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Gassendi impact crater is located on the western side of the visible lunar hemisphere just north of Mare
Humorum. It has a diameter of 110 km, and it is a Floor Fractured Crater (FFC) belonging to Class-3
type that exhibits a wide annular depression or moat. Is Gassendi crater formed due to igneous intrusion
or viscous relaxation? To investigate this, the analysis explores the compositional and morphological
dimensions of the crater. The area studied has been found to contain various minerals such as LCP (Low
Calcium Pyroxene), HCP (High Calcium Pyroxene), olivine, plagioclase, and mixtures of pyroxene and
plagioclase. To differentiate between similar spectral proBles, Integrated Band Depth map (IBD) and
Band Depth Parameter (BD) maps are generated using the M3 data. Features such as central peak
complex, isolated mound, fractures, rimae, wall terraces, wall slumps, etc., have been identiBed and
marked in the morphological map. We have also studied the morphometrical aspects of all the morphological features. Another impact crater just on the northern rim of Gassendi, Gassendi A crater shows
the presence of LCP and olivine mineral along with extensive slumping, melt pool, and distorted northern
rim. We have mapped the three mare regions towards the south of the crater Coor and estimated their
ages by using the CSFD technique. The present appearance of the Gassendi crater is mostly due to past
volcanic activities rather than the result of the impact event.
Keywords. Gassendi; Class-3 FCC; Gassendi A.

1. Introduction
In our solar system, impact cratering has been
observed almost on all the celestial bodies. With
respect to the terrestrial planets and their moon,
other than the Earth’s moon most of them have
active surBcial geological processes that have eroded or destroyed the original topography or the
impact structures. As the lunar surface lacks
atmosphere and active tectonism, it has been able
to reserve the unceasing impact cratering since its
formation to date. The study of the unchanging
lunar surface can help us with a closer

understanding of the composition of early Earth
that could help us in unveiling the clues hidden
between the layers of lunar dust. Moreover, impact
craters bring about fresh and even deeper material
onto the lunar surface. Thus, the geological analysis of mineral distribution within an impact crater
would help in a deeper understanding of the crustal
composition of the Moon and could indicate the
geological evolution of the lunar surface.
Impact craters are generally classiBed into two
categories based on their structural and morphological characters as simple and complex craters.
Simple craters are depressions that are polygonal
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to circular bowl-shaped with smooth to irregular
raised rims surrounded by a blanket of continuous
ejecta (Hargitai and Watters 2015). Complex craters are craters that have increasing structural and
morphological complexities and are characterized
by one or more of their interior features such as the
Cat Coor or hummocky Coor, a central uplift,
inward collapse of single or multiple or continuous
blocks around the rim (Hargitai and Ohman 2015).
According to Chandnani et al. (2019), a more
homogenous terrain both in strength and topography favours the formation of a simple crater, while
complex crater formation is facilitated by the
presence of heterogeneity in strength or/and
topography or/and lithology.
Lunar Floor-Fractured Craters (FFCs) are characterized by anomalously shallow Coors cut by
numerous fractures that are radial, polygonal, and/
or concentric; other interior features present include
ridges, moats, and patches of mare material (Jozwiak et al. 2012). These FFC’s could be subdivided
into eight different morphological classes based on
their Coor depth, Coor type, rim, and wall zones. In
this study, we have conducted the spectral and
morphological analysis of the Gassendi crater,
identiBed by Schultz (1976) as a Class-3 lunar FFC
that exhibits a wide annular depression often called
moat in between a shallow plate-like Coor and wall
scarp that is discontinuous and is best developed on
the side nearest to an exterior mare plain.
Our study mainly focuses to answer questions as
to how the present Gassendi has taken its shape.
As to the location, whether the mineralogy of
Gassendi is related to the mare region in the south
or to the highland region in the north. In terms of
morphology, how are the two types of fractures
present in Gassendi different? How were the rimae
fractures formed, to what extent are they present,
and how different is the composition from the
crater Coor. What is the composition of the central
peak and what is the maximum height of it, how
much is its oAset? To what areal extent has the
wall slumping occurred in Gassendi A and are there
any melt pools present. What is the difference
between the topographic proBles of the crater and
is the surface of the Gassendi crater Cat or rough?
The three mare regions observed in the south, did
they form because of the leaky rimae fractures and
the depression of the southern part, and what is
their age. We have tried to answer all these questions in this study. Along with these points,
another interesting factor that should be studied is
whether the current appearance of the crater is
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the result of volcanic activities or just impact
cratering.
Our Bndings aim to shed new light on the
Gassendi crater’s geology, mineralogy, and local
crustal structure.

2. Study area
The complex impact Gassendi crater (110 km,
17.55°S and 39.96°W) belonging to Class-3 FFC, is
shown in Bgure 1 that is located in between the northwestern border of Nectarian circular impact basin,
Mare Humorum, and highland area on the western
near-side of the moon (Giguere et al. 2016). Gassendi
crater belonging to the late Imbrian age (Wagner
et al. 2010) is mineralogically entrancing, and also has
several morphological features like central peak
complex, isolated mound, fractures/rimae, slump,
wall terraces, and so on. The height of the rim
decreases in the southern direction, indicating its
location on the boundary between a highland region
and a quite lower mare region. The crater exhibits an
oA-centered central peak along with an isolated
mound present on the west side of the peak.
On the northern rim of Gassendi, an impact crater
known as Gassendi A is present which consists of a
slump area of about 70%. It also has a melt pool and
wall terraces with extensive slumping. It has been
formed later, then the Gassendi crater as the crater
overlies on the rim of the earlier formed crater.

