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Recent analyses of Apollo samples have demonstrated that a core dynamo existed on the Moon between
at least 4.25 and 3.56 billion years ago (Ga) with surface field intensities reaching ~70 uT. However,
it is unknown when the Moon’s magnetic field declined. Determining the temporal evolution of the
dynamo is important because it constrains secular changes in power at the lunar core-mantle boundary
and, by implication, the Moon’s thermal and orbital evolution and the field generation mechanism. Here
we present paleomagnetic data from several younger mare basalts which demonstrate that the surface
magnetic field had declined precipitously to <~4 uT by 3.19 Ga. It is currently unclear whether such

Moon a rapid decrease in field strength reflects either the cessation of the dynamo during this period or its

core dynamo
paleomagnetism
planetary magnetism

persistence beyond 3.19 Ga in a drastically weakened state.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

A variety of geophysical and geochemical data have established
that the Moon is a differentiated body with a small (~350 km
diameter) liquid outer core (Weber et al., 2011; Wieczorek et al.,
2006). Remanent magnetization in lunar rocks and the crust in-
dicates that there were substantial ancient magnetic fields on the
surface of the Moon (Fuller and Cisowski, 1987). Although impact-
generated plasmas are a potential source of magnetic fields (Hood
and Artemieva, 2008), recent paleomagnetic studies of Apollo sam-
ples and the association of central magnetic anomalies with Nec-
tarian impact basins indicate that a lunar core dynamo existed
between at least ~4.25 and 3.56 billion years ago (Ga) with
surface field intensities of ~30-110 puT (Cournéde et al., 2012;
Garrick-Bethell et al., 2009; Garrick-Bethell and Weiss, 2013; Hood,
2011; Shea et al., 2012; Suavet et al., 2013). The lack of detailed
paleomagnetic studies of lunar rocks younger than 3.56 Ga has
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meant that it is currently unclear when the dynamo weakened and
ultimately ceased (Fuller and Cisowski, 1987; Tikoo et al., 2012).
The intensity and longevity of thermally convective dynamos
depend on the superadiabatic heat flux at the core-mantle bound-
ary (Christensen et al., 2009). However, estimates for this adia-
batic threshold are poorly constrained. Lunar thermal evolution
models suggest that a thermally convective lunar dynamo can
persist until sometime between ~3.7 and ~2.5 Ga for adiabatic
thresholds ranging from 10 to 3 mWm™2 (Evans et al., 2014;
Konrad and Spohn, 1997; Laneuville et al.,, 2013; Stegman et al,,
2003). This has motivated alternative proposals that the core dy-
namo was mechanically powered by differential rotation of the
lunar mantle, driven by either large impacts (Le Bars et al., 2011)
or precession (Dwyer et al., 2011), or thermochemically driven by
core crystallization (Laneuville et al., 2014; Soderlund et al., 2013;
Zhang et al., 2013). However, because impact-driven changes in
rotation are unlikely to have generated a core dynamo after the
final large basin-forming impact at 3.72 Ga (Suavet et al., 2013),
the persistence of the dynamo until at least 3.56 Ga supports
precession or core crystallization as the main field source at this
time. By comparison, mantle precession (Dwyer et al., 2011) and
core crystallization (Laneuville et al., 2014; Soderlund et al., 2013;
Zhang et al., 2013) dynamos may be capable of persisting until as
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late as a few hundred million years ago under certain conditions
(Supplementary material).

Constraints on when the dynamo declined in intensity would
constrain the power sources and, by implication, the field-gene-
rating mechanism(s) for the dynamo. In particular, given that at
least thermally convective and perhaps also precession dynamo
field intensities are thought to scale with the available (i.e., su-
peradiabatic, not total) power (Christensen et al., 2009), evidence
for a decline in the field intensity after 3.56 Ga could constrain the
thermal and orbital evolution of the Moon.

Two key impediments to lunar paleomagnetic studies are that
the majority of lunar samples have poor magnetic recording prop-
erties (Tikoo et al, 2012) and complex thermal and shock de-
formational histories (Supplementary material). Therefore, many
earlier paleomagnetic studies are unreliable both in inferred pa-
leointensities and age of magnetization. Consequently, since the
end of the Apollo era, there have been two competing hypothe-
ses about the state of the late lunar magnetic field. Fuller (1998)
suggested that there was no evidence for a dynamo after 3.72 Ga,
whereas Runcorn (1996) proposed that the dynamo persisted until
at least ~3.2 Ga (the age of the youngest returned mare basalts).
Distinguishing between these possibilities requires a combination
of paleomagnetic and petrographic studies and thermochronome-
try to constrain the extent of post-formational shock and thermal
processes that could have modified any primary magnetization in
samples. Two recent studies of young (<3.56 Ga) samples did not
come to firm conclusions about the origin of their natural rema-
nent magnetization (NRM). Cournéde et al. (2012) studied ~3.3 Ga
mare basalt 12002, but did not confidently isolate a primary rema-
nence (Supplementary material). Lawrence et al. (2008) suggested
that the NRM of cataclastic anorthosite 60015 may not have been
acquired from a dynamo field (i.e., their data imply any ambient
field was <5 uT), but both this paleointensity constraint and the
age to which it applies are uncertain because the sample may have
been shocked or thermally demagnetized well after its “CAr/>°Ar
plateau age of 3.46 Ga (Supplementary material). With the goal of
resolving the state of the lunar dynamo at 3.2-3.3 Ga, we con-
ducted a new paleomagnetic study of Apollo 12 and 15 mare
basalts which accounts for secondary shock and thermal effects.
Our goal is to constrain the paleointensity of the late lunar field.

