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Near Earth Asteroid Rendezvous: Mission Summary

Andrew F. Cheng
The Johns Hopkins Applied Physics Laboratory

On February 14, 2000, the Near Earth Asteroid Rendezvous spacecraft (NEAR Shoemaker)
began the first orbital study of an asteroid, the near-Earth object 433 Eros. Almost a year later,
on February 12, 2001, NEAR Shoemaker completed its mission by landing on the asteroid and
acquiring data from its surface. NEAR Shoemaker’s intensive study has found an average density
of 2.67 ± 0.03, almost uniform within the asteroid. Based upon solar fluorescence X-ray spectra
obtained from orbit, the abundance of major rock-forming elements at Eros may be consistent
with that of ordinary chondrite meteorites except for a depletion in S. Such a composition would
be consistent with spatially resolved, visible and near-infrared (NIR) spectra of the surface.
Gamma-ray spectra from the surface show Fe to be depleted from chondritic values, but not K.
Eros is not a highly differentiated body, but some degree of partial melting or differentiation
cannot be ruled out. No evidence has been found for compositional heterogeneity or an intrinsic
magnetic field. The surface is covered by a regolith estimated at tens of meters thick, formed by
successive impacts. Some areas have lesser surface age and were apparently more recently dis-
turbed or covered by regolith. A small center of mass offset from the center of figure suggests
regionally nonuniform regolith thickness or internal density variation. Blocks have a nonuniform
distribution consistent with emplacement of ejecta from the youngest large crater. Some topo-
graphic features indicate tectonic deformations. Several regional-scale linear features have related
orientations, suggesting a globally consolidated internal structure. Structural control of crater
shapes hints that such internal structure is pervasive. From the bulk density, inferred composition,
and evidence for global structure, Eros is interpreted to be largely intact but extensively fractured.

1. INTRODUCTION

The Near Earth Asteroid Rendezvous (NEAR) spacecraft
was launched on February 17, 1996, and performed the first
flyby of a C-type main-belt asteroid, 253 Mathilde, on June 27,
1997 (Veverka et al., 1997b; Yeomans et al., 1997b). NEAR
performed a flyby of Eros on December 23, 1998 (Yeomans
et al., 1999; Veverka et al., 1999a), and on February 14, 2000,
NEAR entered orbit around Eros, becoming the first space-
craft to orbit an asteroid. The spacecraft was then renamed
NEAR Shoemaker in honor of Eugene M. Shoemaker (1928–
1997). After successfully completing its year-long orbital
mission, NEAR Shoemaker became the first spacecraft to
land on an asteroid. On February 12, 2001, it touched down
softly on Eros, close to the southeastern edge of the saddle-
shaped depression Himeros at 37.2°S by 278.4°W (all names
of features on Eros are those proposed by the NEAR Science
Team to the IAU; see appendix).

NEAR Shoemaker was a three-axis stabilized spacecraft
that carried a six-instrument scientific payload. This paper
summarizes results obtained by the NEAR Science Team
using a multispectral imager (MSI), a near-infrared spec-
trometer (NIS), a laser rangefinder (NLR), an X-ray spec-
trometer (XRS), a γ-ray spectrometer (GRS), and a magne-
tometer (MAG). In addition, NEAR Shoemaker included a
radio science investigation (RS) using the spacecraft tele-
communications system. The scientific background and ex-
pected results of these investigations on NEAR were sum-
marized in a special issue of the Journal of Geophysical Re-

search (Cheng et al., 1997; Veverka et al., 1997a; Trombka
et al., 1997; Zuber et al., 1997; Acuña et al., 1997; Yeomans
et al., 1997a).

In what follows, a brief overview of the spacecraft, in-
struments, and mission as flown is presented, after which
the science background and original objectives of the mis-
sion are summarized. Next, a selective review of asteroid
science pertinent to NEAR mission objectives is given to
provide context. Then a summary of results at Mathilde is
given, followed by a summary of Eros results. Some out-
standing issues and directions for future work are discussed
in the conclusion.

2. NEAR SHOEMAKER SPACECRAFT

NEAR was a solar-powered, three-axis-stabilized space-
craft (Santo et al., 1995) with a launch mass, including
propellant, of 805 kg and a dry mass of 468 kg. The space-
craft was simple and highly redundant (Fig. 1). It used X-
band telemetry to the NASA Deep Space Network. With a
70-m antenna, the data rates from Eros ranged from 17.6
to 26.5 kbps. Two solid-state recorders were accommodated
with a combined memory capacity of 1.6 Gb. Spacecraft
attitude was determined using a star camera, a fully redun-
dant inertial measurement unit, and redundant digital Sun
sensors. The propulsion subsystem was dual mode, using
hydrazine as fuel for both monopropellant and bipropellant
thrusters. Attitude was controlled by a redundant set of four
reaction wheels or by the thruster complement to within
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1.7 mrad. NEAR’s line-of-sight pointing stability was within
20 µrad over 1 s, and postprocessing attitude knowledge was
within 130 µrad.

NEAR contained six scientific instruments, which are de-
tailed in the next section. The MAG was mounted on top
of the high-gain antenna feed, where it was exposed to the
minimum level of spacecraft-generated magnetic fields. The
remaining instruments (MSI, NIS, XRS, GRS, and NLR)
were mounted on the aft deck (Fig. 1), all on fixed mounts,
and were coaligned to view a common boresight direction.
The NIS had a scan mirror that allowed it to look 110° away
from the common boresight. Key properties of the mission
design permitted the use of this fixed spacecraft geometry.
Throughout most of the orbital rendezvous with Eros, the
angle between the Sun and the Earth as seen from the space-
craft remained less than ~30°. In addition, the mission aph-
elion was reached during cruise. Hence, if the solar panels
were sufficiently large to sustain NEAR at aphelion, there
was sufficient power margin at Eros for the spacecraft to pull
its solar panels 30° off full illumination to point the HGA
at Earth. Moreover, the rendezvous orbit plane was main-
tained so that the orbit normal pointed approximately at the
Sun. In this case, as NEAR orbited Eros, it was able to roll
around the HGA axis so as to keep the instruments pointed
at the asteroid. (The instruments were usually pointed away
from the asteroid when the HGA was used to downlink to
Earth.) This mode of operation motivated the requirement
for onboard data storage. With onboard image compression,
NEAR could store more than 1000 images and downlink
them within 10 h at its maximum data rate of 26.5 kbps.

