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Abstract: Reflectance spectroscopy is a powerful tool to remotely identify the mineral and chemical
compositions of the lunar regolith. The lunar soils contain silicate minerals with prominent absorption
features and glasses with much less distinctive spectral features. The accuracy of mineral abundance
retrieval may be affected by the presence of glasses. In this work, we construct a spectral library
of mixtures of major lunar-type minerals and synthetic glasses with varying relative abundances
and test their performance on mineral abundance retrievals. By matching the library spectra with
the spectra of mineral mixtures with known abundances, we found that the accuracy of mineral
abundance retrieval can be improved by including glass as an endmember. Although our method
cannot identify the abundance of glasses quantitatively, the presence or absence of glasses in the
mixtures can be decisively determined.

Keywords: lunar glass; mineral abundance retrievals; radiative transfer models

1. Introduction

The mineral composition and abundance of lunar surface materials contain a rich
record of the thermal and chemical evolutions of the Moon [1,2]. Reflectance spectroscopy
is one of the most useful tools to study the mineralogy of the lunar surface [3,4], as many
lunar minerals have diagnostic absorption features in visible and near-infrared (VNIR)
spectral regions from 0.5 to 2.5 µm. It is well known that olivine (OLV), clinopyroxene
(CPX), orthopyroxene (OPX), plagioclase (PLG), ilmenite (ILM), and glasses are the major
endmembers of the lunar surface minerals. As shown in Figure 1, OLV has a broad
absorption near 1000 nm which can be resolved into three overlapping absorptions centered
around 850 nm, 1050 nm, and 1250 nm [5,6]; pyroxenes (PYX, including CPX and OPX)
have two diagnostic absorptions near 1000 nm and 2000 nm [7]. PLG has a weak absorption
centered at 1250 nm, and ILM is an opaque oxide that is nearly spectrally featureless [8].

In addition, the lunar regolith contains a fairly large amount of glassy materials, in-
cluding impact and volcanic glasses produced by impact melting and explosive volcanism,
respectively [9]. Impact glass is produced during meteoroid or micrometeoroid bombard-
ment, which melts and welds rock, mineral, and glass fragments to produce agglutinate,
which may account for more than 50 wt.% of the lunar regolith [10–12]. The agglutinates
include melt glass, devitrified material, amorphous rinds, and dark (translucent or opaque)
amorphous material [13]. These multi-component, highly irregular particles are typically
very dark and often contain lithic fragments embedded in melt glass. Lunar volcanic
glasses are believed to come from a deep interior source and are recognized as a good
geochemical and petrologic probe into the lunar mantle [14,15]. The lunar green/orange
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glasses and black beads were found at specific Apollo landing sites on the Moon and repre-
sent quenched volcanic glasses that give insight into lunar magma compositions and deep
volatile contents [16,17]. Green and orange glasses in the form of spheroidal beads, broken
beads, and irregular fragments have been found at Apollo 15 and 17 landing sites [18].
Moreover, these two glass samples are found to be rather homogeneous in composition
and are often used as glass endmembers in lunar material studies [14,19].

Even for silicates with prominent absorption features, the quantitative endmember’s
abundance retrieval from the reflectance spectra of their mixtures is not straightforward,
and thus radiative transfer models [20] need to be used [21,22]. The presence of glassy mate-
rials with varied chemical compositions and complex structures further complicates mineral
abundance retrievals [23], as lunar volcanic glasses have broad and shallow absorption
features near 1000 nm and 2000 nm (Figure 1) that overlap with silicate absorptions [24].
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Figure 1. Laboratory reflectance spectra measured at incident zenith angle i = 30◦, emission angle
e = 0◦, and phase angle g = 30◦ of representative lunar minerals and glasses. Dashed lines at
1000 and 2000 nm indicate the major absorption features of the silicates. The Reflectance Experiment
Laboratory IDs are LR-CMP-014 for OLV, LS-CMP-004 for PLG, LS-CMP-009 for CPX, LS-CMP-012
for OPX, LR-CMP-052 for green glass, LR-CMP051 for orange glass, and LR-CMP-182 for ILM. The
agglutinate is the Apollo 15,041 agglutinates spectrum from [25].

