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ABSTRACT 31 

Chondrules and Ca-Al-rich inclusions (CAIs) have been considered characteristic 32 

constituents of chondritic meteorites, although the outward transportation of CAIs has been 33 

theoretically pointed out. Stardust samples recovered by the Stardust mission from the 34 

81P/Wild2 comet contained chondrule-like objects (CLOs) and refractory inclusions that 35 

include CAIs and amoeboid olivine aggregates (AOAs). However, it was not proven that the 36 

CLOs, AOAs, and CAIs coexist with fine-grained materials equivalent to chondritic porous 37 

interplanetary dust particles (CP IDPs) containing abundant glass with embedded metal and 38 

sulfides (GEMS). Here we report on two type II CLOs, containing <90 Mg# in 39 

ferromagnesian silicates, enclosed in GEMS-rich CP Antarctic micrometeorites (AMMs) (CP 40 

IDPs that reached the surface of the Earth) and one igneous object rich in kosmochloric (Ko-41 

rich: NaCrSi2O6-rich) high-Ca pyroxene and Fe-bearing olivine (KOOL) that is enclosed in 42 

a CP IDP. KOOL grains have also been found in Stardust samples and CP IDPs. These three 43 

igneous objects are embedded in fine-grained matrices that do not show any evidence of 44 

aqueous alteration. The low Mg# and elevated Δ17O of olivine and pyroxene in these CLOs 45 

and the KOOL grain are consistent with previously studied CLOs from comet 81P/Wild 2 46 

and a giant cluster IDP. These results support the view that CP IDP- and CP AMM-like 47 
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materials constitute samples from comets or comet-like icy bodies. The CLOs were formed 48 

in oxidizing environment beyond the snow line and then transferred to the comet-forming 49 

region. In contrast, a spinel-hibonite (SHIB) fragment found in an AMM experienced 50 

aqueous alteration of its rim. The SHIB fragment contains ultrarefractory oxides and 51 

refractory metal nuggets and has a 26Mg excess like typical meteoritic CAIs. The mineralogy 52 

of the fine-grained matrix is very similar to CP IDPs and CP AMMs. However, because 53 

“GEMS” in the matrix lacks Fe-Ni metal and amorphous silicate in it contains Fe, it is clear 54 

that the matrix weakly experienced aqueous alteration. Olivine / (Olivine + low-Ca pyroxene) 55 

ratios in the matrices of the four samples range from 0.4 to 0.6, which are comparable with 56 

those of anhydrous CP IDPs and CP MMs (around 0.5), and those of P- and D-type asteroids 57 

and Jupiter-family comets (around 0.5). 58 

 59 
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1. INTRODUCTION 64 
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The NASA Stardust mission revealed that the comet 81P/Wild 2 belonging to Jupiter 65 

family comets (JFCs) contains refractory grains including Ca-Al-rich inclusions (CAIs), 66 

amoeboid olivine aggregates (AOAs), Al-rich chondrules, and chondrules (Zolensky et al., 67 

2006; McKeegan et al., 2006; Simon et al., 2008; Nakamura et al., 2008; Matzel et al., 2010; 68 

Joswiak et al., 2012, 2014, and 2017; Ogliore et al., 2012). 69 

The refractory inclusions and chondrules are one of the major constituents of 70 

chondritic meteorites. Most refractory inclusions were probably formed by condensation 71 

from gas with a roughly solar composition at temperatures >1350 K, depending on the total 72 

pressures and their bulk chemical composition (e.g., Alexander et al., 2022), and some 73 

experienced melting and crystallization. Although there are constraints on where they formed, 74 

it likely was in the protoplanetary disk, close to the Sun. Chondrules are estimated to have 75 

formed by melting pre-existing dust aggregates at peak temperatures of ~1700–2100 K in the 76 

protoplanetary disk (e.g., Hewins and Radomsky, 1990). 77 

The main characteristics of the refractory grains and chondrules returned by Stardust 78 

are described below. The CAI, Inti, is composed of anorthite, Al- and Ti-rich high-Ca 79 

pyroxene (fassaite), spinel, and mellite with minor osbornite and perovskite (Joswiak et al., 80 

2017), and its 16O-rich isotopic composition with δ18O ≈ δ17O = –40‰ is similar to meteoritic 81 
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CAIs (Simon et al., 2008). The refractory grain, Coki, is composed of anorthite with minor 82 

spinel, which does not show 26Mg excess, suggesting later formation than the canonical CAIs 83 

(Matzel et al., 2010). Chondrules recovered by Stardust include both type I chondrules 84 

(containing olivine and pyroxene with ≥ 90 Mg# = 100 × Mg / [Mg+Fe]) and type II 85 

chondrules (containing olivine and pyroxene with < 90 Mg#). Type II chondrules are more 86 

abundant than type I chondrules (e.g., Nakamura et al., 2008; Gainsforth et al., 2015). The 87 

relationship between Δ17O = δ17O – 0.52 × δ18O and Mg# of olivine and pyroxene is similar 88 

to the chondrule minerals in CR chondrites (e.g., Nakamura et al., 2008; Nakashima et al., 89 

2012b; Defouilloy et al., 2017). Their presence in cometary material indicates a large-scale 90 

outward transport of inner solar system material to the cold outer solar system region where 91 

cometary nuclei formed (>30 au) (e.g., Ciesla, 2007).  92 

Previous studies suggest that the cometary materials may contain these objects. A 93 

considerable number of CAIs and related mineral fragments as well as an amoeboid olivine 94 

aggregate (AOA) have been reported as constituents of anhydrous interplanetary dust 95 

particles (IDPs) and anhydrous Antarctic micrometeorites (AMMs), thought to be of 96 

cometary origins (e.g., Christoffersen and Buseck, 1986; Zolensky, 1987; McKeegan, 1987; 97 

Joswiak et al., 2017; Greshake et al., 1996; Engrand et al., 1999). The CAIs contained some 98 
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of the following minerals: diopsidic high-Ca pyroxene, spinel, anorthite, Al- and Ti-rich high-99 

Ca pyroxene (fassaite), perovskite, hibonite, gehlenite-rich melilite, corundum, and 100 

with/without forsterite ± enstatite rim. An amoeboid olivine aggregate (AOA) contained 101 

forsterite, anorthite, ± spinel, and high-Ca pyroxene. The mineralogies of these CAIs are 102 

similar to fluffy Type A CAIs containing abundant melilite, spinel, perovskite, high-Ca 103 

pyroxene, and subordinate hibonite (e.g., Brearley and Jones, 1998 and references therein). 104 

Still, the grain sizes of the constituent minerals are much smaller than those in fluffy CAIs in 105 

meteorites. Chondrule-like objects were also identified in giant cluster IDPs (e.g., Zhang et 106 

al., 2021) and an AMM containing abundant GEMS (glass with embedded metal and sulfide) 107 

(Noguchi et al., 2017). Furthermore, the presence of crystalline silicates in comets and the 108 

outer parts of protoplanetary disks has already hinted at a large-scale outward transport of 109 

inner disk material to the cold outer disk region (e.g., Nuth et al., 2000; Bockelee-Morvan et 110 

al., 2002; Keller and Gail, 2004). 111 

Anhydrous chondritic porous (“CP”) IDPs recovered from the stratosphere have been 112 

regarded as cometary dust. However, it has not yet been proven whether they are of cometary 113 

origin (e.g., Davidson et al., 2012). CP IDPs contain abundant GEMS, which appear as 100-114 

500 nm-sized spheroidal objects composed of amorphous silicate containing nanometer-sized 115 
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Fe-Ni metal and sulfide (Bradley, 2014; Ishii et al., 2008). Unfortunately, it is unclear whether 116 

the samples returned from 81P/Wild 2 comet contain GEMS (Ishii et al. 2008). GEMS-like 117 

objects in the fine-grained debris abutting terminal particles are likely deceleration debris 118 

during the capture of 81P/Wild 2 particles in aerogel, although there is no isotopic data (Ishii, 119 

