
UNDERSTANDING THE COMPOSITION OF THE LUNAR MARE 
THROUGH REFLECTANCE SPECTROSCOPY 

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF THE 
UNIVERSITY OF HAWAI'I IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

IN 

GEOLOGY AND GEOPHYSICS 

MARCH 2007 

By 
Brett Wilcox Denevi 

Dissertation committee: 

Paul G. Lucey, Chairperson 
G. Jeffrey Taylor 

B. Ray Hawke 
Victoria E. Hamilton 

Eric J. Hochberg 



We certify that we have read this dissertation and that, in our opinion, it is satisfactory in 

scope and quality as a dissertation for the degree of Doctor of Philosophy in Geology and 

Geophysics. 

DISSERTATION COMMITTEE 

Chairperson 



ACKNOWLEDGEMENTS 

I'm not quite sure what I envisioned when I decided to go to graduate school, but 

it has definitely been more fun, interesting, and rewarding that I anticipated. So 

hopefully without being too corny, I can thank the people that have helped make my time 

here at the University of Hawaii such a great experience. My advisor, Paul Lucey, has 

been amazing. He lets me bug him on his cell phone, humors me when I am too slow to 

understand what he's talking about, and gives out nurture units whenever I start to whine 

too much about a lack of feedback. I hope someday I can be as smart, productive, and 

inspiring as he is. Jeff Taylor, who has basically been my other advisor, has really helped 

guide me through this whole process, kept me smiling and sane, and filled my head with 

all kinds of lunar petrology knowledge tp.at wouldn't otherwise be there. B. Ray Hawke 

has known the answer to every question I've ever asked him; I think he must have a 

photographic memory. Besides being so helpful, and caring so much about cratering 

dynamics that he lectured about it with the flu, he is one of the most kind-hearted people 

I've met. Vicky Hamilton is one of the smartest and most organized people I know, and 

was willing to help with and indulge my little side trips into the Mars side of things. 

Without her classes and help, I would be woefully ignorant of all things Martian and 

thermal. Eric Hochberg, besides being willing to take on the role of the "outside 

member," has always been extremely helpful and fun, and managed to persuade me to 

care about statistics. Overall, I somehow found the perfect committee members, and their 

general support and care on matters small and large has made a world of difference. 

111 



Besides my committee, I also have to thank Mark Robinson, for introducing me to 

planetary science in the first place, convincing me that grad school was a good idea, and 

for all of the long-distance support he provided once I was here. All of my friends have 

made my time here worlds more enjoyable, and I am especially grateful to Romy 

Schneider and Aisha Morris for their support and friendship. Of course I have to thank 

my family, which now includes a lot more people than when I first moved here. My 

parents, and my little brother Lewis, are the best. The worst thing about moving to 

Hawaii was being so far away from them, but they are still some of the closest people in 

the world to me, and I owe everything to their love and encouragement. My family-in

law, and especially my mother-in-law, have extended that love and support from the 

Midwest to the West Coast. Finally, a million thank yous to my wonderful husband Tim, 

for the love and support and laughter you give me always, and thank you to Jack for not 

making me too nauseous or distracting me with too many kicks to finish this. 

lV 



ABSTRACT 

In order to quantify the spectral behavior of maturity variations in the mare, 

spectral trends of nearly 10,000 craters in six mare regions are examined. Radiative 

transfer theory is used to model these trends in order to better understand their causes. 

The maturity trends are confirmed to be more parallel than radial as previously suggested, 

and this fact is exploited to develop a new algorithm for determination of iron content in 

mare regions. This new mare iron algorithm better compensates for maturity than 

previous methods, and uncertainties due to maturity variations are less than 0.5 wt% FeO. 

Measured optical constants of synthetic glasses of lunar-like compositions are 

used to predict the optical constants of any glass of an arbitrary combination of FeO and 

Ti02 content. These optical constants are employed along with radiative transfer theory 

to determine composition from telescopic spectra of three regional lunar pyroclastic 

deposits which are likely to contain large amounts of glass: the Aristarchus Plateau, Mare 

Humorum, and Sulpicius Gallus. 

The imaginary coefficient of the complex index of refraction (k) is derived from 

reflectance spectra of 30 pyroxenes. Modified Gaussian modeling is applied to these k 

spectra to obtain two continuum parameters and nine Gaussian parameters that describe 

the 1, 2, and 1.2 µm crystal field absorptions. Multiple regression results indicate that the 

continuum and Gaussian parameters are well predicted by pyroxene FeO and CaO 

contents; thus, a method to predict a complete pyroxene k spectrum from its FeO and 

CaO concentrations is developed. 
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The ability of radiative transfer modeling to reproduce reflectance spectra of 

known composition, and extract compositional information from reflectance spectra, is 

examined. This model is tested using spectra of mineral mixtures, nine lunar mare soil 

samples studied by the Lunar Soil Characterization Consortium, and the Apollo 11 

landing site. The model is able to accurately reproduce reflectance spectra of mineral 

mixtures, and can accurately predict mineral abundances, mineral chemistry, and particle 

size. Modeling of lunar spectra suggests pyroxene chemistry can have as large an effect 

on spectral shape as mineral abundance, and improved methods for modeling agglutinates 

and some pyroxenes are necessary. 
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CHAPTER 1. INTRODUCTION 

The broad topic of my dissertation is the composition of the lunar mare, and how 

reflectance spectroscopy can be used to determine composition remotely. The lunar mare 

are the dark patches of the Moon that can be seen from Earth with the naked eye, and are 

comprised of vast stretches of basaltic rock that cover over 15% of the Moon's surface. 

Mare volcanism occurred in several types of events - mainly vast, fast-moving lava flows 

that filled in many low lying areas such as impact basins, but also explosive events like · 

giant fire-fountain eruptions, which sent beads of lava kilometers above the surface 

where they quenched into glass before being deposited over hundreds of square 
~ 

kilometers. Learning the compositio~ese basalts provides a unique look at the 

processes and compositions that occur deep in the interior of the Moon, as the rocks that 

melted to form the lava that eventually erupted were located hundreds of kilometers 

below the surface. The more information we have available about the composition the 

Moon as a whole, the more we can learn about its origin and evolution, and its unique 

place in the solar system. 
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Much of what we know about the chemistry and mineralogy of the Moon comes 

from samples that were collected on the surface and returned by the Apollo astronauts. 

However, the Apollo samples were collected from a relatively limited portion of the 

Moon, and collecting them was a difficult and expensive endeavor. My dissertation 

focuses on ways to learn the composition of the Moon remotely - from studying the 

sunlight that is reflected off of the Moon' s surface and is collected by telescopes on Earth 

or by spacecraft orbiting the Moon. When ultraviolet, visible, and near-infrared light 

reaches the lunar surface, each mineral reflects and absorbs the light differently according 

to the shape of its crystal structure and the elements it contains, resulting in a reflectance 

spectrum that is unique to each mineral. The shape of each reflectance spectrum we 

observe thus contains information about the mineralogy and chemistry of the lunar 

surface. The work presented here centers on interpreting the information contained in 

lunar reflectance spectra. 

In the second chapter, I present an improved method for mapping iron in the lunar 

mare. Previous works have demonstrated that the amount of iron present in the minerals 

on the lunar surface can be predicted using just two wavelengths of light (0.75 and 0.95 

µm) . These methods rely on the ability to separate out the spectral effects of iron and 

those of space weathering - the process that alters all materials present on the lunar 

surface due to the lack of a lunar atmosphere. In this chapter I demonstrate a more 

accurate way to distinguish the effects of the amount of iron present from the effects of 

time spent exposed on the lunar surface. This results in a technique that can be applied to 

Clementine multispectral images of the Moon to obtain high-resolution maps of iron in 

the mare. This method is effective enough to be used in cases where changes in the 
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amount of space weathering are extreme, such as in the vicinity of fresh impact craters. 

As these impact craters expose older buried material, it is possible to use this method to 

search for older lava flows of different composition, buried beneath younger flows. Thus 

this technique can be used to investigate changes in the composition of the lava in both 

space (is one region of basalt more iron rich, and if so why did the Moon have more iron 

in one area than another?) and time (did the composition evolve over the millions of 

years that volcanic eruptions were taking place?). 

The third, fourth, and fifth chapters of my dissertation all concentrate on 

improving and testing a physics-based model that is used to understand reflected light 

based on radiative transfer theory. This theory relies on knowledge of the fundamental 

optical properties of the minerals and glasses that comprise the lunar soil, and one of the 

major factors limiting its applicability is a lack of detailed information about the optical 

properties of many lunar soil components. For example, lunar volcanic glasses contain 

anywhere from 13-26% iron and 0-18% titanium, and in order to model the reflectance 

spectra of glasses, we have to know the fundamental optical properties of glass with each 

possible combination of iron and titanium content. In chapter three, I address this 

problem and present a way predict the optical properties of any lunar glass. I then apply 

this new understanding of glass to interpret the reflectance spectra of three regional 

pyroclastic deposits suspected to be largely volcanic glass: Aristarchus, Humorum, and 

Sulpicius Gallus. I use the model to estimate the iron and titanium content of glass that 

matches to the telescopic spectra of these pyroclastic regions. 

In chapter four, I address a similar problem: the optical properties of pyroxenes. 

Compared to glass, pyroxene is a more complex problem. There are two types of 
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pyroxene ( orthopyroxene and clinopyroxene) with different spectral properties, and the 

variations in three major elements (iron, magnesium, and calcium) have strong effects on 

the entire spectrum, not just a portion of it (as is the case with titanium in glass). It is also 

in some ways more important to find the correct answer - pyroxene is a major component 

of all mare basalts, and its strong absorption features often dominate the overall spectrum 

of a mixture. This intricate problem is addressed by breaking the pyroxene spectrum 

down into several component parts: a Gaussian for each absorption band, and a 

continuum that is related to the overall reflectance. I show that each of these components 

is correlated with the pyroxene composition, and thus composition can be used to predict 

the overall spectrum as a sum of each of its component parts. This allows pyroxenes of a 

broader range of compositions to be modeled, which is especially important for 

interpreting spectra of the lunar mare, where there are hundreds of varieties of pyroxene. 

The fifth chapter of my dissertation builds upon the work of chapters three and 

four, and takes a comprehensive look at how well the overall radiative transfer model 

performs with our new understanding of glass and pyroxene optical properties. I apply 

the model to three relatively well-constrained situations, in order of increasing 

complexity: laboratory spectra of two-component mineral mixtures, laboratory spectra of 

returned lunar soil samples, and a telescopic spectrum of the Apollo 11 landing site. I 

investigate how accurately the known chemistry and mineralogy can be used to predict a 

reflectance spectrum and examine how well we can derive chemistry and mineralogy 

when they are considered free parameters. We test the effects of various simplifying 

assumptions that are made, and compare the spectral effects of different model 

components. All of this is done so that when radiative transfer modeling is applied to 
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spectra of unknown compositional units, there will be a better understanding of just how 

accurate and unique the results are, and where potential weaknesses lie. 

Overall, the work presented in this dissertation provides a good foundation for 

many future applications. In the near future, the catalog of lunar (and asteroidal, Martian, 

and Mercurian!) spectral data will certainly expand, and I hope that my work will aid in 

its . interpretation. As a complete sampling of the lunar mare is implausible for the 

foreseeable future, the interpretation of reflectance spectra will be an important tool for 

understanding the composition of these large, complex regions. 

5 



CHAPTER 2. MAPPING IRON IN THE LUNAR MARE: AN 
IMPROVED APPROACH 

Published in its present form as Wilcox, B. B., P. G. Lucey and J J Gillis (2005) , J 
Geophys. Res, 110, EJJOOJ, doi:I0.1029/2005JE002512. 
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Abstract 

Previous methods for mapping iron [Lucey et al. , 1995; 1998; 2000a] give inconsistent 

results in terms of suppressing the effects of maturity, making it difficult to distinguish 

true units of contrasting iron from regions that simply show the residual effects of 

incomplete separation of maturity. These methods rely on an assumption that materials 

of similar iron content, but varying maturi1)j form radial trends on a plot of VIS 

reflectance vs. NIR/VIS ratio. Recently, the assumption of radial behavior of maturity 

trends in mare regions has been called into question by Staid and Pieters [2000]. They 

observed trends in the mare that appeared more parallel in nature. In this work we study 

nearly 10,000 craters in six mare regions and model the effects of maturity with radiative 

transfer theory to quantify and better understand the spectral behavior of maturity 

variations in the mare. We confirm that the maturity trends in mare regions are more 

parallel than radial, and we exploit this fact to develop a new algorithm for determination 

of iron content in mare regions. This new mare iron algorithm better compensates for 

maturity than previous methods, and uncertainties due to maturity variations are less than 

0.5 wt% FeO. Absolute uncertainties are similar to previous algorithms (1.5 wt% FeO). 

Results from this work provide the ability to detect iron anomalies in the ejecta of craters, 

and as a result more confidently map vertical stratigraphy in the lunar mare in terms of 

iron composition. 
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1. Introduction 

Iron is one of the most abundant chemical constituents in lunar silicate minerals. 

Knowledge of its abundance and distribution across the lunar surface has led to a better 

understanding of the nature and origin of the Moon [Taylor, 1982; 1987] and early lunar 

petrologic evolution, including providing support for the lunar magma ocean hypothesis 

[Lucey et al., 1995; Lawrence et al., 2002] . The ultraviolet, visible and near-infrared 

(UV, VIS and NIR) spectra of silicate minerals are largely controlled by the presence of 

iron, which produces diagnostic crystal field absorption features whose depth, width, and 

band centers near 1 and 2 µm are a function of the mineral's composition and 

crystallographic structure [Burns, 1993]. However, a straightforward interpretation of 

these spectral features is complicated by the effects of exposure to the space-weathering 

environment. The lunar surface is bombarded by micrometeorites, the solar wind, and 

galactic cosmic rays which act to comminute particles to finer size, produce agglutinates 

(small impact glass-welded conglomerates of regolith particles), and coat particles with 

amorphous deposits containing submicroscopic metallic iron (SMFe) [Keller and McKay, 

1993 ; 1997; Pieters et al., 2000b; Hapke , 2001]. Collectively, these processes are known 

as "space weathering," and the effects of space weathering on lunar soils are called 

"maturation," where a mature soil is one that has experienced a significant degree of 

space weathering [McKay et al. , 1991]. Increasing maturity decreases band depth, 

reduces overall reflectance, and imparts an increasingly red continuum slope to the 

spectrum [Fischer and Pieters, 1994; 1996]. 
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Several authors have attempted to decouple the spectral effects of composition 

and maturity to map FeO at the resolution of Clementine images (100 m/pixel). Fischer 

and Pieters [1994] showed that information about the depth of the 1 µm band and the 

slope of the continuum was combined in a ratio of reflectance within the 1 µm band 

(NIR) and the reflectance outside of the band (~0.75 µm, VIS), and this NIR/VIS ratio is 

correlated to ferromagnetic resonance (denoted Is/FeO), a measure of maturity. This 

relationship was used by Fischer and Pieters [1996] to calculate Is/FeO from Clementine 

images. They showed that once Is/FeO is known, it can be used with VIS reflectance to 

· calculate FeO + Ti02 for highland soils. 

Lucey et al. [1995; 1998; 2000a], Blewett et al. [1997] and Gillis et al. [2004] 

presented and subsequently refined an empirical method for determination of iron content 

based on the reflectance at 0.75 µm and a ratio of the reflectances at 0.95 µm and 0.75 

µm. They noted that spectra of returned lunar samples with similar FeO but varying 

maturity form linear trends on a plot of NIR/VIS ratio versus VIS reflectance that are 

related to FeO content and maturity. It was suggested that the trends extended radially 

away from a theoretical hypermature end member (Figure 1), and an angular spectral 

parameter was defined based on a sample's location in this plot. The spectral parameter 

is highly correlated with FeO, and lunar samples are used to convert the spectral 

parameter to absolute FeO abundances. Lawrence et al. [2002] compared the spectral 

· parameter computed for the entire Moon to the abundance of iron calculated from the 7. 6 

MeV neutron capture gamma-ray doublet measured by Lunar Prospector and found that 

the spectral parameter is not linear with iron over the entire range of iron values on the 
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Moon. This observation was used to develop an improved calibration applicable to wider 

ranges in iron. 

Le Mouelic et al. [2000] developed a technique to extract FeO from Clementine 

UVVIS and NIR images. Their method is based on the correlation of the 1-µm band 

depth with the slope of the continuum between 0. 75 µm and 1.5 µm for areas of uniform 

FeO but varying maturity. Their calculations of FeO are only for the iron contained in 

silicates. To obtain total bulk FeO, iron from the main iron-bearing oxide ilmenite 

(FeTi03) can be added from separate calculations of titanium from the algorithm of 

Lucey et al. [1998]. This method has the benefit of being less affected by topography 

than the Lucey method because the result is based on band ratios only, but it has not been 

widely used, in part because the calibrated Clementine NIR data (1.10 - 2.78 µm) has 

only recently become available [Eliason et al. , 2003]. 

The Lucey method for calculating FeO [Lucey et al., 1995; Blewett et al., 1997; 

Lucey et al., 1998; Lucey et al., 2000a; Lawrence et al., 2002] has been widely used, but 

recent work by Staid and Pieters [2000] has cast doubt on an assumption in the Lucey 

method. They note that mare trends on a plot of NIR/VIS ratio versus VIS reflectance 

appear more parallel than the radial trends the Lucey method assumes. If true, this would 

indicate that the Lucey method does not optimally decouple the effects of maturity and 

FeO. Different implementations of the Lucey method [Lucey et al., 1995; Blewett et al., 

1997; Lucey et al., 1998; Lucey et al., 2000a; Lawrence et al., 2002] also yield 

inconsistent results in terms of their suppression of maturity. Because the nature and the 

magnitude of this error has not been quantified, in the vicinity of small craters where 

maturity variations are strong over small spatial scales, it is not possible to determine if 

10 



apparent iron anomalies associated with these craters are due to crater excavation of 

buried material of contrasting iron content, or are simply an artifact of imperfect maturity 

compensation. The goals of this work are to : 1) Quantify the spectral behavior of 

maturity variations in the mare; 2) Compare these results to the assumptions in the Lucey 

method and evaluate any errors owing to this assumption; 3) Use radiative transfer theory 

to shed light on the nature of the observed trends; and 4) Develop a new algorithm that 

better compensates for maturity, and allows the detection of small iron anomalies in the 

ejecta of fresh craters. 

2. Methods 

2.1 Iron and Maturity Trends in the Mare 

We investigated the effects of varying maturity in areas of constant FeO in six 

mare regions, including those studied by Staid and Pieters [2000] : Mare Tranquillitatis, 

Mare Serenitatis Center and Border (treated separately due· to distinct compositions 

[Pieters, 1978]), Lacus Somniorum, Mare Frigoris, and Oceanus Procellarum. To 

identify fresh craters, we used the Optical Maturity (OMAT) index of Lucey et al. 

[2000b}. For each study area we produced an OMAT image mosaic and used this to 

select regions of interest centered on fresh impact craters (at least a portion of the crater 

with OMA T >0.3), containing the crater and its immediate surroundings. We limited our 

data to craters smaller than 3 km, in order to avoid craters that have excavated highlands 

material from below the mare. We assume that around each crater, variations in FeO are 

small, but maturity varies strongly due to the excavation of fresh material by the impact 

event and mixing with the surrounding mature mare. While the possibility remains that 
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any individual crater could potentially have a range of FeO contents because it has 

excavated material from a subjacent mare flow with different FeO content, our large 

sample size negates the importance of this problem: in the six mare areas we collected 

data for 9,616 craters (Table 1). We produced plots of the NIR/VIS ratio versus VIS 

reflectance for each crater and calculated the arctangent of a linear best-fit line to define 

the slope of each crater's trend in radians. We represent the slope in terms of an angle to 

allow direcct comparison with the Lucey method. 

2.2 Radiative Transfer Modeling 

Radiative transfer modeling is conducted to determine if the observed optical 

behavior can be modeled quantitatively. By establishing what constraints must be placed 

on the model, this will help to elucidate what physical properties of the soil must vary in 

order to account for the observed trends. For example, are variations in SMFe enough to 

produce the observed trends, or are other factors such as particle size and agglutinate 

content also responsible? Model spectra of varying compositions, SMFe abundance, 

particle size, and agglutinate content are calculated using the model of Lucey [1998], 

which is based on the bidirectional reflectance theory of Hapke [ 1981; 1993]. This 

model uses the measured optical constants of minerals and glasses (their real and 

complex indices ofrefraction, n+ik) to calculate single scattering albedos (the probability 

of a photon surviving an encounter with a grain) for each component at a specified 

particle size and mineral chemistry (Mg-number, defined as Mg/(Mg+Fe)xlOO). The 

single scattering albedos of each component add linearly, weighted by their abundance, 

and are then converted to reflectance. 
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With this model, we produced spectra for basaltic compositions with varying 

plagioclase (30-60% ), orthopyroxene (0-70%) and clinopyroxene (0-70%) contents. Mg

numbers for mare basalts range from 35 to 62 [Basaltic Volcanism Study Project (BVSP) , 

1981]; we chose to produce all of our model spectra at an Mg-number of 50, and in 

practice found that varying the Mg-number had no effect on the general nature of the 

maturity trends. With the above ranges of mineralogy and the Mg-number set at 50, our 

modeled basaltic soils contained 13 to 23 wt% FeO, a range reasonable for the mare. For 

each of these -100 compositions we varied the abundances of SMFe, the principal agent 

of maturity [Hapke, 2001], to simulate a wide range of maturities and to produce, for 

each composition, a trend of constant FeO and varying maturity. We calculated these 

maturity trends for several cases. 1) Particle size was fixed at 1 7 µm, a size that is close 

to the mean of the spectrally dominant size fraction (10-20 µm) [Pieters et al., 1993]. 2) 

Particle size was fixed at 17 µm, but the abundance of agglutinates was altered as SMFe 

was increased. In this case agglutinates were represented as a dark, spectrally neutral 

component because agglutinates contain SMFe that tends to be larger than the SMFe in 

coatings which causes reddening [Britt and Pieters, 1994]. This was supported by 

measurements of the spectra of handpicked agglutinates by Pieters et al. [1993], though 

the particle size was larger in their study. 3) We tested coupling particle size with SMFe 

because particle size is correlated with other maturity indices [McKay et al., 1991; 

Starukhina and Shkuratov, 2001]. For each of these cases we then plotted our maturity 

trends on the NIR/VIS ratio vs. VIS reflectance plot for comparison to our observed 

maturity trends for small craters. 
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3. Results 

3.1 Observed Maturity Trends 

Most of the craters we examined have linear and highly correlated trends of VIS 

reflectance vs. NIR/VIS ratio (Figure 2). Lucey et al. [1995] suggested that these trends 

can be described as radial to a hypothetical hypermature end member. To assess this 

suggestion, we took advantage of the fact that the Lucey method predicts a radial trend 

for any point on the NIRIVIS ratio vs. VIS reflectance diagram. For each observed 

maturity trend, we calculated the mean reflectance at 0.75 µm and the mean ratio of 

0.9510.75 µm reflectance, and applied a recent calibration of the Lucey method algorithm 

[Lucey et al., 2000a] to determine the predicted radial slope (Figure 3). We then 

compared the predicted radial slope to the observed slope of each maturity trend, as 

calculated from a best-fit line of the maturity trend data. If the assumption of radial 

behavior was correct and the hypermature end member origin was picked properly, there 

would be a zero difference between the predicted and observed trends. However, this is 

not what we observe. Histograms of the differences between predicted and observed 

slopes of maturity trends in each mare show a range of values (Figure 4a). The modes of 

the histograms range from -0.10 to 0.10 radians, with only one region (Mare Serenitatis 

Center) centered at zero difference. This is the region for which the Lucey method 

maturity normalization was optimized. Overall, the paucity of trends with a zero 

difference between observed and predicted slopes suggests that the maturity trends are 

not radial. 
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To evaluate whether the maturity trends are parallel, we compared the observed 

slopes of the trends to the average slope (1.3885 radians) determined for the six mare 

regions in this study (Figure 4b ). The average slope was determined by calculating the 

mode of the histogram of slopes of each mare study area, and averaging these modes. 

