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Magnetic signatures and origins of
ferromagnetic minerals in Chang’e-6 lunar
farside soils

Jinhua Li 1,2 , Lin Xing1,2, ZhengGong 3, Jiawei Liu2,4, Yan Liu1,2,WeiweiWu1,2,
Kelei Zhu1,2, Yuqin Wang1,2, Xu Tang 1,2, Lixin Gu 1,2, Yi Chen 2,5, Qiuli Li 2,5,
Zhaoyang Cao1,2, Shuangchi Liu2,5, Shuhui Cai 2,5 & Yongxin Pan 2,4

Ferromagnetic minerals in lunar materials record key information regarding
the Moon’s ancient dynamo, impact events, and space weathering. However,
interpreting the magnetic signals is complicated by their diverse origins and
properties. Here, we present comprehensive magnetic and mineralogical
results of farside lunar soils returned by Chang’e-6 mission from the South
Pole-Aitken Basin. Compared to nearside samples, these soils exhibit higher
magnetic susceptibility and saturation magnetization, and the highest satura-
tion remanence, despite weak local crustal magnetic anomalies. Advanced
electron microscopy reveals two primary mineralogical populations: nickel-
poor iron particles with euhedral shapes in basalt clasts (magmatic origin) and
nickel-rich metallic iron and Fe-Ni alloys in breccias, agglutinates, and glassy
materials (impact origin). These findings offer insights into the formation of
magnetic minerals on the lunar farside, thereby enhancing our understanding
of lunar dynamo evolution and crustal magnetic anomalies.

Understanding the magnetism of lunar materials is fundamental to
deciphering the Moon’s geological history, as ferromagnetic
minerals in lunar materials preserve valuable information regard-
ing the evolution of the Moon’s ancient internal dynamo and sur-
face processes, such as meteorite impacts and space weathering1–4.
Studies using lunar samples and orbital magnetic field measure-
ments show that the Moon retains a present-day remanent crustal
magnetization, indicative of an ancient lunar dynamo5. However,
due to the limited availability of samples and geophysical data, the
temporal evolution and sustaining mechanism of the lunar
dynamo, as well as the origins of crustal magnetic anomalies,
remain uncertain3,6–10.

The lunar surface environment is characterized by its airless,
anhydrous, and strongly reducing conditions11,12. Therefore, unlike

the magnetic oxides and sulfides that are commonly in terrestrial
environments, the primary carriers of magnetic remanence are
metallic iron and Fe-Ni alloys, including kamacite (α-Fe1-χNiχ with
χ ≤0.05), taenite (α2-Fe1-χNiχ with ~0.05 ≤ χ ≤0.25), and iron phos-
phide schreibersite ([Fe1-χNiχ]3P with χ ~ 0.1)1,13,14. These minerals
originate from both endogenous magmatic processes and exogen-
ous meteoritic inputs, exhibiting considerable variations in grain
size, morphology, nickel content, crystallographic structure, and
internal stress state5,13,15–17. This variability fundamentally influences
magnetic remanence acquisition and stability mechanisms and their
stabilities, yet atomic-scale characterization remains limited. Pro-
posed sources for remanence acquisition include dynamo-driven
magnetic fields3,6,7,18, transient impact-generated fields9,19,20, and
plasma-induced field amplification21,22.
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South Pole-Aitken (SPA) Basin ( ~ 4.25 Ga), the Moon’s largest and
deepest impact structure23–27, displays pronounced crustal magnetic
anomalies along its northern rim but relatively weak crustal magneti-
zation in the central region28,29 (Fig. 1b). Numerical modeling indicates
that CE6 samples originate from areas affected by impactmelts during
Apollo ( ~ 4.14–3.91 Ga) and SPA Basin formation events26,30, combined
with lithic fragments of diverse ejecta26,31–33. Recent Pb-Pb dating
identified two basaltic volcanism episodes ( ~ 4.2 Ga and ~2.8 Ga)34,35.
Non-heating paleomagnetic analyses based on ARM (anhysteretic
remanent magnetization) and IRM (isothermal remanent magnetiza-
tion) suggest relatively strong field intensities (5–21 µT) during the
second volcanic phase7, although the accurate paleointensities have
yet to be confirmed by thermal studies, such as Thellier-series
experiments.

