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Late pebble accretion of comet 81P/Wild 2 nucleus: Evidence from a

plagioclase-bearing chondrule fragment, Pyxie

Mingming Zhang!-?, Michael E. Zolensky?, Kohei Fukuda?®‘, Daisuke Nakashima®,

Michael K. Weisberg®’7, Noriko T. Kita?

Abstract

Comet 81P/Wild 2 is a ~4.5 km-sized primordial object that almost has not
been modified by internal heating by 2?°Al decay. Its nucleus could have been
formed Dby hierarchical agglomeration or gravitational collapse of pebble
swarms concentrated Dby streaming instability. To shed 1light on the
cometesimal formation mechanism from laboratory sample analysis, we
reexamined the ?°A1-°°Mg 1isotope systematics of the plagioclase-bearing
fragment, Pyxie (from Wild 2 track 81), with significantly improved
analytical precision. Revised upper limit of initial (?°A1/?’Al), of Pyxie is
<1.5 x 107% two times smaller than those estimated from other Wild 2
fragments. Assuming homogenous distribution of 2?°Al in the early solar system,
the minimum crystallization age of Pyxie is estimated to be >3.6 Ma after
CAIs. Additional petrologic examination demonstrated that it is a chondrule
fragment formed in disk environments enriched in moderately volatile elements
comparable to the Si-rich rim of CR chondrules, before accreting by comet
Wild 2. The late accretion of Wild 2 nucleus 1is not favored by the
hierarchical agglomeration model that considers early initial accretion.
Instead, the results are more in 1line with comet formation by gentle
gravitational collapse of pebbles when the ?2°Al abundance 1is extremely low

(°°A1/%7A1 <1.5x107%) before gas dispersal.
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1. Introduction

Comets are small (typical diameter D £ 10 km) icy bodies accreted at
solar distances beyond the nebular “snowline” and then distributed in the
Kuiper belt (~35-100 au), Scattered disk (~30-10° au), Oort cloud (~3-150 x
103 au), and sometimes, the asteroid belt (~2-3 au), through the gravitational
effects of the planets and the Galaxy (e.g., Gomes et al. 2005; Hsieh &
Jewitt 2006; Levison et al. 2010; Walsh et al. 2011; Fernédndez et al. 2013;
Nesvorny et al. 2017). Comet nuclei are generally composed of volatile “ices”

(H,0, CO, COz, CH30H, H,CO, etc.) and refractory grains including rock-forming

minerals (principally olivine and pyroxene) and organics (long-chain
aliphatic hydrocarbons, aromatics nitriles, etc.) (e.g., Mumma & Charnley
2011; Altwegg et al. 2019). Two hypotheses have been proposed for the

accretion of comet nuclei. One is hierarchical agglomeration, where grains of
micron-sized dust and ice collided due to Brownian motions, gas drag, and
viscous stirring, and then grew continuously to variable-sized Dbodies
(Weidenschilling 1977, 1997). This model predicts the formation of ~0.5-6 km-
sized bodies within the first 1.2-3.6 Ma of the protoplanetary disk
(Weidenschilling 1997; Davidsson et al. 2016). These bodies are thought to
have highly porous structures with large voids like fractal aggregates (Donn
& Hughes 1986) or are loosely bound agglomerates of decimeter to hundreds of
meters-sized fragments like “primordial rubble piles” (Weissman 1986). The
second is pebble accretion, where pebbles (mm- to cm-sized dust aggregates)
formed by collisional growth, compaction, and erosion (Blum & Wurm 2008; Zsom
et al. 2010; Schrapler et al. 2018), were concentrated by a streaming
instability until gravitational collapse occurred that rapidly (hundreds to
thousands of vyears) formed km- to hundreds of km-sized bodies (Youdin &
Goodman 2005; Johansen et al. 2007; Nesvorny et al. 2010; Wahlberg Jansson &
Johansen 2014). On the other hand, Davidsson et al. (2016) proposed a two-
step hybrid model where ~85% of the pebbles swarms created by streaming
instability gravitationally collapsed into >50 km bodies, and the remaining
~15% of the pebbles hierarchically accreted into smaller bodies nuclei at a
much slower growth rate that lasted for ~25 Ma.

In-situ observations of comet 67P/Churyumov-Gerasimenko (hereafter
“67P/C-G”) by the ESA Rosetta spacecraft and in-detailed laboratory analysis
of comet 81P/Wild 2 (hereafter “Wild 2”) returned by the NASA Stardust
mission provide the fundamental tests for the formation models of comet
nuclei. Both 67P/C-G and Wild 2 are active Jupiter-family comets. The 67P/C-G

nucleus is made of two lobes (one ~4 km and the other ~2.5 km) connected by a
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short neck, which was 1likely formed Dby low-energy, sub-catastrophic
collisions of similarly-sized bodies (Sierks et al. 2015; Jutzi & Benz 2017;

Schwartz et al. 2018). The Wild 2 nucleus is a 4.5-km-diameter lobe covered
by depressions made by sublimation/ejection and impact processes, which is

unlikely to be a rubble pile nor a collisional fragment of a larger body
(Brownlee et al. 2004, Oligore 2023). The two comets appear to be primordial

objects that haven’t been severally modified by internal heating via short-
lived nuclei (mainly 2°Al) decay. The evidence include (i) low bulk density
(~530 kg/m?® for 67P/C-G and <600-800 kg/m?® for Wild 2; Davidsson & Gutiérrez

2006; Jorda et al. 2016) and high porosity (65-80% for 67P/C-G; Patzold et al.
2019); (1i) the lack of phyllosilicate, i.e., no liquid water (Brownlee et al.

2006; Zolensky et al. 2006; Bardyn et al. 2017); (iii) the release of highly
volatile gas (H,O, CO, CO,, N, Ar, etc.) in the coma of 67P/C-G (Balsiger et
al. 2015; Hassig et al. 2015; Rubin et al. 2015) and Wild 2 (HO at ~20,000
tons/day; de Val-Borro et al. 2010); and (iv) the abundant and diverse C-H-0O
organics identified in the coma and nucleus of 67P/C-G (e.g., Levasseur-
Regourd et al. 2018; Altwegget al. 2019), while they are rare in Wild 2

samples which were possibly destroyed during the high-speed (~6.2 km/s)

capture process (Sandford et al. 2006; Ishii et al. 2008). The primitive
nature of comet nuclei indicates that they accrected either late with a low
2°A1 abundance or over a long period of time that allows the dissipation of
heat produced by the ?°Al decay.

