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P L A N E TA R Y  S C I E N C E

Submicroscopic magnetite may be ubiquitous in the 
lunar regolith of the high-Ti region
Zhi Cao1,2†, Zhuang Guo1,3†, Chen Li1, Sizhe Zhao1,4, Yang Li1,5*, Qi He2*, Yuanyun Wen1,  
Zhiyong Xiao6, Xiongyao Li1,5, Long Xiao2, Lifang Li7, Junhu Wang8, Jianzhong Liu1,5

Magnetite is rare on the Moon. The ubiquitous presence of magnetite in lunar soil has been hypothesized in previ-
ous Apollo Mössbauer spectroscopy and electron spin resonance studies, but there is currently no mineralogical 
evidence to prove it. Here, we report a large number of submicroscopic magnetite particles embedded within 
iron-sulfide on the surface of Chang’e-5 glass, with a close positive correlation between magnetite content and 
the TiO2 content of the surrounding glass. The morphology and mineralogy of the iron-sulfide grains suggest that 
these magnetite particles formed via an impact process between iron-sulfide droplets and silicate glass melt, and 
ilmenite is necessary for magnetite formation. Magnetite in lunar glass is a potential candidate for the “magnetite-
like” phase detected in the Apollo era and suggests that impact-induced submicroscopic magnetite may be ubiq-
uitous in high-Ti regions of the Moon. Moreover, these impact-induced magnetite particles may be crucial for 
understanding the lunar magnetic anomalies and mineral components of the deep Moon.

INTRODUCTION
Magnetite is an important oxidized mineral in planetary science, 
involved in key questions related to paleomagnetic fields and indica-
tors of life. It is commonly believed to be rare on the reduced lunar 
surface (1–4). Although Mössbauer spectroscopy and electron spin 
resonance (ESR) studies have hypothesized the prevalence of sub-
microscopic “magnetite-like” phases in Apollo lunar soils, there is 
no correlative mineralogical evidence for their genesis and potential 
distribution on the Moon (1, 5–10).

Previous studies have proposed several mechanisms for the pro-
duction of magnetite on the Moon, driven either by common lunar 
interior oxidation conditions (9, 11, 12) or by direct input of exoge-
nous material (13–15), giving new insights into localized higher 
oxygen fugacity environments specific to the Moon. However, it is 
important to emphasize that the presence of individual magnetite 
particles produced by various formation mechanisms is incidental 
and independent, and it is hard to extend to the global lunar surface. 
The formation mechanism of magnetite on the lunar surface still 
needs to be fully discussed.

Impacts play a dominant role in the construction and reworking of 
lunar regolith, and they have markedly altered the chemical and 
structural characteristics of lunar surface materials and complicated 
their mineralogy (16). In particular, recent analysis has revealed the 

impact-induced formation of Fe3+ and magnetite in Chang’e-5 lunar 
soils, implying a possible ubiquitous presence of oxidized iron on the 
lunar surface under conditions of continuous meteorite bombard-
ment (17, 18). In addition, magnetite is difficult to recognize spectro-
scopically using remote sensing owing to its dark color and opacity (3, 
4). Therefore, its distribution can only be inferred from lunar samples 
by identifying suitable conditions for its formation mechanism.

Here, we systematically studied the microscopic characteristics 
of iron-sulfide droplets in Chang’e-5 lunar soil, and revealed that the 
genesis of magnetite inside iron-sulfide grains is related to the 
ilmenite-bearing glass in which they are embedded. The magnetite 
content within the iron-sulfide grains positively correlates with the 
content of surrounding Ti-rich material. We propose that magnetite 
in this form within iron-sulfide grains provides in situ mineralogical 
proof of the submicroscopic magnetite-like phases recognized during 
the Apollo era.

