
H6 andmBDCA-5p-H6 in oxygen-saturated DMF
solution. An increase in the limiting current as
well as decreasing slope of the Koutecký-Levich
(K-L) analysis of diffusion-limited currents (Fig.
3B, inset) is consistent with a greater number of
electrons transferred during reduction of oxygen
in the presence of mBDCA-5t-H6 than the one-
electron reduction process withoutmBDCA-5t-H6

(20). A large excess of cryptand is needed in order to
drive the electrochemical process completely to per-
oxide encapsulation during rotating-disk electrode
experiments. K-L analysis of diffusion-limiting cur-
rents as a function of the inverse square root of ro-
tation speed, collected in 0.1M [TBA][ClO4] DMF
solution saturatedwith 1%O2 in argonwith 4.8mM
mBDCA-5t-H6 (Fig. 3C), indicates that the num-
ber of transferred electrons increases toward an
overall two-electron process, which is expected if
every oxygen molecule was reduced and encap-
sulated by the cryptand.

Figure 3D shows a simulation of the cyclic
voltammogram using the reaction sequence illus-
trated in Fig. 4. The reaction sequence used to
model the electrochemistry concurswith the estab-
lished chemical reactivity of O2 and cryptand de-
scribed by Fig. 1. Parameters obtained from the
simulation are collected in table S5, a and b. Our
model suggests that rapid encapsulation of O2

–

by free cryptand drives further one-electron reduc-
tion, either directly by the working electrode or
through a disproportionation reaction with an-
other equiv of O2

–, resulting in the formation of
[(O2)⊂mBDCA-5t-H6]

2–. The assumption that
the diffusion coefficient of O2 is much greater
than that of the cryptand species (table S5b) in
DMF containing 0.1 M [TBA][ClO4] reproduces
the sharp feature observed before the wave
attributed to one-electron reduction of O2. An
appropriate fit for the anodic sweep could only
be accomplished by modeling the oxidation of
[(O2)⊂mBDCA-5t-H6]

2– as a series of two, one-
electron oxidations.

The reversible one-electron reduction of oxy-
gen in DMF is altered by addition of both strong
and weak acids (21). In the case of mBDCA-5t-H6,
the cryptand could serve as a source of protons.
However, figs. S27 and S28 illustrate that the re-
duction of oxygen in the presence of strong and
weak acids, respectively, differs from oxygen re-
duction in the presence ofmBDCA-5t-H6 at equal
concentration. These data suggest that the crypt-
and does not serve as a Brønsted acid in the overall
oxygen reduction process.

The electrochemistry of mBDCA-5t-H6 and
mBDCA-5p-H6 in the presence of oxygen is con-
sistent with reduction of oxygen by one electron
to superoxide followed by incorporation into the
cryptand cavity, in turn driving disproportionation
to give the cryptand-encapsulated peroxide ad-
duct. Oxidation of peroxide dianion within the
cavity restores oxygen and the free cryptand lig-
and. The proposed electrochemical mechanism in
Fig. 4maps on to the observed chemical reactivity
of Fig. 1; the combined chemical and electro-
chemical studies demonstrate encapsulation-driven

chemically reversible two-electron reduction of
O2 to peroxide dianion.

We have synthesized a molecular perox-
ide dianion adduct by the use of the cavity of
hexacarboxamide cryptands as a molecular rec-
ognition site. Reduction of oxygen in situ and
stabilization of peroxide dianion is facilitated
by hydrogen bonding within the cavity of the
cryptand, and this process mimics the structural
characteristics of biological systems that use per-
oxide as an oxidant. The use of molecular rec-
ognition of an in situ–generated reactive oxygen
species has the potential to be incorporated into
several technologies, including Li-air batteries,
because it is chemically reversible, prevents over-
reduction to lithium oxide, and imparts substantial
solubility in aprotic media (22). In addition, be-
cause the present peroxide adducts can be obtained
in high yield in a one-pot reaction and are stable in
solution, they could be used as a soluble source
of peroxide dianion for a variety of reactions.
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A Long-Lived Lunar Core Dynamo
Erin K. Shea,1* Benjamin P. Weiss,1 William S. Cassata,2 David L. Shuster,2,3 Sonia M. Tikoo,1

Jérôme Gattacceca,4 Timothy L. Grove,1 Michael D. Fuller5

Paleomagnetic measurements indicate that a core dynamo probably existed on the Moon
4.2 billion years ago. However, the subsequent history of the lunar core dynamo is unknown.
Here we report paleomagnetic, petrologic, and 40Ar/39Ar thermochronometry measurements on
the 3.7-billion-year-old mare basalt sample 10020. This sample contains a high-coercivity
magnetization acquired in a stable field of at least ~12 microteslas. These data extend the
known lifetime of the lunar dynamo by 500 million years. Such a long-lived lunar dynamo probably
required a power source other than thermochemical convection from secular cooling of the
lunar interior. The inferred strong intensity of the lunar paleofield presents a challenge to
current dynamo theory.

The discovery of remanent magnetization
in samples taken by the Apollo lunar mis-
sions and by spacecraft observations of

the lunar crust has long suggested that theMoon
formed a metallic core and a dynamo-generated

magnetic field (1). However, the association of mag-
netization with the antipodes of impact basins and
laboratory studies of transient plasma-generated
magnetic fields suggest thatmeteoroid impacts could
also be a source of lunar magnetization (2, 3).
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Because impact fields from the largest basin-
forming events are expected to last less than 1 day
(2), they should only be recorded by shocked
or quickly cooled rocks. Therefore, to identify
records of a core dynamo field, it is important
to study slowly cooled samples with high mag-
netic recording fidelity that show no petro-
graphic evidence of shock. Unfortunately, few
lunar rocks have all of these properties (1). An
exception is lunar troctolite sample 76535, which
was observed to have a stable natural remanent
magnetization (NRM) formed in a field of ~1 to
50 mT that is stable up to coercivities >200 mT
(4). The magnetic history of this sample, cou-
pled with its slow (millions of years) cooling
time scale, suggests that the Moon had a core
dynamo at 4.2 billion years ago (Ga). This re-

sult is consistent with recent analyses of Apollo-
era seismic data (5) and lunar laser ranging (6)
that indicate that even today the Moon has a
small (~330 km in diameter) partially molten
metallic core.

The lifetime of the early lunar dynamo re-
mains uncertain. Thermochemical core convec-
tion owing to secular planetary cooling, which
is widely thought to power most, if not all,
dynamos in the present-day solar system (7), is
not expected to have persisted beyond ~4.2 Ga
(8, 9). Therefore, evidence that the dynamo con-
tinued after this time would probably indicate
that it was powered by an alternative energy
source (10, 11). Here we report a paleomagnetic
study of another lunar sample with high mag-
netic recording fidelity, mare basalt 10020. This
sample has the potential to contain a record of
lunar magnetism 500 million years (My) after
troctolite 76535 and has a much simpler thermal
history. Furthermore, 10020 formed during a pu-
tative high-field epoch of the Moon, when paleo-
fields may have exceeded even that of Earth
today (1).