The MIDAS (Micro-Imaging Dust Analysis System) atomic force microscope
on board the Rosetta spacecraft identified micrometer-sized dust particles
with smaller subunits that are consistent with hierarchical growth (e.g.,
Bentley et al. 2016). In addition to compact dust particles (>50% porosity,
like pebbles), extremely fluffy particles (>90% porosity, 1like fractal
aggregates) were also identified (Mannel et al. 2016), which was argued to be
preserved only in the voids of pebbles (Fulle & Blum 2017). Thus, Blum et al.
(2017) proposed that comet nuclei likely formed through gentle gravitational
collapse of a Dbound clump of pebbles intermixed with microscopic ice
particles, i.e., “pebble-pile model”. This model agrees well with the high
porosity (low bulk density), physical homogeneity, thermal inertia (I = 10-50
JK!m™?s71/2), low tensile strength (~1 Pa) of comet 67P/C-G nucleus (Skorov &
Blum 2012; Blum et al. 2014, 2017; Lorek et al. 2016; Malamud et al. 2022).
In addition, the compact and fluffy dust particles of 67P/C-G are consistent
with the property of dust impactors of carrot-like (type A; single mineral or

mineral assemblages) and bulbous-like (type B; loosely bound aggregates of
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submicron- to >100 um-sized components) tracks on the silica aerogel of the
cometary tray on the Stardust spacecraft (Burchell et al. 2008; Joswiak et al.
2012; Levasseur-Regourd et al. 2018; Gluttler et al. 2019). Detailed
mineralogic investigations of Wild 2 fragments surprisingly identified a high
fraction (50-65%) of crystalline silicates formed in high-temperature (up to
2000 K) inner-disk environments, including calcium-aluminum-rich inclusions
(CAIs), chondrules, Fe-Ni metal, pyrrhotite and pentlandite, strongly
suggesting long-distance transport of inner-disk materials to the outer-disk
comet-forming regions (Brownlee et al. 2006, 2014; Westphal et al. 2009). The
minerals in these fragments are chemically unequilibrated showing wide ranges
of Mg/Fe ratios in olivine and pyroxene and Ni contents in sulfides (e.g.,
Zolensky et al. 2006). The relatively 1low Cr;03 abundance in diron-rich
olivines indicative of a petrologic grade of 3.05-3.15 (peak metamorphic
temperature <200-300 °C) (Grossman & Brearley 2005; Frank et al. 2014), and
the discovery of Ni-Cu-Zn-baring iron sulfides (cubanite, ©pyrrhotite,
pentlandite, and sphalerite) suggests a maximum temperature of 210 °C (Berger
et al. 2011). Furthermore, the high and variable Cry0; (>0.36 wt%) and Al,0s3
(>0.37 wt%) contents in Wild 2 low-Ca pyroxene also suggests that they did
not experience significant thermal metamorphism (Joswiak et al. 2024). Thus,
these mineralogic evidence demonstrate that Wild 2 is a primitive comet. The
formation age and inferred source(s) of Wild 2 silicate fragments are
important constraints for comet formation models, i.e., a wide spectrum of
materials formed in different protoplanetary disk regions at an extended
period is more consistent with the hierarchical agglomeration model, while
materials sharing similar mineralogic and isotopic characteristics,
indicative of one dominant source region, favors the pebble accretion model.
Here we reexamined the mineralogy and ?2°Al1-?°Mg chronology of a
plagioclase-bearing fragment, nicknamed “Pyxie,” from the Wild 2 cometary
track 81. This fragment was previously analyzed for oxygen isotopes and 2°Al-
2®Mg chronology by Nakashima et al. (2012, 2015). We reexamined Pyxie using
state-of-the-art instrumentations and a magnesium isotope analytical
procedure described in section 2. The high-quality mineralogy data acquired
will be comprehensively compared with primitive chondrite chondrules to
reveal the formation environment of Pyxie and a ©potential genetic
relationship with chondrites (section 4.1). The higher precision ?2°A1-%%Mg
chronologic data will further constrain the minimum accretion time of Wild 2
nucleus, and together with published data from other Wild 2 silicate

fragments, we argue that most Wild 2 silicate fragments likely formed late
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(>2-3 Ma) and show affinities to CR chondrite chondrules, which could be
derived from a common outer-disk source, supporting the pebble accretion

model (section 4.2).
2. Sample and analytical methods

The potted butt of Pyxie was embedded in an 8 mm (radius) x 2.5 mm
(thickness) epoxy disk by Nakashima et al. (2012, 2015). It was reexamined
under a field-emission-gun (FEG) scanning electron microscope (SEM, Zeiss
Gemini 450) for Dbackscattered (BSE) 1imaging and energy dispersive X-ray
spectroscopy (EDX, see Table S1 for EDX performance) analysis at the
Nanoscale Imaging and Analysis Center (NIAC), University of Wisconsin-Madison
(UW-Madison). Its major and minor element compositions were analyzed using a
JEOL 8530-FE Electron Probe Micro-analyzer (FE-EPMA) at the ARES Electron
Beam Facility, NASA Johnson Space Center (JSC). Target plagioclase for Al-Mg
isotope analysis were marked by removing a 1 x 1 um square of surface carbon
(20-30 nm thick) using a focused ion beam SEM (Zeiss Auriga) at NIAC, UW-
Madison, following the procedure described in Nakashima et al. (2012). 1In
addition, microtome sections of Pyxie prepared by ultramicrotomy before
mounting it into the epoxy disk were reexamined using a JEOL 2000FX Scanning
Transmission Electron Microscope (STEM) with a Link EDX and image processing
system at JSC.

Magnesium isotope ratios and ¢’/Al/?‘Mg of plagioclase in Pyxie were
determined using the SIMS CAMECA IMS-1280 at UW-Madison (WiscSIMS laboratory)
equipped with a radio-frequency (RF) plasma ion source operating at the 700 W
power. A primary !'°0;” beam with a size of ~2 x 2 pm and an intensity of ~8 pA
was used, which enhanced secondary Mg ion intensities and sputter rates by
factors of 10 and 5, respectively, compared to those in Nakashima et al.
(2015) using Duoplasmatron (DP) ion source (3-4 pm size 1°0° beam at 3 pA
intensity). Three electron multipliers (EM) were used to detect the 2*Mg*, 2°Mg*,
and 2°Mg* simultaneously, with the gain of each EM monitored and corrected
using a second discriminator connected parallel to the first one, as
described in EA2 of Siron et al. (2022). The utilization of an RF plasma ion
source and the 3EM setting improved the total counts of Mg isotopes by the
factor of 3 compared to the DP ion source and the mono-EM setting that was
previously used in Nakashima et al. (2015), while reducing the analysis time
from 11 hours to 1 hour. As a result, the internal uncertainties (2SE) of raw
measured &%°Mg, &°°Mg, and A?*Mg of 0.5% MgO plagioclase standard were improved

to be 1-2%, which were reduced by the factor of ~1.7 from Nakashima et al.
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(2015) . The details of analytical settings for electron microscopy and SIMS

are in the supplementary file 1.
3. Results
3.1 Petrology

Pyxie is a 24 x 17 pm fragment composed of 41 vol% enstatite, 43 vol%
plagioclase, 6 vol% pigeonite, and 10 vol% Si-rich mesostasis (Figure 1). It
is partly surrounded by compressed silica aerogel capture medium. Enstatite
occurs as blocky phenocrysts on its periphery. Plagioclase appears as patchy
phenocrysts at its center and lower right in the figure. Pigeonite mainly
occurs as a ~1 pym-wide rod (~13 pm long) that projects from the concave
surface of enstatite and crosscuts the plagioclase domains towards the other
edge of this fragment. The mesostasis 1is interstitial to plagioclase
phenocrystals, from which submicron needles- or columnar-shaped plagioclase
crystals are present. Abundant pores that could have resulted from plucking
during ultramicrotomy are observed in the plagioclase crystals at the lower
right of this fragment. TEM bright-field images of two microtome sections of
Pyxie show um-sized shards of pigeonite and plagioclase (Figure 2). Melted
aerogel was found next to or within the shard clusters. Within the same
sections, Ca-rich pyroxene and nano-scale sulfides were previously identified
by Dobrica & Brearley (2011), which were not observed in the potted butt of
Pyxie. In contrast, Si-rich mesostasis that was not reported by Dobrica &
Brearley (2011) nor Nakashima et al. (2015) were discovered in the present

study.