RESULTS
Iron-sulfide grains in Chang’e-5 glass
A large number of droplet-like, rounded iron-sulfide grains with 
unique surface microscopic features embedded within impact glass-
es of various compositions in Chang’e-5 lunar soil were identified 
using scanning electron microscopy (SEM) (Fig.  1, A to C, and 
fig. S1). The boundary between each iron-sulfide grain and the sur-
rounding glass was coupled in shape with sharp compositional dif-
ferences, consistent with the dented microstructure on Chang’e-5 
glass surfaces described by Yan et al. (19); this likely implies an im-
pact process (20–24). In addition, metallic iron of variable size (30 
to 500 nm) sparsely protruded and covered the entire surface of 
each rounded iron-sulfide grain (Fig. 1, D to F). Iron-sulfide grains 
embedded within high-Ti (25.5 wt %), medium-Ti (10.4 wt %), and 
low-Ti (1.9 wt %) glasses were selected for focused ion beam cross-
section preparation (Fig. 1, D to F, and fig. S2); these cross sections 
were extracted to simultaneously crosscut the iron-sulfide grains 
and surrounding glass (Fig. 1, D to F).

Transmission electron microscopy (TEM) data showed that 
the  iron-sulfide grains embedded within Chang’e-5 glass were 
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hemispherical, with grain sizes ranging from 300 nm to 2 μm. Quan-
titative TEM–energy-dispersive x-ray (TEM-EDX) compositional 
maps revealed markedly variable mineral assemblages and modal 
abundances within the interior of iron-sulfide grains embedded with-
in glasses of different Ti content (Fig. 1, G to I). In high-Ti glass, abun-
dant submicroscopic magnetite and metallic iron particles were 
widely distributed within the iron-sulfide grains (Figs. 1G and 2A). 
With a decrease in Ti content in the glass, the amount of magnetite 
and metallic iron particles inside the iron-sulfide grains decreased 
substantially. The interiors of iron-sulfide grains embedded within the 
medium-Ti glass showed only localized minor coexistence of metallic 
iron and magnetite. Meanwhile, metallic iron particles and magnetite 
were absent within the interior of iron-sulfide grains embedded in 
low-Ti glass (Fig. 1, H and I). These features indicate that the internal 
mineral assemblage of Chang’e-5 lunar soil sulfides was closely 
coupled to the composition of the surrounding glass.

Microstructure of iron-sulfide grains
The internal microstructure of iron-sulfide grains embedded within 
high-Ti glass was more complex compared with those of grains 
within medium- and low-Ti glasses. The former was tightly enclosed 
by a radially fractured single ilmenite crystal, and these melt-filled 
fractures indicate that the impact event caused a localized melting of 
ilmenite (Fig. 1G and fig. S3A). The presence of such a large ilmenite 
grain contributes to the high Ti content detected in this glass. The 
mineral assemblage in the interior of iron-sulfides within high-Ti 
glass is similar to those of independently occurring Chang’e-5 
spherical iron-sulfide grains reported by Guo et al. (17); both ex-
hibit a large number of submicroscopic pure metallic iron and mag-
netite particles embedded within a matrix consisting of troilite and 
pyrrhotite (fig.  S3C). Both the structural and compositional data 
support the occurrence of magnetite within the iron-sulfide grain. 
TEM-EDX compositional maps and line profiles demonstrated that 
the magnetite within the iron-sulfide grain was O- and Fe-rich, with 

a lower sulfur content compared with the iron-sulfide matrix (Figs. 1 
and 2 and fig. S6). Electron energy-loss spectroscopy (EELS) Fe L-
edge spectra of the magnetite particles within the studied iron-
sulfide grain were intermediate between standard Fe2+ and Fe3+ 
spectra, indicating the presence of both Fe2+ and Fe3+ in the magne-
tite. Quantitative Fe3+ EELS data revealed that the magnetite within 
the studied iron-sulfide grain had an Fe3+/∑Fe value of 0.63 ± 0.04, 
which is similar to the theoretical Fe3+ content in magnetite (~0.66) 
(Fig. 2, H and I) (25, 26). In addition, aberration-corrected scanning 
TEM and high-resolution TEM images of magnetite taken along the 
[001] zone axis showed lattice fringes with a periodicity of 2.98 Å 
and an angle of 120°, which can be indexed by the structure of mag-
netite (Fig. 2B). Collectively, these data confirm that the ubiquitous 
oxygen-rich phase within iron-sulfide grains embedded within 
high-Ti glass is magnetite.