By far, most mineral abundance retrieval studies concentrate on mixtures of silicate
minerals, and the glass abundance information is mostly unavailable [26,27]. As modern
spaceborne and in situ sensors have measured lunar surface reflectance spectra with higher
spatial and spectral resolutions, there are increasing need and possibility to retrieve glass
abundance. In this work, we constructed a spectral library that includes both silicates and
volcanic glasses as endmembers. We then used the library to derive the mineral abun-
dances from measurement spectra of lunar soils from the Lunar Samples Characterization
Consortium (LSCC) [8,28] and mineral mixtures from the Reflectance Experiment Labora-
tory (RELAB) [29]. Finally, the spectral library is applied to the Chang’E-3 (CE-3) in situ
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reflectance spectra [26,30,31] to infer the presence of glass and improve the accuracy of
mineral abundance retrievals. The scattering geometry for both the LSCC and RELAB
measurements are incident zenith angle i = 30◦, emission angle e = 0◦, and phase angle
g = 30◦.

2. Method and Data
2.1. Model Descriptions

We use the Hapke model [32] to describe the spectral reflectance in reflectance factor
(REFF) at each wavelength as

r(i, e, g) = K
ω

4
1

cos i + cos e
×
{

p(g)[1 + B(g)] + H
(

cos i
K

)
H
( cos e

K

)
− 1
}

, (1)

where ω is the single scattering albedo (SSA), i, e, and g, the incident zenith, viewing zenith,
and the phase angle that is fixed at 30◦, 0◦, and 30◦, respectively. K is the porosity factor
that can be calculated from the filling factor φ as [20]

K =
−ln

(
1− 1.209φ

2
3

)
1.209φ

2
3

. (2)

B(g) describes the shadow hiding opposition effect (SHOE) with an angular half width
at half maximum hs as

B(g) =
(

1 +
tan(g/2)

hs

)−1
. (3)

For equant particles larger than the radiation wavelength and with a narrow particle
size distribution, hs can be estimated by

hs =
3
√

3
8

Kφ

ln(1000)
. (4)

with a typical φ value of 0.41, Equation (4) gives a hs value of 0.0636. The single particle
scattering phase function P(g) is approximated by

P(g) = 1 + bcos(g) + c
(

1.5cos2(g)− 0.5
)

, (5)

where the empirical values of b = −0.4 and c = 0.25 derived by Mustard and Pieters [33] are
used. The H function in Equation (1) is approximated by

H(x) =
[

1 + ωx
(

r0 +
1− 2r0x

2
ln

1 + x
x

)]−1
, (6)

where
r0 =

2
1 +
√

1−ω
− 1, (7)

with x is either cosi/K or cose/K. The reflectance and the SSA can be easily converted to each
other using the Hapke model (Equations (1)–(7)).

With the real and imaginary refractive index n and k of a grain, the SSA can be
approximated by the equivalent slab model [26] as

ω = Se + (1− Se)(1− Si)
Θ

1− SiΘ
, (8)

where

Se =
(n− 1)2

(n + 1)2 + 0.05, (9)



Remote Sens. 2023, 15, 2195 4 of 17

Si = 1.014− 4

n(n + 1)2 . (10)

The Se and Si are the integral of external and internal Fresnel reflection coefficients of
all the grains, and the Θ is the particle internal transmission factor, and when the absorption
coefficient α << 1, it can be approximated as

Θ ≈ e−α〈D〉. (11)

where
α =

4πk
λ

, (12)

〈D〉 is the average grain size approximated by the thickness of the equivalent slab, and
it can be calculated with the average grain size D,

〈D〉 = 3
2

[
n2 − 1

n

(
n2 − 1

) 3
2
]

D. (13)

Using the intimate mixture model (e.g., [21]), the SSA of a mixture can be calculated in
terms of that of the endmembers:

ωmix =
∑i

Miωi
ρi Di

∑i
Mi

ρi Di

, (14)

where ωi, Mi, ρi, and Di are the SSA, the bulk density, the solid density, and the grain size
of the ith endmember, respectively.

