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ABSTRACT

By investigating the in situ chemical and O-isotope compositions of olivine in lightly
sintered dust agglomerates from the early Solar System, we constrain their origins and the
retention of dust in the protoplanetary disk. The grain sizes of silicates in these
agglomeratic olivine (AQO) chondrules indicate that the grain sizes of chondrule
precursors in the Renazzo-like carbonaceous (CR) chondrites ranged from <1 to 80 um.
We infer this grain size range to be equivalent to the size range for dust in the early Solar
System. AO chondrules may contain, but are not solely composed of, recycled fragments
of earlier formed chondrules. They also contain '°O-rich olivine related to amoeboid
olivine aggregates and represent the best record of chondrule-precursor materials.

AO chondrules contain one or more large grains, sometimes similar to FeO-poor
(type I) and/or FeO-rich (type II) chondrules, while others contain a type II chondrule
core. These morphologies are consistent with particle agglomeration by electrostatic
charging of grains during collision, a process that may explain solid agglomeration in the
protoplanetary disk in the micrometer size regime. The petrographic, isotopic, and
chemical compositions of AO chondrules are consistent with chondrule formation by
large-scale shocks, bow shocks, and current sheets.

The petrographic, isotopic, and chemical similarities between AO chondrules in CR
chondrites and chondrule-like objects from comet 81P/Wild 2 indicate that comets
contain AO chondrules. We infer that these AO chondrules likely formed in the inner
Solar System and migrated to the comet forming region at least 3 Ma after the formation
of the first Solar System solids. Observations made in this study imply that the
protoplanetary disk retained a dusty disk at least ~3.7 Ma after the formation of the first
Solar System solids, longer than half of the dusty accretion disks observed around other

stars.
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1.0 INTRODUCTION

The first stage of solid agglomeration in the protoplanetary disk (PPD), which led to
the accretion of asteroids, comets, planetesimals, and eventually the rocky planets,
involved the collision and capture of individual particles in the nanometer and
micrometer size regimes (e.g., Chambers, 2004; Jankowski et al., 2012). These processes
of solid agglomeration are likely not unique to the formation of the Solar System, as
dusty accretion disks are observed around young stars (e.g., Holland et al., 1998; Meng et
al., 2016). Astronomical observations have constrained the lifetime of primordial dusty
accretion disks (i.e., not collisional debris disks; Su et al., 2017) around solar-type stars to
<10 Myr, with only 50% of stars retaining disks beyond an age of <1-2 Myr (e.g.,
Williams and Cieza, 2011). Once the inner accretion disk (R<0.1 AU) is cleared, the rest
of the primordial disk (R>0.1 to 200 AU) dissipates on a timescale of ~0.5 Myr (e.g.,
Skrutskie et al., 1990; Williams and Cieza, 2011). From the meteoritic record we know
that fine-grained material (i.e., dust) was present during the accretion of asteroids and is
present in chondrites as fine-grained matrix. Estimated accretion ages of chondritic parent
bodies using thermal modeling (Sugiura and Fujiya, 2014) provides an approximate
duration that dusty material was present in the inner Solar System (potentially for the first
~3.6+0.5 Ma of the Solar System; Sugiura and Fujiya, 2014). However, the extent of
dusty material and its duration of retention in the PPD is unclear as the residence time of
small grains (~20 pm) in the outer Solar System is modeled to be only ~1-2 Myr
(Hughes and Armitage, 2010). Therefore, by determining the precursor grain size for age-
constrained chondrules thought to have formed in the outer Solar System, we can further
constrain the timeframe in which dust was present in the PPD.

The agglomeration of individual particles in the early Solar System led to the
formation of chondrules. Chondrules, once partially to fully melted sub-mm to mm-scale
objects, are one of the earliest building blocks of asteroids and, eventually, the rocky
planets. They are composed primarily of olivine [(Fe,Mg),SiO4], pyroxene
[(Fe,Mg,Ca)Si,O¢], and plagioclase with minor amounts of Fe,Ni metal, sulfide, and

oxide, and are a major component of chondritic meteorites. Chondrules formed from
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flash heated ‘dust balls’ in the PPD prior to the accretion of the rocky planets, ~1 to ~3.7
Ma (e.g., Hewins et al., 2005; Kita and Ushikubo, 2012; Schrader et al., 2017; Budde et
al., 2018) after the first Solar System solids formed 4567.30+0.16 Ma ago (Connelly et
al., 2012). The specific process(es) by which chondrules formed remains undetermined,
although numerous models, such as X-wind, solar nebula lightning, impact, current
sheets, eccentric planetesimal bow shock, and diskwide gravitational instability shock
models have been proposed (e.g., Shu et al., 1996; Desch et al., 2012; Morris et al., 2012;
2016; McNally et al., 2013; Johnson et al., 2015; Dullemond et al., 2016; Krot and
Nagashima, 2017). It has been argued that chondrules formed by multiple mechanisms
(including shocks, magnetized turbulence, and impacts) within the first 5 Ma of the early
Solar System (Krot and Nagashima, 2017).

Chondrules are present in asteroids that likely originated in the inner Solar System
(equilibrated LL chondrite-like material, most likely chondrule fragments, were found in
samples returned from the S-type asteroid Itokawa; Nakamura et al., 2011), and objects
that resemble chondrules are present in a comet that formed in the outer Solar System
(comet 81P/Wild 2; Nakamura et al., 2008). This indicates that chondrules formed in the
inner Solar System were widely distributed in the PPD (e.g., Nakamura et al., 2008;
Brownlee and Joswiak, 2017), and/or that the processes that formed chondrules were
wide spread across the PPD (e.g., Van Kooten et al., 2016). However, chondrule-like
objects observed in comet 81P/Wild 2 samples recovered by NASA’s Stardust sample
return mission are often called chondrule-like instead of simply chondrules primarily
because of their smaller grain size (e.g., silicate grains typically <10 um) and wider range
in O-isotope compositions compared to typical chondrules (e.g., chondrule-like object
Gozen-sama in Nakamura et al. [2008]; Joswiak et al., 2012; Westphal et al., 2017).
These objects are chemically and isotopically (O and Al-Mg) most similar to chondrules
from the Renazzo-like carbonaceous (CR) chondrites (e.g., Nakashima et al., 2012; 2015;
Gainsforth et al., 2015; Ogliore et al., 2012; 2015; Wooden et al., 2017). However, the
chemical (Brownlee and Joswiak, 2017) and '°O-rich compositions (Defouilloy et al.,
2017) of crystalline silicates from Wild 2 are similar but not identical to silicates in CR
chondrite chondrules, and Defouilloy et al. (2017) concluded that Wild 2 pyroxene was

most similar to that in amoeboid-olivine-aggregates (AOAs). Additional evidence for a
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relationship between comet Wild 2 and carbonaceous chondrites include the
identification of potential Al-rich chondrules, calcium-aluminum-rich inclusions (CAls),
AOAs, fine-grained matrix-like material, Fe-oxides, and sulfides (e.g., Zolensky et al.,
2006; Berger et al., 2011; Bridges et al., 2012; Joswiak et al., 2012, 2014, 2017; Hicks et
al., 2017; Nguyen et al., 2017; Westphal et al., 2017).

