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Abstract

The formation of chondrules involved major processes in the protoplanetary disk and therefore needs to be understood.
Identifying possible precursors and the conditions of their transformation into chondrules is an essential step. Here we inves-
tigate whether refractory inclusions (RI) can be converted into Type IA chondrule analogs by isothermal heating and dynamic
crystallization experiments, and report a new constraint on chondrule peak temperatures. We prepared synthetic calcium-
aluminum-rich inclusions (CAI) by sintering <20 um An + Di + Sp powder at 1200 °C and synthetic AOA analogs from
crushed <5 pm Fo gel or San Carlos olivine mixed with nuggets of synthetic CAI. We used the AOA analogs as starting mate-
rials in experiments and were able to reproduce the textures and mesostasis compositions of Type IA chondrules. However, in
the charges, the olivine lacks asymmetric zonation and our mesostasis compositions show olivine fractionation trends, two
differences from Type I chondrules indicating the requirement of condensation of Mg and SiO in the latter. Relict spinel is
present in isothermal runs up to 1550 °C, but is totally resorbed by 1600 °C. We conclude that CAI and AOA were sintered
essentially at their condensation temperatures and are appropriate precursors for chondrules. Chondrules with relict spinel
must have formed at <1600 °C, much lower than their liquidus temperatures (~1750 °C). Such peak temperatures are con-
sistent with models of condensation during chondrule formation. In typical chondrules with no inclusions of AOA or CAl,
spinel is an indicator of their near complete assimilation. Grains of spinel (sensu stricto) in chondrules are relicts of RI and
constitute a largely untapped cosmochemical resource for the investigation of chondrule provenance.
© 2021 Elsevier Ltd. All rights reserved.
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olivine aggregates (AOA); Solar nebula; Experimental petrology

1. INTRODUCTION

Meteorites have given us an understanding of the evolu-
tion of our solar system. Chondritic meteorites contain
refractory inclusions (RI) and chondrules, among the oldest
materials known (Amelin et al., 2002; Connelly and
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Bizzarro, 2018). These materials witnessed the earliest
astrophysical, and perhaps geological, processes in the
Sun’s protoplanetary disk (e.g., Krot and Nagashima,
2017). Chondrules are comprised primarily of olivine,
pyroxenes, Fe, Ni-metal, troilite and glass and RI include
Ca-Al-rich inclusions (CAI) containing Ca-Al-rich oxides
and/or silicates, and amoeboid olivine aggregates (AOA).
Fine-grained and fluffy CAI (Kornacki and Wood, 1984;
MacPherson and Grossman, 1984) are widely considered


https://doi.org/10.1016/j.gca.2021.12.022
mailto:scott.whattam@kfupm.edu.sa
https://doi.org/10.1016/j.gca.2021.12.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2021.12.022&domain=pdf

S.A. Whattam et al./ Geochimica et Cosmochimica Acta 319 (2022) 30-55 31

to have formed as solids condensed from a solar or chon-
dritic gas and many compact CAI have undergone melting.
AOA contain forsteritic olivine and a Ca-Al-rich compo-
nent composed of Al-diopside, anorthite and Mg-spinel.
They are inferred to be annealed aggregates of high-
temperature nebular condensates (Komatsu et al., 2001;
Krot et al., 2004b).

The relationship between RI and chondrules, the pro-
duct of widespread early melting, is crucial to understand-
ing the early history of the solar system. RI appear to be
more primitive than chondrules as they have more refrac-
tory compositions (Grossman, 1972; Wood and
Hashimoto, 1993; Ebel, 2006), and their range of radiomet-
ric ages is more restricted (Connelly et al., 2012; Bollard
et al., 2015) than those of chondrules. Refractory inclu-
sions, particularly the Mg-rich AOA, are in many cases
enclosed within Mg-rich chondrules (Misawa and
Nakamura, 1996; Scott and Krot, 2003; Krot et al., 2005;
Krot et al., 2017; Marrocchi et al., 2019a) and Al-rich chon-
drules (ARC, Krot et al., 2002; Zhang et al., 2020). How-
ever, chondrule fragments caught up inside RI are very
rare (Itoh and Yurimoto, 2003; Krot et al., 2005).

These observations have led to suggestions that nebular
condensates of AOA and CAI are major precursors of Type
I (Mg-rich) chondrules (e.g., Russell et al., 2000; Krot and
Keil, 2002; Krot et al., 2006a,b), suggestions amply sup-
ported by later work (e.g., Schrader et al., 2018;
Marrocchi et al., 2019a). If so, the isotopic compositions
of any AOA inclusions in chondrules must yield informa-
tion on the timing and spatial extent of chondrule-gas inter-
actions (e.g., Tenner et al., 2018; Williams et al., 2020). We
have therefore prepared synthetic CAI and AOA materials
and subjected them to isothermal heating and dynamic
crystallization experiments to test their suitability to gener-
ate chondrules. Our results confirm that CAI and AOA are
viable chondrule precursors and indicate the conditions
under which traces of RI may have survived in chondrules.

2. ANALYTICAL AND EXPERIMENTAL METHODS

Our experiments to investigate the response of AOA to
melting consist of two distinct stages. We first simulated
fine-grained CAI, and made mixtures of the synthetic
CAI with olivine either as (a) annealed Fo gel or as (b)
crushed San Carlos olivine (SCO). Some of mixture (a)
was sintered into synthetic AOA. The compositions of these
three starting materials are provided in Table 1. The second
stage involves isothermal and dynamic -crystallization
experiments on these starting mixtures, to determine
whether any produced viable chondrule analogs. Details
of each stage are provided below.

2.1. Starting materials

We prepared synthetic CAI material comprised of equal
fractions of <20 um An + Di + Sp (Miyakejima anorthite,
Fianarantsoa diopside and Burmese aluminous spinel) and
synthetic AOA, via mixtures of sintered synthetic CAI plus
either SCO or Fo gel (Table 1). The CAI mixture was
pressed into circa 200-300 mg cylindrical cores and

suspended in Re baskets fastened to platinum sample hold-
ers and subjected to 100 h duration heating at 1200 °C.
Trial and error accompanied by imaging determined that
these conditions produced coherent sintered CAI starting
materials. Fo sol gel was crystallized by heating at 1300 °
C for 40 h (Fa, typically finer than ~5 pm).

The sintered CAI starting material was subsequently
crushed and sieved to <43 um before being added to either
the Fo (<43 um) or SCO (<43 um). We sintered 35-40 mg
pellets of crushed Fo mixed with 200-300 um nuggets of the
1200 °C-100 h synthetic CAl-cores (35:65 CAIL:Fo) to act as
an AOA starting material. Additional mixtures of 80%
annealed Fo gel or <20 um San Carlos olivine with 20%
CAI were also prepared and used as pressed pellets in
experiments. In Fig. 1, the AOA-analog compositions are
compared to natural CAI, AOA and chondrule composi-
tions. They lie on an approximate mixing line from our
CAI compositions and the Fo endmember, and plot in
the area in which AOA and Type IA chondrules overlap.

Aside from differences in the ratios of olivine to CAI in
the synthetic CAI + SCO (20:80) and the AOA (35:65,
CAI:Fo) experiments, two principle differences exist. (1) In
the case of the former, the olivine is San Carlos (Fogg) oli-
vine and so has an iron component which the Fogo (gel)
does not; and (2) in the case of former, the CAI was pre-
sintered for 100 h at 1200 °C whereas in the latter, the
CAI component was sintered with Fo for 200 h at 1250 °C
to produce synthetic AOA staring material. These differ-
ences need be kept in mind when considering results.

2.2. Isothermal and dynamic crystallization runs

All three AOA-like compositions were used in melting
and crystallization experiments. For our synthetic AOA
isothermal melting experiments, the sintered AOA starting
material was simply heated at the same durations and tem-
peratures as in the runs to synthesize CAI. For the
CAI + SCO (20:80 mixture) pressed pellets, isothermal
heating runs were carried out at 50 °C intervals between
1250 °C and 1600 °C for 1 h.

Dynamic crystallization runs were also conducted using
the synthetic CAI + SCO mixture, synthetic CAI + Fo gel
(mixed as 20:80, CAI: Fo gel), and the synthetic AOA after
heating at 1600 °C for 1 h and cooling at 10 °C/h and
100 °C/h. All charges of the isothermal and cooling runs
were supported on Re wires and water-quenched after cool-
ing to 1000 °C within 5 s of removal from the furnace. An
oxygen fugacity of IW-0.5 was maintained in the furnace
with a mixture of CO-CO, (Nazfiger et al., 1971) using high
precision flowmeters. Fugacity is easily controlled within
4+0.1 log units. An S-type thermocouple (Pt100-Pt90:
Rh10) was calibrated against the melting point of Au
(1064 °C) and Pd (1554 °C) to monitor temperature. Sam-
ples were run in a 1 atm, DelTech DT-31-VT-OS vertical
furnace housed in the Department of Earth and Planetary
Sciences at Rutgers University. Charges were subsequently
mounted in epoxy, ground to a flat surface, polished and
carbon-coated for scanning electron microscope (SEM)
analysis. They were sectioned horizontally through the oli-
vine aggregate to examine melt infiltration. High-resolution



