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Abstract

The knowledge about endogenic and exogenic processes on the Moon is imperative to
understanding the evolutionary history of our nearest neighbour. This Ph.D. work focuses on
understanding these processes by studying the spectrochemical characteristics and geological
context of pyroxene- and spinel-bearing lithologies and morphology of impact craters on the
Moon. The research primarily utilized orbital remote sensing datasets from various lunar
exploratory missions, particularly ISRO’s Chandrayaan-1 mission. The investigation of the
Grimaldi and Humorum basins based on pyroxene chemistry and crater chronology provided
new insights into the Main-phase and Late-phase volcanic history of the Moon. The estimated
long span of volcanism in the Grimaldi and Humorum basins (3.5 Ga — 1.5 Ga) indicates the
extended history of lunar thermal evolution. Multiple volcanic episodes have occurred in the
Mare Humorum. The older mare basaltic units that erupted during the Imbrian period
crystallized from a more fractionated magma, whereas the younger unit crystallized from Mg
and Ca-rich magma. The younger basaltic unit's longward shift in Band I and Band II centres
indicates a higher Ca®'-rich parental magma composition. The older units' shortening of Band
I and Band II centres indicates that the older basaltic magma formed more Fe?*-rich pyroxenes
or clinopyroxenes with lower Ca** concentrations during cooling. It has been concluded that
magmas of diverse chemical nature originating from different source regions have erupted in
the Humorum basin during the Imbrian to Eratosthenian periods. In addition to discoveries that
fit prior identifications of older mare basalts in the Grimaldi basin, the current investigation
has revealed younger basaltic units in the Mare Grimaldi and Mare Riccioli with greater FeO
and TiO2 concentrations. The chemical variations in these volcanic basalts were determined
using their pyroxene compositions, hinting at the heterogeneous lunar mantle and multiple
eruptions in the basins. The wide variations in FeO and TiO: contents of basalts and the
presence of younger, olivine-bearing, high-Ti basalts point to the chemical evolution of the
magma over time and their diverse source regions in the lunar mantle. The Late Imbrian low
to intermediate-Ti basalts erupted in the Mare Grimaldi and Mare Riccioli at ~3.5 Ga are
derived from, melting of early cumulate materials caused by radioactive heating, or from

molten zones that remained in the mantle after initial global melting in the hybrid source region
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of the post-overturn upper mantle, which erupted through dikes. The Eratosthenian high-Ti
magma that erupted at ~2.5 Ga in the Mare Grimaldi is suggested to have been formed through
partial melting caused by a hot plume rising from the deeper clinopyroxene-ilmenite-rich
cumulates near the core-mantle boundary. The intermediate-Ti basalts (~1.5 Ga event) in the
Mare Riccioli formed through a different process where the ilmenite-clinopyroxene cumulates
remained in the upper mantle after the mantle overturn remelted to generate high-Ti magmas.
The origin of these mare basalts at different depths in the mantle favour the idea of a possible
lunar mantle overturn following the LMO (Lunar Magma Ocean) crystallization. In addition,
the long span of volcanism in the Grimaldi and Humorum basins (3.5 Ga — 1.5 Ga) suggests

the extended history of the thermal evolution of the Moon.

The investigation of compositional variations of spinels in diverse rock types on the Moon
showed that lunar spinels are generally chromites, ulvospinels, pleonaste, and Mg-Al
compositions. The comparison of lunar magmatic spinels with terrestrial spinel compositional
fields showed an affinity to boninites and komatiites for lunar Cr-spinels, and hence suggested
a mantle origin for Cr-spinels on the Moon. The comparison of lunar spinels with the terrestrial
spinel from Sittampundi Anorthosite Complex (SAC) based on their spectrochemical
characteristics has put significant constraints on the remote identification of lunar spinel
chemistry. The Cr-spinels in SAC have a Fe- and Al-rich composition, with Cr203
concentrations and Cr# ranging from 32-37 wt percent and 0.44-0.53, respectively. The
conspicuous Raman peak associated with Cr-spinels' A1z mode ranges from 703 to 714 cm™,
with a shoulder about 671 cm™. The coexistence of (Mg, Fe) in the tetrahedral site and (Al, Cr)
in the octahedral site causes the Aig peak position near 705 cm™'. Because of the increased Al
content (Al203 ~25 wt%) in the SAC Cr-spinels, the 2 pm band position is at shorter
wavelengths than conventional Cr-spinels. The Cr# and Cr203 contents have a positive
association with the 2 pm band location, but the Al203 concentration has a negative correlation.
The replacement of Al and Cr for one another in the octahedral site explains the linear
relationship. Based on their spectrochemical features, the observed linear connection between
2 um band position and Cr/Al abundances can be used to distinguish Al-spinels from Cr-
spinels. Through an integrated and comparative investigation of spectroscopic and chemical
data, the study has unambiguously demonstrated the relationship between the spectral pattern
and the chemistry of Cr-spinels. The interpretation of possible occurrences of Fe- and Cr-
bearing spinels in the Sinus Aestuum on the Moon was made possible by comparing the
spectral properties of SAC Cr-spinels with those of previously detected spinels from Sinus
Aestuum. The established spectral-chemical relationships will serve as a reference for

separating lunar Al spinels from Cr-spinels. If limited knowledge on their formation processes
viii



involving melt-wall rock interaction on both the planetary bodies is addressed, the SAC-hosted
Cr-spinels could serve as a potential functional analogue for lunar Fe- and Cr-bearing spinels.
Further, the spectrochemical data of terrestrial spinels derived in this study will greatly add to
the lunar analogue database that could be utilized for instrument calibration in future

exploration missions.

Impact cratering mechanics of the Moon have been understood by studying the cratering
mechanics of Copernican craters (<1 Ga old). The Ohm and Das craters are Copernican craters
on the farside of the Moon, which records the diverse processes of impact cratering events on
the Moon. Starting with the sharp and scalloped rim, an alcove of wall terraces, the distinct
scarp-tread system with steep slopes on the scarp, wall slumping, impact melt deposits, flat
floor with hummocky texture, slump hillocks on the floor, melt platform, and central mounds
with bedrock exposures, the morphological mapping interior to the crater cavity revealed the
characteristic geological features of this complex impact crater. These diverse morphological
elements show that the Das crater began as a simple bowl-shaped crater that evolved into a
complex crater over time. In less than 4 seconds, the transient crater cavity for the Das crater
was excavated. The greatest excavation depth is predicted to be 3 kilometers. The transient
crater diameter is expected to be 30.4 kilometers, with a depth of 7.6-9.12 kilometers. The
crater was excavated at the same time as shocked and melted debris was ejected outward as
impact ejecta. Even before the central mounds developed from depths of maximally
compressed materials at roughly 3.2 km, the crater was being modified. The consequent
gravitational collapse of the rim resulted in terraced, steeper walls, resulting in a widening of
the crater rim along W-E and enlargement of the final diameter to 38 km. On the western inner
wall, the wall slumping was more severe, and the slumped materials fell to form heaps of
hillocks, mostly in the western half of the floor. The eastern crater floor has sunk, most likely
as a result of structural collapse and/or the cooling of the first melt column. The impact melts
line the temporary crater cavity throughout its expansion, forming ponds in the wall terraces,
vast melt sheets along the inner wall slopes, and melt-draped floor units, among other
topographic features. Melt breccia, shattered impact melt deposits with boulders at their edges,
and characteristic flow features like melt fronts or flow lobes centered on the inner wall of the
crater are all diagnostic of impact-generated melts. Solid and melt phase ejecta are scattered
around the crater rim outside the crater cavity, with highly shocked debris components
occurring at radial distances beyond the rim and melted debris preferentially occupying
topographic lows and slopes both inward and outward from the crater rim. The infilling of

secondary crater chains and subsequent overprinting by the contiguous ejecta blanket resulted
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from the ground-hugging flow of heterogeneous materials. Within 7 km radial extents from
the rim crest, melt-bearing ejecta is spread as rim veneer deposits, ponded melt, and lobate
deposits, which entirely overlie the adjacent ejecta blanket. Ballistic ejecta facies have a non-
uniform distribution across the crater, with the greatest radial extents in the northwestern and
southeastern quadrants compared to the less extensive deposits in the southwest and NNE
quadrants, exhibiting asymmetric ejecta with bilateral symmetry along the NNE-SSW line
going across the crater's centre. The occurrence of a forbidden zone to the NNE that is free of
distal ejecta rays and secondary crater chains shows that the impact was NNE-SSW. The
crater's nearly circular shape, together with a well-defined forbidden zone in the uprange, imply
that the impact happened at a 15°-25° inclination to the horizontal. The findings of this study
show that studying Copernican craters is critical for furthering our understanding of the Moon's

impact dynamics and cratering mechanics.

The discovery of the Late-Imbrian and Eratosthenian volcanic events on the lunar nearside, the
compositional diversity of lunar spinels and possible mantle origin of Cr-spinels, and the
interpretations on cratering processes and impact dynamics on the Moon during the Copernican
epoch reveal that the geological history of the Moon is as vast as we have known yet, and our

Moon could still be evolving.
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Chapter 1

Introduction

The Moon is our closest neighbour in the solar system and has always been a celestial object
of countless mysteries that have fascinated explorers for millennia. The exploration of the
Moon began in the 17" century when the Italian astronomer Galileo Galilei made the first
telescopic observation of the Moon. The lunar exploration took a giant leap with the launch of
Sputnik 1 in 1957, marking the arrival of the space age. The scientific missions in the space
age solved several mysteries about the Moon, including its origin, surface morphology, and
evolution on the geological time scale (Hartmann and Davis, 1975; Cameron and Ward, 1976;
Cameron, 2000; Canup and Asphaug, 2001). In 1964, NASA's Ranger probe revealed that the
holes widely seen on the lunar surface are essentially craters formed by meteorite impacts (Fig.
1.1). Series of Surveyor missions showed that the dark mare plains are similar to terrestrial
basaltic composition and the brighter highlands (undulated terrain) are rich in aluminium
(Kuiper, 1959; Urey, 1962; Storm and Fielder, 1968; Barricelli and Metcalfe, 1969). Later on,
the analyses of samples brought back from the Apollo and Luna missions made several path-
breaking discoveries, including the identification of highlands as the anorthositic primary crust,
hypothesizing lunar magma ocean concept, chemical variations and wider titanium ranges in
mare basalts, effects of space weathering on surface rocks, peak in mare volcanism from 3.2-
3.8 Ga, presence of KREEP lithology, and information on the interior structure of the Moon
(Wood et al., 1970; Turkevich, 1971; Rhodes et al., 1975; Hapke et al., 1975; May et al., 1976;
Metzger and Parker, 1979; Warren and Wasson, 1979; Davis, 1980). The Clementine and
Lunar Prospector missions launched in the last decade of the twentieth century provided the
first global (both nearside and farside) elemental, mineralogical, and topographical views of
the Moon (Nozette et al., 1994; Binder, 1998; Lucey et al., 1995; Blewett et al., 1997; Lucey
et al., 1998; Lucey et al., 2000; Jolliff et al., 2000; Thesniya and Rajesh, 2020a, b). The

scientific missions in the last two decades, especially ISRO's Chandrayaan-1, China's Chang'E,
1



NASA's LRO, and JAXA's SELENE, gave fresh insights into the origin and subsequent
evolution of the Moon (Clark, 2009; Pieters et al., 2009; Sunshine et al., 2009; Ohtake et al.,
2009; Haruyama et al., 2009; Sridharan et al., 2010; Yamamoto et al., 2010; McCord et al.,
2011; Whitten et al., 2011; Zhu et al., 2013; Bhattacharya et al., 2013; Donaldson Hanna et al.,
2014; Braden et al., 2014; Varatharajan et al., 2014; Prissel et al., 2014; Pieters et al., 2014;
Chauhan et al., 2015; Yamamoto et al., 2015; Wohler et al., 2017; Milliken and Li, 2017,
Bandfield et al., 2018).

Nearside Farside

Craters

Figure 1.1: Lunar Reconnaissance Orbiter Camera —Wide Angle Camera (LROC WAC)
mosaic of the nearside and farside of the Moon.

The formation of the Moon is believed to have occurred as a result of the collision of a Mars-
sized body called 'Theia' with the proto-Earth at around 4.5 Ga ago (Hartmann and Davis,
1975; Cameron and Ward, 1976; Cameron, 2000). The Lunar Magma Ocean (LMO) model
suggests that the Moon was melted up to a considerably greater depth following its accretion
(e.g., Smith et al., 1970; Wood et al., 1970). As the magma ocean crystallized, the cumulate
pile of denser mafic minerals and anorthosite were formed as products of differentiated magma
(Shearer et al., 2006). Early formed olivine sink to the bottom and formed a part of the lunar
mantle (Fig. 1.2). Later formed, less dense, plagioclase crystals floated upward and formed the
lunar crust, rich in anorthosite (e.g., Wood et al., 1970; Charlier et al., 2018 and references
therein). The last liquid to crystallize would have consolidated into a thin layer (referred to as
the UrKREEP layer), sandwiched between the lower crust and mantle, and enriched in
incompatible elements such as K, REE, and P (e.g., Warren et al., 1979) (Fig. 1.2). This model

is widely accepted today and adapted to the formation of larger planetary bodies in general,
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but many fundamental unknowns (e.g., depth of the original magma ocean, presence of

volatiles such as water, possible mantle overturn) remain.

Figure 1.2: The schemata showing the lunar magma ocean crystallization (Source: scientific
report, 2007, NASA).

The impact craters and basins are formed by asteroidal impacts on the lunar surface after its
formation. The large-scale impact cratering events in the Pre-Nectarian and Imbrian periods
considerably weakened the primary crust of the Moon and made way for the eruption of magma
from the lunar interior (Head and Wilson, 1992). The eruption of the magma generated by
remelting of the lunar interior after the initial differentiation episode formed the Mare basalts
on the Moon. The serial magmatism began at ~3.9-4.0 Ga ago and peaked between ~3.2 to 3.8
Ga (Hiesinger et al., 2000). Some observations contrast with this simplistic view of the lunar
crust, as inherited from the LMO crystallization. Some lunar anorthosites, at places, are closely
associated with magnesium-rich rocks such as dunite, norite, and troctolite and evidence serial
magmatism processes, which intruded and modified the crust after its formation (e.g., Spudis
and Davis, 1986; Elardo et al., 2011). Lunar rocks, in general, contain several important
primary minerals such as olivine, pyroxene, chromian spinel, and Mg-Al spinel, which are
useful to track the geological processes on the Moon. The pyroxene minerals are abundant in
Mare basalts, while spinels are found in association with anorthosites and basalts. The recent
detection of Mg-Al spinel on the lunar surface indicates that spinels have played a significant
role in the lunar crustal evolution (Pieters et al., 2011; Dhingra et al., 2011a; Dhingra et al.,
2011b; Dhingra and Pieters, 2011; Kaur et al., 2012; Pieters et al., 2011; Pieters et al., 2014;
Prissel et al., 2014; Dhingra et al., 2017). Spinels may form in a wet magma ocean in specific
conditions (e.g., Lin et al., 2017) and in other settings such as plutonic intrusions (e.g., Pieters
et al., 2011). The study of spinel is important to understand the mantle and crustal processes

as they specifically crystallize from mafic-ultramafic magmas over a wide range of conditions.
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Figure 1.3: The schemata depicting the outline of the Ph.D. work.

The processes responsible for lunar volcanism, differentiation of lunar interior, and crust-
mantle interactions constitute endogenic processes on the Moon. Whereas the processes that
operate on or above the Moon's surface, involving large-scale impact cratering events and
associated surface readjustments, are considered exogenic processes. The knowledge about
these endogenic and exogenic processes on the Moon is imperative to understanding the
evolutionary history of our nearest neighbour. Therefore, our research focuses on
understanding the lunar endogenic and exogenic processes by studying lunar volcanism, spinel
chemistry, and impact cratering mechanics (Fig. 1.3). The scope of studying lunar volcanic
and thermal history, spinel compositions and lunar functional analogues, and impact cratering

mechanics are discussed further.

1.1 Significance and scope of the study
1.1.1 Volcanic and thermal history of the Moon

Rocks record the thermal history as their mineralogy and chemical composition result from the
processes that have occurred during the thermal evolution of a planetary body. The thermal
evolution of the Moon can be understood from the ages and distribution of magmatic and/or
volcanic rocks on the lunar surface. Mare basalts are the volcanic rocks formed by remelting
of the lunar interior. Mare basalts cover 17% of the lunar surface and display wide variations
in iron and titanium contents (Fig. 1.4). Variations in Ti content in mare basalts erupted over a
long period of time suggests lateral chemical heterogeneity in the lunar mantle (e.g., Morota et

al., 2011). The low-Ti and high-Ti basalts having considerably varying titanium contents must
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have been derived from different source regions in the lunar mantle. Therefore, studying the
chemistry of these different mare basaltic units will allow us to understand the source

composition of their parent magmas.
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Figure 1.4: LROC WAC-derived TiO2 abundance map of the lunar surface. Varying titanium
contents in the mare basaltic units are visible.

Scientists believe that a lunar mantle overturn occurred soon after the crystallization of the
lunar magma ocean, producing a hybrid lunar mantle with olivine-orthopyroxene materials in
the bottom of the mantle while ilmenite-clinopyroxene materials on the top of the mantle (Kato
et al., 2017) (Fig. 1.5). Though the concept of mantle overturn is still debated, scientists claim
that the varying chemical nature of the mare basaltic units across the lunar surface is attributed
to the source region and depth of origin of the parent magma (e.g., Morota et al., Kato et al.,
2017). The nature of source regions, as well as the reasons and mechanisms of lunar interior
remelting for the creation of mare basaltic magmas, are yet unknown. Therefore, studying the
compositional variations in mare basalts would help us interpret the depth of origin of the

basaltic magma and thereby shed more light on the lunar mantle overturn concept.

Furthermore, the volcanism on the Moon started at around ~3.9 to 4.0 Ga ago and continued
until ~1.2 Ga, with a peak in the volcanic activity at ~3.2 to 3.8 Ga (Main-phase volcanism)
(Head and Wilson, 1992; Hiesinger et al., 2000) (Fig. 1.6). It was believed that the volcanism
on the Moon had ceased at around 1.2 Ga (Late-phase volcanism), and the Moon being a
smaller body, cooled much early in its history, unlike the Earth (Fig. 1.6). However, recent
findings of volcanic events on the Moon that occurred less than 1 Ga ago (Topical phase) have
fascinated the scientists on knowing the extended volcanic history of the Moon (e.g., Singh et
al., 2020).
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Figure 1.5: Schemata representing the mechanism of lunar mantle overturn post-magma ocean

crystallization (Source: Kato et al., 2017). IBC: Ilmenite-bearing clinopyroxene.

The long span of the eruption of mare basalts and wide range of compositions over the lunar
surface hint at the lunar interior's heterogeneous nature, making them potential candidates for
understanding variations in compositions, source regions, processes, and temperatures over
time (Head and Wilson, 1992; Giguere et al., 2000; Morota et al., 2011; Kato et al., 2017;
Thesniya and Rajesh, 2020c). Therefore, identification and chemical characterization of the
mare basalts formed during the main-phase and late-phase history of the Moon is vital to better
comprehend the Moon's volcanic history and thermal evolution. This Ph.D. work investigates

the chemistry and ages of selected mare basaltic units on the lunar nearside in order to
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understand their time of formation, origin, emplacement mechanism, source composition, and

depths, which in turn will give insights into the volcanic evolution of the Moon.
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Figure 1.6: Schemata showing the current understanding of the volcanic evolution of the
Moon.

The chemistry of mare basaltic units is investigated mainly using their constituent pyroxene
group minerals. Basalts contain pyroxenes as major components. The chemistry of pyroxenes
in the Mare basalts will give us information about the nature and crystallization history of
magma. The iron and titanium contents of basalts and ages would reveal the history of

volcanism and heterogeneity of the magma source regions in the lunar interior.

1.1.2 Spinel compositions on the Moon and lunar functional analogues

Spinels are oxide group minerals with divalent Fe, Mg in the tetrahedral site, and trivalent Fe,
Cr, Al in the octahedral site of the spinel structure. Magmatic spinels directly crystallize from
ultramafic magma, and therefore, their chemical composition provides information about its
source composition and history. Magmatic spinels of varying compositions were detected
using orbital remote sensing data and returned lunar samples data from Earth's Moon. The
lunar spinels were identified from different source rocks such as basalts, high alumina basalts,
pyroxene-phyric basalt, gabbro, anorthosite, pink spinel anorthosite, breccia, and so on. Most
of these spinel compositions were Fe-rich and showed a compositional range between chromite
and ulvospinels. In addition, the wide orbital detections of spinels across the lunar surface
using Moon Mineralogy Mapper (M? onboard ISRO's Chandrayaan-1 mission) and Spectral
Profiler (aboard JAXA's Kaguya mission) in recent years shed new light on their significant

role in the evolution of the lunar crust (Fig. 1.7). Most of the orbital detections of spinels are
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Mg- and Al-rich with limited occurrences of Cr- or Fe- rich compositions associated with
pyroclastic deposits in Sinus Aestuum.

a)

65785,0

Farside

Lunar
Nearside

Figure 1.7: (A) Image of the Apollo 16 rake sample, 65785, with a pink-spinel troctolite clast
in it (labeled as PST) (Credits: NASA S72-48821). Scale bar is in mm. (B) Thin-section image
of the lunar meteorite ALHA81005 showing the pink spinel (pink-grains) in polarized light
(From Gross and Treiman, 2011). (C) Spinel detections on the lunar farside and nearside (pink
filled circles) (Dhingra et al., 2011; Prissel et al., 2014).



A new rock type named "Pink Spinel Anorthosite" (PSA) enriched in MgAl204 spinel with a
low modal abundance of mafic silicates was found to occur in low Fe- terrains dominated by
plagioclase feldspar on the Moon. The global occurrence of PSAs has been explained by the
interaction between Mg-suite parental melts and the ancient anorthositic crust. Another
distinctive rock type, dominated by high concentrations of olivine, orthopyroxene, and Mg-
rich spinel (OOS: Olivine- Orthopyroxene-Spinel), has also been reported using M* data. The
differentiation of magma from plutons intruded into the lower crust or at the crust-mantle
interface was suggested for the formation of these unusual lithologies. Recent experimental
work suggests that spinel-bearing materials could also be formed from the last liquids
crystallized in the Lunar Magma Ocean. The above-discussed models for spinel formation
point to their importance in understanding the lunar differentiation as well as crust-mantle
interaction processes. Therefore, this Ph.D. work aims to understand the possible origin of
spinels on the Moon by examining the compositional variations in spinels from diverse rock
types on the Moon. The lunar spinel chemical data are obtained from the previous literature on

chemical analyses of returned lunar samples and some lunar meteorites.
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Figure 1.8: Schemata showing the methods involved in studying the lunar analogues.

Further, the orbital detections of spinels depend greatly on their spectrochemical
characteristics. Hence, comparative spectral-chemical studies of terrestrial spinels will help
identify compositionally similar lunar spinels from their reflectance spectra and thereby refine
the constraints on the compositional diversity of remotely observed lunar spinels. This Ph.D.

work attempts to investigate the compositional diversity of lunar spinels and examine their
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spectrochemical analogy with those of terrestrial spinel composition from the Sittampundi

Anorthosite Complex in southern India (Figs 1.7 and 1.8).

The study uses a combination of VNIR, Laser Raman, and FTIR spectroscopic techniques to
investigate the chemical-spectral relationship of terrestrial chromian spinels from the
Sittampundi Anorthosite Complex, and to compare their spectrochemical characteristics to
those of remotely detected Fe- and Cr-bearing spinels on the Moon. The effects of changing
chemistry and crystal structure on the spectral pattern and absorption or peak centres of SAC
Cr-spinels have been explored. As an approximation to orbital observations of lunar surface
compositions, we apply our findings to spectral data of Sinus Aestuum spinels on the Moon.
The present comparative spectral-chemical technique will aid in the identification of
compositionally similar lunar spinels from their reflectance spectra, thus refining the
compositional diversity of remotely detected lunar spinels. Because in-situ observations of
lunar spinels are limited in the current scenario, orbital remote sensing measurements of the
lunar surface will continue to take precedence, and our findings will serve as a reference for

remote identification of compositionally comparable lunar spinels.

1.1.3 Impact cratering mechanics of the Moon

The impact craters on the Moon are of varying dimensions, and the fundamental processes of
impact cratering leave characteristic surface features that remain unerased for millions of years,
unlike the Earth (Fig. 1.9). Scientists believe that impact cratering has played a major role in
the formation and subsequent history of the planets and their satellites, specifically in
hypothesized impact origin of the Moon, Late Heavy Bombardment, impact-induced
volcanism, etc. Therefore, understanding the fundamental processes of impact cratering is

crucial in studying planetary evolution.

The cratering mechanics of lunar impact craters with distinct morphology and ejecta
emplacement are primarily comprised of three processes: first, contact of the projectile on the
lunar surface and compression of the target materials below the impact point, followed by
excavation of the transient crater cavity and simultaneous ejection of a proportion of excavated
materials, and finally, the gravitational collapse of the transient crater (Shoemaker, 1962). In
general, the gravitational collapse of a basic bowl-shaped crater produces complex craters with
a distinct increase in crater diameter. The high-velocity components emplace as patchy and
discontinuous distal ejecta, typically reaching higher radial distances beyond the range of the

continuous ejecta blanket, whereas the proximal ejecta blanket seems to be contiguous and
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gradually thins away from the crater rim (Fig. 1.10). Finer ejecta deposits show as noticeable
"rays" that reach further radially out from the source crater (Fig. 1.10).

Figure 1.9: Impact crater morphologies on the Moon. (a) Microcrater (D <I mm) found in
returned lunar samples. (b) LROC NAC mosaic of the Lichtenberg B crater (D ~5 km)
representing a simple bowl-shaped crater. (¢c) LROC NAC DTM of the Hell Q crater (D ~3.75
km). (¢) LROC WAC mosaic of the Tycho crater representing a complex impact crater (D ~86
km) (Speyerer et al., 2011). (d) LOLA DEM overlaid on the LOLA hillshade showing the
multiring Orientale basin (Barker et al., 2016). North is up in all the images.

In an airless body like the Moon, cratering processes result in only minor degradations, which
are exacerbated by later impact events and lava infillings. By eroding the sharp rim, steep walls
into gentle slopes, floor fills, and fading of impact ejecta, these primary degradational
processes cause dramatic changes in the overall morphology of the crater. Depending on the
temporal duration of their exposure to the lunar environment and the impact flux of the Moon,
craters are frequently obscured by later infillings and overlapping craters. Lunar craters are
allocated different time units based on their amount of deterioration, ranging from Pre-
Nectarian (4.1 Ga) to Copernican (1 Ga) systems. The older Copernican craters are often more
degraded than the younger Copernican craters. As a result, Copernican craters retain their
original form, which is often characterized by bright ejecta rays surrounding the crater.
Because of their contrasting brightness and pure nature in an airless Moon, the ejecta rays of

Copernican craters can be seen on the lunar surface (Fig. 1.10).
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Figure 1.10: Left image: LROC nearside view of the Moon, highlighting the Tycho crater with
bright ejecta rays. Right image: A complex crater on the lunar surface having bright radial

ejecta rays.
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Figure 1.11: Schemata showing the methodology followed for understanding the impact
cratering mechanics of the Moon.
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Furthermore, the markedly higher surface albedo of ejecta rays is thought to be a representation
of their emplacement in the lunar chronostratigraphic record not earlier than 1 billion years
ago. The Copernican craters are a natural laboratory for studying the impact cratering
mechanics of the Moon because they have relatively undamaged and younger surfaces in the
crater interior, as well as a largely undisturbed ejecta blanket and ray system. This Ph.D. work
investigates the various morphological features and the nature and distribution of distinct ejecta
deposits of the Copernican craters, Ohm and Das, on the farside of the Moon to get insights
into the multi-stage cratering processes, as well as ejecta emplacement dynamics on the Moon
(Gault, 1973; Sto"ffler et al., 1975; Gault and Wedekind, 1978; Holsapple and Schmidt, 1987;
Schultz and Gault, 1990) (Fig. 1.11).

1.2 Objectives

This research investigates the spectrochemical characteristics and geological context of
pyroxene- and spinel-bearing lithologies and morphology of impact craters on the Moon. The
work primarily utilized orbital remote sensing datasets from various lunar exploratory
missions, particularly ISRO's Chandrayaan-1 mission. The primary objectives of this research

are as follows,

[.  To understand the volcanic and thermal evolution of the Moon based on mare
basalts in the Grimaldi and Humorum basins on the lunar nearside.

II.  To better understand the compositional variations and origin of spinels on the
Moon.

III.  To determine the spectrochemical characteristics of Cr-spinel from Sittampundi
Anorthosite Complex (southern India) for understanding its analogous nature to
similar lunar spinel compositions on the Moon.

IV.  To understand the impact cratering mechanics and impact dynamics on the Moon
based on morphology and ejecta distribution of the Copernican Ohm and Das

craters on the lunar farside.
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Chapter 2
Approach used

This Ph.D. work hinges on orbital remote sensing data from various lunar exploratory
missions. The lunar lithologies and impact cratering mechanics have been investigated using
orbital data, while the analogue work used various analytical techniques (Fig. 2.1). The detailed
procedures of utilizing orbital remote sensing data and spectroscopic and chemical techniques

have been given in the respective chapters of the thesis.
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Figure 2.1: Schemata depicting the approach used for studying the attributes of endogenic and

exogenic processes on the Moon.
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2.1 Utilization of orbital remote sensing data

Remote Sensing is the process of scanning an area/object without being in physical contact
with the object. The remote sensing technique relies on measuring the reflected and emitted
radiation from an object at a distance (from a satellite or aircraft). The Moon is a distant
planetary body and exploring the Moon from the Earth is quite challenging. Remote sensors
set up in spacecrafts orbiting the Moon allow us to scan the lunar surface in greater detail. The
remote sensors in orbiters comprise spectrometers as well as high-resolution panchromatic
cameras. Both types of payloads rely on the technique called spectroscopy. Spectroscopy is the
method applied in remote sensing, in which the detectors receive reflected or emitted radiation
from an object and record the data in digital format (Fig. 2.2). When many materials interact
with light (electromagnetic radiation), they impose a characteristic signature on that light. The
most obvious manifestation is colour. Spectroscopy provides a means of quantitatively
assessing the nature of the material which interacted with the light. Reflectance spectroscopy
involves the measurement of reflected light in different wavelengths of the electromagnetic
spectrum. The measured light intensity is recorded in a graph of spectral reflectance as a
function of wavelength. The nature of the spectral reflectance of an object depends on its
chemistry and crystal structure. The chemical composition of each material differs, and
therefore, the target objects produce a spectral reflectance curve unique to its chemistry and
structure, which is called a spectral signature. The materials (minerals and rocks) can be

identified based on their unique spectral signature (Fig. 2.2).
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Figure 2.2: depicting the remote observation of the Moon based on reflectance spectroscopy.
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2.1.1 Reflectance spectroscopy

Visible and near-infrared (VNIR) regions of the electromagnetic spectrum are generally used
for the remote sensing applications of the Moon (Fig. 2.3). The mafic minerals on the Moon,
particularly pyroxenes and spinels, exhibit diagnostic absorption features in the VNIR region

due to electronic transition absorptions in the transition group elements of these minerals.
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Figure 2.3: Wavelength ranges of electromagnetic radiation. The range of wavelengths used
to study morphology, mineralogy, and bulk composition is labelled in the figure.

Reflectance spectroscopy records the properties of solid materials when radiation (light) is
directed at a surface, and a detector collects the photons reflected off the surface. The spectrum
depends on the material's optical properties and the energy absorbed by excitations of atoms
or molecules in the structure. Minerals are identified using reflectance spectroscopy through
the “bands,” or dips in reflectance that occur at wavelengths where energy is absorbed, which
are often unique to a given mineral structure. The intensity of these spectral bands is, in general,

related to the abundance of the exciting phase.

Electronic Absorptions

Electronic transitions from crystal field theory (CFT), metal-to metal intervalence charge
transfers, and ligand-to-metal charge transfers cause electronic absorptions due to Fe or other
metals. Pyroxenes have symmetrical CFT absorption bands at 1 um (Band I) and 2 pym (Band
II) (Fig. 2.4a). The major Fe?" absorption bands of pyroxenes (from 0.9 um-1.05 pm and 1.8

pum-2.3 pm) are a function of Fe** and Ca*" content (Adams, 1974). High Calcium Pyroxenes
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(HCP; e.g., augite, diopside) exhibit a 1 um absorption band centred between 0.91-1.06 um
with a 2 pm band centred at 1.97-2.35 um. Low Calcium Pyroxenes (LCP; e.g., enstatite,
hypersthene) also show both 1 um and 2 um absorption bands with band centres that vary from
0.90-0.93 um and 1.80-2.10 um respectively (Cloutis and Gaffey, 1991a; Cloutis and Gaftey,
1991b). In addition, the 1 pm and 2 pum band centres of LCP systematically shift to longer
wavelengths with an increase in Ca®" content (Adams, 1974; Cloutis and Gaffey 1991b). This
shift in the band centres to longer wavelengths as a function of Ca®" content is owing to a
change in crystal field sites in which Fe?* ions are located. (Burns, 1970; Adams, 1974). As a
result, pigeonites, which are of intermediate Ca composition, show absorption bands near 0.93
pm and 2 pm, sub-calcic augites have bands near 0.99 um and 2.18 pum, whereas absorption
bands of the Ca-rich diopside are near 1.04 um and 2.3 pm (Adams, 1974). Spinels exhibit a
prominent absorption feature in the 2 pmregion. The 1 pm feature is either very weak or absent
in spinels (Cloutis et al., 2004) (Fig. 2.4b).
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Figure 2.4: Laboratory reflectance spectra of the (A) low-calcium and high-calcium pyroxenes
and (B) spinels.

2.1.1.1 Reflectance spectroscopy of the Moon

Remote sensing studies of the Moon are done mainly through spectroscopic analysis of the
lunar surface (Fig. 2.5). The returned lunar samples during Apollo and Luna missions were
studied in laboratories using reflected VNIR radiation (Adams and McCord, 1970). Electronic
mineral absorption bands determined by crystal field theory through measurements of
transmitted light from terrestrial minerals were identified in the reflectance spectra of all
returned lunar samples. The soils exhibit weaker bands, while crystalline materials showed the
strongest bands. These spectroscopic measurements confirmed that remotely recorded
reflectance spectra could be used to characterize the mineral properties of the Moon. The

laboratory spectra of the returned lunar soil, rock, glass, and mineral samples revealed their
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Figure 2.5: Schemata showing the outline of research carried out in the Ph.D. work.

diagnostic absorption bands produced by electronic transitions in transition metal ions
(incompletely filled d orbitals) in a crystal structure. When a light photon is absorbed,
excitation of electrons takes place from a lower-energy to a higher-energy orbital state (Burns,
1993). The wavelength of the energy or photon being absorbed depends on the coordination
and symmetry of anions and transition metals in the crystal structure. The pyroxenes and
spinels having transition metal ions in their crystal structure produce diagnostic absorption

features in the reflectance spectra.
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The panchromatic images, mainly in the visible region, provide the albedo of the surface (Fig.
2.5). The stereo images can also be used to derive the Digital Elevation Model (DEM) of the
surface that will provide the topographic information. The high-resolution panchromatic
images are useful in determining the ages of the surface using the crater counting technique.
The crater size-frequency distribution technique requires counting primary craters on the target
surface, and hence the high-resolution images facilitate the estimation of ages using this
technique. The morphological data combined with the topography provides the physical
characteristics and geological context of the region of interest. The impact cratering mechanics
is understood based on an integrated morphology, surface albedo, and topography analysis.
The hyperspectral data in the VNIR region are used for spectral mapping and mineral
identification (Fig. 2.5). The chemistry of pyroxene minerals derived from band parameters is
useful for understanding the magmatic history, source composition, and volcanic evolution of
the Moon.

2.1.1.2 Hyperspectral data analysis for identifying the minerals and their
chemistry

Lunar minerals and soils commonly exhibit absorption features at 1000 and 2000 nm (e.g.,
Pieters, 1998). Besides, space weathering effects tend to induce a positive (red) slope in the
surface spectra and cause “optical maturation” (evidenced by a decrease in the average
reflectance level and the absorption band strengths, e.g., Adams and McCord, 1970; Pieters et
al., 1993, 2000). Olivine can be identified by three overlapping broad absorption bands near 1
um (0.83, 1.05, and 1.3 um) and the absence of features at higher wavelengths (Burns, 1970,
1993; Burns et al., 1972, 1973; Adams, 1975; King and Ridley, 1987). Two major Fe**
absorption bands from 0.9 to 1.05 um and 1.8-2.3 um in pyroxenes vary as a function of Fe**
and Ca®* content (Adams, 1974). The band depths and positions of these absorption features

can be used as a diagnostic parameter for discriminating the lunar lithologies.

2.1.1.2.1 Integrated Band Depth (IBD)

Integrated Band Depth (IBD) is a parameter used in the VIS-NIR spectroscopy for the spectral
mapping of lunar mafic lithologies based on their ferrous absorption bands (e.g., Besse et al.,
2011; Isaacson et al., 2011; Mustard et al., 2011; Staid et al., 2011). This parameter is sensitive

to the abundances of pyroxenes, olivine, ilmenite, etc., in the surface lithologies. The band
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depth (BD) is the depth of an absorption band and is defined relative to the continuum (Clark
and Roush, 1984).

Band depth = 1- continuum removed reflectance

IBD1000 = ¥4%,1 — R(789 + 20n)/Rc(789 + 20n)

-Eq. 1
IBD2000 = Y41, 1 — R(1658 + 40n)/Rc(1658 + 40n)

-Eq.2

where R represents reflectance at a given wavelength, Rc denotes reflectance relative to a local
continuum defined between the inflection points on both sides of the absorption band, and n
denotes the bandwidth.

IBD at 1000 and 2000 nm was generated to discriminate between mafic-rich regions and
anorthositic highland areas. The IBD1000 parameter map has been generated by integrating
the band depths between 789 and 1308 nm relative to the local continuum formed between 789
and 1308 nm. The IBD1000 parameter is sensitive to the presence of both olivines and
pyroxenes. The IBD2000 parameter map has been generated by summing up the band depths
between 1658 and 2498 nm relative to a local continuum drawn between 1658 and 2498 nm
and is commonly used to map pyroxene occurrences. An M? color composite image was
generated using IBD parameter maps. The IBD1000 parameter was assigned to the red channel,
while the green and blue channels were assigned the IBD2000 and R1578 bands, respectively.

Reflectance spectra were collected from spectrally distinct regions using the color composite
images generated for both units. The soil spectra from each unit were extracted by averaging
the number of pixels in that region. Apart from this, pyroxene-bearing spectra were also
collected from smaller superposed craters within each unit. These spectra are obtained from a
single representative pixel in that location. The constituent mineral phases in the average soil
spectra were identified based on their characteristic band parameters such as band center (BC),

relative band strengths, and the overall spectral pattern.
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2.1.1.2.2 Continuum removal

The spectra are a convolution of multiple components present on the target surface. In the case
of basalts, the 1000 and 2000 nm absorption bands of pyroxene group minerals are the
dominant features. The dominant pyroxene-related features will superimpose the effects of
other mixed components such as plagioclase and/or olivine on the reflectance spectra.
However, the presence of mixed phases may also impart a slope to the spectra and cause a shift
in the 1000 (Band I) and 2000 nm (Band II) apparent band minima. The wavelength-dependent
scattering would also cause a greater continuum slope to the spectra, and consequently, the
dominant 1000 and 2000 nm absorption bands would have negligible band minima (Clark and
Roush, 1984). Therefore, continuum removal of the spectra has to be performed to reduce these
effects of continuum slope on the major absorption bands before their band parameter analysis
(Clark and Roush, 1984). For the continuum removal, the local maxima on both sides of the
absorption bands were determined for each analyzed spectrum, and a straight line tangent was
drawn between the local maxima points to define the continuum slope (Fig. 2.6). Continuum
removal of the spectra has been done by dividing the spectra by the straight-line continuum

drawn between inflection points on both sides of the absorptions for Band I and Band II.
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Figure 2.6: Illustration of the M* continuum removal procedure. The continuum slope is drawn
between the tangent points on both sides of the absorption bands.
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2.1.1.2.3 Band parameters

The BC, band area (BA), and band strength (BS) are calculated for each endmember spectra
based on the method described in Cloutis et al. (1986) and Gaftey et al. (2002), which was later
adopted and successfully applied by Kaur et al. (2013) and Chauhan et al. (2018) for estimating

the chemical composition of pyroxenes within the mare basalts on the Moon.

i. Band Centre (BC)

The BC is calculated as the band minima after the removal of the continuum slope. A third- to
fourth-order polynomial function was fitted to the bottom of the absorption features, and the
BC is calculated as the minimum point of the fitted polynomial. The error associated with the
BC calculation was determined through an iterative process by changing the number of points
on either side of a visually determined band minimum five to six times, and BCs are calculated
each time. The calculated BC values are averaged, and the average BC value is used for further

analysis. Standard deviation was also determined using the estimated BC values.

ii. Band Strength (BS) and Band Area (BA)

The Band Strength is the depth of the absorption feature relative to the continuum. BA is
calculated as the area between the continuum line and the data points in the absorption band of
the spectra. The band area ratio (BAR) is the ratio of Band II area to Band I area of pyroxenes.
Band I is sensitive to the relative abundances and composition of pyroxenes and/or olivine,
while Band II is sensitive to the abundance of pyroxenes in the spectra (Cloutis et al., 1986).
BAR is calculated to determine the relative abundances of olivine and pyroxenes in the mare
basalt spectra. Increased BAR value suggests the higher abundance of pyroxenes in the spectra,
and lower values indicate the presence of mixed olivine phase in the spectra (Cloutis et al.,
1986; Gaffey et al., 1993).

ili.  Olivine correction and estimating the molar Ca, Mg, and Fs of the pyroxenes

The effect of olivine in the spectra was removed using the calibration given in Cloutis et al.
(1986) and Gaffey et al. (2002). A correction factor was applied to the Band I center to remove
the potential contribution of olivine from the spectra before determining the pyroxene
composition. The correction factor was derived by calculating the displacement in the Band I
center using BAR versus Band I center calibration. The calculated Band I displacement was

later applied for olivine correction of Band I center. The estimated Band I center (olivine
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corrected) and Band II center values are applied for calculating the molar Ca, Fe, and Mg

content in pyroxenes using a set of equations given by Gaffey et al. (2002).
Wo (£3) =347.9 * BI Center (um) —313.6
(Fs <10; Wo ~5-35 excluded)
Wo (£3) =456.2*BI Center (um)-416.9
(Fs =10-25;Wo0~10-25 excluded)
Wo (£4) =418.9*BI Center (um)-380.9
(Fs=25-50)
Fs (£5) =268.2*BII Center (um)-483.7
(Wo<11)
Fs (£5) =57.5*BII Center (um)-72.7
(Wo =11-30,Fs<25 excluded)
Fs (#4) =-12.9*BII Center (um)+45.9
(Wo =30-45)
Fs (+4) =-118.0*BII Center (um)+278.5
(Wo > 45)
The estimated molar contents of endmember pyroxene compositions are projected onto a
pyroxene quadrilateral plot to understand the relative abundances of endmember compositions.

The crystallization trend of basaltic magma was determined based on the pyroxene

compositional trend observed in the quadrilateral plot (Lindsley and Anderson, 1983).

2.1.1.3 Dating of the lunar surface from crater statistics

The lunar surface accumulates craters over time depending on the impact flux. The age of any
geological unit or feature with a homogenous history can be understood from the crater

population-age relationship (Fig. 2.7). The craters of different sizes form at different rates.

Production Function (PF): This parameter is defined as the size-frequency distribution of
craters produced at the surface. i.e., the number of craters of a particular diameter expected for

each one of a particular size.
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Chronology Function (CF): Formation rate of craters with time, for a reference crater of 1

Figure 2.7: A mare region on the nearside of the Moon. The delineated mare units (Red and
blue polygons) have experienced distinct formation history, and therefore, the ages of the
formation of distinct mare units can be determined based on their crater population-age
relationship.

The production and chronology functions allow the construction of an isochron diagram, which
represents the expected crater densities for a surface (Fig. 2.8). The method primarily involves
the measurement of the surface area of the target unit as well as the diameter of each primary
crater within the unit. The counting of any secondary craters (often as a clustering) would give
erroneous estimates of age and impacting population. The obtained crater diameters will be
plotted as cumulative distribution in the Craterstats 2 software. The crater population data will
be imported to the craterstats and divided into bins. The production function is fit into binned
crater counts, and age will be obtained from the chronology function. The isochrons are plotted,
and resurfacing correction will be applied (Neukum et al., 1975; Neukum, 1983; Neukum and

Ivanov, 1994) (Fig. 2.8).
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Figure 2.8: Top image: Cumulative crater frequency. Bottom image: Cumulative PF fitting
(Source: Greg Michael, 2012).
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Measure the surface area of the unit

@

Measure the diameter of the primary craters in the unit

@

(spaced on a logarithmic scale)

@

Make a reverse-cumulative frequency plot (plot, log
N(>D) vs log D, where N(>D) is the number of craters
2

larger than D per km )

@

Select diameter range where points run parallel to PF

@

Shift the PF up or down for best fit

{Divide diameter measurements into appropriate bins

- /o ) o ) o

@

Find the age from chronology function

Figure 2.9: Schemata showing the steps involved in age determination using crater statistics.
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2.1.1.4 Techniques used for spectroscopic and chemical analyses of Cr-
spinels

i) Fourier Transform Infrared Spectroscopy

A PerkinElmer Spectrum 100 Fourier Transform Infrared (FTIR) spectrometer was used to
acquire spectra for fine powdered and solid flake samples in the mid-IR band (about 4000—400
cm™!) (PerkinElmer Inc.). The optical module has a HeNe laser that emits a continuous wave
(CW) at 633 nm with a maximum output power of 1 mW. The spectra were acquired using a
Harrick 'Golden Gate' diamond anvil ATR instrument in both transmission (which can be
converted to absorbance) and attenuated total reflectance (ATR) modes. The Deuterated Tri-
Glycine Sulphate (DTGS) mid-infrared detector was employed to detect the mid-IR band. The
spectra were taken with a KBr beam splitter in the 400 to 4000 cm! range, with a spectral
resolution of 0.5 cm™ and a wavelength accuracy of 0. 1 cm™ at 1600 cm™. In the transmission
mode, all of the samples were embedded in a KCI pellet and inspected. The samples were

crushed at a pressure of roughly 55 pounds per square inch.

The FTIR technique is used to obtain the sample's IR spectrum of absorption or reflectance
(ATR mode). The Fourier Transform (FT) is used to convert raw data to actual output spectra,
hence the name. Instead of flashing a monochromatic beam, this technique shines a beam with
different frequencies once and then measures the sample's absorption. The reflectance or
absorbance/transmittance is then measured after another modified beam with a different set of
frequencies is incident. To obtain multiple datasets, the following procedure is repeated
multiple times. Some infrared radiation is absorbed by the sample, while others are transmitted.
The FTIR method can be used to identify unknown materials and detect the other components
in a mixture. The frequency of vibrations between the various energy (vibrational) levels in the
molecular bonds that make up the material correlates to the absorption peaks. The
interferometer arrangement solves this difficulty. At various wavenumbers, the reflectance or
absorbance/transmittance is calculated. The raw data represents light absorption at various
positions of the moveable mirror, and the output data represents absorption at various

wavelengths.

The Michelson interferometer divides the incident light beam into two mutually perpendicular
directions, resulting in differing path lengths for the two beams. After reflecting off the mirrors,
the two beams are recombined (two mirrors, one movable and the other are stationary). The
intensity difference between the two beams is measured as a function of path difference by the

detector. The non-polarizing beam splitter 50 — 50 is used to transmit half of the electric field
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amplitude while reflecting the other half. The reflected and transmitted fields collide with the
moveable and fixed mirrors. The two light beams recombine at the beamsplitter after being

reflected by the mirrors.
The following components are required for a simple setup:

Infrared energy source;
Interferometer with mirror and beam splitter (KBr);
Sample to be analysed;

Detector

I .

A computer that can do fourier transformations.
The background spectrum is assessed when there is no sample in the light beam (absorption
by the air in the beam path). The percentage transmittance/absorbance is then calculated by

comparing it to the sample.

Figure 2.10: The FTIR instrument used for measuring the absorbance spectra.

ii) Laser Raman spectroscopy

Raman spectroscopy is a powerful tool for observing vibrational, rotational, and low-energy
modes in a molecule or crystal lattice, and it is widely used for molecular identification.
Because the energy and momentum of the photons and molecules before and after the
interaction are not the same, it involves inelastic scattering / Raman scattering of laser light

(here visible light). The laser photons interact with the polarizable electron cloud (selection
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rule), which causes a shift in the energy of the photons to a high or low energy state due to
variations in bond polarizability with bond length and vibrations of the molecular bonds. The
vibrations in the molecular system correlate to the energy shift. The incidence of
monochromatic laser light on the sample is the working principle. The Rayleigh scattered
radiation (elastic scattering) that corresponds to the laser wavelength is filtered out with filters

(an edge pass filter was utilised), and the remaining radiation is sent to the detector.

Rayleigh scattering is a type of elastic scattering in which the dispersed light has the same
frequency as the incident laser photons. The molecule in the ro — vibronic state interacts with
the laser photon (rotational and vibrational energy state, ground, as well as excited state). After
interacting with laser photons, the molecule enters a virtual energy state, which is followed by
inelastic photon scattering. In comparison to the entering photon, the inelastically scattered
photon has either lower vibrational energy (Stokes Raman scattering) or higher vibrational
energy (Anti — Stokes Raman scattering). As a result of the interaction with the laser photons,
the molecule's rotational and vibrational energy states change. With reference to the laser line
or the Rayleigh line, the energy difference between the beginning state and the end resulting
state causes a shift in the frequency of emitted photons (usually given in wavenumbers)

(excitation wavelength).

Raman shifted lines are a combination of Stokes and anti-Stokes lines. The scattered photon is
shifted to a lower frequency, corresponding to the energy difference between the original and
final ro — vibronic state, when the molecule reaches a vibrational energy state with greater
energy (after interaction) than the initial state. This is known as a Stokes shift (energy lost).
The scattered photon after the interaction is shifted to a higher frequency for the total energy
of the system to stay balanced if the molecule enters a vibrational energy state with less energy
than the starting state. This is known as anti — Stokes shift (energy gained). The intensity of
Raman scattering is proportional to the difference in polarisation before and after the

Interaction.