3. INSTRUMENTS

A brief summary of instrument characteristics is given
in this section (Fig. 2). Full descriptions of each instrument’s
design and science operations can be found in a special issue

of Space Science Reviews (vol. 82, 1997). Additional infor-
mation on results of inflight calibrations have been pub-
lished and are given as the second members of the paired
citations in this section.

All data from the NEAR mission were downlinked to the
NASA Deep Space Network and then forwarded to the Mis-
sion Operations Center (MOC) at the Johns Hopkins Uni-
versity’s Applied Physics Laboratory (APL) (Heeres et al.,
1997). Doppler and ranging data from the spacecraft were
analyzed by the NEAR navigation team at the Jet Propulsion
Laboratory (JPL). The entire spacecraft telemetry stream,
including spacecraft and instrument housekeeping data, navi-
gation data, and all science data, was forwarded to the APL
MOC together with the radiometric Doppler and range data.
The spacecraft telemetry stream was then passed to the Sci-
ence Data Center at APL, which supported the data analysis
and archiving activities. NEAR data were released over the
Internet at http://near.jhuapl.edu/. All NEAR data have been
archived in the NASA Planetary Data System. The total
archived data volume amounted to approximately 212 GB.

3.1. Multispectral Imager (MSI)

The main goals of the MSI (Hawkins et al., 1997; Mur-
chie et al., 1999, 2002a) were to determine the shape of Eros
and map the mineralogy and morphology of features on its
surface at high spatial resolution. MSI was a 537 × 244-pixel
charge-coupled device camera with five-element radiation-
hardened refractive optics. It covered the spectral range from
0.4 to 1.1 µm, and it had an eight-position filter wheel
(Table 1). Seven narrow-band filters were chosen to dis-
criminate the major Fe-bearing silicates present (olivine and
pyroxene); the eighth, broadband filter provided higher sen-
sitivity for starfield exposures to enhance optical navigation.
The camera had an FOV of 2.93° × 2.26° and a pixel resolu-
tion of 96 × 162 µrad. It had a maximum framing rate of 1/s
with images digitized to 12 bits and a dedicated digital pro-
cessing unit with an image buffer in addition to both lossless
and lossy onboard image compression (lossless compression
causes no loss of information, whereas lossy compression
yields a more compact dataset with loss of information).

3.2. Near-Infrared Spectrometer (NIS)

The NIS (Warren et al., 1997; Izenberg et al., 2000)
measured the spectrum of sunlight reflected from Eros in
the NIR range from 0.8 to 2.5 µm to determine the distribu-
tion and abundance of surface minerals like olivine and pyrox-
ene. This grating spectrometer dispersed the light from the
slit FOV (0.38° × 0.76° in its narrow position and 0.76° ×
0.76° in the wide position) across a pair of passively cooled
one-dimensional array detectors. A 32-channel Ge array cov-
ered the lower wavelengths, with channel centers at 0.82–
1.49 µm with a 0.022-µm spacing between channels. A 32-
channel In/Ga-As array covered longer wavelengths, with
channel centers at 1.37–2.71 µm with a 0.043-µm spacing
between channels. Due to the configuration of the optics and

Fig. 1. The NEAR Shoemaker spacecraft, showing the aft deck
where all instruments except the magnetometer and the X-ray solar
monitors were mounted. Side panels have been removed to show
the propulsion subsystem.
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the sensitivity of this array, useful measurements were ac-
quired over the wavelength range 1.5–2.5 µm. NIS had a
scan mirror that enabled it to step across the range from 30°
forward of the common boresight to 110° aft, in 0.4° steps.
Spectral images were built up by a combination of scan mirror
and spacecraft motions. In addition, the NIS had a gold cali-
bration target that viewed at the forward limit of the mirror’s
scan to provide inflight calibration of instrument stability.

3.3. X-Ray Spectrometer (XRS)

The XRS (Goldsten et al., 1997; Starr et al., 2000) was
an X-ray fluorescence spectrometer that measured charac-
teristic X-ray line emissions excited by solar X-rays from
major elements in the asteroid’s surface. It covered X-rays
from 1 to 10 keV using three gas-proportional counters. The
balanced, differential filter technique was used to separate
the closely spaced Mg, Al, and Si lines below 2 keV. The
gas-proportional counters directly resolved higher-energy
line emissions from Ca and Fe. A mechanical collimator
gave the XRS a 5° field-of-view (FOV), yielding a spatial
resolution as fine as 2 km in the low orbits. The XRS also
included a solar monitor to measure continuously the inci-
dent spectrum of solar X-rays, using both a gas-proportional
counter and a high-spectral-resolution Si X-ray detector. The
XRS performed inflight calibration using a calibration rod
with Fe55 sources that could be rotated into or out of the
detector FOV.

3.4. Gamma-Ray Spectrometer (GRS)

The GRS (Goldsten et al., 1997; Evans et al., 2000)
detected characteristic γ-rays from 0.3 to 10 MeV emitted

Fig. 2. The NEAR Shoemaker in-
struments and radio science experi-
ment. The high-gain antenna is the
circular dish centered amidst the
four solar panels.

TABLE 1. NEAR MSI filter positions
(Murchie et al., 1999).

Filter Nominal Nominal Effective Effective
Number Center (nm) Width (nm) Center (nm) Width (nm)

2 450 50 462 23
1 550 30 554 24
0 700 200 700 133
3 760 20 755 19
5 900 40 900 33
4 950 40 951 38
6 1000 50 996 44
7 1050 80 1033 51
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from the asteroid surface. Some of these emissions were
excited by cosmic rays and some arose from natural radio-
activity in the asteroid. The GRS used a body-mounted, pas-
sively cooled NaI scintillator detector with a bismuth ger-
manate anticoincidence shield that defined a 45° FOV. Abun-
dances of several important elements such as K, Si, O, and
Fe were measured.

3.5. NEAR Laser Rangefinder (NLR)

The NLR (Cole et al., 1997; Cheng et al., 2000) was a
laser altimeter that measured the distance from the space-
craft to the asteroid surface by sending out a short burst of
laser light and then recording the time required for the sig-
nal to return from the asteroid. It used a Cr-Nd-YAG solid-
state laser and a compact reflecting telescope. It sent a small
portion of each emitted laser pulse through an optical fiber
of known length and into the receiver, providing a continu-
ous inflight calibration of the timing circuit. The ranging
data were used to construct a global shape model and a
global topographic map of Eros with horizontal resolution
of ~400 m. The NLR also measured detailed topographic
profiles of surface features on Eros with a best spatial reso-
lution <5 m.