Table 1
Normalized compositions of starting materials.
San Fo Miyakejima  Fianarantsoa Burmese Bulk Bulk synthetic Bulk synthetic  Bulk synthetic ~ Type la ARC AOA Type C
Carlos  gel anorthite® diopside spinel synthetic CAI AOA (nominal) CAI + SCO CAI + Fo gel Chondrule average’ average® CAI
olivine® (33.3% An (65% Fo gel +  (20% synthetic  (20% synthetic ~ average® (reheated, average’
+33.3% Di +  35% synthetic CAI + 80% CAI + 80% Fo EMP)
33.3% Spl) CAI) SCO) gel)
SiO, 39.83 42.26 44.44 55.49 32.90 38.98 38.44 40.39 47.01 45.23 40.27 36.18
TiO, 0.02 nd 0.19 0.61 0.37 1.26
AlLO4 0.02 35.60 71.67 36.10 12.64 7.24 7.22 4.09 14.50 8.15 32.48
FeO 11.35 0.48 9.08 1.24 3.47 5.8 0.40
Cr,05 0.00 0.46 0.21 0.3 0.07
MnO 0.15 0.13 0.06 0.1
MgO 48.49 57.74 0.21 18.62 28.33 15.65 43.01 41.92 49.32 42.67 25.44 39.41 6.84
CaO 0.13 18.80 25.89 15.35 5.37 3.17 3.07 3.67 8.62 5.47 22.52
Na,O 0.02 0.47 0.55 1.67 0.11 0.22
K,O 0.19 0.02 0.01
Fogs4  Fojgo Angy Foog o
Calculated 1847 ° 1355 °C 1813 °C 1790 °C 1883 °C 1743 ° 1549 ° 1751 ° 1080 °C
liquidus*® C

Liquidus temperatures were calculated with Petrolog3 (Danushevsky and Plechov, 2011) with an oxygen fugacity of IW —0.5 (Borisov and Shapkin, 1990).
& Whattam et al. (2008).
® Milke and Metz (2002).
¢ Jones and Scott (1989).
4 MacPherson and Huss (2005).
¢ Komatsu et al. (2001).
T Beckett (1986) and Wark (1987).
& After Herzberg (1979).
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Fig. 1. Comparison of bulk compositions of natural CAI, AOA and Type IA chondrules with our synthetic CAI, CAI + Fo, CAI + SCO and
AOA mixtures in CaO + Al203-Si02-MgO + FeO space. Fields of Type IA chondrules, AOA and CAI are from McSween (1977a, b) and

Mason and Martin (1977). Abbreviations: SCO, San Carlos olivine.

back-scattered electron (BSE) images of the charges were
captured with a JEOL 6400 SEM in the Department of
Earth Sciences at Carleton University, Ottawa, Canada.
Images were typically taken at magnifications of 50x,
100x, 200x, 400x and 800x and enhanced with Corel
Photo Shop software.

Analyses of olivine, spinel, plagioclase, and groundmass
of the CAI plus San Carlos olivine charges and of AOA
(CAI with Fo gel) charges were made using an electron
probe micro-analyzer (EPMA, JEOL JXA-8600 SX) with
energy dispersive spectroscopy (INCA-6025, Oxford
Instruments) at Korea University in Seoul, South Korea.
As the synthetic CAI + Fo gel runs exhibit textural and
mineralogical characteristics which overlap both the AOA
runs and the CAI + SCO runs (Supplementary Fig. S1),
we did not probe these runs and do not discuss these runs
later in great detail.

The microprobe was operated with an accelerating volt-
age of 15.0 kV, a beam current of 3.0 nA, a live time of
100 s, and a probe diameter of 3 um, using ZAF correction.
The following natural mineral synthetic oxides were used
for calibration: quartz (Si), periclase (Mg), corundum
(Al), rutile (Ti), eskolaite (Cr), manganesite (Mn), hematite
(Fe), wollastonite (Ca), K-feldspar (K), and jadeite (Na).
The number of analyses (n) calculated in the mean are typ-
ically ~7-10.

Details of charges (starting and final run materials) of all
isothermal and dynamic crystallization runs are provided in
Table 2. All EPMA probe data are provided in Supplemen-
tary Tables S1-S2 and average detection limits and standard
deviations for all elements analyzed are provided in Supple-
mentary Table S3.

3. RESULTS
3.1. Starting material sintering experiments

For the CAI composition, low temperature and low
duration runs (e.g., 900 °C-50 h, see Table 2) the pressed

starting powder produced a non-sintered aggregate which
subsequently disaggregated when water-quenched upon
removal from the furnace and formed a clastic texture of dis-
crete unmelted grains. When heated for 100 h at 1200 °C it
produced sintered CAl-like material consisting of ~10—-
20 pm, subhedral spinel grains set in a fine-grained ground-
mass of An + Di (Fig. 2a). Its texture resembles that of a
fine-grained CAI from the Nangqiang carbonaceous chon-
drite (Lin et al., 2005), which is shown for comparison in
Fig. 2b.

Run times and/or temperatures below 100 h and 1250 °C
runs on synthetic AOA powder produced materials with dis-
tinct mineral fragments and lack of textural cohesion (minor
melting) (Supplementary Fig. S2, compare with Fig. 2). The
1250 °C-200 h sintered AOA-like material displays
irregular, forsterite grains commonly enclosing spinel
(Fig. 2c¢). Anorthite comprises part of the matrix but
identification of discrete grains was not made. AOA from
the ungrouped carbonaceous chondrite Acfer 094 (Krot
et al., 2004b) is shown for comparison in Fig. 2d and our
synthetic AOA closely mimics the natural one on a textural
basis.

3.2. Isothermal and dynamic crystallization experiments

3.2.1. Isothermal runs

The CAI + SCO powder, used as an AOA analog, pro-
duced charges with large CAI and olivine domains demar-
cated by sharp contacts (Fig. 3a, b) when heated at low
temperature (1250-1300 °C). Tiny pockets within the mas-
sive olivine (less than 10 um) contain Ca-Al-rich glass. By
1400 °C both the olivine and CAI domains are partly
melted and begin to come apart, and discrete small (circa
20 um) subhedral olivine crystals are apparent. By
1450 °C, some olivine grains have coarsened up to
~40 pm and are euhedral. Spinel is present up to
1550 °C. Grains continue to coarsen with temperature,
reaching a maximum of ~50 pm at 1550 °C and 1600 °C,
and the texture at these temperatures is similar to that of
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Experimental T, t conditions of sintering, isothermal and dynamic crystallization runs and identification of employed charges.

Synthetic CAI starting materials of An+Di+Sp mixed in equal fractions

T(°C) Soak time (h) Materials Grain size (< um) Puck number Charge number
900 50 An+Di+Sp 20 250 237
1150 50 An+Di+Sp 20 NA 224
1200 100 An+Di+Sp 20 273 260

AOA starting materials of synthetic Fo+CAI (see above) mixed as

65:35

T(°C) Soak time (h) Materials Grain size (< pm) Puck number Charge number
1200 10 Fo+(An+Di+Sp) 5/20 271 262
1200 50 Fo+(An+Di+Sp) 5/20 271 264
1200 100 Fo+(An+Di+Sp) 5/20 271 263
1200 200 Fo+(An+Di+Sp) 5/20 271 261
1250 10 Fo+(An+Di+Sp) 5/20 272 269
1250 50 Fo+(An+Di+Sp) 5/20 272 267
1250 100 Fo+(An+Di+Sp) 5/20 272 265
1250 200 Fo+(An+Di+Sp) 5120 272 268

Synthetic Fo+CALI (see above) runs mixed as 80:20

T(°C) Soak time (h) Olivine Added *Grain size (< pm) Puck number Charge number
1250 1 Fo 5/43 417 407
1300 1 Fo 5/43 459 438
1350 1 Fo 5/43 459 439
1400 1 Fo 5/43 459 440
1450 1 Fo 5/43 459 441
1500 1 Fo 5/43 459 442
1550 1 Fo 5/43 459 434
1600 1 Fo 5/43 467 435

Synthetic SCO+CALI runs mixed as 80:20

T(°C) Soak time (h) Olivine added *QGrain size (< pm) Puck number Charge number
1250 1 SCO 20/43 417 408
1300 1 SCO 20/43 417 409
1350 1 SCO 20/43 418 411
1400 1 SCO 20/43 418 412
1450 1 SCO 20/43 418 413
1500 1 SCO 20/43 418 414
1550 1 SCO 20/43 419 415
1600 1 SCO 20/43 419 416

Synthetic AOA isothermal runs of AOA starting materials (see above)

T(°C) Soak time (h) Olivine added *Grain size (< pm) Puck number Charge number
1300 1 Fo 43/5 450 422
1350 1 Fo 43/5 450 423
1400 1 Fo 43/5 450 425
1450 1 Fo 43/5 450 426
1550 1 Fo 43/5 451 429
1600 1 Fo 43/5 451 431

Synthetic Fo+CAI dynamic crystallization runs mixed as 80:20

T(°C) Soak time (h) Olivine added Grain size (< pum) Cooling rate (°C/h) Puck number Charge number
1600 1 5 100 458 446
1600 1 5 10 458 437

Synthetic SCO+CAI dynamic crystallization runs mixed as 80:20

T(°C) Soak time (h) Olivine added Grain size (<pm) Cooling rate (°C/h) Puck number Charge number
1600 1 20 100 458 445
1600 1 20 10 458 436

Synthetic AOA dynamic crystallization runs mixed as 65:35

(continued on next page)
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Table 2 (continued)

T(°C) Soak time (h) Olivine added Grain size (<pm) Cooling rate (°C/h) Puck number Charge number
1600 1 Fo 5 100 457 443
1600 1 Fo 5 10 457 432

Abbreviations: Fo = Forsterite (Fag); SCO =

(crushed) San Carlos olivine.
*Grain size of hydrocrystallized Fo ’gel’ as estimated via SEM imaging.

