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Radar observations of 214 near-Earth asteroids (NEAs) reveal a very strong correlation of circular
polarization ratio with visible–infrared taxonomic class, establishing distinct differences in the centimeter-
to-several-decimeter structural complexity of objects in different spectral classes. The correlation may be
due to the intrinsic mechanical properties of different mineralogical assemblages but also may reflect
very different formation ages and collisional histories. The highest ratios are measured for groups
associated with achondritic igneous rocky meteorites: the E class, whose parent body may be 3103
Eger, and the V class, derived from the mainbelt asteroid (and Dawn mission target) 4 Vesta.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Meteorites are samples of small, Earth-orbit-crossing asteroids,
which in turn are primarily derived from the main asteroid belt
(Burbine et al., 2002; Lipschutz and Schultz, 2007). The mineralogy
and meteoritic analogues of asteroids are constrained by narrow-
band optical reflectance spectra (Tholen and Barucci, 1989; Bus et
al., 2002) and to a lesser extent by classification schemes based on
broadband optical color indices and albedos (Burbine et al., 2002;
Lipschutz and Schultz, 2007). Asteroid classification schemes now
include some 26 spectral classes (Bus et al., 2002), in most cases
tentatively associated with meteorite types (Burbine et al., 2002;
Lipschutz and Schultz, 2007). A dependence of the abundance
of different spectral classes on heliocentric distance (Gradie and
Tedesco, 1982) probably reflects the influence of temperature on
the identity of condensates from the primitive solar nebula. How-
ever, there remains great uncertainty in the relationships between
meteorite types and asteroid classes. The rare exceptions involve
asteroids visited by rendezvous spacecraft: the ∼15-km-diameter
NEA 433 Eros (Veverka et al., 1997) and the several-hundred-
meter-long NEA 25143 Itokawa (Fujiwara et al., 2006) are both
mineralogically akin to ordinary chondrites. Similarly, there is only
limited information about the physical characteristics of NEA sur-
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faces, which are the outcome of complex collisional histories and
reflect the mechanical properties of objects’ mineral assemblages.

A radar echo’s circular polarization ratio measures the wave-
length-scale roughness of the target’s surface (Ostro et al., 2002;
Ostro, 2007). In almost all radar observations, a circularly polar-
ized signal is transmitted and the echo is measured simultaneously
in the same sense of circular polarization as transmitted (the SC
sense) and the opposite (OC) sense. The handedness of a circu-
larly polarized signal is reversed upon reflection from a smooth
dielectric interface, leading to dominance of the echo by the OC
polarization. Multiple scattering, subsurface reflection, wavelength-
scale facets, and structure with radii of curvature near the wave-
length can produce SC echoes. Therefore, the SC/OC ratio is a
measure of the near-surface, wavelength-scale structural complex-
ity or “roughness.” Since the sensitivities of the two polarization
channels are easily calibrated via measurement of unpolarized ra-
dio sources, the uncertainty in SC/OC estimates is limited to the
propagation of statistical fluctuations in receiver noise. To place
the results below in context, Mercury, Venus, and the Moon have
SC/OC ∼ 0.1 and Mars has a ratio of about 0.3, although for each
object, there are local variations.

2. Results

Here we report 3.5- and 13-cm-wavelength radar observations
of 214 near-Earth asteroids (Figs. 1, 2; Tables 1, 2, and 3) that re-
veal a very strong correlation between circular polarization ratio
hness depends on compositional class. Icarus (2008),
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Fig. 1. Distribution of NEA SC/OC versus absolute magnitude. Spectral classes are
indicated with different letters and colors. We adopt the classes described in Tholen
and Barucci (1989), which identifies 14 groups based on the shape of their visible
spectra and their albedos. S, Q, K, and L subclasses within the taxonomy in Bus et
al. (2002) have been grouped into the S class. Dark C and B objects are labeled as
“C.” Of the 214 objects in the radar sample, estimates of VIS/IR spectral class are
available for 113.

Fig. 2. Distribution of NEA SC/OC versus absolute magnitude including estimated
standard errors on SC/OC. Standard errors are 1σ and are estimated using methods
given in Ostro (2007). For objects observed on multiple dates, errors give the range
of SC/OC.

and visible-infrared (VIS/IR) taxonomic class, as well as unexpected
diversity in the decimeter-scale roughness of NEA surfaces.

NEA SC/OC estimates range from zero to 1.5, with a mean of
0.34 ± 0.25 and a median of 0.26, and 12% (26/214) have SC/OC
exceeding 0.6, indicating that decimeter-scale surface roughness
among NEAs is relatively common. Conversely, only ∼5% have
SC/OC less than 0.1, indicating that smooth surfaces among the
NEAs are uncommon. Of the objects in the radar sample, estimates
of VIS/IR spectral class (Tholen and Barucci, 1989) are available
for 113 (53%). The classes have been reported by several authors
and are here converted to the Tholen and Barucci (1989) sys-
tem.

All twelve classified objects with SC/OC exceeding 0.6 are in
the E, V, or X classes (Table 2). The V class is associated with
the howardite, eucrite, and diogenite basaltic achondrite mete-
orites, which originated either from mainbelt Asteroid 4 Vesta
(Consolmagno and Drake, 1977) or from several NEAs thought
to be cratering ejecta from it (Cruikshank et al., 1991). Most
basaltic achondrites are breccias (Wasson, 1985). E class asteroids
Please cite this article in press as: Benner, L.A.M., et al. Near-Earth asteroid surface roug
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Table 1
Summary of asteroid SC/OC distributions by spectral class.

Spectral
class

Near-Earth
SC/OC

Main-belt
SC/OC

Mean SD Range Number Mean SD Range Number

C 0.285 0.120 0.40 17 0.098 0.056 0.22 25
E 0.892 0.079 0.23 6 0.67 0.226 0.32 2
F 0.15 – – 1 0.058 0.101 0.26 6
G 0.102 0.080 0.20 5
M 0.143 0.055 0.11 3 0.153 0.097 0.23 6
O 0.21 – – 1
PD 0.188 0.019 0.04 4 0.096 0.062 0.18 9
S 0.270 0.079 0.40 70 0.198 0.094 0.35 27
V 0.603 0.088 0.23 6 0.28 – – 1
X 0.674 0.436 0.90 5
? 0.339 0.284 1.48 101

Notes. Main-belt asteroid results are from Magri et al. (2007a) except for the two
E-class MBAs, which are from Shepard et al. (2008b). “?” indicates objects with un-
known taxonomies. “X” refers to the degenerate E, M, and P objects (Tholen and
Barucci, 1989; Bus et al., 2002). Table 2 lists SC/OC estimates in decreasing order
and Table 3 lists SC/OC for objects ordered by catalog number and provisional des-
ignation. A histogram for the NEAs appears in Fig. 3. NEA SC/OC estimates range
from zero to 1.5, with a mean of 0.34 ± 0.25 and a median of 0.26.

are associated with the enstatite achondrites (Zellner et al., 1977;
Gaffey et al., 1992; Clark et al., 2004), also known as aubrites,
whose composition is predominantly the orthopyroxene enstatite
(MgSiO3). Aubrites contain white enstatite crystals up to ten cen-
timeters in diameter and small amounts of olivine, plagioclase,
clinopyroxene, sulfides, and nickel–iron metal (Zellner et al., 1977;
Clark et al., 2004), which suggests that they cooled underground
under highly reducing conditions (McSween, 1999). Most aubrites
consist of angular pieces or fragments in a softer matrix (Sears,
1995) and some are fragile (Hutchison, 2006).

