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Global Silicate Mineralogy of the Moon
from the Diviner Lunar Radiometer

Benjamin T. Greenhagen,™* Paul G. Lucey,? Michael B. Wyatt, Timothy D. Glotch,”
Carlton C. Allen,’ Jessica A. Arnold,* Joshua L. Bandfield,® Neil E. Bowles,’
Kerri L. Donaldson Hanna,? Paul 0. Hayne,® Eugenie Song,® lan R. Thomas,” David A. Paige®

We obtained direct global measurements of the lunar surface using multispectral thermal emission
mapping with the Lunar Reconnaissance Orbiter Diviner Lunar Radiometer Experiment. Most lunar
terrains have spectral signatures that are consistent with known lunar anorthosite and basalt
compositions. However, the data have also revealed the presence of highly evolved, silica-rich
lunar soils in kilometer-scale and larger exposures, expanded the compositional range of the
anorthosites that dominate the lunar crust, and shown that pristine lunar mantle is not exposed at
the lunar surface at the kilometer scale. Together, these observations provide compelling evidence
that the Moon is a complex body that has experienced a diverse set of igneous processes.

emote characterization of mineralogy
Rthrough thermal emission spectroscopy

has a long history in planetary science that
recently has been highlighted by global maps of
martian mineralogy obtained from orbit and mea-
surements from the martian surface (1, 2). Al-
though infrared emission spectroscopy is sensitive
to the bulk composition and can readily identify
important lunar silicates such as feldspar, pyrox-
ene, olivine, and quartz (3), earlier lunar observa-
tions (4, 5) lacked sufficient spatial resolution or
coverage to identify areas that may have escaped
extensive physical mixing and retain unusual li-
thologies. High-resolution lunar mapping has thus
far been limited to visible and near-infrared spec-
troscopy and multispectral imaging, which have
been used to identify diverse compositions over
large areas of the lunar surface (6-9). However,
these techniques are relatively insensitive to nom-
inally iron-free minerals such as quartz and feldspar
and can only unambiguously detect the important
lunar rock—type anorthosite in exposures that con-
tain almost no mafic minerals, such as pyroxene
or olivine (9). Multispectral thermal emission data
from the Diviner lunar radiometer have high spatial
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resolution, near global coverage, and sensitivity to
important iron-poor mineralogy.

Launched onboard the Lunar Reconnaissance
Orbiter (LRO) in June 2009, Diviner is a nine-
channel pushbroom mapping radiometer that mea-
sures emitted thermal radiation (seven channels)
and reflected solar radiation (two channels) be-
tween 0.3 and 400 um at a spatial resolution of
approximately 200 m (/0). The Diviner com-
positional investigation relies primarily on the
three shortest wavelength thermal infrared chan-
nels near 8 um: 7.55 to 8.05 um, 8.10 to 8.40 um,

1.00

and 8.38 to 8.68 um. Pioneering lunar mid-infrared
spectroscopic studies, including airborne (4),
ground-based (5), and laboratory (//—13) mea-
surements, have shown this region is key to iden-
tifying common lunar silicate minerals, and the
Diviner compositional investigation was de-
signed by using the results of those studies (/4).

We chose Diviner’s 8-pum-region channels to
characterize a well-studied compositional indica-
tor of silicate mineralogy called the Christiansen
feature (CF) (14, 15). The wavelength position of
CF is strongly dependent on the degree of polym-
erization of minerals, with framework silicate min-
erals such as feldspars exhibiting CFs at shorter
wavelengths than less polymerized pyroxene and
olivine (3, 16, 17). Common lunar minerals thus
exhibit widely separated CF positions. The CF
position of soils is close to the weighted average
of the constituent minerals, which enables deter-
mination of major lunar lithologies (/8). The
presence of strong thermal gradients in the lunar
environment causes systematic shifts in CF po-
sition and an enhancement of CF spectral con-
trast relative to other mid-infrared features, such
as Reststrahlen bands (3, 19, 20). Therefore, lunar
thermal emission observations are only directly
comparable with laboratory emission measure-
ments in a simulated lunar environment (27, 22).

We used ~10® three-point 8-wm-region spectra
collected between 5 August 2009 and 24 No-
vember 2009, covering ~50% of the lunar surface
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between 60°N and 60°S. The field of view of the
instrument causes spatial gaps between orbit
tracks as collected to date; however, Diviner has
comprehensively sampled all major lunar terrains
and continues to increase spatial coverage as the
LRO mission proceeds. To characterize silicate
mineralogy from Diviner spectra, we first binned
and averaged calibrated radiance at 32 pixels per
degree (~1 km per pixel at the equator), calcu-
lated an effective emissivity for each channel,
and then estimated the position of the CF using
a parabolic fit to the three channels (Fig. 1) (16).
High-spectral-resolution laboratory experiments
have shown that a parabola is a good approxi-
mation for the shape of the CF across this re-
stricted wavelength range (11, 16, 21, 22).