Note that that the <20 pm 1200 °C-100 h sintered An + Di + Sp nuggets were further sieved to <43 um before being mixed with Fo or SCO in
the ratio of 80:20 (Fo: An + Di + Sp) in the isothermal and dynamic crystallization runs.

Note that Fo refers to our hydrocrystallized Fo gel (Fogp).

Text in bold refers to our final synthetic CAI and AOA starting materials.
Note that trial and error accompanied with imaging determined the peak temperature and duration 1200 °C, 100 h) of the synthetic CAI and
AOA (1250 °C, 200 h) starting materials (see text for further further details).

NA- (puck) not available.

classical porphyritic olivine (PO) chondrules with six-sided,
euhedral olivine ‘phenocrysts’, skeletal olivine, and rare spi-
nel (spinel is present in the 1550 °C run but absent in the
1600 °C run).

The synthetic AOA fragments (sintered CAI and Fo)
were heated isothermally at temperatures of 1300-1600 °
C, and SEM images of charges are given in Fig. 4. In

@ 1200°C-100 hr synthetic CAI 271, 34x800 % |

2721268 ‘K'vr' 10 pm

the lowest temperature run (1300 °C), the charge is dom-
inated by large (~250-800 um diameter) forsterite masses
which subsequently begin to separate by 1350 °C. In con-
trast to the CAI 4+ SCO pressed powder runs, discrete oli-
vine grains are tiny at 1350 °C (typically 10 pm) and
continually coarsen, reaching about 30 pm at 1400 °C
and a maximum of 60 pm at 1450 °C and 1550 °C. By

\
\\
pores

Fig. 2. Comparison of SEM images of our synthetic, sintered (a) CAI- (spinel-rich region) generated at IW —0.5 at 1200 °C for 100 hr and (c)
AOA-like charges sintered at 1250 °C for 200 hr with a natural (b) CAI from the Ningqiang carbonaceous chondrite (Lin et al., 2005) and an

(d) AOA from Acfer 094 (Krot et al., 2004a).
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Fig. 3. SEM BSE images showing textural evolution of 1 h synthetic CAI + SCO runs (representing AOA or separate condensates) as a

function of temperature.

1450 °C, a pseudo-PO texture develops but with subhedral
olivine; by 1550 °C, the olivine is commonly euhedral. At
1600 °C, the texture is distinctly different from the
CAI + SCO powder runs at 1600 °C which are PO. As
a consequence of the higher Al content, the 1600 °C
AOA run is mesostasis-rich with quench olivine and tiny
(~10 pm diameter) discrete olivine phenocrysts. On the
basis of EPMA data, spinel is present in all runs except
for the 1600 °C isothermal run of CAI + SCO. However,
spinel is not always obvious in SEM images, particularly
in the higher temperatures run which contain less spinel
than the lower temperature runs.

The CAI + Fo runs show a similar textural evolution to
the CAI + SCO and the sintered AOA isothermal runs
(Figs. 3, 4) but the Fo added as gel leads to ultimate tex-
tures which are finer grained (Supplementary Fig. S1).

3.2.2. Dynamic crystallization runs

SEM images of our synthetic CAI + SCO, CAI + Fo
and our synthetic AOA dynamic crystallization runs heated
at 1600 °C for 1 h before being cooled at 100 °C/h and
10 °C /h are given in Fig. 5. As in isothermal runs at high
temperatures (1450-1600 °C heating for 1 hour), PO texture
develops in each instance but with differences. In the syn-
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Z .-',

Fig. 4. SEM BSE images showing textural evolution of 1

thetic CAI + SCO and synthetic CAI + Fo gel runs, there
are increases in olivine grain size with decreasing cooling
rate (compare Fig. 5a, ¢ with Fig. 5b, d) as expected, and
there is a textural development of (~100 pum) spinel enclos-
ing olivine. However, and for reasons that are unclear, in
the more quickly cooled AOA run (100 °C /h), texture is
significantly coarser (euhedral olivine up to 100 um) than
in the slower cooled run (10 °C, with olivine up to 50 pum)
and also exhibits more obvious euhedral olivine develop-
ment (compare Fig. Se with 5f).

3.3. Compositional variations in run products

Changes in phase compositions for the CAI + SCO and
AOA isothermal and dynamic crystallization runs with

: W AP &
*al 150/423x4007;
Y ~ -

24, ‘E’"{i

h synthetic AOA isothermal runs as a function of temperature.

increasing temperature and different cooling rates are
shown in Figs. 6, 7 and 8. As the CAI + Fo runs have sim-
ilar bulk compositions and textures to the CAI + SCO and
AOA runs (compare Figs. 3, 4 with Supplementary Fig. S1
and images in Fig. 5), we do not discuss them further. Mean
mesostasis compositions of our 1 h isothermal and dynamic
crystallization runs are projected from MgAl,O, (spinel)
onto the plane Ca,SiO, (larnite) —-Mg,SiO, (forsterite) —
Al,O; (corundum) in Fig. 6. The mesostasis and bulk com-
position of natural Type IA ferromagnesian chondrules
(FMC), Al-rich chondrules (ARC), Type A CAI (A field),
Type B CAI (B field) and Type C CAI (field C) are shown
for comparison. Tables 3 and 4 provide the final phase com-
positions of all runs at all temperatures for the CAI + SCO
and AOA charges, respectively. In Fig. 7 we show changes
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Fig. 5. SEM BSE images showing textures of charges from 100 °C/hour and 10 °C/hour dynamic crystallization runs. Synthetic (a, b)
CAI + SCO, (c, d) CAI + Fo gel, (e, f) AOA. Note spinel partly enclosing olivine. Abbreviations Ol olivine, Spl spinel.

in concentrations of SiO,, Al,O3;, FeO, MgO and CaO in
phases comprising our CAI + SCO and AOA isothermal
and dynamic crystallization runs. Changes of the melt com-
position are complex because of the heterogeneity of the
charges, with slow dissolution of spinel and olivine in the
different parts during heating. Fig. 8 shows changes in oli-
vine composition.

The principal compositional differences between the
starting materials of the CAI + SCO and AOA runs are
the lower Al and higher Fe in the former (Table 1) because
the AOA has a higher CAI fraction (35% vs. 20%), and oli-
vine is Fojqo rather than SCO (Fogg with 11.35 wt% FeO).
Nonetheless, comparison of images in Fig. 5 and trends in

Fig. 7 shows that these differences had no effect on igneous
textures, except that AOA is more completely melted at
1600 °C. There is little effect on ultimate compositional evo-
lution, except for enrichment of liquid in Fe as olivine melts
and a consequent dilution of other components. We show
the resulting mesostasis and olivine compositions in Figs. 7
and 8, respectively. As the details are a little simpler for the
AOA runs, we discuss only CAI + SCO compositions in
detail below.

3.3.1. Mesostasis in SCO + synthetic CAI runs
The initial massive synthetic CAI has SiO, (41-46 wt%),
Al,O3 (34—37 wt%), and CaO (18—20%) concentrations at
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Fig. 6. Mean matrix/mesostasis compositions of 1 h isothermal charges plus runs heated for 1 hour at 1600 °C and cooled at 100 °C/hour and
10 °C/hour projected from MgAl,O, (spinel) onto the plane Ca,SiOy4 (larnite)-Mg,SiO4 (forsterite)-Al,O3 (corundum). Chondrule points,
CAI data, and field boundaries as for Fig. 1. Abbreviations: An, anorthite; Cor, corundum; Di, diopside; Fo, forsterite; Sp, spinel; and L,

liquid (melt).

1250 °C (Fig. 7) with traces of Fe and Mg, i.e., it is mostly
anorthite probably with an intergranular film of glass. At
1300 °C, as mainly diopside and anorthite in the CAI lumps
are being melted, the liquid is enriched in Si, Mg, and Ca
relative to the CAI component. Anorthite largely survives
at 1300 °C, as do spinel and olivine. FeO and MgO increase
from initial Type C CAI concentrations of ~0.5 and ~1-3
wt% at 1250 °C, respectively, to about 4-6 wt% and ~12—
15 wt%, respectively in the glass fraction at 1300 °C.

At 1300 °C, mesostasis contains 45 wt% SiO,. At higher
temperature and as spinel melts progressively, SiO, in the
mesostasis decreases to 34-37 wt% and Al,O5 content stea-
dily increases from a concentration of ~20% at 1300 °C to a
maximum of ~31 wt%, overlapping both the Type C CAI
and Type IA chondrule mesostasis fields (Fig. 7). CaO stea-
dily decreases from 14-16 wt% at 1300 °C to a minimum of
between ~7—9.5 wt% at 1600 °C. However, there is great
heterogeneity in mesostasis compositions at 1450 °C (9-21

wt% MgO) due to the partly mixed interstitial liquid(s).
As the SCO and spinel partly melted, FeO and MgO in
the mesostasis increase, reaching maxima of ~10-11 wt%
and 13-18 wt%, respectively at 1600 °C.

In dynamic crystallization runs cooled at 100 °C/h and
10 °C/h after a 1 h dwell at 1600 °C, olivine and spinel crys-
tallization yields a fractionated mesostasis. This mesostasis
records ~46-49 wt% and ~52-54 wt% SiO,, ~21.5-24 wt%
and 24-26 wt% Al,O3, 16-17 wt% and 14.5-16 wt% CaO,
5-7 wt% and 1.5-2 wt % FeO, and ~5 wt% and 7 wt%
MgO, respectively, after having cooled at 100 °C/h and
10 °C/h (Fig. 7). These compositions are within the range
of Type IA chondrule mesostasis.

