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GEOPHYSICS

A two-billion-year history for the lunar dynamo

Sonia M. Tikoo,"**** Benjamin P. Weiss,"? David L. Shuster,>* Clément Suavet,’

Huapei Wang," Timothy L. Grove'

Magnetic studies of lunar rocks indicate that the Moon generated a core dynamo with surface field intensities of ~20 to
110 uT between at least 4.25 and 3.56 billion years ago (Ga). The field subsequently declined to <~4 uT by 3.19 Ga, but
it has been unclear whether the dynamo had terminated by this time or just greatly weakened in intensity. We present
analyses that demonstrate that the melt glass matrix of a young regolith breccia was magnetized in a ~5 + 2 uT
dynamo field at ~1 to ~2.5 Ga. These data extend the known lifetime of the lunar dynamo by at least 1 billion years.
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Such a protracted history requires an extraordinarily long-lived power source like core crystallization or precession. No
single dynamo mechanism proposed thus far can explain the strong fields inferred for the period before 3.56 Ga while
also allowing the dynamo to persist in such a weakened state beyond ~2.5 Ga. Therefore, our results suggest that the
dynamo was powered by at least two distinct mechanisms operating during early and late lunar history.

INTRODUCTION

The Moon is a unique venue for exploring the longevity of dynamos
generated by planetary bodies intermediate in size between planets
and asteroids. A central conundrum is that the lunar dynamo was ap-
parently intense and long-lived, with surface fields reaching ~20 to
110 uT between at least 4.25 and 3.56 billion years ago (Ga) (I1-6). The
field intensity then precipitously declined by at least an order of mag-
nitude (possibly even to zero) by ~3.19 Ga (7-9). It is unknown whether
this decrease reflects total cessation of the dynamo or whether the
dynamo persisted beyond 3.56 Ga in a markedly weakened state.

The mechanisms that generated such a long-lived dynamo are un-
certain but may include thermal convection (10-13) and mechanical
stirring produced by differential rotation between the lunar core and
mantle driven by impacts (14) or mantle precession (15, 16). Geo-
physical evidence for a ~200- to ~280-km-radius solid inner core
(17, 18) within a larger ~220- to ~450-km-radius liquid outer core
(17-23) also suggests that thermochemical convection resulting from
core crystallization—the driving force behind the Earth’s dynamo—
may have helped sustain the dynamo (24-26). Without invoking special
conditions, such as an early thermal blanket enveloping the lunar core, a
hydrous lunar mantle, or a low core adiabatic heat flux, purely thermal
convection dynamos are unlikely to persist beyond ~4 Ga (6). Impact-
driven dynamos are transient [lasting up to a few thousand years after
each large basin-forming impact (14)] and cannot have occurred after
the last basin-forming impact at ~3.7 Ga (5). On the other hand, mantle
precession or thermochemical convection may be capable of powering a
dynamo well beyond 3.5 Ga (6).

Key to distinguishing between these lunar dynamo mechanisms is
establishing the lifetime of the dynamo. However, the poor magnetic
recording properties (7, 8, 27) and complex thermal and deformation-
al histories of most lunar samples (6, 7) as well as the rarity of young
(<3.2 Ga) Apollo igneous samples have thus far hindered efforts to
establish when the dynamo ultimately ceased. Although some
Apollo-era studies have suggested that lunar samples as young as
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~200 million years old (Ma) formed in lunar paleofields of ~1 to
~10 uT (28), most of these values are likely upper limits given the
samples’ magnetic recording fidelities (8, 27, 29). Furthermore, it has
been proposed that impact-generated plasmas could generate transient
magnetic fields [lasting up to ~1 day for large basin-forming impacts
(30) or <~1 s for the small impacts after 3.7 Ga (8)] that could magnetize
shocked and quickly cooled rocks throughout lunar history (31, 32).
Given these complexities, determining when the lunar dynamo actually
ceased requires a young rock with exceptionally high-fidelity magnetic
recording properties and a well-constrained thermal and shock history.
To address these deficiencies, we conducted a new analysis of such a
young lunar sample, glassy regolith breccia 15498.

Apollo 15 sample 15498 was collected on 1 August 1971 as un-
oriented float on the southern rim of Dune Crater within eastern Mare
Imbrium. The rock consists of a cohesive impact melt glass matrix
containing <1-mm- to ~2-cm-diameter mare basalt clasts (Fig. 1)
(33, 34). The clasts are petrogenetically related to the Apollo 15 quartz-
and olivine-normative mare basalt suites, suggesting that the breccia
was melted and assembled in close proximity to the Apollo 15 landing
site (35). The rock is partially coated by a variably ~1- to 6-mm-thick
spatter of impact melt glass (textural relationships indicate that this rind
is younger than the interior breccia, but its precise age is unknown). A
network of fissures lined with vesicular glass crosscuts the interior of the
rock (see section S1). Although the basalt clasts contain abundant shock
deformation features, including maskelynite (33, 34), the lack of micro-
fractures within the glassy matrix (see section S1) indicates that the rock
has not been significantly shocked [peak pressures likely <~3 GPa (36)]
since lithification.

The petrography and degree of crystallinity of the glassy matrix of
15498 suggest that it formed by viscous sintering of a clast-laden melt
(37). During this primary cooling, ferromagnetic metal grains
crystallized from the melt portion of the breccia. Consistent with a pre-
vious study of metal compositions in 15498 (38), our electron micro-
probe analyses found that the major ferromagnetic minerals within
the resulting glass matrix are kamacite (o-Fe;_,Ni, for x < ~0.05) and
martensite (0,-Fe;_,Ni, for ~0.05 < x < ~0.19). If an ambient magnetic
field was present at the time 15498 formed, kamacite and martensite
grains with the observed compositions would have acquired mostly
thermoremanent magnetization (TRM), with some possible contribu-
tion of thermochemical remanent magnetization (TCRM) during
primary cooling on the Moon.
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Fig. 1. Mutually oriented 15498 parent chips. (A) Chips 15498,274, 15498,282,
and 15498,287. (B) Chip 15498,313. (C) Chip 15498,314. The sample contains abun-
dant mare basalt fragments (blue arrows and labels) within a glassy matrix (purple
arrows and labels). Surficial melt glass spatter locations are denoted with red arrows
and outlines. The scale cubes have widths of 1 cm. The subsamples and scale cube
are oriented following the Johnson Space Center (JSC) system for 15498.

Conductive cooling calculations indicate that the glass matrix
cooled from above the Curie temperature of kamacite (780°C) to am-
bient lunar surface temperatures (<100°C) over a period of at least a
few hours (see section S1). However, this cooling time scale is long
relative to the expected <1-s duration of impact fields when the rock
formed. Therefore, impact fields are extremely unlikely to be the
source of any TRM or TCRM acquired by the breccia’s glass matrix
during primary cooling.

Hysteresis data (see section S4) (39) and our electron microscopy
imaging indicate that, in stark contrast to the multidomain grain size
of metal in virtually all lunar crystalline rocks, metal within the glass
matrix of 15498 is a mixture of predominantly superparamagnetic to
pseudosingle domain grains, with only a relatively small contribution
from multidomain grains in lithic fragments (Fig. 2). The presence of
these fine-grained magnetic carriers indicates that the melt glass portion
of 15498 should provide unusually high-fidelity paleomagnetic records.
The relatively low Ni content of kamacite and martensite grains present
within the rock suggests that the rock should retain any primary TRM
and TCRM through laboratory thermal demagnetization experiments
up to maximum temperatures between ~600° and 780°C [which corre-
spond to the austenite-start solid-state phase transformation tempera-
ture for the observed martensite compositions and the kamacite Curie
temperature, respectively (see section S1)]. In combination, these rock
magnetic properties indicate that 15498 is an excellent target for lunar
paleomagnetic studies.

A previous analysis of 15498 found that the glass matrix of the
sample contained a stable natural remanent magnetization (NRM)
component that persisted during alternating field (AF) demag-
netization to at least 40 mT and during thermal demagnetization to
at least 650°C (39, 40). A paleointensity value of ~2.1 uT was obtained
from one subsample (40) using a modified Thellier-Thellier (41) tech-
nique. However, this study was not able to conclusively demonstrate
a robust record of the lunar dynamo due to lack of measurements of
mutually oriented subsamples, checks for sample alteration during
the paleointensity experiment, a detailed characterization of its post-
formational shock and metamorphic history, and, most importantly,
a radiometric age.
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Fig. 2. Hysteresis curves for 15498. The red curve shows the measured data.
The blue curve shows the data after application of a paramagnetic slope correction.

RESULTS

Thermochronometry and sample age constraints

The glass matrix of 15498 should have acquired its original NRM dur-
ing primary cooling. To establish the timing of this event and constrain
the possibility of postformational thermal remagnetization, we con-
ducted **Ar/*Ar and **Ar/*’ Ar thermochronometry on a whole-rock
aliquot taken from the interior of a ~1-cm-diameter basalt clast from
the interior of sample 15498. We obtained a minimum **Ar/*’Ar clast
crystallization age of 3310 + 24 Ma [1 SD analytical uncertainty not in-
cluding uncertainties in the age of the fluence monitor and decay con-
stant (42)]. This value is consistent with the crystallization ages of other
studied Apollo 15 mare basalts (43, 44) and is therefore likely close to
the true clast crystallization age. Subsequent heating experienced by this
clast due to breccia formation and daytime heating on the lunar surface
triggered thermally activated diffusive loss of radiogenic *’Ar. The ap-
parent spatial distributions of radiogenic *’Ar (**Ar¥) and cosmogenic
BAr (B Ar,,) within clast K-rich mesostasis glass and feldspathic glass
are consistent with a three-stage thermal history involving (i) clast for-
mation at ~3.3 Ga, (ii) diffusive loss of Ar due to impact heating to peak
temperatures of ~500° to ~650°C at the time of breccia lithification
(occurring between ~2.5 and 1.0 Ga), and (iii) further Ar loss from
daytime heating after the rock was exposed near the lunar surface at
~600 Ma [as indicated by our cosmogenic exposure age measurements
(see section S5)] (Fig. 3).

Our inferred lithification age of ~2.5 to 1.0 Ga (with 1.0 Ga being our
best estimate) is broadly consistent with other semiquantitative age es-
timates (~0.9 to 1.8 Ga) obtained from measuring trapped “°Ar/*°Ar
within the melt glass matrix (see section S5) (45). The trapped “OAr/
*SAr method aims to obtain breccia lithification model ages by
measuring the ratio of lunar atmospheric “’Ar to solar wind *°Ar for
the implanted component of Ar in the regolith. However, this method
is subject to limitations associated with its primary assumptions. First,
the trapped “’Ar measured using this technique must have experienced
a complex history of (i) formation from decay of *’K in the Moon, (i)
degassing into the exosphere, and (iii) ionization and reimplantation
into the lunar regolith, and assumptions are required about the efficien-
cy of each of these processes. The method also assumes that solar wind
*®Ar at the Moon is constant with geological time, whereas this quantity

20of9

/T0Z ‘0T 1snbny uo /Bio Bewssusios saouenpe//:dny wolj papeojumoq


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A B
4 ' ' ' ' 12
< 35 ) r T
@ 1
8, 3 J 1 10 F ® Includes 1st degassing step E
S =0 ©® Omits 1st degassing step
a 25 i’ 1 9 ]
g ; 5 %2
2 2 =5 v L ]
2 = ! 8
° I 3
c 15 g z 7r 1
g LB :
Q 1 == 1 6 g
< 0
? 05 0651 15 2 25 3 33 5t J
Breccia formation age (Ga)
0 4 : T T . . .
0 0.2 0.4 0.6 0.8 1 0 500 1000 1500 2000 2500 3000 3500

Cumulative fraction 3%Ar released 15498 formation age (Ma)

Fig. 3. *°Ar/**Ar thermochronometry constraints on the formation age of breccia 15498. (A) Multi-phase, multi-domain diffusion (MP-MDD) model predictions for diffusion
of radiogenic “°Ar* experienced by a 1-cm-diameter basalt clast within 15498 resulting from breccia formation between 650 and 3300 Ma (that is, from heating to temperatures
ranging between 450° and 675°C), followed by daytime heating to effective mean temperatures ranging between 25° and 56°C after 600 Ma. Observed step heating ages +1 SD
(dark gray boxes) are plotted against the cumulative release fraction of >°Ar released. The 3310 + 24-Ma age inferred from the HT release steps represents the minimum crys-
tallization age of the basalt clast. The colored steps are model release spectra calculated using MP-MDD model parameters corresponding to breccia formation at varying times
(different formation ages are indicated with different colors). The inset displays the number of model degassing steps that are within error of the sample degassing path (individual
steps connected by dashed red line) in the LT release fraction (heating steps 2 to 6) for different breccia formation ages (a value of n = 5 indicates all steps fit within error of the
model). (B) Reduced XZ misfit values for model release spectra shown in (A). Misfits are shown both including (black circles) and excluding (gray circles) the first degassing step of

the heating experiments. Red shaded box indicates formation ages precluded by the cosmogenic exposure age (<600 Ma).

will actually vary depending on the strength of the lunar magnetic field
(that is, its solar wind-shielding capacity) over time. Hence, this method
relies on a calibration that accounts for these various factors (each sub-
ject to its own uncertainties) to relate the trapped **Ar/*®Ar to a lithi-
fication age in geologic time [see the studies of Fagan ef al. (45) and
Joy et al. (46) for further details regarding this method]. The aforemen-
tioned uncertainties in the trapped **Ar/**Ar method encourage the
use of an alternative chronometer to obtain complementary sample
age constraints, and we were able to do so via our **Ar/*’Ar thermo-
chronology modeling. In any case, we conclude that the breccia most
likely formed between 1.0 and 2.5 Ga.

Paleomagnetism

To characterize the NRM in 15498, we studied 20 mutually oriented
subsamples of 15498 collected from the glass matrix portions of five
mutually oriented parent chips (15498,274, 15498,282, 15498,287,
15498,313, and 15498,314). Twelve subsamples were collected from
the interior of 15498, and 8 subsamples were collected from near the
edge of the rock (from a distance <~3 times the width of the young glass
rind coating the sample in the vicinity of each subsample). The proxim-
ity of these peripheral subsamples to the young impact melt glass rind
enables using thermal demagnetization to conduct a paleomagnetic
baked contact test to determine whether the NRM of the interior sub-
samples predates sampling by the Apollo astronauts (47).

Of the 20 total subsamples, 7 subsamples were subjected to stepwise
AF demagnetization (Fig. 4A). The remaining 13 subsamples were
stepwise thermally demagnetized (Fig. 4B). Among the interior subsam-
ples, we observed a low-coercivity (LC) and low-temperature (LT) mag-
netization component in all 12 subsamples that typically unblocked
below AF levels of <6.5 mT and temperatures of <125°C, respectively.
We observed a medium-coercivity (MC) and medium-temperature
(MT) component in most subsamples that typically unblocked between
the end of the LC/LT component and ~50 mT/~200°C (see section S2).

Tikoo et al., Sci. Adv. 2017;3:e1700207 9 August 2017

The LC/LT and MC/MT components are largely non-unidirectional
among mutually oriented subsamples (Fig. 5). The relatively low coer-
civities and unblocking temperatures associated with the LC/LT and
MC/MT components suggest that these magnetizations likely represent
viscous remanent magnetization (VRM) contamination from the ter-
restrial field acquired during storage and multiple stages of subdivision
and handling at JSC over >42 years (see sections S2 and S4).