In this study, we present comprehensive magnetic and atomic-
scale mineralogical analyses of lunar soils returned by the Chang’e-6
(CE6) mission from the SPA Basin, near the southern rim of the Apollo
crater31,32 (Fig. 1a, Supplementary Fig. 1). We provide comprehensive
magnetic-mineralogical characterization of lunar farside soils, offering
insights into lunar dynamo evolution, mechanisms underlying crustal
magnetization, and the role of impact processes in generating

magnetic anomalies. This study contributes to the understanding of
the Moon’s complex geological history and future lunar explorations.

Results
Bulk magnetic properties of CE6 soils
Bulk magnetic properties of the CE6 soil sample (CE6_S1, ~149.8mg)
measured at room conditions are summarized in Supplementary
Data 1. The hysteresis loop displays a slightly wasp-waisted shape
(Fig. 1c), with coercivity (Bc) of 3.88mT and remanence coercivity (Bcr)
of 33.77 mT, indicating a mixture of low-coercivity magnetic compo-
nents of varying grain sizes or compositions, or both36. Frequency-
dependent susceptibility (χfd%) is ~8.8%, suggesting the presence of
abundant ultrafine superparamagnetic (SP) grains37. A first-order
reversal curves (FORC) diagram exhibits a “butterfly-like” pattern
with a narrow, high-coercivity tail ( ~ 60–100mT) (Fig. 1d), indicative of
single-vortex (SV) and minor single-domain (SD) grains as principal
carriers of magnetic remanence38.

Unmixing of IRM curves reveals three coercivity components
(Fig. 1e): a low-coercivity component (B1/2 = 4.0 mT, ~10.4% IRM), mid-
coercivity component (B1/2 = 19.1 mT, ~42.3% IRM), and high-coercivity
component (B1/2 = 93.3 mT, ~47.3% IRM). Compared to the soils
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Fig. 1 | Magnetic properties of the CE6 lunar soils. a Topographic map showing
theCE6 landing sitewithin the South Pole-Aitken (SPA) Basin.White ellipses (partial
view) oriented north-south indicate best-fit inner and outer structural rims of the
SPABasin (modified from ref. 23).bMap illustrating the lunar crustalmagneticfield
strengths projected on the lunar surface near the CE6 landing region (data from
ref. 29). c–e Representative magnetic measurements of CE6 soils: (c) magnetic
hysteresis loop (black), and corresponding isothermal remanence magnetization
(IRM, red) acquisition and direct current demagnetization (blue) curves; (d) first-

order reversal curves (FORC) diagram illustrating magnetic domain states and
interactions; and (e) decomposition of IRM acquisition curve revealing three
coercivity components. f, g Scatter plots comparing low-frequency magnetic sus-
ceptibility (χlf) versus saturation remanence (Mrs) (f, data from ref. 13), and Mrs

versus saturation magnetization (Ms) (g, data from ref. 33), placing CE6 soils in
context with nearside lunar soils from Apollo, Luna, and Chang’e-5 missions. h Plot
of the Fe0/FeO versus Is/FeO (ferromagnetic resonance intensity normalized by
total iron content, data from ref. 33), showing the high maturity level of CE6 soils.
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returned by Apollo, Luna, and Chang’e-5 (CE5) missions (Supplemen-
tary Data 2), the CE6_S1 sample exhibits notably higher low-frequency
magnetic susceptibility (χlf), saturation magnetization (Ms), and the
highest saturation remanence (Mrs = 0.15 Am3/kg) (Fig. 1f, g). These
results are consistent with the high abundance of ferromagnetic
minerals within the CE6 soils, capable of carrying strong magnetic
remanence.