We analyzed Diviner 8-um-region spectra
to determine the maxima of parabolic fits (“CF
values”) and assembled the result into a compre-
hensive map of lunar silicate mineralogy (Fig. 2).
The data were corrected to remove temperature ef-
fects, including anisothermality (topographically
driven subpixel variations in temperature) (16).
Over 90% of the CF values are between 8.04 and
8.36 um (Fig. 3). The known mineralogical dif-
ferences between basaltic maria with abundant
pyroxene and the feldspathic highlands, which
are rich in plagioclase feldspar, are readily appar-
ent. The observed variability in CF values is also
influenced by space weathering, which is the re-
action of the lunar surface to exposure to micro-
meteorites and solar wind sputtering (23). The
space-weathering effect was not anticipated (/8)
and shifts CF values to longer wavelengths with
increasing maturity (longer exposure time on the
surface) relative to fresh “immature” surfaces (16).

Diviner observations are consistent with pre-
vious regional lunar surface observations (4) and
are directly comparable with laboratory measure-
ments of returned lunar soils in a simulated lunar
environment (/2, 13, 16). The mean CF values
for highland-dominated areas are shorter than
those for the mare-dominated areas, which are
consistent with the mineralogical differences
between the feldspar-rich lunar highlands of the
Apollo 16 landing site and the feldspar-poor lunar
maria of the Apollo 11, 12, 15, and 17 landing
sites (Fig. 4) (24, 25). The Apollo 14 site, which is
dominated by mafic basin ejecta, has an interme-
diate mean CF value. Although most Diviner ob-
servations fall within the range of typical highlands
and maria, there are locations with unusual CF po-
sitions, 8-um-region spectral signatures, or both.

In restricted regions that have previously been
shown to exhibit unusually high abundances of the
incompatible element thorium (26), there is evi-
dence of highly silicic material: quartz, silica glass
of similar composition, or sodium- or potassium-
rich (or both) varieties of feldspar. These minerals
are indicators of extremely differentiated lunar
rocks, including granites. Diviner data associated
with these kilometer-scale or larger exposures, and
laboratory measurements of similar materials in
simulated lunar environment, exhibit distinct spec-
tral characteristics owing to CF positions well

shortward of the 8-um-region channels’ wave-
length range (21, 22). Prior work had highlighted
some of these locations (lunar red spots) because
of their unusual morphologies and anomalous
ultraviolet ratios and because of their unusually
high thorium values (27-30). However, a definitive
compositional diagnosis required direct detection
of the indicator minerals. Glotch et al. (22) have
used Diviner data to perform a comprehensive sur-
vey of the lunar red spots and identify Hansteen
Alpha, Lassell Massif, the Gruithuisen Domes,
and Aristarchus Crater as high-silica features. Be-
cause the volume of silicic rock relative to a basaltic
precursor is small, simple extreme differentiation of
a basaltic magma raises issues of storage and heat
supply to such large magma bodies. This suggests
that basaltic intrusive magmatism may have re-
melted and subsequently differentiated a previously
more silica-rich precursor, such as anorthositic crust
(22). Alternatively, it is possible that the thorium-
rich, high-silica features may represent direct ex-

60 N

trusive examples of the incompatible element-
rich residual liquids from the lunar magma ocean.

The silica-rich red spots are confined to a large
region on the lunar nearside called the Procellarum
KREEP (for potassium, rare earth elements, and
phosphorous) Terrane (PKT), where most of the
surface thorium on the Moon is found, and the
presence of high concentrations of heat-producing
elements is invoked to account for the extensive
basaltic volcanism on the lunar nearside (317).
This regionally concentrated heat source plausi-
bly enabled the differentiation that gave rise to
the silicic anomalies. However, we also detected
high amounts of silica outside the PKT in the
Compton Belkovich thorium anomaly on the lunar
far side. Recent Lunar Reconnaissance Orbiter
Camera images show that this location is a low
dome, with unusual morphologies revealed at the
10-m scale (32). Therefore, whatever process gave
rise to these silicic features either did not require
the special thermal conditions of the PKT (such
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Fig. 2. CF value map of silicate mineralogy. The color map was chosen to highlight compositional
variability of common lunar terrains and saturate blue or red for unusual compositions (Fig. 3).
This map uses a pyramidal spatial resolution structure between 8 and 0.5 pixels per degree.
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Fig. 3. Histogram of Diviner CF values between 30°N and 30°S. Diviner CF values (black trace) have a
bimodal distribution with modal means for highland (blue trace) and mare (red trace) compositions of
8.15 and 8.30 um, respectively. CF positions were measured in simulated lunar conditions for relevant
minerals (A, anorthite; F, forsterite; and Q, quartz), and ranges for mineral types are included.
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as whether it is a direct magma ocean product), or
the PKT is much more extensive but its thorium
is sequestered at depth, which is in contrast to
prior interpretations that suggested the far-side
thorium had been depleted (26).