2.2. Synthetic Glass Spectra

The VNIR spectral features of lunar volcanic glasses are mostly controlled by chem-
istry contents, especially iron (Fe) and titanium (Ti) [19]. Based on the various chemical
compositions of the Apollo samples, Cannon et al. [19] synthesized several analog materials,
including the green, yellow, orange, crust, mare, and red pyroclastic glasses, which have
similar spectral features above 1000 nm, but different reflectance values. Figure 2a shows
the VNIR spectra of the synthetic green and orange glasses produced by Cannon et al. [19]
together with several Apollo agglutinates. The chemical compositions of the synthetic lunar
green and orange glasses are shown in Table 1. Similar to the typical lunar volcanic glasses
shown in Figure 1, the synthetic green and orange glasses have absorptions around 1000 nm
and 2000 nm. The reflectance peaks near 550 nm and 700 nm give rise to their characteristic
green and orange colors, respectively. In contrast, the agglutinates containing nanophase
irons show reddened spectra with very weak absorptions around 1000 nm. Since these
synthetic orange and green glasses are well-sorted in size distributions and have spectral
features similar to lunar volcanic glasses, they are selected as the glass endmembers in
this study.

Table 1. The chemical compositions of the synthetic lunar green and orange glasses (from [19]).

Compositions SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O

Synthetic green glass (wt.%) 25.58 0.55 7.89 0.51 19.49 0.28 17.1 8.43 0.19 0.01

Synthetic orange glass (wt.%) 38.39 9.98 6.01 0.66 22.86 0.31 13.87 7.44 0.42 0.06
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Figure 2. (a) The synthetic lunar green and orange glass from [19] and the Apollo sample agglutinates
spectra from [25]; (b) VNIR spectra from our spectral library. We added a series content of glass to
the mineral mixture (OLV:8 wt.%, PYX: 32 wt.%, PLG: 60 wt.%) to highlight the spectral differences
between different content of synthetic lunar glasses in this study.
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To understand the effects of glass abundance on spectral features, we added synthetic
green/orange glass as endmembers to the spectral look-up table (LUT) produced by [34].
Specifically, we used the Hapke model (Equations (1)–(7)) to get the SSA of the mineral
mixture and glass and then calculated the mixture’s SSA using Equation (14). From the
mixture’s SSA, we calculated the spectra of the mixture with different glass abundance,
shown in Figure 2b. The absorptions at 1000 nm and 2000 nm become broader with the
addition of green and orange glasses. For mixtures with green glass, the spectral slope
decreases with the increase of glass abundance, and the ~650 nm peak is distinguishable as
long as the glass abundance is higher than 20 wt.%. For mixtures with orange glass, the
major effect is darkening, and the spectral slope only changes slightly as glass abundance
increases. Overall, the spectral characteristics of the mixture change with the addition of
glass. It may lead to larger errors in the inversion results if not considering glass.

Cannon et al. [19] mixed basalt with 0–70 wt.% synthetic glass and found that, although
the glass abundance retrieved by their unmixing model increases with the increase of true
glass abundance, the retrieved glass abundance was underestimated. For example, when
60 wt.% basalt and 40 wt.% synthetic glass were physically mixed, the glass abundance
retrieved by the model is only ~20 wt.%. The most likely reason is that the two relatively
weak glass absorptions around 1000 nm and 2000 nm are masked by OLV’s stronger
absorptions in close proximity, as OLV containing a sufficient amount of chromium may
have the ~2000 nm absorption, in addition to its intrinsic broad 1000 nm absorption. This
example demonstrates that the glass abundance may be retrieved qualitatively but not
quantitatively for binary mixtures.

2.3. Spectral Library Construction

The procedure for constructing the spectral mixing library is outlined in Figure 3.
We first start with the LUT spectra of OLV, OPX, CPX, and PLG [34,35] and convert their
mixture reflectance to SSA using the Hapke model. Then, we calculate the SSA of glass from
the spectra of synthesis green/orange glass in the same way (Equations (1)–(7)). Finally,
the intimate mixture formula (Equation (14)) and the Hapke model are used to calculate
the spectral library of mixtures (MSL) of minerals and glass.

