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Abstract The earliest history of the lunar dynamo is largely unknown and has important implications
for the thermal state of the Moon and the physics of dynamo generation. The lunar sample with the
oldest known paleomagnetic record is the 4.25 billion year old (Ga) troctolite 76535. Previous studies of
unoriented subsamples of 76535 found evidence for a dynamo field with a paleointensity of several tens
of microteslas. However, the lack of mutual subsample orientation prevented a demonstration that the
magnetization was unidirectional, a key property of thermoremanent magnetization. Here we report
further alternating field demagnetization on three mutually oriented subsamples of 76535, as well as new
pressure remanent magnetization experiments to help rule out shock magnetization. We also describe
new “°Ar/*’Ar thermochronometry and cosmogenic neon measurements that better constrain the rock’s
thermal history. Although the rock is unbrecciated, unshocked, and slowly cooled, its demagnetization
behavior is not ideal due to spurious remanence acquisition. Despite this limitation, all three subsamples
record a high coercivity magnetization oriented in nearly the same direction, implying that they were
magnetized by a unidirectional field on the Moon. We find no evidence for shock remanence, and our
thermochronometry calculations show no significant reheating events since 4249 + 12 million years ago
(Ma). We infer a field paleointensity of approximately 20-40 uT, supporting the previous conclusion that a
lunar dynamo existed at 4.25 Ga. The timing of this field supports an early dynamo powered by thermal
or thermochemical core convection and/or a mechanical dynamo but marginally excludes a dynamo
delayed by thermal blanketing from radiogenic element-rich magma ocean cumulates.

1. Introduction

During the Apollo era, there was considerable debate over the origin of magnetization observed in lunar
rocks [Fuller and Cisowski, 1987]. However, recent lunar paleomagnetism studies [Cournede et al, 2012;
Garrick-Bethell et al., 2009; Shea et al., 2012; Suavet et al.,, 2013; Tikoo et al., 2014; Weiss and Tikoo, 2014],
dynamo and thermal evolution models [Dwyer et al, 2011; Laneuville et al, 2014; Le Bars et al, 2011;
Scheinberg et al., 2015], and remote sensing studies [Arkani-Hamed and Boutin, 2014; Halekas et al., 2003;
Hood et al., 2013; Takahashi et al., 2014] have offered new evidence supporting the hypothesis of a lunar
dynamo. In particular, a dynamo epoch with Earth-strength fields from at least 3.72 to 3.56 Ga is supported
by paleomagnetism studies [Shea et al., 2012; Suavet et al., 2013].

Garrick-Bethell et al. [2009] and Lawrence et al. [2008] examined the natural remanent magnetization (NRM)
and thermal history of troctolite 76535. Troctolite 76535 is a monomict coarse-grained unshocked rock, with
approximately equal modal abundances of plagioclase and olivine, with ~4-5% orthopyroxene [Gooley et al.,
1974; McCallum and Schwartz, 2001]. It cooled slowly in the deep crust, at a depth of ~30-50 km, based on
thermobarometry calculations [McCallum and Schwartz, 2001]. Upon excavation it likely cooled in a hot ejecta
blanket from temperatures of ~600°C, for 10 kyr [Garrick-Bethell et al., 2009]. The troctolite is a particularly
important rock because among all unbrecciated and unshocked (<5 GPa) Apollo samples, it has the oldest
known undisturbed *°Ar/*°Ar age of 4.2-4.3Ga (~100Ma uncertainty is from Apollo-era measurements)
[Husain and Schaeffer, 1975; Bogard et al., 1975; Huneke and Wasserburg, 1975], meaning that its NRM is the
oldest identified paleomagnetic record from the Moon. In addition, the unshocked nature of 76535 and its
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simple thermal history mean that its NRM should be a product of a long-lived ambient field, rather than tran-
sient fields generated by an impact event [Garrick-Bethell et al., 2009].

Paleofield records for this early lunar epoch are of key importance because for a dry lunar interior [Konrad and
Spohn, 1997; Laneuville et al.,, 2013], a thermal convection dynamo is likely to have operated only prior to
~4.1 Ga. Furthermore, different dynamo models predict various times for the onset of the lunar magnetic
field. Stegman et al. [2003] and Zhang et al. [2013] showed that the onset of a thermal or thermochemical con-
vection dynamo may have been delayed until 250 Ma after lunar magma ocean solidification. Because
magma ocean solidification and overturn were likely completed between ~4.47 and 4.32 Ga [Elkins-Tanton,
2012, Figure 8], the dynamo may therefore have been delayed until ~4.2-4.1 Ga. On the other hand, Dwyer
et al. [2011] and Meyer and Wisdom [2011] suggested that mechanical stirring could power a dynamo after
the Moon reached a semimajor axis >26-29 Earth radii. This corresponds to only ~100-200 Ma after accretion
(using Figure S2 of Dwyer et al. [2011]), suggesting a dynamo possibly operating as early as ~4.4 Ga. A more
precise age for the NRM in 76535 would help distinguish amongst these models.

Garrick-Bethell et al. [2009] found that four unoriented subsamples of 76535 carried three NRM components. The
observed low coercivity (LC) component unblocked below 15 mT, which is likely an isothermal remanent magne-
tization (IRM) acquired following sampling on the Moon. Medium coercivity (MC) and high coercivity (HC) compo-
nents were inferred to be unblocked over 30 to 80 mT and >80 mT, respectively. The high peak alternating field
(AF) for these components and their low efficiencies (NRM/IRM =0.02) indicated that they are unlikely to be sec-
ondary IRM or viscous remanent magnetization (VRM). Although the four subsamples studied were not mutually
oriented, the angular difference between the MC and HC directions was similar within each subsample (=146°),
implying that these components had the same origins and were acquired in a uniform field. Using thermochro-
nometry calculations, Garrick-Bethell et al. [2009] interpreted the MC and HC magnetizations to have formed dur-
ing two thermal events on the Moon. Using anhysteretic remanent magnetization (ARM) and IRM paleointensity
methods [Gattacceca and Rochette, 2004; Stephenson and Collinson, 1974], they obtained mean paleointensities of
12+ 2uT and 32 £ 6 uT, respectively, for the MC component and 43 + 7 uT and 140 £ 30 puT, respectively, for the
HC component (uncertainties are 95% confidence intervals from the regression analysis only and do not include
the variability of efficiencies of thermoremanence compared to IRM and ARM in different rock types).

Given the importance of troctolite 76535 for understanding the history of lunar magnetism, we have per-
formed additional experiments to further test and refine the above conclusions. In particular, a key test of
the dynamo hypothesis for lunar paleomagnetism is that mutually oriented subsamples should be magne-
tized in nearly the same direction because dynamo fields are spatially constant over kilometer scales (much
larger than the 5 cm size of the original 76535 parent sample).

The paleomagnetism of troctolite 76535 is challenging to analyze. The presence of the IRM LC component,
which should overprint a wide range of unblocking temperatures, limits the accuracy of thermal paleointen-
sity experiments [Lawrence et al,, 2008]. During AF demagnetization, the sample acquires spurious ARM and
gyroremanent magnetization (GRM), which increasingly obscures the underlying NRM. A further key limita-
tion faced by the Garrick-Bethell et al. [2009] study was that they did not have access to large, mutually
oriented subsamples, such that they were only able to compare the relative angular difference between
NRM components across the subsamples. Garrick-Bethell et al. [2009] did study two mutually oriented sam-
ples (76535,138,2 and 76535,138,2, see their supporting information section 5), but one sample was very
small (22 mg), difficult to orient for anisotropy measurements, susceptible to GRM, and had poor AF demag-
netization behavior. A possible HC component was identified, but the poor AF demagnetization behavior
prevented any definitive conclusions. Furthermore, no MC component could be identified.

The analysis of three, larger mutually oriented subsamples is the main goal of the current study. We also present
the first laboratory pressure remanent magnetization (PRM) experiments on 76535, which help rule out the pos-
sibility that its NRM is due to a shock remanent magnetization (SRM). We also describe new estimates of the
minimum paleointensity recording limit for 76535 using ARM experiments, revising those of Tikoo et al. [2012].

Finally, we present results of modern *°Ar/?Ar, *3Ar/*’Ar, and cosmogenic neon measurements and
thermochronometry calculations to better constrain the age of the NRM. A more accurate age could dis-
criminate between various lunar dynamo models with differing predictions for the onset time of the lunar
field. The new high-accuracy temperature measurements also enable us to better constrain the permissi-
ble thermal histories of the sample.
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2. Methods
2.1. Magnetism

76535, 153, 2 76535,153,3

We subdivided a 574 mg parent sam-
ple (76535,153) into three mutually
oriented pieces of masses 200 mg,
150mg, and 120 mg (Figure 1, here-
after referred to as subsamples 1, 2,
and 3, respectively). These samples
are not mutually oriented with respect
to the samples in Garrick-Bethell et al.
[2009]. Subsample 2 was cut from
the rock between subsamples 1 and
3. The cutting was accomplished using
a low speed Buhler Isomet wafering
saw that had been previously demon-
strated not to significantly remagne-
tize weakly magnetized materials
[Garrick-Bethell et al, 2009]. Prior
to cutting, the parent sample was
infused with nonmagnetic cyanoacry-
late cement to prevent crumbling.
The three subsamples were glued to
nonmagnetic quartz discs with cya-
noacrylate, with angular orientation
errors estimated to be <10°. All sub-
sample measurements are reported
in the same mutually oriented refer-
ence frame.

Figure 1. Photographs of two opposite faces of 76535, 153. Lines indicate All

) ) - paleomagnetic measurements
the approximate sizes and locations of subsamples 1, 2, and 3.

were acquired in the Massachusetts
Institute of Technology (MIT)
Paleomagnetism Laboratory. The three subsamples were subjected to static three-axis alternating field (AF)
demagnetization and measured with a 2G Enterprises 755 Superconducting Rock Magnetometer (sensitivity
~10""2Am?) in a shielded room (<200 nT DC field). Demagnetization experiments were performed using the
Zijderveld-Dunlop GRM-correction method [Stephenson, 1993]. Specifically, we demagnetized each of the sam-
ples in the magnetometer x, y, z, x, and y axes (in that order) and calculated the mean of the last three measure-
ments. In addition, we performed repeat AF measurements at a single field level to average out the effects of
spurious ARM (which appears randomly oriented in the AF equipment). The repeat measurements were aver-
aged to produce a single measurement for each AF level (Tables S1-S3 in the supporting information). No run-
ning averages over different AF levels were performed, in contrast to Garrick-Bethell et al. [2009]. To demonstrate
that the measured NRMs do not depend on the orientation of the samples with respect to the magnetometer
axes, subsample 1 was measured in the magnetometer frame in a position inverted with respect to the other
two subsamples; its demagnetization data were then rotated 180° into the same frame as the other
two subsamples.

After demagnetization, principal component analysis (PCA) was used to identify the magnetization compo-
nents and their directions [Kirschvink, 1980]. To qualitatively determine if the HC component decays to the
origin, we determined the distance between the first point of a PCA fit not forced through the origin and
the direction of the unconstrained fit (i.e., a measure of the component’s deviation angle from the origin,
known as the dANG value) [Tauxe and Staudigel, 2004]. If the dANG value is less than the maximum angular
deviation (MAD) of the PCA fit, we conclude that the component decays to the origin. In that case, it is there-
fore a candidate for the primary NRM acquired during cooling on the Moon [Garrick-Bethell et al, 2009;
Lawrence et al., 2008]. We then perform a line fit forced through the origin to obtain the reported
HC direction.

GARRICK-BETHELL ET AL.
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We obtained paleointensity estimates for each component using AF demagnetization of IRM and ARM
following the methods of Garrick-Bethell et al. [2009]. We calculate the NRM, ARM, and IRM lost using vector
subtraction, starting at the first demagnetization step for the relevant magnetization component (known as
the REM' method) [Gattacceca and Rochette, 2004]. In the previous study Garrick-Bethell et al. [2009] used ARM
gained, but here we use ARM lost. We estimate the ARM and IRM paleointensity via

ARM paleocintensity in pT = (ANRM/AARM)/f x (bias field in pT)
IRM paleointensity in uT = (ANRM/AIRM)xa,

M

where f is the ratio of thermoremanent magnetization (TRM) to ARM and a is a coefficient with units of pT that
is inversely proportional to the TRM/IRM ratio. ANRM, AARM, AIRM are, respectively, the vector-subtracted loss
or gain of NRM, ARM, and IRM. We assume that f = 1.34 [Stephenson and Collinson, 1974], and a=3000 uT
[Gattacceca and Rochette, 2004]. The exact values of these ratios depend on the samples’ grain size and shape
distributions. Weiss and Tikoo [2014] describe how the two-standard-deviation uncertainties on paleointensi-
ties estimated in this manner are typically a factor of 2-3 for iron-nickel-bearing samples.

To correct our PCA fit directions and paleointensity estimates for anisotropy, we determined the IRM anisotropy
ellipsoids, and P and T values (degree of anisotropy [Nagata, 1961] and anisotropy shape factor [Jelinek, 1981],
respectively) of each sample by giving the rock orthogonal 250 mT IRMs and using the methods described in
Garrick-Bethell et al. [2009]. If magnetic carriers have multiple easy axes, then using low-field IRMs to assess aniso-
tropy can be biased by the sample’s IRM history [Mitra et al, 2011]. However, in our case this is not a concern
because (i) the IRM field we use is relatively strong compared to the fields used by Mitra et al. [2011] (when normal-
ized by the carrier’s saturation remanence), (ii) kamacite, the magnetic carrier in 76535 [Garrick-Bethell et al,, 2009] is
dominated by shape anisotropy [Garrick-Bethell and Weiss, 2010] and therefore unlikely to have multiple easy axes,
and (iii) we AF demagnetize each IRM after applying it, such that it cannot bias the remanence of the next IRM.

PRM acquisition experiments were performed on subsample 2 following Shea et al. [2012], Suavet et al. [2013],
and Bezaeva et al. [2010]. Subsample 2 was pressurized in a nonmagnetic pressure cell similar to the design
described in Sadykov et al. [2008]. A coil surrounding the pressure cell applied a 800 uT DC field, while
pressure was applied using a Specac manual hydraulic press. The sample was held at the peak pressure for
at least 1 min. Experiments were conducted for peak pressures of 0.45, 0.9, 1.35, and 1.8 GPa. After each PRM
acquisition, the sample was stepwise AF demagnetized following the Zijderveld-Dunlop protocol up to 85 mT.