3. Data acquisition
For the compositional analysis, the hyperspectral
data of Moon Mineralogy Mapper (M3), onboard
Chandrayaan-1 mission of Indian Space Research
Organization (ISRO) is used. The morphological
and morphometrical interpretations are performed
by using the satellite data from two instruments of
the Lunar Reconnaissance Orbiter (LRO) mission
of NASA, one being the Lunar Reconnaissance
Orbiter Camera (LROC) and the other being the
Lunar Orbiter Laser Altimeter (LOLA).
3.1 Moon Mineralogy Mapper (M3)
The M3 is an imaging, push-broom spectrometer
that operates from the visible to the near-infrared
range (0.42–3.0 lm) within which, occurs the many
distinct absorption channels of lunar minerals. The
target mode data of M3 has a high spectral
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Figure 1. Gassendi crater is highlighted on the Moon 3-D Model (Solar System Exploration, NASA) and the global LROC-WAC
image (LRO-WAC).
Table 1. The M3 data used for mineralogical analysis of Gassendi crater (Lundeen et al. 2011).
Sl.
no.
1
2
3
4
5
6
7

Strip name

Orbit
(km)

Spatial resolution
(m/pixel)

Observed
date

Optical
periods

Operating
conditions

M3G20090208T121842
M3G20090208T143051
M3G20090208T160125
M3G20090208T175211
M3G20090208T201331
M3G20090418T034729
M3G20090515T043645

100
100
100
100
100
100
100

140
140
140
140
140
140
140

08-02-2009
08-02-2009
08-02-2009
08-02-2009
08-02-2009
18-04-2009
15-05-2009

OP1B
OP1B
OP1B
OP1B
OP1B
OP2A
OP2B

Cold
Cold
Cold
Cold
Cold
Cold
Warm

resolution of 70 m/pixel covers almost 260 spectral
channels. The images are taken from a 100 km
polar orbit covering *40 km of an area on the
Moon’s surface. The data that we used are the level
2 data products that have thermally, photometrically, topographically, radiometrically, and instrumentally corrected reCectance data (Boardman
et al. 2011) that were downloaded from the PDS
(Planetary Data System) Geoscience Node where
the data is in the public domain (Pieters et al. 2009).
The M3 data used are listed in table 1 along with
their optical periods and conditions.
3.2 Lunar Reconnaissance Camera (LROC)
The LROC contains three cameras capturing
monochromatic images in high resolution and
multispectral images in moderate resolution.
3.2.1 Narrow-Angle Camera (NAC)
The two identical, push-broom line imager NarrowAngle Camera (NAC), NAC-Left (NAC-L), and

