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Abstract Maps of plagioclase, olivine, and pyroxene at 1 km resolution are derived from a
combination of data from the Diviner Lunar Radiometer on the Lunar Reconnaissance Orbiter and the
Kaguya Multiband Imager. The Diviner instrument features three infrared bands designed to characterize
a spectral feature of lunar soils that is sensitive to the average silica polymerization of the surface called
the Christiansen Feature, which is directly sensitive to the presence of plagioclase, the dominant lunar
silicate. Existing global mineral maps based on near-IR data largely infer the presence of plagioclase from
the bright mineral’s effect on total reflectance, excepting in rare locations where the surface is nearly pure
plagioclase and a weak feature in the plagioclase near-IR spectrum can be relied upon. By integrating both
wavelength regions we produced more robust estimates of the abundance of the three dominant minerals.
In the process of this work, we also improved the removal of space weathering effects from Christiansen
Feature maps, and showed that silica rich compositional anomalies could be reliably detected by
decorrelating Christiansen Feature and FeO maps. New silica-rich locations are reported as are the global
abundances of the three major silicates.

Plain Language Summary One of the goals of remote sensing of the Moon is to produce
maps of the minerals present on its surface. In this paper, we bring together two infrared spectroscopic
data sets to create maps of the minerals plagioclase, pyroxene, and olivine at a resolution of 1 km. One of
these infrared data sets defines the wavelength position of a spectral phenomenon called the Christiansen
Feature that is sensitive to the presence of unusual silica-rich minerals that indicate a relatively rare but
widespread style of lunar volcanism. Using these new data, we find a few previously unrecognized silica-
rich exposures that extend the spatial range of these features. The Christiansen Feature is also sensitive

to rare rock types that may represent outcrops of the lunar mantle at the surface of the Moon, and a
promising candidate is revealed at the farside crater Titov.

1. Introduction

The major mineralogy of the Moon is relatively simple, with the vast majority of the lunar crust being com-
posed of four minerals: plagioclase, pyroxene, olivine, and ilmenite (and the latter is a major constituent
only in a few restricted areas in the lunar maria). In the anorthositic lunar highlands the surface is largely
a mixture of plagioclase and low calcium pyroxene, while in the basaltic maria the surface is a more mafic
assemblage with a diverse assemblage of pyroxenes (e.g., Moriarty III, D. P., & Pieters, C. M., 2016).

Solutions to key questions about the development of the lunar crust rely on quantitative understanding of
these mixtures. Does the crust become more mafic with depth? That is does is an hypothesis developed from
the characteristics of basaltic impact melts of basin origin (Ryder & Wood, 1977), and the question hinges
on the relative abundance of plagioclase and pyroxene in central peaks of large craters across the Moon that
can be used to probe the composition of the crust with depth (Cahill et al., 2009; Cahill & Lucey, 2007; Le-
melin et al., 2015; Martinot et al., 2018; Moriarty, Pieters, & Isaacson, 2013; Nakamura et al., 2009; Runyon
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3 T T et al., 2020; Song et al., 2013; Tompkins & Pieters, 1999). Are outcrops of
the lunar mantle present in the rings of large impact basins or in central
3 peaks of large craters? This question hinges on the relative abundance
§ 2 Olivine ] of plagioclase and mafic minerals in anomalies like the central peak
E of the lunar crater Copernicus and the rings of impact basins (Arnold
;0:_3 et al., 2016; Bretzfelder et al., 2020; Lucey et al., 2014; Melosh et al., 2017;
_— Moriarty et al., 2020; Pieters & Wilhelms, 1985, Yamamoto et al., 2010).
21 Pyroxene 1 _ _
o Global maps of mineral concentrations have been developed from near-
n Feldspar IR data to address these very questions (e.g., Lemelin et al., 2019). Howev-
0 \ ) er, near-IR spectral reflectance is an imperfect tool for understanding the
8 9 10 relative abundance of plagioclase and mafic minerals. While plagioclase
Wavelength (um) can exhibit a diagnostic absorption feature in its spectrum at 1,250 nm
due to trace amounts of iron within its crystal structure, this feature is
Figure 1. Reflectance spectra of the feldspar anorthite, the pyroxene susceptible to shock (Bruckenthal & Pieters, 1984) and masking by space
augite, and an olivine of composition Fo50. The small arrows indicate weathering (Lucey, 2002) and to variations in the abundance of the iron
the position of the Christiansen Feature minimum in these spectra. In impurity in the feldspar (Cheek & Pieters, 2014). The primary indicator

emission, the feature is a peak.

of plagioclase exploited by mineral mapping algorithms using near-IR
data is the fact that plagioclase is high in albedo compared to its mafic
counterparts. In other words, mapping of plagioclase largely relies upon
the lack of absorption, rather than keying on a diagnostic spectral feature of the mineral. This reliance has
been successful, as estimates of uncertainty in extraction of mineral abundances has been shown to have
about 10% accuracy (Cahill & Lucey, 2007; Lemelin et al., 2015), but the reliance on the lack of absorption
requires excellent and confident mitigation of other factors that might affect the brightness of a surface, in-
cluding the particle size of the surface and the degree to which space weathering has altered the reflectance.

In contrast, a thermal infrared spectral feature directly sensitive to plagioclase has been well-characterized
by the Diviner Lunar Radiometer in a decade of operation on the Lunar Reconnaissance Orbiter. Silicates
are very strongly absorbing near 9 um, a phenomenon governed by the imaginary index of refraction of
the mineral in this region. At wavelengths slightly shorter than those of strong absorption, the real index
of refraction undergoes rapid variation, and in the thermal infrared goes through a value of one, where it
matches the index of the surrounding medium (i.e., air or vacuum). This passage of the real index through
that of the medium is called the Christiansen Frequency. This phenomenon gives rise to a strong minimum
in reflectance and a maximum in emission in spectra of particulate silicate samples (Conel, 1969). Where
the index matches that of air or vacuum, scattering is minimized so photons can travel farther in a sample in
reflectance and have a greater probability of absorption giving rise to a reflectance minimum. In emission,
photons originating as blackbody radiation within the surface have a higher probability of escaping the sur-
face at that wavelength, and so the phenomenon results in an emission maximum. Because of the influence
of scattering, thermal gradients and mixtures, the Christiansen Frequency and Christiansen Feature are not
precisely at the same positions, hence the distinction in nomenclature between a precise physical phenom-
enon in the optical constants of particular materials (the Christiansen Frequency) and its manifestation in
the spectrum of a particulate (the Christiansen Feature). However, they are closely related and the position
of the Christiansen Feature is largely due to the position of the Christiansen Frequency. Hereafter, when we
use the acronym “CF,” it refers to the Christiansen Feature as observed in emission or reflectance spectra.

The Christiansen Feature is important in lunar remote sensing because the spectral contrast of vibration-
al features are somewhat suppressed by the fine grain sizes characteristic of lunar soil (Lyon, 1965), but
the Christiansen Feature and its wavelength sensitivity to composition persists. Of the three major lunar
minerals, the framework silicate anorthite feldspar has the highest bond energy and the shortest of the
Christiansen Feature positions. The vast majority of lunar feldspar is Ca-rich plagioclase (anorthite), and
its Christiansen Feature position measured in reflectance is near 7.9 um (Salisbury et al., 1991, Figure 1).
The chain silicate pyroxene is next in bond strength and in the wavelength position of the Christiansen Fea-
ture. Pyroxenes show little variation in Christiansen Feature position with chemistry, with the reflectance
minimum near 8.2 um (Salisbury et al., 1991). Finally, olivine, with its isolated silicate tetrahedra, has its
Christiansen Feature wavelength at the lowest frequency. The wavelength position is strongly dependent on
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Figure 2. Illustration of the effect of composition on the position of the
Christiansen Feature. On this ternary diagram of plagioclase, pyroxene

and olivine, a particular Christiansen Feature wavelength can arise from a

series of mixtures that cut across the ternary.

olivine chemistry, with the magnesium endmember forsterite exhibiting
in reflectance a minimum at 8.5 um and the iron endmember fayalite at
9.4 um (Salisbury et al., 1991).