The effective grain size of the minerals in the mixture is fixed at 17 µm, which is a
representative value of lunar soil based on the LSCC research [1,13]. Due to laboratory
preparation procedures, the synthetic glass grains are smaller than 53 µm. Compared
with other glass samples, the particle size distribution of Cannon’s synthetic samples
is smaller [19] and is closer to the particle size of the lunar regolith. The Mg number
is fixed at 65 [34] because the LSCC data has Mg numbers between 50–70. To simulate
the reddening and darkening effects caused by space weathering, nanophase irons with
weight percentages from 0.0005 wt.% to 0.007 wt.% were added to all library spectra [34].
It should be noted that the synthetic green/orange glass in the MSL differs from the
matured lunar glass in that the latter contains a large amount of glass-welded aggregates
(~30–50% modal abundance of the LSCC soil). The agglutinate glasses also originated from
volcanic and impact processes. Because of the nanophase iron inside the agglutinates [25,36],
the absorption of agglutinate has been largely smoothed out, as shown in Figure 2a, and
the modification effect of the agglutinate on the spectrum of the lunar regolith is lower
than that of volcanic glass. The spectral reddening and darkening due to space weathering
is also considered by adding nanophase iron with varying content from 0.0005 wt.% to
0.007 wt.% to the mineral mixture when constructing the MSL (Figure 3). Thus, in this
work, we only discuss the simple case of adding volcanic glass as the glass endmember.
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Figure 3. The modeling procedure of constructing the spectral mixing library. We added one of the
synthetic glasses, the orange glass or the green glass, to the library [19,34].

Glass varied from 0 to 80 wt.%, and minerals OLV, OPX, CPX, and PLG varied from
0 to 100 wt.%, all in steps of Figure 3, with a total of 100 wt.% of the five endmembers. The
resultant library consists of about 700,000 spectra in total.

2.4. Spectral Matching Algorithms

To find the best match between the MSL and target spectra, we tried four selection
criteria: the absolute difference (ABS), the normalized absolute difference (NABS), the
centered pattern root mean square (CPRMS) [10], and the spectral angle mapper (SAM)
as follows:

ABS =
N

∑
n=1
| fn − rn|, (15)

NABS =
N

∑
n=1

∣∣∣∣∣ fn

f
− rn

r

∣∣∣∣∣, (16)

CPRMS =

√√√√ 1
N

N

∑
n=1

[(
fn − f

)
− (rn − r)

]2
, (17)

SAM =
∑N

n=1 fnrn√
∑N

n=1 f 2
n

√
∑N

n=1 r2
n

, (18)

where fn, rn, f, and r are the nth measurement data point, the nth MSL spectral data point,
the average of measurement, and the average of MSL of N discrete data points, respectively.

3. Results

In order to test the accuracy of the spectral library of mixtures (MSL) constructed, we
chose two kinds of data: (1) the Apollo lunar soil spectra from the Lunar Samples Char-
acterization Consortium (LSCC) and (2) the Reflectance Experiment Laboratory (RELAB)
spectra of mineral mixtures. The Apollo soil samples characterized by the LSCC represent
the most realistic lunar soil conditions, with true abundances measured in the laboratory,
while the RELAB samples cover a range of glass-free mineral mixtures and thus can be
used to check if the MSL may return spurious glass abundance.

3.1. Test the Accuracy of the MSL by the LSCC Lunar Soil Samples

The LSCC published 19 Apollo soil spectra and their mineral abundances [37,38]
(https://sites.brown.edu/relab/lscc/ (accessed on 17 April 2023)). Each soil sample was

https://sites.brown.edu/relab/lscc/
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wet-sieved into four different grain size distributions: 0–10 µm, 10–20 µm, 20–45 µm, and
0–45 µm [38]. The 10–20 µm sample spectra are selected in this research as this size is
closest to the mineral size (17 µm) used in our spectral library [1,34]. We used all 19 samples
as test samples and added the symbol X before the sample number to indicate that these
samples are 10–20 µm in diameter.