We also identified a high-coercivity (HC) and high-temperature
(HT) component in all 12 interior subsamples that was blocked up to
AF levels of at least 290 to 420 mT and temperatures of up to 660° to
750°C (see section S2). The HC/HT component decays linearly toward
the origin (Fig. 4), suggesting that it is the characteristic magnetization
component. Although there is modest dispersion (up to ~30°) in
directions from individual subsamples (Fig. 6), the HC/HT components
all generally cluster in the northeastern quadrant of the upper hemi-
sphere. A Watson (48, 49) statistical test for dispersion on a sphere
demonstrates that the HC/HT component directions are nonrandom
to 99% confidence [that is, the length of the resultant vector of our HC/HT
component directions (R = 11.5) was greater than the critical value
(R, = 6.55 for 12 subsamples)] and therefore likely have a common
origin. The low ratio of NRM to isothermal remanent magnetization
(IRM) (<0.1) suggests that this component was not imparted by a
strong-field IRM (see section S3). The HC magnetization is unlikely
to be a shock remanent magnetization (SRM), given that SRM acquired
at pressures of <3 GPa is typically acquired by low-coercivity grains (see
section S4) (50, 51). Because single-domain kamacite grains (which
dominantly carry the remanence in 15498) should not retain a terres-
trial VRM after laboratory heating to temperatures above ~125°C (52),
the persistence of the HT component to temperatures >660°C pre-
cludes its origin as a VRM. Crystallization remanent magnetization
(CRM) is also excluded because the metal grains are in the form of
primary low-Ni kamacite and martensite (and have not recrystallized
to plessite or to Widmanstitten taenite and kamacite).
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Fig. 4. Vector endpoint diagrams showing demagnetization of 15498 subsam-
ples. (A) AF demagnetization of subsample 282c. (B) Thermal demagnetization of sub-
sample 282t. Open and closed circles represent projections of the NRM vector onto the
vertical (Up-E) and horizontal planes (N-E), respectively. Blue, red, and green arrows
denote LC/LT, MC/MT, and HC/HT components, respectively. Subsample masses as
well as selected AF levels and temperature steps are labeled.

We obtained high-quality Thellier- Thellier paleointensity values of
5+ 2 uT (mean + 1o) from the HT components of six of the interior
subsamples (Fig. 7). These values are broadly consistent with our an-
hysteretic remanent magnetization (ARM) and IRM paleointensity
measurements on the HC components of four AF-demagnetized sub-
samples, which yielded values ranging between ~600 nT and ~2 uT
[within the factor 2 to 5 uncertainties on the latter values (6)]. It is con-
ceivable that the remanence being carried is not purely TRM and that
some martensite may have acquired TCRM upon formation. How-
ever, if the NRM of 15498 is a TCRM, the paleointensities inferred from
our Thellier experiments would likely represent lower limits due to the
inefficiency of CRM relative to TRM (53). Regardless, paleointensities
derived from TCRM are usually within several tens of percent of the
actual value (54). Therefore, we suspect that our paleointensity results
are reasonably accurate even if the remanence is not a pure TRM.

In contrast, four of the five thermally demagnetized peripheral sub-
samples taken from near the young melt glass rind were fully demagne-
tized by 360°C, and two of the three AF-demagnetized peripheral
subsamples were fully demagnetized by ac fields of 20 mT. The only
subsample that contained a magnetization component with the same
direction as the HC/HT component observed within the interior sub-
samples was the subsample collected the farthest away (0.7 cm) from the
melt glass rind (274v3). Furthermore, the inferred NRM intensities of
these subsamples are, on average, ~90% lower than those of the interior
subsamples (see Fig. 8 and section S2). The general absence of HC and
HT magnetization within peripheral subsamples suggests that they were
thermally demagnetized on the Moon when the impact melt glass was
emplaced on the surface of the rock. Collectively, these data are
consistent with a positive baked contact test for 15498 and indicate that
the HC/HT component observed in the interior subsamples is very like-
ly a TRM acquired during primary cooling in the presence of a tempo-
rally stable ambient field on the Moon.

DISCUSSION
The ~5-uT paleointensities obtained from the melt glass matrix of
15498 are ~1000 times stronger than the field measured by astronauts
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Fig. 5. Equal-area stereographic projections of LC/LT and MC/MT magnetization components observed for interior subsamples of 15498. (A) LC (circles) and LT (squares)
component directions. (B) MC (circles) and MT (squares) component directions. Lines encircling component directions represent the maximum angular deviations associated with
each direction. Open symbols (dashed lines) represent directions in the upper hemisphere, whereas filled symbols (solid lines) represent directions in the lower hemisphere.
Subsamples from parent chips 274, 282, 287, 313, and 314 are denoted with light blue, medium blue, dark blue, dark green, and light green symbols, respectively.
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Fig. 6. Equal-area stereographic projection of HC and HT magnetization
component directions. Shown directions are observed for mutually oriented matrix
glass subsamples from the interior of 15498. Symbols and surrounding ellipses repre-
sent directions and associated maximum angular deviation values obtained from prin-
cipal component analysis. AF and thermally demagnetized subsamples are displayed
using circles and squares, respectively. Subsamples from parent chips 274, 282, 287,
313, and 314 are shown by light blue, medium blue, dark blue, dark green, and light
green symbols, respectively. Open symbols (dashed lines) represent directions in the
upper hemisphere, and filled symbols (solid lines) represent directions in the lower
hemisphere. The Fisher mean direction and ags confidence interval (star and
surrounding ellipse, respectively) are shown.
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at the Apollo 15 site (55), ~10 times stronger than the largest remanent
crustal fields measured at any lunar landing site (Apollo 16), and several
orders of magnitude greater than external field sources like the Earth,
Sun, and galactic magnetic fields (55). The most likely mechanisms ca-
pable of generating ~5-uT fields at the lunar surface at 1 to 2.5 Ga are
impact fields and a core dynamo. Because the slow primary cooling time
scale of 15498 excludes an impact field origin for the observed TRM, our
data strongly indicate that the glass matrix portion of 15498 preserves a
dynamo record.

Our data indicate that the lunar core dynamo persisted until at least
~1.0 to ~2.5 Ga, thereby extending the known lifetime of the dynamo by
~1.0 billion to ~2.5 billion years [from the previous youngest dynamo
record observed in 3.56-Ga mare basalts (5)]. Exactly when the lunar
dynamo ceased remains unclear. Given the expected geophysical prop-
erties of the lunar interior, no current dynamo scenarios powered by
large impacts or purely thermal convection predict that the magnetic
field could persist this late in lunar history. Thermal evolution models
suggest that thermochemical convection produced by core crystalliza-
tion could generate a ~1-uT dynamo field that persisted (either contin-
uously or in an intermittent “start-stop” regime) beyond ~1.6 Ga (24, 26).
However, according to current scaling laws for convective dynamos,
thermochemical convection alone may not be able to reproduce the
high ~20- to ~110-pT surface fields inferred for Apollo samples aged
4.25 to 3.56 Ga (6). In contrast, a precession dynamo may be capable
of generating ~10- to ~100-uT fields for the period before 3.56 Ga (15, 16),
but persistence of such a dynamo beyond ~2 Ga would likely require
that the Moon’s orbit receded from the Earth at a rate far slower than
expected (6, 8). Given these constraints, no single dynamo generation
mechanism proposed thus far can readily reproduce the paleointensity
record inferred from Apollo samples. One possible solution is that the
dynamo may have been powered by at least two distinct mechanisms
operating during early and late lunar history. A second possible solution

655°C

665°C
670°C

4 6
pPTRM gained (nAm2)

o
N

680C10

E (nNAm32)

Fig. 7. Thellier-Thellier paleointensity experiment for subsample 15498,313e. (A) Arai plot displaying NRM lost during progressive thermal demagnetization (ordinate)
versus laboratory pTRM gained (abscissa). Peak temperatures for selected steps are shown. pTRM checks for alteration are shown as triangles. Paleointensities for unblocking
temperature ranges of 250° to 540°C and 560° to 680°C are denoted with dark gray and green symbols, respectively. Gray segments link consecutive thermal steps. (B) Vector
endpoint diagram showing zero-field thermal demagnetization steps for subsample 313e. LT and HT components are denoted using blue and green symbols, respectively.
Paleointensity experiments were conducted following the IZZI protocol (alternating zero-field and in-field measurements).
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Fig. 8. Magnetization versus distance from the peripheral impact glass spat-
ter. Shown are residual magnetization values for thermally demagnetized 15498
matrix glass subsamples after heating to 300°C. Individual subsample names are
labeled. The gray shaded box denotes the zone likely to have been remagnetized
by emplacement of the impact glass spatter (approximately three half-widths of
the local glass spatter thickness).

is that dynamo was powered by a single bistable mechanism that transi-
tioned from a strong-dipole dominated state to a weaker multipolar
state after 3.56 Ga (56).

METHODS

Paleomagnetic and rock magnetic analyses

All paleomagnetic measurements were conducted using a 2G Enter-
prises Superconducting Rock Magnetometer 755 located within a mag-
netically shielded room (ambient field of <200 nT) in the Massachusetts
Institute of Technology (MIT) Paleomagnetism Laboratory. The mag-
netometer is equipped with automated AF demagnetization, sample
handling, and rock magnetic remanence characterization capabilities
(57). Purely nondestructive static three-axis AF demagnetization
experiments were conducted on 7 of the 20 total subsamples up to peak
ac fields of at least 290 mT. Purely thermal demagnetization was con-
ducted on nine subsamples up to maximum temperatures of 660° to
700°C, or until samples were fully demagnetized, in a new controlled
oxygen fugacity oven (58). Thermal experiments were conducted in
an H,-CO, atmosphere at 1 log unit below the iron-wiistite buffer.
The four remaining subsamples were AF-pretreated up to peak ac fields
of 35 mT and then thermally demagnetized. The subsamples were
measured in differing orientations, and the demagnetization data were
subsequently rotated into a mutually oriented reference frame for anal-
ysis. Principal component analysis was used to determine the best-fit
directions for all observed magnetization components (59). Thellier-
Thellier paleointensity experiments were conducted on six of the
thermal demagnetization subsamples following the IZZI (in-field,
zero-field, zero-field, in-field) protocol (60), including partial TRM
(pTRM) checks for alteration. ARM and/or IRM paleointensities (2, 5, 61)
were determined for four subsamples. Full details of the demagnetization
and paleointensity experiments are provided in section S3. Remanence-
based rock magnetic experiments (for example, ARM and IRM acquisition
and demagnetization) were conducted at MIT. Hysteresis and first-order
reversal curve (FORC) measurements were conducted using a vibrating
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sample magnetometer at the Institute for Rock Magnetism at the Univer-
sity of Minnesota (see section S4).

“°Ar/*°Ar and *2Ar/3>’ Ar thermochronology

All *°Ar/*Ar and **Ar/*’ Ar thermochronometry experiments were
conducted at the Berkeley Geochronology Center. Using the procedures
described in previous works (4, 5, 62), we conducted stepwise degassing
“OAr/*Ar and BAr/Ar experiments on one (~2 mg) whole-rock ali-
quot of a basalt clast (referred to as 282-1 herein) located adjacent to the
glass matrix portion of parent chip 15498,282 that we used for paleo-
magnetic analyses. Additional stepwise degassing experiments con-
ducted on two whole-rock aliquots of matrix glass yielded complex,
discordant age spectra from which no plateau age could be inferred
due to the presence of excess nonradiogenic (trapped) **Ar and solar
wind *°Ar. This degassing behavior has been observed for many other
lunar impact glasses and regoliths (63). Because it was not possible to
directly obtain ages for the matrix glass samples, we do not discuss these
experiments further. Apparent “’Ar/>”Ar ages for each degassing step
were calculated relative to the Hb3gr fluence monitor [age, 1081 Ma
(42)] using the decay constants of Renne ef al. (42) and the isotopic
abundances of Steiger and Jager (64). We also determined apparent cos-
mogenic **Ar exposure ages for each degassing step following proce-
dures described in previous works (4, 5, 65). Following Shea et al. (4),
we constructed multi-phase, multi-diffusion domain (MP-MDD) model
fits to the “°Ar/*”Ar age spectrum and the cosmogenic **Ar age spectrum
to quantify the diffusion of radiogenic **Ar (*’Ar*) and cosmogenic **Ar
(*®Ar) in our sample in the context of various possible thermal his-
tories. All modeled thermal histories include (i) the initial formation of
the basalt clast, (ii) diffusive loss of Ar due to impact heating at the time of
breccia lithification, and (iii) further loss of Ar from daytime heating while
the rock was exposed near the lunar surface before its collection. Full de-
tails regarding our MP-MDD models are given in section S5.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/8/e1700207/DC1

section S1. Sample 15498

section S2. NRM behavior

section S3. Paleointensity

section S4. Rock magnetic properties

section S5. “*Ar/*°Ar and **Ar/>’Ar thermochronology

fig. S1. Apollo 15 landing site and 15498 sampling context.

fig. S2. Sample 15498.

fig. S3. Backscattered scanning electron microscopy images of 15498 matrix showing absence
of post-lithification microfracturing.

fig. S4. BSEM images of FeNi grains in 15498.

fig. S5. Equal-area stereographic projections of LC/LT and MC/MT magnetization components
observed for peripheral subsamples of 15498.

fig. S6. AF demagnetization of sample 15498,282a over the range of the HC component.
fig. S7. Thellier-Thellier paleointensity experiments for subsamples 15498,313k1 and
15498,313k2 following the 1ZZ| variant.

fig. S8. Paleointensity fidelity limit tests for 15498.

fig. S9. FORC distribution for sample 15498,287b1.

fig. S10. Rock magnetic experiments on 15498,282a.

fig. S11. PRM acquisition by 15498 subsample 15498,282a.

fig. S12. VRM decay experiment on sample 15498,282c.

fig. S13. The predicted effects of 600 Ma of solar heating at the lunar surface, calculated using
the 15498 MP-MDD model.

fig. S14. Arrhenius plots with calculated diffusion coefficients for >?Ar and 3”Ar released during the
first 20 release steps.

fig. S15. Schematic depicting time-temperature conditions underlying our thermochronological models.
fig. $16. 15498 MP-MDD model predictions for diffusion of “°Ar* resulting from impact heating
at 2000 Ma (to temperatures ranging between 450° and 675°C), followed by daytime heating
to an effective mean temperature of 69°C after 600 Ma.
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fig. $17. 15498 MP-MDD model predictions for diffusion of “°Ar* resulting from impact heating at
various times in lunar history (to temperatures ranging between 450° and 675°C), followed by
daytime heating to effective mean temperatures ranging between 35° and 56°C after 600 Ma.
fig. $18. 15498 MP-MDD model age spectra incorporating diffusion of “°Ar* resulting from
impact heating at 650 Ma (to temperatures ranging between 450° and 675°C), followed by
daytime heating to an effective mean temperature of 25°C after 600 Ma.

table S1. WDS measurements of metal grains in 15498 thin sections 298 and 299.

table S2A. NRM components identified for interior matrix glass subsamples of 15498.

table S2B. NRM components identified for peripheral matrix glass subsamples of 15498.
table S2C. Fisher mean component directions derived from 15498 data in table S2A.

table S3A. Thellier-Thellier paleointensity determinations for 15498 subsamples.

table S3B. Comparison of pTRM and pTRM check values for 15498 subsamples.

table S3C. ARM paleointensity determinations for 15498 subsamples.

table S3D. IRM paleointensity determinations for 15498 subsamples.

table S4. Rock magnetic and hysteresis parameters.

table S5. Anisotropy of ARM (85-mT ac field with 0.01-mT dc field).

table S6. Complete “°Ar/*’Ar incremental heating results.

table S7. Oxide weight percent compositions of K-bearing phases in basalt clast 15498-282-1.
table 58. Summary of MP-MDD model parameters with cosmogenic **Ar production rates for 15498.
table S9. Summary of “°Ar/*°Ar chronology for 15498.

table 510. Reduced y? misfit statistics for best-fit thermochronometry models for a variety of
breccia formation ages.

data file S1. 15498 demagnetization data sets.

data file S2. 15498 Thellier-Thellier paleointensity data sets.
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section S1. Sample 15498

1.1. Geology of the Apollo 15 landing site

Apollo 15 landed on the eastern margin of Mare Imbrium, within the lava plain Palus Putredinis,
in a location between Hadley Rille on the west and the Apennine Mountains on the east (fig. S1).
Bedrock in the vicinity of the Apollo 15 landing site consists of mare basalt (66), although the

. .

