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Global Elemental Maps of the
Moon: The Lunar Prospector
Gamma-Ray Spectrometer

D. J. Lawrence*, W. C. Feldman, B. L. Barraclough, A. B. Binder,
R. C. Elphic, S. Maurice, D. R. Thomsen

Lunar Prospector gamma-ray spectrometer spectra along with counting rate
maps of thorium, potassium, and iron delineate large compositional variations
over the lunar surface. Thorium and potassium are highly concentrated in and
around the nearside western maria and less so in the South Pole-Aitken basin.
Counting rate maps of iron gamma-rays show a surface iron distribution that
is in general agreement with other measurements from Clementine and the

Lunar Prospector neutron detectors.

The Lunar Prospector (LP) gamma-ray spec-
trometer (GRS) has acquired global maps of
elemental composition of the moon. It has
long been known that such maps will signif-
icantly improve our understanding of lunar
formation and evolution (I). For example,
one long-standing issue of lunar formation
concerns the bulk composition of the moon.
There are suggestions from Apollo, Galileo,
and Clementine data that the moon is en-
riched in refractory elements (Al, U, and Th)
and FeO compared to Earth (2). If so, then
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lunar origin models that assume that most of
the moon’s material comes from Earth’s
mantle would not be correct. Another ques-
tion is the compositional variability and evo-
lution of the lunar highlands, which contain
KREEP-rich materials [potassium (K), rare
earth elements (REE), and phosphorus (P)].
KREEP-rich rocks are thought to have
formed at the lunar crust-mantle boundary as
the final product of the initial differentiation
of the moon. The distribution of these rocks
on the lunar surface therefore gives informa-
tion about how the lunar crust has evolved
over time. Other issues that can be addressed
in the future using GRS data include: (i)
identifying and delineating basaltic units in
the maria; (ii) determining the composition of
ancient or “cryptic” mare units found in the
highlands using Clementine data (3), and
searching for more of these units using main-
ly the Fe and Ti data; (iii) identifying and
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delineating highland petrologic units; and (iv)
searching for anomalous areas with unusual
elemental compositions that might be indic-
ative of deposits with resource potential.

Gamma-ray spectra. Here we present
spectra (Fig. 1) measured from 16 January to
16 June, 1998. During these 150 days, 5% of
the data were lost because of either incom-
plete coverage from the Deep Space Net-
work, bad sync words, or bad check sums in
the GRS data frames. Another 7% of the data
were not used because of high backgrounds
associated with solar energetic particle events
that occurred from 20 April to 10 May. Our
accepted data set contains a total of 132 days
of data, or 356,691 separate 32-s gamma-ray
spectra. The average number of spectra per 5°
by 5° selenographic latitude-longitude pixel
at the equator is 140, which is equivalent to
74 minutes of integration time (the GRS foot-
point is around 150 by 150 km, or 5° by 5° at
the equator). Because LP is in a polar orbit,
the integration time scales as 1/cos(latitude),
so that integration times for equivalent areas
in the polar regions are substantially larger.
This 5-month data set represents less than
half of the total data that will be gathered
during the prime mission. For comparison,
the combined Apollo 15 and 16 GRS data set
contained only 12.6 min per 5° X 5° seleno-
graphic latitude/longitude pixel at the equator
4).

The spectra of Fig. 1 were created by
subtracting approximately three times the re-
jected GRS spectra from the accepted GRS
spectra (5, 6). Laboratory calibrations done
before launch show that this procedure reduc-
es the background from gamma-ray escape
peaks that are 0.511 MeV below the full-
energy peaks and continuum gamma-rays
that have Compton scattered in either the
bismuth germanate (BGO) crystal of the GRS
or in the lunar surface (5). Gain, dead time,
and cosmic ray corrections have also been
made to the data. The magnitude of the gain
variations ranged from 0 to 0.5% over 12
hours. The average deadtime was about 4 to
4.5% and it slowly varied along the orbit
from 3.5% to 5%. The correction for the
cosmic ray flux variations was made by nor-
malizing the data to the count rate of gamma-
rays between 8 to 8.75 MeV. Because many
of these higher energy gamma-rays are pro-
duced by processes other than the de-excita-
tion of nuclei (for example, 7° decay from
cosmic rays hitting the moon’s surface), they
have little dependence on lunar composition.
The 8 to 8.75 MeV gamma-ray counting rate
therefore represents the baseline gamma-ray
production from the moon that varies accord-
ing to the flux of galactic cosmic rays.

