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ABSTRACT 26 

Deciphering the spatial and temporal evolution of chondrules allows for a better 27 

understanding of how asteroidal seeds formed, migrated, and eventually accreted into parent 28 

asteroids. Here we report high precision Al-Mg ages and oxygen three-isotope ratios of 29 

fifteen FeO-poor chondrules from the least metamorphosed Mighei-like (CM) and Ornans-30 

like (CO) carbonaceous chondrites, Asuka 12236 (CM2.9), Dominion Range 08006 31 

(CO3.01), and Yamato-81020 (CO3.05). This is the first report of Al-Mg ages of chondrules 32 

from the CM chondrite group. All but one of the fifteen chondrules exhibit a restricted range 33 

of inferred initial 26Al/27Al ratios, and all ratios are ≤ 6.0 × 10−6, which is systematically 34 

lower than those of the majority of ordinary chondrite (OC) chondrules. These observations 35 

indicate that the majority of chondrules in the outer Solar System were produced ≥ 2.2 Ma 36 

after the formation of Ca-Al-rich inclusions (CAIs), which postdates OC chondrule formation 37 

in the inner Solar System (≤ 2.2 Ma after CAI formation). We propose that the discrete 38 

chondrule-forming events in different disk regions reflect a time difference in growth and 39 

orbital evolution of planetesimals within the first 4 Ma of the Solar System. 40 

One chondrule from Asuka 12236 has an age of 1.9 Ma after CAI formation and is 41 

therefore significantly older than the other fourteen chondrules, meaning this chondrule 42 

formed contemporaneously with the majority of OC chondrules. This old chondrule also 43 

exhibits 16O-depleted oxygen isotope characteristics compared to the other chondrules, 44 

suggesting a distinct formation region, probably inside the disk region relative to where the 45 

majority of CM and CO chondrules formed. Our results indicate that this old chondrule has 46 

migrated from the inner to the outer part of the protoplanetary disk within ~1 Ma and then 47 

accreted into the CM parent asteroid >3 Ma after CAI formation, although its formation 48 

exterior to the accretion region of the CM parent asteroid and subsequent inward migration 49 

cannot be ruled out completely. 50 
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1. INTRODUCTION 51 

 52 

Astronomical observations of young stellar objects show that submicrometer to 53 

centimeter-sized dust grains are heterogeneously distributed in a given protoplanetary disk 54 

(van der Marel et al., 2013). Clarifying the spatio-temporal distribution of dust grains is 55 

crucial to decipher when and where planetesimals form in a protoplanetary disk (Harsono et 56 

al., 2018). Regarding our Solar System, chondrites are among the most primitive, 57 

undifferentiated meteorites that contain abundant submillimeter-sized objects known as 58 

chondrules, which are melted objects produced by transient heating events in the 59 

protoplanetary disk (Scott and Krot, 2014). The nature of transient heating events and timing 60 

of chondrule formation in our Solar System is a long-standing question (e.g., Connolly and 61 

Jones, 2016). Previous studies have proposed that chondrule formation events require the 62 

formation of a proto-Jupiter, planetary embryos, and/or large planetesimals; this suggests that 63 

chondrules might have formed as a consequence of planetary growth (e.g., Ciesla et al., 2004; 64 

Boss and Durisen, 2005; Asphaug et al., 2011; Desch et al., 2012 and references therein; 65 

Morris et al., 2012; Sanders and Scott, 2012; Johnson et al., 2015; Lichtenberg et al., 2018; 66 

Nagasawa et al., 2019; Gong et al., 2019). Thus, determining the time and location of 67 

chondrule formation events can provide key constraints on the spatio-temporal evolution of 68 

planetary bodies in our Solar System. 69 

Chondrules from different chondrite groups have distinct chemical, isotopic, and 70 

physical properties, suggesting that they formed in local disk regions and subsequently 71 

accreted to their respective parent asteroid (e.g., Alexander, 2005; Alexander et al., 2008; 72 

Jones, 2012; Alexander and Ebel, 2012; Palme et al., 2015). Oxygen isotope ratios of 73 

individual chondrules from carbonaceous chondrites (CCs) show a large range of mass-74 

independent fractionation (e.g., Tenner et al., 2018a and references therein). In contrast, 75 
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chondrules from non-carbonaceous chondrites (NCs) such as ordinary and enstatite 76 

chondrites show a narrow range of oxygen isotope ratios, which is close to those of Earth and 77 

Mars (e.g., Kita et al., 2010; Weisberg et al., 2011, 2021). The large mass-independent 78 

fractionation in CC chondrules is likely related to the abundance of 16O-poor water ice in CC 79 

chondrule-forming regions, while the narrow range observed in NC chondrules indicate the 80 

complete evaporation of water ice and homogenization of oxygen isotopes in the NC 81 

chondrule-forming regions (e.g., Yurimoto and Kuramoto, 2004; Connolly and Huss, 2010; 82 

Tenner et al., 2015, 2018a). NC and CC chondrules also exhibit distinct nucleosynthetic Cr 83 

and Ti isotope anomalies (Gerber et al., 2017; Schneider et al., 2020). These observations are 84 

broadly consistent with a fundamental isotopic dichotomy between carbonaceous and non-85 

carbonaceous meteorite groups, including achondrites and irons, which is thought to arise 86 

from differences in their formation locations, most likely the inner and outer Solar System, 87 

respectively (Warren, 2011). The W and Mo isotopic compositions of iron meteorites 88 

indicate that the carbonaceous and non-carbonaceous reservoirs co-existed and maintained 89 

their isotopic differences during the earliest stage of the Solar System evolution (Kruijer et 90 

al., 2017). Currently, the most popular explanation for these two reservoirs is that they were 91 

separated by proto-Jupiter or a pressure maximum in the disk (Budde et al., 2016a; Kruijer 92 

et al., 2017, 2020; Brasser and Mojzsis, 2020; Kleine et al., 2020 and references therein). 93 

NCs have isotopic compositions that are similar to those of Earth and Mars, indicating that 94 

they formed inside the orbit of proto-Jupiter (we refer this region as “inner Solar System”). 95 

The CCs formed at the other side, i.e., outside the orbit of proto-Jupiter (we refer this region 96 

as “outer Solar System”), which is consistent with differences in their volatile contents and 97 

abundances of refractory inclusions (e.g., Desch et al., 2018). If correct, the distinct O, Cr, 98 

and Ti isotopic properties in chondrules also indicate that chondrule formation occurred in 99 

different disk regions, including the inner and outer Solar System (Schneider et al., 2020). In 100 
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this paper we first consider the hypothesis of the “Jupiter-divide” and discuss the time and 101 

location of chondrule formation based on oxygen isotopes and Al-Mg chronology. Then we 102 

further discuss whether the current understanding of chondrule formation agrees/disagrees 103 

with this hypothesis. 104 

Chondrule ages with uncertainties smaller than 0.5 million years (Ma) have been 105 

obtained by absolute Pb-Pb dating and relative age dating using the decay of the short-lived 106 

nuclide 26Al to 26Mg (half-life of 0.705 Ma; Nishiizumi, 2004). The latter chronometer 107 

determines the age relative to the formation of calcium-aluminum-rich inclusions (CAIs), the 108 

oldest solids in the Solar System (Amelin et al., 2010; Bouvier and Wadhwa, 2010; Connelly 109 

et al., 2012). The Pb-Pb dating of NC chondrules indicates protracted chondrule formation 110 

in the inner Solar System spanning from 0 to 4 Ma after CAIs (Connelly et al., 2012; Bollard 111 

et al., 2017), while the majority of the Al-Mg ages of NC chondrules indicate a shorter 112 

duration, ranging from 1.5–3.0 Ma after CAIs (e.g., Kita et al., 2000; Villeneuve et al., 2009; 113 

Pape et al., 2019; Siron et al., 2021a; see also Nagashima et al., 2018 and references therein). 114 

The Pb-Pb dating of CC chondrules also indicates protracted chondrule formation in the outer 115 

Solar System (0 to 4 Ma after CAIs; Connelly et al., 2012; Bollard et al., 2017), while the 116 

Al-Mg ages of CC chondrules indicate a shorter duration, ranging from 1.5–4.0 Ma after 117 

CAIs (Nagashima et al., 2018 and references therein). Despite this inconsistency between 118 

Pb-Pb and Al-Mg ages, NC and CC chondrules generally do not show distinguishable ages, 119 

suggesting that chondrule formation occurred contemporaneously in the inner and outer Solar 120 

System (Kurahashi et al., 2008; Bollard et al., 2017). 121 

In contrast to observed chondrule formation ages, parent asteroids of chondritic 122 

meteorites from the inner and outer disk might not accrete contemporaneously; i.e., the 123 

majority of CC parent bodies accreted ~2.5–4.0 Ma after CAIs, which postdates accretion of 124 

NC parent bodies (~2 Ma after CAIs) (e.g., Fujiya et al., 2012, 2013; Sugiura and Fujiya, 125 
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2014; Doyle et al., 2015; Jogo et al., 2017; Blackburn et al., 2017; Edwards and Blackburn, 126 

2020). Thus, the later accretion of asteroids in the outer Solar System indicates a time interval 127 

of up to ~4 Ma between the earliest chondrule formation dated by Pb-Pb dating and their 128 

subsequent accretion into the CC parent asteroids. However, mixing time scales of 129 

chondrules in the protoplanetary disk could have been much shorter than 1 Ma (Alexander, 130 

2005; Cuzzi et al., 2010), otherwise the distinct chondrule properties among each chondrite 131 

group would not be retained (e.g., Alexander et al., 2008; Hezel and Palme, 2010; Alexander 132 

and Ebel, 2012; Palme et al., 2015; Hezel et al., 2018 and references therein). Furthermore, 133 

the estimated accretion time of NC parent bodies (i.e., ~2 Ma after CAIs) is older than the 134 

youngest Al-Mg and Pb-Pb ages of NC chondrules (~3–4 Ma after CAIs; Vileuenve et al., 135 

2009; Bollard et al., 2017; Pape et al., 2019). The discrepancy would be likely caused by 136 

disturbance of Al-Mg and U-Pb systematics of some NC chondrules during parent body 137 

alteration (Alexander and Ebel, 2012; Lewis and Jones, 2019; Siron et al., 2021a), or younger 138 

chondrules represent remelting of primary chondrules in the protoplanetary disk (Pape et al., 139 

2021). As such, the relationship between the timing and duration of chondrule formation and 140 

their accretion into parent asteroids remains unclear. Recent high precision Al-Mg analyses 141 

of chondrules from the least metamorphosed chondrites point to restricted formation ages of 142 

NC chondrules (~1.8–2.2 Ma after CAIs; Siron et al., 2021a, 2021b) and a possible late 143 

formation of CC chondrules compared to those from NCs (Ushikubo et al., 2013; Nagashima 144 

et al., 2014, 2017; Schrader et al., 2017; Hertwig et al., 2019a; Tenner et al., 2019). If correct, 145 

then the timing of chondrule formation relative to the accretion of their respective parent 146 

asteroids would be consistent (e.g., Alexander et al., 2008; Budde et al., 2016b). 147 

To further explore a possible difference in formation times between chondrules from 148 

the inner and outer Solar System, we obtained high precision Al-Mg ages and oxygen three-149 

isotope ratios of anorthite-bearing chondrules from the least metamorphosed Mighei-like 150 
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(CM) and Ornans-like (CO) chondrites that are major groups among CCs (Scott and Krot, 151 

2014). Anorthite has a relatively high closure temperature for the Al-Mg chronometer 152 

(≥500˚C; LaTourrette and Wasserburg, 1998; Van Orman et al., 2014) and is likely to remain 153 

undisturbed in the least metamorphosed chondrites (Ushikubo et al., 2013; Tenner et al., 154 

2019; Siron et al., 2021a). We also investigated the mineral chemistry of anorthite in detail 155 

(e.g., abundance of excess silica [ ]Si4O8 endmember component; Beaty and Albee, 1980; 156 

Tenner et al., 2019) and conducted characterization by transmission electron microscopy 157 

(TEM), in order to evaluate the reliability of anorthite with respect to closure of the Al-Mg 158 

system in the chondrules studied here. 159 

 160 

 161 

2. MATERIALS AND METHODS 162 

 163 

2.1. Samples 164 

For this study, we selected three carbonaceous chondrites, Asuka (A) 12236 165 

(CM2.9; Kimura et al., 2020), Dominion Range (DOM) 08006 (classified as CO3.00 from 166 

Davidson et al., 2019a, while we adopt CO3.01 from FeNi-metal analyses of Tenner et al., 167 

2018b), and Yamato (Y)-81020 (CO3.05; Kimura et al., 2008). A 12236 is one of the least 168 

altered CM chondrites recently identified by Kimura et al. (2020). This meteorite has a higher 169 

presolar grain abundance and amino acid concentration compared to other CM chondrites, 170 

consistent with A 12236 being a highly primitive and unheated CM chondrite (Nittler et al., 171 

2021; Glavin et al., 2020). We investigated chondrules from two thin sections, A 12236 (thin 172 

section 51-1) and DOM 08006 (thin section 50), loaned to us by the National Institute of 173 

Polar Research (NIPR) and US Antarctic meteorite program (ANSMET), respectively. A 174 

12236 (51-1) is one of the sections examined previously by Kimura et al. (2020). For the two 175 
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thin sections, we selected 11 chondrules (5 from A 12236 and 6 from DOM 08006) that 176 

contain plagioclase grains larger than 10 µm, in order to obtain high precision Al-Mg isotope 177 

data. Oxygen isotope ratios of constituent minerals (olivine, pyroxene, plagioclase) in the 11 178 

chondrules were also determined. We also selected four chondrules (Y20, Y24, Y71, Y175) 179 

from the Y-81020 thin section (56-1; NIPR) for reinvestigation of their Al-Mg ages, which 180 

have been previously analyzed by Kurahashi et al. (2008). Their petrology, mineral chemistry, 181 

and oxygen isotope ratios of olivine and pyroxene are reported in Kurahashi et al. (2008) and 182 

Tenner et al. (2013). The four chondrules from Y-81020 are all FeO-poor chondrules with 183 

Mg# > 98.7, where Mg# is defined as [Mg]/[Mg + Fe] in molar %. They are classified as 184 

porphyritic olivine pyroxene (Y20 and Y24), porphyritic pyroxene (Y71), and Al-rich 185 

(Y175). To complement the oxygen isotope analyses of olivine and pyroxene already 186 

analyzed, we measured the oxygen three-isotope ratios of plagioclase in these four 187 

chondrules. 188 

 189 

2.2. Electron microscopy and electron microprobe analysis 190 

Backscattered electron (BSE) and secondary electron (SE) images of individual 191 

chondrules were acquired using a Hitachi S-3400 scanning electron microscope (SEM) at the 192 

University of Wisconsin-Madison (UW-Madison). The major- and minor-element oxide 193 

compositions of chondrule minerals were obtained with a Cameca SX-51 or Cameca SXFive 194 

FE electron-probe microanalyzer (EPMA) at UW-Madison. The analytical conditions of each 195 

session and the detection limits are described in Supplementary Material 1. Probe for 196 

EPMATM (PFE) was used for the data reduction and the estimation of the detection limits. 197 

