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a b s t r a c t
Using the S-band radar at Arecibo Observatory, we observed thirteen X/M-class asteroids; nine were previously undetected and four were re-observed, bringing the total number of Tholen X/M-class asteroids
observed with radar to 29. Of these 29M-class asteroids, 13 are also W-class, deﬁned as M-class objects
that also display a 3-lm absorption feature which is often interpreted as the signature of hydrated minerals (Jones, T.D., Lebofsky, L.A., Lewis, J.S., Marley, M.S. [1990]. Icarus 88, 172–192; Rivkin, A.S., Howell,
E.S., Britt, D.T., Lebofsky, L.A., Nolan, M.C., Branston, D.D. [1995]. Icarus 117, 90–100; Rivkin, A.S., Howell,
E.S., Lebofsky, L.A., Clark, B.E., Britt, D.T. [2000]. Icarus 145, 351–368).
Consistent with our previous work (Shepard, M.K. et al. [2008]. Icarus 195, 184–205; Shepard, M.K.,
Harris, A.W., Taylor, P.A., Clark, B.E., Ockert-Bell, M., Nolan, M.C., Howell, E.S., Magri, C., Giorgini, J.D.,
Benner, L.A.M. [2011]. Icarus 215, 547–551), we ﬁnd that 38% of our sample (11 of 29) have radar albedos
consistent with metal-dominated compositions. With the exception of 83 Beatrix and 572 Rebekka, the
remaining objects have radar albedos signiﬁcantly higher than the mean S- or C-class asteroid (Magri, C.,
Nolan, M.C., Ostro, S.J., Giorgini, J.D. [2007]. Icarus 186, 126–151).
Seven of the eleven high-radar-albedo asteroids, or 64%, also display a 3-lm absorption feature (Wclass) which is thought to be inconsistent with the formation of a metal dominated asteroid. We suggest
that the hydration absorption could be a secondary feature caused by low-velocity collisions with
hydrated asteroids, such as CI or CM analogs, and subsequent implantation of the hydrated minerals into
the upper regolith. There is recent evidence for this process on Vesta (Reddy, V. et al. [2012]. Icarus 221,
544–559; McCord, T.B. et al. [2012]. Nature 491, 83–86; Prettyman, T.H. et al. [2012]. Science 338, 242–
246; Denevi, B.W. et al. [2012]. Science 338, 246–249).
Eleven members of our sample show bifurcated radar echoes at some rotation phases; eight of these
are high radar albedo targets. One interpretation of a bifurcated echo is a contact binary, like 216
Kleopatra, and several of our sample are contact binary candidates. However, evidence for other targets
indicates they are not contact binaries. Instead, we hypothesize that these asteroids may have large-scale
variations in surface bulk density, i.e. isolated patches of metal-rich and silicate-rich regions at the
near-surface, possibly the result of collisions between metal and silicate-rich asteroids.
Ó 2014 Elsevier Inc. All rights reserved.
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17815, USA. Fax: +1 570 389 3028.
E-mail address: mshepard@bloomu.edu (M.K. Shepard).
http://dx.doi.org/10.1016/j.icarus.2014.09.016
0019-1035/Ó 2014 Elsevier Inc. All rights reserved.

M.K. Shepard et al. / Icarus 245 (2015) 38–55

39

1. Introduction

2.1. Asteroid shape, size, rotation period, and optical properties

The Tholen (1984) X-class asteroids are deﬁned by featureless
spectra with red slopes and an unknown visual albedo. The Bus
X-complex is similar (Bus and Binzel, 2002). Asteroids with these
spectral characteristics and visual albedos in the range 0.10–
0.30 are classiﬁed as Tholen M-class. Historically, M-class asteroids
were thought to be the denuded metallic cores of disrupted parent
bodies or possibly enstatite chondrites (Chapman and Salisbury,
1973; Gaffey, 1976; Gaffey and McCord, 1979; Bell et al., 1989;
Cloutis et al., 1990).
Since 2004, we have undertaken a systematic survey of all the
Tholen (1984) X/M-class asteroids within the detectability range
of the Arecibo radar facility. Because the visible/near-infrared
(VISIR) spectral data for this class are ambiguous, radar is a better
tool for identifying metallic content in the upper meter or so of the
regolith. Our previous work (Shepard et al., 2008, 2010, 2011;
Ockert-Bell et al., 2008, 2010) found that only 30–40% of the Mclass have radar albedos consistent with metal-dominated compositions and the disrupted core interpretation. The remainder have
surface regolith bulk densities higher than is typical of other main
belt asteroids (Shepard et al., 2010) and are likely to be metal rich,
but not dominated by metal.
A number of spectral surveys of the X-/M-class have revealed
that roughly half of the M-class exhibit subtle silicate absorption
features near 0.9 and 1.9 lm, commonly attributed to pyroxenes
(Clark et al., 2004; Hardersen et al., 2005, 2011; Birlan et al.,
2007; Ockert-Bell et al., 2008, 2010; Fornasier et al., 2011).
One puzzling observation of numerous M-class asteroids is the
evidence of a 3 lm absorption feature, often attributed to hydrated
minerals (Jones et al., 1990; Rivkin et al., 1995, 2000). M-class asteroids with this characteristic are referred to as W-class by Rivkin et al.
(2000) and are thought to be inconsistent with both the metallic
core and enstatite chondrite interpretation (Hardersen et al., 2005,
2011). However, Shepard et al. (2008) found that one W-class asteroid, 129 Antigone, has the high radar reﬂectivity of a metal dominated object. Other suggested M-asteroid analogs that may have
hydrated phases include the CH/CB meteorites and carbonaceous
chondrites (CI and CM) (Cloutis et al., 1990; Vilas, 1994; Rivkin
et al., 2000; Hardersen et al., 2005, 2011). However, the bulk density
of the CI/CM analogs is low because of low metal content and they
are therefore inconsistent with the higher than average radar albedos observed in the M-class (Shepard et al., 2010). Prior to the work
reported here, Antigone was a singular anomaly. As we describe
below, this is no longer the case and the coexistence of metal and
hydrated phases must be reconciled.
In this paper, the third compilation of our work, we report on
recent observations of thirteen M-class asteroids: nine previously
undetected with radar and four re-observations. This work extends
the total number of radar detected M-class main-belt asteroids to
29, 45% more than in our previous work.
The paper is outlined as follows. In Section 2, we brieﬂy discuss
the conventions, equations, and physical interpretations used in
our radar analysis. In Section 3, we describe the results for our
new radar data sets along with individual object analysis. In
Section 4, we examine the results in mass and discuss their
ramiﬁcations for understanding the X/M-class complex.

To place constraints on a target’s diameter, we use the following
relationship between effective diameter (Deff, in km), visual albedo
(pv), and absolute magnitude (H) (Pravec and Harris, 2007):

2. Conventions, equations, and physical interpretations
In this section we review the conventions and equations that
describe the relationship between radar, thermal, and optical measurements and the physical properties of these asteroids used in
this paper. These are essentially identical with those summarized
in Shepard et al. (2010) but are repeated here for convenience.

log Deff ðkmÞ ¼ 3:1235  0:2H  0:5 log pv

ð1Þ

The effective diameter Deff is the diameter of a sphere with the same
projected area as the asteroid.
We assume each asteroid can be modeled as a triaxial ellipsoid
with long, intermediate, and short axes of ‘a’, ‘b’, and ‘c’, respectively. The c-axis is assumed to be the rotation axis. We characterize the shape of the ellipsoid with the ratios of these axes: a/b and
a/c or b/c.
We report published diameters where available; the majority
are from thermal measurements obtained with IRAS (Tedesco
et al., 2002), WISE (Masiero et al., 2011), and AKARI (Usui et al.,
2011). Where possible, we adopt a mean of those measurements
available and assume uncertainties of at least ±5% to take into
account both the (smaller) random uncertainties quoted for each
reported diameter and potentially larger systematic uncertainties
(Lebofsky, 1989; Masiero et al., 2011; Usui et al., 2011).
Unless otherwise noted, all rotation periods and lightcurve
amplitudes are taken from the asteroid lightcurve database and
references therein (Warner et al., 2009a). Uncertainties in the rotation periods are on the order of the last signiﬁcant digit.
2.2. Radar analysis
Each observing cycle or ‘‘run’’ consisted of transmission of a circularly polarized 2380 MHz (12.6 cm) signal for the round-trip
light travel time to the target, followed by reception of echoes
for a similar duration in the opposite (OC) and same (SC) senses
of circular polarization as transmitted. We measured the radar
cross-sections of our targets (in km2) rOC and rSC, by integrating
the continuous wave (CW) power spectra. These are equivalent
to the cross-sectional areas of a smooth, metallic sphere (a perfect
reﬂector) that would generate the observed echo power when
viewed at the same distance.
For an asteroid observed at S-band (2380-MHz), its apparent
width (in km), D(/), normal to the apparent spin vector at rotation
phase /, is related to the instantaneous bandwidth B (in Hz) of the
radar echo (due to the apparent rotation), the rotation period, and
asteroid orientation by

