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Abstract. Understanding the genetic relationship between different chondritic components will 11 

help to decipher their origin and dynamical evolution within the protoplanetary disk. Here, we 12 

obtain insight into these processes by acquiring O-isotope data from 17 Al-rich chondrules from 13 

unequilibrated ordinary chondrites (OCs, petrologic type ≤3.2) and four Al-rich chondrules 14 

from the CO3.1 carbonaceous chondrite Dar al Gani (DaG) 083. These particular kinds of 15 

chondrules are of special interest, as it is suggested that their precursors may have contained 16 

refractory material related to Ca,Al-rich inclusions (CAIs) and amoeboid olivine aggregates 17 

(AOAs).  18 

The four investigated Al-rich chondrules from the CO3.1 chondrite Dar al Gani 083 consist 19 

of olivine, low-Ca pyroxene, Ca pyroxene, and spinel phenocrysts embedded in mostly Na-rich 20 

glassy mesostasis. Two chondrules have a homogeneous O-isotopic composition and two are 21 

heterogeneous in composition. One chondrule contains relict spinel grains with a Δ17O value of 22 

−24.3±1.3‰, indicative of 16O-rich precursor refractory material, similar to constituents of 23 

CAIs and AOAs. The presence of CAI-like precursors for the Al-rich chondrules from CO 24 

chondrites is consistent with their previously reported presence of 50Ti excesses (Ebert et al., 25 

2018).  26 

The Al-rich chondrules in the ordinary chondrites studied consist of olivine, low-Ca 27 

pyroxene, Ca pyroxene, and, occasionally, spinel phenocrysts embedded in mostly Na-rich 28 

glassy mesostasis. Hibonite is present in one Al-rich chondrule. The vast majority of these 29 

chondrules have heterogeneous O-isotopic compositions: Chondrule glasses are 16O-depleted 30 

compared to chondrule phenocrysts; the 17O values of the former approach those of aqueously 31 
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formed fayalite and magnetite grains in type 3 OCs, ~ +5‰. We infer that the chondrule glasses 32 

experienced O-isotope exchange with an aqueous fluid on the OC parent asteroids.  33 

Chondrule phenocrysts, like spinel, olivine, low-Ca pyroxene, and Ca pyroxene, were not 34 

affected by this isotope exchange and preserved their initial O-isotope compositions. The 35 

phenocrysts within individual chondrules have similar 17O, whereas the inter-chondrule 17O 36 

values range from −4.5 to +1.4‰, i.e., they are in general 16O enriched relative to the majority 37 

of ferromagnesian type I and type II porphyritic chondrules in OCs having 17O of ~ +1‰. 38 

Because no relict grains were identified in the Al-rich chondrules from ordinary chondrites, the 39 

original O-isotopic composition of the refractory precursor material remains unknown.  40 

Additional detailed Na measurements within olivine grains show no major changes in the 41 

Na content of the chondrule melt during their crystallization. This implies either that the Na 42 

was part of the precursor material or that the Na was enriched in the chondrule melt/glass after 43 

crystallization of the olivines.  44 

       45 

 46 

 47 

48 



−3− 
 

1. INTRODUCTION 49 

Understanding a potential genetic link between chondrules and refractory inclusions 50 

[Ca,Al-rich inclusions (CAIs) and amoeboid olivine aggregates (AOAs)] is an important goal 51 

in cosmochemistry. Relict CAIs and AOAs found within chondrules from ordinary (OCs) and 52 

carbonaceous chondrites (CCs) indicate that CAIs were present in the chondrule-forming 53 

regions, but only some of them experienced melting during chondrule formation (e.g., Krot et 54 

al., 2002, 2004, 2006a, 2017a; Nagashima et al., 2020; Zhang et al., 2020). These observations 55 

are interpreted as evidence for a localized nature of chondrule-forming events (Krot, 2019).  56 

Aluminum-rich (>10 wt% bulk Al2O3) chondrules, occurring in all chondrite groups, are 57 

of special interest as they have been suggested to have formed from precursors containing 58 

refractory CAI- and/or AOA-like objects (Nagahara and Kushiro, 1982; Bischoff and Keil, 59 

1983a,b, 1984; Bischoff et al., 1985, 1989; Krot and Rubin, 1994; Krot and Keil, 2002; Russell 60 

et al., 2000; MacPherson and Huss, 2005; Guan et al., 2006; Rout and Bischoff, 2008; Zhang 61 

and Hsu, 2009; Ebert and Bischoff,  2016; Ebert et al., 2018, 2019; Zhang et al., 2020). 62 

However, because Al-rich chondrules are relatively common in non-carbonaceous (NCs) 63 

chondrites, which generally contain very rare refractory inclusions, it is still not clear to what 64 

extent CAIs and AOAs make up the Al-rich chondrule precursors in these meteorites 65 

(MacPherson and Huss, 2005). Based on bulk chemical compositions, Bischoff and Keil 66 

(1983b, 1984) defined several subtypes of Al-rich chondrules in ordinary chondrites – Na,Al-67 

rich (Na2O ≥ 5.0 wt%), Ca,Al-rich (Na2O ≤ 5.0 wt%), Na-Cr,Al-rich (Cr2O3 ≥ 2.4wt%)  and 68 

intermediate.  69 

A detailed study of the Na,Al-rich chondrules from ordinary, Rumuruti, and CO3.1 70 

chondrites has shown that these chondrules typically consist of euhedral-to-subhedral mafic 71 

minerals embedded within a brownish nepheline-normative, glassy mesostasis and often have 72 

volatility-controlled rare earth element (REE) patterns – Group II, III, and ultra-refractory 73 

(Ebert and Bischoff, 2016) – similar to those commonly observed in CAIs (Mason and Martin, 74 

1977; MacPherson et al., 1988; Davis et al., 2018) and AOAs (Grossmann et al., 1979). The 75 

combination of elevated refractory element abundances (Al, Ti, and REE), as well as CAI-like 76 

group II and group III REE patterns provide strong evidence that Al-rich chondrules contained 77 

refractory precursors chemically and mineralogically similar to CAIs and AOAs, providing a 78 

link between the two major chondritic components, chondrules and refractory inclusions (Ebert 79 

and Bischoff, 2016). It has to be mentioned that this connection between Al-rich chondrules 80 

and CAIs and AOAs based on the REE patterns has been questioned by Jacquet et al. (2018, 81 

2019). 82 
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Similar connections between Al-rich chondrules and refractory material can be drawn by 83 

considering the Ti-isotope compositions. Ca,Al-rich inclusions in CCs and OCs typically have 84 

50Ti excesses between ~2−16 ɛ units (e.g., Trinquier et al., 2009; Williams et al., 2016; Ebert et 85 

al., 2018; Shollenberger et al., 2018; Render et al., 2019), also linking CAIs from different 86 

chondrites to a formation in a common isotopic reservoir. As titanium isotopes are not expected 87 

to exchange with the nebular gas during chondrule formation (Niemeyer, 1988a,b; Gerber et 88 

al., 2017), 50Ti is a perfect tracer to constrain the role of CAI constituents as possible precursor 89 

components of Al-rich chondrules. If 50Ti-enriched refractory material was involved as a 90 

precursor, it should be still detectable in the resulting chondrules. Indeed, Na,Al-rich chondrules 91 

in CO chondrites show positive excesses of 50Ti up to 14.5±0.5ε, which is best explained by the 92 

presence of CAI-like material in their precursors (Ebert et al., 2018). However, Na,Al-rich 93 

chondrules in ordinary chondrites show no evidence for 50Ti excesses (ε50Ti range from ~ −2 to 94 

0); these Ti-isotope compositions are similar to those of ferromagnesian chondrules and bulk 95 

ordinary chondrites (Gerber et al., 2017; Ebert et al., 2018). Based on these observations, Ebert 96 

et al. (2018) concluded that an “unknown” refractory component, mineralogically and 97 

chemically similar to known CAIs but with normal Ti-isotope compositions, was among Na,Al-98 

rich chondrule precursors in the ordinary chondrites’ chondrule-forming region. Possible 99 

explanations for such a component could be either a heterogeneous distribution of 50Ti in the 100 

CAI-forming region or a different non-CAI origin of the refractory precursors.  101 

Based on the solar-like oxygen isotopic compositions of refractory inclusions (McKeegan 102 

et al., 2011) and the presence of decay products of short-lived radionuclides 7Be and 10Be 103 

formed by solar energetic particle irradiation, CAIs are thought to have formed from a gas of 104 

approximately solar composition, possibly close to the young Sun, and were subsequently 105 

distributed into the different regions of the protoplanetary disk where chondrules formed and 106 

chondrites accreted (Shu et al., 1996; McKeegan et al., 2000; MacPherson et al., 2003; 107 

Brownlee et al., 2006; Chaussidon et al., 2006; Ciesla, 2007; Krot et al., 2009; Wielandt et al., 108 

2012; MacPherson, 2014 and references therein). If CAIs or AOAs were present among Al-rich 109 

chondrule precursors, these chondrules may have preserved an 16O-rich signature of these 110 

precursors. In addition, O-isotope compositions of Al-rich chondrules in ordinary chondrites 111 

can be potentially used to constrain their formation region to the inner vs. outer Solar System. 112 

Note that on a three-isotope oxygen diagram (17O vs 18O), vast majority of chondrules in CCs 113 

plot below the terrestrial fractionation (TF) line, whereas those from NCs plot along or above 114 

it (e.g., Tenner et al., 2018 and references therein).  115 
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In this context, it is important to consider the effects of exchange and equilibration of O-116 

isotopes during chondrule formation or during metasomatic/aqueous alteration in the solar 117 

nebula and/or on the chondrites’ parent bodies. Melted chondrules behaved as open systems 118 

(e.g., Kita et al., 2010) and appear to have experienced O-isotope exchange with the 119 

surrounding solar nebula gas (e.g., Clayton et al., 1991; Tenner et al., 2018). Oxygen isotopic 120 

compositions of most CAIs, AOAs, and chondrules (except relict grains) from most 121 

unmetamorphosed (petrologic type 2−3.0) chondrites are uniform (e.g., Makide et al., 2009; 122 

Ushikubo et al., 2017; Kööp et al., 2016; Krot et al., 2017b, 2019a). This O-isotope 123 

homogeneity can be subsequently modified by post-crystallization O-isotope exchange with 124 

either nebular gas or aqueous fluid on the chondrites’ parent asteroids; the latter process is 125 

consistent with the common presence of isotopically heterogeneous chondrules and refractory 126 

inclusions in metamorphosed (petrologic type >3.0) CO and CV carbonaceous chondrites (e.g., 127 

Wasson et al., 2001; Itoh et al., 2004, 2007; Rudraswami et al., 2011; Krot et al., 2019a,b; Ebert 128 

et al., 2020). To minimize the effects of parent body alteration, in this study, we used only Al-129 

rich chondrules from the weakly metamorphosed ordinary chondrites of petrologic type ≤3.2 130 

[NWA 3358 (H3.1), Adrar 003 (L/LL3.1), Vicencia (L3.15), Krymka (LL3.2), and Vicencia 131 

(LL3.2)] and the CO3.1 chondrite Dar al Gani (DaG) 083.  132 

2. METHODS AND SAMPLES 133 

All polished thin sections and meteorite chips discussed in this work were provided by the 134 

