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Abstract Lunar paleomagnetic studies have identified multidomain metallic Fe-Ni alloys as the dominant
magnetic contributors in mare basalts. Here, we explore the low-temperature magnetic behavior of standard
samples for a suite of opaque minerals that occur within mare basalts (single-domain and multidomain Fe,
wiistite, ulvospinel, iron chromite, ilmenite, and troilite). We compare the observed low-temperature behaviors
to those of several Apollo mare basalt samples (10003, 10044, 10020, 10069, 10071, 12009, 12022, 15597).
Notable magnetic transitions were detected at <30 K (ilmenite), 60—80 K (chromite, troilite), and 100-125 K
(ulvospinel, chromite). We also investigated the effects of low-temperature cycling on mare basalt remanence
and observed that only grains with coercivities <2040 mT were cleaned. This suggests a minimal impact of
diurnal temperature cycling at the lunar surface on the retrieved lunar paleointensity values. Using
comprehensive electron microscopy techniques, including scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), wavelength dispersive spectroscopy (WDS), x-ray diffraction, and transmission
electron microscopy (TEM), we further examined magnetic phases within four Apollo 11 mare basalt samples.
Our findings revealed the presence of Fe grains (one to 10 pm in diameter) associated with troilite contain sub-
grains ranging in size from tens to hundreds of nanometers in some samples. These grains, which fall within the
single-domain to multi-domain range as observed in their first-order reversal curves, might have the potential to
retain high coercivity components and thereby effectively record an ancient dynamo field.

Plain Language Summary Scientists have been interested in the origin of magnetism recorded in the
volcanic rocks brought back from the Moon during the Apollo and Chang'e missions. Originally, iron grains
were believed to be the primary carriers, but two questions remained. First, the iron grains observed may be too
large to effectively retain magnetic information. Second, previous studies investigating the low-temperature
magnetic behavior of lunar volcanic rocks suggested that the mineral magnetite might also be present; if true,
this would raise the possibility that rocks acquired magnetization during impact events long after their
formation. Here, we conducted detailed rock magnetic experiments and microscopy analyses to reexamine the
magnetic minerals in lunar volcanic rocks. Our results revealed two important findings: (a) We discovered very
small, <100 nm particles of iron that are well suited for recording magnetic signals. (b) Contrary to earlier
suggestions, we found no evidence of magnetite. Instead, the low-temperature behavior is explained by the
mineral ulvospinel. Additional low-temperature experiments revealed that temperature fluctuations at the lunar
surface due to day/night cycles are unlikely to significantly alter the magnetism recorded. Overall, these
findings suggest that Moon rocks contain minerals capable of preserving a stable record of the Moon's original
magnetic field.

1. Introduction

Lunar mare basalts are a primary target lithology for investigating the history of the ancient lunar dynamo (Cai
et al., 2024; Cournede et al., 2012; Jung et al., 2024; Shea et al., 2012; Suavet et al., 2013; Tarduno et al., 2021;
Tikoo et al., 2012, 2014; Zhou et al., 2024). These basalts formed in a reducing environment and thus contain
metallic Fe-Ni (or Fe-Ni—Co) alloys as primary magnetic remanence carriers (Tikoo & Evans, 2022; Weiss &
Tikoo, 2014; Wieczorek et al., 2023). Previous magnetic hysteresis measurements suggest that these Fe—Ni grains
fall within the multidomain (MD) grain size range (Cournede et al., 2012; Fuller, 1974; Strauss et al., 2021). In
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addition, electron microscopy studies often observe Fe—Ni grain sizes ranging in diameter from approximately 1
to 100 pm; this size range is consistent with expectations for MD iron (Muxworthy & Williams, 2015).

Despite their MD nature (unstable domain stability and typically having low coercivity (LC) components), some
samples exhibit stable high coercivity (HC) natural remanent magnetization (NRM) during alternating field (AF)
demagnetization, indicating grain populations with good magnetic recording properties also exist within some
mare basalts. Numerous studies interpret such samples to have captured records of a lunar dynamo during a high-
field epoch (HFE) during the period prior to 3.5 Ga (Cournede et al., 2012; Jung et al., 2024; Nichols et al., 2021;
Shea et al., 2012; Suavet et al., 2013). In contrast, samples formed after this HFE appear to have formed in weaker
(~5 pT) to null ambient magnetic fields (Cai et al., 2024; Strauss et al., 2021; Tikoo et al., 2014, 2017). We note
that some HFE-aged mare basalts do not appear to contain records of dynamo fields (Cottrell et al., 2024;
Cournede et al., 2012; Jung et al., 2024; Tarduno et al., 2021; Zhou et al., 2024). These seemingly contradictory
findings raise important questions about why some MD Fe—Ni alloy-bearing samples contain stable HC rema-
nence whereas others do not.

Although iron oxides are typically unexpected because of the Moon's restrictive redox conditions (Tikoo &
Evans, 2022; Wadhwa, 2008), Apollo-era studies have suggested their presence as potential magnetic carriers in
lunar materials (Forester et al., 1973; Jedwab et al., 1970; Runcorn et al., 1971). More recently, it has been
identified in Apollo 16 regolith breccias as micrometer-scale disseminated domains within troilite, implying that
variations in oxygen fugacity may occur (Joy et al., 2015). Nanometer-scale magnetite has also been observed in
lunar soils collected by the Chang'e-5 mission, coexisting with troilite and metallic Fe, suggesting a eutectoid
reaction under locally oxidizing conditions that likely resulted from impacts (Guo et al., 2022). More recently, a
significant number of submicron magnetite grains have been further observed in lunar impact glass, with
abundances positively correlated with the Ti0, content of the surrounding glass (Cao et al., 2024), and hematite
has also been proposed to exist at high latitudes (Li et al., 2020). These studies collectively indicate that iron
oxides cannot be entirely ruled out as magnetic carriers. Interestingly, an Apollo-era paleomagnetic study also
reported the potential identification of magnetite in mare basalts by observing a low-temperature (LT) magnetic
transition at approximately 120 K that was interpreted as the Verwey transition (Runcorn et al., 1971). However,
this finding was not widely pursued, as magnetite had not yet been identified by petrologists in mare basalt
(Fuller, 1974). It was also suggested that the observed LT magnetic behavior could be attributed to chromite
(Banerjee, 1972), which led to a lack of further search for iron oxides in lunar mare basalt over the last few
decades.

In this study, we conducted comprehensive rock magnetic experiments, including LT behavior analysis using the
Magnetic Properties Measurement System (MPMS) and first-order reversal curves (FORC) analysis, on selected
Apollo mare basalt samples (10003, 10044, 10020, 10069, 10071, 12009, 12022, 15597), as well as standard
minerals (single domain (SD) and MD Fe, wiistite, ulvospinel, iron chromite, ilmenite, and troilite). In addition to
exploring the low-temperature rock magnetic properties of mare basalts, we also investigated the effects of low-
temperature cycling on remanent magnetization and paleointensity values of mare basalts. Finally, we used a
range of electron microscopy techniques, including scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), wavelength dispersive spectroscopy (WDS), x-ray diffraction, and transmission electron
microscopy (TEM) to examine the morphologies and occurrences of Fe grains in our mare basalt samples.

