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ABSTRACT 11 

 12 

 Anorthositic rocks dominate the Moon’s upper crust. As remnants of the lunar magma 13 

ocean (LMO), small variations in the mineralogy of these rocks may hold key information about 14 

the homogeneity of LMO composition and solidification processes. Orbital near-infrared (NIR) 15 

sensors are sensitive to mineralogy, but technologic advances have only recently enabled 16 

detection of the plagioclase component in crustal rocks based on absorption band centered near 17 

1250 nm. Anorthosites occupy a unique mineralogic range that is well suited for NIR studies: the 18 

highly transparent component, plagioclase, is present in high abundances while the spectrally 19 

dominant mafic or oxide minerals are present in only minor abundance. As a result, spectra of 20 

anorthosites are more likely than many other rock types to contain visually discernable 21 

signatures from more than one mineral component, facilitating their identification and 22 

characterization in NIR data.  23 

In support of the new NIR measurements for the Moon, we present laboratory spectral 24 

analyses of well-controlled plagioclase-dominated mineral mixtures. We focus on the spectral 25 



 2 

effects of varying mafic and oxide composition and abundance in mixtures with a common 26 

plagioclase endmember. The results demonstrate that plagioclase can be a significant contributor 27 

to reflectance spectra when strongly absorbing minerals are present in low abundance. We show 28 

that the contribution of plagioclase is more pronounced in mixtures with pyroxenes and certain 29 

spinels, but more easily masked in mixtures containing small amounts of olivine. Differences in 30 

minor mineral composition are clearly expressed in bulk spectra. Modeling of mixtures produced 31 

using a Hapke nonlinear approach accurately estimates mineral abundances in laboratory spectra 32 

to within 5 vol% for mixtures with ≥90 vol% plagioclase. Together, these results imply that not 33 

only should orbital NIR datasets be able to discern the presence of plagioclase in anorthositic 34 

crustal exposures, but also that detailed information about anorthosite mineral assemblages can 35 

be reliably accessed in reflectance spectra. 36 

 37 
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1. INTRODUCTION 39 

 Reflectance spectroscopy is a valuable tool for investigating the mineralogy of planetary 40 

surfaces remotely (e.g., Adams and McCord, 1970; McCord et al., 1981). Most of the major 41 

rock-forming minerals found in the lunar sample collection can be distinguished by the positions 42 

of their diagnostic broad absorption bands across near-infrared (NIR) wavelengths (e.g., Conel 43 

and Nash 1970; Hazen et al. 1978; Burns 1993; Sunshine et al. 1998). Laboratory spectra for 44 

several of these key mineral types are shown in Figure 1. Rarely, however, do minerals occur in 45 

isolation on a planetary surface. Typically, they are mixed on a variety of spatial scales, 46 

occurring together in a range of rock types and soils. When mineral components occur in an 47 

intimate mixture, incident light interacts with multiple components before returning to the sensor 48 
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and the bulk reflectance spectrum is not a simple linear combination of the endmember spectral 49 

properties (e.g., Hapke 1981). In these cases, absorbing minerals such as pyroxenes dominate 50 

spectra disproportionally to their abundance. Detailed laboratory and modeling studies are 51 

therefore required to accurately characterize the spectra of materials consisting of more than one 52 

component. These types of studies are crucial for enabling mineralogic analyses from remote 53 

spectroscopy data for the Moon and other planetary bodies.  54 

This study focuses on the spectral characteristics of plagioclase-rich mineral mixtures 55 

relevant to anorthositic lithologies. Anorthosites contain ≥90% plagioclase (Stöffler et al. 1980) 56 

and are believed to have formed the upper crust of the Moon by accumulation of buoyant 57 

plagioclase crystals at the top of a solidifying magma ocean early in lunar history (e.g., Smith et 58 

al. 1970; Wood et al. 1970; Herbert et al. 1977; Warren and Wasson 1980; Elkins-Tanton et al. 59 

2011; Suckale et al. 2012). Although pure plagioclase exhibits a diagnostic absorption near 1250 60 

nm (Conel and Nash 1970), it is highly transparent and difficult to distinguish in rocks and soils 61 

when more strongly absorbing minerals are present (e.g., Nash and Conel 1974; Singer 1981; 62 

Johnson et al. 1983; Crown and Pieters 1987; Mustard and Pieters 1987; Serventi et al. 2013a). 63 

In addition, experimental studies have noted that the ~1250 nm plagioclase absorption can be 64 

erased even in the absence of strongly absorbing minerals by the transformation of plagioclase 65 

crystals into a diaplectic glass by moderate shock pressures (e.g., von Engelhardt and Stöffler 66 

1968; Stöffler 1971). This latter process has often been invoked to explain the lack of a 67 

plagioclase absorption in remote sensing data for the Moon despite the fact that plagioclase is 68 

believed to be abundant throughout the anorthositic highlands (e.g., Adams et al. 1979; Spudis et 69 

al. 1984). Due primarily to the historic lack of identifiable plagioclase in NIR spectra for the 70 
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Moon, there has been relatively little impetus to characterize the contributions of a ~1250 nm 71 

crystalline plagioclase absorption in bulk spectra.  72 

However, the newest generation of spectrometers orbiting the Moon have, for the first 73 

time, identified the diagnostic plagioclase absorption feature in numerous locations across the 74 

lunar surface (e.g., Ohtake et al. 2009; Donaldson Hanna et al. in review; Yamamoto et al. 2012). 75 

In addition, many locations also exhibit spectral properties that may indicate combinations of 76 

crystalline plagioclase and small abundances of pyroxene or olivine (e.g., Cheek and Pieters 77 

2012). Examples of such diverse spectra are shown in Figure 2, including spectra from the 78 

Orientale basin and Copernicus and Tsiolkovskiy craters. Although the presence of mafic 79 

minerals is readily detected, the abundance and character of these components is much more 80 

difficult to determine. These specific examples are examined in detail in a subsequent section of 81 

this paper. 82 

The goal of this laboratory study is to document the spectral characteristics of 83 

plagioclase-dominated mixtures that vary systematically in both mineral abundance and mineral 84 

composition. The approach is similar to that of Serventi et al. (2013b) who, in addition to 85 

varying mafic abundance, explore the effect of varying plagioclase composition on the spectra of 86 

plagioclase-dominated mixtures. Here, we keep the plagioclase endmember constant and 87 

document the effects of varying minor mineral chemistry and abundance on bulk spectral 88 

properties. We use pure, well-characterized endmembers in order to focus only on the 89 

fundamental systematics of plagioclase-dominated mixture spectra. This study explicitly avoids 90 

the complicating effects of space weathering and other variables in order to better isolate the 91 

effects of mineral composition and abundance. A secondary goal of this work is to use the results 92 
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of the laboratory mixtures to test a nonlinear model for predicting mixture spectra from 93 

endmember spectra.  94 

2. BACKGROUND 95 

 Broad mineral absorptions in the near-infrared are caused by electronic transitions among 96 

the d-orbitals of certain transition metal atoms, predominately iron. These transitions are brought 97 

on by asymmetries imparted to the d-orbitals by the location of the atom within a crystal 98 

structure (e.g., Burns 1993). Differences in the crystallographic sites that contain iron atoms in 99 

different rock-forming minerals result in distinguishable absorption features. Laboratory spectra 100 

of the major lunar minerals that are considered here are shown in Figure 1: plagioclase, 101 

pyroxene, olivine, and spinel. Anorthosites occupy a unique compositional range in which the 102 

highly absorbing minerals, such as pyroxenes, spinel, and to a lesser extent olivines, are present 103 

in exceedingly low abundance (≤10 vol%, nominally). By contrast, plagioclase, which is 104 

relatively transparent, is present in high abundances. As a result, anorthosite spectra are likely to 105 

display absorption features due to plagioclase and other minor minerals. This provides 106 

significant leverage in determining mineral composition and abundance because the composite 107 

absorptions that arise from combining overlapping minerals absorptions should be unique to a 108 

relatively restricted range of mineralogies. The effects of glass and opaque minerals such as 109 

ilmenite on bulk spectral properties are not evaluated here, although future mixing studies should 110 

explore the effects of these additional important components of lunar rocks. 111 

 Reflectance spectra of unweathered, inclusion-free plagioclase samples are characterized 112 

by a broad absorption centered near 1250 nm (e.g. Conel and Nash 1970; Bell and Mao 1973; 113 

Adams and Goullaud 1978). This absorption is caused by trace amounts of Fe2+ incorporated into 114 

the plagioclase structure, likely into the large 8-12 fold Ca2+ site. Increasing FeO content 115 
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generally corresponds to increasing ~1250 nm absorption strength (Bell and Mao 1973; Serventi 116 

et al. 2013). Variations in An content (molar Ca/(Ca+Na+K) in plagioclase) correspond to small 117 

shifts (tens of nanometers) in the exact center position of the broad ~1250 nm absorption (Adams 118 

and Goullaud 1978).  119 

Pyroxene spectra, by contrast, are characterized by strong absorptions near 1000 and 120 

2000 nm that are due primarily to Fe2+ within the M2 octahedral site (e.g., Hazen et al. 1978; 121 

Cloutis and Gaffey 1991; Burns 1993). Orthopyroxenes typically display relatively short-122 

wavelength absorption centers, near ~930 and ~1900 nm, that shift to longer wavelengths with 123 

increasing FeO content. Samples that are particularly high in iron also display a weaker band 124 

centered near 1200 nm due to Fe2+ partitioning onto the smaller, octahedral M1 site (e.g., Klima 125 

et al. 2007; 2011). Increasing Ca content in pyroxenes also shifts the major M2 absorptions to 126 

longer wavelengths, and spectra of high-calcium clinopyroxenes display absorptions centered 127 

near 1000 and 2200 nm (e.g., Cloutis and Gaffey 1991; Klima 2011).  128 

Spectra of olivines display a broad, composite absorption centered near 1000 nm. This 129 

feature is comprised of a central absorption caused by Fe2+ transitions within the octahedral M2 130 

site, as well as two absorptions that overlap the M2 absorption on either side caused by Fe2+ in 131 

the M1 octahedral site (e.g., Burns 1970; Burns 1974; Hazen et al. 1977). As olivine iron content 132 

increases, each of these three absorptions independently shifts to longer wavelengths although 133 

the M1 bands are observed to shift more strongly than the central M2 band (e.g., Burns 1970; 134 

King and Ridley 1987; Sunshine et al. 1998). At the same time, the strengths of the M1 bands 135 

relative to the M2 band increase with increasing iron abundance (Sunshine et al. 1998).  136 

Unlike the mafic silicates, Fe2+ in normal Mg-spinel (an oxide) favors a tetrahedral site, 137 

resulting in strong absorptions at slightly longer wavelengths, near 2000 and 3000 nm (e.g. 138 
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Cloutis et al. 2004). For spinel with higher iron abundances, some Fe2+ partitions onto the 139 

octahedral site, generating weaker absorptions near 650 and 950 nm (Cloutis et al., 2004; 140 

Jackson et al. 2012; Jackson et al. submitted). 141 

3. MINERAL ENDMEMBERS IN MIXING EXPERIMENTS 142 

3.1 Endmember selection 143 

The goal of this study is to characterize the spectral properties of plagioclase-dominated 144 

binary mineral mixtures that vary systematically in mineral composition and abundance. The 145 

primary objective in choosing endmembers for these mixtures was to obtain samples that are 146 

pure, homogeneous, and available in large quantities so that their compositions can be well 147 

characterized and linked to spectral properties. Because mineral composition is known to affect 148 

spectral properties in specific ways, a second goal was to select endmembers with compositions 149 

that are relevant to those observed in lunar rocks, particularly those with high proportions of 150 

plagioclase. The extent to which variations in mineral abundance, when coupled to variations in 151 

mineral composition, are expressed in spectral properties of plagioclase-dominated mixtures is 152 

the subject of the laboratory analysis described here.  153 

The sources and compositions of specific endmembers are described in the following 154 

sections and in Tables 1 and 2. Comparisons to measured properties of lunar samples are also 155 

discussed below. We emphasize that the specific endmembers chosen are not direct spectral 156 

analogs for lunar minerals, which include a range of complicated optical effects due to shock 157 

metamorphism and space weathering (e.g., Adams et al. 1979; Hapke 2001). Rather, they were 158 

chosen in order to enable a systematic investigation of spectral reflectance characteristics that 159 

arise solely from variations in mineral composition and abundance, without complications from 160 

other variables. Future studies should build on the foundations provided by this simplified 161 
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dataset to more closely approximate the full range of optical characteristics of lunar surface 162 

materials.  163 

3.2 Plagioclase endmember 164 

 The plagioclase endmember used in this study is a highly pure, terrestrial gem-quality 165 

labradorite from a volcanic source in Mexico. This sample was largely chosen because of the 166 

availability of >10 grams of homogeneous, inclusion- and alteration-free material, as well as its 167 

spectral similarity to plagioclases separated from lunar highland samples (described below). A 168 

brief description of the sample is given in Table 1, and major element composition is given in 169 