3.6. Magnetometer

The fluxgate magnetometer (Lohr et al., 1997; Acuña
et al., 2000) used ring core sensors made of highly mag-
netically permeable material. It searched for any intrinsic
magnetic fields of Eros. The previous Galileo flybys of the
S-type asteroids Gaspra and Ida yielded evidence that both
of these bodies are magnetic, although this evidence is am-
biguous (Kivelson et al., 1993). If Eros were as magnetized
as typical meteorites, its magnetic field would have been
easily measured. Discovery of an intrinsic magnetic field at
Eros would have yielded important insights about its ther-
mal and geological history.

3.7. Radio Science

In addition to the six instruments, the coherent X-band
transponders (Yeomans et al., 1997a) were used to conduct
a radio science investigation by measuring the Doppler shift
from the spacecraft’s radial velocity component relative to
Earth. Accurate measurements of the Doppler shift and the
range to Earth as the spacecraft orbited Eros allowed map-
ping of the asteroid’s gravity field. In conjunction with MSI/
NIS and NLR data, gravity determinations were combined
with global shape and rotation data to constrain the inter-
nal density structure of Eros and search for heterogeneity.

4. THE NEAR MISSION

The NEAR spacecraft was launched on February 17,
1996, by a Delta II 7925 launch vehicle (Fig. 3). The Ma-
thilde encounter occurred on June 27, 1997, one week be-
fore the deep space maneuver. The Earth swingby (Izenberg

and Anderson, 1998) occurred on January 23, 1998, retar-
geting the NEAR spacecraft to Eros. After a main rocket
engine abort on December 20, 1998, a flyby of Eros was
performed on December 23, 1998, and the Eros rendezvous
was rescheduled for February 14, 2000, when orbit inser-
tion occurred. On February 12, 2001, NEAR accomplished
a soft landing on Eros.

5. EROS OPERATIONS

Beginning in January 2000, a sequence of small maneu-
vers decreased the relative velocity between NEAR and Eros
to only 5 m/s. On February 14, 2000, NEAR performed a
flyby of Eros on its sunward side at a distance as low as
130 km. In addition to gathering spectra at an optimal illu-
mination geometry, this first pass provided improved esti-
mates of the asteroid’s physical parameters (Table 3), such
as a mass determination to 1% accuracy, identification of
surface landmarks, and an improved estimate of Eros’ spin
vector. As the spacecraft maneuvered closer to Eros, the
mass, moments of inertia, gravity harmonics, spin state, and
landmark locations were determined with increasing pre-
cision. The year-long prime science phase at Eros began
on February 14, 2000. During this phase, NEAR operated
in a series of orbits that come as close as 3 km to the
asteroid’s surface, culminating with a soft landing on Feb-
ruary 12, 2001. The evolution of low-altitude orbits around
Eros was strongly influenced by its irregular gravity field.
For some possible orbital conditions, the spacecraft would
have crashed into Eros in a few days. Safe orbital operations
required close coordination between the science, mission
design, navigation, and mission operations teams (Landshof
and Cheng, 1995).

Figure 4 depicts the NEAR spacecraft in a low-altitude,
circular orbit around Eros as viewed by an observer on the
Sun. This is a convenient reference frame to show NEAR’s

Fig. 3. Heliocentric trajectory of NEAR Shoemaker, with vernal
equinox to the right, and orbits of Earth, Mathilde, and Eros. After
the Eros flyby, NEAR Shoemaker followed the orbit of Eros to
within the accuracy of this figure.
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orbit because the orbital plane was controlled so that it was
always within 30° of a plane perpendicular to the Sun-Eros
line. In this orbital geometry, NEAR’s fixed solar panels
were oriented toward the Sun. The science instruments were
pointed at Eros’ surface by rolling the spacecraft around its
high-gain antenna axis as it orbited the asteroid. Two funda-
mentally different orbital geometries are shown in Fig. 4.
In Fig. 4a, Eros’ rotation axis is aligned with the Sun-Eros
line. Its south pole points toward the Sun, which means that
its northern hemisphere is shadowed. In this case, which
applied during roughly the last two months of the orbital
phase, the spacecraft orbit was retrograde and approxi-
mately equatorial. Earlier in the orbital mission, the aster-
oid’s rotation axis was roughly perpendicular to the Sun-
Eros line, and the spacecraft orbit was approximately polar
as shown in Fig. 4b. This was the geometry that prevailed
roughly from May through August 2000.

Because of the changing orbital geometry, coverage of
Eros’ surface by the instruments varied throughout the orbital
mission. The subsolar point lay in the northern hemisphere
early in the mission, crossing to the southern hemisphere
on June 26, 2000, and remaining in the south thereafter. All
areas on the asteroid were observed many times under di-
verse illumination conditions and viewing geometries.

The mission profile at Eros is summarized in Fig. 5. To
simplify science operations, the orbital mission was divided
into distinct phases (Landshof and Cheng, 1995). The high-
est-priority science varied by mission phase, because of the

changing orbital geometry. While in orbits at 100 km from
the center of Eros or higher, the highest-priority science was
global mapping by MSI. In orbits at 50 km or lower, the
highest-priority science was compositional measurement by
XRS/GRS. A two-week period was allocated to altimetry

Fig. 4. Examples of orbital geometries at Eros as viewed from the Sun, at an initial rotational phase of Eros (left), after 90° rotation
(center), and after 180° rotation (right). The small arrow by the spacecraft shows the instrument boresight. (a) Spacecraft is in retro-
grade equatorial orbit, and the south pole of Eros is marked by S. (b) Spacecraft is in polar orbit, and the spin axis of Eros is shown.
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by NLR at the start of the 50-km polar orbits in May 2000.
First detection of Eros by NLR occurred at a range of
290 km. NEAR spent more than 150 d in orbits at 50 km
or less from the center of Eros, plus two additional weeks on
the surface acquiring GRS data. In general, all instruments
acquired data in all mission phases, except that NIS ceased
operating on May 13, 2000, and only GRS was operated
on the surface of Eros.