The bulk of classified targets in the tables are C or S, which
include carbonaceous and ordinary chondrite analogues (Burbine
et al., 2002; Lipschutz and Schultz, 2007), respectively, as well
as stony-iron analogues. Chondrites are undifferentiated, consti-
tute the vast majority (∼80%) of meteorite falls, and are derived
from asteroids that never melted (Lipschutz and Schultz, 2007).
Our C and S targets have SC/OC from ∼0.1 to ∼0.5. The lowest
SC/OC targets include our sample’s handful of objects in the M
spectral class (SC/OC from 0.1 to 0.2), which includes iron me-
teorite and enstatite–chondrite analogues (Burbine et al., 2002;
Rivkin et al., 2002), and four members of the P class, which are
thought to be dark, primitive, carbonaceous objects from the outer
main belt (Bell et al., 1989). The X group is a degenerate class
comprised of E, M, and P objects that have nearly indistinguish-
able VIS/IR spectra and which can be separated primarily by their
optical albedos (Tholen and Barucci, 1989). Our five X objects in-
clude two with SC/OC = 1.1, one with SC/OC = 0.7, and two with
SC/OC ∼ 0.2.

How can the striking correlation of SC/OC with spectral class
be understood? One possibility is that mineralogy has played a
major role in determining the centimeter-to-decimeter structural
complexity of NEA surfaces, perhaps to the point that mineral-
ogy is entirely responsible for the correlation in Fig. 1. Struc-
tural complexity in that scale regime is much more common on
E and V NEAs than on chondritic or M-class NEAs. The smooth-
ness of the metallic M-class NEAs [1986 DA (Ostro et al., 1991a)
and perhaps 1950 DA (Busch et al., 2007)] may be due to the su-
perior strength of metal; the average stony meteorite compressive
strength is 200 MPa while the average iron meteorite compres-
sive strength is 430 MPa (Petrovic, 2001). Such strength may have
resulted in less ejecta in that size range being produced, which
could suppress SC/OC produced by multiple scattering from frag-
ments embedded in a fine-grained matrix. The roughness of the E
and V NEAs may reflect integrity of their constituent mineralog-
hness depends on compositional class. Icarus (2008),
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Table 2
Ranked list of near-Earth asteroid circular polarization ratios.

Object H Class SC/OC Obs Year References

2003 TH2 22.8 1.48 ± 0.4 A 2003
2005 WC1 20.6 1.12 ± 0.02 G 2005
2003 GY 20.0 1.11 ± 0.15 A 2003

17511 1992 QN 16.9 X 1.10 ± 0.19 G 1996 Benner et al. (1997)
2000 EE104 20.1 1.1 ± 0.3 A 2000 Howell et al. (2001)

141593 2002 HK12 18.1 X 1.09 ± 0.06 A 2002
2101 Adonis 18.7 1.02 ± 0.11 A 1984 Benner et al. (1997)

2005 TU50 21.3 1.02 ± 0.15 A 2005
2002 VE68 20.3 1.0 ± 0.2 G 2002

33342 1998 WT24 17.9 E 0.97 ± 0.10 G A 2001 Busch et al. (2008)
3103 Eger 15.4 E 0.92 ± 0.06 A G 1986, 1991, 1996 Benner et al. (1997)

2005 WJ56 17.6 E 0.92 ± 0.15 A G 2008
2001 CP36 23.7 0.91 ± 0.02 A 2001

152770 1999 RR28 18.3 E 0.9 ± 0.1 A G 2005
2004 DC 18.0 0.9 ± 0.05 A G 2006 Taylor et al. (2006)
2004 XP14 19.5 E 0.9 ± 0.05 G 2006 Benner et al. (2006b)
2005 WK56 22.5 0.90 ± 0.10 A 2005
2001 WM15 25.0 0.83 ± 0.02 A 2001

3908 Nyx 17.4 V 0.75 ± 0.03 A G 1988 Benner et al. (2002a)
4660 Nereus 18.2 E 0.74 ± 0.08 A 2002 Brozovic et al. (2008)

87024 2000 JS66 18.6 X 0.73 ± 0.08 A 2004
2005 TF49 19.0 0.73 ± 0.06 A 2006
2003 SS84 21.8 0.72 ± 0.05 G 2003

1981 Midas 15.5 V 0.65 ± 0.13 A G 1987 Ostro et al. (1991b)
164121 2003 YT1 16.2 V 0.61 ± 0.06 A 2004

2001 YE4 20.5 0.61 ± 0.11 A 2002
2006 RH120 29.6 0.58 ± 0.03 G 2007

7889 1994 LX 15.3 V 0.57 ± 0.05 A 2005
2006 RZ 20.3 C 0.55 ± 0.05 G 2006

5381 Sekhmet 16.5 V 0.52 ± 0.02 A 2003
5604 1992 FE 16.4 V 0.52 ± 0.06 G A 2002
1566 Icarus 16.9 S 0.5 ± 0.2 G 1996 Mahapatra et al. (1999)

1998 KY26 25.5 C 0.5 ± 0.1 G 1998 Ostro et al. (1999a)
2002 KK8 20.5 0.50 ± 0.05 A 2002
2004 XL14 21.2 C 0.49 ± 0.01 G 2006

4486 Mithra 15.6 0.48 ± 0.01 G 2000
3199 Nefertiti 14.8 S 0.47 ± 0.04 A 1986 Shepard et al. (2004)

66391 1999 KW4 α 16.5 S 0.45 ± 0.11 G A 2001 Ostro et al. (2006)
β 0.45 ± 0.20 G A 2001 Ostro et al. (2006)

2004 AD 24.5 0.45 ± 0.15 A 2004
2005 FA 25.2 0.45 ± 0.08 A 2005
2002 SY50 17.6 0.44 ± 0.08 G 2002
2002 TD60 19.2 S 0.41 ± 0.10 A 2002
2003 HN16 22.0 0.41 ± 0.04 A 2003
2007 DT103 19.2 S 0.40 ± 0.05 G 2007

