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This study investigated the potential of Moon Mineralogy Mapper (M3 ) data for studying compositional
variation in the near-, far-side transition zone of the lunar surface. For this purpose, the radiance values
of the M3 data were corrected for illumination and emission related eﬀects and converted to apparent
reﬂectance. Dimensionality of the calibrated reﬂectance image cube was reduced using Independent Component Analysis (ICA) and endmembers were extracted by using Pixel Purity Index (PPI) algorithm.
The selected endmembers were linearly unmixed and resolved for mineralogy using United States Geological Survey (USGS) library spectra of minerals. These mineralogically resolved endmembers were used
to map the compositional variability within, and outside craters using Spectral Angle Mapper (SAM)
algorithm. Cross validation for certain litho types was attempted using band ratios like Optical Maturity (OMAT), Color Ratio Composite and Integrated Band Depth ratio (IBD). The identiﬁed lithologies
for highland and basin areas match well with published works and strongly support depth related magmatic diﬀerentiation. Prevalence of pigeonite-basalt, pigeonite-norite and pyroxenite in crater peaks and
ﬂoors are unique to the investigated area and are attributed to local, lateral compositional variability in
magma composition due to pressure, temperature, and rate of cooling.

1. Introduction
Several planetary scientists consider the Moon
as an endmember among the planetary bodies of our solar system (Hiesinger and Head-III
2006). In recent years, considerable eﬀorts have
been made to enhance the existing understanding
about Moon–Earth system. Since 1990, several
space missions have been launched for expanding
our knowledge and understanding about lunar
topography, composition, internal structure, and
magnetic ﬁeld. The remotely sensed information

and samples collected from the lunar surface are
invaluable and have broadened our understanding of the physical and chemical properties of
the Earth–Moon system (Hiesinger and Head-III
2006). The mineral composition of the Moon surfaces contain vital clues about its thermo-chemical
evolution (Staid et al. 2010). The complexity
of the lunar crustal composition, both spatially
and depthwise, is manifested in numerous ways
(Dhingra et al. 2011) like changes in crustal thickness in the near-, and far-side (Wieczorek and
Phillips 1998), varied lithological composition
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of crater central peaks (Tompkins et al. 1999),
and geographically concentrated occurrence of
lithologies such as KREEP (Lawrence et al. 2000).
These variations are attributable to processes like
magma ocean formation and solidiﬁcation, diﬀerentiation and overturn, large scale convection, and
volcanic activity (Lucey et al. 2006; Taylor et al.
2009). Salient among the rock types reported
on the lunar surface include Anorthosite, low
Plagioclase Gabbroic-Noritic-Troctolitic Anortho-

site, high Plagioclase Gabbroic-Noritic-Troctolitic
Anorthosite, Anorthositic Norite, Anorthositic
Gabbro-Norite, Anorthositic Gabbro, Norite,
Gabbro-Norite, Gabbro, and Anorthositic Troctolite. These rock types characterize the Feldspathic
Highlands Terrane (FHT), Procellarum KREEP
Terrane (PKT), and South Pole-Aitken (SPA)
Terrane (Jolliﬀ et al. 2000; Korotev 2000). These
changes in mineralogy on lunar surface can be
deciphered from the reﬂectance/emission spectra

