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Abstract: This is an exercise to explore the concentration of Lithium, Lithium-7 isotope and the
possible presence of black dirty ice in the lunar surface using spectral data obtained from the
Clementine mission. The main interest in tracing the lithium and presence of dark ice in the lunar
surface are closely related to future human settlement missions in the Moon. We investigate the
distribution of Lithium and 7 Li isotope on the Lunar surface, employing spectral data from the
Clementine images. We utilized Visible (VIS-NIR) imagery at wavelengths of 450, 750, 900, 950,
and 1000 nm, along with Near-Infrared (NIR-SWIR) at 1100, 1250, 1500, 2000, 2600, and 2780 nm,
encompassing 11 bands in total. This dataset offers a comprehensive coverage of about 80% of the
lunar surface, with resolutions ranging from 100 to 500 meters, spanning latitudes from 80°S to 80°N.
In order to extract quantitative abundance of Lithium, ground truth sites were used to calibrate the
Clementine images. Samples (12045, 15058, 15475, 15555, 62255, 70035, 74220 and 75075) returned
from Apollo missions 12, 15, 16 and 17 have been correlated to the Clementine VIS-NIR bands and
five spectral ratios. The 5 spectral ratios calculated synthesize the main spectral features of sample
spectra that were grouped by their Lithium and 7 Li content using Principal Component Analysis.
The ratios spectrally characterize substrates of anorthosite, silica-rich basalts, olivine-rich basalts
and High-T mare basalts and Orange soils. Our findings reveal a strong linear correlation between
the spectral parameters and the lithium content in the 8 Apollo samples. With the values of the 11
Clementine bands and the 5 spectral ratios for each of the 8 lunar soils we performed linear regression
models to estimate the concentration of Lithium and 7 Li. Also, we calculated Digital Terrain Models
(DTMs; Altitude, Slope, Aspect, DirectInsolation and WindExposition) from LOLA-DTM to discover
relations between relief and spatial distribution of the extended models of lithium and 7 Li. The
analysis was conducted in a mask polygon extracted from Lunar Orbiter Laser Altimeter (LOLA) and
located around the Apollo 15 landing site. This analysis seeks to uncover potential 7 Li enrichment
through spallation processes, influenced by varying exposure to solar wind. To explore the possibility
of find ice mixed with regolithe (black ice) we used a spectral library (350-2500nm) form ices dirty
with different concentration of volcanic particles.

