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Origin of the Moon Unveiled by its
Heavy Iron Isotope Composition
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The origin of the Moon has long been of interest
and although the Giant Impact theory is currently the
preferred explanation, unequivocal supporting evidence
has been lacking. We have measured the iron iso-
tope compositions of Shergotty-Nakhla-Chassigny me-
teorites and eucrites thought to come from Mars and
Vesta, as well as samples from the Moon and the mafic
Earth using high precision plasma source mass spec-
trometry. The mean iron isotope composition of the
lunar samples, expressed in the conventional delta no-
tation (d57Fe/54Fe) with respect to the IRMM-14 iso-
topic standard, is heavier (0.221 per mil (0.041: one
standard deviation, 10 samples)) than those of the
Earth (0.119 per mil (0.044, 7 samples)), which them-
selves are heavier than Martian meteorites (0.009 per
mil (0.024, 6 samples)) and the eucrites measured
(0.033 per mil (0.038, 7 samples)). Student’s t-test
calculations show that the Moon and Earth means are
different from each other and from those of the other
planetary bodies at >99% level of significance. The
iron isotope compositions show no simple relationship
with planetary heliocentric position, mantle oxygen fu-
gacity, volatile content, or planet size. Similarly, these
results do not support an origin of the Moon through
co-accretion with the Earth, or as a fragment ejected
from the Earth’s mantle, or as another planet captured
by the early Earth. In contrast, these data can be ex-
plained if the Earth, and especially the Moon, went
through partial vaporisation and condensation leading
to kinetic iron isotopic fractionation. Our data are also
consistent with the suggested levels of enrichment of re-
fractory elements for the bulk Earth and Moon. These
new iron isotope results thus provide strong support for
the origin of the Moon through a giant impact between
the proto-Earth and another planet. Raleigh kinetic
fractionation calculations indicate that only 1% loss of
the current Fe budget of the Moon is required to ex-
plain its heavier isotopic composition. This is consis-
tent with the small total losses computed in dynamic
simulations of the Giant Impact.
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Future Instrumentation for Planetary
Gamma-Ray Spectroscopy
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At the Space Sciences Laboratory, U. C. Berkeley,
we are beginning a study of advanced instrument de-
signs for planetary gamma-ray spectroscopy. This in-
cludes coincidence-mode spectrometers and neutron-
activation spectrometers for landers, and a Compton
telescope for detecting composition from high orbits or
during flybys, where a simple spectrometer would be
too insensitive. Detector technologies to be evaluated
include germanium strip detectors, mercuric iodide de-
tectors, and coplanar-grid CdZnTe detectors.
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2001 Mars Odyssey: Science Mission
Overview
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The 2001 Mars Odyssey orbital science mission offi-

cially began February 19, 2002. The spacecraft car-
ries three science instrument packages: the Gamma
Ray Spectrometer suite (GRS), the Thermal Emission
Imaging System (THEMIS), and the Martian Radiation
Environment Experiment (MARIE). The GRS suite of
three instruments includes the Gamma Sensor Head
(GSH), the Neutron Spectrometer (NS) and the High
Energy Neutron Detector (HEND). THEMIS consists
of two cameras sharing a single set of telescopic op-
tics: a 5-band visible imager and a 10-band thermal in-
frared imager. Spacecraft and instrument performance
have been nominal to this point in the science mis-
sion. Gamma and neutron observations of the high lat-
itudes have been used to identify water-ice-rich soil to
1 m depth at latitudes poleward of 60 degrees north
and south. A focus of THEMIS infrared and visible
data acquisition has been the candidate landing sites
for the MER 2003 landers. Daytime and nighttime in-
frared imaging shows a remarkable diversity of temper-
ature signatures of surface materials, suggesting that
THEMIS will truly provide a new view of Mars. MARIE
began operating on March 13, 2002 following recovery
from an instrument operation anomaly. The instru-
ment has detected radiation signatures from the high
solar activity during the first 5 months of operations.
Odysseys nominal science mission will extend for 917
days, until August 24 2004. Extended mission opera-
tions appear to be feasible, given the current inventory
of propellant. In early 2004, the orbiter will serve as
a relay platform for the MER landers, and possibly for
the Mars Express Beagle2 landers.

