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ARTICLE INFO ABSTRACT
Keywords: On the Moon, impact craters and basins expose a wide range of crustal and mantle rocks that provide excellent op-
Moon portunity for sampling them, understanding their origins and reconstructing spatial and temporal evolution of lunar
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interior. The previous studies detected olivine-bearing mantle rocks in and around large impact craters and basins.
The Japanese SLIM mission landed on the ejecta of a ~ 280-m-diameter Shioli crater that was emplaced on the ejecta
blanket of ~ 103-km-diameter Theophilus crater, for characterizing potential mantle-derived olivine in the Shioli
crater ejecta boulders. To test this hypothesis, we studied the geological setting of Shioli crater, host Theophilus crater
and Nectaris multi-ring basin using the orbiter data from Chandrayaan-1 and 2, Lunar Reconnaissance Orbiter, and
Kaguya missions and the earth-based Arecibo radar observation. The asymmetrically distributed secondary craters
and impact melt ponds around Theophilus crater suggests that a northeast-directed oblique impact produced this
crater. Composition of Theophilus crater and surrounding region indicates that the crater excavated a heterogeneous
target composed of a thin layer of high-Al olivine basalt (Mare Nectaris) underlain by anorthositic highland rocks
possibly intruded by Mg-suite plutons; layers of Cyrillus crater ejecta blanket and Nectaris basin materials (both ejecta
and impact melt sheets) were also present beneath the mare basalt flows. Hence, the Theophilus ejecta blanket is a
mixture of all these materials. Our dating of Theophilus crater suggests that it is a ~ 2 Ga Eratosthenian crater. Shioli is
a fresh simple crater that was formed at ~ 1 Ma on the uprange ejecta blanket of Theophilus, where the Arecibo radar
data indicated the presence of abundant buried Theophilus ejecta boulders. An ESE-directed hypervelocity oblique
impact event produced the elongated Shioli crater and its asymmetrically distributed bright ejecta. Shioli is a primary
impact crater indicating the role of impact spallation processes associated with this hyper-velocity impact in pro-
ducing thousands of ejecta (or spall) boulders around Shioli crater, displaying their asymmetric dispersal pattern and
spatial variation of boulder sizes and shapes. The larger and elongated boulders are concentrated near the crater rim,
while their size and axial ratio gradually decreases outward from the crater rim. The SLIM mission landed on a thin
downrange ejecta of Shioli crater, where fewer large-size boulders are present. Our compositional study suggests that
the Shioli ejecta boulders are composed of olivine basalt (Mare Nectaris) mixed with highland anorthositic fragments,
including the reworked Cyrillus ejecta and Nectaris basin materials. The Shioli ejecta boulders were produced by
complex impact fragmentation of already existing, buried Theophilus ejecta boulders. The regional crustal structure
of Nectaris basin and its petrological composition suggest that both Nectaris basin and Theophilus crater did not
excavate the lunar mantle. Therefore, the Shioli ejecta boulders are of crustal origin, including the olivine minerals
present in them. Our results have important implications for the origin of olivine in the Shioli crater boulders being
investigated by the SLIM mission.
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1. Introduction

Since the formation of Moon, the entire lunar surface has been being
bombarded by asteroids, comets and other impactors (e.g., the left-out
moon-forming planetesimals), resulting in significant modification of
primordial lunar crust. The long-lived bombardment produced impact
craters and basins of diverse sizes and shapes: simple craters (bowl-
shaped craters), complex craters (craters containing central peaks), flat-
floored craters, peak-ring basins, multi-ring basins, and large impact
basins. The simple craters are limited to a few kilometers in size, while
the large impact basins reached a maximum size of several hundred
kilometers. Depending on the size, these impact structures penetrated
different depth levels in the lunar crust and mantle. For example, the
largest simple crater excavated only an upper few hundred meters, while
the largest basin (e.g., the South-Pole Aitken basin) excavated the entire
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lunar crust and even believed to have penetrated the lunar mantle (e.g.,
Potter et al., 2012). Thus, the impact craters and basins expose lunar
rocks formed at different crustal and mantle depths, and thus they are
windows into the lunar interior (e.g., Yamamoto et al., 2023). Inter-
estingly, some large impact craters formed on the mare basalt areas also
exposed the underlying highland crust on the crater interiors (e.g.,
Mustard et al., 2011). Similarly, some craters excavated the crypto-mare
deposits that are concealed underneath the ejecta deposits of craters (e.
g., Kaur et al., 2015). The impact structures exhibit a diverse mineral-
ogical and geochemical composition reflecting a variation in the crustal
and mantle petrology, and therefore provide a unique opportunity for
understanding various crust and mantle forming petrological processes
and reconstructing the geologic history of the Moon. On the other hand,
the ejecta materials originated from the impact craters and basins
ballistically travelled to a range of radial distances far away from the
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Fig. 1. Geological context map of Nectaris multi-ring basin showing Theophilus crater and Shioli crater. The Nectaris basin is composed of three rings (dotted
circles): OR — Outer Ring, MR — Middle Ring and IR — Inner Ring. The Mare Nectaris is made up of basaltic flows with their boundaries are defined by pink polygons.
The white polygons are global light plains mapped by Meyer et al. (2020). We inferred a ~ 300-km-diameter impact basin (yellow circle) in the north-western part of
Nectaris basin, where it removed the highland materials, and is characterized by circular low crustal thickness anomaly (Fig. 34). Theophilus crater is located in the
southern part of 300-km basin and postdates it; it also occurs between the MR and IR, in the north-western part of the Nectaris basin. Torricelli is an elliptical impact
crater formed by high-angle oblique impact event, in which the projectile arrived from ENE-WSW direction. The LROC WAC image mosaic overlain by LOLA DEM
data are in the background. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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source craters. The ejecta materials emplaced from the simple craters are
deposited within a few tens of kilometers range, while those from the
large impact basins traversed the entire lunar surface. Hence, the ejecta
deposits also provide unique opportunity for sampling the rock mate-
rials originated from different depth levels within the lunar crust and
mantle.

As millions of impact structures were formed on the Moon since the
Moon formation, the ejecta deposits from them covered the entire lunar
surface, and formed the global mega-regolith layer overlain by a thin
surface regolith layer (e.g., Richardson and Abramov, 2020). The global
layer of surface regolith consists of ejecta materials of diverse sources,
and are made up of finer lithic fragments, shock materials and aggluti-
nates, that make up the upper few meters of the lunar mega-regolith (e.
g., McKay et al., 1991). Though the surface regolith cover the entire
lunar surface, large blocks of rocks, known as boulders, are also present
on the lunar surface. A majority of these boulders are present on the
ejecta blankets surrounding young impact craters (e.g., Bart and Melosh,
2010; Krishna and Kumar, 2016). The interiors of old craters and basins
also produced boulders on the steep slopes due to later surface modifi-
cations caused by impact events, moonquake shaking and physical
weathering (e.g., Kumar et al., 2016; Mohanty et al., 2020). Therefore,
the fresh impact craters provide great opportunity to sample fresh ejecta
boulders around them. Geological mapping of lunar surface showed
spatial and temporal distribution of impact craters and basins and their
ejecta materials (e.g., Wilhelms, 1987; Fortezzo et al., 2020) and some of
these craters and basins (e.g., Copernicus, Imbrium and Nectaris) served
as stratigraphic time markers of the lunar geologic history. The Apollo
returned samples contained a diverse lunar regolith and rock materials
originated from various sources, including impact craters and basins.
Origins of rock samples collected from the landing sites, requires precise
determination of provenance of these samples in terms of source impact
structures (e.g., Petro and Pieters, 2006).

The global study of mineralogy and geochemistry revealed that the
mare regions are made up of basaltic materials of diverse sub-groups, for
example, low- and high-Ti basalts, low- and high-Al basalts, and olivine
bearing picritic basalts (e.g., Lucey, 2004; Prettyman et al., 2006;
Lemelin et al., 2019). These lava flows are characterized by emplace-
ment ages ranging from 4 to 1 Ga, though some are shown to have
emplaced in the last 100-50 Ma as well (Head et al., 2023). Similarly,
the highland regions are composed of pure anorthosite, ferroan anor-
thosite, norite, gabbro, and other similar rock types (Jeffrey Taylor
et al., 1991). Mg-suite of rocks (e.g., dunite, pyroxenite, periodotite and
spinel-bearing rocks) are also found in the collections of Apollo samples
(e.g., Shearer et al., 2015). The impact craters and basins occurring in
the highland regions showed that the lunar crust and mantle are char-
acterized by compositional variation with depth reflecting the petro-
genetic processes in the lunar global magma ocean and subsequent
mantle overturning (e.g., Elkins-Tanton et al., 2011; Moriarty III and
Pieters, 2018). Since the Apollo, Luna and Chang-E programs, large
quantities of lunar regolith and rocky materials were brought back to
Earth from a diverse landing sites on the Moon. These materials con-
tained mixtures of ejecta of diverse impact craters, ranging from the
largest impact basin on the Moon (e.g., South-Pole Aitken basin) to
centimetre to kilometer-scale impact craters (e.g., Copernicus) occurring
in and around the sampling sites. The scientific importance of the
returned samples depends on the provenance history of the rock mate-
rials collected at the sampling sites. The samples collected from the
Apollo landing sites that are situated both on mare and highland areas
showed a large diversity. Though the samples from the highland sites
contained predominantly the local highland materials, they also con-
tained samples from the adjoining mare basalt regions supplied by
impact craters (e.g., Petro and Pieters, 2006). Hence, geological map-
ping is a fundamental science analysis that determines the provenance of
samples collected at the landing sites and their relationship with various
source craters or basins that are located globally on the Moon.

The Japan Aerospace Exploration Agency (JAXA) launched the
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Smart Lander for Investigating Moon (SLIM) mission on 6 September
2023, which landed on the lunar surface on 19 January 2024. The
landing site is near the 280-m diameter Shioli crater, which was
emplaced on the southwestern ejecta blanket of 103 km diameter
complex crater, Theophilus (Fig. 1) (Ohtake et al., 2019). The previous
studies suggested that the ejecta boulders of Shioli crater contain
abundant olivine minerals that are interpreted to have originated from
the lunar mantle (Ohtake et al., 2019). Wang et al. (2024) suggested that
the Shioli ejecta materials in the SLIM landing site are composed of
reworked Nectaris basin ring materials mixed with mantle rock mate-
rials. The Multi-Band Camera (MBC) onboard SLIM determines the
composition of olivine in the Shioli boulders using the reflectance
spectroscopic method (Nakauchi et al., 2019). It also determines the
magnesium number of the olivine grains (Mg# = Mg/(Mg + Fe) atomic
ratio) so that their crustal or mantle origins can be distinguished (e.g.,
Saiki et al., 2021). More importantly, the SLIM mission also demon-
strated its capability to land on a hazardous surface containing abundant
ejecta boulders of Shioli crater. Considering the geological setting of
Shioli crater and its relationship with the host Theophilus crater, it is
possible to determine whether the olivine-bearing ejecta boulders are
products of impact excavation of lunar mantle or crustal rocks. It is a
major objective of this study.