2. Low-Temperature Magnetic Properties of Minerals in Lunar Rocks
2.1. Background

LT magnetic behaviors (<300 K) allow the identification of magnetic mineralogy in terrestrial and extraterrestrial
rocks, as several minerals exhibit clear magnetic transitions at these temperatures. Notable examples include the
Verwey transition of magnetite at 120 K (7'), the Morin transition of hematite at 262 K, and the Besnus transition
of pyrrhotite at 32 K (Besnus & Meyer, 1964; Fillion & Rochette, 1988; Morin, 1950; Nagata et al., 1964; Verwey
& Haayman, 1941). Given the reducing environment on the Moon, oxidized forms of iron (F e3+) are expected to
be absent, resulting in the LT magnetic signature being predominantly influenced by metallic Fe rather than iron
oxides (Haggerty, 1978; Tikoo & Evans, 2022). It may be possible to detect other opaques, such as ilmenite,
troilite, or spinel groups such as chromite and ulvospinel, due to the presence of known LT magnetic transitions in
these phases. Despite recent paleomagnetic and rock magnetic investigations on lunar mare basalts, detailed
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studies on their LT magnetic remain lacking, even though some early Apollo-era studies exploring LT behavior in
lunar materials (Nagata et al., 1970; Runcorn et al., 1971; Senftle et al., 1975). In this section, we describe the
opaque minerals identified in various lunar mare basalt samples and their magnetic behavior under LT conditions.
A brief overview of the interpretation of LT magnetic behavior is provided in Text S1; Table S1; Figure S1 of
Supporting Information S1.

2.1.1. Metallic Fe

In lunar mare basalts, the low oxygen partial pressure during the original crystallization of lunar magma leads to
the occurrence of native Fe in lunar rocks (Papike et al., 1991; Wieczorek et al., 2023). These metallic phases
typically manifest as body-centered cubic Fe-Ni alloys (or sometimes Fe-Ni—Co alloys), including kamacite
(o — Fej_Ni, for x < ~0.05) and martensite (a2 — Fe;_Ni, for ~0.05<x< ~0.25), with T ranging from
770°C for pure Fe to below 660°C as Ni content increases (Liu et al., 2019; Wei et al., 2014). The composition of
these metallic phases varies not only between samples but also within individual samples and across different
lunar sites (Figure S2 in Supporting Information S1). The early formed olivine crystals can enclose native Fe with
up to 30% Ni content, forming martensite (commonly observed in Apollo 12 and 15 basalts), while the Fe content
in later-crystallized portions of the rock can be nearly pure metallic Fe, forming kamacite (commonly observed in
Apollo 11 and 17 basalts) (Papike et al., 1991). These Fe—Ni grains are often associated with the troilite phase
(FeS) as part of a eutectic assemblage (Skinner, 1970) or with chromium-ulvospinel (Cr-rich spinel) or titanian-
chromite (Ti-rich chromite) (Cameron, 1970; Gibb et al., 1970). They can be found in various forms, including
interstitial grains, isolated within mesostasis glass, or as inclusions within silicates (Tikoo et al., 2014, 2017).
These Fe—Ni alloys are considered to be the primary magnetic carriers in lunar mare basalts, likely within the MD
regime (typically >1 pm in size) (Muxworthy & Williams, 2015).

2.1.2. Spinels

The spinel group is characterized by the general formula AB,X}, typically within a cubic crystal system. In this
structure, cations A and B occupy the octahedral and tetrahedral sites, respectively, while X represents anions,
usually oxygen. Magnetite (Fe;0,4 or Fe** [Fe“, Fe“] 0O,), a common magnetic carrier in terrestrial rocks,
exhibits an inverse spinel structure. In magnetite, A sites (F e3+) and B sites (F et F 62+) are occupied by iron ions
in different valences. Magnetite is notable for its T, around 120 K, where it transitions from a cubic inverse spinel
to a monoclinic structure (Verwey & Haayman, 1941; Walz, 2002). Recent studies have observed micrometer-
scale magnetite in lunar regolith breccia 60016 (Joy et al., 2015) and submicroscopic magnetite in Chang'e-5
lunar soils and metallic Fe (Cao et al., 2024; Guo et al., 2022), magnetite has not, to our knowledge, been
documented in lunar basalts.

However, other varieties of spinels are prevalent in mare basalts, making up to 10% of the basalts, particularly
evident in samples from Apollo missions 12, 15, and 17 (Papike et al., 1991). These spinels exhibit a diverse range
of compositions, including complex solid solutions such as ulvospinel (Fe,TiO,), chromite (FeCr,O,), hercynite
(FeAl,0,), and spinel (MgAl,0,), often represented in the Johnston compositional prism (Haggerty, 1971; Papike
etal., 1991). Most lunar basalt spinel compositions fall between ulvospinel and chromite as titanian chromites and
chromian ulvospinels (F 2t Crgt 2nTiiJ“ 04) (Banerjee, 1972; Papike et al., 1991).

1+n

2.1.3. Spinel-Ulvospinel

Ulvéspinel or titanium ferrite (TiFe,0,) has a inverse spinel structure, with Fe>™ occupying the A sites and a
combination of Fe** and Ti** occupying the B sites. In terrestrial rock magnetism, ulvospinel forms a solid

solution with magnetite, Fe’* [F 6(21*_ ) Ti;”] 0y, where 0 < n < 1 represents the molar fraction of Ti. Since Ti**
2

does not have unpaired spins, the net magnetic moment is zero, and pure ulvispinel (n = 1) exhibits antifer-
romagnetic behavior (Tauxe, 2008). However, the non-equivalence of the A and B sites, weak ferrimagnetism
may be observed below 115 K (Ishikawa, 1967; Ishikawa et al., 1971; Readman, 1978).

2.1.4. Spinel-Chromite

Iron chromite (FeCr,0,) has a normal cubic spinel structure, where A and B sites are filled by Fe?* and Cr**,
respectively. Similar to the titanomagnetite solid solution, the Fe—Cr system can be expressed as
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Fe*t [Fe?f'_ "

with a T typically between 70 and 80 K. However, T can vary up to 140 K depending on the molar fraction of Cr

Cr,3,+] 0,4, where 0 <n <1 denotes the molar fraction of Cr. Pure iron chromite is ferrimagnetic,
2

(fromn = 1ton = 0.75) (Hodel et al., 2020; Robbins et al., 1971). The low-temperature magnetic transition of
chromite was identified at 90 K in the Martian meteorite ALH84001 (Antretter et al., 2003; Weiss et al., 2004), at
100 K in Apollo lunar basalt 12063, and between 40 and 80 K in ordinary chondrites, likely due to elemental
substitutions such as Al, Mg, and other cations (Gattacceca et al., 2011).

2.1.5. Troilite

Troilite (FeS) is an iron sulfide and the most common sulfide mineral found in lunar mare basalts (Papike
et al., 1991). Typically, troilite appears as interstitial, rounded anhedral grains, often containing small metallic
Fe inclusions, and this structure is believed to have formed from a sulfide liquid that evolved from the silicate
melt late in the crystallization sequence (Reid et al., 1970; Skinner, 1970). However, obtaining reliable
paleointensity measurements from this mineral assemblage through heating methods is known to be chal-
lenging due to severe thermal alteration, particularly from interactions between these two minerals around
300-325°C (Chowdhary et al., 1987; Pearce et al., 1976). This temperature range corresponds to their Ty of
approximately 588 K, up to which it remains antiferromagnetic. LT magnetic transitions around 70 K have
been reported in troilite samples from the Bruderheim L6 chondrite and in troilite extracted from the Cape
York IIIAB meteorite, possibly due to canting of the antiparallel spins or transition to ferromagnetic or
ferrimagnetic (Cuda et al., 2011; Kohout et al., 2007). However, it has also been suggested that this transition
might be attributed to the presence of chromite in ordinary chondrites instead of troilite (Gattacceca
et al., 2011).

