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Abstract

Chondrules are sub-millimetric spheroids that are ubiquitous in chondrites and
whose formation mechanism remains elusive. Textural and oxygen isotopic characteristics of
chondrules in carbonaceous chondrites (CCs) suggest that they result from the recycling of
isotopically heterogeneous early-condensed precursors via gas-melt interactions. Here, we
report high-resolution X-ray elemental maps and in situ O isotopic analyses of FeO-poor,
olivine-rich chondrules from ordinary chondrites (OCs) to compare the conditions of
chondrule formation in these two main classes of chondrites. OC chondrules show minor
element (e.g., Ti, Al) zonings at both the chondrule and individual olivine grain scales.
Considering the entire isotopic data set, our data define a mass-independent correlation,
with olivine grains showing O isotopic variations spanning more than 40 %o. Though 1°0-rich
relict olivine grains were identified in OC chondrules, they are much less abundant than in
CC chondrules. They appear as two types: (i) those with low minor element abundances and
A0 < -15 %o and (i) those with varying minor element abundances and less negative A0
values averaging -5.5 %o.. The host olivine grains exhibit mass-dependent O isotopic
variations within individual chondrules.

Our results reveal that similar processes (precursor recycling and interactions
between chondrule melts and a SiO- and Mg-rich gas) established the observed features of
OC and CC chondrules. The mass-dependent isotopic variations recorded by host olivine
grains result from kinetic effects induced by complex evaporation/recondensation processes
during the gas-melt interactions. This suggests that OC chondrules formed through
enhanced recycling processes, in good agreement with the lower abundances of relict
olivine grains in OC chondrules compared to CC chondrules. We use the A0 =80 - 80

parameter to demonstrate that there is no genetic relationship between CC and OC



47  chondrules, suggesting limited radial transport in the protoplanetary disk. Finally, to the first
48  order, the A®0-A"0 diagram may allow the non-carbonaceous vs. carbonaceous origin of a

49  given chondrule to be deciphered.
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1- Introduction

Whether primitive or differentiated, meteorites exhibit a fundamental isotopic
dichotomy between a carbonaceous (C) and a non-carbonaceous (NC) superclan (Trinquier
et al., 2009; Warren, 2011; Budde et al., 2016; Kruijer et al., 2017, 2020; Nanne et al., 2019;
Burkhardt et al., 2019; Kleine et al., 2020). Compared to their NC counterparts, C meteorites
are enriched in neutron-rich isotopes of many elements with different geochemical and
cosmochemical behaviors (e.g., Ti, Cr, Ni) thus representing a fundamental characteristic of
the solar system (Kleine et al., 2020). Combined with the chronology of iron meteorites, the
NC-C dichotomy suggests that meteorites derived from two genetically distinct reservoirs
that coexisted but remained spatially separated between 1 and ~3-4 Myr after the
formation of Ca-Al-rich inclusions (CAls), the oldest known solids in the solar system (Kruijer
et al., 2017; Desch et al., 2018; Kleine et al., 2020). This prolonged physical barrier between
the two reservoirs remains a matter of debate, and may reflect the early formation of
Jupiter (Kruijer et al., 2017), a pressure maximum in the disk (Brasser and Mojzsis, 2020), or
the preponderant role of the snowline (Lichtenberg et al., 2021). We note that the
subsequent loss of any intermediate materials also remains a possibility (Jacquet et al.,
2019). Regardless of their origins, the NC and C reservoirs are considered to represent the
primordial inner and outer parts of the solar system, respectively (Trinquier et al., 2007;
Warren, 2011; Kruijer et al., 2017, 2020; Desch et al., 2018; Burkhardt et al., 2019).

The isotopic dichotomy observed among bulk chondrites has now also been observed
at the scale of individual chondrules (Schneider et al., 2020), sub-millimetric igneous silicate
spheroids formed during the evolution of the protoplanetary disk (Connolly and Jones,

2016). NC chondrules have bulk oxygen, >0Tj, and >*Cr isotopic compositions uniformly
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similar to their host chondrites, whereas chondrules in carbonaceous chondrites (CCs) have
more variable compositions, sometimes differing from that of their host chondrite (Williams
et al.,, 2020; Schneider et al., 2020). Although the isotopic compositions of CC and NC
chondrules may overlap for individual isotope ratios, this does not hold in multi-isotope
space, i.e., (i) no CC chondrule plots within the field of NC chondrites (although a few plot
near NC achondrites; Williams et al. 2020) and (ii) no NC chondrule plots within the field of
CC chondrites (Schneider et al., 2020). Consistent with transport simulations by Goldberg et
al. (2015), these characteristics suggest that chondrules essentially accreted where they had
formed, with a predominant effect of their precursor heterogeneity (Gerber et al., 2017;
Schneider et al., 2020) as opposed to large-scale (that is, reaching across C and NC reservoir
boundaries) chondrule transport in the disk after their formation (van Kooten et al., 2016;
Williams et al., 2020). That is, the varied isotopic compositions of CC chondrules may result
from the mixing of NC dust with a chemically variable dust component having a CAIl- or
amoeboid olivine aggregate (AOA)-like isotopic composition (Schneider et al., 2020).
Conversely, the narrow range of nucleosynthetic anomalies observed in NC chondrules
suggests that they formed from different precursors and/or under different conditions.
Therefore, this dichotomy ultimately calls into question the conditions of dust formation in
the NC and CC reservoirs.

Type | (i.e. FeO-poor), CC chondrules are characterized by the frequent presence of
relict olivine grains that are generally more '®0-rich than their host olivines (e.g., Jones et al.,
2004; Rudraswami et al., 2011; Ushikubo et al.,, 2012; Tenner et al.,, 2013, 2015, 2018;
Schrader et al., 2018, 2020; Hertwig et al., 2018; Chaumard et al., 2018, 2021; Marrocchi et
al., 2018, 2019a; Schneider et al., 2020; Ushikubo and Kimura, 2021; Weisberg et al., 2021).

Relict olivine grains are interpreted as chondrule precursor minerals that survived the high-
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temperature chondrule forming event(s) (Jones et al., 2004). Recent high-current X-ray maps
and secondary ion mass spectrometry (SIMS) measurements of relict olivine grains have
revealed that they are characterized by low refractory element (Al, Ti) contents, similar to
those observed in olivine grains within AOAs (Jacquet and Marrocchi, 2017; Marrocchi et al.,
2018, 2019a). It has thus been proposed that type | chondrules are derived from AOAs or
AOA-related nebular materials; these nebular condensates underwent partial melting and
subsequent interactions with SiO- and Mg-rich gas (Marrocchi et al., 2018, 2019a; Villeneuve
et al., 2020; Jacquet et al., 2021; Jacquet, 2021).

Relict olivine grains are also observed in chondrules from ordinary chondrites (OCs,
the most abundant type of NC chondrites), but in lower abundances than in CC chondrules
(Kita et al., 2010; Tenner et al., 2018; Marrocchi et al., 2019a; Schrader et al., 2020). It has
been proposed that ®0-rich relict olivine grains within OC chondrules originated from the C
reservoir (Kita et al., 2010), but this is difficult to reconcile with the spatially and chemically
distinct NC and C reservoirs inferred from nucleosynthetic anomalies (Gerber et al., 2017;
Spitzer et al., 2020; Schneider et al., 2020). Still, the similar O isotopic compositions of CAls
in non-carbonaceous and carbonaceous chondrites (e.g., McKeegan et al. 1998; Guan et al.
2000; Fagan et al. 2001) must suggest common descent for part of their components.