In this study, we carried out the context geological analysis of the
SLIM landing site for understanding the origins of boulders and ejecta
materials surrounding Shioli crater. We also characterized Theophilus
crater and its ejecta to understand the provenance of Shioli crater ma-
terials. Understanding the regional geology of Nectaris multi-ring basin
vis-a-vis Theophilus crater is also important to determine whether the
Shioli crater materials are of crustal or mantle origins. Using the datasets
from the Lunar Reconnaissance Orbiter, Kaguya, GRAIL, Chandrayaan-
1, and Chandrayaan-2 missions and earth-based Arecibo polarimetric
SAR data, we addressed the following outstanding questions in this
work: (1) What are different morphological, mineralogical and
geochemical characteristics of ejecta deposits and boulders in and
around Shioli crater in general and at the SLIM landing site in partic-
ular? (2) What are the morphological, mineralogical and geochemical
characteristics of the crater interior, ejecta deposits and secondary cra-
ters of Theophilus crater? (3) What is the stratigraphic relationship be-
tween Theophilus crater and Shioli crater? (4) What is the lithological
composition of target materials that compose Theophilus and Shioli
craters? (5) How does composition of these craters depend on the ge-
ology of Nectaris impact basin? (6) When did Theophilus and Shioli
impact craters form? (6) What are the impact parameters and trajec-
tories of impact events that produced Theophilus and Shioli craters? (7)
What is the regional crustal structure underneath Nectaris basin and
Theophilus crater? (8) Did Theophilus impact event excavate the lunar
mantle? Finally, we provide important insights into the provenance of
ejecta boulders of Shioli crater, as to whether these boulders were
formed from lunar crust or mantle.

2. Geology of study area

The ejecta of Shioli crater was the landing target of the SLIM mission.
Hence, an in-depth understanding of the geological setting of this crater
is essential. Secondly, the location of Shioli crater suggests that the
southwestern ejecta blanket of Theophilus crater was the target of Shioli
impact event, indicating that the fragmental ejecta layer of Theophilus
was involved in the Shioli cratering event. Therefore, geology of Theo-
philus crater and its relation to Shioli crater is also required to be un-
derstood. Thirdly, Theophilus crater is also related to the geology of
Nectaris multi-ring basin as it was emplaced between the inner and
middle basin rings of Nectaris (Fig. 1). The geological setting of Nectaris
basin has been described by several workers (e.g., Whitford-Stark, 1981;
Wilhelms, 1987; Spudis et al., 1989). The basin has three major rings:
~930 km diameter Outer Ring (OR), ~650 km diameter Middle Ring
(MR) and ~ 400 km diameter Inner Ring (IR) (Fig. 1). The age of this



P.S. Kumar et al.

20°E 25°E

0°

Theophilus

5°S

15°S

20°S

20°E 25°E

Secondaries

Icarus 421 (2024) 116239

30°E 35°E

Torricelli

Madler

Mare Nectaris

30°E 35°E

Fig. 2. Geological context map of Theophilus crater (diameter 103 + 1.7 km) surrounded by its own secondary crater chains and clusters (brown polygons). The
secondary crater chains of Copernicus crater (red polygons), Aristillus (pink polygons) and Madler (blue polygons) are superimposed on the Theophilus crater ejecta.
The black arrows show the impact direction of Theophilus and Madler craters. The impact melt deposits produced by the Theophilus impact event (green polygons)
are found between north-western and north-eastern part of Theorphilus crater ejecta blanket. Theophilus crater ejecta filled the interior of Cyrillus crater and
postdates it. Madler crater is stratigraphically younger than Theophilus crater. The asymmetric distribution of secondary crater chains of Theophilus crater points to
oblique impact origin for this crater, in which the projectile arrived from the south-western direction of the crater (see the direction shown by a black arrow). The
north-eastern crater rim marks the downrange direction of the oblique impact event. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

basin is also considered to be an important stratigraphic time marker
that divides the Nectarian and pre-Nectarian periods. The age of this
basin is found to be varying between different authors: 4.21 Ga (Bald-
win, 1974), 4.07 Ga (Baldwin, 1987), 3.92 (Wilhelms, 1987), 4.10 Ga
(Neukum, 1983), and 3.92 (Stoffler and Ryder, 2001), and Hiesinger
et al. (2011) assigned the basin age to be 4.1 Ga, considering Neukum
and Ivanov (1994) chronology system. The basin is highly degraded due
to the superimposition of many large complex craters, flat-floored cra-
ters and simple craters, and the central basin floor is entirely embayed
by the mare basalt flows (Mare Nectaris). Some of the large craters
present on the Nectaris basin interior are Theophilus, Cyrillus, Cather-
ina, Fracartorius, Piccomini, Gutenberg, Colombo, Santbech, Beaumont,
and Madler. The global geological map of Fortezzo et al. (2020) showed
that the highland surrounding the Mare Nectaris are overlain by the
Nectaris basin ejecta deposits, including impact melt sheets, which are

generally classified to be the Nectarian terra, plains, basin and crater
units. These units are overlain by the ejecta materials and melt sheets
from the Imbrium basin, which are generally classified to be the Imbrian
terra, plains, basin and crater units. The Eratosthenian and Copernican
aged impact craters and their ejecta materials are also superimposed on
the highland and Mare Nectaris materials in the study area. The global
lunar light plains are also found on the interior of Nectaris basin and the
surrounding highland areas (Fig. 1; Meyer et al., 2020) and most of these
light plains are impact melt sheets of Nectaris basin.

Theophilus and Cyrillus craters are located in the northwestern
interior of the Nectaris basin. Theophilus crater is located between the
IR and MR, and it overlies another complex crater Cyrillus, which is
located to the southwest of Theophilus and is superimposed on the MR.
The southwestern crater rim of Theophilus crater and its ejecta blanket
fully buried the Cyrillus crater interior (Fig. 2). In the geological map of
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Fig. 3. (a) Geologic context map of Shioli crater showing its location at the south-western ejecta blanket of Theophilus crater. The impact melt deposits of Theophilus
crater are found near its northern ejecta blanket boundary. A tentative contact between the highland and mare basalts is shown as thick dotted line. A tentative
boundary of ejecta blankets of Theophilus and Cyrillus craters is shown as thin dotted line. While Cyrillus crater is superimposed on the highland-mare contact,
Theophilus was fully formed in the mare region and its ejecta buried the mare surface. Cyrillus A is present on the Cyrillus floor and excavated the Theophilus ejecta.
A topographic profile between the A and B was obtained. (b) A NE-SW oriented topographic profile between A and B (see Fig. 3a for location) shows the topographic
characteristics of Theophilus and Cyrillus craters. The interior of Cyrillus crater was filled by Theophilus crater ejecta (TE). Theophilus crater interior is characterized
by deeper and wider north-eastern crater floor when compared to the south-western crater floor.

Fortezzo et al. (2020), the crater materials of Cyrillus are shown to be of
Nectarian age. Hence, these materials not only underlie Theophilus
crater, but also the mare basalt flows (Imbrian age) in the Nectaris basin.
Shioli crater is located on the southwestern ejecta blanket of Theophilus.
Theophilus crater and its ejecta are shown to be Copernican crater
materials in the geological map of the Moon by Fortezzo et al. (2020).
However, it is shown to be an Eratosthenian crater by Wilhelms (1987).
The central peak of this crater contains olivine, pyroxene, pure anor-
thosite and Mg-spinel bearing mafic rocks (Ohtake et al., 2009; Yama-
moto et al., 2010; Pieters et al., 2011; Dhingra et al., 2011). Mg-spinel
mineralogy was also detected on the floor and wall of this crater

(Dhingra et al., 2011). These authors also confirmed the presence of
shocked anorthosite. The mafic-free anorthosite was found to be the
most dominant rock type that compose the central peak. Dhingra et al.
(2011) suggested that the Mg-Spinel bearing lithology could have exis-
ted as a lateral unit in the target before the Theophilus impact. It was
also found that the central peak containing hydroxyl absorption fea-
tures, indicative of hydrous minerals or inclusions of magmatic water (e.
g., Bhattacharya et al., 2015). The anorthosites, anorthositic norite,
noritic anorthosites and norites were also suggested to be present in the
highlands surrounding the Mare Nectaris (Spudis et al., 1989; Tompkins
and Pieters, 1999).
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Fig. 4. (a) The Kaguya TC image mosaic showing the impact melt ponds (white
polygons), where counting of superimposed impact craters was performed for
determining the absolute formation ages of the ponds. (b) The cumulative size-
frequency distribution of counted impact craters yielding an absolute model
formation age of Theophilus impact crater to be 2 Ga, confirming that it is an
Eratosthenian crater.

The central depression of the Nectaris basin is filled by mare basalt
flows. A 300-km-diameter near-circular depression is also filled by the
mare basalt flows that connect both the Mare Tranquiltatis and Mare
Nectaris (Fig. 1). This circular depression may be a 300-km-diameter
impact crater, comparable to the size of Schrodinger basin. The
geological map of Fortezzo et al. (2020) showed that it is a Nectarian
aged depression that may be filled by the ejecta and impact melt sheets
of Nectaris basin, beneath the mare basalt top layer. De Hon (1974)
determined the thickness of Mare Nectaris basalt flows based on the
topography of mare filled craters. Approximately 1700 m thick basalt
flows were suggested to be present at Torricelli crater. In the central part
of Mare Nectaris, the flow thickness shown to be varying from 1000 to
1500 m, while along the Mare Nectaris boundary, the basalt thickness
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Fig. 5. Radial variation of ejecta blanket thickness of Theophilus crater as per
equations provided by Housen et al. (1983), McGetchin et al. (1973) and Pike
(1974). The thickness values (thick blue line) pertaining to Housen et al. (1983)
are adapted in this work. Theoertical spallation model (estimated boulder size,
Zs) (Melosh, 1984) applied to Theophilus crater is also shown as black line. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

could be <500 m. Because the mare basalt units in the Mare Nectaris are
contaminated by the ejecta rays and secondary craters from Theophilus,
Madler and other craters, the Mare Nectaris basalt flows have not yet
been dated by the previous workers so far, using the conventional crater
counting method. Only the southern part of Mare Tranquilitatis, known
as the T3 unit, was dated to be ~3.75 Ga (Hiesinger et al., 2000).
Because this unit extends to the Mare Nectaris, we assign 3.75 Ga to be
the age of the Mare Nectaris basalt flows and those surrounding Theo-
philus crater. Fortezzo et al. (2020) showed these basalt flows to be
Imbrian mare, upper unit (Im2). Kramer et al. (2008) identified two
distinct Nectaris mare units: the “Iltm” is an early Imbrian, low Ti, low
Fe and high Al mare basalt unit, while the other “Imtm” is characterized
by late Imbrian, medium Ti, medium Fe mare basalt unit. These authors
suggested that high aluminium basalts are vastly present in the Iltm unit.
Kaur et al. (2015) reported the presence of olivine minerals in the dark-
haloed Beaumont L crater and many other nearby small fresh craters
near the central part of Nectaris basin. Also, Corley et al. (2018) iden-
tified several mare basalt exposures containing olivine that are confined
to the rims of many small craters (<5 km diameter), and the olivine was
suggested to be a constituent of the mare basalt units. Several detections
of olivine minerals from the Mare Nectaris suggests that the olivine mare
basalt is the most predominant basalt type in the study area.