Because there is no change in dipole moment, symmetric vibrations produce higher Raman
signals with no IR signals, but asymmetric stretching produces weak Raman peaks with strong
IR signals. Bending modes produce weak Raman signals and a strong IR peak in the same way.
At the same frequency, a molecule can exhibit both IR and Raman activity, but if the Raman
intensity is high, the corresponding IR intensity will be low, and vice versa. Stokes Raman
light is typically employed since it is more intense than anti-Stokes Raman light; however, the

equivalence of both scattering cannot be determined.
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The following components make up a laser Raman setup:

The monochromatic Laser Source;

The Telescope and Lenses for collecting scattered radiation;
The Rayleigh Scattering Filters;

The Detector;

The computer for material analysis and investigation.

AP A

Figure 2.11: The Laser Raman instrument used for measuring the spectra.

The Raman measurements of the powdered Cr-spinel samples were obtained in the ReniShaw
Laser Raman spectrometer (Renishaw plc, U.K.) using Cobolt’s continuous wave (CW) Diode
Pumped Solid State (DPSS) laser as the excitation source with air-cooled plasma filter. Raman
signals were measured in a broader range of 100 cm™ — 4000 cm™! with a spectral resolution of
0.3 cm™!. The exposure time of the analysis was 10 s for a laser beam with a power of 500 mW.
The laser spot was adjusted from 10 pm to 200 pm using a beam expander. The measured
Laser Raman spectra were analyzed further, and the chemical phases were identified using the
RRUFF library (Lafuente et al., 2015) and literature references.

iii) X-ray Diffraction

X-ray Diffraction (XRD) is a technique that uses the dual nature of radiation (wave and
particle) to reveal the structure of crystalline materials. Amorphous materials do not have a
long-range periodic structure and do not form a diffraction pattern. The minerals are identified
and analysed based on the diffraction pattern. The distinctive peaks are unique to each

crystalline material and can be used as a "fingerprint" for mineral identification.
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Many crystallites can be found in a powder (minor and finely crushed crystals). In most cases,
the crystallites are orientated in a random pattern with regard to one another. Diffraction occurs
from the crystallite planes if the powder sample is placed in the path of X-ray radiation to
satisfy the Bragg requirement (orientation at the right angle). With the incident beam, the
diffracted rays form a 20 angle. The diffractometer is positioned in the diffracted beam's path.
As aresult, 20 is also the angle formed between incident x-rays and detector. The wavelengths
of incident radiations must be equivalent to the spacing between the atoms in diffraction.
Diffraction (XRD) investigations are most commonly performed with X-rays. The scattering
happens in a specular pattern. The degree of texturing, which distinguishes powder from crystal
diffraction, is determined by the size of crystallites. Different orientations are represented

equally in powder diffraction, resulting in isotropy.

Figure 2.12: The XRD instrument used for measuring the spectra.

Powder diffraction is primarily used to identify crystalline materials, and each sample's pattern
is unique. The powder sample should have a high number of crystallites that are orientated in
a random pattern. To achieve good powder diffraction data, crystallites should be less than 10
microns in size. The position of a diffraction peak is determined by the size and angular
orientation of the unit cell of the crystalline sample, which is independent of the position of
atoms. The Miller indices are used to describe the individual peaks that make up a lattice plane.
The relative intensity of the diffraction peaks in a diffraction pattern is used for quantitative
analysis and phase determination. The relative intensity (gives type and position of atoms,
32



qualitative phase analysis) of the diffraction peaks in a diffraction pattern gives information
about the cell parameters and crystal lattice. If the crystallites are orientated randomly in
powder diffraction, a continuous Debye cone is generated. When compared to crystal XRD
with bigger crystallites, X-Ray Powder Diffraction (XRPD) is an inefficient approach. The
observed diffraction pattern is not caused by all of the crystallites in the sample. Diffraction

from any lattice plane is impossible because the crystallites are not aligned appropriately.

XRD analysis of the Cr-spinel samples was carried out at the Department of Physics,
University of Kerala. Bruker D8 ADVANCE with DAVINCI design XRD system was used
for the analysis. The instrument used Cu target and N filter, operated at 40 mA current and 40
kV. The samples are scanned for 10 to 80° 20O range with a scanning speed of 0.045 26/s.

iv) Electron Probe Micro — Analysis (EPMA)

The Electron Probe Micro Analyzer (EPMA) is a reliable technique for determining the
chemical composition of solid materials in situ without having to destroy them. Scanning
electron microscopy (SEM) is comparable to this technology. However, it is used for
quantitative microanalysis. EPMA can detect levels as low as 100 parts per million. This
EPMA uses the same method as an SEM, in which a solid material is attacked with an
accelerated electron beam, which produces X-rays, which are detected by spectrometers linked
to the electron probe. Wavelength dispersive spectrometry is used to analyze the X-rays
liberated for chemical analysis (WDS). The WDS selects X-rays of specific wavelengths using
Bragg diffraction from crystals, then guided to gas-flow or sealed proportional detectors. The
chemical composition is determined by comparing the intensity of the sample material's
distinctive X-rays to known composition intensities (standards). The counts must be adjusted
to account for matrix effects (i.e., absorption and secondary fluorescence). Although electron

probes can analyze most elements, they cannot detect the lightest ones (i.e., H, He, and Li).

The spatial scale of analysis combined with the ability to develop precise photographs of the
sample makes it possible to examine geological materials in situ and resolve intricate chemical
variation within single phases (in geology, mostly glasses, and minerals). Under a light
microscope, irresolvable features can be scanned to investigate specific micro textures or offer
the fine-scale context of an individual spot analysis. Imaging modes for acquiring 2D element
maps include secondary electron imaging (SEI), back-scattered electron imaging (BSE), and
cathodoluminescence imaging (CL). The Cr-spinel samples from Sittampundi were analysed
using EPMA. The polished thin sections were used for EPMA analysis of the Cr-spinel samples
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using a JOEL JXA-8230 Electron Probe Micro Analyzer with WDS spectrometry positioned
at the Advanced Facility for Microscopy and Microanalysis (AFMM) Centre of the Indian
Institute of Science, Bangalore, India. The accelerating voltage is 15 kV with a probe current

of 12 nA. Natural silicates and oxide minerals were used as standards.
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Chapter 3

Evidence for Late-Imbrian and
Eratosthenian mare volcanism in
the Grimaldi basin on the nearside
of the Moon: Implications for the
lunar mantle heterogeneity and
thermal evolution

Overview

Lunar mare basalts represent flood volcanism between ~4.0 and 1.2 Ga, therefore, providing
insights into the thermal and volcanic history of the Moon. The present study investigates the
spectral and chemical characteristics as well as ages of the nearside mare basaltic units from
the Grimaldi basin, namely Mare Grimaldi and Mare Riccioli, using a wealth of orbital remote
sensing data. This study delineated distinct basaltic units of varying albedo, mineralogy, and
titanium contents in Mare Grimaldi and Mare Riccioli. The crater size-frequency distribution
technique revealed that at least two phases of basaltic magmatism spanning ~3.5 to 1.5 Ga
(Late Imbrian—Eratosthenian) have occurred in the Grimaldi basin. High-Ti olivine basalts
dated at 2.05 Ga are found to be surrounded by the Late Imbrian (~3.47 Ga) low- to

intermediate-Ti basalts in Mare Grimaldi. Low- to intermediate-Ti basalts observed in Mare
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Riccioli date back to two different volcanic events at ~3.5 Ga and ~3.2 billion years, while
patches of basalts having remarkably higher titanium content within the Mare Riccioli record
the youngest age of ~1.5 Ga. The chemical trend of the pyroxenes from distinct basaltic units
also revealed that multiple events of volcanism have occurred in the Grimaldi basin. The high-
Ti basalts in the Mare Grimaldi crystallized from an Fe-enriched late-stage magma while the
low-Ti basalts crystallized from an Mg- and Ca-rich initial magma that experienced an ultra-
late stage quenching. The low- to intermediate-Ti basaltic magma erupted in both the units was
derived by partial melting of early cumulate materials from the hybrid source region in the
post-overturn upper mantle and made its way to the surface through dikes that propagated by
excess pressures accumulated in the diapirs stalled at the base of the crust due to buoyancy
trap. The high-Ti magma erupted in the Mare Grimaldi was generated by a hot plume ascended
from the deeper clinopyroxene—ilmenite-rich cumulate layer near the core-mantle boundary.
However, the Eratosthenian (~1.5 Ga) intermediate-Ti volcanic activity in the Mare Riccioli
rather sourced from the ilmenite—clinopyroxene cumulate materials that remained in the upper
mantle after mantle overturn. The new results suggest that volcanism had not ceased in the
Grimaldi basin at 3.27 Ga, rather it was active and fed by different mantle sources until 1.5 Ga

for a period spanning ~2 billion years.

3.1 Introduction

Earth’s moon is a natural laboratory for studying key planetary processes, including the
formation and evolution of rocky planets. Scientific contributions from sample return missions
and orbital measurements have greatly improved our understanding of the Moon. According
to the Lunar Magma Ocean scenario, the Moon was melted up to a considerable depth
following its accretion (Smith et al., 1970; Wood et al., 1970; Wood, 1972, 1975, 1983;
Warren, 1985). As this magma ocean crystallized, denser mafic minerals (e.g., olivine) settled
to the bottom and formed a part of the lunar mantle, whereas later formed plagioclase crystals
floated upward and formed the anorthositic lunar crust (e.g., Warren, 1985; Shearer et al., 2006,
Elardo et al., 2011; Charlier et al., 2018). Mare basalts are believed to have been formed by
remelting of the lunar interior after this initial differentiation episode through serial magmatism
(e.g., Head and Wilson, 1992). They are emplaced as fissure-type eruptions of the low-
viscosity basaltic magma through cracks and dikes and cover 17% of the lunar surface area
(Wilson and Head, 1981; Head and Wilson, 1992). The nature of source regions and causes
and processes of remelting the lunar interior for the generation of mare basaltic magmas are
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not yet well understood. The surface dating of the mare basaltic units based on crater size-
frequency distribution (CSFD) technique as well as radiometric ages of the returned lunar
samples revealed that the mare volcanism on the Moon began ~3.9 to 4.0 Ga ago and continued
until ~1.2 Ga, with a peak in the volcanic activity at ~3.2 to 3.8 Ga (Head and Wilson, 1992;
Hiesinger et al., 2000). The long time span of the eruption of the mare basalts along with vast
diversity in their compositions across the lunar surface hints at the heterogeneous nature of the
lunar interior and makes them potential candidates for understanding the variations in
compositions, source regions, processes, and temperatures over time (Head and Wilson, 1992;
Giguere et al., 2000; Morota et al., 2011; Kato et al., 2017; Thesniya and Rajesh, 2020c;
Thesniya et al., 2020a). Therefore, investigating the origin, diversity, and ages of mare basalts

on the Moon is vital to understanding its volcanic history and thermal evolution better.

The present study utilizes orbital remote sensing data from various lunar exploration missions
to survey mare basalts of the Grimaldi basin on the western limb of the nearside Moon (Fig.
3.1). In the past few decades, the visible near-infrared (VNIR) orbital remote sensing technique
emerged as a powerful tool to understand the surface mineralogy and chemical composition of
the Moon. Pyroxene, plagioclase, and olivine minerals, which are major components of basalts,
can be identified in the VNIR domain due to their diagnostic absorptions (see the Methods
section). Among these, pyroxene is a significant component in the basalts. The pyroxene group
minerals form in all the stages of the crystallization of basaltic magma (Bence and Papike,
1972; Shearer et al., 2006) and hence record the petrogenetic history of basalts (Bence and
Papike, 1972). The chemistry of the pyroxenes present in the mare basalts and the relative
abundances of endmember compositions can be determined based on their band parameter
analysis, allowing us to retrieve information about the crystallization history of basaltic magma
(e.g., Cloutis and Gaffey, 1991a).

In the present study, mare basaltic units in the Grimaldi basin (Fig. 3.1) have been investigated
using high-resolution optical and spectral imagery. M*> (Moon Mineralogy Mapper) data have
been utilized for determining the mineralogy of mare basaltic units. Detailed chemistry of
pyroxenes in the Mare Grimaldi and Mare Riccioli has been analyzed further based on the M?
absorption band characteristics. Moderate to high-resolution spatial data from Terrain Mapping
Camera (TMC), Terrain Camera (TC), Lunar Reconnaissance Orbiter Camera (LROC), and
topographic data from LOLA (Lunar Orbiter Laser Altimeter) have also been used to study the
geological context and CSFD dating of the mare basaltic units in the Grimaldi basin. Based on
the results, the origin, age, possible source regions, chemical nature of the crystallizing magma,

cooling history, and emplacement mechanism of the basaltic units in the Mare Grimaldi and
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Mare Riccioli are discussed. The evolutionary stages of the Grimaldi basin involving the

eruption of mare basalts in multiple stages and from diverse sources are also discussed.

3.1.1 Geological background of the study area

Grimaldi basin is a Pre-Nectarian two-ringed, “mascon” impact basin located at 5°S, 68°W on
the western limb of the nearside Moon, northeast of the Orientale basin (nearly 290 km away;
Hartmann and Kuiper, 1962; Wilhelms et al., 1987; Fig. 3.1A). The basin has a diameter of
~440 km and an inner peak ring of ~230 km in diameter, with an approximate depth estimated
to ~2.7 km (Figs. 3.1A and 3.1B; Wood 2004). Lunar mascon (mass concentrations) basins,
including the Grimaldi basin, are characterized by positive free-air gravity anomalies in their
central low-lying topography (Muller and Sjogren, 1968; Melosh et al., 2013), which might be
an indication of a positive density anomaly or excess distribution of mass within the crust or
upper mantle (Freed et al., 2014; Zhong et al., 2018). Possibly, dense mare basaltic lavas and
upliftment of the crust-mantle interface would have contributed to the buildup of mass
concentrations in basin depressions (Bratt et al., 1985; Melosh et al., 2013). Crustal thickness
map derived from the GRAIL (Gravity Recovery and Interior Laboratory) data suggests a
thickness of ~7 to 43 km for the crust beneath Grimaldi basin (Wieczorek et al., 2013), which
is relatively thinner than the average lunar crust and make it, together with the occurrence of a
mascon anomaly, a potential site of interest for this study. Mare basalts (Mare Grimaldi,
hereafter) of Eratosthenian age (termed as “Elm” unit, Scott et al., 1977) fill part of the basin
interior to the inner peak ring of 230 km diameter (Wilhelms et al., 1987). The inner peak ring
is prominent toward the SE and NW sides of the basin (Fig. 3.1C). The peak rings have been
degraded partially and to some extent in the northeastern and southwestern parts of the basin.
The ringed peaks rise to an approximate height of ~4.5 km. The region that is lying between
the inner ring and outer rim has been designated as the basin floor (Fig. 3.1B). On the west,
this mascon basin is bounded by a regular border, having an average height of 1.21 km, while
on the opposite side, it is much broken. Riccioli crater is present on the northwestern side of
the basin. Mare basalts (Mare Riccioli, hereafter) have partially filled the floor of the Riccioli
crater. In the south of the basin, the wall is broken by a large irregular depression. On the east,
several grabens were identified (Fig. 3.2). At the extreme north end, several linear grabens cut
through the wall and trend toward the Lohrmann crater. Rimae Havelius is one such linear
fracture trending in the NW—-SE direction (Fig. 3.2). Wrinkle ridges were also found within
Mare Grimaldi, trending in the NE-SW direction (Fig. 3.2). The Grimaldi region was initially
mapped by McCauley (1973), later studied with NIR telescopic data by Peterson et al. (1995),
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and the stratigraphy of the pre-impact target site was also discussed. Spectral studies revealed
that much of the Grimaldi region is covered by the outer facies of Havelius formation
(Orientale Group) of noritic anorthosite and anorthositic norite composition. The proximity of
the Grimaldi basin to the Orientale basin (~3.8 Ga; Yue et al., 2020) resulted in the blanketing
of intact lithologies in the Grimaldi basin by the outer facies of the Orientale ejecta (Fig. 3.2).
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Figure 3.1: (A) LROC-WAC mosaic (Speyerer et al., 2011) of the western limb of the Moon,
centered on the Grimaldi basin at 5°S, 68°W. (B) WAC grayscale mosaic image of the
Grimaldi basin. The inner ring and basin rim are outlined in white. (C) Color-coded LRO-
LOLA & Kaguya Terrain Camera Merge DEM (Barker et al., 2016) of the Grimaldi basin
showing the major topographic units in the basin.

The Orientale ejecta also overlies the interior of the Riccioli crater to the northwest. This
blanketing of the Orientale ejecta is evident in long linear patterns on the surface of the Riccioli
crater. Pure anorthosites were detected in the peak ring and represent the excavated anorthositic

crust. The mare basalts within the Grimaldi have mafic assemblages dominated by high
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calcium pyroxenes (HCP; Peterson et al., 1995). Gabbroic materials were also identified in
excavated materials from beneath the Orientale-related units at the location of three small
impact craters (Fig. 3.2). Localized dark mantling deposits (LDMD) of pyroclastic origin were
also identified in the outer portion of the Grimaldi basin (McCauley, 1973; Scott et al., 1977,
Coombs, 1989; Hawke et al., 1989; Coombs and Hawke, 1992). The compositional and
morphological studies of Grimaldi LDMDs were carried out in detail by Gaddis et al. (2003)
and Hawke et al. (2012).
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Figure 3.2: Simplified geomorphologic map of the Grimaldi basin (modified after Lunar
Geologic Renovation; Fortezzo and Hare, 2013). Major morphologic units are mapped.

Elongated depressions aligned along the NW—-SE direction at the center of the Grimaldi deposit
were suggested to be probable vents through which pyroclastic debris erupted. These vents
have widths ranging from ~3.1 to 3.2 km, lengths from 4.4 to 12.3 km, and depths up to 1007
m (Hawke et al., 2012). The wt% FeO of the dark deposits shows greater values ranging from
10 to 15 compared to that of the surrounding geological units (~4—6 wt%), while the TiO2
values are ~3.6 wt% (Hawke et al., 2012). As discussed in the previous section, compositional
studies of the Grimaldi basin were carried out by previous researchers. The present study
investigates the two mare basaltic units in the Grimaldi basin with newly available high-

resolution data sets.
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3.2 Datasets and methods

3.2.1 Data

Orbital remote sensing data from various lunar missions available in the public domain have
been utilized in the present study. Hyperspectral data from Moon Mineralogy Mapper (M?)
onboard ISRO’s Chandrayaan-I spacecraft have been used for the identification and mapping
of minerals. M?is a VNIR hyperspectral imager aboard the Chandrayaan-1 mission, designed
for compositional mapping of the lunar surface (Pieters et al., 2009; Klima et al., 2010; Green
et al., 2011). The sensor has obtained global images of the Moon at a spatial resolution of 140
m per pixel in global mode and operated in the 446—3000 nm wavelengths range with a spectral
resolution of 10 nm. Fifteen Level 2 images from the optical period OP1B have been used in
the present study because of their complete coverage in the regions of interest (Boardman et
al., 2011). Level 2 data set, consisting of photometrically and thermally corrected reflectance
data (Isaacson et al., 2011, 2013; Besse et al., 2013), was downloaded from the Lunar Orbiter
Data Explorer Portal (http://ode.rsl.wustl.edu/moon/).

Moderate to high spatial resolution optical imagery from TMC, TC, and NASA’s LROC has
been used for morphological studies. TMC was a panchromatic stereo-viewing camera
onboard Chandrayaan-1 with a spatial resolution of 5 m, operating in the spectral range of 0.5—
0.75 pm (Bhandari, 2005; Kumar and Chowdhury, 2005; Goswami and Annadurai, 2009).
TMC was aimed for topographic mapping of the Moon using high-resolution images acquired
in the fore, nadir, and aft directions of the spacecraft movement (Gopala Krishna et al., 2009;
Arya et al., 2011; Chauhan et al., 2012). TMC images were downloaded from the ISSDC
(Indian Space Science Data Center) portal (https://webapps.issdc.gov. in). Full coverage of the

mare was only available for Mare Riccioli.

The Kaguya TC is a push broom type stereoscopic imager that flew in the SELENE spacecraft
(Haruyama et al., 2008). TC has a spatial resolution of 10 m per pixel from the nominal 100
km SELENE orbit. TC operated in a panchromatic band ranging from 430 to 850 nm. TC data
were utilized in addition to TMC data because of its full coverage in the regions of Mare
Grimaldi and Mare Riccioli. TC images were downloaded from the SELENE data archive
portal (http://darts.isas.jaxa.jp/planet/pdap/selene/dataset). Mare Grimaldi units were dated

using the mosaic generated from TC images, while TMC images were used for the Mare
Riccioli.
LROC is a set of high-resolution stereco-viewing cameras that flew on the LRO (Lunar

Reconnaissance Orbiter) mission of NASA (Robinson et al., 2010; Tooley et al., 2010;
41


http://ode.rsl.wustl.edu/moon/
http://darts.isas.jaxa.jp/planet/pdap/

Speyerer et al., 2011; Scholten et al., 2012; Wagner et al., 2015). LROC-WAC (Wide-Angle
Camera) images with a spatial resolution of 100 m per pixel have been used to understand the
broad morphology and local geological setting of the study area. LROC WAC global mosaic
of the Moon was downloaded from the Astrogeology Science Centre portal

(https://astrogeology.usgs.gov.).

LOLA and Kaguya TC merged DEM has been utilized in the present study to understand the
topography of the study area. This DEM merge was generated at a horizontal resolution of 512
pixels per degree (~59 m at the equator) with ~3—4 m vertical accuracy (Barker et al., 2016).
LRO-LOLA and Kaguya TC merge global hillshade map has also been used in the present
study. The data were downloaded from the Astrogeology Science Centre portal (https://

astrogeology.usgs.gov.).

Olivine abundance maps of the region were generated using SELENE MI (Multiband Imager)
data (Lemelin et al., 2016). The FeO abundance map generated from the SELENE MI data
(Lemelin et al., 2016) and TiO2 abundance map generated from the LROC WAC (Wide Angle
Camera; Sato et al., 2017) were also utilized. These three abundance maps were obtained from

the QuickMap web interface (https://quickmap.lroc.asu.edu).

3.2.2 Methods
3.2.2.1 Mineralogical Mapping

M? image strips were georeferenced and spatially subset to the boundary coordinates of the
basin. The subset of images was then used to produce a reflectance mosaic of the Grimaldi
basin. Albedo variations in the lithological units were observed based on the M® R1578 albedo
map. The varying albedo in the 1578 nm band points toward the mineralogical differences in

the region. The detailed methodology is described in Chapter 2: section 2.1.1.2.

3.2.2.2 Datation with CSFD Technique

CSFD technique has been adopted for determining the absolute model ages of the distinct
basaltic units within Mare Grimaldi and Mare Riccioli. The CSFD method is a widely used
technique to estimate the absolute and relative ages of the photogeological units on planetary
surfaces (Neukum, 1983; Neukum and Ivanov, 1994; Hiesinger et al., 2000; Neukum et al.,
2001). The method primarily involves the measurement of the surface area of the target unit as

well as the diameter of each primary crater within the unit. The obtained crater diameters were
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plotted as cumulative distribution in Craterstats 2 software. Craters with diameters between
200 m and 2 km have been considered for age estimation. The age is estimated by fitting the
lunar production function to the cumulative crater distribution (Neukum et al., 1975; Neukum,
1983; Neukum and Ivanov, 1994).
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Figure 3.3: The schemata showing the methodology adopted for carrying out the studies
related to the volcanic and thermal evolution of the Moon.

3.3 Results

Mare Grimaldi and Mare Riccioli were previously mapped as two basaltic units emplaced
during the Imbrian—Eratosthenian period (~3.2-3.48 Ga), consisting of low albedo units with
superposed rays and Eratosthenian craters (Fig. 3.5; Wilhelms et al., 1987; Hiesinger et al.,
2010). Albedo variations and mineralogy are widely used methods for defining distinct
geological units (e.g., Staid et al., 2011; Kaur et al., 2013; Staid and Besse, 2013; Zhang et al.,
2014). In the present study, the M®> R1578 albedo map has been used to understand the albedo
variations in the Mare Grimaldi and Mare Riccioli basaltic units, while the M®> RGB composite
highlights variations in mineralogy (Fig. 3.5). Fresh impact craters that are found to have
excavated these basaltic units exhibit spectral signatures of pyroxene group minerals. The
albedo variations, chemical composition and mineralogy, FeO and TiOz abundances, pyroxene
crystallization trend, model ages, and emplacement history of Mare Grimaldi and Mare
Riccioli are discussed separately in the following sections.
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3.3.1 Spectral and compositional diversity of the Mare Grimaldi and Mare
Riccioli units

Unit Mapping from M? Albedo Variations Mare Grimaldi has occupied the low-lying regions
of the basin interior. Within the Mare Grimaldi, notable variations in the R1578 albedo can be
observed (Fig. 3.4A). Albedo variations result from the mafic mineral abundances as well as
optical maturity of the surface. M®> R1578 albedo in the Mare Grimaldi ranges from ~0.01 to
0.12 (Fig. 3.4A). The measured albedo is less compared to the bright surrounding highlands
(>0.09) in the Grimaldi basin due to the presence of mare basalts containing mafic minerals.
The bright ejecta rays from the Grimaldi B crater located in the NNW of the Mare Grimaldi
are seen to have partially blanketed the top layer of the mare basalt (Fig. 3.4A). The prominent
albedo variations in the Mare Grimaldi are attributed to the distribution of ejecta rays from the
Grimaldi B crater. The basaltic units toward the northern half of the Mare Grimaldi show
higher reflectance because of its proximity to the Grimaldi B crater. The relatively younger
superposed craters, which appear to have excavated the basaltic units in the Mare Grimaldi,
also display relatively higher albedo values (0.07—0.12). Based on the prominent variations in
the albedo, distinct basaltic units have been delineated within the Mare Grimaldi. Four major
basaltic units have been defined, namely, G1, G2, G3, and G4 (Fig. 3.4A). These units are
labeled in the order of increasing albedo.
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Figure 3.4: M? R1578 nm albedo map of the (A) Mare Grimaldi and (B) Mare Riccioli
(stretched from 0.057 to 0.184). The distinct basaltic units within the Mare Grimaldi (G1, G2,
G3, G4) and Mare Riccioli (R1, R2) are delineated based on the albedo variations.
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The G1 unit, located in the SW part of the Mare Grimaldi, displays the lowest albedo values
(~0.04; Fig. 3.4A). The G1 unit is surrounded by the G2 unit having albedo values in the ~0.05
to 0.06 range. The albedo in the G3 unit ranges from ~0.06 to 0.07. G4 unit exhibits the highest
albedo in the Mare Grimaldi ranging from ~0.08 to 0.09. However, the smaller craters within
the Mare Grimaldi exhibit a longer range of albedo from 0.01 to 0.12. The lower albedo in
these craters, ranging between 0.01 and 0.04, is a manifestation of the mafic mineral exposures
on the crater wall, while the higher values (~0.1) indicate less optical maturity of the crater.
Mare Riccioli basalts exhibit a slightly varying albedo ranging from ~0.02 to 0.10 (Fig. 3.4B).
The low-albedo regions (~0.04 to 0.05) are confined to the central portion of the Mare Riccioli
as well as the inner walls of superposed craters. The surrounding regions show albedo values
between 0.06 and 0.11. The intermediate to low albedo regions in the central portion of the
Mare Riccioli is designated as R1 unit. Within the R1 unit, a few patches of distinctively lower
albedo can also be seen toward the north-central region (Fig. 3.4B). These small patches of
low albedo regions (0.02) might be attributed to a varying maturity of the surface units and/or
later younger eruptions. The surrounding higher albedo region is labeled as the R2 unit (Fig.
3.4B). The Mare Grimaldi units have slightly lower albedo values compared to the Riccioli

basalts, possibly due to the more mafic-rich composition of the Mare Grimaldi basalts.

3.3.2 FeO and TiO; abundance map

FeO and TiO2 abundances of the Mare Grimaldi and Mare Riccioli have also been examined
to understand the chemical nature of these basaltic units (Fig. 3.5). In the Mare Grimaldi, the
G1 unit shows higher FeO (>22.5 wt%) and TiO2 (>9 wt%) contents, indicating the presence
of high-Ti basalts in the region (Thesniya et al., 2020b) (Figs. 3.5A and B). The G2 unit shows
FeO and TiO:2 contents between 20-22.5 wt% and 6-10 wt%, respectively. The G3 unit
exhibits relatively higher FeO abundance values (15-20 wt%) than the G4 unit and
intermediate TiO2 contents ranging from 4 to 9 wt%. The outer unit, G4 toward the northern
part of the Mare Grimaldi, displays medium FeO contents (12.5-15 wt%) and low to
intermediate TiO2 abundance values (2-5 wt%). The varying FeO and TiO:2 contents are
consistent with the spectrally defined distinct basaltic units in the Mare Grimaldi. The
intermediate to high-Ti basalts (G1 and G2 units) are seen to be surrounded by the low- to
intermediate-Ti basalts comprising the G2, G3, and G4 units (Fig. 3.5B).

The G1 unit having the lowest albedo possesses higher FeO and TiO2 abundance values. The
boundary of the G1 unit is delineated based on the distinctly visible extents of the high TiO2

and FeO contents (Figs. 3.5A and B). It is apparent that the high TiO2 regions have a greater
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spatial extent and are seen as intermixed with the intermediate-Ti unit that overlies one another
in the G1 and G2 units. The lower albedo values in the spectrally defined units are linked with
the higher TiO2 and FeO abundance in those units. The mafic-rich composition (higher FeO

and TiO2) of these units causes the observed decrease in their albedo.
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Figure 3.5: (A) Kaguya-MI derived FeO abundance map of the Mare Grimaldi (Lemelin et
al., 2016). (B) LROC WAC derived TiO2 abundance map of the Mare Grimaldi (Sato et al.,
2017). (C) Kaguya-MI-derived FeO abundance map of the Mare Riccioli. (D) LROC WAC
Ti02 abundance map of the Mare Riccioli. Distinct basaltic units within Mare Grimaldi and
Mare Riccioli have been delineated based on the variations in the FeO and TiO2 abundances.
The basaltic units defined based on the FeO and TiO: abundances are consistent with the
spectrally defined units in the M?* R1578 albedo map.

In the Mare Riccioli, the FeO content ranges from 12.5 to 22.5 wt% and TiO2 contents between
2 and 8 wt% (Figs. 3.5C and D). The R1 unit exhibits higher FeO (20-22.5 wt%) and low to

intermediate TiO2 (3—8 wt%) abundance values, while the R2 unit shows relatively lower FeO
46



(12.5-20 wt%) and low to intermediate TiO2 (2-5 wt %) abundance values. The R1 unit is
surrounded by the R2 unit of relatively low-TiOz contents to the northwest. Small patches of
higher FeO and Ti0: concentrations are seen within the R1 unit toward the northern part (Figs.
3.5C and D). The intermediate—low albedo unit (R1) defined in Fig. 3.4B does not display a
uniform distribution of FeO and TiO: contents in the abundance map (Figs. 3.5C and D). The

unit rather shows an uneven distribution of FeO and TiO2 abundances.

3.3.3 Compositional variations from color composite images

M? color composite images generated by assigning IBD1000, IBD2000, and R1578 to the red,
green, and blue channels, respectively, are shown in Fig. 3.6. In the color composite image,
the basaltic units are displayed in the shades of yellow-orange. The varying color shades in the
image are attributed to the differences in ferrous band strengths as well as BCs arising from
the variations in the mineralogy and/or optical maturity (Cheek et al., 2011; Staid et al., 2011).
Distinct basaltic units within Mare Grimaldi and Mare Riccioli were distinguished based on
the color differences in the color composite image. The approximate boundary of the G1 unit
was delineated based on the spectrally visible spatial extent of TiO2 abundance in the unit, as
the spectral contrast between G1 and the surrounding G2 unit is not very obvious in the color

composite image.

In the Mare Grimaldi, the G1 and G2 units exhibit slightly brown-red hues (Fig. 3.6A). The
surrounding low-Ti basaltic units, G3, and G4, exhibit yellow-blue shades. The smaller craters
within the Mare Grimaldi show brighter yellow tones representing the pyroxene-rich materials
of underlying basaltic units exposed on these crater walls (Staid et al., 2011; Fig. 3.6A). The
surrounding highlands are displayed in the blue shades resulting from the high feldspathic
contents and/or greater maturity of the highland soil (Cheek et al., 2011). Similarly, in the color
composite image of the Mare Riccioli, the basaltic units are displayed in the yellow-orange
shades. (Fig. 3.6B). The R1 unit exhibits yellow shades, which are consistent with the low-to
intermediate-Ti contents in the unit. The relatively low-Ti basalts, R2 unit, are displayed in the
light green-orange shades. The smaller craters having pyroxene-rich materials are shown in the
bright yellow shades (Fig. 3.6B).

The brown to red-hued basaltic units (G1 and G2) in the Mare Grimaldi exhibit high-FeO and
high-TiO2 contents, as shown in Figs. 3.5A and B. The late-stage high-Ti basalts would have
a unique color, composition, and spectral characteristics, and they often represent the younger

volcanic materials (Staid et al., 2011). In the Clementine color ratio image, the late-stage high-
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Ti basalts in the G1 and G2 units appear blue because of higher spectral reflectance in the blue
region of the electromagnetic spectrum (e.g., Pieters 1978; McEwen et al., 1994; McEwen and
Robinson, 1997; Lucey et al., 2000) Fig. 3.6C). In the M? color composite image, the high-Ti
basalts in the central portion toward the southern half of the Mare Grimaldi display brown-red
hues and are, therefore, thought to represent late-stage younger basalts (Fig. 3.6A).
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Figure 3.6: (A) M? color composite image (red: stretched between 0.572 and 2.660, green:
stretched between 0.38 and 0.98, blue: stretched between 0.049 and 0.095) of the Mare
Grimaldi showing the mineralogical variations among the predefined basaltic units. The solid
and dashed white lines demarcate the boundaries of the distinct basaltic units in the Mare
Grimaldi. (B) M? color composite of the Mare Riccioli. The white circles in the image represent
the locations where the reflectance spectra have been extracted. The white polygons in the
image represent the locations from where the soil spectra were obtained. (C, D) Clementine
color ratio image of the Mare Grimaldi and Mare Riccioli showing the presence of basaltic
units having compositional differences. The blue shades in the image represent the high-Ti
basalts (Pieters, 1978; McEwen et al., 1994). The red regions represent the anorthositic
highlands, and the yellow/orange shades correspond to intermediate/low TiO2 mare units.
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The brown-red hues of the high-Ti basalts of the Mare Grimaldi in the M? color composite are
likely caused by the increased band strengths in the 1000 nm region relative to a weaker 2000
nm absorption band, which might indicate the presence of olivine (Staid et al., 2011; Zhang et
al., 2016; Fig. 3.6A). The strong and broad absorption feature in the region of 1000 nm might
also reflect the presence of FeO-rich glass in basalts (Pieters et al., 1980).
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Figure 3.7: Color-coded IBD1000 parameter map of the (A) Mare Grimaldi and (B) Mare
Riccioli. The white-purple shaded areas in the central units of the Mare Grimaldi and Mare
Riccioli show higher abundance values in the IBD1000 map. The outer G4 unit shows lower
abundance values. The solid black lines demarcate the boundaries of the units with distinct
abundance values in the IBD1000 parameter map. (C) Kaguya MI-derived olivine abundance
map (wWt%) of the Mare Grimaldi. (D) Kaguya MI-derived olivine abundance map of the Mare
Riccioli (Lemelin et al., 2016). The central basaltic units in the Mare Grimaldi exhibits greater
olivine abundance. The solid white line demarcates the boundary of the basaltic units defined
based on their olivine abundance.

In the Mare Grimaldi, the brown-red hues are likely to be caused by a higher abundance of

olivine. IBD 1000 nm parameter map has been used to estimate the olivine abundance in the
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Mare Grimaldi. The IBD1000 parameter is sensitive to the strengths of absorption features in
the 1000 nm region of the spectra. Olivine has the diagnostic absorption band only in the 1000
nm region, unlike pyroxenes which have two major diagnostic bands both in the 1000 and 2000
nm regions. Therefore, the abundance of olivine in the basalts can be mapped based on the
IBD1000 nm parameter. In the IBD1000 map, the central portion toward the southern half of
the Mare Grimaldi exhibits higher abundance values (white and purple hues; Fig. 3.7A). The
higher values in this parameter map are consistent with the high Fe-Ti region of the Mare
Grimaldi (G1 and G2; Fig. 3.7A). This higher olivine abundance associated with the high-Ti
basalts in the Mare Grimaldi is validated by the Kaguya MI-derived olivine abundance map
(Fig. 3.7C). The MI olivine abundance map displays greater abundance values in the G1 (0.17—
0.22 wt%) and G2 (0.1-0.2 wt%) units of the Mare Grimaldi (Fig. 3.7C). The low- to
intermediate-Ti basalts in the Mare Riccioli also show a higher IBD1000 value (Fig. 3.7B).
However, the Riccioli units are not showing higher values (0.025-0.15 wt%) in the MI olivine
abundance map, contrary to the higher IBD1000 value (Fig. 3.7D). This discrepancy in the
olivine abundance of Mare Riccioli units would have been caused by the contribution of other
mixed phases to the 1000 nm band strengths that resulted in the increased band strength values

in the 1000 nm region and thereby higher abundance values in the IBD1000 parameter map.

3.3.4 Mineralogical signatures from M? spectra

Exposure of lunar surface to space weathering reduces the overall reflectance and spectral
contrast, weakens the absorption features of different chemical phases, and increases the soil
maturity (e.g., Staid and Pieters, 2000). In the Grimaldi basin, materials of highly immature
(e.g., the interior of the superposed craters), as well as mature soils, are distributed unevenly.
These variations in the optical maturity of the mare units caused by the space-weathering
effects are determined based on the relation of R950/R750 (ratio of the reflectances at 950 and
750 nm) versus 750 nm reflectance (R750). The reflectance at 750 nm indicates the variations
in soil compositions and maturity, while the R950/R750 ratio is linked to the mafic absorption
band strength, which is sensitive to the optical maturity of the mare and highland soils (e.g.,
W-ohler et al., 2006). Therefore, the linear relationship between 750 nm albedo and reflectance
ratio on the ratio reflectance plot allows us to distinguish the soil materials, and the trends
related to soil maturity can be evaluated (Lucey et al., 1995, 1998, 2000). On the ratio-
reflectance plot, the pixels occupying low-ratio, brighter end belong to immature materials
while high-ratio, dark end represents mature soils (Lucey et al., 1998; Staid and Pieters, 2000).

Relatively younger superposed craters within the Mare Grimaldi and Mare Riccioli expose
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materials of underlying basaltic units from depth. These smaller craters are subjected to space

weathering effects for relatively less time and remain fresh or immature.

Similar mature and immature regions have been distinguished based on the relation of
R950/R750 versus R750. Representative soil spectra were extracted from each unit by
averaging the reflectance of these immature pixels (Figs. 3.8-3.10). Reflectance spectra from
the surrounding highland soils are also shown for comparison (Figs. 3.8 A and B). The locations
from where the spectra have been obtained are marked as white polygons in Figs. 3.6A and B.
Crystalline plagioclase exposures and pure anorthosite-bearing spectra were identified from
the wall of the Grimaldi S crater (Figs. 3.8E and F). This anorthosite exposure may represent
primary crustal material from the PAN (pure anorthosite) layer (Ohtake et al., 2009;
Donnaldson-Hanna et al., 2014). The soil spectra collected from the distinct basaltic units
exhibit varying spectral slope and absorption characteristics. The soil spectra from the G1 unit
display lower average albedo values and a relatively stronger absorption band in the 1000 nm
region (Figs. 3.8A and B). A weaker absorption band has been observed in the 2000 nm region.
Moreover, the band I absorption is observed to be shifted longward in response to the Fe**
electronic transition absorption. The band strength in the 1000 nm region is higher relative to
the 2000 nm band. The presence of olivine would increase the strength of the 1000 nm band
relative to the Band II absorption and bring a longward shift in the Band I absorption. The
presence of FeO-rich glass might also contribute to the longward shift of the Band I center
(Besse et al., 2014). However, the presence of glass will additionally contribute to a shortward
shift in Band II center and higher Band II strength relative to Band I, which is contrary to the
G1 spectra. Therefore, the observed longward shift in Band I center and a greater band I
strength is conclusively consistent with the olivine abundance in the G1 unit of Mare Grimaldi.
This evidence favors the occurrence of olivine basalt in the Mare Grimaldi (Fig. 3.7). The soil
spectra from the G2 unit exhibit relatively symmetric Band I and Band II absorptions (Figs.

3.8A and B). Band I appears to be narrower compared to a broader Band II absorption.

The spectra from the G2 unit are dominated by pyroxene-rich materials. The G3 unit soil
spectra exhibit evident absorption features in the 1000 and 2000 nm regions (Figs. 3.8A and
B). However, the Band II absorption is broader relative to narrow Band I absorptions. The
average soil spectra from the G4 unit also exhibits absorptions in the 1000 and 2000 nm regions
with a relatively stronger and broader Band II absorption (Figs. 3.8A and B). The soil spectra
from the R1 unit in the Mare Riccioli have spectral characteristics more or less similar to the
G1 unit of Mare Grimaldi (Figs. 3.8C and D). The Band I absorption is relatively stronger and
shifted slightly longward. The R2 spectra also show both the Band I and Band II absorptions

with a stronger and broader absorption band in the 2000 nm region (Figs. 3.8C and D).
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Figure 3.8: (A-D) Representative reflectance spectra of the basaltic units in the Mare
Grimaldi. The average reflectance spectra of the soil from each basaltic unit have been plotted.
(A, B) Normal and continuum removed spectra for G1, G2, G3, and G4 units in the Mare
Grimaldi. The spectrum from the highland soil has also been plotted along with the soil spectra
to understand the differences in the spectral slope and pattern among the soil of mare and
highlands. (C, D) Normal and continuum removed spectra for the R1 and R2 units in Mare
Riccioli. The spectrum of the pyroclastic deposit in the western region of the Mare Riccioli has
also been plotted along with the soil spectra. The black dashed lines are drawn at 1000 and
2000 nm. (E, F) Representative reflectance spectra of pure anorthosite (PAN) and crystalline
plagioclase obtained from the Grimaldi S crater located along the inner ring of the Grimaldi
basin. The spectra collected locations have been labeled in Fig. 3.6A & B.
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Figure 3.9: (A—H) Normal and continuum removed reflectance spectra of the clinopyroxenes
collected from G1 (A-B), G2 (C-D), G3 (E-F), and G4 (G—H) units of the Mare Grimaldi.
The black dashed lines are drawn at 1000 and 2000 nm. The spectra collected locations have
been shown in Fig. 3.6A.
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Figure 3.10: (A—D) Normal and continuum removed reflectance spectra of the clinopyroxenes
collected from the R1 (A, B) and R2 (C, D) units in the Mare Riccioli. The black dashed lines
are drawn at 1000 and 2000 nm. The spectra collected locations have been shown in Fig. 3.6B.

The R2 unit is dominated by pyroxene-rich materials. The pyroxene-bearing spectra obtained
from the inner walls of superposed craters in Mare Grimaldi and Mare Riccioli were identified,
and found that the clinopyroxenes are the major component present in the spectra (Figs. 3.9
and 3.10). The clinopyroxenes exhibit two major absorption bands at 1000 nm (Band I) and
2000 nm (Band II) in response to the electronic transition absorptions by Fe?* ions in the M1
and M2 sites. The clinopyroxene-rich spectra in the G1, G2, and G3 units exhibit stronger Band
I absorption relative to the Band II absorption, suggesting the presence of mixed phases in the
spectra (Figs. 3.9A—F). However, the clinopyroxene-rich spectra from the G4 unit, as well as
Riccioli units, exhibit more or less symmetrical and stronger Band I and Band II absorptions,
which indicate that clinopyroxene is dominating in the reflectance spectra from these regions
(Figs. 3.9G—-H and 3.10A-D).
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3.3.5 Determining the composition of the pyroxenes based on their band

parameter analysis

The “Elm” basaltic units in the Mare Riccioli and Mare Grimaldi are dominated by
clinopyroxenes (Fig. 3.11). The Band I and Band II absorption features of the pyroxenes would
enable us to retrieve relevant information about their chemistry as well as crystallization
conditions (Bence and Papike, 1972). Hence, the Band I and Band II parameters such as BC,
BS, and BA have been calculated for the collected spectra based on the method described in
the Methods section. The Mare Grimaldi units show Band I centers between ~985 and 991 nm
while the Band II centers between ~2142 and 2159 nm. The Mare Riccioli units show both the
Band I and Band II centers at relatively shorter wavelengths (~969 to 983 nm, ~2074 to 2136
nm). The variations in the BCs are consistent with the TiO2 and FeO contents of different units.
The Band I and Band II centers, are found to have shifted to somewhat longer wavelengths

with the enhanced TiO2 abundances of the basaltic units.

BAR versus Band I center is plotted to understand the mixing of olivine and pyroxenes in the
obtained spectra as the olivine abundance is noticeably higher in the high-Ti units (after Gaffey
etal., 1993; Fig. 3.12A). The Mare Grimaldi and Mare Riccioli compositions fall in the region
of clinopyroxenes and orthopyroxenes (Opx> Ol) in the BAR versus Band I center plot. The
BAR for the Mare Grimaldi compositions (fresh craters as well as soil samples) is between 0.4
and 2 (Fig. 3.12A). The Band I center ranges from ~963 to 1032 nm. The Mare Riccioli
compositions have BAR in the 0.6—-1.7 range, while the Band I center ranges from ~951 to
1016 nm (Fig. 3.12A). The BAR increases as the pyroxene component dominate the reflectance
spectra (Cloutis et al., 1986). Mare Riccioli compositions have BAR values greater than the
Mare Grimaldi compositions (fresh craters), suggesting the relative dominance of pyroxenes
in the Mare Riccioli (Fig. 3.12A). The Band I center shifts longward with the corresponding
decrease in the BAR when the olivine content in the spectra increases (Cloutis et al., 1986).
The soil sample from the Mare Grimaldi and Mare Riccioli showing lower BAR values and
longer Band I centers indicate the mixed olivine content in the spectra. This mixed olivine
content yet again validates the observed higher olivine abundance of the high-Ti basaltic units
in the Mare Grimaldi. As most of the soil samples show evidence of mixed olivine components,
these soil compositions are not included in the further band parameter analysis. Since the
mixing of olivine and pyroxene phase in the reflectance spectra is noticed, the displacement in
the Band I center of pyroxenes has to be corrected to remove the spectral effects of olivine (see
Methods section). The estimated displacement in the Band I center is approximately 23 nm on
average (Fig. 3.12B). The estimated Band I (corrected) and Band II parameters for the
55



pyroxenes from each basaltic unit are given in Table 3.1. The corrected Band I centers and
Band II centers have been used for the Band II versus Band I plot. This Band II versus Band I
plot is used to understand the compositional variations among the pyroxenes (Fig. 3.12C). The
reference data from Adams (1974), later modified by Cloutis and Gaffey (1991a), and synthetic
pyroxene data from Klima et al. (2011) are also plotted for comparison (Fig. 3.12C). The Mare
Grimaldi and Mare Riccioli pyroxene compositions are falling along the main trend of the
reference pyroxene data. The corrected Band I center of the Mare Grimaldi pyroxenes ranges
from 937 to 983 nm, while the Band II center ranges between 2097 and 2199 nm (with average
values of 959 and 2148 nm).
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Figure 3.11: Pyroxene quadrilateral plot showing the relative abundance of the endmember
pyroxene compositions in the Mare Grimaldi and Mare Riccioli.

G1
G2
G3
G4
R1

R2

ZorPrp

Typically, mare basalts contain a stable equilibrium three-phase assemblage of Ca Fe
pyroxene- Fe olivine—silica that formed through crystallization from a Fe-enriched late-stage
melt (cf. Papike et al., 1991). In some cases, extremely Fe-rich pyroxene or a silicate mineral
called pyroxferroite (~Wo14En11Fs7s) crystallizes metastably relative to the typical pyroxene—
olivine—silica assemblage due to rapid cooling of the late-stage melts. These metastable iron-
rich pyroxenes occupy the “forbidden region” near the Hd- Fe joins of the “pyroxene
quadrilateral” (Lindsley and Anderson, 1983). Similar compositions formed metastably at low
pressures in lunar basalts by the rapid cooling of magma (to below 990 °C at 2 °C per hour) at
or near the surface were reported earlier, particularly in high-K basalts, olivine basalts,
pigeonite basalts, ilmenite basalts, feldspathic basalts, and very high-Ti basalts in the Apollo
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11, Apollo 12, Apollo 15, Apollo 17, and Apollo 14 samples (Lindsley and Burnham, 1970;
Lindsley et al., 1972; Papike et al., 1991).

Mare Riccioli pyroxene compositions exhibit Band I center between 951 and 1004 nm and
Band II center in the 1997-2180 nm range (with average values of 976 and 2108 nm). The
systematic shift of Band II center to longer wavelengths is owing to the increase in the Ca**
content (Cloutis and Gaffey, 1991a; Klima et al., 2011). The BC values indicate that the
pyroxene compositions are mainly pigeonite and augite in the Mare Grimaldi and Mare
Riccioli (Fig. 3.12C). The estimated band parameters of pyroxenes can also be used to calculate
the relative abundance of endmember pyroxene compositions (Gaffey et al., 2002; Kaur et al.,
2013; Chauhan et al., 2018). The abundance of these pyroxenes is determined using the
calibration equations described in the Methods section (Gaffey et al., 2002). The estimated
pyroxene abundances have been projected onto a pyroxene quadrilateral plot to understand the

relative proportions of Ca, Mg, and Fe (Lindsley and Anderson, 1983).

In the quadrilateral plot, the major pyroxene compositions in Mare Grimaldi and Mare Riccioli
are pigeonite and augite. However, most of the pyroxene compositions in the Mare Grimaldi
and Mare Riccioli fall in the “forbidden zone” of the pyroxene quadrilateral (Fig. 3.12). In the
forbidden region, single pyroxene of intermediate composition is unstable at low pressures
(Lindsley and Anderson, 1983). However, Fe-rich pyroxene compositions, often zoned to
pyroxferroite, falling in the forbidden region, were observed in lunar basalts as a result of

metastability and rapid crystallization (cf. Papike et al., 1976; Papike and Vaniman, 1978).

The Mare Riccioli pyroxenes are mostly subcalcic augites to augites, while the Mare Grimaldi
pyroxenes comprise pigeonite and augites (Fig. 3.12). The chemical trend of these
compositions is commonly the reflection of a combination of factors such as melt composition,
crystallization history, and late-stage to subsolidus cooling rate (cf. Bence and Papike, 1972;
Papike et al., 1976). The augites from R1 and R2 show a compositional cluster near the Di-Hd
join (Fig. 3.12D). This kind of clustering is common in pyroxenes of quickly cooled basalts.

The subcalcic-augites from both these units show a clustering towards the forbidden zone.