The rendezvous burn sequence was designed to put
NEAR into an initial slow flyby trajectory past Eros, taking
the spacecraft through a zero solar phase angle (Sun-aster-
oid-spacecraft angle) at a miss distance of 200 km. This fly-
by enabled NIS to obtain critical science observations. Since
the nominal rendezvous orbit plane was kept near the Eros
terminator (plane dividing the dayside from the nightside),
most of the orbital observations were obtained at large phase
angles >60° that were favorable for imaging but unfavor-
able for IR spectral mapping. The low-phase flyby on Feb-
ruary 14, 2000, provided an important opportunity for NIS
to obtain infrared spectral maps of the entire illuminated
surface (the northern hemisphere) under optimal lighting
conditions with minimum shadowing. Since the NIS failed
on May 13, 2000, execution of a second low-phase flyby
over the southern hemisphere of Eros was canceled. Instead,
a low-altitude flyover to within 6 km of the surface was per-
formed on October 26, 2000. The two weeks after the time-
span of Fig. 5 were devoted mainly to preparations for the
descent to the surface on February 12, 2001.

An optical search for satellites of Eros was performed
during the approach to Eros before the initial flyby. No
satellites were discovered at Eros (Veverka et al., 2000),
with a sensitivity limit of 20 m diameter for an albedo equal
to that of Eros.

6. SCIENCE BACKGROUND

The vast majority of known asteroids is found in the
main asteroid belt between the orbits of Mars and Jupiter,
but those that come within 1.3 AU of the Sun are known
as near-Earth asteroids (NEAs). The NEAR target 433 Eros
is the second largest of the NEAs. The orbits of these dy-
namically young bodies have evolved on 100-m.y. time-
scales because of collisions, the Yarkovsky effect (reaction
force from anisotropic emission of thermal radiation), and
gravitational interactions with planets (Bottke et al., 2000).
The present-day orbits of NEAs do not indicate where they
formed. NEAs are believed to originate from the main belt,
and their orbital evolution can cause them to impact the Sun,
collide with a terrestrial planet, or be ejected from the so-
lar system. More than 1500 near-Earth asteroids are known
as of October 2001, of which more than 238 have orbits
determined well enough to be numbered. The NEAs appear
to represent a broad sample of the main-belt population.

Before NEAR, knowledge of the nature of asteroids came
from three sources: Earth-based remote sensing, data from
the Galileo spacecraft flybys of the two main-belt asteroids
951 Gaspra and 243 Ida, and laboratory analyses of mete-

orites. Most meteorites are believed to be collisional frag-
ments of asteroids (a few come from the Moon and from
Mars), but they may represent a biased and incomplete sam-
pling of the materials actually found in and on near-Earth
asteroids. Firm links between meteorite types and asteroid
types have been difficult to establish (Gaffey et al., 1993a).
The uncommon HED basaltic achondrite meteorites have
been linked by visible and NIR reflectance measurements
to the V-type asteroids (McCord et al., 1970; Binzel and
Xu, 1993).

However, the links between asteroids and meteorites are
controversial in several ways. Foremost are the questions
of whether and how the most common meteorite types (or-
dinary chondrites, or OCs) may be linked to the most com-
mon asteroid types (S asteroids) in the inner part of the
asteroid belt (Bell et al., 1989; Gaffey et al., 1993b). Gaspra
and Ida, which were visited by Galileo, and the NEAR tar-
get 433 Eros, are all S asteroids — a diverse class of ob-
jects containing the silicate minerals olivine and pyroxene
plus an admixture of Fe/Ni metal. Some S asteroids appear
to be fragments of bodies that underwent substantial melting
and differentiation, whereas others may consist of primitive
materials like OCs that underwent little or no melting and
that may preserve characteristics of the solid material from
which the inner planets accreted. Few asteroids have been
found to be clear spectral analogs for OCs, compared to
the numbers of asteroids that may represent differentiated
cores and crusts (Bell et al., 1989; Xu et al., 1995). Many
authors have suggested that a “space-weathering process,”
due to micrometeorite bombardment and/or radiation pro-
cessing, may suitably alter spectral properties of optical sur-
faces on asteroids (Chapman, 1996) so that OC materials on
asteroids are not recognized spectrally.

The Galileo flybys of Gaspra and Ida provided the first
high-resolution images of asteroids, revealing complex sur-
faces covered by craters, fractures, grooves, and subtle color
variations (Belton et al., 1992, 1994). Galileo also discov-
ered the satellite Dactyl of Ida (Belton et al., 1996), which
is a member of the Koronis family. The NIR spectrum of
Gaspra indicates a high olivine abundance such that it is
inferred to be a fragment of a differentiated body, but Ida
and Eros display IR spectra that may be consistent with a
silicate mineralogy like that in OCs (Chapman, 1996; Mur-
chie and Pieters, 1996). The Galileo instrument comple-
ment did not include any capability to measure elemental
composition.

Another fundamental question deals with the collisional
history of small bodies in the early solar system, when the
terrestrial planets formed and when disruption by violent
impacts competed with accretion from gentler collisions.
The question is whether asteroids the size of Eros must have
been battered into an agglomeration of much smaller com-
ponents bound mostly by gravity (that is, a rubble pile), or
are instead intact collisional fragments from larger parent
bodies (“collisional shards”). A collisional shard would be
a globally consolidated body with appreciable shear and/
or tensile strength, for which self-gravitation would be rela-
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tively unimportant. For Gaspra, the faceted shape and the
presence of grooves may hint at such a picture (Thomas et
al., 1994). However, an alternative picture is that asteroids
the size of Eros were thoroughly broken up without being
dispersed (or possibly, Eros reaccreted), so they would now
be rubble piles (e.g., Davis et al., 1994; Melosh and Ryan,
1997). Some small asteroids rotate so rapidly that they must
be monolithic (e.g., Ostro et al., 1999), but the vast major-
ity of asteroids larger than 0.2 km have rotation periods
shorter than 2 h, suggesting that most of these larger bod-
ies are rubble piles (Pravec and Harris, 2001).

The NEAR mission made the first comprehensive, spa-
tially resolved measurements of the geology, mineralogy,
and elemental composition of an S-type asteroid. Table 2
lists a set of science questions that were originally formu-
lated in 1985 by the Near Earth Asteroid Rendezvous Sci-
ence Working Group (NEAR Science Working Group, 1986).
The present NEAR mission was designed to address these
questions. The table identifies the NEAR instruments whose
measurements addressed these questions and provides a
summary of principal findings. As can be seen in Table 2,
the NEAR findings exceeded and/or defied expectations in
many cases.

