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Abstract-Elemental composition and composition ratios derived from gamma-ray measurements
collected by the NEAR—Shoemaker spacecraft while on the surface of 433 Eros are reported.
Performance of the gamma-ray spectrometer (GRS) during cruise and orbit is reviewed. The best
gamma-ray data were collected on the surface of Eros after the spacecraft's controlled descent on
2001 February 12. Methods used in spectral analysis, to convert peak areas to incident photons, and
photons to elemental composition are described in some detail. The elemental abundance of K and
the Mg/Si, Fe/Si, Si/O and Fe/O abundance ratios were determined. The Mg/Si and Si/O ratios and
the K abundance are roughly chondritic, but the Fe/Si and Fe/O ratios are low compared to expected
chondritic values. Three possible explanations for the apparent Fe depletion are considered.

INTRODUCTION

In February 1996, the near-Earth asteroid rendezvous
(NEAR-Shoemaker) mission was launched into space on a
planned 3 year cruise to the near-Earth asteroid, 433 Eros. The
NEAR-Shoemaker spacecraft, the first in the Discovery program
to be launched, was built by the Johns Hopkins University,
Applied Physics Laboratory (A.P.L.). The spacecraft was
designed to orbit Eros for 1 year and carried a group of remote
sensing instruments including x-ray and gamma-ray
spectrometers (XGRS) to measure elemental composition
(Trombka et al., 1997). Due to a problem with firing of the
main rocket engine in December 1998, the rendezvous was
delayed until February 2000. The NEAR—-Shoemaker spacecraft
was the first spacecraft to orbit a body as small as Eros, which
is about 33 x 13 x 13 km.

Reflectance spectroscopy of 433 Eros indicates that it is an
S-type asteroid, the most common type in the inner main belt
and the near-Earth population. The S asteroids are an
agglomeration of bodies with different geologic histories,

ranging from primitive, chondritic bodies to partially-
differentiated asteroids (Gaffey et al., 1993). While the linkage
between this range of geologic processes and S-type asteroids
appears solid, deciphering the history of any particular S
asteroid has been difficult. Further, it has been impossible to
link specific meteorites, which are known to be samples of
asteroids, with specific asteroids. As the most common type of
asteroid in the inner belt, many authors have argued that S
asteroids should be parental to ordinary chondrites, the most
common type of meteorite falling to Earth today (Wetherill,
1985). One of the prime mission objectives was to obtain the
elemental composition of 433 Eros. This determination, with
sufficient accuracy to allow comparison with major meteorite
types, would significantly enhance our ability to make asteroid-
meteorite linkages.

The selection of an x-ray spectrometer (XRS) and a gamma-
ray spectrometer (GRS) for this mission was based on their
ability to determine spatially-resolved elemental composition
of the asteroid. XRS measurements were expected to give
elemental composition results for Mg, Al, and Si, and depending
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on composition and solar conditions, results for S, Ca, Ti and
Fe. Gamma-ray measurements can determine the abundance
of elements such as O, Si, Fe, Ca, Ti, Mg, H, K, Th, and U
depending on the actual composition. Results for the XRS and
GRS overlap in determining the composition of elements such
as Mg, Si, and Fe. However, the results are complementary in
that the GRS measures composition down to depths of tens of
centimeters with very broad spatial resolution while the XRS
results are for a thin layer of surface material and better spatial
resolution than the GRS.

An early orbit plan (October 1996) for the mission had
scheduled some 158 days of orbit at or below 35 km from the
asteroid center-of-mass including 67 days at 25 km orbit. It was
known, that the asteroid would not fill the field-of-view (FOV) of
the GRS even at that lowest altitude where the average solid angle
was about half the FOV. Thus, it was important to accumulate as
much time as possible at low altitudes to achieve the desired
uncertainty in the GRS results. However, the late arrival at Eros
and operational considerations required the orbital plan to be
changed so that <60 days of orbit at 35 km could be achieved.

GAMMA-RAY SPECTROMETER

Gamma-ray photons in the energy region 0.1-10 MeV are
emitted by excited nuclei and have discrete energies
characteristic of that element. The excitation of nuclei can come
from the radioactive decay of very long-lived radioisotopes in
planetary materials, such as 49K, 238U, and 232Th. For other
elements in space, excitation is provided by cosmic-ray
bombardment. Except for periods of time during and
immediately after major solar particle events, this excitation is
caused mainly by galactic cosmic rays (GCR) (Evans ez al., 1993).

GCR are nuclear particles, mainly protons and helium nuclei
(alpha particles), with a broad range in energy (typically of order
a GeV), and a nearly isotropic flux of about 2-3 particles/(cm? s).
These particles generate nuclear cascades on striking dense
matter. The cascade particles most effective in generating
gamma rays are neutrons. The high-energy neutrons produced
in this manner can undergo further nuclear collisions. They
may excite stable nuclei to higher energy levels by inelastic
scatter. The resulting de-excitation of the nucleus can result in
the emission of a gamma ray and is termed an inelastic scatter
reaction; (n,n'y). Neutrons may also lose energy by elastic scatter
until their energy is comparable to the thermal energy of a
nucleus at a given temperature. These thermal neutrons can be
captured by a nucleus and the resulting decay to the ground
state of this new isotope can produce a capture gamma ray (n,y).
The intensity of gamma rays emitted by a particular element
and for a particular process depends on the concentration of
that element, the reaction cross-section for the process, and the
number of neutrons available with the appropriate energy. The
inelastic scatter reactions have a large cross-section for all
common nuclei at energies above the reaction threshold energy.
Therefore, all the most abundant elements give a useful yield
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of gamma rays from this process. Thermal neutron cross-
sections vary by orders-of-magnitude, and yields for neutron-
capture gamma rays for the most abundant elements also vary
widely (Evans et al., 1993). Material containing large
concentrations of elements with large neutron-capture cross-
sections can alter the thermal flux and can lead to a flux
depression of neutron-capture gamma rays (Reedy, 1978).