Table 2. Plagioclase in lunar ferroan anorthosites is typically more calcium-rich (>An95) and 170 

slightly more iron-poor (FeO <0.3 wt%) (e.g., McGee 1993), than the terrestrial plagioclase 171 

sample used here. However, Figure 3 demonstrates that despite these subtle compositional 172 

differences, the analog sample is a good representation of the key spectral properties of lunar 173 

highland plagioclase – namely a high albedo and a prominent 1250 nm absorption. This is likely 174 

due to the fact that despite a reported influence of band center position on An number, this effect 175 

is only on the order of ~50 nm over the labradorite – anorthite compositional range (Adams and 176 

Goullaud 1978). Further, while the greater abundance of iron in the terrestrial sample may be 177 

expected to cause a relatively stronger absorption compared to lunar samples, this effect is 178 

mitigated by the fact that the total iron abundance in the terrestrial sample should include a 179 

substantial amount of ferric iron, which does not affect the strength of the crystal field absorption 180 

near ~1250 nm. The terrestrial sample used here is therefore an excellent analog for lunar 181 

anorthositic plagioclases, which are being identified globally by their ~1250 nm absorption 182 

bands in new orbital datasets for the Moon’s crust (Yamamoto et al. 2012; Donaldson Hanna et 183 

al. in review).  184 
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3.3 Other endmembers 185 

The six non-plagioclase minerals used in binary mixtures with plagioclase for this study 186 

include two olivine samples, two pyroxene samples, and two spinel samples. Two of each 187 

mineral type were selected in order to characterize the range of spectral properties that may be 188 

expected from compositional variations in lunar mineral samples. The sample names were 189 

chosen to reflect both mineral type as well as important information about mineral composition, 190 

and are as follows: a magnesian olivine, Olv1Fo91 (Fo = molar (Mg/(Mg+Fe)*100)); a higher-Fe 191 

intermediate olivine, Olv2Fo47; an orthopyroxene, OpxMg88 (Mg = molar (Mg/(Mg + Fe)*100)); a 192 

diopside, DiopEn46 (En = molar (Mg/(Mg+Fe+Ca)*100)); and two Mg-spinels, Sp1Mg98 and 193 

Sp2Mg87. Brief descriptions of the samples are given in Table 1, and major element compositions 194 

are shown in Table 2. The compositions and spectral properties of the mafic silicate endmembers 195 

are discussed in the section below, followed by a description of the two spinel endmembers.  196 

3.3.1. Mafic silicate endmembers. 197 

The mafic component of lunar anorthosites is typically dominated by low-calcium 198 

pyroxene, although olivines and high-calcium pyroxenes do sometimes dominate the small mafic 199 

fraction (see Dymek et al. 1975; and Warren and Wasson 1977; James, 1980; McGee 1993). The 200 

compositions of these mafic minerals in lunar anorthosites are typically more ferroan, (~Mg40-201 

Mg70) than the mafic component of the Mg-suite rocks (e.g., Dixon and Papike 1975; Ryder and 202 

Norman 1978; Warren and Wasson 1980; James et al. 1989; Warren 1990; McGee 1993; Warren 203 

1993), which constitute the other major compositional grouping among pristine nonmare 204 

materials. The compositions of the olivines and low-calcium pyroxenes found in anorthosites and 205 

Mg-suite rocks are plotted in Figure 4, after Warren and Wasson (1979). For comparison, the 206 

olivine and orthopyroxene compositions used in this study are shown as horizontal lines, and 207 
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generally bracket the range of compositions observed in the lunar samples. While the samples 208 

typically reveal a separation in Mg numbers between the Mg suite and the anorthositic rocks in 209 

Figure 4, assessing the extent to which this observations is representative of the global lunar 210 

crust requires understanding how these compositional differences are expressed in mixtures with 211 

high plagioclase abundances.  212 

The two pyroxene samples used in this study were obtained from Ward’s Science, and 213 

include an orthopyroxene from Bamble, Norway, and a diopside from Madagacar, both of which 214 

are highly magnesian (Tables 1 and 2). Due to the unavailability of a pure low-calcium pyroxene 215 

sample with intermediate Mg number, which would provide the best compositional and spectral 216 

analog for pyroxenes in most lunar anorthosites, the diopside was substituted to investigate the 217 

effects of occasionally-dominant high-calcium pyroxenes, particularly with respect to the 218 

changing 1000 and 2000 nm absorption band position. Spectra of the two pyroxene samples (Fig. 219 

5b) are indeed dominated by broad absorption bands near 1000 and 2000 nm, although the center 220 

positions of these bands differ by ~200 nanometers which will provide important spectral 221 

variability when mixed with plagioclase. Impurities in the orthopyroxene sample were suggested 222 

to be tremolite by Singer (1981), and are likely the cause of the subtle sharp features near 1400 223 

and 2300 nm. The least visibly altered grains of the diopside were selected for analysis, although 224 

similar sharp absorptions at long wavelengths, in addition to the broad feature near 700 nm, 225 

suggest that some impurities remain.  226 

The two olivine endmember samples used in this study also differ substantially from one 227 

another in terms of their spectral properties as a result of differences in Mg number. The Olv1Fo91 228 

endmember is a sample of highly magnesian San Carlos olivine. Minor inclusions, presumed to 229 

be spinel or chromite, were removed upon crushing (Table 1). Spectra of this sample are shown 230 
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in Figure 5a, and demonstrate a three-part composite absorption band centered near 1000 nm. 231 

The second olivine endmember, Olv2Fo47, is derived from a sample of the Kiglapait intrusion and 232 

is much more iron rich than the San Carlos sample (Tables 1 and 2). The olivine was manually 233 

separated from a bulk rock that also contained pyroxene and plagioclase, and was further 234 

purified using a magnetic separator. Due to the high iron content of Olv2Fo47, each of the 235 

individual absorptions comprising the bulk ~1000 nm feature shifts to slightly longer 236 

wavelengths and the intensities of each band also increases. However, extensive previous 237 

laboratory studies have demonstrated that these changes in the band characteristics do not occur 238 

at equal rates for each of the three absorptions. In particular, the M1 bands (outer absorptions) 239 

shift to a greater degree than the central M2 band. At the same time, the M1 bands increase in 240 

relative intensity compared with the M2 feature (e.g., Burns, 1970; Sunshine and Pieters, 1998; 241 

King and Ridley, 1987). The combined effects of these changes produce a composite absorption 242 

that visually appears broader and more flat-bottomed as the contrast between the three individual 243 

bands decreases and the long-wavelength shoulder becomes more pronounced with increasing 244 

iron abundance. We note also that the broad absorption between 2000 and 3000 nm in the 245 

spectrum of Olv2Fo47 (Fig. 5a) is likely due to very minor quantities of spinel inclusions, or 246 

possibly adhering pyroxene. 247 

Analysis of returned lunar ferroan anorthosites suggests that although most contain 248 

relatively ferroan olivines that are more analogous to Olv1Fo47, examples of more forsteritic 249 

compositions do occur (e.g., anorthosite sample 76335, Warren and Wasson 1977). Furthermore, 250 

the primitive nature of high-Mg dunites makes their identification on the lunar surface an 251 

important objective in lunar science, and the high degree of overlap of olivine absorptions with 252 

the plagioclase absorption calls for an understanding of how much plagioclase could be “hidden” 253 
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in spectra resembling pure, even forsteritic, olivine. These types of data are necessary to 254 

distinguish whether spectra resembling olivine could represent anorthositic lithologies rather 255 

than troctolites or dunites, which would each require very different petrogenetic interpretations 256 

(e.g., Yamamoto et al. 2010).  257 

3.3.2. Spinel endmembers. 258 

While spinel anorthosites have not been noted in the sample collection, recent remote 259 

sensing data have suggested their presence in numerous locations across the Moon’s surface 260 

based on spectra that display spinel absorptions but lack absorptions due to olivine or pyroxene 261 

(e.g., Pieters et al. 2011; Pieters et al. 2013; Yamamoto et al., 2013). These exposures are 262 

generally found in feldspathic terrains, and are thought to contain a substantial amount of 263 

plagioclase. Although these spinel-bearing spectra also lack the diagnostic crystalline plagioclase 264 

absorption near 1250 nm, a large amount of plagioclase could be present in a “featureless” form 265 

in which the plagioclase absorption has been erased by processes of shock metamorphism (e.g., 266 

Adams et al. 1979; Johnson et al. 2003). Alternatively, the crystalline plagioclase absorption may 267 

simply be “hidden” by the strongly absorbing spinel component. The spectral characteristics of 268 

the remotely identified spinel are consistent with very high Mg numbers (>Mg90) (Jackson et al., 269 

in review). We have selected two aluminate Mg-rich spinel samples to independently mix with 270 

plagioclase in order to place constraints on the abundance of crystalline plagioclase that is 271 

necessary to generate a ~1250 nm absorption when in an intimate mixture with magnesian 272 

spinel. The two spinel samples are both highly magnesian but differ slightly in iron content and 273 

overall albedo. Sample Sp1Mg98 was chosen because it is a near-endmember magnesian 274 

composition and is highly pure (gem quality). Sample Sp2Mg87 was selected because a spinel 275 

from this locality (Amity, NY) was among the suite analyzed by Cloutis et al. (2004). 276 
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4. LABORATORY PROCEDURE 277 

4.1 Sample processing  278 

Preliminary processing steps unique to each endmember are described in Table 1. Once 279 

each sample was in particulate form, they were independently crushed in a DiamoniteTM mortar 280 

and pestle into several different size fractions: <45 µm, 45-75 µm, 75-125 µm, 125-250 µm, 281 

250-500 µm, and 500-1000 µm. All size fractions except the finest were rinsed with de-ionized 282 

water after sieving to remove adhering fine particles. From these particle size separates, various 283 

binary mixture series were created using either a restricted particle size range (45-75 µm) or 284 

particle size distributions more typical of natural lunar soils (<1000 µm), both of which are 285 

described below. Excess material for each of the six particle size fractions of each mineral 286 

endmember are being made available in the RELAB for future studies. In all, 48 binary mixtures 287 

were prepared from the various mineral endmembers using the procedures described below.  288 

4.2 Controlled particle size range 289 

Because particle size is known to have a strong effect on albedo and absorption strength 290 

(e.g., Pieters 1983; Crown and Pieters 1987), we have controlled for this parameter in order to 291 

better isolate systematics due to mineral composition and abundance. The 45-75 µm particle size 292 

fraction was chosen specifically to maximize the overall spectral contrast so that variations in 293 

absorption characteristics are well expressed (e.g., Pieters 1983; Crown and Pieters 1987). To 294 

create mixtures with this restricted particle size range, the desired proportions of the 45-75 um 295 

fraction of both the plagioclase and non-plagioclase endmember were weighed out independently 296 

on a balance, then combined into a 4 mL glass vial and homogenized by tumbling and rotating 297 

for 5 minutes (mixtures with >5 vol% olivine, pyroxene, or spinel) or 10 minutes (mixtures with 298 

≤5 vol% olivine, pyroxene, or spinel). This sequence was repeated using all six non-plagioclase 299 
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endmembers in the following proportions (in terms of vol% olivine, pyroxene, or spinel): 2%, 300 

5%, 7%, 10%, 15%, 25%, and 50%. We note that we have included in this study mixtures with 301 

proportions of non-plagioclase phases that would not be analogous to anorthosite, sensu stricto 302 

(15 vol%, 25 vol%, and 50 vol%). This was done intentionally for two reasons: (1) based on 303 

analysis of returned lunar samples, the plagioclase rich lunar crust very likely includes at least 304 

some areas that are slightly too mafic to be considered anorthosite (Warren 1990), and (2) to 305 

better elucidate the manner in which the plagioclase feature combines with other mineral 306 

absorption features and offer comparison to previous studies that have focused on lower 307 

plagioclase abundances (e.g., Mayne et al. 2010).  308 

The total mass of each mixture varied slightly depending on the total amount of sample 309 

available, but was typically either 220 or 250 mg for the mixtures with >5 vol% of the non-310 

plagioclase phase and 400 mg for mixtures with ≤5 vol% of the non-plagioclase phase. The extra 311 

sample for the mixtures with the lowest abundances of minor minerals was desirable so that at 312 

least 10 mg of each component would be present. Each of the mixtures were loaded into 9-mm 313 

diameter Teflon-coated sample dishes, except for the three mixtures containing ≥15% of 314 