2.2. *°Ar/*°Ar and *3Ar/*’ Ar Thermochronology

To constrain the age of the NRM in 76535, we conducted stepwise-degassing *°Ar/>°Ar and *Ar/3” Ar thermo-
chronometry. Two ~3 mg whole-rock aliquots were subjected to feedback-controlled laser heating following
previously described procedures [Cassata et al,, 2009; Shea et al., 2012; Shuster et al,, 2010] (supporting infor-
mation Appendix A2 and Table $4). We report the apparent “°Ar/3°Ar age observed at each extraction step
relative to the Hb3gr neutron fluence monitor and use the monitor age (=1081 Ma) and decay constants of
Renne et al. [2011] and Renne et al. [2010] and Ar isotopic abundances of Steiger and Jager [1977].

2.3. Cosmogenic Neon Thermochronology

To constrain the thermal history of 76535 during its exposure at the lunar surface and corroborate thermal
histories inferred from Ar measurements, we conducted a diffusion experiment and measurements of cosmo-
genic Ne in anorthite grains from 76535. For the diffusion experiment, we measured 2'Ne and *?Ne in a
neutron-irradiated fragment of 76535 anorthite subjected to feedback-controlled laser heating (supporting
information Appendix A3 Table S5). For the cosmogenic neon measurements, we measured “°Ne, 2'Ne,
and #?Ne in five unirradiated anorthite grains using the same feedback-controlled laser system (supporting
information Appendix A3 and Table S6). Because Ne has a higher diffusivity than Ar at lunar surface tempera-
tures, it can provide a more accurate constraint on the extent of solar heating.

3. Results and Interpretation

3.1. AF Demagnetization

3.1.1. Subsample 1

Subsample 1 has an LC component removed by 15 mT (Figure 2a and Table 1). After removal of the LC compo-
nent, the NRM moves to two clusters of stable magnetization directions in the AF ranges of 15-145mT and
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Figure 2. AF demagnetization of three mutually oriented pieces of 76535,153. (a—c) Orthographic projections of subsam-
ples 1, 2, and 3. Green and red lines show the directions of the LC and HC components, respectively (see Table 1). Only one
red line is shown in Figure 2a due to the very close overlap between the two projections of the HC best fit line in the Z-E and
N-E planes. The start of the 72.0 mT cluster for subsample 3 is indicated by the circular dashed line in Figure 1g. In
Figures 2a-2¢, closed and open symbols represent projections onto the north-east and up-east planes, respectively. (d)
Equal area stereographic projection showing magnetization directions for subsample 1 during AF demagnetization. The
red great circle is the plane defined by the easy-intermediate axes. (e and f) Equal area projection for subsample 2. AF
points above 155.0 mT are highlighted in Figure 2f. (g and h) Equal area projection for subsample 3. AF points above
175.0mT are highlighted in Figure 2h. In Figures 2d-2f, the large circles, diamonds, and squares indicate the largest,
intermediate, and smallest anisotropy ellipsoid axes, respectively. The star in Figure 2d indicates the direction from the zig-
zag fit (see section 3). The paleomagnetic data shown here are not anisotropy corrected. In Figures 2d-2h, open and closed
symbols represent projections on upper and lower hemispheres, respectively.
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Table 1. Summary of PCA Fits

Component or AF Steps Dec (°), Inc (°)
Behavior (mT) (Corrected)® MAD (")b N© Type
Sample 1
LC 0-10.5 190.8, 45.4 59 20 Line
Zigzag 42.0-50.0 246.5, —2.3 12.1 9 Line
HC 175.0-290.0 117.8, 25.1 (124.4, 16.3) 40.5/11.1 12 Line through origin
(dANG =1.7°)
Sample 2
LC 3.5-115 174.2,474 35 17 Line
HC 15.0-225.0 138.3,11.8 (142.2,7.6) 25.8/8.5 95 Line through origin
(dANG =10.7°)
Sample 3
LC 0-10.0 162.7, 64.1 4.6 19 Line
HC 175.0-290.0 120.5,28.9 (118.0, 29.8) 32.3/273 12 Line through origin
(dANG =44.5°)

Corrected for anisotropy using IRM 250.0 mT.
For HC components, MAD is shown for a fit not forced through the origin/forced through the origin.
°N = number of points in fit.

>175 mT (Figure 2d). The remanence in both clusters does not decay appreciably. These two clusters and the
lack of decay suggest there are at least two NRM components (within the great circle connecting the clusters)
that are not readily removed, with one possibly representing the MC component previously identified by
Garrick-Bethell et al. [2009] (see below and section 4). However, in the coercivity range of the 15-145 mT cluster,
some zig-zag motion of the magnetization also appears. This zig-zag behavior consists of magnetization direc-
tions that oscillate between points that lie approximately on a great circle. To test that this behavior is controlled
by the rock’s remanence anisotropy easy axis [Tikoo et al,, 2012], we conducted a PCA line fit over the coercivity
range over which the zig-zag motion takes place. The fit direction is essentially indistinguishable (11° away,
which is less than the fit direction’s MAD of 12.1°) from the anisotropy easy axis (Figure 2d, Table 1). In addition,
the anisotropy of this sample (degree P=1.7) is the highest of the three subsamples and higher than that of
most lunar rocks (compare with Figure 8 of Tikoo et al. [2012]). Together, these observations suggest that the
zig-zag behavior is indeed controlled by the sample’s anisotropy, making the precise identification of any com-
ponent in this coercivity range difficult.

An MC component in this subsample is suggested by the clustered magnetization directions in the 15-145 mT
range and the approximately great circle path from 145 to 175 mT. However, the demagnetization behavior is
nonideal. In the supporting information in Appendix A1 we describe evidence from these data that an MC com-
ponent may exist. However, for the HC component, which is the most important part of our analysis, we focus
on the final cluster of magnetization directions from 175.0 to 290.0 mT. The magnetization does not appreciably
decay in this coercivity range (the mean is 46x 10~ '°Am? fluctuating with a standard deviation of
1x107'°Am?), likely due to spurious ARM acquisition and/or unmitigated GRM effects (see section 4), but
we do find that dJANG < MAD. Unfortunately, the negligible amount of NRM decay means that we cannot infer
a paleointensity estimate from the HC component for this subsample over the HC range (although the ratio of
NRM demagnetized to 20 mT, to saturation IRM is 0.02, indicating a “residual” paleointensity [Cisowski et al.,
1983] of 60 uT). Nevertheless, an HC component is likely present since its direction is very similar (nearly within
the MAD values) of the HC directions inferred from the other two subsamples (see Figure 4 and sections 3.1.2
and 3.1.3). Therefore, we perform a line fit forced through the origin to obtain the best estimate of the subsam-
ple’s HC direction (Table 1 and Figures 2a and 4). Finally, we note that if we consider the subsample’s measure-
ments in the magnetometer coordinate system (i.e., not converted into the coordinate system of the other two
samples by inverting it; see section 2), its HC component would have a declination of 27.8° and inclination of
—25.1°, instead of 117.8° and 25.1°, respectively (not correcting for anisotropy). Because the arc distance
between these two directions is 100.3°, the uniformity of the HC component directions across the three sub
samples cannot be ascribed to an artifact of the AF demagnetization process.

3.1.2. Subsample 2

AF demagnetization of subsample 2 removed a small amount (9%) of remanence up to 3.5 mT. Because the
remanence in this range has a unique direction compared to the remanence above 3.5 mT and has a low ratio
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NorU. x 167 P 153.2 of ANRM to AIRM (0.04), we interpret it
' . 290.0 mT to be a VRM acquired in the Earth'’s field.
250mT 155.0mT 6 Like subsample 1, subsample 2 also

E, x 10"Am’  exhibits a LC component that is
removed by approximately 11 mT and
has high ANRM/AIRM (0.25) (Figure 2b)

_2] and so is likely an IRM overprint.

15.0 mT Unlike subsample 1, subsample 2
115 mT appears to have only one additional
component (no obvious evidence for an
MC component could be inferred). This
HC component decays to the origin start-
ing from =~15mT (i.e, dANG < MAD).
15.0 mT During AF demagnetization, the sample
directions deviate slightly in declination
at 85mT and return to the previous
direction by 155mT (Figure 3). This
deviation may be due to spurious
Figure 3. Zoom in of the orthographic projection of AF demagnetization  ARM. Above 225 mT, the remanence
of subsample 2 st.artir?g at 11.5mT (see Figure 1). The red !ines show the displays some minor zig-zag behavior
HC component direction. The data shown here are not anisotropy X
corrected. Closed and open symbols represent projections onto the toward and away from the easy axis,
northeast and up east planes, respectively. presumably after the removal of most
of the NRM. Above ~155.0 mT the mag-
netization begins to move more erratically, presumably due to increased ARM noise (Figure 2f). To obtain
the HC component, we performed a line fit (forced through the origin) from 15-225 mT.
3.1.3. Subsample 3
Subsample 3 also exhibits an LC component that is removed by approximately 11 mT (Figure 2c) and
is likely an IRM. After the LC component is removed, the magnetization forms a cluster of stable direc-
tions from approximately 20 to 70mT and then another cluster from approximately 72 to 290 mT
(Figure 2h).

—6-

—&—North-East plane
—O—Up-East plane

N-E

8-

The NRM magnitude remains nearly constant from 72 to ~165mT (usually varying by +~10% between
demagnetization steps), after which it decays by a factor of 2 from 175 to 290 mT. Performing a line fit starting
at either 72 or 175 mT produces fits with similar directions (within 13° of each other). While this subsample
can be considered in some sense to decay to the origin, the motion to the origin is not as clear
(dANG > MAD), and it does not occur over as wide a range of coercivity as for subsample 2. However, as
for subsample 1, since the HC components in all three subsamples are in the same direction, we infer that
this is the final HC component and perform a line fit forced through the origin.

3.1.4. Mean Directions of LC and HC

While the mean LC direction does not fall within the LC MADs of any sample and none of the LC components
fall within each other’s MADs, the LC directions are closely clustered (angular standard deviation g3 =13.2°
and Fisher precision parameter k = 38; Figure 4). This suggests the LC component was acquired in a field that
was approximately unidirectional over the length scale of the subsamples.

The HC directions were anisotropy corrected using IRM anisotropy ellipsoids. Like the LC components,
the HC components are also closely clustered (fe3=16.4°, k=25 for corrected directions; Figure 4).
Subsample 2's easy axis is close (19.9°) to its HC direction, but the other two subsample easy axes are
located far (61.7° for subsample 1 and 85.7° for subsample 3) from their HC directions (Figure 4) (note
the maximum distance is 90°). Therefore, it is unlikely that the HC component in 76535 is an artifact
of anisotropy. In summary, due to the similarity of the HC component directions, it is likely that these
three subsamples acquired their most stable remanence component in a unidirectional field.

3.2. Anisotropy of Remanence

The subsamples have IRM anisotropy P values ranging from 1.3 to 1.7 (Table 2). Subsample 1 is the only sub-
sample with a shape parameter, T, that is positive, which indicates that its anisotropy ellipsoid is an oblate
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0 spheroid (the other samples have pro-
late spheroids). The origin of the aniso-
tropy in all three subsamples is
unknown, but it is presumably due to
large, irregular interstitial metal grains
and/or the large silicate crystal sizes
(often > 1mm) which are known to
contain oriented ferromagnetic inclu-
sions [Gooley et al., 1974; Nord, 1976].

® Lower
O Upper

@ = 1% anisotropy axis (max.)

Ed = LC component
4 = HC component

*: HC anisotropy
corrected

Q‘ = mean direction

3.3. Behavior of AF of NRM
Compared With AF of IRM, ARM,
and PRM

Garrick-Bethell et al. [2009] used
comparisons of AF demagnetization of
laboratory magnetizations to infer that
the MC and HC components are TRMs
° [see also Fu et al, 2012; Shea et al.,
2012]. However, they did not make
Figure 4. Equal area stereographic projections of LC and HC directions for ~ comparisons with AF demagnetization
each subsample (see Table 1). The anisotropy-corrected directions of the  of PRM to determine if the NRM was a
HF co‘mpo.nents are shown as stars, and the mean direction of these HC shock remanent magnetization (SRM).
directions is also shown. The HC components are clustered with angular
standard deviation 0g3 = 16.4° (Fisher precision parameter k= 25). The Therefore, we now reassess these com-
easy anisotropy axes for each subsample are shown as circles. The parisons with a new understanding of
numbers near each point indicate the subsample number. The MAD the AF of PRM behavior.
values for the anisotropy-corrected HC directions are shown as circles
around each star, and the angular standard deviation of the mean LC and
HC directions are shown as dashed black and red lines, respectively. Open ~ among the three subsamples, it exhibits
and closed symbols represent projections on upper and lower hemi- the clearest HC component. As dis-

spheres, respectively. cussed in Garrick-Bethell et al. [2009]
and section 3.1, the NRM of 76535 was

inferred to have an IRM blocked up to~ 11.0 mT (the LC component), similar to that observed in this study.

Therefore, we focus on the HC remanence lost starting from 15.0 mT (slightly higher than 11.0 mT to provide

some margin) as the fraction of the NRM that is likely a TRM (Figure 5b).

3.3.1. Comparison of NRM With IRM

The AF demagnetization behavior of the NRM and a strong (250 mT) laboratory IRM differ substantially

(Figure 5a). The peak IRM intensity is higher than that of the NRM by an order of magnitude, and the

shape of the IRM demagnetization curve is concave up. Therefore, as in our previous study, we conclude

that it is highly unlikely that the HC remanence in subsample 2 is due to an IRM acquired in a

comparable field.

3.3.2. Comparison of NRM With ARM

We compared the NRM to an ARM produced with a 50 uT bias field and 250 mT AC field (as an analog for TRM

formed in a field with intensity similar to that inferred for the NRM; see section 3.4). Both NRM and ARM

demagnetize slightly up to 3.5 mT (Figure 5a). As discussed in section 3.1.2, this portion of the NRM is likely

due to a VRM acquired in the Earth’s field.