The neutron cascade penetrates into a planetary surface to
a depth of hundreds of grams per square centimeter, a few
meters into the regolith on an object like an asteroid with no
atmosphere. Gamma rays are scattered (with loss of
characteristic energy) or absorbed on a distance scale of tens
of grams per square centimeter. This indicates that only those
gamma rays generated in the first tens of grams per square
centimeter can be identified on the surface or from orbit, and
the important part of the neutron equilibrium distribution in
the planetary body is that near the surface. The moderation
and thermalization of the neutrons depend strongly on the
composition of the near-surface material, particularly on the
hydrogen and carbon content, if any. Gamma-ray detectors on
the surface or in an orbiting spacecraft can measure the discrete
energy gamma rays and determine the elements that emitted these
gamma rays (Boynton ef al., 1992, 1993; Trombka et al., 1997).

Besides the characteristic gamma rays emerging from the asteroid
surface, there will be a number of other sources of gamma rays that
will be a background from which the gamma rays of interest will
have to be separated. Some of these sources of background produce
discrete lines and some appear as part of a continuum. Based on
previous spaceflight experience, the major background components
measured in orbit are partial energy deposition in the detector
(Compton effect), cosmic-ray activation of the detector and materials
surrounding the detector; characteristic gamma rays emitted from
the surface material, but scattered before emerging from the
asteroid; cosmic-ray activation and natural radioactivity in the
spacecraft; and gamma emission from astrophysical sources
(Bielefeld ez al., 1976).

Most current gamma-ray detectors utilize either inorganic
scintillation material, such as sodium iodide (Nal) or bismuth
germinate (BGO), or semiconductor material, such as high-
purity germanium (Ge). The Ge detectors have significantly
better energy resolution than scintillation detectors and are
generally favored for laboratory measurements. For example,
the typical energy resolution (expressed as the full-width at
half-maximum, FWHM, of the peak) for a Ge detector is 2 keV
measured at 1332 keV froma 60Co calibration source. A similar
FWHM for a Nal detector is 80 keV at 1332 keV. In addition,
the Ge detector has a much better peak-to-Compton ratio,
typically ~50 compared to 2 for a Nal detector (Knoll, 1989).
These two factors give a Ge detector a decided advantage in
resolving peaks close in energy and detecting peaks in the
presence of significant continuum

While Ge detectors improve detection capability, they also
require operation at cryogenic temperatures (typically <100 K)
and suffer serious degradation in performance when exposed
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to cosmic radiation over long periods of time (Briickner et al.,
1991). Typically Ge detectors on planetary missions (such as
Mars Odyssey 2001) are designed with anneal capability to
offset the expected resolution degradation during spaceflight.
These limitations of a Ge detector along with the added cost
and complexity reduced some of the advantages that might be
expected for a space mission. Analysis during the preliminary
design phase of the NEAR mission indicated that a scintillation
detector could meet the science objectives of the mission (Evans
et al., 1995). Experience in both U.S. and Russian planetary
missions and in the oil well-logging industry have shown that
good results could be obtained using scintillation detectors for
such elements as K, Th, O, H, Mg, Si, Ti, and Fe. In addition,
proposed design changes were expected to improve detector
performance over scintillators that have previously flown in
space. Nal was chosen as the scintillator for NEAR because it
has the best energy resolution of common scintillation materials
in combination with a photomultiplier tube (PMT). These
systems are rugged and have been used successfully on space
flight missions for many years (Evans et al., 1993).

The pulse height spectrum obtained when monoenergetic
gamma rays are detected has a shape determined by the gamma-
ray energy and the characteristics of the detector. Important
factors are (1) the relative magnitude of the photoelectric,
Compton, and pair-production cross-sections as a function of
energy, and (2) the statistical fluctuations and losses involved
in collecting the signal generated in the detector (Knoll, 1989).
A measurement reflects the amount of energy that is lost in the
detector and transferred as kinetic energy to electrons. At
energies where the photoelectric absorption dominates, the
kinetic energy imparted to a secondary electron is equal to the
gamma-ray energy minus the electron binding energy. This
energy can be reclaimed, in a sense, by the absorption of the
x-rays produced by photoelectric absorption. At higher
energies, when Compton scattering becomes more important,
the gamma ray may lose part of its energy to the detector and
escape the crystal or may then be photo absorbed. The gamma
ray will lose all or part of its energy in the detector and possible
escape with diminished energy. This generates a continuum
that adds to the background up to the energy of the initial gamma
ray minus the minimum scattered energy.

At energies above 1022 keV, electron-positron pair
production becomes possible. The electron produced will
eventually lose all its kinetic energy in the detector while the
positron will annihilate with another electron producing two
511 keV photons. The energy of these photons can either be
absorbed in the detector or can escape. Therefore, three peaks
will be created (1) pair production with eventual absorption of
both 511 keV photons to give a peak at the initial gamma-ray
energy, (2) pair production with the absorption of one 511
photon and the escape of the other giving a peak at the initial
gamma-ray energy minus 511 keV, and (3) pair production with
the escape of both 511 keV photons giving a peak at the initial
gamma-ray energy minus 1022 keV.

Cosmic-ray interactions in the spacecraft produce gamma-
rays characteristic of the spacecraft materials. These gamma
rays constitute an unwanted background signal that could
degrade the science return of the mission. Gamma-ray detectors
of previous missions have often used a boom to move the
gamma-ray detector away from the spacecraft, reducing
substantially the spacecraft background. On Mars Odyssey,
for example, the gamma-ray detector is mounted on a boom
that can be extended to 6 m from the spacecraft. The NEAR
detector had to be body mounted on the lower deck along with
all the other instruments. This required some other method of
reducing the spacecraft background.

Plastic scintillators are very effective charged-particle
shields, but higher density materials are needed to shield gamma
rays. Passive shielding is not practical because of the large
volume and mass of material needed to absorb the cosmic rays
and the secondary radioactive products produced in the shield.
An active collimator is used to reduce the charged particle,
spacecraft and cosmic gamma-ray backgrounds as well as the
Compton continuum. Charged particles or photons that interact
in the shield produce a corresponding output signal. This signal
can be used to trigger an anticoincidence system to reject any
counts in the central detector that are in coincidence with the
shield within some time window. BGO (bismuth germinate,
BiyGe301;) was chosen for the NEAR shield. It has a density
of 7.13 g/cm?, which makes it especially effective for gamma-
ray interactions. However, the presence of a large mass of BGO
near the central detector has some negative aspects due to
possible activation of the BGO by GCR.

