
Icarus 210 (2010) 674–692
Contents lists available at ScienceDirect

Icarus

journal homepage: www.elsevier .com/ locate/ icarus
The composition of M-type asteroids: Synthesis of spectroscopic
and radar observations

M.E. Ockert-Bell a,*,1, B.E. Clark a,1, M.K. Shepard b,2, R.A. Isaacs a, E.A. Cloutis c, S. Fornasier d, S.J. Bus e

a Department of Physics, Ithaca College, Ithaca, NY 14853, United States
b Department of Geography and Geosciences, Bloomsburg University, Bloomsburg, PA 17815, United States
c Department of Geography, University of Winnipeg, Winnipeg, MB, Canada R3B 2E9
d LESIA, Observatoire de Paris, 5 Place Jules Janssen, F-92195 Meudon Principal Cedex, France
e Institute for Astronomy, 2680 Woodlawn Dr., Honolulu, HI 96822, United States

a r t i c l e i n f o a b s t r a c t
Article history:
Received 2 April 2010
Revised 3 August 2010
Accepted 3 August 2010
Available online 8 August 2010

Keywords:
Asteroids
Asteroids, Composition
Asteroids, Surfaces
0019-1035/$ - see front matter � 2010 Elsevier Inc. A
doi:10.1016/j.icarus.2010.08.002

* Corresponding author. Address: 62 Buck Rd., Lans
Fax: +1 607 274 1773.

E-mail address: mbell5@twcny.rr.com (M.E. Ocker
1 Guest observer at NASA Infrared Telescope Facility
2 Guest observer at Arecibo Observatory.
We have conducted a radar-driven observational campaign of 22 main-belt asteroids (MBAs) focused on
Bus–DeMeo Xc- and Xk-type objects (Tholen X and M class asteroids) using the Arecibo radar and NASA
Infrared Telescope Facilities (IRTF). Sixteen of our targets were near-simultaneously observed with radar
and those observations are described in a companion paper (Shepard, M.K., and 19 colleagues [2010]. Ica-
rus, in press). We find that most of the highest metal-content asteroids, as suggested by radar, tend to
exhibit silicate absorption features at both 0.9 and 1.9 lm, and the lowest metal-content asteroids tend
to exhibit either no bands or only the 0.9 lm band. Eleven of the asteroids were observed at several rota-
tional longitudes in the near-infrared and significant variations in continuum slope were found for nine in
the spectral regions 1.1–1.45 lm and 1.6–2.3 lm. We utilized visible wavelength data (Bus, S.J., Binzel,
R.P. [2002b]. Icarus 158, 146–177; Fornasier, S., Clark, B.E., Dotto, E., Migliorini, A., Ockert-Bell, M.,
Barucci, M.A. [2010]. Icarus 210, 655–673.) for a more complete compositional analysis of our targets.
Compositional evidence is derived from our target asteroid spectra using two different methods: (1) a
v2 search for spectral matches in the RELAB database, and (2) parametric comparisons with meteorites.
This paper synthesizes the results of the RELAB search and the parametric comparisons with composi-
tional suggestions based on radar observations. We find that for six of the seven asteroids with the high-
est iron abundances, our spectral results are consistent with the radar evidence (16 Psyche, 216
Kleopatra, 347 Pariana, 758 Mancunia, 779 Nina, and 785 Zwetana). Three of the seven asteroids with
the lowest metal abundances, our spectral results are consistent with the radar evidence (21 Lutetia,
135 Hertha, 497 Iva). The remaining seven asteroids (22 Kalliope, 97 Klotho, 110 Lydia, 129 Antigone,
224 Oceana, 678 Fredegundis, and 771 Libera) have ambiguous compositional interpretations when com-
paring the spectral analogs to the radar analogs. The number of objects with ambiguous results from this
multi-wavelength survey using visible, near-infrared, and radar wavelengths indicates that perhaps a
third diagnostic wavelength region (such as the mid-infrared around 2–4 lm, the mid-infrared around
10–15 lm, and/or the ultraviolet around 0.2–0.4 lm) should be explored to resolve the discrepancies.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Main-belt asteroids (MBAs) are critical for testing and modify-
ing formation models of the Solar System. X-complex asteroids
(Tholen, 1984; Bus and Binzel, 2002b; Mothé-Diniz et al., 2003)
play a fundamental role in the investigations of early formation
theories because they represent about 20% of inner main-belt
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asteroids and because they potentially include asteroid metallic
cores (cf. Bell et al., 1989).

Measurements in the near-infrared wavelengths (0.8–4.2 lm)
are useful for compositional information such as absorption band
center positions and depths (indicators of silicate mineralogy),
continuum slope (indicator of spectral redness due to optical alter-
ation, organics, or presence of metal) (Chapman and Gaffey, 1979;
Clark et al., 2004a,b), and 3-lm features (indicator of hydrated
mineral abundances (Rivkin et al., 1995, 2000)).

Recent work in the visible and near-infrared wavelength ranges
indicates that the X-complex asteroids are spectrally diverse be-
yond the sub-groups (E, M, P) suggested by Tholen on the basis
of albedo (Clark et al., 2004b). One Tholen X-complex subgroup,
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the M-type asteroids, have moderate albedos (0.10 P Pv P 0.30)
and are spectrally featureless as described by the Tholen taxonomy
based on the 8-color ECAS data (Zellner et al., 1985). These objects
have been proposed to be the parent bodies of iron meteorites
(Gaffey et al., 1979). It is also suggested that enstatite chondrite
meteorites and heavily altered carbonaceous chondrites are poten-
tial M-type asteroid analogs (Gaffey et al., 1979; Vilas, 1994) due to
weak absorptions at 0.7 and 0.9 lm.

In this paper, we present updated results from our long-term
survey of the X-complex asteroids. We initially began this work
in 2003, targeting the Tholen M-types (Tholen, 1984; Tholen and
Barucci, 1989). Since that time, taxonomy has evolved and our tar-
gets have been newly classified according to the Bus–DeMeo sys-
tem (DeMeo et al., 2009). The Bus–DeMeo taxonomy builds on
the Bus taxonomy (Bus, 1999; Bus and Binzel, 2002a,b; DeMeo
et al., 2009) by using both visible and infrared data to group aster-
oids spectrally from 0.4 to 2.5 lm according to principal compo-
nents. In the Bus–DeMeo system, our targets are now called Xc-
and Xk-types, however some of them are designated Xe or X-types.
No matter what they are called taxonomically, these asteroids are
noted for their lack of strong spectral features, and their near-infra-
red slopes range widely from flat to red. This paper presents new
observations, several methods of data analysis, and a synthesis of
all work we have conducted to date. This paper directly follows
and builds on our previous results (Shepard et al., 2008b, 2010;
Ockert-Bell et al., 2008).

2. Observations and data reduction

Our observations were conducted at the Mauna Kea Observatory
3.0 m NASA Infrared Telescope Facility (IRTF) in Hawaii. We used the
SpeX instrument, equipped with a cooled grating and an InSb array
(1024 � 1024) spectrograph at wavelengths from 0.82 to 2.49 lm
(Rayner et al., 2003). Spectra were recorded with a slit oriented in
the north–south direction and opened to 0.8 arcsec. A dichroic turret
that reduces the signal below 0.8 lm was used for all observations.

Table 1 gives a summary of the asteroids that were observed in
the near-infrared and radar for this program and Table 2 gives the
observing circumstances. Following normal data reduction proce-
Table 1
Asteroids observed (2001–2009) for this study.

Name Bus–DeMeo type Tholen type Family

16 Psychea Xkb M
21 Lutetiaa Xcb M
22 Kalliope Xb M
55 Pandoraa Xk M
77 Friggaa Xe M
97 Klotho Xcb M
110 Lydiaa Xkb M Lydia
129 Antigonea Xk M
135 Hertha Xk M Nysa
136 Austriaa Xc M
216 Kleopatraa Xeb M
224 Oceanaa Xc M
250 Bettina Xk M
347 Pariana Xk M
441 Bathildea Xc M
497 Iva Xk M
678 Fredegundis Xk X
758 Mancuniaa Xk X
771 Libera Xk X
779 Nina Xk
785 Zwetanaa Cbb M
872 Holdaa Xk M

a is the semi-major axis of the asteroid, D is the asteroid diameter, P is the rotation rate. M
2008). Diameter and radar albedo with error bars are from Shepard et al. (2010).

a Asteroids that were published in Ockert-Bell et al. (2008). Bus–DeMeo taxonomy fro
b Retrieved from http://smass.mit.edu/busdemeoclass.html (March, 2009).
dures of flat fielding, sky subtraction, spectrum extraction, and
wavelength calibration, each spectrum was fitted with the ATRAN
atmospheric model for telluric absorption features (Lord, 1992;
Bus et al., 2003; Sunshine et al., 2004). This procedure required
an initial estimate of precipitable water in the atmospheric optical
path using the zenith angle for the observation and the known s-
values (average atmospheric water) for Mauna Kea. This initial
guess was iterated until the best fit between predicted and ob-
served telluric band shapes was obtained, and an atmospheric
model spectrum was generated (Bus et al., 2003). Following this,
each asteroid spectrum was divided by the atmospheric model
and then ratioed to each star spectrum, similarly reduced, before
normalization at 1.2 lm. The final spectra we report are averages
of 3–5 asteroid/star ratios, calculated to average out variations
due to standard star and sky variability.

Usually, 2–5 different standard stars were observed on any gi-
ven night at the telescope (64 Hyades, or any of 9 Landolt stars).
We used only solar standard stars. In addition, 1–3 observations
were obtained of each different standard star. Although we did
not attempt a quality judgment of the asteroid observations, we
paid careful attention to the star observations in order to eliminate
‘‘bad” spectra and/or ‘‘bad” nights at the telescope (such as nights
when unresolved stratospheric clouds were too variable to be re-
moved in reduction). As a matter of routine, we calculate the ratios
of asteroid/star1 over asteroid/star2 to make sure we find no resid-
ual features that are due to bad star measurements (see discussion
in Ockert-Bell et al. (2008)).

There are a number of possible causes of observed spectral
variations in standard star and asteroid spectra. These include: (1)
random fluctuations in detector response (especially at the wave-
length extremes near 0.8 and 2.5 lm), (2) unresolved background
objects adding light, (3) slit and grating position variations due to
imperfect tracking of the telescope, (4) unresolved differences in
atmospheric conditions, (5) intrinsic color differences between
standard stars, (6) change in phase angle of asteroid observations
over long time spans, and (7) rotational compositional variations
and/or grain size variations. Continuum slope variations are sensi-
tive to effects (3) and (4), and in particular, effect (4) is a very com-
mon and difficult problem to resolve when analyzing data.
a (AU) D (km) P (h) Radar albedo

2.92 186 ± 30 4.196 0.42 ± 0.10
2.44 100 ± 11 8.172 0.24 ± 0.07
2.91 162 ± 3 4.148 0.18 ± 0.05
2.71 67 4.804 –
2.67 69 9.012 –
2.67 83 ± 5 35.15 0.26 ± 0.05
2.73 89 ± 9 10.926 0.20 ± 0.12
2.87 113 ± 12 4.957 0.36 ± 0.09
2.43 77 ± 7 8.401 0.18 ± 0.05
2.29 40 11.5 –
2.8 124 ± 15 5.385 0.60 ± 0.15
2.65 62 ± 2 9.388 0.25 ± 0.10.
3.15 80 5.054 –
2.61 51 ± 5 4.053 0.36 ± 0.09
2.81 70 10.447 –
2.86 40 ± 8 4.62 0.24 ± 0.08
2.57 42 ± 4 11.62 0.18 ± 0.05
3.19 85 ± 7 12.738 0.55 ± 0.14
2.65 29 ± 2 5.892 0.17 ± 0.04
2.67 77 ± 2 11.186 0.26 ± 0.24
2.57 49 ± 2 8.918 0.33 ± 0.08
2.73 30 7.2 –

ost values retrieved from the JPL Horizons database, http://ssd.jpl.nasa.gov (January,

m DeMeo et al. (2009).

http://ssd.jpl.nasa.gov
http://smass.mit.edu/busdemeoclass.html


Table 2
Asteroid observational circumstances and rotational phase.

