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Supplementary Text

Section S1. Overview of samples

1.1. Breccia 15465. Sample 15465 is a glass-welded polymict breccia (fig. S1) collected by the
Apollo 15 mission from the rim of Spur crater at the base of the Apennine mountains and
returned to Earth in 1971 (21, 51). 15465 contains regolith breccia clasts welded together by
thick melt glass representing >60 vol.% of the sample (21, 52). The clasts contain a diversity of
sub-clasts including potassium-rare earth element-phosphorus (KREEP)-rich basalts (20, 21),
Apollo 15-like mare basalts, anorthosites and norites [see the study of clast 7 in ref. (27), which
is sampled from the same clast as the large ~20 mm diameter regolith breccia clast in our study
(fig. S1)]. The clast materials are thought to be derived from the local Apennine Front regolith
and mixed with Aristillus-Autolycus ray materials (2/) and/or with buried nearby KREEP-basalt
flows (22). The similarity in composition of the matrix glass (27) with that of the Apennine Front
soil composition (53) suggests that the matrix glass is shock-melted Apennine Front soil (54).
Given the large volume fraction of melt glass, the shock that produced 15465 likely reached
pressures of several tens of GPa (55) and produced post-shock temperatures in the matrix
exceeding ~1300 °C given its approximately basaltic composition (tables S1 and S2).

1.2. Breccia 15015. Sample 15015 is a glass-welded polymict breccia (fig. S2) collected from
the mare surface adjacent to the Apollo 15 Lunar Module and returned to the Earth in 1971 (56,
57). Its clasts consist of fragments of rock, minerals, and glass (fig. S2) welded together by ~90
vol.% matrix melt glass (37, 56). Like 15465, it is thought to contain a component of Aristillus-
Autolycus ray materials (56) and/or buried nearby KREEP-basalt flows (22). The clasts have
lithologies that are mostly (84%) a diversity of basalts (mare-, plagioclase-, and KREEP-basalts),
with the remainder being metamorphosed basalt and highlands rocks. Part of the surface of the
breccia is covered by a thin (0.5 to <5 mm thick) melt glass with the same composition as the
bulk sample and that continuously grades into the interior matrix glass. These glasses are thought
to have both formed simultaneously during breccia assembly (57). The similarity in composition
between the matrix glass and nearby soils indicates that, like 15465, 15015 was formed by
shock-melting and welding of the local regolith. As with 15465, the large melt fraction indicates
that 15015 formed as a result of shock pressures of several tens of GPa (55) with temperatures in
the matrix exceeding ~1300 °C.

Section S2. Breccia thermal history

2.1. Introduction. The matrix glass in our breccias was molten (>1300 °C) at the time of breccia
formation and therefore was well above the 780 °C and 440 °C Curie points of kamacite and
schreibersite, respectively (see section 6). As such, these phases in the matrix glass should have
acquired a total TRM in any ambient fields as the matrix subsequently cooled. On the other hand,
the clasts clearly did not exceed the liquidus temperature, meaning that kamacite grains within
the clasts may not have been completely remagnetized by the breccia formation process. Here,
we seek to determine the cooling rate of the matrix glass to establish the minimum duration of
any recorded magnetic field (section 2.2). We then use this cooling rate to constrain the thermal
history of clasts in each breccia as functions of their size and geometry to establish whether the
interiors of the largest clasts might retain an ancient natural remanent magnetization (NRM)
from prior to breccia assembly (section 2.3).



Fig. S1. Photomicrographs of 15465. Shown are images of a ~30 pum thin section from 15465
obtained from parent split 114, which we chipped from parent mass 44 at NASA Johnson Space
Center (JSC). (A) Transmitted plane-polarized light image showing a clast fragment (top part of
the section) bonded to the matrix glass (bottom part). The clast 15465 subsamples analyzed with
paleomagnetism and Ar chronometry in this study are from the same clast shown here. Schlieren
in the matrix glass indicates it is shock-melted (/0). The dark regions in the glass at the clast
edge and at the bottom of the section contain numerous small crystallites that nucleated on the
edges of the clast and other relic crystals during breccia cooling. From this image, we estimate a
crystallized volume fraction of ~0.1-0.3 (see section 2). A close-up of the crystallized region on
the clast boundary (boxed region) is shown in (B). (B) Transmitted cross-polarized light image
of boxed region in (A). The image shows that the clast in (A) is a regolith breccia composed of
several welded fragments including plagioclase (gray) and olivine (brown) welded by interstitial
glass. A magnified view of the crystallization on the clast-glass boundary in the white box in (B)
is shown in (C). (C) Transmitted cross-polarized light image of boxed region in (B) showing
needle-shaped crystals of devitrified glass (white arrows).



2.2. Matrix melt cooling rate. We begin by estimating the cooling timescale of each breccia
from the kamacite Curie point (~780 °C) to the Moon’s surface temperature (0 °C). In
transmitted plane- polarized light, the glass matrix in 15465 is not uniformly transparent but
rather contains localized darker regions that underwent partial crystallization during cooling
below the liquidus temperature (fig. S1). From our thin section observations, we measured a
crystal surface area fraction of ~0.1-0.3 for 15465 matrix glass (fig. S1) and ~0.5 for 15015
matrix glass (fig. S2B). Because the mean volume fraction equals the mean surface area fraction
(58), we estimate a crystal volume fraction of ~0.1-0.3 and ~0.5 for 15465 and 15015 matrix
glass.

Several mechanisms have been proposed for the assembly of lunar breccias from their
constituent clast fragments following an impact. Among the proposed mechanisms, stress-free
glass sintering at the lunar surface was proposed to be a viable mechanism for the breccia
formation

Table S1. Comparison between the glass compositions of breccias 15465, 15015, and 15498.

Oxide 154652 15015° 15498°
SiO; 47.4 48.3 48.2
Al,O3 17.0 13.7 19.8
TiO, 1.4 1.8 2.0
FeO 11.4 13.6 8.4
MgO 10.5 9.9 7.5
CaO 12.1 10.8 13.0
Na,O 0.39 0.5 0.9
K0 0.28 0.2 -
Total 100.5 98.8 99.8

Notes: The first column lists the oxide names. The second to fourth columns list the oxide mass % for lunar
breccias 15465, 15015, and 15498, respectively.

?Data from ref. (21)

®Data from ref. (19)

‘Data from ref. (59)

Fig. S2. Photomicrographs of 15015. Shown are images of a ~30 pm thin section from 15015.
(A) JSC photo 15015,136_JSC01892-X1 from split 136 in transmitted cross-polarized light.
Image shows a large clast at left (likely a textured KREEP basalt fragment) adjacent to matrix
glass (right part). The smaller (<300 um diameter) floating clasts in the melt are comprised of
plagioclase (gray), olivine (brown), and other lithologies. The melt in this breccia makes up more
than 90% volume of the breccia (31, 56). Based on this image, we estimate a crystallized volume
fraction of ~0.5 (see section 2). (B) Vesicular glass coat (unspecified split number) as seen in
transmitted plane-polarized light. Adapted from ref. (56).



rather than shock lithification (60). The main argument for favoring sintering was the high
porosities usually observed for the breccias’ glassy matrix, which challenged the assumption of
breccia lithification due to shock pressurization alone without melting. However, experimentally
shock-lithified lunar soils showed similar microstructures to lunar breccias (6/). Therefore, the
passage of a shock wave can readily fuse the fine fragments into breccia while maintaining high
porosity (62). Further impact experiments on granulated basalt showed that at pressures as low as
~6 GPa, a glass-rich breccia could form after pore collapse (63, 64), with melt abundance
correlated with the shock pressure (63). The prevalence of microbreccias and agglutinates in
lunar breccias is further evidence for shock-lithification (62). The high abundance of melt glass
in our breccias is more consistent with formation by shock-lithification (55).

After the breccias were assembled, they cooled slowly to the lunar surface temperature. We can
estimate the time for melt cooling using the crystallization fraction of the glass (darker regions in
figs. S1 and S2). Ref. (65) suggested the following relation for estimating the crystallized
fraction (V. /V) based on experimentally-derived crystal growth rates

Ve m
7 = §Ivu3t4 (S
where the crystallization time is
1
3Ve/V\*
t=|- S2
<Tl’ I,,u3> (52)

and where I, is the rate of nucleation per volume in s m™ and u is the growth rate in units of m
s I,, can also be derived from the following relation
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where T, = T /Ty, AT, = (T — Tg)/Tg and T and Ty are temperature and liquidus temperature,
respectively and u is viscosity. These relations enable us to construct time-temperature
transformation (TTT) curves, which quantify the dependence of the crystal faction on the
duration that the glass is held isothermally at a given temperature (fig. S3). The nose of a TTT
curve (see fig. S3) results from the competition between the crystal growth rate and melt
viscosity, both of which are temperature-dependent.

Continuous cooling (CT) curves can be generated by assuming either linear (T = Ty — Bt) or
logarithmic [T = T, — Cln(t)] cooling rates where B, C, and T}, are the linear rate, logarithmic
rate, and initial temperature, respectively. The intersection of the CT and TTT curves constrains
the minimum time required for the breccia formation for a certain melt crystal fraction. The
corresponding temperature for minimum cooling rate, the minimum contact temperature, is
derived from the point of tangency between the CT and TTT curves. To constrain the cooling
rate for our breccias, we used physical properties previously measured for glass in the Apollo 15
regolith breccia 15498 (crystal growth rate, viscosity, and liquidus temperature) (59), which has
a
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Fig. S3. Schematic time-temperature transformation curve for a generic cooling melt. The
TTT curves (black dashed lines) depict time-temperature conditions to produce various crystal
fractions (with curves to the right depicting increasing crystal fractions). Legend shows the
crystal fractions. Also, shown are cooling paths assuming linear (blue) and logarithmic (red)

continuous cooling (CT) curves. The intersection of CT and TTT curves is used to estimate the
minimum cooling rate of melt. Adapted from ref. (65).
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Fig. S4. Estimated melt cooling rate for breccias 15465 and 15015. Black curves are TTT
calculations depicting time-temperature conditions for producing crystal fractions of V. /V = 0.1
- 0.3 for 15465 (fig. S1) and 0.5 for 15015 (fig. S2). Blue and red lines depict linear and
logarithmic cooling curves, respectively. These calculations assume a glass composition like that

of regolith breccia 15498 (59). The estimated linear cooling times from 800 °C to 0 °C for 15465
and 15015 are 31-44 hours and 54 hours, respectively.

similar composition to 15465 and 15015 glasses (table S1). Based on our petrographic
observations (figs. S1 and S2), the crystal fractions (V/V) in equation (S1) for 15465 and 15015

are ~0.1-0.3 and ~0.5, respectively.

Figure S4 shows the TTT and CT curves for breccias 15465 and 15015 for these parameters.
Based on the estimated B values, it took a minimum of 31-44 h for 15465 and 54 h for 15015 to
linearly cool from the kamacite Curie point to lunar surface temperatures (table S2). The
predicted logarithmic cooling times for both breccias are much longer (e.g., ~50-100 days for

cooling from 800 to 400 °C given the estimated C values).



Table S2. Estimated cooling rate for 15465 and 15015 lunar rock compositions.

Sample Liquidus temperature (K) Crystal fraction B (Ks™h Cooling time (h)
15465 1543 0.1-0.3 0.005-0.007 31-44
15015 1543 0.5 0.004 54

Note: The first column lists the sample name, the second column lists the liquidus temperature in K, the third
column lists the volume fraction of crystallized glass over the total glass volume. The fourth column lists the
linear cooling rate, B. The fifth column lists the linear cooling time from 780 °C (i.e., the kamacite Curie
temperature) to the lunar surface temperature (0 °C).

2.3. Heat conduction in clast-bearing melt. After breccia formation, the glassy melt welded
and heated the clasts. We now assess whether the clast fragments’ temperatures would have
exceeded the kamacite Curie temperature such that part or all of their volumes would have
completely remagnetized during breccia formation. Depending on the thermal diffusivity of the
clast and the melt cooling rate during breccia formation (see section 2.2), different regions inside
a single clast may have experienced different peak temperatures. Given their basaltic
compositions (19), we assume a thermal diffusivity k = 4x107 m*s™ (59).

We consider two extreme scenarios for heating of a clast after it is placed in contact with the
glassy melt. Initially, the clast and melt are at the ambient lunar surface (0 °C) and liquidus
temperature (1270 °C), respectively. In scenario 1, we consider a one-dimensional (1D)
geometry in which the melt and clast are in contact on one side of the clast, while the other side
of the clast is exposed to the lunar vacuum (fig. S5). In scenario 2, we consider a two-
dimensional geometry in which the melt surrounds a spherical clast on all sides (fig. S6). For
each scenario, we estimate the peak temperature as a function of position within the clast
resulting from conductive heating by the cooling melt. Because the melt cooling rate is
constrained by the cooling rate calculations in section 2.2, our calculations do not require
knowledge of the total melt volume.

2.3.1. Scenario 1. Considering the geometry in the inset for fig. SSA, we consider the following
1D unsteady heat-transport equation (66)

aT 0°T
E = kﬁ (54)

where x, ¢, T are position, time, temperature, respectively. In particular, we examine a ~20 mm
diameter clast like that in our 15465 sample. We assume that its right boundary is in contact with
the lunar vacuum and held constant at 0 °C while its left boundary is in contact with the melt
cooling at either a linear or logarithmic rate (section 2.2). We solved for the spatiotemporal
evolution of the clast’s temperature using finite difference discretization of equation (S4). The
results (fig. S5) indicate that, depending on the melt cooling rate, clast material at depths of <5
mm (logarithmic rate) to <7 mm (linear rate) from the exterior of the clast adjacent to the melt
wall would have been completely remagnetized by heating above the kamacite Curie
temperature.

2.3.2. Scenario 2. In the second scenario, the isothermal surfaces take the form of concentric
spheres and the temperature is only radially-dependent. Therefore, the unsteady differential
equation for heat transport in spherical coordinates reduces to (67)
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Fig. S5. Temperature distribution inside a clast with a one-dimensional contact with a
cooling melt. Blue curves depict temperature T as a function of time t in the clast following
cooling from initial temperature T,. (A) Assuming a linear glass cooling rate: T = T, — Bt. (B)
Assuming a logarithmic glass cooling rate: T = Ty — CIn(t). Insets in (A) and (B) show the
cooling geometry. The left and right boundaries of the clast are in contact with diffusively
cooling melt and the lunar surface vacuum, respectively. The horizontal red dashed line indicates
the kamacite Curie temperature. Between ~5 (B) to ~7 (A) mm of the 20-mm diameter clast
considered here would remagnetize during the breccia formation (shown by the vertical red
dashed lines).

where r isradiusand 7' =T - 7.

As an example, let us apply this to a clast with a radius of a =5 mm. The clast boundary (clast-
melt wall) temperature varies as T = A — Bt, with an initial value at A = 1270 °C and linear
decay rate B = 0.005 to 0.01 °C s (see section 2.2). Ref. (67) presented an analytical formula for
this special case with a linearly-cooling boundary

2aAz( 1)" 22t+B . a? —r?
a — ——
6k
2Ba® ( " _kn_z
iy 3 sm e ¢ (S6)
n=1

Figure S6A shows the spatiotemporal evolution of the temperature inside this clast using the
analytical expression in equation (S6). The entire clast reaches the kamacite Curie temperature
and remains above this temperature for more than 2 hours. This means that any clasts with radii
of less than 5 mm would be completely remagnetized by the heat conduction from the melt.
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Fig. S6. Temperature distribution inside a spherical clast surrounded by a linearly cooling
melt. (A) Blue curves depict temperature T as a function of time t in the clast following cooling
from initial temperature T, assuming a linear glass cooling rate (T = T, — Bt). Inset shows the
cooling geometry: the spherical clast is surrounded by an infinite melt medium. The horizontal
red dashed line denotes the kamacite Curie point. The entire clast with a radius of 5 mm would
remagnetize by heating above its Curie temperature. (B) Peak temperature at the clast’s center as
a function of the radius of the clast. A clast with a maximum radius of 128 mm (vertical red
dashed line) would entirely remagnetize during the breccia formation.

Using the same analytical expression, we can also estimate the maximum radius of a spherical
clast that would be totally remagnetized by heating entirely (even to its center) above the Curie
temperature (fig. S6B). Our calculations show that this critical radius is ~130 mm. This means
that any clasts with radii smaller than this value would be entirely remagnetized.

2.3.3. Synthesis. The results in figs. S5 and S6 would slightly vary for the range cooling rates
that we obtained in section 2.2 for our two breccias. However, the overall clast remagnetized
region dimensions remain the same. Nevertheless, the calculations presented in scenarios 1 and 2
have some uncertainties. The first is the value of thermal diffusivity in our calculations. The
presence of pores could decrease the clasts’ thermal diffusivity, which would modify the results.
For example, reducing the thermal diffusivity by a factor of 8 (i.e., to 0.5x107 m* s™') would
reduce the remagnetized region by ~50%. Another source of uncertainty derives from the
simplified geometries which only approximate those of our samples.

Our clast subsamples in breccia 15465 were sampled from a large ~20 mm diameter regolith
breccia clast. Table S3 shows the distance between the melt wall to the most distal point within
the clast (related to scenario 1) and also to the center of the clast (related to scenario 2) for 15465
clast subsamples. Considering the uncertainties, the calculations for scenario 1 would imply that
parts of the interior of this 20-mm diameter clast (see fig. S7) may not have been completely
remagnetized at the time of breccia formation. On the other hand, the results for scenario 2
would imply that the clast would have been completely remagnetized. Our visual observations of
the original 15465,0 sample (based on JSC photos S71-44188 and S-71-44190) suggest that the
clast studied here (fig. S1) is part of a larger clast that was not surrounded by melt and could well



Table S3. Distances between 15465 matrix glass melt interface and our clast subsamples.

Distance (mm) 15465 Clast 6-2 15465 Clast 6-3 15465 Clast 8-2
From center 1.6 1.5 1.8
From farthest point 3.9 2.5 2.8

Note: The second row indicates the distance between clast’s center and melt glass. The third row indicates the
distance between the farthest point on the clast from the melt. Refer to fig. S7 for a visual description of the
subsamples.

have been in contact with the Moon’s surface. Therefore, scenario 1 is likely more representative
of this geometry. If more than one face were exposed to the surface (fig. S7), the calculations
would overestimate the clast’s remagnetized region. The absence of melt residues on our studied
large clast (fig. S7) is further evidence for the relevance of scenario 1. Therefore, it is likely that
some of our deeper clast subsamples may not have been remagnetized during breccia formation
and still contain a record of the lunar paleofield from an earlier epoch (in particular, subsamples
6-2 and 8-2, which are distal from the melt wall).

On the other hand, the clasts in breccia 15015 are all <0.1 to 7 mm in diameter and were
surrounded by melt (e.g., subsamples 229ala and 229alg), which indicates scenario 2 is
appropriate for this sample. This indicates that the clasts in this breccia would essentially have
been entirely remagnetized during breccia formation. Consistent with this conclusion, the
depletion of He, N», and C and the enrichment of 13C and "°N observed in clast fragments of
15015,15, is similar to that of nearby soil, indicating that the clast fragments in this breccia may
have been heated to at least ~800 °C (57).

Section S3. NRM

3.1. Introduction. All of our paleomagnetic and most rock magnetic analyses were conducted
using a 2G Enterprises Superconducting Rock Magnetometer (SRM) 755 inside the MIT
Paleomagnetism Laboratory’s magnetically shielded room (< 200 nT). The 3-standard deviation
noise level of this magnetometer is 9.9x10™"° Am?* [fig. S5 of ref. (68)], which is less than 2% of
the weakest measured moment reported in this paper. We prepared mutually-oriented subsamples
of 15465 and 15015 in this shielded room using a wire saw previously shown to not measurably
disturb the NRM of lunar samples (§).

We analyzed both glass and clast lithologies of each breccia. Static three-axis alternating field
(AF) demagnetization of NRM was conducted up to a maximum AF of 145 mT for most
subsamples (and in some cases, to 290 mT). To mitigate the acquisition of gyroremanent
magnetization (GRM) (9, 25, 69), we measured the moment after AF application along each
orthogonal axis and then averaged the components for a given AF level following the Zijderveld-
Dunlop method (70). To reduce contributions from spurious anhysteretic remanent
magnetization (ARM) resulting from imperfections in the AF waveform (9, 25, 69), we also
conducted repeat applications of the AF at higher steps and included these extra steps in the
averaging process. Thermal demagnetization and thermal paleointensity experiments were
conducted up to 780 °C in a controlled-atmosphere oven (27) at an oxygen fugacity set to the
estimated formation conditions of lunar materials [0.5-1 log units below the iron-wiistite (IW)
buffer] (28, 29). We maintained this oxygen fugacity during the heating and cooling process
using continuously-adjusted mixtures of CO, and Hs.