As useful as the NEAR shield would be to reduce the
detector background, significant information on the gamma-
ray flux from the asteroid would be lost if only the
anticoincidence spectrum was collected. The first and second
escape peaks produced in the central detector will be mostly
eliminated in the anticoincidence spectrum. For a small central
detector like the NEAR design, this loss would be unacceptable
since the escape peaks would have many more counts than the
full-energy peak for many energies of interest. For example, at
6 MeV, calculations indicate that 85% of all the counts would
be in the escape peaks and only 15% in the full-energy peak.
The NEAR design recovers these peaks with two additional
Nal spectra; one in coincidence with 511 keV and one in
coincidence with 1022 keV energy deposition in the BGO
shield. Calibrations with the NEAR detector indicate the
effectiveness of this design for reducing the continuum and
capturing the escape peaks (Evans ef al., 2000).

A radioactive source for energy calibration was not included
in the NEAR design. It was expected that enough discrete lines
from background sources would be measured in the spectra
that the energy calibration could be monitored. The strongest
of these would be the 511 keV line due to electron/positron
annihilation in the spacecraft and materials surrounding the
detector. Other gamma rays from cosmic-ray interactions in
the scintillation materials would be expected. Measurements
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taken during the cruise portion of the mission confirmed these
predictions and will be discussed below.

A description of the GRS detection scheme is given in
Goldsten et al. (1997) and will be briefly summarized here.
An incoming photon is absorbed by the detector material and
produces an output signal proportional to the energy absorbed.
The detector signal is amplified, filtered, and its peak value
measured using an analog-to-digital converter. A data processor
collects the measurements and bins them according to the energy
absorbed into a pulse-height spectrum. Five 1024-channel
spectra are collected simultaneously. These are the Nal raw
spectrum, with no coincidence or anticoincidence rejection; the
BGO raw spectrum; the Nal spectrum measured in
anticoincidence with the BGO; the Nal spectrum measured in
coincidence within a window ~511 keV in the BGO detector;
the Nal spectrum measured in coincidence within a window
~1022 keV in the BGO detector. In addition two 21-channel
spectra are collected from the BGO detector in coincidence
with the Nal and in the windows specified around the 511 and
1022 keV energies.

Temperature and voltage stability are extremely important
to maintain system performance. The light outputs of the Nal
and BGO detectors vary significantly with temperature. The
detectors are thermally isolated and wrapped with operational
heaters to stabilize the temperature to within 0.25 °C. The signal
gains of the PMTs are not particularly sensitive to temperature,
but are very sensitive to voltage variations. The XGRS uses an
external feedback control system to produce ultra-stable high-
voltage outputs from the onboard high-voltage power supplies
(Goldsten et al., 1997). No gain changes due to temperature or
high-voltage variation were observed during the mission.

ORBITAL MEASUREMENTS

The GRS was turned on a number of times during the 4 year
cruise period. Long-term background measurements were
accumulated and analyzed. Numerous gamma-ray peaks from
activation of the central detector, of the BGO shield, and of
material in the spacecraft were observed and tentatively
identified. This information is important as count rates
measured while in orbit around Eros have to be corrected for
these background counts. A major change observed during the
cruise phase of the mission was that the gamma-ray count rate
decreased significantly starting sometime in 1999. The general
background was fairly constant from 1996 to 1998 but
decreased by about a factor of 2 when measured in May—June
1999. Subsequent measurements in January 2000 before the
spacecraft entered an orbit around Eros showed a further
reduction by a factor of 1.5. The GCR flux decreases around
the time of solar maximum due to the high solar activity and
the stronger magnetic fields carried by the solar wind.

Tentative identifications of gamma-ray peaks analyzed in the
cruise data were reported in Dyer et al. (1998). Unfortunately,
many of these peaks are at the same energies of lines expected
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from Eros and a careful analysis of the orbital data is required
to prevent gamma rays identified in the spectra to be attributed
to Eros that actually come from the background. The most
prominent line identified in the background spectra is at 2.6 MeV
and is due to activation of bismuth in the shield. This is the
same energy usually used to identify Th from a planetary body.
The gamma ray at 2.614 MeV from Th comes from the daughter
product 208T1 and is the strongest line in the Th decay chain
(Reedy, 1978). The background activation line comes from
209B4i that can produce 208T1 or excited 208Pb by a number of
different mechanisms. A complete understanding of the energy
and magnitude of these background emissions will be necessary
in order to fully analyze the low-altitude orbital data.

The first chance to make GRS measurements from the
35 km orbit occurred in July 2000. The spacecraft entered
the 35 km orbit on 2000 July 14 for 10 days. On that same
day a very large solar particle event occurred on the Sun
that resulted in a large flux of charged particles hitting the
GRS a short time later. The flux of charged particles was
large enough to cause the detector to enter a safe mode (as it
was designed to do). It was not until July 18 that the detector
was turned on again. Inspection of the GRS spectra from
that day through the rest of the 35 km orbital period showed
strong activation of the detector materials. Figure 1 shows
spectra of the detector both before the solar particle event
and 2 days following the turn on. Because of this high
background, no useable asteroid data were obtained during
the 2000 July 35 km orbit.

The spacecraft again entered a 35 km orbit near the end of
the mission in 2000 December. During much of the next 6 weeks
asteroid data were collected by the GRS. The average solid
angle of the asteroid made with the GRS was ~0.2 steradians
compared to the FOV of the detector of ~0.6 steradians.
Corrections to the spectra taken with the asteroid in the FOV
are needed to reduce the background from the spacecraft and
the local materials. Two possible means of correcting the spectra
for the background were investigated; using the spectra taken with
the asteroid not in the FOV (FOV =0), but close in time to spectra
taken with the asteroid in the FOV or spectra taken in the high
altitude orbit where the solid angle of the asteroid was very
small. It was determined that the latter method was better, as
the BGO shield in the FOV = 0 case was less effective as a
shield for higher energy gamma rays (e.g., >3 MeV) that were
of great interest for analysis.