The oxygen isotope systematics of OC chondrules themselves also differ from those

of their CC chondrule counterparts. They exhibit more 78

O-rich isotopic compositions (i.e.,
A0 = 0-1 %o; Kita et al., 2010) than CC chondrules (-5 to -2 %o; Tenner et al., 2013, 2015,
2018; Schrader et al., 2014, 2020; Hertwig et al., 2018; Chaumard et al.,, 2018, 2021;
Marrocchi et al.,, 2018, 2019a; Jabeen et al., 2019) and show internal mass-dependent

fractionations not yet observed in CC chondrules (Kita et al., 2010; Schrader et al., 2014,

2018, 2020; Tenner et al., 2018; Marrocchi et al.,, 2018, 2019a). Within OCs, type |
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porphyritic olivine (PO) chondrules tend to have lower %0 values than type | porphyritic
pyroxene (PP) chondrules with similar AY0 values (Kita et al., 2010). This characteristic has
been ascribed to either kinetic isotopic fractionations during multiple evaporation events or
equilibrium isotopic partitioning between molten chondrule precursors and a CO-H,0-rich
gas of varying composition (Kita et al., 2010). However, the textural similarity between OC
and CC chondrules (Libourel and Portail, 2018; Marrocchi et al., 2018, 2019a; Jacquet et al.,
2021) may indicate comparable interactions between the melts and SiO- and Mg-rich gas.

To better understand the conditions of type | chondrule formation in the NC
reservoir, we selected type | PO chondrules from the pristine ordinary chondrites Semarkona
(LL3.00), Piancaldoli (LL3.10), and Bishunpur (LL3.15; Grossman and Brearley, 2005;
Marrocchi et al., 2020). We report a comprehensive study of chondrule olivine grains
combining petrological observations and quantitative geochemical analyses. We use our
results to discuss (i) the nature and conditions of the chondrule-forming events in the NC
reservoir based on textural and O isotopic evidence, (ii) how they compare with those in the

C reservoir, and (iii) implications for dynamics within the protoplanetary disk.

2- Materials & Methods

2-1- Samples

We surveyed all chondrules within (i) a home-made thick section of Piancaldoli (3.10;

Marrocchi et al., 2020) and (ii) thick sections from the Muséum national d’Histoire naturelle

(Paris, France) of Semarkona (LL3.00, section 3583; Grossman and Brearley, 2005) and

Bishunpur (LL3.15, section 2491sp4; Grossman and Brearley, 2005). We selected 11 type |
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PO chondrules for further analyses: one from Semarkona, six from Piancaldoli, and four from

Bishunpur.

2-2- Elemental mapping and analyses

High-resolution cathodoluminescence (CL), elemental X-ray mapping, and
quantitative point analyses were performed at the Institut des Sciences de la Terre (ISTerre,
Grenoble, France) using a JEOL JXA 8230 electron microprobe equipped with five
wavelength-dispersive spectrometers (WDS), silicon drift detector energy-dispersive
spectrometer (SDD-EDS; Batanova et al., 2015), and panchromatic cathodoluminescence
system. High-resolution CL maps coupled with fast major element (Mg, Fe, Si) X-ray maps
(on WDS detectors) were acquired simultaneously using an acceleration voltage of 20 kV, a
beam current of 100 nA, 1.5-2 um step size, and a dwell time of 10 ms. This allows the
identification of olivine, pyroxene, and glass in chondrules. High-resolution elemental X-ray
maps were performed with an acceleration voltage of 20 kV and a beam current of 500 nA;
the step size and dwell time were set to 1.5-2 um and 330-600 ms, respectively, to achieve
acquisition times of 18—-24 h depending on map size. Al, Ca, Cr, Mn, and Ti were measured
by WDS and Mg, Fe, and Si by EDS. Detection limits were below 40 ppm for Al, Ca, Ti, Cr, and
Mn as estimated from the minimum differences between the average concentrations of
visually distinct homogeneous zones and the standard deviations of the concentrations
within homogeneous zones. These X-ray maps are semi-quantitative, because the
backgrounds were not quantified in similar off-peak maps. Quantitative analyses of Al, Ti, Ca,
Cr, Mn, Ni, Mg, Fe, and Si in all olivine grains large enough to be isotopically characterized by

SIMS were performed with an accelerating voltage of 20 kV, probe current of 900 nA, beam
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diameter of 1 um (diameter of interaction volume around 5 pm). The total peak/background
counting time was 400 s for Al, Ti, Ca, Mn and 200 s for Cr and Ni with equal counting time in
positions of peak and background measured from both side of the peak (e.g., Batanova et
al., 2018). Such a high current and long counting times allow very low detection limits, here
estimated to be about 10 ppm for Al, Ca, and Ti, and below 20 ppm for Cr, Mn, and Ni
(Batanova et al. 2015; 2018). Mg, Fe, and Si were simultaneously measured on the EDS
detector. The JEOL software ZAF method was used for matrix corrections. MongOL sh11-2
olivine reference material (Batanova et al., 2019) was used for major element

standardization and for monitoring analytical accuracy and precision during measurements.

2-3- Isotopic analyses

We measured the oxygen isotopic compositions of type | chondrule olivine grains by
SIMS, targeting nearly all olivine grains within each chondrule, and performed multiple
analyses within the coarsest zoned olivine grains. We used the CAMECA IMS 1270 E7 at the
Centre de Recherches Pétrographiques et Géochimiques (CRPG-CNRS, Nancy, France). *°07,
07, and 0" ions produced by a Cs* primary ion beam (~10 um, ~2-2.5 nA, rastered over 5
x 5 um?) were measured in multi-collection mode using three Faraday cups (FCs). To remove
the *°OH" interference on the O™ peak and to maximize the flatness atop the °0™ and **0"
peaks, the entrance and exit slits of the central FC were adjusted to obtain mass resolution
power (MRP = M/AM) of ~7,000 for 0", The two off-axis multicollection FCs, L’2 and H1,
were respectively used to measure *0” and 0™ and were set on exit slit 1 (MRP = 2,500).
We used 10'° Q, 10" Q, and 10™ Q resistors for the L'2 (*°0), central (}’0), and H1 (*30) FCs,

respectively (see Bouden et al., 2021 for further details). As an additional safeguard against
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%oH" interference, a liquid N, trap was used to reduce the pressure in the analysis chamber
to <1 x 10" mbar. A normal-incidence electron gun was used for charge compensation. Total
measurement times were 300 s, comprising 120 s of pre-sputtering and 180 s of analysis.
Two terrestrial standards, San Carlos olivine and JV1 diopside, were used to define the mass-
dependent fractionation line. The instrumental mass fractionation (IMF) of chondrule olivine
grains was corrected using San Carlos olivine. To monitor any instrumental drift and to
achieve good precision, the San Carlos olivine was analyzed after every 15-20 sample
analyses. Typical count rates obtained on San Carlos olivine were 1.0 x 10° cps, 4.0 x 10° cps,
and 2.1 x 10° cps for %0, 70, and 20, respectively. All SIMS analytical spots were checked
thoroughly by scanning electron microscope, and any spots near fractures, in the mesostasis,
or not completely within olivine grains were excluded from the dataset. Isotopic
compositions are reported in delta notation relative to Vienna standard mean ocean water
(V-SMOW) as 6'7*%0 = (***0/™°0)sampie / (***0/*°0)v.smow — 1 (expressed in %o). Typical 20
measurement errors, accounting for internal errors on each measurement and the external
reproducibility of the standards, were estimated to be ~0.4 %o for 80, ~0.7 %o for 8*’0, and
~0.7 %o for AY0 = 870 - 0.52 x 60 (representing mass-independent deviation from the

terrestrial fractionation line, TFL).