Figure 1. High-resolution BSE image of Pyxie after SIMS analysis by Nakashima

et al. (2015). Pyxie is composed of enstatite (magenta, En), pigeonite (green,
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Pig), plagioclase (yellow, P1l), and Si-rich mesostasis (blue, Si-mes). Si-
rich mesostasis 1is newly identified here and hasn’t been previously reported.
It 1is partly surrounded by compressed silica aerogel (red). A phase map of
Pyxie 1s shown 1in the upper 1left panel. BSE 1image of Pyxie after SIMS
analyses of this study is displayed in the lower right panel, where four new
analysis pits (~2 pm) are labeled in addition to the three larger, previous
pits (~3-4 pm) made by Nakashima et al. (2015). Nanometer-sized bright dots

are electron beam burn marks made during EDX analysis.

Figure 2. TEM bright-field images of two microtome sections of Pyxie. They
show shards of pigeonite (Pig) and plagioclase (Pl). Melted silica aerogel 1is
found around or within the mineral shard clusters. Si-rich mesostasis and

enstatite were not found in these two sections.
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Major and minor element compositions of Pyxie’s phases were determined
by FE-EPMA, TEM-EDX, and SEM-EDX and are summarized 1in Table 1. Pigeonite
(En7s-gsWog-16) contains significant amounts of Cry;03 (1.4-3.2 wt$%), MnO (~2.5
wt%), Al03 (2.5-4.4 wt%), and TiO, (0.3-1.0 wt%). Enstatite (Engs-9¢Wo1-2) has
0.5-2.0 wt$% Al,03, 1.1-1.4 wt% Cr;03, 0.4-1.3 wt% MnO, and <0.2 wt% TiO;.
Plagioclase (Ansg-75Abzs-42) contains 0.4-1.0 wt% MgO and <0.8 wt% FeO. These
results are broadly similar to those reported by Dobrica & Brearley (2011)
and Nakashima et al. (2015). The mesostasis is SiO;-rich (~90 wt%) with 1.5-
3.5 wt% MgO and 6.5-8.5 wt% Al,03. The bulk composition of Pyxie, calculated
by multiplying modal mineral abundance by the average mineral compositions
(MacPherson & Huss 2005), is 18.9 wt% MgO, 11.8 wt% Al,03, 59.4 wt% SiO,, 5.3
wt% CaO, 1.7 wt% FeO, 1.4 wt% Na0, 0.8 wt% Cr;03, 0.6 wt% MnO, and 0.1 wt$%
TiO;.



Table 1. Major and minor element compositions of minerals in Pyxie

No. MgO Al,03 Si0; CaO TiO, Cr203 FeO MnO Na,O Total En/An Wo Method
En WH#5 37.3 0.81 58.1 0.46 0.13 1.42 1.97 0.35 n.d. 100.5 96.3 0.85 FE-EPMA
W#10 35.1 2.08 57.0 0.59 0.12 1.42 2.01 0.50 n.d. 99.0 95.8 1.15 FE-EPMA
WH#12 36.7 0.76 58.6 0.41 0.11 1.19 1.96 0.20 n.d. 100.0 96.3 0.77 FE-EPMA
T#1 37.0 0.55 55.7 0.73 0.15 1.11 3.48 1.29 n.d. 100.0 93.7 1.33 TEM-EDX
T#2 35.2 0.77 56.4 1.12 0.04 1.25 3.59 1.62 n.d. 100.0 92.6 2.12 TEM-EDX
T#3 36.7 0.68 56.4 0.52 0.18 1.08 3.49 0.91 n.d. 100.0 94.0 0.96 TEM-EDX
Pig WH#6 26.0 4.21 55.4 7.37 0.31 3.16 2.80 2.61 0.14 102.0 79.1 16.1 FE-EPMA
WH#1ll 26.1 4.09 55.8 7.12 0.30 3.08 2.82 2.57 0.16 102.1 79.6 15.6 FE-EPMA
T#4 26.3 4.41 56.8 3.77 0.45 1.70 3.56 2.17 n.d. 99.1 84.8 8.74 TEM-EDX
T5#1 25.9 2.51 52.4 5.95 0.97 1.39 8.38 2.56 n.d. 100.0 74.2 12.3 TEM-EDX
Pl WH#7 0.56 29.9 59.0 12.4 0.07 0.08 0.30 n.d. 4.26 106.6 61.6 FE-EPMA
W#8 0.47 23.8 64.3 9.64 0.16 0.06 0.41 n.d. 3.07 101.9 63.3 FE-EPMA
WH#4 0.99 22.4 65.2 9.15 0.16 0.08 0.13 n.d. 2.20 100.4 69.5 FE-EPMA
T#5 0.94 24.0 60.7 12.1 n.d. n.d. n.d. n.d. 2.28 100.0 74.6 TEM-EDX
T#6 0.59 23.9 61.5 11.4 n.d. n.d. 0.23 n.d. 2.44 100.0 72.1 TEM-EDX
T#7 0.85 29.1 52.2 14.7 n.d. n.d. 0.44 n.d. 2.71 100.0 74.9 TEM-EDX
T#8 0.54 28.9 51.8 12.5 n.d. n.d. 0.81 n.d. 5.42 99.9 56.1 TEM-EDX
T#9 0.43 29.8 51.4 13.4 n.d. n.d. 0.59 n.d. 4.34 99.9 63.1 TEM-EDX
T#10 n.d. 31.3 50.5 13.3 n.d. n.d. n.d. n.d. 4.95 100.0 59.7 TEM-EDX
S#1 n.d. 27.5 55.3 13.1 n.d. n.d. n.d. n.d. 4.12 100.0 63.7 SEM-EDX
S#2 n.d. 24.4 62.4 9.88 n.d. n.d. n.d. n.d. 3.29 100.0 62.4 SEM-EDX
S#3 n.d. 27.5 57.9 11.1 n.d. n.d. n.d. n.d. 3.57 100.0 63.1 SEM-EDX
S#4 n.d. 26.2 58.7 12.1 n.d. n.d. n.d. n.d. 2.96 100.0 69.4 SEM-EDX
S#5 n.d. 20.9 68.8 7.92 n.d. n.d. n.d. n.d. 2.38 100.0 64.8 SEM-EDX
S#6 n.d. 27.0 55.0 12.9 n.d. n.d. n.d. n.d. 5.07 100.0 58.4 SEM-EDX
S#7 n.d. 25.6 61.4 9.35 n.d. n.d. n.d. n.d. 3.62 100.0 58.8 SEM-EDX
S#8 n.d. 29.1 55.6 11.3 n.d. n.d. n.d. n.d. 4.00 100.0 61.0 SEM-EDX
S#9 n.d. 26.4 56.6 12.8 n.d. n.d. n.d. n.d. 4.15 100.0 63.0 SEM-EDX
S#10 n.d. 29.1 56.7 10.4 n.d. n.d. n.d. n.d. 3.76 100.0 60.4 SEM-EDX
Mes S#11 1.80 7.98 89.2 n.d. n.d. n.d. n.d. n.d. 1.05 100.0 SEM-EDX
S#12 1.51 8.75 89.7 n.d. n.d. n.d. n.d. n.d. n.d. 100.0 SEM-EDX
S#13 2.74 7.35 89.9 n.d. n.d. n.d. n.d. n.d. n.d. 100.0 SEM-EDX
S#14 3.57 6.50 89.9 n.d. n.d. n.d. n.d. n.d. n.d. 100.0 SEM-EDX
Bulk 18.9 11.8 59.4 5.29 0.14 0.76 1.73 0.55 1.44 Calculate

n.d.

