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ABSTRACT

This dissertation has two focuses: (1) the evaluation and validation of algorithms used for
analysis of lunar visible and near-infrared data sets, and (2) the determination of lunar surface
and sub-surface crustal composition by virtue of these algorithms. To that end, the results and
interpretation reported herein further enhance knowledge of lunar ferroan anorthosite (FAN) and

magnesium-suite (Mg-suite) mineralogy, chemistry, and distribution on and in our Moon’s crust.
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CHAPTER 1. INTRODUCTION



Overview

This thesis is focused on the extraction of accurate quantitative mineralogic and chemical
information from visible (VIS) and near-infrared (NIR) reflectance spectra to make fundamental
insights in lunar geology. I do this through the application of radiative transfer theory which
Bruce Hapke pioneered. This is a theoretical approach that is gaining significant favor as its
methods are continually scrutinized, validated, and readjusted. In the last several years, the
Hawaii group led by Dr. Paul Lucey has been at the forefront of this area of study as it relates
primarily to the Moon, but other airless bodies as well.

In this methodology, a first-principles approach is taken where reflectance spectra are
modeled as the result of light interaction with mineral grains (i.e., volumetrically) in naturally
occurring intimate mixtures of the major lunar minerals (e.g., olivine, pyroxene, and plagioclase).
Hapke [1981; 1993; 2001]’s methods enable an incorporation of mafic mineral chemistry effects,
grain size, and the explicit treatment of space weathering effects. In the last four-to-five years the
Lucey research group’s effort using these techniques has shown significant progress and made
fundamental insights for interpretation of lunar geology (e.g., [Gillis-Davis et al., 2006;
Lawrence and Lucey, 2007; Lucey, 2004; Lucey et al., 2004; Lucey, 2006; Lucey and Noble,
2008; Wilcox et al., 2006]).

This thesis holds the contributions (all data analysis, scientific interpretation, and writing) I
have made towards this goal as a member of Dr. Lucey’s group and guidance from my committee
and other coauthors. However, from this point on I will refer to myself as “our” or “we” for
consistency. These contributions include an analysis of previously identified lunar highland
spectral classes [Cahill and Lucey, 2007], an analysis of lunar impact crater central peaks [Cahill
et al., 2009], evaluation and validation of the model using lunar hyperspectral reflectance spectra
of lunar mare and highland soils [Cahill et al., 2010a], and evaluation and compositional analysis
of Earth-based hyperspectral telescopic spectra of the nearside of the Moon [Cabhill et al., 2010b].
All of these studies are put into the geochemical and petrologic context of known lunar sample

compositions.



Recently pivotal lunar remote sensing missions (e.g., Chang-E, Chandrayaan-i,
KAGUYA/SELENE, Lunar Reconnaissance Orbiter, and LCROSS) carrying high quality spectral
remote sensing instruments are returning vast new data sets with higher spatial and spectral
resolution (<10 m/pixel and ~260 channels) than Clementine (~100-200 m/pixel and 11
channels) and will soon become available to the general scientific community. The higher signal-
to-noise ratios of these new data sets will provide abundant opportunities for scientific discovery,
potentially enabling major breakthroughs in lunar science. Both the analytical techniques and the
geologic insights detailed in this volume should prove to be valuable scientific stepping stones for

these missions.

Basic Lunar Petrology, A Brief Summary

The lunar highlands suites are particularly important for understanding the evolution of the
lunar crust via the magma ocean hypothesis. A relatively small number of the Apollo samples
have compositions thought to have been spared mixing by meteorite impact and have the original
compositions of the lunar crust. These so-called pristine rocks have very low siderophile
abundances and sometimes feature cumulate textures, among other characteristics [Warren,
1985]. On a plot of Mg' (i.e., molar (Mg/(Mg+Fe)) x 100) of mafic minerals vs. An (i.e., molar
(Ca/(Ca+Na)) x 100) of coexisting plagioclase, pristine lunar rocks are separable into major fields
([Longhi, 2003; Warren, 1985]; Fig. 1.1). The ferroan anorthosites (FAN), characterized by very
high feldspar contents, plot in a field exhibiting no correlation between the parameters and
feature relatively low Mg' (~40-75) and high An (94-98) content. A second group of diverse rocks
that has much lower modal plagioclase contents plot in a correlated trend that does not intersect
the anorthosite field, and lies above the anorthosite trend in terms of Mg'. These more mafic and
relatively more magnesian rocks are called the Mg-suite rocks.

The characteristics of the Mg-suite rocks suggest an origin in moderate sized magma bodies
intruded into the highlands crust [James and Flohr, 1983], but their volumetric importance and
Moon-wide occurrence is very poorly known. Jolliff et al. [2000] suggests that Mg-suite
materials are a peculiarity of the Procellarum KREEP Terrane (PKT), an area on the nearside of

the Moon characterized by high iron and thorium concentrations suggested to be a product of the
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unique thermal environment that influenced the evolution of that terrain. However, in recent
studies of KREEP-poor feldspathic meteorites, Warren [2005] and Warren et al. [2005] attempt
to extend the presence of Mg-suite globally by suggested that the magnesian component in these
meteorites is derived from a KREEP-poor or KREEP-free variety of Mg-suite (a characteristic that
is not observed in the Apollo and Luna samples). But, in a study of many of the same rocks,
Korotev [2005b] notes that mafic magnesian lithologies are absent from these meteorites and the
magnesian component within these meteorites is derived from a source other than the Mg-suite,
or that the feldspathic meteorites are derived from magnesian (rather than ferroan) anorthosites.
Regardless, both Warren [2005] and Hess [1994] (the former in the context of magnesian
feldspathic meteorites and the latter magnesian troctolites), point out that source magmas for
magnesian feldspathic material would have to be extremely magnesian themselves, with Mg's
approaching that of the terrestrial mantle (~90's).

Although it is unclear whether the characteristics that Warren [2005] and Hess [1994]
propose for the magnesian feldspathic material fit the characteristics of Mg-suite or not, it is clear
that knowing the distribution of mafic and/or magnesian rocks in general and the Mg-suite in
particular is important to solving this discussion. In their ground-breaking study, Tompkins and
Pieters [1999] reported mafic lithologies in a number of central peaks using Clementine spectral
reflectance data, and attributed these to the presence of Mg-suite rocks, but that association was
principally based on the lack of other candidates in the pristine rock collection. Furthermore,
Shearer et al. [2006], pointed out that these analyses lacked information on Mg', and it was
possible that these occurrences are due to more mafic varieties of FAN rocks.

Among the questions and issues related to mafic rock types are: What is the nature of the
magnesian component in feldspathic meteorites and some feldspathic granulitic breccias? Is the
Mg-suite a special product of the PKT, or is it a Moon-wide phenomenon? Do magnesian
anorthosites exist or are they mixtures of Mg-suite and very-low-mafic anorthosite? If so, what is
their distribution and why are they not found in the pristine rock collection? What is the
mineralogy and chemistry of the mafic-rock types identified by Tompkins and Pieters [1999] and
what is their relationship to the Mg-suite? The research herein is aimed at addressing these

questions.



Outline of Studies

Here we intend to use radiative transfer modeling methods to aid in my analysis of various
lunar data sets to both evaluate the model and determine further insights into lunar geology. In
summary, the first two studies focus on the analysis of lunar impact crater central peaks and
previously interpreted spectral classes using Clementine multi-spectral data sets. The final two
studies focus the examination of hyperspectral reflectance spectra in preparation for more recent
data sets. Study three evaluates the model using lunar soils characterized spectrally and
compositionally by the Lunar Soil Characterization Consortium (LSCC), and study four examines
telescopic data sets collected in the 1970’s and 1980’s to determine composition of lunar nearside
materials.

Modeling of lunar highlands spectral classes: Tompkins and Pieters [1999] studied the

spectral properties of 109 central peaks of large craters to gain insight on the vertical and
horizontal composition of the lunar crust. In the process they identified eleven spectral classes
abundant on the lunar surface and used them to compositionally characterize the peaks they
studied. Tompkins and Pieters [1999] interpreted their spectral classes in terms of the
classification scheme of Stoffler et al. [1980] and here we retain that convention (Fig. 1.2). Our
enhancement to previous work is the ability to more quantitatively associate spectral classes with
compositions. To estimate the composition of Tompkins and Pieters [1999] spectral classes, we
directly compare and identify model spectra with the highest similarity to each spectral class
within the noise of Clementine data. We then compare the resulting model mineralogy to the
lunar samples suite to provide additional context. Comparisons of the model spectra and the
Tompkins and Pieters [1999] class spectra are made using a slightly modified version of Clark et
al. [2003] shape and contrast matching algorithm. This calculation is based upon the similarity
between two spectra which entails a calculation of the correlation coefficient (i.e., similarity in

spectral shape), and spectral scale (i.e., the similarity in spectral contrast).

The composition of impact crater central peaks: Pieters [1986] presented a particularly
useful remote sensing approach by inspecting the telescopic spectra of central peaks of large

impact craters to determine crustal mineralogy. Impact craters >35 km have central peaks that
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terrestrial field studies and impact theory suggest are uplift structures and represent material
exhumed from depth (0.1 to 0.2 times the crater diameter) [Dence, 1968; Melosh, 1989; Roddy,
1977]. Hence, inspection of central peaks allows us to probe the crust several kilometers below
the surface. As mentioned earlier, this strategy of central peak analyses was again implemented
by Tompkins and Pieters [1999] using global multispectral data collected by Clementine that
allowed extension of this approach to the lunar farside. Their study documented the spectral
properties of 109 craters distributed globally that range in diameter from 40-180 km and are

believed to have exhumed material from depths of 5-30 km.

A null result of Tompkins and Pieters [1999] study was the lack of distinct relationships
between depth, spectral class and inferred composition. Their result suggests a highly
heterogeneous crust lacking systematic compositional structure. Factors that may have obscured
relationships present include a too-approximate estimate of depth of origin for central peaks and
imprecise compositional estimates. Wieczorek and Zuber [2001] extended the concept of
Tompkins and Pieters [1999] by conducting a compositional assessment in conjunction with a
geophysically derived dual-layered crustal thickness model. This model takes into explicit account
variations in crustal thickness caused by basins. Following this approach Wieczorek and Zuber
[2001] found that only 18 craters were predicted to have sampled the lower crust of the Moon, in
contrast to the 44 craters Tompkins and Pieters [1999] inferred to have tapped the lower crust.

Here we build upon these works with improved estimates of material depth of origin and
spectral analysis tools. In this task, we use a variation of Wieczorek et al. [2006]’s one-layer
crustal thickness model to derive the local thickness of the crust and assume a fixed depth of
origin of a central peak proportional to crater size. We then redefine central peak material depth
of origin to be distance above the crust/mantle boundary (i.e., Moho). If we assume that the
Moho and the above stratigraphy is less modified by impact relative to the lunar surface this
methodology and reference point allows an improved measure of the original emplacement depth
of the rocks and/or stratigraphy sampled by a peak.

Modeling of lunar mare and highland soils: Here we examine lunar soils with the objective

to test and validate a new algorithm, based on radiative transfer theory developed by Hapke



[1981; 1993; 2001], to extract mineralogy and chemistry from hyperspectral data sets. This
study’s purpose is to prepare for analysis of vast new hyperspectral near-infrared data sets
returned by KAGUYA/SELENE and the Moon Mineralogy Mapper (M3) [Matsunaga et al., 2008;
Noble et al., 2001; Pieters et al., 2009a]. Lunar soils used here as our validation data set, were
previously characterized for mineral modal abundances (in volume percent), chemistry (in weight
percent), and spectra (in reflectance) by the Lunar Soil Characterization Consortium (LSCC)
[Chambers et al., 1995; Higgins et al., 1996; Noble et al., 2001; Pieters et al., 2000; Taylor et al.,
1996; Taylor et al., 2001b]. Modal proportions and chemistry of minerals are reported in
different units (i.e., weight percent versus volume percent) that are nearly, but not, numerically
equal. However, chemistry is conventionally documented and analyzed in weight percent and we
maintain this convention for ease of comparison. However, modal abundances of minerals are
documented and analyzed in volume percent. We use this unit of measure for mineral
proportions because light interacts with a mineral grain as a volume and radiative transfer theory
generally uses this convention. Although, these are not equal knowledge of mineral density and
its volumetric proportions can allow a conversion to similar units if necessary.

Our focus in this section is determining the relative abundances of the major lunar silicates
(i.e., plagioclase, orthopyroxene, clinopyroxene, and olivine) and their chemistry (i.e., Mg’ and
FeO). Denevi et al. [2008] previously performed an analysis of lunar mare soils using radiative
transfer modeling techniques. Here we build upon Denevi et al. [2008]’s work by: 1) modeling
both mare and highlands soils, 2) approaching lunar soils spectra as unknowns, and 3) examine
lunar soil spectra with a new gradient descent fitting algorithm.

Modeling of lunar nearside, near-infrared telescopic spectra: Although new hyperspectral
data sets returning from the SELENE/KAGUYA Spectral Profiler and Chandrayaan-1's Moon
Mineralogy Mapper (M3) promise significant advances in our understanding of lunar
compositional relationships [Matsunaga et al., 2008; Pieters et al., 2009a], "older" Earth-based
telescopic hyperspectral data sets are scientifically no less significant and have provided valuable
compositional information and a reference for calibration of more recent data sets for decades

(e.g., [Cahill et al., 2009; Le Mouélic et al., 1999; Matsunaga et al., 2008; McCord et al., 1981;



Pieters, 1986; Pieters and Pratt, 2000]). These data are also yet to be evaluated with more recent

analysis techniques.

Here we select approximately 60 of these spectra for more quantitative compositional
analysis. Approximately half of the ~60 spectra modeled are of deposits in and around Imbrium
basin (e.g., Aristarchus Plateau and the Hadley-Apennine ridge). This region of the Moon garners
considerable attention due to its inferred compositional complexity and proximity to scientifically
significant deposits both in and outside the basin [Cahill et al., 2009; Lucey et al., 1986; Lucey
and Hawke, 1989; Spudis et al., 1988]. Other spectra examined are of eastern Nectaris near
Apollo 16, mare Frigoris, and several impact crater central peaks. Previous interpretations of
these spectra inferred areas of highly anorthositic materials similar to FAN rocks (e.g., [Hawke et
al., 2003; Spudis et al., 1984; Spudis et al., 1989]), and areas with significant mafic mineral
content similar to Mg-suite rocks (e.g., [Lucey et al., 1986; Lucey and Hawke, 1989; Pieters,
1986; Spudis et al., 1988]). We build upon these interpretations by examining these spectra with
our new radiative transfer compositional inversion algorithm and place them directly in the

context of lunar highlands and mare rocks of the lunar sample collection.
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CHAPTER 2. RADIATIVE TRANSFER MODELING OF LUNAR HIGHLANDS

SPECTRAL CLASSES AND RELATIONSHIP TO LUNAR SAMPLES!

tCahill, J. T., and P. G. Lucey (2007), Radiative transfer modeling of lunar highlands spectral
classes and relationship to lunar samples, J. Geophys. Res.-Planets, 112,
10.1029/2006JE002868.
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Abstract

A previous study identified eleven spectral classes present on the surface of the Moon
[Tompkins and Pieters, 1999]. Here we model these spectral classes to determine the
compositions that define them. We do this by mathematically matching spectral classes to
radiative transfer computed spectra using spectral shape, contrast, and excursion parameters as
defining characteristics. Model spectra are based upon known mineralogies, mafic-mineral Mg’s
(molar (Mg/(Mg+Fe))-100), and maturities. We compare these compositional results to a
compilation of ~100 Apollo samples to determine plausible representative samples for these
spectra. Results indicate that unique mineralogic solutions for several spectral classes can be
determined unambiguously, however classes previously interpreted to be pyroxene-rich are
compositionally ambiguous. Results suggest these ambiguous mineral assemblages are not
random, but correlate with variations in absolute reflectance. These data further suggest absolute
reflectance is a compositionally diagnostic spectral parameter that should be used in conjunction
with relative reflectance analysis to constrain mineralogy. Although absolute reflectance for the
eleven spectral classes is not available to constrain their composition, we detail mineral, chemical
(i.e. Mg"), and absolute reflectance variations of matching model relative reflectance spectra to
narrow the possibilities. This information is used in a pilot study of Bullialdus crater, for which
Clementine absolute reflectance is known. Results indicate Bullialdus’ central peak consists of
Tompkins and Pieters spectral classes AN, AGN, and N. Bullialdus’ spectra that match class N
are roughly consistent with previous compositional interpretations, however, matches to classes

AN and AGN indicate more mafic assemblages typical of Mg-suite norite/gabbronorite rocks.
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Introduction

To the human eye the Moon appears simple, consisting of only two units; the bright highlands
and the dark maria. However, geophysical and petrologic studies of lunar samples indicate that
the Moon was formed by complex geologic processes [Longhi, 1980; Shearer and Newsom, 2000;
Solomon and Longhi, 1977]. In this regard, remote spectroscopy has proven its utility by placing
the compositional diversity of the lunar crust into continually improving regional and global
contexts for geologic interpretation [Gaddis et al., 1985; McCord et al., 1981; Pieters, 1978;
Pieters, 1982; 1986; Pieters, 1993; Spudis et al., 1984; Whitaker, 1972]. Now, increasing
integration of sample studies with remote determination of global surficial mineralogy and
geochemistry is a central focus for lunar science in order to understand the crust and its evolution

[Jolliff et al., 2000; Pieters et al., 2006; Wieczorek and Phillips, 2000].

Pieters [1986] presented a particularly useful remote approach by inspecting the telescopic
spectra of central peaks of large impact craters to determine crustal mineralogy. Impact craters
>35 km in diameter have central peaks that terrestrial field studies and impact theory suggest are
uplift structures and represent material exhumed from depth (0.1 to 0.2 times the crater
diameter) [Dence, 1968; Melosh, 1989; Roddy, 1977]. Hence, inspection of central peaks allows

probing the crust several kilometers below the surface.

The strategy of central peak analyses was implemented by Tompkins and Pieters [1999] using
global multispectral data collected by Clementine that allowed extension of this approach to the
lunar farside. Their study documented the spectral properties of 109 craters distributed globally
that range in diameter from 40-180 km and are believed to have exhumed material from depths
of 5-30 km. They defined eleven spectral classes from this database of spectra from which they
interpreted mineralogy and placed in the context of the Stoffler rock-type classification diagram
for lunar materials [Stoffler et al., 1980]. In the process, they demonstrated that mineralogy
could be determined even from the sparse sampling of the Clementine multispectral imaging
data. They also aided their interpretation using radiative transfer theory based on the work of
Bruce Hapke [1981; 1993] showing that radiative transfer modeling was a productive approach to

understanding the complexities of lunar spectroscopy. The significant scientific results of this
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study revealed for the first time the global mineralogic diversity of the lunar surface. Subsequent
work has exploited these results to make new inferences about the composition and evolution of

the Moon’s crust [Wieczorek and Zuber, 2001].

Here we build upon this foundation by using tools unavailable to Tompkins and Pieters [1999]
at the time of their study. The radiative transfer mixing models used by Tompkins and Pieters
did not include the optical effects of space weathering that substantially alter the appearance of
lunar surface materials [Fischer and Pieters, 1994; 1996]. The recent theoretical contribution of
Hapke [2001] to quantitatively describe space weathering in ultraviolet, visible, and near-infrared
spectra supplements his previous work [Hapke, 1981; 1993] and now allows a direct comparison
of lunar spectra to model spectra and modeled mineralogy to lunar sample data. We use the
model here to generate spectra of mixtures of the major lunar minerals (plagioclase,
clinopyroxene, orthopyroxene, and olivine) while accounting for the effects of space weathering.
Using this computed spectral library as a guide, we quantitatively determine the range of

compositions represented by Tompkins and Pieters spectral classes.

Our model results are consistent with the mineralogic interpretation of many of the spectral
classes of Tompkins and Pieters [1999]. However, we find wide ranges of mineral compositions
have model spectra that are consistent within the noise of Clementine data to some of the
Tompkins and Pieters spectral classes, introducing considerable imprecision in compositional
interpretation. We find that the spectrally consistent model compositions within these ranges are
not continuous, but are clustered. On inspection, we find that within each cluster, model spectra
show a narrow range of absolute reflectance. This indicates that including reflectance as a
parameter can narrow the range of permissible compositions for certain classes. While deriving
reflectances for all of the study areas of Tompkins and Pieters is beyond the scope of this paper,
we illustrate how reflectance can be used to aid interpretation of composition in a pilot study of

the crater Bullialdus.

Bullialdus crater is of interest here because it has relatively favorable lighting conditions for

this study and is a scientifically significant locality. Due to its location at a middle latitude (Lat.
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21S/Lon. 338) its image collection at low phase angles (~23-24 degrees) keeps topographic
shading relatively low for optimum spectral interpretation. Mineralogically, Bullialdus also
stands out as the only crater on the nearside of the Moon documented with norite mineralogy
[Tompkins and Pieters, 1999]. This type of mineralogy may be widespread on the surface of the
Moon, but the only other craters documented with this composition are within South Pole Aitken
basin (e.g., Birkeland, Bhabha, Finsen, Lyman, and White). Geophysical modeling of the lunar
crust by Wieczorek and Zuber [2001] also makes the case that these craters consist of “lower
crustal” material (i.e., from the lower half of the crust). Thus, study of Bullialdus’ central peak
may prove useful for inferring the composition of the lower crust of the Moon. For a description

of the regional geology surrounding Bullialdus see Tompkins et al. [1994].

Approach

To quantify the composition of Tompkins and Pieters [1999] spectral classes, our approach is
to directly and quantitatively compare model spectra with known mineralogy and chemistry to
each spectral class and determine the model spectra that are similar to each class spectrum
within the noise of the Clementine data. Spectral classes used in this study were digitized from
Figure 7 of Tompkins and Pieters [1999] (Fig. 2.1). Model spectra are computed using radiative
transfer theory developed by Hapke [1981; 1993; 2001] and use optical constant data of Lucey
[1998]. This model is similar to that implemented by Clark et al. [2001] and explained in detail
by Lawrence and Lucey [2007]. In general, the model uses the optical constants (real, n, and
complex indices, k, of refraction) of minerals to calculate single scattering albedo (the probability
a photon will survive an encounter with a material) for each component at a specified particle
size, maturity, and mineral chemistry. Single scattering albedo of each mineral component is
added linearly, weighted by abundance, and are converted to reflectance. Mineral modes used for
this study span a plagioclase-olivine-orthopyroxene-clinopyroxene system at 5 vol% intervals
(1771 modal combinations). Mafic mineral chemistry is varied in the form of Mg’ (i.e., the molar

(Mg/(Mg+Fe))-100) ranging from 50-95 in increments of 5.

Space weathering (the alteration of lunar surface by exposure to space, e.g., micrometeorite

impacts and solar wind sputtering) on the lunar surface causes lunar soils to exhibit an overall
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reduction in reflectance, attenuation of absorption bands, and reddening of the spectral
continuum [Fischer and Pieters, 1994; 1996]. These optical effects appear to be primarily due to
the presence of coatings on grains that contain abundant nanophase iron particles [Pieters et al.,
2000] resulting from sputtering or vapor deposition from micrometeorite impact. To ensure that
we account for space weathering on the Moon, we quantify it using the optical maturity method of
Lucey et al. [2000] and compute our models based upon the full range of immature
compositions. Lucey et al.'s [2000] optical maturity parameter (OMAT) quantifies optical
maturity combining the reflectance and spectral contrast of each spectrum in a manner that is
largely insensitive to composition. At 1 km spatial resolution the Moon ranges from .2 (highly
mature) to .5 (immature) in this parameter. Here we force our models to cover 10 levels of
maturity from 0.275 to 0.5 OMAT in increments of 0.025, which covers the full range of

immature compositions on the surface of the Moon.