2062 Aten 16.8 S 0.39 ± 0.06 G 1995 Benner et al. (1997)
89136 2001 US16 20.2 0.39 ± 0.05 G 2004

2000 UK11 25.0 0.38 ± 0.05 G 2000
2005 JE46 17.8 0.38 ± 0.01 G 2005
2005 OE3 20.3 0.38 ± 0.03 G 2005
2006 WB 22.8 0.38 ± 0.03 A 2006
2007 XH16 19.7 0.38 ± 0.01 A 2007

5189 1990 UQ 17.3 0.37 ± 0.05 G 1992
5660 1974 MA 15.7 S 0.37 ± 0.15 A 2005

11500 1989 UR 18.4 S 0.37 ± 0.03 G 2007
2003 QB30 26.4 0.37 ± 0.02 A 2003
2004 VW14 19.4 0.37 ± 0.05 A 2008
2007 TU24 20.2 S 0.37 ± 0.01 G 2008

4953 1990 MU 14.1 S 0.36 ± 0.03 G 1994
38071 1999 GU3 19.4 0.36 ± 0.07 G 1999 Pravec et al. (2000b)

2005 ED318 20.7 S 0.36 ± 0.02 G 2005
1998 BY7 21.4 0.35 ± 0.04 G 1998
1999 NW2 23.1 0.35 ± 0.03 G 1999
2002 FC 18.8 0.35 ± 0.08 G 2002

10115 1992 SK 17.0 S 0.34 ± 0.05 G 1999 Busch et al. (2006)
1999 TY2 23.3 S 0.34 ± 0.15 A 1999

1862 Apollo 16.3 S 0.33 ± 0.01 A 1980 Ostro et al. (1991b)
2002 NY40 19.2 S 0.33 ± 0.07 A 2002
2006 BQ6 19.7 C 0.33 ± 0.03 G 2006

1866 Sisyphus 13.0 S 0.32 ± 0.04 A 1985 Ostro et al. (1991b)
4183 Cuno 14.4 S 0.32 ± 0.02 A 2000
6037 1988 EG 18.7 S 0.32 ± 0.02 G 1998

138258 2000 GD2 19.1 S 0.32 ± 0.15 G 2002
2005 CR37 18.9 C? 0.32 ± 0.03 A 2005 Benner et al. (2006a)

(continued on next page)
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Table 2 (continued)

Object H Class SC/OC Obs Year References

2201 Oljato 15.3 S 0.31 ± 0.02 A 1983 Ostro et al. (1991b)
2004 RQ10 20.9 0.31 ± 0.15 A 2004

4769 Castalia 16.9 0.30 ± 0.02 A G 1989 Ostro et al. (1991b)
11066 Sigurd 15.2 S 0.30 ± 0.03 A 2004
52760 1998 ML14 17.6 S 0.30 ± 0.03 G A 1998 Ostro et al. (2001)

1998 ST27 19.5 C 0.30 ± 0.01 A 2001 Benner et al. (2003)
2003 TL4 19.4 0.30 ± 0.03 G 2003

4179 Toutatis 15.3 S 0.29 ± 0.01 G 1996 Ostro et al. (1999b)
2003 EP4 23.7 0.29 ± 0.04 A 2003

433 Eros 11.2 S 0.28 ± 0.06 G A 1988 Magri et al. (2001)
7025 1993 QA 18.0 0.28 ± 0.03 G 1996
7822 1991 CS 17.4 S 0.28 ± 0.01 G 1996 Benner et al. (1999b)

22771 1999 CU3 16.7 S 0.28 ± 0.02 A 2003
2000 ED14 20.7 0.28 ± 0.12 A 2000
2003 MS2 21.0 0.28 ± 0.02 G 2003
2005 WA1 21.6 0.28 ± 0.10 A 2005

1915 Quetzalcoatl 19.0 S 0.27 ± 0.08 A 1981 Shepard et al. (2004)
3757 1982 XB 19.0 S 0.27 ± 0.05 A 1987 Shepard et al. (2004)
7482 1994 PC1 16.8 S 0.27 ± 0.04 G 1997

12711 1991 BB 16.0 S 0.27 ± 0.05 A 2000
25143 Itokawa 19.0 S 0.27 ± 0.04 A 2001 Ostro et al. (2004)
30825 1990 TG1 14.6 S 0.27 ± 0.03 A 2005
52387 1993 OM7 17.4 0.27 ± 0.02 A 2003

152560 1991 BN 19.0 S 0.27 ± 0.04 A 2002
2001 BF10 22.3 0.27 ± 0.03 A 2001
2001 GQ2 20.0 0.27 ± 0.06 A 2001
2002 FD6 22.2 0.27 ± 0.03 G 2002
2006 VV2 16.8 S 0.27 ± 0.02 A 2007
2007 VD12 20.0 S 0.27 ± 0.05 G 2007

14827 Hypnos 18.2 C? 0.26 ± 0.02 G 1986 Ostro et al. (1989)
163732 2003 KP2 15.3 C 0.26 ± 0.08 A 2003
179806 2002 TD66 19.9 S 0.26 ± 0.02 A 2008

2001 SE286 17.1 0.26 ± 0.01 A 2001
2002 AA29 24.1 0.26 ± 0.07 A 2003 Ostro et al. (2003)
2005 EU2 23.1 0.26 ± 0.02 A G 2005

2100 Ra-Shalom 16.1 S 0.25 ± 0.04 A 1984, 2000, 2003 Shepard et al. (2000, 2008a)
3200 Phaethon 14.6 B 0.25 ± 0.02 A 2007
4197 1982 TA 14.6 S 0.25 ± 0.02 G 1996

22753 1998 WT 17.4 S 0.25 ± 0.03 G 2005
85774 1998 UT18 19.1 C 0.25 ± 0.01 A 2003

144900 2004 VG64 18.2 S 0.25 ± 0.02 A 2005
162181 1999 LF6 18.2 0.25 ± 0.01 A 2004
185851 2000 DP107 18.0 M 0.25 ± 0.02 G 2000

2003 RU11 25.6 0.25 ± 0.02 A 2003
9856 1991 EE 17.4 0.24 ± 0.02 G 1991

23187 2000 PN9 15.9 S 0.24 ± 0.02 A 2001
26663 2000 XK47 18.0 0.24 ± 0.02 A 2001
66063 1998 RO1 18.0 S 0.24 ± 0.05 A 2003

1994 XD 19.1 0.24 ± 0.05 A 2005
2000 CE59 20.2 S 0.24 ± 0.02 A 2000

4450 Pan 17.2 S 0.23 ± 0.03 A 2008
6239 Minos 17.9 0.23 ± 0.04 G 2004
6489 Golevka 19.2 S 0.23 ± 0.02 G 1995 Hudson et al. (2000)

68950 2002 QF15 16.2 S 0.23 ± 0.02 A 2003
162000 1990 OS 19.3 0.23 ± 0.03 A 1990 Ostro et al. (1991a, 1991b)
162416 2000 EH26 21.3 0.23 ± 0.07 A 2000