2.1.6. Ilmenite

Ilmenite (FeTiO3) is a titanium-iron oxide mineral with a hexagonal crystal structure, consisting of alternating
layers of titanium and iron-containing octahedra. It is the most abundant oxide mineral in lunar mare basalts (can
make up as much as 15-20% by volume of many Apollo 11 and 17 mare basalts), with its concentration in these
rocks being directly related to the titanium dioxide 7i0, content of the original magma (Papike et al., 1991). In
lunar ilmenite, some Mg substitutes for Fe, forming a solid solution between FeTiO5 and MgTiO5 (geikielite, a
paramagnetic mineral). Ilmenite exhibits paramagnetic behavior at room temperature but transitions to an anti-
ferromagnetic state at temperatures below its T, which ranges from 40 to 80 K. As ilmenite is cooled further, it
transitions into a re-entrant spin-glass (RSG) phase below T, the temperature at which the change from RSG to
antiferromagnetic occurs, spanning between 19 and 40 K (Burton et al., 2008; Engelmann et al., 2010; Senftle
etal., 1975).

2.1.7. Wiistite

Wiistite (FeO) is an iron oxide (IT) that crystallizes in a cubic structure similar to that of sodium chloride (NaCl).
It is commonly found in meteorites, particularly in association with fusion crusts, where it forms through the
oxidation or desulfurization of troilite (Horstmann et al., 2013). Although wiistite has not been directly observed
in lunar rocks, the redox conditions governed by the iron-wiistite buffer on the Moon suggest that the lunar
environment is capable of forming wiistite under specific conditions (Tikoo & Evans, 2022). Additionally, it has
been proposed that the magnetite observed in lunar soils may result from the decomposition of wiistite (Guo
et al., 2022). Wiistite has paramagnetic behavior at room temperature, but it transitions to an antiferromagnetic
state below Ty around 200 K (Cornell & Schwertmann, 2003; McCammon, 1992).

2.2. Samples and Magnetic Methods

2.2.1. Samples

We collected various magnetic mineral standards that may be present in lunar mare basalts: SD to MD metallic
iron (Fe), wiistite (FeO), ulvospinel (Fe,TiO,), ilmenite (FeTiOs), iron chromite (FeCr,0,) and troilites (FeS).
Descriptions and sources for standard samples are tabulated in (Table 1; Text S2; Figure S3; Table S2 in Sup-
porting Information S1). We also investigated nine Apollo mare basalts with various lithologies: three Apollo 11
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Table 1
Standard Samples, Their Analog Target, Sample Types, Composition, and Sources
Sample ID Standard analog Types Composition Source/Manufacturer
STD-FE-SD SD Iron (Fe) Powder, (<25 nm) Fe 99.9% based on trace metal basis SkySpring Nanomaterials Product
No: 0915S]

STD-FE-MD MD Iron (Fe)  Powder, (<10 pm) Fe >99.5% based on trace metal basis Alfa Aesar CAS No: 7439-89-6
STD-FE-MIX SD + MD Powder, (<25 nm- mixture of 50% of STD-FE-SD and 50% of Mixture of STD-FE-SD STD-FE-MD

Iron (Fe) 10 pm) STD-FE-MD
STD-WUS Wiistite (FeO) Powder, (<2 mm, FeO >99.6% based on trace metal basis Sigma-Aldrich CAS No: 1345-25-1

10 mesh)

STD-ULVO Ulvospinel Chip (<50 pm) 76.7% Ulvospinel, 23.3% of Ilmenite Synthesized by sintering FeO and TiO,

(Fe,TiOy) based on the estimation of abundances using see Text S1 in Supporting Information S1

k-mean clustering on SEM images

STD-CHR Chromite Powder (<100 pm) Chromite See Figure S1, Table S1 in Supporting Synthesized using FeO and Cr,0;

(FeCry0y) Information S1 oxides see Text S1 in Supporting Information S1
STD-ILM Ilmenite Chip 54.98 wt.% Geikielite, 40.56 wt.% Ilmenite, Chipping from Kimberlite ilmenite

(FeTiOs) 4.46 wt. % hematite, (Liang et al., 2024) megacryst Kumgbo, Liberia
STD-TRO-A Troilite Chip Troilite See Figure S1, Table S1 in Supporting Diamond wire saw cutting from iron

(FeS) Information S1 meteorite Muonionalusta, Sweden
STD-TRO-B Troilite Chip Troilite Iron Oxides veins See Figure S1, Diamond wire saw cutting from iron
(FeS) Table S1 in Supporting Information S1 meteorite troilite nodules

Note. SEM images and quantitative electron dispersive spectroscopy (Figure S3, Table S2 in Supporting Information S1); Note that a trace metal basis indicates the
purity of the metal. Non-metallic phases or metal oxides (if the material has been exposed to air) may still be present. The process of synthesizing chromite and
ulvospinel is detailed in Text S2 of Supporting Information S1.

low-K ilmenite basalts (10003, 10020, 10044), two Apollo 11 high-K ilmenite basalts (10069, 10071), two Apollo
12 olivine basalts (12008, 12009), one Apollo 12 ilmenite basalt (12022), and one Apollo 15 pigeonite basalt
(15597).

2.2.2. MPMS

Magnetic remanence measurements for each specimen were conducted at low temperatures using the Quantum
Design third-generation magnetic property measurement system (MPMS) at the Institute for Rock Magnetism at
the University of Minnesota. We measured field-cooled magnetization (FC), zero-field cooled magnetization
(ZFC), room-temperature saturated isothermal remanent magnetization (RTsIRM), AC susceptibility measure-
ments, and magnetization in field (J-T) curve. Our methodology strictly followed the Institute for Rock
Magnetism standard protocol (Bilardello & Jackson, 2013) (Text S3; Figure S4 in Supporting Information S1).
Detailed measurements for each sample are listed in (Table S3 in Supporting Information S1).

2.2.3. Magnetic Hysteresis and First-Order Reversal Curves

To better understand the coercivity distribution and the degree of magnetostatic interactions within our samples,
we conducted magnetic hysteresis loop, backfield remanence, and room temperature first-order reversal curves
(FORC:s) analyses using a Lake Shore's vibrating sample magnetometer (VSM) at the IRM. Hysteresis curves
were collected with a maximum applied field of 1.5 T with a field increment of 1 mT at room temperature. Then,
the backfield remanence data were acquired with an initial field, field increment, and averaging time of 1.5 T,
1mT, and 0.1 s, respectively. The measurement procedure for a single FORC involves (a) saturating the sample in
a 1.5 T field, (b) decreasing the field to the reversal point (Ba) with an interval of 2 mT, and then (c) measuring M
as a function of increasing field (Bb). This process is repeated for decreasing values of Ha from 100 to —100 mT,
and 268 sets of FORCs were assembled. For standards, we conducted one FORC experiment. However, for all
Apollo samples, the FORC protocol was repeated five times and measurements were stacked to reduce back-
ground noise. After data acquisition, hysteresis loops and backfield remanence data were processed using the
IRM database software (Jackson & Solheid, 2010). IRM unmixing was applied to the IRM acquisition curves
derived from backfield remanence curves, and their magnetic coercivity distributions were unmixed using
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Figure 1. FORC diagrams and MPMS measurement for metallic Fe standard samples: (a) STD-FE-SD, (b) STD-FE-MIX,
(c) STD-FE-MD. The top panels show FORCs distribution.

MaxUnmix online tool (Maxbauer et al., 2016). The FORC distribution was calculated as the mixed second
derivative and analyzed using FORCinel software (Harrison & Feinberg, 2008).

