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ABSTRACT

The crater in the equatorial transition region represents unique morphological and mineralogical features.
Cavalerius crater lying in the transition region centred at 5.1°N and 66.8°W highlights the features of both
mare and highland region. The morphology of the crater was studied using High resolution data of Narrow
Angle Camera (NAC) and Wide angle Camera (WAC) onboard Lunar Reconnaissance Orbiter. The study
highlights the presence of two irregular central mounds, wall terraces, slumped wall formed due to landslide
features, smooth floor units and hummocky units within the crater. Further, crater profile study is carried
out using Lunar Orbiter Laser Altimeter (LOLA) dataset to figure out the crater rim-floor elevation, Central
mound elevation and distance between the terraces and closest rim. The mineralogical study using
Chandrayaan-1 Moon mineralogy mapper and Clementine dataset concludes the crater floor to be rich in
clinopyroxene and olivine while the inner and outer rim had abundance of orthopyroxene. The study
emphasizes the unique morphology and mineral availability within the crater.
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Introduction

Craters on moon represent the unique morphologi-
cal and mineralogical characteristics. It is widely dis-
tributed in the near and far-side of the surface of
moon (Arivazhagan et al., 2018). Craters have been
divided into simple and complex craters with refer-
ence to geometry. Simple craters are bowl shaped
circular depressions with smooth rims lacking ter-
races and flat crater floor (Heiken et al., 1991). Com-
plex craters are characterised by uplifted central
peak, flat floors, rims having terraced walls, crater
walls with inward slumping and outer zones having
inward faulting (Kumar, 2005). Based on albedo and
surface texture, lunar surface is divided into high-
lands and mares. The craters present in the mare
region are rich in iron-bearing silicate minerals like

olivine and pyroxene. The craters in the highland
region shows the abundance of anorthosite material
(e.g., plagioclase which is high in alumina and low
in iron) (Pieters, 1978). The highland region has
higher density of craters than the mare region
(McFadden et al., 2006).

The equatorial transition region consists of craters
with both the kinds of material deposition i.e. from
highland and mare region. The crater highlights dis-
tinct morphological features such as Central mound,
smooth floors, mare deposits, secondary craters,
highland material availability and fracture features
(Thaker et al., 2020). This paper focuses on the de-
tailed analysis of crater morphology and mineralogy
and finally drawing unique features within the cra-
ter.
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Study Area

Cavalerius crater is a complex crater lying in be-
tween the transition zone of the mare and highland
region in the Western Procellerum centred at 5.1°N
and 66.8°W (Fig. 1.1 (a)). The diameter of crater var-
ies with the maximum in north-south direction
(64.93 Km) and minimum towards the west-east di-
rection (58.49 km). Hence, it is asymmetrical in
north-south direction.

Figure 1.1 (c) highlights the distinct morphologi-
cal features using the crater profile graph. It includes
terrace features, smooth floor, central mound and a
secondary crater in between central mounds. The
rim of the crater is relatively high and it is varying in
all directions. The rim to floor relief is maximum in
the south direction which is 6 km and minimum in
the north, i.e. 5 Km. The LOLA data as shown in fig-
ure 1.1 (b) revealed that wall terrace closest to the
crater rim is at depth of 1.2 km± 0.1 km in the north
and in the east at depth of 0.8 km ± 0.1 km. The
western region displays the depth of about 0.5 km ±
0.1 km and the southern region shows 2 km ± 0.1 km
wall terrace and closest rim depth.

Fig. 1.1 (a) LROC-WAC image of Cavalerius crater. (b) LOLA image of crater with segment FF’. (c) Crater profile graph
of segment FF’ showing unique morphological features on crater floor.

Materials and Methods

A number of datasets were combined using the
ArcGIS software to study the morphology of the
basin. Lunar Reconnaissance Orbiter Camera- Wide
Angle Camera (WAC) having a uniform resolution
of 100m/pixel and Lunar Reconnaissance Orbiter
Camera- Narrow Angle Camera (NAC) with 0.5m/
pixel resolution (Tschimmel et al., 2009) has been
used for the detailed study of a morphology of
Cavalerius crater on the moon (Robinson et al.,
2010). LROC- NAC images were used to study the
different geological feature on the crater floor such
a central mound, hummocky floor etc. Lunar Orbiter
Laser Altimeter (LOLA) global Digital Elevation
Model (DEM) with spatial resolution 30 m/ pixel
was used to study the topographic profile of the cra-
ter floor (Li et al., 2015). LOLA is a payload on the
Lunar Reconnaissance Orbiter (LRO) designed to
characterize different morphological features on the
Moon (Smith et al., 2010).