2. Samples

We chose to focus on mare basalt samples 12022 and 15597
because Apollo-era analyses and our own measurements found
that these rocks have unusually high fidelity magnetic recording
properties relative to other young (<3.6 Ga) mare basalts (Supple-
mentary material). Sample 12022 also offers a fortuitous opportu-
nity for lunar paleomagnetic studies because it was sawn at John-
son Space Center (JSC) into multiple mutually oriented blocks in
April and May 1970, just five months after return from the Moon
(Supplementary material). These blocks were subsequently stored
in unknown, almost certainly differing orientations without mag-
netic shielding. This early saw-cutting and subsequent long-term
storage enables a test of whether NRM in 12022 was acquired as
viscous remanent magnetization (VRM) contamination from long-
term exposure to the terrestrial field (Supplementary material) or
is pre-terrestrial in origin.

2.1. Petrographic descriptions and ages

12022 is a medium-grained porphyritic ilmenite basalt (Brett
et al,, 1971; James and Wright, 1972; McGee et al., 1977; Neal et
al., 1994; Weill et al., 1971). The sample has an “°Ar/3%Ar plateau
age of 3.194 £ 0.025 Ga (Alexander et al., 1972; Supplementary
material). The phenocrysts in 12022 are predominantly 1-2 mm

A 12022,114 B 15597,13

Fig. 1. Photographs of 30 uT thin sections in transmitted light with crossed polars.
(A) 12022,114 and (B) 15597,13. White arrow points to a plagioclase crystal used
for cooling rate determinations. Pyroxene is present as large phenocrysts displaying
high order interference colors in sample 12022; it also appears as large laths within
a glassy matrix in sample 15597.

diameter pyroxene crystals and ~300 pm diameter olivine crystals
(Fig. 1A). Its matrix consists of 0.05-1 mm diameter feldspar laths,
30-200 pm long ilmenite laths, 600-800 pm diameter pyroxene
grains and trace amounts of aluminosilicate glass.

15597 is a vitrophyric quartz-normative basalt (Ryder, 1985;
Weigand and Hollister, 1973). It has whole-rock Rb and Sr iso-
tope ratios consistent with a model age of ~3.3 Ga (Compston,
1972) and an “°Ar/%Ar plateau age of ~3.1-3.5 Ga (Kirsten et al.,
1973). The sample contains elongated (up to 300 pm long) py-
roxene phenocrysts in a brown glassy matrix with sparse vesicles
ranging from 10 to 500 pm in size (Fig. 1B).

Our petrographic study indicates that both samples lack evi-
dence for shock (peak pressures <5 GPa): plagioclase shows no
mechanical twinning, fracturing, or alteration to maskelynite, and
there is no undulatory extinction in olivine or pyroxene (Stoffler
et al., 2006). Therefore, shock demagnetization or remagnetization
of any existing primary thermoremanent magnetization (TRM) is
likely modest and confined to low coercivity grains (Supplemen-
tary material).

2.2. Ferromagnetic mineralogy

Our electron microscopy analyses found that metal grains in
12022 have compositions of Feq_yxNiy with 0.05 < x < 0.19 and
no detectable P (<0.03% by mass). A previous study observed a
similar compositional range along with an additional population
of nearly pure Fe grains (Reid et al., 1970). Metal grains in 15597
have compositions of Fej_xNiy with 0.02 < x < 0.12 (with 2 out
11 analyzed grains having x < 0.03) and trace P (0.02-0.08% by
mass). These compositions, the samples’ fast cooling rates (Sec-
tion 2.3) and the homogeneity of Ni contents and lack of exso-
lution textures within most metal grains collectively indicate that
both kamacite («-Fe) (grains with x < 0.05) and martensite (o;-Fe)
(grains with x > 0.05) are the main ferromagnetic minerals in both
rocks (Supplementary material). This is supported by our obser-
vation that laboratory anhysteretic remanent magnetization (ARM)
and isothermal remanent magnetization (IRM) unblock mostly by
~600°C [close to the austenite-finish temperatures (i.e., martensite
recrystallization temperatures) expected for the observed range of
Ni abundances] with a small fraction of IRM persisting to higher
temperatures (consistent with kamacite’s 780°C Curie tempera-
ture) (Supplementary material). The presence of kamacite is also
indicated by previous thermomagnetic analyses showing magneti-
zation persisting to 780°C (Helsley, 1971). Early-formed kamacite
should acquire a TRM after cooling below its Curie temperature,
while martensite should predominantly acquire a TRM after pass-
ing through the martensite-finish temperature (ranging from ~600
to 120°C and 600 to 350°C for the observed compositions in
12022 and 15597, respectively; Swartzendruber et al., 1991).
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2.3. Cooling rate analyses and implications

Following Grove and Walker (1977), we determined that 12022
cooled below 1050°C (when plagioclase crystallizes) at a rate
of 19°Ch~!. Using the same method, 15597 was determined to
have a late-stage cooling rate of 300-500°Ch~" at temperatures
of 1050-975°C when plagioclase crystallizes (Grove and Walker,
1977). This is broadly consistent with the sizes of pyroxene crys-
tals, which indicate a cooling rate of 10-150°Ch~! that reflects
both early (1210-1050°C) and late-stage (1050-975°C) cooling.
Using pyroxene sizes, Lofgren et al. (1979) determined a slower
integrated cooling rate of 20-50°Ch~!; differences in the type of
sample container used for each study may have led to a difference
in crystal nucleation kinetics (Grove and Walker, 1977 conducted
Fe-capsule and Fe-loop crystallization experiments, while Lofgren
et al.,, 1979 used Pt-loop crystallization experiments).