3- Results

The selected type | PO chondrules range from 150 to 700 um in diameter. They
comprise rounded to euhedral olivine crystals with variable sizes; olivines are mostly <50 um
in the inner parts of chondrules and are generally larger subhedral to euhedral grains in the

outer parts (Figs. 1-3, Figs. S1-S8). Five chondrules show large dusty olivine grains (Figs. 2-3,

10
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Figs. S3-54, S8) and a 0.5-mm-long olivine macrocryst was observed in the Piancaldoli Ch-6
chondrule (Fig. S4). Chondrule rims are dominated by low-Ca pyroxenes oriented parallel to
the chondrule surface and containing resorbed or poikilitically enclosed olivine grains (Figs.
1-3, Figs. S1-S8). A few metal beads with variable sizes up to 100 um were observed in the
mesostasis with no clear preferential locations within the chondrules.

Chondrule olivine grains appear homogeneous in back-scattered electron images
(Figs. 1-3, Figs. S2-S8) and have homogenous major element compositions (Mg# =
94.3-99.5, where Mg# = Mg/(Mg + Fe) in mol%,; Figs. 1-3, Figs. S1-S8, Table S1), but high-
current X-ray maps reveal complex chemical zonings at both the chondrule and olivine scales
(Figs. 1-3, Figs. S2-S8, Table S1). Olivine grains in the inner parts of chondrules show Al-, Ti-,
Mn-, and Cr-depleted cores surrounded by overgrowths enriched in these trace or minor
elements (Figs. 1-3, Figs. S2-S8, Table S1). Similar zonings are also observed perpendicular
to the long axes of olivine bars in the Semarkona Ch-4 chondrule (Fig. S8), similar to
observations by Libourel and Portail (2018). Dusty olivine grains areas are uniformly Ca-, Al-,
and Ti-poor and Mn-rich and, in Bishunpur Ch-6, are accompanied by oscillatory-zoned
hopper textured crystals (Fig. 3). Olivine grains in the outer parts of chondrules are
characterized by asymmetric trace and minor element distributions: closer to the chondrule
center, olivine compositions are similar to those in interior chondrule olivines, and toward
the outer edge of chondrules, Ca, Al, and Ti contents increase then decrease again, whereas
Mn, Cr, and Fe contents increase monotonically (Figs. 1-3, Figs. S2-S8, Table S1). Olivine
minor and trace element concentrations range from 30 to 1,500 ppm TiO,, 100 to 9,700 ppm
Al,03, 970 to 9,700 ppm Ca0, 50 to 4,600 ppm MnO, 800 to 10,000 ppm Cr,03, and 15 to
3,600 ppm NiO (Figs. 1-3, Figs. S2-S8, Table S1). These zonings are comparable to those

observed in carbonaceous chondrites (Marrocchi et al., 2018, 2019a).
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Across the entire dataset, olivine O isotopic compositions vary widely, with 50 and
50 values ranging respectively from —40.9 %o to +9.0 %o and from —44.0 %o to +6.5 %o (Fig.
4). Our data define a good correlation with 870 = [0.97 + 0.02] x 60 - [1.0 + 0.9] %o
(MSWD = 4.7, =094, n= 649). As in our previous works (Marrocchi et al., 2018, 2019a),
we adopt the convention of Ushikubo et al. (2012) and consider olivine grains with A0
values beyond 30 (analytical error) from that of their host olivine to be relicts. This is a
conservative approach. For example, the standard deviation on the AY0 value of the “host
olivine” in chondrule Bishunpur Ch-2 is twice the analytical error (Table S3), and the
5'0-A""0 plot suggests a bimodal distribution of A0 values around 1 and 2 %o (Fig. S9);
therefore, there are likely “hidden” relict olivine beyond the three *°O-rich (i.e., below the
TFL in Fig. S9) ones recognized in this chondrule.

Host olivine grains have 50 and 60 values ranging from —4.0 %o to +9.0 %o, with
AY0 values between 2.6 and +3.6 %o. It is to note that the chondrule Piancaldoli Ch-8 has a
mean A'0 = -1.8 + 0.7 %o distinct from the other with a mean A'’0 = +0.9 + 1.3 %o (Fig. 4,
Tables S1, S3). The mean host 820 value (including Piancaldoli Ch-8) is 3.6 %o, somewhat
higher than the value of 1.9 %o reported for type | PO chondrules by Kita et al. (2010) but
comparable to that of their type | POP chondrules (3.9 %.). The average intra-chondrule
standard deviation of host olivine 80 values is 1.0 %o, regardless of the presence or
absence of relicts (Fig. 5A-B, Tables S1, S3); this value is higher than the value of 0.3 %o
reported for type | PO or POP chondrules by Kita et al. (2010), but similar to the value of 1.1
%o reported for carbonaceous chondrites by Marrocchi et al. (2018, 2019a). The highest 50
(i.e., isotopically heaviest) host olivine values seem restricted to analyses in chondrule

interiors (Fig. 6).
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Of our 649 oxygen isotopic measurements, only 17, or about 3%, correspond to relict
olivine grains according to the threshold of Ushikubo et al. (2012), much lower than the 17 %
and 10 % reported for the carbonaceous chondrites NWA 5958 (C2-ung) and Kaba (CV3) by
Marrocchi et al. (2018, 2019a). This is consistent with previous literature data: Hertwig et al.
(2018) reported 24 % of analyzed olivines in Kaba (CV3) to be relicts and Chaumard et al.
(2018) reported 14 % in Murchison (CM2), whereas Kita et al. (2010) reported 7 % in LL
chondrites. However, direct comparison of the absolute percentages may be hampered by
the different search strategies because the few analyses per chondrule in past literature
studies (usually n = 2-10; e.g., Kita et al., 2010; Rudraswami et al., 2011; Hertwig et al., 2018;
Chaumard et al., 2018; Tenner et al., 2018) may have been biased in favor of large host
olivine crystals. Relict olivine grains do not show any specific spatial distributions within
chondrules. They also have narrower ranges of Ti, Al, and Cr contents and Mg# than their
host olivine grains and are depleted in Ni and Mn (Fig. 7; Tables S1-S3). Of note, relict olivine
grains with A0 < -15%o are systematically depleted in all these elements except Cr (Fig. 7,
Tables S1-S3). Relict grains plot roughly along the Primary Chondrule Minerals (PCM) line
defined by Ushikubo et al. (2012) for the carbonaceous chondrite Acfer 094, but, like our
host grains, seem systematically shifted toward its left (Fig. 4). This can be quantified by the
mass-fractionation parameter Ao = 8%0 - 60 (e.g., Zanda et al., 2006; Figs. 8, S10),
which corresponds to the delta of the 80/0 ratio and is thus insensitive to 0
enrichments or depletions. A0 is on average 2.1 %o in relict olivines (n = 17 grains, 1 SD =
0.9 %o; Figs. 8, S10, Table S2) and 1.1 %o in host olivines (n = 11 chondrule averages, 1 SD =
0.5 %o; Figs. 8, S10, Table S3); these values are somewhat higher than the average of 0.45 %o
obtained for type | PO chondrules by Kita et al. (2010). In terms of this parameter, the PCM

corresponds to A0 = 2.7 %o (strictly speaking, [0.013 £ 0.013] x 50 + [2.7 £ 0.11] %o using
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the parameterization of Ushikubo et al., 2012), consistent with our previous data on relict
and host grains in carbonaceous chondrites (Marrocchi et al., 2018, 2019a; Fig. 8). Such
displaced A0 values in OC relict grains are also apparent in analyses of dusty grains
(Schrader et al., 2020) and the *°O-rich olivines of Baeza Bravo (2019), although one cannot
unequivocally distinguish between relicts and *°O-rich hosts in the latter study because of

the low number of analyses per chondrule.