2019).  120 

Mid-infrared (MIR) spectroscopic studies of asteroids and comets led some researchers 121 

to dispute this conventional point of view on the origins of CP IDPs and their equivalent 122 

AMMs (e.g., Vernazza et al., 2015; 2017; 2021). They proposed that pyroxene-rich CP IDPs 123 

were derived from low-density B-, C-, and G-type (hereafter BCG-type) asteroids instead of 124 

JFCs. They argued that such asteroids may have a pyroxene-rich CP IDP-like crust and an 125 

aqueously altered interior. Vernazza et al. (2015) argued that olivine-rich IDPs may originate 126 

from JFCs and P- and D-type (hereafter PD-type) asteroids. However, it is known that 127 

olivine-rich (olivine class) IDPs are a diverse collection of genetically different IDPs 128 

(Christoffersen and Buseck, 1986). Despite these problems, CP IDPs originating from icy 129 

asteroids is a viable hypothesis. 130 

In this study, we report on two CP AMMs (CP IDPs that reached the Earth’s surface: 131 

Noguchi et al., 2015), one CP IDP containing chondrule-like objects (CLOs), an igneous 132 
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object without any evidence of aqueous alteration, and a weakly hydrated CP AMM 133 

containing a refractory inclusion referred to as a hybrid IDP (e.g., Germani et al. 1990, 134 

Rietmeijer 1991; Nakamura et al. 2005) that reached the surface of the earth. As described 135 

above, consensus on the building blocks of JFC, BCG-type, and PD-type asteroids has yet to 136 

be realized. The comparison between olivine and low-Ca pyroxene ratios in the matrices of 137 

the four samples and the ratios of these minerals in the celestial bodies described above may 138 

enable more definitive determination of the provenance of CP IDPs/AMMs to particular 139 

classes of asteroids and comets. The discussion may also contribute to the discussion on the 140 

occurrence of CLOs and refractory inclusions in these bodies.  141 

 142 

 143 

2. MATERIALS AND METHODS 144 

2.1 Samples 145 

About 200 AMMs have been recovered from ~200 kg of surface snow near the Dome 146 

Fuji Station collected in 2003 and 2005. Because the Dome Fuji Station stands on the crest 147 

of an ice dome (altitude 3810 m), the highest temperature is below –30 oC and the annual 148 

mean snow precipitation is ~10 cm/year (Kameda et al., 2008). The low temperature prevents 149 
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AMMs from suffering significant terrestrial weathering, and the low precipitation rate 150 

concentrates AMMs relative to terrestrial dust. We melted the snow and filtered the water in 151 

a clean room (class 1000). The highest temperature during snow melting was well below 10 152 

oC, which helped minimize the alteration of the AMMs during isolation (Noguchi et al., 2022). 153 

We collected AMMs larger than ~25-μm in diameter from the residues on the Isopore 154 

membrane filter®. Identification of AMMs was based on their morphologies and chemical 155 

composition. We used a JEOL JSM-5600LV scanning electron microscope (SEM) with an 156 

Oxford ISIS 300 energy dispersive spectrometer (EDS) at Ibaraki University to characterize 157 

the AMMs. It operated at 15 kV acceleration voltage and ~0.3 nA beam current on the probe 158 

current detector. We also observed six IDPs collected in 1997 by the same SEM-EDS, and 159 

the IDP L2036 #20 that contains an igneous object.  160 

 161 

 162 

2.2 Ultramicrotomy 163 

Three AMMs, D03IB64, D05IB66, D05IB84, and an IDP L2036 #20, were embedded 164 

in epoxy resin and ultramicrotomed into ~100-nm ultrathin sections using a Reichert Ultracut 165 

N ultramicrotome at Ibaraki University. D05IB66 was ultramicrotomed at Kyushu University. 166 
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For the first three samples, we used Gilder HEX TEM grids with thin formvar support films.  167 

After retrieving  the ultrathin sections onto the TEM grids, the grids were thinly coated with 168 

carbon to prevent degradation of the formvar in the electron beam. For D05IB66, we used 169 

LAAD 100-mesh grids with 100-nm-thick carbon support films. 170 

 171 

2.3 SEM observation of the cross-sections of the samples 172 

The potted butts (remainder after ultramicrotomy) were observed by field-emission 173 

scanning electron microscopes (FE-SEM) equipped with EDS at the University of Tokyo and 174 

Kyushu University. We performed electron backscatter diffraction (EBSD) mapping to 175 

confirm the common crystallographic relationships among the “bars” of olivine in D03IB64 176 

using the FE-SEM at the University of Tokyo. 177 

 178 

2.4 (Scanning) transmission electron microscopy 179 

The ultrathin sections of all four samples were investigated using JEOL JEM-2000FX 180 

TEM equipped with EDAX DX4 EDS at Ibaraki University, scanning (S)TEMs Thermo 181 

Fisher Scientific Tecnai G2 20F TEM equipped with EDAX Exact Genesis EDS at Kyushu 182 

University, JEOL JEM-ARM 200F equipped with JEOL JED-2300T EDS at Kyushu 183 
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University, and a Super STEM Titan (Thermo Fisher Scientific) with EDAX Genesis EDX 184 

at Laurence Livermore Laboratory. The quantitative analyses of minerals were performed 185 

using the Cliff-Lorimer method using Tecnai G2 20F. K factors for Na, Mg, Al, P, S, K, Ca, 186 

Ti, Mn, Cr, Fe, and Ni for silicates and those for Fe and Ni for metal and sulfide were 187 

experimentally determined using many mineral standards including synthetic kosmochlor for 188 

kNaSi, olivine from Miyakejima, Japan for kMgSi, adularia from St. Gotthard, Switzerland for 189 

KAlSi and KAlSi, apatite from Durango, Mexico for kPCa (kPSi = kPCa × kCaP), haüyne from 190 

Niedermendig, Germany for kSSi, titanite from Tormiq Valley, Pakistan for kCaSi and kTiSi, 191 

synthetic tephroite for kMnSi, olivine from DSDP Hole 735B for kFeSi, synthetic Ni olivine for 192 

kNiSi, troilite in Cape York iron meteorite for kFeS, and millerite from Sarany, Russia for kNiS. 193 

Typical detection limits of these elements are ~0.1wt.%. 194 

 195 

2.5 Electron microprobe analysis 196 

The chemical compositions of minerals and glass in the coarse-grained objects in the 197 

four samples were determined using a field emission electron microprobe analyzer (FE-198 

EPMA) JEOL JXA-8530F at Kyushu University. We selected a 12 kV acceleration voltage 199 

and 6 nA on the probe current detector for silicates to minimize the X-ray excitation volume 200 
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during analysis, enabling chemical compositions from the small areas (~2 μm in diameter) to 201 

be determined. The measurement time for each analysis was ~6 minutes. ZAF oxide 202 

correction was used for quantitative analysis. The standards for Na, Mg, Al, Si, P, S, K, Ca, 203 

Ti, Mn, and Fe were commercial standards, MINM25-53 Mineral Mount, purchased from 204 

ASTIMEX Science Ltd. The standard for Ni was also a commercial standard purchased from 205 

JEOL Co. Ltd. The standard for Cr was synthetic Cr2O3. The detection limits of SiO2, TiO2, 206 

Al2O3, Cr2O3, FeO, NiO, MnO, MgO, CaO, Na2O, K2O, P2O5, Y2O3, ZrO2, and V2O3 are 207 

0.09, 0.21, 0.09, 0.18, 0.24, 0.24, 0.22, 0.10, 0.12, 0.08, 0.11, 0.12, 0.45, 0.17, and 0.18wt.%, 208 

respectively. The EPMA control software resolved the overlapping correction factors for V 209 

and Ti.  210 

The chemical compositions of Fe-Ni sulfides in the coarse-grained objects in D03IB66, 211 

