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Introduction: Recent paleomagnetic studies of  

Apollo samples have indicated that the Moon generat-
ed a core dynamo between at least 4.25 and 2.5 Ga and 
that a high field period with surface field intensities 
≈40-110 µT occurred between 3.85 and 3.56 Ga [1]. 
The high field period was followed by an apparent 
decline in surface field intensity to below ≈4 µT at or 
after 3.19 Ga [2], with evidence for a ≈5 ± 2 µT sur-
face field at ≈1-2.5 Ga [3], after which the field further 
declined to modern intensities < 0.1 µT [4]. The par-
ticular mechanisms of lunar field generation have not 
yet been conclusively identified. By improving our 
understanding of the timing of the initial period of field 
decline, we can better assess possible dynamo sources. 

The poor magnetic recording properties of most lu-
nar igneous rocks have hindered prior attempts to re-
trieve paleomagnetic records from samples < 3.56 Ga. 
Reliable paleointensities generally may not be re-
trieved from mare basalts if they were initially magnet-
ized in paleofields < 10-50 µT, with few exceptions [2, 
3, 5]. Because vitrophyric basalts initially cooled be-
low their magnetic blocking temperatures at relatively 
fast rates, they may contain smaller, higher-fidelity 
ferromagnetic grains. In previous work, we showed 
that the rock magnetic properties of two Apollo 12 
vitrophyres constrain lunar dynamo fields to < ≈4-7 µT 
at the time of their formation [6]. We expand upon that 
work by analyzing the paleomagnetic behavior of a 
third Apollo 12 vitrophyre and acquiring new radio-
metric ages for all three samples. This permits im-
proved statistical assessment of field decline after 3.56 
Ga. We further investigate the connection between 
mineralogy and paleomagnetic fidelity through mag-
netic and petrographic characterization. 

Samples: Fine-grained olivine vitrophyre mare 
basalts 12008, 12009, and 12015 were collected in the 
southeastern region of Oceanus Procellarum during the 
Apollo 12 mission. We prepared six mutually oriented 
subsamples from each parent chip studied (12008,72, 
12009,156, and 12015,40) using a wire saw. Five sub-
samples were used for magnetic analyses, while the 
sixth was reserved for compositional analyses and da-
ting. Initial petrographic analyses were conducted on 
thin sections 12008,41, 12009,11, and 12015,43, pro-
vided by JSC. 

Characterization and geochemistry: One slice of 
each parent chip was subdivided and mounted as a 
thick section. Both thick and thin sections were subject 

to electron microprobe analyses, which were conduct-
ed using the JEOL JXA-8200 Superprobe at Rutgers 
University (RU). Quantitative point analyses and quali-
tative (EDS) X-ray maps were performed on both 
mesostasis glass and larger metallic grains. All three 
samples contain large (up to 5 mm) olivine, (or-
tho)pyroxene, and chromite phenocrysts in a glassy 
matrix, as well as small (≤ 20 µm) Fe-Ni alloy grains 
with a range of compositions (4.5 < wt.% Ni < 20.5) 
indicative of kamacite and martensite. 

Magnetic hysteresis loops and backfield curves 
were collected using the Princeton MicroMag 2900 
AGM at RU and corrected using the IRMDB software 
provided by the Institute for Rock Magnetism at the 
University of Minnesota. 

Radiometric dating. Ages for samples 12008 and 
12009 were previously reported as 3.10 and 3.19 Ga 
respectively, although radiometric dating was compli-
cated by anomalous age spectra [7, 8], while 12015 has 
never before been radiometrically dated. K-enriched 
mesostasis glass fragments were micro-milled from 
each thick section for 40Ar/39Ar dating. Samples were 
irradiated at the USGS TRIGA reactor in Denver, CO. 
Argon isotopes were then analyzed using a Mass Ana-
lyzer Products (MAP) 215-50 noble gas mass spec-
trometer at the Rutgers Noble Gas Lab. We report new 
ages of 3.023 ± 0.066 Ga for 12008, 2.909 ± 0.071 Ga 
for 12009, and 3.025 ± 0.024 Ga for 12015.  

 

 
Figure 1. Zijderveld diagram of AF demagnetization of NRM in 
subsample 12015,40e. Low coercivity (LC) component is shown 
with orange arrows. 