Institut für Planetologie of the Westfälische Wilhelms-Universität Münster and by the Hawai‘i 135 

Institute of Geophysics and Planetology (HIGP), University of Hawai‘i (UH) at Mānoa.  136 

For identification of Al-rich chondrules, a Zeiss Axiophot optical microscope was used for 137 

thin sections microscopy. Thick sections and meteorite chips were studied with a JEOL 6610-138 

LV electron microscope (SEM) at the Interdisciplinary Center for Electron Microscopy and 139 

Microanalysis (ICEM) at the Westfälische Wilhelms-Universität Münster.  140 

Each side of twelve individual chondritic chips (two from Adrar 003, two from Krymka, 141 

two from NWA 3358, one from NWA 8580, and six from Vicencia) and one thick section from 142 

NWA 3358 were investigated by Al-elemental maps using a SEM. Not all identified Al-rich 143 

chondrules were used for further mineralogical and O-isotopic investigations because the 144 

selected Al-rich chondrules should be enriched in Na and should also be large enough (>250 145 

µm) for further Ti-isotope measurements in a follow up work. Because, for Ti-isotope 146 

measurements, the chondrules will be extracted from the chip or the thick section using a micro 147 
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mill with a minimum drill size of 250µm. In addition, Al-rich chondrules with Na <4wt% were 148 

chosen, if they contain spinel. 149 

Furthermore, 18 thin sections (six from Adrar 003, 3 from Krymka, 3 from NWA 3358, 2 150 

from NWA 5206 (no Al-rich chondrule were found), 3 from Vicencia, and one from the CO3.1 151 

chondrite DaG 083) were investigated by optical microscopy in transmitted and reflected light. 152 

We identified Al-rich chondrules by their brownish color in transmitted light and/or their 153 

distinct appearance (clear crystals in a glassy mesostasis) in transmitted light. Selected samples 154 

were further examined at the SEM and those containing spinel or olivine grains (where the 155 

optical appearance gives the possibility for a relict grain) were chosen (Table 1).  156 

In this study, we investigated 17 Al-rich chondrules (Figs. 1-6) from five different UOCs 157 

[7 from NWA 3385 (H3.1), 3 from Adrar 003 (L/LL3.1), 3 from NWA 8580 (L3.15), 3 from 158 

Krymka (LL3.2), and 1 from Vicência (LL3.2)] and 4 Al-rich chondrules (Figs. 7 and 8) from 159 

the CO3.1 chondrite DaG 083 (Table 1). In this work, a more simplified sub-classification is 160 

used. Na-enriched Al-rich chondrules (Na2O >4 wt%) are labeled as NaC-# and Al-rich 161 

chondrules with Na2O <4 wt% as Ca-Al-#. If we refer to Al-rich chondrules in the text, both 162 

groups are addressed.  163 

Quantitative mineral analyses (Table 2) were obtained using a JEOL JXA 8530F electron 164 

microprobe. For bulk and regular mineral analyses operating conditions were 15 kV 165 

accelerating voltage and a probe current of 15 nA. The measurement time for Na and K was 7 166 

s and 3 s and for all other elements 15 s and 10 s on peak and background, respectively. Natural 167 

and synthetic reference materials were used for calibration. The matrix corrections were done 168 

according to the Φρ(z) procedure (Armstrong, 1991). 169 

On selected olivine grains in various chondrules Na, Mn, Fe, Cr, and Ca concentrations 170 

were determined using a higher beam current of 100 nA and longer counting times of 350/175 171 

s for Na, Al, Mn, 180/90 s for Cr, Ni, P, Ca. 10/5 s for Si, Mg, and Fe on peak and background, 172 

respectively (Table A1). For Na under these conditions a 3σ detection limit of ~22 ppm was 173 

achieved (Table A2). Alexander et al. (2008) showed that olivine is stable to Na loss under 174 

similar conditions. In order to check precision and accuracy over the course of this study we 175 

measured the MongOl sh11-2 reference olivine (Batanova et al., 2019) as an unknown. 176 

Obtained major and trace element compositions match within error the values given by 177 

Batanova et al. (2019). Furthermore, we analyse a synthetic forsterite to ensure true zero-count 178 

rates for all trace elements.  179 

Oxygen-isotope analyses were carried out with the UH Cameca IMS-1280 ion microprobe 180 

using a method described by Nagashima et al. (2015). A primary Cs+ ion beam with a beam 181 
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current of ~25 pA was focused to 1−2 µm and rastered over 2×2 µm² area. Oxygen isotopes 182 

(16O−, 17O− and 18O−) were measured in multicollection mode on a Faraday cup and two electron 183 

multipliers, respectively. Instrumental fractionation was corrected by using terrestrial 184 

standards: San Carlos olivine for olivine and low-Ca pyroxene (Wo≤25), augite for Ca pyroxene 185 

(Wo>25), spinel for spinel, and Miyakejima anorthite for plagioclase and glassy mesostasis. 186 

Oxygen isotopic compositions of minerals and glasses in the Al-rich chondrules studied are 187 

listed in Table 3a,b and summarized in Figs. 9 and 10. Oxygen-isotope compositions are 188 

reported as δ17O and δ18O, deviations from Vienna Standard Mean Ocean Water in parts per 189 

thousand (SMOW; 17O/16OVSMOW = 0.000380; 18O/16OVSMOW = 0.002005; De Laeter et al., 190 

2003): δ17;18OSMOW = [( 17,18O/16Osample) / ( 
17,18O/16OVSMOW) – 1] * 1000, and as deviation from 191 

the terrestrial fractionation (TF) line: Δ17O=δ17O - 0.52 * δ18O. The reported 2σ uncertainties 192 

include both the internal measurement precision on an individual analysis and the external 193 

reproducibility for standard measurements during a given analytical session. 194 

 The bulk compositions of selected chondrules (Table 4) were calculated based on the 195 

mineral compositions and their weighted modal proportions, determined by point counting 196 

using the analysis software JMicroVision. The following equation for the bulk composition was 197 

used from Berlin (2009): 198 

 199 

(1)𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑍 =  𝑐𝑜𝑛𝑐𝑝ℎ𝑎𝑠𝑒 1
𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑍 [

𝑣𝑜𝑙%𝑝ℎ𝑎𝑠𝑒1∗𝜌𝑝ℎ𝑎𝑠𝑒1

∑ (𝑣𝑜𝑙%𝑝ℎ𝑎𝑠𝑒𝑛∗𝜌𝑝ℎ𝑎𝑠𝑒𝑛)𝑛
1

] + ⋯ + 𝑐𝑜𝑛𝑐𝑝ℎ𝑎𝑠𝑒 𝑚
𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑍 [

𝑣𝑜𝑙%𝑝ℎ𝑎𝑠𝑒𝑚∗𝜌𝑝ℎ𝑎𝑠𝑒𝑚

∑ (𝑣𝑜𝑙%𝑝ℎ𝑎𝑠𝑒𝑛∗𝜌𝑝ℎ𝑎𝑠𝑒𝑛)𝑛
1

]  200 

 201 

Here, conc is the elemental composition in wt% and ρ is the density of the analyzed phase.  202 

The density of olivine was calculated based on the fraction of forsterite (x) using the formula 203 

of Fisher and Medaris (1969): 204 

 205 

(2)  ρ𝑥 = 4.4048 − 1.1353𝑥 − 0.0435𝑥² 206 

 207 

The density of pyroxene was linearly interpolated between the end-member enstatite (3.2 g/cm³) 208 

and ferrosilite (3.95 g/cm³). A similar estimation was done for the Ca-rich pyroxene with the 209 

endmember diopside (3.28 g/cm³) and hedenbergite (3.56 g/cm³). Spinel is nearly pure Mg-210 

spinel; a density of 3.59 g/cm³ was used.  211 

Density calculations for the glass were performed using the density model from Fluegel (2007): 212 

 213 

(3)  ρ𝑔𝑙𝑎𝑠𝑠 = 𝑏0 ∗ ∑ [𝑏𝑖𝐶𝑖 + ∑ (𝑏𝑖𝑘𝐶𝑖𝐶𝑘 + ∑ 𝑏𝑖𝑘𝑚𝐶𝑖𝐶𝑘𝐶𝑚
𝑛
𝑚=𝑘 )𝑛

𝑘=1 ]𝑛
𝑖=1  214 
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 215 

Where b values are the model coefficients given in Fluegel (2007) and C values are the glass 216 

concentrations in mol%. See Fluegel (2007) for more details.  217 

3. RESULTS  218 

3.1 AL-RICH CHONDRULES FROM TYPE 3 ORDINARY CHONDRITES 219 

NWA 3358 (H3.1) 220 

NaC-1 is a porphyritic pyroxene (PP) chondrule, ~150 µm in apparent diameter (Fig. 1a). 221 

It consists of low-Ca pyroxene (En94Wo5) phenocrysts rimmed by Ca pyroxene (En56Wo43) and 222 

embedded in glassy mesostasis (12.2 wt% Na2O). Oxygen-isotope compositions were measured 223 

for two low-Ca pyroxene grains in the core and rim of the chondrule, and for the mesostasis in 224 

the core. The pyroxenes and mesostasis are in O-isotope disequilibrium. Two low-Ca pyroxene 225 

grains have similar Δ17O, −4.3±2.8‰ and −4.5±2.5‰, and on a three-isotope oxygen diagram 226 

(17O vs. 18O) plot along the carbonaceous chondrite anhydrous mineral (CCAM; Clayton et 227 

al., 1977) line. Chondrule mesostasis is 16O-poor (Δ17O = 5.0±2.1‰). 228 

NaC-2 is a porphyritic olivine-pyroxene (POP) chondrule, ~300 µm in apparent diameter 229 

surrounded by a rim (Fig. 1b). It is composed of skeletal crystals of forsteritic olivine (Fo99) 230 

and chemically zoned pyroxenes (En94Wo5 - En51Wo48) embedded in glassy mesostasis (13.0 231 

wt% Na2O). Chondrule phenocrysts are in O-isotope disequilibrium with mesostasis. Olivine 232 

and Ca pyroxene phenocrysts have similar Δ17O (−0.7±2.3‰ and −0.1±1.8‰, respectively) and 233 

plot along the TF line, whereas chondrule mesostasis is 16O-depleted (Δ17O ~ 4±2‰) and plots 234 

above TF line. 235 

NaC-3 is a PO chondrule (Fig. 1c), ~160 µm in diameter, composed of skeletal olivine 236 

phenocrysts (Fo99; Δ
17O = −0.6±2.3‰) embedded in a glassy mesostasis (12.7 wt% Na2O; Δ17O 237 

= 3.3±2.0‰) and partly surrounded by a rim. The O-isotopic composition of the mesostasis is 238 

clearly resolved relative to olivine phenocrysts in a three-isotope oxygen diagram (Fig.9).  239 