not detected.
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3.2 Al-Mg systematics

A total of five analyses were performed on Pyxie, and all analysis pits
are well within the plagioclase domains (Lower right window in Figure 1).
However, one analysis (#2, next to the pigeonite rod) penetrated plagioclase
and reached a Mg-rich mineral (likely pigeonite) beneath. This analysis was
stopped and the first 97 cycles before the abrupt increase of Mg' signals were
used to recalculate its Mg isotope ratios (Tables S2 and S3). The ?27Al1/2%‘Mg
ratio of plagioclase ranges from 54 to 63, with an uncertainty (2c0) of ~1%,
reflecting its MgO variation as found by EPMA and TEM-EDX. This result
starkly contrasts with the three analyses by Nakashima et al. (2015) that
show a uniform ?’A1/%*Mg ratio of ~64 with an uncertainty of ~4%. Furthermore,
the Mg excesses (A%°Mg) observed in plagioclase are close to 0% (-0.2 * 1.5%,
28D), and while similar in uncertainty, are more tightly-clustered than those
(0.1 £ 4.5%, 2SD) determined by Nakashima et al. (2015). The new dataset
yields a model isochron with (?°A1/%7Al), = (-0.53 + 2.51) x 10°® (MSWD = 0.47,
this study; Figure 3a). If both the new and old data are included in the
isochron, the upper limit of (?°A1/?7Al), in Pyxie becomes (-0.56 = 2.09) x 107°
(MSWD = 0.68; Fig. 3b). The new result pushes the upper limit of (?°A1/27Al),
in Pyxie from £ 3.9x10°%® (Nakashima et al., 2015) to <1.5x10°°® (using both old
and new data). Assuming homogenous distribution of 2°Al1 [ (?°A1/?’Al)y = 5.25 x
107°] in the early solar system (Jacobsen et al. 2008; Larsen et al. 2011),
the minimum age of Pyxie increases from ~2.6 Ma to ~3.3 Ma (only new data) or

~3.6 Ma after CAIs (both old and new data) after CAIs.
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Table 2. Al-Mg isotope data of Pyxie

27p1t/24Mg* 20 A%PMg % 20 %
This study
P1#1 51.8 0.7 -0.6 1.9
P1#2 62.2 2.0 0.3 3.8
P1#3 63.1 1.5 1.0 2.2
P1#4 58.6 1.3 -0.6 2.2
P1#5 54.0 1.9 -0.9 2.2
Slope = -0.0038 £ 0.018
(°°A1/°'A1)o = (-0.53 £ 2.51) x107°® (MSWD = 0.47)
Upper age limit: 3.3 Ma after CAI
Nakashima et al., (2015)
P1 1 65.4 3.9 0.9 4.6
Pl 2 64.4 3.8 1.9 3.7
Pl 3 63.8 3.8 -2.4 3.1
Slope = -0.0045 + 0.032
(°°A1/°'A1)g = (-0.63 + 4.46) x107° (MSWD = 0.77)

Upper age limit: 2.6 Ma after CAI
This study + Nakashima et al. (2015)

Slope = -0.0040 + 0.015
(°°A1/°'A1)9 = (-0.56 + 2.09) x107°® (MSWD = 0.68)
Upper age limit: 3.6 Ma after CAI
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Figure 3. 20A1-2°Mg isochrons of Pyxie. (a) The isochron constructed in this
study (red line + rectangle symbol) has much smaller uncertainty (2.5 x 107°¢
vs. 4.5 x 10°¢) for (?6A1/?7Al), than the one (purple line + circle symbol)
determined by Nakashima et al. (2015), and defines a younger upper limit age
of 3.3 Ma after CAI, while no 2°Mg excess was resolved in both studies. (b)
All data of Pyxie plagioclase define an upper limit of (?°A1/?7Al)y of 1.53 x

107 that corresponds to a minimum age of 3.6 Ma after CAIs.
4. Discussion
4.1 Pyxie is a chondrule fragment similar to CR chondrules

Previous studies showed that Pyxie 1s composed of enstatite,
plagioclase, and pigeonite (Dobrica & Brearley, 2011; Nakashima et al. 2015).
It is '%0-poor with the mass-independent fractionation of oxygen isotope, A!70
(870 - 0.52 x &'%0), of -1.1 + 0.8 % and lacks resolvable ?°Mg excess, which
are similar to majority of chondrules in CR chondrites but different from

those in ordinary (0), CO, CM, and Acfer 094 chondrites (Nakashima et al.
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2012, 2015). Based on the texture, mineralogy, and isotopes, Nakashima et al.
(2015) considered Pyxie is a chondrule-like object formed late in local disk
environments that has similar oxygen isotope ratios and redox states to CR
chondrules.

In this study, high resolution BSE 1imaging revealed a Si-rich
mesostasis in Pyxie, confirming it to be a melt-grown chondrule object. Its
iron-poor bulk composition and porphyritic pyroxene texture (free of olivine)
resemble the type IB chondrules common in primitive chondrites (Jones 1994;
Ebel et al. 2016). However, it contains abundant plagioclase with a Si-rich
mesostasis, which are different from typical IB chondrules 1in ordinary
chondrites (Jones 1994; Pape et al. 2021) but similar to plagioclase-bearing
chondrules in primitive CV, CR, and CO chondrites, though it contains Si-rich
mesostasis instead of a silica phase (Kurahashi et al. 2008; Tenner et al.
2015, 2019; Zhang et al. 2020; Fukuda et al. 2022) (Figure 4). Dynamic
crystallization experiments reproduced plagioclase-bearing chondrules at peak
temperatures in the range of 1500-1600 °C and cooling rate of 1°C/h over the
temperature range of 1000 to 800 °C (Wick & Jones 2012). These conditions

could also account for the formation of Pyxie.
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Figure 4. Plagioclase-bearing chondrules in primitive carbonaceous chondrites.
The three objects are from Leoville (CV; Zhang et al. 2020), QUE 99177 (CR;
Tenner et al. 2015, 2019), and Y81020 (CO; Kurahashi et al. 2008, Fukuda et
al. 2022) meteorites, which are composed of low-Ca pyroxene (Lpx), high-Ca
pyroxene (Hpx), plagioclase (Pl1, Ans,.¢;), and silica (mesh-like) instead of

Si-rich mesostasis as in Pyxie.
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Figure 5. Bulk composition of Pyxie. Al-rich chondrules (Bischoff & Keil 1983;
Sheng et al. 1991; Krot & Rubin 1994, MacPherson et al. 2005; Ebert &
Bischoff 2016, Zhang et al. 2020; Ebert et al. 2022), IA/IAB/IB
ferromagnesium chondrules (Jones & Scott 1989; Jones 1994; Tachibana et al.
2003; Kita et al. 2010), and silica-rich rim (SIRs) of CR chondrules (Krot et
al. 2004; Smith & Jones 2023) are plotted for comparison. Iris, an iron-rich

chondrule-1like Wild 2 fragment, is also plotted (Gainsforth et al. 2015).