We estimated NRM components using principle component analysis (PCA) (71). Tests for
origin-trending components were conducted by comparing the maximum angular deviation
(MAD) to the deviation angle (DANG) (72). We now describe the nature and origin of the NRM
in individual subsamples of 15465 and 15015.

3.2. Breccia 15465

3.2.1. Overview. Our 15465 subsamples were taken from the 3.767 g parent split 115, which we
chipped from parent mass 44 at NASA Johnson Space Center (JSC) and then shipped to MIT in
a magnetically shielded can in April 2015. The entire parent 15465, including our piece 115, had
never been previously cut or exposed to a saw at JSC. At MIT, we prepared 11 subsamples from
split 115 oriented with respect to the parent 44 mass using the same orientation system (N-S-E-
W) as that of the parent breccia at JSC.

Our subsamples consisted of 8 matrix-glass-rich samples and 3 subsamples from a single ~20
mm diameter regolith breccia clast (fig. S7). Although some of the “glass” subsamples contain
tiny clast fragments (S300 um diameter) enclosed within the melt (e.g., subsample 3-2 in fig.
S7), our thermal analyses in section 2 showed that these melt-surrounded clast fragments
(smaller than the critical 128 mm radius in fig. S6) would remagnetize during the glass formation
event. The large clast itself is a regolith breccia composed of glass-welded fragments (fig. S1).
We applied AF demagnetization and non-thermal paleointensity experiments to 8

2 E— Wire cut at MIT |

N

N

5mm 4-2

15465,44, 115

Fig. S7. Location of our 15465 subsamples relative to the parent sample 15465, 44, 115.
Dark homogenous material is matrix glass and light grey is clast material. Scale bar in each
image is 5 mm. Subsample names are labeled. Subsamples 6-2, 6-3, and 8-2 are all sampled from
a single 20-mm diameter regolith breccia clast (light grey) (see also fig. S1). The orientation
cube shows the JSC orientation system, which is adopted in this study.



Table S4. NRM components during AF or thermal demagnetization for 15465 subsamples.

Subsample Lithology Mass (mg) Component Range Dec, Inc (°) MAD (°) DANG (°) N Orlsrz'(c)';ltlo

3-2 Glass 86 LC NRM-3 mT 40.9, 9.0 16.4 6 270, 90
HC 3-145mT 36.2, -24.9 42.1 52.0 145

4-1 Glass 249 LC NRM-10 mT 314.6, -41.0 15.1 20 270, 90
HC 10-290 mT 245.7, 11.0 39.2 135.2 142

4-2 Glass 105 LC NRM-9 mT 105.6, -19.1 14.5 18 270, 90
HC 9-290 mT 235.8, -24.9 38.5 32.2 144

5-1 Glass 88 LT NRM-390 °C 46.1, 14.9 12.7 10 270, 90
HT 390-730 °C 168.7, 23.4 44.4 76.9 8

5-3 Glass 109 LT NRM-330 °C 30.0, 46.7 7.1 7 270, 90
HT 330-730 °c  318.1,72.6 31.7 67.0 11

6-1-2 Glass 7 LC NRM-10 mT 117.1,55.4 20.3 20 270, 90
HC 10-145mT 294.2, -7.5 37.1 22.3 131

6-2 Clast 59 LC NRM-65 mT 184.1, -0.7 10.0 90 270, 90
HC 65-145 mT 104.1, -28.5 38.4 11.1 61

6-3 Clast 56 LC NRM-16 mT 181.1, 17.9 11.0 32 90, 90
HC 16-145mT 353.7, -11.7 23.8 154.6 119

6-4-1 Glass 27 LC NRM-9.5 mT 181.1, -51.8 14.1 19 90, 90
HC 9.5-145 mT 240.8, 41.6 38.0 10.91 132

6-5 Glass 33 LC NRM-10 mT 178.1, -66.7 24.0 20 90, 90
HC 10-145mT 108.7, -18.9 39.1 11.3 29

8-2 Clast 28 LT NRM-200 °C 172.6, 26.3 10.1 4 270, 90
HTC 200-730 °C 198.2, 30.3 16.4 14.6 14

Notes: The first and second columns list the subsample name and its lithology. The third column lists the mass. The fourth column lists
the natural remanent magnetization (NRM) components and the fifth column lists their alternating field (AF) level or unblocking
temperature ranges. The sixth, seventh, and eighth columns list declination and inclination in sample coordinates (e.g., fig. S7),
maximum angular deviation (MAD) and deviation angle (DANG) for fits using principal component analysis (PCA). The eighth column
lists the number of data points used during the PCA fit. The last column lists the right-hand strike and dip of the subsamples’ top faces

during the magnetic measurements (see fig. S7).

subsamples (6 and 2 from the glass and clast lithologies, respectively) while the remaining 3

subsamples (2 and 1 from the glass and clast lithologies, respectively) were subjected to thermal

demagnetization and thermal paleointensity experiments. Table S4 summarizes the
demagnetization components for all subsamples and fig. S8 depicts their directions inferred from

PCA.

3.2.2. Glass subsamples. We found that all glass subsamples have a low coercivity (LC), low
temperature (LT) component that demagnetized by ~3-10 mT and 330-390 °C, respectively.

These components are collectively non-unidirectionally oriented across the parent sample. The
LC/LT components’ low peak unblocking AF levels and temperatures and scattered directions
(fig. S8A) indicate that they are secondary in origin. The magnitude of these components is
comparable to that expected to have been acquired VRM in the geomagnetic field (section 5).
Therefore, it is likely that these overprints are VRMs acquired as the sample was rotating
randomly during its storage and maintenance at JSC (9). Two other possibilities are that LC/LT
components are due to either modest physical contamination of the samples and/or to exposure to
stray fields during handling by the astronauts or at JSC [e.g., ref. (34)].

After removal of the LC/LT components, the NRMs did not further decay in magnitude or
maintain a consistent direction during subsequent AF and thermal demagnetization in the HC
(~10 to 145 or ~10 to 290 mT) and (390-780 °C) HT ranges (figs. 1A and B, S9A and B, S10A).
The largely scattered directions inferred from PCA fits to this range (fig. S8B), the associated
large
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Fig. S8. Magnetization directions in 15465 inferred from PCA. Shown are equal area
stereographs, with open symbols and dashed lines representing the upper hemisphere and closed
symbols and solid lines represent the lower hemisphere. Ellipses show the 95% formal
confidence intervals on mean directions using PCA. (A) Low coercivity (LC)/low temperature
(LT) components. (B) High coercivity (HC)/high temperature (HT) ranges. (C) High temperature
clast (HCT) component. Black and blue symbols denote the components obtained from AF and
thermal demagnetization, respectively. Squares and circles denote clast and glass subsamples,
respectively.

(>20-30°) MAD angles, the non-origin trending nature (i.e., DANG > MAD for most
subsamples) (table S4) (72), and paleointensities mostly within error of zero field (section 4)
indicate that there is no stable NRM in the HC/HT range. The lack of NRM is not due to
destruction of ferromagnetic carriers in our heating experiments as demonstrated by the fact that
measurements of partial thermoremanent magnetization (pTRM) acquisition in our
paleointensity experiments showed that there was no significant thermochemical alteration up to
730 °C (section 4).

3.2.3. Clast subsamples. We also identified LC and LT components in the clast subsamples.
Unlike for the matrix glass subsamples, we found that the LC components in two clast
subsamples that were AF-demagnetized (6-2 and 6-3) were broadly unidirectional (fig. S8) and
unblocked at higher AF levels of ~16-65 mT (fig. S9). Like the matrix glass, the HC ranges for
these subsamples did not contain origin-trending HC components, with PCA fits again exhibiting
large MAD values (>20°) and fit directions separated by >100° (fig. S8B and fig. S9C and D).

Thermal demagnetization of a third clast subsample (8-2) isolated an LT component that
unblocked by 200 °C (fig. S10B). Unlike all other subsamples of 15465, this subsample also was
found to contain an origin-trending component that unblocked between 200-780 °C offset by
~20° from the directions of the LC/LT components in the three subsamples (figs. S8 and S10B).
We name this the high temperature clast (HTC) component. We also note that the nonzero
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Fig. S9. AF demagnetization of 15465. (A) Glass subsample 15465-3-2. (B) Glass subsample
15465-4-1. (C) Clast subsample 15465-6-2. (D) Clast subsample 15465-6-3. Closed and open
symbols represent the projections of the natural remanent magnetization (NRM) vectors onto the
horizontal (N-E) and vertical (U-E) planes, respectively. Legend in (A) shows the sample holder
magnetic moment along with the MIT superconducting rock magnetometer (SRM) resolution
(section 3). Low coercivity (LC) components are denoted by blue arrows. NRM and AF levels
for selected steps are labeled. The LC components for 15465 glass subsamples (A and B)
unblock by ~3 to 10 mT, while the LC components for clasts (C and D) unblock by AF levels of
~16-65 mT.

paleointensity for the high-coercivity range for 6-2 (table S6 and section 4) hints that it might too
contain a weak component.

The LC/LT components are likely VRMs or other secondary overprints like those observed in
the matrix glass subsamples (section 3.2.2). Furthermore, as with the glass subsamples, the HC
range in 6-3 record zero-field conditions during assembly of 15465. By comparison, the high
thermal stability of the HTC component suggests it may be an ancient remanence from the
dynamo, which was active at the time of formation of clasts in 15465 (>3.4 to 3.9 Ga; see section
7). In particular, as discussed in section 2.3, when the clast was enveloped by the matrix melt,
some clast material distal from the melt may have escaped heating above its Curie temperature.
Therefore,
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Fig. S10. Thermal demagnetization of 15465. (A) Glass subsample 5-1. (B) Clast subsample 8-
2. Closed and open symbols represent the projection of natural remanent magnetization (NRM)
vectors onto the horizontal (N-E) and vertical (U-E) planes, respectively. Legend in (A) shows
the sample holder magnetic moment along with the MIT superconducting rock magnetometer
(SRM) resolution (section 3). Low temperature (LT) and high temperature clast (HTC)
components are denoted by blue and red arrows, respectively. NRM and selected temperature
steps are labeled. The LT component for the 15465 matrix glass subsample (A) unblocks by 390
°C and has no discernible origin-trending HT component. The clast subsample (B) shows an
HTC component that is stable and origin-trending up to 780 °C.

portions of the clast may not have been remagnetized during assembly of 15645. Note that
uncertainties associated with the thermal modeling in section 2.3 (stemming from the simplified
geometry and uncertainties in the clast cooling rate and boundary condition) can account for the
lack of HTC remanence in subsample 6-2, which contains clast material both near and far from
the melt wall.

3.3. Breccia 15015

3.3.1. Overview. Our 15015 subsamples were taken from 6.044 g parent split 229 which we
chipped from parent mass 12 at NASA Johnson Space Center and then shipped in a magnetically
shielded can to MIT in March 2015. Our subsamples are in the same orientation system (N-S-E-
W) as the parent breccia and use the JSC orientation system. Unlike 15465, our 15015 parent
sample (229) had two faces that were previously cut with a bandsaw at JSC (fig. S11). We
prepared 25 subsamples from both near and away from these bandsawn surfaces. We applied AF
demagnetizations on 22 subsamples (20 and 2 with matrix glass and composite clast-glass
lithologies, respectively). We also conducted controlled-atmosphere thermal demagnetization
experiments on the remaining 3 subsamples, all of which are from the matrix glass lithology.

Table S5 summarizes the demagnetization components for all subsamples and fig. S12 depicts
their directions. Among the samples with edges cut with the JSC bandsaw, a total of 10 and 1
were from the glass and the clast lithologies, respectively. Unlike the large clast in breccia
15465, which was not surrounded by melt on all sides, the clast fragments in split
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Fig. S11. Location of our 15015 subsamples and cuts relative to the parent samples 229al,
229a3, and 229b. Dark material is matrix glass and light grey is clast material. Green symbols
indicate subsamples whose overprints were successfully completely removed via alternating field
(AF) (circles) or thermal (squares) demagnetization. Red symbols indicate subsamples whose
overprints persisted at high AF levels (145 mT) and could not be completely demagnetized.
Black lines denote wiresaw cuts at MIT, while red and orange lines denote two JSC bandsaw

(BS) cut surfaces. The orientation cube shows the JSC orientation system which is adopted in
this study.
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Fig. S12. Magnetization directions in 15015 inferred from PCA. Shown are equal area
stereographs, with open symbols and dashed lines representing the upper hemisphere and closed
symbols and solid lines represent the lower hemisphere. Ellipses denote the 95% formal
confidence intervals on mean directions using PCA. (A) Low coercivity (LC)/low temperature
(LT) components. (B) High coercivity (HC)/high temperature (HT) ranges. Black and blue
symbols denote the components obtained from AF and thermal demagnetization, respectively.
Squares and circles denote composite clast-glass and glass subsamples, respectively.



229 were enveloped by melt and are <I mm in diameter except for a single ~7 mm diameter sub-
angular clast fragment (fig. S11). Our clast and composite clast-glass samples both contained
material from the latter ~7 mm clast. Our thermal calculations (fig. S6) indicate that all of these
melt-enveloped clasts should have been completely remagnetized during breccia formation.

3.3.2. Glass subsamples. Our AF and thermal demagnetization showed that 15015 matrix glass
subsamples contained LC/LT magnetization components with a wide range of peak unblocking
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Fig. S13. AF demagnetization of 15015 glass subsamples. (A) 15015 clast subsample 229ala.
(B) 15015 glass subsample 22alu. (C) 15015 glass subsample 229alv. (D) 15015 glass
subsample 229b1. Closed and open symbols represent the projection of natural remanent
magnetization (NRM) vectors onto the horizontal (N-E) and vertical (U-E) planes, respectively.
Lower legend in (A) shows the sample holder magnetic moment along with the MIT
superconducting rock magnetometer (SRM) resolution (section 3). Low coercivity (LC)
components are denoted by blue arrows. NRM and AF levels for selected steps are labeled. The
LC components for 15015 glass subsamples in (A) and (B) unblock by 2 to 10 mT. The
subsamples in (C) and (D) are nearest (within 2.7 mm) to the edges that were cut with a
bandsaw at Johnson Space Center (JSC). They show a significant overprint by the generated heat
during the bandsaw cutting. The overprint LC components in (C) and (D) are origin-trending and
yet not unblocked by 145 mT AF level (see section 3).



AF levels, peak unblocking temperatures, and intensities (table S5). Note that although we use
the same “LC” and “LT” acronyms to denote the low-stability components for both 15015 and
15465, this is not intended to imply that the origin for these components in the two breccias is
the same. The LC/LT components in subsamples located more than ~3.4 mm farther away from
the JSC bandsawn face unblocked by ~2-16 mT (figs. SI13A and B). The LC/LT components for
the samples closer to the bandsawn face (~2.7 mm < distance < ~3.4 mm) demagnetized by 16-
45 mT, with the 10 subsamples closest to the edge (distance <~2.7 mm) not even fully unblocked
by 145 mT (figs. S13C and D). Thermal demagnetization of all subsamples including those
closest to the bandsawn edge (fig. S14) removed a LT component by just 150 °C.

Glass and clast-glass lithologies demagnetized in a very similar manner. LC components from
samples within ~2.7 mm of the sawcut surfaces were origin-trending while those from deeper
samples were weaker and not origin-trending (fig. S13). Another notable observation is that both
the intensities and directions of the LC/LT components in a given subsample correlate with the
subsample’s relative position in the parent sample; collectively, the directions continuously
rotate by ~180° over a traverse from the extreme bandsawn edge on the E side to that on the W,
while sample intensities weaken progressing into the interior from both the E or W bandsawn
edges (fig. S15). These observations indicate that the LC/LT components are not total TRMs of
lunar origin. Given that it has been established that cutting with large saws at JSC, which is
usually conducted without lubricant, can heat samples >150 °C at a depth of ~3 mm beneath the
sawn surface (8),
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Fig. S14. Thermal demagnetization of 15015 subsamples. (A) Subsample 15015-229b2a. (B)
Subsample 15015-229b4. Closed and open symbols represent the projection of natural remanent
magnetization (NRM) vectors onto the horizontal (N-E) and vertical (U-E) planes, respectively.
Lower legend in (A) shows the sample holder magnetic moment along with the MIT
superconducting rock magnetometer (SRM) resolution (section 3). Low temperature (LT)
component is denoted by a blue arrow. The NRM and selected temperature steps are labeled. The
LT components for 15015 glass subsamples (A and B) unblock by 150 °C and there is no
discernible origin-trending high temperature (HT) component.



Table S5. NRM components during AF or thermal demagnetization for 15015 subsamples.

Subsample Lithology EAFT?ESS distii\éveczl:”\m) Component Range Dec, Inc (®) M(':‘)D D?O';IG N Orlelzg;;ltlon

229ala* Clast 29 0 LC NRM-2 mT 187.5, 1.2 17.9 4 90,0
HC 2-145mT 289.3, -5.1 43.2 2.8 147

229ale Glass 29 3.4 LC NRM-22 mT 33.4, -65.4 18.7 44 90, 0
HC 22-145mT 24.7,-75.9 47.0 112.1 107

229alg Clast-Glass 28 3.4 LC NRM-18 mT 49.3, -59.3 19.4 36 90, 0
HC 18-145 mT 285.4, 6.6 42.9 11.9 115

229alj Glass 51 4.2 LC NRM-13.5 mT 286.6, -58.6 16.8 27 90, 0
HC 13.5-145mT  150.1, -83.6  36.6 29.2 123

229all Glass 36 5.8 LC NRM-45 mT 319.8, -60.0 17.8 70 90, 0
HC 45-145 mT 253.5, 12.8 46.8 9.1 81

229alm Glass 26 5.8 LC NRM-16 mT 272.8,-73.7 13.3 32 90, 0
HC 16-145 mT 237.0, 74.4 40.9 71.1 119

229aln Glass 15 5.8 LC NRM-23.5 mT 306.5, -48.8 21.3 47 90,0
HC 23.5-145 mT  306.9, 80.2 22.6 98.9 104

229alo Glass - 5.8 LC NRM-2.5 mT 287.4, -5.3 11.7 5 90, 0
HC 2.5-145 mT 297.1,11.4 33.4 14.7 146

229alrl Glass 24 2.6 LC NRM-145 mT 45.0, 20.4 19.9 150 90,0

229alt Glass 18 6.8 LC NRM-30 mT 283.8,-28.1 14.0 55 90, 0
HC 30-145 mT 273.9,-10.8 41.6 126.1 96

229alu Glass 11 8.6 LC NRM-10 mT 263.8, 9.1 6.5 20 90, 0
HC 10-145 mT 167.2, -61.3 43.0 79.2 131

229alv Glass - 0 LC NRM-145 mT  338.4, 26.7 1.6 150 90, 0

229alx Glass 9 5.1 LC NRM-43 mT 323.4,13.1 15.1 68 0, 90
HC 43-145 mT 69.2, -13.8 41.0 144.7 83

229%9a3a Glass 83 0 LC NRM-145 mT  273.6, -28.6 9.6 150 90,0

229a3c* Clast-Glass 90 0 LC NRM-145 mT  289.6, -29.4 10.3 150 90, 0

229b1 Glass 42 0 LC NRM-145 mT 106.8, 29.9 5.5 150 90,0

229b2a Glass 60 5.3 LT NRM-150 °C 287.1, -46.7 3.7 3 0, 90
HT 150-780 °C 113.5,6.5  33.0 11.3 16

229b2b Glass 15 5.3 LC NRM-39 mT 313.4,-41.1 24.1 64 90,0
HC 39-145mT 296.4, 74.1 23.1 23.0 87 90, 0

229b4 Glass 45 2.6 LT NRM-150 °C  301.5,-46.2 7.6 3 180, 90
HT 150-780 °C 226.4, 14.9 30.7 13.1 16

229b6 Glass 27 0 LC NRM-145 mT  285.7, -31.3 8.9 150 90, 90

229b7a Glass 13 0 LC NRM-145 mT  285.1, -23.9 7.6 150 180, 90

229b7b Glass 16 0.8 LC NRM-145 mT 297.0, -0.3 10.1 150 180, 90

229b7c Glass 15 2.1 LC NRM-145 mT  319.5,-29.5 13.2 150 180, 90

229b8 Glass 61 0 LT NRM-150 °C 278.1, -22.7 8.5 3 270, 180
HT 150-780 °C 327.8,-64.7 21.1 33.9 16

229b9 Glass 7 0 LC NRM-145 mT  288.8, -19.1 8.7 150 90,0

Notes: The first and second columns list the subsample name and its lithology. The third column lists the distance of the subsample edge from the
closest JSC saw cut face. The fourth column lists the natural remanent magnetization (NRM) components and the fifth column lists their alternating
field (AF) level or unblocking temperature ranges. The sixth, seventh, and eighth columns list declination and inclination in sample coordinates
(e.g., figs. S11 and S15), maximum angular deviation (MAD) and deviation angle (DANG) for fits using principal component analysis (PCA) fit. The
ninth column lists the number of data points used during the PCA fit. The last column lists the right-hand strike and dip of the subsamples’ top

faces during the magnetic measurements (see figs. S11 and S15).
*These subsamples contain material from the same parent clast.
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Fig. S15. Magnetic overprints in 15015 subsamples from bandsaw cutting at JSC. (A)
Colored boxes superposed on photograph of parent samples denote peak unblocking alternating
field (AF) or temperature steps for the low coercivity (LC) and low temperature (LT)
components, respectively. (B) Colored boxes superposed on photograph of parent samples
indicate LC/LT paleointensities based on anhysteretic remanent magnetization (ARM) and
double-heating paleointensity experiments. Black lines in (A) and (B) denote wiresaw cuts at
MIT, while red and orange lines denote two Johnson Space Center (JSC) bandsaw cut surfaces.
Orientation cubes in (A) and (B) show the JSC orientation system, which is adopted in this study.
(C) Equal area stereograph for the mean direction of bandsaw overprints in 15015 subsamples
with distances 2.7 mm from the bandsawn edge. (D) NRM moment after AF demagnetization
to 10 mT for all AF-demagnetized subsamples.



the most likely explanation for the LC/LT components is a pTRM acquired during heating from
bandsawing at JSC. This bandsaw overprint is the likely source for the LC/LT components,
especially for those subsamples located within 3 mm of " the bandsaw edge.