Qualitatively, all three spectra in Fig. 1
have similar features. The general shape of
the background appears to be a double expo-
nential with a breakpoint around 4 MeV. Full
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energy peaks are also seen for a number of
elements in the LP GRS spectra. For the
energy resolution of the GRS (7) all of these
peaks have contributions from two or more
elements. Yet, for some elements, such as Fe,
0, Th, Si, and K, the dominant contribution is
from a single element. In contrast, other
peaks are present that have comparable con-
tributions from two or more elements. For
example, both Ti and O have gamma-ray
lines with similar fluxes at or near 7.0 MeV.
The line at 2.2 MeV is due to aluminum and
uranium gamma-rays coming from the lunar
surface and gamma-rays coming from the
hydrogen-neutron capture reaction in the
graphite epoxy of the GRS housing. Because
the mass of the housing and the neutron flux
are known, the contamination in the 2.2 MeV
line from the H-n capture reaction can even-
tually be accounted for to provide an estimate
of the lunar aluminum and uranium compo-
sition. Below 1.4 MeV, there is a complicated
structure of lines resulting mainly from U,
Th, Fe, and Al (8).

Possible lines at 3.4 and 5.2 MeV have not
yet been identified. Neither of these lines
show any substantial variation over the lunar
surface, so they might be due to energetic
charged particle activation in the BGO crys-
tal. Some recent studies suggest there is a Bi
activation line in BGO at 3.4 MeV as a result
of high-energy protons (9). The 5.2 MeV
line, however, appears to have an energy that
is too high to be an activation product.

The spectra from the Imbrium and Joule
regions of the moon show that the abundanc-
es of the incompatible elements Th and K
have considerable regional variations. Within
the Imbrium region, there is a strong thorium
peak at 2.6 MeV. In contrast, this peak is
almost absent in the spectrum measured at
Joule. Similar Imbrium enhancements are
seen for gamma-rays less than 2 MeV, which
have dominant contributions from potassium
(1.46 MeV), uranium (0.6 MeV, 1.2 MeV,
and 1.77 MeV), and thorium (0.6 and 0.95
MeV).

The counting rates for higher energy gam-
ma-rays also show noticeable differences. Al-
though the statistics for the 7.6 MeV iron
gamma-ray lines are limited because the
counting rate is less than 0.5 counts per 32 s,
Mare Imbrium shows a higher iron abun-
dance than does the Joule region. Near 7.0
MeV, the two regions also have differences.
Most of the counts in this peak are due to
oxygen (6.9 and 7.1 MeV) and titanium (6.8
MeV). Because oxygen abundance shows lit-
tle variation over the lunar surface, the in-
crease in counts seen for Imbrium near 6.8
MeV likely reflects an increased titanium
abundance. The non-varying oxygen abun-
dance is demonstrated by the oxygen-domi-
nated lines at 4.4 MeV and 6.13 MeV, which
have almost the same counting rate for both

4 SEPTEMBER 1998

100 All-Moon
' o
\2 s
\ A
L1t /S no
] v\ Fe
(]
[ \
@ \]
Ny s e T |
SR ]
2 B — Imbrium Region -
£ 100 — Joule Region
o
[=]
o
1.0 T,0
Fe
0.1

R A T R S ]
Energy (MeV)

Fig. 1. LP gamma-ray spectra plotted as num-
ber of counts per 32 s versus energy. The top
panel shows an average of all 356,691 gamma-
ray spectra collected during the first 5 months
of the mission. Because more spectra have been
taken at the lunar poles, the counts in the
all-moon spectrum are weighted toward the
poles. The bottom panel shows spectra taken
for two different lunar regions. The plot for the
Imbrium Region is the average of 2694 spectra
taken from 30°W to 10°W and 20°N to 40°N
within Mare Imbrium. This region is known for
being rich in basalts and KREEP-rich material.
The plot labeled Joule Region is the average of
2677 spectra taken from 150°W to 130°W and
15°N to 30°N. The Joule crater {located at
145°W, 25°N) is located in the lunar highlands
which are mainly anorthositic.

regions. Oxygen abundance is nearly con-
stant over the moon, varying from 41% to
46% by weight (10).

Counting rate maps of thorium and po-
tassium. Converting GRS counts into abso-
lute abundances for all the measurable ele-
ments requires a series of involved detector
modeling and spectral fitting procedures that
have not yet been carried out. However, the
elements thorium and potassium (and to a
lesser extent, iron) have large compositional
variations over the lunar surface as well as
strong, isolated peaks in the GRS spectra. It is
therefore possible to derive useful (although
limited) information from maps of gamma-
ray counting rates for these elements without
having to compute detailed detector models
or spectral fits.