3.3.2. Olivine and spinel in SCO + synthetic CAI runs
Olivine FeO content in synthetic CAI + SCO runs is

closest (Fas_ig, Fig. 8) to the original San Carlos (Fa¢)

in the massive olivine at low temperatures (1250-1300 °C)
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Fig. 7. Compositional changes with temperature in isothermal and dynamic crystallization runs of the synthetic (a) SCO + CAI and (b) AOA
charges compared with natural Type IA chondrules and Type C CAI. Type IA chondrule mesostasis compositions are from Jones and Scott
(1989). Type C CAI compositions are from Beckett (1986) and Wark (1987). Massive refers to large (>200 um) forsterite masses (see Fig. 3a,
4a). Type I chondrule mesostasis compositions from Ichikawa and Ikeda (1995, Yamato (Y-8449) CR chondrite), Krot et al. (2004a,b, CR
chondrites), Libourel et al. (2006, Semarkona LL3.0 chondrite and CR2 chondrite) and Kimura et al. (2020, Asuka 12,169 CM chondrite)
have similar compositions (not shown) except that SiO; is significantly higher and Al,O3, FeO, MgO and CaO are lower in Y-8449 than for

a

S.A.

synthetic CAl + San Carlos olivine

mesostasis & massive synthetic CAl

mesostasis

synthetic CAl (massive)

1600° C + 10° C cool
1600° C + 100° C cool

1600° C
1550° C
1450° C
1400° C
1300° C
1250° C

1600° C + 10° C cool
1600° C + 100° C cool

1600° C
1550° C
1450° C
1400° C
1300°C
1250°C

1600° C + 10° C cool
1600° C + 100° C cool

1600° C
1550° C
1450°C
1400° C
1300° C
1250°C

1600° C + 10° C cool
1600° C + 100° C cool

1600° C
1550° C
1450° C
1400° C
1300° C
1250°C

1600° C + 10° C cool
1600° C + 100° C cool

1600° C
1550° C
1450° C
1400°C
1300°C
1250°C

Semarkona.

T T T T T T T T T T T
B ~—— Type IA chondrule
r - mesostasis (to 65.5 wt.% ]
- Sio,) g
[ +=—Twe CCAI=> B ]
- nil mesostasis T
1 1 1 1 1 1 1 1 1 1
32 34 36 38 40 42 44 46 48 50 52 54 56
SiO, wt.%
T T T T T T T T T T T
F nil mesostasis -
1 1 1 1 1 1 1 1
14 16 18 20 22 24 26 28 30 32 34 36 38
ALO, Wt.%
T T T T T T T T T T T
r nil mesostasis 1
1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12
FeO wt.%
T T T T T T T T T T
o nil mesostasis -
TP SR T B s 1 1 1
0O 2 4 6 8 10 12 14 16 18 20 22
MgO wt.%
T T T T T T
i _ (to 26.1 wt.% Ca0, Ty C CA)—>. |
L (to 22.5 wt.% CaO, Ty IA Chond) zp. ]
o nil mesostasis 1
1 1 1 1 1
6 8 10 12 14 16 18 20
CaO wt.%

b

Whattam et al. / Geochimica et Cosmochimica Acta 319 (2022) 30-55

synthetic AOA (made with Fo gel)

mesostasis & massive synthetic CAl

mesostasis

synthetic CAl (massive)

1600° C + 10° C cool
1600° C + 100° C cool

1600° C
1550° C
1450° C

1400°C |
1350°C |

1300°C

1600° C + 10° C cool
1600° C + 100° C cool

1600° C
1650° C
1450° C
1400° C
1350°C
1300°C

1600° C + 10° C cool
1600° C + 100° C cool

1600° C
1550° C
1450°C
1400° C
1350°C
1300°C

0.0

1600° C + 10° C cool
1600° C + 100° C cool

1600° C
1550° C
1450° C
1400° C
1350° C
1300° C

1600° C + 10° C cool
1600° C + 100° C cool

1600° C
1550° C
1450°C
1400° C
1350°C
1300°C

jee—————(1600° C to 38.9 wt.% SiO,)

Type IA
(to 65.5 wt.% SiO,)

—«— Type C CAI (to 33.7 wt.% SiO,)

42 44 46 48 50 52
SIiO, wt.%

54

56

[«— Type IA chondrule mesostasis(to 14.5 wt.% A0,

Type C C
(to 36.6 wt.% Al,O.

Al

P

22 24 26 28 30
ALO, Wt.%

32

34

T T
. NIL FeO

1.0
FeO wt.%

L (to 26.7 wt.% MgO)—n
i 1 | 1 | 1 | 1 | 1 | 1 | ]
0 2 4 6 8 10 12 14 16 18 20 22 24 26
MgO wt.%
T T T T T T T T T T T " T " T.°
i (to 26,1 wt.% Ca0, "]
Ty C CAS]
L T [N T T I I T T [t SIS [N ]
6 8 10 12 14 16 18 20 22 24
CaO wt.%



S.A. Whattam et al. / Geochimica et Cosmochimica Acta 319 (2022) 30-55 41

10 A_ 00 cooling runs
< L
S~
O 00|24 o
1700
/A AOA
1600 FA @ o ® CAl + SCO
A [50) [0 massive
@ cores
1500 — rims
8 LA oamo
T 1400 —2A )
— /AN
1300 — LA Ol DEE OE
o m B3 1y |
1200 —
1100I|I|I|I|I|I|I|I|I|I|I|I
0 2 4 6 8 10 12
olivine Fa

Fig. 8. Olivine composition for synthetic CAI-SCO and AOA compositions for isothermal experiments and dynamic crystallization
experiments. Massive refers to large (>200 um) forsterite masses (see Fig. 3a, 4a) and cores and rims refer to the cores and rims of small (~10-

60 um) discrete forsterite grains (see Fig. 3c-f, 4c-f), respectively.

but has obviously already contributed some iron to the melt
(Fig. 7). At higher temperatures in the isothermal runs
(1400-1600 °C), FeO concentrations in olivine decrease
steadily and crystals are reversely zoned: crystal rims always
record lower FeO than their cores (Fig. 8), due to dissolu-
tion and minor reduction: the reverse zoning and some
kamacite inclusions are seen in cores (Fig. 3). In the isother-
mal runs, a minimum FeO is recorded at 1600 °C with oli-
vine cores Fa4,3_5,7 and rims Fa3‘7_4<1.

Upon cooling at 100 °C /hr from 1600 °C, olivine is nor-
mally zoned with cores of Fas 5 and rims up to Fa; 5. Cool-
ing at 10 °C /hr yields the most magnesian olivine of all
runs (Fa, 15 5), because of the much longer duration at high
temperature. This decrease in FeO with increasing temper-
ature is consistent with a steady change from Type ITA-like
and San Carlos olivine, to ultimately Type IA chondrule
olivine upon cooling at 10 °C/hr.

The discrete olivine crystals in the 1400-1600 °C isother-
mal runs contain ~0.1-0.4 wt% CaO similar to olivine in
Type 1A chondrules, and ~0.3-0.4 wt% Al,Os3, also levels
similar to those of olivine in AOA (e.g., Komatsu et al.,
2009). The least ferroan olivine in the CAI-SCO runs is
relict and very close to the initial San Carlos composition.
Olivine incorporates Ca at AOA levels as it loses Fe on dis-
solution. Some higher CaO and Al,O; concentrations in the
low temperature massive olivine appear to be due to over-
lap on tiny glass pockets. Similarly skeletal olivine grains
in 1600 °C runs record a wide range of apparent Ca and
Al concentrations probably due to intergrown glass within
the skeletal grains.

Spinel in isothermal experiments is stoichiometric, and
in the SCO + CAI runs, contains 3-4% FeO. In the 100 °
C/h cooling run, it contains ~3.8-5.2 wt% FeO and in
the 10 °C/h cooling run, about 1.6-2 wt% FeO.

3.3.3. Phase compositions in synthetic AOA runs

At temperatures up to 1350 °C, SiO, concentrations in
the matrix of the AOA runs increase relative to their CAI
inclusions, due to melting of diopside and anorthite. At
higher temperatures, however, SiO, in mesostasis decreases
to about 41-44 wt% at 1600 °C (Fig. 7) as forsterite melts.
In the dynamic crystallization runs, SiO, contents rise stee-
ply to 50-51 wt% after 100 °C/h cooling and 55-57 wt%
Si0, after 10 °C/h cooling, due to the failure of diopside
and anorthite to crystallize after forsterite and spinel. The
mesostasis compositions plot in the field of Type IA chon-
drule mesostasis (Fig. 6). The forsterite we used was Fe-
and Ca-free. In the isothermal runs it acquired Fe from
the melt (Fig. 8). It also took up Ca at levels similar to those
of olivine in AOA (e.g., Komatsu et al., 2009).