2000 YF29 20.2 S 0.23 ± 0.01 A 2001
2001 EB18 19.1 0.23 ± 0.05 A 2002
2001 EC16 22.2 0.23 ± 0.08 G 2001
2006 AM4 21.8 S 0.23 ± 0.02 A 2007

68346 2001 KZ66 16.5 S 0.22 ± 0.02 A 2003
85182 1991 AQ 17.1 0.22 ± 0.03 A 1991

136770 1996 PC1 20.3 0.22 ± 0.02 A 2001
1999 FN19 22.4 S 0.22 ± 0.05 G 1999
2000 QW7 19.4 0.22 ± 0.03 G 2000
2000 UG11 20.3 S 0.22 ± 0.11 G 2000

1627 Ivar 13.2 S 0.21 ± 0.01 A 1985 Ostro et al. (1990)
1917 Cuyo 13.9 S 0.21 ± 0.03 A G 1989 Ostro et al. (1991a, 1991b)
2063 Bacchus 17.1 S 0.21 ± 0.01 G 1996 Benner et al. (1999a)
4034 1986 PA 18.1 O 0.21 ± 0.14 A 1989 Shepard et al. (2004)

54509 YORP 22.6 S 0.21 ± 0.02 G A 2001 Taylor et al. (2007)
2005 NB7 18.7 S 0.21 ± 0.01 A 2008
1999 MN 21.4 0.21 ± 0.05 A 2005
2000 RD53 19.9 0.21 ± 0.05 G 2000

(continued on next page)
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Table 2 (continued)

Object H Class SC/OC Obs Year References

2002 AY1 20.6 0.21 ± 0.02 A 2002
2002 CE26 16.8 C 0.21 ± 0.02 A 2004 Shepard et al. (2006)
2003 UC20 18.1 C 0.21 ± 0.03 A 2003
2006 GY2 18.7 0.21 ± 0.02 G 2006

1620 Geographos 15.6 S 0.20 ± 0.01 A G 1983, 1994 Ostro et al. (1996)
1580 Betulia 14.5 C 0.20 ± 0.03 A G 2002 Magri et al. (2007b)

16834 1997 WU22 15.4 S 0.20 ± 0.10 A 2000
35396 1997 XF11 16.9 X 0.20 ± 0.02 G 2002
37655 Illapa 17.7 C 0.20 ± 0.04 G 2003
65803 Didymos 18.0 M 0.20 ± 0.02 G 2003

100085 1992 UY4 17.6 P 0.20 ± 0.02 G A 2005
138971 2001 CB21 18.4 0.20 ± 0.02 A 2006
163692 2003 CY18 18.0 0.20 ± 0.05 A 2005
164211 2004 JA27 19.3 S 0.20 ± 0.04 A 2004

2002 AL14 17.7 S 0.20 ± 0.01 A 2002
2002 BG25 20.8 0.20 ± 0.02 A 2002
2002 BM26 20.0 P 0.20 ± 0.03 A 2002
2006 UQ17 21.9 0.20 ± 0.06 A 2007

7335 1989 JA 17.0 0.19 ± 0.06 A G 1989 Mahapatra et al. (2002)
8014 1990 MF 18.7 0.19 ± 0.04 A 1990 Ostro et al. (1991b)

53319 1999 JM8 15.0 P 0.19 ± 0.01 G A 1999 Benner et al. (2002b)
69230 Hermes 17.5 S 0.19 ± 0.02 G 2003
85938 1999 DJ4 18.5 S 0.19 ± 0.02 A 2004

162039 1996 JG 19.1 0.19 ± 0.04 G 1996
1999 FN53 18.4 0.19 ± 0.07 G 1999
2000 LF3 21.6 0.19 ± 0.02 A 2000
2001 BE10 19.1 0.19 ± 0.02 A 2004
2003 HM 21.7 0.19 ± 0.04 A 2003

1036 Ganymed 09.5 S 0.18 ± 0.06 A 1985 Ostro et al. (1991b)
101955 1999 RQ36 20.8 C 0.18 ± 0.01 G A 1999

2001 SG276 17.7 0.18 ± 0.03 A 2001
7341 1991 VK 16.7 S 0.17 ± 0.02 A 2007
7753 1988 XB 18.6 S 0.17 ± 0.02 A 2007

144901 2004 WG1 17.4 0.17 ± 0.01 A 2006
2001 FR85 24.5 0.17 ± 0.01 A 2001
2001 YP3 21.9 0.17 ± 0.03 A 2002

13651 1997 BR 17.6 S 0.16 ± 0.04 G 1997
65909 1998 FH12 19.1 0.16 ± 0.03 G 2003

153591 2001 SN263 16.9 P 0.16 ± 0.01 A 2008
2000 YA 23.7 S 0.16 ± 0.02 A 2000
2001 SP263 25.6 0.16 ± 0.02 A 2001
2002 TS69 24.5 0.16 ± 0.02 A 2002
2004 VB 20.8 0.16 ± 0.05 A 2004

1685 Toro 14.2 S 0.15 ± 0.05 A 1980 Ostro et al. (1983)
2000 EW70 21.1 F 0.15 ± 0.09 A 2000
2001 XX4 22.0 0.15 ± 0.03 A 2001
2005 AB 17.5 C 0.15 ± 0.04 A 2005
2005 EK70 17.4 0.15 ± 0.07 A 2008
2005 TD49 26.4 0.15 ± 0.10 A 2005
2007 FY20 24.8 0.15 ± 0.10 A 2007

29075 1950 DA 16.8 M 0.14 ± 0.03 A G 2001 Busch et al. (2007)
1989 AZ 19.4 0.13 ± 0.04 A 2008
2004 HX53 23.3 0.13 ± 0.05 A 2004

141432 2002 CQ11 19.9 0.12 ± 0.02 A 2003
99942 Apophis 19.7 S 0.1 ± 0.2 A 2005, 2006 Giorgini et al. (2008)

2002 AV 20.7 S 0.10 ± 0.01 A 2002
2004 RF84 18.2 0.10 ± 0.01 A 2005

6178 1986 DA 15.1 M 0.09 ± 0.02 A 1986 Ostro et al. (1991b)
2001 UP 25.7 0.09 ± 0.01 A 2001
2004 FY31 21.9 0.09 ± 0.03 A 2004

4544 Xanthus 17.1 0.07 ± 0.12 A 1990 Benner et al. (1997)
2005 XA 26.1 0.06 ± 0.08 A 2005
2005 HB4 24.3 0.05 ± 0.15 A 2005
2001 AV43 24.4 0.01 ± 0.10 A 2001

163295 2002 HW 19.3 0.0 ± 0.1 A 2005
2002 TZ66 25.9 0.0 ± 0.2 A 2002
2006 QV89 25.2 0.0 ± 0.25 A 2006

Notes. “Object” gives the number, name, and/or provisional designation of the asteroid. “H” is the absolute magnitude. “Type” is the taxonomic class; if left blank, the class
is unknown. “SC/OC” is the circular polarization ratio. Uncertainties are standard errors for objects observed on a single date and ranges of SC/OC for objects observed on
multiple dates. “Obs” gives the observatory used, in chronological order: “A” is Arecibo and “G” is Goldstone. If both are given then the average from the observatories
was used. “Year” indicates when the observations were obtained. Objects with “?” next to them are known to be optically dark based on their absolute magnitudes and
radar-derived diameters and have been grouped in the C-class. “References” refer to previously published circular polarization ratios; for fields left blank, results are reported
here for the first time. For 1999 KW4, we provide separate estimates for the primary (α) and secondary (β).
Please cite this article in press as: Benner, L.A.M., et al. Near-Earth asteroid surface roughness depends on compositional class. Icarus (2008),
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Table 3
Ordered list of near-Earth asteroid circular polarization ratios.