The maps of Figs. 2, 3, and 4 were created
using the following procedure. First, all the
spectra were corrected for gain, dead time,
and cosmic ray variations as a function of
time. Next, the accepted GRS spectra were
averaged into 5° by 5° latitude/longitude bins
and counts were summed within energy
bands around the central gamma-ray peaks:
for thorium, the energy band was 2.4 to 2.8
MeV; for potassium the energy band was 1.3
to 1.5 MeV (/2). The correction used to
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reduce the escape peak and Compton contin-
uum gamma-rays for the spectra of Fig. 1 was
not used in this preliminary mapping analysis
because the subtraction of the rejected spectra
introduces too much noise into the data. Cor-
rections that quantitatively take into account
the gamma-ray escape peaks and Compton
continuum will be more readily carried out
once the detector modeling and spectral fit-
ting procedures are developed.

A final correction was made to the data to
account for the non-symmetric response of
the GRS to gamma-rays as a function of
incident angle and energy. This variation,
which is of order 15%, is a smooth function
of latitude and has a maximum near the south
pole and a minimum near the north pole.
While this variation can most accurately be
taken into account by a detailed model of the
detector response, in this report we used an
empirical correction. Specifically, the latitude
variation was characterized by a fourth de-
gree polynomial in sin(latitude) and removed
once the polynomial coefficients were known
for each energy range. Once these corrections
are made, it is assumed that any other varia-
tions are due to compositional variations on
the moon.

These maps show that thorium and potas-
sium are concentrated primarily on the near-
side within and around the western-most
maria; a secondary abundance concentration
is located on the farside near Mare Ingenii in
the South Pole—Aitken basin (SPA). On the

Fig. 2 (top). Color-coded map of the log of the
thorium counting rate as measured by the LP GRS. The bottom panel
shows a Mercator projection for latitudes of 45°S to 45°N, and the
top panel shows stereographic projections for latitudes of 45° to 90°
at the north and south poles. The data are binned into equal area
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nearside, the region of highest Th and K
counting rates extends from the southern
edge of Mare Imbrium near Copernicus to
near the Apollo 14 landing site at Fra Mauro.
Counts are maximum at approximately
27°W, 10°N. A region of high Th and K
counting rates also surrounds the rim of Mare
Imbrium. This asymmetric region is weighted
with higher counts to the south of Mare Im-
brium, but is also seen to extend along the
Apennine mountains east of Mare Imbrium
and along the highlands region north and
northwest of Mare Imbrium. There is a local
minimum of Th and K within Mare Imbrium
located at approximately 18°W, 40°N and
appears to be offset somewhat to the north of
the selenographic center of Mare Imbrium at
18°W, 33°N (13). Most of the western mare
of Oceanus Procellarum contains concentra-
tions of Th and K that are generally enhanced
although they are lower than those in the Fra
Mauro and Imbrium rim regions. In contrast,
the Th and K concentrations in the eastern
maria (Serenitatis, Tranquillitatis, Fecundita-
tis, and Crisium) are much lower than the
western maria; in particular, the Th and K
abundances of Mare Crisium appears to be no
different than its surrounding highlands.

On the farside, the highest Th and K count-
ing rates are found in and around the SPA, but
these rates are much lower than the high values
on the nearside. Interestingly, the local maxi-
mum on the farside is close to the antipode of
the local minimum in Mare Imbrium at approx-

Log Thorium
(counts)

Near-Side & North Pole

Far-Side & South Pole

Fig. 4. Lunar nearside and farside orthographic maps of the log of the thorium counting rate. The
nearside map is centered on Mare Imbrium and the farside map is centered on the antipode to Mare
Imbrium. The color scale and albedo contours are the same as Fig. 2. This projection shows that the
farside thorium maximum is close to the antipode of the local minimum within Mare Imbrium.

pixels that have a size of 5° latitude by 5° longitude at the equator.
Contours of albedo data taken from Clementine data (717) are shown
for latitudes between 70°S and 70°N.
the log of the potassium counting rate as measured by the LP GRS.
The projections and albedo contours are the same as Fig. 2.