Figure 1. (a) Identiﬁed Naonobu crater region with surrounding craters like Atwood, Bilharz, Langrenus and Webb are
marked in Clementine (UVVIS) topographic data. (b) Extent of the study area represented by a hypercube (Band 81,
Band 83 and Band 85) of M3 data. Naonobu crater is falling in lower portion of the image. (c) Enlarged view of Naonobu
crater.
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with diagnostic absorption features at characteristic wavelengths. The position, shape, depth, and
width of these absorption features are governed by
chemical composition and atomic structure and
can be directly related to mineralogy (Hunt and
Salisbury 1970; van der Meer and De Jong 2006).
This ability of spectroscopy is being exploited
by the remote sensing community in exploring
the Earth and planetary surfaces for more than
three decades (Goetz et al. 1985; Boardman and
Huntington 1996; Mustard et al. 1998; Crosta and
Filho 2000; Vaughan et al. 2003; Crouvi et al.
2006; van der Meer et al. 2006; Nowicki and
Christensen 2007; Rogers and Christensen 2007;
Galvo et al. 2008; Ramakrishnan and Kusuma
2008; Besse et al. 2011; Pour and Hashim 2011,
2012).
Till recently, multispectral orbiters (e.g.,
Clementine) have been the main source of understanding the compositional variability of the lunar
surface. Though these data have high spatial resolution, they had limited spectral resolution to
resolve subtle changes in absorption positions representing diﬀerent minerals (Kramer et al. 2011a).
However, ‘the release of new, global imaging spectrometer data from the Moon Mineralogy Mapper
(M3 ) onboard Chandrayaan-1 marks the passing
of the torch to the next generation of lunar spectroscopy and new understanding of the Moon’
(Kramer et al. 2011a). M3 , developed by Brown
University records the reﬂected radiations from
lunar surface in 85 spectral bands (global mode)
between 0.46 and 2.9 μm wavelength range of
electromagnetic radiation with a spatial resolution
of 140 m (Pieters et al. 2009). The wavelength
range (0.46–2.9 μm) covered by this instrument
allows to map the crystal ﬁeld absorptions for
quantitative mineralogical mapping (Klima et al.
2011). M3 datasets are found to be of immense use
in Moon exploration such as structure and crustal
mineralogical studies of lunar surface (Kramer
et al. 2011a), study of Marius Hills complex (Besse
et al. 2011), compositional analyses of olivine-rich
areas (Isaacson et al. 2011), Mg-spinel bearing central peaks (Dhingra et al. 2011), low Ca-pyroxene
on lunar surfaces (Klima et al. 2011) and optical
maturation and hydroxyl ion formation (Kramer
et al. 2011b). However, detailed understanding on
the upper-, and lower-lunar crust is still a gap
area and warrants further research (Dhingra et al.
2011).
In this study, the changes in composition of the
lunar surface around Naonobu, Webb B, Webb
S and Sinus Successus crater (ﬁgure 1) is investigated. Since the study area falls in transitory
zone between low- and high-lands, the mineralogical variability is expected to be maximum and
hence, has the potential to shed light on the
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compositional variability between upper- and
lower-lunar crust.

2. Materials and methodology
2.1 The Moon Mineralogy Mapper (M 3 )
The M3 data records the reﬂected radiance from
the Moon’s surface in pushbroom mode between
0.46 and 2.97 μm in 85 contiguous spectral bands.
In this study, 12-bit quantized global mode data
is used which has 140 m spatial resolution (Pieters
et al. 2009). The preprocessing of M3 data involves
spectral radiance calibration, dark signal subtraction, bad detector element correction, detector
array tap interpolation, ﬁlter seam interpolation,
electronic panel ghost correction, dark pedestal
shift correction, scattered light correction, ﬂat ﬁeld
correction, radiometric calibration, and ray tracing
and pixel location (L1B data manual). The spectra collected by M3 sensor in 0.46–2.97 μm wavelength region of the electromagnetic spectrum have
the potential to identify most of the silicate
and other group of minerals. The absorption
spectral feature such as central wavelength, depth
and Full Width Half Maximum (FWHM) permit the image to be resolved for mineralogy and
abundances.

2.2 M 3 data calibration
The ﬁrst step in M3 data calibration involves conversion of radiance values to apparent reﬂectance
using equation (1) (Clark 1979; Clark et al. 2011).
Rλ = π × d2 × Lrad(λ) /Fsun(λ) × cos (θ) × P
where,
θ
Rλ
P
d
Lrad(λ)
Fsun(λ)

(1)

Solar zenith angle,
Apparent reﬂectance,
Phase function correction (unavailable),
Distance from the Sun to the Moon (AU),
Radiance value measured by M3
sensor as a function of wavelength,
Exo-atmospheric solar spectral
irradiances as a function of wavelength.