To constrain chondrule formation conditions and mechanisms, it is essential to
determine the compositions of their precursors. Chondrule precursors may include dust
clumps, recycled previous generation(s) of chondrules, CAls, AOAs, and impact debris
(melted or unmelted fragments) from differentiated and/or undifferentiated planetesimals
(e.g., Jones et al., 2005; Krot et al., 2005; Libourel and Krot, 2007; Connolly and Huss,
2010; Nagashima et al., 2013; Johnson et al., 2015). Regardless of their formation
mechanisms, it is generally agreed that chondrule precursors were flash heated to peak
temperature for a duration on the order of seconds to minutes, and cooled on the order of
hours to days (e.g., Connolly et al., 1998; Hewins et al., 2005; Connolly and Jones,
2016). Chondrules formed from both complete and partial melts, and show petrographic
evidence for reheating (e.g., Hewins et al., 2005; Rubin, 2010; Krot and Nagashima,
2017). Some chondrules that were only partially melted during heating retain portions of
their solid precursors, termed relict grains (e.g., Jones et al., 2005). The chemical and O-
isotope compositions, and morphology of these relict grains provide information about
the nature of chondrule precursors.

Chondrules have a range of textures due to distinct peak melting temperatures and
cooling rates (e.g., Hewins et al., 2005). Agglomeratic olivine (AO) chondrules were only
lightly sintered at peak temperatures <1200°C (Weisberg and Prinz, 1994), the lowest
peak temperature of any chondrule type, and therefore retain the vast majority of their
precursor silicate materials (e.g., Weisberg and Prinz, 1994, 1996; Ruzicka et al., 2012).
Unlike other chondrule types, they are agglomerations of silicates (olivine, pyroxene, and
feldspathic glass), oxides, sulfides, and Fe,Ni metal that did not crystalize from a single
melt (e.g., Dodd and Van Schmus, 1971; Weisberg and Prinz, 1994, 1996; Ruzicka et al.,
2012). These AO chondrules provide information about the grain size and composition of
the materials that formed chondrules and eventually accreted to form asteroids and

planets. AO chondrules consist of ~57 to 94 vol.% olivine, with a grain size between <1
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and 600 um (Figs. 1 and 2; Weisberg and Prinz, 1994, 1996; Schrader et al., 2013). The
majority of chondrules experienced significant to complete melting at peak temperatures
of 1400 to 1850°C (Hewins et al., 2005), and can be classified as type I (FeO-poor;
Fe/(Fe + Mg) < 10% atomic ratio) and type II (FeO-rich; Fe/(Fe + Mg) > 10% atomic
ratio) chondrules (e.g., Jones et al., 2005). AO chondrules sometimes contain fragments
of these chondrule types (Weisberg and Prinz, 1996; Ruzicka et al., 2012). Type I and
type II chondrules in the CR chondrites have distinct chemical and O-isotopic
compositions (e.g., Krot et al., 2006; Connolly and Huss, 2010; Schrader et al., 2013;
2014; 2017; Tenner et al., 2015), indicating that chondrule fragments in AO chondrules
can be identified. It has been proposed that AO chondrules either (1) consist primarily of
chondrule precursor materials and minor, rare fragments of earlier formed chondrules
(Weisberg and Prinz, 1996) or (2) consist primarily of type I and type II chondrule
fragments, and represent a stage of chondrule recycling (Ruzicka et al., 2012).

Due to the high abundance of relict grains in AO chondrules, and similarities between
CR chondrite chondrules and chondrule-like objects in comet Wild 2, we studied the
chemical and O-isotopic compositions of AO chondrules in the CR chondrites to: (1)
determine the origin of their silicate precursors, (2) understand the first stage of solid
agglomeration in PPDs through the collision and capture of individual particles, and (3)

determine if AO chondrules and chondrule-like objects in comet Wild 2 are related.

2.0 EXPERIMENTAL PROCEDURE

We searched for AO chondrules in 16 CR chondrite polished thin sections; Al Rais
USNM1794-8, Elephant Moraine (EET) 87770,31, EET 92048,7, EET 96259,12, Gao-
Guenie (b) UA 2301,1, Graves Nunataks (GRA) 95229,22, GRA 06100,26, Grosvenor
Mountains 03116,15, LaPaz Ice Field (LAP) 02342,14, LAP 04720,8, Meteorite Hills
00426,33, Northwest Africa 801 UA2300,1, Pecora Escarpment (PCA) 91082,15, Queen
Alexandra Range (QUE) 99177,6, Shisr 033 UA2159,1, and Yamato 793495,72-2. A
total of eight AO chondrules were identified; one in EET 92048, one in GRA 95229
(Schrader et al., 2013), five in Gao-Guenie (b), and one in PCA 91082. AO chondrules

were identified by searching for chondrules dominated by olivine with a typical grain size
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of <I to ~10 um, which may also contain pyroxene, feldspathic glass, oxides, sulfides,
and Fe,Ni metal (e.g., Dodd and Van Schmus, 1971; Weisberg and Prinz, 1994, 1996;
Ruzicka et al., 2012; Schrader et al., 2013). Olivine in AO chondrules is dominantly FeO-
rich, but often contains FeO-poor grains. AO chondrules often do not have well defined

boundaries (e.g., Figs. 1 and 2).

2.1 Petrography

An optical microscope was initially used to characterize each thin section.
Backscattered electron (BSE) and secondary electron (SE) images were obtained with the
dual beam FEI Quanta 3D scanning electron microscope (SEM) at the Open University,
the JEOL-8530F electron probe microanalyzer (EPMA) at Arizona State University
(ASU), the Cameca SX-100 EPMA at the University of Arizona (UAz), the FEI Nova
NanoSEM 600 SEM at the Smithsonian Institution (SI) National Museum of Natural
History, Department of Mineral Sciences, and the JEOL Hyperprobe JXA 8500F EPMA
and the JEOL JSM-5900LV SEM at the Hawai‘i at Manoa (UH) (Fig. 1 and Electronic
Annex-1 [EA-1]). Apparent chondrule diameters were obtained by measuring the major
and minor axes of chondrules using BSE images with Adobe Photoshop® (Table 1 and
Figs. 1 and 2).

2.2 Chemical Analyses

Major-element abundances were characterized quantitatively by the Cameca SX-50
and SX-100 EPMAs at UAz, and the JEOL 8900 Superprobe EPMA at SI (Table EA-2).
Polished and carbon-coated thin sections were analyzed with a focused beam as
individual points, with operating conditions of 15kV and 20 nA, and a ZAF correction
method (a Phi-Rho-Z correction technique); peak and background counting times were
varied per element to optimize detection limits. Only stoichiometric silicate analyses with
totals between 97.0-102.0 wt.% were retained. Standards and detection limits are listed in

EA-2.
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2.3 O-isotope analyses

Oxygen-isotope compositions were measured with the UH Cameca ims-1280
secondary ion mass spectrometer (SIMS). Olivine grains were measured with an ~20 pA
primary beam focused to ~1—2 um. The secondary ion mass spectrometer was operated at
—10 keV with a 40 eV energy window. A normal-incidence electron flood gun was used
for charge compensation. Three oxygen isotopes were determined simultaneously: ‘O,
07, and 'O were measured on a multicollector Faraday Cup (FC) with a 10'' ohm
resistor, an axial electron multiplier (EM), and a multicollector EM, respectively. The
mass resolution for '°0O~ and "*O~ was ~2000, and that for 'O was ~5700, sufficient to
separate interfering '*OH". At the end of each analysis, the '°OH signal was monitored,
and its contribution to the '"O” peak was subtracted. The '°OH contribution to 'O is
typically less than 0.2%o (0.9%0 at most). The grains of interest were marked with a
focused electron beam using UH JEOL 5900LV SEM prior to O-isotope measurements
so that the marks could be seen in '°O” scanning ion image in the ion probe (Nagashima
et al., 2015a). After O-isotope analyses, SIMS pits were imaged on the SEM to confirm
their locations and to identify if the pits overlap any other phases or cracks (shown in EA-
1). The variability of matrix effects in olivine grains with a range of fayalite contents
(Fajo_60) can result in instrumental mass fractionation (IMF) variations of <2%o in 8'%0
between Fajo 40 and 3—4 %o between Faj ¢ (Jogo et al., 2012); similar to that observed by
Ushikubo et al. (2012), Tenner et al. (2015), and Isa et al. (2017). Since IMF is expected
to be mass-dependent it should not affect A'’O. Therefore, A'’O is used to compare
between FeO-poor and FeO-rich chondrule O-isotope compositions.