In the iron-sulfide grain embedded within medium-Ti glass, a 
few scattered magnetite particles were observed in the right-hand 
portion of the grain; a small number of dendritic ilmenite clusters 
were also present in the lower right portion of the grain, coupled to 
the location of magnetite (Fig. 1H and fig. S3D). In contrast, metal-
lic iron particles were prevalent both inside and on the surface of 
this iron-sulfide grain, and these took various shapes (e.g., angular, 
elongated, and round). These microscopic features imply that the 
occurrence of magnetite within this iron-sulfide grain is closely re-
lated to the ilmenite content of the surrounding glass, while the me-
tallic iron particles are not exclusively related to magnetite formation 
within the iron-sulfide grain. The metallic iron particles inside and 
outside the iron-sulfide grain show different modes of occurrence.

No signatures of ilmenite were observed in the low-Ti glass, and 
the selected area electron diffraction pattern of the iron-sulfide 
grain embedded within the low-Ti glass showed only the presence 
of troilite (fig. S3F). There was no magnetite phase inside the iron-
sulfide grain, only large metallic iron particles distributed across the 
surface of the grain (Fig. 1I and fig. S3E).

Fig. 1. Droplet-like, rounded iron-sulfide grains embedded within Chang’e-5 glass. (A to F) Scanning electron microscope (SEM) images of iron-sulfide grains embed-
ded within Chang’e-5 glass containing different amounts of Ti, showing a unique dented microstructural feature on the glass surface. (G to I) Quantitative energy-
dispersive x-ray (EDX) element maps of hemispherical iron-sulfide grains. The iron-sulfide grains in (G) to (I) corresponding to those embedded within high-, medium-, and 
low-Ti glasses in (D) to (F), respectively. The yellow dashed regions in (D) to (F) are the areas selected for focused ion beam cross-section preparation.
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On this basis, we carried out a series of microanalytical work as a 
statistical result of such magnetite-bearing sulfide grain in the 
Chang’e 5 lunar soil. We found seven droplet-like iron-sulfide grains 
with magnetite on the surface of about 200 glassy grains, and the 
formation of magnetite conforms to the rule we emphasized above 
in relation to the content of ilmenite or Ti-rich glass (Figs. 1 and 3 
and fig. S4).

DISCUSSION
The impact origin on the lunar surface
The distribution and formation mechanism of magnetite in lunar 
regolith remain unclear (1, 12, 27, 28). Our discovery of abundant 
magnetite particles in droplet-like iron-sulfide grains embedded 
within high-Ti glass from Chang’e-5 samples suggests a potential 
prevalence of impact-induced magnetite in high-Ti regions on the 
Moon (Figs. 1 and 3). Although similar magnetite forms have re-
cently been reported from Chang’e-5 isolated iron-sulfide grains, 
the absence of surrounding material precluded an accurate assess-
ment of the conditions required for magnetite formation on the lu-
nar surface (17).

Here, TEM observations have shown that the studied iron-
sulfide grains contain coprecipitated pure metallic iron and magne-
tite particles, which are in close spatial contact. Such microscopic 
characteristics of iron-sulfide grains embedded within ilmenite-
bearing glass are similar to observations reported in Guo et  al. 
(17). Therefore, we invoke the same eutectic reaction mechanism 

(4FeO = Fe3O4 + Fe) to explain the formation of magnetite and me-
tallic iron particles inside the iron-sulfide grains embedded within 
Chang’e-5 glass. In addition, previous studies have shown that mag-
netite can cocrystallize from FeO via a eutectoid reaction (8, 17, 
29, 30).