Asteroid H (mag) Spectral class SC/OC Taxonomic reference

433 Eros 11.2 S 0.28 ± 0.06 Binzel et al. (2004)
1036 Ganymed 09.5 S 0.18 ± 0.06 Binzel et al. (2004)
1566 Icarus 16.9 S 0.5 ± 0.2 Tholen (1989), Hicks et al. (1998)
1580 Betulia 14.5 C 0.20 ± 0.03 Rivkin et al. (2005), Tholen (1989)
1620 Geographos 15.6 S 0.20 ± 0.01 Binzel et al. (2004)
1627 Ivar 13.2 S 0.21 ± 0.01 Binzel et al. (2004), Davies et al. (2007)
1685 Toro 14.2 S 0.15 ± 0.05 Binzel et al. (2004)
1862 Apollo 16.3 S 0.33 ± 0.01 Binzel et al. (2004)
1866 Sisyphus 13.0 S 0.32 ± 0.04 Binzel et al. (2004)
1915 Quetzalcoatl 19.0 S 0.27 ± 0.08 Tholen (1989)
1917 Cuyo 13.9 S 0.21 ± 0.03 Binzel et al. (2004)
1981 Midas 15.5 V 0.65 ± 0.13 Binzel et al. (2004)
2062 Aten 16.8 S 0.39 ± 0.06 Binzel et al. (2004)
2063 Bacchus 17.1 S 0.21 ± 0.01 Binzel et al. (2004)
2100 Ra-Shalom 16.1 S 0.25 ± 0.04 Shepard et al. (2008a)
2101 Adonis 18.7 1.02 ± 0.11
2201 Oljato 15.3 S 0.31 ± 0.02 Binzel et al. (2004)
3103 Eger 15.4 E 0.92 ± 0.06 Binzel et al. (2004)
3199 Nefertiti 14.8 S 0.47 ± 0.04 Binzel et al. (2004)
3200 Phaethon 14.6 B 0.25 ± 0.02 Binzel et al. (2004)
3757 1982 XB 19.0 S 0.27 ± 0.05 Tholen (1989)
3908 Nyx 17.4 V 0.75 ± 0.03 Binzel et al. (2004)
4034 1986 PA 18.1 O 0.21 ± 0.14 Binzel et al. (2004)
4179 Toutatis 15.3 S 0.29 ± 0.01 Binzel et al. (2004), Davies et al. (2007)
4183 Cuno 14.4 S 0.32 ± 0.02 Binzel et al. (2004)
4197 1982 TA 14.6 S 0.25 ± 0.02 Binzel et al. (2004)
4450 Pan 17.2 S 0.23 ± 0.03 M.D. Hicks (pers. comm.)
4486 Mithra 15.6 0.48 ± 0.01
4544 Xanthus 17.1 0.07 ± 0.12
4660 Nereus 18.2 E 0.74 ± 0.08 Binzel et al. (2004), Delbo et al. (2003)
4769 Castalia 16.9 0.30 ± 0.02
4953 1990 MU 14.1 S 0.36 ± 0.03 Hicks et al. (1998)
5189 1990 UQ 17.3 0.37 ± 0.05
5381 Sekhmet 16.5 V 0.52 ± 0.02 Davies et al. (2007)
5604 1992 FE 16.4 V 0.52 ± 0.05 Binzel et al. (2004)
5660 1974 MA 15.7 S 0.37 ± 0.15 Binzel et al. (2004)
6037 1988 EG 18.7 S 0.32 ± 0.02 Fevig and Fink (2007)
6178 1986 DA 15.1 M 0.09 ± 0.02 Ostro et al. (1991a)
6239 Minos 17.9 0.23 ± 0.04
6489 Golevka 19.2 S 0.23 ± 0.02 Binzel et al. (2004), Davies et al. (2007)
7025 1993 QA 18.0 0.28 ± 0.03
7335 1989 JA 17.0 0.19 ± 0.06
7341 1991 VK 16.7 S 0.17 ± 0.02 Binzel et al. (2004)
7482 1994 PC1 16.8 S 0.27 ± 0.04 Binzel et al. (2004)
7753 1988 XB 18.6 C 0.18 ± 0.02 Binzel et al. (2004)
7822 1991 CS 17.4 S 0.28 ± 0.01 Binzel et al. (2004)
7889 1994 LX 15.3 V 0.57 ± 0.05 Binzel et al. (2004)
8014 1990 MF 18.7 0.19 ± 0.04
9856 1991 EE 17.4 S 0.24 ± 0.02 Harris et al. (1998)

10115 1992 SK 17.0 S 0.34 ± 0.05 Binzel et al. (2004)
11066 Sigurd 15.2 S 0.30 ± 0.03 Binzel et al. (2004)
11500 1989 UR 18.4 S 0.37 ± 0.03 Binzel et al. (2004)
12711 1991 BB 15.7 S 0.27 ± 0.05 Binzel et al. (2004)
13651 1997 BR 17.6 S 0.16 ± 0.04 Binzel et al. (2004)
14827 Hypnos 18.2 C? 0.26 ± 0.02 Ostro et al. (1989)
16834 1997 WU22 15.4 S 0.20 ± 0.10 Binzel et al. (2004)
17511 1992 QN 16.9 X 1.10 ± 0.19 Binzel et al. (2004)
22753 1998 WT 17.4 S 0.25 ± 0.03 Whiteley (2001), Lazzarin et al. (2005)
22771 1999 CU3 16.7 S 0.28 ± 0.02 Binzel et al. (2004)
23187 2000 PN9 15.9 S 0.24 ± 0.02 I.N. Belskaya (pers. comm.)
25143 Itokawa 19.0 S 0.27 ± 0.04 Binzel et al. (2004), Davies et al. (2007)
26663 2000 XK47 18.0 0.24 ± 0.02
29075 1950 DA 16.8 M 0.14 ± 0.03 Rivkin et al. (2005)
30825 1990 TG1 14.7 S 0.27 ± 0.03 F. De Meo, R.P. Binzel (pers. comm.)
33342 1998 WT24 17.9 E 0.97 ± 0.10 Lazzarin et al. (2004)
35396 1997 XF11 16.9 X 0.20 ± 0.02 Binzel et al. (2004)
37655 Illapa 17.7 C 0.20 ± 0.04 M.D. Hicks (pers. comm.)
38071 1999 GU3 19.4 0.36 ± 0.07
52387 1993 OM7 17.4 0.27 ± 0.02
52760 1998 ML14 17.6 S 0.30 ± 0.03 Davies et al. (2007)
53319 1999 JM8 15.0 P 0.19 ± 0.01 Binzel et al. (2004)
54509 YORP 22.6 S 0.21 ± 0.02 Gietzen and Lacy (2007)
65803 Didymos 18.0 M 0.20 ± 0.02 Binzel et al. (2004), Kitazato et al. (2004), Pravec et al. (2006)
65909 1998 FH12 19.1 0.16 ± 0.03
66063 1998 RO1 18.0 S 0.24 ± 0.05 Abell et al. (2005)