Instrumental fractionation was corrected using San Carlos olivine. The external
reproducibility of standard measurements (2 standard deviation, 2SD) for 3'’O and '°0
was ~1.6%o and ~1.0%o, respectively. Errors represent 26 analytical uncertainty including
both the internal measurement precision (2 standard error of the mean, 2SE) and the
external reproducibility (2SD) for standard measurements during a given analytical
session (Table 2). Oxygen-isotope compositions are presented as standard delta-notation
relative to Standard Mean Ocean Water, 8""Ogmow and 6ISOSMOW, and as deviation from

the terrestrial fractionation line, A0 (A”O =8""Ospow — 0.52 @ E‘)ISOSMOW).
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3.0 RESULTS

3.1 Petrography and chemical compositions

Of the 16 CR chondrite thin sections surveyed, only eight AO chondrules were
observed across four thin sections (Figs. 1 and 2). AO chondrules constitute a trace
abundance (~0.1 vol.%) of bulk CR chondrites. Type II chondrules make up 2.3% of bulk
CR chondrites, or 3.5% of the total chondrule population, while type I chondrules are the
most abundant chondrule type at 63.1% of bulk CR chondrites, or 95.8% of the total
chondrule population (calculated from Schrader et al., 2011). Four of the eight AO
chondrules are solely AO chondrules, the other four contain porphyritic textures identical
to type II chondrules. Two of these AO chondrules are compound with porphyritic type 11
chondrules, while two others consist of a porphyritic olivine pyroxene (POP) texture
surrounded by an AO texture (best described as a transitional textured chondrule; labeled
AO/type II hereon). The eight AO chondrules range in apparent size from 0.05-1.73 mm
(Table 1).

The four compound AO/type II chondrules are EET 92048 AO1, Gao-Guenie (b)
Chl14, Chl18, and Ch21. EET 92048 AO1 and Gao-Guenie (b) Ch14 are POP chondrules
partially surrounded by AO material (Figs. 1a and 2). The type II portion contains FeO-
poor olivine grains, sulfides, and chromite (ideally, FeCr,O4). However, the AO portion
also contains FeO-poor grains and most of the sulfides (pyrrhotite [(Fe,Ni,Co,Cr),<S] and
pentlandite [(Fe,Ni,Co,Cr)9«Sg]). Gao-Guenie (b) Chl8 and Ch21 appear to be
porphyritic type II chondrules that are compound with AO chondrules (Figs. 1b,c). The
AO portion of Gao-Guenie (b) Ch21 is too fine grained for either reliable in situ EPMA
or SIMS analyses (mean diameter range for olivine grains, ~1—4 pm). The size of olivine
grains in the type II chondrule portions range from ~4-280 pm in mean diameter, while
those in the AO portions are smaller, and range from <1 to ~30 pm.

The entirely AO chondrules (i.e., without a type II chondrule portion) are Gao-Guenie
(b) Ch21B and Ch22, GRA 95229 Chl5, and PCA 91082 AO1 (Figs. 1c-f; Table 1).

Each of these chondrules contains porphyritic olivine in the interiors, but are composed
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mostly of AO. Gao-Guenie (b) Ch21 and 21B appear to be separate chondrules, but are
only separated by ~20 um of fine-grained matrix (Fig. 1c). PCA 91082 AOI is an AO
chondrule that appears to be deformed or wrapped around an Al-rich chondrule (Fig. 1f).
The grain size of olivine in AO chondrules range from <I to ~30 pm in mean diameter,
with the exception of GRA 95229 Ch15 which contains some grains up to 80 pm in mean
diameter (Fig. le).

The AO chondrules contain FeO-poor (Fapg 9s) and FeO-rich olivine (Fajo9-s45)
grains that are normally zoned. The molar Fe/Mn ratio in olivine ranges from 3—-116 (Fig.
3, and Table 1 and EA-2). The chemical compositions of olivine within the type II
chondrule portion of the compound AO/type II chondrules are identical to that within
type II chondrules (Fig. 3 and EA-3) described in Schrader et al. (2015), and so are not
discussed here in detail. The chemical compositions of FeO-rich olivine within the AO
chondrules and AO portions of AO/type II chondrules are typically indistinguishable
from that in type II chondrules (Fig. 3 and EA-3). In contrast, the chemical compositions
of FeO-poor olivine in AO chondrules are similar to, but do not have the same
compositional range as, type I chondrule olivine; they often have lower abundances of
MnO, CaO, and Cr,0; (Fig. 3 and EA-3). No low-iron, manganese enriched (LIME)
olivine grains were observed in AO chondrules here. Although some olivine grains have
high Mn contents (e.g., 0.96 and 1.13 wt.% MnO; GRA 95229 Chl5 in EA-2), all olivine
grains with high MnO contents have FeO > 2 wt.% (the Fe content of LIME olivine is
FeO <2 wt.%; Klock et al., 1989).

The majority of opaque minerals are sulfides (pentlandite within pyrrhotite), and are
typically located along or near the chondrule periphery (Fig. 1). The locations of sulfides
are consistent with previous studies of AO chondrules (Weisberg et al., 1994; 1996;
Ruzicka et al., 2012). Rare chromite grains are also observed in some AO chondrules
(e.g., Figs. la and 2), and are more common in type II portions of AO/type II chondrules.
Fe,Ni metal was only observed in chondrules PCA 91082 AO1 and EET 92048 AO1
(Fig. 1f and 2). The opaque minerals and their settings in AO chondrules are similar to
those of type II chondrules described by Schrader et al. (2015), and so are not described
in further detail here.