URL: http://mars.jpl.nasa.gov/odyssey/
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Recently we published results concerning the sub-

surface ice content in the south polar region of Mars
(Boynton et al. 2002, Science 297:81-85) showing that
from latitudes south of about -45 degrees, the regolith
consists of two layers: a hydrogen-poor layer overlay-
ing a hydrogen-rich layer. The upper, hydrogen-poor
layer has a hydrogen content equivalent to about 1%
water, similar to that seen elsewhere on Mars. The
lower layer has the equivalent water content of 35% +/-
15% by weight. The upper layer decreases in thickness
going poleward from -45 degrees to -77 degrees. We
concluded that the hydrogen in the lower layer was in
the form of ice, based both on the large hydrogen con-
centration and the fact that it was only found in regions
where ice is predicted to be stable.

The northern polar region was covered with its sea-
sonal carbon dioxide cap at the time we published our
earlier work, but it is now receding. At the time of this
writing we can see as far north as 65 degrees latitude,
and the hydrogen content appears to be nearly identi-
cal to that in the south at the equivalent latitude. As
the cap recedes we expect to be able to collect suffi-
cient data that we can perform a quantitative analysis
of the hydrogen content similar to that done in our ear-
lier work. We shall report the results at the meeting

and compare the results to our earlier results from the
south.

URL: http://grs.lpl.arizona.edu/
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Maps of thermal, epithermal, and fast neutrons cov-
ering latitudes northward of +45 degrees were studied
to determine the time variation of CO2 frost at north-
ern latitudes during late winter and early spring. Data
measured between 18 Feb. and 31 Aug. 2002, were
broken into eleven, roughly 7.5 degree intervals of are-
ocentric longitudes, Ls, spanning 321 to 55 degrees.
The edge of the CO2 frost cap is seen in thermal neu-
trons to steadily recede during this interval, revealing
subsurface deposits of water-rich soil. Simultaneously,
the intensity of thermal neutrons near the pole first in-
creases and then decreases. The thermal flux measured
near the pole relative to that measured at the Viking 1
landing site is too low, and those for the epithermal and
fast neutrons are too high, to be consistent with fluxes
simulated using MCNPX for a roughly meter-thick CO2
layer overlying water-ice rich soil. Agreement of mea-
surements with simulations seems to require a strong
neutron absorber in either the overlying atmosphere
(such as nitrogen) or the CO2 frost cap (such as dust).
Our preferred interpretation is in terms of a nitrogen-
rich residual atmosphere that forms in consequence of
the freeze-out of CO2 gas from the pre-winter polar at-
mosphere.
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The first 290 days of Martian mapping in high
energy neutrons by High Energy Neutron Detector
(HEND) on board of NASA 2001 Mars Odyssey space-
craft manifest very strong variation of flux of neutrons
at different points above the surface of the planet. The
largest areas with deficits of high energy neutrons are
observed at regions with high latitudes around both
south and north pPoles of Mars. The interpretation
of the signature of neutrons depression is presented, as
the evidence for large provinces on Mars with water ice
bearing layers in the upper sub-surface. The evidence
for seasonal variations of neutron flux from Mars is also
presented and discussed.
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We have analyzed fast neutron data measured
by the Neutron Spectrometer subsystem of the Mars
Odyssey Gamma Ray Spectrometer for 11 Ls inter-
vals (each approximately 7.5 degrees) from February
18 to August 31, 2002. The fast neutron count rate de-
pends on the abundance of hydrogen and stratigraphy,
and is relatively insensitive to the type of material in
which the hydrogen is mixed (for example, andesite vs.
basalt). The fast neutron output also depends on at-
mospheric mass, more so at equatorial latitudes than
do the thermal and epithermal energy bands. Con-
sequently, the combination of fast- and epithermal-
neutron fluxes, along with thermal neutrons and/or the
flux of hydrogen neutron-capture gamma rays, can be
used to simultaneously determine near-surface hydro-
gen abundance, its stratigraphy, and the atmospheric
mass. In this study, maps of fast neutron count rates
are combined with maps of the thermal- and epither-
mal neutrons and the hydrogen capture gamma ray in-
tensity to study the polar terrain south of -60 degrees
latitude as a function of time.
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The Martian Radiation Environment Experiment
(MARIE), aboard the 2001 Mars Odyssey spacecraft,
is returning the first detailed radiation data from Mars
orbit. Characterization of the Martian radiation en-
vironment is a necessary precursor to eventual human
exploration of Mars. MARIE, which consists primarily
of an 8-element silicon detector telescope, is providing
high-quality measurements of Solar Energetic Particles
(SEP) from a unique vantage point, and is also able to
measure a significant portion of the spectrum of Galac-
tic Cosmic Rays (GCR).

