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Radar Observations of Asteroid 
216 Kleopatra 
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Radar observations of the main-belt, M-class asteroid 216 Kleopatra reveal a 
dumbbell-shaped object wi th  overall dimensions of 217 kilometers by 94 ki-
lometers by 81 kilometers (125%). The asteroid's surface properties are con- 
sistent wi th  a regolith having a metallic composition and a porosity comparable 
t o  that of lunar soil. Kleopatra's shape is probably the outcome of an exotic 
sequence of collisional events, and much of its interior may have an uncon- 
solidated rubble-pile structure. 

The main asteroid belt contains 42 objects 
whose optical spectra reveal the presence, but 
not the dominance, of NiFe metal. These 
M-class objects may include the parent bod- 
ies of some iron meteorites, which are 
thought to be derived from asteroids that 
melted, differentiated, and solidified within 
the first billion years of the solar system (1) 
and subsequently suffered collisional expo- 
sure of their metallic interiors. M-class aster- 
oids have yet to be targeted for study by 
spacecraft, and detailed information about 
their physical properties is lacking. However, 
two decades of telescopic observations of the 
large M-class asteroid 2 16 Kleopatra have 
marked it as highly unusual. Optical light 
curves with large amplitudes (2-4) and stel- 
lar occultation timings (5, 6)  suggest an elon- 
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gated shape, and Doppler-only radar observa- 
tions (7) and adaptive optics images (8) sug-
gest some sort of shape bifurcation. 

We used the S-band (2380 MHz, 12.6 cm) 
radar system of the recently upgraded Arecibo 
Observatory to obtain images on four dates in 
November 1999 (Table 1). Our observational 
and data-reduction techniques have been de- 
scribed by Harmon et al. (9).We transmitted 
a circularly polarized, nonrepeating, binary 
phase-coded waveform with a time resolu- 
tion, or baud, equal to 0.1 ms (range resolu- 
tion of 15 km) and sampled the echoes at 
intervals of 0.05 ms, in the same and opposite 
circular polarizations (SC and OC, respec- 
tively) simultaneously. Kleopatra's SCIOC 
radar cross-section ratio is 0.00 2 0.05 (7), 
and our analyses used only the OC data. 

Each run produced a 41 by 41 pixel delay- 
Doppler image (Fig. 1). Delay bins are 0.05 
ms (7.5 km) deep, but because the echoes 
were double sampled, there is correlation be- 
tween adjacent delay bins; our analysis took 
this correlation into account. For a rotating 
rigid object with Kleopatra's optically deter- 
mined spin period (5.385 hours) (lo), the 
distance equivalent of our frequency resolu- 
tion, 19.5 Hz (chosen to optimize the trade- 
off between pixel size and signal-to-noise 
ratio), is 3.8 km/cos 6 , where 6 is the subradar 

29. Various transient trifluoromethylcarbenes are known 
to  insert into silicon-hydrogen bonds (16). 

30. W. W. Schoeller, Eur. I. Org. Chem. 2, 369 (2000). 
31. Crystal data for 	10 are available at Science Online 

(33). 
32. Further evidence for the delocalization of the car- 

bene lone pair includes the following (i) the short 
C1-C2 bond length (1.390 5 0.004 A), which 
indicates a double-bond character; (ii) the C2-C3 
and C2-C7 bond distances, which are longer than 
the other bonds of the ring; and (iii) the 13C NMR 
signals corresponding to C3, C5, and C7, which 
appear at high field, whereas those for C4 and C6 
are more deshielded (18). 

33. For supplementary data, see 	www.sciencemag.org/ 
feature/data/1048933.shl. 

34. We are grateful to the CNRS for financial support of 
this work. 
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latitude. All data were taken with Kleopatra 
within 1.8' of the apparent right ascension, 
61.4", and declination, 1 1.8". b u r  estimated 
pole direction (ecliptic longitude, 72"; lati- 
tude, 27"). 8" from the pole direction (71". 
19") estimated from optical light curves (10). 
corresponds to 6 = -53' and a frequency- 
pixel resolution of 6.3 km. 

