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The sizes and shapes of asteroids contain 
information about the thermal, collisional, 
and dynamical histories of these bodies, 
many of which are remnants of the materials 
from which the solar system accreted. Some 
analyses (1, 2) have proposed that for all but 
the handful of largest asteroids, shape is con- 
trolled by collisions, with only a minor con- 
tribution from self-gravitation. However, oth- 
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oid (Fig. 1) (15). From these data we have 
constructed a topographic model of Eros 
(Fig. 2) with a spatial resolution of 960 m and 
a radial accuracy of -30 m (1 6) with respect 
to the asteroid's center of mass (17). 

Eros has a mean radius of 73 1 1 2 10 m 
(Table 1) and exhibits excursions in the equa- 
torial plane that range from -3500 m to over 
17,500 m. The maximum chord is 32.697 km 
(oriented along 3.96ON, 185.47OE to 0.3 1 OS, 
18.69"E), consistent with an orbital value of 
3 1.4 km based on imaging (18) and with a 
ground-based estimate of 36 km derived from 
analysis of radar echo spectra (19). 

The best-fit ellipsoid (Table 2) fits the 
observed shape with a root mean square (rms) 
of 1028 m. Compared with other asteroids 
and small moons imaged by spacecraft or for 
which stellar occultation limb profiles are 
available (20), Eros's deviation of nearly 
60% from its ellipsoidal radius represents a 
poor fit to an ellipsoid. However, at least 
some of the variance may be a consequence 
of the high spatial resolution of our topo-
graphic model, which accentuates departures 
from simple shapes. While Eros's shape de- 
viates from an ellipsoid, the asteroid shows 
no evidence of a dumbbell shape that would 
suggest a contact binary bound loosely by 
self-gravitation as observed for some aster- 
oids (21, 22). 

Moments derived from the shape model 
assuming a constant-density interior [Web 
table 1 (23)] indicate that Eros has a stable 
rotation. The extent to which a constant-den- 
sity interior is characteristic of the asteroid 
can be quantified to first order from the offset 
between the center of mass (COM) and center 
of figure (COF), which is indicative of den- 
sity inhomogeneities within the body. For an 
object in a mass-centered coordinate system, 
the COF is equivalent to the COM of an 
identical object of homogeneous density 
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(24). The COMICOF offset on Eros (Table 1 
and Web fig. 1) reveals a small departure 
from homogeneity, most pronounced along 
the Z and X axes. Any inversion for the 
internal density distribution from topography 
and gravity is inherently nonunique, but it is 
illustrative to consider a simple scenario for 
the density structure required to match the 
observed offset. For a linearly varying densi- 
ty distribution, the gradient required for the 
COWCOF offset to vanish is -6.0 kg m-' 
km-'. This density gradient can be interpret- 
ed in terms of a hemispheric-scale difference 
in the thickness of regolith, i.e., the uncon- 
solidated, impact-generated surface layer. If 
the upper limit of the density of Eros's rego- 
lith is similarly less (66%) than its bulk rock 
equivalent on the moon (25), then the COW 
COF offset can be explained by a regolith 
layer in the direction of the COF (26) with a 
maximum thickness of - 100 m that overlies 
consolidated basement. In this simplified sce- 
nario the thickness of the regolith in the 

hemisphere opposite the COF is zero. How- 
ever, more complex and realistic distributions 
are also possible. For example, if Eros's re- 
golith is less dense than the maximum density 
of lunar regolith, or if bedrock is fractured 
(26), then smaller regolith thickness differ- 
ences between the hemispheres are implied. 
A globally averaged regolith thickness on the 
order of lo2 m has been suggested for some 
asteroids on the basis of collision models (4, 
27), experiments (3,28), and radar backscat- 
ter measurements (22), and the heterogeneity 
of Eros's internal density distribution is com- 
patible with such estimates. Considering the 
evidence for global homogeneity in surface 
composition from the NEARiShoemaker 
XGRS instrument (29), we suggest that the 
COMICOF offset is most easily explained by 
small variations in Eros's internal mechanical 
structure rather than in subsurface composi- 
tion. If instead Eros contains lateral varia- 
tions in internal composition consistent with 
the range of measured densities of probable 

Fig. 1. Time history of NLR observations of 433 Eros at individual laser bounce used in the analysis 
(39). (A) Radius; (0) longitude; (C) latitude; (D) range from NEAR-Shoemaker spacecraft to the 
surface of the asteroid. 

Fig. 2. Map view of 
the radius of Eros in 
cylindrical projection. 
This analysis uses a 
planetocentric coordi- 
nate convention with 
east positive longi- 
tude. One degree of 
latitude on Eros rang- 
es from -54 to  
307 m. The regional 
low at 90°E is Himeros 
and that at 270°E is 
Psyche. 

meteorite analogs (26), then any sizable vari- 
ations in regolith distribution are disallowed. 
We believe that such a scenario is unlikely. 

