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Using the S-band radar at Arecibo Observatory, we observed six new M-class main-belt asteroids (MBAs),
and re-observed one, bringing the total number of Tholen M-class asteroids observed with radar to 19.
The mean radar albedo for all our targets is 6oc = 0.28 + 0.13, significantly higher than the mean radar
albedo of every other class (Magri, C., Nolan, M.C., Ostro, S.J., Giorgini, J.D. [2007]. Icarus 186, 126-151).
Seven of these objects (Asteroids 16 Psyche, 129 Antigone, 216 Kleopatra, 347 Pariana, 758 Mancunia,
779 Nina, 785 Zwetana) have radar albedos indicative of a very high metal content (mean Goc =
0.41 +£0.13), and consistent with a remnant iron/nickel core interpretation (irons) or exotic high metal
meteorite types such as CB. We propose designating these high radar albedo objects as Mm. Two aster-
oids, 110 Lydia and 678 Fredegundis, have more moderate radar albedos (mean Goc = 0.22), but exhibit
high values (Goc ~ 0.35) at some rotation phases suggesting a significant metal content. The remaining
10 objects have moderate radar albedos (Goc = 0.20 & 0.06) at all rotation phases. Most of our targets have
visible/near-infrared spectra (Hardersen, P.S., Gaffey, M.]., Abell, P.A. [2005]. Icarus 175, 141-158; Forna-
sier, S., Clark, B.E., Dotto, E., Migliorini, A., Ockert-Bell, M., Barucci, M.A. [2009]. Icarus, submitted for pub-
lication) that indicate the presence of at least some silicate phases. All of the non-Mm asteroids show a
positive correlation between visual and radar albedo but the reasons for this are not clear. All of the higher
radar albedo targets (the 7 Mm asteroids, Lydia, and Fredegundis) show moderate to large variations in
radar albedo with rotation phase. We suggest that their high radar reflectivity exaggerates irregularities
in the asteroid shape to cause this behavior. One-third of our targets show evidence for asteroid-scale con-
cavities or bifurcation. Based on all the evidence available, we suggest that most Tholen M-class asteroids
are not remnant iron cores or enstatite chondrites, but rather collisional composites of silicates and irons
with compositions more analogous to stony-iron meteorites and high-iron carbonaceous chondrites.

© 2010 Elsevier Inc. All rights reserved.
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1. Part 1. Observations of six new M-class asteroids
1.1. Introduction

The Tholen (1984) X-class asteroids are defined by featureless
spectra with red-slopes and an unknown visual albedo. The Bus
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X classification 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 dis-
rupted parent bodies or possibly enstatite chondrites (Chapman
and Salisbury, 1973; Gaffey, 1976; Gaffey and McCord, 1979; Bell
et al,, 1989; Cloutis et al.,, 1990). However, a number of studies
have uncovered subtle spectral features evident in the M-class
asteroids, some of which are inconsistent with metallic composi-
tions (Clark et al., 2004; Hardersen et al., 2005). Others have dis-
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covered evidence of 3 pm spectral features and attributed them to
hydrated minerals (Jones et al.,, 1990; Rivkin et al., 1995, 2000)
although that interpretation is still debated (Gaffey et al., 2002).
M-class asteroids with this latter characteristic are referred to as
W-class by Rivkin et al. (2000) and are also considered to be incon-
sistent with the metallic core or enstatite chondrite interpretation.
Viable meteorite candidate analogs for the M-class include iron
meteorites, enstatite chondrites, stony-irons (including mesoside-
rites, pallasites, and ungrouped members), CH/CB meteorites, and
carbonaceous chondrites (CI and CM) (Chapman and Salisbury,
1973; Gaffey, 1976; Gaffey and McCord, 1979; Bell et al., 1989;
Cloutis et al., 1990; Gaffey et al., 1993; Vilas, 1994; Rivkin et al.,
2000; Hardersen et al., 2005; Vernazza et al., 2009). Of these, only
the carbonaceous chondrites and CH/CB may contain hydrated
phases in meteorite samples.

Because of absent, subtle, or ambiguous spectral information,
radar is often a better tool for identifying metallic content in aster-
oids. Iron is several times denser than rock-forming silicates and,
since radar reflectivity depends primarily upon near-surface bulk
density (Ostro et al., 1985), an asteroid composed primarily of iron
will have a significantly higher radar reflectivity than one com-
posed of silicates. Since 2004, we have surveyed 19 M-class aster-
oids using the S-band radar at the Arecibo Observatory in Puerto
Rico. This sample represents approximately one-third of the
known M-class asteroids (Belskaya and Lagerkvist, 1996). Because
echo power decreases with the fourth power of distance, Arecibo is
the only radar system with sufficient power and sensitivity to sys-
tematically probe the main-belt. Where possible, we enlisted the
NASA Infrared Telescope Facility (IRTF) to complement the radar
observations with near- and thermal-infrared observations. Those
results are described in companion papers by Ockert-Bell et al.
(2008, 2010) and Mueller et al. (2010).

The paper is outlined as follows. In Part I, we briefly discuss the
conventions and equations used in our radar analysis and describe
the results for seven new radar data sets. In Part II, we develop a
heuristic model for linking the observed radar albedo to an aster-
oid’s near-surface bulk density, list and describe the suggested
meteorite analogs for M-class asteroids, and use this model and
our observations to constrain the best meteoritic analogs for these
objects. We discuss other characteristics of our sample and, assum-
ing our sample to be representative of the larger population, sug-
gest a new interpretation for the M-class asteroids.

1.2. Conventions and equations

In this section we review the conventions and equations that
describe the relationship between radar, thermal, and optical mea-
surements and the physical properties of these asteroids used in
this paper.

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

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

log Dy (km) =3.1235 - 0.2H —0.5logp,. (1)

The effective diameter D 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’, respec-
tively. The c-axis is assumed to be the rotation axis. We character-
ize the shape of the ellipsoid with the ratios of these axes: a/b and
alc or bfc.

For diameters determined by thermal analysis of our data or
IRAS data (Tedesco et al., 2002), we adopt uncertainties of at least
+10% to take into account both the (smaller) random uncertainties

quoted for each diameter and potentially larger systematic uncer-
tainties (Lebofsky, 1989).

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 rota-
tion periods are on the order of the last significant digit.

1.2.2. Radar analysis

Each observing cycle or “run” consisted of transmission of a cir-
cularly 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 km?) ooc and o, 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 plane-of-sky
extent (in kilometers) normal to the apparent spin vector at rota-
tion phase ¢, D(¢), is related to the instantaneous bandwidth B
(in Hertz) of the radar echo (due to the apparent rotation), the tar-
get’s physical properties, and its orientation by

_ PB(¢)
D) = 27.7cos ¢’ 2)

where P is the apparent (synodic) rotation period in hours and ¢ is
the sub-radar latitude. For each target we estimate the minimum
bandwidth and the corresponding lower bound on the maximum
pole-on breadth, D4y, using Eq. (2). Our experience with asteroids
of weak to moderate signal-to-noise ratio (SNR) (optimally filtered
sum SNR <20 or so) suggests that we can obtain a reasonable esti-
mate of the bandwidth using the points where echo power drops to
zero standard deviations (zero-crossing or Byc) 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 devi-
ations of noise (B,;). Uncertainties are typically based on the fre-
quency resolution of the spectrum. In a few instances, we adopt a
bandwidth, B, which is somewhat narrower based upon the wave-
form 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 “effec-
tive resolution.” In general, this is narrower than the estimated
bandwidth, but it should be comparable.

The circular polarization ratio, p, is defined to be the ratio of
the SC and OC echo power:

Osc

M=o 3)
Values larger than zero are thought to be caused by wavelength-
scale near-surface (~1 m depth for 12 cm wavelength) roughness
and inhomogeneities and/or subsurface or multiple scattering.
Smooth surfaces have polarization ratios approaching 0.0, while
some extremely rough surfaces have values near or at unity (Ostro
et al., 2002; Benner et al., 2008).

The OC radar albedo, 6, of an asteroid is defined to be the ratio
of its OC radar cross-section (goc) to its cross-sectional area,

Ooc = . (4)

Ooc 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).
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Uncertainties in our estimates of absolute radar cross-section
are usually +25% and are based on estimates of systematic uncer-
tainties in transmitted power and calibration. Because systematic
uncertainties are nearly the same for both polarization senses,
uncertainties in circular polarization ratio are dominated by recei-
ver thermal noise. Unless otherwise stated, our quoted uncertain-
ties for random errors are one-standard deviation.

1.3. New radar observations of M-class MBAs

In this section, we summarize our recent radar observations of
six new and one repeat M-class MBAs. Observing circumstances for
all targets are given in Table 1, and Table 2 lists the measured radar
properties of each target.