Chondrule NaC-4, ~340 µm in apparent diameter, has a glassy texture and contains 7.8 240 

wt% Na2O (Fig. 2a) and partly surrounded by a rim. Quartz is present along a crack in the lower 241 

part of the chondrule.  Oxygen isotopic composition of mesostasis in the core appears to be 242 

slightly 16O-enriched relative to that near the edge; the difference, however, cannot be resolved 243 

with 2 uncertainty (Δ17O = −1.6±2.1‰ and 0.6±2.1‰, respectively).  244 

NaC-5 is a rimmed POP chondrule (Fig. 2b), ~350 µm in apparent diameter, consisting of 245 

skeletal crystals of forsteritic olivine (Fo99) and igneously-zoned pyroxenes (En82Wo18 – 246 

En63Wo37) embedded in glassy mesostasis (13.9 wt% Na2O). The chondrule has a 247 
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heterogeneous O-isotope composition visible in the three-isotope oxygen diagram, in which the 248 

glassy mesostasis (Δ17O = 4.1±2.1‰) is 16O depleted compared to olivine, low-Ca pyroxene, 249 

and Ca pyroxene, which have similar Δ17O: 0.6±2.0‰, 1.4±2.0‰, and 0.8±1.6‰, respectively.  250 

NaC-6 is a rimmed POP chondrule (Fig. 2c), ~250 µm in apparent diameter, made of 251 

skeletal olivine (Fo100) and Ca pyroxene (En48Wo51) grains embedded in glassy mesostasis 252 

(14.7 wt% Na2O). The glassy mesostasis is 16O-depleted (Δ17O = 1.2±2.1‰) compared to 253 

olivine (Δ17O = −4.2±2.1‰) and Ca pyroxene (Δ17O = −2.3±1.6‰). On a three-isotope oxygen 254 

diagram, Ca pyroxene is displaced to the left from that of olivine, possibly as a result of 255 

improper standard (augite) used. 256 

Ca-Al-1 is a PP chondrule (Fig. 6a), ~550 µm in apparent diameter, composed of elongated 257 

pyroxene grains (En92Wo8 – En63Wo37) and several rounded spinel grains all embedded in 258 

glassy mesostasis (16.2 wt% Na2O). It is partly surrounded by a thin rim. Ca pyroxenes and 259 

spinel are 16O-enriched (Δ17O = −1.8±1.5‰ and −2.6±1.4‰, respectively) compared to the 260 

glassy mesostasis (Δ17O = 5.6±2.2‰).   261 

 262 

Adrar 003 (L/LL3.1) 263 

NaC-7 is an ellipsoidal, 250×300 µm POP chondrule (Fig. 3a). Its central part consists of 264 

skeletal olivine grains (Fo98-99) and a small (~3 µm) spinel grain surrounded by glassy 265 

mesostasis (13.8 wt% Na2O). The peripheral portion is dominated by many chemically zoned 266 

pyroxenes (En90Wo8 – En60Wo38). The olivine, spinel, and glassy mesostasis measured for O-267 

isotope compositions have similar (within uncertainty of our SIMS measurements) 17O values 268 

of 0.8±1.9‰, 0.3±1.1‰, and 1.5±1.9‰, respectively.  269 

NaC-8 is a POP chondrule (Fig. 3b), ~850×950 µm in size, composed of skeletal olivine 270 

grains (Fo99), an aggregate of subhedral olivine grains (Fo99), and igneously zoned pyroxenes 271 

(En94Wo4 – En57Wo41), all embedded in a glassy mesostasis (10.6 wt% Na2O). Both textural 272 

types of olivine grains and the low-Ca pyroxene grain analyzed have similar Δ17O:  −1.2±1.9‰, 273 

−1.3±2.1‰, and −0.9±1.9‰, respectively. The glassy mesostasis (Δ17O = 1.3±2.2‰) cannot 274 

be resolved with 2 uncertainty from the embedded phenocrysts.  275 

NaC-9 is a POP chondrule (Fig. 3c), ~450 µm in apparent diameter, composed mainly of 276 

skeletal olivine grains (Fo99-100) and glassy mesostasis (10.9 wt% Na2O); small crystals of low-277 

Ca pyroxene (En95Wo4) and Ca pyroxenes (En53Wo47) are concentrated in the peripheral part 278 

of the chondrule. The glassy mesostasis is 16O depleted relative to olivine phenocrysts (Δ17O = 279 

1.7±2.2‰ and −2.7±1.8‰, respectively). 280 

 281 
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NWA 8580 (L3.15) 282 

NaC-12 is a PO chondrule (Fig. 4c), ~400 µm in apparent diameter, and consists of skeletal 283 

olivine grains (Fo99) embedded in glassy mesostasis (12.0 wt% Na2O). The olivine and 284 

chondrule mesostasis have similar (within uncertainty of our SIMS measurements) 17O values 285 

of 1.2±2.7‰ and −0.4±2.3‰, respectively. 286 

NaC-13 is a POP chondrule (Fig. 5a), ~450×750 µm in size, and made of Ca pyroxene 287 

(En56Wo43) and olivine (Fo99-100) grains embedded in glassy mesostasis (13.0 wt% Na2O). The 288 

pyroxene and olivine grains are concentrated in the central and peripheral parts of the 289 

chondrule, respectively. The chondrule has a heterogeneous O-isotope composition: The glassy 290 

mesostasis is 16O-depleted relative to olivine and Ca pyroxene (Δ17O = 2.3±2.2‰, −4.5±2.2‰, 291 

and −2.2±2‰, respectively).  292 

Ca-Al-2 is a fragmented chondrule exposed at the edge of the meteorite chip (Fig. 6b). It 293 

consists of skeletal hibonite and Ca-Al-Ti pyroxenes (25.3 wt% Al2O3; 4.2 wt% TiO2), and 294 

euhedral spinel grains all embedded in glassy mesostasis. Olivine is absent. Hibonite bearing 295 

(micro-)chondules are present in different types of chondritic meteorites and they can have large 296 

isotopically anomalies as well as REEs (rare earth elements) with refractory pattern (e.g., 297 

Grossman et al., 1988; Ireland et al. 1991; Russell et al., 1998; Simon et al., 1998). Phenocrysts 298 

and glassy mesostasis in Ca-Al-2 have similar O-isotope compositions, with Δ17O of ~ 299 

−2.5±1.5‰. On a three-isotope oxygen diagram, all analyses are displaced to the left from the 300 

Primitive Chondrule Mineral (PCM) line (Ushikubo et al., 2012), which may reflect IMF effects 301 

due to the location of the chondrule right on the edge of the section. 302 

 303 

Krymka (LL3.2) 304 

NaC-10 is a PP chondrule (Fig. 4a), ~370×500 µm in size, composed mainly of igneously 305 

zoned pyroxene crystals (En98Wo1 – En53Wo46) embedded in glassy mesostasis (13.2 wt% 306 

Na2O). The only analysis obtained for the chondrule is the mesostasis with Δ17O = 2.5±2.3‰. 307 

NaC-11 is a partly rimmed PO chondrule (Fig. 4b), ~250×330 µm in size, made of skeletal 308 

olivine grains (Fo100) embedded in glassy mesostasis (11.5 wt% Na2O). Olivine (Δ17O = 309 

−2.3±3.2‰) is clearly resolved to mesostasis (Δ17O = 0.7±2.7‰) in a three-isotope oxygen 310 

diagram.  311 

NaC-14 is a PO chondrule (Fig. 5b), ~350×450 µm in size, composed of coarse subhedral 312 

(Fo99) and skeletal olivine (Fo96-98) grains embedded in glassy mesostasis (9.1 wt% Na2O). The 313 

coarse olivine has a similar 16O composition relative to the mesostasis (Δ17O = 0.6±2.1‰ and 314 

2.3±2.1‰, respectively) but are resolved in a three-isotope oxygen diagram 315 
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 316 

Vicência (LL3.2) 317 

Ca-Al-3 is an ellipsoidal chondrule, ~700×850 µm in size, composed mainly of coarse-318 

grained Al-diopside and skeletal olivine crystals embedded in a glassy mesostasis (Fig. 6c). 319 

Small subhedral spinel grains occur near the chondrule edge. Two spinel grains analyzed appear 320 

to be slightly 16O enriched relative to two Al-diopsides measured (Δ17O = −2.4±1.2‰, 321 

−2.0±1.4‰ and −0.8±2.7‰, 0.4±2.5‰). Glassy mesostasis is the most 16O-depleted phase 322 

(Δ17O = 2.6±2.3‰). As this sample was included in the study in a later stage, no microprobe 323 

data of the mineralogy is present. 324 

 325 

3.2. AL-RICH CHONDRULES FROM DAR AL GANI 083 (CO3.1) CHONDRITE  326 

A POP chondrule CO-NaC-1 (Fig. 7a), ~500×540 µm in size, consists of olivine (Fo99), 327 

low-Ca pyroxene (En96Wo3) overgrown by Ca pyroxene (En54Wo45), and glassy mesostasis 328 

(12.9 wt% Na2O). Olivine and low-Ca pyroxene are 16O-enriched (Δ17O = −6.3±2.0‰ and 329 

−7.4±1.9‰, respectively) compared to mesostasis (Δ17O = −1.8±2.1‰). Ca pyroxene (Δ17O = 330 

−4.3±1.8‰) cannot be resolved with 2 uncertainty from the mesostasis.  331 

A PP chondrule CO-NaC-2 (Fig. 7b), ~170×200 µm in size, consists of Ca pyroxene 332 

skeletal crystals (~En66Wo32) and mesostasis containing numerous quenched crystals. Two of 333 

the pyroxenes measured have similar Δ17O values of −2.8±1.9‰ and −3.6±1.5‰, respectively. 334 

A PO chondrule CO-Ca-Al-1 (Fig. 8a), ~1150 µm in apparent diameter, consists of rounded 335 

spinel grains and skeletal crystals of olivine (Fo99) and Ca pyroxene (En59Wo40) all embedded 336 

in glassy mesostasis (3.3 wt% Na2O). Two spinel grains measured are similarly 16O-rich (Δ17O 337 

~ −24±1.4‰). Olivine, Ca pyroxene, and mesostasis have less 16O-rich compositions (Δ17O ~ 338 

−6±2‰, −5.5±1.7‰, and −4.5±2.0‰, respectively).   339 

A PO chondrule CO-Ca-Al-2 (Fig. 8b), ~190×210 µm in size, consists of skeletal spinel 340 

and olivine (Fo98) grains embedded in Ca pyroxene that is not a glassy mesostasis. All phases 341 

have similar (within uncertainty of our SIMS measurements) Δ17O values (spinel: −2.2±1.6‰, 342 

olivine: −1.0±2.0‰, and Ca pyroxene: −0.3±2.1‰, respectively) and plot on the PCM line.  343 

3.3. BULK COMPOSITION AND PRECISE NA MEASUREMENTS FROM SELECTED AL-RICH 344 

CHONDRULES  345 

We performed more detailed and precise element measurements within selected olivine 346 

grains and bulk calculations for five different Al-rich chondrules (Table A3). Except for CO-347 