Keywords: lithium; dirty ice; lunar surface; spectral data; clementine mission

1. Introduction

The main interest in tracing the lithium and presence of black ice in the lunar surface are closely
related to future human settlement missions in the Moon. For long-term lunar bases or space missions,
in-situ access to lithium for battery production could be crucial for energy sustainability. Mining
lithium on the Moon could further spur technological advancements in space exploration. In the other
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side, the confirmation of water on the Moon has been a relatively recent. In 2009, NASA’s Lunar
Crater Observation and Sensing Satellite (LCROSS) mission identified water in the form of ice within
Cabeus crater near the lunar South Pole [1] identified and mapped surfaces with reflectance so high
as to be unlikely to be part of an ice-free population. In this south, they found a similar distribution
found by [2] based on UV properties. The majority of lunar water is found as ice in permanently
shadowed craters at the poles, where temperatures are extremely low and sunlight is perpetually
absent. However, there are also indications of water in other regions of the Moon, albeit in significantly
lower concentrations [2]. This work represents an exercise in the exploration for these resources on
the lunar surface using remote sensing and spectroscopy techniques together with the information
available in the PSD Orbital Data Explorer from JPL of NASA. The research on the presence of lithium
on the moon is not very abundant [3] analyzed lithium (ppm) and 7 Li (h) isotope in several rock
and regolithe samples from the solar system for astrophysical purposes, and eight of these samples
were from the Moon. Lithium and 7 Li in basaltic and ultramafic rocks from the Earth, Moon samples
(Apollo 12, 15, 16 and 17 mission samples), Mars and Vesta were analysed yielding Li stable isotope
compositions more less consistent with earth mantle (7 Li≈+4h). Martian meteorites give distinct 7 Li
of 3.9h (Zagami) and 5.0h (Nakhla). Eucrites from Vesta shows substantially higher Li abundances
(8.3–13.1 ppm) as do lunar rocks and glasses (6.0–13.3 ppm). In this way, 7 Li isotope concentration
in the lunar samples reaches +8.89h, measured in the 62255-moon sample, which is composed of
anorthosite. Mare moon basalts exhibit a large range of Li isotope compositions (7 Li= +3.4hto +6.4h)
predominating high concentrations (e.g. 9.2 ppm with 6.39hof 7 Li in sample 72255 or 10.3 ppm and
5.48hin sample 75075 both from High-Ti mare basalts). These concentrations are more than double of
the 7 Li concentrations measured in samples of terrestrial basalts (MORB; Iceland and Hawaii basalts).
Moreover, 74220 sample named as Orange and Glass from the four geological station of Apollo 17
mission, was considered a clod of friable material taken 6-8 cm deep in a trench from Station 4, on the
rim of 120 meter Shorty crater. This sample is rich in lithium reaching 13.3 ppm but only 4.2hare 7
Li, that defines a ratio of 7 Li of 0.32 (7 Li/Lithium ppm) (Table 1). On the other hand, Anorthosite
sample (62255) shows the lowest concentration of lithium (0.8) but the highest concentration of 7
Li (8.89 h) that determines a value of 11.11 for the 7 Li/Lithium ratio (Table 1). However, oxygen
isotopes provide evidence that the Earth and the Moon were created from the same raw material. The
lithium concentrations measured in the lunar samples are in accordance with the Earth data, but the
isotope 7 Li ratios do not. In the lunar samples, there are several orders of magnitude larger than in
the Earth’s crust and more than twice than in the rocks of the terrestrial mantle. Therefore, the Li
isotope compositions in the Earth and the Moon should be identical. We suspect that the apparent
increments of 7 Li on the lunar surface could be related to possible surface exposure to solar wind
particles. Spallation processes in cosmic rays is the primary means of nucleosynthesis for stable
isotopes of lithium, beryllium, and boron. Throughout the long evolutionary history of the Moon,
the composition of its most ancient substrates can be significantly altered by space weathering and
impact processes compared to the source materials, such as crystalline rocks like anorthosite, which
is the most abundant substratum in the lunar highlands [4,5]. Regarding the exploration of dirty
ice, beyond ice, molecular water (H2O) and hydroxyl groups (OH) have been detected on the lunar
surface. NASA’s Stratospheric Observatory for Infrared Astronomy (SOFIA) has played a pivotal role
in identifying water molecules on the Sunlit lunar surface. One hypothesis suggests that water was
formed through the interaction of solar wind with lunar minerals, yielding hydroxyl and subsequently
water. Alternative theories propose that water was delivered via cometary and asteroidal impacts on
the Moon [6]. Current and forthcoming missions, including NASA’s Artemis program, aim to further
investigate lunar water. These studies will aid in better understanding the distribution, quantity, and
potential extraction and utilization methods of lunar water.
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Table 1. Samples used, concentration of lithium and 7 Li isotope and corresponding spectral index.
Modified from [3].

subtrata sample Lithium(ppm) 7 Li Li ratio
(7/ppm)

spectral
index

Anortosite 62255 0.8 8.89 11,11 C4
Basalt 15058 7.7 3.76 0.49 C2
Basalt 12045 9.5 4.43 0.47 C2
Basalt 15475 7.2 3.35 0.47 C2