2.3. Results: Standards
2.3.1. Standard: Metallic Fe

FORC diagrams for our spherical iron powder samples demonstrate distinct magnetic domain characteristics (top
panels in (Figure 1), see hysteresis loops in (Figure S5 in Supporting Information S1)). Our STD-FE-SD (iron
powder samples with diameters less than 25 nm) exhibit interacting SD features, indicated by a broad central ridge
in the FORC diagram. In contrast, STD-FE-MD (iron powder samples with diameters less than 10 pm) display
clear MD features, including a vertical distribution along the Bu axis. The STD-FE-MIX samples, which contain
mixtures of these particle sizes in equal ratios, reveal both SD and MD features, affirming the presence of both
grain types. The coercivity ranges obtained from the IRM unmixing for STD-FE-SD, STD-FE-MD and STD-FE-
MIX were 37.25-64.07 mT, 6.97-28.54 mT, and 32.51-59.67 mT, respectively (Figure S6; Table S4 in Sup-
porting Information S1).

MPMS results for Fe samples of STD-FE-SD, STD-FE-MIX, and STD-FE-MD present some notable observa-
tions (bottom panels in (Figure 1)). As the temperature increases, FC and ZFC magnetizations decrease. A
crossing of the ZFC and FC curves is observed between 150 and 250 K for all samples; this is also observed in
Fe—Ni alloy samples by Kohout et al. (2007). This characteristic possibly indicates the presence of multiple
domain states or grain sizes (Smirnov, 2009). Another significant observation is the greater difference between
the FC and ZFC curves at lower temperatures for the SD iron samples ([MZFC/ Meclrz10k = 77.39%) compared
to the MD samples ([MZFC/ Mrclr—10k = 92.69%). This suggests a marked increase in susceptibility for SD
grains at low temperatures, potentially indicating a superparamagnetic signature. One explanation is that a larger
number of free magnetic spins on the surface of SD particles, compared to MD particles, contributes to this effect.
Additionally, RTsIRM measurements show more pronounced separation at higher temperatures in MD samples,
suggesting that domain rearrangements during heating and cooling cycles contribute to some degree of
demagnetization (Halgedahl & Jarrard, 1995). Since the samples were not subjected to low-temperature exper-
iments in a reducing environment, the weak Verwey transition in RTsIRM curves may indicate partial oxidation
during the measurements on these powdered samples.
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Figure 2. MPMS measurements for synthetic ulvospinel. (a) STD-ULVO, iron chromite. (b) STD-CHR, troilite samples from iron meteorite. (c) STD-TRO-A and
(d) STD-TRO-B, ilmenite chip. (¢) STD-ILM, and wustite powder. (f) STD-WUS. The top panels display the FC and ZFC curves, the middle panels show the RTsIRM
cooling and heating curves, and the bottom panels present the J-T curves. Open circles indicate the derivatives of these curves.

2.3.2. Standard: Ulvéspinel

Our LT curves for synthetic ulvospinel (STD-ULVO) do not reveal purely antiferromagnetic behavior but exhibit
some remanence at LT. We observed peak magnetic moments at 90-100 K, followed by a decline at 120-125 K,
corresponding to a T (or Ty depending on whether the remanence is interpreted as slight ferrimagnetic behavior)
(Figure 2a). The peak magnetic susceptibility occurs at 110 K, and it also shows frequency dependencies around
this temperature (Figure S7 in Supporting Information S1). Beyond this temperature range, the material exhibits
paramagnetic behavior (see pure paramagnetic behavior in the magnetic hysteresis loop at room temperature
(Figure S5 in Supporting Information S1)), consistent with previously reported synthesized polycrystalline
0.95Fe,TiO4 (Readman, 1978). Note that the subtle remanence from the IRM unmixing curve could potentially
be magnetic remanence from submicron interstitial melts (Figures S3 and S6 in Supporting Information S1). The
observed remanence can be attributed to a spontaneous local distortion of the crystal structure at low tempera-
tures, such as the Jahn-Teller effect (Nakamura & Fuwa, 2014). This could also indicate an imbalance in sub-
lattice moments, suggesting ferrimagnetic behavior. In this case, the FC and RTsIRM curves show a Néel N-type
thermomagnetic curve with a compensation point at 30 K (pure antiferromagnetic behavior), a characteristic
similar to that observed at 40 K, reflecting the intrinsic properties of ulvospinel (Readman, 1978). This behavior
indicates that at temperatures ranging from absolute zero up to 30 K, My < M,, whereas at temperatures above
30 K, Mg > M,. Our sample contains approximately 23% ilmenite (antiferromagnetic), which exhibits a slight
signature around 60-80 K (Ty) in the J-T curve and susceptibility curves.

2.3.3. Standard: Chromite

Our FC, ZFC, RTsIRM, and J-T curves for synthetic iron chromite (STD-CHR) show a drop at around 80-90 K
(T¢), followed by the transitioning to paramagnetic behavior (Figure 2b). The peak magnetic susceptibility
occurs at 110 K, and it also shows frequency dependencies around this temperature (Figure S6 in Supporting
Information S1). This T temperature range agrees with that reported for pure chromite by Robbins et al. (1971)
and chromite found in ordinary chondrites (Gattacceca et al., 2011). The RTSIRM curves exhibit a subtle
magnetic signature at 215 K, which may indicate a minor magnetic phase transition, possibly due to impurities or
secondary mineral phases.

2.3.4. Standard: Troilite

Our troilite samples (STD-TRO-A and STD-TRO-B) exhibited magnetic transitions at approximately 70-90, 125,
and 165 K (Figures 2¢ and 2d). The transition near 90 K may correspond to a known phase transition in troilite, as
previously described (Cuda et al., 2011; Kohout et al., 2007), and is accompanied by a slight separation in the
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Table 2

Summary of Magnetic Transition Temperatures and Behaviors Observed in Standard Samples

Sample ID Analog LT characteristics FC ZFC RTsIRM J-T Note
STD-FE-SD SD Iron No Feature - - - — FC > ZFC, RTsIRM |
STD-FE-MIX SD + MD Iron No Feature - - - - FC > ZFC, RTsIRM ||
STD-FE-MD MD Iron No Feature - - - - FC ~ ZFC, RTsIRM | ||
STD-WUS Wiistite 190-200 K (Ty) - - - Ty Impurities: 125-130 K
STD-ULVO Ulvospinel 3040 K (Teomp), 100-125 K (Ty) Teomps Tc Do T Tc Te -

STD-CHR Chromite 70-140 K (T¢) Tc Tc Tc Tc Impurity 215 K
STD-ILM Ilmenite < 19-40 K (Tgsc), 60-80 K (Ty) TrsG TrsG - Ty -

STD-TRO Troilite 70-90 K (Tans) Tcans Tcans Ticans - Impurity 125, 160-180 K

Note. Curie temperature (T¢), Néel temperature (T ), compensation temperature in N-type ferrimagnetism (7comp ), potential re-entrant spin-glass transition temperature
(Trsg), and other magnetic transitions (7,,,) are indicated. The relative difference in magnetic moment between FC and ZFC curves at very low temperatures is
expressed as: FC > ZFC (large difference), FC > ZFC (moderate difference), and FC ~ ZFC (small difference). The symbol | denotes the extent of RTSIRM moment
decrease upon thermal cycling: | (slight decrease), || (moderate decrease), ||| (significant decrease).

