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PLANETARY SCIENCE

Widespread hematite at high latitudes of the Moon

Shuai Li'*, Paul G. Lucey’, Abigail A. Fraeman?, Andrew R. Poppe?, Vivian Z. Sun?,

Dana M. Hurley?, Peter H. Schultz®

Hematite (Fe,03) is a common oxidization product on Earth, Mars, and some asteroids. Although oxidizing pro-
cesses have been speculated to operate on the lunar surface and form ferric iron-bearing minerals, unambiguous
detections of ferric minerals forming under highly reducing conditions on the Moon have remained elusive. Our
analyses of the Moon Mineralogy Mapper data show that hematite, a ferric mineral, is present at high latitudes on
the Moon, mostly associated with east- and equator-facing sides of topographic highs, and is more prevalent on
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the nearside than the farside. Oxygen delivered from Earth’s upper atmosphere could be the major oxidant that
forms lunar hematite. Hematite at craters of different ages may have preserved the oxygen isotopes of Earth’s
atmosphere in the past billions of years. Future oxygen isotope measurements can test our hypothesis and may

help reveal the evolution of Earth’s atmosphere.

INTRODUCTION

The lunar surface and interior are highly reducing [e.g., (1)]. Metallic
iron is found as a primary igneous phase in lunar basalts and ferric
iron (Fe*") is virtually absent (1). The lack of atmosphere on the Moon
allows solar wind (most of which is H) to reach the lunar surface
and be implanted into the top tens to hundreds of nanometers of
layer of surface grains, which would reduce any ferric iron to lower
valence or even metallic iron during impact events (2). Iron in Apollo
samples is dominantly ferrous (Fe*") or metallic, and the upper limit
of ferric iron-bearing materials is less than 1 weight % (wt %) [e.g., (3)],
which reflects the highly reduced state of the Moon.

Despite the reducing environment, ferric iron-bearing minerals
have been theorized to form on the lunar surface (4-6). The recog-
nition that the lunar poles harbor water ice led to studies regarding
the possibility of alteration due to minerals in contact with ice (4) or
vapor from sublimating ice (5). In addition, a recent study shows
that plasmas sourced from Earth’s upper atmosphere (so called
“Earth wind”) may have delivered a substantial amount of oxygen
to the lunar surface in the past 2.4 billion years during the passage
of the Moon through Earth’s magnetotail (7). This terrestrial oxygen
could naturally oxidize lunar surface low-valence iron to ferric iron.

Discovering and mapping any ferric iron-bearing minerals on
the lunar surface would reveal if oxidation is occurring under highly
reducing conditions and may help shed light on processes that form
oxidation products on other airless bodies. For instance, the presence
of ferric iron, along with phyllosilicate on asteroids, is commonly
attributed to aqueous alteration [e.g., (8)]. while the formation of
ferric iron that is not associated with phyllosilicate on asteroids is
enigmatic (8, 9). However, the detection of ferric iron-bearing species
on the Moon has remained elusive in sample analyses and remote
observations. Ferric iron-bearing minerals FeOOH (goethite, lepido-
crocite, and akaganeite), Fe;O3 (hematite and maghemite), and Fe;04
(magnetite) were found in some Apollo samples [e.g., (3, 10, 11, 12)],
but some of these studies argued that those alteration phases were

"Hawai'i Institute of Geophysics and Planetology, University of Hawaii, Honolulu, HI
96822, USA. *Jet Propulsion Laboratory, California Institute of Technology, Pasadena,
CA 91109, USA. 3Space Sciences Laboratory, University of California at Berkeley,
Berkeley, CA 94720, USA. *Applied Physics Laboratory Johns Hopkins, Laurel, MD
20723, USA. 5Department of Earth, Environmental and Planetary Sciences, Brown
University, Providence, Rl 02912, USA.

*Corresponding author. Email: shuaili@hawaii.edu, njushuaili@gmail.com

Li et al., Sci. Adv. 2020; 6 : eaba1940 2 September 2020

products of possible terrestrial contamination [e.g., (10)]. The Solid
State Imager (SSI) onboard the Galileo mission detected a possible
ferric absorption near 0.7 um at high latitudes of the Moon (>58°S)
during its flyby, but that study could not determine whether that
absorption was caused by phyllosilicates, ilmenite, ferric iron-bearing
clinopyroxene, or other species (13).