Examples of spectra taken during the 35 km orbit while the
GRS was pointed at the asteroid are shown in Figs. 2 and 3 for
the anticoincidence and second escape spectra, respectively.
These spectra were taken during 2000 December and 2001
January and represent an accumulation time of ~24 days. Also
shown are spectra taken during the 200 km orbit in November
and December 2000 with ~17 days accumulation. The spectra
are time normalized and the difference between the 35 km
spectrum and the 200 km spectrum are shown in both a log plot
and a linear plot. It can be seen that the difference spectrum in
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FI1G. 1. The three spectra were taken during 2000 July in the 35 km orbit. There was a large solar particle event on 2000 July 14. Shown are
a spectrum taken on July 13 and two spectra taken on July 18 and 20 after the GRS was turned on again.

each case contains little structure that would indicate a strong
gamma-ray peak. Gamma-ray lines that should be the strongest
from the asteroid, such as the 6.129 MeV line from oxygen, do
not show up in the difference spectra. This seems to indicate
that the spectrum, whether near or far from the asteroid, is
dominated by the local material and spacecraft backgrounds
which were higher than expected. The combination of a small
central detector and the mounting directly on the spacecraft
gave a signal to continuum ratio that was too small for the
required sensitivity. A discussion of this signal-to-noise
problem for the NEAR GRS is given in Trombka et al. (2001).
Accumulations for longer time periods did not change this result.
It is possible that refinements on data accumulation by, for
example, summing spectra with the same GCR fluxes or by a
more systematic analysis of the background, might improve
this situation. However, so far, no strong discrete line gamma
rays that are unambiguously from the asteroid have been identified.
Fortunately, an unexpected opportunity presented itself that gave
a gamma-ray signal that was definitely from the asteroid.

SURFACE MEASUREMENTS

At the end of the 1 year orbit of NEAR—Shoemaker around
Eros, it was decided to attempt a controlled descent to the
surface of the asteroid. The principal goal was to obtain
extremely high-resolution images of the surface as the spacecraft
descended. After a dramatic descent to the surface, telemetry
ceased, but indications were that the spacecraft had survived

the landing. Based on the final high-resolution images, the
spacecraft appears to have landed (Veverka et al., 2001b) inside
a small crater with a "pond" (Veverka et al., 2001a) of smooth,
fine material. NASA decided to extend the mission for another
2 weeks and allow the GRS to accumulate data while sitting on
the surface. Subsequent analysis indicated that the GRS was
pointed toward the surface, ~18° from the normal to the surface.

The fixed high-gain antenna on the spacecraft was not
pointed towards the Earth so the omni-directional low gain
antenna had to be used for telemetry. This severely limited
telemetry rate to ~10 bits/s. Only spectra were transmitted with
little engineering or ancillary data. The first 2 days of data
were used to calibrate the detectors as the temperature had
changed significantly from the orbital measurements.
Adjustments to the high-voltage and thus to the energy gain
were made to insure that the escape-peak spectra would be valid.
After that adjustment, spectra were accumulated over the next
7 days. Spectra taken with the GRS on the surface are shown
in Fig. 4. The escape peak spectra are divided by constants for
better visualization. The broad feature extending to ~2 MeV
in the anticoincidence spectrum was not seen in the orbital
measurements. Laboratory measurements using the engineering
model of the GRS showed that this feature was due to the
activation of 128] (half-life of 25 min) in the central Nal crystal
by thermal neutron capture. All the spectra shown in Fig. 4
were corrected for differential non-linearity and the raw Nal
spectrum and the BGO spectrum are corrected for roll-overs
due to the long accumulation times on the surface. The Nal
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FIG. 2. An anticoincidence spectrum taken during 2000 December and 2001 January while in 35 km orbit and when the GRS was pointed at
the asteroid is shown along with a spectrum taken while in the 200 km orbit and the difference between the two spectra is shown in the upper
portion. The lower portion shows the difference on a linear scale.
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FIG. 4. Five spectra are shown that were taken on the surface of Eros. The first escape and second escape spectra were divided by 2 and 4,

respectively, for better visualization.

anticoincidence and escape spectra and the BGO spectrum form
the basis of the subsequent analysis for the composition of Eros
from the GRS.

In order to determine composition from the GRS data, three
steps are necessary: (1) analysis of the spectra to determine
peak areas, (2) conversion of the peak areas to photons using
the efficiency of the detector, and (3) conversion of the photons
to composition using calculations of gamma-ray production for
different compositions. Each of these steps will be discussed
in some detail as the method and assumptions are important to
understand the results.

Spectral Analysis

The spectral analyses of the measured pulse-height spectra
were carried out in an iterative procedure using calculated
elemental response functions. These response functions
duplicated the method used to collect the anticoincidence and
escape spectra with the detector system. The calculations
include the Compton continuum reduction in the
anticoincidence spectra and the capture of the escape spectra
with coincidences around 511 and 1022 keV between the central
crystal and the BGO shield. Comparisons of calculated
responses with measurements taken during detector calibrations
indicate that these response functions give a reasonably accurate
representation of the shape of the measured responses. In the
following analysis, the calculated response functions were

assumed to have no uncertainty directly attributed to them
compared to other uncertainties in the analysis.

A major step in the analysis is to separate the measured
spectrum into a continuum and a set of discrete lines. A major
area of uncertainty in the analysis is to determine accurately
the continuum that underlies the discrete line spectrum as the
continuum is expected to be a significant component of the
total signal. On Apollo the discrete lines from the Moon
represented only about 10—15% of the total signal (Bielefeld et
al., 1976). The ratio of signal-to-continuum for the NEAR
GRS should be better than for Apollo, since Apollo had no
Compton suppression in the anticoincidence mode nor any
escape modes.