4. DISCUSSION
4.1. Cai and AOA as precursors for chondrules

Refractory inclusions are of wide interest as they pro-
vide clues regarding the some of the hottest environments
known to have existed within the solar nebula. Natural
fine-grained spinel-rich CAI and AOA are distinct from
each other, with the former comprising a sintered assem-
blage of anorthite, diopside and spinel and AOA consisting
of forsteritic olivine, kamacite, and discrete CAI bodies
composed of Al-diopside, spinel, tanorthite, + melilite
(Fig. 2). They have been investigated in many chondrite
classes, e.g., CR, CV, CM, CO, CH, CB, and ungrouped
carbonaceous chondrites Acfer 094, Adelaide, and Lewis
Cliff (LEW) 85,332 (Krot et al., 2004a). As the minerals
of AOA are similar to those which commonly occupy rims
of CAI, they are probably coeval and formed close to one



Table 3

Composition of materials of the synthetic CAI + SCO (mixed as 20:80) charges subjected to isothermal and dynamic crystallization runs.

Mesostasis

n

Massive CAI

Massive olivine

n Olivine core  n Olivine rim

n

Skeletal olivine

n

Relic spinel

n  Ophitic spinel n

1250 °C
oxide wt%
SiO,
TiO,
ALO3
FeO
Cr203
MnO
MgO
CaO
NazO

1300 °C
oxide wt%
SiO,
TiO,
AlLO3
FeO
Cr203
MnO
MgO
CaO
NaZO

1400 °C
oxide wt%
SiO,
TiO,
AlL,O3
FeO
CI‘203
MnO
MgO
CaO
NazO

1450 °C
oxide wt%
SiO,

TiO,
Al,O3
FeO

44.60-45.46
0.21
19.6-20.33
4.23-5.52

11.19-15.21
14.59-15.68

42.42-43.43
0.19
22.09-22.75
7.74-17.95

10.91-11.37
13.54-13.69

40.25-42.64
0.21-0.24
14.69-25.16
9.31-9.85

S = h

A

D= N

o

41.10-45.70
33.88-37.30
0.71

0.58-2.63
18.16-19.19
0.14-0.20

43.34-44.77
34.96-35.60
0.24-0.49

0.40-2.03
18.67-19.60

40.87-42.16

5.92-10.32

48.46-52.51
0.13-0.82

40.67-42.1
1.31
5.69-9.46

48.55-52.79
0.17-1.07

15

15
12

40.52-40.92 2 40.84-42.23

8.99-9.13 2 6.40-8.14

0.21
49.95-52.44
0.22-0.33

48.93-49.17
0.14-0.17

[\SIN )

40.92-41.94 8 40.87-41.84

0.33 1 0.32-0.34
6.15-7.14 8 5.91-6.54

0.13-3.19
66.73-69.74
4.14-4.48

24.25-26.14
0.16-1.08

0.27

69.24-70.40
3.35-3.73

25.72-26.79
0.12

69.37-69.60
3.37-3.85

26.36-26.62

68.77-70.87
3.26-3.89

5
5
(continued on next page)
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Table 3 (continued)

Mesostasis n  Massive CAl  n  Massive olivine  n Olivine core  n Olivine rim n Skeletal olivine n  Relic spinel Ophitic spinel  n
CI‘203
MnO
MgO 8.62-20.95 6 50.62-51.86 8 50.95-52.03 12 26.12-26.73
CaO 9.14-12.74 6 0.16-0.38 8 0.26-0.42 12
NaZO
1550 °C
oxide wt%
Si0, 36.87-39.18 2 41.51-41.63 2 41.42-4196 4 0.32-0.36
TiO, 0.22 1
ALOs 23.14-28.73 2 0.40-0.48 2 0.36-0.59 3 68.88-69.74
FeO 11.22-11.29 2 5.27-5.49 2 4.67-5.17 4 3.03-3.53
Cr203
MnO
MgO 12.57-14.94 2 51.59-51.73 2 52.05-52.40 4 25.89-26.52
CaO 9.72-9.89 2 0.15-0.21 2 0.19-0.39 4
NazO
1600 °C

nil
oxide wt%
Si0, 34.42-36.94 3 40.84-42.12 10 40.87-41.99 10  39.69-41.31 9
TiO,
ALO; 22.93-3092 3 0.37-0.47 7 0.31-2.04 10 1.16-4.39 9
FeO 10.32-10.99 3 4.16-5.49 10 3.61-4.09 10 4.29-6.79 9
Cr203
MnO 0.21 1
MgO 12.74-18.10 3 51.30-53.64 10 51.63-53.84 10  48.49-52.55 9
CaO 7.64-9.29 3 0.13-0.26 9 0.15-0.26 9 0.24-1.05 9
NaZO
1600 °C + 100 °C/hour cool
nil

oxide wt%
Si0, 46.62-49.28 5 42.60-42.72 2 41.33-4298 3
TiO, 0.42 1
Al O3 21.43-24.31 5 69.20-69.96 4
FeO 5.38-6.94 5 5.47-5.81 2 5.45-17.55 3 3.83-5.21 4
Cr,05 0.40 1
MnO
MgO 4.96-5.78 5 54.24-55.02 2 51.78-54.46 3 26.22-26.94 4
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Table 3 (continued)

Relic spinel n  Ophitic spinel

Skeletal olivine n

n
2

n Olivine rim

1

Olivine core

n Massive CAI n Massive olivine n
0.28

5

Mesostasis

0.27-0.30

16.24-17.19

CaO

NaZO

1600 °C + 10 °C/hour cool

nil

oxide wt%

SiO,
TiO,
ALO;

2 42.01-42.69 3

41.79-42.75

9

51.71-54.08
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2

69.35-70.12
1.64-2.01

9
9

23.81-25.69
1.43-2.05

2 2.10-2.54 3

2.22-2.48

FeO
CI‘QO 3

MnO
MgO
CaO

2

27.94-28.10

3

55.68-56.64

2

55.47-56.56

0.28

9
9

5.52-6.74

14.62-16.04

NaZO

Note: Isothermal runs are of 1 h soak time and dynamic crystallization runs are preceeded by 1 h soak time (at 1600 °C).

For analyzes in italics, see explanation in text.

Abbreviations: SCO

(crushed) San Carlos olivine.

Data taken form Soak IPR data.

another in time and space (see review of Krot et al., 2009).
There also exists evidence suggesting that chondrules, par-
ticularly Al-rich chondrules, and CAI are genetically
related (e.g., Krot and Rubin, 1994; Russell et al., 2000;
Krot and Keil, 2002; MacPherson and Huss, 2005; Krot
et al., 2006a,b).

The dust ball model of chondrule formation describes
the heating and consequent partial melting of precursor
agglomerates of grains, generally as closed systems, in the
innermost regions of the protoplanetary disk (Nagahara
and Kushiro, 1982; Taylor et al., 1983; Grossman, 1988;
Hewins, 1997; Jones et al., 2005). It is clear now that many
chondrules evolved while molten by interaction with dense
gas (Tissandier et al., 2002; Nagahara et al., 2005; Krot
et al., 2006a,b; Libourel et al., 2006; Schrader et al., 2013;
Tenner et al., 2015; Villeneuve et al., 2015; Piralla et al.,
2021) or even formed as condensed liquids (Varela et al.,
2006; Engler et al., 2007), and we discuss implications of
this below. Nevertheless, the origin of the initial dust grains
and the relationship between RI and chondrules remains an
important problem. Al-rich chondrules (ARC, Bischoff and
Keil, 1983a,b, 1984; Bischoff et al., 1985; Bischoff et al.,
1989; MacPherson and Huss, 2005; Tronche et al., 2007)
which have chemical compositions intermediate to those
of ferromagnesian chondrules and plagioclase-rich CAI
(MacPherson and Huss, 2005), appear to have contained
a small proportion of CAl-like refractory constituents in
their precursor materials. Other evidence of a genetic rela-
tionship between some chondrules and CAI is preserved
in trace element compositions. For example, some chon-
drules retain a fractionation signature by virtue of positive
anomalies in some REE (Ce, Yb) and display robust REE
fractionation patterns akin to those of Group II CAI
(Misawa and Nakamura, 1988). These observations require
that CAI were present in the chondrule-forming regions
when chondrules formed. Indeed, relict CAI have been
found in plagioclase-rich chondrules in CR, CH, and
reduced CV chondrites (Krot and Keil, 2002; Krot et al.,
2002).

Krot et al. (2004a,b) demonstrated that the texture and
bulk composition of some AOA are chemically similar to
magnesian chondrules, and thus may provide a possible
genetic link between CAI and chondrules. The numerous
examples of AOA enclosed within Mg-rich chondrules
(Nagahara and Kushiro, 1982; Misawa and Nakamura,
1996; Komatsu et al., 2001; Scott and Krot, 2003; Krot
et al., 2005; Krot et al., 2017; Marrocchi et al., 2019a) are
consistent with AOA precursors for chondrules. Zhang
et al. (2020) also concluded that some ARC are the result
of melting of both AOA and Types B and C CAI precur-
sors. Thus, a strong case has been made that some magne-
sian chondrule precursors were AOA-like fine-grained
nebular condensates. Alternatively, precursors might also
have been granoblastic olivine aggregates (GOA) (Hewins
and Fox, 2004; Libourel and Krot, 2007). However, sinter-
ing experiments showed that GOA could be produced from
sintering of fine-grained olivine aggregates like dustballs
(Whattam et al., 2008; Whattam and Hewins, 2009), and
addition of a small amount of plagioclase to such charges
would have produced a mesostasis like those in chondrules.
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Thus, GOA could themselves be derived from thermally
annealed AOA. In such a scenario, many chondrule ‘phe-
nocryst’ cores could be relict grains derived from GOA or
AOA, rather than crystallized from the melt. Textural
and isotopic properties found in OC chondrule olivine
grains are similar to those in CC, consistent with AOA pre-
cursors (e.g., Piralla et al., 2021). The role of spinel relicts
and O and other isotope variations supporting this interpre-
tation are discussed in Sections 4.3 and 4.4.

