation was made for each of the seven filters.

Date

11 July 1992

12 July 1992

13 July 1992

14 July 1992

Table 5.1 Standard Stars

~

SAO 184141

SAO 164082

SAO 119278

SAO 164082

SAO 128628

SAO 119278

SAO 143111

SAO 146363

SAO 143111

SAO 146363
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Magnitude

7.9

7.8

7.0

7.8

6.8

7.0

7.7

7.8

7.7

7.8



5.2.2 Calibration

Six of the asteroid observations were to test the new system for

accuracy relative to previous observations with the high-resolution 52

color survey (Bell et al., 1988). In three cases, the match to previous

data is good (see Figure 5.3). In two cases the match to previous

observations is not so good (see Figure 5.4). Also observed with the

SCAS system was the asteroid 951 Gaspra. Shown in Figure 5.5 is a

composite plot of Gaspra as observed from the ground with the various

systems, ECAS, SeAS, and sub-52-color (Goldader et aI., 1991). Asteroid

144 Vibilia, a C-type, was also observed and although there are no 52

color data for this asteroid in particular, the spectrum of Vibilia is

consistent with other C-types measured by the 52-color survey, i.e. it

has a generally flat infrared signature (see Appendix B).

Notice that in general the SCAS system agrees well with

previous observations in four cases out of six. What this means in

terms of the system's accuracy remains uncertain. It could be that

rotational variations are the cause of the discrepancies seen in 69

Hesperia, Figure 5.4a and 584 Semiramis, Figure 5.4b. This is our

preferred explanation and its likeliness is enhanced by noting that the

52-color observations of 69 Hesperia are unusual for an M-type

asteroid. Most of the other M-types in the 52-color survey have more

continuously red slopes from the visible to the infrared (Bell et aI.,

1988). Alternatively, since both 69 Hesperia and 584 Semiramis were

observed on the same night with the same standard stars used for
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Figure 5.3b Comparison of 52-color (Bell et al., 1988) and SCAS
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Figure 5.4a Comparison of 52-color (Bell et al., 1988) and SeAS
infrared data for the object 69 Hesperia.
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extinction removals, there could be something wrong with the SCAS

observations from that one night (July 14, 1992). If this were the case

then we might expect the discrepancies to be 'off' in the same sense.

However, this is not the case. Whereas Semiramis is too blue in the

SCAS observations, Hesperia appears to be too red. Therefore, there is

no systematic difference present which could help explain the

discrepancies. Finally, we could call into question the accuracy of the

52-color data, but it may be easier to re-observe Hesperia and

Semiramis during the next SCAS observation run, as well as other 52

color survey objects, to check for further differences. For the time being

we accept four out of six as good odds that the SCAS observations are

repeatable and accurate.

All of the asteroids were observed twice consecutively, except for

371 Bohemia and 951 Gaspra, which were observed three times

consecutively each night. Each pair of observations was averaged for

the final spectrum product, and in most cases the consecutive

observations agreed to within 2%.

Overlaps with the visible wavelength ECAS spectra were

performed for 28 of the SCAS asteroids. Some of the asteroids were

observed with both systems, but have the overlapping wavelengths

missing from the ECAS data set. These asteroids were therefore not

included in either of the analyses which use both data sets (see below).

To scale the SCAS observations to the ECAS normalized spectra, a

smooth curve was fit between the last three data points of the ECAS

system (0.8 - 1.1 microns) and the SCAS data at 0.913 microns was scaled
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to fit that curve. Thus, the overlapping of the two data sets is only as

good as the SCAS data at band A (0.913 microns), and any uncertainties

in the relative placement of this data point will propagate throughout

the rest of the SCAS infrared spectrum.

5.3 Analysis

For the initial results of the seven-color asteroid survey of Q and

S-type asteroids, three independent analyses were performed. What

follows is a description of each of the three analysis methods with

some discussion of the findings and their implications.

5.3.1 Three-Parameter Analysis

As illustrated for the 52-Color data (Fanale et al., 1992) the three

parameters of albedo, continuum slope and I-rnicron band depth were

extracted from the new SCAS asteroid spectra combined with the ECAS

data. The main assumption necessary for this procedure is that the

SCAS filter system has adequately sampled the reflectance behaviour of

the asteroid such that the continuum slope and band I reflectance

minimum are well defined. To check that this is true we have

calculated parameters for asteroid 5 Astraea using first the 52-color data

and then again using the SCAS data. In fact, the discrepancy between

the two data resolutions resulLs in no more than 2% discrepancy in

parameter values.
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Additionally, in order to compare the new S-type parameters to

ordinary chondrites, SCAS filter transmission functions were

convolved to smooth curves through the laboratory ordinary

chondrite meteorite data of Gaffey (976). These convolved data were

then put through the same band depth and continuum slope

calculations as the asteroid spectra. The results are plotted in Figure

5.6. In general, the clustering of S-type asteroids into a separate

population from ordinary chondrite meteorites is preserved, despite

the lower resolution and the sampling of fainter and smaller asteroids

of the new SCAS data (see Table 5.2). Also, the meteorites and the

asteroids respectively occupy the same parameter spaces as they did in

the higher resolution analysis of the 52-color asteroid data presented in

Chapter 3 (see Figures 3.3 and 3.4).

As discussed in Fanale et al. (1992), in order to identify an

asteroid with the ordinary chondrite parametric field, the same asteroid

must plot within the limits of the OC fields in each of the three cases

presented in Figures 5.6 a through c. Due to the nearly complete

separation of the two fields in Figure 5.6a, however, there is only one

asteroid object which successfully fulfills these requirements. That

asteroid is 192 Nausikaa. and indeed the visible wavelength portion of

Nausikaa's spectrum is anomalous relative to other S-types observed

with the ECAS system (see Appendix B).
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Figure 5.6a Spectral parameters absorption band I depth and
continuum slope are plotted for the SCAS asteroids and the OC
meteorites. Note that 371 Bohemia has not been observed with
the ECAS system but is included here as compared with a typical
Q-type ECAS spectrum and a typical 5-type ECAS spectrum.
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Table 5.2 Comparison of Asteroid Survey
Object Diameters (IRAS )

52-Color Survey Diameter
(krn)

3 244
6 192
7 203

11 162
12 117
15 272
18 148
20 151
25 78
26 99
29 219
32 83
37 112
39 159
40 111
42 107
43 65
57 116
63 108
67 60
68 127
80 82
82 64
89 159
101 68
113 48
115 84
258 62
264 54
354 162
364 31
389 82
532 231
584 56
674 101
1036 41
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ECAS-SCAS

5
60
79
103
108
118
124
169
192
204
258
277
288
443
480
483
556
563
582
584
631
714
951
974
1245

Diameter
(km)
125
62
69
95
67
46
79
36
107
51
68
29
37
28
58
73
39
55
47
56
60
41
17
25
28



5.3.2 Bandpass Ratio Analysis

Only part of the new SCAS data set has corresponding ECAS

visible wavelength data, therefore a more general analysis technique

using only the seven-color data is presented. Three specific color ratios

of the SCAS bandpasses are plotted against eachother (see Figure 5.7).