From the blackbody reﬂectance curve (ﬁgure 2)
it is evident that beyond 2 μm wavelength range,
reﬂectance spectra are a mixture of reﬂection and
thermal emission and hence, the pixel spectra of
M3 data will have higher radiance at longer wavelengths. With increase in temperature, the eﬀect of
thermal emission increases and signiﬁcantly aﬀects
the reﬂectance spectra. Clark (1979) and Clark
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Figure 2. Calculated apparent reﬂectance (I/F) of blackbody using Planck’s blackbody radiance at diﬀerent temperature
(300–420 K) with exo-atmospheric solar irradiance at 1 AU. There is signiﬁcant eﬀect of thermal emission in longer wavelength (>2000 nm) whereas in the shorter wavelengths the eﬀect is almost negligible. The eﬀect of temperature increases
as the temperature of the blackbody increases.

et al. (2011) have addressed this problem and laid
down the procedure for removing the thermal emission component. Based on albedo variability in the
M3 image, representative locations (T1, T2, T3, . . .,
T6) were selected (ﬁgure 3) to estimate the brightness temperature. Subsequently, lunar surface temperature was estimated by matching the image
spectra with blackbody radiance spectra (ﬁgure 4)
at diﬀerent temperatures. Then, emission component for each pixel is corrected by adjusting the
image radiance to the blackbody radiance at the
estimated average temperature.

adopted sequence of data processing is given below
as a ﬂow chart.

Global Mode Moon Mineralogy Mapper (M3) Data (L1B)
Radiance to Apparent Reflectance Conversion
Thermal Correction
(Clark 1979; Clark et al., 2011)

Apparent Reflectance (I/F) Image

2.3 M 3 data analysis
Akin to processing any hypercube, the M3 data
also needs to be corrected for coherent and noncoherent noises and high-dimensionality. Traditionally, Principal Components Analysis (PCA) and
the Maximum Noise Fraction (MNF) are widely
used to reduce dimensionality in hyperspectral
remote sensing (Wang and Chang 2006). However,
in recent times Independent Component Analysis (ICA) is extensively preferred over PCA and
MNF due to its eﬃcacy in signal separation. In this
study, we performed ICA to reduce the data and
noise. Once the hypercube is corrected for noise,
spectrally unique pixels, endmembers (EM) need to
be extracted from the image to resolve the in scene
spectral variability (Chang et al. 2006; Plaza et al.
2006). In this study, the Pixel Purity Index (PPI)
algorithm (Boardman 1994) embedded in ENVI
software was used to identify the compositionally
unique endmember spectra from the M3 data. The

Dimensionality Reduction

Band Ratio

Endmember Extraction

Abundance Image

Spectral Deconvolution
Classification

Since the image derived endmember represents
a large footprint (140 m) on the Moon’s surface,
the pixel spectra is often a mixture of several rock
types with unique constituent minerals. Therefore,
each pixel spectra of M3 image need to be unmixed
to know the constituent minerals (ﬁgure 5). In this
study, a fully constrained Linear Mixing Model
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(LMM) (equation 2) was used to identify the minerals and their abundances (Mustard and Sunshine
1999). This iterative, least square approach (Heinz
and Chang 2001; Yang et al. 2009) resolves each
one of the M3 endmembers for constitutive mineralogy based on least Root Mean Square Error
(RMSE) (equation 3). For this purpose, mineral
spectra from the United States Geological Survey (USGS) and Jet Propulsion Laboratory (JPL)
spectral libraries were used. Pearson Correlation
Coeﬃcient (PCC) (Xiong et al. 2004) was adopted
to identify the potential mineral spectra (from
library). PCC inherently addresses the similarities
in absorption feature such as central wavelength,
FWHM, and depth of absorption.
 q
2




2
x = arg min M x − r2 + β 
xi − 1
x
 i=1

2
 q
2




T
+γ
sign (xi ) xi − 1 ,
(2)


i=1

2

where x is the abundance of image derived endmember r (ri ∈ n×1 ), M ∈ n×q is the matrix
of selected candidates from spectral repository
(USGS), n is the number of wavelength channel in input spectra (endmember and library) and
q is the number of endmembers. The estimated
abundances satisfy the positivity and sum-to-unity
constraints, as Legendre coeﬃcients β and γ.

n
2
i=1 η (λ)i
RMSE =
,
n
where
n

η=
|ri − Mi |
(3)
i=1

where ηi ∼ Nn (0, σ 2 In ) is the vector of errors.
Here, N n represents the n-variable multivariatenormal distribution with error variance σ 2 , 0 is an
n × 1 vector of zeroes, and I n is the identity matrix
of order n.
Besides the spectral similarity based approach to
discriminate the mineralogy, band ratios at critical
wavelengths (e.g., 1/2 μm; 0.42/0.75 μm) were also
attempted to delineate the speciﬁc mineral abundances such as olivine and spinel. This approach
helps to ascertain the results achieved by SAM
(Isaacson et al. 2011).
3. Results
Figure 3. T1, T2, T3, T4, T5 and T6 are the test sites
used to derive the thermal emission component in apparent
reﬂectance spectra.