Hematite is an excellent ferric target for remote detection using
visible, near-infrared (VNIR) spectroscopy because of its unique
spectral properties relative to common lunar materials (fig. S1). In
particular, the absorption centered near 0.85 um of hematite due to
the T, « °A, charge transfer between Fe** and O% is not shared by
any common lunar mineral or other ferric oxides. In contrast, the
three forms of FeOOH (goethite, akaganeite, and lepidocrocite) and
maghemite (y-Fe,O3) all have absorptions near 0.95 pm that overlap
with absorptions of pyroxene, which complicates their detections,
while magnetite (Fe3O4) spectra are dark and featureless (fig. S1).

The Moon Mineralogy Mapper (M) onboard the Indian Chandrayaan-1
mission was a VNIR imaging spectrometer that collected reflectance
data between 0.46 and 2.98 pm at spectral resolutions of 20 to 40 nm
and spatial resolution samplings of 140 to 280 m per pixel in global
mapping mode (14). Global surface maps created in this mode allow
us to search for hematite that contains ferric iron across the lunar
surface. M’ data are thermally corrected using the model of (15).
However, since the relevant wavelengths needed to identify hema-
tite are all shorter than 1.2 um, thermal corrections have no effect
on our detections. Laboratory spectra of hematite have a diagnostic
absorption near 0.85 pum that starts at around 0.75 um and ends at
around 1.2 um, and an additional absorption near 0.66 um (Fig. 1).
Hematite also has a diagnostic absorption at around 0.53 um (I6),
but the first two spectral channels (0.46 and 0.50 um) of the global
mode M? dataset are not well calibrated (14), so this absorption can-
not be definitively identified. We search for candidate hematite ab-
sorptions in M° data by calculating the absorption depths of all bands
between 0.75 and 1.2 um [referred to as the integrated band depth
(IBD) of the 0.85-um absorption] and indicate that pixels with high
IBD values may contain hematite (see Materials and Methods).

RESULTS
Our global search for hematite revealed that hematite-like absorp-
tions near 0.85 um are widespread at high latitudes of the Moon.
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Figure 1 shows two M? spectra of putative hematite-rich pixels
compared with laboratory hematite. The M? spectra exhibit a pair
of absorptions near 0.85 and 0.66 pm consistent with those of
hematite (Fig. 1B and Table 1), which strongly suggests that the two
M? pixels are rich in hematite. The hematite absorption near 0.53 um
could not be verified because of uncertain calibration of the global
mode M data shortward of 0.54 um (14) and no target mode Mm?
observations at high latitudes (>60°) (17). The weaker absorptions
at 0.85 and 0.66 um in M data compared with laboratory hematite
spectra could be due to space weathering that can weaken absorp-
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Fig. 1. Examples of M> spectra at hematite-rich pixels. The hematite-rich M spectra
are compared with laboratory spectra of pure hematite (A) and comparison after
continuum removal (B).

tions (18) or differences in hematite particle size and abundance
[e.g., (16, 19)]. However, there is lack of studies to show how space
weathering can affect the absorption of ferric iron-bearing minerals
(i.e., hematite). The 0.66-um absorption seen in M data might be
the one centered near the 0.7-um channel that was observed in the
SSI data (13).

We do not see promising spectral features of other alteration
minerals such as goethite, maghemite, and magnetite, to name a few.
Either they are not present on lunar surface because of the low oxygen
fugacity [hematite will be preferentially formed under low oxygen
(20)] or their detections are complicated by the spectral absorptions
of typical lunar surface minerals (e.g., pyroxene) (fig. S1) or hema-
tite (21).