NAC-Right (NAC-R) provide panchromatic images
with a high resolution of 0.5 m/pixel over a 5 km
swath. Both the NACs have a 700-mm focal-length
telescope yielding an instantaneous Beld of view
(IFOV) of 10 l radians from a nominal 50-km altitude (Robinson et al. 2010). The datasets used have
undergone radiometric, photometric, geometric,
and brightness equalization corrections. The calibrated NAC images were downloaded from PILOT
(Planetary Image Locate Tool) which is a web-based
search tool for the UniBed Planetary Coordinate
(UPC) database of the PDS developed by the USGS
Astrogeology Science Centre and the NASA PDS
Imaging Node.
3.2.2 Wide-Angle Camera (WAC)
The Wide-Angle Camera (WAC) is a multispectral
push-broom frame imager that captures images
with 100 m/pixel resolution in seven colour bands.
It has over 57 km swath in colour mode and around
105 km swath in monochrome mode (Robinson
et al. 2010). The version 3 dataset is used which
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was geometrically and photometrically corrected in
June 2013.
3.2.3 Lunar Orbiter Laser Altimeter (LOLA)
The LOLA instrument has a single laser pulsed out
at a wavelength of 1064.4 nm that splits the output
into Bve beams illuminating the surface by 28 Hz.
Each of the 5 beam spots has 5 meters of diameter
and each spot is 25 m apart, forming an X-pattern,
enabling to derive the surface slope in along and
across-track directions (Chin et al. 2007). The data
used is LOLA DEM version 1 that has a resolution
of 118 m/pixel at the equator. The WAC global
morphology mosaic and LOLA Digital Elevation
Model (DEM) data were downloaded from the
Astropedia, Lunar and Planetary Cartographic
Catalog.
4. Methodology
This study has been carried out to understand the
regional lunar sub-crustal stratigraphy which may
help in assessing further the bulk composition of
the lunar interior.
4.1 Compositional analysis
The compositional analysis is carried out using the
M3 data. Minerals are identiBed from the study of
their spectral proBles in normal as well as continuum removed reCectance. Continuum removal is
applied to aid the characterization of the 1- and
2-lm bands for identifying the minerals (Pieters
et al. 2009). The collected spectral proBles are then
compared with the published spectra for their
conBrmation. The spectra obtained from the target
are a mixture of many components and usually,
the dominant minerals like pyroxene mask the
absorption features of other minerals such as plagioclase and/or olivine. Even so, the presence of
multiple components might also contribute to the
slope of the spectra resulting in the negligible band
minima, and also bring a shift in the 1000 nm
(Band I) and 2000 nm (Band II) apparent band
minima (Thesniya et al. 2020). Thus, it becomes
important to perform the continuum removal of
spectra before analyzing the band parameters to
reduce the continuum slope on the major absorption bands (Clark and Roush 1984).
Band parameters have been calculated by
performing the continuum removal process and by
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Btting a straight tangent continuum line on both
the sides of absorption bands for Band I and Band
II separately and then dividing the spectra by their
respective continuum. Fitting the fourth-order
polynomial line to each spectrum and then calculating the band center. Band center is deBned as
the point of lowest reCectance over a speciBc
interval after continuum removal which is a key for
mineral identiBcation (Klima et al. 2007). The
average spectral reCectance proBle of 494 pixels for
approximately B1 km diameter of the fresh crater
is selected and utilized in spectral analysis. From
the properties of BC1 and BC2 of the Band 1 (1000
nm) and Band 2 (2000 nm) absorption feature,
respectively, the high-calcium pyroxenes (HCP)
are differentiated from the low-calcium pyroxenes
(LCP).
For the understanding of the mineralogical
variations present in the Gassendi crater, Integrated Band Depth (IBD) parameter technique has
been used which characterizes the band depth for
1- and 2-lm absorption bands that captures variations related to space weathering, soil maturity,
and minerals (Mustard et al. 2011). It is used
specifically in the spectral mapping of maBc minerals based on their ferrous content as it is highly
sensitive to the lithologies abundant in pyroxene,
ilmenite, olivine, etc. (Thesniya et al. 2020). The
IBD for 1- and 2-lm absorption bands is deBned as
the total integrated band depth that is calculated
using the equations given by Mustard et al. (2011).
The 1.578-lm is referred to as the albedo channel
as it is free from any maBc silicate absorption.
Thus, the IBD parameter mosaic of 1- and 2-lm
band depths along with the 1.578-lm albedo
channel is generated for capturing the Brst-order
mineralogical variations (Thesniya et al. 2020).
The spectral parameters used for Band Depth of
Plagioclase is BD 1250 nm, for LCP is BD 1900 nm
and for HCP is BD 2300 nm (Ohman et al. 2014).
According to Zhang and Bowels (2013), the
eAect of maturity on ferrous ion spectra of lunar
soil can be summarized in three points: (1) At the
750 nm band, the reCectance R750 nm decreases
with the rise in lunar soil maturity; (2) with the
increase in the lunar soil maturity, the R950 nm/
R750 increases; and (3) with the increase in the
concentration of iron ions, R750 and R950/R750
nm both decreases. Based on all these characteristics, the spectral characteristic angle parameters method was developed by Lucey et al.
(1996, 1998, 2000) for the retrieval of FeO and TiO2
content while mapping the Clementine UV-VIS data.
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Later, the same parameters were used by Zhang and
Bowels (2013) for extracting the FeO content using
the M3 data. The equation that we used for calculating the FeO content is as follows:
hFe ¼ arctanfðR950=R750  1:26Þ=0:01g;
FeO% ¼ 17:83  hFe  6:82:
For TiO2 content retrieval, Zhang and Bowels
(2013) used Shukuratov’s model. Shukuratov had
studied the association for FeO and TiO2 by
studying the correlation diagram of FeO–TiO2 for
the nearside of Moon. His studies show that the
correlation coefBcient is as high as 0.81. Following
the regression equation given by Shukuratov et al.
(1999), log (TiO2[%]) = 0.06 (FeO [%]) – 0.54; we
have generated a TiO2 abundance map using the
M3 data.
4.1.1 CSFD method
The cumulative size-frequency distribution method
(CSFD) mainly includes the calculation of the
target unit’s surface area and the diameter of each
crater within the target unit (Thesniya et al. 2020).
This is used for estimating the model age for the
three mare regions, each in the SW, S, and SE of
the crater Coor (Neukum et al. 2001) using the
LROC-NAC images. The Crater tools extension for
ArcGIS (Kneissl and Michael 2013) has been
adopted to measure the age of the mare-Blled melt
pool in the Gassendi crater, wherein the craters
having diameters [100 m are considered. From the
obtained diameters of primary craters known as
the crater count data, the CSFD curves are constructed and from the curves, the crater model ages
are calculated using the crater stats program
(Michael and Neukum 2010).
4.2 Morphological analysis
Gassendi is a complex crater having various
morphological features. The features include a
central peak complex, isolated mound, fracture
systems, wall terraces, ridge, and mare region.
Gassendi A crater is smaller and younger than
Gassendi crater shows an extensive amount of
slumping, central peak, wall terraces, and melt
pool. Similar mapping guidelines by Thaker et al.
(2020) are used, to map features having evident
geological boundaries based on their physical
properties including relative elevation, structural

complexities, albedo, and surface texture. All these
features are analyzed and mapped using LROCNAC images along with their morphometrical
studies which are carried out with the elevation
graphs in ArcGIS software. We have divided the
mare region towards the south of the Gassendi
crater Coor with Integrated Band Depth (IBD)
technique into three units, namely G1, G2, and G3.