Furthermore, CE6 soils exhibit significantly higher Mrs and Ms

values relative to lunar basaltic rocks (Supplementary Fig. 2). Using the
empirical linear relationship between Fe /FeO and Is/FeO39, we esti-
matemetallic iron content in CE6_S1 at ~0.75%, corresponding to an Is/
FeO ratio of 56.5 (Fig. 1h). These values are comparable to the typical
values of mature lunar soils33,40, pointing toward extensive space
weathering at the landing site.

Ferromagnetic minerals in CE6 soils
Three-dimensional X-ray microscopy (3D-XRM) shows CE6 soils com-
posed of diverse basalt, breccia, agglutinate, and glass clasts

(Supplementary Fig. 3, Supplementary Movie 1), consistent with pre-
vious scanning electron microscopy (SEM) observations32. SEM ima-
ging combined with backscattered electron (BSE) and energy
dispersive X-ray spectroscopy (EDXS) mapping indicates rare,
submicron-sized iron particles sparsely distributed in basalt clasts,
frequently associated with troilite (Fig. 2a, and Supplementary
Figs. 4–5).

In contrast, agglutinates, glasses, and glassy agglutinates host
abundant metallic iron particles predominantly nanometer to sub-
micron in size (Fig. 2b–e, and Supplementary Fig. 6). Iron particles in
glassy materials commonly show spherical shapes, whereas those in
basaltic impact melts and non-glassy agglutinates are generally euhe-
dral or irregular (Fig. 2b–d). Additionally, micron-sized troilite spheres
containing densemetallic iron aggregations are occasionally observed
in glassy agglutinates (Fig. 2e). Iron-richmetallic particles and veins are
also sporadically present in agglutinates and breccia (Fig. 2f–i).

EDXS analyses reveal nickel-poor metallic iron particles within
basaltic materials (Fig. 2j, and Supplementary Figs. 5–7), indicating a

Fig. 2 | BSE-SEM characterization of ferromagnetic minerals in CE6 soils. a-d
Representative backscattered electron scanning electron microscopy (BSE-SEM)
images of ferromagnetic minerals in basaltic clast (a); basaltic impact melt (b);
agglutinate (c); and glassy agglutinate (d). Insets show magnified details from
regions indicated by the dashed yellow boxes. e Glassy agglutinate with abundant
spherical and irregular metallic iron (Ir) grains associated with troilite (Tro). f, g
Micron-sized metallic iron particles (f) and Fe-Ni alloy (kamacite, Kam) crystals
(g)within agglutinates.hTroilite veins associatedwith taenite (Tae) assemblages in
an agglutinate particle. i Enlarged detail of panel h showing troilite-taenite

intergrowth. j SEM-based energy dispersive X-ray spectroscopy (SEM-EDXS) spec-
tra from regions (dashed red circles in panels a-g and i) confirming compositions of
metallic iron or Fe-Ni alloys. k Grain-size distribution of metallic iron particles in
CE6 soils, indicating their potential superparamagnetic (SP), single-domain (SD),
single-vortex (SV), or multidomain (MD) behaviors (boundaries adapted from
ref. 41). Basaltic materials contain rare, nickel-poor iron grains, whereas aggluti-
nates and glassy materials have abundant iron particles with elevated, variable
nickel contents. Additional high-resolution SEM images and SEM-EDXS composi-
tional maps are provided in supplementary Figs. 4–13.
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magmatic origin. Conversely, iron particles in agglutinates and glasses
exhibit variable nickel contents, generally below 5% Ni/(Fe+Ni) (Sup-
plementary Figs. 8–9). Occasionally, larger metallic grains identified
include pure metallic iron (Supplementary Fig. 10) or Fe-Ni alloy
kamacite (Ni ~5–10%, Supplementary Figs. 11–12). Fe-rich veins
observed in breccias predominantly consist of troilite or mixtures of
troilite and Ni-rich taenite, exhibiting Ni/(Fe+Ni) ratios over 20%
(Supplementary Fig. 13).