The spectral unfolding procedure was similar for each
spectrum, though each was done separately. The response of
each element expected in the spectrum was used to fit the
measured spectrum along with a first estimate of the continuum.
The escape spectra were only used for high-energy gamma rays
(>3 MeV) as the efficiency for lower energies is small. The
spectra were assumed to have an energy calibration that was
linear, since the response functions were generated with that
assumption. This seemed to be true for the energy range of
interest in the escape spectra. The anticoincidence spectrum
was analyzed in separate parts (for energies <3 MeV and for
energies >3 MeV) as a linear energy calibration would not work
over the whole spectrum.  The results for the first estimate of
the discrete line intensities were used to subtract from the
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FIG. 5. The calculated response function for O(n,n'y) is shown for the anticoincidence, first escape, and second escape spectra.

measured spectrum, and the difference was used to calculate a
new continuum by fitting a spline through the difference
spectrum. This resulting spline fit was then used to subtract
from the measured spectrum and the difference used to calculate
the second approximation to the discrete line spectrum. The
response functions were fit to the discrete line spectrum by a
matrix inversion technique similar to that used in the Apollo
analysis (Bielefeld et al., 1976; Trombka et al., 1979). The
iteration was carried out again and the results compared to the
previous results. When the discrete lines and continuum did not
change appreciably after an iteration, the procedure was terminated.

The gamma rays originating from natural radioactivity, from
neutron inelastic scatter reactions, and from neutron-capture
reactions are each considered separately. The response
functions for Fe capture, Fe inelastic, O inelastic, Si inelastic,
Si capture, Mg inelastic, and 40K were used in the fits. An
example of a calculated response function is shown in Fig. 5.
In addition some other monoenergetic response functions
existing in the background spectra were added to the fit for
each spectrum. For example, a prominent peak at 2.6 MeV is
evident in the cruise, orbital, and surface spectra. Analysis of
this peak in the surface spectra showed that the intensity did
not change appreciably from that in the orbital spectra.

The results of the fitting procedure for the low- and high-
energy portion of the Nal anticoincidence spectrum are shown
in Figs. 6 and 7 and for the results for escape peak spectra are
shown in Figs. 8 and 9. The top portion of each figure has the
measured spectrum, the final spline fit, and the difference
spectrum. The bottom portion of each figure shows the fit of

the response functions to the difference spectrum. The results
of each fit are the counts in the peaks for each element used in
the fit. To convert these counts in the detector to photons
incident on the detector requires knowledge of the efficiency
of the detector.

Gamma-Ray Spectrometer Efficiency

The intrinsic peak efficiency of a gamma-ray detector is
defined as the number of counts in a peak per photon incident
on the detector. Preflight calibrations of the NEAR GRS were
made to determine the efficiency of the Nal and BGO detectors
as a function of energy and angle (Evans et al., 2000). Radioactive
sources ranging in energy from 320 keV to 6.129 MeV were used.
In addition, a 252Cf neutron source was used to irradiate H, Si,
and Fe targets that produce lines at 2.223, 4.934 and 7.631 +
7.646 MeV, respectively. Measurements were taken at angles
ranging from 0° to 90° with respect to the long axis of the
detector. For orbital measurements the efficiency at 0° is
adequate to describe the response of the detector. However, on
the surface of Eros the GRS detects gamma rays from the
asteroid at angles up to 90°, corresponding to a nearly 27z
geometry. With the spacecraft resting on the surface of Eros,
the angle of the GRS with respect to the surface normal was
determined to be 18°.

To calculate the detector response on the asteroid's surface
we did a weighted average of the measured efficiencies as a
function of angle and energy. The 18° offset from the surface
normal is included, but in fact has only a small effect. Such a
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FIG. 6. The lower energy portion of the surface anticoincidence spectrum is shown with the spline fit to the background and the difference
spectrum is shown in the top portion. The lower portion shows the results of a least squares fit of the elemental response functions to the
difference spectrum.
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FIG. 7. The higher energy portion of the surface anticoincidence spectrum is shown with the spline fit to the background and the difference
spectrum is shown in the top figure. The lower figure shows the results of a least squares fit of the elemental response functions to the

difference spectrum.
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FIG. 8. The surface first escape spectrum is shown with the spline fit to the background and the difference spectrum is shown in the top figure.
The lower figure shows the results of a least squares fit of the elemental response functions to the difference spectrum.

© Meteoritical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/2001M%26PS...36.1639E

rZ001M8PS. ©.-36. 1639E

Elemental composition of the NEAR-Shoemaker landing site on 433 Eros 1651

€))
2llll]llll'll|||lllllll!!‘llillllll|rIl|l|I"ll|l|l'l|lll'l|ll‘I‘[.
Surface Second Escape Spectrum
— Measurement |
10008 iy — Spline Fit .
7 A —— Difference .
6| 1 4 AT o
5 * 4
ar W -
i 0l A _

100 - .
8 '“ ; | -
z HH N i d 'I‘.J\.
st ' 1 N A
4 : : h
| T~
2 H il i &l | A T |
2000 4000 5000 6000 7000 800¢
Energy (keV)
®)
4l||llIrlll!'llll'll'l’l'lllIlllll|llllllll1|llll
sl_ Surface Second Escape Spectrum _
Least Squares Fit
A Difference Spectrum
. —— Sum of Response Functions
1009 ‘,
8
g 78 A I " !
s o [W
8 5 i"; ,“‘ :
Jig
I
.’”'

[ @
T T

10 U ‘

Energy (keV)
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tilt angle would only become important if it exceeded the half-
opening angle of the Nal, which is ~25°.

Total efficiencies were calculated for the Nal photopeak,
first escape, and second escape spectra and are shown in Fig. 10.
The photopeak efficiency is significantly lower than that given
in Evans et al. (2000) at 0°, though the shapes of the curves are
similar. The decrease is due to the impact of the BGO shield.
As explained above, on the surface of Eros the viewing
geometry is nearly 27 steradians. However, the opening angle
of the BGO collimator corresponds to just 0.6 steradians, so
~90% of the surface gamma-ray flux passes through the shield
before being detected by the Nal. On the surface of Eros, the
Nal "sees" the asteroid mostly through the BGO shield, thus
reducing the total efficiency. The BGO efficiency on the surface
was calculated in a similar manner.