Olv1Fo47, which were loaded into 5-mm dishes due to limited sample volume. We note that 315 

because the smaller dishes are also about half a millimeter more shallow, it’s possible that some 316 

incident photons could have been absorbed by the inside of the dish after being transmitted 317 

through the olivine and plagioclase grains. This would have the effect of decreasing the overall 318 

brightness of the returned signal, although the results for these three samples (described below) 319 

do not suggest that this has a significant effect. The surface of the each sample was smoothed by 320 

gently passing the edge of a piece of weighing paper, angled at ~30 degrees, over the sample. 321 

Reflectance spectra of the six 45-75 µm mixture series and the additional six 0-1000 µm 322 
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mixtures (described below) were acquired using the bidirectional reflectance spectrometer 323 

(BDR) in RELAB at Brown University, with an incidence angle of 30° and a 0° emergence angle 324 

(Pieters 1983). 325 

The proportions of each endmember are expressed in terms of volume percent of solids 326 

rather than mass percent so that the weighting factor of each component can be considered 327 

analogous to the weighting factor given by Hapke (1981) for describing the bulk scattering 328 

properties of a linear combination of multiple components expressed in terms of single scattering 329 

albedo. For a two-component mixture, this weighting factor (f1) for component 1 would be:  330 

 331 

where M1 is the bulk density M1=N1ρ1D1
3(π/6), ρ1 is the solid density, and D1 is the diameter, 332 

and N1 is the number of particles per unit volume for all particles of type 1 (Hapke 1981; 333 

Johnson et al. 1983; Mustard and Pieters 1987). If the particle sizes of the two components are 334 

assumed to be equal, the above equation for the weighting factor for component 1 reduces to the 335 

volume proportion of solids of component 1. To create the mixtures at the desired volume 336 

proportions (or weighting factor), the mass needed for each component was calculated from the 337 

target volume proportion (of solids), the desired total mass of the mixture, and the solid density 338 

of each component.  339 

4.3 Particle size distributions 340 

Because natural soils such as those collected from the lunar surface contain a distribution 341 

of particle sizes that vary largely as a function of surface maturity (e.g., McKay et al. 1974), it is 342 

important to also document the sensitivity of the mixture spectra to particle size variations in 343 

! 

f1 =

M1

"1D1
M1

"1D1
+
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more realistic size distributions. Selected mixtures from the above set were duplicated using two 344 

different grain size distributions that both range from 0 to 1000 µm. The “coarse” distribution 345 

contains a higher proportion of large particles intended to represent relatively fresh, or texturally 346 

immature, surfaces on the Moon, such as steeply sloping crater central peaks.  The “fine” size 347 

distribution contains a higher proportion of small particles and is intended to represent more 348 

texturally mature areas on the lunar surface that have been comminuted to a greater degree by 349 

micrometeorite bombardment and impact gardening. 350 

Coarse and fine particle size distributions were prepared for each of the selected 351 

endmembers, and binary mixtures were then created by combining the mineral components (each 352 

consisting of a wide distribution of particle sizes) following the same method described above. 353 

The specific procedure is described schematically in Figure 6. For each “coarse” distribution 354 

mixture, both mineral components consist of <45 µm particles, 45-250 µm particles, and 250-355 

1000 µm particles in the following proportions by weight: 20%, 30%, 50%, respectively. For the 356 

mixtures created with “fine” size distributions, the total mass of each component was divided 357 

into the same three size fractions, but in proportions of 50%, 30%, and 20%, respectively. The 358 

mass proportions of each size fraction that comprised the two distributions were selected to be 359 

generally consistent with the characterization of mature and immature lunar soils (<1 mm) 360 

described in McKay et al. (1972), Heiken et al. (1973), and McKay et al. (1974), although we 361 

note that they are not direct analogs due to the simplified nature of these pure two-component 362 

mixtures. After creating each endmember distribution, the two endmembers were combined in 363 

the desired total volume proportions. Each of these two distributions was created for mixtures of 364 

93 vol% plagioclase plus 7 vol% of (1) Olv1Fo91, (2) OpxMg88, and (3) Sp1Mg98.  365 
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We emphasize that while these two particle size distributions mimic the size ranges for 366 

returned lunar soils, they are not direct analogs because they do not incorporate the additional 367 

optical effects of space weathering. Modification of lunar materials from extended exposure to 368 

the space environment is characterized by a range of complicated effects such as agglutinates and 369 

nanophase iron that have large consequences for bulk spectral properties (e.g., Pieters et al. 2000; 370 

Noble et al. 2007). Rather, the aim of these size distribution experiments is to illustrate the 371 

effects of natural particle size variations for comparison with the more restricted 45-75 µm 372 

binary mixtures. 373 

5. RESULTS 374 

5.1 Controlled particle size 375 

5.1.1. General characteristics. 376 

Near-infrared spectra of all six 45-75 µm mixture series are shown in Figure 7. These 377 

data demonstrate the spectral role of the plagioclase absorption in mixtures for which the bright, 378 

relatively transparent plagioclase component is present in high abundances. The results show that 379 

mixing small amounts of absorbing minerals with plagioclase results in an array of spectral 380 

characteristics that are unique to plagioclase-rich, mixtures.  381 

Systematic variations in bulk absorption characteristics are clearly apparent as the type 382 

and proportion of the minor mineral changes. Within each series, an increase in olivine, 383 

pyroxene, or spinel abundance results in an increase in their respective absorption strengths, 384 

which is commonly associated with a decrease in overall albedo. Comparison of the different 385 

series in Figure 7 suggests that the “detectability” of the plagioclase 1250 nm absorption depends 386 

strongly on the identity of the coexisting minor minerals. Those with peak reflectance values that 387 
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coincide with the wavelength range of the plagioclase absorption, such as OpxMg88 and Sp1Mg98, 388 

are less effective at masking the plagioclase band. Olivines, by contrast, have absorptions that 389 

overlap with the plagioclase feature, making it more difficult to distinguish the contribution of 390 

plagioclase to the bulk spectrum, even at plagioclase abundances > 90 vol%. 391 

In general, these results demonstrate two important characteristics of plagioclase-rich 392 

mineral mixtures: (1) the non-plagioclase endmembers exert strong influence on bulk spectra at 393 

low modal proportions, although important variations are apparent, and (2) despite the strong 394 

influence of other phases, the plagioclase component does in fact affect the shape of most 395 

mixture spectra, either by creating complex “composite” absorptions (for plagioclase abundances 396 

≥90 vol%), or by subtly modifying the characteristics of the non-plagioclase endmember spectra 397 

(generally for mixtures with <90 vol% plagioclase). Below, we describe in more detail the 398 

varying spectral characteristics that arise from combining plagioclase with various amounts of 399 

different minerals. 400 

5.1.2. Plagioclase mixed with ≤10% olivine, pyroxene, or spinel. 401 

The varying effects of different minerals at a given modal proportion in plagioclase-402 

dominated mixtures are compared in Figures 8 and 9. Just 2 vol% of any of the non-plagioclase 403 

endmembers exerts a visible effect on the bulk spectrum, although some endmembers are clearly 404 

more dominant than others (Fig. 8a). Mixtures containing 2 vol% of Olv1Fo91, Olv1Fo47, or 405 

DiopEn46 share similar spectral characteristics: in general, they resemble a wide, distorted 406 

plagioclase absorption. The 2 vol% OpxMg88 mixture, however, differs significantly from the 407 

other mafic silicates: 2 vol% of this strongly absorbing phase results in an orthopyroxene 408 

absorption near 950 nm that is nearly equal in strength to and distinguishable from the 409 

plagioclase absorption near 1250 nm. A subtle ~2000 nm orthopyroxene is also apparent at 410 
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longer wavelengths. This overwhelming effect of the orthopyroxene supports previous 411 

observations (e.g., Nash and Conel 1974; Crown and Pieters 1987). 412 

The different mafic silicates are more distinguishable from one another when present in 413 

5-10 vol% abundance. At the 5 vol% level, the local minimum of the diopside endmember, 414 

centered near 1050 nm becomes apparent, as does a weak 2000 nm absorption. For mixtures 415 

containing the diopside endmember, the effect of the plagioclase absorption on the bulk spectrum 416 

progresses from being explicitly observable in the 2 vol% and 5 vol% mixtures to being 417 

expressed simply as a flattening of the reflectance maxima near 1250 nm in the 7 vol% and 10 418 

vol% mixtures (Fig. 8 c,d). For mixtures with OpxMg88, a subtle plagioclase absorption is visually 419 

apparent superimposed on the pyroxene spectrum even when the pyroxene is present in up to 10 420 

vol% abundance (Fig. 8 b-d). We note that this high sensitivity to the presence of plagioclase in 421 

the orthopyroxene mixtures would be mitigated if a 1200 nm M1 absorption were present in the 422 

pyroxene endmember spectrum, as would be expected for a more iron-rich orthopyroxene. This 423 

effect is described in more detail below and in Figures 17 and 18, although future work directed 424 

at the relationship between the 1250 nm plagioclase absorption and the 1200 nm M1 pyroxene 425 

absorption is necessary. 426 

The two olivine endmembers are also distinguishable from the pyroxenes at the 5 vol% 427 

level, displaying a wide, almost flat-bottomed shape. The olivine-bearing mixtures are similar to 428 

one another between 5-10%, except that the enhanced ~850 nm M1 absorption in Olv1Fo47 is 429 

subtly expressed in these mixtures. The result is that mixtures with Olv1Fo47 display a broader 430 

absorption, one that extends below 1000 nm, than the mixtures containing Olv1Fo91. This 431 

distinction is so pronounced and regular that we suggest it may be useful in distinguishing 432 

olivine compositions in remote sensing data for the Moon, although we caution that mixtures of 433 
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plagioclase plus low abundances (≤5 vol%) of diopside may be indistinguishable from mixtures 434 

with forsteritic olivine. It is also important to note that, by visual inspection, the mixtures 435 

containing 5, 7, and 10 vol% Olv1Fo47 simply resemble the Olv1Fo47 endmember with subdued 436 

spectral contrast.  437 

Spectra of mixtures containing 2 vol% of either spinel endmember display a 438 

characteristic negative slope resulting from the influence of strong 2000 and 3000 nm 439 

absorptions (Fig. 8a). The major difference between the two 2 vol% spinel mixtures is the 440 

strength of the plagioclase absorption near 1250 nm: addition of a darker, more iron-rich spinel 441 

(Sp2Mg87) subdues the plagioclase absorption more significantly. Mixing with a more transparent, 442 

very iron-poor spinel (Sp1Mg98) allows the subtle 1250 nm plagioclase absorption to persist even 443 

when the spinel represents more than 10 vol% of the bulk material (Fig. 9c, f, i). Importantly, the 444 

long-wavelength absorptions in the mixture containing 5 vol% Sp1Mg98 is more clearly resolved 445 

into two components, one centered near 2000 nm and the other near 3000 nm that is just beyond 446 

the wavelength coverage of the BDR measurements, than the corresponding 2 vol% mixture. 447 

This type of structure in the long wavelengths can be used to identify spinel in remote sensing 448 

data by distinguishing these absorptions from weak single-component “absorptions” that can 449 

result from instrumental effects (Pieters et al., in press). 450 

5.1.3. Plagioclase mixed with > 10 vol% olivine, pyroxene, or spinel. 451 

The spectral characteristics of mixtures containing 15, 25, and 50 vol% of the non-452 

plagioclase phase increasingly resemble the non-plagioclase endmembers, although the effect of 453 

the plagioclase component is still subtly apparent in many cases (Fig. 9). A discrete plagioclase 454 

absorption is visually apparent for the mixture containing 15 vol% SpMg98. However, for most 455 

other mixtures containing more than 10 vol% of a non-plagioclase phase, the spectral influence 456 
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of plagioclase is typically expressed primarily as either (1) a flattening of ~1250 nm reflectance 457 

maxima in pyroxene or spinel dominated spectra, or (2) the broadening of the ~1000 nm 458 

absorption in olivine dominated spectra. The “flattening’ effect in particular has been previously 459 

described by Crown and Pieters (1987) for mixture of plagioclase and orthopyroxene (the same 460 

magnesian orthopyroxene used here) at varying particle size fractions. At the 50% level, the only 461 

mixtures that are most visually distinguishable from the more absorbing endmember, are 462 