Given their abundant occurrences and nano- to submicron- sizes
(Fig. 2k), the metallic iron grains likely show diverse magnetic beha-
viors, including SP, SD, SV, and possibly multidomain (MD) states41.

Ultrastructural and mineralogical characterization of ferro-
magnetic minerals in CE6 soils
The heterogeneous distribution of ferromagnetic minerals in basaltic
and non-basaltic components of CE6 soils suggests distinct formation
pathways. To better constrain these processes, representative sam-
ples, including basalt (FIB_1), basaltic impact melt (FIB_2), glassy
agglutinate (FIB_3), kamacitemicrocrystal (FIB_4), and a troilite-taenite
vein (FIB_5), were investigated at atomic scales using transmission
electronmicroscopy (TEM) on ultrathin sections prepared via focused
ion beam (FIB) milling (Supplementary Fig. 14).

TEM analyses revealed clear morphological and compositional
differences among the ferromagnetic particles. Iron grains within
basaltic materials predominantly exhibit euhedral shapes and were
consistently nickel-poor (Supplementary Figs. 15, 16), suggesting
endogenous crystallization processes, likely associated with fractional
crystallization within lunar basaltic lava flows or the lunar magma
ocean15,42.

In contrast, iron particles within glassy agglutinates are pre-
dominantly spherical or ellipsoidal, with significant nickel enrichment
and notable compositional variability among individual particles, and
even within single grains (Supplementary Fig. 17). The prevalence of
these nickel-rich Fe-Ni alloys and their spherical morphology indicates
substantial exogenous contributions, likely originating from iron-rich
or chondriticmeteorite influx26,32,43. Repeated impact events facilitated
the rapid cooling of impact-generated melts, forming abundant
spherical iron particles at nano- to micron-scales14,44,45. Diffusion of
meteoritic nickel into pre-existing metallic iron during these repeated
impact events can explain the observed compositional diversity of Fe-
Ni alloys in non-basaltic materials46.

Additionally, TEM analyses revealed the unexpected occur-
rence of detectable phosphate within the kamacite microcrystals
(Supplementary Fig. 18a–d), unveiling previously unrecognized
compositional complexities in lunar metallic minerals. Notably,
numerous metallic Fe and Fe-Ni alloy particles exhibit close spa-
tial relationships with troilite (Supplementary Figs. 18–21). In
particular, pentlandite intergrowths bridging troilite and taenite
phases were clearly identified (Fig. 3, and Supplementary Figs 19,
20), supporting an exsolution origin for certain Fe-Ni alloy par-
ticles from sulfide precursors.

High-resolution TEM and selected-area diffraction pattern (SAED)
further confirms that the metallic iron particles possess kamacite-type
(α-Fe) structures characterized by a body-centered cubic (BCC) lattice
(Supplementary Figs. 15, 16, 18). These ultrastructural observations
provide critical insights into the complex and diverse formation
pathways of ferromagnetic minerals at the CE6 landing site.

Discussion
The SPA soils represent a complex, time-integrated assemblage that
preserves a unique record of lunar surface and subsurface processes
over more than four billion years27,32,47,48. These soils encapsulate: (i)
the basin’s formation through a massive impact event at ~4.25 Ga,
followed by sustained bombardments during the Late Heavy Bom-
bardment period ( ~ 4.2–3.9 Ga); (ii) episodes of farside mare

volcanism between ~4.2 and 2.8 Ga, driven by mantle-derived mag-
matism through the regions anomalously thin crust; (iii) ~3.9 billion
years of continuous micrometeoroid bombardment and solar wind
irradiation, resulting in progressive space weathering of soil particles;
and (iv) late state regolith reworking and cryogenic modification
within the last 1 billion years, primarily due to small-scale impacts and
polar thermal cycling.