3.1 Analyses of endmember spectra
Each endmember retrieved by PPI was linearly
unmixed and the abundances of constituent library
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Figure 4. Spectral plots represent the pixel and thermal emission removed spectra from test sites (T1, T2, T3, . . ., T6). In
the above ﬁgures, legend with quotation marks (”) represent the thermal emission component removed apparent reﬂectance
spectra.

minerals were estimated (table 1; ﬁgures 6 and 7).
In the investigated area, eight major rock types
and several variants within them are observed.
The major rock types include basalt, olivine-basalt,
pigeonite-basalt, high Fe-basalt, norite, pigeonitenorite, anorthosite, and pyroxenite. The variants

are discriminated by the preponderance of the
constituent minerals such as pigeonite, olivine,
hypersthene and type of plagioclase.
The basaltic rocks (EM-7) contains clinopyroxene (10–24%), plagioclase (40–75%) with subordinate amount of hypersthene (3–10%) and iron

Compositional diversity of near-, far-side transitory zone of the lunar surface
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Figure 5. Image derived endmembers (pure pixel spectra).
Table 1. Mineralogical composition and matching error of the best matching spectra.
Image derived
endmembers
Endmember-1
(Pigeonite-basalt)
Endmember-2
(Anorthosite)
Endmember-3
(Norite)
Endmember-4
(Pigeonite-norite)
Endmember-5
(Pyroxenite)
Endmember-6
(Olivine-basalt)
Endmember-7
(basalt)
Endmember-8
(Fe-basalt)

Mineralogical composition (%) of the best
matched library modelled spectra

SAM
score

RMSE

Augite (9–37), Pigeonite (32–57), Albite (9–51),
Hypersthene (1–13), Anorthite (7), Olivine (1),
Magnetite (5–8)
Augite (2–24), Albite (35–88), Magnetite (5–9),
Hypersthene (2–14), Anorthite (7), Pigeonite (2),
Olivine (10)
Augite (9–15), Anorthite (26–63), Olivine (1), Albite
(52), Magnetite (9–10), Hypersthene (4–12)
Augite (6–33), Pigeonite (14–56), Albite (19–77),
Magnetite (2–8), Hypersthene (3–12), Olivine (1)
Augite (44), Pigeonite (31), Magnetite (4),
Hypersthene (21)
Augite (18), Diopside (2), Olivine (19), Albite (47),
Magnetite (7), Hypersthene (8)
Augite (9), Pigeonite (1), Albite (83), Magnetite (2),
Hypersthene (6)
Augite (4), Anorthite (28), Diopside (20), Olivine (8),
Magnetite (39), Fassaite (1)

0.989

0.001

0.991

0.001

0.990

0.001

0.990

0.001

0.980

0.002

0.991

0.001

0.987

0.001

0.958

0.004

(5–8%). In case of olivine basalts (EM-6), the
percentage of olivine ranges from 18–20%. The
anorthosites (EM-2) are dominated by labradorite
plagioclase (80–88%) with subordinate amounts
of maﬁc minerals such as pyroxene (3–6%) and
iron (2–8%). The pigeonite-basalt (EM-1) contains signiﬁcant proportions of pigeonite (30–50%)
in addition to other basaltic constituents. Basalts
with near equal proportions of pigeonite (13–
15%) and hypersthene (11–16%) are termed as
pigeonite-norite (EM-4). The norites (EM-3) are
characterized by 10–11% of hypersthenes and are

devoid of pigeonite. In this study, we have come
across certain anomalous regions characterized by
high percentage of pyroxenes [augite (40–44%),
pigeonite (25–31%), hypersthenes (15–21%)] with
minor amounts of iron (3–5%). These rocks are
designated as lunar pyroxenite (EM-5).