Ca-Al-1, all Na-Al-rich chondrule glasses have Na2O >13.0 wt% (Table 4 and Table A3 for all 348 
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Al-rich chondrules) and a calculated bulk Na2O value >4.0 wt% (Table 4). Measurement and 349 

calculation follow the method of Alexander et al. (2008). KD rim was calculated based on the 350 

measured Na values of the chondrule mesostasis and the highest Na-value measured which is 351 

closest to the olivine rim and also unaffected by the surrounding glass. The KD core is calculated 352 

by the lowest Na value in the center of the olivine grain in relationship to the chondrule bulk 353 

composition. The ratios of KD rim/ KD core in chondrule olivines were 0.9303-1.9593, plotting 354 

around the 1:1 line (Fig. 11). In general, the Na2O distribution within one olivine grain does not 355 

show high variability, except directly on the rim itself (Fig. 12; Table A4).     356 

 357 

4. DISCUSSION 358 

4.1. AL-RICH CHONDRULES FROM A CO-CHONDRITE 359 

Four Al-rich chondrules from the CO3.1 chondrite Dar al Gani 083 were measured for O-360 

isotope compositions (Figs. 7, 8, 10; Table 3b). The chondrule CO-Ca-Al-2 has an internally 361 

uniform O-isotope composition, with spinel, olivine, and Ca pyroxene having 17O values of 362 

−2, −1, and 0‰, respectively. In chondrule CO-NaC-2, only Ca pyroxene grains were measured 363 

(17O ~ −3‰). Two other chondrules, CO-Ca-Al-1 and CO-NaC-1, are isotopically 364 

heterogeneous, with Δ17O ranging from ~ −25 to ~ −4‰ and from ~ −7 to −2‰, respectively. 365 

In CO-Ca-Al-1, this heterogeneity is due to the presence of 16O-rich spinel grains, which are 366 

probably relicts; olivine, Ca pyroxene, and glassy mesostasis have similar (within uncertainty 367 

of our SIMS measurements) 17O values of −6, −6 and −4.5‰, respectively. In CO-NaC-1, the 368 

heterogeneity is due to 16O-depleted composition of mesostasis (17O ~ −2‰) compared to 369 

olivine and low-Ca pyroxene which have similar 17O values of −6 and −7 respectively. The 370 

Ca pyroxene cannot be resolved with 2 uncertainty from the mesostasis but is clearly resolved 371 

in the three-isotope oxygen diagram. 372 

Oxygen-isotope compositions of relict spinel grains in CO-Ca-Al-1 are similar to those in 373 

CAIs and AOAs in CO3.0 chondrites (Itoh et al., 2004; Krot, 2019), indicating the presence of 374 

the CAI- or AOA-like precursors in CO-Ca-Al-1. A similar conclusion was reached by 375 

Chaumard et al. (2018), Marrocchi et al. (2018, 2019) and Zhang et al. (2020), based on the 376 

presence of 16O-rich relict spinel and forsterite grains in Al-rich and ferromagnesian chondrules 377 

from CV and CM chondrites. Therefore, the 16O-enriched refractory material – most likely 378 

constituents of former CAIs and AOAs − was among the precursors for chondrules in general 379 

in CV, CM, and CO chondrites. 380 



−13− 
 

Oxygen-isotope compositions of the Al-rich chondrule phenocrysts are not systematically 381 

16O-enriched relative to those in ferromagnesian chondrules from CO chondrite (Fig. 10), 382 

suggesting significant O-isotope exchange of chondrule melt with the surrounding nebular gas 383 

that nearly completely erased the 16O-rich signature of CAI- and/or AOA-like precursors.  384 

Chondrule phenocrysts and mesostases in chondrules  from the carbonaceous chondrite 385 

Acfer 094 (C3.00) have homogenous O-isotope compositions (Ushikubo et al., 2012). In 386 

contrast, themesostasis in the investigated Al-rich chondrule CO-NaC-1 from Dar al Gani 083 387 

(CO3.1) appears to be 16O depleted relative to chondrule phenocrysts (Fig. 10c); which 388 

approach 17O value of aqueously formed fayalite and magnetite of -1.6±0.9‰ for CO 389 

chondrites reported by Doyle et al. (2015). Therefore, we infer that this O-isotope heterogeneity 390 

is most likely due to post-crystallization O-isotope exchange with an aqueous fluid on the CO 391 

parent asteroid, which could have occurred at ~200−300°C (Doyle et al., 2015). Oxygen-isotope 392 

exchange with an aqueous fluid has also been previously inferred for melilite, grossite, krotite, 393 

and Zr,Sc-rich oxides and silicates in isotopically heterogeneous CAIs from metamorphosed 394 

CO chondrites (Wasson et al., 2001; Krot et al., 2019a). 395 

 4.2. AL-RICH CHONDRULES FROM ORDINARY CHONDRITES 396 

Contrary to the CO Al-rich chondrules, the Al-rich chondrules from ordinary chondrites 397 

generally do not fall on the PCM/CCAM line and instead scatter in a much larger region 398 

between the TFL and CCAM line in a three-isotope oxygen diagram (Fig. 9). Therefore, the 399 

situation in the case of Al-rich chondrules from ordinary chondrites is more complex than for 400 

Al-rich chondrules from DaG 083.  401 

4.2.1. Heterogeneity and 18O-depletion within different phenocrysts 402 

The O-isotopic composition of phenocrysts within ordinary chondrites’ Al-rich chondrules 403 

is much more spread out between the TFL and CCAM line compared to that of the Al-rich 404 

chondrules from CO chondrites (Figs. 9 and 10). A similar spread for phenocrysts within Al-405 

rich chondrules from ordinary chondrites was reported by Russell et al. (2000). Since the 406 

investigated objects from Russell et al. (2000) are from chondrites of petrologic type 3.4, it 407 

cannot be excluded that the slight shift to the left of the PCM line is caused by a mild thermal 408 

metamorphism with the present of a fluid on the ordinary chondrite parent body (Krot et al., 409 

2006b). However, spinel, olivine, and Ca pyroxene in CAIs and AOAs from NWA 3358 (H3.1) 410 

do not show effects of parent body alteration, and they still have their pristine O-isotopic 411 

composition (Ebert et al., 2020). Thus, the O-isotopic composition of spinel, olivine, and Ca 412 

pyroxene in the investigated Al-rich chondrules (from type ≤3.1) should be also unaffected by 413 
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alteration processes in the solar nebula or on the parent body, and the shift to the left of the 414 

PCM line must have a different origin. 415 

If the spread to the left of the PCM line is caused by a unique O-isotopic composition of 416 

the refractory precursor material, the phenocrysts within a single chondrule should have similar 417 

O-isotopic compositions and plot close together in the three-isotope oxygen diagram. However, 418 

this is not the case, and the O-isotopic composition depends on the mineral phase, where Ca 419 

pyroxenes are, in general, depleted in 18O and compared to olivines, low-Ca pyroxenes, and 420 

spinels (Fig. 9c). A possible shift in the O-isotopic composition of the chondrule melt’s during 421 

chondrule formation could lead to a heterogenous O-isotopic composition within a single 422 

chondrule (Piralla et al., 2021). However, this scenario seems to be unlikely in this case 423 

because: (i) it is assumed that Al-rich chondrule cooled very fast (Ebert and Bischoff, 2016), 424 

(ii) the time window between crystallization of olivine, low-Ca pyroxene and Ca pyroxene is 425 

short (iii) the change in O-isotopic composition should have happened in every Al-rich 426 

chondrule just before and only when Ca-pyroxene crystallized, and (iv) no other mineral phases 427 

were affected. Therefore, we assume that in this case, the shift to an 18O-depleted composition 428 

for Ca pyroxenes is most likely caused by a different mineral composition of the used standard 429 

(augite) and the measured Ca pyroxenes and/or unknown instrumental reasons. This is also 430 

visible in Al-rich chondrules from CO chondrites, where Ca pyroxenes are also slightly shifted 431 

to the left of the CCAM line (Fig. 10). Therefore, only the position of olivines, spinels, and 432 

low-Ca pyroxenes can be used in the three-isotope oxygen diagram to make statements about 433 

the Al-rich chondrule precursor material. These mineral phases plot along the PCM and Young 434 

and Russell (1998) (Y&R) line, similar to the Al-rich chondrules from CO chondrites.    435 

Exceptions are the phenocrysts (hibonite, spinel, Al-rich diopside) from Ca-Al-2, which 436 

are also depleted in 18O and, especially in the case of spinel, a shift to the left cannot be caused 437 

by matrix effects during the measurements.  438 

Unfortunately, the location of this hibonite-bearing Al-rich chondrule is directly at the edge 439 

of the meteorite chip (Fig. 6a), and the measurements can be affected by huge topographic 440 

effects. Such topographic effects can result in large analytical uncertainties and in a decrease in 441 

18O up to 5‰ (Kita et al., 2009). For example, a hypothetical increase of 18O of 3−4‰ would 442 

shift the phenocryst between the PCM and Y&R lines on the three-isotope oxygen diagram. 443 

Nevertheless, the phenocrysts in Ca-Al-2 are enriched in 16O and clearly differ in their oxygen 444 

isotope composition from bulk ordinary chondrites and ferromagnesian chondrules.  445 

A mixing line through the remaining phenocryst (without Ca-Al-2 and Ca pyroxenes) 446 

would create a line with a slope of ~0.99, which is very similar to the Y&R and PCM lines. 447 
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Therefore, we assume that the O-isotope composition of the 16O-enriched refractory component 448 

of the Al-rich chondrule precursor follows the PCM and Y&R lines and were mixed with the 449 

16O-depleted material from the ordinary chondrite region. Some phenocrysts avoided complete 450 

equilibration with the solar gas during the chondrule formation event and still preserve a 16O-451 

enriched composition up to Δ17O = -4.5 ±2.2‰ (this study) and up to Δ17O = -6.1 ±2.8‰ 452 

(Russell et al., 2000), which differ significantly from the oxygen isotopic composition of bulk 453 

ordinary chondrites (Δ17O = 0.7 – 1.3‰; Clayton et al., 1991) and bulk Fe,Mg chondrules (Δ17O 454 

= 0.0 – 1.7‰; e.g., Clayton et al., 1991; Kita et al., 2010; Metzler and Pack, 2016). This stands 455 

in contrast to the 50Ti data which are undistinguishable from those of Fe,Mg chondrules and 456 

bulk ordinary chondrites (Ebert et al., 2018). 457 

4.2.2. Origin of the refractory material for the Al-rich chondrules 458 

No relict grains with an excess in 16O (similar to the relict grains in CO-Ca-Al-1) were 459 

present within the ordinary chondrite Al-rich chondrules studied, and the original oxygen 460 

isotopic composition of a possible refractory precursor remains unknown.       461 

In order to be able to make inferences about the origin of the refractory precursor material, 462 

we have summarized the key facts we know about the Al-rich chondrules from ordinary 463 

chondrites.  464 

(1) Al-rich chondrules differ compositionally from ferromagnesian chondrules mainly by 465 

higher Al2O3 (>10 wt%), CaO+Na2O, and TiO2 and lower MgO concentrations (e.g., 466 

Bischoff and Keil, 1983, 1984; Krot and Rubin, 1994; MacPherson and Huss, 2005; 467 