Our detailed microscopic analyses reveal a heterogeneous dis-
tribution and diverse formation pathways of ferromagnetic minerals
within the CE6 soils, closely related to the complex geological context
and history of the SPA Basin. First, the rare, euhedral-to-irregular,
nickel-poor metallic iron grains found in basaltic materials likely
crystallized endogenously, either through fractional crystallization of
lunar magma or surface cooling of basaltic lava flows. These particles
probably formed via exsolution from iron-bearing silicates (e.g., pyr-
oxene, olivine) or sulfide minerals such as troilite42,46. Second, some
iron particles and Fe-Ni alloys in breccias and basaltic impact melts
could have been transported from distant volcanic sources, followed
by recrystallization induced by subsequent impacts32,49,50. Third, sig-
nificant exogenic contributions, reflected by nickel-rich metallic iron
and Fe-Ni alloy particles abundant in agglutinates and glassymaterials,
suggest meteoritic influx, likely involving chondritic or iron-rich
meteorites26,32,43. Fourth, repeated impacts at the SPA Basin pro-
moted rapid cooling of melt droplets, forming abundant nano- to
micron-scale spherical metallic iron grains enriched in nickel from
meteoritic sources14,27,44,46. Moreover, additional lunar surface pro-
cesses lead to additional complexities in the ferromagneticmineralogy
of the CE6 soils. For instance, solar wind irradiation produces nano-
phase iron embedded within lunar soil grain rims51–53. Similarly, impact
events and galactic cosmic irradiation (GCR) can vaporize surface
materials and subsequently deposit metallic iron or Fe-Ni alloy onto
existing regolith grains45,54.

Both our bulk magnetic measurements and microscopic obser-
vations reveal diverse grain-size distributions and magnetic domain
states of these metallic Fe particles within CE6 soils. SP grains are
indicated by significant frequency-dependent susceptibility, while SD
and SV populations are suggested by the FORC diagrams. Larger
grains, consistent with MD behavior, are evident microscopically
(Fig. 2k). This diversity allows the lunar soils to record multiple forms
of remanent magnetizations (Fig. 4). Primary basaltic clasts acquire
thermoremanent magnetization (TRM) as they cool through their
unblocking temperatures. Space-weathered grains record chemical
remanent magnetization (CRM), while hypervelocity impacts impart
shock remanent magnetization (SRM). During settling through the
exosphere, random reorientation of individual TRMs yields a net
depositional-style remanentmagnetization (DRM), despite theMoon’s
anhydrous environment. Finally, prolonged exposure to weak lunar
ambient fields can impart viscous remanent magnetization (VRM), as
low-coercivity grains gradually acquire small, time-dependent
moments that may partially overprint older signals.

The long-term stability of remanent magnetization depends on
the magnetic carriers’ intrinsic properties, the strength and geometry
of the ambient field at acquisition, and any subsequent alteration or
shockoverprinting. Compared tomagnetite, SD to SVmetallic iron and
Fe-Ni alloys (including kamacite and Ni-rich Fe phases) benefit from
much higher Curie temperatures55,56, enhancing their thermal
unblocking thresholds. However, relative to SD-SV magnetite, their
higher saturation magnetization and lower intrinsic coercivities16,55,57,
render them more susceptible to shock-induced domain wall pinning
and to surface defects generated by space weathering. Although some
Fe-Ni grains may acquire thermochemical remanent magnetization
(TCRM) during post-formation crystal growth5, recent micromagnetic
models and laboratory experiments show thatnanometer-scale taenite
can retain stable primary magnetization over geological timescales,
thanks to coercivities approaching ~250 mT58,59.
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The complex assemblage of ferromagnetic minerals and their
distinct magnetization acquisition mechanisms place important con-
straints on lunar magnetic field evolution, crustal magnetic anomalies,
and space weathering processes. For instance, although CE6 soils
exhibit remarkably high remanence-carrying capacity (high Mrs