For deeper subsamples, the LC/LT components’ low peak unblocking temperatures and AF
levels and scattered directions (fig. S12A) all indicate these components are also overprints.
Given that the magnitudes of these components are comparable to those expected for terrestrial
VRM (section 5), they were likely acquired during storage and maintenance at JSC (9). Another
possibility is that they are due to modest physical contamination of the breccia or exposure to
stray fields during handling by the astronauts or at JSC [e.g., ref. (34)].

As observed for 15465, after removal of the LC/LT components, the 15015 samples experienced
no further decay in moment intensity and did not maintain stable directions during subsequent
AF and thermal demagnetization (Figs. 1C and D, S13A and B, and S14A and B). PCA fits to
the magnetization in these HC (~2-45 to 145 mT) and HT (150 °C to 780 °C) ranges produced
scattered directions (fig. S12B) and large MAD values that were non-origin trending (i.e.,
DANG > MAD) for most subsamples (table S5) (72). Paleointensities in the HC/HT range had
values indistinguishable from zero (section 4). pTRM checks showed that the samples did not
experience significant thermochemical alteration up to laboratory heating temperatures of 680 °C
(section 4). Therefore, the absence of stable NRM in the HT range indicates the lack of any total
TRM. As with 15465, we conclude that no detectable paleofield was present during primary
cooling of 15015 following formation of the matrix glass at the time the breccia was assembled.

A previous paleomagnetic analysis conducted on two subsamples from split 15015,18 and
reported an ARM paleointensity of ~13 uT (37). However, based on JSC photos, split 18, which
was smaller than our split 12, was adjacent to and contained one face from the JSC bandsaw
edge. Therefore, this high reported paleointensity is likely a bandsaw overprint. Another
previous study (30) on breccia 15015 measured the NRM and IRM for a single chip of 15015 but
did not draw any broad conclusions about 15015 paleointensity.

Section S4. Paleointensities

4.1. Non-thermal

4.1.1. Introduction. Our non-thermal paleointensity experiments normalize the NRM using
either ARM or IRM (isothermal remanent magnetization). The ARM multicomponent
paleointensity estimate is given by (42)

ANRM  Bpc

B =—X 7

where Bgry 1S in units of pT, ANRM is the NRM lost during progressive AF demagnetization,
AARM is the progressive ARM gained in a bias field Bpc = 50 uT, and f° is the TRM/ARM ratio.
Following many previous studies of lunar rocks, we adopt f’=1.34 (6, 9, 42). The IRM
multicomponent paleointensity estimate following the REM’ method is given by (43)

B ANRM
IRM ™ AIRM

X a (S8)



where Bjry is in units of uT, AIRM is the IRM lost during progressive AF demagnetization
(starting from an initial saturation IRM of 1.1 T) and a is a calibration constant with units of uT.

Like most previous studies of lunar rocks, we have adopted a nominal value of a = 3000 (6),
which has been inferred from TRM/IRM global calibrations of data acquired on iron, magnetite,
and pyrrhotite ferromagnetic minerals. However, it has been recently argued that mineral-
specific values for a should be used, with a = 10,000 calculated for kamacite and martensite
(73). Using the relations in ref. (73) and the saturation magnetization for schreibersite of 155.4
Am’ kg™, we calculate a = 6,700 for schreibersite. If we were to use these alternative values of a
= 6,700 and 10,000, this would increase our IRM paleointensities (tables S6-S8) by a factor of 2
and 3, respectively (although note that this would result in poorer agreement between our IRM
and ARM LC paleointensities compared to our nominal a = 3000).

A variant on the ARM and IRM paleointensity techniques (74) uses a single value of NRM, IRM
and ARM after the remanence has been cleaned of all overprints

NRM;c Bpc
B =—X S9
Birme = M 510

where Barm ¢ and Biry  again have units of uT, and NRMy ¢, ARM| ¢, and IRM| ¢ are the
residual NRM, ARM, and IRM after AF demagnetization has removed LC overprints and
isolated the primary HC magnetization range. This approach is known as the REMc method
when used for IRM paleointensities. In this paper, we adopt the name AREMc when using it for
ARM paleointensities. Although these methods only enable a paleointensity estimate of the
highest-coercivity, primary magnetization range in a sample, they have the major advantage over
the other two multicomponent approaches in minimizing the amount of AF-demagnetization
which otherwise can contribute significant spurious ARM and GRM and thereby produce
paleointensity estimates that are too high (25, 75).

There are two main contributions to the uncertainties of ARM and IRM paleointensity estimates.
First, as highlighted above, the value of f' and a for a given sample systematically depend on its
ferromagnetic mineralogy, grain size and shape distribution, such that actual paleointensities
have been observed to vary around the value predicted by our adopted values for these
coefficients with a 2-standard deviation systematic uncertainty of a factor of ~5 (6). This factor
encompasses the uncertainties discussed by ref. (73) associated with the choice of a value for
kamacite-bearing materials. Rare samples with metal grains with unusually strong shape
anisotropy [ref. (76)] and/or those that carry a substantial fraction of pseudo-single domain
grains that can enter vortex states during AF or IRM applications have been found to have f’ and
a that differ by an order of magnitude from our adopted values [refs. (75, 77)]. However, these
properties differ from those of the dominantly equant, single domain to superparamagnetic grain
sizes of most samples analyzed in this study (see section 6). A second source of non-systematic
uncertainty is that associated with slope-fits inferred from the regression of ANRM versus AARM
and AIRM. The latter is important because it enables tests of the hypothesis that the



paleointensity is distinguishable from zero. Note that we do not use cooling-rate corrections (78)
because the laboratory heating time of 1-h for the ARM and IRM calibration experiment is close
to the several-day cooling timescales of 15015 and 15465 (table S2), which would translate to
only a ~10% correction (79).

Tables S6 and S7 and fig. S16 present the ARM and IRM paleointensities for 15465, while fig.
S17 and tables S7 and S8 present those for 15015. All ARM and IRM paleointensities were
indistinguishable within their 2-standard deviation systematic uncertainties. In the following
sections, we describe the paleointensities for 15465 and 15015 subsamples in more detail and
their implications. In the discussion below, we only quote uncertainties associated with the 95%
confidence interval on the slope fits to assess whether a paleofield was distinguishably present.
However, we note that the paleointensities are also subject to the factor of ~5 systematic
uncertainty discussed above.

4.1.2. Breccia 15465.

4.1.2.1. Glass subsamples. We found that the LC paleointensities in the glass subsamples varied
between ~4 to 70 uT (see table S6). The fact that the upper end of this range is similar to that of
the Earth’s field is consistent with our proposal that the LC component could be a terrestrial
VRM. The wide range of paleointensities and non-unidirectionality for the LC components are
consistent with the parent sample having tumbled multiple times during sample handling over
the last four decades and its various constituent lithologies having different VRM acquisition and
decay rates.

The ARM and IRM paleointensities for the HC range in all 5 glass subsamples are
indistinguishable from zero and have 95% confidence intervals ranging from ~0.1 to 1 uT (table
S6 and fig. S16). The weighted mean paleointensity for all glass samples is -0.10 = 0.08 uT
[range is 2 standard deviations (o)]. The paleointensities obtained by the ARM method for both
the LC and HC ranges are within error of those of the IRM method given the systematic
uncertainties associated with knowledge of a and f” (table S6).

Because the paleointensities for the HC range in glass subsamples are essentially zero, the
AREMCc method provides an additional upper paleointensity limit estimate. The LC overprint in
15465 glass subsample 3-2 was removed by 8 mT (the spurious ARM noise level in table S7).



Table S6. Paleointensity estimates for 15465.

Subsample Lithology ARM (UT) IRM (uT) Thermal (UT)

LC HC LC HC LT HT
3-2 Glass 30 £ 10 0.66 = 1.04 32+£6 0.52 £ 0.24 - -
4-1 Glass 21 +£8 0.77 £ 0.99 11 +£2 0.37 £ 0.34 - -
4-2 Glass 21 £ 10 -0.24 £ 0.24 12+£0.9 -0.18 £0.19 - -
5-1 Glass - - - - 11+£3 3.2 £ 3.1
5-3 Glass - - - - 27 £ 18 7.9 £ 8.2
6-1-2 Glass 37+£5 -0.58 £ 0.29 17 +2.0 -0.31+0.15 - -
6-2* Clast 4.2 £ 0.2 0.22 £ 0.12 5.4 +0.2 0.39+0.20 - -
6-3 Clast 4.4 £ 0.2 -0.06 £ 0.15 5.4 +0.2 -0.13+0.22 - -
6-4-1 Glass 70 £ 12 0.52 £ 0.73 42 + 1 0.06 £ 0.28 - -
8-2* Clast - - - - 11.8 (N/JA) 65£25

Weighted HC ARM and IRM paleointensity mean for glass samples (£2 s.d.): -0.10 £ 0.08 pT

Weighted HT thermal paleocintensity mean for glass samples (£2 s.d.): 3.8 £ 2.9 uT

Note: The first and second columns indicate the subsample names and their lithology. The third to eighth
columns list the paleointensities in uT units for the low coercivity (LC), high coercivity (HC), low temperature
(LT), and high temperature (HT) components listed in table S4. Uncertainties are 95% confidence intervals
from Student’s two-tailed t-test on slope fits to natural remanent magnetization (NRM) lost versus
anhysteretic remanent magnetization (ARM) and isothermal remanent magnetization (IRM) gained. The
uncertainties listed for non-thermal experiments in the fourth to seventh columns do not take into account the
additional uncertainties associated with the poorly known ratio of ARM and IRM to thermoremanent
magnetization (TRM) [which introduces an uncertainty factor of ~5 (6)].

*Subsamples that may contain a record of the lunar field prior to breccia assembly
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Fig. S16. Paleointensity estimates for breccia 15465 matrix glass and clast samples. (A-F)
Anhysteretic remanent magnetization (ARM) and IRM paleointensities over the low coercivity
(LC) (blue) and high coercivity (HC) (red) ranges, respectively for subsamples 3-2 (A), 4-2 (B,
C), 6-3 (D, F) and 6-2 (E). The slopes in the HC range for the glass subsamples (A to C) is
essentially zero. The HC range has a weak positive slope for clast subsample 6-2 (E), while it is
essentially zero for clast subsample 6-3 (D, F).



Table S7. Paleointensity upper limits for 15465 and 15015 based on the AREMc¢ method.

Subsample AF noise level (mT) Residual NRM/ARM Paleointensity (UT)
15465 glass 3-2 8 0.11 <0.17
15465 clast 6-3 18 0.001 <0.06
15015 glass 229all 13 0.12 <0.08

Note: The first column lists the subsamples names and their lithology. The second and third
columns list the alternating field (AF) noise level (see section 4) and the ratio of the residual
natural remanent magnetization (NRM) to the residual anhysteretic remanent magnetization
(ARM) at that AF level, respectively. The fourth column lists the paleointensity based on the
residual ratio of NRM/ARM ratio using equation (S9) [section 4 and ref. (74)].

Given the NRM/ARM ratio at this AF level, an upper paleointensity limit of <0.17 pT is
obtained for this glass subsample.

4.1.2.2. Clast subsamples. The LC components in the two clast subsamples had paleointensities
of ~4 uT, within the range of LC components for glass subsamples. ARM paleointensity
measurements for the HC range in clast subsamples 6-2 and 6-3 yield paleointensities of 0.22 +
0.12 uT and -0.06 + 0.15 uT, respectively (fig. S16E and F). The positive paleointensity for
subsample 6-2 may indicate a weak remanence remaining from an earlier period when the
dynamo was active (section 3.2.3), although this subsample did not exhibit a stable and origin-
trending HC range (fig. S9C). Clast subsample 6-3 has a near-zero paleointensity, consistent with
demagnetization of the exterior of the 20-mm diameter parent clast during breccia formation.

The AREMc method for this subsample (table S7, Fig. 2) indicates an upper paleointensity limit
0f <0.06 uT (calculated at an AF level of 17.5 mT).

4.1.3. Breccia 15015. The LC paleointensities for the 15015 glass subsamples vary between 0.5
to 68 uT and depend strikingly on the location of the subsamples within the parent samples (fig.
S15). Subsamples within 3.4 mm of the bandsawn surfaces have LC paleointensities between ~5
to 69 uT (fig. SI7E and F), while at distance 3.4 mm have values of only ~0.5 to ~3 uT (table
S8). These results are consistent with our conclusion that the LC components in samples near the
bandsawn surfaces are likely pTRMs due to heating from the bandsawing process (section 3). It
is also possible that VRM acquisition in the Earth’s field contributes to the LC components of
some subsamples (section 5).

Glass subsamples 3.4 mm from bandsaw have HC paleointensities within error of zero (fig.
S17A and B; table S8). The weighted mean paleointensity for all glass samples is 0.01 + 0.02
uT. The glass and composite clast-glass lithologies have indistinguishable paleointensities and
demagnetized in a similar manner. The upper paleointensity limit using the AREMc method for
15015 glass subsample 229all is <0.08 uT (calculated at an AF level of 13 mT) (Fig. 2 and table
S7).

4.2. Thermal

4.2.1. Introduction. In addition to the non-thermal paleointensity experiments, we conducted
controlled-atmosphere double-heating paleointensity experiments (26). The advantage of thermal
paleointensities is that they do not rely on poorly-determined calibration constants (e.g., section
4.1.1) because they use direct TRM acquisition in a known laboratory field to normalize the
NRM. The paleointensity is given by:



A 15015 Clast 229a1a 2 15015 Glass 229a1u

0.9 | oLC 18] o LC
e HC e HC
0.8 | 16
‘E 0.7 1 E 1.4 4
& 06 | S 12
o x
X 05 3 1
8 o4l 0.11 £0.43 uT S o8]
[
2 F 0.02 £0.04 pT 145 mT\
= 10mT
0.4 m
0.2
0 0.5 1 15 2 2.5 3 0 2 4 6 8 10 12 14
C ARM lost (x101° Am?) D ARM lost (x10° Am?)
) 15015 Clast 229a1a 15015 Glass 229a1u
18
094 e LC o LC
e HC 164 e HC
0.8
o o 144
E 074 £
s T a2
2 064 5
% 051 1y
B o4l 0.09 £0.29 T 3 o8|
= o 145 mT S
= ° °oe °
03 ° 00 % e X 06 0.02 +0.05 pT 145mT
Z 03 o =z H N
0.2
0.14
0 o r r T T T T T
0 0.5 1 15 2 25 3 3.5
IRM lost (x108 Am?) IRM lost (x107 Am?)
E 15015 Glass 229a1v F ) 15015 Glass 229b1
4
o LC 0.9 e LC
3.5
0.8 |
< 3l —~
5 14smT | g 07
& 254 T o6
-~ o
X ~—
= 2] X 05]
[2] -—
§ . 8 o4l 3.15£0.06 uT
1 S 145 mT
¢ 68.48 £ 1.20 uT 2 sl m
1] z
0.2
054 0.1]
0 : . . . . , , , , 0 .
0 02 04 06 08 1 12 14 16 18 2 0 1 2 3 4 5 6
ARM lost (x10® Am?) ARM lost (x10® Am?)

Fig. S17. Paleointensity estimates for breccia 15015 subsamples. (A-F) Anhysteretic
remanent magnetization (ARM) and IRM paleointensities over the low coercivity (LC) (blue)
and high coercivity (HC) (red) ranges, respectively for subsamples 229ala (A, C), 229alu (B, D)
229alv (E), and 229b1 (F). The slope in the HC range for the glass subsamples (A to D) is
essentially zero. The subsamples in (E) and (F) contain strong LC overprint with a variable
apparent paleointensities between ~3 to 68 uT due to JSC bandsaw cutting (see section 3).



Table S8. Paleointensity estimates for 15015.

JSC Sawcut

Subsample Lithology Distance (mm) ARM (uT) IRM (uT) Thermal (uT)
LC HC LC HC HT

229ala Clast 0 9.6 = 14 0.11 £ 0.43 4.0 £ 6.3 0.09 £ 0.29 -
229ale Glass 3.4 0.55 = 0.07 -0.02 £ 0.06 0.70 £ 0.09 -0.01 + 0.07 -
229alg Clast-Glass 3.4 0.74 £ 0.06 0.02 £ 0.04 0.87 £0.06 0.02 = 0.05 -
229a1lj Glass 4.2 0.67 = 0.05 0.01 £ 0.05 0.81 +0.06 0.02 + 0.06 -
229all Glass 5.8 0.54 + 0.06 0.04 + 0.10 - - -
229alm Glass 5.8 1.47 £ 0.20 -0.02 £ 0.05 1.5+ 0.2 -0.02 £ 0.06 -
229aln Glass 5.8 0.71 £ 0.05 0.21 £ 0.22 0.71 £0.05 0.24 £ 0.25 -
229air1 Glass 2.6 0.36 = 0.02 - - - -
229alt Glass 6.8 1.2 £ 0.10 0.13 £ 0.16 1.2 +0.1 0.16 £ 0.18 -
229alu Glass 8.6 5.1 = 0.40 0.02 + 0.04 6.6 £ 0.6 0.02 + 0.05 - -
229alv Glass 0 68 1 - - - - -
229a1x Glass 5.1 1.1 £ 0.1 0.05 + 0.08 1.0+ 0.1 0.06 = 0.08 - -
229a3a Glass 0 3.4 £0.2 - - - - -
229a3c Clast-Glass 0 2.6 £0.1 - - - - -
229b1 Glass 0 3.2+0.1 - 3.4 +0.1 - - -
229b2a Glass 5.3 - - - - - 0.35 + 0.46
229b2b Glass 5.3 0.84 = 0.06 0.19 £ 0.20 - - - -
229b4 Glass 2.6 - - - - - 0.42 £ 0.34
229b7a Glass 0 13+ 0.6 - 14 £ 0.6 - - -
229b7b Glass 0.8 1.4 + 0.04 - - - - -
229b7c Glass 2.1 0.69 = 0.03 - 0.72 + 0.04 - - -
229b8 Glass 0 - - - - - 0.24 £ 0.24
229b9 Glass 0 4.4 + 0.2 - 4.6 £ 0.2 - - -

Weighted HC ARM and IRM paleointensity mean for glass samples (2 s.d.): -0.01 + 0.02

Weighted HT thermal paleointensity mean for glass samples (£2 s.d.): 0.31 + 0.18 uT

Note: The first and second columns indicate the subsample names and their lithology. The third column lists the distance of the
subsample edge from the closest JSC saw cut face. The fourth to ninth columns list the paleointensities in pT for the low coercivity
(LC), high coercivity (HC), low temperature (LT), and high temperature (HT) components listed in table S5. Uncertainties are 95%
confidence intervals on slope fits to natural remanent magnetization (NRM) lost versus anhysteretic remanent magnetization (ARM)

and isothermal remanent magnetization (IRM) gained from Student’s two-tailed t-test. The uncertainties listed for non-thermal

experiments in the fourth to seventh columns do not take into account the additional uncertainties associated with the poorly known
ratio of ARM and IRM to thermoremanent magnetization (TRM) [which introduces an uncertainty factor of ~5 (6)].

_ ANRM

TRM = TTRM X Biap (511)

where ANRM is the NRM lost during zero-field heating, pTRM is the pTRM-grained during in-
field heating, and B, is the laboratory field. Again, we do not use cooling-rate corrections (78)
because the laboratory heating time of 1-h for our paleointensity experiment is close to the
several-day cooling timescales of 15015 and 15465 (table S2).