Model assumptions include equilibrated mineral assemblage chemistries (i.e., the Mg’
number of the mafic minerals are all made equal and there is no mixing or non-equilibrated
assemblages) and grain size. Mineral assemblages are considered chemically equilibrated
because estimates of composition from a spectrum are considered a bulk-rock analysis (i.e., the
chemical contribution of a single mineral species in a mixture is not constrained). Grain size, also
a critical parameter because of its significant influence on spectral properties, is held to a
constant value of 17 um. This is because Pieters et al. [1993] show that lunar soils are optically
dominated by a narrow range (10-20 um) of grain size and reason that this is due to this
fraction’s dominant surface area. The work of Hapke [1981] supports this hypothesis by showing
that the relative contribution of a soil fraction to a spectrum is characterized by the cross-
sectional area of that fraction as determined by its abundance and size. Lucey [2006] also
performs an independent test of this hypothesis and shows it to be acceptable for most mineral
mixtures, save olivine-plagioclase mixtures. These studies show that only a narrow grain size
range needs to be considered for modeling to function constructively. Here we hold the grain size
constant at 17 pm, which is consistent with the range (10-20 um) of optically dominant grain

sizes contributing to lunar surface spectra.
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Comparisons of the model spectra and the Tompkins and Pieters [1999] class spectra are
made in relative reflectance (i.e., spectra normalized to the 0.75 um band) using a slightly
modified version of Clark et al.’s [2003] shape and contrast matching algorithm. This calculation
is based upon the similarity between two spectra which entails a calculation of the correlation
coefficient (i.e., similarity in spectral shape), and spectral scale (i.e., the similarity in spectral

contrast). The algorithm is defined by these equations:

35, %5, -5, *3s, )in
b= (1)
3s, -(3s, ) /n

b,:ZSu*So—(ZSu*ZSO)/n
3s.-(Xs, ) /n

b" =b*b’ 3

(2)

Here n is the number of spectral channels in the fit, S, is a spectral class spectrum, S, is an
“unknown” spectrum (i.e., model or Clementine spectrum here), b is the spectral contrast and b’
is an intermediate product used by Clark et al. [2003]. Spectral contrast, b, refers to the
absorption depth of a spectrum in relative reflectance. Equation 1 determines b by making a
quantitative least-squares comparison of the contrast (i.e., absorption depth) over all the
wavelength channels available between a spectral class, S, and an unknown spectrum, S,. In
equation 3, the term b” is the correlation coefficient which quantifies the amount of correlations
between the shapes of two spectra over all the wavelength channels available, regardless of

differences in spectral contrast.

Here we test the effectiveness of this algorithm to distinguish Tompkins and Pieters [1999]
spectral classes in the presence of a realistic amount of noise. We do this by creating a “noisy”
spectral library for comparison by replicating each class spectrum 10,000 times and adding noise
comparable to that of Clementine UVVIS data (0.5%) [Cahill et al., 2004] (Fig. 2.2a-b). We

then use the spectral correlation metric (b”) to compare an original spectral class to the database
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19



of noisy spectral classes (Fig. 2.2c). The results of this test indicate that spectral shape alone
(i.e., shape with spectral contrast removed) is not a sufficient discriminator because a significant
number of matches are false alarms (Fig. 2.3). This ambiguity is present because several classes
have similar spectral shapes and only differ in spectral contrast. Adding spectral contrast as an
additional search criterion allows thresholds to be put in place that reduce false positives to a
minimum. In several cases, classes can easily be differentiated using spectral contrast thresholds
despite significant ambiguities in spectral shape. Because of this, we loosened initially tight
spectral shape thresholds to maximize true positives that were originally overlooked due to the
previously overly-rigorous criterion. The parameter threshold ranges we use to identify model

spectra that match Tompkins and Pieters [1999] spectral classes are reported in Table 2.1.

When we apply the algorithm to make a comparison between the Tompkins and Pieters
[1999] spectral classes and model spectra, some classes show compositions that span most of
Stoffler diagrams. On inspection, we find that some of these compositions have spectra that
match 3 of 4 bands very well, but differ significantly in the fourth band, enabling distinct
compositions to constitute a match. However, these spectra still have statistical correlations
within the thresholds (Fig. 2.4a-b); that is their average similarity is within the noise, but one
band differs well outside the Clementine noise limit. Tightening the thresholds is one option,
however this results in too few detections. Our solution is to add a third metric, “excursion”,
which restricts the deviation of any individual band within the noise in the Clementine data. We

define this parameter as:

e(x) =[S, (x)— S, (x) )

This calculation is computed between two spectra, an unknown (S,) and the original spectral
class (So), for each band, x, where we take the maximum e as the value for spectral excursion. The
addition of this parameter allows the identification of spectral matches with fewer false positives
(Fig. 2.4c). For the evaluation of most spectral classes in this study the e was held to 0.005.

However, for spectral classes where no model matches were found initially within the thresholds
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Table 2.1: Threshold criteria for identifying matches to spectral classes.

Spectral *Spectral Shape Range **Spectral Contrast Range
Class
Min Max Min Max
N 0.970 1.000 0.860 1.140
GN 0.984 1.000 0.970 1.110
G 0.981 1.000 0.860 1.050
AN 0.988 1.000 0.900 1.220
AGN 0.990 1.000 0.760 1.100
AG 0.920 1.000 0.770 1.250
GNTA2 0.860 1.000 0.620 1.310
GNTA1 0.850 1.000 0.200 1.500
A 0.900 1.000 0.700 1.300
AT 0.580 1.000 0.390 1.600
T 0.940 1.000 0.790 1.220

Here are the minimum parameter thresholds (e.g., spectral shape and
contrast). Model spectra calculated to have shape and contrast characteristics
within these ranges and within the accepted excursion parameter bounds are
considered matches. *Also referred to as the correlation coefficient (b").
**Also referred to as spectral scale (b).
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Figure 2.4: In (a) spectral class N is shown in red compared to model matches (black)
using only spectral correlation (>.97 threshold) as a shape fitting criterion. In (b) spec-
tral class N (in red) is compared to two spectra that fit the spectral shape and scale
threshold criteria. However, one is a true positive that has similar shape and one is a
false positive that has a high percentage match in bands 1-3 that has allowed the 4th band
to differ significantly that the model interprets to be a distinctly different composition. In
(c) the matches (in black) to spectral class N (in red) are shown after implementation of a
spectral excursion parameter that tightens the match to limit false positives.
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established for correlation and scale, we loosened e to 0.01 and 0.02 until matches were found. In

Figure 2.4c model matches for spectral class N (Table 1) are shown using an e of 0.005.

Results

We find spectral matches to our model spectra with high (e=0.005) to good (e=0.02)
precision fits for all classes. Modeled mineral assemblages for some classes are compositionally
unambiguous. On the other hand, classes that show strong evidence for abundant pyroxene (e.g.,
N, GN, G, etc.) are mineralogically imprecise. Models that match these classes within our criteria
cover a wide range of compositions, especially in relative abundances of plagioclase and other
mafic minerals. However, the compositional variability of these model spectra is not random.
Model matches tend to “clump” or fall into groups that correspond to smaller ranges of mineral
mixtures and maturity that vary from group to group (Fig. 2.5b). Closer inspection of these
clusters shows that the spectra also cluster in their reflectance (Fig. 2.5) suggesting that adding
reflectance as a search criterion can help narrow the compositional uncertainty. The quantized
nature of the clusters in terms of reflectance also suggests that the precision of the reflectance

need not be very high, on the order of 5% in absolute units.

Tompkins and Pieters [1999] did not report absolute reflectance values for these spectral
classes because of the difficulties inherent in extracting reliable reflectance spectra on these
topographically rugged surfaces. Because of this, we cannot assign definitive compositions for
many of the spectral classes as Tompkins and Pieters [1999] describe them. However, when we
analyze the spectra from the lunar surface we get around this obstacle in two steps with
Clementine data. First, we create a database of the theoretical compositional possibilities for
each spectral class with varying absolute reflectance. Clementine spectra with relative reflectance
characteristics falling within the range of spectral shape, contrast, and excursion of spectral
classes are identified. At this point, the absolute reflectance data of these spectra can be used to
further constrain composition. Ideally, Clementine data photometrically corrected for
topography should be used to narrow compositional uncertainty at this point. However, data like

this is not available for most crater central peaks. Instead, we compute the mean absolute
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reflectance for spectra that match each class. By doing this, our assumption is that class matches
with absolute reflectance values greater and less than the mean are attributed to variations in
surface slopes. Now, absolute reflectance can be used as a search parameter to lessen the

compositional ambiguity while searching for classes on lunar localities with Clementine coverage.

Below we report the modeled results for all eleven spectral classes paying particular attention
to changes in mineralogy with reflectance. Supporting figures are posted online at the Journal of

Geophysical Research website supplement repository (ftp://agu.org/apend/je/) and in the

appendix enclosed. For classes that show little compositional ambiguity with varying reflectance,
we place our results in lunar sample context. Using the Apollo collection as a reference for what
we know is already on the lunar surface, we compiled modal mineralogies and Mg’s for 94 lunar
samples (Table 2.2-2.3). Since spectral reflectance only detects the overall Mg’ for all the
minerals combined, we weighted Apollo sample Mg’ based upon modal mineralogy. Some of the
samples for which we compile compositional characteristics are Mg-suite spinel-troctolites.
Although spinel is not a mineral modeled here, all samples listed in this study have a modal

mineralogy containing less than 10% of this mineral [Cloutis et al., 2004].

Mineralogy of Lunar Spectral Classes

Class A: Spectral matching (e=0.01) of this class yields two models with plagioclase-rich (95-
100%) mineralogies. Both models are consistent with Tompkins and Pieters [1999]
mineralogical interpretation of class A, but they have substantially different Mg’ values compared
to each other. One model has an Mg’ of 75 and is compositionally consistent with four ferroan
anorthosites (FAN; pristinity range 6-8). These samples include 67635;8, 76224;5, 15007;296,
and 73217¢35 [Floss et al., 1998; Warren et al., 1983a; Warren et al., 1991]. However, lunar
samples consistent with the second model, a highly magnesian (Mg’ 95) anorthosite, are not
present in the Apollo collection. However, given the small proportion of mafic minerals in this

model, it is difficult to say much regarding Mg’.

Class GNTA1: Although the precision of this spectral match is the lowest of all classes

(e=0.02) it has a relatively unambiguous modeled mineralogy and narrow range of reflectance
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(0.4-0.5). Matches with low to intermediate Mg’ (65-75) models are plagioclase-rich (90-95%)
while higher Mg’ (80-90) models are increasingly mafic (10-20%) but roughly consistent with
Tompkins and Pieters [1999] interpretation of this spectral class. However, models with an Mg’
of 95 have a higher and more variable mafic mineral abundance (10-45%). Numerous lunar FANs

have similar plagioclase-rich mineral assemblages to the models identified as matches here.

Class GNTA2: Results show this class represents a more magnesian (Mg >80) and
dominantly plagioclase-rich (~70-80%) lithology. Models indicate more variation in reflectance
(0.35-0.5) than class GNTA1, but an unambiguous mineral assemblage is modeled and is
consistent with Tompkins and Pieters [1999] interpretation. Compositional characteristics
suggest 15455 (c228) is the most representative lunar sample for this class. Although Ryder
[1985] interpreted the petrology of this sample to be a pristine (class 9) Mg-suite norite, it has an

anorthositic norite mineral assemblage and Mg’ of 83.

Class AT: Because of a noticeable absorption feature indicating a spectral minimum at or
beyond 1 pm Tompkins and Pieters [1999] interpreted this class to represent a mixture of
feldspar and olivine and be classified as an anorthositic troctolite. Although our search identifies
spectral matches at every Mg’ modeled, every match has a mineral assemblage roughly consistent
with Tompkins and Pieters interpretation. A few models have troctolitic anorthosite or troctolite
mineralogies, however the majority of models center on an anorthositic troctolite mineralogy.
These model spectra are characterized with lower albedo reflectances between 0.25-0.3. Matches
generally have mineral assemblages that correlate with reflectance. Models with higher
reflectance (0.3-0.4) have anorthositic mineralogy while lower reflectance (0.25-0.3) models
have mafic assemblages. However, higher Mg’ (90-95) matching models do not follow this trend
as closely. This is because relative spectral matches differ in absolute reflectance due to
differences in maturity, but have similar mineral assemblages. Although the mineral assemblage
for this class is established well, similar lithologies in the lunar sample collection are many and
have variable Mg’. Similar troctolitic anorthosite FAN samples 15437 and 64435 (clasts 239 and
270) are consistent with these spectral models in mineralogy and Mg’ range (70-75) [Floss et al.,

1998; James et al., 1989; McGee, 1993; Warren and Wasson, 1980]. However, Mg-suite samples
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with anorthositic troctolite assemblages from Apollo 17 (73235¢136 and 76255¢57) and Apollo 14
(14321c3, 14172c11, 14179¢, 14305¢268, and 14321c1154) are also consistent with spectral models
that have an Mg’ range of 85-90 [Lindstrom et al., 1984; Warren and Wasson, 1980; Warren et

al., 1981; Warren et al., 1983a; Warren et al., 1983b].

Class T: Modeling shows that this class is a troctolite to dunite similar to Tompkins and
Pieters [1999] interpretation. However, the mineral assemblage possibilities for this class
spectrum vary greatly within the troctolite to dunite classification. Models have anywhere
between 40-100% olivine. Lower to intermediate Mg’ (55-65) models have mineralogy that varies
systematically with reflectance. Reflectance values between 0.35-0.4, 0.3-0.35, 0.25-0.3, and
0.2-0.25 have 40-50%, 50-60%, 60-80%, and 80-100% olivine respectively. At higher Mg’ (70-
85) this trend is not as easily distinguished because matching spectra have similar mineral
assemblages with differing reflectance values. Again this is due to spectra with differing maturity
values. Lunar troctolite sample 14321(c1140) shows similar mineralogy to models with
reflectance values of ~0.35 and an Mg’ 85. Dunite samples 14161(c212,4) and 72415/8 also show
compositional similarities to models with 0.25-0.3 reflectance and Mg’ of 85 [Lindstrom et al.,

1984; Morris et al., 1990; Ryder and Norman, 1979].

Class AN: Only at the Mg’ range 75 to 85 and absolute reflectance ranges of 0.3 to 0.5 does
spectral class AN begin to approach anorthositic norite assemblages consistent with both
Tompkins and Pieters [1999] and Stoffler et al. [1985] lithology classification systems. Other
model matches to this spectral class are predominantly mafic and vary in absolute reflectance
from 0.1 to 0.5. Like most cases, the model reflectances do not vary continuously across this
range, but occur in distinct clusters. Spectral matches with Mg’ between 60-65 have mineral
assemblages that range from orthopyroxenite with 0 to 35% olivine to plagioclase-rich (40%)
norite and have absolute reflectance values ranging between 0.10-0.25, respectively.
Intermediate to high Mg’ (70-95) assemblages have dominantly gabbronorite mineralogy, with o
to 40% olivine. However, some spectral matches indicate norite and anorthositic norite mineral

assemblages with a little less olivine (0-20%) are possible interpretations as well. In general,
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model matches with gabbronorite assemblages usually have low (0.1-0.2) absolute reflectance

values, while models with norite assemblages have slightly higher (0.2-0.3) reflectance values.

Class AGN: This spectral class found throughout the lunar highlands was interpreted by
Tompkins and Pieters [1999] to be the intermediate mineral assemblage, anorthositic-gabbro-
norite. Lower Mg (55-60) model matches show only norite and gabbronorite mineral
assemblages with low absolute reflectance values (0.1-0.25). Model matches with intermediate
Mg’ (70-75) have gabbronorite to olivine-bearing (10-30%) gabbronorite mineral assemblages
and low reflectance values (0.1-0.2). Only at high Mg’ (80-90) do a few model matches exist with
anorthositic-gabbro and anorthositic-norite mineral assemblages that agree with Tompkins and
Pieters [1999] interpretation. These model matches have high absolute reflectance values (0.3-
0.4) and a wide range of olivine contents (0-50%). Models with gabbronorite to olivine-bearing
(10-45%) gabbronorite assemblages at high Mg’ (80-95) are also a possible interpretation. These

models have a reflectance range of 0.15-0.25.

Class AG: Spectral class AG was interpreted by Tompkins and Pieters [1999] to be an
anorthositic gabbro. Model spectra that match this class exist for all Mg’ variations considered
and are characterized with a wide range of reflectance (0.1-0.45) and mineralogy. Olivine
abundance is variable (0-60%), but decreases with increasing reflectance. Models with 0.1-0.2
reflectance have olivine-gabbro to olivine-gabbronoritic mineral assemblages. Model matches
with 0.2-0.3 reflectance show olivine-bearing anorthositic gabbro assemblages with the exception
of a few Mg’ 60 models that have anorthositic norite assemblages. Higher reflectance (0.3-0.45)

models have more gabbroic anorthosite mineral assemblages.

Class N: This spectral class was interpreted by Tompkins and Pieters [1999] to represent a
lunar norite characterized with less than 60% plagioclase and a large portion of the mafic mineral
orthopyroxene. Tompkins and Pieters loosened the original Stoffler et al. [1985] classification to
allow more clinopyroxene within this lithologic classification since they felt they could not
distinguish these differing mineral assemblages well enough spectrally to satisfy the original

Stoffler et al. classification. Low Mg’ (55) model spectra that match this class have
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clinopyroxene-rich gabbro and pyroxenite mineral assemblages. Intermediate Mg’ (60-75) model
mineral assemblages have significant variation in pyroxene mineralogy varying from norite to
gabbroic-pyroxenite. At high Mg’ (80-90) mineral assemblages become more gabbronoritic to
gabbroic. Lower absolute reflectance values (<0.14) match mineral assemblages with higher
percentages of clinopyroxene. Intermediate absolute reflectance (0.14-0.22) models have norite
to gabbronorite mineral assemblages. Higher absolute reflectance (>0.22) models have norite
assemblages at lower Mg’ (60 to 65) and gabbronorite assemblages at intermediate to high Mg’
(70 to 90). Throughout this progression, plagioclase also is shown to increase in proportion with

increasing absolute reflectance.

Class GN: This spectral class is interpreted to be the intermediate mineral assemblage,
gabbronorite. Low Mg’ (55-60) models that match this class have olivine-gabbro (0-40%) to
gabbro and gabbronorite mineral assemblages. Intermediate Mg’ (65-75) model matches show
mineral assemblages that range from olivine-bearing gabbro to gabbronorite. And at high Mg’
(80-90) model matches show mineral assemblages that are olivine-bearing gabbro to gabbro in
composition. In general, models grade from plagioclase-poor (0-40%) gabbroic to gabbronoritic
assemblages with low reflectance (0.1-0.2), to plagioclase-rich (40-60%) gabbroic with high

reflectance values (0.25-0.3).

Class G: This spectral class was interpreted by Tompkins and Pieters [1999] to be a gabbro to
gabbroic-pyroxenite assemblage. An initial search for matching models yielded no results, so we
loosened the excursion parameter to 0.01. Our results show considerable variability at low to
intermediate Mg’ (55-65) with model mineralogy ranging from olivine-bearing (25%)
gabbronorite to olivine-rich (75%) peridotite. Model spectra have reflectance values raging from
0.15-0.35. Higher albedo spectra show greater plagioclase and orthopyroxene proportions, while
lower albedo spectra show greater olivine and clinopyroxene proportions. Models that have
intermediate to high Mg’ (70-90) become more olivine-rich and have a higher clinopyroxene to
orthopyroxene ratio. Counterbalancing this description is the fact that this spectral class is very
common in the mare, and is sensibly interpreted to represent a low Mg’ clinopyroxene-rich

assemblage. However, our modeling shows that this is not required, and in the highlands where
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prejudging the permissible compositions is risky, this spectral class may represent material quite

different than mare basalt.

Analysis of Bullialdus Crater

Recognizing the potential utility of reflectance for mineralogic interpretation of surface
spectra we perform a pilot study of Bullialdus’ central peak (Fig. 2.6). Using the algorithms and
thresholds explained earlier we search Clementine VIS data of Bullialdus for occurrences of the

eleven Tompkins and Pieters [1999] spectral classes.

Tompkins and Pieters initial study of this crater found the classes GNTA1, GNTA2, N, and
AN to be present. Using our search criterion, we indeed identify these classes and others on
Bullialdus. We find that matches to several spectral classes are present on much of the peak and
surrounding floor (Fig. 2.7a). Classes these spectra match include N, AN, AGN, AG, GNTA1, and
GNTA2. Classes GNTA1 and GNTA2 are particularly ubiquitous and they usually appear on the
crater floor, peak slopes, or in shadowed areas of the central uplift. This is in contrast to the
spectral classes N, AN, AGN, and AG that are generally detected on or near the crests of

Bullialdus’ central peak.

Using the optical maturity parameter OMAT of Lucey et al. [2000], the floor of Bullialdus is
completely mature (Fig. 2.7b), and all of the above analysis (including that of Tompkins and
Pieters [1999]) presumes immature or submature surfaces. Our modeling does not include
spectra that are optically mature so we exclude optically mature surfaces from our analysis. The
wide occurrence of GNTA1 and GNTA2 on the crater floor underlines the caution expressed by
Tompkins and Pieters that these spectral classes may in some cases represent mature versions of

other classes.

Spectral classes identified within the immature regions that are confined to the peak include
N, AN, AGN, and AG (Fig. 2.7c). However, when we tighten the excursion parameter to 0.01 for
tighter spectral matches only classes N, AN, and AGN are identified (Fig. 2.7d). This leaves
much of the immature peak regions unclassified, and may indicate Tompkins and Pieters [1999]

eleven spectral classes may need new additions. However, it is possible that the tightness of our
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Figure 2.6: A Clementine grayscale 0.75 um mosaic of Bullialdus crater.
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Figure 2.7a-d: Image (a) shows the spectral classes identified on Bullialdus’ central peak
fitting the spectral shape and band depth requirements. In (b) the immature material on
Bullialdus is shown in green (not all of this material was matched to a spectral class). In (c)
the spectral classes identified on the peak that fit the spectral shape and band depth
requirements and also have >0.3 OMAT value. In (d) the areas where spectral classes are
identified that fit the spectral shape, band depth, OMAT, and excursion parameter (e=0.01)
requirements are highlighted. Spectral classes correspond with the colors: GNTA1-purple;
GNTA2-orange; AN-yellow; AGN-light blue; N-red; and AG-maroon.

38



thresholds may exclude mixtures of the classes already recognized. Because Bullialdus’ central
peak exhibits steep slopes, mass wasting continuously uncovers material that is relatively
unaltered by exposure to space. However, mineral mixing is likely to occur and pure end member
spectra, such as Tompkins and Pieters spectral classes, and the search criterion in place here, may

not be able to account for this.

The Clementine spectra that are found to correspond to a class are extracted and averaged to
further minimize topographic shading effects (Fig. 2.8). The mean reflectance of the 0.75 um
band for model matches to N, AN, and AGN are 0.25, 0.22, and 0.27, respectively. Models that
match these spectra are then identified using the same algorithms, thresholds, and excursions
used to identify spectral classes on Bullialdus’ central peak (Table 2.4-2.6). Models within
+0.05 of the unknown Clementine 0.75 um band have mineral assemblages within the dotted
envelopes in Figure 2.9. These models are further discriminated by selecting the spectra with
0.75 pum reflectance band values within +0.02 of the unknown Clementine spectrum. Mineralogy

for these models is shown in Figure 2.9 in symbol form.

Our models suggest that all three of these mean Bullialdus spectra have a norite to
gabbronorite mineral assemblage. Spectra representative of class AGN have a norite model
mineral assemblage and Mg’ of 60. The only Apollo sample with a similar composition to this
model result is Mg-suite gabbronorite 14161 (clast 7044; pl: 49%, ol: 0%, opx: 32%, cpx: 10%)
[Jolliff et al., 1993]. Although 14161 is characterized with 10% more clinopyroxene than the best
models, it falls within the envelope of model compositions with matching relative reflectance

spectra and absolute reflectance within +0.05.

Bullialdus spectra that are representative of class AN show a similar mineral assemblage to
several lunar samples between Mg 70-80. However, only the samples 14318 (clast 149),
77075/77215, and 73255 from Apollo 14 & 17 have nearly identical compositions to this model.
These samples are characterized as Mg-suite norites containing 53-55% plagioclase, 0-12%
olivine, 35-41% orthopyroxene, 0-5% clinopyroxene and an Mg’ ~70 [James and McGee, 1979;

Ryder and Norman, 1979; Warren et al., 1983a; Warren et al., 1983b].