The slopes of the crater trends in our study areas are similar; all of the histograms cluster 

around zero difference between the observed slope and the average slope (modes of 

histograms range from -0.02 to 0.01 radians) . There are a number of outliers in Mare 

Frigoris and Lacus Somniorum. Upon examination, it is clear that these outliers are 

generally instances where the effects of topographic shading are the most pronounced, 

because the data were acquired with large phase angles. The effect on the data is to cause 

a large spread in the trend due to the high 0.75 µm reflectance of sun-facing slopes and 

low 0.75 µm value of shaded slopes, such that a best-fit line no longer accurately 

represents the maturity trend (Figure 5). For this reason we have not included crater 

trends with a correlation coefficient of less than 0.9 in the remainder of our study; 81 % of 

the trends exhibit a correlation coefficient of greater than 0.9 (Table 1). Apart from these 

few outliers, the slopes of the maturity trends are closely parallel, and show much less of 

a difference between the observed slope and average slope than between the observed 

slope and the slope predicted by the Lucey method. Thus a parallel model more 

accurately describes the color trends in the mare than a radial model. 

3.2 Results of Radiative Transfer Modeling 

Radiative transfer modeling provides an attempt to understand the underlying 

physical causes of the observed maturity trends. With the model, we attempt to produce 
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linear, parallel trends with a slope that matches that of our observed trends. The results 

of case 1, where we varied SMFe alone and held particle size fixed at 17 µm, are shown 

in Figure 6. The trends have a slight curve upward as the 0.75 µm band decreases its rate 

of darkening as SMFe increases. However, over the much smaller range of the 

Clementine data (-0.08-0.18 VIS reflectance, -0.8-1.1 NIR/VIS ratio; see Figure 2), and 

within the noise of the data, this curve would be difficult to discern. The chief 

discrepancy between model and observation in this case is the slope of the modeled 

trends-they are too shallow, with a mean of 1.04 radians, compared to the 1.39 average 

for the observed mare slopes. In case 2, where the agglutinate content of the soil is 

increased as SMFe is increased, the mismatch becomes even more marked: the slopes 

become shallower by -0 .1 radians as the VIS reflectance decreases and the depth of the 1 

µm band decreases (NIR/VIS ratio increases) due to the dark, neutral character of the 

agglutinates. Thus the spectral effect of the agglutinates indicates that a process m 

addition to agglutinates and SMFe is required to account for the observed trends. 

Case 3, where the particle size decreases as SMFe increases (as would result from 

increased comminution of the soil as it matures), does cause an increase in the steepness 

of the slope of the maturity trends. Starting with a larger initial particle size reduces the 

initial VIS reflectance value, thus increasing the slope of the trend. We find that an 

approximately threefold decrease in particle size (from 50 to 17 µm) most closely 

matches the observed trends (Figure 7). However, all three of the modeled scenarios fail 

to reproduce the parallel behavior observed in the Clementine data. The modeled trends 

indeed appear to be slightly radial: maturity trends are shallower for modeled spectra of 

lower iron content, and the trends begin to converge at the mature end. 
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3.3 A New Iron Algorithm for the Mare 

Our quantitative results confirm the observation of Staid and Pieters [2000] that 

trends in the mare are more parallel than radial, and suggest that an improved method 

could be developed to separate the spectral effects of iron and maturity. Instead of 

defining a radial parameter, as in the Lucey method, we performed a coordinate rotation 

on the NIRIVIS vs. VIS reflectance space to obtain the new parameter, p: 

p = ( R0_75 sin 8) + ( R0
·
95 cos eJ 

Ro.15 
(1) 

where R0_75 and R0_95 are the VIS and NIR reflectance at 0.75 and 0.95 µm, and e is 

1.3885 radians, the average slope of the trends in the mare. We then calculated p for 

Apollo and Luna sampling sites with greater than 10 wt% FeO, and compared this new 

parameter to the known iron values for each site [Blewett et al., 1997; Jolliff, 1999; Lucey 

et al., 2000a]. The FeO and Clementine reflectance values are given in Table 2. The 

correlation between p and FeO is 0.83 (Figure 8); a linear fit of the data gives the 

equation for iron 

Wt% FeO = (-137.97 p)+ 57.46 (2) 

Though sites with FeO lower than 10 wt% were not included in this fit, Figure 8 shows 

that if extended to lower iron values, the algorithm would give a reasonable 

approximation of highlands iron values, or a second-order polynomial could be fit to the 

data. However, because highlands maturity trends do not follow the same slope as trends 

in the mare (see Section 4), maturity effects would strongly complicate estimated FeO. 

Therefore we recommend continued use of the Lawrence et al. [2002] calibration for 

highland FeO values. 
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The one sigma error for this fit is 1.5 wt% FeO. This is comparable to the 

previous stated accuracy of 1 to 2 wt% FeO for the Lucey method [Lucey et al., 1995; 

Blewett et al., 1997]. To understand to what degree maturity variations still affect 

estimated iron values, we applied this new algorithm to each pixel within the regions of 

interest around our selected craters. Assuming that a region of interest is of uniform iron 

content, the standard deviation of these iron values around each crater indicates to what 

level maturity variations are affecting calculated F eO content. Histograms of the standard 

deviations for each region (Figure 9) show that the standard deviations are generally less 

than 0. 5 wt% F eO. The average standard deviation of all of the regions of interest within 

each mare area is given in Table I . This indicates that an iron anomaly greater than 0.5 

wt% FeO in crater ejecta is most likely a true variation in FeO, and is not due to 

incomplete suppression of the spectral effects of maturity. 

The iron parameter derived here has a complementary parameter, the orthogonal 

axis, which appears to be highly correlated with maturity. This residual parameter is 

closely analogous to the OMAT parameter of Lucey et al. [2000b] and may also be useful 

for maturity studies, though we have not applied any tests of this parameter. As the new 

iron algorithm presented here is only valid for mare regions we suggest that the 

complementary maturity parameter only be applied for maturity studies in mare settings. 

The equation for this mare optical maturity (mOMAT) parameter is: 

mOMA T = ( R750 cos e) -( R950 sin eJ 
R1so 

(3) 

where values range from -1.05 to -0.65, where -1.05 is the most mature and -0.65 is the 

least mature. 
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4. Discussion 

The new mare iron algorithm presented in this work better separates the effects of 

iron and maturity than previous methods (Figure 10). Around fresh craters, it is now 

much easier to distinguish between a maturity anomaly and a crater that has excavated 

material of contrasting iron content, and with the defined uncertainty the method can be 

applied with more confidence. Whereas with various calibrations of the Lucey method 

algorithm, in which most fresh craters appeared to have ejecta with a higher iron content 

than the surrounding mare, the ejecta of these fresh craters now generally have the same 

iron content as the surroundings. Exceptions are found, but these appear to be genuine 

examples of craters excavating material from below the surface layer with contrasting 

iron content (Figure 11). Iron differences above 0.5 wt% FeO can be confidently 

interpreted as differences in actual iron concentration. This algorithm thus improves the 

ability to map vertical stratigraphy in terms of iron content. The main difference between 

the method presented here and the Lucey method is not in how iron content is 

determined, but in how well maturity is suppressed. Errors in relative iron abundance 

within a mare are improved in this method, while errors in absolute iron abundance are 

similar to those obtained from the Lucey method (1 .5 wt% FeO). 

While our data for nearly 10,000 craters confirm that maturity trends in the mare 

are parallel to each other, our use of radiative transfer theory was unsuccessful in 

reproducing these parallel trends. The slope of the trends can be approximated by a case 

where SMFe increases and particle size decreases from 50 to 17 µm, which is consistent 

with the results of Starukhina and Shkuratov [2001] who used a radiative transfer 

formulation independent of that of Hapke [1981; 1993] and came to a similar conclusion. 
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However, in all cases, we find that the modeled maturity trends for different levels of 

FeO indeed appear to be somewhat radial. The trends are shallower for compositions of 

lower iron, and the trends converge with increasing SMFe, so that if extended they would 

reach something like the hypothetical hypermature end member described by Lucey et al. 

[1995]. Our model captures the major optical effects of the physical processes attendant 

with space weathering, but the three model scenarios fail to reproduce the parallel 

behavior. The model could produce parallel trends if we coupled the optical effects of 

any of the maturity-related physical processes to iron content, and in fact Morris [1976] 

showed that the abundance of SMFe is correlated with the iron content of a soil, as well 

as surface exposure. Other explanations such as differential comminution of minerals, 

changes in the physical state of SMFe-bearing coatings with iron content, or changes in 

the optical properties of agglutinates with iron content could result in parallel trends. 

Whether or not such couplings are physically plausible could be tested with focused 

examination of space weathering effects on lunar soils. It is also possible that differences 

between observed and modeled trends are due to shortcomings in the model, such as 

errors in the optical constants of the components used in the modeling, or Hapke's 

formulations [Hapke, 1981; 1993] not perfectly capturing the effects of submicroscopic 

iron. 

The highlands areas we examined during the course of this work show distinctly 

shallower slopes on the VIS reflectance vs. NIR/VIS ratio diagram, as known previously. 

However, rather than a continuous change in slope as a function of FeO content as 

assumed in the Lucey method, there seems to be an abrupt transition between mare and 

highland compositions. This is surprising as the difference between high iron highlands, 
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such as the Apollo 14 reg10n (10.4 wt% FeO), and low iron mare, such as Lacus 

Somniorum (12.6 wt% FeO), is likely quite small in major mineralogy and chemistry. 

Understanding this transition is beyond the scope of this paper, but may be addressable 

using the Hapke theory approach used above. 

In summary, we have confirmed the observation of Staid and Pieters [2000] that 

trends of constant iron but varying maturity are parallel in the mare, through the study of 

nearly 10,000 craters in six mare regions, and modeling the effects of increasing maturity 

with radiative transfer theory. We presented a new iron algorithm applicable to the mare, 

which better compensates for maturity than previous methods. This method allows for the 

detection of iron anomalies, such as those resulting from a crater excavating a subjacent 

unit of contrasting iron content, as small as -0.5 wt% FeO. Data acquired at high phase 

angles gives anomalously high and low iron values for shaded and sunlit topographic 

slopes, respectively. However these cases are easily recognized, and not easily mistaken 

for true iron anomalies. 

5. Conclusions 

1) We quantitatively confirm that maturity trends on NIRIVIS ratio versus VIS 

reflectance plots are more parallel than radial. 

2) We present a new FeO equation assuming parallel behavior to more accurately 

decouple the effects of composition and maturity in the mare. 

3) We suppress errors due to maturity variations to ±0.5 wt% FeO, and observed 

variations in iron greater than this are due to composition, not maturity. 
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4) Radiative transfer modeling requires more than just SMFe to match the slopes of 

maturity trends - a threefold decrease in particle size is also necessary. 

5) Modeling predicts radial behavior, as opposed to the parallel trends observed. 

Numerous physical processes not accounted for in the model could be responsible for 

this discrepancy. 
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Table 1. Data for craters in six mare study areas ""'3 
~ 
i::r -Mare Mare Serenitatis Mare Serenitatis Oceanus Lacus Mare ~ 
rn 

Region Tranquillitatis (Center) (Border) Procellarum Somniorum Frigoris All 

Number Craters 1281 3137 291 3961 308 638 9616 

Number Craters with 
Correlation> 0.9 1071 2671 252 3366 130 270 7768 

Average Slope (radians) 1.37 1.39 1.40 1.38 1.35 1.36 1.38 

Standard Deviation of Slopes 

(radians) 0.04 0.04 0.03 0.04 0.11 0.07 0.04 

Difference between Observed 

Slope and Lucey Method 

Slope (radians) 0.09 0.05 0.07 0.11 0.11 0.15 0.09 

Difference between Observed 
N Slope and e (radians) 0.06 O.o3 0.06 0.08 0.12 0.11 0.06 w 

Calculated wt% FeO 
(average over mare) 18.8 18.3 19.0 20.3 12.6 12.6 16.9 

Standard Deviation wt% FeO 0.30 0.21 0.24 0.18 0.38 0.37 0.22 

Only data for craters with trends that have a correlation coefficient of greater than 0.9 is included to 
avoid the effects of topographic shading (Figure 5). 



Table 2. Iron and Clementine reflectance values for AEollo and Luna samEling stations 
Clementine Reflectance 

Site FeO, wt°/o 0.415 [!:ffi 0.750 [!:ffi 0.900 [!:ffi 0.950 µm 1.000 [!:ffi 

Apollo 11 15.8 0.0607 0.0918 0.0957 0.0971 0.0996 
Apollo 12 15.4 0.0701 0.1161 0.1182 0.1189 0.1231 
Apollo 14 - Cone 10.3 0.0825 0.1376 0.1440 0.1458 0. 1502 
Apollo 14 - LM 10.5 0.0798 0.1364 0.1414 0.1437 0.1485 
Apollo 15 - LM 15 0.0726 0.1267 0.1306 0.1333 0. 1380 
Apollo 15 - SI 16.8 0.0760 0.1314 0.1333 0.1359 0.1400 

Apollo 15 - S2 11.5 0.0863 0.1479 0.1519 0.1560 0.1604 

Apollo 15 - S4 16.6 0.0741 0.1282 0.1314 0.1321 0.1378 
Apollo 15 - S6 12.1 0.0800 0.1395 0.1443 0.1484 0.1528 
Apollo 15 - S7 13 .9 0.0780 0.1350 0.1406 0.1446 0.1492 
Apollo 15 - S8 15.2 0.0719 0.1253 0.1292 0.1317 0.1367 
Apollo 15 - S9 16.9 0.0740 0.1256 0.1240 0.1236 0.1270 

Apollo 15 - S9a 20.4 0.0769 0.1307 0.1223 0.121 I 0.1247 

Apollo 16-LM 5.6 0.1269 0.2003 0.2126 0.2159 0.2229 
Apollo 16 - SI 5.4 0.1269 0.2022 0.2142 0.2171 0.2241 
Apollo 16 - S2 5.5 0.1364 0.2133 0.2250 0.2288 0.2338 
Apollo 16- S4 4.6 0.1277 0.2044 0.2155 0.2198 0.2267 
Apollo 16 - S5 5.9 0.1256 0.1991 0.2101 0.2163 0.2203 
Apollo 16- S6 6 0.1347 0.2124 0.2233 0.2268 0.2313 

Apollo 16- S8 5.4 0.1424 0.2183 0.2290 0.2325 0.2390 
Apollo 16 - S9 5.7 0.1287 0.2013 0.2134 0.2169 0.2233 
Apollo 16 - SI I 4.2 0.1779 0.2626 0.2703 0.2774 0.2843 
Apollo 16 - Sl3 4.8 0.1574 0.2360 0.2479 0.2520 0.2585 
Apollo 17- LM 16.6 0.0698 0.1082 0.1128 0.1142 0.1177 
Apollo 17 - SI 17.8 0.0707 0.1068 0.1089 0.1097 0.1127 
Apollo 17 - S2 8.7 0.1087 0.1703 0.1769 0.1808 0.1863 
Apollo 17 - S3 8.7 0.1050 0.1664 0.1729 0.1774 0.1822 
Apollo 17 - S5 17.7 0.0677 0.1061 0.1089 0. I I I 5 0.1149 
Apollo 17 - S6 10.7 0.0877 0.1400 0.1465 0.1498 0.1549 
Apollo 17 - S7 11.6 0.0861 0.1387 0.1450 0.1476 0. 1535 
Apollo 17 - S8 12.3 0.0781 0.1277 0.1319 0.1363 0.1411 

Apollo 17- S9 15.4 0.0712 0.1108 0.1148 0.1163 0.1208 

Apollo 17 - LRVI 16.3 0.0657 0.1039 0.1080 0.1094 0.1137 
Apollo I 7 - LRV2 13.4 0.0707 0.1149 0.1214 0.1229 0.1278 
Apollo I 7 - LRV3 14.8 0.0704 0.1108 0.1159 0.1192 0.1237 
Apollo 17- LRV4/S2a 8.5 0.1060 0.1678 0.1753 0.1803 0.1845 
Apollo 17 - LRV5 9.8 0.0987 0.1564 0.1631 0. 1664 0.1715 
Apollo 17 - LRV6 10.3 0.0983 0.1532 0.1608 0.1648 0.1690 
Apollo 17 - LRV7 16.1 0.0677 0.1072 0.1123 0.1146 0.1196 
Apollo 17 - LRV8 15.7 0.0650 0.1042 0.1083 0.1109 0.1148 
Apollo I 7 - LRV9 14.6 0.0674 0.1076 0.1120 0.1153 0.1189 
Apollo 17- LRVlO 11.2 0.0878 0.1407 0.1462 0.1503 0.1556 
Apollo 17 - LRVl 1 12.7 0.0749 0.1229 0.1269 0.1303 0.1345 
Apollo 17 - LRVl2 17.4 0.0703 0.1071 0.1100 0.1104 0.1150 
Luna 16 16.7 0.0624 0.1002 0.1046 0.1063 0.1092 
Luna20 7.5 0.0920 0.1547 0.1639 0.1674 0.1720 
Luna24 19.5 0.0623 0.1035 0.1069 0.1077 0.1114 

See Lucey et al. [2000a, Table 1] for latitude, longitude, and titanium values. References 
for compositions: see Blewett et al. [1997, Table 1] and Jolliff[l999, Table 4]. 
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Figure 1. Lucey method for separating iron and maturity. Trends of constant FeO and 
varying maturity extend radially from a theoretical hypermature end member. Iron 
increases with increasing angular distance. After Figure 2 of Lucey et al. [1995]. 
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Figure 2. Example VIS reflectance vs. NIR/VIS ratio trends of one crater from each of 
the six mare study areas. Most trends, such as these examples, are linear and highly 
correlated (81 % have a correlation coefficient greater than 0.9). 
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Figure 3. Example crater maturity trend with linear best-fit line used to determine the 
slope of the observed trend. For each trend, the mean value was calculated and the 
algorithm of Lucey et al. [2000a] was applied to this point determine the predicted slope 
assuming radial behavior. 
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Figure 4. a) Histograms of the difference between the slope predicted by the Lucey radial 
method and the observed slopes of crater maturity trends for each mare study area. b) 
Histograms of the difference between the observed slopes and the average mare slope 
(1.3885 radians). The difference is minimal, indicating the trends are better described by 
a parallel model. 
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Figure 5. An example in Mare Frigoris of the effects of topographic shading on the crater 
trends. Pluses indicate data from within the shaded wall of the crater, triangles are for 
pixels in the sunlit wall and filled circles represent the remainder of the points that are not 
in either the sunlit or shaded crater walls; line indicates a linear fit of the data. In areas 
with data acquired at high phase angles (especially Mare Frigoris and Lacus Somniorum), 
a best-fit line does not represent the maturity trend. 
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Figure 10. a) Iron image of a portion of Mare Serenitatis, produced with the Lucey 
method algorithm of Lawrence et al. [2002]. Hundreds of small craters appear to have 
increased iron in their ejecta, when this is in fact due to the incomplete separation of the 
effects of iron and maturity. b) Iron image of the same area, produced with the method 
presented in this work. Note crater ejecta no longer appears to have higher iron 
abundances than the surrounding mare as the effects of maturity have been more 
completely removed. Both images have been stretched to their mean ±2.5 wt% FeO. 
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Figure 11. a) Craters in Mare Tranquillitatis (7° N, 24° E) that have excavated a unit -1 
wt% higher in iron than the surrounding mare. b) A region in Mare Humorum (25° S, 
328° E) where craters have excavated material -2 wt% lower in iron, showing that the 
mare unit on the left of the image is overlying the unit of lower iron content on the right. 
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CHAPTER 3. RADIATIVE TRANSFER MODELING OF 
COMPOSITIONS OF LUNAR PYROCLASTIC DEPOSITS 

Published in its present form as Wilcox, B. B., P. G. Lucey, and B. R. Hawke (2006), J 
Geophys. Res. , 111, £09001, doi:l0.1029/2006JE002686. 
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Abstract 

While over 100 lunar pyroclastic deposits have been identified remotely, their 

compositions remain poorly constrained. In this work, we determine the compositions of 

three lunar regional pyroclastic deposits which are likely to contain large amounts of 

glass, and for which we have high-quality ground-based spectra: the Aristarchus Plateau, 

Mare Humorum, and Sulpicius Gallus. We use radiative transfer theory and employ 

measured optical constants of glasses to predict the bidirectional reflectance of a 

particulate glass surface as a function of Fe and Ti concentration, particle size, and 

maturity in order to find the best spectral match to the remotely observed deposits. Tools 

are not available to model the optical effects of the unusual geometries of the ilmenite 

laths in the black beads, so we address their effects on spectra of the regional pyroclastic 

deposits using computational mixing. We find that model spectra of pure glass (as 

opposed to devitrified black beads) provide good matches to all three regions. Radiative 

transfer modeling predicts iron contents of 21 , 20, and 17 wt% FeO for Aristarchus, 

Humorum, and Sulpicius Gallus, respectively, and suggests that all three regions are low 

in titanium, a result supported by Lunar Prospector neutron spectrometer data. However, 

we find that a moderate Ti glass mixed with a small fraction of black beads cannot be 

ruled out for the Sulpicius Gallus region. 
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1. Introduction 

Approximately 100 pyroclastic deposits have been identified remotely on the 

lunar surface based on characteristics such as low albedo, diffuse margins, mantling of 

preexisting topography, and extremely low returns of radar reflectivity [Pieters et al., 

1973; Zisk et al., 1974; Hawke et al., 1979; Gaddis et al., 1985; 2003]. Most of these 

pyroclastics are small localized deposits presumed to have formed in vulcanian-style 

eruptions, where local rock caps a magma body until the accumulation of volatiles causes 

catastrophic failure of the cap and blasts a mixture of local rock and juvenile basaltic 

material around an endogenic crater [Head and Wilson, 1979; Hawke et al., 1989; 

Coombs et al., 1990]. Eleven (and possibly several more) of the identified deposits are 

large regional pyroclastic deposits. These are formed in explosive Hawaiian-style or fire 

fountain eruptions where volatiles rapidly exsolve as magma ascends to the surface, and 

bubbles coalesce and expand to fragment the magma and blast it from the vent. The low 

gravity and lack of an atmosphere on the Moon result in extremely rapid expansion of 

volatiles, highly fragmented magmas, and widespread deposits of submillimeter 

pyroclastic beads covering thousands ofkm2 [Wilson and Head, 1981]. 

Based on samples collected by Apollo astronauts and inferred from remote 

sensing, regional pyroclastic deposits are thought to consist of two types of materials: 

glasses and their compositionally identical devitrified equivalent (also known as black 

beads). The type examples of these are the high-Ti Apollo 17 orange glass and black 

beads. In the case of the black beads, a slower cooling rate causes the crystallization of 

blade-like laths of ilmenite along with fine-grained olivine, spinel, and metal. Low-Ti 
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glasses that experienced slower cooling might also form tiny crystals of olivine, spinel, 

and metal, but would be much less noticeable because of the lack of ilmenite, which 

causes the black appearance [Papike et al., 1998]. This work focuses on three regional 

pyroclastic deposits that are likely to contain large amounts of glass: Aristarchus, 

Humorum, and Sulpicius Gallus. 