4- Discussion

4-1 Origin of chondrule textures

In CCs, type | PO chondrules are characterized by complex chemical zonings at the
scales of both chondrules and individual olivine grains (Libourel and Portail, 2018; Marrocchi
et al.,, 2018, 2019a), with inner-chondrule olivine grains showing Al-, Ti-, Mn-, and Cr-
depleted cores surrounded by overgrowths enriched in those elements. At chondrule
margins, olivine grains exhibit asymmetric grain growths and distributions of trace and minor
elements, with Ca, Al, and Ti contents increasing and then decreasing toward the outer
chondrule edge (Marrocchi et al., 2018, 2019a). Our results show similar features for OC
chondrules with (i) chemically zoned trace and minor element contents (e.g., Al, Ti, Mn, and
Cr; Figs. 1-3, S2-S8; Table S1) and (ii) the asymmetric growth of outer-chondrule crystals
(Figs. 1-3, S1-S8). However, we also observed more complex textures such as hopper-
textured olivine crystals in porphyritic OC chondrules (e.g., Fig. 3), which, in CCs, have only

been reported in barred olivine chondrules (Libourel and Portail, 2018).
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Elements such as Cr might be mobilized during low-grade metamorphism (Grossman
and Brearley, 2005). However, Cr in type Il FeO-rich olivine grains is not affected in
Semarkona (Grossman and Brearley, 2005) nor in Piancaldoli (Marrocchi et al., 2020) but
could be modified in Bishunpur (Grossman and Brearley, 2005). Similarly, metamorphism
can slightly affect the Cr distribution in Mg-rich olivine grains of Bishunpur. For the other
elements, Ca could be affected due to its relatively fast diffusion within Mg-rich olivine but Ti
and Al are not affected as their respective diffusion rates in Mg-rich olivine are very slow
(e.g., Chakraborty, 2010), as may be judged from the preserved fine structure of the zoning.
The observed zonings thus appear inherited from the (pre-accretionary) chondrule-forming
processes.

Overall, the similarity of the features observed in OC and CC chondrules indicates
that these processes were essentially the same at different heliocentric distances in the
protoplanetary disk: (i) the melting of precursor aggregates containing isotopically diverse
(and sometimes AOA-like) materials produced, owing to partial evaporation, refractory Ca-
Al-Ti-rich melt; (ii) crystallization of Ca-Al-Ti-rich host olivines from the melt around
preserved Al-Ti-poor relicts; and (iii) the subsequent crystallization of Ca-Al-Ti-poor olivine,
especially on outer-chondrule rims, was enhanced by the recondensation of Mg and SiO
(also diluting the aforementioned refractory incompatible elements), which eventually also
promoted pyroxene crystallization (Libourel and Portail, 2018; Marrocchi et al., 2018, 20193;
Villeneuve et al., 2020; Jacquet et al., 2021). Interactions with the surrounding gases would
have rapidly buffered the O isotopic composition of the melt to that of the local reservoir,
which explains the limited variability of host olivine A0 values beyond analytical error. The
surrounding gases included SiO and likely also H,O (Ushikubo et al., 2012; Schrader et al.,

2013, 2014; Tenner et al., 2013, 2015; Hertwig et al., 2018; Chaumard et al., 2018), which
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may have isotopically exchanged O with the melt and/or contributed to the net influx of O

through reactions such as SiOg) + H,O(g) = SiO; ) + H2 (g).

4-2 Mass-dependent oxygen isotopic variations

Host olivine 620 and 60 values range from 4.0 %o to +9.0 %o and from -3.5 %o to
+6.5 %o, respectively (Figs. 4, S10, Table S1). Interestingly, they define a correlation (§'70 =
[0.76 + 0.06] x 860 - [0.08 + 0.14] %o; MSWD = 0.21, r* = 0.80, n = 632) whose slope is
shallower than that of the entire data set (0.97 £ 0.02; see section 3) but steeper than 0.52.
However, taken separately, the host olivine gains in individual chondrules plot along
particular mass fractionation (i.e., slope 0.52) lines (e.g., Bishunpur Ch-6, Fig. 5A). This
implies that the intermediate slope observed in the combined host olivine data set results
from the various A0 values of the individual chondrules (Figs. 8, S10, Table S3). Finally, the
intra-chondrule ranges of host olivine 80 values vary from 1.7 to 13 %o (with intra-
chondrule host olivine 1 SD of 0.5 — 1.9 %o.; Table S3), with the largest intra-chondrule
variations being comparable to the range of the entire host olivine dataset.

In this subsection, we investigate the origin of these isotopic variations. We first note
that oxygen diffuses very slowly in solid olivine (e.g., diffusivities below 107" m?/s,
corresponding to ~1 um?/d, below 1600 °C; e.g., Chakraborty, 2010), such that each olivine
spot should preserve the O isotopic composition it had upon crystallization. Although such
isotopic variations might be explained by melt-crystal isotopic fractionations, the observed
variations are larger than those predicted under equilibrium crystallization (e.g., In(Qojivine-
basattic mett) = 6 200ivine — 8 Obasattic melt < 1%o; Eiler, 2001; Zhao and Zheng, 2003). Another

possibility is kinetic fractionations induced by diffusion and growth reactions (Tiller et al.,
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1953; Smith et al., 1955; Albarede and Bottinga, 1972). Specifically, a boundary layer that
has become depleted or enriched in some element via crystallization may induce diffusive
transport of that element in the melt, and thus isotopic fractionation if the diffusivity
depends on isotopologue mass. Such a process could generate isotopic fractionations as
large as ~10 %o for 80 (Jambon, 1980; Watkins et al., 2017), of similar magnitude to those
observed within OC chondrules. (Figs. 4, 5; Tables S1, S3). However, we exclude this process
for several reasons. First, the fast crystallization of large crystals (>0.5 cm) is required to
produce such extended isotopic fractionations, whereas all chondrule olivine grains are
smaller than 200 um (excluding the large olivine crystal in chondrule Ch-6 of Piancaldoli; Fig.
S4). Second, the power law dependence on isotope mass used by Jambon (1980) is rather
high for natural condensed systems (Lesher, 2010; Watkins et al., 2017). Third, convective
(isotopically insensitive) transport must be negligible, which Jambon (1980) deemed unlikely
for viscosities below 10° Pa-s, an upper limit for typical high-temperature chondrule melts
(e.g., Gooding and Keil, 1981). Finally, the theoretical analytical model is only developed for
1D systems, whereas numerical 3D simulations tend to show reduced fractionations
(Watson and Miiller, 2009; Watkins et al., 2017). Therefore, the large, kinetic, and mass-
dependent isotopic variations observed within OC chondrules cannot have resulted from
chemical and isotopic disequilibrium during crystallization from chondrule melts, and olivine
crystals should essentially record the isotopic composition of their immediate parental melt.