RTSsIRM curves. While standard powder XRD confirms a strong match with the reference troilite pattern (PDF
04-005-5124) (Text S4; Figure S8 in Supporting Information S1), it does not conclusively rule out the presence of
minor impurity phases, such as chromite or iron oxides, that may exist below the detection threshold (~2-5 wt.%).
Therefore, the presence of trace impurity phases that may contribute to the observed 90 K transition cannot be
entirely ruled out. The transitions at 125 and 165 K were observed but remain unidentified, as neither microscopy
nor X-ray diffraction analyses allowed for definitive phase assignment. Room-temperature hysteresis measure-
ments also reveal ferromagnetic behavior, suggesting that our troilite standards may not serve as an ideal pure
standard (Figure S5 in Supporting Information S1). The STD-TRO-B sample features iron oxide veins, which
may be linked to the magnetic transition detected between 165 and 180 K in the FC, ZFC, RTsIRM, J-T, and
susceptibility measurements.

2.3.5. Standard: Ilmenite

Our ilmenite sample (STD-ILM) exhibits a clear antiferromagnetic behavior, with a significant magnetic tran-
sition occurring at 20 K in the FC, ZFC, and RTsIRM curves (Figure 2e, Figure S4 in Supporting Information S1).
Our magnetic susceptibility curves also show a peak intensity at 20 K, with imaginary frequency dependent
components observed below 50 K, possibly indicating an antiferromagnetic phase to the RSG state occurring
(<40 K) (Burton et al., 2008; Harrison, 2009). Consistent with previous studies, our sample also shows a clear Ty
around 60-80 K in the J-T curve (Engelmann et al., 2010; Senftle et al., 1975).

2.3.6. Standard: Wiistite

We observed a clear magnetic transition at 200 K in the J-T curve (Figure 2f), which is consistent with the Ty of
wiistite (Cornell & Schwertmann, 2003; McCammon, 1992). Slight transitions at this temperature were also
observed in the FC, ZFC, RTsIRM curves. Another magnetic transition was detected at 125 K in the FC, ZFC, and
RTSsIRM curves, likely corresponding to the 7'y, of magnetite. This is not unexpected, as wiistite is unstable under
the redox conditions present on Earth and tends to oxidize to more stable forms (particularly in powdered samples
that may have oxidized upon exposure to air during measurements similar to Fe powders). Additionally, a further
change was noted near 75 K, although the specifics of this transition remain unclear.

Comprehensive magnetic behaviors of our standard minerals, based on our results and previous studies, are
summarized in Table 2, along with treatment conditions and representative FC, ZFC, and RTsIRM curves (see
also (Figure S9 in Supporting Information S1)).
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Figure 3. FC, ZFC, and RTsIRM curves for Apollo samples (a) 10003, (b) 10020, (c) 10044, (d) 10069, (e) 10071, (f) 12008,
(g) 12009, (h) 12022, and (i)15597.

2.4. Results: Lunar Mare Basalts
2.4.1. MPMS

All Apollo samples exhibited a decrease in the FC and ZFC curves as the temperature increased, possibly due to
the presence of metallic Fe (see Section 2.3.1) (Figure 3). A magnetic transition was observed in all samples at
approximately 100—120 K in the FC and ZFC curves, which closely resembles the T}, of magnetite. However,
given the absence of iron oxides in these samples by detailed microscopy (see Section 4), this comparison remains
speculative. Instead, considering the magnetic transition of ulvospinel at 120 K and chromite at >70 K (see
Sections 2.3.2 and 2.3.3), we propose that the observed signature may be attributed to minerals from the ulvo-
spinel-chromite series, such as titanian chromite or chromium ulvospinel. Some Apollo mare basalts in our
samples were reported to contain chromite, ulvospinel, or Cr-spinel (e.g., 10020 (Haggerty et al., 1970), 12008,
12009, 12022 (Neal et al., 1994), and 15597 (Weigand & Hollister, 1973)). Although ulvospinel-chromite series
minerals were not previously reported in Apollo samples 10003, 10044, 10069, and 10071, SEM and EDS an-
alyses revealed a very small phase of ulvdspinel associated with ilmenite in samples 10003 and 10044 (see
Section 5).

Another significant feature is the remanence transition observed around 60—80 K in the FC and RTSIRM curves.
While this transition is consistent with the expected magnetic transition of troilite at 60-90 K (see Section 2.3.4),
it is more likely dominated by the ulvospinel-chromite series (the curve begins to drop drastically from 50 K,
although iron chromite 7'¢ is approximately >70 K (Figure 2b) or possible elemental substitutions), given troilite's
weak magnetic signature (1-2 orders of magnitude lower than ulvospinel/chromite) and low abundance in lunar
mare basalts (<1%). The transition <40 K might be attributed to the T of ilmenite, while its Ty occurring near
60 K is distinctly captured in both the susceptibility measurements (Figure S10 in Supporting Information S1) and
the J-T curves (Figure S11 in Supporting Information S1). Sample 15597 does not contain ilmenite and does not
exhibit any susceptibility peak at 60 K.
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Figure 4. FORC diagram for Samples (a) 10003, (b) 10020, (c) 10044, (d) 10069, (e) 10071, (f) 12008, (g) 12009, (h) 12022,
and (i)15597. The FORC diagram presents the mixed second derivatives of FORCs, indicating the relationship between
magnetostatic interactions (B,) and magnetic coercivity (B,). The data presented is the result of compiling five separate
FORC experiments for each sample (N = 268 FORCs). Analysis was performed using the FORCinel software package
(Harrison & Feinberg, 2008).

The RTsIRM curves showed a reduction in magnetization of 5%-21% after cooling and heating, likely due to the
MD behavior of Fe (as further supported by their magnetic hysteresis loops (Figure S12 in Supporting Infor-
mation S1)). The effect of this demagnetization on lunar paleointensity was further investigated through mineral
identification and analysis of their LT magnetic behavior (see Section 3). The non-zero, and nearly temperature
independent of imaginary susceptibility is also likely due to self-demagnetization and weak-field hysteresis, as
expected for these MD behaviors (Figure S10 in Supporting Information S1).

2.4.2. FORC

All samples exhibit a cluster at B, = 0 that extends along the B,, axis, indicating the presence of MD and pseudo-
single-domain-like grains (Figure 4), as can be observed in their hysteresis loops (Figure S12; Table S5 in
Supporting Information S1). Samples 10003, 10020, 10069, 10071, and 15597 additionally show signatures of a
horizontal ridge reaching high coercivity (>100 mT) along B, = 0, which is consistent with the HC components
observed in IRM unmixing results (Figure 5; Table S6 in Supporting Information S1). These features may
indicate the presence of possible SD grains in the samples, such as nanometer-sized metallic Fe grains (Mux-
worthy & Williams, 2015) or other types of magnetic minerals that are too minute to be detected by petrographic
microscopy. In contrast, samples 10044, 12008, 12009, and 12022 exhibit weak and noisy FORC diagrams,
which aligns with their low magnetic grain abundances and their poor magnetic recording properties (Jung
et al., 2024; Strauss et al., 2021; Tikoo et al., 2014).
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Figure 5. IRM unmixing results for samples (a) 10003, (b) 10020, (c) 10044, (d) 10069, (e) 10071, (f) 12008, (g) 12009,
(h) 12022, and (i) 15597 obtained using the Maxunmix software. Gray circles illustrate actual data, while yellow curves
depict the best-fit models. Different colors and shadings represent various coercivity components and the 95 % confidence
intervals.