Three key features of hematite distribution are observed in our
global mapping of hematite. First, it shows that almost all putative
hematite detections are at latitudes above 60° in both hemispheres
(fig. S2). Figure 2 shows the maps of the IBD values near 0.85 pum at
the northern and southern polar regions from 75° to 90° overlain on
the maps of all examined M’ pixels (see Materials and Methods).
The IBDs of the 0.85-um absorption exhibit very weak latitudinal
dependence from 75° to the poles (fig. S3). Pixels with similar IDBs
are interpreted to the presence of similar amount of hematite (see
Materials and Methods). Second, the density plots of azimuth angles
of hematite exposures in the northern and southern polar regions
suggest that hematite-rich pixels are more abundant at the east- and
equator-facing sides of topographic highs (Fig. 3), and occurrences
on flat surfaces such as crater floors are rare (Fig. 2). The east-west
asymmetry of hematite exposures is less evident on the lunar farside
than the nearside, particularly at the northern polar region (Fig. 3A).
Third, the lunar nearside shows more hematite-rich pixels than the
farside of the Moon (Figs. 2 and 3). The M? coverage is similar on
the nearside and farside of the Moon (Fig. 2). In addition, the density
plots of hematite exposures in Fig. 3 are normalized by the number
of examined M? pixels and still show that hematite is more concen-
trated on the nearside of the Moon. These plots all suggest that the
hematite distribution is real and not an artifact of data coverage and
may be a clue to its formation processes.

The absorption strength of our detected hematite-bearing pixels
near 850 nm exhibits no dependence on surface roughness and re-
flectance albedo at 1489 nm (fig. S4). There seems to be a very weak
positive correlation between the 850-nm band depth and phase angles
(fig. S5, A and C). We attribute this weak correlation to the latitudinal
dependence of the 850-nm absorption strength (fig. S3). A much less
reducing and relatively water-richer environment at higher latitudes

Table 1. Observed and modeled band centers and full width at half maximum (FWHM) values of the absorption near 850 nm. The spectral resolution of
M? data at the spectral range of 700 to 1529 nm is 20 nm. N/A, not applicable; USGS, U.S. Geological Survey.

Observed 850-nm

Modeled 850-nm absorption

Spectra absorption Coarse hematite Fine hematite No hematite
Center* FWHM Center FWHM Center FWHM Center FWHM
Rozhdestvenskiy 850 200 870 190 870 180 920 190
Shoe 200 N/A N/A N/A H
USGShematite 870 00 N/A N/A N/A

*Band centers are determined as the absorption peaks after continuum removal (Figs. 1B and 4); the units of absorption centers and FWHM are nanometer.
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Fig. 2. The IBD near 0.85 pm at the northern and southern polar regions from 75° to 90°. The 0.85-um IBD used as an indicator for the presence of hematite is overlain
on the maps of all examined M? pixels (blue) at both poles; black regions indicate a lack of high-quality M3 data (see Materials and Methods).

may fertilize more hematite formation and retention than lower lati-
tudes. More water is observed at higher latitudes and also, the solar
wind flux (rich in hydrogen, the reductant agency) decreases with
increasing latitudes (fig. S2). For instance, the hydrogen fluxes at 75°
and 85° latitudes on the lunar surface are approximately 26% (cos75°)
and 9% (cos85°) of that at the equator, respectively, which suggests
a much less reducing environment at lunar high latitudes. We also
find that there is no shift in phase angles between our examined M’
pixels and those hematite detections (fig. S5, B and D). We examined
the M? data of the same location (e.g., the Rozhdestvenskiy crater)
acquired at different optical periods (OPs) and found almost identical
hematite-like absorption features between those two OPs (fig. S6).
All these suggest that our detections of hematite are not affected by the
surface roughness, albedo, observation geometry, and observation time.