39



1.30

1.20

0.90

Reflectance/0.75 micron

0.30

1.10F

a. Class N and Matches

0.70

1.30

1.20

1.10

1.00

0.90

Reflectance/0.75 micron

0.80

0.80 0.90 1.00
Wavelength (micron)

C. Clasls AN and Matcheé

0.70

0.70

1.30

1.20

1.104

1.00

0.90

Reflectance/0.75 micron

0.80

0.7a

0.70

0.80 0.90 1.00
Wavelength (micron)

1.10

e. ClassI AGN anld Matchés

0.80 0.90

Wavelength (micron)

1.00

1.10

Reflectonce

Reflectonce

Reflectance

05 T T T
b. Class N and Absolute
Reflectance of Matches
0.4 E
03F B
0.2} B
01F E
0.0 1 L 1
0.70 0.80 0.90 1.00 1.10
Wavelength (micron)
05 T T T
d. Class AN and Absolute
Reflectance of Matches
0.4F 7
03F E
0.2F E
01F E
0.0 1 L 1
0.70 0.80 0.90 1.00 1.10
Wavelength (micron)
05 T T T
f. Class AGN and Absolute
Reflectance of Matches
0.47 :
0.3F E
0.2F E
0.1r E
0.0 ! | |
0.70 0.80 0.90 1.00 1.10

Wavelength (micron)

Figure 2.8a-f: In a, ¢, and e normalized spectral (in black) within Bullialdus fitting
spectral shape, band depth, excursion, and OMAT criteria are matched to the spectral
classes N, AN, and AGN, respectively (in red). In b, d, and f the absolute reflectance of
these matches is shown in black with the mean of these spectra shown in red.
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Bullialdus Central Peak Mineralogy
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Figure 2.9: Shown on pl-ol-px and pl-opx-cpx Stoffler diagrams is the model mineral-
ogy of mean Bullialdus reflectance spectra that match classes AGN, AN, and N (in green
asterisks, blue diamonds, and red crosses, respectively) per Mg’ [Stoffler, et al., 1980].
Envelopes surrounding these analyses represent the variation in model mineralogy of
relative reflectance matches within +0.05 of Bullialdus 0.75 micron band spectral values.
They are also compared to FAN (light grey envelopes-sample clusters; light grey
triangles-single samples) and Mg-suite (dark grey envelopes-sample clusters; dark grey
squares-single samples) sample data. Single Apollo samples are labeled and sample
clusters can be referenced by Mg’ in Table 2.2 and 2.3.
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Spectra identified as matches to class N have some modeled compositional characteristics
similar to ten Mg-suite lunar samples. However, none of these samples have mineral assemblages
close enough to modeling results to be considered representative of class N spectra on Bullialdus’
central peak. Although, Mg-suite sample 12037 (clast 174) is probably the most compositionally
similar to our models with a similar orthopyroxene to clinopyroxene proportions, it also has too
much pyroxene and too little olivine in comparison [Warren et al., 1990]. Despite not being able
to identify a representative Apollo sample, modeling suggests spectra on Bullialdus representative
of class N are indicative of an intermediate Mg’ (~60) norite or a high Mg’(80-90) olivine-bearing

gabbronorite.

Discussion

Modeling shows that several spectral classes have mineral assemblages that can be
interpreted unambiguously and are in agreement with Tompkins and Pieters [1999]
interpretations. Knowledge of lunar sample modal mineralogy and chemistry helps supplement
these model results substantively. This is done by comparing the compositional characteristics of
Apollo samples to models in order to determine plausible representative lithologies for class
spectra. Here we find that class A is compositionally similar to FAN samples 67635;8, 76224;5,
15007;296, and 73217¢35 (Mg’ 75), while class GNTA1 models suggest numerous FANs with
similar characteristics [Floss et al., 1998; Warren et al., 1983a; Warren et al., 1991]. Other
classes, such as GNTA2 and T, have model mineral assemblages that suggest Mg-suite
representative similarities. Class GNTA2 models are representative of 15455 (c228; Mg’ 80) and
class T models are consistent with troctolite sample 14321(c1140) and dunite samples 14161 and
72415/8 (Mg’ 85 for each sample) [Lindstrom et al., 1984; Morris et al., 1990; Ryder and

Norman, 1979; Ryder, 1985].

Modeling results also suggest that caution be exercised when analyzing relative (normalized)
reflectance spectra. We find that spectra that are normalized can often be consistent with a very
wide range of compositions, so that other criteria, such as reflectance, are needed to narrow the
possible compositions. Our results suggest that analysis of relative reflectance should be used in

conjunction with the additional diagnostic tool of absolute reflectance for more accurate
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compositional determination. Tompkins and Pieters [1999] did not supplement their reported
spectral class relative reflectance characteristics with absolute reflectance measurements because
of inherent problems with the accuracy of Clementine reflectance in topographically rugged
terrains. However, our modeling results suggest that reflectance is a useful discriminator for
compositional determination that should be considered for analysis in future data sets. This is
apparent from modeling of other spectral classes that result in ambiguous and dramatically

different mineral assemblages that have nearly identical relative reflectance spectra.

Our pilot study of Bullialdus’ central peak demonstrates how shape and contrast matching of
Clementine and model relative reflectance spectra in conjunction with absolute reflectance
knowledge further constrains the mineral assemblage possibilities. Tompkins and Pieters [1999]
suggested the presence of classes GNTA1, GNTA2, AN, and N on Bullialdus’ central peak.
However, here we show a more mafic picture of Bullialdus’ central peak by considering the
optical maturity, relative reflectance, and absolute reflectance characteristics of its spectra.
Anorthositic materials, GNTA1 and GNTA2, are identified on the crater floor and peaks slopes in
abundance but are mature material. These spectral matches probably represent material that
have been modified by space weathering processes that mimic the spectra of classes GNTA1 and
GNTA2 but may or may not have the same mineralogy as immature exposures. Spectral analysis
of Bullialdus with modeling also suggests other classes identified (AGN, AN, and N) are much

more mafic than Tompkins and Pieters interpreted and have more Mg-suite characteristics.

Results of all three confirmed classes identified on Bullialdus have norite to gabbronorite
mineral assemblages and only show compositional similarities to Mg-suite lithologies from the
Apollo collection. Bullialdus spectra matching class AGN have a norite model mineral
assemblage that is most similar to Mg-suite gabbronorite 14161 (clast 7044; Mg’ of 60) [Jolliff et
al., 1993]. Models of class AN spectra on Bullialdus suggest nearly identical mineral assemblages
to Mg-suite norites from Apollo 14 and 17 samples 14318 (clast 149), 77075/77215, and 73255
(Mg’ 70-80) [James and McGee, 1979; Ryder, 1979; Warren et al., 1983a; Warren et al., 1983b;
Warren et al.,, 1983c]. And although class N spectra identified on Bullialdus are roughly

consistent with Tompkins and Pieters [1999] interpretation, they are the only spectra here that

48



are ambiguous regarding compositional similarity to FAN or Mg-suite rocks. To our knowledge,
no lunar samples have similar compositional characteristics to our models of these spectra.
However, modeling does suggest that Bullialdus class N spectra are indicative of an intermediate
Mg’ (~60) norite or a high Mg’ (80-90) gabbronorite based upon the models that match its

relative and absolute reflectance spectra.

We also find that not all immature spectra on Bullialdus are matched to one of Tompkins and
Pieters [1999] spectral classes. Because of how our search criterion is set up we feel these
immature and unmatched spectra differ enough from the eleven spectral classes that they may
have a different mineralogy and chemistry. Tompkins and Pieters eleven spectral classes may be
insufficient to account for all the spectral variation on Bullialdus crater central peak. However, it
is also possible that mixtures of these eleven classes may account for the spectral diversity
apparent on Bullialdus. Therefore, the eleven spectral classes may need adjustment or further

additions.

In the future, compositional knowledge of Bullialdus classes and spectral classes in general
can be further enhanced by better constraining Mg’. For example, although we determine a
relatively unambiguous mineral assemblage for class AT by using a shape, scale, and excursion
analysis of its relative reflectance spectrum, a representative lunar sample or petrologic suite
cannot be definitively determined. Instead, class AT models suggest similarities to
compositionally different FAN troctolitic anorthosites 15437 and 64435 (Mg’ 70-75) and Mg-suite
anorthositic troctolites (Mg’ 85-90) from Apollo 17 (73235 and 76255) and Apollo 14 (14321c3,
14172c¢11, 14179¢, 14305¢268, and 14321c1154) [Floss et al., 1998; James et al., 1989; Lindstrom
et al., 1984; McGee, 1993; Warren and Wasson, 1980; Warren et al., 1981; Warren et al., 1983a;
Warren et al., 1983b]. Although, both interpretations are relatively magnesian, constraining Mg’
would allow a more quantitatively diagnostic determination of petrologic suite and representative
lithology for this class. Here we do not constrain Mg’ when modeling spectral class or Bullialdus
spectra because (1) Tompkins and Pieters did not report the necessary spectral class absolute
reflectance values and (2) a topographically independent calculation of FeO for the visible

spectral range is not available.
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The addition of near-IR spectral information for spectral classes identified on the lunar
surface will help resolve these issues. One advantage the near-IR provides is extra information in
the form of additional diagnostic mineral absorption features for more accurate mineral
proportion determination. This information will be useful to help resolve modeled olivine
abundance in “gabbroic” classes AG, AGN, GN, and G reported here. These classes are
characterized spectrally with varying 0.95 um absorption features typically interpreted to be
exclusively clinopyroxene-rich lithologies. However, here these “gabbroic” classes match models
with significant olivine abundances (0-60%) in many cases. This may be due, in part, to a model
artifact. However, the internal error of this model is +15% [Lucey, 2004; Lucey, 2006], which
does not account for all the variability in olivine abundance suggested in our results. Another
plausible explanation may be that clinopyroxene is being mistaken for olivine. Modeling shows
that high Mg’ clinopyroxene is nearly indistinguishable spectrally from olivine. But, this
explanation does not explain high olivine abundances at low or intermediate Mg’ models. We are
left to interpret these results in one of two ways. Either the model mineralogy of these classes is
correct within a 15% internal error, or visible spectra do not give enough information to make a
reliable interpretation regarding olivine content for these particular classes. We suggest caution

when interpreting these “gabbroic” classes on the lunar surface until this issue is resolved.

Near-IR data can be further exploited using the FeO calculation developed by Le Mouélic et
al. [2002] that nullifies topographic shading effects in visible and near-IR spectra in specific
regional localities. Lucey [2006] has demonstrated that this algorithm is the most proficient and
accurate FeO calculation algorithm to date. Constraining Mg’ with a topographically independent
measure of FeO will be an important next step in radiative transfer models of lunar surface

spectra.

Conclusions

In this work we further constrain the composition of lunar spectral classes initially
documented by Tompkins and Pieters [1999] and their distribution on Bullialdus’ central peak
and surroundings. We do this by implementing the recent theoretical contribution of Hapke

[2001] to quantitatively describe space weathering in our radiative transfer models of VIS spectra.
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This methodology allows us to make a direct comparison of lunar spectra to model spectra and

modeled mineralogy to lunar sample data.

Modeling suggests that classes A, GNTA1, GNTA2, AT, and T are mineralogically
unambiguous and roughly consistent with the interpretations of Tompkins and Pieters [1999]. In
contrast, modeling suggests that the remaining mafic classes AN, AGN, AG, N, GN, and G are
mineralogically ambiguous and often inconsistent with Tompkins and Pieters interpretations.
We show this ambiguity is inherent in using spectra that are normalized. Absolute reflectance can
also play an important role in identifying mineral assemblages for surface spectra with less
compositional ambiguity. Tompkins and Pieters did not report absolute reflectance for the
spectral classes they documented because of inherent topographic shading issues that lessened
the accuracy of Clementine absolute reflectance spectra. Because of this, mineralogy cannot be
determined unambiguously for these mafic classes. However, we do show that this knowledge

can be applied to lunar imagery data to help constrain mineralogy.

A search of Bullialdus crater for spectral classes shows that locations on the crater floor and
portions of the central peak match spectral classes GNTA1 and GNTA2. However, these areas are
also shown to be optically mature and spectrally dark. It is unlikely that they are related to
GNTA1 or GNTA2 which are immature and have high reflectance values. Spectral matches to
immature spectra confined to Bullialdus’ central peak include classes AN, AGN, and N. Modeling
suggests these classes each have at least 40% mafics modally. Best match models have
compositions that encompass several known variations of Apollo Mg-suite norite and

gabbronorite rocks with Mg’ between 60-80.

Future Work

Work towards increasing the compositional precision of this study is a high priority. The best
available method to do this is to capitalize on near-IR data collected by Clementine. Le Mouélic et
al. [1999] have implemented a successful pixel-by-pixel calibration of the near-IR over several
crater localities (e.g., Aristarchus, Tycho, Kepler). Using Le Mouélic et al’s [2002] FeO

calculation to calculate FeO free of topographic shading effects, we will be able to constrain the
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Mg’ for unknown spectra. Mafic mineral determination ambiguity will also benefit from
additional spectral information in the near-IR and more precise optical constants. Future
missions, such as Chandrayaan-1 and SELENE will provide higher spectral and spatial resolution

data that will help this area of study immensely.
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CHAPTER 3. THE COMPOSITIONAL VARIATIONS OF THE LUNAR CRUST:

RESULTS FROM RADIATIVE TRANSFER MODELING OF CENTRAL PEAK

SPECTRA?

2 Cahill, J.T. S., P. G. Lucey, and M. A. Wieczorek (2009), Compositional variations of the lunar
crust: Results from radiative transfer modeling of central peak spectra, J. Geophys. Res.-
Planets, 10.1029/2008JE003282.
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Abstract

We present model mineralogy of impact crater central peaks combined with crustal thickness
and crater central peak depth of origin models to report multiple perspectives of lunar crustal
composition with depth. Here we report the analyses of 55 impact crater central peaks and how
their compositions directly relate to the lunar highlands sample suite. A radiative transfer model
is used to analyze Clementine visible + near-infrared spectra to place compositional constraints
on these central peak materials. Central peaks analyzed are dominantly magnesian and
plagioclase poor; strong compositional similarities to lunar Mg-suite materials are evident.
Relative to crustal thickness estimates, central peak mineralogy becomes more plagioclase-rich as
the crust thickens. Relative to the crust-mantle boundary, the origin of peaks with dominantly
mafic mineralogy are confined to the lower crust and primarily within the South-Pole Aitken
(SPA) and Procellarum KREEP Terranes (PKT); additionally, central peaks with anorthositic
mineralogy (> 60 vol. % plagioclase) are transported to the surface from all depths in the crustal
column and confined to the Feldspathic Highlands Terrane (FHT). The discovery of mafic and
magnesian materials, consistent with Mg-suite rocks of the sample collection, in all lunar terranes
suggests that the process and sources that give rise to these types of rocks is not unique to the
PKT and not necessarily dependent on incompatible elements for formation. The identification of
ferroan and magnesian anorthositic material near the crust-mantle boundary of the FHT is also

inconsistent with an increasing mafic/feldspar ratio and Mg’ with depth in the crust.
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Introduction

Many lines of evidence suggest that the lunar crust varies in composition with depth. The first
evidence to support this was the discovery of tiny flecks of feldspar within the first lunar soil
sample collected (10084) [Smith et al., 1970; Wood et al., 1970]; these grains of feldspar were
inferred to originate from the nearby highlands and suggested the lunar crust consisted
predominantly of plagioclase-rich rocks. This discovery led Wood et al. [1970] to hypothesize
that the Moon formed from a global magma ocean and the first compositional constituents to
float to the surface and build a crust consisted of anorthite. Further examination of lunar rocks
also revealed mafic, magnesian samples that added compositional complexity to our view of
crustal composition and formation subsequent to anorthositic crust emplacement [Warner et al.,

1976b; Warren and Wasson, 1977].

In order to better understand these complexities scientists looked to additional samples and
data sets to analyze ever deeper lunar material. Ryder and Wood [1977] hypothesized that the
“black-and-white” impact melt rocks of 15445 and 15455, associated with the Serenitatis and
Imbrium impact basins, suggested that lunar crust consisted of three layers of systematically
increasing mafic mineralogy with depth. Other sample studies, including those of Luna 24
regolith, suggested the crust showed lateral compositional heterogeneity [Warner et al., 1978].
Warren [1979] and James [1980] synthesized these complexities and hypothesized that they
could be explained via intrusions of separate ultramafic partial melts from the mantle (i.e., Mg-

suite rocks) into a ferroan anorthosite (FAN) lunar crust formed via plagioclase flotation.

Other scientists focused their research efforts on the deeply excavating exposures of impact
craters and basins, using Earth-based telescopic and orbital remote sensing data sets. Spudis et
al. [1984] and Spudis and Davis [1986] observed a systematic trend in composition with basin
diameter which they interpreted to indicate vertical chemical structure within the crust. Spudis
and Davis’ [1986] analysis of several impact basins led to their hypothesis that the crust consisted
of an upper crustal mixture of anorthositic gabbro overlying mafic noritic (e.g., norite, LKFM

basalts, and KREEP-bearing) basement rocks intruded sporadically by Mg-suite lithologies.
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Pieters [1986] focused on examination of telescopic spectra of large impact crater central
peaks on the lunar nearside. Pieters’ [1986] study detected significant compositional complexity
in the crust, laterally and vertically. Tompkins and Pieters [1999] expanded upon Pieters’' [1986]
study, for the first time examining a global distribution of impact central peaks with ultraviolet
and visible multispectral Clementine images. Tompkins and Pieters [1999] spectral analysis of
109 crater peaks showed an unprecedented amount of compositional heterogeneity in the crust,
but yielded no clear vertical or lateral patterns in lithology. Building upon these findings,
Wieczorek and Zuber [2001] combined quantitative geophysical model estimates of lunar crustal
thickness with the compositional results of Tompkins and Pieters [1999] to detect distinct
compositional differences between the upper and lower portion of the crust; the upper crust
averaged ~85 vol. % plagioclase compared to a more mafic 65 vol. % plagioclase for the lower

crust.

Here we aim to build upon these studies combining quantitative spectral reflectance and
crustal thickness algorithms to examine the stratigraphic composition of the lunar crust.
Wieczorek and Zuber's [2001] model predicted that 17 craters of the Tompkins and Pieters [1999]
data set sampled the lower crust of the Moon. In this study we specifically target craters that
plausibly transport material from the deepest crust (and perhaps mantle) by using the lunar
crust-mantle boundary as a point of reference when examining each crater peak. Our approach to
modeling the crust is similar to that of Wieczorek and Zuber [2001] where we consider impact
crater central peak origin relative to a single layered crustal thickness model. With this
information we prioritize our selection of craters to survey for central peaks that plausibly
excavated lower crust and/or mantle material. Out of the 55 impact crater central peaks reported
here, approximately half are calculated to plausibly excavate material from within 5 km or below
the crust-mantle interface. Tompkins and Pieters [1999] spectral interpretation approach of
designating spectral classes for different rock-types is then refined by analyzing combined
Clementine visible (UVVIS) and near-infrared (NIR) reflectance spectra with a quantitative
radiative transfer model based upon the work of Hapke [1981; 1993; 2001]. Similar versions of

this model have been implemented and validated in the lunar and asteroid literature [Cahill and
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Lucey, 2007; Denevi et al., 2008; Lawrence and Lucey, 2007; Lucey, 2004; Lucey and Noble,
2008]. We demonstrate this method on the impact crater central peak Finsen which is a typical
example of the crater sample examined here. Compositionally, Tompkins and Pieters [1999]
observed an exceptional amount of spectral variability in Finsen including some of the only
central peak spectra interpreted to be orthopyroxene-rich (other craters include Bullialdus,
Birkeland, Bhabha, Lyman and White). It has been hypothesized by some that these
orthopyroxene-rich peaks may indicate a compositional transition to lower crustal material

[Wieczorek and Zuber, 2001].

Our crater sample shows compositional complexity similar to that reported by Tompkins and
Pieters [1999], however our combined estimates of crustal thickness, crater depth of origin, and
composition for these peaks have allowed us to identify trends in composition vertically and
horizontally. Our results suggest a more mafic crust than reported by Tompkins and Pieters
[1999]. The most mafic of these lithologies are largely confined to within 40 km of the crust-
mantle boundary and in the South-Pole Aitken (SPA) and Procellarum KREEP Terranes (PKT).
Anorthositic peaks are largely confined to the Feldspathic Highlands Terrane (FHT), but are
found at all levels of the crustal column. Despite these findings peaks with an average
composition indicative of anorthosite are rarely detected. Previous studies show that anorthosite
is abundant in peak rings, but these are not examined here [Hawke et al., 1991; Hawke et al.,
1993; Hawke et al., 2003; Spudis et al., 1984]. The majority of peaks in this study show
remarkable compositional similarity to Mg-suite lithologies in the lunar sample collection. The
likely reason for this is our sampling of craters which is dominated by models that suggest their

peaks originated within lower crust or mantle.

Approach

Modeling Crustal Thickness: In order to select craters to analyze and examine any
correlations in composition they may have with depth we first need to define the thickness of the
crust globally. The models presented here are based upon the models of Wieczorek and Phillips
[1998] and Wieczorek et al. [2006]. First, the gravity field that results from surface topography is

computed (i.e., the Bouguer correction). This contribution is subtracted from the observed free-
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air gravity field of the body, resulting in the Bouguer anomaly which is interpreted as relief along
a subsurface density interface. = These models assume that the crust is uniform in density
(excluding a thin veneer of mare basalts in some areas) but do not assume that the Moon is
isostatically compensated. A crustal thickness of 45 km at the Apollo 12 and 14 sites serves as our
modeling anchor points [Wieczorek et al., 2006]. This thickness is consistent with recent seismic
inversions which suggest that the crustal thickness at these two sites is probably considerably
thinner than the 65 km suggested by Toksoz et al. [1972]. Current thickness estimates of these
sites include 45 + 5 km [Khan et al., 2000], 38 + 8 km [Khan and Mosegaard, 2002], and 30 +

2.5 km [Lognonne et al., 2003].

Our first model, Model 1, is a canonical model in which the lunar gravity field is assumed to
be solely the result of surface topography, a thin veneer of dense mare basalts, and relief along the
crust-mantle interface. For this model the gravitational attraction of the mare basalts within the
nearside mascon basins was taken into account using the mare thickness model of Solomon and
Head [1980] modified by the maximum thickness constraints of Williams and Zuber [1998]. A
density of 2900 and 3300 kg m-3 was assumed for the crust and mare basalts, respectively. For

this model, a density of 3320 kg m~3 was assumed for the upper mantle.

Model 2 has one substantial difference from Model 1. In Model 2 we allow for the possibility
that the degree-1 shape of the Moon might not be the result of crustal thickness variations (i.e.,
the 1.9 km center-of-mass/center-of-figure offset) but might instead be a result of lateral
variations in density of the crust and/or mantle. In particular, the spherical harmonic degree-1

Bouguer anomaly terms were set to zero before inverting for the crustal thickness.

The resulting average crustal thicknesses for Models 1 and 2 are 53 and 43 km. The
uncertainty of our crustal thickness maps is difficult to quantify as this depends upon our choice
of the crustal and mantle densities, which are, a priori, not well known, as well as the uncertainty
in the gravity model, which is poorly constrained over the farside hemisphere. Given that our

models are also anchored by the Apollo seismic data, and the most recent inversion results differ
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by about 10 km, it is probably prudent to use an uncertainty of at least +5 km for the absolute

crustal thickness at any locale on the Moon.

Both Model 1 and 2 are used to determine a sample of potential mantle candidate peaks to
examine here. Both models are valid scientific estimates of crustal thickness. However, in this
study we simplify and focus on Model 1 but recognize that aspects of each model are plausibly

occurring in the lunar crust. Figures detailing aspects of Model 2 are located in the appendix.

Modeling Peak Depth of Origin: Peak depth of origin is difficult to estimate due to the
number of variables that influence the calculation. Each impact crater was created with a unique
set of variables that characterize the initial impactor, its path, as well as the target material that
ultimately influence the depth a peak will originate. However, studies of both impact theory and
terrestrial craters have provided some benchmarks to make estimates of peak origin. Previous
estimates of crater depth of excavation, which is referring to the depth of origin of crater ejecta,
are estimated to be 0.1 to 0.2 times the diameter, d, of complex craters [Croft, 1980; Dence, 1968;
Melosh, 1989; O'Keefe and Ahrens, 1993; Roddy, 1977]. However, another estimate to consider is
the depth of melting. Cintala and Grieve [1998] suggest that the minimum depth of origin for a
central peak coincides with the maximum depth of melting, and this origin is a function of crater
diameter. The resulting depth of melting incurred by the crust follows an estimate of 0.109d*8,
where d is the final rim diameter of the crater in kilometers. This approximation method falls

somewhere in between 0.1d to 0.2d depending on the diameter of the crater being examined.

Here, we consider both approximations of peak depth of origin; one estimating a depth of
origin at 0.1D and the other at 0.109d%°8. The concept for estimating peak depth of origin is that
the peak must originate from below the melt, so that the Cintala and Grieve [1998] estimates for
depth of melting provide an lower limit or the maximum possible depth of origin, that can differ
substantially from 0.1d for large craters. We use both estimates to determine our sampling of
craters to examine, but neither is shown to have a higher correlation with composition. For this
reason here we simplify and focus on the method of Cintala and Grieve [1998]. Impact crater

diameter and location are determined from the online database of McDowell [2004] (available at
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http://host.planet4589.org/astro/lunar/). With this information craters were evaluated for

discernable peaks before they were examined spectrally.