The 0.91/1.05 micron ratio is an indicator of the shape of the I-micron

mafic absorption band. The 1.30/1.55 micron ratio is an indicator of the

slope coming out of the I-micron absorption, and the 2.16/2.30 micron

ratio is indicative of the 2-micron pyroxene absorption band. Also

shown in Figure 5.7 are the color ratios calcula ted for asteroid 371

Bohemia as it appeared on the best three of the four observation nights

(Bohemia was too close to the full moon in the last night). There is

some significant scatter to the points from one asteroid. Thus if we

assume that there are no rotational variations on 371 Bohemia we

have essen tially an error ellipse defined by the scatter, and we can

therefore trust each data point on these plots only to within the

uncertainties defined by this ellipse.

The ordinary chondrites, which have been spectrally convolved

to the SCAS bandpasses, are also plotted on the color ratio figure (5.7).

However, as opposed to the previous analysis, this technique fails to

differentiate between the two classes of objects, the OC-meteorites and

the S-type asteroids, and is therefore not usable for this purpose. Before

giving up on the color ratios, however, we will try one more method

of extracting useful information from them by looking at what

IX]



1.10 -

III
I::
0 1.00 -..
CJ

:i
LO
~-<,
0 0.90 -
~-

0.80 -

I

Color Ratios
I I

.371 Bohemia

I

-

-

-

-
o S Type Asteroids

lIE Ordinary Chondrites

0.70 I

0.70 0.80 0.90 1.00
2.16/2.30 Microns

Primo SCAS. IRTF July 11-14. 1992

I

1.10 1.20

Beth Clark 09/29/92

Figure 5.7a Color ratios of specific SCAS bandpasses are plotted
for the complete set of the new SCAS S-Type spectra as well as
for the DC meteorites. Note that there is no clustering
distinction between the two types of objects. The asteroid 371
Bohemia is plotted three times to show the night-night
variability in color ratio values.
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happens to actual mineral spectra when we ratio them at SeAS

wavelengths.

We have used the Hapke reflectance model (Hapke, 1981; 1984;

1986) to calculate mixture model spectra for the end-members

Clinopyroxene, Orthopyroxene, Olivine, and Fe,Ni metal, all at a given

grain size range of less than 45 microns (for more discussion of the

Hapke model, see Chapter 6). These model spectra were then

convolved to the SCAS bandpasses and the above color ratios were

calculated for systematic increases of each component, (at the equal

expense of the other components) from 0% to 100%. The vectors

which arise with mineral systematics are shown in Figure 5.8. For

example, as the mafic minerals causing the absorption band near 1

micron switch from more orthopyroxene-rich to more olivine and

clinopyroxene-rich, the ratio of the 0.91 to 1.05 micron filters crosses

from less than unity to greater than unity.

5.3.3 Band Area Ratio Analysis

Before performing a band area ratio analysis such as that

described by Cloutis et al. (1986), we check to see that previous results

obtained with this type of analysis hold true when spectral resolution is

much lower than that of the original analysis. Referring again to the

Gaffey et al. (1993) analysis of the S-type asteroids we check that the

subtypes defined by their use of the band area II / band area I ratio vs.

band I center wavelength are reproduced when calculated at the low

resolution of ECAS-SCAS spectra. Fitting the 52-color asteroid spectra
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proportions. These calculation are made using the Hapke model
to mix various proportions of the endmember spectra of cpx,
opx, olivine, and Fe,Ni metal, from 0 to 100%. Plotted in the
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with a smooth cubic spline, the data for 37 spectra are convolved to the

SCAS band passes using the standard convolution algorithm as stated

in Chapter four, equation one (Figure 5.9). These SCAS spectra are

then overlapped with the ECAS data of the same asteroids for a total of

15 bandpasses from 0.3 to 2.3 microns (see Figure 5.10).

Next, we simply calculate the areas in band I and band II by

creating polygons between the data points and the spectrum continua

above the absorption bands, and adding the areas of consecutive

polygons within each band. We do not fit a curve to the SCAS asteroid

data because doing so would introduce more error, and since the

number of data points is already small, it is desirable to keep extra

errors to a minimum.

Band I center position is calculated by fitting a smooth third

degree polynomial to permutations of the eight data points defining

band 1. The best-fit permutation polynomial is minimized and the

resulting wavelength is taken to be the band minimum, whether or

not data exist at that wavelength.

The results of this procedure are presented in Figure 5.11. The

effects of decreased resolution have altered the results of the analysis in

several ways. First, in only 15 cases out of the 36 applicable have the

asteroid spectra retained their subtype designations (compare Figures

5.11 and 5.12). Furthermore, subtypes V and VI are completely absent

in the new analysis. It appears that the decreased resolution of band II,

from a total of 20 points to a total of 4 points in the region of 1.5 to 2.5

microns has resulted in a systematic underevaluation of the band II
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Figure 5.9 The 52-color data set of S-type asteroid spectra (such as
1036 Ganymed) were fit with a smooth cubic spline function in
order to be convolved to the SeAS bandpass transmission
functions. Shown in stars is how Ganymed would appear to the
SeAS system.
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Figure 5.11 After convolution to the SeAS bandpass
transmission functions, the 52-color data set of asteroid spectra
are plotted here in terms of band II/band I area ratio vs. band I
center position. This shows the effects of calculating band areas
when using a data set of more limited resolution than is
optimum. Compared with Figure 5.12, most of the asteroid
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area. This can be seen in Figure 5.13, where points which are scattered

off the line are not in agreement between the two analyses. The degree

of scatter from the line of equal areas indicates the degree of

disagreement. Finally, the calculation of the band I center wavelength

is consistently high in the low-resolution analysis compared to the

high resolution analysis. In this case the decrease in the number of

points defining the shape of band I is from a total of 32 to a total of 8 in

the region of 0.7 to 1.5 microns. This discrepancy can be seen in Figure

5.14, where again the degree of scatter from the line of equal center

wavelengths indicates the degree of disagreement between the two

analyses.

Despite the drastic disagreement between the two resolution

analyses, the correlation between the two parameters band II/band I

area and band I center position remains. Thus the procedure is

performed for the SCAS asteroid survey.

