C@ magnetochemistry

Article

Possible Formation Mechanism of Lunar Hematite

Yue Fu 107, Huizi Wang "%, Jiang Zhang 1"*7, Jian Chen 1, Quangqi Shi !, Chao Yue ?, Honglei Lin 30,

Ruilong Guo 1@, Anmin Tian !, Chao Xijao !

check for
updates

Citation: Fu, Y.; Wang, H.; Zhang, J.;
Chen, J.; Shi, Q.; Yue, C.; Lin, H.; Guo,
R.; Tian, A.; Xiao, C.; et al. Possible
Formation Mechanism of Lunar
Hematite. Magnetochemistry 2023, 9,
43. https://doi.org/10.3390/
magnetochemistry9020043

Academic Editors: Chao Shen and
Desheng Han

Received: 30 November 2022
Revised: 12 January 2023
Accepted: 18 January 2023
Published: 28 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Wensai Shang !

Chinese Ministry of Education Key Laboratory of Particle Physics and Particle Irradiation, Shandong
Provincial Key Laboratory of Optical Astronomy and Solar-Terrestrial Environment, Institute of Space
Sciences, School of Space Science and Physics, Shandong University, 180 Wenhua Xilu, Weihai 264209, China
Institute of Space Physics and Applied Technology, School of Earth and Space Sciences, Peking University,
No. 5, Yiheyuan Road, Beijing 100871, China

Institute of Geology and Geophysics, Chinese Academy of Sciences, 19 Beitucheng West Road,

Beijing 100029, China

*  Correspondence: whz@mail.sdu.edu.cn (H.W.); zhang_jiang@sdu.edu.cn (J.Z.)

Abstract: Hematite, a ferric mineral with diagnostic features in the visible and infrared spectral
range, has recently been discovered in the polar regions of the Moon by the Chandrayaan-1 Moon
Mineralogy Mapper (M). The oxygen involving the oxidization process producing lunar hematite is
supposed to originate from the Earth’s upper atmosphere, and hematite with different ages may have
preserved information on the oxygen evolution of the Earth’s atmosphere in the past billions of years.
The discovery of lunar hematite may provide insight into the understanding of the oxidation products
on the Moon and other airless bodies. In this work, we analyze hematite abundance distribution
in the lunar polar regions, showing that the content of hematite on the lunar surface increases with
latitude, and is positively correlated with surface water abundance. We suggest that the latitude
dependence of hematite is derived from the latitude dependence of water, which indicates that water
may play an essential role in the formation of hematite. The correlation between hematite and the
optical maturity parameter (OMAT) was analyzed and a significant positive correlation was observed,
which suggests that the hematite in the polar regions is the result of gradual and persistent oxidation
reactions. In addition, based on the analysis of oxygen particles in the Earth wind, it was found that
O* and O," are much more abundant, suggesting that low-energy O* or O, ions escaping from
the upper atmosphere of the Earth may play a crucial role in the formation of hematite in the lunar
polar regions.
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1. Introduction

As a magnetic-field-weak and airless body, the Moon is directly irradiated by solar
wind, Earth wind, and (micro)meteoroids. Understanding the formation processes of
hematite on the Moon not only deepens our understanding of the interaction between
solar/Earth wind and lunar surface, but also might be useful in ascertaining when the
geomagnetic field arose, and has important scientific value for studying the evolution of
the Earth-Moon system [1].

During about three-quarters of the lunar orbit, the Moon is immersed in the solar
wind, which contains predominant protons, 1-5% alpha particles, and other heavy ions
(oxygen abundance <0.1%) [2,3], depending on the solar wind speed, heliographic latitude,
and solar cycle [4]. During the remaining 3-5 days of every lunar orbit, the Moon lies
in the Earth’s magnetosphere. When the Moon is in the magnetosphere, some terrestrial
ions may be transported from Earth’s upper atmosphere to the Moon, which is called
“Earth wind” [1]. The Earth wind contains H*, O*, NO*, N*, and O,*, and their relative
proportions change dynamically with geomagnetic activity [5]. During the quiet period, H*
is dominant, while the proportion of O* increases greatly during the magnetic storm [6-8].
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Terada et al. (2017) [9] concluded that biogenic terrestrial oxygen has been transported to
the Moon and implanted into the lunar regolith through analysis of 1-10 keV O* ion data
from the Kaguya mission, which may have lasted for thousands of millions of years.