1.3.1. 110 Lydia

Lydia has an IRAS-derived diameter of Dey= 86 + 9 km, an opti-
cal albedo of p,=0.18 £ 0.01 (Tedesco et al., 2002), and rotational
period of P=10.92580 h (Durech et al., 2007). Originally classified
as a Tholen X-type, its optical albedo places it in the Tholen M-
class.

Rivkin et al. (2000) observed a 3 um absorption feature attrib-
uted to hydration, considered to be inconsistent with a metallic
core interpretation, and classified Lydia as a W.

Optical polarimetry (Lupishko and Belskaya, 1989) suggests
that the surface of Lydia contains a significant silicate component.
Visible and near-IR spectra of Lydia support this interpretation
with evidence for the presence of iron-poor orthopyroxenes (Har-
dersen et al., 2005; Ockert-Bell et al., 2010).

Using 26 lightcurves from four oppositions, Durech et al. (2007)
derive a spin and convex shape model for Lydia. They report two
possible poles at (4, 8) (331°, —61°) and (149°, —55°) with uncer-
tainties of approximately +10°. Their shape model has aspect ratios
of a/b ~ 1.1, consistent with Lydia’s low lightcurve amplitude of
<0.3 mag., and a/c ~ 1.5. Using additional lightcurves from the
November 2008 opposition, Warner et al. (2009b) revised the Dur-
ech et al. model, finding possible poles at (345°, —51°) and (164°,
—43°) with a radial uncertainty of ~15°; their shape model is also
not as flattened along the c-axis, with a/c ~ 1.2. Based on our re-
view of all previous lightcurves, we conclude that, while there is
good evidence that a/b ~ 1.1, the a/c ratio cannot be reliably con-
strained from the lightcurves alone. For the analysis here, we adopt
the more conservative aspect ratios, a/b =1.1 and a/c = 1.2, giving
Dinax = 1.1 % Do

We observed Lydia at Arecibo from 8 to 12 November 2008 (Ta-
ble 1) and obtained nine runs with a total SNR of 10 at an effective
frequency resolution of 155 Hz (Fig. 1, Table 2). For the weighted
sum of all echoes, we measured a bandwidth Bzc =190 + 30 Hz,
an OC cross-section ¢oc=1230+ 300 km?, and polarization ratio

Table 1
Observing circumstances.

1=0.02 £ 0.02; the latter is indicative of a smooth near-surface.
As seen in Fig. 2, most of the individual echoes were weak with
SNRs ranging from ~2 to 5. The exception, run #5 on 10 November
is more than twice as strong with SNR ~11. This suggests: (1) a
compositional variation and (2) a large-scale structural differences
with rotation phase, or some combination of these. The waveform
of this run shows evidence for a large concavity or bifurcation.

To help better constrain Lydia’s size and spin state, we also ob-
served Lydia in the thermal infrared using the Mid-IR Spectrometer
and Imager (MIRSI) on the NASA IRTF. These observations were
made simultaneously with the radar observations on 9 November.
From those data, Mueller et al. (2010) estimate Lydia’s diameter to
be Dey=97 £ 15 km, larger than the IRAS diameter of 86 km, but
consistent to within the uncertainties.

To explore the range of diameter and spin-pole solutions, we
calculated the %2 of every possible pole position for a given max-
imum diameter (Dp,qy) consistent with our observed radar band-
width. These values were then contoured on two-dimensional
ecliptic-coordinate (i—p) plots. Fig. 3 shows contours of x? con-
sistent with the radar bandwidth and D4, = 95 km. The position
of Lydia at the time of our radar observations is noted by the bold
asterisk and the y? contours are concentric about it. Since our
solutions are north-south ambiguous (i.e. we do not know if
our sub-radar latitude was in the northern or southern hemi-
sphere), we also plot the alternative or mirror solution contours;
these are concentric about the lighter asterisk. To be consistent
with the radar data, the published spin-poles should be within
or near the 1-sigma »? contours. Within uncertainties, both sets
of pole solutions fall within the minima troughs bounded by
the 1-sigma y? contours. We explored a range of other diameters
and, including spin-pole uncertainties, find that 75km <
Dinax < 100 km.

Although smaller D,,q,, are more consistent with the published
poles, they are less consistent with the reported thermal size esti-
mates. Because the thermal sizes are based on observed cross-sec-
tional area and are similar to our radar constrained Dy, we find
that Lydia cannot be very polar-flattened. This is consistent with
the axial ratios and shape model discussed earlier. Based on all
the data at our disposal, we estimate Dpq=98+8 km and
D= 89 +9 km. Our data are also marginally more consistent with
the spin-pole solutions at longitudes near 340°. Warner et al.
(2009b) also found these solutions to be slightly preferred in their
lightcurve inversion.

Our composite diameter and observed radar cross-section
give a radar albedo 6oc = 0.20 +0.05. This value is generally
inconsistent with a metallic interpretation. However, if we esti-
mate the radar albedo based on run #5 only, we obtain 6oc =
0.38 + 0.05, which suggests a significant metal content at that
orientation.

Target Date RA (°) Dec. (°) Elon. (°) Elat. (°) Dist. AU Runs OC SNR Observation window
110 Lydia 2008 November 8-12 100 27 99 4 2.02 9 10 06:30-09:00
135 Hertha 2008 November 11 48 22 52 4 1.31 2 17 03:00-05:00
347 Pariana 2006 April 11-23 205 10 200 19 1.26 6 27 02:30-06:00
497 Iva 2008 November 7-12 65 28 67 7 1.23 5 10 04:00-07:00
678 Fredegundis 2007 January 10-17 113 20 112 -2 1.30 10 15 02:45-06:00
771 Libera 2008 November 6-10 68 12 68 -10 1.10 7 8 04:15-07:00
779 Nina 2008 November 9-12 72 37 75 14 1.64 3 12 05:15-06:30

Transmitter power was between 600 and 700 kW for all targets.
RA, Dec. indicate the asteroid position (J2000) at center of observation window.

Elon. and Elat. indicate the asteroid position in ecliptic-coordinates (longitude and latitude).

Dist. is the Earth-asteroid distance.

Runs is the number of transmit-receive cycles.

OC SNR is the SNR of the optimally filtered weighted sum of all OC runs.
Observation window gives the UTC window during which we received data.
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Table 2
CW radar properties of individual targets.

Asteroid Date Time UT Q) B (Hz) Goc (km?) Ue
110 Lydia 2008 November 08 7:29 2 0 - - -

2008 November 08 8:29 4 33 170 1480 0.25

2008 November 09 7:26 5 69 185 1490 0.00

2008 November 09 8:28 3 103 205 1110 0.40

2008 November 10 7:20 11 137 150 2390 0.00

2008 November 10 8:20 3 169 - - -

2008 November 11 7:16 5 205 140 1310 0.19

2008 November 11 8:18 3 239 120 800 0.14

2008 November 12 7:11 273 250 1190 0.00

Sum of dates - - 190 + 30 1230 £ 300 0.02 £ 0.02
135 Hertha 2008 November 11 04:09 0 150 790 0.08

2008 November 11 04:54 32 150 980 0.06

Sum of dates - - 180 +40 890+ 230 0.07 £ 0.05
347 Pariana 2008 April 11 4:11 0 135 510 0.00

2008 April 11 4:56 67 200 990 0.04

2008 April 11 5:46 141 150 630 0.08

2008 April 12 4:07 326 185 775 0.00

2008 April 23 3:15 300 250 565 0.05

2008 April 23 3:58 2 125 480 0.11

Sum of dates - - 170 £30 730 0.03 +0.03
497 Iva 2008 November 7-12 - - 240 + 50 300+ 80 0.11+0.03
678 Fredegundis 2008 January 10 4:22 0 80 280 0.00

2008 January 10 5:05 4 22 85 185 0.00

2008 January 10 5:48 5 45 83 190 0.31

2008 January 11 3:59 5 11 100 270 0.00

2008 January 11 4:42 5 34 75 230 0.11

2008 January 11 5:25 9 56 95 460 0.00

2008 January 12 4:55 8 64 100 340 0.05

2008 January 12 5:38 7 86 50 215 0.00

2008 January 17 4:09 2 158 60 70 0.24

2008 January 17 4:52 6 180 60 205 0.45

Sum of dates - 15 - 100 + 20 240 + 60 0.03 £ 0.06
771 Libera 2008 November 6-10 - 8 - 135+40 120+ 30 04+0.1
779 Nina 2008 November 9 6:21 5 0 110 1010 0.00

2008 November 11 6:07 12 97 155 2280 0.23

2008 November 12 6:00 4 7 105 615 0.43

Sum November 9 + 12 - 5 4 135 +30 735 0.00 £0.10

Sum of dates - 11 135+20 1205 + 300 0.16 £ 0.08

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 (°).

B is zero-crossing bandwidth (Hz) for data smoothed in frequency (see text for specifics).

ooc is the OC radar cross-section (km?), and p. is the polarization ratio.
Uncertainties in radar cross-section are 25%.