The magnetite-bearing iron-sulfide grains were embedded on 
the surface of impact glass, the radial fracture structure of ilmenite 
grain, and the boundaries between the iron-sulfide grains and 
glass substrate coincided perfectly without gap, suggesting that the 
impact process is the main origin of the formation of such mor-
phologic features (Fig. 1, E and F). Therefore, we propose a spe-
cific impact origin for magnetite formation on the lunar surface 
based on the surrounding chemical environment. The droplet-like, 
rounded iron-sulfide grains are the reservoirs of submicroscopic 
magnetite; the potential prevalence of such rounded/dented iron-
sulfide microstructure with sharp boundaries on the surface of 
Chang’e-5 glass is attributed to late cooling shrinkage caused by 
impact events (Fig. 1, A to F, and fig. S1) (19, 21, 24). A prerequi-
site for the production of magnetite inside iron-sulfide droplets is 
the addition of an oxygen component. Different from the forma-
tion of magnetite in iron-sulfides resulting from the addition of 
dissolved oxygen in large impact gas columns, as suggested by Guo 
et  al. (17), the occurrence of magnetite in the present study is 
closely associated with the presence of ilmenite; this implies that 
the ilmenite component in the glass melts may provide the neces-
sary “oxygen source” for the formation of magnetite inside the 
Chang’e-5 iron-sulfide grains embedded within glass. The fracture 

Fig. 2. Internal microstructure of iron-sulfide grains. (A) Transmission electron microscope (TEM) bright-field image of an iron-sulfide grain embedded within high-Ti 
glass, corresponding to the white dashed region in Fig. 1G. (B) Aberration-corrected scanning TEM image of magnetite within the same iron-sulfide grain. The fast Fourier 
transform pattern of the high-resolution TEM image of magnetite is shown in the insert to the bottom right of the figure. (C) High-resolution TEM image of submicrosco-
pic pure metallic iron and magnetite particles embedded within a matrix consisting of troilite and pyrrhotite. The aberration-corrected scanning TEM image of the pure 
metallic iron (α-Fe) particle is shown in the insert to the bottom right of the figure. (D to F) Quantitative EDX element maps of Fe, S, and O, corresponding to the image in 
part (A). (G) Quantitative TEM–EDX line-profiles obtained from the position indicated by the dotted arrow in (A). (H and I) Fe L2,3 electron energy-loss spectra from a mag-
netite particle (Fe3O4). The measurement point is indicated by the purple cross in (A). A double arctan function was used as a background function to normalize the 
spectra, and the quantitative results show an approximate Fe3+ to ∑Fe ratio of 2:3 in the magnetite particle.

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 06, 2025



Cao et al., Sci. Adv. 10, eadn2301 (2024)     20 September 2024

S c i e n c e  A d v a n c e s  |  R e s e arc   h  A r t i c l e

4 of 6

and partial melting of the ilmenite grain in the high-Ti glass, and 
the formation of ilmenite clusters in the medium-Ti glass, suggest 
that ilmenite melting (~1670°C) occurred and was involved in the 
reaction during these impact events (Fig. 1, G and H, and fig. S3, 
A and D). In addition, the formation of magnetite by high-
temperature chemical reactions between oxides (e.g., chromite) 
and sulfides has also been proved in shock-induced melt veins of 
meteorites (15, 31). Fundamentally, ilmenite is an oxide mineral 
as chromite. Considering that the oxygen atoms in silicates are 
bounded by silicon-oxygen tetrahedra, whereas O in ilmenite or 
chromite is bonded to the metal element mainly in ionic bonds, so 
that the binding energy of oxygen in silicates is much stronger 
than the bonding energy in oxides. Therefore, it is highly likely 
that ilmenite released some of its oxygen into the interior of the 
sulfide under high-temperature, high-pressure melting conditions 
induced by the impact on the lunar surface. During the subse-
quent annealing process, a eutectoid reaction occurs within the 
interior of O-bearing iron sulfide grains at a temperature below 
600°C to form a mineral assemblage with α-Fe, magnetite, and 
iron-sulfide phases. Numerous metallic iron particles accompa-
nied by abundant pores were observed on the surface of the stud-
ied iron-sulfide grains, which are inferred to be the products of 
later thermal events.