Chemical analyses and high pressure experiments on lunar pyroclastic glasses 

sho:w that their parent magmas originated deep in the lunar mantle (>400 km) and 

experienced little fractionation during ascent [e.g., Delano, 1986; Papike et al., 1998]. 

Consequently these glasses are considered to be the best candidates for primary magmas, 

representing the composition of the region of lunar mantle in which they originated. 

Twenty-five categories of pristine glasses have been identified in samples collected by 

Apollo astronauts. However, apart from the Apollo 15 green glass and the Apollo 17 

orange glass, these glasses are minor components of the regolith, and their provenance is 

not known, even if their compositions are known in detail. In contrast, the chemical 

compositions of the precisely located remotely observed regional pyroclastic deposits are 

largely unknown. The ultraviolet, visible and near-infrared (UVVIS and NIR) spectra of 

these deposits have the potential to reveal aspects of their compositions. 

The UVVIS-NIR spectral behavior of glass is relatively straightforward. Known 

lunar pyroclastics have basaltic silicate compositions, with the main variable being 

titanium content. The detailed shape and mean reflectance of spectra of glasses of this 

composition are a combination of four main components: iron content, titanium content, 

particle size, and maturity. The spectral effects of iron in a glass are similar to its spectral 

effects in pyroxene, the major iron-bearing phase in lunar rocks and soils. Crystal field 
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absorption bands at ~ 1 and 2 µm appear and increase in strength with increasing iron 

content [Bell et al., 1976] . The gross similarities between spectra of iron-bearing glasses 

and pyroxenes are due to the fact that much of the Fe2+ in glass is located in distorted 

octahedral sites, similar to the M2 site in pyroxene [Wells and Hapke , 1977]. However, 

Fe2+ is also found in tetrahedral coordination and while these crystallographic sites exist, 

glass has only short-range order, resulting in glass absorption bands that are broader and 

shallower than pyroxene absorption bands [Bell et al., 1976; Wells and Hapke, 1977]. 

The effect of the second component, titanium, on glass spectra is not similar to the 

spectral effect of ilmenite, the major titanium-bearing phase in lunar rocks and soils. The 

reflectance of glass containing titanium decreases sharply toward UV wavelengths, due to 

strong Fe2+-Ti4+ charge transfer absorption bands between 0.3 and 0.6 µm [Bell et al., 

1976; Burns et al., 1976; Wells and Hapke , 1977]. At wavelengths beyond 0.7 µm, 

outside the influence of the charge transfer absorption, titanium has a minimal effect on 

the reflectance of glasses or on the intensity of absorption features in their spectra. Thus 

with increasing amounts of Fe and Ti, glasses become dark in the ultraviolet and more 

spectrally red in the UVVIS region. Ilmenite, in contrast, causes generally red lunar 

spectra to become less red (or more blue), d~s dark and neutral character. 

Accordingly, the widely-used relationship of increasing UVNIS ratio with increasing 

Ti02 content observed by Charette et al. [1974] does not apply to glasses, and in fact the 

opposite is true [Wells and Hapke, 1977]. 

The third component, particle size, affects the overall re~of particulate 

surfaces composed of glass and the intensity of absorption bands. For particles that are 

transparent or weakly absorbing, like glass, a decrease in particle size results in higher 
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reflectance due to an increase in the number of particle boundaries relative to material 

traversed through the volume, and thus an increase in the chance of a photon being 

scattered toward the observer before it is absorbed. Conversely, surfaces composed of 

larger particles have lower albedos because more absorbing material is traversed between 

scatters, increasing the probability of a photon being absorbed rather than escaping the 

surface [e.g., Adams and Filice , 1967]. 

Maturity, the last major influence on lunar glass spectra, is the term applied to the 

effects of a material being exposed on the lunar surface to the space environment, where 

it is bombarded with micrometeorites, solar wind, and galactic cosmic rays, processes 

collectively called "space weathering." Space weathering acts to comminute particles to 

a finer size, produce glass-welded aggregates called agglutinates, and produce coatings of 

amorphous silica containing submicroscopic metallic iron (SMFe) on particles [Keller 

and McKay, 1993; 1997; Pieters et al., 2000b; Hapke , 2001]. The glass in agglutinates 

derives from local melting by micrometeorite impacts, and this glass incorporates 

previously produced glass, mineral fragments, and fragments of SMFe-rich coatings. 

During the remelting, the SMFe appears to anneal to larger sizes, resulting in the 

agglutinate spectra being dark and neutral [Pieters et al., 1993 ; Britt and Pieters, 1994; 

Noble et al., 2001]. Materials exposed to the space-weathering environment "mature" 

with increasing exposure, and their spectra become increasingly dark, red, and show 

reduced spectral contrast due to the SMFe and agglutinates [Fischer and Pieters, 1994]. 

Because of these strong optical effects, in addition to composition, spectral studies of 

lunar pyroclastic glasses must take into account the effects of particle size and space 

weathering. 
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Several studies have estimated the composition of lunar regional pyroclastic 

deposits using ground-based telescopic spectra [Pieters et al., 1973; 1974; Hawke et al., 

1983; Gaddis et al., 1985; Lucey et al., 1986; Pzeters and Tompkins, 2005] and 

Clementine five-band spectra [Weitz et al., 1998; Gaddis et al., 2003]. Telescopic spectra 

of the Aristarchus Plateau, Mare Humorum, and Sulpicius Gallus regions show broad 1 

and 2 µm absorptions that have been interpreted as being indicative of the presence of Fe

bearing volcanic glass [Hawke et al., 1983; Gaddis et al., 1985; Lucey et al., 1986] . The 

Taurus-Littrow deposit has been interpreted as being largely composed of crystalline, Fe

and Ti-rich material based on shared spectral features with the Apollo 17 black beads 

[Adams et al., 1974; Pieters et al., 1974]. Weitz et al. [1998] used Clementine spectral 

ratios of pyroclastic deposits to estimate the glass/crystalline bead ratio, while a large 

survey of Clementine data by Gaddis et al. [2003] also interpreted spectral ratios in terms 

of crystallinity, Fe, and Ti content. In this work, we use radiative transfer modeling 

employing measured optical constants of glass to constrain the compositions of telescopic 

spectra of lunar pyroclastic deposits. We address the effects of black beads on the spectra 

of pyroclastic deposits using computational mixing because the spectral effects of the 

unusual geometry of ilmenite laths in a mostly glass matrix has not been modeled. 

2. Methods 

2.1 Telescopic Spectra 

We have analyzed the spectra of pyroclastic deposits in the three regions for 

which the highest quality ground-based spectra exist: the Aristarchus Plateau, Mare 

Humorum, and Sulpicius Gallus (for locations, dates see Gaddis et al. [1985]). The 
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spectra were acquired with the indium antimonide infrared circular variable filter (CVF) 

spectrometer mounted on the University of Hawaii 2.24-m telescope at Mauna Kea 

observatory. The spectrometer collected 120 wavelength channels between 0.6 and 2.5 

µm; we have only used data up to 2.0 µm due to the presence of significant thermal 

emission beyond this wavelength. The spectra were converted to absolute reflectance by 

normalizing the spectra to the reflectance of each location derived from data from 

Clementine at 0.75 µm. We also extended the spectra to the UV by using the 0.415 µm 

band from Clementine data (Figure 1). 

2.2 Radiative Transfer Model 

In order to determine the compositions of the Aristarchus, Humorum, and 

Sulpicius Gallus pyroclastic deposits, we apply radiative transfer modeling to the 

remotely obtained spectra. The model is based on the bidirectional reflectance theory of 

Hapke [1981; 1993; 2001] as employed by Lucey [1998]. The radiative transfer model 

uses measured optical constants, also known as the complex indices of refraction, to 

predict the bidirectional reflectance of a particulate surface. Optical constants are 

fundamental properties of materials that are independent of particle shape or size, and 

their variations with wavelength control the spectral features observed, together with the 

physical state of the particles and the viewing geometry. The complex index of refraction 

of a material has two components, n, the real index of refraction (which is equivalent to 

the index of refraction in relatively transparent materials such as silicates and glasses) 

and k, the imaginary index of refraction (mathematically related to the absorption 

coefficient). The optical constants of a material and Hapke's treatment are used to 
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calculate single scattering albedo at a specified particle size. The single scattering albedo 

is the probability of a photon surviving an encounter with a material, and the single 

scattering albedos of components in an intimate mixture add linearly in proportion to 

their abundance. The single scattering albedo is then used with Hapke ' s methods to 

calculate the bidirectional reflectance of the medium at specified incidence and emission 

angles. 

2.3 Determination of Optical Constants 

To compute spectra of a lunar-like particulate glass surface, optical constants are 

required for the range of Fe and Ti contents found in lunar pyroclastic glasses. In this 

work we use directly measured optical properties of glasses of different compositions, 

and use the correlations between composition and refractive index to interpolate the 

constants to any iron and titanium concentration. 

2.3.1 Imaginary index of refraction. We used absorption coefficients measured by Bell 

et al. [1976] of synthetic glasses of seven compositions designed to address lunar glass 

properties, ranging from a high-iron and titanium glass to end members with no iron and 

no titanium. Bell et al. provided data from 0.5 to 2.5 µm for all seven glasses, and from 

0.4 to 2.5 µm for four of the glasses. The absorption coefficient (a) is related to the 

imaginary index of refraction by 

4nk 
a=--

A, 
(1) 

where A is the wavelength. We used this relationship to convert the absorption 

coefficients of the seven glasses to k. Bell et al. indicated that the UV absorption was 

controlled by the sum of Fe and Ti, but did not present how the relative importance Fe 
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and Ti vary with wavelength. The attribution of the UV absorption to a Fe-Ti charge 

transfer confined to the UV suggests that there should be variations in the relative 

contribution of the two key elements to the imaginary index of refraction with 

wavelength, where titanium would strongly influence k in the UV but have little effect at 

longer wavelengths. To quantify this, we measured the correlation of k with FeO and 

Ti02 as a function of the equation FeO + xTi02 , where x is a weighting factor used to 

vary the relative influence of Ti02 on the k spectrum. The weighting factor was varied 

between -1 and 2, because a reconnaissance test indicated that it did not vary outside 

these limits. A higher value for the weighting factor would indicate titanium increases 

the ability of the glass to absorb photons at that wavelength relative to a Ti-poor or Ti

free glass, whereas a negative weighting factor would indicate that titanium adversely 

affects the ability of the glass to absorb photons at that wavelength, relative to a glass 

with less titanium. The correlation of k with FeO + xTi0 2 was examined at each 

weighting and wavelength (figure 2) and the weighting factor that resulted in the 

maximum correlation at each wavelength was selected (Figure 3). The optimum Ti02 

weighting factor was near zero through most of the VIS and NIR wavelengths showing 

that Ti has little direct influence on glass spectra in this range, but increased to greater 

than 1.5 shortward of -0. 7 µm, consistent with the presence of an Fe-Ti charge transfer 

absorption. The maximum correlation between k and FeO + xTi02 increased very 

slightly at long wavelengths with a Ti02 weighting factor of up to 0.4. However, as we 

know of no mechanism whereby titanium would affect the spectrum at these 

wavelengths, we have set the Ti02 weighting factor to zero at wavelengths greater than 

0.78 µm. Using these Ti02 weighting factors results in a high correlation between k and 
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FeO + xTi0 2 (Figure 4). The optimum correlation is greater than 0.9 at all wavelengths, 

and greater than 0.99 near 1 µm. 

With the proper relationship between Fe, Ti, and kin hand, we fit k against the 

FeO + xTi0 2 of the seven Bell et al. [1976] glasses at each wavelength to develop 

coefficients allowing derivation of k at any Fe and Ti content. From this linear fit, we 

attained a slope and an offset at each wavelength that relates the k value to the weighted 

sum of Fe and Ti. This can be used to calculate the complex index of refraction of a glass 

of an arbitrary iron and titanium composition at each wavelength by multiplying Ti02 by 

the determined optimum weighting factor, adding FeO, and multiplying this sum by the 

determined slope and adding the offset 

(2) 

where mJ.. is the slope and bJ.. is the offset, as given in Table 1. The resultant k spectrum 

is then incorporated into the model and together with particle size and viewing geometry 

used to calculate the reflectance spectrum as described in section 2.2. 

2.3.2 Real index of refraction. While spectral features in reflectance spectra of 

glasses in the UVVIS-NIR are dominated by variations ink, n, the real index of refraction 

also changes with both composition and wavelength, and affects the reflectance 

spectrum. Though in previous studies lacking alternatives n was assumed to be equal to 

the average visible refractive index [Hapke and Wells, 1981 ; Hapke, 1993; Lucey, 1998], 

its variation is significant in the UV, where we have shown above that titanium has its 

strongest influence. Therefore we have used the following steps to calculate n over the 

UVVIS-NIR spectral region for a glass of any iron and titanium composition (because 
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g...~ 
data is- available over such a limited wavelength range, calculations using dispersion 

theory are not possible). 

First, we used the equation of Church and Johnson [1980] that relates the 

refractive index of a silicate glass to its chemical composition 

(n0.55 -1)=0.460WF8i02 
+l.158WFTio

2 
+0.581WFA

1203 
+l.090WFFe

2
o

3 
+0.897WFFeO 

+o.903WFMno +0.767WFM0 o +0.795WFeao +0.505WFNa 0 +0.495WFK 0 0 2 2 

(3) 

where WF denotes the weight fraction of the oxides present. The wavelength for which 

this refractive index equation is valid was not stated. However, the refractive index 

measurements were performed using immersion oils, whose standard refractive index is 

generally specified at the mercury e line (0.55 µm), thus we have designated this 

refractive index as no.55. To calculate no.ss from equation (3), we input the desired FeO 

and Ti02 weight fractions, and set the weight fractions of the remaining oxides equal to 

their average value as calculated from the lunar pyroclastic glass data of Delano [1986] 

(table 2). 

To understand the variation of n with wavelength, we used the refractive index 

data of Ghosh [1998] for 32 commercial glasses between 0.4 and 2.3 µm. These glasses 

all exhibit an increase in refractive index with decreasing wavelength, with the sharpest 

increase between -0.4-0.7 µm (figure Sa). The shape of then spectrum is correlated with 

the value of no.55 : with increasing no.55 , the variation in n from the UV to the NIR 

increases (figure Sb). To incorporate this into our model, so that we can use the n0.55 

calculated with equation (3) to determine the overall n spectrum, we looked at the 

variation in n/ no.55 versus no.s5 at each wavelength. The correlation between n/ n0.55 and 

no.s5 is high at all wavelengths; correlations range from 0. 77 to 0.88 , and are greater than 
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0.8 everywhere but wavelengths longer than ~2.0 µm. At each wavelength, we fit a first 

order polynomial to no.55 versus n/ n055 . This provided us with a slope and offset at each 

wavelength that can be used to calculate the n spectrum depending on its n0.55 value 

nA. = (mA. X n0_55 ) + bA. (4) 

Slope and offset values are given in Table 1. 

3. Results 

3.1 Relative effects of FeO and particle size 

To first order, FeO and particle size show similar effects; increasing FeO or 

particle size decreases reflectance and increases band depth, raising the possibility that 

these parameters cannot be separated. To study this problem, we first modeled each of 

the telescopic spectra as a series of pure glasses with fixed iron contents and particle sizes 

(0-30 wt% FeO, at increments of 0.25 wt% FeO, and 2-60 µm, at increments of 0.5 µm). 

For each of the approximately 14,000 combinations of FeO content and particle size, a 

gradient descent algorithm was applied, allowing titanium content, agglutinate 

abundance, and amount of SMFe to vary until the best possible spectral fit was achieved 

at that fixed combination of iron and particle size, and the quality of the fit was recorded. 

We defined the quality of the fit as the total of the sum of the difference between the 

telescopic and modeled spectra (to record the differences in absolute reflectance), plus 

the sum of the difference between the telescopic and modeled spectra divided by their 

mean (to emphasize how well the overall shape of the spectra matched). 

The results of the modeling show that iron content and particle size can indeed 

mimic each other to some extent. Of the best model fits to each of the telescopic spectra, 
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it is seen that a decrease in iron content can be nearly compensated for with an increase in 

particle size and vice versa without significantly changing the goodness of the model fit 

(figure 6). However, there is a clear minimum where a particular combination of particle 

size and iron best match the telescopic spectra. For Aristarchus this is an iron content of 

21 wt% FeO and a particle size of 8 µm, for Humorum we find 20 wt% FeO and 6 µm, 

and for Sulpicius Gallus an iron content of 17 wt% FeO and a particle size of 6 µm fit 

best (figure 7, table 3). These iron contents are within the range of sampled pyroclastic 

glasses [Delano, 1986], but their particle sizes are lower than the mean value of sampled 

lunar pyroclastic glasses (40 µm by mass) [McKay et al., 1974]. However, the optical 

properties are dictated by the size fraction that with the largest cross-sectional area, not 

mass (see discussion below). 

3.2 Titanium and the UV 

The titanium content was determined by selecting the best fit spectrum from the 

grid search described above, where TiOi was allowed to vary at each point to match the 

telescopic spectra. The UV portion of the spectrum ( <O. 7 µm) is most strongly affected 

by Ti02 content (as evidenced by the high Ti02 weighting factors at short wavelengths in 

figure 3), but iron also affects this region to a lesser extent due to the Fe-Ti charge 

transfer. Thus the best fit for the Ti02 content is linked to the FeO content to some 

degree (figure 8). However, a comparison of the goodness of fit in figure 6 and the 

titanium content in figure 8 shows that all of the best spectral fits have Ti02 contents that 

are within ~ 1 % of each other. The titanium abundances that produced the best-fit model 
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spectra are -1.8 wt% Ti02 for the Aristarchus deposit, -1.7 wt% Ti02 for the Humorum 

pyroclastics, and 0.4 wt% Ti02 for the Sulpicius Gallus region (table 3). 

3.3 Crystallinity 

Previous studies have suggested that many of the regional pyroclastic deposits 

contain a significant portion of black beads [Adams et al., 1974; Pieters et al., 1974; Zisk 

et al., 1977; Weitz et al., 1998; Gaddis et al., 2003]. We therefore tested whether a 

mixture of glass and black beads would provide a better fit to the telescopic spectra. We 

used the reflectance spectrum collected by Adams et al. [1974] of black beads from 

sample 74001 as the devitrified component. We converted the black bead reflectance 

spectrum to single scattering albedo using Hapke theory. This allows the reflectance of a 

mixture of black beads and glass to be calculated from the sum of their single scattering 

albedos weighted by their relative abundances. We repeated our gradient descent fitting 

routine at the same fixed iron abundances and particle sizes, this time allowing the 

program to vary the abundance of black beads along with Ti02 content, SMFe, and 

agglutinate abundance. We found that when the abundance of black beads was allowed 

to vary in the gradient descent routine, the best fits for all three regions contained 

negative fractions of black beads. 

3.4 Validation 

For comparison, we also modeled the Apollo 15 green glass. A spectrum of the 

green glass in sample 15401 taken by Adams et al. [1974] is the best example of a 

pyroclastic glass without contamination by other materials. We fit this sample at its 

known iron and titanium contents (19.7 wt% FeO and 0.4 wt% Ti02), allowing particle 
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size, SMFe, and agglutinates to vary to find the best spectral match of reflectance. We 

can match the spectrum reasonably well using the known iron and titanium concentration, 

except at wavelengths shorter than -0.7 µm, where the model predicts a lower reflectance 

than is observed (figure 9). The best fit results is a particle size of 18.7 µm. The mean 

particle size of this sample is -62 µm by mass [Graf, 1993]. However, the size fraction 

that dominates the optical properties of a sample is the fraction that dominates the cross

sectional area [Hapke, 1981]. We normalized the measured size distribution to the cross

sectional areas of the size bins and find that the 16 µm size fraction is the peak of the size 

frequency distribution. Our result of 18. 7 µm for the particle size of the green glass is 

consistent with this. The model fit contains no SMFe and a small fraction of agglutinates 

(20% ). Sample 15401 is immature, and these low values for the space weathering 

parameters suggest that the model is accurately determining maturity. 

For an independent look at the titanium values of our three regions, we examined 

the Ti02 values derived from Lunar Prospector neutron spectrometer data [Elphic et al., 

2002]. This data is of relatively low spatial resolution (0.5° x 0.5° bins), but the 

pyroclastic deposits are large enough that they dominate the field of view. The neutron 

spectrometer-derived titanium values for the three areas where the telescopic spectra 

were collected are all low: 0.5, 1.2, and 2.6 wt% Ti02 for Aristarchus, Humorum, and 

Sulpicius Gallus, respectively. 

4. Discussion 

The best observational and laboratory data available, coupled with our radiative 

transfer model, suggest that the Aristarchus, Humorum, and Sulpicius Gallus spectra 

51 



represent iron-rich, low titanium glass deposits. We find iron values (17-21 wt% FeO), 

which fall within the range of values indicated by glasses in the sample collection (16-24 

wt% FeO) [Shearer and Papike, 1993]. The uncertainty of the titanium values is higher, 

as the model reflectances at short wavelengths, where effects of titanium are strongest 

(<0.7 µm) , are the most in error. Our model spectrum of the Apollo 15 green glass 

composition (Figure 9) demonstrates that the model produces lower reflectance values 

than observed at short wavelengths. The model also predicts a lower reflectance than is 

observed at 0.415 µm for all three remote spectra, which resulted in slight negative 

values of Ti02 for two of the deposits. Because the reflectance in this region is 

controlled not just by titanium, but also by iron, we find that no combination of iron and 

titanium contents can provide an arbitrarily good fit to the reflectance at 0.415 µm, and 

the reflectance of the rest of the spectrum. The most likely cause for this error is that the 

optical constants and their variation with titanium content as calculated from the Bell et 

al. [1976] and Ghosh [1998] synthetic glass data are in error at short wavelengths. The 

imaginary index of refraction at 0.415 µm is based on just four synthetic glasses from 

Bell et al. [1976] compared with seven at all other wavelengths, increasing the 

uncertainty at that wavelength. For example, it is unlikely that the titanium weighting 

factor used to calculate k (Figure 3) actually decreases at 0.415 µm compared to longer 

wavelengths. Additional error could come from the ambiguities in matching telescopic 

observation photographs to select the correct region in the Clementine images to 

determine the 0.415 µm value. Despite these errors, the best-fit spectra produced by 

radiative transfer modeling suggest that the observed regions are composed of iron-rich 

low titanium glasses (classified as very low- or low-Ti [Giguere et al., 2000]), a finding 
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supported by the low Ti02 values for the three regions from Lunar Prospector neutron 

spectrometer data [Elphic et al., 2002]. Other workers have also attempted to estimate 

the titanium content of the Aristarchus pyroclastics. This supports the suggestion of 

Gaddis et al. [2003] that the Aristarchus pyroclastics are lower in Ti02 than the Apollo 

17 orange glass, and the Pieters and Tompkins [2005] finding of low-Ti glass for the 

Aristarchus plateau based on the shape of the 1 µm band. Our results indicate that the 

iron and titanium compositions of these deposits are similar to the Apollo 15 green glass. 

This is, however, are at odds with the suggestion of Weitz et al. [1998] that all of the 

observed regional pyroclastic deposits are high in titanium, because deposits with 

compositions similar to the green glass would have a high albedo and thus would not be 

detectable. Our modeling shows that the telescopic spectra for three deposits are 

consistent with a high-iron, low-titanium glass exposed to significant, but typical, degrees 

of space we~thering. Orbital observations support space weathering effects on 

pyroclastics. Lucchitta and Schmitt [ 197 4] reported that small, fresh craters and steep 

slopes exposed material that was brighter (and visually more orange or red) than the dark 

surroundings in the Sulpicius Gallus pyroclastic deposit. They interpreted this to be a 

stratigraphic effect of black beads overlying glass, but it is equally plausible that these 

were areas of recently exposed immature pyroclastic material surrounded by dark mature 

material. 