1.3.2. 135 Hertha

Hertha has an IRAS-derived diameter of Dey=79+8km, an
optical albedo of p, =0.14 £ 0.01 (Tedesco et al., 2002), and period
P =8.4006 h (Torppa et al., 2003). Hertha is one of the larger mem-
bers of the Nysa family and has been interpreted as the remnant
core of a disrupted parent body which produced both Nysa (an
E-class object) and Hertha (Zellner et al., 1977). Rivkin et al.
(2000) observed a 3 um absorption feature that they attributed
to hydration and placed Hertha in their W-class. Cellino et al.
(2001) suggested that Hertha may be an interloper to the Nysa
family and also argued against the remnant core interpretation.
Cellino et al. (2003) observed Hertha using speckle interferometry
and estimated Dey=83 + 12 km from the projected ellipsoid they
observed.

Using lightcurves from eight apparitions, Torppa et al. (2003)
derive a shape for Hertha with axis ratios a/b=1.1 and b/c=1.5
and report two possible poles: (4, ) =(96°, +58°) and (274°, +53°)
with radial uncertainties of +5°. Durech, expanding upon this work,
finds similar shapes and poles of (96°, 55°) or (273°, 52°) with sim-
ilar uncertainties (http://astro.troja.mff.cuni.cz/~projects/aster-
oids3D/web.php).

We observed Hertha in the thermal infrared using the MIRSI at
the IRTF on 9 November. From those data, we estimate Hertha’s
diameter to be Dgy=91+ 14 km, larger than the IRAS diameter,
but consistent within the uncertainties (Mueller et al., 2010).

On 11 December 2008 a well-coordinated campaign of amateur
and professional astronomers observed a stellar occultation by
Hertha (Timerson et al., 2009). The silhouette was consistent with
that expected from the Durech convex shape model and the pole at
(273, 52°); the maximum axis of the best fit ellipsoid was 101 km,
and the maximum length of the irregular shape was ~97 km. From
these direct measurements, we adopt D,. =100 km. Given that
the occultation profile matched the Durech shape model, we adopt
their shape and the occultation-based size, giving Dey= 77 + 7 km.

Shepard et al. (2008a) observed Hertha at Arecibo in September
and October 2004, and obtained four CW runs with a total SNR of
48. The bandwidth of those observations was By, =225+ 50 Hz
and the OC cross-section was goc = 810 + 250 km?, giving a radar
albedo estimate of 0.18 + 0.06.

We observed Hertha again on 11 November 2008 (Table 1) and
obtained two runs with a total SNR of 17 at an effective frequency
resolution of 145 Hz. We measured Bzc=180+40Hz and radar
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Fig. 1. CW spectrum of Lydia, consisting of the sum of all nine runs, smoothed to
20 Hz effective frequency resolution.

cross-section of ooc =890 230 km? (Fig. 4, Table 2), consistent
with our previous measurement. Adopting the occultation-derived
diameter of 77 km, our OC cross-sections gives a radar albedo
Goc = 0.18 + 0.05, consistent with our previous estimate and con-
firming that Hertha is probably not a remnant metallic core frag-
ment. We measured a circular polarization ratio of u.=0.10+
0.03, suggesting a moderately smooth near-surface.

1.3.3. 347 Pariana

Pariana’s has an IRAS-derived diameter of Dey=51 =5 km, an
optical albedo of p, = 0.18 (Tedesco et al., 2002), and a rotation per-
iod of P=4.0529 h. From the analysis of many lightcurves, Tunga-
lag et al. (2003) estimate its aspect ratios to be a/b=1.36 and b/
c=1.3 and its rotational pole to be within approximately 10° of
(4, B) (30°,12°).

We observed Pariana at Arecibo between 11 and 23 April 2008
(Table 1), obtaining six (6) runs with a total SNR of 27 at an effec-
tive frequency resolution of 145 Hz. The weighted sum of all runs
has a bandwidth B=170+30 Hz (Fig. 5, Table 2). Assuming the
IRAS diameter and published rotational period, we expect a band-
width of ~350 Hz for an equatorial view. Our observed bandwidth
therefore suggests a sub-radar latitude of +60°. Given Pariana’s sky
position at the time of our observations (7, ) (200°, 19°), Tungalag
et al.’s pole predicts 6 = —57°; our observations are therefore con-
sistent with the published size, rotation period, and pole. We mea-
sured a total OC cross-section of ooc = 730 + 180 km?, leading to a
radar albedo estimate Goc = 0.36 4+ 0.09. We measured a polariza-
tion ratio u. = 0.05 * 0.03, indicative of a smooth near-surface.

Ourindividual runs were of sufficient SNR to investigate Pariana’s
rotationally resolved properties (Fig. 6). We measured OC cross-sec-
tions ranging from a low of 480 km? to a high of 990 km?, a factor of
two in variation. This is significantly greater than the 1.4 variation in
physical cross-section suggested by the Tungalag et al. model. This
behavior is similar to the other high radar albedo targets we have
measured (Shepard et al., 2008a). Pariana’s radar bandwidth also
varies by a factor of two, and is higher than expected from the Tunga-
lag shape model. Pariana may be more elongate than indicated by
that model, but it is also possible that some of this variation may
be due to the relatively low SNR of individual runs.

1.3.4. 497 Iva
Iva’s diameter and optical albedo are uncertain. From the TRIAD
data set, Morrison (1977) report a radiometric diameter

Dgs=31+6km and p,=0.18£0.04. A single IRAS observation
was later reported, giving Dgy=453+2.5km and p,=0.085*
0.010 (Tedesco, 1989). Lightcurves give a rotation period of
P=4.62 h and amplitudes of 0.38-0.50 (Warner et al., 2009a), sug-
gesting a moderately elongate object (a/b~ 1.5). Birlan et al.
(2007) report visible and NIR spectra of Iva which are consistent
with RELAB spectra of metal meteorites.

We observed Iva between 7 and 12 November 2008 at Arecibo
and simultaneously at the IRTF in the thermal infrared on 8
November (Table 1). A preliminary analysis of the thermal data
indicates a diameter of 46 + 10 km, but the rotational aspect is
incomplete and unconstrained (Mueller et al., 2010).

Our radar observations consist of five runs with a total SNR of
10 at an effective frequency of 240 Hz (Table 2). The SNR per run
was too low to conduct a rotationally resolved analysis. Based on
the weighted sum of all runs, we estimate B¢ = 240 + 50 Hz. This
bandwidth is consistent with Dpe > 40 km (Fig. 7). Given these
observations and the previously noted disparity in reported sizes,
we adopt Dey=40 + 8 km. Using an absolute magnitude H =9.87
(Harris and Young, 1983), we estimate p, = 0.13 = 0.03. We mea-
sured a total OC cross-section of goc =300 + 80 km?, leading to a
radar albedo estimate 6oc = 0.24 + 0.08 which is inconsistent with
a metallic core interpretation. We measured a polarization ratio
1e=0.11 £ 0.03, indicative of a moderately smooth near-surface.

1.3.5. 678 Fredegundis

Fredegundis has an IRAS-derived diameter of Dey=42 + 4 km,
an optical albedo of p,=0.25+0.03 (Tedesco et al., 2002), and a
rotational period of P=11.6201 h (Stephens et al., 2008). Classified
as an X in the Bus system, its optical albedo places it in the Tholen
M-class.

We observed Fredegundis at Arecibo between 10 and 17 Janu-
ary 2008 (Table 1), obtaining 10 runs with a total SNR of 15 at
an effective frequency resolution of 85 Hz (Table 2, Fig. 8). Because
its rotation period is about half of Earth’s, we obtained coverage of
only ~half of its rotation. Based on the weighted sum of all runs,
we estimate Bzc =100 + 20 Hz (Table 2). This bandwidth implies
Dax = 42 km, consistent with the IRAS diameter and an equatorial
aspect. We measured a total OC cross-section of ooc=240+
60 km?, leading to a radar albedo estimate 6oc = 0.18 + 0.05 which
is inconsistent with a metallic core interpretation. We measured a
polarization ratio u.=0.03 £0.06 which is indicative of a very
smooth near-surface.

The SNR for individual runs of Fredegundis was often low, but
sufficient to look for rotational variations (Fig. 9). Bandwidths var-
ied by a factor of two suggesting modest to significant elongation,
but the low SNR of some individual runs may be partially respon-
sible for this observation. The radar cross-section varies consider-
ably from run to run, with a highest measurement of ooc = 460 +
120 km?, about twice as high as the mean. Adopting the IRAS diam-
eter gives a radar albedo of Goc = 0.35+0.09 at that rotation
phase, consistent with a dense regolith and significant metal
content.