OpxMg88 and the Sp1Mg98. For these two endmembers, the reflectance maximum near ~1250 nm is 463 

simply flattened.  464 

5.1.4. Measuring relative band depths. 465 

We have developed a parameter specifically to quantify relative absorption depths of the 466 

different components in a plagioclase-dominated mixture, which is an important indicator of 467 

mineral abundance. While a similar parameter may be developed for characterizing remote 468 

observations of mixture spectra, we caution that direct application of the parameter values 469 

described here to the remote sensing case is inappropriate until various effects such as space 470 

weathering and particle size are accounted for. Rather, the aim of parameterizing the laboratory 471 

data here is to better elucidate the systematic spectral changes brought on by varying endmember 472 

composition and abundance – beyond what is visually apparent. We focus on mixtures with the 473 

mafic silicates, which have absorptions near 1000 nm that may overlap somewhat with the 474 

~1250 nm plagioclase absorption.  475 

The relative absorption depths of the plagioclase and mafic silicate components can be 476 

characterized by comparing the minimum reflectance values in the ~1000 and ~1250 nm regions 477 

in a given spectrum. To make this comparison, we find the minimum reflectance value between 478 

850-1050 nm for each spectrum after removing a linear continuum that is tied at the reflectance 479 
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maxima between 550-900 nm (short-wavelength tie-point) and between 1350-1900 nm (long-480 

wavelength tie point). The slope of a line anchored by the reflectance minimum between 850 - 481 

1050 nm and the reflectance value at 1250 nm is used to compare the relative plagioclase and 482 

mafic absorption depths for all spectra. A schematic of this relative band depth parameter applied 483 

to an olivine spectrum is shown in Figure 10. For a given series, higher proportions of mafic 484 

minerals correspond to more positive slope values.  485 

A comparison of the relative plagioclase – mafic absorption depths calculated using the 486 

parameter described above is shown in Figure 11. For all four series, most of the change in 487 

relative band depths occurs with the addition of <15 vol% mafics. This observation illustrates 488 

that anorthosites represent an important compositional range in which small changes in 489 

mineralogy represent large changes in bulk spectral properties. Further, it is apparent that both of 490 

the pyroxene mixture series (1) reach significantly higher slope values (e.g., stronger mafic 491 

absorptions relative to the plagioclase absorption) than the olivine series, and (2) show continued 492 

change in the relative mafic-plagioclase absorption strengths (or, slope parameter) even for high 493 

pyroxene abundances.  494 

These observations reveal an important difference in the manner in which the plagioclase 495 

absorption combines with the absorptions of these two types of common mafic minerals. 496 

Specifically, because the plagioclase band does not overlap with the primary absorptions of the 497 

pyroxene endmembers used here, the addition of this pyroxene component weakens the absolute 498 

strength of the absorption near 1250 nm while at the same time increasing the strength of the 499 

pyroxene absorption near 1000 nm. Olivines, by contrast, have an absorption that overlaps with 500 

the plagioclase feature. As a result, the 1250 nm region in an olivine – plagioclase mixture 501 

represents contributions from both mineral components. Further, and most importantly, it is clear 502 
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that while pyroxenes are much more optically dominant than olivines, the lack of overlap of the 503 

plagioclase and pyroxene absorption bands means that the relatively weak plagioclase 504 

component is more distinguishable and actually exerts a more noticeable influence on pyroxene-505 

dominated spectra than on olivine-dominated spectra. The large degree of overlap with olivine 506 

absorptions, by contrast, results in a plagioclase band that is easily hidden within olivine-507 

dominated spectra. The relatively strong influence of the plagioclase absorption on pyroxene-508 

dominated spectrum is expected to be mitigated if the pyroxene spectrum itself contains a ~1200 509 

nm absorption due to iron in the M1 crystallographic site (typical for iron or calcium rich 510 

compositions, or disordered pyroxenes) (e.g., Klima et al. 2007, 2008). Clearly the mixing 511 

behavior of plagioclase and these types of pyroxenes is an important avenue of study, which is 512 

touched upon only briefly in following sections (see Figures 17 and 18) and should be elaborated 513 

on in future work.  514 

5.2 Particle size distributions 515 

The general characteristics of plagioclase-rich mixtures described above are preserved 516 

even for particle size distributions relevant to natural lunar soils. Mixtures of plagioclase with 517 

7% mafics are used for these analyses, and their spectra are shown in Figure 12. Soil mixtures 518 

with a high proportion of fine particles (mature) have a higher albedo than the mixtures with a 519 

higher proportion of large particles (immature) (Fig. 12a-c). The albedo of the corresponding 45-520 

75 µm mixtures generally falls between the two analog soil distributions. Spectra of these 521 

mixtures that are scaled to unity at the wavelength of maximum reflectance for the 45-75 µm 522 

mixture are shown in Figure 12 d-f. Although small variations in absorption depths are apparent, 523 

the immature and mature particle size distributions are on the whole very similar to each other. 524 

The 45-75 µm fraction typically displays slightly greater overall spectral contrast.  525 
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We note, however, that the effect on relative absorption strengths in bulk mixture spectra 526 

would be greater if the each component each had a different particle size distribution. Indeed, the 527 

spectral consequences of a strongly absorbing component that is physically smaller on average 528 

than the plagioclase component, as is the case for typical lunar anorthosites in the sample 529 

collection (e.g., McGee 1993), is an important avenue for further study.  530 

6. NONLINEAR MIXING MODEL 531 

6.1 Non-linear mixing model background 532 

While systematic laboratory analyses across a wide compositional space can provide 533 

highly accurate information about mixture spectra, they are impractical in many circumstances. 534 

Such analyses using returned lunar samples as endmembers, for example, are not ideal because 535 

of the relatively large volume of sample that must be consumed. Models that accurately predict 536 

how mineral absorptions combine to create a bulk mixture spectrum are therefore desirable in 537 

order to understand the range of spectral characteristics that might characterize a surface of 538 

unknown composition. Ultimately, mixing models have wide applicability for estimating the 539 

mineral abundances represented in a remotely acquired reflectance spectrum.  540 

Laboratory mineral mixtures are often used to validate such models aiming to predict 541 

mineral abundances in a given reflectance spectrum comprised of intimately mixed components 542 

(e.g., Johnson 1983; Mustard and Pieters 1987, 1989). Non-linear models must be used to 543 

account for the disproportional contribution from highly absorbing components that arises when 544 

light interacts with a number of particles before returning to the sensor. Here, we use the well-545 

characterized mixture spectra generated for this study to test the ability of the Hapke model 546 

(Hapke 1981, 1993, 2002) to predict the reflectance spectrum of each mixture based on the 547 

endmember spectra. Specifically, we are interested in determining how well the mixture spectra 548 
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can be predicted for this highly non-linear regime in which the bright, relatively transparent 549 

plagioclase component is an important contributor to the bulk spectrum.  550 

The Hapke approach is based on relating reflectance values of each endmember and 551 

mixture spectrum to a parameter called single scattering albedo (SSA), which depends only on 552 

the absorption characteristics of individual minerals. The relationship between reflectance and 553 

SSA is highly non-linear. However, once converted to SSA, each spectrum can be expressed as a 554 

linear combination of endmembers, at each wavelength, weighted by the factor, f, (defined 555 

above). Here, we have assumed that the two prepared endmembers have the same particle size 556 

(wet-sieved to 45-75 µm), and so the weighting factor can be approximated by volume fraction.  557 

6.2 Inverse model 558 

We first use an inverse model to calculate a best-fit spectrum to each laboratory mixture 559 

using the appropriate measured endmember spectra as inputs. For a given mixture series (seven 560 

mixtures and two endmembers), each reflectance spectrum was converted into SSA using a look-561 

up table constructed from equation 37 of Hapke (1981) at a step size of 10-4 in SSA. We have 562 

assumed an isotropic phase function, a backscattering term of zero, and implement the Hapke 563 

(2002) H-function approximations to account for multiple scattering. For each SSA mixture 564 

spectrum, the best-fit linear combination of endmember SSA spectra, weighted by the factor, f, 565 

was found by minimizing the least-squares error. The proportions of each endmember for the 566 

best-fit spectrum were constrained to be non-negative and normalized to one. The resulting best-567 

fit modeled spectra were converted back to reflectance (technically, radiance coefficient) for 568 

comparison with the laboratory prepared spectra (Hapke 1981).  569 

The best-fit modeled spectra are shown compared with the corresponding laboratory 570 

prepared spectra in Figure 13. The proportions of each endmember modeled for each best-fit 571 
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spectrum are given in Table 3. In general, the modeled spectra are good approximations to the 572 

laboratory prepared spectra, and the modeled endmember proportions match the prepared 573 

abundances to within <10 vol% for all mixtures in all series. The best-fit spectra for all 574 

anorthosite-like mixtures (containing ≥90% plagioclase) matched the prepared abundances the 575 

most closely, to within 5 vol%. The abundances of the non-plagioclase component for each 576 

modeled mixture spectrum are compared with the true prepared abundance in Figure 14. The 577 

series that produced the best estimation of mineral abundance overall was the orthopyroxene, and 578 

all other modeled series predicted slightly higher proportions of the minor minerals than 579 

expected for the laboratory mixtures. Residual spectra calculated by subtracting the best-fit 580 

modeled spectrum from the laboratory prepared spectrum for a given mixture in reflectance 581 

space, are given in the Appendix. Many of the residual spectra do show “structure”, above the 582 

level of the noise, indicating that the model is not able to fit each mixture spectrum with a linear 583 

combination of the endmembers in SSA space for all examples. However, it appears that neither 584 

the plagioclase nor the non-plagioclase endmembers are systematically over- or under-estimated 585 

in the residuals, and some discrepancy could arise from laboratory measured sample 586 

characteristics as well.  587 

To illustrate differences in the relative absorption depths between measured and modeled 588 

spectra, the slope parameter, described above and in Figure 10, was calculated for the modeled 589 

olivine and pyroxene spectra. The same continuum removal procedure was applied to the 590 

modeled spectra prior to this calculation. A comparison of the relative absorption band depths for 591 

the measured versus modeled mixtures is shown in Figure 15. For the mixtures containing higher 592 

mafic abundances (Fig. 15a) most of the modeled spectra, with the exception of the 593 

orthopyroxene series, appear displaced to higher slope values than the measured mixtures, 594 



 27 

indicating relatively stronger mafic bands. This effect is small, however, and not generally 595 

discernable by inspection of the spectra in Figure 13. For mixtures containing ≥90 vol% 596 

plagioclase (Fig. 15b), both of the olivine series display higher discrepancies between measured 597 

and modeled relative absorption depths. The relative absorption depths in the modeled OpxMg88 598 

and DiopEn46 series are more consistent with the measured spectra.  599 

6.3 Forward model 600 

We have also used the laboratory mixtures to validate a forward model based on the 601 

Hapke approach. The specific advantage of a forward model is the ability to calculate a mixture 602 

spectrum from any two input endmembers. This allows characterization of mixtures that consist 603 

of endmembers with different compositions or spectral properties than were available for the 604 

laboratory mixtures.  605 

To produce the forward modeled mixtures, the measured reflectance spectrum of each 606 

endmember was converted to SSA using a look-up table as done for the inverse model. The 607 

endmembers (expressed in SSA) were then combined linearly in the same proportions as the 608 

measured laboratory mixtures (2, 5, 7, 10, 15, 25, and 50 vol%). The resulting mixture spectra 609 

were converted back to reflectance using the same procedure described above for the inverse 610 

model. The modeled spectra produced in this manner are shown with the corresponding 611 

laboratory mixtures in Figure 16. 612 

For the olivines and the DiopEn46 series, the modeled mixtures are typically offset slightly 613 

toward higher reflectance across the composite absorption features between ~1000 and 1500 nm 614 

(Fig. 16 a,b,d). The visibly largest discrepancy between measured and modeled spectra occurs 615 

for the mixtures containing Olv1Fo47 endmember at proportions >10 vol%. The orthopyroxene-616 

bearing mixtures were modeled the most accurately.  617 
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6.4 Modeling variations in pyroxene composition 618 

We can take advantage of this forward modeling approach to more fully address how 619 

mineral composition affects the spectra of plagioclase-dominated mixtures. For instance, the 620 

pyroxene endmembers used in the laboratory prepared mixtures are more magnesium-rich than 621 

most pyroxenes found in lunar anorthosites. It will be important to better understand the spectral 622 

characteristics of mixtures with more iron-rich pyroxenes in particular because they typically 623 

display weak absorption bands centered near 1200 nm, which overlap with the plagioclase ~1250 624 

nm absorption, due to excess iron in the octahedral M1 site (e.g., Klima et al, 2007). In addition, 625 

because relative Mg and Fe contents are expected to have an effect on pyroxene absorption 626 

strength, it is worthwhile to explore the magnitude of this effect on mixture spectra.  627 