The best model fits indicate that Aristarchus, Humorum, and Sulpicius Gallus 

have particle sizes of 6-8 µm. The mean size fraction of the Apollo 1 7 orange glass and 

black beads is 40 µm by mass, and is 62 µm by mass for the Apollo 15 green glass 

[McKay et al., 1974; Graf, 1993]. The size fraction that dominates the optical properties 
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of these samples is ~ 16 µm (determined by normalizing the particle size distribution to 

the cross-sectional area), approximately a factor of two larger than our modeled particle 

sizes. The sampled pyroclastics are among the most fine-grained soils in the sample 

collection, despite being immature. Mature pyroclastic soils like three remotely observed 

deposits would be expected to be dominated by an even smaller size fraction, as the 

evolution of particle sizes with maturity is well-established [McKay et al., 1974]. 

However, it is also possible that there is a systematic particle size error in our modeling, 

as there has not been an objective test to determine with what fidelity the equations of 

Hapke [1981; 1993; 2001] relate reflectance and optical constants. 

The telescopic spectra are best matched by pure glass, without a significant 

amount of devitrified black beads. However, there are several important caveats to our 

modeling of crystallinity. First, the black beads we are mixing in are high iron and 

titanium (23 wt°/o FeO; 9 wt% Ti02), which might not be appropriate for these regions. 

Our modeling suggests these deposits are low in titanium, and a crystalline version of this 

glass would likely have optical properties significantly different from those of the black 

beads. Second, as we are not directly modeling the black beads, we cannot change their 

particle size or their degree of space weathering. Sample 74001 contains black beads 

with very little space weathering, and hence its spectrum shows much stronger 

absorptions than black beads that would be found on the surface in these regions. These 

factors, along with possible errors in the model, make it difficult to rule out a mixture of 

moderate titanium glass and black beads. It has been suggested that the Sulpicius Gallus 

region in particular could be a mixture of glass and devitrified black beads [Lucchitta and 

Schmitt, 1974; Zisk et al., 1977; Weitz et al., 1998], and a model spectrum with up to 5 
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wt% Ti02 glass mixed with 5 vol% black beads can provide a fit to the Sulpicius Gallus 

spectrum that is only marginally poorer than the black-bead-free fits. There is also the 

possibility that other model parameters are able to compensate for the fact that weathered 

black beads are not included in our model. For example, the best fits of the Sulpicius 

Gallus spectrum have the highest fraction of agglutinates and highest amount of SMFe 

among the three modeled deposits (table 3). It is possible that the increase in these space 

weathering-related parameters is due to the model attempting to make up for the lack of a 

weathered black bead component. These different possibilities imply that based on the 

spectrum alone, Sulpicius Gallus could be either pure glass or have a small component of 

black beads mixed in. 

Our modeling also enables us to address previous efforts to determine pyroclastic 

compositions with spectral ratios. Zisk et al. [1977] suggested that based on the 0.61/0.37 

µm ratio, the Sulpicius Gallus region is a mixture of 1 part orange glass to 4 parts black 

beads, but our modeling indicates that any component of black beads is significantly 

smaller. They also estimated the Aristarchus deposit as composed of 1 part orange glass 

and 2 parts black beads, a finding which is not supported by our results of a low-Ti pure 

glass for this region. Gaddis et al. [2003] plotted the 0.95/0.75 µm ratio vs. the 

0.415/0.750 µm ratio from Clementine data for 75 pyroclastic deposits in order to 

interpret iron, titanium, and crystallinity variations. We find that model glass spectra that 

differ only in their iron and titanium content can cover nearly the entire spectral space 

occupied by the lunar pyroclastics on this plot (Figure 10), and any variations in particle 

size or space weathering between deposits would only obfuscate possible trends due to 

composition or crystallinity. Weitz et al. [1998] proposed that these two ratios can be 
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used to determine the relative crystallinity of lunar pyroclastic deposits, assuming iron 

and titanium content is constant. However, if iron or titanium content varies between 

deposits, which is almost certain based on variation in glass compositions in the lunar 

samples, any trend due to crystallinity would be obscured. 

This study shows the utility of using radiative transfer modeling to determine 

compositions of lunar glasses from hyperspectral data. It also shows the need for high 

precision, high spectral resolution data. Because of the spectral interplay of composition, 

particle size, and maturity, it is difficult to determine composition with high levels of 

confidence without this kind of high quality data. High spatial resolution spectra would 

also significantly improve our ability to determine composition, by allowing the targeting 

of small, fresh craters. Because space weathering decreases the strength of absorption 

bands and reduces the differences between spectra of different compositions, spectra of 

immature surfaces would increase the ability to confidently determine composition. 

Spectrometers with UVVIS and NIR coverage on future lunar missions, such as the 

spectral profiler aboard the Japanese Aerospace Exploration Agency's (JAXA) SELENE 

mission and the Moon Mineralogy Mapper on the Indian Space Research Organisation' s 

(ISRO) Chandrayaan-1 mission, should greatly enhance the presently limited reservoir of 

lunar hyperspectral data. Reflectance data from both of these spectrometers down to 0.4 

µm, along with improved measurements of the optical constants of glass will be 

important for refining calculations of the compositions of pyroclastic deposits. 

56 



5. Conclusions 

- We have successfully used radiative transfer modeling with measured optical constants 

to produce model spectra that match telescopic spectra of the Aristarchus, Humorum, and 

Sulpicius Gallus lunar pyroclastic deposits. 

- We find that model spectra of pure glass (as opposed to devitrified black beads) provide 

the best matches to all three spectra. 

- We find iron contents of 21, 20; and 17 wt% FeO for Aristarchus, Humorum, and 

Sulpicius Gallus, respectively. 

- Radiative transfer modeling suggests that all three regions are low in titanium, a finding 

supported by Lunar Prospector neutron spectrometer Ti02 values. 

- The best match to the Sulpicius Gallus spectrum, a region previously interpreted to be a 

mixture of glass and black beads, is pure low-Ti glass. However, a moderate Ti glass 

mixed with black beads provides a fit that is only marginally poorer, and cannot be ruled 

out. 

- Multispectral data cannot be used to definitively distinguish variations m glass 

composition from variations in crystallinity. 

- New high precision, high spectral and spatial resolution data expected from upcoming 

missions will allow improved modeling of pyroclastic materials, especially if immature 

deposits like those observed by Lucchitta and Schmitt [1974] can be resolved. 

- Improved measurements of optical constants and their variation with composition 

would enhance future studies. This is especially true at short wavelengths ( <O. 7 µm) 

where there appears to be the largest error. 
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Tables 

Table 1. Offsets, slopes and Ti02 weight factor used to calculate optical constants. 
Wavelength Ti02 weight 

(µm) n offset (b;) n slope (m;) k offset (b;) k slope (m;) factor* 
0.40 0.94016 0.044987 
0.415 0.95012 0.037586 -3 .4 779E-03 l .9462E-04 1.58000 
0.42 0.95344 0.035119 
0.44 0.96432 0.026991 
0.46 0.97336 0.020202 
0.48 0.98097 0.014462 
0.50 0.98745 0.009559 
0.52 0.99301 0.005333 
0.54 0.99783 0.001660 -7.0494E-04 4.4773E-05 1.61029 
0.56 1.00203 -0.001555 -5.2397E-04 3.5300E-05 1.58129 
0.58 1.00572 -0.004388 -3 .5937E-04 2.7031E-05 1.52323 
0.60 1.00897 -0.006898 -2 .3324E-04 2.1068E-05 1.41692 
0.62 1.01186 -0.009133 -1.3 906E-04 l .7058E-05 1.25175 
0.64 1.01444 -0.011135 . -6.448 lE-05 1.4317£-05 1.02870 
0.66 1.01674 -0.012934 -2.7412£-06 1.2568£-05 0.73477 
0.68 1.01881 -0.014558 4.0806£-05 1.1979£-05 0.44383 
0.70 1.02068 -0.016030 6.9283E-05 l.2316E-05 0.21805 
0.72 1.02238 -0.017368 8.7194E~05 l.3563E-05 0.08011 
0.74 1.02391 -0.018589 9.4871£-05 1.5634£-05 0.01574 
0.76 1.02531 -0.019706 l .0223E-04 1.7997£-05 -0 .02664 
0.78 1.02659 -0 .020731 1.0474£-04 2.0974£-05 -0.03843 
0.80 1.02776 -0.021674 1.1127£-04 2.3993£-05 -0.05756 
0.82 1.02883 -0.022544 1.1470£-04 2.7202£-05 -0.06128 
0.84 1.02981 -0.023348 1.1318£-04 3.0736£-05 -0.05144 
0.86 1.03072 -0.024093 1.1446£-04 3.4261£-05 -0.04326 
0.88 1.03155 -0.024784 1.0334£-04 3.8012£-05 -0.01538 
0.90 1.03232 -0.025428 9.6173£-05 4.1710£-05 0.00035 
0.92 1.03303 -0.026027 1.0154£-04 4.4678£-05 -0.00830 
0.94 1.03368 -0.026587 1.0138£-04 4.7903£-05 -0.00980 
0.96 1.03429 -0.027111 1.0504£-04 5.0817£-05 -0.01708 
0.98 1.03486 -0.027601 1.1189£-04 5.3433£-05 -0.02823 
1.00 1.03538 -0.028062 1.1261£-04 5.5921£-05 -0.03132 
1.02 1.03586 -0.028495 1.0471£-04 5.8307£-05 -0.02215 
1.04 1.03631 -0.028902 1.0139£-04 6.0089£-05 -0.01952 
1.06 1.03673 -0.029285 l .0099E-04 6.1318£-05 -0.01996 
1.08 1.03712 -0 .029647 9.9296£-05 6.2301£-05 -0.02069 
1.10 1.03748 -0 .029989 9.0319E-05 6.3216£-05 -0.01376 
1.12 1.03782 -0.030313 7.9573E-05 6.3791£-05 -0.00196 
1.14 1.03813 -0.030619 7.5498£-05 6.3897£-05 -0.00031 
1.16 1.03842 -0.030909 6.8968£-05 6.3822£-05 0.00598 
1.18 1.03869 -0.031185 5.8509E-05 6.3684£-05 0.01697 
1.20 1.03894 -0 .031447 4.8772£-05 6.3470£-05 0.02570 
1.22 1.03917 -0.031696 3.2901£-05 6.3007E-05 0.04194 
1.24 1.03939 -0.031933 l .2404E-05 6.2701£-05 0.06385 
1.26 1.03959 -0.032159 3.6309E-06 6.1848£-05 0.07571 
1.28 1.03977 -0.032374 -8.7629£-06 6.0920E-05 0.09238 
1.30 1.03994 -0.032580 -2.1241£-05 6.0127E-05 0.10631 
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Table 1 (Cont.). Offsets, slopes and Ti02 weight factor used to calculate optical constants. 
1.32 1.04010 -0.032777 -3.0514E-05 5 .9249E-05 0.11781 
1.34 
1.36 
1.38 
1.40 
1.42 
1.44 
1.46 
1.48 
1.50 
1.52 
1.54 
1.56 
1.58 
1.60 
1.62 
1.64 
1.66 
1.68 
1.70 
1.72 
1.74 
1.76 
1.78 
1.80 
1.82 
1.84 
1.86 
1.88 
1.90 
1.92 
1.94 
1.96 
1.98 
2.00 
2.02 
2.04 
2.06 
2.08 
2.10 
2.12 
2.14 
2.16 
2.18 
2.20 
2.22 

1.04024 
1.04037 
1.04049 
1.04060 
1.04070 
1.04079 
1.04087 
1.04094 
1.04100 
1.04105 
1.04110 
1.04114 
1.04117 
1.04119 
1.04121 
1.04122 
1.04123 
1.04123 
1.04122 
1.04121 
1.04119 
1.04117 
1.04114 
1.04110 
1.04107 
1.04102 
1.04097 
1.04092 
1.04087 
1.04080 
1.04074 
1.04067 
1.04060 
I .04052 
1.04044 
1.04035 
1.04026 
1.04017 
1.04007 
1.03997 
1.03987 
I .03976 
1.03965 
1.03954 
1.03942 

-0.032964 
-0.033144 
-0.033316 
-0.033481 
-0.033640 
-0.033792 
-0.033937 
-0.034078 
-0.034213 
-0.034342 
-0.034467 
-0.034588 
-0.034704 
-0.034816 
-0.034924 
-0.035029 
-0.035129 
-0.035227 
-0.035321 
-0.035412 
-0.035501 
-0.035586 
-0.035669 
-0.035750 
-0.035827 
-0.035903 
-0.035976 
-0.036047 
-0.036116 
-0.036184 
-0.036249 
-0.036312 
-0 .036374 
-0.036434 
-0.036492 
-0 .036549 
-0 .036604 
-0.036658 
-0.036710 
-0 .036761 
-0.036810 
-0 .036859 
-0.036906 
-0.036951 
-0.036996 

-2.9297E-05 
-3 .3371E-05 
-3.7854E-05 
-4.1242E-05 
-5.3123E-05 
-5 .8 l 79E-05 
-6.3795E-05 
-7.7351E-05 
-7.9438E-05 
-7.5133E-05 
-8.1713E-05 
-8 .584 IE-05 
-9 .0845E-05 
-9.5996E-05 
-9.8918E-05 
-1 .0948E-04 
-1.14 3 2E-04 
-l.1436E-04 
-l.1455E-04 
-1.2130E-04 
-1.308 lE-04 
-1.3241 E-04 
-1.3426E-04 
-1.3 5 l 8E-04 
-1.361 lE-04 
- I .3860E-04 
-l.3484E-04 
- l .3227E-04 
-1.3732E-04 
-l.3091E-04 
- l .4022E-04 
-I .3775E-04 
-1.3 9 5 7E-04 
-l.4856E-04 
-l.5735E-04 
-l.6724E-04 
-1. 7541 E-04 
-l.7157E-04 
-1.64 78E-04 
-1.8219E-04 
-l.8352E-04 
-2 .0232E-04 
-2 .0816E-04 
-2.083 lE-04 
-2. l l 77E-04 

5.801 lE-05 
5.7140E-05 
5.6311E-05 
5.5537E-05 
5.5259E-05 
5.4880E-05 
5.4676E-05 
5.4931E-05 
5.4951E-05 
5.4890E-05 
5.5256E-05 
5.5630E-05 
5.6272E-05 
5.7006E-05 
5:7754E-05 
5.8854E-05 
5.9768E-05 
6.0619E-05 
6.1537E-05 
6.2654E-05 
6.3801E-05 
6.4561E-05 
6.5228E-05 
6.5717E-05 
6.6082E-05 
6.6489E-05 
6.6559E-05 
6.6681E-05 
6.6954E-05 
6.6696E-05 
6.6941E-05 
6.6675E-05 
6.6669E-05 
6.6798E-05 
6.6883E-05 
6.7063E-05 
6.7022E-05 
6.6580E-05 
6.5906E-05 
6.6174E-05 
6.5901E-05 
6.6165E-05 
6.6039E-05 
6.5786E-05 
6.5616E-05 

0.11371 
0.11496 
0.12040 
0.12424 
0.13663 
0.13999 
0.14385 
0.15702 
0.15597 
0.14783 
0.15531 
0.15995 
0.16446 
0.17040 
0.17313 
0.18528 
0.19070 
0.19002 
0.18924 
0.19369 
0.20104 
0.19974 
0.20005 
0.20005 
0.19977 
0.20090 
0.19622 
0.19258 
0.19796 
0.19124 
0.20143 
0.19923 
0.20191 
0.21268 
0.22231 
0.23250 
0.24138 
0.23720 
0.23266 
0.25118 
0.25210 
0.27297 
0.28040 
0.27968 
0.28091 

2.24 1.03930 -0 .037039 -2.2081 E-04 6.5460E-05 0.29134 
2.26 1.03917 -0.037082 -2.2857E-04 6.5273E-05 0.30147 
2.28 1.03904 -0.037123 -2.3363E-04 6.4912E-05 0.31003 
2.30 1.03891 -0.037163 -2.3521E-04 6.4658E-05 0.31141 

*Analysis m text set Ti02 weight factor to zero at wavelengths past 0.76 µm 
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Table 2. Average oxide weight fractions used in equation (3) as calculated from Delano 
[1986] data for lunar pyroclastic glasses. Weight fractions were renormalized to sum to 
one with input iron and titanium fractions. 

Average Weight 
Oxide Fraction 

Si02 0.4135 

Ah03 0.0696 

Fe203 0.0000 
MnO 0.0026 
MgO 0.1543 
Cao 0.0627 

Na20 0.0005 

K10 0.0012 
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Table 3. Model parameters that resulted in the best match to the spectral reflectance of 
the three regional pyroclastic deposits. 

FeO Particle Ti02 Fraction Fraction SMFe (mass 
(wt%) Size (~m) (wt%) Glass Agglutinates fraction in coating) 

Aristarchus 20.75 7.5 -1.8 0.58 0.42 0.017 
Humorum 20.25 5.5 -1.7 0.66 0.34 0.018 
SulEicius Gallus 17.25 6.0 0.4 0.51 0.49 0.021 
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Figure 1. Telescopic spectra of the three regional pyroclastic deposits. Each deposit was 
normalized to the value of its reflectance at 0. 75 µm as determined from Clementine 
images. The 0.415 µm reflectance was also ascertained from Clementine data. Error 
bars represent one standard deviation of the mean of several independent telescopic 
measurements, except at 0 .415 µm where they are the standard deviation of the mean of 
nine Clementine pixels. 
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Figure 2. Plotted are the imaginary index of refraction k vs. the FeO + xTi0 2 for the Bell 
et al. [1976] glasses at three wavelengths, where x is the optimum Ti02 weight factor at 
those wavelengths. A high correlation results when the optimum Ti02 weight factor is 
used. 
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Figure 3. The optimum Ti02 weighting factor (which resulted in the highest correlation 
of FeO + xTi0 2 and k) vs. wavelength. Dashed line indicates where we set the weighting 
factor to zero. 
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Figure 4. Solid line shows the correlation between FeO + xTi0 2 and k when the 
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CHAPTER 4. NEAR-INFRARED OPTICAL CONSTANTS OF 
PYROXENE AS A FUNCTION OF IRON AND CALCIUM 
CONTENT 

Published in its present form as Denevi, B. W, P. G. Lucey, E. J Hochberg, and D. 
Steutel (2007), J Geophys. Res., doi: 10.1029/2006JE002802, in press. 
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Abstract 

We derive the imaginary coefficient of the complex index of refraction (k) from 

reflectance spectra of 30 pyroxenes [Cloutis, 1985; Cloutis et al., 1986; l 990b; l 990a; 

Klima et al., 2005] using the method of Lucey [1998]. We apply the modified Gaussian 

model of Sunshine et al. [1990] to these k spectra to obtain two continuum parameters 

and nine Gaussian parameters that describe the 1, 2, and 1.2 µm crystal field absorptions. 

This method takes advantage of the redundancy in the data and minimizes the number of 

free parameters, resulting in a compact expression of optical constants that is less 

susceptible to noise in the data and contamination from terrestrial weathering. Multiple 

regression results indicate that the continuum and Gaussian parameters are well predicted 

by pyroxene FeO and CaO contents; thus, a complete k spectrum for pyroxene can be 

derived from arbitrary FeO and CaO concentrations. ·The uncertainty is highest for the 

1.2 µm Ml crystal field absorption in both orthopyroxene and clinopyroxene. These k 

spectra can be used with radiative transfer theory to produce model reflectance spectra of 

particulate silicate surfaces at different viewing geometries, particle sizes, levels of space 

weathering, and mixtures with other minerals [Hapke, 1981; 1993; 2001]. 

1. Introduction 

Pyroxene is among the most abundant, chemically diverse, and spectrally active 

minerals in the solar system. Its features often dominate the near infrared (NIR) spectra 

of remotely observed bodies, and interpreting the compositional clues these spectra 

provide is aided by a comprehensive examination of the range of pyroxene spectral 
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characteristics. The NIR spectral features of pyroxene and the variations that occur with 

composition are intimately linked to the pyroxene crystal structure. Pyroxene contains 

two crystallographic sites, the Ml site, which is a relatively symmetric octahedral site of 

6-coordination, and the M2 site, a polyhedron of 6 to 8-coordination, which, especially in 

clinopyroxene (pyroxene with monoclinic crystal structure), is highly distorted. The 

exact shapes of these sites depend on the pyroxene structure type and composition 

[Cameron and Papike, 1980; Burns, 1993]. The M2 site can accommodate cations that 

are larger than those in the Ml site, meaning that Ca2
+, exclusively, and Fe2

+, 

preferentially, are found in the M2 site. In the diopside-hedenbergite series 

(Ca(Fe,Mg)Sii06), Ca2
+ fills the M2 site, and in all other pyroxenes the M2 sites not 

occupied by Ca2
+ are preferentially filled with Fe2

+ rather than Mg2
+. In iron-rich 

pyroxene, an increasing fraction of the ferrous iron occupies the Ml site. These physical 

distinctions are reflected in the spectra of pyroxene. 

Ferrous iron residing in the highly distorted M2 crystallographic site is 

responsible for the most prominent NIR spectral features associated with pyroxene -

strong crystal field absorptions at approximately 1 and 2 µm. The distortion of the M2 

site enables substantial crystal field splitting, which causes a large difference in the 

energy levels of the d orbitals of the Fe2
+. An electron occupying a lower energy level 

can be excited to a higher level by absorbing a photon of the appropriate energy. For the 

M2 site, the energy of the photons absorbed corresponds to wavelengths near 1 and 2 µm 

(generally slightly shorter wavelengths for orthopyroxene and slightly longer for 

clinopyroxene). While Mg2
+ and Ca2

+ are not directly responsible for absorption of light 

because they do not have unfilled d orbitals, they do affect the absorptions caused by 
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ferrous iron by modifying the size and shape of the M2 site. For example, in more calcic 

clinopyroxene, as larger Ca2+ replaces smaller Fe2
+ in the M2 site, there is a slight 

expansion in the size of the site throughout the mineral, resulting in the shift of the 1 and 

2 µm bands to slightly longer wavelengths [Hazen et al., 1978; Burns, 1993]. Fe2
+ 

residing in the more symmetric Ml site also causes crystal field absorptions, though they 

are weaker than those of the M2 site. In more iron-rich pyroxene, a higher fraction of the 

iron occupies the Ml site, resulting in weak Fe2
+ crystal field absorptions near 0.9 and 1.2 

~.\We<:.'"! 
µm [Rossman, 1980; Burns, 1993]. The 0.9 µm Ml feature is generally not evident! 

because it is obscured by the stronger M2 1 µm feature. However, the 1.2 µm absorption 

can be observed as a shoulder on the long wavelength side of the 1 µm feature in Fe-rich 

pyroxene [e.g. Bell and Mao, 1972; Rossman, 1980; Klima et al., 2005]. The 1, 2, and 

1.2 µm absorptions constitute the major spectral features of pyroxene and are the focus of 

this work. Other features include small spin-forbidden absorptions at short wavelengths 

and intervalence charge-transfer absorptions due to small amounts of Fe3
+. We do not 

focus on spectral features due to ferric iron because they are not observed in the highly 

reducing environments of the Moon and many asteroids. 

The spectral properties of minerals are captured in their optical constants, physical 

parameters that describe the interaction of electromagnetic radiation and the material. 