With the high-quality FE-EPMA, SEM-EDS, and TEM-EDS data acquired for
Pyxie in this study, a comprehensive comparison of Pyxie’s mineralogy with
primitive chondrite chondrules was made. First, the bulk composition of Pyxie

is rich in Si0; (~59 wt%), though it is only a fragment, in transition between

type IB chondrules (50-59 wt%) and silica-rich chondrules in ordinary
chondrites or silica-rich igneous rims of CR chondrules (59-78 wt%) (Figure
5). Its bulk Al,03 content (~12 wt%) is higher than ferromagnesium chondrules

(<5 wt%) and overlapping the lower end of Al-rich chondrules (>10 wt%)
(Bischoff & Keil 1984). However, since the modal of mineral abundance Pyxie
could be unrepresentative of its parental chondrule, it could be a fragment
of an Al-rich, a Si-rich, or a typical IB chondrule. Pyxie enstatite contains
~3 wt% FeO (mean En ~94.8 mol%) and <1.2 wt% CaO (mean Wo ~1.2 mol%),
different from the iron-poor enstatite (Engs-99) typical of chondrules in
enstatite (E), CV, and CA chondrites (Figure 6). Pyxie pigeonite has 4-7 wt$%
Ca0 (mean Wo ~13 mol%) and 3-8 wt% FeO (mean En ~79 mol%); a similar

composition has been mainly found in chondrules from ordinary (0O), CV, CR,
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and CH/CB chondrites (Figure 6). Both Pyxie enstatite and pigeonite contain
significant amounts of Cr;0s; (1-3 wt%) and MnO (up to 2.5 wt%), which are only
consistent with chondrules from O and CR chondrites as well as silica-rich
igneous rim of CR chondrules (Figure 7a). The Cr;03 & MnO abundances of Pyxie
enstatite are comparable to the low-iron, manganese-enriched (LIME) pyroxene
in anhydrous chondritic interplanetary dust particles (IDPs) and other low-Ca
pyroxene fragments in Wild 2, while Pyxie pigeonite is richer in the two
oxides (Figure 7a). A similar Cr-Mn-rich pigeonite has been reported recently
in the silica-rich rim (2.6 wt% Cr;03, 2.8 wt% MnO) of a CR chondrule (Smith
et al. 2023). On the other hand, the Al,03 and TiO; contents of Pyxie enstatite
are within the ranges of chondrules from CV, CO, CM, CA, and E chondrites,
while its pigeonite overlaps in composition with Al-rich chondrules and CH/CB,
0O, and marginally CR chondrite ferromagnesium chondrules (Figure 7b). Except
for one pigeonite reported with a higher TiO; content, the remaining Pyxie
enstatite and pigeonite are within the range reported for anhydrous
chondritic IDPs and other Wild 2 fragments (Figure 7b). Pyxie plagioclase 1is
labradorite (Ansp-70), which is more albitic than those in magnesian chondrules
in CR chondrites (Ansgy, Tenner et al., 2019), but similar to those in the
silica-rich rims of CR chondrules (Ango-90, Smith et al. 2023). Thus, based on
its mineralogy, we suggest that Pyxie was most 1likely formed in disk
environments enriched in moderately volatile elements (Cr, Mn, Na, and
possible Si), with enrichments higher than those for typical chondrules in O
and CR chondrites but less than/similar to that for the silica-rich rims of

CR chondrules (Smith et al. 2023).
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Figure 7. Al,03 vs. TiO, and Cr,03 vs. MnO in low-Ca pyroxene from Pyxie. Low-
Ca pyroxene in Al-rich chondrules (ARCs), silica-rich rims in CR chondrules,
as well as ferromagnesium chondrules in O, E, CR, and CH/CB chondrites are
plotted for comparison. The grey shaded region represents low-Ca pyroxene 1in
chondrules from CV, CO, CM, CA chondrites. Data sources: IDPs (Klock et al.
1989, Zolensky & Barrett 1994, Zhang et al. 2021), Wild 2 (Nakamura et al.
2008; Joswiak et al. 2012; Defouilloy et al. 2017), others are the same as

those mentioned in Figure 6.
4.2 Implications for the accretion of comet nuclei

The radioactive decay of the short half-life nuclide 2°Al is likely the

major heat source for the thermal evolutions of comets, responsible for the
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transformation of amorphous ice to crystalline ice and then liquid water,
aqueous alteration of silicates, and substantial loss of ©porosity and
volatiles (e.g., Prialnik et al. 1987; Golabek & Jutzi 2021). The 1lack of
phyllosilicates in Wild 2 samples suggests that it have not been heated above
273 K (melting temperature of H»0; e.g., Choi et al. 2002). The upper limit of
the initial °°Al abundance in Wild 2 could be constrained from the fragments
it accreted. Up to now, only four Wild 2 fragments, i.e., “Coki” from track
141, “Inti” from track 25, “Iris” from track 64, and “Pyxie” from track 81,
were found to contain large (>2 um) plagioclase or glassy mesostasis suitable
for SIMS Al-Mg 1isotope analyses. However, none shows evidence of 1in-situ
decay of 2°Al during their formation based on unresolved excess of the
daughter nuclei °®°Mg. The upper limits of initial (?°A1/?'Al), for Inti, Coki,
Iris, and Pyxie are <2x107°, <1x107°, <3x107°% and <4x107%, respectively (Ishii
et al. 2010; Matzel et al. 2010; Ogliore et al. 2012; Nakashima et al. 2015),
corresponding to minimum relative ages of 1.7-3.0 Ma after CAI formation,
assuming homogeneous distribution of 2°Al in the early solar system (e.g.,
Kita et al. 2013). It is noteworthy that the upper age limit depends not only
on the ?2%A1 abundance during their formation but also on the analytical
precision of Mg isotopes, where Inti and Coki determined by NanoSIMS (2SD of
A%*Mg ~70-90% for ?7A1/2*Mg~150-350, Matzel et al. 2010) show higher upper
limits compared to Iris and Pyxie analyzed by IMS-1280 (i.e., 2SD of A?®°Mg ~3%
for ?’A1/%*Mg~65, Nakashima et al. 2015). Thus, the former two fragments could
have formed either earlier or as late as the later two fragments. Van Kooten
et al. (2016) argued that the outer solar system where CR and CH/CB chondrite
accreted preserved abundant 2°Al-poor primordial molecular cloud material
based on their ?°Mg excess-depleted signatures, which in contradiction to the
concordant Al-Mg ages and Hf-W ages of CR chondrules (Budde et al. 2018).
Thus, the assumption for the homogeneous distribution of 2°Al is assured in
the outer solar system and, thus, the initial (°°Al1/%’Al)y of Wild 2 fragments
can be interpreted as formation ages.