Two of the runs, taken on two different days at comparable
rotation phases, show strongly bifurcated echoes which are evi-
dence for a large concavity, a contact binary (twin-lobed shape),
or possibly a true binary. To explore this object further, two of us
(BW, RS) obtained a series of lightcurves over the weeks after the
radar observations (Stephens et al., 2008). The lightcurve has a to-
tal amplitude of ~0.3 mag., suggesting a modest aspect ratio of a/
b ~ 1.3. The lightcurves are consistent with a bifurcated or twin-
lobed object if the larger lobe is two or more times the diameter
of the smaller lobe (Stephens et al., 2008). Future shape modeling
of the joint lightcurve/radar data sets may help better constrain its
true nature.
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1.3.6. 771 Libera

Libera has an IRAS-derived diameter of Dey= 29 + 3 km, an opti-
cal albedo of p,=0.13 £ 0.01 (Tedesco et al., 2002), and a rotation
period of P =5.892 h. Classified as an X in the Tholen and Bus sys-
tems, its optical albedo places it in the Tholen M-class.

We observed 771 Libera between 6 and 10 November 2008 (Ta-
ble 1), obtaining seven (7) runs with a total SNR of eight at an effec-
tive frequency resolution of 135Hz (Fig. 10, Table 2). Our
individual runs did not have sufficient SNR for rotational analysis.
Based on the weighted sum of all runs, we estimate Byc =135+
40 Hz (Table 2) and Dp,qx = 29 km. This is consistent with the IRAS
diameter and an equatorial aspect. We measured a total OC cross-
section of ooc=120+30km? giving a radar albedo estimate
0oc = 0.17 + 0.04 which is inconsistent with a remnant metal core.

We measured a polarization ratio y. = 0.37 + 0.12, the fourth high-
est measured (of ~100 targets) for any MBA (Magri et al., 2007;
Shepard et al., 2008b) and indicative of a very rough near-surface.

1.3.7. 779 Nina

Nina has an IRAS-derived diameter of Dy=77 + 8 km, an optical
albedo of p, =0.14 £ 0.02 (Tedesco et al., 2002), and a rotation per-
iod of P=11.186 h. Classified as an X in the Bus system, its optical
albedo places it in the Tholen M-class.

We observed Nina on November 9, 11, and 12, 2008 (Table 1).
Because of its distance and position, we were only able to get
one run per night for a total of three runs. The runs on November
9 and 12 were at essentially the same rotational phase, arbitrarily
set to 0°, and on those nights the target was very weak. Summing
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those two runs gives an SNR of five at an effective frequency of
120 Hz (Fig. 11). We measured Bzc=135+30Hz and a total OC
cross-section of ooc=735+190 km?, leading to a radar albedo
estimate Goc = 0.16 + 0.04 (Table 2). We measured a polarization
ratio p.=0.0 £ 0.10, indicative of a very smooth near-surface.

In contrast to the runs above, the run on November 11 had a
strong echo with SNR of 12, also at an effective frequency of
120 Hz (Fig. 11). The rotation phase for this run was 90° away from
the other two runs. The echo waveform is strongly bifurcated, sug-
gesting either a large concavity or possibly a contact binary struc-
ture. We were unable to get another run at a rotation phase of 270°
to check this. We measured Bzc = 135 + 20 Hz and an OC cross-sec-
tion of ooc=2280 570 km?, leading to a radar albedo estimate
Goc = 0.50 & 0.12 at that rotation phase and consistent with a high
metal content. We measured a polarization ratio p.=0.25+0.07,
indicative of a rough near-surface. However, if there is a significant
indentation or bifurcation, the surface could be smooth and the
high SC echo (and associated polarization ratio) could be caused
by a double-bounce from one side or lobe to the other before
returning to Earth.

The bandwidths measured at the perpendicular rotation phases
are similar and suggest Nina is not very elongate. Lightcurves mea-
sured by Harris et al. (1992) show a Amag. ~ 0.25, indicating a
modest elongation. Our observations constrain Nina’s maximum
diameter to be D,;,ox > 55 km. Adopting the IRAS-derived diameter,
we estimate that we observed Nina at a sub-radar latitude
|8] = 45° + 15°.

2. Part IL. Synthesis of M-class asteroid properties

2.1. Radar model

A major goal of this work is to determine the best meteoritic
analog(s) for M-class asteroids. To do this, we develop a heuristic
model based on what is known about the radar reflectivity of pow-
dered materials and what is believed to be true for MBA surfaces
and compositions. This model will estimate surface bulk density
from radar albedo (or vice versa), and allow us to compare our esti-
mated surface densities to those of meteorite analogs (Section 2.2,
below).

2.1.1. Model assumptions
We assume that all the larger main-belt asteroids have a devel-
oped surface regolith that is at least several meters in depth so that

" 11 Nov 2008

$=0 deg

" 11 Nov 2008
¢=32 deg

-
o

Echo Power (std dev's)
W

200 00 0 100 200
Doppler Frequency (Hz)

Fig. 4. CW observations of Hertha on 11 November 2008. The bottom panel shows
the weighted sum of both runs. All runs have been smoothed to an effective
frequency resolution of 20 Hz.

this is the interface involved in the echo (McKay et al., 1989). There
is no significant region that is regolith-free. Both of these assump-
tions have been reinforced by spacecraft observations of both NEAs
and MBAs (Sullivan et al., 2002; Farquhar et al., 2002) and theoret-
ical studies on the fate of impact ejecta (Scheeres et al., 2002).
An important assumption of our analysis is that the regolith is
homogeneously mixed, at least within the upper few meters of
depth important for radar scattering and absorption. If metal par-
ticles within the regolith are of a significantly different size than
the silicate particles, impact-induced shaking may give rise to a
“brazil nut effect” (Rosato et al., 1987; Hong et al., 2001) so that
the larger particles rise to the surface preferentially. In this event,
the surface regolith may appear more silica- or metal-rich -
depending upon which particles are larger - than the overall bulk
composition. We assume that the bulk density of the upper meter
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or so of the regolith is the physical property of an asteroid with the
greatest effect on its radar echo. Metals have a higher conductivity
than silicates and in solid form have nearly perfect radar reflectiv-
ity. However in powdered form - and especially when mixed with
some silicates - their reflectivity is primarily a function of their
bulk density (Ostro et al., 1985). With little data on the bulk poros-
ity of asteroid regolith, we assume behavior similar to that mea-
sured on the lunar regolith. Numerous measurements and
samples of the upper few meters of the lunar regolith were under-
taken by Apollo astronauts and Soviet rovers. Although the upper
few millimeters of the regolith have high porosity, as is evident
from the strong optical opposition surge (Hapke, 1981), the upper
meter or so is generally well packed, presumably from shaking due
to impact generated shock waves (Carrier et al., 1991). Estimates of
the porosity in the upper few centimeters are consistently around
50% and drop to values as low as ~40% within 60 cm of the surface
(Carrier et al., 1991). The “best estimate” of in situ porosity (intra-
and inter-granular) for the upper 60 cm of the lunar regolith is 46%
(Carrier et al., 1991, Table 9.5), and we adopt 40-50% as an ex-
pected range.

We note that the near-surface bulk density is only that of the
upper few meters of regolith and has little relationship to the bulk
density of the asteroid as a whole. This latter property is domi-
nated by gravitational collapse of pore space, whether the asteroid
has been shattered and re-accreted as a “rubble pile”, and other
considerations (Britt et al., 2002).

2.1.2. Model derivation

There have been a number of attempts to model radar reflectiv-
ity given the bulk density of an analog regolith. Both Ostro et al.
(1985) and Garvin et al. (1985) provide empirical relationships be-
tween the density of powders and radar reflectivity as measured in
the laboratory. Magri et al. (2001) develop twin models, one based
on the Garvin et al. empirical model with additional theoretical
considerations, and one based on the radar behavior of 433 Eros
calibrated against spacecraft “ground-truth” obtained from the
NEAR-Shoemaker mission to Eros. In this paper, we take elements
from all three studies.

The Ostro et al. relationship is linear and given by

R=0.12p - 0.13, (5)
where R is the Fresnel radar reflectivity and p is the density of the

sample (g cm~3). Garvin et al. give a non-linear relationship which
can be written (Magri et al., 2001)

_ 2 p
R =tanh <6.4 g cm*3>' (6)

Among the unknowns for applying these formulae to asteroids are:
(a) the precise relationship between the radar albedo and Fresnel
reflectivity (which is affected by the overall shape of the asteroid),
and (b) the effects of surface roughness and volume scattering that
give rise to the unexpected (SC) sense of the echo. The latter effect is
probably of secondary importance for most of our targets because
the polarization ratio of most main-belt asteroids is small. We
therefore ignore it, and acknowledge that it may give rise to system-
atic errors that will affect our model results in roughly the same
sense if not magnitude.

The relationship between radar albedo and Fresnel reflectivity
is usually given as

Goc = &R, (7)

where g is a ‘gain factor’ that takes into account the non-spherical
shape and surface irregularities of a real asteroid (Ostro et al.,
1985). Following Magri et al. (2001), we assume g = 1.2 for our tar-
gets, indicating that our model targets return more energy than a
perfect sphere.