4.2. Constraints on the formation conditions of RI and
chondrules

The minerals of CAI (e.g., MacPherson et al., 2005;
MacPherson, 2003) are stable at temperatures above the
forsterite condensation point under canonical nebular con-
ditions. AOA minerals on the other hand, consist of those
predicted to follow forsterite (Grossman, 1972; Weisberg
et al., 2004; Krot et al., 2009). AOA are therefore inter-
preted as products of more extensive condensation than
for CAI that have accreted together and been sintered
(Komatsu et al., 2001), but only in rare cases partly melted.
Spinel forms by condensation of nebular gas after the Ca-
Al oxide phases. Ebel (2006) reviewed publications of con-
densation calculations for different pressures, and found
that the onset of spinel condensation occurs between 1245
and 1100 °C (sic), with the condensation temperatures
decreasing with lower gas pressure. Olivine condensation
follows in all cases after a drop of 50-70 °C, with diopside
near the olivine temperature and with anorthite generally at
lower temperatures. Laboratory condensation experiments
found spinel forming at 1285 °C (Toppani et al., 2006)
along with corundum, suggesting kinetic effects, and for-
sterite appearing at 1125 °C.

The temperatures required to melt CAI and AOA are
much higher than those of condensation. Stolper (1982)
crystallized spinel on the liquidus of a Type B CAI compo-
sition at 1550 °C, though CAI may not have been totally
melted. A Type C CAI composition has a liquidus temper-
ature of 1470 °C with spinel as the first solid phase
(Tronche et al., 2007). CAI have much lower liquidus tem-
peratures than Mg-rich chondrules (Stolper, 1982; Hewins
et al., 2005) at ~1750 °C (e.g., Table 1), and are thus likely
to be destroyed by melting during chondrule formation.
The phase the most resistant to melting in natural CAI is
spinel, stable at 1550 °C (Stolper, 1982), and it survives to
1550 °C in our AOA experiments. Indeed, in some igneous
CALI it appears to be a relic of an earlier stage, probably
formed by condensation (Aléon, 2018). AOA, on the other
hand, have very similar liquidus temperatures to Type TA
chondrules (Table 1). This results in many relict olivine
grains in experiments heating spinel-free GOA (Whattam
and Hewins, 2009) to 1550 °C, as with the present work
on spinel-bearing AOA analogs.

Our sintering experiments described above focused on
spinel-anorthite-diopside CAI compositions and, with
added olivine, AOA compositions. They indicate that natu-
ral fine-grained spinel-rich CAI could have been produced
with 100 h heating at 1200 °C, roughly at their condensa-
tion temperatures (Ebel, 2006). The sintered texture of nat-

ural AOA was reproduced with 200 h duration heating at
1250 °C of an assemblage of a CAI component with olivine.

In isothermal melting experiments, CAI inclusions in
our CAl-olivine AOA charges begin to melt at ~1300 °C,
as also observed for an anorthite-olivine-melilite AOA ana-
log (Komatsu et al., 2001). For all three starting mixtures,
the mesostases are generally dissimilar to Type IA chon-
drule mesostasis and similar to Type C CAI mesostasis.
Pure CAI would be expected to melt completely at
~1550 °C (Stolper, 1982). The mesostasis composition of
the AOA charges evolves, with Al and Fe increasing at
higher temperatures, due to dissolution of spinel and, where
present, SCO. By 1400 °C there is a connecting mesostasis
to the two domains, olivine-bearing and Ca-Al-rich, the lat-
ter being recognized as clusters of spinel relict grains in
glass (Fig. 3). In such charges the continuous interstitial
glass is very variable in composition. Melt Al and Fe con-
centrations increase as spinel and olivine dissolve. By
1600 °C, spinel has disappeared, leaving no traces of the
CAI component. This suggests that PO chondrules with
relict spinel could have had peak temperatures up to
1550 °C but temperatures higher than this would have
erased this evidence of a CAI or AOA precursor. The over-
all effect of melting of AOA-like materials at higher temper-
ature is production of olivine ‘porphyry’ though cores of
some olivine ‘phenocrysts’ are partly modified San Carlos
relicts (Fig. 3). In the CAI + SCO runs, the high FeO con-
tent of the olivine and the high degree of melting give more
magnesian olivine (Fig. 8) and mesostasis that is more fer-
roan than Type IA chondrule mesostasis (Fig. 7). Though
spinel relicts are relatively widespread in chondrules
(Komatsu et al., 2001; Maruyama and Yurimoto, 2003;
Tenner et al., 2017; Marrocchi et al., 2019a), chondrules
with two domains, olivine-rich and Ca-Al-rich are not.
Excluding condensation of chondrule and RI precursors,
this indicates two distinct types of events: sintering and
agglomeration of RI (and possibly of Fo chondrule precur-
sors into granoblastic olivine aggregates (GOA, see
Whattam et al., 2008; Whattam and Hewins, 2009) fol-
lowed by melting, rather than heating of dust at a contin-
uum of temperatures. Pristine (unmelted) RI therefore did
not survive in domains where chondrules formed and they
record the conditions of condensation, whereas the chon-
drules document conditions experienced in subsequent
events and reservoirs.

In the cooling rate runs the mesostasis compositions are
akin to those of Type IA chondrules (Figs. 6, 7) and iden-
tical to those of ARC (Fig. 8), particularly because diopside
and anorthite failed to crystallize. The charges contain at
least 50% olivine at 1600 °C (Fig. 3f) as relict grains. An
interesting feature of these dynamic crystallization experi-
ments was that spinel crystallized during cooling at
10 °C/h and 100 °C/h, and is interstitial to and ophitically
enclosing olivine (Figs. 3, 4). Aluminous low-Cr spinels in
Allende ferromagnesian chondrules have been interpreted
as having formed in-situ rather than as relict grains (Ma
et al., 2008). Some plagioclase-rich chondrules with CAI
relicts appear to contain incompletely homogenized melts
(Krot et al., 2002). A heterogeneous distribution of melt,
e.g., due to clustering of olivine, followed by introduction



Table 4

Composition of materials of the synthetic AOA + Fo (mixed as 35:65) charges subjected to isothermal and dynamic crystallization runs.

Mesostasis n Massive CAI n Olivine n Relic spinel n Ophitic spinel n
1300 °C
oxide wt%
SiO, 41.80-45.23 15 41.80-44.52 6 41.62-44.06 5 0.18 1
TiO, 0.27
Al,O4 31.26-35.98 15 31.26-35.86 6 70.48 1
FeO 0.03-0.53 6 0.89-1.34 5 0.96
Cr203
MnO
MgO 0.53-4.53 15 0.55-4.53 6 54.67-58.36 5 27.92 1
CaO 16.82-20.47 15 16.82-19.29 6 0.06 1
Na,O 0.01-0.02 3 0.01-0.02 2
1350 °C
oxide wt%
SiO, 47.33-49.09 14 41.95-42.97 2 0.12-0.62 5
TiO, 0.01 1 0.01-0.12 5
Al,O4 21.04-22.72 14 71.00-71.36 5
FeO 0.81-1.21 14 0.94-1.05 2 0.64-0.94 5
Cr203
MnO
MgO 15.98-18.83 14 55.66-58 2 27.20-27.48 5
CaO 10.88-11.94 10 0.14-0.30 2 0.05-0.14 5
Na,O 0.01-0.03 2 0.02 2
1400 °C
oxide wt%
SiO, 44.09-46.51 15 41.99-43.74 8 0.10-0.14 3
TiO,
Al,O4 20.20-25.27 15 0.08-1.57 4 71.03-71.14 3
FeO 0.74-1.16 15 0.64-1.05 8 0.64 3
Cr203
MnO 0.01-0.04 3 0.01-0.03 3
MgO 11.86-24.14 15 55.26-58.64 8 27.29-27.65 3
CaO 10.62-15.89 15 0.20-0.28 4 0.04-0.06 3
Na,O 0.01-0.05 4 0.02 2
1450 °C
oxide wt%
SiO, 43.17-46.13 13 44.41 1 42.26-43.50 4 0.06-0.12 3
TiO, 0.04-0.08 2
Al,O4 22.29-24.85 13 32.50 70.67-71.30 5
FeO 0.96-1.27 13 0.76 0.61-0.78 4 0.73-0.94 5
Cr203
MnO 0.02-0.04 2

(continued on next page)
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Table 4 (continued)

Mesostasis n Massive CAI Olivine n Relic spinel n Ophitic spinel n
MgO 15.49-19.58 13 3.59 55.40-57.74 4 27.32-27.48 2
CaO 12.81-14.47 13 17.94 0.21-0.31 3 0.04-0.05 3
Na,O 0.16
1550 °C
oxide wt%
SiO, 40.86-43.68 9 42.05-43.73 5 0.06-0.12 5
TiO, 0.02 1 0.19-0.24 5
Al,O3 24.41-28.69 9 0.24-0.37 3 72.10-72.82 5
FeO 1.17-1.44 9 0.61-0.69 5 0.63-0.84 5
Cr,04
MnO
MgO 15.80-20.73 9 55.71-58.97 5 27.42-27.61 5
CaO 11.86-13.43 9 0.24-0.35 5 0.02-0.06 5
Na,O 0.02-0.06 2
1600 °C

nil
oxide wt%
SiO, 38.99-43.49 19 41.57-41.84 2 0.11-0.36 3
TiO, 0.04-0.13 3
AlL,O3 24.45-34.50 19 0.50-0.53 2 71.20-72.24 3
FeO 0.93-1.47 19 0.42-0.45 2 0.30-0.69 3
Cl‘zO}
MnO
MgO 15.03-26.57 19 56.07-56.50 2 27.55-28.01 3
CaO 7.77-10.85 19 0.20-0.22 2 0.04-0.05 3
NaZO
1600 °C + 100 °C/hour cool
nil

oxide wt%
SiO, 49.92-50.67 5 43.30 1 2
TiO,
Al,O3 23.68-25.07 5 69.52-71.69 2
FeO 0.65-0.89 5 0.80 1 0.53-0.74 2
Cr203
MnO
MgO 5.82-6.09 5 57.69 1 28.82-29.42 2
CaO 18.47-18.91 5 0.46 1

(continued on next page)
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Ophitic spinel

70.9
29.66

n

Relic spinel

nil

Olivine
42.94
58.33
0.25

n

Massive CAI

Mesostasis
55.45-56.93
21.30-24.58
5.57-9.12
14.56-14.90

Note: Isothermal runs are of 1 h soak time and dynamic crystallization runs are preceeded by 1 h soak time (at 1600 °C).