Using as endmembers a suite of four synthetic orthopyroxenes that vary systematically in 628 

iron content (Klima et al. 2007), we calculate model mixtures with the same terrestrial 629 

plagioclase endmember as in the laboratory mixtures. Spectra of the synthetic orthopyroxene 630 

endmembers, obtained from the RELAB database, are shown in Figure 17. These endmembers 631 

were specifically chosen span a wide range of iron and magnesium abundances: En90, En70, 632 

En50, and En30. The En70 and En50 samples are most compositionally analogous to the low 633 

calcium pyroxenes found in lunar anorthosites. While the addition of iron across this sample 634 

suite does generally cause an increase in ~1000 and ~2000 nm absorption strength, which are 635 

primarily due to iron in the M2 octahedral site, other effects highlight the fact that iron also 636 

partitions onto the M1 site at higher abundances, giving rise to (1) a broadening of the ~1000 nm 637 

absorption, and (2) a strengthening of the ~1200 nm absorption relative to the ~1000 and ~2000 638 

nm absorptions. The spectral contrast in the highest- FeO sample is also notably depressed. We 639 

caution that these synthetic pyroxenes and the mixtures produced below should not be compared 640 
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directly to the laboratory prepared series described above, primarily due to the small grain size of 641 

the synthetics resulting in reduced spectral contrast, as well as the relatively fast cooling rate that 642 

likely enhances the ~1200 nm pyroxene absorption. Thus, this analysis aims only to qualitatively 643 

demonstrate the magnitude of the effect of varying pyroxene composition when all other 644 

variables are held constant. 645 

The modeled mixtures produced using these endmembers plus the natural plagioclase are 646 

shown in Figure 18, for mixtures with ≥90% plagioclase. There are a number of characteristics 647 

that are immediately apparent. First, the spectral properties of orthopyroxenes with very high 648 

iron abundances (here, En30), namely a broadened ~1000 nm band and a pronounced 1200 nm 649 

feature, are distinct even when the orthopyroxene endmember is present in ≤10 vol% abundance. 650 

Thus, although very iron-rich pyroxenes aren’t expected to dominate the mafic component of 651 

lunar anorthosites, their presence likely would be obvious at near-infrared wavelengths, even 652 

when high abundances of plagioclase are present. For the modeled mixtures containing 653 

orthopyroxenes with more intermediate compositions (En70 and En50), spectral characteristics 654 

are similar to the laboratory mixtures containing a magnesian orthopyroxene, and are dominated 655 

by composite features resembling a “w” shape. The relatively dominant plagioclase absorption in 656 

modeled mixtures containing the En90 orthopyroxene underscores the strong sensitivity of near-657 

infrared spectra to sample texture: approximately the same pyroxene compositions was used in 658 

the laboratory mixtures shown in Figure 7c, but the pyroxene absorption in Figure 18 is much 659 

weaker owing to its smaller grain size.  660 

In general, the variations in pyroxene composition explored in this modeling exercise 661 

cause spectral changes that are similar in magnitude to a few percent variation in pyroxene 662 

abundance. While it is therefore difficult to isolate the individual effects of pyroxene 663 
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composition and abundance using only the spectral characteristics of the 1000-1500 nm 664 

wavelength region, we suggest that additional leverage may come from examination of the 665 

~2000 nm absorptions in these mixture spectral. For instance, an important result from the 666 

modeled mixtures in Figure 18 is that the increase in the position of the ~2000 nm absorptions 667 

with increasing iron content is readily apparent, even when the pyroxene component is present in 668 

≤10 vol% abundance. Therefore, using a combination of the ~2000 nm band position and the 669 

spectral characteristics of the ~1000-1500 nm region, it may be possible to better disentangle the 670 

spectral effects of pyroxene composition and abundance in reflectance spectra. 671 

7. DISCUSSION 672 

Far from being a spectrally unimportant component of mafic- or spinel-bearing mixtures, 673 

the results of the laboratory and modeling analyses demonstrate that plagioclase can be a 674 

significant contributor to bulk spectral properties, particularly when present in the high 675 

abundances relevant for the lunar crust. This study has focused on a plagioclase endmember that 676 

displays a prominent 1250 nm absorption, as has recently been observed by remote 677 

spectrometers measuring the Moon’s crust (e.g., Pieters et al. 2009; Ohtake et al. 2009; 678 

Yamamoto et al. 2012; Donaldson Hanna et al. in review). When the 1250 nm absorption is 679 

present, addition of small quantities of olivine, pyroxene, or spinel results in a diverse suite of 680 

spectral properties that (1) are unique to plagioclase-rich mixtures, (2) vary systematically 681 

according to type and proportion of the non-plagioclase phase, and (3) can be modeled 682 

accurately using non-linear approaches.  683 

The “composite” absorptions between ~1000 and ~1500 nm that characterize mixtures 684 

with very small proportions of olivine and pyroxene (Fig. 8) are unique to materials with 685 

anorthositic proportions of crystalline plagioclase. While the relative plagioclase – mafic 686 
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absorption depths documented in this study should not be considered diagnostic for remotely 687 

measured lunar materials at this stage, the results suggest that pyroxene and olivine are generally 688 

distinguishable from one another even when present in small abundances. Furthermore, large 689 

differences in olivine or pyroxene composition also appear to be discernable. For instance, the 690 

position of the ~2000 nm pyroxene absorption, which is highly diagnostic of Fe and Ca content, 691 

differs by several hundred nanometers in the pyroxene endmembers investigated here (Fig. 5b). 692 

This difference is apparent even when the pyroxene is only present in less than 10% abundance.  693 

The results of this study also suggest that the plagioclase absorption can have a subtle 694 

effect on mixture spectral properties even when more strongly absorbing minerals, particularly 695 

magnesian orthopyroxenes and spinels, are present in >10% abundance (Figure 9). However, at 696 

these lower plagioclase abundances, particularly close to 50% plagioclase, this effect is largely 697 

manifested as a decrease in spectral contrast and an increase in albedo, rather than an explicit 698 

plagioclase absorption. Since both spectral contrast and overall albedo can be strongly affected 699 

by various other parameters, such as sample texture and grain size, it is unlikely that this 700 

information could be used to uniquely identify plagioclase at proportions near 50%. This is 701 

indeed suggested by previous studies that have investigated spectral mixtures with ~50% 702 

plagioclase and have not found unique evidence for a plagioclase component expressed in 703 

spectral absorption characteristics (e.g. Mayne et al. 2010). We also emphasize that the 704 

laboratory study presented here has focused on binary mixtures, but if a third component were 705 

present, such in the form of a two-component pyroxene, some of the spectral effects plagioclase 706 

could be further suppressed at these lower plagioclase abundances. The use of non-linear forward 707 

models, like those described in previous sections, will be a useful tool for exploring the limits of 708 

plagioclase detectability for a wider range of natural samples. 709 
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The observations of spinel-bearing mixtures also have potential implications for 710 

interpreting remotely acquired spectra of the lunar crust. For instance, recent M3 and Spectral 711 

Profiler spectra displaying spinel absorptions in the absence of mafic features point to a new 712 

lunar rock type (e.g., Pieters et al. 2011; Yamamoto et al. 2013). These materials are typically 713 

found in feldspathic areas and are believed to consist of a large proportion of plagioclase, the 714 

amount of which is still relatively unconstrained. No plagioclase absorption is observed in these 715 

remote data, which could be due either to (1) the effects of shock metamorphism preferentially 716 

destroying the plagioclase crystal structure necessary to generate the ~1250 nm absorption (e.g., 717 

von Engelhardt and Stöffler 1968; Stöffler 1971;Adams et al. 1979), or (2) spinel being present 718 

in sufficient quantities to mask a crystalline plagioclase absorption.  Although a host of factors 719 

such as space weathering effects and sample texture prohibit direct comparison of our mixture 720 

samples with the lunar data, the mixtures examined here can begin to address the question of 721 

how much spinel is necessary to mask plagioclase bands. Examination of the spinel mixture data 722 

in Figures 7-9 shows that the ability of a spinel to “hide” a plagioclase absorption is highly 723 

dependent on the spinel composition. A dark, highly absorbing spinel in our samples needs only 724 

to be present in 5% abundance in order to mask the crystalline plagioclase band. The same 725 

plagioclase absorption, however, is still discernable in the mixtures containing 15 or 25% of a 726 

more transparent spinel.  727 

 While the detailed mixing systematics described in preceding sections are only strictly 728 

relevant to a controlled set of experiments that is necessarily limited in the compositions and 729 

abundances explored, the validation of the Hapke nonlinear modeling approach provides 730 

leverage for continuing to explore the more complex set of conditions that characterize lunar 731 

materials. The results have shown that the model works best for describing mixture spectra in 732 
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which both the plagioclase and minor mineral absorptions exert a measurable effect on spectral 733 

properties, namely when the abundance of the more absorbing component is low (≤10%) and 734 

when the plagioclase and mafic absorptions do not overlap substantially. In future work, the 735 

forward modeling approach can be used to calculate mixtures using as endmember spectra 736 

returned lunar samples, or experimental samples that that have experienced varying degrees of 737 

space weathering or shock metamorphism.  738 

8. APPLICATION 739 

The analyses above provide a framework for estimating which minor phases may be 740 

contributing to plagioclase-dominated spectra, even if textural and compositional differences 741 

from natural lunar materials prohibit precise quantification of mineral abundances at this time. 742 

Representative M3 spectra from three different regions are shown in Figure 2. For each region, 743 

we identify areas that resemble relatively pure plagioclase (Fig. 2a), areas that display composite 744 

absorption features between 900 and 1500 nm (Fig. 2b), and areas with spectra dominated by a 745 

mafic component with absorptions near 1000 nm (Fig. 2c).  746 

The examples from the Orientale basin have been discussed in detail in Cheek et al. 747 

(2013). In general, they represent a clear progression from a pure plagioclase component (Fig. 748 

2a) to spectra containing two distinguishable absorptions that are comparable to the mixtures of 749 

plagioclase plus small amounts of orthopyroxene described in Figures 8 and 18 (Fig. 2b). These 750 

types of composite absorptions are analogous to the Class B spectra in Cheek et al. (2013). The 751 

more mafic-dominated spectrum shown for Orientale in Figure 2c is unlikely to be a pure 752 

orthopyroxene, rather the “flattening” of the spectrum in the 1250 nm region indicates that more 753 

than a few percent plagioclase is present (e.g., Figure 8 b-d, 9). 754 
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At Copernicus, spectra resembling pure plagioclase are observed in restricted areas in the 755 

northern wall (Fig. 2a). In addition, a number of locations in the central peaks and walls strongly 756 

resemble spectra of forsteritic olivine (e.g., Pieters 1982; Yamamoto et al. 2010). These spectra 757 

are consistent with troctolite or dunite and have been interpreted to suggest that either deep-758 

seated crustal material in the form of Mg-suite plutons or mantle material have been exposed by 759 

the Copernicus impact. Close inspection with M3 data, however, reveals that a few small areas 760 

within the central peaks display spectra with composite flat-bottomed absorptions (Fig. 2b) that 761 

could represent a combination of the plagioclase feature and olivine. These exposures are on the 762 

order of a few hundred meters and are likely too small to have been detected with telescopic 763 

data. We have shown that these types of flat-bottomed absorptions are characteristic of 764 

laboratory mixtures containing plagioclase plus small amounts of a magnesian olivine (Fig. 8). 765 

For the Copernicus example, the limited geologic extent of these composite absorption features 766 

within the crater suggests that they could represent relatively localized regions of enhanced 767 

plagioclase abundance in a layered pluton containing olivine. This interpretation is supported by 768 

the high Mg content suggested for the olivine component by the narrow extent of the flat-769 

bottomed absorption.  770 

The origins of the spectral features in the central peak of Tsiolkovskiy crater are more 771 

ambiguous. A number of locations within the peak display strong absorptions that resemble 772 

plagioclase, but are likely too broad to be considered as pure as the examples at Orientale and 773 

Copernicus (Fig. 2a). Most of these plagioclase-like spectra also display weak 2000 nm 774 

absorptions, suggesting the presence of small amounts of pyroxene or a spinel-bearing olivine. 775 

Although Tsiolkovskiy displays a wide range of spectral characteristics throughout the central 776 

peak, one of the clearest examples of a mafic-dominated component is a pyroxene-dominated 777 
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spectrum shown in Figure 2c. The example shown in Figure 2b (continuum-removed in 2e) 778 

represents a few exposures within Tsiolkovskiy’s central peak that display spectra with a broad, 779 

flat-bottomed shape. These spectra are distinguished from the flat-bottomed spectra in 780 