There are two other data points which we can use to “calibrate”
our model. Conservation of energy requires that a surface of p = 0.0
(i.e. no interface) should have no echo. Likewise, the very definition
of radar albedo includes normalization to a metal sphere of the
same size at the same location. We therefore take p = 7.8 g cm™3
(the density of FeNi) as the density we expect for a radar albedo
of 6'0C =1.0.

A plot of both the Ostro et al. and Garvin et al. models (Fig. 12)
shows that the Ostro et al. model satisfies our upper bound, but
gives negative values of radar albedo for densities <1 g cm~3. The
Garvin et al. model satisfies our lower bound, but not the upper.
We therefore adopt both models, but in a piecewise fashion:

Goc = 1.2 tanh? (w#

Goc = 0.144p — 0.156 for p > 1.57 gcm3,

-3
> for p <1.57gcm—, 8)

or
. 3 1+4/0.83 Goc N
p=320gcm™ In (71—\/M) for 6oc < 0.07,

0 =6.944G0c + 1.083 for Goc > 0.07.

Surfaces composed of powdered metal, when compacted, become
more electrically conductive and therefore more radar reflective.
This phenomenon should cause the radar reflectivity to behave
non-linearly at higher metal abundances as porosity is decreased
and electrical contacts between adjacent metal grains increase. Be-
cause we lack empirical data in this range, we expect our model to
be most accurate for metal abundances of ~50% or less.

It is reasonable to ask what level of confidence we can place in
this model. Magri et al. (2007) summarize the results of all radar
observations of MBAs up through 2003. The mean radar albedos re-
ported for the various classes are: M (0.26 £ 0.17), S (0.14 £ 0.04), C
(0.13 £0.05), and BGFPTD (0.09 £ 0.05). Looking first at the S-class,
Eq. (8) gives surface densities of 2.0 + 0.2 g cm~>. This value can be
achieved with a typical ordinary chondrite grain density of
3.6 gcm™> (Britt and Consolmagno, 2003) and a near-surface
porosity of 45 + 5%. The mean C-class radar albedo suggests surface
densities of 1.6-2.2 g cm™>, consistent with analog grain densities
of 2.6 gcm 3 (CM)-3.5 gcm > (CO/CV) and surface porosities of
~40% (Britt and Consolmagno, 2003). The darker classes (BGFPTD)
have radar albedos suggesting surface densities of 1.2-2.0 g cm™—>
which are consistent with lower density meteorite analogs such
as CI's (grain density 2.2 g cm—3, Britt and Consolmagno, 2003)
and Tagish Lake (overall density 1.7 g cm~>, Hutchinson, 2004),



M.K. Shepard et al./Icarus 208 (2010) 221-237 229

347 Pariana

11 Apr 2008
i $=0 deg

11 Apr 2008
$=67 deg

A H
Lo ¥ N A s
J\ “J' A “( Y ! u Ll )
V RYATVARRERY N
N Y !

L]
LY
L7

BT J'/n\ :"E
. .“' \

11 Apr 2008
i ¢=141 deg

12 Apr 2008
$=326 deg

<k

23 Apr 2008
1or ¢$=300 deg

Echo Power (stdev's)

23 Apr 2008
B ¢=2 deg ]

200 100 0 100
Doppler Frequency (Hz)

Fig. 6. Individual runs for Pariana, smoothed to an effective frequency resolution of 20 Hz and labeled with the rotation phase (¢, arbitrarily set to 0 for the first run).

greater surface porosity, or both. The higher M-class mean radar al-
bedo suggests a significantly higher surface density than any other
class and we postpone the discussion of it to a later section.

The results of the above analysis suggest that our simple model
returns believable surface densities for the major asteroid classes
given what we know of meteorite densities and believe we know
about the regolith of the main-belt asteroids. In the next section,

we briefly review the characteristics of the meteorite analogs
thought to make up the M-class asteroids.

2.2. Meteorite analogs of the M-class asteroids

Here we briefly examine the meteorite classes considered to be
analogs for the M-class asteroids. We define the constraints
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implied by each analog and discuss our ability to distinguish be-
tween them with radar as a proxy for bulk density. Properties of
these analogs and our model-estimated radar albedos for them
are summarized in Table 3.

2.2.1. Irons (FE)

Iron meteorites represent the canonical interpretation of the M-
class as a remnant iron-nickel core of a shattered planetesimal
(Gaffey and McCord, 1979; Bell et al., 1989). An iron interpretation
suggests a very high temperature of formation. The cooling histo-
ries of iron meteorite parent bodies suggest that plausible diame-
ters for exposed cores in the main-belt are 30-90 km (Haack
et al.,, 1990; Rivkin et al., 2000). Given that these are thought to
be remnant cores, there may or may not be some silicate from
the mantle remaining (we assume no more than 10% of the aster-
oid) so that weak silicate absorption features (0.9 pm and 1.9 pm)
are possible. We do not expect any spectroscopic features of hydra-
tion (e.g. 0.7 um or 3 pm absorptions) due to the high temperature
of formation. We assume grain densities of 7.5-7.8 g cm 3.

2.2.2. Enstatite chondrites (EC)

Enstatite chondrites (EC) are primitive meteorites (i.e., they
have not been substantially altered since formation) and formed
in a highly reducing environment so that iron was not bound in
the silicate fraction. Pure enstatite (an iron-free pyroxene) has no
absorption features and when mixed with Fe/Ni-metal is difficult
to spectroscopically distinguish from pure Fe/Ni-metal (Gaffey,
1976; Clark et al., 2004). The two varieties of EC are EH (high iron)
and EL (low iron) that are distinguished primarily by metal abun-
dance; this ranges from ~15% to 35% by volume (Britt and Consol-
magno, 2003).

With a limited sample of EC meteorites for analysis, Britt and
Consolmagno (2003) report grain densities of ~3.6 gcm—>. Given
the known range of metal abundances and using endmembers of
Fe/Ni-metal (7.8 gcm™3) and enstatite (3.2 gcm™3), we assume
grain densities of 3.5-4.8 g cm~> to be plausible. Although meteor-
ite samples are anhydrous, Rivkin et al. (2000) suggest several
hypothetical methods for aqueous alteration in the enstatite chon-
drite parent bodies.

2.2.3. High metal carbonaceous chondrites (CH/CB)

Subgroups of the larger CR meteorite clan (Krot et al., 2002), the
unusual CH and CB carbonaceous chondrites have high concentra-
tions of Fe/Ni-metal. CH (high metal) meteorites are polymict reg-
olith breccias (Hutchinson, 2004) and have on the order of ~20%
Fe/Ni-metal by volume, while the CB (Bencubbin-like) group can
contain 40-75% Fe/Ni-metal (Krot et al., 2002). Hydrated minerals
are sometimes found in the matrix of these meteorites (Greshake
et al., 2002), so spectroscopic features consistent with hydrated
minerals are possible. They are usually interpreted to be primitive
meteorites because their refractory lithophile/Mg abundance ratios
are similar to those of CI meteorites and because they show no evi-
dence of thermal or shock metamorphism (Krot et al., 2002). How-
ever, some have argued that the CBs resulted from a proto-
planetary impact between metal-rich and reduced-silicate objects
(Campbell et al., 2002).

Assuming CH to have 15-25% Fe/Ni-metal and CB to have 40-
75% Fe/Ni-metal, we get the following grain density estimates:
CH 3.7-4.2 g cm™> and CB 5.0-6.7 g cm>. Allowing for variations
in porosity, these two meteorite classes essentially form a contin-
uum of bulk density (Table 3). From a bulk density and radar per-
spective, an object composed of CH will be impossible to separate
from one of EC, and a similar ambiguity exists for CB’s and irons
(see Table 3).

To our knowledge, only one CH sample (PCA 91467) has been
spectroscopically measured in the laboratory; its visible/near-
infrared spectrum looks like that of a “typical” carbonaceous chon-
drite with a gently sloped red continuum, shallow absorption fea-
ture at 0.9 pm, and a rounded visible region with a strong UV drop-
off, and not at all like an iron-meteorite spectrum (steeply sloping
red continuum, very weak UV drop-off) (Clark et al., 2009). It is also
distinct from EC spectra, so while the radar data are ambiguous, it
may be that the possible analogs (CH vs. EC) can be distinguished
spectroscopically (Ockert-Bell et al., 2010). No CB spectra have
been measured.

2.2.4. Carbonaceous chondrites (CI/CM)

Vilas (1994) suggested that some M-class asteroids may be
primitive hydrous carbonaceous chondrites (CI and CM) which
have been aqueously altered to a high degree. Rivkin et al. (2000)
also discuss this as a possible scenario for the M-asteroids that
have a 3 pum absorption feature (their W-class) but lack a 0.7 um
oxidized iron feature. The grain densities of the CI and CM meteor-
ites are ~2.5 g cm >, which is low compared with other chondrites
(Britt and Consolmagno, 2003), and very low compared with irons.
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Fig. 9. Individual CW runs of 678 Fredegundis, smoothed to 20 Hz in frequency and labeled with the rotation phase (¢, arbitrarily set to O for the first run).