10
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3.2 Oxygen isotope compositions

The O-isotope compositions of AO chondrules measured here range in A'’O from
—2542 to 042 %o, 8'°0 from —58+2 to 3+1 %o, and 8''O from —56+2 to 0+2 %o (20; Table
1 and 2 and Figs. 4a and 5a). The O-isotope analyses are distributed near slope-1 lines on
the three O-isotope diagram and are mostly '°O-poor (Fig. 4a). The O-isotope
composition of each chondrule, except Gao-Guenie (b) Ch21, is heterogeneous in A'’O
within 20 uncertainty. We considered a chondrule to be O-isotopically heterogeneous if
the A'’O of two data points are resolvable within 26 error (see Table 2). The O-isotope
analyses of Gao-Guenie (b) Ch21 (AO/II) are homogeneous within 26 uncertainty, but
analyses were only obtained on olivine in the type II chondrule portion since the AO
portion was too fine grained (~1-4 pm in diameter) for in sifu analyses. O-isotope
analyses of fine-grained AO material (both FeO-rich and FeO-poor olivine) are either (1)
similar to type I chondrules (e.g., A'’O=—6.840.6 %o [Schrader et al., 2013]), (2) similar
to type II chondrules (e.g., A'’O= —0.7£2.1 %o), or (3) highly '°O-rich (e.g., A"O= —
25.442.0 %o) (Figures 4a and 5a). The '°O-rich compositions are mostly observed in FeO-
poor olivine cores (Fig. 5a). The most FeO-rich olivine with '®O-poor olivine (Gao-
Guenie (b) Ch18-5; A0 =—12.0+4.4%o, Fas, s; Table 2) drifted in 8'’O and 3'°0 along a
slope-1 line during the measurement of this spot, implying the analysis is a mixture of
'°O-rich and '°O-poor compositions (Fig. 5a). O-isotope analyses of type II chondrule
material are consistent with those of type II chondrules. There is no overall correlation

with the Fe content (Fa or Fe#) of the olivine and A'’O within AO chondrules (Fig. 5a).
4.0 DISCUSSION
4.1 Chemical, isotopic, and petrographic constraints on chondrule origins
4.1.1. Source of AO chondrule precursors
The chemical and O-isotope compositions of FeO-poor and FeO-rich olivine within
AO chondrules indicate multiple sources of chondrule precursors including, but not

limited to, type I and type II chondrules (Figs. 3b, 4a, and 5a, and EA-2). The O-isotope
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compositions of olivine in AO material (A'’O = —25.442.2 to —0.5+2.1 %o) overlap with
but are sometimes more '°O-rich than type I (A0 =—6.9+2.0 to 0.1+1.1 %o; Schrader et
al., 2013, 2014, 2017) or type II (A'7O = —1.8+0.5 to 1.44+0.6 %o; Schrader et al., 2013,
2014, 2017; Table 2 and Fig. 5a) chondrule phenocrysts. This '°O-rich olivine (e.g., A'’O
< =20 %o) in AO chondrules is isotopically inconsistent with an origin from type I or type
II chondrule phenocrysts, but is similar to that of refractory inclusions, AOAs and CAls,
in CR chondrites (Fig. 4a). Rare '°O-rich relict olivine grains have been observed in type
I and II porphyritic chondrules (e.g., Yurimoto and Wasson, 2002; Jones et al., 2004;
Ushikubo et al., 2012), but not in those from the CR chondrites (e.g., Krot et al., 2006;
Schrader et al., 2013; 2017; Tenner et al., 2015). This indicates that 1%Q-rich relict olivine
survived in higher abundances in the lightly sintered AO chondrules than in the partially
melted (i.e., porphyritic) chondrules. CAls were the first solid objects to condense in the
early Solar System (e.g., Amelin et al., 2002; Bouvier and Wadhwa, 2010; Connelly et
al., 2012), and assuming a homogeneous distribution of *°Al in the PPD they formed ~3.7
Ma before CR chondrite chondrules formed (Schrader et al., 2017). AOAs also formed by
condensation prior to chondrule formation (Weisberg et al., 2004). CAls and AOAs have
been found within some chondrules (e.g., Krot et al., 2017; Nagashima et al., 2015b).
These objects suggest both CAls and AOAs were present during chondrule formation and
therefore may have contributed to chondrule precursors. Olivine is a major component of
AOAs, but is rare in CAls (Aléon et al., 2002; Weisberg et al., 2004). We conclude that
the O-isotope compositions of some olivine in AO chondrules are most consistent with,
and indicate a relationship to, AOAs. This is similar to the AOA origin for '°O-rich
olivine grains in FeO-rich igneous rims around type I chondrules in CR chondrites (i.e.,
A0 ~ 24 %o; Nagashima et al., 2013; 2016). Therefore, AO chondrules are not
composed solely of recycled type I and type II chondrules. These '°O-rich olivine grain
precursors may also suggest that the assumed anhydrous precursor compositions of type I
and type II chondrules (e.g., Schrader et al., 2013; Tenner et al., 2015) are too 16O-p00r,
and should be revised to more AOA-like '°O-rich compositions.

One difference between olivine in AOAs and the AO chondrules studied here is that
AOAs in CR chondrites contain LIME olivine (Weisberg et al., 2004), and AO

chondrules do not (EA-2). However, this observation does not exclude a genetic
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relationship. Since the maximum temperature AO chondrules were heated to is <1200°C,
their silicates likely underwent solid-state Fe-Mg-Mn diffusion, which is seen in the
normal zoning of FeO-poor olivine grains with FeO-rich rims in AO chondrules (Figs. 1
and 2). Since solid-state diffusion rates for Fe, Mg, and Mn are much faster (e.g.,
Morioka, 1981; Chakraborty, 1997) than O-isotope diffusion in olivine (e.g., Gérard and
Jaoul, 1989), Fe-Mg-Mn could homogenize before the O-isotope composition of AO

olivine was noticeably altered.

4.1.2. Constraints on AO chondrule formation

The morphologies of AO chondrules suggest that they formed via the agglomeration
of <1 to 80 um diameter silicate grains (see Section 4.2). The AO/type II chondrules
likely formed by the agglomeration of such grains around a pre-existing type II chondrule
(or type II chondrule fragments; Figs. la,b,c and 2). In situ chemical and O-isotope
analyses confirm that type II chondrule textures in AO/type II chondrules (e.g., A''O = —
4.1£1.9 to 0.242.0 %o, 20) are consistent with an origin from type II chondrules (e.g.,
A0 =-4.340.7 to 1.4+0.6 %o, 20; Schrader et al., 2013, 2014, 2017; Figs. 4a and 5a and
Table 2). AO material almost completely surrounds PO in Gao-Guenie (b) Ch14 (Fig.
la). This morphology suggests either that (1) the AO material accreted around a pre-
existing PO type II chondrule and was reheated (e.g., such as that proposed by Ruzicka et
al. 2012), or (2) it is an AO chondrule that was plastically deformed around, and is now
compound with, a PO type II chondrule.

The presence of what are most likely type I and II chondrule fragments in some AO
chondrules indicates that they formed after/during type I and type II chondrule formation;
consistent with the conclusions of Weisberg et al. (1994; 1996) and Ruzicka et al. (2012).
Type I and type II chondrules in the CR chondrites, assuming a homogeneous distribution

of *°Al, formed contemporaneously between ~2 to >4.5 Ma after the formation of the first
Solar System solids (i.e., CAls), for a mean age of 3.7%; Ma or ~3.7 Ma (Nagashima et
al., 2014; Schrader et al., 2017). This age is indistinguishable from the CR chondrule age
of 3.6+0.6 Ma obtained from Hf-W data (Budde et al., 2018). We suggest the

petrographic, isotopic, and compositional data from AO chondrules implies that they

formed within or after this time frame.
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We conclude that AO chondrules likely contain type I and type II chondrule
fragments, as well as '°O-rich precursors related to AOAs. Our results contradict previous
work suggesting that AO chondrules consist entirely of recycled chondrules (e.g.,
Ruzicka et al., 2012), suggesting instead that AO chondrules contain precursor materials,
in agreement with Weisberg and Prinz (1994, 1996), which survived because of their
lower peak temperatures (i.e., <1200°C; Weisberg and Prinz 1994, 1996; Ruzicka et al.,
2012). Therefore, the silicate grain size in AO chondrules indicate that the grain sizes of
chondrule precursors in the CR chondrites ranged from <I to 80 pm; similar to that
suggested by Weisberg and Prinz (1996). We infer this grain size range to be equivalent
to the size range for dust in the early Solar System. Therefore, we conclude that fine-
grained dust was present in the PPD up to at least ~3.7 Ma after the formation of the first
Solar System solids. Constraining the grain sizes of chondrule precursor materials that
agglomerated into ‘dust balls’ prior to heating allows us to consider the mechanism(s) for

particle agglomeration.