7. MATHILDE FLYBY

The NEAR encounter with 253 Mathilde is significant
because it was the first spacecraft encounter with a C as-
teroid, a completely different type of object from the S
asteroids visited earlier by Galileo and explored later by
NEAR. The dark C asteroids are the most common type in
the central portion of the main belt of asteroids. Their car-
bonaceous composition is inferred from the spectral simi-
larity of C asteroids and the carbonaceous chondrite mete-
orites. The visible spectrum of Mathilde in particular (Binzel
et al., 1996) is similar to the spectra of 1 Ceres and 2 Pallas
(the two largest asteroids), but Mathilde has no 3-µm wa-
ter absorption feature; its NIR spectrum is consistent with
heated (to 900°C) carbonaceous chondrites or black chon-
drites (Rivkin et al., 1997). The nature and origins of the
dark, primitive asteroid types (B, C, F, G, P, D, etc.), and
their relationships to the comets and the dark objects in the
satellite systems of the outer planets are among the most
important unresolved issues in solar-system exploration.

Apart from its importance as the first example of the C
asteroids to be explored, Mathilde is extremely slow rotat-
ing (Mottola et al., 1995). Its 17.4-d period is the third-

TABLE 2. NEAR science closure.

Science Question Instruments Summary Of Principal Findings

What are the morphological and textural MSI, NLR Tectonic features; pervasive covering of tens-of-meters thick
characteristics of the asteroid surface, and how regolith; large spatial variations in density of large craters;
do they compare with those on larger bodies? dearth of small craters; high boulder densitites; ponded

deposits of regolith emplaced in fluidized form.

What is the elemental composition of XRS, GRS For areas observed by XRS, elemental composition was
the asteroid? consistent with ordinary chondrites, except for sulfur

depletion; GRS spectra at landing site suggest depletion
in iron from chondritic values, but K chondritic.

What is the mineralogical composition of NIS, MSI Mineral composition is consistent with ordinary chondrite
the asteroid? or similar material.

Is there evidence of compositional or MSI, NIS; NLR; Structural control of crater formation; evidence for faulting;
structural heterogeneity? RS; XRS no evidence for compositional heterogeneity.

Is the asteroid a solid fragment of a larger MSI, NIS; NLR; Eros largely intact but deeply fractured, most likely a
parent body or a rubble pile? RS; XRS fragment of a larger parent body; alignments of linear

features suggest through-going internal structures.

Is the asteroid’s precursor body(ies) primitive XRS, GRS; Eros precursor was primitive, but some degree of
or differentiated? NIS, MSI metamorphism or partial melting not ruled out.

Is there evidence of past or present MSI; NLR None found.
cometary activity?

Is the asteroid related to a meteorite type XRS, GRS; Eros may be similar to ordinary chondrites, but definitive
or types? NIS, MSI relationship to petrologic group not established.

Does an intrinsic magnetic field exist? MAG No intrinsic magnetic field found.
What is it like?

Does the asteroid have any satellites, and how MSI No satellites found.
might they compare with Eros?
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longest known and is at least an order of magnitude longer
than that of typical asteroids. The origin of these very slow
rotation states is puzzling (Harris, 1994).

Table 3 shows key characteristics of four asteroids vis-
ited by spacecraft so far, including the diameters of best-fit
ellipsoids, which give a rough indication of size (the shapes
are not well described by ellipsoids in any of the four cases).
Mathilde is the largest of the four, by far the slowest rotat-
ing and the only C asteroid. NEAR’s encounter with Ma-
thilde took place under difficult conditions: at an approach
phase angle of 140° and a distance of 1.99 AU from the Sun,
where the available power from the spacecraft’s solar pan-
els was reduced to about 25% of its maximum mission level.
The solar panels could not be pointed more than 50° away
from the optimal solar direction because of available power,
and only the MSI could be operated during the encounter
(Veverka et al., 1997b, 1999b). However, spacecraft track-
ing data for the radio science experiment were obtained for
a mass determination (Yeomans et al., 1997b).

The entire imaging sequence was accomplished in about
25 min, during which 534 images were obtained. Closest
approach was 1212 km and the flyby speed was 9.93 km/s.
The whole illuminated portion of the asteroid was imaged
in color at about a 500-m/pixel resolution after closest ap-
proach at phase angles near 40°. The best partial views,
acquired at higher phase angles, had a resolution of 200–
350 m/pixel. At closest approach, the imager was accurately
targeted to the center of Mathilde, but happened to view the
deeply shadowed interiors of giant craters, which were com-
pletely dark (Veverka et al., 1999b).

8. MATHILDE RESULTS

The NEAR flyby obtained the first direct mass determi-
nation of an asteroid (Yeomans et al., 1997b). The measured
mass of 1.03 × 1020 g and estimated volume of 78,000 km3

imply a density of 1.3 ± 0.2 g cm–3. The volume must be
estimated because only one face of Mathilde could be im-
aged during the 25-min NEAR flyby. The inferred density
was unexpectedly low, half or less than that of carbonaceous
chondrite meteorites that are the closest spectral analogs,
and it implies a high porosity of 50% or more (Veverka et
al., 1997b, 1999b). No natural satellite of Mathilde was
found. The surface of Mathilde is heavily cratered, with at
least five giant craters whose diameter is comparable to the
26.5-km mean radius of Mathilde itself. The areal density
of smaller craters <3 km diameter is approximately at equi-
librium, similar to that of 243 Ida. However, the presence
of the five giant craters was a surprise, because impacts of
the magnitude required to make such large craters are about
the largest that can be survived without disruption of the
target (Greenberg et al., 1996). The mere existence of giant
craters on Mathilde was not surprising, but the presence of
five giant impacts on a single face of the asteroid was re-
markable in that the giant craters did not disrupt one an-
other. Finally, Mathilde proved to be highly uniform in both
color and albedo. Mathilde was known from groundbased
observations to be a C-type asteroid, and therefore dark and
spectrally neutral, but the ground observations could not
rule out the possibility of spectrally distinct regions. The
NEAR observations revealed no evidence of any albedo or
spectral variations, implying a homogeneous composition.
The measured geometric albedo of 0.043 ± 0.005 was con-
sistent with telescopic observations [Clark et al. (1999);
improved calibration is given by Murchie et al. (2002a)].

Mathilde’s low density implies a high porosity and is
consistent with a rubble-pile structure. This is clearly a signi-
ficant result for Mathilde’s geologic history, but it is unclear
whether Mathilde’s porosity is microscopic or macroscopic.
The nature and distribution of voids within the interior also
remain unclear. The porosity of Mathilde may be primor-
dial; that is, Mathilde may have originally accreted as a po-

TABLE 3. Four asteroids visited by spacecraft.