3.2 Spatial mapping of lithotypes
To know the spatial distribution of the above rock
types, Spectral Angle Mapper (SAM) algorithm
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Figure 6. Plots represent the image derived endmembers with their best matching linearly modelled (library) spectra.
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Figure 7. M3 classiﬁed (SAM) image with image-derived endmembers.

(equation 4) was used. The SAM algorithm classiﬁes the pixels based on the similarity between the
reference (endmember/ﬁeld/library) and unknown
(pixel) spectra. SAM measures the angle between
target and reference spectra and assigns the target
pixel to a particular class based on the threshold
provided by the user (Kruse et al. 1993; Dennison
et al. 2004). The SAM score approaching 1 point
to perfect match and 0 to no match.
⎡
⎤
nb
⎢
⎥
i=1 ti ri
α = cos−1 ⎣
(4)
⎦
nb 2 12 nb 2 12
i=1 ti
i=1 ri

where nb is the number of bands, t i is the target
spectrum (pixel), and r i is the reference spectra
(library).
In this study, we considered a threshold of 0.80
to map the diﬀerent rock types in the M3 image.
From the ﬁgure it is evident that the inter-crater
area is characterized by two major rock types,
namely anorthosite (with featureless spectra) and
Fe-basalt. Spatial transition from basalt, Fe-basalt
and olivine-basalt is observed in the northwestern
parts (ﬁgure 7) of the area. Most of the lithological variations could be seen within the crater and
crater rim areas (ﬁgure 7b, c). The crater ﬂoor
depth in this area varied from 3360 (Naonobu) to
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Figure 8. The ratio of integrated 1 and 2 μm band depths;
high values represent olivine-rich areas.

Figure 9. RGB display of three integrated band depths
(Red: sum of 0.79–1.3 μm; Green: sum of 1.6–2.5 μm and
Blue: sum of 0.42–0.75 μm). The light yellow–green colour
conﬁrms the presence of pyroxenes.

Compositional diversity of near-, far-side transitory zone of the lunar surface
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2000 m (Webb B) from the surface. The central
ridges of the crater are observed to have pigeonitebasalt/pigeonite-norite. These rocks have transitional contacts with olivine-basalt, basalt and
Fe-basalt, representing the depthwise changes in
composition.
Integrated Band Depth (IBD) ratio of 1 and
2 μm has been used to identify the olivine
spatial distribution around Naonobu crater area
(ﬁgure 8). The high value of band ratio image represents the olivine distribution in the study area.
Naonobu craters as well as adjacent craters show a
high value, which conﬁrms the presence of olivine.
Colour ratio composites have integrated 2 μm band
depth in red, integrated 1μm band depth in green
and 0.64/0.75 μm in blue, shown in ﬁgure 9. The
area surrounding Naonobu crater appears in light
yellow–green colour which conﬁrms the presence
of pyroxenes. Optical Maturity (OMAT) has also
been studied using ratio of 0.94–0.74 μm (ﬁgure 10)
which shows the degree of maturity and relates
to the exposure age of the surface. Higher value
of OMAT represents unweathered surface whereas
lower OMAT value represents weathered surface.
The OMAT spectral ratio is controlled by both
composition and maturity.
4. Discussion and conclusions

Figure 10. Optical Maturity (OMAT). Higher value of
OMAT represents unweathered surface.