Name UT date Time (UT) Exposure time (s) Airmass Standard stars (airmass) Rotational phase

16 Psycheb 05 November 15 13:02, 14:34 150, 180 1.0, 1.2 A. (1.2), B. (1.1), C. (1.1), D. (1.4) 322, 94
16 Psycheb 05 November 16 10:25, 11:35,13:35 150, 150, 150 1.1, 1.0, 1.2 A. (1.2), B. (1.3), C. (1.1) 357, 97, 269
21 Lutetia 08 December 22 7:28 200 1.0 A. (1.0), B. (1.1)
22 Kalliope 07 December 21 14:46 1800 1.2 A. (1.0), C. (1.1), B. (1.1), D. (1.1)
55 Pandora 05 September 17 11:37 960 1.2 A. (1.1), B. (1.1), H. (1.1), G. (1.1),

C. (1.1)
55 Pandora 05 September 20 13:56 1000 1.0 B. (1.1), H. (1.1), G. (1.1), C. (1.2)
77 Frigga 05 September 17 6:18 960 1.7 A. (1.1), B. (1.1), H. (1.1), G. (1.1),

C. (1.1)
77 Frigga 05 September 20 5:38 960 1.6 B. (1.1), H. (1.1), G. (1.1), C. (1.2)
77 Frigga 06 October 2 11:20 600 1.0 A. (1.1), B. (1.1)
77 Frigga 06 October 5 12:12, 13:18 240, 240 1.0, 1.2 B. (1.1)
97 Klothob 05 September 20 6:01 960 1.2 B. (1.1), H. (1.1), G. (1.1), C. (1.2) 117
97 Klothob 06 December 17 10:36, 12:41 360, 310 1.0, 1.2 A. F. D. 180, 201
97 Klothob 06 December 19 10:48, 11:48 300, 300 1.1, 1.1 A. F. D. 314, 323
110 Lydiaa 07 December 21 5:29 1440 1.4 A. (1.0), C. (1.1), B. (1.1), D. (1.1) 120
110 Lydiaa 08 November 7 15:04 240 1.1 A. (1.1), B. (1.2), F. (1.2) 181
110 Lydiaa 08 November 8 12:12, 13:53 600 1.1, 1.0 A. (1.0), F. (1.1) 163, 216
110 Lydiaa 08 December 22 11:49 240 1.1 A. (1.0), B. (1.1) 19
129 Antigoneb 05 March 16 (�45

lat.)
12:12, 14:00, 14:47, 15:43 1920, 480, 480, 160 1.4, 1.2, 1.1, 1.2 D. (?), E. (?) 171, 41, 344, 276

129 Antigoneb 06 July 19 (+37
lat.)

12:16, 14:49 1800, 360 1.4,1.1 G. (1.1), C. (1.1) 165, 347

129 Antigoneb 06 July 20 (+37
lat.)

12:54, 13:35, 14:20,
14:20, 15:05

1800, 620, 450,
620, 900

1.6, 1.2, 1.1, 1.1,
1.1, 1.1

C. (1.2) 283, 186, 125, 83,
64, 29

129 Antigoneb 06 October 02 (+39
lat.)

11:04 360 1.3 A. (1.1), B. (1.1) 214

129 Antigoneb 06 October 04 (+39
lat.)

10:25 600 1.3 A. (1.0), B. (1.1), C. (1.1) 2

135 Herthaa 08 November 7 10:28, 12:50 720, 270 1.0, 1.1 A. (1.1), B. (1.2), F. (1.2) 118, 220
135 Herthaa 08 November 8 10:51 400 1.0 A. (1.0), F. (1.1) 86
135 Herthaa 08 December 22 6:34 450 1.0 A. (1.0), B. (1.1) 155
136 Austria 03 August 18 13:04 90 1.0 G. (1.1), C. (1.1)
216 Kleopatra 08 September 27 8:14 240 1.0 C. (1.1)
224 Oceana 05 September 20 15:20 960 1.2 B. (1.1), H. (1.1), G. (1.1), C. (1.2)
250 Bettina 08 July 15 14:24 540 1.1 G. (1.2), C. (1.1)
347 Parianaa 08 March 11 13:07 900 1.0 D. (1.1), E. (1.2) 231
347 Parianaa 08 March 12 13:23 720 1.0 A. (1.1), D. (1.1), E. (1.1) 220
441 Bathilde 05 September 17 8:41 960 1.2 A. (1.1), B. (1.1), H. (1.1), G. (1.1),

C. (1.1)
441 Bathilde 05 September 20 7:23 960 1.1 B. (1.1), H. (1.1), G. (1.1), C. (1.2)
441 Bathilde 06 October 2 12:51 600 1.0 A. (1.1), B. (1.1)
441 Bathilde 06 October 5 12:27 1080 1.0 B. (1.1)
497 Iva 08 November 7 12:16, 12:19, 13:59, 14:08 120, 960, 120, 120 1.0, 1.0, 1.2, 1.3 A. (1.1), B. (1.2), F. (1.2) 0, 4, 134, 145
497 Iva 08 December 22 9:26 480 1.1 A. (1.0), B. (1.1) 55
497 Iva 08 December 24 6:34 960 1.1 A. (1.0) 332
678 Fredigundis 08 March 12 5:45 1420 1.0 D. (1.2), E. (1.1), F. (1.0)
758 Mancuniab 06 October 02 14:05 1200 1.0 A., B. 232
758 Mancuniab 06 December 19 10:24, 11:25 600, 600 1.0, 1.1 A., F., D. 121, 149
771 Libera 08 November 7 11:26, 11:30, 13:36 120, 1800, 900 1.0, 1.0, 1.2 A. (1.1), B. (1.2), F. (1.2) 0, 11, 136
771 Libera 08 November 8 12:38 160 1.1 A. (1.0), F. (1.1) 85
771 Libera 08 December 22 7:40, 9:34 720, 480 1.1, 1.1 A. (1.0), B. (1.1) 87, 336
779 Nina 08 November 7 14:19, 14:22 120, 200 1.2, 1.2 A. (1.1), B. (1.2), F. (1.2) 0, 4
779 Nina 08 November 8 12:59, 14:11 80, 160 1.1, 1.2 A. (1.0), F. (1.1) 11, 55
779 Nina 08 December 22 8:51 420 1.0 A. (1.0), B. (1.1) 22
785 Zwetanab 05 March 16 15:07 1440 1.2 D. (?) E. (?) 141
785 Zwetanab 05 May 10a 10:29 1280 1.1–1.3 E. (1.3–1.5) 83, 95, 107, 118,

130
785 Zwetanab 05 May 10b 9:03 640 1.05 E. (1.1) 141, 152, 163, 174
785 Zwetanab 05 May 11a 8:45 640 1.05 E. (1.1) 244, 256
785 Zwetanab 05 May 11b 6:48 1280 1.2 E. (1.2) 322, 333
785 Zwetanab 05 May 19a 7:49 1920 1.1 E. (1.1) 82, 97, 108, 118
872 Holda 05 November 16 12:51 600 1.0 A. (1.2), B. (1.3), C. (1.1)

Standard stars – A. 64 Hyades, Landolt stars: B. 93–101, C. 115–271, D. 102–1081, E. 105–56, F. 97–249, G. 112–1333, H. 110–361.
a 0 rotational phase set to match Shepard et al. (2010).
b Asteroids with rotational data that were published in Ockert-Bell et al. (2008).
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3. Data analysis

Figs. 1–4 present our asteroid spectra averaged over all aspects
and Table 3a presents a summary of the spectral characteristics of
our asteroids, including information from the 3-lm survey
(whether the asteroid has a 3-lm hydration feature) and radar re-
sults (whether the radar albedo indicates high, moderate or low
NiFe content). When possible, we include visible data obtained
by other workers (Bus and Binzel, 2002a; Zellner et al., 1985; Chap-
man and Gaffey, 1979; Fornasier et al., 2010), and in the 3-lm re-
gion (Rivkin et al., 1995, 2000). Error bars are not plotted; however
formal measurement uncertainties that propagate through the



Fig. 1. Rotationally averaged spectra of Group 1 asteroids that do not have detectable mafic absorptions at 0.9 and 1.9 lm. Visible (Chapman and Gaffey, 1979; Zellner et al.,
1985; Bus and Binzel, 2002b; Fornasier et al., 2010) and thermal infrared data (Rivkin et al. (1995, 2000) and Rivkin (personal communication) for 97 Klotho) are added when
possible. The Bus–DeMeo type, and Rivkin type are given (W indicates that the asteroid has the 3-lm feature, M indicates that it does not).

Fig. 2. Rotationally averaged spectra of Group 2 asteroids that have a measurable 0.9 lm mafic absorption but no 1.9 lm absorption.
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reduction are less than the scatter in the data, so we suggest that
the scatter in the data is the best illustration of the uncertainties
of each spectrum measurement. The 3-lm survey data are in-
cluded to indicate which asteroids have detectable hydration fea-
tures (Rivkin et al., 1995, 2000). When a hydration feature was
detected, Rivkin et al. (2000) use the letter ‘‘W” (for wet) as op-
posed to the Tholen letter ‘‘M” (for metallic), and these conventions
are followed in the figure legends.
3.1. Spectral features

In this paper we will refer to several spectral features seen in
our dataset. In the near-infrared we see the 0.9 lm (Band 1) and
1.9 lm (Band 2) absorptions attributed to mafic minerals, in partic-
ular ortho- and clinopyroxenes (Adams, 1974). Continuum slope is
measured as rise over run (change in normalized reflectance di-
vided by change in wavelength in units of (103 Å)�1) for four wave-



Fig. 3. Rotationally averaged spectra of Group 3 asteroids that have measurable mafic absorptions at 0.9 and 1.9 lm.