The asteroid's delay-Doppler signature is 
bimodal. In the most end-on images, which 
show the maximum echo-delay depth and min- 
imum bandwidth, the leading edges of the two 
lobes are -60 km apart. However, our view 
was several tens of degrees from pole on, and 
the actual distance between those edges is 
-100 km. The peak echo power in any of our 
raw, unsmoothed images (Fig. 1) is 9 standard 
deviations. With such modest echo strength, the 
absence of echo at delays between the two 
lobes does not necessarily mean that the space 
between the two lobes is empty, but rather that 
there is relatively little normally oriented sur- 
face area facing the radar in those pixels. The 
stronger images taken in broadside orientations, 
which show the maximum bandwidth and min- 
imum delay depth, do show significant echoes 
from the part of the asteroid between the two 
lobes. (Echoes from surface elements that con- 
tain the plane-of-sky projection of the asteroid's 
spin vector have levels of 2 to 4 standard devi- 
ations at the images' raw resolution and higher 
if smoothed.) Thus, the interlobe surface re- 
flects detectable echoes only in certain orienta- 
tions (Figs. l and 2). 

We used least squares inversion (11-15) 
to estimate Kleopatra's shape (256 parame- 
ters), radar-scattering law (2 parameters), and 
pole direction (2 parameters) (Figs. 2 and 3). 
We adopted Kleopatra's optically derived 
spin period (10) and assumed principal axis 
rotation and uniform density. There is corre- 
lation between the object's size, its angu- 
lar-scattering law, and cos 6 ;  we adjusted 
the pole direction to force the scale of the 
model to be consistent with the scale of the 
stellar occultation chords reported by Dun- 
ham (5 ,  6). 
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The asteroid is shaped like a dumbbell 
with a handle that looks substantially narrow- 
er than the two lobes when seen pole on but 
not when seen from within the equatorial 
plane (Fig. 3). Our model's dimensions as 
defined by its extents parallel to the principal 
axes are 217 km by 94 km by 81 km (Fig. 3). 
The dynamically equivalent equal-volume el- 
lipsoid, that is, the homogeneous ellipsoid 
that has the same moment-of-inertia ratios 
(1: 7.03:7.08) and the same volume (67 X 
lo4 km3) as the shape model, has dimensions 
of 257 km by 72 km by 69 km. The uncer- 
tainty in the model's shape (Figs. 2 and 3) is 
-15 km; additionally, the uncertainty in the 
model's absolute size is as large as 25%. 

The asteroid's low SCIOC ratio indicates 
that nearly all of the echo is due to single 
back-reflections from facets that are oriented 
nearly normal to the radar line of sight and are 
smooth at decimeter scales. If Kleopatra's han- 
dle were cylindrical (or were defined by trans- 
lation along its axis of any closed curve), it 
would present no normally oriented area except 
in the broadside (maximum-bandwidth) orien- 
tation. The quasi-cylindrical character of Kleo- 
patra's handle explains why it returns so little 
echo in most of our radar images. 

In the shape reconstruction, we assumed 
Kleopatra's radar properties to be uniform and 
adjusted the two parameters p and n in a simple 
backscattering law, duldA = p cos" 0, where u 
is radar cross section and A is surface area. If a 
Parker probability density function is assumed 
to describe the distribution of surface slopes 
with respect to the model shape, then our esti- 
mation yields the Fresnel power reflection co- 
efficient R = 2pl(n + 2) and the adirectional 
root-mean-square slope S,, = tan-' [(2/n)ln] 
of unresolved facets relative to the reconstruct- 
ed shape (7). We obtained n = 4.0 + 1.5, 
S,, = 35' 2 4O, and R = 0.50. Our estimate of 
Gi is comparable to corresponding values for 
other main-belt asteroids (16) but about five 
times as large as lunar values (1 7). Kleopatra's 
average radar albedo (that is, radar cross section 
per unit of projected surface area) is 0.7. A 
sphere with Kleopatra's scattering parameters 
would have a radar albedo of 0.6. R and those 
albedos are uncertain to -50% because of un- 
certainties in the shape model and in the abso- 
lute calibration of the radar images. Kleopatra is 
the most reflective of the several dozen radar- 
detected main-belt asteroids (18) and is about 
an order of magnitude more reflective than the 
moon. Its reflectivity is comparable to that of 
the several-kilometer object 6178 (1986 DA), 
which is the most reflective of the several dozen 
radar-detected near-Earth asteroids (19). 

