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ABSTRACT

The reflectance spectra of mixtures of mafic silicates with various accessory phases
can be used to interpret remotely sensed spectra of many bodies in the solar system.
Application or the deconvolution tecnniques derived from the laboratory spectra of mafic
silicate + metal mixtures sugyests that the S-class asteroid, (8) Fiora, has a surface composed
of 50 wt. % mctal, 40 % olivinc (Fa=35130), 10 % orthopyroxene (Fs=30:}{) and a few
percent clinopyroxenc, corresponding most closely to the pallasite and lodranite meteorites.
Similar analysis of the A-class asteroid (446) Aeternitas indicates a surface composec of 35
wt. % metal, 55 % olivine (Fa=20110), 3 % orthopyroxene (Fs<45), and 7 % clinopyroxene
(Fs<17). The Eagle Station sub-group oi pallasites are the closest meteorite analogues (o
Acternitas,

The reflectance spectra of imaterials which show no distinct absorption bands in the
0.3-2.6um spectral region display measureable differences in spectral slope. The abindances
of carbon and magnctite required to suppress completely mafic silicate absorption bands are
quite high. Most dark astcroids should display weak, but resolvable, absorption hands if they
arc compositionally similar to some dark meteorites such as carbonaceous chondrites and
ureilites,

The observational data for an M-class asteroid, {16) Psyche, are largely consistent
with a surfacc composed largely of fine-grained metal. The observational data for an E-class
asteroid, (44) Nysa, are consistent with an enstatite achondrite-like surface mincralogy. The
main asteroid groups prevalent in the inner part of the main belt to be differentiated objects.
If" this is the case, theories suggesting widespread and intense heating of the inner main
asteroid belt are essentially correct.

Laboratory reflectance spectra of glass-rich mineral mixtures are largely applicable to
lunar spectral remote sensing, and perhaps to some asteroids. Current spectrum analysis
procedures are not completely satisfactory for determining mafic silicate compositions from

absorption band wavelength positions. These procedures could be strengthened by a more



accurate knowledge of the actual continuum slope which affects lunar surface and sample

spectra.



ACKNOWLEDGEMENTS

As with any major piece of work, it is difficult to properly thank all the people who
knowingly or unknowingly contributed to its completion. My most heartfelt thanks to Dr.
Michael Gaffey for your inspiration, support, guidance, and wisdom, and for showing me all
the qualities which a true scientist should embody. Special thanks to the committee members-
Drs. Dorian Smith, Richard Lambert, Ron Eyton, and Doug Hube- for having enough
confidence in me and my work 10 let it happen, in particular to Drs. Smith and Lambert for
the crucial day-to-day support and advice. An additional kudos to Dr. Smith for his help in
oblaining the carly, crucial financial support to launch this project.

On a more practical note, many thanks to Dr. Roger N. Clark and Greg Swayze at
the U.S. Geological Survey for providing access to their spectrometer facility; Dr. E.D. Ghent
and John Machacck at the University of Calgary microprobe laboratory for their generous
help in obtaining the chemicat analyses of the various samples; Paul Wagner and David
Tomlinson at the University of Alberta microprobe facility for the crucial last minute data;
and Alex Stelmack for help with chemical analyses often on short notice. Extra special thanks
to Dr. Carle Pieters and Stephen Pratt of the NASA RELAB spectrometer facility for kindly
making their laboratory available for my use time afier time and putting up with my various
self-imposed deadlines.

Grateful thanks to the staff at the various granting agencies who saw fit to invest
scarce rescarch dollars in this project- the Sigma Xi Foundation, the Central Research Fund
of the University of Alberta, and the Geological Society of America. I hope to able to
properly thark you someday. Thanks also to Dr. John Sampron White and Peter Dunn of the
Smithsonian Institution for providing some key mineral sam-les long ago.

A big "hi kids" to the gang of the Geology Department who were there to share, or
buy me, a beer or two after an allegedly long hard day, and for our good times in general. |

hesita‘e to name names because I may inadvertently omit someone.

vi



My deepest love to my parents and family- 1 can't even begin to thank you for all

you have done for me 1 will love you always.

To my wife, companion, and friend- Rosemaric- your love and support are still

priceless to me.

vii



Tahle of Contents

Chapter Page
ABS T R A T L ittt et s st s b e e s rr s esaeseussntssstasnssntasanssssiotatasnsassraes iv
ACKNOWLEDGEMENTS L.iiiiiiiiiiiiiisiiiiiiiiiiieeiirstaiasarastesssetissssesssrsssesnonsasasnsnnans vi
LIST OF TABLES ..ot iiiiiiiiiiiiiiiiieititt it tr e creranreesssssasastasasstssassssaerssasansnsesanse ix
LIST OF FIGURES ...ttt tetin e e sae e sasssnseansaessensassansnennansanass X
I. INTRODUCTION oottt iietie e eaiesrenie s setssatsensassssaneensansasseanss 1
A. REFERENCES ... ittt iiir e ssies it sssa ittt vesasnensonsanens 5
1I. METAL-SILICATE MIXTURES: SPECTRAL PROPERTIES AND
APPLICATIONS TO ASTEROID TAXONOMY ...ccviviiiiiiniiiiniiieereenieinenenneens 7
A. REFERENCES ...ttt ireereees et ssnei st aneanassnns canons 45
1. REFLECTANCE SPECTRA OF "FEATURELESS" MATERIALS AND THE

SURFACE MINERALOGIES OF M- AND E-CLASS ASTEROIDS ................... 55
A. REFERENCES .....iiiiiiiiiiiiiiiiinc et ssee e sttt ens s sasen e san s nnenns 87

IV. REFLECTANCE SPECTRA OF MAFIC SILICATE-OPAQUE ASSEMBLAGES
WITH APPLICATIONS TO METEORITE SPECTRA .....coivviiiiiiiniiiiiieeneenees 95
A. REFERENCES ..ot nrrreniese e s st era e saasaens 127

V. REFLECTANCE SPECTRA OF GLASS-BEARING MAFIC SILICATE

MIXTURES AND SPECTRAL DECONVOLUTIOM PROCEDURES ............... 140
A. REFERENCES ....iiiiiiiiiiiiiiiiiii s e ere s et sais e sa e nen s e ens 173
VI CONCLUSION ..ottt sttt eecbie e e sa s sbe s s eanesrresasernesnnsnsres 179
A. REFERENCES ...t e et et sa s aae e s 184
LA LT N o o 2015 ) O G NPTt 187
A. REFERENCES ...ttt ee e e ee e ens 192

viii



LIST OF TABLES

Table Page

1I-1. Chemical analyses of olivine (OLVO003), pyroxenes (PYX032, PYX117), and
meteoritic metal (METI01) ...ouuiveereiieieriinnniinneinenssimesmmesiesressoniessssanassnsnannnnns 3

I1I-1. Chemical analyses of olivine (OLV003), pyroxene (PYX032), magnctite
(MAGI01), and meteoritic metal (METIO01) ......ooviiiiiiiininn, 74

IV-1. Chemical analyses of olivine (OLV003), pyroxene (PYX032), and magnetite
(MAGICL) .ottt errrrs e e s s r e e e s e abr e s s e s s b 11§

IV-2. Magnetite and carbon abundances in various meteorite classes............ooooiiiiiniinn 116

IV-3. Selected spectral properties for mafic silicate +carbon and mafic silicate +magnetite
SAMPIES L.eiiiriiiiniiiie it e s 117

V-1. Chemical analyses of pyroxene (PYX032), plagioclase (PLG108), and glasses (L1,

) 53 IR K 7)) TR PP OPP TP 154
V-2. Mineral and glass abundances in the lunar analogue samples........c.cooeeniiinnnn 155
V-3. Selected spectral properties of some lunar anaiogue samples ..........coooeeiniiininniiin 156



LIST OF FIGURES

Figure Page
11-1. Absolute reflectance spectra of the 45-90um sized olivine +meteoritic metal mixtures...33

11-2. Wavelength positions of the intersection of a horizontal continuum with the long
wavelength wing of Band I for olivine and olivine + metal mixtures...........c.ooeevnninnn 34

11-3. Reflectance ratio (1.8um: Band 1 minimum) for olivine and olivine + metal mixtures
VEISUS BIAIN SIZE ..iiiiiiiiiiiiiiiimiiiiiiiiererie ettt tte bt s s e baares s e s e st t s arnaanas 35

11-4. Band | center wavelength position af'ter continuum removal for olivine and
olivine + metal mixtures versus oliving iron CONLENT .....vvvviiveeiieiierernenrsssaeesssensaseens 36

11-5. Band area ratio of orthopyroxene and orthopyroxene + metal mixtures versus metal
COMULBIL .ot treneenrnneneirsnasassassesensasassasssastseesstsssarsssstassssesssassassessanssntssonsonsnasanss 37

11-6. Reflectance ratio (0.7um peak: Band Il minimum) of orthopyroxene and
orthopyroxene +metal MiXtures Versus grain SiZ€ ......veevveriieiienviineenuieesnonnessecnnsenns 38

11-7. Reflectance ratio (1.4um peak: Band I minimum) of crthopyroxene and
orthopyroxene +metal MiXtures Versus grain SiZ€ ......ovvevenrirrinrnniienraierssenanssseerensens 39

11-8. Band 11-Band I minima separation of orthopyroxenes versus Band II minimum
wavelength POSILION ....cciiiiiiiiiiiiiiii i e e e srre st s 40

11-9. Band 11-Band 1 minima separation of orthopyroxenes and orthopyroxene +metal
mixtures versus Band II minimum wavelength position ...........ccoveviiiiiiiiriienneniennn 4]

11-10. Absolute reflectance spectra of 45-90,m sized samples of olivine, orthopyroxene,

metal, and various combinations of the three.........coviiviiiiiiiiiiiiiiiiiiinie i 42
11-11. Normalized reflectance spectra of Flora and a possible laboratory analogue.............. 43
11-12. Normalized reflectance spectra of Nysa and a possible laboratory analogue.............. 4
11I-1. Absolute and normalized reflectance spectra of a number of metal powders.............. 75



TII-2. Absolute and normalized reflectance spectra of different size fractions of meteoritic
metal (MET101)....covnvinnnn teeresessenstessarersarenessrstnasas Ceretreresastarsatanantans rrreraeas 76

T11-3. Absolute and normalized reflectance spectra of metal and 99.5/0.5 metal/carbon ....... m

1I1-4. Absolute reflectance ~vectruin of the acid-insoluble fraction of the Happy Canyon

E7 enstatite ChONATILe .. .cvuiiiiieiiiininiiinniiieniireiii s sasens 78
NI-5. Reflectance ratio (1.8um: 0.7um peak) of metal, enstatite, and various meteorites ....79
II1-€. Absolute and normalized reflectance spectra of olivine +carbon mixtures ...........cuuee. 80
111-7. Absoluce and normalized reflectance spectra of orthopyroxene +carbon mixtures ....... 81
I11-8. Absolute reflectance spectra of olivine + magnetite Miztures.........ocevviiiiiiiniinnnnn 82
111-9. Absolute reflectance spectra of Psyche, meteoritic metal and meteoritic enstatite ....... 83

111-10. Reflectance ratio (1.6um: 0.56um) versus 2.2um: 0.56um refiectance ratio for
enstatite- and metal-rich meteorites and some asteroids ....c.cvcveviiiiiiiiiiiiiiniiniinnnaens 84

I11-11. Reflectance ratio (2.5um: 1.04m) versus 1.0um: 0.35um reflectance ratio for

metal powder and Psyche reflectance SPECLIa.......euuuveiimmniiniiiiinii 85
I11-12. Nermalized reflectance spectra of Nysa and meteoritic enstalite .....ouuuueieveeiiinaiens 86
IV-1. Normalized reflectance spectra of olivine +magnetite MIiXtUres ..........occevvnviinnnnne, 118
IV-2. Normalized reflectance spectra of 90/10 olivine/magnetite MiXtures......coooeeerrvrnrens 119
IV-3. Absolute reflectance spectrum of amorphous CarboN ... ...cveeeniriimniiiiiniiiiiiiinneanns 120
V-4, Normalized reflectance spectra of orthopyroxene+carbon mixtures ..........c........... 121
IV-5. Normalized reflectance spectra of olivine +carbon mixtures........c.cccooviiviiininenenne. 122
IV-6. Band depth versus carbon content for mafic silicate +carbon spectra .................... 123

Xi



IV-7, Absolute reflectance spectrum of Band 1 area of 99.5/0.5 olivine/carbon mixture..... 124

IV-8. Normalized reflectance spectra of meteoritic metal +carbon mixtures........ rertieees 125
IV-9. Absolute reflectance spectrum of WUSHILC o.vvvvveriiiniiii s iiois e s, 126
V-1, Absolute reflectance spectiunt of JlMENILE . .ovviiiiiin i 157

V-2, Absolate reflectance spectra of plagioclase (PLG108) and orthopyroxene (PYX032).. 158

V-3. Absolute reflectance spectra of samples L1, L2, and L3 .coooieiiniiniiininn, 159
V-4, Straight line continuum-divided L1 and L3 Specira.....vcoviiieiiniiiinniiniini, 160
V-5. 1.1 and 1.3 spectra afier division by scaled L2 spectra......cooeee. eetrertrerrieetaierrianes 161
V-6. Absolute reflectance spectra of samples L1 and L8 o 62
V-7. Absolite reflectance spectra of samples L3 and 19, o, vaes 163
V-8. Absolute reflectance spectra of samples L1, L2 1.3, L26, and L27 ..., 164
V-9. Normalized reflectance spectra of samples L1, 1.2, L3, L26, and L27..................... 165

V-10. Reflectance ratio (0.400um: 0.565,m) versus TiO, conteat for lunar and

1aDOTALOTY SAMPIES L. evveneieeniiiie it e sttt eb e e e e e era e n e ... 166
V-11. Straight line continuum-divided L1, L3, 1.26, and L27 spectra.......c..oovveeniiininnnne. 167
V-12. L1, 1.3, 1.26, and 1.27 spectra after division by scaled L2 spectra......ooovvevniiiniinne. 168
V-13. Absolute reflectance spectra of samples L1 and L29........cooiiviiiiiiininiiinnn., 169
V-14. Absolute rellectance spectra of samples L2 and 132 ..o, 170
V-15. Absolute reflectance spectra of samples L1 and L28 ..o 171

xii



V-16. Absolute reflectance spectra of samples L2 and L31 ...... reerieresarete ey e 172

xiii



1. INTRODUCTION

Remote sensing is the most cost-effective and viable method of geological information
gathering for most bodics in the solar system. Large areas can be imaged quickly and
repeatedly by land-based, airborne, and spaceborne sensors. Reflectance spectroscopy is one
of the most important aspects of remote sensing, but data interpretation techniques have
failed 1o keep pace with advances made in sensor technology and data acquisition procedures.
It is imperative that data interpretation be developed to the highest possible degree of
sophistication so that the full benefits of spectroscopic remcte sensing can be realized.

Empirical laboratory spectral reflectance studies of geological materials are currently
the most effective metliod for developing spectral interpretation algorithms and revealing the
physico-chemical processes controlling the spectral propertics of minerals. To date, most
laboratory spectral studics have lacked an integrated approach to relating spectral properties to
the physical and chemical nature of the materials being examined. Mineral spectra often lack
detailed chemical analyses, so that correlations between the spectra and the chemistry of the
mincrals cannot be substantiated (e.g. Hunt & Salisbury, 1970). These types of studies
provide a broad survey of spectral types but are of limited use in detailed geological
investigations. Integrated spectro-chemical studies can be directly applied to the analysis of
remotely senscd data to determine mineral abundances, certain cation chemistries, and particle
sizes of mineral assemblages (e.g. Gaffey, 1984). The direct application of laboratory spectral
reflectance data to remotcely sensed data is possible because both types of data are normally
acquired in an analogous manner.

There are ongoing efforts to understand spectral reflectance from purely theoretical
considerations (Hapke, 1981), but the practical applications of these techniques remain to be
demonstrated. Semi-empirical approaches are much more promising, but there is as yet no
widely accepted procedure for deconvolving spectra (Clark & Roush, 1984). A number of
efforts in this area show great potential and may eventually prove to be of value, although it

is doubtful that they will ever completely supplant empirical approaches (Johnson et al., 1983;



Huguenin, 1985; Fujii e al., 1986; Mustard et al., 1986).

In the meantime, the business of remote sensing must continue. Empirical studies can
provide immediate results and are useful for judging the accuracy of the more theoreiical
studies. An intelligently constructed empirical laboratory can provide useful information for
the interpretation of spectral information from diverse targets (Cloutis, 1985).

An important study by Adams & Filice (1967) investigated the myriad factors which
can affect spectral reflectance. They concluded that the most important variables are er..|
member mineral abundances, particle size and mincral ~omposition. Othe: factors such as
particle packing, viewing geometry, particle shape, temperature and instrumentation are of
lesser importance.

The differences in reflectnace beiween packed and nnpacked powd-red mincral
samples (20 % volume change) are on the order of 2-3 %, with the packed powders generally
having lower reflectance at longer wavelengths and higher reflectance at shorter wavelengths
than the unpacked samples (Adams & Filice, 1967). Such differences are of minor importance
when a decrease in mean grain size of 60 % can change overall albedo by a facot of two.
Furthermore, the degree of packing does not ai fect tiic presence of speciral absoprtion
features. In any case, large differences in packing density are not expected on low gravity
bodies, airless bodies such as asteroids.

Viewing geometry also has a minor effect on spectral reflectance. Adams & Filice
(1967) found that the 0.7um:0.4um reflectance ratio varies slightly as the illumination angle
changes. The magnitude of the change depends on the type of material. This effect is small
over the normal range of phase angles (30°) at which most inner solar system objects are
imaged (Gaffey, 1974). Even large variations do not affect key spectral parameters such as
band minimum wavelength positions, while band areas vary by only a few percent (Gradic e
al., 1980; Pieters, 1983).

As particles approach spherical shape, the overall reflectance decrcases and the

0.7um:0.4um ratio increases. In general, very little is known about the effect of particle shape



on spectral roflectance, but it is felt that this effect is probably only important in certain
sedimeatary environments (Adams & Filice, 1967).

Temperature variations can affect key spectral parameters such as band minima
wavele 1gth positions and band arcas. Normal temperature fluctuations in the inner solar
system can be quite large and erroneous mineralogical interpreations may result if this effect
is not acknowledged (Roush, 1984). In most cascs, the thermal regimes of planetary bodies
can be modeled or measured with sufficient precision to compensate for or, at least, recognize
the effect of temperature variations.,

The two main types of spectral reflectance measured in the laboratory, bidirectional
and bihemispherical, do not provide identical spectra. The spectra measured in bidirectional
geometry are redder than those obtained using an integratiug sphere arrangement
(bithemispherical). The degree of difference increases with increasing absolute reflectance. At
small phase angles, the iniegrating sphere measurements provide a better match to spectra
expected for planets covered with the same matcrials (Gradie & Veverka, 1982).

Mafic silicates form the basis of this project for a number of reasons. They are
known, or inferred to be, major constituents of the surfaces of most bodies in the inner solar
system. They are spectrally distinct and amenable to spectral analysis. In addition, the spectral
properties of mafic silicates have been studied by a number of investigators, although the data
for mixtures containing mafic silicates are generally lacking. A comprehensive summary of
mafic silicate spectral reflectance studies published before 1984 can be found in Cloutis
(1985).

In spite of all these studies, there remain problems in spectral interpretation which
must be addressed. Mafic silicates (primarily olivine and pyroxene) rarely occur without the
presence of accessory phases. Ignoring the diverse terrestrial weathering products, the major
accessory phases of cosmic importance are metallic nickel-iron, magnetite, carbon and
carbonaceous compounds, plagioclase feldspar, and glass and glass-bonded aggregates

(agglutinates). All of these materials are present in varying amounts in almost all terrestrial



and extraterresrial occurrences of mafic silicates. The accessory phases are also interesiing
because they represent the major spectral classes- nickel iron and agglutinates are spectrally
red, magnetite, carbon and carbonacsous compounds are spectrally neutral and opaque, while
the mafic silicates are strongly featured. The information provided from spectral studies of
these materials will provide both an immediately useful data basc and a survey of how the
spectra of these different classes of materials interact.

In order to characterize the physico-chemical basis of these interactions, a wide
variety of disciplines must be brought to bear on the problem, such as metallography,
mineralogy, petrology, orbital dynamics, organic cheniistry, and other remote sensing
techniques. 1t can be argved that the mineral assemblages on the surfaces of asteroids and the
Moon can be determined by matching the spectra of meteorites and returned lunar samples
with the remote sensing spectra of the respective bodies. However, this technique will not
work for regions of the Moon which are mincralogiczlly distinct from the lunar samples or for
asteroids for which no meteoriies are available. The laboratory spectra also allow us to
investigate whether different materials can have the same spectral propertics. Examination of
the spectral reflectance properties of mixtures of mafic silicates plus accessory phases in the
laboratory will improve our interpretation of remotely sensed data for which precise
mineralogical assignments have not yet been made.

The labor;:tory spectra have been subdivided on the basis of the non-mafic silicate
phases. Thesc subdivisions are mafic silicates +metal, spectrally featureless materials, mafic
silicates +opaque materials, and mafic silicates +glass. The lirst three groups arc particularly
applicable to asteroid remote sensing, while the last group is most relevant Lo Junar remotc

sensing.
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11. METAL-SILICATE MIXTURES: SPECTRAL PROPERTIES AND APPLICATIONS TO
ASTEROID TAXONOMY

INTRODUCTION

Remote sensing is one of the most effective means for deriving information about the
surface compositions of terrestrial and extraterrestrial targets which are inaccessible to direct
sampling. Consequently, it is imperative that the maximum amount of compositional
information be derived from such studies. Reflectance spectroscopy is one of the most
cffective tools in remote sensing, and in order to improve the quality and quantity of
information derivable from spectral studies, the spectral reflectance properties of mafic
silicate-meteoritic metal mixtures have been examined.

These particular assemblages were chosen because accurate, quantitative identification
and analysis of these materials has potentially important implications for theories concerning
the origin and evolution of the asteroid belt (Gaffey, 1984; 1986), and perhaps the solar
system (RBell, 1986; Gaffey, 1988). The S-class asteroids are the most abundant group in the
inner part of the main asteroid belt (Gradie & Tedesco, 1982). Their mineralogy, particularly
the nature of the metallic phase, is disputed. These objects have been interpreted as being
cither differentiated objects with affinities to certain "primitive” achondrites (Gaffey, 1984;
Gaffey, 1986; Bell & Keil, 1987), or as parent bodies for the ordinary chondrites, and hence
undifferentiated (Anders, 1978; Feierberg ef al., 1982). The competing interpretations are
almost exclusively based on differing interpretations of the telescopic spectral data. Important
constraints can be placed on early solar system history depending on which interpretation
ultimately proves to be correct.

The recent identification of probable olivine- and metal-rich asteroids aiso hinges on

correct interpretation of the telescopic spectra (Bell et al., 1984a; 1984b; Cruikshank &

'A version of this chapter has been submitted for publication. Cloutis, E.A.,
Gaffey, M.J., Smith, D.G.W., and Lambert, R. St J. 1989. Journal of Geophysical

Research.



Hartmann, 1984). If these A-class asteroids are differentiated nbjects, then they are most
likely the remnants of once-larger planetesimals whose outer layers have been stripped away
by impacts to reveal their core-mantle boundaries, and are mineralogically similar to pallasite
meteorites (Buseck, 1977; Bell et al., 1984b). The necessary laboratory spectral studies were
undertaken in order to constrain the possible surfacc mineralogies of these important classes
of asteroids.

The spectral reflectance properties of the individual end member phases (olivinc.
orthopyroxene, and metal) and olivine-orthopyroxene mixtures have been extensively studied.
Olivine reflectance spectra in the 0.3-2.6um wavelength region show a bro: J asymmetric
absorption feature near 1um, which is composed of three overlapping absorption bands
(Burns, 1970a; Roush, 1984). These bands arise from electronic transitions in Fe’* cations
located in two distinct crystallographic sites. The band minimum progressively shifts towards
longer wavelengths with increasing iron content, and its wavelength position can be used to
determine iron content (Cloutis, 1985; King & Ridley, 1987). The only other resolvable,
pervasive absorption band is a weak feature situated near 0.65um whose origin is still uncicar
(Burns, 1970a; Mao & Bell, 1972; Burns et al., 1973; Runciman e al., 1973; Hazcn et al.,
1977; Roush, 1984), but seems to be useful for further constrairing olivine composition (King
& Ridley, 1987). A steep drop-off in reflectance occurs at wavelengths shorter than 0.55um
due to various charge transfer aborptions but does not appea. 10 be diagr.ostic of any
particular composition (Burns, 1970a; Burns et al., 1972).

Low-calcium pyroxene, which will be referred to here as orthopyroxenc (OPX),
exhibits two main absorption bands in its reflectance spectrum near lu.n and 2um (Band |
and 11, respectively). These features are due to crystal field transitions in ferrous iron located
in the M2 crystallographic site (Clark, 1957; White & Keester, 1967; Burns, 1970b; Burns ef
al., 1972; Roush, 1984). As with olivine, the wavelength positions of these bands shift to
longer wavelengths with increasing iron content (Adams & McCord, 1972; Adanis, 1974,

Cloutis, 1985; Cloutis et al., 1986a; 1986b). The presence of the band at 2um is useful for



easily distinguishing pyroxene from olivine.

A number of meteoritic metals and nickel-iron alloys have been spectrally
characterized. In almost all cases the various Ni-Fe alloys show a featureless spectrum
between 0.3 and 2.7um with a gradual risc in reflectance towards longer wavelengths (red
slope). The spectral slope is dependent on the particle size or surface roughness of the metal,
and to a lesser extent, on its chemistry (Watson, 1938; Yolken & Kruger, 1965; Blodgett &
Spicer, 1967; Gorban et al., 1973; Johnson & Fanale, 1973; Gorban & Stashciuk, 1974;
Gaffey, 1976; Dollfus er al., 1980; Feierberg et al., 1982; McFadden, 1983; Wagner et al.,
1987; Britt & Pieters, 1988; Cloutis, 1989, in preparation).

The evidence for comminuted materials on the surfaces of metal-rich asteroids is
compelling. Meteorites which presumably resided for a period of time at the surfaces of their
parent bodies (solar gas-rich breccias) show comminuted textures (Wilkening, 1983; Williams
et al.. 1984; 1986; Bell & Keil, 1987; Britt & Pieters, 1987). The available photopolarimetric
data for most S-class asteroids are best modelled as a particulate surface layer (Veverka, 1971;
Zellner et al., 1977; Barucci et al., 1984) probably composed largely of “100um-sized grains
(Dollfus & Zellner, 1979). Thermal radiometric models of the larger asteroids tends to
support the polarimetric results for a comminuted surface (Morrison & Lebofsky, 1979), and
metal -rich surfaces on S-asteroids (Gaffey, 1989). Radar albedos of main-belt S-asteroids,
assuming a certain metallic component, seem to indicate particulate regoliths with
approximately lunar porosities (Ostro et al., 1985). Computational models of asteroid
evolution favor the development of a substantial surface regolith on all but the smallest
asteroids (Comerford, 1967; Cintala et al., 1979; Housen ef al., 1979a; 1979b; Housen &
Wilkening, 1982; King et al., 1984). The reflectance spectra of three A-class asteroids are best
simulated by fine-grained olivine scattered on a roughened metal substrate. Large olivine
grains, such as those found in pallasites, do not match the spectral data and must be

extensively fragmented to provide the necessary match (Bell et al., 1984a).



10

At the temperatures present in the main asteroid belt, kamacite lies in the
brittle-ductile transition region, and may be subject to brittle deformation during impacts
(Zukas, 1969; Auten, 1973; Remo & Johnson, 1975). Laboratory impact studies of meteoritic
raetal show the development of irregular surfaces and the comminution of the metal even at
roo'm temperatures (Auten, 1973; Marcus & Hackett, 1974; Matsui & Schultz, 1984).
Comminution of differentiated metal may also be [acilitated by the presence of cxsolved and
included phases such as schreibersite/rhabdite, troilite, graphite, and cohenite. Thesc phases
could serve as areas of weakness in the metal and facilitate fracturing (Baldanza & Pialla,
1969; Comerford, 1969; Doan & Goldstein, 1969).

EXPERIMENTAL PROCEDURE

Natural and synthetic materials were used in this study. The olivine (OLV003) was
separated from large pale green grains from San Carlos, Arizona. The pyroxenes (PYX032,
PYX117) are from Ekersund, Norway, and an unspecified locality in India, respectively.
Powders were obtained from a single, partial crystal in both cases. The metal (MET101) was
ground from a fresh, interior sample of the Odessa, TX coarse octahedrite (Buchwald, 1975).