Fig. 4. Rotationally averaged spectrum of 785 Zwetana (Group 4).
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length regions. The visible (VIS) region from 0.44 to 0.7 lm was
chosen to represent the visible continuum slope before a peak
brightness at about 0.75 lm. The near-infrared slope regions were
selected because there is a change in slope at about 1.5 lm. The
Table 3a
Asteroid spectral markers (asteroids are organized according to presence of absorption ba

Name NIR group Pv VIS ± 0.2 NIR1 ± 0.1 NIR2 ± 0.1 N

021 Lutetia 1 0.20 ± 0.03 5.8 1.0 �3.0 1
097 Klotho 1 0.23 ± 0.03 3.7 1.4 �2.0 2
224 Oceana 1 0.17 ± 0.01 3.5 2.5 9.0 1

016 Psyche 2 0.23 ± 0.05 6.8 2.0 1.7 1
022 Kalliope 2 0.14 ± 0.01 5.1 2.8 1.7 1
077 Frigga 2 0.14 6.4 2.0 1.0 1
129 Antigone 2 0.21 ± 0.05 2.2 3.0 2.1 2
135 Hertha 2 0.14 ± 0.01 8.5 2.2 1.5 1
136 Austria 2 0.15 6.5 2.0 7 1
250 Bettina 2 0.26 6.3 3.5 2.7 2
441 Bathilde 2 0.14 7.6 1.6 7 1
497 Iva 2 0.13 ± 0.03 – 2.2 1.2 1
678 Fredegundis 2 0.25 ± 0.02 2.5 2.1 1.3 1
771 Libera 2 0.13 ± 0.01 1.8 3.0 1.9 2
872 Holda 2 0.21 3.8 3.2 1.4 1

055 Pandora 3 0.30 3.6 2.4 1.9 1
110 Lydia 3 0.16 ± 0.02 3.4 3.0 1.7 1
216 Kleopatra 3 0.12 ± 0.02 4.0 3.6 2.0 2
347 Pariana 3 0.18 ± 0.02 3.5 2.9 1.9 1
758 Mancunia 3 0.13 ± 0.02 4.9 2.6 9 1
779 Nina 3 0.14 ± 0.01 2.8 2.8 1.7 1

785 Zwetana 4 0.12 ± 0.01 3.8 1.8 2.5 2

Pv is the geometric albedo from the JPL Horizons database or Shepard et al. (2010). Visible
measured between: NIR1 1.1–1.45 lm, NIR2 1.6–2.3 lm, NIRC 0.8–2.4 lm. Slope units are
NiFe content and radar analog are from Shepard et al. (2010).
precise wavelength of slope change varies from 1.35 to 1.65 lm
and so the two NIR regions are separated by 0.15 lm. Near-infra-
red slope (NIR1) is from 1.1 to 1.45 lm, NIR2 is from 1.6 to
2.3 lm, and the near-infrared continuum (NIRC) slope is from
0.82 to 2.49 lm (note that these wavelength regions differ slightly
from those used in Ockert-Bell et al. (2008)). The slope values are
robust; changing the boundaries by 0.02 lm changes slope values
by less than 2%.

The spectral feature measurements are presented in Tables 3a
and 3b. Table 3a sorts our targets according to the presence of
the mafic bands, creating four groups: Group 1 (Fig. 1): no absorp-
tion bands, Group 2 (Fig. 2): 0.9 lm band only, Group 3 (Fig. 3): 0.9
and 1.9 lm detected. One object, 785 Zwetana, does not fall into
any of the above groups (Fig. 4). Table 3b presents detailed infor-
mation about the absorption band detections.

Detection of the mafic bands is difficult due to the fact that they
are co-located in wavelength with atmospheric water bands. If our
nds).

IRC ± 0.1 Band center 1 ± 0.01 Band center 2 ± 0.02 3 lm NiFe content

.0 – – Yes Low

.0 – – No Low

.2 – – – Low

.8 0.95 – No High

.9 0.90 – Yes Low

.2 0.87 – – –

.3 0.89 – Yes High

.7 0.91 – Yes Low

.0 0.85 – – –

.7 0.91 – – –

.0 0.87 – – –

.5 0.90 – No Low

.3 0.91 – – Mod

.1 0.90 – No Low

.7 0.95 – – –

.8 0.93 1.94 Yes –

.9 0.88 1.75 Yes Mod.

.6 0.91 1.99 No High

.9 0.94 1.79 – High

.3 0.87 1.90 No High

.9 0.93 1.78 – High

.3 0.62 1.68 No High

spectrum (VIS) slope is measured from 0.45 to 0.7 lm, the near-infrared slopes are
reflectance/(103 Å). 3 lm feature occurrence as reported by Rivkin et al. (2000). The



Table 3b
Band depth determination.

Name Band depth
1 ± 0.003

v2 curve v2 flat Signal-to-noise v2 difference (%) Band depth
2 ± 0.002

v2 curve v2 flat Signal-to-noise v2 difference (%)

021 Lutetia 0 0.0036 0.0037 0 1 0 0.0020 0.0020 0 0
097 Klotho 0 0.0015 0.0015 0 0 �0.003 0.0025 0.0029 �1 17
224 Oceana 0.003 0.0778 0.0784 0 1 �0.001 0.0047 0.0051 0 8

016 Psyche 0.011 0.0011 0.0013 10 15 0.001 0.0017 0.0017 1 1
022 Kalliope 0.016 0.0016 0.0029 10 87 0.001 0.0015 0.0015 1 2
077 Frigga 0.020 0.0019 0.0047 10 145 0 0.0110 0.0110 0 0
129 Antigone 0.013 0.0014 0.0052 9 277 0.003 0.0021 0.0023 1 8
135 Hertha 0.014 0.0022 0.0041 6 89 0 0.0011 0.0011 0 1
136 Austria 0.008 0.0026 0.0036 3 37 �0.001 0.0017 0.0018 �1 6
250 Bettina 0.050 0.0035 0.0129 14 27% 0.002 0.0014 0.0015 1 4
441 Bathilde 0.01 0.0039 0.0045 3 15 �0.001 0.0024 0.0025 0 6
497 Iva 0.016 0.0004 0.0013 42 259 0.001 0.0019 0.0019 1 0
678 Fredegundis 0.035 0.0032 0.0070 11 117 0.002 0.0017 0.0022 1 26
771 Libera 0.018 0.0017 0.0058 10 230 0 0.0020 0.0020 0 0
872 Holda 0.026 0.0027 0.0046 10 72 0 0.0018 0.0018 0 0

055 Pandora 0.021 0.0018 0.0030 12 68 0.008 0.0053 0.0058 2 10
110 Lydia 0.015 0.0010 0.0034 15 240 0.003 0.0006 0.0007 5 28
216 Kleopatra 0.009 0.0027 0.0034 3 27 0.005 0.0030 0.0035 2 15
347 Pariana 0.026 0.0067 0.0080 4 19 0.008 0.0011 0.0013 7 18
758 Mancunia 0.013 0.0063 0.0092 2 45 0.003 0.0012 0.0017 3 43
779 Nina 0.016 0.0019 0.0032 8 67 0.005 0.0012 0.0014 4 23

785 Zwetana 0.030 0.0025 0.0061 12 147 0.014 0.0002 0.0003 68 33

See text Section 3.1 for an explanation of each column.

Fig. 5. Expanded views of the 0.9 lm and 1.9 lm absorption bands attributed to
mafic minerals. (a) The spectral region 0.65–1.1 lm illustrates the detection of the
0.9 lm band. Two-hundred and fifty Bettina has an absorption with about 5% depth
and 21 Lutetia has no Band 1 detection. (b) The spectral region 1.55–2.43 lm
illustrates the marginal detections of the 1.9 lm mafic mineral absorption band. A
comparison is shown for 347 Pariana (Band 2 with about 0.8% depth) and 771 Libera
(no Band 2 detection).
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Bands 1 and 2 detections were due to atmospheric water, then we
might also expect to detect an atmospheric band at 1.4 lm, which
is also strong. Since we do not detect an absorption at 1.4 lm, we
conclude that our atmospheric corrections are accurate. (Harder-
sen et al. (2005) show that the shape of these M-type asteroid ma-
fic bands are quite different from those of atmospheric water and
also conclude that they are weak mafic bands.)

We fit each absorption band with a 2-degree polynomial and cal-
culated the v2 parameter value (sum of the squares of the difference
between the asteroid and the curve for each wavelength channel).
We also fit a straight line to the same data (we call this a ‘‘flat” spec-
trum) and calculated thev2 parameter. These values are tabulated in
Table 3b, along with the percentage difference between the v2

parameter values (curve v2 parameter minus flat v2 parameter di-
vided by flat v2 parameter). For the asteroids with the highest sig-
nal-to-noise ratio of the band detection, the percentage difference
in v2 parameter values is quite high (e.g. 270% for 250 Bettina), indi-
cating that the curve is a better fit than a straight line. For example,
Fig. 5 presents zoom plots of the spectral regions around each mafic
band. For each band we chose two asteroids that have similar contin-
uum slopes in the near-infrared, one showing the band, and one not
showing the band. All spectra are divided by the continuum slope
and the band non-detection spectrum is plotted offset (and up) from
the band detection spectrum. Each spectrum shows the 2-degree
polynomial fit to the absorption band.

Fig. 5a is a demonstration of the detection of the 0.9 lm band.
The band detection is complicated by two factors. The absorption
band spans two datasets, SpeX and the visible data (in most cases,
this is the SMASS dataset). It is also at a place where the continuum
slope changes abruptly for many of our asteroids. The splicing of
the two datasets, continuum slope selection and band minimum
and maximum are tricky. In our processing algorithm each spec-
trum was spliced in different ways and the band selection was
made several times to ensure robust band detection. As demon-
strated in Table 3b, we define the 0.9 lm band detection for aster-
oids that have band detection signal-to-noise greater than 1 and a
v2 value for the curve fit that is smaller than the linear fit.

The 1.9 lm band is barely detectable (Fig. 5b) and the band
maximum lies at the edge of the SpeX spectral range. Table 3b
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gives the signal-to-noise and a v2 value for these detections as
well. We feel confident that the spectra in Group 3 have an absorp-
tion band at 1.9 lm, but we do not feel confident that the spectra
in Group 2 do not have an absorption at this location. It is possible
that the atmospheric water correction is removing any detection of
this band.

One other interesting and subtle feature is seen in the spectra of
Antigone, Frigga, and Kleopatra. At 0.5 lm there is a hint of an
absorption that is often referred to as the ‘‘Angelina hook” and
attributed loosely to sulfides (Bus and Binzel, 2002b). This same
feature can be seen more clearly in the spectra of 64 Angelina
(Bus and Binzel, 2002a) and 3169 Ostro among others that are clas-
sified as Bus–DeMeo Xe objects (DeMeo et al., 2009). We do not in-
clude this feature in our analysis, but note that it does appear in
three of our spectra.

3.1.1. Group 1: no mafic bands
Fig. 1 presents asteroid target spectra that do not appear to con-

tain the mafic bands at 0.9 lm and 1.9 lm. These are 21 Lutetia, 97
Klotho and 224 Oceana. The only distinguishing characteristic in
the near-infrared for these spectra is the position of the change
in slope in the near-infrared at approximately 1.5 lm. The Rosetta
mission will encounter Lutetia in July 2010 and may shed some
light on this asteroid’s surface properties.

3.1.2. Group 2: measurable 0.9 lm but not 1.9 lm
Fig. 2 presents the asteroid spectra that have measurable

absorption bands at 0.9 lm but not at 1.9 lm. These are 16 Psyche,
22 Kalliope, 77 Frigga, 129 Antigone, 135 Hertha, 136 Austria, 250
Bettina, 441 Bathilde, 497 Iva, 678 Fredegundis, 771 Libera and 872
Holda. The band centers for these objects range from 0.85 to
0.95 lm and the band depths for these objects are less than 3.5%,
except for Bettina (5%).

3.1.3. Group 3: measurable 0.9 lm and 1.9 lm
Fig. 3 presents the asteroid spectra with measurable 0.9 and

1.9 lm mafic absorptions. These objects have the characteristic
spectrum of an Xk asteroid with a strong red continuum slope
(55 Pandora, 110 Lydia, 216 Kleopatra, 347 Pariana, 758 Mancunia,
779 Nina). The band centers of the 0.9 lm band for these objects
range from 0.87 to 0.94 lm and the depths are under 3%. The band
centers of the 1.9 lm band range from 1.75 to 1.99 lm and the
depths are 1% or smaller, so that the absorptions appear to be
barely noticeable dents in the spectrum.

3.1.4. The oddball: different from everything else
Zwetana does not have measurable mafic bands and has a con-

cave curvature in the near-infrared (Fig. 4). Of the objects in our
SpeX database, few have the strong red slope with concave curva-
ture similar to Zwetana’s spectrum. Two X objects (229 Adelinda
and 276 Adelheid (Clark et al., 2010)) and a T object (517 Edith)
have a similar concave shape but there are no SMASS data for
any of these objects.

