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Introduction: Spectral and mineralogical diversity 

within different asteroid taxonomic classes has been 
suggested since at least the 1990s [1,2]. This diversity 
has been most clearly demonstrated for the S-asteroid 
population [2] due to these asteroids’ prominent spec-
tral absorption features in the near-infrared (NIR) 
(~0.7 to 2.5 microns) spectral region. However, the 
diversity suggestion has been more difficult to prove 
for the “featureless” taxonomic classes as the lack of 
spectral absorption features does not allow rigorous 
constraints to be placed on an asteroid’s mineralogy, 
composition, or formation conditions. 

Recent work on the M-asteroid population  
[3,4,5,6,7] has begun to show spectral and, conse-
quently, mineralogical diversity among this taxonomic 
class of ~40 asteroids. [6] has found 16 X-type aster-
oids, 8 E-types, 4 M-types, and 1 P-type asteroid with 
weak ~0.9-micron features. [7] reported that 6 M-type 
asteroids had a weak ~0.9-micron feature that is 
strongly suggestive of low-Fe pyroxenes on these as-
teroids’ surfaces. Both [6] and [7] have reported simi-
lar features for the M-asteroids 16 Psyche, 110 Lydia, 
and 216 Kleopatra. 

[3,4,5] have observed M-asteroids in the 3-micron 
region and attempt to identify asteroids with 3-micron 
absorption features that are presumably indicative of 
phyllosilicate minerals.  However, debate continues 
over the cause of these putative 3-micron features 
[8,9]. Observations in the NIR and 3-micron region 
have already led to significantly divergent interpreta-
tions for 110 Lydia and 201 Penelope [4,7]. These 
differences are still unresolved. 

Observations and data reduction: This work is 
the continuation of a detailed spectral survey of the M-
asteroid population. Of the 44 M-asteroids listed in [7], 
28 of these asteroids have been observed using the 
SpeX near-infrared spectrograph [10] at the NASA 
Infrared Telescope Facility (IRTF) on Mauna Kea, 
Hawai’i. Reduction and analysis procedures are ap-
plied uniformly for all asteroids and are fully described 
in [7].   

Results: We report results here for 8 additional M-
asteroids. The various observing runs occurred in Oc-
tober 2001, January 2004, and May 2004. In contrast 
to the initial verification of the presence of weak ~0.9-
micron absorption features in the spectra of some M-

asteroids in [6] and [7], we are now finding greater 
spectral variations among the M-population. The as-
teroids reported here have spectra that show indica-
tions of olivine-, pyroxene-, and phyllosilicate-bearing 
surfaces along with other asteroids that are spectrally 
featureless.  

Olivine-bearing M-asteroids. 766 Moguntia and 
1210 Morosovia both display NIR spectra with well-
defined absorption features in the 1-micron region. 
Interestingly, [11] classifies both asteroids as anoma-
lous M-types. 766 Moguntia displays a continuum-
removed feature with a band center of ~1.07-1.08 mi-
crons. This feature has a band depth of ~5%. Moguntia 
was observed through more than one full rotation.  

1210 Morosovia has a similar absorption feature 
with a continuum-removed band center of ~1.07-1.08 
microns and a band depth of ~7%. Morosovia was 
observed only through a small portion of a full rota-
tion.  

The absorption features observed in both asteroids 
strongly suggests the presence of olivine on the sur-
faces of these asteroids. Coupled with their moderate 
IRAS albedos (766: 0.1572; 1210: 0.1695), relatively 
small IRAS diameters (766: 31.28 km; 1210: 33.65 
km) [12], and the shallowness of the features (poten-
tially suppressed by the presence of metal), the palla-
sites are plausible meteorite analogs for these aster-
oids. Other interesting notes are that both asteroids are 
members of the Eos family and have semimajor axes 
just beyond 3 AU.   

Pyroxene-bearing M-asteroids. 22 Kalliope, 347 
Pariana, and 558 Carmen all display weak ~0.9-micron 
absorption features in their NIR spectra. 

22 Kalliope is a binary asteroid system with a pri-
mary IRAS diameter of 181 km, an IRAS albedo of 
0.1419, and a derived global density of 2.37 ± 0.4 
g/cm3 [13]. [13] suggests Kalliope is composed of 
chondritic material with a porosity of ~30%. NIR spec-
tra of Kalliope reveal a continuum-removed band cen-
ter at 0.91-microns with a band depth of ~3%. The 
band depth and position of this feature, along with 
Kalliope’s IRAS albedo of 0.1751, is consistent with 
the presence of low-Fe pyroxenes as discussed in [7].  