Dð/Þ ¼

PBð/Þ
27:7 cos d

ð2Þ

where P is the apparent (synodic) rotation period in hours and d is
the sub-radar latitude. For each target we estimate the minimum
bandwidth. In the absence of information about the pole orientation
and sub-radar latitude d, we assume an equatorial view (d = 0) to
get a lower bound on the maximum pole-on breadth, Dmax. Our
experience with asteroids of weak to moderate signal-to-noise ratio
(SNR) (optimally ﬁltered sum SNR 6 20 or so) suggests that we can
obtain a reasonable estimate of the bandwidth using the points
where echo power drops to zero standard deviations (zero-crossing
bandwidth or BZC) after smoothing in frequency to boost the SNR.
For signals with higher SNR, we often adopt the points at which
the echo drops below two standard deviations of noise (B2r). Uncertainties are typically based on the frequency resolution of the spectrum. In a few instances, we adopt a bandwidth, B, which is
somewhat narrower based upon the waveform behavior, and adopt
conservative uncertainties. We get a sense for the goodness of a
bandwidth estimate by comparing it to the bandwidth of the optimal ﬁlter for maximizing the signal-to-noise ratio, referred to as the
‘‘effective frequency resolution’’, or ‘‘effective resolution.’’ In
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general, this is narrower than the estimated bandwidth, but it
should be comparable.
The circular polarization ratio, lc, is deﬁned to be the ratio of
the SC and OC echo power:

lc ¼

rSC
rOC

ð3Þ

Values larger than zero are thought to be caused by wavelengthscale near-surface (1 m depth for 12.6 cm wavelength) roughness
and inhomogeneities and/or subsurface or multiple scattering.
Polarization ratios approaching 0.0 are thought to arise from
smooth surfaces, while values near 0.3 are observed on moderately
rough surfaces such as found on 25143 Itokawa and 433 Eros (Ostro
et al., 2005; Magri et al., 2001). Because systematic uncertainties are
nearly the same for both polarization senses, uncertainties in circular polarization ratio are dominated by receiver thermal noise.
Unless otherwise stated, our quoted uncertainties for random errors
are one standard deviation.
^ OC , of an asteroid is deﬁned to be the ratio
The OC radar albedo, r
of its OC radar cross section (rOC) to its cross-sectional area,

r^ OC ¼

4rOC
pD2eff

ð4Þ

r^ OC can vary with rotation and aspect. Published MBA radar albedos
vary from a low of 0.039 for the CP-class main-belt asteroid (MBA)
247 Eukrate (Magri et al., 2007) to a maximum of 0.6 for the M-class
216 Kleopatra (Ostro et al., 2000). Uncertainties in our estimates of
absolute radar cross-section are usually ±25% and are based on estimates of systematic uncertainties in transmitted power and
calibration.
For targets with higher SNRs, we may transmit a coded-waveform pulse and deconstruct the echo into a delay-Doppler image;
essentially, we extract a second dimension – time delay – from
the echo. These can be displayed as delay-Doppler images, traditionally with Doppler frequency along the x-axis and delay-time
along the y-axis. The advantage of delay-Doppler imaging is that
we can estimate the diameter of the target by assuming the visible
delay-depth (range of delay-time from leading edge to visible echo
end times half the speed of light) to be an estimate of its radius,
assuming a more-or-less spherical target.
2.3. Radar albedo and surface bulk density
Shepard et al. (2010) developed a model to relate radar albedo
to surface regolith bulk density. The model is a piece-wise function
based on previous models by Ostro et al. (1985) and Garvin et al.
(1985) and gives results consistent with our current understanding
of the composition and porosity of main-belt asteroids. Given the
^ OC , or surface bulk density, q (in g cm3) we
OC radar albedo, r
can ﬁnd the other via:

q
for q 6 1:57 g cm3
6:4
¼ 0:144q  0:156 for q > 1:57 g cm3

r^ OC ¼ 1:2tanh2
r^ OC

or
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
^ OC
1 þ 0:83r
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
for
q ¼ 3:20 ln
^ OC
1  0:83r

P0.30 to be dominated by metal. This would be consistent with
a mix of 70% Fe/Ni, 30% silicate with q = 3.0 g cm3, and 50%
surface bulk porosity.
3. New radar observations of M-class MBAs
In this section, we summarize the radar observations of thirteen
M-class MBAs; nine are newly observed and four were observed
previously. We have organized this section by object, putting
observations and analysis together, instead of separating those sections in a more traditional manner. Observing circumstances for all
targets are given in Tables 1 and 2 list the measured radar properties of each target.
3.1. (77) Frigga
Frigga has reported diameters of Deff = 69 ± 2 km (IRAS),
67.2 ± 1 km (WISE), and 65.8 ± 0.16 km (AKARI) and associated
optical albedos of pv = 0.14 ± 0.01, 0.15 ± 0.05, and 0.16 ± 0.01
respectively; we adopt Deff = 68 ± 4 km and pv = 0.15 ± 0.01. It has
a rotational period of P = 9.012 h (Warner et al., 2009a). It is classiﬁed as MU (unusual M) in the Tholen system, and Xe in the Bus and
Binzel (2002) system. Rivkin et al. (2000) observed a 3 lm absorption feature which they attributed to the presence of hydrated
phases and classiﬁed Frigga as a W. No rotational pole or shape
has been reported.
Visible and near-IR spectra of Frigga show reddening in the visible, rolling over in the near infrared. Hardersen et al. (2011) ﬁnd
Frigga’s spectrum essentially featureless, others report evidence
of a subtle absorption feature at 0.87 lm usually attributed to
low-Fe, low-Ca orthopyroxenes (Ockert-Bell et al., 2008, 2010;
Takir et al., 2008).
We observed Frigga at Arecibo on 17 December 2011 and from
26 to 28 January 2012 (Table 1), obtaining a total of 9 runs. For the
weighted sum of all echoes, we obtained a SNR of 20 and measured
a bandwidth BZC = 152 ± 20 Hz, constraining Dmax > 50 km. Assuming the adopted diameter of 68 km, we would expect an equatorial
bandwidth of 209 Hz; using Eq. (2), our results therefore imply a
sub-radar latitude (or observational aspect) of 43° ± 10°. We measured an OC cross-section rOC = 530 ± 130 km2 and polarization
ratio lc = 0.03 ± 0.05. The former leads to an OC radar albedo of
r^ OC ¼ 0:14  0:04 which is typical for a main-belt asteroid and suggests only a low to modest metal content in the upper meter or so
of the regolith. The low polarization ratio is indicative of a smooth
near-surface.
Fig. 1 shows the individual radar runs of Frigga and Fig. 2 shows
the sum of all runs. Two runs, #3 and #4 at similar rotational longitudes, show evidence for a large concavity or bifurcation based
on the shape of the echo (the twin peaks). However, the echoes
of runs #5 and 6, rotated approximately 180° from #3 and #4 have
much lower SNRs. Similar behavior has been observed in other Mclass objects (Shepard et al., 2010).
3.2. (92) Undina

ð5Þ

r^ OC 6 0:07

q ¼ 6:944r^ OC þ 1:083 for r^ OC > 0:07
Using this model, Shepard et al. (2010) proposed the sub-classiﬁcation of Mm for M-class asteroids displaying radar albedos of
0.39 or higher at some rotation phases. In this paper, we modify
this slightly and consider an asteroid with a mean radar albedo

Undina has reported diameters of Deff = 126 ± 4 km (IRAS) and
121 ± 2 km (AKARI), and associated optical albedos of pv = 0.25 ±
0.02 and 0.28 ± 0.01, respectively. We adopt Deff = 123 ± 6 km and
pv = 0.26 ± 0.02. Its rotation period P = 15.941 h (Warner et al.,
2009a). It is classiﬁed as a Tholen X-class, but its optical albedo
puts it into the M-class; it is classiﬁed as an Xc in the Bus and Binzel scheme.
Fornasier et al. (2011) measured a VISIR spectrum of Undina
and report a red spectrum with absorption features at 0.51 lm,
‘‘similar to Fe2+ spin-forbidden crystal ﬁeld transitions seen in

41

M.K. Shepard et al. / Icarus 245 (2015) 38–55
Table 1
Observing circumstances.
Target

Date

77 Frigga

2011
2012
2011
2012
2013
2011
2011
2012
2011
2011
2013
2011
2012
2013

92 Undina
110 Lydia
161 Athor
201 Penelope
261 Prymno
359 Georgia
413 Edburga
441 Bathilde
572 Rebekka
678 Fredegundis
779 Nina
785 Zwetana

December 17
January 26–28
November 11–14
October 15–18
November 13–14
November 11, 14
November 19, 2011 December 14-16
October 15, 17
November 12–14
December 17–18
November 10–15
December 16–18
October 16, 18
March 5–20

RA (°)

DEC (°)

k (°)

b (°)

Dist AU

Total runs

OC SNR

100
120
66
40
48
47
79
7
80
91
32
93
6
165

27
24
12
11
27
8
21
5
1
20
4
26
31
32

99
117
66
41
53
47
80
8
79
91
31
93
19
154

4
3
9
4
9
9
2
2
22
3
8
3
26
23

1.57
1.48
2.13
1.70
1.41
1.46
1.30
1.37
1.12
1.61
1.08
1.16
1.26
1.21

1
8
4
7
3
2
4
3
3
3
4
4
3/1
12

7
20
25
40
10
16
19
10
16
11
4
18
82
21

Transmitter power was between 550 and 900 kW for all targets.
RA, DEC and k, b (ecliptic) indicate the asteroid position (J2000) at center of observation window.
Dist is the Earth–asteroid distance in AU.
Total runs is the number of transmit-receive cycles.
OC SNR is the SNR of the optimally ﬁltered weighted sum of all OC runs.