We have also identified a class of anomalous
kilometer-scale exposures with CF values be-
tween those of the high silica features and those
of the extraordinarily calcium-rich anorthite that
is well known from anorthosites in the lunar sam-
ple collection. This class of feature (“intermediate
composition plagioclase”) is consistent with pla-
gioclase compositions such as bytownite or lab-
radorite, which are somewhat more sodium-rich
than the crust-forming ferroan anorthosites (Fig. 3)
(14). Unlike the high-silica features, these plagio-
clase features have CF positions near the 8-um-
region channels (thus enabling the determination
of'a CF value) and are not correlated with thorium
anomalies. The CF value difference between the
intermediate plagioclase composition features (for
example, Guthnick crater in the southemn high-
lands has a mean CF value of 7.68 pm) and imma-
ture crystalline anorthite measured in a simulated
lunar environment (7.84 um for An90) is large and
is of similar magnitude to the difference in modal
CF values of highlands and maria (16, 21, 22).

The intermediate composition plagioclase fea-
tures occur in a wide range of lunar terrains. We
found that 15 of the areas previously shown to be
pure plagioclase feldspar on the basis of near-
infrared spectroscopy (9) show evidence for inter-
mediate composition plagioclase and that an
additional 19 of the areas have either extremely
immature pure anorthite or are mature or mixed
intermediate composition plagioclase, or both (/6).
The detection of widespread intermediate com-
position plagioclase indicates that the lunar crust
may have localized variations in plagioclase com-
position. Anorthosites with approximately these
compositions are known in the sample collection
(such as the alkali anorthosites), but all of these
are rich in incompatible elements and may not be
related to the thorium-poor locations we have iden-
tified (33). The intermediate composition plagio-
clase may thus reflect geochemical heterogeneities
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line immature plagioclase S

(anorthite endmember), 8

pyroxene (intermediate %_, 8.10
composition), and olivine 2

(forsterite endmember)

measured in simulated  § 8.25
lunar conditions and as- &

suming a linear mixing

behavior for the CF posi- & 8.40
tion (18). The ternary lo-

cation for a representative 8.55

soil sample and mean CF
value from each Apollo
site are superimposed.

www.sciencemag.org SCIENCE VOL 329

Pyroxene (8.25 ym)

and variable cooling within the lunar magma ocean
or secondary processing of an early lunar crust.

There is no evidence of olivine-rich ultra-
mafic lithologies, including any that might indicate
the presence of kilometer-scale exposures of
lunar mantle at the surface. Using the same meth-
odology we used to directly detect high-silica
features (extreme mean CF values and distinct
character owing to CF positions well outside
the 8-um-region channels’ wavelength range),
we failed to detect any contiguous regions with
very long wavelength CF positions. Most of the
proposed lunar mantle compositions contain little
or no feldspar, being dominated by pyroxene,
olivine, or both (34), and such ultramafics would
be readily identified by Diviner (/6). Given our
current constraints in latitude, spatial coverage,
and spatial resolution, we found no exposures that
have CF values longer than typical lunar maria,
which contain tens of percent plagioclase feldspar.
Rare individual 1/32-degree pixels are detected
with these characteristics, but in the absence of
other evidence we attribute these occurrences to
processing errors caused by shadows, topographic
relief, or both (/6). A recent inspection of full-
resolution Diviner data for central peaks and other
locations that have been previously suggested to
reveal uplifted ultramafic compositions on the
basis of multispectral near-infrared data (7) also
revealed no evidence of surfaces dominated by
olivine-rich ultramafic lithologies (35).

Our study includes the interior of the vast
South Pole Aitken basin, which is large enough to
have penetrated through the crust and into the
mantle (36). If the basin did excavate mantle ma-
terial, the upper surface is extensively mixed with
more feldspathic crustal rocks from the many basins
and lesser impacts into the ancient South Pole
Aitken basin, and no pristine exposures are found
at the kilometer scale. Recently, Yamamoto ef al.
(37) have reported possible mantle outcrops in
several regions on the Moon. Although we have
not compared their reported locations directly,
our coverage includes all of their study areas. Our
results suggest that if the Yamamoto ez al. (37)
detections include mantle material, it must be

Plagioclase (7.84pm)

Olivine (8.67 pm)
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mixed with feldspathic material to have eluded
detection by Diviner. The search for lunar mantle is
a prime example of the complementary nature of
near infrared and thermal infrared spectroscopy
with respective sensitivities to iron-rich and iron-
poor mineralogy.
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