Ebert and Bischoff, 2016). 468 

(2) Al-rich chondrules are enriched in REEs (up to >10CI) group II, group III, and ultra-469 

refractory REE bulk patterns that frequently show a negative anomaly in Sm (Ebert 470 

and Bischoff, 2016; Zhang et al., 2020). 471 

(3) Al-rich chondrules show no excess in 50Ti and are indistinguishable in Ti-isotope 472 

compositions from ferromagnesian chondrules and bulk ordinary chondrites. This 473 

stands in contrast to CAIs from ordinary, CV, and CO chondrites as well as to Al-rich 474 

chondrules from CO chondrites which have an excess in 50Ti (Gerber et al., 2017; Ebert 475 

et al., 2018). 476 

(4) Many Al-rich chondrules’ phenocrysts are enriched in 16O, and olivine and spinel in 477 

particular follow the PCM and Y&R lines in a three-isotope oxygen diagram. (Russell 478 

et al., 2000; this study). 479 
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Al-rich chondrules from ordinary chondrites are enriched in 16O up to Δ17O = -6.1 ±2.8‰ 480 

(Russell et al., 2000; this study), suggesting that the ordinary chondrite formation region is not 481 

the formation region for the refractory precursor material. However, no chronological 482 

information about the investigated Al-rich chondrules are available and it cannot be excluded 483 

that they were formed early in an evolving ordinary chondrite region were the O-isotopic 484 

signature could have changed from 16O-rich (~-5‰) to 16O-poor (~1‰) with time (Piralla et 485 

al., 2021). But previous Al-Mg studies on Al-rich chondrules in unequilibrated ordinary 486 

chondrites (Huss et al., 2001) reveal no significant differences in formation ages to Fe-Mg 487 

chondrules from ordinary chondrites (e.g., Kita et al., 2000; Pape et al. 2019).  488 

Therefore, if we assume a similar age of origin in the examined Al-rich chondrules it is 489 

more likely that refractory material was transported to the ordinary chondrite formation region 490 

from an 16O-enriched region. Similar to the precursors for Al-rich chondrules in CO and CV 491 

chondrites, but it cannot have been isotopically similar material since the Na,Al-rich chondrules 492 

in ordinary chondrites do not have an excess in 50Ti (Ebert et al., 2018), whereas Al-rich 493 

chondrules from CV and CO do have an excess in 50Ti (Gerber et al., 2017; Ebert et al., 2018). 494 

This stands in contrast to the isotopically similar CAIs and AOAs in non-carbonaceous and 495 

carbonaceous chondrites, which are enriched in 50Ti (Ebert et al., 2018). From the more than 496 

100 CAIs and AOAs investigated, none has been found in carbonaceous chondrites so far 497 

without an excess in 50Ti (Niemeyer and Lugmair, 1981; Niederer et al., 1981; Niemeyer, 498 

1988b; Leya et al., 2009; Trinquier et al., 2009; Williams et al., 2016; Davis et al., 2018; Ebert 499 

et al. 2018; Burkhardt et al., 2019; Render et al., 2019). Thus, it is possible that the refractory 500 

material with an excess in 16O and without an excess in 50Ti was exclusively present in the 501 

ordinary chondrite formation region or within the entire non-carbonaceous chondrite formation 502 

regions.  503 

Such a unique distribution and separation of refractory material would be hard to explain 504 

with, e.g., the X-wind or disc-wind models (Shu et al., 1996; Liffman et al., 2016), because 505 

refractory inclusions without an excess in 50Ti should then also be present in the CC region. 506 

However, the model about a viscous expanding disc (Nanne et al., 2019; Burkhardt et al., 2019; 507 

Brennecka et al., 2020; Kruijer et al., 2020) predicts refractory material with a different isotopic 508 

composition in the NC region (Jacquet et al., 2019). It is possible that the formation of refractory 509 

material up to 1 AU from the young Sun occurred over several hundred thousand years (Ciesla, 510 

2010; Yang and Ciesla, 2012) and that this could create a hypothetical late formed refractory 511 

material with an excess in 16O (maybe lower than in “known” CAIs) and without an excess in 512 
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50Ti. Based on the model about a viscous disc, this isotopically different material (no excess in 513 

50Ti) could be exclusively present in the inner part of the solar disc and not in the CC region.  514 

To avoid a later mixing and complete homogenization of the CC and NC regions, the 515 

material transport, especially from the outer to the inner region of the solar disc, had to be 516 

blocked or hampered. An early formation of a large planet (maybe Jupiter) could isolate both 517 

regions and prevent material exchange between them (Warren, 2011; Budde et al., 2016; van 518 

Kooten et al., 2016; Nanne et al., 2019; Burkhardt et al., 2019; Kruijer et al., 2017, 2020). Al-519 

rich chondrules suggest that this large-scale isotopic dichotomy seen between the inner region 520 

and the outer region is not only visible in bulk meteorites, but it is also visible in their 521 

components. However, measured CAIs and AOAs in non-carbonaceous chondrites have an 522 

excess 50Ti and 16O (McKeegan et al., 1998; Itoh et al., 2007; Russell et al., 2016; Ebert et al., 523 

2018, 2020). One explanation for the presence of 50Ti enriched CAIs and AOAs in the NC 524 

region is that smaller inward-moving particles were able to bridge the gap created by e.g. Jupiter 525 

and larger particles were filtered out (Ebert et al., 2018; Weber et al., 2018; Haugbølle et al., 526 

2019).  527 

To prove this hypothesis of an exclusive refractory material in the NC chondrite region, 528 

such a unique refractory inclusion has to be found and directly investigated. Particularly 529 

challenging is that these refractory inclusions will not be different from known CAIs and AOAs 530 

in their mineralogical and, potentially, in their oxygen isotopic composition. So far, only Ti-531 

isotope measurements can help to distinguish them from “normal” refractory material. 532 

4.2.3. Effects of secondary alteration processes 533 

Most of the Al-rich chondrules from ordinary chondrites have a heterogeneous O-isotopic 534 

composition of their mineral phases with Δ17O values ranging from −4.5 to +5.8‰ (Fig. 9e). In 535 

general, chondrule glasses are 16O-depleted relative to chondrule phenocrysts (Fig. 9b). This 536 

16O-depletion occurred after the formation of the chondrules and was caused by a secondary 537 

process like an exchange with solar gas or by alteration on the parent body; otherwise, the glass 538 

would be in equilibrium with the phenocrysts. The Δ17O values of numerous chondrule glasses 539 

are similar to those of fayalite and magnetite from H, L, and LL chondrites (Choi et al., 1998; 540 

Doyle et al., 2015; Ebert et al., 2020) and plot above the ordinary chondrite bulk composition 541 

of Δ17O =~+1‰ (Clayton et al., 1991). Nearly pure fayalite and magnetite are seen as low-542 

temperature products of an aqueous fluid on the ordinary parent body, and their Δ17O, ~+5‰, 543 

reflects the O-isotopic composition of this fluid (e.g., Doyle et al., 2015). In this context, Ebert 544 

et al. (2020) showed that melilite and anorthite underwent O-isotopic exchange with the fluid 545 

on the H-chondritic parent body, whereas olivine, pyroxene, spinel, and hibonite remained 546 
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unaffected. It is a logical consequence that glass with a high oxygen diffusion rate (Ryerson 547 

and McKeegan, 1994) would therefore undergo a strong O-isotopic exchange with the fluid 548 

toward complete equilibrium. Similar inferences were done by Kita et al. (2010) from O-isotope 549 

measurements of glasses in chondrules from low petrologic type (≤3.2) LL chondrites and by 550 

Zhang et al. (2014) from Al-rich chondrules in the ungrouped C3 chondrite Dar al Gani 978. 551 

The chondrule glasses are also systematically higher in Δ17O compared to values for the 552 

coexisting chondrule phenocrysts (Kita et al., 2010; Zhang et al., 2014). One ferromagnesian 553 

chondrule glass from Semarkona (LL3.0) even plots on the fractionation line defined by 554 

Semarkona magnetite (Kita et al., 2010). 555 

However, not all glasses from the Al-rich chondrules reached complete equilibrium with 556 

the fluid on their parent body. Many are still enriched in 16O compared to the O-isotopic 557 

composition of magnetite and fayalite from ordinary chondrites. One reason could be that an 558 

aqueous fluid is heterogeneously distributed within the matrix and can vary from sample to 559 

sample from distinct chondrites (Dobricǎ and Brearley, 2020), and this will create variation in 560 

the degree of aqueous alteration between each chondrule. This is also visible in the H3.1 561 

chondrite NWA 3358, where fayalite and sulfide laths are heterogeneously distributed within 562 

the matrix (Ebert et al., 2020). This could also be an explanation for the varying Δ17O 563 

compositions of the glasses from different chondrules within the H3.1 chondrite NWA 3358 564 

(Fig. 9e) where NaC-1, NaC-2, NaC-3, NaC-5, and Ca-Al-1 reached equilibrium with the fluid. 565 

However, glasses from Adrar (L/LL 3.10), NWA 8580 (L3.15) or Krymka (LL3.2) are also 566 

depleted in 16O compared to their phenocrysts, but their O-isotopic compositions are more 567 

similar to the O-isotopic compositions of the bulk host chondrite or bulk ferromagnesian 568 

chondrules, and none of them plot in the field of magnetite and fayalite (Fig. 9f). It seems that 569 

the presence of fluid could be more important than the petrologic type of the host meteorite. 570 

This is in agreement with Dyl et al. (2012) who shows that water had a severe effect on the 571 

equilibration process of parent body constituents. 572 

During this alteration process on the parent body, Ca could have been removed from the 573 

glass perhaps creating a Ca-enriched rim around the chondrule itself (Fig. 13a, b). NaC-2 has a 574 

clearly visible fine-grained rim around the chondrule that is enriched in Ca, and the glass has a 575 

similar O-isotope composition as fayalite from the host meteorite. In contrast, Ca-Al-2 has a 576 

homogenous O-isotopic composition and shows no clear Ca-rim around the chondrule, and this 577 

glass has a similar O-isotopic composition as the embedded phenocryst. Such a process can 578 

lead to bleached chondrules which show strong zoning and a porous and recrystallized 579 

mesostasis (Grossman et al., 2000) which is not visible in the examined chondrules. However, 580 
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in ordinary chondrites of low petrological type, aqueous alteration can leach out Ca without 581 

devitrification of the glass itself (Grossman et al., 2002). Therefore, the O-isotopic 582 

heterogeneity between the glassy mesostasis and phenocrysts within single Al-rich chondrules 583 

is most likely due to alteration processes on the ordinary parent body and supported by the 584 

presence of an aqueous fluid. 585 

 586 

4.2.4. Origin of sodium within the Al-rich chondrules. 587 

As refractory material seems to be a major part of Al-rich chondrules, the high Na2O bulk 588 

composition (up to 15.2wt% Na2O; Ebert and Bischoff, 2016) of Na-Al-rich chondrules is quite 589 

astonishing because Na is a moderately volatile element with a 50% condensation temperature 590 

(T50) of ~685°C – 762°C (Lodders et al., 2009; Wood et al., 2019) and the chondrule peak 591 

temperature during chondrule formation can rise up to ~1800 – 2000°C (Jones et al., 2018). In 592 

the special case of Al-rich chondrules, heating experiments suggest that the peak temperature 593 

was between 1400 – 1500°C (Tronche et al., 2007), which is still far above the T50 condensation 594 

temperature of Na. Various attempts were made to explain the high Na content within the 595 

chondrule glasses, which can be grouped in open system models and closed system models. 596 