4.2 Agglomeration mechanism of chondrule precursors

The first stage of solid agglomeration in PPDs involves the collision and capture of
individual particles in the nanometer and micrometer size regimes. For these particle
sizes, sticking arises via minute contact interactions such as van der Waals attraction or
liquid bridging via adsorbed surface water. Heim et al. (1999) experimentally determined
that for smooth and spherical ~1 pm SiO; grains the sticking force is on the order of ~100
nN. Using similar spheres in collision experiments Poppe et al. (2000) found that sticking
occurs for impact velocities below ~1 m/s (i.e., a capture energy of ~0.1 fJ over an
interaction length of ~1 nm). Given their small size, such grains are in thermal
equilibrium with the surrounding gas and consequently have very small (<cm/s) relative
velocities (Blum and Wurm, 2008). This implies that growth during this stage is
efficient—virtually all collisions lead to capture. For very small aggregates, the sticking
force is large enough that rearrangements are difficult and the resulting aggregate
structure is fractal (Blum, 2000). As the aggregates become larger, larger impacts unload

enough energy to rearrange and compress the aggregates into loosely packed objects
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(Blum and Wurm, 2008). Assuming a system initially composed of only these small
particles, it is predicted that cm scale “fluffy” aggregates can be formed on a timescale of
~1000 years (Ormel et al, 2007). This timescale is well within the duration of chondrule
formation ~0.2-0.4 Ma (i.e., Kita and Ushikubo, 2012), for the majority of chondrules
within individual chondrite groups; although full ranges for all chondrules in a group are
typically ~0.5—-1 Ma (e.g., Kita and Ushikubo, 2012; Nagashima et al., 2014; Schrader et
al., 2017).

For perfectly spherical particles, this sticking force (whether from van der Waals or
liquid bridging) is predicted to grow with the size, i.e., force is proportional to radius.
Royer et al. (2009) used atomic force microscopy to measure the force between larger
(~100 pum) silica spheres and found that it is still only on the order of hundreds of
nanoNewtons. The discrepancy arises because, at the level of a single contact, the
attractive force is not set by the size of the grain, but instead the surface roughness. At
this size scale, gravitational attraction is also too weak to cause particles to stick. This
suggests that collisions between mm-scale particles should not lead to sticking, however
the AO chondrules studied here, and chondrules in general (e.g., Weisberg and Prinz,
1996; Hewins et al., 2005; Ruzikca et al., 2012), provide clear evidence that
agglomeration of such particles does occur.

One proposal to resolve this discrepancy is that other forces, specifically electrostatic
charging, are at play (Poppe and Schrépler, 2005; Love et al., 2014). The aggregation of
particles into dust clumps prior to chondrule formation has been proposed to be
electrostatic in nature, and demonstrated through microgravity experiments on the
International Space Station (Love et al., 2014). Recent experimental work has verified the
counterintuitive result that grains composed of the same material systematically exchange
electrical charge during collisions (Waitukaitis and Jaeger, 2013). The mechanism is
coupled to differences in particle size, with large particles tending to charge positively
and small particles negatively (Waitukaitis et al., 2014). This phenomenon may explain
why AO chondrules typically contain one or more relatively large olivine grains (largest
grains observed here between 80 and 280 um; sometimes a type II chondrule core; e.g.,
Figs. 1a and 2) surrounded by smaller particles (typically <1 to 30 um) (Figs. 1 and 2b).

This creates a negative potential well for an initially neutral system that can trap colliding
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particles (Lee et al., 2015). Furthermore, a charged grain also creates an attractive force
between itself and other uncharged grains through induced polarization (Lee et al., 2015).
Though this offers an interesting avenue for continued growth in this size regime, there is
currently no knowledge regarding the degree to which this occurs in the PPD. The
presence of AO chondrules with size-dependent morphology suggests that such charging
processes could have been important for the growth and accretion of chondritic parent
bodies after chondrule formation. We further suggest this mechanism may have played a
role in the agglomeration of the fine-grained chondritic matrix (<1 um), potentially

nucleating around mm-sized chondrules.

4.3 Implications for models of chondrule formation in the protoplanetary disk

The observation that AO chondrules are composed of chondrule precursor materials
of heterogeneous compositions, and not just chondrule fragments, that agglomerated into
dust clumps prior to heating allows us to constrain their formation mechanism(s).
Currently, the leading debated chondrule formation models include impact into either
undifferentiated or differentiated bodies, current sheets, eccentric planetesimal bow
shock, and diskwide gravitational instability shock models (e.g., Desch et al., 2012;
Morris et al., 2012; 2016; McNally et al., 2013; Johnson et al., 2015; Dullemond et al.,
2016).

1) The results of this study are inconsistent with the formation of all chondrules by
impact melt droplets due to the collision of early-formed fully differentiated
planetesimals. Impact melt formation models have been argued to explain the
major, minor, and volatile element composition of chondrules (e.g., Dullemond et
al., 2016). However, the O-isotope heterogeneity of AO chondrules cannot be
explained by chondrule formation via impact splash between fully differentiated
planetesimals. This is because fully differentiated planetesimals have
homogenous A'’O (e.g., Greenwood et al., 2017). Therefore, chondrules formed
from impacts would most likely have homogeneous O-isotope compositions. The
A0 range resulting from the collision between two fully differentiated bodies

would be expected to at most be bimodal, which is not observed here. This
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observation does not rule out collisions between partially differentiated bodies
(i.e., primitive achondrites such as the ureilites), which do retain some O-isotope
heterogeneity (e.g., Greenwood et al., 2017).

2) The formation of chondrules by impacts into undifferentiated bodies (e.g.,
Johnson et al., 2015) does not appear consistent with the results of our study.
Impacts into undifferentiated bodies have been invoked to explain the
compositional diversity observed in chondrules (Johnson et al., 2015). These
impact models are argued to heat heterogeneous material during impact and the
material ejected during the collision then cools. However, the formation of AO
chondrules by the agglomeration of small (e.g., typically <I to 30 pum) O-
isotopically heterogeneous grains into ‘dust clumps’ prior to being heated, up to
1200°C, implies these objects were free floating prior to the heating event.
Therefore, AO chondrules do not appear consistent with forming during impacts.
For example, chondrules from the CB chondrites and some chondrules in the CH
chondrites are generally considered have formed in an impact plume resulting
from the collision of planetesimals (e.g., Krot and Nagashima, 2017), but these
chondrite groups do not contain AO chondrules.

3) The observation that chondrules formed ~1 to ~3.7 Ma (e.g., Hewins et al., 2005;
Kita and Ushikubo, 2012; Schrader et al., 2017; Budde et al., 2018) after CAls is
inconsistent with chondrule formation via the X-wind model. Desch et al. (2012)
reached this conclusion and discussed that the X-wind model predicts
contemporaneous formation of chondrules and CAls.