The optical constants are fundamental to first-principles modeling of the spectral 

properties of planetary surfaces [Hapke , 1993]. This kind of modeling can take into 

account mixtures of minerals and physical parameters such as particle size or shape, and 

so can predict the reflectance spectra of materials from their optical properties and 

physical conditions. The optical constants are also known as the complex index of 
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refraction (n+ik), where n is the real index of refraction and k is the coefficient of the 

imaginary index of refraction. When k is small (<<1), as in silicate minerals like 

pyroxene, absorption is weak and n governs the angle of refraction at boundaries between 

materials while k governs absorbance (the shape of the absorption features). One factor 

currently limiting the applicability of radiative transfer modeling to modeling of silicate 

surfaces in the visible and NIR is a scarcity of measured optical constants for pyroxene. 

This is because traditional methods of measuring optical constants require gem-quality 

samples to be cut and polished to exacting specifications, followed by measurements of 

optical properties along all crystallographic axes. Defining the complete range of optical 

constants for all compositions in the pyroxene quadrilateral in this manner is difficult, 

and thus reports of pyroxene optical constants in the NIR have been limited to a few 

unique compositions [e.g. Egan and Hilgeman, 1977; Jager et al., 1994; Pollack et al. , 

1994]. Only the methods of Lucey [1998] enable estimates of k for a pyroxene of any 

iron content. However, that work did not include the optical effects of variations in 

calcium that have been shown to be important [Adams, 1974; Hazen et al., 1978; Cloutis 

and Gaffey, 1991]. 

We use the techniques of Lucey [1998], based on the work of Hapke [1981; 1993] 

to produce optical constants of pyroxene from reflectance spectra of pyroxene over a 

range of compositions, and then use these data to determine the dependence of the optical 

constants both on iron and calcium. We apply these techniques to the pyroxene 

reflectance spectra of Cloutis [1985], Cloutis et al. [1986; 1990b; 1990a] and Klima et al. 

[2005], and use the modified Gaussian model (MGM) technique of Sunshine et al. [1990] 

to describe the k spectra derived from reflectance in terms of three Gaussian parameters 
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for each absorption band and two continuum parameters. We then regress these Gaussian 

parameters against the FeO and CaO contents of the pyroxenes to derive coefficients that 

can be used to calculate the Gaussian and continuum parameters that describe the k 

spectrum for a pyroxene of any composition. This approach has several advantages. 

First, it makes use of the redundancy in the data and reduces the number of free 

parameters over that of Lucey [1998], resulting in a more compact expression of optical 

constants for convenient use. It has the benefit that, because the k spectra are forced to 

obey Gaussian profiles, the effects of noise in the data and contamination from terrestrial 

weathering can be reduced. In addition, as future pyroxene data with a wider range of 

compositions become available [e.g. Klima et al., 2005], the relationship between the 

Gaussian parameters and iron and calcium contents can be easily refined. 

2. Methods 

This study utilizes previously published data for pyroxenes of different 

compositions. The orthopyroxene reflectance spectra and compositions consist of 13 

spectra of 11 powdered natural pyroxenes of compositions over the range F S7.8-41.s Woo.4-

83 from Cloutis [1985], Cloutis et al. [1986; 1990b; 1990a] and Klima et al. [2005] and 

preliminary spectra of eight powdered synthetic pyroxenes of compositions Fs0_92 Woo 

from Klima et al. [2005]. The chemistry, oxidation state, and spectral properties of the 

synthetic pyroxene suite are characterized and described in detail in Klima et al. [2006]. 

The clinopyroxenes consist of 11 powdered natural samples of compositions Fs1.4-

1s.1Wo37.1-49.s from Cloutis [1985] and Cloutis et al. [1986; 1990b; 1990a] (Figure 1). The 

reflectance spectra of all of these samples were collected at the NASA RELAB facility 

78 



[Pieters and Hirai, 2004]. Data from the Cloutis group were provided in digital format, 

while spectra from Klima et al. [2005] were converted to digital format by selecting 

points along the reflectance curves in Figure 2 of that work. The errors from this process 

are on the order of the width of the plotted lines, or less than 1 % reflectance and . 01 µm 

in wavelength. 

For each pyroxene sample we calculated the k spectrum using equations 1-8 from 

Lucey [ 1998]. This process first converts bidirectional reflectance to single scattering 

albedo, which is the probability of a photon surviving an encounter with an individual 

particle. This step removes the effects of viewing geometry, and the incidence and 

emission angles are required inputs in equations (1) and (3) of Lucey [1998]. All samples 

were reported to have been observed at an incidence angle of 30° and an emission angle 

of 0°, except those of Klima et al. [2005], for which viewing geometries were not 

reported. In this case we have assumed the RELAB standard of 30° and 0° for the 

incidence and emission angles, respectively. The second step is to convert single 

scattering albedo to k. This process removes the optical effects of particle size, which is a 

required input to equation ( 4) of Lucey [ 1998]. All samples included in this study were 

reported to have been sieved to <45 µm, and we used as inputs the mean particle size of 

22.5 µm for this size fraction. Lucey [ 1998] tested the effects of particle size on the 

calculation of k for six different size fraction separates and found that the mean particle 

size is a good approximation for particle size separates that contain a wide range of sizes 

(e.g., 0-45 µm). Still, this approximation could result in an error of up to 10% in the 

calculation of k. 
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The modified Gaussian modeling method of Sunshine et al. [1990] is a useful 

means to characterize the pyroxene k spectra. It relies on the assumption that the bond 

lengths in a mineral are random due to thermal vibrations and small variations in crystal 

structure, and thus crystal field absorptions can be represented with a Gaussian 

distribution 

(1) 

where µ is the center of the absorption feature, a is its width, and s is the strength of the 

absorption. In standard Gaussian modeling it is typically assumed that the random 

variable xis energy [e.g. Farr et al., 1980; McCord et al., 1981]. However, this method 

requires several overlapping Gaussians to fit a single absorption feature. Sunshine et al. 

studied a modified form of the Gaussian equation where the numerator was -(xn - µn) 2
• 

They allowed n to vary and found that each individual absorption feature is better 

represented as a single Gaussian distribution when the exponent n is -1. As their fits 

were done in units of energy, when n is -1 this is the inverse of energy, and equivalent to 

wavelength. Thus using units of wavelength instead of energy in equation ( 1) is 

mathematically equivalent to the modified Gaussian model and results in a conventional 

Gaussian that better characterizes crystal field absorptions. The term "modified Gaussian 

model" reflects the fact that in this method the random variable x was discovered to be 

proportional to wavelength rather than the standard energy, though it is something of a 

misnomer as fits to absorption bands in units of wavelength rather than energy use the 

standard form of the Gaussian equation. 
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The modified Gaussian model was developed for analysis of reflectance spectra 

and is applied to data in units of natural log reflectance. To apply this model to fit k 

spectra, there must be a linear relationship between k and natural log reflectance. Figure 

2 shows that the relationship is weakly nonlinear over large ranges of reflectance. 

However, no spectrum fit here covers the full range of reflectances in Figure 2, so the 

relationship is very close to linear over the range of reflectance or k of an individual 

pyroxene. As a validation test, we compute the spectrum of a pure pyroxene in units of 

reflectance from our fitted k-spectrum, then refit this using the MGM in units of natural 

log reflectance. The residuals from each are similar. We also attempted to fit the k 

spectra using the standard Gaussian model (in units of energy) and find that the modified 

Gaussian model is much better able to match the absorption features with a single 

Gaussian for each feature. 

In addition to the Gaussians used to describe the absorptions, a continuum is 

necessary to completely characterize each spectrum. The continuum is the base level of 

reflectance (or absorbance) onto which the Gaussian absorptions are superimposed. It is 

linear with respect to energy, but appears curved when plotted against wavelength. As 

noted by Sunshine et al. [1990] , the causes of the continuum are not well understood. It 

has been proposed to be due to wings of broad absorption features [Clark, 1999], or some 

combination of first surface reflectances and multiple scattering [Huguenin and Jones, 

1986; Burns, 1993]. In this work the continuum is defined by two points, its value at 0.6 

µm and at 1.3 µm, and is calculated by 

C(x) = y + Yu - Yo.6 . (x-1 _ x -1) 
0.6 -I -I 0.6 

X1.3 - Xo.6 
(2a) 
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where Yo.6 and Yu are the values of k at 0.6 and 1.3 µm , and x is in units of wavelength. 

If x is in µm, equation (2a) simplifies to 

C(x) = y +Yu - Yo.6 . (x-1 -1.667). 
0

·
6 -0.897 

(2b) 

We use a gradient descent algorithm to model each pyroxene. The model is given an 

initial guess of the Gaussian and continuum values in equations (1) and (2), and allowed 

to vary freely until an acceptable fit is achieved, with the only restriction being that the 

Gaussian strengths not be negative. The gradient descent algorithm modeled each 

pyroxene as a sum of the continuum and five Gaussians: the M2 crystal field absorptions 

near 1 and 2 µm, the Ml crystal field absorption at -1.2 µm, and absorptions centered at 

-0.6-0.8 µm and -3.0 µm. These last two Gaussians are used to account for 

contamination by ferric oxide and water or hydroxyl bearing material, which is evident in 

many of the samples. The absorption in the 0.6-0.8 µm range is a weak intervalence 

charge transfer (IVCT) band due to the interaction of Fe2
+ with small amounts of 

contaminant Fe3
+ [Rossman, 1980; Burns, 1993]. The absorption near 3 µmis required 

because it is evident that beyond 2 µm absorption is occurring not attributable to 

pyroxene. This absorption was also required in the MGM fitting of Sunshine et al. 

[ 1990]. Representing this absorption as a single band near 3 µm allows us to better 

isolate the ferrous iron absorption in pyroxene near 2 µm. We focus only on the three 

Gaussians directly attributable to pyroxene, leaving 11 parameters (two for the continuum 

and three for each of the three Gaussians) that can be used to describe the entire pyroxene 

spectrum, with contributions from contamination minimized. 
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For each of these 11 parameters, a multiple regression is performed. The predictor 

values were the FeO or ferrosilite (Fs=FeO/(FeO+MgO+CaO)xl 00) and CaO or 

wollastonite (Wo=CaO/(FeO+MgO+CaO)xlOO) contents of the pyroxenes, and the 

response variables were the 11 spectral parameters. In the remainder of this work, FeO 

and CaO content refer to the percent as defined above, also known as the Fs and Wo 

A 

content, and not the weight percent. The least squares regression coefficients B were 

calculated with matrix algebra by B = (X'Xr1X'y where X is the matrix of FeO and 

CaO contents and y is the spectral parameter in question. This results in two coefficients 

and a constant for each of the 11 spectral parameters so that the F eO and CaO contents 

can be used to calculate the Gaussian and continuum parameters that describe the k 

spectrum for a pyroxene of that particular composition. We evaluate the model by 

comparing the actual spectral parameters with those predicted by the model. 

3. Results 

Applying the Gaussian model to our pyroxene k spectra results in high-quality fits 

of both orthopyroxene and clinopyroxene (Figure 3). There are small systematic residual 

errors, especially near the 1 µm band in orthopyroxene and the 1.2 µm band in 

clinopyroxene: These suggest an ultimate limit to how well the Gaussian profiles can 

represent the k spectra. The continuum and Gaussian parameters for each pyroxene k 

spectrum are presented in Table 1. 

Our data show correlations between 1 and 2 µm band centers (defined by µ in 

equation (1)) and pyroxene FeO (Figure 4a, d) and CaO content, consistent with previous 

work [Adams, 1974; Hazen et al., 1978; Cloutis and Gaffey, 1991]. The two remaining 
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Gaussian parameters (width and strength) and the two continuum parameters are also 

correlated with FeO (both increase with higher concentrations of iron), and to a lesser 

extent, CaO (Figure 4, Table 2). Multiple regression of FeO and CaO content together 

against the Gaussian and continuum parameters results in higher correlations, and hence a 

better prediction of k, compared to fitting against just FeO or CaO alone (Table 2). 

For orthopyroxene, we find a marked difference between the spectral parameters 

of the synthetic, Ca-free samples of Klima et al. [2005] and the natural samples (Woo.4-s.3) 

of both Klima et al. [2005] and the Cloutis group [Cloutis, 1985; Cloutis et al., 1986; 

1990b; 1990a] (Figure 4). For most of the parameters, the multiple regression against 

FeO and CaO together does not improve the fit, indicating that the synthetic and natural 

orthopyroxenes follow separate trends. We chose to use the natural orthopyroxenes in 

our final multiple regressions in view of the fact that they are more representative of 

lunar, Martian, and asteroid samples, where pure Ca-free pyroxene is extremely rare 

[Basaltic Volcanism Study Project (BVSP), 1981]. The synthetic samples lend 

confidence to the extension of the trends to higher levels of F eO, beyond the range of the 

natural samples (Fs7.8-4 1.5). However, there were several cases where we found it 

necessary to include the synthetic samples in our orthopyroxene fits. The position of the 

2 µm band shows a large degree of scatter in the natural samples (Figure 4e), likely due 

to small amounts of contamination or alteration, leading to a weak 1.9 µm water band. 

The presence of this band would be difficult to detect as it falls within the main 2 µm 

band, but could cause a shift in the center of the Gaussian fit to this band. In fact, spectra 

of the largest outliers in 2 µm band position often have visible OH and metal-OH 

absorptions at 1.4 and -2.3 µm, confirming the presence of alteration or contamination. 
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The synthetic data follow a similar trend with much less scatter (Figure 4e). Thus in this 

case we used both the natural and synthetic data in our multivariate regression. However, 

as we have no natural pyroxene data at high levels of FeO, we cannot confirm that the 2 

µm band center regression parameters are accurate for high FeO natural orthopyroxenes. 

The 1.2 µm orthopyroxene band parameters also require use of the synthetic samples. 

Below values of approximately Fs30, the strength of this band is near zero, after which it 

begins to increase, indicating the need for a second order fit (Figure 4g). As the natural 

orthopyroxenes include only two samples greater than Fs30, we included the synthetic 

samples in a second-order fit against FeO content. And as the band position is less 

reliable when the strength is close to zero, the synthetic samples were required in the 

regression against the position of the 1.2 µm orthopyroxene band. 

All of the spectral parameters are well predicted (p < 0.05) by multiple regression 

against FeO and CaO, except for the orthopyroxene 1.2 µm band width and for all three 

of the clinopyroxene 1.2 µm Gaussian parameters (Table 2). While the width of the 1.2 

µm band shows significant variation among the orthopyroxene samples (Figure 4i), most 

of this variation occurs for cases where the strength of this band was nearly zero (Figure 

4g). When the band strength is essentially zero, the width of the band has no real 

meaning, and can fluctuate widely without affecting how well the model spectrum 

matches the observed spectrum. In this case, as we believe the variation in this parameter 

is spurious, we find it is reasonable to fix it at an average value of 0.114 µm. The 

position and width of the 1.2 µm band in the clinopyroxene samples show little variation 

and cluster around their average values, thus we have fixed them as such at 1.23 7 µm for 

the band center (Figure 4h) and 0.109 µm for the band width (Figure 4i). Because the 
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multiple regression of the Gaussian strength of the clinopyroxene 1.2 µm band was still 

significant at the 90% level (p < 0.1 O; Table 2), and because there is theoretical support 

for the trend of increasing 1.2 µm band strength with increasing FeO [Burns, 1993], we 

use the regression coefficients for this parameter. 

The final regression coefficients that can be used with equations ( 1) and (2) to 

calculate a complete pyroxene k spectrum are listed in Table 3. These coefficients can be 

used in the form A·FeO + B·CaO +Constant to calculate each spectral parameter (with 

the only exception being the orthopyroxene 1.2 µm band strength, where a second order 

equation is required: AFeO + B·Fe02 +Constant). The Gaussian parameters calculated 

from these coefficients are used with equation (1) to calculate the Gaussian shape for the 

desired wavelength range, and the continuum parameters are used with equation (2) to 

calculate the continuum. The final k spectrum is a sum of the Gaussians and continuum. 

Figure 5 shows the actual spectral parameters vs. those predicted using the coefficients in 

Table 3. Figure 5 includes the synthetic orthopyroxenes, though they do not always 

follow the same trends as the natural orthopyroxenes and were not used in all of the 

regressions, resulting in a much wider variation between their actual and predicted 

parameters (the most extreme example of this is 1 µm band width, Figure 5c). Table 3 

also indicates the expected error in each of the spectral parameters, based on the 

difference between the actual and predicted parameters in Figure 5. Figure 6 shows an 

example model orthopyroxene and clinopyroxene spectrum and the range of k values that 

would result from the expected errors listed in Table 3. It is likely that some of this error 

(and the scatter in the trends of Figure 4) is due to the presence of other minor cations in 

the natural pyroxene samples [ Cloutis and Gaffey, 1991; Cloutis, 2002]. TI:ie synthetic 
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orthopyroxene data give confidence to extending our orthopyroxene results to the entire 

range of iron compositions. However, our clinopyroxene data do# not extend beyond 

Fs18.7, and in general very little clinopyroxene NIR data exist for compositions beyond 

-Fs50 [Adams, 1974; Hazen et al., 1978; Cloutis and Gaffey, 1991]. Thus we have low 

confidence in extending our findings to iron-rich (greater than approximately Fs5o) 

clinopyroxene. 

The relationships between the positions of band centers and FeO and CaO content 

have been used to remotely infer pyroxene composition from reflectance spectra in cases 

where it is assumed that the spectrum is dominated by a single pyroxene [e.g. McFadden 

et al., 2001; Gaffey et al., 2002]. Figure 7a shows the relationship of the 1 µm band 

position and iron, along with band center trend lines predicted by our model for varying 

iron at three different levels of CaO (a similar relationship exists for the 2 µm band). 

These trend lines show the range of CaO for orthopyroxene (0, 5, and 10% CaO) and 

clinopyroxene (15, 30, and 49% CaO) and highlight the opposite effect of iron on band 

center in the two types of pyroxene. Increasing iron in orthopyroxene causes the band 

centers to shift to longer wavelengths, consistent with increasing the bond lengths of Fe2
+ 

as the M2 site expands to fit more of this larger ion (compared with Mg2+). Increasing 

iron in clinopyroxene results in a shift of band centers to shorter wavelengths, consistent 

with iron replacing the larger Ca2
+ ion in the M2 site (most of the Mg2

+ resides in the Ml 

site in clinopyroxene and has less of an effect on the M2 site crystal field absorptions). 

The lines of constant CaO in Figure 7a demonstrate that variation in calcium among the 

pyroxenes can account for much of the scatter in the relationship between iron and band 

center, in addition to the effects of minor elements observed by previous workers [Cloutis 
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and Gaffey, 1991; Cloutis, 2002]. Figure 7b shows the relationship of the 1 µm band 

position to CaO content, where trend lines indicate constant levels of FeO (1, 50, and 

100% FeO for orthopyroxene and 1, 20, and 40% FeO for clinopyroxene). These trend 

lines demonstrate that the addition of Ca2
+ to both pyroxenes causes a shift in band 

position to longer wavelengths, consistent with the expansion of the M2 site to contain 

the larger Ca2
+ ion, but indicate that the rate of change depends on the pyroxene structure, 

with Ca2
+ having a larger effect on band center in the monoclinic clinopyroxene. This 

again demonstrates that the scatter in the trend of band position vs. composition is due to 

major element composition as well as the effects of minor elements observed by previous 

workers [Cloutis and Gaffey, 1991 ; Cloutis, 2002]. 

We used the coefficients in Table 3 to compute I µm band centers at 

compositional intervals of 5% FeO and CaO throughout the pyroxene quadrilateral. In 

the tradition of Hazen et al. [1978] and Cloutis and Gaffey [1991], we converted these to 

contours outlining the I µm band center in this compositional space (Figure 8). Our 

contours differ from those of Hazen et al. [1978], but are similar to those of Cloutis and 

Gaffey [ 1991] . The main difference we find is that there is a distinct break between the 

band center trends of orthopyroxene and clinopyroxene, whereas Cloutis and Gaffey 

suggested there was a smooth variation between the two. The Cloutis and Gaffey 

contours are also curved in areas of high FeO for the clinopyroxenes, though they also 

noted that this was an area of low confidence due to the paucity of data in this 

compositional region. The data of Klima et al. [2005] will likely help to resolve this 

uncertainty. 
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Another commonly used tool in remote sensing of pyroxenes is the relationship 

between the 1 and 2 µm band centers demonstrated by Adams [1974] and expanded by 

Cloutis and Gaffey [1991]. The relative positions of the 1 and 2 µm bands have been 

used to determine if a spectrum is representative of a single pyroxene or a mixture, where 

a mixture would not lie on the trend [e.g. McFadden et al. , 2001; Gaffey et al., 2002]. 

Our 1 and 2 µm band positions derived from the k spectra show broad consistency with 

the 1 and 2 µm bands for reflectance spectra as determined in these previous works 

(Figure 9), though our 2 µm band positions are at slightly longer wavelengths relative to 

the 1 µm band position. This is likely due to fact that we use a Gaussian fit to find band 

center, rather than taking it as the minimum of the reflectance of the absorption band. 

We find that for clinopyroxene, the Gaussian band center is on average shifted to longer 

wavelengths by 0.1 µm for the 1 µm band and 0.3 µm for the 2 µm band, while the 

orthopyroxene band centers are shifted by .005 and .02 µm. We computed the 1 and 2 

µm band positions using the coefficients in Table 3; trend lines of varying iron and 

constant calcium are plotted on Figure 9 for both orthopyroxene and clinopyroxene. We 

find that the apparent single trend is actually composed of two intersecting and 

overlapping trends. This explains some of the scatter, as CaO varies across the trend. It 

is also apparent that some mixtures would still fall on this trend. 

4. Discussion 

By examining the correlation of the Gaussian and continuum parameters with 

composition, we can estimate the k spectrum for pyroxenes of a wide variety of 

compositions. These pyroxene k spectra enable radiative transfer modeling of a broader 
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range of pyroxene compositions than previously available, and can be used together with 

radiative transfer theory [e.g. Hapke, 1981; 1993] to produce reflectance spectra of 

different particle sizes, degrees of space weathering, viewing geometries, and mixtures 

with other minerals. Previous workers have demonstrated these correlations for 1 and 2 

µm band centers, but we expand this to 11 spectral parameters (Table 3) that can be used 

to define a NIR spectrum ( ~0.5-2.6 µm). The pyroxene data on which these relationships 

are based are of a limited range of compositions. The synthetic orthopyroxenes give 

confidence that the relationship between the spectral parameters and composition can be 

extended beyond the range of the natural orthopyroxenes (i.e. the trends remain linear at 

high values of FeO). However, we have no corresponding clinopyroxene data to 

determine whether the spectral behavior of clinopyroxenes studied here can be extended 

to high-iron or low-calcium regions of the pyroxene quadrilateral. Thus the values in 

Table 3 should be used with caution when dealing with pyroxenes far beyond the 

compositional range of the data used here (Figure 1). 

The systematic changes of the spectrum with composition also provide insights 

into the physical changes taking place. For example, the difference between the 

synthetic, Ca-free orthopyroxenes and the natural orthopyroxenes provide a unique 

example. The distinct trends of the natural and synthetic orthopyroxenes, especially in 

terms of the 1 µm band center and width, show that even a small amount of Ca2+ has a 

large effect on the spectrum. For example, among the natural orthopyroxenes, the 

variations among calcium contents (Woo.4-B.3) have a linear effect on the band width that 

can be relatively well-accounted for in the multiple regression against FeO and CaO 

together (R2 of 0.739). However, when the regression is performed using both the natural 
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and synthetic data, the R2 value drops to 0.269, indicating that the change in band width 

is not linear with respect to iron and calcium when crossing the threshold between a pure 

enstatite-ferrosilite and an orthopyroxene with a small amount of calcium. We interpret 

this to indicate that the spectral changes are due to either structural changes induced by 

the addition of the large Ca2
+ ion to the M2 site, or to the presence of small Ca-rich 

exsolution lamellae or exsolution zones (Guinier-Preston zones) [e.g. Nord, 1980; Zema 

et al., 2003; Hardersen et al., 2006], or both. Either of these scenarios would result in 

the changes we observe in our data: wider bands at slightly shorter wavelengths. 