The high-precision Al-Mg isotope analysis of this study reduced the
upper limit of (?°A1/?’Al), in Pyxie from 4 x 107°® to 1.5x 107°% and increased the
corresponding minimum formation ages from ~2.6 Ma (Nakashima et al. 2015) to
~3.6 Ma after CAIs. This new result pushes the upper 1limit of Wild 2’'s
accretion time from ~3.0 Ma (Ogliore et al. 2012) to ~3.6 Ma (this study).
Radiogenic heating models predicted the accretion of a ~4 km-sized comet
nucleus must be delayed by ~1.5 to ~4.7 Ma after CAIs to avoid evident

internal heating (e.g., Prialnik et al. 1987; Haruyama et al. 1993; Davidsson
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et al. 2016; Golabek et al. 2021; Lichtenberg et al. 2021). The large
uncertainty of accretion time among these models arises from the thermal
conductivity, a poorly constrained parameter of pebble size, porosity,
dust/ice ratio, permeability coefficient, etc. In the pebble-pile model, the
accretion time of ~4 km pristine comets must be much later than 3 Ma because
of the low thermal conductivity of pebbles (Gundlach & Blum 2012; Malamud et
al. 2022), agrees well with the >3.6 Ma accretion time for Wild 2 as
determined in this study. However, the timescale for the hierarchical growth
of ~6 km comets by accreting bodies 3-6 times smaller than themselves 1is
~1.7-3.6 Ma (Davidsson et al. 2016), which is inconsistent with the >3.6 Ma
accretion time of Wild 2 determined in this study. Davidsson et al. (2016)
suggested that the collected Wild 2 fragments could be buried deep and baked
in their parent comet and, therefore, the Al-Mg ages determined do not have a
chronological meaning, which is a misinterpretation and starkly inconsistent
with the primitve mineralogic and isotopic nature of comet Wild 2. While the
numpber of Wild 2 fragments (Coki, Inti, Iris, and Pyxie) analyzed for Al-Mg
chronology is limited, none clearly show detectable excess 2°Mg as in those O,
co, CM, cCV, and Acfer 094 chondrite chondrules (~2-3 Ma), but they are
similar to a portion of CR chondrules (Figure 8). It is known that outward
dust transportation is more efficient at the earlier stage of the
protoplanetary disk (e.g., Ciesla 2009), the absence of objects formed during
the first 2-3 Ma in comet Wild 2 is not favored by the hierarchical
agglomeration model, which 1s expected to accrete more earlier-formed

materials than latter-formed ones.
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Figure 8. Al70-(?6A1/?7A1), comparison of Pyxie to Wild 2 fragment Iris and
chondrules in 0O, CO, CM, CR, and Acfer 094 chondrites. Data sources: Iris
(Ogliore et al. 2012), O (Siron et al. 2021, 2022), CO & CM (Fukuda et al.
2022), CR (Schrader et al. 2017b; Tenner et al. 2019), and Acfer 094
(Ushikubo et al. 2012; Ushikubo et al. 2013; Hertwig et al. 2019b). The wild
2 fragment “Coki” was also plotted, with (?6A1/?7A1), < 1 x 107> and Al70
undetermined (Matzel et al. 2010).

The mineralogy and isotopic characteristics of Pyxie indicate that it
is likely a fragment of a chondrule in CR chondrites, especially the Si-rich
rim of CR chondrules. For the other Wild 2 fragments, their sources were
mainly inferred from Fe-Mn systematics and oxygen isotope systematics. Berlin
et al. (2011) first noticed that the relationship of Fe and Mn abundances in
iron-rich olivines are systematically different among O, CO, and CR chondrite
chondrules, which primarily reflects distinct redox and volatility-controlled
environments (i.e., protoplanetary disk regions). The linear-regressed slopes
of Fe and Mn (both in atomic formula units based on four oxygen atoms, afu)
in iron-rich chondrule olivines is ~0.023 for O chondrites, ~0.010 for CO and
CM chondrites, with the CRs intermediate between the two groups (Berlin et al.

2011; Schrader et al. 2015; Schrader & Davidson 2017a, 2022). The Fe-Mn
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abundances of most iron-rich olivine in Wild 2 samples overlaps with CR
chondrules, with some similarities to O chondrules (Figure 9a; Brownlee &

Joswiak 2017; Schrader et al. 2022; Zhang et al. 2024).
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Figure 9. Fe-Mn systematics in Wild 2 olivines (panel a) and oxygen 1isotope
systematics (AY70O-Mg#, panel b) of Wild 2 olivine and pyroxene fragments. Wild
2 data sources: Nakamura et al. (2008),Nakashima et al. (2012), Ogliore et al.
(2012, 2015), Joswiak et al. (2014), Defouilloy et al. (2017), Brownlee et al.
(2017), and Zhang et al. (2024). Chondrules from CR, O, and CH/CB chondrites
are plotted for comparison (Connolly & Huss 2010; Kita et al. 2010; Krot et
al. 2010; Schrader et al. 2013, 2014, 2015; Tenner et al. 2015; Siron et al.
2021; Schrader & Davison 2022; Siron et al. 2022; Nakashima et al. 2024). The
forbidden triangle of CR chondrules is taken from Brownlee et al. (2017) and

Schrader & Davison (2022).
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On the other hand, vast oxygen isotope analysis of chondrules from
different chondrite groups revealed four types of relationships between Mg#
[mol% Mg/ (Mg + Fe)] and A0, (i) O, E, R (Rumuruti), and K (Kakangari)
chondrite chondrules display =zero or slightly positive A0 that are
independent of their Mg# (Kita et al. 2010; Weisberg et al. 2011, 2021;
Nagashima et al. 2015; Miller et al. 2017; Siron et al. 2021, 2022; Regnault
et al. 2022); (ii) cv, CO, CM, CA, and the ungrouped Acfer 094 chondrite
chondrules are characterized by two populations, i.e., Mg# >97 with A0
ranges from -6% to -4% and Mg#<97 with A0 ~-2% (Rudraswami et al. 2011;
Ushikubo et al. 2012; Tenner et al. 2013, 2017; Chaumard et al. 2018, 2021;
Hertwig et al. 2018, 201%a; Zhang et al. 2022); (iii) CR chondrite chondrules
show a negative correlation between A!’0 and Mg#, with A!’0 gradually increases
from -6% to -1% as Mg# decreases from 99 to 94, and the rest, with Mg#<90
shows variable A0 between -2% to +2% (Connolly et al. 2010; Schrader et al.
2013, 2014; Tenner et al. 2015), and (iv) CH/CB chondrite porphyritic
chondrules exhibit positive correlation Dbetween A0 and Mg#, with A0
decreases from +4% to -5% as Mg# decreases from 99 to 96 and then varying
irregularly between ~0% to +3% when Mg# <96 (Krot et al. 2010; Nakashima et
al. 2024). In addition, &'%10 of most chondrules from carbonaceous chondrites
(Cv, CO, CM, CA, CR, and Acfer 094) are distributed along the primitive
chondrule mineral (PCM, &0 =~ 0.987 x 380 -2.7) 1line, while those from
noncarbonaceous (0, R, and K) chondrites and CH/CB chondrite chondrules plot
on or above the terrestrial fractionation (TF, &0 =~ 0.52 x 3&'%0) line
(Ushikubo et al. 2012; Zhang et al. 2022). Up to now, ~42 Wild 2 fragments
have been analyzed for oxygen isotopes; ~34 (including Pyxie of this study)
show chondrule-like !%0-poor with A!70 typically within -2 % to +2 % that are
inversely proportional to their Mg# (Nakashima et al. 2012; Defouilloy et al.
2017) . Based on Fe-Mn systematics and Mg#-A'’0 systematics of these fragments,
Zhang et al. (2024) estimated only ~25 % are likely related to chondrules in
O-E-R or CH-CB chondrites, while the majority likely formed in an environment
like CR chondrules (Figure 9b). Thus, though minor O-E-R or CH-CB chondrite
chondrules might have been accreted into Wild 2, laboratory mineralogy and
oxygen 1isotope studies of Wild 2 silicate fragments nevertheless indicate
that their major source 1is CR chondrule-like materials, which 1is more
compatible with the pebble accretion model than the hierarchical
agglomeration model.