Chemical analyses of the samples were acquired at the University of Calgary SEMQ
microprobe facility and represent an average of six or more point analyses or area scans
(Table 11-1). The ferrous iron values of the silicates were obtained by wel chemistry, and
ferric iron was calculated fzom the difference between total and ferrous iron. For the
meteoritic metal, only the kamacite phase, which forms the bulk of the sample (Buchwald,
1975), was analyzed.

Mafic silicate powders were obtained by crushing in an alumina mortar and pestle.
Impurities were removed by a combination of magnetic separation and hand picking. The
cleaned samples were repeatedly wet sieved with acetonc to ensure well-constrained size
fractions. The 0-45 and 45-90um size ranges were used in the various mixtures. The metal
powder was produced by grinding a portion of an alteration-free piece of the iron metceorite

on an emery grinder, magnetically separated from the grinding wheel contaminants, and
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repeatedly wet sieved with acetone. A portion of the metal powder was beaten in the mortar
to reduce the metal shavings to 3 more equidimensional habit, and wet sieved with acetone to
the various size fractions. The 45-90um portion of this material was used in the olivine-metal
mixtures. Immediately upon completion of the sieving, the samples were transferred to a dry
nitrogen environment for storage. They were briefly removed for incorpuration into the
mincral mixtures, and returned to the nitrogen environment. In total, the metal powders were
exposed to normal atmosphere for a maximum of five days. The various mineral mixtures
were made on a weight percent basis with an accuracy of +0.1%. The olivine-metal
(OLV003-MET101), and one of thc pyroxene-metal mixtures (PYX117-MET101) were made
at 25 weight percent intervals, and the other pyroxene-metal mixture (PYX032-MET101) at
50 wt. % intervals. In addition, a 30:40:30 mixture of OLV003:PYX117:METI01, and its
metal-free equivalent (OLV003:PYX117=43:57) were also prepared.

The reflectance spectra were acquired at ihe NASA RELAB spectrometer facility at
Brown University, and at the U.S. Geological Survey spectrometer facility in Denver, CO.
Details of the respective instruments can be found in Pieters (1983) and King & Ridley
(1987). The samples measurc. at the RELAB facility (OLVY003-MET101 series,
OLV003:PYX117, OLV003:PYX117:METI0], and the various end m=mbers) were acquired
at an incidence angle of 0" and an emission angle of 15. The PYX-MET mixtures and end
members were measured at the U.S. Geological Survey facility using an integrating sphere
arrangement. All the spectra were measured relative to halon, a near-perfect diffuse reflector
in the wavelength region of interest (0.3-2.7,m; Weidner & Hsia, 1981), corrected for minor
("2%) irregularities in halon's absolute reflectance in the 2um region, as well as for dark
current offsets. The reflectance spectra were processed and analyzed using the Gaffey Spectral
Processing System, a PC-compatible version of SPECPR (Clark, 1980). Continuum removal
was performed by dividing out a straight line tangent to the reflectance spectrum on either
side of an absorption band. Band centers and band minima were calculated by fitting a

quadratic equation to ~10 data points on either side of a visually determined minimum or
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center.
RESULTS

The various spectra have been divided up into three groups- OLV+MET and end
members, PYX +MET and end members, and OLV+PYX+MET and OLV+PYX and end
members. Each group possesses distinct spectral properties which can be used to identify the
particular minerals present in the assemblages, and to constrain some of their physical and
chemical properties.

Olivine-Metal Mixtures

Very little spectral data exist for olivine-metal mixtures. Gaffey (1976) in his
comprehensive exarnination of meteorite spectra did not include pallasites (olivine-metal
meteorites) because of the difficulties in sample preparation. Bell ef al. (1984a) measured the
reflectance spectra of olivine grains scattered on a roughened metal background and concluded
that fine-grained olivine +metal substrate provides the best match to the telescopic data for
A-class asteroids, although the overall red slope due to the metal could not be accurately
reproduced. Gaffey (1986) cites an unpublished study of very fine-grained iron (3um) mixed
with two sizes of olivine (<45um and 125-250ym). The very fine-grained iron imparted a red
slope to the spectra.

Intimate mixtures of olivine and metal involve the interaction of a mineral with a
broad absorption band near 1um and a relatively flat reflectance slope beyond 1.8um
{olivine), with a material having a featureless, red slope of low overall reflectance (metal).
The various olivine-metal mixtures using the 45-90um sized olivinc and the 45-90um sized
beaten metal are shown in Figure I1-1. These mixtures are all chazacieri-ed by a variable
strength absorption baid near 1um (Band I) and no band ncar 2um (Band II). This is used as
an initial criterion for determining whether an olivine-rict. assemblage is present and amenable
to the spectral deconvolution procedures developed for OLV-MET mixtures.

A large number of olivine spectra are available in the literature, and many of these

were included in the search for spectral systematics (Adams, 1975; Hunt & Evarts, 19€1;
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Miyamoto ef al., 1981; Singer, 1981; Miyamoto et al., 1983; Cloutis, 1985; King & Ridley,
1987; Picters & Mustard, 1988). Progressively increasing amounts of metal added to olivine
alter the mafic silicate spectrom in systematic ways. In naturally-occuring olivines, the
reflectance from 1.8-2.5.m is essentially constant, with the exception of some iron-rich
members (Cloutis, 1989). Metal is substantially redder in this wavelength region, even for the
most fincly powdered sample (0-45um). A red slope scems to be characteristic of all
nickel-iron alloys with a grain size ot surface roughness greater than the wavelength of light
(c.g. Gaffey, 1986; Miyamoto, 1987; Britt & Pieters, 1988). OLV-MET spectra fall
somewhere between these two extremes and the 2.5/1.8um reflectance ratio can be used to
determine the metal abundance. A four-fold increase in metal grain size would alter the
estimate of metal abundance by only 10%. Unfortunately, this calibration is valid only for
pyroxenc-free sampies, as the addition of even a few percent pyroxcic dramatically reduces
this reflectance ratio.

A more widely applicable calibration involves the width of Band 1. Increasing amounts
of metal impart a red slope to the olivine, this effect being more pronounced at shorter
wavclengths. The width of Band ! is measured by the intersection of @ horizontal straight linc
continuum tangent to the local reflectance maximum between “0.5-0.7um with the long
wavelength side of Band I. The intersection point of this tangent for all olivines, regardiess of
particle size and chemistry, falls between 1.45 and 1.62ym. The addition of even 25 wt. %
metal shifts the intersection point toa vo'~  well below the olivire field (Figure 11-2).
Fxtrapolating from pure metal spectra (Cloutis et al., 1989), a fourfold increase in metal
grain size would result in overestimating metal abundance by ~10 %. At this point no
acceplable spectral criterion has been found for determining the grain size of the metal, except
for the 2.5/1.8um reflectance ratio. The intersection point criterion is much less sensitive to
small amounts of pyroxcne than the 2.5/1.8um ratio.

The depth of the major ferrous iron olivine absorption band (Band 1) measured as the

reflectance ratio at 1.8um divided by the reflectance at the band minimum increases as olivine
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grain size increases. Reflectance ratios are particularly useful parameters because they are
dimensionless and are independent of absolute reflectance, which is unavailable in many cases.
The 1.8um/Band ! minimum reflectance ratio increases with increasing grain size to a
maximum of ~10, at which point the absorption band becomes saturated. This ratio is severely
depressed by the addition of metal, and appears to be relatively independent of metal grain
size (Figure 11-3). Since the abundarice of metal has been determined from the intersection
point criterion, correcting for metal abundance will yield the olivine grain sizc. A series of
contours can be constructed on Figure Tl-3 connecting points of equal metal abundance. These
contours are not shown because the necessary samples have not yet been characterized. The
reflectance ratio for an unknown spectrum plotted in Figure 11-3 for a given metal content
will yield the olivine grain size.

The final factor which can be determined is the ferrous iron content of the olivine. In
pure olivines, the wavelength position of the band minimum and band center shifts to longer
wavelengths with increasing iron content from ~1.05-1.09um (Figure 11-4). The presence of
metal causes an apparent shift of the band minimum towards shorter wavelengths. In the
mixtures studied, 50 wt. % metal shifts the band minimum and band center downwards by 21
and 6 nm respectively. Extrapolating from the spectra of various sized metal powders, a four
fold increase in metal grain size would accelerate the shift in band cenier by only 1-2nm. The
iron content of the olivine can be determined by adding a valuc to the band minimum or band
center equivalent to the amount of metal present, since a straight line continuum is not a
completely satisfactory correction for the metal. Failure to correct fully for this discrepancy
will provide only the minimum iron content of the olivine.

Pyroxene-Metal Mixtures .

Pyroxenc- and metal-rich meteorites include lodranites, mesosiderites, siderophyres,
and winonaites (Mason, 1962; Powell, 1969, 1971; Mason & Jarosewich, 1973; Prinz et al.,
1980; King et al., 1981; Mori et al., 1984). To date there has been very little success in

identifying possible parent bodics for these metcorites on the basis of telescopic spectral
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studies. The pyroxenc-metal spectral data may help to overcome this difficulty, and perhaps
provi. addit:y &) information on unsampled asteroid types.

e avr. e treciral data for pyroxene-metal (PYX-MET) mixtures is of variable
qrality Garts 9 esamined the aeflectance spectrum of one mesosiderite (Veramin)
which th:wi s o wesk absorption bands at the approximate positions expected for pyroxene.
A number of enstatite chondrites, containing metal and nearly pure iron-free enstatite were
also examined. Thesc meteorites show almost no Fe?* absorption bands (Gaffey, 1976;
Miyamoto, 1987) because the pyroxene is almost pure MgSiO, (Keil, 1968; Watters & Prinz,
1979). As a result they will not be considered here. Feicrberg ef al. (1982) measured partial
reflectance spectra (0.85-2.5um) of a series of pyroxene-metal mixtures and mathematical
constructs of areal mixtures. The usefulness of the data is hampered by the lack of chemical
data for the pyroxene (probably a pigeonite) and the lack of ultraviolet and visible wavelength
data.

Orthopyroxene-metal mixture spectra are characterized by the presence of two major
absorption bands in the 0.9-1.0um (Band I), and 1.75-2.1um (Band II) regions, both due to
Fe* crystal ficld transitions in the pyroxene. A large number of available pyroxene spectra
were assembled from the literature in addition to those measured in this study to search for
spectral systematics (Adams, 1968; Hunt & Salisbury, 1970; Nash & Conel, 1974; Adams,
1974, Picters, 1974; Adams, 1975; Adams et al., 1979; Singer, 1981; McFadden et al., 1982;
Miyamoto et al., 1983; Cloutis, 1985; Mustard er al., 1986). Unfortunately, orthopyroxenes
show widc, and as yet unexplained, variations in many spectral parameters such as reflectance
ratios. This severely hampers the construction of high quality deconvolution techniques for
PYX-MET spectra. The calibrations found for these assemblages are not as comprehensive as
those available for OLV-MET spectra.

The addition of meteoritic metal (with its red, featureless spectrum) to orthopyroxene
changes a number of properties: overall reflectance is reduced; Band II is reduced in intensity;

the reflectance maxima near 0.7,m and 1.4um (interband maximum) are both suppressed
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relative to longer wavelengths; and the band minima shift to shorter wavelengths. These
effects are also seen in other PYX-MET spectra (Feierberg et al., 1982). All orthopyroxenes,
with the exception of the smallest grain sizes (<Sum) have a band area ratio (Band 11*/Band
1*: Cloutis et al., 1986b) between 0.8 and 1.17. The addition of metal causes a reduction of
the Band area ratio (Figure I1-5). A 75:25 PYX:MET mixture has an area ratio of 0.78
versus 1,00 for the pure pyroxene. At SO wt. % metal, for which two different pyroxenes were
used, the area ratios are essentially identical. Band area ratio was found to be the most useful
parameter for establishing metal content. Although ternary mixtures of
pyroxene-metal - plagioclase were not examined in this study, the addition of even large
amounts of plagioclase feldspar will not vary these results by more than a few percent (Nash
& Conel, 1974; Mustard et al., 1986).

Highly comminuted, metal-free pyroxene shows a low band area ratio, and may be
confused with pyroxene-metal mixtures using this criterion alone. However, the smallest
pyroxene fractions show a decrease in the reflectance ratio of the interband peak (1.4um
maximum) to the local maximum near 0.7um. For finc-grained pyroxenes this ratio is <l 2,
versus D 1.2 for the PYX-MET spectra. This was found to be the sole criterion for separating
these two types of assemblages when absolute reflectance is unknown.

Increasing metal content results in an increasingly red slope being imparted to the
PYX-MET spectra. This is a potentially uscful criterion except for the fact that pyroxene
reflectance ratios are highly variable. Increasing metal content causes the intersection of a
horizontal continuum tangent to the 1.4um interband peak with the long wavelength wing of
Band I to shift to shorter wavelengths. The addition of metal also tends to reduce most
reflectance ratios. The ratio of the Band Il minimum reflectance to the local 0.7um peak
reflectance ranges from 1.1 to 3.3 in pure pyroxenes. The addition of 50 wt. % metal reduces
the initial ratios in two chemically and spectrally distinct pyroxenes from 3.15 and 1.89 to 0.94
and 0.76, respectively- a substantial decrease in variability (Figure 11-6). The grain siz¢ of the

metal can be roughly constrained using this ratio, in conjunctioz with the band area ratio for
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metal abundance. Extrapolating from pure metal spectra, contours can be constructed on
Figure 11-6 joining points of equal metal content. Plotting the reflectance ratio in the field of
Figure 11-6 will yield the metal grain size for the previously determined metal content. These
construction lines Yiave been omitted because of the lack of data for larger grain size
pyroxene-metal mixtures.

The variability in pyroxene spectra is most problematic for particle size
determinations, since reflectance ratios are traditionally the most effective means for
determining this parameter, assuming absolute reflectance is unknown. Olivine grain size is
best determined by the depth or intensity of the major 1ym absorption band. A similar
approach to pyroxenes, measuring band depth as the ratio of the reflectance of the interband
peak (1.4ym maximum) to the reflectance of the Band I minimum shows a general increase
with increasing grain size, although there are a number of exceptions. In general it appears
that a peak:minimum ratio of ~5.5 or less indicates a smaller pyroxene grain size (Figure
11-7). Corrections for metal content can be made in a manner analogous to the olivines
(Figure 11-3).

The wavelength positions of the two major Fe?* absorptions near 1um and 2um have
been shown to shift to longer wavelengths with increasing iron content (Adams & McCord,
1972: Adams, 1974, 1975; Cloutis, 1985; Cloutis et al., 1986a, 1986b; Aoyama et al., 1987). All
available orthopyroxene spectrél data for which at least major element chemistries are
available were re-cvaluated. While the sample size is small (15 samples) it appears that the
substitution of aluminum for silicon in the tetrahedral sites results in absorption band minima
shifting to shorter wavelengths, opposite to the trend found for increasing iron content. Both
these trends are consistent with the different ionic radii of Mg*, Fe?*, Si**, and Al**, The
shift in the wavelength position of the Band II minimum due to changing iron content is
greater than that for Band I. When the separation of the two bands is plotted against the
Band 1 minimum position a very tight linear trend emerges which is very useful for

determining iron content (Cloutis, 1985). When higher aluminum content orthopyroxenes are
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included, the iron content of these samples is seriously underestimated using this criterion.
Based on this admittedly small sample size, it appears that for every 1 wt. % increase in

AL, O,, the ferrosilite (Fs) content is underestimated by “5 mole %. The Fs contents of four
high-aluminum pyroxenes (>4 wt. % Al,0,) are shown in Figure I1-8. This systematic
variation, if it proves to be real, may be of particular significance for lunar remote sensing,
since lunar pyroxenes commonly contain some aluminum (Adams & McCord, 1972; Papike e
al., 1976). No consistent spectral parameter has been found to differentiate between low- and
high-aluminum pyroxenes. Using the wavelength positions of the band minima as indicators
of pyroxene chemistry is the most useful criterion, but it provides only a lower limit on
pyroxene ferrous iron content.

The presence of red-sloped metal causes both absorption band minima to shift to
shorter wavelengths, but to remain very close to the pure pyroxene trend (Figure 11-9). Each
25 wt. % increase in metal content shifts the apparent Fe content of the pyroxenes downwards
by “8 %. Since metal content can be determined using other cpectral parameters, its effect can
be compensated for to yield the minimum Fs content.

The decline in band area ratios (Figure 11-5) with increasing metal content mimics a
similar trend observed for increasing olivine content in olivine-pyroxenc mixtures (Cloutis et
al., 1986a). On the basis of this criterion alone, PYX-MET and PYX-OLV assemblages may
be confused. The simplest method for distinguishing among them is on the basis of the
horizontal tangent intersection point. Pyroxene, and pyroxene-metal mixtures have their
intersection point at <1.1um, while in PYX-OLV spectra it occurs at “>1.1um.

Olivine- Pyroxene-Metal Mixtures

A single olivine-pyroxene-metal (OLV:PYX:MET=30:40:30) mixture and its
metal-free counterpart (OLV:PYX=43:57) were spectrally characterized in order to examine
briefly the general spectral properties that are present in these ternary assemblages (Figure
11-10). The spectral properties of olivine-pyroxene mixtures have been thoroughly examined in

Singer (1981), Miyamoto et al. (1983), and Cloutis 2 al. (1986b). When metal is added, it



19

acts to largely counteract many of the effects of the olivine in terms of intersection point and
band minima wavelength positions. There is no one spectral parameter which can be used to
separate OLV-PYX-MET mixtures from OLV-PYX and PYX-MET assemblages.

The spectral properties of the ternary OLV-PYX-MET mixtures can be anticipated
from the studies of the various binary mixtures. The predicted effects of the metal- narrowing
of absorption bands and shifts of band minima and tangent intercepts to shorter wavelengths,
are offsct to a large degree by the addition of olivine. Other effects such as reduction of the
band area ratio are enhanced by the addition of olivine. These discrepancies in systematic
spectral variations can be used to recognize the presence of olivine in a PYX-MET
assemblage. The band area ratio can be used to set a very effective upper limit on metal
abundance Applying the primary PYX-MET calibration (Figure II-5) to the ternary
assemblage indicates a metal abundance of “60 % (i.e., PYX:MET= 40:60). in ternary
assecmblages. If the mixture contained only pyroxene and metal, it should have a tangent
intercept at 1.015+.015um. It actually occurs at 1.10um which is at the extreme high end of
the pyroxene range, due to the broadening influence of the olivine Band 1. The 40:60
PYX:MET spectrum should have a band minimum at 0.896 £ .007,m, but again due to
olivine, it occurs at 0.917um. These latter two calibrations for pyroxene are not shown
becausc they do not form part of the pyroxene +metal calibrations. They show only general
trends which are of lower precision than the band area ratio calibration. They are however
very uscful for reliably establishing the presence of olivine. Olivine also causes a noticeable
slope break to appear on the long wavelength wing of Band I at 1.10-1.154m, in addition to
the shift in band minimum and tangent intercept.

Olivine-pyroxene mixtures have band area ratios ranging from 0 to “1.2- equal to the
range for pyroxene-metal (Cloutis et al., 1986b). Enough spectral differences exist to
distinguish these two types of assemblages. The horizontal tangent intercept in pyroxenes and
PYX-MET spectra occurs between 0.9 and 1.13um, and in olivines between 1.44 and 1.63um.

Olivine-pyroxene spectra will have an intercept point between these two extremes. In many
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cases, particularly for approximately equal amounts of olivine and pyroxene, the 0.7um:
interband peak ratio is >1, and the horizontal tangent intersection point misses Band |
completely, intersecting the long wavelength wing of Band II. This is seen in the reflectance
spectra of many H chondrites which have approximately the same proportions of
OLV:PYX:MET as the ternary mixture (Chapman & Salisbury, 1973; Gaffey, 1976). This is
probably due to the neutral non-red spectral nature of the metal in ordinary chondrites
(Gaffey, 1986). A 0.7 peak: interband peak ratio of <*0.8 seems effectively lo encompass
metal-rich ternary assemblages, and distinguishes them from metal-free or metal-poor binary
OLV-PYX mixtures and ordinary chondrites. The separation is most pronounced when
pyroxenes with a low initial 0.7um peak:interband peak ratio are involved. A low ratio is
characteristic of many meteoritic pyroxenes (Gaffey, 1976; McFadden et al., 1982; Miyamoto
et al., 1983).

One H chondrite (Tieschitz) has a tangent intersection point on Band | but it lies at
~1.22um (Gaffey, 1976). The absence of a Band I intersection point or its presence at
>~1.1um is characteristic of metal-free and/or dark and neutral opaque-bearing OLV-PYX
assemblages (Cloutis, 1989, in preparation). Other characteristics shown by H chondrites
which are inconsistent with metal-rich spectra are an interband peak at the high end or
outside the pyroxene range, and a high 0.7um peak:interband peak ratio. It can perhaps be
argued that the carbon in ordinary chondrites may effectively suppress the red slope of the
metal. A 99.5:0.5 wt. % mixture of meteoritic metal: amorphous carbon was spectrally
characterized to test this hypothesis. The mixture involved 45-90um meteoritic metal (Odessa
coarse octahedrite) and amorphous carbon with a grain size of <0.023um, thoroughly mixed
together. This amount of carbon is comparable to that found in H chondrites (Moore &
Lewis, 1967). The albedo of this amorphous carbon (<1 %) is substantially lower than other
lampblacks used in mineral mixtures (Clark, 1983). The normalized reflectance spectrum of
the mixture matches the pure metal spectrum. The carbon suppresses the overall reflectance

but preserves the red slope of the metal.
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Metal grain size is probably also not a viable explanation for the flat overall spectral
slope. Lower grade enstatite chondrites have a smaller mean grain size of metal than the
higher petrologic grades (Easton, 1983), but show a redder slope than the coarser-grained
samples (Salisbury et al., 1975; Gaffey, 1976), even when the metal content is relatively
constant (Mason, 1966; Keil, 1968). The amount of fine-grained metal in chondrites can be
extrapolated from the results of Dodd (1976). The probable abundance of submicron-sized
metal in ordinary chondrites is < <1%. It appears that neither carbon nor comminuted metal
can alter the spectral signature of an OLV-PYX-MET assemblage enough to produce an
ordinary chondrite-like spectrum. The only feasible mechanism is to comminute a substantial
portion of the metal to submicron grain sizes. Such a process, if’ applied to the entire
assemblage, would also fragment the silicate grains to such a small size that their absorption
bands would probably be indistinguishable. The original suggestion by Gaffey (1986) that the
metal in ordinary chondrites is intrinsically spectrally neutral, is the most feasible explanation
for the mismatch between the artificial construct and ordinary chondrite spectra.

Plagioclase- pyroxene spectra may mimic many of the features of the ternary mixture
spectra. These binary mixtures are largely outside the scope of this study, but an initial
cxamination of available plagioclase-pyroxene spectra suggests that the slope break on the
long wavelength wing of Band 1 is confined to wavelengths >1.18,m.

Clinopyroxene-orthopyroxene - metal spectra may also be confused with those of
olivinc-orthopyroxene-metal. Enough spectral differences probably exist to distinguish these
ternary assemblages. Comparing clinopyroxenes and olivines, the former show reflectance
maxima near 0.8um, a second absorption band between 2.15 and 2.40um, and band minima at
wavelengths below 1.06um, compared with reflectance maxima between 0.5 and 0.7ym, no
Band II, and Band I minima at >1.05um in olivines (Adams, 1968; 1974; 1975; Gaffey, 1976;
Miyamoto er al., 1983; Cloutis, 1985; Hiroi et al., 1985; Cloutis et al., 1986a).

APPLICATION TO ASTEROID SPECTRA
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The spectral deconvolution techniques outlined are applicable to the analysis of
reflectance spectra of mafic silicate-metal mixtures. S-class asteroid spectra have been
interpreted as olivine-pyroxene-metal assemblages (Gaffey, 1984), while the A-ciass asteroids
appear to be composed almost entirely of olivine and metal (Bell ef a/., 1984; Cruikshank &
Hartmann, 1984). A representative member of each group was selected for interpretation
using the spectral deconvolution procedures developed.

S-Class Asteroid (8) Flora

Asteroid (8) Flora is a representative member of the S-asteroid group for which
spectral (Chapman & Gaffey, 1979; Feierberg et al., 1982 Gaffey, 1984; Gaffey et al., 1988;
Gaffey, 1989), polarimetric (Veverka, 1971; 1973; Morrison & Zellner, 1979), radar (Ostro &/
al., 1985) and photometric data (Veeder et al., 1978) are available. The reflectance spectrum
of Flora shows a number of features which are characteristic of an olivine + pyroxenc + metal
assemblage (Figure 11-11). The average reflectance spectrum has an interband pcak
wavelength position at the high end of the orthopyroxene fieid, an inflection point on the long
wavelength wing of Band I near 1.10um, and a Band 1 tangent intersection point outside the
pyroxene field (*1.12um), all of which are indicative of olivine. The spectrum of Flora also
has a high interband peak:0.7um peak ratio (1.22) and a Band I intersection point at
<2.3um, which are indicative of metal.

The Band I minimum and center wavelength positions, as determined by Gaffey
(1984), are at 0.925um and 1.001um, respectively. Large metal grains could account for this
difference but the interband peak:0.7um peak ratio and tangent intersection point are
indicative of a fine-grained meta! (<90um). The difference between the wavelength position
of the Band I minimum and continuum-removed center can be explained by the presence of
partially overlapping olivine and orthopyroxene absorption bands of approximately equal
intensity. The Band I tinimum position (0.925um) indicates that an orthopyroxene is slightly
dominant. Dividing out the red-sloped continuum results in the olivine absorption band

appearing slightiy more dominant (1.001um). Olivine and orthopyroxene absorption bands are
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of approximately equal intensity at 80/20 OLV/PYX (Cloutis, 1985; Cloutis et al., 1986b).
The wavelength position of the band center, separation between Band I and Band II, and band
area ratio (Band I1°/Band 1°*) are all consistent with this interprctation.

The intersection point of the horizontal continuum for the Flora spectrum is at
1.12um, but would be at <1.46um if no metal were present. The calibrations for metal
abundances in binary mixtures indicate that either 40 wt, % metal is present (if the assemblage
contains only olivine +metal, Figure I1-2), or 85 wt. % metal (if the assemblage contains only
orthopyroxene + metal, Figure II-5). Given the dominance of olivine over pyroxene, a
weighted average of SO % metal is probable. The interband peak:Band I minimum reflectance
ratio of 1.22 indicates a substantia) fine-grained ( <4Sum) mafic silicate component using
both the olivine (Figure II-3), and pyroxene (Figure 1I-7) spectral criteria. The absolute
reflectance of Flora (22 % at 0.56um; Gaffey et al., 1988) is higher than that of the 50/50
OLV/MET laboratory spectrum containing 45-90um-sized materials. This is further evidence
for a significant fine-grained surface component on Flora. The reflectance spectra of mixtures
containing a range of part.:le sizes appear most like spectra of samples containing only
finc-grained particles. Both have high overall reflectance because the finest fraction is most
effective at scattering rather than absorbing incident radiation (Cloutis, 1985).

The wavelength position of Band II is a useful indicator of pyroxene chemistry
because it is unaffected by the presence of olivine (Cloutis, 1985; Cloutis ef al., 1986a). After
correcting the band minima positions of Flora for 50 % metal and 40 % olivine, the mean
orthopyroxene composition is determined to be Fs 30. The uncertainties in the wavelength
position of Band II (1.91+0.1um) bracket a range of Fs contents of 5 to 65 mole %. If
clinopyroxene is also present on Flora, as seems likely because of the lack of an appreciable
red slope beyond 2.0um, then the Fs content of the orthopyroxene represents a maximum
value. Orthopyroxene +clinopyroxene spectra usually show complex Band II absorption
features with the band minimum occuring between the two end member values (Cloutis,

1985). If no clinopyroxene is assumed, and also assuming that the surface assemblage of Flora
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is an equilibrium mixture, the olivine must be a high-iron variety (Fa=35210). The olivine
composition cannot be independently determined because the Band I position, which is the
primary method for determining this parameter, was used to constrain the OLV/PYX ratio.

An olivine +pyroxene + metal assemblage corresponding to that derived for Flora was
not spectrally characterized. However an additive mixture of 30 % 50/50 OLV/MET, 60 %
25/75 OLV/MET and 10 % orthopyroxene (PYX117) provides a reasonable match to the low
wavelength spectrum of Flora (Figure 1I-11). Because areal and intimate mixtures are not
spectrally equivalent, the data are not directly comparable but do provide a reasonable
approximation to an intimate mixture. Since orthopyroxene is a more intense absorber than
olivine, the 10 % orthopyroxene in the additive mixture is an upper limit. The simulated
spectrum cffectively reproduces the broadness of the absorption feature near 1uym and the
reflectance drop-off at wavelengths shorter than 0.7um. The simulated spectrum is
consistently brighter than Flora at wavelengths greater than 1.1um. This discrepancy would be
reduced if a smaller grain size metal, which has a less red slope at longer wavelengths than
coarser metal were used (Cloutis et al., 1989). A few weight percent of clinopyroxene would
also improve the fit at longer wavelengths and in the ultraviolet region.