Determination of Central Peak Origin in the Crust: Once we have constructed our crustal
thickness models and estimated peak depth of origin we combine them to select craters of interest
and determine vertical and lateral correlations with composition. Two methods of relating crater
peak position and origin with composition are used. First, composition relative to the crustal
thickness in the vicinity of each peak is examined to determine if composition is correlated with
the overall thickness of the lunar crust. Second, we also examine where peak material originated
within the crust relative to the crust-mantle boundary. This is examined in two ways. One
estimate is calculated by determining the difference between the crustal thickness and peak

excavation depth (Fig. 3.1). This is expressed by the equation,

P=T-D (1)

where P is proximity to the crust-mantle boundary, T is crustal thickness estimates for Model 1 or
Model 2 respectively, and D is the depth of origin using estimates for the maximum depth of
melting (D,) or maximum depth of excavation (D) respectively. For peaks where P is negative,
crater peaks plausibly expose mantle material and for craters where P is positive peaks are

modeled as having no chance of exhuming lunar mantle material.

For our second estimate, we examine where peak material originates relative to the current
state of the crustal column. To do this, we scale P to the crustal thickness under that crater giving
us knowledge of peak origin vertically relative to crustal thickness. This is expressed by the

equations,

R=(T-D)/T (2)

where R is a dimensionless quantity less than 1 that estimates the original position of central
peaks in the context of the crustal column. For peaks where R is positive, material originated
within the crust (e.g., 0 to 1); and for peaks where R is negative (e.g., <0), material originated

from the lunar mantle.
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Figure 3.1: For each crater the proximity to the lunar crust-mantle boundary was calculated by
subtracting the depth of origin (D) from the crustal thickness (T). Here proximity to the crust
(P) mantle boundary via the maximum depth of origin is illustrated.
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Crater peaks are prioritized for analysis using the parameter P. Crater central peaks modeled
as plausibly originating in the lunar mantle, or at least lower crust, are given first priority for
analysis. From this list we evaluate impact craters with high resolution Clementine data
(100m/pixel) to determine if a peak is present and that immature material (>0.3 OMAT value) is
available for analysis via the optical maturity parameter of Lucey et al. [2000]. This yields 28
central peaks we examine with material estimated to plausibly originate in or near the mantle. An
additional 27 central peaks selected at random are examined for which no models predict the
excavation of mantle rocks. This yields a total of 55 peaks and their compositions reported here
out of the ~100 craters evaluated for a central peak and immature material based upon the optical

maturity parameter of Lucey et al. [2000] (Fig. 3.2).

Spectral Analysis Approach: Crater central peaks are analyzed by comparing Clementine
reflectance spectra to radiative transfer modeled spectra. The radiative transfer theory of Hapke
[1981; 1993; 2001], mineral optical constant data of Lucey [1998] and iron optical constant data
of Paquin [1995] are used in this model. Similar implementations of the model used here are
reported by Clark et al. [2001], Cahill and Lucey [2007], and explained in detail by Lawrence
and Lucey [2007]. In general, the model uses the optical constants (real, n, and complex indices,
k, of refraction) of minerals to calculate single scattering albedo (the probability a photon will
survive an encounter with a material) for each component at a specified particle size, maturity,
and mineral chemistry. Single scattering albedo of each mineral component is added linearly,
weighted by abundance, and converted to reflectance. Mineral modes used for this study span a
plagioclase-olivine-orthopyroxene-clinopyroxene system at 5 vol. % intervals (17,710 modal
combinations). Model spectra are computed and compared to Clementine spectra as a function of

Mg-number (Mg’ = molar Mg/ (Mg + Fe)*100) ranging from 50-95 in increments of 5.

We account for space weathering by using the optical maturity method of Lucey et al. [2000]

and compute our models based upon the full range of immature compositions. Lucey et al.’s
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Figure 3.2: Location map of the impact crater central peaks examined in this study plotted on a
Clementine 750 nm simple cylindrical image of the global lunar surface (1 km/pixel). (a) Red
boxes denote the impact crater central peaks that were considered for compositional modeling.
(b) Red boxes denote the impact crater central peaks that have immature material and were
analyzed in this study.
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[2000] optical maturity parameter (OMAT) quantifies optical maturity combining the reflectance
and spectral contrast of each spectrum in a manner that is largely insensitive to composition. At 1
km spatial resolution the Moon ranges from .2 (highly mature) to .5 (immature) in this
parameter. Here we compute models to cover 46 levels of maturity from 0.275 to 0.5 OMAT in
increments of 0.005, which covers the full range of immature compositions on the surface of the

Moon.

Cahill and Lucey [2007] demonstrate that several models can have the same relative
reflectance shape but very different absolute reflectance values. So, here the model with the most
similar relative reflectance spectral fit and estimated FeO (which is a function of absolute
reflectance) to that of each Clementine spectrum is chosen as a match. Clementine estimated FeO
is determined via the method of Lawrence et al. [2002] and model FeO is determined
stoichiometrically for each model mineralogy. Using FeO as a constraint exposes the method to
errors due to the influence of the local slope relative to the Sun on the derivation of FeO, so our
uncertainties in estimating plagioclase content in particular are increased relative to a data set
without this artifact. The relative error for individual minerals, Mg’, and FeO is conservatively

+10-15%, +8 units, and 1-2 wt% respectively [Denevi et al., 2008; Lucey, 2004].

The data analyzed here differs from Lucey [2004] and Cahill and Lucey [2007] by including
both Clementine UVVIS and NIR data (e.g., eight wavelengths including 0.75, 0.9, 0.95, 1.0, 1.1,
1.25, 1.5, and 2.0 um) to enable better mineralogical interpretations. Both data sets are examined
at a spatial resolution of 100 meters. Clementine near-infrared spectra are calibrated to Earth-
based telescopic spectra collected of various locations on the lunar nearside. Documentation for

these correction procedures and their results are posted on the USGS website

(http://astrogeology.usgs.gov/Projects/ClementineNIR/) courtesy of Denevi and Lucey (personal
communication). Spectra gain and offset corrections per near-infrared spectral band are reported

in Table 3.1.
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Table 3.1: Summary of near-infrared correction factors.

Spectra Band (nm)
1100
1250
1500
2000

Gain
0.87
0.854
0.792
0.742

Offset
0.0246
0.0316
0.0514
0.068
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Results

Our results are reported in several sections, each section gradually adds additional
perspectives to our overall view of the lunar crust. We first illustrate our method of spectral
analysis by reporting compositional and crustal thickness estimates on an example central peak.
We then place all the peaks analyzed into the perspective of the lunar sample suite for
compositional and petrologic context. Finally, we add “depth” to this petrologic context by
placing our compositional results into several perspectives of estimated lunar crustal thickness

and central peak point of origin in the crust.

Analysis of Finsen central peak: Here we illustrate our analytical method applied to the

impact crater Finsen as an example (Fig. 3.3). Finsen is located within SPA at 42° S and 177.4°

W and has a diameter of 72 km. We estimate the local lunar crust in this area is between 5-16 km
(T1 and T, respectively) in thickness and Finsen likely transported material from 7 to 11 km of
depth. Finsen peak is also modeled to originate from 5 km above or 5 km below the lunar crust-
mantle boundary (P: and P; respectively; Table 3.2). The inferred proximity to the crust-mantle

boundary makes Finsen a typical example of the deepest originating peaks we analyze here.

Our derived compositions of Finsen central peak spectra are more mafic than previously
reported Tompkins and Pieters [1999] (Fig. 3.4 and 3.5). Mineral maps of Finsen show that
olivine and plagioclase abundances on average are low, 9.4% and 25.4% respectively, while the
average abundances of orthopyroxene and -clinopyroxene are higher, 32.7% and 32.5%
respectively (Fig. 3.5). On the lunar rock type classification scheme of Stoffler (1980) Finsen’s
average lithology is a gabbroic norite; however, other lithologies present include norite, noritic
gabbro, pyroxenite, and olivine-bearing gabbronorite. The average Mg’ for Finsen central peak is
63.7, but the range of Mg’ is 40-75 indicating the presence of both ferroan and magnesian
lithologies. Mean FeO determined from Clementine spectra is 14 wt% and ranges from 10-22

wt%.

Central Peak Composition Relative to Lunar samples: All other central peaks are analyzed in

the same way as described for Finsen (Tables 3.2-3.3). Here we establish the modeled
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Figure 3.3: (a) Finsen crater is 72 km in diameter and we estimate that it overlays crust that is
5-16 km in thickness. Black areas are void of Clementine data. (b) Finsen central peak is
estimated to have exhumed material from between 7-11 km of depth.
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Table 3.2: Impact crater characteristics, estimated depth of origin, and crustal thickness values.

Crater Name Diameter Lat Long T, T, D; D, P, P,? pg® Pt R R,® Ry’ R,®
Aitken 135 -16.8  173.4 41.0 26.4 22.2 13.5 18.8 4.2 27.5 12.9 0.5 0.2 0.7 0.5
Alder 77 -48.6 -177.4 171 6.7 12.1 7.7 5.0 -5.3 9.4 -1.0 0.3 -0.8 0.5 -0.1

Antoniadi 143 -69.7 -172.0 16.2 9.3 23.6 14.3 -7.4 -14.4 1.9 -5.0 -0.5 -1.5 0.1 -0.5
Aristillus 55 33.9 1.2 30.8 31.8 8.4 5.5 22.4 23.4 25.3 26.3 0.7 0.7 0.8 0.8
Aristoteles 87 50.2 17.4 20.6 28.9 13.8 8.7 15.8 15.2 20.9 20.2 0.5 0.5 0.7 0.7
Arzachel 96 -18.2 -1.9 38.8 41.7 15.3 9.6 23.5 26.4 29.2 32.1 0.6 0.6 0.8 0.8
Atlas 87 46.7 44.4 33.7 32.9 13.8 8.7 20.0 19.1 25.0 24.2 0.6 0.6 0.7 0.7
Bel'kovich 214 61.1 90.2 36.0 30.0 36.6 21.4 -0.6 -6.6 14.6 8.6 0.0 -0.2 0.4 0.3
Berkner 86 25.2 -105.2 50.6 36.5 13.6 8.6 36.9 22.9 42.0 27.9 0.7 0.6 0.8 0.8
Bettinus 71 -63.4 -44.8 402 36.8 11.1 7.1 29.1 25.7 33.1 29.7 0.7 0.7 0.8 0.8
Bhabha 64 -55.1 -164.5 15.5 5.9 9.9 6.4 5.6 -4.0 9.1 -0.5 0.4 -0.7 0.6 -0.1
Birkeland 82 -30.2  173.9 229 10.9 12.9 8.2 10.0 -2.0 14.7 2.7 0.4 -0.2 0.6 0.2
Borman 50 -38.8 -147.7 16.0 5.2 7.6 5.0 8.4 -2.4 11.0 0.2 0.5 -0.5 0.7 0.0
Bose 91 -53.5 -170.0 16.2 6.4 14.5 9.1 1.8 -8.0 7.1 -2.7 0.1 -1.3 0.4 -0.4
Boyle 57 -53.1  178.1 13.9 4.9 8.7 5.7 5.2 -3.8 8.2 -0.8 0.4 -0.8 0.6 -0.2
Bullialdus 60 -20.7 -22.2  25.0 26.6 9.2 6.0 15.8 17.4 19.0 20.6 0.6 0.7 0.8 0.8
Burg 39 45.0 28.2 32.7 32.6 5.8 3.9 26.9 26.9 28.8 28.7 0.8 0.8 0.9 0.9
Carpenter 59 69.4 -50.9 38.5 31.3 9.0 5.9 29.4 22.2 32.6 25.4 0.8 0.7 0.8 0.8
Clavius 245 -58.8 -14.1 390.3 38.3 42.4 24.5 -3.0 -4.1 14.8 13.8 -0.1 -0.1 0.4 0.4
Compton 162 55.3 103.8 33.0 26.6 27.1 16.2 5.9 -0.5 16.8 10.4 0.2 0.0 0.5 0.4
Copernicus 93 9.7 -20.1 33.3 34.2 14.8 9.3 18.5 19.3 24.0 24.9 0.6 0.6 0.7 0.7
Crommelin 94 -68.1 -146.9 185 10.9 15.0 9.4 3.5 -4.1 9.1 1.5 0.2 -0.4 0.5 0.1
Crommelin C 44 -66.4 -144.8 16.1 8.6 6.6 4.4 9.6 2.0 11.7 4.2 0.6 0.2 0.7 0.5
Crookes 49 -10.3 -164.5 78.1 56.9 7.4 4.9 70.7 49.5 73.2 52.0 0.9 0.9 0.9 0.9
Davisson 87 -37.5 -174.6 15.9 4.7 13.8 8.7 2.1 -90.1 7.2 -4.0 0.1 -1.9 0.5 -0.9
Dryden 51 -33.0 -155.2 21.6 9.0 7.7 5.1 13.9 1.3 16.5 3.9 0.6 0.1 0.8 0.4
Eijkman 54 -63.1 -141.5 15.9 7.9 8.2 5.4 7.7 -0.3 10.5 2.5 0.5 0.0 0.7 0.3
Eijkman D 25 -62.3 -136.9 16.3 8.3 3.6 2.5 12.8 4.8 13.8 5.8 0.8 0.6 0.8 0.7
Finsen 72 -42.0 -177.9 16.3 5.4 11.2 7.2 5.1 -5.8 9.1 -1.8 0.3 -1.1 0.6 -0.3
Fizeau 111 -58.6 -133.9 19.0 10.4 18.0 11.1 1.0 -7.5 7.9 -0.7 0.1 -0.7 0.4 -0.1
Grissom M 38 -49.1 -147.7 181 7.5 5.6 3.8 12.4 1.9 14.3 3.7 0.7 0.3 0.8 0.5
Hopmann 88 -50.8 160.3 18.8 10.3 14.0 8.8 4.9 -3.7 10.0 1.5 0.3 -0.4 0.5 0.1
Jackson 71 22.4 -163.1  72.0 52.1 11.1 7.1 61.0 41.1 64.9 45.0 0.8 0.8 0.9 0.9
Joliot 164 25.8 93.1 38.5 34.4 27.4 16.4 11.0 7.0 22.1 18.0 0.3 0.2 0.6 0.5
Keeler 160 -10.2 1619 47.2 32.8 26.7 16.0 20.5 6.1 31.2 16.8 0.4 0.2 0.7 0.5
King 76 5.0 120.5 50.0 41.3 11.9 7.6 38.1 20.4 424 33.7 0.8 0.7 0.8 0.8
Langmuir 91 -35.7 -128.4 56.0 41.5 14.5 9.1 41.5 27.1 46.9 32.4 0.7 0.7 0.8 0.8
Lemaitre S 34 -61.6 -156.3 16.2 7.5 5.0 3.4 11.3 2.5 12.8 4.1 0.7 0.3 0.8 0.5
Lowell 66 -12.9 -103.1 63.7 48.5 10.2 6.6 53.5 38.2 57.1 41.9 0.8 0.8 0.9 0.9
Lyman 84 -64.8 163.6 18.0 10.9 13.3 8.4 4.7 -2.4 9.6 2.5 0.3 -0.2 0.5 0.2
Maksutov 83 -40.5 -168.7 17.3 5.9 13.1 8.3 4.2 -7.2 9.0 -2.4 0.2 -1.2 0.5 -0.4
Maunder 55 -14.6  -93.8 30.6 21.7 8.4 5.5 22.2 13.4 25.1 16.2 0.7 0.6 0.8 0.7
Ohm 64 18.4 -113.5 58.7 42.7 9.9 6.4 48.8 32.8 52.3 36.3 0.8 0.8 0.9 0.9
Orlov 81 -25.7 -175.0 27.2 13.8 12.8 8.1 14.4 1.0 19.1 5.7 0.5 0.1 0.7 0.4
Pythagoras 142 63.5 -63.0 374 29.7 23.5 14.2 13.9 6.2 23.2 15.5 0.4 0.2 0.6 0.5
Scaliger 84 -27.1  108.9 418 36.6 13.3 8.4 28.5 23.3 33.4 28.2 0.7 0.6 0.8 0.8
Stevinus 74 -32.5 54.2 42.9 44.5 11.6 7.4 31.3 33.0 35.5 37.1 0.7 0.7 0.8 0.8
Stoney 45 -55.3 -156.1  13.6 4.4 6.7 4.5 6.8 -2.4 9.1 -0.1 0.5 -0.5 0.7 0.0
Theophilus 110 -11.4 264  29.2 33.6 17.8 11.0 11.4 15.8 18.2 22.6 0.4 0.5 0.6 0.7
Tsiolkovsky 185 -21.2  128.9 49.2 40.1 312 18.5 18.0 8.8 30.7 21.6 0.4 0.2 0.6 0.5
Tycho 102 -43.4  -11.1 40.9 41.5 16.4 10.2 24.5 25.1 30.7 31.3 0.6 0.6 0.8 0.8
Vavilov 98 -0.8 -137.9 76.5 56.6 15.7 9.8 60.8 40.9 66.7 46.8 0.8 0.7 0.9 0.8
Von Karman 180 -44.8  175.9 17.1 6.9 30.3 18.0 -13.3 -23.5 -0.9 -11.1 -0.8 -3.4 -0.1 -1.6
White 39 -44.6 -158.3 20.1 8.5 5.8 3.9 14.3 2.7 16.2 4.6 0.7 0.3 0.8 0.5
Zucchius 64 -61.4 -50.3 40.0 36.3 9.9 6.4 30.1 26.4 33.6 29.9 0.8 0.7 0.8 0.8
! P,=T,-D,
*P,=T,-D,
3P, =T,-D,
4P,=T,-D,
°R, = (T,-D)/T,

°R, = (T,-D,)/T,
7R, = (T, - D,)/T,
R, = (T,- D.)/T,
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Figure 3.4: Representative Clementine and model VIS-NIR spectra in (a) relative and
(b) absolute reflectance formats.
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Figure 3.5: Model mineral maps of Finsen central peak inverted from Clementine VISNIR
reflectance spectra and overlaid on a Clementine 750 nm reflectance image. Mineral abundance
data for (a) olivine, (b) orthopyroxene, (c) clinopyroxene, and (d) plagioclase are displayed.
Color scales are determined for the maximum abundance of each mineral. A Clementine 750 nm
band image of Finsen central peak (e) is shown for context.
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Table 3.3: Model mineraolgy for lunar impact crater central peaks.

Crater Name Lithology Ol vol. % Opxvol. % Cpx vol. % Plvol. %  Mafics/PIOpx/Cpx Mg’
Aitken troctolite 33 5 4 59 0.7 1.3 76
Alder ol-noritic gabbro 15 18 28 39 1.6 0.7 67
Antoniadi ol-norite 17 35 8 41 1.5 4.5 75
Aristillus ol-gabbroic norite 15 36 30 20 4.1 1.2 70
Aristoteles ol-noritic gabbro 13 23 29 35 1.8 0.8 68
Arzachel anorth troctolite 26 8 4 62 0.6 2.0 73
Atlas anorth gabbro 9 12 17 62 0.6 0.7 72
Bel'kovich  garbbroic anorthosite 4 5 8 84 0.2 0.6 85
Berkner anorth norite 7 9 9 75 0.3 1.0 70
Bettinus noritic anorthosite 3 14 4 79 0.3 3.4 79
Bhabha ol-noritic gabbro 22 27 30 22 3.7 0.9 71
Birkeland ol-noritic gabbro 16 23 40 20 4.0 0.6 64
Borman ol-norite 38 10 o) 53 0.9 77
Bose ol-gabbroic norite 15 27 26 32 2.1 1.0 65
Boyle ol-gabbroic norite 28 25 9 38 1.6 2.7 77
Bullialdus gabbroic norite 10 34 14 43 1.3 2.4 70
Burg noritic gabbro 8 15 41 36 1.8 0.4 66
Carpenter noritic anorthosite 3 10 5 82 0.2 2.0 80
Clavius anorth gabbro 7 7 11 75 0.3 0.7 83
Compton anorth gabbro 17 8 11 64 0.6 0.7 80
Copernicus troctolite 72 1 5 22 3.6 0.3 92
Crommelin ol-noritic gabbro 13 19 20 48 1.1 0.9 76
Crommelin C ol-noritic gabbro 22 17 12 49 1.0 1.5 77
Crookes anorth gabbro 13 4 22 61 0.6 0.2 71
Davisson peridotite (pyroxenite) 35 17 41 6 14.8 0.4 64
Dryden ol-gabbroic norite 7 29 27 38 1.7 1.1 66
Eijkman ol-gabbroic norite 11 29 12 48 1.1 2.4 66
Eijkman D ol-noritic gabbro 13 14 40 33 2.0 0.3 60
Finsen gabbroic norite 9 33 32 25 2.9 1.0 64
Fizeau gabbroic norite 6 33 23 39 1.6 1.4 67
Grissom M ol-gabbroic norite 24 18 12 46 1.2 1.5 69
Hopmann ol-noritic gabbro 21 19 20 40 1.5 0.9 66
Jackson anorth gabbro 11 6 18 65 0.5 0.3 80
Joliot troc anorthosite 11 1 5 82 0.2 0.3 69
Keeler troc anorthosite 13 [} 1 86 0.2 0.3 70
King ol-gabbro 20 8 39 34 2.0 0.2 78
Langmuir ol-noritic gabbro 18 10 20 53 0.9 0.5 72
Lemaitre S ol-norite 31 21 6 43 1.3 3.6 74
Lowell anorth troctolite 20 10 9 62 0.6 1.1 71
Lyman gabbroic norite 6 41 10 42 1.4 4.0 75
Maksutov ol-gabbroic norite 12 41 32 15 5.5 1.3 67
Maunder noritic gabbro 9 15 50 25 3.0 0.3 63
Ohm gabbro 9 7 45 38 1.6 0.2 68
Orlov ol-noritic gabbro 13 15 31 41 1.5 0.5 64
Pythagoras anorth gabbro 9 5 12 74 0.3 0.4 82
Scaliger ol-noritic gabbro 29 8 23 40 1.5 0.4 74
Stevinus ol-gabbroic norite 19 14 10 57 0.7 1.4 71
Stoney ol-noritic gabbro 39 21 28 12 7.0 0.7 73
Theophilus anorth troctolite 25 4 10 60 0.7 0.4 78
Tsiolkovsky ol-gabbro 19 7 26 48 1.1 0.3 78
Tycho ol-noritic gabbro 16 9 23 52 0.9 0.4 72
Vavilov anorth gabbro 8 5 16 70 0.4 0.3 75
Von Karman ol-noritic gabbro 23 12 19 46 1.2 0.6 67
White ol-gabbroic norite 46 26 17 11 8.5 1.5 71
Zucchius noritic gabbro 10 13 18 59 0.7 0.7 72
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composition of each peak relative to the known compositions of lunar highlands samples. Models
of central peak spectra show a large diversity of average lithologies but most of them are
dominantly mafic (Fig. 3.6). Peaks with mafic model mineralogy also show many similarities to
olivine-bearing gabbronorite Mg-suite rocks of the lunar sample collection. However, peak
pyroxene abundances show more diversity with orthopyroxene-rich gabbroic norite and
clinopyroxene-rich noritic gabbro lithologies both being present. Several peaks modeled also
have anorthositic mineralogies and show similarities to both lunar FANs and anorthositic Mg-

suite rocks.