In summary, we found more magnetite-rich iron-sulfide grains 
to enrich the reliability of our study, and we believe that the impact 
events between iron-sulfide droplets and ilmenite-bearing glass 
melts are the key condition for the formation of submicroscopic 
magnetite on the lunar surface. In the studies on the surface mor-
phology of the various Apollo lunar soil samples, including sam-
pling regions of the mare and highland, the sulfide-droplet-on-glass 
assemblages of similar composition and structure were also found 
on the surface of glass bead, agglutinate, and breccia. “Hemispheri-
cal mound” was used to describe these sulfides with a unique micro-
structure, and the formation of them was closely related to impact 
events (19–24, 32–38).

The magnetite-rich iron-sulfide grains embedded within high-Ti 
glasses we found above are just the tip of the iceberg in lunar soil, 
but this is a positive signal that more magnetite will be found in lu-
nar soil samples with higher glass and TiO2 content. On the basis of 
the observed high content of magnetite in high-Ti glass, Ti-rich re-
gions on the Moon may have generally experienced the formation of 
submicroscopic magnetite under continuous impact modification 
(Figs. 1, G and H, and 3, A to D). The results of Mössbauer spectros-
copy, magnetic separation, and ESR studies during the Apollo era 
suggest that submicroscopic magnetite particles may be ubiquitous 
in fine lunar soils, and there is a positive correlation between the 

Fig. 3. More examples of hemispherical magnetite-rich iron-sulfide grains embedded within impact glasses. (A) Quantitative EDX element maps of hemispherical 
magnetite-rich iron-sulfide grain. The left side of iron-sulfide grain is in close contact with ilmenite, and there are traces of localized melting and cluster growth at the edge 
of ilmenite. (B) Local quantitative EDX element maps of iron-sulfide grain in (A). (C) The EDX element maps of Fe, S, and O in iron-sulfide grain. (D) Local quantitative EDX 
element maps of iron-sulfide grain, corresponding to the white dashed region in (C). (E to H) High-resolution TEM image of the magnetite particles. The fast Fourier trans-
form pattern is shown in the insert to the corner of the figure. (I to L) Quantitative TEM–EDX line-profiles obtained from the position indicated by the dotted arrow inside 
the region in (B) and (D).
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width of ESR “characteristic” resonance lines (i.e., magnetite con-
tent) and the TiO2 content of Apollo lunar soils (1, 6, 10). In addi-
tion, Apollo samples with high Ti content were shown to have a high 
content of metallic iron or magnetite-like phases, further suggesting 
a correlation between Ti content and magnetite abundance on the 
lunar surface (1, 5, 7, 10). Therefore, it is highly likely that magnetite 
is prevalent in Ti-rich regions on the Moon, and the magnetite pro-
duced within iron-sulfide grains in ilmenite-bearing glass is likely to 
represent in situ mineralogical evidence of the magnetite-like phase 
detected by Mössbauer spectroscopy and ESR in the Apollo era.

The constraints of the impact conditions
The analyses of this unique surface feature in the Apollo samples 
gave the view that the host surface of glass remains molten or unso-
lidified liquid phase while capturing the sulfides droplet during the 
impact event. The microstratigraphy of the sulfides indicates a his-
tory of melting, then capture and accumulation of particles (20, 21). 
The surface morphological observation of magnetite-rich iron-
sulfide grains embedded in the impact glass in Chang’e-5 lunar soil 
shows that the studied iron-sulfide impactor and silicate glass target 
record no evidence of mechanical fracture or splash of ejecta, and 
the iron-sulfide impactor is well-preserved with sharp boundaries. 
All these features indicate that the iron sulfide and silicate glass are 
not fully solidified at the time of the impact event. The hemispheri-
cal iron-sulfide grain with magnetite we studied is a unique category 
of those sulfide mounds described in Apollo lunar samples. There-
fore, the same mechanism of the droplet-on-droplet impact model 
can be used to understand and constraint the impact scale that 
drives the formation of magnetite.