A fine-grained matic silicate + metal component on Flora is supported by the
polarimetric data. The polarimetric parameters Pmi n and a, for Flora (Veverka, 1971; 1973,
Zellner et al., 1977; Morrison & Zellner, 1979) lie in the field for fine-grained powders and
outside the range for most ordinary chondrites (Zellner ez al., 1977; Dollfus et al., 1979;
Geake & Dollfus, 1986). A synthesis of the available laboratory polarimetric data suggests
;hat the data for Flora are consistent with an assemblage containing a significant
<45um-sized component. The observational radar data for Flora, while not conclusive, arc
also consistent with a mafic silicate +metal assemblage of typical lunar regolith porosities
(Ostro et al., 1985).

On the basis of available observational data, the surface of Flora seems to be

composed of ~50 wt. % metal, “40 wt. % olivine (Fa=35110), "10 wt. % orthopyroxene
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(Fs=1303}) and perhaps a few percent clinopyroxene. There are a range of grain sizes present,
with a significant fine-grained (<45um) component. The determined average surface
assemblage is in good agreement with earlier interpretations (Gaffey, 1984).

A 50740710 MET/OLV/PYX assemblage does not correspond to any known meteorite.
Pallasites are similar in terms of metal:olivine ratios and olivine composition, but lack
appreciable amounts of pyroxene (Buseck, 1977). The Antarctic lodranite described by Yanai
& Kojima (1983) contains an olivine: pyroxene ratio similar to that determined for Flora, but
is deficient in metal (13.6 wt. %).This is due in part to terrestrial weathering, out if the
original meta! content were “50 wt. %, it would be very similar to Flora in most respects.
A-Class Asteroid (446 ) Aeternitas

A-class asteroids have been interpreted to be olivine-rich objects with various
amounts of metal and perhaps minor amounts of pyroxene (Cruikshank & Hartmann, 1984;
Bell ef al., 1984a; 1984b). Unlike Flora, no polarimetric or radar data are available for these
objects. Asteroid (446) Aeternitas is perhaps the best characterized of this group (Chapman &
Gaffey, 1979; Veeder et al., 1983; Bell et al., 1984a; 1984b; Bell et al., 1988; Gaffey et al.,
1988; Gaffey, 1989).

The reflectance spectrum of Acternitas (Figure 11-12) has features characteristic of '
olivine + metal: a prominent absorption band near lum; an inflection near 1.25um; and a high
interband peak:0.7um peak ratio (1.7). A slight pyroxene component is indicated by the
flatness of the reflectance spectrum in the 1.6- to 2.4um interval and the presence of weak
absorption bands in this region which are not characteristic of olivine (King & Ridley, 1987).

The wavelength position of Band I can be used to place constraints on pyroxene
abundances. If orthopyroxene is the dominant form of pyroxene, the olivine:pyroxene ratio
must be >9:1, because more than 10 % orthopyroxene would shift the band I minimum of
Acternitas (1.057um) to much shorter wavelengths and introduce a significant absorption
band near 1.9um (Cloutis, 1985; Cloutis et al., 1986b). If clinopyroxene is the dominant form

of pyroxene, its abundance can be as high as ~30 wt. % before significant spectral alteration is
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seen.

The mafic silicate +metal spectral calibrations applied to Aeternitas provide some
discrepant interpretations. Assuming for the moment that the spectrum of Aecternitas indicates
only olivine+metal, the tangent intersection position (Figure 11-2) indicates 40 wt. % metal
and 60 wt. % olivine. The 1.8um:1.0um reflectance ratio (2.00) corresponds to a grain size of
*100-200um (Figure 11-3). The Band I minimum wavelength position is fairly insensitive to
small amounts of pyroxene , and after correcting for 40 % metal and 10 % orthopyroxene, is
1.064+0.003um. This corresponds to an olivine composition of Fa=20110.

Two weak absorption bands seem to be present at 1.96um and 2.26um. A mixture of
25/75 orthopyroxene/clinopyroxene could account for them. A 25/75
orthopyroxene/clinopyroxene ratio is indicated by the fact that both bands are of
approximately equal intensity (Cloutis, 1985). The wavelength positions of the bands,
uncorrected for metal content, correspond to an orthopyroxene or pigeonite containing 45
mole % Fs and a clinopyroxene containing 17 mole % Fs. This is a roughly equilibrium
two-pyroxene assemblage (Robinson, 1980). Orthopyroxene +clinopyroxenc spectra often
show shifts in Band I minima wavelength positions due to overlaps of their respective bands.
Therefore, the calculated Fs contents of the pyroxenes are upper limits.

The reflectance spectrum of Aeternitas bears little superficial resemblance to the 50/50
olivine/metal spectrum. The former has a much more pronounced reflectance drop-off in the
ultraviolet, a much higher interband peak:0.7,m peak ratio and a flatter slope in the 1.7um
to 2.5um region. None of these factors serve as primary spectral calibration parameters but
are nevertheless useful for determining whether reflectance spectra are truly binary mafic
silicate + metal mixtures.

The absolute reflectance spectrum of Aeternitas is brighter than any of the
olivine +metal laboratory spectra (13-26 % at 0.56um, Figure 1I-1). Gaffey et al. (1988)
determined an absolute reflectancé of 37 % at 0.56um, while Veeder et al. (1983) determined a

geometric albedo of 17 %. If the mean grain size determination for Aeternitas is correct
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(100-200um), then the absolute reflectance of Aecternitas should be lower and not higher than
the laboratory spectra, since the albedo of olivine and metal decreases with increasing grain
size (King & Ridley, 1987; Britt & Pieters, 1988; Cloutis et al., 1989). This discrepancy may
not be as significant as the laboratory data indicate because iron meteorite slabs and powders
show large variations in absolute albedo (7-29 % at 0.56um; Johnson & Fanale, 1973; Gaffey,
1976; Britt & Pieters, 1988; Cloutis ef al., 1989).

The meteoritic metal used in this study has a redder spectral slope than metal spectra
measured by the other investigators cited above. The reflectance spectrum of Aeternitas, as
measured by the interband peak:0.7um peak, is cven redder than the pure metal spectrum,
This strongly suggests that an additional phase is present which has a high interband
peak :0.7um peak ratio. The likeliest candidates are orthopyroxene and clinopyroxene because
they can also account for the absorption features present in the 2um region.

Various additive mixtures of OLV/MET with orthopyroxene and clinopyroxene were
examined. A good overall match to Aeternitas' spectrum was found for 60 % 50/50
OL.V/MET, 20 % 75/25 OLV/MET and 20 % clinopyroxene (En,,Fs,sWo.;), all
45-90um-sized samples. The only region of mismatch is the 0.35um to 0.65um region (Figure
11-12). Clinopyroxene in intimate association with olivine + metal would probably show a
greater reflectance decline in this region than the mathematical construct because
clinopyroxene normally shows a rapid reflectance decline at wavelengths shorter than “0.65.m
which cannot be accurately reproduced by the additive mixtures. The absolute reflectance of
the construct (14 % at 0.56.m) is less than Aeternitas. However, the absolute reflectance of
olivine and clinopyroxene can be up to a factor of two higher for 0-45um-sized samples
versus 45-90um-sized samples (Cloutis, 1985) while metal shows a 20 % reflectance increase
with a similar diminution in grain size (Cloutis et al., 1989).

The variations in absolute reflectance due to changes in grain size and the variations
seen 1n meteoritic metal measured by different inve«tigators compared to the absolute

reflectance of Acternitas require that the surface of the asteroid possess a significant amount
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of fine-grained (<4Sum) material. This of course is at odds with the grain size determination
made earlier, suggesting 100-200um-sized grains. The grain sizc determination based on the
1.8um:1.0um reflectance ratio (Figure 11-3) would give higher values if clinopyroxene were
present because clinopyroxenes normally have high 1.8um:1.0um reflectance ratios. An
overestimate of metal abundance would also result because clinopyroxenes tend to have low
reflectances in the region of the 0.7um peak.

Clinopyroxene +olivine spectra are dominated by the clinopyroxene (Cloutis, 1985).
The mathematical construct of Aeternitas thus provides an upper limit on pyroxene
abundances. Band depth analysis suggests that in the region of Band I, the clinopyroxenc band
is approximately twice as intensc as the olivine. The orthopyroxene Band 1 is approximately
four times as intense as the olivine Band I (Cloutis, 1985).

When factored in with the previously determined 75/25 clinopyroxenc/orthopyroxenc
ratio and the effect of clinopyroxene . metal content determination, the most consistent
surface assemblage for Aeternitas is =SS wt. % olivine, ~7 % clinopyroxene, “3 %
orthopyroxene, and “35 % metal. The compesition of the olivine appears to be Fa=20110. If
the mafic silicates on Aeternitas represent an equilibrium assemblage, the corresponding
pyroxencs would have compositions of “Fs=15 (orthopyroxenc) and “Fs=15 (clinopyroxene).
These values are well within the range previously determined using Band I positions. The
mineral abundances determined by Bell et al. (1984a; 1984b) for Acternitas (40 % olivine,
0-10 % pyroxene, 50-60 % metal) are in good agrecment with the current interpretation.

There a-¢ no known meteorites with mineral assemblages similar to that determined
for Aeternitas, but the Eagle Station sub-group of pallasites (Dodd, 1981) are closest in tcrms
of metal:olivine ratio and olivine composition. As was the case for Flora, the pallasites lack
the necessary amounts of pyroxene which are required by spectral considerations.

SUMMARY
Olivine-metal, orthopyroxene-metal, and olivine-orthopyroxene-metal mixtures cach possess

unique spectral properties. A cursory examination of the reflectance spectrum of an unknown
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is usually sufficient to identify the spectrally significant minerals present. Various spectral
parameters which do not rely on a knowledge of the absolute reflectance can be used to place
severe constraints on assemblage properties such as phase abundances, major element
chemistries of the mafic silicates, and particle sizes. Each of these properties has important
implications for unravelling the history of the target. Each type of assemblage must be
deconvolved in a systematic manner to obtain the maximum amount of compositional
information,

Olivinc and olivine-metal assemblages are recognized by the presence of only one
major absorption band near lym, and a reflectance minimum between 1.0 and 1.1ym.
Systematic deconvolution 1cquires determining the horizontal tangent continuum for metal
abundance, the 1.8/Band I minimum reflectance ratio for olivine grain size, and the Band [
minimum wavelength position for olivine iron content. The parameters determined at each
stage are used 1o correct subsequent calibrations.

Orthopyroxenes show a much wider range of spectral properties than olivine. The
derived spectral deconvolution proccaures are consequently of lower accuracy. Orthopyroxene
and orthopyroxenc-mctal assemblages are recognized by the presence of absorption bands
between 0.8-0.95um and 1.6-2.0um, a reflectance maximum between 0.64 and 0.78,m, and a
horizontal tangent intersection point between 0.9 and 1.1ym, an interband peak between 1.23
and 1.36um, and no slope break at 1.10-1.15um. Systematic deconvolution involves
determining the Band 11*/Band 1® area ratio for metal abundance, the 0.7um peak/Band Il
minimum reflectance ratio for metal grain size, the interband peak:Band I minimum
reflectance ratio for pyroxene grain size, and the band minima separation versus Band Il
minimum wavelength position for pyroxene chemistry. The parameters determined at each
stage are used to correct subsequent calibration steps.

Olivine-orthopyroxene-metal assemblages show spectral properties intermediate
between the three end members. However not all parameters vary to the same degree and

these variations can be used to at identify, at a minimu, the spectrally significant phases.
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Pyroxene is a much more intense absorber than olivine, and hence tends to dominate silicate
absorption features. Away from absorption band minima olivine features such as band
broadening, interband maximum wavelength position, and a slope break at 1.10-1.15um can
be recognized. They allow some constraints to be placed on the relative abundances of the
various minerals.

The presence of clinopyroxene or plagioclase adds an additional level of complication
to the analysis. As yet no effective spectral deconvolution techniques have been developed for
quaternary mixtures, but merely identifying the presence of other phases is often sufficient to
permit judicious application of the calibrations.

Re-analysis of the reflectance spectra of asteroids (8) Flora (S-class) and (446)
Acternitas (A-class), on the basis of the iaboratory spectra, shows that previous
interpretations are largely consistent with the new analyses. The surface of Flora seems to
consist of ~50 wt. % metal, =40 wt. % olivine, ~10 wt. % orthopyroxene, and perhaps a few wt.
9 clinopyroxene. The mafic silicates appear to be high iron varieties. The olivine composition
is determined to be Fa=235+10. while the orthopyroxene is Fs=30:}3. A substantial portion of
the surface materials consist of fine-grained ( <d4Sum-sized) particles.

The surface of Aetcrnitas is interpreted to consist of “35 wt. % metal, ~55 wt. %
olivine, ~7 wt. % clinopyroxene, and ~3 wt. % orthopyroxene. The mafic silicates appear to be
more magnesium-rich than those on Flora, aithough the pyroxene compositions are poorly
constrained. The olivine contains 20 10% Fa, the clinopyroxene is constrained to <17 mole %
Fs, and the orthopyroxene is constrained to <45 mole % Fs. A significant amount of the
surface materials are fine-grained (<45um-sized particles). The spectral differences between
Flora and Aeternitas can be attributed to differences in particle sizes of the surface materials,
particularly the metal, and slight differences in pyroxene abundances and compositions. These
differences appear to be sufficient to produce large enough variations in spectral properties
that these asteroids have been assigned to different taxonomic classes. On the basis of the

derived surface assemblages, neither asteroid is a plausible parent body for the ordinary
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Table 11-1. Chemical composition of the minerals used in this study.

Wt. % OLV003 PYX032 PYX117 Wt. % METI0!
Si0, 40.64 50.21 $3.54 Si N.D.
FeO 9.25 23.65 16.17 Fe 93.39
Fe,0, 0.59 s.11 1.02 .- .
MgO 49.13 17.57 21.53 Mg 0.00
CaO 0.07 1.59 0.35 Ca N.D.
Al,0, <0.0! 1.24 1.54 Al 0.03
NiO 0.33 0.01 0.08 Ni 6.07
TiO, 0.00 0.19 0.03 Ti 0.00
MnO 0.09 0.53 0.44 Mn 0.00
Cr,0, 0.01 0.04 0.07 Cr 0.18
Na,0 0.00 0.00 0.00 Na 0.00
Zr0 0.00 N.D. N.D. Zn 0.11
CoO 0.04 0.06 0.01 Co 0.50
V.,0; 0.00 <0.01 0.00 \) 0.00
X,0 0.00 N.D. N.D. K N.D.
210, N.D. 0.00 0.00 Zr N.D.
S 0.00
P 0.02
Cu 0.00
Pb 0.87
TOTAL 100.15 100.20 100.75 101.17
Number of Ions on the Basis of 4 or 6 Oxygen'
Si 0.994 1.920 1.931
Al -~ 0.056 0.065
\% tr, .
Ti -- 0.005 0.001
Cr tr. 0.001 0.002
Fe* 0.011 0.147 0.028
Fe 0.190 0.756 0.487
Mg 1.793 1.002 1.480
Ca 0.003 0.065 0.013
Co 0.001 0.002 tr,
Ni 0.006 tr. 0.00]
Mn 0.002 0.017 0.013
Zn -- -- .
Na
TOTAL 2.999 39M2 4.022

1 Olivine and pyroxene formulae calculated on the basis of 4 and 6 oxygen, respectively.

k)
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Figure 1I-2. Wavelength positions of the intersection of a horizontal continuum
tangent to the local reflectance maximum near 0.5-0.7um with the long wavelength
wing of the major absorption band (Band I) as a function of mean grain size.
Olivines are plotted as circles. Squares indicate olivine-metal mixtures. The numbers
refer to the weight percent metal in the mixtures.
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Figure I1-3. Ratio of the absolute reflectance at 1.8um to the reflectance of the Band
I minimum near 1um, as a function of mean grain size. The points surrounded by the
dotted line are some iron-rich olivines which fall off the general trend. Symbols are
the same as in Figure 2. The isolated square labelled 100 is the reflectance ratio of a
larger grain size metal taken at 1.8 and 1.05um.
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Figure I1-5. Band area ratioas a f’ unction of metal abundance for pyroxene-metal
mixtures. The range for pure pyroxenes is indicated by the vertical line. The dotted
extension represents very fine-grained pyroxenes, which can be distinguished from the

mixtures by other means.
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Figure I1-6. Reflectance ratio of the local peak near 0.7um to the Band I minimum
near 2um, as a functicn of grain size. The two different pyroxene-metal series are
indicated by filled and open squares. Circles indicate pure orthopyroxenes. Numbers

indicate weight percent metal in the mixtures.
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Figure II-8. Separation of the Band I and Band 1I minima as a function of wavelength
position of the Band II minimum for orthopyroxenes show a linear trend. Both
parameters increase with increasing iron content. The numbers along the trend indicate
where the Fs content of low-aluminum pyroxenes should lie. Four high-aluminum
content pyroxenes are shown as circles along with their molar Fs contents.
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Figure 11-10. Absolute reflectance spectra of 45-90,m sized ternary
olivine-pyroxene-metal mixture (OPM), binary olivine- pyroxene mixture (OP), and
pure end members- olivine (OLV), pyroxene (OPX), and meteoritic metal (MET).
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1. REFLECTANCE SPECTRA OF "FEATURELESS" MATERIALS AND THE SURFACE
MINERALOGIES OF M- AND E-CLASS ASTEROIDS

INTRODUCTION

Telescopic spectral studies of asteroids provide the best means for determining the
surface compositions of these objects. There have been a number of notable successes in this
arca (c.g. McCord et al., 1970; Bell et al., 1984; Cruikshank & Hartmann, 1984; Gaffey,
1984). A significant proportion of the main-belt asteroids lack diagnostic features in the
0.3-2.5um wavelength region (Gafley, 1978; Gaffey & McCord, 1978). A number of
"reatureless™ matcrials wers wovc.rally characterized in order to search for diagnostic spectral
parameters which can S veed (o overcomie this difficulty. Among the materials examined were
a number of iron-+ickel altoys (both artificial and natural), meteoritic enstatite, amorphous
carbon, iron oxides, and various mixtures of these phases with various mafic silicates.

That different meteorites possess unique spectral propertics over even limited
wavelength ranges has been known for some time (Watson, 1938). As the wavelength range
cxaminee has been increased, improved discrimination of different matcerials has resulted
(Gaffey, .976; Bell er al., 1988). Most of the materials covered in this study have generally
been ascribed 1o he featureless, and hence indistinguishable, class. For the sake of
convenience they have been grouped into metals, silicates, carbon, and Fe-oxides. These
materials are a chemically heterogencous group, and positive identification of any one of
them cither singly or in conjunction with other minerals, would have important implications
for understanding the evolution of a particular body.

The controversy over one group of asteroids, the M class, involves a debate over
whether they are differentiated metal-dominated bodies (e.g. Dollfus e al., 1979; Britt &

Picters, 1988) or primitive ohjects similar to enstatite chondrites (Chapman & Salisbury, 1973;

A wversion of this chapter has been submitte¢ for publication. Cloutis, E.A.,
Gaffey, M.J., Smuth, D.G.W., and Lambert, R. St J. 1989. Journal of Geophysical
Rescarch.
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Chapman, 1976). Resolution of such a basic issue would have important implications for
understanding the origin and early history of the asteroid belt and perhaps the solar system
(Chapman, 1979; Bell, 1986; Gaffey, 1986; 1988).

EXPER{MENTAL

A number of natural and synthetic materials were spectrally characterized. The metals
category includes synthetic Fe powder (IRO101, <63um grain size), synthetic nickel powder
(NIC101, <37um grain size), synthetic pre-alloycd $0:50 iron:nickel powder (NIF101,
<63um grain size), and a number of different size * actions of the Odessa, Texas coarse
octahedrite (MET101), which is predominantly composed of kamacite. The carbon is a
synthetic amorphous carbon (LCA101, <0.023um grain size). The iron oxide group is
represented by natural magnetite from the Jacupiranga Mine, Sao Paulo State, Brazil
(MAG101) in various size fractions. The lone spectrally featureless silicatc is a metal-free
sample of the Happy Canyon E7 enstatite chondrite (PYX20S; Table I11-1). Carbon and
magnetite were incorporated into various mixtures with orthopyroxenes and olivine. The
orthopyroxenes are from an unspecificd locality in India (PYX117), and Fkersund, Norway
(PYX032), and the olivine is from San Carlos, Arizona (O1.V003).

The compositions of OLV003, PYX117, METI01, and MAG101 were obtained by
electron microprobe analysis at the University of Calgary SEMQ facility and arc averages of
6-8 point analyses and area scans (Table I11-1). The data were reduced using Bence- Albee o
and B corrections. The Fe!* values were obtainced by wet chemical methods, and Fe's as the
difference between total and ferrous iron. For the iron meteorite, only the kamacite, which
forms the bulk of the sample (Buchwald, 1975) was analyzed (MET101). The analysis of the
pyroxene in Happy Canyon is from Watters & Prur (1979).

The Happy Canyon E7 sample was prepared bv crushing the sample in an aluming
mortar and pestle, and acid treated to remove the pesvasive iron oxide contaminants and
metal. The magnelite and silicate samples were obtained by crushing in the same way. The

required phases were separated through a combination of magnetic separation and hand
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picking. The cleaned samples were repeatedly wet sieved with acetone to obtain well-sorted
size ranges. The meteoritic metal was obtained by grinding an unweathered, interior sample of
the metcorite with an emery grinder and magnetically separating the grinding wheel
contaminants. A portion of this powder was beaten in the alumina mortar and pestle in order
to obtain a more equidimensional grain shape, and wet sieved with acetone. The 45-90,m
beaten portion of the powder will be referred to as MET101b to distinguish it from the
unbeaten 45-90um sample. The 0-4Sum and 125-355um fractions are the unbeaten samples.
Immediately following the sicving, the meteoritic metal powders were transferred to a dry
nitrogen environment, separated into splits for X-ray diffraction and spectral analysis, and
scaled. The artificial metal powders were opened in the nitrogen environment, split, and
rescaled.

The reflectance spectra were acquired at the RELAB spectrometer facility at Brown
University and at the U.S. Geological Survey facility in Denver, CO Details of the
instrumentation can be found in Pieters (1983), and King & Ridley (.987). The spectra
measured at the RELAB facility were acquired at 0" incidence and 15° emission. All but the
three size fractions of MET101 (unbecaten) were measured at the RELAB facility. The spectra
measured at the U.S. Geological Survey were acquired using an integrating sphere
arrangement. All the spectra were measured relative to halon, a near-perfect diffuse reflcctor
in the 0.3-2.7um region (Weidner & Hsia, 1981), corrected for minor (*2%) irregularities in
halon's absolute reflectance in the 2um region, as well as for dark current offsets. The
reflectance spectra were processed using the Gaffey Spectrum Processing System- a
PC-compatible version of SPECPR (Clark, 1980).

RESULTS

The various reflectance spectra have been subdivided on the same basis used earlier-
melals, silicates, carbon, and iron oxides, since the presence of each group has important
genetic implications for remote sensing analysis. The pure metal and metal-silicate spectra

provide information on the detection limits for silicates in these types of assemblages.
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Carbon-silicate and magnetite-silicatc mixtures were also examined to determine silicate
detection limits and whether the opaque phases possess diagnostic spectral features.
Metal

Metallic nickel-iron is the dominant component in iron meteorites (Buchwald, 1975),
and can comprise a substantial portion of many other meteorite classes (e.g. Mason, 1962).
The spectral properties of meteoritic metal and the detection limits for silicates in
metal-silicate mixtures are important for determining whether the parent bodies of various
metal-rich metcorites can be identified. The principal meteoritic metal phase in almost all iron
meteorites and achondrites is kamacite, whose brittle-ductile transition temperature is
approximately equal to the temperatures present in the main asteroid belt, and hence may be
subject to comminution during impacts (Auten, 1973; Marcus & Hackett, 1974; Remo &
Johnson, 1975; Matsui & Schultz, 1984). The presence of various exsolved and included phases
in iron meteorites such as schreibersite/rhabdite, troilite, graphite, and cohenite (Raldanza &
Pialla, 1969; Comerford, 1969; Doan & Goldstein, 1969; Buchwald, 1975) may scrve as zoncs
of structural weakness and facilitate comminution. Laboratory studies of high velocity impacts
on meteoritic metal show the development of irregular surfaces and spallation products even
at temperatures well within the ductile deformation regime (Matsui & Schultz, 1984; Briu &
Pieters, 1988).

There are a number of lines of evidence to suggest that metal-rich bodics possess
particulate surfaces. Polarization data for M-type asteroids, presumed to be metal-rich, can
be matched by those from 20-40um sized metal powders (Dollfus & Mandeville, 1977, Dollfus
et al., 1979). Radar observations of the asteroid 16 Psyche arc also interpreted as a ncarly
pure metallic surface with lunar surfacc-like porosities (Ostro et al., 1985). M-asteroid
reflectance spectra also seem o be consistent with particulate metal (Britt & Pieters, 1988).
The interpretation of the observational data is dealt with at length in a later section.

The vast majority of iron meteorites and nickel-iron alloys show 2 gradual increasc in

reflectance from 0.20-2.7um. The only exception seems o be flat plates with a surface
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roughness less than the wavelength of light (Britt & Pieters, 1988). Other flat, polished alloys
and iron metcorites show the expected red slope (reflectance increasing towards longer
wavelengths) (Yolken & Kruger, 1965; Blodgett & Spicer, 1967, Gorban et al., 1973; Gorban
& Stashchuk, 1974; Miyamoto, 1987). All powdered specimens show a red slope (Johnson &
Fanale, 1973; Gaffey, 1974; Dollfus er al., 1980; Britt & Pieters, 1988). This applies to even
very fine-grained specimens with particle diameters of a few 10's of microns or less
(Feierberg et al., 1982; McFadden ¢ al., 1984; Gaffey, 1986; Wagner et al., 1987), and
metal-coated particles (Bell & Mao, 1977).

The reflectance properties of metal arc a function of the composition and grain
size/surface roughness of the sample. In order to understand the relative importance of these
paramcters better, the reflectance spectra of a series of well-characterized meteorite and
artificial metals were measured. The compositional dependence of the spectra was investigated
using metal powders with roughly equivalent grain sizes-IRO101 (<63um), NIC10]
(<37um), NIF101 (<83uym), and the MET10] samples. The effect of grain size on spectral
reflectance was determined from the four size fraction . of the Odessa iron meteorite- 0-45sm,
45-90um, 45-90um beaten, and 125-355um. A mixture of 99.5:0.5 meteoritic
metal:amorphous carbon was also spectrally characterized in order to investigate the effect of
opaque phases on metal spectra. The absolute and normalized reflectance spectra of some of
the metals arc shown in Figures 1 and 2. All show a red slope with no well-defined absorption
bands. The slopes of the artificial metals (Figure I1I-1) show differences in spectral slope
presumably due to composition since the grain sizes are all comparable. The reflectance
decline towards shorter wavelengths is more pronounced in the nickel than in the iron, as
expected (Gaffey, 1974). The two nickel-iron alloys (NIF101, MET101) are not intermediate
between the two end members, suggesting that free electron densities, which affect spectral
reflectance, are sensitive to crystallographic structure. Ne simple correlation exists between
reflectance ratios and iron:nickel abundances. Different metals all show the red slope but

quantitative analysis of metal-rich target spectra will require the use of spectrally compatible
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materials.

The effects of grain size variations on metal spectra are illustrated in Figure I1-2. The
different size samples of MET10] are metal shavings, hence spectral differences may not be as
extreme as would be present for samples containing more equidimensional particles. Increasing
the grain size results in a reduction in albedo at shorter wavelengths. At longer wavelengths,
the increase in reflectance with increasing wavelength (red slope) is less for the finer-grained
than the coarse-grained sample spectra, resulting in cross-overs in absolute reflectance.
Absolute reflectance is then not only a function of grain size but also of wavelength.
Although every effort was made to minimize exposure of the metal powders to air, the
absolute reflectance of the spectra (4-9 % at 0.56um) is low compared to other reflectance
spectra of jron meteorite powders, slabs, and roughened surfaces, where absolute reflectances
of up to 29 % at 0.56m have been measured (Johnson & Fanale, 1973; Gaffey, 1976; Britt &
Picters, 1988). The reason for the large range in absolute albedos appears to be a complex
function of grain size, sample preparation, and viewing geometry (Britt & Pieters, 1988).

The normalized reflectance spectra of the metal powders {Figure 11-2) show that the
relative increase in reflectance with increasing wavelength is greatest for the largest grain sizes.
The 1.6,m/0.56um reflectance ratio was selected 10 cxamine these changes in overall slope.
For the metal powder spectra presented in Figure 1I-2, this reflectance ratio increases from
1.66 to 2.12 with increasing grain size. The investigators have measured reflectance ratios
between 1.22 and 1.6, but again, there is not a simple dependency between this ratio and
grain size or surface roughness dimensions of the samples. For metal slabs with surface
roughness dimensions that are roughly equal to, or less than, the wavclength of light, the
reflectance ratio may be less than onc (Britt & Pieters, 1988).