Here a very brief summary: 597 

Alkalis (e.g., Na and K) in chondrule glasses behave as an open system with the 598 

surrounding matrix at the parent body (e.g. Grossman and Brearley, 2005), and this may explain 599 

some of the enrichment within the Na-Al-rich chondrules (Krot et al., 2018). Furthermore, it 600 

was experimentally shown that during chondrule formation under high total Na partial pressure, 601 

the resulting melt could gain a bulk Na2O composition up to 15 wt% (Mathieu et al., 2011), 602 

which would fit very well to measured values from Na-Al-rich chondrules. Therefore, this 603 

model is proposing that the Na-Al-rich chondrules’ precursor was originally free of Na, and the 604 

Na-Al-rich chondrules received Na during or after chondrule formation.  605 

In contrast to an open system stands the idea of a closed system, in which Na was part of 606 

the chondrule precursor and was preserved in the chondrule melt during the chondrule 607 

formation process. A possible explanation could be that the CAIs’ melilite altered to, e.g., 608 

nepheline and sodalite in the solar nebula (MacPherson and Huss, 2005; Ebert and Bischoff, 609 

2016). Such a Na-enriched precursor would have to be molten, during the chondrule formation 610 

process, in a region with high Na partial pressure created by, e.g., evaporation of dust-rich 611 

regions (e.g., Cuzzi and Alexander, 2006; Alexander et al., 2008) or in a Na-enriched 612 
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atmosphere of a planetary body (Morris et al., 2012; Herbst and Greenwood, 2016) to prevent 613 

Na loss during the chondrule formation.  614 

It is estimated that olivine crystallized throughout most of the chondrule cooling time (Ebel 615 

and Grossman, 2000) and therefore, olivine should record any changes in the Na content of the 616 

chondrule melt.  Alexander et al. (2008) and Borisov et al. (2008) measured the Na content of 617 

various Fe-Mg chondrules’ olivines from the LL3.0 Semarkona meteorite and concluded a 618 

closed system with regard to Na.  619 

We adopted their method in this study for four Na-Al-rich chondrules and one Ca-Al-rich 620 

chondrule (see chapter: “Methods and Samples”) and calculated Na KD core and Na KD rim 621 

values for ten different olivine grains (Table 4). Similar to Alexander et al. (2008), the various 622 

olivine grains plot close to a 1:1 line in a KD core vs. KD rim diagram (Fig. 11). Therefore, the 623 

Na content in the melt did not change much during the crystallization of the olivine grains. 624 

Otherwise, there would be a significant shift to the right of the 1:1 line if the melt lost a high 625 

amount of Na after the core of the olivine grains crystallized, or there would be a significant 626 

shift to the left if a high amount of Na entered the melt during the crystallization. That the Na 627 

content stayed more or less constant during the olivine crystallization is also supported by a 628 

very smooth Na trend through the single grains (Fig. 12). These results imply that the Na was 629 

either present from the beginning in the precursor or obtained by the chondrule melt after the 630 

crystallization of olivine (in the solar nebula or on the parent body) which is in agreement to 631 

previous work on Semarkona Fe,Mg chondrules (Alexander et al., 2008; Borisov et al., 2008). 632 

  It is not possible to distinguish alone with this dataset between the various ideas about the 633 

origin of the Na within the Na-Al-rich chondrules because they all have open questions that 634 

have still to be answered.  635 

- If the Na enrichment in the glass was caused by fluid-assisted thermal metamorphism 636 

or fluid assisted percolation (Kerraouch et al., 2019), similar Na contents of various Al-637 

rich chondrules’ glasses within one thin section – without signs of brecciation – would 638 

be expected. However, in the CO3 chondrite DaG083, the Al-rich chondrules’ glasses 639 

have very different Na2O contents (CO-NaC-1 = 12.9 wt% and CO-Ca-Al-1 = 3.3 640 

wt%). Maybe this could be explained by a heterogeneous distribution of the aqueous 641 

fluid within one meteorite sample (Dobricӑ and Brearley, 2020). 642 

- If Na condensed into the chondrule melt during chondrule formation, the olivines 643 

should show differences between the KD rim and the KD core because it is estimated 644 

that olivine crystallized throughout much of the chondrule cooling time (Ebel and 645 

Grossman, 2000). Therefore, the crystallization of olivine had to be finished before the 646 
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Na entered the melt. Maybe a two-stage cooling scenario with a slower cooling at the 647 

beginning and very fast cooling afterward may solve the problem. This could also lead 648 

to pure forsterite with only minor Fe at the rims and the presence of the high abundances 649 

of glass.  650 

- If Na was part of the precursor, there should be nepheline- and/or sodalite-rich 651 

refractory inclusions within type 3.0 chondrites, but this is not the case. Yet, refractory 652 

inclusions like CAIs in chondrites with a higher degree of metamorphism contain 653 

nepheline and/or sodalite, and it appears that the replacement of melilite and anorthite 654 

by Na-rich phases is an asteroidal process (Tomeoka and Itoh, 2004; Brearley and Krot, 655 

2012). Furthermore, this would imply a closed system for the chondrule formation 656 

process regarding Na. This stands in contrast to e.g. O (Kita et al., 2010) and Si 657 

(Nagahara et al., 2008) which show exchange between the chondrule melt with the 658 

solar nebula during the chondrule formation process (Nagahara et al., 2008; Kita et al., 659 

2010; Piralla et al., 2021).   660 

To summarize, even though the Na measurements of olivine grains within the Na-Al-rich 661 

chondrules could also hint at a closed system, the origin of the Na remains an open question. 662 

  663 

5. CONCLUSIONS 664 

We investigated the mineralogy, petrology, and O-isotope compositions of 17 Al-rich 665 

chondrules and/or their constituents from unequilibrated ordinary chondrites (petrologic 666 

type <3.2) and 4 Al-rich chondrules from the CO3.1 chondrite Dar al Gani 083. 667 

• Precise Na measurements within olivine grains of selected Al-rich chondrules 668 

reveal no changes in the chondrule melts’ Na content during the olivine 669 

crystallization.  670 

• Al-rich chondrules from the CO3.1 chondrite have a heterogeneous oxygen 671 

isotopic composition with Δ17O values ranging from −24.6 to -0.3 ‰. Relict 672 

spinel grains with Δ17O values of −24.6±1.3‰ prove that CAI/AOA-like 673 

material was present within the precursors for Al-rich chondrules from CO 674 

chondrites. This is well in agreement with conclusions based on 50Ti 675 

investigations from Ebert et al. (2018). Besides the relict grains, Al-rich 676 

chondrules’ oxygen isotopic compositions are indistinguishable from 677 

ferromagnesian chondrules from CO chondrites, supporting the idea that Al-678 
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rich chondrules were formed, like the ferromagnesian chondrules, in the CO 679 

formation region. 680 

• Al-rich chondrules from ordinary chondrites have also a heterogeneous oxygen 681 

isotopic composition with Δ17O values ranging from −4.5 to +5.8‰, but no 682 

relict grain as 16O-enriched as CAIs are present. Their heterogeneity is 683 

mineralogically controlled, where glass is, in general, depleted in 16O compared 684 

to chondrules’ phenocrysts, which themselves have a homogeneous oxygen 685 

isotopic composition. The 16O-depletion in glass most likely results from 686 

aqueous fluid-rock interaction on their parent chondrite bodies. 687 

• Some Al-rich chondrule phenocrysts in ordinary chondrites are 688 

indistinguishable from ferromagnesian chondrules in their oxygen isotopic 689 

composition of the constituents. They were most likely formed within the 690 

ordinary chondrite region similar to the ferromagnesian chondrules. 691 

• Based on the 16O-enriched composition of many phenocrysts within the Al-rich 692 

chondrules, the ordinary chondrite formation region seems to be unlikely the 693 

formation region for the refractory chondrule precursor material.  694 

• The model about a viscous expanding disc can explain refractory material with 695 

a so far unknown excess in 16O, but with no excess in 50Ti, which is exclusively 696 

present in the ordinary chondrite accretion region and not in the CO chondrite 697 

formation region.  698 

 699 
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Tables: 1058 

Table 1:  Basic characteristics of 21 studied (Na-)Al-rich chondrules.   1059 

Object Meteorite Type size [µm] mineralogy 

NaC-1 NWA 3358 H3.10 150 gl, px 

NaC-2 NWA 3358 H3.10 330x300 gl, ol, px 

NaC-3 NWA 3358 H3.10 160 gl, ol 

NaC-4 NWA 3358 H3.10 340 gl, qz 

NaC-5 NWA 3358 H3.10 340 gl, px, ol 

NaC-6 NWA 3358 H3.10 250 gl, ol, px 

NaC-7 Adrar 003 L/LL3.10 300x250 gl, ol, px 

NaC-8 Adrar 003 L/LL3.10 950x850 gl, ol, px 

NaC-9 Adrar 003 L/LL3.10 470x430 gl, ol, px 

NaC-10 Krymka LL3.20 500x370 gl, px 

NaC-11 Krymka LL3.20 330x250 gl, ol 

NaC-12 Krymka LL3.20 400 gl, ol 

NaC-13 NWA 8580 L3.15 750x450 gl, px, ol 

NaC-14 NWA 8580 L3.15 450x350 gl, ol 

Ca-Al-1 NWA 3358 H3.10 550 px, gl, sp 

Ca-Al-2 NWA 8580  L3.15 550 (fr) gl, px, sp, hib 

Ca-Al-3 Vicencia LL3.20 850x700 px, gl, ol 

          

CO-NaC-1 DaG 083 CO3 540x500 gl, px, ol 

CO-NaC-2 DaG 083 CO3 200x170 px, gl 

CO-Ca-Al-1 DaG 083 CO3 1150 gl, ol, sp, px 

CO-Ca-Al-2 DaG 083 CO3 210x190 px, ol, sp  

 1060 

 1061 
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Table 2: Compositions of mineral phases observed as porphyritic grains within the (Na)-Al-rich chondrules as obtained by electron microprobe analysis. Al-3 1062 

was added to study in at a later time and no microprobe data are available; data in wt%. --- = not detected 1063 

Olivine MgO Al2O3 SiO2 CaO FeO TiO2 Cr2O3 MnO Total Fo  
NaC-2 55.7 0.07 41.7 0.19 1.06 nd 0.15 --- 98.9 0.99  
NaC-3 56.0 0.08 41.5 0.25 1.48 nd 0.16 0.08 99.5 0.99  
NaC-5 56.1 0.16 41.5 0.20 1.25 0.16 0.21 --- 99.7 0.99  
NaC-6 56.6 0.10 41.7 0.34 0.36 nd 0.17 --- 99.2 1.00  
NaC-7 56.6 0.15 41.1 0.28 0.86 nd 0.28 0.12 99.5 0.99  
NaC-8 56.6 0.14 41.6 0.37 0.58 nd 0.21 --- 99.6 0.99  
NaC-9 57.0 0.05 41.5 0.23 0.51 0.11 0.12 0.07 99.6 1.00  
NaC-11 56.1 0.14 42.2 0.27 0.45 nd 0.17 0.07 99.5 1.00  
NaC-12 56.3 0.04 42.0 0.26 1.12 nd 0.14 0.07 100.0 0.99  
NaC-13 56.1 0.09 41.5 0.27 1.43 0.10 0.15 --- 99.7 0.99  
NaC-14-1 55.8 0.09 40.7 0.26 2.50 nd 0.11 0.22 99.7 0.98  
NaC-14-2* 56.8 0.18 41.3 0.43 0.73 nd 0.19 --- 99.7 0.99  
CO-NaC-1 56.6 0.03 42.0 0.28 0.93 nd 0.16 --- 100.1 0.99  
CO-Al-1 56.9 0.21 41.7 0.61 0.52 nd 0.08 --- 100.1 0.99  
CO-Al-2 56.8 0.15 41.7 0.57 1.18 nd 0.23 --- 100.7 0.99  