In the R1 and R2 units, the crystallization commences with primary Mg-rich augite
compositions, representing the initial stage of crystallization of the magma. A sudden drop in
the calcium content of augites is observed (Fig. 3.12D). This discontinuity in the trend has
possibly resulted from the onset of crystallization of plagioclase that preferentially
incorporated CaO into plagioclase and thereby depleted calcium content in the residual melt
(Bence and Papike, 1972). The Fe-enriched late-stage residual liquid might have crystallized

iron-rich subcalcic augites. The intermediate calcium content of these pyroxenes between
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pigeonite and augite suggests their crystallization metastably from an iron-rich residual melt
that cooled rather quickly in the late stage (e.g., Smith and Lindsley, 1971). The extreme iron
enrichment is also indicating a fairly fast cooling rate and thereby violated the “forbidden
region” of the pyroxene quadrilateral (Lindsley and Munoz, 1969).
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Figure 3.12: (A) BAR versus Band I center plot of the compositions sampled from the Mare
Grimaldi and Mare Riccioli (after Gaffey et al., 1993). (B) BAR versus Band I displacement
plot of the compositions from Mare Grimaldi and Mare Riccioli. The Band I displacement of
each composition has been determined from the BAR versus Band I calibration function
originally derived by Gaffey et al. (2002). (C) Band II centers are plotted against the corrected
Band I centers of the pyroxene bearing spectra from the Mare Grimaldi and Mare Riccioli. The
data are plotted along with the reference data for orthopyroxenes and clinopyroxenes from
Adams (1974), modified by Cloutis and Gaffey (1991a). The data of synthetic pyroxenes from
Klima et al. (2011) are also plotted for comparison. (D) Mole % compositions of pyroxenes in
Mare Grimaldi and Mare Riccioli projected onto the pyroxene quadrilateral along with the
equilibrium pyroxene temperatures based on the graphical thermometer developed by Lindsley
and Anderson (1983).
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The compositions from G1, G2, G3, and G4 units exhibit a lower Ca, and Fe-enrichment trend
zoning to the metastable composition in the forbidden region along the Hd-Fs join (Fig. 3.12D).
In the G1 unit, the Fe-rich subcalcic augite compositions show tight clustering in the region of
metastable pyroxenes in the quadrilateral. The extremely Fe-rich compositions in this unit
might be indicative of crystallization from a highly fractionated magma at a fast cooling rate.
This compositional clustering might also be the result of the mantling of the olivine by
pyroxenes that hindered the former from reacting with the liquid. However, this scenario is
beyond the scope of this study. Furthermore, the G2 and G3 units are showing distinct chemical
trends starting with the crystallization of Fe-rich pigeonite followed by subcalcic-augite (Fig.
3.12D), although few compositions from G2 and G3 units are seen to have crystallized at the
Mg-rich end of the quadrilateral. It is possible that crystallization in the G2 and G3 units started
with primary Mg-rich augites in early stages, followed by the incoming of plagioclase and
subsequent rapid crystallization of iron-rich subcalcic late-stage augites and pigeonites from
the residual melt. This iron enrichment with constant Mg at the expense of Ca is reflected in
their occurrence as a metastable phase in the “forbidden region” of the quadrilateral. The
compositions in the G4 unit also show calcium content intermediate between pigeonite and
augite, suggesting that they crystallized metastably from a quickly cooled late-stage melt (Fig.
3.12D). The compositional break in the augite trend due to preferential incorporation of CaO
into plagioclase is not very common in fast-cooled rocks as the plagioclase nucleation is very
late or not at all in such rocks. However, the late residual melt in a slowly cooled magma might
experience a late-stage rapid cooling (quenching) and crystallize metastable pyroxene
compositions, which otherwise are not stable in the forbidden region of the quadrilateral.
Therefore, the extremely Fe-rich pyroxenes in these basalts are possibly the result of the
crystallization of a fractionated magma under quenching conditions. The possibility of a
subsolidus re-equilibration can also not be ruled out as augite—pigeonite exsolution is common
in lunar basalts (Ross et al., 1970; Papike et al., 1971; Takeda et al., 1975). However, the
remote spectrochemical analysis limits the scope of detection of subsolidus exsolution in
pyroxenes, and therefore, this is not understandable using this pyroxene thermometer (e.g.,
Lindsley and Anderson, 1983).

Based on the observations, it can be inferred that the high-Ti basalts in the Mare Grimaldi
crystallized from a Fe-enriched highly fractionated late-stage magma at a fast cooling rate (~2
°C per hour) between ~1100 and 1000°C (Fig. 3.12D). However, the low-Ti basalts in the Mare
Grimaldi crystallized from a rather Mg- and Ca-rich initial magma that underwent an ultra-late
stage rapid cooling at a rate between 1200 and 1000 °C. The chemical trend of low-Ti basalt
in the Mare Riccioli conforms to a similar scenario where the cooling (1200-1000°C) of an
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initial high Ca-Mg magma followed a late-stage quenching through rapid crystallization. The
intermediate-Ti basalts in the Mare Riccioli also suggest a quenching trend where an initial Ca
and Mg-rich magma experienced a late-stage fast cooling (1100—-1000°C), resulting in a

metastable crystal-liquid equilibration.

3.3.6 Model ages of Mare Grimaldi and Mare Riccioli using CSFD

The Mare Grimaldi and Mare Riccioli basalts were previously dated by Hiesinger et al. (2010)
and reported ages of 3.48 and 3.27 Ga, respectively. In the present study, the distinct basaltic
units in the Mare Grimaldi and Mare Riccioli have been dated separately to understand the
volcanic history of the basin (Figs. 3.13, 3.14, 3.15, and 3.16; Table 3.1).

Table 3.1: Estimated band parameters (avg.) of the pyroxenes from G1, G2, G3, G4, R1, and
R2 units along with the absolute model ages of these distinct units in the Mare Grimaldi and
Mare Riccioli (age classification is based on Stoffler et al., 2006).

e e —n -

Band I center Band II center

Basaltic units (nm; avg.) (nm; avg.) FeO (wt%) TiO> (wt%) Age (Ga)

Mare Grimaldi  G1 958 2142 >22.5 >9 2.05 £0.10 Eratosthenian period
G2 959 2148 20-22.5 6-10 2.05 £ 0.06
G3 963 2159 15-20 4-9 3.47 £ 0.08/0.19  Late Imbrian epoch
G4 939 2146 12.5-15 2-5 n.a.

Mare Riccioli R1 983 2136 20-22.5 3-8 1.5+ 0.07 Eratosthenian period

3.2+02/0.6 Late Imbnan epoch

R2 969 2080 12.5-20 2-5 3.5 £ 0.05/0.07

Figure 3.13: Model ages of the Mare Grimaldi and Mare Riccioli basaltic units determined
based on the CSFD technique. (A) Kaguya TC image of the Mare Grimaldi showing the crater
count areas for each basaltic unit, G1, G2, and G3. (B) TMC image of the Mare Riccioli
showing the crater count area for the R1 and R2 units.
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The model age for the basaltic unit in G4 could not be determined based on the CSFD technique
as the unit is more or less blanketed by ejecta from the Grimaldi B crater. The cumulative crater
frequency plot of the G1 and G2 units revealed younger ages, ~2.05 Ga £ 0.06. Since both the
units are showing similar ages, the crater counts of these areas have been merged, and the
cumulative frequency plot along with the age isochron for these units is shown in a single plot
displaying a common age of 2.05 Ga (Figs. 3.14). The G3 unit in the Mare Grimaldi revealed
a model age of 3.47 Ga + 0.08/0.19 (Fig. 3.14).
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Figure 3.14: Cumulative frequency plots of the G1-G2 (merged) and G3 unit in the Mare
Grimaldi along with isochron and error for the data points. The younger age of 2.05 Ga
corresponds to the age of the merged unit, that is, G1 and G2 (high-Ti basalts). The older age
of 3.47 Ga shows the age of the G3 unit (low to intermediate-TiO2 basalts).
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The R1 unit in the Mare Riccioli revealed an older age of 3.2 Ga + 0.2/0.6 and a younger age
of 1.5 Ga=+0.07 (Figs. 3.15). These older and younger model ages suggest at least two volcanic
events in the R1 unit. As discussed earlier, few patches of intermediate-Ti, high-Fe basalts are
seen within the R1 unit. The younger age of 1.5 Ga = 0.07 might be indicative of this late-stage
intermediate-T1 magmatic event. It is speculated that the 3.2 Ga volcanic event that occurred
in the R1 unit is followed by a younger 1.5 Ga event, identified as small patches of
intermediate-Ti basalts within the unit. The R2 unit revealed an age of 3.5 Ga £+ 0.05/0.07 (Fig.
3.16). This older event of 3.5 Ga in the R2 unit coincides with the age of low to intermediate-
Ti basalts (G3) in the Mare Grimaldi. The age of the R1 unit in Mare Riccioli and the G3 unit
in Mare Grimaldi is consistent with the previous dates reported in Hiesinger et al. (2010). In
addition, new results show rather younger events of 1.5 Ga in the Mare Riccioli and ~2.05 Ga
in the intermediate to the high -Ti basaltic units of Mare Grimaldi. These relatively younger
volcanic events in the Grimaldi basin have important implications for the thermal and volcanic

history of the basin.

3.4 Discussions

In the Mare Grimaldi, the low to intermediate-Ti basalts are widespread, while the high-Ti
olivine-bearing basalts are confined to the south-western part (Thesniya et al., 2020b; Figs.
3.5A and B and 3.7A and C). The intermediate-Ti basalts in the Mare Riccioli also appear to
have limited spatial extends which have been observed as small patches within the R1 unit
(Figs. 3.5C and D). The spectrally visible high-Ti basaltic units are considered to be relatively
younger materials based on their intrusive relationship with the surrounding low to
intermediate-Ti basalts (Fig. 3.5). The model ages revealed that at least two major volcanic
events spanning ~3.5 to ~1.5 Ga (Late Imbrian—Eratosthenian) have occurred in the Grimaldi
basin (Fig. 3.13).

The ages further emphasize that an older Late Imbrian volcanic event of ~3.47 Ga formed the
low- to intermediate-Ti basalts in the Mare Grimaldi, followed by the eruption of high-Ti
magma at ~2.05 Ga ago (Eratosthenian period; Fig. 3.14). The Late Imbrian low- to
intermediate-Ti basalts in the G3 unit might have filled the entire low-lying region of the Mare
Grimaldi while the Eratosthenian high-Ti basalts localized to the extents of G1 and G2 units.
Also, the younger high and intermediate titanium basalts in the G1 and G2 units are seen
intermixed with each other. This coalescing of high-Ti basalts in the G1 and G2 units with the
intermediate-Ti basalts might be the result of impact-induced lateral mixing of high-Ti and

63



underlying Late Imbrian low-Ti basalts (Giguere et al., 2000). The older event of ~3.5 Ga (Late
Imbrian) in the Mare Riccioli is nearly coinciding with the formation age of the Late Imbrian
(~3.47) low- to intermediate-Ti basalt in the Mare Grimaldi (Figs. 3.14 and 3.16). This low-Ti
magma erupted at ~3.5 Ga has filled the entire Riccioli unit, whereas the low to intermediate-
Ti basalts formed at ~3.2 Ga ago are spatially limited to the extent of the R1 unit (Figs. 3.13,
3.15, and 3.16). The youngest volcanic event that occurred in the Mare Riccioli is at ~1.5 Ga
ago (Eratosthenian period), which erupted intermediate-Ti basalts within the R1 unit. It is
plausible that these Eratosthenian intermediate-Ti basalts formed in the Mare Riccioli (R1 unit)
were the result of impact mixing of younger high-Ti basalts with the underlying Late Imbrian
low-Ti basalts in the Mare Riccioli (Giguere et al., 2000). Furthermore, a correlation between
ages and titanium contents of basalts has been observed (Table 3.1). The late-stage
Eratosthenian basaltic units show intermediate to high titanium contents, whereas the low to
intermediate basalts erupted during the Late Imbrian epoch. This progressive enrichment of
TiO2 and FeO contents in the Mare Grimaldi and Mare Riccioli with time is consistent with
the similar observations from other regions on the Moon, particularly mare basalts in
Procellarum KREEP Terrane (PKT) and Mare Imbrium (e.g., Giguere et al., 2000; Bugiolacchi
and Guest, 2008).

The crystallization history of the pyroxenes from distinct basaltic units in the Mare Grimaldi
and Mare Riccioli also revealed signs of multiple volcanic events in the Grimaldi basin. This
observation is consistent with the emplacement of distinct basaltic units that erupted at
different periods in the basin (~3.5-1.5 Ga). Based on the results from Hiesinger et al. (2010),
it was believed that the volcanic activity occurred at ~3.47 and 3.27 Ga ago and ceased soon
after the eruption of Mare Riccioli. However, the results from the present study indicate that

volcanism was active in the Grimaldi basin until 1.5 Ga ago.

The variations in the Ti-contents of mare basalts erupted over a long time span and its
proportional correlation with time suggests lateral chemical heterogeneity of the lunar mantle
(e.g., Morota et al., 2011). It is suggested that the high-Ti basalts in the Mare Grimaldi
crystallized from a Fe-enriched highly fractionated late-stage magma at a fast cooling rate
while the low-Ti basalts crystallized from a rather Mg- and Ca-rich initial magma that
underwent an ultra-late stage rapid cooling under disequilibrium conditions. The possible
source regions and emplacement mechanism of the basaltic magma that erupted in the Grimaldi

basin during the Late- Imbrian and Eratosthenian period are discussed in the following section.
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3.4.1 Possible origin and emplacement history of the Mare Grimaldi and the
Mare Riccioli

A schematic model for the evolutionary history of the Grimaldi basin based on evidence from
the present study and incorporating the current understanding of the thermal evolution of the
lunar interior is proposed. The stages in the evolution of the Grimaldi basin involving the

eruption of mare basaltic units are marked by three major events (Fig. 3.17).

3.4.1.1 Basin-forming impact event (>3.9 Ga, Pre-Nectarian)

The basin-forming impact event induces pressure release melting and produces secondary
convection following the selenotherm uplift, which causes the melting of the lunar crust and
upper mantle to a depth greater than the depth of the transient crater (Fig. 3.17A; Elkins-Tanton
et al., 2004). Grimaldi basin-forming impact event would also have generated impact heat and
might have triggered the melting of the lunar crust and upper mantle to a considerably greater
depth below the impact point. The basaltic magma produced by this pressure release melting
might have caused the eruption of older basalts through the fractures in the Grimaldi basin.
However, the eruption of the older low-Ti basaltic units presently identifiable in the Mare
Grimaldi and Mare Riccioli must not be related to the magma generated by pressure release
melting because the basin forming impact event occurred at >3.9 Ga ago, and the oldest visible
basalts in the Grimaldi basin are ~3.5 Ga old. An age gap of approximately 700 Ma can be
observed between the time of formation of the Grimaldi basin and the low-Ti basalts in the
Mare Grimaldi and Mare Riccioli. The impact-generated magma would persist for ~350 Ma
following the impact-induced pressure release melting and associated secondary convection
(Elkins-Tanton et al., 2004). If the older low-Ti basaltic units in the Mare Grimaldi and Mare
Riccioli are formed as a result of the eruption of an impact-generated magma, the magma
would not have persisted for such a long period (Whitten et al., 2011). Therefore, it can be
inferred that the surface mare basaltic units present in the Mare Grimaldi and Mare Riccioli
are not related to the impact-induced decompression melting and subsequent magma

generation.

Given the above inferences, different models already proposed by previous workers for the
source regions and evolution of the mare basalts on the Moon have been assessed here to
understand the origin and emplacement history of the mare basaltic units in the Mare Grimaldi

and Mare Riccioli. The magma ocean cumulate model suggests the remelting of Magma-
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Ocean cumulates, caused by the influx of a hot, deep (~1000 km) magma that formed during
its thermal evolution post-LMO, for the generation of mare basaltic magmas in the lunar upper
mantle (Taylor and Jakes, 1974; Solomon and Longhi, 1977). In another model by Wieczorek
and Phillips (2000), the presence of higher KREEP levels causes the initiation of partial
melting in the lunar mantle directly beneath the KREEP basalt layer in the PKT and leads to
the generation of mare basalts in the region. However, this model can be ruled out as the Mare
Grimaldi, and Mare Riccioli lies outside the boundary of the PKT, and they do not show any
signatures of enhanced heat-producing elements. Furthermore, the differences in crustal
thickness would lead to the asymmetric spatial distribution of mare basalts on the nearside of
the Moon (Solomon, 1975; Head, 1976; Head and Wilson, 1992). Grimaldi basin is located on
the boundary of the thicker farside and thinner nearside. Furthermore, crustal thickness
estimates are ~8 km in the region of Mare Grimaldi and ~32 km in Mare Riccioli (Wieczorek
et al., 2013, model 1; Fig. 3.18). The observed differences in the crustal thickness between
Mare Grimaldi and Mare Riccioli could have led to the non-uniform eruptions of basaltic
magma at different periods in the basin. Another model explains that the instabilities in the
lunar mantle, followed by large-scale mantle overturn, affect the emplacement and evolution
of mare basalts (Hess and Parmentier, 1995). This model is independent of basin formation

impact events. The mode of emplacement of Grimaldi basalts would rather support this model.

3.4.1.2 Emplacement of the older low- to intermediate-Ti basalts during the

first phase of volcanism in Late Imbrian Epoch (3.5-3.2 Ga)

The petrological models suggest that late-stage ilmenite—clinopyroxene-rich layer (ilm-cpx)
formed between the underlying olivine—orthopyroxene cumulate layer (ol-opx) and the
primary floatation crust during the final stages of solidification of the Lunar Magma Ocean
(e.g., Snyder et al., 1992; Shearer et al., 2006; Elardo et al., 2011). The ilm-cpx-rich layer
included a higher abundance of incompatible elements (radiogenic elements) owing to their
formation in the later stages of the magma ocean crystallization and has a relatively higher

density than the underlying ol-opx cumulate layer.

This gravitational instability in the early formed lunar mantle triggered a solid-state mantle
overturn, causing the ilm-cpx cumulate layer to diapirically sink to the bottom, and
correspondingly, the ol-opx-rich layer rose to the top of the mantle (Kesson and Ringwood,
1976; Hess and Parmentier, 1995; Shearer et al., 2006; Fig. 3.17B). The mantle overturn
occurred at around 4372 + 35 Ma (Sm-Nd isochron age) during or soon after the solidification
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transient crater cavity in the pre-Nectarian period. The impact-generated heat would have
caused the rising of isotherms and triggered melting up to several kilometers depth, often
exceeding the depth of the transient crater cavity. (B) The upliftment of deep-seated lithologies
onto the surface by isostatic rebound followed by the impact event. The eruption of the low to
intermediate-Ti basalts from the early cumulates in the upper mantle during ~3.5 to 3.2 Ga
period (Late Imbrian), which filled the low-lying interior of the basin and forms the lower Mare
Grimaldi and Mare Riccioli units. (C) Younger events of intermediate to high-Ti magmas
erupted at ~2.05 Ga and ~1.5 Ga ago (Eratosthenian) in the Mare Grimaldi and Mare Riccioli,
respectively. The high-Ti magma erupted in the Mare Grimaldi, possibly sourced from a hot
plume, risen from ilmenite—clinopyroxene cumulate layer near the core-mantle boundary. In
contrast, the youngest intermediate-Ti Riccioli basalt formed from the magma generated
through partial melting of pods of early ilm-cpx cumulates that remained in the upper mantle
after mantle overturn.

of the lunar magma ocean (Sio et al., 2020). As a result of the overturn, the descended ilm-
cpx-bearing cumulates formed a layer near the core-mantle boundary (e.g., Hess and
Parmentier, 1995; De Vries et al., 2010). It was suggested that small portions of the early ilm-
cpx layer remained in the upper mantle in “pods” (~5-20 km dimensions) while several
workers argued for dynamic mixing of the descending ilm-cpx cumulates with the rising low-
Ti ol-opx cumulates (e.g., Hess and Parmentier, 1995; Giguere et al., 2000; Elkins-Tanton et
al., 2004; De Vries et al., 2010). Petrological models also suggest lateral compositional
heterogeneity in the lunar upper mantle compositions (up to 500 km depth) as reflected by the
variations in titanium contents of mare basalts (Longhi, 1992). This hybrid source region where
primordial LMO cumulates mixed during the mantle overturn was suggested to be the source

regions of the basaltic magmas (e.g., Shearer et al., 2006; Kato et al., 2017).

Head and Wilson (1992) suggested that zones of partial melt that remained in the lunar mantle
after initial global melting or generated by radioactive heating have driven the early mare
volcanism spanning the Early Nectarian to Late Imbrian epoch. The buoyancy, crustal
thickness, and impact basin topography are the factors that influence the ascent and eruption
of these mare basaltic magmas (Head and Wilson, 1992). Due to this mantle heating, magma
could be produced at depths up to 400 km (Taylor, 1982), and the buoyancy drives it to rise
diapirically through the ductile regions of the lunar mantle. The buoyantly rising magma would
be trapped at the base of the crust due to the relatively lower density of the lunar crustal
materials. Due to the buoyancy trap, the magma diapirs stall at depths below the crust, and
subsequent accumulation of excess pressures in the diapirs leads to the propagation of dikes to

the surface and eruption of the magma (Head and Wilson, 1992).
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The emplacement of low- to intermediate-Ti basalts has occurred in the Mare Grimaldi and
Mare Riccioli in the Late Imbrian Epoch. The low- to intermediate-Ti magma erupted at 3.47
Ga ago in the Mare Grimaldi might have been derived from the dynamically mixed hybrid
source region in the mantle through partial melting of early cumulate materials at depths
between 200 and 400 km, which subsequently rose diapirically to the surface through dikes
(Kesson, 1975; Fig. 3.17B).

The emplacement of Mare Riccioli basalts must not be related to the Riccioli crater forming
impact event as the crater is older than the Orientale basin (3.8 Ga). Rather, the low to
intermediate titanium magma that erupted at ~3.5 and 3.2 Ga ago in the Mare Riccioli might
also have been derived by a similar process where melting of early cumulate materials in the
upper mantle caused the generation of magmas. The magma diapirs would have been stalled
at the base of the crust, and the excess pressure build-up caused the fracturing of the overlying
crust and dike propagation to the surface through which the magma extruded (Fig. 3.17B). The
low-lying topography and fractures resulting from basin-forming impact event might have
favored the ascent and eruption of magma through hydrostatic effects (Head and Wilson,
1992).

3.4.1.3 Emplacement of the younger high-Ti basalts during the second phase

of volcanism in the Eratosthenian period (~2.05 to 1.5 Ga)

The high-Ti basalts (TiO2> 9 wt%) having relatively higher ilmenite (FeTiO3) content are
believed to be sourced from the ilm-cpx cumulates in the lunar mantle. This ilm-cpx cumulate
source region could either be the ilm-cpx layer that sank to the bottom post overturn or the
material concurrently mixed with early ol-opx cumulates in the upper mantle. Each of these
scenarios has been explored further. First, radiogenic elements that sank along with the ilm-
cpx cumulates to the bottom of the mantle generated radiogenic heat near the core-mantle
boundary, which caused the deep ilm-cpx-rich material to rise as a hot plume (Hess and
Parmentier, 1995; Zhang et al., 2013). Since the melting temperatures of plume materials (ilm-
cpx cumulate materials) are lower than the surrounding ol-opx cumulates (Delano, 1990), the
ascended hot plume would undergo decompression melting and generate high-Ti magma.
Another scenario is that the early ilm-cpx-rich cumulates that remained in the partially molten
zone of the upper mantle post overturn melted to form high titanium magmas (Kato et al.,
2017). The hot plume rising from the deeper ilm-cpx cumulate layer and directly generating

high-Ti magmas could be the most plausible scenario. The high-Ti magmas that erupted in the
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Mare Grimaldi at 2.05 Ga ago could have been generated by such a hot plume rising from the

deeper ilm-cpx layer near the core-mantle boundary (Fig. 3.17C).

The factors such as the abundance of heat-producing elements in the deeper ilm-cpx cumulate
layer and the density differences from the overlying mantle control the timing of the rising
plume (Hess and Parmentier, 1995). The estimated timing of such a rising plume is ~2 Ga after
the overturn of the mantle (Hess and Parmentier, 1995), which is consistent with the timing of
the younger ~2.05 Ga volcanic event in the Mare Grimaldi. Furthermore, the rising melts have
a relatively higher density (~3000 kg m—3) than that of the anorthositic crust (~2750 kg m—3),
which prevents the magma from making its way to the surface (Wieczorek et al., 2001). The
rising magma was not buoyant enough to rise through the lunar crust due to these density
differences. In the case of Mare Grimaldi, exposures of pure anorthosites were detected in the
peak ring craters of the basin. Although a basin-forming impact event has excavated the
primary anorthositic crust to considerably greater depths, the crustal thickness remains at ~8
km in the Mare Grimaldi and ~32 km in the Mare Riccioli (Fig. 3.18). It requires melting at
higher temperatures (1800-2000 K) for the high-Ti magmas to escape this density contrast
(Wieczorek et al., 2001). The heating induced by ascending hot plume from the core-mantle
boundary might have resulted in higher temperatures for the magma, which would allow it to
rise through the less dense anorthositic crust (Wilson and Head, 1981; Wieczorek et al., 2001).
The intermediate-Ti magma of the younger event of ~1.5 Ga occurred in the Mare Riccioli
might have been originated from the hybrid source region in the upper mantle where segregated
pods of ilm-cpx cumulates that remained in the upper mantle post-overturn remelted by heating

from hot plume to form the intermediate-Ti magma (Fig. 3.17C).

3.5 Conclusions

The present study has investigated the spectral and chemical characteristics and ages of the
mare basaltic units, Mare Grimaldi and Mare Riccioli, in the Grimaldi basin on the near side
of the Moon.

e Apart from the discoveries that match with the previous identification of mare basalts
of older ages in the Grimaldi basin, the present study has identified distinct and younger
basaltic units of higher FeO and TiO2 contents in the Mare Grimaldi and Mare Riccioli.
The high-Ti basalts in both the mare units are stratigraphically overlain on the low to

intermediate-T1i basalts.
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The higher olivine abundance associated with the high-Ti basalts in the Mare Grimaldi
indicates the presence of olivine basalts in the region.

The dating of these distinct basaltic units has revealed that the Grimaldi basin has
experienced at least two phases of volcanic events spanning the Late Imbrian—
Eratosthenian period. The first phase of low- to intermediate-Ti basaltic volcanism
occurred at ~3.5 Ga ago in both the units, followed by the eruption of low- to
intermediate-Ti basalts in the Mare Riccioli at ~3.2 Ga ago. The younger event of
intermediate- to high-Ti basaltic volcanism occurred at ~2.05 Ga and ~1.5 Ga ago in
the Mare Grimaldi and Mare Riccioli, respectively.

The crystallization history of the pyroxenes from distinct basaltic units also supports
the idea that multiple volcanic eruptions have occurred in the Grimaldi basin. The high-
Ti basalts in the Mare Grimaldi crystallized from an Fe-enriched highly fractionated
late-stage magma at a fast cooling rate, while the low-Ti basalts crystallized from a
rather Mg and Ca-rich initial magma that underwent an ultra-late stage quenching.
The origin and emplacement of these basaltic units in the Grimaldi basin are predicted
to be independent of the basin-forming impact event because of the huge time gap
(~700 Ma) existing between the eruptions of Grimaldi basaltic units (~3.5 to 1.5 Ga)
and basin-forming impact event (>3.9 Ga). It has been inferred that the origin and
emplacement of these basalts are related to the global thermal evolution of the Moon,
rather than relying on the basin-forming impact event.

The Late-Imbrian low to intermediate-Ti basalts in both the Mare Grimaldi and Mare
Riccioli is derived from the melting of early cumulate materials caused by radioactive
heating or from molten zones that remained in the mantle after initial global melting in
the hybrid source region of the post-overturn upper mantle, and eruption through dikes
that propagated to the surface. The Eratosthenian high-Ti magma that erupted in the
Mare Grimaldi would have been formed through partial melting caused by a hot plume
rising from the deeper clinopyroxene-ilmenite-rich cumulates near the core-mantle
boundary.

The Mare Riccioli intermediate-Ti basalts (~1.5 Ga event) formed through a different
process where the ilm-cpx cumulates that remained in the upper mantle after the mantle
overturn remelted to generate intermediate-Ti magmas.

The new results from the present study suggest that volcanism had not ceased in the
Grimaldi basin at 3.2 Ga, rather it was active until 1.5 Ga for approximately ~2 billion

years spanning Late Imbrian to Eratosthenian period.
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Chapter 4

Pyroxene chemistry and crystallization
history of basaltic units in the Mare
Humorum on the nearside of the Moon:
Implications for the volcanic history and
heterogeneity of the lunar mantle

Overview

Mare basalts are volcanic features on the lunar surface and are vital for understanding the
Moon’s volcanic and thermal history. The present study investigates the mineralogy and
chemical variations of the mare basaltic units in the Mare Humorum on the Moon’s nearside
using orbital remote sensing data from recent lunar exploration missions. The previous model
ages available for the Humorum basaltic units have been utilized in the present study to
understand the chemical evolution of these basaltic units with time. Basalts of Imbrian-
Eratosthenian periods occur in the Mare Humorum. Hyperspectral data from Moon Mineralogy
Mapper onboard Chandrayaan-1 mission showed pigeonites and augites as the major
compositions in these basaltic units. The compositional trend between pigeonites and augites
point towards the differentiation of the basaltic magma while cooling. The older units
crystallized from a Fe-enriched fractionated magma while the younger unit formed from an

Mg and Ca-rich magma. The distinct chemical trends in the pyroxene quadrilateral revealed
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that multiple volcanic eruptions have occurred in the Mare Humorum. The longward and
shortward shifts in the Band I and Band II centres in the younger and older basalts, respectively,
also indicate that the older basaltic units crystallized more Fe?'-rich, Ca-depleted pyroxenes
while the younger basaltic unit was formed from a rather Ca-rich magma. Hence, the basaltic
magmas that erupted in the Mare Humorum during Imbrian and Eratosthenian periods were

derived from heterogeneous source regions.

4.1 Introduction

The investigations on the compositions and ages of volcanic products on the lunar surface
provide insights into the Moon’s thermal and geologic evolution (e.g., Head and Wilson,
1992). Basalts are the common volcanic rocks of the Earth and the Moon, produced by the
partial melting of the mantle rocks. Basaltic lava flows (known as Mare basalts) on the Moon
account for about 17% of the lunar surface and occupy about 1% of the total volume of the
lunar crust (Head, 1976). The nearside of the Moon occupies most of these mare basalts with
few eruptions on the farside (e.g., Head and Wilson, 1992; Haruyama et al., 2009; Hiesinger
et al., 2011). The study of these basalts provides insights into the chemical makeup of their
source regions. Earth-based telescopic observations at low resolutions (Pieters and McCord,
1976; Pieters, 1978), returned soil and rock sample analyses, meteorites, and space-borne high-
resolution reflectance measurements of the lunar surface in the Visible/Near-Infrared (VNIR)
region have greatly expanded our knowledge on the distribution, diversity, mineralogy and
emplacement history of the mare basalts on the Moon (e.g., Tompkins and Pieters, 1999;
Bussey and Spudis, 2000; Staid and Pieters, 2000; Pieters et al., 2001; Staid et al., 2011).
Scientists consider that mare basaltic volcanism on the Moon likely began before 3.9 Ga and
peaked between 3.8 Ga and 3.2 Ga (Head, 1976; Ryder and Spudis, 1980; Nyquist and Shih,
1992; Head and Wilson, 1992). Recent studies reveal that episodic eruptions of mare basalts
have continued on the Moon till 1.2 billion years (Neukum et al., 1975; Neukum and Horn,
1976; Boyce and Johnson, 1978; Wilhelms et al., 1987; Neukum and Ivanov, 1994; Hiesinger
et al., 2000; Wieczorek and Phillips, 2000; Hiesinger et al., 2003, 2010; Haruyama et al., 2009;
Morota et al., 2011; Thesniya et al., 2020a,b, and c¢). The recent datasets, particularly
Chandrayaan-1 data, have provided high-resolution spatial images and spectral data with a
good spectral resolution, which can be utilized for compositional mapping of the Moon,
particularly mare basaltic units exposed on the lunar surface. The present study focuses on the
compositional characterization of mare basaltic units in the Humorum basin on the nearside of

the Moon, primarily using Chandrayaan-1 data (Fig. 4.1).
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Figure 4.1: (A) LROC-WAC mosaic (Speyerer et al., 2011) of the western limb of the Moon
in stereographic projection. The white rectangle on the image outlines the Humorum basin. (B)
WAC grey-scale mosaic image of the Humorum basin. The boundary of the Mare Humorum
has been outlined in white. (C) Color-coded LRO-LOLA & Kaguya Terrain Camera Merge
DEM (Barker et al., 2016) of the Humorum basin showing the topography of the basin. The
mare basalts, namely Mare Humorum, have been labeled in the figure.
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The Humorum basin is a multi-ring impact basin located on the Moon’s western nearside
(24.4°S and 38.6°W). Many detailed studies on mineralogy and topography of the Humorum
basin have been carried out by previous researchers; however, the pyroxene chemistry of the
mare basaltic units in the Mare Humorum has not been explored further. The present study
intends to determine the chemical variations among distinct basaltic units in the Mare
Humorum based on their pyroxene chemistry and FeO and TiO2 variations. Pyroxene and
plagioclase are the primary minerals present in mare basalts. Of these, pyroxene group minerals
are abundant in basalts. Pyroxene exhibits solid solutions, and their diverse compositions form
in different stages of the crystallization of basaltic magmas. Therefore, the chemistry of co-
existing pyroxenes in basalts reveals the cooling history and evolution of the magma (e.g.,
Bence and Papike, 1972; Lindsley and Anderson, 1983; Klima et al., 2008). The mineralogical
mapping of the mare basaltic units can be performed using orbital reflectance spectroscopic
data. The chemical composition of identified pyroxenes could be estimated based on their
spectral band parameter analysis. The estimated pyroxene compositions have been used to infer
the crystallization history of the parent basaltic magma. The individual basaltic units
previously defined in Hackwill et al. (2006) based on FeO and TiO:z contents and CSFD (Crater
Size-Frequency Distribution) ages have been utilized in the present study to delineate the
distinct basaltic units in the Mare Humorum (Blewett et al., 1997; Lucey et al., 2000; Hiesinger
et al., 2000; Hackwill et al., 2006). The relationship between the pyroxene chemistry and the
ages of the mare basaltic units have also been explored, which further provides us information
about the chemical evolution of individual basaltic units of distinct ages within the Mare

Humorum over time and the cooling history of the magma.

4.1.1 Study area

The Humorum basin is a multi-ringed impact basin located at the southern end of the Oceanus
Procellarum on the southwestern nearside of the Moon (Spudis et al., 1992). Humorum basin
is of Nectarian-Early Imbrian age (Neukum, 1983; Wilhelms et al., 1987). The Nubium basin
surrounds the Humorum basin to the east, the southern end of the Oceanus Procellarum to the
north, and the rugged highlands to the south and west (Byrne, 2005). The Humorum basin is
younger than the Nubium basin but predates the age of the Orientale basin (Byrne, 2005). Mare
Humorum is a near-circular mare that fills the interior of the Humorum basin. The lava that
filled the Humorum basin, in some places, expanded to regions outside the basin rim (Fig. 4.1).
Several such lava flows extend to the northwest of the southern Oceanus Procellarum. The

inner ring (the Doppelmeyer ring) is a concentric ridge of mare deposits in the central portion
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of the basin with a diameter of 210 km (Pike and Spudis, 1987) (Fig. 4.1¢c). The Vitello ring
next to the inner ring has a 340 km diameter that borders the filled mare lavas in the basin. This
ring consists of ridges, massifs, and arcuate scarps (Spudis et al., 1992). The Vitello ring is
encircled by a 425 km diameter rugged ring of massifs that runs through the center of the
Gassendi crater in the north. Other exterior rings include three discontinuous rings having
diameters of 570 km, 800 km, and 1200 km (Pike and Spudis, 1987). Wilhelms et al. (1987)
defined the basin rim as the larger 800 km diameter ring (Letronne ring) outside the Gassendi
ring. However, considering the compositional and topographic information, the Gassendi ring
(425 km) was interpreted as the outer rim of the Humorum basin (Pike and Spudis, 1987;
Spudis et al., 1992). The geological and compositional studies of the Humorum basin were
carried out by previous researchers (Spudis et al., 1992; Hawke et al., 1993; Peterson et al.,
1993) using telescopic and orbital remote sensing data. The highlands surrounding the basin
are feldspathic, predominantly noritic anorthosite with minor amounts of anorthositic norite
(Spudis et al., 1992). The inner rings of the basin showed signatures of pure anorthosites (e.g.,
Peterson et al., 1993).

4.2 Datasets and Methods
4.2.1 Datasets

Orbital remote sensing data from various lunar missions available in the public domain have
been utilized in the present study. Hyperspectral data from Moon Mineralogy Mapper (M3)
onboard ISRO’s Chandrayaan- 1 mission have been used to map and identify minerals. High
spatial resolution images from NASA’s Lunar Reconnaissance Orbiter Camera (LROC) have
been used for investigating the geological context of the regions of interest. LOLA data provide
a high-resolution global topographical model of the Moon. LOLA and Kaguya Terrain Camera
(TC) DEM merge was utilized to understand the study area’s topography and elevation

differences.

The Moon Mineralogy Mapper (M?) was a NASA-supported guest instrument in ISRO’s
Chandrayaan-1 mission. M has a spatial resolution of ~140 m/pixel from 100 km orbit in the
global mode. M? operates in the spectral range between 430 and 3000 nm at a spectral

resolution of 10 nm with a high signal-to-noise ratio (Pieters et al., 2009; Green et al., 2011).

The Kaguya TC is a stereoscopic imager in the SELENE spacecraft (Haruyama et al., 2008).
TC operated in the panchromatic band, ranging from 430 to 850 nm from the nominal 100 km
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SELENE orbit, and has a 10 m/pixel spatial resolution. TC images were downloaded from the
SELENE data archive portal (http://darts.isas.jaxa.jp/planet/pdap/selene/dataset).

The Lunar Reconnaissance Orbiter Camera (LROC) is a system of three cameras mounted on
the Lunar Reconnaissance Orbiter (Robinson et al., 2010). LROC consists of two Narrow-
Angle Cameras (NACs) designed to provide 0.5 m-scale panchromatic images over a 5 km
swath, and a Wide Angle Camera (WAC) that produces images at a scale of 100 m/pixel in
seven color bands over a 60 km swath.

Lunar Orbiter Laser Altimeter (LOLA) and Terrain Camera (TC) merged DEM (Digital
Elevation Model) was designed to produce a high-resolution global topographic model of the
Moon (Barker et al.,2016). LROC and LOLA images were downloaded from the Lunar Orbiter
Data Explorer Portal (http://ode.rsl.wustl.edu/moon/).

4.2.2 Methods

M? hyperspectral datasets were downloaded from the Orbital Data Explorer portal
(http://ode.rsl.wustl.edu/). Each of the images was georeferenced and mosaicked to get
complete coverage of the basin. The ENVI image processing software is used for processing
the image and generating the results. The spatial subset of the M? reflectance images was taken
and mosaicked to the boundary of the basin. The mineralogy is determined from the M3
reflectance spectra. The pyroxene group minerals exhibit two major absorption bands in the 1
um and 2 pm regions. These absorption bands between 0.9 um-1.05 um and 1.8 ym-2.3 pm in
pyroxenes vary as a function of Fe*" and Ca®" content (Adams, 1974). The 1 pm band of
orthopyroxenes shifts linearly to longer wavelengths with an increase in Fe** content (Adams,
1974). Also, the 1 um and 2 pm band centres of orthopyroxenes systematically shift to longer
wavelengths with an increase in Ca®" content (Adams, 1974). This shift in the band centres to
longer wavelengths as a function of Ca®" content is due to a change in crystal field sites in
which Fe?* ions are located (Burns et al., 1972). In the case of orthopyroxenes, the M2 site is
occupied by Fe?* ions. In the diopside, Ca*>" occupies the M2 site and Fe?" fills the M1 site
(Burns, 1970; Cloutis and Gaffey, 1991). Pigeonites (low-calcium clinopyroxene) show
absorption bands near 0.93 pm and 2 pm while sub-calcic augite has bands near 0.99 pm and
2.18 um. The absorption bands of the diopside (high-Ca clinopyroxene) are near 1.04 um and
2.3 um (Adams, 1974; Cloutis and Gaffey, 1991). The band centres and strengths of these
absorption features can be used to discriminate different lunar lithologies. The Integrated band

depth (IBD) images for 1 um and 2 pm regions have been generated to discriminate between
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mafic-rich regions and anorthositic highland areas (e.g., Mustard et al., 2011; Staid et al.,
2011).

A color composite image was generated using IBD images for spectral mapping. IBD1000
band was assigned to the Red channel while Green and Blue channels were assigned the
IBD2000 and R1578 (M? Reflectance at 1578 nm) bands, respectively. The soil spectra from
each unit were taken as the average of a few pixels. The clinopyroxene-rich fresh craters in the
image appear as bright yellow in the color composite image. Representative spectra were
extracted from the corresponding mineral-bearing regions and identified using the reflectance
spectra available in the RELLAB spectra library (http://www.planetary.brown.e du/relab/). The
distinct basaltic units in the Mare Humorum were previously defined by Hackwill et al. (2006)
based on Crater Size-Frequency Distribution ages, which is the latest model age data available
for this region. This model age has been utilized in the present study as a reference for
analyzing the compositional variations among the basaltic units that erupted at different

periods in the Mare Humorum.
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Figure 4.2: M? 1578 nm albedo map showing the albedo variations in different basaltic units
in the Mare Humorum. The boundary of the distinct basaltic units previously defined by
Hackwill et al. (2006) in the Mare Humorum has been redrawn over the M? albedo image. The
ages available for the individual basaltic units have been labeled.
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The spectra were collected from the pre-defined distinct basaltic units. These units were
defined based on TiO2 and FeO wt% and absolute model ages (Hackwill et al., 2006). The
collected spectra were further analyzed using OriginPro software for determining their band
parameters. The continuum removal of the collected spectra has to be performed to reduce the
effects of continuum slope arising from other mixed components such as plagioclase and/or
olivine as well as wavelength-dependent scattering on the major absorption bands before band
parameter analysis (Clark and Roush, 1984). For each band, the continuum removal is done by
dividing the spectra by a straight-line continuum drawn between the local maxima on both
sides of the absorption band minima. After the continuum removal, the band parameters such
as Band Center (BC) and Band Depth (BD) have been determined based on the method
described in Cloutis et al. (1986). The minimum reflectance of the absorption feature after the
continuum removal is the Band Center. The Band Center was calculated by fitting a 3™ order
polynomial to the bottom of the absorption feature, and the minimum point of the fitted
polynomial is estimated as the Band Center. The error in Band Center calculations was also
determined by an iterative process in which Band Center is calculated each time by changing
the number of points on any side of the band minima. The average Band Center value is used
for further analysis. Afterwards, the molar Ca, Fe, and Mg content in pyroxenes was calculated
using a set of equations given by Gaffey et al. (2002). The method for calculating the mole%
concentrations of Ca, Fe, and Mg in pyroxenes using their spectral parameters were originally
derived for natural pyroxene compositions (Cloutis and Gaffey, 1991; Gaffey et al., 2002),
which later adopted and successfully applied for determining the relative abundance of mole%
Ca and Fe in pyroxene group minerals in mare basalts on the Moon (Kaur et al., 2013; Chauhan
et al., 2018). The calculated B-I and B-II centre values of pyroxenes from each basaltic unit
are plotted in a B-II versus B-I scatter plot. The calculated molar compositions of Wo, En, and
Fs were then projected onto a pyroxene quadrilateral to understand the chemical variations
among the pyroxenes. The crystallization history and cooling temperatures of pyroxenes were
determined based on a graphical two-pyroxene thermometer developed by Lindsley and
Anderson (1983).

4.3 Results

The distinct basaltic units mapped by Hackwill et al. (2006) have been used as the reference
for selecting the category-wise pyroxene compositions in the present study (Fig. 4.2). The
delineated basaltic units have been labeled as H1 (oldest) to H8 (youngest) in ascending order.

The units HI-H7 (3.51-3.25 Ga) were formed during the Imbrian period, whereas the HS unit
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(2.79 Ga) was emplaced in the Eratosthenian period (Hiesinger et al., 2000; Hackwill et al.,
20006) (Fig. 4.2). The variations in the surface albedo are a manifestation of the maturity of the
surface and the mineralogy (e.g., Staid et al., 2011; Cheek et al., 2011). M? reflectance at 1578
nm wavelength has been used to understand the albedo variations among the distinct basaltic
units, which arise from chemical differences and/or soil maturity. The bright regions within
the Mare Humorum correspond to the relatively younger fresh craters that excavated the
basaltic units in the regions. The blanketing by the ejecta rays from the surrounding craters has
also contributed to the moderately higher albedo towards the southern portions of the Mare
Humorum. The older units exhibit albedo ranging between 0.05 and 0.08. The younger units
have slightly lower albedo values ranging from 0.04 to 0.07. The lowest albedo (~0.04—0.05)
in the Mare Humorum has been observed in Dark Mantling Deposits (DMD). The superposed
craters within the Mare Humorum exhibit distinctively higher albedo (~0.19) in the crater
interior. The low albedo regions indicate the occurrence of relatively mature and/or mafic

compositions within the Mare Humorum (Fig. 4.2).

100 Km |

Figure 4.3: (A) Kaguya MI-derived FeO abundance map of the Mare Humorum (Lemelin et
al., 2016). (B) TiO2 abundance map derived from LROC-WAC data (Sato et al., 2017).

The individual basaltic units originally delineated by Hackwill et al. (2006) were based on the
variations in the FeO and TiO2 contents obtained from the Clementine data. As better
resolution datasets are available today, the present study utilized FeO abundance maps derived
from Kaguya MI data (Lemelin et al., 2016) and TiO2 map derived from LROC WAC (Sato et
al., 2017) for confirming the spatial variations of these oxides within Mare Humorum (Fig.
4.3). The FeO abundance in the Mare Humorum ranges from ~7 to 22 wt% (Fig. 4.3a). The

TiO2 contents in the Mare Humorum range from ~2 to 10 wt%, suggesting the presence of low-
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high Ti basalts in the region (Fig. 4.3b). The high FeO (>22 wt%) and high TiO2 (~10 wt%)
basalts are restricted to the northern margin of the Mare Humorum (HS unit, youngest).
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Figure 4.4: (A) M? colour composite image of the Mare Humorum generated by assigning
IBD1000, IBD2000, and R1578 to the red, green, and blue channels, respectively (Mustard et
al., 2011). (B-C) Normal and continuum removed reflectance spectra from the different
basaltic units within the Mare Humorum.
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The remaining areas display low-intermediate FeO and TiO2 contents. The younger unit of
2.79 Ga age exhibits the higher FeO and TiO:2 contents, which corroborate well with the
presence of younger high-Ti basalts in the Mare Humorum (e.g., Staid et al., 2011).

The M? color composite image shows the mineralogical variations in the basaltic units, which
have been manifested by varying hues across Mare Humorum (Fig. 4.4a). The white
boundaries in Fig. 4.4a demarcate the extent of various spectral units mapped within the Mare
Humorum. The blue regions in the image represent highland terrains. The mare basalt in the
Mare Humorum can be clearly distinguished from the surrounding highland terrain by its
yellow-orange tone in the image. The pyroxene-bearing regions appear in shades of greenish-
yellow to yellow. However, it is to be noted that not all pixels colored in shades of yellow are
necessarily pyroxenes. Mixing of regolith with the crater material can add random noise to the

spectrum.

Mare units exposed in the south and western side appear yellow to yellowish-green in the color
composite, whereas the central and eastern units are displayed in bright orange shades, which
might have been caused by increased band strengths in the 1000 nm region. The Dark Mantling
Deposit regions appear in yellow shades (Fig. 4.4a).

The representative reflectance spectra from each of these units have been collected separately
(Fig. 4.4a). The obtained spectra are shown in Fig. 4.4b and c. The spectra show major
absorption bands in the 1000 nm and 2000 nm regions and are characterized by the narrower
band I and relatively broader band II absorptions. The spectra from eastern mare units also
show a notable absorption feature near the 1500 nm region, while the western mare units, H2,
and H7 do not exhibit this feature (Fig. 4.4b). The spectra from pyroxene-bearing locations
within the Mare Humorum were also obtained. The presence of pyroxenes in these craters has
been identified by their diagnostic absorption bands in the 1 um and 2 um regions of the
reflectance spectra. The unit spectra show symmetrical band I and band II absorptions
corresponding to the electronic transition absorptions in the Fe?" ions in the crystal structure
of pyroxenes. The spectra are dominated by clinopyroxenes. The compositional variations of
these pyroxenes have been understood using the Band II vs Band I plot (Fig. 4.5). The pyroxene
compositions fall in the field of pigeonites and subcalcic-augites in the Band II vs Band I plot.
The 2 um band is centered between 2.05 and 2.22 pm while the 1 um band centres are in 0.925—
1.01 um range. The mole % concentrations of Ca, Fs, En in these pyroxenes projected onto the
pyroxene quadrilateral also reveal the occurrence of pigeonite and augites in the Mare

Humorum basaltic units (Fig. 4.6).
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4.4 Discussions

The M? mineralogical map has shown that the clinopyroxenes are present on walls of the
relatively younger craters that excavated the basaltic units hundreds of meters deep within the
Mare Humorum (DeHon, 1977). The fresh exposures of these pyroxenes appear as bright
yellow hues in the color composite image, reflecting the higher strength of Band II and thereby
higher abundance of clinopyroxenes in the spectra (Fig. 4.4). The spectra collected from
individual units show stronger and broader absorptions at Band I and Band II. The strength of
the Band I in Mare Humorum ranges between 8.3 and 12.3%. The strength of the Band II varies
from 13.2 to 28.9%. The Band II strength is observed to be higher than the Band I strengths
across the Mare Humorum. Further, the spectra exhibit narrower Band I and relatively broader
Band II absorptions. This broadness and increased strengths of the Band II also indicate that
the clinopyroxene dominates the spectra. The shift in the Band I and Band II centres is a direct

consequence of the variation in the composition of the pyroxene in that region.
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Figure 4.5: (A) Band II centre vs Band I centre plot of pyroxenes from individual basaltic
units within the Mare Humorum. The analyzed data are plotted along with the reference data
for orthopyroxenes and clinopyroxenes from Adams (1974), modified by Cloutis and Gaffey
(1991) and Klima et al. (2011) for comparison. (B) Band II centre vs Band I centre plot focused
on the data of the analyzed pyroxenes for unambiguous observation of the shift in band centres.