terrestrial and lunar pyroxenes,’’ and 0.9 lm as with Frigga. Rivkin
et al. (2000) report the existence of a 3 lm absorption feature and
place Undina in the W-class.
We observed Undina on 11–14 November 2011 (Table 1) and
obtained four runs with a total SNR of 25 (Fig. 3). We measured
BZC = 150 ± 20 Hz, constraining Dmax > 86 km. No pole or shape
has been reported for Undina. Assuming our adopted diameter,
our bandwidth suggests a sub-radar latitude (observational aspect)
of 45° ± 10°.
We measured an OC radar cross-section of rOC = 4540 ± 1200 ^ OC ¼ 0:38  0:09, suggestkm2 (Table 2), leading to a radar albedo r
ing a very high metal content. At some rotation phases, we
measured radar albedos as high as 0.47. We measured an average
circular polarization ratio of lc = 0.14 ± 0.15 with signiﬁcant variation from run to run.
Three of our four radar runs on Undina show bifurcated echoes
(runs #1, #2, and #4). Run #1 is nearly 180° in rotation from runs
#2 and 4, suggesting the bifurcation is due to a contact binary
structure and not simply a large concavity. Run #3 is at roughly
the same rotation longitude as run #1, but does not show clear evidence of bifurcation; however, it has the lowest SNR of all the runs.
Reported lightcurves of Undina have relatively low amplitudes
of Dmag  0.17 (Warner et al., 2009a). This is generally thought
to be inconsistent with a contact binary structure unless viewed
at high latitudes, consistent with our speculation of d = 45° ± 10°.
We (BW) acquired new lightcurves during this observing window
to conﬁrm Undina’s period and look for evidence of bifurcation;
however, this aspect was similar to those previous and our amplitude was like-wise small, Dmag  0.2. Shape modeling with existing lightcurves gave ill-deﬁned solutions. We made additional
lightcurve observations at the opposition of April 2014 – thought
to be at a more equatorial aspect – but continued to see only modest lightcurve amplitudes. Unfortunately, that opposition was not
within Arecibo’s observation window.
3.3. (110) Lydia
Lydia has reported diameters of Deff = 86 ± 2 km (IRAS),
89 ± 6 km (WISE), and 83 ± 1 km (AKARI) and associated optical
albedos of pv = 0.18 ± 0.01, 0.17 ± 0.04, and 0.20 ± 0.01 respectively.
Durech et al. (2007) measure a rotation period of P = 10.92580 h
and derive a convex shape model from 26 lightcurve observations
over four oppositions. They report possible rotation poles of (k, b)
(331°, 61°) and (149°, 55°) and aspect ratios of a/b  1.1 and

a/c  1.5. Using additional lightcurves, Warner et al. (2009b)
obtained slightly different poles at (345°, 51°) and (164°, 43°)
and report a less ﬂattened aspect ratio of a/c  1.2. Both sets of
reported poles have radial uncertainties of 15°. Depending on the
assumed pole, IRAS and WISE observed Lydia at sub-observer latitudes of between 25° and 45°.
Originally classiﬁed as a Tholen X-type, Lydia’s albedo places it
in the Tholen M-class. Rivkin et al. (2000) observed a 3-lm absorption feature and revised this designation to W-class. Optical polarimetry (Lupishko and Belskaya, 1989) and visible and near-infrared
spectroscopy of Lydia (Hardersen et al., 2005, 2011; Ockert-Bell
et al., 2010) suggest the presence of iron-poor orthopyroxenes on
the surface.
In 2008, we ﬁrst observed Lydia with the Arecibo radar,
obtaining nine runs with a combined SNR of 10 (Shepard et al.,
2010). We measured a bandwidth BZC = 190 ± 30 Hz, constraining
Dmax > 75 km, an OC radar cross-section of rOC = 1230 ± 300 km2,
and a polarization ratio of lc = 0.02 ± 0.02, suggesting a very
smooth near-surface. At the time, we assumed Deff = 88 ± 8 km
^ OC ¼ 0:20  0:05. At one
leading to a radar albedo estimate of r
rotation phase, we observed a strongly bifurcated echo, suggesting
a complex shape or possible contact binary structure. Using only
the stronger bifurcated echo, we obtained a radar albedo of
r^ OC ¼ 0:38  0:05, suggesting a high metal content, at least at that
orientation.
We re-observed Lydia from 15 to 18 October 2012 and obtained
7 runs with a combined SNR of 40 (Fig. 4). We measured a bandwidth of BZC = 160 + 30/0 Hz, an OC radar cross-section of
rOC = 1976 ± 500 km2, and a polarization ratio of lc = 0.06 ± 0.03.
^ OC ¼ 0:34  0:08,
For these data, we estimate a radar albedo of r
^ OC ¼ 0:48  0:12.
with one run (#6, Table 2) giving an albedo of r
All of these runs support a high metal composition for Lydia.
Combining bandwidth data from 2008 and 2012 with the position of Lydia during these observations, we can place joint constraints on size and pole position. In Fig. 5 we plot contours of v2
consistent with both bandwidths and positions assuming a maximum diameter of 90 km along with the previously published poles
(Durech et al. are triangles, Warner et al. are diamonds; both have
dashed uncertainty circles of ±15°). Solutions larger than this are
increasingly inconsistent with the published poles. The Warner
et al. solutions are slightly better than the Durech et al. solutions,
with the pole at (345°, 51°) having the lowest overall v2 value.
Given these constraints and the Warner et al. estimates of aspect
ratio, we adopt a new size estimate Dmax = 90 km, leading to
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Table 2
CW radar properties of individual targets.
Asteroid

Date

77 Frigga

2011
2012
2012
2012
2012
2012
2012
2012
2012

Time UT
December 17
January 26
January 26
January 26
January 27
January 27
January 28
January 28
January 28

Sum of dates
92 Undina

161 Athor

201 Penelope

261 Prymno

359 Georgia

413 Edburga

441 Bathilde

572 Rebekka

785 Zwetana

rOC (km2)

lc

303 ± 40
0
33
65
237
304
116
152
184

206
125
125
125
130
140
142
121
138

750
523
596
609
447
432
621
623
339

0.00
0.00
0.00
0.20
0.26
0.00
0.00
0.14
0.05

20

–

152 ± 20

530 ± 150

0.03 ± 0.05

9
16
8
15

0
166
348
168

150
146
176
145

5322
5545
3346
4292

0.07
0.31
0.31
0.00

–

25

–

150 ± 20

4540 ± 1200

0.14 ± 0.15

05:28
05:11
06:05
05:18
06:12
04:52
05:46

10
15
14
10
21
20
23

0
61
91
136
165
192
222

110
180
160
180
190
160
130

989
2122
1458
1279
2918
2781
2388

0.00
0.04
0.19
0.40
0.00
0.00
0.02

Sum of dates

–

40

–

200 ± 30

1980 ± 500

0.06 ± 0.03

2013 November 13
2013 November 13
2013 November 14

03:59
04:46
03:28

5
5
7

0
38
81

–
–
–

–
–
–

–
–
–

Sum of dates

–

10

–

200 ± 60

335 ± 100

0.32 ± 0.06

2011 November 11
2011 November 14

05:18
04:30

7
15

0
0

217
283

1647
2114

0.00
0.00

Sum of dates

–

16

0

310 ± 50

2020 ± 500

0.00 ± 0.05

2011
2011
2011
2011

06:16
04:16
04:08
04:52

5
9
14
9

0
265
257
290

117
176
133
163

406
505
603
366

0.20
0.16
0.23
0.04

Sum of dates

–

19

–

160 ± 30

480 ± 120

0.20 ± 0.05

2013 October 15
2013 October 15
2013 October 17

03:05
03:53
02:54

0
51
290

284
235
235

423
500
488

0.09
0.42
0.06

Sum of dates

–

10

–

227 ± 40

460 ± 120

0.16 ± 0.06

2011 November 12
2011 November 13
2011 November 14

06:37
06:50
06:30

10
8
11

0
193
13

64
70
71

282
321
267

0.02
0.20
0.03

Sum of dates

–

16

–

69 ± 10

280 ± 70

0.06 ± 0.06

2011 December 17
2011 December 17
2011 December 18

04:20
05:14
04:33

0
31
115

200
200
215

824
809
710

0.09
0.33
0.51

Sum of dates

–

11
12
13
14

2012
2012
2012
2012
2012
2012
2012

2013
2013
2013
2013

October
October
October
October
October
October
October

15
16
16
17
17
18
18

November 19
December 14
December 16
December 16

November
November
November
November

10
10
13
15

03:10
03:47
03:06
02:41
–

6
6
6

7
7
6
11

–

220 ± 20

780 ± 200

0.32 ± 0.07

–
–
–
–

0
39
264
55

–
–
–
–

–
–
–
–

–
–
–
–

4

–

115 ± 60

42 ± 20

–

05:36
06:12
05:19
05:57

13
7
8
7

0
19
39
58

86
79
80
96

313
203
190
173

0.13
0.22
0.00
0.08

–

18

–

92 ± 15

220 ± 60

0.08 ± 0.06

02:49
03:31
02:37
03:21

39
50
54
dd

0
23
290
313

76
70
79

1237
1440
1725
–

0.10
0.04
0.03

Sum of CW

–

82

–

74 ± 10

1470 ± 350

0.05 ± 0.02

2013 March 05
2013 March 06

05:12
04:57

0
242

135
160

193
134

0.10
0.73

2011
2011
2011
2011

December
December
December
December

16
16
18
18

Sum of dates
779 Nina

B (Hz)

06:29
05:47
05:47
05:41

November
November
November
November

Sum of dates
678 Fredegundis

7
9
8
9
6
6
5
9
6

/ (°)

–

2011
2011
2011
2011

Sum of dates
110 Lydia

06:43
03:26
04:15
05:04
03:23
05:04
03:24
04:17
05:04

SNR

2012
2012
2012
2012

October
October
October
October

16
16
18
18

6
3
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Table 2 (continued)
Asteroid

Date
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013

March
March
March
March
March
March
March
March
March
March

06
07
07
07
08
08
08
18
18
20

Sum of dates

Time UT

SNR

/ (°)

B (Hz)

rOC (km2)

lc

05:31
04:05
04:44
05:22
03:55
04:35
05:14
03:09
03:51
03:17

5
16
9
7
7
4
5
7
4
7

265
100
127
152
346
12
39
319
347
109

150
140
160
110
170
150
90
100
100
170

279
456
291
238
253
143
151
144
112
249

0.00
0.00
0.18
0.08
0.02
0.27
0.90
0.47
0.00
0.38

–

21

–

170 ± 20

230 ± 60

0.20 ± 0.05

Values in the ‘‘Sum of Dates’’ are based on the weighted sum of all runs.
Time and date are the mid-epochs of acquisition (UT).
/ is rotation phase starting arbitrarily from the receipt of the ﬁrst run (degrees) except 77 Frigga (see Fig. 1 for details).
B is zero-crossing bandwidth (Hz) for data smoothed in frequency (see text for speciﬁcs).
rOC is the OC radar cross-section (km2), and lc is the polarization ratio.
Uncertainties in radar cross section are at least 25%.
Uncertainties in the polarization ratio for individual runs vary widely with SNR. We list only the uncertainty for the sum of runs.
We only list total properties for 161 Athor or 572 Rebekka because SNR was too low for individual runs.