To understand the effect of using glass as an endmember on retrieval accuracy, we
used both the MSL with orange glass and the LUT without glass to retrieve the mineral
abundances from the LSCC spectra, and the results are shown in Figure 4. From these
plots, it can be seen that the ABS criteria favor more on reflectance value while the NABS
and SAM favor more on spectral shape. By averaging the results derived using these four
metrics, all major spectral features, including the reflectance value, the absorption peak
position, and the absorption depth, have been taken into account, and thus the retrieved
mineral abundance should be more accurate. Therefore, we used the average of the results
from the four evaluation criteria.
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spectra with orange glass were obtained using four different fitting metrics for (a) X12001, (b) X15071,
(c) X14141, (d) X70181, (e) X61141, and (f) X62231.

Table 2 lists the relative abundances (wt.%) of three minerals, where PYX is the total
of OPX and CPX. Obviously, the relative abundances of minerals retrieved from the MSL
with glass are closer to the LSCC measurement value. Figure 5 shows the difference in
abundance of the three minerals from the MSL inversion results with and without glass
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and the LSCC measurement value. The circles and squares indicate the difference between
the LSCC measurement and the MSL retrieval results with and without taking into account
glass. The fact that most circles are below the squares indicates that adding glass as the
endmember improves retrieval accuracy.

Table 2. Relative abundance (wt.%) of the three minerals (OLV + PYX + PLG = 100 wt.%) retrieved
from the MSL with and without considering glass and the LSCC measurement results.

Soil ID

Measurement
(wt.%)

MSL (without Glass)
(wt.%)

MSL (with Green Glass)
(wt.%)

MSL (with Orange Glass)
(wt.%)

OLV PYX PLG OLV PYX PLG OLV PYX PLG OLV PYX PLG

X12001-56 11.7 49.7 38.6 17.9 52.4 29.7 13.5 57.3 29.5 15.18 55.8 29.0
X12030-14 9.5 54.7 35.8 14.4 58.9 26.7 2.4 63.9 33.8 15.6 57.1 27.3
X15041-94 6.9 47.7 45.5 19.1 45.3 35.7 8.1 56.4 34.3 15.9 56.1 28.0
X15071-52 7.2 42.9 49.9 18.5 53.8 27.7 6.5 59.0 34.5 18.3 58.0 23.8
X70181-47 12.4 27.8 59.8 21.2 32.8 46.0 13.1 23.4 63.5 16.8 37.8 45.5
X71061-14 14.0 38.8 47.2 23.5 16.2 60.3 11.8 22.7 65.5 22.6 25.1 52.3
X71501-35 9.2 37.1 53.7 19.4 28.6 51.0 8.5 48.3 43.3 9.6 50.7 39.8
X79221-81 11.7 33.3 55.0 28.3 28.0 43.7 24.6 35.4 40.0 19.0 38.4 42.5
X10084-78 3.6 40.1 56.3 24.8 22.9 52.3 17.0 37.3 45.8 8.6 52.1 49.2
X14141-5.7 4.0 26.9 69.1 10.5 33.1 56.3 9.2 32.1 58.8 10.4 29.2 60.5
X14163-57 6.1 40.4 53.5 6.8 36.5 47.3 1.7 36.8 61.5 9.7 38.3 52.0
X14259-85 5.4 35.1 59.5 4.4 25.3 70.3 5.7 28.3 66.0 7.7 25.1 63.3
X14260-72 5.1 40.7 54.2 6.6 26.4 67.0 7.3 29.0 63.8 4.8 28.2 63.8
X61141-56 3.5 7.3 89.2 3.8 13.2 83.0 1.4 19.7 79.0 5.3 21.0 67.0
X61221-9.2 3.0 8.0 89.1 1.2 35.5 63.3 0.4 27.6 72.0 3.6 23.2 73.8
X62231-91 3.9 10.0 86.1 4.8 22.3 73.7 2.8 14.3 83.0 3.4 11.8 73.3
X64801-82 2.6 7.3 90.1 1.3 16.3 82.3 1.0 14.8 84.3 4.0 9.8 85.8
X67461-25 2.3 6.2 91.6 3.9 10.3 86.3 0.8 12.5 84.5 4.1 15.3 80.5
X67481-31 4.1 7.9 87.9 3.1 6.6 90.3 3.8 8.4 87.8 3.8 8.4 87.8
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Figure 5. The absolute difference in relative abundance between the MSL retrieval of this work and
the LSCC measurement (Difference = |LSCC measurement–MSL retrieval|) for OLV (a,b), PYX (c,d),
and PLG (e,f). The blue squares indicate the weight% difference between the measurement and the
retrieval with no glass considered. The green and orange circles indicate the weight% difference in
retrieved and measured mineral abundances with green and orange glasses, respectively. Vertical
black and red lines indicate that the retrieval results with glass considered are closer and further from
the actual measurement results, respectively.
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Due to the complexity of multivariate mixing, we only added either the orange or
green glass as the endmember in the MSL. Although the two types of glasses have some
spectral differences, adding either one to the MSL can improve the accuracy of mineral
abundance retrievals.