Other major features of Eros's long-wave- 
length shape are two large concavities (Figs. 
2 and 3). One structure consists of an -4- 
km-wide closed cavity in the region 20°N, 
240°E to 290°E that has been provisionally 
named Psyche. On the basis of its central 
depression and bounding partial rim, we in- 
terpret this structure to be an impact crater. 
The bottom of Psyche (13.5ON, 273.5OE) con- 
tains the smallest radius on Eros, 2939 t 
30 m. The difference in elevation between the 
lowest point in the floor and the highest 
closed contour is 1800 m. This relief can be 
interpreted as the depth, but the value is 

Table 1. 433 Eros geodetic parameters from 
NLR190 shape, gravity, and dynamics model. 

Parameter Value Uncertainty 
- - 

Mean radius. C, (m) 7.311 210 
Mean equatorial radius 9.236 2 100 

(m) 
North polar radius (m) 5,338 250 
South polar radius (m) 5.993 250 
Maximum equatorial 17,542 250 

radius (m) 
Minimum equatorial 3.501 250 

radius (m) 
Volume (km3) 2.505 2100 

Topography 
Normalized spherical harmonic 

coefficients (m) 
C~ ,o -133 210 
c ~ . ~  136 210 
s1.1 593 ? lo  
C2,0 -1,092 210 
GI -42 210 
S- - 51 2 10 
- L. l 

c2.2 

s2 2 
offset of COF from 

COM (m)* 
AX -28 2 2 0  
AY -4 2 20 
AZ 14 2 2 0  

Direction of rotation axis 
Right ascension (deg.) 11.38 2 0.01 
Declination (deg.) 17.18 20.01 

Rotation 
0 (deg.lday) 1,639.390 2 0.002 
n o  (deg.1 361.6 210.0 

Gravity field 
Normalized spherical 

harmonic coefficients 
c2.0 -0.05210 20.00008 
c2,1 0.00000 20.00005 
s2.1 -0.00020 20.00005 
c2,2 0.04890 20.00714 
s2,2 0.13170 20.02220 
c3,0 -0.00180 20.00027 
c 3 , ~  0.00600 20.00044 
s 3 , ~  0.00080 20.00053 
'3.2 -0.00010 20.00062 
s3,z -0.00690 20.00144 
c3.3 -0.03220 20.00463 
%,3 0.00560 20.00383 

'From numerical integration of shape model. 
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poorly constrained because the structure is on the terrestrial planets, consistent with its named Himeros, is centered at OON, 7S0E. This 
situated within a regional low. Even given the formation in a low-gravity and perhaps a structure spans a distance on the surface of 
depth uncertainty, Psyche is deeper relative low-velocity regime. slightly greater than Ems's mean radius and 
to its size than simple (bowl-shaped) craters A second, larger concavity, provisionally displays a saddle shape (Fig. 3), with the sym- 

metry axis of its broad inflection in curvature 
[web fig. 2 (23)] oriented approximately longi- 
tudinally. The structure also exhibits complex 
short-wavelength curvature variations to the east 
and west of the structure that trend approximate- 
ly latitudinally. Himeros lacks topographic char- 
acteristics that are commonly associated with an 
impact origin such as a closed depression, rim, 
and ejecta blanket (20, 30, 31). If Himeros's 
present morphology was preserved since its 
time of formation, then this feature likely 
formed as a consequence of collision, i.e., con- 
tact between two bodies of roughly similar sizes. 
However, at the current resolution of the topo- 
graphic model we cannot rule out the possibility 
that this structure formed as a result of impact 
when Eros was part of a larger parent body, or 
during the process of the asteroid's breakaway 
into a separate entity. In either of these scenar- 
ios, the morphology of an originally impact- 
generated Himeros would have been modified 
from its original configuration. We see no geo- 
physical evidence that would suggest that Ems 
attained its present shape by accumulation or 
reaccumulation of smaller asteroidal bodies. 

A mesh view of the shape of Eros (Fig. 
4A) in the vicinity of Himeros includes su- 
perposed vectors of gravitational acceleration 
(32) that indicate directions of downslope 
movement. The highest slopes on the asteroid 
cluster to the southwest and northwest of 
Himeros, which are regions that have lower 
than average crater density (18), and collec- 
tively suggest that these are regions where 
regolith has been transported downward 
(with respect to the gravitational potential) by 
mass wasting. 