Assuming a 1000-s laboratory heating step, the maximum un-
blocking temperature of a ~40 yr terrestrial VRM would likely
be ~125-200°C (Garrick-Bethell and Weiss, 2010; Supplemen-
tary material). Therefore, any primary TRM in samples 12022
and 15597 would be mostly recorded in grains with laboratory
unblocking temperatures between the kamacite Curie tempera-
ture of 780°C and 200°C. Our cooling rate analyses (mentioned
above) suggest that 12022 cooled from the kamacite Curie tem-
perature and the peak martensite-finish temperature of ~600°C
(Section 2.2) to 200°C over a period of 31 and 21 hours, respec-
tively. Conservatively assuming the fastest late-stage cooling rate
of 500°Ch~!, 15597 cooled from the kamacite Curie temperature
and its peak martensite finish temperature (Section 2.2) to 200°C
over a period of at least 1.2 and 0.8 hours, respectively. While
the largest, basin-forming impacts may have produced transient
magnetic fields lasting <1 day (Hood and Artemieva, 2008), the
smaller impacts post-dating 3.7 Ga (i.e., those actually occurring at
the time 12022 and 15597 formed) likely only produced plasma
fields lasting <1 second (Supplementary material). Therefore, any
TRM in these samples is probably a record of a long-lived field
like that from a core dynamo or remanent crustal field rather than
from transient impact fields.

3. Natural remanent magnetization

Our 12022 subsamples were mutually oriented and collected
from three parent blocks sawn in 1970 (splits 310, 308 and
305, which we subdivided into 4, 3, and 3 subsamples, respec-
tively). Our six subsamples of 15597 were also mutually oriented
and taken from a single parent chip (split 82). All paleomagnetic
and rock magnetic measurements were made using a 2G Enter-
prises Superconducting Rock Magnetometer 755 which has a sen-
sitivity of 10712 Am? (at least two orders of magnitude greater
than the magnetic moment of our subsamples) housed at the
MIT Paleomagnetism Laboratory. The magnetometer is equipped
with automated sample handling and demagnetization equipment
(Kirschvink et al., 2008).

3.1. Methods

To prevent sample alteration from heating, we primarily used
room-temperature alternating field (AF) demagnetization-based
techniques rather than thermal methods for NRM characteriza-
tion and paleointensity studies. All but three of our subsamples
from 12022 and 15597 were subjected to three axis AF demag-
netization up to either 85 or 290 mT following Garrick-Bethell
et al. (2009), Shea et al. (2012), and Suavet et al. (2013). Their
magnetic moments were measured after AF application in each of
the three orthogonal directions. To reduce the acquisition of spuri-
ous gyroremanent magnetization (GRM) and ARM, we repeated AF

applications 5-10 times for each AF level and averaged the mea-
surements following the Zijderveld-Dunlop method (Stephenson,
1993). The remaining three subsamples (12022,305d 12022,310c,
and 15597,82f) were thermally demagnetized. To prevent alteration
of metal grains at high temperatures, thermal demagnetization was
conducted in a controlled oxygen fugacity atmosphere (using a
calibrated mixture of CO, and H; with the concentration of CO;
increasing from 3% at 50°C to 21% at 800°C) (Suavet et al., in
press).

NRM components (Table S2) were identified and fit using prin-
cipal component analysis (PCA) (Kirschvink, 1980). The highest
coercivity or highest blocking temperature component from each
subsample was subjected to the deviation angle (DANG)/maximum
angular deviation (MAD) test (Lawrence et al., 2008) as a qualita-
tive way to determine whether it was origin-trending (and there-
fore whether it is a candidate for the primary magnetization that
formed after primary cooling). The test compares the angular dif-
ference between an unconstrained least squares fit of the NRM
component and the centroid of the least squares fit (DANG) to the
MAD of the fit. A drawback of using the DANG/MAD test is that
it does not assign any confidence interval to the hypothesis that a
magnetization component is origin-trending.

3.2. Demagnetization results

Depending on the subsample, we identified either two or three
magnetization components in 12022: low coercivity (LC) and low
blocking temperature (LT) components were blocked up to a maxi-
mum of 8 mT or 86 °C, and one or two additional medium coerciv-
ity (MC) and medium blocking temperature (MT) components were
present at higher AF levels and unblocking temperatures (Sup-
plementary material, Table S2). Within each parent chip, the LC
and LT directions were similar, as were the MC and MT directions
(Fig. 2), indicating that AF and thermal demagnetization are iso-
lating the same underlying magnetization components. The first
MC/MT component (which we refer to as MC1/MT1) was typically
blocked from the end of the LC/LT component up to 23-85 mT
during AF demagnetization and up to 200-240°C during thermal
demagnetization. A second MC/MT component (which we refer to
as MC2/MT2), present in 5 out of 11 subsamples, was blocked
from the end of the MC1 component up to ~110 mT and ~325°C.
These results are broadly consistent with previous studies of 12022
(Fuller et al.,, 1979; Helsley, 1971; Helsley, 1972; Supplementary
material). No components were observed for any sample beyond
the MC1/MT1 and MC2/MT2 identified above.