For mafic minerals, endmembers (molar %) are expressed as Fo (= [Mg]/[Mg + 198 

Fe]) for olivine, and En (= [Mg]/[Mg + Fe + Ca]), Fs (= [Fe]/[Mg + Fe + Ca]), and Wo (= 199 

[Ca]/[Mg + Fe + Ca]) for pyroxene. In this paper, low-Ca and high-Ca pyroxenes represent 200 
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pyroxene with Wo < 10 and Wo ≥ 10, respectively. The Mg#s of olivine and pyroxene are 201 

expressed as Mg# = [Mg]/[Mg + Fe] in molar %. For plagioclase, the An content is expressed 202 

as An = [Ca]/[Ca + Na + K] in molar %. We also estimate an “excess silica” component that 203 

is the [ ]Si4O8 endmember component (Beaty and Albee, 1980). The calculation procedure 204 

of the excess silica component follows the description in Siron et al. (2021a). 205 

 206 

2.3. Transmission electron microscopy (TEM) 207 

For TEM observations, plagioclase grains in chondrule D89 from DOM 08006 were 208 

processed into an ultrathin foil ~150 nm thick using a Ga-ion beam after the deposition of a 209 

carbon protection layer in a focused ion beam (FIB) apparatus (Hitachi SMI-4050) at the 210 

Kochi Institute for Core Sample Research (KOCHI), JAMSTEC. The ultrathin foil was 211 

mounted on a Cu grid using a micromanipulator equipped with the FIB and investigated using 212 

a TEM (JEOL JEM-ARM200F at KOCHI) operated at an accelerating voltage of 200 kV. 213 

The sample was characterized with bright-field transmission electron imaging (BF-TEM) 214 

and by high-angle annular dark field scanning transmission electron imaging (HAADF-215 

STEM). Crystal structures were identified using selected-area electron diffraction (SAED), 216 

and the chemical compositions of the samples were obtained using energy-dispersive X-ray 217 

spectrometry (EDS) with a 100-mm2 silicon drift detector. 218 

 219 

2.4. Secondary ion mass spectrometry (SIMS) 220 

Oxygen three-isotope and Al-Mg isotope analyses were performed with the 221 

WiscSIMS Cameca IMS 1280 secondary ion mass spectrometer (SIMS) equipped with a 222 

radio-frequency (RF) plasma ion source. Five separate SIMS sessions (three for oxygen 223 

isotopes and two for Al-Mg isotopes) were conducted, for which analytical conditions were 224 

optimized for each session as described below. After each analytical session, the SIMS pits 225 
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were examined with the Hitachi S-3400 SEM, the images of which are shown in 226 

Supplementary Materials 2 and 3. 227 

 228 

2.4.1. SIMS oxygen isotope analyses 229 

Olivine and pyroxene in chondrules from A 12236 and DOM 08006 were analyzed 230 

in separate sessions (S1 for A 12236, S2 for DOM 08006). The analytical conditions for both 231 

sessions are similar to those described in Kita et al. (2010) and Siron et al. (2021a). For both 232 

sessions, a 133Cs+ primary ion beam was focused to a ~12 µm diameter spot at 2 nA. 233 

Secondary oxygen ions (16O−, 17O−, and 18O−) were detected simultaneously using multi-234 

collector Faraday cups (MCFC). The FCs for 16O− and 18O− employed 1010 ohm and 1011 235 

ohm resistors, respectively. To improve the precision of δ17O, the FC for 17O− employed a 236 

high gain feedback resistor (1012 ohm) with reduced thermal noise (Fukuda et al., 2021a; 237 

Bouden et al., 2021). Additionally, the count rate of 16O1H− was measured at the end of each 238 

measurement in order to estimate the tailing effect on the 17O− signal (Heck et al., 2010). The 239 

contribution of the 16O1H− was negligible (< 0.2‰) for most analyses (~99%), otherwise data 240 

were rejected. The baselines of the three FCs were monitored during each presputtering and 241 

averaged over eight analyses, which were taken as the values to correct secondary ion 242 

intensities. As in previous studies, 14–16 unknown analyses were bracketed by 8 analyses (4 243 

before and 4 after the unknowns) of a San Carlos olivine reference material (hereafter SC-244 

Ol; δ18O = 5.32‰, Kita et al., 2010). The typical secondary 16O− ion intensity when 245 

measuring SC-Ol was 2.3 × 109 counts per second (cps). The measured 18O/16O and 17O/16O 246 

ratios were normalized to the VSMOW scale (Vienna Standard Mean Ocean Water; 247 

Baertschi, 1976), expressed in delta notation as (‰): δ17,18O = [(17,18O/16O)sample/ 248 

(17,18O/16O)VSMOW − 1] × 1000. The mass-independent fractionation Δ17O was calculated as 249 

Δ17O = δ17O − 0.52 × δ18O. 250 
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In addition to SC-Ol, several olivine and pyroxene reference materials listed in 251 

Supplementary Table S4-2, whose chemical compositions are similar to the measured 252 

chondrule olivine and pyroxene grains, were analyzed to estimate the instrumental biases on 253 

δ18O. For the A 12236 session (S1), the averaged external reproducibility of the bracketing 254 

standard SC-Ol was typically 0.17‰, 0.24‰, and 0.25‰ (2SD) for δ18O, δ17O, and Δ17O, 255 

respectively; for the DOM 08006 session (S2) the values were 0.19‰, 0.22‰, and 0.23‰ 256 

(2SD), respectively. The external reproducibilities (2SD) for each bracket are assigned as the 257 

uncertainties of the bracketed unknown analyses. 258 

 The plagioclase grains in all the 15 chondrules were analyzed in a third session 259 

(S3). The analytical conditions are similar to those described in Ushikubo et al. (2012). The 260 
133Cs+ primary ion beam was focused to a ~3 µm diameter spot at 20 pA. Secondary oxygen 261 

ions were detected simultaneously using one FC for 16O− and two electron multipliers (EMs) 262 

for 17O−, and 18O−, respectively. The FC for 16O− employed a 1011 ohm resistor. We analyzed 263 

two plagioclase grains in each of the chondrules from A 12236 and DOM 08006, and one 264 

plagioclase grain in each chondrule from Y-81020. Six to ten unknown analyses were 265 

bracketed by 8 analyses of an anorthite reference material PL3 from the Hachijo-jima volcano 266 

Allivalite (An = 95, δ18O = 5.79‰; Matsuhisa, 1979), which was used for the instrumental 267 

bias correction. The averaged external reproducibilities of the bracketing standard PL3 were 268 

0.4‰, 0.9‰, and 1.0‰ (2SD) for δ18O, δ17O, and Δ17O, respectively, which were assigned 269 

as the uncertainties of bracketed unknown analyses.  270 

The mean oxygen isotope ratios of individual chondrules are calculated based on 271 

multiple olivine and pyroxene analyses, following the data reduction scheme from Hertwig 272 

et al. (2018) (see Supplementary Material 1 for more details). 273 

 274 

2.4.2. SIMS Al-Mg isotope analysis 275 
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The Mg three-isotopes and 27Al/24Mg ratios of plagioclase grains in the 15 chondrules 276 

were collected in a fourth session (S4) using the MCFC mode. Analytical conditions are the 277 

same as described in Fukuda et al. (2021b) for melilite analyses in CAIs. A 2 nA 16O2
− 278 

primary ion beam was focused to a ~10 µm diameter spot, which was generated by the RF 279 

source with the power of 860W. Secondary ions (24Mg+, 25Mg+, 26Mg+, 27Al+) were detected 280 

simultaneously with four FCs (L′2, C, H1, H′2). The typical 24Mg+ and 27Al+ count rates 281 

during measurement of the anorthite glass standard (MgO 1 wt.%) were 7.4 × 106 and 2.3 × 282 

108 cps, respectively. Due to the relatively low secondary Mg+ ion intensities, the MCFCs 283 

for 24,25,26Mg+ signals each employed 1012 ohm resistors (Fukuda et al., 2021a) and the FC 284 

for 27Al+ employed a 1011 ohm resistor. A single analysis took ~8 min, including 100 s of 285 

presputtering, ~80 s for automated centering of the secondary ion deflectors (DTFA-X and -286 

Y), and 300 s of integration (10 s × 30 cycles) of the secondary ion signals. An instrumental 287 

bias on δ25Mg was estimated by measuring the Mg isotopes of two synthetic anorthite glasses 288 

with 0.6 and 1 wt.% MgO, both of which have a δ25MgDSM-3 (per-mil deviation from Mg 289 

reference material DSM-3; Galy et al., 2003) of −1.77‰ (Kita et al., 2012). A relative 290 

sensitivity factor RSF = [(27Al+/24Mg+)measured/(27Al/24Mg)true] was also evaluated by 291 

measuring 27Al+/24Mg+ ratios on the two synthetic anorthite glasses. 292 

The instrumental biases and RSFs of the two anorthite glasses were identical within 293 

uncertainties (Supplementary Table S5-1). Thus, only the anorthite glass with 1 wt.% MgO 294 

was used as a bracketing standard for instrumental bias and RSF corrections. Four to eight 295 

unknown analyses were bracketed by 6–8 analyses of the anorthite glass standard. Four to 296 

eight unknown analyses were bracketed by 6–8 analyses of the bracketing standard. The 297 

averaged external reproducibilities (2SD) of the raw measured δ25Mg, δ26Mg, and Δ26Mg for 298 

the bracketing anorthite glass (1 wt.% MgO) were 0.36‰, 0.29‰ and 0.46‰, respectively. 299 
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 The Mg three-isotopes and 27Al/24Mg ratios of olivine and pyroxene phenocrysts 300 

in the 15 chondrules were collected in a fifth session (S5) using the MCFC mode. The 301 

analytical conditions are similar to those described in Fukuda et al. (2020) and Siron et al. 302 

(2021a). A 1 nA 16O2
− primary ion beam was focused to a ~7 µm diameter spot, which was 303 

generated by the RF source with the power of 800W. Secondary ions (24Mg+, 25Mg+, 26Mg+, 304 
27Al+) were detected simultaneously with four FCs (L′2, C, H1, H′2) using a 1010 ohm resistor 305 

for 24Mg+ and three 1011 ohm resistors for 25, 26Mg+ and 27Al+. Counting times were the same 306 

as in the plagioclase analyses. Eight to fourteen unknown analyses were bracketed by 8 307 

analyses of the bracketing standard SC-Ol. The typical secondary 24Mg+ ion intensity when 308 

measuring SC-Ol was 2.0 × 108 cps. In addition to SC-Ol, 13 olivine and 5 pyroxene 309 

reference materials, whose Mg isotope ratios on the DSM-3 scale are reported in Fukuda et 310 

al. (2020), were measured to correct for instrumental bias. The averaged external 311 

reproducibilities (2SD) of the raw measured δ25Mg, δ26Mg, and Δ26Mg values for the 312 

bracketing standard SC-Ol were 0.14‰, 0.27‰, and 0.07‰, respectively. 313 

 Data reduction procedures follow those described in Siron et al. (2021a) and are 314 

summarized in Supplementary Material 1. 315 

 316 

2.5. Estimation of Al-Mg relative ages 317 

The initial 26Al/27Al ratios, (26Al/27Al)0, of the 15 chondrules were obtained from 318 

isochron regressions using Isoplot 4.15 (Model 1; Ludwig, 2012). Uncertainties for the 319 

reported (26Al/27Al)0 values and relative ages are 95% confidence intervals. The relative ages 320 

are calculated as: 321 
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 322 

𝛥𝑡 (𝑀𝑦𝑟) = ln [
( 𝐴𝑙26 𝐴𝑙27⁄ )

0,𝐶𝐴𝐼

( 𝐴𝑙26 𝐴𝑙27⁄ )
0,𝑐ℎ𝑜𝑛𝑑𝑟𝑢𝑙𝑒

] ×
0.705

ln (2)
                                    (1) 323 

 324 

using the canonical CV CAI (26Al/27Al)0 of 5.25 × 10−5 (Jacobsen et al., 2008; Larsen et al., 325 

2011) and the half-life of 26Al (0.705 Ma; Nishiizumi, 2004). 326 

 327 

 328 

3. RESULTS 329 

 330 

The research data obtained in this study are documented in Supplementary 331 

Materials 2–6 and are summarized in Tables 1–3, including the locations of oxygen isotope 332 

analyses (Supplementary Material 2) and Al-Mg isotope analyses (Supplementary Material 333 

3), oxygen isotope ratios of chondrule minerals (Supplementary Material 4), Mg isotope and 334 
27Al/24Mg ratios of chondrule minerals (Supplementary Material 5), chemical compositions 335 

of chondrule minerals (Supplementary Material 6), mean oxygen isotope ratios and mean 336 

chondrule Mg#s (Table 1), average chemical compositions and excess silica components of 337 

plagioclase EPMA analyses (Table 2), and the (26Al/27Al)0, (δ26Mg)0*, and Al-Mg age values 338 

(Table 3). 339 

 340 

3.1. Petrography and mineral chemistry 341 

The A 12236 and DOM 08006 chondrules studied include porphyritic pyroxene 342 

(PP; less than 20% modal olivine), porphyritic olivine (PO; less than 20% modal pyroxene), 343 
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porphyritic olivine-pyroxene (POP; between 20–80% modal olivine) (Jones, 1994), and Al-344 

rich chondrules (Al2O3 > 10 wt.%; Bischoff and Keil, 1984) (Figs. 1 and 2), that all contain 345 

FeO-poor mafic minerals with high Mg#s (≥98.5; Table 1). The olivine and pyroxene 346 

proportions were roughly estimated from BSE images. The Mg#s of olivine and pyroxene 347 

grains within each chondrule are similar to each other (Fig. 3), consistent with the observation 348 

for FeO-poor chondrules from DOM 08006 (Davidson et al., 2019a) and other pristine 349 

chondrites (Ushikubo et al., 2012; Tenner et al., 2013, 2015; Schrader et al., 2017; Hertwig 350 

et al., 2018; Chaumard et al., 2018, 2021; Davidson et al., 2019b). No secondary anhydrous 351 

phases (e.g., nepheline) are observed in the chondrules studied. 352 

 353 

3.1.1. A 12236 chondrules 354 

 Figure 1 shows BSE images of the five A 12236 chondrules studied here. Four of 355 

them (A21, A28, A184, A207; Fig. 1a–f) are PP chondrules and the other, A75, is a POP 356 

chondrule (Fig. 1g–h). They consist mostly of low-Ca pyroxene (En94–99Fs<2Wo1–4), 357 

forsteritic olivine (Fo≥99), anorthitic or near-anorthitic plagioclase (An≥86), high-Ca pyroxene 358 

(En60–66Fs<2Wo33–39), and FeNi-metal. In the four PP chondrules, the olivine grains are often 359 

enclosed by poikilitic low-Ca pyroxene (e.g., Fig. 1e–f). Chondrules A21 and A28 appear to 360 

have altered regions in their mesostases (e.g., Fig. 1d). We carefully avoided these altered 361 

regions for chemical, oxygen, and Al-Mg isotope analyses and only measured clean anorthite 362 

grains (Fig. 1b and d and Supplementary Materials 2 and 3). The POP chondrule A75 is 363 

mineralogically zoned (Fig. 1g), with large olivine crystals (Mg# = 99.5) and interstitial 364 

plagioclase in the core, and with minor amounts of high-Ca pyroxene and low-Ca pyroxene 365 