The large observed O isotopic variations could also be related to gas-melt
interactions during chondrule formation. Although a single O-bearing molecule is often
considered in isotopic models of chondrule formation (i.e., only H,O) or SiO)), several
major O-bearing molecules co-existed, whether considering (i) a high-temperature gas of

solar composition (Larimer, 1967; Lodders, 2003; Javoy et al., 2012), (ii) a dust-enriched
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region subject to evaporation (Ebel and Grossman, 2000), or (iii) impact-generated vapor
plumes (Visscher and Fegley, 2013). Equilibrium fractionations between the main O-bearing
species at temperatures of 500-1573 K (i.e., SiO), H20(g), and COy,); Richet et al., 1977; Javoy
et al., 2012) would predict §'°0 values increasing in the order olivine = SiO(g) < H,0(g) < CO(g)
(with the last being about 3 %o higher than the first at the highest temperatures; e.g. Javoy
et al., 2012). Consequently, olivine should be isotopically lighter than the nebular gas. This
would account for the low average A0 values of the olivine hosts (1.1 %o) compared to the
whole-rock chondrites (1.53 and 1.89 %o for Piancaldoli and Bishunpur, respectively; Zanda
et al., 2006; Marrocchi et al., 2020). With varying temperature, changing fractionation
factors and condensate/gas ratios would yield only minor isotopic variations in olivine, <2 %o
for 620, even allowing for fractional condensation (Kita et al., 2010), and thus cannot be
responsible for most of the observed intra-chondrule variations. We note in passing that our
type | PO chondrules are isotopically comparable to Kita et al.’s (2010) type | POP and PP
chondrules but at odds with the lighter isotopic compositions of their type | PO chondrules,
which they ascribed to higher equilibration temperatures.

Considering gas-melt interactions, the oxygen isotopic compositions of chondrule
precursors may have differed from that of the surrounding gas, and molten chondrules
would have evolved toward equilibrium. This would imply that host olivine grains that
crystallized at various stages of the gas-melt isotopic exchange (by continual condensation
and evaporation) record that isotopic evolution, and thus varying A*’O and/or A0 values.
However, this is not consistent with the uniform A0 values obtained for host olivine grains
(within analytical errors). One could, of course, conceive that the endmembers of this
putative mixing lay along a slope 0.52 line (i.e., constant A’0) in the oxygen three-isotope

plot, but relict grains (which would be representative of the solid precursors) are generally
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displaced from their hosts (closer to the gas-solid average) roughly along a line of slope 1
(e.g., Figs. 4, 5B, 8, S10). Consequently, any evidence of an initial isotopic disequilibrium
must have been lost when the host olivines started to crystallize.

However, even if the ambient gas and chondrule melts were at isotopic equilibrium,
chemical disequilibrium could have induced isotopic variations via the net transfer of oxygen
from one phase to another. This would tend to temporarily enrich the latter phase in light O-
isotopes because, at a given temperature, lighter isotopologues move faster from one phase
to another than their heavier counterparts (e.g., Richter et al., 2002; Fig. 9). Importantly,
such isotopic fractionations would have been mass-dependent and thus would have not
affected the A0 value, as observed in OC chondrules (Fig. S10).

In more detail, oxygen would suffer a net evaporation during the initial heating of
chondrule precursors, inducing the preferential loss of light isotopes to the undersaturated
gas (Fig. 9). Assuming that evaporation coefficients are not mass-dependent, the
evaporating SiO may have presented a fractionation relative to the source melt down to
[M(Si*°0)/M(Si*®0)]¥2 - 1 = —22 %o for 620 (e.g., Richter et al., 2002). Via this mechanism,
the melt could have attained the isotopically heaviest compositions observed in host olivine
grains after a few tens of percent of evaporation. As that olivine would have started
crystallizing after the evaporation stage, the earliest host olivine to crystallize would have
been isotopically heavy. These early-crystallized host olivine grains would have formed the
immediate overgrowths of relict crystals in chondrule interiors, which may explain why the
heaviest compositions are observed in some interior grains (Fig. 9). The fact that these
compositions are not clearly spatially systematic may reflect various degrees of overlap of
SIMS analytical spots with relict grains (not necessarily manifest in A'0; e.g., Bishunpur Ch-

2) or the outermost (later-crystallized) parts of the overgrowths.
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Upon cooling, the preferential condensation of light isotopes from the oversaturated
gas would gradually shift the melt isotopic compositions toward lighter values, as recorded
by the successively crystallized olivine. Of note, the melt composition might even
temporarily become isotopically lighter than the equilibrium prediction before converging
back toward it as the oversaturation of gaseous species eventually decreased (Fig. 9). The
intensity and record of these isotopic variations during host olivine crystallization would
depend on the exact thermal history, which might have been more complicated than a single
heating and cooling stage. Our isotopic data show A™0 values (extending to negative values)
beyond equilibrium fractionation predictions from an isotopically homogeneous bulk OC-like
reservoir (Fig. S10), implying that the range of isotopic compositions within each individual

chondrule was set by these kinetic effects.

4-3 OC chondrule precursors and their relationship to the CC reservoir

It is well known that most OC chondrules have A0 values higher than most of their
CC counterparts (e.g., Kita et al., 2010; Tenner et al., 2018; Figs. 8, S10), possibly due to
protracted gas-melt interactions during or before the chondrule-forming event(s) (e.g.,
Marrocchi et al.,, 2019a). Combined with literature data, our results reveal that OC
chondrules also have lower A0 values than CC chondrules (Figs. 8, S10). Besides, the
average difference between the host olivine A0 values in OC (1.1 £ 0.5 %o, 1 SD) and CC
chondrules (3.4 = 0.5 %o, 1 SD; Marrocchi et al., 2018, 2019a) is consistent with the average
difference between those of the bulk chondrules (OCs, 1.4 + 0.4 %o; CCs, 3.5 + 0.5 %o, 1 SD;
Clayton et al., 1983, 1991; Clayton and Mayeda, 1985, 1999; Mayeda et al., 1988; Rubin et

al., 1990; Weisberg et al., 1993; Jones et al., 2004). Furthermore, CC chondrules show intra-
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chondrule mass fractionations (1 SD = 1.1 %o for 8'80; Marrocchi et al., 2018, 2019a) similar
to those observed in OC chondrules (1 SD = 1 %o for 5'0; Table S3; see section 3), although
the former was not previously noticed due to the larger mass-independent variations
observed in CC chondrules. This suggests that the kinetic effects during host olivine
crystallization discussed in the preceding section, regardless of their causes, occurred with
similar magnitudes in both chondrite classes, in good agreement with their textural
similarities. However, the observed difference between the A0 values of CC and OC
chondrules (~2 %o) is larger than those produced during the chondrule-forming events
themselves (intra- and inter-chondrule A0 SD = ~0.7 %o and ~0.5 %o, respectively, in both
OCs and CCs; Figs. 8, S10, Table S3), indicating that OC chondrules cannot be derived from
the CC reservoir by kinetic effects attending one chondrule-forming event. Interestingly, in
OC chondrules, low A0 values are observed for (i) both relict and host olivine grains (Figs.
8, S10, Tables S1-S3) and (ii) chondrules with negative A0 values (e.g., Piancaldoli Ch8; Figs.
8, 10; Tables $1-53). These low A0 values in OC chondrules are also similar to those of their
host chondrites, with the average bulk OC A0 value being 1.6 %o, compared to 3.8 %o for
CO chondrites (Zanda et al., 2006). This suggests that the different O isotopic compositions
of the OC and CC reservoirs were already established before the final chondrule-forming
events.