The Hapke’s radiative transfer model (22) is applied to perform
spectral unmixing to estimate the abundance of hematite. Given the
fact that the IBDs at 850 nm exhibit very weak latitudinal depen-
dence across the polar regions (fig. $3), we can use the M spectra of
hematite-bearing pixels at Rozhdestvenskiy (Fig. 4) to represent the
hematite exposures in the lunar polar regions because their IBD values
at 850 nm are similar to the mean value of the northern and southern
polar regions (~0.5, fig. S3). Assuming intimate mixing with lunar
regolith, we fit the M data with and without the hematite end-member.
We assume that hematite has the same particle size as other end-
members or that the particle size of hematite could be much finer
than the regolith (see Materials and Methods). We also test a third
scenario that a nanophase hematite (<1 pm) is embedded in the top
tens to hundreds of nanometers of layer of grains as coatings. Coating
effects are incorporated into our implementation of the Hapke’s model
(see Materials and Methods). Fits of the 0.85-um band of lunar data
are excellent with hematite included as an end-member, while fits
are poor near 0.85 um without the hematite end-member (Fig. 4 and
Table 1). The curve fitting results at longer wavelengths are available
in fig. S7. The band centers of M? spectra and modeled spectra with
and without the hematite end-member are at 850, 870, and 920 nm,
respectively (Table 1), which strongly suggest the presence of hematite
in the two M* spectra. The full width at half maximum (FWHM)
values of M and U.S. Geological Survey (USGS) pure hematite spectra
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are 200 nm. While the modeled spectra show slightly smaller FWHM
values at 180 and 190 nm for the fine and coarse hematite scenarios,
respectively. The difference of FWHM between observed and modeled
spectra is no more than one M? spectral band (20 nm from 700 to
1529 nm). The spectral unmixing results show that if the hematite
and regolith have a similar particle size, 10 to 20 um as suggested in
(18), then ~11 wt % hematite is required to reproduce the absorption
feature seen in M> data (Fig. 4), while if the hematite has a much
finer particle size (i.e., 1 to 10 um), then ~4 wt % of fine hematite
can fit the M? absorption very well (Fig. 4). However, the model
cannot fit the M? data well by assuming nanophase hematite coating
(fig. S8), which suggests that the hematite seen on the lunar surface
is most probably micron sized or larger and its abundance may range
from a few weight % to around 10 wt %.

DISCUSSION

We propose a model where oxygen from Earth wind, water in lunar
regolith, and heat induced by interplanetary dust impact provide an
environment for lunar regolith to oxidize to form hematite or un-
dergo oxyhydration to form FeOOH that is dehydrated to hematite.
The formed hematite can be reduced by solar wind hydrogen. The
hematite distribution on the lunar surface should be controlled by
the trade-off between the oxidization/oxyhydration processes, under
the presence of oxygen, iron, water, and interplanetary dust impacts,
and the reduction processes by solar wind hydrogen. Oxygen can
oxidize low-valence iron (e.g., Fe’* and Fe’) in lunar regolith to form
hematite and FeOOH with and without the presence of molecular
water, respectively (see the Supplementary Materials). Strong hydra-
tion features are observed at high latitudes of the Moon, most of which
could be hydroxyl and enriched in rims of lunar surface grains [e.g.,
(23-25)]. Molecular water is theorized to form from hydroxyl during
impact events (26) and hypervelocity impact experiments reveal that
molecular water can be delivered, generated, and trapped during im-
pact events (27). The molecular water may react with submicroscopic
iron metal in rims of lunar grains to form FeOOH (28). It can also
liberate Fe** to increase the reaction rates of the oxidation and oxy-
hydration processes. Heat induced by interplanetary dust impact
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may have played critical roles in liberating molecular water and en-
hancing the reaction processes to form hematite and FeOOH (see
the Supplementary Materials). Although FeOOH is suggested to be
thermally stable over geologic time in the polar regions (4), it can be
decomposed to hematite by solar radiation, impact, and sputtering
(5, 10, 28). The hydrogen flux from solar wind at the equator is several
times higher than that in the polar regions (fig. S2). More hematite
can be reduced at lower latitudes than higher latitudes.

Any successful hypothesis for the hematite formation on the
Moon should be able to explain its spatial distribution. The dichoto-
mous distribution of hematite between the nearside and farside of
the Moon can be attributed to the fact that oxygen from Earth wind
(7) mostly reaches the nearside of the Moon (29). Observations from
the Japanese Kaguya mission found that 2.6 x 10* cm™ s™' O*
can be delivered to the lunar nearside surface by plasma sourced
from Earth’s upper atmosphere (Earth wind) and implanted into
the lunar regolith (7). Our calculation suggests that such oxygen is
sufficient to form around 5 to 9 wt % hematite (see the Supplementary
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Fig. 4. Spectral unmixing results of M? data at hematite exposures using the
Hapke's radiative transfer model at the Rozhdestvenskiy crater. The curve fitting
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hematite end-members.