We focus on subsample 2 because

Above 15 mT (the start of the HC com-
ponent), similar amounts of rema-

Table 2. Mass and IRM Anisotropy Data for 76535, 153 nence are removed for both ARM and

Subsample Mass (mg) P r NRM, indicating that the NRM behaves
1 200 17 05 like an ARM (e.g., between 15.0 and
2 150 15 —08  250mT, ~03x10 °Am? is lost for
3 120 13 —05 ARM and NRM, and between ~25 and
ZDegree of anisotropy. ~85mT, another ~0.2x 10~° Am? are
Shape factor. lost for ARM and NRM; Figure 5b).

GARRICK-BETHELL ET AL. PALEOMAGNETISM OF TROCTOLITE 76535 8
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A <107 Demagnetization of both ARM and NRM
6 = |RM 250 mT x 01 is fairly noisy due to spurious remanence
s PRM 0.8 mT @ 1.8 GPa it
5 —— ARM 0.05 mT DC field acquisition.
' End of VRM in 250 mT AC field 3.3.3. Comparison of NRM With PRM
NRM and Possible Evidence for a

Partial SRM

Sample 76535 may have been
exposed to peak pressures as high as
5GPa (constrained by petrologic
observations) [Garrick-Bethell et al.,
2009; Gooley et al, 1974]. We observe
a roughly linear relationship between
acquired PRM and pressure over the
range of 0 and 1.8GPa, as observed
. . . . for other lunar samples [Shea et al,
0 10 1520 30 40 50 60 70 80 85 2012]. This linearity allows us to esti-

Initial remanence - remanence lost (Am2)

AF step (mT) mate the PRM acquired at the maxi-
B 7 %1010 mum allowable 5GPa pressure which
———ARM 0.05 mT DC fiord is inaccessible to our laboratory equip-
6L in 250 mT AC field ment (Figure 6).
——NRM

We explore the possibility that the LC
or HC components are SRMs. The
similar slopes of remanence lost ver-
sus AF field for the LC component of
the NRM and the PRM suggest the
putative LC component could be a
PRM (Figure 5a). The magnetization
intensity of the LC component after
VRM removal at AF 35mT is
~42x107?Am? (Figure 5a). Using
the measurements of AF of PRM at

Remanence lost (Am?)

015 2'0 30 40 50 60 70 slo g5 3.0mT (close to the VRM AF removal

AF step (mT) level), and extrapolating them to

5GPa (Figure 6), we find that a paleo-

Figure 5. AF demagnetization of different forms of remanence for field of ~2000uT is required to pro-

subsample 2. In both panels, the remanence lost is calculated by vector duce this remanence as a 5GPa SRM.
subtraction. (a) AF of NRM (black), AF of PRM in a field of 0.8 mT applied at
a pressure of 1.8 GPa (green), AF of ARM with bias field of 0.05 mT applied
in a peak AC field of 250 mT (blue), and AF of an IRM acquired in a field of such high paleofields could be pro-
250 mT (red) multiplied by 0.1. (b) Remanence lost starting from 15 mT duced in an impact-generated plasma
(AF of IRM and PRM not shown). Note that here we show the NRM [Crawford and Schultz, 1999; Hood
removed up to only 85 mT, but we use data up to 225 mT to calculate the 5,4 Artemieva, 2008: Oran et al,
HC component (see Figure 2 and Table 1). 2016; Srnka, 1977]. Some evidence

against the PRM interpretation is that
the LC component is apparently nonunidirectional in the four subsamples studied in Garrick-Bethell
et al. [2009] (if the samples are rotated so that they have a common HC direction). In contrast, a PRM
should produce unidirectional magnetization, since it would likely form in the presence of fields with
longer length scales. We cannot completely rule out an SRM origin for the LC component but consider
it highly unlikely.

It is conceivable, but unlikely that

For the sake of assessing whether 76535 records a dynamo field, it is much more important to consider
whether the HC component may be due to a PRM. The HC component is unlikely to be the same putative
PRM that may have caused the LC component because there is a marked difference in direction between
the LC and HC components (Figure 4). Furthermore, it is also unlikely to be a different PRM because there
is no measurable loss of the 1.8 GPa PRM above 25 mT and the PRM-experiment remanence returned to

GARRICK-BETHELL ET AL.

PALEOMAGNETISM OF TROCTOLITE 76535 9



@AG U Journal of Geophysical Research: Planets 10.1002/2016JE005154

PRM (Am?2)

¢ ¢
0 1 1 > 1 1 1 1 1 L 1 - |

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Pressure (GPa)

Figure 6. Total PRM acquired versus applied pressure (0, 0.45, 0.9, 1.35, and 1.8 GPa) for subsample 2 in a field of 0.8 mT
(circles). The best fit line is also shown. AF demagnetization at 3 and 15 mT for each of the steps above 0 GPa is also
shown (triangles and diamonds, respectively).

its pre-PRM value by AF demagnetization to only 23 mT. This suggests that the coercivity range affected
by a PRM acquired in pressures even several times higher (=5 GPa) is not likely to produce remanence in
grains with coercivities up to at least 225 mT like those containing the HC component.

3.4. Paleointensity Estimates

To obtain a paleointensity estimate, we again focus on subsample 2 because it exhibits the clearest HC com-
ponent. We find that its HC paleointensities are fairly consistent across different bias fields for the ARM
method, ranging from 20 to 26 + 9 uT (95% confidence interval from regressions, Figure 7a and Table 3).
The HC paleointensity from the IRM method is 40 &+ 10 uT (Figure 7b and Table 3). When corrected for aniso-
tropy, these values change by <3%. The implied LC component paleointensities are at least an order of mag-
nitude larger (Table 3), which we interpret to be implausible for a dynamo field, and thus, they are consistent
with their origin as an artificial IRM.

Previous ARM paleointensity experiments showed that AF methods are capable of retrieving paleointensities
from subsample 2 for magnetizing fields >3 uT [Tikoo et al., 2012]. Below this field, the remanence is too weak
to be resolved with AF demagnetization due to spurious ARM, GRM, and anisotropy effects. However, this 3 uT
limit generously assumed that the component of interest was blocked starting from an AF level of 0 mT. Since
the HC component actually starts at approximately 15mT due to the IRM overprint, we reprocessed the
paleointensity limit data of Tikoo et al. [2012] to exclude coercivities <15 mT. As a result, the minimum paleoin-
tensity fidelity limit increases to =15 uT (the value where the fractional difference between the applied and
retrieved field increases markedly (Figure 8)). This limit indicates the inferred HC paleointensity of 20-40 uT
is marginally resolvable, which explains the difficulty in measuring it here and in Garrick-Bethell et al. [2009].

3.5. “°Ar/*Ar and 33Ar/>’ Ar Thermochronology

The observed *°Ar/*°Ar release spectra of both aliquots are in mutual agreement and show little evidence of
open system behavior of radiogenic 40Ar, The consistency in apparent Ca/K ratios indicates that Ar was pri-
marily degassed from a single phase during the analyses (Figure 9). Nearly all extractions of each analysis plot
are within analytical uncertainty of a well-defined plateau age of 4249 + 7 Ma (one standard deviation analy-
tical uncertainty; + 12 Ma including decay constant and fluence monitor uncertainties), which is far more
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Figure 7. Paleointensity experiments for subsample 2. (@) NRM lost versus ARM lost, for the ARM bias fields shown
(squares = 0.05 mT, circles = 0.1 mT, and triangles =0.3 mT), acquired in a peak field of 250 mT. (b) NRM lost versus IRM
lost for an IRM acquired in a field of 250 mT. The black lines in each figure show the best fit slope for the LC and HC
components, over the AF ranges 3.5-11.5 mT and 15-85 mT, respectively. Black points are data not included in either fit
(0-3.0 and 12.0-14.5 mT). Slopes and paleointensities are shown in Table 3, and HC paleointensities are shown on the
figures. While the HC component was estimated using AF fields up to 225 mT, we only calculated the ARM and IRM lost up
to 85 mT for the paleointensity experiment because this region has the least amount of ARM noise.

precise than the 4200-4300 Ma age inferred by Husain and Schaeffer [1975]. This age is very similar to the
U-Pb age of 4.236 + 15 Ma reported in Premo et al. [1992] and the “°Ar/3>°Ar age of 4.21-4.23 Ga reported by

Park et al. [2015].

Assuming that cosmogenic 8Ar is primarily derived from plagioclase with a production rate
P3sca=8.081x 10" "> mol/gCa/Ma, we estimate the apparent cosmogenic >®Ar exposure age of each step

GARRICK-BETHELL ET AL.
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Table 3. Slopes for the Paleointensity Experiments for the LC and HC Components for Subsample 2, Using the ARM and
IRM Methods, Along With 95% Confidence Intervals (See Figure 7)%

Measurement Type LC Slopeb HC Slope® HC Paleointensity (un°
ARM (0.05 mT) 42+04 0.54+0.2 20+9
ARM (0.1 mT) 3.24+0.1 0.3+0.1 23+8
ARM (0.3 mT) 1.6 +£0.1 0.11 +0.04 26+9
IRM (250 mT) 0.25 £ 0.01 0.013 £ 0.004 40410

#The inferred HC paleointensities using the equations in section 2 are also shown.
AF steps 3.5-11.5 mT.
CAF steps 15.0-85.0 mT.

following the procedures described in Cassata et al. [2010] and Shea et al. [2012]. The mean cosmogenic
3Bar ages calculated from all release steps of the two aliquots are 140.8+ 12.7 and 142.3+ 3.0 Ma (one
standard deviation uncertainties, not including production rate uncertainty), with a weighted mean expo-
sure age of 14243 Ma. This is slightly lower than the ~220Ma exposure age reported by Lugmair
et al. [1976].

Using models for the production and diffusion of Ar, and derived diffusion parameters [e.g., see Fechtig and
Kalbitzer [1966], Shuster et al. [2010], Suavet et al. [2013], and supporting information Appendix A2), we are
able to place bounds on the sample’s thermal history at 142 Ma. Even for brief (<1 s long) heating events like
those expected during an impact that likely brought 76535 to the surface by ~ 142 Ma, the *°Ar/*°Ar data
require temperatures significantly below 400°C (Figures S3c and S3d). Using a similar model involving cosmo-
genic *8Ar produced solely since surface exposure age [Shea et al., 2012], the upper bound on surface heating
over the last 142 Ma is <170°C (Figures S3a and S3d).

We can also assess how the sample may have been thermally affected by the late heavy bombardment at
3.9 Ga. At this time, it would have likely been at least 2 m deep to avoid undergoing cosmogenic *®Ar produc-
tion. Therefore, 2 m is a conservative lower limit on the thickness of any hot ejecta deposit that the sample
was contained in or near. The conductive cooling time of a 2 m thick layer is 1 month (assuming thermal
diffusivity = 10~®m?/s). This timescale implies a maximum allowable temperature of ~475°C at 3.9 Ga
(Figure S3d), well below the Curie temperature. A 100 m thick layer cools in ~300 years, implying maximum
temperatures of ~375°C.

3.6. Cosmogenic Neon Thermochronology

Four of the five unirradiated anorthite grains we analyzed have Ne isotopic compositions that plot on a
mixing line between cosmogenic and solar wind components (Figure S4 and Table S6). The fifth analysis
(aliquot v) plots below this mixing line, suggesting Ne isotope fractionation during solar wind implanta-
tion [Grimberg et al, 2006] and is not used in thermal history calculations. We deconvolved the cosmo-
genic component from the solar wind component in the remaining four analyses (Table S6). Using the
elemental production rates of cosmogenic neon in [Leya et al, 2001] and the composition of 76535
anorthite from Dymek et al. [1975], we calculated the total cosmogenic abundance of each Ne isotope
produced in these anorthite grains during the 142 +3 Ma exposure of 76535 (Table S6). Comparison of
the observed cosmogenic Ne abundances to the total cosmogenic Ne produced during exposure indi-
cates that between 8 and 67% of the cosmogenic Ne was diffusively lost (Table S6), with the amount
of diffusive loss inversely correlated to the grain size analyzed.

Using the diffusion parameters calculated from the step degassing experiment (Figure S4), we modeled
the simultaneous production and diffusion of cosmogenic neon in each anorthite grain for different effec-
tive diffusion temperatures (EDTs) [Tremblay et al,, 2014]. We find that a weighted mean EDT of 75.5 +4.2°
C best predicts the observed cosmogenic neon abundances (Figure S4). This is in excellent agreement
with the weighted mean EDT of 77.0 + 1.3°C calculated from *°Ar/>*’Ar and 33Ar/3” Ar whole rock measure-
ments of Apollo 15 samples [Shuster and Cassata, 2015]. Given our calculated neon diffusion parameters
and direct lunar surface temperature measurements [Keihm and Langseth, 1973], we estimate a modern
EDT at the Apollo 17 landing site of ~83°C (Figure S5). Collectively, these results demonstrate that
76535 has only experienced heating due to insolation during its 142 Ma exposure at the lunar surface.
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Figure 8. Paleointensity limit tests for subsample 2. (a) Retrieved paleointen-
sities from the ARM lost method using laboratory ARM as a synthetic TRM
and calculated for remanence lost from 15 mT. (b) Fractional difference
between the applied field and the retrieved field in Figure 8a. (c) The percent
difference between the calculated 95% confidence interval and the retrieved
paleointensity (100% equals an uncertainty equal to the paleointensity).

4, Discussion
and Interpretation

4.1. HC Component From an Early
Dynamo Field

While the demagnetization behavior
of 76535 is not ideal, five lines of evi-
dence suggest that 76535 records an
ancient dynamo field at 4.25 Ga. First,
demagnetization of NRM behaves
like that of a weak-bias-field ARM
over the same AF coercivity range,
and differently from IRM and PRM.
Second, the HC component in sub-
sample 2 decays to the origin, imply-
ing that this remanence represents
the final component. Third, the
paleointensity estimate for this com-
ponent (20-40puT) is higher than
would be expected for long-lived
non-dynamo fields such as the inter-
planetary magnetic field and crustal
magnetic fields [Fuller and Cisowski,
1987]. Fourth, the rock has not
experienced significant reheating
events after 4.25 Ga. Finally, and most
importantly, the HC components in
all subsamples have nearly indistin-
guishable directions (all directions
plus their MAD angles overlap,
Figure 4).