D05IB66, and L2036#20 were obtained using a FE-EPMA JEOL JXA-iHP200F at the 212 

Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency. We also 213 

selected 12 kV acceleration voltage and 1 nA for sulfide analysis on the probe current detector. 214 

The low acceleration voltage reduced the excitation volume, which enabled us to obtain 215 

chemical compositions from the small areas (~2 μm in diameter). The measurement time for 216 

each analysis was ~2 minutes. ZAF metal correction was used for quantitative analysis. The 217 
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standard for Fe and Ni was Invar36 alloy; the standards for Co and S were commercial 218 

standards purchased from Micro-Analysis Consultants Ltd. Sulfur, Fe, Co, and Ni detection 219 

limits are 0.02, 0.09, 0.10, and 0.10 wt.%, respectively.  220 

 221 

2.6 Re-embedding the potted butts and preparation of the polished samples 222 

After electron microprobe analysis, the potted butts of D03IB64, D05IB84, and L2036 223 

#20 were re-embedded in epoxy along with a San Carlos olivine crystal (the standard for 224 

oxygen isotopic analysis at the WiscSIMS laboratory). And the potted butt of D05IB66 was 225 

embedded in epoxy resin without an olivine standard. Each potted butt was carefully polished 226 

manually until the ultramicrotomed surface was once again exposed on the polished surface. 227 

After polishing, each potted butt was cut into 2-mm-thick epoxy discs (6 or 8 mm in diameter) 228 

to fit the sample holder of the SIMS instrument. 229 

 230 

2.7 SIMS oxygen isotopic analysis 231 

Three 6-mm epoxy disks containing the samples D03IB64, D05IB84, and L2036 #20 232 

were mounted in a custom-made sample holder (25 mm in diameter) with seven holes (each 233 

6 mm in diameter). This setup has been shown to minimize the surface topography effects in 234 
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high-precision SIMS stable isotope analyses of cometary particles (Nakashima et al., 2011). 235 

The oxygen isotope analyses of the three samples were performed using a CAMECA IMS-236 

1280 ion microprobe at the University of Wisconsin-Madison (Valley and Kita, 2009; Kita et 237 

al., 2009). The three samples were analyzed in two separate sessions: D03IB64 and D05IB84 238 

in the 1st session and L2036 #20 in the 2nd session. The analytical conditions and 239 

measurement procedures were similar to those of Nakamura et al. (2008) and Nakashima et 240 

al. (2012a, b). We used a focused 133Cs+ primary beam accelerated to a total of 20 keV, set to 241 

~1.5 μm × 2.5 μm and intensity of ~11 pA in the 1st session, and ~2 µm × 3 µm and intensity 242 

of ~3 pA in the 2nd session. The 10 keV secondary O– ions were detected simultaneously 243 

using the multi-collection system with one Faraday Cup (for 16O−) and two electron 244 

multipliers (EM, for 17O– and 18O– on an axial detector and multi-collection array, 245 

respectively). The mass resolving powers were set to ~5,000 (at 10% height) for the axial 246 

EM detecting 17O– to eliminate the interference from 16OH– and ~2,200 (at 10% height) for 247 

the other detectors. The total analytical time per spot was about 30 minutes, including pre-248 

sputtering (8 min), automatic retuning of the secondary beam (2 min), and analysis (counting 249 

time for 60 sec × 20 cycles; 20 min). A typical count rate for 16O– was ~ 1 × 107 cps in the 250 

1st session and 5 × 106 cps in the 2nd session. All sample analyses were bracketed by a total 251 
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of 6 spot analyses on San Carlos olivine grains (δ18OVSMOW = 5.32‰ in Kita et al., 2010) that 252 

were mounted in the epoxy disks within 1 mm of the samples to correct instrumental bias on 253 

the oxygen isotope ratio analyses. The analytical 2SD uncertainties of bracketing standard 254 

analyses are 1.2 - 2.0‰ in δ18O, 0.9 - 1.4‰ in δ17O, and 0.5 - 1.2‰ in Δ17O (Table S1). This 255 

external reproducibility is assigned as the uncertainty of the sample analyses. The 256 

contribution of the tailing of 16OH– interference to 17O– signal was corrected by the method 257 

described in Heck et al. (2010), though the contribution was negligibly small (≤ 0.5‰). We 258 

analyzed two olivines (Fo100 and Fo60), two low-Ca pyroxenes (En97 and En85), diopside, 259 

glass, hibonite, and spinel standards in the same sessions for correction of matrix-dependent 260 

instrumental bias of olivine, high-Ca pyroxene, glass, and spinel (Valley and Kita, 2009; Kita, 261 

et al., 2010). The instrumental biases estimated from the above mineral standards (matrix 262 

effect) are within a few ‰ in δ18O. After the SIMS analysis, the analyzed points were 263 

inspected by FE-SEM at the University of Tokyo. One out of the five analyses of D05IB84 264 

AMM and five out of eleven analyses of L2036#20 IDP were rejected because they 265 

overlapped with perovskite, sulfide, and glass, which induce instrumental mass fractionation 266 

and depress the 16O– count rates. 267 

The oxygen isotope analyses of D05IB66 AMM were performed using a CAMECA 268 
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IMS-1280HR ion microprobe at Kochi Institute for Core Sample Research, JAMSTEC. A 269 

focused Cs+ primary beam was set to 3 µm × 2 µm and an intensity of ~20 pA. The field 270 

aperture was set at 2 mm × 2 mm, corresponding to 10 µm × 10 µm for the field of view of 271 

the secondary ion image. Other parameters of the instrument were the same as described 272 

above. The total analytical time per spot was about 9 minutes, including pre-sputtering (30 273 

sec), automatic retuning of the secondary beam (40 sec), and analysis (counting time for 8 274 

sec × 50 cycles; 400 sec). A typical count rate for 16O– was 1.1-1.5 × 107 cps. The same San 275 

Carlos olivine and pyroxene standards (En97, En85, and diopside, Table EA2-2 in Kita et al., 276 

2010) were measured for the matrix corrections. After the SIMS analysis, the analyzed points 277 

were verified by FE-SEM observation at Kyushu University. 278 

 279 

2.8 SIMS Al-Mg isotopic analysis 280 

After oxygen isotopic analysis, D05IB084 was polished again carefully to obtain a flat 281 

surface. Al-Mg isotope analyses were performed using a CAMECA 1280 SIMS at the 282 

University of Wisconsin-Madison. For the SIMS Al-Mg isotope analyses of Al-rich phases, 283 

overlapping analysis areas with adjacent Mg-rich phases would result in several analytical 284 

problems, including lower 27Al/24Mg ratios and reduction of excess 26Mg, inaccurate 285 
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instrumental bias corrections, and potential artifacts from the quasi-simultaneous arrival 286 

(QSA) effect (Slodzian et al., 2004). To avoid hitting adjacent different phases, we employed 287 

FIB (focused ion beam) marking at the selected locations of CAIs before the SIMS analyses, 288 

using procedures described in Nakashima et al. (2012b). A Zeiss 1500XB CrossBeam 289 

workstation equipped with a gallium ion source at the University of Wisconsin was used to 290 

remove the surface coating (carbon coating ~ 20 nm) from both unknown and standard 291 

mounts. A 30 keV focused Ga+ ion beam of 5 pA was scanned within a 1 µm × 1 µm square 292 

on the sample surface for 120 sec, so only the surface coating was removed without 293 

significant milling of minerals from the sample surface. This 1 µm square region was later 294 

identified by secondary 27Al+ ion imaging in SIMS before Al-Mg isotope analysis. 295 

Magnesium isotope ratios and 27Al/24Mg ratios of spinel and hibonite in CAIs were 296 

analyzed. The analytical conditions and measurement procedures were generally similar to 297 

those in Nakashima et al. (2012b) and Nakashima et al. (2015), otherwise described below. 298 

The 6-mm epoxy disk containing the CAI was mounted in the 7-hole disk used for oxygen 299 

isotope analyses in this study (see above). Before each Al-Mg isotope analysis, secondary 300 