The visible part of the Zwetana spectrum exhibits an absorption
centered at 0.62 lm. This absorption is seen in both Fornasier et al.
(2010) and SMASS II data, though the absorption is deeper in the
SMASS data. A search of the SMASS database found very few ob-
jects that exhibit the (approximately) 0.7 lm absorption with no
UV drop off (104, 177, 279, 372, and 1098, 6283, 6354, and
7402). Of those investigated, the near-infrared portions of their
spectra do not match Zwetana. Zwetana appears to be in a class
of its own. Polarization data also indicate a unique surface for Zwe-
tana: Fornasier et al. (2006) note that Zwetana has a ‘‘peculiar”
large inversion angle, unlike other M-type asteroids.
3.2. Rotational phase

One of the goals of this observation program was to search for
infrared spectral variations associated with rotation. Such varia-
tions have been described for several asteroids (Gaffey, 1984,
1997; Cochran et al., 1998; Mothé-Diniz et al., 2000; Shepard
et al., 2008a; Ockert-Bell et al., 2008), however suspected rota-
tional variations on 433 Eros (Murchie and Pieters, 1996) were
not confirmed by spacecraft observation (Bell et al., 2002).

To safely distinguish between rotational compositional varia-
tions and all other possible causes, repeated observations for more
than one rotation are necessary. We note that we limit our obser-
vations of asteroids and standard stars to 1.0–1.2 airmasses or
nearly overhead to reduce the variability to the north–south orien-
tation of the slit.

Repeated rotations of asteroids can create further complications
arise. For example, the plane of sky projection of the 3-dimensional
asteroid varies as the asteroid revolves around the Sun, presenting
gradually varying sub-observer latitudes and longitudes. This
means that both latitude and longitude may differ from one appa-
rition to another, making it difficult to confirm longitudinal rota-
tional spectral variations. A threshold for significance was found
in Ockert-Bell et al. (2008) by comparing multiple spectra of 16
Psyche taken on two consecutive nights with five different stan-
dard stars and found a threshold for variation of 20%. In this study
of continuum slope variations, we observed 347 Pariana in March
2008 with multiple standard stars on two successive nights. The
observations over two nights included nearly the same rotation
longitudes and the same standard stars. The variation between
nights, then, should be due to observing conditions only. We found
that the near-infrared continuum slope varied by less than 15% be-
tween March 11 and 12. Similar results were seen with Zwetana
data from May 2005 when 25 aspects were observed. We reset
our threshold of significance to 15%. However, we concede that
multi-rotation observations are necessary for verification.

The asteroids for which we have extensive rotational phase
coverage in conjunction with radar observations are presented in
Table 2 and Fig. 6. We estimate rotational phase for each observa-
tion using the rotation periods from the JPL Horizon’s database,
and the first observation of each asteroid is given in Shepard
et al. (2010) as the ‘‘0” longitude. Table 4 presents the variation
of the near-infrared slopes and 0.9 lm band depth. Only the vari-
ation is given because the slopes and band depth depend on the
visible data, for which we do not have rotational data. There are
six newly observed asteroids for this work and five objects from
Ockert-Bell et al. (2008).

We resolve the rotational phase by averaging only the 3–5
asteroid-over-standard-star ratios for a given asteroid observation.
Fig. 6 shows the measured rotationally resolved reflectance spectra
(normalized to 1.0 at 1.2 lm) for the 11 asteroids. The plots show
the average of all observations (dark curve) and overlays of the
spectra that exhibited the maximum and minimum deviations
from the average. The wavelength coverage of our rotational stud-
ies is restricted to the near-infrared (0.82–2.49 mm) and does not
include the visible wavelength region that would allow a definitive
study of the variation in the 0.9 mm band.

All of the M-type asteroids that were studied, except for Pariana
and Zwetana, have significant slope variations in the near-infrared.
Most often, significant slope variation occurs in the NIR2 region
from 1.6 to 2.3 lm. Only Antigone and Nina show significant vari-
ation in band depth for the 0.9 lm absorption. Most of the objects
measured in the radar wavelengths show significant variation in
radar albedo. Radar albedo rotational variations and spectral rota-
tional variations of Antigone are presented in Shepard et al.
(2008b).



Fig. 6. Rotational variation in spectra with the average, maximum and minimum plotted for each asteroid. Significant variation is found for 97 Klotho, 129 Antigone, and 497
Iva.

Table 4
Variation in spectral parameters due to rotational aspect.

Asteroid # of rotational
phases

0.9 lm band
depth variation

NIR1 (1.1–1.45 lm)
slope variation

NIR2 (1.6–2.3 lm)
slope variation

NIRC (0.82–2.49 lm)
slope variation

Radar albedo
variability

16 Psyche 5 0.002 (15%) 0.5 (31%)a 0.2 (14%) 0.2 (13%) Yes
97 Klotho 7 b 0.5 (45%)a 0.4 (200%)a 0.4 (100%)a Indeterminate
110 Lydia 5 0.001 (9%) 0.2 (8%) 0.3 (21%)a 0.2 (25%)a Yes
129 Antigone 14 0.005 (31%)a 0.9 (36%)a 0.6 (33%)a 0.6 (28%)a Yes
135 Hertha 5 0.001 (6%) 0.2 (11%) 0.3 (23%)a 0.2 (13%) Yes
347 Pariana 2 0.004 (15%) 0.2 (8%) 0.2 (13%) 0.1 (5%) Yes
497 Iva 6 0.002 (1%) 0.3 (14%) 0.5 (38%)a 0.2 (13%) Indeterminate
758 Mancunia 6 0.001 (15%) 0.3 (14%) 0.2 (25%)a 0.2 (15%) Yes
771 Libera 6 0.002 (11%) 0.6 (23%)a 0.2 (13%) 0.4 (20%)a Indeterminate
779 Nina 5 0.003 (18%)a 0.2 (8%) 0.3 (20%)a 0.2 (11%) Yes
785 Zwetana 25 b 0.2 (13%) 0.2 (10%) 0.1 (5%) Yes

a Denotes variations above our threshold of 15%.
b Denotes a lack of 0.9 lm absorption.
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4. Discussion

4.1. Search of RELAB spectral database for meteorite analogs

To constrain the possible mineralogies of our targets, we con-
ducted a search for meteorite and/or mineral spectral matches.
We used the publicly available RELAB spectrum library (Pieters,
1983), which consisted of nearly 15,000 spectra in the November
of 2008 public download. We added spectra for iron meteorites
presented in Cloutis et al. (2010), mixtures of iron meteorite and
pyroxenes (Cloutis et al., 2009), carbonaceous chondrites, and Vaca
Muerta (Ed Cloutis, personal communication). For each spectrum
in the library, a filter was applied to find relevant wavelengths
(0.4–2.5 lm). A second filter was applied to reject spectra with
brightnesses at 0.55 lm that differed from the asteroid’s albedo
by more than ±7% (absolute). For example, if the asteroid’s albedo
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was 10%, then we compared it to all meteorite spectra with bright-
nesses from 3% to 17%. This process produced a list of approxi-
mately 4000 RELAB spectra of appropriate brightness and
wavelength coverage for comparison to the asteroid.
Table 5
RELAB best-fit matches.

Name Pv RELAB analog
(norm at 0.55 lm)

Sample name Sample Pv

21 Lutetia 0.20 Hvittis EC MR-MJG-024 0.18
97 Klotho 0.23 Babb’s Mill Ataxite MR-MJG-083 0.24
224 Oceana 0.17 Aluminum SI-PHS-001 0.19

16 Psyche 0.23 Landes IM MB-TXH-046 0.17
22 Kalliope 0.14 Landes IM MB-TXH-046 0.17
77 Frigga 0.14 St. Mark’s EC E5 MR-MJG-022 0.09
129 Antigone 0.21 Esquel SIM MB-TXH-043-H 0.14
135 Hertha 0.14 Landes IM MB-TXH-046 0.17
136 Austria 0.15 St. Mark’s EC E5 MR-MJG-022 0.09
250 Bettina 0.26 Lunar soil LS-JBA-155-N2 0.25
441 Bathilde 0.14 St. Mark’s EC E5 MR-MJG-022 0.09
497 Iva 0.13 (no VIS)
678 Fredegundis 0.25 Pillistfer EC MR-MJG-038 0.17
771 Libera 0.13 Landes IM MB-TXH-046 0.17
872 Holda 0.21 Landes IM MB-TXH-046 0.17

55 Pandora 0.30 (no match found)
110 Lydia 0.16 Esquel SIM MB-TXH-043-H 0.14
216 Kleopatra 0.12 Hoba IM EAC 0.10
347 Pariana 0.18 Esquel SIM MB-TXH-043-H 0.14
758 Mancunia 0.13 Paragould OC MR-MJG-076 0.06
779 Nina 0.14 Landes IM MB-TXH-046 0.17

785 Zwetana 0.12 Abee EC MB-TXH-040-F 0.07

Landes IM, and rose city OC are slab spectra. All others are particulate (no information

Fig. 7. The most common best fit meteorites for the M-type asteroid spectra in the RE
meteorite. (c) Saint-Sauveur enstatite EH5 meteorite (similar to St. Mark’s). (d) The Od
similar to our M-type asteroids. All pictures were retrieved from http://www.encyclope
The ‘‘albedo” (brightness) of a meteorite is taken to be the
reflectance value at 0.55 lm of a sample measured at 30� phase an-
gle. This value is compared with the asteroid geometric albedo at a
wavelength of �0.55 lm (usually V band). While this comparison
v2 RELAB analog
(norm at 1.2 lm)

Sample name Sample Pv v2

0.0016 Hvittis EC MR-MJG-024 0.18 0.0001
0.0006 Babb’s Mill Ataxite MR-MJG-083 0.24 0.0002
0.0005 Aluminum SI-PHS-001 0.19 0.0003

0.0006 Landes IM MB-TXH-046 0.17 0.0004
0.007 Graphite SC-EAC-111 0.11 0.0003
0.002 St. Mark’s EC E5 MR-MJG-022 0.09 0.0008
0.0002 Landes IM MB-TXH-046 0.17 0.0007
0.001 Rose City OC H5 MB-MJG-079 0.07 0.0003
0.030 St. Mark’s EC E5 MR-MJG-022 0.09 0.020
0.02 Lunar soil LS-JBA-076-P2 0.24 0.01
0.0008 Khairpur EC MR-MJG-025 0.12 0.0004

Landes IM MB-TXH-046 0.17 0.0001
0.002 Daniel’s Kuil EC MR-MJG-026 0.17 0.0008
0.0007 Landes IM MB-TXH-046 0.17 0.0003
0.0002 Landes IM MB-TXH-046 0.17 0.0002

Odessa IM slab EAC 0.53 0.003
0.0003 Landes IM MB-TXH-046 0.17 0.0003
0.0004 10% PYR 90% Odessa IM EAC 0.10 0.0004
0.0004 Landes IM MB-TXH-046 0.17 0.0003
0.0004 Paragould OC MR-MJG-076 0.06 0.0003
0.0002 Landes IM MB-TXH-046 0.17 0.0005

0.0006 Abee EC MB-TXH-040-F 0.07 0.0004

is provided about the aluminum).