10020 was collected on 20 July 1969 as un-
oriented regolith float from the southwestern
edge of Mare Tranquillitatis. Along with the

other Apollo 11 basalt samples, 10020 is thought
to have been excavated from mostly intact bed-
rock by the impact that created West Crater at
~102 million years ago (Ma) [see supporting
online material section 5 (SOM 5) and (12)].
10020 is a fine-grained, vesicular, low-potassium
ilmenite basalt of petrologic group B3 (13), with
primary igneous glass (14, 15) and no apparent
shock features [SOM 5 and (16)]. Its primary
ferromagnetic mineral is kamacite (a-Fe1–xNix
with x < 0.02) [SOM 5 and (16)]. Our petrologic
observations (SOM 5) found that plagioclase
shows no fracturing, mechanical twinning, or
alteration to maskelynite, and olivine shows no
undulatory extinction, indicating peak shock
pressures <5 GPa. 10020 has an 40Ar/39Ar age
of 3.72 T 0.04 Ga (17, 18) [recalculated using
modern decay constants (19)], which is within
error of Rb/Sr crystallization ages of other group
B3 Apollo 11 basalts (17, 18). A previous paleo-
magnetic investigation observed that two un-
oriented chips of 10020 displayed some of the
most stable NRM of any studied lunar sample
(blocked up to at least 50 to 65 mT) [(20) and
fig. 30 in (1)], possibly a reflection of its rela-
tively high glass content (SOM 5). The late-stage
(≲1100°C) primary igneous cooling rate of 10020

Fig. 1. NRM in mare
basalt 10020. Shown is
a two-dimensional pro-
jection of the NRM vec-
tors of subsamples 234b1,
234b2, and 234b4 during
AF demagnetization. Sol-
id symbols represent the
end points of magnetiza-
tion projected onto the
horizontal N-E planes, and
open symbols represent
those projected onto the
vertical Z-E planes. Peak
fields for selectedAF steps
are labeled inmicroteslas.
ArrowsdenoteHCcompo-
nent directionsdetermined
fromprincipal components
analyses (PCA). Themass
ofeachsubsample is listed
below the sample name.
(A) Subsample 234b1.
(B) Subsample 234b2. (C)
Subsample 234b4.
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is estimated to have been 3°C hour−1 (13), using
the maximum plagioclase width cooling indi-
cator [SOM 5 and (21)]. Given that cooling rates

are often slower at lower temperatures, this in-
dicates that cooling and the acquisition of mag-
netization from the 780°C Curie temperature of

kamacite to ambient lunar temperatures occurred
over at least ~300 hours, far longer than the
lifetime of modeled impact-generated fields.

These features make 10020 an ideal sample
for testing the lunar dynamo hypothesis at 3.7
Ga. However, previous paleomagnetic analyses
of 10020 (1, 20) did not demonstrate conclusive-
ly that the NRM originated on the Moon as a pri-
mary thermoremanence (TRM) (SOM 2). More
importantly, these studies did not establish wheth-
er this field originated from a lunar dynamo or
from transient impact-generated fields (SOM 2).
We used nondestructive three-axis alternating field
(AF) demagnetization to characterize the NRM
component in two discrete sets of mutually ori-
ented subsamples, one of which is discussed here
and the other in SOM 2.

We identified a low-coercivity (LC) and high-
coercivity (HC) component in each subsample
(Figs. 1 and 2 and figs. S1 and S3). The LC com-
ponent, blocked below ~17 mT, is approximately
unidirectional at the scale of several millimeters
but nonunidirectional at larger scales and has a
relatively high ratio of NRM to isothermal rem-
anent magnetization (IRM) (ranging up to 8%).
These features suggest that the LC component is
a secondary IRM resembling that observed in

Fig. 2. Equal area stereo-
graphic projection of NRM
component fits to 10020
subsamples 234b1, 234b2,
and 232b4. Black circles
denote HC directions for
each subsample and light
gray circles denote LC di-
rections for samples 234b1
and 234b2. The LC com-
ponent for sample 234b4
is less well constrained and
lies somewhere on the gray
great circle. Stars givemean
directions for HC and LC
components for the three
subsamples, with surround-
ing ellipses indicating 95%
formal confidence intervals
on mean directions from
PCA (not accounting for
an additional ~3° to 5° of
mutual orientation uncer-
tainty). Solid and open symbols indicate the lower and upper hemisphere, respectively.
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DFig. 3. Thermal constraints on 10020 from the production and diffusion of cosmogenic 38Ar and
radiogenic 40Ar. (A) Cosmogenic 38Ar constraints. Squares are observed 38Ar/37Ar ratios T 1 SD as a
function of the release fraction of 37Ar and normalized to the first 20 release steps (note log scale).
Colored steps are predicted release spectra using the multiple-phase multiple-diffusion domain (MP-
MDD) model parameters in (C) and for solar heating to temperatures (T ) ranging from 50° to 110°C
since the surface exposure age of 102 Ma (SOM 6). The inset shows reduced cn

2 statistics of each fit,
identifying ~75°C as the best-fit temperature. (B) Diffusion of 40Ar* due to solar heating. Triangles
are measured 40Ar*/39Ar ratios (R) normalized to the mean ratio of the apparent plateau (Rplateau;
corresponding to 3707 Ma) versus the cumulative 37Ar release fractions normalized to the first 20
release steps (SOM 6). Colored steps are model release spectra for solar heating conditions, as in (A);
the inset identifies ~80°C as the best-fit temperature. (C) Diffusivity as a function of temperature
calculated from 37Ar and 39Ar released during the first 20 heating steps (29); the points are diffusion
coefficients (D) divided by the square of the effective diffusive length scale (a). The blue and green
curves represent the MDD model fit to the data (SOM 6); the gray lines are diffusion kinetics of the
model domains. The gray lines indicate the input diffusion kinetics of each of the four model domains.
(D) Duration and temperature constraints on possible thermal excursions experienced by sample
10020. Solid curves are conditions at 1.7 Ga (black) and 102 Ma (red) that would best predict the
observed 40Ar*/39Ar spectrum shown in (B) using the MP-MDD model in (C); the square is the best-fit solution from (A). The dashed curve predicts the time
required to diffusively cool from an initial temperature T to <100°C in a 6-m-thick ejecta blanket (SOM 6). The intersection of this curve with the solid curve (open
circle) gives the peak temperature that would explain the Ar data under this scenario.
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manyotherApollo samples (4, 22, 23) andwhich is
inferred to originate from handling after sampling
on the Moon.

Depending on the subsample, the HC com-
ponent is blocked from 8.5 to 17.5 mT up to >66
to 290 mT and decays linearly to the origin, sug-
gesting that it is the final, primary component.
Although the LC and HC components in the
three 234b subsamples are antipodal (Fig. 2),
other subsamples (SOM 2) do not show this
relationship, making it unlikely that this has a
rock magnetic source in general. The rate of de-
cay of the HC component during AF demagnet-
ization differs from that of a strong-field IRMor a
weak-field pressure remanent magnetization
(PRM) acquired at 1.8 GPa (the upper limit of
our experimental setup), but is very similar to
that of an anhysteretic remanent magnetization
(ARM), an analog for TRM (SOM 3 and 4). Fur-
thermore, our PRM acquisition experiments indi-
cate that a very strong field (~700 mT) would have
been necessary to produce the HC component
if it were a shock remanent magnetization (SRM)
(SOM 4). Our viscous remanent magnetization
(VRM) acquisition experiments suggest that no
more than 0.1% of the NRM could be a VRM ac-
quired since the sample’s arrival on Earth (SOM4).
These data collectively indicate that the HC com-
ponent is very likely a TRM acquired during pri-
mary cooling in a field on the Moon.

The inferred paleointensities (SOM 3) for the
HC components for our five subsamples, using
anisotropy-corrected IRM and ARM methods,
are 66 T 37 mT and 55 T 19 mT (uncertainty
ranges are observed from multiple samples with
1 SD) with an overall mean value of 60 mT and
estimated minimum value of ~12 mT (for com-
parison, Earth’s surface field intensity is ~50 mT)
(SOM 4). Such paleointensities are several or-
ders of magnitude larger than that expected
from external sources such as Earth, the Sun,
the protoplanetary disk, or the Galaxy at 3.7 Ga
(4, 24) and are nearly two orders of magnitude
stronger than the strongest crustal remanent fields
measured at the Apollo landing sites (1). The
very slow cooling rate and lack of shock effects
in 10020 suggest that the recorded field was
temporally stable, like that expected from a
core dynamo.