Palus Putredenis
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fig. S1. Apollo 15 landing site and 15498 sampling context. (A) Context image of Palus Putredinis, in the
southeastern region of Mare Imbrium. (B) Location of the Apollo 15 landing site, showing locations of Hadley
Rille and Dune Crater, near which sample 15948 was collected from the regolith. (C) Location where sample
15498 was collected, near the southwestern rim of Dune Crater.



nearby Apennine Mountains contain substantial upper crustal (anorthositic) and lower crustal
(noritic) material that was uplifted during the Imbrium impact event (67, 68). The Apollo 15
mare basalts are typically divided into two main petrologic groups based on petrographic
characteristics and major element chemistry: quartz-normative basalts (QNB) and olivine-
normative basalts (ONB) (69-73). These mare basalts primarily formed during the period ~3.25-
3.35 Ga (44). Since that time, impact bombardment has produced a regolith that consists mostly
of basalt and basaltic soil breccias such as our sample 15498 along with fragments of highlands
rocks (66).

The constituents of regolith breccias at the Apollo 15 landing site, including 15498, are locally
derived (74). There are several craters, ranging in size, in the vicinity of the Apollo 15 landing
site that could have been the source of 15498: Dune Crater (the crater closest to where 15498
was collected), Bridge Crater, Elbow Crater, St. George crater, and more. In particular, Dune
crater may be a secondary crater of either the Aristillus or Autolycus craters, which have ejecta
rays extending to the Apollo 15 landing site (75). Aristullus and Autolycus, which are located in
the eastern portion of Mare Imbrium (~130-180 km away from the Apollo 15 landing site) are
inferred to be about 1.3 Ga and <2.1 Ga, respectively, based on “°Ar/*°Ar dating of Apollo 15
potassium, rare earth elements, and phosphorous (KREEP) basalts thought to be sourced from
those craters (76—78). These ages for Aristillus and Autolycus are indistinguishable from the age
range we present for 15498 in this work (see main text and Section 5). Therefore, if Dune crater
is indeed (i) the source crater for 15498 as well (ii) a secondary crater created by the impact of
ejecta from either Aristillus or Autolycus, then the inferred 1.3-2.1 Ga age for Dune crater is
consistent with our age range for 15498 (see main text and Section 5). However, given these
uncertainties, it is difficult to conclusively link 15498 to a specific crater and a corresponding
age based on geologic context alone.



1.2. Petrographic description and formation history of 15498

Sample 15498 is a regolith breccia. Its petrography was described in detail by Mason (33) and
Ryder (34). The rock contains 20% clasts typically ~0.5-2 mm in size (and ranging up to ~1 cm)
that are predominantly of local Apollo 15 mare basalt origin (35), although limited highlands and
KREEP-rich materials are also present (fig. S2). The clasts are welded together by a matrix that
comprises the remaining 80% of the sample and consists of ~50% impact melt glass and ~50%
fine (< 0.5 mm) clastic material, mineral fragments, and glass fragments from the lunar soil. In
aggregate, the rock consists of ~60% lithic and clastic material and ~40% impact melt glass. A
network of glass-lined fissures crosscuts the rock. Surficial impact melt glass spatters of varying
thickness (locally up to ~6 mm) partially coat the surface of the rock. The lack of microfractures
in the bulk rock away from the fissures (fig. S3) suggests it has not experienced shock pressures
above ~3 GPa during its post-lithification residence on the lunar surface.

We consider the peak temperature and cooling rates experienced by the clastic material and melt
matrix in 15498 during its formation. 15498 is thought to have formed by an impact event that

A
15498,0 (pre-cut)

’\
4
|

B
15498,141 (E face)

15498,141 (W face)

fig. S2. Sample 15498. (A) Image of 15498,0 main mass showing exterior with impact glass spatter. (B) Image
of East (laboratory coordinates) face of slab 15498,141. Locations from which our parent chips 15498,274,
15498,282, and 15498,314 were collected are labeled. (C) Image of West face of the slab, with location of parent
chips 15498,287 and 15498,313 labeled. Figure adapted from NASA images S71-45982, S85-43128, and S85-
43129.



assembled regolith fragments together and welded them with newly-formed molten impact-melt
glass. As discussed by Uhlmann and Klein (37), the assembly process likely had two stages.
First, cold (<100°C) clasts were first mixed with melt that was initially at or above its 1270 +
10°C liquidus temperature, leading to rapid cooling to a uniform temperature. This was followed
by a second stage of slow-cooling by thermal conduction into the surrounding matrix and/or by
radiation into space.

We seek to determine the peak equilibration temperature, Teq, Of the clasts and breccia after they
were assembled by the impact during the first stage. Continuous cooling and time-temperature
curves corresponding to the degree of crystallinity in the 15498 glass indicate that during the first
stage, the glass cooled at a rate of ~130°C min*. If we assume that clasts were not significantly
digested by the surrounding melt, then the petrographic observations described above indicate
that the initial mixture consisted of approximately 2/3 clasts and 1/3 melt. We assume that the
heat capacity of the clasts, cc, and the melt, cm, are equal (79). Given that the latent heat of fusion
for silicates is equivalent to heat released by cooling the same amount of melt by ~400°C (79), it
will buffer the melt temperature during crystallization. Based on this, conservation of energy
indicates that (79)

Mec Cc (Teq - Tc) = Mm Cm (Tm - Teg) + Mm Cm (400°C) 1)

where m¢ = 2 mm, Cc = Cm, Tc = 100°C (initial temperature of clasts), and Tm = 1270°C (liquidus
temperature, assumed to be the initial temperature of the melt). Solving for the clast
equilibration temperature gives Teq = 623°C. Note that this equilibrium temperature is more
accurate than the 807°C value reported by Uhlmann and Klein (37), which was estimated from
the inaccurate assumption that m¢ = 0.5mm. Also note that this temperature is a lower limit
because the melt may have initially been at a temperature exceeding the liquidus.

Cooling during the second stage was limited by conduction within the rock volume and into the
surroundings. A minimum cooling rate during this stage can be estimated assuming the rock’s
present size (18 X 14 x 12 cm) was no smaller than its original size after assembly. Using a
radius | = 0.07 m and thermal diffusivity D = 10°® m?s, we find that the e-folding conductive
cooling timescale from 623°Cist>12/D =1.4 h.



1.3. Petrographic constraints on 15498 paleomagnetism

Thermoremanent magnetization (TRM) is acquired when rocks cool below their Curie or
ordering temperatures [780°C for the mineral kamacite (a-Feo.95-1Nio-0.05)] in the presence of an
ambient magnetic field. Rocks may acquire secondary shock remanent magnetization (SRM)
from the passage of impact shock waves in the presence of a field (50, 80-82). In the absence of
a field, rocks may experience shock demagnetization (81, 83, 84). However, the relatively low
extent of post-formational shock (<~3 GPa) experienced by the glass matrix of 15498, as
evidenced by the relative lack of microfractures (fig. S3), suggests that the rock is unlikely to
have been completely demagnetized or remagnetized by secondary shock processes. Therefore,
15498 should retain a substantial fraction of any magnetization acquired during primary cooling.
The ambient field required for imparting primary TRM or secondary SRM can either be a long-
lived field such as that from an active dynamo or crustal remanence (85) or a transient field
generated or amplified by the motions of impact plasmas (31, 32). While impacts are in principle
capable of generating fields lasting as long as ~1 day for the largest, basin-forming impacts (30),
impact fields are unlikely to persist for longer than a few seconds for the smaller impacts which
took place on the moon after ~3.7 Ga (8, 31, 32). If a rock preserves TRM, determining the
primary cooling timescale informs regarding whether the rock acquired its natural remanent
magnetization (NRM) from a long-lived dynamo or crustal field or a transient impact-generated
field. The minimum second-stage cooling rate discussed in Section 1.2 indicates that 15498
cooled from the 623°C equilibrium temperature to ambient lunar surface temperatures (~0°C)
over a period of a few hours. This timescale is much longer than the expected duration of
impact-generated fields after 3.7 Ga. Therefore, TRM observed in 15498 would be a record of a
long-lived field such as that from a dynamo or crustal remanence rather than an impact-generated
field.

fig. S3. Backscattered scanning electron microscopy images of 15498 matrix showing absence of post-
lithification microfracturing. (A) Vesicular impact melt glass mostly devoid of lithic fragments. (B) Glass matrix
containing entrained lithic fragments.



1.4. Ferromagnetic mineralogy

We employed optical petrography as well as wavelength dispersive spectroscopy (WDS) and
backscattered electron microscopy (BSEM) to determine the mineralogical and elemental
composition of the metallic magnetization carriers in 15498 thin sections 298 and 299 (table S1).
Single-phase <1 um metal grains are found as neoformed crystals in the matrix glass and as <1-
50 um grains in lithic material that formed prior to breccia assembly (fig. S4). Lithic metal
grains manifest as inclusions within pyroxene or as independent fragments between silicates.
The fine grain sizes of neoformed metal grains in the matrix glass are broadly consistent with
hysteresis data that indicate a bulk superparamagnetic to pseudo single domain grain size for
ferromagnetic minerals in the 15498 glass (Section 4) (39).

We measured elemental abundances for Fe, Ni, P, Co, S, Si, Al, W, Ti, O, and Cr within metal
grains in both the melt glass and lithic portions of thin sections 298 and 299 using a JEOL-JXA-
8200 electron microprobe housed at the MIT Electron Microprobe Facility. The isolated metal
grains in the melt glass portion of the matrix were generally too small (<1 um in diameter) to be
accurately measured (fig. S4). However, we were able to measure elemental abundances for a
two-point transect across one isolated grain in the matrix glass (grain 2T in table S1), as well as
for many larger lithic metal grains. In agreement with a previous study (38), our WDS analyses
found that these grains are predominantly Fe-Ni-Co alloys, with 0-19 wt. % Ni and 0-2 wt. %
Co, with 11 out of 13 clastic FeNi grains having Ni contents <10 wt. %. Our WDS
measurements found that 1 out of 13 clastic metal grains and the single neoformed metal grain

fig. S4. BSEM images of FeNi grains in 15498. (A, B) Clastic FeNi fragments (yellow arrows and labels) within
the glassy matrix. (C) Neo-formed FeNi grains (arrows) crystallized from vesicular impact melt glass. (D)
Secondary electron microscope (SE) image of the same region shown in (C). FeNi grain numbers indicate
corresponding WDS measurement numbers in Table S1. Melt glass matrix and other clastic minerals are labeled in
blue.



analyzed had P contents above the detectable threshold (0.03 wt. %). It is possible that the
presence of P may have facilitated the development of equilibrium kamacite-taenite intergrowths
during primary cooling in such grains (86). However, the observed metal compositions, the
consistent Ni content measured across transects of metal grains (varying by no more than 1.5 wt.
%), and the rapid ~1 h cooling time scale corresponding to the breccia’s formation collectively
suggest that the primary ferromagnetic carriers in 15498 are most likely individual grains of
single-phase kamacite and martensite (87, 88). In support of this, our BSEM observations (fig.
S4) did not reveal any obvious intergrowth textures that would indicate Widmanstétten or
plessitic exsolution. Ref. (38) reported the presence of two-phase assemblages of kamacite and a
higher Ni phase present as inclusions within troilite within and in the proximity of one olivine
gabbro clast. As such, it is possible that small quantities of two-phase assemblages of kamacite
and taenite are present within the sample at large, although no two-phase FeNi assemblages or
troilites were observed in our thin sections.

In the presence of a stable ambient field, kamacite grains in the melt glass would record a TRM
as they cooled below their 780°C Curie temperature. Depending on their composition (5-19 wt.
% Ni), martensite grains in the melt glass would begin to form at martensite-start temperatures
ranging between ~680°C (low-Ni) and ~240°C (high-Ni). The martensite grains would finish
crystallizing at martensite-finish temperatures ranging between ~620°C (low-Ni) and ~140°C
(high-Ni) (89). In general, the presence of kamacite and the narrow temperature interval
(~100°C) over which individual martensite grains form indicate the rock would have acquired
mostly a TRM rather than a thermochemical remanent magnetization (TCRM) if an ambient
magnetic field was present during primary cooling. During thermal demagnetization, kamacite
should completely demagnetize by the 780°C Curie point, while martensite should transform to
taenite at austenite-finish temperatures ranging from ~600°C (high-Ni) to 780°C (low-Ni). This
also means that we expect that during our Thellier-Thellier experiments, thermochemical
alteration should begin to set in at temperatures somewhere between 600-780°C

1.5. Sampling

In October 1985, the main mass of 15498 (15498,0) was cut with a band saw at Johnson Space
Center (JSC) to produce slab 141. In August 2012, 3 parent chips (274, 282, and 287) were
produced from slab 141 at JSC (fig. S2). These parent chips arrived at the Massachusetts
Institute of Technology (MIT) Paleomagnetism Laboratory in late September 2012. In mid-
January 2015, 2 additional parent chips (313 and 314) were produced from slab 141 at JSC and
arrived at MIT prior to the end of that month. After arrival at MIT, we divided the matrix glass
portions of each parent chip into a total of 20 subsamples using a wire saw in our magnetically
shielded room. Chip 274 was subdivided into 7 matrix subsamples (274d, 274v3, 274v5, 274v6,
274v8, and 294v9), one sample of the surficial young glass rind (274a) and a composite sample
of interior matrix and surficial glass spatter (274t). Chip 282 was subdivided into 4 matrix
subsamples (282a, 282b, 282c, 282t). Chip 287 was subdivided into 1 matrix subsample (287b)
and a composite sample of interior matrix and surficial glass rind (287a). Chip 313 was
subdivided into 5 matrix subsamples (313e, 313h, 313j, 313k1, and 313k2). Chip 314 was used
in its entirety as a single subsample, hereafter referred to as 314a. The matrix material in our
subsamples consists of mostly impact melt glass and a fraction (typically <~30%) of entrained
lithic fragments. All glass-bearing subsamples were mutually re-oriented using photographic



documentation of subsampling according to JSC orientation conventions. We also studied one
unoriented basalt clast fragment from parent chip 282 (subsample 282h) and two thin sections
(298 and 299). Subsamples 274d, 274t, 274v3, 274v5, 274v8, 274v9, 282a, 282b, 282c, 282t,
287a, and 314a were collected from the band saw cut face of slab 141. Subsamples 274a, 274v6,
287b, 313e, 313h, 313j, 313k1, and 313k2 were collected at least ~0.25 cm away from the band
saw cut face. Sections 298 and 299, used for petrographic and compositional analyses, were
produced from materials adjacent to parent chips 287 and 282, respectively.

section S2. NRM behavior

2.1. Previous paleomagnetic studies of 15498

The <3.3 Ga formation age and small (<1 um) ferromagnetic grain sizes for sample 15498
present a fortuitous opportunity to study the NRM of an exceptionally high magnetic fidelity
sample that formed after the lunar dynamo precipitously declined between 3.56 and ~3.3 Ga.
Previous paleomagnetic studies were conducted on two subsamples collected from the interior of
15498 (35 and 36) that were not mutually oriented (39, 40, 90). Both subsamples were subjected
to stepwise alternating field (AF) demagnetization up to 40 mT. After this AF pre-treatment,
subsample 36 was further demagnetized using thermal demagnetization up to 700°C. Both
subsamples 35 and 36 contained a directionally stable NRM component that persisted up to the
maximum applied AF level. During thermal demagnetization of subsample 36, this
magnetization component continued to remain stable up to an unblocking temperature of 650°C.
Above 650°C, the sample experienced significant thermal alteration. A modified Thellier-
Thellier (41) experiment yielding a paleointensity of ~2.1 uT was made in conjunction with the
thermal demagnetization experiment (40). Microwave heating Thellier-Thellier paleointensity
experiments were also attempted on clastic material from 15498 (91), although the resulting
paleointensities (~0.3-0.5 uT) are likely unreliable because the clasts do not retain stable
remanence (Section 2.3.1). While the previous AF and thermal demagnetization studies
demonstrated that the glass matrix portion of 15498 carried a highly stable magnetization
component that persisted to high unblocking temperatures, the authors did not determine the age
of its NRM and were unable to unambiguously demonstrate whether it was acquired in an
ancient lunar dynamo field. Our goal is to conclusively determine the origin of NRM in 15498.