Mapping the spatial and depthwise compositional
variability of the lunar crust has been one of the
most challenging tasks for the planetary exploration community. Every time a new technology
is implemented in lunar orbiter/lander or rover,
new ﬁndings and understandings emerge. This
speaks about the unknown aspects of the lunar
surface and interior. In this light, the hyperspectral payload, M3 , onboard Chandrayaan-1
mission has shed some critical information
on large scale mineralogical- and lithologicalvariations that could not be unraveled by earlier
lunar orbiters (Taylor 1982; Demidova et al. 2007;
Isaacson et al. 2011). One such observation is the
discovery of spinel-rich deposits on the lunar surface (Pieters et al. 2009, 2010, 2011; Dhingra et al.
2011; Lal et al. 2012). Identiﬁcation of several such
areas on the rim of Moscoviense basin indicates
that Mg–Al spinel rich areas contain less than
5% maﬁc silicate minerals (olivine and pyroxene).
Pieters et al. (2011) suggested that these deposits
represent a previously unknown lunar rock type,
a spinel anorthosite, which might be an important
component of the lunar crust. Another important
and recent understanding on the Moon mineralogy is identiﬁcation of regions of quartz, silica-rich
glass, and alkali feldspar (Glotch et al. 2010). The
spectral character of these areas is distinct from
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surrounding mare, highlands, and regions comprising anorthosites (Bhattacharya et al. 2011). These
areas also form a variety of landforms and suggest
that both extrusive and intrusive silicic magmatism
occurred on the Moon.
The above two ﬁndings distinctly indicate magmatic diﬀerentiation process (Wieczorek et al.
2006; Ariskin 2007; Glotch et al. 2010). Two basic
models are proposed to account for the presence
of such highly evolved compositions on the Moon.
Firstly, silicate liquid immiscibility mechanism is
proposed for the origin of granite/felsite composition (Jolliﬀ et al. 1999). To develop such rocks,
basaltic magma has to undergo nearly complete
fractional crystallization before the single residual melt separates into two immiscible melts, one
that is SiO2 -poor and FeO-rich, and one that is
rich in SiO2 and alkalis. It is unlikely that the
silicic lavas produced from the small amount of
residual melt could form large volcanic structures
such as the Gruithuisen Domes or Hansteen Alpha
(Hagerty et al. 2006). The second possible mechanism that could produce large volumes of silicic melt is basaltic underplating, in which a hot
basaltic magma intrudes into the lunar crust, causing melting of the anorthositic crust and the generation of silicic magmas (Hagerty et al. 2006). In
both cases, it is expected to have compositional
variability suggestive of either or both processes.
This study aimed at delineating the compositional variability in a transitory zone between
near-, and far-side of the Moon using the M3
data and hyperspectral image processing ﬂow
chain. Besides the Mare basalts and high land
anorthosites, we recorded a suite of compositionally related basic rocks. These include pyroxenite,
norite, olivine-basalt, high Fe-basalt, pigeonitebasalt and pigeonite-norite. It is evident from
ﬁgure 7 that the pigeonite-basalt and pigeonitenorite typically constitute the central peaks of
craters of Webb-S, and -B, whereas, the ﬂoor of
Naonobu (3360 m deep) is made of basic rocks
(olivine-basalt and Fe-basalt). Compositions of
central peaks, crater wall and ﬂoors are considered very important as they reﬂect composition of
uplifted material originating from varying depths
of the lunar crustal column. Typically, highlands
crater peaks are consistent with gabbroic, noritic,
or troctolitic-anorthosite compositions. Peaks of
craters in or around basins are mostly composed of
anorthositic-norite and a wider range of gabbroic,
noritic, or troctolitic-anorthosites (Tompkins et al.
1999). Recently, Dhingra et al. (2011) reported
Mg-spinel rich crater peaks. Such depth-related
compositional variability in craters and central
peaks is possible only if magmatic diﬀerentiation
exists. In addition, lateral compositional inconsistency is possible within a certain range of depth

due to the eﬀects of local pressure and temperature on diﬀerentiation. Such conditions can favour
lateral lithological changes. In the investigated
area, pigeonite bearing rocks (pigeonite-basalt and
pigeonite-norite) and pyroxenite are observed in
the crater central peaks and ﬂoors. Such rocks are
not reported ubiquitously. As pigeonite can be preserved only in fast cooling systems, their presence
can be directly related to magma composition and
rate of cooling.
Following points emerge from this study:
• Calibrated and corrected M3 data in conjunction
with LMM is useful to resolve the compositional
variability of the investigated area.
• The mapped lithological variations arrived at by
LMM agree with the existing understanding on
the composition of highlands and basins.
• Magmatic diﬀerentiation is mainly responsible
for changes in depthwise composition. However,
for a given depth, lateral compositional variability is possible due to diﬀerential pressure–
temperature related effects. Presence of diversified
lithologies like pigeonite-basalt, pigeonite-norite,
olivine-basalt, pyroxenite within craters of
comparable depth supports the above fact.
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