            

            

Ca pyroxene MgO Al2O3 SiO2 CaO FeO TiO2 Cr2O3 MnO Total Wo Fs 

NaC-1 18.6 6.9 50.2 19.9 0.43 2.27 0.30 0.10 98.7 0.43 0.01 

NaC-2 16.5 9.5 48.4 21.3 0.43 1.93 0.82 0.15 99.1 0.48 0.01 

NaC-5 22.2 7.3 50.0 16.2 0.37 1.60 0.32 0.06 98.1 0.34 0.01 

NaC-6 16.8 9.6 49.0 21.3 0.37 1.68 0.38 0.13 99.2 0.47 0.01 

NaC-7 19.7 8.5 49.5 17.3 0.87 1.79 0.99 0.23 98.9 0.38 0.01 

NaC-8 20.3 5.7 51.4 18.3 0.95 1.29 1.12 0.19 99.3 0.39 0.02 

NaC-9 16.3 12.7 47.3 20.1 0.30 1.72 0.78 0.13 99.4 0.47 0.01 

NaC-10 18.3 7.7 50.3 19.9 0.70 1.54 1.15 0.17 99.7 0.43 0.01 

NaC-13 18.2 10.9 49.1 19.5 0.19 1.50 0.26 --- 99.7 0.43 0.00 

Al-1 21.0 10.3 49.3 17.4 0.13 1.18 0.18 --- 99.5 0.37 0.00 

Al-2 7.7 24.4 37.3 24.8 0.15 4.3 0.33 --- 98.9   
CO-NaC-1 18.1 7.7 50.5 20.8 0.43 1.95 0.60 --- 100.1 0.45 0.01 
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CO-Al-1 17.8 15.16 46.4 16.83 0.41 1.64 1.34 0.35 99.9 0.40 0.01 

CO-Al-2 13.5 14.3 45.5 24.4 0.24 1.7 0.4 --- 100.1 0.56 0.00 

            
Low-Ca 
pyroxene MgO Al2O3 SiO2 CaO FeO TiO2 Cr2O3 MnO Total Wo Fs 

NaC-1 35.9 2.45 56.5 2.51 0.39 0.70 0.32 --- 98.9 0.05 0.01 

NaC-2 35.8 2.21 56.8 2.63 0.77 0.41 0.54 0.12 99.3 0.05 0.01 

NaC-5 28.4 8.7 51.1 8.5 0.48 1.28 0.39 0.06 98.9 0.18 0.01 

NaC-7 34.8 2.32 55.9 4.4 1.11 0.36 0.70 0.24 99.9 0.08 0.02 

NaC-8 35.4 2.95 56.1 2.23 1.05 0.43 1.04 0.16 99.4 0.04 0.02 

NaC-9 36.7 1.97 57.5 2.65 0.79 0.64 0.56 0.14 100.9 0.05 0.01 

NaC-10 38.0 1.67 58.0 0.50 0.72 0.42 0.58 --- 100.0 0.01 0.01 

Al-1 33.8 5.7 54.5 3.9 0.16 0.82 0.16 --- 99.2 0.08 0.00 

CO-NaC-1 37.4 2.10 57.5 1.49 0.53 0.45 0.62 --- 100.1 0.03 0.01 

            

Spinel MgO Al2O3 SiO2 CaO FeO TiO2 Cr2O3 MnO Total   
Al-1 27.7 69.7 0.2 --- 0.23 0.35 0.49 --- 98.7   
Al-2 27.5 70.1 nd 0.06 0.58 0.55 0.15 --- 98.9   
CO-Al-1 28.1 71.0 nd --- 0.37 0.28 0.17 --- 100.0   
CO-Al-2 27.5 69.0 0.1 0.10 1.00 nd 2.02 --- 99.7   

 1064 

*Olivine measured by SIMS 1065 

--- = not detected or below detection limit 1066 
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Table 3a: Oxygen isotopic composition of the ordinary chondrites’ (Na-)Al-rich chondrules 1067 

studied. 1068 

ordinary 
chondrites 

Phase 
δ18O 
[‰] 

  2σ 
δ17O 
[‰] 

  2σ 
Δ17O 
[‰] 

  2σ 

NaC-1 lpx-1 -0.93 ± 1.40 -4.74 ± 2.70 -4.26 ± 2.79 

  lpx-2 -0.31 ± 1.26 -4.67 ± 2.39 -4.51 ± 2.48 

  glass 8.24 ± 1.18 9.27 ± 2.03 4.99 ± 2.12 

NaC-2 ol -1.47 ± 1.78 -1.47 ± 2.15 -0.71 ± 2.34 

  cpx -2.42 ± 1.46 -1.31 ± 1.61 -0.05 ± 1.78 

  glass-1 5.48 ± 1.46 7.09 ± 2.14 4.24 ± 2.27 

  glass-2 5.46 ± 1.27 6.16 ± 1.81 3.32 ± 1.93 

NaC-3 ol 2.42 ± 1.27 0.64 ± 2.16 -0.62 ± 2.26 

  glass 8.45 ± 1.17 7.67 ± 1.88 3.28 ± 1.98 

NaC-4 glass-1 -10.81 ± 1.39 -7.19 ± 1.93 -1.57 ± 2.06 

  glass-2 -4.17 ± 1.25 -1.54 ± 2.00 0.62 ± 2.11 

NaC-5 ol 1.78 ± 1.16 1.51 ± 1.95 0.58 ± 2.04 

  lpx 1.71 ± 1.22 2.27 ± 2.00 1.39 ± 2.10 

  cpx -0.21 ± 1.37 0.66 ± 1.41 0.77 ± 1.58 

  glass 4.75 ± 1.32 6.52 ± 1.97 4.05 ± 2.09 

NaC-6 ol -1.19 ± 1.36 -4.80 ± 1.96 -4.19 ± 2.08 

  cpx -6.46 ± 1.51 -5.70 ± 1.37 -2.34 ± 1.58 

  glass 8.77 ± 1.21 5.75 ± 1.96 1.19 ± 2.06 

Nac-7 sp 0.79 ± 0.83 0.67 ± 1.00 0.26 ± 1.09 

  ol 1.60 ± 1.17 1.65 ± 1.81 0.82 ± 1.91 

  glass 2.46 ± 1.15 2.77 ± 1.83 1.49 ± 1.92 

NaC-8 ol-1 3.46 ± 1.12 0.53 ± 2.04 -1.27 ± 2.13 

  ol-2 3.44 ± 1.18 0.57 ± 1.81 -1.21 ± 1.91 

  lpx 1.03 ± 1.40 -0.38 ± 1.75 -0.91 ± 1.89 

  glass -1.24 ± 1.37 0.61 ± 2.06 1.26 ± 2.18 

NaC-9 ol 2.16 ± 1.12 -1.53 ± 1.75 -2.65 ± 1.84 

  glass 2.43 ± 1.23 2.93 ± 2.06 1.67 ± 2.16 

NaC-10 glass 13.15 ± 1.26 9.33 ± 2.18 2.49 ± 2.28 

NaC-11 ol 0.10 ± 1.78 -2.28 ± 3.09 -2.33 ± 3.23 

  glass 9.44 ± 1.32 5.64 ± 2.64 0.73 ± 2.73 

NaC-12 ol 5.29 ± 1.27 3.91 ± 2.26 1.15 ± 2.35 

  glass 2.03 ± 1.63 0.71 ± 2.11 -0.35 ± 2.28 

NaC-13 ol -6.33 ± 1.45 -7.75 ± 2.05 -4.45 ± 2.19 

  cpx -11.45 ± 1.83 -8.19 ± 1.75 -2.23 ± 2.00 

  glass 9.15 ± 1.12 7.07 ± 2.15 2.31 ± 2.22 
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NaC-14 ol 1.70 ± 1.30 1.49 ± 2.00 0.60 ± 2.11 

  glass 6.02 ± 1.33 5.39 ± 2.01 2.26 ± 2.13 

Ca-Al-1 sp-1 -2.32 ± 0.63 -3.58 ± 1.38 -2.37 ± 1.41 

  sp-2 -1.77 ± 0.64 -3.71 ± 1.33 -2.79 ± 1.37 

  cpx -4.86 ± 1.37 -4.31 ± 1.30 -1.78 ± 1.48 

  glass 4.95 ± 1.23 8.41 ± 2.15 5.84 ± 2.24 

Ca-Al-2 sp-1 -9.91 ± 0.85 -7.45 ± 1.23 -2.30 ± 1.30 

  hib-1 -9.43 ± 0.80 -7.75 ± 1.40 -2.84 ± 1.46 

  hib-2 -8.94 ± 0.64 -8.25 ± 1.28 -3.60 ± 1.32 

  cpx-1 -8.52 ± 1.34 -6.71 ± 1.33 -2.28 ± 1.50 

  cpx-2 -9.24 ± 1.29 -6.24 ± 1.55 -1.44 ± 1.69 

  glass -6.38 ± 1.28 -7.40 ± 2.29 -4.08 ± 2.39 

Ca-Al-3 sp-1 -2.02 ± 0.61 -3.45 ± 1.20 -2.40 ± 1.24 

  sp-2 -2.90 ± 0.78 -3.46 ± 1.35 -1.95 ± 1.41 

  cpx-1 -7.51 ± 1.51 -3.72 ± 1.69 0.19 ± 1.86 

  cpx-2 -6.92 ± 1.54 -4.63 ± 2.02 -1.03 ± 2.17 

  gl 7.17 ± 1.33 6.37 ± 2.19 2.64 ± 2.30 

 1069 

 1070 

  1071 
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Table 3b: Oxygen isotopic composition of the CO3.1 chondrite’s (Na-)Al-rich chondrules 1072 