Band areas for the new SCAS asteroids which have

corresponding ECAS data are found in the same manner as outlined

above and the band II to band I area ratio is calculated and plotted

against band I center wavelength (Figure 5.15). This produces a plot

which can be directly compared to those of Gaffey et al. (1993), in which

a good correlation between band I center position and band II/band I

area ratio was found for the 52-color data set of S-type asteroids. The

SCAS data do indeed show a correlation, where correlation is

measured as the product moment correlation coefficient between the

two arrays (Figure 5.15). However, not surprisingly, the range of the
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Figure 5.13 Comparison of band III band I area ratio values for
the 52-color data set as obtained from spectra at two different
resolutions. Gaffey et al. used the 52-color data set combined
with the 26-color data set for a total of 78 data points in the
wavelength region of 0.3 to 2.5 microns. Clark et al. (this study)
used the SCAS data combined with the ECAS data for a total
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inconsistent. Note that the Clark et al. values (pseudoratios)
tend to be too high.
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band II/bnnd I ratio is significantly decreased in the SCAS data

compared to the ranges found by Caffey et al. (1993). Due to this fact, if

we apply the same subtype criteria to the SCAS S-types as have been

applied to the 52-color S-types, we find that only four of the seven

subtypes (I, II, III, and IV) are represented in the SCAS data set (see

Figure 5.12). In other words, in not one of the twenty-eight S-types

measured by SCAS does the band II/band I ratio rise above the value of

one. This mny indicate that, as in the trial case, the band II area is

consistently underevaluated. Considering the evidence of the trial case

and the results found when the method is applied to the seven color

data, we conclude that the sparseness of the SCAS data precludes an

accurate measure of the area of band II and the precise position of the

band I center. Thus, the band area ratio analysis cannot be reliably and

meaningfully applied to sparse spectra such as exist with the SCAS

system.

In any case, it is interesting to look at the subtypes found by

using the Gaffey et al. method and to compare the spectra with the

higher resolution 52-color data of the same subtypes. These

comparisons are shown in Figure 5.16 a through k. It should be noted

that the asteroid 192 Nausikaa has band area ratio values which

indicate its affinity to the Gaffey et al. subset number III. Since the

ordinary chondrite parent bodies are expected to be among those of

subset number IV, it seems that Nausikaa has failed the final spectral

test, and does not pass as an OC parent body. The main reason for this

final failure, however, is due to its very low band II area relative to its
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band I area, making it spectrally too pyroxene poor (or olivine-rich) to

resemble the OC's. Since we have shown above that this is precisely

the parameter which is most severely affected by the low resolution of

the SCAS data, it would be interesting to see if Nausikaa, observed in

the infrared at much higher resolution, does actually have a pyroxene

band at 2.0 microns that is missed by the SCAS bandpasses. If this turns

out to be the case then it would be difficult to rule out Nausikaa as a

potential OC parent body.

5.3.4 Asteroid 371 Bohemia

We have found that without visible wavelength data, the

classification of 371 Bohemia remains ambiguous. Figure 5.17 shows

an attempt to conjoin Bohemia SeAS data with ECAS data of both a

typical Q-Type asteroid and an avcrage S-Type asteroid. This figure

illustrates the importance of the Eight-Color data to the SeAS system.

In neither of the 'imaginary' spectra is the overlap with visible

wavelengths very good. TIll' Q-tnw Bohemia does however, look like

an ordinary chondrite spectrum. It has deep absorption bands and a flat

continuum more indicative of ordinary chondrite spectra than S-type

asteroid spectra. We note that, as compared with a Q-type eight-color

spectrum, asteroid 371 Bohemia clusters with the ordinary chondrites

in Figure 5.6. As compared with an S-type eight-color spectrum,

however, 371 Bohemia appears to be a normal S-type asteroid (Figure

5.6). In other words, without ECAS data of 371 Bohemia we cannot use
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its spectral characteristics to identify it as a possible parent body of

ordinary chondrite meteorites.

5.3.5 Band Depth vs, Diameter

It is of interest to look into the new SeAS data set for evidence of

a correlation between band I depth and IRAS asteroid diameter. Such a

correlation has recently been described and interpreted by Gaffey et al.

(1993b). According to those authors, the depth of the first mafic

absorption band is indicative of particle size evolution (space

weathering) to asteroid surface components. Such grain size evolution

processes would be responsible for decreasing band depth by darkening

mineral reflectances and thus decreasing spectral contrast. A negative

correlation is found to exist among the 52-color S-type asteroids up to

the size of 100 kilometers whereupon the function levels off and band

depth no longer varies significantly with asteroid size. This correlation

is interpreted to indicate that grain size evolution processes may be

dependant on asteroid size. At asteroid sizes of less than 100

kilometers there would be increasing effects on spectral parameters due

to space weathering with decreasing asteroid size. At 100 kilometers,

where the correlation ends, all space weathering processes would have

achieved equilibrium and would cease to affect spectral parameters.

Shown in Figure 5.18 is a plot of IRAS asteroid diameter vs the

band I depth of the ECAS-SCAS asteroid spectrum. Band depths are

determined by a best fit curve through the data points of the
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overlapped ECAS and SCAS data sets. Thus, for this study, there are a

total of 8 data points defining the absorption band near l-micron.

There is no significant correlation between band I depth and IRAS

diameter for the SCAS objects. Reasons for this may include a) no

such correlation holds beyond the 52-color S-type asteroid spectral data

set, b) the IRAS diameters for smaller and fainter objects are uncertain

enough that any such correlation is lost in the noise, or c) the band I

depth as defined by the ECAS-SCAS data set is insufficiently accurate

for such analyses.

5.4 Conclusions

Attempts are underway to analyze spectral data for mineralogic

heterogeneity within the S-type asteroid class (Gaffey et al., 1993; Clark

et al., 1992; Howell et al., 1991). Combining this SCAS data set with

previous 52-color observations, a total of 100 S-type objects have now

been observed in the near-IR. This large data set presents an

opportunity to search for definitive trends among S-class asteroid

spectra with respect to main asteroid belt geology.

Several conclusions can be drawn from the preceding analyses

and discussion: 1) True solar analog stars are rare but are absolutely

crucial to proper reduction of asteroid spectrophotometry. 2) In terms

of the three parameters, albedo, continuum slope, and band I

absorption depth, there is a total of one asteroid (192 Nausikaa) among

the new observations which cannot be spectrally distinguished from
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ordinary chondrites. 3) In terms of bandpass ratios none of the newly

observed asteroids can be reliably distinguished from ordinary

chondrites. 4) In terms of band area ratio analyses, a total of 17 of the

newly observed S-asteroids cannot be distinguished from the ordinary

chondrites, however, 192 Nausikaa is not among them. (We have

shown this technique to be inconsistent in reproducing expected results

in a controlled trial situation and thus conclude that it is not reliable or

meaningful when used alone at SeAS-type resolutions.) 5) Thus,

combining the results of all above analyses, we find that among the

new observations, there are no S-type asteroids which can be spectrally

linked to the ordinary chondrites. 6) Finally, we have also concluded

that it is important to augment all infrared observations of asteroids

with visible wavelength observations in order' to unambiguously

identify potential meteorite parent bodies.
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Chapter 6