27Al+ ion images of FIB squares were obtained using an O– ion beam of ~2 µm diameter (~3 301 

pA) that was scanned over an area of 10 µm × 10 µm. The primary beam was set as Köhler 302 
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illumination mode with mass and beam apertures of 20 µm and 100 µm diameters, 303 

respectively. The secondary 27Al+ ions were produced only from FIB squares, where the 304 

surface coating was removed and detected as scanning ion images using a fixed position 305 

mono-collector electron multiplier (mono-EM) at the ion optical axis. After recognizing the 306 

FIB square (within a few minutes of sputtering), we moved the stage to relocate the FIB 307 

square to the center of the 10 µm × 10 µm raster area where the Al-Mg isotope analysis was 308 

made. New 10 µm × 10 µm 27Al+ ion images were taken after each SIMS analysis to confirm 309 

the positions of analyzed spots. 310 

For Al-Mg isotope analysis, an O– primary beam was set to ~2 µm and intensity of ~3-311 

4 pA (same settings for 27Al+ ion imaging) without raster. The primary beam size was set by 312 

the size of the mass aperture, which was initially 20 µm and enlarged during the analysis 313 

session as it was sputtered by intense O– primary ions. The primary beam intensity was 314 

readjusted and kept constant at ~4 pA by changing the primary ion lens (L2) voltage before 315 

each spot analysis. The secondary 24Mg+, 25Mg+, 26Mg+, and 27Al+ ions were detected using 316 

the mono-EM in magnet peak switching mode. The intensities of 24Mg+ and 27Al+ were ~1 × 317 

105 cps and 2 × 105 cps for spinel, and ~1 × 104 cps and 2 × 105 cps for hibonite, respectively. 318 

A single analysis took ~3.5 hours for spinel and 5 hours for hibonite, including 900 sec of 319 
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pre-sputtering to stabilize Mg ion intensity, ~60 sec for automatic centering of the secondary 320 

optics, and 200 cycles of switching between 24Mg+, 25Mg+, 26Mg+, and 27Al+ (counting times 321 

of 5, 20, 20, and 1 sec, respectively, with 2 sec waiting time) for spinel and 300 cycles for 322 

hibonite. The individual SIMS pits were carefully examined by FE-SEM for cracks and 323 

overlapping phases. 324 

An isotope mass fractionation correction (instrumental and natural) was applied to the 325 

SIMS-measured Mg isotope ratios to estimate an excess 26Mg (Ushikubo et al., 2013). The 326 

terrestrial Mg isotope ratios of (25Mg/24Mg) = 0.12663 and (26Mg/24Mg) = 0.13932 (Kita et 327 

al., 2012) are used as a reference for data reduction of the measured Mg isotope ratios. The 328 

fractionation-corrected δ26Mg* values were calculated using an exponential law with the 329 

coefficient β = 0.514 (Catanzaro et al., 1966) from the evaporation experiments of Schrader 330 

et al. (2008) using the following formula (Ushikubo et al., 2013): 331 

 332 

δ26Mg* = δ26Mg – [(1 +δ25Mg/1000)1/β – 1] × 1000 (‰). 333 

 334 

We analyzed terrestrial spinel and hibonite standards before and after the unknown 335 

sample analyses. Mg isotope ratios and 27Al/24Mg ratios between the FIB squares and regular 336 
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carbon coated areas are indistinguishable within analytical uncertainty, indicating that FIB 337 

marking does not cause any instrumental bias exceeding the analytical uncertainty (the spinel 338 

standard shows a variation in Mg isotope ratios, which is described later in detail). The 339 

relative sensitivity factors, RSF = (27Al/24Mg)SIMS/(27Al/24Mg)EPMA, were estimated using the 340 

spinel and hibonite standards. The reproducibility of the 27Al/24Mg ratios of the standard was 341 

3% (2SD), which is propagated as uncertainty to those of 27Al/24Mg ratios of individual spot 342 

analyses (Table S1). The average and 2SE (= 2SD/√(n)) of δ26Mg* values of the hibonite 343 

standard are –0.34 ± 0.56‰ (n = 6; Table S1), and there is no significant mass independent 344 

instrumental fractionation on Mg isotope analyses of the hibonite standard beyond the 345 

analytical uncertainty. The spinel standard shows a significant mass-independent 346 

instrumental fractionation, showing negative bias on measured δ26Mg* values from –3‰ to 347 

–6‰ (Table S1; Fig. S1). Because we found the negative bias was due to the QSA effect 348 

(Slodzian et al., 2004) on the spinel data, we corrected them according to the method 349 

described in the supplementary material.  350 

During the analysis of the 2nd spot of the hibonite in the refractory inclusion in 351 

D05IB84, we observed a drop of 27Al/24Mg ratio (from 30 to 10), accompanied by an increase 352 

of Mg count rates (from 1 × 104 cps to 4 × 104 cps for 24Mg), starting at the 142nd cycle of a 353 
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total of 300 cycles without a significant change of 27Al count rates. In spinel, the Al2O3 354 

content (71wt.%) is comparable to that in hibonite (82wt.%), but the MgO content (28wt.%) 355 

is ten times as large as that in hibonite (2.9wt.%). Therefore, the drop in the 27Al/24Mg ratio 356 

and increase in Mg count rates are probably caused by overlapping analysis areas with 357 

adjacent spinel when the SIMS pit was gradually enlarged. However, it is not evident from 358 

the SEM image. We removed the data of cycles with a reduced 27Al/24Mg ratio (cycles 142-359 

300) from the finalized isotope ratios (Table S1). 360 

 361 

2.9 NanoSIMS analysis to search for presolar grains 362 

We analyzed the carbon, nitrogen, and oxygen isotopic compositions of the matrix of 363 

D03IB64 with the NanoSIMS 50 ion probe at the Max Planck Institute for Chemistry (Hoppe 364 

et al., 2013). The ultrathin sections of D03IB64 on a grid were attached to a special jig of 1/2 365 

inch in diameter, which was subsequently mounted into a standard NanoSIMS sample holder.  366 

In the C- and N-isotope analyses, we simultaneously recorded secondary ion images 367 

(256 × 256 pixels) of 12C–, 13C–, 12C14N–, 12C15N–, and 28Si–, produced by scanning a Cs+ 368 

primary ion beam (~1 pA, 100 nm in diameter) over 5 × 5 to 25 × 25 µm2 areas in a multi 369 

collection mode. The mass resolving power was set such that 13C– and 12C15N– were 370 
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sufficiently separated from isobaric interferences such as 12CH–, 13C14N–, or 11B16O–. We 371 

acquired a series of four ion image planes for each ultrathin section and summed them up 372 

with drift correction among sequential ion images. The measurement time was approximately 373 

45 minutes (10,000 µs per pixel and image plane). The bulk C and N isotopic compositions 374 

were calculated by integrating signals from regions of interest in ion images, which were 375 

selected by masking pixels with count rates lower than 10% of the highest count rate in the 376 

12C– ion image. The total analyzed area was 352 µm2. We used a doped silicon carbide 377 

standard with a known C isotopic composition to normalize the C isotopic compositions of 378 

D03IB64. The isotopic composition of the standard was assumed to be identical to that of the 379 

air. Hotspots with C and/or N isotopic anomalies with a significance of more than 4σ were 380 

identified from ion ratio images. 381 

For the O isotope analyses, we simultaneously recorded secondary ion images (256 × 382 

256 pixels) of 16O−, 17O−, 18O−, 28Si−, and 27Al16O−, produced by scanning a Cs+ primary ion 383 

beam (~1 pA, 100 nm in diameter) over 4 × 4 to 6 × 6 µm2 areas in multi collection mode. 384 

