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Abstract:

India’s third Moon mission Chandrayaan-3 has successfully deployed a lander and a rover at
a high latitude location of the Moon and provided first ever in-situ science investigations of
such a pristine location that will potentially improve our understanding on primary crust
formation and subsequent modification processes. Two landing-sites were selected for
Chandrayaan-3 mission. While the primary landing site (PLS), was situated at 69.367621 °S,
32.348126 °E, an alternate landing site (ALS) was also selected at nearly the same latitude but
~450 km west to PLS, as a contingency. In this work, adetailed study of the geomorphology,
composition, and temperature characteristics of ALS hasbeen carried out using the best-ever
high resolution Chandrayaan-2 OHRC DEMSs and-Ortho-images, datasets obtained from
Chandrayaan-1 and on-going Lunar Reconnaissance Orbiter. For understanding the
thermophysical behaviour, we used a well-established thermophysical model. We found that
the Chandrayaan-3 ALS is characterised by a smooth topography with a relatively elevated
central part. ALS is dominated by ejecta of the Moretus-A crater of Eratosthenian age and is
situated on the ejecta blanket of Tycho crater. The ALS is a scientifically interesting site with
a high possibility of sampling ejecta materials from Tycho and Moretus. However, due to
presence of Eratosthenian-age ejecta materials, the site is boulder rich. The OHRC derived
hazard map confirms 75% of hazard-free areas within ALS and thus suitable for landing and
rover operations. Sampling traces of Tycho ejecta will be useful in understanding
compositional variations within ALS. Based on the spectral and elemental analysis of the site,
Fe is found to be ~ 4.8 weight percent (wt.%), with Mg ~ 5 wt.%, and Ca ~ 11 wt.%.
Compositionally, ALS is similar to PLS with typical highland soil type composition. Spatial
and diurnal-variability of ~40 K and ~175 K has been observed in the surface temperatures at
ALS: Although belonging to similar location like PLS, ALS showed reduced day-time
temperatures and enhanced night-time temperatures compared to PLS, indicating a terrain of
distinctive thermophysical characteristics compared to that of PLS. Like PLS, ALS is also an
interesting site for carrying out in-situ science investigations from any future lunar landing
mission.

Keywords: Moon, Chandrayaan-3, Lander, Rover, Geomorphology, Surface composition,
Temperature
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1. Introduction

ISRO’s third mission to the Moon, Chandrayaan-3, launched on 14 July 2023 made a
successful soft landing on 23 August 2023. Chandrayaan-3 consisted of a propulsion module,
lander and rover accommodating six payloads for carrying out scientific investigations in the
vicinity of the landing site’®. Chandrayaan-3 lander along with its rover is intended to land at
a high-latitude region of the Moon for which two sites — primary (PLS) and alternate (ALS),
have been finally identified adhering to both technological constraints and scientific merits.
The primary landing site is situated at 69.367621 °S, 32.348126° E and found to be safefor
landing with slope less than 4° in about 78 per cent of landing area’. To handle any eontingency
prior to landing, an alternate site is also identified at 69.497764 °S, 17.330409 "W’ which will
be encountered after 3 to 4 days of the nominal prime landing (Private communication). The
locations of the PLS and ALS are shown in Figure 1. A detailed contextual characterisation of
PLS has been carried out in terms of geomorphological, compositional and thermophysical
perspectives recently by Durga Prasad et al.,2023’. In a similar line, we conducted a detailed
characterisation study of the alternate landing site for.planning mission operations and
interpretation of science data obtained from onboard.-instruments. Variability within the local
terrain, illumination and surface temperatures were,studied to assist for safe landing, carryout
lander operations and also for rover path planning. A detailed geomorphological, compositional
and thermophysical characterisation of ALS is the primary objective of carrying out this study.
These characterisation studies are based on all relevant datasets available from previous orbiter
missions. The ALS is confined.to =2.4 x 4 km and its geomorphological characterisation is
based on Chandrayaan-3. specific targeted observations from Chandrayan-2 orbiter,
particularly the best spatial resolution (25 cm) images from OHRC (Orbiter High Resolution
Camera)® and derived digital elevation model (DEM). While we focus only on understanding
the characteristics-of a smaller region of 4 km x 2.4 km selected for landing, a larger perspective
can be obtained based on the studies similar to that reported in Sinha et al., 2023°.

