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Introduction: Deciphering the spatial and temporal evolution of chondrules allows for a better understanding of
how asteroidal seeds formed, migrated, and eventually accreted into parent asteroids. Chondrule formation appears
to have occurred contemporaneously in the inner and outer Solar System (~0-4 Myr after CAIs) [e.g., 1,2]. However, the protracted chondrule formation, especially for the outer disk, would not be consistent with the distinct chondrule properties among each chondrite group [e.g., 3]. The majority of carbonaceous chondrite (CC) parent bodies
accreted >3 Myr after CAIs [e.g., 4]. Thus, the later accretion of asteroids in the outer disk indicates a time interval
of up to ~3 Myr between primary chondrule formation and their subsequent accretion into the CC parent asteroids.
This time interval would not have allowed for the retainment of the distinct chondrule properties among each chondrite group since mixing timescales within the asteroidal belt could have been <<1 Myr [e.g., 5]. To better constrain
the timescale of chondrule formation in the outer Solar System, we obtained new high precision Al-Mg ages as well
as oxygen isotope ratios of chondrules from the primitive CM and CO chondrites, Asuka (A) 12236 (CM2.9), Dominion Range (DOM) 08006 (CO3.00-3.01), and Yamato (Y)-81020 (CO3.05). This is the first report of Al-Mg
ages of CM chondrules.
Samples and Methods: We studied 15 FeO-poor chondrules (Mg# > 98; Mg# = [Mg]/[Mg + Fe] in molar %).
Al-Mg and oxygen isotope analyses of chondrule minerals were performed with the WiscSIMS Cameca IMS 1280.
Analytical conditions are similar to those described in [6] for Al-Mg analyses and [7] for oxygen isotope analyses.
We note Al-Mg analyses of plagioclase were conducted using 10 µm diameter (O2–, 2 nA) using multi-collector Faraday cups. Oxygen isotope ratios of the A 12236 and Y-81020 chondrules were reported in [7] and [8], respectively.
Preliminary Al-Mg results of the Y-81020 chondrules were reported in [9].
Results and Discussion: Fourteen out of the 15 chondrules exhibit a restricted range of inferred initial 26Al/27Al
ratios, (26Al/27Al)0 = (3.6-6.0)×10−6, corresponding to Al-Mg ages ranging from ~2.2 to ~2.8 Myr after CAIs. Their
mean Δ17O values range from −6‰ to −4‰, consistent with those from the majority of CCs [10], suggesting they
formed in the outer disk. Notably, the Al-Mg ages of the CM and CO chondrules as well as other pristine CCs, such
as Kaba (CV3.1) and Acfer 094 (Ung. C3.00), are systematically younger than those of the majority of unequilibrated ordinary chondrite (UOC) chondrules that formed in the inner disk [6,11-14]. The majority of CR chondrules
formed later than 2.8 Myr after CAIs [e.g., 15]. CR chondrites/chondrules exhibit distinct isotopic characteristics
compared to other CCs, indicating that CR chondrules originated outside the formation regions of chondrules from
CM, CO, and CV chondrites [e.g., 16]. If correct, our results provide evidence for delayed chondrule formation with
increasing heliocentric distance. The discrete chondrule-forming events in different disk regions would reflect a time
difference in growth and orbital evolution of planetesimals within the first 4 Myr of the Solar System.
One chondrule, A75 from A 12236, has an exceptionally high (26Al/27Al)0 = (8.0±0.7)×10−6, meaning that this
chondrule formed almost contemporaneously with UOC chondrules. This chondrule exhibits 16O-depleted characteristics (−4‰ < Δ17O < 0‰), suggesting that this chondrule did not form in the disk regions where the majority of CC
chondrules formed [7]. This chondrule might have formed between OC and CC chondrule formation regions and
was then transported to the accretion region of the CM parent body in more than 1 Myr.
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