347 Pariana also exhibits a similar ~0.9-micron 
feature. Observations were conducted through more 
than one full rotation of the asteroid (>4.0529 h). Con-
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tinuum-removed band centers range from 0.88- to 
0.93-microns with band depths of ~3%. The band cen-
ter variations are equivocal as imperfectly-removed 
telluric water vapor features introduced variable noise 
into various spectra. 

These absorption features, along with an IRAS al-
bedo of 0.1751 for Pariana, suggest the presence of 
low-Fe pyroxenes on this asteroid’s surface. 

558 Carmen is the third M-asteroid in this group to 
exhibit a weak ~0.9-micron absorption feature. Ob-
served through about 1/3rd of a full rotation, Carmen 
exhibits continuum-removed band centers ranging 
from ~0.91- to 0.94-microns. Band depths average 
~2%. 

Interpretations for these low-Fe pyroxenes are de-
scribed more fully in [7], but include 1) remnant man-
tle material surrounding a metallic core of a relatively 
chemically reduced, differentiated, and disrupted as-
teroid parent body, 2) pyroxenes resulting from a 
smelting process occurring on strongly heated parent 
bodies, 3) as consistent with the mineralogy and ex-
pected spectra of the Bencubbinite meteorites, and 4) 
as collisional debris. The authors in [7] generally pre-
fer the first interpretation as the most probable. 

[13] suggests a chondritic (presumably ordinary 
chondritic) interpretation for 22 Kalliope. However, 
our NIR spectra are inconsistent with that suggestion.  
Ordinary chondrites (OC) are mixtures of olivine, py-
roxene, metal, and other minor mineral phases [14]. 
The observed absorption feature is too narrow and 
positioned at a sufficiently short wavelength region to 
preclude the necessary olivine abundances for an OC 
interpretation. 

Phyllosilicate-bearing M-asteroids. 129 Antigone 
has clearly produced the most interesting spectrum 
from this group of asteroids. NIR spectra of Antigone 
show multiple sharp, relatively weak absorption fea-
tures at 0.76-, 0.90-, 1.07-, and 1.39-microns. The 
overall spectral slope is concave and shows what may 
be a weak absorption feature in the ~2.2-micron re-
gion.  

Our spectrum is consistent with the 24-color survey 
spectrum of Antigone in the ~0.7- to ~1.1-micron 
wavelength region [15]. The 24-color spectrum dis-
plays two weak features at ~0.76- and ~0.93-microns, 
which is very similar to the band minima in our spec-
trum. In addition, a USGS spectrum of antigorite is 
mostly consistent with the features found in our Anti-
gone spectra.  

Based on these similarities, we tentatively suggest 
that Antigone has a surface with antigorite. [4] has 
suggested the presence of phyllosilicate minerals on 
the surface of Antigone, which is consistent with our 
suggestion. 

 Radar work by [17] strongly suggests that portions 
of Antigone’s surface have a significant metal content, 
which further complicates interpretations of this aster-
oid’s surface composition. However, based on the 
above information, two potential interpretations result: 
1) as an analogue to the CR chondrites, which contain 
both FeNi metal (~7 vol%) found mostly within chon-
drules and matrix phyllosilicates [18], and  2) as a col-
lision product between a CI/CM-chondrite-like aster-
oid and a stripped iron core from a differentiated as-
teroid.  

Additional spectra of 129 Antigone have been ob-
tained in order to verify the presence of the absorption 
features found in the original spectrum. 

Featureless M-asteroids. 97 Klotho exhibits a fea-
tureless, relatively flat spectrum across the NIR region. 
This asteroid has a very long rotation period (35.15 h) 
and only a small fraction of its surface was observed. 
Klotho has an IRAS albedo of 0.2285 and an IRAS 
diameter of 82.83 km.  

498 Tokio also exhibits a featureless spectrum 
across the entire NIR region. However, Tokio displays 
a unique and significantly blue spectrum, especially at 
wavelengths shortward of ~1.3-microns. Tokio has a 
low IRAS albedo for an M-asteroid (0.0679) and an 
IRAS diameter of 82.75 km. 

Based on the lack of absorption features or other 
diagnostic information, these two asteroids have 
poorly constrained compositions. 97 Klotho may have 
enstatite chondritic or metallic composition [19]. 498 
Tokio, due to its unique spectral slope and low albedo, 
has no apparent meteorite affinities. 
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