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The 0.3- to 2.6-1xm reflectance spectra of meteoritic enstatite (nearly pure MgSiO3), iron meteorite 
metal, magnetite and amorphous carbon, and various mixtures of these materials with marie silicates 
have been measured in order to search for diagnostic spectral parameters which can be used to 
differentiate among the different materials and to provide information on the detection limits for marie 
silicates. Enstatite and metal can be discriminated on the basis of albedo and spectral slopes. Metal, 
magnetite, and amorphous carbon are variably effective at suppressing marie silicate absorption bands. 
Metal-silicate spectra suggest that >25 wt % olivine must be present to be spectrally resolvable, while 
the lower limit for orthopyroxene is --• 10 wt %. Magnetite-silicate spectra indicate that magnetite is not 
an effective suppressor of marie silicate absorption bands and that fine-grained magnetite imparts a less 
red overall slope to marie silicate spectra than coarse-grained magnetite. Carbon-silicate spectra 
indicate that suppression of olivine absorption bands is enhanced when the olivine is finely 
comminuted and is less effective at larger grain sizes. Carbon and magnetite both seem to be required 
to impart a blue overall slope to marie silicate spectra and to suppress Fe 2+ absorption bands. The 
small amount of carbon present in ordinary chondrites is probably not the cause of the flat reflectance 
spectra of metal-rich ordinary chondrite separates. The observational data for a representative M-class 
asteroid, (16) Psyche, are largely consistent with a fine-grained metal-rich surface assemblage, 
although an enstatite chondrite-like assemblage cannot be ruled out. The observational data for the E- 
class asteroid (44) Nysa indicate that its surface is composed of fine-grained material similar to 
enstatite achondrites (aubrites), with a small amount of material comparable to the chondritic 
inclusions found in the Cumberland Falls aubrite. 

Introduction 

Telescopic spectral studies of asteroids provide the best avail- 
able means for determining the surface compositions of these 
objects. There have been a number of notable successes in this 
area [e.g., McCord et al., 1970; Bell et al., 1984; Cruikshank 
and Hartmann, 1984; Galley, 1984]. A significant proportion 
of the main belt asteroids lack diagnostic features in the 0.3- 
to 1.•l-am wavelength region [Galley, 1978; Galley and 
McCord, 1978]. The 0.3- to 2.6-am bidirectional reflectance 
spectra of a number of "featureless" materials have been 
measured in order to search for diagnostic spectral parameters 
such as changes in spectral slope and presence or absence of 
absorption bands which can be used to overcome this difficulty. 
The samples include a number of iron-nickel alloys (both 
artificial and natural), meteoritic enstatite, amorphous carbon, 
iron oxides, and various mixtures of these phases with various 
marie silicates. The reflectance spectra of meteoritic 
metal+mafic silicates, magnetite+marie silicates, and 
amorphous carbon+marie silicates are useful for determining 
the spectral detection limits for marie silicates mixed with 
opaques. 

That different meteorites possess unique spectral properties 
over even limited wavelength ranges has been known for some 
time [Watson, 1938]. As the wavelength range examined has 
increased, improved discrimination of different materials has 
resulted [Galley, 1976; Bell et al., 1988]. Most of the materials 
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covered in this study have generally been ascribed to the 
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 
heterogeneous group, and positive identification of any one of 
them, either 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. Dollf us et al., 1979; Britt and Pieters, 
1988] or primitive objects similar to enstatite chondrites [Chap- 
man and Sailsbury, 1973; Chapman, 1976]. These asteroids are 
largely concentrated in the inner part of the main asteroid belt 
[Gradie and Tedesco, 1982]. If they are metal-rich bodies, then 
the case for pervasive and intense early heating of this region 
is strengthened [Bell, 1986]. If the M asteroids are similar to 
the primitive enstatite chondrites, explanations must be devised 
to explain why these asteroids escaped the early heating event 
which seems to have affected other inner main belt groups 
such as the S and A classes (E.A. Cloutis et al., Metal-silicate 
mixtures: Spectral properties and applications to asteroid 
taxonomy, submitted to Journal of Geophysical Research, 
1989). Resolution of such a basic issue has 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]. 

Experimental Data 

A number of natural and synthetic materials have been 
spectrally characterized. The metals are synthetic Fe powder 
(IRO101, <63-•m grain size), synthetic nickel powder 
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(NIC101, <37-/xm grain size), synthetic pre-alloyed 50:50 
iron:nickel powder (NIF101, <63-/2m grain size), and a 
number of different size fractions of the Odessa, Texas, coarse 
octahedrite (MET101), which is predominantly composed of 
kamacite. The carbon is a synthetic amorphous carbon 
(LCA101, <0.023-/2m grain size). The iron oxide group is rep- 
resented by natural magnetite from the Jacupiranga Mine, Sao 
Paulo State, Brazil (MAGi01), in various size fractions. The 
lone spectrally featureless silicate is a metal-free sample of the 
Happy Canyon E7 enstatite chondrite (PYX205). Carbon and 
magnetite have been incorporated into various mixtures with 
orthopyroxenes and olivine. The orthopyroxenes are from an 
unspecified locality in India (PYXl17), and Ekersund, Norway 
(PYX032), and the olivine is from San Carlos, Arizona 
( O/•V003 ). 