Table 3 shows the glass abundances in lunar soils from the LSCC measurements and
the MSL retrieval results. No correlations between the agglutinate abundance and the
retrieved glass abundance were found (Table 3), as the agglutinates often contain lithic
fragments embedded in melt glass and other absorbing amorphous material. However, for
mare soil samples that contain pure volcanic glass, as shown by the LSCC measurements,
the MSL retrievals returned higher glass abundance (~7.1 wt.% green glass or ~10.8 wt.%
orange glass) than the highland soil samples (~3.1 wt.% green glass or ~4.9 wt.% orange
glass). As discussed in Section 2, the retrieved glass abundance may be underestimated.
However, a positive value for glass abundance can be retrieved for all the samples. This test
shows that, by adding glass as an endmember, not only can glass abundances be retrieved
qualitatively, but the accuracy of mineral abundances can also be improved.

The criteria Equations (15)–(18) would return lower values for better-matched datasets.
We found the values of ABS, NABS, and CPRMS for the best-matched spectra obtained
from MSL with green glass are smaller than that of the results obtained using the MSL
with orange glass, which indicates that the green glass is a reasonable endmember for the
19 LSCC samples in mineral abundance retrievals.

3.2. Test the Accuracy of the MSL by the RELAB Samples

To test if the spectral library may return false glass abundance, we used the RELAB
spectra of glass-free samples to perform the retrieval. We selected four mixtures of pure
lunar-type minerals, including OLV, OPX, CPX, PLG, and ILM, from RELAB, and the
sample ID and mineral abundances are summarized in Table 4. We did not consider ILM
as an endmember in constructing the MSL because ILM lacks prominent spectral features.
All samples are glass-free and have a particle size distribution of 25–75 µm. The glass
abundance retrieved from the MSL of the sample XS-JFM-012 is 0 wt.%, and that of the
sample XS-JFM-006 is negligible (0 wt.% orange glass and 1.3 wt.% green glass). The
retrieved glass abundance of sample XS-JFM-015 is ~2 wt.%, and that of sample XS-JFM-009
is ~5 wt.%. As shown in Figure 6, the best-matched spectra of samples XS-JFM-009 and
XS-JFM-015 from MSL with orange/green glass are quite different from the real mineral
spectra. These unmatched spectra might result in the false detection of glass abundance.

We also compared the relative abundances of the other four minerals (OLV, OPX,
CPX, and PLG) retrieved by the RLM, and the results are shown in Figure 6. The mineral
abundance errors between the inversion and the real value of the XS-JFM-006 and XS-JFM-
012 samples are less than 10 wt.%, while the other two samples have larger errors because
of the unsatisfactory fitted spectra (Figure 6c,d,g,h). Using these mixed mineral samples,
we found that inversion using the MSL in this work can prevent false detection of glass.

The above results indicate that the relative abundance difference between the MSL
retrieval with glass considered and the real values can be significantly reduced, and the
glass abundance can be retrieved qualitatively.
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Table 3. The abundance of glasses obtained from the LSCC measurement and the MSL retrieval results.