It is difficult to imagine an alternative
to the lunar dynamo hypothesis that
would lead to a HC component in
the same direction in three different
subsamples. This common direction
cannot be from magnetic anisotropy
because the samples do not have
common principal anisotropy axis
directions. Furthermore, previous stu-
dies of the petrography of 76535
have not reported any observed folia-
tions or fabrics at the >1mm scale
[Dymek et al, 1975; Gooley et al.,
1974]. Any instrument bias can also
be ruled out by the fact that subsam-
ple 1 was measured inverted relative
to the others (section 2 and 3.1.1).

Our paleointensity estimate of
20-40 uT is roughly consistent with
the upper bound of the field esti-
mates for impact stirred dynamos
(~20 uT) and higher than the upper
estimate of ~12uT for Earth-like
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Figure 9. Whole rock “OAroAr geochronology of 76535. The bottom
panel shows the apparent “Onr/2°Ar ages calculated for each degassing
step of two aliquots of 76535 calculated from data in Table S4 plotted
against the cumulate release fraction of 39Ar. The weighted mean plateau
age calculated from both analyses is 4249 + 7 Ma. The top panel shows
the apparent Ca/K ratios for each analysis.

convection-driven dynamos [Weiss and
Tikoo, 2014]. Our paleointensity is
higher than the lowermost limit of
0.3 uT in Garrick-Bethell et al. [2009]
(but close to the nominal values they
reported: 25-66 uT), because they used
an extreme range of calibration factors
a and f in their paleointensity calcula-
tions (equation (1)). Unfortunately, the
calibration factors for a lithology like
troctolite 76535 have not been well
determined. Until experiments are
done2013 relating TRM to IRM and ARM
for 76535, uncertainty will remain in the
absolute paleointensity. As discussed
section 2.1, the two-standard-deviation
uncertainty is estimated to be a factor
of 2-3 [Weiss and Tikoo, 2014]. If our
paleointensity was a factor of 3 too
high,2013 the lower end of our estimate
would be ~7 uT.

An important observation we must
explain is why three subsamples have
a unidirectional HC component, but
only subsample 2 unequivocally decays
to the origin. We suggest three possible
explanations. The first is that spurious
ARM acquired during AF demagnetiza-
tion obscures decay of the NRM during
demagnetization. This effect has been
observed in other lunar samples [Fuller
and Cisowski, 1987; Tikoo et al, 2012]
and metal-bearing meteorites [Weiss
et al, 2010b]. It is particularly important
for samples like 76535 whose paleoin-
tensities (20-40 uT) are close to their
paleointensity fidelity limits (=15uT;
section 3.4). The second explanation is
that GRM may not have been comple-
tely removed by the averaging method
[Hu et al, 1998]. The third explanation
is that given that single-domain iron
crystals can have microcoercivities up
to ~1T [Dunlop and Ozdemir, 1997],

there may be remanence carriers at higher coercivities than accessible with our AF demagnetization equip-

ment (limited to 290 mT).

4.2. MC Component Interpretation

While the HC component supports the previous conclusion of a dynamo field on the Moon at 4.25 Ga, Garrick-
Bethell et al. [2009] also previously identified an additional MC component of magnetization, separated from
the HC component by ~146°, across four subsamples. In their study, sample 76535,138,2 was mutually
oriented with respect to sample 76535,138,3 (section 1), but 138,3 also did not have an easily identifiable
MC component. Why do we not observe a definitive MC component in this study and sample 138,3 in the

previous study? We offer three possible explanations.
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Table 4. Distance From the HC to LC Components in This Study and  The first is that, as discussed for the HC com-

. a
Garrick-Bethell et al. [2009] ponent (section 4.1), the MC component

Angular Distance Between 5y pe difficult to resolve due to the

Subsample Number HC and LC (°) . . . .
marginal magnetic recording properties of
This Study the subsamples relative to paleointensity
1531 62.0 recorded. For example, in the supporting
E;; fé information Appendix A1, we show that sub-
' Mean = 51"50’ 5=93° sample 1 is capable of recording a clear MC
Previous Study componentonlyupto~23 mT,and between
137,1 105.8 15 and 145 mT its NRM stays away from the
137,7 1188 HC direction, which may be due to a MC

g;g 22? component that is difficult to resolve.

Mean =86.6°, o =36.8° The second explanation is that overlapping
2HC directions are corrected for anisotropy, while LC compo- ~ COercivity distributions may cause any
nents are not. putative MC component to appear close

to the HC component (supporting informa-
tion Appendix A1). Related to this is the possibility of nonuniform coercivity distributions that differ amongst
the subsamples, such that some samples have few remanence carrying grains in the MC range. For example,
subsample 1 shows little change in direction between removal of the LC component at 15 mT and the final
demagnetization direction, while sample 76535,137,7 in the previous study shows a large change in direction
by 27.6 mT, subsequent removal of the MC component, and then decay to the origin [Garrick-Bethell et al.,
2009, Figure 11.

The third possibility is that the MC component inferred in the previous study is simply a laboratory artifact of
spurious ARM and GRM during AF demagnetization. In this case, the coincidence of the ~146° distances
between the MC and HC components in the four samples previously studied would be by chance and the clus-
tering of the remanence over 15-145 mT in subsample 1 in the present study could be a poorly characterized
effect of anisotropy or spurious ARM. However, the odds of four directions randomly clustering at a distance of
145.6° (the mean distance), over an angular interval equal their mean uncertainty of 21°, is only 3% (assuming
the HC direction is fixed at a pole, and the MC distances from it are randomly distributed). At any rate, even if
the clustering was by chance, it would not affect our interpretation of the HC component.

Relevant to the third possibility is that a new interpretation of the rock’s thermal history suggests that only one
TRM component (such as HC) may be required, in contrast to the two MC and HC components previously
inferred. Garrick-Bethell et al. [2009] inferred that the rock cooled in the deep crust (=45 km) and was reheated
to ~#600°C when it was excavated and buried in an ejecta blanket for ~10 kyr. Because 600°C is lower than the
inferred Curie temperature of ~850°C, Garrick-Bethell et al. [2009] inferred the rock acquired an HC component
in the deep crust and a second MC component in the ejecta blanket. The 600°C temperature used in their
study was based on the metamorphism temperature of the anorthite /T—PT symmetry transition reported
by Nord [1976]. However, the transition temperature for 95% molar anorthite was actually subsequently
revised upward by Grove et al. [1983] to 700-1000°C. These higher temperatures span the 780-850°C Curie
point of 76535 [Garrick-Bethell et al.,, 2009]. Therefore, if the transition takes place at the higher end of this
range, 76535 would have been totally remagnetized during cooling in the hot ejecta blanket, implying the
existence of only one (HC) lunar magnetization component dating to the ejection event at 4.25 Ga.

4.3. LC Component Interpretation

Previously, Garrick-Bethell et al. [2009] also reported that the LC directions were different across four differ-
ent subsamples, when all subsamples were referenced to a frame that shared the same HC direction
(Table 4). However, the LC components in the three subsamples in this study are nearly unidirectional
(Table 4). As discussed in section 3.3.3, a plausible solution to this apparent inconsistency is that the IRM
field was curved on the scale of the rock (=5 cm), but not on the scale of the subsample we used here (unfor-
tunately the distance from the sample studied here to the samples in Garrick-Bethell et al. [2009] is
unknown). If true, this would also help rule out a PRM origin for the LC component. This interpretation is also
consistent with observations of weak nonunidirectional IRMs inferred to be present in other lunar and
meteorite samples [Weiss et al, 2010a]. Finally, this interpretation is also supported by the nearly equal
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directions of the two LC components of the simpler two-piece mutual-orientation study of samples
76535,138,2 and 76535,138,3 in Garrick-Bethell et al. [2009].

5. Conclusions

The demagnetization behavior of 76535 is nonideal, and the MC component in the previously studied sam-
ples was difficult to identify in this study. However, the common direction of the HC component in all three
subsamples (Figure 4) strongly suggests a temporally stable field on the Moon at the newly defined “°Ar/*°Ar
plateau age of 4249 + 12 Ma. This implies a dynamo with a surface field strength of tens of microteslas was
present on the Moon at this time. Such a dynamo could have been generated by one of several mechanisms:
(1) a thermal or chemical convection dynamo lasting from the time of Moon formation, assuming a mantle
that is either dry (operating until at least 4.1 Ga) [Konrad and Spohn, 1997; Laneuville et al., 2014; Stegman
et al,, 2003] or wet (operating as late as 2.5 Ga) [Evans et al., 2014], (2) a late onset dynamo driven by delayed
upwelling of a cumulate layer at the core-mantle boundary [Stegman et al., 2003; Zhang et al., 2013], or (3) a
mechanically stirred dynamo from precession or impacts [Dwyer et al.,, 2011; Le Bars et al., 2011]. The first case
is plausible since the revised “°Ar/*°Ar age is ~ 150 Ma older than the earliest time of dynamo cessation. The
second case is marginally rejected by our results. For example, both Stegman et al. [2003] and Zhang et al.
[2013] suggest that a dynamo would have been delayed until ~ 250 Ma after magma ocean crystallization,
or at #4.2-4.1 Ga, assuming magma ocean overturn was completed by ~4.47-4.32 Ga [Elkins-Tanton, 2012].
This range nearly excludes the 4249 Ma age of the NRM in 76535. Zhang et al. [2013] further suggest that
the dynamo should coincide with the onset of mare volcanism (>4.0Ga). For the third case, both
precession-driven and impact-generated dynamos are plausible at 4249 Ma. Therefore, it is not presently pos-
sible to rule conclusively for either the first or third mechanism.
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Appendix A1l
Possible MC component in subsample 1

A difficulty in resolving two TRM components with AF demagnetization is that
the coercivity distributions of each component may overlap. Such overlapping
distributions could partially account for the difficulty in resolving an MC component in
this study. In subsample 1, the clustered magnetization directions in the 15-145 mT
range and remanence motion over an approximate great circle 145 to 175 mT suggest that
there is either remanence near the cluster direction or that the anisotropy and spurious
ARM are deflecting the magnetization toward this direction in addition to controlling the
zig-zag behavior (as also observed for some mare basalts [Tikoo et al., 2012]). Possible
evidence favoring the latter is that the magnetization follows the anisotropy intermediate-
easy plane up to =15 mT (Fig. 2d). To assess these two hypotheses further, we
demagnetized a simulated two-component NRM with the goal of determining if the
remanence is deflected towards the easy axis or easy plane during demagnetization. In
particular, we simulated a HC and a possible MC component by applying ARMs with
bias fields of 20 puT and peak AC fields of 290 mT and 100 mT, respectively. The first
component, labeled ARMI1, was applied in the approximate direction of the HC
component, and was followed by the second component, labeled ARM?2, in the direction
of the putative MC component (Fig. S1).

When the combined ARM1 and ARM?2 magnetization is demagnetized, the
remanence shows clear decay up to AF levels of 15 mT as the ARM2 component is
removed (Fig. S1b). However, above 15 mT, little decay is observed and by 23 mT, the
remanence exhibits zig-zag behavior very similar to that of the NRM (compare Fig. 2a, d
and Fig. S1). During the zig-zagging, the magnetization directions cluster in an area
approximately along the great circle that joins the ARM1 and ARM?2 components. If we
interpret this clustering to be the result of weak remanence being removed from the
combined ARM1 and ARM2, it would imply that the similar clustering in the NRM may
be due to an unresolved MC component towards the direction of the 15-145 mT cluster.
However, the lack of clear decay of ARM2 above 23 mT also illustrates why it may be
difficult to resolve such a component in this subsample.

The meaning of the previous experiment is somewhat ambiguous because the
anisotropy easy axis happens to lie in the vicinity of the putative MC component
direction. To address this, we conducted a second experiment to test whether subsample
1 exhibits zig-zag behavior in the absence of a remanence in the MC direction. We



applied a single-component ARM in the HC direction (this time with a slightly weaker
bias field of 10 uT), plus a 13-mT IRM in the direction of the LC component (to simulate
the weak IRM overprint on natural samples) (Fig S2). When this combination of ARM
and IRM was AF demagnetized, the remanence moved immediately towards the ARM
direction after removal of the IRM and then moved towards a tight cluster near the
original HC direction by 30 mT (Fig. S2, compare with Fig. 2d). Little or no zig-zag
behavior is observed. This suggests that after demagnetization of the ARM, the
magnetization direction returned to that of the undemagnetized HC remanence. The fact
that the demagnetization of this simulated HC component did not deviate toward the
putative MC/ARM?2 direction and did not exhibit the same zig-zag motion supports the
hypothesis that a real MC component exists in the NRM and controls the 15-145 mT
clustering. However, the lack of an unambiguous isolation of an MC component makes
this provisional.

Appendix A2
Argon thermochronometry methods

To place thermal constraints on the sample, we calculated apparent diffusion
coefficients for both *Ar and *’Ar extracted during each analysis following Fechtig and
Lakbitzer, [1966] and procedures described in Cassata et al. [2010] and Shea et al.
[2012]. This calculation requires that the total content of *Ar and *’Ar are known.
However, since the final extractions at ~1400°C yielded Ar in significant excess of the
analytical blank abundance, we cannot demonstrate that the Ar was completely extracted
from each aliquot, and must assume the total abundances. Based on the analysis of
Husain and Schaeffer [1975], who heated an aliquot of 76535 to higher extraction
temperatures (1700°C), we conservatively estimate that the observed *’Ar and *’Ar in all
extractions up to 1400°C in our analyses amount to =25% of that initially present in each
sample. To incorporate uncertainty in this estimate, we calculated diffusion coefficients
under two different assumptions: that the total observed abundances equal (i) 100% and
(i1) 25% of the Ar initially present.