The CF positions of particulate silicates measured in reflectance hold for
emission spectra as well, provided the samples are isothermal. Particulate
samples are isothermal under ambient pressure conditions in terrestrial
laboratories where gas conduction equalizes temperatures. Under this
condition hemispherical reflectance and emission spectra are related by
Kirchhoff’s Law and sum to unity if transmission is assumed to be zero
(¢ = 1-R-THowever, in the case of emission on the Moon, spectral con-
trast is amplified by the presence of strong thermal gradients in the up-
permost surface. Near the Christiansen Frequency position the spectrum
probes more deeply into the surface where temperatures are higher, caus-
ing a more prominent emission peak than is present in an isothermal sur-
face (Donaldson Hanna et al., 2017; Henderson & Jakosky, 1994; Logan
et al., 1973). Thermal gradients are due in part due to the difference be-
tween optical transparency at visible wavelengths where solar radiation
is deposited, and the infrared wavelengths where the thermal radiation
is emitted. In the visible, lunar soils are relatively transparent, so solar
energy is deposited over a few grain diameters. In contrast, at most ther-

mal wavelengths grains are essentially opaque, so radiative cooling occurs only at the immediate surface.
This allows a thermal gradient to develop, where there is a steep rise in temperature over the scale of a few
grains. There is some variation in infrared opacity with wavelength, so infrared emission probes the thermal
gradient with wavelength, analogous to probing temperature in infrared spectra of planetary atmospheres.
The resultant spectrum is a combination of the inherent spectral emissivity variations of the surface, and
the variations in probe depth (Henderson & Jakosky, 1994). A consequence of this is that the CF position
shifts to shorter wavelength with the intensity of the thermal gradient.

The CF, being a single parameter, cannot uniquely determine the relative abundances of the lunar silicates.
The CF position of a portion of the lunar surface is combination of those all of the silicates present, weight-
ed by their abundances. For example, if a surface exhibited a CF position the same as that of pyroxene, be-
cause the CF positions of plagioclase and olivine bracket that of pyroxene, the measured CF could represent
a pure pyroxene, a two-component mixture of olivine and plagioclase, or a series of mixtures of all three.
Thus, a given CF position defines a locus that cuts across the ternary diagram of plagioclase, pyroxene, and
olivine (Figure 2). (Oxides are spectrally flat in the region of the silicate CF, and exhibit a shallow, broad
emission maximum around 10-15 um).

This issue can be mitigated by combining the CF position with independent information on mafic mineralo-
gy using near-IR data. Arnold et al. (2016) exploited this in a study of olivine-rich regions that were suspect-
ed to be exposures of lunar mantle material that would be indicated by the presence of dunite (Yamamoto
et al., 2010), an ultramafic rock composed of more than 90 percent olivine. NIR spectra of the candidate
locations showed them to be essentially free of pyroxene owing to high sensitivity of near-IR spectroscopy
to that mineral (Yamamoto et al., 2010), but the relative abundance of plagioclase and olivine was highly
uncertain due both to the indirect nature of plagioclase detection, the nonlinearity of mixing at NIR wave-
lengths, and the spectral similarity between olivine and plagioclase that makes determining mineral ratios
of that pair uncertain (Cheek & Pieters, 2014). Because Arnold et al., (2016) could exclude pyroxene in their
analysis, they could confidently infer the plagioclase-olivine ratio and conclude that the CF position of the
mantle candidates were too short to represent nearly pure olivine; the mantle candidates were thus shown
to be composed of troctolite, a rock type plausibly attributed to crustal igneous processes, and not the ul-
tramafic rock suspected to represent mantle (though we note that at higher spatial resolution the average
composition of troctolite could resolve into spatially distinct patches of anorthosite and dunite).

In this study, we extend the pioneering work of Arnold et al. (2016) by incorporating in our CF analysis
ratios of olivine and pyroxene derived from radiative transfer models of near-IR data to arrive at unique
solutions for plagioclase content Moonwide. Mineral abundances of olivine and pyroxene are obtained
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Latitude (Degrees)

by combining the CF with estimates of olivine to pyroxene ratio using
near-IR iron absorptions, thus our algorithm exploits spectral features for
all minerals that are directly sensitive to their presence. Combining this
independent estimate for plagioclase content with the previously estab-
lished ratio of pyroxene and olivine provides a new estimate of abun-
dances for all these silicates.

0 45 90 135 180

<180 =188 <%0 L-(fr?gitu de (Degrees) Before derivation of mineralogy from the CF, we must accommodate the

fact that the CF position is affected by space weathering of the Iunar sur-

Figure 3. Image of the Christiansen Feature from the Diviner Lunar face, a result not anticipated prior to the LRO mission. Thermal IR reflec-
Radiometer Experiment. Data are plotted as the inverse of wavelength, tance spectroscopy of lunar soils showed no measureable effect of space
with 8 pm as black and 8.4 ym as white. Note the prominent ray patterns  weathering on the Christiansen Feature position (Salisbury et al., 1997).

associated with Copernican craters such as Tycho (lower center).
Projection is simple cylindrical, longitude covers + 180°, latitude is + 70°.

Additionally, analog plagioclase samples vitrified to capture the effect of
abundant lunar glass that accumulates with exposure to space showed no
shifts in wavelength position with glass content (Nash & Salisbury, 1991).
So it came as a surprise when maps of the Diviner CF value were first
produced, and young fresh craters showed vivid low-CF ejecta and ray patterns that closely matched their
distribution in the visible portion of the spectrum (Greenhagen et al., 2010). Indeed, global mosaics of CF
value depicted in grayscale are difficult to distinguish from visible images of the Moon. Lucey et al. (2017)
investigated this new finding and concluded that the space weathering effect was likely due to the influence
of albedo on the thermal gradients within the lunar optical surface, but that the compositional influence on
CF position was still present, showing that high-silica and high olivine locations with their highly anom-
alous CF values fell strongly off the albedo-CF value trend. They also developed a correction for space
weathering using an optical maturity parameter derived from visible and near-IR images of the Moon. That
treatment was reasonably successful at removing space weathering effects, but had ad hoc aspects that will
be improved upon here.

In this study, we will present:

The improved space weathering correction to the CF data

The algorithm for derivation of plagioclase from the CF supported by Kaguya olivine/pyroxene ratios
The abundance of plagioclase and the mafic minerals

The results of decorrelating the CF and prior FeO estimates to produce a new parameter sensitive to the
presence of silica and ultramafic anomalies.