All five AF-demagnetized subsamples from 15597 had one
LC component blocked up to ~9.5 mT. Two subsamples ap-
parently had no higher coercivity components, while the other
three subsamples had one additional poorly-defined MC1 com-
ponent blocked up to 19 mT (Supplementary material, Table S2).
Thermal demagnetization of one subsample revealed an LT com-
ponent blocked to 110°C and an MT1 component blocked to
240°C. The LC, LT, MC1, and MT1 components are collectively
non-unidirectional between subsamples (Supplementary material,
Fig. S10). The observed instability and low maximum coerciv-
ity of the NRM is similar to that previously observed for 15597
(Cournéde et al., 2012; Fuller et al., 1979).

3.3. Interpretation of NRM components

The grouping of LC/LT components of 12022 subsamples within
each parent block cut in 1970 and the collectively scattered direc-
tions among the multiple parent blocks are consistent with their
origin as VRM acquired during the 40 years of exposure to the
Earth’s magnetic field following cutting at JSC. A VRM origin is
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Fig. 2. Magnetization components observed for mutually oriented samples of 12022. Shown is an equal area stereographic projection of component directions, with symbols
and surrounding ellipses representing directions and associated maximum angular deviation values obtained from principal component analyses (Supplementary material).
(A) LC (circles) and LT (squares) component directions. (B) MC (circles) MT (squares) component directions. Subsamples from parent blocks 305, 308, and 310 are shown
in dark blue, light blue, and red circles, respectively. Open symbols (dashed lines) represent directions in the upper hemisphere and filled symbols (solid lines) represent

directions in the lower hemisphere. MC1, MC2, MT1, and MT2 components are labeled in (B).
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Fig. 3. AF demagnetization of sample 12022,310a and 12022,305b. Shown is the intensity of NRM (squares) during AF demagnetization compared to that of various forms of
laboratory-induced magnetization: ARM acquired in an 85 mT AC field and 0.2 mT DC bias field (circles), IRM acquired in a 200 mT field (diamonds), and PRM acquired in a
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LC component and laboratory magnetizations. (B) Sample 12022,310a magnetization normalized to the 4 mT AF step to emphasize comparison between MC1 component
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(E) Sample 12022,305b MC2 component normalized to the 28 mT AF step.

also strongly supported by our laboratory VRM acquisition exper-
iments (Supplementary material), as well as the low (86 °C) peak
unblocking temperature and the ~46 uT (Earth field-strength) av-
erage LC/LT component paleointensity (Supplementary material,
Table S3).

Comparison of the AF demagnetization of NRM in sample
12022 to that of laboratory ARM (a proxy for TRM) or satura-
tion IRM indicates that both the MC1/MT1 and MC2/MT2 com-
ponents are inconsistent with being total TRM or IRM (Fig. 3).
This is corroborated by our thermal demagnetization experiments
on two subsamples, which show that the NRM in each sample is

only blocked to ~240-325°C, well below the sample’s peak de-
magnetization temperature (Section 3.2 and Supplementary mate-
rial). Shock remanent magnetization (SRM) is likely precluded by
the non-unidirectionality of these components across the entire
sample. Fuller and Cisowski (1987) hypothesized that some lunar
rocks may have acquired partial TRM (pTRM) as a result of heat-
ing during dry saw cutting at JSC. Our investigation into the cut-
ting history of sample 12022 strongly suggests that the MC2/MT2
in parent block 305 and possibly also the MC1/MT1 components
in blocks 308 and 310 were likely acquired by samples as a re-
sult of heating during JSC cutting in the ambient laboratory field
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(Supplementary material). Regardless of the origin of the MC and
MT components, their non-unidirectionality across all three parent
blocks as well as the lack of resemblance between demagnetiza-
tion of NRM and ARM suggest that they cannot be TRM from a
dynamo field.

The non-unidirectionality of the LC/LT and MC1/MT1 compo-
nents in 15597 excludes total TRM and SRM as the source of mag-
netization. Chemical remanent magnetization (CRM) may be ruled
out by the lack of aqueous alteration features. While IRM may
be capable of inducing non-unidirectional overprints on the sam-
ples due to the curved nature of fields near strongly magnetized
objects, the NRM/IRM ratios for the coercivity ranges of these com-
ponents are below the values (<0.1-1) typically indicative of IRM.
The logarithmic time-dependence of VRM acquisition might chal-
lenge a VRM origin for both components. However, both our study
and previous work have shown that 15597 is extremely susceptible
to VRM acquisition (Supplementary material). It is almost certain
that the sample was rotated multiple times after return to Earth.
Therefore, it is possible that different regions within the sample
acquired VRM at different rates, causing non-unidirectional NRM.
The low coercivities and peak unblocking temperatures (110°C and
240°C) of these components are also consistent with a VRM origin
(Supplementary material).