values), the landing region shows relatively weak crustal magnetic
anomalies (Fig. 1). This paradox likely results from repeated thermal
demagnetization associated with impacts occurring after the lunar
dynamo significantly weakened or ceased. Conversely, the pro-
nounced crustal magnetic anomaly in the northwestern margin of the
SPA Basin likely results from accumulated ejecta composed of

meteoritic and impact-generated metallic iron, consistent with prior
modeling results28. Basedon themodeling of ref. 28,materialswith low
thermal susceptibility must form much thicker layers than those with
high susceptibility to reproduce the SPA magnetic anomaly. Exogen-
ous components, such as meteoritic and impact-generated metallic
iron are characterized by high thermal susceptibility, and thus are the
most efficient contributors to the SPA signal. Although our Mrs mea-
surement represents a bulk soil property, it is the highest reported
among returned lunar samples, implying a disproportionately large
abundance of metallic Fe and Fe–Ni alloys in the Chang’e-6 soils, as
confirmed by electron microscopic analyses. This enrichment of

Fig. 3 | TEMcharacterizationof ferromagneticminerals in a troilite-taenitevein
(sample FIB_5). a High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image illustrating morphological and size variations
among troilite (Tro), pentlandite (Pent), and taenite (Tae). b–d STEM-EDXS ele-
mentalmaps of Fe (Fe Kα, b), Ni (Ni Kα, c), and S (S Kα, d), revealing compositional
heterogeneity. e Magnified HAADF-STEM image (area marked in lower dashed
yellowbox in a) detailing troilite-pentlandite-taenite interfaces. fAtomic-resolution
HAADF-STEM image of troilite-pentlandite-taenite interfaces viewed along troilite
[�1100] and pentlandite [01�1] crystallographic axes. g Atomic-resolution HAADF-
STEM imageof taenite (area in e) viewed along [01�1]; inset shows the corresponding

fast Fourier transform (FFT) diffraction pattern and atomic structure model (iron
atoms not invisible along this orientation). hMagnifiedHAADF-STEM image (upper
dashed yellowbox in a) of troilite-metallic iron assemblage, adjacent to troilite with
pentlandite inclusions. i Atomic-resolution HAADF-STEM image of troilite-metallic
iron interface highlighted in (h). j Atomic-resolution HAADF-STEM image of
metallic iron in panel i. The inset (upper right) shows an FFT diffraction pattern,
with a superimposed theoretical atomic model confirming the α-iron (body-cen-
tered cubic, BCC) crystal structure. Additional TEM characterizations of other FIB
samples are provided in supplementary Figs. 15–18; detailed STEM-EDXS data in
supplementary Figs. 19–21.
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high–thermal-susceptibility phases substantially reduces the mini-
mum volume of material required to account for the SPA anomaly.

Numerous paleointensity studies conducted on whole-rock lunar
samples returned by Apollo and Chang’e missions, as well as lunar
meteorites, support the existence of an internally generated lunar
magnetic field active approximately between 4.2 and 1.5 Ga1,3,6–8,17,18,60.
In contrast, recent single-crystal paleointensity analyses of the Apollo
samples cast doubt on this long-lived lunar dynamo hypothesis9,10,61,
indicating that previously reported high paleointensity values might
reflect secondary magnetizations induced by shock or impact-related
processes9. Thesediscrepancies regarding the age of the lunardynamo
partly stem from methodological challenges. For example, Thellier-
type experiments, which rely on repeated and prolonged laboratory
heating, canmodify themicrostructure and composition of lunar Fe-Ni
alloys and metallic iron, thereby compromising the fidelity of the
recorded field62,63. To avoid heating artifacts, alternating-fieldmethods
(e.g., ARM, IRM) apply empirical calibration factors (f’, a) derived from
single-mineral standards to the heterogeneous mixture of ferromag-
netic phases in lunar soils64. This practice can introduce uncertainties
of a factor of ∼2–5 relative to true ancient field strengths5,65,66.