The mass resolving power was set such that 17O− was sufficiently separated from 16OH−. We 385 

acquired a series of two ion image planes for each ultrathin section and summed them up 386 

with drift correction between these ion images. The measurement time was approximately 387 
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23 minutes (10,000 µs per pixel and image plane). The total analyzed area was 93 µm2. We 388 

used the fine-grained matrix in Acfer 094, an ungrouped primitive chondrite, as a reference 389 

for normal isotopic compositions. We selected regions of interest in ion images by masking 390 

pixels with count rates lower than 10% of the highest count rate in the 16O− ion image. 391 

 392 

3. RESULTS 393 

3.1 Morphology and internal structure of the samples 394 

Fig. 1 shows the morphology of the three AMMs and the one IDP investigated in this 395 

study. Their dimensions range from ~25 to ~50 µm across. These four samples' ultrathin 396 

(~100 nm thick) sections comprise coarse-grained objects and sub-µm-sized fine-grained 397 

porous matrices. However, the coarse-grained objects were broken into tiny shards. Most of 398 

them were lost during ultramicrotomy (Fig. 2). The detailed mineralogy of the porous fine-399 

grained matrices will be described in section 3.7. 400 

 401 

3.2 Petrography of the coarse-grained objects in the samples 402 

Back-scattered electron (BSE) images of the coarse-grained (>10 µm across) igneous 403 

objects in two AMMs and one IDP, and the coarse-grained refractory object in an AMM are 404 
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shown in Fig. 3. Their irregular morphologies suggest that they are fragments of larger 405 

objects. The textures of the objects, including the presence of interstitial glass (Figs. 3a-c), 406 

are similar to meteoritic chondrules. These igneous objects are as small as microchondrules 407 

(e.g., Krot et al., 1997; Dobrică and Brearley, 2016; Suttle et al., 2019). However, their 408 

textures are considerably different from the igneous objects in this study. The texture of the 409 

igneous object in D05IB66 is similar to some of the agglomeratic chondrules (e.g., Schrader 410 

et al., 2018S). The term chondrule-like objects (CLOs) have been used for years to describe 411 

the igneous objects similar to our samples in the Stardust samples (Nakamura et al., 2008), 412 

the micrometeoroid recovered from the international space station (Noguchi et al., 2011), 413 

interplanetary dust particles (Zhang et al., 2021), and Ryugu samples (Nakamura et al., 2022; 414 

Nakashima et al., 2023). Therefore, to avoid the misconception that the igneous objects 415 

investigated in this study are entirely different from similar objects that have been described 416 

in the previous studies, we use the same terminology, CLOs in this study. 417 

The texture of the CLO in the AMM D03IB64 (Fig. 3a) contains abundant skeletal 418 

olivine. Figure 4 compares a backscatter electron (BSE) image of a part of this CLO and the 419 

electron backscatter diffraction (EBSD) map of the corresponding area with pole-figure 420 

images of olivine. The skeletal olivine has the same crystallographic orientation and 421 
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comprises a single crystal. This igneous object has a thin olivine shell (Fig. 3a). Meteoritic 422 

barred olivine (BO) chondrules are composed of a few comb-like olivine single crystals that 423 

appear as parallel bars in the cross-sections with a continuous shell of olivine, which is a part 424 

of the comb-like olivine crystals (e.g., Lauretta et al. 2006). These features are common to 425 

this CLO, although the olivine in the object is skeletal rather than barred. Therefore, this CLO 426 

could be called a BO-like CLO. The olivine in this BO-like CLO is bright in the BSE image, 427 

suggesting Fe-rich. There are some voids in the object. A pyrrhotite grain exists on its surface. 428 

Sub-µm-sized chromian spinel crystals and a small amount of P- and Fe-enriched (up to 429 

~32wt.% P2O5 and ~40wt.% FeO, with ~13wt.% SiO2, ~6wt.% Al2O3, ~1wt.% CaO, ~5wt.% 430 

Na2O, and ~2wt.% K2O) amorphous material was sporadically found on the surface of the 431 

CLO. No phyllosilicate was identified in this section or its interior (ultrathin sections). A BO-432 

like CLO has also been described in a giant cluster IDP (Zhang et al., 2021). 433 

The CLO in the AMM D05IB66 (Fig. 3b) has a micro-porphyritic texture. This object 434 

can be classified as a POP CLO. Because only a small amount of interstitial glass exists 435 

between the olivine and low-Ca pyroxene crystals, the degree of melting of this CLO was 436 

likely low during its formation. The large (>10 µm across) low-Ca pyroxene crystals have 437 

dark cores and bright rims in the BSE image, suggestive of magnesian cores and ferroan rims. 438 
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In contrast, all olivine crystals are bright in the BSE image, suggesting Fe-rich. Pyrrhotite 439 

crystals are present on the surface of this POP CLO. No evidence of aqueous alteration was 440 

found in this CLO. 441 

The igneous object in the IDP L2036 #20 shown in Fig. 3c also has a micro-porphyritic 442 

texture. This object contains abundant bright olivine and high-Ca pyroxene as seen in the 443 

BSE image, suggesting Fe-rich. Iron-nickel sulfide exists within and on the surface of the 444 

object. Therefore, this igneous object is similar to a POP CLO. However, because this igneous 445 

object contains Ko-rich (NaCrSi2O6-rich) high-Ca pyroxene, which will be described in 446 

section 3.4, we call it a KOOL grain here. KOOL grains are polycrystalline objects found in 447 

81P/Wild2 samples and 8 CP IDPs, which are composed Ko-rich high-Ca pyroxene, Fe-rich 448 

olivine and additional phases such as Cr-rich spinel, aluminosilicate glass, and albitic 449 

plagioclase (Joswiak et al., 2009). No evidence of aqueous alteration was found in this object. 450 

The coarse-grained object in the AMM D05IB84 (Fig. 3d) is a refractory inclusion. It 451 

comprises ~10-µm long hibonite laths and micro- to sub-micrometer-sized anhedral 452 

perovskite crystals, both enclosed in spinel. Its texture and the chemical compositions of 453 

individual phases are almost the same as that of spinel-hibonite-perovskite inclusions often 454 

found in CM chondrites (Ireland, 1988; Simon et al., 2006; Liu et al., 2009; Kööp et al., 455 
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2016). This object can be called a SHIB (spinel-hibonite) fragment, according to Ireland 456 

(1988). Unlike CLOs and KOOL grain, a part of the SHIB fragment shows evidence of weak 457 

aqueous alteration: the replacement by phyllosilicate on its rim (Fig. 3d). The phyllosilicate 458 

will be described in section 3.6.  459 

 460 

3.3 Bulk and glass chemical compositions of the two CLOs and the KOOL grain 461 

Figure 5a shows the Si and CI chondrite normalized bulk elemental abundances of the 462 

two CLOs and the KOOL grain. For comparison, the ranges of the Si and CI chondrite 463 

normalized bulk elemental abundances of type I and type II chondrules in MET 00526 464 

L/LL3.05 and MET 00426 CR2 chondrites (Berlin et al., 2009; Berlin et al., 2011), type II 465 

chondrules in PRE 95404 R3 chondrite (Miller et al., 2017), those of the KOOL grain Coki-466 

A in the Stardust sample returned from 81P/Wild 2 comet and some IDPs (Joswiak et al., 467 

2009) are also plotted. The elemental abundances of the CLOs and the KOOL grain were 468 

calculated from the chemical compositions of the minerals and glass and their modal 469 

abundances (Tables S2, S3). In the case of the CLO in D05IB66, we calculated its “bulk” 470 

elemental abundances in two ways: one includes, and the other excludes the large Mg-rich 471 

cores of the low-Ca pyroxene crystals, which have distinct oxygen isotopic compositions (see 472 
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section 3.7).  473 

Similarly, Fig. 5b shows the Si and CI chondrite normalized elemental abundances of 474 

interstitial glass in these objects. For comparison, the ranges of the Si and CI chondrite 475 

normalized elemental abundances of igneous glass in type I and type II chondrules in MET 476 

00526 L/LL3.05 and MET 00426 CR2 chondrites (Berlin et al., 2009; Berlin et al., 2011) and 477 

those of the KOOL grains (Joswiak et al., 2009) are also plotted for comparison. 478 