Two distinct types of relict grains occur in OC chondrules: (i) those with low trace
element contents, A0 < -15 %o, and A0 values similar to those of CC relict and host
olivine grains and (ii) those with varying trace element contents, A0 = -5.5 %o, and A0
values lower than those of CC relict and host olivine grains (Figs. 7, 8). Interestingly, the
former (or at least the two found in this study) have chemical and isotopic features similar to

CC relicts’, which characteristics have been interpreted as inherited from nebular
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condensates similar to AOAs (Marrocchi et al., 2018, 2019a; Villeneuve et al., 2020; see Fig.
8, S10). This thus suggests a genetic link between early condensates and chondrules in both
the OC and CC reservoirs. Conversely, OC relicts with A0 = =5.5 %o, although having similar
A0 and minor element contents than CC host olivine grains, show significantly different
A0 values compared to CC relict and host olivine grains (Fig. 8). This indicates that even the
®*0-rich materials in OCs are not dominated by a contribution from the CC reservoir,
consistent with the limited mixing between C and NC reservoirs inferred from the O-Cr-Ti
systematics of NC and CC chondrules (Schneider et al., 2020). This is also consistent with the
paucity of refractory inclusions in OCs (usually <<0.1 vol %, e.g., Kimura et al., 2002,
compared to 1-13 vol % in CV, CO, and CM chondrites, e.g., Krot et al., 2014), which limits
the contribution of CC material in OCs to less than ~1 % in order of magnitude (not to
mention the possibility that part of the refractory inclusions may have never been through a
C reservoir, if they were dispersed throughout the disk before the C/NC dichotomy came
into being). The type (ii) relicts could result from extensive recycling of previous chondrule
generations, as suggested by the high chondrule fraction in OCs (Figs. 10-11).

To quantitatively estimate this process, we refer to the Marrocchi et al. (2019a)
chondrule recycling calculation and assume that (i) the different chondrule-forming events
experienced by a given grain of nebular matter were independent and rare, and (ii) the
chondrule/matrix ratio of an OC is representative of the chondrule/dust ratio of the
reservoir from which it formed. Considering the modal chondrule abundances of 81 and 84
% in Piancaldoli and Semarkona, respectively (Zanda et al., 2006; Marrocchi et al., 2020), the
model of Marrocchi et al. (2019a) would then imply that ~61 and 66 % of chondrule matter
had been recycled from previous chondrule-forming events. In this framework, the higher

the modal abundance of chondrules, the higher the amount of chondrule reprocessing.

22



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

Interestingly, the A0-AY0 trend could be related to the abundance of chondrules in the
different types of chondrites, with relatively chondrule-rich chondrites showing lower A0
values (Figs. 8, 10). Then, the intermediate position in the A'®0-A"0 diagram of OC relicts
[type (ii)] with AYO = -5.5 %o and A0 = 2.1 %o, may record previous steps of chondrule
recycling if they indeed represent the debris of earlier generations of chondrules. That is,
although a single chondrule-forming event may not have produced sufficient mass
fractionation to account for the presently observed shift of the chondrule hosts from the
PCM, the cumulative effect of several such episodes may have (e.g., by some distillation
process in which the isotopically heavy gas was lost after each episode). Such a high degree
of OC chondrule reprocessing may explain the low abundance of isotopically identifiable
relict olivine grains, in particular those from pre-chondrule (AOA-like) precursors [the type (i)
of the previous paragraph], compared to CCs. This thus attests to the higher efficiency of
transient thermal events in the inner solar system. Our results thus demonstrate the
predominant role of gas-melt interactions under different conditions in the inner and outer
solar system in generating the petrographic and isotopic features of OC and CC chondrules
(Fig. 11).

Although OCs and CCs show different A0 values (Figs. 8, 10, S10, S11), they form a
continuum trend from the low A0 and high A0 values of CK- and CM-related chondrites
(e.g., NWA 5958) to high A0 and low A0 values of OC chondrites (Fig. 10, S11). This
continuum contrasts with the gaps reported in other isotopic biplots (e.g., tracing inherited
presolar components) used to discuss the NC-C dichotomy (Warren, 2011; Kruijer et al.,
2017, 2020; Nanne et al., 2019; Burkhardt et al., 2019; Kleine et al., 2020). That said, A0
values may still be used to a first order to constrain the NC or C origin of a given

chondrule/grain as both chondritic superclans are well-resolved in the A0-AY0 diagram
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(Figs. 8, 10, S11). We note that although import from CC into the NC reservoir seems quite
small, evidence for isotopically NC-like chondrules in CV and CK chondrites (Williams et al.
2020) and OC-like dusty olivine relicts in CM chondrules (Schrader et al. 2020) suggests more

important, if limited, transport in the other direction, from NC to CC.

5- Concluding remarks

We performed high-resolution elemental X-ray mapping analyses coupled with in situ
O isotopic measurements of most of the visible olivine grains from 11 chondrules in the
Bishunpur, Piancaldoli, and Semarkona ordinary chondrites. Our main results are:
1- OC olivine-rich chondrules are characterized by complex chemical zonings at both the
chondrule and grain scales. Inner-chondrule olivine grains have Al-, Ti-, Mn-, and Cr-depleted
cores surrounded by overgrowths enriched in those elements, whereas outer-chondrule
olivines grew asymmetrically and are depleted in refractory elements toward the chondrule
edges.
2- All olivine grains define a good correlation with 50 =[0.97 + 0.02] x 6'%0 - [1.0 + 0.9] %o
(MSWD = 4.7, r* = 0.94, n = 649). Host olivines define another correlation with a shallower
slope: 870 = [0.76 £ 0.06] x §'®0 - [0.08 + 0.14] %0 (MSWD = 0.21, r* = 0.80, n = 632).
3- Relict olivine grains, if identified as having A*’O values beyond 30 of those of their host
grains, represent only 3 % of the analyzed olivines. This abundance is lower than that
reported in CC chondrules (~10-20 %). Two types of relicts were observed: (i) those with
extreme °0 enrichments (A0 < -15 %o) and low Al,O; and TiO, concentrations and (ii)
those with moderately negative A'’O values around -5.5 %o and variable minor element