Iron meteorites contain variable amounts of other minerals such as schreibersite,
graphite, troilite, and silicates (Buchwald, 1975). The addition of a small amount of a
spectrally distinct opaque phase was investigated by measuring the reflectance spectrum of a

99.5:0.5 MET101:LCA101 mixture. The overall reflectance of this spectrum is less than onc
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half that of the metal spectrum but both spectra possess the same degree of redness (Figure
111-3). Amorphous carbon is not spectrally equivalent to graphite, but shows that the metal
red slope is not affected by the presence of a very dark, opaque phase at this abundance level
in absolute reflectance. A further implication is that the small amount of carbon found in
ordinary chondrites is probably not the cause of the flat slope of the metal-rich fraction
(Gaffey, 1986).

Reflectance spectra of mafic silicate-metal mixtures were measured in order to
determine what minimum abundance of silicate is required to be spectrally resolvable. The
most metal-rich assemblages measured were 25:75 weight percent mixtures of olivine:metal
and pyroxenc:metal. At these abundances, olivine is barely resolvable as a narrow reflectance
platcau ncar 1um superimposed on the red metal slope, while the pyroxene:metal mixture
retains two clearly resolved absorption bands. This may pose a problem in identifying the
parent bodies of the pallasites, although olivine-metal asteroids have been identified (Bell et
al., 1984; Cruikshank & Hartmann, 1984). Pyroxene- and metal-rich asteroids similar to
mesosiderites and siderophyres will be easier to identify because the minimum threshold for
detecting ferrous-iron-bearing pyroxene is “10 wt. %.

Ensiatite

Very low-iron content enstatite (<1% FeO) is the most abundant mineral in enstatite
chondrites and aubrites (Mason, 1966; Keil, 1968; Watters & Prinz, 1979). Aubrites are nearly
purc enstatite with almost no carbon (Grady et al., 1986). Their mineralogy is approximately
75-98% cnstatite, 0-16% plagioclase, 0-8% diopside, 0-10% olivine, 0-4% metal, and 0-7%
troilite (Olsen er al., 1977; Watters & Prinz, 1979; Watters et al., 1980).

Spectrally, enstatite shows no well-resolved absorption features because of the almost
complete absence of transition series elements. The reflectance spectrum of the Happy Cany~n
acid-insoluble fraction is nearly flat with a slight downturn in reflectance at wavelengths less
than “0.4um and a weak absorption band near 0.9um (Figure 111-4). The weak absorption

band near 1.9xm is probably due to the presence of a small amount of a hydrated phase. This



62

contrasts with meteoritic metal, the second most abundant phase in enstatite chondrite, which
has a red slope even when the metal is finely divided (Figure I11-2). There appears to be little
chance of confusing metal with enstatite.

Enstatite+ Metal

Difficulties in spectral interpretation may arisc for enstatite +metal assemblages such
as enstatite chondrites. Their spectral slopes are transitional between pure metal and pure
enstatite (Salisbury & Hunt, 1974; Salisbury et al., 1975; Gaffey, 1976; Dollfus et al., 1980;
Miyamoto, 1987). Some enstatite chondrite spectra show a slope break near 0.6um whose
cause is uncertain. The average grain size of the metal is <30um in lower petrologic grades
increasing to “S0um in higher grades (Easton, 1983). It is reasonable to use the 0-45.m metal
fraction as an end member in investigating these meteorites.

The enstatite chondrites contain a small amount (0.25-0.5 wt. %) of carbon (Moorc
& Lewis, 1965; Grady ef al., 1986), with the lower abundances in the higher petrologic grades.
The carbon is largely in the form of graphite, cohenite, and other unspecified forms (Keil,
1968; Deines & Wickman, 1985), and is more ordered in the higher petrologic types (Grady et
al., 1986). This amount of carbon should not affect the overall reflectance slope. The
less-equilibrated specimens have more diverse silicate compositions, with a rew percent of the
mafic silicates containing appreciable amounts of iron (Lusby et al., 1987).

Lower petrologic grade enstatite chondrites should show some evidence of mafic
silicate absorption bands, have a less red slope, and a higher overall albedo, than the more
equilibrated meteorites on the basis of these properties. The available ref lectance spectra show
that the lower petrologic grade specimens exhibit variable evidence of mafic silicate absorption
bands, a more red slope, and a lower overall albedo {e.g. Salisbury ef al.,1975). The increascd
red slope of the lower grades may be due to the more efficient dispersal of metal throughout
the matrix due to its smaller grain size (Easton, 1983), the presence of both oxidized and
unoxidized metal grains, versus the higher petrologic grade meteorites (Gaffey, 1986), or

differences in sample preparation. Some of the spectra show weak absorption features which
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may be due to minor amounts of iron-bearing silicates (Figure I11-4; Gaffey, 1976;
Miyamoto, 1987). Additional spectral complexiti s will appear if the mineralogy of
enstatite-rich bodies is more diverse than previously believed (Grossman ez al., 1988).

The 1.8/0.7um reflectance ratio was selected to highlight spectral differences between
the aubrites, enstatite chondrites, and iron meteorites. This portion of the spectrum is fairly
linear in all three groups, and avoids the ultraviolet-visible spectral region which can be
strongly affected by intense charge transfer absorptions in accessory phases. A plot of this
ratio versus the non-silicate content of the available spectra and those measured in this study
shows . roughly linear correlation with the notable exception of Abee (Figure III-5). The
increased red slope of this meteorite is likely due to some combination of the differences
highlighted above. Other spectra of Abee and another low-grade enstatite chondrite (Y-691)
show a much flatter slope (Salisbury & Hunt, 1974; Salisbury et al., 1975; Miyamoto, 1987)
more in line with the E6 chondrites. The 2.5/0.6um reflectance ratio (available for all
specimens) is variously ~1.2 (Salisbury & Hunt, 1974), 1.56 (Salisbury er al., 1975), and 1.69
(Gaffey, 1976). Other low-petrologic grade enstatite chondrites have 2.5/0.6um ratios of 1.28
(Yamato 691- Miyamoto, 1987) and 1.56 (Indarch- Salisbury et al., 1975). Regardless of the
causc of this excess reddening, the 1.8/0.7um ratio of Abee (1.37) from Gaffey (1976) is less
than the fine-grained pure metal (1.55).

Carbon

A series of carbon-mafic silicate and magnetite-mafic silicate mixtures was spectrally
characterized. Only the most opaque-rich samples are dealt with here, as the intention is to
cstablish spectral detection limits for the mafic silicates. Carbon is present in varying amounts
and forms in all chondritic meteorites and the ureilites. Its abundance and form will determine
the degrec to which the mafic silicates are resolvable. The most carbon-rich meteorite classes
are the ureilites (2-5 wt. %) and the carbonaceous chondrites (0.1-5 wt. %) (e.g. Gibson et
al., 1971; Gibson, 1976}. The carbon is largely in the form of submicron, dispersed grains,

commonly with an amorphous or semi-amorphous structure (Vdovykin, 1970; Baumann et
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al., 1973; Van Der Stap et al., 1986; Blake et a/., 1988). Fine-grained amorphous carbon was
chosen as a worst case spectral scenario-a highly absorbing, dispersable material. The carbon
used has a slightly blue slope with an overall refiectance of <1% (Figute 111-6).

The lowest mafic silicate:carbon ratio measured was 98:2, which is in ihe mid-range
of the carbonaceous chondrites and ureilites. At this abundance, carbon greatly reduces the
spectral reflectance of the olivine (Figure 111-6) and pyroxene (Figure III-7), but their major
Fe* absorption bands are still resolvable. The effe.t of mafic silicate grain size on the
detection limit was investigated for the olivine. A 99.5:0.5 by weight olivinc:carbon mixture
using 0-4Sum size olivine has a reflectance spectrum with an almost completely obscured lum
absorption band. The mixture containing the same proportions but with a 45-90um size olivinc
has a well-defined 1um absorption band (Figure I11-6).

An overall red slope is introduced to the mafic silicatc spectrum by the carbon. This
seems 10 be a common feature in mafic silicate-amorphous carbon mixtures (Miyamoto et al.,
1981; 1982). A similar reddening is seen in the spectra of the finest fractions of carbonaccous
chondrites, perhaps due to the more effective dispersal of the opaque phase (Johnson &
Fanale, 1973). The redness seems to diminish at higher carbon abundances. An opposite cffect
(blue slope) is seen in fine-grained mixtures of montmorillonite-carbon, even though both
phases are slightly red (Clark, 1983). This is presunibly due to Rayleigh scattering.

The spectral effect of adding carbon to a mafic silicate is to reduce the overall albedo,
but major absorption bands remain resolvabic. Although no more than 2 wt. % carbon was
used, the available data for the carbon-silicate mixtures suggests that olivinc and pyroxenc
absorption bands may be resolvable up to 5-6 wt. % carbon if the silicates retain a mean grain
size in the 10's of microns range. For finer-grained materials, the detection limit is
substantially lower- perhaps 1-2 wt. % carbon. It would appear that the parent bodics of the
carbon-rich meteorites shoul. oe i.cntifiable by the presence of weak mafic silicate absorption
bands, or if the silicates are finely comminuted, by a red spectral slope of low albedo.

Re-examination of dark meteorite spectra has shown that Fe?* silicate absorption features are
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more widespread than expected (Gaffey, 1978; 1980; Vilas & Gaffey, 1989). Dark, flat
reflectance spectra cannot be attributed to the presence of amorphous carbon alone il the host
materials consists of mafic silicates. The carbon must be in some other structural form or an
additional opaque phase must be present.

lron Oxides

Magnetite is the other opaque phase which is most prevalent in carbonaceous
chondrites. A series of olivine-magnetite mixtures was spectrally characterized to confirm that
magnetite-mafic silicate mixtures have dark, relatively flat reflectance spectra (Singer, 1981;
Miyamoto et al.,1982). A 45-90um size magnetite was used in most cases, although the bulk
of the magnetite in carbonaceous chondrites is much finer-grained (e.g. Kerridge, 1970).
Magnctite reflectance spectra show a reflectance maximum near 0.8um and a weak absorption
band ncar lum (Hunt er al., 1971a; Adams, 1975; Gradie & Veverka, 1980; Singer, 1981;
Wagner et al., 1983). Beyond 1um the spectrum may remain constant, decline slightly or
increase slightly. The absence of a reflectance increase seems to be characteristic of
cation-deficient and fine-grained specimens (Morris e al., 1985). The magnetite in
carbonaceous chondrites is fine-grained and probably not stoichiometric Fe,;0, (Kerridge,
1970; Nagy, 1975). The magnetite spectra in Morris et al. (1985) are the most reasonable
spectral analogues for the magnetite in carbonaceous chondrites.

At the highest magnetite abundance measured, 50:50 magnetite:olivine both 45-90,m
size, the Fe* absorption band is still clearly resolvable (Figure III-8). Coarse-grained
magnetite is clearly not a viable candidate for the darkening agent in carbonaceous chondrites
and C-class asteroids. Fine-grained magnetite provides more desirable spectral features. It
imparts a much bluer slope to the reflectance spectrum. Magnetite alone is probably not
sufficient to account for the low contrast or lack of mafic silicate absorption bands, but in
combination with carbon can probably provide all the necessary spectral modifications.

Unfortunately ternary carbon-magnetite-mafic silicate spectra were not measured in this

study.
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APPLICATION TO ASTEROID SPECTRA

The spectral detection limits for mafic silicates mixed with various featureless
materials depends greatly on a number of factors. Particle size, mineral chemistry, degree of
dispersion, and abundance are all significant parameters. This complicates interpretation of
the reflectance spectra of dark, nearly featureless objects. The situation for enstatite and
metal is more straightforward. A representative member of the M- and E-class asteroids was
selected for reanalysis of the available data in light of the laboratory results.
M-Class Asteroid (16) Psyche

Asteroid (16) Psyche has been variously interpreted as possessing cither an iron
meteorite-like surface assemblage (Johnson & Fanale, 1973; Dollfus et al., 1979; Ostro er al.,
1985), or an enstatite chondrite-like surface assemblage (Chapman & Salisbury, 1973;
Chapman, 1976). The 0.3-1.1um reflectance spectrum of Psyche (Gaffey & McCord, 1978)
shows a gradual increase in reflectance towards longer wavelengths with an apparent
reflectance minimum at 0.4um, a weak, broad absorption feature near 0.6um and a weak,
narrow absorption feature near 0.9um. The 52-color asteroid survey spectrum (Bell et al.,
1988) covers the wavelength range from 0.8um to 2.5um, and shows no other well-defined
absorption bands (Figure I11-9). The competing interpretations of Psyche's surface
assemblage have largely been based on the overall slopr the flectance spectrum. The
1.6um/0.56um and 2.2,m/0.56um reflectance ratios for Psyche (Veeder et al., 1978; Larson &
Veeder, 1979; Gaffey et al., 1988), enstatite chondrites, aubrites (Gaffey, 1976; Miyamoto,
1987), iron meteorite slabs and powders (Johnson & Fanale, 1973; Gaffcy, 1976; Brit &
Pieters, 1988) and the acid-insoluble fraction of the Happy Canyon E7 chondritc are shown in
Figure 111-10. The reflectance ratios for Psyche fall well within the enstatite chondrite ficld.
Even the finest-grained metal spectrum (0-45um size), which has a mean grain size similar
top that derived for Psyche on the basis of polarimetry (Dollfus et ai., 1979) is significantly
redder than Psyche. The - bsolute reflectance of Psyche (9-11 % at 0.56um) is not diaznostic

of a particular assemblage. The available enstatite chondrite spectra have absolute reflectances
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at 0.56um of between 8 and 18%, while for iron meteorites the absolute reflectance ranges
from 7 to 29 %. Variations in particle size and the presence of opaque, but spectrally neutral
accessory phascs could increase the ranges of absolute reflectance, further complication
spectral interpretation based on absolute albedos.

The 0.3um to 2.6um normalized reflectance spectrum of Psyche is shown overlain with
the normalized reflectance spectra of the Happy Canyon sample and the 45-90um-sized iron
metcorite powder (Figure 111-9). Psyche's reflectance spectrum is intermediate between the
two laboratory spectra and exhibits a change in slope near 1um. The reason for this slope
change is not known, but it appears to varying degrees in the iron meteorite powder spectra
and is most apparent for the finest grain size spectrum. A similar change in slope is present in
many of the enstatite chondrite spectra but occurs near 0.7um in these cases (Gaffey, 1974;
1976). This suggests that enstatite chondrite and metal spectra may be distinguishable on the
basis of the wavelength position of the slope change. On this basis, Psyche is similar to the
iron meteorite spectra. The slopes of the iron meteorite spectra on either side of the slope
change decreases with decreasing grain size. The slopes for Psyche (as measured by the
1.0u4m/0.35um and 2.5um/1.0um reflectance ratios) are less than for the 0-45um-sized metal,
but fall along a trend for the metal powders, suggesting that if the surface of Psyche is
composed predominantly of metal, a significant portion of this metal is extremely
fine-grained (Figure I111-11).

The polarimetric parameters Pmin and V, (or a,) for enstatite chondrites plot outside
the range for metal powders and M-asteroids with the exception of the E4 chondrite, Abee
(Dollfus et al., 1971; Zellner, 1975; Zellner et al., 1977a; 1977b; Dollfus et al., 1979). The
reason for this discrepancy may be related to the fact that the Abee powdered sample was
obtained from a cut slab, whereas the other enstatite chondrite samples were obtained from
broken pieces. Saw cut chondrites are visibly different from broken surfaces because cutting a
meteorite exposes the interior of metal grains which are otherwise not seen on broken surfaces

(Gaffey, 1986). It is possible that this may also have an effect on the polarimetric properties
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of the sample.

The polarimetric data for metal powders suggest that the surface of Psyche possesses
predominantly fine-grained metal particles of “20um size (Dollfus et al., 1979). A
fine-grained surface would also be in agreement with the radar albedo data suggesting a
predominantly metallic surface of fine-grained particles with lunar regolith-like porosities
(Ostro et al., 1985). A reduction in metal content must be accompanied by a reduction in
porosity in order to reconcile with the radar data.

The weak absorption bands seen in Psyche's reflectance spectrum are not particularly
diagnostic. Psyche shows an apparent reflectance incre e at wavelengths shorter than “0.4um,
and broad absorption features near 0.6 and 0.9ym. The possible absorption feature ncar
0.4um is also seen in troilite reflectance spectra (Egan & Hilgeman, 1977), but not in metal
(Dollfus et al., 1980) or enstatite (Figure I11-4). The broad absorption near 0.6, is seen as a
reflectance break in meteoritic metal spectra (Figure I1I-2; Dollfus es af., 1980), in troilite
(Egan & Hilgeman, 1977), and in Abee (Gaffey, 1976; Dollfus et al., 1980). It does not
appear to be uniquely characteristic of a a particular phase.

The weak feature near 0.9um is not characteristic of metal, but a similar featurc is
seen in the E7 reflectance specrum (Figure I11-4), other enstatite chondrites (Gaffey, 1976),
and iron sulphides (Hunt e /., 1971b). It i commonly ascribed to ferrous iron crystal ficld
transitions and could be due to either sulphides or silicates.

The 3-4um spectrum of Psyche (Eaton et al., 1983) does not show the red slope
expected for metal and appears to be even flatter than the E chondrite spectrum (Miyamoto,
1987). Fine-grained metal may account for the flatter than expected slope.

The observational data tend to support a fine-grained metal surface assemblage for
Psyche, although an enstatite chondrite-like assemblage cannot be conclusively excluded.
Minor accessory phases such as troilite are probably the cause of the various weak absorption
. bands which seem to be present. An iron-bearing mafic silicate component, if present, is

constrained to <20 wt. % by spectroscopic and radar considerations.
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Asteroid (44) Nysa was selected for analysis because it is the best-characterized
member of the E-class of asteroids. Visible and near-infrared spectra (Chapman & Gaffey,
1979; Bell e al., 1988:; Gaffey ef al., 1988), infrared photometry (Veeder er al., 1978) and
photopolarimetry (Zellner, 1975; Zellner et al., 1978) arc available forr this object.

Nysa is a bright object. Its geometric albedo has been determined to be “38 %
(Zeliner, 1975), while the absolute albedo at 0.56um has been determined to be ~49 % (Galfey
et al., 1988). The high albedo strongly suggests that a transition metal-free silicate such as
forsterite, plagioclase feldspar, or enstatite is a dominant surface component. Enstatite is the
likcliest candidate on the basis of metcoritical evidence. The two main enstatite-rich meteorite
groups, enstatite chondrites and aubrites, vary primarily in the amount of metal and sulphides
they contain. Enstatite chondrites normally contain 25-30 wt. % metal +troilite versus <2 wt.
% in the aubrites (Keil, 1968; Watters & Prinz, 1979), The reflectance spectra of these wwo
groups differ in terms of overall reflectance and degree of spectral reddening.

The 1.6am/0.504m and 2.2um/0.56um reflectance ratios of Nysa from photometry
and spectroscopy fall in or near the ficld occupicd by the aubrites (Figure 111-10). The
0.504m to 0.35.m wavelength interval for Nysa (Figure 111-12) shows a 10 % reflectance
decrease, comparable to the aubrites (Gaffey, 1974; 1976) and metal-frec Happy Canyon
spectrum (Figure 11-4), but much less than the “30 % Jecrease seen in most of the cnstatite
chondrites and metal (Gaffey, 1974; 1976; Salisbury er al., 1975; Miyamoto, 1987; Figure
H1-2). The absolute reflectance of Nysa also suggests a close affinity to the aubrites. The
absolute reflectance of aubrites and Happy Canyon at (0.56um varies between 23 and 44 %.
For enstatite chondrites the range is 6-18 %, even for very fine-grained samples. The
difference i absolute reflectance between the Happy Canyon 45-90um-sized sample spectrum
(44 % at 0.56,m) and Nysa (49 % at 0.56um) can be reconciled by decreasing the grain size
o the laboratory sample. By analogy to plagioclase, another low transition metal content

wicate, ¢ <Sum-sized sample of Happy Can on would have an absolute reflectance of ~55 %
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at 0.56um (Crown & Picters, 1987). The reflectance spectrum of Nysa is redder than the
Happy Canyon spectrum, but not as red as meteoritic metal (Figure 111-12). The red slope
and ilie weak absorption bands ncar 0.9um, 1.4um, and 1.8-1.9ym present in the spectrum of
Nysa must Le due to some other material because aubritic pyroxenc is nearly flat and
featureless (Figure 111-4). The small amounts of metal present in aubrites (Watters & Prinz,
1979) could conceivably provide a slight red slope to enstatite without drastically reducing
overall reflectance. The absorption fcatures present in Nysa's spectrum arc weak, with band
depths (Db- Clark & Roush, 1984) of 2-3 %. The wavelength positions of the bands near
0.9um (0.9054m) and 1.8um (1.808,m) correspond almost exactly with the band positions
expected for very low iron (Fs=S5) orthopyroxene, but not for low iron oli inc,
clinopyroxene, or plagioclase (Cloutis, 1985; Adams & Goullaud, 1978). Again using
plagiocalse as a spectral analogy for enstatite, 5-10 wt. % of an iron bearing pyroxene added
to the iron-free material cither intimately or arcally would be sufficient to produce two
absorption bands comparable to those seen in Nysa's spectrum, in terms of wavelength
position and intensity. This abundance would also not excessively reduce the absolute albedo.
The lowest petrologic grade eastatite chondrites (E3) contain sufficient amounts of higher
iron pyroxene to produce such absorption bands (Lusby et al., 1987), but these bands are not
apparent in E3 reflectance spectra (Miyamoto, 1787) perhaps because of the presence of
accessory opaque components.

The absorption bands present in Nysa's spectrum near 1.4uym and 1.9um are
commonly associated with some form of water, either molecular or structural. If these bands
are real, they sugpest that 1 hydrated silicate is probably present on the surface of Nysa.
Because of the high transgaren: v of enstatite, a small amount of a spectrally featured
material mixed in with, or adjacent 1o, enstatite will be detectable. Readily apparent
compositional variations in metcorites over small scales are not unknown (Nininger, 1979).
More significantly, distinct light and dark lithologies arc present in the Cumberland Falls and

Allan Hills 78113 aubrites (Lovering, 1962; Binns, 1969; Neal & Lipschutz, 19815 Verkouteron
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& Lipschutz, 1983; Lipschutz et al., 1988). The dark portions of these meteorites contain
abundant low iron pyroxene which could account for the absorption bands in Nysa's spectrum
at 0.9um and 1.8um. The dark xenoliths are a low petrologic grade chondritic material, and at
least some arc highly shocked (Binns, 1969; Verkouteren & Lipschutz, 1983; Lipschutz ef al.,
1988). Refllectance spectra are not available for these xenoliths but other highly shocked
ordinary chondrites show many desirable spectral features including a red slope similar to
Nysa, weak mafic silicate absorption bands and a weak absorption band near 1.4um, which
may howcver be duc to terrestrial weathering (Gaffey, 1976). Low petrologic grade meteorites
that arc mineralogically similar to the aubrite xenoliths, such as Renazzo and ALH8508S,
contain abundant hydrated silicates (Mason & Wiik, 1962; Van Schmus & Hayes, 1974;
Weisberg ef al., 1988). While hydrated silicates have not been documented for aubrites, they
may potentially possess all the spectral characteristics necessary to account for all of the
absorption fcatures seen in the reflectance spectrum of Nysa.

The polarimetric data for Nysa can be matched by either aubrites or enstatite
chondrites. Consequently a small amount of a dark component added to an aubrite would not
drastically affect the match between Nysa and the aubrites. The polarimetric data for Nysa
also suggest a largely fine-grained surface, in agreement with the spectral in: rpretation
(Dollfus et al., 1971; Zellner, 1975; Zellner er al., 1977a; Dolifus et al., 1979).

The observational date for Nysa are all consistent with an aubrite-like surface
assemblage with <10 % arcally distributed or intimate'v mixed material similar to the
Cumberland Falls chondritic inclusions. A sigmficant portion of the surface is composed of
finc-grained ( <4Sum-size) materials.

SUMMARY

The spectral detectability of mafic silicates associated with metal, carbon, and
magnetite is strongly dependent on the particle sizes of the phases, their chemistries, crystal
structures, and abundances. Metal from an iron meteorite has an essentially linear reflectance

spectrum with a red slope (increasing reflectance towards longer wavelengths), The 1.8/0.7um



reflectance ratio can be used to highlight differences due to grain size and chemical variations.
The smallest grain size of meteoritic metal measured (0-4Sum) has a reflectance ratio of 1.5§,
which seems 10 be the approximate lower limit for metal powders and surfaces with
roughnesses greater than the wavelength of light. There appears to be no simple correlation
between metal content (nickel:iron ratio) and spectral slope. The detection limit for silicates
in metal-silicate mixtures is strongly dependent on grain size. For olivine:metal powders a
lower limit of =20 wt. % olivine secms reasonabic. Orthopyroxenc has a lower detection limit
of ~10 wt. %.

The acid-insoluble fraction of an E7 chondrite is predominantly enstatite, has a flat
reflectance spectrum at >0.4um with high overall reflectance.and a 1.8/0.7um reflectance
ratio of ~1. This material is a good spectral analogue to the avbrites.

Fine-grained carbon is very effective at suppressing mafic silicatc absorption bands.
Fine-grained olivine (0-45um) is almost completely obscured by 0.5 wt. % carbon, while a
coarser fraction (45-90um) retains a well-defined Fe’* absorption band when mixed with the
same amount of carbon. If the olivine has a mean grain size in the 10's of’ microns, the
olivine absorption band will be resolvable for carbon abundances prescnt in all known
meteorite types. Pyroxene-carbon mixtures have similar detection limits.

Magnetite is not very effective at suppressing olivine absorption features. A 50:50
mixture of olivine:magnetite shows absorptrion features due to f'errous iron. Finer-grained
magnetite imparts a bluer slope to reflectance spectra. A combination of carbon and magnetitc
would probably be required to mimic the reflectance spectra of olivinc-bearing carbonaccous
chondrites with flat or blue slopes.

The reflectance spectrum of the M-class asteroid Psyche is not directly comparable to
those of iron meteorite powders. However, the overall shape of Psyche's spectrum more
closely resembles that of iron metcorites than enstatite chondrites, end lies on a trend
suggesting an appreciable fine-grained surface component. This interpretation is also

consistent with the constraints imposed by radar and polarimetric observations.
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The reflectance spectrum of the best-characterized E-classasteroid, 44 Nysa, is
interpreted to indicate an aubrite-like surface for this asteroid. The slight red slope and weak
absorption bands present in the asteroid spectrum can probably be accounted for by a minor
(<10 %) additional component similar to the dark : clusions found in the Cumberland Falls
aubrite. The reflectance spectra also suggest that a significant portion of the surface materials
on Nysa are finc-grained ( <45um).

The M- and E-class asteroids are concentrated in the inner part of the main asteroid
belt (Gradie & Tedesco, 1982). If the interpretations of the surface assemblages for
representative members of these groups can be extended to their entire respective groups, then

the casc for pervasive and widespread carly heating of inner part of the main asteroid belt is

strengthened (Bell, 1986).
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Table I11-1. Chemical composition of the mincrals used in this study.

wt. % OLV0Q3 PYX117 MAGI0] Wi % METI01
Si0, 40.64 $3.54 N.D. Si N.D,
FeO 9.2§ 16.17 26.52 Fe 93.39
Fe;O, 0.59 1.02 63.71 .- .-
MgO 49.13 27.53 3.63 Mg 0.00
CaO 0.07 0.35 N.D. Ca N.D.
AlL,O, <0.01 1.54 0.33 Al 0.03
NiO 0.33 0.05 N.D. Ni 6.07
TiO, 0.00 0.03 3.04 Ti 0.00
MnO 0.09 0.4 0.60 Mn 0.00
Cr,0, 0.01 0.07 0.03 Cr 0.18
Na,O 0.00 0.00 N.D. Na 0.00
Zn0 0.00 N.D. N.D. Zn 0.1
CoO 0.04 0.01 N.D. Co 0.50
V.0, 0.00 0.00 N.D. \' 0.00
K,O 0.00 N.D. N.D. K N.D.
210, N.D. 0.00 N.D. PA N.D.
S 0.00

P 0.02

Cu 0.00

Pb 0.87

TOTAL 100.15 100.75 97.87 .- 101.17
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Figure I1I-5. Plot of the 1.8um/0.7um reflectance ratio versus the silicate abundance
for the iron meteorite (MET101), acid-insoluble fraction of the Happy Canyon
cnstatite chondrite and various aubrites and enstatite chondrites adapted from the
literature. M1=MET101:0-45sm, M2=MET101:45-90um (this study); J=0dessa
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YP=Yamato-691 plate, YA=Yamato-691 powder (adapted from Miyamoto, 1987);
BP=10.1 !'mm size iron meteorite filings (adapted from Britt & Pieters, 1988).
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IV. REFLECTANCE SPECTRA OF MAFIC SILICATE-OPAQUE ASSEMBLAGES WITH
APPLICATIONS TO METEORITE SPECTRA

INTRODUCTION

Reflectance spectroscopy is one of the most powerful tools in remote sensing. It can
provide accurate mineralogical information about inaccessible targets- information which 1s
often not available by other techniques. As part of a comprehensive study of the spectral
reflectance properties of mafic silicate-bearing assemblages, a series of mixtures involving
mafic silicates and opaque phases (carbon, iron oxides, and metal) have been spectrally
characterized. The spectra of mafic silicate +metal mixtures were the subject of an earlier
paper (Cloutis et al., 1989). References to these spectra are included when appropriate.