The compositions of OLV003, PYX117, MET101, and 
MAG101 have been obtained by electron microprobe analysis at 
the University of Calgary SEMQ facility and are averages of 
6-8 point analyses and area scans (Table 1). The data were 
reduced using Bence-Albee a and /• corrections. The Fe z* val- 
ues were obtained by wet chemical methods, and Fe •* was ob- 
tained 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 
composition of the pyroxene in Happy Canyon is given by 
Watters and Prinz [1979]. 

The Happy Canyon E7 sample was prepared by crushing the 
sample in an alumina mortar and pestle and was acid treated to 
remove the pervasive iron oxide contaminants and metal. The 
magnetite and silicate samples were obtained by crushing in the 
same manner. The required phases were separated through a 
combination of magnetic separation and hand picking. The 
cleaned samples were repeatedly wet sieved with acetone to 
obtain well-sorted size ranges. The meteoritic metal was ob- 

Table 1. 

Study. 
Chemical Composition of the Minerals Used in This 

OLV003 PYXl17 MAG10! MET10! 

SiO• 40.64 53.54 N.D. Si N.D. 
FeO 9.25 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. 

Al•O3 <0.01 1.54 0.33 A1 0.03 
NiO 0.33 0.05 N.D. Ni 6.07 

TiO2 0.00 0.03 3.04 Ti 0.00 
MnO 0.09 0.44 0.60 Mn 0.00 

Cr•O3 0.01 0.07 0.03 Cr 0.18 
Na•O 0.00 0.00 N.D. Na 0.00 
ZnO 0.00 N.D. N.D. Zn 0.11 

CoO 0.04 0.01 N.D. Co 0.50 

V•O5 0.0O 0.00 N.D. V 0.00 
K•O 0.00 N.D. N.D. K N.D. 
ZrO2 N.D. 0.00 N.D. Zr N.D. 

S 0.00 

P 0.02 

Cu 0.00 

Pb 0.87 

Total 100.15 100.75 97.87 101.17 

Values in weight percent. 

rained by grinding an unweathered, interior sample of the 
meteorite 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 was wet sieved with 
acetone. The 45- to 90-tim beaten portion of the powder will 
be referred to as MET101b to distinguish it from the unbeaten 
45- to 90-am sample. The <45-am and 125- to 355-am 
fractions are the unbeaten samples. Immediately following the 
sieving, the meteoritic metal powders were transferred to a dry 
nitrogen environment, separated into splits for X ray 
diffraction and spectral analysis, and sealed. The artificial 
metal powders were opened in the nitrogen environment, split, 
and resealed. The various mineral mixtures have been prepared 
on a weight percentage basis (e.g., a mixture of 75 wt % metal 
and 25 wt % pyroxene is referred to as 75/25 MET/PYX). 

The reflectance spectra were acquired at the RELAB 
spectrometer facility at Brown University and at the U.S. 
Geological Survey facility in Denver, Colorado. Details of the 
instrumentation are given by Pieters [1983] and King and Rid- 
ley [1987], respectively. The spectra measured at the RELAB 
facility were acquired at 0 ø incidence and 15 ø emission and a 
spectral resolution of 5 rim. All but the three size fractions of 
MET101 (unbeaten) were measured at the RELAB facility. 
The spectra measured at the U.S. Geological Survey we:e 
acquired using an integrating sphere arrangement. All the 
spectra were measured relative to halon, a near-perfect diffuse 
reflector in the 0.3- to 2.7-•m region [Weidner and Hsia, 
1981], and corrected for minor (~2%) irregularities in haloh's 
absolute reflectance in the 2-am 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 bas•,s used earlier, metals, 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. 
Carbon-silicate and magnetite-silicate mixtures have been 
examined for silicate detection limits and for the presence of 
diagnostic spectral features in the opaque phases. 

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 
meteorites can be identified. 

The vast majority of iron meteorites and nickel-iron alloys 
show a gradual increase in reflectance from 0.2- to 2.7-am. 
The only exception seems to be flat plates with a surface 
roughness less than the wavelength of light [Britt and Pleters, 
1988]. Other flat, polished alloys and iron meteorites show the 
expected red slope (reflectance increasing toward longer 
wavelengths) [Yolken and Kruger, 1965; Blodgett and Spicer, 
1967; Gorban et al., 1973; Gorban and Stashchuk, 1974; 
Mlyamoto, 1987]. All powdered specimens show a red slope 
[Johnson and Fanale, 1973; Gaffey, 1974; Dollf us et al., 1980; 
Britt and Pieters, 1988]. This applies to even very fine-grained 
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specimens with particle diameters of a few tens of microns or 
less [Felerberg eta/., 1982; McFadden, 1983; Gaffey, 1986; 
Wagner et al., 1987] and metal-coated particles [Bell and Mao, 
1977]. 