Theoretical Gamma-Ray Flux Calculations

To convert the measured gamma-ray flux ratios to
abundance ratios, a series of calculations were done. These
gamma-ray production calculations were done in the same way
that gamma-ray fluxes were calculated for Mars (Masarik and
Reedy, 1996) and Mercury (Briickner and Masarik, 1997). The
first calculations used the LAHET Code System (LCS) to
numerically simulate the interactions of GCR particles with the
surfaces of asteroids of various compositions and the subsequent
production and transport of the neutrons and protons that make
gamma rays. The flux of GCR particles averaged over a solar
cycle was used. These particle fluxes then were used to calculate

the rates for producing gamma rays as a function of depth. The
cross-sections for nuclear reactions producing gamma rays by
inelastic-scattering reactions and intensities of gamma rays made
by neutron-capture reactions were those used earlier for the Moon
and Mars (Reedy, 1978). The gamma rays made in the asteroid's
surface by these particles were then transported to the asteroid's
surface. Only the fluxes of gamma-ray lines that escaped the surface
without undergoing an interaction were considered.

Calculations of gamma-ray productions were done for a
variety of meteorite compositions, including compositions of
individual meteorites that were chosen to span the range of
compositions expected, particularly for iron. These compositions
were taken from the meteorite database (Nittler ef al., unpubl. data).
An assumed density of the meteorites (~3 g/cm3) was used,
although several calculations done with a density of 1 g/cm3,
which is about that expected for the surface of an asteroidal regolith,
gave the same results. The averaged lunar composition of Reedy
(1978) was also used for comparisons with previous gamma-ray
flux calculations (Reedy, 1978; Masarik and Reedy, 1996).

The surface was assumed to be of uniform composition both
vertically and horizontally. The meteorite compositions used
in the calculations assumed no H or C, which can rapidly
thermalize energetic neutrons and significantly increase the
fluxes of gamma rays made by neutron-capture reactions
(Masarik and Reedy, 1996). The assumed compositions also
excluded such neutron-absorbing elements as Cl, Sm, and Gd
that can reduce the fluxes of neutron-capture gamma rays from
other elements (Reedy, 1978). Insome cases (e.g., C in ureilites),
these abundances were included in the data of Nittler et al.
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FIG. 10. Calculated GRS efficiencies for the central detector used for measurements taken on the surface of Eros.
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(unpubl. data) and intentionally excluded from the calculations.
In other case (e.g., Sm, Gd), abundances were not known. The
major neutron-capture gamma rays expected from Eros are the
7.646 and 7.631 MeV gamma rays from Fe and the 4.934 and
3.539 MeV gamma rays from Si.

The fluxes of gamma rays made by inelastic-scattering
reactions, such as those at 0.847 MeV from Fe, 1.779 and
6.878 MeV from Si, 1.369 and 2.754 MeV from Mg, and 6.129,
6.917, and 7.117 MeV from oxygen are only weakly affected
by the bulk composition. High concentrations of elements with
larger atomic masses, such as Fe, result in higher fluxes of the
fast neutrons that make such inelastic-scattering gamma rays
(Gasnault et al., 2001). The flux of the 1.461 MeV gamma ray
made by the decay of naturally radioactive 40K was also calculated.

The agreement with previous calculations done using LCS
is good, and these calculations are consistent with earlier work.
As noted in Masarik and Reedy (1996), gamma-ray flux
calculations done with LCS differ slightly from those done using
other models for GCR interactions, such as those of Reedy (1978).

As the flux of GCR particles at Eros was low and not well
known during the NEAR—-Shoemaker mission, ratios of gamma-
ray fluxes to ratios of elemental abundances were calculated
for the cosmogenic gamma rays. For two gamma rays that are
both made by the same type of nuclear reactions (inelastic
scattering or neutron capture), for example, the ratio of the
fluxes of the 0.847 and 1.779 MeV inelastic-scattering gamma
rays to the Fe/Si abundance ratio, such trend lines are very linear.
There is some scatter about the trend line for the ratio of the
7.631 MeV Fe capture gamma rays to the 6.129 MeV oxygen
inelastic-scattering gamma ray as a function of the iron to
oxygen abundances in the meteorite models. The compositions
that were the farthest from the trend line were those for the
Moon that had significant amounts of the neutron-absorbing
elements Ti, Sm, and Gd. In those cases, the flux ratios were
lower than the trend line.

Figure 11 shows two examples of results from these
calculations. The upper plot shows the relationship between
the ratio of the Fe capture line at 7.631 MeV to the oxygen
inelastic line at 6.129 MeV compared to the ratio of iron to
silicon in the meteorite models and a fit to the data. This ratio
is particularly important as it can be determined independently
from each of the four spectra. The lower curve shows the
relationship between the ratio of the Fe inelastic line at 0.847 MeV
to the Si inelastic line at 1.779 MeV and the ratio of iron to
silicon in the meteorite models and a fit to the data. Calculations
for one lunar (Reedy, 1978) and two Mercury compositions
(Briickner and Masarik, 1997) are included for comparison.
These curves are then used to convert the measured photon
ratios to composition ratios.

