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detector at the Stanford Microchemical Analysis Facility. After this 
initial characterization, quantitative compositional analyses of the 
distinct phases were completed using JEOL JXA-8230 Electron Probe 
Micro-analyzer (EPMA). The EPMA is equipped with five wavelength 
dispersive spectrometers including one large-format spectrometer opti
mized for minor and trace element measurements A detailed description 
of EPMA run conditions and methods are presented in Section S2. We 
also investigated the detailed structures of 3-15 m diameter FeNi grains 
in all four samples (1 grain for 10003 and 10069; and 2 grains for 10044 
and 10071) using transmission electron microscopy (TEM). Sample 
preparation by Focused Ion Beam (FIB) extraction and all TEM analyses 
including high-angle annular dark field (HAADF) and bright-field (BF) 
imaging were conducted at the Institute of Material Science and Engi
neering (IMSE) at Washington University in Saint Louis using a STEM 
Thermo Fisher Scios 2 DualBeam FIB and JEOL JEM-2100F Field- 
Emission STEM, respectively. 

To better understand magnetic mineralogies, grain sizes, and domain 
states, one subsample from each rock was subjected to magnetic hys
teresis, backfield remanence [Section S3.1], and first-order reversal 
curve (FORC) measurements [Section S3.2] using a Lake Shore 
Vibrating Sample Magnetometer (VSM) at the Institute for Rock 
Magnetism at the University of Minnesota. In addition, we performed an 
isothermal remanent magnetization (IRM) acquisition experiment and 
unmixing of coercivity spectra using the MaxUnmix software [Robertson 
and France, 1994; Maxbauer et al., 2016] [Section S3.3]. IRM experi
ments were conducted using a 2G Enterprises 755 superconducting rock 
magnetometer (sensitivity limit ~10 12 Am2) equipped with automated 
rock magnetic characterization instrumentation that is housed within a 
magnetically shielded room (ambient field 200 nT) at Stanford 
Paleomagnetism Laboratory. IRM was applied along the z-axis in these 
experiments. 

2.2.2. Results 
Initial electron microprobe analyses and magnetic hysteresis pa

rameters suggested that the predominant remanence carriers are likely 
multidomain (MD) FeNi alloys, similar to mare basalts described in 
other recent lunar paleomagnetic studies [Shea et al., 2012; Suavet 
et al., 2013; Tikoo et al., 2012; Tarduno et al., 2021]. Our electron 
microprobe analysis indicates that most of the FeNi grains are embedded 
in troilite (FeS) as part of a eutectic assemblage [Fig. 2a]. Our WDS 
results indicate these FeNi grains are kamacite ( -Fe1-x Nix for x 
~0.05), as elemental abundances of Ni were 2 wt. % [see Section S2]. 
Magnetic hysteresis [Fig. 2b], FORC analyses [Fig. 2c], and IRM 
unmixing results [Fig. 2d] collectively indicate the presence of low 
coercivity ( 100 mT) grains. However, IRM unmixing results typically 

revealed 3 population components in each sample: a first low coercivity 
component (9-36% from the extrapolated contribution [EC] calculated 
from the MaxUnmix software), a second medium coercivity component 
(45-73%), and a third high coercivity component (11-19%). The first 
component is consistent with MD kamacite, whereas the second and 
third components (with coercivities reaching 100 mT particularly for 
10069 and 10071) may be indicative of SD grains. 

Our FORC diagrams displayed a vertical distribution along the ver
tical Bu axis, also indicating a dominant population of MD grains. 
However, our FORC diagrams also display wide spreading along the 
horizontal Bu 0 axis that extended to higher coercivity levels ( 100 
mT), indicating the presence of a single-domain (SD) grain distribution. 
Remanent coercivity (Bcr) values for samples 10069 and 10071 (84 mT 
and 100 mT, respectively) are higher than those typically reported for 
mare basalts (average value of 35 mT [Strauss et al., 2021]). For com
parison Bcr values for 10003 and 10044 were 23 mT and 43 mT. 