Materials), which is adequate to explain the amount of hematite
mapped on the Moon (Figs. 2 and 4). Although the oxygen flux is even
higher in the solar wind (30) than that from Earth wind, hydrogen, the
dominant species in solar wind, makes the lunar surface environment
highly reducing. However, when the Moon is in Earth’s magneto-
tail, the solar wind flux can be reduced to less than 1% of that out of
the magnetotail (31). Observations suggest that the oxygen density
in terrestrial plasmas (Earth wind) in the magnetotail can be even
higher than hydrogen density during magnetic storms (e.g., 32). In
addition, neutral oxygen is continuously liberated from the surface
of the Moon via processes such as micrometeoroid bombardment
and charged-particle sputtering [e.g., (33)] and has been detected in
both its neutral and ionized states [e.g., (34)]. A previous study by
Poppe et al. (35) has shown that approximately one-third of the oxygen
atoms ejected into the lunar exosphere will be recycled back into the
soil as they are ionized (by either photoionization, charge exchange,
or electron impact jonization) and accelerated by ambient electric
fields (arising from either solar wind or magnetotail convection).
As shown in the Kaguya observations by Terada et al. (7), the lunar
exospheric oxygen ion fluxes can be equal to or larger than ions
sourced from terrestrial ionospheric outflow. However, the implan-
tation depth of the lunar exospheric oxygen could be much smaller
than that of the Earth’s wind oxygen due to a much lower energy of
the former (7), which may substantial suppress the oxidization and
oxyhydration processes. This could explain the lack of hematite ex-
posures in regions on the lunar farside (Figs. 2 and 3), where lunar
exospheric oxygen might be similar to that on the nearside. In summary,
low hydrogen flux and oxygen mostly from Earth wind make the
lunar nearside surface relatively oxidizing when the Moon is in Earth’s
magnetotail, while the lunar farside receives no/little terrestrial oxygen
because it faces away from the Earth.

It is noteworthy that hematite is not absolutely absent on the
lunar farside (Figs. 2 and 3). There, a small amount of FeFOOH
might be formed under the presence of water and energies induced
by interplanetary dust impacts and then be decomposed to hema-
tite, similar to the pathway in (28). Alternatively, a small amount of
Earth’s wind oxygen might be available in regions not deep into the
farside to from hematite or FeOOH, depending on the presence of
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molecular water (see the Supplementary Materials) (Figs. 2 and 3, par-
ticularly in the northern polar region). However, high fluxes of solar
wind hydrogen at low latitudes may have reduced all formed hematite.

The correlation between hematite detections and high latitudes
suggests that enriched hydration at high latitude (23-25, 36, 37) may
have played an important role in hematite formation. Molecular water
associated with impact events (see the Supplementary Materials) may
have helped to liberate Fe**, which can increase the reaction rate of
Fe’* and oxygen to form hematite (see the Supplementary Materials).
More hematite exposures are observed at higher latitudes where
there is also more hydration (fig. S2) (23-25, 36, 37). Similarly, the
lack of hematite detections at low latitudes may be attributed to a
much lower hydration and higher solar wind fluxes at latitudes less
than around 60° in both hemispheres (fig. S2). Although a sharp
increase of water contents is observed at latitudes from 60° to 75°
(fig. S2), the solar wind hydrogen flux may be still high enough to
reduce most of the hematite formed at this latitude zone on both
hemispheres.

Highly concentrated hematite exposures at east- and equator-
facing sides of topographic highs might be associated with inter-
planetary dust impacts. The impact may have played two roles.
First, the impact heat can increase the reaction rate of oxidization
and oxyhydration. Second, impacts can deliver, generate, and trap
molecular water (26, 27). Molecular water and impacts (38) can lib-
erate Fe’" to form hematite. The ideal scenario for hematite forma-
tion could be the simultaneous presence of Earth’s wind oxygen and
Fe** liberated by molecular water during impact events. Our simu-
lations suggest that the east- and equator-facing sides of topographic
highs may receive much more “effective” interplanetary dust impacts
than other facing sides (fig. S9). An effective impact is defined as
that an interplanetary dust impact on a surface bathed in Earth’s
wind oxygen, which helps to liberate Fe** into Earth’s wind oxygen
to boost the hematite formation. In contrast, interplanetary dusts
affecting on shaded surfaces are not considered as effective impacts
because of the lack of Earth’s wind oxygen (the oxidant). The simu-
lations are done for high latitudes (e.g., 80°) because only the polar
regions exhibit an enhanced hydration for hematite formation and
a much lower solar wind hydrogen flux to reduce hematite (fig. S2),
while there may be no Earth’s wind oxygen available on the lunar
farside, and thus, no need to discriminate whether an impact is on a
shaded or illuminated surface. In such a case, our simulations sug-
gest almost no difference between the east- and west-facing slopes
on the lunar far-side (fig. S9). This may explain the less asymmetric
distribution of hematite exposures on east- and west-facing slopes on
the lunar farside, particularly in the northern polar region (Fig. 3A).