The GCR are composed of atomic nuclei with ki-
netic energies ranging from tens of MeV per nucleon to
hundreds of GeV per nucleon and higher. Energy dis-
tributions typically peak in the region of several hun-
dred MeV per nucleon. These highly charged and ener-
getic particles can penetrate tens of centimeters of mat-
ter, including tissue and practical depths of spacecraft
shielding. The combination of high energy and high
ionization associated with heavy nuclei in the GCR
make these particles much more effective in causing bi-
ological damage than a comparable dose of sparsely-
ionizing radiation such as muons or X-rays. These par-
ticles therefore present a potentially serious long-term
health risk to astronauts, particularly on missions out-
side the protection of the geomagnetosphere. At Mars,
the GCR spectrum is expected to be substantially the
same as seen at Earth, modulated slightly by variations
in the solar magnetic field.

The spectrum of SEP tends to be dominated by low-
energy protons; though less exotic than heavy ions in
the GCR, these particles, produced in Coronal Mass
Ejections, pose the risk of acute radiation exposure,
owing to the high fluxes that are often generated. SEP
spectra for a given CME may be entirely different at
Earth and Mars, for a variety of reasons.

MARIE has been operational in Mars orbit since
March 2002. Several solar events have been observed,
in addition to GCR ions. We will present dosimetric re-
sults as well as preliminary particle spectra from SEP
and GCR.
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The Thermal Infrared Imaging System (THEMIS)

instrument has observed the surface mineralogy, phys-
ical properties, and atmosphere of Mars using multi-
spectral thermal-infrared and visible images in 14 spec-
tral bands from 0.45 to 15.5 m during the first six
months of the Mars Odyssey mapping mission. The
THEMIS objectives are to map mineral units, map the
thermophysical properties of the entire planet, search
for thermal anomalies associated with active sub-
surface hydrothermal systems, investigate the proper-
ties of the poles, and study atmospheric temperature,
aerosols, and condensates at high (100-m) spatial res-
olution. The THEMIS multi-spectral images have pro-
vided new information on the physical and composi-
tional properties of the martian surface. Initial re-
sults include: (1) The individual units within layered
deposits, for example the terrains of Terra Meridiani,
have significantly different physical properties, indicat-
ing either different lithification/cementation processes
or different initial depositional conditions or environ-
ments. (2) Local exposures of surfaces with thermal
inertias approaching bedrock have been observed, indi-
cating that the rock production rate exceeds the rate of
burial or erosion and that bedrock is exposed in active
environments. (3) Crater ejecta show differing degrees
of rock preservation, providing an additional tool for
determining surface modification rates and assessing
crater ages. (4) Compositional differences are apparent
in multi-spectral thermal IR images at spatial scales of
100s of meters. (5) Regional 100-m mapping has re-
vealed the presence of channel systems in ancient crater
terrains not detected by Viking and not mapped by the
high-resolution camera on Mars Global Surveyor. (6)
IR imagery has provided quantitative physical proper-
ties of aeolian surfaces, including dunes, wind streaks,
inter-dune surfaces, lags, and mega-ripples, allowing
assessment of the processes that form these features.
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The THEMIS (Thermal Emission Imaging System)

instrument onboard Mars Odyssey is providing both
visible and infra-red imaging observations of the mar-
tian surface at two scales (18 m/p and 100 m/p re-
spectively). IR observations are being conducted dur-
ing both day and night. IR imagery records tempera-
ture variations which are primarily due to differences