The reasons for the choice of these materials is threefold- mafic silicates are
widespread in meteorites (Mason, 1962a), the surface mineralogies of many asteroids probably
involve mafic silicates (Gaffey, 1978), and small amounts of the various opaque phases can
drastically alter mafic silicate reflectance spectra (Miyamoto et al., 1981; 1982). The various
mixtures have been subdivided into mafic silicate +carbon and olivine +iron oxides.

Mafic silicates are the most common minerals in all meteorite classes except the iron
meteorites and the Cl and CM carbonaceous chondrites. The spectral properties of mafic
silicates and olivine-pyroxe.ae mixtuies have been extensively studied. The reflectance
spectrum of olivine in the 0.3 to 2.6um range is dominated by a broad absorption feature ncar
1um (Band 1) due to crystal field transitions in ferrous iron located in the M1 and M2
crystallographic sites. The wavelength position of this band shifts to longer wavelengths with
increasing iron content and can be used to determine ferrous iron content (King & Ridley,
1987). Olivine shows a strong reflectance decrease towards wavelengths shorter than “0.5um
due to intense charge transfer absorptions, and a weak band near 0.65,m of uncertain origin.

The reflectance spectrum is essentially flat at wavelengths beyond 1.8um (e.g., Burns, 1970a;

1A version of this chapter has been submitted for publication. Cloutis, E.A.,
Gaffey, M.J., Smith, D.G.W., and Lambert, R. St J. 1989. Icarus.
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Cloutis, 198S; King & Ridley, 1987).

Orthopyroxenes (OPX) will be used here to refer to low-caicium pyroxencs.
Orthopyroxenes are spectrally distinct from olivine in that they exhibit two strong absorption
bands ncar 1yum (Band 1) and 2ym (Band 1I) due to crystal field transitions in ferrous iron
located in the M2 crystallographic site, The centers of both bands move systematically to
longer wavelengths with increasing iron content (Burns, 1970b; Adams & McCord, 1972,
Adams, 1974; Cloutis, 1985; Cloutis er af., 1986a; 1986b).

In spite of the widespread rresence of mafic silicates in meteorites, most asteroids
remain mincralogically uncharacterized, with a few notable exceptions (¢.g., McCord ¢t al.,
1970; Bell er al., 1984; Cruikshank & Hartmann, 1984; Gaffey, 1984). Part of the problem is
undoubtedly due to the lack of laboratory spectral data on possible asteroidal mineral
assemblages. Dark, spectrally featurcless, opaque phases can be very effective at suppressing
the major Fe® silicate absorption bands (Miyamoto ef al., 198]; 1982). Carbon, magnetite,
and mctal are the most common opaque materials in meteorites, and are present in a range of
abundances, morphologies, and grain sizes. The Jaboratory spectra should help to constrain
possible mineral assemblages for some classes of asteroids and help to establish the validity of
compositional variations in the asteroid belt (Bell, 1986).

The most numerous asteroid class is the C-type, which exhibit dark, relatively
featureless, reflectance spectra. The surface assemblages of members of this group are poorly
known (Gradie & Tedesco, 1982). Liboratory spectral data may help to determine whether
these asteroids are related to carbonaceous chondrites or whether they possess mineral
assemblages unrelated to known meteorites. Similar compositional uncertainties exist for
other, less numerous, asteroid classes such as the F, P, and D groups (Gradie & Veverka,
1980; Bell, 1986).

Powdered mixtures were spectrally characterized in the laboratory because the weight
of the evidence suggests that asteroids, which are the main locus of this study, posscss

comminuted surfaces, Solar gas-rich brecciated meteorites that resided at or near the surfaces



97

of their parent bodics for extended periods of time show evidence of comminution
(Wilkening, 1983; Williams et al., 1984; 1986; Bell & Keil, 1988; Britt er a/l., 1988). Radar
albedo measurements of the dark asteroids Ceres and Bamberga are best modeled as a layer of
dust overlying a more compacted material with a surface bulk density comparable to lunar
values (Dickel, 1979; Ostro et al., 1985). The optical polarimetry data for the vast majority
of asteroids are consistent with "microscopically intricate surfaces” (Veverka, 1973; Zellner ef
al., 1977, Dollfus & Zeliner, 1979). Widespread development of asteroidal surface regoliths is
also suggested by thermal radiometry (Morrison & Lebofsky, 1979), and predicted on
theoretical and experimental grounds (Comerford, 1967; Cintala ef al., 1979; Housen et al..
197%; 1979b; Housen & Wilkening, 1982; King ef a/., 1984).

EXPERIMENTAL PROCEDURF.

Both natural and synthetic samples were used in this study. The mafic silicates include
olivine (O1.V003) from San Carlos, Arizona, and pyroxene from Ekersund, Norway
(PYX032). The opaque phases include amorphous carbon (1.CA101, <0.023um grain sizc
from Johnson Matthey), natural magnetite from Jacupiranga Mine, Sao Paulo State, Brazil
(MAGI01), and artificial wastite (stoichiometric FeO, WUS10], <63um grain size, from
Morton Thiokol). The various samples were selected on the basis of the availability of
compositional information, spectral similarities to extraterrestrial samples, low degree of
alteration, and availability of sufficient quantities of material. The chemical analyses of the
malic silicates and magnetite were acquired at the University of Calgary microprobe facility
and arc an average of 4-8 point analyses. The data were reduced using Bence-Albee a and
correction factors. The ferrous iron contents were determined by wet chemical methods, and
ferric iron as the difference between total and ferrous iron. The chemical analyses of the
mafic silicates and the magnetite are listed in Table 1V-3-21-1.

Powders of the mafic silicates and magnetite were obtained by crushing the samples in
an alumina mortar and pestle. Purified fractions were obtained through a combination of

magnetic separation and hand picking. The powders were repeatedly wet sieved with acetone
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to producc well-constrained siz¢ ranges. A portion of cach mineral was retained for X-ray
diffraction analysis. The wu'sitc was opened only in a dry nitrogen environment chauuber to
prevent oxidation, and exposed to atmosphere only during the course of acquiring the
reflectance spectrum, The mafic silicates and magnetite were sieved into two size fractions-
0-45um, and 45-90um. All mixtures were made on a weight percentage basis (e.g. a mixture
of 98 wi. % pyroxenc and 2 wt. % carbon is cxpressed as 98/2 PYX/LCA).

The reflectance spectra were measured at the RELAB spectrometer facility at Brown
Jniversity. Details of the instrument can be found in Pieters (1983). The spectra were
acquired in the bidirectional reflectance mode with an incidence angle of 0° and an emission
angle of 15°. All spectra were measured relative to halon, which is a near-perfect diffuse
reflector in the 0.3-2.6um range (Weidner & Hsia, 1981). The spectra were corrected for
minor irregularitics in halon's absolute reflectance in the 2um region, as well as for dark
current offscts. The reflectance spectra were analyzed using the Gaffey Spectrum Processing
System, which is a PC-compatible version of SPECPR (Clark, 1980). Continuum removal was
uscd in some cascs to isolate specific absorption features. This was accomplished by dividing
the reflectance spectrum by a straight line tangent to the spectrum on either side of an
absorption band. Band minima and band centers were determined by fitting a quadratic
cquation to “10 data points on either side of a visually determined band minimum or center.
Band depths ( I)b) were calculated using equation (32) of Clark & Roush (1984).

RESULTS

The various laboratory reflectance spectra have been subdivided into groups on the
basis of the opaque phase present. This helps to highlight the spectrum-altering properties of
a particular opaque phase. The two types of assemblages are carbon-bearing and iron
onide - bearing mafic silicate mixtures.

Iron Oxide- Bearing Mixtures
Miyamoto er al. (1982) noted that magnetite +mafic silicate mixtures can have dark,

relatively flat reflectance spectra. Magnetite is the most, or second most, abundant opaque
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phase in carbonaceous chondrites (Table IV-3-21-11). Some carbonaceous chondrite spectra
arc amenable to analysis on the basis of the laboratory spectra because they contain
unhydrated mafic silicates, magnetite, and carbon (McSween, 1977a; 1977b). The magnetite in
the carbonaceous chondrites occurs in two major forms- as submicron aggregates and as
irregular isolated grains (Kerridge, 1970; Fredriksson et al., 1981; Hymaan et al., 1985). The
submicron variety comprises a substantial portion or most of the total magnetite (Bostrom &
Fredriksson, 1966; Davy et al., 1978; Kerridge et al., 1979 Wdowiak & Agresti, 1984). The
chemistry of the magnetite is not preciscly known but the analytical data do not correspond
exactly to terrestrial magnetite or stoichiometric Fe,O, (Mason, 1962b; Mason & Wiik, 1962;
Sztrokay et al., 1962; Kerridge,1970; Nagy, 1975; Kerridge et al., 1979).

The reflectance spectra of terrestrial magnetite show a reflectance maximum near
0.8um and cither a weak Fe?* absorption band near 1um, or an overall reflectance decrease
beyond 0.8um. (Hunt et al., 1971; Adams, 1975; Gradie & Veverka, 1980; Singer, 1981;
Wagner et al., 19t7). The reflectance decline beyond 0.8um seems to be most characteristic of
fine-grained and cation-deficient magnetites (Morris et al., 1985). Fine-graincd magnetites
also show decreases in reflectance with decreasing particle size. The magnetite spectra in
Morris ef al. (1985) are probably the best representatives of the magnetite in the carbonaccous
chondrites.

A series of magnetite +olivine spectra were acquired in order to gauge the effecy of
adding magnetite to olivine. The 45-90um fraction of the magnetite was used in all but onc of
the mixtures, for which the 0-45,m fraction was used (Figures IV-1 and 1V-2). The pure
magnetite spectrum shows a clear absorption band near lum and no downturn in reflectance
towards the ultraviolet. At the highest magnetitc abundance (50 wt. %) an absorption band
near lum is still clearly resolvable and the spectrum shows an ovcrall red slope.
Coarse-grained magnetite alone cannot completely suppress mafic silicate absorption bands.
Fine-grained magnetite mixed with olivine (90/10 OLV/MAG) imparts a less red slope to the

overall spectrum than docs the coarse-grained magnetite (Figure 1V-2). The average
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reflectance of the plateau in the 1.8 to 2.6um region relative to the local peak near 0.6um is
also less than the coarse-grained magnetite-bearing sample. The equivalent mixture of
olivine +coarse-graincd magnetite retains a prominent 1um absorption band and the longer
wavelength plateau is not suppressed relative to the short wavelength peak. If the magnetite
were even finer-grained (< <45um) the decrease in the redness of the overall slope may
become cven more pronounced. The overall slopes of the magnetite-olivine spectra were
assessed by determining the intersection point of a horizontal continuum tangent to the
spectrum at the peak near 0.6um with the longer wavelength side of the spectrum. In the pure
olivine this point occurs at 1.61um and is relatively constant for 10 wt. % (1.64um) and SO
wt. % (1.62um) coarse-grained magnetite. The intersection point is shifted to ~2.3um for the
finc-graincd magnetite mixture versus 1.64um for the equivalent mixture containing the
coarsc-grained magnetite. The overall spectral slope measured in this way seems to be most
sensitive to the grain size rather than the abundance of magnetite.

The absorption feature seen near 1ym is due 1o Fe?* crystal field transitions in both
the magnetite and the olivine. The band depth criterion (Db; Clark & Roush, 1984) allows the
relative cffects of the two minerals on this feature 1o be assessed (Table IV-3-21-111). The
band depth is strongly influenced by both the abundance and grain size of the magnetite. The
50750 OLV/MAG spectrum has a band depth of 32%. A simple average of the pure end
member band depths is 48%. The lower value for the mixture indicates that magnetite
dominates the expression of this absorption band. The finer-grained magnetite is even more
cffective at reducing the band depth.

The band centers (continuum removed) of the olivine and magnetite occur at 1.060;:m
and 1.101um, respectively. The magnetite seems to have little .aflucnce on the position of the
band center (Table IV-3-21-111). It would appear that a simpl straight line continuum
removal procedure is adequate for determining the wavelength position of the Band I center,
and from this the iron content of the olivine. At least 10 wt. % fine-grained magnetite is

required to dominate the Band I center position. This is much greater than the magnetite
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abundance in the CV and CO meteorites. The indications are that the magnetite in the
carbonaceous chondrites will impart a blue slope to the spectrum, lower the overall
reflectance, reduce band depths, and have very little effect on the wavelength position of the
Band I center.
Carbon

Carbon is present in varying amounts and forms in all the chondritic meteorite classes
and the ureilites (Table 1V-3-21-11). The abundance and structure of the carbon will strongly
affect the degree to which associated silicates will be spectrally detectable (Miyamoto et al.,
1982). The structural state of the carbon in the various mcteorite classes is still not fully
known. Most of the carbon in the carbonaceous chondrites is present as highly -polymerized
acid- and solvent-insoluble molecules (e.g. Hayes, 1967; Hayatsu & Anders, 1981; Nuth,
1985). The non-organic fraction exists in a partially amorphous macromolecular form
(Buseck & Bo-Jun, 1985; Blake ef al., 1988), and a small amount of dianiond is also present
(Lewis et al., 1987). Physically, some of the carbon is finely dispersed in the matrix (Bauman
et al., 1973; Heymann et al., 1985; Van Der Stap et al., 1986), some coats olivine grains and
chondrules (Sztrokay er al., 1962; Bunch & Chang, 1980), and some is concentrated in dark
inclusions (Heymann et al., 1987). The carbon in ordinary chondrites is largely in the form of
macromolecules (Mason, 1979). The bulk of the carbon in ureilites occurs in ordered forms-
primarily as graphite and diamond (Ramdohr, 1972; Begemann & Ott, 1983; Goodrich &
Berkley, 1986; Wacker, 1986). Both phases occur as micron-sized grains, but the genctic
relationship of the diamond to the graphite has not been fully resolved (Lipschutz, 1964;
Vdovykin, 1970; 1972; Berkley et al., 1976; 1980; Shindo et al., 1985; Berkley, 1986; Fukunaga
et al., 1987).

The spectral properties of different carbon polymorphs arc quite variable. Amorphous
carbon has low overall reflectance with an overall blue slope (Figure IV-3; Miyamoto et al.,
1981). Amorphous carbon is a semiconductor and is increasingly transparent towards longer

wavelengths (Mizushima & Fujibayashi, 1968). Graphite, by virtue of its semi-metallic
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nature, has a relatively neutral slope with low overal! reflectance and a reflectance minimum
near 0.4um (Gilbert, 1960; Taft & Philipp, 1965; Foster & Howarth, 1968; Hunt & Salisbury,
1976; Kelly, 1981). Diamond is spectrally similar to graphite but with higher overall
reflectance (Orlov, 1977). Charcoal, coal mascerals, chars and bitumens are all carbon-rich
organic materials which may be suitable analogues for the organic fraction of the
carbonaceous chondrites. All these organic materials have dark, red-sloped reflectance spectra
with a reflectance minimum in the ultraviolet-visible spectral region (Kmetko, 1951; Foster &
Howarth, 1968; Gradic & Veverka, 1980; Clark, 1983; Nelson, 1986; Andronico ef al., 1987;
Ito et al., 1988). Lonsdaleite has also been identified in some meteorites (Berkley & Jones,
1982), but its spectral properties have not been determined.

Very fine-grained amorphous carbon was used in the mineral mixtures for a number
of reasons. This type of material is present in most of the carbon-rich meteorites (Lumpkin,
1981; Smith & Buseck, 1981; Buseck & Bo-Jun, 1985; Blake et al., 1988). Amorphous carbon
may be spectrally similar to the finest-grained particles of more ordered carbon forms (Blake
et al., 1988). The grain sizc of the amorphous carbon (<0.023ym) is roughly consistent with
that of meteoritic carbon.

Both orthopyroxene-carbon (OPX-LCA) and olivine-carbon (OLV-LCA) mixtures
were spectrally characterized. The presence of even small amounts of carbon greatly reduces
the overall reflectance of both the orthopyroxene (Figure IV-4) and the olivine (Figure
IV-5). At the highest carbon abundance (2 wt. %) the mafic silicate Fe?* absorption bands are
still resolvable. Band depth was again selected to quantify the effect of the carbon on
absorption band resolution. The depth of the olivine absorption band (Band I) shows a high
initial rate of decline followed by a more gradual decrease with increasing carboa content. The
rate of band depth decline for the pyroxene Band I is more gradual (Figure 1V-6), probably
because an apparent red slope is already present in the pure pyroxene as evidenced by the low
reflectance of the peak near 0.7um relative to the interband peak near 1.4um. Extrapolaiing

from these results, it would appear that a band depth of 5%, which may be at the limit of
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detectability, would require “4-6 wt. % carbon. If the carbon is not thoroughly dispersed, the
silicate absorption bands would be resolvable at even higher carbon abundances.

The effect of amorphous carbon on absorption band positions was also examined. The
Band I centers for the OLV-LCA spectra involving the 45-90um-sized olivine vary by +3 nm
from that of pure olivine (Table IV-3-2I-11I). This variation is less than the wavelength
resolution of the spectra (S nm) and much less than the range of olivine band center
variations as a function of iron content (40 nm). The band center determined for the
99.5/0.5 OLV/LCA spectrum involving the 0-45um sized olivine is 10 nm higher than the pure
olivine. The 0.9-1.2um range of this spectrum shows that the absorption feature in this region
is quite complex (Figure IV-7). The quadratic fit to the data obscures this complexity and
provides only a smoothed average band center value. The detailed spectrum shows that a local
minimum may be present near the expected location for the pure olivine (1.06um).

The band minima variations for the PYX-LCA mixtures are greater than for
OLV-LCA. Both the Band I and Band Il minima (no continuum removal) show
non-systematic variations as a function of carbon content (Table 1V-3-21-111). Band minima
were measured for the PYX-LCA spectra because the low reflectance of the local pyroxene
peak near 0.7um is atypical of most meteoritic pyroxenes (Gaffey, 1976; Miyamoto ef al.,
1983). It was felt that a straight line continuum removal would not vield a true determination
of the Band I center. The Band 1I center was also not determined because the long wavelength
wing of this band is incomplete and a linear continuum could not be constructed. The
maximum variation in Band I minimum wavelength position (11 nm) corresponds to a
deviation in pyroxene ferrous iren content of 15 mole % (Cloutis et al., 1986a). Band arez
ratios have proven to be a useful method for separating purc orthopyroxenes from
orthopyroxene-olivine and orthopyroxene -metal mixtures (Cloutis et al., 1986b; Cloutis et al.,
1989). The band area ratio (11*/I*- Cloutis et al., 1986b) for the PYX-LCA spectra is fairly

constant, varying by only 7% over the range of carbon concentrations measured.



104

The amorphous carbon used in the mixtures is not the ideal material for simulating
the effects of the meteoritic carbonaceous phase. Ordinary chondrites, CV and CO
carbonaceous chondrites which contain <1 wt. % carbon do not show the red slope found in
the laboratory spectra (Johnson & Fanale, 1973; Gaffey, 1976; Britt et al., 1988). Even
though most of the carbon in meteorites occurs as small grains, the fact that it is in a
structurally ordered form should cause its reflectance spectrum to be flat and similar to
graphite, a semi-metal, and to be relatively opaque through the near-infrared (Mizushima &
Fujibayashi, 1968; Hunt & Salisbury, 1976). Amorphous carbon is a semi-conductor and is
increasingly transparent towards the infrared. This behavior is evident in the reflectance
spectra of the mixtures containing 0.1 and 0.5 wt. % amorphous carbon (Figures IV-4 and
IV-5). The mineral mixtures containing 2 wt. % carbon are less red-sloped probably because
the carbon coats the mafic silicate grains more thickly, partially negating the transparency rise
of the carbon towards longer wavelengths. Low abundances of amorphous carbon are
therefore not suitable for simulating the spectral effects of more ordered carbon forms on
mafic silicate spectra. These and other results for carbon-bearing mixtures (Mivamoto et al.,
1982; Clark, 1983) indicate that the parent bodies of all the known carbon-bearing meteorites
shouid exhibit subdued, but potentially resolvable, mafic silicate Fe?* absorption bands,
provided that the mean grain size of the mafic silicates is greater than a few 10's of microns.
In fact, weak silicate absorption bands seem to be more prevalent in dark meteorites than has
commonly been believed (Gaffey, 1978; 1980; Vilas & Gaffey, 1989).

Carbon+ Magnetite

Carbon and magnetite are both present in carbonaceous chondrites and unequilibrated
ordinary chondrites (UOC) These materials occur as intimately associated aggregates in the
latter group, and can comprise up to a few volune % of the meteorite (McKinley et al., 1981;
Scott et al., 1981a; 1981b; Nagahara, 1984; Brearley er al., 1987). Although
carbon +magnetite + mafic silicate mixtures were not included in this study, their spectral

propertics can be anticipated in part from the binary mixture data.
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Small amounts of fine-grained carbon lowcr overall reflectance, reduce band depths,
and redden mafic silicate spectra. Fine-grained magnetite also lowers overall reflectance and
reduces band depths but imparts a blue slope to mafic silicate spectra. The magnitude of the
slope change can be evaluated by measuring the reflectance ratio of two widely separated
points in the reflectance spectra whose ratio is approximately one in the pure minerals. The
ratio chosen for the olivine-opaque spectra is the reflectance at 2.5ym to the reflectance of
the peak in the 0.5-0.7um region. For pyroxene-opaquc mixtures, the reflectance ratio of the
Band II minimum to the peak in the 0.5-0.7um region was chosen. These ratios are listed i1
Table IV-3-21-111. The addition of the amorphous carbon to either mafic silicate < 1uscs an
initial reddening of the spectra (increasing reflectance ratios) followed by a decreasc. This is
opposite to the trend observed for the olivine +magnetite spectra. If the finer-grained
magnetite were used exclusively, the reflectance ratio should not exhibit this upturn in the
reflectance ratio at higher magnetite abundances. The trends in reflectance ratios for the
mafic silicates + magnetite are a function of the relat.ve spectral contribution of the end
members. If ordered carbon were nsed instead of thc amorphous variety, the tendency of
magnetite to impart a blue slope to the reflectance spectra would dominate. The slope of
mafic silicate + opaque spectra will depend upon the chemistries, 1elative abundance and
disposition of the opaques.

APPLICATION TO METEORITE SPECTRA

Mafic silicate-opaque assemblages are piesent in a number of meteorite classc;. The
ureilites, CV and CO carbonaceous chondrites, and the ordinary chondrites, including the
unequilibrated and shock -blackened varieties, may be amenable to spectral analysis on the
basis of the laboratory data. Each of these groups is discussed in reference to the laboratory
spectral data.

Ureilites
The reflectance spectrum of the ureilite Novo Urei (Gaffey, 1976) shows many

features characteristic of an olivine + opaque-rich assemblage. This meteorite is composed of
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64 wt. % olivine, 28 wt. % pigeonite, S wt. % metal + troilite, and 2.5 wt. % carbon
(Vdovykin, 1970; Berkley et al., 1980). Its reflectance spectrum shows two weak absorption
bands near 1um (Band I) and 2ym (Band II). The wavelength position of the Band |
minimum is 0.97um. This corresponds to 2515 wt. % pyroxene using the band minimum
calibration of Cloutis ef al. (1986a). The band area ratio criterion (Cloutis et al., 1986b)
suggests a much lower pyroxene abundance of 55 wt. %. This calibration is only strictly
valid for olivine +orthopyroxene mixtures. Pigeonite and clinopyroxene have lower band area
ratios than orthopyroxene. Consequently, the band area ratio for mivtures of olivine plus
pigeonite/clinopyroxene provides only a lower limit on pigeonite/clinopyroxene abundance
(Cloutis, 1985).

The carbon content of Novo Urei (2.5 wt. %) is comparable to that of some of the
mineral mixtures (2 wt. %}. The 2.5um:0.5-0.7um peak ratio of Novo Urei is 1.24, and is
almost identical to both 9872 mixtures of OLV/LCA (1.25) and PYX/LCA (1.21). The depth
of Band I (16 %) is also comparable to the 45-90um sized silicate-carbon mixtures (14-20 %).
The most noticeable difference between the Novo Urei spectrum and the laboratory spectra is
the abrupt decrease in reflectance below 0.5um in the former is not present in the latter. The
absolute reflectance of Novo Urei (0.079 at 0.56um) is also appreciably higher than the
mincral mixture spectra (0.017-0.034). Both of these discrepancies may be due to the spectral
differences between graphite and amorphous carbon (Kelly, 1981). The other spectral features
are consistent with an olivine-pigeonite-carbon assemblage.

CV and CO Carbonaceous Chondrites

CV and CO carbonaceous chondrites commonly contain between 0.1 and 0.6 wt. %
carbon (Mason, 1962b). The major silicate phase is olivine, with minor amounts of pigeonite,
oligoclase, sulfides, and calcium-aluminum inclusions (DuFresne & Anders, 1962: McSween,
1977a; 1977b). The laboratory reflectance spectra of 99.5/0.5 OLV/LCA should be the most
similar to the CV and CO chondrite spectra (Johnson & Fanale, 1973; Gaffey, 1976). The CV

and CO spectra show absorption bands near 1ym and 2um due to the mafic silicates. The



107

broadness of the absorption near 2um may also be due in part to the calcium-aluminum
inclusions, some of which have very broad absorption bands beyond 2um (Rajan & Gaffey,
1984). The red slopc characteristic of the olivine-carbon laboratory spectra is absent probably
reflecting the speciral differences between amorphous carbon and the metcoritic carbonaceous
phase.

The reflectance increase seen in carbonaceous chondrites with decreasing grain size has
been attributed to more effective dispersal of the mafic silicates in the smaller-sized fractions.
The average visible reflectance for the 99.9/0.1 and 99.5/0.5 mafic silicate carbon mixtures is
between 4 and 13 %. The finest fractions of the carbonaceous chondrites have average visible
reflectances of 11-17 %. This is further evidence that amorphous carbon is not a spectrally
significant phase in carbonaceous chondrites and that the metcoritic catbonaceous phase is
ordered and not as well dispersed as in the laboratory mixtures.

The refiectance spectrum of the CO2 carbonaceous chondrite Lancé (Johnson &
Fanale, 1973} was examined in order to understand more fully the nature of the opaque
phase. The Band I minimum occurs at 1.0410.02um. This corresponds to 9010 wt. %
olivine. Although the mineral abundances in this meteorite have not been determined, the CO3
group normally contains ~70 wt. % olivine (Masnn, 1962b; McSween, 1977a). The band area
ratio calibration yields an olivine content of 7010 wt. %. The rather large error is due to the
difficulty in selecting the precise position of the Band Il minimum. The steep red slope
characteristic of amorphous carbon is absent. Spectral analysis suggests that the carbonaccous
phase in the carboniceous chondrites does not appreciably affect band area ratio and band
wavelength positions.

Ordinary Chondrites

The laboratory results from this and an earlier study (Cloutis ef al., 1989) on mafic
silicate + metal spectra can be used to examine the nature of the opaque phases in ordinary
chondrites, and whether ordinary chondrites can be related to specific asteroid classes. The

telescopic spectra of S-class asteroids have been interpreted as being either modified ordinary
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chondrite spectra or representing differentiated assemblages. Resolution of this issue has
important implications for understanding the origin and evolution of the asteroid belt and
perhaps the inner solar system (Gaffey, 1984; Bell, 1986; Gaffey, 1986; 1988). Broadly,
ordinary chondrite spectra show absorption bands due to mafic silicates, have low reflectance,
but do not cxhibit the overall red slope which is characteristic of S-class asteroids (Gaffey,
1976; Feierberg et al., 1982; Gaffey, 1984).

All investigators agree that the S asteroids are likely metal-bearing (>20 %), mafic
silicate assemblages. By this criterion alone, the H-type ordinary chondrites are the closest
analogues. Gaffey (1984; 1986) examined a number of possible mechanisms by which ordinary
chondrites may be modified to appear spectrally more like S-asteroids. The interpretation of
ordinary chondrite spectra here will consider the nature of the neutral/opaque phases in
ordinary chondrites, and whether they can be reconciled with the S-asteroid spectra.