Results of the latter case and the controlled temperatures of each heating step are
shown for one of the aliquots as an Arrhenius plot in Fig. S4b; the assumption of
complete Ar extraction results in a nearly identical plot (not shown) except with values
shifted upwards by ~3 natural log units of D/a’>. In both aliquots, both *’Ar and *’Ar
produce linear Arrhenius correlation at temperatures < 800°C and a more precise measure
of activation energy (E,) than achievable with the Husain and Schaeffer [1975] dataset.
By estimating the total Ar content, we repeated this calculation for each aliquot under
each assumption and using each isotope. In all eight cases (two Ar isotopes X two
aliquots x two assumed total Ar abundances), the kinetic parameters are within the
following bounds: E, = 217.1 kJ/mol and In(D /a*) = 8.4 In(s") (assuming 100%); and E,
=216.7 kJ/mol and In(D /a*) = 5.58 In(s') (assuming 25%). These two constants are
far more precisely determined but nevertheless within error of those inferred by Garrick-
Bethell et al. [2009] from the data of Husain and Schaeffer [1975]. Since our objective is
to place an upper bound on the temperature of different scenarios, we focus on the latter
values (derived from Fig. S3a, c¢), which we consider to be the most restrictive (i.e.,



requiring the highest temperatures at all time). We therefore present thermal models
using these values (Fig. S3), although we show that this assumption introduces a small
uncertainty in the final temperature constraints (Fig. S3d).

Since both the *Ar/*’Ar and *Ar/”’Ar spectra show little evidence for thermal
disturbance (i.e., little to no discordance), we are able to place conservative upper bounds
on various thermal scenarios rather than identify best-fit solutions (e.g., [Shuster et al.,
2010]). Previous applications combining both “Ar/°Ar and *Ar/’Ar
thermochronometry of lunar samples have found both radiogenic “’Ar and cosmogenic
*Ar distributions to be internally consistent and well explained by daytime heating near
the lunar surface (Shea et al., 2012; Suavet et al. 2013). Here, we use a similar strategy
as these previous studies and explore the upper bound on duration-temperature conditions
required to thermally disturb the “’Ar/*Ar and **Ar/”’ Ar spectra that are observed to be
concordant. Using models for production and diffusion of radiogenic *’Ar [Shuster et al.,
2010; Suavet et al., 2013], we show these temperature bounds calculated for a range of
reheating durations modeled at 3.9 Ga and 142 Ma (Fig. S3d).

Appendix A3
Cosmogenic neon thermochronology methods

During the step-degassing diffusion experiment, a neutron-irradiated anorthite fragment
with a spherically equivalent radius of 296 um was heated over 97 consecutive heating
steps, including three retrograde heating cycles, to temperatures between 100 and 1050
°C and lasting between 0.5 and 10 hours (Table S5). We used the gas purification and
mass spectrometric measurement techniques described in [Tremblay et al., 2014a].
Thirteen room temperature procedural blanks measured over the course of the experiment
were subtracted from the measurement time zero intercepts; average blank corrections
were 0.05 x 10° atoms for *’Ne and 1.5 x 10° atoms for *Ne. The MAP-215 sector field
mass spectrometer in the BGC Noble Gas Thermochronometry Lab used to conduct these
measurements cannot resolve *Ne* from *CO,**. However, we found that the CO,"/CO,™
was constant over the H, partial pressure range in the stepwise degassing experiment, and
that the average signals on m/e = 44 for room-temperature blanks and heating steps are
equal. Therefore, we accounted for the *CO,™ interference in the blank correction
described above. No isobaric interference corrections were necessary for *'Ne. Aliquots
of a manometrically-calibrated air standard were also analyzed after approximately every
fifth heating step to determine neon sensitivities of the mass spectrometer, which we
found to be constant over the pressure range of the analyses. During the measurements of
naturally-occurring neon in 76535 anorthite (Table S6), we corrected for interferences on
*Ne from *CO,™ and *’Ne from “’Ar** by introducing a **Ar spike during neon analyses
as described by [Balco and Shuster,2009].

Supplementary Figure Captions

Figure S1. AF demagnetization of simulated MC and HC components in subsample 1.
(A) Stereographic projection of AF demagnetization of 0.2 uT bias field ARMs applied



in the direction of the HC component (ARMI, peak AC field of 290 mT), and putative
MC component (ARM2, peak AC field of 100 mT). Remanence directions after applying
ARMI and ARM2 are shown as blue stars, as is the inferred HC direction (anisotropy
corrected). The directions of the applied fields for ARM1 and ARM?2 are shown as
diamonds, with dashed lines representing 25° error circles (the errors are large due to
difficulty orienting the sample). The red line shows the great circle connecting ARM1
and ARM2. Open and closed symbols represent projections on upper and lower
hemispheres, respectively. (B) Same data as (A) but in orthographic projection. Closed
and open symbols represent projections onto the north-east and up-east planes,
respectively

Figure S2. Equal area stereographic projection of AF demagnetization of a simulated HC
component and weak IRM for subsample 2. Open and closed symbols represent
projections on upper and lower hemispheres, respectively. The ARM was applied in the
direction of the HC component (a bias field of 10 uT in a peak AC field of 290 mT), and
an IRM (13 mT) was subsequently applied in the direction of the LC component. The
remanence after application of the ARM and IRM are shown as blue stars, as is the HC
direction (anisotropy corrected). The directions of the applied fields for ARM and IRM
are shown as diamonds, with dashed lines representing 25° error circles (the errors are
large due to difficulty orienting the sample). The black triangle shows the HC direction
before anisotropy correction.

Figure S3. “Ar/”Ar and *Ar/”Ar thermochronology of 76535. (A) The observed
(points) and the predicted (colored lines) **Ar/”’Ar spectrum calculated for production
and diffusion of cosmogenic *Ar since the apparent **Ar exposure age of ~142 Ma
assuming the most restrictive estimate of Ar diffusion kinetics in (B). The observed
* Ar/’Ar ratios (and corresponding exposure ages shown on right hand axis) + 1 standard
deviation are plotted against the cumulative release fraction of *’Ar. The inset shows a
reduced chi squared misfit statistic calculated between isothermal holding at different
temperatures over the complete duration of exposure. Note that most low temperature
models produce an identical misfit that is obstructed by the data, which require the
effective temperature to have been <170°C since 142 Ma. (B) Arrhenius plot showing
calculated diffusion coefficients (D) normalized to the diffusion domain radius (a) + 1
standard deviation plotted against the absolute temperature (7)) of each stepped heating
extraction of aliquot b. Similar results (not shown) were calculated for aliquot a. The
line is a linear regression to all extractions below 800°C (filled points) used to model the
open system behavior of radiogenic and cosmogenic Ar in (A) and (C). (C) The
observed (points) and the predicted (colored lines) “Ar/*’Ar spectrum calculated for
diffusion of radiogenic “’Ar for different values of Dt/a* beginning at 142 Ma. The
observed “Ar/”Ar ratios (R) + 1 standard deviation are normalized to the ratio (R,
that corresponds to the apparent plateau age of 4249 Ma. The reduced chi squared misfit
statistic (inset) calculated for several values of Dt/a’ requires that 76535 was not heating
above a duration-temperature pair corresponding to log,,(Dt/a’) = -17.0 if reheating took
place at 142 Ma. Similar models (not shown) identify a maximum of log,,(Dt/a*) = -6.2
if the reheating event took place at 3900 Ma. (D) Upper bounds on duration and
temperature for reheating events at 3900 Ma (dashed curves) and 140 Ma (solid curves).



Bold curves assume only 25% of the Ar was released during step heating analysis, and
fine curves assume 100 % was released. The square shows the upper bound on the
effective temperature during the last 142 Ma derived from (A).

Fig. S4. Observations of neon in 76535 anorthite. Panel A is a three isotope plot that
shows the neon isotopic composition of the five anorthite grains we analyzed. Four of the
five analyses plot on a mixing line between solar wind neon [Grimberg et al., 2006] and
cosmogenic neon as determined by [Lugmair et al., 1976]. Our data are offset to the
right from an alternative mixing line between solar wind neon and the nominal
cosmogenic neon production rate ratios calculated by [Leya et al., 2001]. However, the
uncertainties on these latter cosmogenic production rate calculations are large enough
(12%; [Leya et al., 2001]) that they overlap with the Lugmair et al. [1976] determination
within uncertainty. Analysis v plots below both mixing lines, which indicates that neon
isotope fractionation occurred during solar wind implantation [Grimberg et al., 2006].
The inset in panel A shows reduced %> misfit statistic calculated for different effective
diffusion temperatures (EDTs; [Tremblay et al., 2014b]) as follows:

n

, )
2 1 - R:.:-.." - R;u’ }
= ()

1=1

Where n is the number of measurements, R, and R, are the predicted and observed
retention values for each measurement, respectively, and o is the observed retention
uncertainty. We calculated this misfit statistic using the *'Ne and *Ne diffusion
parameters derived from the Arrhenius relationships shown in panel B. We estimated the
standard deviations from the EDTs 1.2 units greater than the minima in XZ, after Shuster
and Cassata [2015]. The weighted mean EDT from these two %’ distributions is 75.5 +
4.2 °C. The Arrhenius relationships shown in panel B were calculated from the *'Ne and
*Ne measurements on a neutron-irradiated fragment of 76535 anorthite using the
equations of Fechtig and Kalbitzer [1966] and the uncertainty propagation outlined in
Tremblay et al. [2014a].

Fig. S5. Relationship between EDT and mean temperature (T,,,) through the lunar daily
insolation cycle at the Apollo 17 site, calculated using the *'Ne diffusion kinetics for
76535 anorthite and surface temperature measurements reported by Keihm and Langseth
[1973].
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Table S1. AF demagnetization data for sample 76535,153,1

AF step (mT) Declination (°) Inclination (°) Moment (Am?)

NRM 181.4 47.9 3.90E-09
1.5 182.2 47.9 3.90E-09
2.0 182.5 48.0 3.90E-09
2.5 183.0 48.1 3.90E-09
3.0 182.0 48.0 3.86E-09
3.5 182.8 48.2 3.79E-09
4.0 182.2 47.6 3.62E-09
4.5 182.4 48.4 3.45E-09
5.0 183.5 48.6 3.28E-09
5.5 182.5 48.7 3.04E-09
6.0 181.3 49.1 2.96E-09
6.5 181.3 49.1 2.72E-09
7.0 173.5 49.8 2.55E-09
7.5 171.2 50.5 2.35E-09
8.0 168.5 50.0 2.16E-09
8.5 163.3 49.1 1.97E-09
9.0 168.1 49.9 1.73E-09
9.5 172.7 50.6 1.46E-09
10.0 174.9 50.9 1.27E-09
10.5 165.9 52.9 1.11E-09
11.0 154.7 53.7 1.00E-09
11.5 145.3 57.2 8.79E-10
12.0 133.7 53.8 8.10E-10
12.5 114.0 52.3 7.14E-10
13.0 107.3 47.4 6.93E-10
13.5 106.0 46.7 6.00E-10
14.0 92.3 48.3 5.13E-10
14.5 88.3 46.1 5.01E-10
15.0 79.1 331 6.31E-10
15.5 79.3 37.0 5.23E-10
16.0 81.6 37.0 5.22E-10
16.5 86.9 42.3 4.63E-10
17.0 80.1 36.0 6.63E-10
17.5 76.3 29.8 7.28E-10
18.0 79.0 27.2 7.11E-10
18.5 77.9 33.6 7.18E-10
19.0 80.9 35.4 7.05E-10
19.5 82.3 34.4 6.22E-10
20.0 87.0 38.9 6.14E-10
20.5 89.7 36.6 7.22E-10
21.0 84.1 30.9 6.82E-10
215 86.1 315 7.44E-10
22.0 90.8 35.4 6.92E-10
225 87.7 30.1 6.60E-10
23.0 89.8 35.4 6.50E-10
235 79.3 43.3 6.35E-10
24.0 77.0 53.2 5.40E-10
24.5 81.5 55.3 6.07E-10
25.0 76.3 53.0 6.23E-10
26.0 82.1 51.3 6.78E-10
27.0 81.9 56.7 6.28E-10
28.0 84.7 59.8 6.03E-10
29.0 71.4 65.3 5.54E-10
30.0 77.1 57.3 6.11E-10
31.0 71.0 55.1 6.14E-10
32.0 72.7 46.2 6.60E-10
33.0 74.1 45.9 6.22E-10
34.0 75.9 48.5 5.66E-10
35.0 72.5 41.5 6.73E-10
36.0 72.2 49.2 5.37E-10

37.0 65.1 45.9 5.46E-10



38.0
39.0
40.0
41.0
42.0
43.0
44.0
45.0
46.0
47.0
48.0
49.0
50.0
51.0
52.0
53.0
54.0
55.0
56.0
57.0
58.0
59.0
60.0
61.0
62.0
63.0
64.0
65.0
66.0
67.0
68.0
69.0
70.0
71.0
72.0
73.0
74.0
75.0
76.0
77.0
78.0
79.0
80.0
81.0
82.0
83.0
84.0
85.0
95.0
105.0
115.0
125.0
135.0
145.0
155.0
175.0
185.0
205.0
215.0
225.0
235.0
245.0
255.0

67.0
70.6
74.2
65.4
59.9
47.9
324.5
48.6
49.9
55.1
3123
15.8
51.4
58.2
53.6
55.2
58.9
63.0
64.0
68.3
74.0
72.8
70.2
70.3
71.7
71.9
73.0
77.6
70.1
112.3
74.0
56.1
67.5
82.0
68.9
63.9
70.7
63.8
63.2
61.8
325.9
73.7
256.3
71.2
68.5
89.1
90.3
96.5
100.1
59.2
60.7
230.7
279.0
253.1
184.7
105.2
109.6
134.4
114.4
110.7
129.2
120.5
124.2

36.8
41.1
41.0
39.9
46.8
65.1
75.3
66.2
53.8
41.7
71.2
74.1
37.9
41.5
40.9
39.7
39.2
48.5
47.5
47.4
49.9
43.2
54.5
63.4
71.0
44.1
63.2
70.5
62.7
84.8
76.1
68.6
47.1
61.5
60.5
47.7
51.6
48.5
55.3
71.9
85.9
75.0
78.3
64.6
57.9
70.9
56.9
77.0
38.9
48.6
44.6
67.2
72.8
48.9
58.0
24.4
26.1
28.7
27.9
15.8
42.2
29.7
19.7

6.12E-10
6.01E-10
6.67E-10
6.84E-10
5.97E-10
5.03E-10
4.24E-10
4.25E-10
5.27E-10
7.13E-10
4.64E-10
5.19E-10
7.42E-10
7.60E-10
7.70E-10
7.72E-10
8.06E-10
7.33E-10
7.22E-10
7.52E-10
7.52E-10
8.46E-10
7.62E-10
6.89E-10
6.21E-10
8.56E-10
6.84E-10
5.89E-10
6.36E-10
6.15E-10
6.15E-10
6.61E-10
7.72E-10
6.88E-10
7.14E-10
7.14E-10
6.24E-10
7.08E-10
6.52E-10
5.78E-10
5.72E-10
5.79E-10
5.73E-10
6.15E-10
5.87E-10
5.14E-10
6.25E-10
4.96E-10
3.51E-10
3.03E-10
3.71E-10
2.21E-10
2.47E-10
3.66E-10
7.20E-11
3.53E-10
4.44E-10
4.43E-10
4.09E-10
6.07E-10
4.32E-10
4.76E-10
2.95E-10



265.0
275.0
285.0
290.0

109.1
120.2
133.2
115.3

131
31.8
16.1
19.9

4.96E-10
7.02E-10
3.91E-10
4.64E-10



Table S2. AF demagnetization data for sample 76535,153,2

AF step (mT) Declination (°) Inclination (°) Moment (Am?)