Fig. 3 (bottom). Map of

imately 165°E, 40°S (Fig. 4). While previous
Apollo gamma-ray data (4) indicated that con-
centrations were enhanced in portions of the
regions shown here (westen Oceanus Procel-
larum, eastern Mare Imbrium, Fra Mauro, and
Van de Graff), the LP gamma-ray data now
delineate the boundaries of the Th and K en-
hancements and clearly indicate that these are
the only lunar regions of enhanced Th and K
abundances.

Many explanations have been offered re-
garding the distribution of KREEP-rich ma-
terial on the lunar surface. Some models have
stated that KREEP-rich material has been
excavated from the Imbrium-Procellarum re-
gion (I/4) while others have emphasized that
KREEP-rich material is of local origin and is
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Fig. 5. The highlands thorium distribution as a
function of distance from the Imbrium impact
point from the LP GRS data (closed circles) and
the model curves of Haskin (74). The highlands
regions for the LP data in this figure were
selected using Clementine albedo data (77).
The upper and lower model curves are based on
the largest (485 km) and smallest (335 km)
estimation of the Imbrium transient crater and
are calculated as the percentage of primary
material ejected from Imbrium. Because the LP
data are counts and not absolute abundances,
the data have been slightly scaled to fall be-
tween the Haskin curves in the range of less
than 1500 km.
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Fig. 6. Plot of potassium counting rate versus
thorium counting rate as measured by the LP
GRS.
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produced from volcanic activity (/5). Much
work supports the idea that the distribution of
KREEP-rich material involves many com-
plexities of process and history (/5). Because
of these complexities and the limitations of
the LP counting rate data, the maps presented
here cannot be used to quantitatively deter-
mine the combination of mechanisms that
have distributed KREEP-rich rocks over the
lunar surface. However, these data may help
to constrain various models. For example,

Fig. 7. Plot of measured LP thorium counting
rate versus derived soil abundances in parts per
million (ppm) for various landing sites. The soil
measurements are taken from the data set of
Korotev (76) who tabulated extreme high and
low values for each Apollo site (no ranges were
given for the Luna data because the samples
were all taken from a single core). Although the
symbols are plotted at the midpoint values
between the extremes, they do not necessarily
represent the average value for the site. The LP
measurements are taken from the 150 by 150
km pixel covering each landing site. The uncer-
tainty of the LP measurements due to counting
statistics is approximately the size of the plot-
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Hawke and Head (15) have argued that most
of the KREEP-rich material from Fra Mauro
seems to show shock deformation effects that
are incompatible with an origin as Imbrium
ejecta. The highest LP counting rate in that
region extends from Copernicus to Fra
Mauro. This distribution appears to support
this view as it is not symmetric around Mare
Imbrium, but extends from the south of Im-
brium to the southeast. However, the region
of high Th and K around the rim of Imbrium
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ting symbols. The symbols for the different landing sites are as follows: X, Apollo 11; OJ, Apollo 12;
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maximum LP thorium counting rate.
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(Fig. 4) also suggests that the some of the
observed KREEP-rich material may be asso-
ciated with the Imbrium impact. In the model
of Haskin (/4), it was assumed that the entire
Lunar highlands Th distribution arises mainly
from Imbrium impact ejecta. Fig. 5 shows the
LP counting rate data for the highlands Th
distribution versus distance from the Imbrium
impact point, overlaid by model curves de-
rived by Haskin. While not falling uniquely
along either of the calculated KREEP distri-
bution curves, the data are consistent with the
model. Even though the Haskin model con-
tains many assumptions and simplifications,
this agreement suggests that at least some
portion of the highlands KREEP distribution
may be associated with the Imbrium impact.

The LP counting rate measurements are in
agreement with sample measurements. Re-
turned soil and rock samples show that thorium
and potassium abundances are correlated (/6).
Both elements are incompatible in most mineral
phases and so develop similar fractionation pat-
terns. Such a correlation is also found in the LP
data (Figs. 2, 3, and 6). Although this correla-
tion is strong, the measured potassium counts
may be somewhat biased from a low-level
background because of overlap with Compton
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Fig. 8. Map of the iron counting rate as measured by the LP GRS. The projections and albedo contours are the same as for Figs. 2 and 3.
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continuum gamma-rays produced from higher
energy thorium lines,