Generally, H chondrites are composed of 15-20 wt. % metal, 0.07-0.6 wt. % carbon,
50-60 wt. % pyroxene, 25-40 wt. % olivine, 5-10 wt. % plagioclase, and 7-15 wt. % troilite
(Mason, 1965; Moore & Lewis, 1967; Chapman & Salisbury, 1973; Dodd, 1981). The amount
of metal present should be spectrally detectable by the distinct red slope it imparts to mafic
silicate reflectance spectra (Cloutis et al., 1989). The fact that it does not suggests that either
the metal signature is suppressed by a very fine-grained dispersed material (carbon) or that
the metal is not spectrally red. The first hypothesis was examined by measuring the
reflectance spectrum of an iron meteorite powder (45-90um grain size) and the same powder
mixed with 0.5 wt. % of the amorphous carbon. This amount of carbon is within the range
for H chondrites, but it has n.- effect on the red slope of the iron meteorite metal spectrum
(Figure 1V-8).

The second hypothesis was examined by Gaffey (1986) who found that the metal in
ordinary chondrites is not spectrally red. The derived reflectance spectrum of ordinary
chondrite metal differs from that of iron meteorites. He suggested that this may be due to a

thin surface layer (<0.5um) of an iron chloride (lawrencite-FeCl,), or an iron oxide
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(wu'stite). Lawrencite has been found in a variety of chondrites as a coating on metal grains
or as minute inclusions (Krinov, 1960; Keil, 1968; Mason & Graham, 1970; Reed, 1971; Allen
& Mason, 1973; Bryan & Kullerud, 1975; Sipiera et al., 1980; Yabuki & El Goresy, 1986).
Abundant chlorine has also been measured in some ordinary chondrite metal grains (Mason &
Grahara, 1970; Allen & Mason, 1973).

The major Fe?* absorption band in lawrencite is quite broad and extends from °1.3 to
2.0um. The minimum reflectance occurs at about 1.33um (Kuiper, 1969). The evidence for
spectrally significant amounts of lawrencite is ambiguous. The reflectance spectra of the
metal-rich magnetic fractions of ordinary chondrites, particularly the H4 chondrite Ochansk,
show a weak absorption feature near 1.3um which may be due to lawrencite (Gaffey, 1986).
However, the 1.3um absorption band in lawrencite shifts rapidly towards 1ym upon short
exposure to air (Kuiper, 1969), as lawrencite readily oxidizes. It is unlikely that unoxidized,
spectrally abundant lawrencite would remain in the crushed and separated meteotite fractions.
Lawrencite also has high overall reflectance while the derived ordinary chondrite metal docs
not (Gaffey, 1986).

An absorption band near 1.3um can also be attributed to plagioclase (Adams &
Goullaud, 1978) or to the long wavelength wing of the major olivine absorption band (¢.g.
King & Ridley, 1987). This band is present in both the whole meteorite and the non-magnetic
fractions as a4 weax shoulder on the long wavelength wing of the major Fe’* absorption band
present near lum. It seems likely that silicate minerals are the cause of this feature rather
than lawrencite.

Some sort of iron oxide, such as wustite (FeO) has also been suggested as a possibic
coating for the ordinary chondrite metal grains (Gaffey, 1986). The reflectance spectrum of
wistite (Figure IV-9) shows a number of desirable spectral features- low overall reflectance,
a nearly flat reflectance spectrum and the lack of a prominent Fe’* absorption band. An
optically thick coating of wustite on ordinary chondrite metal grains could reduce the

reflectance of unaltered metal and subdue its strong red slope.
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Oxidized coatings on ordinary chondrite metal grains have been observed on a number
of occassions, While some are undoubtedly due to terrestrial weathering (Knox, 1963;
Ramdohr, 1963), others seem to be of preterrestrial origin (Rambaldi & Wasson, 1981; Scott
& Rajan, 1981; Boctor er al., 198°; Lambert ef al., 1984; Rambaldi & Wasson, 1984; Sears et
al., 1984). Some of these obscrvations were made on shock-altered specimens which are
expected to be more representative of the parent body surfaces than unshocked specimens.
Modcls of ordinary chondrite metamorphism also predict the oxidation of the metal grains
(Larimer, 1985).

Laboratory studies of metal oxidation show that it proceeds under a wide variety of
conditions, including very low oxygen partial pressures, and in CO, and H,-CH, atmosphcres
(Gibbs, 1973; Tomlinson & Menzics, 1978: Taylor, 1981; Smith er al., 1985). Wustite is a
common oxidation product of these reactions (Runk & Kim, 1970), and thin films of it can
develop in a very short time (Kubaschewski & Hopkins, 1962). The presence of sulfur in an
H,-CH, atmospherc may inhibit the formation of iron cxides and instead result in iron
carbide formation (Barnes ef al., 1985).

The thickness of a surface film on metal particles required to effect a spectral change
depends on the chemistry of the film. An upper limit of 0.5sm (5000 Angstroms) for most
ordinary chondrite metal grain coatings has been suggested (Gaffey, 1986). Substantial
rellectivity changes are possible due to surface films of a few 100 Angstroms (Mclntyre &
Aspnes, 1971). Large reductions in iron reflectivity in the visible wavelength region have been
documented for iron oxide films of ~500-1000Angstroms thic....cs¢ (Constable, 1927). This is
approximately an order of magnitude less than the maximum suggested thickness.

Ordinary chondrite reflectance spectra show absorption bands attributable to the mafic
silicates. Mafic silicate band area ratios are strongly affzcted by the prescnce of red-sloped
metal (Cloutis er al., 1989). The pyroxene:olivine ratios determined for ordinary chondrites
using band area ratios are very similar to the values determined independently (Britt er al.,

1988). Band minima wavelength positions also do not deviate in a systeimatic way from pure
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malfic silicates (Gaffey, 1976). This correspondence is expected to be retained only when the
additional phases are spectrally neutral. Metal with a reflectance spectrum similar to that
derived by Gaffey (1986) would not substantially affect the band area ratio, and band
minima/center wavelength positions. Iron meteorite metal has measurable effects on these and
other spectral parameters (Cloutis et al., 1989).

S-class asteroids have been suggesied as plausible parent bodies for the ordinary
chondrites. However some surface modification process scems necessary in order to reconcile
the spectral differences between the ordinary chondrites and the S-asteroids. A number of
explanations have been suggested (c.g. Britt & Pieters, 1987).

Anders (1978) suggested that preferential erosion of brittle silicates on a silicale-metal
surface would leave a deposit enriched in metal. It scems likely that kamacite, the primary
metal phase in H chondrites (Smith, 1980) is brittle at the temperatures present in the main
asteroid belt. When kamacite is in the ductile regime, its crosior rate is substantially less than
brittle materials. However, when it is brittle, its crosion ratc should not differ substantially
from silicates (Comerford, 1967). Even assuming that erosion of silicates may be enhanced, a
number of factors may preclude the development of a metallic red slope. Heavily shocked
meteorites show some fracturing of metal grains, that seems to be accompanied by partial
oxidation along metal grain boundarics (Boctor et al., 1982; Scars et al., 1984). Neither
shock -blackened chondrites, nor gas-rich ordinary chondrites, which presumably resided at or
near the surfaces of their parent bodies for some period of time, show unusually red-sloped
reflectance spectra (Bell & Keil, 1988; Britt et al., 1988).

Feierberg er al. (1982) measured the reflectance spectra of mixtures of metallic iron
(37-74um grain size) and a pyroxene (0-74um grain size) in an attempt to simulate the
reflectance spectrum of the S asteroid Flora. They noted that an intimate mixture of 20 wt. %
metal and 80 wt. % pyroxene reproduces the absorption band depths of the Flora spectrum,
but significantly, the red slope of the asteroid could not be reproduced. They attributed this

discrepancy to the lack of olivine in their mineral mixtures, the addition of which they
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claimed would impart a red slope to the spectrum. However the addition of olivine will not
cause a reddening of the spetral shope, unce onty achondritic meteorite metal or a small
amount of effectivelv ' porsed anorn: 3. ec:hon can redden the slope (Cloutis ef al., 1989).
Olivine has the opposit efter a5 moa o - 0y the peak:pesk reflectance ratios (Cloutis er al.,
1986b).

The spectral parameters used by Feierberg et al. (1982)- wavelength position of the
reflectance maximum between Band 1 and 11, and ratio of the band depths (Band II/Band 1)
show that there is some overlap between the S-asteroid and ordinary chondrite fields.
However, these parameters arc not the most suitable for determining metal: pyroxene:olivine
ratios because the trends for pyroxence +olivine, pyroxene + metal,
orthopyroxenc + clinopyroxene, and pyroxene +olivine +metal all overlap. Other more useful
spectral characteristics have been identified for discriminating among these mixtures (Cloutis
et al., 1989). Based on the laboratory data for metal + mafic silicate mixtures, the spectrum of
Flora has been interpreted as indicating a metal- and olivine-rich surface mineralogy,
coinciding very well with an earlier independent analysis of the telescopic data (Gaffey,
1984). An approximate tenfold enrichment in metal abundance is required over that present in
L1. ordinary chondrites to rcach the leve! of Flora (50 wt. %- Cloutis et al., 1989). LL
chondrites arc the closest analogues to Flora on the basis of mafic silicate composition. A
factor of ten enhancement of metal over silicate is not anticipated for even ductile metal. If
the metal is ductile this level of enrichment is even less plausible (Comerford, 1967).

Red-sloped spectra are exhibited by some ordinary chondrites which contain abundant
glass and/or agglutinates due to impact melting and perhaps space weathering (McFadden,
1983a; 1983b; King ef al., 1984; McFadden & Vilas, 1987). Artificial meteorite glass shows a
stronp, ted spectral slope similar to lunar agglutinates, and may account for the red slope seen
in somie asteroid telescopic spectra (King er al., 1983; Pieters, 1984). However the
development of a major glass/agglutinate component is not expected on asteroid surfaces

(Housen & Wilkening, 1982), and the polarimetric data for almost 100 asteroids has failed to



1

detect surface materials similiar to glassy lunar fines (Dollfus et al., 1975; Zellner et al., 1977;
Dollfus & Zellner, 1979; Geake & Dollfus, 1986). The heavily shocked and gas-rich
meteorites also do not contain appreciable quantitics of glass or agglutinates (Basu & McKay,
1983) and are not spectrally reddened (Bell & Keil, 1988; Britt e al., 1988). Artificially
shock -loaded mafic silicates show a reduction in overall reflectance but no spectral reddening
(Adams er al., 1979). A simulation of space weathering using laser irradiation also failed to
impart a red spectral slope to a dunite sample although overall reflectance was reduced
(Fisenko et al., 1989). The observed lack of agglutinates in metcorites may not be
representative of asteroid surfaces, and a number of reasonable arguments can be made that
true regolith samples of ordinary chondrite parent bodies would not survive the passage to
Earth (King et al., 1984).

A number of spectral parameters identified for mafic silicate-m.tal mixtures have
beein applied to strengthen the case for at least on S-class asteroid (Flora) having a
metal +olivine-rich surface unlike ordinary chondrites (Cloutis et al., 1989). At present it is
unknown whether agglutinates added to mafic silicates will reproduce the reflectance spectrum
of Flora or other red-sloped asteroids.

SUMMARY

Mafic silicate spectra can acquire an overall blue slope by the addition of fine-grained
magnetite, Magnetite also reduces overall reflectance and band intensities. The reflectance
spectra of magnetite-bearing meteorites (CV and CO carbonaceous chondrites) exhibit many
of these features. The low band depths of these meteorites suggests that an additional dark,
neutral phase such as ordered carbon is present. Carbon + mafic silicate spectra exhibit a red
overall slope at low amorphous carbon concentrations. Amorphous carbon is not a suitable
spectral analogue for the carbonaceous phase present in most metcorites.

The addition of carbon to mafic silicates has little effect on band center wavelength
positions and band area ratios, both of which are key parameters for determining mafic

silicate chemistries and abundances. The carbon does however greatly reduce band intensities.
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The laboratory spectra suggest that the amount of carbon required to suppress mafic silicate
absorption bands cxceeds that found in all meteorite classes. The parent bodies of some of the
darkest meteorites (shock -blackened ordinary chondrites, ureilites, CV and CO carbonaceous
chondrites) should show spectral features attributable to mafic silicates. The reflectance
spectra of ureilites are consistent with mafic silicates + carbon assemblages. Ordinary chondrite
reflectance spectra do not show the strong red slope associated with unaltered metal or
amorphous carbon. The ordinary chondrite metal seems to be spectrally distinct from that in
iron meteorites. An optically thick, but largely undetected, coating on these metal grains can
best explain the non-red spectral slope of the ordinary chondrites. The most plausible
mechanism for the development of a red spectral slope in ordinary chondrites is the

preduction of a significant glass/agglutinate component during regolith formation.
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Table IV-1. Chemical analyses of the olivine (OLV003), pyroxene (PYX032) and magnetite
(MAGI101) used in this study.

wt. % OLV003 PYXO032 MAGI01
Si0, 40.64 50.21 0.00
Al,O, <0.0] 1.24 0.33
Na,0 0.00 0.00 N.D.
CaO 0.07 1.59 N.D.
FeO 9.25 23.65 26.52
Fe,0, 0.59 5.1 63.71
MgO 49.13 17.57 3.63
MnO 0.09 0.53 0.60
Zn0 0.00 N.D. N.D.
NiO 0.33 0.01 N.D.
TiO, 0.00 0.19 3.04
Cr,0;, 0.01 0.04 0.03
CoO 0.04 0.06 N.D.
V.0, 0.00 <0.01 N.D.
TOTAL 100.15 100.20 97.86

N.D.= Not determined.
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Table 1V-2, Magnetite and carbon abundances in the H, L, and LL ordinary chondrite classes,
the CV and CO carbonaceous chondrites and the ureilites (U).

Metcorite Wt % wt. %
Class Magnetite! Carbon
H 0 0.02-0.03
L. 0 0.01-0.50
LL 0 0.02-0.60
Cv 1-13 0.20-1.50
CO 2-5 0.20-0.60
U 0 2.00-6.00

! Magnetite is present in some petrologic grade 3 ordinary chondrites (e.g., McKinley et al.,
1981; Scott et al., 1981a; 1981b; Brearley et al., 1987).

Sources of data: Mason, 1962b; Moore & Lewis, 1967; Gibson et al., 1971; Gibson, 1976;
Haggerty & McMahon, 1979; Gibson, 1980; Berkley & Jones, 1982; Hyman & Rowe,
1986.
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Table 1V-3. Band depth, band center and band minima wavelength positions, and reflectance
ratios for the mafic silicate +carbon and mafic silicate + magnetite spectra. All ratios are in
weight percents. Band positions are given in microns.

Sample Band Band | Reflectance
Depth (%) Center Ratio- 2.5/0.7

OLV:MAG
100:0 70 1.060 1.137
90:10 50 1.058 1.077
90:10° 38 1.059 1.013
50:50 32 1.061 1.181
0:100 26 1.101 1.520

OLV:LCA
100:0 70 1.060 1.137
99.9:0.1 31 1.059 1.734
99.5:0.5 24 1.058 1.500
99.5:0.5# 5 1.069 1.640
98.0:2.0 14 1.063 1.250
0:100 .- .- --
PYX:LCA Band 1 Band 11 Ratio
Minimum Minimum Band 11/0.7
100:0 58 0.928 1.958 0.843
99.9:0.1 55 0.919 1.931 0.860
99.5:0.5 41 0.927 1.940 0.876
98.0:2.0 20 0.917 1.908 0.869
0:100 .- - --

*= Mixture containing <45um-sized magnetite.
# = Mixture containing <45um-sized olivine,
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V. REFLECTANCE SPECTRA OF GLASS-BEARING MAFIC SILICATE MIXTURES AND
SPECTRAL DECONVOLUTION PROCEDURES

INTRODUCTION

Of all the bodies in the solar system, only the Earth, the Moon, and perhaps some
asteroids, provide the opportunity to compare spectroscopic remote sensing data directly with
actual geological samples. However, the samples available for the Moon encompass only a tiny
fraction of the total surface. Remote sensing remains the best method for conducting
large-scale lunar surface exploration. Most meteorites are believed to be derived from
asteroids, and reflectance spectroscopy piovides the best method for identifying possible
parent bodies. It is imperative therefore, that the amount of geological information derivable
from spectral studics be maximized.

All lines of evidence suggest that the lunar surface is largely composed of plagioclase,
pyroxene, olivine, ilmenite and impact-derived glass (Smith, 1974; Smith & Stecle, 1976;
Taylor, 1982). Telescopic reflectance spectra of many arcas on the Moon show absorption
features attributable to these minerais (c.g. Bell & Hawke, 1984; Lucey et al., 1986; Pieters,
1986). Invariably, the spectra are reddened (gencrally increasing reflectance towards longer
wavelengths) relative to spectra from pristine minerals, and often show subdued 1aafic silicate
absorption bands because of the presence of variable amounts of opaques, glasses and
agglutinates. Some asteroids also show red-sloped reflectance spectra which may be
attributable to the presence of significant amounts of glass and/or agglutinates (King et al.,
1983; McFadden, 1983a; 1983b; King et al., 1984; Pieters, 1984). The subdued mafic silicate
absorption bands can, potentially, be analyzed to provide information on the relative
abundances and compositions of the mafic silicates. This requires an accurate knowledge of

how the various opaque and amorphous components alter the mafic silicate reflectance

spectra.,

'A version of this chapter has been submitted for publication. Cloutis, E.A.,
Gaffey, M.J., Smith, D.G.W., and Lambert, R. St J. 1989, Icarus.
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Spectral reflectance properties of the major lunar and meteoritic minerals have been
studied extensively. The reflectance spectrum of olivine is dominated by an absorption band
near 1um (Band 1) due to Fe?* crystal ficld transitions, shows a weaker band of uncertain
origin near 0.65um, and exhibits a steep drop-off in reflectance at wavelengths shorter than
*0.Sum due to charge transfer absorptions. The wavelength position of Band I moves
systematically towards longer wavelengths with increasing iron ~ontent (Burns, 1970a; Cloutis,
1985; King & Ridley, 1987). Low calcium pyroxene shows two absorption bands due to Fe’*
crystal field transitions near lum (Band 1) and near 2um (Band I1). The wavelength positions
of both Band I and Band II minima show systematic shifts in their positions as a function of
iron content (Burns, 1970b; Adams & McCord, 1972; Adams, 1974; Cloutis, 198S; Cloutis e!
al., 1986a; 1986b). High-calcium pyroxene spectra are subdivided into two types: those that
show two absorption bands, akin to low calcium pyroxenes (Type A), and those that exhibit
three or more shallow absorption bands (Type B- Adams, 1975; Cloutis, 1985). Plagioclasc
feldspar spectra have high overall reflectance, a weak Fe’* absorption band near 1.25um, and
a charge transfer-rclated reflectance decrease towards the ultraviolet (Hunt & Salisbury, 1970
Adams & Goullaud, 1978). The major lunar opaquc phase, ilmenite, has a reflectance
spectrum exhibiting a broad iron-titanium charge transfer band near 0.5um, and a broad Fe’
absorption feature near 1.2um (Hunt er al., 1971; Adams, 1974; Nash & Concl, 1974; Adams,
1975; Pieters, 1983). Natural and artificial lunar glasses show nearly fcatureless red-sloped
reflectance spectra (Conel & Nash, 1970; Adams & McCord, 1971; Nash & Concl, 1973;
Adams et al., 1974; Farr et al., 1980).

Laboratory reflectance spectra of lunar regolith fines are usually very similar to the
glass and agglutinate spectra rather than whole ruck or fresh powder spectra (c.g. Adams &
Charette, 1975). The products produced by evaporation and condensation of meteorites in 2
vacuum also show a strong red slope (King et al., 1983). Reflectance spectra of a series of
well-characterized glass-mineral raixtures were measured in the laboratory in order to provide

information on the spectrum-altering properties of glass and ilmenite on mafic silicate
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reflectaice spectra,
EXPERIMENTAL PROCEDURE

Terrestrial mincrals were used in this study because of the large quantitics of pure
scparates required for the various mixtures. They were selected on the basis of a number of
criteria- the availability of chemical analyses, key elemental abundances comparable tv lunar
mincrals, availability of sufficient quantitics, and spectral similarities to lunar minerals.
Unfortunately, no single mineral could meet all these requircments and consequently emphasis
was placed on the need for spectral similarities between the laboratory and lunar samples. The
minerals finally selected for use in this work were a high-iron orthopyroxene (PYX032) from
Ekersund, Norway, a high-calcium plagioclase feldspar (PLG108- bytownite) from the
Stillwater Complex, Montana, and an ilmenite (11.LM101) from Krageroe, Telemark, Norway.
The samples were analyzed at the University of Calgary SEMQ electron microprobe facility
and the compositions given are an average of 4-8 point analyses. The data were reduced using
Bence- Albec a and B correction factors. The ferrous iron contents were determined by wet
chemical methods, and ferric iron as the difference between total and ferrous iron. Chemical
analyscs of the mineral samples are listed in Table V-1.

Powdcered samples were obtained by crushing the minerals in an alumina mortar and
pestle. Clean fractions were obtained by a combination of magnetic separation and hand
picking. Well-constrained size ranges were acquired by repeated wet sicving with acetone.
They were sieved into 0-45,m and 45-90um size fractions. The glasses used in the various
mineral mixtures were produced from the same mineral proportions as the mixtures into
which they were incorporated. The 0-45um sizes of the various minerals were used in making
the glasses. These sampies were placed in platinum crucibles and heated at 1000°C for 15-30
minutes to drive off any water. They were then transferred to a DELTECH DT-31-VT
furnace and held at 1400°C for 15 minutes in a CO-CO, atmosphere at an oxygen fugacity of
10 * atmospheres, except for glass sample L31 which was fused for 90 minutes. The samples

were quenched by immersing the lower half of the crucible in a water bath. This prevented (he
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water from coming in contact with the sample. The glass powders were prepared in the samne
way as the mineral powders, and were examined under a petrographic microscope for
homogeneity. The chemical analyses of the glasses were obtained at the University of Alberta
SEMQ microprobe facility and are an average of four arca scans. The data were reduced using
the Applied Research Laboratory version of the MAGIC IV program. Ferrous iron contents
were determined in the same way as the minerals. The chemical analyses of the glasses are
listed ¢ . Table V-1,

All samples were made on a weight percentage basis. For example, a mixture prepared
with 40 wt. % pyroxene, 30 wt. % plagioclase, 5 wt. % ilmenite, and 25 wt. % glass would be
expressed as 40/30/5/25 PYX/PLG/ILM/GLA. The various samples that were spectrally
characterized are listed in Table V-2, The starting composition of the glass was the same as
the glass-free equivalent sample it is paired with. The mineral abundances used in making
glasses L2, L31, and L32, are the same as for samples L3, L3, and L.28, respectively.

Reflectance spectra were acquired at the NASA RELAB spectrometer facility at
Brown University and details of the instrument can be found in Pieters (1983). Bidirectional
reflectance spectra of flat sample surfaces were measured at an incidence angle of 30" and an
emission angle of 0". Sample spectra were measured relative to halon, a ncar-perfect diffuse
reflector in the 0.34um to 2.7um wavelength range (Weidner & Hsia, 1981). Spectra were
corrected for dark current offsets, as well as for minor irregularities in the absolute
reflectance of halon in the 2um reginn. The spectra were processed using the Gaffey Spectru.n
Processing System, a PC-compatible version of SPECPR (Clark, 1980). Band minima and
tand center wavelength positions were determined by fitting a quadratic equation to ~10 data
points on either side of a visually determined minimum or center. Band depths (Db) were
calculated using equation (32) in Clark & Roush (1984).

SAMPLE VARIATION EFFECTS ON SPECTRAL REFLECTANCE
A number of factors can affect the spectral reflectance properties of minerals and

mineral mixtures (Adams & Filice, 1967). The major concern here is with the
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spectrum-altering effects of glass. Lunar telescopic spectra are almost invariably characterized
by an increase in reflectance towards longer wavelengths (red siope) upon which are
supcrimposed mineral absorption bands of variable intensities (¢.g. McCord et al., 1981;
Lucey et a.., 1986; Pieters, 1986). This red slope is attributable to the presence of glasses
and/or glass-bonded aggregates (agglutinates), present as eithe: primary products or formed
by micrometcoroid inipacts {Delano, 1986; Hughes et al., 1988). The impact-generated
glass/agglutinate component is derived largely from fusion of the finest fraction of the lunar
soil- the so-called F* mode! (Laul & Papike, 1980; Papike et al., 1981; 1982; Laul et al.,
1987). In turn, the finest soil fraction tends to be enriched in plagioclase feldspar (Papike et
al., 1982) because it is more comminutable than the other major components in lunar crust
(Horz et al., 198S; Simon er al., 1986; See & Horz, 1988). The formation and composition of
possible agglutinates on asteroidal surfaces is less well understood (Housen & Wilkening, 1979;
Hcusen et al., 1979a, 1979b; King er al., 1983; 1984; Pieters, 1984).

The primary goal of lunar remote sensing is to determine surface mineralogies. This
task is complicated by the red slope often present in the telescopic data. Mineral absorption
bands are frequently extremely subdued, and spectral deconvolution techniques designed for
determining mineral compositions and abundances which rely on spectral parameters such as
band centers and band arcas cannot be applied to uncorrected data. The agglutinate
component is probably the cause of the red slope and it is commonly removed by dividing the
reflectance spectrum by a straight line continuum tangent to the spectrum. Usually, one line
scgment, tangent to two points on the reflectance spectrum, is used (Farr et al., 1980;
McCord et al., 1981), although two line segments tangent at three or four points are also
apphied (Pieters, 1982).

In order to investigate the spectrum altering effects of various parameters, a
“standard sample" was created, along with a glass made from this material, and a
glass-bearing version of the “standard sampie™ ("standard mix"). These samples are labeled

as L3, 1.2, and L1, respectively (Table V-2), and are used to investigate the spectrum-altering



effects of glass. Secondary considerations include the effects of plagioclase grain size and
ilmeniie abundance. Reflectance spectra of the constituent phases (plagioclase, pyroxene and
ilmenitc) are shown in Figures V-1 and V-2.

Addition of Glass. Reflectance spectra of samples L1, 1.2, and L3 are shown in Figure
V-3, The major difference tetween sample L1 and L3 is the presence of 25 wt. % glass in the
former. The glass itself has no well-defined absorption bands but shows weak inflections near
0.9um and 1.8,m likely attributable to re® crystal field transitions. These features, the
absolute reflectance, and the overall red slope of the glass, are also seen in natural lunar
glasses, agglutinates, and laboratory produced glasses (Adams & McCord, 1971b; 1973; Nash
& Conel, 1973; Adams et al., 1974).

Addition of glass to the mineral mixtures causes a reduction in the overall reflectance
of sample L1 relative to sample L3 and a decrease in band depths (Figure V-3). A straight
line continuum was divided out from the reflectance spectra in an attempt to overcome the
spectrum-altering effects of the glass. The continuum-removed L1 and 1.3 spectra are shown
in Figure V-4, The reduction of band depths due to the glass can clearly be seen in the L1
spectrum. The spectral deconvolution techniques designed for mafic silicates arc uscful for
assessing the validity of the straight line continuum removal.

Band centers are useful indicators of mafic silicate ferrous iron content, The
continuum-removed wavelength positions of the Band 1 and Band II centers are given in Table
V-3. It can be scen that the Band 1 position varies by only 1 nm while the Band II variation is
16 nm. It appears that a straight line continuum is a reasonablc approximation to the actual
glass continuum at shorter wavelengths.

An alternative to the straight line continuum was also examined. The glass spectrum
(L2) was multiplied by a factor sufficient to increase its reflectance to the same value as that
of the samples L1 and L3 at their interband peaks near 1.4um. The L3 and L] spectra v:ere
then divided by the scaled L2 spectra (Figure V-5). The band centers obtained in this way

show a much smaller deviation- 0 nm for Band I and 6 nm for Band Il (Table V-3). The
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advantage of the straight line continuum, however, is tha* no prior knowledge of the spectral
properties of the glass phase is required.

Band area ratios are useful indicators of mafic silicate abundances (Cloutis et al.,
1986b). The two continuum removal procedures (straight line division versus glass spectrum
division) can be compared by how well each reproduces band area ratios. The band are. catio
11*/1* (Cloutis et al., 1986b) for the L3 and L1 spectra are listed in Table V-3. The straight
line continuum method shows the lesser amount of variation between the band area ratios of
samples L1 and L3. While the straight line method is better at reproducing band areas, the
glass continuum method is more effective at providing consistent band center wavelength
positions.