Our TEM HAADF and BF imaging revealed that all samples contain 
kamacite grains with defects and minor lattice distortions. However, 
kamacite grains within 10069 and 10071 contain small sub-grains (10- 
100 nm wide) with variable orientations that are not apparent in 10003 
and 10044 [see Section S2.6; Fig.. S6]. This difference could be related 
to 10069 and 10071 being from a different petrologic group (Group A) 
than the other samples (Groups B1 and B2) [Beaty and Albee, 1980]. 
Because the transition from SD to MD in native iron typically occurs in 
the size range of 20-50 nm [Muxworthy and Williams, 2015], some of 
the FeNi sub-grains may be SD. This observation also aligns with IRM 
unmixing results that indicated a population of high coercivity ( 100 
mT) grains for 10069 and 10071. 

These subgrain structures do not appear to be shock related as 1) the 
silicate minerals in these samples do not show any shock features, likely 
limiting peak pressures to 5 GPa; 2) while shock can induce Neumann 
banding twins in kamacite at pressures of 1.5-13 GPa, we do not see this 
particular texture in our samples (e.g., Ohtani et al., [2022]; Luo et al., 
[2024]). Therefore, we suggest the observed sub-grains may either 
reflect primary crystallization or a decomposition feature associated 
with primary cooling, although the precise formation mechanism is 
unclear and merits further investigation. The remanence carrying 
properties of these sub-grains could not be fully explored as part of the 
current study. It is alternatively possible that an unobservable popula
tion of small isolated (i.e., not associated with troilite) high coercivity, 
SD FeNi grains exists. Ongoing magnetic imaging studies may address 
these outstanding questions. 

3. Paleomagnetic Investigations 

3.1. NRM behavior and paleointensity 

3.1.1. Methods 
Paleomagnetic analyses were conducted on three subsamples 

(named a, b, and c) prepared from each of our four samples. All sub
samples were subjected to stepwise alternating field (AF)-demagneti
zation (up to 100 mT). At each step, AFs were applied along three 
orthogonal directions (AF along x, y and z) in a cyclic fashion using the 
following protocol: AFz, AFx, AFy (then measured the moment), then 
AFz (measured moment again), and finally AFy (measured moment 
again). The final magnetic moment was calculated by averaging these 
moments (which correspond to the final three orthogonal AF applica
tions) to reduce the effect of gyroremanent magnetization (GRM) [Ste
phenson, 1980] and spurious anhysteretic remanent magnetization 
(ARM) [Garrick Bethell et al., 2017; Tikoo et al., 2012]. Then, each c
subsample was subjected to room-temperature ARM paleointensity ex
periments (using dc bias fields of 10, 30, 40, 60, and 100 T and an ac 
field of 200 mT) and saturated IRM (sIRM) paleointensity experiments 
(using a saturation field of 900 mT) [Weiss and Tikoo, 2014; Wieczoreck 
et al., 2023]. We followed modern non-heating paleointensity (i.e., ARM 
and sIRM) methods, described by the following expressions: 

Table 1 
Lunar HFE mare basalt samples used in this study and prior paleomagnetic and 
geochronology results.  

Thin 
Section 

Bulk 
Sample 

Lithology Age 
(Ga) 

Exposure 
Age (My) 

Apollo- 
era PI ( T) 

10003, 
184 

10003, 
217 

Low-K Ilmenite 
basalt 

3.91 
0.03 [1] 

137 [2] 4.33 [5] 

10044, 
49 

10044, 
673 

Low-K 
Cristobalite 
basalt 

3.73 
0.05 [2] 

80 None 

10069, 
33 

10069, 
99 

High-K Ilmenite 
basalt 

3.54 
0.01 [3] 

40 [4] 2.29 [5], 
1.51 [6] 

10071, 
31 

10071, 
127 

High-K Ilmenite 
basalt 

3.51 
0.06 [1] 

370 [4] None 

The first and second columns detail the thin section and rock samples used in our 
study, respectively. The third column contains the lithology. The fourth and fifth 
columns contain 40Ar/30Ar radiogenic age and 37Ar/38Ar cosmic ray exposure 
ages, respectively. The sixth column contains Apollo-era paleointensities re
ported for these samples. References:[1] Stettler et al., 1974; [2] Turner, 1970; 
[3] Stoffler et al, 2006; [4] Guggisberg et al. 1979; [5] Cisowski et al., 1983 [6] 
Helsley, 1970. 
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residence time on Earth. Moreover, VRM is typically acquired by low- 
coercivity multi-domain grains, and the VRM components can be 
easily removed through AF cleaning at low coercivities [Acton et al., 
2007; Gattacceca and Rochette, 2004]. These factors collectively indi
cate that VRM cannot explain the HC NRM in our samples. 