The Band II vs Band I plot shows compositional variations from low-calcium clinopyroxenes
to high-calcium clinopyroxenes (Fig. 4.5). The natural pyroxene data from Cloutis and Gaffey
(1991) and synthetic pyroxene data from Klima et al. (2011) were plotted together with the
analyzed pyroxene data for comparison and interpretation of the compositional affinity. The
analyzed pyroxenes show a trend similar to the reference data (Fig. 4.6). Most of the pyroxenes

in the Mare Humorum that cluster between 2.05 um and 2.2 pm indicate a shift in the band
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centres to the longer wavelengths and thereby compositional change from pigeonite to augite.
The Band I centres range from 0.94 pm to 1.01 pm while the Band II centres range between 2
um and 2.3 um, indicating the presence of pigeonites, sub-calcic augite, and augite
compositions in the Mare Humorum. In the Band II vs Band I plot, though the Band II centres
are shifted to longer wavelengths, the high-calcium pyroxene data do not fall precisely in the
augite field. Instead, it occupies the region along the boundary of the augite and diopside (Fig.
4.6). Therefore, the mole % contents of En, Wo, and Fs of the obtained pyroxenes were
determined based on their estimated band centres (see Methods section) to understand the

relative proportions of enstatite, calcium pyroxene, and ferrosilite.

In the pyroxene quadrilateral plot, the average composition in the Mare Humorum is
Ens2Fs40Wo27, which indicates an augitic nature of the pyroxenes (Fig. 4.6). The chemical trend

parallel to the En-Di join of the quadrilateral show subcalcic-augite and augite.
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Figure 4.6: Pyroxene quadrilateral plot showing the mole % compositions of endmember
pyroxenes from individual basaltic units within the Mare Humorum along with the equilibrium
pyroxene temperatures based on the graphical thermometer developed by Lindsley and
Anderson (1983).

The crystallization begins with Mg and Ca-rich augitic compositions and proceeds to more Ca-
rich endmember as the temperature decreases. A gap in the chemical trend of these pyroxenes
is marked by the onset of crystallization of plagioclase, which preferentially incorporates CaO
and thereby reduces the Ca content in the residual liquid (Bence and Papike, 1972). As the
crystallization proceeds, subcalcic augites followed by extremely Fe-rich pigeonites
crystallized from the late-stage Ca-depleted, Fe-enriched melts. These Fe-rich compositions,
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representing a quenching trend, occupy the “forbidden region” of the pyroxene quadrilateral
(e.g., Lindsley and Munoz, 1969; Papike et al., 1991). The compositions trending from
pigeonite to augite in this region are crystallized metastably from the late-stage magma through
rapid crystallization (e.g., Smith and Lindsley, 1971). These compositions are metastable with
respect to the typical pyroxene-olivine-silica assemblage resulting from the late-stage
quenching (cf. Papike et al., 1976; Papike and Vaniman, 1978). It can be inferred that the
younger units began to crystallize with an initial Mg and Ca-rich magma at a cooling rate
between 800 °C and 1200 °C. The late-stage Ca-depleted Fe-enriched, more fractionated
magma cooled rather quickly (1100 °C-1000 °C) and crystallized pyroxene compositions
metastably (Fig. 4.6). Whereas the older units formed from a more fractionated magma which
crystallized subcalcic augites and Fe-rich pigeonites metastably. The inferred crystallization
history of these basaltic units reveals that the magma was not sourced from the single source

region; rather, it was generated from different mantle source regions.

The ages available for the Humorum basaltic units suggest that these basalts formed at different
periods (Imbrian to Eratosthenian) and probably sourced from a single parental magma and/or
different magmatic sources regions. The chemical variations in the basaltic units directly
reflect the compositional heterogeneity in its source regions. Therefore, the Band I and Band
IT centres of pyroxenes which are sensitive to the chemical variations in basalts, are plotted
against the age of the basaltic units to understand the chemical nature of magmas that erupted
at different periods (Fig. 4.7).

98543 | | 21804 b) $ ]
T T 21704 | -
= 980+ | ;] =
_‘__g’ (‘j F i‘\ 52160_ 17?7‘ 7
£ 975+ | {4 £ 2150+ o
= © [
© © 2140- T
© 9704 H1 - o] ]
S ® H2 S 21304 ] -
o A H3 » m 1 X 34
9654 Hs % 2120 ]
4 HB +; 4
b H7 : 2110+ .
96021 ; . ; . . ; . : .
2.6 2.8 3.0 3.2 3.4 3.6 2.6 2.8 3.0 3.2 3.4 3.6
Age (Ga) Age (Ga)

Figure 4.7: (A) Age vs Band I center plot of individual basaltic units within the Mare
Humorum. (B) Age vs Band II center plot of the basaltic units within the Mare Humorum.

The individual flow units in the Mare Humorum erupted at periods between 2.79 Ga and 3.51

Ga. The Band I centre of these units is between 0.96 um and 0.99 um. In general, a significant
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variation in the Band I centres with respect to the ages of the units has not been observed. The
weak correlation might be because the pyroxene compositions examined are obtained from
superposed craters having varying excavation depths (hundreds of meters). It is likely that these
pyroxene compositions are part of different basaltic units and not of a single representative
unit. However, the younger unit is clearly distinguished from older units based on their band
centres. The youngest unit (2.79 Ga old) shows a Band I centre at 0.98 um (Fig. 4.7a). The
older units show Band I centres between 0.96 um and 0.98 um. Therefore, a decreasing trend
in the Band I centre values can be noticed as it moves towards older age units. Band I centres
in the younger unit is shifted to longer wavelengths, whereas the Band I centres of the older
units are located at relatively shorter wavelengths. This shift in the Band I centres with respect
to the age of the different basaltic units might correspond to the variations in the Fe?>" and Ca**
contents in the pyroxene solid solutions. The Band I centre of the relatively younger basaltic

unit moves to longer wavelengths with an increase in the Ca** and/or Fe?" contents.

Variations in the Band II centres of the pyroxenes with respect to the ages of individual basaltic
units have also been observed (Fig. 4.7b). The Band II centres for the units fall between 2.17
pm and 2.12 um. The youngest unit shows the Band II centre at 2.17 um. The older units
exhibit Band II centres between 2.12 pum -2.16 pum. The Band II centres are also shifted towards
shorter wavelengths as the age increases. The Band I and Band II centres are at relatively longer
wavelengths in the younger unit compared to the older units. It is inferred that the older basaltic
units crystallized more Fe*'-rich pyroxenes or clinopyroxenes with less Ca>* contents, whereas

the younger unit crystallized more Ca** -rich pyroxenes during the cooling of the magma.

4.5 Conclusions

The present study investigated the chemical variations of distinct basaltic units in the Mare
Humorum on the nearside of the Moon. The broadness and increased strengths of Band II
indicated the dominance of clinopyroxenes in the region. The pyroxene band parameter
analysis further showed that pigeonites and sub-calcic augites are the major components in
these basaltic units with an average augitic composition. The chemical trend of pyroxene
compositions suggests that multiple volcanic events have occurred in the Mare Humorum. The
older units that erupted in the Imbrian period were crystallized from a more fractionated
magma, while Mg and Ca-rich magma crystallized the younger unit. The observed longward
shift in the Band I and Band II centres for the younger basaltic unit indicate a more Ca**-rich

parental magma composition. The shortward shift of Band I and Band II centres in older units
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suggest that the older basaltic magma crystallized more Fe**-rich pyroxenes or clinopyroxenes
with less Ca®" contents during the cooling of the magma. Hence, it can be concluded that
magmas of different chemical nature derived from heterogeneous source regions have erupted
in the Humorum basin during Imbrian to Eratosthenian periods.

This chapter is the reproduction of an article published in the journal Planetary and Space Science.

Thesniya P. M. and Rajesh V. J. 2020. Pyroxene chemistry and crystallization history of
basaltic units in the Mare Humorum on the nearside Moon: Implications for the volcanic
history of the region. Planetary and Space Science 193:105093. 10.1016/j.pss.2020.105093.
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Chapter 5

Compositional variations in spinels
on the Moon

5.1 Introduction

Spinels are oxide group minerals with divalent Fe, Mg in the tetrahedral site, and trivalent Fe,
Cr, Al in the octahedral site of the spinel structure. Magmatic spinels directly crystallize from
ultramafic magma, and therefore, their chemical composition provides information about its
source composition and history (e.g., Irvine, 1965; Irvine, 1967; Sack and Ghiorso, 1991; Arai,
1992; Barnes and Roeder, 2001). Chromite is notable within the spinel group because of its
role as a petrogenetic indicator (e.g., Irvine, 1965; Irvine, 1967; Arai, 1992; Barnes and Roeder,
2001). After ilmenite, this mineral is the second most prevalent opaque mineral on the Moon
(cf. Heiken et al., 1991). One of the first minerals to crystallise from mafic-ultramafic magma
is chromites. Chromites are a complex solid-solution of chromium, aluminium, magnesium,
ferrous iron, ferric iron, and titanium oxides, similar to magnetite and spinel (Roeder, 1994).
Chromites are resistant to post-magmatic changes, such as metamorphism (e.g., Suita and
Streider, 1996). Because of its resistance under a variety of geological conditions, chromites
can be used to determine magmatic conditions at the time of initial crystallization. Many
attempts were made to link the composition of chromite to that of the melt from which it
crystallised (Irvine, 1967; Evan and Frost, 1975; Arai, 1980; Sack, 1982; Engi, 1983; Arai,
1994; Barnes and Roeder, 2001; Arai et al., 2011). Chromian spinels and Mg-Al spinels are
the most detected spinels on the Moon (Pieters et al., 2011; Yamamoto et al., 2013; Pieters et
al., 2014; Prissel et al., 2014; Weitz et al., 2017) (Fig. 5.1). The compositions of lunar spinels
were primarily deduced from remote sensing data and chemical investigations of returned lunar
materials. Lunar spinels of comparable chemistry to terrestrial Cr-spinels were reported
(Thesniya et al., 2021a).
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Figure 5.1: showing the known locations of spinels (marked as triangles) identified on Moon
using remote sensing techniques (e.g., Martinot et al., 2018; and references therein). The base
image is the LOLA-KAGUY A merged DEM in an Equidistant cylindrical projection (<60°),
showing the topography of the lunar surface.

Though orbital detections of spinels are limited, spinels and other oxide phases were identified
from different source rocks in returned lunar samples (Table 5.1).

Table 5.1: List of returned lunar samples from Apollo and Luna series missions and lunar
meteorites.

Returned lunar samples Mission

Apollo samples All

Al2

Al4

AlS5

Al6
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Al7
Luna robot lander samples Luna 16
Luna 20
Luna 24
Lunar meteorites e.g., Northwest Africa 4734

The diverse rock types identified in the returned lunar samples include basalt, breccia, lunar
meteorites, meteorites from returned samples, soil, troctolite, composite, crustal cataclasite,
and unclassified materials (Table 5.2). Endmember spinel compositions of varying chemistry
were reported from these rock types (e.g., Agrell et al., 1970; Cameron, 1971; Reid, 1971;
Haggerty, 1971a, 1971b, 1971c; Taylor et al., 1971; El Goresy et al., 1972; Busche et al., 1972;
Haggerty, 1972a, 1972b, 1972c, 1972d, 1972e, 1972f; Roedder and Weiblen, 1972; Taylor and
McCallister, 1972; Taylor et al., 1972; Haggerty, 1973a, 1973b; Prinz et al., 1973; McCallister
and Taylor, 1973; Dalton et al., 1974; Nehru et al., 1974; Brett, 1975; Haselton and Nash,
1975; Carter et al., 1975; Nehru et al., 1976; Nagasawa et al., 1976; Warner et al., 1976; El
Goresy et al., 1976; Haggerty, 1977; El Goresy and Ramdohr, 1977; Haggerty, 1978a, 1978b;
Sato, 1978; Schmitt et al., 1981; Haggerty, 1988). The source rocks of spinels are further
grouped into different subcategories (Table 5.2).

The compositions of chromite, spinel, and ulvospinel from various rock types in returned lunar
samples have been compiled from published and unpublished sources better to understand the
compositional variations in lunar spinel-group minerals. This study will look at the different
compositions of chromite, ulvospinel, and spinel found in lunar rocks and how the spinels
found in rocks on Earth relate to those found on Moon. In the spinel database, there are around
4500 analyses. The composition of spinels in various source rocks is compared. The variation
in spinel-group mineral composition from different lunar rocks is then compared to that seen

in various terrestrial magma types.
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Table 5.2: Diverse rock types identified in the returned lunar samples.

Source rocks of lunar spinels Subcategory

Basalt

Breccia

Lunar meteorites

Meteorites_
returned samples

Soil

Troctolite
Unclassified rock
Composite

Crustal cataclasite

limenite basalt
Basalt/microgabbro
Olivine basalt
Feldspathic basalt
Pigeonite basalt
KREEP basalt
Olivine-normative basalt

Regolith breccia
Fragmental breccia
Breccia

Crystalline matrix breccia
Impact melt breccia
Anorthosite breccia
Recrystallized breccia

Unbrecciated basalt
Basaltic meteorite
Regolith breccia
Fragmental breccia
Feldspathic breccia
Basalt-rich mafic breccia
Melt breccia

Gabbroic breccia

Plutonic_granulitic troctolitic breccia

Plutonic_spinel anorthositic
troctolite

Plutonic_gabbroic meteorite

Plutonic_troctolitic anorthosite

Olivine meteorite
Anorthositic meteorite
Basalt meteorite

Soil
Fines

5.2 Datasets and methods

Around 4500 chemical data of lunar spinels from previous literature (Apollo and Luna returned

samples and lunar meteorites) are compiled, and the mineral formulae were recalculated for

each data (Fig. 5.2). Further, the different spinel compositions are classified based on their

source lithologies, and spinel compositional variations in each rock type are plotted. The

overall trend of lunar spinels was observed based on ternary and bivariate plots. Data density
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contours were drawn on spinel compositional plots to their chemical affinity. The data density
strategy entails contouring these multiple plots for data concentration so that the n'" percentile
contour encloses the data that is most densely packed (Barnes and Roedder, 2001). This method
is effective for analyzing very large data populations, such as the one provided above, where
there are dense clusters of data points surrounded by a significant number of outliers. Simple
x—y plots tend to draw attention to outlier data points rather than providing a clear picture of
where the majority of the data points are located. The best strategy to derive a meaningful
compositional field from a population is to use the data density approach. The contoured data

are compared with the compositional fields of spinels from terrestrial settings.

Chemical data of various lunar spinel compositions were compiled

N

Mineral formulae recalculation

N

Classification of different spinel compositions based on lithology

AN

Spinel compositional variations in each rock type

AN

Lunar spinel trend using ternary and bivariate plots

AN

Data density contours on lunar spinel data

N

Comparison with terrestrial spinels of diverse magma types

N

Interpretation on possible origin of lunar spinels

Figure 5.2: Schemata showing the methodology followed for carrying out the present research
on spinel compositions and origin.

5.3 Results

The earliest crystallisation products are chromium-rich spinels, followed by chromian
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ulvospinel, ulvospinel, and, lastly, ilmenite. With increased crystallisation and lowering
temperature, this paragenetic sequence suggests early Cr depletion and enrichment of Fe+Ti in
the liquid (Haggerty et al., 1971). The compiled chemical data showed that lunar spinels are
mainly chromites or Cr-spinels, ulvospinels, chromian ulvospinels, and Mg-Al spinels.

The FeO content in lunar spinels ranges between 0-65 wt% (Fig. 5.3). The Cr203 concentration
is from 0-55 wt%, while Al203 shows a wider range (0-70 wt%). The MgO (0-25 wt%) and
TiO2 (0-40 wt%) concentrations are in intermediate ranges. The spinels are dominantly seen
in basalts and meteorites from returned samples. Basalts contain spinels with greater FeO (15-
65 wt%) and TiO2 (0-40 wt%), and a low Mg# (0-0.4), Al203 (<20 wt%) and Cr203 contents.
In breccia, the prominent compositions are of greater Al2O3 (up to 70 wt%) TiO2 (up to ~36
wt%), with FeO contents lesser than 25 wt% and Cr# between 0-0.6. The spinels in crustal
cataclasites contain 16-51 wt% Cr203 and 15-35 wt% FeO contents. The MgO contents are
less than 17 wt%, Al2O3 (~18 wt%), and TiOz2 less than 5 wt%. In troctolites, the spinels contain
ALOs from 5-70 wt%, MgO between 0.1-26 wt%, TiOz less than 25 wt%, and FeO (10-58
wt%) and Cr203 (3-51 wt%). The spinels in soil samples contain lesser TiO2 (0-33 wt%) and
MgO (0-24 wt%) contents, while the Al2O3 (1-67) wt%, Cr203 (0-54 wt%), and FeO (5-61
wt%) in intermediate ranges (Fig. 5.3). The spinels from composites are more Al2O3 (1-65
wt%) and FeO-bearing compositions (10-63 wt%), with TiO2 (0.2-34 wt%), Cr203 (0.1-48
wt%), and MgO (0-21 wt%) in lesser amounts. The spinels from lunar meteorites contain
greater Al2O3 (1-65 wt%) and FeO (6-61 wt%) contents. The Cr203 content ranges from 0.2-
45 wt%, while the TiO2 and MgO contents are between 0.1-33 wt% and 0-23 wt%,
respectively. In meteorites from returned samples, the spinels have FeO contents between (24-
65 wt%), TiO2 up to 51 wt%, Al203 and Cr203 contents from 0-55 wt%, and MgO less than 10
wt%. The spinels from the unclassified category contain greater Cr203 (0.33-47 wt%) and FeO
contents (28-62 wt%). The TiO2 content ranges from 3-33 wt%, while the A12O3 (1-13 wt%)
and MgO contents (0.05-6 wt%) are relatively less (Fig. 5.3).

Spinels have been classified into two compositional fields. First, there are the chromite-
ulvospinel, titanium chromite, and aluminium chromite compositions, which range from
ulvospinel to chromite. Second compositions are found in the transition zone between spinel
and hercynite. These spinels are known as chromian pleonastes because they have a minor
chromium enrichment. Lunar spinels have four unique compositional trends and three major
compositional discontinuities. Between these two endmembers, there is a complete solid

solution series, as indicated by the ulvospinel-chromite group (Fig. 5.4).
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5.3.1 Spinels in diverse lithologies on the Moon

5.3.1.1 Basalt

The basalts in the returned lunar samples contain spinels with TiO2 (0-35 wt%), Al2O03 (0-20
wt%), Cr203 (0-55 wt%), MgO (0-10 wt%), and FeO (20-65 wt%) in the respective ranges
(Fig. 5.5).
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Figure 5.5: The histogram showing the oxide concentrations in spinels from basalts.

The ternary spinel series, ulvospinel (FexTiO4)-chromite (FeCr204)-hercynite (FeAl204) in
basalts, are of particular interest. This spinel series is restricted to lunar basalts and is of interest
petrogenetically because members of the series appear to precipitate during the crystallisation
history of some of these basalts (Haggerty, 1972), with Mg-aluminian chromite crystallising
early and Cr-Al-ulvospinel crystallising late. Because most basalts have a characteristic
bimodal distribution of early and late-stage products, the series is of importance

compositionally.

Spinels with compositions spanning the complete normal-inverse series are found in basalts

(Fig. 5.6). A typical trend of Cr-rich spinels to Cr-Al-ulvospinel can be seen in ilmenite basalts.
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In microgabbro, the compositions are mainly Cr-spinels and chromian ulvospinels. The
olivine-vitrophyre basalt samples show a typical bimodal distribution with Cr-spinel and
ulvospinel as prominent endmembers. The feldspathic basalts show two distinct compositional
fields in Cr-spinel and Cr-ulvospinels. The pigeonite basalts show a distinct compositional
trend between Cr-spinel and Cr-Al-ulvospinels. KREEP basalts only contain chromian
ulvospinels. Olivine normative basalts show a compositional trend between Cr-spinel and Cr-
ulvospinel. The spinels of intermediate compositions in the compositional fields in basalts
could have been crystallized metastably (Haggerty, 1971, 1972). Two of the three principal
components are structurally classified as normal spinels (chromite and hercynite), whereas the
third (ulvospinel) is classified as an inverse spinel. The coordination preference of the
transition metal ions, as well as the occupancy of Fe?" (and Mg?") solely in the A sites in
chromite-hercynite and the split occupancy of Fe?" between A and B sites in ulvospinel, are
the key differences between these types. Cr+Al are gradually replaced by Fe+Ti as
crystallisation progresses, and because Cr, Al, and Ti all have high octahedral (B site) site
preference energies, divalent ion occupancy of B sites is structurally restrained and only enters
6-fold coordination to the extent required to maintain electrostatic charge balance. As a result,
intermediate spinel members with neither a high normal nor a high inverse character are

considered metastable (Haggerty, 1972).

5.3.1.2 Breccia

In spinels from breccia, Al203 (up to 70 wt%), Cr203 (up to 50 wt%), and FeO (5-55 wt%) are
in greater abundances, while MgO is less than 25 wt% and TiO:2 content is between 0-35 wt%
(Fig. 5.7).

The spinels from breccia samples show distinct compositional fields occupying the fields of
Mg-Al spinels, Cr-spinels, Cr-ulvospinel, and Cr-Al-ulvospinels (Fig. 5.8). In regolith breccia,
compositions are Mg-Al spinels. In fragmental breccia, chromian ulvospinels are prominent.
Crystalline-matrix breccia contains Cr-spinel compositions. Agglomerate breccia contains
some Cr-spinels and Cr-ulvospinels. Impact melt breccia shows three compositional clustering
of Cr-spinels, ulvospinels, and Mg-Al-spinels. Anorthosite breccia samples have Cr-spinel
compositions, while recrystallized breccia contains more aluminium compositions. Any
distinct compositional trend between spinel endmembers is not observed in breccia samples.
Breccia on the Moon is majorly the product of impact events. The impact disintegrates the
primary crustal rocks into breccia, and therefore, the spinels in analyzed breccia samples from

Apollo sites must have been sourced from different primary rocks. This explains the clustering
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of spinels in distinct compositional fields.
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Figure 5.7: Histogram showing the oxide concentrations of the spinels in breccia.
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Figure 5.8: Compositional diagrams for spinels from various breccia samples.
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5.3.1.3 Lunar meteorites

In spinels from lunar meteorites, Al2O3 (up to 70 wt%), Cr203 (0-50 wt%), and FeO (10-70
wt%) are in greater abundances, with MgO less than 25 wt% and TiO2 up to 40 wt% (Fig. 5.9).
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Figure 5.9: Histogram showing the oxide concentrations of the spinels in lunar meteorites.

The spinels in lunar meteorites are mainly Cr-ulvospinel compositions (Fig. 5.10). The spinel-
bearing rock types in lunar meteorites include unbrecciated basalts, mare basalt, regolith
breccia, fragmental breccia, feldspathic breccia, basalt-rich mafic breccia, melt breccia,
gabbroic breccia, plutonic granulitic troctolitic breccia, plutonic spinel anorthositic troctolite,
plutonic gabbroic meteorite, plutonic troctolitic anorthosite. Mg-Al-rich compositions are
observed in some plutonic rocks and feldspathic breccia samples. Cr-spinels dominate the
samples from melt breccia, mare basalt, and regolith breccia. Cr-ulvospinel to ulvospinel
compositions are found in basaltic meteorite, mare basalt, gabbroic breccia, and unbrecciated

basalt samples.
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Figure 5.10: Compositional diagrams for spinels from various lunar meteorites.
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5.3.1.4 Meteorites from returned samples

In spinels from meteorites in returned samples, Cr203 (up to 50 wt%) and FeO (up to 65 wt%)
contents are in greater abundances, with MgO <10 wt%, TiO2 <35 wt%, and Al203 <15 wt%
(Fig. 5.11).
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Figure 5.11: Histogram showing the oxide concentrations of the spinels in meteorites from
returned samples.

The meteorites in returned lunar samples comprise rock types such as olivine meteorite,
anorthositic meteorite, and basaltic meteorite (Fig. 5.12). The spinels from these meteorite
samples show a distinct bimodal distribution between Cr-endmember and ulvospinel. In
olivine meteorites, a distinct compositional trend is observed between chromites and chromian
ulvospinels. Anorthositic meteorites only contain chromite compositions. The basaltic

meteorites also show a distinct bimodal distribution between chromites and ulvospinels.
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Figure 5.12: Compositional diagrams for spinels in meteorites from returned samples.
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5.3.1.5 Soil

In spinels from soil samples, Al203 (up to 65 wt%), Cr203 (up to 50 wt%), and FeO (<55 wt%)
are in greater contents, while MgO is less than 25 wt% and TiO2 content is <35 wt% (Fig.
5.13).
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Figure 5.13: Histogram showing the oxide concentrations of the spinels in soil samples.
The soil samples in returned lunar samples contain soil and fine materials. The spinels in soil
samples exhibit a compositional trend between chromites and chromian ulvospinels (Fig.

5.14). A cluster near the aluminium end is also observed in soil and fine samples, suggesting
the presence of Mg-Al spinels.
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Figure 5.14: Compositional diagrams for spinels in soil samples.
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5.3.1.6 Troctolite

In spinels from troctolite, Al2O3 (up to 70 wt%), Cr203 (up to 50 wt%), and FeO (<60 wt%)
are in greater contents, while MgO and TiOz2 contents are <30 wt% (Fig. 5.15).
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Figure 5.15: Histogram showing the oxide concentrations of the spinels in troctolite samples.

The spinels in troctolites exhibit compositional clusters of Mg-Al spinels, chromites, and some

Cr-ulvospinels. Mg-Al spinels are the prominent phases identified in troctolites (Fig. 5.16).
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Figure 5.16: Compositional diagrams for spinels in troctolites.
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5.3.1.7 Composite

In spinels from composite samples, Al203 (up to 70 wt%), Cr203 (up to 50 wt%), and FeO
(<70 wt%) are in greater contents, while MgO is <30 wt%, and TiO:2 content is <40 wt% (Fig.
5.17).
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Figure 5.17: Histogram showing the oxide concentrations of the spinels in composite samples.

The composite samples contain some chromites, ulvospinels, and Mg-Al spinels (Fig. 5.18).
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Figure 5.18: Compositional diagrams for spinels in composite samples.
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5.3.1.8 Crustal cataclasite

In spinels from crustal cataclasite, Al2O3 (up to 60 wt%) and Cr203 (up to 60 wt%) are in
greater contents, while FeO is <40 wt%, MgO is <20 wt%, and TiO2 content is <10 wt% (Fig.
5.19).
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Figure 5.19: Histogram showing the oxide concentrations of the spinels in crustal cataclasites.

In crustal cataclasites, spinels are mostly chromites, with an Mg-Al spinel composition (Fig.
5.20).
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Figure 5.20: Compositional diagrams of spinels in crustal cataclasite.
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5.3.1.9 Unclassified

The unclassified materials in returned lunar samples are reported to have spinels. In spinels
from unclassified materials, Al2O3 (up to 15 wt%) and Cr203 (up to 50 wt%) are in greater
contents, while FeO is <65 wt%, MgO is <10 wt%, and TiOz content is <35 wt% (Fig. 5.21).
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Figure 5.21: Histogram showing the oxide concentrations of the spinels in unclassified
samples.

In unclassified materials, compositional clusters of chromites and chromian ulvospinels are
observed (Fig. 5.22).
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Figure 5.22: Compositional diagrams of spinels in unclassified rock. The legend is the same

as Fig.

5.22a for all the plots.
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5.4 Discussion and conclusions

Chromite or Cr-spinels and ulvospinels are abundant phases in lunar rocks (Fig. 5.4). Basaltic
rocks and soil samples are rich in Cr spinels, whereas breccia and troctolites mostly contain
aluminium spinels. The overall trend of lunar spinels is observed using ternary and bivariate
plots (Fig. 5.4). Ulvospinel compositions from basalts, meteorites, breccia, and soil samples
fall in the terrestrial spinel gap region (Fig. 5.4). The Cr# in ulvospinels vary over a range at
nearly constant #Fe?" and vice versa (Fig. 5.4). The #Fe** contents also vary over a nearly
constant TiOz for lunar ulvospinels. Aluminium spinels show higher abundances of Mg# (Fig.
5.4).

The TiO2 content ranges from ~0-40% in all the classified rocks (Fig. 5.3). The Al2O3 content
(~0-20%) is lowest in spinels from basalts, unclassified rocks, and meteorites of returned lunar
samples. Other rock categories show intermediate (~0-30%) to higher Al2O3 contents (~60-
70%). The chromium content is showing higher abundances (~0 — >90%) in all the rock
categories, with breccia, composite, and unclassified rocks showing slightly lesser
concentrations (up to 80%). The FeO content is in intermediate ranges (~20-65%) in basalts
and meteorites from returned lunar samples. The spinel compositions in other rock categories
show FeO contents between ~0-70%, while the crustal cataclasites exhibit slightly lower FeO
contents (~10-40%).

The MgO contents range between ~0-10% in basalts, meteorites from returned samples, and
unclassified rocks. The spinels from breccia, composite, crustal cataclasite, soil, and troctolites
show slightly higher MgO contents (~0-30%). Chromian ulvospinels, ulvospinels, and
chromium spinels are the dominant phases in basalts (Fig. 5.4). Certain aluminium spinel
compositions are identified from ilmenite- and olivine- basalts. The dominant phases are
aluminium spinels in breccia, while fewer chromium spinels, ulvospinels, and chromian
ulvospinels compositions are also identified. Ulvospinels and chromium spinels are abundant
in meteorites of returned lunar samples, among which basalt meteorites show limited
aluminium spinel occurrences. Chromium spinels are the prominent phases in crustal
cataclasites. In soil samples, ulvospinels and chromian ulvospinels are prominently identified,
along with fewer chromites and aluminium spinel compositions in soil fines. Aluminium
spinels are abundantly seen in troctolites, with limited occurrences of chromites and chromian
ulvospinels. A uniform distribution of chromites, ulvospinels, and chromian ulvospinels
compositions is observed in composites and lunar meteorites. Yet, minor abundances of
ulvospinels and chromites are observed in lunar meteorites. In unclassified rock, chromites and
chromian ulvospinels are identified, along with some ulvospinels compositions.
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The bimodal distribution between chromites and ulvospinels in basalts, soil samples, olivine
meteorite, and basalt meteorite indicate that these compositions are primary crystallization
products (Haggerty, 1971) (Fig. 5.4). The intermediate compositions can be formed by rapid
quenching or metastable crystallization. In general, one of the three methods listed below can
produce intermediate members of the spinel series (Haggerty, 1972). 1) first-order
crystallization products. 2) when early produced, Mg-aluminium-chromite reacts with liquid,
resulting in intermediate compositions at the gradational interface between the Cr-rich core
and Ti-rich borders. 3) Cr-Al-ulvospinel re-equilibration via strong subsolidus reduction. Since
impact activities are common on Moon, the spinels of intermediate compositions can form by

subsolidus recrystallization.

5.4.1 Comparison with compositional fields of terrestrial spinels

The data density contours were drawn for lunar spinel data and are compared with terrestrial
spinels of diverse magma types (Figs. 5.23 and 5.24).
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Figure 5.23: Data density plots derived for spinel compositions in soil, troctolite, and
unclassified rock.
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In comparison with the terrestrial spinels, lunar spinel compositions strongly overlap with
those from boninites (Fig. 5.25). These lunar compositions have features that fall somewhere
between boninite and Komatiite (Fig. 5.25), with a general similarity to boninites but a larger
range in Cr** extending to less Cr-rich compositions. Boninites are the only natural magmas
that usually contain Cr-rich spinels (Barnes and Roedder, 2001). This suggests that the average
parental magma to these chromite compositions is closer to the boninite end. These chromite
compositions are thought to be derived from very depleted and thus Al-poor mantle (Crawford
and Cameron, 1985). Komatiites are similarly high-degree partial melts of the depleted mantle,
with high Cr/Al ratios in the melt, and should be predicted to produce substantially more Cr-
rich chromites than boninites, despite the fact that the spinel populations are nearly identical
(Barnes and Roedder, 2001).

Chromites found in komatiites and boninites fields indicate initial crystallisation from
primitive, unfractionated mantle-derived magmas (Barnes and Roedder, 2001). The high Cr
can be attributed to melt composition in both situations, as both magma forms have high Cr:
Al ratios (Barnes and Roedder, 2001). This occurs in boninites due to earlier depletion of the
mantle source, whereas it occurs in Al-depleted komatiites due to Al retention in the source by
majorite garnet (Ohtani et al., 1988; Fan and Kerrich, 1997; Inoue et al., 2000). The solubility
of chromium and iron in basaltic melts is highly dependent on oxygen fugacity (Hill and
Roeder, 1974, Roeder and Reynolds, 1991). Because the 2+ oxidation state of chromium, like
that of iron, is more soluble than the 3+ state, the low oxygen fugacity of the basaltic melts on
the lunar surface resulted in melts with higher chromium and iron levels (Roeder, 1994). The
greatly reduced character of these komatiitic chromites is related to magma composition, and

it could eventually represent the mantle source (Barnes and Roedder, 2001).

It is to be noted that in igneous rocks, chromite almost usually crystallises in association with
olivine (Roeder, 1994). Both chromite and olivine are early cocrystallizing phases, however,
both minerals tend to react with the melt and be replaced by pyroxene at some point (Irvine,
1965). Both fayalitic olivine and a spinel phase, magnetite, can return as crystallising phases
as the melt produced by fractional crystallisation of basalt becomes higher in iron. Early
chromite reacts with melt to form pyroxene, which has a higher chromium content than the
melt (Roeder, 1994). Hence, the geological controls on these lunar spinels, such as the
interaction between the co-existing olivine and pyroxene phases, are not well understood. This
limits a more accurate conclusion on their origin. Future studies using orbital data and future

returned samples will put better constraints on these inferences.
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Chapter 6

Compositional and Spectrochemical
Analyses of Chromium Spinels in the
Sittampundi Anorthosite Complex,
Southern India: Implications for
Remote Observation of Spinels on the
Moon

Overview

The spectroscopic techniques such as Laser Raman, Fourier Transform Infrared (FTIR), and
hyperspectral have been used widely to understand the mineral chemistry and crystal structure
and identify the functional phases and organic molecules in geological materials on Earth and
other planetary bodies. The present study used these spectroscopic techniques combined with
X-ray Diffraction (XRD) and Electron Probe Micro Analysis (EPMA) to understand the
spectral-compositional relationships of the Cr-spinel (Chromian spinel) present in chromitite
bodies associated with Sittampundi Anorthosite Complex (SAC), southern India. The
bands/lenses of Cr-spinel are found as layers (a few centimeters to 6 m thick) intercalated with
anorthosites and clinopyroxenites of the SAC. The cumulate Cr-spinels of the study area
exhibit compositions ranging between Al-chromite and Cr-spinel. Fe-, Al-rich Cr-spinel is a
characteristic of the SAC with Cr203 content ranging from ~32-37 wt% and Cr# (Cr/[Cr +
Al]) in the 0.44 to 0.53 range.
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The XRD spectra of these Cr-spinels have shown characteristic peaks corresponding to its
constituent phases, with the highest peak at 36.11°. The observed longward shift in the Raman
Aig peak (~705-714 cm ) is likely to be caused by the substitution of AI** in the spinel
structure. The Raman Aig peak position near 705 cm™ in the spectra is attributed to the
coexistence of (Mg, Fe) in the tetrahedral site and (Al, Cr) in the octahedral site. The broader
and stronger 2 pm band position in the hyperspectral data is at relatively shorter wavelengths
than typical Cr-spinels due to enhanced Al content (Al203 ~ 25 wt%) in the SAC samples.
The 2 um band position is observed to have a longward shift with increasing Cr203 and Cr#
abundances and a corresponding shortward shift with enhanced Al2O3 content in Cr-spinels.
The linear relationship between the 2 um band position and Cr/Al abundances indicates that
this absorption band is significant in distinguishing Cr-spinels from Al-spinels. Based on
spectral and compositional resemblance, Fe- and Al-rich Cr-spinels in SAC are considered as
probable terrestrial (functional) analogues for similar lunar spinel compositions given that
evidence-based correlation of intricate processes involved in their formation under the lunar
and terrestrial conditions. The present study demonstrates the approach of applying
spectrochemical characteristics of terrestrial analogue spinels for remote identification of
lunar spinels and retrieving their compositional ranges from the spectral reflectance

parameters.

Keywords: Chemical and spectral analyses, Cr-spinel, Sittampundi Anorthosite Complex,

Southern India, Lunar spinels, Terrestrial analogue

6.1 Introduction

The VIS-NIR (VNIR) reflectance, Laser Raman, and FTIR spectroscopy are the widely used
and powerful techniques to characterize the geological materials on the Earth and other
planetary surfaces. These techniques were effectively employed for identifying the
mineralogy, crystal structure, functional phases, and organic molecules on planetary surfaces
(Terada and Maekawa, 1964; Malezieux and Piriou, 1988; Cloutis et al., 2004; Wang et al.,
2004; Williams et al., 2016; Sarkar et al., 2019; Thesniya et al., 2021b). Laser Raman
spectroscopy relies on the scattering of light when monochromatic light of a particular
frequency strikes a sample (Raman, 1928; Raman and Krishnan, 1928). Raman spectroscopy
has numerous advantages over IR and VNIR spectroscopic techniques in terms of the sharpness

of spectral features enabling the detection of certain minerals, rocks, and/or glasses explicitly
124



(McMillan, 1985; McMillan and Hofmeister, 1988; Nasdala et al., 2004; Dubessy et al., 2012).
Scientists successfully used Raman spectroscopy to investigate the presence of organic
molecules in frozen ices (Spinella et al., 1991; Ferini et al., 2004) and the detection of
homopolar molecules like Hz2, N2, and Oz, which are otherwise IR inactive. Scientists have also
used the Raman spectrometer for studying the spectral behavior of CO2 ices and organic
compounds in interstellar ice analogues (Bennett et al., 2013). This technique allows
identifying different mineral compounds and mineral mixtures or rocks based on their
characteristic peaks at frequencies corresponding to the constituent phases present in the
sample. The compositional variations arising from the substitution of cations can also be
inferred from Raman spectra. A Deep Ultraviolet (DUV) Raman spectrometer (248.6 nm-laser
wavelength) named ‘SHERLOC’ (Scanning Habitable Environments with Raman and
Luminescence for Organics and chemicals) has already flown on NASA’s MARS 2020 rover
— Perseverance to probe for the detection of minerals, organic molecules, and possibilities of
biosignatures on the Mars. Fourier Transform Infrared Spectroscopy (FTIR) has also been used
extensively in material characterization as the geologically significant minerals, and inorganic
molecules are infrared active. The IR spectrometers operate in the 2.5-15 um range (4000—
500 cm™). FTIR spectra allow recognizing the functional groups present in the mineral, based
on their stretching and bending vibrations that arise from the absorption of light of specific
wavenumbers (Lyon and Burns, 1963; Lyon, 1964, 1965; Conel, 1965). The wavenumber at
which the light is absorbed is unique and allows us to distinguish different functional groups

and thereby understand the structural chemistry of the minerals.

VIS-NIR optical spectroscopy is also a widely used method for the characterization of Earth
and planetary materials. Many VNIR spectrometers have flown in various exploration missions
to Mars, Moon, Asteroids, and other solar system bodies and provided information about the
chemical makeup of these planetary bodies (e.g., Pieters et al., 2011). VNIR spectrometers
commonly operate within the wavelengths ranging from 0.4 to 2.5 um, and their functions are
based on electronic transition absorptions in the transition group metallic ions, which allows
the identification of minerals or mineral mixtures on planetary surfaces (Hunt and Salisbury,
1970; Burns, 1993). The spectral slope, pattern, and diagnostic absorption features manifest
the chemical makeup of the observing materials. The minerals can be identified, and their
chemistry can be retrieved based on band parameters such as band center and band strength
(Nash and Conel, 1974; Singer, 1981; Clark, 1983; Cloutis et al., 1986; Mustard and Pieters,
1989). VNIR spectroscopic method was also applied to distinguish different textural variants
of chromian spinels based on their varying spectral manifestations (Guha et al., 2018; Sarkar

et al., 2019). Therefore, a combination of Raman, FTIR, and VNIR spectroscopic analyses will

125



provide complementary information about the surface composition and chemical buildup of

planetary bodies, especially of our Earth’s Moon.

Earth’s Moon has always been of great interest to planetary scientists because of its proximity
to Earth and its spectacular geological diversity. Olivine, pyroxene, spinel, and plagioclase are
the typical mafic phases on the Moon. These minerals exhibit unique spectral signatures,
making them identifiable through remote sensing observations (Adams, 1974; Hazen et al.,
1978; Cloutis and Gaffey 1991; Sunshine and Pieters, 1993; Klima et al., 2007, 2008, 2011a).
The spinel has a typical structure with a cubic arrangement of oxygen atoms. The chemical
formula of spinels comprises two units (\Y(Fe**, Mg?") Vi(Cr*, Fe*', AI*")2 O4) in a primitive
unit cell. The divalent cations (Fe*" or Mg?") in lunar spinels occupy the A site and/or both the
A and B sites, whereas the cations of higher charges (Cr*", AI**, Ti*) occupy only the B site
in the spinel structure. The spinels (AB20s, A: Fe**/Mg*", B: Fe**/AI**/Cr*") form complete
solid solutions due to the substitution of Fe?" and Mg?" ions in tetrahedral sites and Cr**, A",
and Fe’" ions in octahedral sites in their structure. Among the spinel group of minerals,
chromian spinel is significant owing to its role as a petrogenetic indicator (e.g., Irvine, 1965;
Irvine, 1967; Arai, 1992; Barnes and Roeder, 2001). This primary mineral is recognized as the
second most abundant opaque mineral on the Moon after ilmenite (cf. Heiken et al., 1991).
Chromian spinels are one of the first minerals to get crystallized from mafic-ultramafic magma.
The study of magmatic spinels in mafic-ultramafic rocks discloses information about the
mantle and crust-mantle interaction processes (e.g., Irvine, 1965; Irvine, 1967; Sack and
Ghiorso, 1991; Arai, 1992; Barnes and Roeder, 2001). Also, the chromian spinels are relatively
resistant to post-magmatic alterations, including metamorphism (e.g., Suita and Streider,
1996). Hence, the chemical composition of chromian spinels provides important insight into
the geodynamic evolution of the planetary body (Irvine, 1967; Evan and Frost, 1975; Arai,
1980; Sack, 1982; Engi, 1983; Arai, 1994; Barnes and Roeder, 2001; Arai et al., 2011).

On the Moon, commonly reported spinels are chromian spinels and Mg-Al spinels (Pieters et
al., 2011; Yamamoto et al., 2013; Pieters et al., 2014; Prissel et al., 2014; Weitz et al., 2017).
The lunar spinel compositions were understood mostly through remote sensing observations
and chemical analyses of returned lunar samples. Remote identification of Cr- and Mg-Al
spinels were possible based on their diagnostic absorption characteristics in the remotely
observed reflectance spectra (e.g., Pieters et al., 2011). The identification of remote sensing
data was solely based on the comparison with reference spectra obtained from the spectral
measurements of terrestrial samples and returned lunar samples. Therefore, understanding the

spectral-compositional relationship of terrestrial spinels is essential to infer the chemistry of
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spinel group minerals on the Moon using their remotely observed reflectance spectra, which

will enable us to infer the Moon’s evolutionary history.

The Cr-spinels in chromitite bodies associated with the Sittampundi Anorthosite Complex in
southern India are chosen as the potential candidate for the spectrochemical characterization
of terrestrial spinels in the present study. The Sittampundi Anorthosite Complex in Tamil
Nadu, southern India, is a Neoarchaean layered igneous complex emplaced within the Palghat-
Cauvery Shear Zone in Southern Granulite Terrain (SGT) of peninsular India (Bhaskar Rao et
al., 1996) (Fig. 6.1a). The anorthositic complexes are considered geologically significant, as
they represent magmatic rocks of the Archean to Phanerozoic age evolved from the mantle
(Ashwal, 1993). The Sittampundi Anorthosite Complex has attracted significant geological
consideration for the presence of conformable horizons of chromitite layers in association with
highly calcic anorthosites and clinopyroxenites within the SAC (Subramaniam, 1956; Windley
et al., 1981; Bhaskar Rao et al., 1996; Dutta et al., 2011; Brandt et al., 2014) (Fig. 6.1b). A
magmatic origin was suggested for these intercalated sequences of chromitites, anorthosites,
and clinopyroxenites in the complex based on their petrological and tectonic characteristics
(Subramaniam, 1956; Dutta et al., 2011; Ghosh and Konar, 2011; Dharma Rao et al., 2013).

The anorthosites in the SAC have been considered chemically analogous to lunar highland
anorthositic rocks based on their spectral and chemical analyses (Anbazhagan and
Arivazhagan, 2010; Anbazhagan, 2012). Based on similarities in geotechnical and
geomechanical properties of the SAC anorthosites with those of lunar highland anorthosites, a
lunar highland soil simulant was developed to test the lander and rover in the Chandrayaan-2
mission (Venugopal et al., 2020a; 2020b). The chromite-rich layers (as thick as ~5 m) in the
chromitite bodies were composed of about 60-70% granular chromite with 30-40%
amphiboles and other accessory phases (Ghosh and Konar, 2011). The chromites and spinels
were studied for understanding their mineralogy, textural variations, magmatic and
metamorphic history, and petrogenesis (Dutta et al., 2011; Ghosh and Konar, 2011; Ghosh,
2011; Dharma Rao et al., 2013; Karmakar et al., 2017; Talukdar et al., 2017). The chromitite
bands were suggested to be crystallized from a Fe, Al-rich basaltic melt, formed by the
evolution of an initial basic magma through fractionation of peridotite and pyroxenite (Ghosh
and Konar, 2011). At the same time, several authors proposed chromitite crystallization from
a parental magma of tholeiitic composition generated by partial melting of aluminous
harzburgite (Dutta et al., 2011; Dharma Rao et al., 2013). A recent study by He et al. (2020)
suggested that melt injection and subsequent mixing in the anorthositic mush caused the
saturation of SAC-hosted Cr-spinels.
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Figure 6.1: (A) Generalized geological map and tectonic framework of the Southern Granulite
Terrain (modified after the Geological Survey of India, 2001; Karmakar et al., 2017).
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Although comprehensive studies were carried out on the petrological characteristics and origin
of the Cr-spinels associated with the SAC, the possibilities of Cr-spinels as a probable
functional analogue for similar lunar spinel compositions are yet to be explored. The present
study attempts to investigate the chemical-spectral relationship of terrestrial chromian spinels
from Sittampundi Anorthosite Complex using a combination of VNIR, Laser Raman, and
FTIR spectroscopic techniques and comparing their spectrochemical characteristics with the
spectral features of remotely detected Fe- and Cr-bearing spinels on the Moon. Though the
SAC is highly metamorphosed, and the chromitite bodies have shown metamorphic imprints,
the chromites of magmatic compositions were also found in chromitite bodies (Suita and
Streider, 1996; Dutta et al., 2011; Ghosh and Konar, 2011; He et al., 2020). These Cr-spinels
in SAC having moderate Cr# (0.44-0.53) are focused on for the spectrochemical
characterization in the present study. The changes in the spectral pattern and absorption or peak
centers as a function of the varying chemistry and crystal structure of SAC Cr-spinels have
been discussed. We also apply our results to the spectral data of Sinus Aestuum spinels on the

Moon as an analogue to the orbital measurements of lunar surface compositions.

Though the orbital detections of spinels on the Moon were mainly Mg-Al spinels and limited
Fe-spinel, compositions having Cr203, Al203, FeO, and Cr# similar to SAC compositions are
present on the Moon (14303,50, Roedder and Weiblen, 1972; Yamamoto et al., 2013; Weitz et
al., 2017). The identification and compositional interpretation of these types of lunar spinels
from their reflectance spectra are generally challenging due to many factors such as space
weathering effects, mixing with other components, etc. (Pieters et al., 2011; Gross et al., 2015).
Besides, the effects of metamorphism on the Moon are least known except for some granulitic
impactite suites found in returned Apollo samples (e.g., Miura and Kato, 1992). Therefore, a
direct genetic analogy of the SAC Cr-spinels with those on the Moon would be an
oversimplified assumption. Rather, the present approach of the comparative spectral-chemical
studies will help identify compositionally similar lunar spinels from their reflectance spectra
and thereby refine the constraints on the compositional diversity of remotely observed lunar
spinels. Since the in-situ observations of the spinels on the Moon are limited in the current
scenario, orbital remote sensing observations of the lunar surface will continue to take
precedence, and therefore, the results from our study would be a reference for remote

identification of compositionally similar lunar spinels.
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6.2 Geological setting

The Southern Granulite Terrain (SGT), constituting the southernmost end of the Indian shield,
comprises late Archaean to Neoproterozoic high-grade metamorphic blocks, which are
dissected by roughly E-W trending crustal-scale shear zones (Chetty, 1996; Janardhanan, 1999;
MeiBner et al., 2002; Ghosh et al., 2004; Brandt et al., 2014; Sengupta et al., 2015; Raith et al.,
2016) (Fig. 6.1a). The Palghat-Cauvery Suture Zone (PCSZ) is a prominent collisional suture
zone (to the direct north of SGT) that marks a tectonic boundary within the SGT between the
northern Archaean terrain and the southern Neoproterozoic mobile belt (Cenki et al., 2005;
Santosh et al., 2006; Chetty and Bhaskar Rao, 2006; Collins et al., 2007; Santosh et al., 2009;
Clark et al., 2009; Naganjaneyulu and Santosh, 2010; Santosh et al., 2011; Ghosh and Konar
2011; Dharma Rao et al., 2013). The PCSZ comprises amphibolite to granulite facies
orthogneisses within which anorthositic igneous complexes such as SAC and Kanjamala are
emplaced (Subramaniam, 1956; Mukhopadhyay and Bose, 1994; Saitoh et al., 2011) (Fig.
6.1a).