Although the crystallization age of 10020 is
3.7 Ga, its magnetization could have been ac-
quired during subsequent thermal events. The lack
of shock features precludes any brief, high-
temperature shock-heating events associatedwith
impacts, but temperature excursions such as those
associatedwith low-grademetamorphism or buri-
al in a hot ejecta blanket are possible. To as-
sess this possibility, we conducted 40Ar/39Ar and
38Ar/37Ar thermochronometry on twowhole-rock
subsamples (SOM 6). We found that 10020 has
a weighted average 40Ar/39Ar plateau age of
3705.6 T 13.5 Ma [uncertainty 1 SD; includes
uncertainty in the decay constant and the age of
the fluence monitor (25)], which is indistinguish-
able from a previous study of this rock as well as

the mean crystallization age of other Apollo 11
group B3 basalts (19). The apparent spatial dis-
tributions of radiogenic 40Ar (40Ar*) and cosmo-
genic 38Ar (38Arcos) within plagioclase and glass
(Fig. 3, A and B, and SOM 6) are consistent with
diffusive loss of Ar due to heating to a constant
temperature of ~80°C since the rock was ex-
posed near the lunar surface at ~102 Ma [as in-
dicated by cosmic ray exposure ages from (17, 18)
and our measurements (SOM 6)]. This temper-
ature is essentially the effective temperature equiv-
alent to the expected Ar degassing solely due to
solar heating integrated over the exposure age
of 10020 (26). As has been concluded for many
other Apollo 11 basalts (26), the only apparent
thermal disturbance to 10020 since its formation
at 3.70 Ga was from solar heating over the past
100 My (27).

Our data thus indicate that a dynamo field,
and therefore an advecting metallic core, persisted
on the Moon until at least as recently as ~3.70 Ga.
It is not yet clear when the dynamo ceased ac-
tivity. Combined with the paleomagnetic study
of the 4.2-billion-year-old troctolite 76535 (4),
our data imply a minimum lifetime of 500 My
for the lunar dynamo, although it need not have
been continuously active throughout the period
spanned by these two samples. The lunar dy-
namo persisted until at least ~130 My after the
estimated end of the late heavy bombardment
[3.90 to 3.85 Ga (28)] and long after monotonic
secular cooling models (9) predict that a core
dynamo should have been active. Even non-
monotonic models involving the removal of
thermal blankets from the core/mantle bound-
ary do not unambiguously generate a dynamo
after ~4.4 Ga (8). Potential alternative mecha-
nisms for generating a late lunar dynamo are
mechanical stirring of the core by precession
(11) or by the impact of large bolides (10). These
models predict surface fields at 3.7 Ga of ~0.2
to 15 mT, although this range is uncertain given
that it is derived from scaling laws estimated for
convection-driven dynamos. Nevertheless, these
values are well below our mean 60 mT paleo-
intensity estimate and barely overlap our mini-
mum 12 mT estimate from 10020. Therefore,
the late, intense paleomagnetic record from
10020 presents a challenge to current dynamo
theory.
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Tables 

 

Table S1a.  Summary of LC and HC components for subsamples from 10020,234 obtained with 

principal component analysis.   
Sample,   
Component 

Mass (mg) AF range (mT) Type Dec., Inc. (°) MAD (°) dANG 
(°) 

Ns 

234b1 47.7       

   LC  NRM-8.5 L 66.6, -1.9 9.7  16 

   HC  9.0-110.0 AL 243.9, 14.9  4.5/4.5 7.1  96 

234b2 48.6       

   LC  NRM-6.0 L 74.1, -10.3 12.9  11 

   HC  8.5-260.0 AL 243.5, 10.3 3.9/5.5 4.2 104 

234b4 39.6       

   LC  NRM-12.0 C 119.7, 74.8 4.3  23 

   HC  12.5-85.0 AL 251.8, 14.6 8.2/11.3 8.4 86 

234c 155.6       

   LC  NRM-17.0 L 11.8, 8.8 2.0  33 

   HC  17.5-66.0 AL 23.0, -65.2 24.6/40.8 13.3 57 

234d 119.1       

   LC  NRM-9.5 L 141.6, -13.0 15.0  18 

   HC  10.0-81.0 AL 237.4, -81.3 10.6/14.5 10 81 

Note: Subsamples b1, b2, and b4 are mutually oriented.  Subsamples c and d are also mutually 
oriented, but are derived from a chip not oriented with respect to the parent sample. The first column 

gives the subsample name and component name; the second column gives the subsample mass; the 
third column gives the range of AF steps used for the fit; the fourth column gives the fit type (L = 

line; AL = line anchored to the origin; C = great circle fit); the fifth column gives the declination and 
inclination of the fit direction (for line fits) or great circle pole (for circle fits); the sixth column gives 
the maximum angular deviation (MAD) of the component forced through the origin/not forced through 
the origin; the seventh column gives the deviation angle (dANG); and the eighth column gives the 
number of AF steps used in fit (Ns).  
 

Table S1b.  Fisher mean component directions derived from 10020,234 data in Table S1a.  
Subsamples Component Dec. (°) Inc. (°) α95 (°) k N 

234b1, 234b2, 234b4 LC 70.2 -6.9 13.3 143.0 3 

 HC 246.4 13.3 7.97 240.4 3 

234c, 234d HC 6.8 -80.8 77.4 6.3 2 

Note: Subsamples b1, b2, and b4 are mutually oriented.  Subsamples c and d are also mutually 
oriented, but are derived from a chip not oriented with respect to the parent sample.  The first column 
gives the names of the subsamples used to compute the mean direction; the second column gives the 

component name; the third column gives the declination of the mean direction; the fourth column gives 
the inclination of the mean direction; the fifth column gives the 95% angular confidence interval (α95); 
the sixth column gives the Fisher precision parameter (k); and the seventh column gives the number of 

subsamples (N).  
 
 
 
 
 



 

 

 

Table S2. NRM paleointensity estimates for LC and HC components in 10020.   
Sample, 
Experiment 

LC slope HC slope HC Paleointensity 
(μT) 

HC Paleointensity, 
Anisotropy-Corrected (μT) 

234c     

  ARM 50 μT - 0.54 ± 0.13 20.1 ± 6.6  - 

  ARM 200 μT -  0.21 ± 0.04 31.2 ± 1.8  - 

  ARM 600 μT  - -  - - 

IRM 0.082 ± 0.007 0.011 ± 0.002 33.4 ± 0.1 - 

234d     

  ARM 50 μT -  1.25 ± 0.08 46.5 ± 4.0 46.5 ± 4.0 

  ARM 200 μT -  0.31 ± 0.01 45.6 ± 0.6 45.6 ± 0.6 

  ARM 600 μT  -  - -   

IRM 0.025 ± 0.005 0.016 ± 0.001 47.3 ± 0.02 47.7 ± 0.02 

234b1     

  ARM 50 μT -  1.71 ± 0.07 63.8 ± 3.3  65.9 ± 3.3 

  ARM 200 μT -  0.47 ± 0.01 70.1 ± 0.6  72.5 ± 0.6 

  ARM 600 μT  -  0.200 ± 0.005 88.7 ± 0.2 91.7 ± 0.2 

IRM 0.027 ± 0.007 0.039 ± 0.001 117.3 ± 0.03  125.3 ± 0.03 

234b2     

  ARM 50 μT -  1.65 ± 0.10 61.6 ± 5.1  61.1 ± 5.0 

  ARM 200 μT -  0.40 ± 0.02 59.9 ± 1.0  59.4 ± 1.0 

  ARM 600 μT  - 0.16 ± 0.01 71.6 ± 0.4  71.0 ± 0.4 

IRM 0.029 ± 0.006 0.025 ± 0.003 76.6 ± 0.1 76.3 ± 0.1 

234b4     

  ARM 50 μT - 1.55 ± 0.09 57.7 ± 4.3  42.5 ± 4.3 

  ARM 200 μT -  0.43 ± 0.01 63.5 ± 0.7  46.8± 0.7 

  ARM 600 μT  -  0.18 ± 0.05 79.1 ± 0.3  58.3 ± 0.3 

IRM 0.084 ± 0.008 0.026 ± 0.001 79.4 ± 0.04 48.3 ± 0.04 

Mean Values     

  ARM 50 μT -  1.34 ± 0.48 

 

49.9 ± 18.0 47.2 ± 18.0 

  ARM 200 μT -  0.36 ± 0.10 54.1 ± 15.6 51.1 ± 15.5 

  ARM 600 μT  -  0.18 ± 0.02 

 

79.8 ± 8.6 73.7 ± 16.9 

ARM all - 0.70 ± 0.58 58.4 ± 18.8  54.8 ± 18.8 

 
IRM all 0.049 ± 0.030 

  

0.02 ± 0.01 70.8 ± 32.5 66.2 ± 36.5 

Note: The first column gives the names of the subsample and paleointensity method (first 25 rows) or 

the mean values derived from all samples (last 6 rows); the second column gives the slope for the LC 
component inferred from plots of NRM lost vs. IRM lost; the third column gives the slope for the HC 

component inferred from plots of NRM lost vs. IRM lost or NRM lost vs. ARM gained; the fourth column 
gives ARM paleointensity in μT= (NRM lost)/(ARM gained)/f’ × (bias field in μT) or IRM paleointensity in 
μT = (NRM lost)/(IRM lost) × a where we used f’ = 1.34 and a = 3000; the fifth column gives corrected 
paleointensities using the ARM anisotropy ellipsoid measured for each sample following ref. (45). 