2. Datasets and methodology

High-resolution DEM derived from OHRC with a spatial resolution of ~25 cm, is used for the
geomorphological studies and thermophysical modelling®!t. Various other datasets from
Chandrayaan-1, SELENE and LRO have also been used for the study. Spectral/compositional
studies have been carried out using the Moon Mineralogy Mapper (M®) of Chandrayaan-112.

Topography is obtained from LOLA and WAC images®® and surface brightness temperatures



72
73

74

75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

are derived from Diviner onboard LRO. PRL 3D Thermophysical Model is used to carry out

the modelling of the site in local scale®.

3. Geomorphological study

Fig. 1 shows the locations of identified PLS and ALS for Chandrayaan-3 landing. The ALS
and PLS are both situated at similar latitudes (~69°S) but about ~450 km apart. Initially Terrain
Mapping Camera (TMC) images of Chandrayaan-1 & 2 and derived digital elevation model
(DEM), SELENE and LOLA derived DEMs and LRO WAC and NAC images were-used to
find a suitable alternate site in western longitudes for the same latitude as Primary.Landing
Site™. A suitable site of 4 km x 2.4 km was selected as ALS [69.497764° $;-17.330409° W],
~ 450 km west of the primary landing site (PLS) [69.36762° S, 32.348126° E] of the
Chandrayaan-3 as shown in Fig. 1’. In this work, we used highest resolution OHRC derived
DEM for understanding the landing site terrain in detail and based on OHRC images, hazard

map is prepared similar to PLS’.

The ALS OHRC image, and derived parameters from DEM are shown in Fig. 2. We
found that the ALS belong to smooth topography-with a comparatively elevated central part
(Fig. 2.c, and e). The average elevation variation is 216 m within the area with an overall slope
of less than 7° (Fig. 2.d), which satisfied the criteria used for the selection of PLS of
Chandrayaan-3’. The ALS is situated-on the west of the Moretus crater (Fig. 1) which belongs
to the crater cluster unit of the Eratosthenian age!®. Hazard maps based on slope and
illumination were derived.in-the same way as detailed in Durga Prasad et al.,2023’. The hazard
map shown in Fig. 3 cover nearly 75% of hazard-free areas suggesting that the ALS is suitable
for landing and rover operations. Fig. 4(I) shows a geomorphology map of ALS. We found two
distinct geomorphic units; a and b as marked in Fig. 4(1) based on the surface textural variation
within ALS." Interestingly, both the geomorphic units belong to the comparable slope variations
(Fig.“2d) but are distinguishable mainly based on number density of fresh craters in vicinity.
Thesurficial texture variations shown at OHRC scale within such a small area could be mainly
due to the ejecta of the Moretus-A crater which covers the region shown in Fig. 4(l). On the
south-western (SW) flank of the ALS, several fresh craters are observed with high density of
boulders as shown in Fig. 4(I). As shown in Fig. 4(1), ALS is found to be interesting from
geomorphology perspective. In order to understand the albedo variations within ALS, we used

the Lunar orbiter laser altimeter (LOLA) data measured using laser pulse at 1064 nm. The
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LOLA provides the relative reflectivity of the surface at zero phase angle'’. Areas with
relatively high albedo indicate fresh ejecta or immature craters. The albedo variation of LOLA
shown in Fig. 4(I1) suggest presence of ejecta materials at ALS. Tycho crater (43.37° S, 11.35°
W) is situated north of ALS which is one of the youngest craters of the Moon (~100 Ma) with
prominent visible ejecta rays'®. The ALS with overlapped ejecta traced back to crater Tycho
provides a unique opportunity for future landing missions to sample Tycho crater composition
at ALS and the results can also be cross-validated and compared to Apollo 17 landing site!®.

