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Introduction: The samples returned from the 
Moon by the Apollo missions revealed that the lunar 
surface and interior are highly reducing [1]. Without 
the protection of an atmosphere, solar wind protons 
can reduce any ferric iron to a lower valence or even a 
metallic phase during impact events on the lunar 
surface [2]. The upper limit of ferric iron (Fe3+)-
bearing materials is less than 1 wt.% in Apollo 
samples [3], which reflects the highly reduced state of 
the Moon.  

Ferric iron-bearing minerals have been theorized 
to form under the highly reducing condition on the 
lunar surface [4-6]. The recognition 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]. Additionally, 
a recent study shows that plasmas sourced from Earth's 
upper atmosphere (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.  

Detections of any ferric iron-bearing minerals on 
the lunar surface would reveal if oxidation is allowed 
under highly reducing conditions, and may help to 
shed light on processes that form oxidation products 
on other airless bodies. However, the detection of 
ferric iron bearing species on the Moon has remained 
elusive. 

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 [8]. In particular, 
the absorption centered near 0.85 µm of hematite due 
to the 4T1 ß 6A1 charge transfer between Fe3+ and O2- 
is not shared by any common lunar mineral or other 
ferric oxides [8].  
 
Data & Methods: We use the Moon 
Mineralogy Mapper (M3) data to search for hematite 
across the entire lunar surface. The M3 instrument 
onboard the Indian Chandrayaan-1 mission is a VNIR 
imaging spectrometer that collected reflectance data 
between 0.46 and 2.98 µm at 20 - 40 nm spectral 
resolution and 140 - 280 m/pixel spatial resolution in 
mapping mode [9]. M3 data are thermally corrected 
using the model of [10]; however, since the relevant 
wavelengths needed to identify hematite are all shorter 

than 1.2 µm, thermal corrections have no effect on our 
detections. Laboratory spectra of hematite have a 
diagnostic absorption near 0.85 µm that starts at 
around 0.75 µm and ends at around 1.2 µm [11]. We 
search for candidate hematite absorptions in M3 data 
by calculating the absorption depths of all bands 
between 0.75 µm and 1.2 µm (referred to as the 
Integrated Band Depth (IBD) of the 0.85 µm 
absorption) and indicate pixels with high IBD values 
that may contain hematite. 

Results:  Our mapping results show that 
hematite-like absorptions near 0.85 µm are 
widespread at high latitudes of the Moon (Fig. 1). We 

 
Fig. 1. The integrated band depth (IBD) of 
absorptions near 0.85 µm at latitudes 75o - 90o at both 
poles overlain on examined M3 pixels (blue); black 
regions indicate a lack of high quality M3 data. 
Modified from Figure 2 in [8]. 
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see three key features of hematite distribution on the 
lunar surface. First, almost all putative hematite 
detections are at latitudes above 60o in both 
hemispheres. 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. 2a, 2b), while 
detections on flat surfaces such as crater floors are rare 
(Fig. 1). Third, the lunar nearside shows more 
hematite-rich pixels than the far side of the Moon (Fig. 
1, 2a, & 2b). This asymmetric distribution should not 
be due to the data coverage, as the M3 coverage shows 
no difference between the near- and far-side of the 
Moon (Fig. 1). In addition, the density plots of 
hematite exposures in Fig. 2 are normalized by the 
number of examined M3 pixels and still show the 
dichotomous distribution between the far- and near-
side of the Moon. These features of hematite 
distribution are key clues to its formation processes. 
 
Discussion: Oxygen from Earth wind, water in 
lunar regolith, and heat induced by interplanetary dust 
impacts may provide an environment for lunar regolith 
to oxidize to form hematite, or undergo oxyhydration 
to form FeOOH that is dehydrated to hematite. 
Oxygen can oxidize low valence iron (e.g., Fe2+, Fe0) 
in lunar regolith to form hematite. Only the tidally 
locked nearside of the Moon faces the Earth and may 
have received most of the oxygen in Earth wind, which 
explains the dichotomous distribution of hematite 
between the near- and far-side of the Moon (Fig. 1 & 
2). The presence of water may provide a desirable 
condition for hematite formation. Strong hydration 
features are observed at high latitudes of the Moon 
[12-16], which may be attributed to the presence of 
hematite only at high latitudes. Heat induced by 
interplanetary dust impact may have played critical 
roles in liberating molecular water and Fe2+ [17], 
which can enhance the reaction processes to form 

hematite and FeOOH. The ideal scenario for hematite 
formation could be the simultaneous presence of Earth 
wind oxygen and Fe2+ liberated by molecular water 
during impact events. Our simulations suggest that the 
east- and equator-facing sides of topographic highs 
may receive much more interplanetary dust impacts 
than other facing sides when the Earth wind oxygen is 
available to the lunar nearside (Fig. 2c), which 
explains why more hematite is observed at the east- 
and equator- facing slopes.  
 
Conclusion: A diagnostic absorption near 0.85 
µm is seen in M3 data at high latitudes of the Moon 
that is consistent with the presence of hematite. We 
hypothesize that oxygen ions from Earth's upper 
atmosphere delivered to the lunar surface may be the 
major oxidant to form hematite. Enriched water at 
lunar high latitudes and interplanetary dust impacts 
may help to provide desirable conditions to form 
hematite. Future oxygen isotope measurements at 
hematite exposures can help test our hypothesis. 
Studying the oxygen isotopes of hematite at different 
age craters may help to reveal the evolution of Earth's 
atmosphere in the past billions of years. Our orbital 
detections of hematite on the Moon suggest a new type 
of space weathering process. 
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Fig. 2. Density plots of azimuth angles of hematite exposures at each longitude zone in the northern (a) and southern 
(b) polar regions; hematite exposures are binned with a 5o longitude window from 75o to 90o latitudes, normalized by 
the number of examined M3 pixels in each bin; (c) shows the simulation results of the most desirable environment for 
hematite formation. Adapted from Figure 3 and Figure S5 in [8]. 
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