5. Results and discussion
5.1 Compositional analysis
The compositional analysis is carried out by the
spectral graphs as each mineral has its unique
absorption bands. From the understanding of the
minerals present, their origin, and the clues about
the geological evolution of the moon can be speculated (Burns 1970). From the compositional
analysis, minerals like Low-Calcium Pyroxene
(LCP), High-Calcium Pyroxene (HCP), olivine,
plagioclase, and mixtures of pyroxene and plagioclase are detected from the fresh exposures having
high albedo. Diversity in the composition can be
related to the presence of several morphological
features.
Pyroxenes are characterized by two diagnostic
absorption bands at around 1000 and 2000 nm, the
band center shifts to longer wavelengths with the
increase in Iron or Calcium content (Klima et al.
2007). Low-Ca pyroxene has a maximum absorption at 940–980 nm and 2000–2200 nm (Klima et al.
2007, 2011). Whereas, High-Ca pyroxene interpreted as gabbroic has a maximum absorption near
1000 and 2300 nm (Klima et al. 2011). In the
Gassendi crater, LCP having lower crustal to
mantle origin is found in the central peak complex
and isolated mound along with olivine and plagioclase. The general trend of the composition of
central peaks in large craters situated on the
western nearside of the moon consists of gabbroic
composition, whereas the peaks of Gassendi gives
us noritic or troctolitic composition (Pieters 1986;
Lucey and Hawke 1987), suggesting an existing
heterogeneity within the lunar crust at least in the
vicinity of this crater (Chevrel and Pinet 1992).
The LCP is also detected in the Gassendi A crater
in the crater wall and rim. HCP having a lower
crustal origin (Martinot et al. 2017) is detected in
the mare region and near fractures, suggesting
gabbroic composition. The HCP has a lower crustal
origin, i.e., at lesser depths than that of LCP
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(Martinot et al. 2017). The presence of LCP in the
central peak region and isolated mounds suggest
that the deeper material has been exposed here in
comparison to the surrounding area.
The spectral signature of olivine is characterized
by a single, broad, and complex absorption band
centered at 1050 nm (Sunshine and Pieters 1998).
The shift towards longer wavelengths in the position of the band center is due to the increased iron
content (Burns 1970). Here, it has been detected
near central peak complex of Gassendi crater and
in the slump region and wall of Gassendi A crater
indicating that they are not evenly distributed and
are only concentrated in small areas that hint at
their secondary origin (melt recrystallization).
Also, it can be exogenic in nature as it is abundant
in asteroids, chondrules, and meteorites (Brearley
and Jones 1998; Mittlefehldt et al. 1998; Martinot
et al. 2017).
A diagnostic absorption band centered at 1250
nm is a characteristic of Iron-bearing plagioclase
(Adams and Goullaud 1978) is found in the central
peak complex. It could be a result caused by the
mixture brought up by an impacting event between
plagioclase and pyroxene of a different composition
(Martinot et al. 2017). It could also imply the
concept of Lunar Magma Ocean (LMO) which
predicts that the lunar upper crust is anorthositic
([90% plagioclase-rich) formed by Cotation of
plagioclase on a magma ocean (Kaula 1979; Warren 1985). It might be present in greater amounts
but could not be identiBed as the signatures of
plagioclase minerals can be easily masked up by the
presence of dominant pyroxene minerals in the
same area.
To demarcate the various lithological features
and their boundaries on the lunar surface, a standard band ratio technique is used (Lucey et al.
1998). The False Colour Composite (FCC) has
been prepared by assigning a red channel to BD 1.9
lm, green to BD 2.3 lm, and blue to BD 1.25 lm.
The equations for the spectral parameter used for
preparing the map have been used from Ohman
et al. (2014). In the band parameter map, the yellow spots indicate the presence of LCP mineral
which corresponds to the noritic composition.
The blue–green colour indicates the presence of
HCP minerals corresponding to the gabbroic
composition. Pyroxene mixtures are indicated by
pink colour.
The Integrated Band Depth (IBD) for Gassendi
has been generated using the M3 data by removing
the continuum and subsequently calculating the
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1- and 2-lm absorption feature. For understanding
the surface mineralogical variations, the 1.578 lm
wavelength is used which does not show absorption
of any maBc silicates. Thus, IBD False Colour
Composite (FCC) is prepared by assigning a red
channel to IBD-1 lm, green to IBD-2 lm, and blue
to the 1.578 lm M3 albedo channel (Bhatt et al.
2020). The various minerals detected from the
crater Coor have been shown (Bgure 2a) with the
help of locations overlaid on the band parameter
map.
For understanding the spectral variability in
the mare region, the fresh craters *\1 km
diameter are selected (Kaur et al. 2013; Chauhan
et al. 2018) by using LROC data based on their
optical immaturity. The mare region has been
divided into three units for the Integrated Band
Depth (IBD) parameter into G1, G2, and G3 on
the basis of the pyroxene composition (Bgure 2b).
To study the abundances of maBc minerals, we
calculated the band center parameter. The band
center parameter calculated for unit G1, is
between 983.53 and 999 nm, for G2 unit it is
between 962 and 972 nm, and for the G3 unit it is
between 980 and 983 nm. The spectral signatures
collected from the Gassendi; Gassendi A as discussed above including the mare region are shown
in Bgure 2(c). From the band center parameter
analysis, all the pyroxenes have their band center
values above and nearby the synthetic high and
middle calcium pyroxene trend line indicating the
presence of calcic to sub-calcic pyroxenes in the
mare region (Bgure 3).
According to Lucey et al. (1998), we analyzed
the FeO content based on M3 data for the Gassendi
crater and it shows that the FeO content varies
from 1.922 to 18.126 wt.% (Bgure 4). Also, the
TiO2 content based on M3 is analyzed with the
Shukuratov model (Zhang and Bowels 2013) that
shows the variation of TiO2 content varies from
0.249 to 4.196 wt.% (Bgure 5). The FeO and TiO2
content is highest in the mare region in the
southern part of the crater Coor. The presence of
HCP, lower albedo, and higher FeO content in the
Coor fractures suggests the higher spatial distribution of pyroxenes (Antonenko et al. 1995). Also,
a very thin layer of mare material covers the crater
Coor as a result of which the FeO and TiO2 content
in the crater Coor is higher as compared to the
surrounding highland region. The higher content of
FeO and TiO2 suggests the presence of maBc
minerals, i.e., pyroxenes, which is also supported
by the results of the band parameter map.
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Figure 2. (a) The locations are shown on the band parameter map from where the spectral signatures of different minerals are
detected, (b) The location and extent of the three mare units G1, G2 and G3 of the Gassendi crater are shown on the IBD map,
(c,d) ReCectance spectra of the crater region are shown in c and d; whereas the spectral signatures collected from three mare
units are shown in Bgure(e–j). The c, e, g and i are the normalized reCectance spectra and d, f, h and j are the continuum removed
spectra of the corresponding spectra in the graph c, e, g and i.