The bombardment of solar wind particles makes the lunar surface a highly reducing en-
vironment [10]. Previous studies have shown that minerals containing ferric iron (Fe3*) are
rare in lunar samples (less than 1%, and may be contaminants from the Earth) and the vast
majority of iron on the Moon exists in the form of ferrous iron (Fe?*)-bearing minerals and
metallic iron (Fe®) due to the highly reducing environment [11]. In addition, several studies
indicated that the solar wind also plays an important role in space weathering [12-15],
which is a collection of complex physical and chemical processes [16]. Nanophase-iron
(np-Fe) is a key product of space weathering, and its presence significantly changes the
reflectance spectral characteristics of lunar soil [17]. It has been suggested that np-Fe”
particles come from evaporation-deposition and solar wind reduction processes [18,19].
Furthermore, the optical maturity parameter (OMAT) mathematically derived from the
reflectance of specific bands is considered to be robust for quantifying the spectral effects
of space weathering [20], and it is negatively correlated with space weathering degree [21].

As the main components of the solar wind, the H* ion bombardment of the lunar
soil can better explain the variation of the lunar surface OH/H,O with the local time and
latitude, so the bombardment of the solar wind can be regarded as the main exogenous
source of lunar water [22]. Recent research has shown that when the Moon lies in the
solar wind or Earth’s magnetosphere, the surface OH/H,O abundance in the polar region
remains at the same level, which indicates that the ions in the Earth wind may also be the
exogenous source of lunar surface hydration [23].

Recent studies have shown that, compared to the solar wind, the flux of oxygen particles
is much higher in the Earth wind [3,9], which may promote the oxidization/oxyhydration
processes. Li et al. (2020) [24] found the spectral absorption peak of hematite is around
850 nm (*T; « °A; charge transfer between Fe3* and O%7), which is less affected by
pyroxene or other common minerals. The Moon Mineralogy Mapper (M3) is a visible and
near-infrared (0.5-3.0 um) spectrometer aboard Chandrayaan-1. Through the study of the
high-latitude M3 datasets, the authors indicated that the absorption peak at 850 nm may
represent the existence of hematite, and the integrated band depth between 750 nm and
1200 nm can characterize the relative concentration of hematite [24]. The oxygen from
the Earth’s upper atmosphere was possibly considered to be the oxidant in the hematite
formation process, and the raw materials are ferrous iron or metallic iron on the lunar
surface [24]. They proposed both anhydrous and aqueous formation mechanisms for
hematite. The hematite can be formed by a hydrothermal reaction on the Earth, in which
H,O plays a significant role [25]. Honniball et al. (2022) [26] mapped the molecular water at
high southern latitudes on the Moon and discovered a high-latitude water-bearing mineral
host that may be a precursor to recently detected high-latitude hematite. Ferric iron-bearing
phases were also confirmed to exist stably in the lunar materials according to the latest
sample analyses on Chang’e-5 samples, which were collected from higher latitudes than
Apollo samples [27,28]. Previous studies have shown that the IBDs (integrated band depth)
of hematite have very weak latitudinal dependence [24]. Li et al. (2020) [24] proposed both
aqueous and anhydrous mechanisms of hematite formation and pointed out that water
can promote the reaction of the oxidation and oxyhydration processes but did not give
specific evidence about it. In this study, we intend to further analyze the possible formation
mechanisms of hematite. We modified the method of calculating the IBD of hematite
and mapped hematite abundance in the lunar polar regions over a lunar cycle. Then we
analyzed its correlation with surface OH/H;O to reveal the role of water in the hematite
formation process. We also analyzed the correlation between hematite and OMAT to show
the relationship between hematite content and space weathering. At last, we discussed the
possible oxygen particles participating in the lunar hematite formation process based on
the current research near the Moon.
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2. Materials and Methods

