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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. 

1.40 •'•' 

o .2o - 
• 1.00 
• • • ß e e ' 

o.o .2o ß - 

o.no .oo - --, , , , , , , , , , , 0.20 0.80 

0.00 0.60 
0.30 0.60 0.90 1.20 1.50 1.80 Z1 0 2.40 0.30 0.60 0.90 1.20 1.50 1.80 Z1 0 2.40 

Wavelength In Microns Wavelength In Microns 
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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Fig. 10. Plot of the 1.6 •tm/0.56 am reflectance ratio versus the 2.2 
am/0.56 am reflectance ratio for the various enstatite- and metal-rich 
meteorites. M3, MET101 125- to 355-am grain size; other symbols are 
the same as in Figure 5. The average values and error bars are also 
shown for the asteroids Psyche (P), and Nysa (N) [from geeder et al., 
1978; Galley et al., 1988]. 

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 various MET101 iron meteorite powders and asteroid (16) Psyche. 
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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