NRM 162.4 40.8 4.51E-09
1.5 163.7 42.5 4.42E-09
2.0 164.3 43.1 4.39E-09
2.5 165.3 43.5 4.41E-09
3.0 166 43.3 4.39E-09
3.5 165.8 42.3 4.26E-09
4.0 166.6 42.6 4.10E-09
4.5 165.9 41.0 3.86E-09
5.0 164.3 40.6 3.68E-09
5.5 160.5 40.5 3.33E-09
6.0 159.9 40.0 3.12E-09
6.5 158.8 38.9 2.83E-09
7.0 158 38.7 2.52E-09
7.5 155.7 37.2 2.29E-09
8.0 153.8 36.2 2.02E-09
8.5 153.7 35.1 1.72E-09
9.0 150.8 30.3 1.59E-09
9.5 149.7 28.7 1.34E-09
10.0 147.5 23.7 1.20E-09
10.5 145.6 235 1.07E-09
11.0 148 23.6 1.02E-09
11.5 147.1 19.8 1.05E-09
12.0 147.4 18.9 8.73E-10
12.5 139.5 20.3 8.82E-10
13.0 138.3 18.1 8.90E-10
13.5 140.3 215 8.75E-10
14.0 135.7 18.6 8.39E-10
14.5 137 15.6 8.82E-10
15.0 139.1 14.1 8.81E-10
15.5 140.2 15.6 8.88E-10
16.0 138.1 18.6 8.96E-10
16.5 138.8 15.3 8.77E-10
17.0 141.2 11.0 9.23E-10
17.5 139.7 15.2 8.32E-10
18.0 135.4 19.0 7.02E-10
18.5 137.4 15.8 7.28E-10
19.0 131.7 20.1 7.08E-10
19.5 132.4 16.8 6.30E-10
20.0 132.4 13.5 8.34E-10
20.5 133.6 17.5 7.89E-10
21.0 134.5 15.3 7.94E-10
215 135.4 17.2 7.94E-10
22.0 136.2 12.3 9.00E-10
225 137.2 18.3 7.71E-10
23.0 136.3 19.4 7.32E-10
235 141.1 12.6 6.97E-10
24.0 144.3 14.7 5.06E-10
24.5 141.5 12.1 5.94E-10
25.0 148.3 12.5 6.59E-10
26.0 139.8 16.5 6.19E-10
27.0 140.5 13.4 5.99E-10
28.0 136.8 10.5 7.15E-10
29.0 140.5 9.9 6.77E-10
30.0 140.1 8.1 7.03E-10
31.0 138.4 7.6 6.88E-10
32.0 140.7 12.6 6.96E-10
33.0 144.8 14.3 6.87E-10
34.0 142.9 7.3 7.04E-10
35.0 138.5 12.4 7.79E-10
36.0 137.4 6.2 7.80E-10

37.0 140 111 7.37E-10



38.0
39.0
40.0
41.0
42.0
43.0
44.0
45.0
46.0
47.0
48.0
49.0
50.0
51.0
52.0
53.0
54.0
55.0
56.0
57.0
58.0
59.0
60.0
61.0
62.0
63.0
64.0
65.0
66.0
67.0
68.0
69.0
70.0
71.0
72.0
73.0
74.0
75.0
76.0
77.0
78.0
79.0
80.0
81.0
82.0
83.0
84.0
85.0
95.0
105.0
115.0
125.0
135.0
145.0
155.0
165.0
175.0
185.0
195.0
205.0
215.0
225.0
235.0

140.2
138.2
136.3
139.5
137
138.5
140
137
139.8
143.5
138.7
140.5
141.9
138.8
132.4
137.3
129.7
127.8
130.9
130.6
132.7
133.5
132.1
135.3
132.2
130.8
130.3
129.9
127.4
128.7
136.5
130.1
128.2
131.4
134.6
132
134.9
160.3
158.3
166.1
152
155.5
161.6
158.2
150.5
144.3
159.8
175.5
156.9
155.7
153
143.2
148.3
137.8
139.4
135
128.1
134.2
129.1
149.3
106.3
117.7
135.4

9.3
8.2
18.4
6.9
5.0
6.1
8.3
0.7
7.1
4.8
10.3
11.7
11.0
7.5
11.5
12.2
13.0
14.2
134
131
10.3
13.7
13.9
13.6
131
12.7
11.9
17.1
15.3
14.0
16.2
134
12.2
17.9
11.6
15.6
8.8
3.6
121
0.8
4.2
4.3
-1.6
1.0
4.1
8.6
0.2
-0.2
7.0
16.5
15.5
0.1
9.3
0.0
11.6
5.5
7.0
19.3
-1.0
-1.8
-30.3
-25.4
-3.6

6.93E-10
7.59E-10
6.20E-10
7.51E-10
7.49E-10
7.74E-10
7.30E-10
7.39E-10
5.90E-10
5.97E-10
6.57E-10
6.42E-10
8.75E-10
8.13E-10
6.75E-10
7.39E-10
6.40E-10
7.55E-10
7.07E-10
7.81E-10
8.38E-10
6.90E-10
7.18E-10
6.31E-10
6.95E-10
6.70E-10
7.04E-10
6.53E-10
6.75E-10
5.27E-10
4.92E-10
5.44E-10
5.90E-10
5.98E-10
4.70E-10
6.26E-10
6.85E-10
4.71E-10
4.52E-10
4.23E-10
6.03E-10
5.69E-10
5.33E-10
6.01E-10
5.44E-10
6.09E-10
4.81E-10
4.30E-10
4.01E-10
3.82E-10
2.95E-10
4.44E-10
2.71E-10
4.25E-10
4.75E-10
3.72E-10
3.56E-10
1.93E-10
2.87E-10
1.61E-10
1.29€-10
8.16E-11
3.59E-10



245.0
255.0
265.0
275.0
285.0
290.0

130.4
141.3
153.9
127.3
129.9
130.3

-1.7

-0.3
-45.4

18.7
-16.0
-39.0

7.35E-11
2.52E-10
1.16E-10
1.40E-10
1.41E-10
1.66E-10



Table S3. AF demagnetization data for sample 76535,153,3

AF step (mT) Declination (°) Inclination (°) Moment (Am?)

NRM 168.2 56.3 8.18E-10
1.5 167.4 56.0 8.16E-10
2.0 167.0 56.3 8.13E-10
2.5 167.2 56.2 8.13E-10
3.0 166.4 55.5 8.02E-10
3.5 168.7 56.0 7.76E-10
4.0 167.8 55.5 7.52E-10
4.5 170.7 54.9 7.35E-10
5.0 168.4 53.4 6.79E-10
5.5 168.6 53.7 6.54E-10
6.0 170.6 51.0 6.01E-10
6.5 173.8 48.7 5.44E-10
7.0 173.3 50.2 5.12E-10
7.5 173.0 49.3 4.25E-10
8.0 175.0 45.1 3.84E-10
8.5 177.3 40.9 3.29E-10
9.0 174.6 40.3 3.05E-10
9.5 171.3 37.3 2.43E-10
10.0 163.8 36.7 2.20E-10
10.5 160.1 31.7 2.04E-10
11.0 159.4 30.7 1.94E-10
11.5 156.6 36.6 1.75E-10
12.0 158.2 31.8 1.61E-10
12.5 152.0 30.0 1.51E-10
13.0 150.4 32.2 1.37E-10
13.5 153.0 28.4 1.37E-10
14.0 148.5 23.0 1.18E-10
14.5 154.9 17.5 1.25E-10
15.0 152.2 22.3 1.34E-10
15.5 155.5 28.0 1.31E-10
16.0 156.0 19.5 1.39E-10
16.5 158.8 20.6 1.19E-10
17.0 153.6 20.7 1.20E-10
17.5 161.5 31.2 1.01E-10
18.0 154.4 35.4 1.13E-10
18.5 145.2 20.9 1.17E-10
19.0 142.0 26.7 1.00E-10
19.5 136.0 24.2 1.02E-10
20.0 137.6 17.3 9.80E-11
20.5 140.8 22.2 9.24E-11
21.0 141.0 20.0 1.07E-10
215 138.9 15.4 1.04E-10
22.0 139.6 14.5 1.16E-10
22.5 141.6 0.6 1.23E-10
23.0 137.9 -3.0 1.21E-10
235 141.3 -9.7 1.33E-10
24.0 135.8 -12.0 1.13E-10
24.5 124.8 8.8 1.42E-10
25.0 119.0 6.6 1.04E-10
26.0 127.2 3.2 1.18E-10
27.0 122.1 0.5 1.26E-10
28.0 118.4 -0.8 1.06E-10
29.0 116.6 -1.2 1.09E-10
30.0 114.0 -3.8 1.03E-10
31.0 119.9 3.6 1.09E-10
32.0 125.1 4.2 8.91E-11
33.0 118.8 3.0 9.40E-11
34.0 116.6 -2.3 1.01E-10
35.0 109.6 -0.6 1.26E-10
36.0 110.9 -7.8 1.23E-10

37.0 120.2 -3.4 1.18E-10



38.0
39.0
40.0
41.0
42.0
43.0
44.0
45.0
46.0
47.0
48.0
49.0
50.0
51.0
52.0
53.0
54.0
55.0
56.0
57.0
58.0
59.0
60.0
61.0
62.0
63.0
64.0
65.0
66.0
67.0
68.0
69.0
70.0
71.0
72.0
73.0
74.0
75.0
76.0
77.0
78.0
79.0
80.0
81.0
82.0
83.0
84.0
85.0
95.0
105.0
115.0
125.0
135.0
145.0
155.0
165.0
175.0
185.0
205.0
215.0
225.0
235.0
245.0

119.9
135.5
122.3
129.8
125.8
122.0
120.7
118.9
115.7
106.7
101.8
110.5
106.5
103.9
122.0
123.8
122.4
128.0
121.2
123.0
122.7
132.7
121.0
122.6
119.2
126.4
126.6
125.2
120.9
124.0
120.3
117.3
118.6
124.3
118.3
121.5
121.3
120.1
122.0
126.4
131.0
115.3
121.1
115.7
119.6
113.2
117.2
106.4
130.7
120.7
134.5
138.4
134.6
138.7
139.6
131.6
118.8
146.8
115.1
118.7
85.1

112.8
116.4

-1.4
2.7
0.0
-2.2
-1.7
-2.9
-6.7
1.1
-1.2
-11.3
-4.0
-6.1
-9.5
11.0
1.5
5.3
135
-0.9
-0.3
3.5
3.2
3.0
-4.4
10.7
1.6
5.0
8.5
9.2
0.2
2.6
6.6
-4.1
14.7
16.7
40.9
36.7
42.4
35.6
21.9
37.3
34.7
27.5
32.9
32.2
40.7
39.8
40.1
353
46.4
52.0
38.1
42.5
46.0
56.8
66.1
54.4
50.5
55.2
38.6
19.7
49.3
8.1
26.2

1.06E-10
9.60E-11
1.08E-10
1.21E-10
1.16E-10
1.20E-10
1.09E-10
1.17E-10
1.17E-10
1.10E-10
1.20E-10
1.28E-10
1.32E-10
1.22E-10
1.31E-10
1.35E-10
1.34E-10
1.30E-10
1.42E-10
1.36E-10
1.38E-10
1.40E-10
1.45E-10
1.50E-10
1.32E-10
1.30E-10
1.36E-10
1.36E-10
1.27E-10
1.25E-10
1.11E-10
1.18E-10
1.11E-10
9.13E-11
9.49E-11
1.04E-10
9.60E-11
1.03E-10
1.08E-10
9.97E-11
1.09E-10
8.86E-11
1.07E-10
9.92E-11
1.09E-10
1.03E-10
9.22E-11
9.71E-11
1.10E-10
1.29€-10
1.40E-10
1.17E-10
1.17E-10
1.10E-10
1.37E-10
1.01E-10
6.46E-11
8.39E-11
7.01E-11
6.88E-11
5.96E-11
4.78E-11
3.27E-11



255.0
265.0
275.0
285.0
290.0

119.5
120.6
134.4
107.4
151.2

14.2
-21.2
-22.1
26.7

3.8

7.14E-11
4.95E-11
5.99E-11
5.49E-11
4.29E-11



Table S4: Argon Analytical Details

COMPLETE “°Ar/3°Ar INCREMENTAL HEATING RESULTS

4 Temp “Ar *ar *ar 3Ar °Ar Warx PAn FAres FArga, PAra PAres *Ar, o, Apparent Age
(°C) + 10 + 10 + 1o + 1o + 10 (%) (%) (%) (%) (%) (%) (%) *1s (Ma)