The hematite absorption strength shows very weak latitudinal
dependence (fig. S3), which suggests that the hematite content might
be similar at each latitude from 75° to the pole if the mapped hema-
tite shows similar particle size and optical maturity (see Materials
and Methods). In our model, the amount of hematite that can be
formed at each exposure is controlled by the availability of iron,
water, oxygen, and energy sources. The deformation of hematite
may be mostly controlled by the reducing process of solar wind hy-
drogen. The iron content in the polar regions is quite homogenous
(39). The water content is higher at higher latitudes (fig. S2), which
may fertilize more hematite formed. Modeling results suggest that
the flux of interplanetary dust impacts decreases as latitudes in-
crease (40), which indicates that less energy is available for hematite
formation at higher latitudes. However, the solar wind flux drops at
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higher latitudes, which suggests a less reducing environment at higher
latitudes and thus higher chance for hematite to be preserved. The
current biggest unknown is how the oxygen flux from Earth wind
varies with the latitude on the lunar surface. Future investigations
are needed to understand which of the above factor(s) controls the
amount of hematite that can be formed and retained.

It is unclear why crater floors and other relatively flat surfaces
show much less hematite exposures than tilted surfaces (Fig. 2).
One possible explanation is that hematite may also form on flat sur-
faces but it might have been reduced to ferrous or metallic iron by
solar wind hydrogen. The daily solar wind influence on steep sur-
faces (i.e., crater walls and central peaks) can be much lower than
that of flat surfaces due to the shadow effect, and thus, much more
hematite on steep surfaces might have been preserved.

The presence of hematite on some S-type (9) and low albedo (8)
asteroids not associated with aqueous alteration may not need the
presence of oxygen. Interplanetary dust impact (41), solar wind-
induced hydration [e.g., (23, 24, 25)], and submicroscopic iron metal
[e.g., (42)] are also suggested on these airless bodies. A small amount
of FeOOH might be formed first under the presence of iron metal,
water, and impact energy, while FeOOH was then decomposed to
hematite, as suggested to possibly operate on the lunar farside in
this study and in (28). Although similar conditions also operate at
the lunar low latitudes, the rate of reduction by solar wind hydrogen
could be much higher than that at high latitudes (i.e., >75°), and
thus, little hematite may have been preserved at lunar low latitudes
(fig. S2 and the Supplementary Materials).

The band center of the absorption near 850 nm may help reveal
the purity of hematite crystals on the lunar surface. The substitution
of AI’* for Fe’* in hematite is commonly found in natural samples
[e.g., (43)]. Previous studies suggest that AP** substitutions in hematite
can shift the band center from ~850 to 900 nm with 0 and ~60 mole
% substitution, respectively (44). In our observations, the band center
of hematite-bearing pixels is around 850 nm, which may suggest
that the hematite on the lunar surface has no or very little Al substitu-
tions. However, using the band center of the absorption near 850 nm
may result in large uncertainty in estimating the Al substitution due to
the low spectral resolution of M? data (20 nm at the range of 700 to
1529 nm). In addition, it is still unclear how the particle size and
other cation substitutions (e.g., Ni**, Cr’*, Mn’*, and Ti**) can affect
the absorption center of hematite near 850 nm [e.g., (43, 44)].

Future oxygen isotope measurements at hematite exposures, par-
ticularly on the lunar nearside, can help test our hypotheses about
hematite formation. If hematite is oxidized from low-valence iron
by oxygen from Earth’s upper atmosphere, then its isotope should
resemble that of Earth’s upper atmosphere, poor in '°O [e.g., (45)].
Hematite formed at craters of different ages on the lunar nearside
may record the oxygen signatures of Earth’s atmosphere in the past
~2.4 billion years. Isotope measurements at these hematite exposures
can reveal the evolution of Earth’s atmosphere in the past billions of
years. It is suggested that the lunar polar regions are relatively iron
poor (39). Thus, our mapped hematite can be important in situ re-
sources for iron metal.