4. Paleointensity constraints
4.1. Introduction

We primarily used the nondestructive, AF-based, ARM and
IRM methods to determine paleointensities for the magnetization
components present in our samples (Garrick-Bethell et al., 2009;
Shea et al, 2012; Suavet et al., 2013; Yu, 2010; Supplementary
material). Thermal paleointensity experiments were conducted on
one subsample from each parent rock using a pTRM method (Sup-
plementary material). Paleointensities from the ARM (Parm) and
IRM (Pirv) methods were calculated using the following formulas:

Py ANRM b a
AARM [’
ANRM

P = Airw @

where ANRM, AARM and AIRM are the changes in moment be-
tween AF demagnetization steps for NRM, ARM, and IRM, respec-
tively, b is a dc bias field, f’ is the TRM/ARM ratio, and a is a
calibration constant with units of field that is inversely propor-
tional to the TRM/IRM ratio. Here we adopt values of 1.34 for f’
and 3000 uT for a (Gattacceca and Rochette, 2004; Stephenson and
Collinson, 1974). Note that values of a similar to the latter have
also been measured for martensite-bearing samples (Wasilewski,
1981).

4.2. Paleointensity results

The LC, MC1, and MC2 components of subsamples from 12022
yielded paleointensities ranging from 20 to 144 uT and the LC and
MC1 components for 15597 yielded paleointensity values between
6 and 72 T (Table S3). At AF levels beyond these components,
all subsamples from both 12022 and 15597 either yielded paleoin-
tensities formally within error of zero or else below the minimum
values that can be accurately retrieved using AF methods (see Sec-
tion 4.3 below and Tables S3 and S4). In summary, our ARM and
IRM acquisition experiments indicate that, while magnetic grains
capable of carrying remanence with high coercivities are present
in these rocks, they carry essentially no NRM (Fig. 4, Fig. S14).

DC0.05 mT DC0.2mT
8)(10-10' HC (2 +2uT) HC (2 +2uT)
5 g AF 290 mT
6 -10 oy AF 64 mT
x10 S
— 9]
< S g
€
<
g ax10" 1%
g n
o
=
2x10"°
Sample
12022,308a
0 . .
0 2x10° 4x10° 6x10°

ARM gained (Am?)

Fig. 4. ARM paleointensity experiments for subsample 12022,308a. Shown is NRM
lost during AF demagnetization as a function of ARM gained during stepwise ARM
acquisition (AC field increasing to 85 or 290 mT, DC bias field = 0.05 and 0.2 mT)
at an equivalent AC field. Points corresponding to the LC and MC1 components in
samples are shown with medium gray and dark gray circles respectively. Data from
higher AF levels (HC) are shown in light gray.

4.3. Constraining the lunar paleofield at ~3.2-3.3 Ga

AF methods may introduce undesirable magnetic contamination
to samples via acquisition of spurious ARM and GRM (Tikoo et
al., 2012). As the demagnetization experiment proceeds, spurious
ARM and GRM become increasingly strong until they eventually
overwhelm the remaining NRM at high AF levels. This ultimately
places a lower limit on the paleointensity that can be recovered
from a given sample which depends on its rock magnetic prop-
erties (Tikoo et al., 2012). We refer to this as the paleointensity
fidelity limit. The question we seek to address here is: what is the
maximum possible paleofield consistent with the apparent lack of
high coercivity remanence in 12022 and 155977

4.3.1. Methods

Following Tikoo et al. (2012), we determined paleointensity fi-
delity limits for 12022 and 15597 as well as our previously studied
3.2-3.3 Ga Apollo 12 and 15 basalts 12017, 15016, and 15556.
Multiple subsamples of each rock were given a laboratory ARM (as
an analog of thermoremanent NRM) that was then AF demagne-
tized. The laboratory ARMs were produced using an AC field of
85 mT and DC fields ranging from 3 to 200 puT (corresponding
to TRM-equivalent fields from 2 to 150 uT, using the TRM/ARM
ratio of 1.34 discussed above). The ARM method was then used
to retrieve a paleointensity value from each of these laboratory-
induced magnetizations. To ensure that we were only determining
paleointensity fidelity limits for grains which could have retained
magnetization acquired on the Moon, we only included those AF
levels above which any confirmed post-lunar overprints were iden-
tified by PCA. For subsample 12022,310b, we only used AF lev-
els beyond the end of the MC1 component while for subsample
15597,82b, we only used AF levels above the end of the LC com-
ponent. This procedure differs from and is more conservative than
that utilized by Tikoo et al. (2012), in which fidelity limits were
calculated using the full range of AF levels. A sample was con-
sidered to have acceptable magnetic fidelity at fields where either
the percentage difference between the retrieved paleointensity and
the laboratory field, or the percentage difference between the for-
mal uncertainty (the 95% confidence interval determined using a
two-tailed Student’s t-test) and the laboratory field, were less than
100% (whichever occurred at a higher laboratory DC field value).
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4.3.2. Paleointensity fidelity limits

We found that best behaved subsamples of 15597 and 12022
had minimum paleointensity fidelity thresholds of ~7 and ~4 uT,
respectively (Fig. 5, Table S4), indicating that the lunar surface
field was weaker than these values at the times these samples
formed. Using our adjusted procedure of disregarding AF levels
from LC components, we recalculated the paleointensity fidelity
thresholds for the exact same subsamples of 15556 (split 221g),
15016 (split b21), and 12017 (split 12alc) that we previously re-
ported fidelity limits for in Tikoo et al. (2012). Following this
method, 15556, 15016, and 12017 have revised thresholds of ~75,
~37, and ~37 pT, respectively. Therefore, while all five samples
give consistent results, the lower paleointensity fidelity thresholds
from 12022 and 15597 place a stronger constraint on the max-
imum possible lunar paleofield at 3.2-3.3 Ga than what may be
obtained from the previously studied samples.