3. Data and methods
3.1. Morphological studies

In this work, we carried out morphologic, mineralogic and
geochemical analysis of the study area using the datasets from various
missions. We used the 100 m/pixel Lunar Reconnaissance Orbiter
Camera Wide Angle Camera (LROC WAC) image mosaic (Robinson
et al., 2010) and 10 m/pixel Kaguya Terrain Camera (TC) panchromatic
image mosaic (Haruyama et al., 2008) for performing geological anal-
ysis of Nectaris multi-ring basin, Theophilus, and Shioli craters. Lunar
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Fig. 6. Arecibo radar observations of Theophilus and Shioli crater regions: (a) A P-band Arecibo circular polarization ratio (CPR) map showing the blocky nature of
Theophilus ejecta blanket. At Theophilus proximal ejecta, the blocks (boulders) are interpreted to be buried up to a few meters in the regolith and also in the
underlying ejecta blanket, while those on the surface were already destroyed by micro-meteoroid bombardment. (b-d) S-band Arecibo CPR maps showing the blocky
nature of Shioli crater. The elevated CPR values in and around Shioli crater is due to presence of thousands of boulders present on the ejecta blanket and

crater interior.
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Fig. 7. (a) The Kaguya Terrain Camera mosaic showing the Theophilus central
peak containing the boulder fields (green polygons). The yellow dots (not to
scale) are boulder falls with trails, and blue dots (not to scale) are boulder falls
without trails. (b) A close view of boulder falls on the central peak walls. More
than one generation of boulder falls are recognized. The LROC NAC image
M192774546LE is in the background. See Fig. 7a for the location of the boulder
fall site at the central peak. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Reconnaissance Orbiter Camera Narrow Angle Camera (LROC NAC)
images were used for studying the morphology of Shioli crater. Simi-
larly, the Kaguya TC image mosaic was used for dating of the Theophilus
crater impact melt ponds. The 0.25 m/pixel Orbiter High Resolution
Camera (OHRC) images (Chowdhury et al.,, 2020) obtained by
Chandrayaan-2 Orbiter were used for studying the morphology and
mapping of the ejecta boulders in and around Shioli crater. For
morphometric analysis, we used 512 pixels per degree merged Kaguya-
LOLA digital terrain model (Barker et al., 2016). ESRI’s ArcGIS desktop
software was used for geological and topographic analysis. We used the
lunar crustal thickness map (model 1) derived from the inversion of
Bouguer gravity anomalies obtained by the Gravity Recovery and Inte-
rior Laboratory (GRAIL) mission (Wieczorek et al., 2013).

3.2. Mineral detections

We used the mineral abundance maps of plagioclase, clinopyroxene,
orthopyroxene, olivine, and FeO derived from the Kaguya Multiband
Imager (MI) and Spectral Profiler (SP) data (Lemelin et al., 2019). We
also derived mineralogical information from the Chandrayaan-1 Moon
Mineralogy Mapper (M®) data with a spatial resolution of ~140 m/pixel
(Goswami and Annadurai, 2009; Green et al., 2011). To understand the
mineralogical diversity in the study area, a false colour composite (FCC)
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image was generated by assigning the red, green and blue channels to
the 930 nm, 1249 nm and 2149 nm of M? bands, respectively. This FCC
image highlights the presence of pyroxenes in green shade, olivine ex-
posures in light to dark brown shade and spinel in yellowish to orange
shades. The representative reflectance spectra of the associated minerals
in the study area have been clipped at 2500 nm to overcome the effect of
thermal residue at the higher wavelengths. Furthermore, to study the
relative strength of the spectral absorption features near 1000 and 2000
nm, an integrated band depth (IBD) image was generated by following
Mustard et al. (2011). To depict the first-order mineralogical variations
in the study area, a FCC image was prepared using 1000-nm IBD, 2000-
nm IBD and 1578-nm M? albedo band in the red, green and blue chan-
nels, respectively. The pyroxene-bearing outcrops exhibit hues ranging
from pink to magenta on the IBD map, while olivine is represented by
shades of orange and spinel by greenish tones. In order to enhance the
distinction between the mineralogical compositions of lunar mafic rocks
in the study area, a rock-type composite map (RCM) was prepared by
following Pieters et al. (2014). This map represents areas containing
pyroxene, spinel, and plagioclase minerals, represented by shades of red
to pink, green, and blue, respectively. The derived maps offer useful
information regarding the mineral distribution to select the region of
interest (3 x 3 pixels) in the study area to acquire the mean reflectance
spectra for further spectroscopic analysis.

3.3. Geochemical data

We used Chandrayaan-2 Large Area Soft X-ray Spectrometer (CLASS)
data to get the weight percentage of different elements such as Al, Fe,
Mg. The CLASS payload is a non-imaging spectrometer that measures
the Moon’s X-ray Fluorescence (XRF) spectra and detects these elements
by measuring the characteristic X-rays that are emitted by the lunar
surface, when excited by the solar X-ray emission. The CLASS detector
has the ground resolution of 12.5 km x 12.5 km at the 100 km altitude
lunar orbit (Radhakrishna et al., 2020; Narendranath et al., 2024).

3.4. Radar data analysis

We utilized the Arecibo 12.6 cm (S-band) and 70 cm (P-band) radar
data (Campbell et al., 2007, 2010) to understand the physical properties
of the Theophilus and Shioli crater regions. The radar backscatter is
composed of both (a) a specular component from both the space-surface
interface as well as subsurface layers in the crater floor and ejecta, and
(b) a diffuse component caused by surface and subsurface rock frag-
ments, especially the rock boulders (Thompson et al., 2011). The Are-
cibo transmits circularly polarized waves and receives echoes from the
lunar surface at the Arecibo observatory (for P-band) as well as the
Green Bank Telescope (for S-band) that are in both senses of circular
polarization. The received echoes in the opposite sense as that trans-
mitted waves (OC or “polarized”) arise in part from mirror-like echoes
from the large, flat (> 10 radar wavelengths) smooth surfaces, with
some component due to diffuse reflections (at larger incidence angles).
The echoes in the same sense as that transmitted (SC or “depolarized™)
are attributed to scattering from wavelength-sized (one-tenth to 10
wavelengths) rock boulders, present either on the lunar surface or
buried in the subsurface up to the radar’s penetration depth, which is on
the order of ten wavelengths in the maria and up to forty wavelengths in
the highland regions (Campbell and Hawke, 2005). The received radar
echoes at a particular wavelength represent the depth-integrated rego-
lith properties over the radar path length (e.g. Thompson et al., 2011),
and the relative contribution of each of these components as a function
of radar wavelength, surface roughness, surface and volume rock
boulder populations, the depth and dielectric properties of the regolith
and bedrock (e.g. Ghent et al., 2005). The circular polarization ratio
(CPR), which is a ratio of the SC and OC echoes, provides a robust
measure of roughness (or boulder abundance) at the lunar surface or
sub-surface within the probing depth of the radar signals.
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Fig. 8. A map showing the variation of aluminium (wt%) abundance in the study area, derived from the Chandrayaan-2 CLASS data. The highland area is char-
acterized by higher abundance of aluminium compared to the mare basalt areas. The Kaguya TC image mosaic is in the background.

3.5. Crater counting ages

The formation ages of Theophilus crater impact melt ponds and
Shioli crater ejecta blanket were determined using the conventional
crater counting method. It involves demarcation of crater counting area
and measurements of diameters of superimposed primary impact craters
on the ejecta blanket or melt ponds within the counting area. We used
the CraterTools software for mapping the craters within the given
counting areas (Kneissl et al., 2011). We used Kaguya Terrain Camera
(TC) images for dating the Theophilus crater impact melt ponds and
Chandrayaan-2 Orbiter High Resolution Camera (OHRC) images for
dating the Shioli crater ejecta blanket. The crater counting data (.scc
files) were then imported into the Craterstat software (Michael and
Neukum, 2010), for performing the statistical analysis of the mapped
craters and deriving the cumulative size-frequency distributions (CSFDs)
of the mapped craters. The lunar production and chronology functions
(Neukum et al., 2001) were applied for obtaining the absolute model
ages.

4. Results
4.1. Study of Theophilus crater

4.1.1. Morphology of Theophilus crater
Theophilus is a typical complex crater characterized by a near-

circular rim, terraced wall, flat floor with a central peak complex
(Figs. 2 and 3). An average rim-to-rim diameter of Theophilus is ~103
+ 1.7 km, rim-to-floor depth is ~4.1 km, and central peak height is ~2.5
km above the surrounding floor. The radial width in the northeastern
crater floor is ~26 km, while it is ~20 km in the southwestern side.
Hence, the central peak is shifted towards the southwestern rim. The
central peak is also split into four unequal blocks, in which the northern
block is massive and curved with its concave side facing the northeastern
rim. The southwestern floor is at a higher elevation (~200 m) than at the
northeastern floor. The northeastern floor is smooth because of a pool of
impact melt, produced by the Theophilus impact. The northeastern
crater rim is about ~800 m lower than the southwestern rim, suggesting
that the crater was formed on the target surface having a slope towards
northeast (Fig. 3b). A 7 km diameter simple impact crater was emplaced
on the northwestern crater wall. Theophilus crater is surrounded by a
well-developed ejecta blanket that extends to an average radial distance
of ~25 km from the rim. Beyond this distance, the ejecta blanket is less
conspicuous but has many radial lineaments and subtle grooves on the
surface that extend up to a radial distance of ~50 km from the outer
edge of ejecta blanket. The impact melt ponds of variable sizes and
shapes, produced by the Theophilus impact, are observed in the zone
surrounding the ejecta blanket, while larger impact melt ponds are
found along the northern periphery (Fig. 3a). These ponds are charac-
terized by smooth and flat surfaces exhibiting embayment relationship
with the surrounding ejecta materials.
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Fig. 9. A map showing the variation of iron (wt%) abundance in the study area, derived from the Chandrayaan-2 CLASS data. The mare basalt areas are charac-
terized by higher abundance of iron than the highland areas. The Kaguya TC image mosaic is in the background.

The secondary craters of Theophilus are found beyond 50-75 km
radial distance from the crater rim. We mapped >2000 secondary cra-
ters around the Theophilus ejecta blanket, displaying an overall asym-
metry in their distribution pattern (Fig. 2). These craters occur in the
form of clusters and chains. The shapes of secondary craters are elon-
gated towards Theophilus crater. The asymmetric distribution of sec-
ondary craters suggest that Theophilus crater was formed by an oblique
impact event. A lack of secondary craters in the southwestern side of the
ejecta, defines the forebidden zone, suggesting that it is the uprange side
of the oblique impact. In the northeastern side, the secondary craters are
found up to a distance of >350 km, while in the southeastern and
northwestern parts, they traversed up to ~300 km and ~ 250 km,
respectively. The asymmetric distribution of secondary craters, shifting
of central peak position towards the southwest crater rim, the concave
curvature of central peak opening towards the northeastern rim, and the
distribution of impact melt ponds are consistent with the northeast-
directed oblique impact event.

The 28 km diameter Madler crater is located about 50 km east of
Theophilus crater rim. The ejecta blanket of this crater overlies the
ejecta of Theophilus crater and hence it postdates Theophilus crater. The
secondary craters of Madler are notably superimposed on the south-
western (uprange) ejecta of Theophilus and we mapped ~300 craters of
them; these are generally distributed as a broad cluster oriented in NE-
SW direction (Figs. 2 and 3). To the northeast of Madler, its ejecta
developed a chevron-shaped forebidden zone, suggesting southwest-
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directed oblique impact. A large number of secondary crater chains
from distant primary craters traverses the Theophilus crater ejecta. We
mapped >1500 secondary craters of Copernicus crater that are super-
imposed on the southwestern ejecta of Theophilus (Figs. 2 and 3) and
these form a chain oriented in NW-SE direction for a length of ~300 km
and a width of ~50 km. We also traced a linear cluster of >300 sec-
ondary craters of Aristillus crater on the northwestern ejecta of Theo-
philus (Figs. 2 and 3) and these are aligned in NNW-SSE direction, for a
distance of >100 km.