High-Ti Mare
Basalt

70035 8.6 5.09 0.59 C3

High-Ti Mare
Basalt

75075 10.3 5.48 0.53 C3

OlivineBasalt 15555 6.0 4.32 0.72 C1
Orange and
GlassesSoil

74220 13.3 4.19 0.32 C5

1.1. Mapping the Mineral Composition of the Moon

Many groups have estimated the lunar surface composition, particularly oxide or elemental
abundances, using reflectance data obtained from Earth-based telescopes (e.g., [7]), X-ray spectroscopy
data gathered by Apollo 15 and Apollo 16 missions [8], Chandrayaan-1 [9,10], or Chang’E (CE)-3,4 [11,
12]. Also, elemental mapping were performed with data from Gamma-ray spectroscopy (GRS) acquired
by Apollo 15 and Apollo 16 [13], Lunar Prospector (LP) [14–16], or SELENE (Kaguya) [17], along
with neutron spectroscopy data obtained by LP [18–22] have also been utilized. Reflectance spectral
data obtained from missions such as Clementine [23–26], and more recently, Lunar Reconnaissance
Orbiter (LRO) [27–29] and CE-1 [30–34] have provided further insights. At this point we would like to
highlight the Christiansen Feature product(CF) and recognize it as a crucial spectroscopic tool in lunar
mineralogy mapping. CF refers to a specific point in the infrared spectrum where reflectance peaks,
occurring at a wavelength unique to each of the material’s properties. At this peak, the material’s
refractive index is 1. The relationship between the wavelength of the CF and mineral composition
was first established by Conel in 1969, and later connected to igneous rock types by [35,36]. More
recently, CFs have been instrumental in mapping lunar surface mineralogy, as demonstrated in studies
by [5,29]. The main goal of NASA’s Lunar Reconnaissance Orbiter’s Diviner mission is to conduct
a comprehensive mapping of CFs across the lunar surface [29,37]. However, near-infrared spectral
reflectance is not completely reliable to identify the relative abundance of low-weight elements,
molecules, or minerals. Moreover, [38–41] have shown that the CF values measured under lunar-like
conditions, or calculated by Diviner multispectral infrared measurements, shift to shorter wavelengths
with the decrease of lunar sample maturity [25]. In addition, the effects of viewing geometry on the
CF values accounting for the temperature and anisothermality (temperature variation in different
directions) which can cause the CF values to shift toward short or long wavelengths especially in
the high latitudes regions [38], are also worth considering. Other limitation arises because spectral
features can be obscured by space weathering, a challenge noted by [5]. All these limitations to CF
as a mapping tool have encouraged us to explore the ability of ViS_NIR_SWIR bands for lithium
or black ice identification and mapping. The majority of optical data currently available for the
Moon comes from much simpler sensors, namely multispectral imagers, which typically consist
of a digital framing camera equipped with several filters. Examples for lunar applications are the
Galileo SSI camera (6 broadband filters) or the VIS-NIR camera of Clementine (11 filters) [42–44]. The
Clementine mission, launched in 1994, was a joint project of the U.S. Department of Defense’s Ballistic
Missile Defense Organization (BMDO) and NASA. Its primary objective was to test sensors and space
navigation technology in a real spaceflight environment, but it conducted significant lunar scientific
research. Equipped with various instruments, including multi-spectral cameras, a laser altimeter, and
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a spectrometer, Clementine conducted numerous scientific experiments during its mission. Collected
extensive data on lunar topography and mineral composition. The mission concluded in June 1994 after
a computer malfunction prevented a planned flyby of asteroid Geographos. Clementine, albeit with
filter technology, provided the most comprehensive collection of satellite optical images of the moon
and could be useful for exploration works like the one we present here. To validate the Clementine
data, could be convenient to collect reflectance spectra in situ with a calibration panel that can quantify
the absolute reflectance and give more compositional detail to provide the ground truth. The first in
situ reflectance spectra was measured at the end of 2013 when China’s Chang’E-3 (CE-3) spacecraft
landed on the Moon [11]. In summary, various tools have been employed to map the resources of the
Moon. However, as of now, no maps displaying the distribution of lithium or dark ice on the lunar
surface in relation to relief patterns and geomophological units as crater rims have been published.
With the aim to fill this gap, we have investigated the distribution of Lithium and 7 Li (h) and black
ice in the lunar surface (including rocks and regolith) using spectral data obtained from the Clementine
mission combined with reflectance spectra obtained from the RELAB spectral library [45] or obtained
in a laboratory using an ADS spectrophotometer (VIS-NIR-SWIR).

2. Materials and Methods

In our research, we utilized mosaics constructed from data collected by the Clementine mission’s
VIS-NIR-SWIR experiment [42,43], spanning 11 distinct spectral channels. This imagery is publicly
available from NASA and can be accessed through https://ode.rsl.wustl.edu/. Also, we used the
digital elevation model derived from Lunar Orbiter Laser Altimeter (LOLA) experiment on board the
Lunar Reconnaissance Orbiter (LRO) [27].

2.1. Lithium Exploration

To calibrate the Clementine images for lithium composition (ground trough), we used chemical
analyses of samples returned from Apollo missions 12, 15, 16, and 17, specifically samples 12045, 15058,
15475, 15555, 62255, 70035, 74220, and 75075 analyzed by [3] (Table 1). Additionally, we used a spectral
library RELAB (Reflectance Experiment Laboratory) from PDS Geosciences Node, which contains
spectra of these eight lunar samples. We found a total of 18 spectra measured over the spectral range
300–2780 nm with 5 nm sampling resolution at a phase angle of 30°[45]. A key aspect of these data
is that Clementine data and laboratory spectral measurements of lunar soils are took with the same
photometric geometry and calibration [45].

We performed a Principal Component Analysis (PCA) to condense the 19 spectra, ranging from
300 to 2780 nanometers, of eight lunar samples into five distinct spectral types. To transfer the spectral
information into Clementine image, spectral ratios for the five types of spectra (C1-C5) were defined
and calculated according to:

Ratio × (λ peak − λ valley) (1)

Where ratio is defined as peak intensity
valley intensity , and λ represents the corresponding wavelengths (Eq. 1).