Copernicus, however, by the fact that the absorption covers a spectral range that extends below 781 

1000 nm and a distinct absorption near 2000 nm is observed. This type of wide, completely flat 782 

composite absorption, with an associated 2000 nm absorption is not observed in any of the 783 

binary laboratory mixtures presented in this paper. We suggest that this type of composite 784 

absorption may represent a mixture for which three different mineral components are spectrally 785 

significant, such as olivine, pyroxene, and plagioclase, or alternatively some absorbing 786 

component not considered here, such as a glass or a two-pyroxene mixture, both of which have 787 

somewhat broad primary absorption features. The spectral characteristics of the Tsiolkovskiy 788 

central peak are under investigation to better constrain the spatial distribution of mineralogic 789 

signatures in M3 data. 790 

9. IMPLICATIONS 791 

Prior to the identification of the 1250 nm plagioclase absorption across the lunar surface, 792 

the mineralogy of the Moon’s primitive anorthositic crust was largely invisible to near-infrared 793 

spectrometers. Now that these anorthosites are accessible for evaluation, describing their global 794 

compositional diversity hinges on an ability to distinguish the signatures of different co-795 

occurring minor minerals within a plagioclase matrix and make estimates about variations in 796 

their relative abundances. This study has been directed at demonstrating the various effects of 797 

composition (Fo, En, or Mg number) and abundance of olivine, pyroxene, and spinel on 798 

plagioclase-dominated reflectance spectra using the simplest, purest endmembers. The major 799 

findings demonstrate that:  800 
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 801 

(1) Plagioclase is not simply a featureless high-albedo component in all cases, but one that exerts 802 

measurable control on bulk spectral properties, particularly when present in high abundance; 803 

 804 

(2) Plagioclase-mafic composite absorptions that are observed in spectra of mixtures containing 805 

≤10% olivine or pyroxene are diagnostic of anorthosite-like mixtures. However, their individual 806 

characteristics depend on the type and composition of the mafic mineral; 807 

 808 

(3) Plagioclase is easily “hidden” by a few percent olivine because the major absorptions of each 809 

mineral overlap substantially. Some pyroxene and very high-Mg spinel spectra, however, are 810 

highly distorted by the presence of plagioclase across a wider range of mixture proportions; 811 

 812 

(4) For the mixtures explored here, those containing >10 vol% olivine, pyroxene, or spinel 813 

generally resemble spectra of these endmembers by visual inspection. This observation 814 

emphasizes the importance of using caution when interpreting remote sensing NIR spectral data 815 

that do not display explicit evidence for a plagioclase absorption;  816 

 817 

(5) Nonlinear models can accurately predict mineral abundances in anorthosite-like mixture 818 

spectra to within 5 vol%. This validation of the nonlinear modeling approach for mixtures 819 

containing an abundant high-albedo component enables further investigation of the range of 820 

spectral characteristics expected for lunar anorthosites through the use of different endmembers 821 

than those specifically investigated here. 822 

 823 
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While a number of other factors such as the space weathering of lunar surface materials 824 

invariably complicate the applications of these data for remotely sensed anorthosites, the well-825 

controlled, systematic dataset produced here provides a framework for developing applications to 826 

more complex remotely acquired spectra such as those observed at Orientale, Copernicus, and 827 

Tsiolkovskiy. 828 
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FIGURE CAPTIONS 1043 

 1044 
Figure 1. Near-infrared reflectance spectra of common lunar minerals measured in RELAB. All 1045 
are 0-125 µm separates from Apollo samples (Isaacson et al., 2011), with the exception of the 1046 
spinel, which is a terrestrial sample consisting of 1-2 mm crystals. (a) Plagioclase separate from 1047 
highland soil 62240 (RELAB: LR-CMP-183). (b) Olivine separate from low-Ti basalt 15555 1048 
(RELAB: LR-CMP-169). The weak absorption near 2000 nm is likely due to chromite 1049 
inclusions. (c) Orthopyroxene separate from low-Ti basalt 15058 (RELAB: LR-CMP-173). (d) 1050 
Clinopyroxene separate from high-Ti basalt 70017 (RELAB: LR-CMP-175) The broad 1051 
absorption short of 800 nm in this sample is likely due to particularly high titanium content, and 1052 
is not considered diagnostic of typical high-calcium pyroxene. (e) Gem quality pink spinel from 1053 
Sri Lanka (RELAB: SP-SWP-028). 1054 
 1055 

Figure 2. Example Moon Mineralogy Mapper (M3) spectra from Copernicus, Tsiolkovskiy, and 1056 
Orientale displaying a range of spectral characteristics that suggest mixing of plagioclase with 1057 
variable proportions of mafic minerals. The bar spanning 1000-1500 nm annotates the spectral 1058 
region of interest for combination of plagioclase and mafic mineral absorption features. (a) 1059 
Spectra resembling pure plagioclase. We interpret the Tsiolkovskiy spectrum in (a) as 1060 
representing plagioclase plus very small amounts of either olivine or pyroxene causing the 1061 
absorption to broaden. (b) Spectra displaying composite absorptions likely implying minor mafic 1062 
components within an anorthositic bulk lithology. (c) Spectra dominated by a mafic component. 1063 
Continuum-removed versions of a-c are shown in d-f, respectively. The continuum for each 1064 
spectrum was calculated as a straight line between tie points defined by the reflectance maximum 1065 
between 540 and 900 nm (short-wavelength tie-point) and between 1350 and 1900 nm (long-1066 
wavelength tie-point). 1067 
 1068 

Figure 3. The terrestrial plagioclase endmember used in the laboratory mixing analyses (top 1069 
spectrum, solid line). Shown for comparison are a plagioclase separate from a lunar highland soil 1070 
(dotted line) and lunar anorthosite 60025 (dashed line). The terrestrial endmember and the lunar 1071 
anorthosite both consist of 45-75 µm particles. The highland soil plagioclase has a particle size 1072 
of 0-125 µm (RELAB ID: LR-CMP-183). The terrestrial sample was wet-sieved with de-ionized 1073 
water to remove adhering fine particles. 1074 
 1075 

Figure 4. Average Mg number in olivine and opx versus An number in plagioclase for pristine 1076 
lunar nonmare rocks (digitized from Warren and Wasson, 1979; open and filled circles). The Mg 1077 
numbers of the olivine and orthopyroxene terrestrial samples used as endmembers in this study 1078 
are overplotted as horizontal lines. Two distinct compositional groups are identified in the lunar 1079 
data: the Mg-suite materials (open circles) and the ferroan anorthosites (filled circles), which are 1080 
overall much less magnesian. The two olivine and one orthopyroxene endmembers used in this 1081 
study generally bracket the mafic compositions that occur in the pristine lunar nonmare samples. 1082 
 1083 
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Figure 5. Mafic mineral endmembers used in the laboratory mixing analysis. All samples were 1084 
wet-sieved with de-ionized water to 45-75 µm. (a) The two olivine endmembers: Olv1Fo91 from 1085 
San Carlos, AZ (top spectrum), and Olv1Fo47, separated from a sample from the Kiglapait 1086 
intrusion (bottom spectrum). (b) The two pyroxene endmembers: an orthopyroxene (enstatite) 1087 
from Bamble, Norway, and a diopside from Madagascar. (c) The two spinel endmembers: a very 1088 
high Mg spinel (Mg98) from Tanzania (top spectrum), and an Mg-spinel (Mg87) from Amity, 1089 
NY (bottom spectrum). 1090 
 1091 

Figure 6. Sequence of mineral mixing procedures, using as an example the mature soil particle 1092 
size distribution. In step 1, each of the mineral endmembers are divided into three broad particle 1093 
size separates: <45 µm, 45-250 µm, and 250-1000 µm. In step 2, these three particle size 1094 
fractions are combined in specific proportions by mass to create a distribution. In this case, the 1095 
<45 µm, 45-250 µm, and 250-1000 µm splits go to represent 50%, 30%, and 20% by mass, 1096 
respectively (for the immature distribution, they are combined as 20%, 30%, 50%, respectively). 1097 
In step 3, binary mixtures of 93 vol% plagioclase and 7 vol% non-plagioclase endmembers, each 1098 
containing a wide particle size distribution, are combined. 1099 
 1100 

Figure 7. All six binary mixture series with particle sizes 45-75 µm produced for this study. (a) 1101 
Plagioclase plus variable amounts of Olv1Fo91. The legend and color scheme are the same in 1102 
subsequent parts of the figure, (b) Plagioclase plus Olv1Fo47, (c) plagioclase plus OpxMg88, (d) 1103 
plagioclase plus DiopEn46, (e) plagioclase plus the Sp1Mg98 endmember, (f) plagioclase plus the 1104 
Mg-Spinel endmember. 1105 
 1106 

Figure 8. Mixture series (45-75 µm particles) displayed according to the volume percent of 1107 
olivine, pyroxene, or spinel in each mixture. Only the mixtures that are strictly analogous to 1108 
anorthosites, containing ≥90 vol% plagioclase, are shown (a) The six binary mixtures containing 1109 
plagioclase plus 2 vol% non-plagioclase minerals. The spectra are labeled in part a only, but their 1110 
order and color is maintained throughout all parts of the figure. (b) Mixtures containing 1111 
plagioclase plus 5 vol% non-plagioclase minerals, (c) mixtures containing plagioclase plus 7 1112 
vol% non-plagioclase minerals, (d) plagioclase plus 10 vol% non-plagioclase minerals, (e) 1113 
plagioclase plus 15 vol% non-plagioclase minerals, (f) plagioclase plus 25 vol% non-plagioclase 1114 
minerals. 1115 
 1116 

Figure 9. Laboratory prepared mixtures containing 15 (a-c), 25 (d-f), or 50 (g-i) vol% olivine, 1117 
pyroxene, or spinel (45-75 µm particles). The corresponding mineral endmembers are plotted as 1118 
dashed lines, the mixtures are plotted as solid lines. The endmember and mixture spectra have 1119 
been scaled near the reflectance maximum below 1000 nm, and each pair of spectra was 1120 
vertically offset for clarity. (a) 15 vol% olivine, (b) 15 vol% pyroxene, (c) 15 vol% spinel, (d) 25 1121 
vol% olivine, (e) 25 vol% pyroxene, (f) 25 vol% spinel, (g) 50 vol% olivine, (h) 50 vol% 1122 
pyroxene, (i) 50 vol% spinel.   1123 
 1124 
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Figure 10. Schematic of the parameter for estimating relative band depths of the plagioclase and 1125 
mafic components in a given spectrum, shown for two of the mixtures containing Olv1Fo91. A 1126 
negative slope for the 2 vol% olivine mixture corresponds to a relatively strong plagioclase 1127 
component. A positive slope for the 10 vol% olivine mixture indicates a more dominant mafic 1128 
component 1129 
 1130 

Figure 11. Slope parameter estimating relative plagioclase-mafic absorption depths. Higher 1131 
slope values correspond to a relatively stronger mafic absorption. (a) Slope parameter values 1132 
shown for all mixtures in the four mafic silicate series. (b) Slope parameter values shown for 1133 
only the mixtures containing ≤10 vol% mafics. 1134 
 1135 

Figure 12. Two different soil size distributions compared with the constrained 45-75 µm size 1136 
fraction for mixtures containing 7% olivine, pyroxene, or spinel. No continuum has been 1137 
removed. (a) 7% Olv1Fo91, (b) 7% OpxMg88, (c) 7% Sp1Mg98, (d) 7% Olv1Fo91, scaled to the 1138 
reflectance maximum between 650 and 800 nm, (e) 7% OpxMg88, scaled as in (d), (f) 7 vol% 1139 
Sp1Mg98, scaled as in (d). 1140 
 1141 

Figure 13. All six laboratory prepared mixture series (solid lines), the same as in Figure 7, 1142 
plotted with the best fit modeled mixtures calculated using the inverse Hapke modeling approach 1143 
(dotted lines). 1144 
 1145 

Figure 14. The non-plagioclase abundance (vol% solids) of the best-fit modeled spectrum 1146 
plotted against the abundances prepared in the laboratory. 1147 
 1148 

Figure 15. Proportion of mafic minerals in each best-fit modeled spectrum compared with the 1149 
proportion of mafics in the corresponding laboratory prepared mixture. More positive slope 1150 
values correspond to a higher mafic mineral abundance. A slope of zero corresponds to equal 1151 
plagioclase and mafic absorption band depths, and negative values indicate that the plagioclase 1152 
absorption is deeper than the mafic absorption in the continuum-removed spectrum. (a) 1153 
Comparison of measured vs. modeled absorption depths for all mixtures. (b) Comparison of 1154 
measured vs. modeled absorption depths for only the mixtures containing mafic abundances ≤10 1155 
vol%. 1156 
 1157 