We followed the in-field, zero- field, zero-field, in-field (IZZI) scheme (44), setting By, to 10
uT and 3 uT for the experiments on 15465 and 15015, respectively. We used temperature steps
in increments of 50 °C between 100 to 300 °C, of 30 °C between 300 to 480 °C, and of 50 °C
from 480 to 780 °C. We also checked for thermochemical alteration by repeating the in-field
steps every few consecutive steps (i.e., pTRM checks). For breccia 15465, pTRM checks were
conducted after heating to 250 °C (back to 150 °C), to 330 °C (back to 250 °C), to 390 °C (back
to 330 °C), to 450 °C (back to 390 °C), to 530 °C (back to 450 °C), to 630 °C (back to 530 °C),
and to 730 °C (back to 630 °C). For breccia 15015, pTRM checks were conducted after heating
to 360 °C (back to 300 °C), to 420 °C (back to 360 °C), to 480 °C (back to 420 °C), to 580 °C
(back to 480 °C), and to 680 °C (back to 580 °C). We conducted these experiments up to the
Curie temperature of kamacite (780 °C).



Uncertainties on the paleointensity values are those associated with slope-fits inferred from the
regression of ANRM versus pTRM. Tables S6 and S8 summarize our measured paleointensity
values for breccias 15465 and 15015, respectively. Tables S9 and S10 provide statistical
measures of the thermal experiments and the pTRM check statistics, respectively (80).

The paleointensity statistical parameters are defined in the footnote in table S9. The parameter
FRAC indicates the relative fraction of NRM demagnetization over a desired temperature range
compared with the entire temperature range of NRM demagnetization. It evaluates the fraction of
the initial NRM used during fits for a certain temperature range. The parameter f quantifies the
scatter of the paleointensity around the best-fit line in plots of NRM lost versus pTRM gained.
The parameter GAP-MAX indicates the maximum fraction of NRM demagnetization between
two consecutive temperature steps over the experiment. The parameter g evaluates the
paleointensity fit quality (80). The parameter DRATS evaluates the amount of thermochemical
alteration by normalizing the sum of the differences between the pTRM checks and pTRMs
previously gained at the same temperature by the pTRM gained at the maximum temperature
step. DRATS values below 20-25% indicate the thermochemical stability of the magnetic carriers
for the desired temperature range (72). The normalized pTRM check parameter is the percentage
difference between a given pTRM and the pTRM previously gained at the same temperature
normalized by the latter pTRM. Although the pTRM check parameter is useful for diagnosing
whether a single step should be included in a paleointensity fit, it can yield

Table S9. Statistics for thermal paleointensity experiments for breccias 15465 and 15015.
A. Breccia 15465.

Subsample Range Temperature N FRAC B GAP-MAX TGAP-MAX DRATS (%) q

Glass 5-1 LT NRM-390 °C 7 079 0.1 0.23 NA 5.2 3.9  11.43 £3.33
HT 390-730 °C 9 NA  0.41 NA 0.29 38.0! NA  3.20 £ 3.14

Glass 5-3 LT NRM-330 °C 5 084 0.21 0.31 NA 5.8 1.5  27.03 £18.40
HT 450-730 °C 7 NA  0.40 NA 0.27 17.3 NA  7.93 %8.15

Clast 8-2 LT NRM-200 °C 2 040 NA 0.57 NA 2.1 NA 11.82
HT 200-730 °C 14 0.46 0.18 0.35 0.26 4.8 4.5 6.51 £2.53

B. Breccia 15015.

Subsample  Range Temrgfgg“re N FRAC B  GAP-MAX TGAP-MAX DRATS (%) q P (uT)

Glass 229b2a HT 300-730 °C 12 NA  0.60 NA 0.19 23.3 NA  0.35= 0.46

Glass 229b4 HT 300-730 °C 12 NA  0.36 NA 0.22 17.2 NA  0.42 % 0.34

Glass 229b8 HT 300-730 °C 12 NA  0.44 NA 0.23 11.0 NA  0.24 % 0.24

Notes: The first column lists the subsample name. The second and third columns list the temperature ranges. The fourth column lists the
number of data points used for the fits. The fifth to tenth columns list thermal paleointensity quality statistics: FRAC, B, GAP-MAX, TGAP-
MAX, DRATS, and q. As described in section 4.2.1, the parameters FRAC, g, and GAP-MAX are not reported for the glass HT range since

these parameters are not meaningful for zero-field paleointensities.
All parameters except TGAP-MAX are described in ref. (80)

Yt |INRM,; — NRM;|

FRAC =
|NRMn maxl + Z?:nfax_llNRMHl - NRML"

B = a,/|b| where ¢, and |b| are the standard error and the absolute value for the fit slope, respectively

|Z{v=1 5PTRMij|
N
q = fg/B where fand g are the NRM fraction used for fitting and the gap factor, respectively.
TGAP-MAX is explained in section 4.2.1.

X 100

P is the paleointensity in units of pT and associated 95% formal confidence interval from Student’s t-test.
'If the 530 back to 450 °C pTRM check step [which has an anomalously high pTRM check parameter (see table S10)] is omitted, the

DRATS for this subsample for the HT range after would drop to 20.1.



Table S10. pTRM check parameters for double-heating experiments.

] o o 15465 (%6) 15015 (96)
Prior pTRM temperature (" C) PTRM check temperature (" C) 5.1 5.3 8-2 b2a ba b8
250 150 27.4 39.0 74.8

330 250 5.0 2.5 21.6

390 330 129 27.3 38.6

450 390 11.3 16.7 5.4

530 450 56.7 8.0 26.6

630 530 3.1 1.9 21.5

730 630 204 12.7 13.0

360 300 9.3 9.2 6.0
420 360 0.8 2.9 1.4
480 420 14.5 0.7 5.1
580 480 6.4 18.2 0.1
680 580 9.9 1.9 7.2

Note: The first column lists the partial thermoremanent magnetization (pTRM) temperature steps preceding the
pTRM check steps. The second column lists the pTRM check temperature steps. The numbers in the third to eighth
columns are the percentage differences between pTRM and pTRM checks: (|pTRM check-pTRM|/pTRM)x100

meaninglessly high values at low temperature steps where little alteration is occurring due to the
small amount of pTRM gained at those temperatures. As such, we favor DRATS as a more
accurate indication of the thermochemical stability since it is not penalized by the small low-
temperature pTRM values.

As discussed in section 3, the NRM for the HT range does not decline in intensity but rather
experiences non-systematic changes in direction and intensity due to the lack of primary NRM.
As aresult, FRAC, g, and GAP-MAX, which incorporate NRM vector addition and subtraction,
do not provide meaningful measures of a zero-field paleointensity estimate. We, therefore, define
an alternative gap parameter for HT range

max{|pTRM;,;, — pTRM;|};—1.n—
TGAP — MAX —= “g i+1— P il}i=1:n-1 (s12)
i=1|pTRMi+1 — pTRM;|

where N is the number of steps in the temperature range of interest for the paleointensity
calculation. TGAP-MAX evaluates whether the in-field steps have been uniformly spaced to
provide a representation of the pTRM gained over the temperature range of interest.

4.2.2. Breccia 15465. We conducted thermal paleointensity experiments on three mutually
oriented subsamples of 15465 (2 glass subsamples and 1 subsample of the large clast). Based on
the pTRM checks on the three subsamples (table S10 and triangles in fig. S18), there is no
evidence for significant thermochemical alteration up to 730 °C, with DRATS < 25% over this
range (except for the HT range in subsample 5-1). The LT components for glass subsamples 5-1
and 5-3 yielded paleointensities of 11.4 + 3.3 and 27.0 + 18.4 uT, respectively. The FRAC
parameter for glass subsamples 5-1 and 5-3 was ~80%, indicating most of the NRM has been
removed by the end of LT range. The f value of ~0.1-0.2 and ¢ value larger than ~1 (80) suggest
the presence of magnetization in the LT range, consistent with the discussion in section 3. The
similarity of the LT paleointensity to that of the Earth’s field is more evidence the LT component
being a VRM acquired in Earth’s magnetic field.
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Fig. S18. Thermal paleointensity experiments for breccia 15465 subsamples. Shown is the
natural remanent magnetization (NRM) lost as a function of the partial thermal remanent
magnetization (pTRM) gained during thermal steps up to 730 °C. NRM lost and pTRM gained
steps are denoted with squares, with blue and red symbols denoting data in the low temperature
(LT) and high temperature (HT) ranges, respectively. pTRM checks for alteration are denoted
with triangles. (A) Glass subsample 5-1. (B) Glass subsample 5-3. (C) Clast subsample 8-2. The
LT ranges in the glass subsamples (A and B) unblock between 330-390 °C. The HT range for the
glass subsamples (A and B) results in an essentially zero paleointensity. The HT range in the
clast subsample (C) has a positive slope associated with an origin-trending component (see fig.
S10).

The GAP-MAX value of ~0.3 suggests that temperature steps are appropriately spaced and
acceptably represent the entire temperature range.



The HT ranges for the glass subsamples yield paleointensities of 3.20 = 3.14 uT and 7.93 + 8.15
uT and therefore indicate paleointensities indistinguishable from zero. The large f value of ~0.4
[compare with values for lunar samples formed in a dynamo field (9) and with the threshold
value of 0.15 in ref. (80)] confirms the absence of paleofield recorded in the HT range. The
TGAP-MAX value of ~0.25 suggests that the temperature steps are sufficiently uniformly-spaced.

By comparison, the origin-trending HTC component in clast subsample 8-2 (fig. S10B) has a
weak but non-zero paleointensity of 6.51 £2.53 uT. The g parameter for clast subsample 8-2 is
4.5, which exceeds the typical acceptability threshold of >~1 (80) and is within the range of
paleointensities obtained for the epoch of the lunar dynamo such as those from breccia 15498
[~2 to 6; (9)]. The f value in this clast subsample is ~0.2, which is smaller than the HT range for
other 15465 glass subsamples and is close to the typical acceptability threshold range of 0.15
(80). Therefore, clast subsample 8-2 contains a non-zero paleointensity.

4.2.3. Breccia 15015. We conducted thermal paleointensity experiments on three glass
subsamples of breccia 15015 (Figs. 3 and S19). Note that the pTRM steps in double-heating
experiments for breccia 15015 start from 300 °C, while the zero-field steps have LT and HT
ranges of NRM-150 °C, and 150-780 °C, respectively (section 3). Hence, we do not report the
LT paleointensities and only report HT paleointensities starting from 300 °C. The HT range
yielded paleointensity values of 0.35 + 0.46, 0.42 £ 0.34, and 0.24 = 0.24 uT for these
subsamples. These HT paleointensities are indistinguishable from zero. The DRATS parameters
are below 25%, confirming no significant thermochemical alteration up to 680 °C (table S10 and
triangles in fig. S19). The TGAP-MAX parameter of ~0.25 suggests the temperature steps are
sufficiently uniformly-spaced. The large f value of ~0.4-0.6 confirms the absence of paleofield
recorded in the HT range.
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1S 10, 20 ‘
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Fig. S19. Thermal paleointensity experiments for breccia 15015 glass subsamples. Shown is
the natural remanent magnetization (NRM) lost as a function of the partial thermal remanent
magnetization (pTRM) gained during thermal steps up to 680 °C. NRM lost and pTRM gained
steps are denoted with squares, with blue and red symbols denoting data in the low temperature
(LT) and high temperature (HT) ranges, respectively. pTRM checks for alteration are denoted
with triangles. The LT range unblocks by 150 °C. The HT range for the glass subsamples has an
essentially zero paleointensity. (A) Subsample 229b2a. (B) Subsample 229b4.



4.3. Paleointensity fidelity tests

4.3.1. Introduction. A complementary approach to estimating an upper limit on the paleofield is
to conduct repeat paleointensity experiments on artificial laboratory NRMs acquired in a range
of TRM-equivalent ambient fields, with the goal of determining the minimum paleofield strength
that can be recovered using our paleointensity method. In particular, following ref. (25), we
applied ARMs to glass subsamples 15465-3-2 and 15015-229all, as well as clast subsample
15465-6-3, with a peak AF of 260 mT and using DC bias fields ranging from 0.5-50 pT. This
bias field range corresponds to TRM-equivalent-fields of 0.4-37 uT given our adopted
TRM/ARM value of 1.34. By comparing the retrieved paleointensity from the known
paleointensity, we can assess the sample’s magnetic recording fidelity. For these experiments,
the induced ARMs were compared against the induced DC bias field of 50 uT.

The fidelity of the recorded field was assessed using the following quality parameters

IL—1|
D=

(S13a)

(S13b)

where D and FE are the absolute difference and error of estimation and L, 7, and W are the applied
field strength, retrieved field, and the 95% confidence interval on the retrieved paleointensity.
According to ref. (25), the acceptance condition is met once both D and E are below 100%. In a
recent study, ref. (87) argued that the D’ provides a more robust estimate than D

pr=l=L S14
== (514)

where the acceptance condition is met when -50 < D’ < 100%. We report here all three values
above. Equations (S13) and (S14) show that E represents the 95% confidence interval of the
slope, while D and D' quantify the inaccuracy of the paleointensity magnitude.

4.3.2. Breccia 15465. For glass subsample 3-2 (fig. S20 and table S11A), we found that we can
accurately recover paleointensities as weak as 1.5 uT. Its value of E stays marginally stable
down to ~0.5 uT, while the D and D’ criteria failed at around 1.5 uT. This implies that spurious
ARM acquisition associated with the application of the laboratory ARM that is serving as a
proxy for the NRM is a major noise source at low DC fields. Hence, it is likely that the sample
could have recorded even weaker fields than suggested by these experiments, such that this
fidelity method likely provides an overestimate of the minimum paleointensity retrievable using
our non-thermal paleointensity method. Nevertheless, this ~1.5 uT weakest recoverable field is
still much lower than most lunar basalts which have been found to have minimum recoverable
fields of ~7 to 10 uT when using nonthermal paleointensity methods (25). This value is also
below the paleointensity of all previous lunar samples shown to record an active dynamo (Fig.
4). For clast subsample 6-3, we found that we can recover paleointensities as low as 0.4 uT (fig.
S20 and table S11A). Compared with the glass subsample, it can be observed even more clearly
for this subsample how D and D’ fail before E exceeded its acceptability threshold.



Table S11. Paleointensity fidelity tests for breccias 15465 and 15015.
A. Breccia 15465

15465 Glass 3-2

23’\4 (DET) TRM_e(?ll_"rl)valent Retrieved (UT) D (%) E (%) D’ (%) Accepted® Accepted®
50 37.3 37.3 0 0 0 v v
20 14.9 12.2 18 4 -18 v v
10 7.4 .1 4 7 -4 v v
5 3.7 3.4 8 15 -8 v v
2 1.5 2.9 93 37 93 v v
1 0.7 1.6 129 45 129 X x
0.5 0.4 0.9 125 106 125 X x
15465 Clast 6-3
2;’:;' ?uCT) TRM'e(?ﬁ')"a'em Retrieved (uT) D (%) E (%) D' (%) Accepted® Accepted®
50 37.3 37.3 0 0 0 v v
20 14.9 15.0 1 1 1 v v
10 7.4 7.5 1 1 1 v v
5 3.7 3.3 11 2 -11 v v
2 1.5 1.2 20 4 -20 v v
1 0.7 0.5 29 8 -29 v v
0.5 0.4 0.1 75 11 -75 v x

B. Breccia 15015

15015 Glass 229all

ﬁsm (Df_l_) TRM—e(il_Jrl)valent Retrieved (UT) D (%) E (%) D’(%%) Accepted® Accepted®
50 37.3 37.3 0 0 0 v v
10 7.4 7.3 1 0 -1 v v
5 3.7 3.8 3 1 3 v v
2 1.5 1.4 7 4 -7 v v
1 0.7 0.8 14 6 14 v v
0.5 0.4 0.8 100 16 100 X x

Notes: The first column lists the DC bias field used during the anhysteretic remanent magnetization (ARM)
acquisition to represent thermoremanent magnetization (TRM) (not that all experiments use a 260 mT AF). The
second column lists the TRM-equivalent field assuming ARM/TRM ~ 1.34 (49). The third column lists the retrieved
paleointensity. The fourth and fifth columns list the difference (D) and error of estimation (E) for the retrieved
paleointensity, I, from the applied ARM field strengths, L, as defined by ref. (25): D = |L-I|/Lx100 and E =
W/Lx100 (where W is the 95% confidence interval for the estimate of I). The sixth column is the difference metric
as redefined by ref. (81): D’ = (I-L)/Lx100. See figs. S20 and S21 for plots associated with these experiments.
*The acceptance criterion in the seventh column is positive when both D and E are less than 100% [see ref. (25)].
®The acceptance criterion in the eighth column is positive when both -50% < D’ <100% and E < 50% [see ref.

(81)].

4.3.3. Breccia 15015. We found that we can recover paleointensities from glass subsample
229all as weak as 0.8 uT (fig. S21 and table S11B), for which criteria for D, D', and E all
simultaneously pass. Again, these fidelity tests are limited by spurious noise associated with the
weak-DC field ARM, such that it is likely that this sample can record even weaker fields than 0.7
pT.

4.4. Synthesis of paleointensity limits on HC/HT range. We have obtained near-zero
paleointensities for the HC/HT range for the glass and demagnetized clast subsamples for breccia
15465 and for glass and clast-glass subsamples for breccia 15015. In table S12, we summarize
all the paleointensities using the ARM, IRM, AREMc, and thermal experiments.

For breccia 15465 glass subsamples, the nominal ARM paleointensities are <0.77 pT and the
IRM paleointensities are <0.52 pT. The demagnetized clast subsample yielded slightly negative
ARM and IRM paleointensities; such unphysical negative paleointensities are likely due to
measurement noise. The thermal experiments placed less restrictive upper limits of <3.2 uT and
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Fig. S20. Paleointensity fidelity tests for breccia 15465. (A, C) Alternating field (AF)
demagnetization of natural remanent magnetization (NRM) compared to that of anhysteretic
remanent magnetization (ARM) acquired in various DC bias fields for glass subsample 3-2 (A)
and clast subsample 6-3 (C). Legends list thermoremanent magnetization (TRM)-equivalent
fields for ARMs acquired in a range of DC bias fields in an AF of 260 mT and assuming
ARM/TRM = 1.34 (49) (see supplementary text section 4). Horizontal dashed lines indicate
noise level due to acquisition of spurious ARM due to imperfections in the AF waveform. (B, D)
Recovered paleointensity versus induced paleointensity for different DC fields for glass
subsample 3-2 (B) and clast subsample 6-3 (D). Gray lines show the 1:1 line. See table S11A for
paleointensity fidelity metrics associated with these experiments.

<7.9 uT on the glass subsamples. The latter experiments confirm the absence of NRM in the HT
range, but zigzagging scatter in the Arai plots (figs. SI8A and B) results in a large 95%
confidence interval The AREMc method yielded upper paleointensity limits of <0.17 puT and
<0.06 uT for glass and demagnetized clast subsamples, respectively. The fidelity tests indicated
that our method can recover fields as weak as 1.5 pT and 0.4 uT for glass and clast subsamples,
respectively;
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Fig. S21. Paleointensity fidelity tests for breccia 15015. (A) Alternating field (AF)
demagnetization of natural remanent magnetization (NRM) compared to that of anhysteretic
remanent magnetization (ARM) acquired in different DC bias fields for glass subsample 15015-
229all. Legend lists thermoremanent magnetization (TRM)-equivalent fields for ARMs acquired
in a range of DC bias fields in an AF of 260 mT and assuming ARM/TRM = 1.34 (49) (see
supplementary text section 4). Horizontal dashed line indicates noise level due to acquisition of
spurious ARM due to imperfections in the AF waveform. (B) Recovered paleointensity versus
induced paleointensity for different DC fields. Gray lines show the 1:1 line. See table S11B for
paleointensity fidelity metrics associated with these experiments.
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Table S12. Upper paleointensity limits on breccias using different paleointensity methods.

Breccia ARM (uT) IRM (UT) Double-heating (uT) AREMc (pT)
15465 glass -0.58 to 0.77 -0.31 to 0.52 3.2t0 7.9 0.17
15465 demagnetized clast -0.06 -0.13 - 0.06
15015 glass + clast -0.02 to 0.21 -0.02 to 0.24 0.24 to 0.42 0.08

Note: The first column lists the lithologies for demagnetized subsamples. For 15465, we report all glass
subsamples and the demagnetized clast 6-3; for 15015, we report all subsamples away from the bandsaw cuts
(see fig. S15). The second to fourth columns list the range of mean paleointensities for high coercivity (HC)/high
temperature (HT) components for these demagnetized subsamples (see tables S6 and S8). The subsample
names for these paleointensities are listed in tables S6 and S8 along with their lithology. The fifth column lists

the upper paleointensity limits based on the AREMc method. The subsample names and lithologies for the AREMc
upper limits are listed in table S7.

however, as discussed in section 4.3, these are extreme upper limits and we can likely retrieve
fields even weaker than this value. Overall, clast subsamples had better constrained upper limits
compared with glass subsamples, consistent with their more optimal rock magnetic properties
(section 6). Based on the best-constrained non-negative upper limit (from the AREMc method),

we estimate that the paleointensity was no more than ~0.06 uT for breccia 15465 during its
formation.