5. Discussion 

Our results reveal that diverse magnetization histories are recorded 
in HFE-aged Apollo 11 mare basalt samples. One previously unstudied 
sample, 10071, yielded a paleointensity value of 10.69 2.87 T, which 
is approximately an order of magnitude lower than many recent pale
ointensity estimates for HFE mare basalts [Cournede et al., 2012; Shea 
et al., 2012; Suavet et al., 2013; Weiss and Tikoo, 2014; Nichols et al., 
2021]. However, our results for sample 10003 and 10069 differ some
what from previous paleomagnetic studies of the same rocks. We ob
tained a 54.10 4.66 T and 61.36 26.24 T paleointensity value for 
10003,217b and 10069,99. In contrast, Apollo-era studies reported 
these samples to have far lower paleointensities. Sample 10003 was 
previously reported to have a paleointensity of ~4 T (determined using 
the non-heating-based REMc method) [Ciscowski et al., 1983]. For 
sample 10069, a 1.51 T paleointensity value was obtained via the 
Thellier-Thellier double heating method [Helsey, 1970], and a 2.29 T 
paleointensity was obtained via the REMc method [Cisowski et al., 
1983]. Below, we discuss possible reasons for why our paleointensity 
values for 10003 and 10069 differed from the previous works: 

First, the Thellier-Thellier paleointensity experiment described in 
Helsey [1970] involved heating the sample in air rather than in a 
controlled oxygen fugacity environment. Lunar mare basalts formed in 
reducing conditions (approximately 1 log unit below the iron-wüstite 
buffer [Sato et al., 1973]). Therefore, it is likely that sample 10069 
experienced significant thermochemical alteration during the 
Apollo-era study, making it difficult to retrieve an accurate paleo
intensity [Suavet et al., 2014]. Second, the REMc method used by Cis
woski et al., [1983] relied on normalizing NRM by sIRM at a single 
demagnetization step (AF 20 mT), which may not accurately represent 
the HC magnetization component of the sample. It is also possible that 
the subsample of 10003 and 10069 studied by Ciswoski et al., [1983] 
had a poorer magnetic recording fidelity than our subsample and that an 
accurate paleointensity could not be retrieved by that work. For 
example, Tikoo et al. [2014] determined that the paleointensity fidelity 
limit for mare basalt 15556 was ~75 T, even higher than the paleo
intensity we obtained for 10003,217 and 10069,99. Other studies have 
demonstrated that heterogeneity within basalt samples can lead to 
different subsamples having different paleointensity fidelity limits 
[Nichols et al., 2021]. 

10003,217b, 10069,99 and 10071,127 contain stable HC remanence 
components with associated paleointensities that exceed their fidelity 
limit threshold values. Our pressure experiments indicate that SRM ac
quired from transient impact plasma fields would be confined to low 
coercivity magnetic grains and cannot readily explain the observed HC 
magnetization in sample 10069,99 and 10071,127. We again note that 
our one visibly shocked sample 10044,673 did not contain any stable HC 
remanence, further suggesting that lunar basalts do not retain records of 
impact fields [Gattacceca et al, 2010a; Tikoo et al., 2015]. Since the 
magnitude of shock remagnetization increases with pressure, it is 
possible that the higher shock pressures experienced by sample 10044 
demagnetized it through a higher coercivity range than the other less 
shocked samples in this study [Gattacceca et al, 2007; Louzada et al., 
2010]. 