4. Mineralogical and compositional study

Thermally and photometrically calibrated, level 2 M? reflectance (ID: M3G20090206T185403)
data of optical period 1B%° covers the ALS. We used M? data to understand the mineralogical
and compositional variations within ALS. Typical spectral characteristics of ALS is shown in
Fig. 5. We found that the M2 reflectance spectra do not show any prominent absorption band
around 1 and 2 um (Fig. 5b). These are typical highland type-reflectance spectra associated
with shocked plagioclase lithology since plagioclase loses its crystal structure (an absorption
feature around 1.25 pm) relatively faster due to meteoritic impacts®>?2, We observed an
increase in reddening in the reflectance spectrabelonging to ALS and that could be a result of
space weathering?24, Through spectral data, we could not identify Tycho ejecta distinct from
its surroundings. Another typical spectral characteristic from this region is confined to a few
fresh craters that show a weak absarption features around 1 um with relatively high reflectance
(Fig.5b). However, this band.do not show a characteristic shape of Olivine. Such a spectral
characteristic could be due to plagioclase-dominated pyroxene (~1 wt.%) mixed soils?®. These
regions will be interesting to explore through rover as they could be resulted from fresh crater
ejecta?®. The absorption band depth of the absorption feature around 1 um is below 5% and
difficult to-characterize due to lower Signal to Noise ratio (SNR). We observed a consistent
dip around-2.8 pm in most of the M3 reflectance spectra from ALS. The M? data used here
belongs to morning hour’s observations and the absorption feature around 2.8 um is most likely
due to solar wind interaction representing unstable water component within ALS.

For understanding average chemical composition of ALS, we extracted average abundances of
Fe, Mg, and Ca from the M2 based global elemental abundance maps at 1.5 km/pixel spatial
resolution?’. The spectral analysis outcomes are in agreement with the elemental abundances
extracted. Fe is found to be ~ 4.8 weight percent (wt.%), with Mg ~ 5 wt.%, and Ca ~ 11
wt.%. The Root mean square error (RMSE) for Mg is 1.7 wt.%, Ca is 1.1 wt.% and Fe is 1.9
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wt.% when compared to Apollo and luna samples. It should be noted that the returned samples
cover Mg and Ca contents in a relatively narrow value range when compared to the broad range
available for the Fe content. The elemental composition of PLS is similar to ALS and is given
in Durga Prasad et al.(2023)". The average elemental composition of ALS suggests that the
ALS of Chandrayaan-3 has an anorthositic highland composition that has experienced extended
space weathering throughout the lunar geological time. From this compositional analysis, we
find that both, ALS and PLS are similar compositionally and both the sites represent a typical
highland type of soil’.

5. Temperatures and Thermophysical characterisation

Understanding the surface temperatures and their variability in the/vicinity is not only
necessary for estimating the survivability and lifetime of any future.lander and the rover
mission planned at ALS, but also an important parameter to directtheir operations. This will
also help in understanding and interpreting the data received.and deriving science from in-situ
instruments onboard. Therefore, a detailed thermophysical characterisation of the alternate
landing site has been carried out to understand the temperatures and thermal behaviour in the
vicinity both at regional as well as local scales. This thermophysical study has been carried out
utilising datasets from Diviner radiometer® onboard LRO and a three-dimensional
thermophysical model'®. Diviner RDR datasets are processed to derive the diurnal brightness
temperatures observed at the 4.2 x-2:4 km area. Processing methodology of Diviner datasets
used for this study is detailed in Durga Prasad et al.,2023’. The optimised data is then overlaid
over LOLA DEM to interpretthe temperature variations in 3-dimension. Figure 6 depicts the
Diviner derived temperature variability map at local noon of the alternate landing site. It is
evident that even.at local scales, surface temperatures seem to exhibit a significant spatial
variation, possibly due to small-scale topographical differences, which is an interesting aspect.
The spatial variability of local surface temperatures within ALS region was derived for various
phases “of the day — dawn, noon, dusk and midnight. However, surface temperatures
corresponding to local noon is only shown in figure 6(a) as maximum variation in temperatures
is expected only during this time. Being a very small area (4 km x 2.4 km), significant
temperature variability is not expected within. However, a variation of ~40K variation within
the surface temperatures of the region is seen as evident in figure 6(a) which is usually not
expected as the landing area is relatively small (~2.4 km x 4 km). This spatial heterogeneity
could be attributed to the small-scale slopes and topographical variations within the landing

ellipse. This necessitates the importance of in-situ measurements and should be considered in
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future landing mission. Figure 6(b) shows the diurnal variability of minimum and maximum
surface temperatures for ALS which is as expected?2°1> From Diviner observations, surface
temperature variation of ~60 K — 270 K was observed. While the trend of temperature
variability seems to be similar to that of PLS’, the recorded maximum temperatures are
relatively lower and minimum temperatures are slightly higher directing towards local surface

of thermophysical behaviour quite distinct from that of PLS.