For both glass and clast-glass lithologies in breccia 15015, the ARM and IRM paleointensities
are <0.19 uT and <0.24 uT, respectively. The AREMc method yielded an upper paleointensity
limit of <0.08 pnT. The double-heating experiments yielded upper limits of <0.35 and <0.35 puT,
which are among the weakest paleointensities ever measured using thermal methods on planetary
samples. The fidelity tests estimated a minimum recoverable field of 0.7 puT using the ARM



method which, as discussed above, is likely an overestimate. Hence, based on the best-
constrained non-negative upper limit (from the AREMc method), we estimate that the paleofield
intensity during breccia 15015 formation was below ~0.08 uT.

Section S5. VRM experiments

5.1. Introduction. To evaluate the origin of the LC/LT components in subsamples, we
conducted experiments to estimate the amount of VRM that the breccias acquired in the
geomagnetic field after they were returned to the Earth in 1971. The experiments were conducted
on 15465 glass subsample 3-1 and 15015 glass subsample 229a1h, both of which had not been
previously demagnetized. In the following sections, we describe the magnitude of the gained
VRM in the Earth’s field and during its subsequent decay in our magnetically shielded room.

5.1. Breccia 15465. 15465 glass subsample 3-1 (mass of 99 mg) was placed in the Earth’s field
for 23 days. It was then returned to the magnetically shielded room and its moment was
measured repeatedly to determine the VRM gained and the VRM decay rate. This experiment
was then repeated after AF demagnetizing the subsample to a 145 mT maximum AF to establish
whether AF demagnetization influences the VRM decay rate. We found that VRM components
of magnitude 3.6x107'? and 4.3x10™"® Am? (equivalent to 50% and 59% of the initial NRM and
109% and 130% of the LC component, respectively) were acquired during each experiment. For
both experiments, it was found that the VRM decayed linearly with respect to the logarithm of
time over most of the measured interval (fig. S22A). The measured decay rates over the linear
intervals were -7.35x10"" Am? [log(s)]" and -5.10x10™"" Am? [log(s)]" in the first and second
experiments, respectively, equivalent to mass-normalized rates of -7.42x10™'" Am® kg '[log(s)]"!
and -5.15x10™'° Am” kg™'[log(s)]"". Therefore, the VRM decay rates for both the original NRM
and AF-demagnetized state are comparable.

We can use this decay rate to estimate an upper limit on the amount of terrestrial VRM acquired
by our 15465 matrix glass subsamples on Earth prior to our NRM analyses. The samples
acquired VRM over the last 46 years in the Earth’s field at JSC, but then much of this
subsequently decayed during the ~8-month period that they were stored in the MIT shielded
room prior to the start of our paleomagnetic measurements. Conservatively assuming that the
VRM acquisition and decay rates are the same and the sample was stationary at JSC, the gained
VRM from NRM after 46 years would be 5.8x10™'* Am? (80% of original NRM and 175% of LC
magnitude) using the VRM decay rate from the first experiment. Considering the subsequent
storage in the shielded room, we estimate that the net acquired VRM just prior to our
paleomagnetic measurements was 4.0x10™"" Am? (fig. S22B). This constitutes up to ~60% of the
LC component for this subsample and up to 70% of the LC magnitude in the other 15465
subsamples. Therefore, the similar magnitudes of the VRM and LC component suggests that
latter could plausibly have been gained in the Earth’s field as a VRM. The comparable
paleointensity of the LC component to that of the Earth’s field (section 4) is further evidence for
a VRM origin of the LC component in breccia 15465.

5.2. Breccia 15015. Subsample 229alh (18.3 mg), which had not been previously demagnetized,
was exposed to the Earth’s field for 42 days before our VRM decay measurements. A VRM
component of magnitude 2.5x10” Am” (equivalent to 1200% of the initial NRM) was gained
after 42 days. The VRM decay rate for this glass subsample observed after it was returned to the
shielded
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Fig. S22. VRM acquisition by 15465 glass. Shown are VRM experiments and calculations for
subsample 3-1. (A) VRM decay as a function of the logarithm of time. Without any prior
demagnetization, the sample was first exposed to the Earth’s field for 23 days. Circles denote
moment measurements of the VRM decay after being returned to the shielded room. The sample
was then alternating field (AF)-demagnetized to a peak field of 145 mT and then again exposed
for 17 days in the Earth’s field. Squares denote moment measurements of the VRM decay after
being returned to the shielded room. (B) Observed VRM gain after 23 days from the first
experiment (left blue circle), extrapolated VRM after 46 years in the Earth’s field (right blue
circle), and estimated decayed VRM after storage in the MIT shielded room (black square).

room was -4.31x10"° Am? [log(s)]" over the interval of approximate linearity (fig. S23),
equivalent to a mass-normalized rate of -2.39x10™® Am?” kg'[log(s)]". Based on this decay rate,
the subsample would have gained a VRM of 3.6x10” Am” after 46 years (1,760% of original
NRM), which would then have declined to 4.3x10™'® Am? after storage for 8 months in the
shielded room (210% of original NRM). This VRM is larger than the range of original NRM and
LC/LT components for most of 15015 subsamples far from the bandsaw edge (see section 3)
which supports the possibility of a VRM origin for the LC/LT components in some subsamples
(particularly those far from the JSC sawcut surface).

Section S6. Magnetization carriers

6.1. Methods. We characterized the composition and mineralogy of the ferromagnetic grains in
breccias 15465 and 15015 using backscattered scanning electron microscopy (SEM) and
wavelength dispersive spectroscopy (WDS) in the MIT Electron Microprobe Facility using a
JEOL-JXA-8200 electron microprobe. For WDS, we analyzed Fe, Ni, S, Si, Ti, O, Cr, AL W,
Co, and P using a 15 kV, 10 nA beam with a diameter of 1 um. For smaller grains (<5 pm in
diameter), we acquired single-point WDS measurements, while for larger grains (diameters from
5 to 25 um), we acquired WDS measurements along within-grain transects to search for
compositional zoning and any exsolution textures.
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Fig. S23. VRM acquisition by 15015 glass. Shown are VRM experiments and calculations for
subsample 229alh. (A) VRM decay as a function of the logarithm of time. After an
undemagnetized sample was left in the Earth’s field for 42 days, the VRM decay was measured
in the shielded room (circles). (B) Observed VRM gain after 42 days (left blue circle),
extrapolated VRM after 46 years in the Earth’s field (right blue circle) and estimated decayed
VRM after storage in the MIT shielded room (black square).

We characterized the domain state of the ferromagnetic grains by acquiring magnetic hysteresis
curves, first order reversal curves (FORCs) and conducting IRM acquisition, AF
demagnetization of IRM and backfield IRM acquisition. Hysteresis curves and FORCs were
measured in the Ross Laboratory in the MIT Department of Material Sciences and Engineering
using a vibrating sample magnetometer (VSM) (varying the field from -0.56 to 1.13 T for 106
minor loops over a period of ~6 hours). IRM acquisition and demagnetization were conducted in
the MIT Paleomagnetism Laboratory using the SRM.

The hysteresis curves yielded the saturation magnetization (M), saturation remanent
magnetization (M,), and the coercive force (H.). The coercivity of remanence (H,,) was obtained
as the AF level at which the IRM acquisition and backfield IRM intersected (30). We use the
Dunlop-Day plot (M,/M; versus H,.,/H.) as a qualitative tool for assessing the magnetic domain
state (82, §3), with a caveat that this plot was developed originally for magnetite-bearing rocks.
The FORC curves were processed using FORCinel software v. 3.0 (84) with smoothing factors
of 7 (horizontal) and 21 (vertical).

6.2. Breccia 15465

6.2.1. Electron microscopy. Our electron microscopy analyses show that the metal grains in
15465 matrix glass and the 20-mm diameter regolith breccia clast have sizes ranging from <1 to
30 pm in diameter (table S13 and fig. S24).

We found that two metal grains in the clast have homogenous, unzoned compositions of Fe;g
and Feoq.100Nig.g (grains #5 and #6 in table S13), indicating the presence of kamacite and
martensite. Given the latter grain’s Ni content of ~8 mass %, its martensite-start and austenite-
start temperatures should be ~600 °C and ~710 °C (85). The presence of kamacite and the
narrow temperature interval (~100°C) over which the martensite grain formed from kamacite



indicate the clast should dominantly have acquired a TRM during primary cooling. During
laboratory thermal demagnetization, kamacite should completely unblock by its 780°C Curie
point, while martensite should transform to taenite at the austenite-finish temperature. This
indicates that thermochemical alteration should begin to set in by ~710°C in our thermal
paleointensity experiments.

In the matrix glass, we found one metal grain with a homogenous kamacite composition of
Feoy39,Nise, composition (herewith “%” denotes wt. %), a second grain consisting of a two-phase
assemblage of kamacite (Fegs-9304Nig.20;) and troilite (FeS), and two other grains consisting of
three-phase assemblages of kamacite (Fegs.970,Nis s, ), schreibersite (Feg.gy,2Nigo,P1o-13%), and
troilite (table S13). Assemblages with similar compositions have previously been found in lunar
samples contaminated with meteoritic material, such as Apollo 12 soil [up to ~16 mass % P (86)]
and the basalt 14310 [up to 12 mass % P (87)]. Given phase relations in the Fe-Ni-P ternary
system (88), this assemblage should have last equilibrated at 750 + 50 °C. Given its Ni-content,
the schreibersite in 15465 should have a Curie temperature of ~440 °C (89). Because this is well
below the 750 + 50 °C equilibrium temperature, schreibersite should have recorded any
paleofield in the form of a total TRM during primary cooling. Because the 750 + 50 °C
equilibrium temperature is also within error of kamacite’s 780°C Curie point, kamacite in the
matrix glass also should have recorded a near-total TRM during primary cooling. Troilite is
widely considered to be antiferromagnetic and so should not record NRM. Although it has been
suggested that troilite may carry remanence (73), it has not yet been demonstrated that this
remanence is instead from small inclusions of other ferromagnetic minerals (90) (e.g., metallic
Fe, which very commonly co-crystallizes with FeS as observed in 15465).

Table S13. WDS of 15465 metal grains.

Grain __ Lithology Spot Fe Ni Cr Co P S Si Al W O Ti Total

1 Glass 96.9 3.9 0.0 0.6 1.1 0.0 0.0 00 00 06 0.0 103.1
95.8 4.1 0.1 0.7 2.0 0.0 0.0 00 00 0.6 0.0 103.3
94.7 4.2 00 0.7 2.6 0.0 0.0 00 04 0.7 0.0 103.3
95.2 4.1 0.0 0.6 2.4 0.0 0.0 00 0.2 0.6 0.0 103.1

93.6 43 00 0.7 1.6 0.1 0.0 00 00 0.7 0.0 101.0
83.3 6.1 0.0 0.7 10.0 0.2 0.0 00 0.2 06 0.0 101.1
78.8 7.6 0.0 0.5 13.0 0.2 0.0 00 00 05 0.0 100.6

1
2
3
4
5 94.6 4.2 0.1 0.7 2.0 0.0 0.0 0.0 0.1 0.7 0.0 102.4
6
7
8
9

95.3 50 0.0 0.7 1.4 0.0 0.0 00 03 0.6 0.0 103.3
10 81.6 80 0.0 0.6 12.0 0.5 0.0 00 0.0 0.5 0.0 103.2
11 68.0 0.6 0.1 0.1 1.1 30.1 0.0 00 00 0.7 0.0 100.7
12 80.9 81 00 0.6 11.8 0.8 0.0 00 0.0 0.7 0.0 102.9
13 82.2 80 00 0.6 11.0 0.8 0.0 00 03 05 0.0 103.4

2 Glass

14 70.6 0.8 0.0 0.2 0.6 27.2 00 00 00 09 0.0 100.3
15 81.9 81 00 0.6 10.8 0.5 0.0 0.0 0.2 06 0.0 102.7
3 Glass 16 96.8 1.4 00 04 1.9 0.0 0.0 00 02 14 0.0 102.1
17 67.5 0.2 0.1 0.1 2.5 27.6 0.0 00 0.0 0.5 0.0 98.5
18 98.6 14 0.0 04 1.9 0.0 0.0 00 00 06 0.1 103.5
4 Glass 19 92.8 43 0.1 0.8 0.7 0.1 0.2 01 04 19 0.0 101.4
5 Clast 20 100.7 04 0.0 0.9 0.0 0.0 0.0 00 00 06 0.3 102.9
21 101.3 04 0.0 0.8 0.0 0.0 0.0 00 00 06 0.2 103.3
22 100.8 04 0.0 0.9 0.0 0.0 0.0 00 0.2 0.7 0.2 103.2
23 100.1 04 0.0 0.9 0.0 0.0 0.0 00 00 06 0.1 102.1
6 Clast 24 91.4 82 0.0 0.5 0.1 0.0 0.1 00 00 0.5 0.0 100.8
25 92.7 8.0 0.0 0.5 0.1 0.0 0.0 00 00 06 0.0 101.9

26 91.2 88 0.0 0.5 0.1 0.0 0.1 00 02 0.7 0.0 101.6

Note: The first column lists the number of the grain depicted in fig. S24. The second column lists the grain’s host
lithology. The third column lists the spot number as shown in fig. S24. The fourth to fifteenth columns list the
element concentrations in mass percent.
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Fig. S24. Electron microprobe analysis of magnetization carriers in 15465. (A) Reflected
plane-polarized light image of 30 um thin section from parent split 15465,114 which we chipped
from parent mass 44 at Johnson Space Center (JSC) (same thin section as imaged in fig. S1).
Image shows a clast fragment (top part of the section) bonded to the matrix glass (bottom part).
The clast in this section is sampled from the same parent clast on which we conducted our
paleomagnetic experiments. The numbers indicate the metal grains which we have selected for
detailed microprobe study. The small white spots are metal grains (<30 pm). (B) Backscattered
scanning electron microscopy (BSEM) images. (C) Wavelength dispersive spectroscopy (WDS)
of the selected Fe grains in (A). Grains 1, 2, 3, and 4 are inside the matrix, while grains 5 and 6
are inside the clast. Numbers in (B, C) indicate the WDS measurement spot numbers. See table
S13 for detailed measurements.



6.2.2. Hysteresis and FORC measurements. We conducted hysteresis measurements on glass
sample 6-5 (mass of 33.1 mg) and clast sample 6-3 (mass of 55.7 mg) (fig. S25). Their bulk
hysteresis parameters (table S14 and fig. S26) indicate that the clast has a mean single-domain
(SD) to superparamagnetic (SP) grain size while the glass has a mean multi-domain (MD) grain
size close to the pseudo-single domain (PSD) boundary. In the FORC diagram (fig. S27), the
presence of a horizontal ridge extending to high coercivities (=200 mT) for both lithologies
demonstrates the presence of a population of SD and PSD grains. In the glass, the cluster near
zero-coercivity elongated along the B, axis is consistent with the presence of MD grains; this
low-coercivity cluster is largely absent from the clast, indicating it is dominantly SD to SV.
Overall, the hysteresis and FORC data indicates that both lithologies, and especially the clast,
have unusually good magnetic recording properties compared to most Apollo samples (25).

Table S14. Rock magnetic parameters for 15465 and 15015 subsamples.

Subsample Ms (Am?) M. (Am?) H.(mT) H., (mT)
15465 Glass 6-5 17.9x10 3.01x107 5.43 93
15465 Clast 6-3 3.81x10° 3.22x107 6.03 75
15015 Glass 229b2b 19.0x10° 2.61x10° 7.00 44

Note: The first column lists the subsample name and its lithology. The second
column lists the saturation magnetization, Ms. The third column lists the saturation
remanent magnetization, M. The fourth column lists the coercivity H.. The
magnetic parameters in the second to fourth columns are obtained from the
hysteresis curves in figs. S25 and S29. The fifth column lists the coercivity of
remanence, H., which is obtained from the intersection of the isothermal
remanent magnetization (IRM) acquisition and demagnetization curves in figs.
S25 and S29.

6.3. Breccia 15015

6.3.1. Electron microscopy

SEM studies of breccia 15015 of the surface matrix glass showed that this breccia contains PSD
to SD grains (~4 to ~100 nm diameter) (97). Previous transmission electron microscopy (TEM)
combined with x-ray electron dispersive spectroscopy (EDS) studies of fine metal particles in the
glass showed that their Ni content varied between 1.0 to 3.8 mass % indicating they are in the
form of kamacite (23). The fine grain sizes mean the matrix glass in this breccia is also an
exceptionally good recorder among Apollo samples.

Our electron microscopy of larger metal grains (with diameters from 3-15 pm) in 15015 matrix
glass found that the four grains consist of a three-phase assemblage of kamacite (Feogs.970,Nij-30;),
schreibersite (Feo-gs0,Niso;Ps-15%), and troilite (table S15). Similar to the three-phase 15465
metallic grains described in section 6.2, these grains suggest meteoritic contamination of the
breccia’s parent materials. As with 15465, this assemblage should have last equilibrated at 750 +
50 °C [see ref. (88)], while the schreibersite in 15015 should have a Curie temperature of ~440
°C (89). Because this is well below the 750 + 50 °C equilibrium temperature, schreibersite
should have recorded any paleofield in the form of a total TRM during primary cooling. Because
the 750 + 50 °C equilibrium temperature is within error of kamacite’s 780°C Curie point,
kamacite in the matrix glass also should have recorded a near-total TRM during primary cooling.

6.3.2. Magnetic hysteresis measurements. Since our paleomagnetic analyses and
interpretations of 15015 did not rely on clast subsamples, we conducted hysteresis analyses only
on glass
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Fig. S25. Hysteresis and IRM acquisition/demagnetization curves for 15465 glass and clast
subsamples. (A) Hysteresis curve for glass subsample 6-5. Blue dots are raw measurements and
red points are corrected for the high-field paramagnetic slope. Inset shows a magnified view. (B)
IRM acquisition and backfield IRM for glass subsample 4-1. These curves yield M,,, My, H.
(from hysteresis curve) and H,, (from backfield IRM curve) as indicated in table S14. (C)
Hysteresis curve for clast subsample 6-3. (D) IRM acquisition and backfield IRM measured for
clast subsample 6-3.

subsample 229b2b. Based on the measured hysteresis parameters for 15015 (table S14, figs. S26
and S29) and its FORC diagram (fig. S30), the matrix glass has a dominantly SD to SP metal
grain size with grains with coercivities >100 mT. These measurements again indicate that the
matrix glass in 15015 is an exceptional recorder.

Section S7. 40Ar/39Ar, 38Ar/37Ar, and “Ar/*°Ar chronometry
7.1 Overview. In this section, we discuss constraints on the age of magnetic records in 15465

and 15015 as well as on the lunar sample with the youngest confirmed record of the existence of
the
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Table S15. WDS of 15015 metal grains.

Grain Lithology Spot Fe Ni P S Total
1 Glass 1 96.4 2.4 1.0 0.0 99.8
2 96.2 2.3 1.0 0.0 99.5
3 84.6 3.1 11.3 0.8 99.8
4 84.6 3.0 11.0 0.8 99.4
5 96.1 2.3 0.8 0.0 99.2
6 95.7 2.3 0.9 0.0 98.9
2 Glass 7 88.9 2.5 6.4 0.7 98.5
8 85.5 2.2 6.6 3.9 98.2
9 88.4 2.3 6.0 2.0 98.7
3 Glass 10 92.5 2.2 3.8 0.4 98.9
11 84.3 3.5 10.5 1.0 99.3
12 78.2 1.3 2.7 16.7 98.9
4 Glass 13 79.0 1.6 6.9 9.6 97.1
14 85.7 2.2 9.8 0.2 97.9
15 93.6 1.5 3.6 0.1 98.8

Note: The first column lists the number of the grain depicted in fig. S28. The second
column lists the grain’s host lithology. The third column lists the spot number as shown
in fig. S28. The fourth to eights columns list the element concentrations in mass
percent.

lunar dynamo, 15498. We employ a combination of three different Ar isotopic methods—
radiometric dating via the **Ar/*’ Ar method (92), **Ar/*’Ar cosmic ray exposure (CRE) age
dating (93), and the trapped “°Ar/*°Ar antiquity indicator (94, 95)—to constrain the age of the
samples. For the trapped antiquity indicator, we use the age versus trapped *°Ar/*°Ar relationship
in equation (6) of ref. (95), which we augmented here by estimating 1-0 confidence intervals on
the two fit parameters using a two-tailed Student’s # test

t = (1.2107 4+ 0.0689)In(Ar,) + 0.7151 (S15)
where t has units of Ga and Ary, is the trapped *Ar/*°Ar value.