The specific wavelengths were identified in spectra using Spectroscopy Pro Tools 1.2 software. To
carry out this work, we needed a GIS environment. We used QGis 3.34 and the first step was to create
a georeferenced map of the eight lunar samples. To do this we rely on georeferenced information
about the moon samples from the LPI-NASA and Google Moon. To explore the lithium presence on
lunar surface we translated the 5 spectral ratios into the Clementine bands using the raster calculator
of QGis. As the reflection and absorption peaks represent wavelengths of spectra taken at 5 nm of
resolution (but the Clementine bands were obtained with photometric filters without wavelengths
spectral resolution) we had to consider the central wavelength of Clementine bands to translate the
spectral ratios into a Clementine image. The 11 Clementine bands (VIS-NIR-SWIR) plus the five
spectral ratios were crossed with the eight georeferenced lunar samples using the QGis Point Sampling
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Tool and we obtained the values of bands and ratios, 16 variables in total, for each of the eight lunar
samples. We have performed linear correlation analyses between the values of lithium and 7 Li and the
spectral parameters for lunar soils extracted from bands 11 (450, 750, 900, 950, 1000, 1100, 1250, 1500,
2000, 2600, and 2780 nm) and the five spectral ratios. After that we tested the suitability of Multiple
Linear Regression (forward stepwise) techniques to estimate lithium concentration using a statistics
aplication. With these data we completed a large number of Linear Regression Models analyses. The
linear models with the best fit were extended to the entire Clementine images via the raster calculator
of QGis.

2.2. Lithium Distribution and Relief Patterns

We also explored the existence of patters of lithium distribution related to different exposition of
the terrains. Topographic shading controls surface solar insolation. Variations in altitude, slope, aspect,
and local topographic horizon can cause substantial differences in solar radiation [46]. To obtain the
MDT variables and topographic indexes we will use The System for Automated Geoscientific Analysis
(SAGA). SAGA provides a set of tools ranging from the pre-processing of DEMs (e.g., filtering and
filling procedures) through the generation of simple first- and second-order terrain derivatives, such as
slope and curvature, to more sophisticated terrain parameters, e.g., Wind Exposition Index [47,48]. The
Wind Exposition Index [49] calculates the average of wind effect from all directions using an angular
step and it is a dimensionless index. The values below 1 indicate wind shadowed areas whereas those
above 1 indicate areas exposed to wind. We used SAGA-Gis tool to perform a correlation analysis
with Digital Terrain Models (DTMs; Altitude, Slope, Aspect, DirectInsolation and WindExposition)
and values extracted from the extended models of lithium and 7 Li. The analysis was conducted in a
mask polygon extracted from Lunar Orbiter Laser Altimeter (LOLA) and located around the Apollo 15
landing site. We explored the linear correlations between the Lithium and 7 Li values estimated in the
models and the DTMs variables. This analysis was performed using ≈ 300 random points extracted of
the polygon mask from the Apollo 15 station environment.

Figure 1. Training area (around the Apollo 15 landing site) and points population used to test the
influence of relief variables in lithium distribution
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2.3. Dirty Ice

To explore the possibility of existence of black ice or ice mixed with regolithe with the same
techniques, we used a spectral library (350-2500nm) form ices dirty with different concentration of
volcanic particles (0, 2, 4 and 6 ppm of very fine, <2mm, lapilli with andesitic composition). The ice
library was taken for us in laboratory with an ADS spectroradiometer. 30 ADS spectra have been taken
for each of the types of ice.

Figure 2. Setting of spectral library of ices (0, 2, 4 and 6 ppm of very fine, <2mm, lapilli with andesitic
composition) In the case of dirty ices, we don’t have “ground truth” to compare or validate the results.
The four ice ratios were regionalized to the entire Clementine image and visualize the results.

In the case of dirty ices, we did not have a “ground truth” for comparison or validation of the
results. The four ice ratios were regionalized to the entire Clementine image and the results were then
visualized.

3. Results and Discussion

3.1. Types of Materials and Geological Samples

By combining the RELAB spectra via Principal Component Analysis (PCA), we could identified
five types of spectra (Figure 3), which presenting 5 types of lunar samples: C1_Olivine-rich basalts,
C2_Silica-rich basalts, C3_High_T Mare Basalts, C4_Anorthosite and C5_Orange and glasses soils.
These materials (C5) shows the highest concentrations of lithium (13.3 ppm) but lowest 7 Li (4.19h). In
the other hand we can found the Anorthosite samples with have the lowest concentration of Lithium
(0.8 ppm) but the highest 7 Li ratio (8.89h) more than double of 4h typical from the 7 Li of the Earth
rocks.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 February 2024                   doi:10.20944/preprints202402.1687.v1



7 of 18

Figure 3. Five spectra types of lunar samples obtained in PCA analysis.