4.4. Constraining the decline in lunar paleointensities

Each of the paleointensity limits discussed in Section 4.3 are
subject to the typical factor of 3-5 systematic errors associated
with the ARM paleointensity method discussed in Section 4.1. It is
therefore important to assess whether the decline in mean lunar
paleointensities that we observe between 3.56 Ga and 3.19 Ga is
statistically significant given these uncertainties. To determine this,
we use the Kolmogorov-Smirnov (K-S) statistical test to compare
the average lunar paleointensities computed for samples older than
3.5 Ga to the upper paleofield limits inferred above for the younger
samples 15597 and 12022 at ~3.3 and ~3.2 Ga, respectively. We
exclude the paleofield limits inferred for 15556, 15016, and 12017
because, as described in the preceding section, these samples are
low-fidelity paleomagnetic recorders. We use the K-S test to as-
sess the null hypothesis that the pre-3.5 Ga paleointensities and
the younger upper paleofield limits from 12022 and 15597 are de-

rived from the same distribution of paleointensity values at the 5%
significance value (p).

Average paleointensities reported for pre-3.5 Ga samples 76535,
10020, 10017, and 10049 are 30, 60, 70, and 70 uT, respectively
(Garrick-Bethell and Weiss, 2013; Shea et al., 2012; Suavet et al.,
2013). As reported in Section 4.3, the paleointensity fidelity limits
for 15597 and 12022 are 7 and 4 pT, respectively. By compar-
ing the pre-3.5 Ga paleointensities to the post-3.5 Ga paleointen-
sity limits using the K-S test, we can reject the null hypothesis
that both datasets are from the same distribution with a p-value
of 0.0469 (>95% confidence). However, this calculation does not
consider the factor of 3-5 uncertainties associated with each of
these paleointensity determinations, which we showed empirically
are accurately described by a lognormal distribution (Supplemen-
tary material). To address this, we randomly selected sets of six
multiplier values (which we call M values) from the probability
distribution obtained by fitting a lognormal distribution to the pa-
leointensity data in Fig. S13. These M-values were multiplied by
the four pre-3.5 Ga and two post-3.5 Ga paleointensities listed
above (which we call I values) to produce a new set of six gen-
erated paleointensities (PL) to use in K-S testing:

(3)

We then applied the K-S test to each of 1000 sets of six P
values. Using the K-S test, we could reject the null hypothesis (i.e.,
p < 0.05) that both the pre- and post-3.5 Ga datasets were drawn
from the same distribution for 91.5% of these 1000 lognormally
generated paleointensity datasets. To incorporate paleointensities
and upper limits from other recent studies, we repeated the above
procedure while appending the 42, 95, and 111 uT paleointensities
obtained for mare basalts 70017, 71505, and 71567, respectively
(Cournéde et al., 2012), to the above dataset of pre-3.5 Ga paleoin-
tensities. We also added the 5 uT upper limit inferred for sample

PL=MI
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Fig. 6. Histogram showing the decline in paleointensities between 3.56 and 3.19 Ga.
The vertical axis gives the number of counts (out of 1000 values) per bin of data.
The horizontal axis gives the factor decrease in paleointensities, defined to be the
(lognormally generated) pre-3.5 Ga paleointensity value divided by the post-3.5 Ga
paleointensity value.

60015 (Section 1) to the post-3.5 Ga dataset (such that ten values
were compared instead of six). Again, using the K-S test, we can
reject the null hypothesis (i.e., p < 0.05) 97.2% of the time (out of
1000 trials). Based on these results, we can confidently infer that
the pre-3.5 Ga paleointensities are distinct from the post-3.5 Ga
upper limits, and that there was indeed a significant decline in the
intensity of surface fields between 3.56 and 3.3 Ga.

4.5. Implications of a paleointensity decline

We now discuss what the paleointensity record can tell us
about the decline in power at the lunar core-mantle boundary
over time. We used scaling laws to estimate the decline in supera-
diabatic power between 3.56 Ga and 3.19 Ga (Christensen et al.,
2009; Dwyer et al., 2011), although we again note that precession
or core crystallization dynamos could operate subadiabatically. We
used 1000 pairs of randomly generated Pj-values (using the log-
normal distribution method from Section 4.4) for the 70 and 4 pT
I values at 3.56 and 3.19 Ga and Eq. (4) of Dwyer et al. (2011) to
find the decrease in paleointensities and superadiabatic power be-
tween 3.56 and 3.19 Ga. We found that between these times, the
intensity of the dynamo field declined by at least a factor of ~18
(mean = factor of ~27; 1 standard deviation = factor of ~29)
(Fig. 6). Assuming the scaling law used is applicable to the an-
cient lunar core dynamo, the decline in paleointensities from 70 to
<4 T suggests a factor of at least ~1 x 10 drop in superadiabatic
power during this period.

5. Thermochronometry

It is possible that any TRM acquired by 15597 and 12022 dur-
ing primary cooling was affected by subsequent thermal events.
The absence of shock features precludes direct shock heating, but
low-grade metamorphism or burial in a hot ejecta blanket could
have led to temperature excursions. To assess this possibility, we
conducted “CAr/3°Ar thermochronometry on one subsample from
12022 (Supplementary material). Sample 15597 was also analyzed
but yielded a complex, discordant age spectrum that appears to re-
flect both diffusive loss of “°Ar and 3%Ar recoil. In the absence of
reasonable constraints on the crystallization age of 15597, it is not
possible to model its thermal history.