The Neoarchean Sittampundi Anorthosite complex (SAC) (11°14°N, 77°54’E) is a prominent
metamorphosed anorthositic complex emplaced within the orthogneisses of the PCSZ
(Subramaniam, 1956; Janardhanan and Leake, 1975; Windley and Selvan, 1975; Windley et
al., 1981; Bhaskar Rao, 1996) (Fig. 6.1a and b). The SAC is located in the Namakkal district
of Tamil Nadu state in southern India. The complex forms an approximately 2 km wide arcuate
belt stretching from Cholasiramani in the west to Kottakkalpalaiyam in the east along a 36 km
strike length (Fig. 6.1b). While anorthosites are the dominant rock types, the bottom of the
complex also contains discontinuous layers of ultramafic rocks (namely pyroxenites,
peridotites), gabbro, and granulite/eclogite lenses (Fig. 6.1b). The SAC is surrounded by the
older amphibolite grade hornblende-biotite gneisses and migmatitic hornblende gneisses (TTG
gneisses), of which the pegmatitic veins and tongues of TTG are intruded into the anorthosites
in the complex (Ghosh and Konar, 2011). Stratigraphically, the SAC consists of dunites at the
bottom, chromite-layered clinopyroxenite, chromite-layered anorthosite, clinopyroxenite-
layered gabbro towards the top (Dutta et al., 2011) (Fig. 6.1b). Several authors investigated the
lithological units of this complex for understanding the tectonic history, petrological and
mineralogical characteristics, geochronology, geochemistry, and structural relationships
(Subramanium, 1956; Ramadurai et al., 1975; Janardhanan and Leake, 1975; Drury et al.,
1984; Bhaskar Rao et al., 1996, 2003; Mukhopadhyay et al., 2003; Ghosh et al., 2004; John et
al., 2005; Shimpo et al., 2006; Rao et al., 2006; Sengupta et al., 2009a, b; Ghosh and Konar,
2011; Ghosh and Konar, 2012; Dharma Rao et al., 2013; He et al., 2020). The SAC is
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overprinted by granulite-upper amphibolite facies of metamorphism (Bhaskar Rao et al.,
1996). The rocks of this complex were compared to Greenland’s Fiskenaesset complex
(Ghisler, 1970; Windley and Selvan, 1975). The present arcuate pattern of the SAC is
demonstrated by the tight isoclinal antiform structure, which was later refolded into an open
fold having a N-S trending axial plane (Fig. 6.1b). The SAC comprises repeated stratigraphic
sequences resulting from this isoclinal structure (Ramadurai et al., 1975). The earlier fold is

sometimes replicated in the anorthosites (Ghosh and Konar, 2011).

The chromitites occur as continuous to discontinuous bands and lenses, hosted by anorthosites
and clinopyroxenites in the complex. The chromitite layers in anorthosites are thin (<1 m),
while up to 6mthick seams are found in chromiferous amphibolite schist (altered
clinopyroxenites) (Subramaniam, 1956; Ghosh and Konar, 2011). The Cr# (Cr/(Cr + Al)) in
SAC Cr-spinels was estimated to be between 0.44 and 0.53 (Ghosh and Konar, 2011). The
Cr203 content varies between 34 and 40 wt%, while Al2O3 ranges from 23 to 28 wt%. The
chromitite layers and their host anorthosites and amphibolites have undergone intense post-
crystallization deformation (Dutta et al., 2011). The chromite-bearing clinopyroxenites are
largely retrograded into amphibole-chlorite schists at several places (Dutta et al., 2011). Dutta
et al. (2011) discovered magmatic and metamorphic imprints in the chromite in chromitite
bodies hosted by the anorthosites and clinopyroxenite. The metasomatic replacement of
chromites under the amphibolite facies conditions gave rise to green spinels having Cr#
between 0 and 0.1 (Dutta et al., 2011; Talukdar et al., 2017). At places, the SAC has retained
its intact igneous nature despite the high-grade metamorphic overprint (Dharma Rao et al.,
2013). Also, a recent study proposed a magmatic origin for amphiboles in chromitites (He et
al., 2020). The presence of highly calcic plagioclase (Ango-100) in anorthosite and Fe, Al-rich
chromites indicate a hydrous tholeiitic parental magma for chromites, generated by partial
melting of aluminous harzburgite in a supra-subduction zone oceanic arc environment (Dutta
et al., 2011; Dharma Rao et al., 2013).

6.2.1 Mode of occurrence of chromitites in the SAC

The outcrops of hornblende-biotite gneisses, anorthosites, metapyroxenites, and other mafic
rocks were found along the arcuate stretch of SAC. The study areas are located in the southern
stretches of SAC, where exposures of chromitites and associated rocks are conspicuously
present (Fig. 6.1b). The anorthosites host conformable layers of chromitites in varying

thicknesses extending from several meters to kilometers along the strike. Chromitites are
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observed in lenses and bands between Karungalpatti and Sittampundi regions (Figs. 6.1b and
2a-d). Massive chromitites were found in the area near Karungalpatti (Fig. 6.2a-b). The
disseminated and massive forms of chromitites were found in association with amphibolites in
the region (Fig. 6.2a-c). Cr-spinels are dark gray to black with a metallic to submetallic luster
and have high specific gravity. Cr-spinels in these chromitite layers occur as granular

aggregates in close association with amphiboles.

Massive

Disseminated | d) Layered

cm 1

Figure 6.2: (A) Field photograph of chromitite-rich amphibolite outcrop in SAC. (B)
Photographs of the massive type (C) disseminated type, and (D) layered type chromitites
collected from the SAC.

6.3 Methodology

6.3.1 Sample preparation

The Cr-spinel samples were systematically collected from the field outcrops in Karungalpatti,
Thottiyanattam, and Chinnapalaiyam areas of the Sittampundi Anorthosite Complex. The
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collected samples were packed in polythene covers to avoid any chemical alterations and
carefully numbered based on the sample location. Later, the samples were cleaned adequately
in the lab and made into small chips. The thin sections were prepared using the laboratory
facility at the National Centre for Earth Science Studies (NCESS, Thiruvananthapuram). The
remaining samples were then crushed, ground, and powdered for chemical and spectral

analyses (XRD, Laser Raman, hyperspectral, and FTIR).

6.3.2 Chemical and spectral analyses

The X-ray diffraction (XRD) gives information about the structure of crystalline materials
analyzed. The characteristic peaks are unique for each crystalline material and can be used as
a ““fingerprint” for mineral identification. XRD analysis of the Cr-spinel samples was carried
out at the Department of Physics, University of Kerala. Bruker D8 ADVANCE with DAVINCI
design XRD system was used for the analysis. The instrument used Cu target and N filter,
operated at 40 mA current and 40 kV. The samples are scanned for 10 to 80° 20 range with a
scanning speed of 0.045 20/s. The polished thin sections were used for EPMA analysis of the
Cr-spinel samples using a JOEL JXA-8230 Electron Probe Micro Analyzer with WDS
spectrometry positioned at the Advanced Facility for Microscopy and Microanalysis (AFMM)
Centre of the Indian Institute of Science, Bangalore, India. The accelerating voltage is 15 kV

with a probe current of 12 nA. Natural silicates and oxide minerals were used as standards.

The Laser Raman spectroscopic analysis was carried out at the Aerospace Structures
Laboratory in the Indian Institute of Space Science and Technology, Thiruvananthapuram. The
Raman measurements of the powdered Cr-spinel samples were obtained in the ReniShaw Laser
Raman spectrometer (Renishaw plc, U.K.) using Cobolt’s continuous wave (CW) Diode
Pumped Solid State (DPSS) laser as the excitation source (laser wavelength is 532 nm) with
air-cooled plasma filter. Raman signals were measured in a broader range of 100 cm™ — 4000
cm’! with a spectral resolution of 0.3 cm™. The exposure time of the analysis was 10 s for a
laser beam with a power of 500 mW. The laser spot was adjusted from 10 pm to 200 pm using
a beam expander. The measured Laser Raman spectra were analyzed further, and the chemical
phases were identified using the RRUFF library (Lafuente et al., 2015) and literature

references.

The hyperspectral measurements were obtained using an ASD field Spectroradiometer in the
Department of Earth and Space Sciences in the Indian Institute of Space Science and
Technology, Thiruvananthapuram. The FieldSpec® Pro 3 Spectroradiometer by Analytical
Spectral Device (ASD) Inc. (calibrated to NIST) operating in the spectral range of 0.35 to 2.5
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um in the visible- near-infrared (VNIR) region was used for obtaining the reflectance spectra
of the Cr-spinel samples in the laboratory-based conditions. Spectra from all the three spectral
regimes have been collected, i.e., UV/visible-near- infrared (VNIR) from 0.35-0.969 um and
shortwave infrared (SWIR) from 0.969 to 2.5 um. The spectrometer has a spectral resolution
of 3 nm for the Visible-NIR range between 0.35 and 1.0 pm while 10 nm for the rest of the
spectral range up to 2.5 pm. A lamp and power supply from Optronic Laboratories Inc. were
used as an illumination source. The field of view (FOV) for the probe was 25°. The reflectance
measurements were recorded relative to the calibrated reflectance of a Spectralon. RS*™
software has been used for collecting the measured data. At least 20 consecutive measurements
were averaged to improve the signal-to-noise ratio of the collected spectra. The recorded
spectra were then viewed and splice corrected in ViewSpec Pro software. The reflectance

spectra were further analyzed in ENVI software and plotted using OriginPro software.

The FTIR analysis of the Cr-spinel samples was carried out in the Department of Chemistry at
the Indian Institute of Space Science and Technology, Thiruvananthapuram. The FTIR spectra
were recorded in the mid-IR range between 400 cm™! and 4000 cm™ with a spectral resolution
of 0.5 cm™! and wavelength accuracy of 0.1 cm™ at 1600 cm™! using a PerkinElmer Spectrum
Fourier transform infrared (FTIR) spectrometer (PerkinElmer Inc.). The FTIR spectra were
obtained in transmission mode, which was later converted into absorbance and attenuated total
reflectance (ATR) mode using a Harrick ‘Golden Gate’ diamond anvil ATR unit. The obtained
spectral data using these spectroscopic techniques were then compared with the mineral

chemistry to understand the spectrochemical characteristics.

6.4 Results and discussions

6.4.1 Petrography

The Cr-spinels are more or less homogeneous, characterized by cumulate Cr-spinels in
association with amphiboles (Fig. 6.3a). Chlorite and rutile have been observed as inclusions
within the Cr-spinel grains (Fig. 6.3a). Minor occurrences of plagioclase can also be seen along
with the amphiboles in the matrix. The Cr-spinel grains exhibit cumulus and intercumulus
textures typical of magmatic anorthosite complexes (Fig. 6.3a). At places, the minerals also
show signs of deformation and recrystallization. The grain fracturing and the consequent
rugged boundaries of the Cr-spinel grains embedded in the matrix of amphiboles are likely due

to the post-crystallization deformations in the chromitite bodies. The backscattered electron
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(BSE) images obtained for the Cr-spinels show the dominant compositional homogeneity of
the Cr-spinels (Fig. 6.3b-c).

ag=43X  WD=11.0mm 150 kV -

d)"

Figure 6.3: (A) Photomicrograph of the Cr-spinels from the SAC showing cumulate texture.
The Cr-spinel grains are subhedral to anhedral. (B-C) The Back Scattered Electron (BSE)
images of the Cr-spinel grain with inclusions of amphiboles. Note, amphibole also occurs as
discrete grains surrounding the spinel. (D-F) X-ray elemental maps of the Cr-spinel grain
showing the distribution and abundance of Cr, Fe, and Mg. Note, the variation in Cr, Fe, and
Mg is negligible within the grain. Abbreviation: Chr - Cr-spinel.
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6.4.2 Mineral chemistry

The representative EPMA data showing the core to rim compositional variations (average) of
the Cr-spinel samples are listed in Table 6.1. The EPMA data for all the analyses on Cr-spinel
samples are given in Table AS. X-ray elemental maps of selected mineral grains were also
obtained, showing the tonal variations in Fe, Mg, and Cr abundances (Fig. 6.3¢c-f). The X-ray
elemental maps showed fairly homogenous compositions from the core to the rim, with

negligible variations in the Cr, Fe, and Mg abundances across the grain (Fig. 6.3d-f).
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Figure 6.4: Cr-spinels in the present study plotted in Cr-Al-Fe*" ternary discrimination
diagram for spinels (after Stevens 1944). The previously published data (compiled) from SAC
has also been plotted for comparison.

The Cr20s3 content in the Cr-spinels ranges between 32.99 and 37.55 wt%, while Al2O3 content
varies from 22.08 to 27.70 wt%. The FeO and MgO contents vary between 29.16 and 32.78
wt% and 6.28-7.97 wt%, respectively. The concentrations of SiO2, TiO2, and MnO are less
than 0.25 wt%. SAC Cr-spinels are considered refractive grade because of their higher Al2O3
contents (>20 wt%) and Cr203 + Al2O3 concentrations above 60 wt% (Ghosh and Konar,
2012). The estimated Cr# (Ct/ (Cr + Al)) is varying from 0.44 to 0.53, while Mg# (Mg/(Mg +

Fe?")) ranges from 0.32 to 0.38.
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Table 6.1: Representative electron microprobe analyses of Cr-spinel samples from the Sittampundi Anorthosite Complex.

Oxides SR10 SR6 SR141 SR14 SR17
(wt%)
Core Rim Core Rim Core Rim Core Rim Core Rim
SiO; 0.03 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.02 0.01
TiO: 0.00 0.20 0.22 0.00 0.06 0.06 0.00 0.00 0.18 0.08
AlLOs3 25.82 25.50 24.75 24.55 23.95 23.94 24.29 24.21 27.73 26.21
Cr203 3541 36.12 36.68 3598 35.17 35.65 36.97 37.55 33.32 34.55
FeO 30.64 30.11 31.59 32.78 31.76 30.96 31.99 30.99 29.37 28.90
MnO 0.28 0.37 0.31 0.32 0.27 0.21 0.34 0.35 0.35 0.25
MgO 7.62 7.54 6.47 6.28 7.99 8.04 7.22 7.25 9.10 8.63
Total 100.05 99.96 100.17 100.00 99.24 98.95 100.97 100.63 100.89 99.42
Formula units based on 4 oxygens
Cr 0.87 0.89 0.92 0.90 0.88 0.90 0.92 0.93 0.81 0.86
Ti 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.95 0.94 0.92 0.92 0.89 0.90 0.90 0.90 1.01 0.97
Fe3+ 0.17 0.15 0.15 0.18 0.22 0.21 0.19 0.17 0.18 0.17
Fe?* 0.63 0.60 0.69 0.69 0.62 0.62 0.65 0.65 0.58 0.59
Mn 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.35 0.35 0.31 0.30 0.38 0.38 0.34 0.34 0.42 0.40
Mg# 0.36 0.36 0.31 0.30 0.38 0.38 0.34 0.35 0.42 0.41
Cr# 0.47 0.49 0.50 0.50 0.50 0.50 0.51 0.51 0.45 0.47

Mg# Mg/Mg+Fe?
Cr#t  Cr/Crt+Al
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Figure 6.5: Variation diagrams of (A) Al203 vs Cr203 (B) Al203 vs TiO2 and (C) Mg# vs Cr#
for the Cr-spinels in the present study plotted along with the previously published data from
Sittampundi Anorthosite Complex. An elliptical shape in the figure outlines the Cr-spinels used
in the present study. (D) Cr203 vs Al203 diagram for Cr-spinels from SAC. The fields of mantle
array, arc cumulate spinel, and metasomatic spinel have been shown (after Conrad and Kay
1984; Haggerty 1988; Kepezhinskas et al., 1995).

In the Cr—Al-Fe’" ternary discrimination diagram (after Stevens 1944), the Cr-spinels from the
present study plot in the compositional region between Al-chromites and Cr-spinels (Fig. 6.4).

Most of the compositions in the present study fall in the compositional field of Cr-spinel.
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The chemical data of SAC spinel compositions from the published literature have been
compiled and plotted along with the Cr-spinel data from the present study for comparison (Fig.
6.5a-c) (Ghosh and Konar, 2011; Ghosh, 2011; Dutta et al., 2011; Dharma Rao et al., 2013;
Karmakar et al., 2017; Talukdar et al., 2017). In the ternary plot, the compositions towards the
Al-spinel end of the diagram are mainly from the green spinels formed by metasomatic
alteration and metamorphic recrystallization of chromites (Dutta et al., 2011; Dharma Rao et
al., 2013; Karmakar et al., 2017; Talukdar et al., 2017) (Fig. 6.4). The variation diagrams of
AL203 vs Cr203, Al203 vs TiO2, and Mg# vs Cr# for Cr-spinels were also plotted (Fig. 6.5a-c).

Both magmatic and metamorphic imprints were discovered in the chromitite bodies hosted by
anorthosites and clinopyroxenite in the SAC (Dutta et al., 2011) (Fig. 6.5). The chemical
modifications such as subsolidus re-equilibration and hydrothermal processes during
metamorphism can significantly alter the high-T primary composition of Cr-spinels (Stowe,
1994; Talukdar et al., 2017). Because of this, the Cr# in the SAC Cr-spinel compositions show
a significant variation ranging from 0.04 to 0.54 owing to its textural differences and the nature
of associated minerals (Fig. 6.5c). The SAC Cr-spinel grains display alteration features by a
gradual increase in the Mg and Al contents (green spinels). The Cr# (0.05-0.15) and Mg#
(0.45-0.56) in these green spinels exhibited a reverse relationship (Talukdar et al., 2017) (Fig.
6.5c). However, studies have shown that massive chromitite bodies can retain the igneous
chemical composition in the cores of Cr-spinel grains irrespective of the metamorphic changes
(Suita and Streider, 1996; Candia and Gaspar, 1997; Proenza et al., 2004). The bivariant plot
of Mg# vs Cr# (after Stevens 1944) shows an inverse correlation for the Cr-spinels in the
present study (Fig. 6.5¢). Also, the inverse relationship of Cr# and Mg# in SAC Cr-spinels
corroborates well with the compositional array of magmatic chromites in other metamorphosed
Archean anorthosite-hosted chromite deposits of the Fisskenaesset complex and Mangabal
complex (Candia and Gasper, 1997; Rollinson et al., 2010; Talukdar et al., 2017). The Cr203
vs Al2O3; diagram revealed that the Cr-spinel compositions from the present study show
proximity to the mantle array and arc-cumulate setting (Fig. 6.5d). He et al. (2020) proposed
that the amphiboles in the chromitites are of magmatic origin based on their microtextural,
geochemical, and isotopic studies. These Cr-spinels, which are considered magmatic (Cr#
ranging between 0.44 and 0.53), are chosen for further spectrochemical characterization in the
present study (Fig. 6.5c). The X-ray diffraction analysis has shown characteristic XRD peaks
of Cr-spinels in the 20 positions at 18.58°, 30.59°, 43.85°, 58.06°, and 63.92° with the highest
peak occurring at 36.11° (Fig. 6.6).

139



6500 | SR17— SR14—— SR14a SR14 SR10—— SR6
6000 + —_—
5500 - 18.66 30.69 43.85 58.05 63.77
® . ,
S 4500 - a
) 1 AT T Ao N S
> 4000
> ss00 |
*?D‘, 35001_ B IRl 2 " SO W "
= 3000 +
9,25001w alececilih. T l‘ N .
2 2000
m L
5 1500 ‘
E 1000 M | ) xkx A L_ﬁw: J_&J A
500
O 1 | W | A ll 1 | A h . N i A ____}L ‘h. .
| L | L | 1 | ! | ! | L
10 20 30 40 50 60 70 80

Two Theta (Degree)

Figure 6.6: X-ray Diffraction spectra of the Cr-spinels from SAC showing the characteristic
intensity peaks.

6.4.3 Spectral analyses
6.4.3.1 Laser Raman analysis

The Cr-spinel samples have been characterized using Laser Raman spectroscopy. Previous
studies on Fe-Ti-Cr oxides, including Cr-spinels, have described the Raman features of these
mineral solid solutions (Malezieux and Piriou, 1988; Cynn et al., 1992; Wang et al., 2002a,
2004; Lenaz and Lughi, 2013; Zhu et al., 2017; Sarkar et al., 2019). Aig + Eg + 3F2; are the
symmetries of the five Raman-active vibrational modes for spinels (Chopelas and Hofmeister,
1991). The symmetric stretching of highly covalent bonds associated with trivalent ions in
(Cr**, Fe**, AI’")Os octahedra produces a most substantial peak near 685 cm™ and a shoulder
near 650 cm™! in the Raman spectra of end-member Cr-spinel. The broader strongest peak near

685 cm™! was designated to the Aig mode (Malezieux and Piriou, 1988), while the minor peak
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near 650 cm™! belongs to the F2g symmetry. Other minor peaks near ~450 cm™, ~520 cm™!, and
~610 cm™ were assigned to Eg and Fag symmetries, respectively (Busey and Keller, 1964;
White and DeAngelis, 1967; Yamanaka and Ishii, 1986; Degiorgi et al., 1987; McMillan and
Akaogi, 1987; Ross and Navrotsky, 1987; Chopelas and Hofmeister, 1991; Cynn et al., 1992;
Gasparov et al., 2000; Wang et al., 2004; D’Ippolito et al., 2015). The Aig peak in the Raman
spectra was assigned to the symmetric stretching vibration of Cr-O in Cr**Os groups
(Malezieux and Piriou, 1988; Wang et al., 2004; Marinkovic Stanojevic et al., 2007; Lenaz and
Lughi, 2013). Higher Cr203 (>63 wt%) contents in some mantle-derived Cr-spinels yield a
Raman peak near ~730 cm™' (e.g., Malezieux et al., 1983). Raman peaks vary over a
considerable range of frequencies with the substitution of cations in the spinel structure.
Malezieux and Piriou (1988) pointed out that the shifts in the major peak of Aig mode over a
range of 100 cm™ (from 770 cm™! to 683 cm™!) are a function of the cation ratio (Cr + Fe*")/(Cr
+ Fe*" + Al) in the octahedral sites. The A1g peak position linearly shifts to lower frequencies
with an increase in the molar ratio (Cr + Fe*")/(Cr + Fe** + Al). It was later proved that the
major Raman peak of Cr-spinel corresponding to the A1z mode is contributed by the vibration
of the trivalent ions (AI**, Cr’*, Fe?") in the octahedral site (A*"Os) of the spinel structure
(Wang et al., 2004). Hence, the major Raman peak positions of spinels aid us in retrieving their
compositional information. The presence of Al in the octahedral site of the spinel structure
produces a strong Raman peak near 770 cm™'. Substitution of Cr in the octahedral site shifts
this major Raman peak downward into ~680-690 cm™. A continuous spread of the major
Raman peaks between ~680-770 cm™ was observed when Al and Cr co-exist in the octahedral
site (Wang et al., 2004). The major Raman peak shifts further downward into ~659-665 cm™!
with the substitution of Fe**, whereas Ti*" in the octahedral site moves the peak to relatively

higher wavenumbers, close to 680 cm™ (Wang et al., 2004).

The principal Raman spectral features of the Cr-spinels (in the powdered form) from the SAC
have been analyzed. The variation in the spectral patterns and peak positions in response to
compositional and structural changes in the mineral has also been discussed. The Raman
spectra of the analyzed samples are presented in Fig. 6.7a. The predicted modes of symmetries
of the corresponding Raman peaks have also been labeled in the figure. Raman spectra from
the analyzed Cr-spinel samples show similar patterns despite the slight shift in the major peak
positions from the pre-defined Raman peaks for Cr-spinels (Fig. 6.7a). The samples show four
principal Raman peaks. The measured Raman peaks appear to be a continuous spread in the
regions between ~430-500 cm’!, ~500-625 cm’!, and ~625-800 cm™!. The prominent peak
corresponding to the A1z mode varies from 703 cm™ to 714 cm™!, with a shoulder around 671

cm! (Fig. 6.7a). The A peak position over a range of frequencies suggests compositional
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variations. Other peaks are centered near ~468 cm™!, 528 cm!, and ~585 cm™" corresponding
to the Eg, F2¢(2), and F2¢(3) modes, respectively (Fig. 6.7a) (D’Ippolito et al., 2015).
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Figure 6.7: (A) Laser Raman spectra of Cr-spinels from the present study showing the

diagnostic Raman intensity lines corresponding to Eg, F2g, and Aig symmetries. The Al2O3

content increases from bottom to top in the figure (in ascending order from SR17 to SR6). (B)

Raman Ag peak position vs molar ratio (Cr + Fe**)/(Cr + Fe**+Al) plot of Cr-spinels from the
present study along with the reference data from Malezieux and Piriou (1988).

The SAC Cr-spinels show composition ranging between Al-chromite and Cr-spinel. Relatively
higher Al203 contents (~22-27 wt%) are characteristic of the SAC Cr-spinels with Cr203
content ranging from ~32-37 wt% (Table 6.1). The enhanced Al content in the Cr-spinels
causes a shift in the intense and strong Aig position among the analyzed samples. In general,
the Aig peak of Cr-spinels ranges between 674 cm™ — 688 cm™! (D’Ippolito et al., 2015).
However, the Aig peak in the analyzed Cr-spinels shows a systematic shift to higher
wavenumbers (~705-714 cm™) in response to the relatively higher Al content of the SAC Cr-
spinels (Fig. 6.7a). As discussed earlier, the type of octahedral cation in the spinel structure
determines the type of spinel. Moreover, the major Raman peak of Aig mode is strongly
influenced by the kind of octahedral cation (Wang et al., 2004). In Fig. 6.7a, the A1z peak
appears to be shifted longward, probably due to the substitution of AI** in the spinel structure.
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The Aig peak position near 705 cm™ in SR10 and SR 14 spectra is attributed to the coexistence
of (Mg, Fe) in the tetrahedral site and (Al, Cr) in the octahedral site (Wang et al., 2004). The
shift in the major peak position to ~712 cm™ in SR17 and SR6 (high AL-Os content of
approximately >49%) is also produced by the coexistence of (Al, Cr) in the octahedral site. In
the Raman spectra of SR14l, the Aig peak position is at a much higher wavenumber, at ~714
cm’!, implied by the coexistence of (Mg, Fe) and (Cr, Al) in their respective sites in the spinel
structure (Wang et al., 2004). The trend in the variation in peak position correlates well with
the molar ratio (Cr + Fe*")/ (Cr + Fe*" + Al) of Cr-spinels (Fig. 6.7b). The A, peak position
shifts to higher wavenumbers with a corresponding decrease in the ratio of (Cr + Fe*")/(Cr +
Fe’" + Al) (Wang et al., 2004). Using this correlation between the molar ratio and A1g peak
position, the ratio of (Cr + Fe*")/(Cr + Fe*" + Al) is estimated to be between ~0.5-0.62 (Fig.
6.7b). However, the molar ratio value obtained by EPMA from the cores and rims of Cr-spinel
grains ranges from 0.49 to 0.58. The range of the ratio values estimated using the correlation
plot is fairly overlapping with the values obtained from EPMA measurements. The slightly
wider range of the values obtained from the correlation plot is likely due to sampling a large
area during off-focus Raman point count measurements resulting in measurements from a
wider range of compositions (Wang et al., 2004). More systematic and accurate Raman
measurements will be required to resolve such minor discrepancies in the spectrochemical

analysis.

6.4.3.2 Hyperspectral analysis

In VIS-NIR reflectance spectroscopy of spinels, the spectral pattern is a function of their
chemical composition (Cloutis et al., 2004). This relationship between the absorption
characteristics of spinels and their chemistry helps us retrieve their compositional information
and abundance from the reflectance spectra. Previous studies have discussed the spectral
characteristics of common spinel-group minerals (Rossman 1988, Cloutis et al., 2004;
Williams et al., 2016; Sarkar et al., 2019). Typically, spinels exhibit a broad and strong
absorption band in the 2 um region of the reflectance spectra (Cloutis and Gaffey, 1993)
accompanied by relatively weaker absorption bands in the shorter wavelengths (e.g., Hunt and
Wynn, 1979). Inverse spinels like magnetite exhibit a broader absorption band in the 1 um
region (e.g., Adams, 1975). Cloutis et al. (2004) have discussed the variations in the spectral
properties of common spinel-group minerals as a function of composition and provided a way
of quantitative estimation of the compositions from the VIS-NIR reflectance spectra (0.3-3

um) (e.g., Cloutis and Gaffey, 1991). Crystal field transition absorptions in the Fe** ions in the
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tetrahedral site of Cr-spinels are responsible for the diagnostic absorption bands of the spinels,
mainly in the 2 pm wavelength region (e.g., Gaffey, 1973; Shankland et al., 1974). The Cr-
spinels also have robust and distinctive absorption bands in the visible wavelength, particularly
in the 0.5—1 pm range (e.g., Cloutis et al., 2004; Williams et al., 2016). The subtle absorptions
present shortward of 1 um are a function of Fe# and Cr# of spinels. These shorter wavelength
bands of Cr-spinels appear at 0.49 um, 0.59 um, 0.69 um, 0.93 um, and 1.26 pum (Cloutis et
al., 2004) (Fig. 6.8). The 0.49 um absorption band was attributed to the *A>-*T1 crystal field
transition in Cr’" in the octahedral site of the Cr-spinel. It was found that this band can quantify
the Cr203 content to within ~+5%. The most distinctive absorption feature for Cr-spinels is
located at ~0.55 pm (Mao and Bell, 1975; Cloutis et al., 2004; Williams et al., 2016). This
feature was also identified in the lunar spinel spectra from Apollo 17 sample (70002, 7) (Mao
and Bell, 1975). The 0.59 pm absorption feature was assigned to the *A2-*T> crystal field
transition absorption in the octahedrally coordinated Cr** ion. The 0.69 um absorption band
was attributed to the E->T\ spin-forbidden transition in the tetrahedrally coordinated Fe?* ions
(Cloutis et al., 2004). The absorption band at 0.93 um was assigned to the spin-allowed >T2-°E
crystal field transitions in Fe?* ions in the octahedral site (Mao and Bell, 1975). The 0.93 pm
band is prominent in the high Fe spinels. This band shifts to longer wavelengths with higher
FeO contents. The absorption band present at 1.3 um is unique to Cr-spinels (e.g., Cloutis et
al., 2004). The 1.3 pm band arises from the spin-allowed >T2-°E crystal field transition in the
tetrahedrally coordinated Cr*" ions. This band shifts to longer wavelengths with an increase in
the Fe*" content and a decreasing MgO content (Cloutis et al., 2004). The FeO and MgO
contents to within + 2% can be constrained using the 1.3 pm band position (Cloutis et al.,
2004). The 2 pm band has more intensity than shorter wavelength bands. The 2 um band is
caused by the E->T: crystal field transition in Fe** ions in the tetrahedral site (Slack et al.,
1966; Mao and Bell, 1975; Burns, 1993). In Cr-spinels, the 2 um band center is always at
wavelengths beyond 2.1 um, unlike spinels with a band center shortward of 2.1 pm. Therefore,
a 2 um band position can distinguish between Mg-Fe Al spinels and Cr-spinels (Cloutis et al.,
2004).

The diagnostic absorption bands at 0.49 um, 0.59 pm, 0.69 pm, 0.93 pm, 1.3 pm, and 2 pm
have been identified in the SAC Cr-spinel samples (Fig. 6.8a-b). The normal and continuum
removed reflectance spectra of the analyzed Cr-spinels have been shown in Fig. 6.8a-b. The
laboratory reflectance spectra of the chromite, (Mg, Fe) Al spinel, and Cr-bearing Mg- spinel
have also been plotted for comparison with the spectral features of SAC Cr-spinels (Fig. 6.8a-
b). The diagnostic absorption characteristics in the laboratory spectra of the chemically diverse
spinels unique to different spinel solid solutions have helped to attribute the absorption bands

to the constituent chemical phases in the SAC Cr-spinel spectra. The band positions of major
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absorption bands in the spectra of analyzed Cr-spinels and their wt% oxide concentrations and
Cr# have been given in Table 6.2. The 2 um band position in all the sample spectra appears to
be broader and stronger (Fig. 6.8).
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Figure 6.8: (A) Normal reflectance spectra of Cr-spinels from the present study. The
laboratory reflectance spectra of Cr-spinel, (Mg, Fe) Al spinel, and Cr-bearing Mg-spinel have
also been shown for comparison (top). (B) Continuum removed reflectance spectra of the Cr-
spinels from the present study along with the reference laboratory spectra. The dashed vertical
lines are drawn at 0.49 pm, 0.55 pum, 0.59 um, 0.93 um, 1.28 um, and 2 pm wavelengths. The
0.55 pm band is focused and shown separately for clarity. The legend is the same as Fig. 6.8A.
The laboratory reflectance data were taken from RELAB.

The chemistry of the Cr-spinels has largely been reflected in the position and strength of the
diagnostic absorption features. The samples SR14, SR14a, and SR14l show relatively higher
band strengths, particularly at 0.5 pm, 1 um, and 2 um features compared to the SR10, SR17,
and SR6 samples. The 0.93 um band appears to be relatively stronger in all the samples,
apparently due to a relatively higher abundance of Fe*". Among the minor absorption bands,
the bands at 0.49 pm and 0.69 um are evident in all the analyzed samples. The remaining
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absorption bands at 0.59 pum and 1.3 pum are discernible from the spectral broadening and a
weak dip in their corresponding wavelength regions (Fig. 6.8). The 0.49 um band arises from
the crystal field transition absorption in the octahedrally coordinated Cr** ion (Cloutis et al.,
2004).

Table 6.2: Band positions of the SAC Cr-spinel samples in comparison with their chemistry.

Sample Band positions (um) Oxides (wt. %) Cr#

Name (049 055 059 093 1.3 2 ALOs Cr,0; FeQ (Cr/Cr+Al)
SR17 0.5 0.549 0.59 093 1.27 1.98 2697 3393 29.13 0.45
SR141 0.5 0.549 0.59 0.93 1.29 2.01 23.53 36.08 31.67 0.5
SR14 049 0.549 0.59 092 1.3 2.01 242 3721 31.49 0.5
SR10 049 0.549 0.59 093 1.29 2.06 26.03 3522 30.07 0.47
SR6 0.5 0.549 0.59 0.93 1.28 2.01 2657 34.57 31.38 0.46

In the samples SR10, SR14, and SR14a, the 0.49 um band center is close to 0.495 pm. While
SR17, SR14l, and SR6 samples show a 0.49 um band center at around 0.504 um (Fig. 6.8).
This slight longward shift in the 0.49 pm band position is likely to be caused by the greater Cr
contents of the SAC Cr-spinels (Cloutis et al., 2004). The 0.59 pm band center is near 0.597
um in all the analyzed samples. The 0.59 um band is attributed to the crystal field transition
absorption in the Cr** ion in the octahedral site. A significant shift in the 0.59 pm band position
has not been observed with respect to the varying Cr203 contents in the samples. Although
very subtle, the prominent 0.55 pum absorption feature is noticeable, which is attributed to the
Cr’" content in the octahedral site (Fig. 6.8b) (e.g., Williams et al., 2016). A drop in the
reflectance shortward of 0.5 um might result from iron- and chromium-related metal-oxygen
charge transfer absorptions (Cloutis et al., 2008). The 0.69 um band is centered at ~0.691 pm
(Fig. 6.8). The 0.69 um band arises from the spin-forbidden transition absorption in the Fe**
ions in the tetrahedral site. This band appears to be a weaker absorption feature with an average
band depth of ~2.4%. The 0.93 pm band (close to 1 pm) is centered near 0.929 um. The
absorptions in the 1 um region, linked to the octahedral Fe**, are characteristic of high iron-
and chromium-bearing spinels (Jackson et al., 2014). The 1 pm absorption feature is very
prominent, and the high iron content of the SAC Cr-spinels has resulted in the stronger and
broader feature in this wavelength region (Fig. 6.8b). The 1.3 pm band in the Cr-spinels is
centered near 1.29 um, and this weaker absorption feature is caused by the spin-allowed crystal
field transition in the Cr*" located in the tetrahedral site of the crystal structure (Greskovich
and Stubican, 1966; Mao and Bell, 1975; Cloutis et al., 2004). This band is superposed by the
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stronger and broader absorption feature in the 1000 nm region, which could be discerned from

the flattening of the spectra in the 1.3 pm wavelength region.
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Figure 6.9: Plot showing the 1.3

MgO (wt. %)
um band position against (A) wt% FeO and (B) wt% MgO

of the Cr-spinels from the present study. The data from Cloutis et al. (2004) are plotted for
comparison. The linear least-squares fit, and the correlation interval (95%) for the chromite
data from Cloutis et al. (2004) have also been shown.

The distinctive nature of the shorter Cr’*-related absorption bands, combined with the

flattening of the Cr*>" absorption at 1.3 um, indicates that the chromium in the SAC samples is
present largely as octahedral Cr** (Fig. 6.8) (This study; Williams et al., 2016). The 1.3 um

band is sensitive to the FeO and MgO contents in the Cr-spinels. Therefore, the correlation plot

of 1.3 um band center with wt% FeO and MgO has been shown to understand their spectral-
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compositional relationship (Fig. 6.9). The chromite data from Cloutis et al. (2004) has also
been plotted in the correlation plot for comparison. A linear least square regression fit was
given to the reference data, and upper and lower correlation interval for the linear fit has also
been derived (Fig. 6.9). This will enable us to understand the shift in the absorption band

centres in response to the variations in the wt% oxide concentrations.

The FeO content in the Cr-spinels ranges from 28 to 32%, while the MgO content ranges from
6 to 9%. The Cr-spinels plot along the main trend of reference chromite data from Cloutis et
al. (2004) and fall within the 95% prediction interval of the linear fit to the reference data (Fig.
6.9). A positive correlation between FeO content and 1.3 pm band position has been observed
(Fig. 6.9a) whereas, the MgO content in the Cr-spinels displays a negative correlation with the
1.3 um band position (Fig. 6.9b). The 1.3 um band center moves to longer wavelengths with
increased FeO content and a corresponding decrease in the MgO abundances. In SR6, SR14,
and SR 14l samples, the 1.3 um band center, appears to have shifted longward due to greater
FeO content (Table 6.2). Besides, certain Cr-spinel compositions occupy the space outside the
correlation interval, which implies that a decrease in the FeO content can shift the 1.3 pm band
center further shortward, as explained by the positive correlation between FeO content and 1.3
um band center. Similarly, the compositions outside the prediction interval of the reference
data in the MgO vs 1.3 pm plot also imply a longward shift in the 1.3 pm band center with a
corresponding decrease in the MgO content of the Cr-spinels. The prominent absorptions in
the 1 um and 2 pm regions suggest that the iron is present as both tetrahedral and octahedral
Fe?* in the SAC Cr-spinels. The 2 pm band represents the intense and broader absorption
feature in the Cr-spinels. The broader absorption band in the 2 um region with two overlapping
absorption features shortward of 2 um and near 2.2 pm are common in all the analyzed
samples. The enhanced Al content in the Cr-spinels has significantly contributed to the
overlapping absorption feature shortward of 2 um (Fig. 6.8b). The central 2 pm band in the
SAC Cr-spinels is centered at ~2.09 um. Typically Cr-spinels show 2 um band positions at
longer wavelengths (greater than 2.1 pm). However, the greater Al contents (Al203 ~ 25 wt%)
in the Cr-spinels from the SAC causes band centers to shift to fairly shorter wavelengths (~2.09
pum) (Fig. 6.10, Table 6.2). The 2 um band depths in the analyzed samples are 22.5% on
average. The 2 um band depth increases with an increase in Fe** content (Cloutis et al., 2004).
The 2 pm band position shows a positive correlation with the Cr# and Cr203 contents, whereas
a negative correlation with Al2O3 content (Fig. 6.10). This linear relationship is mainly due to

the substitution of Al and Cr for one another in the crystal structure (Cloutis et al., 2004; Sarkar
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et al., 2019). In the Cr203 vs 2 pm plot, most of the Cr-spinel compositions appear to deviate
from the main trend (Fig. 6.10a). This deviation from the trend of reference chromites can be
attributed to a combined effect of moderately lower Cr203 contents and enhanced Al2O3
content of the Cr-spinels, which causes an unsystematic shift in the 2 pum band center typically
towards shorter wavelengths (Fig. 6.10a, Table 6.2). Similarly, the compositions plotted
outside the prediction interval in Al203 vs 2 pm band center plot can also be attributed to
greater Al2O3 contents combined with a relatively lesser wt% Cr203 that collectively lowers
the 2 um band center value to shorter wavelengths which otherwise show a systematic

longward shift with the gradual decrease in Al2O3 contents (Fig. 6.10b).

The Yecr value also positively correlates with the 2 pm band center (Fig. 6.10c). The Cr# in the
SAC Cr-spinels is 0.48 on average. The 2 um band center is seen at shorter wavelengths when
the Cr# of analyzed Cr-spinels is lesser than reference Cr-spinels (Fig. 6.10c). Though the 2
um band is commonly attributed to the Fe** crystal field transitions absorptions in Cr-spinels,
the positive correlation with the Cr content is explained by the changes in band positions
arising from differences in oxygen-cation bond lengths as Cr substitutes for Al in Cr-spinels
(Preudhomme and Tarte, 1971a, b; Farmer, 1974).

Based on these observations, it is inferred that the 2 um band center is explicitly controlled by
the relative abundances of Al203, Cr203, and Cr# in the SAC Cr-spinels (e.g., Cloutis et al.,
2004; Sarkar et al., 2019). The 2 um band position moves to longer wavelengths with
increasing Cr203 and Cr# abundances and correspondingly shifts to shorter wavelengths with
enhanced Al2O3 content in Cr-spinels. This linear relationship between the 2 pm band position
and Cr/Al abundance apparently evidence that the 2 pum band center is substantial in

discriminating Al-spinels and Cr-spinels.

6.4.3.3 Fourier Transform infrared spectroscopic analysis

The FTIR spectra of Cr-spinels typically show absorptions at around 966 cm™, 1007 cm™!, and
1052 cm’!. Four active infrared vibration modes were defined for Cr-spinels based on their
crystal structure (Terada and Maekawa, 1964; Farmer, 1974; Anki and Lefez, 1996; Cloutis et
al., 2004; Reddy and Frost, 2005). The active vibrational modes are attributed to the vibration
of oxygen atoms in the (Cr'O4)" group along the [111] axis (v1), vibrations of oxygen ions
perpendicular to the bond axis (v2), and the oscillations of metal ions in the isotropic field of
their octahedral or tetrahedral environments (v3 and v4) (Reddy and Frost, 2005). Among these

four vibrational modes, the vi and v are attributed to lattice vibrations of the octahedral ions.
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The v3 and v4 vibrations are controlled by the tetrahedral and octahedral cations synchronously
(Reddy and Frost, 2005). The FTIR spectra of the analysed SAC Cr-spinels are shown in Fig.
6.11. The obtained spectra have been compared with the available reference data (Cloutis et

al., 2004, and references therein).
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Figure 6.11: FTIR spectra of the Cr-spinels from the present study. (A) Absorbance and (B)
Transmittance.

The features between 1000 and 500 cm™ exhibit the fundamental frequencies of Cr-spinel,
particularly at around 985, 770, 710, and 650 cm™ (Reddy and Frost, 2005). The observed
peaks corresponding to the Cr-spinel vibrational modes are between 913 and 1098 cm™!, which
are likely the combined effect of v2 and v3 vibrations (e.g., Sarkar et al., 2019) (Fig. 6.11a).
The 985 cm™ and 650 cm! bands appear to be strong relative to the other two weak features.
The medium-intensity broad infrared absorption bands of the Cr-spinels are around 3550,
3425, 3295, 1455, 985, and 650 cm™ (Reddy and Frost, 2005). The 3550 cm™ feature is
attributed to the bonding of the OH group with the octahedral Cr**/AI** cations. The vibration
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feature at 1455 cm™ is assigned to H-O-H bending mode, indicating the presence of molecular

water adsorbed in Cr-spinel (Fig. 6.11b).

6.4.4 Implications for the characterization of spinels on the Moon

Planetary geoscientists have applied the VIS-NIR, Laser Raman, and FTIR spectroscopic
techniques to understand the mineral chemistry and identify the presence of organic molecules,
if any, on planetary surfaces (e.g., Gross and Treiman, 2011; Gross et al., 2014; Jackson et al.,
2014; Williams et al., 2016). The present study using this integrated approach on SAC Cr-
spinels has enabled the understanding of variations in spinel compositions with respect to their
octahedral and tetrahedral cation distribution (Fig. 6.12a-b). This study further attempts to
apply the results and interpretations for retrieving the compositional information of analogous
spinel compositions on the Moon. Initially, the lunar spinels were identified by analyzing
returned samples from the Apollo and Luna missions and lunar meteorites. The spinels were
identified from different source rocks such as basalts, high alumina basalts, pyroxene-phyric
basalt, gabbro, anorthosite, pink spinel anorthosite, breccia, and so on. Most of these spinel
compositions were Fe-rich and showed a compositional range between chromite and
ulvospinels (e.g., Taylor et al., 1971; Nehru et al., 1976; El Goresy et al., 1976; Haggerty,
1978). The mare basalts showed an abundance of Cr- and Ti-rich spinels with Al2O3 content
varying from 2.21 to 61.2 wt%, and Cr203 and TiO2 contents in the 0.07 to 47.8 wt% and 0.07
to 32.8 wt% ranges, respectively (Haggerty, 1971, 1972b, ¢, 1973, Papike et al., 1976;
Haggerty, 1977). In contrast, spinels from the ejecta region and highlands, particularly
anorthosites, anorthositic gabbros, troctolites, and impact breccia samples, showed a higher
proportion of Mg-Fe and Mg-Al spinels (e.g. Papike et al., 1991). Besides these, the wide
orbital detections of spinels across the lunar surface using Moon Mineralogy Mapper (M3
onboard ISRO’s Chandrayaan-1 mission) and Spectral Profiler (aboard JAXA’s Kaguya
mission) in recent years shed new light on their significant role in the evolution of the lunar
crust (Pieters et al., 2011; Dhingra et al., 2011a, b; Pieters et al., 2011; Bhattacharya et al.,
2012a; Kaur et al., 2012; Pieters et al., 2014; Prissel et al., 2014; Dhingra et al., 2017). Most
of the orbital detections of spinels are Mg- and Al-rich with limited occurrences of Cr- or Fe-
rich compositions associated with pyroclastic deposits in Sinus Aestuum (Fig. 6.13)
(Yamamoto et al., 2013; Sunshine et al., 2014; Weitz et al., 2017). A new rock type named
““Pink Spinel Anorthosite” (PSA) enriched in MgAl2O4 spinel with a low modal abundance of
mafic silicates was found to occur in low Fe-terrains dominated by plagioclase feldspar on the

Moon. The global occurrence of PSAs has been explained by the interaction between Mg-suite
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Figure 6.12: (A) The Aigpeak position of the SAC Cr-spinels and their corresponding cation
distribution in the tetrahedral and octahedral sites of the spinel structure (modified after Wang
et al., 2004). The data are plotted in comparison with the Aig peak distribution and their cation
assignment from Wang et al. (2004). (B) The absorption band centres of Cr-spinels in SAC
and their corresponding cations of tetrahedral and octahedral sites (after Cloutis et al., 2004).
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parental melts and the ancient anorthositic crust (Pieters et al., 2014; Prissel et al., 2014).
Another distinctive rock type, dominated by high concentrations of olivine, orthopyroxene,
and Mg-rich spinel (OOS: Olivine- Orthopyroxene-Spinel) has also been reported using M3
data (Pieters et al., 2011). The differentiation of magma from plutons intruded into the lower
crust or at the crust-mantle interface was suggested for the formation of these unusual
lithologies (Pieters et al., 2011; Bhattacharya et al., 2012b). Recent experimental work suggests
that spinel-bearing materials could also be formed from the last liquids that crystallize in the
Lunar Magma Ocean (Lin et al., 2017). Though several models were proposed for the
formation of spinel-bearing lithologies detected orbitally on the Moon based on their
spectrochemical information and experimental studies (Gross and Treiman, 2011; Yamamoto
et al., 2013; Prissel et al., 2014; Gross et al., 2014), constraining their composition from the
reflectance spectra for understanding the petrogenesis is still challenging because of the
limitations of M3 data and space weathering effects on the spectral response (Isaacson et al.,
2014; Pieters and Noble, 2016).
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Figure 6.13: The absorption band centres in SAC Cr-spinels are compared with those from the
spinels in the Sinus Aestuum region on the Moon (Yamamoto et al., 2013).

Cr-spinels in the SAC show Cr# in the range of 0.44-0.53, and the Al2O3 and Cr203 contents
in the ranges of 22-27 wt% and 32-37 wt%, respectively. The compositions having similar
Cr203 (~37 wt%), Cr# (~0.49), TiO2 (<1 wt%), and Al2O3 (~26 wt%) concentrations as the
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SAC Cr-spinels were present in Apollo 12, 14 (14303,50), and 15 breccia samples (Fig. 6.5a
& c, Roedder and Weiblen, 1972; Papike et al., 1991). This implies the occurrence of spinels
on the Moon having chemical similarity with the Cr-spinels of SAC. The compositions of
similar chromium levels as SAC Cr-spinels are not detected in remotely observed lunar spinels.
Still, they are likely to be present on the Moon. However, unidentified yet probably due to the
limited resolution of the instruments and complexities involved in spectral deconvolution (e.g.,
Papike et al., 1991). Therefore, this study emphasizes comparing the spectrochemical
characteristics of SAC Cr-spinels with the available compositionally analogous lunar spinel
spectra. This approach could be useful for validating our results and provide a reference for
identifying similar compositions (if present) in the remote spectra from the lunar surface. The
terrestrial spectra reveal that the short-wavelength absorption bands are mostly governed by
the presence of Fe**, which is insignificant in lunar spectra because of low oxygen fugacity on
the Moon (Cloutis et al., 2004). In the lunar sample spectra (Apollo 17 Sample ID: 70002, 7),
the 1 pum and 2 pum absorptions corresponding to Fe*" and 0.55 um feature of octahedral Cr’*
were identified (Mao and Bell, 1975; Yamamoto et al., 2013; Williams et al., 2016). Among
these bands, the 0.55 um feature of octahedral Cr*" is common to both lunar (70002, 7) and
SAC Cr-spinel spectra (Mao and Bell, 1975; in this study). This feature was not obvious in the
remotely observed lunar spinel spectra, except for a very small feature in the M? spectra that
starts at 0.54 um, which was not distinguishable to be considered for the presence of octahedral
Cr** content (Pieters et al., 2011; Pieters et al., 2014; Weitz et al., 2017). Among the remotely
observed spinels on the Moon, the compositions identified in the Sinus Aestuum region
through M? spectra were considered to be Fe- and /or Cr-bearing spinels; hence the spectra
from this region are compared with those of SAC Cr-spinels (Fig. 6.13). The Sinus Aestuum
compositions showed absorptions in visible wavelengths Yamamoto et al., 2013; Weitz et al.,
2017). Similar visible wavelength features (0.4-0.56 um, 0.57-0.72 pm) are observed in the
Fe- and Al-rich Cr-spinel spectra of SAC (Fig. 6.13). An experimental study by Jackson et al.
(2014) showed that an increase in the Fe content in spinels produces a stronger 1 um band.
Therefore, the spinels in the Sinus Aestuum region displaying the 1 um band are likely to be
of Fe-rich composition when compared with the stronger and broader 1 um absorption feature
(octahedral Fe?") arising from the increased iron content in the SAC Cr-spinels (Fig. 6.13). The
1.3 um feature present (though superposed by the 1 um absorptions owing to high iron content)
in high Fe- SAC Cr-spinels is not noticed in the Sinus Aestuum spectra. This indicates the
absence of tetrahedral Cr** in Sinus Aestuum composition, which corroborates well with the
previous observations of Fe-rich spinel in Sinus Aestuum (Yamamoto et al., 2013) (Fig. 6.13).
The increased iron content in the Sinus Aestuum composition prevents divalent chromium

from being stabilized in the spinel structure (Mao and Bell, 1975). This observation is
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consistent with the experimental studies revealing the absence of 1.3 um absorption in lunar
compositions since the chromium usually occurs as octahedral Cr** in spinels on the Moon
(Jackson et al., 2014; Williams et al., 2016). Some spectra in the Sinus Aestuum region showed
a weaker 1.3 pm band, possibly arising from the tetrahedral Cr*" in spinels formed as a result
of low oxygen fugacity conditions (Yamamoto et al., 2012; Williams et al., 2016). The 2 pm
band identified in SAC Cr-spinels is also present in Sinus Aestuum, implying the presence of
tetrahedral Fe?" in Sinus Aestuum compositions (Fig. 6.13). The 2 pm band in the Sinus
Aestuum spectra is centered beyond 2.1 um (Weitz et al., 2017) in contrary to the SAC Cr-
spinels showing 2 pm band centres much shortward (~2.01 um) in response to the increased
Al content (Fig. 6.13). This longward shift observed in the 2 um band center in Sinus Aestuum
compositions favors the inference that these spinels are more Fe- and Cr-bearing compositions
(Yamamoto et al., 2013; Williams et al., 2016; this study). However, the absence of any
octahedral Cr** feature at 0.55 um in Sinus Aestuum spinels, unlike the SAC Cr-spinel, might
not support the presence of Cr-bearing spinel in the Sinus Aestuum (Fig. 6.13). The 0.55 pm
feature is probably unidentified due to the limitations of M? data at shorter wavelengths (Weitz
et al., 2017). Hence, the possibility for the presence of Fe- and Cr-bearing spinel in Sinus
Aestuum cannot be ruled out, and future studies using hyperspectral data of good spectral
resolution in the visible range should throw more light on their probable occurrence in the
region. Further, the comparison with the Sinus Aestuum spinel spectra favors the idea that the
Fe- and Al-rich Cr-spinels from SAC can act as a potential analogue for lunar spinels of similar
composition. The 2 pm band center beyond 2.1 pm in Sinus Aestuum compositions limits the
interpretation of possible Al content in the Sinus Aestuum compositions, unlike the SAC
spinels. However, the 2 pm band center could be affected by the residual thermal components
in the M? spectra (e.g., Li et al., 2016), and therefore, the possibility for the presence of Al-
bearing compositions remains relevant. The data from IIRS (Imaging Infrared Spectrometer)
aboard ISRO’s Chandrayaan-2 mission will help us address these discrepancies as it covers
wavelengths from 0.8 to 5 um, thereby more unambiguous characterization of the diagnostic

2.8 um unique to Al-spinels should be possible (Bhattacharya et al., 2020).