The typical method to discern lunar petrologic suites is to compare mafic mineral Mg  with
one of the numerous “plagiophile loving” elements or ratios (e.g., Ca/Ca+Na, Al, Ti/Sm, Al/Eu,
etc.) [Warren and Kallemeyn, 1984]. The mafic Mg’ versus plagioclase An method is the most
often used because it can be accomplished easily and nondestructively with electron microprobe
analysis of coexisting mafic and plagioclase minerals. However, in the context of spectral
reflectance analysis these chemical distinctions for plagioclase cannot be achieved (at present).
What we can determine with confidence is mafic Mg  and plagioclase abundance. Cahill and
Lucey [2007] reported a compilation of modal mineralogy and Mg’ for ~100 lunar FAN and Mg-
suite rocks. In figure 3.7a, examination of these data show that taking the mean Mg’ of the
mafic minerals weighted by their relative proportions and the mean plagioclase abundance
effectively separate the lunar FAN and Mg’- petrologic suites. To a large degree this method also
separates the rock types within the Mg-suite. With this knowledge we have a method to make
direct comparisons between remotely determined impact crater central peak composition and the
lunar sample collection. Here, model results show that the selection of lunar central peaks
analyzed are dominantly similar to Mg-suite rocks (Figure 3.7b). These Mg-suite-like peaks are
plagioclase-poor (<60 vol. %) and vary from ferroan to magnesian varieties (Mg’ 55-94), or may
be plagioclase-rich (>60 vol. %) with an Mg’ of 78-85. A few central peaks also show some

similarity to FAN rocks with greater than 70 vol. % plagioclase and Mg’s of ~ 70-75. Although the

central peak modeled rock types do not necessarily perfectly overlap the fields defined by the

samples, the basic distinction between ferroan and magnesian rocks is present, as is the general
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Figure 3.6: Mean mineral assemblages for each impact crater central peak analyzed

compared to known assemblages of the lunar sample suites (dark grey—FAN; grey—Mg-suite)

on plutonic rock classification diagrams [Stoffler, et al. 1980].
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correlation of plagioclase with Mg' in the mafic peaks. We should also note that this diagram
cannot distinguish alkali from ferroan anorthosites. Here we will assume ferroan, plagioclase-

rich compositions are FAN.

Composition relative to crustal thickness: Although the correlation is weak, it is apparent
that plagioclase gradually increases as the crust thickens with peaks often having anorthositic
(>60 vol. % plagioclase) mineral assemblages above crustal thicknesses of 60 km (Fig. 3.8). For
crust thinner than 60 km, peaks tend to be mafic (> ~50 vol. % mafics). Olivine and
orthopyroxene abundances range from near 0 to ~45 vol. % and do vary as crustal thickness
changes. Again, this variation is not highly correlated but is apparent. In thicker crust (i.e., >50
km), both olivine and orthopyroxene abundances are low (< 15 to 20 vol. %) in all peaks analyzed.
However, as the crust thins the maximum observed abundance of these two minerals for many
peaks increases until they each reach their highest overall abundances (~45 vol. %) in crust less
than ~30 km thick. But, although olivine- and orthopyroxene-rich lithologies are observed
exclusively in thin crust, other varieties of lithologies with less abundant proportions of these two
minerals are observed in thin crust as well. This increase in orthopyroxene as the crust thins is
also reflected in the overall pyroxene abundance, as the orthopyroxene/clinopyroxene ratio
increases from less than 0.5 in thick crust to greater than 4 in thin crust. In crust greater than 60
km thick average clinopyroxene abundance is less than 25 volume percent; but in crust less than
60 km thick clinopyroxene maximum abundance increases to ~45 vol. % but has an overall range
of 0-45 vol. %. Model Mg’ shows a relatively magnesian Mg’ range of 70-85 in both thick and thin
crust; however, as the crust thins to less than 35 km, more ferroan (Mg’ 58-70) peaks are also
present. Although FeO increases in thin crust relative to thick, several peaks show more ferroan

compositions as FeO increases from thick (~7 wt. %) to thin (>18 wt. %) crust.

Composition relative to peak origin: Here we relate the composition of the central peaks
analyzed to their origin in the crustal column. An estimate of exhumation depth scaled to the

thickness of the crust, R, (e.g., Ratio = [thickness — depth)/thickness]) shows that most peaks
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Figure 3.8: Mean lunar impact crater central peak mineralogy and chemistry versus
crustal thickness (T ).
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analyzed originated from nearly all depths possible in the crustal column, but no compositional
trends are discerned (Fig. 3.9). This may suggest that there are no compositional trends within
the crust and that composition is only a function of crustal thickness, but this assumes crustal
structure is independent of thickness, and has been preserved since it was established. When we
use the crust-mantle boundary as our reference point by determining P (e.g., Proximity =
thickness — depth) compositional trends, although weakly correlated, are shown to be present
(Fig. 3.10). The crust-mantle boundary acts as a good reference point because it was established
at the same time as crustal formation and is not affected by material stripped away by impact
bombardment. Even in the case of SPA and its plausible isostatic rebound after basin formation,
stratigraphic compositional relationships should be more intact near the crust-mantle boundary
unless impact melting occurred deeply enough to destroy these relationships by creating an

impact melt sheet that extends deep below SPA [Morrison, 1998].

Model mineralogy between 40 and 80 km from the crust-mantle interface show low
abundances of olivine and orthopyroxene (<15 to 20 vol. %); only clinopyroxene maintains
greater than 20 vol. % within this proximity to the mantle boundary. Model peak plagioclase
abundance is on average largely anorthositic (>60 vol. % plagioclase) 50 km above the interface.
Mineralogy within 40 km of the crust-mantle boundary and below is diverse, with both highly
mafic and plagioclase-rich lithologies present. Mafic lithologies (>40 vol. % mafics) are largely
confined to the crust within 40 km of the crust-mantle boundary, whereas plagioclase-rich (>60

vol. %) lithologies are seen throughout the crustal column.

Peak chemistry 40-80 km away from the crust-mantle boundary is magnesian (Mg’ 70-80)
despite low FeO (<7 wt. %) and anorthositic (>60 vol. %) lithologies. More compositional
diversity is observed from peaks that originate closer to (i.e., within o0 to 40 km) the crust-mantle

boundary; these peaks range in Mg’ from ferroan (~60) to more magnesian (~93) lithologies.

Composition of peaks laterally: The compositional diversity of peaks in the lateral
perspective is largely consistent with lunar terrane [Jolliff et al., 2000; Wieczorek and Phillips,

2000]. In figure 3.11, peaks with anorthositic (=60 vol. %) modeled mineralogy are nearly
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Figure 3.10: Mean lunar impact crater central peak mineralogy and chemistry versus
peak origin relative to the crust mantle boundary (e.g., T -D ). Proximity to mantle less
than zero denotes materials plausibly derived from the lunar mantle (in grey).

79



Figure 3.11: The location of crater peaks examined and their mean (a) olivine, (b)
clinopyroxene, (c) orthopyroxene, and (d) plagioclase abundances plotted on Clementine
750 nm simple cylindrical images of the lunar surface. Dashed lines denote approximate
lunar terrane boundaries interpreted from thorium maps [Jolliff et al. 2000; Lawrence,

et al. 2002].
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exclusively confined to the FHT terrane. Crater peaks in this terrane with some of the highest
modeled plagioclase abundances (>80 vol. %), including Bel’kovich, Carpenter, Joliot, and Keeler
are also shown to originate in the lower crust or mantle. Only Maunder on the northern end of
Orientale and Ohm crater have less than 60 vol. % plagioclase. The outer FHT shows a little more
diversity with a few peaks averaging less than 60 vol. % plagioclase, but the majority of peaks still
have anorthositic average mineralogies. Model peak mineralogy within the PKT and SPA is all
mafic (<60 vol. % plagioclase); SPA peaks also show less plagioclase (<50 vol. %) abundances
than the PKT and vary from basin edges (20-50 vol. %) to the basin center (<20 vol. %

plagioclase).

Mafic minerals also associate with terrane, with olivine primarily concentrated within SPA (6-
46 vol. %, outer to inner basin respectively). Only Copernicus peak within the PKT is modeled to
have greater olivine abundance (72 vol. %) than peaks within SPA. Orthopyroxene is also
concentrated within SPA with range of 12 to 41 vol. %, but is also prevalent on the PKT crater
peaks Aristoteles (22 vol. %), Bullialdus (33 vol. %), and Aristillus (36 vol. %). Clinopyroxene is
the only mineral with abundances that appear to be independent of terrane. This result may be

real, or may indicate a systematic error in the modeling results.

Discussion

Previous studies have reported compelling evidence to suspect that the crust changes
composition with depth. These observations include (1) the identification of large impact basin
ejecta that are more mafic than the surrounding highlands (e.g., [Reid et al., 1977; Ryder and
Wood, 1977; Spudis and Davis, 1986], (2) central peaks of some complex craters that are inferred
to contain mafic lithologies (e.g., [Tompkins and Pieters, 1999]), and (3) the inferred noritic
composition of the SPA basin floor which is suggested to represent lower crustal materials (e.g.,

[Lucey et al., 1995; Pieters et al., 1997; Pieters et al., 2001; Wieczorek and Zuber, 2001]).

All peaks examined here have strong mineral and major element abundances consistent with
rocks of the lunar sample collection. The majority of the peaks examined consist of material with

mafic and magnesian composition similar to Mg-suite rocks that are spread among all of the lunar
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terranes. We suggest that our direct comparison of lunar samples and peaks provide evidence
that the majority of these peaks consist of Mg-suite rocks. The few peaks where FAN
compositions are identified are confined within the FHT (craters Berkner, Joliot, and Keeler).
This prevalence of mafic and magnesian peaks and the paucity of peaks with anorthosite and FAN
composition may be explained by our method of crater peak sampling. The peaks examined are
all estimated to originate at least 10 km or more below the lunar surface. The observed
compositional bias might be expected especially if the crust becomes more mafic with depth.
Additional anorthositic peaks may be apparent if peaks originating in the top 10 km of the lunar

crust are examined in future work.

Despite the commonalities between these peak analyses and Mg-suite rocks, it is a possible
interpretation that some of these peaks may consist of mafic ferroan rocks (e.g., “mafic FANs”)
[Wieczorek and Zuber, 2001]. Although this is a reasonable hypothesis, little evidence is
available for this in the sample collection and several samples that are suggested to be
representative mafic ferroan rocks are far less mafic than the peaks reported here and still plot
within the FAN field in figure 3.7 [Jolliff and Haskin, 1995; Wieczorek et al., 2006]. However,

the presence of mafic ferroan rocks on the Moon merits further investigation in the future.

The mineral and major element results presented here suggest these peaks are consistent
with Mg-suite rocks, but many of these peaks lack thorium anomalies that would suggest KREEP
signatures. Previous studies of Mg-suite rocks show significant enrichments (at least 1-2 orders
of magnitude) in KREEP and other incompatible elements relative to FAN rocks (e.g., Papike et
al. [1994; 1996]; Shervais and McGee [1998a; 1998b]; Wieczorek et al., [2006]). The current
hypothesis for lunar Mg-suite formation suggests high concentrations of incompatible elements
are at least assimilates [Warren, 1986]; whether high incompatibles are necessary for Mg-suite
formation remains unknown. However, since the rocks of this suite were collected from every
Apollo landing site within the PKT and this region has a pronounced thorium anomaly, it has
been suggested that Mg-suite rocks may be spatially confined to this region and incompatible
elements are a genetic signature of this suite [Jolliff et al., 2000; Korotev, 2000; Korotev and

Gillis, 2001; Wieczorek and Phillips, 2000].
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However, it should be pointed out that although “magnesian” and “Mg-suite” might be
equivalent, magnesian rocks that do not contain KREEP might also exist, and may or may not be
genetically related to the Mg-suite rocks. An increasing body of evidence suggests that, at the very
least, magnesian compositions on the Moon are not limited to the PKT. Recent studies of
KREEP-poor, feldspathic and magnesian lunar meteorites inferred to originate in the farside FHT
suggest the presence of a magnesian component that influenced their formation [Korotev et al.,
2003; Warren et al., 2005]; however, the characterization of this magnesian component is under
question. Korotev [2005a] suggests that the magnesian component of these meteorites is not
from a Mg-suite source. Since these meteorites do not contain mafic magnesian and KREEP
bearing lithologies typical of Mg-suite rocks, Korotev [2005a] suggests these feldspathic
meteorites are derived from magnesian, rather than ferroan, anorthosites. Warren [2005] and
Warren et al. [2005] support an attempt to extend the presence of the Mg-suite globally by
suggesting that the magnesian component in these meteorites is derived from a KREEP-poor or
free variety of Mg-suite (a characteristic that is not observed in the Apollo and Luna samples).
The difficulty with either argument is the genesis of magnesian anorthositic rocks. Both Warren
[2005] and Hess [1994] (the former addressing magnesian feldspathic meteorites and the latter
addressing magnesian troctolites), point out that source magmas for magnesian feldspathic
material would have to be extremely magnesian themselves, with Mg’ approaching that of the

terrestrial mantle (Mg’ ~93).

The central peaks analyzed here not only suggest a magnesian component in both KREEP-
rich and KREEP-poor areas but may have sampled the source component suggested to be
influencing the chemistry of lunar meteorites. Stoichiometrically estimating oxide abundance
from mineralogy, these peaks have a similar Al,O; range (2-31 wt. %) to the meteorite collection,
but are also more magnesian. Greater compositional similarities are actually found between
peaks and Mg-suite rocks of the lunar sample collection; however a large sample of peaks are not
located in areas of significant or even mild KREEP influence. In this context, positive
identification of mafic and magnesian rocks here supports the hypothesis that high incompatible

element abundances may not be a necessary genetic characteristic of Mg-suite rocks and this suite
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may not be confined to the PKT. Whether incompatible elements help or speed Mg-suite rock
formation is still a subject for debate, but the probable identification of Mg-suite rocks within the
FHT and SPA suggests high incompatible element abundances are not absolutely necessary for

their production.

Central peak compositions also roughly follow terrane boundaries. Peaks modeled with
magnesian and ferroan anorthositic compositions are primarily confined to the FHT; while peaks
with mafic model mineralogies are generally confined to the PKT and SPA with a few exceptions.
This translates vertically within each terrane as a function of crustal thickness. As the crust
thickens it becomes more anorthositic and magnesian, and as it thins it becomes more mafic and
ferroan. The thinnest lunar crust (<30 km), central SPA, shows the most mafic mineralogy (>50
vol. % outer SPA, >80 vol. % inner SPA); while thicker crust (>30 km; not necessarily the
thickest), in the FHT, is more plagioclase-rich (>60 vol. % plagioclase). This compositional
relationship is also found relative to the crust-mantle boundary. Mafic lithologies, both
magnesian and more ferroan, are confined to within 50 km of the crust mantle boundary in SPA
and the PKT. Anorthositic lithologies are largely confined within the FHT, however, they exist at

all levels of the crustal column and with a significant magnesian sampling.

These results suggest the FHT, SPA, and the PKT may not only be distinct from each other on
the surface but subsurface as well. Model compositional results for SPA and PKT central peaks
are consistent with a crust gradually increasing in mafic mineralogy with depth. This is consistent
with previous interpretations of PKT impact melts and basins noted early in this discussion. Not
consistent with this hypothesis are peaks that show mafic mineralogies and more ferroan
chemistries at significant depth in the crust. However, this is consistent with a scenario suggested
by Warren et al. [2005] for the petrogenesis of lunar meteorites. In this scenario mafic and
magnesian minerals crystallize first and begin to settle, but during the process of settling some of
these mafic and magnesian crystals are entrained with subsequently crystallizing and more
buoyant plagioclase minerals. These assemblages are transported upward in the magma ocean to
become part of the crust in a higher stratigraphic location. Crystallization proceeds until less

buoyant ferroan and more mafic lithologies crystallize and settle low in the crustal column with
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some of the initial early crystallizing and more magnesian mafic minerals. This scenario may be

applicable for PKT and SPA crustal formation, but may not be sufficient for the FHT.

Peaks within the FHT suggest that at least portions of this terrane (near the craters
Bel’kovich, Carpenter, Joliot, Keeler, and others) can either (1) consist entirely of anorthositic
rocks throughout the crustal column, or (2) have a plagioclase-rich lower crustal layer with stalled
plutons within 40 km of the crust-mantle boundary. The identification of anorthosite transported
to the surface via impact basin inner rings and peaks of Orientale, Grimaldi, Humorum, Nectaris,
and Apollo corroborate this interpretation [Hawke et al., 2003; Spudis et al., 1984]. However,
the result here suggests both scenarios must have ferroan and magnesian anorthositic rocks at
significant depth. This is inconsistent with previous hypotheses that the FHT has a generally
increasing mafic composition with depth; but it is consistent with separate magnesian and
ferroan magmas somewhat simultaneously constructing an anorthositic FHT, at least in the areas
sampled. This is also consistent with FAN and Mg-suite radiometric ages which suggest that
these suites crystallized simultaneously through a significant portion of lunar geologic history
[Borg et al., 1999; Wieczorek et al., 2006], although caution is suggested for ages of plagioclase-

rich samples due to impact metamorphism modification [Norman et al., 2003].

Conclusions
Here we provide several new insights into the relationship between lunar crustal composition

and structure in both vertical and lateral perspectives.

¢ We show that lunar composition varies with crustal thickness. As the crust thickens it
becomes more plagioclase-rich, and as the crust thins it becomes more mafic.

e Our method of using the crust-mantle boundary as a reference point has allowed us to
pinpoint crater peaks that have sampled the lower crust and plausibly the mantle.
Approximately half the peaks analyzed here plausibly represent mantle material.

e No systematic compositional variability with respect to the depth of origin normalized to
local crustal thickness is found; however, significant compositional relationships are

shown relative to the crust-mantle boundary. This suggests that the majority of
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compositional variations in the crust were in place before major surface modifications
took place.

e Mafic lithologies (=40 vol. % mafics) are confined to thin crust that is within 50 km of the
lunar crust-mantle boundary and within the SPA and PKT terranes with a few exceptions;
the most mafic lithologies (>80 vol. % mafics) are confined within 30 km of the crust-
mantle boundary within SPA. These results are consistent with a gradually increasing
mafic/plagioclase ratio traveling down into the crust.

e Anorthositic (=60 vol. % plagioclase) rocks are found throughout the crustal column, but
are dominantly confined within the FHT and outer FHT; however, some peaks with
greater than 70 vol. % plagioclase do exist in crust that is 30-50 km thick and relatively
near the crust-mantle boundary.  These results are inconsistent with a generally
increasing mafic composition with depth, and instead support a dominantly anorthositic
crustal column with a distinct layer or intrusions of more plagioclase-rich magnesian and
ferroan anorthositic rocks at significant depth in the crust.

e The majority of peaks analyzed have compositions similar to Mg-suite rocks of the lunar
sample collection and they are found to be independent of lunar terrane. This suggests
that Mg-suite rocks may not be confined to the PKT and may not be dependent on
incompatible element concentrations for formation. These results also suggest Mg-suite
rocks may be a global phenomenon and may have wide ranging incompatible element and
mineral abundances; but the main factors that determine Mg-suite rock formation are
major element chemistry and geophysical dynamics. Incompatible element enrichment
may be an added attribute of Mg-suite rocks within PKT and perhaps to a lesser extent

SPA.

Future Work

Future work will entail a continuation of analysis of lunar impact crater central peaks
especially within the FHT and PKT. Integration of new data from Chang’e, Chandrayaan-i,
Kaguya, Lunar Reconnaissance Orbiter, and Gravity Recovery And Interior Laboratory (GRAIL)

will be essential. These data will be beneficial for more rigorously calibrated reflectance data
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relative to surface slopes and determining subsurface crustal structure to correlate with
compositional interpretations. Further research and development of quantitative analysis

models, mineral optical constants, and supporting validation data sets are essential.

The results shown here appear to confirm that SPA is a window into the lunar lower crust.
However, it is possible that the floor of SPA basin may represent an impact melt sheet that may
have partially differentiated and represent something very different from a cross-section of the
original crust [Morrison, 1998]. Further analysis of impact crater walls in addition to central
peaks will help resolve this issue. Additional cataloging and assessments of lunar samples for

mafic ferroan rocks is also necessary.
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Abstract

With near-infrared hyperspectral data sets returning from KAGUYA and Chandrayaan-1's
Moon Mineralogic Mapper (M3), accurate evaluation and interpretation of lunar data sets with
higher spectral resolution has never been more critical. Here we test a new radiative transfer
spectral modeling algorithm to determine composition from hyperspectral reflectance spectra of
lunar soils. Data for nineteen lunar mare and highland soil samples previously characterized by
the Lunar Soil Characterization Consortium (LSCC) are used for validation. Spectral fits are
made using a goodness of fit metric considering spectral shape, spectral contrast, spectral slope,
and iron abundance. High precision fits are achieved for nearly every soil with this algorithm.
Using a plot of spectral shape relative to the ratio Mg’ determines the winning model and
composition. Mg' is determined with a average difference of ~11-15 and ~3-8 units before and
after a correction is applied, respectively. Mineralogy is determined with a average difference of

~5-15 vol % depending upon the mineral constituent.
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Introduction

When light interacts with the lunar surface it is reflected in a way unique to each of the most
common silicate minerals (e.g., plagioclase, pyroxene, and olivine) [Burns, 1993]. To exploit this
interaction between light and matter near-infrared data sets, new (e.g., KAGUYA and the Moon
Mineralogical Mapper (M3)) and old (e.g., telescopic and laboratory), are being analyzed for
compositional interpretation of the lunar surface [Matsunaga et al., 2008; McCord et al., 1981;
Noble et al., 2001; Pieters and Pratt, 2000; Pieters et al., 2009a]. Several methods for
determination of composition from near-infrared reflectance spectra are in active use and under
continuing development for the analysis of these data sets. These methods include the Modified-
Gaussian modeling (MGM) method (e.g., [Noble et al., 2006; Sunshine and Pieters, 1993]), the
statistical partial least squares (PLS) and principal component approach (e.g., [Li, 2006]), and
radiative transfer theory (e.g., [Hapke, 1981]). The objective of this work is to test the ability of a
new algorithm using Hapke's radiative transfer theory to extract mineralogy and chemistry from
near-infrared reflectance spectra. We use lunar mare and highland soils characterized by the
Lunar Soil Characterization Consortium (LSCC) as our validation data set [Chambers et al., 1995;
Higgins et al., 1996; Noble et al., 2001; Pieters et al., 2000; Taylor et al., 1996; Taylor et al.,
2001b]. Our focus is determining the abundances of the major lunar silicates plagioclase,

orthopyroxene, clinopyroxene, and olivine.

Here modal mineralogy is determined with a mean absolute difference of ~5-15 volume
percent depending upon the mineral constituent. Model Mg' (i.e., molar (Mg/(Mg+Fe)) x 100) is
reproduced with a mean absolute difference of ~3-8 units after a correction is applied.
Additionally, we detail the strengths, limitations and the challenges that must be solved to

improve this model.

The Algorithm

The compositional extraction algorithm has multiple parts (e.g., theory, sub-algorithms, and

assumptions) that require description. The algorithm uses a non-linear mixing model based upon
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the work of Bruce Hapke and summarized by Lawrence and Lucey [2007]. Combined with
inputs of plausible mineralogy and basic chemistry it allows the computation of near infrared
spectral candidates that include the effects of space weathering [Denevi et al., 2007]. In principle
one can use such a mixing model with a very large library of endmembers to produce a fit to an
unknown spectrum, and report the abundance inputs for the best fit as the model modal
mineralogy. Lucey [2004] chose a slightly different approach; by systematically selecting fixed
Mg' values he produced intermediate candidate fits for portions of the plausible mineral and
chemical parameter space. Lucey [2004] based the final selection from the remaining candidates
on an independent parameter, estimated iron content. This step-wise process was adopted to deal
with compositional ambiguity inherent to the Clementine data set due to its small number of
spectral channels and signal to noise ratio that limit discrimination among the full range of
plausible lunar compositions. The inherent limitation of those data enabled equally good fits for
many compositions in some cases. Cahill and Lucey [2007] discuss these compositional and

spectral ambiguities in detail.

Unlike that of Lucey [2004], our algorithm is aimed at true hyperspectral data, data that
contains many contiguous bands that cover the information-rich near-infrared spectral range,
mitigating the ambiguity issue. However, we retain the stepwise process, and enhance it, to

prevent the possibility that our fitting process will be trapped in a local compositional minima.

Specifically, the process is as follows:

For each unknown spectrum four individual fits are conducted. The fitting processes is a
gradient descent operating from four starting compositions covering the system olivine,
plagioclase, orthopyroxene and clinopyroxene at 1% compositional intervals, and Mg' ranging
from 20 to 95 in 5 unit compositional steps. The space weathering components nanophase iron
and agglutinates are allowed to vary in the fitting process (described below). The wide range of
starting mineral abundances allow us to determine that the final fits are independent of starting

composition, avoiding local minima (Fig. 4.1).
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Plagioclase

Plagioclase

Olivine Low-Ca Px

Pyroxene High-Ca Px

Figure 4.1: A visual representation of how our starting mineralogies of 100% olivine, 100%
low-Ca pyroxene, 100% high-Ca pyroxene, and 100% plagioclase are iteratively adjusted until a
spectral match is attained. The standard deviation of these four solutions gives us a measure of
how well our model finds a compositionally-unique answer for each lunar soil.
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From these four fits at each fixed Mg' we arrive at a final composition by optimizing a
goodness of fit criterion used in a gradient descent algorithm (defined and described below). The
set of model winners is selected by determining the one with the highest quality fit on a plot of
spectral shape versus Mg' (Fig. 4.2). The majority (14 of 19) of soil spectra modeled result in a
gaussian-like distribution on this plot, with an obvious peak and winning set of four models. The
modal abundances of all four winning fits at that fixed Mg' are averaged to produce the final
reported composition. However, model fits of some (4) lunar soil spectra are more difficult to
discriminate an obvious winner using this plot. These may involve relatively "flat" distributions
where differences in shape (i.e., correlation) relative to Mg' are less apparent. These flat
distributions usually occur towards lower Mg' values. Or, a quantitative maxima may be
determined but the winning set of four models may be less unique (higher standard deviation in
shape fit) relative to another set of models at a different fixed Mg' with a similar spectral. The
difference between these sets of models is usually 5-20 Mg'. Figure 4.3 shows an example fit

which has aspects of each problem.