RESULTS

The results for the elemental ratios determined from the
gamma-ray measurements are given in Table 1. The results for

the iron to oxygen ratio using the Fe 7.631 MeV capture line
and the O 6.129 MeV inelastic line as derived for the four
spectra are shown. The results for the silicon to oxygen ratio
using the Si 4.934 MeV capture line and the O 6.129 MeV
inelastic line are shown for three spectra. The other composition
results are derived from the analysis of the anticoincidence
spectrum. These include the iron to silicon ratio from both
inelastic lines, the magnesium to silicon ratio from the inelastic
lines, and the potassium concentration from the 40K line. In
addition the iron inelastic to iron-capture photon ratio and the
silicon inelastic to silicon-capture photon ratio can be derived.
These do not contain any useful geochemical results, but are
an indication of the hydrogen content of the sample. The
gamma-ray calculations all assume zero hydrogen content and
derive the iron and silicon inelastic to capture photon ratios on
that basis. Comparison with measurements should indicate the
validity of that assumption. Smaller values of the inelastic to
capture ratios would indicate the presence of hydrogen, even if
it could not be detected by the neutron-capture line from
hydrogen. Typical calculated values for the ratio of the iron inelastic
line (at 0.847 MeV) to the iron-capture line (at 7.631 MeV) for
many meteorites are ~1.8, though values can range to over 3
compared to a derived value of 2.9. Typical calculated values
for the ratio of the silicon inelastic line (at 1.779 MeV) to the
silicon-capture line (at 3.539 MeV) for many meteorites are
~10.5, though values can range up to 13 compared to a derived
value of 11.9. The high values for these ratios are typically for
iron-nickel rich meteorites (e.g., mesosiderites). Because these
ratios are derived from a low-energy gamma ray and a high-
energy gamma ray, these ratios are dependent on the accuracy
of the calculated efficiencies. Considering these uncertainties,
the two derived values for the inelastic to capture ratios are
both in reasonable agreement with the calculated values and
indicate the assumption of zero hydrogen is valid.

Realistic uncertainties for these derived compositions are
difficult to estimate. The statistical uncertainties can be derived
from the measurements and the background subtraction. These
statistical uncertainties tend to be small, typically between 5
and 10%. Another source of uncertainty is due to the response
functions that may not be linearly independent and the spectral
shapes can interfere with one another in fitting the data (Reedy
etal.,1973). Another uncertainty is in the calculation of the detector
efficiency. While efficiencies for gamma-ray ratios close in energy
are probably valid, those far apart in energy have an additional
uncertainty associated with the result. Perhaps the best measure
of the uncertainty in determining the elemental ratios is the spread
in the result for the same ratio. For the iron to oxygen ratio there
are four values calculated independently ranging from0.16 to 0.44
with a mean value of 0.28 and a standard deviation of 0.12 (40%).
The other result that has multiple values is the silicon to oxygen
ratio with a mean value of 0.61 and a standard deviation of 0.05
(8%), but without a value from the BGO spectrum. Because of
the energy resolution, the BGO spectrum is more difficult to analyze
and only the results for the highest energy lines were determined.
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FIG. 11. Two examples of calculated results of gamma-ray fluxes for different meteorite compositions. The upper figure shows the ratio of the
iron 7631 keV capture line to the oxygen 6129 keV inelastic line vs. the ratio of iron to oxygen composition. The lower curve shows the ratio
of the iron 847 keV inelastic line to the silicon 1779 keV inelastic line vs. the ratio of iron to silicon. Calculations for one lunar and two
Mercury compositions are included for comparison.

As a conservative approach, we assume that this 40% uncertainty ~ geologic history of Eros though both analysis of returned data

applies for all the GRS results. and comparison with meteorites. Before trying to address these
questions, it is fair to ask whether Eros can or should be
DISCUSSION compared to meteorites. While we know that most meteorites

originate from asteroids, there is no a priori reason to assume
Two of the major goals of the NEAR mission are to relate  that we have a sample of Eros in cur collections. Eros is not
433 Eros to known groups of meteorites and to decipher the  currently in a location dynamically favorable for delivery of
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TABLE 1. GRS composition results.
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Result Anticoincidence First escape Second escape BGO
Fe(7631)/0(6129)

Photon ratio 0.79 0.43 0.42 0.32
Composition ratio 0.44 0.27 0.26 0.16
Si(4934)/0(6129)

Photon ratio 0.24 0.28 0.30 _
Composition ratio 0.53 0.63 0.67 -
Fe(847)/Si(1779)

Photon ratio 0.65 - - -
Composition ratio 0.8 - - _
Mg(1369)/Si(1779)

Photon ratio 0.75 - - _
Composition ratio 0.75 - - _
K(1461)

Photons/s 0.11 - - _
Composition 0.07% - - _
Fe(847)/Fe(7631)

Photon ratio 2.9 - - _
Si(1779)/Si(3539)

Photon ratio 11.9 - - _

Note: Energies of gamma-ray lines in parenthesis are given in keV.

meteorites to Earth (Zappala et al., 1998; Michel et al., 1999).
However, we also know that near-Earth asteroids are
dynamically unstable over the lifetime of the solar system and
are almost certainly replenished from the main belt. In the
case of Eros, removal from the main belt into the near-Earth
population may have occurred within the last 100 Ma (e.g.,
Bottke et al., 2000), possibly with a source from the Maria
family of asteroids (Zappala et al., 1997). Thus, Eros probably
originated in a location favorable for delivery of meteorites to
Earth and, although we may not have a piece of Eros in our
collections, we probably have similar material.

In comparing the chemical composition of Eros to that of
asteroids, the first question we might ask is whether Eros has
the same composition as an ordinary chondrite, given the
abundance of both S-type asteroids and ordinary chondrites.
Almost all meteorites have Si/O ratios in the range of 0.35-0.6
so while the GRS results are within this range this ratio cannot
give us much information concerning meteorite comparisons.
Figure 12 plots the Mg/Si vs. K for a wide array of meteorite
types, as well as the GRS-derived value for 433 Eros (with the
40% uncertainty ellipse). We find that the composition of Eros
overlaps that of H, L and LL ordinary chondrites, although the
error ellipse would also allow other types of chondrites
(carbonaceous, enstatite, R) and primitive achondrites
(acapulcoites, brachinites, winonaites). Most meteorites from
fully-differentiated bodies (e.g., howardites, eucrites,
diogenites, aubrites) are excluded.

The finding of a chondritic composition from the GRS-
derived Mg/Si and K values is in close agreement with
compositions derived from the XRS, MSI and NIS experiments,
all of which point to a chondritic composition. Indeed, the
Mg/Si ratio derived by XRS and GRS are similar. It is
interesting to note that K is apparently not depleted in the GRS
composition. The marked S/Si depletion noted by XRS has
been explained by surface depletion of this volatile element
during micrometeorite bombardment and sputtering (Trombka
et al., 2000). It was thought that the volatile element K might
show a similar depletion, though this would not necessarily
appear in the GRS results.