The reflectance properties of metal are a function of the 
composition and grain size/surface roughness of the sample. In 
order to understand the relative importance of these parame- 
ters, the reflectance spectra of a series of well-characterized 
meteorite and artificial metais have been measured. The 

compositional dependence of the spectra has been investigated 
using metal powders with roughly equivalent grain sizes, 
IRO101 (<63 gm), NIC101 (<37 grn), NIF101 (<63 gin), 
and the MET101 samples. The effect of grain size on spectral 
reflectance has been determined from the four size fractions of 

the Odessa iron meteorite, <45 gin, 45-90 gin, 45-90 gm 
beaten, and 125-355 /•m. A mixture of 99.5:0.5 meteoritic 
metal:amorphous carbon has been 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 are shown in Figures I and 2. All show a 
red slope with no well-defined absorption bands. The slopes of 
the nonmeteoritic metals (Figure 1) show differences in 
spectral slope presumably due to composition since the grain 
sizes are all comparable. The reflectance decline toward shorter 
wavelengths is more pronounced in the nickel than in the iron, 
as expected [Gaffey, 1974]. The two nickel-iron alloys 
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Fig. 1. Absolute (top) and normalized (bottom) reflectance spectra of 
various small-sized metal powders, nickel (NIC101, <37 •m size), iron 
(IRO101, <63 gm size), 50:50 prealloyed iron:nickel powder (NIF101, 
<63 gm size), and meteoritic metal (MET101b, 45-90 gm size). The 
normalized spectra are scaled to I at 0.56 
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Fig. 2. Absolute (top) and normalized (bottom) reflectance spectra of 
various sizes of the Odessa octahedrite powdered sample. Grain size 
ranges are indicated for each spectrum. The •ormaliz•d spectra ar• 
scaled to i at 0.56 •m. 

(NIF101, MET101) are not intermediate between the two 
end-members, s•ggesLing that fre• •lec•ron densities, whkh 
aff• spectral r•fl•cta•c•, ar• s•sitive to crystallographic 
a•r•t•r•. •o •impl• corr•latio• •xi$ts •tw• 
ratios and ironmichel abundances. Differera metals all show 

th• r•d slop•, b•t m•t•ofitic m•tal is probably th• b•st 
material for compariso• with th• r•fle•ta•c• spectra of 
metal- rich asteroids. 

The effects of grain size variations on metal spectra are 
ill•stmt•d in •ig•r• •. T• diff•r•m •iz• •mpl•s oE M•T101 
are metal shavings; hence spectral differences may •ot b• as 
•xtr•me as wo•ld be pr•sem for samples co,tailing more 
•q•idim•sio•l particles. I•r•ai•g t• grai• siz• r•s•lta i• 

wawle•gths •he i•cr•ase i• r•fle•ta•ce with i•cr•asi•g 
wavelength (r•d slop•) is l•ss for th• fi•r-grai•d than 
•oarse-grai•d sample spectra, res•lti•g i• •rossov•rs 
absol•t• r•fl•ta•c•. Absol•t• reflectance is th• •ot o•ly a 
simpl• •n•tio• of gr•i• si• •t •lso of w•v•l•g•. Akho•g• 
every effort was made to minimize exposure of the metal 
powders to air, the absolute r•fl•ctan•e of the spectra (•-9% at 
0.$6 •m) is low •ompared •o oth•r r•fl•ctance spectra of iro• 
meteorite powders, slabs, and roughened surfaces, where 
absol•t• r•fl•ta•c•s of •p to 29% at 0.%6 •m haw 
measured [Johnson and FanMe, 1973, 6affey, 1976; Britt •d 
Piete•s, 1988]. Th• r•aso• for the large ra•g• i• 
alb•dos appears to b• a complex f•tio• of grai• size, sampl• 
preparation, and viewing geometry [BH•z •d Pieters, 1988]. 

Th• •ormaliz•d r•fl•cta• spectra of th• m•tal powders 
(•ig•re 2) show that •he relative increase in reflectance with 
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increasing wavelength is greatest for the largest grain sizes. The 
1.6 /•m/0.56 /•m reflectance ratio was selected to examine 

these changes in overall slope. For the metal powder spectra 
presented in Figure 2, this reflectance ratio increases from 1.66 
to 2.12 with increasing grain size. Other investigators have 
measured 1.6 /•m/0.56 /•m reflectance ratios of between 1.22 

and 1.65, but again, there is no 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 wavelength of light, 
the 1.6 /•m/0.56 /•m reflectance ratio may be less than one 
[Britt and Pleters, 1988]. 

Metal powders, as opposed to slabs, have been used for a 
number of reasons. 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 lauren, 1973; 
Marcus and Hackett, 1974; Remo and Johnson, 1975; Matsui 
and Schultz, 1984]. The presence of various exsolved and in- 
cluded phases in iron meteorites such as schreibersite/rhabdite, 
troilite, graphite, and cohenire [Baldanza and Pialla, 1969; 
Comer ford, 1969; Doan and Goldstein, 1969; Buchwald, 1975] 
may serve as zones 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 and Schultz, 1984; Brltt 

and Pieters, 1988]. 
Iron meteorites contain variable amounts of other minerals 

such as schreibersite, graphite, troilite, and silicates [Buchwald, 
1975]. Amorphous carbon is obviously not spectrally equivalent 
to these materials but can serve to determine how a small 

amount of a spectrally distinct opaque phase affects metal 
spectra. The reflectance spectrum of a 99.5/0.5 MET/LCA 
mixture can be compared to the pure metal spectrum (Figure 
3). The overall reflectance of the mixture spectrum is less than 
one half that of the metal. The relative degree of redness of 
the metal spectrum is not affected by the presence of a very 
dark, opaque phase at this abundance level. 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 meteoritic metal+mafic silicate 
mixtures were measured in order to determine what minimum 