Addition of Ca2
+ to the orthopyroxene st~cture would result in these spectral changes by 

causing an expansion of the M2 site, perhaps a preview of the transition that occurs at 

higher levels of calcium between orthopyroxene and clinopyroxene. The presence of Ca

rich exsolution lamellae and/or Guinier-Preston zones would result in these spectral 

changes because the overall reflectance spectrum would be similar to that of a physical 

mixture of orthopyroxene with a small amount of Ca-rich pyroxene [Adams, 1974; 

Cloutis and Gaffey, 1991]. It is also likely that the natural pyroxenes have wider bands 

and more scatter in their trends due to the inclusion of other minor elements [Cloutis, 

2002]. One of the samples assumed in this study to be an orthopyroxene has a 

composition (Wos.3) that indicates it could be a low-Ca clinopyroxene (a pigeonite). The 

fact that its spectral parameters follow the orthopyroxene rather than clinopyroxene 

trends leads us to believe that if this sample was a clinopyroxene, it has inverted to 

orthopyroxene. It is interesting to note that while the band centers and widths follow 

different trends, the strengths of the 1 and 2 µm bands follow the same linear trend 
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increasing with iron content for both the natural and synthetic orthopyroxenes as well as 

the clinopyroxene. 

The Ml 1.2 µm crystal field band is a special case. We observe that the band 

strength follows a second order trend for the orthopyroxenes, not beginning to increase 

significantly until -Fs30, while the clinopyroxene 1.2 µm band strength follows a linear 

trend, increasing even at small concentrations of FeO. This can be understood in terms of 

the relative amounts of iron in the Ml site. In orthopyroxene, the lack of calcium in the 

M2 site allows Fe2
+ to occupy this site until, at higher concentrations of FeO, a larger 

fraction is found in the Ml site. In clinopyroxene, increasing calcium content means that 

an increasing fraction of the M2 site is occupied by Ca2
+, forcing a larger fraction of Fe2

+ 

to occupy the Ml site at smaller concentrations of iron [Brizi et al., 2000; 2001; De 

Grave and Eeckhout, 2003]. This results in the appearance of the 1.2 µm band at lower 

levels of FeO than in orthopyroxene. In other words, the strength of the Ml 1.2 µm band 

increases as both iron and calcium increase [Hardersen et al., 2006]. One potential 

complication to the relationship just described is that Mg2+ and Fe2
+ do not always 

occupy their preferred site. When pyroxene is cooled rapidly, the level of Mg-Fe 

disorder increases, with a larger amount of Fe2
+ occupying the Ml site than in 

equilibrated pyroxenes [Goldman and Rossman, 1979; Steffen et al., 1988; Besancon et 

al., 1991; Burns et al., 1991]. In this case the strength of the Ml 1.2 µm absorption band 

would be an indicator of cooling rate in addition to composition [e.g. Brizi et al., 2000]. 

This effect would likely be important in geologic settings like the lunar mare, where 

cooling was often rapid [e.g. Lofgren et al., 1974; Walker et al., 1976]. Thus there are 

many cases where the strength of this band (and the amount of Fe2+ occupying the Ml 
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site) would not be diagnostic of overall FeO and CaO content, though it is correlated with 

composition in our data. The strength of the 1.2 µm band is therefore only a weak 

indicator of mineral chemistry, and the geologic setting (i.e. cooling rate) must be 

considered when interpreting the significance of this band. This discussion also has 

implications for the strength of the 1.2 µm band as predicted in this work. We have 

assumed that the synthetic orthopyroxene samples show the same degree of Mg-Fe order 

as the natural orthopyroxene samples. If the synthetic samples have a higher degree of 

disorder, with more Fe2
+ occupying the Ml site than in the natural samples, the strength 

of the 1.2 µm band would be overestimated using the regression coefficients in Table 3. 

Our data also provide some clues about the continuum. We find that the 

continuum is not due to the overlapping shoulders of the Gaussian absorptions, as the 

Gaussians fall to essentially zero between the 1 and 2 µm bands (Figure 3). We cannot 

rule out the possibility that the continuum is due to the shoulder of another type of broad 

UV absorption [Clark, 1999]. However, the fact that the level of the continuum is 

correlated with iron content (Figure 4j-k) implies that first surface and multiple scattering 

could play a role [Huguenin and Jones, 1986; Burns, 1993]. Nonetheless, the underlying 

causes of the continuum continue to remain elusive. 

5. Conclusions 

We find that the modified Gaussian model technique of Sunshine et al. [ 1990] can 

be applied to pyroxene k spectra to obtain three Gaussian parameters for each absorption 

band and two continuum parameters that can be used to define the complete k spectrum. 

93 



This work shows that the Gaussian and continuum parameters for the k spectra are 

generally well predicted by FeO and CaO content (Table 2). This means that for a given 

iron and calcium content, the corresponding k spectrum can be calculated by the 

following steps: 

1. The coefficients in Table 3 are used to calculate Gaussian and continuum 

parameters for a chosen F eO and Cao content. 

2. The Gaussian and continuum parameters are used to calculate the Gaussians 

and continuum with equations (1) and (2) for the desired wavelength range. 

3. The Gaussians and continuum values are summed at each wavelength for a 

complete k spectrum. 

These k spectra enable radiative transfer modeling of a much broader range of 

pyroxene compositions than was previously available, though we have low confidence in 

extending the spectral trends observed to compositions far outside the range studied here 

(Figures 1 and 8). Future data should help clarify this situation [e.g. Klima et al., 2005). 

The expected errors in predicted k are larger for the 2 µm band than the 1 µm 

band, and larger for clinopyroxene than for orthopyroxene (Figure 6). Contamination or 

alteration from water-bearing material limits the prediction of the 2 µm band, while a 

smaller number of samples limits our prediction of clinopyroxene k spectra. 

We find poorer correlations for many of the 1.2 µm band parameters (Table 2), 

likely due to the scarcity of pyroxene data at higher iron concentrations (greater than 

~Fsso) where this band is more apparent, as well as the variations in this band that occur 

due to temperature-induced disorder [Goldman and Rossman, 1979; Steffen et al., 1988; 

Besancon et al., 1991; Burns et al., 1991]. 
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The use of the Gaussian fitting allows the effects of contamination to be 

minimized by ignoring the Gaussian features at 0. 6-0. 8 µm and 3 µm, and by forcing the 

shape of the absorptions to match a Gaussian profile, thus minimizing sharp vibrational 

absorptions due water and hydroxyl-bearing material. 

There appear to be systematic differences between the 1 µm band centers and 

widths of the natural and synthetic orthopyroxenes, likely due to the difference in 

structure caused by the addition of Ca2
+, exsolution of Ca-rich lamellae and/or Ca-rich 

zones (Guinier-Preston zones), and the inclusion of other minor elements in the natural 

pyroxenes. 

For all parameters except band strength, orthopyroxene and clinopyroxene follow 

distinctly different trends, indicating the important effect pyroxene structure 

(orthorhombic vs. monoclinic) has on the pyroxene spectra. 
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Table 1. Continuum and Gaussian parameters of pyroxene k spectra. 

Tvoe 
Opx, nat 
Opx, nat 
Opx, nat 
Opx, nat 
Opx, nat 
Opx, nat 
Opx, nat 
Opx, nat 
Opx, nat 
Opx, nat 
Opx, nat 
Opx, nat 
Opx, nat 
Opx, synth 
Opx, synth 
Opx, synth 
Opx, synth 
Opx, synth 
Opx, synth 
Opx, synth 
Opx, synth 
Cpx 
Cpx 
Cpx 
Cpx 
Cpx 
Cpx 
Cpx 
Cpx 
Cpx 
Cpx 
Cpx 

Continuum 1 um Absomtion 
FeO Cao 10.6 um 1.3 um !Strength (CY) Center (u) Width (s) !Strength (s 
28 .20 3.32 
9.38 1.23 

6.760E-05 2.920E-05 2.61 lE-04 0.926 6.650E-02 2.403E-04 

4 1.50 3.57 
41.50 3.57 
12.84 0.40 

1.4 70E-05 l .660E-05 1.497E-04 
1. l 36E-04 5.250E-05 4.556E-04 
9.830E-05 5.080E-05 3.278E-04 
5.400E-06 7.800E-06 1.787E-04 

0.915 
0.932 
0.933 
0.915 

7. 78 1.02 1.1 OOE-05 6.900E-06 9. 780E-05 0.917 
13 .13 0.55 5.400E-06 9.400E-06 l.941E-04 0.917 
26.96 8.31 7.420E-05 4.3 lOE-05 1.867E-04 0.927 
24.62 0.68 2.060E-05 l.l 90E-05 2.766E-04 0.923 
24.62 0.68 2.530E-05 2.300E-06 2.726E-04 0.921 
14.62 0.36 5.590E-05 4.080E-05 l.81 lE-04 0.919 
12.90 1.51 8.500E-06 l.620E-05 1.31 OE-04 0.913 
14.00 1.65 4.200E-06 l.030E-05 l.203E-04 
20.00 0.00 1.800E-06 7.400E-06 3.455E-04 
25.00 0.00 l.600E-06 7.800E-06 l.865E-04 
30.00 0.00 5.300E-06 9.000E-06 2.434E-04 
50.00 0.00 l.280E-05 1.0lOE-05 5.795E-04 
65 .00 0.00 6.490E-05 4.840E-05 6.431 E-04 
75 .00 0.00 5.270E-05 5.280E-05 l .382E-03 
83.00 0.00 7.460E-05 4.830E-05 1.108E-03 
92.00 0.00 l.140E-04 5.530E-05 9.841 E-04 
9.90 49.03 1.287E-04 9.940E-05 9.990E-05 
8.11 44.36 5.350E-05 3.220E-05 l.556E-04 
2.58 48 .86 4 .300E-06 6.700E-06 5.720E-05 
9.20 44.90 l.305E-04 7.790E-05 l.512E-04 
8.54 48.69 l.314E-04 6.720E-05 l.577E-04 
2.15 49.16 5. lOOE-06 5.lOOE-06 3.360E-05 
18.67 38.88 l.l39E-04 l.129E-04 2.314E-04 
16.85 37.11 8.280E-05 8.750E-05 1.223E-04 
2.30 49.36 4.700E-06 4.700E-06 2.610E-05 
1.44 49.80 2.000E-06 3.lOOE-06 l.120E-05 
13.56 43.19 l.658E-04 7.790E-05 3.231E-04 

0.915 
0.914 
0.916 
0.919 
0.924 
0.931 
0.936 
0.939 
0.944 
1.039 
1.029 
1.050 
1.023 
1.027 
1.050 
0.999 
0.999 
1.051 
1.053 
1.028 

6.269E-02 l .286E-04 
7.777E-02 6.321E-04 
7.884E-02 4.757E-04 
6.438E-02 1.843E-04 
6.565E-02 l .119E-04 
6.385E-02 1.991E-04 
6.671E-02 l.781E-04 
6.377E-02 2.490E-04 
7.097E-02 3.426E-04 
6.802E-02 3.096E-04 
6.073E-02 1.178E-04 
6.026E-02 l.039E-04 
5.837E-02 2.550E-04 
5.906E-02 1.451 E-04 
5.921 E-02 1.90 lE-04 
6.037E-02 4.817E-04 
6.233E-02 4.5 l 9E-04 
6. 780E-02 l.423E-03 
6.885E-02 9.454E-04 
6.425E-02 7.062E-04 
8.445E-02 7. l 70E-05 
8.035E-02 9.700E-05 
6.220E-02 3.730E-05 
8.327E-02 7.160E-05 
8.887E-02 6.670E-05 
6.473E-02 3.lOOE-05 
9.367E-02 l .905E-04 
9.197E-02 1.184E-04 
6.087E-02 l .960E-05 
7.375E-02 9.IOOE-06 
7 .942E-02 l .909E-04 

m Absoortion 
Center (u) Width !CY 

1.841 2.102E-O 1 
1.870 1.938E-O 1 
1.969 2.148E-01 
1.973 2. l 92E-O I 
1.875 l.900E-01 
1.903 2.122E-01 
1.877 1.89lE-O1 
1.863 2.131E-01 
1.893 2.001E-01 
1.889 2.055E-Ol 
1.935 2.050E-O 1 
1.866 l .927E-O 1 
1.872 
1.886 
1.909 
1.922 
1.979 
2.017 
2.055 
2.055 
2.068 
2.349 
2.312 
2.352 
2.310 
2.284 
2.398 
2.193 
2.214 
2.375 
2.420 
2.322 

l.843E-01 
1.821E-01 
1.855E-O 1 
1.868E-01 
1.937E-01 
l.934E-01 
2.025E-01 
1.972E-01 
2.007E-01 
2.424E-01 
2.166E-01 
1.928E-01 
2.072E-01 
2.l 13E-Ol 
2.160E-01 
3.157E-01 
3.639E-01 
2.019E-OI 
2.367E-01 
2.203E-Ol 

~ 
~ 
O"' -~ 
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Table 1 (Continued). Continuum and Gaussian parameters of pyroxene k spectra. 
3 

Strength{s} Center(;} Width{a} lstrength {s} C~nter{µ} 'width{a} lstrength{s} ·Center~} Width{a, 
7.500E-06 1.171 9.426E-02 3.130E-05 0.518 l.359E-O I 5.260E-05 2.808 4.046E-OI 
5.200E-06 1.123 9.963E-02 6.400E-06 0.622 9.082E-02 3.930E-05 2.697 2.472E-OI 
l .950E-05 1.180 9.779E-02 2.560E-05 0.611 l.008E-OI 5.370E-05 2.707 2.591E-Ol 
l.590E-05 1.179 9.423E-02 l .940E-05 0.606 8.383E-02 4.350E-05 2.719 2.625E-Ol 
l .200E-06 1.139 7.796E-02 l.400E-06 0.587 7.81 lE-02 2.140E-05 2.686 2.413E-Ol 
2.400E-06 1.147 8.764E-02 3.300E-06 0.598 9. l 99E-02 5.090E-05 2.700 2.498E-Ol 
1.000E-06 1.139 8.039E-02 8.000E-07 0.588 8.l l 2E-02 2.130E-05 2.684 2.469E-Ol 
3.900E-06 1.142 l.103E-Ol I .790E-05 0.604 9.447E-02 4.860E-05 2.707 2.367E-Ol 
l .400E-06 1.201 l.8l6E-O1 8.500E-06 0.588 9.584E-02 2.290E-05 2.704 2.597E-Ol 
3.800E-06 1.200 2.063E-Ol l.940E-05 0.506 l .048E-O 1 4.220E-05 2.703 2.589E-Ol 
4.500E-06 1.198 2.124E-Ol l.220E-05 0.503 9. lOOE-02 2.082E-04 2.901 4.396E-Ol 
4 .300E-06 1.074 4.028E-02 7.300E-06 0.529 1.313E-Ol 3.140E-05 2.694 2.620E-Ol 
3.600E-06 1.078 6.586E-02 5.500E-06 0.630 l .860E-O 1 2.560E-05 2.694 2.712E-Ol 

\0 
1.830E-05 1.124 l.145E-01 5.400E-06 0.608 2.302E-O 1 7 .600E-06 2.705 2.488E-OI 

-...] 9.700E-06 1.132 9.510E-02 5.lOOE-06 0.533 l.414E-01 4.800E-06 2.708 2.439E-Ol 
1.260E-05 1.146 9.995E-02 O.OOOE+OO 0.706 5.429E-02 8.600E-06 2.706 2.497E-Ol 
4.750E-05 1.155 1.551E-01 3 .200E-06 0.523 l.535E-O 1 3.380E-05 2.701 2.527E-Ol 
5.490E-05 1.170 I. l l 7E-O 1 2.l 50E-05 0.492 2.860E-02 5.300E-06 2.695 2.450E-Ol 
1.951 E-04 1.191 l.248E-Ol l.600E-06 0.581 2.245E-01 I .550E-04 2.708 2.558E-Ol 
l.617E-04 1.200 1.171 E-01 l .OOOE-07 0.587 7 .207E-02 5.690E-05 2.700 2.524E-Ol 
l.548E-04 1.195 1.331E-01 4. 780E-05 0.818 6.039E-02 5.0 I OE-05 2.696 2.501 E-01 
2.870E-05 1.264 9.044E-02 2.030E-05 0.777 7.188E-02 5.800E-06 3.011 2.523E-Ol 
2.730E-05 1.266 l.226E-01 3.380E-05 0.727 9.516E-02 l.160E-05 3.014 2.705E-Ol 
5.800E-06 1.246 9.521E-02 5.300E-06 0.854 6.771E-02 l.lOOE-06 3.007 2.539E-Ol 
6.160E-05 1.224 l.3l5E-O1 5.550E-05 0.760 8.375E-02 4.400E-06 2.989 2.470E-Ol 
5.490E-05 1.246 l.138E-01 6.290E-05 0.733 9.449E-02 l.570E-05 3.025 2.784E-Ol 
2.900E-06 1.249 l .044E-O 1 2.600E-06 0.847 6.469E-02 l JOOE-06 3.000 2.516E-Ol 
2.780E-05 1.226 1.07lE-O1 9.800E-06 0.787 7.699E-02 9.700E-06 3.023 2.516E-01 
l .980E-05 1.205 l .053E-O 1 O.OOOE+OO 0.758 4.627E-02 9.000E-07 2.988 2.643E-01 
3.400E-06 1.219 l .OOOE-0 1 2.500E-06 0.874 8.247E-02 l.OOOE-06 2.996 2.599E-Ol 
2.600E-06 1.217 9.877E-02 l.600E-06 0.889 6.285E-02 4.000E-07 3.020 2.456E-Ol 
6.240E-05 1.244 l.263E-O 1 6.550E-05 0.764 7.903E-02 7.700E-06 3.011 2.671E-Ol 



Table 2. Statistics for regressions of s2ectral 2arameters against com2osition 
FeO onl~ Cao Onl~ Multivariate 

Ri Ri Ri 

Clino12xroxene 
Continuum 0.6 0.566 0.196 0.814 0.001 
Continuum 1.3 0.833 0.434 0.949 0.000 
1 µm Strength 0.601 0.377 0.629 0.019 
1 µm Center 0.895 0.860 0.930 0.000 
1 µm Width 0.743 0.470 0.775 0.003 

2 µm Strength 0.813 0.645 0.813 0.001 

2 µm Center 0.823 0.761 0.843 0.001 
2 µm Width 0.553 0.661 0.663 0.013 
1.2 µm Strength 0.284 0.087 0.440 0.098 
1.2 µm Center 0.029 0.147 0.290 0.254 

1.2 µm Width 0.105 0.132 0.132 0.568 

Ortho12xroxene 
Continuum 0.6 0.773 0.430 0.817 0.000 
Continuum 1.3 0.508 0.424 0.606 0.015 

I µm Strength 0.816 0.060 0.904 0.000 

1 µm Center 0.912 0.407 0.932 0.000 
1 µm Width 0.711 0.102 0.739 0.002 
2 µm Strength 0.721 0.033 0.835 0.000 
2 µm Center 0.851 0.111 0.879 0.000 

2 µm Width 0.502 0.349 0.562 0.024 

1.2 µm Strength 0.663 0.145 0.826 0.000 

1.2 µm Center 0.319 0.010 0.319 0.031 
1.2 ~m Width 0.010 0.047 0.116 0.573 
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Table 3. Coefficients for predicting continuum and Gaussian k parameters from 
com2osition 

A (FeO} B (CaO} Constant Exeected error { +/-} 

Clinoei'.roxene 
Continuum 0.6 l .800E-05 l .538E-05 -7 .817E-04 2.04E-05 
Continuum 1.3 l.l lOE-05 7.082E-06 -3 .660E-04 6.54E-06 
1 µm Strength l.731E-05 7.815E-06 -3.800E-04 4.00E-05 
1 µm Center -1.858E-03 l .764E-03 9.665E-Ol 3.43E-03 
1 µm Width 2.352E-03 l .032E-03 l.133E-02 4.67E-03 

2 µm Strength 9.348E-06 -3.372E-08 4.422E-06 2.02E-05 

2 µm Center -7.322E-03 4.931E-03 2.157E+OO 2.07E-02 
2 µm Width 8.233E-04 -8 .633E-03 6.267E-Ol 2.45E-02 
1.2 µm Strength 5.063E-06 4.536E-06 -2.235E-04 1.44E-05 
1.2 µm Center 0 0 1.237 l.32E-02 
1.2 µm Width 0 0 0.114 l .08E-02 

OrthOE.}:'.roxene 
Continuum 0.6 2.462E-06 4.l 71E-06 -2 .000E-05 l.28E-05 
Continuum 1.3 8.006E-07 2.965E-06 5.295E-07 7.87E-06 
1 µm Strength 9.279E-06 -l.504E-05 5.812E-05 2.22E-05 
1 µm Center 5.021E-04 4.858E-04 9.096E-Ol l .37E-03 
1 µm Width 4.658E-04 -4.957E-04 5.852E-02 2.33E-03 
2 µm Strength l .436E-05 -2 .718E-05 1.236E-05 4.59E-05 
2 µm Center 2.487E-03 -6.006E-03 l.853E+OO l .72E-02 
2 µm Width 4.932E-04 l.3 l 5E-03 l.905E-Ol 5.89E-03 
1.2 µm Strength* -5.845E-07 2.842E-08 4.633E-06 l.06E-05 
1.2 µm Center 8.436E-04 l.560E-05 l.128E+OO 2.20E-02 
1.2 µm Width 0 0 0.109 4.25E-02 

*This parameter requires a second order fit (AFeO + B·Fe02 +Constant) instead of the 
first order fit (AFeO + B·CaO +Constant) used for all other parameters. 
Where there are zeroes for the F eO and CaO coefficients, this parameter has been set to 
the value of the Constant. 
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Figures 

Figure 1. Pyroxene quadrilateral showing the compositions of the pyroxenes used in this 
study. Filled circles indicate natural samples [ Cloutis, 1985; Cloutis, et al., 1986; 1990a; 
1990b; Klima, et al., 2005] and open circles indicate synthetic samples [Klima, et al., 
2005]. 
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Figure 2. The imaginary index of refraction (k) vs. the natural log of reflectance 
calculated from k using equations 1-8 of Lucey [ 1998]. The relationship between the two 
is close to linear, indicating the modified Gaussian model of Sunshine et al. [1990] can 
also be applied to k spectra. 
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Figure 3. Example MGM fits of pyroxene k spectra for orthopyroxene (a; fs41.5Wo36) 

and clinopyroxene (b; Fs9.2 Wo44.9). Bold line is the k spectrum, solid lines are the best fit 
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Figure 4. Gaussian and continuum parameters of pyroxene data used in this study plotted 
against the pyroxene F eO content. The 11 parameters shown are defined in equations ( 1) 
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Figure 5. The actual Gaussian parameters (also shown in Figure 4) plotted against the 
values predicted using the coefficients in Table 3, where perfect predictions would show 
a 1: 1 slope (indicated with solid lines) . Several of the parameters ( clinopyroxene in h, 
and all pyroxenes in i) have been set to a constant value and thus do not follow the 1 : 1 
slope; The larger errors in the 1.2 µm orthopyroxene band width (i) are for pyroxenes 
<Fs30, where the band strength is approximately zero and thus the band width is not 
meaningful. Errors are the most extreme for the synthetic orthopyroxenes in cases where 
they were not used in the regression and follow a different trend than the natural 
orthopyroxenes (e.g., c and j). The deviations between the actual and predicted 
parameters were used to calculate and expected error (Table 3). 
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En s 

Figure 8. Contours show the variation of the position of the 1 µm in the pyroxene 
compositional space. Dashed lines indicate areas of low confidence due to a lack of data. 
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CHAPTER 5. RADIATIVE TRANSFER MODELING OF NEAR
INFRARED SPECTRA OF LUNAR SOILS: THEORY AND 
MEASUREMENT 

Submitted to the Journal of Geophysical Research with co-authors P. G. Lucey and S. B. 
Sherman. 
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Abstract 

We examine the ability of a radiative transfer model based on the theory of Hapke 

[1981; 1993; 2001] and described by Lucey [1998] and Lawrence and Lucey [2007] to 

reproduce reflectance spectra of known composition, as well as extract compositional 

information from reflectance spectra. We test this model using spectra of orthopyroxene

olivine [Singer, 1981] and orthopyroxene-clinopyroxene mixtures [Sunshine and Pieters, 

1993], spectra of nine lunar mare soil samples studied by the Lunar Soil Characterization 

Consortium (LSCC) [Taylor et al., 2001], and a telescopic spectrum of the Apollo 11 

landing site [McCord et al., 1981]. We find that the model is able to accurately 

reproduce reflectance spectra of two-component mineral mixtures, and can be used to 

accurately predict mineral abundances, mineral chemistry, and particle size. In the case 

of the lunar soils, we model their reflectance spectra using the mineral abundances and 

chemistries for each soil [Taylor et al., 2001]. We collect our own mineral and chemical 

information for one of these samples, 12001, in order to examine the effects of several 

simplifying assumptions employed by the LSCC, and conclude that the classification of 

glass (volcanic/impact vs. agglutinitic) can have large consequences on the predicted 

spectra. We find that we can generally mimic the sample spectra, though with consistent 

errors in contrast and continuum slope, and absorption bands offset to shorter 

wavelengths. We successfully model the Apollo 11 telescopic spectrum with mineralogy 

and chemistry from sample 10084, though the fit is improved with slight variations in 

mineralogy or mineral chemistry. We find that varying pyroxene chemistry can have as 

large an effect on spectral shape as varying mineral abundance. 
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1. Introduction 

Among the goals of remote sensmg of planetary surfaces is to be able to 

accurately determine mineralogy and chemistry without having to sample each 

compositional unit. One way to do this is to examine the visible and near-infrared (VIS

NIR) light reflected from the surface, a method that is especially effective on airless 

bodies such as the Moon, where reflectance spectra are free of atmospheric contributions. 