The bulk elemental abundances of the two CLOs and the KOOL grain are almost 479 

within the ranges of meteoritic chondrules and KOOL grains (Fig. 5a). The elemental 480 

abundance patterns of the BO-like CLO and the KOOL grain are like each other. The bulk 481 

compositions of the BO-like CLO and the KOOL grain are within the ranges of type II 482 

chondrules in L/LL3.05, CR2, and R3, and KOOL grains (Fig. 5a). In contrast, the Na and K 483 

abundances in the POP CLO are much lower than those in the BO-like CLO and the KOOL 484 

grain, but within the ranges of the type II chondrules in L/LL3.05. However, its K abundance 485 

is slightly lower than the lowest range of the type II chondrules in L/LL3.05 (Fig. 5a). These 486 

differences may be related to the different modal abundances of the Na- and K-containing 487 

Si- and Al-rich interstitial glass between them. The modal abundances of the interstitial glass 488 

in the BO-like CLO and the KOOL grain are 33% and 47%, respectively. In contrast, the 489 
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modal abundance of the interstitial glass in the POP CLO is only 4% (it rises to only 6% even 490 

if the relict low-Ca pyroxene is excluded from the modal abundance calculation).  491 

Sodium and K abundances in the interstitial glass in the two CLOs and the KOOL grain 492 

are almost within the range of meteoritic chondrules, as shown in Fig. 5b. The high Mg 493 

abundance in the glass of the BO-like CLO is probably the effect of the neighboring olivine 494 

crystals. Even the widest area of the interstitial glass is ~1 µm wide (Fig. 3a), which is smaller 495 

than the diameter of the X-ray activation volume, ~2 µm, using EPMA operated at 12 kV 496 

acceleration voltage. 497 

 498 

3.4 Mineral chemistries of the two CLOs and the KOOL grain 499 

Figures 6 and 7 show the major and minor element abundances in olivine and pyroxene 500 

in the two CLOs and the KOOL grain, as well as the matrix olivine and low-Ca pyroxene. 501 

The chemical compositions of three igneous objects were obtained using FE-EPMA (Table 502 

1), and those in the fine-grained matrices were obtained using EDS in the (S)TEM. Because 503 

the chemical compositions of the matrix silicates are described in section 3.10, here we 504 

describe the chemical compositions of the three igneous objects. 505 

Figure 6a shows a histogram of fayalite (Fa) mol% in olivine in the two CLOs and the 506 



 30 

KOOL grain and that in the matrix olivines in all the samples investigated. Figure 6b shows 507 

a histogram of ferrosilite (Fs) mol% in low-Ca pyroxene in the POP CLO and the matrix 508 

pyroxenes in all the investigated samples. The BO-like CLO and the POP CLO contain 509 

homogeneous olivine with Fa22-23 (N=2) and that with Fa20-21 (N=5) (Fig. 6a). In contrast, 510 

low-Ca pyroxene in the POP CLO shows a wide compositional variation: cores with 511 

~Wo1~Fs1 and rims with Wo3-4Fs12-16 (N=12) (Figs. 6a to c), where Wo means wollastonite 512 

(Wo) mol%. The KOOL grain contains homogeneous olivine with Fa29-31 (N=2). The high-513 

Ca pyroxenes in it have Wo34-41En49-51 (N=3) (Fig. 6c). The high-Ca pyroxene contains about 514 

15-25mol% of the Ko component (Fig. 6d). The MnO vs. FeO and Cr2O3 vs FeO diagrams 515 

show that olivine and low-Ca pyroxene in the two CLOs and KOOL grain are plotted within 516 

the compositional fields of olivine in CP and CS IDPs, the fine-grained matrices of primitive 517 

chondrites, and the Wild2 samples (Fig. 7). 518 

Figure 8 shows the relationship between the molar Fe/Mg and Fe/Mn ratios of olivine 519 

in the two CLOs and the KOOL grain investigated in this study, those of olivine in two CLOs, 520 

Torajiro and Iris, and a KOOL Puki grain recovered from comet 81P/Wild2 by the Stardust 521 

mission (Nakamura et al., 2008; Gainsforth et al., 2015), those in CLOs and mineral 522 

fragments (MFs) in a giant cluster IDP U2-20GCA (Zhang et al., 2021), and those in a CLO 523 
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recovered from the International Space Station (ISS) (Noguchi et al., 2011). The 524 

compositional fields of olivine in type II chondrules in CM2s, CR2s, and L/LL3s (Schrader 525 

et al., 2015; Schrader and Davidson, 2017 and 2022) are also plotted for comparison.  526 

Figure 9 shows the major element compositions of Fe-Ni sulfide in the two CLOs, the 527 

KOOL grain, and those in the matrices of the four samples. Because the chemical 528 

compositions of Fe-Ni sulfide in the matrices are described in section 3.5, here we describe 529 

the chemical compositions of the Fe-Ni sulfides in the three igneous objects. Most Fe-Ni 530 

sulfides in the BO-like CLO contain <3 atomic% Ni except for a grain with ~10 atomic% Ni. 531 

The Fe-Ni sulfides in the POP CLO contain <5 atomic% Ni. In contrast, Fe-Ni sulfides in the 532 

KOOL grain have variable Ni contents ranging from 2.1 to 21.9 atomic% Ni. The 533 

compositional fields of monosulfide solid solution (Mss), high-temperature pentlandite, and 534 

liquid (sulfide melt) at 800 oC are indicated in the diagram of L2036 #20 (Kitakaze et al., 535 

2011). The chemical compositions of Fe-Ni sulfide in the KOOL grain overlap with those of 536 

Mss and high-temperature pentlandite (Fig. 9). Many Fe-Ni sulfide crystals in the POP CLO 537 

and the KOOL grain contain detectable amounts of Co when they were measured using FE-538 

EPMA (~0.1 to ~0.44 wt.%) (Fig. S2). 539 

 540 
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3.5 Ultra-refractory SHIB fragment 541 

The SHIB hibonite contains 0.1 wt.% Y2O3 according to the EPMA analysis (Table 1). 542 

However, it is heterogeneous on a sub-micrometer scale. Its EDS spectrum shows a small Zr 543 

Kα peak but not a Y Kα peak (Fig. S3a). The perovskite contains 2.1 wt.% ZrO2 and 1.4 wt.% 544 

Y2O3 based on EPMA analysis (Table 1 and Fig. S3b). The spinel contains 0.51 wt.% V2O5 545 

and 0.28 wt.% TiO2 (Table 1 and Fig. S3c). The hibonite and perovskite contain Ti-bearing 546 

Zr-rich oxide inclusions (Figs. S3d, e) and <50-nm-sized refractory metal nuggets (RMNs) 547 

containing Os, Ir, Mo, and Ru (Figs. 3f, g, S4). Nanobeam electron diffraction patterns and 548 

lattice fringes show that the RMNs have a hexagonal crystal symmetry. The trace elements 549 

in hibonite and perovskite, Zr-rich oxide, and RMNs indicate that the SHIB fragment is an 550 

ultra-refractory inclusion (Ireland, 1988). 551 

 552 

3.6 Aqueous alteration of the SHIB fragment 553 

The periphery of the SHIB fragment shows evidence of aqueous alteration (Figs. 554 

S5a,b). Because perovskite crystals are embedded in phyllosilicates (Fig. S5b), 555 

phyllosilicates enclosing perovskite were altered to phyllosilicates during aqueous alteration. 556 

However, what mineral was replaced by the phyllosilicates needs to be clarified. The 557 
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phyllosilicates show ~1-nm lattice fringes, suggestive of saponite (Fig. S5c). The edge of the 558 