in abundances of rocks, indurated materials, sand, and
dust on the surface. All of the major outflow channels,
valley networks and fossae related channel systems have
been imaged thus far in the mission. Outflow Channels:
the source regions contain large blocks of chaotic ter-
rain with very coarse (rocky) slopes and talus aprons
while the tops of these blocks appear smooth and man-
tled with finer grained materials (dust). A similar re-
lationship is also seen on the large mesas and buttes
near the mouths of several outflow channels (Kasei and
MaAdim Valles). Channel floor regions located near
the mouths of some outflow channels (Ares, Maja, and
Kasei Valles) appear to be very rocky. This is most
likely the result of deep erosion and stripping of the
bedrock by plucking and scouring from high velocity
flows. However, Tiu Vallis doesnt show this type of
stripping. This may be due to waning stage deposition
of fines, and or lower flow velocities and shallower chan-
nel incision, which failed to reach the bedrock material.
Some streamlined islands (Ares, Athabasca and Man-
gala Valles) have coarse (rocky) prows, flanks and tails.
These may be deposits of coarse bedload (boulders) or
erosion and exposure of the rocky material which makes
up the islands. Preliminary observations of some is-
lands suggest that these are depositional rather than
erosional bedforms. Valley Networks: layers are com-
monly seen in the upper regions of the walls of these
systems. Narrow, incised, discontinuous inner channels
with finer grained materials are also seen on the floors
of some valley networks (Bahram and Nanedi Valles).
Maumee Vallis appears to have pendant shaped features
(bars?) near the mouth. Samara Vallis and an un-
named channel have terminal deposits located at their
mouths (fans?). Valley network dissection also appears
much more prevalent in some regions (Libya Montes)
than has ever been seen before. Fossae related chan-
nel systems, such as Athabasca, Granicus, Hebrus, and
Hrad Valles; and Olympica and Hephaestus Fossae, lo-
cated near the Tharsis and Elysium volcanic provinces
have also been studied. These channels systems are
most likely the result of volcano ground ice/water in-
teractions. This makes these systems high priority ge-
ologic and astrobiologic targets for future landed mis-
sions. Preliminary observations and geologic interpre-
tations of martian fluvial landforms will be presented;
early results indicate that Mars has had a very rich and
complex fluvial history.
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Remarkably well-preserved lava flows and flood
channels emanate from the Cerberus Fossae, a set of
en echelon fissures trending E-SE from Elysium Mons.
Crater counts and models suggest that the most re-
cent volcanic activity (over a broad region) and flu-
vial activity at Athabasca Valles occurred within 10Ma.
However, controversy persists over whether or not this
region was recently exhumed from beneath a cover of
low-density sediments, and could be older than it ap-
pears. We hope to better understand relations between
the volcanic and fluvial activity, with implications for
the source of water and potential geothermal activ-
ity. Was the volcanism and water release driven by the
same basic magmatic/tectonic event, or were they sep-
arate events that exploited the same fissure system?
High-resolution MOC images have been crucial to ini-
tial interpretations, but they are widely spaced and
cover only a small percentage of the region, except over
an area that was under consideration as a landing site
for MER. THEMIS provides the missing links: regional
morphologic coverage and thermophysical mapping at
intermediate resolutions (18 m/pixel visible and 100
m/pixel IR). Temperature variations may directly map
bedrock units in this region, which has a thin dust cover
that is penetrated by the diurnal thermal cycle. Most
of the temperature units closely correspond to morpho-
logic units seen in MOC images, enabling extrapolation
of unit maps over the entire region. Ratios of band 4
to band 9 (8.56/12.57 microns) nighttime images have