LAB database search. (a) The Landes iron meteorite. (b) Esquel stony-iron Pallasite
essa iron meteorite is composed of nearly pure nickel–iron but spectrally it is not
dia-of-meteorites.com/ (March, 2010).

http://www.encyclopedia-of-meteorites.com
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is decidedly inexact, we have never seen an empirical ‘‘correction”
factor that can be used to convert reliably from meteorite reflec-
tance to asteroid albedo. It is certain that the two measurements
are correlated, and that they can be compared in a relative sense.
Meteorite albedo varies with grain size and sample packing – an ef-
fect we have tried to account for by including various grain sizes in
our comparison meteorite dataset, but is generally known to with-
in less than ±1% in absolute terms. An asteroid’s albedo is an
extrapolation from observations near 30� phase down to a model
quantity at 0� phase, and is usually not known better than to with-
in ±3–5% in absolute terms. Considering these facts, we have
decided to use published asteroid albedos and published meteorite
reflectances without making any corrections from one quantity to
the other, in order to make the least assumptions about the nature
of the correlation between these quantities.

The value of ±7% was the result of trials conducted using 5% and
10%. In the 5% case, we did not find enough spectral matches. In the
Fig. 8a. The least-squares best-fit matches (red curve) found
10% case, we found too many spectral matches, and the brightness
difference between the meteorites and asteroids was too extreme.
A compromise of ±7% produced sufficient numbers of spectral
matches without stretching the comparison in brightness between
meteorite and asteroid.

We normalized our asteroid and meteorite spectra before calcu-
lation of the v2 value for each RELAB sample relative to the input
asteroid spectrum. In one test, RELAB and asteroid spectra were
normalized to 1.0–0.55 lm. In a second test, RELAB and asteroid
spectra were normalized to 1.0 at 1.2 lm, the approximate center
of the J band. The lists of RELAB spectra were sorted according to
v2, and then visually examined for dynamic weighting of spectral
features by the spectroscopist. Given similar v2 values, a match
that mimicked spectral features was preferred over a match that
averaged through small spectral band features. We visually exam-
ined the top �200 v2 matches for each asteroid to make sure that
the v2 algorithm choices were reasonable.
in the RELAB database for each asteroid (black curve).
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The search algorithm was allowed to search the entire database
without constraints on particle size. Many of the matches found by
our search algorithm are particulate materials, which are relevant
for asteroid regoliths. However, the RELAB database does not con-
tain very many spectra of particulate metal samples, and the
search algorithm often resulted in sold-surface samples, such as
slabs. While these surfaces are not considered to be relevant for
asteroid regoliths, it is interesting that their spectral properties
are a better match for many of the asteroids we observed.

Table 5 shows the results of the search using normalization at
0.55 lm. Several asteroids were difficult to match with RELAB
spectra partly because their albedos are greater than 0.20 (55 Pan-
dora, 129 Antigone, 250 Bettina, and 678 Fredegundis). For these
asteroids, it was difficult to find anything in the RELAB database
with corresponding brightness. The closest matches in albedo
and spectral shape were lunar samples. However, lunar samples
have very deep 0.9 and 1.9 lm absorptions, which were inconsis-
tent with the asteroid spectra.

Several meteorites showed up as best matches for many of the
asteroids when the data are normalized to 0.55 lm. However,
many of the asteroid spectra matched spectra obtained of the cut
slab surface of the Landes iron meteorite (Fig. 7a). The iron mete-
orite Landes was a spectral match for seven asteroids. It is an iron
meteorite with silicate inclusions that has a large number of min-
erals in a NiFe matrix. Chemical analysis shows this meteorite to be
81% NiFe and 16% silicates (Bunch et al., 1972). The stony-iron
meteorite Esquel was a best match for three asteroids (Fig. 7b). Es-
quel is described as containing ‘‘Large olivine masses transected by
thin veins of metallic Fe–Ni” (Ulff-Moller et al., 1998). The Ulff-
Moller chemical analysis found 63% olivine and 21% NiFe. The
Fig. 8b. (con
EH5 enstatite chondrite St. Mark’s was the best match for three
asteroids (Fig. 7c). Enstatite chondrites have oxygen isotope com-
positions that plot near the terrestrial fractionation line, and highly
reduced mineral assemblages (containing little FeO, Si-bearing me-
tal, and sulfides of elements normally considered lithophile) The
high-iron (EH) chemical group is distinguished by small chond-
rules (0.2 mm), abundant metal (�10 vol.%) that is rich in Si
(�3 wt.%), and an extremely reduced mineral assemblage includ-
ing niningerite (MgS) and perryite (Fe–Ni silicide). The Type 5 des-
ignation means that St. Mark’s has been metamorphosed under
conditions sufficient to homogenize olivine and pyroxene, convert
all low-Ca pyroxene to orthopyroxene, cause the growth of various
secondary minerals, and blur chondrule outlines (The Meteoritical
Society, 2010). All of the meteorites have a substantial number of
silicon inclusions and do not have the nearly pure metal composi-
tion of iron meteorites like Odessa (Fig. 7d).

In the second test, RELAB and asteroid spectra were normalized
to 1.0 at 1.2 lm, the approximate center of the J band (Table 5 and
Figs. 8a and 8b). Comparing tests 1 and 2, the results were not greatly
different. The Landes meteorite was best match for six asteroids in
text 1 and eight asteroids in test 2. The Esquel meteorite was the best
match for three asteroids in test 1 and none in test 2.

Our search technique emphasized the spectral characteristics of
brightness and shape, and de-emphasized minor absorption bands
and other parametric characteristics. For example, 441 Bathilde
does not have a measurable absorption at 0.9 lm yet the two best
analogs have absorptions (Figs. 8a and 8b). This suggests that our
RELAB searches are complementary to band parameter studies. In
the next section, we describe our band parameter studies of our
survey targets.
tinued)
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4.2. Searches for parameter correlations and groupings

We compare seven spectral parameters of our asteroids (four
slope measurements, one brightness indicator, and two band mea-
surements) to the same spectral parameters measured from a set
of analog meteorites (Tables 6a–6d). The meteorite set was assem-
bled to include all relevant RELAB spectra for the meteorite classes
as follows: iron meteorites (IM), stony-iron meteorites including
mesosiderites (SIM), and enstatite chondrites (EC). In addition,
we measured ordinary chondrite meteorites (OC) that appeared
in the RELAB searches (Table 5), and carbonaceous chondrite mete-
orites (CI, CM, CB, CH) that were mentioned in the Shepard et al.
(2010) study of the same targets. Parameter measurement uncer-
tainties are not presented in table, however these data are avail-
able upon request. In general, the measurement errors for the
meteorite spectra are quite low due to the high signal-to-noise of
the laboratory spectra. However, the variability in measurements
of the same sample (e.g. Abee in Tables 6a–6d) due to variations
in grain size and/or viewing geometry is a much stronger source
of uncertainty in terms of characterizing the parametric behavior
of a class of meteorites. We do not attempt to account for this var-
iation due to the limited sampling available in the RELAB collec-
tion. Instead, we include all available spectra in an attempt to
reduce our sensitivity to this source of uncertainty. Future work
should include a more systematic sampling of meteorites to build
up the RELAB collection.

In our first comparison, we make 2D plots of parameters and
search for meaningful groupings or correlations. In our second
comparison, we test each asteroid parameter to see if it falls in
the range of values defined by each meteorite class, and we tabu-
late the positive results. An asteroid is considered to parametrically
Table 6a
Chondrite meteorite spectral markers.

Name RELAB
sample ID

Type REF 0.55 VIS ± 4% NIR1 ± 6%

WIS91600 EAC/c1ph33 CM2 0.022 5.5 4.4
MET 00639 EAC/c1ph32 CM2 0.028 0.6 0.3
MET 01070 EAC/c1ph43 CM1 0.051 �1.7 0.6
QUE97077 EAC/c1ph51 CM2 0.051 2.9 4.3
Orgueil MR-MJG-105 CI 0.047 9.0 �0.2
Parametric boundaries CICM 0.02–0.05 �1.7 to 9.0 �0.2 to 4.4

PCA91467 EAC/c1ph49 CH2 0.097 35.6 2.9
Parametric boundaries CH 0.06–0.14 31.7–39.4 1.5–4.2

Cavour OC MH-JFB-024 H6 0.14 5.1 �0.4
Rose City OC MR-MJG-079 H5 0.07 8.5 1.9
Chainpur OC MR-MJG-067 LL3 0.14 6.6 2.4
Paragould OC MR-MJG-076 LL5 0.06 7.3 2.2
Parametric boundaries OC 0.06–0.14 5.1–8.5 �0.4 to 2.4

REF – reflectance at 0.55 lm (5500 Å).
EAC – spectra provided by Ed Cloutis.

Table 6b
Enstatite chondrite meteorite spectral markers.

Name RELAB
sample ID

Type REF 0.55 VIS ± 4% NIR1 ± 6%

Abee (Hiroi) EC MT-TXH-040 EH 0.07 2.4 1.5
Abee (Gaffey) EC MR-MJG-020 EH 0.08 5.2 2.5
Indarch EC MR-MJG-021 EH 0.06 2.8 1.7
St. Mark’s EC MR-MJG-022 EH 0.09 8.7 0.9
Atlanta EC MR-MJG-023 EL 0.13 19.9 0.9
Hvittis EC MR-MJG-024 EL 0.18 8.1 1.0
Pillistfer EC MR-MJG-025 EL 0.17 7.2 1.0
Khairpur EC MR-MJG-025 EL 0.12 1.6 0.8
Daniel’s Kuil EC MR-MJG-038 EL 0.17 13.7 1.3
Parametric boundaries EC 0.06–0.18 2.4–19.9 0.8–2.5
‘‘match” a class of meteorites if 6 or 7 of its spectral parameters fall
within the range defined by that class of meteorites. Finally, we use
our parameters to check for statistical correlations between aster-
oid spectral and orbital parameters.

4.2.1. Visible region (VIS versus brightness)
Visible slope is the measurement of slope between 0.45 and

0.7 lm. Asteroid spectra that are ‘‘flat” in the visible region have
slopes that are less than 0.5. Typically these flat spectra also have
very little curvature in this region. For example, Antigone has a
flat-VIS slope of 2.2 (Fig. 3) and Hertha has a rounded-VIS slope
of 0.85 (Fig. 2). The VIS slopes of our asteroids range between 1.8
and 8.3 and two range-groupings appear in the data: The ‘‘flat”
spectra have slopes between 1.8 and 4.0 and the steeper/rounded
spectra have slopes between 5.0 and 9.0.

Visible slopes are compared to brightness for the asteroids and
meteorites in Fig. 9a. The meteorite absolute reflectance at 0.55 lm
is assumed to be roughly comparable to asteroidal geometric albe-
do. Although the numbers are obtained through different methods,
they both measure relative brightness, and have the same possible
range of 0–1.0. We consider both measurements to be indicative of
the overall spectral ‘‘brightness” of the compositional material.
Clark et al. (2001, 2002) and Fanale et al. (1992) discuss the
strength and viability of this assumption, especially in the context
of disk-resolved observations of an asteroid surface regolith. In
general, the meteorites are darker than the asteroids. If we have
the correct meteorite analogs for our target asteroids then this sys-
tematic discrepancy could indicate either (1) a brightening surface
process at the asteroids, or (2) a required offset in using meteorite
reflectance as a proxy albedo. We also observe a systematic dis-
crepancy in the ranges of the VIS slopes. Assuming that these
NIR2 ± 1% NIRC ± 1% Band center
1 ± 1%

Band depth
1 ± 4%

Band center
2 ± 3%

Band depth
2 ± 5%

3.5 4.2 – – – –
0.2 0.3 0.69 0.014 1.905 0.004
�0.3 0.0 0.73 0.036 – –
1.1 2.3 0.76 0.045 – –
�0.3 �0.2 0.89 0.049 – –
�0.3 to 3.5 �0.2 to 4.2 0–0.89 0–0.05

1.4 1.8 0.93 0.026 1.995 0.006
0.2–2.6 0.6–3.0 0.60–1.4 0.005–0.05

�0.8 �0.5 – – – –
1.4 1.3 0.92 0.05 1.93 0.015
0.7 1.0 0.95 0.07 2.037 0.025
0.4 1.6 0.95 0.035 – –
�0.8 to 1.4 �0.5 to 1.6 0–0.95 0.035–0.07

NIR2 ± 1% NIRC ± 1% Band center
1 ± 1%

Band depth
1 ± 4%

Band center
2 ± 3%

Band depth
2 ± 5%

2.2 2.1 0.82 0.017 1.925 0.005
2.7 3.0 0.86 0.015 – –
1.6 1.6 0.85 0.016 – –
0.9 1.0 0.86 0.015 0.012 2.23
0.6 0.7 0.92 0.026 – –
0.7 0.7 0.88 0.014 – –
0.8 0.9 0.89 0.012 2.18 0.003
0.8 0.8 0.90 0.013 – –
1.0 1.0 0.91 0.018 – –
0.6–2.7 0.7–3.0 0.82–0.92 0.012–0.026



Table 6c
Iron meteorite spectral markers.