Methods

Essentially all previous thermal demagnetization and Thellier-Thellier experiments on lunar
rocks have failed due to the multidomain grain size of the majority of lunar rocks and
thermochemical alteration caused by laboratory heating (7, 28). The abundance of single and
pseudo-single domain grains within the glass matrix of 15498 means that it is not limited by the
former difficulty. To avoid the latter difficulty, we conducted thermal demagnetization
experiments on 13 subsamples in a controlled oxygen fugacity environment specially designed to
mitigate thermochemical alteration (58). 4 of these 13 subsamples were AF-pretreated to ac
fields of ~30-35 mT to remove low coercivity overprints prior to heating. We supplemented
these thermal demagnetization measurements with nondestructive stepwise AF demagnetization
methods for 7 additional subsamples. AF demagnetization also has the advantage over thermal
demagnetization of more effectively removing nonthermal overprints such as SRM (50, 51, 80)
and contaminating magnetization produced by strong artificial magnetic fields during sample
handling and transport (90).



Static three-axis AF demagnetization experiments were conducted on the 7 AF subsamples up to
290 mT (all subsamples except 282c) or 420 mT (subsample 282c, which was analyzed after a
new AF demagnetization system capable of reaching higher peak ac fields was installed at MIT).
Samples initially magnetized in a weak to null magnetic field that have a substantial population
of low-coercivity (multidomain) grains are particularly susceptible to magnetic contamination by
the acquisition of spurious anhysteretic remanent magnetization (ARM) and gyroremanent
magnetization (GRM) during AF demagnetization experiments (92). As AF demagnetization
proceeds, the magnitude of acquired ARM and GRM increases until the remaining NRM is
overwhelmed at high AF levels. Because the lunar dynamo field had likely declined to below ~5
KT before sample 15498 formed (8) and because lithic fragments within the breccia contain
occasional multidomain FeNi grains that will preferentially acquire spurious remanence during
the earlier stages of the demagnetization, care must be taken to identify and correct AF data for
the acquisition of these spurious remanences. In our experiments, AF was applied along each
orthogonal axis and the data were averaged to mitigate the effects of spurious ARM and GRM.

Subsamples were measured in differing orientations to mitigate systematic influence of any
ambient stray magnetic fields. Following the demagnetization experiments, the data from each
subsample were rotated into the JSC coordinate system for interpretation of mutually oriented
remanence directions (table S2). As the original demagnetization system at MIT could only
apply transverse (along the x- and y- directions) AF fields up to 85 mT, the subsamples (with
exception of 282c) were rotated manually for AF applications and measurements above 85 mT
until the maximum AF level of 290 mT. Subsample 282c (which was demagnetized using the
new AF system) was rotated manually for AF applications above 140 mT.

2.3. Demagnetization results

2.3.1. Mare basalt portion. Consistent with previous paleomagnetic studies of young (<3.3 Ga)
mare basalts, an unoriented basalt clast chip (15498,282h) exhibited unstable AF
demagnetization behavior. A low coercivity (LC) component unblocked below 8 mT and no
stable remanence was present at higher AF levels. This nonideal demagnetization behavior can
be ascribed to the poor magnetic recording properties of multidomain FeNi grains in mare basalts
that preclude retrieval of thermoremanent magnetization acquired in weak (generally <~20 uT)
ambient fields using AF methods. Therefore, we did not conduct paleomagnetic measurements
on any additional basalt clasts and we do not further discuss data from subsample 282h in this
work.

2.3.2. Interior matrix glass subsamples. Among the 20 total matrix glass subsamples, 12
subsamples were prepared from the interior of the rock (>~0.7 cm from where a ~1-2 mm thick
melt glass spatter variably coats the surface). Out of these 12 subsamples, the 5 subsamples
subjected to purely AF demagnetization contained three NRM components: an LC overprint that
unblocked below 6.5 mT, a medium coercivity (MC) secondary magnetization that unblocked
below 50 mT, and an apparently primary high coercivity (HC) magnetization that unblocked up
to the maximum applied AF level (290 or 420 mT, depending on subsample). Thermal
demagnetization experiments on the other 7 subsamples revealed the presence of low
temperature (LT) component that unblocked below 125-200°C and medium temperature (MT)
secondary components that unblocked below 250°C (note that several subsamples lacked a



MC/MT component), followed by stable high temperature (HT) components blocked up to the
780°C Curie temperature of kamacite.

The LC/LT and MC/MT components were generally non-unidirectionally oriented amongst the
subsamples (see Fig. 5 of the main text). Although the HC/HT components typically persisted
above 290 mT (e.g., Fig. 4 of the main text), we only conducted principal component analysis
(PCA) (59) fits on magnetization components for AF levels up to 85 mT to mitigate the influence
of spurious remanence acquired at higher AF levels on our fit directions. The deviation angle
(DANG) and maximum angular deviation (MAD) values for each HC/HT component were then
compared to qualitatively assess whether they were origin-trending (60). In this test, the angle
between the component direction and a line connecting the origin to the centroid of the data
(DANG) is compared with the MAD of the component. If the MAD value is greater than the
DANG value, the component is considered to be origin-trending. HC/HT components were
origin-trending for the majority (6 out of 8) of subsamples, suggesting that they represent
primary magnetization.

2.3.3. Peripheral matrix glass subsamples. The melt glass spatter on the edge of 15498 formed
after the interior breccia but certainly while the sample was on the Moon. Therefore, it affords
the opportunity of a baked contact test (47) for establishing whether the NRM of the interior
breccia predates sampling by the Apollo astronauts. With this motivation, 8 subsamples were
collected from closer to the periphery of 15498, within proximity (<7 mm) of the variably ~1-6
mm thick impact melt glass rind coating the rock’s surface. The glass rind thicknesses from the
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fig. S5. Equal-area stereographic projections of LC/LT and MC/MT magnetization components observed for
peripheral subsamples of 15498. (A) LC (circles) and LT (squares) component directions. (B) MC (circles) and
MT (squares) component directions. Lines encircling component directions represent the MAD associated with the
component. Open symbols (dashed lines) represent directions in the upper hemisphere, while filled symbols (solid
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denoted with light blue, medium blue, dark blue, dark green, and light green symbols, respectively.



regions adjacent to where our subsamples were collected ranged between ~1-2 mm. These may
be considered lower bounds on the initial spatter rind thicknesses as some material may have
eroded away due to impact gardening in the lunar regolith. Out of these, subsample 274a
consisted of material entirely sourced from the glass rind (approximate location outlined in Fig.
1a of the main text). Subsamples 274t and 287a consisted of a mixture of the impact glass
spatter and the breccia matrix. The remaining 5 subsamples were collected along a transect
starting adjacent to the glass spatter and moving progressively inward into the breccia. The
centers of subsamples 274v8 and 274v9 were located ~0.2 cm away from the edge of the spatter.
Subsamples 274v5 and v6 were located ~0.5 cm away from the edge. Subsample 274v3 was
collected from ~0.7 cm away from the edge. Purely AF demagnetization was conducted on
subsamples 274a and 287a. Subsamples 274v3, 274v5, and 274v9 were AF demagnetized using
ac fields up to 30 mT prior to controlled atmosphere thermal demagnetization. Subsamples 274t,
274v6, and 274v6 were subjected to purely thermal demagnetization.

All AF demagnetized peripheral subsamples contained LC/LT magnetization components
blocked up to ~7 mT or 200°C, respectively. 6 out of 8 subsamples contained one or more
MC/MT components blocked up to ~37 mT or ~360°C, respectively. The MT component for
274v3 (0.7 cm away from the edge of the sample) may have persisted above 480°C (the
maximum heating step applied to the peripheral batch of subsamples), but there was no
appreciable decay in remanence between ~300 and 480°C (so temperatures within this range
were excluded from our PCA fits). Note that the MT component direction for 274v3 resembles
that of the HT component in the interior subsamples and may represent the same magnetization
event (table S2). Also note that subsample 287a had a second MC component (MC2) blocked up
to 85 mT and 274t had a second MT (MT2) component blocked up to 550°C. However, these
two subsamples were prepared from the saw cut face of 15498 and as a result they may have
acquired some surficial contamination from the saw blade that was not fully removed by
sanding. The magnetization directions of the MC2 and MT2 components (as well as the
aforementioned LC/LT and MC/MT) are scattered and are not consistent with that of the HT
component observed in the interior subsamples (fig. S5).

We also compared the residual NRM intensities after heating to 300°C for subsamples collected
from the interior of the rock to those collected from the periphery near the glass spatter. We
found that the interior subsamples consistently had residual NRM intensities at least 4 times
higher than the NRM s of the peripheral subsamples near the young melt glass rind (Fig. 8 of the
main text). The absence of stable HC/HT remanence and low NRM intensities observed in
nearly all peripheral subsamples strongly suggest that the interior subsamples were thermally
demagnetized on the Moon from the emplacement of the impact melt glass spatter at high
temperatures in a null field. The contrasting remanence behaviors of the peripheral subsamples
relative to the interior subsamples coupled with the fact that high temperature magnetization in
subsample 274v3 (the farthest from the melt glass rind) is similar to that in the interior
subsamples are indicative of a positive baked contact test (47). These data indicate that the
HC/HT component in the interior subsamples represents primary magnetization acquired in a
stable field on the Moon when the breccia formed.



2.4. Interpretation of matrix glass NRM from 15498 interior subsamples

2.4.1. LC/LT magnetization and MC/MT magnetization. The absence of aqueous alteration
excludes secondary weathering CRM as the source of any magnetization in 15498. The non-
unidirectional nature of the LC/LT and MC/MT components and their low (generally <250°C)
unblocking temperatures and low (<50 mT) coercivity relative to the peak unblocking
temperatures and grain coercivities in the rock preclude total TRM. Because these subsamples
were collected from a slab that had been prepared using a band saw, it is possible that a partial
TRM (pTRM) was acquired during dry saw cutting (8). Physical contamination from the band
saw blade is entirely precluded for subsamples that were not directly collected from the saw cut
face (e.g., all subsamples from chip 313). Because JSC saw cut faces of subsamples were
sanded off within our magnetically shielded room prior to paleomagnetic measurements,
significant surficial contamination from the saw blade is unlikely for most subsamples, except
for possibly the MT components observed in subsamples 274t and 314a (i.e., the only
subsamples with overprints that persisted to unblocking temperatures >360°C). SRM acquired
on the Moon is likely also precluded given the non-unidirectional nature of these components. In
contrast, isothermal remanent magnetization (IRM) acquired from exposure to strong magnetic
fields is in principle capable of creating non-unidirectional secondary magnetizations. However,
the low NRM/IRM (<<0.1) ratios of these subsamples over the coercivity ranges of the LC/LT
and MC/MT fractions (Section 3.1.3-3.1.4) likely exclude an IRM origin, although it is possible
that these components reflect viscously decayed IRM. As discussed in detail in Section 4.4, the
highly viscous nature of this sample and the <250°C unblocking temperatures associated with
most of these components suggest that the LC/LT and MC/MT components are predominantly
viscous remanent magnetization (VRM) from the terrestrial field. The non-unidirectional nature
of these components is likely explained by differing VRM acquisition rates between the melt
glass (which typically has pseudo-single domain and smaller ferromagnetic grains) and entrained
<1 mm lithic fragments (which have multidomain ferromagnetic grains), and the fact that the
sample was rotated and stored in different orientations numerous times during its >42-year
residence at JSC (e.g., in between our two sample allocations in 2012 and 2015). Previous
experiments on magnetite have shown that VRM acquisition rates tend to vary with
ferromagnetic grain size (93).

2.4.2. HC/HT magnetization. The HC/HT magnetization components in the interior subsamples
of 15498 are generally origin-trending (table S2) and unidirectional across mutually oriented
subsamples (see Fig. 6 of main text). During demagnetization experiments, they persist to the
highest applied AF levels (>290 mT) and are blocked up to somewhere between 660-780°C.
These features are consistent with the HC/HT component being a TRM carried by martensite-
and kamacite-bearing samples. To further assess whether the HC/HT component is a TRM, we
compared the AF demagnetization curve of the HC component in subsample 282a to that of
laboratory ARM (a proxy for TRM), saturation IRM (SIRM), and pressure remanent
magnetization (PRM, a proxy for SRM). We found that the NRM in 282a is more resistant to
AF demagnetization than PRM, IRM, and ARM (fig. S6). The high stability of the NRM is
broadly consistent with it being a total TRM. On the other hand, it is more stable than even
ARM, which is typically considered an analog for TRM. This may because ARM is not a good
analog for TRM in this sample or perhaps that the the original total TRM of 15498 was hardened
by partial demagnetization of lower coercivity grains. Such hardening could have occurred if
the breccia’s primary NRM was partially shock demagnetized on the Moon during events



postdating breccia formation such as the impact that created the network of vesicular glass
fissures that crosscut the rock. Alternatively, the low coercivity fraction of the primary
magnetization could have viscously decayed on the Moon and/or in our magnetically shielded
room prior to our AF demagnetization experiment. In contrast, laboratory-induced ARM, IRM,
and PRM were demagnetized immediately after they were acquired, and were thus unable to
substantially decay prior to measurement.

Nevertheless, the high stability and generally unidirectional nature of the HC/HT component, the
successful Thellier-Thellier paleointensity experiments (Section 3.1.1), and the agreement
between the Thellier-Thellier and ARM and IRM paleointensity estimates (Section 3.1.2)
strongly suggests that the HC/HT component is indeed a primary TRM. Given the slow cooling
time scale of the 15948 glass relative to the <~1s expected duration of impact-generated fields
this late in lunar history (<3.3 Ga), any TRM carried by 15498 would require a longer-lived
ambient field such as that of a core dynamo or remanent crustal fields. A dynamo origin for the
NRM is favored because the ~1-3 uT paleointensities obtained from our study as well as a
previous study of 15498 are orders of magnitude higher than the intensities of remanent crustal
fields measured at the Apollo 15 landing site (3 nT) or at any other Apollo landing site (<350 nT)
(55).
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fig. S6. AF demagnetization of sample 15498,282a over the range of the HC component. Shown is the intensity
of NRM (red squares) during AF demagnetization compared to that of various forms of laboratory-induced
magnetization: ARM acquired in a 290 mT AC field and 3 uT DC bias field (yellow circles), IRM acquired in a
886.5 mT field (green diamonds), and PRM acquired in a field of 0.5 mT at a pressure of 2 GPa (blue triangles).



section S3. Paleointensity

3.1. Paleointensity estimates

Determining the strength of lunar surface fields at different points will constrain the longevity
and power source(s) of the core dynamo. The intensity of TRM that a rock acquires during
primary cooling below its Curie temperature is proportional to the strength of the magnetizing
field

M = xTrRM Bpaleo (2)

where Bpaieo 1S the ancient magnetizing field intensity (paleointensity) and ytrwm is the TRM
susceptibility of the source rocks (94).

There are two broad classes of techniques for recovering Bpaieo. In the Thellier-Thellier method
(41), the natural remanent magnetization (NRM) is progressively demagnetized by stepwise
heating in a zero field. Interleaved between successive demagnetization steps, a partial
thermoremanent magnetization (pTRM) is given to the sample in a known field (Bay) at the same
temperature level as the preceding heating step. Comparing the amount of NRM lost ( A NRM)
with the amount of pTRM gained ( A pTRM) over an equivalent temperature range allows for a
direct paleointensity determination

ANRM

Bpaleo = W *Biap (3)
This process is repeated for sequential heating steps of increasing temperature up to the Curie
temperature. An observed linear relationship between A NRM and A pTRM across the range of
temperature steps associated with the primary TRM component is consistent with a robust result.
It is important that the sample not alter during the laboratory heating process for the Thellier-
Thellier method to be successful. Because lunar rocks formed in a much more reducing
environment relative to the Earth, they are especially prone to mineralogical alteration during
heating experiments unless proper care is taken to control for oxygen fugacity (58).
Furthermore, lunar samples often contain secondary IRM components (typically blocked <10
mT) that were likely acquired during sample return and handling (9). They may have also
acquired SRM overprints during impact events on the lunar surface (50). Using the Thellier-
Thellier method on samples containing such nonthermal overprints may yield inaccurate results
because relationship (3) does not hold when the NRM is not a TRM and also thermal
demagnetization will simultaneously remove the overprint (7).