(Mg# = 99.4) in the outermost shell of the chondrule with poikilitically enclosed small olivine 366 

grains (Mg# = 99.2) (Fig. 1h). 367 
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 368 

3.1.2. DOM 08006 chondrules 369 

 Figure 2 shows BSE images of the six DOM 08006 chondrules studied here. Three 370 

of them (D41, D59, D109; Fig. 2a–c) are POP, while chondrules D10, D89, and D198 are 371 

PP, PO, and Al-rich chondrules, respectively (Fig. 2d–g). As for A 12236 chondrules, the six 372 

DOM chondrules consist of low-Ca pyroxene (En95–99Fs<2Wo1–5), forsteritic olivine (Fo≥98), 373 

anorthitic or near-anorthitic plagioclase (An≥87), high-Ca pyroxene (En58–64Fs<2Wo35–41), and 374 

FeNi-metal. The Al-rich chondrule D198 also contains corroded spinel grains (Fig. 2g). The 375 

constituent phases of the six chondrules escaped aqueous alteration, as evidenced by the lack 376 

of phyllosilicates, consistent with the observations of Davidson et al. (2019a). 377 

 378 

3.1.3. Plagioclase compositions 379 

The chemical compositions (e.g., An content and MgO concentration) as well as 380 

the abundances of excess silica ([ ]Si4O8) within the plagioclase grains were determined in 381 

all 15 chondrules from A 12236, DOM 08006, and Y-81020 and can be used as an indicator 382 

for the extent of plagioclase secondary alteration (Tenner et al., 2019). Plagioclase from the 383 

A 12236 and DOM 08006 chondrules contains up to 9% and up to 6% of the excess silica 384 

endmember, respectively (Table 2, Fig. 4a and b). The range of excess silica in DOM 08006 385 

is consistent with that reported in Davidson et al. (2019a). For A 12236 and DOM 08006 386 

chondrule plagioclase, the range of excess silica, as well as An contents (86.5 to 99.4) and 387 

MgO concentrations (0.5 to 1.3 wt.%; Fig. 4d and e) are similar to those from Acfer 094 and 388 

CR chondrites that experienced minimal parent body alteration (Tenner et al., 2019; 389 

Davidson et al., 2019b). For Y-81020 chondrule plagioclase, the abundances of excess silica 390 

(up to 5%; Fig. 4c) and MgO concentrations (0.8 to 1.0 wt.%; Fig. 4f) are comparable to 391 

those of A 12236 and DOM 08006 chondrules. The An contents of Y-81020 chondrule 392 
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plagioclase grains are also similar to those of A 12236 and DOM 08006. In detail, chondrule 393 

Y175 exhibits slightly lower An contents than those of the rest of chondrules we studied, 394 

down to 79.7 (Fig. 4c and f), but within the range of chondrule plagioclase from CR 395 

chondrites (79.3–99.9; Tenner et al., 2019). 396 

 397 

3.2. TEM observation of plagioclase 398 

Plagioclase grains with clear excess silica in chondrule D89 (up to ~6%; Fig. 2e) 399 

were further evaluated by TEM. The ultrathin section manufactured from chondrule D89 is 400 

composed of two plagioclase grains and an interstitial low-Ca pyroxene grain (Fig. 5a–c). 401 

The plagioclase grains are chemically homogeneous (Fig. 5c and Supplementary Fig. S3) 402 

and do not contain mineral inclusions, even down to the nanometer-scale (Fig. 5b–d). These 403 

TEM observations are broadly consistent with chondrule plagioclase from the primitive 404 

Acfer 094 and CR chondrites (Tenner et al., 2019). 405 

The space groups of the plagioclase grains in chondrule D89, which have molar 406 

[Ca]/[Na+Ca] = 0.99, were determined using the systematic absences of diffraction spots due 407 

to crystal symmetry in their SAED patterns. The SAED pattern taken from one plagioclase 408 

grain only shows reflections with indices of h + k + l = 2n, where n is an integer, which is 409 

consistent with a body-centered lattice (Fig. 5e) and with the space group I1̅. The SAED 410 

pattern from the other plagioclase grain also shows extra faint reflections with indices of h + 411 

k + l = 2n + 1 (Fig. 5f) that suggest that it has a primitive lattice (space group P1̅). Therefore, 412 

the D89 plagioclase is in a transitional state in the I1̅ to P1̅ phase transition. According to 413 

the phase diagram in the system NaAlSi3O8-CaAl2Si2O8, the I1̅ and P1̅ phases are stable 414 

above and below ~200°C, respectively, for pure anorthite composition (Smith, 1984). 415 

Although the symmetry relations of Si-rich anorthite are poorly understood, its transition 416 
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temperature is probably higher than 200°C due to the elevated albite component in 417 

plagioclase (Smith, 1984). 418 

 419 

3.3. Oxygen isotope systematics  420 

 421 

3.3.1. A 12236 and DOM 08006 422 

Ten out of the eleven chondrules from A 12236 and DOM 08006 (except for 423 

chondrule A75 from A 12236) show internally homogeneous oxygen isotope ratios among 424 

coexisting olivine and pyroxene (Fig. 6). The mean oxygen isotope ratios of chondrules, 425 

which are calculated from their constituent olivine and pyroxene spot analysis data, are 426 

shown in Fig. 7a, and are interpreted to represent the average oxygen isotope ratios of the 427 

final chondrule melt (e.g., Ushikubo et al., 2012). On an oxygen three-isotope diagram, the 428 

mean oxygen isotope ratios of the 10 chondrules plot between the Primitive Chondrule 429 

Minerals (PCM; Ushikubo et al., 2012) and the Carbonaceous Chondrite Anhydrous Mineral 430 

(CCAM; Clayton et al., 1977) lines (Fig. 7a). Their mean Δ17O values range from −6.4 ± 431 

0.2‰ to −4.1 ± 0.2‰ (2σ), consistent with values from other CO and CM chondrules with 432 

Mg# ≥98 (Fig. 8b; Tenner et al., 2013; Chaumard et al., 2018, 2021) and the bulk oxygen 433 

isotopic composition of A 12236 (−4.75‰) (Kimura et al., 2020). Aside from chondrule A75, 434 

it is noted that plagioclase in the 10 chondrules are similar in oxygen isotope ratios to their 435 

coexisting olivine and pyroxene (Fig. 6).  436 

The oxygen isotope ratios of minerals in chondrule A75 are systematically 16O-437 

depleted compared to the rest of the chondrules we investigated and exhibit systematic 438 

variations among coexisting minerals (Fig. 7a). Specifically, large olivine grains in the core 439 

(Fig. 1g) exhibit homogenously 16O-depleted compositions (Δ17O = −0.8 ± 0.5‰; 2SD), 440 

while pyroxene grains in the outermost shell are slightly heterogeneous and comparatively 441 
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16O-rich (Δ17O = −1.8 ± 0.9‰; 2SD). Further, the interstitial plagioclase exhibits more 16O-442 

rich compositions (Δ17O = −3.5 ± 0.8‰; 2SD). 443 

 444 

3.3.2. Y-81020 plagioclase 445 

We also measured the oxygen isotope ratios of plagioclase grains in the four 446 

chondrules from Y-81020. The grains have oxygen isotope ratios that are consistently higher 447 

to various degrees in both δ18O and ∆17O compared to the coexisting olivine and pyroxene 448 

phenocrysts measured by Tenner et al. (2013) (Fig. 8). For instance, a plagioclase analysis 449 

of Y24 has slightly heavier oxygen isotope ratios relative to the coexisting olivine and 450 

pyroxene grains (Fig. 8b), while that of Y175 is isotopically much heavier than the coexisting 451 

pyroxene grains (Fig. 8d). 452 

 453 

3.4. Al-Mg systematics 454 

 All plagioclase analyses show resolvable δ26Mg* values ranging from 0.7 ± 0.3‰ 455 

to 2.5 ± 0.6‰ (2σ), with corresponding 27Al/24Mg ratios ranging from 25 to 67 456 

(Supplementary Table S5-5). Olivine and pyroxene exhibit a limited variation in δ26Mg* 457 

values ranging from −0.13 ± 0.12‰ to 0.18 ± 0.08‰ (2σ) with 27Al/24Mg ratios ≤ 0.2 458 

(Supplementary Table S5-5). The Al-Mg isochron diagrams are shown in Fig. 9. Chondrule 459 

mineral isochrons have mean squared weighted deviations (MSWD) of 0.2 and 1.5, below 460 

the threshold value of 2.5 for rejecting straight-line isochrons, according to Brooks et al. 461 

(1972). 462 

Chondrules from DOM 08006 and A 12236, except for chondrule A75, show 463 

similar ranges in (26Al/27Al)0 from (3.6 ± 0.9) × 10−6 to (5.3 ± 0.6) × 10−6 and (3.5 ± 0.9) × 464 

10−6 to (4.7 ± 0.5) × 10−6 (95% confidence intervals), respectively (Fig. 9a–j). Chondrule 465 

A75, the mineralogically zoned chondrule with heterogeneous and relatively 16O-depleted 466 
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isotopic signatures, has an exceptionally high (26Al/27Al)0 = (8.0 ± 0.7) × 10−6 (Fig. 9c). The 467 

Al-Mg ages of chondrules from DOM 08006 range from 2.33 −0.10/+0.11 Ma to 2.72 −0.22/+0.28 468 

Ma after CAIs. The chondrules from A 12236, except for A75, exhibit similar Al-Mg ages 469 

ranging from 2.45 −0.11/+0.12 Ma to 2.76 −0.23/+0.30 Ma after CAIs. Chondrule A75 has the oldest 470 

Al-Mg age (1.92 ± 0.09 Ma after CAIs) among the chondrules we studied, and is ~0.5–0.8 471 

Ma older than the other four chondrules from A 12236. 472 

 The four Y-81020 chondrules we reanalyzed show a narrow range in (26Al/27Al)0 473 

ranging from (4.9 ± 1.0) × 10−6 to (6.0 ± 0.6) × 10−6 (Fig. 9k–n), corresponding to Al-Mg 474 

ages ranging from 2.21 −0.10/+0.11 Ma to 2.41 −0.19/+0.24 Ma after CAIs. Our Al-Mg ages are 475 

systematically younger by ~0.1–0.4 Ma than those reported in Kurahashi et al. (2008) (Fig. 476 

10).  477 

 478 

 479 

4. DISCUSSION 480 

 481 

4.1. Parent body alteration effects on Al-Mg systematics of chondrule plagioclase 482 

 483 

4.1.1. Pristine nature of chondrule plagioclase in Asuka 12236 and DOM 08006 484 

Parent body alteration, such as thermal metamorphism, could potentially disturb Al-485 

Mg systematics of chondrule plagioclase/glassy mesostasis (e.g., Sano et al., 2014; 486 

Nagashima et al., 2017). For example, Nagashima et al. (2017) investigated Al-Mg 487 

systematics of two chondrules from Yamato-980145 (CV3.1) that experienced less thermal 488 

metamorphism than most other CV chondrites, such as Allende (CV3.6) (Komatsu et al., 489 

2014). Plagioclase grains in the two chondrules show no resolvable excesses in 26Mg despite 490 

the relatively low petrologic subtype of Yamato-980145. Since plagioclase in one of the 491 
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chondrules is replaced by a nepheline-like phase, Nagashima et al. (2017) concluded that the 492 

lack of excess 26Mg is most likely due to disturbance of the Al-Mg systematics by thermal 493 

metamorphism at relatively high temperatures (≥400℃). Thus, it is important to evaluate any 494 

parent body alteration effects on Al-Mg systematics, even for lower petrologic subtypes of 495 

~3.1. 496 

Tenner et al. (2019) pointed out that the mineral chemistry of plagioclase in FeO-poor 497 

chondrules appears to correlate with the extent of thermal metamorphism. They found that 498 

chondrule plagioclase from the least metamorphosed chondrites (L/LL3.01–3.05, ungrouped 499 

C3.00, CR2–3) share a similar mineral chemistry, such as the presence of excess silica, high 500 

An contents, and high MgO concentrations, whereas plagioclase from chondrites of higher 501 

petrologic subtypes (≥3.1) mostly lack silica excesses and show reduced An contents and 502 

MgO concentrations. On the basis of these observations, Tenner et al. (2019) proposed that 503 

the mineral chemistry of plagioclase can be used as a tool to evaluate whether Al-Mg 504 

systematics in plagioclase were likely disturbed by thermal metamorphism. In this study, we 505 

show that chondrule plagioclase grains from A 12236 and DOM 08006 exhibit mineral 506 

chemistries that are similar to those of plagioclase from the least metamorphosed chondrites 507 

(i.e., presence of excess silica, high An contents and MgO concentrations; Fig. 4a and b, d 508 

and e), which are consistent with A 12236 and DOM 08006 to be classified as CM2.9 and 509 

CO 3.00–3.01, respectively (Tenner et al., 2018b; Davidson et al., 2019a; Kimura et al., 2020). 510 

An experimental study has shown that excess silica is incorporated at high temperatures 511 

(~1100 to 1500 ℃; Longhi and Hays, 1979). Therefore, the presence of excess silica in 512 

chondrule plagioclase indicates that the high-temperature history of chondrules was 513 

preserved and that plagioclase did not undergo further alteration after crystallizing from the 514 

melt. This is consistent with the presence of high symmetry plagioclase (grain1) in chondrule 515 

D89 from DOM 08006 (body-centered anorthite with space group I1̅; Fig. 5e), suggesting 516 
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high-temperature crystallization and rapid cooling. In addition, the plagioclase grain in 517 

chondrule D89 shows no evidence of replacement by other mineral phases during alteration, 518 

down to nanometer-scale (Fig. 5b–d), consistent with observations in chondrules from the 519 

least metamorphosed chondrites (Tenner et al., 2019). These observations indicate that 520 

chondrule plagioclase from A 12236 and DOM 08006 have experienced at most minimal 521 

thermal metamorphism on their parent bodies. This is consistent with petrographic 522 

observations for A 12236 (Kimura et al., 2020). 523 

Oxygen isotope ratios of plagioclase are particularly sensitive to parent body 524 

processes (e.g., fluid-rock interaction; Krot et al., 2019). For chondrules from chondrites with 525 

minimal hydrothermal alteration, such as Acfer 094 and many CR chondrites, oxygen isotope 526 

ratios of plagioclase/glassy mesostasis are similar to those of coexisting olivine and pyroxene 527 

phenocrysts (Ushikubo et al., 2012; Tenner et al., 2015; Schrader et al., 2017). In contrast, 528 

this is not the case for chondrules from chondrites that have undergone hydrothermal 529 

alteration, in which oxygen isotope ratios of plagioclase/glassy mesostasis tend to be enriched 530 

in heavier isotopes relative to those of coexisting olivine and pyroxene (Maruyama et al., 531 

1999; Maruyama and Yurimoto, 2003; Akaki et al., 2007; Chaussidon et al., 2008; Kita et 532 

al., 2010; Rudraswami et al., 2011; Wakaki et al., 2013; Krot and Nagashima, 2016; Hertwig 533 

et al., 2019b; Zhang et al., 2020). It is likely that chondrule plagioclase in these meteorites 534 

was subjected to oxygen isotope exchange with metasomatic fluids in their parent bodies 535 