4.1.2. Age of Theophilus

An outstanding question of whether Theophilus is a Copernican or
Eratosthenian crater is remain unresolved. Therefore, we dated the
surfaces of six impact melt ponds (Fig. 4a), which may provide the
formation age of Theophilus crater. The previous studies suggested that
dating of impact melt deposits of impact craters may provide more
reliable ages than the fragmental ejecta surfaces (e.g., Hiesinger et al.,
2011). Theophilus crater and its ejecta blanket are superimposed by
many small fresh impact craters containing radial bright ejecta rays,
suggesting that these are primary impact craters. We counted these
craters from the selected counting areas covering the impact melt ponds
on the ejecta blanket. Because the secondary craters of Copernicus,
Aristillus, Madler, and Cyrillus A are also superimposed on Theophilus
crater ejecta (Figs. 2 and 3), we carefully eliminated these secondary
craters while counting the primary craters. We counted 974
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Fig. 10. A map showing the variation of magnesium (wt%) abundance in the study area, derived from the Chandrayaan-2 CLASS data. The mare basalt areas have
higher magnesium content than the highland areas. The Kaguya TC image mosaic is in the background.

superimposed impact craters in the diameter range of 38.6 m to 1.23 km
from a total counting area of 941.2 km? covering the six impact melt
ponds. The cumulative size-frequency distribution of the counted craters
is shown in Fig. 4b. We fitted an isochron to a diameter range of 350
m-1.23 km, which yielded a N (1) value of 1.68 x 1073 and an absolute
model age of 2 + 0.25 Ga, which suggests that Theophilus is an Era-
tosthenian crater, as earlier suggested by Wilhelms (1987).

4.1.3. Ejecta thickness

Theophilus crater has a rim height of ~2 km above the surrounding
plains, accounting for rim upliftment and ejecta blanket thickness. A
gradual decrease of elevation from the crater rim towards the edge of
ejecta blanket indicates a gradual decrease of both rim uplift and ejecta
thickness. Because the ejecta thickness variation cannot be measured
directly, we calculated it using various empirical equations given by
Pike (1974), Housen et al. (1983) and McGetchin et al. (1973) (see
Supporting Information). The plots are shown in Fig. 5. As per Pike
(1974) model, the ejecta thickness at the crater rim is 1700 m, which
gradually decreases to 865 m at a distance of Shioli crater. On the other
hand, the model by Housen et al. (1983), simplified by Petro and Pieters
(2006), suggests a thickness of 402 m at the crater rim which decreases
to 223 m at the Shioli crater. The model by McGetchin et al. (1973) gives
the lowest estimate of 186 m at the crater rim and 95 m at the Shioli
crater. Therefore, considering the three models, thickness of ejecta
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blanket of Theophilus crater at the distance of Shioli crater would vary
between 95 m and 865 m. However, many workers suggested that the
model by Housen et al. (1983) is more suitable to complex impact cra-
ters (e.g., Ivanov et al., 2018; Krasilnikov et al., 2023). Therefore, the
ejecta thickness of 223 m for Theophilus crater may be considered
beneath Shioli crater.

4.1.4. Buried and exposed boulders

The polarimetric radar observations provide important insights into
the nature of ejecta blanket surrounding the Theophilus crater, espe-
cially the presence of ejecta boulders, both on the ejecta surface and
buried in the subsurface (Fig. 6). A previous study using 70-cm wave-
length radar observations of Theophilus crater indicated very strong
depolarized (SC) echoes with echo strengths an order of magnitude
larger than the surrounding plains (Thompson, 1987). Fig. 6 shows the
P- and S-band CPR maps of Theophilus crater and the surrounding
ejecta. Both the crater interior and ejecta blanket are characterized by
high backscattered power and high circular polarization ratios (Fig. 6),
implying abundant rocky ejecta either on the surface or buried within
the penetration depth of the radar. While vast areas on the crater floor
have the P-band CPR values >1, some regions have average CPR values
in the range of 0.5-0.6, coinciding with the impact melt ponds in the
northeastern floor. The high interior S- and P-band CPR values are
attributed to the presence of numerous small fresh impact craters as well
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Fig. 11. Correlation between different elemental abundances of various geological units such as highland, mare, buried mare, Theophilus crater and its ejecta
blanket, Cyrilus crater and its ejecta blanket, and the area covering the Shioli crater, as defined in Figs. 6 to 8. The highland pixels are characterized by higher Al,
lower Fe, and lower Mg contents compared to the mare basalt pixels. The buried mare pixels are more similar to the exposed mare basalt pixels. Interestingly, the
pixels covering Cyrillus crater and its ejecta blanket are comparable to the highland, while Theophilus crater and ejecta blanket are characterized by higher Mg and

Fe than Cyrillus.

as boulder fields and boulder falls containing rolled boulders with a
minimum diameter of about one-tenth of the radar wavelength and
larger (Fig. 7). Our study of Kaguya TC and LROC NAC images provided
a map of boulder fields and boulder falls on the central peak of Theo-
philus crater (Fig. 7). Considering the mineral detections from the cen-
tral peak (e.g., Dhingra et al., 2011), these boulders may contain
minerals such as olivine, pyroxene and Mg-spinel. Some boulders may
be composed of pure anorthosite as well. The crater wall also contains
some sporadic occurrences of boulder fields, locally occurring debris
flows and boulder falls.

In the P-band data (Fig. 6a), the Theophilus ejecta blanket is char-
acterized by high CPR values similar to those in the crater interior,
reaching as high as 1.3. Shioli crater is located within the Theophilus
ejecta blanket and is associated with higher S- and P-band CPR values
(Fig. 6a-d). Moreover, P-band radar data reveals that the proximal ejecta
blanket associated with Theophilus crater has distinctly higher CPR
values (in the range of 0.5-1.3) than the background regolith when
compared to the S-band radar data (Fig. 6a). For example, the south-
eastern ejecta blanket of Theophilus has higher (>1) CPR values (along
with enhanced SC backscatter) that grades into low CPR values on the
surrounding plains at a radial distance of ~40 km from the Theophilus
crater rim, indicating the radial extent of ejecta blanket. In other parts of
the ejecta blanket, the transition occurs between 25 and 35 km (Fig. 6a).
Our examination of LROC WAC and NAC images in the Quickmap
browser revealed absence of boulders on the surface of Theophilus ejecta
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blanket. Thus, the enhanced CPR should originate from the subsurface.
The radar data suggest significant diffuse scattering of radar waves in
the ejecta possibly due to a significant component of subsurface volume
scattering from the buried ejecta boulders. The dry lunar regolith within
the Theophilus ejecta blanket would permit greater radar penetration
and volume scattering, enhancing the probability of subsurface multiple
scattering events that further increase the CPR values, as observed.
Therefore, ~100-400 m thick ejecta blanket around Theophilus crater
contributes to high CPR values, especially due to the buried ejecta
boulders that were deposited during the Theophilus cratering event.
Beyond 25-40 km radial distance from the crater rim, high CPR values
gradually decreases to low CPR values (<0.3) in the surrounding distal
ejecta deposits. Interestingly, the CPR values are low in the impact melt
ponds that occur along the northern ejecta blanket (Fig. 3) and are
indistinguishable from the background regolith. Similar to Theophilus
crater, the Madler crater interior and its ejecta blanket are also char-
acterized by high P-band CPR values (>1). We noticed fewer boulders on
the Madler ejecta blanket surface. Therefore, high CPR values observed
from its ejecta blanket are interpreted to be related to the buried boul-
ders. In contrast, the central peak of Madler is characterized by many
boulder fields on the surface, giving rise to elevated high CPR values. It
is also noted that Cyrillus crater and the surrounding ejecta are char-
acterized by low CPR values, indicating paucity of boulders both on
surface and subsurface.
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Fig. 12. Kaguya mineral maps of the study area: (a) plagioclase, (b) clino-pyroxene, (c) olivine and (d) FeO contents in various geological units in the study area.

4.1.5. The geochemical maps

Using the CLASS data, we prepared the elemental abundance maps of
Al, Fe and Mg for the study area (Figs. 8-10). These elemental abun-
dances reflect the composition of the lunar regolith and the underlying
bedrocks. In many cases, the locally formed regolith is mixed with the
ejecta from the craters and basins occurring at different distances. The
ejecta from young impact craters also bury the regolith layer, leading to
formation of a new regolith layer on top of the underlying regolith. The
interior of craters and basins exposes fresh bedrocks. Therefore, the
elemental maps not only provide compositional information about the
local bedrock but also the ejecta deposits ballistically derived from
various impact craters. Hence, the interpretation of CLASS elemental
maps requires an in-depth understanding of local and regional geology
that takes in account of stratigraphic relations between the ejecta ma-
terials of diverse impact crater sources and the insitu rock types (e.g.,
basalt and anorthosite). We interpret the CLASS elemental maps in terms
of lithology using the geochemical data obtained from various Apollo
returned lunar rocks (Table S1; Fig. S1). The mineralogical maps derived
from the Kaguya multispectral and Chandryaan-1 M® hyperspectral
datasets were also used. The CLASS elemental maps of the study area are
divided in to eight morphological units as per Figs. 2 and 3. These units
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are: highland, mare, buried mare, Theophilus crater, Theophilus ejecta
blanket, Cyrillus crater, Cyrillus ejecta and Shioli crater. The variation of
Al, Fe and Mg abundances within these units and the mean elemental
abundances (Table S1) were studied for understanding the nature of
lunar source rocks that make up these units.

The elemental maps (Figs. 8-10) of the Mare Nectaris plains and the
buried mare units (crypto mare) are characterized by lower abundances
of Al and higher abundances of Fe and Mg than the surrounding high-
lands. The pixels covering the mare basalt and buried mare basalt units
have comparable mean abundances of 10.9-11.7% Al, 13.5-14.7% Fe
and 5.3-5.8% Mg, respectively. Strikingly, these mare units have higher
abundances of Al compared to the typical mare basalts elsewhere on the
Moon (Table S1). The mare basalt units in the study area are similar to
the very low-Ti, high aluminium basalts in the Apollo 16 collections
(sample # 60053,2-9; Zeigler et al., 2006). This is consistent with the
study by Kramer et al. (2008) that showed a majority of areas covering
the Mare Nectaris is composed of the map unit “Iltm” which is inter-
preted to be a candidate rock type typical for Early Imbrian, low-Ti, low-
Fe and high-Al basalt. Fig. 11 reveals the overall elemental distribution
within the mare and buried mare basalt pixels. Though these units are
comparable to each other in terms of overall elemental distribution, a



P.S. Kumar et al.

Icarus 421 (2024) 116239

Fig. 13. Morphological characteristics of Shioli crater. The OHRC image (20210401T235737-6656) is in the background. (a) Superimposition of Shioli crater on
another similar sized crater (1) and the Shioli ejecta blanket fills the interior of this crater. The Shioli crater ejecta and boulders are found on the interiors of other
prominent craters (2, 3 and 4) in the vicinity. (b) A close view of Shioli crater and the underlying degraded crater to the southwest. The ejecta blanket of Shioli
partially fills the interior of degraded crater. A red-circle fitted to the crater rim suggests that its shape deviates from the circularity with an elongation roughly
towards east, indicating an oblique impact towards E or ESE. Also, the E to ESE crater wall is more diffusive than the western rim, where it is crisp. (c) The
southeastern part of the Shioli crater showing diffusive crater rim and well-developed ejecta blanket overlain by boulders. (d) The south-eastern ejecta blanket of
Shioli showing the ejecta boulders and associated trails (also see Mohanty et al., 2023). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

significant number of pixels from both units have greater Fe (15-20%)
and Mg (6-8%) compared to the mean elemental abundances. These
pixels are considered to be the original mare surfaces with the least
contamination from the ejecta deposits from the nearby highland cra-
ters. The Kaguya mineral maps (Fig. 12) suggest that the mare and
buried mare units consist of mineralogical assemblage typical of olivine
basalts (e.g., Lemelin et al., 2019; Kaur et al., 2015; Corley et al., 2018).
On the other hand, some pixels are comparable to the highland pixels
(12-14% Al, <12% Fe and < 5% Mg) indicating some contamination
from the ejecta materials of Theophilus and Madler craters that exca-
vated abundant highland materials.