AW

2. Data and Methods

Here we use Diviner’s three narrow-band channels near 8 um to estimate the wavelength of the CF position.
We retrieved PDS-archived calibrated radiances collected by Diviner between July 2009 and May 2016. For
each orbit, data between 70S and 70N were projected on a topographic grid using the method of Williams
et al. (2016) and binned into 32 pixel per degree cylindrical bins. We then followed the method of Greenha-
gen et al., 2010 to first calculate emissivity and use a parabolic fit to estimate the CF value within each bin.
Diviner-derived CF values deviate systematically from the CF position determined from high-resolution
spectra, and these deviations are well-understood (Greenhagen et al., 2010, SOM). Previous studies have
noted the dependences of CF value on illumination and topography (e.g., Greenhagen et al., 2010; Lucey
et al., 2017). Therefore, our data were “photometrically” corrected by projecting the data onto a high-reso-
lution topographic grid, calculating photometric geometry, and applying the empirical correction method-
ology “CX3” (Greenhagen et al., 2010, 2011). While this correction improved the topographic influence, at
higher latitudes (approximately above 50°) the presence of macroscopic shadows allows some artifacts to
remain. Finally, to minimize data outliers, the median of all CF values (one for each orbit present in a given
32 ppd bin) were tabulated to produce the global CX3 CF value map (Figure 3) with a wavelength certainty
of 0.02 um

The mineral abundances of plagioclase, olivine, low-Ca pyroxene and high-Ca pyroxene as well as FeO and
OMAT were derived from SELENE Multi-band Imager (MI) multispectral imaging with a radiative transfer
model by Lemelin et al. (2015). The mineral maps contain striping at the 5 wt. % level due to uncertainties
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in photometric correction of the underlying MI data, and the best data
quality can be found at latitudes below 60° north and south, and are the
focus of the analysis in this paper.

2.1. Space Weathering: Improved Mitigation

Space weathering strongly influences the wavelength position of the lu-
nar Christiansen Feature. Figure 3 shows the global CX3 CF value map in
simple cylindrical projection, plotted so that low CF values are bright and
high CF values are dark to illustrate the presence of anomalies associated
with fresh craters. Lucey et al. (2017) showed that crater rays and steep
slopes with high albedo at visible wavelengths are also anomalous in CF
value. They presented a correction for this effect using the optical matu-
rity parameter OMAT (Lucey et al., 2000) derived from Kaguya Multib-
and Imager near-IR data that largely removed the anomalies in highland
terrain. After the application of their correction, the space weathering
anomalies were strongly reduced. However, the correction was only part-
ly successful in the maria, and application still left significant anomalies
with strong variations associated with space weathering such as in the vi-
cinity of small fresh craters. Figure 4 shows a portion of Mare Humorum
before and after the Lucey et al. (2017) correction. The space weathering
correction optimized for highland values has substantially overcorrected
the space weathering effects in the maria, meaning that the contrast as-
sociated with OMAT in iron rich terrains is too great. We found through
experimentation that properly scaling OMAT could produce a quality
correction in the maria or the highlands, but no single scale factor would
produce an effective correction for both maria and highlands. The op-
timum scale factor for the highlands correction is close to unity. How-
ever in the maria, the contrast in OMAT associated with variations in
space weathering (relative values from mature to immature features) is

Figure 4. Corrected CF images of Mare Humorum. (a) Image corrected about a factor of 2 too high compared to the observed contrast in CF data

with Lucey et al. (2017) space weathering compensation algorithm
showing substantial overcorrection of immature craters in the maria.
(b) Image corrected using the new algorithm described in the text. CF,

Christiansen Feature

for the maria. We reasoned that because the mare and highlands differ
principally in iron content, we could develop a correction proportional
to iron. This was effective. A flow chart outlining the correction is shown
in Figure 5.

Our improved correction has these constraints. First, as the existing cor-

rection is effective in highland terrain the improved correction should
have little change when applied on low iron highlands. Second, because by its nature OMAT has little sen-
sitivity to composition in mature terrains, the correction should not create any difference between highland
and maria in mature terrains. In brief, the correction should reduce the OMAT value of immature surfaces
in high iron mare terrains by about a factor of two, but otherwise leave values largely unchanged. To prevent
much change in mature areas, the mode of the Kaguya Multiband Imager OMAT histogram is subtracted
from the Kaguya Multiband Imager OMAT parameter (Lemelin et al., 2015). Because the vast majority of
the lunar surface is mature, this subtraction places most mature surfaces near zero, so those values will be
largely unchanged when a multiplicative FeO parameter is applied.

OMAT . — OMAT — OMAT, )
scaled FeO_parameter )

In its design, the FeO parameter itself should have little to no effect in iron poor terrains as the original
correction works well in the highlands. The FeO parameter itself uses the FeO wt. % data set of Lemelin
et al. (2015) (see Section 2). We then subtract from this data set its mode (in units of weight percent) so that
the iron poor highlands that dominated the mode have a mean near zero. We then apply a scale factor (with
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Figure 5. Flowchart showing the processing done in this study. Green

Eqgs. 17-18

Div/MI Olivine
and Pyroxene

boxes are outputs, black are inputs or operations.

Latitude (Degrees)

Figure 6. CF image plotted as inverse from 8.4 to 8 um. Space weathering
effects are evident in fresh craters both in the maria and the highland,s
where bright spots are fresh impact craters. CF, Christiansen Feature

2.2. Mineral Algorithm

value determined below) to the zero-meaned FeO data, then add 1. The
result is an FeO sensitive correction parameter that has values near unity
in highland terrain, but values larger than one in mare terrain.

_ FeO - FeO, 4
parameter Feosm]e + 1_7 (2)

FeO
where FeO and FeOp,.q. are in units of weight percent, and FeOg,e is
unitless. The net result of Equations 1 and 2 is an adjusted OMAT param-
eter that has values near zero for mature surfaces in the mare and high-
land. The original, effective, OMAT values for immature surfaces in the
highlands are preserved (less the mode of the original OMAT), and values
in immature maria are reduced relative to the original OMAT values.

This parameter is applied per Lucey et al. (2017):

CF,

corrected

CF + OMATscaled . (3)

The net result is that the corrected CF in mature terrains is little changed
from the input CF; immature surfaces are altered relative to their FeO
difference between the modal FeO value and their local iron content.

The parameter FeOg. in Equation 2 is determined empirically by ex-
amining the quality of the space weathering correction in test regions of
maria. We adjusted the value of FeOj, while monitoring several mare
surfaces at full resolution and found that a value of 15 minimized the
difference between the apparent CF of small fresh craters and their eject,
and the mature mare background. Figure 4 shows the improved result
of the correction in Mare Humorum, while Figures 6 and 7 show the
results in the large Oceanus Procellarum region. The new algorithm sub-
stantially reduces the sensitivity of the final data set to space weathering
effects in the maria, while preserving good performance in the highlands.
Figure 8 shows the global result of the new correction.

The Christiansen Feature position, being a single parameter, cannot be used on its own to define lunar
mineralogy which to a large degree is a mixture of the three components, plagioclase, pyroxene, and
olivine (Figure 9). The Christiansen Feature position of a lunar soil, a mixture of those minerals, will
exhibit a relative value that reflects the CF positions of its constituent endmembers. The principal is-

w
o

g
a1

o

-80 -60 -40
Longitude (Degrees)

sue is that with pyroxene having a CF value intermediate to those of
olivine and feldspar, there is ambiguity between various mixtures that
all can share the same CF values. This is illustrated in Figure 10 that
treats the CF position of a mixture as a linear combination of the CF
values of its endmembers. On that ternary diagram, loci of constant CF
cross a wide range of compositions. For example, basalts are mixtures
of approximately equal abundances of plagioclase and pyroxene; the
CF of a troctolite (plagioclase-olivine mixture) could share the same CF
position as the basalt.