(e.g., Krot and Nagashima, 2016). In this study, we find that oxygen isotope ratios of 536 

plagioclase grains in chondrules from A 12236 and DOM 08006, except for chondrule A75, 537 

are similar to those of coexisting olivine and pyroxene phenocrysts (Fig. 6a–k), suggesting 538 

only minimal hydrothermal alteration of studied chondrules on CM and CO parent bodies. 539 

We note, however, that the presence of Fe oxy-hydride in matrix (Davidson et al., 2019a) 540 

indicates that DOM 08006 has undergone minor amounts of parent body alteration. 541 
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Furthermore, the some glassy mesostases in DOM 08006 chondrules show evidence of parent 542 

body alteration; for example, Shimizu et al. (2021) suggest that the high δD values in DOM 543 

08006 mesostases could have been inherited from surrounding matrix materials during parent 544 

body alteration. As such, we targeted anorthitic plagioclase grains that are more resistant to 545 

parent body alteration and we do not find any evidence of alteration in terms of oxygen 546 

isotopes and mineral chemistry. Future oxygen isotope analyses of glassy mesostases in 547 

DOM 08006 chondrules may reveal the extent of parent body alteration in more detail. 548 

Although the plagioclase in chondrule A75 exhibits oxygen isotope disequilibrium 549 

with coexisting olivine and pyroxene (Fig. 6c), the observed oxygen isotopic and 550 

petrographic characteristics do not support alteration of A75 by parent body processes. First, 551 

the oxygen isotope ratios of the plagioclase grains are distributed along a slope ~1 line and 552 

are enriched in 16O relative to coexisting olivine and pyroxene, both of which are inconsistent 553 

with trends observed in chondrules that have undergone aqueous/hydrothermal alteration. 554 

Instead, we suggest that the oxygen isotope ratios and petrographic characteristics of 555 

chondrule A75 minerals reflect incomplete melting of isotopically distinct precursors. For 556 

example, the poikilitic textures of small olivine grains within the low-Ca pyroxene rim (Fig. 557 

1h) suggest that this chondrule experienced gas-melt exchange and dissolution of olivine 558 

during chondrule formation (e.g., Tissandier et al., 2002; Libourel et al., 2006; Marrocchi et 559 

al., 2018a; Barosch et al., 2019). We therefore interpret the olivine in the core (Fig. 1g) as 560 

relict grains that retained the oxygen isotope ratios of the precursor dust (Tenner et al., 2018a 561 

and references therein; Marrocchi et al., 2018a), whereas low-Ca pyroxene and interstitial 562 

plagioclase crystallized from a chondrule melt that interacted with an isotopically distinct 563 

environment. Therefore, we conclude that the observed oxygen isotope disequilibrium in 564 

chondrule A75 is not related to parent body alteration, but instead reflects primary oxygen 565 

isotope heterogeneity among its constituent minerals. 566 
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Altogether, we find no evidence of parent body alteration of chondrule plagioclase 567 

from A 12236 and DOM 08006, suggesting their Al-Mg systematics are undisturbed. This is 568 

consistent with well-defined isochron regressions of all the chondrules with acceptable 569 

MSWD values (Table 3). Therefore, the obtained (26Al/27Al)0 values represent the initial 570 
26Al/27Al ratios at the formation of individual chondrules, meaning their Al-Mg ages 571 

confidently represent their formation time in the solar protoplanetary disk. 572 

 573 

4.1.2. Y-81020 plagioclase; not as pristine as A 12236 and DOM 08006 plagioclase 574 

Regarding mineral chemistry, plagioclase in the four chondrules from Y-81020 is 575 

similar to plagioclase from the least metamorphosed chondrites, i.e., excess silica is present 576 

in most analyses (up to ~5%) and An contents as well as MgO concentrations are high (Fig. 577 

4c and f), suggesting that primary Al-Mg systematics are preserved. However, in contrast to 578 

the results from A 12236 and DOM 08006, the oxygen isotope ratios of plagioclase in Y-579 

81020 chondrules are systematically higher in both δ18O and ∆17O compared to coexisting 580 

olivine and pyroxene (Fig. 8a–d), indicating oxygen isotope exchange between plagioclase 581 

and an 16O-poor component in the parent body. The oxygen isotope ratios of plagioclase in 582 

Y24, Y71, and Y175 plot on a linear regression line with a slope of ~0.7 that was obtained 583 

for bulk CM chondrites and mineral separates of Murchison (CM2) (dotted line in Fig. 8a–584 

d). This line is considered to represent a mixing line between anhydrous silicate components 585 

(i.e., chondrules) and secondary minerals formed by a low temperature fluid (i.e., 586 

phyllosilicates) (Clayton and Mayeda, 1984, 1999; see also Chaumard et al., 2018). This 587 

suggests that chondrule plagioclase in Y-81020 experienced various degrees of oxygen 588 

isotope exchange with 16O-poor fluids on the parent body. 589 

However, in addition to plagioclase chemistry, there are several observations that 590 

point to a limited effect of this alteration on the Al-Mg systematics. First, all plagioclase 591 
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analyses (N = 21) of the four Y-81020 chondrules show clear excess of 26Mg. Second, the 592 

Al-Mg isochrons do not show any evidence of disturbance (i.e., MSWDs close to 1). Third, 593 

the Al-Mg systematics of chondrule plagioclase from hydrothermally altered Kaba (CV3.1) 594 

were found to be undisturbed (Nagashima et al., 2017), although the oxygen isotope ratios of 595 

plagioclase in Kaba chondrules are systematically enriched in heavier isotopes relative to 596 

those of coexisting olivine and pyroxene (Krot and Nagashima, 2016; Hertwig et al., 2019b). 597 

Importantly, the degree of heavy-isotope enrichment in chondrule plagioclase from Kaba 598 

(δ18O up to ~15‰) is higher than in Y-81020 (δ18O up to ~5‰), suggesting that alteration of 599 

Kaba chondrules was more extensive at higher water/rock ratios and/or lower temperature. 600 

Thus, undisturbed Al-Mg systematics of Kaba chondrules support the interpretation that 601 

hydrothermal alteration did not affect Al-Mg systematics of Y-81020 chondrule plagioclase. 602 

We note, however, that chondrule plagioclase from Y-81020, compiled in Tenner et al. 603 

(2019), has on average a slightly lower abundance of excess silica and a lower An content 604 

compared to Acfer 094 and CR chondrites. In summary, chondrule plagioclase from Y-81020 605 

(CO3.05) is not as pristine as plagioclase in A 12236 and DOM 08006, but the Al-Mg 606 

systematics of plagioclase in Y-81020 chondrules are, nonetheless, likely undisturbed. 607 

 608 

4.2. Distinct chondrule-forming environments: Constraints from mineral chemistry 609 

and oxygen isotopes 610 

Mg#s are a useful measure of redox states during chondrule formation since these are 611 

controlled by metal-silicate equilibria (Ebel and Grossman, 2000). The high Mg#s of 612 

chondrules studied here (≥98.5) correspond to formation at reduced conditions, 3–4 log units 613 

below the iron-wüstite (IW) buffer (Tenner et al., 2015). A plot of mean ∆17O values of 614 

individual chondrules versus their Mg#s reveals a dichotomy between NC and CC chondrules 615 

(Fig. 7). NC chondrules are 16O-depleted relative to CC chondrules (Fig. 7a; e.g., Kita et al., 616 
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2010; Weisberg et al., 2011, 2021; Nagashima et al., 2015; Miller et al., 2017; Siron et al., 617 

2021a) and show a narrow range of ∆17O values (typically from −0.5‰ to +1.0‰) with 618 

variable Mg#s (Fig. 7b). In contrast, ∆17O values of CC chondrules are more variable 619 

(typically −8‰ to +1‰) and show characteristic trends when plotted against Mg#s 620 

(Ushikubo et al., 2012; Tenner et al., 2013, 2015, 2017; Schrader et al., 2013, 2014, 2017; 621 

Chaumard et al., 2018, 2021; Hertwig et al., 2018, 2019b; Marrocchi et al., 2019). The 622 

distinct ∆17O-Mg# systematics in NC and CC chondrules indicate distinct chondrule-forming 623 

environments (e.g., differences in redox states and precursor materials) for both meteorite 624 

groups. As mentioned in the Introduction, O, Cr, and Ti isotope systematics of chondrules 625 

indicate that NC and CC chondrules formed in distinct disk regions, probably in the inner 626 

and outer Solar System, respectively (Gerber et al., 2017; Schneider et al., 2020). Note that 627 

∆17O values of FeO-rich (type II) chondrules in CR chondrites are similar to those of NC 628 

chondrules (∆17O ~0‰; e.g., Schrader et al., 2013, 2014, 2017, 2018a; Tenner et al., 2015). 629 

In an oxygen three isotope plot, however, they are distinct from each other. For example, 630 

Tenner et al. (2017) show that type II chondrules in CR chondrites plot on the PCM line, but 631 

OC chondrules are fractionated to the left side of the PCM line. 632 

Among CCs, CR chondrites contain chondrules that show a well-defined correlation 633 

of increasing ∆17O with decreasing Mg# (Fig. 7b; Tenner et al., 2015). This trend can be 634 

explained by variable proportions of 16O-rich anhydrous dust and 16O-depleted H2O ice 635 

among individual chondrule precursors and open-system formation of chondrules between 636 

melt and gas (Tenner et al., 2015; 2018a; see also Supplementary Material 1). On the basis 637 

of mass balance calculations, it is inferred that FeO-poor chondrules from CR chondrites 638 

formed in a dust enriched protoplanetary disk compared to solar abundance gas (~100–200 639 

× dust enrichment) at relatively dry conditions (0–0.8 times the abundance of H2O in CI 640 

chondritic dust) (Tenner et al., 2015). While the distribution of Mg# in CR chondrules and 641 
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those of comet 81P/Wild 2 silicate particles are different (Frank et al., 2014), their ∆17O-Mg# 642 

relationships show a significant similarity (Nakashima et al., 2012; Defouilloy et al., 2017). 643 

In addition, anhydrous interplanetary dust particles (IDPs) that are likely originated from icy 644 

outer Solar System comets also exhibit ∆17O-Mg# systematics that are similar to those of CR 645 

chondrules (Zhang et al., 2021). Furthermore, CR chondrules have distinct Mg and Cr isotope 646 

systematics compared to those of CM and CV chondrites, which are similar to those of 647 

chondrules from other metal-rich carbonaceous chondrites including CH and CBs (Olsen et 648 

al., 2016; van Kooten et al., 2016, 2020). On the basis of the observations, van Kooten et al. 649 

(2016, 2020) proposed that chondrules in CR, CH, and CB chondrites formed in an 650 

environment that was distinct from that of other CCs and probably located outside the 651 

formation regions of chondrules from CM, CO, and CV chondrites. This scenario is 652 

consistent with the model that was proposed by Desch et al. (2018) based on the abundances 653 

of refractory elements and inclusions in each chondrite group. They concluded that the CR 654 

chondrite parent body accreted at the outer region further than where CM, CO, and CV 655 

chondrites accreted (see Fig. 10 in Desch et al., 2018). On the basis of the redox states and H 656 

isotopic systematics of bulk meteorites, Sutton et al. (2017) suggested that carbonaceous 657 

chondrites including CR are unlikely to have come from comets, and the regions where they 658 

accreted were probably not beyond 7 AU. By considering the rapid accretion of the majority 659 

of CR chondrules into the parent body after their formation (Budde et al., 2018; Tenner et al., 660 

2019), we infer that the CR chondrule-forming region was outside the CM, CO, and CV 661 

chondrule-forming regions, but not beyond ~7 AU. 662 

 FeO-poor chondrules from CM, CO, CV, and Acfer 094 chondrites exhibit similar 663 

∆17O-Mg# systematics (Fig. 7b), suggesting they formed in a similar or even a common 664 

environment. Such an environment is predicted to have been moderately dust-enriched and 665 

relatively anhydrous (~50–100 × dust enrichment compared to solar abundance gas and less 666 
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than 0.6 times the abundance of H2O in CI chondritic dust; Fig. 7b), like proposed for the CV 667 

chondrule-forming environment (Hertwig et al., 2018, 2019b).  668 

 In NC chondrules, the near-constant ∆17O values with variable Mg#s (~60–100) 669 

suggest variable redox conditions within respective chondrule-forming environments, 670 

potentially due to significant ranges of dust-to-gas ratios (e.g., ~100–10,000 × dust 671 

enrichment compared to solar abundance gas; Kita et al., 2010). The near-constant ∆17O 672 

values among NC chondrules also suggest bulk oxygen isotope ratios of respective chondrule 673 

precursors were constant (Tenner et al., 2018a). Considering that Cr-Ti isotope systematics 674 

in NC chondrules are similar to those of Earth and Mars (Gerber et al., 2017; Schneider et 675 

al., 2020), these environments likely existed within the inner part of the solar protoplanetary 676 

disk. 677 

 On the basis of these observations, we infer that there were distinct chondrule-678 

forming environments for (i) non-carbonaceous, (ii) CV, CO, CM, and Acfer 094, and (iii) 679 

CR chondrite chondrules, which are interpreted as having been located in the inner, outer, 680 

and outermost (but not beyond ~7 AU) parts, respectively, of the solar protoplanetary disk. 681 

 682 

4.3. Mineralogically-controlled O-isotope heterogeneity recorded in chondrule A75: 683 

Evidence for mixing of NC-CC materials? 684 

Among the CM and CO chondrules we studied, chondrule A75 is distinct because 685 

of its heterogeneous O-isotope ratios (Δ17O = ~−4% to 0‰; Fig. 6c) and the presence of 16O-686 

depleted relict olivine grains (∆17O = −0.8 ± 0.5‰; 2SD), suggesting that its formation 687 

condition is dissimilar from that of the majority of CC chondrules. Rare FeO-poor 688 

chondrules/relict olivine grains with 16O-depleted signatures (Δ17O = ~0‰) have also been 689 

found in very low abundances in other CCs: ungrouped C (Ushikubo et al., 2012; Tenner et 690 

al., 2017), CV (Hertwig et al., 2018; 2019b; Williams et al., 2020), CO (Tenner et al., 2013), 691 
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CM and CM-related (Marrocchi et al., 2018a; Schrader et al., 2020; Chaumard et al., 2021). 692 

Previous studies also proposed that some of the 16O-depleted chondrules/relict olivine grains 693 

in CCs formed in the inner Solar System (Tenner et al., 2017; Schrader et al., 2020). This 694 

interpretation is supported by Williams et al. (2020) that conducted Cr-Ti-O isotope analyses 695 

of individual chondrules from Allende (CV) and Karoonda (CK) chondrites. Williams et al. 696 

(2020) found that Allende and Karoonda chondrules with relatively 16O-depleted oxygen 697 

isotope ratios (Δ17O = ~−4‰ to 0‰), which plot above the PCM line in the oxygen three 698 

isotope diagram, have Cr isotope ratios that are similar to those of non-carbonaceous 699 

meteorites (see Fig. 2 in Williams et al., 2020), indicating that some 16O-depleted chondrules 700 

in CCs likely formed in the NC chondrule-forming environments and were transported to the 701 

CC accretion region. Note that the presence of some 16O-depleted, FeO-poor chondrules in 702 

CV, CO, CM, and Acfer 094 chondrites, in contrast to their rarity in CR chondrites (e.g., 703 