These limitations motivated the development of a second class of relative paleointensity
techniques that do not involve laboratory heating. These methods rely on AF demagnetization
instead of thermal demagnetization and use either ARM or isothermal remanent magnetization
(IRM) as a proxy for laboratory TRM (95-97). Paleointensities from the ARM (Parm) and IRM
(Pirm) methods are calculated using the following formulas

ANRM b
Parm = T5pm " 7 (4)



ANRM
Pirm = S * @ (5)

where ANRM, A ARM and A IRM are the changes in moment between AF demagnetization
steps for NRM, ARM, and IRM , respectively, b is a DC bias field, /" is the TRM/ARM ratio,
and a is a calibration constant with units of field. Here we adopt values of 1.34 for /” and 3000
WT for a (96, 98). Note that values of a similar to the latter have also been measured for
martensite-bearing samples (99). Excepting rare circumstances where grains might exhibit high
shape anisotropy (100) or carry a substantial fraction of pseudo-single domain grains that can
enter vortex states during AF applications (53, 61, 101, 102), paleointensities derived from the
ARM and IRM methods are typically accurate to within a factor 2-3 (6, 8, 98).

3.1.1. Thellier-Thellier paleointensity experiments. We conducted Thellier-Thellier
paleointensity experiments following the 1ZZI (in-field, zero-field, zero-field, in-field) protocol
(60) on subsamples 313e, 313h, 313j, 313k1, 313k2, and 314a (table S3a). Subsample 313j was
pre-treated with AF demagnetization to 30 mT. For each temperature step, the sample was
heated once in zero field and once in a laboratory field for pTRM acquisition with the ordering
of 1Z and ZI alternating with each subsequent temperature step. All heating experiments were
conducted in a controlled atmosphere of H2-CO- using the method of Suavet et al. (58), with the
oxygen fugacity at 1 log unit below the iron-magnetite or iron-wistite buffer. The temperature
steps were in increments of 50°C between 100°C and 300°C, 30°C between 300°C and 480°C,
20°C between 480°C and 620°C, 10°C between 620°C and 640°C, and 5°C between 640°C and
680°C (except for subsample 313k1 which broke after the 660°C demagnetization step). A dc
bias field of 3 uT was used for the pTRM acquisitions. Repeated pTRM acquisitions to check
for alteration were made after heating to 360°C (at 300°C), 420°C (at 360°C), 480°C (at 420°C),
520°C (at 480°C), 560°C (at 520°C), 600°C (at 560°C), 630°C (at 600°C), 645°C (at 630°C),
655°C (at 645°C), 665°C (at 655°C), 675°C (at 665°C), and 680°C (at 675°C). Starting at
520°C, pTRM field application directions were reversed (nearly antipodally, by flipping the
sample in the oven) after every two temperature steps to mitigate the contribution of pTRM tails
to the zero-field measurements.

We obtained paleointensity values of 5.1 + 1.6 uT (mean * 1c) for HT magnetization that was
usually blocked between temperatures of 560°C and 660-680°C, depending on the subsample
(see Fig. 7 of main text and fig. S7). At a lower unblocking temperature range (250-540°C),
paleointensity values were generally lower [typically a few hundred nT, with exception of
subsample 314a which had a substantial (possibly JSC saw-cutting related) overprint that was
removed at 450°C]. We interpret these low values to reflect partial shock demagnetization on
the Moon in a near-zero field environment, perhaps after the cessation of the lunar dynamo. This
interpretation is also consistent with our observation that the NRM is more resistant to AF
demagnetization than laboratory-induced ARM and SIRM, whereas ARM typically
demagnetizes at a similar rate as TRM (fig. S6). Paleointensity values and corresponding
Thellier quality criteria are reported in table S3a. Difference ratio sum (DRATS) alteration
parameters (60, 103) for the high unblocking temperature range (560-680°C) fall between 8-
63%, with two subsamples’ DRATS values below the 25% cutoff value above which terrestrial
paleointensity experiments are typically deemed unacceptable. Above 560°C, pTRM checks
came within 1-47% of corresponding initial in-field pTRM values, with 84% of pTRM checks
falling within 20% of initial values across all Thellier-Thellier subsamples (table S3b). 2 out of



6 subsamples (313j and 313k1) had all pTRM check values fall within 20% of their
corresponding initial pTRM values. As such, paleointensities may be robustly computed using
heating steps up to at least 655°C for our 15498 subsamples (and up to 680°C for subsample
313e), consistent with the expected thermal stability of martensite with our observed Ni contents.
Nevertheless, it appears that a combination of limited pTRM tails (from the small fraction of
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fig. S7. Thellier-Thellier paleointensity experiments for subsamples 15498,313k1 and 15498,313k2 following
the 1ZZI variant. (A, C) Arai plots displaying NRM lost during progressive thermal demagnetization (ordinate)
versus laboratory partial thermoremanent magnetization (pTRM) gained (abscissa) for subsamples 313k1 and
313k2, respectively. Peak temperatures for selected steps are shown. pTRM checks for alteration are shown
using triangles. Paleointensities for unblocking temperature ranges of 250-540°C and >560°C are denoted with
dark gray and green symbols, respectively. Gray segments link consecutive thermal steps. (B, D) Vector
endpoint diagrams showing zero field thermal demagnetization steps for subsamples 313k1 and 313k2,
respectively. LT and HT components are denoted using blue and green symbols, respectively.



multidomain grains in the sample) and small variations in heating time versus temperature
control (which can be important due to the high magnetic viscosity of this sample) may have
contributed some zig-zag behavior that is apparent in the Arai plots (see Fig. 7 of the main text
and fig. S7) and reflected in the Thellier statistics (table S3a).

3.1.2. ARM and IRM paleointensity experiments. In addition to our Thellier-Thellier
paleointensity experiments, we used the nondestructive ARM method to determine
paleointensities for the LC, MC, and HC components of several subsamples of 15498 (274d,
282a, 282c, and 287b) (table S3c). We also determined IRM paleointensities for the
magnetization components in subsample 282a (table S3d). ARM and IRM paleointensities for
the LC components in our subsamples range between ~7-20 uT. MC paleointensities range
between ~1-6 uT. The HC components have ARM paleointensities ranging between ~600 nT to
2.8 uT (mean value of 1.5 + 0.9) that are broadly consistent with our Thellier-Thellier
paleointensity determinations.

3.2. AF-based paleointensity fidelity limit tests

AF methods may impart samples with spurious ARM and GRM as demagnetization experiments
proceed (27). For samples susceptible to these remanences, the magnitude of contaminating
ARM or GRM increases with progressively higher AF levels until it eventually overwhelms the
remaining NRM. This effect ultimately places a lower limit on the paleointensity value (the
paleointensity fidelity limit) that can be accurately recovered from a given sample using AF-
based methods (8, 27). If the fidelity limit is lower than the retrieved paleointensity value from a
given subsample, then the paleointensity determination is considered accurate to within the
factor ~2-3 error associated with AF-based paleointensity methods. In this section, we address
the robustness of our AF-based paleointensity determinations.

Following Tikoo et al. (8, 27), we determined the AF-based paleointensity fidelity limit of
subsample 282c. We applied laboratory ARM (as an analog of thermoremanent NRM) that was
then AF demagnetized. The ARMs were produced using an AC field of 290 mT and DC fields
ranging from 1 to 10 pT [corresponding to TRM-equivalent fields from 0.7 to 7.5 uT, using the
TRM/ARM ratio of 1.34 discussed above]. We then used the ARM method to retrieve a
paleointensity value for each laboratory-induced magnetization. To ensure that we were only
determining paleointensity fidelity limits for grains that could have retained magnetization
acquired on the Moon, we only included those AF levels above which any secondary overprints
were identified by PCA (i.e., AF levels above 45 mT, the end of the MC component). A sample
was considered to have acceptable paleointensity fidelity at fields where either the percentage
difference between the retrieved paleointensity and the laboratory field, or the percentage
difference between the formal uncertainty (the 95% confidence interval determined using a two-
tailed Student’s t-test) and the laboratory field, were less than 100% (whichever occurred at a
higher laboratory DC field value). We found that robust paleointensities could be retrieved from
subsample 282c for magnetizing fields <0.7 uT (the minimum applied TRM-equivalent
laboratory field in our experiments) (fig. S8). Therefore, the AF-based paleointensities retrieved
from this and other 15498 subsamples (ranging from ~600 nT to ~3 uT) are likely accurate to
within the systematic errors associated with the ARM and IRM methods.
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section S4. Rock magnetic properties
4.1. Hysteresis and domain state

To determine the average domain state of the magnetic carriers in 15498, we measured hysteresis
loops on two pieces of subsample 287b: 287b1 (35 mg) and 287b2 (80 mg). These
measurements were made using a Princeton Instruments MicroMag vibrating sample
magnetometer housed at the Institute for Rock Magnetism at the University of Minnesota. The
bulk hysteresis parameters suggest that the average grain size of the magnetic carriers are
superparamagnetic to single-domain: the ratio of saturation remanence to saturation
magnetization (Mys/M:s) is 0.08-0.09 and the ratio of remanent coercivity to coercivity (Her/He) is
7.8-9.9 (table S4, Fig. 2 of the main text). These values are consistent with those obtained by a
previous study of 15948 (39). Despite the existence of observable >1 pm lithic FeNi grains
within the breccia matrix (multidomain grains), remanence in 15498 is predominantly carried by
the fine grain size (i.e., pseudo single domain and smaller) fraction of ferromagnetic carriers.
This may be confirmed by comparing the petrographically estimated metal content of the 15498
matrix to the metal content estimated from the sample hysteresis properties. The visible metal
content (multidomain grains) within the 15498 matrix is ~0.01 wt. % (38). The M; of the 15498
matrix is ~0.8 Am?/kg. Dividing this value by the Ms of kamacite [224 Am?/kg (104)] gives a
total metal content of 0.357 wt. % for 15498, which is more than an order of magnitude higher
than what is observed via microscopy.

To further characterize the distribution of grain sizes within 15948, we measured room-
temperature first order reversal curves (FORCs) on subsamples 287b1 and 287b2 following ref.
(105). FORC distributions quantify the range of magnetostatic interactions (Hy) vs. the range of
microcoercivities (Hc) present in a given sample. Our FORC distributions were calculated over
the range Hy = -50 to 50 mT and H¢ = 0 to 500 mT. FORC data were processed using the
VARIFORC smoothing protocol (106) within the FORCinel software package (107). The
following VARIFORC smoothing factors were used to reduce the data: ScO = 3, Sb0 = 2, Scl =
4, Sbl =4, Jnorizontal = 0.1, Avertica = 0.1 [see ref. (106) for smoothing factor definitions]. In the
FORC diagram (fig. S9), the presence of a horizontal ridge extending to high coercivity (>100
mT) along Hu = 0 is consistent with a population of single domain grains within the sample,
whereas the cluster near Hc = 0 spread along the H, axis is consistent with the presence of
superparamagnetic grains (108).
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4.2. Other rock magnetic parameters

We performed a series of additional rock magnetic experiments on subsample 15498,282a to
assess its magnetic recording properties (fig. S10). First, the sample was progressively given
ARM using an ac field of 200 mT and dc bias fields incrementally increasing from 0 to 2 mT.
This allows an estimation of the Cisowski R-value, an indicator of the extent of magnetostatic
interactions (109). The final ARM applied (peak AC field = 200 mT, DC field = 2 mT) was AF
demagnetized at increasing fields to 290 mT. Using this, we estimated a median destructive field
(MDF,; i.e., the peak ac field required to reduce the magnetization by half) of ARM of 51 mT.
Similarly, we obtained an MDF of IRM value of 52 mT by applying and subsequently stepwise
AF demagnetizing a 200 mT IRM to 290 mT (110). Finally, IRM was acquired stepwise to 886.5
mT and subsequently AF demagnetized to 290 mT. The acquisition and demagnetization of IRM
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fig. S10. Rock magnetic experiments on 15498,282a. (A) Moment-normalized IRM acquisition (dark blue
curve) and AF demagnetization (light blue curve). (B) Coercivity spectra [i.e., derivative of IRM acquisition
(dark blue curve) and AF demagnetization of IRM (light blue curve)]. (C) ARM acquisition curve for
15498,282a (green). ARM was acquired in a 200 mT ac field as a function of dc bias field. Upper (blue) dotted
curve is that of highly interacting chiton tooth magnetite and lower (red) dotted curve is non-interacting
magnetite in magnetotactic bacteria. (D) Normalized demagnetization of ARM (ac field = 200 mT, dc field = 2
mT) and IRM (200 mT).



enables the construction of coercivity spectra (111). The intersection of the acquisition and
demagnetization curves indicates an Her value of 70 mT. The low Cisowski R-value of 0.39 in
this subsample and the limited dispersion along the Hy axis in the FORC data for subsample
15498,287b1 (fig. S9) jointly indicate that the extent of magnetostatic interactions between metal
grains in the 15498 matrix should be modest. Normalized AF demagnetization curves of
laboratory ARM and IRM show that ARM is slightly more resistant to AF demagnetization than
IRM across most of the coercivity spectrum, indicating a major population of fine (single domain
or pseudo-single domain) magnetic grains. The ferromagnetic grain size range present in 15498
and the high remanent coercivity of this sample indicate that it is capable of providing
exceptionally high fidelity paleomagnetic records.

4.3. Possibility of shock remanent magnetization

It is possible that 15498 instantaneously acquired SRM as a result of a meteoroid impact that
occurred subsequent to the rock’s formation. Although the unfractured nature of the 15948
glassy matrix likely constraints post-formation peak shock pressures to below 3 GPa, shocks at
or below this level usually do not leave any petrographic evidence but can still produce
magnetization or demagnetize preexisting magnetization [e.g., Gattacceca et al. (80)]. To
investigate whether SRM could explain the observed NRM in 15948, we conducted a series of
PRM acquisition experiments at MIT. Subsample 282a was placed in a cylindrical Teflon cavity
which was then filled with polyethilsiloxane fluid and placed in a non-magnetic pressure cell
similar to that described in Sadykov (112). A coil surrounding the pressure cell applied a 500 uT
DC field. Pressure was applied to the cell using a 15 T manual hydraulic press. The sample was
kept in-field for at least one minute before the pressure was released. In this study, PRM
experiments were conducted for pressures of 0, 0.5, 1, 1.5, and 2 GPa.

Consistent with previous studies of lunar rocks (4, 5, 8, 50), we found that PRM was
preferentially acquired by a lower coercivity fraction of ferromagnetic grains relative to the HC
component in 15498,282a (fig. S6). This suggests that shock demagnetization processes are
unlikely to have fully demagnetized the sample (assuming PRM acquisition and pressure
demagnetization affect similar coercivity ranges). This is broadly consistent with the pressure
demagnetization experiments of Bezaeva et al. (83). Therefore, any primary TRM the rock may
have acquired during formation should have been mostly retained even if it experienced shocks
<3 GPa. Following Shea et al. (4), we assumed a linear relationship between demagnetized PRM
and pressure to estimate an upper limit on the intensity of a 5 GPa PRM acquired in a 500 pT
field and place an upper limit on the fraction of such a PRM remaining after demagnetization to
AF levels equivalent to the end of the LC component at AF 4 mT and the end of the MC
component at AF 50 mT (see stars in fig. S11). This then allows us to calculate the paleofield
intensities that would have been necessary to produce the observed LC, MC, and HC
components assuming they are SRM produced by a 5 GPa shock (4, 5, 8). We find that 870, 7,
and 43 uT ambient fields are required to reproduce the NRM intensities for the HC, MC, and LC
components, respectively. Lower peak pressures would require higher ambient field intensities
to reproduce the NRM. The required field intensity to reproduce the HC component with a 5
GPa PRM is higher than estimates for a lunar dynamo field at any stage in lunar history
(maximum value several tens of uT), although it is conceivable that transient impact-generated
fields could reach such intensities [e.g., ref. (31)]. However, the high coercivity nature of the



NRM in 15498, as well as the slow primary cooling timescale for 15948 (Section 1.3) relative to
the duration of impact fields provide evidence against an SRM origin for the HC component. The
field intensities required to reproduce the MC and LC components are potentially within range of
a dynamo field. However, the non-unidirectional nature of the MC and LC magnetizations in
15948 likely precludes an SRM origin for either of these components.
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fig. S11. PRM acquisition by 15498 subsample 15498,282a. Shown is the PRM intensity as a function of
applied pressure (0, 0.5, 1, 1.5, and 2 GPa) acquired in a 0.5 mT field. Black circles are PRM without any
subsequent AF demagnetization. Medium gray and light gray circles are PRM intensity at demagnetization steps
AF 4 mT and AF 50 mT that correspond to the end of the LC and MC components, respectively. Dashed lines
are best fit linear regression to data. Extrapolation yields a maximum estimate of the PRM acquired at 5 GPa
(stars).