The processes involved in the formation of the Cr-spinels in the SAC and those on the Moon
shall be taken into account while considering the former as a potential lunar analogue. The
wide variations in lunar spinel compositions can be attributed to the different petrogenetic
conditions under which they have been formed (e.g., Roedder and Weiblen, 1972; Papike et
al., 1991). The minerals like chromite, ilmenite, etc., can form on the Moon through crystal
settling in silicate magmas, similar to those found in anorthosite intrusions on the Earth (Papike
et al.,, 1991). On the Earth, slow cooling and physical separation processes cause the

accumulation of such minerals. Stillwater Anorthosite complex in Montana, Bushveld Igneous
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complex in South Africa, and Sittampundi Anorthosite Complex are examples of anorthosite
intrusions containing concentrations of oxide minerals. However, the conditions of the
formation of oxide minerals on the Moon are considerably different in terms of higher
temperatures and low oxygen partial pressures (Papike et al., 1991). Most of the elements in
lunar minerals, including Fe**, Ti**, Cr?’, occur in low oxidation states owing to the low
oxygen partial pressures on the Moon (Sato et al., 1973; Sato, 1978). The concentration of
oxide minerals also depends on crystal settling velocities in melts (cf. Papike et al., 1991). The
Moon exhibits 1/6" the gravity of the Earth while the viscosity of melts in the lunar interior is
10 to 100 times less than that on the Earth. The less viscosity in lunar magmas overcomes the
effects of low lunar gravity and results in greater crystal settling velocities in melts, thereby
increasing the chances of crystallizing minerals accumulating to the bottom of the cooling melt
(cf. Papike et al., 1991). Hence, it is possible that the chromites formed in the setting of
anorthosite intrusions similar to those on the Earth could be present on the Moon (Taylor and
Lu, 1990).

He et al. (2020), based on microtextural, geochemical, and isotopic studies on SAC-hosted Cr-
spinels, suggested a process involving melt injection into anorthositic mush and subsequent
melting and mixing for the saturation of Cr-spinels in the anorthosite complex. The study
assumed a similar mechanism for the Cr-spinel formation in other anorthosite intrusions such
as Fiskenesset and Guelb el Azib Complexes (He et al., 2020). In the SAC, the replenished

1>* content in the

magma in the anorthositic mush remelted the plagioclase that increased the A
magma, followed by the addition of SiO2 and evolved interstitial melt into the replenished melt
containing Cr203, precipitated high Al Cr-spinels (He et al., 2020). A similar mechanism of
crustal assimilation of an Mg-suite parental magma with the ancient plagioclase-rich
anorthositic crust was proposed for the formation of widely detected Mg-Al spinels associated
with crustal anorthosites on the lunar surface (e.g., Prissel et al., 2014). The experimental study
on lunar compositions showed that Fe-rich spinels could also form via the interaction of
parental melt of Apollo 15 green glass composition with the crustal anorthositic materials on
the Moon (Prissel et al., 2014). The formation of Fe- and Al-rich spinels in the Sinus Aestuum
was explained by a similar process in which high-Ti picritic melts interacted with the
anorthositic crust at depths before the eruption of pyroclastic deposits, which produced Fe-rich
spinels in the region (Prissel et al., 2014; Weitz et al., 2017). The experimental study by Lin et
al. (2017) showed that lunar spinels might also form as the final products of Lunar Magma
Ocean crystallization and, therefore, should be confined to the base of the lower crust. Several
studies are still underway to understand the genesis of spinels on the Moon. Further studies on
the effects of oxygen fugacity and chromium levels would provide more insights into the

formation of similar spinel compositions on the Moon. Future missions on sample returns,
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more sophisticated analyses on the returned samples, and high-resolution orbital data are

required to substantiate these inferences.

The spectrochemical characterization of Cr-spinels in the present study would also be helpful
to planetary geoscientists for precisely identifying and retrieving compositional information
from spectral data of remotely detected spinels on other planetary surfaces. The hyperspectral
spectroradiometers have already flown in different interplanetary missions. Many space
agencies, including ISRO, ESA, JAXA, and NASA, are planning to deploy Laser Raman and
FTIR spectrometers in their future lander-rover missions to Moon. Hence, the data generated
from the present study would be a significant addition to the planetary analogue database that
could be useful for pre-flight calibration of payloads and data interpretation. The SAC
anorthosites were already proposed as an analogue to lunar highland anorthosites based on
their chemical, geotechnical, and geomechanical similarities (Anbazhagan and Arivazhagan,
2010; Anbazhagan, 2012; Venugopal et al., 2020a; 2020b). As a result, a lunar highland soil
simulant (also known as Indian Moon soil) was manufactured using the analogue anorthosites
in the SAC (Venugopal et al., 2020a; 2020b). A testbed was created at ISRO’s Lunar Terrain
Test Facility in Bangalore using the crushed anorthosite from SAC. The Lander (Vikram) and
rover (Pragyan) in the Chandrayaan-2 mission were tested in this ‘‘lunar surface terrain
testbed” under simulated conditions (Venugopal et al., 2020a; 2020b). The simulant can be
used in future missions to test the mobility of rovers and study the geomechanical properties
of the lunar soil (Venugopal et al., 2020a; 2020b). The inferences from our study on the
analogous nature of SAC Cr-spinels would further affirm the potential of the Sittampundi
Anorthosite Complex as a promising lunar analogue site, which will be useful for testing and

calibration of instruments in future lunar exploratory missions.

6.5 Summary

The present study has analyzed the spectral and chemical characteristics of Cr-spinels in
chromitites of Sittampundi Anorthosite Complex, southern India. Chromitite layers of varying
thickness are found to be associated with the SAC. Fe- and Al-rich composition of Cr-spinels
are characteristic of the SAC-hosted chromitites, with Cr203 contents and the Cr# ranging from
~32-37 wt% and 0.44-0.53, respectively. The prominent Raman peak corresponding to the
A1z mode of Cr-spinels varies from 703 cm™ to 714 cm™! with a shoulder around 671 cm™!. The
longward shift in the A1g peak (~705-714 cm™) is suggested to be caused by the substitution
of AI** in the spinel structure. The Aig peak position near 705 cm™ in the Raman spectra is

caused by the coexistence of (Mg, Fe) in the tetrahedral site and (Al, Cr) in the octahedral site.
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The hyperspectral data of the Cr-spinels showed diagnostic absorption bands at 0.49 pm, 0.59
pum, 0.69 pum, 0.93 um, 1.3 pm, and 2 pm. The 2 pum and 0.93 pm bands appear to be relatively
stronger and broader in all the samples, apparently due to a relatively higher abundance of Fe**
in the samples. The 2 pm band position is at relatively shorter wavelengths than that of the
typical Cr-spinels due to enhanced Al content (Al203 ~ 25 wt%) in the SAC Cr-spinels. The 2
um band position shows a positive correlation with the Cr# and Cr203 contents, whereas a
negative correlation with Al2O3 content. This linear relationship is explained by the
substitution of Al and Cr for one another. The observed linear relationship between 2 um band
position and Cr/Al abundances can be used to differentiate Al-spinels and Cr-spinels based on
their spectrochemical characteristics. The FTIR analysis revealed peaks corresponding to the
Cr-spinel vibrational modes between 913 and 1098 cm™!, which are attributed to the combined
effect of v2 and v3 vibrations arising from the octahedrally coordinated ions in the Cr-spinel
structure. The present study has unambiguously established the relationship between the
spectral pattern and chemistry of the Cr-spinels through an integrated and comparative analysis
of spectroscopic and chemical data. The in-depth analysis of differences in the spectral pattern
corresponding to the chemical variations will necessitate the accurate identification and
interpretation of chemically similar lunar spinels observed through orbital remote sensing data.
The comparison of the spectral features of SAC Cr-spinels with those of the previously
identified spinels from Sinus Aestuum has enabled the interpretation of probable occurrences
of Fe- and Cr-bearing spinels in the Sinus Aestuum on the Moon. The inferences based on the
spectral-chemical relationships will add as a reference for distinguishing lunar Al spinels from
the Cr-spinels. The SAC-hosted Cr-spinels could act as a potential functional analogue for
lunar Fe- and Al-rich spinels provided that constraints on their formation processes involving
melt-wall rock interaction on both the planetary bodies. The data generated from this study
would be an addition to the current database of planetary analogue materials that could be

utilized for calibration purposes and data interpretation from future missions.

This chapter is the reproduction of an article published in the journal Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy.
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Chapter 7

Morphology and Ejecta Emplacement
Dynamics of the Selected Copernican
craters on the Lunar Farside: Insights
into Cratering Mechanics of the Moon

Overview

Impact craters are the most common geological features on planetary surfaces. Studying
morphology and ejecta emplacement of impact craters provides important information about
the impact dynamics and cratering processes. The present study focuses on the
characterization of distinct morphological units in the Ohm and Das craters and ejecta facies
of the Copernican-aged Das crater located on the farside of the Moon. The study utilized high-
resolution grey-scale images, Digital Elevation Model, and derived data products from various
lunar orbiter missions. The mapping of distinct morphological features in the Das crater cavity
revealed that the excavation of transient crater cavity to depths of ~3 km took place in less
than 4 seconds following the shock wave propagation by the projectile impact. The transient
crater depth is estimated to be between 7.6-9.12 km. The displaced materials from the
excavating crater cavity were thrown out as highly shocked and melted debris that travelled
on a ballistic trajectory, eventually depositing as distinct ejecta facies around the crater. The
gravitational collapse of the 30.4 km diameter transient crater triggered a sequence of events

in which the initial rim crumbled and walls slumped to develop into a final crater with a
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scalloped rim and terraced walls and a subsequent enlargement in the rim-to-rim diameter to
~38 km. The rebound of the crater floor from the depths of ~3.2 km formed the central mounds
with a slight offset to the northwest. A western segment of the central mounds is interpreted
to have resulted from the rotational slumping of the western wall and subsequent uplift of a
small plug in the adjacent crater floor. Impact-generated melts lined the crater interior and
cooled down as melt breccia along the inner walls and often overflowed to form melt deposits
exterior to the rim. The solidification of impact melts and/or a structural failure along weaker
planes in the crater interior likely caused subsidence in the eastern floor section to form
elevated and lower hummocky floor units. The target materials from the still-growing crater
are embedded in the solidified melt to form the mounds in the hummocky floor. The
emplacement of ballistic ejecta facies at varying radial distances from the crater rim followed
the deposition of melt-bearing ejecta as rim veneer, ponds in topographic lows, and often as
lobate deposits terminal to local topographic slopes within an extent of ~7 km beyond the rim.
The ballistic ejecta facies distributed at shorter radial distances form contiguous ejecta
blanket, while those deposited farther from the rim are designated to be distal or discontinuous
ejecta. The overall asymmetric ejecta pattern with a bilateral symmetry along the line running
NNE-SSW through the crater centre suggested an oblique impact for the Das crater formation
with the projectile approached from the NNE direction. A nearly circular planform of the
crater combined with a well-defined forbidden zone devoid of secondary crater chains and
distal ejecta rays in the uprange direction implied that the impact angle was between 15° —
25°. The sequence of events envisaged in the present study and the interpretations on impact
dynamics substantiate the significance of studying Copernican craters to better understand the

cratering mechanics and impact dynamics of the Moon.

7.1 Introduction

Impact cratering is the excavation of planetary surfaces when hit with meteoroids or cometary
bodies in our solar system (Melosh, 1989). Earth's Moon is known to have constantly hit with
asteroidal bodies to produce roughly circular depressions called impact craters on its surface
(e.g., Shoemaker, 1962; Wilhelms et al., 1987; Pike, 1988; Wieczorek and Philips, 1999). The
lunar impact craters are of varying dimensions, and the fundamental processes of impact
cratering on the Moon leave characteristic surface features that remain unerased for millions
of years, unlike the Earth (Howard, 1974; Pike, 1980a; Pike, 1988; Horz et al., 1991; Hiesinger
and Head, 2006). Simple bowl-shaped craters on the Moon (D <18 km) commonly exhibit a

nearly circular planform and axisymmetric structure, whereas the onset of complex craters (D
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>18 km) are marked by an abrupt change in the crater morphology (e.g., Smith and Sanchez,
1973; Pike, 1974; Pike, 1980a; Melosh, 1989; Kruger et al., 2018). The complex craters
characteristically hold a relatively flat floor, steep-sloping walls and terraces, and a typical
central peak structure exposing the interior stratigraphic units underneath the impact point
(Melosh, 1989). The deposits of ballistic crater interior materials called ejecta thrown out by
the target excavation during the impact process are also characteristic of lunar impact craters
(Shoemaker, 1962; Oberbeck, 1975; Melosh, 1989; Horz et al., 1991; Osinski et al., 2011).

Scientists believe that impact cratering has played a significant role in the formation and
subsequent history of the planets and their satellites, specifically in hypothesized impact origin
of the Moon, Late Heavy Bombardment, impact-induced volcanism, etc. (e.g., Hartmann and
Davis, 1975; Cameron and Ward, 1976; Canup and Asphaug, 2001; Canup, 2004; Cohen et
al., 2000; Kumar et al., 2016). Therefore, understanding the fundamental processes of impact
cratering is crucial in studying planetary evolution. The cratering mechanics of lunar impact
craters with distinct morphology and ejecta emplacement principally involves three processes,
firstly, the contact of the projectile on the lunar surface and compression of the target materials
below the impact point, which is followed by the excavation of the transient crater cavity and
simultaneous ejection of the proportion of excavated materials, and eventually, the
modification of the transient crater marked by gravitational collapse of the rim and rise of the
central peak (e.g., Gault et al., 1968; Stoftler et al., 1975; Shoemaker, 1977; Maxwell, 1977;
Orphal, 1977; Croft, 1980; Pike, 1980b; Melosh, 1977; 1982; 1989; Osinski et al., 2011). In
general, the gravitational collapse of a simple bowl-shaped crater produces complex craters
with a distinguishing enlargement in the final crater diameter (e.g., Melosh, 1977, 1982; Ullrich
et al., 1977; Grieve and Robertson, 1979). A proportion of the ejected materials deposit as
proximal ejecta blanket appearing to be contiguous and gradually thinning away from the crater
rim, whereas the high-velocity components emplace as patchy and discontinuous distal ejecta,
often reaching greater radial distances beyond the extent of the continuous ejecta blanket
(Shoemaker, 1962; Oberbeck, 1975; Horz et al., 1983; Morse et al., 2018; Morse et al., 2021).
The deposits of finer ejecta appear as prominent "rays" extending to greater radial distances
away from the parent crater (Hawke et al., 2004).

After the culmination of cratering processes, the craters undergo only limited degradations,
specifically by later impact events and lava infillings in an airless body like Moon. These
dominant degradational processes bring about noticeable changes in the overall morphology
of the crater by eroding their sharp rim, steep walls into gentle slopes, floor fillings, fading of
impact ejecta, etc. (Head, 1975). Often the craters fade from their visibility by later infillings

and overlapping craters depending on the time span of their exposure to the lunar environment
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and the impact flux of the Moon. Based on their level of degradation, lunar craters are assigned
different time units ranging from Pre-Nectarian (<4.1 Ga) to the Copernican (<I Ga) systems
(Shoemaker and Hackman, 1962; Wilhelms, 1970; McCauley, 1967). The older craters
generally undergo degradation to a greater degree than the younger Copernican craters. Hence,
the Copernican craters preserve their pristine morphology, typically marked by bright ejecta
rays around the crater (Hawke et al., 2004). The ejecta rays of Copernican craters are
discernably visible on the lunar surface because of their contrasting brightness and pristine
nature in an airless Moon (Hawke et al., 2004). Additionally, the distinctively higher surface
albedo of ejecta rays is considered an expression of their emplacement not earlier than 1 billion
years ago in the lunar chronostratigraphic record. Thus, the occurrence of relatively
undegraded and younger surfaces in the crater interior and a largely undisturbed ejecta blanket
and ray system make the Copernican craters a natural laboratory for studying the impact
cratering mechanics of the Moon (Dundas and McEwen, 2007; Li et al., 2017; Dhingra et al.,
2017; Morse et al., 2021).

Previous studies have shown that the detailed morphological mapping and an in-depth
characterization of the radial extent of ejecta and the physical characteristics of its components
are critical for comprehending the impact history and cratering mechanics of the Moon
(Osinski et al., 2011; Morse et al., 2018; Morse et al., 2021). The current understanding of the
impact cratering mechanics of the Moon is stemmed mainly from such studies on crater interior
morphology and ejecta emplacement dynamics (Bray et al., 2010; Van Der Bogert et al., 2010;
Kalynn et al., 2011; Kumar et al., 2011; Ashley et al., 2012; Kruger et al., 2016; Dhingra et al.,
2017; Zanetti et al., 2017; Plescia and Robinson, 2019; Van Der Bogert et al., 2017; Bray et
al., 2018; Morse et al., 2018; Morse et al., 2021). The identification of various morphological
features has provided insight into the multi-stage cratering processes, while the nature and
distribution of distinct ejecta deposits threw light into the ejecta emplacement dynamics and
thereby the direction and angle of the impact event (Gault, 1973; Stoffler et al., 1975; Gault
and Wedekind, 1978; Holsapple and Schmidt, 1987; Schultz and Gault, 1990). Moreover, the
reflectance variations in the ejecta blanket might represent the material of multiple
compositions excavated by the impact, while the physical characteristics of the ejecta, whether
bouldery or smooth deposits, can be a clue to the physical properties of the target material (e.g.,
solid rock, granular regolith, or a combination of both) (Gillis and Jolliff, 1999; Lakshmi and
Kumar, 2020).

We chose to study the Ohm and Das craters on the farside of the Moon to get insights into the
impact cratering mechanics of the Moon. The morphological features in the Ohm crater are

discussed below.
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7.2 Morphology of the Ohm crater on the farside of the Moon

Ohm crater is a Copernican aged crater located in the anorthositic highlands on the farside of
the Moon (Fig. 7.2.1). Ohm crater is a complex crater with a well-developed central peak,
floor, bright ejecta rays, and terraced wall (Figs. 7.2.2 and 6.2.3). The crater is asymmetric
and has a diameter of ~64 km (Fig. 7.2.3).

Figure 7.2.1: WAC images showing the location of the Ohm crater on the farside of the Moon.
The bright ejecta rays are also visible.

Figure 7.2.2: Clementine UVVIS warped color ratio mosaic (Simple cylindrical, scale-
151.5152 pixels/degree) showing the Ohm crater and the extension of its ejecta material on the
lunar highlands. (Red = 750 nm/415 nm, Anorthosite; Green = 750 nm/950 nm, Iron-rich, low
Ti0z2; Blue = 414 nm/750 nm, Iron-rich, high TiO2).
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This young crater dates <1.1Ga, and it has an extensive ray system extending in all directions
except the NNE direction, where there is a lack of ray system (Fig. 7.2.2). The asymmetrical
distribution of rays indicates an oblique impact event. A bright ray formed in the NNW
direction of the crater is extending towards the moon's north pole (Fig. 7.2.2). Another bright
ray system formed in the NEE direction of the crater is extending towards the Procellarum
terrane. Both of these rays extend over larger distances greater than 1500 km as shown in

Figure 7.2.2. These extensive ray systems can be formed if a high-velocity oblique meteorite
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Figure 7.2.3: (A) WAC mosaic showing the major geomorphic units in the Ohm crater. (B)
DEM of the Ohm crater with the contours labelled. (C) Topographic profile across A-B in
Figure 7.2.3.A.

Previous studies suggest that the Ohm crater was Copernican aged based on the ejecta
distribution. M. A. Kreslavsky et al. (2013) showed that Ohm and Jackson craters have the most
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prominent albedo ray systems. However, not all distinctive high albedo rays seen on the lunar
surface have noticeable roughness expressions. The Ohm crater ray system has a roughness
value of (r=2.5). Galileo observations of post-Imbrium lunar Craters (McEwen et al., 1993)
suggested that the age of the Ohm crater must be Copernican. Since a bright ray from the Ohm
crater is superimposed on the nearby Robertson crater, Robertson crater can be inferred as
Eratosthenian or Upper Imbrian in age. The present study investigates distinct morphological

features in the Ohm crater to understand the impact cratering processes.

7.2.1 Data acquisition

NAC and WAC - Lunar Reconnaissance Orbiter: In this study, the morphological
characterization of the complex crater Ohm was carried out using satellite data from Narrow-
Angle Camera (NAC), Wide Angle Camera (WAC), and Lunar Orbiter Laser Altimeter
(LOLA) of Lunar Reconnaissance Orbiter (LRO) mission of NASA. The preliminary
morphologic context of the Ohm crater was studied with the Lunar Reconnaissance Orbiter
Wide Angle Camera (LRO WAC) global map at a resolution of 100 m/pixel in seven colour
bands. It has over 57 km swath in colour mode and around 105 km swath in monochrome mode
(Robinson et al., 2010). NAC orbital datasets were used for detailed morphologic mapping of
the crater. The NAC is a pair of two identical, along-track cameras with a high resolution of
0.5 m. They are designated as NAC-Left (NACL) and NAC-Right (NACR), each with 700-
mm focal length telescopes providing an instantaneous field of view (IFOV) of 10 micro-
radians (Robinson et al., 2010). The calibrated NAC and WAC images were downloaded from
the Lunar Orbital Data Explorer (ODE) produced by the PDS Geosciences Node at Washington
University. The NAC image data used during the study provides similar illumination

conditions to avoid the misinterpretation of albedo conditions of the morphological units.

LOLA — Lunar Reconnaissance Orbiter: LOLA is a multi-beam laser altimeter system with a
pulse repetition rate of 28 Hz and an operating wavelength of 1064.4 nm (Smith et al., 2010).
The instrument offers remarkable resolution in the along-track direction of ~10 m at the 50 km
mean altitude (Chin et al., 2007). The Lunar Orbiter Laser Altimeter (LOLA) investigation
provides a precise global lunar topographic model and geodetic grid. The Lunar Orbiter Laser
Altimeter - Global Digital Elevation Model (DEM) measures the backscattered energy of an
altimetric laser pulse at 1064 nm with a resolution of 20m per pixel. LOLA DEM was used to
acquire relative elevation in the various parts of the crater floor to identify distinctive floor
units. The LOLA DEM was used to create contour and slope maps. The contour map displayed

the overall topography of the crater enhanced the subtle morphologic differentiation in
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elevation on the crater floor. The slope map provided the slope gradient along the crater wall

to study the discrepancies among crater wall morphologies.

7.2.2 Methodology

Morphological analysis: The Ohm crater was morphologically mapped using LRO WAC and
NAC datasets. About one hundred and seventeen NAC images were calibrated/georeferenced
and mosaicked using ENVI software. The mosaicked images were sufficient enough to cover
the entire Ohm crater. The WAC dataset was used to map major morphological variations,
which helped delineate the central peak, crater floor, crater walls, and crater rim. Detailed
morphological characterization is done in ArcMap software with the help of NAC images
mapped using ArcGIS software. All the morphological characters mapped in this study are
dependent on the illumination geometry (0.5 to 2.0m per pixel), which aided in better
interpretation of geological features like cooling cracks, domes, isolated mounds, melt
platform, channelized flows, ejecta boulders, rille, fault scarp, tread, terraces, and melt ponds
and were mapped distinctively. All the morphological features were mapped in vector layers

and were combined to produce a morphological map of the entire Ohm crater.

The georeferenced datasets were then mosaicked to produce a single image of the study area.
3D visualization was implemented with hillshade data of Ohm crater draped over the elevation
values of each pixel in LOLA DEM to observe and infer the crater from a 3D perspective.
From the 3D model, relief variations of the morphological features within the crater and the
impact depression caused by the asteroid on the lunar surface are effectively studied. This helps
in analyzing the deformation of the lunar surface caused by the impact event. Contour and
slope maps are created by using ArcMap software from LOLA DEM. The Slope map was used
to display the distribution and steepness of the terraced features ranging from very steep to

gentle slopes along the crater wall.

7.2.3 Results

Various morphological units are identified and mapped in the Ohm crater (Fig. 7.2.4). The
mapped geomorphic units include central peak, crater floor, crater walls, crater rim, cooling
cracks, domes, isolated mounds, melt platform, channelized flows, ejecta boulders, rille, fault

scarp, tread, terraces, melt ponds.
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7.2.3.1 Central peak

A Central peak is one of the most prominent geomorphic features in complex craters. A central
peak complex is formed during the modification stage of impact cratering due to a rarefaction
shock wave caused by the primary impact event (Milton et al., 1972). Such a shockwave causes
the underlying material to move upwards towards the centre, forming a central peak. Thus,
central peaks often expose deep-seated material from below the lunar surface, making them of
great importance for the litho-stratigraphic evaluation of the Moon.
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Figure 7.2.4: Detailed morphological map of the Ohm crater.
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In the Ohm crater, the central peak rises 1850 m above the crater floor and covers an area of
124.1 km?. The elevation of the central peak is low-slung from the crater rim. The top of the
central peak is covered by impact melt which is identified by the darker albedo in the NAC
images, and impact melts likely cover the gentle sloping surfaces ranging from 0°-7° (Fig.
7.2.5). The morphological framework of the central peak is very complex and elongated in the
NW-SE direction. Almost 75% of the central peak is obscured by impact melt. This central
peak unit is comprised of boulder fields that are pervasive over the peak region. The melt ponds

are flat deposits with usually smooth surfaces (negligible clasts, if any) confined by high-

standing topography on all sides (Fig. 7.2.5D).

*

Figure 7.2.5: (A) WAC mosaic of the Ohm crater showing the central peak of the crater,
evidence for impact melting are marked as rectangles. (B-C) Impact melt deposits and boulders
on the central peak. (D) Melt pond on the summit of the central peak.

170



7.2.3.2 Mounds

LROC data revealed that Ohm's crater floor exhibits a mass of irregular mounds at the centre

of the crater, mostly formed by the low-velocity impact of clustered ejecta material from the

primary impact event (Kumar et al., 2011).

Figure 7.2.6: (A) WAC mosaic of the Ohm crater with the locations of the isolated mounds
marked as rectangles. (B-D) LROC-NAC images of the isolated mounds identified from the
crater floor.

Usually, they are found in the form of clusters and sometimes also in the form of chains (Fig.
7.2.6). Central mounds show great diversity in their shape and size. According to Kumar et al.
(2011), the size of the mounds depends upon the size of the primary crater, and their shape
may vary from circular or ellipsoidal to polygonal. This unit comprises megaclasts that stand

out distinctively on the crater floor due to their relatively high relief and large spacing between
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individual megaclasts (Dhingra et al., 2015, 2016, 2017a). The isolated mounds on the floor of
the Ohm crater are larger irregular dome-like features with boulders on the top. The isolated
mounds spotted on the crater floor buffer near the central peak are aligned in the SE direction
from the central peak. This alignment may be caused during the impact cratering event and not
due to later volcanic extrusions like the formation of domes. The isolated mounds are

comparatively of lower elevation than the central peak.

7.2.3.3 Crater floor units

The topography of the crater floor is nearly flat and covers an area of 589 km?. The average
elevation of the crater floor is ~ -2600 m. The impact melt deposits on the floors of the Ohm
crater display spectacular diversity in their morphological form (Figs 7.2.7 and 7.2.8). The
young age of the crater allows the confident identification of a variety of morphological units
located on the crater floor (Fig. 7.2.7).

Detailed mapping of the floor impact melt deposits provides useful information about the
character of the melt and the processes controlling impact melt formation and emplacement.
The crater floor is classified as a smooth textured, rough-textured, and melt platform. The
smooth textured floor has low albedo and is occupied by a smaller number of cracks and
domes. The rough textured floor shows high albedo, with many domes of varied dimensions
and cooling fractures extending up to longer distances. A possible volcanic vent is identified

towards the southern section of the crater floor.

i. Rille

A Rille is a lunar valley, usually long and narrow or sinuous. Sinuous rilles often begin in
craters, although the sources of some are not so easily described. The rilles are associated with
mare-type material and are absent in the highlands. Most of them are located on the margins
of the circular mare basins. They possess conspicuous morphological characteristics of
meandering channels or valleys. Normal rilles are straight or gently curved and considered to

be graben-type faults.

The rille in the Ohm crater as part of the central peak is sinuous and trending in the NW-SE
direction (Fig. 7.2.9). The length of the rille in the Ohm crater is about 4.7 km, and the width
is about 160 m. The depth of the rille from the adjacent surface is about 36 m, and the mean
elevation is about -2500 m as derived from LOLA DEM. It is a prominent feature in this crater
because previous literature highlighted that rilles are generally formed on mare basins, flat
topographies, and crater floors. The rille in this crater is assumed to be formed due to fracture

expansion resulting from the turbulent flow of low viscosity (very fluid), high-temperature
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lavas that erodes the pre-existing surface. The rille is filled with basaltic lava flow and has

some boulders in it. The boulders might have been fragmented from the cliff of the rille.
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Figure 7.2.7: Detailed morphological map of the floor of the Ohm crater draped over WAC
mosaic.
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Figure 7.2.8: (A) 3D view of the floor of the Ohm crater. The black arrow points towards a
probable volcanic vent. (B) Topographic profile across NE-SW section of the crater floor.

ii.  Melt platform

The melt platform is named after the accumulation of impact melt in a large area within the
crater floor. This feature is described as a sudden elevation difference above the crater floor
but neither part of the crater wall nor the central peak. The melt platform is seen on the NW
part of the crater floor, where the central peak divides the feature into two (Fig. 7.2.8b). The
melt platform rises to an elevation of -300 m above the crater floor, and the elevation remains
unchanged, extending up to the NW crater wall. There is no signature of upliftment of the
crater floor supported by fault scarps and fractures along the boundary of the melt platform.

So, the sudden elevation change can be caused by the continuous basaltic lava flow in the crater
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floor from the adjacent steep sloping crater wall. This lava flow produces a channelized pattern
on the crater walls showing the direction of the flow of lava towards the crater floor. The
feature is divided into two categories a) area of smooth texture having low albedo accompanied
by fewer domes and b) area of rough texture having high albedo showing the irregular pattern
and a quite large number of domes. The melt platform is assumed to have formed
instantaneously after the impact cratering event. This is evident from the maturity (based on

the albedo) of the melt platform compared to other crater features, excluding the crater floor.

Figure 7.2.9: Sinuous rille observed in the southeastern edge of the central peak.

ili.  Cooling cracks

On the surfaces of airless and comparatively dry silicate bodies like the Moon, lava loses heat
by thermal radiation to the vacuum of space and by thermal conduction to the underlying and

surrounding terrains.
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Figure 7.2.10: (A) WAC mosaic of the Ohm crater with the selected locations of the cooling
cracks, marked as rectangles. (B-C) Polygonal cooling cracks were identified in association
with dome-like features on the crater floor. (D) Polygonal cracks and associated domes mapped
on the NAC image.

Cooling fractures observed on the surfaces of the crater floor provide an excellent opportunity
for understanding the contribution of thermal radiation to the cooling of lava units. The
appearance of polygonal fracture patterns in the Ohm crater is mainly induced by subsidence
of the deposits during cooling and solidification (Fig. 7.2.10). Along the boundary of the floor,
the marginal cracks are more or less sub-parallel to one another. The length of the cooling
cracks ranges from ~0.1 km up to ~3.1 km.

iv. Domes

The distribution of domes and other probable volcanic features may provide clues to structural
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patterns controlling volcanism. The lunar orbiter missions provided good high-resolution
photographs of domes on the floor of the Ohm crater and revealed over 1957 numbers of

recognized domes on the crater floor.

& i 3 4 2 . N

Figure 7.2.11: (A) WAC mosaic of the Ohm crater with the selected locations of the domes,
marked as rectangles. (B-F) NAC images showing the domes in different parts of the crater.

177



The diameter of the domes ranges from the smallest, 50 m, to the largest, 600 m. The smaller
domes are mostly found to occur on the smooth textured crater floor (low albedo), and larger
domes are observed on the rough-textured part of the crater floor. This localization suggests
that the intensity of volcanism is very low on the smooth part of the crater floor and high on
the rough part. Moreover, the interpreted domes have boulders with distinct reflectance on the
top. This may be due to the brecciation after cooling, consolidation followed by space
weathering of the volcanic extrusion. A peculiar orientation is seen in the arrangement of the
volcanic domes. Most of the domes on the floor of the Ohm crater are arranged in a curvilinear
pattern (7.2.11). Detailed interpretation of the LRO NAC images revealed that domes and
cooling fractures are associated with one another. The curvilinear arrangement of the domes is
caused by the extrusion of magma along with the underlying fracture system. These fracture
units are weaker zones where the magma extrudes onto the surface of the crater floor. A new
class of features described as ring-moat dome structures (RMDSs) is distributed near the
central mounds and on the margins of the eastern crater floor. These low domes (a few meters
to ~20 m height with slopes <5°) are typically surrounded by narrow annular depressions or
moats. The dome-shaped morphology of RMDS and their association with the lunar maria
basaltic flows suggest volcanic landforms. Terrestrial lava flows are known to produce positive
features of the scale of RMDS in rootless eruptions (squeeze-ups, formed when lava below the
cooling crust becomes cooler and more viscous and extrudes locally onto the deforming chilled
layer as bulbous mounds, and hornitos, rootless cones formed of spatter of still-molten lava
emerging through local cracks in the deforming lava crust). The process of the RMDS

formation appears to be a common product of late-stage lunar mare lava extrusions.

V. Crater wall

The interior side of the crater rim is defined as a crater wall. Such walls are formed during the
early stage of modification by deposition of debris. The wall of the Ohm crater is asymmetrical,
and the rim of the crater seems to be well developed in the NAC images, but the contour-
elevation map derived from LOLA DEM displays a difference in elevation of the crater rim on
the eastern part of the crater and the other regions of the crater (Fig. 7.2.12). The elevation of
the eastern crater rim is comparatively lower than the rest of the crater rim elevations. There
are several collapses and mass wasting movements on the crater wall. Complex crater walls
are commonly broken up into a series of terraces: relatively flat ledges, offset by scarps facing
the centre of a crater, which step down from the crater rim to the floor. Well-developed terraces
with varying widths (~500 m to 3 km) are around the crater wall and define some faults sub-

parallel to the terrace boundaries.
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Figure 7.2.12: Left image: LROC NAC image showing the western crater wall. Right image:
Topographic profile across A-B in the left figure.

Figure 7.2.13: (A) LRO WAC image showing the locations of channelized flows. (B)
Basaltic flow with smooth texture. (C) Basaltic flow with a rough texture. (D) Basaltic flow
with ropy texture.
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These terraced walls are several hundred meters high and occupy an area of ~320 km?. Impact
melts have flowed down from the surfaces of the terraces and are gathered in the gentle areas
between high and low terraces to form several melt ponds (Fig. 7.2.13). Between the
channelized flows, there is a relatively smooth surface due to thick veneers of melt materials.
This unit has deficiently developed terraces and has a higher albedo than other parts of crater
walls. When moving down the slope, impact melts are thought to be both erosive and
depositional. The impact melts erode into the walls deeply through mechanical or thermal

erosion, or a combination of the two.

vi.  Melt ponds

A melt pond is an impact melt deposit that flows from a topographic high into lower basins
under the influence of gravity while still in a molten state. In craters, impact melt deposits are
a mixture of real melt with breccias and rock fragments that have been merged during melt
movement. Melt ponds result from melt flowing to low areas, cooling and solidifying,
fracturing the surface. Melt ponds can be easily identified by their relatively darker albedo in
contrast with the surroundings. In the Ohm crater, melt ponds are trapped between two adjacent
terraces and among the deposits of wall-derived materials near the northern crater floor (Fig.
7.2.14). They have different sizes and are confined by the area available on the terrace and the
quantity of melt available when they are formed. The surface of ponds is often smooth and has
few superposed craters. Fractures can be found on almost all ponded surfaces. These fractures
are probably due to thermal contraction of the surface during cooling but may be related to the
extension of the surface. The melt ponds are distributed non-uniformly in the crater, most
abundant in the north and NE. The largest melt pond is situated near the northern floor with an
area of around ~3.85 km?, and the smallest one is trapped in between wall terraces in the NE,

approximately ~0.17 km? in area.

vii.  Melt breccia/Ejecta boulders

When the massive impactor hits another object with enough force, it creates a shockwave that
spreads out from the impact. The object breaks and excavates into the ground and rock, at the
same time spraying this finer material that is known as impact ejecta. The impact ejecta spreads
for longer distances based upon the force and size of the impactor. Ejecta boulders are larger
brecciated rock fragments distributed outward from the crater centre. The boulders are
identified based on the high reflectance observed in the visual interpretation of LRO NAC
datasets (Fig. 7.2.15). The concentration of the boulders is high over the crater wall and less

on the surrounding regions of the crater.
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Figure 7.2.14: (A) WAC mosaic of the Ohm crater with the locations of the melt ponds marked
as rectangles. (B-E) NAC images of the melt ponds identified in the crater. (F) Lava pool in
spiral form due to the falling of clasts into the pooled lava.

The distribution of large ejecta boulders thins out beyond the rim of the crater. The impact melt
buries most of the boulders formed during the impact cratering event, and only the larger

brecciated boulders are now visible on the crater surface.
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Figure 7.2.15: (A) LRO WAC image showing the locations of the ejecta boulders. (B) Linearly
distributed boulders. (C) Larger boulders. (D) Highly weathered boulders.

7.2.4 Summary

The central peak is formed as a result of elastic rebound that happens when an asteroid of large
mass and high velocity hits the lunar surface. The boulders interpreted on the central peak are
not formed as part of ejecta boulders. It is the disintegration of exposed lithology by the impact
weathering. This is confirmed by the lack of radiating pattern or orientation of the boulders on
the central peak. The impact melt on the top of the central peak suggests that extreme heat
energy would have been released during the cratering event that caused the impact melt to be
distributed all over the crater. The morphology of the crater floor is highly complex, as
analyzed by the LRO NAC images displayed numerous domes and cooling fractures. As

previously mentioned, domes are volcanic extrusions formed on the crater floor by the uprising
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Figure 7.2.16: 3D view of the Ohm crater and the associated unnamed crater towards the east
of the Ohm crater. The intact lithologies in the unnamed crater appear to have been excavated
by the Ohm crater impact event and exposed these lithologies on the eastern wall of the Ohm
crater.

magma. NAC images showed different alignment patterns of the domes in a curvilinear manner
along fracture systems. In addition to this, polygonal patterns are seen on the crater floor caused
by cooling fractures. Distinctively, the polygonal pattern is formed by the intersection of
fractures systems, and the dome is also present at the intersection points of the fractures. This
dome is larger in dimension when compared to other domes that developed along the fractures
because fracture intersection causes the surface to be much weaker and enable the uprising
magma flow in larger concentration. The melt platform is formed by the extensive impact melt
flow from the northern crater wall to the floor. The melt ponds are concentrated between the
terraces, particularly on the northern crater wall. The crater walls are terraced on the western
and northern parts of the crater and the other regions. The crater wall is highly deformed on
the eastern part of the crater and relatively lower in elevation. The lower elevation of the wall
is due to the obliteration of the crater wall of the nearby unnamed crater during the impact
cratering event (Fig. 7.2.16). The overall distribution of ejecta from the NE to the SW is

consistent with an oblique impact for Ohm crater formation.
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7.3 Morphology and ejecta distribution of the Das crater

The Das crater (25.48° S, 137.00° W) is a Copernican complex impact crater exhibiting a well-
developed central peak, fault-bounded terraces, steep-sloping walls, floor deposits, and an
asymmetrical ejecta pattern (Jappji et al., 2021) (Fig. 7.3.1b-c). The Das crater is the prime
crater on the Moon named after an Indian astronomer Anil Kumar Das. This crater formed on
the lunar highland crust, dominated by rugged, uneven topography pockmarked with craters of
varying sizes (Fig. 7.3.1a). The crater is surrounded by the South Pole-Aitken basin (SPA) to
the east, the Chebyshev crater to the southeast, and the Von der Pahlen crater to the northeast
(Fig. 7.3.1a). The diameter of the crater was estimated to be between 32 - 38 km (Fig. 7.3.1b-
¢). The crustal thickness in the region of Das crater is about 45-50 km, higher than the mean
lunar crustal thickness of 34 — 43 km (Blanchette-Guertin et al., 2015). A linearly elongated
positive density anomaly interpreted to be Nectarian to Pre-Nectarian aged vertical tabular
intrusion or dike, formed by magmatism in combination with the extension of the lithosphere,
has been observed near Das crater (Andrews-Hanna et al., 2013). Since the crater is spatially
proximate to two large Mascons, i.e., the Apollo and South Pole-Aitken basins, the impacts of
those scales may have resulted in formations of ring dikes and ring faults probably manifested
as a positive density anomaly in their immediate vicinity (Andrews-Hanna et al., 2018). NASA
mentioned Das crater in the LROC featured image dated 22.06.11, in which the presence of
impact melt pools was ascertained and distinguished from mare flooded crater by citing slope

of flow (downslope) and different elevation of multiple small ponds.

The Das crater holds unaltered, well-preserved morphological units and surface textures, both
interior, and exterior, to the crater cavity (Jappji et al., 2021). The crater lies at the centre of a
faint ray system (Fig. 7.3.1a). The high albedo ejecta is continuous out to nearly two crater
diameters, then forms wispy rays, particularly to the northwest (Fig. 7.3.1a). The present study
focuses mainly on the detailed mapping of its morphology and ejecta distribution. The
identification and characterization of various morphological units in the crater cavity and their
interpreted formation and evolution provide significant insights into the cratering processes
that occurred in different stages of crater growth. The precise mapping and identification of
distinct ejecta deposits and interpretation of their order of deposition and emplacement
dynamics make way for determining the direction and angle of the projectile impact that
formed the Das crater. The ejecta blankets also provide an opportunity to sample deeper lunar
materials. During impact excavation, the top materials are displaced first and ejected at high
velocity and thereby travels farther to eventually fall back and deposit as distal ejecta. As the

excavation continues to depths, the impact energy spreads out to more rocks, and the deeper

185



materials are thrown at a relatively lower ejection velocity. The low-velocity fragments travel
only shorter radial distances and deposit as proximal ejecta near the crater rim. Hence, a
traverse of the impact ejecta deposits surrounding a crater is an ideal manifestation of the
vertical stratigraphy of the region of impact (Shoemaker, 1972; Gault et al., 1968). Therefore,
the mapping of ejecta boulders in and around the Das crater and the description of their
morphometric parameters in the present study would provide an excellent opportunity for

future human explorers to sample the deeper materials of the Moon by taking a traverse along

the radial direction of the Das impact ejecta.
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Figure 7.3.1: (A) Colour-coded Kaguya-LOLA DEM merge overlaid on LOLA global
hillshade (Global mosaic in Equirectangular projection), showing the location of the Das crater
on the lunar farside. The enlarged image shows the Hapke WAC colour ratio image displaying
the Das crater and its bright ejecta rays. The white dashed lines represent the SPA basin ring
passing through the southwestern region of the Das crater. (B) WAC mosaic of the Das crater
showing its basic morphology. (C) Topographic profile across the line A-B in Fig. 7.3.1B.
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7.3.1 Datasets

Orbital remote sensing data from various lunar exploratory missions are utilized to investigate

the morphology and ejecta deposits of the Das crater. The details are as follows,

SELenological and ENgineering Explorer (SELENE): The SELENE, alternatively known as
Kaguya, was a lunar exploration mission launched in 2007 by Japan Aerospace Exploration
(JAXA) (Kato et al., 2006; Sasaki et al., 2009). The TC (Terrain Camera) was a push broom
type imager flew in SELENE that provides a stereoscopic viewing in the fore and aft directions
with slant angles of +/- 15 degrees from the nadir vector (Haruyama et al., 2008). The TC
operated in a single monochromatic band ranging from 0.43-0.85 um and provided high-
resolution global mosaicked maps of the Moon at a spatial resolution of 10 m/pixel from the
nominal 100 km orbit (Haruyama et al., 2008). The present study used TC low-sun angle
images. The TC data corresponding to the regions of interest is downloaded from the SELENE-
Kaguya TC online data repository (http://darts.isas.jaxa.jp/planet/pdap/selene/dataset).

Lunar Reconnaissance Orbiter (LRO): The LRO mission was launched by NASA on 18 June
2009. The LRO was designed for a one-year base mission at an orbital altitude of 50+20 km.
The LROC (Lunar Reconnaissance Orbiter Camera) is a system of three cameras mounted on
the LRO that capture high-resolution grey-scale images and moderate-resolution multispectral
images of the lunar surface (Robinson et al., 2009). The LROC consists of two Narrow-Angle
Cameras (NACs) that provide 0.5 meter-scale panchromatic images over a 5 km swath and a
Wide Angle Camera (WAC) that provides images at a scale of 100 meters/pixel in seven bands
over a 60 km swath (Robinson et al., 2010). The UV (ultraviolet) bands of the LROC are at
321 nm and 360 nm, and the visible bands are at 415 nm, 566 nm, 604 nm, 643 nm, and 689
nm (Robinson et al., 2010). The NAC images corresponding to the regions of interest are
downloaded from the Lunar Orbiter Data Explorer portal (http://ode.rsl.wustl.edu/moon/). The
WAC global mosaic was downloaded from the Astrogeology Science Centre portal
(https://astrogeology.usgs.gov.). WAC Hapke-photometric normalized colour composite
mosaic (3-band image: 689 nm, 415 nm, and 321 nm) is downloaded from
http://wms.Iroc.asu.edu portal (Sato et al., 2014).

Lunar Orbiter Laser Altimeter (LOLA): The LOLA is an altimeter that flew in the LRO
mission, aimed at obtaining a high-resolution global topographic model of the Moon. LOLA
and Kaguya Terrain Camera merged DEM was generated at a horizontal resolution of 512
pixels per degree (~59 m at the equator) with ~3—4 m vertical accuracy (Barker et al., 2016).
The present study utilized both the LOLA-TC merge DEM and LOLA hillshade map to

understand the topography of the region of interest. The data were downloaded from the
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Astrogeology Science Centre portal (https://astrogeology.usgs.gov.).

Clementine: The Clementine was launched in 1994 by NASA (Nozette et al., 1994). The
Ultraviolet/Visible (UVVIS) camera aboard Clementine was designed to operate at five
wavelengths (multispectral) in the ultraviolet and visible spectrum, i.e. at 415 nm, 750 nm, 900
nm, 950 nm, and 1000 nm with bandwidths of 40 nm, 10 nm, 30 nm, 30 nm, and 30 nm,
respectively. The Clementine UVVIS warped colour-ratio mineral map was generated using
band ratios of the 750/415 nm, 415/750 nm, and 750/1000 nm, which provides better viewing
of the compositional differences (Lucey et al., 2000). The colour ratio mosaic has a resolution
of 200 meters per pixel and is utilized in the present study to delineate the distinct ray system

of the Das crater. The mosaic was downloaded from https://astrogeology.usgs.gov.