abundance of silicate is required to be spectrally resoh'able. 
The most metal-rich assemblages measured were 75/25 wt % 
mixtures of metal/olivine and metal/pyroxene. At these 
abundances, olivine is barely resol,'able as a narrow reflectance 
plateau near 1 •zm superimposed on the red metal slope, while 
the metal+pyroxene mixture retains two clearly resolved 
absorption bands (E.A. Cloutis et al., submitted manuscript, 
1989). Some metal- and olivine-rich meteorites, such as 
Glorieta Mountain and Newport, contain <25 wt % olivine 
[Buseck, 1977]. The parent bodies of these objects may be 
almost indistinguishable from iron meteorite-like bodies on the 
basis of their reflectance spectra. The olivine contents of the 
vast majority of the pallasites are high enough to suggest that 
olivine absorption bands should be resolvable, and metal- and 
olivine-rich asteroids have, in fact, been identified [Bell et al., 
1984; Cruikshank and Hartmann, 1984]. Metal- and 
pyroxene-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 
%. 
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Fig. 3. Absolute (top) and normalized (bottom) reflectance spectra of 
45-90 •m beaten meteoritic metal (MET101), and a 99.5/0.5 wt % 
mixture of meteoritic metal/amorphous carbon (MET101/LCA101). The 
normalized spectra are scaled to 1 at 0.56 •m. 

Silicates: Enstatite 

Very low-iron content enstatite (<1% FeO) is the most 
abundant mineral in enstatite chondrites and aubrites [Mason, 
1966; Keil, 1968; Watters and Prinz, 1979]. Aubrites are nearly 
pure enstatite with almost no carbon [Grady et al., 1986]. Their 
mineralogy is approximately 75-98% enstatite, 0-16% 
plagioclase, 0-8% diopside, 0-10% olivine, 0-4% metal, and 
0-7% troilite [Olsen et al., 1977; Watters and Prinz, 1979; 
Watters et al., 1980]. Enstatite chondrites differ from enstatite 
achondrites primarily by their higher opaque contents (22-33 
wt % metal+troilite [Keil, 1968]). 

Spectrally, enstatite shows no well-resolved absorption fea- 
tures because of the almost complete absence of transition 
series elements. The reflectance spectrum of the Happy 
Canyon acid-insoluble fraction is flat to within 2% with a slight 
downturn in reflectance at wavelengths less than 4).4/•m and a 
weak absorption band near 0.9 /•m (Figure 4). The weak 
absorption band near 1.9/•m is probably due to the presence of 
a small amount of a hydrated phase. This contrasts with 
meteoritic metal, the second most abundant phase in enstatite 
chondrite, which has a red slope even when the metal is finely 
comminuted (Figure 2). There is little chance of confusing the 
reflectance spectra of metal and enstatite. 

Enstatlte+ Metal 

Although the reflectance spectra of enstatite+metal mixtures 
have not been measured in this study, they can be deduced 
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Fig. 4. Absolute reflectance spectrum of the 45- to 90-tim-sized 
acid-insoluble fraction of the Happy Canyon E7 enstatite chondrite. 

from the reflectance spectra of enstatite chondrites. These 
meteorites are composed predominantly of enstatite and metal 
[Ketl, 1968], and their spectral slopes are transitional between 
pure metal and pure enstatite [Salisbury and Hunt, 1974; Salis- 
bury et al., 1975; Gaffey, 1976; Dollf us et al., !980; 
Miyamoto, 1987]. Some enstatite chondrite spectra show a slope 
break near 0.6 tam whose cause is uncertain. The average grain 
size of the metal is <30 tim in lower petrologic grades 
increasing to-50 tim in higher grades [Easton, 1983]. It is 
reasonable to use the <45-tam-sized meteoritic metal for 

investigating the spectral properties of enstatite chondrites. 
The 1.8 tim/0.7 tim reflectance ratio was selected to 

highlight spectral slope differences between the aubrites, 
enstatite chondrites, and iron meteorites. This portion of the 
spectrum is roughly 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 which are not diagnostic of a specific mineralogy. A 
plot of the 1.8 tam/0.7 tim reflectance ratio of the available 
meteorite spectra versus the nonsilicate content of the 
meteorites shows a roughly linear correlation with the notable 
exception of Abee (Figure 5). The increased red slope of this 
meteorite is likely due differences in sample preparation. Other 
spectra of Abee and another low-grade enstatite chondrite 
(Y-691) show a much flatter slope [Salisbury and Hunt, 1974; 
Salisbury et al., 1975; Miyamoto, 1987] which is more in line 
with the E6 chondrites. The 2.5 tim/0.6 tam reflectance ratio 
of Abee is variously--1.2 [Salisbury and Hunt, 1974], 1.56 [Sa/- 
isbury et aL, 1975], and 1.69 [Galley, 1976]. This ratio is 
mentioned only because, unlike the 1.8 tim/0.7 tim ratio, it is 
available for all the various spectra of Abee. Other 
low-petrologic grade enstatite chondrites have 2.5 •tm/0.6 tam 
ratios of 1.28 (Yamato 691 [Miyamoto, 1987]) and 1.56 
(Indarch [Salisbury et al., 1975]). Regardless of the cause of 
the excess redalerting of one Abee spectrum, the 1.8 tim/0.7 
tam ratio of Abee (1.37) from Galley [1976] is less than the 
fine-grained pure metal (1.55). 