Addressing these limitations demands a systematic, high-
resolution characterization of magnetic carriers in the lunar materi-
als. Advanced analytical methods, including atomic-scale SEM and
TEM analyses, can differentiate magnetic mineral populations based
on their formation processes. Specifically, certain magnetic minerals,
such as euhedral, nickel-poor metallic iron grains in lunar basalts, may
reliably record primary lunar dynamo signals. Additionally, emerging
magnetic microscopy techniques promise to deliver paleointensity
determinations with unprecedented spatial resolution67. Targeted

investigations of impact-generated further enable the separation of
primary lunar dynamo signals from secondary shock-induced
remanences5,6,9,18,68. Ultimately, integrating these advanced analytical
methods with improved paleointensity protocols will be essential to
unravel the complex history of the Moon’s magnetic field and its
geophysical implications.

Methods
Sample preparation
The CE6 lunar samples analyzed in this study include two aliquots of
surface scooped soils (CE6C0200YJFM001 and CE6C0100YJFM002)
allocatedby theChinaNational SpaceAdministration. ~149.8mgof soil
was loaded into a non-magnetic gelatin capsule for bulk magnetic
analyses and non-destructive 3D XRM imaging. Individual basaltic and
breccia grains were manually selected under an optical microscope,
embedded in epoxy resin mounts, mechanically polished following
standard grinding procedures, and carbon-coated for electron
microscopy. All rock magnetic and microscopic experiments were
performed at the Palemagnetism and Geochronology Laboratory
(PGL) and ElectronMicroscopy Laboratory (EML), Institute of Geology
and Geophysics, Chinese Academy of Sciences, Beijing.

Rock magnetic measurements
Mass-specific magnetic susceptibility was measured at low frequency
(χlf = 967Hz) and high frequency (χhf = 15,616Hz) using an Agico
Multifunction Kappabridge susceptibility meter (model MFK2-FA),
with an applied field strength of 200A/m. To minimize measurement
uncertainty, each sample was measured five times, and the average
susceptibility values were used.

Fig. 4 | Schematic summary illustrating formation pathways of ferromagnetic
minerals in CE6 lunar soils and their corresponding remanent magnetization
acquisition mechanisms. Formation pathways include fractional crystallization
from lunar magma and cooling of basaltic lava flows; recrystallization via impact-
induced melting, delivery and deposition of exogenous meteoritic iron-rich
materials; formationof spherical nano- tomicron-scalemetallic iron grains through
impacts; and space-weathering processes such as solar wind irradiation and vapor
deposition. These diverse origins make ferromagnetic minerals exhibit distinct

physical, chemical, and magnetic properties, enabling the acquisition of various
remanent magnetization: thermal (TRM), chemical (CRM), shock (SRM), viscous
(VRM), and depositional (DRM). The coexistence of these magnetizations in lunar
materials provides essential constraints for interpreting lunar dynamo history,
crustal magnetic anomalies, and surface weathering evolution. The SPA crustal-
structure model is adopted from refs. 50,73., while our framework for space-
weatheringprocesses follows ref. 14. The topographicmapof themoon ismodified
from ref. 74. (NASA\SVS\Ernest T. Wright).
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Magnetic hysteresis loops, direct current (DC) demagnetiza-
tion curves, IRM, and FORCs were measured using a Princeton
MicroMag 3900 vibrating sample magnetometer (VSM;
sensitivity = 5.0 × 10⁻⁹ Am²). Hysteresis loops were acquired in
discrete sweeping mode with a maximum applied field of 1 T and
an increment of 5 mT. Hysteresis parameters (Ms, Mrs, and Bc)
were determined after high-field slope correction ( > 700 mT) to
remove diamagnetic and paramagnetic contributions. Bcr was
obtained by progressively demagnetizing a saturated IRM in a
reverse field down to −1 T. IRM acquisition curves were measured
using logarithmically spaced field steps (120 steps, 10 μT-1T) and
decomposed into cumulative log-Gaussian coercivity distribu-
tions following methods of refs. 69,70. FORC diagrams were
acquired at maximum applied fields of 1 T and 1.02 mT incre-
ments, and processed with FORCinel software (version 3.08) with
smoothing parameters Sc0 = 3, Sb0 = 4, and Sc1 = Sb1 = 7
(refs. 71,72).