Our long-term and instantaneous IRM acquisition experiments as 
well as our VRM experiments collectively imply that HC magnetization 
components in 10003, 10069 and 10071 are unlikely to be produced by 
magnetic contamination from tools, spacecraft fields, or Earth s mag
netic field. We further note that none of our samples were obtained from 
near-circular saw or band saw cut faces of the parent Apollo samples, 

thus precluding saw-cutting-related remagnetization (discussed for 
other lunar samples in Tikoo et al. [2014] and Mighani et al. [2020]) as 
an origin of HC remanence in our samples as well. These results are 
consistent with the outcomes of other studies that explored the possi
bility of magnetic contamination in lunar basalt samples [Cai et al., 
2022; Tikoo and Jung, 2023; Cournede et al., 2012; Shea et al., 2012; 
Suavet et al., 2013; Weiss and Tikoo, 2014; Nichols et al., 2021; Tikoo 
et al., 2012; 2014]. 

Numerous recent lunar paleomagnetism studies focusing on mare 
basalts recovered strong ( ~40 T) lunar paleofields during the HFE 
[Cournede et al., 2012; Shea et al., 2012; Suavet et al., 2013; Weiss and 
Tikoo, 2014; Nichols et al., 2021]. However, some recent papers also 
reported possibly low or null paleointensity. Two breccias (62235 and 
72215), formed between approximately 3.8-3.9 Ga, indicated paleo
intensities 3 T for high temperature components [Lawrence et al., 
2008]. Three mare basalts, aged approximately 3.7-3.85 Ga, analyzed by 
Cournede et al. [2012] using the sIRM method did not contain recov
erable dynamo records, which may suggest they were likely magnetized 
in weak or null fields 11 T. Tarduno et al. [2021] reported null 
paleointensity values for small mm-scale fragments from two HFE-aged 
samples (feldspathic basalt 14053 and ilmenite basalt 71055). 

It is unclear whether the discrepant results between these studies and 
other modern lunar paleomagnetism studies reflect true lunar paleo
intensity variability or whether they can be explained by methodolog
ical issues associated with contrasting paleointensity methods. For 
example, considering the complex history of breccia samples, the pale
ointensity measured by Lawrence et al., 2008 might have been affected 
by multiple shock and recrystallization events. In the case of Cournede 
et al. [2012], the observed results could be a result of poor magnetic 
recording properties rather than the evidence of inherently low paleo
intensity values. While most mare basalt paleomagnetism studies have 
used room-temperature paleointensity methods to avoid thermochemi
cally altering samples, the Tarduno et al. [2021] study used a CO2 laser 
to heat samples in air to temperatures of 590 C (90-180 s per heating 
step) and estimated paleointensities based on the ratio of NRM 
remaining after zero-field heating to 590 C and the magnitude of partial 
TRM gained after in-field heating to 590 C. We note that even 
short-period laser heating can thermochemically alter troilite (an anti
ferromagnetic mineral that often co-occurs in eutectic assemblages with 
ferromagnetic kamacite in mare basalts) to form magnetite [Li et al., 
2023]. Such alteration could potentially result in inaccurate paleo
intensity determinations if robust checks for thermochemical alteration 
are not utilized. Creation of new magnetic carriers or decomposition of 
MD carriers to SD grains may increase pTRM during the experiment, 
leading to paleointensity underestimation. 

In summary, despite the uncertainties associated with our paleo
intensity methods, our results generally support the hypothesis that the 
Moon may have experienced substantial paleofield variability during the 
HFE period. This variability in paleointensity could reflect long-term 
field behavior such as magnetic reversals, excursions, or secular varia
tion [Selkin and Tauxe, 2000]. Alternatively, lunar paleointensity vari
ability may indicate that a dynamo mechanism capable of producing 
intense fields might have operated intermittently instead of continu
ously during the lunar HFE [Evans et al., 2018; Evans and Tikoo, 2022]. 
This is because lunar thermal evolution models reveal that maintaining a 
convective-driven lunar dynamo capable of generating fields 10 T 
throughout the HFE is challenging [Evans et al., 2018]. In conclusion, 
lunar crustal magnetism and paleomagnetism studies suggest that the 
Moon generated a long-lived dynamo [Weiss et al., 2023]. Our work 
corroborates these previous findings and further demonstrates that 
magnetic field intensity variability may have occurred on the ancient 
Moon at a magnitude roughly comparable to how Earth s field has 
varied for the past 400 Myr. 
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