Theoretical Modelling

Spectral Mixing Models of S-Type
Asteroids

6.1 Introduction

This chapter presents the results of an attempt to determine S

Type asteroid mineralogies with the use of Hapke theory spectral

mixing modelling (Hapke, 1981; 1984; 1986). Previous attempts to

understand the spectral variations present in this single class of

asteroids have concentrated on spectral parameters such as continuum

slopes, absorption band center wavelengths, band depths, band area

ratios, and geometric albedos (Fanale et al., 1992; Gaffey et al., 1991;

1993). The procedure taken here is to utilize the Hapke spectral

reflectance model to calculate a best-fit model composition for each of

the 38 S-type asteroids from the Bell et al. 52-color survey (1988), and to

study the resulting model composition trends in terms of their

implications for mineralogical heterogeneity within the S-class. We
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first calculate single scatter albedo as a function of wavelength for a

suite of candidate endmember materials. These materials are then

mixed linearly in single scatter albedo space and the mixture is

converted, assuming intimate particle mixing, back to reflectance for

the spectrum matching routine.

Several other approaches have been used to compositionally

deconvolve S-type asteroid spectra (Cloutis et al., 1990a; Hirai et al.,

1993; Gaffey et al., 1993). Cloutis et aI. (l990a) used an empirical

reflectance ratio measurement method to estimate metal/silicate and

olivine/pyroxene ratios for the asteroids 8 Flora and 446 Aeternitas.

For the S-type asteroid 8 Flora they estimated a composition of 50%

metal, 40% olivine and 10% orthopyroxene, and concluded that this

corresponded to no known meteorite. Hiroi et aI. (1993) used a linear

mixing model to combine spectral curves of differentiated stony-iron

meteorites with varying proportions of Fe.Ni metal from the

MundrabiIIa iron meteorite in order to match the 52-color survey data

set of S-asteroid spectra. With this technique, Hiroi et aI. were able to

match the spectral curves of at least 16 of the S-type asteroids with a

high degree of accuracy and very little residual errors. Allowing their

model compositions to vary freely in terms of albedo or overall

reflectance, they thus presented optimal albedos for the asteroids from

the albedos of the best least squares model fits. The main Hiroi et aI.

conclusion was that if the metallic component of stony-iron

mineralogies were somehow enhanced on asteroid surfaces to varying
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degrees, then S-type spectra could be well represented by stony-iron

meteorite components.

In addition, Gaffey et al. (1993) have recently analysed the 52

color survey collection of S-type spectra in terms of their band II to

band I area ratios and band I center positions. They find that the S-type

asteroids define a smooth continuum on a plot of these parameters and

they relate this continuum to mineralogic variations by plotting

similar measurements for pure minerals as well as for the ordinary

chondrites and the basaltic achondrite meteorites. Furthermore, they

divide the continuum into seven smaller subgroups and so define the

S-class mineralogic subtypes. The Gaffey et al. analysis is the most

complete analysis of S-type asteroid spectra attempted thus far. Their

approach has been successfully applied to enough spectra to make

correlations between asteroid spectral characteristics and heliocentric

distance, ultimately leading us toward a more detailed understanding

of the main belt geological structure (Gaffey et al., 1991; 1993).

The goal of this study is to use the Hapke reflectance model to fit

S-type spectra, to quantify uncertainties that result in poorly

constrained parameters, and to produce sets of model compositions

that can be analysed for trends and related to what is already known

about S-asteroids and the meteorites proposed to be derived from

them.
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6.2 Procedure

6.2.1 The Model

The particular version of the Hapke model we used is best

presented in its simplest form by Mustard and Pieters (1987). The

equation relating the reflectance of a particulate surface to the reflection

geometry and the single scattering albedo function of a particular

mineral is:

RU,e,g,A) = w(A)/4(1l+J.!o)( (l+BCg»PCg) + H(Il) H(llo) - I} (1)

Where Il =Coste), Ilo =Cosu), B(g) is the backscatter function and

P(g) is the phase function. The emission angle is e, the incidence angle

is i, and g is the phase angle. H(Il) and H(llo) are the Chandrasekhar

equations to describe multiple scattering between particles:

(2)

The phase function is approximated by a Legendre polynomial:

Pcg) = 1 + bCosCg) + c(1.5Cos2(g) - 0.5) (3)

with coefficients band c determined experimentally for the individual

scattering behaviours of different minerals (Mustard and Pieters, 1989).
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The reflection geometry is set by the measurement procedure of

the RELAB facility at Brown University, where all of the endmember

spectra were obtained. This geometry is bidirectional with a 30°

incidence angle and a 0° emission angle for a total phase angle of 30°.

Thus, the opposition surge which occurs at low phase angles is not

important for our purposes and the backscatter function is set to zero.

Each endmember reflectance spectrum is converted to its equivalent

single sca tter albedo spectrum (also a function of wavelength) by

inverting equation (1) to a fifth-degree polynomial and solving for the

most physically plausible root (i.e. being within the range of 0.0 to 1.0).

Like reflectance, single scatter albedo has a range of zero to one. Mixing

is performed linearly in single-scatter albedo space by incrementing

changes to initial endmember proportions and renormalizing at each

incremental step. At this point a weighted average is taken of the

scattering properties of the mixture endmembers for adjustment of the

single particle phase function parameters. After a mixture has been

calculated it is converted back to reflectance for the spectrum matching

routine. Model mixtures are then iteratively fit to an asteroid

spectrum by alternating the dominant starting components and

minimizing the residuals between the calculated and actual reflectance

curves.

Realistic abundance limits on spectrally strong components such

as plagioclase and troilite were set in an attempt to simulate

geologically feasible models. However, no other constraints (such as

meteorite data) were imposed during the fitting procedure.
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6.2.2 Albedo

It is customary when analyzing asteroid spectral data to first

normalize the spectra to 1.0 at 0.56 microns, thus eliminating albedo

information until other means of analysis are completed (Bell et al.,

1988; Gaffey et al., 1989; Tholen, 1984; Burbine, 1991). Part of the

rationale behind this has been the fact that asteroid albedos are not

known to a high degree of confidence, and cannot therefore be used as

anything but rough guides as to asteroidal composition. Nevertheless,

albedo is a function of composition, albeit a complicated one, and thus

completely omitting albedo information amounts to throwing away an

important resource. For this chapter, we take two separate approaches.

For the first approach we use an unnormalized spectrum during the

fitting procedure, made by assuming the IRAS albedo to be the

reflectance at 0.56 microns, and we quantify the uncertainty resulting

from the assumed albedo value. For the second approach we use the

normalized spectrum during the fitting procedure, normalizing the

model spectrum as well, and simply tabulate the discrepancy in model

vs. IRAS albedo.