2.2.5. Stony-irons (SI)

Stony-irons are a large category of meteorites that include
mesosiderites, pallasites, and numerous unique samples. All are
characterized by subequal amounts of silicate and metal (Hutch-
inson, 2004). We use this category to refer to those analogs that
are dominated by irons and silicates independent of any particu-
lar genesis.

Mesosiderites are brecciated mixtures of metal and silicates.
The metal fraction appears to be genetically related to the IIIAB ir-
ons, while the silicate fraction is composed of fragments of igneous
rocks, dominated by orthopyroxenes and Ca-rich plagioclase that
appear similar to the Howardite-Eucrite-Diogenite (HED) assem-
blages found in basaltic achondrites (Hutchinson, 2004). There
are no hydrated minerals of significance. There is no consensus
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Table 3
Relationship between bulk density and radar albedo.

Type % Vol. metal  Pgrin (€M) ppu (gcm™>)  Radar albedo
FE 90+ 7.5-7.8 3.8-4.7 0.39-0.53
EH/EL 15-35 3.5-4.8 1.8-2.9 0.10-0.26
SI 15-50 3.5-5.0 1.8-3.0 0.10-0.28
CH 15-25 3.5-4.2 1.8-2.5 0.10-0.20
CB 40-75 5.0-6.7 2.5-4.0 0.20-0.42
CI/CM 5< 2.3-2.6 1.2-1.6 0.04-0.08

Type indicates the meteorite analog. FE are irons dominated by Fe/Ni; EH/EL are
enstatite chondrites; SI are stony-irons; CH and CB refer to the metal-rich carbo-
naceous chondrites; CI/CM are carbonaceous chondrites. Average grain densities
are either from calculation from percentage of individual components or from
measurements of Britt and Consolmagno (2003). Bulk density indicates the
expected near-surface bulk density given the range of grain densities and porosity
of 40-50%. Radar albedo is estimated from Eq. (8).

on their origin except that it appears to be complex and involve
collisional disruption and re-accumulation (Hutchinson, 2004).

Pallasites are composed chiefly of low-iron olivine and metal
that appears to be related to the IIIAB magmatic irons. A small per-
centage have a few volume percent of low Ca pyroxenes and are re-
ferred to as “pyroxene pallasites.” The traditional interpretation is
that these represent fragments of the core/mantle boundary of
early planetesimals.

Based on the presence of 0.9 and 2.0 um absorption features in
their telescopic spectra and in irradiated samples of the mesoside-
rite Vaca Muerta, Vernazza et al. (2009) suggested mesosiderite as
a possible analog for the M-class asteroids (Xk in Bus and Binzel
(2002) system) 201 Penelope, 250 Bettina, and 337 Devosa, and
noted similarities in these spectra with those of 16 Psyche, 69 Hes-
peria, 110 Lydia, 125 Liberatrix, and 216 Kleopatra. Davis et al.
(1998) suggested that 16 Psyche is a shattered and re-accreted dif-
ferentiated parent body with irons and silicates remixed on the
surface and the source of many mesosiderites.

The metal content of mesosiderites and pallasites range from
15% to ~50%, Hutchinson (2004) and Britt and Consolmagno
(2003) report grain densities of 4.4-4.8 g cm~> for 20 pieces of nine
different stony-iron meteorites. Using this information, we esti-
mate grain densities of 3.5-5.0 g cm > to be plausible - essentially
identical to the EH/EL analogs.
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2.3. Analysis and discussion 0.8 p—r—r—r—r— —_— S — 6.6
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Nineteen M-class MBAs have now been observed with radar. 071 @ W (3um) 6.0
(We exclude 71 Niobe from Shepard et al. (2008a) because newer O ?3pum
spectral evidence (Ockert-Bell et al., 2010) indicates it is L-class.) In 061 ® 153 g
this section, we summarize what we have learned from our obser- o =
vations of these 19 objects. Table 4 and Fig. 13 summarize the basic b 05t FE 148 2
physical and radar properties of each target. % 0a ¥ === === --CB _[ _____ 1-40 a
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2.3.1. Collisional history © 03} [ 13.2 ﬁ
Many of our objects show evidence for a significant collisional ® Q ( ® 'QI“ ] 3
history, including irregular shapes, global-scale concavities, or 02 I'se = el 25 *
bifurcation. 16 Psyche has aspects where only one lightcurve max- ® EC/SI 1
imum/minimum is observed and coarse radar images show irregu- 01 5 CH oo 18
larity (cf. Shepard et al., 2008a and references therein). 22 Kalliope L ‘. . S ‘
was the first known M-class binary (Margot and Brown, 2003; Des- T T Y T I Y YT
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camps et al., 2008). 216 Kleopatra is a known twin-lobed structure
(Ostro et al., 2000; Tanga et al., 2001) and was recently discovered
to have two satellites (Marchis et al., 2008). 678 Fredegundis
shows strong evidence of bifurcation and a lightcurve consistent
with a compact contact binary or bi-lobed structure (Stephens
et al., 2008). 110 Lydia, 129 Antigone, 758 Mancunia, and 779 Nina
also show evidence of bifurcation or global-scale concavities at
some rotation phases (Shepard et al., 2008a and this paper). The
proportion of objects in our sample with large-scale features like
these is probably an underestimate because the SNR for 224 Oce-
ana, 325 Heidelberga (both described in Shepard et al. (2008a)),
497 lva, and 771 Libera did not allow for rotationally resolved anal-
ysis. In all, at least 10% of our objects are multiple systems, and an-
other 30% show evidence for major collisional events.

Asteroid number

Fig. 13. Radar albedo for every main-belt M-class target observed by radar. Right y-
axis shows the near-surface bulk density estimated from our model (Eq. (8)).
Colored regions show range of radar albedos expected for compositional analogs
described in the text and Table 3: gray is carbonaceous chondritic (CC), yellow is
enstatite chondritic (EC) and stony-irons (SI), and blue is dominantly metallic (FE).
Dashed lines show the range expected for CH (short dashes) and CB (long dashes).
Red solid circles are M-class objects with no observed 3 um feature. Blue circles are
Rivkin et al. (2000) W-class objects (M-class with a 3 pm feature). Open circles are
M-class objects that have not been observed in the 3 pm region. The uncertainties
shown are for asteroids which exhibit significant variation with rotation phase -
those error bars show the range of radar albedos observed. To determine whether
an asteroid belongs to the Mm-class, we use the highest radar albedo indicated (top
of uncertainty bar). Other uncertainties could potentially shift each target up or
down by 25%, but these are not shown for clarity. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of
. this article.)
2.3.2. Composition

2.3.2.1. General trends and interpretations. The high to very high ra-
dar albedo of all the M-class asteroids examined, excepting only 83
Beatrix, suggests their surface bulk density is significantly higher
than the non-M-class asteroids. Using the model described by Eq.
(8), we estimate the near-surface bulk density of the mean M-class
asteroid to be 3.0 £ 0.9 g cm 3, or about 50% higher than the aver-
age S-class surface density (2.0+0.2 g cm~>) computed earlier. A

density this large in a regolith of reasonable porosity requires a
high concentration of dense phases like iron/nickel or possibly me-
tal oxides or sulfides. It thus seems likely that few of the M-class
MBAs are highly aqueous-altered carbonaceous chondrites (CI or
CM) as proposed by Vilas (1994). Table 4 lists our best estimate
of meteorite analogs for each asteroid.