The mineral profiling was carried out using
Chandrayaan-1 Moon Mineralogy Mapper (M3)
level 2 hyperspectral data (Varatharajan et al., 2014).
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M3 has the spectral range from 430-3000 nm over 85
spectral channels. The level 2 data product is the
reflectance data derived from level 1B radiance data
which was calibrated to reduce the noise and
artefacts in the dataset. The level 2 data
(M3G20090613T161036_V01_RFL) was used to as-
sess the spectral properties of all the geological units
present. ENVI-4.7 image processing software was
used to perform the mathematical operations of M3
data and generating RGB composite. Integrated
band depth (IBD) was calculated at 1 m and 2 m
using band math function in ENVI.  The IBD is a
parameter to study lunar mineralogy which com-
bines the band depths over the spectral subset of an
absorption feature and is directly proportional to the
band area (Varatharajan et al., 2014). In this study,
for 1 m absorption feature continuum endpoints at
699 nm and 1578 nm and for 2 m absorption fea-
ture the continuum endpoints at 1578 nm  and 2538
nm were anchored (Varatharajan et al., 2014). The
Clementine’s multispectral data in the ultraviolet/
visible (UV/VIS) and near-infrared (NIR) spectral
ranges were used for mineralogical study. It consists
of 11 bands having wavelengths 415 nm, 750nm, 900
nm, 950 nm, 1000 nm, 1100 nm, 1250 nm, 1500 nm,
2000 nm, 2620 nm and 2792 nm respectively. The
mineral study was carried out using both
Clementine and chandrayaan-1 M3 datasets in
ENVI-5.2 software. For Clementine data, band
strength, band curvature and band tilt were calcu-
lated using wavelength 750 nm, 900 nm and 1000nm
and RGB colour was assigned to each respectively.

Results and Discussion

Geomorphology of Cavalerius Crater

The Cavalerius crater consists of unique morpho-
logical features like a central mound, hummocky
unit, terraced rim, Secondary craters and smooth
floors.

Figure 1 shows hummocky floor in the north, east
and south-east region of the crater floor. It is domi-
nated by isolated mounds which show higher al-
bedo than the surrounding terrain. The average area
covered by these isolated mounds measures around
0.9 km2; however, some are as large as 24.63 km2.
The crater consists of a mass of two irregular central
mounds as shown in figure 1.2. The central mound
spread in the west has an elevation of 1 km from the
crater floor (figure 1.1(c)). The other central mound

Fig. 1. Morphological map of Kopff crater using base
map of LROC-WAC image.

has an elevation of about 0.4 km from the floor. On
both the side of central mounds, lies the smooth
floor which highlights that the smooth floor in the
eastern side of crater floor has more depth than the
western side of Cavalerius (figure 1.1 (c)). This
might be due to the reason that crater lies in the
transition region and part falling on the mare region
bears more depth than the region lying in the high-
land region. The crater has multiple tiers of wall ter-
races as shown in Figure 1.2. The most prominent
wall terraces are seen in the east and west region of
the inner rim. The western portion of the crater has
7-8 well-developed terraces, compared to 3-4 ter-
races in the eastern (mare) portion. The well-devel-
oped terraces (marked in black arrows) can be seen
in Figure 1.3 (f).

The boulders marked in black arrows in figure 1.3
(a) are present around the central mound in the west
which might be due to the erosion of central mound.
Figure 1.3 (b) shows isolated mounds on the hum-
mocky units. These mounds are interpreted to be
covered with a thin layer of veneer which cooled
down rapidly resulting in the formation of wavy
like features on the surface as marked in black ar-
rows in figure 1.3 (b). Cone-like features are ob-
served on the smooth floor in west marked in the
black circle as shown in Figure 1.3 (c). The inner rim
wall in the north has a landslide feature formed as a
result of slumping of wall material (Figure 1.3 (d)).

The eastern region of crater floor has flow fea-
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Fig. 1.3 (a) LROC NAC image (M1108718339RC) of boulders present near the central mound. (b) Isolated mounds
around hummocky unit present in the east studied using LROC-NAC image (M1302882586LC). (c) LROC-NAC
image (M1108718339RC) showing cone features in the smooth floor region marked in elliptical circle. (d) LROC-
NAC image (M1169963503LC and M1169963503RC) of region showing landslide feature in the north inner rim.

Fig. 1.3 (e) LROC-NAC image (M1136989497LC, M1136989497LC) of melt rich ejecta flowing in the smooth floor region
of crater. (f) Terrace features in the east direction studied using LROC-NAC image (M1221741702LC).

tures (marked in black arrows) in the form of chan-
nels indicating the role of melt rich ejecta in its for-
mation. These continuous ejecta channels (Figure 1.3
(e)) or lobes spread in all direction ending up on the
hummocky unit in the east.

Mineralogy of Cavalerius Crater

Cavalerius crater present in the transition region in
between mare and highland has unique mineralogi-

cal characteristics. Figure 2.1 (a) shows false colour
composite generated using integrated band depth
method on Chandrayaan-1 M3 data. The inner and
outer crater rim and central mound region high-
lighted in blue colour has stronger band strength
value and shows the presence of orthopyroxene. The
smooth crater floor emphasizes on the availability of
olivine and clinopyroxene (stronger band tilt)
marked in green colour.
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Fig. 2.1 False colour composite (FCC) image of crater generated using chandrayaan-1 M3 label-2 reflectance data
(M3G20090613T161036_V01_RFL) The crater highlights five spectral units for the wavelength-reflectance study.
(b) FCC image of crater studied using Clementine UV-VIS dataset. (c), (d) Normal and Continuum removed re-
flectance of the spectral unit R1 (Fig. 2.1 (a)) showing absorption at 1000 and 2000 nm, which indicates pyroxene
presence.