Uncertainties on each paleointensity value in rows 1-25 are formal 95% confidence intervals on the 
slope fit using Student’s t-test (102) and do not include the factor of ~3-5 uncertainty associated with 
the unknown ratios of ARM and IRM to TRM.  Uncertainties on mean values are observed 1 standard 
deviation from multiple samples.  10020,234c was partially consumed for Ar analyses before its 
anisotropy ellipsoid could be measured.  Nevertheless, the relatively large mass of this sample 



 

 

 

suggests that anisotropy corrections for the paleointensities should be negligible.  We assumed this for 
234c when calculating the mean anisotropy-corrected values. Calculated values are rounded to the 
nearest decimal place but calculations were conducted with raw data. 
 

Table S3. Paleointensity fidelity estimates for 10020,234d.  Recovered intensity calculated via 

the ARM method with a bias field of 200 µT. 
ARM DC Bias Field 

(μT) 
TRM-Equivalent  
Field (μT) 

Recovered  
Intensity (μT) 

Uncertainty (%) 

10 7.46 9.61 0.55 

20 14.93 18.77 0.91 

50  37.31 37.18 1.113 

100  74.63 81.97 1.63 

Note: ARM paleointensity in μT = (NRM/ARM)/f’ × (bias field in μT) using f’ = 1.34.  Uncertainties on 
each limit are formal 95% confidence intervals on the slope fit using Student’s t-test (102). 

 

Table S4.  Rock magnetic parameters derived from remanence measurements on 10020. 
Sample MDF ARM200 (mT) MDF IRM200 (mT) R Hcr (mT) Hc (mT) Mrs (Am2) Ms (Am2) 

234c 9 8 - -/38 4.7 1.49×10-7 1.30×10-5 

234d 13.5 14 - - - - - 

234b4 22 14 0.32 53/45 - - - 

Note: The first column gives the names of the subsample, the second column gives the mean AF 
destructive field for an ARM produced by a 200 mT AC field and 2 mT DC field; the third column gives 
the mean AF destructive field for an IRM produced by a 200 mT field; the fourth column gives the 
Cisowski R value (49); the fifth column gives two estimates of the coercivity of remanence (Hcr): the 
first is derived from the intersection of AF of IRM and IRM acquisition curves (Fig. S8) following (49), 
while the second is the back field required to reduce a saturation IRM to zero moment; the sixth 

column gives the coercivity (Hc), the seventh column gives the saturation remanence (Mrs), and the 
seventh column gives the saturation magnetization (Ms). A dash indicates that quantity was not 

measured. 
 
 
 
 

 
 
 
 
 
 
 

 
 
 



 

 

Table S5. Petrography of phases in 10020. 
Phase Modal Abundance* 

Pyroxene 45-46% 

Plagioclase 31-34% 

Fe-Ti Oxides 12-15% 

Olivine 3-5% 

K-Glass 1-2% 
 

Compositions of typical metal grains (N=3) 

Grain # Fe Ni Total  

14 99.8 - 99.8  

15 99.1 - 99.1  

16 98.1 - 98.1  

     

Average 99 - 99  

Maximum 99.8 - 99.8  

Minimum 98.1 - 98.1  
 

Compositions of larger plagioclase grains (N=40) 

   Spot #    FeO       SiO2      CaO       K2O       Na2O      Al2O3     MgO      Total   An‡ Ab‡ Or‡ FeO Ca/K 

80 0.73 47.2 18.1 0.03 1.12 33.7 0.31 101.2 0.9 0.1 0.002 0.73 552.5 

81 0.59 46.5 18.5 0.02 0.94 34.2 0.3 101 0.91 0.08 0.001 0.59 695.4 

82 0.56 46.2 18.7 0.02 0.94 34.6 0.28 101.3 0.92 0.08 0.001 0.56 914 

83 0.52 45.9 18.9 0.02 0.83 35.1 0.28 101.5 0.93 0.07 0.001 0.52 769.2 

84 0.4 45.5 19.1 0.02 0.72 35.2 0.25 101.2 0.93 0.06 0.001 0.4 778.3 

85 0.38 45.3 19.1 0.01 0.68 35.2 0.23 101 0.94 0.06 0.001 0.38 1043.3 

86 0.49 45.4 19.3 0.02 0.76 35.4 0.2 101.6 0.93 0.07 0.001 0.49 942 

87 0.39 45.4 19.1 0.02 0.72 35.3 0.24 101.2 0.94 0.06 0.001 0.39 848.2 

88 0.46 45.7 19.1 0.02 0.82 35 0.25 101.3 0.93 0.07 0.001 0.46 935 

89 0.35 45.7 19 0.02 0.75 35.2 0.26 101.3 0.93 0.07 0.001 0.35 844.5 

90 0.37 45 19.4 0.02 0.56 35.6 0.19 101.1 0.95 0.05 0.001 0.37 951 

92 0.39 44.8 19.5 0.01 0.51 36 0.19 101.4 0.95 0.04 0.001 0.39 1908 

93 0.32 45 19.5 0.01 0.55 35.9 0.21 101.4 0.95 0.05 0 0.32 1904 

94 0.3 44.7 19.5 0.01 0.53 35.8 0.2 101 0.95 0.05 0.001 0.3 1198.8 

95 0.33 44.9 19.2 0.01 0.56 35.9 0.19 101.1 0.95 0.05 0.001 0.33 1344.3 



 

 

Compositions of larger plagioclase grains (continued) 

   Spot #    FeO       SiO2      CaO       K2O       Na2O      Al2O3     MgO      Total   An‡ Ab‡ Or‡ FeO Ca/K 