Table 4

M- and X-class asteroids observed by radar.
Asteroid D (km) Dv P (h) Goc Uc Analog Tholen Bus-DeMeo Rivkin This paper
16 Psyche 186 £ 30 0.23 £ 0.05 4.196 0.42+0.10 0.06 + 0.02 FE, CB M Xk M Mm
21 Lutetia 100+ 11 0.20 £ 0.03 8.172 0.24+0.07 0.22 +0.05 EC, CH M Xc W
22 Kalliope 162+3 0.14 £ 0.01 4.148 0.18 £ 0.05 0.07 £0.10 CH, EC M Xk w
83 Beatrix 81+2 0.09 £ 0.01 10.16 0.07 £ 0.03 023+0.11 CcC X X
97 Klotho 835 0.23 £ 0.03 35.15 0.26 + 0.05 0.24 +0.02 EC, CH M Xc
110 Lydia 89+9 0.16 £ 0.02 10.926 0.20+0.12 0.02 £ 0.02 CB, CH X Xk w
129 Antigone 113+12 0.21 £ 0.05 4.957 0.36 £ 0.09 0.14 £ 0.02 CB? M Xk W Mm
135 Hertha 77+7 0.14 £ 0.01 8.401 0.18 £ 0.05 0.10+0.03 CH, EC M Xk w
216 Kleopatra 124+ 15 0.12 £0.02 5.385 0.60+0.15 0.00 £ 0.04 FE M X M Mm
224 Oceana 62+2 0.17 £0.01 9.388 0.25+0.10 0.33 £0.06 EC, CH M Xc
325 Heidelberga 76+2 0.11£0.01 6.737 0.17 £ 0.08 0.0+0.1 SI, EC M -
347 Pariana 515 0.18 £ 0.02 4.053 0.36 £ 0.09 0.05 +0.03 FE, CB M Xk Mm
497 Iva 40+8 0.13£0.03 4.62 0.24 +0.08 0.11 £0.03 SI, CH M Xk M
678 Fredegundis 42+4 0.25 £ 0.02 11.62 0.18 £ 0.05 0.03 £ 0.06 SI, CB X Xk
758 Mancunia 85+7 0.13 £0.02 12.738 0.55+0.14 0.34+0.03 FE, CB X Xk M Mm
771 Libera 29+2 0.13+£0.01 5.892 0.17 £ 0.04 0.37 £0.09 SI, CH X Xk M
779 Nina 77+2 0.14 £ 0.01 11.186 0.26 £0.24 0.17 £0.07 FE, CB X Xk Mm
785 Zwetana 49+2 0.12 £ 0.01 8.919 0.33+0.08 0.17 £ 0.03 FE, CB M Cb M Mm
796 Sarita 45+2 0.20 £ 0.01 7.75 0.25+0.10 No data SI XD S M

Notes: D is asteroid effective diameter, p, is visual albedo, P is rotation period, ¢ is radar albedo, Analog suggests the one or two most likely meteorite analogs given the
observed radar albedo and the estimated near-surface bulk density (FE = iron-nickel, EC = enstatite chondrite (EH or EL), CH and CB = high-iron carbonaceous chondrites,
CC = hydrated carbonaceous chondrites, SI = stony-irons. See text for details), and u. is circular polarization ratio. The classifications listed are based on the following
references: Tholen (1984), Bus and Binzel (2002), DeMeo et al. (2009), and Rivkin et al. (2000), This paper (this work). 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., 2008a and references therein).
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Seven asteroids have radar albedos, at some or all rotation
phases that are easily consistent with the interpretation that these
objects are dominated by iron-nickel: 16 Psyche, 129 Antigone,
216 Kleopatra, 347 Pariana, 758 Mancunia, 779 Nina, and 785 Zwe-
tana. The mean radar albedo for these objects is Goc = 0.41 +0.13,
approximately three times higher than the average S-class asteroid
(Magri et al., 2007). Eq. (8) suggests a mean surface density of
4.0 g cm >, consistent with NiFe metal and ~50% porosity. Given
this well separated group of M-class asteroids which fit the very
high metal interpretation, we propose to use the designation Mm
(M-class, very high metal abundance) for these to separate them
from the other M-class objects. Note that, of this group, only 129
Antigone has a 3 um feature (Table 4). These objects (one-third
of our sample) are the candidates most likely to be collisionally ex-
posed cores or core fragments. However, other information (diam-
eter, shape, and spectroscopic absorption features) must be
included before making this determination. We discuss this in
the following section for individual objects.

Two asteroids, 110 Lydia and 678 Fredegundis, have radar albe-
dos at some rotation phases that suggest a moderately high metal
content. Lydia has a 3 um absorption feature while Fredegundis
has not been observed at 3 pm. Given their more modest radar
albedos and evidence of hydration for Lydia, neither of these is
likely to be a remnant metal core.

The remaining 10 asteroids have a higher mean radar albedo
(6oc = 0.20 4+ 0.06) than any other class, but are not high enough
to be metallic cores. Approximately half of these have a 3 pm fea-
ture in their spectra. If we ignore the Mm asteroids and plot radar
albedo versus visual albedo for these 10 objects plus Lydia and Fre-
degundis, a positive linear correlation becomes evident (Fig. 14). If
we exclude 83 Beatrix as a possible outlier, the correlation is still
evident and significant but has a shallower slope. Powdered metals
in laboratory measurements tend to have visual albedos ~0.10-
0.15 (Cloutis et al., 2009). So while it is tempting to postulate that
metal content drives both the optical and radar albedos, the labo-
ratory data do not seem to support this. Perhaps there is an acces-
sory feature associated with higher metal content that is
responsible for the apparent correlation.
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Fig. 14. Plot of radar albedo versus visual albedo for all M asteroids observed by
radar. The line shows the best linear fit to all these targets excluding the Mm’s
(squares). Radar albedo uncertainties for 110 and 678 are asymmetric; we used the
average of their range as their respective standard deviations in the formal fit. The
best fit line is Goc = (—0.01 & 0.05) + (1.25 £ 0.35)p, with a correlation coefficient
of 0.86. The best fit line for the data excluding 83 Beatrix (dashed) is
Goc = (0.10 £ 0.08) + (0.64 + 0.46)p, with a correlation coefficient of 0.73.

Eleven of our targets, including most of our high albedo (Mm)
objects, are classified as Xk in the Bus-DeMeo system (Table 4).
These objects have VISIR spectra with significant red-slopes and
0.9 um and 1.9 um absorption features, consistent with the pres-
ence of silicates on their surfaces. Of these 11 objects, four show
a 3 um feature, four show no evidence of such a feature, and three
have not been observed at that wavelength. Lupishko and Belskaya
(1989) were perhaps the first to suggest that most M-class aster-
oids have a significant silicate component based on optical polar-
imetry of M-asteroids and laboratory samples. Vernazza et al.
(2009) show that Xk spectra are very similar to laboratory spectra
of mesosiderites and suggest this interpretation for several Tholen
M and Bus Xk asteroids. They note, as have others, that the pres-
ence of significant metal severely mutes the silicate absorption fea-
tures of their laboratory VISIR spectra.

Given these observations, along with models and evidence that
indicate most of the main-belt asteroids are collisionally evolved,
i.e. shattered or disrupted and re-assembled (Asphaug et al.,
2002; Richardson et al., 2002), we propose that most of the M-class
asteroids resulted from collisions between iron (core or core frag-
ment) and silicate bodies and their disruption and eventual re-
accretion. The relative sizes and compositions of the colliding ob-
jects determine whether the final composition is dominated by
metal or silicates. This interpretation suggests that composite
and brecciated compositions like the stony-irons and high-iron
carbonaceous chondrites are the norm for M-class objects. The
roughly equal split between those with a 3 pm feature and those
without is consistent with the stochastic nature of this model.
And while we have assumed upper bounds on the iron content of
these objects based on a limited set of stony-iron meteorite sam-
ples, we see no reason why there should not be a continuum of me-
tal abundance ranging from a lower bound of ~25% up to 100% in
the general M-population.

2.3.2.2. Best analogs for individual targets. Asteroid 16 Psyche is the
largest M-class asteroid known. Early estimates put the diameter
at about 250 km (Tedesco et al., 2002), but more recent polarimet-
ric (Lupishko, 2006) and radar estimates (Shepard et al., 2008a)
place it closer to 200 km. In any event, Psyche is still far larger than
the 30-90 km diameter expected for a remnant core (Haack et al.,
1990; Rivkin et al., 2000). Its shape is irregular (Shepard et al.,
2008a and references therein), its radar albedo is less than that
of Kleopatra, Zwetana, or Mancunia, and the presence of a
0.9 um absorption feature and Xk classification suggests a signifi-
cant silicate component. All of these lead us to speculate that Psy-
che is a collisional aggregate of one or more objects, at least one of
which had a significant metal content. The interpretation of Davis
et al. (1998) - that Psyche resulted from the complete disruption
and reassembly of a differentiated parent body - is favored less be-
cause a significant fraction of total free metal must eventually be
segregated into the upper regolith (assuming Psyche began with
a chondritic composition). If Psyche is of mesosiderite composition,
as suggested by Davis et al. (1998), then our radar model suggests
its regolith is dominated by metal instead of silicate.

Birlan et al. (2006) and Barucci et al. (2008) have suggested car-
bonaceous chondrites, in particular CO and CV, as good analogs for
21 Lutetia. The difficulty with this interpretation is that the esti-
mated bulk density of a CO/CV surface is ~2.0 gcm~> based on
published grain densities (Britt and Consolmagno, 2003). Lutetia’s
radar albedo (0.24) and our model suggest a surface bulk density
closer to 2.8 g cm 3, or 40% higher than expected for these materi-
als. Lazzarin et al. (2009) suggested CH/CB meteorites as analogs
for Lutetia; these might satisfy both the spectral and radar data,
but as noted earlier, spectral data for the CH/CB meteorites are
rare. Alternatively, Vernazza et al. (2009) hypothesized that both
Lutetia and 97 Klotho are composed of enstatite chondrites based
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on their spectral similarity to laboratory spectra of the EL6 Eagle
meteorite. Both asteroids lack obvious spectral absorption features
and have similar optical (0.20 and 0.23) and radar albedos (0.24
and 0.25). To this we add that both objects are Xc in the Bus-De-
Meo (DeMeo et al., 2009) classification scheme (Ockert-Bell et al.,
2010). In our sample, 224 Oceana also lacks spectral absorption
features, is classified as an Xc, and has similar optical and radar
albedos (0.17 and 0.25, respectively) to those of Lutetia and Klotho.
We therefore suggest that these three objects are of similar compo-
sition and are probably composed of either EC or CH. The July 2010
fly-by of Lutetia by the Rosetta spacecraft may help resolve this
issue.