76535-a whole-rock fragment
1 460 °C 0.06981 + 0.00064 0.00014 + 0.00004 0.00080 + 0.00002 0.02781 + 0.00058 0.00060 + 0.00002 100.0 85.9 97.7 0.0 0.0 100.0 0.0 463.1 5095 + 636
2 459 °C 0.03665 + 0.00049 0.00007 +0.00003 0.00041 + 0.00001 0.01443 + 0.00056 0.00033 + 0.00002 100.0 86.3 96.7 3.1 0.0 78.4 20.4 448.3 5060 + 938
3 513 °C 0.13961 + 0.00084 0.00043 + 0.00004 0.00176 + 0.00002 0.06079 + 0.00077 0.00125 + 0.00002 100.0 90.1 98.4 1.3 0.0 89.4 9.3 308.3 4266 + 184
4 513 °C 0.06428 + 0.00061 0.00023 + 0.00004 0.00082 + 0.00001 0.02932 + 0.00062 0.00060 + 0.00001 100.0 91.3 97.8 1.8 0.0 85.5 13.2 270.1 3977 + 302
5 566 °C 0.26036 + 0.00080 0.00092 + 0.00004 0.00344 + 0.00003 0.12393 +0.00104 0.00250 + 0.00003 100.0 90.6 98.1 1.5 0.0 87.5 11.2 291.0 4028 + 83
6 566 °C 0.13446 + 0.00084 0.00040 + 0.00004 0.00180 + 0.00002 0.06168 + 0.00083 0.00130 + 0.00002 100.0 89.2 98.2 1.5 0.0 87.8 10.9 341.9 4351 + 203
7 619 °C 0.50359 + 0.00102 0.00160 + 0.00005 0.00685 + 0.00004 0.24727 +0.00141 0.00510 + 0.00004 100.0 89.3 97.8 1.9 0.0 85.1 13.6 339.5 4228 + 60
8 619 °C 0.28467 + 0.00100 0.00096 + 0.00005 0.00381 + 0.00002 0.13868 + 0.00088 0.00285 + 0.00003 100.0 89.9 97.7 2.0 0.0 84.5 14.2 315.6 4122 + 90
9 672 °C 1.03318 +0.00153 0.00336 + 0.00006 0.01411 + 0.00006 0.51263 + 0.00325 0.01060 + 0.00006 100.0 89.4 97.6 2.1 0.0 84.1 14.6 334.2 4185 + 34
10 673°C 0.64337 +0.00104 0.00197 + 0.00005 0.00861 + 0.00004 0.31808 + 0.00168 0.00640 + 0.00005 100.0 88.8 97.8 1.9 0.0 85.3 13.4 356.7 4297 + 49
11 724 °C 2.20100 + 0.00202 0.00690 + 0.00008 0.03017 + 0.00007 1.11394 +0.00718 0.02287 + 0.00007 100.0 88.8 97.5 2.2 0.0 83.3 15.4 356.6 4259 + 25
12 724°C 1.51473 +0.00172 0.00468 + 0.00007 0.02058 + 0.00007 0.75222 + 0.00492 0.01470 + 0.00005 100.0 88.8 98.4 1.3 0.0 89.3 9.4 354.4 4279 + 30
13 777 °C 4.48222 +0.00361 0.01415 + 0.00013 0.06116 + 0.00011 2.28644 +0.01176 0.04290 + 0.00011 100.0 88.8 98.7 1.0 0.0 91.1 7.5 356.8 4247 + 22
14 775°C 2.89296 + 0.00281 0.00893 + 0.00009 0.03870 + 0.00009 1.47656 + 0.01064 0.02696 + 0.00007 100.0 88.5 98.8 0.9 0.0 91.8 6.7 366.1 4288 + 24
15 829°C 7.25954 + 0.00431 0.02261 + 0.00016 0.09673 + 0.00018 3.67104 +0.01446 0.06658 + 0.00015 100.0 88.7 99.0 0.7 0.0 93.1 5.4 358.7 4269 + 19
16 827 °C 4.51606 + 0.00391 0.01414 +0.00011 0.06049 + 0.00015 2.26263 +0.01637 0.04106 + 0.00010 100.0 88.9 99.2 0.5 0.0 94.6 3.9 352.8 4257 + 20
17 879 °C 9.59085 + 0.00501 0.03003 +0.00019 0.12710 + 0.00020 4.65417 +0.04192 0.08500 + 0.00017 100.0 89.2 99.4 0.3 0.0 96.2 2.3 340.4 4251 + 17
18 879 °C 5.64594 +0.00371 0.01754 +0.00014 0.07447 + 0.00015 2.76918 +0.01222 0.05055 + 0.00010 100.0 89.0 99.2 0.5 0.0 94.6 3.9 347.5 4268 + 19
19 931°C 9.06408 + 0.00461 0.02823 + 0.00021 0.11935 + 0.00020 4.49722 +0.02527 0.08014 + 0.00014 100.0 88.9 99.3 0.3 0.0 95.8 2.7 351.2 4266 + 19
20 930°C 4.54478 £ 0.00371 0.01429 +0.00013 0.05978 + 0.00014 2.23455 +0.01380 0.03979 + 0.00013 100.0 89.1 99.4 0.2 0.0 96.8 1.7 343.8 4246 + 21
21 982°C 6.57407 + 0.00541 0.02031 + 0.00015 0.08679 + 0.00018 3.26895 + 0.02303 0.05798 + 0.00012 100.0 88.8 99.4 0.3 0.0 96.4 2.1 355.2 4281 + 19
22 982°C 3.54966 + 0.00351 0.01088 + 0.00012 0.04679 + 0.00011 1.73756 + 0.00769 0.03150 + 0.00009 100.0 88.9 99.3 0.4 0.0 95.5 3.0 352.0 4292 + 25
23 1033 °C 4.16704 + 0.00331 0.01313 + 0.00014 0.05531 + 0.00013 2.05610 +0.01194 0.03747 + 0.00010 100.0 89.1 99.2 0.5 0.0 94.8 3.7 344.3 4243 + 24
24 1032 °C 2.36474 +0.00291 0.00741 + 0.00010 0.03174 + 0.00009 1.17802 + 0.00694 0.02124 + 0.00008 100.0 88.9 99.4 0.3 0.0 96.2 2.3 350.5 4256 + 28
25 1082 °C 3.29399 + 0.00311 0.01024 + 0.00010 0.04435 +0.00011 1.65791 + 0.01447 0.02996 + 0.00010 100.0 88.7 99.2 0.4 0.0 95.2 3.4 357.6 4272 £+ 22
26 1083 °C 1.74473 + 0.00152 0.00541 + 0.00010 0.02335 + 0.00009 0.87612 + 0.00549 0.01571 + 0.00007 100.0 88.7 99.3 0.4 0.0 95.6 2.9 357.5 4276 + 38
27 1132°C 1.93165 + 0.00172 0.00604 + 0.00008 0.02573 + 0.00008 0.95156 + 0.00628 0.01729 + 0.00007 100.0 89.0 99.3 0.4 0.0 95.7 2.8 346.8 4257 + 27
28 1132°C 0.87512 +0.00114 0.00267 + 0.00006 0.01163 + 0.00005 0.43484 +0.00312 0.00782 + 0.00004 100.0 88.7 99.3 0.4 0.0 95.7 2.8 360.4 4306 + 45
29 1231°C 1.95757 + 0.00202 0.00594 + 0.00007 0.02660 + 0.00009 0.97961 + 0.00551 0.01822 + 0.00007 100.0 88.5 99.0 0.6 0.0 93.6 4.9 365.2 4316 = 25
30 1231°C 0.43923 +0.00122 0.00134 + 0.00006 0.00552 + 0.00004 0.20328 +0.00141 0.00377 + 0.00004 100.0 89.4 99.1 0.6 0.0 94.1 4.5 333.4 4295 + 78
31 1329°C 1.38028 +0.00171 0.00438 + 0.00008 0.01857 + 0.00008 0.70182 + 0.00434 0.01275 + 0.00005 100.0 88.9 99.0 0.7 0.0 93.4 5.2 353.1 4235 + 34
32 1330°C 0.60826 +0.00114 0.00202 + 0.00005 0.00792 + 0.00005 0.29370 +0.00162 0.00536 + 0.00004 100.0 89.9 99.2 0.5 0.0 94.9 3.7 317.7 4147 + 50
33 >1300°C 0.56434 +0.00083 0.00175 + 0.00005 0.00747 + 0.00004 0.27767 + 0.00204 0.00498 + 0.00003 100.0 89.0 99.4 0.3 0.0 96.5 2.0 350.0 4274 + 74
34 s1300°c 59.75866 * 0.01900 0.18723 + 0.00055 0.80470 + 0.00071 29.88402 + 0.12937 0.53620 + 0.00060 100.0 88.9 99.4 0.2 0.0 96.7 1.9 351.9 4256 + 14
35 >1300°C 7.11567 +0.00432 0.02224 +0.00016 0.09465 + 0.00017 3.57034 +0.01299 0.06270 + 0.00014 100.0 88.8 99.5 0.1 0.0 97.3 1.2 354.2 4262 + 18
36 >1300°C 5.16426 + 0.00461 0.01621 +0.00012 0.06867 + 0.00015 2.52098 + 0.01561 0.04602 + 0.00010 100.0 89.2 99.4 0.3 0.0 96.0 2.5 341.8 4248 + 28
37 1394 °C 31.11041 + 0.06500 0.10145 + 0.00039 0.41880 + 0.00058 15.45525 + 0.14067 0.27961 + 0.00045 100.0 89.4 99.4 0.3 0.0 96.4 2.1 3339 4182 + 15