To quantify the uncertainty in model composition which may be

due to poorly constrained albedo we take the available published IRAS

albedos to be the actual reflectance at 0.56 microns for each asteroid and

then calculate best-fit model compositions for 15 asteroid spectra at

albedo plus 3%, at actual albedo, and at albedo minus 3%. The

difference in metal/silicate and olivine/pyroxene ratios for each of the
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15 cases are calculated and an average difference is taken. A 3%

uncertainty in albedo is actually an optimistic estimate considering the

fact that laboratory reflectances and geometric albedos are inexactly

comparable. In fact, there is also a significant uncertainty in many of

the IRAS albedos due to the assumptions necessary for the calculation

of those values (Matson et al., 1989; Veeder et al., 1989). For example,

in order to find a geometric albedo with the IRAS data it is necessary to

have a thermal model, and yet thermal models make general

assumptions regarding compositions, shapes, and regolith properties of

the asteroids which may not always hold true (Lebofsky and Spencer,

1989).

6.2.3 Endmembers

The endmembers used for this study are low-iron orthopyroxene and

clinopyroxene, nickel-iron metal from the DRP IIAB meteorite,

forsteritic olivine, and anorthositic plagioclase (see Figure 6.1). All

endmember spectra were measured at the RELAB facility at Brown

University (Sunshine et al., 1990; Pieters, 1983; Hiroi et al., 1993). In

addition to the meteoritic Fe,Ni metal component, troilite (Britt, 1992),

a dark and spectrally red absorber, was added to the suite of

endmembers after initial attempts to use only meteoritic Fe,Ni metal

resulted in systematic over-reddening of mixture model spectra.
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6.2.4 Particle Phase Functions

Scattering properties of the mafic minerals were approximated

by taking an average of the legendre polynomial coefficients of mafic

minerals analyzed by Mustard and Pieters, (1989). Likewise, the

metallic component scattering properties were also estimated by taking

an average of the coefficients for the metallic-oxide minerals hematite

and magnetite measured by Mustard and Pieters, (1989). As mentioned

above, the conversion to reflectance after mixing in single scatter

albedo space took into accoun t the differences in sca Hering properties

between metal and silicates. This was accomplished by taking an

average of the mixture endmember scattering properties weighted by

their proportions in the model mixture.

6.2.5 Grain Size

A grain size range of 30 - 300 microns is predicted for S-type

asteroid surfaces by Dollfus et al., (1989). Cloutis et al. (l990a) have

performed an empirical band ratio spectral analysis of several large

asteroids and find that the average grain size of the surface is consistent

with a size of <45 microns. In reality, grain sizes will probably differ for

each mineral (Cintala and Horz, 1992; McKay et al., 1989), and it is not

entirely unlikely that a very large range of grain sizes exists.

For this study, each endmember comes in three different grain

size ranges: < 45 microns (#1), 45 - 75 microns (#2), and 75 - 125

microns (#3). To minimize procedural differences, spectra were first
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interactively fit with mixtures at the 45 - 75 micron average grain size

range. The other size ranges were resorted to only when a fit with this

range was unsatisfactory. The 45 - 75 micron size range was chosen in

particular because it is at the lower end of the Dollfus et al. prediction.

Also, when using the first approach (albedo constrained) to model

mixing, in only two of thirty-nine S-Type spectra was a match with the

45 - 75 micron grain size range impossible to achieve. Using the <45

micron size range resulted in unsatisfactory matches for most of the

asteroids, and since we have no a priori reason to believe that all

asteroids have different grain-sized regoliths, we chose the size range

which most easily reproduces the bulk of the asteroid spectra. Thus,

besides the two model compositions at the larger grain size, all of the

albedo constrained fits use the assumption that S-Type asteroids have

surface optical properties dominated by a 45 - 75 micron grain size

fraction.

For the second approach to model fitting (albedo unconstrained)

the grain size was left as a free parameter and the best fit from the three

size ranges was selected for the analysis. This method resulted in a

roughly even spread of numbers of asteroid spectra among the three

grain size ranges (see Figure 6.2). We emphasize that this approach to

grain size is probably an over-simplification of the actual surface grain

size distribution.
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6.3 Results

The results from the model mixing procedure are discussed in

two parts. First, we present the results from the run which included

albedo-information on 38 asteroid spectra (albedo constrained). Next

we present the results from the run in which all spectra were

normalized during the fitting procedure (albedo unconstrained). The

discrepancy in the results from the two different approaches can

therefore be considered an indication of the importance of the albedo

parameter in spectral compositional modelling.

6.3.1 Albedo Constrained

Several of the best model fit results are shown in Figure 6.3 a

and b. By fitting spectra of 3% higher and lower than actual albedo it

was found that on the average, a 3% uncertainty in albedo resulted in

roughly 25% variation in metal/silicate ratio in model compositions.

The same albedo uncertainty also resulted in about a 25% variation in

olivine to pyroxene ratios (see Figure 6.4). Despite this considerable

uncertainty, there are some interesting trends in the set of model

compositions. All model compositions are listed according to asteroid

number in Table 6.1.
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Figure 6.3a Model fits for the albedo constrained case.
Compositions of all model fits are presented in Table 6.1.
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Figure 6.3b Same as in Figure 6.3a. Note that the Gaspra data is
from Goldader et al. (1992), whereas all other S-asteroid spectra
in Figure 6.3 are from Bell et al. (1988).
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Figure 6.4 Albedo values for the asteroids are not well known
(to within at least 3%). Therefore to show the changes in model
compositions that result from this uncertainty, asteroid spectra
were fit at 3% higher and lower than actual albedo. A 3%
uncertainty was found to result in an average difference of 25%
in both metal/silicate ratios and olivine/pyroxene ratios.
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Table 6.1

Albedo Constrained Mixing Model Composition Results

# ~ ~ Qli Fe,Ni Plag Troi Albedo
3 0 6 25 30 28 11 22
6 3 9 16 15 46 11 25
7 7 7 54 18 0 14 21
11 5 6 22 47 0 20 15
12 10 0 37 53 0 0 16
15 9 5 46 33 0 7 19
18 5 6 45 25 15 4 22
20 1 10 46 29 0 14 19
25 10 9 58 23 0 0 22
26 12 5 36 17 0 30 16
29 5 6 38 26 0 25 16
32 5 7 27 16 38 7 25
37 11 10 26 41 0 12 16
39 12 5 24 12 47 0 29
40 9 10 0 18 48 15 20
42 12 5 16 67 0 0 12
43 9 5 58 14 10 4 28
57 1 12 0 13 53 21 21
63 26 11 18 31 13 1 17
67 4 9 23 33 28 3 21
68 12 3 40 33 6 6 20
80 16 9 24 41 0 10 15
82 6 13 22 20 11 28 17
89 8 2 21 34 18 17 16