Plagioclase Grain Size Variations. The effect of plagioclase grain size on spectral reflectance
was examined by comparing the L1 spectrum to an equivalent assemblage containing
0-45um-sized plagioclase (1.8), and their glass-free equivalents (L3 and L9, respectively). The
plagioclase used in the mixtures shows a prominent absorption band near 1.25,m (Figure
V-2) due to Fe'* crystal field transitions, and is spectrally similar to lunar plagioclases
(Adams & McCord, 1971b; Adams & Goullaud, 1978; Pieters & Mustard, 1988). The overall
composition of the plagioclase is also comparable io plagioclase from lunar mare basalts
(Smith, 1974). The 1.25um region is obviously the best region to search for evidence of
plagioclase, by its effect on the wavelength position of the pyrexene interband ,.eak near
1.4ym (Nash & Conel, 1974; McFadden & Gaffey, 1978; Crown & Pieters, 1987).

The smaller-sized plagioclase causes an increase in overall reflectance in both the
glass-bearing (Figure V-6) and glass-frce samples (Figure V-7). The wavelength position of
the interband peak neat 1.4um is similar in the glass-bearing and glass-free groups, suggesting
that the glass can effectively overide any variations in peak position due to plagioclase grain
size variations. As expected, the band centers wavelength positions of the mafic silicates are

unaffected by changes in plagioclase grain size.
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These results suggest that it will be difficult to develop spectral deconvolution
procedures for determining plagioclase abundances at the few tens of percent level for
anything but the most simple systems. While plagioclase causes a shoulder to appear on the
long wavelength side of Band I, there does not seem to be any other systematic spectral
variation which can be uniquely attributed to plagioclase (Nash & Conel, 1974; Crown &
Pieters, 1987). In any case, spectral calibration procedures developed for plagioclase
determinations will represent an optimu.  cenario because impact-shocked feldspars arc even
more weakly featured than unshocked samples (Adams et al., 1979; Bruckenthal & Pieters,
1984).

Glass Abundance Variations. Measurable spectral differences are found between maturn and
immature lunar soils which are related to the agglutinate content of the samples (Adams &
McCord, 1973; Charette et al., 1974). Reflectance spectra from a series of samples of
increasing glass content were measured to determine whether these effects could be reproduced
in the laboratory. Five standard sample +glass mixtures were crcated with 0 wt. % glass (1.3),
25 wt. % glass (L1), 50 wt. % glass (L26), 75 wt. % glass (L27) and 100 wt. % glass (1.2).
The most noticeable effects of increasing glass content are the decrease in overall reflectance
and subduction of absorption bands (Figure V-8), and a generally increasingly red siope
(Figure V-9).

Charette et al. (1974) found that the 0.402um to 0.565um slope can scrve as a
measure of soil maturity. They found a consistent trend for soils containing 60-70 wt. %
glass +agglutinates (Figure V-10). Immature soils fall to the right of the trend. Data for the
laboratory spectra define a trend which actually moves away from the mature soil field with
increasing glass content. This behavior must be due to either a structural or chemical
difference between the laboratory and lunar samples. While the laboratory glass L2 reproduces
the steep red overall slope of lunar samples, it tends to flatten significantly at shorter

wavelengths.
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Reflectance spectra of lunar-like glasses usually show weak absorption bands near
lum and 2um which are at least an order of magnitude less absorbing than similar pyroxene
absorption bands. Straight line continuum removal seems to be adequate for neutralizing the
effects of the glass and reconstructing mineral absorption band positions to within a few nm
(Conel & Nash, 1970; Adams & McCord, 1971b; Nash & Conel, 1973; Farr et al., 1980). The
expected absorption band positions of the glass-free sample can serve as a standard for
assessing continuum removal accuracies. The key spectral parameters used for determining
mafic silicate abundances and chemistries are band area ratios, and band minimum/center
wavelength positions (Cloutis et al., 1986a; 1986b). Single straight line continua tangent to the
spectra on cither side of the absorption feature near 1ym were divided out of the curves in
Figure V-8 (Figure V-11). Both Band I minima and Band I centers show small variations
from the values of sample L3. The Band II minima and centers show larger variations becaus:
straight linc continua do not reproduce the increasing red slope of the glass (Table V-3). The
band minima show much larger variations than the band centers.

The "normalized” glass spectrum was also divided out from the L3-L1-L26-127
scquence, as previously described (Figure V-12). The band centers determined for these
spectra show less variation than the straight line continuum-removed spectra (Table V-3).
For this sequence of samples, the range of variation in band position corresponds to
differences in pyroxene molar iron content of 13% (Band I) and 37% (Band II) for the
uncorrected spectra, 13% (Band I) and 17% (Band II) for the straight line
continsum-removed spectra, and 3% (Bands I and II) for the glass spectrum divided curves
(Adams, 1974; Cloutis, 1985; Aoyama ef al., 1987).

Band area ratio variations show opposite trends depending on the type of continuum
removal procedure. While the values arc not directly comparable to those derived for pure
mafic silicate assemblages (Cloutis et al., 1986b), the amount of variation is least for the glass
spectrum divided curves. The eventual development of band area ratio calibrations for lunar

data will be most effective if glass-like continua can be divided out.
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Glass Grain Size Variations. Glasses produced in the laboratory often have higher
reflectances than lunar agglutinates (Conel & Nash, 1970; Adams & McCord, 1971b). In order
to investigate this difference, the spectrum of the standard mix (L1) is compared to that of
an equivalent sample made with 0-45um sized glass (L29). Spectrum L29 is more red-sloped
than spectrum L1, has more subdued absorption bands, and lower visible reflectance (8.5%
versus 10.6% at 0.56um). All these characteristics are indicative of a higher apparent glass
content (Figure V-13).

The band I centers determined after straight line continuum division, occur at
0.954ym (L29), and 0.938um (L1- Table V-3). The raw spectra were divided by the glass
spectrum L2, again multiplied by a factor to increase its reflectance to that of the interband
peak of L1 and L29. Both band centers determined for 129 are substantially different from
the values for L1. It appears that simple division of a glass spectrum does not always provide
a reasonable correction. The spectrum of the 0-45um sized glass was not measured but may
provide a better correction to the L29 spectrum. These results suggest that the reflectance
spectrum of the continuum must be known if band positions are to be accurately
reconstructed. If such data are not available, a straight line continuum may serve as a
reasc nable approximation.

Iimenite Content Variations. The spectral properties of a glass will clearly depend on
its chemical composition. For impact-produced giasses, the minerals from which it forms are
of primary importance. Ilmenite is the most common opaque phase in lunar mare basalts and
its inclusion in the vitrification process causes a reduction in the overall reflectance of the
glass (Adams & McCord, 1971a; 1971b). The reflectance spectra of the standard sample glass
made with 6.7 wt. % ilmenite (L2) and an ilmenite-free glass (L32) show this effect (Figure
V-14). The lower overall reflectance of L2 must be due to the inclusion of the ilmenite in the
vitrification process, as all other mineral proportions are equal.

The correlation between the 0.402.m-0.565um slope and TiO, content in mature soils

(Charette et al., 1974) fails to effectively delineate the two glasses. Their 0.400:0.565um
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ratios fall well inside the field defining immature, glass-poor soils (Figure V-10). This
discrepancy is probably related to the high degree of dependence between the oxidation state
of the transition series elements (i.e. Ti) and the spectral properties of the glass (Bell et al.,
1976).

However the chemistry of the glass seems to have little effect on the spectrum of the
mixtures into which it is incorporated. The sample mixtures made with glasses L2 and 1.32
(L1 and L28 respectively) show little variation in overall reflectance (Figure V-15). The
straight line continuum removed band centers are nearly identical (Table V-3). As was the
case with increasing glass content, the TiO, content of samples L1, L2, L28, and L32 do not
show the same trends as lunar soils (Figure V-10). This reflects the chemical or structural
differences between laboratory and lunar samples, and invalidates the use of the former as
lunar analogues based on the 0.40-0.565um reflectance ratio.

Glass Fusion Time Variations. The spectral properties of a glass are not only a
function of the precursor materials, but also of the formation conditions (Nash & Conel,
1973). Progressively darker glasses can be made if the heating time is increased, probably due
to an increase in the concentration of refractory elements or a change in the oxidation stases
of the transition scries metals. This effect was investigated by preparing twe glasses of
identical starting composition melted for 15 minutes (L2) and 90 minutes (L31). The
chemical analyses of the glasses show that a longer heating time had little ¢ffect on overall
composition (Table V-1), except for a slight increase in Ti and Fe contents. The L31 glass
shows a few regions of minute (<2um) exsolved material. Because of the small size of the
particles, a chemical analysis of the pure material could not be obtained. However, two point
analyses centered on these grains show that these points are enriched in Ti and Fe relative to
the buik sample. If the slightly iower reflectance of L31 relative to L2 at longer wavelengths
(Figure V-16) is a function of the higher Ti and Fe contents of the former, then glass
composition may be a function of both starting materials and exposure time, perhaps leading

10 a postulated refractory-rich "ultimate glass™ (Nash & Conel, 1973).
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DISCUSSION

Simulations of lunar sample spectra in the laboratory are difficult to accomplish for a
number of reasons. Terrestrial silicates with spectral properties comparable to lunar minerals
are available, and were used in this study. Preparation of agglutinates is much more difficult
because it is difficult to control compositions and abundances of glass welded aggregates. As a
reasonable approximation, glasses were prepared, powdered, and mixed with the minerals. The
structural differences between powdered glass-bearing mixtures and agglutinate- bearing
mixtures are such that the albedos of the former are usually higher than the latier (Conel &
Nash, 1970; Adams & McCord, 1971b). Mature soils and agglutin.te-rich sampics commonly
show a fonr- to fivefold in-ease in reflectance over the 0.5 to 2.5um wavelength range, and a
reflectance of between 3 and 16% at 0.5um (Adams & Jones, 1970; Conel & Nash, 1970;
Adams & McCord, 1971b; 1973; Nash & Conel, 1973; Adams et al., 1974; Adams & Charette,
1975). The various glasses produced here (L2, 1.31, L32) all show a reflectance at 0.5um of
<3% and a four- to fivefold increase in reflectance from 0.5 to 2.5um. It is fcit that they are
reasonable analogues to lunar materials in gross spectral properties. The 0.402-0.564,m
reflectance ratic found by Charette ef al. (1974) to be a useful parameter for scparating
mature from immature lunar soils, and for determining TiO, contents, cannot be applied to
these laboratory spectra (Figure V-10). The absolute refiectances at 0.400 and 0.565um
decrease with increasing glass content in both the laboratory and lunar samples. However, the
relative decrease in 0.565um 1eflectance is greater than at 0.400um in the laboratory samples
and the ratio increases with increasing glass content, opposite to the trend for Junar samples.

The ultraviolet and shorter wavelength visible spectral regions are strongly affected by
crystal field transitions (Abu-Eid, 1976). The differences in oxidation states of the most
common transition series elements in lunar materials (Fe and Ti) may account for the spectral
differences in this wavelength region (Burns er al., 1972; Bell & Mao, 1974; Mao et al., 1974:
Bell et al., 1976; 1978). Straight line continua, tangent to lunar telescopic reflectance spectra

on either side of the absorption feature near 1um, are commenly divided out in an effort to
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isolate and cnhance malic silicate absorption bands (c.g. Farr et al., 1980; McCord et al.,
1981). The laboratory glass spectra, being broadly similar to lunar agglutinates/glasses are
useful for evaluating different continuum removal procedures. Sample L3 was used as a
bascline because it is glass-frec. On the basis of no continuum removal, increasing glass
content shifts both Band 1 and Band Il minima towards shorter wavelengths. The shift is
accelerated if the glass is fine-grained.

A single straight line continuum, divided out of the sample spectra, accurately
teproduces the 1.3 Band 1 wavelength position for <75 wt. % 45-90um sized glass, while the
Band 11 position is shifted towards progressively shorter wavelength with increasing glass
content. The band centers determined in this way for the sample coniaining 0-4Sum-sized
glass (1.29) arc at higher than anticipated waveleag b+ {Vable v -1), Gverall, the sample
spectra divided by the glass spectrum which bes beon sizled to tangency at the peak in the
sample spectra near 1.dum produce the most «« nsisient band positions irrespective of glass
abundance. The band position of the mafic silicates in the L.29 spectrum cannot be
reproduced. This suggests that the shape of the glass reflectance spectrum is sensitive to the
particle size of the glass and continuum removal using glass spectra must be undertaken with
an accurate knowledge of the glass sy-ctrum,

Pyroxene is the most common lunar mafic silicate (Smith, 1974). The wavelength
position of its absorption band centers are sensitive to iron and calcium content (Adams &
McCord, 1972; Adams, 1974). In many lunar tclescopic spectra, mafic silicate absorption
bands do not show a ictlectance minimum, instead appearing as inflections on an overall red
slope. Tt is necessary to determine the absorption band centers in order to determine the mafic
sthicate compositions and abundances. A straight line continuum seems to work reasonably
well because it s casily constructed and provides good estimates of Band | positions over a
wide range of glass contents. A more compley continuum, based on glass spectra, is
potentially more useful, but at this stage, ne: enough is known about the spectral properties

of Tunar glasses to permit its widespread application. Spectral deconvolution procedures based
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on absorption band arcas cannot be applied at present to lunar remote sensing data because
the variations seen in the laboratory spectra have not yet been corrclated with the mafic
silicates. All the samples measured are olivine-frec and should have nearly identical 11°/1® arca
ratios (Cloutis et al., 1986b). The variability shows that further work is r-quired to develop
viable band arca spectral calibrations.

If lunar agglutinates do not show spectral variability, except perhaps in overall
reflectance, as a function of exposure time and chemistry, continuum removal procedures
based on a common glass spectrum would be possible. The silicate absorption band centers
could be reconstructed to within a few nanometers of the agglutinate- or glass-free samples,
and from this, the abundances and ferrous iron contents of the mafic silicates could be
determined (Adams & McCord, 1972; Adams, 1974; Cloutis, 1985; King & Ridicy, 1987).

The available reflectance spectra of evaporated and recondensed metcorites show
generally featureless red -sloped reflectance spectra with no evidence for crystal ficld
absorption bands (King er a/., 1983). The spectra show a five-fold increase in reflectance
from 0.5 to 2.5um- similar to the laboratory glasses presented here. The flattening out of the
laboratory glasses at shorter wavelengths is not seen in the metcoritic condensates which more
closely resemble lunar glasses. The evidence for widespread agglutinates on asteroid surfaces is
ambiguous (Cloutis ef al., 1989). If signifticant amounts of agglutinates are present, then the
asteroidal spectra may be amenable to analysis using the techniques devcloped for lunar

samples.
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Table V-1. Chemical analyses of the pyroxene (PYX032), plagioclase (PLG108),ilmenite
(11.LM101), and glasses L2, L31, and L32 used in this study.

Wi % PYX032 PLGI08 11.M10] L2 L31 L32
Si0, 50.21 46.55 0.20 45.67 46.09 48.30
AlL,0, 1.24 32,70 0.11 11.22 11.12 12.71
FeQ 23.65 N.D. 4520 20.40°  20.53° 18.7§?
Fe,0, S.11 0.64! -

MgO 17.57 0.04 0.02 11.14 11.02 11.33
Ca0 1.59 17.28 0.1] 6.44 6.39 7.11
Na,0 0.00 1.71 0.08 0.7 0.55 0.71
TiO, 0.19 0.0§ 51.49 3.59 3.66 0.57
Cr,0, 0.04 0.03 0.01 N.D. N.D. N.D.
V,0;, <0.01 0.01 N.D. N.D. N.D. N.D.
CoO 0.06 0.03 0.02 N.D. N.D. N.D.
NiO 0.01 0.09 0.00 N.D. N.D. N.D.
Mn0O 0.53 0.01 0.01 0.28 0.26 0.3]
K0 N.D. 0.02 0.00 N.D. N.D. N.D.

TOTAL 100.20 99.16 97.25 99.45 99.62 99.79

Number of lons®

Si 1.920 8.655

Al 0.056 7.158
Y <0.001 0.001
Ti 0.005 0.007
Cr 0.001 0.9504
Fet 0.147 0.089
e 0.756 --
Mg 1.002 0.011
Ca 0.065 3.439
Co 0.002 0.006
Ni Ir. 0.013
Mn n.017 0.001
Sr - 0.003
Ra -- 0.002
Zn .- 0.002
Na .- 0.6l6
K .- 0.004

Total 39 20.014

N.D.= Not determined.

" All be reported as Fe,0,

* All e reported as FeO

- Calculated on the basis of 6 oxvgen for pyroxene, 32 oxygen for plagioclase. Structural
formula not provided for ilmenite because of Jack of Fe, 0, data.
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Table V-2, Mineral and glass weight percentages in the various spectrally characterized
samples. PYX = pyroxene, PLG = plagioclase, ILM = ilmenite, GLA= glass. For particular
sample descriptions see the text.

Sample PYX PLG ILM GLA
4

L] 50.0 20.0 5.0 25.0
L2 0.0 0.0 0.0 100.0
L3 66.7 26.7 6.7 0.0
L8 50.0 20.0 5.0 25.0
L9 66.7 26.7 6.7 0.0
L26 33.3 13.3 33 50.0
L27 16.7 6.7 1.7 75.0
L28 52.6 21.1 0.0 26.3
L29 33.3 13.3 3.3 50.0
L30 3.3 13.3 33 50.0
L3l 0.0 0.0 0.0 100.0
L32 0.0 0.0 0.0 100.0
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Table V-3. Spectral properties of selected samples. Columns 2 & 3- Band I and Band 11
minima of uncorrected spectra; columns 4 & S- Band I and Band 1] centers after division by a
straight lin¢ continuum; columns 6 & 7- Band 1 and Band II venters after division by a scaled
1.2 glass spectrum; columns 8- Rand [1*/Band I°® area ratio (Cloutis e al., 1986b) for straight
line continuum removed spectra; and column 9- same as column 8 for glass continuum
removed spectya. All band positions are in microns.

Sample Band Minima Rand Centers BRand Centers Area Arep
l fl | I ] n Ratio Ratio

0.925 1.946 0.937 1.991 0.925 2.037 2.02 2.73
0.926 1.927 0.938 1.975 0.925 2.043 1.69 3.5]
0.919 1.907 0.938 1.952 0.920 2.046 1.20 3N
0.918 1.82] 0.944 1.940 0.924 2.053 0.41 4.05
0.902 1.844 0.954 2.003 0.904 2.235 . .
0.922 1.933 0.936 1.979 -~ -

— o o — —
. . . N . N
PP NI ND =
oC O~




157

"SIMIXIW 31 Ul pasn (TOTIN'TI) 3w
3 JO UONDEIJ PITS-WH()6-SH Y J0 wnndads 3IULIIBJ3I ANOsSqY “1- A dindtg

SUOJOIN U] Uibusjarem

ove Ole¢ 081 oSl 0cl 060 090 Of0

— T 1 T T 1 71 90
| J
0 >
100 >
®
[ o
g =
u IQOOAU
: |
@D
.
O
1'
I - N
>
- | dovo §
i ]
'S BT RO T DU SR S S N | IO 1 1 | : 1 1 3 PP.O




158

*SaInIxXIw
sg1 vy pesn (2a1nd 1addn ‘go1H1d) ssepoorderd pue (9AInd 13mof ‘ZTEOXAd) dusxor4d
SY3 JO SUOIIdRI} PIZIS-WT(6- Sy Yl JO BIIDAdS 30URI[Ja1 :INOSqQY ‘Z- A 231

SUOJDIN U| yibusjanepm
ov<e 0l<¢ 081 0G'l 0cl 060 090 0€0

T T T T T T O0.0

v - v [ — L L3 — T [ — | 4 14 — {

x>

1020 J

o

c

=

4

ov'o M

=+

L i @D
O

2

Q0

= 090 3
D

L - L} ] _ 1 1 — 1 1 — 1 1 \— 1 1 — L 1 — 1 J Omoo



159

"(39mo01) 71 pue “(3[pprar) 11
*(35ddn) ¢ sojdures pazis-wrs-Sp Y3 Jo erdads SoUBIIS[JII AN[OSqY “£-A JInFig

SUOJOIN U] yibuajanem
oy ol\7 oe’l 06l oclt 060 090 0g0
¥ — [} 1 4 T T

T T T T T T oo.o

~

T T T '

010

-10¢0

—0t0

90UR)O8|}8Y 81Nj0Sqy

— 0¥ 0




160

ov'e

ot¢

‘BnUIIUOD aul] WYSIe1ls 4q
uoIstAIp 1231Je (1amof) €1 pue (Jaddn) 11 ss(dwes jo eridoads aoueldo[jey "v-A In31g

SUOIOIN U| uibuajarem

L4

!

I

0el oSl 0cl 060 090 0€0 _.
¥ ‘ [ L4 ~ L4 ¥ - T T ﬁ L4 ¥ ONO

L — ¥

-ovro H
—

o

®

loso &
090 -
)

: =
@

o
-080 5+
\\ S
| o
@

- 001




161

*(SITB13p 103 1X31 as) wnadads 7 pereds 3 &
COISTAID 13138 (13m0[) €7 pue (1addn) {1 soidwres jo enodads DUBIDYIY *S-A omummm

SUOJOIN U] Uibusjenem
(1) 44 Olte 0e’l 06l 0cl 060 090 0€0

| T T ] T T | ON.O

[ 8 - 5 [ - [} - ¥ — [ 4 — ¥
0¥'0
]
=
090 @
Q.
1 &
v
—4080 =
(¢
i (@)
‘l’l
o
-001 3
| D
—402'1
[ h L [ — [ 1 [ 1 ~ | 8 1 ~ f f ~ ] 1 b 1 1 ~ i I3




162

or¢ ol¢ oel 0¢1 ocl 060 090 0€0

*(32m01) 177 pue (32ddn) g7 sojdwes jo enoads OUBIIS[JAI IIN[OSqY G- A 2INSL]

SUOJDI Ul ulbuajoaem

1 T T T T T 1 T T | T [ T T T T [ T T Oo.o
&
010 3
o
—
4]
‘0 O
omoe
=+
D
P)
—t
02
0€0 o
4
— 1 | — I 3 p L [ — 1 1 b I 1 — L i _ { L OAV.O



163

*(1am0f)
€1 pue (22ddn) g7 soidures 2013-sse[S | 2nosads s0uwId3|SI ANOSAY L-A am3ig

SUOJOIN U] Ulbuajarem
Ove Olc 08l 0S1 oct 060 0¢0 om.nm 0
T 4 T T T T T T T ] T v

LN | ] 7 |
OSW
w
~
c
020 g
L
14))
.
00 @
O
‘lT
Q
S
or0 o
(1 | I O | . 1 i i L | L 1 L 1 L } L L _ 1 1 Omo



164

"(SSEI3 % "1 00T) T -(SSBI® % “Im SL} LTT -(SSEI8 % 1M 0S) 9TT - (sse[d
% "1 ST) 11 -(SSBI8 9 "1 () €7 :30udnbas Syl Ul SISBIIOIP 3DUEIIIJAI [[BIAQ
*Juaju00 sse8 Surseardur Y sojdures Jo eI309dS 9OURIOSIJII AIN[OSqY *§-A InSLg

SUOJOIN U] uibusjeaep
obe Ole 081 0SS 021 060 090 0F€0

[ — ¥ [ — [} — ¥ 1) — ¥ — [ I — L ¥ _ ¥ T oo.o
!
&
- 010 &
o
i c
c
)]
4020 %
—
i D
P
\IOI
a5
~0€0 3
D

—— 00



165

: €T-1T1-97T-LT1-T1
2ou3nbes oY) U3 95BII39p BWIUTW [] PuRg PUE | pueg U1 1B 3IUEI[JAI
SUL "¢ PUE ‘L7 ‘97T ‘1T €71 soidwes jo endads s0UEINA[JAI PIZIEULION “6- A ISt

SUOJDIN U] Uibusjarem

G¥'c oi¢ 08l o<l 0cl 060 090 0€0

T i T T 4 T 1 T T 1 T T ] LI | T T T T T QQ.O
Z
001 O
—
3
o
002 o
Q.
20
D
— —<400¢€ =
4]
| P
i —
QO
_ . —~oov &
@D
[y - ! g — L L — L i b 1 [} _ 1 1 - [ (N — L [ oo.m




166

OLLVY w7s95°0-00¥"0

gaL'e

8: so;
T T
wle

Te (77 71 ® g

STINS FANLVAINI

gr1e !

STOS TANLYVIX

(yL61
‘qv 12 snarey) wosj paidepe) pssodwuradns Apnis syl worj sitiod 3OS Yilm 1U31W0D
sSe[d pue DI JO LONOUNJ B SR JUPRIIS|ISI WTEGE NI N JO HONEBIIRA ‘Nl-A sIndig

93'?

28'y

83’9

ga's

‘OLL INFDTAd LHOIIM



167

CT-TT-9CT- LT
souanbas 3yl Ul SISBIIINP BWIUTW PUTq 3Y1 18 33URIISYSY TNUNUO0I 501 iydrens
Aq GOISIAIp I31e ‘L7 PU® "9TT "1 "¢ ssidwes jo endxds ouz1dayyay "11-4 3mdig

suoJoIpy U| yibuajorem
ov¢ ol1¢ 08l 061 0ci 060 C90 0€0
[ 4 _ 1 4 1 § — ¥ T 1 i

T T T T T . O N.O

u ¥ ¥ 1|-N i ~ 1]

070

001

90UR)03|}8Y paoliey




168

"€1-T7T-9277-L27 3duanbas sy1 ur saseardssp
BUIlUlW pueq 3l 1B 3DUBII[J3Y “S[IBIIP 10] 1X31 335 -winndsds ssed 777 paress ay
Aq UOISIAIp I21Je £7] PU® ‘97T ‘17 ‘¢ sedwes JO BI23dS 30uR1D[JaY "ZT-A 2Indig

SUOJDIN U| Uibusjaaem

ove Ol<¢ 08l 0S1 oc't 060 090 0€0 _.
[J - Ls L] —‘ 1 J ¥ — v L § — T 1 4 — [ 4 L “ ¥ ¥ — 1 . ON o

090

J.//\ 4 080
v / \-8._

- . 4 —10¢}

— ——

9oUR}Os|JaY paoliey




169

ovc

ol¢

"6¢1 pue 17 ssidwes jo endsds 30URIASYAI SINJOSQY “¢1- 4 3indig

SUOJOIN U Uibusiane
081 061 02t 060 0SS0 O0€0

o

L3

|

¥ ¥ ﬁ T

— T ¥ q L ~ ¥ } — U I OO-O

90UR08|18Y 8IN|0SqY

-1 0€0




170

*(1addn) z¢1 pue (23mor) 71 sojdwes jo eridads 30UBII3[JAI 21N[OSQY “H[- A 21n31g

SUOJOIN U] Uibusjenem

ov¢ Oti¢ ogl 06t 0¢dl 060 090 0€0
[ — ] 4 — ¥ L T 14 T

T 1 —— 1 71 000
¢00
00
300
800

00

90UR1D3|J8Y 9IN0SqY

¢to

{ 1 L ! | I 1 | 1 : i 1 L 1 ! ! 1 ! ! ! ! _Il_.ﬁ\_v.o




)

871 pue 1] ssidwes jo e133ds 3dUrBIIIJAI njosqy §T-A am3ig

SUOJOIW Ul yibusjanepm
obz 0!z 08F 0SL 02l 060 090 0f£0

L 8 — ¥ | — | 4 — ¥ —‘ T — 13 — T T — 1 T oo-o
>
O
3
040 =
1'
Q)]
o)
Q)
=
D
020 &%
QO
=
®]
Q)]

0€0



172

"(35ddn) 777 pue (19mo]) 1€ sedwes jo en1dads 2dUBIIA[JAI SIN[OSqY "97-A 2In31

SUOJOIN U} yjbuajanep,

()44

ole

0®l

061

¢l

06

0

|

o

4

T

!

T

0

T

{

900

800

010

— 210

50UR}08|J8Y 81njosSqy



173

A. REFERENCES

Abu-Eid, R.M. 1976. Absorption spectra of transition metal-bearing minerals at high
pressures. In The Physics and Chemistry of Minerals and Rocks (R.G.). Strens,
Ed.), pp. 641-675. Wiley & Sons, London.

Adams, J.B. 1974, Visible and near-infrarcd diffuse reflectance spectra of pyroxencs as
applied to remote sensing of solid objects in the solar system. Jour. Geophys. Res.
79, 4829-4836.

Adams, J.B. 1975, Interpretation of visible and near-infrared diffuse reflectance spectra of
pyroxenes and other rock-forming minerals. In Infrared and Raman Spectroscopy of
Lunar and Terrestrial Minerals (C. Karr Jr,, Ed.), pp. 91-116. Academic Press, New
York.

Adams, J.B., and M.P. Charette 1975. Spectral reflectance of highland rock types at Apolle
17: Evidence from boulder 1, station 2. The Moon 14, 483-489.