To resolve this ambiguity we turn to near-IR spectroscopy. At near
infrared wavelengths the iron-bearing minerals olivine and pyroxene
exhibit diagnostic spectral characteristics that are highly distinct from
one another. Mineral abundance maps have been produced using
data from Clementine (Lucey, 2004), and from the Kaguya Multib-
and Imager (Lemelin et al., 2015), based on spectral mixing models
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Figure 7. CF image corrected for space weathering using the algorithm
described in the text, plotted as inverse from 8.4 to 8. Space weathering
effects are largely subdued in both highland and mare terrains. CF,
Christiansen Feature.

XiNR =

that exploit the strong spectral differences between these minerals.
These maps also include estimates of feldspar abundance, and the
presence of feldspar is inferred from a weak absorption feature near
1,250 nm and from the indirect influence of feldspar on the albedo of
the surface.

We exploit this strength to resolve the Diviner CF ambiguity. On the ter-
nary diagram shown in Figure 11 lines of constant olivine-pyroxene ratio
are nearly orthogonal to the loci of constant CF; and given both, a lunar
composition can be uniquely determined.

To compute composition from CF and the NIR-derived mafic ratio, we
place the compositional ternary diagram in a Cartesian framework with
the pyroxene endmember corner at the origin, and define the equilateral
triangle as having height 1.0 (Figure 12). This gives sides of length 2/3.
In this framework, the CF and NIR loci define lines and we solve simul-
taneously for the solution. In terms of actual CF and NIR ratios, the coor-
dinates of the intercepts with the triangle by the NIR locus are:

OL (wt.%) L2 "
OL (wt.%) + Pyroxene (wt.%) N

Ying =0, (5)

1
XonR = ﬁ’ ©)
Ynw =1, 7

where the NIR line is defined by the plagioclase vertex and the ol/ol + px ratio of the pixel in question along

the base of the triangle.

For the intercept points of the CF line:

Latitude (Degrees)

180 -135 -90 -45 0 45 90 135 180

Longitude (Degrees)

tan(30)[ CF,, - CF, |

Xicp = : ®)
o CFyy, — CFy,

y _ R —CF, .

ICF =~ ~o 9
CF,y, - CFy,

2 tan(30)[CE, - CF, ]

Xocp = —F— s 10

2CF \/g CFol _ CFplg ( )
Yo = CF,, - CF,

2CF —CFol ~CF,, , 11)

where CF is the CF of the pixel under consideration, and CFg, CFpyy,
and CF, are the CF’s assigned to the endmembers.

After some tedious algebra:

) _ e (bCF - bNIR)

Figure 8. Global CF data corrected for space weathering. Image stretch Plagioclase (Wt % — —m + beg (12)
from 8 to 8.4 um. NIR CF
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e [ 1 |
2 1 I
L1 I
0.2H ! .
! ! (2/+3)oL (wr.%)
I : by = —mR . (16)
1 | OL (wt.%) + Pyroxene (wt.%)
L1 I
0.0t a1
7.8 8.2 8.4 8.6 The m and b parameters are the slopes and intercepts of the CF and NIR

Wavelength (um)

Figure 9. Histogram of space weathering corrected CF, with CF positions
of plagioclase, pyroxene, and olivine shown. This illustrates that lunar

CF values can be derived from mixtures of plagioclase with either mafic
mineral, or plagioclase with some combination of mafic minerals.
Endmember positions from Donaldson Hanna et al. (2012a, 2012b). CF,
Christiansen Feature.

Plagioclase

Troctolites
Basalts

Pyroxene / Olivine

Contours of constant CF

Figure 10. Cartoon of CF compositional ambiguity effect. The inclined
lines are constant CF values that cut across the lunar silicate mineral
ternary diagram. Basalts can share the same CF value with troctolites,
despite their critically different implications for lunar crustal evolution.
CF, Christiansen Feature.

lines.

The accuracy of the algorithm depends upon the relative differences
between the values selected for the CFs of the mineral endmembers
and the Diviner CF data. The Diviner data correction described above
results in CF values that represent fully mature lunar surfaces; im-
mature surfaces have had their CF wavelength values raised to match
the mature surfaces. However, there are no laboratory data on CF val-
ues for fully mature mineral endmembers to be used in the algorithm.
So as an alternative, we calibrate the data set to global data from the
Lunar Prospector Gamma Ray Spectrometer (LPGRS) (Prettyman
et al., 2006).

Because the principal output of the algorithm is the fraction of pla-
gioclase, and plagioclase is by far the major carrier of aluminum in
the lunar crust, we will use Lunar Prospector GRS measurements
of aluminum as the reference against which the output of our algo-
rithm is measured and adjust its inputs to maximize the consistency
of our results and the LPGRS measurement of alumina. We estimate
alumina (Al,O3) for each pixel from the plagioclase fraction, where
ALO;junar = plagioclase fraction * Al,Osplagiociase- There are variations in
aluminum content with plagioclase composition, but in the highland
crust as represented by the Apollo samples, the average composition
of plagioclase is An97 + An0.8 (Heiken et al., 1991, Table A5.7) based
on the anorthite content of plagioclase in ferroan anorthosites. This
corresponds to a stoichiometric alumina content of 36.1 wt. % +0.3. We
convert our Diviner-Multiband Imager-derived plagioclase fraction to
alumina by multiplying the plagioclase fraction by this average ferroan
anorthosite alumina content. We force Diviner-MI derived plagioclase
global abundance so that derived alumina match those of Lunar Pros-
pector GRS. Owing to the presence of both low aluminum, low plagi-
oclase maria and high aluminum, high plagioclase highlands, there is
a spread of alumina values across the Moon, and comparison of global
values should match not only the mean aluminum content, but also
the slope of the correlation, which should be 1:1. Naturally this com-
parison assumes the Lunar Prospector GRS measurements are correct
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Plagioclase

Contours of constant olivine/
total mafics

Measured NIR -_
Ratio “
Troctolites
Basalts

Measured CF

¥~ SOLUTION

/

Pyroxene

/  Olivine

Contours of constant CF

Figure 11. The Christiansen Feature (CF) ambiguity is resolved by

incorporating the olivine to total mafic ratio. The "measured NIR ratio” and
the "measured CF" values intersect at “Solution” (red star) on this diagram

to produce a unique solution. In this case the abundance of pyroxene
excluded other solutions and result in a basaltic composition.

1.0

in absolute abundance within their stated noise. We optimize the Di-
viner-MI calibration to match the mean LPGRS alumina and cause the
slope of the correlation to be close to 1. The Diviner CF data (sampled
at 32 pixels per degree) were filtered to match the spatial resolution of
the much lower resolution Lunar Prospector GRS data set used here (1
pixel per 5°).

The algorithm adjusts four variables: a global shift of the mature CF
position to an estimated fully immature value, and the CF values of
the three mineral endmembers. The objective function is the corre-
lation and average absolute difference of the Lunar Prospector GRS
alumina data and the estimated alumina derived from the plagioclase
calibration.