Dates Visited by Heliocentric Density
Asteroid Spacecraft Orbit: a, e, i Ellipsoidal Diameters (g cm–3) Rotation Period

951 Gaspra 10/29/91 by Galileo a = 2.21 AU, 19 km × 12 km × 11 km ? 7.04 h
e = 0.173,
i = 4.10°

243 Ida 9/29/93 by Galileo a = 2.86 AU, 59.8 km × 25.4 km × 18.6 km 2.6 ± 0.5 4.63 h
e = 0.046,
i = 1.14°

253 Mathilde 6/27/97 by NEAR a = 2.65 AU, 66 km × 48 km × 46 km 1.3 ± 0.2 17.4 d
e = 0.265,
i = 6.71°

433 Eros 12/23/1998; and a = 1.46 AU, 34.4 km × 11.2 km × 11.2 km 2.67 ± 0.03 5.27 h
2/14/2000 through e = 0.223,

2/28/2001 by NEAR i = 10.8°

References: Belton et al. (1992, 1996); Mottola et al. (1995); Yeomans (1995); Yeomans et al. (1997b, 2000); Veverka et al. (1999b, 2000);
Zuber et al. (2000).
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rous structure and survived as such to the present. Alterna-
tively, the structure may be an agglomerate of larger frag-
ments, subsequently accreted to form Mathilde. For example,
Mathilde may have been thoroughly disrupted by impacts
but not dispersed. In this case, macroscopic voids would be
expected, possibly in addition to microscopic porosity.

The NEAR observations provide important clues to the
nature of Mathilde. No ejecta blankets, and no ejecta blocks,
have been identified on Mathilde, although blocks larger
than 300 m are not expected (Thomas et al., 1999); the reso-
lution limit was approximately 500 m for most of the sur-
face that could be imaged. If Mathilde accreted fragments
of diverse parent bodies, these must have had remarkably
uniform albedos and colors, or else the fragments must be
smaller than ~500 m. Evidence for structure has been re-
ported from images; there are polygonal craters, a 20-km-
long marking interpreted as a scarp and a sinuous linear
feature that may be an exposed layer (Thomas et al., 1999).

The giant craters provide additional clues to Mathilde’s
history and nature. Mathilde’s porosity makes it more dif-
ficult to crater and enhances the likelihood of survival of
giant impacts (Chapman et al., 1999; Cheng and Barnouin-
Jha, 1999; Davis, 1999). Porosity causes efficient shock
damping, and collapse of pore space rapidly dissipates im-
pact energy. Moreover, roughly half of all impacts are more
oblique than 45°. An oblique impact generates lower peak
pressure and lower peak strain rates than a normal impact
that creates the same-sized crater, so oblique impacts are
also less likely to disrupt a target. If account is taken of
oblique impacts and of Mathilde’s porosity, then the prob-
ability of making a giant crater is 2.1–2.6× more than the
probability of disruption (Cheng and Barnouin-Jha, 1999).
Recent laboratory experiments on cratering in highly po-
rous targets (Housen et al., 1999) have shown that the cra-
ter volume in this case is produced mainly by target com-
pression rather than excavation and that ejecta volumes are
reduced. These results may explain not only how Mathilde

survived so many giant impacts, but also how a giant cra-
ter can be emplaced practically adjacent to another with-
out disrupting it (Fig. 6). Mathilde’s high porosity is key to
understanding its collisional history, but its structural fea-
tures, such as the aforementioned scarp, and its polygonal
craters indicate that it is not completely strengthless and that
at least one of its structural components appears coherent
over a few tens of kilometers.

9. EROS RESULTS

The 1998 NEAR flyby of Eros yielded determinations
(Veverka et al., 1999a; Yeomans et al., 1999) of the mass
(7.2 ± 1.8) × 1015 kg and density (2500 ± 800) kg m–3. The
size and rotation pole of Eros were found to be consistent
with previous groundbased determinations. These data
greatly enhanced the Eros orbital mission as actually flown,
by facilitating planning and allowing earlier approach at low
altitude. For reference, updated values of the mass and den-
sity after additional orbital measurements (Yeomans et al.,
2000) are (6.687 ± 0.003) × 1015 kg and (2670 ± 30) kg m–3.

Eros’ average density of 2.67 g/cc is less than the aver-
age bulk density of ordinary chondrite meteorites as meas-
ured in the laboratory (Wilkison et al., 2001), indicating that
bulk Eros is significantly porous and/or fractured, but not
to the same extent as Mathilde. The interior of Eros is nearly
uniform in density, as inferred from its gravity field, which
is within a few percent of that which would be expected
from a uniform density object of the same shape (Yeomans
et al., 2000). There is a small center of mass offset from
the center of figure that may be consistent with an under-
dense regolith layer of up to 100 m depth (Zuber et al.,
2000). Surface morphology clearly indicates the presence
of a complex regolith (Veverka et al., 2001a), inferred from
the dearth of small craters (<100 m), the profusion of blocks
and boulders in varying states of burial, and evidence for
burial of small craters and mass wasting (Cheng et al., 2002;
Thomas et al., 2002). Craters on Eros are typically shal-
lower than craters of the same diameter on the Moon, con-
sistent with an unconsolidated infill depth ranging from tens
of meters to >100 m close to the largest impact craters
(Barnouin-Jha et al., 2001).

NEAR Shoemaker has shown that Eros is a consolidated
body, not an agglomeration of smaller component bodies
bound mostly by gravity (Zuber et al., 2000). There are
pervasive linear structural features: a variety of ridges,
grooves, and chains of pits or craters (Veverka et al., 2000)
that display at least regionally coherent alignments over
several kilometers across Eros. In a few cases, structural
alignments have been demonstrated on global scales [e.g.,
between the 18-km-long ridge of Fig. 7 and a ridge system
on the opposite face of Eros, southwest of Psyche as shown
in Fig. 8 (Thomas et al., 2002)]. Further evidence of struc-
tural strength is found from crater morphologies; many
craters smaller than 1 km appear to be jointed and/or struc-
turally controlled (Prockter et al., 2002), although larger
craters (e.g., Psyche in Fig. 6) are bowl-shaped. This find-
ing is also consistent with a typical unconsolidated regolith

Fig. 6. Asteroids visited by NEAR: Mathilde (left) and Eros
(right). The images are in the approximate relative scale, but the
C asteroid Mathilde is much darker than shown relative to Eros.
On Mathilde the giant crater Karoo, diameter 33 km, is marked.
On Eros, the 5-km-crater Psyche is at the terminator and is la-
beled. At the bright limb of Eros, the saddle-shaped depression
Himeros is labeled.