The mineralogy of the Moon is relatively simple, most lunar rocks being dominated by mixtures of
feldspar, pyroxene, olivine and ilmenite [50]. Regolith covers the main part of the surface of the Moon.
The composition of the Moon’s regolithe varies depending on the area but in general is composed of a
mixture of dust, small rocks, and larger boulders, and it is created from the constant bombardment of
meteoroids onto the Moon’s surface over billions of years. The dust and small rocks are created by the
impact of these meteoroids, which grinds the Moon’s surface into fine particles. Also, there are rock
outcrops and in the highlands regions, which make up the Moon’s ancient crust, that are mmainly
composed of anorthosite [4,36,51]. The younger volcanic regions known as Maria are mainly composed
of basalts (high-Ti mare basalts) [52]. The lunar samples used in this study (Table 1) are compound of
anorthosite, different types of basalts (high-Ti Mare basalts; basalts enrichment in Olivine and basalts
with Silica) and regolith that is named as orange and glasses soil in our spectral classification. The
Orange and glasses soils represents lunar regolith weathered originated and compound by impacts
materials. The sample (74220) from this class shows the highest concentrations of lithium (13.3 ppm)
but lowest 7 Li isotope concentration (4.19h) (Table 1). The space weathering on the lunar surface
is a continuous process and it is quite possible that these materials have formed recently and have
been exposed to the solar wind for a short time [40]. On the other hand we can found the anorthosite
sample (62255) with the lowest concentration of Lithium (0.8 ppm) but the highest 7 Li ratio (8.89h)
more than double of 4htypical from the 7 Li of the Earth rocks (Table 1). It is important to highlight
that anorthosite is the rock that predominates in the most ancient areas of the Moon with highest
topography exposures; the vast majority of lunar feldspar is Ca-rich plagioclase [36]. The other samples
compound by different types of basalts displays normal concentrations of lithium and 7 Li, similar
than the basalts in the Earth.

Reflectance spectra is an important tool for exploring the Moon. These spectra are available in
the form of laboratory measurements of lunar samples [45,53]. We performed a Principal Component
Analysis with the 19 spectra downloaded from RELAB library (12045, 2_5058, 15475, 3_15555, 3_62255,
5_70035, 2_74220, and 2_75075). We found different number of spectra for each of the eight samples.
The PCA classified the spectra into five types of spectra (Figure 1, C1-5; Table 1) presenting spectral
features associated to five types of lunar substrata: C1_Olivine-rich basalts, C2_Silica-rich basalts,
C3_High_Ti Mare Basalts, C4_Anorthosite and C5_Orange and glasses soils. The spectral signatures
of these five types (C1-5) are characteristic for different types of substrata. Anorthosite shows two
reflection peaks (at 650 and 150 nm) and two marked valleys at 1000 and 2000 nm, respectively. Orange
and glasses soils do not show clear peaks or valleys, but the spectrum represent the highest coefficients
with rounded values of 0.6 and 0.7 which indicate that the sample is light and bright in color. Contrary
High_Ti_Mare Basalts shows reflection peaks (600 and 1700 nm), valley at 1000 nm, and the color is
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dark and bright. Olivine basalts displays the lowest coefficients, with a very dark color and a reflection
peak found at 1000 nm, with valleys at 800 and 1500 nm, respectively.

The Orange soils (C5) seems to be related to space weathering processes. Space weathering here
refers to the processes by which the optical properties of airless bodies change due to exposure to
solar wind and micrometeoroid impacts. However, the difficulties of reproducing space-weathering
conditions in the laboratory, or returning weathered samples to Earth, make it challenging to determine
precisely how space weathering operates [53–57]. Remote sensing measurements, studies of lunar
samples, and laboratory experiments have established that solar wind ions and micrometeoroid
bombardment, weaken spectral absorption features and cause the lunar surface to darken and redden
(increase in spectral continuum slope in the visible and near-infrared) overt time. These changes
appear to be due to some combination of the formation of impact glasses and agglutinates [58], the
regolith’s disintegration into increasingly finer soils [59], and the accumulation of nanophase iron
[55,60,61]. The sample 74220 (Orange and glasses soil) was described as a clod of friable material
taken 6-8 cm deep in a trench of the Shorty crater, Apollo 17 landing site. The Orange Soil was
found to be enriched volatile elements (Zn, Pb, S, Cl etc) [62,63]. Generally contains significant
amounts of highly-siderophile-elements (Re, Os) that seem to happen due to meteoritic contamination
[64]. This information is available in the Lunar Sample Compendium compiled by Charles Meyer
(https://curator.jsc.nasa.gov/lunar/lsc/index.cfm). This sample (74220) displays a relatively uniform
spectra in the observed wavelength range (Figure 2). This can occur when the sample is uniform in
texture and composition and does not have strongly defined absorption or reflection characteristics in
the Visible-Near Infrared regions due to the lack of specific functional groups that interact significantly
with that region of the spectrum. In addition, the sample shows high coefficients indicating that
the sample has the property of reflecting light efficiently [40]. In order to obtain values of spectral
indexes for the eight moon samples, we extended the indexes to entire Clementine image using raster
calculator of QGis. In Figure 4, we can see the cartographic expression of C5 (Orange and glasses soils)
index crossing with the Apollo sample 74220. The index reaches a value of 0.92 for the location of this
sample. C5 index involves the ClemVis2 and ClemNir2 bands. This makes the mapping of the sensor
manifest the contact between the passes of the sensor giving anomalous cartographic figures in the
contact between passes. However, the value taken by the sample (74220) in the index is consistent with
its geological nature.