The elemental maps (Figs. 8-10) reveal that the highland materials
have distinctly higher mean abundances of Al (14%), but lower

14

abundance of Fe (10.2%) and Mg (4.2%) than the mare and buried mare
units. A few 15-40 km diameter impact craters emplaced on the high-
land do not show any distinct elemental variation compared to the
surrounding highland pixels, suggesting homogeneous highland
composition at these impact sites. The highland areas close to the mare
and buried mare units have slightly lower abundance of Al and
enhanced Fe and Mg abundances, possibly because of contamination
caused by the basaltic ejecta materials from nearby craters in the mare
areas. Fig. 11 provides the elemental variation within the highland,
where a significant number of pixels have higher Al abundances
(15-17%) than the average Al value (14%), implying presence of rock
types such as pure anorthosite, ferroan anorthosite, troctolitic anor-
thosite, anorthositic norite and noritic anorthosites (Table S1). A few
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Fig. 14. An asymmetric heart-shaped ejecta pattern around Shioli crater indi-
cating the oblique impact event in which the projectile arrives from roughly
west-northwest direction (pale yellow arrow indicates the direction of impact).
The white star shows the location of SLIM landed site. The LROC NAC image
(M1328124899RE) is in the background. A general slope of the Theophilus
crater exterior at the Shioli impact site is south-west. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 15. The radial variation of ejecta blanket thickness of Shioli crater as per
equations provided by Sharpton (2014) and Austin et al. (2024). The models 1
(5.14) and 2 (2.76) provide ejecta thicknesses to be 0.22 m and 0.12 m,
respectively, at the SLIM landing site.

highland pixels are characterized by lower Al (10-14%), and higher
abundances of Fe (>10%) and Mg (>5%), which may be related to the
exposures of norite and gabbroic norite. Our interpretations are
consistent with the Kaguya mineral maps, which confirm that the
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Fig. 16. (a) The OHRC image (ID No. 20210401T2357376656) showing the
ejecta blanket of Shioli crater (white polygon), where counting of superimposed
impact craters was performed. (b) The cumulative size-frequency distribution of
counted impact craters defining an absolute model formation age of Shioli
impact crater.

highland areas are characterized by higher abundance of plagioclase
and lower abundances of clinopyroxene and olivine than the mare and
buried mare units (Fig. 12). Considering Fortezzo et al. (2020), the
CLASS elemental abundances of highland would reflect the composition
of ejecta and impact melt deposits of Nectaris and Imbrium basins as
well.

The elemental maps clearly demarcate the boundary between the
highland and mare/buried mare units (Figs. 8-10). These maps confirm
that Theophilus, Madler and Torricelli craters excavated the mare basalt
and the underlying highland bedrocks, while Torricelli crater fully
excavated the mare basalt, indicating thicker mare units underneath,
where De Hon (1974) estimated the basalt thickness to be >1500 m.
Theophilus crater and its ejecta are characterized by higher Al (~12%)
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Fig. 17. The OHRC image (ID No. 20210401T2357376656) showing distribution of ejecta boulders in and around Shioli crater. We mapped 2341 boulders with
diameters >1.5 m (yellow dots; not to scale) and 7881 boulders with diameters <1.5 m (green dots; not to scale). Some ejecta boulders produced trails (white lines)
along transport paths. The asymmetric distribution of boulders and trails suggest that Shioli crater was formed by an oblique impact, in which the projectile roughly
arrived from WNW direction (pale yellow arrow). Shioli crater was formed on the southwestern ejecta blanket of Theophilus crater (see Fig. 3). The SLIM landing site
is shown to be white star. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and lower Fe (>12%) than those of mare and buried mare units, while
the Mg map does not show any trend. Fig. 11 suggests that the Theo-
philus ejecta is a mixture of mare basalt and highland anorthositic ma-
terials with a minor component of high-Mg suite rocks. The elemental
characteristics of Theophilus crater interior are similar to the ejecta (a
mixture of mare basalt and highland anorthositic materials), while some
pixels have Mg >6.5%, Fe >12% and Al <12% suggesting the presence
of mafic rock types. A minor component of pure anorthosite is also
present. Because the Theophilus excavation depth may exceed 8 km
(Melosh, 1989) or 2.5 km (Sharpton, 2014), the impact should have fully
penetrated the thin layer of mare basalt (~500 m; De Hon, 1974) and
excavated the underlying highland bedrock, including the Cyrillus
ejecta and Nectaris basin materials (both ejecta and impact melt sheets).
These interpretations are broadly consistent with the Kaguya mineral
maps (Fig. 12). Shioli crater is characterized by 12.9% Al, 12.8% Fe and
4.7% similar to the Theophilus ejecta. It is noted that the elemental
abundance of Shioli crater is an average of two pixels (25 km x 12.5
km), which therefore cannot resolve the original composition of Shioli
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crater and its ejecta covering a maximum of 4 km x 4 km area. Madler
crater is also comparable to the composition of Theophilus. In contrast,
Cyrillus crater and its ejecta are more enriched in Al (>14% Al) but more
depleted in Fe (<11%) and Mg (<4%) than Theophilus and Madler
craters, suggesting anorthositic composition.

4.2. The study of Shioli crater

4.2.1. Crater and ejecta morphology

Shioli crater is located on the uprange Theophilus ejecta blanket at
~12 km radial distance from the southwestern crater rim of Theophilus.
Beneath Shioli crater, the Theophilus ejecta blanket is underlain by the
Cyrillus crater floor. Shioli crater is surrounded by many small impact
craters, including a 280 m diameter degraded crater that underlies Shioli
crater (see Crater 1 in Fig. 13a). Shioli crater is slightly more elongated
in ESE direction possibly indicating its oblique impact origin. Shioli
crater has a well-developed bright ejecta blanket and distal rays around
it (Fig. 14). The ejecta rays exhibit an asymmetric distribution,
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Fig. 18. The OHRC image (ID No. 20210401T2357376656) showing distribution of large ejecta boulders (yellow dots; not to scale) in and around Shioli crater,
revealing asymmetric distribution in which the uprange boulders are characterized by short runout distances. The arrow shows the impact direction in which the
projectile roughly arrived from WNW direction. The SLIM landing site is shown to be white star. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

exhibiting a forebidden zone in the WNW direction. The ejecta blanket is
characterized by many radial striations and lineations and abundant
fresh ejecta boulders of diverse size and shape (Fig. 13c). Some ejecta
boulders are associated with trails indicating that these ejecta boulders
rolled on the surface of ejecta blanket (Mohanty et al., 2023). Using
Sharpton (2014) and Austin et al. (2024), we calculated the ejecta
thickness of Shioli crater (Fig. 15) (see Supporting Information). These
models provide both maximum and minimum ejecta thickness values
depending on errors in the constants used in these equations. As per the
model of Sharpton (2014), the ejecta thickness at the crater rim is
2.65-1.47 m, which systematically decreases to 0.05-0.03 m at 400 m
away from the rim (roughly the edge of the ejecta blanket). At the SLIM
landing site (~635 m from the crater rim), the ejecta thickness is
0.02-0.01 m. As per Austin et al. (2024), the ejecta thickness at the
crater rim is 13.48-2.36 m, which systematically decreases to 0.27-0.06
m at 400 m away from the rim (roughly the edge of the ejecta blanket).
At the SLIM landing site (~635 m from the crater rim), the ejecta
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thickness is 0.09-0.02 m. While the model of Sharpton (2014) is
applicable to 2.2-17 km diameter simple craters, Austin et al. (2024)
model is applicable to smaller simple impact craters in the diameter
range of 0.1-4.8 km. Hence, the ejecta thickness values derived using
the model of Austin et al. (2024) is considered in the study. Shioli crater
and its ejecta blanket are overlain by many small fresh primary impact
craters. Counting of these craters was performed in a selected area on the
ejecta blanket (Fig. 16a). We counted 515 superimposed impact craters
in the diameter range of 1.5 m to 11.8 m, in a total counting area of
0.3656 km?2. As we found only one crater above 10 m size, the crater
counts did not yield a meaningful age. However, given the alignment of
cumulative size frequency distribution with the 1 Ma isochron, we
assign the age to be 1 Ma with an unknown error (Fig. 16b).

4.2.2. Study of ejecta boulders
Because the SLIM mission has been studying the ejecta boulders of
Shioli crater, we characterized all these boulders around the crater.
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Fig. 19. The OHRC image (ID No. 20210401T2357376656) showing distribution of ejecta boulders in and around Shioli crater and its ejecta blanket. The yellow and
green dots (not to scale) are larger (>1.5 m) and smaller boulders (<1.5 m), respectively. The SLIM landing site (white star) is located ~775 m ENE of Shioli crater
and is at the northern edge of an ejecta ray containing abundant boulders. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Using the OHRC image, we mapped 2341 boulders with diameters >1.5
m (yellow dots; these are grouped as larger boulders) and 7881 boulders
with diameters <1.5 m (green dots; these are grouped as smaller boul-
ders) (Fig. 17). The resolution of the OHRC image (25 cm) allows
measurement of diameter and aspect ratio of boulders above 1.5 m
confidently, while the smaller boulders are only detected. The Arecibo
data also suggests abundant boulders in and around Shioli crater giving
rise to high CPR values (Fig. 6). Similar to the ejecta (Fig. 14), the
boulder dispersal pattern also exhibits a broad asymmetry in which only
fewer boulders are found in the WNW side, where the boulders define a
V-shaped forebidden zone. Around Shioli crater, the smaller boulders
are distributed over a long radial distance (>1000 m from the rim),
while a majority of larger boulders are restricted to the ejecta blanket,
within ~500 m from the rim. The larger boulders also display the
asymmetric distribution pattern with fewer boulders in the WNW side,
while the larger boulders are more abundant up to >1 km in ESE di-
rection. We interpret this boulder distribution pattern (Figs. 17 and 18)
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is due to an ESE directed oblique impact, which is consistent with the
elongated crater shape and asymmetric ejecta pattern of Shioli crater
(Figs. 13 and 14). Fig. 19 shows the boulder distribution in the eastern
part of Shioli ejecta including the SLIM landing site, which is located
about 775 m ENE of Shioli crater. Overall the population density of
boulders around the crater gradually decreases away from the crater
rim. Fig. 20 shows that the SLIM landing site is located near the
southwestern rim of a ~ 50 m diameter degraded impact crater, which
predates the Shioli ejecta. Though the Shioli ejecta is present at the SLIM
landing site, the ejecta of the 50 m underlying crater may also be mixed
with it. Just 20 m south of this crater, a prominent Shioli ejecta ray
having a width of 20-30 m contains many smaller boulders. We suggest
that the SLIM landing site may contain abundant sub-meter sized
boulders, but not larger boulders.