3. The Effect of Lunar Diurnal Temperature Fluctuations on Paleointensity Records
3.1. Background

The temperature at lunar landing sites (mainly on the equator ranging from 8.99°S to 26.10°N for the Apollo
missions and 43.1°N and 41.64°S for Chang'e 5 and 6, respectively) fluctuates dramatically, reaching up to
~397 K (~124°C) during the day and plunging down to ~95 K (—178°C) at night (Williams et al., 2017). Given
that most lunar rocks contain MD Fe—Ni grains or potentially interacting SD grains (Jung et al., 2024; Weiss &
Tikoo, 2014), such extreme temperature fluctuations can induce changes in magnetic moments due to domain-
wall motion, reconstruction, or similar processes observed in magnetite (Dunlop, 2003; Halgedahl & Jar-
rard, 1995; Hodych et al., 1998; Yamamoto et al., 2003).

3.2. Experiments

Given our observation of a decreased RTSIRM under LT conditions, we aim to assess how lunar temperature
fluctuations might influence paleointensity retrieval. To achieve this, we simulate the lunar thermal environment
to quantify the extent of demagnetization from LT cycling. Our experimental approach consists of the following
steps (Figure S13 in Supporting Information S1): First, we imparted a magnetization to the sample by applying a
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Table 3
Magnetic Properties and Changes in Paleointensity Estimates of Selected Apollo Samples Following Low-Temperature Treatment
Sample Lithology Mass (mg) NRM (Am?/kg) PLyru> Plsras SARM,0> OstrM.0 YaRM> VsiRM
10020, 259 Ilmenite Basalt 88.0 1.83e—5 121.80 + 11.53 pT, 88.93 £+ 5.45 uT —5%, 13% 1.11 £ 0.04, 1.12 £ 0.01
12009, 156 Olivine Basalt 59.2 9.27e-7 1.56 + 3.08 pT, 0.62 + 1.15 pT 10%, 11% 0.76 = 0.04, 1.09 + 0.02
65035, 156 Impact Melt Glass 104.0 2.25¢—4 8.87 + 14.28 pT, 3.43 £ 5.49 uT 8%, 10% 0.96 £ 0.02, 1.06 + 0.01

Note. The first, second, and third columns contain specimen names, lithologies, and masses, respectively. The fourth through seventh columns contain values for NRM,
ARM, and sIRM paleointensity value, Srys» Osirrr> Yagaro and 7 grar- T€SPectively.

laboratory-induced magnetic field, serving as an analog for thermoremanent magnetization (TRM). Next, the
sample is subjected to LT conditions to simulate lunar temperature cycling. Finally, we evaluate the degree of
demagnetization and corresponding paleointensity changes following the LT treatment.

We conducted this test on three lunar samples with different lithologies and paleointensity values (Chaffee
et al., 2023; Shea et al., 2012; Strauss et al., 2021): 10020 (ilmenite basalt), 12009 (olivine basalt), and 65035
(impact melt glass) (Table 3). First, we applied stepwise AF-demagnetization up to 100 mT. Next, samples were
imparted with room-temperature anhysteretic remanent magnetization (ARM) as a TRM analog, using a dc bias
field of 100 uT and an ac field of 200 mT, followed by stepwise AF demagnetization. We then re-applied ARM
and placed the samples in liquid nitrogen ~77 K (~—195°C) for an hour within our magnetically shielded room.
After cooling, the samples were allowed to warm back to room temperature inside the shielded room before
undergoing another stepwise AF demagnetization. This step mimics exposure to cold conditions at lunar nightin a
null ambient magnetic field. We repeated the same procedure after imparting the samples with saturated
isothermal remanent magnetization (sIRM) at a saturation field of 900 mT. These experimental protocols were
executed using a 2G Enterprises 755 superconducting rock magnetometer (sensitivity limit ~ 10712Am?) that is
housed within a magnetically shielded room (ambient field <300 nT) at the Stanford Paleomagnetism Laboratory.

We followed non-heating paleointensity methods (i.e., ARM and IRM methods), using the following equations:
B,.. = f'ANRM/AARM X b and B,,. = aANRM/AsIRM, where B, is the ancient magnetic field, b is the
applied biased field, and ANRM, AARM, AsIRM, represent the ancient magnetic field and the stepwise moment
changes in NRM, ARM, sIRM, respectively. For our experiments, we used calibration factors of f' = 1.3 puT and
a = 2,070 pT for the ARM and IRM methods, respectively (Weiss & Tikoo, 2014; Wieczorek et al., 2023). The
change in magnetic moments after the LT exposure of samples (5) is at each AF demagnetization step i is

given by:
ARM; — LTARM,;
. e ——— V| 1
Sarm,i(%) ARM, x 100 (1)
SIRM; — LTsIRM,
Bsirnr,i(%) = e At x 100 @)

sIRM,

where ARM; and sIRM; are the magnetic moments of ARM and sIRM at AF demagnetization step i, while
LTARM; and LT sIRM; indicate their respective magnetic moment after the LT treatments at the same AF step. To
quantify the influence of LT exposure of samples to their ARM and IRM paleointensity, we also computed the
paleointensity modification factor (y) using the formula

ALTARM

— " 3

YARM AARM 3)
ALTsIRM

) =— 4

VsIRM AsIRM 4)

where ALTARM, ALTsIRM refer to the stepwise moment changes following an hour exposure to low temper-
atures. y values close to 1 indicate minimal effects of low temperature cycling on retrieved paleointensity values.
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Figure 6. AF demagnetization curves for ARM before and after LT exposure (a—c) and sIRM before and after LT exposure
(d-f). The bottom figures display the associated percent change in total moments (5) following LT exposure. Insets within
each graph show either ARM lost versus LT treated ARM lost or sSIRM versus LT treated sSIRM lost for the paleointensity
modification factor (y) calculations.

3.3. Results

The calculated ARM and sIRM paleointensity values for samples 10020, 12009, and 65035 are consistent with
previously reported measurements (Chaffee et al., 2023; Shea et al., 2012; Strauss et al., 2021) (Table 3). Figure 6
presents AF demagnetization curves for ARM and sIRM before and after the LT treatment. The change in
magnetization following LT treatment (§) was minimal, with 8,y ¢ ranging from —5% to 13%, and gy, o from
10% to 13%. These changes were limited to the lower coercivity fractions, as J values approached zero with AF
demagnetization levels of 20—40 mT. Given that y,z,, ranged from 0.76 to 1.11 and y g, from 1.06 to 1.12, the
low-temperature exposure would not alter the paleointensities retrieved from lunar samples by more than 25%.

4. Detailed Metallic Fe Microscopy
4.1. Methods

To examine the morphologies and occurrences of metallic Fe in our samples (10003; 10044; 10020; 10069;
10071; 12008; 12009; 12022; and 15597), we conducted comprehensive petrographic and compositional analyses
using electron microscopy at the Stanford Scanning Electron Microscope Facility (SEMF) and Microchemical
Analysis Facility (MAF). We performed backscatter scanning electron microscopy (BSEM) with EDS using a
JEOL JSM-IT500HR environmental scanning electron microscope. WDS results for these samples have been
previously reported in other works (Jung et al., 2024; Strauss et al., 2021; Tikoo et al., 2014) (Figure S2 in
Supporting Information S1). In this study, we further performed WDS scans specifically on samples 10069 and
10071 to quantify elemental concentrations in Fe-Ni grains and to assess the potential presence of iron oxides.
These scans were conducted at energy levels of 7 and 20 keV with a focused electron beam, using a consistent
probe current of 20 nA. The scanning parameters included a working distance of 70-120 mm, a dwell time of
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25-50 ms, and a step size of 10 pm, with an estimated spatial resolution of approximately 1-2 pm. Prior to WDS
measurements, samples were polished using a 1 pm diamond polishing paste in order to remove any surface
oxidation from the topmost layer.