76535-b whole-rock fragment
1 459 °C 0.01219 + 0.00046 0.00002 + 0.00004 0.00011 + 0.00001 0.00555 + 0.00040 0.00016 + 0.00001 100.0 84.4 82.3 17.3 0.0 62.7 62.7 521.8 5071 + 3122
2 459 °C 0.00919 + 0.00041 0.00003 + 0.00004 0.00012 + 0.00001 0.00529 + 0.00047 0.00015 + 0.00001 100.0 86.5 86.6 13.1 0.0 44.2 54.9 438.4 4389 + 2478
3 513 °C 0.04688 + 0.00062 0.00011 + 0.00004 0.00061 + 0.00001 0.01906 + 0.00057 0.00046 + 0.00001 100.0 87.8 97.5 2.3 0.0 83.0 15.9 390.0 4771 + 635
4 513 °C 0.02209 + 0.00047 0.00008 + 0.00004 0.00029 + 0.00001 0.00956 + 0.00044 0.00026 + 0.00001 100.0 92.0 95.0 4.6 0.0 71.0 28.1 245.2 3905 + 869
5 567 °C 0.08897 + 0.00068 0.00028 + 0.00005 0.00117 + 0.00002 0.04585 + 0.00076 0.00097 + 0.00002 100.0 88.8 95.9 3.7 0.0 74.9 23.8 357.4 4233 + 293
6 567 °C 0.04508 + 0.00065 0.00011 + 0.00004 0.00067 + 0.00002 0.02171 + 0.00049 0.00053 + 0.00002 100.0 86.5 96.8 3.0 0.0 79.0 19.9 441.0 4692 + 715
7 619 °C 0.17371 £ 0.00094 0.00060 + 0.00004 0.00256 + 0.00002 0.09155 +0.00078 0.00216 + 0.00002 100.0 89.3 95.7 4.0 0.0 73.6 25.3 337.2 4101 £+ 120
8 619 °C 0.09813 £ 0.00069 0.00031 + 0.00004 0.00134 + 0.00002 0.04772 + 0.00064 0.00113 + 0.00002 100.0 89.4 95.8 3.9 0.0 74.0 24.9 334.3 4218 + 249
9 671 °C 0.36066 + 0.00094 0.00104 + 0.00005 0.00536 + 0.00003 0.18729 +0.00124 0.00488 + 0.00003 100.0 87.5 94.3 5.5 0.0 67.0 32.0 404.6 4424 + 86
10 672°C 0.21646 + 0.00098 0.00070 + 0.00004 0.00317 + 0.00003 0.11186 + 0.00105 0.00277 + 0.00003 100.0 88.8 95.0 4.7 0.0 70.3 28.6 354.1 4213 + 108
11 725°C 0.79252 £ 0.00133 0.00261 + 0.00007 0.01193 + 0.00006 0.42081 + 0.00417 0.01063 + 0.00005 100.0 88.8 94.6 5.0 0.0 68.8 30.1 356.4 4179 + 50
12 724 °C 0.53748 £ 0.00123 0.00171 + 0.00005 0.00777 + 0.00003 0.28886 + 0.00150 0.00607 + 0.00004 100.0 88.2 97.0 2.7 0.0 80.5 18.2 375.7 4246 + 52
13 777°C 1.66156 + 0.00161 0.00517 + 0.00008 0.02428 + 0.00008 0.90213 + 0.00532 0.01810 + 0.00007 100.0 87.9 97.8 1.9 0.0 84.9 13.8 388.9 4286 + 31
14 777 °C 1.05636 + 0.00113 0.00347 + 0.00007 0.01493 + 0.00006 0.55991 + 0.00336 0.01053 + 0.00005 100.0 88.8 98.6 1.1 0.0 90.6 8.0 356.3 4182 + 40
15 829 °C 2.40999 + 0.00232 0.00759 + 0.00010 0.03417 + 0.00009 1.28041 + 0.00686 0.02331 + 0.00008 100.0 88.3 99.1 0.6 0.0 94.1 4.5 374.6 4260 + 28
16 829 °C 1.41509 £ 0.00133 0.00457 + 0.00009 0.01978 + 0.00006 0.73893 + 0.00648 0.01344 + 0.00005 100.0 88.8 99.2 0.5 0.0 94.5 4.0 357.3 4210 + 37
17 880 °C 2.67318 +0.00251 0.00824 + 0.00009 0.03665 + 0.00009 1.36489 + 0.00839 0.02520 + 0.00009 100.0 88.5 99.0 0.7 0.0 93.2 5.3 367.0 4291 + 24
18 880 °C 1.49871 £ 0.00133 0.00470 + 0.00009 0.02024 + 0.00007 0.73999 + 0.00497 0.01382 + 0.00006 100.0 89.1 99.1 0.6 0.0 94.0 4.6 346.5 4252 + 37
19 931°C 2.25298 + 0.00252 0.00687 + 0.00010 0.03066 + 0.00011 1.12258 + 0.00690 0.02082 + 0.00005 100.0 88.6 99.2 0.5 0.0 94.6 4.0 361.1 4304 + 30
20 931°C 1.24444 £ 0.00162 0.00393 + 0.00007 0.01702 + 0.00007 0.62014 + 0.00384 0.01135 + 0.00005 100.0 89.0 99.4 0.2 0.0 96.6 2.0 347.4 4241 + 34
21 982°C 2.05178 +0.00192 0.00619 + 0.00011 0.02817 + 0.00009 1.03422 + 0.00692 0.01912 + 0.00007 100.0 88.4 99.2 0.5 0.0 94.6 3.9 370.4 4327 + 35
22 982°C 1.28804 + 0.00133 0.00404 + 0.00008 0.01746 + 0.00006 0.64579 + 0.00501 0.01180 + 0.00004 100.0 88.9 99.2 0.4 0.0 95.1 3.4 352.8 4256 + 39
23 1032 °C 1.98560 + 0.00182 0.00611 + 0.00010 0.02755 + 0.00008 1.02834 + 0.00925 0.01899 + 0.00007 100.0 88.3 99.0 0.7 0.0 93.0 5.6 373.8 4298 + 32
24 1032 °C 1.41232 +0.00182 0.00438 + 0.00007 0.01956 + 0.00007 0.72893 + 0.00379 0.01323 + 0.00006 100.0 88.4 99.2 0.4 0.0 95.0 3.5 368.4 4280 + 33
25 1083 °C 2.32836 £ 0.00281 0.00738 + 0.00010 0.03287 + 0.00008 1.21310 + 0.00783 0.02235 + 0.00007 100.0 88.6 99.2 0.5 0.0 94.5 4.1 363.9 4244 + 29
26 1082 °C 1.54230 + 0.00201 0.00482 + 0.00008 0.02152 + 0.00006 0.78896 + 0.00588 0.01442 + 0.00006 100.0 88.6 99.4 0.3 0.0 96.0 2.5 361.8 4265 + 33
27 1133°C 2.20712 £ 0.00211 0.00683 + 0.00010 0.03104 + 0.00008 1.15979 + 0.00745 0.02134 + 0.00007 100.0 88.2 99.0 0.7 0.0 93.3 5.3 377.6 4291 + 29
28 1132°C 1.14265 + 0.00143 0.00379 + 0.00008 0.01578 + 0.00006 0.58158 + 0.00359 0.01107 + 0.00006 100.0 89.3 98.7 1.0 0.0 91.1 7.5 336.6 4155 + 41
29 1231°C 1.97621 + 0.00202 0.00626 + 0.00008 0.02847 + 0.00008 1.07872 + 0.00826 0.01944 + 0.00007 100.0 88.0 99.1 0.6 0.0 94.0 4.5 383.5 4254 £ 26
30 1230°C 0.64140 +0.00113 0.00206 + 0.00006 0.00882 + 0.00005 0.32716 +0.00179 0.00601 + 0.00004 100.0 88.9 99.1 0.6 0.0 94.2 4.4 350.6 4218 + 55
31 1329 °C 1.66907 £ 0.00261 0.00546 + 0.00009 0.02326 + 0.00009 0.87222 +0.00513 0.01601 + 0.00007 100.0 88.9 99.0 0.7 0.0 93.2 5.4 352.0 4185 + 33
32 1327°C 0.88291 +0.00133 0.00304 + 0.00006 0.01218 + 0.00006 0.44710 + 0.00333 0.00828 + 0.00006 100.0 89.8 99.1 0.5 0.0 94.4 4.2 3211 4087 + 40
33 1011°C 0.23436 +0.00123 0.00074 + 0.00004 0.00284 + 0.00003 0.10504 + 0.00145 0.00199 + 0.00002 100.0 90.1 98.7 1.0 0.0 91.1 7.5 310.2 4229 + 99
34 >1100°C 0.10072 + 0.00096 0.00032 + 0.00004 0.00133 + 0.00002 0.04635 +0.00119 0.00086 + 0.00002 100.0 89.8 99.9 0.5 0.0 96.0 1.5 320.8 4241 + 224
35 >1100°C 0.26769 + 0.00097 0.00108 + 0.00006 0.00356 + 0.00003 0.12507 +0.00159 0.00240 + 0.00003 100.0 92.0 99.2 0.4 0.0 95.3 3.3 246.5 3792 + 95
36 >1100°C 0.34085 +0.00119 0.00115 + 0.00006 0.00462 + 0.00004 0.17072 +0.00201 0.00307 + 0.00003 100.0 89.7 99.5 0.2 0.0 97.0 1.5 325.0 4124 £ 95
37 1423 °C 68.44018 + 0.02400 0.21727 +0.00062 0.92708 + 0.00075 34.32611 + 0.15608 0.61610 + 0.00058 100.0 89.0 99.5 0.2 0.0 96.9 1.6 347.9 4233 £ 14
38 1417 °C 32.91738 + 0.04400 0.10422 + 0.00027 0.44592 + 0.00057  16.20520 + 0.14073 0.29618 + 0.00040 100.0 89.2 99.9 0.2 0.0 97.0 1.5 341.7 4216 + 20

Isotope abundances given in nanoamps (spectrometer sensivity is ~1.4 x 107X° mols/nA),

and corrected for *’Ar and *Ar decay, half lives of 35.2 days and 269 vears, respectively,
and for spectrometer discrimination per atomic mass unit of 1.004535 + 0.002968.

Isotope sources calculated using the reactor constants in Renne et al. (1998),

assuming (**Ar/*®Ar)s = 1.54, (**Ar/*°Ar), = 0.188, and (Ar/**Ar),,, =

No corrections were made for cosmogenic “°Ar.
Ages calculated using the decay constants and standard calibration of Renne et al. (2011) and isotope abundances of Steiger and Jager (1977)

and calculated relative to Hb3gr fluence monitor (1081 Ma).
J-Value is 0.026536 + 0.0002042.
Average analytical blanks are: “°Ar = 0.015; **Ar = 0.0001; **Ar = 0.00002; *’Ar = 0.0001; **Ar = 0.00007 (nanoamps).
Temperature was controlled with approximately + 10 °C precision and + 10 °C accuracy; each heating duration was 600 seconds.




Table S5. Amount of *'Ne and **Ne released during each heating step for the step
degassing diffusion experiment on a neutron-irradiated anorthite from 76535, with
analytical uncertainties. All measurements are blank corrected. bdl indicates blank-

corrected values that were below detection limit.

o - *'Ne * 2Ne *

Step Temperature (°C) Time (hour) ;06 21om)  (10° atom) (10°atom) (10° atom)
. 100.0 20 0.17 0.06 0.41 0.38
2 100.0 4.0 0.12 0.04 0.58 0.37
3 100.0 6.0 0.04 0.04 0.45 0.37
4 120.0 2.0 0.03 0.04 bal bal
5 120.0 4.0 0.08 0.04 0.18 0.37
6 120.0 6.0 0.03 0.04 0.68 0.36
7 140.0 2.0 0.07 0.04 bal bl
8 140.0 4.0 0.07 0.04 0.22 0.37
9 140.0 6.0 0.1 0.04 0.83 0.39
10 170.0 2.0 0.10 0.05 0.24 0.39
11 170.0 4.0 0.07 0.05 0.57 0.37
12 170.0 6.0 0.20 0.06 0.39 0.36
13 150.0 6.0 0.03 0.04 0.30 0.36
14 150.0 8.0 0.04 0.05 0.47 0.38
15 130.0 8.0 0.06 0.04 0.84 0.35
16 130.0 10.0 bal bal 0.57 0.37
17 180.0 2.0 0.12 0.04 bal bal
18 180.0 4.0 0.09 0.05 0.20 0.35
19 180.0 6.0 0.18 0.05 0.40 0.35
20 200.0 2.0 0.24 0.05 0.36 0.36
21 200.0 4.0 0.35 0.07 0.15 0.36
22 200.0 6.0 0.38 0.06 0.23 0.35
23 214.9 2.0 0.34 0.07 0.32 0.38
24 215.0 4.0 0.54 0.08 0.12 0.40
25 215.0 6.0 0.65 0.07 0.24 0.38
26 249.9 1.0 0.59 0.09 0.15 0.37
27 250.0 2.0 1.26 0.08 0.34 0.37
28 275.0 1.0 157 0.1 0.97 0.38
29 274.9 2.0 2.45 0.13 117 0.38
30 300.0 1.0 3.04 0.13 1.50 0.41
31 299.9 2.0 4.54 0.25 268 0.44
32 280.0 4.0 2.72 0.16 1.89 0.43
33 280.0 6.0 3.56 0.20 264 0.45
34 260.0 6.0 111 0.09 1.26 0.37
35 260.0 7.0 114 0.10 0.94 0.38
36 240.0 7.0 0.30 0.06 0.84 0.37
37 240.0 8.0 0.45 0.08 0.58 0.39
38 310.0 1.0 1.89 0.15 1.87 0.41
39 309.9 2.0 3.58 0.19 3.17 0.49
40 349.8 1.0 8.32 0.36 7.82 0.53

41 350.0 2.0 13.70 0.50 12.23 0.70



42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

399.9
399.8
449.9
449.8
499.9
500.0
549.9
549.9
525.0
525.0
510.0
510.0
489.9
490.0
514.9
530.0
574.9
574.9
599.9
600.0
648.5
649.5
699.2
699.6
749.2
749.3
799.3
799.7
779.8
779.7
759.7
759.9
739.9
739.8
749.8
774.9
799.8
824.3
824.7
849.4
849.7
874.4
874.3
899.4
899.7
948.6
949.7
999.2
999.6

0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
2.5
2.0
0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
1.5
2.0
2.0
2.5
3.0
3.5
3.5
3.5
2.0
0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0

16.61
26.57
41.65
47.30
45.65
48.32
47.29
64.16
41.71
50.22
37.54
41.75
27.56
29.62
32.69
34.59
23.01
42.59
32.47
63.58
72.83
125.00
126.78
207.38
169.09
240.55
173.02
226.88
157.26
134.08
67.30
55.88
33.81
27.23
20.39
16.55
7.82
1.96
3.48
1.79
3.00
1.49
2.40
1.17
2.04
2.89
5.95
6.33
4.87

0.55
0.79
1.19
1.29
1.27
1.36
1.40
1.77
1.30
1.54
1.14
1.25
0.79
0.90
1.00
1.05
0.74
1.23
1.00
1.79
2.13
3.42
3.46
5.53
4.64
6.47
4.71
6.11
4.24
3.65
1.96
1.60
0.99
0.88
0.65
0.56
0.33
0.12
0.20
0.10
0.16
0.11
0.14
0.12
0.14
0.16
0.26
0.30
0.25

15.66
26.11
44.52
56.17
56.14
57.74
57.85
78.00
52.70
60.75
47.80
53.93
34.16
36.63
4217
43.56
28.42
53.83
41.91
79.35
88.58
157.98
158.75
257.41
214.35
302.36
215.97
287.37
198.83
167.80
84.28
71.41
44.01
34.48
25.35
20.73
10.93
2.24
4.24
1.93
3.37
1.55
2.10
0.78
1.66
1.92
3.50
3.26
2.66

0.76
0.80
1.12
1.51
1.42
1.50
1.44
1.88
1.23
1.71
1.15
1.51
1.05
1.03
1.15
1.26
0.99
1.44
1.15
1.94
2.04
3.31
3.59
5.22
4.37
5.95
4.33
5.59
3.98
3.79
1.92
1.74
1.42
1.07
0.82
0.81
0.51
0.41
0.42
0.40
0.41
0.39
0.38
0.40
0.40
0.41
0.40
0.46
0.41



91
92
93
94
95
96
97

999.6
1024.8
1024.9
1024.9
1049.8
1049.9
1049.9

2.0
0.5
1.0
2.0
0.5
1.0
2.0

2.75
0.32
0.51
0.33
0.05
0.13
0.20

0.13
0.06
0.07
0.07
0.04
0.04
0.05

0.73
bdl
bdl
bdl
bdl
bdl
bdl

0.38
bdl
bdl
bdl
bdl
bdl
bdl




Table S6. Observations of neon in 76535 anorthite. Measured abundances of neon
isotopes in aliquots w, X, y, and z are consistent with two-component mixing between
cosmogenic and solar wind neon. For these aliquots we calculated the cosmogenic neon
abundances. To calculate the total amount of cosmogenic neon produced during 142 + 3
Ma of exposure, we used the elemental, depth-dependent production rates of cosmogenic
neon in Leya et al. (2001) and the composition of 76535 from Dymek et al. (1975).
Because we do not know the shielding depth of the specific anorthite grains we analyzed,
depth-averaged production rates for each neon isotope were calculated over the
maximum dimension of the whole rock sample inferred from photographs (6.5 cm).
Cosmogenic neon retention was then calculated by dividing the observed cosmogenic

neon abundances by the total amount of cosmogenic neon produced.

Aliquot ®Ne * *'Ne * 2Ne *
Measured abundances (10° atoms)
v (0.74 mq) 306027 6155 2650 42 26500 385
w (1.89 mg) 127928 2586 6155 99 16836 250
x (0.46 mgq) 661 187 625 15 831 20
y (2.71 mg) 17266 536 10239 316 14077 363
z (1.68 mg) 5119 158 4995 78 6469 100

Cosmogenic abundances (1 0° atoms)

w 5801 442 5862 179 7973 297
X 618 262 625 22 828 25
y 10115 705 10222 409 13572 370
z 4943 312 4995 149 6454 113

Total cosmogenic neon produced during 142 + 3 Ma of exposure (1 0° atoms)

w 7726 970 8292 1041 9954 716
X 1880 236 2018 253 2423 174
y 11078 1390 11890 1492 14273 1026
z 6868 862 7371 925 8848 636

Cosmogenic neon retention

w 0.75 0.11 0.71 0.09 0.80 0.06
X 0.33 0.15 0.31 0.04 0.34 0.03
y 0.91 0.13 0.86 0.11 0.95 0.07
z 0.72 0.10 0.68 0.09 0.73 0.05
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