We begin with assigning the initial endmember CFs of anorthite, pyrox-
ene, and olivine as 7.84 (Donaldson Hanna et al., 2014), 8.22 (Shirley
and Glotch 2018), and 8.76 um (Donaldson Hanna et al., 2017) respec-
tively, and a global mature to immature CF shift of 0.2 um. We found in
our experimentation that the slope of the correlation between our esti-
mated alumina and the LP measurements was very strongly influenced
by CF position of the olivine, and to a lesser degree the CF position of
the plagioclase, and the CF position of the pyroxene had the least effect.
The final optimization gave rise to values different than those of the
initial values but close to values in other publications, so we ultimately
elected to use published values that were near the optimized solution,

and allow the global CF shift to absorb some of the residual error. The final CF positions used in this work
are given in Table 1. The shift applied to the mature CF value is 0.18 pm to shorter wavelengths; this is
our estimate of the average shift of immature lunar surface material to the longer wavelengths of fully
mature surfaces. The final correlation of Diviner-Multiband Imager alumina versus Lunar Prospector
GRS alumina is shown in Figure 13.

We estimate the precision of the mineral data by taking a relatively large (1,000 X 1,000 km) area in the
farside highlands (latitude —23.11 to —7.49, longitude —148.75 to —117.49)) that appears to be regionally
uniform, but displays artifacts such as orbit to orbit striping and uncompensated space weathering arti-
facts. The 1-sigma variation within that region is 7.5 wt. % in plagioclase content, 6.8 wt. % in pyroxene

Plagioclase

CF=7.91 um (X oY 2nR)

(Xy,ce¥,ce)

I Measured NIR ratio
Measured CF //{

A
’," (x zlcpyz,CF)

> |- P

[ /’ P L \ ’j\
A % X . Plagioclase
i wt. fraction

,// y L /,«V /’/ \ /*’/ )\ Olivine
7 T T AT T\ | cF=8.47 um
Pyroxene Rl ' il W P
CF=8.12 ym (x 1,NIR?Y 1,NIR)
2/V3

Figure 12. Recasting the ternary diagram and CF and NIR loci in a

Cartesian framework. CF, Christiansen Feature.

content, and 6.9 wt.% in olivine content and we take these values as
the uncertainty in mineral abundance. The accuracy of the data is tied
to that of the Prettyman et al. (2006) estimate of aluminum content.
They do not directly cite an accuracy, but inspection of their Figure 29a
shows the LPGRS data appear to closely bracket the aluminum content
of a large sample of lunar soils and meteorites, with an error we esti-
mate on the order of 1 wt. % Al,0O; absolute. This corresponds to about
3 wt.% in absolute plagioclase abundance.

We can assess to a degree how well we have captured the correct CF and
plagioclase contents by leveraging NIR mineralogical analyses of the
Moon. An indicator of the presence of relatively pure plagioclase out-
crops is when the plagioclase absorption near 1,250 nm has an intensity
greater than the mafic mineral absorption near 1,000 nm. Cheek and Pie-
ters (2014) showed that this condition is always met when the abundance
of mafic minerals is <2 wt%, and the onset of this condition occurs at
abundances between 2 and 5 wt%. Cheek and Pieters (2014) prepared
mixtures of pyroxenes and plagioclase at 98 and 95 wt.% plagioclase, and
showed that at 98 wt%, the plagioclase trace iron band is stronger than
the mafic absorption near 1,000 nm, but the reverse was true at 95% pla-
gioclase. Therefore the onset of this condition is somewhere between 95%
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Table 1
Positions of Christiansen Features for Mineral Endmembers

Mineral Value (um) Lab analog

Anorthite 7.81 Donaldson Hanna et al. (2012a)
Pyroxene 8.13 (average of augite and enstatite) Donaldson Hanna et al. (2012b)

Olivine 8.47 Arnold et al. (2016)

and 98% plagioclase. Using data from Multiband Imager, we isolated the region of Orientale basin that has
extensive anorthosite deposits (Ohtake et al., 2009; Yamamoto et al., 2012; Cheek et al., 2013). Removing a
continuum defined by the bands at 750 and 1,550 nm, we found all pixels that had minima relative to that
continuum at 1,250 nm, that is, had plagioclase iron features stronger than pyroxene features. The CF of
those pixels has a mode of 7.93 um, similar to the values found by Donaldson Hanna et al. (2012a, 2012b),
and slightly longer than our pure mineral endmember, with a distribution with its half heights at 7.9 and
7.99 um (Figure 14a). In terms of plagioclase, the mode of the histogram of this location is at 93 wt. % plagi-
oclase, with half maxima at 80 and 101 wt% plagioclase (Figure 14b). The distribution of the MI pixels with
the 1,250 minima show clear evidence of orbit to orbit calibration issues as discussed in the Data section,
so perfect consistency is not expected, but the spatial distribution of areas with greater than 95% plagi-
oclase (Figures 15a and 15b) and those with NIR band minima at 1,250 um shows good correspondence of
locations lending confidence to our methodology. We also note that plagioclase-rich regions dominated by
shocked plagioclase (Bruckenthal & Pieters, 1984) lacking a band at 1,250 nm would show high abundance
values to the CF-MI algorithm, but not be flagged as high plagioclase in comparing 1 um and 1,250 nm band
depths. Vitrified plagioclase shows the same CF as crystalline plagioclase (Nash & Salisbury, 1991), so the
algorithm’s sensitivity to plagioclase is immune to shock.3.

3. Results
3.1. CF Results

Since its introduction, the Diviner CF data set has provided a unique

40- ......... T

Plag Derived AlQ, (wt.%)
N w
o o

N
o

LR LR R T “ view of the Moon that reveals its most basic silicate mineralogy: the rel-

ative abundance of felsic and mafic material. The correction for space
weathering sharpens this view by reducing the clutter introduced by
space exposure. The global scale (Figure 8) reveals the basic mare-high-
. land distinction, and the mafic anomaly of South Pole Aitken Basin is
prominent. Cryptomaria are revealed as regional mafic anomalies, often
near exposures of mare basalt. Local anomalies reveal concentrations of
feldspar often concentrated in basin rings, and present frequently in
smaller exposures in the farside highlands not associated with basin
structures. Difficult to discern at this scale, but the silicic anomalies are
present and show very short CF positions on high resolution inspection
(see below). What are absent are prominent extensive ultramafic anom-
alies that could represent the long-hoped for exposures of lunar man-
] tle, possibly revealed by impact basins, though mantle material may be
] diluted in the basin formation process (Moriarty et al., 2020).However,
we will show a possible exposure of dunite in Moscoviense Basin (see
below).

Figure 13. Correlation between Diviner-MI derived alumina and Lunar

LP AL,0, (wt. %)

The distribution of CF values corrected for space weathering to an ex-
tent mirrors the distribution of FeO, itself corrected for space weathering,
making compositional anomalies that deviate from the FeO-CF correla-
tion difficult to discern. Lucey et al. (2017) showed that the high correla-

20 30 40

Prospector alumina derived from the plagioclase calibration following tion between CF (uncorrected) and albedo was strongly violated by both

methods described in the text.

silicic anomalies and olivine-rich locations. The albedo of the Moon, and
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Figure 14. (a) Histogram of CF values for all pixels in the Orientale
region with minima at 1.25 um relative to a continuum defined at 750 and
1550 nm in Kaguya Multiband Imager data. Vertical line is the CF position
for Jackson crater in uncorrected CF data (Donaldson Hanna et al., 2014).
(b) Histogram of derived plagioclase values for pixels with near-IR minima
at 1.25 um. CF, Christiansen Feature.

if a component is present with a CF very different than pyroxene or plagi-
oclase at the same albedo, then it falls off the correlation between albedo
and uncorrected CF.