Fig. 1. CW spectra of 77 Frigga, smoothed to 20 Hz effective frequency resolution. Rotation is arbitrarily set to 0 at ﬁrst run on 26 December 2012. The rotation phase on 17
December 2011 is uncertain by 40° because of uncertainty in its rotation period over the forty-day separation from the other runs and its plane-of-sky-motion.
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few weeks following our October 2012 radar observations. We
attempted to time the latter two of these epochs to be most favorable for observing the suspected binary. Although some elongation
(about 1.5) was observed, no binary or contact binary structure
was evident. At present, the radar, lightcurve, and AO data sets
appear to be inconsistent with one another.
3.4. (161) Athor

Fig. 2. Sum of all runs of 77 Frigga, smoothed to 20 Hz effective frequency
resolution.

Deff = 82 ± 10 km which slightly increases the overall radar albedo
^ OC ¼ 0:37  0:10 and optical albedo pv = 0.20 ± 0.02.
to r
Radar run #6 showed a strongly bifurcated echo, consistent
with our observations in 2008. To look for more evidence of a bifurcation, we ﬁrst obtained a near-simultaneous lightcurve (BW). This
showed a low amplitude, Dm = 0.2, inconsistent with the elongation that might be expected for a contact binary asteroid.
We also examined Lydia on four epochs from Keck AO imaging;
one from 2002 (Merline et al., unpublished), plus three during the

Athor has reported diameters of 44.2 ± 3.3 km (IRAS) and
40.8 ± 0.5 km (AKARI), and associated optical albedos of
0.20 ± 0.03 and 0.23 ± 0.01, respectively. We adopt Deff = 43 ± 4 km
and pv = 0.21 ± 0.02. Its rotation period is 7.280 h (Durech et al.,
2010). Durech et al. have also computed a lightcurve derived shape
model and two potential spin poles at (k, b) (350°, 6°) and (170°,
4°). A 2002 occultation provides a diameter of 47 km, consistent
with the IRAS and our adopted value (Dunham et al., 2014).
Rivkin et al. (2000) found no evidence for a 3 lm absorption
feature.
We observed Athor on 13–14 November 2013, obtaining three
runs with a total SNR of 10 (Table 1). The weighted sum of all runs
provided a bandwidth of 200 ± 60 Hz, a radar cross-section of
335 ± 100 km2 and a polarization ratio of 0.32 ± 0.06 (Fig. 6,
Table 2). Using the IRAS diameter and published poles, we
expected a Bmax = 152 Hz; our observations are therefore consistent
with both the published size and either published pole. Our measured radar cross-section leads to an estimate of radar albedo of
r^ OC ¼ 0:22  0:06. This is consistent with the majority of the other
M-class asteroids we have measured, but is not consistent with a
composition dominated by metal. Our polarization ratio implies a
moderately rough near surface.

Fig. 3. Individual CW spectra of 92 Undina, smoothed to 15 Hz effective frequency resolution. Rotational phase is indicated and arbitrarily set to 0° for the ﬁrst run.
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Fig. 4. CW spectra of 110 Lydia smoothed to 15 Hz effective frequency. The bottom image is the sum of all CW spectra. Rotational phase is indicated and arbitrarily set to 0°
for the ﬁrst run.

Fig. 5. v2 contour plot of pole solutions for Lydia assuming Dmax = 90 km, the radar
bandwidths and positions (shown as asterisks) at the time of the radar observations
in 2008 and 2012. Triangles are poles according to Durech et al. (2007); diamonds
are poles from Warner et al. (2009b). Uncertainty in pole positions is shown with
dashed circles, ±15°.

Fig. 6. Sum of CW spectra of 161 Athor, smoothed to 20 Hz effective frequency.
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3.5. (201) Penelope
Penelope has estimated diameters of Deff = 68 ± 4 km (IRAS),
88 ± 3 km (WISE), and 66 ± 1 km (AKARI) with associated optical
albedos of pv = 0.16 ± 0.02, 0.10 ± 0.01, and 0.18 ± 0.01, respectively. The AKARI diameter is similar to the IRAS value, but the
WISE diameter is signiﬁcantly higher.
Based on an analysis of multiple lightcurve, Torppa et al. (2003)
ﬁnd a rotation period of P = 3.7474 h and derive a shape model
with aspect ratios of a/b = 1.5 and b/c = 1.1, and two possible rotational poles at (k, b) (84°, 15°) and (262°, 1°). They also note
hints of a contact binary structure in Penelope’s lightcurves.
Hanus et al. (2013) use adaptive optics and lightcurve shape
modeling above to estimate an equivalent diameter of
Deq = 85 ± 8 km, consistent with the larger WISE diameter, and
reject the second rotational pole. According to the time of their
observations, the Hanus et al. (2013) AO observations were at a
viewing aspect nearly pole on to the southern hemisphere
(k = 245°, b = 9°). Thus, this larger diameter is consistent with the
largest areal aspect of Penelope.
According to the Minor Planet Center, the WISE observations of
Penelope were made 28 February to 1 March 2010 (251°, 6°) and
26–27 August 2010 (248°, 6°). Assuming the Hanus et al. pole,
these observations also occurred at a near polar aspect of (subobserver latitude 74°) and should therefore also correspond with
the largest areal aspect of Penelope.
According to the IRAS supplement (Tedesco et al., 2002), however, the IRAS observations of Penelope were made at a viewing
aspect within 10° of an equatorial aspect (k = 183°, b = 4°). The
AKARI observations were made on 2–3 November 2006 (F. Usui,
personal communication) when Penelope was at (310°, 0°); this
corresponds to a mid-latitude viewing aspect (42°). The aspects
of both IRAS and AKARI are therefore consistent with viewing
Penelope’s smaller dimensions and explaining their smaller
reported diameters.
Using the information from the above sources, a good working
model for Penelope’s size and shape is a triaxial ellipsoid of dimensions 105 km  72 km  62 km. At polar aspects, it would have an
area equivalent to an effective diameter of Deff = 87 km, consistent
with the AO and WISE diameters. At equatorial aspects, its projected area would be equivalent to Deff = 67 km, consistent with
the IRAS and AKARI diameters. This model gives Deff = 78 ± 4 km
(assuming 5% uncertainty) and, given Penelope’s absolute magnitude of H = 8.43, an estimated optical albedo of pv = 0.12 ± 0.01.
Hardersen et al. (2005) found evidence of orthopyroxenes in
Penelope’s near-infrared spectrum, but follow-up work by
Hardersen et al. (2011) found no absorption features. Rivkin et al.
(1995) identiﬁed a 3-lm feature in Penelope’s spectrum and place
it in their W-class. This observation is consistent with the inference
of phyllosilicates from a 0.43 lm absorption feature reported by
Busarev (1998). However, there has been no report of phyllosilicate
absorption features in other surveys.
We observed Penelope at Arecibo on 11 and 14 November 2011
(Table 1), obtaining two runs with a total SNR of 16. The runs were
taken at identical rotation phases and therefore represent the view
of one side of Penelope. Our radar echoes show a signiﬁcant dip in
power near 0 Hz, suggesting a large concavity at this rotational
aspect or a bifurcated structure. The weighted sum of both runs
has a bandwidth B = 310 ± 50 Hz (Fig. 7, Table 2), constraining
Dmax > 42 km for an equatorial aspect. Using the published pole
and Penelope’s position at the time of our observations, however,
we expect a sub-radar latitude of 53°. If we adopt this aspect,
our observations constrain Dmax P 70 km, consistent with the
ellipsoid model presented above.
We measured a total OC cross-section of rOC = 2018 ± 500 km2.
Using the sky projection mode for asteroid shape models available

Fig. 7. Sum of CW spectra of 201 Penelope, smoothed to 25 Hz effective frequency.

at the DAMIT website (Durech et al., 2010) and our ellipsoid model,
the apparent area of Penelope at the time of our observations
gives an equivalent diameter of Deff = 80 km, leading to a radar
^ OC ¼ 0:40  0:10, consistent with a composition
albedo estimate r
dominated by metal. We measured a polarization ratio lc = 0.00 ±
0.05, indicative of a very smooth near-surface.
3.6. (261) Prymno
Prymno has estimated diameters of Deff = 51 ± 1.3 km (IRAS),
54.2 ± 1.4 km (WISE), and 44.7 ± 0.5 km (AKARI) and associated
optical albedos of pv = 0.11 ± 0.01, 0.10 ± 0.03, and 0.15 ± 0.01
respectively. We adopt Deff = 50 ± 5 km and pv = 0.11 ± 0.02. Lightcurves give a rotation period of P = 8.002 h, a nearly perfect 3:1
commensurability with Earth’s rotation (Warner et al., 2009a). Prymno is classiﬁed as a Tholen B-class, but X in the Bus and Binzel
(2002) system. Because of this and its moderate albedo, we
included it in this survey. Observations by Howell et al. (in preparation) show no evidence of a 3 lm absorption feature.
We observed Prymno once on 19 November 2011 and three
times between 14 and 16 December 2011 at Arecibo (Table 1).
Our radar observations consist of four runs with a total SNR of
19 at an effective frequency of 105 Hz (Table 2). Based on the
weighted sum of all runs, we estimate BZC = 160 ± 30 Hz, constraining Dmax > 46 km. Assuming our adopted diameter, this bandwidth
is consistent with an equatorial viewing aspect (Fig. 8). We measured a total OC cross-section of rOC = 477 ± 120 km2, leading to
^ OC ¼ 0:24  0:06. This is consistent with
a radar albedo estimate r
a signiﬁcant metal content, but not with a composition dominated
by metal. We measured a polarization ratio lc = 0.20 ± 0.05, indicative of a moderately rough near-surface.
3.7. (359) Georgia
Georgia has reported diameters of 43.9 ± 4.2 km (IRAS) and
50.8 ± 0.6 km (AKARI) and associated optical albedos of
0.26 ± 0.06 and 0.20 ± 0.01, respectively. We adopt Deff = 48 ± 4 km
and pv = 0.23 ± 0.02. Its rotation period is 5.537 h. It is classiﬁed as
an X in the Bus and Binzel system and was classiﬁed as CX in the
Tholen taxonomy. Its geometric albedo places it in the Tholen Mclass. Rivkin et al. (2000) found no evidence for a 3 lm absorption
feature. Little else is known about Georgia.
We observed Georgia on 15 and 17 October 2012, obtaining
three CW runs with a total SNR of 10 (Fig. 9) We measured an echo
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Fig. 8. Sum of CW spectra of 261 Prymno, smoothed to 20 Hz effective frequency.
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Edburga can be modeled as a triaxial ellipsoid with dimensions
of 46  29  25 km, Deff = 32 ± 3 km, and pv = 0.15 ± 0.02.
WISE observed Edburga on 10–11 February 2010 (231°, 19°)
and 27 July 2010 (218°, 14°). Assuming the Hanus et al. pole, WISE
observed it at sub-observer latitudes of 21° and 29°. The wise
observations on both dates occurred over a 24 h period, so no single rotation phase can be attributed to each diameter. However,
the two disparate diameters of 31 km and 40 km might be
explained as either different rotation phases dominating the two
sets of observations or perhaps due to the 10° difference in viewing aspects.
We observed Edburga between 12 and 14 November 2011
(Table 1), obtaining three runs with a total SNR of 16 (Fig. 10,
Table 2). Based on the weighted sum of all runs, we estimate
BZC = 69 ± 10 Hz, constraining Dmax P 39 km. This is consistent
with the modeled shape and an viewing aspect between 0° and
30° latitude and the Hanus et al. pole.
We measured a total OC cross section of rOC = 281 ± 70 km2,
^ OC ¼ 0:35  0:09 and suggesting
giving a radar albedo estimate of r
a high metal content. We measured a polarization ratio
lc = 0.06 ± 0.06 which suggests a smooth near-surface.
Edburga’s echoes were consistently bimodal, suggesting a bifurcated structure. Runs #1 and #3 were at approximately the same
rotational longitude (arbitrarily designated to be 0°) while run
#2 was 180° away in rotation. Using the sky-projection tool for
asteroid shape models at the DAMIT website (Durech et al.,
2010), our radar observation times correspond to broadside and
equatorial aspects, consistent with expectations for a contact
binary.
3.9. (441) Bathilde