Adams, J.B., and A.L. Filice 1967. Spectral r ectance 0.4 to 2.0 microns of silicate rock
powders. Jour. Geophys. Res. 72, 5705-5715.

Adams, J.B., and L.H. Goullaud 1978. Plagioclasc feldspars: Visible and near infrared diffusc
reflectance spectra as applied to remote sensing. Proc. Lunar Plan. Sci. Conf. 9th,
2901-2909.

Adams, J.B., and T.B. McCord 1971a. Altcration of lunar optical propertics: Age and
composition effects. Science 171, 567-571.

Adams, J.B., and T.B. McCord 1971b. Optical properties of mincral separates, glass, and
anorthositic fragments from Apollo mare samples. Proc. Second Lunar Sci. Conf.,
2183-2195.

Adams, J.B., and T.B. McCord 1972. Electronic spectra of pyroxencs and interpretation «
telescopic spectral reflectivity curves of the Moon. Proc. Third Lunar Sci. Conf.,
3021-3034.

Adams, J.B., and T.B. McCord 1973. Vitrification darkening in the lunar highlands and
identification of Descartes material at the Apollo 16 site. Proc. Fourth Lunar Sci.
Conf., 163-177.

Adams, J.B., C. Picters, and T.B. McCord 1974. Orange glass: Evidence for regional depos 's



174

of pyroclastic origin on the Moon. Proc. Fifth Lunar Conf., 171-186.

Adams, J.B., F. Horz, and R.V. Gibbons 1979. Effects of shock-loading on the reflectance
spectra of plagioclase, pyroxene and glass. Lunar Plan. Sci. Conf. X, 1-3.

Aoyama, T., T. Hiroi, M. Miyamoto, and H. Takeda 1987. Absorption spectra and bulk
chemical compositions of achondritic polymict breccias with reference to
characterization of the surface of Vesta-like asteroids. Lunar Plan. Sci. Conf. XVIII,

27-28.

Rell, J.F., and B.R. Hawke 1984. Lunar dark-haloed impact craters: Origin and implications
for carly mare volcanism. Jour. Geophys. Res. 89, 6899-6910.

Bell, P.M., and H K. Mao 1974. Crystal-field spectra of Fe?* and Fe®* in synthetic basaltic
glass as a function of oxygen fugacity. Carnegie Inst. Wash. Yearb. 73, 496-497,

Bell, P.M., H.K. Mao, and R.A. Weeks 1976. A study of the oxidation states of iron and
titanium in synthetic glasses of lunar basalt composition. Carnegie Inst. Wash. Yearb.

75, 688-695.

Bell, P.M., HK. Mao, and R.M. Hazen 1978. Luna 24 glass fragments: A study of soil
samples recovered from the Russian Luna 24 mission to Mare Crisium. Carnegie
Inst. Wash. Yearb. 77, 855-866.

Bruckenthal, E.A., and C.M. Pieters 1984. Spectral eftects of natural shock on plagioclase
feldspar. Lunar Plan. Sci. Conf. XV, 96-97.

Burns, R.G. 1970a. Crystal ficld spectra and evidence of cation ordering in olivine minerals.
Amer. Mineral. 58, 1608-1632,

Burns, R.G. 1970b. Mineralogical Applications of Crystal Field Theory. Cambridge University
Press, Cambridge.

Burns, R.G., F.E. Huggins, and R.M. Abu-Eid 1972. Polarized absorption spectra of single
crystals of lunar pyroxenes and olivines. Moon 4, 93-102.

Charette, M.P., T.B. McCord, C. Pieters, and J.3. Adams 1974, Application of remot~
spectral reflectance meacurements to lunar geology classification and determin...on
ol titanium content of lunar soils. Jour. Geophys. Res. 79, 1606-1613.

Clark, R.N. 1980. A large-scale interac.ive one dimensional array processing system. Publ.
Astron. Soc. Pacific 92, 221-224.



17§

Clark, R.N., and T.L. Roush 1984. Reflectance spectroscopy: Quantitative analysis
techniques for remote sensing applications. Jour. Geophys. Res. 89, 6329-6340.

Cloutis, E.A. 1985, Interpretive Techniques for Reflectance Spectra of Mafic Si'icates. M .Sc.
Thesis, Unijversity of Hawaii.

Cloutis, E.A., M.J. Gaffey, R. St J. Lambert, and D.G.W. Smith 1986a. The quality of
geological information derivable from high resolution reflectance spectra: Results for
mafic silicates. Proc. 10th Canadian Symp. Rem. Sens., 309-318.

Cloutis, E.A., M.J. Gaffey, T.L. Jackowski, and K.L. Reed 1986b. Calibrations of phasc
abundance, composition, and particle size distribution for olivinc-orthopyroxene
mixtures from reflectance spectra. Jour. Geophys. Res. 91, 11641-11653.

Cloutis, E.A., M.J. Gaffey, D.G.W. Smith, and R. St J. Lambert 1989, Reflcctance spectra
of mafic silicate-opaque assemblages with applications 10 meteorite spectra. submitted
to Icarus, 49 pp.

Conel, J.E., and D.B. Nash 1970. Spectral reflectance and albedo of Apollo 11 lunar samples:
Effects of irradiation and vitrification and comparison with telescopic obscrvations.
Proc. Apollo 11 Lunar Sci. Conf., 2013-2023.

Crown, D.A., and C.M. Pieters 1987, Spectral properties of plagioclase and pyroxene mixwures
and the interpretation of lunar soil spectra. /carus 72, 492-506.

Delano, J.W. 1986. Pristine lunar glass: Criteria, data, and implications. Proc. Lunar Plan.
Sci. Conf. 16th, Jour. Geophys. Res. 91, D201-D213.

Farr, T G., B.A. Bates, R.L. Ralph, and J.B. Adams 1980. Effects of overlapping optical
absorption bands of pyroxene and glass cu the reflectance spectra of lunar soils.
Proc. Lunar Plan. Sci. Conf. 11th, 719-729,

Horz, F., M.J. Cintalz, S. Olds, T.H. Sec, and F. Cardc:.as 1985. Experimental regolith
evolution; Differential comminution of plagioclase, pyroxene and olivine. Lunar
Plan. Sci. Conf. XVI, 362-363.

Housen, K.R., and L.L. Wilkening 1982. Regoliths on small bodies in the solar sysiem. Ann.
Rev. Earth Plan. Sci. 10, 355-376,

Housen, K.R., L.L. Wilkening, C.R. Chapman, and R. Greenberg 1979a. Asteroidal
regoliths. /carus 39, 317-351.



176

Housen, K.R., L.L. Wilkening, C.R. Chapman, and R.J. Greenberg 1979b. Regolith
development and evolution on asteroids and the moon. In Asteroids (T. Gehrels,
Ed.), pp. 601-627. University of Arizona Press, Tucson.

Hughes, S.5., J.W. Delano, and R.A. Schmitt 1988. Apollo 15 yellow-brown volcanic glass:
Chemistry and petrogenetic relations to green volcanic glass and olivine normative
mare basalts. Geochim. Cosmochim. Acta §2, 2379-2391.

Huni, G.R., and J.W. Salisbury 1970. Visible and near-infrared spectra of minerals and
rocks: I Silicate minerals. Mod. Geol. 1, 283-300.

Hunt, G.R., J.W, Salisbury, and C.J. Lenhoff 1971. Visible and near-infrared spectra of
mincrals and rocks: I1l. Oxides and hydroxides. Mod. Geol. 2, 195-208.

King, T.V.V., and W.I. Ridley 1987. Relation of the spectroscopic reflectance of olivine to
mineral chemistry and some remote sensing implications. Jour. Geophys. Res. 92,
11457-11469.

King, T.V.V., M.J. Gaffey, and E.A. King 1983. Spectral reflectance measurements and
surface characteristics of meteoritic condensates from solar furnace experiments.

Lunar Plan. Sci. Conf. X1V, 371-372,

King, T.V.V., M.J. Gaffey, and L.A. McFadden 1984. Evidence for regolith maturation on
asteroids. Lunar Plan. Sci. Conf. XV, 429-430.

Laul, ).C., and J.J. Papike 1980. The Apollo 17 drill core: Chemistry of size fractions and the
nature of the fused soil components. Proc. Lunar Plan. Sci. Conf. 11th, 1395-1414,

Laul, J.C., O.D. Rede, S.B. Simon, and J.J. Papike 1987. The lunar regolith: Chemistry and
petrology of Luna 24 grain size fractions. Geochim. Cosmochim. Acta 51, 661-673.

Lucey, P.G.. B.R. Hawke, C.M. Pieters, J.W. Head, and T.B. McCord 1986. A
compositional study of the .\ristarchus region of the Moon using near-infrared
reflectance spectroscopy. Proc. Sixteenth Lunar Plan. Sci. Conf.; Jour. Geophys.
Res. 91, 344-354.

Mao, H.K., A, El Goresy, and P.M. Bell 1974, Evidence of extensive chemical reduction in
lunar regolith samples from the Apollo 17 site. Proc. Fifth Lunar Conf., 673-683.

McFadden, L.A. 1982a. S-type asteroids and their iclation to ordinary chondrites. Meteoritics
18, 352-353.



1M

McFadden, L.A. 1983b. Reflectance characteristics of some Antarctic meteorites and their
selation to asteroid surface composition. Bull. Amer. Astron. Soc. 18, 827.

McFadden, L.A., and M.J. Gaffey 1978. Calibration of quantitative mineral abundances
determined from meteorite reflection spectra and applications to solar system objects.
Meteoritics 13, 556-557.

Nash, D.B., and J.E. Conel 1973. Vitrification darkening of rock powders: Implications for
optical properties of the lunar surface. The Moon 8, 346-364.

Nash, ..., and J.E. Conel 1974, Spectral reflectance systematics for mixtures of powdered
hypersthene, labradorite and ilmenite. Jour. Geophys. Res. 79, 1615-1621.

Papike, J.J., S.B. Simon, C. White, and J.C. Laul 1981. The relationship of the lunar regolith
<10um fraction and agglutinates. Part 1: A model for agglutinate formation and
some indirect supportive evidence. Proc. Lunar Plan. Sci. Conf. 12th, 409-420.

Papike, J.J., S.B. Simon, and J.C. Laul 1982. The lunar regolith: Chemistry, mincralogy, and
petrology. Rev. Geophys. Space Phys. 20, 761-826.

Pieters, C.M. 1982. Copernicus crater central peak: Lunar mountain of unique composition.
Science 218, 59-61.

Pieters, C.M. 1983. Strength of mineral absorption features in the transmitted component of
near-infrared light: First results from RELAB. Jour. Geophys. Res. 88, 9534-9544.

Pieters, C.M. 1984. Asteroid-meteorite connection: Regolith effects implied by lunar
reflectance spectra. Meteoritics 19, 290-291.

Pieters, C.M. 1986. Composition of the lunar highland crust from near-infrared spectroscopy.
Rev. Geophys. 24, 557-578.

Pieters, C.M., and J.F. Mustard 1988. Exploration of crustal/mantle material for the Earth
and Moon using reflectance spectroscopy. Rem. Sens. Envir. 24, 151-178.

See, T.H., and F. Horz 1988. Formation of agglutinate-like particles in an experimental
regolith. Proc. Eighteenth Lunar Plan. Sci. Conf., 423-434,

Simon, S.B., J.J. Papike, F. Horz, and T.H. See 1986. An cxperimental investigation of
agglutinate melting mechanisms: Shocked mixtures of Apollo 11 and 16 soils. Proc.
Seventeenth Lunar Pian. Sci. Conf., Jour. Geophys. Res. 91, E64-E74.



178

Smith, J.V. 1974. Lunar mineralogy: A heavenly detective story. Presidential Address, Part I.
Amer. Mineral. 89, 231-243,

Smith, J.V., and 1.M. Steele 1976. Lunar mineralogy: A heavenly detective story. Part II.
Amer. Mineral. 61, 1059-1116.

Taylor, S.R. 1982, Planetary Science: A Lunar Perspective. Lunar & Planetary Institute,
Houston.

Weidner, V.R., and J.J. Hsia 1981. Reflection properties of pressed polytetrafinoroecthylene
powder. Jour. Opt. Soc. Amer. 71, 856-861.



VI. CONCLUSION

The analysis of remotely sensed reflectance spectra of many targets in the solar system
is hampered by the lack of laboratory data on the spectral properties of candidate materials.
Aside from the Earth, the only other body for which geological samples {rom a known
locality are available is the Moon. Consequently, exploration of inaccessible targets is best
accomplished through remote sensing. A number of candidate materials for various targets in
¥~ inner solar system were spectrally characterized in the laboratory.

One of the main goals of this study is to understand the spectral reflectance propertics
of asteroids. Main-belt asteroids generally reside in the region between Mars and Jupiter. This
region is also the boundary between the small, rocky inner planets (Mercury, Venus, Earth,
Mars) and the giant, outer, gas-rich planets (Jupiter, Saturn, Uranus, Neptune). Determining
the compositional structure of the main asteroid belt has important implications for
understanding the reasons for the difference between the inner and outer solar system, for
theories concerning the origin of the asteroid belt, and for the origin and evolution of the
solar system (Gaffey, 1984; Bell, 1986; Gaffey, 1986; 1988).

The surface mineralogies of the various asteroid classes arc poorly known at present.
Different interpretation have been advanced for most of the major asteroid classes. The
laboratory reflectance spectra are an attempt to reduce some of the uncertainties in spectral
interpretation and to reconcile the spectral data with other observational data such as
photopolarimetry and radiometry.

The mafic silicate + metal spectra are most relevant to the interpretation of S- and
A-class asteroid spectra (Bell et al., 1984; Gaffey, 1984). These two classes comprisc a
substantial fraction of the inner main belt asteroids (Gradie & Tedesco, 1982). Asteroid (8)
Flora was selected for spectral analysis because it is one of the most well characterized of the
S-class asteroids. Its telescopic spectra, analyzed on the basis of the laboratory spectra,
suggests a surface assemblage consisting of “50 wt. % metal, “40 wt. % olivine (Fa=35130),

~10 wt. % orthopyroxene (Fs=30:3i, and perhaps a few weight percent clinopyroxene. A
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significant portion of the optically active surface consists of ine-grained ( <4Sum size)
material. Other observational data, such as radar and polarimetric observations, arc
compatible with such an assemblage. The closest meteorite analogues to Flora are the
pallasites and lodranites. However, the pallasites contain less pyroxene than is indicated for
Flora, while the most compatible lodranite is deficient in metal relative to Flora.

Less observational data are available for the A-class asteroids, but the best
characterized member of this group is probably (446) Acternitas. The reflectance spectrum of
Aeternitas is interpreted as indicating a surface assemblage of “35 wt. % metal, ~55 wt. %
olivine (Fa=20+£10), ~3 wt. % orthopyroxenc (Fs<45), and 7 wt. % clinopyroxenc (Fs<17).
A substantial finc-grained (<d5um sizc) surface component is probably present. The Eagle
Station sub-group of pallasites have similar metal:olivine ratios and olivine compositions 10
those derived for Aeternitas. These meteorites contain almost no pyroxenc which seems to be
a necessary surface component on Aclernitas.

The inner part of the main asteroid belt is dominated by the S, A, M and E classes of
asteroids (Gradic & Tedesco, 1982). The reflectance spectra of the M- and E-classes are
largely devoid of well-acfined absorption bands. The laboratory reflectance spectra of a
number of materials exhibiting no well-defined absorptivu bands, which are possible
candidates for the surfaces of M- and E-class asteroids, were measured. In the absence of
absorption bands, spectral features such as slopes and wavelength positions of inflection
points can be used to distinguish the different matcrials. The closest spectral analogue to the
largest M-class asteroid, (16) Psychz, is very finc-grained ( < <4Sum size) metal, although an
enstatite chondrite-like surface assemblage for this asteroid cannot be ruled out. This
assignment is based almost exclusively on the overall slope and inflection point present in the
reflectance spectrum of Psyche. Polarimetric and radar ¢4ta are entirely consistent with a
metal-rich surface assemblage on Psyche.

OF the E-ass asteroids, (44) Nysa, was sclected for analysis because high-quality

spectral data are ava:lable for this asteroid. The high absolute reflectance of this object s
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most consistent with a surface composed of materials similar to those found in aubrites. A
number of weak absorption bands present in the spectrum of Nysa can perhaps be attributed
1o 2 matetial similar to the chondritic inclusions found in the Cumberland Falls and
ALH78113 aubrites. However, this assignment is not def inite because the reflectance spectra
of these inclusions and similar carbonaceous chondrites have not been measured. The strength
of the absorption bands and overall reflectance spectrum of Nysa suggests a surface composed
of ~90 wt. % iron-poor enstatite (Fs<1), perhaps with minor metal and troilite, and up to 10
wt. % of a matcrial similar to the Cumberland Falls dark, chondritic inclusions. The
polarimetric data are consistent with this assignment. Both polarimetric and spectral data
suggest that a substantial portion of the surface of Nysa is composed of fine-grained (<45um
size) materials.

Mafic silicate +opaquc laboratory spectra have different spectral propertics than mafic
silicate + metal assemblages, and their spectra can be analyzed using spectral deconvolution
techniques developed for mafic silicates (Cloutis ef al., 1986a, 1986b). In cases wherc maf ic
silicate absorption bands are resolvable, which may be the case for many dark asteroids
(Gaffey, 1978; 1980; Vilas & Gaffey, 1989), the abundances and major clement compositions
of the mafic silicate phases may be determinable.

Mafic silicate + glass laboratory spectra may be applicable to the analysis of some
asteroid spectra that have feateres similar 1o glass-rich assemblages (King ef al., 1983;
McFadden, 1983a, 1983b; King er al., 1984; Picters, 1984), and to lunar remolc sensing. It
may be possible to reconstruct mafic silicate absorption band positions if the glass spectrum
can be accurately reproduced and divided out of the spectrum. Knowing the absorption band
positions would place severe constraints on possible mafic silicate compositions and
abundances.

The interpreted surface assemblages of the various representative members of the
major inner main belt asteroid groups SURgests that the abundances of meteorites on the Earth

do not correspond 1o asteroidal abundances. The S-asteroids, and perhaps the A-asteroids,
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may be unrepresented in terrestrial meteorite collections. If the spectroscopic interpretations
are relaxed slightly, the closest meteorite analogues arc among the rarest groups- lodranites
and pallasites. The M- and E-class asteroids seem to be related to the iron meteorites and
enstatite achondrites (aubrites), respectively. The S-, A-, M- and E-class asteroids are all
interpreted as differentiated assemblages although the differentiation process on S and A
asteroids does not appear to have been of sufficient intensity to cause widepread
differentiation and gravitational separation of materials. The interpretation of the
observational data for one M-class asteroid does not definitively support its being a
differentiated object. Current theories suggesting that inner main belt asteroids were severely
heated (Bell, 1986) support the case for the M-class asteroids being differentiated objects.

Most lunar telescopic spectra, and a few astcroidal spectra, show a strong red slope
(reflectance increasing towards longer wavelengths) duc to the presence of glass or
agglutinates (Bell & Hawke, 1984: Lucey et al., 1986; Picters, 1986). While the laboratory
spectra of mafic silicates +glass f ail 1o reproduce this cffect at shorter wavelengths, the results
suggest that current spectral deconvolution techniques arc generally adequatc for restoring
mafic silicate absorption band positions to within a few nanometers of the unaltered speetra.
Better results would be achieved by dividing out an accurate glass spectrum. This may be
possible in the lunar case if, as suspected, all lunar agglutinates arc spectrally quite similar.
Final resolution of this issuc will increase the quantity and quality of geological information
derivable from lunar telescopic spectra.

Although not explicitly dealt with, the results of this study are potentially applicable
to other bodies in the inner solar system. Reflectance spectra of Mercury have been
interpreted as perhaps indicating the presence of mafic silicates, although thermal emission
complicates the spectral interpretation (McCord & Clark, 1979). If future surface landers on
Venus are equipped with spectrometers capable of imaging the surface at a number of
wavelengths, it may be possible to derive mineralogical information from these data for

regions inferred to possess basaltic surface assemblages (Surkov et al., 1983). As spatial and
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spuctral resolution of terrestrial remote sensing systems improves, detailed analysis of basaltic
exposures will become more { easible (Pieters & Mustard, 1988). Mear-Earth asteroid spectra
are also amenable to analysis, particularly as the quality of the telescopic data improvos
(Mc¥adden, 1983c). Meteoritical evidence, and telescopic and spacecraft data suggest that
relatively unaltered basaltic regions may exist on Mars (Lucchitta, 1981; Wood & Ashwal,
1981: Singer, 1982; Huguenin, 1987). If high spectral and spatial resolution data become
available from future missions it may be possible to identify these areas and derive
compositional information on the nature of unaltered martian crust. The martian Moons,
Phobos and Deimos, have dark, relatively f eatureless reflectance spectra (Veverka & Thomas,
1979). As the quality of the spectral data for these objects improves, weak mafic silicate
bands may well be detected. If this is the case, the spectral deconvolution techniques
developed for mafic silicates may be applicable to the analysis of these data. Clearly, the full
applications of the spectral data have yet to be realized. However, the potential applications

cncompass all the major bodies of the inner solar system.
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VII. APPENDIX
EXPERIMENTAL PROCEDURES

One of the primary aims of this project was to obtain comprehensive chemical data
for the various samples in order to strengthen potential relationships between their spectral
and chemica! properties. The procedures followed in attaining this goal are outlined below.

The various minerals used in this study were selected from a much larger suite of
chemically characterized materials. The chemical analyses represent a combination of
microprobe and wet chemical data. A number of fragments of each mineral were mounted in
epoxy discs for microprobe analysis, polished, and carbon coated. The microprobe analyses of
the olivine (OLV003), pyroxenes (PYX032, PYX117), plagiociase (PLG108), and magnetite
(MAG101) were acquired at the University of Calgary microprobe facility. The electron
microprobe was run with a beam current of 0.154A and an operating voltage of 15 keV.
Intcgration times were 20 seconds per point, with a nominal beam diameter of “1um. The
standard samples were as similar to the minerals being analyzed as possible. The elements were
analyzed using crystal spectrometers, four fixed crystals for Fe, Mg, Al, and Si, and four
adjustablc spectrometers for other elements. The average analyses given represent an average
of 4-§ point analyses. The data were reduced using Bence-Albee a and B factors.

The lunar analogue glasses (L2, L31, L32) were analyzed at the University of Alberta
clectron microprobe laboratory, using silicates as stahdards whenever possible. Operating
conditions were: 15keV operating voltage, 0.06uA probe current, and a nominal spot size of
“1um. Integration times were 40 seconds on peaks and 10 seconds on backgrouncs. Four
adjustable crystal spectrometers were available at a time. Data reduction was performed using
the Applied Rescarch Laboratory version of the MAGIC IV program. The itmenite sample
(1LM101) was analyzed at both facilities as a check on interlaboratory reproducibility. The
ferrous iron contents of the olivine, pyroxenes, glasses, and magnetite were determined by wet
chemistry. Following standard procedures, a portion of each sample was dissolved in HF and

sulfuric acid, stabilized, and titrated with a standard permanganate solution. The titrate was
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also calibrated against a known solutivi and a blank. A separate pyroxene sample was tun as
a standard to check for reproducibility. Ferrous iron contents were repeatedly reproducible to
within £0.2 mole % FeO, absolute. Ferric iron was calculated as the difference between total
and ferrous iron.

The powders required for spectral analysis were ground in an alumina mortar and
pestle and repeatedly wet sieved with acetone to produce well-constrained size fractions. The
sample of the Happy Canyon E7 chondrite was contaminated with rust. It was initially
crushed to <325um and soaked in an HCl+HNO, to dissolve the i.on oxides. Once a visible
reaction had ceased, the sample was crushed in the mortar and pestle and wet sieved with
acetone. This material was found to be >99.5% free of visible contaminants. The meteoritic
metal powder (MET101) was obtained from a visually unaltered portion of the interior of a
slice of the Odessa, TX iron meteorite. The rrotective lacquer on the sample, and any signs of
fusion crust or alteration were removed from the sample arca with an emery grinding whecl,
The cleaned area was then ground on the emery wheel (after cleaning the wheel of visible
contaminants) and the powder retained. The metal was separated from the grinding wheel
contaminants using a hand magnet. A visual inspection of the powder showed this to be an
extremely effective procedure. The metal powder was largely in the form of filamentary
shavings. A portion of this powder was swirled and gently beaten in the alumina mortar and
pestle for several minutes. This resulted in a marked alteration of the largely filamentary
particles to more equidimensional forms. Both beaten and unbeaten powders were separately
wet sieved with acetone. Upon completion of the sieving, the samples were transferred 1o a
dry nitrogen environment chamber, thoroughly purged, separated into required amounts, and
sealed in vials. The meteoritic metal powders were exposed to atmosphere for <2 days while
in the possession o1 the author. The artificial metal powders were received in scaled containers
from the various suppliers, and opened only in the environment chamber. A portion of cach
sample (2-5 grams) was transfered to separate vials, and all containers were subsequently

sealed before removal from the chamber.
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The various mincral mixtures were all made on a weight percentage basis. Each sample
totaled at least 750 mg, in order to obtain good signal:noise ratios during spectral
measurements. The weighing of the samples was accomplished using a Mettler BS Analytical
Ralance, to an accuracy of +0.2mg. The mixtures involving the ~morphous carbon were
measured using a Mettler MS microbalance, to an accuracy of +0.02mg. All mineral mixtures
were alternately gently stirred and shaken in order to homogenize them. In the case of the
amorphous carbon mixtures, approximately 15-30 minutes were required to produce a
homogeneous-appearing sample.

The glasses prepared for the lunar analogue samples were made with the 0-45um sized
mineral fractions in order to facilitate fusion. The constituents were weighed out using the
Mettler BS Analytical Balance. All mixtures were gently stirred using a glass rod and gently
shaken in order to obtain a uniform sample. They were then placed in a platinum crucible and
held at 1000°C for 15-30 minutes to drive off any water. They were then transferred to a
Deltech DT-31-VT furnace and held at 1400°C for 15 minutes (90 minutes for sample L.31) in
a CO-CO, atmosphere at an oxygen fugacity of 10-* atmospheres. After removal from the
furnace, the lower half of the crucible was immersed in a water bath to prevent any water
from coming in contact with the sample. The glasses were then powdered in the same way as
the mineral samples, and examined under a petrographic microscope for homogeneity.

The reflectance spectra were measured at either the U.S. Geological Survey
spectrometer facility in Denver, CO, or at the NASA RELARB facility at Brown University in
Providence, R1. The U.S.G.S. instrument is a modified Beckman 5270 double-grating,
double-beam instrument, custom interfaced to an IBM PC computer. The reflectance spectra
of the standard and sample were measured using an integrating sphere. The 1x resolution
program (standard slit program) provides spectral resolution (aum/um) of 200. The sample
spectra were measured relative to pressed polytetrafluoroethylene powder (halon) which is a
near-perfect diffuse reflector in the 0.3-2.6um region. The spectra were corrected for minor

irregularities in the absolute reflectance of the standard in the 2um region (Weidner & Hsia,
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1981) and for dark current offsets. More complete details of the instrument can be found in
King (1986) and King & Ridley (1987).

The NASA RELAB instrument measures bidirectional reflectance
(spectrogoniometer) - both incidence and emission angles can be varied. The sumples werc
measured at either i=0" and e=15’, or i=30" and ¢=0". They are also measured relative to
halon and corrected in a similar manner. More complete descriptions of the instrument and
the facility can be found in Picters (1983; 1987).

The corrected spectra were analyzed using the Gaffey Spectrum Processing System- a
PC compatible version of SPECPR (Clark, 1980). A number of spectral parameters that arc
useful for quantifying various physical and chemical properties of the samples were examined.
Among the most useful are band minima and band center wavelength positions, band depths,
and band areas. Band minima were calculated by fitting a 3-term polynomiai to 10-15
channels (~50-75nm) on either side of a visually determined minimum. Higher order
polynomials were also looked at, but did not show any significant differences from the
quadratic fits. Band centers and band depths were calculated after dividing the reflectance
spectrum by a straight line continuum that was constructed as a straight linc segment langent
to the reflectance spectrum on either side of an absorption band. The reflectance spectra were
then divided by this continuum. The band centcrs were determined after continuum division in
the same way as the band minima.

Band depths Db were calculated as:

D =1-Rb/RC

b
where Rb is the reflectance at the band minimum or center, and RC is the reflectance of the
continuum at the same wavelength as Rb' This seems to be the best approach to calculating
meaningful band depths (Clark & Roush, 1984). For some of the lunar analoguc spectra, the
L2 spectrum was used as a continuum. In these :ases, the L2 spectrum was multiplicd by the

factor required to increase its reflectance to that of the local peak located ncar 1.4um in the

other spectrum, making the L2 spectrum tangent at on¢ point. The sample spectra were then
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divided by the scaled L2 spectra and the band depths and band centers were calculated in the

same way as for the other spectra.
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