Schrader et al., 2020), is consistent with these chondrite parent bodies having formed in 704 

between non-carbonaceous and CR chondrite accretion regions.  705 

Based on oxygen isotope systematics of chondrule A75, we infer that this 706 

chondrule formed by melting of the mixture of NC and CC materials. This chondrule contains 707 
16O-depleted relict olivine grains (∆17O = −0.8 ± 0.5‰; 2SD) with oxygen isotope ratios 708 

similar to those in NC chondrules. In contrast, pyroxene and plagioclase in chondrule A75 709 

are more 16O-rich than the relict olivine grains (Fig. 6c), which are likely the characteristic 710 

of the CC chondrules. On the basis of these observations, the formation scenario of A75 can 711 

be envisioned as follows: the 16O-depleted relict olivine grains could have initially formed in 712 

the NC chondrule-forming region, were then transported to the CC chondrule-forming region, 713 

became intermixed with other CC-chondrule-like precursors, and then remained partially or 714 

fully intact during the final chondrule melting event. If correct, the final melting event that 715 

produced the pyroxene shell and determined the (26Al/27Al)0 of the interstitial plagioclase 716 
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occurred in a different locale relative to where NC chondrules formed, which is more likely 717 

the outer Solar System. However, we do not infer that the region where the final melting 718 

occurred was the same as the region where the majority of CC chondrules formed, which will 719 

be discussed later. 720 

 721 

4.4. Distribution of 26Al in the early Solar System 722 

 The distribution of 26Al in the early Solar System (i.e., homogeneous vs 723 

heterogeneous) is actively debated, although there is no general consensus on this topic (e.g., 724 

Kita et al., 2013; Sanborn et al., 2019; Bollard et al., 2019; Gregory et al., 2020). There are 725 

several studies that argue against a homogeneous distribution of 26Al (Larsen et al., 2011; 726 

Schiller et al., 2015; Bollard et al., 2019). Although the possible heterogeneity proposed by 727 

Larsen et al. (2011) has been questioned by subsequent studies (Wasserburg et al., 2012; Kita 728 

et al., 2013; see also Sanborn et al., 2019 for more discussion), Bollard et al. (2017, 2019) 729 

showed discrepancies between Al-Mg and U-corrected Pb-Pb ages of CAIs and chondrules, 730 

suggesting a heterogeneous distribution of 26Al. However, chondrule Pb-Pb ages reported in 731 

Bollard et al. (2017) were obtained by regressions of a series of acid leachates, which could 732 

represent mixing lines that reflect multiple processes or precursors, as opposed to true 733 

isochrons (Blichert-Toft et al., 2020; see also Siron et al. 2021a for more discussion). Schiller 734 

et al. (2015) also argued in favor of a heterogeneous distribution of 26Al based on the 735 

discrepancy between Al-Mg and U-corrected Pb-Pb ages of CAIs and angrites. However, 736 

potential disturbances in the U-Pb and possibly Al-Mg systematics of the angrite meteorite 737 

Sahara 99555 have been pointed out by Amelin (2008). Sanborn et al. (2019) also questioned 738 

the robustness of the Al-Mg system of D’Orbigny because of its complex petrologic history 739 

base on apparent disturbance of the Sm-Nd systems (Sanborn et al., 2015). In addition, the 740 

argument by Schiller et al. (2015) might not be valid if age heterogeneity exits in the CAI 741 
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population. As discussed in detail by Sanborn et al. (2019), variations in U-corrected Pb-Pb 742 

ages of CAIs (Amelin et al., 2010; Bouvier et al., 2011; Connelly et al., 2012) should be 743 

considered as an open question. Furthermore, individual CAIs also show variations in their 744 

inferred 26Al/27Al ages (Kawasaki et al., 2020 and references therein), which necessitates 745 

further combined Al-Mg and U-corrected Pb-Pb analyses of individual CAIs in order to fully 746 

evaluate the heterogeneity of 26Al in the early Solar System. 747 

A homogeneous distribution of 26Al has also been proposed by several studies (e.g., 748 

Villeneuve et al., 2009; Kita et al., 2013; Kruijer et al., 2014; Mishra and Chaussidon, 2014; 749 

Schrader et al., 2017; Budde et al., 2018; Luu et al., 2019; Gregory et al., 2020). In particular, 750 

the agreement of Al-Mg and Hf-W ages of angrites and chondrules from CV and CR 751 

chondrites supports a homogeneous distribution of 26Al in the early Solar System (Budde et 752 

al., 2016, 2018; Nagashima et al., 2017; Schrader et al., 2017; Tenner et al., 2019). We also 753 

note that the Pb-Pb ages of pooled chondrules from CV and CR chondrites are in agreement 754 

with their Al-Mg and Hf-W ages (Amelin et al., 2002; Amelin and Krot, 2007; Connelly et 755 

al., 2008; Connelly and Bizzarro, 2009; Budde et al., 2016b, 2018; Schrader et al., 2017: 756 

Nagashima et al., 2017; see also Kruijer et al., 2020). Taking all of this into consideration, 757 

we cannot rule out the possibility of heterogeneous distribution of 26Al, but we estimate Al-758 

Mg ages of chondrules under the assumption that 26Al was homogeneously distributed in the 759 

early Solar System. By doing so, we use the canonical value of 5.25 × 10−5 (Jacobsen et al., 760 

2008; Larsen et al., 2011) as a reference value, which represents the initial 26Al/27Al ratio at 761 

the time of earliest Al/Mg fractionation in the CV CAI-forming region (e.g., Kita et al., 2013). 762 

If this assumption is not valid, then our Al-Mg data constrain the initial abundance of 26Al at 763 

the time of chondrule formation as an upper limit of 26Al concentration for their parent 764 

asteroid. 26Al is one of the dominant heat sources for thermal evolution of early-formed 765 

planetary bodies (e.g., Grimm and McSween, 1993; Ghosh et al., 2006; Hevey and Sanders, 766 
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2006; Wakita and Sekiya, 2011; Lichtenberg et al., 2016). Since chondrule formation must 767 

have predated accretion of their parent asteroids, our data constrain an upper limit of 26Al 768 

available for heating up their parent asteroids (e.g., Nagashima et al., 2018), which is an 769 

important parameter for reconstructing the thermal evolution of asteroids in the outer Solar 770 

System. 771 

 772 

4.5. Revision of Al-Mg ages of CO chondrules: Younger than previously determined 773 

Previous studies determined Al-Mg ages of the 28 chondrules from the Y-81020 774 

CO3.05 chondrite, ranging from ~1.7 to 3.0 Ma after CAIs (Yurimoto and Wasson, 2002; 775 

Kunihiro et al., 2004; Kurahashi et al., 2008). Among them, 22 chondrules were initially 776 

measured by Kurahashi et al. (2008), which include the four chondrules we reanalyzed in 777 

this study (Y20, Y24, Y71, Y175). Importantly, the four chondrules we reanalyzed show 778 

systematically younger ages (2.21 −0.10/+0.11 Ma to 2.41 −0.19/+0.24 Ma) compared to results of 779 

Kurahashi et al. (2008) (1.83 −0.51/+1.01 Ma to 2.29 −0.25/+0.32 Ma) (Fig. 10). We hypothesize 780 

that the systematic difference between the two datasets is due to an inaccuracy of the Al-Mg 781 

data acquired by Kurahashi et al. (2008), related to instrument operation that employed a 782 

single EM in pulse counting mode. Data for the four chondrules obtained by Kurahashi et al. 783 

(2008) have 27Al/24Mg ratios that are similar to our new data, but their δ26Mg* values are 784 

systematically higher by ~0.5‰, corresponding to higher (26Al/27Al)0 values for their 785 

isochron regression lines. We suspect that the higher δ26Mg* values from Kurahashi et al. 786 

(2008) could be due to an inaccurate correction of the SIMS instrumental bias on δ26Mg*. As 787 

clearly seen in Mg isotope analyses of pyroxene standards (Supplementary Fig. S2), the raw 788 

measured δ26Mg* values of terrestrial standards are not always zero within uncertainties, 789 

meaning that we need to evaluate the potential instrumental bias on δ26Mg* for matrix-790 

matched standards and correct it for unknown analyses. In fact, previous SIMS studies have 791 
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shown there can be slight negative biases on raw measured δ26Mg* values of plagioclase 792 

standard analyses (e.g., −0.41 ± 0.25‰ (2SE) and −1.47 ± 0.26‰ (2SD) for the mono-793 

collection EM analyses in Tenner et al., 2019 and Kita et al., 2012, respectively). Whereas 794 

Kita et al. (2012) and Tenner et al. (2019) analyzed standards multiple times during sessions 795 

and corrected for these offsets to accurately determine the unknown δ26Mg* values, 796 

Kurahashi et al. (2008) did not. In turn, this lack of correction could have led to systematically 797 

higher δ26Mg* values from Kurahashi et al. (2008), relative to the values determined here. In 798 

this study, repeated analyses of matrix-matched plagioclase standards were deployed to 799 

ensure the accuracy of Mg isotope ratios (Siron et al., 2021a), and the determined offset was 800 

corrected by the standard bracketing procedure. Thus, we conclude that the Al-Mg ages 801 

reported in Kurahashi et al. (2008) are systematically biased towards older ages. For the 802 

following discussion, we therefore only consider Al-Mg ages of the reanalyzed four 803 

chondrules. Overall, we find that Al-Mg ages of the ten CO chondrules (6 from DOM 08006 804 

and 4 from Y-81020) range from ~2.2 to 2.7 Ma after CAIs, and none of our analyzed CO 805 

chondrules are older than 2.2 Ma after CAIs. 806 

 807 

4.6. Time and duration of chondrule formation: Constraints from high precision Al-Mg 808 

chronology 809 

 Our high precision Al-Mg analyses reveal a short duration of CO type I chondrule 810 

formation (~2.2–2.7 Ma after CAIs; Fig. 11a). Furthermore, CM chondrules, except for the 811 

chondrule A75, show a similar range of Al-Mg ages (~2.4–2.8 Ma after CAIs; Fig. 11a) and 812 

have similar chemical properties (Mg# >98.5 and plagioclase chemistry) as well as oxygen 813 

isotope ratios (Fig. 7), suggesting that CO and CM chondrules formed in similar 814 

environments (Schrader and Davidson, 2017; Chaumard et al., 2018) at a similar time (~2.2–815 
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2.8 Ma after CAIs). Importantly, the formation times of CO and CM chondrules are 816 

indistinguishable from those of the majority of CV and Acfer 094 chondrules (Fig. 11a).  817 

Chondrule A75 that contains 16O-depleted relict olivine grains has an exceptionally 818 

old Al-Mg age (1.92 ± 0.09 Ma after CAIs), with a value similar to 16O-depleted chondrules 819 

G39 and G85 from Acfer 094 (1.79 −0.16/+0.19 Ma and 1.75 −0.11/+0.12 Ma after CAIs, 820 

respectively) (Ushikubo et al., 2013; Hertwig et al., 2019a; Fig. 11a). All of these 821 

chondrules/relict grains are 16O-depleted and plot on and above the PCM line, which might 822 

be related to the NC reservoir (Williams et al., 2020), suggesting that they probably originate 823 

from a different disk region than the majority of CO, CM, CV and Acfer 094 chondrules. 824 

Therefore, the Al-Mg ages of these chondrules will be discussed separately.  825 

Recently, Siron et al. (2021a, 2021b) determined Al-Mg ages of 31 chondrules 826 

from unequilibrated ordinary chondrites (UOCs) (L/LL3.00–3.05). The inferred UOC 827 

chondrule formation ages range from 1.7 to 2.2 Ma after CAIs (Fig. 11a). This time span of 828 

UOC chondrule formation is consistent with chondrule ages from Kita et al. (2000) and 829 

Bollard et al. (2019), but is much shorter than the duration inferred by other studies (~1 to 3 830 

Ma; e.g., Villeneuve et al., 2009; Pape et al., 2019). One possibility for this inconsistency is 831 

the difference in measured phases: Siron et al. (2021a, 2021b) as well as Kita et al. (2000) 832 

and Bollard et al. (2019) mainly analyzed plagioclase-bearing chondrules, but Villeneuve et 833 

al. (2009) and Pape et al. (2019) exclusively analyzed glassy mesostases in chondrules 834 

instead of plagioclase. Alexander and Ebel (2012) argued for variable degrees of disturbance 835 

during parent body alteration and/or possible mixed analyses between mesostasis and high-836 

Ca pyroxene micro-crystals to explain the range of ages from Villeneuve et al. (2009), since 837 

glassy mesostases are more susceptible to a disturbance in the Al-Mg system by parent body 838 

metamorphism. This is consistent with data from two chondrules studied by Siron et al. 839 

(2021b) that contain glassy mesostases without excess 26Mg, but also have plagioclase with 840 
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clear excess 26Mg, which are clear evidence for the Al-Mg system of plagioclase to be more 841 

resistant to parent body alteration than that of glassy mesostases. Recently, Lewis and Jones 842 

(2019) conducted the detailed petrologic observations of chondrule mesostases from 843 

Semarkona (LL3.00 or 3.01) and found that the degree of aqueous alteration observed in 844 

chondrule mesostases is variable among chondrules within the meteorite. This observation 845 

also suggests that Al-Mg systematics of glassy mesostases in chondrules could be randomly 846 

disturbed depending on the degrees of parent body alteration, which could explain why glass-847 

bearing chondrules tend to show large range in their Al-Mg ages. Overall, the Al-Mg system 848 

of glassy mesostasis could be modified even in chondrules from chondrites with a petrologic 849 

type of ~3.01.  850 

Note that Siron et al. (2021a, 2021b) studied 31 chondrules with a large variety of 851 

chondrule textures, chemical compositions of mafic minerals and mesostases, making it 852 

difficult to argue for a potential bias in the selection of chondrules to explain the observed 853 

inconsistency. Therefore, the high precision Al-Mg ages of the 31 chondrules determined by 854 

Siron et al. (2021a, 2021b) are likely to be more representative range of UOC chondrule 855 

formation time. 856 

In combination with the 31 UOC chondrule data of Siron et al. (2021a, 2021b), the 857 

high precision Al-Mg ages obtained in this study provide evidence that CO and CM 858 

chondrule formation occurred after the majority of UOC chondrules formed (Fig. 11). 859 

Considering the similarities in Mg#s, oxygen isotope ratios, and Al-Mg ages of CO, CM, CV, 860 

and Acfer 094 chondrules, chondrules from the inner Solar System are likely to be older than 861 

chondrules produced at greater heliocentric distances (Fig. 12). We also note that the majority 862 

of CR chondrules formed later than 2.8 Ma after CAIs (Fig. 11; Nagashima et al., 2014; 863 

Schrader et al., 2017; Tenner et al., 2019). Although it is possible that the distinct ∆17O-Mg# 864 

systematics of CR chondrules resulted only from a difference in formation timing rather than 865 
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differences in both formation timing and location, we infer that chondrule formation was 866 

active outside the regions where CO, CM, CV, and Acfer 094 chondrules formed until ~4 867 

Ma after CAIs, when the majority of CR chondrules formed. Kernel density estimates (Fig. 868 

11b) indicate that at least three major chondrule-forming events occurred between 1 Ma and 869 