abundances.
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From these data, we drew the following conclusions:
1. The similar features observed in OC and CC chondrules indicate that chondrule formation
processes were essentially the same within different reservoirs of the protoplanetary disk.
The melting of precursor aggregates containing isotopically diverse material produced
refractory Ca-Al-Ti-rich melts from which host olivine grains crystallized around preserved Al-
Ti-poor relicts. The subsequent crystallization of Ca-Al-Ti-poor olivine grains, especially at the
outer edges of chondrules, resulted from the recondensation of Mg- and SiO-rich gas.
2- Host olivine grains in both OC and CC chondrules show intra-chondrule mass-dependent
variations along lines of slope 0.52, with 1 SD = 1 %o for 6'0. In CC chondrules, these
variations were not previously noticed because of the larger mass-independent variations
shown by relict grains commonly measured in CC chondrules.
3- These mass-dependent intra-chondrule isotopic variations can only be explained by
kinetic effects during gas-melt interactions, and result from evaporation and recondensation
during chondrule formation.
4- The distinct A™®0 (= 3'%0 - 8'’0) and A0 values observed in OC and CC chondrules at
both the bulk chondrule and individual grain (host and relict) scales indicate that the OC and
CC reservoirs were already separated before the final chondrule-forming events.
5- Among relict grains, those with extreme *°0-enrichments (A0 < -15 %o) and low Al,O;
and TiO, concentrations share similarities with AOA olivine grains, indicating a genetic link
between early-condensed refractory inclusions and chondrules. Although the other relict
grains with A0 = -5.5 %o and variable trace element abundances share similarities with CC
host olivine grains, their distinct A™0 values imply that they do not result from the recycling
of CC chondrules. Instead, this supports a local origin for OC chondrules, which resulted from

several episodes of chondrule formation.
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6- The A®0-AY0 trend appears to be controlled by the abundance of chondrules, which
might result from cumulative effects over several chondrule-forming events. The enhanced
recycling of OC chondrules resulted in lower abundances of relict grains compared to CC
chondrules.

7- Although the A'™0-AY0 trend displays an isotopic continuum unlike the real gaps
observed in other isotopic biplots featuring the NC-C dichotomy, the A0 parameter can be

used, to a first order, to decipher the NC vs. C origin of a given chondrule.
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Figure Captions

Fig. 1. (A) Back-scattered electron image of type | PO chondrule Ch-5 in LL3.15 Bishunpur
(section 2491sp4). Bright spots are metal beads. Black circular pits are previous LA-ICP-MS
analytical spots. (B) High-resolution TiO, X-ray map, revealing internal structures and
emphasizing that chondrules are radially zoned: the outer parts of chondrules contain Ti-rich
olivine grains and chondrule interiors are dominated by smaller, Ti-poor olivine grains
surrounded by mesostasis. Ti-rich overgrowths commonly mantle Ti-poor olivine cores. (C—F)
High-resolution Al,03, CaO, MnO, and Cr,03 X-ray maps, respectively. Color scales represent
the chemical composition of olivine grains; reddish colors indicate high abundances of minor
elements in other phases (e.g., mesostasis). Of note, this compound chondrule corresponds

to Bi30 in Jacquet et al. (2015) and Jacquet (2021).

Fig. 2. (A) Back-scattered electron image of type | PO chondrule Ch-2 in LL3.15 Bishunpur
(section 2491sp4). Black circular pits are previous LA-ICP-MS analytical spots. (B) False-color
X-ray composite map with Mg in red, Fe in green, and Si in blue; olivine appears in magenta,
pyroxene in purple, mesostasis in blue, and metal and sulfides in shades of green. (C)
Cathodoluminescence map revealing internal structures and emphasizing that chondrules

are radially zoned.

Fig. 3. (A) Back-scattered electron image of type | PO chondrule Ch-6 in LL3.15 Bishunpur
(section 2491sp4). Black circular pits are previous LA-ICP-MS analytical spots. (B—F) High-
resolution TiO,, Al,O3, CaO, MnO, and Cr,03 X-ray maps, respectively, as in Fig. 1. Of note,

this chondrule corresponds to Bi6 in Jacquet et al. (2015).
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Fig. 4. Oxygen isotopic compositions of the entire dataset of chondrule olivine crystals from
the LL3 Bishunpur, Piancaldoli, and Semarkona chondrites. The data highlight important
mass-independent variations (up to 50 %o), defining a good correlation: §70 = [0.97 + 0.02]
x 580 - [1.0 £ 0.9] %o (MSWD = 4.7, r* = 0.94, n = 649). Relict olivine grains (n = 17; following
the definition of Ushikubo et al., 2012) have variable O isotopic compositions. Host grains
define a correlation of 6’0 = [0.76 + 0.06] x §'®0 - [0.08 + 0.14] %o (MSWD = 0.21, r* = 0.80,
n = 632) and are characterized by a slope shallower than that of the entire dataset but
steeper than 0.52. The Terrestrial Fractionation Line (TFL) and Primary Chondrule Minerals

line (PCM; Ushikubo et al., 2012) are shown for reference.

Fig. 5. (A) Oxygen isotopic composition of olivine grains in chondrule Ch-6 from LL3.15
Bishunpur. All olivine grains in this chondrule correspond to host olivines, with relatively
constant A0 = 0.9 + 0.8 %o but variable §'20 values from 0.9 to 6.4 %o. This defines a good
correlation with 670 = [0.52 + 0.06] x §'%0 + [0.9 + 0.2] %o (MSWD = 1.70, r* = 0.75, n = 65),
revealing important mass-dependent fractionation within this chondrule. (B) Oxygen isotopic
composition of olivine grains in chondrule Ch-6 from LL3.10 Piancaldoli. This chondrule
contains seven relicts with variable *°0 enrichments. Host grains define a good correlation
with 670 = [1.00 + 0.11] x 8§"0 - [1.7  0.6] %0 (MSWD = 2.52, r* = 0.73, n = 50). This trend
indicates that the host grains follow the mass-independent fractionation trend of the relicts,
thus emphasizing the respective roles of gas-melt interactions and the recycling of refractory

inclusions.
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Fig. 6. Gray-scale high-resolution TiO, X-ray maps of chondrules (A) Ch-1 from Bishunpur and
(B) Ch-25 from Piancaldoli. TiO, concentration increase from black to white. The O isotopic
compositions (6'%0) of olivine grains are overlain (color scale). Olivines in the inner and
outer parts of the chondrules tend to have isotopically heavier and lighter compositions,
respectively. Isotopic zonings are also observed at the grain scale (see section 4.2 for

details).

Fig. 7. AY0 values as functions of incompatible element concentrations: (A) TiO,, (B) Al,03,
(C) Cao, (D) MnO, and (E) NiO. 16O—poor host olivine grains exhibit variable minor element
compositions, whereas ®0-rich relict grains define two distinct groups: (i) those with
extreme *°0 enrichments (A0 < -15 %o) are systematically Al- and Ti-poor, whereas others
(i) with A0 = —5.5 %o show variable minor element abundances. (F) Mg# vs. AY0 values. In
all plots, the black line and gray rectangle define the average A0 value and 2 SD range,

respectively, for all host olivine grains. (A*’O vs. Cr,0; is shown in Fig. $12).