The lower petrologic grade enstatite chondrites have more 
diverse silicate compositions than the higher grades, with a few 
percent of the mafic silicates containing appreciable amounts 
of iron [Lusby et al., 1987]. The lower petrologic grade sample 
spectra should show some evidence of mafic silicate absorption 
bands, a less red slope, and a higher overall albedo than the 
more equilibrated meteorites on the basis of metal grain size 
differences and compositional heterogeneity of the silicates. 
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Fig. 5. Plot of the 1.8 tim/0.7 tzm reflectance ratio versus the silicate 
abundance for the iron meteorite (MET101), acid-insoluble fraction of 
the Happy Canyon enstatite chondrite and various aubrites and enstatite 
chondrites from the literature. M1, MET101:<45 tim; M2, 
MET101:45-90 tim (this study); J, Odessa [from Johnson and Fanale, 
1973]; AB, Abee; CF, Cumberland Falls; HV, Hvittis; KH, Khairpur; PI, 
Pillistfer [from Gaffey, 1974, 1976]; YP, Yamato-691 plate; YA, 
Yamato-691 powder [from Miyamoto, 1987]; BP, 10 tim to 1 mm size 
iron meteorite filings [from Britt and Pieters, 1988]. 

The available reflectance 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 et al., 1975]. The increased 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 may be due 
to minor amounts of iron-bearing silicates (Figure 4)[Gaffey, 
1976; Miyamoto, 1987]. Additional spectral complexities will 
appear if the mineralogy of enstatite-rich bodies is more 
diverse than previously believed [Grossman et al., 1988]. 

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 establish 
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 degree 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 semiamorphous structure [l/dovykin, 
1970; Baurnan et al., 1973; Van Der Stap et al., 1986; Blake et 
al., 1988]. Fine-grained amorphous carbon was chosen as a 
worst case spectral scenario, a highly absorbing, dispersable 
material. This material has a slightly blue overall slope with an 
average reflectance of <1% (Figure 6). 

The lowest mafic silicate:carbon ratio measured was 98:2, 
which is in the midrange of the carbonaceous chondrites and 
ureilites. At this abundance, carbon greatly reduces the spectral 
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Fig. 6. Absolute (top) and normalized (bottom) reflectance spectra of 
various mixtures of olivine (OLV003) and amorphous carbon (LCA101). 
Olivine/carbon weight percentages: 1, 100/0; 2, 99.5/0.5; 3, 99.5/0.5; 4, 
98/2; 5, 0/100. Sample 3 contains <45-t•m-sized olivine. All other 
samples contain 45- to 90-tzm-sized olivine. The normalized spectra are 
scaled to 1 at 0.56 tim. 

reflectance of the olivine (Figure 6) and pyroxene (Figure 7), 
but their major Fe 2+ absorption bands are still resolvable. The 
effect of mafic silicate grain size on the detection limit was 
investigated for the olivine. A 99.5:0.5 by weight olivine:carbon 
mixture using <45-/xm sized olivine has a reflectance spectrum 
with an almost completely obscured 1-/xm absorption band. 
The mixture containing the same proportions but with a 45- to 
90-/xm sized olivine has a well-defined 1-/xm absorption band 
(Figure 6). 

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

The spectral effect of adding carbon to a mafic silicate is to 
reduce the overall albedo, but major absorption bands remain 
resolvable. Although no more than 2 wt % carbon was used, the 
available data for the carbon-silicate mixtures suggest that 
olivine and pyroxene absorption bands may be resolvable up to 
5-6 wt % carbon if the silicates retain a mean grain size in the 
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Fig. 7. Normalized reflectance spectra (scaled to 1 at 0.56 t•m) of 
mixtures of pyroxene (PYX032) and amorphous carbon (LCA101). The 
weight percentages of pyroxene/carbon and absolute reflectances at 
0.56t•m are 1, 100/0, 0.080; 2, 98/2, 0.017; 3, 0/100, 0.0076. 

tens of microns range. For finer-grained materials the 
detection limit is substantially lower, perhaps 1-2 wt % carbon. 
It would appear that the parent bodies of the carbon-rich 
meteorites should be identifiable by the presence of weak 
mafic silicate absorption bands, or if the silicates are finely 
comminuted, by a red spectral slope of low albedo, assuming 
that amorphous carbon is spectrally equivalent to meteoritic 
carbon. Reexamination of dark meteorite spectra has shown 
that Fe > silicate absorption features are more widespread than 
expected [Gaffey, 1978, 1980; Vilas and Gaffey, 1989]. Dark, 
flat reflectance spectra cannot be attributed to the presence of 
amorphous carbon alone if the host materials consists of mafic 
silicates. The carbon must be in some other structural form or 

an additional opaque phase must be present. 
The enstatite chondrites contain a small amount (0.25-0.5 wt 

%) of carbon [Moore and Lewis, 1965; Grady et al., 1986], 
with the lower abundances in the higher petrologle grades. The 
carbon is largely in the form of graphite, cohenite, and other 
unspecified forms [Keil, 1968; Deines and Wickman, 1985] and 
is more ordered in the higher petrologle types [Grady et al., 
1986]. This amount of carbon should not affect the overall 
reflectance slope. 