Two diagnostic absorptions near 0.85 and 0.66 um are seen in
M’ data that are consistent with the presence of hematite. Little
to no hematite is detected at latitudes less than around 60° in both
hemispheres. The strength (IBD) of the 0.85-um absorption, a proxy
of hematite content, shows very weak latitudinal dependence from
75° to the poles. Spectral unmixing results suggest a few to around
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10 wt % hematite on the lunar surface. Hematite exposures are mostly
located at the east- and equator-facing sides of topographic highs,
such as the western crater walls and eastern sides of central peaks.
There is a dichotomy in the distribution of hematite between the
nearside and farside of the Moon with more exposures on the near-
side, particularly in the southern polar region. We hypothesize that
hematite formation on the Moon may involve oxidization/oxyhydration
processes, and its distribution may be controlled by the availability
of iron, water, energy induced by interplanetary impact, and oxy-
gen from Earth’s upper atmosphere and lunar exosphere. Our hypoth-
esis may be also applicable to some airless bodies where hematite
formation is not associated with phyllosilicate, possibly similar to
the hematite formation on the lunar farside where FeOOH can be
formed first and then be decomposed to hematite. Future oxygen
isotope measurements at hematite exposures can help test our hy-
pothesis. Studying the oxygen isotopes of hematite at different age
craters may help reveal the evolution of Earth’s atmosphere in the
past billions of years. Our mapped hematite can be important in
situ resources for iron metal in the iron-poor polar regions.

MATERIALS AND METHODS

M? data are used to detect hematite across the global lunar surface.
The M? L1B radiance data were downloaded from the NASA Plan-
etary Data System (PDS) server and then converted to reflectance,
with the same method used in (15). We perform a series of processes
to convert radiance to photometrically corrected reflectance. These
processes are converting radiance to IoF, statistical polishing, thermal
removal, and photometric correction. The solar distance of M? data
are considered in the calculation of IoF (17). The statistical polishing
factors (radiance correction factors) are available in the PDS release
of M? level 2 data (17). We used our newly developed thermal model
to remove the thermal effects of M data (15). The photometric cor-
rection is performed in the same way as that in (46). The detailed
description of each correction can be found in (17) and (15).

The signal-to-noise ratio (SNR) of M? data at high latitudes is
downgraded because of high phases and shadows (14). Low-SNR
M data (high noise level) are masked to ensure robust detections of
hematite-like absorption near 0.85 um. Mathematically, the integral
of squared second derivatives (ISSD) of a curve is commonly used
to assess the smoothness (noise level) of that curve. Part of the M>
data at the polar regions is affected by shadows and high phases and
exhibits low SNRs. The water bands near 3 um of M~ data show a
strong variation at the polar regions (37), which may affect the as-
sessment of the noise level of M” spectra. We only use the spectral
bands between 0.58 and 2.5 um to calculate the ISSD and use it as an
indicator for the noise level of M> spectra. We find that a threshold
of ISSD greater than 0.05 can mask most of the M? pixels showing
“strip” noise (column-dependent noise) and pixels affected by shad-
ows. Only around 10% of M? pixels have ISSD values greater than
0.05 (fig. $10). We color the M? pixels with ISSD less than 0.05 as
blue and ISSD greater than 0.05 as black to indicate low-SNR pixels
not examined in Fig. 2.

The IBD of the 0.85-um absorption is used to search for hematite
in conjunction with M data. Laboratory spectra of hematite exhib-
it a unique absorption centered near 0.85 um due to the *T; « °A,
charge transfer between Fe’* and O”". The left shoulder of this ab-
sorption centers near 0.75 pm, while the right shoulder is near 1.2 ym
(fig. S1). Thus, the strength of the 0.85-um absorption can be used