We show that a similar effect is present between NIR-derived FeO (which
has space weathering largely removed) and space weathering-corrected
CF that reveals compositional anomalies. A compositional anomaly is
one that has a CF position that differs from typical lunar behavior (largely
governed by plagioclase-pyroxene mixtures) at a particular FeO content.
To compute the anomaly we scale the FeO map so that the overall corre-
lation between corrected CF and scaled FeO is 1:1:

3.2. Scaled FeO = Fe0*.013 + 8.1

We then difference the corrected CF and scaled FeO to reveal loca-
tions that deviate from the overall correlation of FeO and corrected
CF. The result is shown in Figure 16. This image shows that mare
highland differences (and SPA) have largely been removed, revealing
a host of weak anomalies at a range of scales. The most prominent
negative anomalies (CF position is shorter than expected for the FeO
content) are at the silica rich locations; we will examine them in more
detail shortly. This parameter complements the spectral parameter
called the “concavity index” that detects silicic anomalies based on
their unique spectral properties in Diviner 3-band infrared color data
(Glotch et al., 2011).

A prominent positive anomaly (CF position is longer than expected for
the FeO content) is present on and near the rings of Moscoviense Basin
on the lunar farside. In this case the CF is longer than other locations
with similar FeO contents. Olivine outcrops are known to occur at Mos-
coviense and abundant olivine is consistent with the positive anomaly.
We examine this location in greater detail here.

Moscoviense is an approximately 650-km diameter multiring basin
that exhibits complex morphology and a wide-ranging volcanic history
(Thaisen et al., 2011). Mare Moscoviense, within its 275 km inner ring,
features compositionally diverse basalts with a wide-range of ages (Moro-
ta et al., 2009). The basin’s elongated rings and discontinuous ejecta de-
posits, coupled with some of the thinnest crust on the Moon, record a
complex and poorly understood basin formation. Gravity data suggests
that Moscoviense may actually be a double basin, the result of two im-
pacts with nearly the same impact center (Ishihara et al., 2011). The inner
ring has been observed to contain unique kilometer-scale mafic mineral
exposures that are suggestive of magmatic intrusions into the lower crust,
including Mg-spinel, olivine-free pyroxene, and pyroxene-free olivine
(Pieters et al., 2011).

In the corrected CF image of the basin (Figure 17a), clear positive anomalies are present along the north-
western rim adjacent to the maria and cropping out in moderate sized craters within the maria near the
northern rim that may expose basement material. High values are also observed along the southwestern
rim, in an arc extending from the southern rim partly surrounding a weak FeO high, and in the southern
wall of the 22 km crater Titov within the maria. In the decorrelated image (Figure 17b) the distribution is
clearer and the anomalous material extends diffusely away from the more prominent anomalies. Most of
the prominent anomalies have been previously identified as olivine-bearing; here we can assess the rock
type. First, isolating the anomalous areas, most of them have plagioclase contents that are clearly anortho-
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Figure 15. (a) Location of pixels in the Orientale region with minima at
1.25 um relative to a continuum defined at 750 and 1,550 nm in Kaguya
Multiband Imager data. (b) Location of pixels with >95 wt.% plagioclase
from the calibration in this work.

Latitude (Degrees)

-180 -135 -90 -45 0 45 90 135 180
Longitude (Degrees)

Figure 16. Result of decorrelating CF corrected for space weathering,
and FeO. Mare highland differences are muted, and bright and dark
anomalies are highlighted. Light and dark anomalies indicate a CF
position that differs from predicted by the FeO content. The more extreme
dark anomalies are silica-rich locations, while the more extreme bright
anomalies can be due to excess olivine (as at Moscoviense) or anomalous
space weathering as at Reiner Gamma. More subtle anomalies could be
due to second order composition influences in either the CF or FeO data
sets. RG: Reiner Gamma Formation. O: Orientale Basin. M: Moscoviense
Basin. CF, Christiansen Feature.

sitic; at this scale the material appears to be troctolite (Figure 18). There
are a number of pixels, especially at the south wall of Titov, that extend
to lower values near 20% plagioclase by weight. This location is a good
candidate for possible exposures of dunite that may be revealed in miner-
al maps at full Diviner resolution, once calibrated to the level of the data
presented here.

The decorrelation technique is also effective at isolating silica-rich re-
gions, and identifying new ones. These features show negative anoma-
lies, meaning that the CF position is shorter than other portions of the
Moon with those FeO values. For example, a mixture of pyroxene and
feldspar would give rise to some particular FeO content and CF value;
silica rich regions have CFs shorter than any pyroxene-feldspar mixture
sharing the same FeO content.

Figure 19 shows the decorrelation image for the Oceanus Procellarum re-
gion that features a nest of silica-rich exposures. At our 1 km resolution,
we clearly identify 11 anomalies that appear to host silica-rich material
of which six were previously noted as silicic (the south rim of Aristarchus
crater, Mons Hansteen, Lassell Massif, the Gruithuisen Domes by Glotch,
Lucey, et al. (2010), the Mairan Domes by Glotch et al. (2011), Lalande
crater by Li et al. (2017), and Wolf crater by Greenhagen et al. (2017),
one was dismissed by Glotch, Lucey, et al., 2010 (Mons Riphaeus) but
this was due to incomplete coverage by Diviner at the time of writing,
and three have not be previously noted (Kepler, Bessarion, and Gambert
A). Figure 20 shows enlarged versions of the 11 sites. Figure 21 shows
profiles of corrected CF through the portion of the anomalies with the
shortest CF features. The newly identified anomalies are associated with
relatively unweathered craters with strong variations in uncorrected CF
due to space weathering that tend to obscure the short wavelength of the
feature.

3.3. Abundance and Distribution of Major Lunar Minerals

We can derive the abundance of all three major lunar silicates (plagi-
oclase, olivine, and pyroxene) from the ratio of olivine to mafic minerals
derived from Lemelin et al. (2015), and the plagioclase we derived above
from:

(1 - Plagioclase) * Olivine| o ejin

Olivine =

an

(Ollvme]_emelin + PyroxeneLemelin)

Pyroxene =1 — (Plagioclase + Olivine). (18)

This results in the abundance of plagioclase, pyroxene, and olivine at
1 km resolution between latitudes of 62°N and 62°S where data quality
is highest. The lunar surface comprises three major physiographic ter-
ranes that feature separate histories and surface expression: the Felds-
pathic Highlands Terrane, the Procellarum KREEP Terrane and the
South Pole Aitken Terrane (Jolliff et al., 2000). As a practical matter for
surface remote sensing, the mare surface is a fourth province. Figure 22
shows the histograms of distribution of plagioclase, pyroxene, and olivine
of the three terranes and the surface of the maria. The mode of plagi-
oclase content in the Feldspathic Highlands Terrane is about 85 wt. %
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Figure 17. (a) CF of Moscoviense Basin, corrected for space weathering.
Prominent CF bright (long wavelength) anomalies occur near the basin
ring, and at a crater to the northwest. Stretch is from 6.7 to 9.6 um. (b) CF
of Moscoviense Basin, corrected for space weathering and decorrelated
from FeO. The CF anomalies are shown to affect a larger area around their
main exposures. CF, Christiansen Feature.

and the balance is mostly pyroxene. The maria show an approximately
equal amount of plagioclase and pyroxene consistent with their basal-
tic nature. The mafic nature of the South Pole Aitken and Procellarum
KREEP terranes is expressed in their mafic content intermediate between
the Feldspathic Highlands Terrane and the lunar maria.