Iron Oxides 

Magnetite is the other opaque phase which is most prevalent 
in carbonaceous chondrites. A series of olivine-magnetite 
mixtures have been spectrally characterized to confirm that 
magnetite-mafic silicate mixtures have dark, relatively flat 
reflectance spectra [Singer, 1981; Miyamoto et al.. 1982]. At 
the highest magnetite abundance measured, 50/50 magnetite/ 
olivine both 45-90 ttm size, the Fe 2+ absorption band is still 
clearly resolvable (Figure 8). Coarse-grained magnetite is 
clearly not a viable candidate for the darkening agent in 
carbonaceous chondrites and C-class asteroids. Fine-grained 
magnetite imparts a much bluet slope to the reflectance 
spectrum but the absorption feature near 1 /xm is still clearly 
resolvable. Fine-grained magnetite alone is not sufficient to 
account for the low contrast or lack of mafic silicate absorption 
bands in carbonaceous chondrites and C-class asteroids but in 

combination with carbon can probably provide all the necessary 
spectral modifications. Ternary carbon- magnetite- mafic silicate 
spectra remain to be measured and were not included in this 
study. 
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M-Class Asterold (16) Psyche 

Asteroid (16) Psyche has been variously interpreted as 
possessing either an iron meteorite-like surface assemblage 
[Johnson and Fanale, 1973; Dollfus et ed., 1979; Ostro et al., 
1985] or an enstatite chondrite-like surface assemblage [Chap- 
man and Salisbury, 1973; Chapman, 1976]. The 0.3- to 1.1-/•m 
reflectance spectrum of Psyche [Gaffey and McCord, 1978] 
shows a gradual increase in reflectance toward longer 
wavelengths with a weak, broad absorption feature near 0.6 
and a weak, narrow absorption feature near 0.9 /•m. The 
52-color asteroid survey spectrum [Bell et ed., 1988] covers the 
wavelength range from 0.8 /•m to 2.5 /xm and shows no other 
well-defined absorption bands (Figure 9). The competing 
interpretations of the surface assemblage of Psyche have been 
based largely on the overall slope of the reflectance spectrum. 
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F•g. 8. Absolute (top) and normalized (bottom) reflectance spectra of Fig. 9. Normalized •ef•,:,:stance spectra (scaled to 1 at 0.56 •m) of the 
1, o]ivine (OLV003, 45-90 •m s•ze); 2, magnetite (MAGi0i, 45-90 •m); <45-•m-sized meteomic metal, METi0i (dotted line), the 
and 3, a 50/50 mixture of the two. The normalized spectra a•e scaled to acid-insoluble fraction of the Happy Canyon enstatite chond•ite (line), 
1 at 0.56 •m. and asteroid (16) Psyche (points)[Guffey et al., 1988]. 

A 45- to 90-ttm sized magnetite has been used in most cases, 
although the bulk of the magnetite in carbonaceous chondrites 
is much finer grained [e.g., Kerridge, 1970]. MagneLite 
reflectance spectra show a reflectance maximum near 0.8 gm 
and a weak absorption band near 1 tim [Hunt et ed., 1971a; 
Adams, 1975; Gradie and Veverka, 1980; Singer, 1981; Wagner 
et ed., 1987]. Beyond 1 ttm 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 et ed., 
1985]. The magnetite in carbonaceous chondrites is fine-grained 
and probably not stoichiometric Fe•O4 [Kerridge, 1970; Nagy, 
1975]. The magnetite spectra of Morris et ed. [1985] are proba- 
bly the most reasonable spectral analogues for the magnetite in 
carbonaceous chondrites. 

Application to Asteroid Spectra 

The spectral detection limits for mafic silicates mixed with 
various featureless materials depend 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 in light of the 
laboratory results reported here. 

The 1.6 •tm/0.56 ttm and 2.2 •tm/0.56 ttm reflectance ratios 
for Psyche [Veeder et ed., 1978; Larson and Veeder, 1979; 
Gaffey et ed., 1988], enstatite chondrites, aubriLes [Gaffey, 
1976; Miyarnoto, 1987], iron meteorite slabs and powders [John- 
son and Fanale, 1973; Gaffey, 1976; Britt and Pieters, 1988], 
and the acid-insoluble fraction of the Happy Canyon E7 
chondrite are shown in Figure 10. The reflectance ratios for 
Psyche fall well within the enstatite chondrite field. Even the 
finest-grained metal spectrum (<45 tim size), which has a 
mean grain size similar to that derived for Psyche on the basis 
of polarimetry [Dollfus et al., 1979] is significantly redder than 
Psyche. The absolute reflectance of Psyche (9-11% at 0.56 tim) 
is not diagnostic of a particular assemblage. The available 
enstatite chondrite spectra have absolute reflectances at 0.56 
gm 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 phases would increase the ranges of absolute 
reflectance of enstatite chondrites and metal. This is in addi- 
tion to the uncertainties in absolute albedo due to the 

differences between laboratory and telescopic reflectance 
spectra [Hapke, 1981]. 

The 0.3- to 2.6-/•m normalized reflectance spectrum of 
Psyche is shown overlain with the normalized reflectance 
spectra of the Happy Canyon sample and the 45- to 
90-•tm-sized iron meteorite powder (Figure 9). The asteroid 
spectrum is intermediate between the two laboratory spectra 
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and exhibits a change in slope near 1 tim. 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 0.7 
tim 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 1-tim 
inflection decrease with decreasing grain size. The slopes for 
Psyche (as measured by the 1.0 •m/0.35 tim and 2.5 /•.m/1.0 
tim reflectance ratios) are less than for the <45tim-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 11). 
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The numbers indicate the grain size range of the powders 

The polarimetric values Pmin and I"0 (or a0) for enstatite 
chondrites plot outside the range for metal powders and M 
asteroids with the exception of the E4 chondrite, Abee [Dollfus 
et al., i971; Zellner, 1975; Zellner eta/., 1977a,b; 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 of the 
sample. 