Fig. 9. Sum of CW spectra of 359 Georgia, smoothed to 20 Hz effective frequency.

bandwidth of BZC = 227 ± 30 Hz, constraining Dmax > 45 km; given
the reported rotation rate and IRAS diameter, these observations
are consistent with an equatorial view. Given Georgia’s observed
radar cross-section of 464 ± 120 km2, we estimate a radar albedo
of
r^ OC ¼ 0:26  0:08. Georgia’s polarization ratio is
lc = 0.16 ± 0.06 which indicates a moderately smooth near-surface.
3.8. (413) Edburga
Edburga has estimated diameters of Deff = 32 ± 3 km (IRAS)
and 34.2 ± 0.6 km (AKARI) and associated optical albedos of
pv = 0.15 ± 0.03 and 0.13 ± 0.01, respectively. It has two separate
entries in the preliminary WISE diameters: the ﬁrst gives
Deff = 30.7 ± 0.3 km with pv = 0.16 ± 0.03 and the second gives
40.1 ± 0.5 and pv = 0.09 ± 0.01.
Edburga is classiﬁed as an M in the Tholen and X in the Bus and
Binzel systems. Observations by Howell et al. (in preparation)
show the presence of a 3 lm absorption feature, placing Edburga
in the W-class.
Using numerous lightcurves, Hanus et al. (2011) report a rotation period of P = 15.772, a rotational pole at (k, b) (202°, 45°),
and aspect ratios of a/b  1.6 and b/c  1.2. If we adopt the IRAS
and AKARI effective diameters and the Hanus et al. aspect ratios,

Bathilde has estimated diameters of Deff = 70 ± 3 km (IRAS),
70.8 ± 2.9 km (WISE), and 59.4 ± 0.6 km (AKARI) and associated
optical albedos of pv = 0.14 ± 0.01, 0.14 ± 0.03, and 0.20 ± 0.01,
respectively. The AKARI derived diameter is considerably smaller
than IRAS or WISE and we adopt Deff = 70 ± 3 km and
pv = 0.14 ± 0.02. Bathilde has a rotation period of P = 10.446 h
(Warner et al., 2009a). It is classiﬁed as a Tholen M-class and Xk
in the Bus and Binzel system. No pole or shape has been reported.
Ockert-Bell et al. (2010) report a 0.9 lm pyroxene absorption,
but Hardersen et al. (2005, 2011) report only featureless spectra.
We observed Bathilde on 17–18 December 2011 (Table 1) and
obtained a total of 3 runs with a total SNR of 11 at an effective frequency of 210 Hz (Fig. 11). We measured BZC = 220 ± 20 Hz. Including the uncertainties, our observations constrain Bathilde’s
maximum diameter to be Dmax > 75 km. Based on its modest lightcurve amplitude (Table 3), we assume Bathilde to be approximately equant in shape. Our bandwidth is thus consistent with
the upper limit of the IRAS diameter estimate and requires an
equatorial viewing aspect.
We measured a total OC cross section of rOC = 780 ± 200 km2,
^ OC ¼ 0:20  0:05 (Table 2).
leading to a radar albedo estimate r
While higher than the average main-belt asteroid, this is not consistent with a metal dominated composition. We measured a
polarization ratio lc = 0.32 ± 0.07, indicative of a moderately rough
near-surface.
3.10. (572) Rebekka
Tholen (1984) classiﬁed Rebekka as XCD (similar to featureless
X, C, and D classes) while Bus and Binzel (2002) assign it to the
C-class. Rebekka has reported diameters of 29.6 ± 3.3 km (IRAS)
and 26.2 ± 0.4 km (AKARI) and associated optical albedos of
0.085 ± 0.01 and 0.11 ± 0.01, respectively. We adopt Deff = 27 ±
3 km and pv = 0.10 ± 0.01. Although its optical albedo is at the
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Fig. 10. Individual CW spectra of 413 Edburga, each smoothed to 10 Hz effective frequency and labeled with the rotation phase (arbitrarily set to 0 for the ﬁrst run), and sum
of runs.

and a radar cross-section of 42 ± 25 km2 (Fig. 12, Table 2). We measured a polarization ratio of 0.6, but the SNR for the SC echo is
dominated by noise and this estimate is of little value. Using the
adopted diameter and published poles, we expect a maximum
bandwidth of Bmax = 147 Hz; our observations are therefore consistent with both the published size and either published pole. Our
measured radar cross-section leads to an estimate of radar albedo
^ OC ¼ 0:06  0:03, the lowest value measured for any potential
of r
M-class asteroid except possibly 83 Beatrix. Based on this admittedly weak data set, we ﬁnd that Rebekka, like 83 Beatrix, is probably a primitive object with a very low surface bulk density and
little to no metal content.
3.11. (678) Fredegundis

Fig. 11. Sum of CW spectra of 441 Bathilde, smoothed to 20 Hz effective frequency.

bottom edge of the M-class albedo cutoff, it is included in the
M-asteroids investigated by Rivkin et al. (1995), Belskaya and
Lagerkvist (1996), Ockert-Bell et al. (2008), and Hardersen et al.
(2011). We include it here for completeness.
Rebekka’s rotation period is 5.6497 h (Durech et al., 2010). Durech et al. have also computed a lightcurve derived shape model and
two potential spin poles at (k, b) (1°, 54°) and (158°, 39°). Rivkin
et al. (2000) found no evidence for a 3 lm absorption feature.
We observed Rebekka on 10–15 November 2013, obtaining four
runs with a total SNR of 4.3, a minimal detection (Table 1). The
weighted sum of all runs provided a bandwidth of 115 ± 60 Hz

Fredegundis has estimated diameters of Deff = 42 ± 4 km (IRAS),
42.0 ± 2.4 km (WISE), and 42.1 ± 0.8 km (AKARI) and associated
optical albedos of pv = 0.25 ± 0.03, 0.33 ± 0.08, and 0.25 ± 0.01
respectively. The somewhat arbitrary optical albedo boundary separating M- and E-class asteroids is 0.3. Given the radar evidence
presented below, we exclude the E-classiﬁcation and adopt
Deff = 42 ± 3 km and pv = 0.25 ± 0.02.
Stephens et al. (2008) measured a rotational period of
P = 11.6201 h. Classiﬁed as an X in the Bus and Binzel system, its
optical albedo places it in the Tholen M-class. Ockert-Bell et al.
(2010) report a 0.9 lm pyroxene absorption feature. Observations
by Howell et al. (in preparation) show the presence of a 3 lm
absorption feature, moving Fredegundis into the W-class.
We (Shepard et al., 2010) originally observed Fredegundis at
Arecibo between 10 and 17 January 2008, obtaining 10 runs
with a total SNR of 15 and a bandwidth of BZC = 100 ± 20 Hz. During
that encounter, we measured a total OC cross-section of
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Table 3
M- and X-class asteroids observed by radar.
Asteroid

Deff (km)

pv

P (h)

r^ OC

lc

Dm

Tholen

Bus-DeMeo

Rivkin M/W

Radar

16 Psyche
21 Lutetia
22 Kalliope
69 Hesperia
77 Frigga
83 Beatrix
92 Undina
97 Klotho
110 Lydia
129 Antigone
135 Hertha
161 Athor
201 Penelope
216 Kleopatra
224 Oceana
261 Prymno
325 Heidelberga
347 Pariana
359 Georgia
413 Edburga
441 Bathilde
497 Iva
572 Rebekka
678 Fredegundis
758 Mancunia
771 Libera
779 Nina
785 Zwetana
796 Sarita

186 ± 30
100 ± 11
162 ± 3
110 ± 15
68 ± 4
81 ± 2
123 ± 6
83 ± 5
82 ± 8
113 ± 12
77 ± 7
43 ± 4
78 ± 4
124 ± 15
62 ± 2
50 ± 5
76 ± 2
51 ± 5
48 ± 4
32 ± 3
70 ± 3
40 ± 8
27 ± 3
42 ± 3
85 ± 7
29 ± 2
77 ± 7
50 ± 2
45 ± 2