The Feldspathic Highlands Terrane includes most of the lunar surface
and is characterized by high albedo, low iron, and thorium concentra-
tions. This terrane appears to represent the remains of the original lu-
nar crust formed from the crystallization of the lunar magma ocean,
though highly modified by over 4 billion years of impacts. Within the
context of the Lunar Magma Ocean Hypothesis, the lunar crust formed
by plagioclase flotation on a relatively dense residual liquid to form the
famous anorthosites. However, it has long been recognized that the av-
erage highlands crust (away from the more mafic terranes) is too iron
rich and too aluminum poor to be composed of pure anorthosite by that
rock type’s formal definition as containing less than 10% mafic minerals
(olivine and pyroxene) by volume. On the basis of X-ray remote sensing,
Taylor (1982) suggested the highland surface was anorthositic, but not
anorthosite. Spudis and Davis (1986) and Davis and Spudis (1985) also
recognized this mafic enrichment and suggested the average surface
composition was “gabbroic anorthosite.” Similarly, Korotev et al. (2003)
came to a similar conclusion from the composition of feldspathic lunar
meteorites featuring very low incompatible element concentrations in-
dicating an origin far from the anomalous Apollo sampling zone; sug-
gested a composition of anorthositic norite based on the classification
of Stoffleret al. (1980).

The results here are consistent with that prior work. Figure 22 shows
the histograms of distribution of plagioclase, pyroxene, and olivine of the
three terranes and the surface of the maria. The mode of the Feldspathic
Highlands Terrane is about 85 wt. %. Anorthosites are defined on a vol-
ume percent basis, and using densities of 2.73, 3.22, and 3.33 g/cc for pla-
gioclase, pyroxene, and olivine, respectively, the mode of the histogram
is about 87 vol. %; much of the feldspathic highland crust is more mafic
than anorthosite as strictly defined.

The global distribution of plagioclase offers few surprises (Figure 23).
The highest abundances are on the farside as implied by Lunar Prospec-
tor GRS measurements of aluminum (and iron) (Prettyman et al., 2006);
lowest regional values are found in the lunar maria, especially the young
basalts of Oceanus Procellarum and western Imbrium. Notable high
values appear associated with rings of Orientale, Nectarus, Humorum,
with local anomalies, including those at Copernicus, Humboldt, and
Gagarin.

The distribution of olivine closely follows the distribution of the ma-
ria, with low and relatively uniform values in the highlands and sharp

boundaries between highland and mare exposures (Figure 23). The prominent albedo, iron, and plagi-
oclase anomaly of South Pole Aitken is very subdued, with olivine contents only slightly above the regional
highland background. Olivine appears to “false alarm” on pyroclastic deposits with high values at many
prominent exposures; the spectral similarity of glass and olivine are likely spoofing the near-IR detection
algorithm. It is important to avoid interpretation of MI-based olivine mineral abundances in the vicinity of
known or suspected pyroclastic deposits (e.g., Moriarty & Petro, 2020). However, the background volcanic
glass abundance in the lunar maria is only a few percent based on analyses of Apollo 11 and 12 soils (Taylor
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Figure 18. Histogram of plagioclase content for the region shown in
Figure 17a (smooth line), and of the anomalous areas revealed in the
decorrelation images shown in Figure 17b (histogram style stepped line).
Most anomalous pixels contain considerable plagioclase so these olivine-
rich exposures are troctolite. A few pixels (largely from the south rim of
Titov) show lower plagioclase content and may be hinting at a mantle
exposure that may be revealed at higher resolution.

et al. 1996, 2001), so olivine abundance above that level are likely due to
the mineral and not due to glass contamination.

While relatively abundant olivine appears largely associated with mare
deposits and cryptomaria, enhanced pyroxene is observed both in the
maria and in the more mafic portions of the lunar highlands: the South
Pole Aitken Terrane and the Procellarum KREEP Terrane. Interestingly,
boundary between the low FeO Mare Frigoris and the surrounding high-
lands is indistinct in the pyroxene map. This may be a coincidence, where
the two unit share pyroxene abundances, but the balance of the high-
lands is plagioclase whereas the balance of the mare surface is shared
between olivine and plagioclase.

4. Discussion

At the global level, these results are tied to the elemental measurements
by Lunar Prospector GRS, so provide no new constraints beyond exten-
sion to higher spatial resolution. However, the volume abundance of
plagioclase and pyroxene underscore a fundamental problem brought
into focus by Crites et al. (2015): the feldspathic portions of the crust
are somewhat too mafic to be composed dominantly of anorthosite.
The Feldspathic Highlands Terrane includes most of the lunar surface
and is characterized by high albedo, low iron, and thorium concentra-
tions. This terrane appears to represent the remains of the original lu-
nar crust formed from the crystallization of the lunar magma ocean,
though highly modified by over 4 billion years of impacts. Within the
context of the Lunar Magma Ocean Hypothesis, the lunar crust formed
by plagioclase flotation on a relatively dense residual liquid to form
the famous anorthosites. However, it has long been recognized that the

average highlands crust (away from the more mafic terranes) is too iron-rich and too aluminum-poor to
be composed of pure anorthosite by that rock type’s formal definition as containing less than 10% mafic
minerals (olivine and pyroxene) by volume. On the basis of X-ray remote sensing, Taylor (1982) suggest-
ed the highland surface was anorthositic, but not anorthosite. Spudis and Davis (1986) and Davis and

Latitude (Degrees)

-60 -30
Longitude (Degrees)

Figure 19. Silica anomalies of the Oceanus Procellarum Region. In this
rendition yellows and light greens are silica-rich anomalies, reds are low
FeO and blue are high FeO. M, Mairan Domes; G, Gruithuisen Domes;
A, Aristarchus Crater; B, Bessarion Crater; K, Kepler Crater; H, Mons
Hansteen; R, Montes Riphaeus; LC, Lalande Crater; L, Lassell Massif; W,
Wolf Crater; G, Gambart A crater.

Spudis (1985) also recognized this mafic enrichment and suggested the
average surface composition was “gabbroic anorthosite.” Similarly, Ko-
rotev et al. (2003) came to a similar conclusion from the composition of
feldspathic lunar meteorites featuring very low incompatible element
concentrations indicating an origin far from the anomalous Apollo
sampling zone; suggested a composition of anorthositic norite based on
the classification of Stoffler et al. (1980).

The results here are consistent with that prior work. Figure 22 shows
the histograms of distribution of plagioclase, pyroxene, and olivine of the
three terranes and the surface of the maria. The mode of the Feldspath-
ic Highlands Terrane is about 85 wt. %. Anorthosites are defined on a
volume percent basis, and using densities of 2.73, 3.22, 3.33 g/cc for pla-
gioclase, pyroxene, and olivine, respectively, the mode of the histogram
is about 87 vol. %; much of the feldspathic highland crust is more mafic
than anorthosite as strictly defined.

Ohtake et al. (2009) and Yamamoto et al. (2012) argued that anortho-
site is dominant at depths below a few kilometers, but that contention is
based on the detection of ubiquitous anorthite in central peaks and other
relevant deposits, not a comprehensive quantitative assay. Quantitative
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Figure 20. Thumbnail closeups of the 11 silica rich regions discussed in the text.

surveys of central peak mineralogy do not reveal obvious consistent variation in plagioclase abundance with
depth (Cabhill et al., 2009; Lemelin et al., 2015). The surface mafic component does not exclude detection of
abundant anorthosite at depth, and with almost 90% of the crust composed of feldspar, anorthosite ought
to be a common rock throughout the crust, and does not erode the arguments and need for a magma ocean
with an anorthosite flotation crust. But a substantial portion of the pyroxene must have been emplaced
outside that process.