Fig. 21 shows how boulder sizes decrease with increasing distance
from the crater center. The largest boulders are concentrated near the
crater rim. The size of the largest boulder is 12.4 m. We found 26
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Fig. 20. The OHRC image (ID No. 20210401T2357376656) showing the details of SLIM landing site and the surrounding plains. The landing site is located on the
south-western edge of a ~ 50 m diameter impact crater and the distal ejecta rays from Shioli including a few boulders overlie the crater.

boulders with diameters >5 m, while the remaining 2315 boulders are in
the range of 1.5 to <5 m. In the ejecta blanket, the boulder size varies
from ~1.5 m to 12.4 m. At the range of SLIM landing site, boulder size is
in 1.5-4 m range. The shapes (aspect ratio = long axis + short axis) of
the boulders were also measured, following the methodology given by
Krishna and Kumar (2016). As in many impact craters on the Moon
(Krishna and Kumar, 2016), Mars and Earth (Lakshmi and Kumar,
2020), the aspect ratios of boulders are large near the crater rim (range
= 1-2.75), while it decreases to 1-2.25 at the SLIM landing site range,
and it further decreased to 1-1.75 away from this site. We plotted the
cumulative size frequency distribution (CSFD) of Shioli ejecta boulders
in Fig. 22. A power-law fit to the CSFD of the boulders in the diameter
range of 2-8.5 m yielded a b-value of —4.06. Bart and Melosh (2010)
also documented higher b-values from many small lunar impact craters.
The b-value of boulders reflect the amount of complex impact frag-
mentation in the boulders (e.g., Kumar et al., 2014); an increase in b-
value implies greater complex fragmentation in the ejecta boulders.
Since the Shioli boulders were produced from the fragmentation of
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already existing buried Theophilus ejecta boulders, multiple cycles of
impact fragmentation led to a higher b-value at Shioli crater.

The sizes of ejecta boulders also provide an insight into whether the
host Shioli crater is primary or secondary impact origin. To determine
this, Bart and Melosh (2007) provided the relationship between the
crater diameter and the average size of five largest ejecta boulders in the
host crater ejecta: ejecta boulder diameter = K x crater diameter 23 (K
= 0.29 for primary craters and 0.46 for secondary craters). When a
primary and secondary crater of equal size are compared, the ejecta
boulder sizes around the primary crater are generally smaller than those
around the secondary crater. We measured the diameters of five largest
ejecta boulders from Shioli crater to be 12.4, 10.7, 8.5, 8.3, and 7.8 m,
which yielded a mean diameter of 9.5 m. Considering the Shioli crater
diameter to be 280 m, Fig. 23 suggests that Shioli crater is a primary
crater, and is similar to many small primary craters in the Orientale
basin (Mohanty et al., 2023).
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Fig. 21. Size and shape of ejecta boulders in and around Shioli crater. (a) A
radial variation of ejecta boulder sizes (diameters >1.5 m) in and around Shioli
crater. Larger size boulders are concentrated near the crater rim. A gradual
decrease in the boulder size is observed from the crater rim to the edge of ejecta
blanket. At the distance of SLIM landing site, the boulders are smaller than 4 m.
(b) A radial variation of ejecta boulder shapes (length + width of boulders)
showing a gradual decrease of aspect ratio from the crater rim to the edge of
ejecta blanket. At a distance of SLIM landing site, the aspect ratio is <2.

4.2.3. Impact conditions

Because Shioli is a primary crater, it should have formed by a hyper-
velocity impact. Therefore, for calculating various impact parameters
such as projectile size, projectile penetration depth in target, transient
crater diameter, ejection velocity, ejection angle, spall plate thickness
(spall boulder sizes), and final range of ejected boulders, we assumed an
impact velocity of 16 km/s, which is a median value for the impact
velocity distribution on the Moon (Yue et al., 2013), and vertical angle
of impact (90°). The physical properties of projectile and target and the
equations used in these calculations are given in the Supporting Infor-
mation. Because the target for Shioli crater is the Theophilus crater
ejecta blanket, we assigned the values of density, compressional-wave
velocity and dynamic tensile strength to be 1500 kg/m>, 800 m/s and
27 MPa, respectively, as suitable for the fragmental target. On the other
hand, we assumed the density of projectile to be 2900 kg/m? (intact
basalt). The projectile diameter was calculated to be 3 m and the
diameter of transient Shioli crater to be 224 m. Because the spall (or
ejecta) boulders were derived from the transient crater, within the radial
distance of ~10-112 m from the impact point, we calculated the ejec-
tion velocity, ejection angle and spall size for boulders originated from
these initial launch positions (10-112 m). The excavation depth was
determined to 6.8 m (Sharpton, 2014) or 22.4 m (Melosh, 1989),
depending on the model. Hence, the Shioli boulders were derived from
the upper few meters of pre-impact target made up of Theophilus ejecta
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Fig. 22. The cumulative size-frequency distribution of ejecta boulders of Shioli
impact crater characterized by steeper power-law b-value (—4.06) suggesting
complexly fragmented ejecta boulders, as these were derived by impact frag-
mentation of already existing ejecta boulders of Theophilus crater.
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Fig. 23. Relationship between the Shioli crater diameter and average diameter
of five largest ejecta boulders in its ejecta blanket suggests that the Shioli crater
is a primary impact crater, which is similar to the ejecta boulder fall bearing
fresh impact craters in the Orientale basin (Mohanty et al., 2023). The rela-
tionship is based on the datasets from Bart and Melosh (2007).

with a model thickness of ~223 m at this location (Fig. 5).

The ejection velocity of boulders originated from the transient cavity
ranges from 1290 m/s to 7.4 m/s. The boulders composing the ejecta
blanket (~150-1400 m distance range from the crater center) are
characterized by the ejection velocity of 7.4-47.4 m/s (Fig. 24a). The
ejection angle of spall boulders varies from 57.4° near the impact point
to 41.8° near the edge of transient crater. However, the boulders fallen
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Fig. 24. The plots showing the variation of (a) ejection velocity or fall velocity
of ejecta boulders deposited within the Shioli ejecta blanket, (b) relationship
between initial range (launch position) of Shioli ejecta boulders within the
transient cavity and their final positions in the ejecta blanket, and (c) theo-
retical boulder size distribution in the Shioli ejecta blanket (orange line) as per
the theoretical spallation model (Zs = short axis of the ejecta boulder)
(Melosh, 1984).

on the ejecta blanket are likely to have ejected at 41.8-43.1° range. The
ejection angles and ejection velocities of boulders were used for calcu-
lating their final destination points (final range). The boulders ejected
near the impact point travelled over distance 944 km from the crater
center, while those originated near the edge of transient cavity were
fallen near the crater rim, ~150 m radial distance from the crater center.
The boulders ejected from the initial range of 55-112 m within the
transient crater were ballistically deposited on the ejecta blanket
(Fig. 24b). Fig. 24c gives the theoretical boulder size (spall thickness)
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variation on the ejecta blanket. The maximum calculated boulder size
near the crater rim is 12.5 m, which is similar to the observed maximum
boulder size (12.4 m) near the crater rim. At the SLIM landing site dis-
tance (~775 m), the maximum calculated boulder size is ~2.75 m,
whereas the observed maximum boulder size is ~4.0 m. At a radial
distance of 1400 m from the crater rim, the calculated boulder size is
further reduced to ~2 m. Though the theoretical boulder sizes (Fig. 24c)
are broadly match with the observed maximum boulder sizes at different
radial distances, a majority of boulders in the ejecta are smaller than the
calculated values (Fig. 21a). We attribute this observation to the
involvement of complex fragmentation (crushing) associated with the
impact spallation, excavation, collision between fragments during bal-
listic sedimentation (e.g., Kumar et al., 2014; Krishna and Kumar, 2016).
Our interpretation is consistent with the observed large b-value for the
mapped Shioli boulders (Fig. 22).

4.2.4. Composition of Shioli boulders

The Kaguya mineral maps suggests that the Shioli crater ejecta
boulders are characterized by distinct mineralogical composition than
the surrounding area (Fig. 25). The plagioclase content in the Shioli
boulders is lower (60-70%) than the surrounding area (70-90%). In
contrast, the olivine content in the boulders (5-11%) is higher than the
surrounding area (<5%). Similarly, clinopyroxene content is also higher
(15 to 37%) than the surrounding area (15%). Therefore, the Shioli
crater ejecta boulders are more mafic in composition than the sur-
rounding materials. We suggest that the bulk mineralogy of these
boulders is comparable to the high aluminium olivine basalt (Mare
Nectaris) that was present on top of the pre-impact Theophilus target.
Alternatively, there could be some mixed contributions from the Mg-
suite mafic rocks and highland materials present in the pre-impact
target, beneath the surficial mare layer.

In order to confirm the findings from the Kaguya mineral maps, we
analysed the hyperspectral data (M®) of the Chandrayaan-1 mission,
which provided a set of maps showing the mineralogical diversity in the
study area (Figs. 26-30). Though the Theophilus ejecta contains mature
surface regolith showing featureless M® spectra, a few superimposed
fresh impact craters and their surrounding bright ejecta provided M>
spectra containing characteristic absorption features that can be used for
identifying mafic minerals present in these crater materials (Fig. 31). We
studied seven fresh small impact craters that are superimposed on the
Theophilus ejecta, including Shioli (Table S2). The craters UC-1, UC-2
and Beaumont L are superimposed on a thin Theophilus distal ejecta
(Table S2). These craters not only fully excavated the Theophilus ejecta
but also penetrated the underlying Mare Nectaris basalt flows, leading to
the formation of dark-haloed ejecta around these craters (Figs. 26-30).
In the Kaguya mineral maps, the dark-haloes are characterized by
distinct mineral composition than the surrounding materials (Fig. 32).
The reflectance M spectra from UC-1 and UC-2 craters show dual ab-
sorption features near 1000 nm and 2000 nm (Figs. 31a-b). The band
center values for absorption bands I and II range from 970-1000 nm and
2000-2100 nm, respectively, which correspond to high-calcium py-
roxene (HCP) and the band center shift due to olivine. Also, the spectrum
of Beaumont L is characterized by a prominent absorption near 1050 nm
followed by a minor absorption near 2000 nm (Figs. 31a-b), indicating
the predominant olivine in the ejecta. The marginal absorption at 2000
nm may be attributed to a small quantity of pyroxenes in neighbouring
pixels (Figs. 31a-b). Therefore, both the M® and Kaguya data confirm
that the dark-haloed craters are made up of crypto-mare materials with
higher abundances of olivine and FeO, but are depleted in plagioclase
minerals (Fig. 32). These mineralogical characteristics are consistent
with the olivine bearing basalt that are present elsewhere in the Mare
Nectaris.

The Shioli and the other nearby craters UC-3, UC-4 and UC-5 are
superimposed on thick Theophilus ejecta blanket and only excavated its
upper part (Table S2). These craters are characterized by bright ejecta
deposits, but they lack dark-haloes around them. The mineral diversity
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Fig. 25. Kaguya mineral maps of Shioli crater and its ejecta boulders (Lemelin et al., 2019). (a) Ejecta boulders in and around Shioli crater. LROC NAC image
(M1188200376RE) is in the background. (b) Plagioclase abundance map, (c) olivine abundance map and (d) clinopyroxene abundance map of Shioli crater and
surrounding regions. The Shioli ejecta is characterized by higher abundance of olivine and clinopyroxene and lower abundance of plagioclase with respect to the

surrounding plains. The white star is the SLIM landing site.

in and around Shioli, UC-3, UC-4 and UC-5 craters are shown in
Figs. 26-30 and representative M> spectra in Fig. 31c-d. The M3 spectra
of Shioli crater area reveals significant spectral absorptions at approxi-
mately 1030 nm and 2090 nm (Figs. 31c-d). The strong absorption at
1030 nm is attributed to the presence of olivine, while the absorption at
2000 nm may be indicative of pyroxenes in the area or adjacent pixels.
The craters UC-3, UC-4, and UC-5 (Figs. 26-30) display bimodal spectral
absorptions in their reflectance spectra at approximately 1000 and 2000
nm (Figs. 31c-d). The band-I absorption varies from 950 to 989 nm, and
band-II from 2000 to 2100 nm, suggesting the occurrence of more HCP-
bearing exposures (Figs. 31c-d) than in the Shioli crater ejecta.