4.4. Viscous remanent magnetization

For single domain FeNi grains (which are abundant in this sample), VRM acquired during ~40
years of residence in the terrestrial field is unlikely to remain after the sample has been heated to
temperatures in excess of ~125°C, assuming a standard 20 minute laboratory heating experiment
(52). While the unblocking curves for FeNi presented in ref. (52) were calculated for 1/e
acquisition and decay of remanence, unblocking curves for 1/e? and 1/e® acquisition and decay
are very similar [e.g., see treatment for single domain magnetite in Fig. 17 of ref. (113)].
Therefore, the peak unblocking temperature estimated for a terrestrial VRM should not depart
significantly from ~125°C. Thus, the HC/HT magnetization component in 15498 (that persists
to unblocking temperatures well above 500°C) is not residual VRM.

In contrast, the low <250°C maximum unblocking temperature of the LC/LT and MC/MT
components strongly favor a VRM origin for these secondary magnetizations, although it is also
possible that they may reflect viscously decayed IRM. We conducted a laboratory VRM
acquisition and decay experiment on subsample 282c to further test whether the LC/LT and
MC/MT magnetization components in our 15498 subsamples could be VRM acquired as the
result of 42 years of room-temperature exposure to the terrestrial field. Subsample 282c was
placed in the Earth’s field in a fixed position for 5 days, 19 hours, and 59 minutes. The
subsample was subsequently returned to our magnetically shielded room. After a ~1 minute
delay (to load the subsample into the magnetometer), the magnetization was repeatedly measured
to determine the intensity of the acquired VRM and its decay rate with time.

We found that a VRM component of magnitude 1.71x10® Am? (equivalent to 445% of the initial
NRM) was acquired during the experiment. The decay rate of this laboratory VRM was
essentially linear with log(time) (i.e., R? = 1), allowing us to compute a magnetic viscosity decay
coefficient Sq = d(VRM lost)/d[log(time)] of 3.93x10° Am?#/log(s) (note: subsample mass was
113 mg). Although we cannot precisely determine the VRM acquisition and decay rate over 42
years without an equivalently-long experiment, we can extrapolate the linear fit to our week-long
experimental data to provide an upper limit for how much of the NRM in 15498 could be
produced by VRM. For sample 15498,282c, our linear fit (red line in fig. S12) predicts that the
total VRM resulting from 42 years of exposure to the Earth’s field [log(time) = 9.1 log(s)]
followed by approximately a year of viscous decay in our magnetically shielded room prior to
our first NRM measurements [log(time) = 7.6 log(s)] would be ~150% of the total NRM for this
subsample. However, note that this value is significantly overestimated because the calculation
incorrectly assumes that 15498 remained stationary during the 42 years it resided at JSC.

Sample 15498 was physically manipulated and rotated multiple times during its residence at JSC
as portions of the rock were subdivided and allocated to different investigators over the years.



As we have demonstrated, sample 15498 is highly susceptible to acquisition of VRM.
Therefore, it is expected that VRM represents a major contributor to the LC/LT and MC/MT
magnetization components in this samples. While VRM is typically expected to exhibit
paleointensities similar to that of the terrestrial field (~50 uT), the low paleointensities observed
for the LC and MC components (1-20 uT) are easily explained by the rock having been rotated
numerous times during its residence on Earth, randomizing the VRM contribution in the sample.
The non-unidirectional nature of the LC and MC components across many subsamples is dually
consistent with physical rotations during long-term storage and sampling. The compositional
heterogeneity of the breccia makes it likely that VRM was acquired at different rates in different
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fig. S12. VRM decay experiment on sample 15498,282c. Sample was stored for 1 week in the terrestrial field (~50
uT) and then returned to our shielded room (< 200 nT) where its moment was semi-continuously measured (white
circles). Time data can be linearly fit (red line). An equation for the linear fit is shown on the plot with y representing
the ordinate and x the abscissa.

regions of the parent rock [i.e., glassy regions with fine-grained magnetization carriers may be
more susceptible to VRM acquisition than regions with greater concentrations of lithic fragments
with multidomain grains (93)].

4.5. Magnetic anisotropy

The presence of high remanence anisotropy in a sample may lead to incorrectly biased
paleomagnetic directions and paleointensities. To assess the extent of magnetic anisotropy in
sample 15498, we determined ARM anisotropy ellipsoids for several matrix glass subsamples.
In our experiments, ARM was applied with an 85 mT AC field and a 0.01 mT DC field in the
three orthogonal directions. The principal axes of the anisotropy ellipsoid were calculated
following ref. (114). The nature of anisotropy in a given sample can be characterized by the
degree of anisotropy, P, and the shape factor, T. P is the ratio of the magnetization acquired
along the easy and hard magnetic axes of the anisotropy ellipsoid. T is a parameter calculated
from the ratios of magnetization acquired along the easy, medium, and hard axes that quantifies



the shape of the anisotropy ellipsoid. P > 0 implies an oblate ellipsoid, while P <0 is
characteristic of a prolate ellipsoid. Our results indicate that the subsamples of 15498 have
modest magnetic anisotropies (1.08 < P < 1.20) that will not significantly bias paleodirectional
and paleointensity results (table S5). 5 out of 6 measured subsamples had oblate anisotropy
ellipsoids (0.15 < T < 0.70), while subsample 287a had a prolate ellipsoid (T = -0.20).

section 5. OAr/*¥Ar and *2Ar/2’ Ar thermochronology

A key question is when the NRM contained in the glass matrix of 15498 was acquired. In this
section, we use thermochronology to place temporal constraints on when the breccia formed and
acquired primary magnetization and on its subsequent thermal history.

5.1. Analytical results

Whole-rock “°Ar/*®Ar incremental heating experiments were conducted on an aliquot from the
interior of basalt clast 282-1 (table S6). WDS measurements on thin section 15498,299 indicate
that the main K-bearing phases within clast 282-1 are a K-rich glass, a feldspathic glass, and
pyroxene (table S7). The first 7 degassing steps (comprising the first 40% of *°Ar released from
K-rich glass and feldspathic glass) have relatively low apparent ages that monotonically increase
from an initial step age of ~980 Ma to ages ranging between 3264 and 3362 Ma in the
subsequent 9 degassing steps (i.e., the final 60% of total 3°Ar). The weighted mean age from the
final 60% of total **Ar was 3310 + 50 Ma; uncertainties are 1 standard deviation and include
uncertainty in the decay constant and fluence monitor age (see main text Fig. 3). Higher
temperature extractions were dominated by gas release from pyroxene as determined from their
3TArcal*®Ar ratio. Given that nearly all Apollo 15 mare basalts formed at ~3.3-3.2 Ga, the 3310
Ma age obtained from the high temperature release steps almost certainly reflects the
crystallization age of the clast.

Relatively low apparent ages are also observed in the first 7 steps of the cosmogenic 8Ar
exposure age spectrum (~40% of the extracted 3’Ar), rising from 153 Ma in the first degassing
step to 583-640 Ma in extractions 8-18 (i.e., the final ~60% of total *’Ar). The weighted mean
cosmogenic exposure age was ~600 + 8 Ma (fig. S13).
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5.2. Thermochronological modeling

Discordance in the lower temperature release steps in radiogenic and cosmogenic age spectra
generally indicates thermally-activated diffusive loss of “°Ar* and 3Arc.s, respectively. Prior
work demonstrates that discordance in the age spectra of mare basalts is generally produced
either by rock burial in a hot impact ejecta blanket, daytime heating on the lunar surface, or a
combination thereof (4, 5, 8, 43, 115). Although the precise thermal history that clast 282-1
experienced on the lunar surface is unclear, three events that affected Ar diffusion are certain to
have occurred: (i) the parent basalt erupted and crystallized during primary cooling, (ii) an
impact event occurred that incorporated this clast into regolith breccia 15498 and produced the
melt glass matrix, (iii) impact gardening brought sample 15498 to the lunar surface. Here we
describe our thermochronological modeling for estimating the timing of breccia formation (event
i) that incorporates likely constraints for (events i and iii).

5.2.1. Diffusion parameters. Because analyses were conducted on a whole-rock sample rather
than mineral separates, neutron-irradiated 3°Ar and 3’ Ar were released from multiple phases (i.e.,
K-rich glass, feldspathic glass, and pyroxene), with each phase represented by a diversity of
crystals and, in turn, diffusion domain sizes. To quantify the diffusion of radiogenic “°Ar (*°Ar*)
and cosmogenic Ar (*®Arcos) in our sample in the context of the various possible thermal
histories, we constructed multi-phase, multi-domain diffusion (MP-MDD) model fits to the data
shown in figs. S13 and main text Fig. 3 (model parameters shown in table S8), following the
method of Shea et al. (4). Similar MDD models and their application to natural samples with
multiple K-bearing phases have been reported by refs. (4, 5, 8, 65, 116). We calculated apparent
3 Ar and 3 Ar diffusion coefficients (see Arrhenius plot in fig. S14) from the whole-rock
stepwise release data (table S6) following ref. (117) using procedures described in refs. (4, 5,
65). We then used the diffusion coefficient values (table S8) to explore a variety of possible
thermal histories.
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5.2.2. Constructing potential thermal histories. We first explored time-temperature conditions
required to reproduce the 3Ar/3’Ar cosmogenic exposure age spectrum to place initial
constraints on the daytime heating temperatures experienced by the rock. As seen in fig. S13,
discordance in the exposure age spectrum is best explained by daytime heating at an effective
mean (i.e., square pulse) temperature of 69°C after 600 Ma (its cosmic ray exposure age), which
corresponds to a peak temperature during the lunation cycle of ~90°C. This value slightly
underestimates maximum daytime temperatures of ~98°C measured at the Apollo 15 landing site
(118). This suggests that 15498 was shallowly buried in the regolith for some of its near surface
exposure history (i.e., it was partially buffered from surface temperature variations but shallow
enough to accumulate cosmogenic nuclides). Note that regolith at depths >10 cm remain at a
relatively constant -23°C at the Apollo 15 landing site (119), whereas production rates for *8Arces
vary in the top ~2 m of the regolith and decrease exponentially down to ~10 m with an e-folding
length of ~120 cm (assuming a regolith density of 1500 kg m) (120).

We subsequently explored a range of time-temperature conditions to attempt to reproduce the
OAr/*¥Ar age spectrum given our knowledge of the breccia clast’s history. We assumed that the
clast formed at 3310 Ma (table S9) and that it subsequently experienced thermal excursions from
breccia formation (sometime after 3310 Ma) and daytime heating from 600 Ma (the cosmogenic
exposure age) to the present (fig. S15). For simplicity, we assumed there was no diffusive loss
of Ar between 3310 Ma and the time of breccia formation. We modeled impact-related time-
temperature conditions according to the process for breccia formation previously described in
Section 1.2. We assumed that during the breccia formation event, the clast’s temperature
increased from an initial value of 100°C to a set of clast-melt equilibrium temperatures ranging
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fig. S15. Schematic depicting time-temperature conditions underlying our thermochronological models.
Independent variables in our models such as the timing of breccia formation, peak temperatures experienced by the
clast during breccia formation, and effective daytime heating temperatures are indicated by red text.



between 450°C and 675°C over a span of 1000 s. To model the subsequent conductive cooling
of the consolidated breccia to surrounding rocks, we idealized the breccia as a tabular channel of
width 20 cm [i.e., roughly twice the current diameter of the rock; this larger size allows for
expected impact-induced fracturing of the parent rock after it formed (given its long ~600 Ma
residence near the lunar surface) (121)] and infinite length. Following Delaney (122), we
constructed cooling curves starting from the peak equilibration temperature and terminating 10°
seconds later, by which time the rock would have cooled down to temperatures that would not
produce significant Ar diffusion [e.g., in 10® seconds, the breccia would have cooled down to
just 2°C from a given peak equilibration temperature of 623 °C into a surrounding regolith of -
35°C; note that the surrounding regolith temperatures may have been anywhere between
approximately -200°C and 80°C, depending on the regolith depth at which 15498 formed (118,
123)]. We assumed that there was no diffusive loss of Ar between the end of breccia cooling and
600 Ma. We included diffusive loss of Ar due to daytime heating from 600 Ma to the present in
our composite thermal history.

It is possible that the emplacement of the impact glass spatter on the exterior of the rock
contributed to a transient heating of the exterior regions of the rock. However, the glass
emplacement is unlikely to have affected the clast that we conducted the thermochronology
modeling on for the following reasons: this clast (from parent chip 282) was located about 2 cm
from the nearest incidence of impact melt glass splatter, and the spatter thickness at that location
was <1-2 mm. This thin glass would have cooled very rapidly [we calculate an upper limit e-
folding cooling timescale of 12/D = 4 s for a 2 mm thick (I) rind assuming a typical silicate rock
thermal diffusivity (D) of 10°m? s]. Given this low glass thickness and fast cooling timescale,
heating related to emplacement of the glass spatter would not have penetrated far into the interior
of the rock where the modeled clast was located.

We ran a series of thermochronology models that varied the timing and peak equilibration
temperature associated with the breccia-forming impact between 3300 Ma and 650 Ma. Thermal
models using the 69°C effective mean daytime heating temperature inferred from the
cosmogenic exposure spectrum produced too much diffusion in the initial laboratory heating
steps and hence could not be reconciled with our sample’s “°Ar/*Ar age spectrum (fig. S16). The
best-fit daytime heating temperature varied with modeled impact age such that older impact
events required higher mean daytime heating temperatures to match the age spectrum [~56°C for
a 3300 Ma impact and ~25°C for a 650 Ma impact (table S10)]. The cosmogenic exposure age
requires 15498 to be near the surface (<3 m) for the past 600 Ma. Directly at the surface, the
temperature fluctuates between about -200 °C and about 80 °C at the Apollo 15 landing site
(118). At depths ranging between 50-150 cm, the lunation temperatures are limited to -23 £ 5°C
(123). Therefore, being shadowed by any nearby boulders for some time or shallow burial in the
regolith could easily permit 15498 to exhibit the surface temperatures (56-23°C) inferred from
our thermochronology models.
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+ 1 standard deviation (dark gray boxes) are plotted against the cumulative release fraction of *°Ar released. The
colored steps are model release spectra calculated using the MP-MDD model parameters shown in Table S8.

Therefore, we fixed the daytime heating temperature to whatever temperature produced the best-
fit ordinate-intercept of the age spectrum (between 25°C and 56°C, depending on the model) and
instead varied the impact age and the peak temperatures experienced by the clast during breccia
formation. Using these assumptions, we were able to exclude breccia-forming impacts occurring
at or before 3000 Ma because such models either do not produce enough diffusive loss in the
lower-temperature release steps (i.e., those between the 20% and 30% 3°Ar release steps of the
sample age spectrum) or the models produce too much diffusion at the higher temperature
release steps, lowering the model crystallization age (i.e., the >30% 3°Ar release steps) (fig. S17).
Accordingly, impact ages >3000 Ma also produced the highest reduced chi squared misfits (y%, >
7) to the entire sample age spectrum (table S10). Impact ages close to the cosmogenic exposure
age (e.g., 650 Ma) produce non-unique best-fit solutions and do not reproduce the form of the
OAr/°Ar age spectrum as well as other impact age models (fig. S18). Models for impacts
occurring between 2500 Ma and 1000 Ma had the lowest misfits (5 <% < 6) when employing
peak impact heating temperatures ranging from 540-560°C. These peak temperatures are close
to the breccia equilibrium temperature inferred from measurements of the crystallinity of the
matrix glass (see Section 1.2), which gives confidence in both results.