Spectral Mixing Model: Model spectra are computed using radiative transfer theory
developed by Hapke [1981; 1993; 2001]. The spectra of mineral mixtures can be computed from
linear mixtures of their component single scattering albedoes (i.e., the probability a photon will
survive an encounter with a material) weighted by relative abundance and grain size. The
reflectance of the mixture is then related to the mixture single scattering albedo by Hapke's
equations that account for multiple anisotropic scattering, lunar-like backscatter behavior and

photometric viewing geometry.

The single scattering albedo of the individual components are computed using Hapke's
equations that relate the optical constants of the materials, their grain size and internal scattering
behavior to the component single scattering albedo, including the effects of coating of nanophase
iron. Optical constants for plagioclase were derived from a reflectance spectrum of plagioclase
(Anorthite HS201) in the U.S.G.S. spectral library [Clark et al., 2003]. Optical constants for

olivine were derived from spectra obtained by Ed Cloutis and also Jessica Sunshine, available
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Figure 4.2: An example spectrum is examined with our model. A calculated estimate of model
spectral shape relative to the spectral unknown is displayed relative to Mg'. Spectral comparisons
are given for three different sets of models. Models for (2) are selected as the “winner” and
averaged for a final model compositional estimate. The unknown spectrum is displayed in red
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Figure 4.3: Modeling of an unknown results in an ambiguous case where a maxima is
chosen as the winner, but surrounding models are highly similar and are more "unique"
(i.e., have lower standard deviations) solutions.
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from RELAB (http://www.planetary.brown.edu/pds/LSCCsoil.htm) using the methods of Lucey
[1998]. These constants are computed from coefficients that allow computation of olivine optical
constants at any Mg'. Two sets of pyroxene optical constants are available in the lunar literature.
Lucey [1998] derived pyroxene solid solution series optical constants with a similar treatment to
that of olivine. Denevi et al. [2007] attempted to improve upon this set of optical constants using
a MGM approach to estimate absorption coefficients, influenced by FeO and CaO abundance, of
the same set of terrestrial pyroxene samples [Cloutis, 1985; Cloutis et al., 1986; Cloutis et al.,
1990a; Cloutis et al., 1990b]. We explore the use of both the optical constants of Lucey [1998]
and Denevi et al. [2007]. Iron optical constant data of Paquin [1995] are used to model sub-
microscopic iron (SMFe). Agglutinates are treated as a fundamentally dark and neutral optical
component [Keller et al., 1998] with a spectrally flat single scattering albedo of 0.1. Since a
particularly strong relationship is observed between agglutinates and SMFe (e.g.,[Hapke, 2001;

Keller and McKay, 1997]) we link their relative proportions in the model.

Physical and Chemical Assumptions: To reduce the number of variables to a manageable
number, we make simplifying assumptions. These assumptions include grain size, mineralogy,
and the coupling of mafic mineral Mg'. Grain size is held to 15 microns, which is in agreement
with the most optically dominant size fraction (10-20 um) on the lunar surface [Lucey, 2006;
Pieters et al., 1993]. Lunar mineralogy is relatively simple, dominated at the 99% level by
plagioclase, pyroxene, olivine, ilmenite and the important non-mineral component glass [Heiken
et al,, 1991]. However, the impact on the spectra of these materials by typical variations in lunar
chemistry and modes of occurrence is very large. Inversion of a spectrum to the typical
distribution of chemistries of the mafic minerals alone in a random lunar sample is simply
impractical; some simplifying assumptions must be made to limit the number of components.
How many pyroxene components are needed is addressed by Noble et al. [2006] and Denevi et
al. [2008] in their respective modeling of spectral and modal data from the LSCC. Denevi et al.
[2008] explored using four pyroxene end members, similar to the four LSCC pyroxene groups
(e.g., orthopyroxene, pigeonite, Mg-clinopyroxene, and Fe-clinopyroxene). However, this method

cannot model high Mg' pyroxenes effectively because the LSCC pyroxene classes do not contain
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them. Noble et al. [2006] showed acceptable results modeling lunar soils using two pyroxene
(e.g., low-calcium and high-calcium pyroxene) similar to other (e.g., [Cahill and Lucey, 2007;

Cahill et al., 2009; Lucey, 2004]) applications to Clementine spectra.

Here we also use two pyroxene (low-calcium and high-calcium pyroxene) groups for
modeling. Model mafic mineral Mg' is assumed to be in "equilibrium" and is coupled, one-to-one,
between pyroxene and olivine minerals. This is roughly consistent with highland ferroan
anorthosite (FAN) and magnesium-suite (Mg-suite) plutonic rocks of the lunar sample collection
(Fig. 4.4). Olivine and orthopyroxene Mg' being highly correlated with slope close to 1 and
intercept near zero. Clinopyroxene falls off this trend, but for simplicity, we also set

clinopyroxene Mg' equal in these mixtures.

Fit Criteria: We use four metrics to assess the quality of the fit of the model to each
spectrum: FeO of the mixture compared to the remotely estimated FeO of the unknown
spectrum; the slope of the model spectrum compared to the unknown spectrum; and two
parameters that quantify the similarity in shape and contrast between a model and unknown
spectra. We include FeO content to partly overcome the insensitivity of near-infrared spectra to
feldspar content when mafic mineral content exceeds several percent. We explicitly include the
slope of the spectrum to better constrain the degree of space weathering that can affect both the
shape and contrast of the spectrum. We include the contrast-normalized shape of the spectrum
because it contains the richest information regarding relative abundance of mafic minerals and
their Mg'. The spectral contrast is explicitly included because of its strong dependence on degree
of space weathering and plagioclase content. In a large number of numerical experiments these
metrics were weighted relative to one another to maximize the accuracy of the inversion from

spectrum to composition.

Iron Abundance: The model FeO content, is derived stoichiometrically with knowledge of
Mg' and mineralogy. For testing against LSCC data FeO contents are available for use as a
constraint. For remote data we assume iron will be derived using the various algorithms

available.
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Spectral Slope: Slope is determined from a straight line tangent to each spectrum near the 0.7

and 1.5 um relative maxima. It is defined using the equation:

— (Ro.7 B Rl.S)
(/10.7 - 115)

(1)
Here m is slope, R is reflectance, and A is wavelength.

Spectral Correlation and Contrast: Quantitative estimates of spectral fit are determined
using a slightly modified version of Clark et al. [2003]'s spectral shape and contrast matching
algorithm. Clark et al. [2003]'s spectral comparison calculation is based upon the similarity
between two spectra, which entails a calculation of the correlation coefficient (i.e., similarity in
spectral shape) and spectral scale (i.e., similarity in spectral contrast). The algorithm is defined

by these equations:

o 35, *S, - (35, *3s, )in
- 2
3s,’ (XS, ) /n .

b,_ZSu*So—(ZSu*ZSO)/n
_ : :
ZSU _(Zsu) /n (3)

b*=b*b" (4

Here n is the number of spectral channels in the fit, S, is a model spectrum, S, is the lunar soil
spectrum (i.e., unknown), b is the spectral contrast and b’ is an intermediate product used by
Clark et al. [2003]. In equation 4, the term b” is the correlation coefficient which quantifies the
amount of correlations between the shapes of two spectra over all the wavelength channels

available, regardless of differences in spectral contrast.
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Gradient Descent Methodology: Each model has six mineral or other inputs. At the outset
of the process, the initial major mineral composition is entered as well as a nominal value for
space weathering components. The value of each parameter is both incremented and
decremented in turn, and the effect of these small changes on the weighted fit criterion recorded.

This criterion is defined by the equation:
g = (L-b"W,. +[L—blw, + Amw,, + AFeOw,,, (s)

Here g is the goodness of fit, wy- is the weight given to spectral shape, wy, is the weight given
to contrast, wn, is the weight given to slope, and Wreois the weight given to FeO abundance. When
all inputs are tested, new values for all parameters are updated in the direction that produced an
improvement in the aggregate metric, or left unchanged if no improvement was detected. This
process is repeated until a candidate meets a preset goal criterion for spectral shape (1-b" < 0.01),
contrast (|1-b| < 0.001), slope (Am < 0.01), and FeO (AFeO< 2). If this spectral criteria is not
achieved after 500 iterations, we consider the algorithm to have achieved the best possible fit

given the unknown spectrum and algorithm.
Model Validation

Validation Data: The gold standard, the only standard, against which to test models that
derive lunar mineralogy from spectra is the LSCC data set [Higgins et al., 1996; Noble et al.,
2001; Pieters and Hiroi, 2004; Taylor et al., 1996; Taylor et al., 2001a; Taylor et al., 2001b].
These data include spectra of lunar soils, both bulk and separated into several size fractions, and
modal mineralogy derived from automatic X-ray microprobing of grain mounts. We focus on the
10-20 um size fraction for sample numbers: 10084, 12001, 12030, 14141, 14163, 14259, 14260,
15041, 15071, 61141, 61221, 62231, 64801, 67461, 67481, 70181, 71061, 71501, and 79221.
Measurements of lunar soil laboratory reflectance spectra are available at
http://www.planetary.brown.edu/pds/LSCCsoil.html. Compositional data for these lunar soils

are found at http://web.utk.edu/~pgi/data.html.
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There are two issues that make using LSCC data for validation of our model not completely
straightforward. First, our model employs two pyroxenes with continuously variable Mg', while
the LSCC pyroxenes are classified into four varieties. This raises the issue of specifically assigning
a degree of accuracy to the comparison of our model and the LSCC data set. Second, our model is
designed to cover a much wider range of composition and chemistry than contained in the LSCC

data, so the testing cannot be comprehensive.

Preparing for Model and Measurement Comparison: Lunar soil mineralogy and chemistry is
prepared for comparison to model results in several ways (Table 4.1-4.2). The LSCC classifies
pyroxene into four categories based upon solid solution composition: orthopyroxene, pigeonite,
Mg-rich clinopyroxene, and Fe-rich clinopyroxene [Taylor et al., 2001a; Taylor et al., 2001b].
For the modeling, we have two pyroxene categories, "low-Ca" and "high-Ca pyroxene". Similar
to the approach of Noble et al. [2006], Mg-rich and Fe-rich clinopyroxene are combined within
the high-Ca pyroxene group. Unlike Noble et al. [2006], where orthopyroxene and pigeonite are
combined into a low-Ca pyroxene group, we try various combinations to determine the best
approach for classifying pigeonite. Pigeonite has a relatively low Ca2* composition similar to
orthopyroxene, but with the monoclinic crystallographic structure of clinopyroxene. We explore
classifying pigeonite four ways. Thus, model mineralogy is compared to the four versions of the
LSCC reported pyroxene mineralogy. These versions include, 1) grouping pigeonite with Mg- and
Fe-rich clinopyroxene, 2) grouping pigeonite with orthopyroxene, 3) splitting pigeonite between
orthopyroxene and Mg- and Fe-rich clinopyroxene abundances, and 4) omitting pigeonite
altogether. The reported LSCC mineral abundances are then normalized to the sum of the four
major lunar silicate categories plagioclase, low-Ca pyroxene, high-Ca pyroxene, and olivine for
comparison to model abundances of these four phases. The Mg’ is computed from fused bead
analyses as well as various combinations of the other soil constituents for comparison to our

model results.

LSCC fused bead oxide abundances of FeO are used in both reported form and renormalized

to exclude ilmenite, since this mineral is spectrally flat within near-infrared spectral range being
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Table 4.2: LSCC fused bead chemistry of the 10-20 um lunar soil size fraction.

Sample Sio, Al,O3 MgO CaO FeO Mg’
10084 41.2 13.2 7.98 11.8 14.7 49.2
12001 45.0 12.3 10.00 10.2 15.9 52.9
12030 46.3 10.7 9.86 9.6 17.2 50.5
14141 48.4 17.2 9.08 10.7 9.5 63.1
14163 47.4 17.0 9.57 10.8 10.1 62.8
14259 47.5 17.4 9.44 11.0 9.7 63.4
14260 47.5 17.3 9.53 11.0 9.8 63.3
15041 46.2 13.5 10.80 10.2 14.4 57.2
15071 45.7 12.9 11.00 10.2 15.4 56.0
61141 44.6 25.6 6.84 15.2 5.1 70.3
61221 44.5 27.5 5.16 16.0 4.4 67.6
62231 44.7 26.3 6.38 15.5 4.9 70.1
64801 44.5 26.3 6.18 15.6 4.8 69.7
67461 44.1 27.8 4.80 16.5 4.6 64.8
67481 44.4 28.4 4.54 16.4 4.0 66.7
70181 40.4 12.7 9.97 10.4 15.5 53.4
71061 39.5 10.8 10.40 9.8 17.5 51.4
71501 39.0 11.6 9.52 10.1 16.4 50.9
79221 40.9 12.9 10.40 10.4 15.0 55.3
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used. To remove FeO associated with ilmenite, oxide abundances are first converted to molecular
proportions. All TiO, was allocated to ilmenite and FeO is reduced by an equal amount. Using the
new FeO molecular proportions, a new ilmenite-free Mg' and oxide abundances are calculated for

each soil for comparison to model results.

A comparison of fused bead (e.g., bulk soil) chemistry and model-derived bulk chemistry
calculated from the collective mineral chemistry of each soil is performed (Fig. 4.5). These
comparisons show that there is some disagreement between fused bead and microprobed sample
mineral chemistry. Average differences between bulk and mineral chemistry ranges from 0.8 to
1.9 wt% (std. dev. of 0.5 to 1.1 wt%), and maximum differences may be as high as 2.2 to 3.8 wt%
depending upon the oxide or 5 units for Mg'. This disagreement may be due to variations in
phase abundances between soil splits prepared for determination of modal abundance, bulk
chemistry, and spectral reflectance. Although these differences in chemistry between sample
splits are minor for most samples these variations are important to keep in mind due to the

sensitivity of near-infrared spectroscopy to composition.

Optical Constant Selection: Two methods for estimating optical constants for pyroxene as a
function of Mg' are available [Denevi et al., 2007; Lucey, 1998]. Modeling of lunar soil spectra is
performed four times, each time with a different set of pyroxene optical constants. Four sets of
pyroxene optical constants are used: 1) those of Lucey [1998], 2) those of Denevi et al. [2007], 3)
a combination of Lucey [1998]'s orthopyroxene and Denevi et al. [2007]'s clinopyroxene optical
constants, and 4) a combination of Denevi et al. [2007]'s orthopyroxene and Lucey [1998]'s
clinopyroxene optical constants. The combination of Denevi et al. [2007]'s orthopyroxene and
Lucey [1998]'s clinopyroxene optical constants provide the best model spectral fits and
compositional accuracy (average goodness of fit of 0.43). Model spectral fits with these optical
constants are the best for each parameter except spectral slope (shape of 0.98, contrast 1.0001,

Aslope 0.0037, and AFeO 0.335; Table 4.3).
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Performance Against LSCC Soils

Lunar Soil Spectral Modeling: Figure 4.6 and 4.7 show our model spectral results and
residual differences when compared to each of the lunar mare and highlands soils in continuum
removed and scaled reflectance. The average goodness of fit for lunar soils is 0.43 and ranges
from 0.11 to 2.25 (Table 4.3). Only lunar soil sample 71061 has a goodness of fit value over 0.7
(2.25) with large mismatches apparent for every fitting parameter relative to other samples.
Sample 71061 is particularly difficult to model since it consists of a significant abundance (9.6 vol
%) of partially crystalline black pyroclastic beads [Heiken and McKay, 1974], which is not

included in our modeling.

Residual differences for continuum removed spectra models of soil samples 12030, 14141,
15071, 71061, and 71501 show mismatches in modeling different portions of the 1 micron
absorption feature. However, differences between models and spectra do not appear to be
consistent in all cases. For instance, models for lunar soil samples 12030 and 14141 do not match
the full spectral contrast. Whereas, models of lunar soil spectra for samples 15071, 67481, 70181,
71061, and 71501 replicate contrast sufficiently but not absorption width. And finally, models of
soils 12030, 14163, 14260, 15041, and 15071 display model absorption features that are shifted to
longer wavelengths indicating these models likely need a different pyroxene than clinopyroxene;
however, orthopyroxene would shift the absorption feature too far to shorter wavelengths [Denevi

et al., 2007; Denevi et al., 2008; Noble et al., 2006].

Model Mineralogy of Lunar Soils: Although spectral fit is the initial indicator of modeling
quality our ultimate concern is compositional accuracy. In Figure 4.8, the model mineralogy
estimates for each soil are compared to lunar soil modal mineral abundances reported by the
LSCC; model mineralogy and differences between model of individual lunar soil mineralogy are
reported in Table 4.4. Although olivine is a relatively minor constituent (i.e., usually <20 vol %)
in lunar soils it is modeled effectively with a mean absolute difference of 4.8 vol % (RMSE of 7.1
vol %; Table 4.5). Plagioclase, which constitutes a significant portion of the modal mineral

proportions (~40-95 vol %) of each soil's silicate budget is estimated with a average difference of
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Figure 4.6: Continuum removed spectral comparisons between lunar soils (red) and model
(black) spectra. Residual differences between model and lunar soils spectra are displayed in the
adjacent figure. Soils are designated by soil number and soil type: highlands (h), mare high-
titanium (m-HTi), mare low-titanium (m-LTi). Vertical gray fields provide points of context for
the limbs of the 1 micron absorption feature so a comparison between model and modeled spectra
and their residual differences can be more easily made.
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Figure 4.7: Comparisons of lunar soil (red) and model (black) spectra scaled to 1.02 microns are
displayed. Residual differences between model and lunar soil spectra are displayed in the
adjacent figure. Soils are designated by soil number and soil type: highlands (h), mare high-
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and their residual differences can be more easily made.
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Table 4.4: Mean model mineralogy determined of nineteen lunar soil spectra.

Sample ol 3 Low-CaPx & High-CaPx § Pl 8
10084 24.3 0.3 6.4 0.8 35.3 2.3 34.1 1.3
12001 9.3 0.3 1.2 1.0 65.9 1.1 23.6 0.4
12030 8.5 0.5 4.1 3.6 56.1 5.6 31.4 2.6
14141 41 17 28.7 0.8 13.1 3.1 54.1 2.2
14163 9.6 1.0 20.9 0.4 19.3 2.4 50.2 1.6
14259 0.0 0.0 26.6 1.3 16.2 3.9 57.2 2.7
14260 3.2 0.8 4.1 3.7 29.0 7.2 63.8 3.6
15041 7.8 0.4 1.6 1.5 60.0 1.9 30.6 0.8
15071 6.2 0.5 1.3 1.6 71.1 1.9 21.4 0.8
61141 59 0.8 13.1 0.6 15.3 1.9 65.7 1.4
61221 6.1 14 10.0 1.1 8.7 0.7 75.2 3.1
62231 4.1 0.1 2.3 0.5 11.8 0.6 81.8 0.3
64801 1.6 0.6 13.8 0.4 14.2 1.3 70.4 0.9
67461 0.2 0.3 14.8 0.2 15.0 0.4 70.0 0.3
67481 0.0 0.0 18.2 1.6 23.8 1.9 57.9 3.6
70181 17.7 0.2 1.0 0.9 34.4 2.1 46.9 1.1
71061 25.6 1.0 0.0 0.0 23.7 0.9 50.7 0.9
71501 18.7 0.8 3.1 1.4 39.5 4.8 38.7 2.7
79221 25.6 0.3 7.4 1.0 20.2 2.2 46.8 1.2
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13.5 vol % (RMSE of 16.1 vol %). All groupings of LSCC pyroxene considered, model estimates of
low-Ca and high-Ca pyroxene have an average difference of 9.6 and 13.4 vol %, respectively
(RMSE 11.3 and 17.2 vol %, respectively). Low-Ca pyroxene has an average difference of 7.2 vol %
(RMSE 8.7 vol %). High-Ca pyroxene estimates are less accurate with a mean difference of 10.3

vol.% (RMSE 12.9 vol %) relative to LSCC reported pyroxene values.

In Figure 4.9 these results are put into further individual sample and overall data set
context on a slightly modified Stoffler rock-type diagram [Stoffler et al., 1980]. Lunar soils have
small envelopes of composition relative to lunar highland samples [Cahill and Lucey, 2007;
Cahill et al., 2009]. Lunar soil sample "silicate mineral assemblages" fall into two general groups;
anorthosite to gabbroic anorthosite (~85-95 vol % plagioclase) and anorthositic gabbro to olivine-
bearing gabbro. Relative to these lunar soils, estimates of their compositions are relatively
accurate with significant overlap in data fields, but improvement is necessary. Figure 4.9 shows
consistent underestimates of 5-20 vol % for plagioclase resulting in misinterpretations in finer
scale mineral assemblage distinctions. For example, lunar soils of anorthosite and gabbroic
anorthosite are modeled to have gabbroic anorthosite and anorthositic gabbro compositions,
respectively. However, underestimates in plagioclase are not reflected in overestimates of any
single mafic mineral. Although high-Ca pyroxene may be the most noticeable mafic in terms of
relative inaccuracy, overestimates of olivine and low-Ca pyroxene are distinctive for several

samples.

Chemical Modeling of Lunar Soils: Figure 4.10 shows the relationship between derived Mg'
and lunar soil sample Mg'. Initial model estimates of Mg' differ from LSCC values by 11-15 units
(RMSE 14.7-19.7 units). The model becomes less effective at accurately modeling lunar soil Mg'
as the model approaches 50. Although mare materials generally have lower Mg' values there does
not appear to be accuracy dependence based upon soil type (i.e., highland versus mare). This
suggests that this technique for computing Mg’ is not robust. On the other hand, the range of Mg'

in the LSCC data is relatively small, ranging from just under 50 to slightly over 70, considerably
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Figure 4.9: Slightly modified St6ffler lunar highland rock diagrams comparing mineral propor-
tions of the four major silicates (plagioclase, olivine, low-Ca pyroxene, and high-Ca pyroxene) of
lunar soils (blue squares and light gray fields) to modeling (red squares and dark gray fields)
results [Stoffler et al., 1980]. Tie lines between data points indicate actual versus model mineral-
ogy of a particular lunar soil.
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less than observed in lunar rocks (40-95). It is plausible that a correlation may emerge if a

validation data set with a larger range of Mg' were available.

Comparing weak trends between model and lunar soil Mg' computed from bulk soil fused
bead analyses and mineral chemistry (excluding ilmenite) show how their correlation may be
dependent upon the mineralogy (Table 4.6). Although model estimates of Mg' for less
magnesian lunar soils prove inaccurate, they fall along a trend that becomes more correlated as
the Mg' contribution of additional soil constituents are integrated into our mean Mg' value for
each soil (Figure 4.10). Using these trends to make a correction, Mg' estimates improve to a

mean difference of 3.3-8.1 units (RMSE 4.4-10.3 units) relative to lunar soils.

Discussion

Significant effort has been put forth to model near infrared spectra of terrestrial silicate
minerals (e.g., [Denevi et al., 2008; Sunshine and Pieters, 1993]). Relative to terrestrial samples,
lunar soils contain additional problems created by space weathering [Denevi et al., 2008; Li,
2006; Noble et al., 2006]. While the finer fractions of lunar soil are the most optically dominant,
they also have a higher surface to volume ratio relative to larger grain sizes which allows larger
portions of vapor-deposited SMFe to adhere to grain surfaces [Noble et al., 2001; Taylor et al.,
2001b]. This SMFe coating negatively influences near-infrared reflectance spectra significantly,
making the 10-20 pm size fraction the second most difficult size fraction to interpret and model.
Despite these challenges, progress is being made on multiple fronts with at least three methods of
compositional modeling under development and in active use [Denevi et al., 2008; Li, 2006;

Noble et al., 2006].