0.23 ± 0.05
0.20 ± 0.03
0.14 ± 0.01
0.22 ± 0.03
0.15 ± 0.01
0.09 ± 0.01
0.26 ± 0.01
0.23 ± 0.03
0.20 ± 0.02
0.21 ± 0.05
0.14 ± 0.01
0.22 ± 0.03
0.12 ± 0.01
0.12 ± 0.02
0.17 ± 0.01
0.11 ± 0.02
0.11 ± 0.01
0.18 ± 0.02
0.23 ± 0.06
0.15 ± 0.02
0.14 ± 0.02
0.13 ± 0.03
0.10 ± 0.01
0.25 ± 0.02
0.13 ± 0.02
0.13 ± 0.01
0.15 ± 0.02
0.12 ± 0.01
0.20 ± 0.01

4.196
8.172
4.148
5.655
9.012
10.16
15.941
35.15
10.926
4.957
8.401
7.280
3.747
5.385
9.388
8.002
6.737
4.053
5.537
15.773
10.446
4.620
5.650
11.620
12.738
5.892
11.186
8.919
7.75

0.42 ± 0.10
0.24 ± 0.07
0.18 ± 0.05
0.45 ± 0.12
0.14 ± 0.04
0.07 ± 0.03
0.38 ± 0.09
0.26 ± 0.05
0.37 ± 0.10
0.36 ± 0.09
0.18 ± 0.05
0.22 ± 0.06
0.40 ± 0.10
0.60 ± 0.15
0.25 ± 0.10
0.24 ± 0.06
0.17 ± 0.08
0.36 ± 0.09
0.26 ± 0.08
0.35 ± 0.09
0.20 ± 0.05
0.24 ± 0.08
0.06 ± 0.03
0.16 ± 0.04
0.55 ± 0.14
0.17 ± 0.04
0.32 ± 0.08
0.26 ± 0.07
0.25 ± 0.10

0.06 ± 0.02
0.22 ± 0.05
0.07 ± 0.10
0.05 ± 0.05
0.03 ± 0.05
0.23 ± 0.11
0.14 ± 0.04
0.24 ± 0.02
0.06 ± 0.03
0.14 ± 0.02
0.10 ± 0.03
0.32 ± 0.06
0.00 ± 0.05
0.00 ± 0.04
0.33 ± 0.06
0.20 ± 0.05
0.0 ± 0.1
0.05 ± 0.03
0.16 ± 0.06
0.06 ± 0.06
0.32 ± 0.07
0.11 ± 0.03
No data
0.03 ± 0.06
0.34 ± 0.03
0.37 ± 0.09
0.05 ± 0.02
0.17 ± 0.02
No data

0.03–0.42
0.08–0.25
0.04–0.30
0.12–0.20
0.07–0.19
0.18–0.27
0.17
0.07–0.25
0.10–0.20
0.21–0.49
0.12–0.30
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^ OC is radar albedo, lc is circular polarization ratio, and Dm is the observed lightcurve
Notes. Deff is asteroid effective diameter, pv is visual albedo, P is rotation period, r
amplitude from the Minor Planet Lightcurve Data File (Warner et al., 2009a; www.minorplanetcenter.net). Objects in bold were discussed in this paper; others in Shepard
et al. (2008, 2010). The classiﬁcations listed are based on the following references: Tholen (Tholen, 1984), Bus-DeMeo (Bus and Binzel, 2002; DeMeo et al., 2009); Rivkin
(Rivkin et al., 2000), radar (Shepard et al., 2010). Uncertainties are listed for all quantities except the rotation period, which is on the order of the last signiﬁcant digit.
Diameters and visual albedos are primarily from the IRAS data set (Tedesco et al., 2002) except where modiﬁed by others or our previous radar data (see text and Shepard
et al., 2008, 2010 and references therein). The ‘‘Bifur Echo?’’ column notes whether the radar echo is bifurcated.

Fig. 12. Sum of CW spectra of 572 Rebekka, smoothed to 30 Hz effective frequency.

^ OC ¼
rOC = 240 ± 60 km2, leading to a radar albedo estimate r
0:18  0:05, and measured a polarization ratio lc = 0.03 ± 0.06.
Benner et al. (2008) and Shepard et al. (2008) found that all known
E-class asteroids have extremely high radar polarizations. Based on
the observed polarization ratio of Fredegundis, we therefore
exclude it as a possible E-class asteroid.
Our 2008 radar observation also showed evidence of a bifurcated radar echo in two runs, an indicator of a possibly bifurcated
structure. Lightcurves taken at the same time (Stephens et al.,
2008) were of only moderate amplitude (Dm  0.25), but the
shapes were consistent with a contact binary structure. Shape

modeling of its lightcurves was unable to rule out non-contact binary structures.
We re-observed Fredegundis at Arecibo on 16 and 18 December
2011, speciﬁcally to look for additional evidence of bifurcated echoes (Fig. 13, Table 1). Fredegundis’s position was only 20° from
the previous encounter, so we expected little change in bandwidth.
We obtained four runs with a total SNR of 18 and measured a
bandwidth of BZC = 92 ± 15 Hz, consistent with our previous observations (Table 2). Our bandwidth observations constrain
Dmax > 42 km, consistent with the adopted diameter and an equatorial aspect if the shape is not elongate.
We measured a mean radar cross-section of rOC = 220 ± 80 km2,
also consistent with the previous encounter. We did not see
aspects with large increases in radar cross-section as we did in
the 2008 observations, but our observing window (and the asteroid’s nearly 12 h period) constrained our view to a 60° longitude
swath. Applying our adopted diameter leads to a radar albedo of
r^ OC ¼ 0:16  0:04.
Of our observations, only run #4 shows evidence of a bifurcated
echo. The SNR is modest, but the shape is clearly evident. Without
a pole and shape model, however, we cannot put this observation
in context with those in 2008.

3.12. (779) Nina
Nina has estimated diameters of 76.6 ± 4 km (IRAS),
77.0 ± 6.6 km (WISE), and 81.3 ± 1.0 km (AKARI) with associated
optical albedos of pv = 0.14 ± 0.03, 0.17 ± 0.06, and 0.13 ± 0.01
respectively; we adopt 77 ± 7 km and pv = 0.15 ± 0.02. Nina’s
rotation period is reported to be 11.186 h (Warner et al., 2009a).
It is classiﬁed as an X in the Bus and Binzel system; with an optical
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2008. We measured a bandwidth of BZC = 70 ± 5 Hz, much narrower than in 2008. Our summed CW runs gave a radar cross-section of 1467 ± 350 km; assuming a diameter of 77 km leads to a
^ OC ¼ 0:32  0:08, consistent with the previous
radar albedo of r
interpretation of a high-metal content. We measured a polarization ratio of lc = 0.05 ± 0.02, suggesting a macroscopically smooth
surface.
Our CW run on 18 October displayed a bifurcated echo, similar
to that observed in 2008 albeit at a much higher SNR. We obtained
a delay-Doppler image (resolution of 3 km/pixel) of Nina some
50 min after the CW run, equivalent to a 25° rotation difference.
That image (Fig. 15) shows two radar-bright regions separated in
Doppler frequency as might be expected from the CW echo. However, the image does not support the interpretation of two independent lobes or a contact binary; instead, it appears to be a
single, approximately equant object with two separated regions
of high radar albedo. The overall radar albedo suggests these two
regions are highly enriched in metal, ﬂat with little regolith and
favorably oriented to the Earth, or some combination of these.
From the delay-Doppler image, we measured a total delaydepth of 180 ls which corresponds to 27 km in radius. This gives
a minimum estimate of 54 km for Nina’s diameter which is considerably smaller than the 77 km diameter. However, this is not an
unexpected result given the low SNR of the image data.
Our observations of Nina in 2008 and 2012 allow us to place
tight constraints on its spin pole. In Fig. 16 we plot contours of
v2 consistent with both bandwidths and positions assuming a
maximum diameter of 90 km. Solutions with Dmax > 75 km are relatively insensitive to the maximum diameter and give essentially
the same pole solutions. Our best estimate of Nina’s spin pole is
(k, b) (40, +25) or (220, 25), with uncertainties of +5°/20 in longitude and ±20° in latitude.
3.13. (785) Zwetana
Fig. 13. CW spectra of 678 Fredegundis smoothed to 10 Hz effective frequency. Top
image shows a bifurcated echo observed on 16 December 2011. The bottom image
is the sum of all CW spectra.

albedo of pv = 0.16 ± 0.03 it is also classiﬁed as an M in the Tholen
system.
Ockert-Bell et al. (2010) report 0.9 and 1.8 lm silicate absorption features in Nina’s spectra. Observations by Howell et al. (in
preparation) show the presence of a 3 lm feature, placing Nina
in the W-class. Those data can also be ﬁt with a thermal model
and used to estimate a diameter and optical albedo. When this is
done, they obtain a best ﬁt diameter of 85 ± 6 km, an optical albedo
of 0.16 ± 0.02, and a thermal inertia of 10 + 40/5 J m2 K1 s0.5.
This diameter estimate is consistent with, but slightly larger than
our adopted value.
We originally observed Nina in November 2008 and obtained
three runs (Shepard et al., 2010). We measured a bandwidth of
BZC = 135 ± 20 Hz, constraining Dmax > 54 km, a polarization ratio
of lc = 0.16 ± 0.08, and, assuming the adopted diameter, a mean
^ OC ¼ 0:16  0:04. Although the mean radar albedo
radar albedo of r
is not high, one of the three runs was perpendicular to the other
two (which were at essentially the same rotation phase) and pro^ OC ¼ 0:50  0:12. We therefore classiﬁed
vided a radar albedo of r
Nina as an Mm-class. The high albedo run also displayed a bifurcated waveform, suggesting a complex shape and possibly a contact binary structure. However, the variations in bandwidth with
rotation were modest and not consistent with an elongate object.
We re-observed Nina on 16 and 18 October 2012, obtaining two
CW runs on the 16th and one CW run and one delay-Doppler image
on the 18th (Fig. 14). The SNR during this encounter was 82 for the
sum of the CW runs, nearly eight times higher than observed in