Karoo
Psyche

Himeros
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depth of <100 m. Additional evidence for a consolidated
substrate is found in the presence of steep slopes over a few
percent of the surface area that are well above expected
angles of repose (Zuber et al., 2000). Taken together, the
linear structural features, the tectonic features such as the
18-km-long ridge, the jointed craters, and the indications
of internal structural coherence, all suggest that Eros is a
collisional fragment from a larger parent body. Neverthe-
less, throughgoing fractures may exist.

Most of Eros’ surface is old and close to equilibrium sat-
uration by craters >200 m (Veverka et al., 2000; Chapman
et al., 2002), but some regions appear to be relatively young

and extensively resurfaced. Blocks and boulders are ubiq-
uitous but are not confined to gravitational lows; most may
have originated from an impact that created Shoemaker
Regio (Thomas et al., 2001). The density of small craters
(<100 m) is markedly depleted on Eros compared to the
Moon, but the density of boulders is markedly enhanced,
as illustrated in Fig. 9. The surface of Eros is extremely
rough and exhibits a fractal structure from scales of a few
meters up to hundreds of meters (Cheng et al., 2001, 2002).
Examples of downslope motion have been found on Eros,
associated with steep slopes in crater walls (Cheng et al.,
2002). Bright albedo features are also associated with steep
crater walls. The morphological and spectral properties of
these features are consistent with a darkened, space-weath-
ered material that slides down crater walls exposing brighter,
less-weathered underlying material (Murchie et al., 2002b;
Clark et al., 2001).

Another unexpected finding at Eros was the discovery
of extremely level, ponded deposits from high-resolution,
low-altitude observations toward the end of the mission
(Veverka et al., 2001a,b; Cheng et al., 2001; Robinson et al.,
2001). An example is shown in Fig. 9. The ponds are char-
acterized by smooth, sharply bounded surfaces and are
found in gravitational lows. Processes such as electrostatic
levitation and seismic shaking from impacts have been dis-
cussed as possible means to mobilize fine particulates on
the surface.

Fig. 7. Eros from 200-km orbit. At
lower left, the saddle-shaped depres-
sion Himeros and the boulder-rich de-
pression Shoemaker Regio are marked
(these regions are in shadow). A por-
tion of the 18-km-long ridge, which
continues over the horizon, is marked
with short arrows. The density of cra-
ters larger than 500 m is much greater
outside Himeros and Shoemaker Regio.
Systems of crosscutting grooves are
seen in Himeros. Many crater walls
exhibit bright and dark-albedo mark-
ings. The Sun is to the right. At upper
right is another view of Himeros and
Shoemaker Regio.

Fig. 8. Western face of Eros from 200-km orbit. Psyche crater
is indicated, showing albedo markings on its walls. A prominent
ridge, 140 m high, lies in roughly the same plane as the 18-km
ridge of Fig. 7. Linear structural features indicate that Eros is a
globally consolidated body.
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As summarized in Table 2, NEAR has shown that Eros
is a primitive, intact object, not a rubble pile. The bulk-ele-
mental composition of Eros has been measured indepen-
dently by XRS (Trombka et al., 2000) and by GRS (Evans
et al., 2001). The XRS data from orbit are consistent with
an ordinary chondritic composition. The XRS did not find
any evidence for spatial heterogeneity in composition. The
XRS-measured element ratios Fe/Si, Al/Si, and Mg/Si were
consistent with chondritic values, but S/Si was depleted from
chondritic values. The XRS is sensitive to element ratios
only within the uppermost few tens of microns depth, and
it is not clear whether the S depletion is a surface effect due
to impact devolatilization or a bulk Eros phenomenon that
suggests removal of partial melt at the time Eros was part
of its parent body.

The GRS observations had lower signal levels than pre-
dicted, and the highest-precision elemental abundance ra-
tios were measured from the landing site on the southeast
border of Himeros (Evans et al., 2001), with the instrument
at rest within a meter of the surface. Significantly, the land-
ing site is within a pond. The GRS surface data showed the
Mg/Si and Si/O ratios and the abundance of K to be con-
sistent with chondritic values, but found Fe/Si and Fe/O to
be lower than chondritic. The GRS data are sensitive to a
depth of tens of centimeters, so this measurement pertains
specifically to a volume on the order of a cubic meter of
Eros. It is unclear from the GRS data whether the deple-
tion of Fe results from partial melting or from sorting of
the particles in the pond that removed lower-Fe silicates
from Fe-Ni metal. Clear evidence from MSI images for
depletion of large particles in ponds (Robinson et al., 2001;
Veverka et al., 2001a) and the lack of evidence for Fe deple-
tion in XRS data covering more representative areas of the
surface support the latter interpretation. However, these
analyses are preliminary and their implications are unclear.

The silicate mineralogy of Eros was inferred from vis-
ible and NIR spectra to be consistent with ordinary chon-
drites, using measurements of the 1-µm mafic absorption
band center vs. the band area ratio [2-µm pyroxene absorp-
tion band area/1-µm mafic band area (Gaffey et al., 1993b)]
obtained by NIS and MSI (Bell et al., 2002). The visible and
NIR spectra are inconsistent with known primitive achon-
drites (Burbine et al., 2001). Eros has neither melted nor
differentiated fully, but some degree of partial melting or
differentiation is possible. The spatially resolved measure-
ments revealed no convincing evidence for compositional
variation.

There is no evidence for intrinsic magnetization of Eros
(Acuña et al., 2000). No evidence of magnetization at Eros
was observed even during the descent to the surface. The
absence of magnetization may be consistent with a thermal
history in which Eros was never heated to melting.

10. CONCLUSION AND
FUTURE PROSPECTS

NEAR substantially increased our knowledge of primi-
tive bodies in the solar system by providing a long, closeup
look at the S-type asteroid 433 Eros and the first resolved
images of the C-type asteroid 253 Mathilde. NEAR was the
first mission to a near-Earth asteroid and a C-type aster-
oid, and it was the first spacecraft to flyby, orbit, and land
on a small body. We have learned much from NEAR, but
much remains to be learned.