Unlike the study of Denevi et al. [2008] we approach lunar soils spectra as unknowns. Model
results suggest that our spectral fitting approach is robust. Model matches of spectral slope and
contrast are nearly always attained and measures of goodness of fit are well optimized (g of 0.43;
0.0 being a perfect fit). However, model band center and width comparisons relative to lunar soil

spectra remain an area where additional improvement is necessary. Noble et al. [2006] and
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Table 4.6: Model relative to lunar soil Mg' statistics before and after correction.

Sample Mg’ yoder Mg’ sccsuik AMg' “AMg’ Mg’ scc Bulk - 1m  AMY’ "AMg' Mg'pxroiepirct AMG' “AMg’
10084 60 49.2 10.8 154 65.3 5.3 5.6 59.3 0.7 5.2
12001 45 52.9 7.9 1.2 57.4 124 3.3 54.8 9.8 44
12030 35 50.5 155 3.6 55.3 20.3 1.5 55.6 20.6 0.1
14141 65 63.1 1.9 5.0 67.1 2.1 7.2 62.6 2.4 3.6
14163 65 62.8 2.2 5.3 67.0 2.0 7.3 63.1 1.9 3.1
14259 50 63.4 13.4 5.9 67.9 17.9 3.8 61.1 11.1 0.2
14260 30 63.3 33.3 19.9 67.8 37.8 174 63.2 33.2 0.3
15041 45 57.2 12.2 3.2 60.2 15.2 0.5 58.9 13.9 0.3
15071 45 56.0 11.0 2.0 58.9 13.9 1.8 58.9 13.9 0.3
61141 75 70.3 4.7 4.9 72.8 2.2 8.4 67.6 7.4 2.1
61221 75 67.6 7.4 7.6 70.1 4.9 11.1 66.6 8.4 3.1
62231 45 70.1 25.1 16.0 72.5 27.5 11.8 65.8 20.8 6.6
64801 70 69.7 0.3 1.9 72.5 2.5 5.3 67.5 2.5 0.5
67461 70 64.8 5.2 6.8 66.6 3.4 11.2 66.1 3.9 1.9
67481 80 66.7 13.3 12.0 68.7 11.3  15.9 67.2 12.8 4.3
70181 40 53.4 13.4 2.9 67.9 27.9 10.7 61.4 21.4 4.0
71061 20 51.4 314 15.1 66.2 46.2 22.6 60.2 40.2 9.8
71501 45 50.9 5.9 3.2 69.2 24.2 8.5 60.2 15.2 1.0
79221 55 55.3 0.3 5.8 68.5 13.5 1.0 60.6 5.6 2.1
Mean 1.3 7.3 15.3 8.1 12.9 3.3

Std. Dev 9.6 5.6 12.8 6.0 10.7 2.9
RMSE 14.7 9.2 19.7 10.3 16.6 4.4

a - Model corrected from comparison with lunar soil bulk chemistry.
b - Model corrected from comparison with lunar soil bulk chemistry minus the contribution of ilmenite.
¢ - Model corrected from comparison with lunar soil mineral chemistry (excluding ilmenite).
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Denevi et al. [2008] both report similar spectral fitting issues. Denevi et al. [2008] discusses
many of the issues related to spectral mismatches and suggests many of the problems may be
attributed to naturally occurring differences in terrestrial high-Ca pyroxene chemistry, formation,
as well as other missing pyroxene components relative to lunar samples. These issues include
minor element contaminants (e.g., Cr, Ti, Mn, etc.), differing cooling rates, and the lack of an

explicit modeling treatment for pigeonite.

Although achieving a high quality spectral fit is our initial goal our main objective is accurate
compositional estimates. The best model mineral estimates determined here have a relative
accuracy of 5-15 vol % on average depending on the mineral constituent. Given the high quality of
spectral fits these results are expected to be better. Several factors, some obvious some perhaps
unavoidable, may be contributing to these results. Underestimates of plagioclase may prove
unavoidable due to the overall dark character and small grain sizes of lunar soils modeled.
Plagioclase absorption features diminish in spectral contrast even with relatively high plagioclase
to mafic ratios. Mismatches between LSCC data reports and our model may also be a source of
error. For example, the LSCC reports four types of pyroxene but our modeling only estimates the
abundances of two types of pyroxene that have fixed CaO abundances. Our only method of
comparison is dependent upon accurately lumping of LSCC pyroxenes to conform to this setup.
This is a problem, but mainly a function of suitable sample availability and accurate optical
constant determination. Our model is also missing mineral constituents that may prove
important in these results. In addition to lacking pigeonite and Fe-clinopyroxene types,
integration or more effective modeling of ilmenite, glass, and agglutinates may also have a

positive influence on these spectral and compositional results.

Modeling of lunar soil chemistry shows improvement in methodology but also suggests some
retooling is necessary. An obvious relationship between spectral shape relative to Mg' appears to
be an effective method of mineralogical determination. However, model Mg' values for lunar soils
with lower Mg' prove inaccurate. Several factors may be at play here. Missing constituents in

lunar soils characterized for reflectance relative to those analyzed for bulk chemistry is a possible
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source of error; however a comparison of soil split bulk versus mineral show only minor
differences (1.9 and 5 mean and max differences in Mg', respectively) relative to our modeling.
Model selection based upon spectral shape and Mg' does show ambiguities in these two
parameters for some lunar soils. But, these ambiguities usually occur towards models of lower
Mg' assemblages and suggest our empirical estimates of optical constant variation with Mg' in
mafic minerals may need improvement. For certain these estimates are questionable for mafics
with low Mg' values, as these values are interpolated from higher Mg' samples [Denevi et al.,
2007; Lucey, 1998]. Another factor may be our assumption that chemical equilibrium also entails
one-to-one behavior between mafics. Although FAN and Mg-suite samples show equilibrium
behavior, Mg' values between mafics are not necessarily one-to-one. A model update that allows
mafic Mg' to adhere to a chemical equilibrium system, but does not necessarily mandate that have
one-to-one behavior may be necessary. And finally, missing components may be a source of error
here as well. Although ilmenite is a minor constituent in lunar soils (usually ~10 vol. % or less), it
can carry a significant portion of the FeO budget (22.4 + 15.8 %) for each soil. This may result in
a 6.5 + 5.6 swing in Mg'. Computations regarding this possibility conflict. A determination of Mg'
from LSCC bulk chemistry minus the contribution of ilmenite relative to model Mg' does not
improve, and actually worsens Mg' accuracy to a relative difference of 15.3 units. And while a
determination of Mg' from reported LSCC mineralogy, again excluding ilmenite, is roughly
similar to comparisons with initial bulk composition (14.4 and 13.2, respectively) it significantly
improves the correlation of the overall data set between model and actual composition (Fig. 10).
This trend allows a correction to be made that results in a mean difference between model and

actual Mg' of 3.3 units (RMSE 4.4 units).

Conclusions

A new algorithm exploiting Hapke [1981; 1993; 2001]'s radiative transfer theory for
compositional determination from hyperspectral data sets is tested here on a suite of lunar soils

previously characterized by the LSCC. Here we found several important results:
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e  Our evaluation of model inputs, in the form of mineral optical constants, determined that
a combination of Lucey [1998]'s clinopyroxene and Denevi et al. [2007]'s orthopyroxene
optical constants provide the best spectral fits of lunar soils. However, we believe Denevi
et al. [2007]'s approach toward estimating pyroxene optical constants has the most
potential for improvement of this model as it begins to account for the influence of Fe2+
and Ca2* on pyroxene reflectance spectra. But, these results suggest additional samples
for further assessment of pyroxene optical constants is merited.

e The model performs well at replicating lunar soil reflectance spectra using a metric
designed to quantify goodness of fit based upon spectral shape, contrast, slope, and FeO
composition. After optimization of these spectral parameters, it is found that distinction
of a model match in mineral and chemical space can be determined from a plot of
spectral shape relative to Mg’.

e Mineralogical accuracy resulting from this technique has a mean absolute difference of
~5-15 vol % depending upon the mineral constituent. Estimates of high-Ca pyroxene
(10.3 vol % mean difference) and plagioclase (13.8 vol % mean difference) show the most
room for improvement. Although significant overlap is shown in lunar soil and resulting
model compositions, differences result in inaccurate finer scale distinctions in mineral
assemblage.

e Modeling lunar soil chemistry is reproduced with a average difference of ~11-15 and ~3-8

units before and after a correction is applied, respectively.

Future Work

The small but significant spectral mismatches between our models and LSCC spectra, despite
optimization, suggests errors due to the optical constants of mafic minerals that dominantly
influence spectral shape. More extensive data on optical constants is needed, and these may
require samples with lunar-like minor and trace element compositions. To validate models that

include extreme Mg', validation data that includes higher and lower values are needed.
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Abstract

Telescopic data sets with similar hyperspectral resolution to the Spectral Profiler
(SELENE/KAGUYA) and Moon Mineralogy Mapper (M3; Chandrayaan-1) payloads have been
utilized since the 1970's and 80's to interpret lunar surface composition and calibrate more recent
data sets (e.g., Clementine). Here we examine ~60 telescopic spectra of the lunar nearside for
composition using a version of Hapke's radiative transfer techniques. Matching model spectra
are fitted to telescopic spectra using criteria that iteratively adjusts mineralogy and chemistry
within well defined compositional spaces to choose a model with the highest goodness of fit. This
is performed selecting from model spectra of varying Mg' as well as at a fixed Mg' value of 70
consistent with average Lunar Prospector results. These results are directly compared to lunar
highlands and mare data sets of the Apollo sample collection. Modeling suggests significant
mineralogic diversity in both fixed and variable Mg' modeling schemes. Nectaris basin spectra
are dominantly anorthositic (63 to 93 vol% plagioclase) with geochemical similarities (mean 6.2
wt% FeO; mean Mg’ 57.5) to ferroan anorthosite suite rocks. Remaining nearside spectra show
more mafic lithologies, dominantly olivine-bearing noritic gabbros, but range from anorthositic
norite and troctolite to peridotite lithologies similar to Mg-suite olivine-bearing gabbroic norites

and gabbros.
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Introduction

After decades of analysis the Apollo samples suggest a general picture of lunar crust
formation from a magma ocean, consisting largely of anorthositic rocks and a secondary crust of
basaltic lava filling topographic lows [Smith et al., 1970; Warren, 1985; Wood et al., 1970].
Despite the intense meteorite bombardment, some examples of ancient plutonic rocks have
escaped extensive mixing based on several criteria, including low siderophiles that would indicate
interaction with a chondritic impactor. Most of these rocks are anorthosites and a suite of more
mafic rocks now called the magnesium-suite (Mg-suite). These suites have separate fractionation
trends on a diagram plotting a samples mafic mineral Mg' (i.e., molar (Mg/(Mg+Fe)) x 100) and
coexisting feldspar An (i.e., molar (Ca/(Ca+Na)) x 100), which suggest very different histories
and roles in the formation of the lunar crust [Shearer et al., 2006; Warren and Kallemeyn,
1984]. Ferroan anorthosites (FAN), interpreted to be the main primitive constituent of a
dominantly anorthositic crust, show no correlation with these two geochemical parameters (a
characteristic that is not well understood, but shared by some terrestrial anorthosite complexes)
[Herbert et al., 1978; Longhi and Boudreau, 1979; Raedeke and McCallum, 1980]. In contrast,
Mg-suite rocks form a positive trend-line reminiscent of a single differentiating magma body, but
are interpreted to represent separate smaller magma bodies that later intruded the anorthositic
crust [James and Flohr, 1983; Warner et al., 1976a]. Although much is known about these suites,
gaining additional knowledge about their spatial distribution, volumetric proportions, and
relative timing of formation is cited as a fundamental step toward a greater understanding of their

provenance within the context of lunar geology [Shearer et al., 2006; Wieczorek et al., 2006].

New hyperspectral data sets returning from the SELENE/KAGUYA Spectral Profiler and
Chandrayaan-1's Moon Mineralogy Mapper (M3) promise significant advances in our
understanding of these compositional relationships and others [Matsunaga et al., 2008; Pieters
et al.,, 2009a]. Recent detections of pure anorthosite, usually associated with the FAN lunar
sample suite and lunar magma ocean formation, and a definitive and wide spread detection of
H,0 or OH are only two examples already reported [Haruyama et al., 2009; Ohtake et al., 20009;

Pieters et al., 2009b; Pieters et al., 2009c]. However, "older" Earth-based telescopic
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hyperspectral data sets are scientifically no less significant and have provided valuable
compositional information and a reference for calibration of more recent data sets for decades
(e.g., [Cahill et al., 2009; Le Mouélic et al., 1999; Matsunaga et al., 2008; McCord et al., 1981;
Pieters, 1986; Pieters and Pratt, 2000]) but remain to be evaluated with more recent analysis
techniques. Previous examinations of these spectra inferred areas of highly anorthositic materials
similar to FAN rocks (e.g., [Hawke et al., 2003; Spudis et al., 1984; Spudis et al., 1989]), and
areas with significant mafic mineral content similar to Mg-suite rocks (e.g., [Lucey et al., 1986;
Lucey and Hawke, 1989; Pieters, 1986; Spudis et al., 1988]). Here we select 56 of these spectra
for radiative transfer mixture modeling to derive quantitative estimate of mineral abundance and

chemistry.

The locations of the materials these spectra represent are spread throughout the lunar
nearside and can be placed into a few groups based upon location and geologic feature.
Approximately half of the 56 spectra modeled are of deposits in and around Imbrium basin (e.g.,
Aristarchus Plateau and the Hadley-Apennine ridge). This region of the Moon garners
considerable attention due to its inferred compositional complexity and proximity to scientifically
significant deposits both in and outside the basin [Lucey et al., 1986; Lucey and Hawke, 1989;
Spudis et al., 1988] (Fig. 5.1-5.2). Other spectra examined are of eastern Nectaris near Apollo
16, mare Frigoris, and several impact crater central peaks. Quantitative estimates of composition

and how they fit into the generalized picture of lunar composition is provided.

Composition Extraction Algorithm

The composition extraction algorithm uses a non-linear mixing model based upon the work of
Bruce Hapke [1981; 1993; 2001] and is summarized by Lawrence and Lucey [2007]. Combined
with inputs of plausible mineralogy and basic chemistry it allows the computation of near-
infrared spectral candidates that include the effects of space weathering [Denevi et al., 2007;
Lucey and Noble, 2008]. Here we use an algorithm presented by Cabhill et al. [2009] which is
aimed at hyperspectral data and retains a stepwise approach introduced by Lucey [2004]. In this

approach several fixed Mg' values are selected to produce intermediate candidate fits of
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Figure 5.2: Clementine base maps of a) Aristarchus Plateau and crater and b) Hadley-
Apennine Ridge. Red squares denote where telescopic spectra were collected. Clemen-
tine base map for Aristarchus Plateau and the Hadley-Apinnine ridge are cropped at
26.3°N to 21.3°N, 49.8°W to 44.7°W and 29°N to 13°N, 14°W to 8°E, respectively.
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unknowns for smaller portions of the plausible mineral and chemical parameter space. This is
enhanced with a gradient descent spectrum and composition fitting process that prevents

modeling from getting trapped in local minima.

The fitting process begins with four individual model fits conducted for each unknown
spectrum. Each gradient descent process begins from one of four pure endmember starting
compositions covering the system olivine, plagioclase, orthopyroxene and clinopyroxene at 1%
compositional intervals, and Mg' ranging from 20 to 95 in 5 unit compositional steps. The space
weathering components nanophase iron and agglutinates are allowed to vary in the fitting process
(described below). The wide range of starting mineral abundances allow us to determine that the

final fits are independent of starting composition, avoiding local minima.

From these four fits at each fixed Mg' we arrive at a final composition by optimizing a
goodness of fit criterion used in a gradient descent algorithm (defined and described below). The
set of model winners is selected by determining the one with the highest quality fit on a plot of
spectral correlation (i.e., shape) versus Mg' (Fig. 5.3). Modal abundances of all four winning fits
at that fixed Mg' are averaged to produce the final reported composition and its standard

deviation (Fig. 5.4).

Spectral Computation and Mixing Model: Model spectra are computed using radiative
transfer theory developed by Hapke [1981; 1993; 2001]. The spectra of mineral mixtures can be
computed from linear mixtures of their component single scattering albedoes (i.e., the probability
a photon will survive an encounter with a material) weighted by relative abundance and grain
size. The reflectance of the mixture is then related to the mixture single scattering albedo by
Hapke's equations that account for multiple anisotropic scattering, lunar-like backscatter

behavior and photometric viewing geometry.

The single scattering albedo of the individual components are computed using Hapke's
equations that relate the optical constants of the materials, their grain size and internal scattering

behavior to the component single scattering albedo, including the effects of coating of nanophase
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Figure 5.3: An example spectrum is examined with our model. A calculated estimate of model
spectral shape relative to the spectral unknown is displayed relative to Mg'. Spectral compari-
sons are given for three different sets of models. Models for (2) are selected as the “winner” and
averaged for a final model compositional estimate. The unknown spectrum is displayed in red
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Figure 5.4: A visual representation of how our starting mineralogies of 100% olivine, 100%
low-Ca pyroxene, 100% high-Ca pyroxene, and 100% plagioclase are iteratively adjusted until a
spectral match is attained. The standard deviation of these four solutions gives us a measure of
how well our model finds a compositionally-unique answer for each lunar soil.
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iron. Optical constants are chosen in part based upon the results of modeling lunar soils by Cahill
et al. [2010a]. In Cahill et al. [2010a]'s study multiple sets of optical constants for pyroxene are
evaluated to find the best combination for modeling. Orthopyroxene optical constants derived by
Denevi et al. [2007] and clinopyroxene optical constants derived by Lucey [1998] showed the
most favorable results. Denevi et al. [2007]'s orthopyroxene optical constants are derived using a
set of terrestrial pyroxene samples documented by Cloutis et al. [1985; 1986; 1990a; 1990b].
Optical constants for clinopyroxene and olivine were derived from spectra available from RELAB
(http://www.planetary.brown.edu/pds/LSCCsoil.htm) using the methods of Lucey [1998].
Optical constants for plagioclase were derived from a reflectance spectrum of plagioclase
(Anorthite HS201) in the U.S.G.S. spectral library [Clark et al., 2003]. Iron optical constant data
of Paquin [1995] are used to model sub-microscopic iron (SMFe). Agglutinates are treated as a
dark and neutral optical component [Keller et al., 1998] with a spectrally flat single scattering
albedo of 0.1. Since a particularly strong relationship is observed between agglutinates and SMFe

(e.g.,[Hapke, 2001; Keller and McKay, 1997]) we link their relative proportions in the model.

Physical and Chemical Assumptions: We make simplifying assumptions for grain size,
mineralogy, and mafic mineral Mg' to reduce the number of variables to a manageable number.
Grain size is held to 15 um, which is in agreement with the most optically dominant size fraction
(10-20 um) on the lunar surface [Lucey et al., 2006; Pieters et al., 1993]. Lunar mineralogy is
simple and consists of plagioclase, pyroxene, olivine, ilmenite and the important non-mineral
glass [Heiken et al., 1991]. The impact on the spectra by typical variations in lunar chemistry and
modal proportions of these materials is very large. Accounting for the diversity of mineral
chemistries is impractical, particularly for pyroxene. Therefore, we use two pyroxene (low-
calcium and high-calcium pyroxene) groups for modeling similar to other applications to multi-
and hyperspectral data that show acceptable results [Cahill and Lucey, 2007; Cabhill et al., 2009;
Cabhill et al., 2010a; Denevi et al., 2008; Lucey, 2004; Noble et al., 2006]. Model mafic mineral
Mg' is assumed to be in "equilibrium" and is set equal among pyroxene and olivine. This is
roughly consistent with highland FAN and Mg-suite plutonic rocks of the lunar sample collection

[Cahill and Lucey, 2007; Cahill et al., 2010a].
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Fit Criteria: We use four metrics to assess the quality of the fit of the model to each
spectrum: the similarity spectral slope, correlation, scale of and FeO of two spectra. We explicitly
include the slope of the spectrum to better constrain the degree of space weathering that can
affect both the shape and contrast of the spectrum. We include the contrast-normalized shape of
the spectrum because it contains the richest information regarding presence and relative
abundance of mafic minerals and their Mg'. Spectral contrast is explicitly included because of its
strong dependence on degree of space weathering and plagioclase content. We also include FeO
content to partly overcome the insensitivity of near-infrared spectra to feldspar content when
mafic mineral content exceeds several percent. In a large number of numerical experiments these
metrics were weighted relative to one another to maximize the accuracy of the inversion from

spectrum to composition.

Slope, m, is determined from a straight line tangent to each spectrum near the 0.7 and 1.5 um

relative maxima. It is defined using the equation:

(Ro.7 B Rl.S)
(/10.7 - /115)

(1)
Here m is slope, R is reflectance, and A is wavelength.

Quantitative estimates of spectral fit are determined using Clark et al. [2003]'s spectral shape
and contrast matching algorithm. Clark et al. [2003]'s spectral comparison calculation is based
upon the similarity between two spectra, which entails a calculation of the correlation coefficient
(i.e., similarity in spectral shape) and spectral scale (i.e., similarity in spectral contrast). The

algorithm is defined by these equations:

o 35, *S, - (35, *3s, )in
- 2
3s,’-(3s, ) /n .
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b 2SS ~(>s,*Ys, )in
s, -(3s, ) /n -

b"=b*b" ()

Here n is the number of spectral channels in the fit, S, is the model spectrum, S, is the
telescopic spectrum (i.e., unknown), b is the spectral contrast between the reference and test
spectrum and b’ is an intermediate product. In equation 4, b” is the correlation coefficient which
quantifies the amount of correlations between the shapes of two spectra over all the wavelength

channels available, regardless of differences in spectral contrast.

Model FeO content, is derived stoichiometrically from Mg' and mineralogy. The mean FeO
abundance for each telescopic spectrum is collected from 5 km?2 spots (roughly similar to the
telescopic spot size) on an FeO map computed from the Clementine reflectance data set using the
using the algorithm of Lawrence et al. [2002]. The locality of each telescopic spectrum is
confirmed by consulting photographs taken during data collection in conjunction with the lunar
atlas of Bussey and Spudis [2004] and communication with one of the collection investigators

(i.e., B.R. Hawke).

Gradient Descent Methodology: At the outset of the process, the initial mineral composition
(i.e., four minerals and a neutral) is entered as well as a nominal value for space weathering
components. The value of each parameter is both incremented and decremented in turn, and the
effect of these small changes on the weighted fit criterion recorded. This criterion is defined by

the equation:
g = (L—b")w,. +[L—blw, + Amw,, + AFeOw,,, (5)

Here g is the goodness of fit, wy- is the weight given to spectral shape, wy, is the weight given
to contrast, W, is the weight given to slope, and Wreois the weight given to FeO abundance. When

all inputs are tested, new values for all parameters are updated in the direction that produced an
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improvement in the aggregate metric, or left unchanged if no improvement was detected. This
process is repeated until a candidate meets a preset goal criterion for spectral shape (1-b" < 0.01),
contrast (|1-b| < 0.001), slope (Am < 0.01), and FeO (AFeO< 2) or after an “exhaustive” search

(500 iterations) finds the best possible match given the model and telescopic spectrum.

Telescopic Spectra

Fifty-six telescopic spectra collected in the 1970's and 1980's are selected for analysis here
[McCord et al., 1981; Pieters, 1986; Pieters and Pratt, 2000]. These observations were carried
out at the University of Hawaii 2.2 m telescope at Mauna Kea Observatory and the McCord two-
component circular-variable-filter (CVF) near infrared photometer with a indium antimonide
detector [McCord et al., 1981]. Spectra range from 0.6 to 2.5 um and were collected using a
rotating filter with a continuously variable band pass. Observations were taken with a 2.3 arcsec
aperture that outlines a 5 km spot on the surface and at a 0.7 arcsec aperture for area outlines of

~1.5 km. All spectra have been scaled to unity at 1.02 microns.

This produced spectra representing the reflectance ratio between the observed area and the
Apollo 16 landing site. Initially, bi-directional reflectance data for lunar soils were not available
for calibration. So, data collected in relative reflectance were calibrated to scaled reflectance
using a directional-hemispheric spectrum of a mature Apollo 16 soil (62231) collected by J.B.
Adams. Here we convert each spectrum to bi-directional reflectance using the correction
procedures explained by Pieters [1999] and Pieters and Pratt [2000]. Acquisition of 120 data
points takes an extended period of time (i.e., several minutes) so the accuracy of each spectrum
may be affected by instrumental stability and directional guiding on the Moon as well as changing
sky conditions. Error bars shown in figures are the standard deviation of several spectra collected

on independent runs taken in sequence.