The M3 imaging spectrometer is a visible and near-infrared spectrometer aboard
Chandrayaan-1, covering wavelengths between ~460 nm and 3000 nm. The M> data were
downloaded from the Planetary Data System (http://pds-imaging.jpl.nasa.gov/data/m3/
(accessed on 29 June 2017)) [29]. We analyzed the data with latitudes above 70° within a
lunation from 24 May 2009, to 21 June 2009, during which M3 has wider coverage [29]. We
analyzed them in a lunar cycle due to the integrated band depth (IBD) data being affected
by the observation conditions such as local time. The polar region was divided with a grid
of 5° (longitude) x 15° (latitude) and we used the mean value in each subregion as the
basis for characterizing the physical and chemical properties of the subregion.

2.1. The Hematite and Water Contents Derived from M? Data

For the content of hematite, we used the method of Li et al. (2020) [24], proposing
that the lower spectral reflectance at 850 nm corresponds to higher abundances of
hematite, and we used the ISSD (integral of squared second derivatives) method to
remove the M? spectra with the high noise level. Since the absorption peak of pyroxene
occurs near 950 nm, the widespread presence of pyroxene on the Moon may affect the
IBD calculation of hematite. To reduce the influence of pyroxene on the results, we used
the spectra in 750-1000 nm to calculate the IBD parameter as the relative content of
hematite. It should be noted that since the hematite on the Moon is rare, its abundance
on the Moon is not yet clear, and the corresponding relationship between the IBD and its
absolute abundance requires further instrumental calibrations or research on returned
samples. The IBD of hematite represents only the relative content of hematite, which is
referred to as the content of hematite in this article. In Addition, the confidence interval
(CI) error bars given in Figure 1a,b,e,h are calculated by CI = % X th_1, where t,_1 is the

t-distribution with n degree of freedom and o is the standard deviation (o = 1.253 x 10*
by the mean absolute deviation) [30].
We calculated the relative band depth H around 2.8 pm as an indicator of the lunar
surface OH/H,0O abundance
H=1-Rp/R.

where Ry, is the average reflectance over channels of OH/H,0O absorption features between
2896 and 2936 nm, and R, is the average reflectance over channels of 2617, 2657, and
2697 nm, representing the reflectance continuum [31]. Additionally, we used the probability
of absorption depth of more than 0.05 and less than 0.2 as the index characterizing the
OH/H;0 abundance level of the Moon [23]. The error in Figure 1c,d is calculated by

=g X (? + @), where n is the number of pixels with an absorption depth greater than

0.05, and N is the number of pixels with an absorption depth less than 0.2 in each bin, such
that the occurrence rate for each bin is Ny = n/N. The Poisson error for the event number n
is y/n. Similarly, the Poisson error for the event number N is v/N. Using the propagation of
error analysis according to average deviations, the uncertainty of the normalized value for

2 2
each bin is AN = No\/ (@) + (@) (2(@ X @) close to zero). The error bar shown
in Figure 1c,d is scaled by a factor of 10 [23].
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Figure 1. Content of different materials in the high latitudes of the Moon with a grid of 5° (longitude)
x 15° (latitude) and the mean value is used in each region. (a,b) The IBD of hematite. (c,d) The
probability of 2.8 um absorption depth between 0.05 and 0.2 represents the OH/H,O abundance

level. (e f) FeO weight percent (g,h) Nanophase iron amount.
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2.2. The Data of Ferrous Iron Abundance, Nanophase Metallic Iron Amount, and OMAT

We used the iron map derived from the Lunar Prospector measurements with a
resolution of 0.5° x 0.5° [32] as ferrous iron abundance data assuming that iron elements in
lunar materials are dominated by ferrous iron. For the nanophase iron and OMAT data, we
used the results calculated by Lemelin et al. (2022) [21] (https:/ /doi.org/10.5281/zenodo.
5847000 (accessed on 13 May 2022)). They generated a gridded reflectance data cube from
the Kaguya Spectral Profiler measurements for lunar polar regions and calibrated it to
absolute reflectance using data from the Lunar Orbiter Laser Altimeter. They used this
dataset to derive OMAT and nanophase iron abundance poleward of 50° N/S at a spatial
resolution of 1 km pixel .