While the late pebble accretion model is favored for comet accretion in

this study, it 1is yet wunknown that km-sized comets could form during the
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gravitational collapse of the pebble swarm due to the limitation of the
numerical simulation resolution (e.g., Johansen et al. 2009). Wahlberg
Jansson et al. (2014) predicted the collapse time of ~1 km-sized
planetesimals is a few thousand years, much longer than those for ~100 km-
sized objects (~25 years), raising the concern about how to preserve these
pebbles from dispersion or merging by other large swarms over such a long
period (Weissman et al. 2020). Furthermore, it is also unclear whether the
nebular gas still existed at a time of >3.6 Ma after CAI formation (typical
disk lifetime <3 Ma; Haisch et al. 2001; Fedele et al. 2010) and, meanwhile,
could concentrate sufficient pebbles via stream instability and trigger the
gravitational collapse for the formation of comets. While more astrophysical
modelling is needed, the pebble accretion model for comets 1s strongly
supported by the close matches between the inclination distribution of trans-
Neptunian binaries observed and that predicted in hydrodynamic simulations of

streaming instability (Nesvorny et al. 2010, 2019).
5. Conclusions

We reexamined the petrology and Al-Mg chronology of the unique
plagioclase-bearing Wild 2 fragment Pyxie. The discovery of Si-rich
mesostasis 1in addition to low-Ca pyroxene (enstatite and pigeonite) and
plagioclase demonstrated that it 1is a chondrule fragment, resembling the
plagioclase-bearing chondrules in CV, CO, and CR chondrites. Its enstatite
and pigeonite contain significant amounts of Cr;0; (1-3 wt%) and MnO (up to
2.5 wt%) that only overlap with chondrules from O and CR chondrites, as well
as the silica-rich igneous rim of CR chondrules. Combined with its !%0-poor
signature (Nakashima et al. 2012) and the absence of live ?2°Al (Nakashima et
al. 2015; this study), we firmly demonstrated that Pyxie is a fragment of a
plagioclase-rich chondrule with the closest affinity to silica-rich rims of
CR chondrules.

High-precision Al-Mg isotope reanalysis of Pyxie indicates revision of
its minimum age from ~2.6 Ma to ~3.6 Ma after CAI formation, which delay the
upper accretion time of Wild 2 nucleus by ~0.6 Ma (~3 Ma from Iris; Ogliore
et al. 2012). Together with the other three 2%Al-free Wild 2 fragments and the
close affinities between Wild 2 silicates and CR chondrules as indicated by
Fe-Mn systematics and oxygen isotope systematics, we argue against the
hierarchical agglomeration model for comet nuclei, which would predict a
random mixture of materials formed across the protoplanetary disk regions

over the first ~2-3 Ma of the solar system. Instead, we favor that comet
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nuclei could have formed by gentle gravitational collapse of pebble swarms
concentrated by streaming instability at >3.6 Ma after CAIs Dbefore gas

dispersal.
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anorthitic glass reference materials (Table S2), and the raw and processed

data of plagioclase in Pyxie (Table S3).

Appendix

Analytical methods
Electron microscopy

Pyxie, which was embedded in an 8 mm (radius) x 2.5 mm (thickness)
epoxy mount by Nakashima et al. (2012, 2015), was reexamined under a field-
emission-gun (FEG) scanning electron microscope (SEM, Zeiss Gemini 450) at
the Nanoscale Imaging and Analysis center (NIAC), University of Wisconsin-
Madison (UW-Madison). Backscattered images (BSE) were taken under 15 kV

accelerating voltage and 200 pA beam current, with ~50 s/frame. Energy
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dispersive X-ray spectroscopy (EDX) of individual phases were acquired under
an intense beam of 4 nA, with an acquisition time of 60 s, using the Thermo
Noran Energy dispersive X-ray microanalysis system installed on the FEG-SEM.
The working distance was set to be 7.3 mm, under which the SEM-EDS setting
gives accurate results (RSD < 10% for oxides with abundances >1 wt%, table Sl
below) for hypersthene from the Johnstown meteorite (Zhang et al. 2022).
Target analysis locations on Pyxie plagioclase were marked by removing a 1 x
1 pm square of surface carbon (20-30 nm thick) using a focused ion beam SEM
(FIB-SEM, Zeiss Auriga) at NIAC, UW-Madison. A focused Ga® ion beam with an
accelerating voltage of 30 kV and beam current of 5 pA was used for
sputtering target regions for 90 s, which was demonstrated to be efficient
for removing carbon coatings with minimal milling of the underlying sample
(Nakashima et al. 2012; Defouilloy et al. 2017).

Microtome sections of Pyxie, which was made by a ultramicrotome before
mounting it in the epoxy mount, were reexamined using a JEOL 200FX Scanning
Transmission Electron Microscope (STEM) with a Link EDX and image processing
system at the ARES Electron Beam Facility, NASA Johnson Space Center (JSC).
We calibrated the lattice fringe spacing measurements using a graphite
standard. Natural mineral standards were used to calibrate EDX measurements.

Table S1. SEM-EDS results on Johnstown (15kVv, 4 nA, WD=7.3 mm, acquisition
time 60s)

Mineral Na,O MgO Si0; Al,0;3 Ti0, CaoO Cr,0;3 Fe,03 MnO

Johnstown 0 26.32 54.21 1.05 0.13 1.16 0.73 15.49 0.91
Johnstown 0 25.56  52.57 1.8 0.11 1.36 0.59 17.37 0.64
Johnstown 0 26.53 54.11 0.81 0.19 0.97 0.69 15.72 0.97
Johnstown 0 26.1 53.83 0.9 0.28 1.17 0.83 16.11 0.78
Johnstown 0 26.73 53.89 0.85 0.08 1.05 0.56 16.19 0.66
Johnstown 0 26.93 53.91 0.87 0.19 0.95 0.72 15.95 0.47
Johnstown 0 26.34 53.64 1.15 1.2 0.73 16.28 0.66
Johnstown 0 26.49 52.68 1.02 1.29 0.88 16.51 1.14
Johnstown 0 26.38 53.28 0.88 0.14 1.29 0.52 16.79 0.73
Johnstown 0 26.13 52.87 0.88 0.2 1.09 0.82 17.32 0.69
Johnstown 0 26.42 53.67 0.97 0.27 1.03 0.71 16.11 0.83
Johnstown 0 26.48 53.86 0.66 0.15 1.37 0.7 16.08 0.69
Johnstown 0 26.43 53.33 0.98 0.05 1.19 1.04 16.34 0.64
Johnstown 0 26.61 53.13 0.73 0.24 1.41 0.86 16.47 0.55
Johnstown 0 26.25 53.74 0.91 0.11 1.1 0.64 16.37 0.88
Johnstown 0 26.83 54.3 0.88 0 1.21 0.76 15.19 0.83
Johnstown 0 26.53 53.92 0.88 0 1 0.48 16.48 0.72
Johnstown 0 26.66 53.61 0.88 0.26 1.31 1.16 15.39 0.74
Johnstown 0.14 26.78 53.53 0.89 0 1.12 0.86 15.88 0.8
Johnstown 0.11 26.6 53.65 1 0.08 0.86 0.64 15.86 1.21
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Johnstown 0.11 26.78 53.08 1.05 0.11 1.33 0.64 15.94 0.96
Johnstown 0.03 26.58 53.65 1.09 0 1 0.47 16.6 0.58
Johnstown 0.1 26.49 54.05 1.08 0.02 1.15 0.74 15.72 0.66
Johnstown 0.1 26.46  53.38 0.91 0.06 0.92 0.68 17.02 0.48
Johnstown 0.23 26.49 54.17 0.95 0 1.02 0.7 15.61 0.85
Johnstown 0.13 26.57 53.16 0.97 0.08 1.2 0.72 16.62 0.54
Johnstown 0.04 26.62 53.03 1.23 0.02 1.28 0.76 16.34 0.68
Johnstown 0.21 26.27 53.67 1 0.13 1.21 0.66 16.54 0.3
Average 0.04 26.48 53.57 0.97 0.10 1.15 0.72 16.22 0.74
SD 0.07 0.27 0.46 0.20 0.09 0.15 0.15 0.54 0.20
Ref. (EPMA) 0.00 27.2 53.6 0.88 0.10 1.17 0.74 14.9 0.49
RSD (%) -2.61 -0.15 10.3 5.0 -1.7 -2.4 8.8 50.2