4 Ma after CAIs, probably in different regions in the solar protoplanetary disk. We note, 870 

however, that there could have been more than three major chondrule-forming events, and 871 

that they cannot be resolved due to low analytical precision and/or poor statistics. In addition, 872 

it is quite possible that the chondrule population that we discuss here may not represent the 873 

full range of asteroid parent bodies that formed in the early Solar System. For example, the 874 

proposed temporal shift of chondrule generation from the inner to outer Solar System could 875 

be further investigated by analyzing chondrules from different sources such as ungrouped 876 

and/or newly classified chondrite groups (e.g., CY and CA; King et al., 2019; Kimura et al., 877 

2021) with the least metamorphosed signatures as well as asteroidal samples returned by 878 

spacecraft. 879 

The relatively 16O-depleted chondrules G39 and G85 in Acfer 094 (Ushikubo et al., 880 

2012, 2013; Hertwig et al., 2019a) and chondrule A75 containing 16O-depleted relict olivine 881 

grains (this study) have older Al-Mg ages that are in agreement with those of UOC 882 

chondrules, meaning that these three chondrules (G39, G85, A75) formed almost 883 

contemporaneously with UOC chondrules (Fig. 11a). The 16O-depleted characteristic of the 884 

two chondrules G39 and G85 indicates that they most likely originated in the inner Solar 885 

System and were then transported to the accretion regions of the Acfer 094 parent body 886 

(Hertwig et al., 2019a; Fig. 12). As discussed previously, the final melting event that 887 

produced chondrule A75 likely occurred in the outer Solar System, but not exactly the same 888 

as those of the majority of CC chondrules formed. We infer that chondrule A75 formed 889 

innermost area of the outer Solar System (Fig. 12) where NC-like 16O-depleted solids were 890 



 

 37 

abundant. Such NC-like relict olivine grains are very rare in CR chondrules (Schrader et al., 891 

2020) that might have formed in the outermost part (but not beyond ~7 AU) in the disk. 892 

 893 

4.7. Timescales of chondrule transport and accretion into parent asteroids 894 

The delayed formation of CC chondrules relative to the majority of UOC 895 

chondrules is consistent with the accretion ages of their corresponding parent bodies, such as 896 

2.14 ± 0.1 Ma after CAIs for ordinary chondrite (OC) parent bodies and >2.6 Ma after CAIs 897 

for CC parent bodies (Sugiura and Fujiya, 2014). These estimated accretion ages are model 898 

dependent and may have larger unseen uncertainties, such as the size of the asteroid, choices 899 

of thermal conductivity and heat capacity functions, and water-ice fractions (e.g., Ghosh and 900 

McSween, 1999; Cohen and Coker 2000; Hevey and Sanders, 2006). Although there may be 901 

the unseen uncertainties, the accretion of the CM parent body is estimated to have occurred 902 

>3 Ma after CAIs based on both thermal modeling and Mn-Cr dating of carbonates (Fujiya 903 

et al., 2012), which are compared to the Al-Mg ages of CM chondrules that we determined 904 

in this study. Here, we use the age of achondrite NWA 6704 as an anchor, as recently 905 

proposed by Sanborn et al., (2019), Amelin et al. (2019), and Hibiya et al. (2019). The initial 906 
26Al/27Al ratio of NWA 6704 is (3.15 ± 0.38) × 10−7 (Sanborn et al., 2019), which corresponds 907 

to its formation 5.2 ± 0.1 Ma after CAIs. The relative age difference between NWA 6704 and 908 

CM carbonates can also be calculated by comparing their initial 53Mn/55Mn ratios under the 909 

assumption of a homogeneous distribution of 53Mn (e.g., Sanborn et al., 2019), resulting in 910 

CM carbonates that are ~0.7 Ma older than NWA 6704 (average value of the four CM 911 

chondrites studied by Fujiya et al., 2012). By combining these two calculations, the formation 912 

age of CM carbonates are estimated to be ~4.5 Ma after CAIs, which is consistent with the 913 

reported age of 4.8 −0.4/+0.5 Ma by Fujiya et al. (2012), even though they determined the age 914 

using a different anchor (angrite LEW 86010) (for which there is a difference in Pb-Pb ages 915 
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between CAIs and angrites). Therefore, the estimated accretion age of the CM parent body 916 

(> 3 Ma after CAIs) by Fujiya et al. (2012) can be directly compared with Al-Mg ages of CM 917 

chondrules. Sugiura and Fujiya (2014) constrained the accretion age of the CM (and Tagish 918 

Lake) parent bodies to be 3.5 −0.5/+0.7 after CAIs based on the results of Fujiya et al. (2012). 919 

The accretion age does not conflict with Al-Mg ages of chondrules in A 12236, as they are 920 

all older than 3 Ma after CAIs (Table 3). The youngest CM chondrule age so far is 2.76 921 
−0.23/+0.30 after CAIs (chondrule A28). Including the uncertainty, the formation age of A28 922 

could be as young as 3.06 Ma after CAIs, which is not resolvable from the estimated accretion 923 

age of the CM parent body (3.5 −0.5/+0.7 Ma after CAIs), suggesting a rapid accretion of CM 924 

chondrules into the parent asteroid. If considering the uncertainty of the estimated accretion 925 

age, however, we cannot rule out a possible time gap of ~1 Ma between CM chondrule 926 

formation and their accretion into the CM parent body. If true, the CM chondrule ages could 927 

indicate that there were two or more CM parent bodies (Lee et al., 2019) and/or that the 928 

thermal model of the CM parent body (e.g., the size of the asteroid, water-ice fractions) is 929 

inaccurate. 930 

By taking the minimum accretion time of the CM parent body of 3 Ma after CAIs, 931 

the oldest chondrule A75, which formed 1.9 Ma after CAIs, had to be stored for more than 1 932 

Ma in the solar protoplanetary disk before accretion into the CM parent body. Alexander 933 

(2005) and Cuzzi et al. (2010) predicted that chondrules that existed within ~2–4 AU in the 934 

protoplanetary disk could be mixed within ~1 Ma. Since turbulent diffusion is a statistical 935 

process, it is possible that chondrule A75 formed in the same region where the majority of 936 

CM chondrules formed and ended up migrating to the accretion region of the CM parent 937 

body, although there is no supporting evidence for the possibility. Alternatively, since this 938 

chondrule exhibits distinct oxygen isotope systematics, the formation region of chondrule 939 

A75 is not likely the same as that of the majority of CM chondrules. Thus we infer that this 940 
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chondrule traveled from its formation region to the accretion region of the CM chondrite 941 

parent body in more than 1 Ma, which does not conflict with the scenario of its formation 942 

inside the disk region relative to where the majority of CM chondrules formed (Fig. 12). 943 

According to the mixing timescale estimated by Cuzzi et al. (2010), the formation region of 944 

chondrule A75 could have been located ≥ 2 AU interior to the CM parent body accretion 945 

region (Fig. 12). The same argument could be applied for two 16O-depleted, older chondrules 946 

G39 and G85 from Acfer 094. Although the accretion time of the Acfer 094 parent body is 947 

not constrained, the Al-Mg age of the youngest chondrule in Acfer 094 is determined as 2.71 948 
−0.22/+0.28 after CAIs (Hertwig et al., 2019a), which could be considered a minimum accretion 949 

time of the Acfer 094 parent body. Since Al-Mg ages of the two 16O-depleted Acfer 094 950 

chondrules are ~1 Ma older than the youngest chondrule (Fig. 11a), their formation region 951 

could have been located ≥2 AU interior to the Acfer 094 parent body accretion region (Fig. 952 

12). However, we cannot rule out the possibility that these 16O-depleted chondrules (A75, 953 

G39, G85) formed in the region exterior to the accretion regions of the CM and Acfer 094 954 

parent bodies and then migrated inwards in more than ~1 Ma, although the oxygen isotope 955 

similarity between these chondrules/relict grains and OC-chondrules would rather be 956 

consistent with their formation inside the disk region relative to where the CM and Acfer 094 957 

chondrules formed. 958 

The accretion age of the CO parent body is estimated to be 2.7 ± 0.2 Ma after CAIs 959 

based on the peak metamorphic temperature (Sugiura and Fujiya, 2014) or ~2.1–2.4 Ma after 960 

CAIs based on thermal modeling and Mn-Cr dating of secondary fayalites (Doyle et al., 961 

2015). Doyle et al. (2015) revealed that fayalite formation on the CO parent body occurred 962 

5.1−0.4/+0.5 Ma after CAIs, which was calculated from the difference in the U-corrected Pb-963 

Pb ages of CAIs (4567.30 ± 0.16 Ma; Connelly et al., 2012) and angrites (4563.4 ± 0.3 Ma; 964 

Amelin, 2008; Brennecka and Wadhwa, 2012) with the relative Mn-Cr age difference 965 
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between angrites and fayalites in the CO chondrite MAC 88107. As for CM carbonates, if 966 

we use NWA 6704 as an age anchor, then the fayalite formation age can be calculated as 967 

~5.2 Ma after CAIs, which is consistent with the reported value in Doyle et al. (2015). Thus, 968 

the accretion age of the CO parent body (~2.1–2.4 Ma after CAIs) based on the fayalite 969 

formation time can be directly compared with our Al-Mg ages of CO chondrules. The 970 

youngest age among the CO chondrules studied here is 2.72 −0.22/+0.28 Ma after CAIs, which 971 

is broadly consistent with the estimated accretion time of the CO parent body by Doyle et al. 972 

(2015) (~2.1–2.4 Ma after CAIs) and is in excellent agreement with that by Sugiura and 973 

Fujiya (2014) (2.7 ± 0.2 Ma after CAIs). This suggests rapid accretion of CO chondrules into 974 

the CO parent body after their formation. 975 

 976 

4.8. Implications for chondrule formation and evolution of the solar protoplanetary 977 

disk 978 

 Our result-driven hypothesis, that chondrule relative ages increase with 979 

heliocentric distance, provides insights on chondrule formation in the solar protoplanetary 980 

disk. Several mechanisms have been proposed for chondrule formation, including nebular 981 

shock-wave heating (e.g., Wood, 1996; Hood, 1998; Weidenschilling et al., 1998; Desch and 982 

Connolly, 2002; Ciesla and Hood, 2002; Ciesla et al., 2004; Boss and Durisen, 2005; Morris 983 

and Desch, 2010; Desch et al., 2012; Morris et al., 2012, 2016; Mann et al., 2016), 984 

electromagnetic phenomena (current sheets, lightning; e.g., Desch and Cuzzi, 2000; Joung et 985 

al., 2004; McNally et al., 2013), and impact melting during collisions between asteroids (e.g., 986 

Asphaug et al., 2011; Sanders and Scott, 2012; Johnson et al., 2015; Hasewaga et al., 2016; 987 

Wakita et al., 2017). Among them, nebular shock-wave heating best explains the survival of 988 

relict grains (e.g., Tenner et al., 2018a; Marrocchi et al., 2018a) and probable chondrule 989 

cooling rates of 100–1000 K/h while between silicate liquidus and solidus (e.g., Hewins and 990 
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Radomsky, 1990) and 1–10 K/h during sub-solidus temperatures (Schrader et al., 2018b). 991 

Although cooling rates have not been examined by numerical simulations under plausible 992 

dust/gas ratios and total pressures, nebular shock-wave heating seems currently one of the 993 

most favored chondrule formation mechanisms (Desch et al., 2012). We note that impact 994 

jetting can also explain the cooling rates of chondrules and predicts that the earliest 995 

chondrule-forming events occur closer to the Sun and that the location where chondrule 996 

formation occurs moves outwards with time (Johnson et al., 2015), which is consistent with 997 

our observations. However, this process would have resulted in extremely high dust/gas 998 

ratios (Johnson et al., 2015), which is not consistent with environments that produce abundant 999 

Mg# > 98 chondrules. In addition, the survival of relict grains in chondrules is difficult to 1000 

explain in an impact jetting regime (e.g., Tenner et al., 2018a). Therefore, shock-wave 1001 

heating is our preferred mechanism for the formation of the majority of chondrules. 1002 

Large-scale shock waves can be caused by gravitational instabilities (GIs) in the 1003 

protoplanetary disk (Boss and Durisen, 2005; Boley and Durisen, 2008). GIs can be active 1004 

in any region of cool and massive disks and excite large-scale spiral arms that result in shock 1005 

waves as a natural outcome (e.g., Boss, 2002; Durisen et al., 2007). Therefore, GI-induced 1006 

shock fronts are a plausible site for chondrule formation in various disk regions. The 1007 

signatures of GIs and large-scale spiral arms in the protoplanetary disk have been seen in the 1008 

spectroscopic observations (e.g., Pérez et al., 2016; Dong et al., 2018; Paneque-Carreño et 1009 

al., 2021), suggesting that GIs are generally available as drivers for shock-wave heating in 1010 

the protoplanetary disk. However, both observational and theoretical studies suggest that GI-1011 

related spiral arms are active in the very early stage of the disk evolution (class 0/I; e.g., Liu 1012 

et al., 2016; Tomida et al., 2017; Meru et al., 2017), which seems inconsistent with the 1013 

formation period of chondrules (class II; e.g., Kita et al., 2013). Another possible source of 1014 

GIs is the formation of Jupiter. Boss and Durisen (2005) showed that GIs that were induced 1015 
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by Jupiter could produce a strong shock front over many Ma, which would allow for 1016 

generating chondrules at ~2–4 Ma after CAIs. In addition, bow shocks around eccentric 1017 

planetesimals that were excited via resonance with Jupiter (e.g., Ciesla et al., 2004; Morris 1018 

et al., 2012; Mann et al., 2016) are a plausible source for large-scale shock waves. In either 1019 

case, chondrule formation by shock-wave heating likely required the presence of proto-1020 

Jupiter at the time of chondrule formation; e.g., ~2 Ma after CAIs when the majority of UOC 1021 

chondrules formed. This timeframe is consistent with the formation of proto-Jupiter earlier 1022 

than ~1 Ma after CAIs (Kruijer et al., 2017). 1023 

The early formation and existence of proto-Jupiter has been proposed as the 1024 

mechanism that established and maintained the isotopic dichotomy between the 1025 

carbonaceous and non-carbonaceous meteorite groups (Budde et al., 2016a; Kruijer et al., 1026 

2017, 2020; Desch et al., 2018; Kleine et al., 2020 and references therein). If this is the case, 1027 

and if the orbit of proto-Jupiter located between the carbonaceous and non-carbonaceous 1028 

reservoirs, chondrule formation by gravitational instability induced by the formation of 1029 

proto-Jupiter would have occurred only in the non-carbonaceous side (~2–3 AU), because 1030 

any gravitational instability beyond Jupiter’s orbit would drive spiral shock fronts inwards 1031 

relative to Jupiter’s orbit (Boss and Durisen, 2005). Also the excitations of planetesimals 1032 

caused by resonance with Jupiter might have occurred only inside the orbit of Jupiter, as the 1033 

efficiency of resonance outside Jupiter’s orbit may have been prohibitively diminished 1034 

(Nagasawa et al., 2014, 2019; Gong et al., 2019). Thus, if proto-Jupiter was located between 1035 

carbonaceous and non-carbonaceous reservoirs, additional and later chondrule-forming 1036 

mechanisms would be required outside the orbit of Jupiter, in order to form CC chondrules 1037 

at >2.3 Ma after CAIs. Further modeling is needed to explore whether chondrules were able 1038 

to form outside the orbit of Jupiter by shock-wave heating. 1039 
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Alternatively, if inward and outward migration of Jupiter (i.e., Grand Tack model; 1040 