Zwetana has reported diameters of Deff = 49 ± 2 km (IRAS) and
50.7 ± 0.6 km (AKARI) and associated visual albedos pv = 0.12 ±
0.01 and 0.12 ± 0.01, respectively. We adopt Deff = 50 ± 2 km and
pv = 0.12 ± 0.01. Its rotational period is P = 8.8882 h (Shepard
et al., 2008). Ockert-Bell et al. (2010) report unusual absorption
features at 0.6 and 1.7 lm, while Hardersen et al. (2005, 2011)
report no near-infrared absorption features. Rivkin et al. (2000)
report no observed 3 lm hydration feature in its spectrum. No pole
or shape model for it has been published.
We (Shepard et al., 2008) observed Zwetana in April and May,
2005, and obtained 13 CW runs with a total SNR of 44. We
observed a bandwidth of 161 ± 20 Hz, consistent with the adopted
diameter and an equatorial aspect. Our observations showed radar
albedo varying by a factor of six (0.1–0.6) with rotation, the largest
variation of any asteroid. Repeat observations at the same rotation
phases conﬁrmed the large swings in radar albedo. Simultaneous
lightcurves by us (Shepard et al., 2008), however, showed little variation and suggested a nearly equant object. Observations in the
VISIR showed less than 1% variation with rotation, effectively ruling out a superﬁcial compositional cause (Ockert-Bell et al., 2008).
Several possible interpretations of these large swings in radar
albedo have been discussed. Perhaps there are large variations in
regolith thickness; in areas where it is thin or missing, radar penetrates to the more coherent undersurface, enhancing the backscatter, while in areas where it is thick, the radar energy is
absorbed (Shepard et al., 2008). Two other suggestions involve
shape effects. In the ﬁrst, we speculated that large-scale ﬂat areas
were favorably oriented during the 2005 encounter to enhance the
backscatter (Shepard et al., 2008); in the latter, favorable shapes
could deﬂect much of the radar energy in the forward scattering
direction, greatly reducing the observed backscattering radar
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Fig. 14. Individual CW spectra of 779 Nina, each smoothed to 2 Hz effective frequency and labeled with the rotation phase (arbitrarily set to 0 for the ﬁrst run), and sum of
runs.

Fig. 15. Delay-Doppler image of 779 Nina. The image on the left is not stretched
and shows two areas of high radar reﬂectivity that could give the bifurcated echo
seen in the CW data. The image on the right is stretched and shows that the asteroid
is not bifurcated. Bandwidth and minimum delay-depth are shown.

albedo (Shepard et al., 2010). In the former case, the inherent
reﬂectivity of Zwetana would be low to moderate (i.e. silicate dominated), while in the latter case, the inherent reﬂectivity could be
high (i.e. metal dominated).
We observed Zwetana a second time from 5 to 20 March 2013,
obtaining twelve (12) CW runs (Fig. 17, Table 1). During this
encounter, Zwetana was 49° from our previous observations, giving us a different viewing aspect. Our summed runs had an SNR
of 21 and a bandwidth of 170 ± 30 Hz, constraining Dmax > 54 km.
We obtained lightcurves during this encounter as well, observing
a low lightcurve amplitude of Dm  0.2, consistent with our previous observations and conﬁrming that Zwetana is roughly equant in
shape. All of our observations are consistent with the adopted
diameter and modest elongation, and a near-equatorial aspect.
Combining bandwidth data from 2005 to 2013 with the position of Zwetana during these observations, we can place joint

Fig. 16. v2 contour plot of pole solutions for Nina assuming Dmax = 90 km, and the
radar bandwidths and positions at the time of the radar observations in 2008 and
2012 (shown by a bold asterisk). The crescent shaped contours with those for
v2 = 10 are for v2 = 1. The X’s mark the minimum chi2.

constraints on size and pole position. In Fig. 18 we plot contours
of v2 consistent with both bandwidths and positions assuming
an aspect ratio of a/b  1.1 and maximum diameter of 55 km.
The positions of Zwetana are marked by asterisks. Poles most consistent with our observations fall outside the v2 = 1 contour.
Zwetana’s radar cross-section was considerably smaller during
this encounter. We measured a total OC cross-section of
rOC = 220 ± 60 km2, giving a radar albedo estimate of
r^ OC ¼ 0:12  0:03 (Table 2). Only a single observation on 7 March
2013 had a radar albedo greater than 0.16. There were hints of
bifurcated echoes, suggesting large scale structures, in some of
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our observations of these objects. Table 3 and Fig. 19 summarize
the basic physical and radar properties of each target.
4.1. Composition, bulk density, and implications for structure

Fig. 17. Sum of CW spectra of 785 Zwetana, smoothed to 20 Hz effective frequency.

Eleven asteroids, or 38% of our sample, have radar albedos at
some or all rotation phases that are consistent with the interpretation that they are dominated by iron–nickel: 16 Psyche (Shepard
et al., 2010), 69 Hesperia (Shepard et al., 2011), 92 Undina, 110
Lydia, 129 Antigone (Shepard et al., 2008), 201 Penelope, 216 Kleopatra (Ostro et al., 2000), 347 Pariana (Shepard et al., 2010), 413
Edburga, 758 Mancunia (Shepard et al., 2008), and 779 Nina
(Shepard et al., 2010). Based on our most recent results, we have
excluded 785 Zwetana from this list (Shepard et al., 2008). The
^ OC ¼ 0:41  0:09, three
mean radar albedo for these objects is r
times higher than the average S-class asteroid (Magri et al.,
2007). Eq. (5) suggests a mean surface density of 4.0 g cm3, consistent with 90–100% NiFe metal and 50% porosity. Discounting
the outliers 83 Beatrix and 572 Rebekka which, in some surveys,
have been classiﬁed as spectrally primitive D- or C-class (Rebekka)
or P-class (Beatrix) asteroids, the mean radar albedo of the remaining objects is 0.22 ± 0.04. For comparison, Magri et al. (2007) ﬁnd
the mean radar albedo for the S- and C-classes to be 0.14 ± 0.04
and 0.13 ± 0.05, respectively. Clearly, even those M-class asteroids
that are not dominated by metal still have higher surface bulk densities, and by inference higher metal contents, than the typical
MBA. This would be consistent with other possible M-class analogs, most notably enstatite chondrites.
Estimates of the overall bulk density of M-class asteroids are
sparse and confusing. 216 Kleopatra, widely believed to be a metal
^ OC ¼ 0:6  0:1 (Ostro
remnant based on its high radar albedo of r
et al., 2000) was recently discovered to have two small moons,
allowing for a direct bulk density measurement of 3.6 ± 0.4 g cm3
(Descamps et al., 2011). Eq. (5) suggests the near surface has a bulk

Fig. 18. v2 contour plot of pole solutions for Zwetana assuming Dmax = 55 km, and
the radar bandwidths and positions at the time of the radar observations in 2005
and 2013 (shown by a bold asterisk). The true pole is most likely to fall outside the
v2 = 1 boundaries.

the radar observations and although the SNR was low for these
observations, the echo shapes repeated at similar rotation phases.
The weighted sum of the 2005 and 2013 observations still has a
^ OC ¼ 0:26  0:07 and
relatively high radar albedo of r
lc = 0.17 ± 0.02.
These new observations suggest that Zwetana may not have an
intrinsically high radar reﬂectivity or a metal dominated composition; if it did, we would expect to have seen high radar crosssections during this encounter as we did in 2005. Instead, the most
likely conclusion is that Zwetana has a typical MBA radar reﬂectivity and an unusual shape or surface structures which, at some
aspects, focus or backscatter much more radar energy than
expected. Perhaps there are large-scale facets or concavities that
were ideally oriented in the 2005 encounter. These regions may
also be deﬁcient in regolith so that the reﬂecting surface is more
coherent. Our radar reﬂectivity model assumes a substantial regolith, but this may not always be a good assumption for smaller
MBAs such as Zwetana. Thermal inertia estimates may be able to
address this hypothesis.
4. Analysis and discussion
Twenty-nine M-class MBAs have now been observed with
radar. In this section, we summarize what we have learned from