4) The implication that AO chondrules formed by the agglomeration of grains into
‘dust clumps’ prior to being heated, is consistent with chondrule formation in
large-scale shocks (e.g., Desch et al., 2012; Morris et al., 2016), bow shocks (e.g.,
Morris et al., 2012), and current sheets (e.g., McNally et al., 2013). Ruzicka et al.
(2012) argued that AO chondrules in unequilibrated ordinary chondrites were

consistent with formation in shock waves.

We suggest that the fine-grained material of AO chondrules (e.g., typically <1 to 30

um) represent the range of dust sizes present in the early Solar System during CR
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chondrule formation (e.g., ~3.7 Ma after the formation of the first Solar System solids;
Nagashima et al., 2014; Schrader et al., 2017; Budde et al., 2018). Therefore, AO
chondrules were free floating in the PPD and were then lightly sintered to <1200°C via

large-scale shocks, bow shocks, or current sheets.

4.4. Relationship between chondrule-like objects from comet Wild 2 and AO

chondrules

AO chondrules are remarkably similar to the chondrule-like objects found in comet
Wild 2 samples returned by the Stardust mission. The similarities include their textures,
the size of their fine-grained silicates (olivine and pyroxene), the presence of rare
chromite (e.g., this study; Nakamura et al. 2008), and the chemical and O-isotope
compositions of their olivine (Fig. 5). The silicate minerals in both are unequilibrated and
have only been partially melted/lightly sintered, and contain fine-grained '®O-rich FeO-
poor olivine with '°O-poor FeO-rich olivine of extremely similar compositions (Figs. 4
and 5). It has been shown that chondrule-like objects from Wild 2 are chemically and
isotopically (O and Al-Mg) most similar to chondrules from the CR chondrites
(Nakamura et al., 2008; Nakashima et al., 2012; 2015; Gainsforth et al., 2015; Ogliore et
al., 2012; 2015), but the minor element compositions of their crystalline silicates are not
identical (e.g., Brownlee and Joswiak, 2017; Defouilloy et al., 2017; Fig. 3b). A major
difference between chondrule-like objects in Wild 2 and CR type I and type II chondrules
is their grain size, with Wild 2 objects being much finer grained than CR type I or type II
chondrules (e.g., demonstrated in Figure 5 of Westphal et al., [2017]). In contrast, the
grain size of olivine from chondrite-like fragments Torajiro (2 to 5 pm in mean diameter;
7 grains) and Gozen-sama (7 to 14 pm in mean diameter; 2 grains) (measured from
images in Nakamura et al., 2008), and Iris (3 to 6 um in diameter; 5 grains; measured
from an image in Ogliore et al., 2012) are similar the grain size of olivine in AO
chondrules (<1 to ~30 um). The abundance of FeO-rich olivine is also distinct between
Wild 2 objects and CR chondrules. Type I chondrules are the dominant chondrule type in
CR chondrites (e.g., Schrader et al., 2011), but FeO-poor olivine is less common in Wild
2 samples than FeO-rich olivine (e.g., Defouilloy et al., 2017; Westphal et al., 2017).
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Another difference is that the most '°O-rich olivine from Wild 2 is also LIME olivine
(Nakamura et al., 2008; Nakashima et al., 2015), however no LIME olivine was observed
in the AO chondrules studied here. Manganese diffusion due to sintering ~1200°C, as
discussed in section 4.1.1 above, may explain this difference and indicate that chondrule-
like objects in Wild 2 are less heated than those in CR chondrites. Therefore, CR
chondrites and Wild 2 likely did not form from the same reservoir; consistent with the
observations of Brownlee and Joswiak (2017) based on differences in the Fe/Mn range of
olivine. However, the AO chondrules studied here provide the closest meteoritic analog
to the chondrule-like objects from comet Wild 2, and we suggest: (1) they share a similar
formation process(es), and (2) the chondrule-like objects in comet Wild 2 are most likely
AO chondrules.

The formation regions of both the CR chondrite parent body and of Wild 2 are
important to place the similarities of their AO chondrules in context. Comet Wild 2 is a
Jupiter Family Comet (JFC) that is thought to have formed at the edge of the solar
nebula, was stored beyond the orbit of Neptune (currently ~29.9 to 30.2 AU), and then
perturbed into a JFC orbit (Brownlee et al., 2004). In comparison, the CR chondrite
parent body formed beyond the snow-line ~4 Ma after the formation of the first Solar
System solids (e.g., Sugiura and Fujiya, 2014; Schrader et al., 2017). The CR chondrite
parent body may have formed in the outer Solar System beyond the orbit of Jupiter
(Warren, 2011) and perhaps Saturn (Van Kooten et al., 2016). The CR chondrite parent
body may have then migrated into the inner Solar System due to giant planet migration
(e.g., Walsh et al., 2011).

The presence of AO chondrules in both comet Wild 2 and multiple meteorite groups
suggest either (1) AO chondrules formed in the inner Solar System (perhaps beyond the
orbit of Jupiter, and possibly Saturn), and were distributed to the comet-forming region of
the outer Solar System, or (2) they formed in both regions. The low gas density in the
outer Solar System led Nakamura et al. (2008) to conclude that radial transport is more
likely. However, Van Kooten et al. (2016) argued that chondrules formed in both the
inner and outer Solar System. The presence of high temperature phases in comet Wild 2
is also supported by CAls being found in Wild 2 samples (Zolensky et al., 2006). The

observation of abundant high temperature phases in comet Wild 2 samples was generally
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unexpected, as comets were previously thought to be composed mostly of unprocessed
low temperature materials (e.g., Zolensky et al., 2006). If the AO chondrules present in
Wild 2 formed in the outer Solar System, it would imply that chondrule formation
occurred across the entire PPD (e.g., Van Kooten et al., 2016). If the chondrules did not
form in the outer Solar System, it implies that even at >3 Ma after the formation of the
first Solar System solids (Ogliore et al., 2012; Nakashima et al., 2015) that objects in the
size range of ~10 to ~100 pum (the typical size of AO chondrules observed; Table 1) in
the inner Solar System migrated to the outer Solar System. In addition to CAls and
chondrule-like objects, opaque assemblages (i.e., Fe-oxides and sulfides) identified in
Wild 2 samples have been argued to have formed in the inner Solar System, and migrated
to the comet forming region (e.g., Nguyen et al., 2017). The presence of CAls in Wild 2
samples demonstrates that migration of some materials occurred, but the presence of AO
chondrules may indicate that this migration lasted until at least ~3 Ma (Ogliore et al.,
2012; Nakashima et al., 2015) after the formation of the first Solar System solids for
Wild 2. To explain the presence of high-temperature phases in comet Wild 2, the
migration of material in a viscous disk from the inner Solar System to the outer Solar
System was modeled in 2D by Ciesla (2007; 2009), who concluded that the outward
migration of material is a natural result of disk formation. Via 1-D disk modeling,
Hughes and Armitage (2010) concluded that while particles >1 mm could not be
consistently outwardly transported in the PPD, particles in the range of ~20 pm could be
radially transported to the outer Solar System. However, the residence time of these small
grains in the outer Solar System was modeled to be ~1-2 Myr (Hughes and Armitage,
2010), implying that the accretion of comets occurred within this time frame before the
grains migrated back into the inner Solar System (e.g, Hughes and Armitage, 2010;
Westphal et al. 2017). Additional evidence for the PPD being well mixed is the inferred
homogeneous distribution of A1 (e.g., Jacobsen et al., 2008; Villeneuve et al., 2009;
Schrader et al., 2017) and the uniform distribution of presolar silicon carbide grains
across numerous meteorite groups (including CR chondrites) that accreted at different
times and heliocentric distances (Davidson et al., 2014). Therefore, we find it more likely
that the AO chondrules in Wild 2 formed in the inner Solar System and radially migrated
to the outer Solar System. Whether the AO chondrules in Wild 2 formed in the outer
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Solar System or in the inner Solar System and migrated to the outer Solar System, their
ages (from Ogliore et al., 2012; Nakashima et al., 2015) and presence indicate that the
PPD retained a dusty disk in the outer Solar System until at least 3 Ma after the formation
of the first Solar System solids.