studied. 1073 

 1074 

CO chondrites Phase 
δ18O 
[‰]   2σ 

δ17O 
[‰]   2σ 

Δ17O 
[‰]   2σ 

CO-NaC-1 lpx -5.80 ± 1.14 -10.42 ± 1.76 -7.41 ± 1.86 

  ol -3.18 ± 1.10 -8.00 ± 1.90 -6.34 ± 1.99 

  cpx -7.37 ± 1.37 -8.14 ± 1.61 -4.31 ± 1.76 

  gl -0.41 ± 1.25 -1.99 ± 2.00 -1.78 ± 2.10 

CO-NaC-2 cpx-1 -1.37 ± 1.33 -3.49 ± 1.73 -2.78 ± 1.86 

  cpx-2 -1.85 ± 1.29 -4.55 ± 1.30 -3.59 ± 1.47 

CO-Ca-Al-1 sp-1 -45.47 ± 0.72 -48.25 ± 1.19 -24.61 ± 1.25 

  sp-2 -45.50 ± 0.65 -47.81 ± 1.31 -24.15 ± 1.36 

  ol-1 -4.72 ± 1.20 -8.72 ± 1.74 -6.27 ± 1.85 

  ol-2 -4.48 ± 1.14 -8.54 ± 1.92 -6.21 ± 2.01 

  cpx -7.60 ± 1.34 -9.48 ± 1.54 -5.52 ± 1.69 

  gl-1 -6.82 ± 1.32 -8.49 ± 1.96 -4.95 ± 2.08 

  gl-2 -7.42 ± 1.22 -7.84 ± 1.78 -3.98 ± 1.89 

CO-Ca-Al-2 sp 2.65 ± 0.67 -0.83 ± 1.53 -2.21 ± 1.57 

  ol 2.89 ± 1.14 0.49 ± 1.93 -1.02 ± 2.02 

  gl 3.47 ± 1.37 1.53 ± 2.03 -0.28 ± 2.15 

 1075 

 1076 

 1077 

 1078 
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Table 4: Measured Na content from selected Al-rich glasses and olivine grains. Na bulk content 1080 

and Kd rim/core are calculated as described in the text. The errors are based only on the 1081 

uncertainty of the measured Na in rim and core. 1082 

 1083 

Na2O wt% glass bulk ol rim ol core Kd rim σ Kd core σ Kd rim/core 

NaC-2 - Line 1 13.0 5.7 0.0111 0.0050 0.0009 0.0002 0.0009 0.0004 0.9676 

NaC-2 - Line 2 13.0 5.7 0.0143 0.0062 0.0011 0.0002 0.0011 0.0006 1.0053 

NaC-2 - Line 3 13.0 5.7 0.0145 0.0060 0.0011 0.0002 0.0011 0.0005 1.0533 

NaC-6 - Line 1 14.7 4.7 0.0219 0.0057 0.0015 0.0002 0.0012 0.0006 1.2401 

NaC-6 - Line 2 14.7 4.7 0.0303 0.0068 0.0021 0.0002 0.0014 0.0006 1.4382 

NaC-6 - Line 3 14.7 4.7 0.0196 0.0068 0.0013 0.0002 0.0014 0.0006 0.9303 

NaC-13 13.0 5.4 0.0183 0.0054 0.0014 0.0002 0.0010 0.0006 1.4014 

CO-NaC-1 14.0 4.1 0.0236 0.0035 0.0018 0.0002 0.0009 0.0007 1.9593 

CO-Al-1 - Line 1 3.3 1.7 0.0052 0.0022 0.0016 0.0009 0.0013 0.0018 1.2342 

CO-Al-1 - Line 2 3.3 1.7 0.0054 0.0018 0.0016 0.0009 0.0011 0.0018 1.5664 

 1084 

  1085 
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Figures: 1086 

FIGURE CAPTIONS:   1087 

Figure 1: Three Na-Al-rich chondrules from the H3.10 chondrite NWA 3358. On the left side 1088 

are backscatter electron (BSE) images of the measured chondrules with marked O-isotope 1089 

measurement spots and mineral phases. The right side shows the results of the O-isotope 1090 

measurement within a three-isotope oxygen diagram in δ17O vs. δ18O. Δ17O = δ17O – (0.52 * 1091 

δ18O). lpx = low-Ca pyroxene; cpx = Ca pyroxene; ol = olivine; gl = glass.  1092 

Figure 2: Three Na-Al-rich chondrules from the H3.10 chondrite NWA 3358. On the left side 1093 

are backscatter electron (BSE) images of the measured chondrules with marked O-isotope 1094 

measurement spots and mineral phases. The right side shows the results of O-isotope 1095 

measurement within a three-isotope oxygen diagram in δ17O vs. δ18O.  Δ17O = δ17O – (0.52 * 1096 

δ18O).   lpx = low-Ca pyroxene; cpx = Ca pyroxene; ol = olivine; gl = glass; qz = quartz. 1097 

Figure 3: Three Na-Al-rich chondrules from the L/LL3.10 chondrite Adrar 003. On the left 1098 

side are backscatter electron (BSE) images of the measured chondrules with marked O-1099 

isotope measurement spots and mineral phases. The right side shows the results of the O-1100 

isotope measurement within a three-isotope oxygen diagram in δ17O vs. δ18O.  Δ17O = δ17O – 1101 

(0.52 * δ18O). lpx = low-Ca pyroxene; cpx = Ca pyroxene; ol = olivine; gl = glass; qz = 1102 

quartz. 1103 

Figure 4: Three Na-Al-rich chondrules from the LL3.20 chondrite Krymka. On the left side 1104 

are backscatter electron (BSE) images of the measured chondrules with marked O-isotope 1105 

measurement spots and mineral phases. The right side shows the results of the O-isotope 1106 

measurement within a three-isotope oxygen diagram in δ17O vs. δ18O.  Δ17O = δ17O – (0.52 * 1107 

δ18O). lpx = low-Ca pyroxene; cpx = Ca pyroxene; ol = olivine; gl = glass. 1108 

Figure 5: Two Na-Al-rich chondrules from the L3.15 chondrite NWA 8580. On the left side 1109 

are backscatter electron (BSE) images of the measured chondrules with marked O-isotope 1110 

measurement spots and mineral phases. The right side shows the results of the O-isotope 1111 

measurement within a three-isotope oxygen diagram in δ17O vs. δ18O.  Δ17O = δ17O – (0.52 * 1112 

δ18O). cpx = Ca pyroxene; ol = olivine; gl = glass. 1113 
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Figure 6: Three Al-rich chondrules from the H3.10 chondrite NWA 3358, the L3.15 1114 

chondrite NWA 8580, and the LL3.20 chondrite Krymka. On the left side are backscatter 1115 

electron (BSE) images of the measured chondrules with marked O-isotope measurement spots 1116 

and mineral phases. The right side shows the results of O-isotope measurement within a three-1117 

isotope oxygen diagram in δ17O vs. δ18O.  Δ17O = δ17O – (0.52 * δ18O). hib = hibonite; sp= 1118 

spinel; cpx = Ca pyroxene; ol = olivine; gl = glass. 1119 

Figure 7: Two Na-Al-rich chondrules from the CO chondrite Dar al Gani 083. On the left 1120 

side are backscatter electron (BSE) images of the measured chondrules with marked O-1121 

isotope measurement spots and mineral phases. The right side shows the results of the O-1122 

isotope measurement within a three-isotope oxygen diagram in δ17O vs. δ18O.  Δ17O = δ17O – 1123 

(0.52 * δ18O).  lpx = low-Ca pyroxene; cpx = Ca pyroxene; ol = olivine; gl = glass. 1124 

Figure 8: Two Al-rich chondrules from the CO chondrite Dar al Gani 083. On the left side 1125 

are backscatter electron (BSE) images of the measured chondrules with marked O-isotope 1126 

measurement spots and mineral phases. The right side shows the results of the O-isotope 1127 

measurement within a three-isotope oxygen diagram in δ17O vs. δ18O.  Δ17O = δ17O – (0.52 * 1128 

δ18O). sp = spinel; cpx = Ca pyroxene; ol = olivine; gl = glass. 1129 

Figure 9: Various three-isotope oxygen diagrams of (Na-)Al-rich chondrules from ordinary 1130 

chondrites. Small blue and red crosses are fayalite and magnetite formed by aqueous fluid on 1131 

the parent body (Choi et al., 1998; Doyle et al., 2015; Ebert et al., 2020). TFL = terrestrial 1132 

fraction line; Y&R = Young and Russel line (Young and Russell, 1998); PCM = primitive 1133 

chondrule mineral line (Ushikubo et al., 2012); CCAM = carbonaceous chondrite anhydrous 1134 

mineral line (Clayton et al., 1977). 1135 

a) All O-isotope measurements from constituents of (Na-)Al-rich chondrules from 1136 

unequilibrated ordinary chondrites. b) Glass vs. phenocrysts: Glasses are colored-in circles 1137 

and phenocrysts are in different shades of gray. c) Ca pyroxene (blue diamonds) vs. olivine 1138 

(green triangles). Only Ca pyroxenes plot on the left side of the PCM or Y&R lines, 1139 

indicating a shift to a more 18O-enriched composition caused by matrix effects. d) Position of 1140 

the Ca-Al-2 mineral phases compared to the mixing lines and the other chondrules (gray 1141 

symbols). e) Δ17O = δ17O – (0.52 * δ18O); dotted line: mean O-isotopic composition of 1142 
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ordinary chondrites (Clayton et al., 1991); blueish line: O-isotopic composition of Fe,Mg 1143 

chondrules from ordinary chondrite (Clayton et al. 1991, Metzler and Pack, 2016). hib = 1144 

hibonite; sp = spinel; lpx = low-Ca pyroxene; ol = olivine; cpx = Ca pyroxene; gl = glass. 1145 

Figure 10: Three-isotope oxygen diagrams of constituents of (Na-)Al-rich chondrules from 1146 

the CO3.1 chondrite Dar al Gani 083. TFL = terrestrial fraction line; Y&R = Young and 1147 

Russel line (Young and Russell, 1998); PCM = primitive chondrule mineral line (Ushikubo et 1148 

al., 2012); CCAM = carbonaceous chondrite anhydrous mineral line (Clayton et al., 1977). 1149 

a) All O-isotope measurements from (Na-)Al-rich chondrules from DaG083. The relict spinel 1150 

grains of CO-Ca-Al-1 plot in the area of CO CAIs.  b) Close-up of the CO chondrite region. 1151 

Small blue and red crosses are fayalite and magnetite formed by aqueous fluid on the parent 1152 

body (Doyle et al., 2015). Small blue and green stars are bulk CO chondrites (Clayton and 1153 

Mayeda, 1999; Greenwood and Franchi, 2004) and mean values of Fe,Mg chondrule 1154 

phenocrysts from CO chondrites (Tenner et al., 2013) 1155 

Figure 11: The core and rim Na KD values for various olivine grains from five different (Na)-1156 

Al-rich chondrules.  1157 

Figure 12: Various element measurements through two selected olivine grains, a) NaC-6 Line1 1158 

and b) NaC-2 Line3, creating a profile from one rim to another. White symbols are 1159 

measurements that are not used for the KD rim calculation. Because, in both cases, the rim 1160 

measurements are influenced by the surrounding glass, which is visible by an increase of Fe 1161 

and other elements. Furthermore, the cation number drops significantly away from what is 1162 

typical and acceptable for olivine (calculated to 24 O anions, the cation number for olivine is 1163 

18). 1164 

Figure 13: a) Backscatter electron (BSE) image of the Na-Al-rich chondrule NaC-2 from the 1165 

H3.1 chondrite NWA 3358. b) Ca map of NaC-2. The arrows mark the bright Ca rim around 1166 

the chondrule. c) BSE image of the Al-rich chondrule Al-2 from the L3.15 chondrite NWA 1167 

8580. d) Ca map from Ca-Al-2. No clear Ca rim is visible even though the chondrule is in a 1168 

chondrite of higher petrologic type than NaC-2. 1169 
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