At Mathilde, the NEAR flyby imaged only one face of
the asteroid. The volume and density could only be esti-
mated, but for any plausible volume, the density of Mathilde
would be low enough to imply a high porosity. NEAR did
not obtain any new information on the rotation state or the
cause of the slow rotation, nor did it obtain any spatially

Fig. 9. Eros closeup. (a) Arrows indicate a pond within a degraded crater; this frame is about 250 m across. (b) Frame is about 150 m
across and illustrates the high density of boulders and the paucity of small, fresh craters.

(a) (b)
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resolved spectral data. Nevertheless, the NEAR flyby of
Mathilde provided important confirmation of the existence
of large, highly porous main-belt asteroids. NEAR’s brief
glimpse of Mathilde left us with fascinating questions:  Is
its composition related to that of carbonaceous chondrites?
What is the nature of the porosity? To what extent did in-
ternal structures survive within Mathilde?

NEAR gathered much more detailed information at Eros.
The low-order gravity harmonics as inferred from the space-
craft orbit agreed well with those inferred from the shape,
assuming a constant density (Yeomans et al., 2000), indicat-
ing that only small density variations can be present. Initial
analyses suggested a small offset of the center of figure from
the center of mass, consistent with a lower-density regolith
layer up to 100 m thick (Zuber et al., 2000). Further work is
needed to assess the significance of this offset.

Images and laser altimetry from NEAR Shoemaker have
provided strong evidence that Eros has a regolith cover and
a consolidated but fractured substrate. Although angles of
repose on Eros fall in the expected range for an unconsoli-
dated regolith (Zuber et al., 2000; Cheng et al., 2002), the
cohesive strength of bulk Eros is not usefully constrained
by NEAR observations. The observations of jointed craters
and structurally controlled craters imply the presence of a
substrate with cohesive strength exceeding the gravitational
stress, but the latter is very small on Eros. Even a cohesion
of 0.1 MPa, which is easily exceeded by terrestrial clays,
would be comparable to ~100 m overburden on Eros. The
“consolidated substrate” of Eros may be weak enough to
crumble easily in one’s hand, or it may be much stronger.
The geometric relations of grooves on Eros are in some
cases suggestive of fractures in competent rock. The degree
to which the interior has been fractured, and the nature of
the porosity, also bear upon the efficiency with which seis-
mic energy is transmitted across Eros. This efficiency may
depend on the wave amplitude, so that weak seismic waves
are transmitted with little damping, whereas stronger waves,
which impose stresses sufficient to cause failure or to col-
lapse pore space, may be highly damped.

High-resolution imaging — down to a few centimeters
per pixel — revealed a complex and active regolith, with
many puzzling features (Veverka et al., 2001a). Why are
there so few craters on Eros at small sizes under 100-m di-
ameter, and why are there so many blocks at tens of meters
and below? Why does the regolith appear to be more than
100 m deep in some regions, but much less in others? What
makes ponds and debris aprons around some large blocks?
What produces the albedo contrasts on Eros, which are much
greater than on Ida or Gaspra (see, for example, Fig. 10)?

NEAR obtained its principal, spatially resolved NIR data-
set from the initial low-phase flyby of Eros on February 14,
2000 (Bell et al., 2002). The NIR spectra were consistent
with an ordinary chondrite composition, but did not estab-
lish a link to a specific meteorite type. Moreover, why are
spectral properties so homogeneous over the observed re-
gion in the northern hemisphere? Is the mineral composi-
tion in the optically active surface layer itself so uniform?

Even at the much-higher spatial resolutions achieved by the
MSI, color variations were extremely subtle, and notably
so in comparison with Galileo images of Ida and Gaspra
(Veverka et al., 2000). On Ida, relatively blue units (with a
stronger 1-µm band) could be identified with fresh craters
and even associated with ejecta from crater Azzurra (Geiss-
ler et al., 1996), but no such phenomena are found on Eros.
Is the different orbital history of Eros perhaps responsible
for the difference (Chapman et al., 2002)? Eros is presently
in a Mars-crossing (but not Earth-crossing) orbit, and nu-
merical simulations suggest that it may evolve into an Earth-
crossing orbit within 2 m.y. (Michel et al., 1998). Eros
formed in the main belt, where its orbit underwent slow,
chaotic diffusion because of numerous weak resonances.
When or how Eros evolved onto a planet-crossing orbit
cannot now be reconstructed with assurance, although the
impact rate on Eros declined drastically once its orbit de-
parted from the main belt (Michel et al., 1998). Does such
a cratering history explain the appearance of Eros, with its
saturation density of craters >200 m, much lower densities
of smaller craters, and extremely homogeneous color prop-
erties (Chapman et al., 2002)?

The NEAR XRS/GRS experiment, even in its low-alti-
tude orbits, observed both X-ray and γ-ray signal levels that
were lower than predicted prelaunch. The X-ray and γ-spec-
tra were puzzling (McCoy et al., 2002; Nittler et al., 2002;
Evans et al., 2001) and did not establish a definite meteor-
ite link. Is Eros actually unrelated to any known meteorite
type, or is it actually chondritic at depth, below the surface
layers that may have been altered and fractionated by un-
known weathering processes?

Finally, the lack of magnetization of Eros is a most sur-
prising result. Why are most meteorites — including chon-
drites — much more strongly magnetized than Eros?

Much more work remains to be done with the wealth of
data returned by NEAR, but many of the outstanding ques-
tions may be resolved only by another mission to Eros, one
that might land on the surface, make in situ measurements

Fig. 10. Interior of crater Selene, diameter 3.6 km, showing al-
bedo markings. Width of frame is 1.2 km. Streamers of dark ma-
terial have slid downslope exposing lighter material. Many boul-
ders can be seen (the Sun is to the right).
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such as seismic sounding, or perhaps even return samples.
A more worthy, important, or fascinating target can hardly
be imagined.

APPENDIX: EROS NOMENCLATURE

The Eros nomenclature system used in this chapter was
proposed by the NEAR Shoemaker science team to the Inter-
national Astronomical Union but had not been provisionally
accepted as of November 2001. In this system, place names
on Eros are names of famous lovers from literature, mythol-
ogy, and history. Table 4 lists names of large craters on Eros.
Two names of large features are not included in Table 4
although they have been used in publications. These are
Shoemaker Regio [or simply Shoemaker crater (Thomas et

al., 2001)], and Rahe Dorsum, the 18-km ridge. Both fea-
tures can be seen in Fig. 7.
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