Reflected VIS-NIR light contains compositional information because as each photon 

interacts with the surface, it is either reflected or absorbed depending on its wavelength 

and the unique crystal structure of the mineral present, resulting in a distinct reflectance 

spectrum [e.g. Burns, 1993] . 

Modeling based on radiative transfer theory is a useful approach to interpret the 

compositional information contained in VIS-NIR reflectance spectra. Here we examine 

one form of radiative transfer modeling, that is based on the work of Hapke [1981; 1993; 

2001], and was first described by Lucey [1998] and is detailed in Lawrence and Lucey 

[2007]. This physics-based model relies on knowledge of the fundamental optical 

properties of minerals and glasses to predict how light will interact with particulate 

mixtures. It can currently be used to model all of the major components of the lunar 

regolith: plagioclase, pyroxene, olivine, ilmenite and glass, as well as the products of 

space weathering - agglutinates and submicroscopic iron (SMFe). 

This model has been used in several studies to estimate lunar and asteroidal 

surface compositions based on Clementine five-band UVVIS spectra and ground-based 

telescopic spectra [Lucey, 2003 ; Wilcox et al., 2006; Cahill and Lucey, 2007; Lawrence 

and Lucey, 2007]. In this work we examme how well the model can reproduce 
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reflectance spectra of known composition, and how accurately compositional information 

can be extracted from reflectance spectra. We investigate this by modeling spectra of 

simple mineral mixtures, lunar mare soils studied by the Lunar Soil Characterization 

Consortium (LSCC), and telescopic spectra. We also perform our own chemical and 

mineral analyses on Apollo sample 12001, to determine how simplifying assumptions 

about mineral and glass chemistry and abundance affect model results. We hope to learn 

any limitations of the model, and ways in which it can be improved. 

2. Methods 

2.1 Radiative Transfer Model 

The radiative transfer model used here is based on the work of Hapke [1981; 

1993; 2001], and the detailed equations are presented in Lucey [ 1998] and Lawrence and 

Lucey [2007]. In brief, the model takes as inputs the modal abundances of plagioclase, 

pyroxene, olivine, ilmenite, glass, and agglutinates. For each of these components, the 

optical constants in the desired wavelength range ( ~0.6-2.3 µm) must be known. Optical 

constants are fundamental properties of a material that describe how light is absorbed and 

reflected at each wavelength [Hapke, 1993]. The optical constants used here are derived 

from reflectance spectra of powdered minerals and glass using the method of Lucey 

[ 1998]. The optical constants of plagioclase are derived from the standard plagioclase 

reference spectrum (Anorthite HS201) from the U.S.G.S. Denver library, and for ilmenite 

from USGS sample HS23 l. The olivine solid solution series optical constants were 

derived by Lucey [1998], so that the Mg# (molar Mg/(Mg+Fe)xlOO) can be used to 

estimate the optical constants for a specific olivine composition. The glass optical 
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constants require input of glass FeO and Ti02 content and are described in Wilcox et al. 

[2006]. The pyroxene optical constants are derived separately for orthopyroxene and 

clinopyroxene, and require input of FeO and CaO content for the calculation of each 

[De nevi et al., 2007]. 

We use the method of Denevi et al. [2007] for the calculation of the pyroxene 

optical constants, though many of the pyroxenes lie outside the compositional range that 

is well-constrained by the data in that work, and should be viewed with caution until 

further data can confirm extrapolation of the optical trends to other compositions. Upon 

calculation of the optical constants for some of the more outlying low-Ca clinopyroxene 

compositions, we found that extrapolation of the first of the two values (at 0.6 and 1.3 

µm) used to define the continuum was resulting in unrealistically blue slopes. This 0.6 

µm continuum value was noted to have a larger error due to the presence of 

contamination in that region of the spectrum. Upon examination of the ratio of the two 

continuum values in the data of Denevi et al., we found little change with composition. 

Thus instead of calculating the value of the continuum at 0.6 µm with the multiple 

regression parameters of Denevi et al., we calculate the continuum value at 1.3 µm with 

the multiple regression coefficients and use the average ratio of the two continuum values 

(1.268) to calculate the value of the continuum at 0.6 µm. 

Finally, the optical properties of the agglutinates are the most poorly constrained. 

We assume that they are fundamentally dark and neutral, due to the larger-grained SMFe 

distributed throughout their volume [Keller et al., 1998], and that any red slope they 

show is from a coating of finer-grained SMFe acquired through the normal space 

weathering process that affects all particles on the lunar surface [e.g. Keller and McKay, 
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1997; Hapke, 2001] . We treat them as an optically neutral component with a single 

scattering albedo that results in a reflectance (-5%) equal to that of the agglutinates 

observed by Pieters et al. [1993]. 

Once all of the optical constants are calculated for the desired mineral and glass 

chemistries, they are used along with the particle size to calculate the single scattering 

albedo at a desired level of maturity (expressed as SMFe abundance) for each component. 

Single scattering albedo is the probability of a photon being absorbed by a particle, and 

adds linearly in proportion to the abundance of the components in a mixture. Once the 

single scattering albedos of the minerals and glasses are averaged according to their 

abundance and summed, · the single scattering albedo of the mixture is used to calculate 

the bidirectional reflectance of the mixture at an incidence angle of 30° and an emission 

angle of 0°. 

2.2 Modeling of simple mineral mixtures 

First, we test this model on two mineral mixtures to see how well the model 

performs in a simplified system. We compare model orthopyroxene (EnssWoo.s)-olivine 

(F os5) mixture spectra to spectra converted to digital form from the work of Singer 

[1981] , at mixtures of 0, 25, 50, 75, and 100% orthopyroxene. We also model reflectance 

spectra of orthopyroxene (Ens1Woo.s)-clinopyroxene (E114sW04s) mixtures at 0, 25, 50, 

75, and 100% orthopyroxene first presented in Sunshine and Pieters [1993] and obtained 

from the RELAB spectral database [Pieters and Hirai, 2004]. We take several 

approaches to modeling these mixtures. First, we fix the mineral abundance, mineral 

chemistry, and particle size at their known values to determine how well the model could 
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reproduce the measured spectra. The particle size fraction is 45-90 µm for the 

orthopyroxene-olivine mixture, and 0-45 µm for the orthopyroxene-clinopyroxene 

mixture. We set our model particle size as the mean of each of these size fractions ( 67 .5 

and 22.5 µm, respectively), an approximation shown to be reasonable in Lucey [1998]. 

In order to determine how accurately mineral abundance, mineral chemistry, and particle 

size can be extracted from the spectra, we also use a gradient descent fitting routine, first 

letting only the mineral abundance vary, then letting abundance and particle size vary, 

and finally letting abundance, particle size, and mineral chemistry vary. We compare the 

modeled mineral abundances, particle sizes, and mineral chemistries with the measured 

values. 

2.3 Modeling of LSCC mare soils 

Next we test how well the model performs in a much more complicated system -

the nine mare soils studied by the LSCC: 10084, 12001 , 12030, 15041, 15071, 70181 , 

71061, 71501, and 79221 [Taylor et al., 2001]. Compositions and spectra were presented 

for three different size fractions for each soil, we focus on the 10-20 µm fraction because 

it has been shown to be the most optically active and representative of the bulk soil 

properties [Pieters et al., 1993] . For each soil sample, the LSCC reports four pyroxene 

compositions: an orthopyroxene (Wo=4, Mg#=78), a pigeonite (Wo=13, Mg#=62), an 

Mg-clinopyroxene (Wo=30, Mg#=57) and an Fe-clinopyroxene (Wo=25 , Mg#=32), as 

calculated from Figure 3 of Taylor et al. [2001]. All of the pyroxenes in each sample are 

binned into one of these four pyroxene compositions. The LSCC does not report the 

olivine compositions of the soils studied, so we have assumed an olivine Mg# of 70 [e.g. 
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Papike et al., 1998]. Several of the samples have a significant fraction of volcanic glass, 

for which an average composition was also not reported. We have assumed the FeO and 

Ti02 contents of volcanic glass to be equal to the FeO and Ti02 bulk chemistry for each 

sample, as presented in Taylor et al. [2001]. The LSCC includes both impact glass and 

agglutinitic glass as one category labeled "agglutinitic glass" in their modal analyses, 

despite the fact that their spectral properties differ (impact glass has broad 1 and 2 µm 

absorptions, like volcanic glass, while agglutinate spectra are dark and neutral). We 

assume that all glass in the "agglutinitic glass" category has the spectral properties of 

agglutinates. 

Before modeling the LSCC soil spectra, we first examine the effects of some of 

the simplifying assumptions listed above. We selected sample 12001 for further analysis, 

obtaining the modal abundance of each soil component, along with the chemistry of each 

soil grain. Chemical analyses of 500 grains on a 90-150 µm grain mount (sample 

12001,824) were acquired with the wavelength dispersive spectrometer of the Cameca 

SX50 electron microprobe at the University of Hawaii. The chemistry and number of 

cations per oxygen were used to determine the mineralogy of each grain. This process 

resulted in a number of grains with compositions that were ambiguous, especially those 

that were potentially either a pyroxene or a glass based on their cation-oxygen ratio and 

chemistry. Thus our second step was to collect digital images of the grain mount with an 

optical microscope in crossed-polarized light, and then again after the stage was rotated 

90°. We overlaid our map of microprobed points on the crossed-polars image mosaics, 

and examined each grain. If a grain was isotropic, it was considered to be a glass. This 

however left open the question of whether a grain in question was an impact or volcanic 
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glass, or an agglutinitic glass. To answer this final question we collected digital images 

of the grain mount with an optical microscope in plane-polarized light. This allowed us 

to discriminate between the two types of glass, where agglutinates appeared dark brown 

in plane-polarized light. With our mineral and chemical analyses in hand, we compare 

the resultant average model pyroxene spectra when calculated from the compositions of 

the four LSCC pyroxenes, or from the composition of each individual pyroxene, and do 

the same for the olivine and glass fractions. We also examine the effect of assuming 

impact glass has the same spectral properties as agglutinitic glass on the overall soil 

spectrum. 

Once the effects of the simplifying assumptions are understood, we apply the 

model to the nine mare soil spectra. We use as inputs the modal abundances of the four 

LSCC pyroxenes, olivine, plagioclase, ilmenite, and volcanic glass from Taylor et al. 

[2001). We perform a grid search, varying the agglutinate content from 0-60%, the 

SMFe abundance from 0.000-0.003 (expressed as weight fraction SMF:e in the coating), 

and the particle size from 0-100 µm. This results in over 100,000 model spectra for each 

sample. We vary the agglutinate content because its optical properties are the least well 

defined, and thus its abundance is harder to model. SMFe is varied because although the 

IsfFeO, one measure of the amount of space weathering, is known for each sample 

[Morris, 1978), IJFeO has not been numerically related to SMFe abundance [Lucey et 

al., 2000b]. The particle size is allowed to vary because the samples include a range of 

particle sizes. How well each model spectrum matches the LSCC spectrum is evaluated 

in two ways. The first method is to subtract the model spectrum from the LSCC 

spectrum and sum the absolute value of the difference at each wavelength. This 
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emphasizes how well the absolute reflectance and continuum slope are modeled, in 

addition to the band shape. The second method is to subtract the continuum-removed 

model spectrum from the continuum-removed LSCC spectrum and sum the absolute 

value of the difference at each wavelength. The continuum is removed by dividing each 

spectrum by a line tangent to the maxima on either side of the 1 µm absorption feature . 

This highlights how well the model reproduces the shape and band center of each 

\ 

absorption feature, regardless of any differences in absolute reflectance or spectral 'slope. 

2.4 Modeling of Apollo 11 site telescopic spectrum 

Finally, we also test how well the model can reproduce telescopic spectra and 

extract composition from telescopic spectra - spectra of soils that have not been sieved or 

processed in any way. We use the spectrum of the Apollo 11 landing site presented in 

Figure 4 of McCord et al. [1981]. We converted this spectrum to digital form, and it is 

nearly identical to spectra of the Apollo 11 landing site available from the PDS collection 

[Pieters and Pratt, 2000], though atmospheric water absorptions have been more 

completely removed. To obtain absolute reflectance values, we normalized this spectrum 

at 0.75 µm to the average value of the 0.75 µm Clementine band for 15 km2 centered at 

23.5°E, 0.7°N, according to the reported spot size and coordinates of this spectrum. We 

do not include wavelengths longer than 2.0 µm due to the influence of thermal emission. 

We chose to model a spectrum of this region because it is one of the few mare regions for 

which we have at least some compositional information to compare the model results to. 

There is some question as to how representative the Apollo 11 returned soil samples are 

of the site as a whole, but it is still the best mare location, as there are no high-quality 
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telescopic spectra of the Apollo 12 or Apollo 15 sites, and the Apollo 17 site contains a 

large portion of semi-crystalline "black beads," which we cannot model directly because 

of a lack of optical constants [Wilcox et al., 2006]. We employ a similar method j6 as 

used in modeling the simple mineral mixtures. First we fix the mineral abundance and 

chemistry to those reported by the LSCC for sample 10084 [Taylor et al., 2001], and 

allow particle size, agglutinate content, and SMFe abundance to vary in a gradient 

descent algorithm until the best match is found. We then run the gradient descent routine 

allowing the mineral abundance to vary as well, and then again fixing the mineral 

abundance, but allowing the chemistry of the olivine, glass, orthopyroxene, and Mg

clinopyroxene chemistry to vary. We do not allow the Fe-clinopyroxene or pigeonite 

chemistry to vary because they are in regions of the pyroxene quadrilateral that are poorly 

defined by the optical constants of Denevi et al. [2007], and we do not trust the meaning 

of variations in their modeled chemistry. We also aim to avoid a situation where all of 

the pyroxene chemistries begin to converge, thus losing the significance of modeling four 

separate pyroxenes. 

3. Results 

3.1 Simple Mineral Mixtures 

Our radiative transfer model does a good job of reproducing spectra of simple 

mineral mixtures. Figure 1 shows the Singer [ 1981] orthopyroxene-olivine series, and 

our model spectra. The model can accurately reproduce the spectra at the reported 

mineral abundances and chemistries and using the mean particle size (67.5 µm), though 

there is a larger deviation as the olivine fraction increases. As can be seen in the 
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spectrum of the pure olivine, the contrast of the Singer olivine is much stronger than our 

model predicts, though the shape matches well. However, with the addition of only 25% 

orthopyroxene, the fairly drastic contrast mismatch of the olivine is largely minimized. 

Figure 2 shows the Sunshine and Pieters [1993] orthopyroxene-clinopyroxene series with 

the model spectra at fixed abundances and chemistries, using the reported particle size of 

22.5 µm. Again, the model does a reasonably good job of mimicking the measured 

spectra. The band shapes are accurately reproduced, though there is a slight difference in 

contrast in the pure orthopyroxene spectrum and in the absolute reflectance of the pure 

clinopyroxene spectrum. In the mixture spectra, these differences are minimized. 

The results of allowing several parameters to vary with a gradient descent fitting 

routine also provided good fits to the measured spectra and mineral/chemical data. First, 

allowing the abundance of the two minerals alone to vary produced slightly better 

spectral matches, with the modeled abundance generally in close agreement with the 

measured abundance (Figure 3). In the case of the orthopyroxene-olivine mixtures, the 

modeled abundances were within 2% of the measured abundance, with the exception of 

the 25175 orthopyroxene/olivine mixture, where orthopyroxene abundance was under

predicted by 7% (Figure 3a). This occurs because the model olivine spectrum is 

significantly darker than the measured olivine spectrum in the 2 µm region (as can be 

seen in Figure 1 ), and the gradient descent routine thus minimizes the orthopyroxene 

abundance in order to increase the reflectance at longer wavelengths. Allowing the 

particle size to vary in addition to the mineral abundance results in little change in the 

modeled mineral abundances (Figure 3a). In the case of the orthopyroxene-

clinopyroxene mixtures, the modeled mineral abundances deviate more significantly from 
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the measured abundances when more clinopyroxene is present (Figure 3b ). When the 

clinopyroxene content is 50% or higher, the clinopyroxene abundance is off by as much 

as 30%. This is largely due to the mismatches in absolute reflectance between the 

measured and modeled clinopyroxene (seen in Figure 2), which the gradient descent 

routine attempts to compensate for by adding or subtracting the brighter orthopyroxene 

component. Many of these problems are significantly improved when the particle size, in 

addition to mineral abundance, is allowed to vary. The differences between modeled and 

predicted abundance drop to less than 2% for all cases except the pure orthopyroxene end 

member, which remains under-predicted by 7% (Figure 3b). This occurs because the 

offsets in absolute reflectance are more accurately corrected by slightly adjusting the 

particle size, rather than the mineral abundance. 

In a final test, we find that the model can accurately extract mineral abundance, 

mineral chemistry, and particle size in the case of simple mineral mixtures when all of 

these parameters are allowed to vary in the gradient descent routine. Figures 1 and 2 

show the model spectra for orthopyroxene-olivine and orthopyroxene-clinopyroxene 

series, respectively, when the model optimizes all of these parameters simultaneously. 

The model spectra all provide very close matches to the measured spectra, again with the 

exception of the pure olivine end member, which shows reduced contrast. The extracted 

mineral abundances are still in close agreement with the measured values (Figure 3). 

Additionally, the extracted mineral chemistries provide good matches to the reported 

chemistries (Figure 4). The modeled Mg# of the olivine, and the Mg# and Wo# (molar 

Ca/(Ca+Mg+Fe)xlOO) of the pyroxenes are within ±2% of the measured values, with the 

exception of the modeled Mg# of the pure olivine end member, which differs by 3.4%. 
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The extracted particle size is, on average, within 3 .3 µm of the mean of the measured size 

fraction and shows a maximum difference of 8.8 µm. This is despite the large range of 

particle sizes in the two mixtures (45-90 µm for the orthopyroxene-olivine mixture, and 

0-45 µm for the orthopyroxene-clinopyroxene mixture). 

3.2 Assessment of simplifying assumptions 

We examined the spectral effects of several simplifying assumptions that are 

employed in the presentation of LSCC modal abundances and chemistries by collecting 

our own detailed abundance and chemical data for Apollo soil 12001 . The first question 

we examined was whether binning hundreds of pyroxene compositions into one of just 

four representative pyroxenes (an orthopyroxene, a Mg-clinopyroxene, an Fe

clinopyroxene, and a pigeonite) is a reasonable approximation. Figure 5 shows the 

results of our analysis of the 90-150 µm grain mount of 12001 for pyroxene composition, 

along with the compositions of the four LSCC pyroxenes. Also indicated is the percent 

each LSCC pyroxene comprises of the total pyroxene population of the 10-20 µm 

fraction. The LSCC data indicate that the abundance of each of these four pyroxenes 

does not change significantly between the 10-20 µm and 20-45 µm size fractions for this 

sample; we thus assume that they are also similar for the larger size fraction of the grain 

mount studied here. The four LSCC pyroxene compositions are generally consistent with 

the pyroxene compositions we observe. However there are some slight offsets. For 

example, the cluster of Mg-rich clinopyroxenes in our data is slightly more magnesian 

and calcic than the LSCC Mg-clinopyroxene, and the LSCC Fe-clinopyroxene shows 

little overlap with the pyroxenes we observe in that region of the quadrilateral. We 
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calculated the single scattering albedo spectra for each of the 127 pyroxene compositions 

we observe and compare them to the model spectra calculated for each of the four LSCC 

pyroxenes (Figure 6). We find that despite the wide variation in pyroxene spectra, the 

overall pyroxene spectrum that results from averaging each individual pyroxene in the 

case of our data, and averaging the four LSCC pyroxenes according to their individual 

abundances, are very similar. The average LSCC spectrum shows a slightly higher single 

scattering albedo (which translates to slightly higher reflectance), though the shape is 

similar (Figure 6c). We thus find that representing the pyroxenes as just four pyroxene 

compositions provides a reasonable approximation of the many pyroxene compositions 

actually present. We find similar results for the olivine and glass spectra. There is not a 

significant difference between assuming just one olivine and one glass composition when 

calculating single scattering albedo, and calculating a separate spectrum for each olivine 

and glass composition and then averaging them. 

We do find a significant difference when it comes to glass in our data and that of 

the LSCC. For sample 12001 , the LSCC reports a modal abundance of 1.3% volcanic 

glass and 56.8% agglutinitic glass for the 10-20 µm fraction. Thus, of the total glass, 

97 .8% is classified as agglutinitic, with the caveat that this category includes both 

impact-produced glass and agglutinates, because the two have similar compositions and 

both contain SMFe [Taylor et al. , 2001] . In our modal analysis, we carefully 

distinguished volcanic and impact-produced glasses from agglutinitic glass usmg an 

optical microscope, and find 8.4% impact/volcanic glass and 48.4% agglutinitic glass. Of 

the total glass content, we find a smaller fraction is true agglutinitic glass - 85.2%. This 

is significant for the spectral properties because, while it is true that they both contain 
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SMFe, the SMFe in the agglutinitic glass is distributed throughout the volume of the 

glass (as opposed to just in a thin coating on the surface) and is of a larger grain size(> 10 

run, compared to <5 run) [Keller et al., 1998]. This larger grained SMFe has been shown 

to result in significant darkening, as opposed to reddening, and is responsible for the 

dark, neutral spectral character of the agglutinates [Pieters et al. , 1993; Britt and Pieters, 

1994; Allen et al., 1996; Keller et al., 1998]. The volcanic or impact glass we observed 

was bright and transparent, and did not show significant darkening (Figure 7), indicating 

its spectral properties are much more similar to typical lunar volcanic glasses, with 

relatively high albedo and broad 1 and 2 µm absorptions [Bell et al., 1976; Wells and 

Hapke, 1977]. 