LP thorium counting rates correspond rea-
sonably well with Apollo and Luna thorium
soil sample measurements (/6) for most of
the abundance range (Fig. 7). However, there
are some discrepancies between the LP GRS
measurements and sample measurements as
neither the Apollo 12 (open square), Apollo
15 (closed diamond) or Apollo 14 (closed
circle) data fall uniquely on a straight line
with the remaining data. It is probable that the
discrepancies result because the Apollo sam-
ple measurements simply do not provide an
accurate measure of composition for the 150-
km-radits footpoint seen by the LP GRS.
However, even if Th is locally enhanced (at
the Apollo 14 site, for example), the GRS
measurements average out these enhance-
ments over ~150 km. As shown in Fig. 7, the
maximum thorium counting rate (located ap-
proximately 500 km from the Apollo 14 land-
ing site) is only 3% greater than the Apollo
14 counting rate. Thus any localized thorium
enhancements, if they exist, have been aver-
aged out.

Counting rate map for 7.6-MeV gam-
ma-rays. The"statistics for the counting
rate of the 7.6-MeV gamma-rays dominated
by iron are not as high as for thorium and
potassium. Furthermore, overlap from a
7.72-MeV aluminum line cannot yet be
separated from the 7.6-MeV iron lines.
Nevertheless, the available data (Figs. 1
and 8) show that the counts around 7.6
MeV vary substantially between the lunar
maria and highlands regions.

The global distribution of iron inferred
from the GRS data (Fig. 8) is comparable to
that obtained by both the LP thermal and fast
neutron detector (/7) and earlier Clementine
data (/8). For example, high iron abundances
are seen in the nearside mare, the SPA, and
Mare Australe. However, we also see high
gamma-ray counting rates in regions that do
not appear to correlate with the high iron
regions from the Clementine data, for exam-
ple, east of Mare Serenitatis and Mare Frigo-
ris. Although the LP neutron data also sug-
gest there are high iron abundances in these
regions, there are some regions of high gam-
ma-ray counting rates on the lunar farside
(for example, 90°W to 165°W and 45°N to
85°N) that do not correlate with high iron
regions in either the neutron data or the
Clementine data. Most of these regions are
lunar highlands thought to have relatively
high aluminum abundance and relatively low
iron abundance. Because the 7.72-MeV alu-
minum gamma-ray line is the most intense of
the few gamma-ray lines that can produce an
interference with the 7.6-MeV iron lines (8),
these data suggest that some of the anoma-
lous high count rate regions may be due to
elevated aluminum abundances.
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Major Compositional Units of
the Moon: Lunar Prospector

Thermal and Fast Neutrons

W. C. Feldman,* B. L. Barraclough, S. Maurice, R. C. Elphic,
D. J. Lawrence, D. R. Thomsen, A. B. Binder

Global maps of thermal and fast neutron fluxes from the moon suggest three
end-member compositional units. A high thermal and low fast neutron flux unit
correlates with the lunar highlands and is consistent with feldspathic rocks. The
South Pole—-Aitken basin and a strip that surrounds the nearside maria have
intermediate thermal and fast neutron flux levels, consistent with more mafic
rocks. There appears to be a smooth transition between the most mafic and
feldspathic compositions, which correspond to low and high surface altitudes,
respectively. The maria show low thermal and high fast neutron fluxes, con-

sistent with basaltic rocks.

Neutrons are generated by interactions be-
tween galactic cosmic rays and surface ma-
terial in all planetary bodies that have suffi-
ciently thin atmospheres. Subsequent interac-
tions of the neutrons with surrounding mate-
rial produce a steady-state, equilibrium
energy spectrum that spans from the fast
neutron range, where neutrons are born (en-
ergies, E, greater than several hundred thou-
sand electron volts), to the thermal energy
range (£ < 0.3 eV), where neutrons are ab-
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sorbed. Neutron energy spectra are therefore
expected to reflect the composition of near-
surface planetary layers. Simulations of equi-
librium spectra indicate that the fast neutrons
provide information primarily about the Fe
and Ti content of soils (/-3). Epithermal
neutrons (energies between ~0.3 eV and sev-
eral hundred thousand electron volts) reflect
primarily the abundance of hydrogen (4), and
thermal neutrons reflect the abundance of
neutron-absorbing nuclei, primarily Fe, Ti, K,
Gd, and Sm (4-7).

The Lunar Prospector (LP) neutron spec-
trometer (NS) measures the flux of thermal,
epithermal, and fast neutrons. Thermal and
epithermal neutrons are measured using two
*He-filled gas proportional counters and as-
sociated electronics (&). One of the counters
is covered with a 0.63-mm-thick sheet of Cd,
which, because of its high (>10,000 barns)
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