Using a three-dimensional model®, the thermophysical behaviour at local scale for an area of
200 m x 200 m has been computed in order to understand the surface and subsurface
temperatures at the landing site.. High resolution topography data from OHRC has been used
for model simulations. The model also includes the effect of an outermost insulating layer of
~9 cm thick corresponding to the estimations given by Hayne et al., 201728, The boundaries are
thermally insulated and solar irradiation corresponding to the landing site is given in Xx,y,z
directions. Thermophysical parameters such as effective thermal conductivity, specific heat are
given as analytic functions. The model has run by finite element method, where the geometry
is meshed into finer surface elements, with size varying from 11m to 0.8m. The model has run
for 90 earth days and seemed to be equilibrated by the. run time. The results exhibited distinct
thermal variations at the site. Considering the relative smooth surface at ALS, the temperatures
seem to be surprisingly different even within.the 200m x 200m area. The model-derived surface
temperature for a small region of 200 m x 200 m around the centre of ALS during dawn phase
is shown in figure 6(c). Distinct variability of local scale surface and subsurface temperatures
are evident from model simulations that could possibly either due to small topographic
variations or surface of distinct thermophysical characteristics or both.

5. Conclusion

Chandrayaan-3 is India’s third mission to the Moon has successfully deployed a lander
and a rover-at-a high latitude location of the Moon and provided the first ever in-situ science
investigations at that location. After an in-depth evaluation of several sites, two sites — a
primary site and an alternate site for contingency, have been selected!. We have carried out a
detailed characterisation of both the landing sites. While the primary landing site study is
reported in Durga Prasad et al.(2023)’, details about alternate site, which could be prospective
site for future landing, are reported in this work. Detailed geomorphological, compositional
and thermophysical characterisation of the alternate landing site has been carried out using the
best-ever high resolution OHRC DEMSs and Ortho-images, other datasets and modelling. Our

hazard map using OHRC suggest that ~75% of the landing area is hazard-free and safe to land.
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Local geomorphological variations show that ALS is characterised by a smooth topography
with a relatively elevated central part with an average elevation of 216 m. The ALS, which lies
to the west of the Moretus crater, can be divided into two distinct geomorphic units primarily
based on fresh crater distribution and associated boulder density. The ALS also received ejecta
from crater Tycho which might provide an opportunity to sample Tycho crater composition.
Based on the spectral analysis of the site, Fe is found to be ~ 4.8 (wt.%), with Mg ~5 wt.%, and
Ca ~11 wt.%, suggesting typical highland composition which is similar to PLS. The
temperature and thermophysical analysis of ALS showed a significant spatial and diurnal
variability of surface temperatures as seen in the case of PLS. However, a relatively lowerday-
time and higher night-time temperatures in comparison with that of the PLS suggests that the
ALS may have different thermophysical parameters than the PLS. Inferences from this study
indicate ALS to be potential in-situ sampling site due to its distinct.geomorphological and
thermophysical characteristics and possible existence of migrated material from distant Tycho
crater. Therefore, in-situ observations related to elemental and compositional properties using
instruments like APXS and LIBS would be worth considering-at this site in a future mission.
In-situ reflectance spectra using an active source distinctlocations along the rover traverse will
be a value addition in understanding the diversity in-the local mineral composition. Being a
high latitude location with distinct thermal characteristics, geophysical measurements such as
thermophysical and seismic, are inevitablesat this site. Thus, after PLS, the ALS is also
expected to provide new insights into_the understanding of lunar science and could be a

potential site for any future landing mission to the Moon.
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Figure Captions:

Figure 1: (a) Locations of the primary (PLS) and alternate (ALS) landing sites were plotted
over the LRO-WAC mosaic using the lunar south polar projection. The area near these landing
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sites (marked in red box) was represented in the following image (b)Perspective view of ALS
with respect to PLS and lunar south pole.

Figure 2: Detail geomorphic maps (a-e) of the alternate landing site (ALS). (a) OHRC image
(equidistant cylindrical) where ALS is marked in green colored star, (b) OHRC derived DEM,
(c) OHRC derived colour-coded DEM, (d) Slope map, and (e) Elevation profiles through A-
A’, B-B’, C-C’, and D-D" respectively.

Figure 3: OHRC derived (a) hazard map and (b) shadow map over the alternate landing site
where safe areas were marked in green and hazardous areas in red color.