We found that 12022 has a °Ar/3%Ar plateau age of 3194 + 12
(one standard deviation analytical uncertainty; £25 Ma when un-
certainties in the decay constant and age of the fluence monitor
are taken into account), which is indistinguishable from a previous
age determination for this rock (Alexander et al., 1972), as well as

the mean crystallization ages of other Apollo 12 ilmenite basalts
(see Table 5.8 of Stoffler et al., 2006). Its 38Ar cosmogenic expo-
sure age suggests that the rock was brought to the near-surface
262.7 = 4.9 million years ago. At that time, the sample was likely
incorporated into an ejecta blanket which our thermochronometry
calculations suggest is unlikely to have reached peak temperatures
in excess of ~100-200°C. 12022 likely also experienced modest
gas loss due to solar heating during its near-surface residence
(Supplementary material). Regardless of the sample’s precise his-
tory, our models indicate that 12022 never experienced tempera-
tures high enough to fully demagnetize or remagnetize the sample.
Therefore, 12022 should have retained some primary TRM if it had
formed in the presence of a stable field such as that from a core
dynamo.

6. Discussion

12022 and 15597 do not retain a record of lunar magnetic fields
despite not having been substantially demagnetized since their for-
mation. Their lack of magnetization is not a result of their incapac-
ity to carry a high fidelity magnetization: our paleointensity exper-
iments establish that both samples have significant quantities of
grains with coercivities above the maximum AF level to which the
NRM is blocked (Section 4.2.1). As a result, our measured paleoin-
tensity values for this highest coercivity range are within error of
zero. Moreover, we find that our ARM and IRM-based paleointen-
sity techniques are capable of retrieving paleointensities down to
fields as small as ~4 and ~7 pT for 12022 and 15597, respectively.
Therefore, we conclude that the lunar field was weaker than these
values when these rocks formed. This is consistent with the weak
(<50 nT) remanent crustal fields at the Apollo 12 and 15 landing
sites (Dyal et al., 1974). Our paleointensity constraints from 12022
and 15597 are much more restrictive than our results from other
young samples such as 15016 and 12017, which place an upper
paleofield limit of 37 pT at ~3.3 and ~3.2 Ga. Overall, our results
suggest that lunar surface field intensities decreased dramatically
(by at least a factor of ~18) to below ~4 uT and possibly even zero
sometime between 3.56 £0.04 Ga and 3.19+0.03 Ga (Fig. 7). This
sharp decline in paleointensities is statistically significant despite
the factor of ~3-5 uncertainty on paleointensities obtained us-
ing the ARM and IRM methods (Supplementary material). Further-
more, our evidence for weak to null fields from samples collected
from different Apollo landing sites (~1200 km apart) indicates a
global-scale decline in the main dynamo field rather than regional
phenomena such as a change in crustal magnetization or local fluc-
tuations in the nondipolar components of the dynamo.

A dynamo powered by thermal convection would be expected
to weaken as the Moon cooled. For such a dynamo, our inferred
decrease in paleointensity would indicate a >4 order of magnitude
drop in superadiabatic power at the lunar core-mantle boundary
and that the rate of core cooling progressed to a point where core
thermal gradients were greatly weakened (Supplementary mate-
rial). This is consistent with some thermal evolution models pre-
dicting that a thermal convection dynamo operating in a Moon
with water-enriched mantle reservoirs would cease between 3.56
and 3.19 Ga (Evans et al., 2014). Although the latent heat release
(Zhang et al., 2013) and chemical buoyancy of sulfur-rich liquids
resulting from inner core crystallization (Laneuville et al., 2014;
Soderlund et al., 2013) could have driven a lunar dynamo until
well past 2 Ga (possibly until the present day), a transition from
bottom-up to top-down core crystallization could have caused the
dynamo to cease much earlier (Laneuville et al., 2014). If the dy-
namo was instead powered by precession, a decline in paleointen-
sities would reflect the outward migration of the lunar orbit. Con-
sideration of end-member model parameters may permit a preces-



96 S.M. Tikoo et al. / Earth and Planetary Science Letters 404 (2014) 89-97

120
| 715670 | _ < L
] )
100 — 2 2 -
715058 1 7
i o : L
K] S
80— 315556 S -
'E- [5S
s | WB}S I
T 60 100200 —> L
€=
o
b7 - L
& 70017
[ )
40 o {1207 3
4 76535 15016 -
20 -
15597
* 12022
0 \ T \
4 3

Time Before Present (Ga)

Fig. 7. Paleointensity of the lunar field as a function of time. Each symbol represents
a paleointensity measurement from an individual Apollo sample. Paleointensity de-
terminations measured in 2009 and later using the ARM and IRM methods are
shown in green (from Garrick-Bethell et al., 2009; Garrick-Bethell and Weiss, 2013;
Cournede et al., 2012; Shea et al.,, 2012; and Suavet et al., 2013). Upper limit on the
Thellier-Thellier paleointensity value from Lawrence et al. (2008) is shown in black
(note that there is only an upper limit on the age of this constraint), while upper
limit ARM paleointensities obtained from the present study are shown in blue. Gray
vertical lines denote proposed age for lunar dynamo cessation from Fuller (1998)
and upper limit on age of dynamo cessation from Runcorn (1996). Each of our
ARM and IRM paleointensity values has an uncertainty of a factor of ~3 [green
and blue gradient boxes surrounding mean pre-3.56 Ga values and post-3.46 Ga
upper limit values from 15597 and 12022 (dashed lines), respectively] associated
with the unknown ratio of ARM and IRM to TRM. Nevertheless, the sharp decline
in paleointensity after 3.56 Ga is statistically significant (see text).

sion dynamo to cease between 3.56 and 3.19 Ga (Supplementary
material).