Figure 16. All six laboratory mixture series (solid lines), the same as in Figure 6, plotted with 1158 
modeled mixtures calculated using the forward modeling approach (dotted lines). 1159 
 1160 

Figure 17. Endmember synthetic orthopyroxenes used in a forward model to characterize the 1161 
effect of pyroxene composition on the spectra of plagioclase-dominated mixtures. These samples 1162 
are from the suite studied by Klima et al. (2007), and were specifically chosen to span a wide 1163 
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range of En numbers. En90: RELAB ID: DL-CMP-065. En70: RELAB ID DL-CMP-026. En50: 1164 
RELAB ID DL-CMP-004. En30: RELAB ID DL-CMP-023. 1165 
 1166 

Figure 18. Model plagioclase – orthopyroxene mixtures produced using the Hapke forward 1167 
model, with four synthetic orthopyroxene spectra as the mafic endmember (Klima et al. 2007). 1168 
(a) 2 vol% orthopyroxene, (b) 5 vol% orthopyroxene, (c) 7 vol% orthopyroxene, (d) 10 vol% 1169 
orthopyroxene. 1170 
 1171 

Figure A1. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1172 
Plagioclase + Olv1Fo91 series. The measured spectra were prepared in the laboratory with a 1173 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1174 
model with best fit proportions constrained to be positive and normalized to one. 1175 
 1176 

Figure A2. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1177 
Plagioclase + Olv2Fo47 series. The measured spectra were prepared in the laboratory with a 1178 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1179 
model with best fit proportions constrained to be positive and normalized to one. 1180 
 1181 

Figure A3. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1182 
Plagioclase + OpxMg88 series. The measured spectra were prepared in the laboratory with a 1183 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1184 
model with best fit proportions constrained to be positive and normalized to one. 1185 
 1186 

Figure A4. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1187 
Plagioclase + DiopEn46  series. The measured spectra were prepared in the laboratory with a 1188 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1189 
model with best fit proportions constrained to be positive and normalized to one. 1190 
 1191 

Figure A5. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1192 
Plagioclase + Sp1Mg98 series. The measured spectra were prepared in the laboratory with a 1193 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1194 
model with best fit proportions constrained to be positive and normalized to one. 1195 
 1196 

Figure A6. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1197 
Plagioclase + Sp2Mg87 series. The measured spectra were prepared in the laboratory with a 1198 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1199 
model with best fit proportions constrained to be positive and normalized to one. 1200 
 1201 
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Table 1. Endmember samples and brief descriptions of processing 1202 

Sample name Mineral type Description of sample and processing 

Plagioclase Plagioclase 
Yellow Labradorite from Mexico.  Seven 2-3 cm transparent, 
inclusion-free stones were crushed together to create a 
homogeneous sample. 

Olv1Fo91 
Olivine 
(magnesian) 

San Carlos olivine that consisted of four ~1 cm grains with very 
minor inclusions of spinel or chromite that were removed by 
handpicking. 

Olv2Fo47 
Olivine  
(intermediate) 

Kiglapait olivines were obtained from a cut slab of a bulk rock 
sample, which also contained abundant plagioclase and some 
pyroxene. Most of the olivine was separated by crushing the bulk 
sample and passing the particulate material (principally 125-500 
µm) through a magnetic separator. The olivine split was further 
crushed and again passed through a magnetic separator in order to 
remove most inclusions (likely spinel). 

OpxMg88 Orthopyroxene 

Enstatite from Bamble, Norway that was obtained from Ward’s 
Science. Most grains are tan or grey in color. Inspection under a 
binocular microscope indicates the presence of a minor fibrous 
component, suggested to be tremolite by Singer [1981]. The 
orthopyroxene was previously separated from a bulk rock by 
David Crown [Crown and Pieters, 1987]. 

DiopEn46 Diopside 
The diopside endmember is from Madagascar and was obtained 
from Ward’s Science. Most grains are green in color. The grains 
with the least amount of oxidation and impurities were selected for 
the analysis. These were crushed and additional impurities were 
removed by hand-picking.  

Sp1Mg98 
Mg-Spinel 
(very high Mg) 

Six transparent inclusion-free crystals from Tanzania. Each crystal 
was 1-2 cm in size and displayed a deep purple color.  

Sp2Mg87 
Mg-Spinel 
(high Mg) 

1-2 cm black spinel crystals (many euhedral) from Amity, New 
York that were separated from a calcite-dominated rock manually. 
Adhering calcite was removed by dissolving in 6N HCl for 12-48 
hours. 

1203 
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Table 2. Endmember major element compositions (wt%)a 1203 

 
Plagioclase Olv1Fo91 Olv2Fo47 OpxMg88 DiopEn46 Sp1Mg98 Sp2Mg87 

Mineral Plagioclase Olivine Olivine Orthopyroxene Diopside Mg-Spinel Mg-Spinel 
Source Mexico  San Carlos Kiglapait Norway Madagascar Tanzania New York 

        
n 123 40 40 54 40 60 10 

Na2O 4.48 0.01 0.00 0.01 0.16 n/a n/a 
MgO 0.11 49.98 21.48 33.96 16.15 27.48 23.49 
Al2O3 29.98 0.02 0.00 0.15 4.42 70.36 69.51 
SiO2 52.81 41.06 34.22 57.43 51.42 0.02 0.03 
K2O 0.28 0.00 0.00 0.00 0.00 n/a n/a 
CaO 12.06 0.08 0.06 0.29 24.64 0.00 0.00 
TiO2 0.07 0.00 0.01 0.06 0.28 0.00 0.03 

Cr2O3 n/a 0.02 0.00 0.01 0.00 0.10 0.07 
MnO n/a 0.13 0.57 0.05 0.07 0.03 0.13 
FeO 0.35 9.01 43.59 7.90 2.64 1.10 6.02 
NiO n/a 0.38 0.01 0.02 0.00 0.00 0.01 
ZnO n/a n/a n/a n/a n/a 0.78 1.05 
Total 100.14 100.69 99.94 99.88 99.78 99.87 100.34 
An#b 58.88 n/a n/a n/a n/a n/a n/a 
Mg#c n/a 90.82 46.76 88.45 91.59 97.80 87.43 
En#d n/a n/a n/a 87.97 45.70 n/a n/a 
Fs# n/a n/a n/a 11.49 4.20 n/a n/a 
Wo# n/a n/a n/a 0.54 50.10 n/a n/a 

Density 
(g/cm^3)e 2.70 3.33 3.85 3.30 3.34 3.57 3.64 

a All mineral compositions analyzed using a Cameca SX100 electron microprobe at Brown University. 1204 
bAn = molar (Ca/(Ca+Na+K)); cMg= molar (Mg/(Mg+Fe)); dEn = molar (Mg/(Mg+Fe+Ca)); eFs = molar (Fs/(Mg+Fe+Ca)); fWo = 1205 
molar (Ca/(Mg+Fe+Ca)); g Density values were calculated for each endmember from the mass and volume of the unit cell based on 1206 
the cell parameters given in Deer et al., (1992). 1207 
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Table 3. Measured (laboratory prepared) and Modeled (best fit) abundances 1208 

Nominal Vol% Plag Measured 
Mass% 

Measured 
Vol % a 

Modeled Best 
Fit Mass% 

Modeled Best Fit 
Vol% (weighting 

factor) b 

Measured - 
Best Fit Vol% 

Mafic  

Best Fit 
RMSE 

Plag Olv1Fo91           
98 2 97.5 2.5 98.0 2.0 96.2 3.8 96.9 3.1 -1.1 5.24E-03 
95 5 93.9 6.1 95.0 5.0 92.1 7.9 93.5 6.5 -1.5 3.40E-03 
93 7 91.5 8.5 93.0 7.0 89.3 10.7 91.1 8.8 -1.9 3.28E-03 
90 10 87.9 12.1 90.0 10.0 87.4 12.6 89.5 10.5 -0.4 3.67E-03 
85 15 82.2 17.8 85.1 14.9 78.0 22.0 81.4 18.6 -3.7 6.22E-03 
75 25 70.9 29.1 75.0 25.0 67.9 32.1 72.3 27.7 -2.7 4.60E-03 
50 50 46.1 53.9 51.4 48.6 39.2 60.8 44.3 55.7 -7.0 2.39E-03 

            

Plag Olv2Fo47           
98 2 97.2 2.8 98.0 2.0 97.1 2.9 98.0 2.0 0.0 4.98E-03 
95 5 93.0 7.0 95.0 5.0 92.4 7.6 94.5 5.5 -0.5 3.45E-03 
93 7 90.3 9.7 93.0 7.0 89.1 10.9 92.1 7.9 -0.9 5.41E-03 
90 10 86.3 13.7 90.0 10.0 84.3 15.7 88.4 11.6 -1.5 4.37E-03 
85 15 79.8 20.2 85.0 15.0 73.5 26.5 79.8 20.1 -5.1 7.02E-03 
75 25 67.9 32.1 75.1 24.9 62.1 37.9 69.8 30.0 -5.1 6.36E-03 
50 50 41.1 58.9 49.8 50.2 35.4 64.6 43.9 56.1 -5.9 5.76E-03 

            

Plag OpxMg88           
98 2 97.5 2.5 97.9 2.1 97.6 2.4 98.0 2.0 0.1 2.21E-03 
95 5 93.9 6.1 95.0 5.0 93.8 6.2 94.9 5.1 -0.1 3.31E-03 
93 7 91.9 8.1 93.2 6.8 91.5 8.5 93.0 7.0 -0.3 6.88E-03 
90 10 88.0 12.0 89.9 10.1 87.7 12.3 89.7 10.3 -0.2 2.65E-03 
85 15 82.2 17.8 84.9 15.1 83.2 16.8 85.8 14.2 0.9 3.27E-03 
75 25 71.1 28.9 75.1 24.9 73.1 26.9 76.9 23.1 1.9 4.17E-03 
50 50 44.9 55.1 49.9 50.1 46.0 54.0 51.0 49.0 1.2 6.60E-03 
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Plag DiopEn46           
98 2 97.5 2.5 98.0 2.0 97.8 2.2 98.2 1.8 0.2 7.19E-03 
95 5 93.8 6.2 94.9 5.1 92.9 7.1 94.2 5.8 -0.7 2.35E-03 
93 7 91.5 8.5 93.0 7.0 90.2 9.8 91.9 8.1 -1.1 3.37E-03 
90 10 88.0 12.0 90.0 10.0 86.1 13.9 88.4 11.6 -1.6 2.21E-03 
85 15 82.0 18.0 85.0 15.0 78.7 21.3 82.1 17.9 -2.9 1.34E-02 
75 25 70.9 29.1 75.1 24.9 63.9 36.1 68.7 31.4 -6.5 1.30E-02 
50 50 44.8 55.2 50.1 49.9 38.0 62.0 43.1 56.9 -7.0 7.49E-03 

            

Plag Sp1Mg98           
98 2 97.3 2.7 98.0 2.0 98.0 2.0 98.5 1.5 0.5 8.68E-03 
95 5 93.5 6.5 95.0 5.0 93.0 7.0 94.6 5.4 -0.4 5.10E-03 
93 7 90.9 9.1 93.0 7.0 90.4 9.6 92.6 7.4 -0.4 3.31E-03 
90 10 87.1 12.9 89.9 10.1 86.6 13.4 89.6 10.4 -0.4 3.38E-03 
85 15 81.0 19.0 85.0 15.0 79.2 20.8 83.4 16.5 -1.5 5.82E-03 
75 25 69.4 30.6 75.0 25.0 65.3 34.7 71.3 28.7 -3.6 5.75E-03 
50 50 43.1 56.9 50.0 50.0 36.5 63.5 43.1 56.8 -6.9 4.79E-03 

            

Plag Sp2Mg87           
98 2 97.4 2.6 98.0 2.0 97.1 2.9 97.8 2.2 -0.2 9.86E-03 
95 5 93.3 6.7 94.9 5.1 92.9 7.1 94.6 5.4 -0.3 1.03E-02 
93 7 90.9 9.1 93.1 6.9 90.0 10.0 92.4 7.6 -0.7 9.58E-03 
90 10 87.0 13.0 90.0 10.0 86.0 14.0 89.3 10.8 -0.8 9.51E-03 
85 15 80.7 19.3 84.9 15.1 77.9 22.1 82.7 17.4 -2.3 1.45E-02 
75 25 69.0 31.0 75.0 25.0 64.5 35.5 71.1 29.1 -4.1 1.68E-02 
50 50 42.6 57.4 50.0 50.0 37.3 62.7 44.6 55.7 -5.6 1.23E-02 