96 0.28 45.1 19.2 0.01 0.61 35.5 0.23 101 0.94 0.05 0.001 0.28 1045.6 

97 0.22 45.6 19.4 0.02 0.7 35.3 0.24 101.4 0.94 0.06 0.001 0.22 945 

98 0.28 45 19.4 0.02 0.62 35.8 0.23 101.3 0.94 0.05 0.001 0.28 1052.2 

99 0.23 44.9 19.5 0.02 0.63 35.7 0.22 101.1 0.94 0.05 0.001 0.23 1061.1 

100 0.32 44.9 19.4 0.01 0.65 35.4 0.21 100.9 0.94 0.06 0.001 0.32 1188.8 

101 0.26 45.5 19 0.02 0.73 35.2 0.23 100.9 0.93 0.07 0.001 0.26 1032.2 

102 0.38 45.4 19.2 0.02 0.69 35.5 0.22 101.3 0.94 0.06 0.001 0.38 1041.1 

103 0.33 44.5 19 0.02 0.65 34.9 0.21 99.6 0.94 0.06 0.001 0.33 946 

104 0.32 45.3 19.1 0.01 0.67 35.5 0.24 101.2 0.94 0.06 0.001 0.32 1170 

60 0.47 47.6 17.8 0.03 1.26 33.3 0.31 100.7 0.88 0.11 0.002 0.47 457.4 

61 0.45 47.5 18.1 0.03 1.18 33.5 0.35 101.1 0.89 0.11 0.002 0.45 466.3 

62 0.41 46.6 18.5 0.04 1.02 34.2 0.33 101.1 0.91 0.09 0.002 0.41 410.9 

63 0.41 46.3 18.7 0.03 0.98 34.5 0.3 101.2 0.91 0.09 0.001 0.41 608 

64 0.35 46.1 18.7 0.03 0.88 34.8 0.28 101.1 0.92 0.08 0.002 0.35 610.7 

65 0.35 45.7 18.9 0.02 0.8 35.1 0.26 101.1 0.93 0.07 0.001 0.35 841.8 

66 0.24 45.5 19.1 0.02 0.71 35.4 0.24 101.2 0.94 0.06 0.001 0.24 936 

67 0.33 45.2 19.1 0.02 0.71 35.3 0.25 101 0.94 0.06 0.001 0.33 851.8 

68 0.33 45.4 19.1 0.02 0.71 35.3 0.23 101.2 0.94 0.06 0.001 0.33 780 

69 0.17 45.5 19.3 0.02 0.73 35.2 0.23 101.2 0.93 0.06 0.001 0.17 858.2 

70 0.36 45.5 19 0.02 0.69 35.2 0.23 101.1 0.94 0.06 0.001 0.36 775 

71 0.35 45.7 19.1 0.02 0.74 35 0.23 101.1 0.93 0.07 0.001 0.35 934 

72 0.32 45.6 19.1 0.02 0.76 35.3 0.25 101.3 0.93 0.07 0.001 0.32 932 

73 0.36 45.6 19.1 0.02 0.74 35.2 0.23 101.2 0.93 0.07 0.001 0.36 847.3 

74 0.39 45.4 19.1 0.02 0.73 35.1 0.23 101 0.93 0.06 0.001 0.39 851.8 

75 0.46 45.5 19.2 0.02 0.68 35.3 0.22 101.4 0.94 0.06 0.001 0.46 936 

              Average 0.37 45.59 19.02 0.02 0.76 35.11 0.24 101.12 0.93 0.07 0.001 0.37 848.0 

Maximum 0.73 47.55 19.53 0.04 1.26 35.98 0.35 101.63 0.95 0.11 0.002 0.73 

 Minimum 0.17 44.48 17.75 0.01 0.51 33.28 0.19 99.63 0.88 0.04 0 0.17 
  

 

 



 

 

Compositions of typical smaller plagioclase grains (N=15) 

   Spot #     FeO       SiO2      CaO       K2O       Na2O      Al2O3     MgO      Total   An‡ Ab‡ Or‡ FeO Ca/K 

25 3.59 48.3 17 0.03 1.27 26.2 2.85 99.2 0.88 0.12 0.002 3.59 451.6 

26 0.64 46.1 18.5 0.03 1 34.1 0.3 100.7 0.91 0.09 0.002 0.64 567.5 

27 0.35 45.6 18.7 0.02 0.89 34.6 0.25 100.4 0.92 0.08 0.001 0.35 707.7 

28 0.49 46 18.6 0.02 0.91 34.4 0.29 100.8 0.92 0.08 0.001 0.49 913 

29 0.58 46.9 18 0.06 1.11 33.6 0.24 100.6 0.9 0.1 0.004 0.58 252.9 

46 0.71 47.8 17.9 0.04 1.28 33.2 0.32 101.2 0.88 0.11 0.002 0.71 396.4 

47 0.6 47.6 17.9 0.04 1.2 33.5 0.33 101.2 0.89 0.11 0.003 0.6 349.2 

48 0.8 47.5 17.7 0.04 1.18 33.4 0.35 101 0.89 0.11 0.002 0.8 393.6 

49 0.87 47 17.7 0.05 1.25 33 0.32 100.2 0.88 0.11 0.003 0.87 311.8 

50 0.95 47.3 18.1 0.04 1.15 32.3 0.63 100.5 0.89 0.1 0.002 0.95 370.8 

51 4.31 47.3 17.8 0.03 0.8 24 3.97 98.2 0.92 0.07 0.002 4.31 509.4 

76 3.79 49.1 16.1 0.22 1.32 28.2 0.48 99.2 0.86 0.13 0.014 3.79 60.4 

77 0.92 49.2 17.2 0.09 1.42 32.4 0.22 101.5 0.87 0.13 0.005 0.92 157.9 

78 0.8 48.7 17.5 0.05 1.41 32.6 0.27 101.3 0.87 0.13 0.003 0.8 303.6 

79 0.82 48.6 17.5 0.05 1.35 32.5 0.27 101 0.88 0.12 0.003 0.82 275.8 

              Average 1.19 47.03 17.91 0.05 1.11 32.31 0.66 100.07 0.89 0.11 0.024 1.35 271.4 

Maximum 4.31 49.15 18.67 0.22 1.42 34.62 3.97 101.48 0.92 0.13 0.014 4.31 

 Minimum 0.35 45.58 16.12 0.02 0.8 24.03 0.22 98.24 0.86 0.07 0.001 0.35 
  

Compositions of typical K-glass grains (N=3) 

Spot #     CaO       SiO2      FeO       K2O       Na2O      Al2O3     MgO      Total   

32 2.6 75.1 1.2 4.9 0.22 10.9 0.15 95.1 

33 1.6 77.2 0.8 5.7 0.21 10.96 0.08 96.5 

34 1.9 76.4 1.0 5.2 0.21 10.59 0.09 95.4 

         Average 2.0 76.2 1.0 5.3 0.22 10.83 0.11 95.7 

Maximum 2.6 77.2 1.2 5.7 0.22 10.96 0.15 96.5 

Minimum 1.6 75.1 0.8 4.9 0.21 10.59 0.08 95.1 
 

 



 

 

Compositions of typical pyroxene grains (N=16) 

Spot #     CaO       Al2O3     K2O      MnO       Na2O      TiO2      SiO2      Cr2O3    FeO       MgO       NiO      Total   

1 11.7 1.8 - 0.34 0.029 1.5 51.2 - 18.0 16.1 - 100.6 

2 15.0 3.4 - 0.25 - 2.6 49.6 - 14.2 15.1 - 100.3 

3 18.8 4.6 - 0.20 0.041 4.1 47.8 - 11.3 13.1 - 100.0 

4 17.1 4.8 - 0.23 0.034 3.8 48.0 - 12.4 13.7 - 100.2 

5 8.0 1.6 - 0.38 0.085 1.4 51.1 - 19.6 19.5 - 101.6 

6 5.9 0.8 0.02 0.36 0.032 0.91 52.6 - 20.4 19.6 - 100.7 

7 16.3 2.3 - 0.28 - 2.1 49.2 - 16.1 12.7 - 98.9 

8 10.9 1.5 0.01 0.46 0.028 1.4 50.1 - 24.00 12.7 - 101.1 

9 20.1 5.3 - 0.17 0.075 4.6 47.3 - 9.9 12.8 - 100.2 

10 19.1 6.1 0.01 0.20 0.075 4.7 46.5 - 10.1 13.0 - 99.8 

11 19.2 6.2 - 0.19 0.060 4.7 46.4 - 10.2 12.9 - 99.7 

12 19.7 4.9 - 0.20 0.086 4.3 47.5 - 10.0 13.1 - 99.8 

13 18.6 4.6 - 0.18 0.035 4.0 48.1 - 11.1 13.6 - 100.2 

14 15.4 2.3 - 0.28 0.046 2.1 51.0 - 13.4 15.8 - 100.2 

15 14.2 1.4 - 0.30 - 1.5 51.7 - 15.6 16.0 - 100.6 

16 13.2 2.3 0.01 0.36 - 1.9 50.4 - 18.3 14.1 - 100.6 

  
            Average 15.2 3.4 0.01 0.27 0.040 2.9 49.3 - 14.7 14.6 - 100.3 

Maximum 20.1 6.2 0.02 0.46 0.086 4.7 52.6 - 24.00 19.6 - 101.6 

Minimum 5.9 0.8 0.01 0.17 0.028 0.91 46.4 - 9.9 12.7 - 98.9 

              
Note: Analyses presented as wt% oxides rounded to the nearest decimal place.  Calculations were conducted using raw data. 
*Modal abundances from (13) except K-glass.  
- Indicates concentration below minimum detection limit.  Detection limits as follows (in wt%): Metals; Ni-0.019, Fe-0.027.  Silicates; Ni-

0.017, Fe-0.015 (0.0375 in feldspar), K-0.01, Cr-0.008, Na-0.014 (0.022 in pyroxene). 
‡An, Ab, and Or data are presented as relative percentages (e.g., An= CaO/(Na2O+CaO+K2O) and rounded to the nearest decimal place.   