For the three mare units, the crater count
method using primary craters has been selected.
From the CSFD curve (Bgure 6) and the crater
stats program, the ages for G1, G2, and G3 unit are
3.59, 2.99, and 3.45 Ga, respectively. Thus, the
extrusive volcanism that shaped the southern mare
region continued for about 600 My. The different

minerals detected within the crater from various
morphological features suggest their diverse origin.
5.2 Morphological and morphometrical analysis
Gassendi has been reshaped after its formation and
as a result, several fractures can be observed on the
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Figure 2. (Continued.)

morphological features are studied in detail to
understand the formation of the Gassendi crater.
The general elevation proBle generated with the
help of four topographic sections of the Gassendi
crater is displayed in Bgure 7. The details of the
morphological features along with their morphometric parameters including the length, height,
width, and area are discussed under this section.
5.2.1 Central peak
Figure 3. Plot of Band I center data vs. Band II center of the
reCectance spectra of Gassendi crater. Synthetic pyroxene
band center (Klima et al. 2011) has been plotted for comparative analysis of pyroxenes.

crater Coor. The formation of the Coor-fractured
craters is thought to be either due to the igneous
intrusion or due to the viscous relaxation. The
former model suggests the presence of magma in a
subsurface Bssure which tends to rise above the
surface, fracturing the crater Coor and sometimes
also reaching the surface. In the latter theory, the
FFC’s are thought to have formed as a result of
extensive heating for a long geological time wherein
the crustal surface sinks and bends due to the
gravity pull (Jozwiak et al. 2012). Several

Complex craters are recognized by a central uplift
which is one of the most important geomorphic
features. During the modiBcation stage of impact
cratering, a rarefaction shock wave is produced due
to the primary impact resulting in the formation of
the central peak complex (Milton et al. 1972). In
complex craters, these structures might develop
a single or more peak rings that usually expose
rocks derived from considerable depths (Koeberl
2009). Thus, studying detailed mineralogical and
geological aspects can provide constraints on the
local crustal structure.
During the modiBcation stage of an impact crater, the material originally underlying the transient
cavity’s central region gets uplifted and gives rise
to the central peak (Kuiper 1954), which we now
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Figure 4. FeO content retrieval result from M3 data by using the spectral characteristic angle parameters developed by Lucey
et al. (1998).

know as elastic rebound theory. The existence of
central peaks in impact craters gave rise to discussions about how the lunar surface can act in a
Cuid-like manner during the formation of impact
craters. It is considered that a temporary feeble
mechanism is required that enables the fast Cow of
material for the formation of a central peak, subsequent to the revival of the normal strength of the
material which then maintains the uplift as the
Bnal morphology of the crater (Melosh 1989).
The central peak of the Gassendi crater has
crescentic arrangement of massifs that suggests a
central down-dropped region and multiple uplift
segments, thus called a ringed peak cluster
(Schultz 1976). The central peak region of the
crater has higher albedo, lower concentration of
maBc minerals and lower amounts of FeO (Bgure 4)
and TiO2 (Bgure 5) in relation to the surrounding
crater Coor, all of which suggests that the central
peak has not been aAected by volcanic processes
and so is a remnant of the upper crustal material.
This is also supported by the plagioclase signature
detected from that region. Also, olivine signature is
found in the western part of the peak that being a

mantle material observed on the surface as a result
of upliftment during the modiBcation stage. It also
has an oAset of 9.123 km at 94° azimuth from the
center of the crater.
Gassendi crater’s central peak complex is shown
in Bgure 8. The morphometric parameters include
peak diameter which varies between 500 and 1000
m, peak height varies from 1.1 to as high as 3 km,
it is E–W and N–S extent is about 2 km each.
An elevation graph for the same taking three
topographic sections is shown in Bgure 9(B–D).
The central peak of the Gassendi A crater is
displayed in Bgure 10 and its elevation graph is
shown in Bgure 11. The approximate area covered
by the central peak is about 277.75 km2. The central peak of Gassendi A crater has a width of about
4000 m, height varies from 400 to 800 m and covers
an area of about 21.24 km2.