Asteroid 83 Beatrix is an X-class object in both the Tholen and
Bus classification schemes, and its optical albedo (0.09 £0.01) is
at the lower boundary of the M-class range. Based on its low ra-
dar albedo, we suggest 83 Beatrix may be a carbonaceous chon-
drite and possibly an aqueously altered CI or CM as proposed
by Vilas (1994). No 3 um observations of Beatrix have been
reported.

Asteroid 216 and sixteen Kleopatra was not observed as part of
this study, but was observed by Mitchell et al. (1995) and Ostro
et al. (2000). Its high radar albedo of 0.6 leaves little doubt that
it is a metallic object. However, its ‘dog-bone’ or bi-lobate shape
(Ostro et al., 2000; Tanga et al., 2001) and the existence of two
moonlets (Marchis et al., 2008) are strong evidence for a significant
collisional history. Is Kleopatra the unlikely result of a collision and
fusion between two cores or core fragments? The ends of the ‘bone’
are both ~70 km in diameter, within the bounds expected for core
remnants noted previously.

Asteroid 785 Zwetana has a strong red spectral slope and shows
no spectral absorption features in the near-infrared. Its Cb classifi-
cation (Bus and Binzel, 2002; DeMeo et al., 2009) is primarily based
on a visible spectrum taken by Bus and Binzel (2002). Newer visi-
ble spectra by Fornasier et al. (2009) are unlike those previous and
more consistent with the Tholen M-class. Zwetana shows extreme
variations in radar albedo (0.10-0.60, Shepard et al., 2008a) and is
also the smallest Mm-class object (Dey=49 km) in our sample. Gi-
ven these characteristics, we suggest that Zwetana is the most
likely member of our sample to be a pure remnant metal core or
a fragment of such an object. We discuss its radar albedo variability
in the next section.

Based on their sizes and high radar albedos, 347 Pariana, 758
Mancunia, and 779 Nina must also be considered as possible rem-
nant cores. Their Xk classification is consistent with our assump-
tion that remnant cores may retain a ~10% silicate fraction.
However, only Mancunia is apparently anhydrous; no 3 pm data
have been obtained for Pariana or Nina.

Asteroid 796 Sarita was originally classified as XD by Tholen
(1984), but more recent spectral work (Ockert-Bell et al., 2010)
indicates it to be an S-class. Rivkin et al. (2000) detect no 3 pum
in its spectrum. Given its moderately high radar albedo (0.25, Mag-
ri et al., 1999), we suggest it to be a good candidate for a stony-iron
(mesosiderite) instead of the more traditional ordinary chondrite
interpretation.

2.3.3. Rotational variability

An intriguing result of this and our previous work (Shepard
et al., 2008a) is that all of the higher radar albedo targets show
large variations in radar albedo as they rotate. However, for those
targets with rotationally resolved optical or thermal spectra as
well, we see little or no evidence for compositional variation with
rotation phase. With the exception of 216 Kleopatra (Ostro et al.,
2000), none of these are highly elongated or have significant light-
curve amplitudes. 785 Zwetana (Shepard et al., 2008a) is an ex-
treme case and displays variations in radar albedo ranging from

a high of 0.6 to a low of 0.1. These variations were observed over
two rotation cycles.

To explain variations in radar albedo with no accompanying
spectral variations, Shepard et al. (2008a) suggested that regolith
depth may vary, or regolith density may increase in such a way
(in some places) to absorb the radar energy. Another possibility
suggested specifically for Zwetana is that the surface is not metal-
lic, but that two large facets on opposite sides are oriented to spec-
ularly backscatter the radar giving anomalously large echoes at
those rotation phases. This was hypothesized because the radar al-
bedo was observed to drop dramatically within a relatively short
rotation interval of ~40°. However, this latter explanation seems
contrived and is not very satisfying.

Further consideration and the continually accumulating catalog
of irregular asteroid shapes lead us to suggest a new explanation. If
a metallic Zwetana had tapered ends (or any irregular shape that
has most of the surface facets at that aspect NOT facing the Earth),
it would appear darker to the radar when those ends were oriented
toward Earth because most of the incident energy would reflect
away from the Earth. This is similar to the design principle used
in “stealth” aircraft. Further, as the asteroid rotated, the radar albe-
do would change rapidly around these regions depending upon the
orientation of the surface facets. This may explain why all of the ra-
dar bright asteroids show significant radar albedo variations with
rotation.

To illustrate with a simplified example, consider a silicate-rich
asteroid with surface bulk density of 1.75 gcm™> (grain density
3.5gcm > and 50% porosity). Its reflection coefficient is R = 0.08
(taking the average from Eqs. (5) and (6)), meaning that 8% of
the incident energy is reflected from every ‘surface facet’ in the
general specular direction, and the remaining 92% is absorbed or
scattered into multiple directions including the backscatter direc-
tion. However a asteroid dominated by metal with a surface bulk
density of 3.75 g cm~> (grain density 7.5 g cm~> and 50% porosity)
has a reflection coefficient of R = 0.30. Facets on this asteroid reflect
four times more energy into the specular direction and have corre-
spondingly less absorbed or scattered into multiple directions. On
a metal-rich asteroid, the amount of power backscattered to the
Earth is therefore more sensitive to surface irregularities than on
a rocky asteroid and is likely to show more variability. An example
supporting this interpretation is the small metallic near-Earth
asteroid (6178) 1986 DA (Ostro et al., 1991). This object is about
2km in diameter and has a modestly elongated convex hull
(~1.4), but its OC radar cross-section varies by a factor of four with
rotation.

2.3.4. No observed correlation of radar albedo with polarization ratio
or size

Benner et al. (2008) and Shepard et al. (2008b) found that E-
and V-class asteroids have the highest circular polarization ratios
of any class, suggesting a compositional control on this radar
parameter. A histogram of circular polarization ratio for the M-
asteroids (Fig. 15) shows no trend. Polarization ratios show a de-
cline in frequency from 0.0 to nearly 0.4, but this is more-or-less
consistent with the behavior of the MBAs as a group (Magri
et al,, 2007). All but one of the Mm’s have polarization ratios
1 < 0.17, but with a sample size of only seven, it is not clear if this
is significant or not.

Rivkin et al. (2000) found that asteroids with diameters larger
than 65 km tend to show a 3 pm feature, while those smaller than
65 km tend not to show a 3 um feature. Based on this finding, they
hypothesized that the smaller objects were anhydrous cores and
the larger objects were primitive materials such as enstatite or car-
bonaceous chondrites. Our results are not consistent with this
hypothesis. The diameters of the apparently anhydrous Mm'’s are
186 km, 124 km, 85 km, and 49 km.
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Fig. 15. Histogram of circular polarization ratio for all main-belt M-class asteroids
for which this data is available (no circular polarization data is available for 796
Sarita).

2.4. Conclusions

The evidence of our radar-detected sample, combined with the
spectral observations of others, leads us to conclude that few of the
Tholen M-class asteroids are pristine remnant cores. Of our sample
of 19 asteroids, only 785 Zwetana seems to fit in all categories of
radar albedo, diameter, and spectral properties. Three other aster-
oids, 347 Pariana, 758 Mancunia, and 779 Nina may also be rem-
nant cores with a modest residual silicate component. Based on
its radar albedo and shape, 216 Kleopatra may be a collisional com-
posite of core materials from two separate objects. Only three of
our sample - 21 Lutetia, 97 Klotho, and 224 Oceana - have radar
and VISIR spectral properties consistent with enstatite chondrites,
but they may also be high metal carbonaceous chondrites (CH). The
remaining objects have spectral features that indicate the presence
of iron-poor silicates and, in about half of the cases, possible hy-
drated phases. We suggest that the majority of these objects are
collisional composites of metallic and silicate objects with compo-
sitions more like stony-irons or high-iron carbonaceous chondrites.
This interpretation is consistent with our evidence for significant
collisional histories on these objects, and current models that sug-
gest most of the main-belt asteroids have been either collisionally
disrupted or shattered and re-accreted at some point in their his-
tory. Because of the limited delivery pathways for meteorites to
reach the Earth, we may not have true samples of these objects
in our collections.
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