Name Sample ID Type REF 0.55 VIS ± 4% NIR1 ± 4% NIR2 ± 1% NIRC ± 1% Band center
1 ± 1%

Band depth
1 ± 4%

Band center
2 ± 3%

Band depth
2 ± 5%

Odessa IM (0 < lm < 45) EAC IA 0.12 4.2 2.8 2.1 2.1 – – – –
Odessa IM (45 < lm < 90) EAC IA 0.13 4.5 3.5 2.5 3.1 – – – –
Odessa IM (90 < lm < 250) EAC IA 0.14 5.6 3.7 3.0 2.8 – – – –
Hoba IM (0 < lm < 45) EAC 0.15 3.6 3.6 2.9 2.9 0.68 0.026 – –
Hoba IM (45 < lm < 90) EAC 0.12 2.5 2.9 2.3 3.3 0.69 0.021 – –
Hoba IM (90 < lm < 250) EAC 0.11 2.0 3.3 2.3 2.6 0.82 0.025 – –
North Chile IM (0 < lm < 45) EAC 0.12 1.0 3.2 2.3 2.7 – – – –
North Chile IM (45 < lm < 90) EAC 0.15 3.6 3.4 2.4 3.0 – – – –
Babb’s Mill IM MR-MJG-083 Iranom 0.24 6.0 1.1 0.2 0.5 – – – –
Butler IM MR-MJG-081 Iranom 0.09 8.6 1.0 0.9 1.0 0.86 0.02 – –
Canon Diablo IM MB-CMP-016 0.04 12.3 2.3 0.7 1.3 0.97 0.03 – –
Casey County IM MR-MJG-080 IAB 0.06 13.4 1.5 1.5 1.5 0.87 0.03 – –
Chulafinnee IM MR-MJG-082 IIIAB 0.13 20.4 1.0 0.6 0.7 0.92 0.02 – –
Diablo Canyon IM MI-CMP-008 0.15 6.3 4.3 2.9 3.3 0.00 0.00 1.80 0.03
DRP8007 (0 < lm < 25) MB-TXH-

047A
0.14 6.5 3.7 3.4 3.5 0.72 0.01 – –

DRP8007 (25 < lm < 45) MB-TXH-047B 0.16 7.3 4.8 3.2 3.7 0.80 0.02 – –
DRP8007 (45 < lm < 75) MB-TXH-047C 0.15 6.7 4.4 3.1 3.5 0.83 0.01 – –
DRP8007 (75 < lm < 125) MB-TXH-

047D
0.14 7.2 4.7 3.3 3.8 0.84 0.01 2.25 0.01

DRP8007 (125 < lm < 250) MB-TXH-047E 0.12 7.3 4.6 3.3 3.5 0.93 0.02 2.00 0.01
Landes IM MB-TXH-046 0.17 4.2 2.7 1.4 2.0 0.94 0.02 2.28 0.01
Mundrabilla IM MB-TXH-034 Iranom 0.41 3.7 2.3 1.4 1.7 0.00 0.00 – –
Parametric boundaries IM 0.04–

0.42
1.0–
20.4

1.0–4.8 0.2–3.4 0.5–3.9 0–0.97 0–0.03

Table 6d
Stony-iron meteorite spectral markers.

Name Sample ID Type REF 0.55 VIS ± 10% NIR1 ± 5% NIR2 ± 2% NIRC ± 2% Band center
1 ± 1%

Band depth
1 ± 4%

Band center
2 ± 3%

Band depth
2 ± 5%

Barea S-IM MB-TXH-033 0.15 1.6 �0.3 �1.2 �0.7 – – – –
Esquel S-IM MB-TXH-043 Pallasite 0.14 2.9 3.0 1.9 2.3 – – – –
Vaca Muerta S-IM

(lo metal)
EAC MS 0.09 4.9 1.2 1.1 0.6 0.90 0.06 1.75 0.03

Vaca Muerta S-IM
(hi metal)

EAC MS 0.10 7.2 2.6 2.0 1.4 0.90 0.06 1.78 0.04

Veramin S-IM MR-MJG-084 MS 0.18 11.5 1.6 2.9 1.7 0.87 0.02 – –
Parametric boundaries SIM 0.09–0.18 1.6–11.5 �0.3 to 3.0 �1.2 to 2.9 �0.7 to 2.3 0–0.90 0.02–0.06
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meteorites are the correct analogs for our target asteroids, the dis-
crepancies that we find may be evidence for the existence of a sur-
face alteration process that decreases the meteorite visible
wavelength slopes and increases the brightness of the surface
(e.g. we cannot rule out grain size differences) (Hiroi and Sasaki,
2002; Ishiguro et al., 2007).

The enstatite chondrite meteorites have steeper VIS slopes than
the asteroids. Except in the case of Abee, the VIS slopes of enstatite
chondrites are greater than 0.7. The absolute reflectance is less
than the albedo range of the asteroids indicating that the enstatite
chondrites, on average, are darker and redder than the asteroids.
Usually, when space-weathering effects are cited as the cause of
discrepancies between meteorite and asteroid reflectance spectra,
it is the asteroids that are darker and redder (Ishiguro et al.,
2007; Clark et al., 2002 and references therein). Most of the iron
and stony-iron meteorites have the same range of values as the
enstatite chondrites.

4.2.2. Visible slope and near-infrared continuum slope (VIS versus
NIRC)

A comparison of visible slope and near-infrared continuum
slope (1.1–2.3 lm) shows that all of the groups are in the same
range (asteroids, iron and enstatite chondrite meteorites) except
carbonaceous chondrites (Fig. 9b). Thus, this comparison is not
particularly helpful for distinguishing between potential meteorite
analogs for our asteroids.
4.2.3. Near-infrared slope (NIR1 versus NIR2)
We measured the near-infrared slopes from 1.10 to 1.45 lm

(NIR1) and from 1.60 to 2.30 lm (NIR2). This is a measure of both
how steep the slope is in each range and whether there is a change
in slope over this region. In prior work, Ockert-Bell et al. (2008)
found that NIR2 could be an indicator of metal in asteroids, if the
slope was above 0.05, but there was no trend found for NIR1 slopes
at that time.

NIR1 slope varies from a low of 0.1 (Lutetia) to a high of 3.6
(Kleopatra). The average values for each of the groups in Table 3a
increases (Group 1 = 1.3, Group 2 = 2.5, Group 3 = 2.8), except for
Group 4 (1.7).

The NIR2 slopes vary from �0.3 (Lutetia) to 2.7 (Bettina). Aster-
oids with NIR2 slopes below 1.0 look ‘‘flat” to the eye (e.g. 21 Lute-
tia in Fig. 1). Again, the average value for each of the groups
increases (Group 1 = 0.2, Groups 2 and 3 = 1.6, Group 4 = 2.5).

For the majority of our asteroids, the NIR1 slope is greater than
the NIR2 slope, coming close to the relationship NIR1 = NIR2 + 0.1
(Fig. 9c, green rectangle). The one outlier, 785 Zwetana, has a much
higher NIR2 slope than NIR1, which is what gives the concave
shape to the spectrum.

The average NIR1 and NIR2 slopes for each group of asteroids
increases with group type (Group 1 = no bands, Group 2 = 0.9 lm
band only, Group 3 = both 0.9 and 1.9 lm bands), so the likelihood
of detecting these bands increases with increasing NIR1 and NIR2
slopes. Combining this information with the radar model iron con-



Fig. 9. Parametric comparisons of measured spectral parameters (Tables 3 and 6a–6d). (a) Visible slope (0.45–0.7 lm) versus brightness (albedo of asteroid or absolute
reflectance of meteorite). (b) Visible slope (0.45–0.7 lm) versus NIR continuum slope (1.1–2.3 lm), (c) NIR1 slope (1.10–1.45 lm) versus NIR2 slope (1.6–2.3 lm). (d) Band
depth of absorptions in the 0.5–1.0 lm region versus band center. Rectangles are drawn to represent major clusters. Red contains iron meteorites, green contains the M- and
X-type asteroids we observed, and black contains enstatite chondrite meteorites.
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tent, we find that there is an indication that asteroids with red
slopes in both the NIR1 and NIR2 ranges are more likely to have
a higher concentration of metal.

Iron meteorites (Fig. 9c, red rectangle) and carbonaceous chon-
drites have the greatest range of NIR1 and NIR2 slope values. They
also appear to have, in general, a greater NIR1 slope than NIR2. This
is not true for enstatite chondrites, which are closer to the
NIR1 = NIR2 trend line (Fig. 9c, black rectangle).

In the near-infrared, the change in slope between NIR1 and NIR2
looks like a ‘‘bend” at about 1.2–1.4 lm. Cloutis et al. (2010) theo-
rized that variations in a comparable parameter (1.8/0.8 lm reflec-
tance ratio) could be due to asteroid aspect. If our asteroids have a
significant NiFe content, then the bend in slope that we observe
could be explained by: (1) grain size differences, (2) viewing geom-
etry, and/or (3) surface roughness. Thus, although the bend may not
be diagnostic of the properties of the surface, it may be a strong indi-
cator for the presence and relative abundance of iron, particularly if
the NIR2 slope is higher than 0.10 (Cloutis et al., 2010).

4.2.4. Band center (0.9 lm) and depth (band center 1 versus band
depth 1)

The 0.9 lm band has been interpreted to indicate the presence of a
variety of pyroxene-type minerals (Hardersen et al., 2005). The most
common appearance is a band that has a center between 0.85 and
0.95 lm and a depth between 1% and 2.5% (Fig. 9d). This is true for
our asteroids, the enstatite chondrites and a few of the iron/stony-
iron meteorites. The carbonaceous and ordinary chondrites have
bands in the same position but show depths greater than 2.5%.
4.2.5. Band center (1.9 lm) and depth (band center 2 versus band
depth 2)

We do not show a plot of 1.9 lm band centers and band depths
because very few of the meteorites in our comparison set have
absorptions near 1.9 lm. The only meteorites that exhibit the
1.9 lm band are the mesosiderites (Vaca Muerta and Veramin),
two of the ordinary chondrites (Rose City and Chainpur), and the
CH carbonaceous chondrite (PCA91467). Most of the meteorites
in our comparison dataset have iron in some form and Cloutis
et al. (1990, 2010) have shown that increasing amounts of metal
in mixtures of NiFe meteorites (Odessa) + pyroxene meteorite
powder mixtures cause Band 2 absorptions to weaken, and vanish
more quickly than Band 1 absorptions.