Value
(wt.%)

Soil ID
(Highland) X14141-5.7 X14163-57 X14259-85 X14260-72 X61141-56 X61221-9.2 X62231-91 X64801-82 X67461-25 X67481-31

Meas. Agglutinates * 48.6 58.5 68.7 65.2 53.9 32.6 55.0 61.0 32.4 28.6

MSL
Orange glass 5.0 6.3 2.5 3.8 8.8 10.0 3.8 3.8 2.5 2.5

Green glass 1.3 5.0 2.5 2.5 5.0 5.0 2.5 2.5 3.8 1.3

Value
(wt.%)

Soil ID
(Mare) X12001-56 X12030-14 X15041-94 X15071-52 X70181-47 X71061-41 X71501-35 X79221-81 X10084-78

Meas.
Agglutinates * 56.8 49.8 56.7 49.2 51.7 37.9 44.8 54.3 57.0

Volcanic glass 1.3 1.5 2.6 4.1 9.2 18.8 7.5 9.2 2.9

MSL
Orange glass 6.3 12.5 7.5 2.5 6.8 18.8 13.8 12.5 17.5

Green glass 2.5 11.3 5.0 6.3 5.0 8.8 8.8 5.0 11.3

* This designation effectively includes all impact-produced glasses, the majority (>90%) of which is agglutinitic glass; these are combined because they have similar compositions and
both contain nanophase Fe. Meas. means measurement.

Table 4. The true and retrieved mineral abundances of four RELAB mixture samples. The samples of the RELAB contain five pure minerals with the sum of 100%
(OLV+ OPX+ CPX+ PLG+ ILM = 100 wt.%). The abundances of the four main minerals and glasses (orange or green) (with OLV+ OPX+ CPX+ PLG+ glass = 100
wt.%) are retrieved by using the MSL. ILM is not included due to its lack of spectral features.

Sample ID
RELAB Data Retrieved Abundance by MSL with Glass

Endmember of the Samples Real Abundance
(wt.%) Endmember of the MSL MSL Result (with Orange Glass)

(wt.%)
MSL Result (with Green Glass)

(wt.%)

XS-JFM-006

OLV 21 OLV 9.2 12.3

OPX 11 OPX 3.5 6

CPX 42 CPX 48.2 49.4

PLG 23 PLG 39.1 31

ILM 3 glass 0 1.3
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Table 4. Cont.

Sample ID
RELAB Data Retrieved Abundance by MSL with Glass

Endmember of the Samples Real Abundance
(wt.%) Endmember of the MSL MSL Result (with Orange

Glass) (wt.%)
MSL Result (with Green Glass)

(wt.%)

XS-JFM-009

OLV 30 OLV 2.9 8

OPX 49 OPX 47.9 32.9

CPX 10 CPX 10.1 25.5

PLG 4 PLG 35.3 27.4

ILM 7 glass 3.8 6.3

XS-JFM-012

OLV 5 OLV 2 3.1

OPX 5 OPX 0 0

CPX 47 CPX 66.5 65.9

PLG 15 PLG 30.5 31

ILM 28 glass 0 0

XS-JFM-015

OLV 23 OLV 11.2 13.3

OPX 0 OPX 0 0

CPX 0 CPX 16.1 20.1

PLG 69 PLG 70.2 64.5

ILM 8 glass 2.5 1.3
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Figure 6. Comparisons of RELAB sample spectra with the corresponding best-matched MSL spectra
(green or orange glass) were obtained using four different fitting metrics (Equations (15)–(18)). The
results shown in (a,c,e,g) and those in (b,d,f,h) are obtained using the MSL with orange and green
glasses, respectively. c1xs06, c1xs09, c1xs12, and c1xs15 are spectra ID corresponding to RELAB
sample ID XS-JFM-006, XS-JFM-009, XS-JFM-012, and XS-JFM-006, respectively.

4. Applications to CE-3 In Situ Lunar Measurements

The CE-3 mission measured the lunar surface reflectance at Mare Imbrium and col-
lected four spectra at different sites. Now we apply the MSL with glass to retrieve the
abundances of major minerals and glass from CE-3 spectra in this section. The best-fitting
results for the four measurements are shown in Figure 7, and the abundances of minerals
and glass obtained by averaging the four metrics results are summarized in Table 5. The
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abundances of glass retrieved from the MSL (~8.9 wt.% orange glass, ~5.7 wt.% green glass)
are very close to the LSCC mare sample (~10.8 wt.% orange glass, ~7.1 wt.% green glass).
Since the CE-3 landing site in Mare Imbrium is a typical lunar mare region, it is reasonable
to expect its glass abundance to be similar to the LSCC mare samples.
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Figure 7. Comparisons of the CE-3 sample spectra with the corresponding best-matched MSL spectra
(green or orange glass) were obtained using four different fitting metrics (Equations (15)–(18)). The
results shown in (a,c,e,g) and those in (b,d,f,h) are obtained using the MSL with orange and green
glasses, respectively.
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Table 5. Mineral abundances (wt.%) were retrieved by comparing CE-3 data and the MSL with
green/orange glass.