While the match between XRS- and GRS-derived Mg/Si
ratios is noteworthy, the picture becomes somewhat more
complicated if we consider Fe/Si and Fe/O ratios. Figure 13
plots Mg/Si vs. Fe/Si for the x-ray and gamma-ray derived values
for 433 Eros. While the XRS value is similar to H chondrites
(as well as some carbonaceous chondrites and primitive
achondrites), the GRS ratios include LL and L chondrites, some
primitive achondrites, angrites, diogenites and howardites. Note
that there is no overlap of the statistical uncertainties between
the XRS- and GRS-derived values.

The mismatch becomes even more apparent if we examine
a plot of Fe/Si vs. Fe/O in Fig. 14. On this plot, virtually all
meteorites define a straight line. The only notable exceptions
are hydrated carbonaceous chondrites. The gamma-ray
derived values of 433 Eros plot, on average, slightly above
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Elemental composition of the NEAR—Shoemaker landing site on 433 Eros

the line with an error ellipse that includes howardites,
eucrites, diogenites, ureilites and angrites, but not ordinary
chondrites.

There are three possible interpretations for the apparent
mismatch between the XRS- and GRS-derived values. First,
the mismatch might result from errors in the calculation of
elemental compositions from raw spectra of either the XRS or
GRS experiment. The gamma-ray lines used for Fe, Si and O
are all at relatively high energies and any uncertainties
associated with the calculated detector efficiencies tend to
cancel out when taking ratios. In addition, the iron and oxygen
lines should be among the strongest lines in the spectra and,
thus, should have the greatest degree of confidence in the
results of the spectral analysis. Thus, we think it unlikely
that the mismatch results from incorrect analysis of the GRS
spectra.

If we recall that the XRS and GRS measurements sample at
both different depths (tens of centimeters for GRS vs. tens of
microns for XRS) and spatial scale (submeter for in situ GRS
vs. several kilometers for orbital XRS), the other two
interpretations become apparent. The second explanation is
that 433 Eros really is partially differentiated, with the scale of
melting being somewhere between the meter scale of the GRS
and the few kilometer scale of the XRS. We find this scenario
improbable, although we cannot dismiss it completely. Our
skepticism arises both from our understanding of the geologic
processes that create the differentiated meteorites and the
required scale of differentiation. Howardites, eucrites and
diogenites are thought to be products of near-total melting at a
global scale. On 433 Eros, we can be confident that global
melting did not occur, owing to the chondritic Al/Si and Ca/Si
ratios derived by the x-ray experiment (Nittler ez al., 2001). It
is unclear whether melting on a smaller scale could actually
produce these lithologies. More importantly, extensive
differentiation, even on a small spatial scale, should produce
dramatically different lithologies, including basaltic, dunitic and
metallic. Yet, the multi-spectral imager experiment, which has
spatial resolution on the order of tens of meters, did not detect
the type of lithologic heterogeneity inferred by this model. Thus,
we consider such a scenario highly unlikely.

The third, and much more probable, scenario is that
processes occurring within the regolith of 433 Eros produced
the anomalously low Fe/O and Fe/Si ratios. Veverka et al.
(2001b) have made compelling arguments that the regolith on
the surface of Eros may be up to several meters thick in some
areas. This regolith is the end product of a history of
bombardment that might extend back millions to billions of
years. The landing site of the NEAR-Shoemaker spacecraft
was particularly smooth and may have been at the end of a
"pond" deposit—flat material that infilled existing lows and
could have formed by a variety of mechanisms. It is worth
considering whether this material might differ from known
meteorites and whether physical processes occurring within the
regolith might explain the discrepancy.
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In answer to the first question, meteorites are undoubtedly
a poor sample of modern asteroid regolith (McKay et al., 1989).
Even meteoritic regolith breccias, which contain solar wind
gases and must have been exposed at the surface of the asteroid,
may only contain a small fraction of the optical regolith and
may have been indurated billions of years ago. Thus, there is
no reason to assume that we have adequately sampled the
regolith of any asteroid, let alone 433 Eros.

The second question is more difficult to answer. To explain
the lower Fe/Si and Fe/O ratios of the in situ GRS measurement
relative to a chondritic bedrock, a marked depletion of iron
must occur. Such a depletion points to separation of the metal
and sulfide (FeS) from the silicates. Several mechanisms exist
to produce such a separation. Robinson et al. (2001) have
argued that electrostatic migration may play a key role in
infilling ponds. Such a mechanism may operate differently on
conductive metal compared to non-conductive silicates. Metal
and silicates would differ dramatically in density (8 vs. 3 g/cc)
and, possibly, size (due to differences in brittle/ductile behavior)
within the regolith of an asteroid. This could lead to preferential
migration of metal relative to silicate. It is unclear whether
metal would rise (e.g., the Brazil nut effect) or sink as a result
of these differences, but either might explain a surficial
enrichment or depletion of metal. We have also considered
whether the low Fe/O and Fe/Si ratios derived by GRS can be
explained by depletion of metal from a chondritic bedrock. The
silicate portion of an H chondrite would have a Fe/Si ratio of
0.4 and a Fe/O ratio of 0.2. These results suggest that incomplete
removal of metal and sulfide from an H chondrite could explain
the composition of 433 Eros. Such removal would have no
effect on the Mg/Si ratio or K abundance. Interestingly, the
same is true for LL chondrites, which have less metal to remove,
but lower Fe/Si and Fe/O ratios in bulk. These results suggest
that metal (*sulfide) migration in the regolith 0433 Eros might
explain the discrepancy between the XRS and GRS results. As
noted by Nittler et al. (2001), they also suggest that it may not
be possible to point to a single, unambiguous meteoritic analog
for 433 Eros. An attempt to define such an analog combining
the XGRS and multi-spectral imager/near-infrared spectrometer
results is presented by McCoy et al. (2001).
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