5.2.2 Isolated mound
Mounds are usually formed by the low-velocity
impact of clustered ejecta particles from a primary
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Figure 5. TiO2 content retrieval result from M3 data by using Shukuratov model.

Figure 6. The cumulative size-frequency distribution (CSFD) curve is constructed by mapping the primary craters in the
three-mare region and the crater model ages are calculated using the crater stats program.
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Figure 7. (A) WAC image of Gassendi crater with the four topographic sections AA0 , BB0 , CC0 and DD0 used for generating the
elevation graphs. (B) LOLA image of Gassendi with four topographic sections AA0 , BB0 , CC0 and DD0 . The elevation graphs are
shown in C–F of topographic sections AA0 , BB0 , CC0 and DD0 , respectively.

impact episode. These usually occur in the form of
clusters and chains but sometimes these are isolated. They display a wide range of shapes and
many of them are circular, others being ellipsoidal,
oval, polygonal, Came and pear-shaped also are of
varying sizes and sometimes are surrounded by
smooth deposits (Kumar et al. 2011).
A crescent-shaped isolated mound is present in
the Coor of Gassendi (Bgure 12) that is surrounded
by smooth deposits. The elevation graph generated

for its morphometric study is shown in Bgure 13. Its
height increases as we move from the ends of the
crescent mound to its center and the mean elevation is approximately about 1.2 km and it covers an
area of about 55.51 km2.
5.2.3 Fractures
The Lunar FFC’s are shallow lunar craters displaying polygonal, concentric or radial fractures
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Figure 8. (A) Location of Gassendi’s central peak highlighted in WAC image and (B) NAC images M104777641LE,
M1234502881LE, M1234502881RE, M1096758797LE, M1158020346LE, M1158020346RE, M1158013228LE, M1158013228RE,
M1234509913LE, M186140830LE, M186140830RE and M1200397134LE show the central peak complex on the Gassendi crater.

near the Coor-wall boundary or on the crater Coors.
The presence of ridges, volcanic vents, semi-annular central peak and polygonal fractures terminating at the moat containing light and smooth marelike units observed in the Gassendi crater conBrms
its association with Class-3 FFC (Schultz 1976).
Fractures are formed as a result of the brittle
failure by the irreversible and very rapid propagation and connection of cracks (Burg 2014).
Fractures are often called Bssures that show association with volcanic processes (Hargitai et al.
2015). These are the only significant features for
the generation of Cuid migration (Odling 1997).
We observed two types of fractures in Gassendi.
On the western part, most of the fractures are
narrow, shallow and elongated depressions connected (Bgure 14). The length of fractures ranges
from 44.7 km being the longest to as short as 3.7
km, the mean depth is 100 m. They have steep
walls on both sides and are ‘V’ shaped
depressions having a mean width of about 2 km.
Figure 15 displays the elevation graph taken for
morphometric analysis.
The fractures on the eastern part are associated
with lava tubes or are the outCows of lava channels, i.e., Bssures and here those Bssures are deeper
and wider than the former referred to as Rimae
Gassendi (Bgure 16). The Rimae Gassendi displays
radial and polygonal fracture patterns. Figure 17
shows the elevation graph for Rimae Gassendi.
Rimae fractures have a depth of about 550 m and a
width of about 5 km from the surrounding crater

Coor, subsidiary vents have a mean depth of 250 m
and width is approximately about 2 km. The
longest rimae has a length of about 73.72 km which
adds up to be about 91.42 km considering its subsidiary vent and the shortest rimae measured is
about 6.3 km in length.
5.2.4 Crater Coor
In a complex type of crater, the Coor extends from
the Cat portion surrounding the central uplift to
the crater wall. The crater Coor might be smooth,
i.e., Coor with small craters covered by impact melt
and hummocky type, i.e., rough. The complex
crater Coors are dominantly rough reason being
that they are composed of impact melt and also due
to mass-wasting debris from the crater walls (Head
1976; Cintala et al. 1977; de Hon 1980; Ravine and
Grieve 1986). The roughness of the Coor ranging
in between the smooth and hummocky Coor is
referred to as the intermediate Coor.
In our area, we have observed three types of
crater Coors, viz., smooth Coor (Bgure 18), intermediate Coor (Bgure 19), and hummocky Coor
(Bgure 20) which have been mapped. Smooth Coors
are observed in both the craters. In Gassendi, these
are observed near rimae fractures, lava lakes, mare
regions, and central peak complex. It is not continuous as several rilles, ridges, mounds are present
within the crater Coor. The area covered by smooth
Coor in Gassendi measures approximately about
4547.47 km2. Lava Cooding or rapid cooling might
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Figure 9. (A) NAC images M104777641LE, M1234502881LE, M1234502881RE, M1096758797LE, M1158020346LE,
M1158020346RE, M1158013228LE, M1158013228RE, M1234509913LE, M186140830LE, M186140830RE and M1200397134LE
overlaid on the WAC image showing three topographic sections AA0 , BB0 and CC0 on the central peak complex of Gassendi
crater. Elevation graphs of this topographic sections of central peak complex of Gassendi crater are shown in (B) AA0 , (C) BB0
and (D) CC0 .