not revealed anomalies suggestive of current geother-
mal anomalies. Except for dark steep slopes the albe-
dos do not vary strongly, so the nighttime temperature
differences must be controlled primarily by variations
in thermal inertia; this is consistent with TES results.
Relatively high nighttime temperatures correspond to
dark rock outcrops in the steep slopes of fossae and
craters and to very flat plains with well-expressed pat-
terned ground. Relatively low temperatures correspond
to bright dunes and bright-rayed craters; although not
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resolved by TES they are only slightly brighter than
the surroundings so they probably have low thermal
inertias. Clusters of bright-rayed craters have a pe-
culiar distribution, concentrated in an E-SE trend par-
allel to but S of Cerberus Fossae. Recent lava flows
have high temperature contrasts due to a low-inertia
cover over relatively high-standing plates separated by
high-inertia patterned ground, and the trapping of low-
inertia eolian materials along flow margins. Chan-
nel floors have intermediate thermal inertias, but with
streamlined patterns. A morphologic/thermophysical
unit map and geologic interpretations will be presented;
preliminary results show close spatial relations between
source regions and extents of lava flows and flood chan-
nels.
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THEMIS Multi-spectral Views of
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THEMIS infrared data provide remarkable multi-
spectral views of the compositional variations in and
around Nili Patera, the caldera at the summit of the
Syrtis Major shield volcano. It was with TES spec-
tra that these compositional variations were first ob-
served and now THEMIS images show their distribu-
tion in great detail . Two spectral units dominate the
scene. One also is a thermal inertia anomaly that was
detected using TES data but is dramatically displayed
in nighttime THEMIS images. It likely results from the
presence of exposed bedrock. TES spectra of this sur-
face resemble the Syrtis-type spectrum of Bandfield et
al. [2000] but with notably enhanced spectral contrast.
This is consistent with the effect of viewing bedrock
rather than a particulate surface like that which pre-
sumably makes up the majority of Syrtis Major. The
second spectral unit occurs in two very distinct set-
tings. The first is associated with a small (∼5 km di-
ameter) knob on the floor of the caldera that appears
to be a breached volcanic cone. The spectral unit fans
out from the cone in a manner similar to a lava flow
and cross-cuts the contact with the Syrtis-type spec-
tral unit. The second occurrence of this spectral unit is
∼50 km to the south of the caldera. In this location the
unit clearly is structurally controlled, bounded on two
sides of its roughly rectangular shape by wrinkle-ridge-
like scarps. TES spectra of this unit display features
similar to those of the Acidalia-type spectrum of Band-
field et al. [2000], indicative of a more glassy, silica-
rich composition than the plagioclase-pyroxene Syrtis-
type basalt. The cross-cutting relationship observed
to the north suggests a more recent eruption of this
unit than that of the Syrtis-type. The apparently more
silica-rich composition may be indicative of late stage
differentiation. The adjacency of these two composi-
tional units and their apparent age relationship tend to
support the idea that Acidalia-type spectral character
is attributable to primary volcanic mineralogy rather
than secondary alteration products, at least in this lo-
cation.
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We present the latest results from our analysis
of the Mars polar regions based on the data from
the THermal EMission Imaging System (THEMIS) on
board the Mars Odyssey spacecraft. THEMIS obtains
data in the infrared (IR, 10 spectral filters between
6.6 and 15.0 micrometers) and visible (VIS, 5 spectral
filters between 420 and 870 nanometers) wavelengths.
The resolution of the THEMIS IR images is 100m/pixel
and the resolution of THEMIS VIS images is 18m/pixel.