101 12 8 28 25 0 27 15

113 14 1 73 12 0 0 27
115 3 7 60 30 0 0 25
116 4 8 38 20 20 10 22

258 20 11 18 32 0 19 15
264 6 8 45 6 25 10 27

352 17 7 19 4 53 0 31
354 10 3 43 11 19 14 19
364 23 7 43 16 0 11 20
376 14 10 56 19 0 1 22
389 8 10 24 19 25 14 20
532 14 6 23 38 2 17 16
584 24 5 21 50 0 0 17
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6.3.1.1 Plagioclase-Olivine Am.biguity

It is interesting to note that 5 asteroid spectra can be modelled

equally well (or equally poorly) by compositions of two different types,

either a plagioclase and clinopyroxene dominant assemblage, or by an

olivine and Fe,Ni Metal dominant assemblage (see Figure 6.5). With

this information, we can either conclude that 5-Type asteroids are

composed of basalt, or we can look for other sources of mineralogic

information for general geological consistency, such as meteorite data

and other spectrum analysis techniques. In any case, this is a good

illustration of one of the problems with this type of modelling, i.e. fits

are not unique and must be monitored for consistency with other

approaches.

6.3.1.2 Grain Size Anomalies

Due to their high spectral contrast, several of the asteroids could

not be well fit with a grain size range of 45-75 microns. So, we tried the

largest grain size range, 75-125 microns, and the resulting fits are

shown in Figure 6.6. It has been suggested surface grain sizes will

correlate with body size due to the fact that larger amounts of

comminuted materials are retained on a body with a higher

gravitational potential well (Housen et al., 1979). We checked for

evidence of an asteroid size dependancy on this grain size anomaly but
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Figure 6.5 Model fits for the same asteroid can have
compositions of two different types - a plag and cpx dominant
assemblage, or an ali and Fe.Ni metal dominant assemblage.
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Figure 6.6 Several of the asteroids of the 52-color data set were
best fit using the grain size range of 75-125 microns. They are
shown here.
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these asteroids range in size from 56 to 162 km, and since the size range

for the entire S-asteroid data set is from about 15 to 272 km, there is no

conclusive evidence here for any size dependence.

6.3.1.3 Correlation between Composition and Continuum Slope

The model compositions do not show a correlation with asteroid

continuum slope (as measured from 0.7 to 1.5 microns) and Fe.Ni

metal abundance (see Figure 6.7). However, the models do show a

correlation between continuum slope and clinopyroxene content (see

Figure 6.8). Thus it may be difficult to assume that the sloped continua

of S asteroid spectra are necessarily correlated with metal abundance

(Gaffey et al., 1993).

6.3.1.4 Consistency With Other Analyses

In general, the spectral subgroups within the S-type asteroid

population which have been identified by Gaffey et al. (1993), have

been neither verified or disproven by this analysis. The Gaffey et al.

subgroupings were identified based on position on a plot of band I

area/band II area vs band I center position, a technique which

concentrates on the relative strength of the mafic absorption bands

(Cloutis et al., 1986).

In Figure 6.9 are plotted the Gaffey et al. subsets in terms of the

model compositions calculated here. The X-axis is the theoretical

olivine/pyroxene abundance ratio from this analysis and the Y-axis is

the asteroid's band I center wavelength. The model compositions do
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Figure 6.7 There is no correlation between spectrum continuum
slope and model composition percentage Fe,Ni metal for the
albedo constrained case in model fitting.
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Figure 6.8 There is a correlation between spectrum continuum
slope and model composition percentage clinopyroxene for the
albedo constrained case of model fitting.
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Figure 6.9 The S-type subsets which have been recently
described by Gaffey et al. do not cluster with respect to model
composition as they should based on olivine/pyroxene
abundance. Reasons are discussed in the text.
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not form a smooth correlation with band I center position.

Furthermore, it appears that except for subset number 7, the model

compositions do not cluster with respect to olivine/pyroxene

abundance ratio and instead they nearly cover the range of the

abundance ratio in every case.

In Figure 6.10 are plotted the Gaffey et al. subsets in terms of the

model compositions again, with clinopyroxene on the X-axis and

orthopyroxene on the Y-axis and in this case there is a clear division

between subsets I, II, and III below and subsets W, V, VI, and VII above

the line (see Figure 6.10). This is not surprising because the minerals

orthopyroxene and clinopyroxene have strong absorption bands and

are thus strong controls on the shapes of spectral reflectance curves.

6.3.1.5 Problems

In general the clinopyroxene abundances produced in the

modelling are too high to be consistent with meteorite data (T, McCoy,

personal communication). For the stony-iron and the ordinary

chondrite meteorites, both being proposed samples of the S-types, the

volume percentage of clinopyroxene seldom rises above 10%. As seen

in Table 6.1 however, the model compositions predict abundances of

clinopyroxene as high as 30%. There are several possible causes for the

model discrepancies which must be considered before concluding that

neither group of meteorites is derived from the S-type asteroids. For

example, in chosing the endmembers, we were constrained to suites of

minerals which had spectra available in the desired grain size ranges.
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244



The only clinopyroxene thus available was particularly red in the

wavelength region of 0.7 to 1.5 microns (see Figure 6.1b). In fact,

clinopyroxenes exhibit a range in continuum redness (Cloutis and

Gaffey, 1991). Orthopyroxenes and olivines are sometimes as red as our

clinopyroxene end member (Cloutis and Gaffey, 1991), but these spectra

did not fit our requirements of having three grain size ranges.

In addition, clinopyroxene may be overly enhanced in the model

compositions due to the fact that S-type asteroid spectra have a distinct

turn-over in continuum slope from 1.7 to 2.5 microns which is difficult

to reproduce with a red meteoritic metal spectrum, but is easily affected

by even a small amount of clinopyroxene (Cloutis and Gaffey, 1991).

This turn-over in continuum slope is indeed the part of the S-type

spectrum which is most problematic in terms of finding the proper

endmembers for mixture modelling. I suspect that the meteoritic

metal is, in particular, an extremely important endmember, and

although only one sample is used in each of the model runs, there

actually exists a very wide range of reflectances and rednesses among

spectra measured of Fe.Ni metal (Hiroi et al., 1993; Britt and Pieters,

1988; Gaffey, 1976; Cloutis et al., 1990a). Indeed, it seems that chosing a

metallic endmember is as important as chosing any of the silicate

endmembers.

6.3.2 Albedo Unconstrained

To perform the mixing models with the albedo unconstrained

the asteroid spectrum is first normalized and the model mixture
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spectrum is scaled to match the asteroid. In addition to constraining

albedo three other changes were made to the previous modelling

procedures. First, clinopyroxene abundance was limited to 11%, to be

in better agreement with meteoritic data; secondly, grain size was

allowed to be a free parameter; and thirdly, Mundrabilla Fe,Ni was

substituted for the DRP Fe,Ni meteoritic metal. This procedure

produced dramatically different results.