3. Results and Discussion

Here we present the hematite, water, ferrous iron, and nanophase metallic iron abun-
dances (Figure 1) obtained from the Chandrayaan-1 and Lunar Prospector datasets to
discuss the possible formation processes of hematite involving the role of water. Figure 1
shows the mean content of different compounds in the high latitudes of the Moon with a
grid of 5° (longitude) x 15° (latitude). As shown in Figure 1a,b, we found that hematite
content has a strong latitude dependence. The content of hematite increases with in-
creasing latitude. The OH/H;,O concentration also increases with the increase in latitude
(Figure 1c,d), which is consistent with the previous study [33]. The temperature in the
higher latitudes is lower, and water will migrate toward the higher latitudes, which results
in a tendency for water concentration to rise with increasing latitude. Then we calculated
the variation of ferrous iron abundance in the high latitudes of the lunar surface (Figure 1e,f)
but did not find a latitude dependence similar to that of hematite. We also used the data of
the nanophase metallic iron amount calculated by Lemelin et al. (2022) [21] and analyzed
the amount of nanophase iron in the high latitudes of the lunar surface (Figure 1gh). The
amount of nanophase iron decreases with increased latitude. At present, studies have
shown that biogenic terrestrial oxygen has been transported to the Moon by the Earth
wind and implanted into the surface of the lunar regolith [9]. Previous studies have shown
that low-energy magnetospheric ions or protons are almost isotropic [34]. So we suggest
that the oxygen particles injected into the lunar surface may be independent of the lunar
latitude. Therefore, we suggest that the latitude dependence of hematite may be derived
from the latitude dependence of water.

In order to reveal the role of water in the hematite formation, we also carried out
the correlation analysis of hematite and water in the polar regions (Figure 2). The results
show that there is an obvious positive correlation between the content of hematite and
water concentration, and the correlation coefficient exceeds 0.9 in the north polar region
and exceeds 0.85 in the south polar region, respectively. It indicates that water may play
an essential role in the formation process of hematite. Current research indicates that
water can promote the transformation of iron-oxygen phases ferrihydrite to hematite [35],
and the presence of water can accelerate the crystallization of hematite through increased
generation of nucleation sites. It was presumed that the proton transfer between OH groups
is facilitated in the presence of water, which is required for the dehydration of ferrihydrite.
Higher mobility of the ions accelerates the formation of hematite nuclei so that hematite can
grow at a fast rate. Possible water-mediated chemical reactions are shown as follows [24]:

Fe/FeO + O particles(Earth wind) + H;O(accumulated from multiple sources) — FeOOH — Fe;O3 (hematite) + H,O

Whether the hematite was formed by a rapid process (such as large meteorite im-
pact events) or accumulated through slow oxidation reactions is another question that
needs to be discussed. In response to this problem, we analyzed the relationship between
hematite content and OMAT. As shown in Figure 3, hematite content has a significantly
positive correlation with OMAT. As mentioned before, space weathering is a collection
of complex physical and chemical processes such as micrometeorite impacts, solar wind
particle implantation, and cosmic ray irradiation. Micrometeorite impacts and cosmic ray
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slow and persistent oxidation reactions.
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In addition, we did not find a “ghost feature” in Figure 1. According to the previous
simulation [39], there is a region that never received a full dose of the solar wind; for most
of the orbit, this region is within the lunar wake and not directly exposed to the solar wind.
Thus, it indicated more abundance of hematite; however, we did not find the region with
a clear ghost feature. It can be explained by the essential role of water in the formation
of hematite. The water on the Moon is formed by the bombardment of solar wind and
Earth wind protons. The absence of “ghost features” further indicates that the formation of
hematite requires the involvement of water.