3D XRM
Non-destructive three-dimensional imaging was performed using a
ZEISS Xradia 610 Versa 3D XRM. Initial scanning of the full gelatin
capsule containing the CE6 soils was conducted at a 4X objective lens
at 60 kV tube voltage and 6.5W power, achieving voxel resolution of
~1 μm. Imaging employed vertical stitching, capturing 3001 projec-
tions per tomography segment, each with a 3-second exposure.
Higher-resolution imaging targeted specific regions of interest (ROIs)
using a 20X objective lens at an 80 kV tube voltage and 10W power,
achieving voxel resolution of ~500nm. Each ROI scan consisted of
3001 projections with 8-second exposure per projection 3D recon-
structions and mineral segmentation were conducted using Object
Research Systems (ORS) Dragonfly Pro software (v. 2024.1).

SEM and FIB-SEM
SEM and FIB-SEM analyses were conducted using a Zeiss CrossBeam
550 equipped with a Gemini II SEM column, a Capela Ga-liquid metal
ion (Ga-LMIS) FIB column, and an Oxford Ultim Max EDXS detector.
Prior to SEM imaging, samples were coatedwith a ~ 10 nm carbon layer
to ensure conductivity; for FIB milling, target regions received an
additional ~100 nm tungsten cap to minimize ion-beam damage. BSE-
SEM images were acquired at accelerating voltages of 5–10 kV, while
EDXS elemental distribution mapping utilized voltages of 5–15 kV.
High-resolution BSE-SEM images (1 nm/pixel) were captured using
Atlas 5 (v5.3) to document metallic Fe and Fe–Ni alloy distributions
within agglutinates, glassy agglutinates, and volcanic glass matrices.
Ultrathin ( ~ 100 nm) sections for TEM analysis were prepared by FIB
milling at accelerating voltages of 3–15 kV and beam currents ranging
from 30nA (initial milling) to 100 pA (final polishing).

All datasets were processed in ORS Dragonfly Pro software (ver-
sion 2024.1). Strong compositional contrast enabled initial segmenta-
tion via manual grayscale-thresholding of BSE-SEM images.
Segmentation fidelity was verified visually and refined as needed.
Particle morphometrics (major/minor axis lengths) were extracted
using the “2D Aspect Ratio” module; coarse or irregular grains were
measured via operator-assisted protocols to ensure robust statistics.

TEM
Conventional TEM analyses were performed using a JEOL JEM-2100
TEM instrument equipped with a LaB6 electron gun, operating at
200 kV, and an Oxford X-Max EDXS detector. Atomic-scale high-reso-
lution imaging and chemical analyseswere conducted using a Thermo-
Scientific Spectra 300 aberration-correction (S)TEM system operating
at 300 kV. This instrument features a double-corrected mono-
chromated TEM, a high brightness Schottky field emission gun (X-FEG)
with a monochromator, a HAADF-STEM detector, and a Super-X EDXS

detector, enabling atomic-level structural and compositional
characterization.

Data availability
Source data are provided with this paper. All data generated in this
study are provided in the Supplementary Information/Data file and
deposited in the Figshare repository (https://doi.org/10.6084/m9.
figshare.29411408.v2).
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