The histogram in Fig. 4B shows that the 
average slope on a surface baseline of -3" is 
about lo0, substantially higher than that on a 
comparable spatial scale on the terrestrial plan- 

Fig. 3. Six perspective views of a three-dimensional shape model of 433 Eros from the NLR plotted 
to spherical harmonic degree and order 24. The mesh represents the scaled shape, and the surface 
facets are color-coded according to the surface slope with respect to a constant-density gravity 
field derived from the shape model (32). The asteroid is viewed at the following (elevation, 
azimuth) pairs: (A) 30°N, 60°E; (B) 30°N, 120°E; (C) 30°N, OOE; (D) 30'5, 60°E; (E) 30'5, 300°E; and 
(F) 30'5, OOE. 

Fig. 4. (A) Vectors showing directions of gravitational acceleration @). Units are Gals, where 1 Gal = 1 cm s-'. The asteroid is viewed from 
30°N, 60°E. Colors represent the magnitude of 3 and arrows indicate the direction. (B) Histogram and cumulative frequency distribution of 
3"-baseline surface slopes (32). 
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moved t o  accentuate 5000 6000 7000 8000 9000 
small-scale relief. Im- T~me, sec 
pact craters can be 
seen at 4900 and 7800 s, and grooves are visible in the intervals 6000 t o  6800 s and 8900 t o  
9100 s. The vertical exaggeration is about 6:l.  

Table 2. 433 Eros triaxial ellipsoid parameters. sured by the NLR have a width of about 70 to 
120 m and a vertical scale of 5 to 25 m. 
Grooves may be the surface manifestation of 
penetrative fracturing (9, 33), plausibly a 
consequence of stresses produced by impact. 

The NLR has sampled impact craters at 
varying spatial scales over the surface of Ems. 
Cross sections across numerous small craters 
have been obtained, such as two examples in 

Parameter* Value Uncertainty 

Triaxial ellipsoid 
a (m) 20591 + 40 
b (m) 571 1 "40 
c (m) 5332 2 50 

Ellipsoid offset of COF from COM 
(m) 470 + 20 

AY (m) 720 t 20 
( 4  -202 2 30 

Direction of ellipsoidal axest 
a (latllon E), deg. 01349 2 5 
b (IaWlon E), deg. 821259 + 5 
c (latllon E), deg. 81259 2 5 

Fig. 5. In .addition, structures of several-hun- 
dred-meter scale and larger are resolved in the 
global grid. Although geometric parameters 
have yet to be systematically quantified, existing 
measurements show that craters of lo2- to lO3- 
km scale often display subdued rims, such as 
Psyche, or are rimless (Fig. 5). If near-surface 
material on Eros is not capable of plastic defor- 

*Derived from a fit to the 24 by 24 spherical harmonic 
model NLR190. t Estimates of the directions of the 
axes are inaccurate because of the inherent deviation in 
asteroid shape from a triaxial ellipsoid. Results suggest 
that the major axis (a) is -11" away from the X axis of 
the coordinate system and the "polar" axis (b) is about 8" 
from the Z axis. 

mation, then crater rims indicate formation in a 
gravity-controlled regime, consistent with the 
predictions from collision and cratering models 
of silicate-rich asteroids in Eros's size range 
(6-9). Poorly developed rims may be a conse- 
quence of asteroidal erosion processes, such as 
ejecta mantling from nearby impacts or mass 

ets. About 4% of these slopes exceed the ap- 
proximate angle of repose (-30°), defined as 
the maximum angle for which unconsolidated 
material could remain on that surface. The 

wasting, the latter perhaps enhanced by elastic 
waves generated by other impacts. However, 

highest slopes on the asteroid are clustered on 
the peripheries of Himeros and Psyche, which 

subdued and especially missing rims may also 
reflect the influence of target strength on crater 

suggests that in these regions hundred-meter- 
scale relief reflects a competent substrate. High- 

geometry. A number of large craters exhibit 
angularity in thedimensional relief, such as 

er than average slopes also cluster to the south- 
west of Psyche, to the east and west of Himeros, 

shown in the regional elevation model of a 
crater near Eros's north pole in Web fig. 3 (23), 

and near the pointed edge of the asteroid at 
longitude 180°E. Regions in the vicinity of 
Psyche and Himems (270°E, 75OE) are areas of 
relatively large inward-directed gravitational 
acceleration, whereas near the ends of the as- 
teroid (OOE, 180°E) the outward-directed cen- 
trifugal force nearly counterbalances the attrac- 
tion due to the mass distribution. Near the ends 
of Eros 2 is about a factor of 2 lower than in 
areas of small radii (Fig. 4A) (11). Thus, the 
emplacement and redistribution of regolith on 
Eros is expected to be heterogeneous, although 
Figs. 3 and 4 indicate that downslope move- 

which provides further support for the notion of 
structural influence on crater geometry. The 
combination of Eros's bulk density and i n f d  
deviations from internal homogeneity, clustered 
regions of high slopes, craters with poorly de- 
veloped rims or that lack rims and exhibit poly- 
gonal planform, and long, continuous grooves 
of finte depth collectively represent evidence 
for structural competence. Crater rims, bowl- 
shaped crater depressions, regolith, and zones of 
mass wasting constitute evidence for gravita- 
tional control. Thus, both mechanical strength 
and gravity have demonstrably influenced the 
evolution of Ems. m&t of regolith could be possible in both high- 