In a continuation of the lunar TEM investigation presented in Jung et al. (2024), we applied focused ion beam
(FIB) and TEM techniques on metallic Fe grains to obtain chemical and structural information at the nanometer
scale. FIB sample extraction was performed on Fe grains associated with troilite in samples 10003,184, 10044,49,
10069,33, and 10071,31. Sample preparation involved applying platinum strips with a thickness of 2 pm followed
by extraction and thinning with a STEM Thermo Fisher Scios 2 DualBeam FIB with a Ga ion source. The ion
beam was operated at 30 kV with a current of 1-5 nA to extract sections, which were then further thinned using
progressively lower currents at 30 kV, followed by cleaning steps at 16, 8, 5, and 2 kV. High-angle annular dark
field (HAADF) and bright field (BF) imaging were conducted using a JEOL JEM-2100F Field-Emission STEM,
with TEM Energy-dispersive X-ray (EDX) mapping and selected area electron diffraction (SAED) for in-depth
structural and compositional analysis. All TEM analyses were performed at the Institute of Material Science and
Engineering (IMSE) at Washington University in St. Louis.

4.2. Results

General petrographic observations are in agreement with the microtextural descriptions previously documented in
the Lunar Sample Compendium. Samples 10003, 10044, and 12022 are ilmenite basalts exhibiting granular
textures: 10003 is medium-grained, vuggy, and subophitic; 10044 is coarse-grained, vuggy, and ophitic; and
12022 is medium-grained and porphyritic. Samples 10020, 10069, and 10071 are ilmenite basalts displaying fine-
grained textures: 10020 is fine-grained, vesicular, vuggy ophitic; 10069 is very fine-grained, vuggy to vesicular,
and granular; and 10071 is fine-grained, vesicular to vuggy. Samples 12008 and 12009 are classified as olivine
basalts with a porphyritic vitrophyre texture, which consists of skeletal phenocrysts, and sample 15597 as a
pyroxene basalt with vitrophyric texture. We note that we do not find any petrographic evidence of shock in all the
samples except 10044 (undulatory extinction of pyroxene grains indicative of shock >5 GPa). Modal mineral
abundances determined in previous studies are compiled in (Table S7 in Supporting Information S1).

The primary silicate background minerals in all samples are pyroxene and plagioclase. Additionally, olivine
(Fo,6_49) is present in samples 10020, 12008, 12009, and 12022, while mesostasis is also observed in samples
12008, 12009, and 15597 (Papike et al., 1991) (Figure 7). All samples contain Fe grains embedded in troilite as
part of a eutectic assemblage (e.g., 10003, 10020, 10044, 10069, 10071, 12008, 12009, 12022) or in association
with chromite-ulvspinel series and silicates (e.g., 12008, 12009, 15597). WDS results indicate that the metallic
Fe in these samples is predominantly kamacite (10003, 10020, 10044), martensite (12008, 12009), or a mixture of
both (10069, 10071, 12022, 15597), with cobalt concentrations up to 2% in our samples (Jung et al., 2024; Strauss
et al., 2021; Tikoo et al., 2017) (Figure S2 in Supporting Information S1).

The initial EDS mapping revealed the presence of oxygen traces in many Fe grains within the troilite phase of the
samples (Figures S14-S18 in Supporting Information S1). WDS scans of the metallic phase in samples 10069 and
10071 also showed distinct peaks for Fe (La and Lf) and oxygen (Ka), with oxygen concentrations ranging from
3 to 4 wt.%, while the standard metallic Fe samples analyzed in the same session did not show an oxygen peak
(Figures S19b and S20-22 in Supporting Information S1). However, our TEM EDX analysis of these samples did
not detect any significant oxygen content, and the SAED analysis mainly showed body-centered cubic metallic Fe
(Figure S17f in Supporting Information S1). The presence of oxygen in our EDS and WDS scans likely resulted
from surface oxidation from exposure to Earth's atmosphere, especially considering the age of the thin sections
(~50 years), and sample polishing did not appear to effectively remove the surface oxidation.

TEM HAADF and BF imaging uncovered distinctive Fe grain textures in all samples (Figure 8). In sample 10003,
single-crystal structures larger than 1 pm appear with some grain defects, potentially indicating low coercivity
MD grains. Similarly, the FIB cross section of sample 10044 reveals two large Fe—Ni single-crystal grains
(>1 pm) with some lattice distortions, also indicative of MD grains. However, samples 10069 and 10071 exhibit
small and complex subgrain structures measuring 10-100 nm across, each with markedly different orientations.
Several of these Fe subgrains may be associated with HC components (Jung et al., 2024), given that metallic Fe
typically transitions from SD to MD state between 20 and 50 nm for spherical grains (Muxworthy & Wil-
liams, 2015). Non-spherical grains (e.g., elongated or oblate) can retain stable magnetization at larger sizes (a few
100 nm), as they may instead enter a single-vortex (SV) state before eventually transitioning to the MD state
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Figure 7. Electron microscopy investigation of Apollo mare basalts for samples: (a) 10003, (b) 10020, (c) 10044, (d) 10069, (e) 10071, (f) 12008, (g) 12009, (h) 12022,
and (i) 15597. The images on the left are backscatter scanning electron microscopy (BSEM) images, providing an overview of the general mineralogical composition,
prominently featuring plagioclase (pl), ilmenite (Ilm), and pyroxene (px), olivine (ol), mesostasis (ms), cr-spinels (Cr-Sp), on large scales. The images on the right
highlight Fe—Ni grains in association with troilite (FeS) and cr-spinels.

(Einsle et al., 2016; Muxworthy & Williams, 2015). This observation also aligns with IRM unmixing results that
indicated a population of HC components (>100 mT) for 10069 and 10071 (Figure 5; Table S6 in Supporting
Information S1). Indeed, samples 10069 and 10071 belong to a different petrologic group (Group A) compared to
the other samples 10003 and 10044 (Groups B1 and B2) (Beaty & Albee, 1980).

The intricate subgrain structure is especially prominent in sample 10071, which shows a previously unreported
tangled lath microstructure in lunar metallic Fe (see additional examples in (Figure S23 in Supporting Infor-
mation S1)). While the presence of impurities (e.g., Ni) might explain the observed lath texture, EDX elemental
mapping did not reveal significant compositional differences (Figure 8). Instead, the differences in Fe brightness
are attributed to variations in the crystallographic orientation of the subgrains. Alternatively, this lath structure
could result from a rapid cooling rate, similar to the lath structures observed in synthetic martensitic steels (Shang
et al., 2019). Notably, the Fe grains in sample 10071 are derived from a sheaf-like, finer-grained region of the
overall basalt sample, likely reflecting rapid cooling effects (Drake & Weill, 1971).

5. Discussion

Origin of the magnetic transition at 120 K: As discussed in Section 4, no iron oxides were detected in our lunar
basalt samples, apart from a 7-20 nm surface oxidation of our old thin sections. It is unlikely that such thin
oxidized layers on the Fe-Ni alloys would be detectable using the MPMS system. In contrast, our bulk rock
samples subjected to magnetic measurements were newer (prepared <5 years ago) and have a far smaller surface
area to volume ratio than the thin sections.