N denotes number of analyses included in calculation. FeO, CaO, TiO2, MnO, MgO, K2O, and Na2O are presented as mass percents.  
Standards for Fe and Ni analyses are were pure Fe and Ni metal.  Silicate standards were synthetic orthoclase (K), clinopyroxene (Ca), 
rutile (Ti), rhodonite (Mn), and orthopyroxene (Fe, Mg). 
 
 



COMPLETE 40Ar/39Ar INCREMENTAL HEATING RESULTS

10020-1 whole-rock fragment
  1 460 °C 0.51600 ± 0.00276 0.00818 ± 0.00009 0.00103 ± 0.00003 0.04619 ± 0.00063 0.00061 ± 0.00004 100.0 99.6 90.4 0.0 0.0 100.0 0.0 11.1 1771 ± 17
  2 459 °C 0.42904 ± 0.00260 0.00685 ± 0.00012 0.00078 ± 0.00003 0.03459 ± 0.00060 0.00065 ± 0.00005 100.0 99.6 84.0 5.3 0.0 65.2 33.4 9.9 1762 ± 22
  3 513 °C 1.81550 ± 0.00267 0.02340 ± 0.00017 0.00392 ± 0.00004 0.17615 ± 0.00150 0.00255 ± 0.00004 100.0 99.5 91.8 0.8 0.0 91.4 6.8 14.8 2015 ± 13
  4 513 °C 1.26244 ± 0.00273 0.01649 ± 0.00012 0.00224 ± 0.00003 0.10194 ± 0.00087 0.00147 ± 0.00004 100.0 99.6 89.7 1.2 0.0 88.2 10.0 12.2 1998 ± 13
  5 566 °C 3.73898 ± 0.00426 0.03610 ± 0.00014 0.00819 ± 0.00005 0.38252 ± 0.00242 0.00555 ± 0.00005 100.0 99.3 93.4 1.1 0.0 89.3 8.9 20.9 2385 ± 12
  6 566 °C 2.47455 ± 0.00356 0.02122 ± 0.00015 0.00507 ± 0.00004 0.23975 ± 0.00225 0.00339 ± 0.00004 100.0 99.2 93.9 0.9 0.0 90.9 7.2 22.3 2545 ± 15
  7 619 °C 6.58017 ± 0.00485 0.04241 ± 0.00021 0.01679 ± 0.00006 0.81115 ± 0.00555 0.01122 ± 0.00006 100.0 98.7 96.3 0.6 0.0 93.3 4.8 38.0 2956 ± 14
  8 620 °C 4.34691 ± 0.00894 0.02542 ± 0.00020 0.01059 ± 0.00006 0.48998 ± 0.00337 0.00709 ± 0.00005 100.0 98.7 96.4 0.6 0.0 93.3 4.9 38.3 3099 ± 17
  9 672 °C 10.43597 ± 0.00685 0.05096 ± 0.00014 0.03077 ± 0.00009 1.50736 ± 0.01101 0.02055 ± 0.00009 100.0 97.9 97.5 0.4 0.0 94.5 3.5 59.2 3381 ± 13

  10 672 °C 6.52629 ± 0.00503 0.03047 ± 0.00013 0.01898 ± 0.00006 0.94461 ± 0.00452 0.01265 ± 0.00008 100.0 97.8 97.6 0.4 0.0 94.8 3.2 62.1 3452 ± 14
  11 725 °C 14.83099 ± 0.00435 0.06285 ± 0.00030 0.05625 ± 0.00013 2.84560 ± 0.01866 0.03775 ± 0.00012 100.0 96.9 98.2 0.4 0.0 94.7 3.3 91.6 3618 ± 15
  12 725 °C 8.96590 ± 0.00629 0.03741 ± 0.00023 0.03755 ± 0.00009 1.90419 ± 0.01004 0.02484 ± 0.00008 100.0 96.5 98.5 0.2 0.0 96.5 1.5 103.4 3649 ± 16
  13 776 °C 17.55852 ± 0.00884 0.07154 ± 0.00027 0.08768 ± 0.00014 4.51674 ± 0.03618 0.05945 ± 0.00025 100.0 95.6 98.4 0.5 0.0 94.0 4.0 129.4 3700 ± 14
  14 777 °C 9.70741 ± 0.00629 0.03959 ± 0.00020 0.04980 ± 0.00011 2.53338 ± 0.01187 0.03351 ± 0.00010 100.0 95.6 98.6 0.4 0.0 94.9 3.1 131.3 3699 ± 15
  15 828 °C 16.04087 ± 0.00818 0.06485 ± 0.00027 0.08296 ± 0.00016 4.14558 ± 0.03272 0.05511 ± 0.00013 100.0 95.6 98.8 0.2 0.0 96.3 1.7 131.1 3713 ± 14
  16 829 °C 8.54890 ± 0.00504 0.03392 ± 0.00022 0.04413 ± 0.00010 2.28319 ± 0.01257 0.02938 ± 0.00009 100.0 95.3 98.8 0.2 0.0 96.1 1.8 138.4 3747 ± 16
  17 880 °C 13.26167 ± 0.00854 0.05423 ± 0.00028 0.06785 ± 0.00014 3.44364 ± 0.02953 0.04554 ± 0.00012 100.0 95.6 98.6 0.4 0.0 95.2 2.8 130.2 3695 ± 15
  18 879 °C 6.26351 ± 0.11010 0.02604 ± 0.00018 0.03375 ± 0.00010 1.69898 ± 0.01186 0.02263 ± 0.00007 100.0 95.5 98.7 0.3 0.0 95.3 2.7 134.0 3671 ± 32
  19 931 °C 10.66180 ± 0.11020 0.04674 ± 0.00014 0.04897 ± 0.00012 2.41054 ± 0.01392 0.03295 ± 0.00019 100.0 96.4 98.4 0.4 0.0 94.7 3.4 104.8 3572 ± 21
  20 931 °C 3.86213 ± 0.11002 0.01693 ± 0.00015 0.02006 ± 0.00008 0.96721 ± 0.00560 0.01354 ± 0.00007 100.0 96.0 98.5 0.5 0.0 94.5 3.6 116.6 3579 ± 48
  21 982 °C 6.87027 ± 0.11013 0.03029 ± 0.00021 0.03878 ± 0.00009 1.71628 ± 0.00745 0.02684 ± 0.00016 100.0 96.1 98.2 0.8 0.0 91.9 6.4 115.6 3569 ± 30
  22 982 °C 2.08706 ± 0.11001 0.00819 ± 0.00011 0.01360 ± 0.00006 0.59781 ± 0.00268 0.00923 ± 0.00005 100.0 94.9 98.7 0.5 0.0 94.3 4.0 150.8 3771 ± 87
  23 1032 °C 5.16768 ± 0.11006 0.02429 ± 0.00011 0.09735 ± 0.00016 4.22515 ± 0.02643 0.06480 ± 0.00024 100.0 87.9 99.5 0.2 0.0 96.8 1.5 387.8 3607 ± 36
  24 1031 °C 1.52820 ± 0.11001 0.00698 ± 0.00005 0.03288 ± 0.00010 1.44085 ± 0.00828 0.02245 ± 0.00017 100.0 85.7 99.1 0.5 0.0 94.1 4.2 472.1 3692 ± 115
  25 1083 °C 8.79280 ± 0.11014 0.05516 ± 0.00024 0.62380 ± 0.00058 27.27059 ± 0.10471 0.41156 ± 0.00100 100.0 65.6 99.8 0.0 0.0 98.0 0.3 1476.4 3613 ± 28
  26 1083 °C 0.99286 ± 0.00200 0.00791 ± 0.00013 0.13728 ± 0.00021 5.77289 ± 0.03712 0.09082 ± 0.00032 100.0 49.3 99.8 0.1 0.0 97.7 0.6 2904.6 3689 ± 58
  27 1133 °C 1.15920 ± 0.00197 0.01131 ± 0.00008 0.23372 ± 0.00039 9.66704 ± 0.08508 0.15455 ± 0.00040 100.0 40.6 99.8 0.1 0.0 97.8 0.6 4128.9 3675 ± 47
  28 1132 °C 0.00611 ± 0.00140 0.00009 ± 0.00005 0.00019 ± 0.00001 0.00921 ± 0.00031 0.00012 ± 0.00002
  29 1182 °C 0.00967 ± 0.00140 0.00004 ± 0.00006 0.00042 ± 0.00001 0.00762 ± 0.00031 0.00031 ± 0.00002
  30 1179 °C 0.00564 ± 0.00137 0.00004 ± 0.00005 0.00021 ± 0.00001 0.00282 ± 0.00025 0.00015 ± 0.00002
  31 1232 °C 0.00344 ± 0.00135 -0.00004 ± 0.00006 0.00014 ± 0.00001 0.00227 ± 0.00026 0.00005 ± 0.00001
  32 1231 °C 0.00242 ± 0.00135 0.00008 ± 0.00005 0.00002 ± 0.00001 0.00020 ± 0.00022 0.00000 ± 0.00001
  33 1281 °C 0.01441 ± 0.00135 0.00052 ± 0.00006 0.00007 ± 0.00001 0.00103 ± 0.00027 0.00007 ± 0.00002
  34 1280 °C 0.01390 ± 0.00134 0.00058 ± 0.00005 0.00009 ± 0.00001 0.00045 ± 0.00026 0.00005 ± 0.00001
  35 1330 °C 0.02555 ± 0.00142 0.00089 ± 0.00005 0.00007 ± 0.00001 0.00050 ± 0.00026 0.00012 ± 0.00001
  36 1330 °C 0.02263 ± 0.00146 0.00068 ± 0.00005 0.00007 ± 0.00001 0.00064 ± 0.00027 0.00009 ± 0.00001