Because the reported 2, misfit values were calculated from the entire age spectrum, they
mitigate the observed differences between the model age spectra and the sample age spectrum in
the low temperature release fraction where discordance manifests. We attempted to further



refine the breccia formation age by plotting the best fit model age spectrum from each modeled
impact age and comparing the model release steps to the path of the sample release steps for the
low temperature fraction most affected by impact heating (i.e., steps 2-6, ranging between ~10-
30% of the total 3°Ar release). We found that 5 out of 5 model release steps fell on the sample
release path for breccia formation occurring at 1000 Ma, 4 out of 5 model release steps matched
the sample path for breccia formation occurring at 1500-3000 Ma, and only 3 out of 5 model
release steps matched for breccia formation at 3300 Ma (see Fig. 3 of the main text.). Our
thermochronometry models provide an constraint on the formation age which is entirely
independent from the previously measured trapped “°Ar/®Ar breccia lithification age of 1.32 +
0.43 (45). Remarkably, both findings strongly suggest that the glass matrix of breccia 15498
formed and acquired TRM at ~1-2.5 Ga.
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fig. S17. 15498 MP-MDD model predictions for diffusion of “°Ar* resulting from impact heating at various
times in lunar history (to temperatures ranging between 450° and 675°C), followed by daytime heating to
effective mean temperatures ranging between 35° and 56°C after 600 Ma. (A) 1000 Ma, (B) 1500 Ma, (C)
2000 Ma, (D) 2500 Ma, (E) 3000 Ma, (F) 3300 Ma. The crystallization age was assumed to be 3310 Ma. The
observed ages + 1 standard deviation (dark gray boxes) are plotted against the cumulative release fraction of *°Ar
released. The colored steps are model release spectra calculated using the MP-MDD model parameters shown in
table S8. Insets show reduced chi squared fit statistics for each model.
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fig. S18. 15498 MP-MDD model age spectra incorporating diffusion of “°Ar* resulting from impact heating
at 650 Ma (to temperatures ranging between 450° and 675°C), followed by daytime heating to an effective
mean temperature of 25°C after 600 Ma. The clast crystallization age was assumed to be 3310 Ma. The
observed ages + 1 standard deviation (dark gray boxes) are plotted against the cumulative release fraction of 3°Ar
released. The colored steps are model release spectra calculated using the MP-MDD model parameters shown in

table S8. qu misfit values were not amenable to curve fitting. The minimum qu misfit value from this set of
models was obtained from the model utilizing a peak impact heating temperature of 525 °C.



table S1. WDS measurements of metal grains in 15498 thin sections 298 and 299.

Sample Occurrence # Fe Ni P Co S Si Al w Ti o Cr Total
15498,298 lithic fragment in glass 1 91.25 2,55 0.00 1.12 0.01 0.10 0.88 0.00 0.16 1.90 0.07 98.04
isolated in glass 2T1 90.63 2.67 0.20 1.30 0.54 0.00 1.14 0.00 0.02 1.71 0.02 98.24

isolated in glass 2T2 92.12 2.70 0.27 1.38 0.47 0.00 0.60 0.00 0.02 1.10 0.00 98.67

lithic fragment in glass 3T1 89.06 5.33 0.01 1.95 0.03 0.00 0.96 0.00 0.03 1.66 0.00 99.03
lithic fragment in glass 3T2 89.24 5.26 0.00 1.98 0.05 0.00 1.14 0.00 0.04 1.67 0.03 99.40
lithic fragmentin glass 373 8791 6.17 0.00 1.84 0.03 0.27 0.75 0.00 0.03 1.60 0.04 98.64
within basalt clast 4 89.30 3.76 0.00 1.23 0.00 0.00 2.96 0.00 0.06 3.22 0.04 100.58
within basalt clast 5 89.82 3.86 0.00 2.02 0.03 0.00 0.94 0.00 0.17 1.60 0.13 98.57
within basalt clast 6T1 92.23 3.06 0.00 1.16 0.01 0.00 1.21 0.00 0.07 1.78 0.00 99.52
basalt/glass boundary 6T2 92.72 3.12 0.01 1.24 0.03 0.00 0.84 0.00 0.02 1.29 0.03 99.30
basalt/glass boundary 6T3 92.23 3.03 0.00 0.03 0.00 0.79 0.00 0.07 1.51 0.03 98.93
basalt/glass boundary 7T1 85.59 8.63 0.00 0.03 0.00 1.09 0.00 0.04 1.56 0.02 98.47
basalt/glass boundary 772 86.30 7.20 0.03 0.00 0.00 1.30 0.00 0.07 2.10 0.04 98.57
15498,299 lithic fragmentin glass 1T1 76.61 19.36 0.03 0.05 0.00 0.56 0.00 0.02 1.11 0.04 99.87
lithic fragmentin glass 172 75.79 19.33 0.02 0.01 0.00 0.39 0.13 0.01 1.07 0.03 98.77
lithic fragment in glass 1T3 75.60 19.27 0.01 0.04 0.00 0.37 0.00 0.04 0.94 0.01 98.28
lithic fragment in glass 2T1 83.35 12.55 0.36 0.07 0.00 0.27 0.00 0.03 0.75 0.05 98.59
lithic fragment in glass 2T2 82.71 12.79 0.34 0.04 0.00 0.36 0.00 0.02 0.63 0.00 98.07
lithic fragment in glass 4T1 86.39 8.52 0.02 0.06 0.00 1.03 0.00 0.00 1.41 0.02 99.01
lithic fragment in glass 4T2 87.19 8.77 0.02 0.03 0.00 0.52 0.00 0.00 0.92 0.01 99.05
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lithic fragment in glass 4T3 87.94 8.74 0.03 48 0.04 0.00 0.42 0.00 0.03 1.05 0.02 99.75
lithic fragment in glass 474 87.52 8.84 0.02 56 0.06 0.00 0.79 0.00 0.00 1.47 0.01 100.26
lithic fragment in glass 4T5 87.66 8.42 0.02 56 0.02 0.00 0.46 0.00 0.02 1.25 0.02 99.43
lithic fragment in glass 476 87.61 8.83 0.03 55 0.04 0.00 0.58 0.00 0.01 1.10 0.04 99.79
lithic fragment in glass 477 87.54 8.04 0.02 53 0.02 0.00 0.58 0.00 0.01 1.22 0.00 98.97

=

lithic fragment in glass 4T8 87.37 8.44 0.01 .59 0.03 0.04 0.32 0.00 0.05 1.13 0.03 99.01

lithic fragment in glass 5T1 91.74 3.78 0.00 1.44 0.03 0.00 0.50 0.00 0.02 1.13 0.02 98.67

lithic fragment in glass 5T2 90.96 3.94 0.03 1.41 0.04 0.00 0.46 0.00 0.03 0.85 0.02 97.74

lithic fragment in glass 573 91.13 3.75 0.01 1.42 0.05 0.00 0.28 0.00 0.10 0.81 0.04 97.57

lithic fragment in glass 5T4 91.68 3.67 0.00 1.37 0.02 0.00 0.37 0.00 0.04 1.08 0.10 98.33

lithic fragment in glass 6 93.10 2.71 0.02 1.60 0.00 0.00 0.32 0.00 0.12 0.67 0.00 98.55

lithic fragment in glass 7 88.78 6.46 0.02 1.78 0.02 0.00 0.45 0.00 0.07 0.99 0.05 98.62
Note: The first column contains the sample name. The second column describes the petrographic setting of each measured metal grain. The third column
contains a number corresponding to the grain measured if there was only one data point per grain or the transect measured across a single grain if multiple
points were measured (when number is preceded by a “T”). The fourth through fourteenth columns contain the elemental abundances in mass percent for Fe,
Ni, P, Co, S, Si, Al, W, Ti, O, and Cr, respectively. The fifteenth column contains the sum (in percent) of the measured elemental abundances.




table S2A. NRM components identified for interior matrix glass subsamples of 15498.

e emrorunblocing Ty Dec,Inc.() MADMADA(") DANG() N Crentation
274d 165 90, 90
LC 1.5-5mT L 243.9,-0.8 3.4 8
MC 5-48 mT L 173.1, 42.9 20.7 64
HC 48-85 mT AL 73.8, -24.5 4.2,18.8 12.8 38
282a 89 0, 90
LC NRM-4 mT L 92.8, -24.7 2.5 7
MC 4-50 mT L 133.7,-5.2 19.1 68
HC 50-85 mT AL 52.6, -41.9 0.7, 8.3 4.6 36
282b 85 0, 180
LC NRM-6.5 mT L 230.9, 20.2 14.3 12
MC 6.5-43 mT L 265.3, 21.4 9.2 56
HC 43-85 mT AL 34.6, -26.1 4.5,29.8 53 43
282c 113 0, 90
LC NRM-5 mT L 67.9, 11.7 8.9 4
MC 5-45 mT L 263.9, 15.5 2.4 13
HC 45-85 mT AL 42.7, -28.9 1.7,21.6 13.1 9
282t 100 90, 90
LT NRM-1250C L 120.5, 44.7 11.2
MT 125-200°C L 288.6, -80.0 10.4 4
HT 200-7850C AL 38.4, -50.0 6.2, 17.7 1.5 24
287b 123 270, 90
LC NRM-6 mT L 195.4, 15.2 3.2 10
MC 6-41 mT L 171.5,12.9 18.4 55
HC 41-85 mT AL 47.3, -58.9 5.3, 37.1 30.7 45
313e 104 180, 90
LT NRM-100°C L 311.1, -36.6 0 2



HT 100-680°C AL 68.2, -64.4 2.8,7.6 0.4 28

313h 102 0, 90
LT NRM-100°C L 227.0, -72.7 0 2
HT 100-675°C AL 56.1, -58.7 3.7,8.4 1.3 27

313j 139 0, 90
LC NRM-30 mT L 280.9, -43.9 11.3 16
HT 100-665°C AL 55.0, -56.4 3.8,11.4 2.8 25

313k1 51 180, 90
LT NRM-100°C L 290.5, -50.3 0 2
HT 100-660°C AL 74.5, -61.3 5.8, 17.7 7.1 24

313k2 40 180, 90
LT NRM-100°C L 307.7, -38.3 0 2
HT 100-675°C AL 67.2, -59.6 4.6, 10.5 4.53 27

314a 127 0, 90
MT NRM-450°C L 75.3, 7.1 11.3 12
HT 450-665°C AL 55.8, -37.3 5.3, 12.3 2.9 16

Note: The first column contains the subsample and component names. The second column contains the subsample mass. The third column contains the AF
levels or unblocking temperature range corresponding to each magnetization component. The fourth column contains the type of PCA fit (L = linear fit not
forced through the origin, AL = linear fit forced through the origin). The fifth column contains the declination and inclination of the fit. The sixth column
contains the MAD of the corresponding PCA fit, followed by the MAD of an unconstrained (i.e., not forced through the origin) linear PCA fit (defined here as
MADd) determined for the same AF levels. The seventh column contains the DANG value. The eighth column contains the number of data points used to
determine each fit. The ninth column contains the strike and dip of each subsample’s top face as they were oriented in our magnetometer for measurements.
Following demagnetization experiments, the data were rotated into a common reference frame.



table S2B. NRM components identified for peripheral matrix glass subsamples of
15498.

AF or Unblocking Orientation:

C:;:?l::'nt 2’::;? Ten:zgenr:;ure Type Dec., Inc. (°) M I:'IDI':‘Dzo) D?OI;G N strilzfS dip

274a 103 90, 90
LC 1.5-6.5 mT L 197.3, 15.2 2.4 11
MC 6.5-14.5 mT L 179.1, 16.0 16.4, 10

274t 86 0, 90
LT NRM-200°C L 125.5, 15.3 16.8 4
MT 200-250°C L 118.5, -34.5 17.3

MT2 250-550°C AL 103.1, -29.0 10.3,26.6  65.3 7

274v3 55 270, 90
LC NRM-3.5 mT L 103.8, -15.2 7.3 7
MC 3.5-20 mT L 151.3, -13.5 6.4 34
MT 150-300°C AL 21.6, -52.1 12, 14.9 20.8 4

274v5 41 270, 90
LC NRM-5.5 mT L 76.2, -7.0 4.5 11
MC 5.5-16.5 mT L 223.8,-11.6 18.1 23

MC2 17-29 mT L 191.1, 6.9 26 21
MT 29 mT-300°C L 47.0, -22.6 42.7 17

274v6 43 270, 90
LT NRM-200°C L 75.4, 30.7 4.1 4

274v8 66 L 270, 180
LT NRM-200°C L 84.4,17.1 6.3 4
MT 200-360°C L 303.0, 9.0 18

274v9 70 270, 180
LC NRM-7 mT L 259.6, 4.2 5.2 14
MC 7-20 mT L 88.3, 2.3 18 27

287a 164 180, 90
LC NRM-2.5 mT L 296.1, -27.3 5.3 4
MC 5-37 mT L 109.1, -17.4 6.4 53

MC2 37-85 mT AL 89.0, -0.7 10.8, 34.9 9.1 57

Note: All columns defined as in table S2a.

table S2C. Fisher mean component directions derived from 15498 data in table

S2A.

Component

Dec. (°)

Inc. (°)

ass (°) K

N

HC/HT

54.2

-48.2

9.5 19.9

12

Note: All subsamples were mutually oriented. The first column gives the name of the component used to compute
the mean direction. The second and third columns contain the declination and inclination of the mean direction. The
fourth column gives the 95% angular confidence interval (ass). The fifth column gives the Fisher precision
parameter (k). The sixth column gives the number of subsamples used in the calculation.



table S3A. Thellier-Thellier paleointensity determinations for 15498 subsamples.

Sample Ten1R|;(le1rgaeture D:\ol‘;G N(Ilc-\)D N FRAC B GAP-MAX Dgz'l)'s Paleo(i::snsity
313e 250-540°C 78 33 11 0.18 0.43 0.22 71 1.5 0.2+0.1
560-680°C 2.1 73 14 0.64  0.11 0.16 17 5.8 5.1+ 0.6
313h 250-540°C 72 35 11 0.23 0.38 0.18 45 0.6 0.8+ 0.3
560-675°C 3.3 6.2 13 0.57  0.14 0.15 63 4.1 6.5+ 0.9
313j* 250-540°C 16 44 11 0.21 0.12 0.23 34 0.3 0.8+0.1
560-665°C 3.3 12 11 0.80  0.29 0.27 36 1.1 3.1+0.9
313k1 250-540°C 76 42 11 022 0.35 0.19 38 2.3 0.5+ 0.2
560-660°C 5.5 12 10 051  0.25 0.19 8 1.2 7.7+1.9
313k2 550.5400°C 85 45 11 029  0.44 0.13 35 2.5 0.7+0.3
560-675°C 3.8 11 13 051 0.20 0.13 46 2.7 47 +1.0
314a 250-450°C 49 23 7 0.32 0.40 0.17 99 0.1 7.1+2.9
480-665°C 3.4 13 15 0.38  0.11 0.10 42 2.4 3.8+ 0.4

Note: The first column contains the sample. The second column contains the temperature range used in the
paleointensity regression calculation. The third column contains the DANG value of the fit. The fourth column
contains the unconstrained MAD value of the fit. The fifth column contains the number of NRM-pTRM steps used in
the regression. The sixth through tenth columns contain the following Thellier statistics: FRAC value, 8, GAP-MAX,
DRATS parameter, and g. The eleventh column contains retrieved Thellier-Thellier paleointensity values.
Uncertainties on paleointensity values are determined from the standard error (o») of the least squares slope of the
HT component on the Arai diagram, following ref. (124).

*Subsample 313j was AF-pretreated to 30 mT prior to thermal demagnetization experiments.

table S3B. Comparison of pTRM and pTRM check values for 15498 subsamples.