Shown in Figure 6.11 are several selected model fits. The

asteroids shown in Figure 6.11 are the same as those shown for the

previous albedo constrained section for ease of comparison (see Figure

6.3). All model compositions are listed in Table 6.2. Notice that, as in

the previous modelling, the continuum peak at 1.5 microns is

consistently under-represented by the model mixtures. In those

instances in which the peak is achieved by the models, there is a

consistent over-reddening of the model spectrum at the longer infrared

wavelengths, from 2.0 to 2.5 microns.
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Figure 6.11a Several of the best of the model results are shown
here for the S-type asteroid as indicated. All compositions are
listed in Table 6.2.
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Figure 6.llb Several of the best of the model results are shown
here for the S-type asteroid as indicated. All compositions are
listed in Table 6.2.
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Table 6.2

Unconstrained Albedo Mixing Model Composition Results

# Grain ~ ~ Qli Fe,Ni Plag Troi Albedo

3 1 0 17 52 0 0 28 19

5 2 0 11 43 8 0 38 15

6 1 6 31 30 10 0 14 21

7 1 8 16 39 32 0 4 33

9 2 3 0 41 50 0 6 28

11 1 9 22 38 16 0 16 25

12 3 10 1 8 76 0 5 25

15 2 11 3 41 23 2 20 20

18 2 10 5 25 45 0 14 22

20 1 10 31 12 22 0 24 20

25 2 18 9 22 51 0 0 29

26 2 6 2 38 45 0 9 26

27 2 7 5 47 31 0 10 27

29 2 0 4 33 39 0 24 19

32 2 0 9 38 37 0 15 24

37 3 3 8 14 56 0 19 20

39 2 7 4 49 38 0 2 32

40 2 0 9 28 39 0 23 19

42 3 5 3 13 42 0 37 14

43 1 11 8 42 39 0 0 25

57 2 () 11 21 23 29 15 25

63 3 12 8 8 65 0 7 24

67 2 6 12 36 17 0 29 17

68 2 8 4 57 20 0 11 27

80 2 10 7 10 43 0 30 16

82 1 5 39 28 3 0 25 21

89 1 10 8 40 18 0 24 20

101 2 6 7 32 32 0 20 20

113 3 6 2 32 52 0 7 27
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# Grain Cpx ~ Oli Fe,Ni Plag Troi Albedo

115 2 7 7 49 22 0 14 25
116 2 0 11 11 60 0 18 21
264 2 4 11 34 42 0 8 27
258 2 11 11 11 47 0 20 19
352 2 7 7 31 55 0 0 31
354 3 8 0 34 58 0 0 31
364 3 11 6 22 45 0 15 21

376 3 11 10 12 70 0 0 28

389 2 5 6 21 53 0 14 22

532 2 9 6 48 16 0 20 21

584 3 10 3 64 15 0 8 31

951 2 10 3 64 15 0 8 31

1036 2 8 16 35 11 0 30 17

6.3.2.1 Grain Size

It might be expected that the best fits for asteroid spectra with

deeper band depths would be with the larger (75 - 125 micron) grain

size range (#3). Indeed, there is a slight correlation between the band

depth and the model grain size, as seen in Figure 6.2. We have also

checked these data for an asteroid size dependency (Figure 6.12) and

find that there is no correlation between the model grain size range

and the lRAS listing of the asteroid diameters.

To present an example of the importance of grain size in

determining model mixture proportions, we have calculated model fits

for the asteroid 37 Fides using the three different grain size ranges.

Shown in Figure 6.13 are the resulting fits. Notice that the spectra are

shown at their model fit optimum albedos and are offset from

250



250

*
*

200 *......... *s
~..........
l-.. I *Q) 150 * *.....,
Q)

S
*co.....
I I0

100 *
I
*

50 ~ *** ~

**0
0 1 2 3 4

Grain Size Range

Figure 6.12 Grain size range used in the model fitting in the
albedo unconstrained case is shown plotted against the IRAS
asteroid diameters (Tedesco et al., 1989). Grain size 1 refers to a
range of <45 microns. Grain size 2 refers to a range of 45-75
microns, and grain size 3 refers to a range of 75-125 microns.
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Figure 6.13 The asteroid 37 Fides is fit with grain size range
endmembers of the three ranges available. The resulting
differences in composition are listed in Table 6.3.
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each other for clarity. Thus, having a higher model albedo of 35%, the

<45 micron grain size model appears to have higher spectral contrast.

Conversely, the 75-125 micron grain size has a much lower albedo,

20%, and thus appears to have much lower spectral contrast. The

model compositions for this differing grain size example are presented

in Table 6.3. Note that the albedo of the asteroid is actually 17%,

according to the IRAS listing (Tedesco et al., 1989).

Table 6.3 Asteroid 37 Fides Model Compositions

All numbers are percentages and albedo is the model reflectance
at 0.56 microns.

Grain Size

<45

45-75

75-125

Cpx

11

6

3

~

20

8

8

26

38

14

42

48

56

Troi Albedo

o 35

o 32

19 20

6.3.2.2 Correlations: Model Composition and Spectral Parameters

There is now a definite correlation between Fe,Ni abundance of

the model composition and the continuum slope of the asteroid

spectra (see Figure 6.14). Conversely, there is no longer a correlation

between the clinopyroxene abundance of the model fits and asteroid

continuum slope (see Figure 6.15). This is likely to be a consequence of

the limitations applied to the clinopyroxene abundances during the
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Figure 6.14 There is a correlation between asteroid spectrum
continuum slope and model composition percentage Fe.Ni
metal for the albedo unconstrained model fitting.
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Figure 6.15 There is no correlation between asteroid spectrum
continuum slope and model composition percentage
clinopyroxene for the albedo unconstrained model fitting.
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fitting procedure. This result of a correlation between metal abundance

and continuum slope also agrees with previous spectral analyses of S

asteroid spectra (Gaffey, 1986; Gaffey et al., 1993).

Meteoritic metal has been shown to have a large range in

absolute reflectance (or albedo) (Gaffey, 1976; Britt and Pieters, 1988;

Hiroi et al., 1993). For the albedo unconstrained mixture modelling we

have used a relatively bright meteoritic metal, Mundrabilla (see Figure

6.16), and we have allowed the troilite composition to vary freely.

Troilite, although much darker than Fe,Ni, is also redder (see Figure

6.17). Using these two endmembers thus allows for the wide range in

absolute reflectance as well as in continuum slope redness which

probably exist in the S-asteroid metallic components.