Visible images will provide a link between THEMIS IR
and Mars Optical Camera (MOC) narrow angle images.
THEMIS started acquiring data from Ls=329. High
quality thermal and IR images of the south residual
ice cap were obtained during late southern fall period.
THEMIS will allow an extensive coverage of both polar
regions by the end of the prime mission.

In this presentation we discuss the following topics:
1. Sensitivity of THEMIS instrument in the IR

wavelengths for low temperature environments in the
polar regions of Mars.

2. Initial results from morphological analysis of the
THEMIS IR and VIS data from the polar regions and
especially polar layered terrains. We are interested in
observations of the layers and troughs and correlations
with the MOC narrow angle images for the same region
and season.

3. Mars Orbiter Laser Altimeter (MOLA) topog-
raphy will be used to analyze THEMIS IR data on the
slopes of the residual ice caps and inside troughs. High-
precision registration of THEMIS IR images to MOLA
DEMs will allow us to analyze temperature dependen-
cies of ice on the slopes.
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The Thermal Emission Imaging System (THEMIS)
is continuing the infrared global monitoring of Mar-
tian dust and water ice aerosols as well as atmospheric
temperatures started by the Mariner 9 Infrared Inter-
ferometric Spectrometer (IRIS), Viking Infrared Ther-
mal Mapper (IRTM), and the Mars Global Surveyor
(MGS) Thermal Emission Spectrometer (TES) instru-
ments. Aerosol optical depth is retrieved in a man-
ner similar to retrieval algorithms used with TES data.
THEMIS 9 point spectra are converted to the equiva-
lent column integrated optical depth. The relative con-
tributions of dust and water ice to the observed opti-
cal depth are then determined using a least squares fit
of predetermined water ice and dust opacity spectral
shapes to the measured THEMIS optical depth. Sev-
eral refinements have been made to the aerosol opac-
ity retrieval algorithms for increased accuracy of both
aerosol abundances as well as surface temperatures.
The opacity retrieval algorithm iteratively solves for a
self-consistent solution for surface temperature as well
as aerosol abundance. As a result, no atmospheric
transparency wavelength needs to be assumed. Surface
emissivity maps are also now incorporated into the re-
trieval algorithm. Results to date are consistent with
concurrent TES observations, displaying low dust opac-
ities and the onset of the perihelion water ice cloud
belt as Mars progresses towards northern summer. The
Mars Odyssey mission plan includes observations that
drift from local times of approximately 3-6 PM. These
local times combined with concurrent TES observations
of a local time of 2 PM will allow for some resolution of
diurnal atmospheric variations, such as water ice cloud
abundances. The THEMIS investigation will extend
the continuous infrared monitoring of the Martian at-
mosphere, bridging the MGS TES and the 2005 Mars
Reconnaissance Orbiter (MRO) Mars Climate Sounder
(MCS) investigations. This continuous long-term mon-
itoring is essential for the understanding of the atmo-
spheric processes and cycles present in the Martian at-
mosphere.
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The Visible Imaging Subsystem (VIS) on the Mars
Odyssey spacecraft THEMIS instrument is a 5-color,
1024x1024 interline transfer CCD camera that is cur-
rently acquiring high spatial resolution multispectral
images from Mars orbit. The five VIS filters have cen-
tral bandpasses of 425, 540, 654, 749, and 860 nm,
bandwidths of approximately 50 nm, and are bonded
in 1000x200 pixel strips directly onto the VIS CCD.
Odyssey is in a near-polar orbit, traveling southward
on the dayside of the planet, and VIS acquires multi-
spectral images by using along-track motion to step the
ground footprint through each desired filter. Nominal
ground surface resolution is approximately 18 meters
per pixel, and summing modes are available that can
provide 36 m or 72 m resolution for increased surface
coverage. As of early September, just over 1.1% of the
surface of Mars has been imaged by VIS during day-
time (between about 3:00 pm to 4:15 pm local solar
time), with about 80% of that coverage at 18 m/pixel
and 20% of that coverage at 36 or 72 m/pixel. About
55% of the VIS image sequences are monochrome (650
nm) for geomorphology studies; the rest are multispec-
tral sequences in 2 to 5 colors.

VIS data are calibrated using a combination of pre-
flight radiometric calibration measurements and in-
flight flatfield and bias data. We have developed a
VIS calibration pipeline that performs a bias subtrac-
tion, removes CCD frame transfer smear, and applies
a flatfield correction for pixel-to-pixel nonuniformities.
In addition, raw VIS data contain a substantial stray
light component that is modeled and removed as part
of our pipeline process using data collected in flight.
VIS images corrected for these instrumental effects are
then converted to radiances using pre-flight integrating
sphere measurements. Division by the solar spectrum
at Mars convolved to the VIS bandpasses results in a
set of PDS-format image cubes calibrated to radiance
factor (I/F).

We validate our derived radiances by comparing re-
gions observed by VIS and HST/WFPC2 over the same
wavelengths and during the same martian season. The
contribution of the martian atmosphere to the observed
VIS radiance is a function of the amount of aerosol par-
ticles (dust, ice) suspended in the atmosphere and on
their microphysical properties (e.g., size, shape, and
composition). The situation is complicated by the lim-
ited viewing geometry of the VIS imaging sequences
and the general lack of aerosol absorption features in
the VIS bandpasses. We plan to characterize and sub-
sequently ”remove” the effects of the atmosphere by
modeling our VIS radiances combined with thermal IR
radiances from the THEMIS IRS subsystem and exist-
ing knowledge/assumption about the properties of mar-
tian aerosols.

In this presentation we report initial results on color

properties and visible to short-wave near-IR spectral

variability of the surface at high spatial resolution, con-

centrating on potential MER landing sites and other

regions that have been identified from previous Viking,

HST, and MGS data as being spectrally anomalous. We

also provide details of our atmospheric removal algo-

rithm.