Crites et al. (2015) noted this excess mafic component and explored three alternatives: that the typical
anorthosite that makes up the crust is more mafic than appears represented in the sample collection; that
very early volcanic products are mixed into the crust; that a mantle derived mafic component is present to
drive up the mafic content. They leaned against the "mafic anorthosite” hypothesis based on the ubiquity of
"pure anorthosites” in basin rings and central peaks that suggest very low mafic anorthosite is at least very
common (though more mafic anorthosite may be indistiguishable from mixtures). They also leaned against
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Figure 21. East-West profiles of space weathering corrected CF for the 11
anomalies discussed in the text. The dashed lines are at 7.8, 7.9, and 8 um.
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5. Conclusions

the “volcanic” hypothesis because about 30 wt% of the crust would be
required to be volcanic to account for the excess mafic component, and
they reasoned that this would be represented by abundant evidence in
the sample collection. They favored the mantle contaminant concept and
showed the contributions by the known basins assuming simple exca-
vation models were roughly consistent with the required masses. Our
work, not materially changing prior estimates of the abundance of the
mafic component, does not alter the assumptions within which Crites
et al. (2015) operated.

Some features in the data presented are unexpected. In the decor-
related CF and FeO image shown in Figure 16, the material within
the Cordillera Ring of Orientale is prominent as a circular negative
anomaly. We do not suggest that this feature is due to enhanced silica;
both the CF and FeO parameters can be affected by numerous second-
ary compositional effects, silica or olivine are just the most extreme
known. Rather, the Orientale feature indicates that there is a consist-
ent spectral difference between the ejecta and its surroundings, and
that spectral difference must be due to some subtle compositional or
physical difference that affects either the CF or the near-IR bands from
which the FeO data are derived. The distal ejecta is distinct from ma-
terial within the sharp boundary of the Corderilla Ring, and displays
an irregular boundary around the basin. The outer deposit appears to
correspond closely to Facies B of Morse et al. (2018), whereas all the
deposits within the Cordillera Ring appear similar at this scale. This
anomaly shows that some process has altered the spectral properties
of the material within and without the Cordillera Ring to produce a
measurable compositional signal.

The growing list of widespread silicic anomalies, including these new
features show that silicic material may be extensive below the mare in
this region, though the modestly extended spatial range in this work does
not appear to influence prior hypotheses for the origin of these features
(Ashley et al., 2016; Boyce et al., 2018; Glotch et al., 2010, 2011; Jolliff
et al., 2011). Additional candidates, including smaller features, are being
targeted by Diviner and LROC as part of the LRO fourth extended science
mission (2019-2023).

Finally, the Reiner Gamma Formation, a prominent “lunar swirl” that
appears to be a space weathering anomaly due the shielding effects of a
strong local magnetic field, shows a prominent positive anomaly. There
is no evidence from the CF or other analyses that this location has an
anomalous primary composition (Glotch, Bandfield, et al., 2015), rather
that the assumptions underlying the space weathering mitigations ap-
plied both to the FeO data set, and the corrected CF here, are incorrect at
this unusual location.

In this study, we improved the utility of the Diviner CF data product by better removing the effect of space
weathering. We combined this improved parameter with previously determined mafic mineral ratios to
produce a new derivation of the abundances of plagioclase, pyroxene, and olivine, ultimately tied to the alu-
minum measurements of Lunar Prospector GRS. We presented the volumetric abundance of these minerals
as manifest at the surface. We developed a new method for detection of silicic and ultramafic anomalies and

LUCEY ET AL.

16 of 20

35101 SUOLLILLIOD BAIIERID) 3[qeatidde U Aq poueo 918 SSPILE YO ‘88N J0 S9N 10} Aiq17:8UIIUO AB]IM LD (SUORIPUOD-pUR-SLLLBILIOD™ /B | 1M ARR.q 1RUIIUO//SANY) SUONIPUOD PU. SIS L 8L 39S *[£202/TT/SZ] U0 AR auIluO A51IM *2.2900300202/620T OT/10p/wi00 /s |1 Aseiq eut juo'sqndnBe// sy woJy papeojumod ‘9 “TZ0Z ‘00T669TZ



Ar~ug )
I Journal of Geophysical Research: Planets 10.1029/2020JE006777
(b)
1.0 7 1.0
3 )
) )
> >
o oy
L 0.6 1 2 06
(I -
gel °
o) o)
N 0.4} N 04
] <
£ £
o L ] o
3 0.2 > 0.2
0.0 . ) 0.0 1 ) )
0 20 40 60 80 100 0 20 40 60 80 100
Mineral Abundance (%) Mineral Abundance (%)
(c) (d)
1.0 T T T T 1.0
2 >
e 0.8} 1 2 0.8f
o) )
> >
o oy
Q 0.6} 1 2 0.6}
(I -
el °
o) @
N 0.4 1 N 0.4}
] <
£ £
°) L ] o 1
2 02 = 02
0.0 0.0 1 b
0O 20 40 60 80 100 0 20 40 60 80 100
Mineral Abundance (%) Mineral Abundance (%)
Figure 22. Histograms of the global abundances of olivine (blue), pyroxene (red) and plagioclase (black) for the
Feldspathic Highlands Terrane (upper left), the maria (upper right), the South Pole Aitken Terrane (lower left) and the
Procellarum KREEP Terrane (lower right). Distributions are normalized to the peak frequency of plagioclase.
used these to find new exposures of silicic material, and a candidate for an exposure of the lunar mantle at
the crater Titov in Moscoviense Basin. We reminded the reader of the nagging problem of an excess mafic
component of the lunar crust.
Future work will take the power of this development to applications of local-scale phenomena at the full
resolution of these products, and higher resolution equivalents that exploit the maximum resolution avail-
able from the combination of data from Diviner and Multiband Imager.
LUCEY ET AL. 17 of 20

35U9017 SUOWILLOD A0 3|dedt|dde sy Ag pauLenoB ae sopile YO 138N JO sajnu oy Areiqi auliuO 8|1 UO (SUORIpUOD-pUe-SLLLRIALICY AS | 1M ARe.q 1[BU1|UO//STNY) SUOIIPUOD Pue SWIB L 8U} 35S *[€202/TT/Ge] Uo Akeiq i aulluo A3|IM *2.2900300202/620T OT/10p/wod Aa| im Aseiq 1euluo'sgndnfe//sdny wo.y papeojumod ‘9 ‘TZ0Z ‘00T669T2



A g )
I Journal of Geophysical Research: Planets 10.1029/2020JE006777
AND SPACE SCIENCE
—~ 6
[2]
[0
(5]
)
()
e
(O]
o
2
®
-
m
[0
[0
)
[
=
()
e
=
s
-
-180 -135 -90 -45 0 45 90 135 180
Longitude (Degrees)
m
(0]
[0
S
[0
=
()
e
=
®
|
-180 -135 -90 -45 0 45 90 135 180
Longitude (Degrees)
Figure 23. Maps of plagioclase, pyroxene and olivine abundances. SPA,South Pole Aitken Terrane; O, Orientale Basin;
CC, Copernicus Crater; H, Humorum Basin; C, Crisium Basin ring; N, Nectaris Basin; HC, Humboldt Crater; M, Mare
Frigoris.
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