The form of oxygen in the formation process of hematite also needs to be discussed.
Considering the effect of solar wind hydrogen flux reducing hematite, we discuss the form
of Earth wind oxygen particles reaching the Moon and their interaction with the lunar
soil. Previous studies put the sputtering yield [amu ion~'] as the basis of the yield of
sputtering [40-42]. The main process by which energetic oxygen particles reach the lunar
surface is sputtering, and hematite formation may need the injection of low-energy oxygen
particles. We used SRIM to simulate oxygen ion bombardment of silica and found that the
average sputtering yield of oxygen ions with about 0-300 eV is less than 1, which indicated
a low sputtering level. For the lunar orbit or magnetosphere, as shown in Table 1, Terada
et al. (2017) [9] found 1-10 keV O* ions with a flux of at least 2.6 x 10* ions cm 2 s !
from the Earth in lunar orbit by the Kaguya satellite data. Energetic O™ is also found in
the distant magnetotail as a product of intense substorms [43]. According to the current
research [44,45], the heavy ion fluxes (10*~10° irons cm~2 s~ 1) with 32 atomic mass (O,")
during geomagnetically disturbed times are found at lunar distances in the terrestrial
magnetotail by the ARTEMIS data, which has a similar level with O*. The Two Wide-
angle Imaging Neutral-atom Spectrometers (TWINS) can provide oxygen energetic neutral
atom (ENA) imaging of the Earth’s magnetosphere [46]. The measurements show that
the oxygen atoms of 16-128 keV at high-altitude emissions can reach 0.1 (eV cm? s sr) !,
which can prove the existence of oxygen atoms in the magnetosphere [47]. Low-energy
(10 eV to several hundred eV) oxygen atoms were found to outflow in the high-latitude
magnetosphere for the flux of 2 x 103 to 4.1 x 10% (cm? s sr) ! [48]. However, there is no
direct research showing that the oxygen atoms or oxygen molecules can be transported
to the Moon in the Earth wind. Furthermore, previous studies have shown that the flux
of oxygen ions to the Moon during the Earth’s geomagnetic storms and magnetosphere
substorms can be increased by two orders of magnitude [49]. In conclusion, we infer that
the oxygen particles in the hematite formation process are mainly low-energy oxygen ions
or molecular oxygen ions during geomagnetically disturbed times. Aiming at the problem
of the contribution of O" and O,* in the hematite formation process, we should consider
their efficiency of hematite formation, which consists of some unsolved problems; for
example, comparison of their oxidizing properties and the best energy of the ions, which is
similar to the Earth wind proton producing OH/H;O: the main process of oxygen particles
with high energy reaching the lunar surface is sputtering, and hematite formation may
need the injection of low-energy oxygen particles.

Table 1. The form of oxygen in the Lunar orbit or magnetosphere.

Form Energy Range Flux Position Instrument References
o* 1-10 keV More than 2.6 x 10* cm=2 57! Lunar orbit Kaguya [9]
0,* 1-10 keV 10*-10° cm 2571 Lunar orbit ARTEMIS [44]

_ 2 -1
O atoms (2)(11)01636\/15)8512\?:1'&11 %)LE Sj tllz)%n—o i ieX ;g; (insng) s (1) magnetosphere (1) TWINS (1) [47]
) (2) magnetosphere (2) ILENA (2) [48]

hundred eV sr)~(outflow from the Earth)

O,

No relevant research
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4. Conclusions and Perspective

Using the M? visible and near-infrared spectroscopic data from Chandrayaan-1, we
studied the relative concentration of hematite on the lunar surface and its formation
mechanism. This study used integrated band depth (IBD) as the relative concentration
of hematite following the method in Li et al. (2020) [24] and then analyzed the possible
hematite formation process.

For the formation mechanism of hematite, we believe that hematite is formed by the
oxidation of Fe-bearing minerals on the Moon, and the formation process may require
the participation of OH/H,O. It is the result of slow and persistent oxidation reactions
simultaneously affected by the solar wind and the Earth wind.

The stable presence of hematite proves that not all regions of the lunar surface are
highly reducing. In the high latitudes of the Moon, an oxidizing environment may exist in
some regions due to less influence from the solar wind. Actually, in these regions, some
oxidation reactions that we previously thought would not happen may occur, resulting
in a wider variety of mineral species, which requires further research. The correspond-
ing relationship between the integrated band depth (IBD) of hematite and the absolute
concentration of hematite needs further in situ investigations.
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