Our observations do not indicate that AO chondrules from the CR chondrites and
comet Wild 2 are the same objects, or formed in the same heating event, radial distance,
or time. Our observations also do not indicate that the CR chondrite parent body and
comet Wild 2 accreted at the same time. Therefore, our model for the distribution of AO
chondrules does not predict the relative abundance of AO chondrules in the CR
chondrites vs. comet Wild 2. Our data indicate that AO chondrules in the CR chondrites
and comet Wild 2 share petrographic, chemical, and O-isotopic similarities, but there are
chemical differences between them. We suggest that these similarities only indicate that
both the CR chondrites and comet Wild 2 contain AO chondrules that formed from
similar precursor materials under similar formation conditions.

These observations, and the presence of fine-grained matrix in chondrites, imply that
the retention of dust in the Solar System persisted from the inner Solar System to the
outer Solar System, the entire PPD, until at least ~3.7 Ma, assuming a homogeneous
distribution of *°Al. This indicates the dusty disk in our PPD persisted longer than many
disks around solar type stars, as only 50% of stars retain a disk beyond an age of <1-2

Myr (e.g., Williams and Cieza, 2011).

5.0 CONCLUSIONS

1)  Inthe CR chondrites, AO chondrules may contain, but are not solely composed
of, recycled type I and type II chondrules. They also contain '°O-rich olivine
related to AOAs and represent the best record of chondrule-precursor materials

as they experienced lower degrees of thermal processing than other chondrule

types.

21



Schrader D. L., Nagashima K., Waitukaitis S. R., Davidson J., McCoy T. J., Connolly Jr. H. C., and Lauretta D. S.
(2018) The retention of dust in protoplanetary disks: Evidence from agglomeratic olivine chondrules from the outer

Solar System. Geochim. Cosmochim. Acta. 223, 405-421.

2)

3)

4)

5)

6)

The grain sizes of silicates in AO chondrules indicate that chondrule precursors
in the CR chondrites ranged from <1 to 80 um. We infer this grain size range

to be equivalent to the size range for dust in the early Solar System.

AO chondrules contain one or more large grains, sometimes similar to type I
and/or type II chondrules, while others contain a type II chondrule core. These
likely formed by the accretion of fine-grained material around larger grains that
were then sintered. These morphologies are consistent with particle

agglomeration by electrostatic charging of grains during collision.

The petrographic, isotopic, and chemical compositions of AO chondrules are
consistent with chondrule formation by large-scale shocks, bow shocks, and

current sheets.

The petrographic, isotopic, and chemical similarities between AO chondrules
and chondrule-like objects from comet Wild 2 indicate that comets contain AO
chondrules, and that these AO chondrules likely migrated from the inner Solar
System to the comet forming region at least 3 Ma after the formation of the
first Solar System solids, with the assumption that *°Al was homogeneously

distributed throughout the PPD.

Observations made in this study imply that the PPD retained a dusty disk at
least ~3.7 Ma after the formation of the first Solar System solids, assuming a
homogeneous distribution of *°Al, longer than half of the dusty accretion disks

observed around other stars.
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TABLES

Table 1. Agglomeratic olivine chondrule summary

Chemical Analyses

O-isotope Analyses

Meteorite Chondrule Type* Texture’ Size (mm)* Fa* Fe/Mn # Analyses A0 (%o) # Analyses Reference’®
EET 92048,7 AO1 A0/ AO/POP-comp  0.56-1.73 7.7-38.4 27-80 19 none none a
Gao-Guenie (b) UA2301,1 Ch14 A0/ AO/POP-comp  0.22-0.30 1.6-41.7 18-116 15 -243t0-1.6 4 a
Gao-Guenie (b) UA2301,1 Ch18 A0/ AO/POP-comp  0.22-0.37 3.6-54.5 22-115 20 -120to-1.4 5 a
Gao-Guenie (b) UA2301,1 Ch21 A0/ AO/PO-comp  0.06-0.26 26.6-36.1 52-67 12 0.2t0 0.4 2 a
Gao-Guenie (b) UA2301,1 Ch21B AO AO 0.13-0.17 16.8-37.6 37-49 9 -246t0-1.8 2 a
Gao-Guenie (b) UA2301,1 Ch22 AO AO 0.05-0.08 4.5-36.4 14-51 9 -25.4t0-0.7 2 a
GRA 95229,22 Ch1s AO AO 0.94-1.01 0.8-12.5 3-15 4 -6.8t0-2.1 2 b
PCA 91082,15 AO1 AO AO 0.17-0.60 5.5-36.7 19-76 20 —6.4t0-0.5 4 a
'AO = agglomeratic olivine chondrule; Il = type Il chondrule.
comp = compound chondrule; PO = porphyritic olivine; POP = porphyritic olivine pyroxene.
3Size (mm): minimum-maximum apparent diameter.
“Fa = fayalite number.
® a = this study. b = Schrader et al. (2013).
Table 2. O-isotope analyses of AO chondrules.
Grain
Meteorite ch' Type® Grain  Analysis # Setting® ETMA # Fa’ 8“0 20 80 20 A0 20 Reference®
etting
Gao-Guenie (b) UA2301,1 Ch14 AO/POP-comp G6 Ch14-1 U 106 29.1 -3.1 1.1 -5.7 1.8 -4.1 19 a
Gao-Guenie (b) UA2301,1 Ch14 AO/POP-comp G6 Ch14-2 I 105 24.0 -5.1 1.2 -5.5 1.9 -2.8 20 a
Gao-Guenie (b) UA2301,1 Ch14 AO/POP-comp G8 Ch14-3 AO 110 417 -36 1.2 -35 21 -1.6 21 a
Gao-Guenie (b) UA2301,1 Ch14  AO/POP-comp G7 Ch14-4 AO 108 16 -51.8 12 -51.2 2.1 243 22 a
Gao-Guenie (b) UA2301,1 Ch18  AO/POP-comp G1 Ch18-1 ] 146 18.8 1.2 12 14 2.0 2.0 2.1 a
Gao-Guenie (b) UA2301,1 Ch18  AO/POP-comp G1 Ch18-2 ] 148 311 0.2 1.3 14 2.0 1.5 2.1 a
Gao-Guenie (b) UA2301,1 Ch18 AO/POP-comp G6 Ch18-3 n 158 455 -14 1.2 2.1 20 -1.4 21 a
Gao-Guenie (b) UA2301,1 Ch18 AO/POP-comp G4 Ch18-4 AO 153 53 -11.5 1.2 -12.2 20 -6.2 21 a
Gao-Guenie (b) UA2301,1 Ch18 AO/POP-comp G7 Ch18-5 AO 504 545 -28.3 27 -26.7 4.1 -12.0 4.4 a
Gao-Guenie (b) UA2301,1 Ch21 AO/PO-comp G5 Ch21-4 [} 185 322 -1.2 1.2 -0.2 21 0.4 22 a
Gao-Guenie (b) UA2301,1 Ch21 AO/PO-comp G1 Ch21-5 I 178 315 -3.9 1.6 -1.8 1.8 0.2 20 a
Gao-Guenie (b) UA2301,1  Ch21B AO G9 Ch21B-2 AO 192 17.8 -51.3 13 -51.3 1.9 -24.6 2.0 a
Gao-Guenie (b) UA2301,1  Ch21B AO G9 Ch21B-3 AO 519 34.9 -3.7 2.1 3.7 24 -1.8 26 a
Gao-Guenie (b) UA2301,1 Ch22 AO G2 Ch22-1 AO 532 31.2 -5.2 15 -3.4 20 -0.7 21 a
Gao-Guenie (b) UA2301,1 Ch22 AO G1 Ch22-2 AO 318 a5 -58.0 16 -55.6 2.1 -25.4 22 a
GRA 95229,22 Ch15 AO G1 Ch15-6 AO 327 0.8 -5.5 0.4 -9.6 0.6 6.8 0.6 b
GRA 95229,22 Ch15 AO G3 Ch15-5 AO 332 238 3.0 0.5 -0.5 05 2.1 0.6 b
PCA91082,15 AO1 AO G7 AO1-1 AO 106 33.3 5.7 1.2 -5.8 21 -2.9 22 a
PCA91082,15 AO1 AO G17 AO1-2 AO 120 33.0 -10.7 1.2 -12.0 1.9 -6.4 20 a
PCA91082,15 AO1 AO G28 AO1-3 AO 135 342 0.3 13 -0.3 2.0 0.5 2.1 a
PCA 91082,15 AO1 AO G26 AO1-4 AO 501 36.7 1.4 1.3 -0.3 1.8 -1.1 1.9 a
'Ch = chondrule
2p0 = atic olivine comp = chondrule; PO = porphyritic olivine; POP = porphyritic olivine pyroxene.