7.3.2 Methods

The surface morphology of the Das crater has been characterized using high-resolution grey-
scale images from LROC — WAC, NAC, and SELENE TC data. The NAC (55 strips) and TC
image strips were georeferenced using ArcMap software and mosaicked to obtain complete
coverage of the study area. A complementary approach was used with the LROC and TC
datasets, with which the morphology was analysed at different solar azimuth and phase angles.
The slope map is derived using LOLA-Kaguya merge DEM. The DEM merge has been used
for 3D visualization and topographic interpretation of the study area. The crater interior units
are demarcated based on similarity in surface texture, topography, and stratigraphic
relationships. The mosaic of crater cavity created using NAC images of 0.5-1 m/pixel
resolution allowed us to investigate each mapped morphological unit in greater detail. The
topographic data overlain on WAC and NAC mosaic gave us a 3D perspective of the crater
cavity units and their spatial relationship with the local topographical features. The mapping
of proximal and distal ejecta units has been carried out using a combination of datasets of the
Clementine colour ratio map, SELENE-TC images, and Hapke-normalized WAC data. Several
image enhancements are made to more clearly visualise the extent of the ejecta ray pattern.
The Clementine colour ratio image highlighted the distal rays of the crater stretching to about
hundreds of kilometers radially from the crater cavity. The Hapke-normalized WAC bands at
321 nm, 415 nm, and 689 nm were used to generate a colour composite that enhances the
compositional and albedo contrast between the underlying highlands material and the relatively
immature Copernican material (Zanetti et al., 2015). The local topographic setting of each
ejecta unit and its interaction with the pre-existing topography has been understood from the

elevation map of the region. Shaded relief maps or hillshades are prepared from LOLA-Kaguya
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DEM merge to provide a view that combines both the visible morphology and relief of the
terrain. The illumination conditions such as altitude and azimuth of a terrain can be varied in a
hillshade view to observe the same scene in different illuminations for investigating the textural
intricacies in ejecta deposits. The WAC farside images taken at a highly oblique phase angle
in the approximate range of 70° - 85° cast large shadows into crater cavities. Though this WAC
farside mosaic is not appropriate for studying morphologies of the crater cavity, it is a useful
tool for analysing textures and stratigraphic relationships of ejecta deposits around the crater.
The viewing geometry of WAC mosaic casting large shadows enhances the textural differences
between neighbouring topographic features so that the terrain which otherwise appears similar
in images where the Sun is close to the viewing sensor (when the Sun is directly overhead and
casts minimal shadows) can be readily distinguished based on their distinctive textural patterns.
We used the WAC farside mosaic at very oblique phase angles, the shaded relief map prepared
from DEM, and the mosaic generated from TC images acquired at large phase angles to
identify and characterize the different types of ejecta units in the proximal and distal deposits
of the Das crater. The TC mosaic showed the distinct textures of the crater ejecta deposits at
moderately high resolutions of 10 m/pixel. Hence, each recognizable ejecta unit was mapped
at TC resolution of 10 m/pixel, and where data gaps were present, the WAC farside mosaic of
100m/pixel resolution was utilised. QuickMap is also utilized in combination with LROC and

TC mosaics for morphology and ejecta mapping.

7.3.3 Results

The Das crater exhibits a higher topography in the western and northwestern terrain surrounding
the crater while a low-lying topography towards the eastern part (Fig. 7.3.2). The maximum
elevation of the terrain surrounding the crater is 5.4 — 6.2 km in the northwest direction, while
the lowest elevation of 2.2 — 2.5 km occurs to the east of the crater (Fig. 7.3.2b). This asymmetry
likely arose from the topography of the pre-impact terrain along the northwest to east direction
of the crater. The Das crater is excavated at the margin of the peak ring structure of the South
Pole-Aitken basin. The presence of this peak ring structure in the region, particularly the ridge-
like terrain outside the crater rim on the northwest and southwest directions, has largely shaped
the underlying terrain or the pre-impact topography in the vicinity of the Das crater leading to
the observed elevation differences and subsequent downsloping from northwest to the east (Figs
7.3.1a and 7.3.2).
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Figure 7.3.2: (A) Color LOLA-Kaguya DEM marge of the Das crater showing the elevation
differences in the region. (B) The topographic profile across the line is shown in the inset image.
The inset image is the WAC mosaic of the Das crater.

The slope of the crater is such that the wall slopes greater than about 40° from the horizontal plane

are shown in shades of orange and red, while the terrain with slopes of less than about 15° from
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the horizontal plane is depicted in shades of green (Fig. 7.3.3a). The steep slopes are observed
along the inner wall of the crater. The geomorphic units occurring interior and exterior to the crater
cavity are discussed separately in the following section. In the crater cavity, the distinct
geomorphic units have been mapped and characterized based on the observed surface texture,
albedo, topographic setting, and surface slope (Fig. 7.3.3b-c). Within and exterior to the crater
cavity, the distribution of the ejecta and its interaction with the pre-existing topography has also
been examined. Further details about each mapped unit and its topographical and morphological

characteristics are discussed in the following section.

7.3.3.1 Geomorphic units interior to the Das crater cavity

Broadly, the morphology of the Das crater can be divided into ejecta deposits, outermost crater
rim region, crater wall region with slump terraces, and the flat floor with a central peak (Fig.
7.3.3b). The observed morphology, typical of lunar complex craters, is a function of crater
degradational processes with time (Head, 1975). The crater rim is an elevated crest bordering the
outer edge of the crater wall to the interior and the innermost edge of the radial ejecta blanket
exterior to the crater, impeccably encircling the transient crater cavity (Fig. 7.3.3a). The rim-to-
rim diameter of the crater is approximately 38 km. A slight outward bulge to the western half of
the crater is apparent (Fig. 7.3.3b). The overall crater morphology shows a downsloping from

southwest to northeast directions (Fig. 7.3.3b).

7.3.3.1.1 Crater rim and terraced walls

The rim of the crater is roughly circular and scalloped in planform and uplifted relative to the
surrounding terrain (Fig. 7.3.3b). The western rim appears to be slightly expanded as opposed to
the eastern rim having an almost trimmed outcrop to a straight extent (Fig. 7.3.3b). The sharp
undegraded edges of the rim crest are a clue to the crater modification processes not earlier than
hundreds of million years. The rim crest is highest (5290 km) to the northwest of the crater and
lowest (2841 km) to the southeast direction (Fig. 7.3.2). The rim-to-rim elevation difference across
the crater equals about 2.44 km, thus sloping from the northwest to the SSE direction of the crater
(Fig. 7.3.2). The complex craters form as a result of the collapse of the initial transient crater
(Melosh, 1999). The gravitational stability lessens with an increase in the size of the transient
crater (Melosh, 1977; 1982; 1989; Pike, 1980b). In such cases, rimmed depressions larger than a
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Figure 7.3.3: (A) Colour-coded slope map of the Das crater derived from LOLA-Kaguya DEM
marge. (B) LOLA hillshade view of the Das crater showing the major geomorphic units in the
crater. The red arrows point to the slumped hillocks on the floor, while yellow arrows denote the
wall terracing. (C) Detailed geological map of the Das crater showing the distinct geomorphic
units interior to the crater cavity.

threshold size undergoes local collapse and modifies the initial transient cavity to develop into the
final crater with a central peak, terraced wall, and flat floor (Dence et al., 1977; Melosh, 1989).
The slumping of the inner wall towards the interior during transient crater collapse causes a steeper
slope near the rim and reduces the crater rim height as the initial rim slides down to the interior
crater cavity (Horz et al., 1991; Smith and Sanchez, 1973).

The crater wall is the steeper, downward-sloping region between the rim and the floor (Fig. 7.3.4a-
b). The wall slopes consist of the coalesced scarp (steep-sloped) and tread (gentle-sloped) system
known as terraces that appear as a wreath of alcove close to the inner edge of the rim (e.g., Croft,
1985a) (Fig. 7.3.4). The scalloped walls develop as a result of the slumping of masses of rocks and
regolith onto the crater floor during crater modification (Smith and Sanchez, 1973, Horz et al.,
1991). The slope of the terraced wall ranges from 15° to >40°, with the most steepness (>40°-80°)
in the scarp regions encompassing the crater wall (Fig. 7.3.3a). The total surface area of the crater
wall is nearly 936 km? The dimension of the down-sloping crater wall varies vividly, with the

rim-to-floor elevation ranging between ~5000-1800 m and ~3000-377 m in the northwestern and
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eastern parts, respectively (Fig. 7.3.2). The rim-to-floor elevation difference is relatively lower in
the northeastern direction (3810-529 m) against an elevation between ~4161-650 in the SSW wall
of the crater (Fig. 7.3.2).

Figure 7.3.4: (A) TC mosaic of the western section of the Das crater. The yellow arrow points to
the slump hillocks. (B) The wall terraces are mapped (brown shades) on the LOLA hillshade view
of the Das crater. (C) Enlarged view of the white rectangular box in Fig. 7.3.4A. The terraces on
the western inner wall are shown. (D) Terraces on the inner wall grading narrower, closely spaced
faults towards the crater centre.

The scarp and tread system is generally interlaced by faults that occur when two adjacent blocks
of rock are displaced relative to each other. The LOLA hillshade view (vertically exaggerated by
a factor of 1.5) of the Das crater shows the sharply defined scarp system of the inner wall and the
intervening gently sloped regions, more prominent towards the southwest and northwest of the

crater (Fig. 7.3.4c). The terracing of the wall is not well-pronounced on the eastern wall (Fig.
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7.3.4b). Terraces progressing to the centre of the crater become narrower and grade to closely
spaced faults compared to the wider tread and higher scarp near the rim crest (e.g., Pearce and
Melosh, 1986) (Fig. 7.3.4d). The rim collapse and wall terracing have widened the crater producing
an outward bulge towards the western half of the crater while the steepness of the wall near the

eastern rim increased (Figs 7.3.2 and 7.3.3a).

Figure 7.3.5: (A) TC mosaic of the western section of the Das crater shows impact melt deposits
on the wall and floor. The yellow arrows point to the melts pooled within topographic lows in the
western wall. (B-C) Melt lobe identified on the wall terrace. (D) Melt platform on the crater floor.

Irregular massive slumping features are observed towards the base of the wall close to the outer
boundary of the crater floor (Fig. 7.3.4a). The massive slumps form heaps of slumped material that
appear to have slid along the western wall and piled up as hillocks or large mounds adjacent to the
base of the terraced wall (Fig. 7.3.4a). The slumped blocks partially bound the floor unit in the
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west of the crater cavity (Fig. 7.3.4a-b). Impact melts appear to have engulfed the underlying
rock/regolith in the inner wall regions and later cooled to form extensive melt sheets, identified as

melt fronts and/or flow lobes in several locations along the slopes in terraced walls (Fig. 7.3.5).

Figure 7.3.6: (A-G) Impact melt flow fronts identified along the western and eastern inner wall
slopes. (E & G) The enlarged view of the yellow rectangle in Figs 6D & F, respectively.
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The impact melts are believed to have been generated as a result of a large amount of projectile
energy being partitioned into the target material during the impact event (Dence, 1971; Hawke and
Head, 1977; Melosh, 1989). The generated impact melt can pool in the crater floor, terraces, region
outside the crater cavity or flow down the slopes outside the rim (e.g., Ashley et al., 2012; Dhingra
et al., 2014; Kruger et al., 2016; Dhingra et al., 2017 (Figs 7.3.5 and 7.3.6).

Figure 7.3.7: (A-J) The fractured impact melt deposits identified on the sloping wall of the Das
crater. Melt waves can be seen in Figures 7.3.7C, F, and J. (F) The enlarged view of the region
inside the yellow rectangle in Fig. 7.3.7E. (K) The boulders eroded out of the fractured impact
melt deposits and reached the adjoining floor. (L) The enlarged view of the area inside the yellow
rectangle in Fig. 7.3.7K. The tumbled boulders can be seen lying along the wall-floor boundary.
(M-0O) Fractured impact melt deposits with boulders distributed on its margins. (N) The enlarged
view of the region inside the yellow rectangle in Fig. 7.3.7M.
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Very often, the impact melts flow down the slopes of the inner wall to form flow fronts resembling
melt waves as it cools in time (e.g., Bray et al., 2010; Plescia and Spudis, 2014; Dhingra et al.,
2015) (Fig. 7.3.6). The impact melt deposits in the Das crater are identified by their smooth surface
texture and low albedo (Fig. 7.3.5). The melt flow fronts or melt waves are identified by an
interruption in slope across the flow front, attaining a zigzag margin (Figs. 7.3.6 and 7.3.7). The
flow fronts are profuse in the downslopes of the melt-covered eastern inner wall (Fig. 7.3.7).
Abundant boulders (~3-15 m across) that appear to have eroded out of the fractured impact melt
deposits are dispersed along the margins of the downsloping-melt fronts across the eastern wall
(Fig. 7.3.7a-1). These boulders are often tumbled downslope by gravity to arrive at the adjoining
floor plains (Fig. 7.3.7k-n). The melt appears to have flowed down the scarp slopes in the
northwestern wall to arrive at the tread further down, where it eventually cooled down to form
branched flow lobes filling a total surface area of ~5.4 km? (Fig. 7.3.5a-c).

The melt ponds are characterised by smooth low-albedo deposits in topographically low lying
areas or gently sloped surfaces (Fig. 7.3.8). In the 0.5m/pixel NAC scale, eight melt pools are
found in the crater interior. Ponds of cooled impact melt deposits pooled and later solidified in the
plains of wall terraces are evident in the NAC scale (Fig. 7.3.8). The smooth impact melt deposits
exhibit curvilinear cracks or fractures across the terrace slopes (Fig. 7.3.8c-d). Such cracks in
impact melt deposits would have been developed as a result of a change in volume as the melts
solidified (e.g., Xiao et al., 2014).

Impact melt breccia containing rock or mineral fragments in a matrix of crystalline impact melt
are ubiquitous in the terrace walls (Fig. 7.3.8g-1). In the melt breccia, the boulders of size varying
from <10 m to >100 meters appear partially buried with some edges protruding outward (Fig.
7.3.8g-h). These boulder fragments are most likely the clasts from the target rocks picked up by
the impact melts while moving along the crater wall. The weaving boulder trails created when
boulder fragments rolled or tumbled down the slopes to leave tracks behind are visible on the

terraces along the walls (e.g., Kumar et al., 2016) (Fig. 7.3.81).

The slumped hillocks at the base of the western wall are draped by smooth impact melt deposits
(Fig. 7.3.9). The innermost margins of the wall and the top portion and flanks of the slumped
blocks adjacent to the western floor exhibit fractured impact melt developed due to stress that
formed the cracks as melt cooled (Fig. 7.3.9d-e). Also, the flanks of the slumped blocks sloping
towards the crater floor are covered to a greater degree by clusters of boulders eroded out of the
melt deposits over time (Fig. 7.3.9f and h). The boulders could also have resulted partly from the

later impact cratering activity over the slumped blocks (Fig. 7.3.91).
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Figure 7.3.8: (A) Locations of the melt ponds identified in the crater. (B-F) The smooth melt

ponds on the wall terraces. (G-I) Melt breccia melt on the inner wall of the crater. The white arrows
in Fig. 7.3.8I point to the boulder trail.
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Figure 7.3.9: (A) Locations of the slump hillocks. (B) Enlarged view of the slump hillock on the
crater floor. (C-E) Fractured impact melt deposits on the slump hillock surfaces. Eroded boulders
at the margins are visible. (F) Eroded boulders are reaching the adjoining floor of the crater. The
slope of the flanks is towards the bottom left. (G) Cooling cracks on the melt-draped hillocks. (H)
Heaps of wall slumps on the northwestern edge of the floor. (I) Small superposed impact crater at
the summit of the slump hillock is marked using the yellow arrow.

7.3.3.1.2 Crater floor-Lower Hummocky unit and Elevated Hummocky unit

The floor region is the bottommost part of the crater extending from the inner edge of the wall-
terrace block to the centre of the crater, with a total surface area of ~270 km? (Fig. 7.3.10). The
crater floor consists of characteristic geologic features representative of crater modification
processes. The floor region is marked by a relatively smooth and uneven terrain covered in

extensive melt sheets interspersed with several distinct, nearly circular uprisings often bunched
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together (Fig. 7.3.10a-b). The geomorphic units in the floor are subdivided into an elevated
hummocky floor, a lower hummocky floor, and an elevated melt platform based on topographic
and surface textural variations (Figs 7.3.5a and 7.3.10a-c). The elevated hummocky floor (~919 —
1259 m) and the lower hummocky floor (~462 — 919 m) units exhibit a hummocky texture, which
is a type of texture commonly seen on the floors of lunar craters except for the largest basins
(Cintala and Grieve, 1998) (Fig. 7.3.11). The hummocky texture of the elevated and lower
hummocky units is defined by the presence of several domes or boulder-type clasts of size varying
from ~100-2000 m embedded in the extensive impact melt sheet (Figs. 7.3.11b-g and 7.3.12). The
elevated hummocky unit covers a total surface area of ~170 km?, while the lower hummocky unit
appears to occupy a fairly lesser spatial extend of ~85 km?. The average slope of the hummocky

floor is less than 6°.
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Figure 7.3.10: (A) Color-coded DEM of the crater floor overlaid on the hillshade of the Das crater.
(B) NAC mosaic of the hummocky floor units in the crater. (C) The 3D view of the floor section
of the crater. The white polygon marks the approximate boundary of the lower hummocky unit,
while the black polygon demarcates the elevated hummocky terrain. (D) Topographic profile
across the line shown in Fig. 7.3.10B. EHF: Elevated Hummocky Floor, LHF: Lower Hummocky
Floor.

The impact melts appear to have draped over the megaclasts seen in the hummocky units (Fig.

7.3.11d-g). The domical structures in the hummocky floor are likely developed by welling up the
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target clasts by impact melts. The blocks or clasts in the hummocky units do not protrude from
underneath the impact melt nor appear to lie completely above the impact melt. Rather they are
embedded in the impact melt such that the lower parts or toes of the blocks from disintegrated
target materials disaggregate to form hummocks and clasts, which may or may not be digested by
the overlying impact malt depending on the volume and thickness of the impact melt lining the
crater cavity (Cintala and Grieve, 1998) (Fig. 7.3.12).

L036km ' 40Tk hE RS

Figure 7.3.11: (A) NAC mosaic of the Das crater floor shows the hummocky unit marked by the
yellow polygon. Surface morphology of the elevated hummocky unit (B) and lower hummocky
unit (C) in the crater floor. (D-F) Showing the circular uprisings or mounds in the hummocky floor.
(G) Fractured impact melt deposits and eroded boulders on the top of a mound on the hummocky
floor.
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The hummocks are smaller in size (~160 — 200 m) to the northern part of the floor while more
pronounced (~1 km in size) and clustered to the southern and western parts (Figs 7.3.11a-c and

7.3.12). The fractured impact melt deposits are seen on the top and flanks of the domes on the
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hummocky floor (Fig. 7.3.11g). The clusters of boulder-sized fragments (~3—30 m across) are
distributed over, mainly on the brinks and flanks of the melt-swathed domes in the hummocky
floor (Fig. 7.3.11f-g). These boulders could be the weathered products of the solidified melt.
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Figure 7.3.12: (A) NAC mosaic of the crater. The yellow rectangles represent the locations of the
domical structures identified in the crater floor. (B-F) NAC mosaic displaying the domes in the
elevated hummocky floor. Fig. 7.3.12C shows the topographic profile across line A-B in Fig.
7.3.12B. (G-O) NAC mosaic showing the domes identified in the lower hummocky floor.

202



The near-parallel concentric cooling cracks are visible features on the hummocky floor, mostly
towards the margins adjacent to central mounds as well as the inner wall (Fig. 7.3.13). The cooling
cracks are formed due to uneven cooling of the impact melt in which the surface of the cooling
melt quickly cools than the still-molten flows underneath, promoting crack formation on the
exterior part (Xiao et al., 2014).

Figure 7.3.13: (A) NAC mosaic of the crater interior. The yellow rectangles represent the locations
of the cooling cracks identified in the crater floor. (B-F) Enlarged views of the cooling cracks in
the northern and southern sections of the hummocky floor.

The lower hummocky unit appears to have been a collapsed or subsided slab of the initial crater
floor (Fig. 7.3.14). The low elevation of this eastern unit has likely resulted from the differential
subsidence of the initial floor as the melt column begins to cool down during crater modification
processes (Dhingra et al., 2016). Several curvilinear channels of the order of ~10 km running along
N-S align with the initial floor adjacent to the innermost margin of the eastern wall that currently
stands slightly above the lower hummocky unit formed subsequent to subsidence (Fig. 7.3.15a-f).
The channels could originally be grabens developed during floor readjustments (e.g., Sruthi and
Kumar, 2014).
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Figure 7.3.14: (A) LOLA hillshade view of the crater interior. The colour-coded DEM
encompassing the elevated and lower hummocky floor units is overlaid. The red-orange shaded
region represents the lower hummocky floor, while the green regions belong to the elevated
hummocky floor. (B) The topographic profile across line A-B in Fig. 7.3.14A. (C) Colour-coded
DEM of the eastern floor region. The black dashed polygon marks the region of floor subsidence
during the crater modification stage. The dark red regions inside the black polygon denote the
plane where subsidence has taken place, while the faded yellow regions represent the elevated
floor unit. (D) 3D representation of the NAC mosaic manifesting the subsided floor resulting in
the elevated hummocky floor and lower hummocky floor. The arrows point to the boundary
between the inner wall and the elevated hummocky floor. The white dashed line represents the
boundary between the elevated and lower hummocky floor units. (E) The diagram illustrates the
perspective described in Fig. 7.3.14E. (F-G) The topographic profile across lines A-A’, B-B’, and
C-C’ in Fig. 7.3.14C. The profiles show the elevation differences across the region where floor
subsidence has taken place.

It is also plausible that the structural failure along weaker planes of the crater in the modification
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stage could have resulted in floor subsidence and the observed elevation differences between lower
and elevated hummocky units (Dhingra et al., 2016). However, it is to be noted that the elevated
hummocky unit lying towards the WSW of the floor is shaped largely by the heaps of slumped
wall blocks (Figs 7.3.3b and 7.3.4a). The large-scale collapse of the western wall that prompted
the wall blocks to slide down and pile up on the neighbouring floor region might have created the
elevated platform-like terrain seen on the western half of the crater cavity (Figs 7.3.10a and ¢ and
7.3.14). A practical explanation could be that a combination of the processes mentioned above

could have played a role in the observed elevation differences in the floor section of the crater.

Figure 7.3.15: (A) NAC mosaic of the crater interior. The yellow dashed polygon outlines the
location of the grabens. (B-F) NAC mosaic of the intersecting grabens trending NW-SE along the
elevated and lower floor regions. The inset image in Fig. 7.3.15C shows the topographic profile
across (graben), i.e., line A-B in the figure. (G) LOLA hillshade view of the crater interior overlaid
with colour-coded DEM of the floor region, showing the elevated terrain (black dashed polygon)
comprising the melt platform in the western section of the floor. The region (black polygon)
encompassing the melt platform appears to be an elevated terrain (yellow-green shades) from the
surrounding floor region (towards the eastern part of the floor). (H) TC mosaic showing the
elevated terrain with melt platform (marked by white dashed polygon). The inset NAC image
shows the cooling fractures seen at the periphery of the melt platform.
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Further towards the northwestern margin of the crater floor occurs a smooth and relatively flat
elevated platform (~1667 - 1995 m) that stands above the surrounding hummocky floor (Fig.
7.3.15g-h). The platform is surrounded by wall slumps except to the east, where it is extending to
the summit of central mounds (Fig. 7.3.15g-h). Impact melt deposits peppered with irregular
uprisings or blocks ranging between ~50 m to 360 meters occupy the smooth platform (Fig. 7.3.5a
and d). This melt platform has slopes of 0° — 4.4° and covers a total surface area of roughly 15
km2, only 6% of the total area of the adjacent hummocky floor units. Curvilinear fractures are
present near the northern margin of the melt platform, bunched together in a near parallel
orientation with an average width of 220 m (Fig. 7.3.15h). The observed melt platform is a part of
the larger picture in which a distinct elevated platform-like terrain is formed on the western half
of the crater cavity as a result of wall collapse and subsequent slumping during the crater
modification stage. The upliftment that took place during the formation of central mounds has also
contributed to this elevated section on the west of the crater cavity. The morphology of central

mounds is discussed further.

7.3.3.1.3 Central mounds or peaks

The central peak is defined by the isolated hillocks that typically lie at the centre of the crater
cavity, often coalesced to form central mounds (Pike, 1980a; Melosh, 1989). The term central
mounds would fit the context of the Das crater, wherein a distinct group of irregular hillocks of
varying dimensions is located with a slight offset to NNW from the centre of the crater cavity (Fig.
7.3.16a). The central mounds are formed due to the rebound of the crust as the high pressure
imparted to the target rock during projectile impact causes it to behave like plastic until it bounces
back in a few seconds (Grieve et al., 1981; Melosh, 2011). The gravitational collapse of the crater

walls could also give momentum that aids in uplifting material in the centre (Melosh, 2011).

The summit of the central mounds is at an elevation of about 1100 m above the melt platform (Fig.
7.3.16b). The central mounds are covered with solidified impact melts identified as flow fronts
and fractured melt deposits on the brinks and downsloping flanks (Fig. 7.3.16¢). In addition, the
flanks of the mounds are largely degraded to give rise to the boulders that perched over downhill
and often rolled down to come to a stop at the plains of the adjoining floor (Fig. 7.3.16¢).

Sometimes, the nearby cratering events contribute to the large boulders at the summit.

The bedrock exposures are also identified on the brinks of the mounds, exposed possibly by
degradation of the draped impact melt sheet (Fig. 7.3.16d). The boulders following the possible
bedrock outcrop down the hill could be eroded out of the bedrock itself, making them potential

sampling material representative of deeper crustal rocks. The flow of impact melt deposits
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downhill from the summit has carved multiple channels near the base along the northeastern
boundary of the mound (Fig. 7.3.16e-f). Further, the impact melts that appear to have been sourced
from the melt platform have drained down the east-facing slopes of the mounds (Fig. 7.3.16f).
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Figure 7.3.16: (A) NAC mosaic shows the central mounds of the Das crater. The inset image
shows the location of the central mounds (yellow rectangle) in the crater interior. (B) The
topographical profile across line A-A’ in Fig. 7.3.16A. (C) NAC mosaic showing the melt fronts
on central mounds. The weathered boulders are seen along the downsloping flanks. The white
arrow denotes the slope direction. The white dashed line marks the margin of the mound with the
surrounding floor region. Several bounders weathered out of the melt sheet appear to have fallen
the slopes and settled at the base of the mound. (D) The flanks of the central mounds with bedrock
exposures (purple arrow). (E) NAC mosaic shows several intersecting channels trending NW-SE
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near the base of the central mound. The white dashed line demarcates the base of the mound. (F)
NAC mosaic shows a prominent channel near the base (to the northeastern part) of the mound.
The black arrow denotes the slope direction. The black dashed line denotes the region separating
the mound and basal platform comprising the channel. (G) The topographic profile across line B-
B’ in Fig. 7.3.16F, showing the cross-section of the channel. (H) NAC mosaic showing the path
of flows along the flanks of the mound. The yellow arrow points to the downsloping direction. The
white arrows denote the path of the flows. The white dashed line demarcates the base of the mound
from the surrounding floor region.

7.3.3.2 Identification of the distinct ejecta facies and their distribution both

interior and exterior to the crater cavity

The hypervelocity high energy impact causes excavation of a cavity (transient crater cavity) which
causes the displacement of surface and sub-surface materials in the vicinity of the impact event
(Oberbeck, 1975; Osinski et al., 2011; Melosh, 2011). Sub-surface material, approximately one-
third of the transient cavity depth, is excavated (thrown out of the cavity) while the remaining is
displaced downward (Melosh, 1989; 2011). The excavated material is thrown out of the parent
crater as vapour phase, fluidized form, and solid-phase ejecta (Oberbeck, 1975; Morse et al., 2018;
Morse et al., 2021). The pressures and temperatures at which the target material is vaporised
depend on the composition of the target, and the volume of vapour generated depends on the area
exposed to shock pressures sufficient to vaporise the target (Melosh, 2011; Osinski et al., 2019).
The fluidic phase of ejecta corresponds to the shocked melt generated as a consequence of the
impact event. In contrast, the solid phase ejecta corresponds to the high-velocity spall fragments
ballistically transported along a projectile trajectory subject only to retardation by Moon's
gravitational acceleration (Oberbeck, 1975; Melosh, 2011). The ejecta deposits surrounding
impact craters consist primarily of breccias containing a varying fraction of such fragmental,
shocked and melted debris depending on target properties, impact parameters, and distance from
the impact crater (e.g., Dence, 1971, Cintala et al., 1977; Horz et al., 1983).

The extent to which ejecta from a particular crater spreads depends on its diameter (Stoffler and
Grieve, 2007). Larger-sized craters exhibit a more spatially extensive ejecta field than smaller
diameter craters (Moore et al., 1974). Based on their spatial extent, the ejecta field of the crater
can be divided into two categories, the continuous (proximal) ejecta blanket and the discontinuous
(distal) ejecta blanket (Melosh, 1989). By definition, the continuous and discontinuous ejecta
blanket is differentiated based on the presence or absence of continuity in ejecta deposition.
Whereas the continuous ejecta blanket is defined to be the portion of the ejecta blanket where the
overlying ejecta deposits completely cover or drape the underlying pre-impact topography, the

discontinuous ejecta blanket is considered to be the region where the ejecta deposition occurs as
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patchy or irregular material, very often manifested as circular or elliptical depressions (secondary
craters) (Melosh, 1989). The continuous ejecta completely drapes the underlying terrain and is
composed of larger, slower ejected materials, while the discontinuous deposits form from the

smaller, faster-ejected materials; both are deposited by ballistic sedimentation (Oberbeck, 1975).

7.3.3.2.1 Continuous and Discontinuous ejecta

The continuous ejecta blanket occurs proximal to the parent crater as sufficiently large volumes of
ballistically transported ejecta touchdown the pre-existing terrain to deposit as a contiguous
blanket (Oberbeck, 1975; Osinski et al., 2011) (Fig. 7.3.17a and b). The proximal ejecta is located
within five crater radius from the rim and comprises 90% of the total emplaced ejecta (Stoffler and
Grieve, 2007). The emplaced ejecta form thick blankets closer to the crater rim and progressively
degrade to thinner deposits farther from the crater (Melosh, 1989). The discontinuous or distal
ejecta is located concurrently or beyond the extent of the continuous ejecta blanket at distances
greater than five crater radius from the rim (Melosh, 1989; 2011; Horz et al., 1991) (Fig. 7.3.17a
and b). The appearance of discontinuous ejecta is marked by the presence of patchy and irregular
deposits often manifested as radial chains of quasicircular depressions or elongated grooves
(Melosh, 1989; Morse et al., 2018; Morse et al., 2021) (Fig. 7.3.18a). The fallback of the
ballistically transported material ejected from the parent or primary crater in solid-phase results in
these pit-like depressions referred to as secondary craters much smaller in size and with rims
having a chevron-like shape (>) pointed towards the parent crater (Melosh, 1989). These often
occur in clusters (with groupings of 2-3 being very common) oriented radially to the parent crater.
The craters in the chains of secondary craters are so closely spaced to appear as a single elliptical

trough or a groove embedded on the surface (Fig. 7.3.18a-marked by black dotted lines).

The pulverized materials from the crater often form bright radial rays around the crater (Hawke et
al., 2004). The discontinuous or distal ejecta of the Das crater is primarily marked by these distinct
rays, which are wispy, filament-type structures having a high albedo (Fig. 7.3.17a and b). The
higher albedo of rays is caused by the presence of crystalline silicate materials and/or fracturing
of the already present agglutinates in the regolith (Heiken et al., 1991). Though the ray system of
the crater is one of the faintest among the category of Copernican craters, a distinctive ray pattern
is evident on all sides of the crater except the northeast (Fig. 7.3.17a and b). In the WAC colour
composite image, the crater rays are discerned fairly well and are seen to touch the Apollo basin
ring, which is around 224 km away (to the SW) from the Das crater in a radial direction (Fig.
7.3.17b). Based on our observations, the ray system of the crater has been divided into two

categories. One is the most definitive, distinct ray system closer to the crater, and the other is the
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Figure 7.3.17: (A) Hapke WAC mosaic shows the Das crater and its ejecta rays on the
equidimensional surface of the lunar farside. (B) Hapke WAC colour ratio image displaying the
bright ejecta rays (Bright blue) of the Das crater. The approximate extents of the contiguous (Black
solid lines) and discontinuous ejecta (Black dashed lines) are delineated. The prominent rays are
marked in dotted black, fainter ones in grey. Discernibly different Crater rays of Chebyshev Z are
marked in dotted red.
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Figure 7.3.18: (A) LOLA DEM of the region surrounding the Das crater. The SPA basin rings
pass through western to southern parts of the crater, extending through to the Mariotte and Das G
craters. The southeastern and northeastern parts of the Das crater are relatively low-lying, with
several older craters and secondary grooves of Orientale ejecta (marked by black dashed line). (B-
C) WAC farside mosaic showing the enlarged view of the Das crater, highlighting the western
section wherein the remnant ridge (pointed by arrows) of the SPA ring is seen.

fainter, less definitive one away from the crater (Fig. 7.3.17a and b). Often, parts of the same ray
degrade into faint wisps at increasing distance from the crater (Fig. 7.3.17a and b). Certain rays
are observed to span the greatest radial distances from the crater rim in the southeastern and the
northwestern directions, reaching about 225 km and 307 km, respectively. The prominent rays are
represented by dotted black lines, whereas grey lines denote the fainter rays (Fig. 7.3.17b). The

most prominent rays are distributed in all directions except the NNE and eastern quadrants of the
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crater (Fig. 7.3.17a and b). The fainter rays appear to extend predominantly in the northwestern
and southeastern quadrants of the crater. Nevertheless, limited occurrences of fainter rays could
be observed in the southern and southwestern directions, with the longest ray reaching as far as
380 km (Fig. 7.3.17a and b). It is observed that the prominent rays eventually fade to appear as
fainter rays with increasing radial distances from the crater (Fig. 7.3.17b). Another small
Copernican crater, Chebyshev Z, 5 km in diameter, is seen to the southeast of the Das crater,
distinguished by its bright ray system and exposures of fresh, immature material depicted in bright
blue (Fig. 7.3.17b). The prominent rays of Chebyshev Z are marked in dotted red, and a very
significant overlap is seen between rays of the Das crater and Chebyshev Z towards the southeast
of the Das crater (Fig. 7.3.17a and b).

The continuous ejecta gradually transitions into discontinuous ejecta, marked by the appearance
of patchy, irregularly deposited material, partially covering the underlying terrain. Some craters
exhibit a distinct herringbone pattern within their ejecta deposits. Though the boundary between
the continuous and discontinuous ejecta is subjective, a herringbone pattern is commonly
interpreted to mark the boundary between continuous and discontinuous ejecta (Melosh, 1989;
2011). The herringbone pattern is characterised by the presence of several interlocking chevrons
(incomplete triangles with just the apex point and the two adjacent sides). A herringbone—type
pattern is commonly associated with secondary crater chains of the discontinuous ejecta where the
individual crater rims of each of the secondary craters form V-shaped ridges pointing back towards
the parent crater. Since the herringbone ridges occur exclusively in the distal ejecta or the
discontinuous ejecta blanket, their presence can be used to determine the presence of the
discontinuous ejecta blanket. Hence, the appearance of a herringbone pattern is used in conjunction
with the appearance of patchy deposits through which the underlying terrain is visible. These
patchy deposits display a distinct morphology, such as radial chains of molten material or radially
oriented deposits of other textures that can unambiguously be interpreted to have draped over the
surface. When interpreted in conjunction with the herringbone pattern, these patchy features can
more reliably be used to interpret the approximate boundary between the continuous and
discontinuous ejecta blanket (Melosh, 1989; 2011).

Based on the distinct nature of ejecta deposits and surface texture, their occurrence with respect to
the radial distance from the crater, spatial extent and distribution pattern in equipotential surfaces,
and interaction with the local topographic features, including the terrain slope, the continuous and
discontinuous ejecta deposits of the Das crater are mapped into distinct ejecta facies (Fig. 7.3.19a).
‘Facies’ represents an ejecta unit with specified characteristics in terms of its surface texture,
pattern, and nature of the deposition. Each ejecta facies unit has been identified and mapped using

a combination of datasets discussed in section 2.2, i.e., the WAC farside mosaic at very oblique
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phase angles, the LOLA shaded relief map, and a mosaic of Kaguya TC at large phase angles. Our
mapping efforts have identified four distinct ejecta facies of the Das crater: Facies A, Facies B,
Facies C, and Facies D (Fig. 7.3.19a).

The deposition of each of these facies units in and around the Das crater is largely controlled by
the local topographic variations of the terrain. As discussed earlier, the underlying terrain or the
pre-impact topography in the region surrounding the Das crater is dominated by the presence of
the degraded peak ring structure of the South Pole-Aitken basin (Fig. 7.3.18). Additionally, the
Das crater is located in the farside highlands region, and several older craters of comparable
dimensions are located in its vicinity (Fig. 7.3.18b-c). The pre-impact topography of the Das crater
is shaped by several such older craters of varying sizes and shapes, which enhances the interaction
of impact ejecta of Das crater with the surrounding topography and results in non-uniform
distribution of the impact ejecta (Fig. 7.3.18b-c). Topographically, a ridge-like feature (thought to
be the degraded peak ring of the SPA basin) extends from the WNW part of the crater through to
the nearby craters Mariotte and Das G (Fig. 7.3.18). To the SE and NE directions lies a relatively
low-lying topography widely disrupted by impact craters and elongated depressions appearing to
be secondary grooves from a previous larger impact, likely the Orientale impact (Morse et al.,
2018) (Fig. 7.3.18). The description of each ejecta facies unit and its interaction with the

encountered topography has been discussed further.

i) Facies A

Facies A is characterised by a chaotic, churned surface showing distinctive radial striation-type
texture composed of curvilinear ridges and grooves emanating from the crater rim (Fig. 7.3.19b-
d). This unit extends in all directions from the crater rim but at varying radial distances (Fig.
7.3.19a). The lineation type texture grades to a more chaotic terrain and radial striations away from
the crater rim (Fig. 7.3.19e-f). The striations are more clearly seen farther from the crater in places
where the chaotic terrain is not present. In Fig. 7.3.19f, the Facies A deposits to the northeast of
the crater display smooth radial striations near the rim, which grade to a churned deposit (muddy-
like) away from the rim in a radial direction. The near-rim deposit has blanketed the eastern slope
of the Orientale groove, while the western slope of the groove exhibit the distinct muddy-like
deposit (Fig. 7.3.19¢ and f). It is interpreted that the ballistic ejecta thrown in radial directions hit
the western slope of the groove, where the fallen ejecta flowed down the slopes to form the deposit
with a mud-splashed pattern (Fig. 7.3.19e-f). The deposition of radial facies here has followed the
topography of pre-existing terrain in the region (Figs 7.3.18 and 7.3.19e-f). The presence of
radially linear facies extends to greater radial distances in certain directions (Fig. 7.3.19a). The

Facies A deposits spreading beyond the rim have the greatest radial extents to the southeastern and
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Figure 7.3.19: (A) Ejecta facies map of the Das crater, overlaid on WAC farside mosaic. (B) SW
part of the crater displaying the radial striations of the Facies A ejecta. (C-D) Facies A ejecta
appears as radial ridges and troughs intertwined in a chaotic terrain to the SE of the crater. (E) The
distinctive pattern of Facies A ejecta to the north and northwest of the crater. The red rectangle
shows the region of radial striations grading to a distinct mud-splashed pattern. (F) Enlarged view
of the region inside the red rectangle in Fig. 7.3.19E, showing Facies A ejecta to the northwest of
the crater. The churned surface corresponding to the western slope of the Orientale groove is
visible. (G) Facies A ejecta to the northeast of the crater. The shadowed regions represent the
cavities or part of the Orientale grooves. The red rectangle marks the maximum extent of Facies
A. Beyond this, the radial facies are absent (marked by the yellow rectangle). (H) Colour-coded
DEM view of the same perspective as in Fig. 7.3.19G, showing the Orientale grooves to the
northeast of the crater. The inset image shows the WAC view of the cavity in Fig. 7.3.19G. (I)
Enlarged view of the region covering the radial facies to the northeast of the crater.
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northwestern quadrants of the crater, reaching approximately 87 km and 102 km, respectively (Fig.
7.3.19a). In the southwestern and northeastern directions, the deposit reaches maximum radial
distances of approximately 35 km and 23-68 km (Fig. 7.3.19a). These ejecta deposits are observed
to have draped the underlying terrain entirely in all directions of the crater (Fig. 7.3.19).

The deposition of Facies A also appears to have partly or completely modified the pre-existing
topography or rather been influenced by the pre-existing morphology of the terrain surrounding
the Das crater, including the topographic lows and highs such as older crater floors, rims, and
remnants of SPA peak ring’ ridges (Fig. 7.3.19e-f). Fig. 7.3.19g-h shows the Facies A unit spread
out to the NNE quadrant of the crater. In the figure, the well-defined, sharp rim of the Das crater
is visible towards the bottom of the image, and a smooth surfaced region is visible to a radial
distance of about 5 km from the rim. Beyond the radial extent of this surface, a chaotic terrain
marked by a combination of linear striations and irregularly shaped blocks of varying sizes is seen
(Fig. 7.3.19g). Using an image with high phase angles in the range of 70 — 85 degrees adds to a
visual advantage in this scenario as the distinctive nature of the shadows in the chaotic terrain
reveals important information regarding the nature of the material in the ejecta deposits of Facies
A (Fig. 7.3.191)., e.g., if the shadows in the chaotic terrain were approximately circular, these could
have been circular depressions or circular uplifts in the terrain stratigraphically younger than the
ejecta deposits of Das crater. Since the planform of the shadows is irregular in appearance, these
cannot be circular depressions that are younger than the formation of Das crater, as in that scenario,
the planform of the craters would be preserved and not cross-cut by the ejecta deposits of Das
crater (Fig. 7.3.19g). Thus, a few of the regions that cast a shadow in the chaotic terrain could be
craters older than Das crater, while a few of them could be irregularly shaped ejecta blocks
excavated from Das crater cavity. Red circles are older craters, while yellow circles might be
irregular blocks ejected from the crater cavity (Fig. 7.3.191). Several fresh craters younger than the
Das crater are also seen in the image marked by the presence of sharp undegraded rims,

significantly well-defined relative to the ejecta blanket of the Das crater (Fig. 7.3.191).

Another point of interest is a marked absence of radially linear striations or any other pattern
overlying the highland surface (approximately the image area demarcated by a yellow rectangle)
(Fig. 7.3.19g). The area in the yellow rectangle also shows up in Clementine colour ratio image
and the colour composite image generated following Zanetti (2015) as well as the Hapke
normalised WAC mosaic as having a distinct lack of bright ray material, though the actual area
corresponding to the lack of ejecta material is larger in spatial extent than the yellow rectangle and

will be discussed in the following sections.

The peculiar deposit of ejecta material towards the north of the crater is visualized in a mosaic of

WAC images (Fig 7.3.19g). As shown in the figure, the region corresponding to the peculiar
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deposit of ejecta is veiled in shadow (marked by the white circle). The region surrounding the
marked circle is also shown in the WAC image, though it is to be noted that the spatial resolution
ofthe WAC images is 100 m/pixel and is significantly less than the spatial resolution of the Kaguya
mosaic. Even then, certain features such as the distinct lack of radial facies (approximately
demarcated by the yellow rectangle) can be contrasted with the presence of radially linear striations
(approximately demarcated by the red rectangle) (Fig. 7.3.19g). More importantly, the presence of
shadows to the top left of the WAC image reveals the character of the underlying topographical
features of Das crater's pre-impact terrain and is essential to understand the nuances of the
interaction of ejecta deposits with the topography of the terrain (Fig. 7.3.19g). From the elevation
values of the DEM, it is clear that the shadowed regions are cavities or depressions on the surface
(Orientale grooves) (Fig. 7.3.19h). The LOLA hillshade shows the interaction of Facies A ejecta
with cavity or depression on the surface (Fig. 7.3.19¢). These cavities show similar textural
features; a wispy texture towards the centre of the cavity, while the eastern wall of the cavity
appears to lack the deposition of ejecta (Figs. 7.3.19¢ and h-inset image). The western wall of the
cavity displays the deposition of radial facies (Fig. 7.3.19h-inset image). According to Melosh
(1989), the process of crater cavity excavation proceeds with the simultaneous ejection of different
phases of ejecta material at a range of velocities, and the deposition of ejecta material occurs as a
blanket whose thickness reduces with distance away from the crater rim. The density of the ejected
material closer to the rim ascribes a contiguous texture to this ejecta, while the scarcity of ejected
fragments farther away from the rim lends it a discontinuous texture. Thus, ejecta material at a
greater radial distance from the rim should essentially have deposition of ejecta material at smaller
radial distances relative to itself, but the converse is not true, i.e. for ejecta material deposited at a
certain radial distance, it is not apparent that it will certainly have deposition of ejecta material at
greater radial distances relative to itself. Cavity 1 thus has the wispy deposit of ejecta towards its
centre and western wall, which lies at a greater radial distance from the rim of Das. The eastern
wall of Cavity does not show a wispy texture or linear striations similar to that seen at the centre
of the cavity (Fig. 7.3.19h).

The distinctive nature of the ejecta deposits is more readily understood from the northwestern part
of the crater rim, wherein the presence of linear striations is visible close to the crater around 10 —
30 km radially from the crater rim (Fig. 7.3.20a). This radial pattern changes to a distinctive
pattern. The extent of the continuous deposition of ejecta is highly variable depending on the radial
direction from the crater. The ejecta pattern under consideration is located at the maximum extent
of the Facies A away from the crater (Fig. 7.3.20a). The radial distance corresponding to the
presence of this pattern is the maximum radial distance (corresponding to the particular direction),
after which no deposition of the radial facies is seen (Fig. 7.3.20a). The distinctive pattern at the

boundary is marked by a chaotic appearance significantly different from the radial striation pattern
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of ejecta deposits closer to the rim (Figs 7.3.19f and 7.3.20a). The western walls of the Orientale
groove display extensive interaction with the ejecta, unlike its floor and eastern slopes (Figs
7.3.19¢ and 7.3.20a).

When interacting with the underlying topography, the ejecta deposits around Das crater,
represented by the radially linear Facies A, exhibit complex patterns. One such pattern is seen to
the west of the crater, where deposits that belong to the crater deviate significantly from the radial
orientation of the deposition of facies A (Fig. 7.3.20b-e). The farthest of these deposits is located
about 35 km radially from the crater rim. The white arrows in the WAC image show the orientation
of the radial facies in the region. The expected radial orientation for deposits of Facies A is drawn
by extrapolating a line from the approximate centre of the crater outwards to the exterior region.
The rim of the Das crater is shown to the right of the image, and a very prominent shadow due to
the uplifted rim relative to the depressed crater cavity is seen to cover the entire visible extent of
the crater (Fig. 7.3.20b). The other shadows seen in this image represent the remnant ridges of the
SPA peak ring (S.R.1 and S.R.2), due to which the ejecta deposits of Das crater were seen to
significantly deviate from the expected radial orientation of the proximal radially-oriented Facies
A (Fig. 7.3.20b). The S.R.3 region corresponds to an extension of the Orientale groove (Fig.
7.3.20b). The shadow from the ridge falls on its eastern side, and S.R.1 may represent a low-lying
region so that the ridge casts a shadow over it. The radial facies in the region of S.R.1 significantly
deviates from Facies A's radial orientation and are oriented linearly along the ridge slopes but are
not radial to the crater (Fig. 7.3.20c and d). This linear deposition follows the SE-NW orientation
of the ridge (Fig. 7.3.20c and d). A similar texture of the ejecta deposit which deviates from the
radial orientation, is seen in the region S.R.2 (Fig. 7.3.20¢). The Facies A is seen to deposit on the
east-facing slopes of this shadowed region (Fig. 7.3.20¢). The shadowed region S.R.3 corresponds
to the southwestern extent of the Orientale groove, where a distinctive pattern of Facies A deposits

cover the ridge crest and slopes facing towards the crater (Fig. 7.3.19e-f).

To the southwest of the crater, uniformly radial facies with a distinctively striated pattern are
observed (Fig. 7.3.20g). Unlike the smooth deposits in the 5-10 km closest to the northeastern rim
of the crater, the same radial extent to the SW of the crater exhibits a chaotic appearance (Fig.
7.3.20g). Since the Mariotte crater (bottom left in Fig. 7.3.20g) is older than the Das crater, its
outer walls are overlaid by impact ejecta from the Das crater. The boundary of the Mariotte crater
marks a cessation of the radial Facies A to the southwest. Beyond the radial extent of the rim of
the Mariotte crater, its terraced walls and other crater morphology are observed to dominate the
terrain, and the prominence of the linear striations on the terrain is lost. Nevertheless, several
secondary crater chains are seen on the walls of the Mariotte crater in the proximity of the part of

the crater rim.
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Figure 7.3.20: The northwestern quadrant of the crater, showing the surface texture of the Facies
A and Facies D deposits. The yellow polygons denote the secondary crater chains/grooves that are
part of the discontinuous ejecta (Facies D). An approximate distinction between radial Facies A
and D can be seen in the image. The herringbone pattern that marks the beginning of the
discontinuous ejecta is also seen. The inset image shows the location of the region (marked by the
red rectangle) using a context image of the Das crater region. The rim is seen in the bottom right
corner of the image. The region close to the rim displays smooth linear striations in a radial
direction. This striated deposit grades to a more chaotic texture away from the rim. (B) The western
side of the crater shows the pre-existing topography of the region. The shadowed features represent
part of the SPA ring (S.R.1 and S.R.2) and the linear groove of the Orientale ejecta (S.R.3). (C)
The same perspective as Fig. 7.3.20B, showing the interaction of Facies A deposits with the pre-
existing topography. Note the peculiar form of the orientation of deposits (yellow lines) with
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respect to the radially oriented deposits (marked by white arrow). (D-E) The interaction of radial
facies with the northeastern slopes of the SPA basin ring (S.R.1 and S.R.2 regions). (F) Facies A
deposits to the southeast of the crater, beyond the extent of the Das G crater. (G) Hillshade view
of the S and SE parts of the crater, showing the approximate boundary (region inside yellow
rectangle) of the contiguous ejecta blanket and discontinuous ejecta. The radial facies appear to
have interacted with the pre-existing linear grooves from Orientale ejecta. (H) Enlarged view of
the region inside the yellow rectangle in Fig. 7.3.20G, showing the distinction between chaotic
Facies A deposits (top left of the image) and discontinuous ejecta. Note the abundance of
secondary crater chains towards the bottom right corner.

The southern and southeastern part of the proximal ejecta deposits are characterised by similar
radially linear facies that continue beyond the radial extent of the older Das G crater, unlike the
case for the older Mariotte crater (beyond whose radial extent only secondary crater chains and
grooves are seen) (Fig. 7.3.20f). The floor and eastern wall of the Das G crater appear to have the
deposition of Facies A (Fig. 7.3.20f and g). The boundary between contiguous ejecta and
discontinuous ejecta to the southeast of the Das crater is seen in the region inside the yellow
rectangle in Fig. 7.3.20g. The enlarged view of this region, as shown in Fig. 7.3.20h, displays the
characteristic chaotic texture of the Facies A (top left corner) and the secondary crater chains of

Facies D (towards the bottom right corner of the image).

ii) Facies B

Facies B is characterised by smooth melt deposits of low albedo typically collected in topographic
depressions (Fig. 7.3.21a). The Facies B deposits have relatively flat surfaces with an average
slope of ~2°. These deposits are of a limited spatial extent and are mostly concentrated as clusters
in the terrain bordering the outer slopes of the eastern and northeastern rim (Figs 7.3.22 and
7.3.23). The topographic lows of Facies B are bounded by the higher topography of Facies A and
the underlying terrain to some degree (Figs 7.3.21, 7.3.22, 7.3.23). The patchy occurrences of these
smooth melt with a few ponded deposits are seen at the southeastern part, approximately 8 km
away from the rim crest (Fig. 7.3.21a). The smooth deposits embedded with blocky ejecta to some
degree are noticed in the outer slopes of the northern and northeastern rim. The individual deposits
range from 0.03 to 3 km?, the largest of which is located in the topographic depression just beyond
the eastern rim (Fig. 7.3.22 and 7.3.23).