We combine previously measured Ar measurements on 15465 and 15016 (section 7.2) with our
new measurements (section 7.3) to infer the age of the magnetic records in these samples. The
textures of these breccias indicate that their clasts must predate the event that assembled them
and produced the melt glass matrix welding them together. Given that the magnetic record of
zero-field conditions is held by the matrix glass and clast materials baked during breccia
assembly, we estimate when this melt-generating breccia assembly event occurred for each
sample (section 7.4). We end by reviewing the implications of previous *’Ar/*’Ar, **Ar/*’Ar, and
P Ar/*°Ar chronometry measurements for the assembly age of breccia 15498 (section 7.5).

7.2. Previous analyses

7.2.1. Breccia 15465. “°Ar/* Ar ages of a diversity of clasts (KREEP basalt, norites, glass
spheres, and fragments) define an isochron age of 3.91 + 0.04 Ga, suggesting that these materials
formed at or before this time (54). Such an old age for the KREEP basalts and norites is
consistent with measured ages for these lithologies of 3.9-4.2 Ga from other Apollo samples
(96). °Ar/*’ Ar ages of feldspar crystals in mare basalt clasts yielded an apparent isochron age of
1.9 Ga (54); this is likely a minimum age for the crystallization of these clasts given the absence
of mare volcanism at the Apollo site after ~3.3 Ga (96), such that they reflect degassing
associated with reheating
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Fig. S28. Electron microprobe analysis of magnetization carriers in 15015. (A) Reflected
plane-polarized light image of a 30 pm thin section from parent split 15015, 237. Image shows a
clast-glass mixture, with dominant matrix glass at the top part of the section bonded to the clast.
The numbers indicate the metal grains selected for detailed microprobe study. The small white
spots in the reflected light section are the metal grains (<30 pm in size). (B) Backscattered
scanning electron microscopy (BSEM) images. (C) Wavelength dispersive spectroscopy (WDS)
of the selected Fe grains in (A). Grains 1, 2, 3, and 4 are inside the matrix glass. Numbers in (B,
C) indicate the WDS measurement spot numbers. See table S15 for detailed measurements.
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from assembly of 15465. Further evidence for this reheating is provided by even younger 1.0 +
0.5 Ga **Ar/*’ Ar isochron ages measured for the glassy mesostases of these mare basalt clasts
(54).

The matrix glass has itself been the subject of one previous *’Ar/*’Ar study, which estimated a
minimum age of 1.09 Ga (97). However, because no detailed description of the analyses or data
is presented in the latter publication, we do not consider it to be a useful constraint on the glass
formation age. Likewise, a trapped *’Ar/*°Ar age of ~1.9 Ga was recently estimated for 15465
(40) based on previously published “’Ar/*°Ar measurements (22), but the contribution of in-situ-
produced radiogenic “°Ar was not measured for this sample (22) and the lithology of rthe
analyzed subsample was not described, such that the uncertainty on this age is difficult to
quantify. Overall, the previous data, while not conclusive, suggest that the age of breccia
assembly and formation of the associated melt glass matrix is almost certainly younger than ~2
Ga.

7.2.2. Breccia 15015. “’Ar/*’Ar studies of a variolitic feldspathic basalt and a Fra Mauro (i.c.,
KREEP) basalt clast reported apparent ages of 3.4 and 3.7 Ga, respectively, at >80% *°Ar release
fractions, with steps at lower *°Ar release fractions exhibiting younger apparent ages. This
suggests that these clasts formed at >3.4 and >3.7 Ga and then were partially degassed at a later
time, likely by the event which assembled and formed the breccia 15015 (57). Such old
crystallization ages are consistent with the lithologies of these clasts [Apollo 15 KREEP basalts
have Sm-Nd ages of 3.85 Ga (98)]. CRE ages for the variolitic feldspathic basalt clast suggest
that it was pre-irradiated on the lunar surface for 800 My prior to its assembly into 15015; this
indicates that the breccia must have formed after 3.4 - 0.8 = 2.6 Ga (57). Consistent with the
assembly occurring after this time, ref. (57) also reported **Ar/*’Ar isochron ages of ~0.8 and 1.2
Ga for two samples of the matrix glass. Furthermore, the trapped “°Ar/*°Ar value of 1.17 + 0.04
measured by ref. (57) for these same matrix glass samples independently indicate a breccia
assembly age of 0.91 + 0.20 Ga, calculated using equation (S15) where the uncertainties take
into account both those for the trapped **Ar/*°Ar calibration and the measured trapped *’Ar/*°Ar
value. Finally, as with 15465, a trapped **Ar/*°Ar age of ~0.5 Ga was recently estimated for
15015 (40) based on previously published **Ar/**Ar measurements (22), but again the
uncertainty on this age is difficult to quantify because the contribution of the in-situ-produced
radiogenic *°Ar was not measured in the latter study and the sample lithology was not reported
(22). Overall, these data indicate that 15015 likely formed after ~1 Ga.

7.3. Our “’Ar and *Ar geochronology analyses

7.3.1. Overview of analyses. We conducted stepwise degassing *’Ar/*’Ar and **Ar/*’ Ar analyses
using feedback-controlled laser heating on four, neutron-irradiated subsamples of breccias 15465
and 15015 at the Berkeley Geochronology Center following analytical procedures and irradiation
conditions as described in refs. (4, 8, 46). The subsamples analyzed from 15465 were matrix
glass 6-4-1 and clast 6-2 (fig. S7) and those from 15015 were matrix glass 229b1 and clast
229ala (fig. S11). Although no large clasts were present in our matrix glass samples, we cannot
completely exclude the possibility that they contain small clasts with inherited radiogenic **Ar
that accumulated prior to the assembly of the breccia. Complete stepwise Ar release data,
extraction temperatures, neutron irradiation conditions and assumed constants are reported in
tables S16-S19, and release spectra calculated from these data are shown in figs. S31-S34.



We calculated apparent **Ar/*’ Ar ages for each degassing step relative to the Hb3gr fluence
monitor [age = 1081 Ma (47)] using the decay constants of ref. (47) and the isotopic abundances
of ref. (48). In our calculations for **Ar/*’Ar step ages for the 15465 glass 6-4-1, 15465 clast 6-2,
and 15015 glass 229b1, we corrected for the trapped *’Ar using the ordinate-intercept **Ar/*°Ar
ratios determined by error-weighted linear regressions in 3-isotope plots (figs. S35-S37). We
assumed each sample’s inherent *°Ar (i.e., after applying small corrections for the *°Ar produced
during neutron irradiation and via cosmic ray interactions) was trapped prior to radiogenic **Ar
accumulation and is indicated by the intercept ratio. Because the 15015 clast subsample 229ala
is itself a regolith breccia containing lunar materials of diverse origins and because it exhibits no
significant correlation observed between “°Ar/*°Ar and *Ar/*°Ar, we do not apply a correction
for trapped Ar in this sample. We also calculated the apparent cosmogenic FAr exposure ages
for each degassing step following the procedures described in ref. (46). The apparent *°Ar/*’Ar
age, cosmogenic *"Ar age, and Ca/K release spectra for the four samples are shown in figs. S31-
S34.

7.3.2. 15465.

7.3.2.1. Glass subsample. The Ar release spectra of glass 6-4-1 have concordant **Ar/*’Ar ages
and cosmogenic **Ar exposure ages in the majority of the heating steps (fig. S31). Corrections to
the “*Ar/*’Ar step ages for the trapped *’Ar using the intercept *°Ar/*°Ar (0.88 + 0.63) were ~10-
20 % for glass 6-4-1 (fig. S35). This glass presents little evidence of diffusive loss of both **Ar
and **Ar as shown by the concordance of step ages at low release fractions. Error-weighted
means ages calculated from the steps released between ~6-87 % of the cumulative release
fraction of *Ar are 437 + 11 Ma and 432 +7 Ma for **Ar/*’Ar and cosmogenic **Ar data,
respectively. Agreement between these two results indicates that the timing of glass formation

was likely ~0.44 Ga. This age is consistent with the 0.56:? ‘5863

by the trapped *°Ar/*®Ar component in the glass, estimated using equation (S15) where the
uncertainties again take into account both those associated with the trapped *°Ar/*°Ar calibration
and in the measured trapped *’Ar/*°Ar value.

Ga breccia formation age implied

7.3.2.2. Clast subsample. The Ar release spectrum of clast 6-2 has systematically increasing
apparent “°Ar/* Ar ages and cosmogenic **Ar exposure ages throughout the initial ~60% of the
released gas (fig. S32); this is indicative of open system behavior and significant diffusive loss of
*Ar and **Ar from these samples, likely due to a combination of heating when it was assembled
into the breccia and by later solar heating at the lunar surface (46). Corrections to *’Ar/*’Ar step
ages for trapped *’Ar using the intercept *’Ar/*°Ar (2.36 + 0.43) shown in fig. S36 were ~10-20
% for clast 6-2. The error-weighted mean which was calculated from the initial 5 heating steps
yields an apparent **Ar/*’Ar age of 82 + 1 Ma. The error-weighted mean calculated from the 9
highest temperature heating steps (amounting to 40% of the released >’ Ar) yields an apparent
A1/’ Ar age of 3390 + 64 Ma. We thus interpret the clast formation timing to be >3.39 Ga,
similar to that of the previously dated clasts (see section 7.2).

7.3.3. 15015.

7.3.3.1. Glass subsample. The Ar release spectrum of glass 229b1 has relatively young, but
concordant *°Ar/*’Ar step ages in the initial 5 steps; then, a systematic increase in ages to
concordant *’Ar/*’Ar ages is observed in the 14 highest temperature steps (fig. S33). Corrections
to the **Ar/*’Ar step ages for the trapped *’Ar using the intercept *°Ar/*°Ar value (1.09 £ 0.03)
shown in fig. S37 were ~40-80% for glass 229b1. From the corrected ages, weighted means are
492 + 8 Ma, calculated from the initial 5 steps, and 1723 + 105 Ma, calculated from the



Table S16. *°Ar/3°Ar degassing data for 15465 glass 6-4-1

COMPLETE “°Ar/3°Ar INCREMENTAL HEATING RESULTS

Apparent %Ar
4 Temp 40p, 39a, 38pL 37pr 367 Oprk OAn BAre. Aryap, °Arcs  **Argap ca/K 0Ar/Ar Age EPP A
(°C) t 1o £ 1o t 1o £ 1o £ 1o (%) (%) (%) (%) (%) (%) +1c (Ma) posure hge
+ 1o (Ma)
1 450°C 0.04 +0.01 0.002 #0.001 0.001 #0.0001 0.001 +0.000 0.006 +0.0004 862 1000  n.d. 100.0 n.d. 100.0 06 434 + 316 nd. +n.d.
2 4s0°C 0.03 +0.01 0.002 #0.001 0.001 #0.0001 0.001 +0.000 0.004 +£0.0004  89.6 1000  39.7 58.2 7.7 923 0.6 292 + 162 523 + 667
3 500°C 0.21 +0.01 0.008 #0.001 0.006 +0.0002 0.003 #0.000 0.026 £0.0006  89.3  100.0  10.4 87.9 1.4 98.6 07 487 £ 75 155 £ 76
4 500°C 0.21 +0.01 0.013 #0.001 0.004 +0.0002 0.002 +0.000 0.019 £0.0005 921 1000  17.2 79.2 26 97.4 03 317 + 34 155 & 57
5 550°C 0.81 +0.01 0.036 +0.002 0.023 +0.0003 0.015 +0.000 0.104 £0.0009  89.0 1000  16.2 82.0 24 97.6 0.8 424 + 38 219 + 30
6 550°C 0.38 +0.01 0.013 #0.002 0.014 +0.0002 0.008 + 0.000 0.060 +0.0008 865 1000  17.8 81.1 26 97.4 13 523 + 76 329 + 91
7 600 °C 0.84 +0.01 0.030 #0.001 0.039 +0.0004 0.023 +0.000 0.179 £0.0013  81.6  99.9 13.5 85.6 1.9 98.1 15 470 £ 70 276 + 39
8 601°C 0.47 £0.01 0.020 *0.001 0.023 #0.0003 0.015 0.000 0.099 0.0011 821 1000  18.1 80.8 2.7 97.3 1.4 403 * 62 331 % 56
9 650°C 1.28 +0.01 0.046 +0.002 0.079 +0.0004 0.036 +0.000 0.354 +0.0019 762 99.9 16.0 833 23 97.7 15 445 + 90 436 + 45
10 651°C 0.72 +0.01 0.030 #0.002 0.044 +0.0004 0.024 +0.000 0.197 £0.0012 764  99.9 15.7 83.5 23 97.7 16 393 + 81 366 + 52
11 699 °C 2.34 +0.01 0.064 +0.002 0.127 +0.0006 0.054 +0.001 0615 £0.0018  77.1  99.9 8.9 90.5 12 98.8 17 570 + 105 272 + 32
12 700 °C 0.85 +0.01 0.039 #0.002 0.053 +0.0005 0.034 +0.000 0.234 £0.0016 763  99.9 18.2 80.9 27 97.3 17 355 % 73 374 +43
13 750°C 1.67 £0.01 0.068 * 0.001 0.128 * 0.0005 0.065 + 0.001 0.573 £0.0015 703 99.9 16.2 83.1 2.3 97.7 1.9 369 + 101 436 + 29
14 750°C 112 +0.01 0.045 +0.001 0.056 + 0.0004 0.041 #0.000 0235 £0.0012 821  99.9 213 77.7 33 96.7 18 429 + 61 386 + 31
15 799 °C 1.93 +0.01 0.082 #0.002 0.098 +0.0005 0.077 +0.001 0394 +£0.0015 828  99.9 2538 73.1 42 95.8 1.8 408 + 55 445 + 23
16 800 °C 1.07 +0.01 0.051 #0.001 0.041 #0.0005 0.046 +0.000 0.144 £0.0010 889  99.9 353 63.1 6.4 93.6 1.8 395 + 33 417 + 28
17 850°C 1.98 +0.01 0.081 #0.002 0.074 +0.0005 0.071 +0.000 0273 £0.0012 885  99.9 32.9 65.8 5.8 94.2 17 453 + 38 453 + 23
18 850 °C 1.52 £0.01 0.050 #0.001 0.064 0.0005 0.045 * 0.000 0.264 £0.0012 852  99.9 23.2 75.8 3.6 96.4 1.8 527 + 58 434 31
19 900 °C 2.06 +0.01 0.091 +0.001 0.078 % 0.0004 0.084 +0.001 0279 £0.0011 888  99.9 35.2 63.4 6.4 93.6 18 419 =+ 34 440 + 17
20 898 °C 1.50 +0.01 0.062 +0.002 0.055 + 0.0005 0.056 + 0.000 0.201 +0.0011 889  99.9 332 65.4 5.9 94.1 1.8 450 + 38 436 + 28
21 949 °C 2.22 +0.01 0.103 #0.002 0.090 #0.0005 0.101 +0.001 0.305 #0.0011 888  99.9 38.9 59.7 7.4 926 1.9 402 +34 477 + 23
22 949°C 1.27 +0.01 0.052 #0.001 0.045 +0.0005 0.049 +0.000 0.154 £0.0010  90.1  99.9 39.2 59.4 7.5 92.5 1.8 457 + 34 494 + 32
23 997°C 2.34 £0.01 0.090 #0.002 0.088 #0.0005 0.098 + 0.001 0.204 £0.0015  89.7  99.9 40.2 58.5 7.8 92.2 2.1 479 + 36 522 % 23
24 997 °C 1.56 +0.01 0.022 +0.001 0.031 #0.0003 0.025 #0.000 0.104 £0.0009 946  99.9 39.8 59.3 7.6 92.4 22 1136 + 57 731 + 80
25 1047 °C 6.86 +0.02 0.099 #0.002 0.173 +0.0007 0.119 +0.001 0.667 £0.0024 918  99.9 296 69.7 5.0 95.0 2.4 1097 + 55 649 + 31
26 1048 °C 7.00 +0.02 0.042 #0.002 0.125 +0.0006 0.033 +0.000 0.561 +0.0021 931 99.9 16.6 83.0 24 97.6 15 1996 + 78 776 + 70

Isotope abundances given in 10'° mol (spectrometer sensivity is ~1.12 x 10" mols/nA),
and corrected for *’Ar and *°Ar decay, half-lives of 35.2 days and 269 years, respectively,
and for spectrometer discrimination per atomic mass unit of 1.004535 + 0.002968.
Isotope sources calculated using the reactor constants in ref. (47),
assuming (*®Ar/*Ar) s = 1.54, (38Ar/35Ar)trap= 0.188, and (4°Ar/36Ar)t,aD = 0.88 £+ 0.63.
No corrections were made for cosmogenic “Opr,
Ages calculated using the decay constants and standard calibration of ref. (46) and calculated relative to Hb3gr fluence monitor (1081 Ma).
Corrections were made for reactor produced **Ar and *°Ar in age calculations.
J-Value is 0.013048 £+ 0.000130.
Average analytical blanks are: “°Ar = 0.015; 3°Ar = 0.0001; ®Ar = 0.00002; *Ar = 0.0001; °Ar = 0.00007 (nanoamps).
Temperature was controlled with approximately + 10 °C precision and #+ 10 °C accuracy; each heating duration was 600 seconds.
The apparent Bar exposure ages are calculated for Bar production in K-glass and plagioclase solely from Ca, K, Fe and Ti; other sources are assumed to be negligible.
n.d. is not determined



Table S17. *°Ar/3°Ar degassing data for 15465 clast 6-2

COMPLETE “°Ar/3°Ar INCREMENTAL HEATING RESULTS

40 39 38 37 36 a0 39 38 38 36 36 40,4, /39 Apparent 33Ar
# Temp Ar Ar Ar Ar Ar Ar¥* Ary Arcos Artrap Arcos Artrap ca/K Ar/°"Ar Age E A
(°C) t 1o t 1o t1c t 1o t 1o (%) (%) (%) (%) (%) (%) +1c (Ma) _.posureAge
+ 10 (Ma)

1 399 °C 0.30 £0.01 0.098 +0.002 0.005 +0.0002 0.007 +0.000 0.009 + 0.0004 94.02 99.99 46.5 29.0 83.5 83.5 0.1 66 £ 2 66 + 10

2 399 °C 0.28 £0.01 0.093 % 0.002 0.004 +0.0002 0.007 + 0.000 0.009 +0.0004 93.03 100.00 29.4 41.0 8.1 91.9 0.1 65 £ 2 35 £8

3 450 °C 1.86 £0.01 0.495 +0.003 0.031 +0.0003 0.065 = 0.000 0.057 +0.0007 94.05 99.99 52.2 28.4 18.4 81.6 0.3 81 £1 88 £ 5

4 449 °C 1.63 = 0.01 0.452 +£0.003 0.026 +0.0004 0.055 +0.000 0.049 + 0.0007 94.07 99.99 48.8 29.9 16.7 83.3 0.2 78 =1 76 £ 5

5 500 °C 7.08 £0.01 1.572 £ 0.005 0.117 +0.0008 0.267 +£0.001 0.204 £0.0015 94.62 99.99 57.4 26.2 21.2 78.8 0.3 98 £ 1 110 £ 4

6 500 °C 5.55 +£0.02 1.139 +0.004 0.077 +0.0005 0.160 +0.001 0.150 +0.0009 94.68 99.99 51.0 30.9 16.9 83.1 0.3 106 = 2 91 £ 4

7 549 °C 30.67 £0.06 4.350 £0.017 0.385 *+0.0010 0.788 +0.003 0.822 +0.0029 94.67 99.99 52.2 34.1 15.8 84.1 0.4 151 £ 2 118 = 4

8 549 °C 22.77 £0.03 2.169 +0.006 0.224 +0.0009 0.358 +0.001 0.599 + 0.0024 94.43 99.99 42.7 45.5 10.4 89.6 0.3 220 £ 3 114 £ 4

9 601 °C 58.18 +£0.08 3.763 +0.011 0.597 +£0.0016 0.926 +0.002 1.752 +0.0036 93.54 99.98 41.8 50.5 9.2 90.8 0.5 313 £ 5 159 £ 4

10 601 °C 47.47 £0.05 2.131 +£0.008 0.459 +0.0012 0.516 +£0.002 1.637 +£0.0035 92.31 99.98 30.4 63.9 5.5 94.5 0.5 430 =7 157 =5

11 649 °C 98.82 +0.11 3.526 +£0.013 1.161 +0.0019 1.076 +0.003 4.497 +0.0089 89.73 99.98 26.0 70.2 4.4 95.6 0.6 513 £ 11 194 = 6