For analyzes in italics, see explanation in text.

1600 °C + 10 °C/hour cool
Data taken form Soak IPR data.

Table 4 (continued)

oxide wt%

Nﬂzo
SiO,
TiO,
Al,O3
FeO
Cr203
MnO
MgO
CaO
Na20

of Al-rich liquid from melted CAI patches during cooling,
might also have contributed to the formation of interstitial
spinel in the cooling rate runs and such chondrules. How-
ever, a simpler explanation is that our charges are more
Al-rich than most Type I chondrules (Jones and Scott,
1989) and could have had spinel on the liquid line of
descent.

4.3. Chondrule phase compositions and nebular reservoirs

Gas of chondritic or fractionated composition plays an
extended role in the formation of components in chon-
drites, in the condensation of CAI (Grossman, 1972;
Toppani et al., 2006), formation of accretionary forsterite
rims on CAI and the formation of AOA (Krot et al.,
2009), and conversion of olivine-rich aggregates (AOA or
GOA) to chondrules (Jones et al., 2004; Whattam and
Hewins, 2009; Marrocchi et al., 2018). Chondrule interac-
tions with nebular gas include: incorporation of Mg into
Ca-Al-rich melts to form outer olivine shells or palisades
on chondrules (Nagahara et al.,, 2008; Libourel and
Portail, 2018; Marrocchi et al., 2019a); incorporation of
SiO to transform Type IA into Type IB chondrules by
the formation of pyroxene (Tissandier et al., 2002;
Libourel et al., 2006); and incorporation of SiO to oxidize
and convert Type I into Type II chondrules (Villeneuve
et al., 2015).

Many parameters relevant to chondrule formation are
difficult to control simultaneously in experiments. In this
study we have used a gas free of lithophile elements simply
to control oxygen fugacity, giving us closed system melting
and crystallization. Solid AOA inclusions in chondrules
have yielded few signs of interaction with exterior gas,
and our charges resemble many PO chondrules that have
no outer shell modified by condensation. However, the best
matches between our experimental charges and natural
chondrules with relict spinel require heating to no higher
than 1550 °C, rather than a temperature closer to the lig-
uidus temperature (up to ~1800 °C, Hewins and
Radomsky, 1990) of the bulk chondrule composition. This
is a new constraint on the temperature of chondrule forma-
tion and is more consistent with models of olivine growth at
sub-liquidus temperatures due to modification of RI melt
droplets by Mg and SiO condensation from ambient gas
than with closed-system chondrule formation. The fact that
our olivine is unzoned, whereas chondrule olivine shows
asymmetric zonation (Libourel and Portail, 2018;
Marrocchi et al., 2019a), emphasizes the need for interac-
tion between Mg- and SiO-bearing gas and natural chon-
drules. Similarly, our mesostasis compositions show
variations resulting from the dissolution or crystallization
of olivine, but such trends are absent from Type I chon-
drules where the liquid does not plot in the olivine stability
field but is Ca-Al-rich like CAI (Libourel et al., 2006). This
temperature is also the spinel disappearance and liquidus
temperature of Type B CAI (Stolper, 1982).

In the closed-system model, the relatively Al-rich barred
olivine (BO) chondrules are assumed to have formed at
temperatures just above their liquidus temperatures.
Hewins and Radomsky (1990) therefore took the range of
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liquidus temperatures for BO chondrules, 1400-1750 °C, as
typical chondrule formation temperatures, and this is con-
sistent with the texture — liquidus relationship for por-
phyritic and non-porphyritic chondrules. In the open-
system model, BO chondrules are inferred to have devel-
oped their bulk compositions by gas—melt interaction at
~1550 °C (Libourel and Portail, 2018) matching the CAI
liquidus temperature and the spinel disappearance temper-
atures in our AOA experiments.

From this perspective, one could imagine chondrule for-
mation immediately after initial nebular condensation of
RI, if pressure had been high enough for liquid stability,
as well as in subsequent extensive evaporation—condensa
tion events. Despite dating of some individual chondrules
suggesting formation contemporaneous with CAI forma-
tion (Connelly and Bizzarro, 2018) there is evidence from
Al-Mg, Hf-W, and Pb-Pb systems that most chondrules
formed 2-4 m.y. after the initial condensation (Kruijer
et al. (2020). This supports the concept of distinct events
with different peak temperatures.

Radiometric dating requires chondrule formation events
after the initial formation of RI. One possible mechanism is
the collision of large bodies (e.g., Hasegawa et al., 2016),
that might involve melting, evaporation and recondensa-
tion. Chondrules in CB and CH chondrites show evidence
for evaporation and condensation (in skeletal olivine chon-
drules and cryptocrystalline chondrules respectively,
Hewins et al., 2018), dust-free accretion, and especially a
“young” age (4.562--4.563 Ga; Bollard et al., 2015; Krot
et al. 2005). These are characteristics of an impact plume
setting. CBb chondrules also show evidence of partial
remelting consistent with turbulence during rapid plume
expansion (Hewins et al., 2018). Chondrules in other chon-
drites have textures more consistent with steady cooling
and show sparse evidence for evaporation followed by
recondensation, based on Na concentrations in olivine,
melt inclusions and mesostasis, as well as ample evidence
of condensation of Mg and SiO (Hewins and Zanda,
2012). Modeling shows that most collision-generated chon-
drules would have formed with the largest bodies, i.e., the
final protoplanets (Hasegawa et al., 2016). The overwhelm-
ing evidence of condensation in “normal” chondrules sug-
gests long term immersion in large impact plumes but
rapid vapor dissipation for smaller collisions.

4.4. Chondrule isotopic compositions and nebular reservoirs

The oxygen isotopic composition of olivine in chon-
drules is an important tool used to explore the nature of
precursors (e.g., Jones et al., 2004) and the evolution and
spatial extent of chondrule-gas interactions (e.g., Tenner
et al., 2018; Williams et al., 2020). In a pioneering study,
Jones et al. (2004) reported two fine-grained (~20-50 pm)
Type 1A chondrules in the CV chondrite Mokoia showing
very wide ranges of O isotopic compositions, with some
grains having A0 —25%o, like RI. Many subsequent
authors (e.g., Schrader et al., 2013; Schrader et al., 2014)
argued that Type IA chondrules and particularly their
1%0-enriched relict grains formed from AOA-like olivine.

Schrader et al. (2018) also found A'7O of —25%. for some
olivine in accretional chondrules (resembling dark-zoned
or protoporphyritic chondrules, Hewins et al., 1997) and
they interpreted these grains as AOA material.

Jones et al. (2004) suggested that the O isotopic hetero-
geneity of chondrule olivine represents solid-state equilibra-
tion of relict grains, or incomplete gas—melt isotopic
exchange during chondrule melting. Connolly and Huss
(2010) argued that the Mg# and oxygen isotope composi-
tion of chondrules are related to the amount of dust and
ice incorporated into the originally near-solar ambient
gas. Schrader et al. (2013) and Schrader et al. (2014)
assumed that CR Type I chondrules reacted with relatively
180-depleted gaseous H,O and inferred the O-isotope com-
position of this reacting gas. For CO chondrites. Tenner
et al. (2013) explained increasing A!” and A'®0O in Type 1
olivine as primarily due to ice enrichment, and the FeO
enrichment in Type II olivine as primarily due to dust
enrichment in the gas. Tenner et al. (2015) quantified ice
and dust enrichment factors for CR chondrites and argued
that the snow line passed between the Type I and II reser-
voirs. Based on the present experiments and those of
Whattam and Hewins (2009), we propose that gradual dis-
aggregation of AOA precursor material yielded different
durations of exposure to melt, the production of some relict
grains, and hence different extents of O isotopic exchange
for olivine grains in chondrules. However, heterogeneous
dust aggregates are also possible precursors and Type II
chondrules may have formed from Type I chondrule mate-
rial (Connolly and Huss, 2010; Villeneuve et al., 2015).