To constraint the temperature and pressure conditions of the 
impact event during the capture of iron-sulfide droplets, we as-
sume that the liquid-phase temperature of Chang’e-5 silicate glass 
(~1150°C) is the initial target temperature, and the melting point 
of ilmenite (~1670°C) is the highest postshock temperature. The 
functional relationship between postshock temperature and shock 
pressure for minerals shocked at room temperature shows that a 
temperature increase of about 520°C corresponds to an impact pres-
sure of approximately 42 GPa (fig. S5A) (39–41). According to the 
Hugoniot equations, a particle velocity of approximately 1.65 km/s 
was calculated to achieve an ideal pressure of 42 GPa (fig. S5B) (40, 
42, 43). Such a low velocity falls within the range of secondary 
impact velocities on the lunar surface, which likely result from the 
mutual collision of ejecta material arising from large impact events 
(18). After the contact and compression stage of shocking, the peak 
pressure dissipates rapidly and is released to ~2 to 5 GPa inside il-
menite and disappears in the melt. Therefore, the high-pressure en-
vironment promotes the dissolution of FeO as an oxygen source in 
iron-sulfide droplets, forming magnetite via a eutectoid reaction.

Previous studies have confirmed that the magnetic anomaly dis-
tribution in the lunar crust may be related to ejecta of large impacts; 
the potentially ubiquitous production of ferromagnetic minerals re-
ported in this study provides further support for an impact-induced 
mechanism for lunar surface magnetic anomalies (17, 44). The sul-
fides in the liquid outer core and ilmenite carried by the early lunar 
mantle overturning events came into contact with each other in the 
high-pressure environment (~4.75 GPa) of the lunar core-mantle 
boundary may have resulted in the presence of dissolved oxygen 
in the sulfide and the formation of magnetite in the deep Moon 
(45–50).

MATERIALS AND METHODS
This study used the Chang’e-5 lunar soil samples CE5C0200, 
CE5Z1002YJ, CE5Z0806YJ, CE5Z0403YJFM002H, and CE5Z0204YJ.  
Each lunar soil sample was affixed to conductive carbon adhesive 
tape under an optical microscope and observed under an SEM.

A large number of iron-sulfide grains were observed in lunar 
fine-grained material using back-scattered electron imaging, and 
the composition and morphology of these grains were preliminarily 
determined using EDX analysis within a field-emission SEM (FEI 
Scios) at the Institute of Geochemistry, Chinese Academy of Sci-
ences (CAS), Guiyang. Nanophases within the samples were charac-
terized using field-emission scanning TEM (FEI Talos F200X) at the 
Suzhou Institute of Nano-tech and Nano-bionics, CAS. Accurate 
quantification of compositional data was performed using an inter-
active TEM-EDX method. Nanoscale crystal structures were an-
alyzed and identified using high-resolution TEM images and 
selected-area electron diffraction patterns.

To measure the oxidation state of Fe in nanocrystals within 
iron-sulfide grains, EELS spectra were acquired using a Hitachi 
HF5000 aberration-corrected scanning TEM (Hitachi) equipped 
with a Gatan GIF Quantum ER System Model 965 parallel EELS 
spectrometer at the Shanghai Institute of Ceramics, CAS. The EELS 
spectra were collected in DualEELS mode with a probe current 
of 100 pA. Quantitative analysis of Fe3+/∑Fe within Fe-oxide par-
ticles was performed via systematic empirical fitting of the integral 
part of the Gaussian curve through the method of the modified in-
tegral intensity ratio of the Fe L2,3 “white line.” We used the position 
of the white line (sharp maxima) of the Fe0 of the metallic iron and 
Fe2+ of ilmenite in the samples (708.2 eV) as an internal calibration 
of the samples. The L3 and L2 edges of both Fe2+ and Fe3+ showed 
substantial splitting, with the maximum distance (spin-orbit split-
ting) of the white line being 12.8 ± 0.1 eV and 13.2 ± 0.1 eV, respec-
tively (25, 51). In general, Fe2+ and Fe3+ L3 are separated by 
approximately 1.5 eV at the beginning of the white line (52), which 
is calibrated to be 709.7 eV for ferric Fe L3 of these particles.

Detailed information regarding the magnetite chemical compo-
sition quantitation and impact history inversion is given in the 
Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S6
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