12 651 °C 77.80 £0.08 1.921 +0.005 0.964 +0.0017 0.556 +0.002 4.131 +0.0092 87.82 99.98 18.6 79.0 2.8 97.2 0.6 689 £ 16 215 £8

13 700 °C 161.04 +£0.13 3.122 +£0.011 2.622 +0.0044 1.129 + 0.003 11.746 +0.0179 83.17 99.97 15.5 83.1 2.2 97.8 0.7 804 + 25 280 £ 13
14 700 °C 138.36 +£0.11 1.666 +0.007 2.371 +£0.0041 0.606 +0.002 11.244 +0.0146 81.09 99.97 10.4 88.7 1.4 98.6 0.7 1140 £ 37 320 £ 22

15 750 °C 310.77 £0.34 2.537 £0.013 7.904 + 0.0096 1.028 +£0.003 38.273 £0.0549 71.28 99.97 8.8 90.8 1.2 98.8 0.8 1375 £ 72 573 £ 46

16 750 °C 281.66 +=0.27 1.416 +0.010 7.261 +£0.0076 0.508 +0.002 35.870 + 0.0448 70.22 99.98 6.9 92.9 0.9 99.1 0.7 1876 + 92 764 + 80

17 799 °C 657.19 +0.48 2.135 +£0.016 23.278 +£0.0168 0.792 +0.002 116.368 + 0.0997 58.52 99.97 5.8 94.1 0.7 99.3 0.7 2187 + 166 1343 + 167
18 800 °C 420.45 +0.35 1.034 +£0.011 11.553 +0.0112 0.342 +0.001 57.471 £0.0672 68.01 99.98 6.3 93.6 0.8 99.2 0.6 2762 = 124 1558 + 180
19 850 °C 694.82 = 0.85 1.396 +£0.014 20.647 £0.0134 0.546 +0.002 101.896 + 0.0683 65.72 99.97 7.2 92.7 0.9 99.1 0.8 3005 + 142 2233 + 222
20 849 °C 431.72 £0.24 0.765 £ 0.011 10.273 +£0.0123 0.281 +£0.002 50.786 +£0.0616 72.49 99.97 7.0 92.9 0.9 99.1 0.7 3339 £ 110 2012 = 215
21 900 °C 757.02 +£0.64 1.206 +0.014 23.607 +£0.0134 0.527 +£0.002 118.306 +0.0739 63.38 99.97 5.6 94.4 0.7 99.3 0.9 3298 + 163 2202 + 286
22 900 °C 424.18 £0.27 0.622 +0.010 11.670 + 0.0085 0.270 £+ 0.001 58.156 * 0.0549 67.90 99.97 6.2 93.8 0.8 99.2 0.9 3530 + 138 2344 + 281
23 949 °C 818.09 +£0.93 1.143 £0.014 33.044 +0.0325 0.620 + 0.002 166.115 £0.1792 52.40 99.96 5.2 94.7 0.7 99.3 1.1 3209 + 252 2828 + 395
24 949 °C 400.89 = 0.26 0.505 +£0.010 14.211 +£0.0123 0.304 +0.002 71.576 +0.0582 58.14 99.96 5.0 94.9 0.6 99.4 1.2 3526 + 208 2534 = 376
25 998 °C 1161.12 £1.11 0.933 +£0.016 63.001 + 0.0448 0.861 = 0.002 319.750 £ 0.2352 35.36 99.94 4.2 95.8 0.5 99.5 1.8 3452 = 519 n.d. £ n.d.
26 998 °C 374.57 +£0.26 0.369 +0.009 16.690 +0.0112 0.318 +0.002 83.199 +0.1053 48.00 99.94 6.2 93.8 0.8 99.2 1.7 3608 + 314 n.d. £ n.d.
27 1048 °C 886.72 +0.99 0.777 +£0.014 54.250 *+ 0.0515 1.247 +£0.007 266.868 + 0.3808 29.68 99.89 7.6 92.4 1.0 99.0 3.1 3058 + 643 n.d. £ n.d.
28 1047 °C 174.75 £ 0.17 0.241 +£0.007 7.689 +0.0070 0.459 +0.002 34.132 +£0.0437 55.11 99.87 18.0 82.0 2.6 97.4 3.7 3303 £ 232 n.d. £ n.d.
29 1186 °C 632.99 £0.41 0.868 +0.015 27.823 +£0.0213 3.067 +£0.018 114.370 £0.1232 59.04 99.75 25.1 74.9 3.9 96.1 6.9 3421 £+ 198 n.d. £ n.d.
30 1199 °C 1.65 +£0.03 0.007 +£0.003 0.030 + 0.0009 0.008 = 0.000 0.080 +0.0016 90.06 99.91 55.1 44.7 13.1 86.8 2.5 2482 = 200 n.d. £ n.d.

Isotope abundances given in 107*° mol (spectrometer sensivity is ~1.12 x 10 mols/nA),
and corrected for *’Ar and *°Ar decay, half-lives of 35.2 days and 269 years, respectively,
and for spectrometer discrimination per atomic mass unit of 1.004535 + 0.002968.
Isotope sources calculated using the reactor constants in ref. (47),
assuming (*°Ar/®Ar) s = 1.54, (BAr/*Ar) o, = 0.188, and (“Ar/*°Ar)yp = 2.36 £ 0.43.
No corrections were made for cosmogenic “OAr,
Ages calculated using the decay constants and standard calibration of ref. (46) and calculated relative to Hb3gr fluence monitor (1081 Ma).
Corrections were made for reactor produced *Ar and *Ar in age calculations.
J-Value is 0.013048 + 0.000130.
Average analytical blanks are: “°Ar = 0.015; >°Ar = 0.0001; **Ar = 0.00002; *Ar = 0.0001; *°Ar = 0.00007 (nanoamps).
Temperature was controlled with approximately £ 10 °C precision and * 10 °C accuracy; each heating duration was 600 seconds.
The apparent BaAr exposure ages are calculated for BAr production in K-glass and plagioclase solely from Ca, K, Fe and Ti; other sources are assumed to be negligible.
n.d. is not determined



Table S18. *°Ar/3°Ar degassing data for 15015 glass 229b1

COMPLETE “°Ar/3°Ar INCREMENTAL HEATING RESULTS

4 Temp “OpAr 39y BAr 37Ar 3pr “Arx PAr PArcos Arya, Arces °Aruap /K °Ar/*°Ar Age “°Ar/*°Ar Age*
(°C) t 1o + 1o + 1o + 1o t 1o (%) (%) (%) (%) (%) (%) + 1o (Ma) + 10 (Ma)
1 449 °C 1.30 +£0.01 0.029 +0.002 0.109 + 0.0006 0.005 £ 0.000 0.583 +0.0023 51.1 100.0 0.0 100.0 0.0 100.0 0.3 830 + 38 471 + 27
2 449 °C 1.32 £0.01 0.027 £+ 0.002 0.108 +0.0007 0.005 * 0.000 0.563 *+0.0021 53.7 100.0 1.2 98.5 0.1 99.9 0.4 890 + 48 532 + 34
3 499 °C 6.15 +0.02 0.131 +£0.002 0.558 +0.0017 0.030 £0.000 2.987 +£0.0069 46.9 100.0 0.0 100.0 0.0 100.0 0.5 864 = 14 457 £ 16
4 499 °C 5.15 +£0.01 0.113 +£0.002 0.434 +0.0009 0.020 +0.000 2.316 £0.0071 50.8 100.0 0.0 100.0 0.0 100.0 0.4 844 + 15 478 £ 15
5 550 °C 25.44 £0.04 0.474 +£0.003 2.218 +0.0029 0.090 +0.001 11.816 + 0.0146 49.3 100.0 0.0 100.0 0.0 100.0 0.4 960 = 9 536 £ 15
6 550 °C 19.67 £0.03 0.283 +0.003 1.584 +0.0022 0.040 +0.000 8.412 +0.0123 53.3 100.0 0.0 100.0 0.0 100.0 0.3 1168 £ 13 714 £ 17
7 600 °C 48.57 +£0.06 0.471 £ 0.005 4.323 +0.0049 0.079 +0.001 22.838 = 0.0202 48.7 100.0 0.0 100.0 0.0 100.0 0.3 1541 £ 15 912 + 24
8 600 °C 42.19 £0.06 0.283 = 0.003 3.687 +0.0055 0.040 +0.000 19.573 +£0.0179 49.4 100.0 0.0 100.0 0.0 100.0 0.3 1955 + 19 1219 + 30
9 649 °C 138.00 +£0.11 0.484 +0.008 16.688 +0.0134 0.098 +0.001 87.907 £0.0627 30.6 100.0 0.0 99.9 0.0 100.0 0.4 2805 = 27 1373 £ 66
10 650 °C 118.48 = 0.10 0.290 = 0.006 14.912 +£0.0123 0.060 +0.001 78.957 +£0.0683 27.3 100.0 0.0 100.0 0.0 100.0 0.4 3338 = 36 1625 £ 86
11 700 °C 421.60 +£0.32 0.549 +£0.010 68.680 + 0.0549 0.188 +0.001 360.241 + 0.6944 6.9 100.0 0.6 99.4 0.9 99.9 0.7 4340 + 34 954 + 289
12 701 °C 257.39 £0.17 0.298 £ 0.011 39.751 +£0.0314 0.105 +0.001 209.353 +0.1568 11.4 100.0 0.1 99.9 0.1 100.0 0.7 4534 + 64 1490 + 233
13 750 °C 637.46 £ 0.56 0.438 +£0.016 102.890 + 0.0459 0.254 +0.001 539.570 £+ 0.4928 7.8 100.0 0.6 99.4 0.8 99.9 1.1 5415 + 65 1644 + 371
14 750 °C 356.88 £0.20 0.256 £ 0.012 56.183 + 0.0358 0.131 +£0.001 294.609 * 0.2688 10.1 100.0 0.6 99.4 0.6 99.9 1.0 5341 £+ 80 1883 + 307
15 801 °C 415.49 = 0.31 0.288 +=0.010 65.655 + 0.0448 0.167 +£0.001 345.124 +0.3584 9.5 100.0 0.3 99.7 0.3 100.0 1.1 5399 £ 63 1852 £ 323
16 800 °C 329.56 +0.24 0.229 +0.008 52.325 + 0.0605 0.123 £0.001 274.065 £ 0.1792 9.4 100.0 0.7 99.3 0.8 99.9 1.1 5398 + 64 1844 + 324
17 850 °C 529.26 +0.63 0.367 +0.012 85.923 + 0.0482 0.209 +0.001 449,946 + 0.4704 7.4 100.0 0.7 99.2 1.1 99.9 1.1 5400 + 57 1580 + 382
18 849 °C 378.16 £0.31 0.255 +£0.012 61.849 + 0.0415 0.128 +£0.001 325.493 £ 0.2240 6.2 100.0 0.2 99.8 0.3 100.0 1.0 5447 + 80 1425 + 434
19 900 °C 482.71 +£0.39 0.306 +0.011 80.597 +0.0370 0.203 +0.001 422.710 +£0.3472 4.6 100.0 0.6 99.4 1.4 99.9 1.3 5557 = 66 1209 + 528
20 900 °C 324.19 £0.28 0.219 £0.012 53.859 +0.0336 0.125 +£0.001 282.975 +£0.1904 4.9 100.0 0.4 99.6 0.8 100.0 1.1 5442 + 93 1203 £ 496
21 949 °C 383.92 +=0.37 0.268 +£0.011 65.298 + 0.0448 0.214 +0.001 338.184 *0.3360 4.2 99.9 2.0 98.0 5.5 99.8 1.6 5389 + 72 1052 £ 525
22 949 °C 249.83 +0.16 0.198 +0.007 41.296 £ 0.0325 0.131 +0.001 215.495 +0.2016 6.1 100.0 1.1 98.9 2.0 99.9 1.3 5168 + 61 1258 + 404
23 998 °C 474.29 = 0.39 0.348 +£0.015 77.359 +0.0392 0.314 +£0.002 399.234 £ 0.2800 8.5 99.9 2.4 97.6 3.1 99.7 1.8 5302 + 74 1668 + 342
24 998 °C 253.72 £0.17 0.170 £0.011 40.281 +0.0314 0.158 + 0.001 208.128 +0.1344 10.8 99.9 2.3 97.7 2.2 99.7 1.8 5457 + 115 2051 = 303
25 1021 °C 525.21 £0.46 0.239 £0.016 85.256 +0.0616 0.296 +0.002 439.707 £0.5376 9.0 99.9 2.5 97.5 3.0 99.7 2.4 6134 118 2313 + 391
26 1032 °C 419.12 +£0.39 0.254 +0.009 68.078 + 0.0280 0.216 +0.001 352.533 +0.2912 8.5 99.9 2.0 98.0 2.5 99.7 1.7 5636 + 61 1890 + 365

Isotope abundances given in 107*° mol (spectrometer sensivity is ~1.12 x 10" mols/nA),

and corrected for *’Ar and >°Ar decay, half-lives of 35.2 days and 269 years, respectively,
and for spectrometer discrimination per atomic mass unit of 1.004535 + 0.002968.
Isotope sources calculated using the reactor constants in ref. (47),
assuming (*Ar/*°Ar) s = 1.54, (°Ar/*°Ar) oy = 0.188, and (“Ar/*°Ar) ., = 0.
No corrections were made for cosmogenic “Ar.
Ages calculated using the decay constants and standard calibration of ref. (46) and calculated relative to Hb3gr fluence monitor (1081 Ma).
Corrections were made for reactor produced **Ar and *°Ar in age calculations.
J-Value is 0.013048 + 0.000130.
Average analytical blanks are: “°Ar = 0.015; **Ar = 0.0001; *Ar = 0.00002; *’Ar = 0.0001; **Ar = 0.00007 (nanoamps).
Temperature was controlled with approximately + 10 °C precision and #+ 10 °C accuracy; each heating duration was 600 seconds.
*Ages calculated assuming a trapped “°Ar/“°Ar = 1.09 + 0.03
n.d. is not determined



Table S19. *°Ar/3°Ar degassing data for 15015 clast 229a1la.

COMPLETE “°Ar/3°Ar INCREMENTAL HEATING RESULTS

40 39 38 37 36 40 39 38 38 36 36 40, /39 Apparent 2%Ar
# Temp Ar Ar Ar Ar Ar Ar* Ary Arcos Artrap Arcos Artrap ca/K Ar/”"Ar Age Exposure Ade
(°c) + 1o + 1o +1c + 1o t1c (%) (%) (%) (%) (%) (%) + 10 (Ma) posure Ag
+ 1o (Ma)

1 399 °C 232 £0.01 0.076 +0.001 0.004 +0.0002 0.006 +0.000 0.001 £0.0003  100.00 99.99  77.7 n.d. n.d. n.d. 0.2 606 + 12 108 + 12

2 399°C 2.20 £0.01 0.072 +0.001 0.003 +0.0002 0.006 * 0.000 0.002 £0.0003  100.00 99.99  69.3 44 66.0 34.0 0.2 609 + 12 92 +12

3 aa9eC 10.38 +0.02 0.387 0.003 0.020 +0.0003 0.051 +0.000 0.012 £0.0004  100.00 99.99  73.6 22 80.1 19.8 0.3 542 + 6 100 £5

4 449°C 9.81 +0.02 0.356 0.002 0.017 0.0003 0.046 +0.000 0.011 +£0.0004  100.00 99.99  70.9 38 69.7 30.2 0.3 555 + 6 92 5

5 500°C 33.63 +0.05 1.322 +0.006 0.067 +0.0005 0.234 0.001 0.042 £0.0007  100.00 99.99  73.4 27 76.7 231 0.3 518 + 5 96 + 4

6 500°C 28.72 +0.05 0.956 +0.004 0.051 +0.0004 0.153 +0.001 0.031 £0.0006  100.00 99.99 752 22 80.8 19.0 03 598 + 6 106 + 4

7 550°C  121.32 %0.09 3.263 +0.010 0.235 +0.0009 0.738 +0.002 0.161 £0.0011  100.00 99.98  79.9 3.1 75.7 242 0.4 715 £ 6 141 £ 4

8  550°C 86.55 +0.07 1.451 +0.006 0.158 +0.0008 0.359 +0.002 0.111 +£0.0011  100.00 99.98  86.1 2.8 79.3 206 0.5 1041 £ 9 226 £ 5

9 600°C 165.63 +0.12 2.091 +0.011 0.434 +0.0013 0.767 +0.003 0.306 +0.0015  100.00 99.97  92.1 2.1 84.6 15.4 0.7 1284 + 10 415 +7

10 600 °C 119.43 £0.10 0.955 +0.005 0.331 +0.0010 0.350 #0.002 0.232 £0.0012  100.00 99.97  94.8 1.7 87.5 12.4 07 1750 + 13 714 +13

11 650°C  238.43 £0.16 1.362 +0.008 1.063 +0.0021 0.654 +0.003 0.730 £0.0025  100.00 99.97  97.4 11 91.9 8.1 0.9 2150 + 15 1508 + 25

12 649 °C 164.33 +0.11 0.631 0.005 0.751 +0.0015 0.306 +0.001 0.515 +0.0024  100.00 99.97  98.0 1.0 925 7.5 1.0 2679 = 17 2304 + 40

13 700°C  327.98 +0.16 1.047 %0.007 2.089 +0.0029 0.626 +0.004 1.411 £0.0036  100.00 99.96  98.7 07 94.7 5.3 12 2942 = 18 3588 + 69

14 701°C 198.73 +0.17 0.479 0.004 1.197 +0.0019 0.311 +0.002 0.798 +0.0024  100.00 99.95  99.0 0.5 96.2 38 13 3361 + 20 nd. +nd.
15 750°C  364.69 +0.30 0.846 +0.006 2.624 +0.0034 0.634 +0.001 1.768 £0.0046  100.00 99.95  99.0 0.6 95.1 4.9 15 3420 + 19 nd. +n.d.
16 750°C  221.27 0.1 0.465 + 0.004 1.506 % 0.0022 0.363 +0.002 0.994 £0.0027  100.00 99.95  99.3 03 97.5 25 15 3571 + 20 nd. % n.d.
17 800°C  390.14 +0.24 0.827 +0.007 2.807 +0.0053 0.663 +0.003 1.880 +0.0037  100.00 99.94  99.1 0.5 95.9 41 16 3560 = 20 nd. *nd.
18 799 °C 185.30 0.16 0.367 0.005 1.293 +0.0018 0.310 +0.002 0.864 +0.0026  100.00 99.94  99.2 0.5 96.1 3.9 17 3664 = 26 nd. £nd.
19 850°C  224.78 +0.13 0.458 +0.004 1.785 +0.0031 0.424 0.002 1.196 £0.0033  100.00 99.94  99.2 0.5 95.9 41 1.8 3621 + 22 nd. +nd.
20 849 °C 95.58 +0.07 0.198 + 0.004 0.735 +0.0014 0.172 +0.001 0.503 £0.0018  100.00 99.94  98.8 0.8 935 6.4 1.7 3598 + 34 nd. £ n.d.
21 899°C  122.30 0.10 0.306 +0.006 1.154 +0.0021 0.266 +0.002 0.832 £0.0024  100.00 99.94  98.1 16 88.2 11.8 1.7 3305 + 33 nd. % n.d.
22 900 °C 54.67 +0.07 0.147 +0.003 0.534 +0.0014 0.122 +0.001 0.386 +0.0017  100.00 99.94  98.0 1.7 87.6 12.3 16 3195 + 33 nd. £nd.
23 948 °C 94.30 +0.08 0.299 #0.004 1.159 *0.0020 0.261 +0.001 0.858 +0.0028  100.00 99.94  97.7 2.0 85.5 14.5 1.7 2954 + 24 nd. +nd.
24 949 °C 43.45 +0.06 0.149 +0.002 0.565 +0.0016 0.127 +0.001 0414 £0.0017  100.00 99.94  97.8 1.9 86.4 13.6 1.7 2841 + 26 nd. +nd.
25 998 °C 90.55 +0.09 0.383 +0.004 1.510 % 0.0020 0.338 +0.001 1.093 £0.0026  100.00 99.94  98.0 1.7 87.7 12.3 1.7 2547 + 19 nd. £ nd.
26 997 °C 42,57 +0.06 0.183 +0.003 0.782 +0.0019 0.174 +0.001 0.551 +£0.0023  100.00 99.93  98.4 13 90.5 9.5 1.9 2520 + 23 nd. % n.d.
27 1047 °C 110.33 +0.11 0.519 0.004 3.059 +0.0054 0.673 +0.002 2.072 £0.0043  100.00 99.91  99.1 07 94.8 5.2 2.5 2403 = 18 nd. £nd.
28 1048 °C 34.49 +0.07 0.142 +0.002 1.011 +0.0016 0.222 +0.001 0.690 +£0.0020  100.00 99.89  99.1 0.8 94.1 5.9 3.1 2586 + 27 nd. +nd.
29 1125°C  217.81 0.25 0.806 +0.005 10.307 +0.0093 2.121 +0.006 7.144 £0.0123  100.00 99.82  98.9 1.0 92.4 7.6 5.2 2733 £ 17 nd. +nd.
30 1123°C 29.40 +0.05 0.100 +0.003 1.265 +0.0022 0.264 +0.002 0.867 £0.0029  100.00 99.82  99.1 0.8 936 6.4 5.2 2853 + 200 nd. £ n.d.