Warren (2011) recognized a bimodality in stable isotope
compositions that suggests a fundamental division between
carbonaceous (CC) and non-carbonaceous (NC) meteorites,
and suggested that these materials originally accreted in the
outer solar system (CC) and inner solar system (NC). For
AOA, Marrocchi et al. (2019b) found large, mass-
dependent, light Si isotope enrichments that require rapid
condensation over timescales of days to weeks. They con-
cluded that such brief localized high-temperature events
are inconsistent with disk transport timescales. Williams
et al. (2020) supported the model of Tenner et al. (2015) of
chondrule formation in gas reservoirs differentially enriched
in dust and ice components and separation of chondrule
types by a gap in the disc formed by Jupiter. Kruijer et al.
(2020) indicated that this separation lasted between ~1
and ~4 My. Multi-isotope data for chondrules support sep-
arate reservoirs: no CC chondrules plot in the NC chondrite
field, and no NC chondrules plot in the CC field (Schneider
et al., 2020). They concluded that there was no disk-wide
transport of chondrules or exchange between the NC and
CC reservoirs. Though there were similar evaporation/re-
condensation processes and recycling for NC and CC chon-
drules Piralla et al. (2021) showed they are distinctly
different in A'"®*0 — A 'O space indicating a lack of genetic
relationship: this makes extensive radial transport implausi-
ble. However, some dusty olivine grains in CM chondrules
have A 'O ~0%o that match those of UOC chondrule oli-
vine (Schrader et al., 2020), suggesting some limited migra-
tion from the inner to the outer solar system.
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Spinel relicts occur in plagioclase-olivine inclusions,
Type IA chondrules and barred-olivine (Sheng et al.,
1991; Misawa and Fujita, 1994; Maruyama and
Yurimoto, 2003; Tenner et al., 2017) in the Allende and
C3.2ung chondrites. We have observed them in Semarkona
(Hewins et al., 2012) and Paris chondrules, including Type
ITA chondrules (Hewins et al., 2014). Because of slow oxy-
gen diffusion (Ryerson and McKeegan, 1994), spinel tends
to retain '®0-poor compositions during reheating of RI,
including relict CAI in chondrules with A0 of ~—22%o
for spinel (e.g., Krot et al., 2006a,b). Maruyama and
Yurimoto (2003) reported extremely '6O-rich (A'7O
—17%o0) spinel in small grains in a plagioclase-rich chon-
drule. Tenner et al. (2017) reported spinel in an Al-rich
chondrule with a A'7O value of —19%o consistent with an
origin in AOA. However, spinel with isotopic compositions
consistent with chondrule values is also found
(Rudraswami et al, 2011). Tracking olivine composition
changes for all kinds of chondrites gives information on
the changing compositions of nebular reservoirs and trans-
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port mechanisms (Schrader et al., 2020; Williams et al.,
2020), but finding detailed evidence for such processes is
labor-intensive, as summarized by Tenner et al. (2018).
Analysis specifically of the less abundant spinel could be
useful.

4.5. Conceptual model for spinel-bearing chondrule formation

In view of debate on exactly how RI and chondrules
formed in isotopically distinct regions of the solar nebula,
a key observation is that, though NC and CC chondrules
are distinct in oxygen isotopic composition, each is accom-
panied by AOA of the appropriate A 80 and each varies in
A 0 as a function of the amount of exchange with gas
(Piralla et al., 2021). In Section 4.2, we summarized the
temperature and time conditions required for the formation
of RI and the transformation of RI into chondrules based
on experiments of the present study. Using these data, we
provide a conceptual model for the transformation of RI
into chondrules in Fig. 9. Here we illustrate two steps, the
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Fig. 9. Cartoon conceptualizing the formation of spinel-bearing chondrules. (1) Sintering of condensate dust to produce CAI and AOA. (2)
Melting of CAI and AOA, with or without addition of Mg and Si from the gas to produce Type IA chondrules. Both CAI and AOA melted
below 1550 °C could produce chondrules with relict spinel.
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sintering of condensates into RI, with the incorporation of
CAI and forsterite into AOA, followed by the partial melt-
ing of AOA to form chondrules. We also illustrate the idea
that large reheated CAI could be transformed by interac-
tion with gas to form chondrules. Libourel and Portail
(2018) have argued that addition of Mg(g) and SiO(g) leads
to Mg-rich olivine saturation in Ca-Al-rich melts and the
crystallization of zoned olivine in Type IA chondrules.
Marrocchi et al. (2018) observed relict olivine grains with
refractory overgrowths formed from Ca-Al-rich melts dur-
ing gas-assisted melting of nebular condensates like amoe-
boid olivine aggregates. In Fig. 9 we contrast two end-
member models for chondrule formation by melting whole
CAI or AOA-like materials.

Subsequent to condensation of precursors of RI and
chondrules in isotopically distinct regions ('*O-enriched in
the case of the former and °O-depleted in the latter), expo-
sure of RI precursor condensates to solar nebular tempera-
tures of 1200-1250 °C for at least 100——200 h resulted in
production of sintered assemblages of AOA and CAI. Note
that these time scales are the same as those indicated by
Marrocchi et al. (2019b) for condensation to produce large
Si mass fractionations in AOA. As AOA include discrete
fragments of CAI, this suggests that AOA formed after
CAI. A thermal event similar to that which resulted in sin-
tering of RI may also have caused annealing of Fo conden-
sates to form GOA (Whattam et al., 2008; Whattam and
Hewins, 2009), though in the case of GOA, whereas heating
times may have been similar to those of RI (>100 h), tem-
peratures would have been much higher (>1500 °C). Subse-
quently, partial melting of chondrule precursors of Fo
condensates and/or GOA in the presence of RI at maxi-
mum temperatures of 1550 °C resulted in chondrule forma-
tion and the interaction of RI spinel with '°O-poor nebula
gas. Due to the slow diffusion of oxygen in spinel (Ryerson
and McKeegan, 1994), chondrule spinel retained '°0O com-
positions enriched relative to chondrule olivine and other
phases. The isotopic composition and, as the experiments
of the current study show, the volume of surviving spinel
would reflect the temperature and hence degrees of partial
melting that spinel was subject to. High degrees of partial
melting would result in chondrules with less spinel with a
more 80-rich composition more similar to that of chon-
drule olivine, while lower degrees of partial melting would
yield more spinel with '°O-equilibrated compositions.
Another clue to the relative temperature that chondrule
precursors were subjected to is the size and morphology
of olivine which coarsens and becomes increasingly euhe-
dral with increasing temperature (Whattam and Hewins,
2009).

In our experiments, partly melted AOA domains survive
only at low temperatures, but in charges melted at temper-
atures yielding porphyritic textures, relict spinel is the main
evidence of the former presence of AOA. This key observa-
tion suggests that spinel grains in chondrules are more
likely to be derived from AOA than are olivine relicts,
which could be derived from older chondrules. Therefore,
studying specifically spinel-bearing chondrules could
rapidly yield most valuable information on chondrule-gas
exchange and potential transport.

5. CONCLUSIONS

(1) CAI and AOA textures can be reproduced by sinter-
ing at temperatures close to their condensation tem-
peratures in the solar nebula.

(2) The textures and mesostasis compositions of Type IA
chondrules can be reproduced by melting synthetic
AOA. However, the charges lack the complex olivine
zonation and the mesostasis silica enrichment trends
in chondrules explained by condensation.

(3) The Ca-Al-rich mesostasis in Type IA chondrules
might result from melting of either whole CAI, or
AOA, or AOA-like dust balls, with liquid—gas inter-
action. The relict olivine cores in the charges are like
relics in chondrules and suggest gradual disruption of
an AOA precursor leading to varying amounts of oli-
vine reaction.

(4) In isothermal experiments, relict spinel is present for
heating up to 1550 °C but is mostly resorbed by
1600 °C. PO chondrules with no relict spinel could
have had higher peak temperatures than 1550 °C
and lost evidence of a possible AOA or CAI
precursor.

(5) Chondrules with discrete olivine-rich and Ca-Al-rich
domains are not common, indicating chondrule melt-
ing distinctly higher than condensation temperatures.
Fine-grained CAI and chondrules record different
events and conditions.

(6) The maximum temperature of 1550 °C for natural
spinel-bearing chondrules is a new constraint on
chondrule formation conditions. As the spinel-free
porphyritic olivine charges resemble Type IA chon-
drules, there is no requirement that most chondrules
formed at near-liquidus temperatures (up to ~1800 °
C°).

(7) This 1550 °C spinel disappearance temperature is
close to the liquidus temperature of some CAI, con-
sistent with models of chondrule formation by mod-
ification by Mg and SiO condensation of RI melt
droplets below the liquidus temperatures of the final
chondrule compositions.

(8) The oxygen isotopic composition of spinel relict
grains in chondrules could indicate their prior envi-
ronments, particularly because of their slower diffu-
sion rates relative to olivine, which would allow
30-poor AOA compositions to survive, making spi-
nel a possible key to complex chondrule history.
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APPENDIX A. SUPPLEMENTARY MATERIAL

Supplementary Fig. S1 Fig. 4 SEM BSE images showing
the textural evolution of 1 h synthetic CAI+Fo gel isother-
mal runs as a function of temperature. Supplementary
Fig. S2 SEM BSE images showing examples of ‘failed’
AOA materials, i.e. ones which were subjected to tempera-
tures and/or durations less than our texturally decided-
upon starting run duration and temperature of 200 h-—
1250 °C. These ‘failed’ materials do not texturally resemble
natural AOA in contrast to the 200 h—-1250 °C materials
which clearly do (see Fig. 2). Supplementary Table S1 All
EPMA data of Fo+AOA and SCO+CAI experimental
charges. Supplementary Table S2 Atomic proportions of
Fo+AOA and SCO+CAI experimental charges. Supple-
mentary Table S3 EPMA detection limits.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2021.12.022.
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