10020-2 whole-rock fragment
  1 460 °C 1.02492 ± 0.00271 0.01564 ± 0.00011 0.00188 ± 0.00003 0.08112 ± 0.00072 0.00131 ± 0.00004 100.0 99.6 87.7 2.2 0.0 16.6 16.6 10.2 1814 ± 12
  2 460 °C 0.77929 ± 0.00262 0.01249 ± 0.00010 0.00119 ± 0.00002 0.04994 ± 0.00062 0.00070 ± 0.00005 100.0 99.7 86.9 0.2 0.0 96.0 2.1 7.9 1757 ± 13
  3 513 °C 2.87722 ± 0.00437 0.03588 ± 0.00018 0.00496 ± 0.00004 0.22043 ± 0.00222 0.00303 ± 0.00006 100.0 99.6 90.9 0.2 0.0 96.4 1.7 12.1 2054 ± 12
  4 513 °C 2.00229 ± 0.00293 0.02422 ± 0.00011 0.00311 ± 0.00004 0.12933 ± 0.00093 0.00193 ± 0.00004 100.0 99.6 90.0 0.5 0.0 94.0 4.2 10.5 2091 ± 11
  5 566 °C 5.66836 ± 0.00485 0.05031 ± 0.00014 0.01026 ± 0.00005 0.47600 ± 0.00296 0.00666 ± 0.00008 100.0 99.3 93.4 0.6 0.0 93.2 4.9 18.7 2496 ± 11
  6 566 °C 3.80507 ± 0.00443 0.03014 ± 0.00013 0.00654 ± 0.00005 0.29822 ± 0.00243 0.00404 ± 0.00007 100.0 99.3 94.4 -0.1 0.0 98.8 -0.8 19.5 2653 ± 13
  7 619 °C 9.99569 ± 0.00583 0.05805 ± 0.00026 0.02084 ± 0.00007 0.95659 ± 0.00519 0.01386 ± 0.00008 100.0 98.9 96.0 0.6 0.0 93.4 4.7 32.7 3106 ± 14
  8 619 °C 6.61146 ± 0.00460 0.03490 ± 0.00021 0.01303 ± 0.00005 0.60549 ± 0.00411 0.00852 ± 0.00006 100.0 98.8 96.3 0.3 0.0 95.4 2.8 34.4 3250 ± 15
  9 672 °C 15.54589 ± 0.00713 0.07096 ± 0.00027 0.03592 ± 0.00008 1.76514 ± 0.00915 0.02478 ± 0.00017 100.0 98.3 96.6 1.0 0.0 90.7 7.5 49.6 3480 ± 14