M-class meteorite analogs are irons, 
which are NiFe metal, and enstatite chon- 
drites, which are assemblages of NiFe metal 
and enstatite. All enstatite chondrites may be 
derived from a single parent body, whereas 
the sample of iron meteorites may be derived 

from at least a dozen parent bodies. Combin- 
ing information about the composition and 
density of those meteorite types with theoret- 
ical and empirical understanding of the elec- 
trical properties of metal-containing rocks 
and powders (19), we find that our reflectiv- 
ity estimates imply a surface bulk density of 
no less than 3.5 g ~ m - ~ ,  consistent with 

either a solid enstatite-chondritic surface or a 
metallic surface with porosity of <60%. 
Nearly all estimates of the porosity of lunar 
soil fall between 35 and 55% (20). 

The physical properties of Kleopatra's 
surface are constrained by calculation (21) of 
the global distribution of escape speed (V,,J 
and gravitational slope (S,,,, the angle be- 

Fig. 1. Radar images organized by relative rotation phase (Table 1). Time delay (range) increases 
toward the bottom and Doppler frequency increases toward the right; therefore, the asteroid's 
rotation is counterclockwise. 

Table 1. Observations from November 1999. UTC RCV is the reception interval and UTC mid is the 
reception midpoint. TPWR is transmitter power, RTT is echo round-trip time delay, and a is the OC radar 
cross section. 

UTC RCV Interval TpWR Relative 
Day Run UTC mid time 

(kW) 
RTT (s) rotation cr 

Start Stop ( 4  phase (km2) 
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tween a plumb line and the local surface a uniform internal density d = 3.5 g ~ m - ~ ,  138 m s-I, averaging at least 76 m s-I; 
normal). Taking into account uncertainties in the distribution of V,,, has a minimum of at corresponding values ford = 7.5 g cm-3 are 
our model's size and shape, we find that, for least 40 m s-' and a maximum of at least 73,202, and 113 m s-', respectively. These 

relatively high speeds imply that a large pro- 

Fig. 2. Shape reconstruction results. Each quadrant shows Arecibo radar images from one date 
(top), corresponding images calculated from the shape model (middle), and corresponding plane- 
of sky views of the model (bottom). The top left, top right, bottom left, and bottom right quadrants 
correspond to 7, 16, 19, and 20 November, respectively, with columns arranged chronologically 
within each quadrant (Table 1) (the last run on 20 November was omitted). Each scale bar 
represents 100 km. In the radar images, time delay increases toward the bottom and Doppler 
frequency increases toward the right. In the plane-of-sky views, north is up. 

Fig. 3. Views of the 
Kleopatra shape mod- 
el parallel to its princi- 
pal axes of inertia. The 
scale bar represents 
100 km. Contours of 
longitude and latitude 
are spaced by 10". The 
spin vector (the north 
pole) points toward 
the reader in the top 
left frame. 

portion of impact-cratering ejecta have re- 
turned to the surface. S,,,, whose density 
dependence here is neglig~ble, averages 15' 
2 3O, almost nowhere exceeds 30°, and never 
exceeds 40'. For terrestrial slopes composed 
of mixtures of particle sizes, the angle of 
repose is usually between 34' and 37' (22). 
Whereas some of Kleopatra's largest values 
of S,,, may be due to large outcrops of rigid 
solid material, the predominantly gentle 
slopes and the low SCIOC ratio indicate a 
surface that is almost completely covered by 
"relaxed" regolith whose particles are in 
stable, low-potential-energy locations. This 
result is consistent with the expectation 
(23) that meteoroid bombardment of aster- 
oids as large as Kleopatra has produced re- 
goliths ten to several hundred meters deep. 
The evidence for a porous regolith and a high 
surface bulk density rules out an enstatite- 
chondritic composition. 

Kleopatra's bifurcation suggests that its 
lobes once were two seuarate entities (24). Its 

\ ,  

dumbbell shape may have resulted from a 
gentle collision between two objects, from 
low-velocity infall of adjacent fragments af- 
ter a disruption event, or from tidal decay of 
a binary system formed temporarily by a 
disruption (25, 26). Simulated collisions (27) 
of rubble-pile asteroids (28, 29) have pro- 
duced bifurcated shapes; perhaps the disrup- 
tion of Kleopatra's parent core created two 
fragmented objects that later collided to form 
a dumbbell-shaped body. 