Figure 2.1 (b) shows false colour composite image
calculated using band ratio parameters of spectral
wavelengths in Clementine UVVIS dataset. The re-
gion around the crater floor has low calcium pyrox-
ene marked in red colour having high band curva-
ture values. The blue colour region in the inner rim
have high band strength value which shows deposi-
tion of weathered soil that might be the result of
space weathering of surface rocks. Figure 2.1 (c) and
(d) highlights the normal and continuum removed
spectral graphs of R1 region with olivine abundance
(Figure 2.1 (a)) having spectral absorption band 1000
nm.

Five spectral units (Figure 2.1 (a)) were taken af-
ter IBD calculation which covered crater floor in the
north (R1), region close to central mound (R2),
smooth floor in the south (R3), around the second-
ary crater on the inner rim in west (R4) and smooth
floor region in the east (R5).

Band Strength

Figure 2.2 represents the normal and continuum-re-
moved mean reflectance spectra of different units in

crater. The mean spectra of all the units show that
band 1 is comparatively equivalent to band 2 (ex-
cept for R4). The band 2 of R4 is broader and stron-
ger due to the presence of spinel on the surface
(Table 1). The average albedo of spectral units is
found to vary from maximum of 14% in R2 and R3
to a minimum of 10% in unit R1.

Band Centre

The observed band centre values for the spectral
units ranged from 950-1009.9 nm for band 1 and
1978.09- 2297.87 nm for band 2 respectively (Table
2).

Figure 2.3 (a) shows BC-BC plot (x-axis BC2 and
Y-axis BC1) in which band centre features are used
to identify the presence of orthopyroxene,
clinopyroxene and intermediate calcium containing
pyroxene (Varatharajan et al., 2014). The graph
shows three data points towards the top right corner
interpreted to be clinopyroxene and those in be-
tween the graph to be pyroxene with intermediate
calcium.
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Fig. 2.2 (a) Normal Spectral Reflectance graph. (b) and (c) Continuum Removed Spectral Reflectance of all the spectral
units respectively.

Table 1. Details of Band Strengths of mean Spectra of
five spectral units.

Spectral Reflectance at Band 1 Band 2
units 1.578 m Strength (%) Strength (%)

R1 0.101 10 10
R2 0.14 7 7
R3 0.11 9 9
R4 0.11 10 12
R5 0.109 9 8

Table 2. Band Centre values of spectral units.

Spectral Band Centre Band Centre
Units 1 (nm) 2 (nm)

R1 1009.95 1978.09
R2 1009.95 2097.87
R3 950.05 2297.48
R4 970.02 2297
R5 950.05 2297

Band Area Ratio

Table 3 shows BAR values of all the spectral units
which emphasizes on the presence of pyroxene min-
eral. Higher the BAR value, more the presence of
pyroxene mineral (Kaur et al., 2013) (Issacson et al.,
2011).

The plot of band 1 centre and BAR values indi-
cates the presence of olivine (OL), pyroxene (BA)
and clinopyroxene-olivine mixture (OC)
(Varatharajan et al., 2014). Figure 2.3 (b) shows all
the data points clustering around the OC region in-

Table 3. Band Area Ratio values for Spectral units.

Spectral units Band Area Ratio

R1 1
R2 1
R3 1
R4 1.2
R5 0.8
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dicating the presence of clinopyroxene-olivine mix-
ture.

Discussion

The complex cavalerius crater in the transition equa-
torial region projects unique morphological charac-
teristics. The crater shows two central mounds in the
form of a mass of irregular mound, hummocky floor
in the north, east and south-east region, multiple
wall terraces and smooth floor unit with different
thickness in the east and west directions are mor-
phological units observed in the crater. The smooth
floor units are found to have depositions of thin
layer of veneer appearing in the form of wavy struc-
ture. The inner rim in the north shows that landslide
features in the form of slumped wall.

In this study, we have presented a detailed de-
scription of the mineralogy of Cavalerius crater
based on IBD generated using Chandrayaan-1 M3
level-2 dataset. A total of five spectral units were
selected based on spectral variations in the IBD com-
posites. The spectral units displaying green to yel-
lowish-green colour within the crater confirmed the
presence of mineral olivine and clino-pyroxene. The
blue coloured region in the IBD hue shows deposi-
tion of feldspathic material of low mafic content.
The crater floor was found to have clino-pyroxene
and Olivine while the terraces, inner rim and outer
rim had ortho-pyroxene depositions. Band strength
was calculated for all the spectral units and it was
found that the band 1 and band 2 were compara-
tively equivalent for all the units except R4. The

Fig. 2.3 (a) Band II centre versus band I centre scatter plot. (b) Band Area Ratio (BAR) versus band I center plot.

BAR Vs BC plot was calculated and it was inter-
preted that the units belonged to clinopyroxene-oli-
vine (OC) region. The Clementine data studied
showed the presence of weathered soil that might
have been the material from the highland region.
This way crater highlighted the availability of the
material from both highland and mare region.
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