Figure 10. (A) The central peak of Gassendi A crater is highlighted in the WAC image and (B) NAC images M1182728836LE
and M1182728836RE show the central peak on the Gassendi A crater.
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Figure 11. (A) NAC image M1182728836LE and M1182728836RE showing topographic section AA0 on the central peak of
Gassendi A crater and (B) elevation graph of the AA0 section is shown.

Figure 12. (A) Isolated mound is highlighted in the WAC image of Gassendi crater and (B) NAC images M1234509913LE,
M188506891LE, M1234516946LE and M1234516946RE show isolated mound on the Coor of Gassendi crater.

Figure 13. (A) NAC images M1234509913LE, M188506891LE, M1234516946LE and M1234516946RE showing topographic
section AA0 on the isolated mound of Gassendi crater and (B) elevation graph of the AA0 section is shown.

be the reason for its occurrence. Gassendi A crater
has smooth and intermediate Coor near its central
peak as the crater has undergone an extensive
amount of slumping. The Coor of Gassendi A
covers about 71.02 km2 area.

The intermediate type of Coor observed in the
northern part just below the rim of Gassendi A displays a lesser amount of mound than the hummocky
Coor and more undulations in comparison to the
smooth Coor. It covers approximately an area of
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Figure 14. (A) The Floor Fractures on the Coor of Gassendi crater are highlighted in the WAC image and (B) NAC images
M1241570836RE, M186147968LE, M186147968RE, M188506891LE, M188506891RE, M1165088146LE and M1165088146RE
show fractures on the Coor of Gassendi crater.

Figure 15. (A) NAC images M1241570836RE, M186147968LE, M186147968RE, M188506891LE, M188506891RE,
M1165088146LE and M1165088146RE showing topographic section AA0 on the fractures of Gassendi crater and (B) elevation
graph of the AA0 section is shown.

Figure 16. (A) The rimae fractures of Gassendi crater are highlighted in the WAC image and (B) NAC images M193210370LE,
M193210370RE, M1158006109LE, M1158013228LE, M1158013228RE, M1112067958LE, M1158020346LE and M1158020346RE
show Rimae Gassendi (fractures) on the Coor of Gassendi crater.
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Figure 17. (A) NAC images M193210370LE, M193210370RE, M1158006109LE, M1158013228LE, M1158013228RE,
M1112067958LE, M1158020346LE and M1158020346RE showing topographic section AA0 on the Rimae Gassendi (fractures)
of Gassendi crater and (B) elevation graph of the AA0 section is shown.

Figure 18. (A) The smooth Coor of Gassendi crater is highlighted in the WAC image and (B) NAC images M1158013228RE,
M1158006109LE and M1158006109RE show smooth Coor of Gassendi crater.

Figure 19. (A) The intermediate Coor of Gassendi crater is highlighted in the WAC image and (B) NAC image M1154470892RE
show intermediate Coor of Gassendi crater.

about 1300.66 km2. The reason for the intermediate
Coor in the northern part might be the later impact
that gave rise to Gassendi A crater resulting in the

Cow of wall materials into the Gassendi crater or the
later impact might have resulted in the upliftment or
warping of the main crater Coor.
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Figure 20. (A) The hummocky Coor of Gassendi crater is highlighted in the WAC image and (B) NAC images M1112082173RE,
M188514038LE, M157865545LE and M157865545RE show hummocky Coor of Gassendi crater.

The hummocky Coor is observed on the western and eastern sides of the crater boundary near
the inner wall. The hummocks developed must be
due to the slumping of the wall and the rapid
cooling and deposition of the debris. The hummocky Coor constitutes approximately about
688.79 km2 area.
For the understanding of the variations in the
steepness and gentleness of the slope, a contour
map (Bgure 21) for the area has been generated by
using the LOLA-DEM data keeping a contour
interval of 1000 m. From the Bgure, it can be seen
that the crater Coor has almost the same elevation
and the variation is maximum in the rim and peak
area.

5.2.5 Melt pool
Many melt pools observed on the Moon have
smooth surface texture, are Cat-lying, and also
show a distinct contact boundary with the surroundings suggesting Cuid material solidiBcation.
They have a lower albedo than the other impact
materials (Howard and Wilshire 1975; Plescia and
Cintala 2012). These features range from small
local features to large scale deposits.
In Gassendi A, the melt pool we marked has
a lensoid shape (Bgure 22) and is localized in
the north-eastern part in between the Cat portion of the terraced crater wall. It has a smooth
texture and many small impact craters can be
observed on its surface which covers *14.82
km2 area.

5.2.6 Ridge
Lunar ridges are linear, long, low mountain structures. They appear as sharp structures at the top
while having a broad and gently arched base. The
two mechanisms used simultaneously for the
interpretation of the formation of ridges are tectonism and volcanism. The former is essential in its
formation while the latter aAects its appearance
and both are important in the understanding of the
lunar structures. They are distributed in broken or
whole lineation and are overlapping, staggered, or
annular in the pattern (Yue et al. 2007). Gassendi
crater has undergone a series of upliftment and
volcanism followed by subsidence and lava drainage (Schultz 1976), owning to which the formation of ridges has taken place. We have mapped
three ridges each in NW (Bgures 23 and 24), SW,
and SE direction and have measured their lengths
which are about 29.44, 21.75, and 15.4 km,
respectively. The average length measured is
22.2 km.