Figure 4. Detailed of cartographic expression of C5 (Orange and glasses soils) spectral index crossing
with the Apollo sample 74220.
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Table 2. Correlations between variables, lithium and 7 Li.

R Pearson Lithium (ppm) 7 Li (h)

C1 0.47 0.23
C2 -0.41 -0.27
C3 -0.44 -0.24
C4 0.21 0.57
C5 0.45 0.18

ClemVis1 -0.64 0.92
ClemVis2 -0.73 0.87
ClemVis3 -0.69 0.88
ClemVis4 -0.68 0.87
ClemVis5 -0.69 0.87
ClemNir1 -0.89 0.57
ClemNir2 -0.89 0.59
ClemNir3 -0.87 0.49
ClemNir4 -0.80 0.27
ClemNir5 -0.60 -0.11
ClemNir6 -0.79 0.25

Other authors have also used Clementine images to relate the color of minerals with the
composition of the surface. The presence of the silicate minerals has been detected in the Clementine
data set [65], and the presence of ilmenite was inferred from empirical relationships between lunar
color and Ti-content of lunar basalts [66,67]. Maps of the mineralogy of the lunar surface derived
from the analysis of about 400,000 lunar spectra obtained by Clementine mission were presented years
ago. The analysis was based upon an inversion of a radiative transfer model that predicts spectral
reflectance properties from the relative abundance of the lunar minerals, their major element chemistry,
grain size and properties related to space weathering.

3.2. Linear Correlations between Clementine Bands, Spectral Ratios and Lithium Concentration

Our analysis revealed an excellent linear correlation between the spectral parameters and lithium
content of the lunar samples. Although the sample population is very small (only 8 samples), the
correlations are statistically significant (Table 2). The most noteworthy aspect of Table 2 is that the
correlations have a negative sign for lithium concentrations and a positive one for the 7 Li isotope. The
lithium concentration shows the highest correlations with NIR bands, in special with Nir1 (1100nm)
and Nir2 (1250 nm) that determines a C1 of 0.47 (Olivine basalts) and a C5 of 0.48 (Orange and glasses
soils index). On the other hand 7 Li shows the highest correlations to visible bands, in special with Vis1
(450nm) with R of 0.92. To respect the spectral indexes 7 Li have positive and significant correlation
with C4 0.7) which represent the Anorthosite spectral index. While the sample size is small (only 8
samples), the study highlights statistically significant correlations. This is an important point to discuss
as it implies a robust relationship despite of the limited data availability. These correlations have
encouraged us to perform Linear Regression Analyses (LRM) with the idea of exploring the possibility
of estimating lithium concentrations from spectral indexes and Clementine bands. However, the small
sample size also suggests the need for caution in generalizing these findings without further research.

Moreover, the observation where the correlations have a negative sign for lithium concentrations
but a positive sign for the 7 Li isotope is intriguing. This indicates different spectral behaviours for
overall lithium versus its specific isotope, which could have implications for understanding lunar
geology and the processes affecting lithium distribution. The high correlation of lithium concentration
with NIR bands, especially Nir1 (1100 nm) and Nir2 (1250 nm), is noteworthy. This suggests that NIR
spectroscopy could be a valuable tool in identifying lithium-rich areas on the Moon and perhaps is
an indication of suitability for use the Christiansen Factor (CF) and the Diviner mission. The strong
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correlation of the 7 Li isotope with visible bands, particularly Vis 1 (450 nm), should be discussed.
If we look at the C4 index (Anorthosite) in Figure 3, we can see that there is a very marked peak of
reflection in the visible region. This substrate shows the highest concentrations of 7 Li. The strong
correlation with this band could be related with the strong response of Anorthosite in the visible bands
of spectrum or different surface processes or mineral compositions affecting 7 Li distribution, separate
from overall lithium.