and low-2 regions, with different efficiency. 
Topographic profiles sampled the rough- 

ness and relief of the asteroid at the scale of 
the laser footprint. An NLR profile that sub- 
tends about 90" of longitude and about 10 krn 
of distance (Fig. 5) shows grooves that are 
also visible in images (18). Structures mea- 
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We report major element composition ratios for regions of the asteroid 433 Eros 
imaged during two solar flares and quiet sun conditions during the period of 
~ a y t oJ U I ~2000.Low aluminum abundances for all regions argue against global 
differentiation of Eros. Magnesiumlsilicon, aluminum/silicon, calciumlsilicon, 
and ironlsilicon ratios are best interpreted as a relatively primitive, chondritic 
composition. Marked depletions in sulfur and possible aluminum and calcium 
depletions, relative to ordinary chondrites, may represent signatures of limited 
partial melting or impact volatilization. 

The Near Earth Asteroid Rendezvous 
(NEAR)- Shoemaker mission began an orbit- 
al rendezvous with the S-type asteroid Eros 
on 14 February 2000. The x-raylgamma-ray 
spectrometer system (XGRS) on NEAR de- 
tects 1- to 10-keV x-rays and 0.3- to 10-MeV 
gamma-ray emissions. Discrete line x-ray 
and gamma-ray emissions in these energy 
domains can be used to determine the surface 
distribution of many geologically important 
elements (e.g., Mg, Al, Si, S, Ca, Fe, 0, K, 
and possibly Th) (1-3). In addition, NEAR 
carries a near-infrared spectrometer and a 
multispectral imager (4- 6), allowing direct 
comparison between the elemental composi- 
tion measured by the XGRS and the miner- 
alogy inferred from the optical and infrared 
spectral measurements. These complementa- 
ry data sets will help elucidate possible rela- 
tions to known classes of meteorites and pro- 

cesses that might have occurred on Eros (e.g., 
impact metamorphism and partial melting). 

Since 2 May 2000, NEAR has been in a 
low (35- to 50-km) orbit about the center of 
mass of Eros, beginning an extended phase of 
detailed surface mapping of the asteroid. 
Here, we report results from the NEAR x-ray 
spectrometer (XRS) on the surface composi- 
tion of Eros. These results are compared to 
compositions of meteorite groups. Statistical- 
ly significant results from gamma-ray spec- 
trometry require integration times that are 
substantially longer than those from x-ray 
spectrometry results. 

Remote sensing x-ray spectroscopy. The 
x-ray spectrum of a planetary surface measured 
from orbit is dominantly a combination of the 
fluorescence excited by incident solar x-rays 
and coherently and incoherently scattered solar 
x-rays from the surface. The sampling depth is 

ysis programs (37.38). We determined global topogra- 
phy from a joint inversion of altimetty and Doppler 
data, which yielded an altimetric model, spacecraft 
orbits, and a degree and order 5 gravity model, with 
coefficients through degree 3 given in Table 1. Using our 
orbits and gravity field and incorporating the pointing 
data from spacecraft quatemions that yield the attitude 
and orientation of the spacecraft in inertial space, we 
estimated the locations of bounce points of the laser 
puke on the surface of Eros. Asteroid radii were mea- 
sured by subtracting ranges from the spacecraft orbit 
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dependent on energy, but it is always less than 
100 pm for the elements of interest here. The 
most prominent characteristic x-ray fluorescent 
lines that can be observed by the NEAR XRS 
are the KO. lines (1 to 10 keV) from the major 
elements Mg (1.254 keV), A1 (1.487 keV), Si 
(1.740 keV), S (2.308 keV), Ca (3.691 keV), 
and Fe (6.403 keV). Emission produced by 
solar and cosmic charged particles is negligible, 
and astronomical x-ray sources are occulted by 
the asteroid, which fills the field of view below 
an altitude of 400 km. 

Incident solar x-rays provide the excitation 
source for x-ray generation from a planetary 
surface. Thus, knowledge of the solar spectrum 
is critical to obtaining quantitative analyses (7, 
8).The solar flux from 1 to 10 keV is composed 
of a continuum and discrete lines. Theoretical 
models predict the solar spectrum as a function 
of solar activity (9-12). Solar intensity decreas- 
es by three to four orders of magnitude from 1 
to 10 keV, so fluorescent lines and scatter- 
induced background radiation exhibit greater 
intensity at lower energies. As solar activity 
increases, the spectra harden, with increased 
output at higher energies, reduced steepness in 
the spectral slope, and increased overall x-ray 
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