NRM Behavior: To analyze natural remanent 
magnetization (NRM) behavior, five subsamples from 

3135.pdf50th Lunar and Planetary Science Conference 2019 (LPI Contrib. No. 2132)



each parent sample were subjected to identical step-
wise three-axis alternating field (AF) demagnetization 
and measurement up to 145 mT at MIT and RU. One 
subsample of each parent chip was also subject to vis-
cous remanent magnetization and anisotropy experi-
ments to assess the possible roles of secondary rema-
nence acquisition processes. 

NRM values for subsamples from 12008 range in 
intensity between ≈1 x 10-10 and ≈5 x 10-9 Am2. Sub-
samples from 12009 have NRM values of ≈2 x 10-11 to 
≈3 x 10-10 Am2, an order of magnitude weaker than 
those from 12008. NRM values for subsamples from 
12015 (Figure 1) are intermediary, ranging from ≈1-5 
x 10-10 Am2. 13 of the 15 subsamples analyzed showed 
low-coercivity magnetizations that were readily re-
moved. In all 15 subsamples, NRM was unstable at 
higher AF steps and non-unidirectional between mutu-
ally oriented subsamples. No stable high-coercivity 
magnetization was retrieved from any of the subsam-
ples. 

Paleointensity: To assess the reliability of our 
samples as magnetic recorders, we imparted one sub-
sample of each parent chip with a laboratory ARM as 
an analogue for thermoremanent NRM and AF demag-
netized the resulting remanence. Following [2], we 
then used the ARM method to retrieve paleointensities 
from each laboratory-induced magnetization. 

For all three subsamples, we found poor corre-
spondence between expected and retrieved paleointen-
sities below ≈4-7 µT. Thus, AF methods should be 
capable of retrieving stable TRM records acquired in 
paleofields > ≈7 µT from samples 12008 and 12009, 
and in paleofields > ≈4 µT from sample 12015. 

To determine whether the observed decline in lunar 
paleointensities after 3.56 Ga is statistically significant, 
we used the Kolmogorov-Smirnov (K-S) statistical test 
following [2]. By comparing the lunar paleointensities 
of seven samples from the previously established high 
field period with nine samples (six from literature, 
three from this study) from the initial period of field 
decline (Figure 2), we find a p-value of 0.0014 and 
definitively reject the null hypothesis that these values 
are derived from the same distribution of paleointensi-
ty values (> 95% confidence). This supports an order-
of-magnitude field decline after 3.56 Ga.  

The role of mineralogy in paleomagnetic fidelity. 
The magnetic recording capabilities of Apollo material 
vary widely, with reported paleomagnetic fidelity 
thresholds ranging from ≈4-75 µT [1]. Due to the di-
versity of lunar materials studied, this fidelity has been  
attributed to a variety of sources, including magnetic 
anisotropy, composition, grain size, and the distribu- 

 
Figure 2. Updated timeline of lunar paleointensities, modified from 
[1, 3]. Data from this study are shown as orange squares. Open 
(closed) points represent paleointensity upper limits (values). 
tion of magnetic grains with respect to non-magnetic 
material. Our rock magnetic experiments suggested 
low coercivities (< 9 mT) and multidomain grain states 
in all three samples analyzed. We compare these re-
sults to the hysteresis parameters of > 80 Apollo sam-
ples from previous studies to unravel the connection 
between magnetic mineralogy and paleomagnetic re-
cording capabilities in lunar material. 

Discussion and Conclusions: Our results suggest 
that at ≈3.0 Ga, lunar magnetic fields were no longer 
strong enough to impart magnetizations retrievable by 
AF methods to our samples (i.e., < ≈4-7 µT), indicat-
ing that all three rocks likely formed in a weak to null 
paleofield. This result is consistent with the recording 
quality expected from glassy lunar rocks based on their 
relatively fine magnetic grain sizes. We therefore con-
firm the need for a rapidly declining dynamo to explain 
the sharp decrease in lunar paleointensities from ≈70 
µT at 3.56 Ga to < ≈4 µT by 3.19 Ga [2]. This rapid 
field decline is consistent with the cessation of an early 
strong-field dynamo generation mechanism by 3.56 
Ga, giving way to a second mechanism capable of 
generating a weak field for an additional 2-3 Ga [3]. 
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