Fig. 8. A'®0 vs. A0 diagram for host and relict chondrule olivine grains from OCs (red) and
CCs (blue). The A0 and A0 values of host olivines (squares) correspond to average values
for each individual chondrule, whereas those of relict olivines represent measurements of
individual grains (circles). The mean host chondrule values and 1 SD ranges are represented
as solid-colored lines and colored rectangles, respectively (OCs, 1.1 + 0.5 %o; CCs, 3.4 £ 0.5
%o; 1 SD). The colored dashed-dotted lines represent the mean OC and CC host chondrule
compositions along lines parallel to the PCM (black dashed-dotted line). O-isotopic
compositions of olivine grains in AOAs are shown for comparison. The TFL and PCM are

shown for reference; the black solid PCM line shows a constant A0 =27 %o, Whereas the
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black dashed-dotted line is the true PCM. Errors on A*®0 are 2 SD whereas those on A0 are
2 SE. CC data, for the C2-ung NWA 5958 and the CV3 Kaba, are from Marrocchi et al. (2018,
2019a), respectively. Oxygen isotopic data of Kaba (CV3.1) and DOM 08006 (C03.05) AOAs

are from Krot et al. (2019); Marrocchi et al. (2019b) and Fukuda et al. (2021).

Fig. 9. Schematic representation of gas-melt interactions during the OC chondrule-forming
events. Upon heating, the partial melting of proto-chondrules removed any evidence of
early isotopic disequilibrium within the melt. Chemical disequilibrium between the melts
and the undersaturated gas caused the evaporation of isotopically light gas, forming
isotopically heavy chondrule melts. Upon cooling, the condensation of the isotopically light
gas onto the chondrules progressively enriched the chondrule melts in light O isotopes. The
subsequent fractionated crystallization of olivine grains, either as overgrowths on relict
olivines or as new grains, preserved the successive O isotopic compositions of the melt. Host
olivine grains thus record the O isotopic evolution of the melt from heavy to lighter
compositions. We note that the true extent of the mass-dependent O isotopic fractionation

depends on the exact thermal history. See section 4.2 for further details.

Fig. 10. A0 vs. A0 diagram of (A) the average O isotopic compositions of host olivine
grains and (B) the O isotopic compositions of bulk chondrules for OCs (diamonds) and CCs
(circles), represented as a function of the modal abundance of chondrules in each chondrite
(color scale). The solid gray line represents the PCM at a constant A0 = 2.7 %o, whereas the
dashed-dotted line is the true PCM line. In (A), errors on A0 are 2 SD and those on A0 are
2 SE; average host O isotopic compositions are from this study and Kita et al. (2010),

Chaumard et al. (2018), Hertwig et al. (2018), Marrocchi et al. (2018, 2019a), Schneider et al.
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(2020), and Williams et al. (2020). In (B), errors on A0 and A0, when given, are smaller
than the symbol size; bulk chondrule O isotopic compositions are from Clayton et al. (1983,
1991), Clayton and Mayeda (1985, 1999), Mayeda et al. (1988), Rubin et al. (1990), Weisberg
et al. (1993), and Jones et al. (2004). Chondrule fractions in the different chondrite groups

are from Scott and Krot (2014) and normalized to 100 %.

Fig. 11. Schematic representation of OC chondrule formation. Early-condensed 180-rich AOA-
like dust was recycled though partial melting and gas-melt interactions. This included (i) the
melting of AOA-inherited Ti-Al-rich components, (ii) the partial dissolution of °0-rich relict
olivine grains (orange), and (iii) the crystallization of Ti-Al-rich and °0-poor host olivine
(blue). Later recycling of earlier OC chondrule generations occurred following the same
processes. The partial melting of previous generations of olivine grains, including both relict
and host grains, and interactions with a relatively *°0-poor gas created different types of
relicts (Relicts #1 inherited from AOA-like dust in orange, and Relicts #2 inherited from early
chondrule host olivine in blue) and newly crystallized °0-poor host olivine grains (black).

See section 4.3 for further details.

38



250 Cr,03 (Wt%) [MORE:

961

962 Fig. 1

39



963

964 Fig. 2



MnO (ppm) 200 Cr,05 (Wt%)

965

966 Fig. 3
41



10+ N = 649
N [Host] = 632 ’@"‘}:}’u
Or o &
2-10}
S
T 20
-30
-e- Host
40+ Relict
-40 -30 -20 -10 O 10
5180 (%)
967
968 Fig. 4

42



Bishunpur Ch-6

10
57

N [Host] = 50

~®)) zZ
%

N [Host] = 65
Piancaldoli Ch-6

-o- Host

Relict

10

-30 -20 -10 O

40

10

(°%) 0,9

| |
o o o
~— Al

10} B
-30F

(°%) 0,9

40}

5180 (%.)

969

Fig. 5

970

43



971

972

5180

(%)

ERCHCRN

Fig. 6

44




10 10
A -e- Host B -o- Host
| Relict . Relict
* X
A S > |
N - ()
© 10 10
5 -
20} N =598 20} N =598
N [Host] = 585 N [Host] = 585
0.00 005 010 0.15 020 0.0 0.1 O. 2 0.3 0. 4 0. 5 0.6
10 10
C -e- Host -e- Host
Relict Relict
. . ( ] .).‘r.\'... )
'9 10 10
o -
20} N =598 20k N = 598
N [Host] = 585 N [Host] = 585
0.00 025 050 075 1.00 0.0 0.1 0.2 0.3 04
CaO (wt%) MnO (wt%)
10 10
E -e- Host F e Host
| Relict Relict
¢ ‘od
o C o5
© 10 10
5 -
20+ N =585 20F N =598
N [Host] =572 N [Host] = 585
0.00 005 010 0.15 020 95 96 97 98 99 100
NiO (wt%) Mg# (mol%)
973
974 Fig. 7

45



- T
) I b
|

O -10f

~ i
- @ OC
]
. Host
]

-20 A Relict

P o

A ,

AA%A A AOAs
| NI | |

-2.5 0.0 2.5 5.0 7.5

975

976 Fig. 8

977

46



3180 or A180 A R A
Melting of relict-bearing chondrules

m o
< e
Molten & & 8% l
chondrule o B <9 ‘
8 a Bo Evaporation of
: =) S isotopically light gas
- forming isotopically heavy
chondrule melts
4l e T
3|2 4 Condensation of isotopically light gas
® (35 Y ¢ S 3
S 4 and crystallization of olivine grains
3 2 g preserving isotopically heavy melt
2 p = compositions
2 8 a
E S l
o ) )
= Progressive shift toward
of chondrule melts and
" Gss i 5180 | 12 - Melt/Olivine newly-formed crystals
3 A0 Gas
978
979 Fig 9

47



980

981

A170 (%o)

A170 (%)

-10

B XCh (VOIO/O) A
80
60 TFL
— @ @—
40 —er
_..?;.,(...?!::'
20 : _e..rz_@}\:—
_ = eNeY—
=_,%'g_,(?q=,_;r_\=-—
_._
o| e
[ | | | | |
" Xcp, (VOI%) B
80
60 TFL
®) 9
40 P
clony &
20 0 L0 e
| .'.(:j‘}A
[}
°
[
[ | | I |

-5.0 -2.5

0.0

A180 (%.)

Fig. 10

48



982

983

A170 (%) A170 (%)

A170 (%)

-10F

20+

-10f*

10

10

1 1 1
0.00 0.05 0.10 0.15 0.20
TiO, (Wt%)

Fig. 11

49

AOA-like dust:
+ Ca-Al-Ti nodules

Melting of AOA-like material
+ gas-melt interactions

Early OC chondrule generations:
relicts and host olivine

Melting of earlier-formed
chondrules + gas-melt interactions

Final OC chondrule:
and relicts,
and 17.180-rich host olivine