SHIB fragment directly attaches to the fine-grained matrix (Fig. S5b). A small (<50 nm) Hg- 559 

and S-rich phase is embedded in phyllosilicates (Fig. S5d), which may be cinnabar. Still, we 560 

were unable to obtain its diffraction pattern. Minor amounts of phyllosilicate and aggregates 561 

of <20-nm-sized Fe-Mg oxide grains were also observed in the matrix. The latter is common 562 

among hydrated fine-grained AMMs that experienced moderate heating during atmospheric 563 

entry. The aggregates are probably thermally decomposed Fe-Mg carbonate (Noguchi et al., 564 

2003). 565 

 566 

3.7 Mineralogy of the fine-grained matrices of the four samples 567 

TEM images of the ultrathin sections of the four samples (Fig. 2) show that the fine-568 

grained matrices are highly porous, up to >50% porosity. These matrices seem to contain 569 

both abundant GEMS and enstatite whiskers/platelets (Fig. 10a to g), and their textures seem 570 

to be indistinguishable from those of CP IDPs (Bradley, 2014; Ishii et al., 2008). Comparison 571 

among the high angle annular dark field–scanning transmission electron microscopy 572 

(HAADF-STEM) images and the corresponding Fe, Ni, S, and Si elemental maps of GEMS 573 

in D03IB64, D05IB66, and L2036 #20 (Fig. 11a to c) shows the following: the GEMS grains 574 
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containing both Fe-Ni metal and Fe(-Ni) sulfide; the variable relative amounts of Fe-Ni metal 575 

and Fe(-Ni) sulfide among samples, and the Fe-poor amorphous silicate in the GEMS grains. 576 

In contrast, in the case of D05IB84, the same comparison reveals that the GEMS in D05IB84 577 

does not contain Fe-Ni metal but contains only Fe-Ni sulfide and Fe-rich amorphous silicate 578 

as shown in Fig. 11d. Given the absence of Fe-Ni metal, the GEMS in D05IB84 is not a 579 

GEMS grain sensu stricto. 580 

The Olivine / (Olivine + Low-Ca pyroxene) ratios in the matrices of D03IB66, 581 

D05IB66, L2036 #20, and D05IB84 are 0.5 (n=24), 0.4 (n=18), 0.6 (n=29), and 0.6 (n=22), 582 

respectively. Olivine and pyroxene in the matrices of the samples except for D05IB66 contain 583 

abundant solar flare tracks (Table 2; Figs. 10h to j). The number densities of solar flare tracks 584 

in D03IB64, L2036#20, and D05IB84 are >8 × 1010, 3–4 × 1010, and 3 × 1010 tracks/cm2, 585 

respectively. 586 

The matrix olivines in the four samples are heterogeneous Fa~0–~48, and there is a small 587 

peak in the bin Fa0-1 in the histogram (Fig. 6a). The matrix low-Ca pyroxenes are also 588 

heterogeneous Fs~0–~33, and most of them are <Fs5, and most have <Fs2 (Fig. 6b). All four 589 

samples contain minor high-Ca pyroxene (Fig. 6c). 590 

Figure 7 shows the FeO vs. MnO contents and the FeO vs. Cr2O3 contents in olivine 591 
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and low-Ca pyroxene in the matrices of the four investigated samples. They are in the 592 

compositional fields of olivine in IDPs, the matrices of primitive chondrites, and the Wild 2 593 

samples (Klöck et al., 1989; Zolensky et al., 2006; Frank et al., 2014). Some olivine and low-594 

Ca pyroxene crystals are low-iron manganese-enriched (LIME) chemical compositions 595 

(Klöck et al., 1989) (Fig.7a).  596 

In Fig. 9, Fe-Ni sulfides in the matrices of the four samples are plotted with those in 597 

the CLOs and the KOOL grain. Almost all the Fe-Ni sulfides in them are poor in Ni (<5 598 

atomic%). D05IB84 experienced weak aqueous alteration, as described in section 3.6. 599 

However, the compositions of Fe-Ni sulfides in it are more similar to those in the other three 600 

samples that do not show evidence of aqueous alteration. Their sulfide compositions are 601 

distinct from those in CS (or hydrated) IDPs, in which the compositions of Fe-Ni sulfides 602 

continuously range from pyrrhotite to pentlandite (Zolensky and Thomas, 1995). 603 

 604 

3.8 Oxygen isotopic compositions of the two CLOs and the KOOL grain 605 

Oxygen isotopic compositions of olivine and pyroxene in the two CLOs and the KOOL 606 

grain are shown in Figs. 12a to c. In the case of the BO-like CLO (Fig. 12a), oxygen isotopic 607 

compositions of the mixture of olivine and interstitial glass were obtained because the sizes 608 
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of olivine grains are smaller than the 133Cs+ primary beam sizes as shown in the BSE image 609 

in Fig. 12a. Their O isotopes plot near the intersection between the Primitive chondrule 610 

mineral (PCM) and the Terrestrial fractionation (TF) lines and all of them are below the TF 611 

line. Because of the matrix effect of SIMS measurements, the δ18O value of the mixtures of 612 

olivine and glass tends to be slightly smaller (<~2‰) when the correction factor of olivine is 613 

applied (see the electronic annex EA1 of Ushikubo et al., 2012). Thus, the δ18O values of the 614 

BO-like CLO presented in Fig. 12a may be several permille smaller than the actual values. 615 

Olivine and low-Ca pyroxene compositions in the POP CLO (Fig. 12b) are plotted along or 616 

near the PCM line. The magnesian (~Fs1 in Fig. 6a) cores of low-Ca pyroxene crystals (#4 617 

and 6) are richer in 16O with Δ17O of –6.8 to –5.6‰ (vertical displacement from the TF line) 618 

than that in the rims of low-Ca pyroxene and olivine (Table 3). In contrast, a ferroan (Fs12-16) 619 

rim of a low-Ca pyroxene crystal (#1, 5, 7) and olivine crystals have Δ17O of ~–0.9 to –0.4‰ 620 

(Table 3). The areas between the magnesian cores and ferroan rims of the low-Ca pyroxene 621 

crystals (#2 and 3) have intermediate with Δ17O of ~–3.0 to –2.5‰ (Table 3). The 622 

compositions of olivine and high-Ca pyroxene grains in the KOOL grain plot above the TF 623 

line and the PCM lines with Δ17O of +1.9 to +3.4‰ (Fig. 12c; Table 3). The high-Ca pyroxene 624 

crystals have δ18O values of +6.5 to +7.6‰, larger than most olivine crystals in this object. 625 
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The relationships between oxygen isotopes and Mg# of olivine and pyroxene in the 626 

two CLOs and the KOOL grain is shown in Fig. 13. Two exceptionally low values (–6.8 and 627 

–5.6‰) correspond to the relict low-Ca pyroxene crystals in the POP CLO (Fig. 12b). The 628 

occurrence of Δ17O ~-5‰ for Mg# >95 and positive Δ17O for Mg# <90 is qualitatively similar 629 

to the trend seen in the 81P/Wild 2 cometary chondrules (Defouilloy et al., 2017) and CLOs 630 

and large mineral fragments in a giant cluster IDP (Zhang et al., 2021) (Fig. 13). 631 

 632 

3.9 Oxygen isotopic compositions of the SHIB fragment 633 

The oxygen isotopic compositions of spinel in the SHIB fragment are shown in Fig. 634 

12e. The numbers on the BSE image of the SHIB fragment correspond to those on the 635 

corresponding three oxygen isotopic diagrams. The Δ17O values of spinel grains range from 636 

–22‰ to –24‰, and the δ18O values range from –44.8‰ to –46.8‰ (Fig. 12e; Table 3). 637 

Considering oxygen isotopic ratios and mineralogy, the SHIBs in CMs are the most similar 638 

refractory inclusions to this SHIB fragment (e.g., Kööp et al., 2016). 639 

 640 

3.10 Aluminum-magnesium isotope signature of the SHIB fragment 641 

The Mg-Al isotopic systematics of spinel and hibonite in the SHIB fragment are shown 642 
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in Fig. 12f. Resolvable 26Mg excesses are observed in hibonite (Fig. 12f, Table 4). The 643 

inferred initial (26Al/27Al)0 ratio is (5.0 ± 0.8) × 10-5 (2σ), which is consistent with the 644 

canonical 26Al abundance of CAIs in chondrites (Jacobsen et al., 2008; Liu et al., 2012). 645 