We model the effects the differences between our characterization of sample 

12001 and that of the LSCC. First, we model the 12001 spectrum using the modal 

abundances and chemistries presented by the LSCC [Taylor et al., 2001]. Next, we 

modify the modeled components in several ways. We replace the total pyroxene 

component (the fraction occupied by the four LSCC pyroxenes) with the pyroxene 

spectrum obtained from averaging the single scattering albedo spectrum of each pyroxene 

calculated from their individual compositions (Figures 5 and 6). We replace the olivine 

fraction, all modeled at the average Mg# of 70 in the LSCC version, with the olivine 

single scattering albedo calculated from averaging the single scattering albedo calculated 

for each individual olivine composition (Figure 5). We also replace the glass fraction of 

the LSCC analysis, where 97.8% of the glass classified as agglutinitic, with our analysis, 

where only 85 .2% of the glass is agglutinitic. Figure 8 shows the single scattering albedo 

of each component in sample 12001 , for a particle size of 15 µm and with no SMF e in the 
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particle coatings, calculated from the LSCC data (dashed) and modified with our data 

(solid line) as just described. This is a useful way to visualize the relative importance of 

each component, as the single scattering albedo of each constituent has been multiplied 

by its fractional abundance and the total soil spectrum is a sum of each constituent 

plotted. The pyroxene components are similar, as also shown in Figure 6, and the olivine 

components are nearly identical. The largest difference is in the glass components. The 

agglutinitic glass provides a stronger contribution to the overall spectrum in the model 

based on the LSCC data, owing to its greater fractional abundance. The volcanic/impact 

glass provides only a very small contribution to the overall spectrum based on the LSCC 

data (where the volcanic glass is 1.3% of the total abundance), but it provides a 

significant contribution based on our data (where the volcanic/impact glass is nearly 

seven times as abundant, at 8.6% of the total abundance) . These effects can be seen in 

the overall reflectance spectra calculated from the two sets of single scattering albedos 

(Figure 9). The increased importance of the agglutinitic glass and reduced component of 

volcanic/impact glass results in a spectrum that is darker (Figure 9a), with less spectral 

contrast, and a narrower 1 µm band with a band center at a slightly shorter wavelength 

(Figure 9b). 

3.3 LSCC sample model results 

Figure 10 shows our model results when using the LSCC compositional data to 

model the 10-20 µm fraction spectrum of each soil. These are the best matches to the 

absolute reflectance of the observed spectrum from the grid search where particle size, 

SMFe, and agglutinate abundance were each varied. Figure 11 shows the best model 
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results, when the continuum-removed model spectra from the grid search are compared to 

the continuum-removed LSCC spectra. The model can generally approximate the lunar 

soil sample spectra. One notable exception is the spectrum of sample 71061. This 

sample contains a large fraction of partially crystalline black pyroclastic beads (9.6%, 

[Heiken and McKay, 1974]), giving it its unusual spectral properties [Pieters et al., 

2000a], which currently cannot be modeled directly [Wilcox et al., 2006]. Though we 

have included this sample in Figures 10 and 11, it is not considered in further 

examination of the model results. The three other Apollo 1 7 soils also contain black 

beads, though in lower abundances (0.6-3.3%, [Heiken and McKay, 1974]). The fraction 

of black beads appears to be small enough that it does not dominate the spectral 

properties of these samples (Figure 10), though any effects will not be accounted for in 

our model spectra. 

Several problems are consistently apparent when modeling the remaining eight 

spectra. We find that the best model matches to the absolute reflectance of the LSCC 

spectra generally have less spectral contrast than the observed spectra. When examining 

other model spectra produced in the grid search, it is apparent that model spectra that 

would provide better matches to the contrast of the observed spectra do not match in 

terms of continuum slope - they are consistently not red enough. The modeled particle 

size is larger than expected, ranging from 34 to 66 µm, approximately three times larger 

than expected for the 10-20 µm size fraction studied here. Additionally, the modeled 

abundance of the agglutinate fraction (0-17%) is much lower than the reported abundance 

(44-57%). We also performed a grid search for each sample where the neutral 

agglutinate single scattering albedo was replaced with an agglutinate that was red in slope 
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(equivalent to moderately red-sloped agglutinates observed in Pieters et al. [1993]), but 

this did not result in an increase of the modeled agglutinate abundance. The modeled 

SMFe abundance does show a correlation with the measured fs!FeO of each sample 

(Figure 12), indicating that the model is correctly predicting the relative maturity of each 

sample. 

In the best model fits where a match to the continuum-removed LSCC spectrum 

was the only criterion considered (Figure 11), the contrast is generally a closer match 

because continuum slope is no longer a factor. The continuum-removed spectra highlight 

the differences in spectral shape. It is clear from this that the modeled 1 µm band centers 

are nearly always offset to shorter wavelengths (and often the 2 µm band center as well), 

and in several cases ( 12001, for example) the modeled 1 µm band is wider than the 

·. observed band. 

3.4 Apollo 11 site model results 

The model results for the Apollo 11 site telescopic spectrum [McCord et al., 

1981] are shown in Figure 13. The model generally provides a good match to this 

spectrum, which has less spectral contrast than spectra of the LSCC soils and is less red 

than all but LSCC sample 12030. The largest deviations occur at wavelengths longer 

than ~ 1.5 µm, where the model predicts a stronger 2 µm absorption than observed. The 

ability of the model to match the shape of the 1 µm band can be seen in the continuum

removed spectra in Figure 13b. Our first model attempt fixed the mineralogy and 

chemistry at the values reported for Apollo 11 sample 10084 [Taylor et al., 2001 ], and 

varied the particle size, SMFe, and agglutinate abundance. This resulted in a model 1 µm 
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band that was too narrow, and centered at a shorter wavelength than the observed value. 

A better spectral match was found when the modeled modal mineralogy was allowed to 

vary in the gradient descent routine. The optimized abundances of the mafic silicates 

showed increased olivine, Pigeonite, and volcanic/impact glass, and a reduced level of 

Mg-clinopyroxene (Table 1 ). This resulted in an accurate fit to the 1 µm band shape, and 

a closer approximation of the 2 µm band (Figure 13b). The addition of olivine, pigeonite, 

and glass all serve to widen the 1 µm band and shift the band center to a longer 

wavelength, while reducing the strength of the 2 µm band. 

Fixing the mineral and glass abundance, but allowing the chemistry of these 

components to vary can also result in similar changes to the spectrum. The optimized 

chemistry shows that orthopyroxene and Mg-clinopyroxene with more calcic and 

magnesian compositions, along with glass that is richer in iron (Table 2) can also broaden 

the 1 µm band and shift it to longer wavelengths, though the overall model spectrum does 

not as accurately reproduce the telescopic spectrum as when the mineral and glass 

abundances are varied (Figure 13b). However, this example demonstrates that the 

mineral chemistry can have as large of an effect on the spectrum as the mineral 

abundance. The chemistry of the Mg-clinopyroxene appears to be especially important, 

as it is the most abundant pyroxene in this example. When its chemistry is fixed, its 

abundance drops from 20.3% to just 3.6%, indicating that its model shape is not 

providing a good fit to the actual Mg-pyroxene present. When the abundance is fixed, 

the Mg# increases from 57.0 to 66.5 and the Wo# increases from 30.0 to 41.4, values still 

considered reasonable for lunar pyroxenes, and that result in a suitable model spectrum. 
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4. Discussion 

This study shows areas where our radiative transfer modeling is working well, 

places where it can be improved, and avenues for further study. First, the model is able 

to accurately reproduce the spectra of the simple mineral mixtures ( orthopyroxene-olivine 

and orthopyroxene-clinopyroxene, Figures 1 and 2). This simplified case, with only one 

well-defined composition per mineral, just two minerals, and no space weathering 

(agglutinates or SMFe), indicates that the basic physics of the model is sound. The 

optical constants accurately describe the minerals in question, and the theory on which 

the model is based [Hapke, 1981; 1993] creates mixtures of these optical properties and 

correctly predicts the reflectance under specified conditions like the particle size of the 

minerals and lighting and viewing geometries. 

When we move to a more complicated system like lunar soil, several problems 

emerge. First, the band shape (band center and width) is not as accurately reproduced. 

There are a variety of possible explanations for this. One likely suspect is the modeling 

of pyroxene. Our study of sample 12001 shows that the LSCC method of simplifying the 

multitude of pyroxene compositions present to just four pyroxene compositions (Figure 

5) is an acceptable approximation, given our present understanding of trends in the 

pyroxene optical constants. However, when we compared the overall pyroxene spectrum 

obtained from averaging each of the 127 individual pyroxenes present to the weighted 

average of the four LSCC pyroxenes (Figure 6), a large fraction of the pyroxenes were 

outside the compositional range where the optical constants can be confidently predicted 

with the method of Denevi et al. [2007]. If the optical properties of the outlying 

pyroxene compositions do not vary smoothly as assumed by Denevi et al., the differences 
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between the average pyroxene spectrum calculated from our complete pyroxene data and 

that of the LSCC could be larger. Perhaps more importantly, even the optical properties 

of the four LSCC pyroxene are not all well known. The spectra of two of the four, the 

Fe-clinopyroxene and the pigeonite, have not been confirmed with samples of similar 

composition. Until this is done, they remain a major source of uncertainty and could 

easily be the cause of some of the mismatch in band shape when modeling the LSCC 

soils. Assuming for the time being that these are correct, the data for 12001 suggests that 

the chemistry of the four LSCC pyroxenes might not be representative of all samples. 

Slight adjustments might be necessary in, for example, the Mg# or calcium content of the 

clinopyroxenes (Figure 5). Our modeling of the Apollo 11 site spectrum also confirms 

that these slight adjustments can have an important impact on the band shape and center 

(Figure 13). 

The optical constants of the other minerals are less likely to be the cause of 

inaccuracies in band shape. Plagioclase and ilmenite are much more neutral 

contributions to the overall spectrum. Olivine does not show the same range of 

compositional and spectral variation as pyroxene, and its optical properties appear to be 

well-predicted by the methods of Lucey [1998], apart from an issue with its spectral 

contrast that is observed when its modal abundance is greater than -75% (Figure 1). 

Assuming one average olivine composition per sample appears to be a reasonable 

approach, as creating an olivine spectrum by averaging the individual spectra of each 

olivine composition present in sample 12001 (Figure 5) resulted in a spectrum that was 

nearly identical to one created from just one olivine composition (Figure 8). 
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Another likely source of error in band shape is the way in which glass data is 

presented by the LSCC. Because of the automated nature of their modal analyses, which 

relies on compositional differences in order to distinguish between soil components 

[Taylor et al., 1996], agglutinitic and impact glass are included in the same "agglutinitic 

glass" category. While agglutinitic and impact glass can have identical compositions, 

they have different optical properties (as can be observed with an optical microscope in 

Figure 7) because of dissimilarities in the distribution and size of the SMFe particles 

present [e.g. Keller et al., 1998]. For the purposes of spectral studies, impact glass is 

better grouped with volcanic glass because both are bright and transparent with broad, 

shallow 1 and 2 µm absorptions, while agglutinitic glass is dark and neutral [e.g. Bell et 

al., 1976; Pieters et al., 1993]. Our analysis of sample 12001 finds that, of the total glass 

(volcanic, impact, and agglutinitic), only 85.2% is true agglutinitic glass, compared with 

the LSCC "agglutinitic glass" category, which comprises 97.8% of the total glass present. 

We find that this distinction is important (Figure 8), and treating impact glass as 

agglutinitic glass can result in a 1 µm band that is shallower, narrower, and offset to 

shorter wavelengths (Figure 9). 

We also find that, when modeling spectra of the lunar soil samples, we have a 

difficult time simultaneously matching the slope of the continuum and the contrast of the 

absorption bands. We do not experience this problem when modeling the simple mineral 

mixtures, which suggests that the problem might lie somewhere in the modeling of the 

outlying pyroxene compositions, or the space weathering products, SMFe and 

agglutinates. The pyroxene optical constants could again be the culprit if the less calcic 

and more Fe-rich clinopyroxenes have a significantly redder continuum slope or stronger 
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absorption bands than predicted with the method of Denevi et al. [2007]. The method for 

modeling the effects of SMFe coatings on grains [Hapke, 2001] could be the cause, if this 

method caused a faster reduction in contrast than associated increase in continuum slope, 

compared with the natural space weathering process. However, the fact that the modeled 

SMFe abundances are correlated with the JsfFeO values of the LSCC soils (Figure 12) 

suggests that the method of Hapke [2001] is accurately modeling relative maturities of 

the soils, though we cannot confirm that the actual model abundances of SMFe are 

correct. One way to test the method of Hapke would be to compare modeled SMFe 

abundances to a space weathering analog, such as silica gels containing various known 

amounts of SMFe, like those of Noble et al. [2003]. 

The modeling of the agglutinate fraction of the soils is a likely source of error. 

We have modeled agglutinates as a dark, neutral component. The spectra of agglutinates 

have been shown to be slightly red [e.g. Pieters et al., 1993], however our initial 

assumption was that the agglutinates themselves are spectrally neutral, and it is the 

addition of an SMFe coating that causes them to be red. We also tested whether a red

sloped agglutinate would provide better model matches to the LSCC spectra, yet in all 

cases the abundance of the agglutinates was significantly lower than expected - often the 

best model fit to a spectrum included no agglutinates at all. Also of note is that the 

modeled particle size is consistently larger (34-66 µm) than expected for the size fraction 

of the LSCC soils we studied (10-20 µm). These two observations - a smaller fraction of 

agglutinates and larger particle size - are likely related. Particle size also affects the 

overall reflectance and contrast of a spectrum, with larger particles decreasing reflectance 

and increasing spectral contrast [e.g. Hapke, 1993]. Because our modeling is resulting in 
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reduced spectral contrast compared to the observed spectra, increasing the particle size 

can darken without reducing contrast, while adding agglutinates would only enlarge the 

mismatch in contrast. Thus the increased particle size is likely serving as a proxy for the 

decreased agglutinate abundance. 

However, it is interesting that we do not have a hard time simultaneously 

matching the continuum slope and spectral contrast of the telescopic spectrum of the 

Apollo 11 landing site. This spectrum shows less spectral contrast than spectra of the 

LSCC soils, and is less red than all but the most immature of the LSCC soils (12030), 

despite being an extremely mature region. When we let the SMFe, agglutinate 

abundance, and particle size vary to find the best spectral match to the Apollo 11 site 

spectrum (Figure 13), the modeled particle size was 24 µm and the agglutinate abundance 

was 24%, both approaching more reasonable values. In fact, given our rudimentary 

approach to modeling the agglutinate population, if the single scattering albedo of the 

agglutinates we are using is inaccurate, this could easily result in the abundance being off 

by a factor of two. The fact that we are better able to model the telescopic spectrum 

without contrast or continuum slope problems suggests that perhaps spectra of the LSCC 

soils are not fully representative of the lunar surface. This could be due to changes 

introduced by processing or sieving of the soils. 

Overall, with so many variables in both mineralogy and chemistry, what is the 

best approach to modeling a spectrum of a lunar mare region of unknown composition? 

First, simplifying the multitude of pyroxenes present to the four pyroxenes of the LSCC 

appears to be a good approach, though confidence in the abundance of each pyroxene 

will increase as more is known about the spectral properties of the pigeonite and the Fe-
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clinopyroxene. Using one average olivine composition and one volcanic/impact glass 

composition is also a reasonable approach, though it is important to model 

volcanic/impact glass and agglutinitic glass as separate components. Starting with a 

plausible mare composition as an initial guess, and then allowing the mineral, glass, and 

SMFe abundances to vary, along with the particle size, can provide insight into the 

mineralogy. This process can be repeated, also allowing the chemistry of the Mg

clinopyroxene and the orthopyroxene to vary, or fixing some of the quantities to 

determine if others can change and still produce a reasonable fit to the spectrum. At this 

point, finding an automated approach that could be applied to any unknown spectrum 

would be difficult. 

5. Conclusions 

When modeling simple, two-component mineral mixtures we find that we can 

accurately reproduce the observed spectra. The model can be used to extract mineral 

abundances with an error of less than 10%, and often less than 2%, when particle size, 

mineral abundance, and chemistry are free parameters. Chemistry can be predicted to 

within an Mg# and Wo# of ±4, and the particle size to ±9 µm. 

When modeling lunar soils, simplifying the pyroxenes to four representative 

pyroxene compositions and one olivine and one glass composition is a valid assumption. 

It is important to distinguish agglutinitic glass from impact glass, as their spectral 

properties are very different. Combining the impact glass with the agglutinitic glass 

category, as done in LSCC data, can result in absorption bands that are shallower, 

narrower, and offset to shorter wavelengths. 
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Our current method for modeling agglutinates is not accurately representing the 

spectral properties of the agglutinates present, as their abundance is consistently under

predicted. An improved method is necessary in order to confidently predict agglutinate 

abundance. 

Small changes in pyroxene chemistry can have as large an impact on spectral 

shape as changes in mineral abundance. It is important that the modeled chemistry of 

pyroxene is accurate, or errors in mineral abundance can result. Knowledge of the optical 

properties of two of the four LSCC pyroxenes (pigeonite and Fe-clinopyroxene) should 

be improved before their abundance can be confidently predicted, and errors in our 

current understanding of their optical constants could have significant effects on modeled 

spectra. 
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Tables 

Table 1. Modeled mineral and glass abundance for Apollo 11 
site spectrum, non-agglutinate fraction normalized to 100% 

Plagioclase 
Ilmenite 
Olivine 
Orthopyroxene 
Mg-Clinopyroxene 
Pigeonite 
F e-Clinopyroxene 
Glass 

Abundance Abundance 
10084 (LSCC) Varied 

44.4 25.3 
13.5 27.1 
2.9 14.4 
1.6 2.2 

20.3 3.6 
8.4 12.6 
1.5 3.5 
7.5 11.4 

136 



Table 2. Modeled mineral and glass chemistry for Apollo 11 site 
spectrum. 

Chemistry 10084 Chemistry 
(LSCC) Varied 

Olivine Mg# 70.0 76.0 
Orthopyroxene Mg# 78.0 87.8 
Orthopyroxene Wo# 4.0 9.7 

Mg-Clinopyroxene Mg# 57.0 66.5 

Mg-Clinopyroxene Wo# 30.0 41.4 
Pigeonite Mg# 62.0 62.0 
Pigeonite Wo# 13.0 13.0 

F e-Clinopyroxene Mg# 32.0 32.0 

F e-Clinopyroxene Wo# 25.0 25 .0 
Glass FeO 14.7 20.7 

Glass Ti02 7.9 5.7 

137 



Figures 
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Figure 1. Orthopyroxene-olivine mixture spectra from Singer [1981] and our model 
spectra. Fixed Model is the model reflectance spectrum where mineral chemistry, 
abundance, and particle size were fixed at their known abundance. In the Optimized 
Model, these parameters were allowed to vary until the best spectral fit was achieved. 
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Figure 2. Spectra and models as in Figure 1, for the orthopyroxene-clinopyroxene series, 
mineral mixture data originally from Sunshine and Pieters [1993]. RELAB samples PE
CMP-030, XP-CMP-013, XP-CMP-010, XP-CMP-014, and PP-CMP-021. 
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Figure 3. Comparison of the measured and modeled modal abundances for the 
orthopyroxene-olivine series (a) and the orthopyroxene-clinopyroxene series (b) . Squares 
show the results from a gradient descent fitting routine when the abundance alone was 
allowed to vary, circles for when the abundance and particle size were allowed to vary, 
and diamonds for when the abundance, particle size, and mineral chemistry were allowed 
to vary to achieve the best spectral fit. 
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Figure 4. Results for the modeled mineral chemistry of the orthopyroxene-olivine and 
orthopyroxene-clinopyroxene series, when mineral abundance, chemistry, and particle 
size were allowed to vary in order to achieve the best spectral fit. 
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Figure 5. Results of our electron microprobe analyses of grain mount 12001,824 for 
pyroxene and olivine. Also shown are the four LSCC pyroxenes (diamonds) and the 
percent of total pyroxene each occupies in the 10-20 µm size fraction (numbers) [Taylor 
et al., 2001]. 
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Figure 6. (a) The modeled single scattering albedo for each of the 127 pyroxene 
chemistries measured for sample 12001,824. (b) The modeled single scattering albedo of 
each of the four LSCC pyroxenes. ( c) A comparison of the average pyroxene single 
scattering albedo calculated from our pyroxene analysis in (a) and the weighted average 
of the four LSCC pyroxenes in (b ). 
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Figure 7. An impact glass and an agglutinitic glass in plane polarized light (a) and in 
cross-polarized light (b ). Electron microprobe analysis indicated that both of these grains 
were glass, confirmed by their isoptropy, seen in (b). Observation under plane polarized 
light demonstrated their distinct characteristics - the agglutinate being dark and the 
impact glass being bright and translucent. 
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Figure 8. The single scattering albedo of each component in sample 12001, multiplied by 
its fractional abundance. Dotted line shows single scattering albedo calculated for each 
component of the LSCC modal abundance and chemistry. The solid line shows the 
single scattering albedo where we have replaced the pyroxene, olivine, glass, and 
agglutinates with our own analysis of their chemistry and included impact glass in the 
"glass" category rather than agglutinate category as was done in the LSCC analyses. The 
total single scattering albedo spectrum for sample 12001 is a sum of each of the 
components potted. Calculated for a particle size of 15 µm and an SMFe abundance of 
zero. 
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Figure 8. 
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Figure 10. Reflectance spectra of the nine LSCC mare soils, and our model results using 
as inputs the fixed mineralogy and mineral chemistry of the LSCC [Taylor et al., 2001]. 
Model spectra are the best fit from a grid search that varied particle size, SMFe, and 
agglutinate abundance, where the best fit was considered to be the spectrum with the 
smallest difference between the absolute reflectance of the LSCC and model spectrum. 
Soil 71061 (marked with an asterisk) contains a large fraction (9.6%, [Heiken and 
McKay, 1974]) of black beads which cannot be accounted for in our model. 
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Figure 11. LSCC reflectance spectra divided by their continuum, in order to highlight the 
shape of the absorption bands. Model spectra are the best fit from a grid search varying 
particle size, SMFe, and agglutinate abundance, where the best fit was considered to be 
the spectrum with the smallest difference between the continuum-removed LSCC 
spectrum and the continuum-removed model spectrum. As in Figure 10, we cannot 
model the black bead portion of soil 71061 (marked with an asterisk). 
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Figure 12. A comparison of the modeled SMFe abundance (expressed as weight fraction 
SMFe in the coating) and the measured Is/FeO values for each soil [Morris, 1978]. Soil 
71061, indicated with an x, cannot be accurately modeled due to its large black bead 
component. 
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Figure 13. Telescopic spectrum of the Apollo 11 site [McCord et al., 1981], normalized 
to the Clementine 0.75 µm reflectance to obtain absolute reflectance (a), and divided by 
its continuum (b ). Also shown: the model spectrum where the mineral and non
agglutinitic glass abundance and chemistry were fixed at the values present in the 10-20 
µm fraction of sample 10084 [Taylor et al. , 2001] (Tables 1 and 2); the model spectrum 
where the mineral and glass abundance was allowed to vary (Table 1 ), but chemistry was 
fixed; and the model spectrum where the chemistry was allowed to vary (Table 2), but 
abundance was fixed. 
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