(continued on next page)
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Table 3 (continued)

Asteroid H (mag) Spectral class SC/OC Taxonomic reference

66391 1999 KW4 α 16.5 S 0.45 ± 0.11 Binzel et al. (2004), Davies et al. (2007)
β 0.45 ± 0.20

68346 2001 KZ66 16.5 S 0.22 ± 0.02 Lazzarin et al. (2005)
68950 2002 QF15 16.2 S 0.23 ± 0.02 Abell et al. (2006), F. De Meo, R.P. Binzel (pers. comm.)
69230 Hermes 17.5 S 0.19 ± 0.02 Rivkin et al. (2004)
85182 1991 AQ 17.1 0.22 ± 0.03
85774 1998 UT18 19.1 C 0.25 ± 0.01 Binzel et al. (2004)
85938 1999 DJ4 18.5 S 0.19 ± 0.02 Binzel et al. (2004)
87024 2000 JS66 18.6 X 0.73 ± 0.08 Lazzarin et al. (2005)
89136 2001 US16 20.2 0.39 ± 0.05
99942 Apophis 19.7 S 0.1 ± 0.2 Binzel et al. (2006, 2007)

100085 1992 UY4 17.6 P 0.20 ± 0.02 Volquardsen et al. (2007)
101955 1999 RQ36 20.8 C 0.18 ± 0.01 Delbo et al. (2003)
136770 1996 PC1 20.3 0.22 ± 0.02
138175 2000 EE104 20.1 1.1 ± 0.3
138258 2000 GD2 19.1 S 0.32 ± 0.15 Binzel et al. (2004)
138971 2001 CB21 18.4 0.20 ± 0.02
141432 2002 CQ11 19.9 0.12 ± 0.02
141593 2002 HK12 18.1 X 1.09 ± 0.06 E.S. Howell (pers. comm.)
144900 2004 VG64 18.2 S 0.25 ± 0.02 F. De Meo, R.P. Binzel (pers. comm.)
144901 2004 WG1 17.4 0.17 ± 0.01
152560 1991 BN 19.0 S 0.27 ± 0.04 Binzel et al. (2004)
152770 1999 RR28 18.3 E 0.9 ± 0.1 E.S. Howell (pers. comm.)
153591 2001 SN263 16.9 P 0.16 ± 0.01 R.P. Binzel (pers. comm.)
154276 2002 SY50 17.6 0.44 ± 0.08
162000 1990 OS 19.3 0.23 ± 0.03
162039 1996 JG 19.1 0.19 ± 0.04
162181 1999 LF6 18.2 0.25 ± 0.01
162416 2000 EH26 21.3 0.23 ± 0.07
163295 2002 HW 19.3 0.0 ± 0.1
163692 2003 CY18 18.0 0.20 ± 0.05
163732 2003 KP2 15.3 C 0.26 ± 0.08 F. De Meo, R.P. Binzel (pers. comm.)
164121 2003 YT1 16.2 V 0.61 ± 0.06 Abell et al. (2005)
164211 2004 JA27 19.3 S 0.20 ± 0.04 F. De Meo, R.P. Binzel (pers. comm.)
179806 2002 TD66 19.9 S 0.26 ± 0.02 M.D. Hicks (pers. comm.)
185851 2000 DP107 18.0 M 0.25 ± 0.02 Pravec et al. (2006), Yang et al. (2003)

1989 AZ 19.4 0.13 ± 0.04
1994 XD 19.1 0.21 ± 0.05
1998 BY7 21.4 0.35 ± 0.04
1998 KY26 25.5 C 0.5 ± 0.1 Ostro et al. (1999a)
1998 ST27 19.5 C 0.30 ± 0.01 Abell et al. (2005)
1999 FN19 22.4 S 0.22 ± 0.05 Binzel et al. (2004)
1999 FN53 18.4 0.19 ± 0.07
1999 MN 21.4 0.21 ± 0.05
1999 NW2 23.1 0.35 ± 0.03
1999 TY2 23.3 S 0.34 ± 0.15 Pravec et al. (2000a)
2000 CE59 20.2 S 0.24 ± 0.02 Binzel et al. (2004)
2000 ED14 20.7 0.28 ± 0.12
2000 EW70 20.7 F 0.15 ± 0.09 Whiteley (2001)
2000 LF3 21.6 0.19 ± 0.02
2000 QW7 19.4 0.22 ± 0.03
2000 RD53 19.9 0.21 ± 0.05
2000 UG11 20.3 S 0.22 ± 0.11 Kitazato et al. (2004)
2000 UK11 25.0 0.38 ± 0.05
2000 YA 23.7 S 0.16 ± 0.02 Binzel et al. (2004)
2000 YF29 20.2 S 0.23 ± 0.01 Binzel et al. (2004)
2001 AV43 24.4 0.01 ± 0.10
2001 BE10 19.1 0.19 ± 0.02
2001 BF10 22.3 0.27 ± 0.03
2001 CP36 23.7 0.91 ± 0.02
2001 EB18 19.1 0.23 ± 0.05
2001 EC16 22.2 0.23 ± 0.08
2001 FR85 24.5 0.17 ± 0.01
2001 GQ2 20.0 0.27 ± 0.06
2001 SE286 17.1 0.26 ± 0.01
2001 SG276 17.7 0.18 ± 0.03
2001 SP263 25.6 0.16 ± 0.02
2001 UP 25.7 0.09 ± 0.01
2001 WM15 25.0 0.83 ± 0.02
2001 XX4 22.0 0.15 ± 0.03
2001 YE4 20.5 0.61 ± 0.11
2001 YP3 21.9 0.17 ± 0.03
2002 AA29 24.1 0.26 ± 0.07
2002 AL14 17.7 S 0.20 ± 0.01 Binzel et al. (2004)
2002 AV 20.7 S 0.10 ± 0.01 Binzel et al. (2004)
2002 AY1 20.6 0.21 ± 0.02