Each of these scenarios suggests that 
much of Kleopatra's interior might be rela- 
tively unconsolidated debris, perhaps includ- 
ing some number of large monolithic shards. 
Compared to a purely monolithic structure, 
such a configuration would more easily sur- 
vive impact bombardment over billion-year 
time scaies (30, 31). Moreover, impact sc\lp- 
turing of a monolithic dumbbell would re- 
quire rather contrived geometrical circum- 
stances, and it seems unlikely that Kleo- 
patra's regolith might conceal either its 
parent body's original intact core or a sin- 
gle, highly elongated piece of it. Still, given 
the current level of understanding of how 
asteroids differentiated and collisionally 
evolved, we are reluctant to rule out even the 
more exotic possibilities. Computer simulation 
of catastrophic and multigenerational, sub- 
catastrophic collisions using equations of 
state for metal might lead to a convincing 
model for Kleopatra's formation. 
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Large-Scale Thermal Events in 
the Solar Nebula: Evidence from 
Fe,Ni Metal Grains in Primitive 
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Chemical zoning patterns in some iron, nickel metal grains from CH carbona- 
ceous chondrites imply formation at temperatures from 1370 to 1270 kelvin 
by condensation from a solar nebular gas cooling at a rate of -0.2 kelvin per 
hour. This cooling rate requires a large-scale thermal event in the nebula, in 
contrast to the localized, transient heating events inferred for chondrule for- 
mation. In our model, mass accretion through the protoplanetary disk caused 
large-scale evaporation of precursor dust near its midplane inside of a few 
astronomical units. Gas convectively moved from the midplane to cooler re- 
gions above it, and the metal grains condensed in these parcels of rising gas. 

Chondrules and Ca,Al-rich inclusions (CAIs) in 
primitive meteorites (chondrites) offer insights 
into events that took place in the solar nebula 
during the earliest stages of planetary formation 
-4.56 billion years ago. Chondrules are milli- 
meter-sized silicate spherules that formed by 
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of the nebula gas during formation of the first 
solids by gas-solid condensation are lacking. 

Recently, Fe,Ni metal grains with chemical 
zoning patterns in Fe, Ni, Co, and Cr resulting 
from gas-solid condensation (7-12) were de- 
scribed in CH, CR, and Bencubbin-like chon- 
drites (13-15). Some metal grains in CH chon- 
drites, amounting to a fraction to 
of all metal grains, appear to have condensed 
from a gas of solar composition at a total gas 
pressure of bar at temperatures from 
1370 to 1270 K (13). During this process, the 
metal grains must have grown sufficiently fast 
and the gas must have cooled sufficiently fast to 
avoid homogenization of the zoned patterns by 
solid-state diffusion. Here we estimate the 
growth rate of the zoned metal grains, obtain a 
cooling rate for the region of the nebula from 
which they condensed, and discuss a possible 
astrophysical setting of this event. 

We model gas-solid condensation of metal 
grains from a cooling gas of solar composition 
at a total pressure of lop4 bar. For simplicity, 
we assume that the growing metal grains are 
spherical in shape and consist of Fe atoms 
[zoned metal grains contain <10 weight % (wt 
%) Ni, Co, and Cr] and that the metal grains 
grow by Fe atoms continuously colliding with 
and sticlung to the surface of the growing grain 
with a sticking coefficient of 1 (16, 17). The 
number of hits of Fe atoms per second on a 
sphere of radius a is Z = .rra2n,(Fe)V,,,(Fe), 
where n,(Fe) is the number density of Fe atoms 
in the gf;s and V,,,(Fe) = (8kTlam,,)'" is the 
mean speed of Fe atoms in the gas (Maxwell 
distribution) [where k is the Boltzmann con- 
stant, Tis the temperature (in K), and m,, is the 
atomic weight of the Fe atom]. The number 
density of Fe atoms in solid Fe metal is n,(Fe), 
and the growth rate of the sphere is 
ns(Fe)4aa2da = Zdt 3 daldt = n,(Fe)K,,(Fe)l 
4n,(Fe), where t is time. In gas of solar com- 
position (18) at 1320 K and bar, n,(Fe) = 
3 X 1016 m-3 and c,,(Fe) = 705 m s-'. The 
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