Walsh et al., 2011) occurred around ~2 Ma after CAIs, it might have induced chondrule 1041 

formation in the inner Solar System that later continued in the outer Solar System. It is 1042 

suggested that the inward and outward migration of Jupiter occurred within ~0.6 Ma (Walsh 1043 

et al., 2011), which is broadly consistent with the formation durations of chondrules in UOC, 1044 

CO, CM, CV, and Acfer 094 chondrules (~1 Ma; Fig. 11a). However, a recent hydrodynamic 1045 

simulation predicts that Jupiter formed at the orbit that is close to the current one (~5–6 AU) 1046 

and did not migrate significantly after its formation (Tanaka et al., 2020), making it unclear 1047 

if the migration of Jupiter occurred at all. 1048 

Another possibility is that proto-Jupiter was located beyond the region where CC 1049 

chondrules formed, as proposed by Chaumard et al. (2021). If true, this would have allowed 1050 

for both NC and CC chondrules to have been formed by shock-wave heating. As discussed 1051 

by Lichtenberg et al. (2021) and van Kooten et al. (2021), high abundances of volatile 1052 

elements (e.g., nitrogen) in Jupiter’s atmosphere as well as the asymmetric distribution of its 1053 

Trojan asteroids suggest that an initial accretion location of the proto-Jupiter could be far 1054 

from the inner Solar System (> 30 AU; Öberg and Wordsworth, 2019; Bosman et al., 2019; 1055 

Pirani et al., 2019), which does not support the formation of proto-Jupiter between 1056 

carbonaceous and non-carbonaceous reservoirs at ~3–5 AU. On the basis of existing shock-1057 

wave heating models and chondrule O-isotopic constrains as well as timing of chondrule 1058 

formation, it is conceivable that proto-Jupiter was located beyond the region where CC 1059 

chondrules formed at least >2.2 Ma after CAIs. If considering the rapid accretion of CC 1060 

chondrules into their parent asteroids (Budde et al., 2018; Tenner et al., 2019; this study), the 1061 

above scenario is consistent with the formation of CCs inside the orbit of proto-Jupiter, which 1062 

has been hypothesized based on relatively low water/rock ratios estimated for CCs 1063 

(Marrocchi et al., 2018b). It is often considered that the snow line was located inside the orbit 1064 
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of Jupiter at least ~2–3 Ma after CAIs (Morbidelli et al., 2016; Desch et al., 2018). If correct, 1065 

the above scenario would also be consistent with the self-shielding model that predicts the 1066 

oxygen isotope ratios to be planetary (i.e., Earth-like) inside the snow line at the T Tauri 1067 

(class II) phase (Yurimoto and Kuramoto, 2004). If considering that proto-Jupiter was located 1068 

outside the CC chondrule-forming regions, and if also assuming NC and CC chondrules 1069 

formed by bow shocks created by planetesimals, the difference in formation time between 1070 

OC and CC chondrules would indicate that (1) large planetesimals formed earlier in the inner 1071 

disk than in the outer disk and/or (2) the location of planetesimals with eccentric orbits caused 1072 

by resonances involving Jupiter moved from the inner (~1–2 Ma after CAIs) to the outer (> 1073 

2.2 Ma after CAIs) Solar System. Early formation of large planetesimals in the inner disk is 1074 

broadly consistent with the observed relationship between Cr and Mo isotopes of bulk 1075 

meteorites and their accretion ages (Sugiura and Fujiya, 2014; Kruijer et al., 2020; Kleine et 1076 

al., 2020), suggesting that accretion of asteroids in the inner Solar System started as early as 1077 

CAI formation; those in the outer Solar System would postdate CAIs by ~1 Ma.  1078 

 If it assumed that the proto-Jupiter formed outside the CC chondrule-forming 1079 

regions, then an alternative physical barrier would be required to maintain the non-1080 

carbonaceous-carbonaceous dichotomy and to explain the high abundances of refractory 1081 

inclusions in CCs (Desch et al., 2018). The presence of multiple gaps in a given disk is often 1082 

observed (e.g., Isella et al., 2016), although it is not clear if these multiple gaps existed in our 1083 

solar protoplanetary disk. Further dynamic modeling as well as astronomical observations 1084 

are required to better understand the spatio-temporal evolution of chondrules and their 1085 

relation to the evolution of the solar protoplanetary disk. 1086 

 1087 
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 1088 

5. SUMMARY 1089 

 1090 

 In this study we determined the (26Al/27Al)0 values of fifteen FeO-poor chondrules 1091 

from the least metamorphosed CM and CO chondrites. We also investigated detailed mineral 1092 

chemistry and petrographic features of chondrule plagioclase in order to evaluate its 1093 

reliability with respect to closure of the Al-Mg system of chondrules. In addition to the 1094 

(26Al/27Al)0 values, oxygen three-isotope ratios are determined in order to discuss the spatial 1095 

and temporal evolution of chondrules in the solar protoplanetary disk. We summarize the 1096 

following: 1097 

 1098 

1) Chondrule plagioclase in A 12236 (CM2.9) and DOM 08006 (CO3.01) exhibits 1099 

chemical, nanometer-scale petrographic, and oxygen isotopic characteristics similar 1100 

to those of the least metamorphosed carbonaceous chondrites such as CR2–3 and 1101 

Acfer 094 (ungrouped C3.00), suggesting that their Al-Mg systematics are 1102 

undisturbed. Chondrule plagioclase in Y-81020 (CO3.05) exhibits oxygen isotope 1103 

disequilibrium with coexisting olivine and pyroxene, indicative of oxygen isotope 1104 

exchange between plagioclase and 16O-poor fluids on the CO parent body. However, 1105 

their Al-Mg systematics likely remained undisturbed. 1106 

2) Mg#-Δ17O systematics of chondrules possess distinct trends for each chondrite group. 1107 

By considering the fundamental non-carbonaceous-carbonaceous dichotomy as well 1108 

as distinct isotopic characteristics of CR chondrules, we infer that there were distinct 1109 

chondrule-forming environments for (i) non-carbonaceous, (ii) CV, CO, CM, and 1110 

Acfer 094, and (iii) CR chondrite chondrules, which are interpreted as having been 1111 
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located in the inner, outer, and outermost (but not beyond ~7 AU; Sutton et al., 2017) 1112 

parts, respectively, of the solar protoplanetary disk. 1113 

3) High precision Al-Mg analyses reveal a short-duration for CO chondrule formation 1114 

(~2.2–2.7 Ma after CAIs), which is in contradiction with earlier observations by 1115 

Kurahashi et al. (2008). 1116 

4) Al-Mg ages of CM chondrules were determined for the first time. Aside from 1117 

chondrule A75 which has distinct oxygen isotope characteristics, their formation 1118 

duration is similar to those for CO chondrules (~2.4–2.8 Ma after CAIs). 1119 

5) The Al-Mg ages of CO and CM chondrules studied here are systematically younger 1120 

than those of UOC chondrules determined by Siron et al. (2021a, 2021b). In 1121 

combination with Al-Mg ages for CV and CR chondrules (Nagashima et al., 2014, 1122 

2017; Schrader et al., 2017; Tenner et al., 2019), we infer a temporal shift of 1123 

chondrule generation from the inner to the outer part of the protoplanetary disk. The 1124 

systematic difference in Al-Mg ages between NC and CC chondrules is consistent 1125 

with the estimated accretion times of NC and CC parent bodies (e.g., Fujiya et al., 1126 

2012; Doyle et al., 2015). 1127 

6) Among the dated chondrules from the least metamorphosed carbonaceous chondrites, 1128 

there are three chondrules (one from A 12236 and two from Acfer 094; Ushikubo et 1129 

al., 2013; Hertwig et al., 2019a; this study) with exceptionally older Al-Mg ages 1130 

(~1.7–1.9 Ma after CAIs). Three chondrules exhibit relatively 16O-depleted 1131 

characteristics compared to the majority of CC chondrules and/or contain 16O-1132 

depleted relict grains, suggesting they formed in a different environment, probably 1133 

inside the disk region relative to where the majority of CC chondrules formed. We 1134 

hypothesize the three chondrules subsequently migrated outward and then accreted 1135 

into the CM and Acfer 094 parent bodies, although their formation exterior to where 1136 
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the majority of CC chondrules formed and subsequent inward migration cannot be 1137 

ruled out completely. 1138 

7) In the currently known shock-wave heating models, the majority of CC chondrule 1139 

formation would require the formation of proto-Jupiter outside the CC chondrule-1140 

forming regions. In this case, an alternative to the Jupiter gap would be required to 1141 

explain the fundamental non-carbonaceous-carbonaceous dichotomy. Alternatively, 1142 

additional chondrule-forming mechanisms would be required outside the orbit of 1143 

proto-Jupiter. Further dynamic modeling, as well as astronomical observations, are 1144 

needed to explore how CC chondrules formed in the outer Solar System. 1145 

 1146 

 1147 

 1148 

 1149 
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 1774 

Figure captions 1775 

 1776 

Fig. 1. Backscattered electron images of chondrules from the Asuka 12236 (CM2.9) 1777 

carbonaceous chondrite. White rectangles in Fig. 1a, 1c, and 1g indicate areas shown as 1778 

expanded views in Fig. 1b, 1d, and 1h, respectively. (a–b) A21, type I PO chondrule. Al-Mg 1779 

SIMS pits on plagioclase are shown in Fig. 1b. (c–d) A28, type I PO chondrule. Oxygen 1780 

isotope SIMS pits on plagioclase are shown in Fig. 1d. Some mesostases appear to be 1781 

aqueously altered (Fig. 1d). (e) A184, type I PO chondrule. (f) A207, type I PO chondrule. 1782 

(g–h) A75, type I POP chondrule. This chondrule is mineralogically zoned (large olivine 1783 

crystals in the core → interstitial plagioclase → low-Ca pyroxene in the outermost shell). 1784 

Small olivine grains are poikilitically enclosed in low-Ca pyroxene (Fig. 1h). Mineral phases 1785 

shown are olivine (ol), low-Ca pyroxene (lpx), high-Ca pyroxene (hpx), and plagioclase (pl). 1786 
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 1787 

Fig. 2. Backscattered electron images of chondrules from the DOM 08006 (CO3.01) 1788 

carbonaceous chondrite. (a–c) type I POP chondrules D41 (Fig. 2a), D59 (Fig. 2b), and D109 1789 

(Fig. 2c). (d) D10, type I PP chondrule. (e) D89, type I POP chondrule. A white rectangle in 1790 

Fig. 2e indicates an area shown as an expanded view in Fig. 5a, in which plagioclase grains 1791 

were investigated by TEM. (f) D198, Al-rich chondrule. A white rectangle in Fig. 2f indicates 1792 

an area shown as an expanded view in Fig. 2g, which shows corroded spinel grains enclosed 1793 

by plagioclase. Mineral phases shown are olivine (ol), low-Ca pyroxene (lpx), high-Ca 1794 

pyroxene (hpx), plagioclase (pl), and spinel (spi). 1795 

 1796 

Fig. 3. Comparison of mean Mg#s of low-Ca pyroxene and olivine within individual 1797 

chondrules from Asuka 12236 and DOM 08006. The solid line represents a one to one 1798 

relationship. Error bars represent the range of values from EPMA analyses. 1799 

 1800 

Fig. 4. (a–c) Excess silica ([ ]Si4O8) and (d–f) MgO concentrations (wt.%) in plagioclase as 1801 

a function of Anorthite content (An = [Ca]/[Ca + Na + K] molar %) in chondrules from Asuka 1802 

12236 (Fig. 4a and d), DOM 08006 (Fig. 4b and e), and Yamato-81020 (Fig. 4c and f). 1803 

Legends for Fig. 4d, 4e, and 4f are the same as those in Fig. 4a, 4b, and 4c, respectively. 1804 

Individual EPMA data are reported in Supplementary Material 6. 1805 

 1806 

Fig. 5. Electron micrographs of plagioclase from chondrule D89 from DOM 08006. (a) Back 1807 

scattered electron image of a location sectioned by FIB. (b) Bright-field TEM image of the 1808 

FIB section, consisting of two plagioclase (pl) grains with an interstitial low-Ca pyroxene 1809 

(lpx) grain. The arrows show the surface of the petrographic thin section. (c) HAADF-STEM 1810 

(Z-contrast) image showing the plagioclase grains are chemically homogeneous (elemental 1811 
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EDS maps are shown in Supplementary Fig. S3). (d) High resolution TEM (HRTEM) image 1812 

of the plagioclase grain-1 showing no inclusions are present, even down to the nm-scale. (e) 1813 

Selected-area electron diffraction (SAED) patterns from the plagioclase grain along the [201] 1814 

zone axis corresponding to high-temperature phase with a body-centered cell. (f) SAED 1815 

pattern for the plagioclase grain-2 along the [11̅0] zone axis showing faint extra reflections 1816 

corresponding to the low-temperature phase with a primitive cell.  1817 

 1818 

Fig. 6. Oxygen three-isotope diagrams for chondrules from (a–e) Asuka 12236 and (f–k) 1819 

DOM 08006. Reference lines are Terrestrial Fractionation (TF; Clayton et al., 1991), Young 1820 

and Russell (Y&R; Young and Russell, 1998), Primitive Chondrule Minerals (PCM; 1821 

Ushikubo et al., 2012), and Carbonaceous Chondrite Anhydrous Mineral (CCAM; Clayton 1822 

et al., 1977) lines. Error bars are 2SD. 1823 

 1824 

Fig. 7. (a) Mean oxygen isotope ratios of individual chondrules from Asuka 12236 and DOM 1825 

08006, and individual mineral analyses of chondrule A75 from Asuka 12236. Mean oxygen 1826 

isotope ratios of chondrules from L/LL3.00–3.05 chondrites ([1] Kita et al., 2010; [2] Siron 1827 

et al., 2021a) and four chondrules (Y20, Y24, Y71, Y175) from Yamato-81020 ([3] Tenner 1828 

et al., 2013) are also shown. TF, Y&R, CCAM, and PCM represent terrestrial fractionation 1829 

(Clayton et al., 1991), the Young and Russell (Young and Russell, 1998), the Carbonaceous 1830 

Chondrite Anhydrous Mineral (Clayton et al., 1977), and Primitive Chondrule Minerals 1831 

(Ushikubo et al., 2012) lines, respectively. (b) Relationships between oxygen isotope ratios 1832 

and Mg#s of chondrules from Asuka 12236 and DOM 08006. Mean Δ17O values are shown 1833 

for 10 out of 11 chondrules we studied, except for chondrule A75 from Asuka 12236. Those 1834 

for chondrules from UOC ([1] Kita et al., 2010; [2] Siron et al., 2021a), Acfer 094 ([4] 1835 

Ushikubo et al., 2012), CV ([5–6] Hertwig et al., 2018; 2019b), CO ([3] Tenner et al., 2013), 1836 
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CM ([7] Chaumard et al., 2018), and CR ([8–10] Schrader et al., 2013, 2014; Tenner et al., 1837 

2019) are also plotted. Solid curves are from the oxygen isotope mixing model with variable 1838 