Fig. 19. Radar albedo for every main-belt M-class target observed by radar. Right yaxis shows the near-surface bulk density estimated from the Shepard et al. (2010)
model. Several regions show range of radar albedos expected for compositional
analogs: gray (0.04–0.08) is carbonaceous chondritic (CC); the light gray (0.39–
0.55) is the region expected for dominantly metallic asteroids (FE); and the area inbetween (0.08–0.39) covers the range of radar albedos expected for enstatite
chondritic, stony irons, and high metal carbonaceous chondrites. The hatched
region (0.09–0.19) shows where the mean S- and C-class asteroids fall, including
one standard deviation (Magri et al., 2007). Solid circles are M-class objects with no
observed 3 lm feature. Squares are Rivkin et al. (2000) W-class objects (M-class
with a 3 lm feature). Open circles are M-class objects that have not been observed
in the 3 lm region. The uncertainties shown are at least ±25%. Asteroids which
exhibited signiﬁcant variation with rotation phase are shown with uncertainties
that reﬂect the range of radar albedos observed and are often asymmetric. To
determine whether an asteroid belongs to the Mm-class, we use the highest radar
albedo indicated (top of uncertainty bar) except for the case of 785 Zwetana, which
is discussed in the text.
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density of 5 g cm3, considerably higher; however, the two estimates are not necessarily inconsistent because the macro-porosity
of the asteroid as a whole is not necessarily equivalent to that of
the upper meter or so of the regolith.
Descamps et al. (2008) estimated a similar bulk density of
3.35 ± 0.33 g cm3 for 22 Kalliope, also from the orbital motion of
^ OC ¼ 0:18  0:04, is not consisa moon. However, its radar albedo, r
tent with a metal-dominated composition; Eq. (5) gives a surface
bulk density estimate of 2.3 ± 0.3 g cm3; in this case, the regolith
must be considerably more porous than the asteroid as a whole.
More recently, the Rosetta spacecraft ﬂew by 21 Lutetia; the
trajectory deﬂection due to the gravity of Lutetia was used to estimate its mass and provided a bulk density estimate of
3.4 ± 0.3 g cm3 (Patzold et al., 2011). As with Kalliope, Lutetia’s
^ OC ¼ 0:24  0:06 is inconsistent with a metalradar albedo of r
dominated composition (Magri et al., 2007; Shepard et al., 2008);
Eq. (5) gives a surface bulk density estimate of 2.7 ± 0.4 g cm3.
Spectral information suggests Lutetia is more consistent with a
chondritic object than metallic (Vernazza et al., 2011), and our
radar data are consistent with this interpretation.
The mass of the largest known M-class asteroid, 16 Psyche, has
been measured using an integrated ephemeris and orbital perturbations and leads to bulk density estimates of 5–8 g cm3, but
the uncertainties are quite high, ranging from ±3–4 g cm3 (Baer
et al., 2011). Ignoring the uncertainties for the moment, these estimates are considerably higher than the other three M-class asteroids and are consistent with the surface density implied by
^ OC ¼ 0:42  0:10 (Shepard et al.,
Psyche’s high radar albedo, r
2008).
Ignoring the Psyche results because of the wide uncertainties,
we have three relatively robust measurements, statistically indistinguishable, for three very different M-class objects. The Kleopatra
density estimate is consistent with a dominantly metal object and
bulk porosity of 30–50% (Descamps et al., 2011). The Rosetta observations of Lutetia (Coradini et al., 2011; Vernazza et al., 2011) show
the surface of Lutetia to be more like carbonaceous chondrites (CO,
CV) or enstatite chondrites – not metal. This has led to the suggestion that Lutetia is at least partially differentiated with an intact
core (Weiss et al., 2012), thus explaining the higher overall bulk
density and the more modest surface bulk density expected from
chondritic regolith. Kalliope, with a diameter of 162 km, is considerably larger than Lutetia and Kleopatra. Its modest radar albedo
also suggests a chondritic regolith; is it also a differentiated or partially differentiated object? If so, how did it come by its moon? Is it
primordial? Collisions are a possible mechanism, but YORP radiative torques are ineffective on objects this large (Bottke et al.,
2006). Additional bulk density estimates of other M-class objects
are needed to address these questions.
4.2. The W-class conundrum
Until this study, the only high radar albedo asteroid (Mm)
observed to have a 3 lm feature was (129) Antigone (Table 3).
However, our new radar observations and additional 3 lm observations by Howell et al. (in preparation) have found six additional
W-class asteroids with high radar albedos: (69) Hesperia, (92)
Undina, (110) Lydia, (201) Penelope, (413) Edburga, and (779)
Nina. One Mm asteroid – Pariana – has no 3 lm observations, so
this number could be higher. Counting only those for which we
have 3 lm data, we ﬁnd that nearly two-thirds of the high radar
albedo targets (7 of 11) also show evidence of a 3 lm absorption
feature.
These observations present a problem. Traditionally, the 3 lm
absorption feature has been attributed to hydrated minerals
(Jones et al., 1990; Rivkin et al., 1995, 2000). However, the high
radar albedo of these objects suggests a high surface bulk density
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and, by inference, an enormous metal content. This is how a metal
core fragment, the canonical interpretation of M-class asteroids,
should look to radar. But the high temperatures required for differentiation and the subsequent energy involved in stripping a protoplanet to the core are inconsistent with the presence of hydrated
minerals. What alternative explanations are there?
One assumption we have made in this work is that all MBAs
have a signiﬁcant regolith with porosity 50%. If these particular
asteroids had coherent surfaces with little or no regolith, their high
radar albedos would be consistent with chondritic compositions
and the presence of hydrated minerals would be credible. But
based on spacecraft observations and our current understanding
of the collisional evolution of main-belt asteroids, we expect a signiﬁcant regolith on all main-belt asteroids and ﬁnd this scenario
unlikely.
Another scenario sometimes invoked to explain the presence of
a 3 lm feature is that these asteroids result from the collision of a
metal-rich and more primitive asteroid (Busarev, 1998; Hardersen
et al., 2005; Shepard et al., 2008). One argument against this is that
high velocity collisions should ‘cook’ the hydrous minerals, leaving
an anhydrous composite. However, lower velocity collisions would
not have this difﬁculty, and there is abundant meteoritical evidence for hydrated xenoliths in otherwise anhydrous meteorites
(Gaffey et al., 2002 and references therein). How much material
is necessary to exhibit a 3 lm feature? Rivkin et al. (2000) calculate
that a few tenths of 1% water content are sufﬁcient.
Telescopic observations by Hasegawa et al. (2003) revealed the
unexpected presence of a 3 lm feature on 4 Vesta, an igneous
body. And an analysis of Dawn observations of Vesta by Reddy
et al. (2012), Prettyman et al. (2012), McCord et al. (2012), and
Denevi et al. (2012) found convincing evidence for the surface
expression of dark asteroid material and associated hydrated minerals, probably the result of low velocity collisions with one or
more primitive hydrated objects. These observations make it credible that some, if not all, of the high-radar albedo W-class objects
have similar collisional histories. Can this be tested?
If low-velocity collisions are responsible for adding a 3 lm feature to an M-class asteroid, we would expect to see this in all asteroid types – there is nothing special in this mechanism that would
limit it to the M-class. Rivkin et al. (1995) did note a 3 lm feature
in several E-class asteroids, another class not expected to have
hydrated minerals. But there has been no large scale survey of
other anhydrous groups, like the S-class, so this is one way to test
this hypothesis.
Vesta showed longitudinal variations in the dark, hydrated
material (Reddy et al., 2012). If the implantation is random,
another possible test is to look for rotational variations in the
3 lm feature. Although most 3 lm observations are done at single
rotational phases, a few have been rotationally resolved, and a
small number have been repeated at different viewing aspects.
Within those data sets, a few W-class asteroids have been noted
to show variations at 3 lm: (21) Lutetia shows a N–S hemispheric
difference (Rivkin et al., 2011), and both 22 Kalliope and 55 Pandora show longitudinal variations (Rivkin et al., 2000). Additional
rotationally resolved observations at 3 lm are needed.
Could radar be used to test this hypothesis? For collisions
between two dominantly silicate asteroids, probably not. Radar is
sensitive to the bulk density of the upper few meters of regolith,
and silicate regoliths with a wide range of mineralogical compositions will generally look the same. However, if the collision is
between a metallic and silicate asteroid, there may be large-scale
heterogeneities in regolith bulk density that would be obvious.
Realistically, one only needs a few meters of silicate-dominated
mantling over an otherwise metal-rich surface to dramatically
reduce the radar albedo, and collections of silicate ﬁnes (ponds)
observed on both 433 Eros and 25143 Itokawa (Dombard et al.,
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2010; Demura et al., 2006) might be a model for this. In these
cases, radar would see isolated regions of high and low bulk density as the asteroid rotates. This might manifest as large variations
in radar albedo which have been reported for many of our targets
(Shepard et al., 2008, 2010, and herein). This heterogeneity might
also manifest as radar echoes with more than one peak. As discussed below, we also see this for many of our targets.
4.3. Bifurcated radar echoes, contact binaries, and large-scale density
contrasts
We ﬁnd eleven X/M-class asteroids – 40% of our sample – to display bifurcated radar echoes (Table 3) (We have excluded 22
Kalliope; although binary, it does not display a bifurcated echo).
These echo shapes are sometimes an indication of a complex shape
and potential contact binary system (Ostro et al., 2000), but may also
be due to large scale bulk density variations that might occur where
there are isolated regions dominated by metals or silicates. We
noted earlier that six of the seven Mm/W-class asteroids show bifurcated radar echoes at some rotation phases (Hesperia excepted, but
we had only two runs separated by 60° in rotation phase).
Lightcurves with large amplitudes are another possible indicator of a contact binary structure but, by themselves, are insufﬁcient
proof of one. Shape modeling from lightcurves is only robust for
convex shapes at the phase angles obtained for most MBAs
(Durech and Kaasalainen, 2003). Of the M-class objects displaying
evidence of radar echo bifurcation in our survey, only four have
lightcurve amplitudes consistent with contact binaries: Kleopatra
(Dm = 1.18),
Antigone
(lightcurve
Dm = 0.49),
Penelope
(Dm = 0.73), and Edburga (Dm = 0.49) (Warner et al., 2009a).
Several asteroids in our survey show bifurcated radar echoes,
but other observational evidence argues against a contact binary
structure. Undina has a strongly bifurcated radar echo, but a low
lightcurve amplitude (Dm = 0.17) over a wide range of apparitions.
779 Nina also shows strongly bifurcated structure in its radar echoes, but it looks equant in radar delay-Doppler imaging and its
lightcurve amplitude, like Undina, is also modest (Dm = 0.25). Similarly, we see strongly bifurcated radar echoes from 110 Lydia, but
failed to see either a contact binary or even elongate object with
adaptive optics imaging; its lightcurve amplitude is also quite
modest (Dm = 0.20). The best explanation for these observations
is that they are asteroids with large-scale variations in regolith
properties – metal-rich versus silicate-rich – as described in the
previous section. It may require a concerted campaign of lightcurve, radar, and rotationally resolved spectral observations along
with AO imaging to test this hypothesis further.
5. Future opportunities
A number of newer complementary techniques are increasingly
directed toward the study of the M-class including thermal emission spectroscopy (Emery and Lim, 2011; Crane et al., 2012), thermal interferometry (Matter et al., 2013), and adaptive optics
(Drummond and Christou, 2008; Descamps et al., 2011). There is
also at least one proposal for a spacecraft mission to the M-class
Asteroid 16 Psyche (Elkins-Tanton et al., 2014).
Within the next few years, there are only a few X- or M-class
asteroids visible from Arecibo that we have not yet observed. In
late 2014, there are opportunities to observe 475 Ocllo (X), 757
Portlandia (X), 55 Pandora (M/W), and 1407 Lindelof (X). In
2015, there are opportunities to observe 75 Eurydike (M), and reobserve 69 Hesperia (M/W), 224 Oceana (M), 441 Bathilde (M),
77 Frigga (M/W), 678 Fredegundis (M/W), and 16 Psyche (M).
The Psyche observations should have SNRs sufﬁcient for coarse
radar imaging.
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