The melt ponds identified in the inner walls of the crater are also part of the Facies B ejecta (Fig.
7.3.8a-f). The deposits in melt ponds inside the crater cavity are enclosed by higher topography of
wall terraces (Fig. 7.3.8a-f). Facies B exterior to the east of the crater rim appears to overlie the
Facies A deposits. The smooth melt-phase ejecta almost completely overlies the proximal region
as far as ~7 km to the east from the rim summit (Fig. 7.3.22 and 7.3.23).
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Figure 7.3.21: Southern part of the Das crater ejecta. Several melt ponds could be seen which
belong to Facies B deposits. These smooth melt-phase ejecta deposits ponded in depressions are
seen to have deposited in conjunction with the radial facies (contiguous ejecta) as they seem to
coexist with the contiguous ejecta rather than completely overlying them.

iii) Facies C

Facies C is characterised by the presence of patches of smooth, low albedo melt deposits
interspersed with chaotically embedded blocks of varying sizes, extending away from the crater
rim and exhibiting a preferential flow to topographically low-lying terrain (Fig. 7.3.21 and 7.3.22).
Facies C deposits predominantly occur as rim veneer in the east and northwest parts (Figs 7.3.22
and 7.3.24c). Along the eastern rim crest, a linear stretch of approximately 12 km is prominently
occupied by the Facies C melt deposits (Figs 7.3.22 and 7.3.23). The chaotic terrain with blocks
of about 30 m — 80 m in diameter in Facies C deposits is restricted to the region radially extending
from the eastern rim of the Das crater to a distance of about 1 km (Fig. 7.3.22). These smooth melt
deposits, seen interlaced with blocks in this terrain, are observed to have flowed down the outer
slopes of the eastern rim towards the low-elevated terrain to further east and froze in time in the
topographically low-lying region to manifest in a distinctive lobate pattern (Fig. 7.3.22). These
flow deposits are identified by these well-defined flow lobes traversing the topographic slopes of
the eastern rim to the low-lying region about 7 km radially from the rim crest, with their tips
pointing away from the crater (Figs 7.3.22, 7.3.23, and 7.3.24a). The deposited region is sloped
between ~0° to 18°. These lobate extensions away from the crater rim combined with low-albedo
suggest that the Facies C deposits might have originally been melt-phase ejecta. The individual

deposits of Facies C range from ~1 km? to 14 km?, with a longer flow lobe extending approximately
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Figure 7.3.22: The Facies B and Facies C deposits to the east of the crater. The rim of the crater
is seen to the left of the image. Blocks of varying size are seen at the summit of the crater rim.
Note the melt pooling in topographic lows exterior to the rim and the flow lobes pointing away
from the crater. The white dashed lines delineate the prominent topographic low with Facies B
deposits. The yellow dashed line demarcates the flow lobe (i.e., part of Facies C).

7 km outward from the eastern rim crest (Fig. 7.3.24a). The lobate margin of the Facies C deposit
to the east is shown in Fig. 7.3.24a. The topographic profile across the yellow line manifests the

outer margin of the lobate deposit (Fig. 7.3.24b).

The Facies C deposit is also observed to have draped the eastern inner walls of the crater (Figs
7.3.6b-g and 7.3.7a-1). The extensive smooth melt flows down the slopes of the inner wall manifest

as several melt fronts and flow lobes with extensive boulders dispersed over it (Fig. 7.3.7a-1).
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Figure 7.3.23: Colour-coded DEM of the same region as in Fig. 7.3.22, showing the east-sloping
topography of the area where Facies B and Facies C deposits co-occur. The topographic profile
across the line (corresponding to the X-axis line of the graph) is also shown. X-axis labels are
kilometers, and Y-axis labels are in metres.
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Figure 7.3.24: (A) Enlarged view of the region in Fig. 7.3.23. The black dashed line demarcates
the rim summit. The melt pools and flow lobes are seen to co-occur to the east of the crater rim.
The co-occurrence of Facies B and Facies C deposits is visible. The arrows point to the flow lobes
that have flowed down the slopes. Channelized flow with levees could also be seen (pointed by
the white arrow to the right of the image). Here, the melt-phase ejecta deposits appear to have
overlaid the contiguous ejecta blanket as the former is bounded mostly by smooth melt-bearing
ejecta rather than radial facies. Nevertheless, the exterior melt pools (Facies B) to further east of
the image appear to co-exist with the radial facies. (B) Enlarged view of the flow lobe (marked by
the yellow arrow in Fig. 7.3.24a). The topographic profile across the yellow line is shown in the
inset. The profile reveals the margin of the lobate deposit with the underlying ejecta facies. (C)
The rim veneer deposit (Facies C) is interspersed with ejecta blocks in the northwestern part of the
crater. Cooling cracks can be seen in the cooled melt-phase ejecta. (D-E) Blocky ejecta is seen to
the north (D) and east (E) of the crater.

The closely parallel curvilinear concentric cooling cracks are common in these melt deposits (Fig.
7.3.24a). The well-pronounced veneer deposit on the rim crest to the northwest appears blocky and

chaotic (Fig. 7.3.24c). This deposit in the northwest is observed to have draped the higher
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topography of the rim. Several boulders, melt fronts, and cooling cracks could be spotted in this
chaotically deposited rim veneer deposit (Fig. 7.3.24c). The presence of a chaotic terrain with
blocks has not been observed in the northeastern rim veneer; rather, the localised smooth deposits

in the region appear to have interacted with pre-existing rocks (blocks) of the underlying terrain.

Facies C materials occur in conjunction with the Facies B deposits (Fig. 7.3.24a). Often, the Facies
C deposits embay or are contiguous with the Facies B materials (Fig. 7.3.24a). The ejecta of both
the Facies B and C are melt-phase deposits with similar surface texture and albedo, but the former
pool in topographic lows while the latter traverse the topographic slopes as flows that often appear
to be a lobate extension of the former melt deposit, at places taking a channelized form with levees
to the sides (Fig. 7.3.24a). All the deposits of Facies C beyond the crater rim are observed to overlie
the Facies A materials (Fig. 7.3.24a). The ejecta boulders threw out as ballistic ejecta are deposited
near the rim (Fig. 7.3.4d-e). These bounders are significant for the sampling of deeper materials
and understanding the vertical stratigraphy of the Moon.

iv) Facies D

Facies D is characterised by numerous radially oriented clusters of circular or elliptical depressions
farther from the extent of Facies A (Fig. 7.3.25). These quasicircular and/or elongated chains and

depressions extend to greater radial distances away from the crater rim (Fig. 7.3.17b).

The careful mapping of these secondary crater chains and radial grooves has been performed to a
maximum radial distance of 160 km from the crater rim (Figs 7.3.17b and 7.3.19a). These
secondary craters are shallow and irregular in shape (Fig. 7.3.25a). The Facies D deposits reach as
far as 157 km to the southeast, 162 km to the southwest, 108 km to the northwest, and 76 km to
the northeast quadrant of the crater (Fig. 7.3.19a). The chain of secondary craters is most
pronounced in the southeast, southwest, and northwest directions of the crater than the less
extensive or absent NNE part (Fig. 7.3.19a).

The radial distribution of the Facies D materials is observed to coincide with the Facies A deposits,
often overlie the Facies A and oriented parallel to its curvilinear ridges and grooves in the
northwestern and southeastern quadrants (Figs 7.3.19f, 7.3.20a, and h), though the unambiguous
interpretation of the stratigraphic relationship of these facies materials is not possible at WAC/TC
resolutions due to surface modifications. Additionally, the distribution pattern of Facies D away
from the crater match well with that of the Facies A deposits within the 5 crater radii from the rim
(Fig. 7.3.19a).
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Figure 7.3.25: Radially oriented secondary crater chains and grooves to the northwest (A-B) and
southeast (C-D) of the Das crater. The discontinuous ejecta is mapped and shown in yellow in the
images. North is up in all the images. The inset images show the WAC mosaic of the Das crater
region. The red rectangle in the inset images demarcates the location of the ejecta relative to the
crater.

7.3.4 Discussions

7.3.4.1 Cratering mechanics involving the stages in the development of the complex Das

crater

The detailed mapping of morphology and ejecta facies both interior and exterior to the crater cavity
has revealed the spectacular geological features of this Copernican complex crater, ranging from
the bright ray system, exterior radial ridges and grooves, clusters and herringbone chains of
secondary craters, sharp and scalloped rim, wall terraces, slumped masses and talus, smooth floor
deposits, central mounds, melt platform, and the impact melt deposits being the most prominent
feature distributed primarily within the crater and often spilled out of the crater forming exterior

melt deposits. These distinct morphological features of the Das crater are expected to have resulted
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from a sequence of events accompanied by different physical processes unfolded as the projectile
moving at kilometers per second struck the highland surface (Melosh, 1989). The different
physical processes following the projectile impact dominate the cratering mechanics involving the

contact and compression stage, excavation stage, and modification stage (Melosh, 1989; 2011).

The projectile strikes the highland surface during the contact and compression stage and imparts
energy to the underlying target rocks (Holsapple and Schmidt, 1986; O’Keefe and Ahrens, 1977).
Following the contact, the high-velocity projectile energetically dives into the underlying target
rocks compressing both the target and projectile materials and generating strong shock waves
(Melosh, 2011). The shock waves propagate and accelerate into the target further downward and
outward by compressing the rocks that come across. The shocked materials form high-velocity jets
(Melosh, 1989). The high energy partitioned into the target during this stage is sufficient to open
up a cavity and heat the target rocks. This is followed by the transient cavity excavation, during
which the shock wave expands away from the impact point to a large volume of rocks and causes
a decrease in initial impact energy (Melosh, 1989; 2011). The residual velocity field excavates in
a pattern in which the target materials are displaced first downward, then sideways, and eventually
upward. The vaporised material moves out of the crater as vapour plumes during this process. The
remaining proportions of the excavated materials are displaced in a way that the underlying rocks
in the floor region are downwarped, materials are moved out of the crater and deform the
surrounding rocks causing upliftment of the surface near the rim, and ejecta is thrown out on
ballistic trajectories at angles of about 45° to the rim (Melosh, 1989; 2011). The fast-moving initial
ejecta contains more shocked target materials than the slower ejecta as the impact energy spreads
to more rocks. The transient cavity is lined with shocked and melted target materials during this
excavation growth. The growing transient cavity gradually attains a simple bowl shape to produce
the transient crater (Gault et al., 1968; Stoffler et al., 1975). Three to four times the depth of the
transient crater will be its diameter which could increase further during subsequent crater collapse
(Croft, 1985b; Melosh, 2011). The maximum depth of the excavating materials is one-third the
transient crater depth and one-tenth of the transient crater diameter (Melosh, 2011). The materials
below this excavation depth are displaced downward by deforming the surrounding rocks. The

depth-to-diameter ratio of the transient crater is 1/2.7 (Dence et al., 1977).

Based on the scaling relations given by Melosh (1989), the excavation of the transient cavity of
the Das crater took place in approximately 4.8 s. The transient crater diameter for the Das crater is
estimated to be ~30.4 km. The maximum depth of excavation of ejected materials in the Das crater
was about 3 km. The final depth of the transient cavity lies between 0.25- 0.3 times its diameter
(Melosh, 1989), and hence the transient crater depth for Das crater is estimated to be in the 7.6—
9.12 km range. The maximum depth of the transient crater cavity is achieved even before the
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central uplift begins to rise from the cavity floor where maximally compressed rocks occur and is
also the zone of peak shock pressures and maximum impact melt generation (Melosh and Ivanov,
1999). Impact melt lined the transient cavity throughout its growth (Melosh, 1989), the effective
thickness of which was 0.4 times the depth of the transient cavity (Cintala and Grieve, 1998) at
around 0.03 km.

Soon after the formation of the transient crater, the displacement of target materials upward and
sideways stops, and the movement of debris inward the crater begins. This modification of the
transient crater is marked by the gravitational collapse of the crater, which brings about major
changes in the morphology (Melosh, 1977; 1982; 2011; Pike, 1980b). The probability of a transient
crater undergoing such modifications depends on the crater diameter and gravity of the planetary
body (Ullrich et al., 1977; Melosh, 1977; 1982; Grieve and Robertson, 1979; Pike, 1980b; Horz et
al., 1991). In the Moon, transient craters with diameters greater than 18 km (the transition diameter
from simple to complex craters) experience gravitational collapse (Melosh, 1977; 1982; 1989).
The major morphological changes that occur during the collapse include uplift of the floor, the rise
of central peak, collapse of the temporarily formed structural uplift of the rim to form steep walls
and wider terrace zones, and subsequent enlargement of crater diameter (Melosh and Ivanov,
1999). The wall slumps occur along discrete faults. The rise of the floor due to the rebound of the
compressed rocks begins even before the rim collapse and eventually forms a central peak
(Melosh, 2011). As the floor continues to rise, the wall collapses to develop step terraces (Croft,
1985a). The slumping and sliding of the uplifted rim results in a lense of breccia containing highly
shocked impact melt overlying the crater floor (Grieve and Garvin, 1984). The floor hummocks
and blocks are common in lunar craters (both simple and complex) (Cintala and Grieve, 1998).
The relatively low clast contents or hummocks in the melt platform and certain parts of the Das
crater floor may be due to a greater effective melt thickness (Cintala and Grieve, 1998; Melosh
and Ivanov, 1999). The solidification of impact melt in Das crater was on the order of several
minutes (Melsoh and Ivanov, 1999). Since the melt units on the floor are not physically contiguous
with the wall and the central uplift, i.e. they do not lap up with the crater collapse units, the melt
solidification in those areas have occurred likely before the genetic evolution of the central peak,
and steep eastern wall (Melosh and Ivanov, 1999), wherein heavily fractured impact melt (Ohman

and Kring, 2012) is observed at their boundary with the elevated hummocky floor unit.

The upliftment of the central peak might also facilitate rim collapse as the central uplift overshoots
the stability and triggers gravitational collapse (Ullrich et al., 1977; Grieve and Robertson, 1979).
The central uplift of the Das crater rose to approximately 3.2 km from beneath the transient crater
depth. A portion of central mounds in the Das crater is likely developed by the rotational slumping

along the northwestern inner wall in which the toes of the slumping masses that reach the base of
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the crater cause a bulge of the original surface and produces irregular mounds (Melosh, 2011). The
timescale for the gravitational collapse of Das crater manifested in the formation of terraced units
and rise of central uplift was about 30 s (Melosh and Ivanov, 1999), among which the wall failure
resulting in slump blocks closer to the floor occurred sooner than that for blocks near the rim
(Melosh, 1989). After the modification stage, the crater only experiences degradational processes
and resurfacing events, if any, on its geological timescale (Melosh, 1989; Pierazzo and Melosh,
2000a). The other parameters that govern the final form of the crater other than the cratering
processes are the impact angle and direction and the pre-impact topography (Pierazzo and Melosh,
2000a). These parameters are determined based on the order of emplacement and distribution

pattern of distinct ejecta facies around the crater, being discussed further.

7.3.4.2 Emplacement mechanism of distinct ejecta facies
7.3.4.2.1 Ballistic ejecta (Facies A and D)

The ejecta debris thrown out of the parent crater with an initial velocity travels on a ballistic
trajectory above the surface (Oberbeck, 1975; Osinski et al., 2011). These ballistically transported
ejecta materials strike the ground surface upon losing their velocity and deposit as radial ejecta
around the primary crater (Osinski et al., 2011). The ejecta emplaced in this manner is referred to
as ballistic ejecta. Based on the distribution, depositional character, and radial extent from the rim,
the Facies A deposits around the Das crater are interpreted as contiguous ejecta blanket deposited
through ballistic sedimentation (Fig. 7.3.19a). According to Melosh (1989), the fragments in the
ballistic ejecta curtain strike the ground first near the rim and at greater distances over time. Away
from the rim, the proportion of ejecta strikes the ground surface with relatively higher velocity,
due to which the surface materials are swept and mixed with the fallen fragments. This intimate
mixture moves outward radially as ground-hugging flows to form contiguous ejecta deposits
comprising radial ridges and troughs (Melosh, 2011) (Fig. 7.3.19b-d). The interaction with the
local topography as the ejecta debris falls back also accounts for their distinct depositional
character (Fig. 7.3.20a-f). The observed deviation of the linear striated deposits of Facies A from
its radial orientation in certain regions, particularly in the WNE part of the crater, is the result of
topographic obstacle by the remnant ridges of the SPA ring lying in the underlying terrain (Fig.
7.3.20b-f). In addition, the thickness of the radial ejecta facies decreases with increasing distance
from the crater rim, as observed in the Das crater ejecta blanket, where the linear striated deposits
are more pronounced close to the rim (McGetchin et al., 1973; Oberbeck, 1975). The thicker
deposits near the rim are manifested by the occurrence of radial facies overlying the neighbouring

older craters, almost entirely masking the sharp edges of their rim (Fig. 7.3.20g). The older craters
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away from the Das crater are not observed to have entirely been overprinted by radial facies; rather,
the ejecta has followed the topographic obstacle arising from these crater morphologies and

concealed their sharp features only at depositional interfaces (Fig. 7.3.20g).

Further, based on the herringbone pattern and radial distance from the rim, the Facies D deposits
are interpreted as discontinuous deposits formed by ballistic ejecta (Figs 7.3.19a and 7.3.25). The
secondary crater chains in Facies D appear as discrete clusters oriented radial to the Das crater
(Fig. 7.3.25b and c). These chains of secondary craters are believed to be formed by the high-
velocity solid debris ejected in the initial stages of the excavation flow (Oberbeck, 1975). Both the
radial ejecta facies are distributed in a radial orientation to the parent crater (Figs. 7.3.19a and
7.3.20a). However, the stratigraphic relationship between these two facies is unclear as the definite
boundary between them is not obvious at TC resolutions. The Facies A deposits grade to
discontinuous secondary crater chains at varying radial distances from the crater rim (Figs. 7.3.19a
and 7.3.20a). Also, the mapping showed that the outermost margins of the continuous ejecta
blanket mark the onset of patchy discontinuous ejecta comprising clusters of secondary craters at
places grading to linear grooves (Fig. 7.3.20a). Hence, the overlapping of these two radial facies
units is not observed at 10m/pixel resolutions. Because of this, the order of emplacement of these
two ballistic units is ambiguous. According to Oberbeck (1975), the ballistic ejecta is transported
during the initial phases of excavation flow in which the top materials excavated in the initial stage
are ejected with high velocity followed by the displacement downward and sideways, spreading
out the energy to more volume of rocks and reducing the velocity of later excavated deeper
materials. The low-velocity fragments are deposited near the rim and are larger. The high-velocity
materials comprising the proportion of highly shocked and glass fragments were rapidly
transported farther from the rim. Following this depositional model, the ballistic ejecta units
(Facies A and Facies D) of the Das crater were likely deposited simultaneously in which the high-
velocity fragments in the ejecta curtain were deposited at greater distances from the rim than the
low-velocity larger ejecta fragments. Soon after the ejecta debris struck the surface, mixing with
the surface materials and subsequent ground-hugging flow of mixed materials forming an ejecta
blanket displaying the intertwining ridges and troughs (Facies A), partially or entirely infilled the
secondary crater chains (Facies D) within the radial extents of the continuous ejecta. This
overprinting of the Facies D by the emplacement of contiguous ejecta could be the reason for the

more pronounced occurrence of secondary crater chains farther from the crater rim (Fig. 7.3.19a).

It is to be noted that the radial facies of the Das crater distributed radially from the crater are more
extensive and prominent along the southeastern and northwestern directions (Fig. 7.3.19a).
Though distributed in all directions, the continuous ejecta blanket is less extensive in the NNE and

southwest parts of the crater (Fig. 7.3.19a). The secondary crater chains are also dispersed
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profoundly in almost all directions except the regions along ESE and NNE (Fig. 7.3.19a).
However, the lack of discontinuous ejecta in the ESE region is interpreted to be due to overlapping
by distal ejecta from the much younger Copernican Chebyshev Z crater southeast of the Das crater
(Fig. 7.3.17b). The lack of distal ejecta in the NNE direction of the Das crater is likely related to
the direction and angle of the Das crater-forming impact trajectory, being discussed in section
7.3.4.3.

7.3.4.2.2 Melt-phase ejecta (Facies B and C)

The impact melts are believed to be generated by melting both the target and projectile materials
due to impact shock heating (Gault and Wedekind, 1978). The melt-bearing ejecta is thought to be
deposited by ground-hugging flows of impact-generated melts (Osinski et al., 2011; Neish et al.,
2014;2017; Morse et al., 2018). The deposits of both Facies B and Facies C are smooth low albedo
materials representative of melt-bearing ejecta (Figs 7.3.21, 7.3.22, 7.3.24a). The volcanic origin
of these melt facies is ruled out as the melt deposits are concentrated along the same direction of
ballistic ejecta deposition (cf. Hawke and Head, 1977) (Fig. 7.3.19a). The deposition of the melt-
bearing ejecta of the Das crater has largely followed the pre-existing topography of the terrain
(Figs 7.3.22, 7.3.23, 7.3.24a). The lobate melt deposits (Facies C) are observed to be directly
connected to the ponded Facies B deposits (Fig. 7.3.24a). The stratigraphic position of these melt
deposits as rim veneer melt ponds and overlapping with the Facies A deposits link their origin to

the impact ejecta (possibly late-stage low-velocity excavation materials) of the Das crater.

The Facies B and C deposits are observed to have overprinted the underlying contiguous ejecta
blanket near the rim to the east. However, the pooled melt deposits beyond this extend (farther
than ~7 km) in the east as well as the melt ponds in southern and northeastern parts of the crater
do not appear to overlie the Facies A radial ejecta similar to the proximal melt deposits (Figs
7.3.21, 7.3.22, 7.3.24a). The melt-phase ejecta pooled in topographic lows is bordered by a thick
contiguous ejecta blanket (Fig. 7.3.21). If Facies B were younger than Facies A, then the melt
ponds would not have been bordered by the thick blanket of Facies A; rather, it would have
appeared as patches of melt peppered over the contiguous ejecta blanket (Figs 7.3.21 and 7.3.24a).
The pooled melt belonging to Facies B is seen to have smooth deposits of melt sprinkled with the
radial facies (Figs 7.3.21, 7.3.22, and 7.3.24a). Hence, the order of emplacement of Facies B in
different parts of the crater may vary. It is interpreted that the Facies B deposits interspersed with
the Facies A ejecta were formed as a result of the ground-hugging flows, which later deposited
concurrently with the contiguous ejecta blanket, and/or a sprinkling of melt-phase ejecta during

the excavation flow. The Facies C deposits that flowed down the slopes of the outer rim
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overprinting the contiguous ejecta blanket would have been emplaced specifically in the
modification stage of the crater wherein the large volume of impact melts lined the crater cavity
overflowed as the rebound and wall collapse occurred (cf. Hawke and Head, 1977; Bray et al.,
2010; Osinski et al., 2011; Neish et al., 2014; Zanetti et al., 2017; Morse et al., 2018; Morse et al.,
2021). It is possible that the impact melts that were forced out of the crater cavity preferentially
pooled in the pre-existing topographic slopes and triggered the outward flow of these melts down
the slopes to form Facies C lobate deposits (Bray et al., 2010; Morse et al., 2021). The rim veneer
deposits on the northwest and eastern rim crest might have been originated as a part of the main

ejecta splashed out of the crater in the initial stages (e.g., Gault and Wedekind, 1978)

Based on the stratigraphic relationship of the identified ejecta deposits of the das crater, the order
of emplacement of distinct ejecta facies is as follows, (a) the initial ballistic ejecta blanket
comprising Facies A and Facies D materials in the excavation stage of the crater, (b) melt-bearing
ejecta, splashed out during the excavation flow and emplaced as ground-hugging flows, and/or
melt overflowing the crater cavity near the end of modification stage and flow down the slope to
emplace as lobate deposits. The Facies B deposits are emplaced alongside the radial facies, while
the Facies C ejecta is deposited after the emplacement of radial facies and Facies B, thereby the
former is more or less overprinting the latter two. This observation is consistent with the
hypothesized model of multi-stage processes for ejecta emplacement around lunar impact craters
proposed by Osinski et al. (2011).

7.3.4.3 Determining the direction and angle of the impact event

The trajectory of the projectile striking the lunar surface typically follows an optimum incidence
angle to the horizontal (Pierazzo and Melosh, 2000a). Most of the impacts on the Moon occur at
an angle <45° from horizontal and such impacts are referred to as oblique impacts (Schultz and
Gault, 1990). The vertical impacts (angle close to 90°) are seldom reported, occurring only 0.8%
of the times a projectile strikes the surface (Schultz and Gault, 1990). The oblique impacts on the
Moon occur commonly at varying incidence angles ranging from 45° to near-grazing incidence of
<5° (Gault and Wedekind, 1978). Experimental studies have shown that the overall crater
dimensions, as well as the distribution of impact melts and ballistic ejecta around the primary
crater, is a function of the direction and angle of the impact event (e.g., Gault, 1973; Herrick and
Taylor, 2003; Schultz and Gault, 1990; Schultz and D'Hondt, 1996; Pierazzo and Melosh, 2000a).
The impact trajectory, in particular, has substantial effects on the subsequent cratering processes,
cratering efficiency, degree of fragmentation, the fate of the impactor, final depth-to-diameter
ratio, etc. (Schultz and Gault, 1990; Schultz, 1992; Schultz and D'Hondt, 1996). Therefore, we
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attempt to determine the direction and angle of the Das crater-forming impact event based on the
observable characteristics of crater morphology such as its planform shape, symmetry of ballistic

ejecta, topographic asymmetry of the rim, and overall melt distribution.

Firstly, the symmetry of ballistic ejecta facies around the primary crater is a defining parameter
for the impact angle and direction. In ideal conditions of vertical to 45° angle impacts, the
distribution pattern of ballistic ejecta would be symmetrical, with distal ejecta rays spread out
uniformly in all directions around the parent crater (Melosh, 1989). A non-uniform distribution of
ballistic ejecta marks the oblique impacts at angles <45° (Gault and Wedekind, 1978). The
asymmetric ejecta blanket with bilateral symmetry about the path of projectile trajectory is the
prime sign of such oblique impacts (Gault and Wedekind, 1978; Melosh, 1989). A forbidden zone
appears in the uprange direction at impact angles <25°, and a further drop in impact angle to <15°
produces a downrange forbidden zone as well (Herrick and Forsberg-Taylor, 2003). At near-
grazing impact angles, the displaced materials are ejected only at angles perpendicular to the
projectile path and form a butterfly-wing-like pattern with distinct forbidden zones both in the
uprange and downrange directions (Gault and Wedekind, 1978). The mapping of ejecta
distribution around the Das crater shows that the overall shape of the ejecta blanket is asymmetric
(Fig. 7.3.26).

The asymmetric ejecta of the Das crater is marked by the occurrence of ballistic ejecta facies more
extensively and at greater radial distances in the northwestern and southeastern quadrants, and
conversely, the occurrence of less extensive ejecta at relatively shorter radial distances from the
crater rim in the northeastern and southwestern quadrants (Fig. 7.3.26). The ballistic ejecta facies
have maximum radial extents in the northwest and southeast directions, with the secondary crater

chains almost absent in a zone towards the NNE direction.

The observed pattern with an azimuthal zone devoid of any secondary crater chains mark the
occurrence of a bilateral symmetry to the distribution of ballistic ejecta facies along a line running
NNE-SSW through the crater centre (Fig. 7.3.26). The contiguous ejecta blanket reaches only up
to ~35 km to the SW and ~23-68 km to the NNE, compared to their greater radial extents as two
major lobes perpendicular to the line of bilateral symmetry (Fig. 7.3.26). Additionally, the distal
ejecta rays of the Das crater reach as far as 225 km and 307 in the direction perpendicular to the
line of bilateral symmetry (Figs 7.3.17a and b). The observed pattern of overall asymmetric ejecta
with a bilateral symmetry along a NNE-SSW line indicates that the Das crater was formed by an

oblique impact.

In oblique impacts, the line of bilateral symmetry would be the direction of the impact event (e.g.,
Gault and Wedekind, 1978). Therefore, the impact direction of the Das crater is proposed to be
along NNE-SSW direction (Fig. 7.3.26). In addition, the presence of a forbidden zone with a
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distinct lack of secondary crater chains at an azimuthal direction of the crater is also a basis for
determining the direction of the oblique impact (Gault and Wedekind, 1978).
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Figure 7.3.26: Distribution pattern of ejecta facies around Das crater. The red arrow points to the
proposed direction of the impact trajectory. The proposed angle (to the horizontal) of the trajectory
is also labelled. The black dashed line passing through the centre of the crater represents the line
of bilateral symmetry. The NNE region devoid of radial facies is labelled the ‘forbidden zone’.
The inset image shows the topographic profile across the line of bilateral symmetry. The cross-
section reveals the rim asymmetry along the direction of impact trajectory.

The observed absence of secondary crater chains (Facies D) to the NNE of the Das crater is
indicative of the well-defined "forbidden zone" or "zone of avoidance" (Fig. 7.3.26). The observed
forbidden zone and distribution of longest distal ejecta rays align with the proposed impact
direction (Figs 7.3.17 and 7.3.26). The forbidden zone in the NNE is considered the uprange
impact direction of the Das crater as the low-angle oblique impacts typically contribute limited
ejecta emplacement in the uprange (Gault and Wedekind, 1978; Melosh, 1989; Schultz, 1999;
Herrick and Forsberg-Taylor, 2003). The downrange direction of the Das crater impact would be
the SSW along which the distal rays and secondary crater chains extend to greater radial distances
of approximately 380 km (Figs 7.3.17 and 7.3.26).
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The planform shape of the crater is another critical parameter that changes systematically with the
impact angle and direction. For impacts of vertical to 30°, the overall shape of the crater remains
more or less circular (Gault and Wedekind, 1978; Herrick and Forsberg-Taylor, 2003). For an
impact angle less than 30°, the crater geometry begins to deviate from its circular shape depending
on the impact velocity and physical properties of the target/projectile (Gault and Wedekind, 1978).
The crater shape becomes elongated along the trajectory path with the long axis parallel to the
bilateral symmetry line only when the impact angle drops to <15° (Gault and Wedekind, 1978;
Pierazzo and Melosh, 2000a; Herrick and Forsberg-Taylor, 2003). The Das crater rim is more or
less circular with a bulge in the east-west direction in contrast to the observed bilateral symmetry
of ejecta facies (Figs 7.3.3b and 7.3.26). It is noted that the observed elongation of the crater in E-
W is not an effect of the oblique impact event, rather resulted from crater modification processes.
Hence, the nearly circular form of the Das crater rim suggests its formation from an oblique impact

at an angle not lesser than 15°.

Furthermore, the impact angle must be <25° to produce a forbidden zone (Gault and Wedekind,
1978; Pierazzo and Melosh, 2000a; Herrick and Forsberg-Taylor, 2003). In the case of the Das
crater, a well-defined forbidden zone devoid of ballistic ejecta facies, along with no observed
elongation of the crater rim along the proposed impact direction, indicates that the impact
trajectory was from the NNE direction towards SSW at angles between 15° and 25° to the
horizontal.

The crater rim is generally depressed and steep in the uprange direction for impact angles less than
25° (Herrick and Forsberg-Taylor, 2003; Kruger et al., 2016). However, the Das crater rim is
elevated to the northwest and depressed to the southeast, almost perpendicular to the proposed
impact direction (Fig. 7.3.2). This observation is in contrast to the general notion of a topographic
asymmetry of the rim along the impact direction. It is inferred that the observed asymmetry in the
rim elevations from NW to SE has originally arisen from the pre-impact topographic variation
controlled by the remnants of SPA ring ridges to the WNW and southwest parts of the crater (Figs
7.3.1a and 7.3.18). Nevertheless, the rim in the proposed uprange direction of the Das crater is
slightly depressed (~4 km), while the downrange rim elevation is ~4.3 km (Fig. 7.3.26).

The impact direction and angle also influence the distribution of impact-melt deposits around the
crater (Pierazzo and Melosh, 2000b). The distribution of melt-bearing ejecta is axisymmetric in
vertical impacts (Gault and Wedekind, 1978). At impact angles of <45°, the melt ejecta deposit
preferentially in the downrange compared to their emplacement in reduced amounts in other
azimuths, including the uprange (Gault and Wedekind, 1978; Pierazzo and Melosh, 2000a & b).
The melt deposits of the Das crater are concentrated mainly in topographic lows inward the crater
centre and exterior to the rim (Figs 7.3.21, 7.3.22, and 7.3.24a-c). The lobate melt deposits follow
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the local topographic slopes extending from the crater rim. The identified melt deposits are
distributed in almost all azimuthal directions except the uprange and show an appropriate amount
of melt emplacement in the downrange direction (Fig. 7.3.26). The observed distribution pattern
of impact melt deposits in and around the Das crater is consistent with the previous observations
suggesting the role of impact direction and local topographic constraints in the overall distribution
of melt-bearing ejecta (cf. Hawke and Head, 1977; Melosh, 1989; Neish et al., 2014, 2017; Kruger
et al., 2016; Morse et al., 2018; Morse et al., 2021).

7.3.5 Conclusions

Impact cratering is considered the most fundamental geologic process in our solar system. The
Copernican impact craters on the Moon are the best sites to study the lunar impact cratering
mechanics. The present study attempted to carry out an in-depth mapping of the morphological
units and ejecta facies of the Copernican Das crater on the lunar farside to get better insights into
the cratering processes associated with projectile impacts on the Moon. The morphological
mapping interior to the crater cavity revealed the characteristic geological features of this complex
impact crater, starting from the sharp and scalloped rim, an alcove of wall terraces, the distinct
scarp-tread system with steep slopes on the scarp, wall slumping, impact melt deposits, flat floor
with hummocky texture, slump hillocks on the floor, melt platform, and central mounds with
bedrock exposures. These distinct morphological units suggest that the Das crater was originally
formed as a simple bowl-shaped crater, which was later modified to become a complex crater. The
excavation of the transient crater cavity for the Das crater took place in less than 4 seconds. The
maximum depth of excavation is estimated to be 3 km. The transient crater diameter is projected
to be 30.4 km, and the transient crater depth ranges between 7.6-9.12 km. The crater excavation
was concurrent with the ejection of shocked and melted debris outward as impact ejecta. The
modification of the crater began even before the central mounds rose from depths of maximally
compressed rocks at around 3.2 km. The subsequent gravitational collapse of the rim produced
terraced, steeper walls resulting in a slight widening of the crater rim along W-E and enlargement
of the final diameter to 38 km. The wall slumping occurred at a larger scale on the western inner
wall, and the slumped materials slid down to form heaps of hillocks, mainly in the western section
of the floor. The rotational slumping of the inner wall with their toes reaching the base of the crater
to form a small plug has partly contributed to a segment of rising central mounds. The eastern
crater floor has undergone subsidence, likely due to structural failure and/or cooling of the initial
melt column. The impact melts line the transient crater cavity throughout its growth and is

emplaced in a variety of topographic settings ranging from ponds in the wall terraces to extensive
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melt sheets along the inner wall slopes and the melt-draped floor units. The melt breccia, fractured
impact melt deposits with boulders at their margins, and distinctive flow features appearing as melt
fronts or flow lobes concentrated on the inner wall of the crater are diagnostic in determining their
origin as impact-generated melts. Exterior to the crater cavity, solid and melt phase ejecta are
distributed around the crater, with the highly shocked debris materials occurring at radial distances
beyond the rim and melted debris preferentially occupying the topographic lows and slopes both
inward and outward the crater rim. Four distinct ejecta facies identified around the crater exhibit
similarity in physical characteristics, spatial distribution, and maximum radial extents. The
ballistic ejecta facies are emplaced as continuous ejecta blanket (proximal to the crater rim) and
discontinuous ejecta (beyond the extent of contiguous ejecta blanket), both distributed at varying
radial distances from the rim. The onset of discontinuous ejecta blanket is marked by the
appearance of the herringbone pattern consisting of linear clusters of elongated secondary craters
or V-shaped depressions pointing back to the crater. The radial facies showed a slight deviation
from their expected orientation as a result of interaction with the underlying topography controlled
by remnant ridges of the SPA basin ring. The emplacement of the radial ejecta facies, including
the contiguous blanket and the secondary crater chains, occurred concurrently during the mixing
of fallen ejecta with the surface materials. The resulting ground-hugging flow of mixed materials
caused infilling of the secondary crater chains and subsequent overprinting by the contiguous
ejecta blanket. The melt-bearing ejecta is distributed as rim veneer deposits and ponded melt and
lobate deposits within 7 km radial extents from the rim crest, and they completely overlie the
contiguous ejecta blanket. The non-uniform distribution of ballistic ejecta facies around the crater
and maximum radial extents to the northwestern and southeastern quadrants than the less extensive
deposits towards the southwest and NNE indicates overall asymmetric ejecta with a bilateral
symmetry along the line running NNE-SSW through the centre of the crater. The presence of a
forbidden zone devoid of distal ejecta rays and secondary crater chains to the NNE suggests that
the direction of the impact was NNE-SSW. The near circular form of the crater, along with a
clearly defined forbidden zone in the uprange, indicate that the impact occurred at an angle
between 15°-25° to the horizontal. The interpretations from the present study demonstrate that
studying Copernican craters are crucial for expanding our knowledge on the impact dynamics and

cratering mechanics of the Moon.
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Chapter 8

Summary and Conclusions

8.1 Summary

The geological evolution of the Earth’s Moon is understood mainly through endogenic and
exogenic processes operating on this planetary body. The endogenic processes on the Moon
include those that cause lunar volcanism and interior differentiation. Exogenic processes
operate on or above the Moon's surface and involve large-scale impact cratering events and
related surface readjustments. Understanding the evolutionary history of our nearest neighbour
requires knowledge of these endogenic and exogenic processes on the Moon. This Ph.D. work
focused on investigating lunar volcanism, spinel compositional heterogeneity, and impact
cratering mechanics during the Copernican epoch in order to better understand the lunar
endogenic and exogenic processes. The study primarily utilized orbital remote sensing data
from various lunar exploratory missions. The evidence for a variety of endogenic and exogenic
processes on the Moon revealed by this Ph.D. work suggests that the evolution of the Moon is

more intricate than we imagined and that our Moon may still be evolving!!

The volcanism on the Moon began around 3.9 to 4.0 Ga ago and lasted until 1.2 Ga, with a
peak in volcanic activity between 3.2 and 3.8 Ga. Most of the mare volcanism occurred during
the Imbrian epoch, and therefore, the extended volcanic and thermal history of the Moon during
the Late-Imbrian and Eratosthenian epochs is yet to be characterized well. Also, the
compositional heterogeneity in the mare basaltic units of different ages across the lunar surface
suggests their diverse source regions in the lunar mantle. To better understand the volcanic and
thermal evolution of the Moon, the chemistry, diversity, ages, and origins of the mare basaltic
units in the Grimaldi and Humorum basins are investigated. In the Mare Humorum, Imbrian-

Eratosthenian basalts can be found. Pigeonites and augites were the dominant compositions in
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these basaltic blocks. The compositional trend between pigeonites and augites points to basaltic
magma differentiation as it cools. The older units originated from a Fe-rich fractionated
magma, whereas the younger units formed from Mg and Ca-rich magma. Multiple volcanic
eruptions in the Mare Humorum were shown by the various chemical patterns in the pyroxene
quadrilateral. The younger and older basalts' longward and shortward shifts in the Band I and
Band II centres, respectively, suggest that the older basalts crystallised more Fe**-rich, Ca-
depleted pyroxenes, whereas the younger basalts were generated from a more Ca-rich magma.
Hence, the basaltic magmas that erupted in the Mare Humorum throughout the Imbrian and

Eratosthenian periods came from a variety of sources.

In Mare Grimaldi and Mare Riccioli, various basaltic units with varied albedo, mineralogy,
and titanium content were identified. The crater size-frequency distribution approach
demonstrated that the Grimaldi basin had seen at least two stages of basaltic magmatism
spanning 3.5 to 1.5 Ga (Late Imbrian—Eratosthenian). In Mare Grimaldi, high-Ti olivine basalts
dated at 2.05 Ga are discovered surrounded by low- to intermediate-Ti basalts dated at 3.47
Ga. Low- to intermediate-Ti basalts found in Mare Riccioli date back to two different volcanic
eruptions, 3.5 and 3.2 billion years ago, respectively, while patches of basalts with considerably
greater titanium content in the Mare Riccioli have a younger age of 1.5 billion years. The high-
Ti basalts in the Mare Grimaldi formed from a Fe-rich late-stage magma, whereas the low-Ti
basalts formed from an Mg- and Ca-rich starting magma that was quenched ultra-late. The low-
to intermediate-Ti basaltic magma that erupted in both units was derived from partial melting
of early cumulate materials from the hybrid source region in the post-overturn upper mantle
and made its way to the surface via dikes propagated by excess pressures accumulated in the
diapirs stalled at the crust's base due to buoyancy trap. A heated plume climbed from the deeper
clinopyroxene—ilmenite-rich cumulate layer near the core-mantle boundary, causing the high-
Ti magma to erupt in the Mare Grimaldi. The Eratosthenian (1.5 Ga) intermediate-Ti volcanic
activity in the Mare Riccioli, on the other hand, was caused by ilmenite—clinopyroxene
cumulate elements that remained in the upper mantle following mantle overturn. The new
findings show that volcanism in the Grimaldi basin did not cease at 3.27 Ga but was active and

supplied by several mantle sources until 1.5 Ga, spanning a 2 billion-year timeframe.

Spinels are oxide group minerals with Fe and Mg in the tetrahedral site and Fe, Cr, and Al in
the octahedral site. Magmatic spinels crystallise directly from ultramafic magma, hence their
chemical composition reveals information about the magma's origins and history. Using orbital
remote sensing data and returned lunar samples, magmatic spinels of various compositions
were found on Earth's Moon. The compositional differences of lunar spinels are explored in

this study, and a comparison with terrestrial spinels is made. According to the accumulated
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chemical data, lunar spinels are mostly chromites, ulvospinels, pleonaste, and Mg-Al spinels.
Cr spinels are abundant in basaltic rocks and soil samples, whereas Mg-Al spinels are found
in breccia and troctolites. When compared to terrestrial spinels, lunar spinels show comparable
compositional trends to komatiites, implying a mantle origin for lunar Cr-spinels. Furthermore,
terrestrial spinels, specifically Cr-spinels from the Sittampundi Anorthosite Complex (SAC)
in southern India, have been chosen as a functional counterpart to lunar spinels and are being
studied using a mix of spectroscopic and chemical approaches. The SAC is connected with
varied thickness chromitite layers. Cr-spinels have a Fe- and Al-rich composition, with Cr203
concentrations and Cr# ranging from 32-37 wt percent and 0.44-0.53, respectively, in SAC-
hosted chromitites. The major Raman peak associated with the Aig mode ranges between 703
and 714 cm™!, with a shoulder about 671 cm™'. The substitution of AI** in the spinel structure
is thought to be the source of the longward shift in the Aig peak (705-714 cm™). The
coexistence of (Mg, Fe) in the tetrahedral site and (Al, Cr) in the octahedral site is attributed
to the A1g peak position near 705 cm™ in the Raman spectra. Diagnostic absorption bands were
found in the Cr-spinels' hyperspectral data at 0.49 um, 0.59 um, 0.69 um, 0.93 um, 1.3 pum,
and 2 pm. The 2 pm and 0.93 pm bands appear to be stronger and wider in all of the samples,
which is likely due to a larger amount of Fe*" in the samples. Because of the increased Al
content (25 wt%) in the SAC Cr-spinels, the 2 um band position is at shorter wavelengths than
in conventional Cr-spinels. The Cr# and Cr203 contents have a positive association with the 2
um band location, but the Al203 concentration has a negative correlation. The replacement of
Al and Cr for one another explains the linear relationship. Based on their spectrochemical
features, the observed linear connection between 2 um band position and Cr/Al abundances
can be used to distinguish Al-spinels from Cr-spinels. Through an integrated and comparative
investigation of spectroscopic and chemical data, the present study has unambiguously
demonstrated the relationship between the spectral pattern and chemistry of Cr-spinels. The
spectral signatures of SAC Cr-spinels were compared to those of previously identified Sinus
Aestuum spinels, allowing the interpretation of possible Fe- and Cr-bearing spinels in the Sinus
Aestuum on the Moon. The conclusions drawn from spectral-chemical relationships will serve
as a guide for distinguishing lunar Al spinels from Cr-spinels. The Cr-spinels hosted by the
SAC could serve as a possible functional analogue for lunar Fe- and Al-rich spinels. The results
of this investigation will be added to the existing library of planetary analogue materials, which

can be used for calibration and data interpretation from future missions.

The most prevalent geological feature on planetary surfaces is impact craters. Impact crater
morphology and ejecta distribution provide crucial information regarding impact dynamics and
cratering processes. The present research focused on identifying discrete morphological units

in the Ohm and Das craters, as well as the ejecta facies of the Copernican-aged Das crater on
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the Moon's far side. Following the shock wave propagation by the projectile impact, the
excavation of the transient Das crater cavity to depths of 3 km occurred in less than 4 seconds.
The depth of the transient crater is estimated to be between 7.6 and 9.12 kilometers. The
excavated crater cavity's displaced contents were hurled out as severely shocked and melted
debris on a ballistic trajectory, finally depositing as various ejecta facies surrounding the crater.
The gravitational collapse of the 30.4 km diameter transient crater set in motion a chain of
events that resulted in the initial rim crumbling and walls slumping, resulting in the formation
of a final crater with a scalloped rim and terraced walls, as well as a subsequent enlargement
of the rim-to-rim diameter to 38 km. The centre mounds were created by the rebound of the
crater floor from depths of 3.2 km, with a small offset to the northwest. Impact-generated melts
lined the inside of the crater, cooled as melt breccia along the inner walls, and frequently
overflowed to form melt deposits outside the rim. Subsidence on the eastern floor section
occurred as a result of the solidification of impact melts and/or a structural breakdown along
weaker planes in the crater core, resulting in elevated and lower hummocky floor units.
Ballistic ejecta facies placed closer to the rim create a contiguous ejecta blanket, whilst those
deposited farther out from the rim are referred to as distal or discontinuous ejecta. The entire
asymmetric ejecta pattern, with bilateral symmetry along the NNE-SSW line across the crater
centre, implied an oblique impact for the Das crater formation, with the projectile approaching
from the NNE direction. The impact angle was between 15° and 25°, based on the crater's
almost circular planform, and a well-defined prohibited zone devoid of secondary crater chains
and distal ejecta rays in the uprange direction. The sequence of events depicted in this study
and the elucidations on impact dynamics demonstrate the importance of studying Copernican

craters to gain a better understanding of the Moon's cratering mechanics and impact dynamics.

8.2 Conclusions

e The long span of volcanism and wide chemical variations of mare basalts in the
Grimaldi and Humorum basins (3.5 Ga — 1.5 Ga) shed light on the extended volcanic
(Main- and Late-phase) and thermal evolution of the Moon and gave insights into lunar
mantle heterogeneity and endogenic processes such as origin and emplacement
mechanisms of mare basaltic magmas. The distinct mare basaltic units derived from
different source regions in the lunar mantle affirm the occurrence of mantle overturn
after LMO crystallization. Based on our results, the Grimaldi basin can be considered
a potential site for sample collection and in-situ studies during future Moon landing

missions.
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The compositional variations of magmatic spinels in diverse rock types on the Moon
showed that lunar spinel compositions could be of mantle origin. The comparison of
lunar spinels with the terrestrial spinels based on their spectrochemical characteristics
enabled the identification of Fe- and Cr-bearing spinels in Sinus Aestuum on the Moon
and put significant constraints on the remote interpretation of lunar spinel chemistry.
The morphology and ejecta emplacement dynamics of the Copernican Das and Ohm
craters (<1 Ga old) provided insights into various exogenic processes operated during-
and post the crater formation, particularly about the crater modification processes of
the simple bowl-shaped crater to develop into a complex crater, the nature of impact
(impactor direction and angle) and the role of pre-impact topography (i.e., SPA basin
ridge) in the crater morphology.

The future of space exploration will be manned and robotic landing on planetary bodies,
in-situ analyses and resource extraction, and setting up an interplanetary launch system.
Material characterization of planetary field analogue in this study provides a means of
scientific backup for methods of in-situ studies, calibration of instruments, and resource

utilization in future missions.

8.3 Future scope of this work

e The current understanding of the volcanic history of the Moon encompasses
early-phase, main-phase, late-phase, and topical phase volcanism. Results from
this Ph.D. work showed evidence of main-phase and late-phase volcanic events
on the nearside of the Moon. Additionally, recent studies revealed more
evidence of lunar topical phase volcanism, giving more validation to the
extended volcanic history of the Moon (e.g., Singh et al., 2020). Therefore,
further investigation of chemistry and ages of mare basaltic units on the nearside
and farside of the Moon using new remote sensing datasets will shed more light
on the volcanic and thermal evolution of the Moon.

e Copernican craters are ideal targets to study the impact cratering mechanics of
the Moon, as demonstrated by investigating the Ohm and Das craters on the
lunar farside. Probing similar Copernican craters would help us better constrain
the late-stage impact cratering dynamics on the Moon.

e Chromite almost always crystallises alongside olivine in igneous rocks (Roeder,
1994). Both chromite and olivine are early cocrystallizing phases; however,

they both react with the melt and are eventually replaced by pyroxene (Irvine,
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1965). Pyroxene is formed when early chromite reacts with melt and has a
higher chromium content than the melt (Roeder, 1994). As a result, geological
controls on these lunar spinels, such as the interaction between coexisting
olivine and pyroxene phases, remain unknown. This makes it difficult to come
to a more exact conclusion on their genesis. These findings can be better
constrained in the future by studies that use orbital data and future returning
samples. Moreover, the lateral and wvertical heterogeneities in spinel
compositions on the Moon can be determined by estimating their geological
context as well as the depth of occurrence. This will give more insights into the
genesis of spinels on the Moon.

The spectrochemical characterization of terrestrial spinels from other regions in
southern India, particularly in the Nuggehalli schist belt, can be carried out
using various spectroscopic techniques. The Cr-spinel composition slightly
varies in Nuggehalli with a much higher chromium content; hence, determining
their spectrochemical characteristics will be an addition to the database
containing spectrochemical information of a wider range of terrestrial spinel
compositions. The database will be a reference for remote identification of

chemically diverse spinels on the lunar surface.
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