Whereas the metallic components were strong controls on

absolute reflectance in the albedo constrained case above (Figure 6.18),

for the albedo unconstrained case there is no significant correlation

between asteroid IRAS albedo and the abundance of the metallic

components (Figure 6.19). Also, probably due to the fact that grain size

was allowed to vary between the three size ranges, there is no

correlation between band depth of the asteroid spectrum and

percentage metal in the model mixtures (Figure 6.20). In other words,

if grain size had been held constant, the decrease in band depth would

have required an increase in the spectrally flatter components - the

metals.
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Figure 6.16 The different metallic components used as
endmembers for the model fitting as described in the text are
shown here for cornparsion in terms of absolute reflectance.
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the model fitting as described in the text are shown here for
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259



1.0

R = -0.2

0.8 *
Q) *...,J * *.....

..............
*0 * *s...

Eo-< * I
+ 0.6 ** *.....
Z *Q) *~

Q) * *b.() ** *Cd 0.4 **...,J

Q *Q)
C) * *s...
Q) * *0..

*0.2

0.350.300.20 0.25
Albedo

0.15

O.0 '---'---'-............I--L-L-~L......J--L-...J-...JI--L-J.-...J-...JI--L-J.-..J.-.L.-L.-J.-...J-...JL..J

0.10

Figure 6.19 For the albedo unconstrained case there is no
correlation between the model composition percentage metallic
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6.3.2.3 Consistency With Other Analyses

The albedo unconstrained model compositions have also been

checked for consistency with the S-asteroid subtype taxonomy of Gaffey

et al. (1993). Shown in Figure 6.21 is a plot of the olivine/pyroxene

abundance ratio vs. band I center position for the Gaffey et al. subtype

asteroids according to their mixing model compositions. This figure

shows that the model compositions do not form a smooth continuum,

nor do they appear to be correlated in the same sense as in the Gaffey et

al. plots (see Figure 5.12). This result is somewhat disturbing in the

sense that there should be a correlation between these two parameters

because, even for the pure endmembers used in the mixing model, the

band I position is a function of the olivine/orthopyroxene abundance.

There are several possible causes for this discrepancy. 1) Since the

model compositions include clinopyroxene, there is no longer a simple

two-endmember case, such as those for which the empirical

relationship was first described (Cloutis et al., 1986). 2) The model fits

tend to emphasize the band I region, because there is a higher density

of data points, and therefore the band II region is de-emphasized to the

extent that it may not be representative of the true pyroxene

abundance. This problem is consistent and pervasive and is

encountered with every grain size range attempted. Barring the

possibility of inappropriate endmembers, this could be an indication

that the grain size range is not actually homogeneous as assumed. If

the olivine and pyroxene minerals on asteroid surfaces have dissimilar
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absorption band I center wavelength.
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grain size ranges then their resulting band depths will vary such that

band I will not correlate with olivine/pyroxene abundance.

6.4 Discussion

6.4.1 Observational Considerations

We did not attempt to take into account the fact that the

reflection geometry for the asteroids of the 52-color survey is probably

not the same as for the laboratory sample endmembers. In fact, I have

not located information as to phase angle geometry of the 52-color

survey observations, and in any case many of the spectra were averaged

over several nights to maximize signal to noise ratios and to even out

spectral modulations caused by differences in phase angles. In any case,

all spectra obtained were preserved for the survey (Bell et al., 1988).

Due to their locations in the main asteroid belt and the resulting orbital

geometry, however, asteroid observation phase angles are generally

constrained to be less than 30 degrees. In addition, light reflected from

an asteroids surface, although at a constant phase angle, will vary

throughout a range of incidence and emission angles due to the fact

that asteroids have rounded (and/or irregular) surfaces (e.g. Belton et

al., 1992). Therefore, significant color variations in the asteroid spectra

due to differences in observation phase angle are not expected to be

more important than a combination of possible light curve variations

and the signal to noise uncertainties of the observations, and can thus

be neglected for our purposes (Bell et al., 1988; Helfenstein et al, 1989).
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6.4.2 Sources of Error

The largest single source of potential error in mixing model

analyses is in the choice of end-member minerals. This is because the

single-scatter albedo has been shown to be the most important Hapke

parameter in characterizing mineral spectral properties, leaving

refinements such as the phase function coefficients, the reflection

geometry, and other parameters of secondary importance (Mustard and

Pieters, 1987; 1989; Helfenstein and Veverka, 1989). Single particle

phase function coefficients are however, important for the metallic

component. We found that incorrect values of phase coefficients

resulted in differences of overall reflectance of model spectra of up to

40%, which is quite significant when the albedo is an important

parameter. Because the phase coefficients have not been measured

specifically for the nickel-iron metal used here we chose to take the

average of the scattering properties of those types of metal-oxides that

were measured by Mustard and Pieters, (1989). We note, however, that

this is a potentially important source of error, and it seems that much

work remains to be done before we fully understand the role of

metallic components in intimate mineral mixtures (Cloutis et ul.,

1990a). Finally, we note several systematic errors in the results that

were, given the end-members and grain sizes discussed above,

impossible to eliminate. The first was a very consistent mismatch in

the spectral shapes of the actual and model spectra in the wavelength

regions of 0.3 to 0.5 microns and from 2.0 to 2.5 microns. The residual
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errors in these regions could very often be minimized by a balanced

exchange of the spectrally dark troilite component with the metallic

nickel-iron component. Thus if these errors were not due to choice of

silicate mineral endmembers, their source may lie in the inappropriate

representation of the metallic component of S-type asteroid mineral

mixtures.

6.5 Conclusions

In conclusion, we have found that S-type asteroid spectra can be

compositionally modelled using the Hapke spectral reflectance theory.

Residual errors between model and actual spectra were minimized to

the extent possible with the chosen mineral endmembers, but we note

that some residual error always remained. These residual errors are

comparable to those found by other compositional modelling attempts

(e.g. Hiroi et al., 1992), but tend to be higher in the present study.

We have presented two different approaches to the selection of

model input parameters and have shown that the differences in model

results are extreme. It thus appears that more knowledge is needed as

to the physical conditions present at asteroid surfaces before highly

accurate compositional modelling is possible. In particular, the grain

size distributions of surface minerals need to be specified, as well as the

nature and occurence of the metallic components of S-asteroid

mineralogies. At present, modelling of the type presented here is best
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used in conjunction with other techniques for the resolution of

ambiguities. It may be that solutions to model mixing equations will

never be completely unique, and can therefore be used only to set

limits on abundances and grain size ranges.
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Appendix A

Solid State Imaging (55!) filters used for the NASA Galileo
observations of asteroid 951 Gaspra. Each filter is plotted according to
its transmission as a function of wavelength after integration of the
optics transmission functions from the instrumentation on board
Galileo.
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Appendix B

Reflectance spectra of the Seven Color Asteroid Survey of S-Type
asteroids are presented in order according to asteroid number
designation. Note that asteroids 21 Lutetia and 69 Hesperia are M
Types and 144 Vibilia is a C-Type. However, all other asteroids are of
the Tholen taxonomic Type S.
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