Li et al., Sci. Adv. 2020; 6 : eaba1940 2 September 2020

as a proxy for the hematite content if the particle size of lunar surface
hematite is similar as typical lunar regolith whose optical properties
are controlled by particles 10 to 20 um in size (18). We convert all
M? reflectance spectra to single scattering albedo (SSA) using the
Hapke’s model to minimize the effects from multiple scattering and
albedo variation (22). We then chose two tie points at 0.75 and 1.2 um
to perform a continuum removal for all M? SSA. If an M SSA spec-
trum after continuum removal shows an absorption at the region of
0.75 to 1.2 pm and also exhibits an absorption minimum at 0.85 um,
then it may indicate the presence of hematite and the absorption
depths of all M? bands between 0.75 and 1.2 um are summed (this is
defined as IBD) as a proxy for the hematite content (fig. S11). We
also compare the M? spectra at hematite-rich regions with the labo-
ratory spectra of pure hematite to validate our detections. In addi-
tion to the minimum near 0.85 um, we find that the spectra also
have a reflection maximum near 0.75 pm and another minimum
near 0.66 um, consistent with hematite (Fig. 1). Nanophase metallic
iron in mature lunar soil can substantially reduce the absorption
strength (18). Therefore, the IBD of the 0.85-um absorption can
only indicate the relative hematite content of lunar regolith with
similar maturity and may not be able to represent the absolute content
of hematite. A more sophisticated approach is needed to quantify
the absolute content of hematite on the lunar surface by taking into
account of the effect of space weathering.

The Hapke’s radiative transfer model is used to quantify the absolute
hematite abundance. In the Hapke’s model, a reflectance spectrum,
R, can be described as a function of SSA, ®, and viewing geometry
(i, e, and g). The SSA itself is a function of the optical constants n(})
and k(A) and is also dependent on the optical path length, <D>, which
can be related to particle size, D. The relationship between reflectance
and these parameters can be expressed as (22)

= S {0+ B0) 1P@) +H1o 0ae) H 0ave) —1}

(1)

Here, 0,y is the average single scattering of all end-members
weighted by particle size d and density p, 1 is the cosine of the in-
cidence angle, p is the cosine of emergence angle, ¢ is the porosity,
B(g, d) accounts for the opposition effect, P(g) is the phase function,
and H is the multiple scattering function. We set myye = X:M;0;, where
M represents the fractional extinction coefficient for each end-member
(22). These fractional values can be converted to mass or volume
fractions if the density and particle size for each mineral end-mem-
ber is known (22). The detailed parameterizations for , W, 1o, B(g, 9),
P(g), and the H functions used in this study are the same as that of
Liand Li (47) and Li and Milliken (48). The shape of particles in the
Hapke’s model is assumed as to be spherical (22). We have adopted
a new relationship between the optical path length <D> and the
particle size D: <D> = 0.2D (49) in our model implementation to
accommodate the effect from the irregular shape of particles.

End-member spectra of typical lunar surface minerals for estimat-
ing hematite content are from Apollo and Luna separates and are
plotted in fig. S1B. The spectrum of hematite end-member is from
the USGS spectral library. The physical properties of our end-members
are listed in table S1. The optical constants (n and k) of all end-members
are derived using Eq. 1 from their reflectance spectra of pure phases,
which is the same as (47). Derived optical constants and densities in
table S1 of all end-member and reflectance spectra of hematite-rich pixels
are then inserted into Eq. 1 to solve the mass fraction and particle size
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as free parameters (48, 50). The curve fitting residuals are also output
by our model. We test three different scenarios. First, we set the par-
ticle size of hematite the same as the rest end-members at 10 to 20 um
(the mean value of 15 um is used) that is suggested in Apollo samples
(18) and has been be also used by other studies [e.g., (51)]. Then, we
restrict the particle size of the hematite end-member to be between
1 and 10 um for the fine hematite scenario. We also test a third scenario
assuming nanophase hematite (<1 um) embedded in the top tens to
hundreds of nanometers of layer of surface grains [(52) and refer-
ences therein] by updating the absorption coefficient (o) in Eq. 1 (2)

dnnpky | 36nz Mumpn
o = + 2
% %P ttm @

where ny, kp, and pj, are refraction indices, absorption coefficients,
and densities of host materials, respectively; similarly, ngy,, kgms
and ppy, are refraction indices, absorption coefficients, and densi-
ties of hematite, respectively; A is wavelength; Mp,, is the mass frac-
tion of hematite; z is expressed as

z = ni NHm ka (3)

2 2 2,2 2 12
(M — K +21,) + 4053, kg

The detailed parameterization of the Hapke’s model for accom-
modating the coating effects is the same as that of (47).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/36/eaba1940/DC1
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