Nevertheless, we find it surprising and odd that we can detect a
weak 1.9 lm feature on the asteroids and yet find no evidence for
the presence of the feature on many of the analog meteorites.
There are many possible explanations. (1) We did not completely
remove telluric absorption features. This is unlikely because the
strong telluric feature at 1.4 lm is not present in our asteroid spec-
tra. (2) Mesosiderites, OC’s and CH meteorites are the best avail-
able analogs for the asteroid surface. (3) We do not have analogs
in our collections for Group 3 asteroid surface material. Future
work should help resolve the ambiguities.

4.2.6. Parameter range comparisons
The values of the seven parameters (brightness, VIS slope, NIR1

slope, NIR2 slope, NIR continuum slope, Band 1 center, Band 2 cen-
ter) of the asteroids (Table 3a) can be compared with those of each



Table 8
Spearman Rank Correlation of asteroid spectral features.

Parameters tested q P-value

NIR1 versus NIR2 0.607799 0.00269462
NIRC versus NIR1 0.727119 0.000126224
NIRC versus NIR2 0.961875 1.00020e�12
P (h) versus NIR2 �0.582321 0.00446161

NIR1: slope 1.1–1.45 lm, NIR2: slope 1.6–2.3 lm.
NIRC: slope 0.82–2.49 lm, P (h): rotation rate.

688 M.E. Ockert-Bell et al. / Icarus 210 (2010) 674–692
of the meteorite classes (Tables 6a–6d). We find the minimum and
maximum of the range of each parameter for each meteorite group
(e.g. the range in brightness for enstatite chondrites (EC) is 0.06–
0.18). In the case of the sole CH meteorite, we used the average
standard deviation for each parameter from the other meteorite
groups to estimate a proxy range for the CH parameters centered
on the actual CH parameter values.

We illustrate this parametric range comparison method with an
example. Lutetia has a NIRC continuum slope value of 0.1, which is
within the NIR continuum slope parameter ranges of OCs (�0.5 to
1.3) and SIMs (�0.7 to 1.7). Asteroids were tested one-by-one in a
binary sense (0 for not within meteorite parameter range, 1 for
within range). For Lutetia OCS and SIMs would receive a value of
1. We then added up the number of positive results (the number
of 1 s). If more than five of the asteroid parameters fit into the
parameter ranges of a meteorite type then we call this a parametric
match. The results of the comparison tests (the number of positive
test results) are given for each asteroid in Table 7.

Nearly all of the asteroids (20 of 22) match the iron meteorite
group. This is in part because the iron meteorite group has large
ranges in parameter values. That is, the iron meteorite group con-
tains samples with flat and red slopes and bands that range in cen-
ter position from 0.6 to 0.9 lm (as well no band at all). Stony-iron
meteorites are also a good fit for 9 of the 22 asteroids using this
method. Enstatite chondrites (4), ordinary chondrites (2) and car-
bonaceous chondrites (CICM = 6, CH = 2) do not match very many
of the asteroid parameters.

4.2.7. Statistical tests
We used Spearman Rank Correlation tests on all of our asteroid

parameters (Tables 1, 3a and 3b) to determine the statistical signif-
icance of the trends we found in our parametric analysis. The
Spearman Rank Correlation produces two parameters: the rank
coefficient (q) and the P-value. The rank coefficient, q, can have a
value between �1 and 1. For values of |q| close to zero there is
no correlation, and for values of |q| close to 1 there is a significant
correlation. The P-value is the Pearson product moment correlation
coefficient a lower P-value describes a better correlation. Table 8
Table 7
Best-fit matches from parametric comparisons.

# Parameters that fit (out of 6) Best-fit type

EC IM SIM OC CICM CH

021 Lutetia 2 4 5 5 5 0 SIM/OC/CICM
097 Klotho 2 4 5 4 5 0 SIM/CICM
224 Oceana 5 6 6 3 5 4 IM/SIM

016 Psyche 4 6 4 3 4 4 IM
022 Kalliope 5 6 5 3 4 4 IM
077 Frigga 6 6 6 6 5 4 EC/IM/SIM/OC
129 Antigone 3 6 4 1 6 4 IM/CICM
135 Hertha 6 6 5 3 4 4 EC/IM
136 Austria 6 6 6 5 5 4 EC/IM/SIM
250 Bettina 4 6 2 2 4 3 IM
441 Bathilde 5 6 6 6 5 3 IM/SIM/OC
497 Iva 5 5 4 4 4 5 EC/IM/CH
678 Fredegundis 5 6 5 4 5 4 IM
771 Libera 4 6 4 2 4 5 IM

872 Holda 3 6 3 1 4 4 IM
055 Pandora 5 6 4 2 5 4 IM
110 Lydia 5 6 5 1 5 4 IM
216 Kleopatra 6 6 3 3 5 6 EC/IM/CH
347 Pariana 4 6 5 1 5 4 IM
758 Mancunia 5 6 6 4 6 5 IM/SIM/CICM
779 Nina 4 6 6 2 5 4 IM/SIM

785 Zwetana 5 6 6 3 6 5 IM/SIM/CICM

SIM = stony-iron meteorite, IM = iron meteorite, OC = ordinary chondrite,
CICM = carbonaceous chondrite types CI and CM, EC = enstatite chondrite.
presents the significant results, which have values of |q| greater
than 0.55 and P-value less than 0.005.

The strongest correlations are between the near-infrared slopes
(NIR1, NIR2, and NIRC). This is expected. The continuum slope is
‘‘continuous.” The NIR1 versus NIR2 slope correlations are illus-
trated in Fig. 9c.

We do not confirm the correlations between semi-major axis
and VIS or NIR slope, or albedo and visible slope (VIS) suggested
by Fornasier et al. (2010). However, we do confirm the anti-corre-
lation between near-infrared slopes (NIR2) and rotation rate of the
asteroid (P (h)) suggested in Fornasier et al. (2010). Belskaya and
Lagerkvist (1996) found that M-asteroids have a faster mean rota-
tional period compared to S and C type asteroids. They interpreted
this as an indication of a higher mean density that allows these
asteroids to survive energetic collisions without disruption, which
increases their rotational angular momentum. One possible expla-
nation is that fast rotators have a higher density, so they have a
metal-rich composition, which is characterized by steeper spectral
slope. The slow rotators may have a smaller mean density and so
less metal in their composition, which is characterized by a less
steep spectral slope. In the next section, we explore this suggested
relationship between metal abundance and spectral slope
steepness.

5. Synthesis with radar evidence

As discussed in Shepard et al. (2010), radar may be a better tool
than spectroscopy for identifying metallic content in asteroids be-
cause the spectra of metallic minerals are mostly featureless. The
assumption in the work of Shepard et al. (2010) is that iron is sev-
eral times denser than rock-forming silicates and, since radar
reflectivity depends primarily upon near-surface bulk density
(Ostro et al., 1985), an asteroid composed primarily of iron will
have a significantly higher radar reflectivity than one composed
of silicates.

Shepard et al. (2010) developed a heuristic model for linking the
observed radar albedo to an asteroid’s near-surface bulk density in
order to determine the best meteoritic analog(s) for M-type aster-
oids. To do this, they used what is known about the radar reflectiv-
ity of powdered materials and the consensus view of MBA surfaces
and compositions. The model estimates surface bulk density from
radar albedo (or vice versa), and allows comparison of the esti-
mated surface densities to those of meteorite analogs (Britt and
Consolmagno, 2003). For consistency with Shepard et al., we con-
sidered iron meteorites (IM), low and high metal enstatite chon-
drites (EC), high metal carbonaceous chondrites (in particular CH
and CB), low metal carbonaceous chondrites (CI and CM), and
stony-iron meteorites (SIM).

Based on the radar observations, the model NiFe content (high,
moderate, low) for each of the asteroids in our survey is copied
from Shepard et al. (2010) into Table 3a. From Table 3a we can
see that the highest metal-content asteroids tend to exhibit both
absorption features at 0.9 and 1.9 lm, and the lowest metal-con-
tent asteroids tend to exhibit either no bands or only the 0.9 lm
band. This is counter to what we expected. Generally, the silicate



Fig. 10. Synthesis of spectroscopic and radar observations with the model metal
abundance indicated (H is high, M is moderate and L is low) (Shepard et al., 2010).
(a) Radar albedo versus NIR2 slope. Ockert-Bell et al. (2008) suggested a positive
correlation (higher metal objects tended to have steeper slopes). Greater sampling,
shown here, indicates a more complicated relationship. (b) Asteroid rotation rate
versus NIR2 slope. There is a weak anti-correlation between these parameters for all
M asteroids. However, the metal content of the asteroid does not correlate the
rotation rate. (c) NIR1 slope versus NIR2 slope. There is a strong correlation between
these variables for the M asteroids. When compared to the iron meteorite (IM) and
enstatite chondrite (EC) trend lines, the asteroid spectral behavior is more like the
iron meteorites. The metal abundance, however, is not consistent with any trends
seen in this parametric comparison. The values for two ordinary chondrites (OC)
and a carbonaceous chondrite (CH) are included because of their similarities to M
asteroids for these parameters.
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bands indicate the presence of silicate minerals, which have a
much lower density and iron content than the nickel–iron metal
found in iron meteorites.

Ockert-Bell et al. (2008) found evidence of a correlation be-
tween radar reflectivity and infrared spectral continuum slope
based on a sample size of nine objects, indicating that objects with
higher radar albedos tend to have steeper sloped continua. The
data suggested that near-infrared slope could be used as a diagnos-
tic indicator of highly metallic asteroids. Fig. 10a shows the radar
albedo plotted against NIR2 slope for the 16 targets of Shepard
et al. (2010). The letter symbols indicate high (H), moderate (M),
and low (L) metal abundance according to Shepard et al. We con-
clude that the highest metal objects tend to have steeper slopes,
and that the lowest metal objects tend to have flatter or even bluer
slopes, however the sampling is still too small (16 objects) to claim
any statistically meaningful relationships. Certainly we can at least
say that the very lowest metal asteroids are spectrally flat or blue
in the near-infrared. Thus, while the trend first found in Ockert-
Bell et al. (2008) is not confirmed by more observations, it is also
not ruled out. We suspect that doubling our sample size will re-
solve the correlations and trends. This is the goal of our continued
survey.

The Spearman Rank Correlation test also indicated a weak anti-
correlation between the asteroid rotation rate and the NIR2 slope.
Fornasier et al. (2010) concluded that this anti-correlation could be
due to a higher metal content (assuming that the near-infrared
slope indicated higher metal content). Fig. 10b shows the compar-
ison of rotation rate and NIR2 slope with the metal abundance
symbols as given in Fig. 10a. The suggestion that high metal aster-
oids, by virtue of stronger red slopes, have a slower rotation rates is
not supported in our data.

There is a strong correlation between NIR1 and NIR2 slopes (as
shown in Fig. 9c). Fig. 10c presents these data plotted with the
best-fit lines for the enstatite chondrites (EC) and the iron mete-
orites (IM). The metal abundances are also indicated for the 16
asteroids in the comparison group. It is evident that the spectral
behavior of the asteroids is similar to the iron meteorites (i.e. the
NIR1 slopes are greater than the NIR2 slopes creating a ‘‘bend” in
the spectrum at about 1.3 lm that is not seen in the enstatite
spectra). However, one would expect that the ‘‘higher” iron ob-
jects would behave more like the iron meteorites and the lower
iron abundance objects would behave more like the enstatites,
because of the low iron/higher silicate abundance of the ensta-
tites. This is not the case for those objects that we have plotted.
In Fig. 10c, we have included several other chondrites as well:
Paragould (OC LL), Chainpur (OC LL), PCA91467 (CH). Each of
these has an NIR1 slope that is much larger than the NIR2 slope,
in part because of a deeper absorption in the 0.9–1.0 lm range.
Although this comparison of NIR1 and NIR2 is interesting, it is
not a definitive method for detecting metal content in asteroids
surfaces.