3.3. LRMs

We completed a large number of LRM analyses, with the most interesting results shown in Table 3.
In summary, C4 spectral ratio that represent Anortosite 0.623), C5 spectral ratio corresponding to
Orange and glasses soils (-0,495) and ClemVis1_450nm 0.736) are the variables that best explained the
variability of the 7 Lih in a LRM (R2 → 0.9) with a standard error of 0.53. However, int the case of the
lithium concentration the ClemNir1_1100nm band (-7.233), C5 (-0.539) and ClemNir2_1250 nm band
(6.106) better explained the spatial variability. We think that these results, specially the importance of
Anortosite ratio (C4) in the explanation of spatial variability of 7 Li and the importance of C5 in the
lithium concentration model, could be related to the origin of the measured lithium concentration.

Table 3. Summary of LRM for lithium and 7 Li selected to be extended to the entire Clementine image.
The Adjusted R2 represent the robustness of models.

(a) Regression Summary for Dependent Variable: 7 Li(%o); R= 0.97333231; R2= 0.94737579;
Adjusted R2 = 0.90790763; p<0.0051; Std.Err 0.526

Beta Std.Err. B Std.Err p-level

Intercept 2.615 2.010 0.263
C4 0.623 0.226 8.924 3.243 0.051
C5 -0.495 0.204 -7.468 3.082 0.073

ClemVis1 0.736 0.137 60.845 11.337 0.006

(b) Lithium(ppm) R= 0.95159092; R2 = 0.90552528; Adjusted R2= 0.83466924; p<0.01620 Std.Err: 1.4782

Beta Std.Err. B Std.Err p-level

Intercept 64.760 20.821 0.036
ClemNir1 -7.233 3.581 -672.392 332.918 0.114

C5 -0.539 0.251 -74.410 34.623 0.098
ClemNir2 6.106 3.501 536.480 307.561 0.156

The importance of the ClemNir2 band in various lunar basalts and its connection to the geogenetic
origin of lithium is notable. This connection suggests that the spectral features might be indicative of
the underlying geological processes influencing lithium distribution. The correlation of the C4 spectral
ratio (Anorthosite) with 7 Li and the findings from [3] about the oldest anorthosite sample having the
lowest lithium concentration but the highest 7 Li concentration are significant. This could indicate that
spallation processes and weathering by the solar wind play a significant role in altering the isotopic
composition of lithium in these lunar samples. While these results are promising, they underscore the
need for more extensive research to understand the complex interactions between lunar geology, solar
wind exposure, and the resulting chemical and isotopic composition of lunar materials.

3.4. Maps of Lithium and 7 Li

The linear equations were translated into the Clementine image using QGis 3.34 raster calculator,
resulting in two maps, one for lithium and another for 7 Li h (Figure 4). In this figure we can see
details of the maps near the Apollo 15 landing zone, where the concentration of lithium is higher in
relation to basaltic areas of the Moon. This distribution is consistent with a geogenetic origin of the
lithium [3]. On the other side, putting together the extended models of 7 Li and the LOLA_DEM, the
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image reveals that 7 Li appears to be more concentrated in the highly cratered highlands. By analyzing
the spatial patterns and their relationships with topography we have concluded that 7 Li may have a
cosmogenic origin due to space weathering. Space weathering, involving changes in optical properties
due to solar wind and micrometeoroid impacts [40], could significantly affect the isotopic composition
of lunar materials. These processes could be behind the high correlations shown by 7 Li with the
visible bands of the clementine images (Table 2). Analyzing the spatial patterns of 7 Li in relation to
lunar topography could yield valuable insights into the Moon’s geological history and the impact of
external factors like solar wind. The relationship between topography and isotope concentrations
could reveal much about the Moon’s exposure to space weathering processes over time.

Figure 5. Extended lithium (ppm) and 7 Li hestimation models. Detailed mapping in the area of
Apollo 15 landing site. The base maps are Clementine image (500m/pixel) and LOLA (50m/pixel).
The projection system is GCS_moon_2000.

In Figure 6, we can see an attempt to validate the extended models with the 8 samples we
have analysed. The model of 7 Li seems to be more accurate (R2→0.866) than the model of lithium
(R2→0.75). The lithium model tends to overestimate the values. These findings may have implications
for future lunar exploration, particularly in identifying areas of interest for resource utilization or
further geological study. The spatial distribution of elements such as lithium and their isotopes is
crucial for scientific understanding and practical applications.
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Figure 6. Attempt to validate the extended models with the eight lunar samples.

3.5. Relations with the DTMs

To further analyze the possible influence of the solar wind on the distribution of 7 Li, we performed
a GIS analysis in the environment of the Apollo 15 landing zone. This area was selected because it
contains 3 moon samples of basalts (15058, 15475, 15555) that display very homogeneous values of
lithium and 7 Li between them and the highest accuracy models (e.g. 15058: 7.5; 15475: 6.8; 15555:
6.5 ppm of lithium). The study analyzed a random population of approximately 300 samples and
examined the correlations between relief variables derived from DEM_LOLA and lithium and 7 Li
concentrations. The results are shown in Figure 7. It is observed that relief variables have a negative
correlation with lithium concentrations, indicating that lithium is more concentrated in flat, depressed,
and underexposed areas. Additionally, 7 Li exhibits low but statistically significant positive correlations
with the wind exposition index, slope, and sine of the aspect.