  10 672 °C 9.71369 ± 0.00602 0.04166 ± 0.00023 0.02260 ± 0.00007 1.11102 ± 0.00527 0.01523 ± 0.00007 100.0 98.1 97.1 0.6 0.0 93.3 4.8 53.3 3579 ± 15
  11 725 °C 22.03431 ± 0.01127 0.08910 ± 0.00035 0.06484 ± 0.00013 3.23464 ± 0.01885 0.04331 ± 0.00011 100.0 97.5 97.9 0.4 0.0 94.9 3.1 73.0 3681 ± 14
  12 724 °C 14.04383 ± 0.00760 0.05731 ± 0.00023 0.04568 ± 0.00011 2.29555 ± 0.00948 0.03023 ± 0.00020 100.0 97.2 98.2 0.2 0.0 96.1 1.9 80.8 3671 ± 14
  13 775 °C 25.96550 ± 0.01127 0.10431 ± 0.00033 0.09314 ± 0.00013 4.79585 ± 0.04191 0.06292 ± 0.00027 100.0 96.8 98.1 0.5 0.0 94.0 4.0 93.1 3703 ± 13
  14 775 °C 14.54644 ± 0.00657 0.05743 ± 0.00028 0.05208 ± 0.00011 2.62941 ± 0.01034 0.03597 ± 0.00020 100.0 96.8 97.8 0.8 0.0 91.7 6.4 92.7 3730 ± 15
  15 829 °C 23.89024 ± 0.00913 0.09558 ± 0.00033 0.08652 ± 0.00015 4.36456 ± 0.02503 0.05799 ± 0.00027 100.0 96.8 98.2 0.4 0.0 94.9 3.1 92.4 3709 ± 14
  16 829 °C 13.14192 ± 0.00780 0.05276 ± 0.00025 0.04888 ± 0.00010 2.44240 ± 0.01297 0.03287 ± 0.00015 100.0 96.8 98.2 0.4 0.0 94.6 3.4 93.8 3704 ± 15
  17 879 °C 20.12732 ± 0.00893 0.08162 ± 0.00035 0.07627 ± 0.00015 3.80649 ± 0.02560 0.05135 ± 0.00024 100.0 96.8 98.2 0.5 0.0 94.5 3.6 94.5 3689 ± 14
  18 880 °C 9.32794 ± 0.11016 0.03819 ± 0.00020 0.03789 ± 0.00010 1.89425 ± 0.01246 0.02516 ± 0.00008 100.0 96.6 98.5 0.2 0.0 96.0 2.0 100.7 3677 ± 24
  19 930 °C 15.21233 ± 0.11024 0.06533 ± 0.00030 0.04621 ± 0.00010 2.16114 ± 0.01552 0.03133 ± 0.00009 100.0 97.7 97.6 0.6 0.0 93.2 4.9 66.4 3584 ± 18
  20 931 °C 4.91762 ± 0.11002 0.02108 ± 0.00015 0.01779 ± 0.00006 0.80165 ± 0.00460 0.01188 ± 0.00006 100.0 97.4 98.1 0.4 0.0 95.2 3.0 76.5 3592 ± 39
  21 982 °C 12.42964 ± 0.11024 0.05481 ± 0.00027 0.08120 ± 0.00015 3.54577 ± 0.01911 0.05579 ± 0.00012 100.0 95.5 98.4 0.7 0.0 92.8 5.5 132.8 3578 ± 20
  22 981 °C 3.08015 ± 0.11004 0.01284 ± 0.00016 0.02572 ± 0.00009 1.13499 ± 0.00689 0.01711 ± 0.00007 100.0 93.9 99.1 0.2 0.0 96.5 1.7 184.6 3694 ± 61
  23 1033 °C 7.69451 ± 0.11015 0.03664 ± 0.00013 0.19773 ± 0.00034 8.89609 ± 0.06099 0.13257 ± 0.00038 100.0 83.1 99.5 0.3 0.0 96.1 2.2 572.4 3675 ± 27
  24 1033 °C 2.30059 ± 0.11001 0.01065 ± 0.00010 0.06424 ± 0.00015 2.84859 ± 0.01819 0.04243 ± 0.00011 100.0 81.4 99.7 0.1 0.0 97.7 0.5 643.6 3751 ± 79
  25 1083 °C 12.16146 ± 0.11022 0.07845 ± 0.00016 0.96374 ± 0.00098 42.42591 ± 0.13351 0.63764 ± 0.00140 100.0 62.4 99.8 0.1 0.0 97.7 0.6 1698.2 3648 ± 23
  26 1083 °C 0.00814 ± 0.00153 0.00008 ± 0.00006 0.00017 ± 0.00002 0.02484 ± 0.00050 0.00008 ± 0.00002
  27 1132 °C 0.79705 ± 0.00190 0.00604 ± 0.00009 0.11547 ± 0.00021 4.31728 ± 0.03114 0.07422 ± 0.00027 100.0 50.3 99.9 0.0 0.0 98.5 0.0 2783.3 3733 ± 54
  28 1132 °C 0.00384 ± 0.00141 -0.00003 ± 0.00006 0.00011 ± 0.00001 0.00366 ± 0.00028 0.00009 ± 0.00001
  29 1182 °C 0.00730 ± 0.00140 0.00018 ± 0.00006 0.00015 ± 0.00001 0.00570 ± 0.00028 0.00018 ± 0.00003
  30 1182 °C 1.06895 ± 0.00158 0.00913 ± 0.00012 0.16853 ± 0.00022 7.13046 ± 0.05905 0.11120 ± 0.00038 100.0 45.7 99.9 0.0 0.0 98.0 0.3 3351.7 3698 ± 55
  31 1231 °C 0.01661 ± 0.00140 0.00063 ± 0.00005 0.00015 ± 0.00001 0.00275 ± 0.00024 0.00011 ± 0.00001
  32 1231 °C 0.01549 ± 0.00139 0.00064 ± 0.00005 0.00005 ± 0.00001 -0.00045 ± 0.00026 0.00005 ± 0.00001
  33 1280 °C 0.04130 ± 0.00143 0.00158 ± 0.00006 0.00012 ± 0.00001 0.00059 ± 0.00028 0.00021 ± 0.00002
  34 1280 °C 0.03223 ± 0.00141 0.00139 ± 0.00006 0.00011 ± 0.00001 0.00017 ± 0.00024 0.00012 ± 0.00002
  35 1329 °C 0.06211 ± 0.00145 0.00187 ± 0.00006 0.00016 ± 0.00001 0.00001 ± 0.00027 0.00026 ± 0.00002
  36 1328 °C 0.03996 ± 0.00149 0.00137 ± 0.00006 0.00011 ± 0.00001 0.00018 ± 0.00026 0.00020 ± 0.00002

Isotope abundances given in nanoamps (spectrometer sensitivity is ~1.4 x 10-14 moles/nA),
     and corrected for 37Ar and 39Ar decay, with half-lives of 35.2 days and 269 years, respectively,
     and for spectrometer discrimination per atomic mass unit of 1.004535 ± 0.002968.
Isotope sources calculated using the reactor constants in (79),

     and assuming (38Ar/36Ar)cos = 1.54, (38Ar/36Ar)trap = 0.188, and (40Ar/36Ar)trap = 0.
No corrections were made for cosmogenic 40Ar.
Ages were calculated using the decay constants and standard age calibration of (25) and K isotope abundances of (80)
     and calculated relative to Hb3gr fluence monitor (1081.0 ± 1.2 Ma).
J-Value is 0.0262509 ± 0.0002064 (analytical uncertainties only, excludes uncertainty on the standard age).
Uncertainties on apparent step ages include anlytical uncertainties on isotope measurements, interfearence corrections, and the J-value, but exclude decay constant and standard age uncertainties.

Plateau ages were calculated as the weighted average 40Ar*/39ArK ratio of steps 13-18. 
     Decay constant, standard age, and analytical J-value uncertainties were propogated into the final age uncertainty.

Average analytical blanks are: 40Ar = 0.015; 39Ar = 0.0001; 38Ar = 0.00002; 37Ar = 0.0001; 36Ar = 0.00007 (nanoamps).
Temperature was controlled with approximately ± 5 oC precision and  ± 10 oC accuracy.  
Data shown in gray are indeterminate or negligibly above the detection limit.

Apparent Age                                     
± 1   (Ma)

38Ar                                       

± 1
40Ar                              
± 1                                              

39Ar                                 
± 1

37Ar                                    
± 1

39Ark                 
(%)

40Ar*                
(%)

Ca/K
36Artrap               

(%)

Table S6: Analytical Details

# Temp 
(°C)

36Arcos               
(%)

36Ar                                       
± 1                                              

38ArCl              
(%)

38Arcos               
(%)

38Artrap               
(%)



Table S7: Summary of cosmic ray exposure ages

Aliquot CRE
Phase

10020,234c1
Plag 10 - 18 0.0194 ± 0.0002 101.8 ± 0.8

10020,234c2
Plag 9 - 18 0.0196 ± 0.0001 102.6 ± 0.6

CRE Ages calculated using the following parameters:
  38Ar Prod. Rates (10-13 moles/gCa/Ma): 
     Plagioclase = 8.081
     Pyroxene = 8.795
γ, which relates 37Ar produced during the neutron irradiation 

      to the mass of Ca, is 4.24 x 10-9 moles/gCa

Cosmochron Analysis
Steps
Used 38Arcos/

37ArCa ± 1σ Age (Ma) ± 1σ



Table S8: Summary of MP-MDD model parameters

E a ln(D o/a
2)1 Φ1-39 Φ 1-37 Ca/K P 38Ca ln(D o/a

2)2 Φ 2-39 Φ 2-37 Ca/K P 38Ca

Phase (kJ/mol) [ln(s-1)] (mol/gCa/Ma) [ln(s-1)] (mol/gCa/Ma)

Plagioclase 200 12.4 0.060 0.599 895 8.08 x 10-15 10.9 0.052 0.398 686 8.09 x 10-15

K-Glass 138 8.7 0.210 0.001 0.43 3.85 x 10-14 5.0 0.678 0.002 0.26 5.73 x 10-14

Each phase is fit with a two domain model. 
Φ X-Y  is the proportion of 39ArK (Y = 39) or 37ArCa (Y = 37) contained within a given domain (X = 1 or 2) and
       is calculated based on the total Ar released in the first 20 extractions, with an overall Ca/K ratio of 88.1.
P 38Ca is the domain-specific production rate for 38Arcos.
Total 39ArK,

37ArCa, and 38Arcos signals were 0.694, 31.5, and 0.616 nanoamps, respectively.



 

 

 

Database S1: NRM AF demagnetization data in Caltech-standard date format (in cgs units) for 

10020 subsamples 234c, 234d, 234b1, 234b2, 234b4, readable with the PaleoMag program 

(available at http://cires.colorado.edu/people/jones.craig/PMag3.html).  Database contains a 

readme.txt file, .sam file for all subsamples (data file directory) and individual .rmg files 

(extended data files not readable with PaleoMag) and extensionless files (simplified data files 

readable with PaleoMag).  Columns in the .rmg files are as follows: NRM (emu), AF level (G), 

Mz (emu) (geographic coordinates), Mx (emu) (geographic coordinates), My (emu) (geographic 

coordinates), M (emu), and date/time. 

http://cires.colorado.edu/people/jones.craig/PMag3.html
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