The M? pixels encompassing the SLIM landing site in conjunction
with its surrounding pixels were analysed and the spectra of these in-
dividual pixels are given in Fig. 33. Determining the specific
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mineralogical characteristics from these pixels is challenging, as these
have featureless spectra with a minimal noise near 1000 nm. Given the
spatial resolution of M® data (140 m/pixel), our analysis provides a
useful mineralogical overview of the landing site, which is characterized
by mafic components such as olivine and pyroxenes. Notably, adjacent
pixels to the west of the landing site display conspicuous spectral sig-
natures indicative of olivine-bearing mineralogy, possibly stemming
from the ejected material of Shioli crater. Conversely, the M® pixels
situated to the east of the landing site exhibit spectra devoid of distinct
features, likely obscured by the presence of mature lunar regolith in
them. Hence, we suggest that landing site may contain the ejecta ma-
terial of Shioli crater mixed with the underlying ejecta substrate of the
50 m diameter crater that excavated the Theophilus ejecta (Fig. 20).
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Fig. 26. The False Colour Composite of M® image prepared by assigning the
red, green and blue channels to the 930 nm, 1249 nm and 2149 nm of M
bands, overlaid on LROC-WAC global mosaic. The studied sites have been
marked by cyan dots. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 27. The IBD-FCC map generated by using 1000-nm IBD, 2000-nm IBD and
1578-nm M albedo band in the red, green and blue channels, respectively. The
map is overlaid on the LROC-WAC global 100 m data. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

5. Discussion

The determination of whether the olivine detected in the Shioli
ejecta boulders was derived from crust or mantle is one of the major
goals of the SLIM mission. Our detailed geological, geochemical,
mineralogical and geophysical characterization of Theophilus crater and
the surrounding regions provided important constraints on the geolog-
ical setting of Shioli crater and the source of olivine in its ejecta boul-
ders. A basic requirement of mantle-derived olivine to be present in the
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Fig. 28. The 1000-2000 nm IBD-FCC map of (a) Beaumont L region including
craters UC-1 and UC-2 and (b) Shioli crater area including the adjacent UC-3,
UC-4 and UC-5 craters. The locations of Regions of Interests (ROIs) from
which M2 spectra were obtained for mineralogical investigation are demarcated
by white squares.
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Fig. 29. The rock-type composite map prepared using the similar band math
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Shioli crater boulders is that Theophilus crater should have excavated
the olivine-bearing lunar mantle at the impact site. In addition, the
olivine bearing mantle rocks should also be present in the near-surface
depth (a few ten to hundred meters) so that the impact spallation pro-
cesses associated with the Theophilus impact would be able to generate
spall boulders out of them. Several previous studies showed the ejecta
boulder distribution around impact craters on the Moon and quantified
the impact conditions and modelled the theoretical boulder sizes (e.g.,
Melosh, 1984; Bart and Melosh, 2010; Krishna and Kumar, 2016). The
lithological assemblage present in the excavation zone of Theophilus
crater mainly controls the compositional diversity in the Theophilus
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within the (a) Beaumont L region, including craters UC-1 and UC-2 and (b)

Shioli crater area, including the adjacent UC-3, UC-4 and UC-5 craters.

ejecta. The excavation depth of Theophilus crater is ~8.2 km, consid-
ering the relation 0.1 x transient crater diameter (=82.4 km) (Melosh,
1989) or it could be 2.5 km, assuming 0.03 x 82.4 km (Sharpton, 2014).

5.1. Crustal structure beneath the Theophilus crater

The crustal configuration and petrological assemblage in the Nec-
taris multi-ring basin have important implications for compositional
diversity in the Theophilus crater and its ejecta deposits. Therefore, we
prepared a regional geological cross-section along NW-SE direction
(Figs. 34 and 35) for a distance of 1000 km, starting from the area
outside the outer ring of basin in the northwestern side (X in Fig. 34) to
the middle ring in the southeastern side of the basin (Y in Fig. 34).
Another section AB for a distance of 300 km was prepared across the
Theophilus crater (Figs. 34 and 35), parallel to the XY profile. We
combined the topography, surface geology, petrological model derived
from the CLASS, Kaguya and M® datasets, and the crustal thickness
variation given by the GRAIL data. Overall, the crustal thickness vari-
ation beneath the Nectaris basin (Fig. 34) resembles the general char-
acteristics of multi-ring basins on the Moon, for example, the Orientale
basin (e.g., Zuber et al., 2016). The crust beneath the central part of
basin (mare Nectaris) has a minimum thickness of ~10 km, implying
that the Nectaris basin forming impact did not excavate the lunar
mantle. The crust underneath the basin rings are substantially thicker
than the central part. In the southeastern side, the crustal thickness
abruptly increases from ~20 km beneath the inner ring to ~35 km
beneath the middle ring. In contrast, the crustal thickness beneath the
basin rings in the northwestern part of the basin, especially beneath the
300 km crater floor, is thinner (~15-20 km) (Fig. 35). We ascribe this
crustal thinning to the formation 300-km impact crater, which should
have removed the highland upper crust.

The highland crust outside the Nectaris basin has a maximum
thickness of 48 km. Along the XY section (Fig. 35), we found a crustal
downwarping up to a depth of ~22 km between the inner and middle
rings in the northwestern side, which coincides with a NE-SW oriented
topographic ridge at the contact between the rim of 300 km crater and
the inner ring of Nectaris basin. We suggest that this ridge may have
existed at the Theophilus impact site before the impact. The AB section
also confirms the presence of crustal down-warping (up to a depth of 28
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km) beneath Theophilus crater (Fig. 35). If we assume that the Theo-
philus impact excavated the upper 8.2 km of the crust, the remaining 20
km thick crust is still preserved beneath Theophilus crater. Therefore,
considering the presence of crust-mantle boundary is at ~28 km depth
beneath Theophilus crater (Fig. 35), we conclude that the Theophilus
crater did not excavate the lunar mantle.

The crustal configuration of the Nectaris basin and the surrounding
areas (Fig. 35) suggests that the basin forming impact significantly
modified the crust in the study area. Before the Nectaris basin forming
impact, the region would have been similar to the highland crust outside
the basin, especially outside the western, southern, and eastern
boundary of the basin, where the crustal thickness is of the orders of
40-50 km. In the areas covered by the basin rings, an average of 10-15
km thick crust may have been removed by Nectaris impact, while in the
northwestern side, the 300 km diameter crater removed 10-15 km crust
more, leading to the exposure of lower crust on the crater floor (Fig. 35).
In the areas covered by the inner and middle rings, where crustal down-
warping is observed, traces of upper crust may still be present. There-
fore, arguably, the pre-impact Theophilus target crust may have con-
tained ~2-3 km highland upper crust on the top, underlain by the entire
highland lower crust. In the central basin (mare Nectaris area), ~30 km
crust was removed by Nectaris impact, leading to the exposure of the
middle part of the lower crust beneath the Mare Nectaris.

The emplacement of mare basalt in the Nectaris basin occurred
around 3.8 Ga, about ~100-300 million years after the Nectaris basin
forming impact. The mare volcanism occurred in the central basin floor
and in the 300-km crater floor (Fig. 35), as the lavas may have erupted
through dikes that are connected to the subjacent magma chambers and
reservoirs (e.g., Head and Wilson, 2017; Head et al., 2023). In these
areas, the mare basalt flows of variable thickness constitute the surface
of the Mare Nectaris (Fig. 35). Therefore, in the XY and AB crustal
sections (Fig. 35), we included a ~ 500 to ~1500 m thick olivine mare
basalt top-layer, underlain by 2 km highland upper crust and 20 km
lower crust. These lava flows may still be present beneath the Theo-
philus ejecta blanket, except in the southwestern side where Theophilus
ejecta blanket is underlain by Cyrillus crater. It is also noted that, at the
Theophilus impact site, the mare basalt layer was underlain by the ejecta
blanket of Cyrillus crater (see Fortezzo et al., 2020; Fig. 3), with its
thickness varying between ~400 and 10 m (Fig. 5), by adapting similar
ejecta thickness profile of Theophilus (Cyrillus diameter is almost equal
to Theophilus). Considering the CLASS elemental data (Fig. 11), the
Cyrillus ejecta blanket is made up of anorthositic highland materials. In
addition, layers of Nectaris basin ejecta and impact melt sheets are also
envisaged to be present beneath the Cyrillus ejecta blanket.

Considering the crustal thickness map (Fig. 34), no impact craters in
the Nectaris basin, including in the central mare region, would have
excavated the lunar mantle. We also suggest that the Nectaris basin
forming impact did not excavate the lunar mantle. Considering the
Kaguya mineral maps and M> mineral detections, the mare basalts in the
Nectaris basin are enriched in olivine. In addition, the Theophilus cen-
tral peak also contains some exposures of olivine that could be related to
Mg-suite plutons at the mid crustal levels (e.g., Shearer et al., 2015;
Fig. 35). These could be other possible sources of olivine in the Theo-
philus and Shioli ejecta deposits. Differentiation of enormous volume of
impact melt sea was also suggested to produce a thick bottom layer of
olivine (e.g., Vaughan et al., 2013), but this possibility was greatly
debated (e.g., Spudis et al., 2014). Whether the Nectaris impact melt
sheets underwent differentiation or not, is unknown.

5.2. Provenance of Theophilus and Shioli boulders

The olivine-bearing Shioli boulders are products of impact spallation
processes, meaning that these boulders were originated from the upper
few meters thick surficial layer of >200-m-thick Theophilus ejecta
blanket present at the Shioli crater site. The Shioli boulders were pro-
duced by the complex fragmentation of buried Theophilus ejecta
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boulders made up of olivine mare basalt mixed with the highland
anorthositic materials, including Mg-suite mafic lithology and reworked
Nectaris basin materials. A minor component of reworked Cyrillus ejecta
may also be present. Therefore, the lithological diversity in the Shioli
ejecta boulders represents the composition of buried Theophilus ejecta
boulders. To understand the possible sizes of source Theophilus ejecta
boulders, we performed the theoretical spallation modelling that pro-
vides a range of spall boulder sizes that may have originated from the
Theophilus target (see Supporting Information). We assumed a model in
which a basalt-like projectile with a density of 2.9 g/cm®, a radius of
3538 m, and impact velocity of 17.4 km/s impacted the lunar target
having a bulk density of 2.9 g/cm®, compressional wave velocity of 6
km/s and dynamic tensile strength of 150 MPa. Considering these pa-
rameters, the Theophilus impact would have produced spall boulders in
the size range of 70-314 m. The boulders in the Theophilus ejecta
blanket (Fig. 5) have diameters in the range of 314 m (at the crater rim)
to 192 m (at the edge of ejecta blanket). These boulders were originated
from the initial range (or launch position) of 31 to 37 km from the center
of transient crater (~37 km radius), which coincides with the south-
western terraced wall of Theophilus crater.