H2O ice enhancement factors relative to CI chondritic proportions and under variable dust 1839 

enrichment factors relative to solar abundance (Hertwig et al., 2018, see Supplementary 1840 

Material 1 and Tenner et al., 2015 for more details about the mixing model). Note that mixing 1841 

curves in Tenner et al. (2015) used different ∆17O values for precursor components of the 1842 

anhydrous silicate and H2O-ice so that the estimated dust enrichment and ice enhancement 1843 

factors for CR chondrules in Tenner et al. (2015) are systematically higher in the former and 1844 

lower in the latter than those indicated in Fig. 7b (see Supplementary Material 1 for more 1845 

details). For mean Mg#s, error bars represent the range of values from EPMA analyses. For 1846 

Δ17O values, error bars are 2σ. For clarity, error bars for literature data are not shown. 1847 

 1848 

Fig. 8. Oxygen three-isotope diagrams for four chondrules (Y20, Y24, Y71, Y175) from 1849 

Yamato-81020. Olivine and pyroxene data are from [1] Tenner et al. (2013), while 1850 

plagioclase data were obtained in this study. Reference lines are Terrestrial Fractionation (TF; 1851 

Clayton et al., 1991), Young and Russell (Y&R; Young and Russell, 1998), Primitive 1852 

Chondrule Minerals (PCM; Ushikubo et al., 2012), and Carbonaceous Chondrite Anhydrous 1853 

Mineral (CCAM; Clayton et al., 1977) lines. Dashed lines indicate the linear regression with 1854 

a slope of ~0.7 through the oxygen isotope data for the bulk CM chondrites and anhydrous 1855 

mineral separates of Murchison (Clayton and Mayeda, 1984, 1999). Error bars are 2SD. 1856 

 1857 

Fig. 9. Al-Mg isochron diagrams for chondrules from (a–d) Asuka 12236, (e–j) DOM 08006, 1858 

and (k–n) Yamato-81020. Solid lines represent isochron regression lines obtained by using 1859 

Isoplot 4.15 (Ludwig, 2012). Similar scales of X and Y are applied to each diagram for proper 1860 

comparisons of slopes from individual regression lines. Error envelopes (dashed curves) are 1861 
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95% confidence. Error bars are 2σ. pl = plagioclase, lpx = low-Ca pyroxene, ol = olivine.  1862 

 1863 

Fig. 10. Comparison of (26Al/27Al)0 and corresponding Al-Mg ages of chondrules from CO 1864 

chondrites Yamato-81020 and DOM 08006. Open square symbols represent (26Al/27Al)0 of 1865 

four Y-81020 chondrules reported in [1] Kurahashi et al. (2008), which are systematically 1866 

higher than those obtained in this study (closed black square symbols). Error bars represent 1867 

2σ or 95% confidence intervals. 1868 

 1869 

Fig. 11. (a) Compilation of the (26Al/27Al)0 and corresponding Al-Mg ages of chondrules 1870 

from the least altered chondrites (petrologic subtype 2.9–3.1) determined by recent high 1871 

precision SIMS analyses. Data from; UOC ([1–2] Siron et al., 2021a, 2021b), CO (this study), 1872 

CM (this study), Acfer 094 ([3] Ushikubo et al., 2013; [4] Hertwig et al., 2019a), CV ([5] 1873 

Nagashima et al., 2017), CR ([6] Nagashima et al., 2014; [7] Schrader et al., 2017; [8] Tenner 1874 

et al., 2019). A grey shaded area represents a range of (26Al/27Al)0 of UOC chondrules (L/LL 1875 

≤3.1) reported in previous studies (Siron et al., 2021a, 2021b; Hutcheon and Hutchison, 1989, 1876 

Kita et al, 2000; Rudraswami and Goswami 2007; Rudraswami et al., 2008; Villeneuve et al., 1877 

2009; Mishra et al., 2010; Pape et al., 2019; Bollard et al., 2019). Three chondrules (A75, 1878 

G39, G85) exhibit relatively 16O-depleted oxygen isotope characteristics, which might have 1879 

formed inside the disk region relative to where the majority of CC chondrules formed (see 1880 

sections 4.3 and 4.6). (b) The Kernel density estimates of (26Al/27Al)0 for chondrules from 1881 

UOCs [red for Siron et al. (2021a, 2021b) (n = 31) and grey for all literature data (n = 102)], 1882 

CRs (gold; n = 33), and other carbonaceous chondrites (CV, CO, CM, and Acfer 094; blue; 1883 

n = 37). The three 16O-depleted chondrules (A75, G39, G85) are not included in this plot. 1884 

Data sources are the same as those listed for Fig. 11a. (26Al/27Al)0 of three UOC chondrules 1885 
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(“n = 3”) exceeds the upper bound (1.2 × 10−5) of the plotted range, although two out of the 1886 

three are not resolvable from 1 × 10−5. 1887 

1888 

Fig. 12. A temporal shift of chondrule generation and chondrule transport from the inner to 1889 

outer Solar System. (a) At ≤1 Ma after CAIs, a physical barrier formed between the NC and 1890 

CC reservoirs, which is probably related to the formation of proto-Jupiter (Kruijer et al., 1891 

2017; Brasser and Mojzsis, 2020). According to Desch et al. (2018), we assume that the 1892 

physical barrier located at 3 AU from the Sun. (b) At ≤2.2 Ma after CAIs, the majority of 1893 

ordinary chondrite (OC) chondrules as well as chondrules G39 and G85 from Acfer 094 1894 

formed at the inner Solar System. Chondrule A75 from Asuka 12236, which contains 16O-1895 

depleted relict grains, formed at outside of the OC chondrule-forming regions at the time of 1896 

1.9 Ma after CAIs. Chondrule G39 and G85 as well as the 16O-depleted relict grains in 1897 

chondrule A75 may have passed through the physical barrier, as suggested for OC-like 1898 

materials found in CCs (Schrader et al., 2020; Williams et al., 2020). (c) At ~2.2–2.8 Ma 1899 

after CAIs, the majority of chondrules from CV, CO, CM, and Acfer 094 formed in regions 1900 

exterior to those where OC chondrules formed. Chondrules G39, G85, and A75 traveled from 1901 

the inner to the outer part of the solar protoplanetary disk within ~1 Ma. (d) After 2.8 Ma, 1902 

the majority of CR chondrules formed in parts exterior to the CV, CO, CM, and Acfer 094 1903 

chondrule-forming regions.1904 



Table 1. Compilation of mean Mg#s and oxygen isotope ratios of 15 FeO-poor chondrules from Asuka 12236 (CM2.9), DOM 

08006 (CO3.01), and Yamato-81020 (CO3.05) carbonaceous chondrites 

chondrule# Type Mg#a Olb Lpxb Hpxb Mean oxygen isotope ratios 
Mean Unc. Relictc Host Relictc Host Relictc Host δ18O Unc.d δ17O Unc.d Δ17O Unc.d Ref.e 

Asuka 12236 
A21 I PP 98.9 (−0.7/+0.3) − 2 − 6 − − −2.75 0.38 −5.96 0.21 −4.53 0.13 [1] 
A28 I PP 98.9 (−0.2/+0.1) − − − 6 − − −2.64 0.35 −5.72 0.20 −4.35 0.15 [1] 
A75 I POP 99.4 (−0.5/+0.3) − − − − − − -Heterogeneous- [1] 
A184 I PP 99.1 (−0.4/+0.4) − 4 − 4 − − −4.56 0.53 −7.71 0.40 −5.34 0.18 [1] 
A207 I PP 98.9 (−0.6/+0.2) 1 3 − 3 − − −4.22 0.39 −7.68 0.28 −5.48 0.20 [1] 

DOM 08006 
D10 I PP 98.7 (−0.3/+0.3) 1 1 − 6 − − −2.49 0.52 −5.65 0.32 −4.36 0.12 [1] 
D41 I POP 98.9 (−0.7/+0.3) − 2 − 4 − − −4.78 0.39 −8.06 0.20 −5.57 0.12 [1] 
D59 I POP 98.5 (−0.8/+0.5) − 3 − 3 − 1 −2.30 0.46 −5.70 0.36 −4.50 0.20 [1] 
D89 I PO 99.2 (−0.4/+0.2) 4 1 − 3 − − −6.23 0.44 −9.49 0.26 −6.25 0.19 [1] 
D109 I POP 98.6 (−0.5/+0.3) − 4 − 4 − − −2.35 0.34 −5.32 0.21 −4.09 0.16 [1] 
D198 ARC 99.1 (−0.1/+0.2) 1 3 − 2 − − −3.41 0.41 −6.74 0.45 −4.97 0.31 [1] 

Yamato-81020 
Y20 I POP 99.3 − 4 − 3 − − −6.98 0.52 −10.02 0.39 −6.39 0.24 [2] 
Y24 I POP 99.0 − 4 − 4 − 2 −4.57 0.47 −7.12 0.27 −4.75 0.17 [2] 
Y71 I PP 98.7 − − 1 2 − 2 −4.68 0.72 −7.52 0.47 −5.22 0.21 [2] 
Y175 ARC 99.1 − − − 3 − − −5.83 0.49 −8.81 0.64 −5.77 0.42 [2] 

aMean Mg# (=[Mg] / [Mg + Fe] molar%) of olivine and/or pyroxene. Uncertainties represent the range in measured Mg#s of those olivine and/or pyroxene. 
bNumber of oxygen isotope analyses of olivine (Ol), low-Ca pyroxene (Lpx, Wo < 10), and high-Ca pyroxene (Hpx, Wo ≥ 10). 
cRelict grains not included to calculate mean oxygen isotope ratios.  
dCalculation of uncertainties are described in Supplementary Material 1. 
eReferences: [1] This study, [2] Tenner et al. (2013) 



Table 2. Average major and minor element compositions (wt.%), An contents, and excess silica components of plagioclase 

determined with EPMA 

chondrule# SiO2 TiO2 Al2O3 MgO FeO CaO Na2O K2O MnO Oxide Total Na Anb ±c [ ]Si4O8 ±c 
Asuka 12236 
A21 46.84 0.12 33.30 0.75 0.40 18.43 0.46 0.04 b.d. 100.34 28 95.7 (−7.4/+3.5) 0.032 (−0.029/+0.025) 
A28 50.96 b.d. 29.93 1.06 0.38 16.61 0.98 0.05 0.11 100.08 10 90.3 (−3.8/+1.6) 0.083 (−0.014/+0.009) 
A75 46.50 b.d. 32.59 0.92 0.04 18.25 0.51 0.04 0.13 98.99 16 95.1 (−2.8/+2.2) 0.031 (−0.022/+0.016) 
A184 46.54 0.09 33.44 0.84 0.36 18.51 0.60 0.04 0.11 100.52 13 94.5 (−6.3/+4.3) 0.020 (−0.020/+0.019) 
A207 45.68 0.12 33.09 0.86 0.51 18.59 0.63 b.d. 0.09 99.57 10 94.2 (−2.0/+1.3) 0.005 (−0.005/+0.007) 

DOM 08006 
D10 46.95 b.d. 32.33 0.93 0.50 18.29 0.91 b.d. b.d. 99.91 27 91.7 (−5.1/+4.2) 0.007 (−0.007/+0.016) 
D41 46.29 0.05 32.95 0.85 0.57 18.67 0.41 b.d. 0.07 99.86 22 96.2 (−1.0/+1.3) 0.021 (−0.016/+0.013) 
D59 46.34 b.d. 33.15 0.99 0.42 18.64 0.77 b.d. b.d. 100.31 11 93.0 (−2.1/+1.4) 0.001 (−0.001/+0.004) 
D89 46.77 0.05 32.64 0.96 0.46 18.72 0.16 b.d. b.d. 99.76 16 98.5 (−1.8/+0.9) 0.040 (−0.017/+0.018) 
D109 46.54 0.05 32.46 0.92 0.47 18.55 0.60 b.d. 0.09 99.67 25 94.4 (−1.6/+1.3) 0.015 (−0.010/+0.012) 
D198 45.74 0.05 34.37 0.66 0.20 19.14 0.34 b.d. b.d. 100.50 22 96.9 (−3.6/+1.2) 0.015 (−0.015/+0.012) 

Yamato-81020 
Y20 46.40 0.07 32.92 0.88 0.30 18.45 0.64 b.d. b.d. 99.67 7 94.1 (−1.7/+0.9) 0.015 (−0.011/+0.011) 
Y24 45.75 b.d. 33.95 0.87 0.40 18.51 0.71 b.d. 0.07 100.25 5 93.6 (−4.2/+4.6) 0.005 (−0.005/+0.020) 
Y71 47.82 b.d. 32.49 0.87 0.30 18.19 0.62 b.d. b.d. 100.29 5 94.2 (−4.2/+3.2) 0.039 (−0.021/+0.012) 
Y175 49.01 0.07 31.11 0.84 0.15 16.72 1.51 0.03 0.10 99.53 4 86.0 (−6.2/+4.0) 0.032 (−0.021/+0.020) 

aNumber of EPMA analyses 
bAn = [Ca] / [Ca + Na + K] molar% 
cUncertainties represent the range in measured values. 



Table 3. Summary of the Al-Mg isotope systematics of 15 FeO-poor chondrules from the Asuka 12236 (CM2.9), DOM 08006 

(CO3.01), and Yamato-81020 (CO3.05) carbonaceous chondrites 

chondrule# (δ26Mg)0* 
[‰] 

Unc. 
[‰] (26Al/27Al)0 (× 10−6) Unc. (× 10−6) Age relative to CAI [Ma] Unc. [Ma] MSWD Na 

Asuka 12236 
A21 −0.036 0.063 4.7 0.5 2.45 (−0.11/+0.12) 0.9 12 
A28 0.012 0.063 3.5 0.9 2.76 (−0.23/+0.30) 0.4 7 
A75 −0.044 0.047 8.0 0.7 1.92 (−0.09/+0.09) 0.7 10 
A184 −0.007 0.050 4.3 0.6 2.55 (−0.14/+0.16) 0.5 12 
A207 −0.049 0.045 4.1 0.9 2.59 (−0.21/+0.26) 1.0 7 

DOM 08006 
D10 0.005 0.050 4.1 0.9 2.58 (−0.20/+0.26) 0.5 8 
D41 0.032 0.045 4.7 0.8 2.46 (−0.16/+0.20) 1.3 8 
D59 0.018 0.043 3.6 0.9 2.72 (−0.22/+0.28) 0.7 9 
D89 0.024 0.044 5.3 0.6 2.33 (−0.10/+0.11) 1.0 11 
D109 0.100 0.040 4.6 0.6 2.48 (−0.12/+0.14) 1.4 12 
D198 0.043 0.047 4.3 0.5 2.55 (−0.11/+0.12) 1.5 12 

Yamato-81020 
Y20 −0.01 0.068 6.0 0.6 2.21 (−0.10/+0.11) 0.8 10 
Y24 −0.012 0.068 5.7 0.7 2.26 (−0.12/+0.13) 0.9 11 
Y71 −0.073 0.049 4.9 1.0 2.41 (−0.19/+0.24) 0.8 8 
Y175 −0.014 0.055 5.8 0.8 2.24 (−0.12/+0.14) 0.2 9 

aNumber of analyses.  
All uncertainties are 2σ. 
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(a) Formation of a physical barrier between NC-CC reservoirs (t ≤ 1 Ma)
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