 1209 
aCalculated from the mass of each component weighed out on a balance and the densities given in Table 2.  1210 
bProportion of the mafic endmember that best fit the measured (laboratory prepared) mixture spectrum.  1211 
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 1212 
Figure 1. Near-infrared reflectance spectra of common lunar minerals measured in 1213 

RELAB. All are 0-125 µm separates from Apollo samples (Isaacson et al., 2011), with the 1214 
exception of the spinel, which is a terrestrial sample consisting of 1-2 mm crystals. (a) 1215 
Plagioclase separate from highland soil 62240 (RELAB: LR-CMP-183). (b) Olivine separate 1216 
from low-Ti basalt 15555 (RELAB: LR-CMP-169). The weak absorption near 2000 nm is likely 1217 
due to chromite inclusions. (c) Orthopyroxene separate from low-Ti basalt 15058 (RELAB: LR-1218 
CMP-173). (d) Clinopyroxene separate from high-Ti basalt 70017 (RELAB: LR-CMP-175) The 1219 
broad absorption short of 800 nm in this sample is likely due to particularly high titanium 1220 
content, and is not considered diagnostic of typical high-calcium pyroxene. (e) Gem quality pink 1221 
spinel from Sri Lanka (RELAB: SP-SWP-028). 1222 
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 1223 
Figure 2. Example Moon Mineralogy Mapper (M3) spectra from Copernicus, 1224 

Tsiolkovskiy, and Orientale displaying a range of spectral characteristics that suggest mixing of 1225 
plagioclase with variable proportions of mafic minerals. The bar spanning 1000-1500 nm 1226 
annotates the spectral region of interest for combination of plagioclase and mafic mineral 1227 
absorption features. (a) Spectra resembling pure plagioclase. We interpret the Tsiolkovskiy 1228 
spectrum in (a) as representing plagioclase plus very small amounts of either olivine or pyroxene 1229 
causing the absorption to broaden. (b) Spectra displaying composite absorptions likely implying 1230 
minor mafic components within an anorthositic bulk lithology. (c) Spectra dominated by a mafic 1231 
component. Continuum-removed versions of a-c are shown in d-f, respectively. The continuum 1232 
for each spectrum was calculated as a straight line between tie points defined by the reflectance 1233 
maximum between 540 and 900 nm (short-wavelength tie-point) and between 1350 and 1900 nm 1234 
(long-wavelength tie-point). 1235 
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 1236 
Figure 3. The terrestrial plagioclase endmember used in the laboratory mixing analyses 1237 

(top spectrum, solid line). Shown for comparison are a plagioclase separate from a lunar 1238 
highland soil (dotted line) and lunar anorthosite 60025 (dashed line). The terrestrial endmember 1239 
and the lunar anorthosite both consist of 45-75 µm particles. The highland soil plagioclase has a 1240 
particle size of 0-125 µm (RELAB ID: LR-CMP-183). The terrestrial sample was wet-sieved 1241 
with de-ionized water to remove adhering fine particles. 1242 
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 1243 

 1244 
Figure 4. Average Mg number in olivine and opx versus An number in plagioclase for 1245 

pristine lunar nonmare rocks (digitized from Warren and Wasson, 1979; open and filled circles). 1246 
The Mg numbers of the olivine and orthopyroxene terrestrial samples used as endmembers in 1247 
this study are overplotted as horizontal lines. Two distinct compositional groups are identified in 1248 
the lunar data: the Mg-suite materials (open circles) and the ferroan anorthosites (filled circles), 1249 
which are overall much less magnesian. The two olivine and one orthopyroxene endmembers 1250 
used in this study generally bracket the mafic compositions that occur in the pristine lunar 1251 
nonmare samples.  1252 
 1253 
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 1254 

 1255 
Figure 5. Mafic mineral endmembers used in the laboratory mixing analysis. All samples 1256 

were wet-sieved with de-ionized water to 45-75 µm. (a) The two olivine endmembers: Olv1Fo91 1257 
from San Carlos, AZ (top spectrum), and Olv1Fo47, separated from a sample from the Kiglapait 1258 
intrusion (bottom spectrum). (b) The two pyroxene endmembers: an orthopyroxene (enstatite) 1259 
from Bamble, Norway, and a diopside from Madagascar. (c) The two spinel endmembers: a very 1260 
high Mg spinel (Mg98) from Tanzania (top spectrum), and an Mg-spinel (Mg87) from Amity, 1261 
NY (bottom spectrum).1262 
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 1263 
 1264 

Figure 6. Sequence of mineral mixing procedures, using as an example the mature soil 1265 
particle size distribution. In step 1, each of the mineral endmembers are divided into three broad 1266 
particle size separates: <45 µm, 45-250 µm, and 250-1000 µm. In step 2, these three particle size 1267 
fractions are combined in specific proportions by mass to create a distribution. In this case, the 1268 
<45 µm, 45-250 µm, and 250-1000 µm splits go to represent 50%, 30%, and 20% by mass, 1269 
respectively (for the immature distribution, they are combined as 20%, 30%, 50%, respectively). 1270 
In step 3, binary mixtures of 93 vol% plagioclase and 7 vol% non-plagioclase endmembers, each 1271 
containing a wide particle size distribution, are combined. 1272 
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 1273 
Figure 7. All six binary mixture series with particle sizes 45-75 µm produced for this 1274 

study. (a) Plagioclase plus variable amounts of Olv1Fo91. The legend and color scheme are the 1275 
same in subsequent parts of the figure, (b) Plagioclase plus Olv1Fo47, (c) plagioclase plus 1276 
OpxMg88, (d) plagioclase plus DiopEn46, (e) plagioclase plus the Sp1Mg98 endmember, (f) 1277 
plagioclase plus the Mg-Spinel endmember. 1278 
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 1279 

 1280 
Figure 8. Mixture series (45-75 µm particles) displayed according to the volume percent 1281 

of olivine, pyroxene, or spinel in each mixture. Only the mixtures that are strictly analogous to 1282 
anorthosites, containing ≥90 vol% plagioclase, are shown (a) The six binary mixtures containing 1283 
plagioclase plus 2 vol% non-plagioclase minerals. The spectra are labeled in part a only, but their 1284 
order and color is maintained throughout all parts of the figure. (b) Mixtures containing 1285 
plagioclase plus 5 vol% non-plagioclase minerals, (c) mixtures containing plagioclase plus 7 1286 
vol% non-plagioclase minerals, (d) plagioclase plus 10 vol% non-plagioclase minerals, (e) 1287 
plagioclase plus 15 vol% non-plagioclase minerals, (f) plagioclase plus 25 vol% non-plagioclase 1288 
minerals. 1289 
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 1290 

 1291 
Figure 9. Laboratory prepared mixtures containing 15 (a-c), 25 (d-f), or 50 (g-i) vol% 1292 

olivine, pyroxene, or spinel (45-75 µm particles). The corresponding mineral endmembers are 1293 
plotted as dashed lines, the mixtures are plotted as solid lines. The endmember and mixture 1294 
spectra have been scaled near the reflectance maximum below 1000 nm, and each pair of spectra 1295 
was vertically offset for clarity. (a) 15 vol% olivine, (b) 15 vol% pyroxene, (c) 15 vol% spinel, 1296 
(d) 25 vol% olivine, (e) 25 vol% pyroxene, (f) 25 vol% spinel, (g) 50 vol% olivine, (h) 50 vol% 1297 
pyroxene, (i) 50 vol% spinel.  1298 



 64 

 1299 

 1300 
Figure 10. Schematic of the parameter for estimating relative band depths of the 1301 

plagioclase and mafic components in a given spectrum, shown for two of the mixtures containing 1302 
Olv1Fo91. A negative slope for the 2 vol% olivine mixture corresponds to a relatively strong 1303 
plagioclase component. A positive slope for the 10 vol% olivine mixture indicates a more 1304 
dominant mafic component. 1305 
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 1306 
 1307 

Figure 11. Slope parameter estimating relative plagioclase-mafic absorption depths. 1308 
Higher slope values correspond to a relatively stronger mafic absorption. (a) Slope parameter 1309 
values shown for all mixtures in the four mafic silicate series. (b) Slope parameter values shown 1310 
for only the mixtures containing ≤10 vol% mafics. 1311 
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 1312 
Figure 12. Two different soil size distributions compared with the constrained 45-75 µm 1313 

size fraction for mixtures containing 7% olivine, pyroxene, or spinel. No continuum has been 1314 
removed. (a) 7% Olv1Fo91, (b) 7% OpxMg88, (c) 7% Sp1Mg98, (d) 7% Olv1Fo91, scaled to the 1315 
reflectance maximum between 650 and 800 nm, (e) 7% OpxMg88, scaled as in (d), (f) 7 vol% 1316 
Sp1Mg98, scaled as in (d). 1317 
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 1318 
Figure 13. All six laboratory prepared mixture series (solid lines), the same as in Figure 1319 

7, plotted with the best fit modeled mixtures calculated using the inverse Hapke modeling 1320 
approach (dotted lines).1321 
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 1323 

 1324 
Figure 14. The non-plagioclase abundance (vol% solids) of the best-fit modeled spectrum 1325 

plotted against the abundances prepared in the laboratory.  1326 
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 1327 
Figure 15 Proportion of mafic minerals in each best-fit modeled spectrum compared with 1328 

the proportion of mafics in the corresponding laboratory prepared mixture. More positive slope 1329 
values correspond to a higher mafic mineral abundance. A slope of zero corresponds to equal 1330 
plagioclase and mafic absorption band depths, and negative values indicate that the plagioclase 1331 
absorption is deeper than the mafic absorption in the continuum-removed spectrum. (a) 1332 
Comparison of measured vs. modeled absorption depths for all mixtures. (b) Comparison of 1333 
measured vs. modeled absorption depths for only the mixtures containing mafic abundances ≤10 1334 
vol%.1335 
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 1336 

 1337 
Figure 16. All six laboratory mixture series (solid lines), the same as in Figure 6, plotted 1338 

with modeled mixtures calculated using the forward modeling approach (dotted lines). 1339 
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 1340 
Figure 17. Endmember synthetic orthopyroxenes used in a forward model to characterize 1341 

the effect of pyroxene composition on the spectra of plagioclase-dominated mixtures. These 1342 
samples are from the suite studied by Klima et al. (2007), and were specifically chosen to span a 1343 
wide range of En numbers. En90: RELAB ID: DL-CMP-065. En70: RELAB ID DL-CMP-026. 1344 
En50: RELAB ID DL-CMP-004. En30: RELAB ID DL-CMP-023. 1345 
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 1346 
Figure 18. Model plagioclase – orthopyroxene mixtures produced using the Hapke 1347 

forward model, with four synthetic orthopyroxene spectra as the mafic endmember (Klima et al. 1348 
2007). (a) 2 vol% orthopyroxene, (b) 5 vol% orthopyroxene, (c) 7 vol% orthopyroxene, (d) 10 1349 
vol% orthopyroxene.  1350 
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APPENDIX: Residual Spectra 1351 

1352 
Figure A1. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1353 
Plagioclase + Olv1Fo91 series. The measured spectra were prepared in the laboratory with a 1354 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1355 
model with best fit proportions constrained to be positive and normalized to one. 1356 
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 1357 
Figure A2. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1358 
Plagioclase + Olv2Fo47 series. The measured spectra were prepared in the laboratory with a 1359 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1360 
model with best fit proportions constrained to be positive and normalized to one. 1361 
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 1362 
Figure A3. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1363 
Plagioclase + OpxMg88 series. The measured spectra were prepared in the laboratory with a 1364 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1365 
model with best fit proportions constrained to be positive and normalized to one. 1366 
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 1367 
Figure A4. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1368 
Plagioclase + DiopEn46  series. The measured spectra were prepared in the laboratory with a 1369 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1370 
model with best fit proportions constrained to be positive and normalized to one. 1371 
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 1372 
Figure A5. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1373 
Plagioclase + Sp1Mg98 series. The measured spectra were prepared in the laboratory with a 1374 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1375 
model with best fit proportions constrained to be positive and normalized to one. 1376 
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 1377 
Figure A6. Residual Spectra (measured – best fit modeled spectra in reflectance) for the 1378 
Plagioclase + Sp2Mg87 series. The measured spectra were prepared in the laboratory with a 1379 
particle size range of 45-75 µm. The modeled spectra were calculated using the inverse Hapke 1380 
model with best fit proportions constrained to be positive and normalized to one. 1381 