(continued on next page)
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Table 3 (continued)

Asteroid H (mag) Spectral class SC/OC Taxonomic reference

2002 BG25 20.8 0.20 ± 0.02
2002 BM26 20.0 P 0.20 ± 0.03 Binzel et al. (2004), Delbo et al. (2003)
2002 CE26 16.8 C 0.21 ± 0.02 Shepard et al. (2006)
2002 FC 18.8 0.35 ± 0.08
2002 FD6 22.2 0.27 ± 0.03
2002 KK8 20.5 0.50 ± 0.05
2002 NY40 19.2 S 0.33 ± 0.07 Rivkin et al. (2003)
2002 TD60 19.2 S 0.41 ± 0.10 Lazzarin et al. (2005)
2002 TS69 24.5 0.16 ± 0.02
2002 TZ66 25.9 0.0 ± 0.2
2002 VE68 20.3 1.0 ± 0.2
2003 EP4 23.7 0.29 ± 0.04
2003 GY 20.0 1.11 ± 0.15
2003 HM 21.7 0.19 ± 0.04
2003 HN16 22.0 0.41 ± 0.04
2003 MS2 21.0 0.28 ± 0.02
2003 QB30 26.4 0.37 ± 0.02
2003 RU11 25.6 0.25 ± 0.02
2003 SS84 21.8 0.72 ± 0.05
2003 TH2 22.8 1.48 ± 0.4
2003 TL4 19.4 0.30 ± 0.03
2003 UC20 18.1 C 0.21 ± 0.03 Abe et al. (2007)
2004 AD 24.5 0.45 ± 0.15
2004 DC 18.0 0.9 ± 0.05
2004 FY31 21.9 0.09 ± 0.03
2004 HX53 23.3 0.13 ± 0.05
2004 RF84 18.2 0.10 ± 0.01
2004 RQ10 20.9 0.31 ± 0.15
2004 VB 20.8 0.16 ± 0.05
2004 VW14 19.4 0.37 ± 0.05
2004 XL14 21.2 C 0.49 ± 0.01 F. De Meo, R.P. Binzel (pers. comm.)
2004 XP14 19.5 E 0.9 ± 0.05 Reddy et al. (2006)
2005 AB 17.5 C 0.15 ± 0.04 Kumar et al. (2006)
2005 CR37 18.9 C? 0.32 ± 0.03 Benner et al. (2006a)
2005 ED318 20.7 S 0.36 ± 0.02 F. De Meo, R.P. Binzel (pers. comm.)
2005 EK70 17.4 0.15 ± 0.07
2005 EU2 23.1 0.26 ± 0.02
2005 FA 25.2 0.45 ± 0.08
2005 HB4 24.3 0.05 ± 0.15
2005 JE46 17.8 0.38 ± 0.01
2005 NB7 18.7 0.24 ± 0.01
2005 OE3 20.3 0.38 ± 0.03
2005 TD49 26.4 0.15 ± 0.10
2005 TF49 19.1 0.73 ± 0.06
2005 TU50 21.3 1.02 ± 0.15
2005 WA1 21.6 0.28 ± 0.10
2005 WC1 20.6 1.12 ± 0.02
2005 WJ56 17.6 0.92 ± 0.15 M.D. Hicks, (pers. comm.)

V. Reddy (pers. comm.)
2005 WK56 22.5 0.90 ± 0.10
2005 XA 26.1 0.06 ± 0.08
2006 AM4 21.8 S 0.23 ± 0.02 M.D. Hicks (pers. comm.)
2006 BQ6 19.7 C 0.33 ± 0.03 M.D. Hicks (pers. comm.)
2006 GY2 18.7 0.21 ± 0.02
2006 QV89 25.2 0.0 ± 0.25
2006 RH120 29.6 0.58 ± 0.03
2006 RZ 20.3 C 0.55 ± 0.05 F. De Meo, R.P. Binzel (pers. comm.)
2006 UQ17 21.9 0.20 ± 0.06
2006 VV2 16.8 S 0.27 ± 0.02 V. Reddy (pers. comm.)
2006 WB 22.8 0.38 ± 0.03
2007 DT103 19.2 S 0.40 ± 0.05 Hicks and Somers (2007)
2007 FY20 24.8 0.15 ± 0.10
2007 TU24 20.2 S 0.37 ± 0.01 M.D. Hicks (pers. comm.)
2007 VD12 20.0 S 0.27 ± 0.05 M.D. Hicks (pers. comm.)
2007 XH16 19.7 0.38 ± 0.01

Notes. Circular polarization ratios listed in order of asteroid number, and then in order of provisional designation for unnumbered objects. H is the absolute magnitude,
which were obtained from the JPL/Horizons database (http://ssd.jpl.nasa.gov/?Horizons). Spectral class is indicated if known; if not, the field is left blank.
ical assemblages at those scales, perhaps due to the presence of
large crystals (especially in aubrites and diogenites) formed during
cooling and solidification of molten material in the parent bod-
ies, and/or their predominantly brecciated textures (Wasson, 1985),
and/or unique collisional histories of those bodies. Chondrites are
nebular condensates that have been ground down by collisions and
comminution into smaller fragments than the achondrites, perhaps
Please cite this article in press as: Benner, L.A.M., et al. Near-Earth asteroid surface roug
doi:10.1016/j.icarus.2008.06.010
explaining the intermediate polarization ratios of their candidate
NEA analogues. The S class may also include an unknown num-
ber of stony-iron analogues that, because of their abundant metal,
could have polarization signatures similar to those of metallic M
types. Thus, some of the S-class NEAs with the smallest SC/OC may
be objects mineralogically akin to stony-irons rather than to ordi-
nary chondrites.
hness depends on compositional class. Icarus (2008),
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It is also possible that the correlation in Fig. 1 primarily reflects
differences in the formation ages and/or collisional histories of the
objects in the different classes. The polarization ratio is sensitive
to the abundance of near-surface dielectric interfaces with radii of
curvature comparable to the wavelength. For NEA surfaces, there
are many factors that determine this abundance. The presence of a
thick regolith depleted in rocks by long-term micrometeorite gar-
dening, such as exists in ancient regions on the Moon, generally
lowers SC/OC (Campbell, 2002), but the trade-off between pro-
duction of such material by impacts, depletion of it by impacts,
and impact-induced migration of it from the interior (Miyamoto
et al., 2007) is unknown and may be very different for different
NEAs.

If we suppose that formation age rather than mineralogy is pri-
marily responsible for the trend seen in Fig. 1, then it is equally
plausible that E class NEAs’ high polarization ratios are due to
them being extremely young as they are due to them being rela-
tively ancient. On the Moon, some areas with high SC/OC correlate
strongly with macroscopically rugged, geologically young crater
walls and ejecta and with near-grazing incidence angles (Campbell,
2002; Campbell and Campbell, 2006). However, the E class mete-
orite analogues, the aubrites, have the oldest average cosmic ray
exposure ages among stony meteorites (McSween, 1999; Eugster
et al., 2006), directly contradicting this simple hypothesis. Perhaps
the E class NEAs have high SC/OC because their relatively old sur-
faces have accumulated low radar loss tangent regoliths on top of
topographically rugged subsurfaces.