Figure 4: (1) Geomorphological map around the ALS (marked in Yellow) of the Chandrayaan-
3. The entire area was divided into two geomorphic units (a and b) by the blue dashed line. (a)
Unit ‘a’ was relatively smooth whereas (b) unit ‘b’ had a rough surface-with relatively low
albedo. Fresh craters (green) and boulders (red) were marked as the potential sampling sites
over the region. Three types of craters (i-iii) were noticed around the ALS. (i) On the SW of
the ALS, a fresh crater with boulders, and on the NW (ii) degraded, and (iii) Ghost crater were
encountered. (I1) LOLA albedo map was projected in the lunar, south polar projection where
the ALS (red-colored point) was plotted west to the Moretus crater. Higher reflectivity was
represented as white color. It can be observed that the area near the ALS is optically immature,
which might have occurred due to the superposition of the fresh ejecta from the Tycho crater.

Figure 5: (a) 1° x 1° M3 albedo image.including Chandrayaan-3 ALS (marked as a yellow
box) represented at ~1500 nm. (b) Extracted representative spectra from ALS are plotted. The
dashed black lines are given at 1, 2, and 2.8 um for reference. Highland-type soil is represented
through the blue-colored spectra that have no significant absorption feature at 1 um and 2 pm.
Spectra colored in green extracted from some fresh craters where a minor absorption at 1 um
can be observed. The OH/H20 spectral signature around 2.8 pm is also detected in both the
representative spectra.

Figure 6: (a) Local noon surface temperature variations for the landing region of the alternate
site (b) Variability of minimum and maximum surface temperatures at ALS landing region (c)
Model derived surface temperature variation within 200m x 200m area at the centre of the ALS
during dawn phase, depicting distinct thermophysical behaviour at local scale. The patches
seen in. figure 7(c) are interpolation artefacts and may be ignored.
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382  Figure 1: (a) Locations of the primary (PLS) and alternate (ALS) landing sites were plotted
383  over the LRO-WAC mosaic using the lunar-south polar projection. The area near these landing
384  sites (marked in red box) was represented.in the following image (b)Perspective view of ALS
385  with respect to PLS and lunar south pole
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Figure 2: Detail geomorphic maps (a-e) of the alternate landing site.(ALS). (a) OHRC image
(equidistance cylindrical) where ALS is marked in green colored star, (b) OHRC derived DEM,
(c) OHRC derived colour-coded DEM, (d) Slope map, and (e). Elevation profiles through A-
A’, B-B’, C-C’, and D-D" respectively
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Figure 4: (I)Geomorphological map around the ALS (marked in Yellow) of the Chandrayaan-
3. The entire area was divided into two geomorphic units (a and b) by the blue dashed line. (a)
Unit ‘a” was relatively smooth whereas (b) unit “b* had a rough surface with relatively low
albedo. Fresh craters (green) and boulders (red)-were marked as the potential sampling sites
over the region. Three types of craters (i-iii).were noticed around the ALS. (i) On the SW of
the ALS, a fresh crater with boulders,.and-.on the NW (ii) degraded, and (iii) Ghost crater were
encountered. (I11)LOLA albedo map was-projected in the lunar south polar projection where the
ALS (red-colored point) was plotted east to the Moretus crater. Higher reflectivity was
represented as white color. It can.be observed that the area near the ALS is optically immature,
which might have occurred due to the superposition of the fresh ejecta from the Tycho crater.
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Figure 5: (a) 1° x 1° M3 albedo image including Chandrayaan-3 ALS (marked as a yellow
box) represented at ~1500 nm. (b) Extracted representative spectra from-ALS are plotted. The
dashed black lines are given at 1, 2, and 2.8 um for reference. Highland-type soil is represented
through the blue-colored spectra that have no significant absorption feature at 1 um and 2 pm.
Spectra colored in green extracted from some fresh craters where a minor absorption at 1 um
can be observed. The OH/H20 spectral signature around 2.8 pm is also detected in both the
representative spectra.
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Figure 6: (a) Local noon surface temperature variations for the landing region of the alternate
site (b) Variability of minimum and maximum surface temperatures at ALS landing region (c)
Model derived surface temperature variation within 200m x 200m area at the centre of the ALS
during dawn phase, depicting distinct thermophysical behaviour at local scale. The patches
seen in figure 7(c) are interpolation artefacts and may be ignored.
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