As described in Section 2, the observed magnetic transition at 120 K is likely attributed to the chromite-ulvospinel
series. Previous studies on certain Apollo mare basalts (e.g., 10020, 12008, 12009, 12022, and 15597) have
reported the presence of chromite-ulvospinel series minerals (Haggerty et al., 1970; Neal et al., 1994; Weigand &
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Figure 8. Backscattered scanning electron microscopy (BSEM) and transmission electron microscopy (TEM) imaging results showing kamacite grains in (a) 10003,184,
(b) 10044,49, (c) 10069,33, (d) 10071,31. The left BSEM images show the area for focused ion beam (FIB) extraction for TEM analysis (indicated by pink circles), and
the right images show high-angle annular dark-field (HAADF) and bright-field (BF) images of the extracted focused ion beam (FIB) section. The regions outlined by
blue boxes on top panels are magnified in the figure below. Orange arrows indicate subgrain structures within the primary grains. The bottom panels for each sample
provide EDX mapping at the target locations, showing elemental distribution for Fe, Ni, and O.

Hollister, 1973). Although these minerals were not initially identified in Apollo samples 10003, 10044, 10069,
and 10071, our compositional analysis revealed trace amounts of ulvdspinel-chromite series in samples 10003
and 10044 (Figure S24 in Supporting Information S1). It is noted that high K Apollo 11 samples generally lack
chromite and ulvospinels (Warner et al., 1978), and co-crystallization of ilmenite and ulvospinel is unlikely due to
their significantly different stability curves as a function of temperature and oxygen pressure (Papike et al., 1991).
This observation raises questions about potential changes in the oxygen fugacity conditions during the cooling of
these basalts.

Our LT data for standard minerals (metallic Fe, ulvospinel, iron chromite, and ilmenite), collected following the
MPMS standard protocol from the Institute for Rock Magnetism, could serve as a valuable reference for inter-
preting LT magnetic measurements of extraterrestrial materials. While these data enable reliable qualitative
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mineralogical analysis, several important limitations must be acknowledged when attempting quantitative
interpretation. Under ideal conditions, mass-normalized samples enable quantitative estimation of modal abun-
dances for phases exhibiting distinct low-temperature magnetic behavior. To test this approach, we conducted
controlled mixing experiments using SD and MD iron and ulvospinel combined with silicate powders, and found
that spectral unmixing of these mixture curves yielded reasonable estimates of phase proportions (Text S5;
Figures S25 and S26 in Supporting Information S1). However, applying this approach directly to natural rock
samples remains challenging for several reasons: (a) LT magnetic behavior can vary significantly with grain size,
as demonstrated by our results for Fe with different grain sizes (Section 2.3.1). (b) For some cases, magnetic
interactions between grains may lead to complex, non-linear behavior that complicates interpretation (Text S5;
Figure S25 in Supporting Information S1). (c) The magnetic transition temperatures of minerals can vary widely
depending on elemental substitution (e.g., Ni content in metallic Fe (Kohout et al., 2007), or Cr content in
chromite (Gattacceca et al., 2011; Hodel et al., 2020)). (d) Paramagnetic (sometimes ferromagnetic) silicate
phases such as pyroxene and olivine can significantly affect the shape of J-T curves. Despite these limitations,
rough estimation based on fitting to the FC curve for our Apollo 11 ilmenite basalts suggests that, assuming
ilmenite constitutes 15%—20% of bulk mare basalt, the expected ulvospinel content in such samples would be
approximately 0.15%-0.4% by volume.

Fe—Ni alloys as paleomagnetic remanence carriers: Prior research suggests that unshocked mare basalts are an
optimal choice for studying lunar paleomagnetism. They likely cooled slowly enough to preclude the recording of
thermal remanent magnetization from impact-generated magnetic fields which are generally expected to persist
for «1 day (Chaffee et al., 2023; Crawford, 2020; Hood & Artemieva, 2008). As long as there is no microscopic
evidence of shock (limiting peak pressures to <5 GPa), the higher coercivity components used for paleointensity
calculations are expected to be largely unaffected by shock remagnetization or demagnetization via impact events
(Bezaeva et al., 2022; Stoffler et al., 2006, 2018; Tikoo et al., 2015). Viscous remanent magnetization due to the
Earth's magnetic field over a few decades is also not a significant concern for these samples (Dunlop, 1973; Weiss
& Tikoo, 2014). A recent study shows that potential magnetic contamination in lunar mare basalts, such as
exposure to magnetic fields during spacecraft transit or certain laboratory procedures, can also be effectively
cleaned (Tikoo & Jung, 2023). In this study, we further demonstrate that this HC range is also resistant to low
temperatures and is not affected by lunar diurnal temperature cycles. Apart from microscopy evidence suggesting
Fe—Ni subgrains within the iron-troilite eutectic assemblages that we report in this study and in Jung et al. (2024),
conclusive identification of SD grains within mare basalts remains limited. Even detailed recent SEM analyses
have shown that the smallest discernible isolated Fe—Ni grains are larger than 100 nm in diameter for spherical
grains and larger than 200 nm for elongated grains (Figures referenced from the Supporting Information of Zhou
et al. (2024)), placing them within the MD grain size range for iron (Einsle et al., 2016; Muxworthy &
Williams, 2015).

We note the paleointensity fidelity limit value (i.e., the minimum paleofield from which a reliable paleointensity
may be retrieved from a sample using the ARM and IRM paleointensity methods; see Tikoo et al. (2012, 2014) for
definitions) reported for samples with small subgrains (7.69 uT for samples 10069 and 10071) was lower than that
for samples without any subgrains (23.07 pT for samples 10003 and 10044) (Jung et al., 2024). Our observations
raise the possibility that samples exhibiting the Fe-Ni subgrain microstructure in TEM imaging may be better
paleofield recorders than samples without them. These subgrains have the potential to effectively record ancient
lunar dynamo fields and resist secondary remagnetization events. Key questions for future research include
determining the effect of magnetic interactions between subgrains on their magnetic properties, their ability to
retain thermal remanent magnetization, and the processes that lead to their microstructure formation.

6. Conclusion

We investigated the cryogenic magnetic properties and conducted detailed microscopy on Apollo lunar mare
basalts to improve our understanding of their magnetic mineralogy and its implications for paleointensity
retrieval. Our observations raise four key points: (a) We identified distinct magnetic transitions in lunar mare
basalts at characteristic temperatures: below 30 K (ilmenite), 60—80 K (chromite and possibly troilite), and around
120 K, the latter of which is more consistent with ulvospinel/chromite than magnetite. (b) Electron microscopy
analysis revealed no evidence of secondary iron oxides such as magnetite in our samples. While minor surface-
level oxidation was observed, this does not affect the bulk magnetic properties, confirming that the predominant
magnetic carriers are metallic Fe—Ni alloys as reported in many other lunar magnetism studies. (c) Our TEM
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observations revealed likely SD subgrains within larger Fe grains, potentially explaining the HC magnetic
components observed in these samples. (d) This HC component resists demagnetization during extreme lunar
diurnal temperature variations, suggesting it is unlikely to be significantly altered by temperature cycling. This
indicates that the HC component may retain the capacity to record ancient dynamo fields and serves as a reliable
target for paleointensity estimates in mare basalts.

Data Availability Statement

BSEM, EDS, FORC, magnetic hysteresis, IRM unmixing, low-temperature paleomagnetic measurements, TEM,
MPMS, and WDS data from this study are available on Zenodo, a permanent CERN-backed online data re-
pository (Jung & Tikoo, 2025).

The low-temperature paleomagnetic measurements are available in the Magnetics Information Consortium
(MaglC) database (earthref.org/MagIC/20328 or https://doi.org/10.7288/V4/MAGIC/20328).
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