Figure 7. Correlations between values of relief variables derived from DEM_LOLA and lithium and 7 Li
concentrations. The analysis were performed with a simulated population of 296 samples concentrated
in the area of Apollo 15 landing site.
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Analyzing a random population of about 300 samples can provide a substantial dataset for a more
comprehensive understanding of the spatial distribution and environmental factors affecting lithium
and 7 Li concentrations. It is significant that relief variables are negatively correlated with lithium
concentrations. Areas of the lunar surface that are flatter, lower in elevation, or less exposed to external
elements tend to have higher lithium concentrations. These areas coincide with the depressed zones
occupied by the Maria (Figure 4), thus lithium appears to be closely related to geological processes on
the Moon. The correlation of 7 Li with variables related to wind exposure supports the hypothesis
that the solar wind may play a role in the distribution and creation of this isotope on the lunar surface.
This finding has significant implications for our understanding of lunar geology and the impact of
extraterrestrial factors, such as solar wind, on lunar materials. This result is consistent with the theory
proposed by [46] regarding topographic solar radiation, which suggests that areas more exposed to
solar wind exhibit a different isotopic composition. The GIS analysis provides valuable insights into
the spatial distribution of lithium and the 7 Li isotope on the Moon, indicating a significant influence
of topographical features and solar wind exposure.

3.6. Dirty ice

In Figure 8 we can see the types of Vis_ Nir (350_2500nm) spectra obtained for the dirty ices found
in Figure 2. Six spectral ratios were obtained according to Eq. 1 and extended to the entire clementine
image using QGis raster calculation.

Figure 8. ADS Vis_Nir spectral library for ices.

Only one index has shown any cartographic pattern that can be interpreted with geomorphological
criteria regarding the possibility of finding ice in the lunar regolith. The index corresponds to ice with
6 ppm of lapilli.
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ICE WITH 6PPM LAPILLI

Figure 9. Example of regolithe with ice probability distribution.

Based on the initial screening, it appears that areas near the South Pole of the Moon, specifically
crater rims and impact-ejected material, are most likely to contain ice mixed with regolith. This
proposition will be further explored using high-resolution images from China’s missions such as Lunar
Reconnaissance Orbiter (LRO) [29], Chandrayaan-1 [68], or Chang’e Program [12].

4. Conclusions

Linear regression models, GIS analysis, and spectral data interpretation are powerful tools in
lunar research. They provide a deeper understanding of the distribution of elements and minerals on
the Moon, leading to important conclusions about lunar geology Several important conclusions can
be drawn about lunar geology and the distribution of lithium and its isotopes on the Moon’s surface
based on the results. The presence of lithium on the Moon appears to have a geogenetic origin, with
higher concentrations in basaltic areas. This suggests that lithium has accumulated in these regions
due to specific geological processes of the Moon’s past. The findings also suggest that the isotope
7 Li may have a cosmogenic origin, influenced by space weathering. The conclusion that long-term
exposure to extraterrestrial factors has affected the distribution of lithium is supported by the positive
correlation of 7 Li with areas exposed to solar wind. The distribution of lithium and 7 Li is clearly
related to the Moon’s topographical features. Lithium concentrates in flatter, less exposed areas, while
7 Li is more prevalent in the highly cratered highlands. These findings are important for future lunar
exploration missions as they provide valuable insights into the potential locations of resources such
as lithium. This is especially relevant for long-term human settlement missions where local access
to resources like lithium could be crucial. Although these results are significant, further studies are
needed to fully understand the geological and cosmogenic processes that affect the composition of
the Moon’s surface. In summary, the results present a comprehensive view of the distribution and
potential origins of lithium and its isotopes on the Moon, highlighting the influence of both geological
and extraterrestrial factors. These findings enhance our understanding of lunar geology and offer
new opportunities for exploring and utilizing lunar resources. However, this is only a preliminary
exploration, as this approach cannot be directly validated and applied to map the lithium of the lunar
surface due to the limited number of samples (8) with measured lithium concentration. This limitation
is common in geological planetary exploration. The use of the spectral library RELAB could serve
to improve this point. In regards to the presence of dirty ice in rims and ejected material of craters
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located near the South Pole, it is a proposition that we will continue to explore with high-resolution
images from Lunar Reconnaissance Orbiter (LRO), Chandrayaan-1, Kaguya (SELENE), or the Chang’e
Program from China missions.
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