3Grain Setting: The chondrule morphology the grain is set in: either identical to type Il chondrules (I1), or fine-grained AO chondrule material
“EPMA # corresponds to data in EA-1.

“Fa = fayalite number.

%a = this study. b = Schrader et al. (2013).

Analytical conditions; contrast aperture: 400 um; field aperture: 3000x3000 um? entrance slit: 69 um; exit slit for mono EM ("70): 172 pm; exit slits for multi FC (*°0) and muilti EM (®0): 500 um
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FIGURES
Figure 1

ja) Gao-Guenie (b) Ch14
T84 aN ".

Ch22

’K

Al-rich chondrule

Figure 1. BSE images of agglomeratic-olivine (AO) and AO/type Il chondrules with O-
isotope data, where arrows not accompanied by phase abbreviations mark the delineation
between the AO chondrules and surrounding phases (arrows point toward the AO
chondrules). (a) Gao-Guenie (b) Chl4. (b) Gao-Guenie (b) Chl8. (c) Gao-Guenie (b)
Ch21 and 21B. (d) Gao-Guenie (b) Ch22. (¢) GRA 95229 Chl5, and (f) PCA 91082
AOl1. (a—) show AO/type II chondrules where fine-grained AO material surrounds type
IT olivine cores (with the exception of Ch21B in part [c]). Ch = chondrule, AO =
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agglomeratic olivine texture, ol = olivine, po=pyrrhotite, pn = pentlandite, met = Fe,Ni
metal, mx = matrix, type I = type I chondrule, type II = type II chondrule, and chr =
chromite. Images of EET 92048 AO1 and SIMS pit locations for all chondrules are in
EA-1. Bright veins in Fig. la—c result from terrestrial weathering. See EA-1 for higher

resolution images.

Figure 2

a) EET 92048 AO 122 b) EET 92048 AOT.
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Figure 2. Agglomeratic olivine/type II chondrule in EET 92048. (a) Entire chondrule,
where arrows not accompanied by phase abbreviations mark the delineation between the
chondrule and surrounding phases. (b) Relatively magnified view of chondrule showing
interface between fine-grained AO portion of chondrule (arrows point toward the AO
portion) and adjacent type II core and matrix (mx). Where px = pyroxene; see Fig. 1 for

other abbreviations. See EA-1 for additional images.
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Figure 3. (a) Fe vs. Mn (afu) for FeO-poor and FeO-rich olivine in AO chondrules. (b)

Fe vs. Mn (afu) of olivine in AO chondrules compared to FeO-poor and FeO-rich olivine

from type I (Fe <0.2) and type II (Fe>0.2) chondrule from CR chondrites (Schrader et al.,
2015) and olivine from comet Wild 2 (Frank et al., 2014; Brownlee and Joswiak, 2017)

and interplanetary dust particles (IDP; Brownlee and Joswiak, 2017). All in situ chemical

analyses are in EA-2, and additional chemical plots are in EA-3.
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Figure 4. (a) 8'°0 vs. 8'’0 (%o) for AO chondrules from CR chondrites in this study.
GRA 95229 ChlS5 is from Schrader et al. (2013). Compositional fields from individual
mineral analyses for CR type I and type II chondrules from UH SIMS (Schrader et al.,
2013; 2014; 2017), CR amoeboid olivine aggregates (AOA; Aléon et al., 2002) and
unaltered calcium-aluminum-rich inclusions (CAI; Makide et al., 2009). O-isotope
composition of the Sun (5'°0 = —58.5%o, 8''0 = —59.1%0) from McKeegan et al. (2011).
The O-isotope compositions of olivine from AOs are similar to those from type I and

type II chondrules, and '°O-rich olivine is similar to that in AOAs. (b) The O-isotope
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compositions of olivine from Wild 2 [Nakamura et al., 2008 (data for 1 and 2 um spot
sizes); Nakashima et al., 2012; Ogliore et al., 2012; 2015; Defouilloy et al., 2017] show a
similar compositional range to those of AO chondrules (a). Terrestrial fractionation (TF)
line, primitive chondrules minerals (PCM) line from Ushikubo et al. (2012), and
carbonaceous chondrite anhydrous mineral (CCAM) line from Clayton et al. (1977)

plotted for reference.
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Figure 5. In situ Fe# (Fe/(Fe + Mg)x100) vs. A'’O of olivine in (a) AO chondrules
compared to fields for type I and type II chondrules from CR chondrites (Schrader et al.,
2013; 2014; 2017) and (b) olivine from Wild 2 [Nakamura et al., 2008 (data for 1 and 2
um spot sizes); Nakashima et al., 2012; Ogliore et al., 2012; 2015; Defouilloy et al.,
2017]. Data from GRA 95229 Chl5 in (a) from Schrader et al. (2013). Terrestrial

fractionation (TF) line plotted for reference.
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ELECTRONIC ANNEXES

EA-1: All BSE images with SIMS pits marked.

EA-2: All silicate data.

EA-3: Plots of FeO vs. Ca0O, Cr,03, and MnO of AO chondrule olivine, and comparisons
to type I and type II chondrules from CR chondrites.
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