The polarimetric data for metal powders suggest that the 
surface of Psyche possesses predominantly fine-grained metal 
particles of -20 /zm size [Dollfus eta/., 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. The reflectance 
spectrum of Psyche shows broad absorption features near 0.6 
and 0.9 tim. The broad absorption near 0.6 tzm is also seen in 
some meteoritic metal spectra (Figure 2)[Dollfus eta/., 1980], 
in troilite [Egan and Hilgeman, 1977], and in Abee [Gaffey, 
1976; Dollfus et ad., 1980]. It does not appear to be uniquely 
characteristic of a particular phase. 

The weak feature near 0.9 tzm is not characteristic of metal, 
but a similar feature is seen in the E7 reflectance specrum 
(Figure 4), other enstatite chondrites [Galley, 1976], and iron 
sulphides [Hunt et al., 1971b]. It is commonly ascribed to 
ferrous iron crystal field transitions and could be due to iron in 
either sulphides or silicates. 

The 3- to 4-tim spectrum of Psyche [Eaton et al., 1983] does 
not show the red slope expected for metal and appears to be 
even flatter than the available 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 trollire 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. 

E-Class Asteroid (44) Nysa 

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 and Galley, 1979; :Bell et 
a/., 1988; Galley et al., 1988], infrared photomerry [geeder et 
a/., 1978], and photopolarimetry [Zellner, 1975; Zellner et al., 
1977a] are available for this object. 

Nysa is a bright object. Its geometric albedo has been deter- 
mined to be--38% [Zellner, 1975], while the absolute albedo at 
0.56 ttm has been determined to be -49% [Gaffey et al., 1988]. 
The differences can best be ascribed to the different methods 

used in deriving absolute albedos [e.g., Hapke, 1981]. The high 
albedo strongly suggests that a transition metal-free silicate 
such as forsterire, plagioclase feldspar, or enstatite is a 
dominant surface component. Enstatite is the likeliest 
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candidate on the basis of meteoritical 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 and Prlnz, 1979]. The reflectance spectra of these two 
groups differ in terms of overall reflectance and degree of 
spectral reddening. 

The 1.6/xm/0.56/xm and 2.2/xm/0.56/xm reflectance ratios 
of Nysa from photometry and spectroscopy fall in or near the 
field occupied by the aubrites (Figure 10). The 0.56- to 
0.35-/xm wavelength interval for Nysa (Figure 12) shows a 
-10% reflectance decrease, comparable to the aubrites [Gaffey, 
1974, 1976] and metal-free Happy Canyon spectrum (Figure 4) 
but much less than the-30% decrease seen in most of the 

enstatite chondrites and metal (Figure 2)[Gaffey, 1974, 1976; 
Salisbury et al., 1975; Miyamoto, 1987]. The absolute 
reflectance of Nysa also suggests a close affinity to the 
aubrites. The absolute reflectance of aubrites and Happy 
Canyon at 0.56 /xm varies between 23 and 44%. For enstatite 
chondrites the range is 6-18%, even for very fine-grained 
samples. The difference in absolute reflectance between the 
Happy Canyon 45- to 90-/xm-sized sample spectrum (44% at 
0.56 •m) and Nysa (49% at 0.56 /xm) can be reconciled by 
decreasing the grain size of the laboratory sample. By analogy 
to plagioclase, another low transition metal content silicate, a 
<25-t tin-sized sample of Happy Canyon would have an 
absolute reflectance of -55% at 0.56 /xm [Crown and Pleters, 
1987]. The reflectance spectrum of Nysa is redder than the 
Happy Canyon spectrum, but not as red as meteoritic metal 
(Figure 12). The red slope and the weak absorption bands near 
0.9 /xm, 1.4 /xm, and 1.8-1.9 /xm present in the spectrum of 
Nysa must be due to some other material because aubritic 
pyroxene is nearly flat and featureless (Figure 4). The small 
amounts of metal present in aubrites [Watters and Prinz, 1979] 
could conceivably provide a slight red slope to enstatite without 
drastically reducing overall reflectance. The absorption features 

present in Nysa's spectrum are weak, with band depths (D b 
[Clark and Roush, 1984]) of 2-3%. 

The wavelength positions of the bands near 0.9 /•m (0.905 
•m) and 1.8 •m (1.808 /xm) correspond almost exactly with 
the band positions expected for very low iron (Fs=5) 
orthopyroxene but not for low iron olivine, clinopyroxene, or 
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Fig. 12. Normalized reflectance spectra (scaled to 1 at 0.56/xm) of the 
45- to 90-/xm-sized acid-insoluble fraction of the Happy Canyon 
enstatite chondrite (line) and asteroid (44) Nysa [Gaffey et al., 1988]. 

plagioclase [Cloutis, 1985; Adams and Goullaud, 1978]. Again 
using plagioclase as a spectral analogy for enstatite, 5-10 wt % 
of an iron bearing pyroxene added to the iron-free material 
either intimately or areally would be sufficient to produce two 
absorption bands comparable to those seen in the spectrum of 
Nysa, in terms of wavelength position and intensity. This 
abundance would also not excessively reduce the absolute 
albedo. The lowest petrologic grade enstatite 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 [Mlyamoto, 1987] 
perhaps because of the presence of accessory opaque 
components. 