Model Fits of Telescopic Spectra
Figures 5.5 and 5.6 show a sampling of the 56 telescopic spectra modeled in this study.

Goodness of fit values for telescopic spectra average 0.588 and range from 0.045 to 7.931 (the
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1.02 microns are displayed. Residual differences between model and lunar telescopic spectra are
displayed in the adjacent figure.
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closer to zero the better; Table 5.1). Average spectral correlation (b" of 0.978), scale (b of 1.0;
closer to 1.0 the better), and slope (Am of 0.010) are well optimized. For spectral matches,
differences that are not readily apparent in continuum removed or scaled reflectance are
amplified in the residual difference plots displayed adjacent to each figure. Significant differences
between measured and modeled FeO abundances (mean 0.98 wt%; max 5.2 wt%) are apparent
for ~20 telescopic spectra and are the dominant reason for less precise goodness of fit values.
Removing statistical contributions of spectra where modeling fails to match FeO abundance
within 1 wt% improves the average goodness of fit value for the remaining models (~40) to 0.284.
However, all fits show significant structure in the residuals indicating that either the optical
constants of the mafic minerals, or the number of components, does not fully represent the

spectra, some information is being lost in the fitting process.

Model Mineralogy Relative to Lunar Samples

Lunar Highlands and Mare Samples: Cahill and Lucey [2007] compiled modal mineralogy
and basic chemistry (e.g., Mg') for each mineral constituent of approximately 100 lunar highland
FAN and Mg-suite rocks. Here we report additional compositional data compiled for
approximately 180 mare basalt analyses; however, only ~40 of these samples have literature
reporting the relative proportions of low-Ca to high-Ca pyroxene and their corresponding Mg's
that are used for comparison here (Table B5.1; in Appendix B). In Figure 5.7, lunar
highlands rocks and mare basalts are directly compared in terms of modal mineralogy of the
dominant silicate minerals (olivine, orthopyroxene, clinopyroxene, and plagioclase) on a modified
version of Stoffler et al. [1980]'s lunar rock classification diagram. The majority of mare basalts
have mineralogies more similar to gabbro and olivine-bearing noritic gabbro. A minor number of
mare basalt samples also show modal mineralogies similar to noritic anorthosite, anorthositic
norite, pyroxenite, and peridotite. Mare basalts are heavily laden with pyroxene (50-100 vol%)
relative to most highland rocks, consisting dominantly of high-Ca pyroxene (30-70 vol%),
significant proportions of low-Ca pyroxene (5-40 vol%), and olivine (0-55 vol%). Only olivine-

bearing gabbroic norites and gabbros of the Mg-suite approach similar olivine and high-
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Table 5.1: Measures of fit for telescopic spectra.

Region Varying Mg* Fixed Mg' 70
g b b ASlope AFeO g b b ASlope AFeO
Western Imbrium
Aristarchus Peak 0.298 0.981 1.001  0.000 0.0 0.400 0.974 1.000 0.000 0.0
Aristarchus Peak 0.783 0.979 1.000 0.022 3.6 0.467 0.973 1000  0.000 0.4
Aristarchus Peak 0.925 0.974 0.999 0.035 4.2 0.574 0.973 1000  0.001 1.5
Aristarchus Peak 0.747 0.981 0.999  0.017 3.9 0.469 0.981 1.000 0.000 1.6
Aristarchus East Wall 0.104 0.990 1.000 0.002 0.0 0.109 0.990 0.999  0.001 0.0
Aristarchus North Rim 0.058 0.994 1.000 0.002 0.0 0.078 0.992 1.000 0.001 0.0
Aristarchus North Wall 0.090 0.991 1.000  0.000 0.0 0.090 0.991 1.000 0.000 0.0
Aristarchus South Rim 0.434 0.977 0.997  0.002 0.7 0.408 0.974 1.000 0.001 0.0
Aristarchus South Wall 0.268 0.990 1.000  0.010 15 0.340 0.968 0.999 0.001 0.0
Aristarchus Southwest Wall 0.064 0.994 1.000  0.001 0.0 0.070 0.993 1.000  0.002 0.0
Aristarchus South Crater Floor 1.145 0.959 1.000  0.005 4.7 0.645 0.959 1.000 0.001 0.0
Aristarchus East Rim Object A 0.222 0.986 1.000 0.009 0.0 0.374 0.976 1.000 0.006 0.0
Aristarchus East Rim Object B 0.070 0.993 1.000  0.001 0.0 0.079 0.993 1.008 0.004 0.0
Aristarchus East Rim Object C 0.075 0.993 1.000  0.001 0.0 0.079 0.992 1.000 0.000 0.0
Aristarchus East Ejecta 0.087 0.992 1.000 0.003 0.0 0.094  0.991 1.000 0.004 0.0
Aristarchus Southeast Ejecta 0.129 0.989 1.000  0.000 0.0 0.112 0.991 1.000  0.000 0.0
Aristarchus A 0.065 0.994 0.999  0.000 0.0 0.057 0.994 1.000 0.000 0.0
Aristarchus Southern Ejecta B 0.072 0.993 1.001  0.000 0.0 0.083 0.992 1.000 0.000 0.0
Aristarchus Southern Ejecta C 0.081 0.992 1.000 0.000 0.0 0.116 0.988 1.000 0.000 0.0
Herodotus D 0.330 0.979 1.000  0.000 0.0 0.359 0.977 0.999  0.000 0.0
Herodotus X 0.667 0.983 1.000 0.045 3.1 0.866 0.947 1.000 0.001 0.4

East/Southern Imbrium
Eastern Imbrium
Aristillus Peak 0.247 0.984 1.000  0.001 0.0 0.247 0.984 1.000 0.001 0.0

Southern Imbrium
Copernicus Peak 0.593 0.977 0.999  0.001 2.2 1.060 0.932 1.000 0.001 0.0

Copernicus Peak 0.158 0.989 1.000 0.000 0.3 0.529 0.976 1.000  0.001 2.4

Southeastern Imbrium

Eratosthenes Peak 0.214 0.986 1.000 0.001 0.0 0.735  0.953 1.000  0.004 0.0
Apennine Front 1 0.865 0.962 1.000 0.005 2.5 0.915 0.943 1.000 0.000 0.3
Apennines 11 0.436 0.982 1.000 0.014 1.5 0.415 0.975 1.000 0.017 0.0
Apennines 10 0.063 0.994 1.000  0.000 0.0 0.073 0.993 1000 0.000 0.0
Hadley Mountain 1.335 0.930 1.000 0.023 1.7 0.870 0.947 1.000 0.005 0.3
Aratus 0.291 0.986 1.000 0.001 0.9 0.304 0.986 1.000 0.001 1.0
Bancroft 0.331 0.985 0.996  0.000 0.9 0.257 0.984 0.999 0.001 0.0

Beer 1.013 0.971 1.000 0.002 5.3 0.659 0.961 1.000  0.000 0.5

Joy 0.466 0.983 1.000 0.029 0.3 0.447 0.979 1.000 0.019 0.1
Timocharis East Wall 0.294 0.981 1.000  0.000 0.0 0.373 0.976 0.998  0.001 0.0

Western Oceanus Procellarum
Reiner K Crater 0.146 0.988 1.000 0.000 0.0 0.278 0.977 1.004  0.000 0.0
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Table 5.1: Continued.

Region

Eastern Nectaris
Apollo 16 Bright Material
Bright Area South of Alfraganus
Kant East Wall
Fresh Massif
Plains East-Southeast of Isidorous D
Plains South of Capella M
Plains West of Gutenb eta

Tranquilitatis
Plinius Peak

Nubium
Bullialdus Peak
Arzachel Peak
Tycho Peak
Tycho Peak
Tycho Peak
Tycho Peak
Tycho Floor
Tycho Wall

Erigoris
Hercules Dark Halo Crater
Gartner D
Baily K
Mare Frigoris East
Mare Frigoris East 3

Varying Mg* Fixed Mg' 70
g b" b ASlope AFeO g b" b ASlope AFeO
1.181 0.941 1.000  0.007 2.4 1.222  0.928 1000 0.025 0.2
1.402 0.925 1.000  0.045 0.4 1.530 0.926 1.000 0.063 1.1
7.931 0.533 1.001  0.003 1.6 8.248 0.511 1.000 0.000 1.3
0.833 0.949 1.000  0.000 0.4 0.841 0.948 1.000 0.003 0.2
0.927 0.949 1.000  0.061 0.0 0.909 0.942 0.998 0.000 0.0
0.681 0.965 1.000  0.002 1.3 0.820 0.962 1.000 0.000 2.2
0.605 0.962 1.000 0.002 0.1 0.712 0.958 1.000 0.000 0.6
1.425 0.950 1.011  0.071 3.4 1187 0.930 1.000  0.014 0.5
0.721 0.972 1.000  0.005 2.7 0.454 0.971 1000  0.000 0.0
0.263 0.983 1.000 0.000 0.0 0.275 0.983 1.000 0.000 0.0
0.230 0.983 1.000  0.054 0.3 0.317 0.982 1.000 0.017 1.3
0.141 0.991 1.000  0.002 0.0 0.167 0.990 1.000  0.007 0.0
0.141 0.991 1.000  0.005 0.0 0.278 0.990 1.000  0.041 0.0
0.212 0.987 1.000  0.001 0.8 0.136 0.987 1.000 0.001 0.0
0.297 0.986 0.999  0.000 0.7 0.302 0.986 1.000 0.000 0.8
0.169 0.988 1.000 0.007 0.3 0.160 0.988 1.000 0.007 0.3
1.085 0.930 1.000  0.000 0.0 1.090 0.930 1.000 0.000 0.0
1.153 0.956 1.000 0.018 4.1 1.158 0.928 0.976  0.000 0.0
0.045 0.996 1.000  0.001 0.0 0.078 0.994 1.000 0.015 0.0
0.090 0.991 0.999  0.001 0.0 0.090 0.991 0.999  0.001 0.0
0.238 0.986 1.001  0.007 0.0 0.324 0.980 1.000 0.003 0.0
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Figure 5.7: Model mineralogy of lunar telescopic spectra relative to the mineralogy of lunar
highlands and mare rocks projected on the lunar rock classification system [Stoffler et al., 1980].
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Ca pyroxene abundances to that of mare basalts albeit at far higher Mg' and lower FeO content

(Fig. 5.8).

Results

Model Composition: Model mineralogies of telescopic spectra are diverse. Approximately
20% of spectra modeled have anorthositic mineralogies similar to FAN and Mg-suite noritic
anorthosites; however plagioclase abundance (60-93 vol%) and Mg’ values (50-70) suggest
greatest similarity to FAN rocks. The most anorthositic (70-93 vol% plagioclase) of these spectra
are from deposits near Nectaris basin. Slightly less anorthositic (60-70 vol% plagioclase) deposits
are modeled for deposits near Nubium and western Imbrium basins. These deposits have similar
olivine abundances but are enriched with high-calcium pyroxene (17-29 vol%) relative to FAN and

Mg-suite anorthositic norites.

The majority (~80%) of spectra are result in models with relatively mafic (e.g., >40 mafics)
mineralogies that range in Mg’ from 50-75 (Fig. 5.8). Although these are dominantly Imbrium
materials, deposits near Nubium, Oceanus Procellarum, Tranquilitatis, and Frigoris basins are
also represented here. While some of these have olivine abundances similar to olivine bearing
gabbronorites almost all of them are also characterized with elevated (60-80 vol%) high-calcium
pyroxene abundances more similar to Mg-suite gabbro and mare basalts. A sizable percentage
(~25%) of these spectra are also modeled with ultramafic and magnesian compositions (Mg'
ranging from 80-95) more similar to peridotites, harzburgites, pyroxenites, and dunites of the
lunar Mg-suite. Modeled mineralogies of these spectra are relatively consistent with previous
subjective interpretations of the minerals present for each spectrum (Table 5.2). However, the
correlation between model Mg' and plagioclase abundance suggest that Mg' is possibly not being
leveraged relative to FeO accurately. Although measures of spectral fit are good, nearly all
telescopic spectra models with highly magnesian Mg' values (90-95) also underestimate FeO
usually in more feldspathic (5-9 wt% FeO) lunar regions (Table 5.2; Fig. 5.9). Lunar rock and
soil FeO abundance is anticorrelated with Al,O5 and plagioclase abundance [Lucey et al., 2006].

Here, nearly all models of telescopic spectra with magnesian Mg' values fall off of this trend in
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Figure 5.8: Mg' relative to plagioclase abundance of modeled telescopic spectra and
lunar highlands and mare rocks.
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Figure 5.9: Model FeO relative to plagioclase abundance.
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highly mafic (>80 vol%) assemblages (Fig. 5.8). This suspicious anticorrelation of Mg’ and
plagioclase abundance suggests that the algorithm is sacrificing the quality of the spectral fit in

order to simultaneously match the band depth and FeO content.

Modeling at a Fixed Mg’

Acknowledging this potential problem modeling Mg' accurately may exist, we chose to also
model telescopic spectra at a fixed Mg' of 70 roughly consistent with the average reported Mg' of
Lunar Prospector [Prettyman et al., 2002; Prettyman et al., 2006]. Resulting goodness of fit
values are virtually identical (average g = 0.595) to previous modeling. However, differences are
apparent with model estimates of FeO abundance showing better agreement with those measured
from Clementine (mean AFeO = 0.31; Fig. 5.10), and slightly less accurate values for spectral
correlation (mean b" = 0.964). The similarity in goodness of fit for variable relative to fixed Mg'
models is not unexpected as most (~40) telescopic spectra models estimate Mg' values near 70
already (mean Mg' 68). However, model mineralogy is less compositionally diverse, with
telescopic spectra showing fewer ultramafic mineralogies. Plagioclase abundance increases
significantly for nearly all previously ultramafic models (Fig. 5.11; Table 5.3). Western
Imbrium (e.g., Aristarchus plateau) is dominantly consistent with an olivine-bearing
gabbronorites, but with much less low-Ca pyroxene than rocks of the lunar highlands. Some of
these spectra have modeled mineralogies similar to mare basalts of the lunar sample suite.
Nectaris basin spectra are still consistent with lunar highland anorthositic norite and anorthositic
troctolite FANs but with slightly less plagioclase. East/Southern Imbrium (Hadley-Apennine
mountains) and Nubium basin is less compositionally diverse (with the exception of Timocharis
east wall peridotite) roughly ranging from anorthositic norite to olivine-bearing gabbronorite.

Frigoris basin spectra are consistent with olivine-bearing gabbronorite.

Discussion
Model Performance: The algorithm presented determines composition using a relationship
between the correlation of modeled and measured spectra relative to Mg'. In principle mafic

mineral Mg’ and FeO abundance change their representative reflectance spectra will also change
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Figure 5.11: Model mineralogy of lunar telescopic spectra at a fixed Mg' of 70 relative to the
mineralogy of lunar highlands and mare rocks projected on the lunar rock classification system
[Stoffler et al., 1980].
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in a systematically. This approach is similar in principle to the Modified Gaussian modeling
(MGM) algorithm being tested to measure Mg' by Isaacson et al. [2008] where these systematic
changes in spectra are tracked to infer composition. Cabhill et al. [2010a] shows the radiative
transfer used to model lunar soil spectra often compute inaccurate results as lunar soil Mg's
approach more ferroan compositions. Cahill et al. [2010a] cited a lack of optical constants for
more ferroan Mg' mafic minerals as a potential flaw in the modeling. Here, because most of the
lunar highlands is reported to have an average Mg' of ~70 [Prettyman et al., 2002; Prettyman et
al., 2006] we believed an application of our algorithm to telescopic spectra would be successful.

The results presented here suggest additional problems exist.

Lunar soil Mg's are confined between 50 to 75 and do not test the accuracy of more
magnesian derived compositions either. The poorly correlated trend reported by Cahill et al.
[2010a] also suggested modeling may overestimate Mg' for more magnesian mineral mixtures
(Mg' >75) as well; but no lunar soils are available to confirm this. Here the same algorithm
appears to do just that, matching unknown and model spectra well but likely overestimating Mg'
of many telescopic spectra. The main source of error here is the algorithm fails to match FeO
abundance estimates of ~20 telescopic spectra even though spectral matches are achieved. This
results in models with ultramafic assemblages and highly magnesian Mg' (90-95). Although
assemblages with dominantly mafic mineralogy may increase the possibility that magnesian mafic
minerals are present it does not guarantee it. Both magnesian anorthosites as well as ferroan
mafic assemblages are hypothesized if not already known to exist on the Moon [Cahill et al.,

2009; Korotev, 2005a; Shearer et al., 2006; Warren, 2005; Wieczorek et al., 2006].

These mismatches, coupled with the undulated residuals, suggest that the shapes of the
spectra of the mineral components are not sufficiently consistent with the shapes of the lunar
minerals on the surface and in the soils to meaningfully extract Mg’. This strongly suggests that
the current set of optical constants is not representing the spectral properties of the components
minerals adequately, especially pyroxene, since this is the spectrally dominant mineral (owing to

the combination of relatively high abundance and strong spectral features).
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Another potential source of error is missing model mineral components. This model
considers the dominant mafic silicates (olivine, clinopyroxene, and orthopyroxene) since they are
the only ones known to show systematic variations in reflectance as a function of FeO content and
Mg'. Thus each unknown spectrum's Mg' only reflects the mafic silicates and not the whole
assemblage of minerals. A simple comparison of lunar soil average pyroxene and olivine Mg'

relative to bulk chemistry Mg' shows that this relationship is not highly correlated (Fig. 5.12a).

Low- and high-TiO, mare soils show significantly higher Mg' values (mean 9 units; max 15
units higher) relative to bulk chemistry. Mare basalts show even larger differences (25 or 30
units) between the average Mg’ of mafic minerals relative to bulk chemistry. Highland soils,
which have little to no ilmenite, also have higher mafic mineral Mg's (average 2 units; max 5 units
higher) than bulk chemistry. Mean Mg' of lunar soil pyroxene, olivine, and ilmenite relative to
bulk chemistry suggests ilmenite may be a significant source of FeO that is not accounted for in
our modeling (Fig. 5.12b). Although not perfect, this relationship is highly correlated for both
highland (mean difference 1 units; and ranging from 0-4 units) and mare soils (mean difference 2
units; and ranging from 0-5 units). The answer is to add ilmenite as a model component
however, ilmenite has few if no diagnostic absorption features to easily identify and help
determine modal proportions. A possible solution to this is to also use an FeO estimate algorithm
that takes into account the contribution of FeO from ilmenite, such as Le Mouélic et al. [2000;
2002]. Despite the potential and initial favorable results of this algorithm (e.g., [Cahill et al.,
2007; Le Mouélic et al., 2000; Le Mouélic et al., 2002]) it has yet to be fully tested on a global

lunar scale and on steeper surface slopes.

Modeling Implications: Analysis of modeling telescopic spectra at fixed and variable Mg'
values suggests aspects of each are useful for determination of lunar surface composition. While a
significant number (~20) of models overestimate Mg', underestimate FeO (mean AFeO of 2.8 and
max of 5.2 wt%) the majority of models (~40) have high quality goodness of fit values (mean g of
0.284) and match FeO abundance accurately (mean AFeO of 0.16). This suggests the majority of

telescopic spectra are modeled effectively when allowing Mg' to vary and this is reflected in the
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similarity of mineral assemblages between both models. Some spectra do not fit into the fixed
Mg' of 70 model at all. For example, Copernicus is previously interpreted to be mafic-rich (e.g.,
troctolitic to dunite mineralogies) by several studies (e.g., [Cahill et al., 2009; Pieters, 1986;
Tompkins and Pieters, 1999]). Results for Copernicus letting Mg' vary show it to have 60-85 vol%
olivine which is consistent with previous interpretations, while fixing Mg' forces model

mineralogy to have an anorthositic mineral assemblage.

Integration of these models suggest significant mineralogical diversity on the nearside of the
Moon. Model mineral assemblages are relatively consistent with previous interpretations [Lucey
et al., 1986; Pieters, 1986; Spudis et al., 1988; Spudis et al., 1989], but offer additional benefits
for compositional interpretation and estimates of accuracy. Model results suggest the presence of
more olivine bearing (at least 10 vol% olivine) lithologies than previous interpretations could
detect. Modeling also suggests much less low-Ca pyroxene than inferred by previous studies;
however these results are qualified by Denevi et al. [2008] and Cahill et al. [2010a] who note that
high-Ca pyroxene is often over-estimated and results in modest but significant underestimates of
low-Ca pyroxene and plagioclase. Despite this deposits around Nectaris basin are still interpreted
to be dominantly anorthositic but suggest slightly more mafics than the <25 vol% previously
interpreted by Spudis et al. [1989]. Nectaris assemblages range from anorthositic-gabbroic and -
troctolitic to anorthosite (Kant East Wall) in lithology. Spectra for Imbrium deposits near and
from the Hadley-Apennine mountains region are dominantly of olivine-bearing noritic gabbro,
but may range from anorthositic-gabbro (Apennine 10) to plausibly peridotite (Copernicus and
Timocharis eastern wall). Aristarchus Plateau deposits are dominantly of olivine-bearing noritic
gabbro lithologies but range from anorthositic-gabbro and -troctolite to gabbro and olivine-
bearing noritic gabbro. Deposits near Nubium basin (i.e., Tycho, Bullialdus, and Arzachel) have
assemblages ranging from anorthositic-gabbro to noritic gabbro and olivine-bearing noritic
gabbro. Deposits near Frigoris basin have olivine-bearing noritic gabbro to peridotite

assemblages.
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Conclusions
Fifty-six telescopic spectra of the lunar nearside are examined with a variation of Hapke

[1981; 1993; 2001]'s radiative transfer model techniques. These results show:

e The algorithm has difficulty modeling Mg' for approximately a third (~20) of the spectra
modeled here. An inability to simultaneously match spectral parameters as well as FeO
abundance result in underestimates of FeO and usually magnesian Mg' values (90-95)
and mafic to ultramafic mineral assemblages. Underestimates of FeO abundance usually
occur for lunar deposits with relatively feldspathic FeO abundances (5-9 wt%).

e Modeling at a fixed Mg' of 70, FeO abundance is better matched for nearly all spectra and
comparable, although not superior, spectral fits are attained. These models are
mineralogically diverse and sometimes change the resulting model mineralogy
dramatically usually by increasing plagioclase content.

e The undulating pattern of the residuals between model and fits, and the very likely bias
toward clinopyroxene rich model mineralogies indicates the computed spectra of the
component minerals do not adequately represent the shape of the lunar component
minerals. The magnitude of the residuals probably results in the insensitivity to Mg’.
Improvements to the optical constants is likely required to mitigate this problem.

e Integration of fixed and variable Mg' modeling suggest nearside spectra of the Moon
show significant mineralogic diversity that is relatively consistent with previous
interpretations. Nectaris basin spectra are dominantly anorthositic (60 to 93 vol%
plagioclase) and similar to ferroan anorthosite suite rocks. Remaining nearside spectra
principally associated with Imbrium basin deposits show more mafic lithologies,
dominantly olivine-bearing noritic gabbros, but mineralogically range from anorthositic
norite and troctolite to plausibly peridotite lithologies. Olivine-bearing noritic gabbro
assemblages are dominant in Imbrium (Aristarchus Plateau and Hadley-Apennine
mountains). Mare Frigoris deposits also show mineralogic similarities to mare basalts,
but are FeO poor in comparison, so are likely more similar to olivine-bearing gabbroic

norites and gabbros of the lunar magnesium-suite as well.
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Stoffler diagrams that match spectral classes per Mg’ compared to FAN (light grey
envelopes-sample clusters; blue triangles-single samples) and Mg-suite (dark grey
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range. Tompkins and Pieters [1999] original interpretation of the mineralogy of each
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in the text of chapter 2.
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Figure A3.1: Mean lunar impact crater central peak mineralogy and chemistry versus
crustal thickness (T)).
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Figure A3.2: Mean lunar impact crater central peak mineralogy and chemistry versus
peak origin relative to the crust mantle boundary (e.g., T,-D ). Proximity to mantle less
than zero denotes materials plausible derived from the lunar mantle (in grey).
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Figure A3.3: Mean lunar impact crater central peak mineralogy and chemistry versus
peak origin relative to the crust mantle boundary (e.g., T -D,).
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Figure A3.4: Mean lunar impact crater central peak mineralogy and chemistry versus
peak origin relative to the crust mantle boundary (e.g., T,-D,).
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