NEAs have higher polarization ratios than mainbelt asteroids
(MBAs). A recent radar study of 82 MBAs (Magri et al., 2007a)
revealed a mean circular polarization ratio of 0.14 ± 0.098 (Ta-
ble 1), less than half the NEA value. S-class MBAs have higher
circular polarization ratios than other MBAs, possibly due to dif-
ferent mineralogy (material strength or loss tangent), a different
impactor population, or both. For our NEA sample, the S and C
class means of 0.27 ± 0.079 and 0.29 ± 0.12 are indistinguishable
and suggest similar near-surface structural complexity on average.
However, within each group SC/OC varies by up to 0.40, implying
much more structural diversity than for the MBA groups. Vesta, the
only V-class MBA detected by radar, is a 530-km-diameter object
with SC/OC = 0.28 ± 0.05, larger than ∼90% of MBA circular po-
larization ratios (Magri et al., 2007a). Only the M-class NEAs have
SC/OC comparable to those of MBAs in the same class, which could
be due to the strength of metal (for M-objects that are actually
metallic) and its effect on regolith generation, a small sample size,
or some other factor.

The differences between the NEA and MBA SC/OC distributions
indicate that the two populations have dramatically different sur-
faces. This is not surprising given that NEAs are younger, smaller,
and have much weaker gravitational fields. Whereas MBA surfaces
are dominated by mostly fine-grained regoliths that have matured
during several billion years of impact bombardment, NEA surfaces
retain only the low-velocity tail of the impact ejecta distribution,
which is likely to involve a size partioning that favors large ejecta.
Our results are consistent with the production of larger particles
and their resistance to erosion from meteoroid bombardment be-
ing dependent on mineralogical composition.

The 25 binary NEAs observed by radar have a mean SC/OC =
0.33 ± 0.19 and a median of 0.25 that are indistinguishable from
the NEA population as a whole, and a range from 0.15 to 0.9.
The average NEA circular polarization ratio is comparable to that
of comet nuclei detected by radar (SC/OC = 0.35 ± 020, Table 4),
hinting at a similar degree (but not necessarily style) of surface
complexity, but the comet sample size is only six and has a range
less than half that of the NEA sample, so detailed comparisons
must wait until more comets are observed.
Please cite this article in press as: Benner, L.A.M., et al. Near-Earth asteroid surface roug
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Table 4
Comet nucleus circular polarization ratios.

Comet SC/OC Reference

2P/Encke 0.21 ± 0.04 Harmon and Nolan (2005)
26P/Grigg–Skjellerup <0.3 Kamoun et al. (1999)
P/2005 JQ5 Catalina 0.49 ± 0.05 Harmon et al. (2006)
C/IRAS–Araki–Alcock 0.105 ± 0.005 Harmon et al. (1989)
C/Sugano–Saigusa–Fujikawa 0.23 ± 0.03 Harmon et al. (1999)
C/1996 B2 Hyakutake 0.49 ± 0.10 Harmon et al. (1997)
C/1998 K5 LINEAR <0.5 Harmon et al. (1999)
C/2004 Q2 Machholz 0.59 ± 0.04 Nolan et al. (2005)

Notes. Comet circular polarization ratios from the references shown on the right.
Excluding P/Grigg–Skjellerup and 1998 K5, which have only upper limits, the mean
SC/OC for the other six comets is 0.35 ± 0.20.

The correspondence of centimeter to decimeter-scale surface
(or near-surface) structure to VIS/IR spectral class supports asso-
ciation of classes with distinct mineralogies and meteorite types,
and reveals distinct differences in the macroscale structural com-
plexity of objects in different spectral classes. The two radar-
detected NEAs visited by spacecraft, the S-class objects 433 Eros
and 25143 Itokawa, have SC/OC = 0.28 ± 0.06 (Magri et al., 2001)
and 0.27 ± 0.04 (Ostro et al., 2004) that are indistinguishable from
the NEA median; the structural complexity of their surfaces may
be fairly representative of many S and C-class NEAs, but it is very
much less severe than that on E and V-class NEAs. In spacecraft
images at comparable scales, the surfaces appear to have differ-
ent roughnesses, but to the radar they look very similar, perhaps
implying different degrees of subsurface scattering and/or regolith
thicknesses between the two objects. Given the trend we see here,
the high SC/OC X-class objects in our sample will probably turn
out to be E-class rather than M-class or P-class objects once op-
tical albedos are available. In September 2008, the Rosetta space-
craft will encounter E-class MBA 2867 Steins (Barucci et al., 2005;
Fornasier et al., 2006); given the results presented here, we expect
that very high-resolution optical images would reveal a surface
much more rugged at decimeter scales than those seen by space-
craft on any asteroid to date. Determination of the spectral types
of the 101 unclassified NEAs in the tables, especially those with
the highest SC/OC estimates, can elucidate the pervasiveness of the
relations presented here, but it is already clear that it would be
worthwhile to include radar polarization ratios in future asteroid
VIS/IR taxonomic classification systems.

Why are E class NEAs so abundant in our sample? The E
class is thought to be rare among NEAs (Binzel et al., 2004;
Clark et al., 2004), and only ∼1% of meteorite falls are aubrites
(Lipschutz and Schultz, 2007), thus the fact that ∼6% of our sam-
ple (with known taxonomic types) belongs to that class is puzzling.
Is this a statistical fluke? Due to the EMP spectral degeneracy,
we cannot conduct a direct comparison with results from VIS/IR
spectroscopy. It seems that E-class NEAs are significantly overrep-
resented relative to the abundance of aubrite falls, which presum-
ably derive from a similar source. If, as we suspect, many of the
unclassified NEAs with high circular polarization ratios turn out to
be E class objects, then the apparent discrepancy could be exacer-
bated.

Perhaps the aubrites are sufficiently fragile that few reach
Earth’s surface. Or, the flux could vary strongly with diameter, so
that comparisons between the meteorite and NEA populations are
not meaningful. [On the other hand, the V class objects in our sam-
ple constitute ∼6% of the sample, a number very similar to the
abundance of HED meteorite falls (Lipschutz and Schultz, 2007).]
Another possibility, although perhaps remote, is that some other
meteorite group might be masquerading as the E-class asteroids. Is
there a substantial unrecognized population of E-class near-Earth
asteroids?
hness depends on compositional class. Icarus (2008),
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Fig. 3. Histogram of near-Earth asteroid circular polarization ratios broken down by
taxonomic class. Bins have widths of 0.1 and are centered on values labeled on the
abscissa.
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