Isotope abundances given in 107*° mol (spectrometer sensivity is ~1.12 x 10 mols/nA),
and corrected for *’Ar and *°Ar decay, half-lives of 35.2 days and 269 years, respectively,
and for spectrometer discrimination per atomic mass unit of 1.004535 + 0.002968.
Isotope sources calculated using the reactor constants in ref. (47),
assuming (°Ar/*°Ar) s = 1.54, (PAr/>°Ar) ey = 0.188, and (**Ar/*°Ar)y, = 0.
No corrections were made for cosmogenic “°Ar.
Ages calculated using the decay constants and standard calibration of ref. (46) and calculated relative to Hb3gr fluence monitor (1081 Ma).
Corrections were made for reactor produced **Ar and **Ar in age calculations.
J-Value is 0.013048 + 0.000130.
Average analytical blanks are: “°Ar = 0.015; *Ar = 0.0001; *Ar = 0.00002; *’Ar = 0.0001; **Ar = 0.00007 (nanoamps).
Temperature was controlled with approximately + 10 °C precision and =+ 10 °C accuracy; each heating duration was 600 seconds.
The apparent Bar 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.
n.d. is not determined
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Fig. S31. Ar release spectra for 15465 glass subsample 6-4-1. (A) Apparent “°Ar/*’Ar age. (B)
Apparent cosmogenic **Ar exposure age. (C) Ca/K spectra. The *’Ar/*’Ar age spectrum is
plotted against the cumulative release fraction of *’Ar, and the other two spectra against >’ Ar.
Dimensions of boxes indicate +1-0 (vertical) and the fraction of *’Ar or *’Ar released
(horizontal). The **Ar/*’Ar step ages were calculated assuming a trapped component with the
“Ar/*°Ar ratio determined from the 3-isotope plot (fig. S35). Ca/K ratios were calculated from
the >’ Arcy/>’ Ark ratio assuming that the relative production ratio for Ca to K is 1:1.96. Shifts in
this apparent ratio help distinguish between the dominant source phases of Ar during thermal
extractions.
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Fig. S32. Ar release spectra for 15465 clast subsample 6-2. (A) Apparent “’Ar/*’Ar age. (B)
Apparent cosmogenic “"Ar exposure age. (C) Ca/K spectra. The three spectra are plotted against
the cumulative release fraction of *’Ar. Dimensions of boxes indicate +1-¢ (vertical) and the
fraction of *Ar or *’Ar released (horizontal). The **Ar/*’Ar step ages were calculated assuming a
trapped component with the **Ar/*°Ar ratio determined from the 3-isotope plot (fig. $36). Ca/K
ratios were calculated from the >’ Arc,/>° Ark ratio assuming that the relative production ratio for
Cato K is 1:1.96. Shifts in this apparent ratio help distinguish between dominant source phases
of Ar during thermal extractions.
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Fig. S33. Ar release spectra for 15015 glass subsample 229b1. (A) Apparent “’Ar/*’Ar age
assuming no trapped Ar component. (B) Apparent **Ar/*’ Ar age assuming a trapped Ar
component. (C) Ca/K spectra. The *’Ar/*’Ar age spectra are plotted against the cumulative
release fraction of *’Ar, and Ca/K spectrum against >’ Ar. Dimensions of boxes indicate +1-¢
(vertical) and the fraction of **Ar or *’Ar released (horizontal). The *’Ar/*’Ar step ages in panel
B were calculated assuming a trapped component with the *°’Ar/*°Ar ratio determined from the 3-
isotope plot (fig. S37). Ca/K ratios were calculated from the >’ Arc,/*’ Ark ratio assuming that the
relative production ratio for Ca to K is 1:1.96. Shifts in this apparent ratio help distinguish
between dominant source phases of Ar during thermal extractions.
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Fig. S34. Ar release spectra for 15015 clast subsample 229ala. (A) Apparent “’Ar/*°Ar age.
(B) Apparent cosmogenic **Ar exposure age. (C) Ca/K spectra. The *°Ar/*’Ar age spectrum is
plotted against the cumulative release fraction of *’Ar, and the other two spectra against >’ Ar.
Dimensions of boxes indicate +1-¢ (vertical) and the fraction of *’Ar or *’Ar released
(horizontal). The *Ar/*°Ar step ages were calculated assuming no significant trapped Ar. Ca/K
ratios were calculated from the 7ArCa/3 9ArK ratio assuming that the relative production ratio for
Cato K is 1:1.96. Shifts in this apparent ratio help distinguish between dominant source phases
of Ar during thermal extractions.



15465 Glass 6-4-1
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Fig. S35. Ar three-isotope plot for 15465 glass subsample 6-4-1. The figure shows the
observed *°Ar/*°Ar and **Ar/*°Ar ratios for each heating step. Error ellipses were calculated
using IsoplotR (99). The line is a maximum likelihood error-weighted regression; points shown
in grey were excluded from the regression. Although over-dispersed, these data yield an intercept
of “Ar/*°Ar = 0.88 + 0.63.
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Fig. S36. Ar three-isotope plot for 15465 clast subsample 6-2. The figure shows the observed
P Ar/*°Ar and *’Ar/*°Ar ratios for each heating step. Error ellipses were calculated using IsoplotR
(99). The line is a maximum likelihood error-weighted regression to the 11 highest-temperature
steps. Though over-dispersed, these data yield an intercept of *’Ar/*°Ar = 2.36 + 0.43.
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Fig. S37. Ar three-isotope for 15015 glass subsample 229b1. The figure shows the observed
©Ar/°Ar and * Ar/*°Ar ratios for each heating step. Error ellipses were calculated using IsoplotR
(99). The line is a maximum likelihood error-weighted regression to the 17 highest-temperature
steps. Though over-dispersed, these data yield an intercept of **Ar/**Ar = 1.09 + 0.03.

14 highest temperature steps. Due to the possibility that the glass was subsequently partially
degassed by solar heating, we interpret the glass formation timing to be between 0.5-1.7 Ga. This
age is consistent with the more precise age of 820 + 30 Ma implied by the trapped *°Ar/*°Ar
component in the 15015 glass [age was estimated using the calibration of ref. (95)].

7.3.3.2. Clast subsample. The Ar release spectrum of clast sample 229ala has systematically
increasing apparent “’Ar/*’Ar ages and cosmogenic **Ar exposure ages throughout the initial
~80% of released gas (fig. S34). For the reasons discussed above, we do not apply a correction
for trapped Ar in this sample. The **Ar/*’Ar step ages range from ~500 Ma to ~3600 Ma,
whereas the cosmogenic **Ar exposure ages systematically increase from ~100 Ma up to
unreasonably high apparent values. The error-weighted mean calculated from the initial 6
concordant heating steps (amounting to the initial 15% of gas released) yields an apparent
Ar/*’ Ar age of 557 + 3 Ma, which we interpret to approximately constrain the timing of a clast
reheating event.

7.4. Synthesis of 15465 and 15015 age data. Combining the existing geologic, petrographic,
and geochemical studies with the previously published Ar data (section 7.2) as well as our new
measurements (section 7.3) enables us to determine the timing of our paleointensity constraints
from the matrix glasses of breccias 15465 and 15015. Given the igneous origin of matrix glass
and evidence for subsequent shock processing, the null field magnetic records must date back to
the time when the samples cooled through their maximum critical magnetization acquisition
temperatures (i.e., 780 °C, the Curie point of kamacite; see main text). As discussed in section
2.2, this would have occurred when the breccias were assembled and welded together by the neo-
formed matrix melt glass (62-64). Textural data and experimental formation of artificial regolith
breccias by impact experiments on lunar soils indicate that the time at which the breccias were
assembled and the formation of the matrix glass were synchronous.

An extreme upper limit on the time of the breccia assembly event is given by the youngest
crystallization age for clasts in the samples. The presence of mare basalt clasts in 15015 (57) and



15465 (21, 56) and the close similarity between the composition of these breccias and soils near
their sampling sites (20, 57) indicate they contain Apollo 15-like mare basalt clasts, meaning that
the breccias were certainly assembled after the period of volcanic activity (i.e., <3.3 Ga) (96).
For 15465, the remarkable agreement between the **Ar/*’Ar plateau age, trapped *°Ar/*°Ar age,
and CRE age for the matrix glass (fig. S38, grey rows in table S20) strongly supports its
formation and the assembly of the breccia at a weighted mean age of 0.44 + 0.01 Ga. For 15015,
the **Ar/*°Ar ages measured as a part of this study and by ref. (57) and trapped PArAr ages of
the matrix glass (fig. S39, table S21) consistently indicate that it formed and recorded magnetic
field conditions sometime between 0.5 and 1.7 Ga. For the best-defined four 15015 glass dates
(*°Ar/*’Ar and trapped *Ar/*°Ar) (grey rows in table S21), the weighted mean age is 0.91 + 0.11
Ga (calculated following the same procedure as other trapped *’Ar/*°Ar ages above). In
conclusion, our best estimate of the age of NRM records from the time of breccia formation are
0.44 +£0.01 and 0.91 + 0.11 for 15465 and 15015, respectively.

7.5. The age of NRM in breccia 15498. The youngest known robust record of the lunar dynamo
is currently the ~5 = 2 uT paleointensity value from the glassy matrix in regolith breccia 15498
(9). An extreme upper limit on the age of NRM in 15498 is provided by the 3.3 Ga *’Ar/*’Ar age

of Apollo 15-like mare basalt clasts in the sample (9). Furthermore, trapped **Ar/*°Ar analyses of

15498 (40) suggest a matrix glass formation age of 1.3212 '5529 Ga, where again the uncertainties

take into account both those associated with the measured trapped *’Ar/*°Ar value and the
parameters in equation (S15). A caveat with the latter is again that the contribution of the in-situ-
produced radiogenic *’Ar was not reported and the sample lithology was not reported (22).

Recently reported *’Ar/*’Ar analyses of a ~3.3 Ga mare basalt clast in 15498 indicate that a
major thermal disturbance to ~450-675 °C occurred between 1.75 £+ 0.75 Ga (9). In particular,
modeling of the **Ar/*’ Ar age spectrum without the first release step yielded a best-fit
disturbance age of 1.0 Ga, while including this step yielded a best-fit disturbance age of 2.5 Ga
(9). Omission of the first step is supported by two reasons: (a) it is the step most likely to be
influenced by subsequent diffusive loss from the uncertain effects of daytime-heating on the
lunar surface over the last <600 My and (b) the resulting inferred lithification age is within error

of the sample’s 1.32_+00' '5529 Ga trapped *’Ar/*°Ar lithification age (40).

To obtain the best estimate of the age of 15498, we take the mean of the **Ar/*’Ar age of 1.75 +
0.75 Ga and 1.32:?_ '5529 trapped *Ar/*°Ar ages weighted by the inverse square of their
uncertainties. This yields an age of 1.47 + 0.45 Ga (+ 1 standard deviation).
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Fig. S38. Geologic and magnetization history of breccia 15465. Top panel shows the various
PAr/ P Ar, **Ar/’ Ar, and **Ar/*°Ar chronometry constraints from previous studies (black) and
this study (blue). Circles and squares denote ages of matrix glass and clast samples, respectively.
Lithologies of clasts are labeled next to each point. Points surrounded by pentagons are
interpreted to be primary solidification ages while points surrounded by stars are inferred to be
reheating ages. See table S20 for data sources and details. Bottom panel shows inferred geologic
events and associated formation and remagnetization times of magnetic records in clasts and the
matrix glass.
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Fig. S39. Geologic and magnetization history of breccia 15015. Top panel shows the various
PAr°Ar, **Ar/ Ar, and *°Ar/*°Ar chronometry constraints from previous studies (black) and
this study (blue). Circles and squares denote ages of matrix glass and clast samples, respectively.
Lithologies of clasts are labeled next to each point. Points surrounded by pentagons are
interpreted to be primary solidification ages while points surrounded by stars are inferred to be
reheating ages. See table S21 for data sources and details. Bottom panel shows inferred geologic
events and associated formation and remagnetization times of magnetic records in clasts and the
matrix glass.



Table S20. “°Ar/**Ar, “’Ar/*°Ar, and **Ar/*°Ar analyses of breccia 15465.

Lithology Subsample Method Age (Ga) Event Reference

Glass 115,6-4-1  “°Ar/3°Ar plateau® 0.44 £ 0.01 Glass formation  This study

Glass 115,6-4-1  Trapped “°Ar/°Ar? 0.56705% Glass formation  This study

Glass 115,6-4-1 38Ar CRE data® 0.43 £ 0.01 Glass exposure  This study

Clast 115,6-2 “OAr/*Ar plateau? >3.39 Clast formation  This study

Glass Unknown 4OAr/3°Ar® >1.09? Glass formation (98)

. 40 39

Clasts (feldspar in basalt) 7 _ Ar/ Ar6 >1.9 Clast formation (55)
isochron

Clasts (mesostasis of OAr/°Ar .

basalt) 7 isochron® 1.0 £ 0.5 Clast reheating (55)

Clasts (highland basalt, 0Ar/9Ar

norite, glass spheres and 7 . 6 3.91 £ 0.04 Clast formation (55)
isochron

fragments)

? 89 Trapped *°Ar/3¢Ar’ 1_92f0055;? Glass formation (22, 41)

Best estimate for glass formation and breccia assembly® 0.44 £ 0.01

Notes: The first column lists the lithology, the second column lists the 15465 subsample identity, the third column
lists the dating method, the fourth column lists the inferred radiometric, cosmic ray exposure (CRE), or model age,
the fourth column lists the inferred event being dated, and the fifth column lists the reference. Shaded data are
considered to provide the most robust constraints on the date of formation and magnetic field constraint from the
matrix glass and baked portions of clast. Uncertainties in new Ar ages reported in this study are 1-¢ confidence
intervals.

!Mean *°Ar/**Ar plateau age over ~6-87% of released °Ar.

2Ordinate-intercept in plot of “°Ar/3%Ar versus °Ar/3°Ar for linear regression to data points with 3°Ar/3¢Ar values
below 0.8. Uncertainties consider those associated with calibration of time versus trapped “°Ar/3®Ar [see equation
(S15)] as well as in measurements of the trapped “°Ar/3®Ar value.

3Mean *®Ar CRE age over ~6-84% of released *’Ar.

“Mean “°Ar/*°Ar plateau age over ~56-100% of released *’Ar.

>No detailed data are reported in this study. Therefore, we do not consider this value as a robust constraint on the
matrix glass formation.

SLaser probe bulk isochron.

7 Uncertainties consider those associated with calibration of time versus trapped “°Ar/*®Ar [see equation (S15)] as
well as £30% uncertainty in measured trapped “°Ar/**Ar value. Because the latter was estimated in the absence of
3Ar/3¢Ar measurements on the same subsample, the correction for in situ radiogenic “°Ar is unknown and so these
uncertainties are likely underestimates.

8Mean of three shaded dates weighted by the inverse of the square of the uncertainties (71).

Table S21. 40AI’/39A1', 40Ar/36Ar, and PAr/°Ar analyses of breccia 15015.

Lithology Subsample Method Age (Ga) Event Reference
Glass 229b1 “OAr/*Ar steps! 1.1 £0.6 Glass formation This study
Glass 229b1 Trapped *°Ar/*°Ar? 0.8270:% Glass formation This study
Clast 229ala “OAr/3°Ar initial steps?® >0.56 Clast reheating This study
Glass 15,23c & 15,26 “OAr/*Ar isochron? 1.0 £ 0.2 Glass formation (57)
Glass 15,23c & 15,26 Trapped *°Ar/°Ar® 0.91 £ 0.20 Glass formation (57)
Clast “OAr/*°Ar and 3®Ar .

(variolitic basalt) 15,5b CRE data® <2.6 Breccia assembly (57)
(C\gfitontic basalt 15,5b “OAr/PAr high-T7 >3.4 Clast crystallization (57)
Clast

(Fra Mauro 15,23b “OAr/3°Ar high-T7 >3.7 Clast crystallization (57)
basalt)

? 67 Trapped *°Ar/®Ar® 0.50 +? Glass formation (22, 40)
Best estimate for glass formation and breccia assembly® 0.91 £ 0.11

Notes: The first column lists the lithology, the second column lists the 15015 subsample identity, the third column
lists the dating method, the fourth column lists the inferred radiometric, cosmic ray exposure (CRE), or model age,
the fourth column lists the inferred event being dated, and the fifth column lists the reference. Shaded data are
considered to provide the most robust constraints on the date of formation and magnetic field constraint from the
matrix glass. Uncertainties in new Ar ages reported in this study are 1-¢ confidence intervals.

!Grand mean “°Ar/*°Ar age calculated from mean of ages calculated over 0-8% of released 3*°Ar and mean of last
43-100% of released *°Ar. Uncertainty is taken as equal to half the age difference between these two mean ages.
2Ordinate-intercept in plot of “°Ar/®Ar versus *°Ar/3®Ar for linear regression to data points with 3*Ar/3®Ar values
below 0.006. Uncertainties consider those associated with calibration of time versus trapped “°Ar/*Ar [see equation
(S15)] as well as in measurements of the trapped “°Ar/®Ar value.



3Mean of “°Ar/*°Ar ages over first 15% of released *Ar.

“Mean age for two glass subsamples, with uncertainty equal to half the age difference between these ages.
>Uncertainties consider those associated with calibration of time versus trapped “°Ar/3%Ar [see equation (S15)] as
well as in measurements of the trapped *°Ar/*°Ar value.

SUpper limit on breccia assembly age computed by subtracting 3Ar CRE age of 0.8 Gy from “°Ar/*°Ar age of 3.4 Ga
inferred from high-temperature steps [see discussion in ref. (57)].

’Range of “°Ar/3°Ar ages calculated over ~80-100% of released °Ar.

8Because this trapped “°Ar/3®Ar was estimated in the absence of **Ar/**Ar measurements on the same subsample,
the correction for *°Ar is uncertain and these uncertainties are difficult to quantify.

°Mean of four shaded dates weighted by the inverse of the square of the uncertainties (71).

Table S22. Modern paleointensity analyses of Apollo samples.

Sample Age (Ga) +10 (Ga) Paleointensity (UT) lo (Ga) Method Ref.
76535 4.249 0.012 40 -20/+40 ARM/IRM (7)
71505? 3.7 0.1 95 -48/+95 ARM/IRM (5)
715672 3.8 0.1 111 -56/+111 ARM/IRM (5)
700173 3.772 0.0145 42 -21/+42 ARM/IRM (5, 100)
10020 3.706 0.013 66 -33/+66 ARM/IRM 4)
10017° 3.297 0.260 71 -36/+71 ARM/IRM (50)
10049 3.556 0.008 77 -39/+71 ARM/IRM (50)
60015 < 3.34 <5 ARM/IRM Thermal (35)
15597 3.3 0.2 <7 ARM/IRM (8)
15556 3.233 0.007 <75 ARM/IRM (25, 46)
15016 3.281 0.008 < 37 ARM/IRM (25, 46)
12017 basalt 3.345 0.005 < 37 ARM/IRM (10)
12022 3.194 0.025 <4 ARM/IRM (8)
(9)
15498 1.47 0.45 5 *2 ARM/IRM Thermal 1, "ty
15015 0.91 0.11 < 0.08 Thermal This study
15465 0.44 0.01 < 0.06 Thermal This study
12017 glass < 0.007 <7 ARM/IRM (10)

Notes: The first column lists the Apollo sample, the second column lists the NRM age as inferred from “°Ar/*°Ar
chronometry, the third column lists 1-0 age confidence interval, the fourth column lists paleocintensity, the fifth
column lists 1-¢0 paleointensity confidence interval, and the sixth column lists the paleointensity method and the
seventh column lists the reference for the age and paleointensity data.

This sample has not been radiometrically dated. Because it is a Apollo 17 type B basalt (101), its age is assigned
based on published radiometric ages for other Type B basalts (100, 102).

*This sample has not been radiometrically dated. Because it is a Apollo 17 type A basalt (19), its age is assigned
based on published radiometric ages for other Type B basalts (100, 102).

3Using age of ref. (103) as recalculated by ref. (100)

“Minimum age is measured 10017 plateau age and maximum age is plateau age of similar sample 10049.
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