The best radar analogs for each of the asteroids in our survey are
copied from Shepard et al. (2010) into Table 9 and compared with
the results from our RELAB searches and parametric comparisons.
Also included in Table 9 are the Bus–DeMeo taxonomic designa-
tions and the Rivkin et al. (2000) hydration states for our targets.

Sixteen of our 22 asteroids (16 Psyche, 21 Lutetia, 22 Kalliope,
55 Pandora, 77 Frigga, 110 Lydia, 129 Antigone, 135 Hertha, 136
Austria, 216 Kleopatra, 347 Pariana, 497 Iva, 758 Mancunia, 771
Libera, 779 Nina, 872 Holda) show at least one RELAB search result
that agrees with the parametric comparison. The discrepancies
may be due to non-uniqueness in the RELAB search results, and/
or noisiness in the asteroid spectrum. Finding agreement for such
a large fraction (73%) of the targets (but not all) indicates that
the two compositional methods we used may indeed be comple-
mentary and not redundant.
We find that for six of the seven asteroids with the highest iron
abundances, our spectral results are consistent with the radar evi-
dence (16 Psyche, 216 Kleopatra, 347 Pariana, 758 Mancunia, 779



Table 9
Summary of compositional interpretation from all methods.

Name NIR group RELAB analog
(norm at 0.55 lm)

RELAB analog
(norm at 1.2 lm)

Parameter
search

Radar analog NiFe content 3 lm Bus–DeMeo type

21 Lutetia 1 Hvittis EC Hvittis EC SIM/OC/CICM EC, CH Low Yes Xc
97 Klotho 1 IM IM SIM/CICM EC, CH Low No Xc
224 Oceana 1 Aluminum Aluminum IM/SIM EC, CH Low – Xc

16 Psyche 2 IM IM IM IM, CB High No Xk
22 Kalliope 2 IM Graphite IM CH, EC Low Yes X
77 Frigga 2 EC E5 EC E5 EC/IM/SIM/OC – – – Xe
129 Antigone 2 SIM IM IM/CICM CB High Yes Xk
135 Hertha 2 IM OC H5 EC/IM CH, EC Low Yes Xk
136 Austria 2 EC E5 EC E5 EC/IM/SIM – – – Xc
250 Bettina 2 Lunar soil Lunar soil IM – – – Xk
441 Bathilde 2 EC E5 EC E6 IM/SIM/OC – – – Xc
497 Iva 2 (No VIS) IM EC/IM/CH SIM, CH Low No Xk
678 Fredegundis 2 EC E6 EC E6 IM SIM, CB Mod – Xk
771 Libera 2 IM IM IM SIM, CH Low No Xk
872 Holda 2 IM IM IM – – – Xk

55 Pandora 3 (no match found) IM slab IM – – Yes Xk
110 Lydia 3 SIM IM IM CB, CH Mod. Yes Xk
216 Kleopatra 3 IM IM-PYR mix EC/IM/CH IM High No Xe
347 Pariana 3 SIM IM IM IM, CB High – Xk
758 Mancunia 3 OC OC IM/SIM/CICM IM, CB High No Xk
779 Nina 3 IM IM IM/SIM IM, CB High – Xk
785 Zwetana 4 EC E4 EC E4 IM/SIM/CICM IM, CB High No Cb

SIM = stony-iron meteorite, IM = iron meteorite, OC = ordinary chondrite, CICM = carbonaceous chondrite types CI and CM, EC = enstatite chondrite, CH = carbonaceous
chondrite CH type, CB = carbonaceous chondrite CB type, PYR = pyroxene. Bold font indicates those objects for which agreement was found between the radar evidence and
one or more of the spectral methods.
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Nina, and 785 Zwetana). Three of the seven asteroids with the lowest
metal abundances, our spectral results are consistent with the radar
evidence (21 Lutetia, 135 Hertha, and 497 Iva). The remaining seven
asteroids (22 Kalliope, 97 Klotho, 110 Lydia, 129 Antigone, 224 Oce-
ana, 678 Fredegundis, and 771 Libera) have ambiguous composi-
tional interpretations when comparing the spectral analogs to the
radar analogs. The number of objects with ambiguous results from
this multi-wavelength survey using visible, near-infrared, and radar
wavelengths indicates that perhaps a third diagnostic wavelength
region (such as the mid-infrared around 2–4 lm, the mid-infrared
around 10–25 lm, and/or the ultraviolet around 0.2–0.4 lm) should
be explored to resolve the discrepancies.

6. Summary

(1) Most of the asteroids in our survey have weak absorptions at
0.9 lm and some have a weak absorption at 1.9 lm. By def-
inition, these asteroids would be Xk asteroids in the Bus–
DeMeo taxonomy.

(2) The average NIR1 and NIR2 slopes for each group of aster-
oids increases with group type (Group 1 = no bands, Group
2 = 0.9 lm band only, Group 3 = both 0.9 and 1.9 lm bands),
so the likelihood of detecting these bands increases with
increasing NIR1 and NIR2 slopes.

(3) Most of the asteroids with the highest radar albedos and
model higher iron content have NIR2 slope greater than
1.72 (Fig. 10a), with the exception of two X-type objects.
771 Libera has a low metal content but has a high NIR2 slope
(1.9). Mancunia has a high metal content but a low NIR2
slope (0.9). This object is unusual in other aspects as well.
Mancunia is best modeled by the ordinary chondrite, Parag-
ould. X-complex asteroids have not been previously been
considered as a potential source of OC meteorites. The aver-
age radar albedo (0.14 or so) for S-class asteroids translates
into a bulk density of �2.0 g/cm3, which is consistent with
OC bulk density and porosity of �40–50%. For the M-class
objects with lower radar albedos, it is a reasonable bulk den-
sity analog. However, Mancunia is not a low radar albedo
object.
(4) The asteroids with the highest modeled iron content have
both the 0.9 and 1.9 lm absorption features, except for
Psyche. These absorptions indicate the presence of sili-
cates, so these asteroids are not consistent with pure
nickel–iron metal. One possible explanation for the high
metal abundance correlating with the presence of the
1.9 lm band and silicates could be that the iron content
of the silicates is high. For example, clinopyroxenes could
have a deeper 2.0 lm absorption than a low iron orthopy-
roxene. The crystallographic site in orthopyroxenes is
more distorted than the same site in clinopyroxenes, and
band intensity is highly dependent on site asymmetry
(Burns, 1993).

(5) Few of the meteorite analogs contain the 1.9 lm absorption.
We find it surprising and odd that we can detect a weak
1.9 lm feature on the asteroids and yet find no evidence for
the presence of the feature on many of the analog meteorites.
There are many possible explanations. (1) We did not com-
pletely remove telluric absorption features. This is unlikely
because the strong telluric feature at 1.4 lm is not present
in our asteroid spectra. (2) Mesosiderites, OC’s and CH mete-
orites are the best available analogs for the asteroid surface.
(3) We do not have analogs in our collections for Group 3
asteroid surface material. Future work should help resolve
the ambiguities.

(6) Asteroid 785 Zwetana is distinct from the other objects in
our survey because of a concave shape at 1.3 lm, rather than
a convex shape. This is best matched by the enstatite chon-
drite, Abee.

(7) Of the 11 asteroids that were observed at different rotational
aspects, three have significant variation in their near-infra-
red slope, particularly in the region 1.6–2.3 lm. As described
in Cloutis et al. (2010) this could be due to several effects. If
the asteroids have a significant NiFe content, then the bend
in slope could be due to grain size differences, viewing
geometry variations, or surface roughness. We find that
the infrared variation does not correlate with the radar var-
iability for the only comparable asteroid (Antigone; Shepard
et al., 2008a,b), ruling out large-scale roughness variations.
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(8) A search for meteorite spectral matches in the RELAB library
found that a majority of the asteroids could be modeled
using the Landes iron meteorite. Asteroids with very high
visible albedos were not well matched (except by lunar sam-
ples, which have deeper absorptions and are not appropriate
analogs for cosmochemical reasons).

(9) We find it difficult to match our asteroids with any RELAB
library sample in the wavelength region 0.3–0.7 lm. 129
Antigone, 678 Fredegundis, 771 Libera and 779 Nina are
spectrally flat in this region. Many of the iron meteorites,
CM type carbonaceous chondrites, and a few enstatite chon-
drites have similar flat slopes in this region, but they usually
are not spectrally similar in other respects.

(10) A parametric search of the asteroid and meteorite samples
shows that the best matches for our asteroids are usually
iron meteorites (Table 7). This may be due to the fact that
the iron meteorites have more variation and larger resulting
parametric boundaries.

(11) A Spearman Rank Correlation of the asteroid parameters
found significant correlation between near-infrared slopes
(NIR1, NIR2, and NIRC). We confirm an anti-correlation
between near-infrared slope and asteroid rotation rate (For-
nasier et al., 2010), though this correlation does not imply
that asteroids with higher metal content have a slower rota-
tion rate (Fig. 10b). We do not confirm the suggested corre-
lations in Fornasier et al. (2010) between semi-major axis
and visible or near-infrared slope, and albedo and visible
slope.

(12) Synthesis with radar results indicates that the highest metal
objects tend to have steeper near-infrared slopes (NIR1 and
NIR2), and that the lowest metal objects tend to have flatter
or even bluer slopes. However the sampling is still too small
(16 objects) to claim any statistically meaningful
relationships.

(13) This paper synthesizes results from three methods: RELAB
spectral library searches, parametric comparisons with
meteorites, and radar albedo density analogs. Most of our
curve-matching spectral library searches, results are consis-
tent with our parametric comparisons. For six out of seven
asteroids with the highest radar albedo (proxy for metal
content), the radar evidence was consistent with one or
more of the near-infrared spectral techniques.

7. Conclusions

Near simultaneous observations in the near-infrared and the S-
band radar have revealed some interesting insights into the Tholen
M-type (Bus–DeMeo Xc and Xk type) asteroids. By correlating
near-infrared spectral features with metal abundances, we have
cataloged the multi-wavelength behavior of 16 asteroids, and pre-
sented an analysis of the near-infrared properties of an additional
six asteroids. For six of the seven asteroids for which the abun-
dance of metal is determined to be high, our multi-wavelength
studies agree. In contrast, for only three of the nine asteroids deter-
mined to have low or moderate metal do our multi-wavelength
methods agree. These findings indicate that higher metal abun-
dance is less ambiguous.

The near-infrared spectra of our asteroids exhibit a few weak
silicate absorptions. These weak absorptions are not seen in spec-
tra of pure metal meteorites (Cloutis et al., 2010). Such absorptions
would not be expected if the asteroids were the parent bodies of
pure metal meteorites. However, the steep near-infrared slope is
indicative of the pure metal meteorites. The spectral properties
of the surface of these asteroids is variable with rotational phase,
possibly due to grain size differences. One meteorite was a best
match for many of the asteroids: the Landes iron meteorite. Landes
has a large number of silicate inclusions in a nickel–iron matrix.
The evidence indicates that the surfaces of these asteroids are com-
posed of metal/silicate mixtures. We conclude that even asteroids
with the highest radar metal abundances cannot be assumed to be
pure metal.

Future work should complete a statistical sampling of these
asteroids, strengthen laboratory databases on the properties of me-
tal meteorites, and explore other wavelength regions.
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