Electron probe micro-analyzer (EPMA)

Quantitative wavelength-dispersive electron microprobe analyses (EMPA)
were conducted using the potted butt of Pyxie wusing the JEOL 8530-FE
microprobe at JSC. Quantitative analyses utilized 15 KeV accelerating
potential, 25 nA beam current and a focused 1 pm diameter beam size. The
fine-grained nature of the sample precluded use of a defocused beam for
sensitive phases such as plagioclase or glass. Standards used were natural
and synthetic minerals, oxides, metals and glasses. ZAF corrections were
applied to all analyses. Detection limits are typically 0.03-0.04 wt% for
Al,03, K»0, and CaO, 0.05 wt% for NayO, MgO, SiO;, FeO, and MnO, and 0.06-0.09

wt% for Cr,0s.
SIMS Al-Mg isotope analyses

Magnesium isotope ratios and ¢’Al/?‘Mg of plagioclase in Pyxie were
determined using the SIMS CAMECA IMS-1280 at UW-Madison (WiscSIMS laboratory)
equipped with a radio-frequency (RF) plasma ion source operating at the 700 W
power. The analytical setting was similar to those described in Hertwig et al.
(2019) and Siron et al. (2022). The 1!°0,” primary ions generated by the RF
source were focused in Gaussian mode to ~2 x 2 um in size with an intensity
of ~8 pA, >2 times stronger than the ~3 pA beam of similar size used in
Nakashima et al. (2015) that was generated by the conventional Duoplasmatron
source. Precise aiming of analysis locations was achieved by the FIB marks,
which appeared as bright spots on a ?’Al* ion image generated by rastering the
primary beam over a 10 x 10 pm square (Nakashima et al. 2012; Nakashima et al.
2015), and the in-house developed “Nanodeflector,” which could deflect the
primary beam by 20.1 um steps (Defouilloy et al. 2017; Fukuda et al. 2021;
Zhang et al. 2021). Due to negligible contributions from hydride and *“8Ca®*
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interferences on Mg" signals (Hertwig et al. 2019), the mass resolving power
(MRP) was set to ~2200 (M/AM) by closing the entrance slit to 90 pm and exit
slits to 500 um.

Typical count rates of 2!Mg* and ?’Al* on a synthetic anorthitic glass
standard with ~0.6 wt% MgO (AnG + 0.6%; Kita et al. 2012) were ~1.3 x10* cps
and ~1.0 x10° cps, respectively. Therefore, secondary ions of magnesium
isotopes (?*Mg", 2?°Mg*", and °°Mg') were counted using three electron multipliers
(L2, L1, and C), while ?’Al" was counted using a Faraday cup (FC, H2p) with a
resistor of 10! ohm. The newly established 3EMs configuration for magnesium
isotope measurement (Hertwig et al. 2019; Siron et al. 2022) significantly
improve the counting statistics than a mono-EM that was previously used in
Nakashima et al. (2015). Each analysis only took ~65 mins (~11 hours in
Nakashima et al. (2015)), consisting of 120s of presputtering and FC baseline
measurement (for 2’Al*), ~80 s for secondary ions centering (DFTA-X and -Y),
and 3600 s for ion signal integration (10s x 360 cycles). To maintain
constant relative gains among the three EMs during each analysis, the high
voltages of each EM were adjusted at the 20%® and 220%* cycles using a Cameca
software routine. The gain drift for each EM was monitored and corrected

using a second discriminator connected parallel to the first one, as

described in EA2 of Siron et al. (2022). “AnG + 0.6% (8%°Mgpsu-3=—1.77%, (Kita
et al. 2012))” was wused as the Dbracketing standard to correct the

instrumental biases and relative sensitivity factor (RSF, the SIMS-measured
27TA1/%*Mg ratio relative to that measured with EPMA) of unknowns. SIMS pits
were carefully examined using the FEG-SEM after analysis.

The measured ?2’Mg/?*Mg and ?2®Mg/?*Mg ratios were normalized by the
absolute Mg isotope ratios (0.12663 and 0.13932, respectively, Catanzaro et
al. (1966)) and expressed as delta notations &2°Mg and 3°°Mg. The excess &%°Mg*,
corresponding to the fraction of ?®Mg due to the decay of “°Al, was calculated

as a function of the instrumental bias corrected 82°Mg and 3°°Mg values:

26m §%5M Mg 1
D -1+ s DF

1000 1000 1000

where B is the power of the mass fractionation law that is assumed to

1 625
)B] x 1000 = A%6Mg + (1 +

826Mg* = [(1 +

be 0.5128 (Davis et al. 2015) for plagioclase analysis; A®°Mg is the mass-
independent fractionation term and is estimated to be equivalent to &%®Mg* if
the natural mass-dependent fractionation measured as °°Mg in chondrules is
small (~0%) (Ushikubo et al. 2017; Tenner et al. 2019). The uncertainties
(typically 1-2 %) for raw measured &%°Mg, &°°Mg, and A?°Mg values of unknowns

represents the propagation of internal errors (2SE) and the 2SD of the
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bracketing standard measurements, which are dominated by the internal errors
of individual analysis (1-2%, lower than 3 % in Nakashima et al. (2015)). The
initial ?2°A1/27A1 ratio, (%°Al1/?'Al),, of Pyxie was obtained from an isochron
regression using Isoplot 4.15 (Model 1; Ludwig, 2012)assuming the initial
2®Mg/?‘Mg ratio to be zero (i.e., model isochron). Uncertainties for the
reported (?°A1/?’Al)o, values and relative ages are 95% confidence intervals.

The relative age is calculated as:

26Al
(TAI)O,CAI 0.705
At (Myr) =In 26] X In2)
(7727)&Pyxw

using the canonical CV CAI (%°A1/27Al)o of 5.25 x 107° (Jacobsen et al.
2008; Larsen et al. 2011) and the half time of 2°Al1 (0.705 Ma, Nishiizumi
2004) .
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