The absorption bands present in Nysa's spectrum near 1.4 
/xm and 1.9 /xm are commonly associated with some form of 
water, either molecular or structural. If these bands are real 
and not due to atmospheric absorption, they suggest that a 
hydrated silicate is probably present on the surface of Nysa. 
Because of the high transparency of enstatite, a small amount 
of a spectrally featured material mixed in with, or adjacent to, 
enstatite will be detectable. Readily apparent compositional 
variations in meteorites over various scales are not unknown 

[Nininger, 1979]. More significantly, distinct light and dark 
lithologies are present in the Cumberland Falls and Allan Hills 
78113 aubrites [Lovering, 1962; Binns, 1969; Neal and 
Lipschutz, 1981; Verkouteren and Llpschutz, 1983; Llpschutz 
et al., 1988]. The dark portions of these meteorites contain 
abundant low-iron pyroxene which could account for the 
absorption bands present in the Nysa spectrum at 0.9 /xm and 
1.8 /xm. The dark xenoliths are a low petrologic grade 
chondritic material, and at least some are highly shocked 
[Binns, 1969; Verkouteren and Lipschutz, 1983; Lipschutz et 
ai., 1988]. Reflectance spectra are not available for these 
xenoliths, but other highly shocked chondrites show many de- 
sirable spectral features including a red slope similar to Nysa, 
weak mafic silicate absorption bands and a weak absorption 
band near 1.4/xm [Gaffey, 1976]. However, the latter may be 
due to terrestrial weathering. Low petrologic grade meteorites 
that are mineralogically similar to the aubrite xenoliths, such as 
Renazzo and ALH85085, contain abundant hydrated silicates 
[Mason and Witk, 1962; Van Schmus and Hayes, 1974; 
Weisberg et al., 1988]. While hydrated silicates have not been 
documented for the aubrite xenoliths, the xenoliths potentially 
may possess all the spectral characteristics necessary to account 
for all of the absorption features 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 polari- 
metric data for Nysa also suggest a largely fine-grained 
surface, in agreement with the spectral interpretation [Dollfus 
et al., 1971; Zellner, 1975; Zellner et ai., 1977a; Dollfus et al., 
19791. 

The observational data for Nysa are all consistent with an 
aubrite-like surface assemblage with <10% areally distributed 
or intimately mixed material similar to the Cumberland Falls 
chondritic inclusions. A significant portion of the surface is 
composed of fine-grained (<45 ttm 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, 
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and abundances. The reflectance spectrum of iron meteorite 
metal essentially consists of two linear segments with red slopes 
(increasing reflectance toward longer wavelengths) and an 
inflection point near 1 am. The 1.8 #.m/0.7 am reflectance 
ratio can be used to highlight differences due to grain size and 
chemical variations. The smallest grain size of meteoritic metal 
measured (<45 am) has a 1.8 am/0.7 am reflectance ratio of 
1.55, with the ratio increasing with increasing grain size. There 
appears to be no simple correlation between nickel content and 
spectral slope in the nonmeteoritic metals. The detection limit 
for mafic silicates in metal-silicate mixtures is strongly depen- 
dent on grain size and the type of silicate. For olivine+metal 
mixtures the lower limit for detection is -20 wt % olivine. 

Orthopyroxene 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 
>0.4 #.m with high overall reflectance, and a 1.8 #.m/0.7 #.m 
reflectance ratio of ~1. This material is a good spectral 
analogue to the aubrites. 

Fine-grained carbon is very effective at suppressing mafic 
silicate absorption bands. Fine-grained olivine (<45 am) is 
almost completely obscured by 0.5 wt % carbon, while a coarser 
fraction (45-90 am) retains a well-defined Fe z* absorption 
band when mixed with the same amount of carbon. If the 

olivine has a mean grain size in the tens of microns, the olivine 
absorption band will be resolvable for carbon abundances 
present 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 oiivine/magnetite 
shows absorption features due to ferrous iron. Finer-grained 
magnetite imparts a bluet slope to reflectance spectra. A 
combination of carbon and magnetite would probably be re- 
quired to mimic the reflectance spectra of olivine-bearing 
carbonaceous 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 the spectrum more closely 
resembles that of iron meteorites than enstatite chondrites, and 
lies on a trend suggesting an appreciable fine-grained (<45 
am size) component. This interpretation is also consistent with 
the constraints imposed by radar and polarimetric observations. 

The reflectance spectrum of the best-characterized E-class 
asteroid, 44 Nys.a, 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 inclusions found in the Cumberland Falls 

aubrite. The reflectance spectra also suggest that a significant 
portion of the surface materials on Nysa are fine grained (<45 
am size). 

The M- and E-class asteroids are concentrated in the inner 

part of the main asteroid belt [Gradle and Tedesco, 1982]. If 
the interpretations of the surface assemblages for 
representative members of these groups can be extended to all 
the members of the group, then the case for pervasive and 
widespread early heating of inner part of the main asteroid belt 
is strengthened [Bell, 1986]. 
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