% between pTRM and pTRM checks

Preceding pTRM

PTRM (°C) check (°C) 313e 313h 313j 313k1 313k2 314a
360 300 43.4 27.1 9.9 12.8 9.1 46.9
420 360 16.8 15.5 10.6 8.0 6.9 12.7
480 420 13.2 13.4 14.5 4.6 0.3 51.4
520 480 12.0 18.8 7.3 7.6 11.1 22.5
560 520 27.2 1.1 3.7 17.2 15.5 9.5
600 560 7.1 47.2 19.3 1.3 23.6 25.6
630 600 1.9 24.8 10.7 2.5 2.5 10.2
645 630 0.4 12.0 7.6 4.8 11.7 6.9
655 645 1.1 2.5 2.9 0.7 3.7 2.1
665 655 6.3 4.4 3.6 1.6
675 665 2.8 10.0
680 675 0.9

Note: The first column contains the temperature of the thermal demagnetization step preceding the pTRM check.
The second column contains the temperature of the pTRM check. The third through eighth columns contain the

percentage difference between the pTRM check values and the previously applied pTRM at the same temperature
for subsamples 313e, 313h, 313j, 313k1, 313k2, and 314a, respectively.



table S3C. ARM paleointensity determinations for 15498 subsamples.

Subsample, AF levels included ARM bias
Component (mT) field (UT) Paleointensity
274d
LC NRM-5 50 7 +£0.4uT
MC 5-48 50 610 £ 70 nT
HC 48-85 50 770 £ 150 nT
282a
LC NRM-4 50 9.8 £3.5uT
MC 4-50 50 1.1 £0.1 T
HC 50-85 50 2.8+ 0.3 uT
282c
LC NRM-5 3 9.8 +£8.4 uT
MC 5-45 3 58+ 1.7 uT
HC 45-85 3 1.1 £0.2uT
287b
LC NRM-6.5 50 20 £ 3.9 T
MC 6.5-43 50 1.3+£0.2uT
HC 43-85 50 1.3+ 0.3 T

Note: The first column identifies each subsample and specifies whether the data presented for each row refers to a
low coercivity (LC), medium coercivity (MC), or high coercivity (HC) magnetization component. The second column
contains the AF range used for the paleointensity determination. The third column contains the intensity of the dc
bias field to produce the ARM (along with a 290 mT ac field). The fourth column contains paleointensity values.
Uncertainties are 95% confidence intervals determined using a two-tailed Student’s t-test. All paleointensity
values are computed assuming the components are thermally activated remanences.

table S3D. IRM paleointensity determinations for 15498 subsamples.

Subsample, AF levels included
Component (mT) Paleointensity
282a
LC NRM-4 9.5+ 1.2uT
MC 4-50 0.9+0.1uT
HC 50-85 20+0.1 4T

Note: The first column identifies each subsample and specifies whether the data presented for each row refers to a
LC, MC, or HC magnetization component. The second column contains the AF range used for the paleointensity
determination. The third column contains paleointensity values. Uncertainties are 95% confidence intervals
determined using a two-tailed Student’s t-test. All paleointensity values are computed assuming the components
are thermally activated remanences.



table S4. Rock magnetic and hysteresis parameters.

M:s Ms Hecr Hc MDF1rm MDFarm
Sample (Am2kg?) (Am3kg™) M,s/Ms (mT) (mT) Hcr/Hc R (mT) (mT) Source
15498,282a 0.107 70 0.39 52 51 this study
15498,287b1 0.079 0.87 0.091 69 8.8 7.8 this study
15498,287b2 0.058 0.73 0.079 59 6.6 8.9 this study
15498,35 0.066 0.75 0.088 77 7.8 9.9 (39)

Note: The first column gives the subsample name, the second column shows the saturation remanent magnetization normalized by mass, the third column
shows the saturation magnetization normalized by mass, the fourth column shows the ratio of saturation remanent magnetization to saturation magnetization,
the fifth column shows coercivity of remanence, the sixth column shows coercivity, the seventh column shows the ratio of coercivity of remanence to coercivity,
the eighth column shows the Cisowski R-value (109), and the ninth and tenth columns show the MDF of IRM and ARM, respectively (110). During our MDF
experiments, we imparted ARM using a 200 mT AC field and a 2 mT DC field and IRM using a 200 mT DC field. The eleventh column shows the sources for the
data.

table S5. Anisotropy of ARM (85-mT ac field with 0.01-mT dc field).

Subsample Anisotropy degree P Shape factor T
274d 1.10 0.70
282a 1.20 0.29
282b 1.16 0.44
282c 1.20 0.70
287a 1.08 -0.20
287b 1.08 0.15

Note: The first column contains the subsample name, the second column contains the degree of anisotropy P, and the third column contains the shape factor T
of the anisotropy ellipsoid.



table S6. Complete “°Ar/3°Ar incremental heating results.

Apparent *EAr

# Temp 40p - 39 38, 37Ar 3SAr A0 p ok BBA'} BBArcos “Artrap “Arcl BSArco; 36Arnap ca/K WAI’J"BgAr Age Exposure Age
(°c) t1c + 1o t1o + 1o +1o (%) (%) (%) (%) (%) (%) (%) £ 1s (Ma) P 9
+ 1s (Ma)
15498-282-1 whole-rock fragment
1 460°C  1.36302 £0.00112  0.02550 £0.00035  0.00820 +0.00022  0.14454 +0.00101  0.00692 +0.00075  100.0  99.6 91.5 0.0 0.0 100.0 0.0 1.2 980 + 31 153+ 7
2 459°C  0.75503 £0.00091  0.00998 +0.00028  0.00528 +0.00021  0.05918 +0.00066  0.00345 £0.00075  100.0  99.6 97.3 0.4 0.0 96.3 3.2 1.7 1270 + 24 258 + 20
3 513°C 248711 £0.00211  0.01778 £0.00020  0.02699 +0.00022  0.24312 £0.00115  0.01780 £0.00075  100.0  99.0 98.9 0.3 0.0 97.1 2.6 27.1 1922 + 50 350 + 12
4 513°C 153017 £0.00137  0.00774 £0,00028  0.01750 +0.00022  0.13218 +0.00090  0.01140 =0.00075  100.0  98.8 99,3 0.1 0.0 98.8 0.9 33.9 2357 £ 70 425 + 32
5 566°C  4.37503 £0.00303  0.01551 £0.00030  0.06628 +0.00024  0.43664  0.00135  0.04332 £0.00076  100.0  98.0 99.6 0.1 0.0 98.7 11 56.3 2859 % 63 499 & 30
6 566°C 251871 £0.00218  0.00765 +0.00020  0.04030 +0.00023  0.24826 +0.00119  0.02620 £0.00076  100.0  97.7 99.7 0.0 0.0 99,3 0.4 65.0 3088 + 81 537 + 41
7 619°C  6.41119 £0.00362  0.01780 £0,00031  0.11943 £0.00027  0.70627 +0.00213  0.07820 £0.00076  100.0  97.2 99,7 0.1 0.0 98.6 12 80.0 3231 + 64 562 + 20
8 618°C  3.55884 £0.00254  0.00955 +0.00030  0.06827 +0.00025  0.38961 +0.00136  0.04498 £0.00076  100.0  97.2 99.6 0.2 0.0 97.9 19 82.3 3284 + 76 583 + 37
9 671°C  8.05683 £0.00431  0.02141 £0,00032  0.17160 £0.00030  0.97854 +0.00199  0.11300 £0.00078  100.0  96.8 99,6 0.2 0.0 98.0 18 92.5 3303 + 63 585 + 18
10 670°C  4.26142 £0.00311  0.01121 £0.00029  0.09761 £0.00026  0.55884 £0.00169  0.06322 £0.00077  100.0  96.5 99.9 0.0 0.0 99,9 0.0 1012 3323 £ 72 586 + 31
11 722°C  8.93960 +0.00470  0.02321 +0.00031  0.23182 +0.00043  1.26740 +0.00467  0.15162 +0.00078  100.0  96.1 99.7 0.1 0.0 98.8 1.0 1140 3340 £ 63 601 + 17
12 722°C 452658 £0.00330  0.01194 £0.00028  0.12922 £0.00026  0.73581 £0.00176  0.08413 £0.00077  100.0  95.7 99.8 0.1 0.0 99.3 0.5 1262 3332 %70 593 + 29
13 777°C  7.45697 +0.00571  0.02030 +0.00030  0.23362 +0.00037  1.26481 +0.00491  0.15296 +0.00079  100.0  95.6 90.8 0.1 0.0 98.7 11 130.8 3286 + 63 609 + 19
14 775°C  3.35612 £0.00270  0.00875 £0.00028  0.11257 +0.00028  0.64050 £ 000177  0.07341 £0.00077  100.0  94.9 99.8 0.1 0.0 99,1 0.6 1511 3362 £ 79 596 + 40
15 829°C 500366 +£0.00351  0.01393 £0.00029  0.18433 £0.00030  1.01218 £0.00243  0.12372 £0.00078  100.0  94.9 99.4 0.5 0.0 95.9 3.9 150.0 3263 £ 67 615 + 27
16 824°C  1.04652 +0.00151  0.00536 +0.00027  0.07936 +0.00025 043715 +0.00151  0.05203 +0.00076  100.0  94.3 90,5 0.4 0.0 96.6 3.1 160.5 3280 £ 101 616 + 66
17 879°C  2.87663 £0.00250  0.00879 £0.00028  0.12810 £0.00026  0.67431 £0.00192  0.08866 +£0.00077  100.0  94.7 99.0 0.9 0.0 92,6 7.2 1589 3127 £ 76 640 + 42
18 880°C  1.13868 +0.00121  0.00354 +0.00027  0.05478 +0.00024  0.28965 +0.00134  0.03737 +0.00076  100.0  94.3 90,2 0.7 0.0 04.2 5.6 1702 3100 £ 134 640 + 103
19 931°C  2.69626 +0.00280  0.00978 £0.00028  0.13364 +0.00029  0.66150 +0.00189  0.09743 +0.00078  100.0  95.3 98.2 1.7 0.0 87.2 12.6 1391 2866 £ 71 672 + 40
20 931°C  1.05280 £0.00111  0.00358 £0.00027  0.06193 £0.00025  0.31788 + 0.00148  0.04257 £0.00076  100.0  93.8 99.1 0.8 0.0 93.4 6.4 1855 2983 £ 131 660 + 105
21 082°C 468186 +0.00341  0.01608 +0.00028  0.56377 +0.00056  2.86228 +0.01692  0.37317 £0.00094  100.0  87.6 90.7 0.3 0.0 97.5 2.3 398.1 3068 £ 65 693 + 20
22 ggaeC  0.92273 £0.00131  0.00335 £0.00027  0.13005 £ 0.00028  0.68687 £ 0.00201  0.08460 £0.00077  100.0 858 99.9 0.0 0.0 99.5 0.3 468.0 3017 % 149 674 + 124
23 1030°C  2.27567 £0.00210  0.00836 +0.00028  0.61011 +0.00052  3.14172 +0.01662  0.39536 +0.00091  100.0  73.9 100.0 0.0 0.0 00,9 0.0 007.0  3222+01 744 + 68
24 1031°C  0.42961 £0.00073  0.00186 +0.00027  0.11074 +0.00028  0.58569 +0.00197  0.07132 £0.00076  100.0  78.1 100.0 0.0 0.0 100.0 0.0 790.6 2899 + 273 705 + 256
25 1083°C  1.74716 £0.00131  0.00971 £0.00029  1.00902 £0.00102 547803 £0.02425  0.65021 £0.00113  100.0 60.8  100.0 0.0 0.0 100.0 0.0 1817.8 2899 01 798 + 78
26 1082°C  0.11198 £0.00031  0.00199 £0.00027  0.08025 +0.00026  0.43387 £0.00156  0.05117 £0.00076  100.0 84.8  100.0 0.0 0.0 100.0 0.0 504.5 1152 + 138 664 + 205

Isotope abundances given in nanoamps (spectrometer sensivity is ~1.12 x 107 mols/nA),
and corrected for ¥Ar and *Ar decav. half-lives of 35.2 davs and 269 vears, respectivelv,
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) . = 1.54, (”Ar/“Ar)mD: 0.188, and (""Ar,p"’s.&r),,ED =0.
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 Hb3ar fluence monitor (1081 Ma). Corrections were made for reactor produced **Ar and ®Ar in ace calculations.
J-Value is 0.013415 * 0.000521.
Average analytical blanks are: “Oar = 0.015; Bar = 0.0001; Bar = 0.00002; Far = 0.0001; *Ar = 0.00007 {nanoamps).
Temperature was controlled with approximately + 10 °C precision and + 10 °C accuracy; each heating duration was 600 seconds.
The apparent *Ar exposure ages are calculated for *Ar production in K-glass and plagioclase solely from Ca, K, Fe and Ti; other sources are assumed to be negligible.



table S7. Oxide weight percent compositions of K-bearing phases in basalt clast 15498-282-1.

Mean

Oxide Feldspathic 1o Mean K- £ 1o
Glass glass
Si0; 46.05 0.45 60.98 1.71
TiO, 0.07 0.18 0.20 0.36
ALO3 34.34 0.25 19.58 1.24
FeO 0.34 0.28 0.37 0.28
MnO 0.00 0.00 0.07 0.13
MgO 0.05 0.04 0.05 0.10
Ca0 17.42 0.30 1.28 1.26
Na:z0 1.18 0.21 0.68 0.16
K20 0.07 0.04 13.84 1.90
Total 99.51 0.71 97.06 3.15

Note: The first column contains the oxide hame. The second and third columns contain mean oxide weight percentages and corresponding standard deviation
values for feldspathic glass in the basalt clast, respectively. The fourth and fifth columns contain mean oxide weight percentages and corresponding standard
deviation values for K-rich glass in the basalt clast, respectively.

table S8. Summary of MP-MDD model parameters with cosmogenic 38Ar production rates for 15498.

Ea In(Do/a%)1 F3oa F37-1 K/Ca:1 Fe/Ca: Ps3s/[Ca]1 In(Do/a%)2 Fzo-2 F37-2 K/Caz Fe/Ca: Pss/[Ca]>
Phase (k3/mol) [In(s1)] (mol/gca/Ma) [In(s™)] (mol/gca/Ma)
15498
Feld. Glass 146 7.5 0.25 0.600 0.004 0.015 4,91 x 10713 2.5 0.15 0.397 0.004 0.015 4,91 x 1013
K-Glass 143 14.0 0.20 0.001 2.08 0.23 2.09 x 10°*? 8.0 0.40 0.002 2.08 0.23 2.09 x 102

Note: Each phase is fit with a two-domain model. F is the fraction of 3°Ark or 3’Arc. contained within a given domain and was calculated relative to the total
gas released in the first 20 extractions. Psg/[Ca] is the domain-specific production rate for 3®Arcs and is calculated based on the relative concentrations of Ca,
K, Fe and Ti in feldspathic glass and K-rich glass, using the 38Ar production rate of Ca from Turner (115), and relative production rates for K, Fe, and Ti from
Eugster and Michel (125).



table S9. Summary of 4°Ar/3°Ar chronology for 15498.

4°Ar/3°Ar Radioisotopic Age (Ma) 38Ar/3Ar Exposure Age (Ma)
Steps MSWD Age + 1o * Steps MSWD Age + 1o
8-16 0.22 3310 + 24 (50) 8-18 0.28 600 + 8

Note: MSWD = mean square weighted deviation for age fits to release listed steps. Errors reflect analytical uncertainties on isotope measurements and do not
include decay constant, standard age, J-value, or production rate uncertainties.
* 10 error is 50 Ma when J-value, standard age, and decay constant uncertainty are included.

table S10. Reduced x? misfit statistics for best-fit thermochronometry models for a variety of breccia formation
ages.

Impact age (Ma)

3300 3000 2500 2000 1500 1000 650
Peak impact temperature 675 611 566 556 546 538 Non-unique (525)
Best fit qu 11.1 7.2 5.4 5.3 5.7 6.2 Non-unique (6.7)

Effective daytime temperature 56 55 53 50 46 35 25

Note: The columns denote the different modeled impact ages. The first row contains values for the peak impact temperature experienced by the clast during
the breccia formation event. The second row contains the best fit qu misfit values. The third row contains the effective temperature used to simulate 600 Myr

of daytime heating at the lunar surface in each model. The 650 Ma impact model (final column) yielded non-unique extrapolated best fit xzu solutions.
Therefore, instead of showing an extrapolated best fit qu value and corresponding peak impact temperature, we present values for the individual model run
with the lowest qu value (i.e, the model corresponding to a peak impact temperature of 525°C for the 650 Ma impact event).