It is currently unclear which of the above mechanisms (or com-
bination thereof) powered the dynamo during the high field period
between ~3.85 and 3.56 Ga. This is because no currently pub-
lished model for either convective (Evans et al., 2014; Konrad and
Spohn, 1997; Laneuville et al., 2013, 2014; Soderlund et al., 2013;
Stegman et al., 2003; Zhang et al., 2013) or mechanical (Dwyer et
al., 2011; Le Bars et al., 2011) dynamos has been able to produce
~70 uT lunar surface fields using conventional scaling laws which
depend on the superadiabatic power (reviewed by Christensen,
2010). These scalings may incorrectly estimate the lunar pale-
ofield intensity because they are based on simulated dynamos
which are far more viscosity-dependent than what is expected
for at least the geodynamo (King and Buffett, 2013). In addition,
the values of several scaling parameters such as ohmic dissipa-
tion, ratio of dipolar to total field, core conductivity, and adia-
batic threshold are poorly constrained (Christensen et al., 2009;
Gomi et al.,, 2013; Supplementary material). Furthermore, the con-
ventional (although likely inaccurate) assumption of an initially
uniform core surface temperature in dynamo models will lead to
underestimated surface fields (Buffett, 2009; Sakuraba and Roberts,
2009). Finally, because these scaling laws do not account for me-
chanical forcing of core fluid, they may be inapplicable to the pre-
cession and impact-driven dynamo mechanisms. Magnetohydrody-
namic simulations are required to properly assess the capabilities
of mechanical dynamos. In fact, a very recent such simulation sug-
gests that surface fields of up to 100 uT could be generated by
a precession dynamo during the high paleointensity epoch before
3.7 Ga (Tian et al., 2014).

Given the current uncertainties in model parameters (Supple-
mentary material) and field scalings, it remains unclear which dy-
namo generation mechanism(s) is most consistent with the lunar
paleomagnetic record. Regardless, the precipitous drop in paleoin-

tensities we infer between 3.56 Ga and 3.19 Ga suggests that at
least one of the major dynamo power sources ceased or at least
declined dramatically during this period.

7. Conclusions

e Paleomagnetic studies of Apollo samples have demonstrated
that the Moon had a core dynamo which generated surface
fields of ~30-100 uT between at least 4.2 and 3.56 Ga.

e The poor magnetic recording properties and complex thermal
and deformational histories of the vast majority of lunar rocks
have hindered prior efforts to determine when the lunar core
dynamo declined and ultimately ceased.

e The absence of high coercivity magnetization in the high mag-
netic fidelity mare basalts 12022 and 15597 suggests that the
lunar core dynamo field declined to <~4 uT (possibly zero) by
~3.19 Ga.

e The precipitous (at least factor ~18) decrease in paleointensi-
ties (from ~70 uT to <4 puT) between 3.56 and 3.19 Ga may
be compatible with cessation of a thermal convection, mantle
precession, or core crystallization-driven dynamo during this
period. However, the incompatibility of the high observed pa-
leointensities prior to 3.56 Ga with the fields predicted for
thermal convection dynamos may favor alternative mecha-
nisms such as a mechanical dynamo.
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diffusive loss of'°Ar* and *®Ar,s Also because the MC1 and MC2 (or the corresponding MT1
and MT2) magnetization components in 12022 do not occupy the entire coercivity spectrum (or
the entire blocking temperature spectrum) of the sansgle $ectiod of main tex}, it is clear

that the peak saw cutting temperatures were probably well below tR€ Knacite Curie
temperature and the 60D mean austenite start temperature and therefore were not high enough
to completely remagnetize the sample.

Figure S26. The predicted effects of heating for 1000 seconds at various temperatures betw&e 8D(
(potentially reached during sasutting), calculated using the 12022 NDD model. Symbols and mode
parameters are the same as Fid..S2

7.2.4. Sumary. Our chronology data and thermal models indicate that the following geologic
history is most probable:

1. Sample 12022 crystallized at 3194 + 25 Ma, as quantified by the plateau portion of the
age spectrum.

2. After ~3 Ga of quiescence, an impact evemuight 12022 to the surface 262.7+ 4.9
Ma. Peak temperatures in the ejecta blanket associated with this impact event did not
exceed ~410°C, and were likely much cooler (e.g.;2@WC).

3. From262.7+ 4.9 Ma to the present, daytime heating caused diffusive loss of*ath
and 38Arco_¢, Sample 12022 was shallowly buried in the regolith for much of this near
surface exposure history.

8. Implications for the dynamo power source

As mentioned in the maitext, three mechanisms have been proposelich are capable of
powering a lunar core dynamo until at least 3.56 Ga: thermal core convection supported by a
wet, heterogeneous man(levans et al., 2013mechanical stirring driven by mantle precession
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