We envisage that the Theophilus pre-impact target in this launch
zone (31 to 37 km) was composed of ~500 m thick olivine basalt top-
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layer underlain by a layer of ~400 m thick Cyrillus anothositic ejecta.
Below these two layers, middle to lower crustal highland crust coated
with the Nectaris basin ejecta and impact melt sheets were present
(Fig. 35). The impact spallation processes would have produced basaltic
boulders from the near-surface layer of the target, and ballistically
deposited on the Theophilus ejecta blanket. It is noted that the basalt
layer thickness in the pre-impact target is unknown. It is possible that
the thickness of mare basalt may be varied spatially, and may be thinner
than 500 m as well. Under these circumstances, the basement highland
crust beneath this basalt layer would have been subjected to impact
spallation and production of anorthositic materials. The Kaguya mineral
maps (Fig. 12) suggest that olivine exposures are absent in the south-
western terraced wall of the Theophilus crater implying that the olivine
basalt is the likely major source of olivine in the Shioli boulders, though
some amount of underlying highland rocks (including the Cyrillus and
Nectaris ejecta) may also have been incorporated into the ejected
boulders. Beneath the spall zone, the target materials in the excavation
zone are highland rocks that would have subjected to high-levels of
shock, pulverisation, melting and shock materials. These finer highland
fragmental and shocked materials were also incorporated into the
Theophilus ejecta. Therefore, we envisage that the Shioli crater ejecta
deposits are made up of olivine mare basalt boulders that are embedded
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Fig. 32. (a) Kaguya TC image showing the halo bearing impact craters located on the south-eastern distal ejecta rays of Theophilus crater. Mineralogical abundance
maps (in wt%) of the halo-bearing craters showing (b) plagioclase (c) olivine, and (d) FeO content, suggesting that the halo-bearing craters penetrated through the

Theophilus ejecta and excavated the underlying mare basalt flows (crypto-mare).

in fine-grained and shocked highland crustal rock materials.

The Theophilus central peak exposes olivine, pyroxene and Mg-
spinel lithologies, engulfed in the highland anorthositic rocks. These
rocks may have originated from the bottom of the excavation zone, at
~8.2 or 2.5 km depth (AB section in Fig. 35). As suggested by Dhingra
et al. (2011), a layer of Mg-suite mafic rocks containing olivine, py-
roxene and Mg-spinel may have existed beneath Theophilus crater and
were uplifted during impact and now exposed on the central peak.
Considering the pre-impact target lithology in the central peak zone
within a radius of 15 km, it is possible that the top layer of target may
have composed of ~500 m thick mare basalt, underlain by highland
anorthositic materials, including Mg-suite plutonic rocks, extending up

to a depth 28 km (Fig. 35). As per the theoretical spallation model, the
spall boulders do not form within the 15 km radius projectile contact
zone, where hyper-velocity impact would have caused very high shock
levels leading to melting and vapourization of both target and projectile
(e.g., Melosh, 1984). Even if we assume that some spall boulders did
form within 20 km radius from the impact point, their spall sizes would
be of the orders of ~70 m, which would have ejected at <1 km/s ve-
locity and higher ejection angles (~60°), and ballistically deposited at
distance of >400 km outside Theophilus crater. Therefore, we suggest
that the olivine basalt boulders present in the Shioli crater ejecta were
originated near the edge of the Theophilus transient crater (31-37 km
launch range). Considering the 2 Ga age of Theophilus crater, it is likely
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Fig. 33. The M° data analysis of 3 x 3 pixels covering the SLIM landing site which is divided into 9 pixels from A to I, and for each pixel, both reflectance spectrum
and continuum-removed spectrum are provided.
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Fig. 34. The GRAIL crustal thickness map of Nectaris multi-ring basin showing Theophilus crater and Shioli crater. The crustal cross-sections across X-Y and A-B are

shown in Fig. 35.

that the boulders exposed on the ejecta blanket surface would have been
fully destroyed by the subsequent meteoroid impacts. On the other
hand, the boulders buried in the ejecta blanket are survived now, as
shown by the Arecibo radar data (Fig. 6). These buried boulders were
subjected to the subsequent impact spallation due to the Shioli impact,
which produced smaller boulders that became the part of Shioli crater
ejecta. The SLIM mission has been investigating the composition of these
Shioli boulders at the landing site.

5.3. Implications for Apollo 16 samples

The Apollo 16 is the only landing site that is located on the lunar
highland. The samples collected from this site contain a variety of rock
samples originated from different impact basins (Petro and Pieters,
2006). The previous studies showed that the geology of Apollo 16
landing site is largely influenced by the Nectaris basin materials (e.g.,
Spudis, 1984; Spudis et al., 1989). Zeigler et al. (2006) characterized one
of the Apollo 16 samples, containing a coarse-grained high-aluminium
basalt fragment (sample # 60053, 2-9) with 8.15% Al, 13.99% Fe and
2.05% Mg. The Mare Nectaris/Sinus Asperitatis (~220 km east of the
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landing site) was suggested to be the most likely source for this basaltic
sample and one of the craters, Theophilus, Madler, and Torricelli could
have ejected this basalt sample from the mare region. Fig. 36 shows the
secondary craters of Theophilus crater that are distributed up to the
radial distance of the Apollo 16 landing site, which is located about 325
km WNW of Theophilus crater. Considering the theoretical spallation
model for Theophilus crater and its secondary crater distribution
(Fig. 36), we suggest that the Mare Nectaris flows on top of the pre-
impact target at the Theophilus impact site was the source for the
Apollo 16 basalt sample. According to the model, ~80 m size basalt
boulders were originated at a radial distance of 23 km from the impact
point within the Theophilus transient crater, were ejected at a velocity of
~750 m/s, and ballistically deposited at the Apollo 16 landing site.
Since 2 Ga, the basalt boulders at the landing site were subjected to
further micro-meteoroid impacts and broke down into finer fragments
(e.g., Basilevsky et al., 2013), one of which was found in the samples
collected by the Apollo 16 crew.
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Fig. 35. The crustal cross-sections across X-Y (upper) and A-B (lower) showing the variation of surface topography and GRAIL crustal thickness across the Nectaris
impact basin and Theophilus crater, respectively. The upper crust in the Nectaris basin interior was eroded by the basin forming impact event and that of a 300-km
size impact basin (see Fig. 34). The Mg-suite plutons intruded the lower crust (orange blobs) and sills-like bodies fed-by dikes (black lines and sheets) are postulated

to be the suppliers of mare basalt flows on the surface.

6. Conclusions

The present study leads to the following major conclusions:

1. For understanding the origin of Shioli crater and provenance of

its ejecta boulders, we studied the geological setting of Theo-
philus crater and the host Nectaris multi-ring basin. Our mapping
of >2000 secondary craters of Theophilus revealed their asym-
metric distribution pointing to the northeast directed oblique
impact event. Hundreds of secondary craters from other primary
impact craters such as Madler, Copernicus and Aristillus criss-
cross the Theophilus ejecta blanket.

. The ejecta blanket thickness variation around Theophilus crater
was modelled. The age of Theophilus crater was determined
using the conventional crater counting method that yielded 2 +
0.25 Ga, suggesting that it is an Eratosthenian crater. This finding
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is contrary to Fortezzo et al. (2020) but is consistent with Wil-
helms (1987).

. The Arecibo radar data analysis suggested that the Theophilus

ejecta contains abundant buried ejecta boulders, while those
boulders on the ejecta surface were completely destroyed since
Theophilus formation, in the last 2 billion years. The abundant
boulder fields, boulder falls and debris flows in and around the
Theophilus central peak points to recent surface modification in
the crater.

. The Chandrayaan-2 CLASS data provided the elemental maps of

Al, Mg and Fe for the study area, which suggested the presence of
high aluminium mare basalt flows in Mare Nectaris and around
Theophilus crater. These maps also delineated the highland-mare
contact in the study area and the presence of anorthosite and
mafic-rich highland rock units in the northwestern Nectaris
basin. The crater interior of Thophilus and Madler expose
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Fig. 36. The Kaguya TC image mosaic showing the distribution of secondary craters of Theophilus crater up to the Apollo 16 landing site.

highland anorthositic bedrocks mixed with some mafic rocks
(including olivine bearing mare basalts).

. The pre-impact target in the excavation zone of Theophilus crater
was composed of ~500 m thick olivine basalt top-layer, under-
lain by a layer of ~400-10 m thick Cyrillus anothositic ejecta
blanket. Below these two layers, middle to lower crustal anor-
thositic highland crust coated with the Nectaris basin ejecta and
impact melt sheets on the top, was present. These rock materials
were excavated by the Theophilus impact and became the part of
fragmental ejecta blanket layer of Theophilus crater.

. Shioli impact crater is located on the uprange ejecta blanket of
Theophilus crater. We characterized the Shioli crater interior and
exterior (surrounding ejecta) and mapped >2300 large ejecta
boulders (>1.5 m) and > 7800 small ejecta boulders (<1.5 m),
and measured their sizes and shapes. The asymmetric dispersal
pattern of ejecta blanket and ejecta boulders surrounding Shioli
crater points to ESE directed oblique impact. The dating of Shioli
crater ejecta blanket using the conventional crater counting
method yielded ~1 Ma formation age for the crater.

. The Shioli ejecta boulders show spatial variation of size and shape
with more concentration of larger boulders near the crater rim
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and gradual radial decrease of size and aspect ratio outward from
the crater rim. The observed ejecta boulder size varies between
12.4 and 1.5 m, while the aspect ratio varies between 2.6 and 1.
The SLIM mission landed 775 m ENE of Shioli crater, where less
than a meter thick Shioli ejecta may be present, and contain fewer
large-size boulders.

. The size distribution of Shioli ejecta boulders suggests that the

host crater was formed by a primary impact event. The observed
boulder sizes are consistent with a theoretical spallation model,
in which a ~ 3 m diameter basaltic projectile impacted the
Theophilus ejecta at a velocity of 16 km/s. The physical proper-
ties of fragmental target (density: 1500 kg/m® compressional
wave velocity: 800 m/s; dynamic tensile strength: 27 MPa) best
explains the observed Shioli boulder sizes.

. The theoretical spallation model for Shioli crater provided the

maximum boulder diameter near the crater rim to be 12.5 m,
which is similar to the maximum observed boulder diameter of
12.4 m. Though the theoretical boulder sizes broadly match with
the observed boulder sizes, a majority of boulders in the ejecta are
smaller than the theoretical values, indicating more complex
fragmentation and size reduction during emplacement, ballistic
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transport and deposition. It is consistent with a larger b-value
(—4.06) provided by the cumulative size-frequency distribution
of Shioli boulders. We suggest that the Shioli boulders were
produced from the complex impact fragmentation of already
existing buried Theophilus ejecta boulders.

The Shioli ejecta boulders are composed of olivine basalt (Mare
Nectaris) and highland anorthositic fragments, including
reworked Cyrillus ejecta. Fragments of Nectaris ejecta and impact
melt materials may also be incorporated in the Shioli ejecta.
These reflect the composition of the underlying buried Theophi-
lus ejecta boulders underneath Shioli crater.

The regional crustal structure of Nectaris basin and Theophilus
crater and the petrological make-up suggest that Theophilus
crater did not excavate the lunar mantle. Therefore, the Shioli
boulders are of crustal origin. The predominant olivine minerals
present in the Shioli ejecta boulders may belong to the olivine
bearing Mare Nectaris, but these materials may be mixed with
highland rock materials including Mg-suite mafic rocks.

The map of secondary craters of Theophilus crater suggests that
its crater materials ballistically deposited at the Apollo 16 landing
site and the basalt sample (60,053, 2-9) recovered by the Apollo
crew was originally originated from the Mare Nectaris by Theo-
philus impact event at ~2 Ga ago.
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Gravity Recovery and Interior Laboratory (GRAIL) crustal thickness data
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used in this work is taken from Wieczorek et al. (2013). The original data
generated in this work are available freely in Kumar et al. (2024).
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