MSL with Orange Glass (wt.%) MSL with Green Glass (wt.%) MSL without Glass (wt.%)

Data OLV OPX CPX PLG glass OLV OPX CPX PLG glass OLV OPX CPX PLG

Node N203 17.8 3.5 27.8 46.0 5.0 16.8 0.0 36.0 43.3 3.8 23.8 6.0 46.9 23.3

Node N205 25.1 4.3 32.6 28.1 10.0 21.3 1.0 41.7 30.9 5.0 28.9 5.8 43.8 21.5

Node E 29.9 2.1 27.8 33.6 6.6 26.2 0.0 28.6 36.4 8.8 30.5 0.0 28.6 40.9

Node S3 19.7 1.8 25.5 39.3 13.8 20.2 3.1 32.2 39.5 5.0 23.1 13.1 44.6 19.2

(N205 + S3)/2 22.4 3.1 29.1 33.7 11.9 20.8 2.1 37.0 35.2 5.1 26.0 9.5 44.2 20.3

Average 23.1 2.9 28.4 36.8 8.9 21.4 1.0 34.4 37.5 5.7 26.5 6.2 41.0 26.2

The retrieved abundances of the four minerals using the MSL (Table 5) can be com-
pared with the onboard Active Particle X-ray Spectrometer (APXS) measurements at
Nodes S3 and N205. The APXS measurements indicate that the regolith at these two lo-
cations contains ~22 wt.% FeO, ~4 wt.% TiO2, ~10 wt.% MgO, and ~0.14 wt.% K2O,
corresponding to mineral abundances of ~ 19 wt.% OLV, ~40 wt.% PXY, ~30 wt.% PLG, and
~7 wt.% ILM, based on normative mineralogy calculations [24]. We averaged the values
retrieved by the MSL without glass (LUT) for Nodes S3 and N205 and found the OLV and
PYX abundances retrieved from the LUT (~ 26 wt.% OLV, ~54 wt.% PXY) are higher than
the measured value of APXS, and the PLG abundance (~30 wt.% PLG) is lower than the
measured value. The mineral abundances obtained by the MSL with glass are closer to the
APXS result.

5. Conclusions

We have constructed the spectral library of mixtures (MSL) of major lunar-type miner-
als and synthetic glasses by using a radiative transfer model. We found that, by adding
glass as the endmember, the mineral abundance can be retrieved more accurately, and the
glass abundance can be retrieved qualitatively. By applying the MSL with glass retrieval
method to the in situ lunar data measured by the Chang’E-3 mission, we obtained mineral
abundances close to the Active Particle X-ray Spectrometer measurement. In this work,
only one of the synthetic volcanic glasses (green or orange) was added as an endmember
of the MSL. In reality, however, the compositions and morphologies of lunar glasses are
very diverse, and future efforts in considering more types of glasses in the spectral library
would be expected. Also, we only concentrated on the 1000 nm absorption features of the
lunar-type minerals and synthesis glasses in constructing the spectral library of the mix-
tures. For lunar impact glasses and minerals, including plagioclase and titanium oxide, that
lack prominent absorption features in the visible and near-infrared region, their spectral
features in the longer wavelength region, including the short-wavelength infrared (SWIR)
and mid-infrared (MIR) may be used in spectral unmixing efforts. For example, it has been
found [39] that lunar pyroclastic glasses, mare impact glasses, and highland impact glasses
that lack VNIR spectra features exhibit different spectral features in the MIR region. Lunar
soils also have rich spectral features in SWIR and MIR regions (e.g., [40]). Future efforts
on spectral unmixing of lunar materials containing all types of glasses in SWIR and MIR,
including measurements in simulated lunar environments, are expected to improve our
capabilities in identifying the endmembers of mixtures using remote sensing spectral data.
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