5.2.7 Terrace
Sometimes along the inner crater wall step-like,
curvy slump features are found which are known as
terraces. The smallest craters on the lunar surface
where this feature is visible are Cat-Coored craters
[15 km morphologically between simple and
complex craters. The most deBned and largest
terraces are just near the crater rim and decrease in
width from the crater rim inwards (Pike 1988).
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Figure 21. A contour map for the Gassendi crater using LOLA-DEM data has been generated by keeping an interval of 1000 m.

Figure 22. (A) Melt pool of Gassendi A crater is highlighted in the WAC image and (B) NAC images M1142695334LE,
M1127391947LE, M135447046RE, M1178018482RE and M1134459246LE show melt pool of Gassendi A crater.

We have observed terraces in both the craters. In
the Gassendi crater, they are observed as discontinuous features only in the north-eastern part of

the inner wall which are almost sub-parallel formed
as a result of slumping, known as terraced-wall
(Cintala et al. 1977). In Gassendi A crater, there
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Figure 23. (A) Ridge of Gassendi crater is highlighted in the WAC image and (B) NAC images M1241570836RE,
M1147416877LE and M1147416877RE shows Ridge of Gassendi crater.

Figure 24. (A) NAC images M1241570836RE, M1147416877LE and M1147416877RE showing topographic section AA0 on the
Ridge of Gassendi crater and (B) Elevation graph of the AA0 section is shown.

has occurred a localized crater wall failure that has
resulted in the terrace formation often known as
Scalloped wall (Cintala et al. 1977) and in between
the terraces in the Cat-lying region, the melt pool
has solidiBed.
A morphological map (Bgure 25) of all the features discussed have been prepared for Gassendi
and Gassendi A crater by keeping LROC-WAC
and NAC images as a base. The features are
mapped in ArcGIS software on a scale of 1:25,000.
The features that have been mapped helped us to
measure the morphometric parameters that give us
a broader idea about the extent of the features
which could shed light on their origin.
From the LROC-WAC image, many prominent
fracture systems and ridges have been observed
and mapped (Bgure 25) within the crater Coor. The
wall terraces are observed on the NW Cank of the

crater wall which shows evidence of a possible
landslide that might have occurred along the NW
crater rim. The topographic proBles point out the
relatively steeper slope-gradients of the crater wall
in the E, NW, W, and SW directions. From the
proBles (Bgure 7) and the contour map (Bgure 21),
it becomes clear that the northern part of the
crater is elevated in relation to the southern part as
it lies on the shallower mare basin.
From all these studies, the formation of the
Gassendi crater has been interpreted to have
formed as a result of sequences of events. The crust
is thought to have been highly fractured due to the
formation of the Mare Humorum impact basin and
later the impact of Gassendi fractured the crust
further. As a result of which the pre-existing fractures widened and created a pathway for the
migration of magma to the surface. The magma
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Figure 25. Morphological map of Gassendi crater.

could not rise to the surface as was inhibited by the
lower brecciated zone of magma and formed a sill
beneath the surface. Later, the sill inCates as the
intrusion persists and a dome-shaped intrusionLaccolith is formed (Giguere et al. 2020). The
entire Coor is thought to have been covered by
a thin layer of pyroxene material from this
intrusion as the signatures of pyroxene minerals are
dominant throughout the crater.
6. Conclusion
The dominant composition of minerals exposed in
Gassendi and Gassendi A crater are analyzed using
M3 data. LCP, HCP, olivine, plagioclase, and
pyroxene–plagioclase mixtures are detected from
the area. LCP mineral suggesting the noritic/
troctolitic composition is detected from the

isolated mound along with signatures of olivine, a
lunar mantle mineral, and plagioclase, a lunar
upper crustal mineral. The central peak shows
signatures of LCP mineral that is derived from the
lower mantle rocks. The Coor and the fractures
have gabbroic composition (HCP) with higher
abundance of FeO and TiO2 as compared to the
surrounding area, derived from the lower crustal
portions. The crater shows mixed properties owing
to its location as is situated between a highland
area and a mare region. The analyses of the topographic proBles have enabled us to understand the
variations on the crater Coor as well as the variations in the rim height. The northern part of the
crater is elevated as on the southern side it lies over
the shallow mare region. The Coor of the crater is
considerably Cat with few elevated and depressed
morphological features. The crater shows a high

J. Earth Syst. Sci. (2021)130:57
content of FeO and TiO2 and lower albedo related
to its surrounding area suggesting that the entire
crater has a thin layer of mare material distributed
during the formation of deep-rooted fractures. The
mare region towards the southern interior part of
the crater has pyroxene content that varies from
sub-calcic to calcic. The extrusive volcanism that
shaped this mare region was active for almost 600
My which has been estimated from the Crater
count method. The major modiBcation of the FFC;
Class-3, Gassendi has resulted due to the geological
processes related to the igneous intrusion rather
than the viscous relaxation of the crater. Whereas,
the crater Gassendi A has an extensive amount of
slumping on its’ steeper walls but shows no signs of
volcanic activity as fractures.
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