Given that the canonical value of (26Al/27Al)0 is 5.25 × 10–5 and with t1/2 of 26Al = 0.705 Myr 646 

(Larsen et al., 2011; Norris et al., 1983) the formation time of the inclusion is estimated as 647 

0.05 + 0.17/ -0.14 Myr after the formation of the oldest CAIs in CV chondrites (Larsen et al., 648 

2011). 649 

 650 

3.11 Isotopic anomalies in the fine-grained matrix of D03IB64 651 

To assess the primitiveness of the fine-grained matrices of these samples, we selected 652 

AMM D03IB64 because its matrix does not show any evidence of aqueous alteration and 653 

contains tiny silicates with high track density. Because tracks can be easily erased during 654 

atmospheric heating, it is inferred that this AMM did not experience the erasure temperature 655 

of ~550 oC of tracks in olivine (Fraundorf et al., 1982).  656 

We performed C, N, and O isotope mapping of the matrix. Whereas the bulk C and N 657 

isotopic ratios are indistinguishable from the terrestrial compositions, a few isotopically 658 

anomalous areas with elevated δ15N values (δ15N ={(15N/14N)sample / (15N/14N)Air -1} in per 659 
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mil) were found in ion images (Fig. 14a). The average δ15N value of the hotspots in D03IB64 660 

is approximately 400‰. We also found one presolar silicate grain (Fig. 14b). This grain has 661 

a significant 17O enrichment as well as a significant 18O depletion relative to the surrounding 662 

matrix, with δ17O = +620 ± 110 ‰ and δ18O = –280 ± 30 ‰, which are consistent with those 663 

of O isotope Group 1 grains (Nittler et al., 1997). Its identification as a silicate rather than an 664 

oxide was qualitatively made based on the observed the 28Si–/27Al16O– ratio relative to the 665 

normal matrix grains. The size of the presolar grain was estimated to be ~300 nm from the 666 

number of pixels of the area with O isotopic anomalies.  667 

 668 

4. DISCUSSION 669 

4.1 Comparison of petrography and mineralogy of the two CLOs and the KOOL grain 670 

with those of meteoritic chondrules 671 

The CLOs and the KOOL grain investigated in this study are small fragments of larger 672 

objects, similar to the case of Stardust samples. However, there is a sampling bias for Stardust 673 

samples due to the capture method, which inevitably destroyed many grains (Noguchi et al., 674 

2007). 675 

As described in section 3.4, the BO-like CLO in D03IB64 can be classified as type II 676 



 40 

CLO based on the chemical compositions of its olivine grains. Its Si- and CI-normalized bulk 677 

elemental abundances are within the ranges of the type II chondrules in L/LL3, R3, and CR2 678 

chondrites, but its abundance pattern does not match the range of a specific chondrite group. 679 

The KOOL grain in L2036#20 shows bulk Na and K abundances near or above the upper 680 

limits of the Na and K abundances in type II meteoritic chondrules and of the KOOL grain 681 

Coki-A in a Wild2 sample (Fig. 5a). The Si- and CI-normalized Na and K abundances of 682 

interstitial glass in the KOOL grain are also at the upper end of the abundances in type II 683 

meteoritic chondrules (Fig. 5b).  684 

In both the BO-like CLO and the KOOL grain, K is more enriched than Na relative to 685 

their CI abundances (Fig. 5), which is common to the type II chondrules in MET 00526 686 

L/LL3 and MET 00426 CR2 (Berlin, 2009), and the KOOL grain Coki-A (Joswiak et al., 687 

2009). The same tendency may support the idea that KOOL grains in IDPs and Wild2 samples 688 

are one of the precursors of type II chondrules (Joswiak et al., 2009). 689 

The POP CLO in D05IB66 contains homogeneous olivine with Fa20-21 and low-Ca 690 

pyroxene with magnesian cores with >En97 and ferroan rims with En80-82 (Figs. 6a, b). 691 

However, because there is a gap between the magnesian cores and the ferroan rims in the 692 

three-oxygen isotopic diagram (Fig. 12b), the magnesian cores are relict grains that survived 693 
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partial melting of their precursor. In addition, its bulk chemical composition excluding the 694 

magnesian relict crystals, is within the range of type II chondrules in L/LL3 (Fig. 5a). The 695 

deficient (4%) modal abundance of interstitial glass in this CLO suggests that it was probably 696 

only partially melted in an environment that was similar to the formation environment of the 697 

type II chondrules.  698 

The FeO versus MnO (wt.%) diagram shows that olivine and low-Ca pyroxene in the 699 

CLOs and the KOOL grain overlaps with those in the matrices in which they are embedded 700 

(Fig. 7a). The distribution of the ferromagnesian silicates in Fig. 7a is similar to olivine in 701 

both chondrules and matrices in CR and L/LL3.0-3.05 meteorites as well as olivine in the 702 

Wild 2 samples (Frank et al., 2014) and FeO-poor low-Ca pyroxene in IDPs (Klöck et al., 703 

1989) (Fig. 7a). In a FeO versus Cr2O3 wt.% diagram olivine crystals in the two CLOs are 704 

plotted on or around the solar ratio line (Fig. 7b), which is similar to those in CLOs in a giant 705 

cluster IDP (Zhang et al., 2021). The low-Ca pyroxenes in the two CLOs are enriched in 706 

Cr2O3 relative to the solar ratio line (Fig. 7b). The very low (~0.1wt.%) Cr2O3 contents in the 707 

olivines in the KOOL grain (Fig. 7b) are probably related to the prior crystallization of Ko-708 

rich high-Ca pyroxene, which seems more likely than co-crystallization (Figs. 6d and 7b). 709 

During the crystallization of these phases, Cr2O3 in the melt was selectively distributed to 710 
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high-Ca pyroxene, which made the high-Ca pyroxene Ko-ich. 711 

In the molar Fe/Mn versus Fe/Mg diagram, olivine crystals in the BO-like CLO and 712 

the KOOL grain plot around the median value of that in L/LL3 chondrites and at the lowest 713 

molar Fe/Mn end of the compositional field of CR2 chondrites (Fig. 8), although there is an 714 

ambiguity on the exact δ18O values of the BO-like CLO as described in section 3.7. The 715 

KOOL grain investigated is plotted near the Puki KOOL grain found among 81P/Wild 2 716 

samples (Joswiak et al., 2012) (Fig. 8). The oxygen isotope compositions of olivine in these 717 

objects plot just below or above the PCM line like that in OCs (Figs. 12a, c). Around zero 718 

Δ17O values in the BO-like CLO are common to olivine in type II chondrules in CR2s and 719 

some olivines in IDPs, AMMs, and Wild2 samples (Figs. 12a, d) (e.g., Tenner et al., 2015; 720 

Miller et al., 2017; Aléon et al., 2009; Nakashima et al., 2012a, b; Zhang et al., 2021; Engrand 721 

et al., 1999; Gounelle et al., 2005). In contrast, the positive Δ17O values in the KOOL grain 722 

are common to the olivines in type II chondrules in L/LL3s (probably also to OCs in general) 723 

and Rs and also found in the olivines in IDPs and Wild2 samples including the KOOL grain 724 

Puki (Figs. 12c, d) (e.g., Kita et al., 2010; Miller et al., 2017; Aléon et al., 2009; Nakashima 725 

et al., 2012a, b; Defouilloy et al., 2017; Zhang et al., 2021), although few chondrules have 726 

Δ17O values as high as the KOOL grain.  727 
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Chondrule olivines in CH-CBs have Δ17O values as high as those in the KOOL grain. 728 

Although the high Δ17O values of type I porphyritic chondrules in CHs might reflect oxygen 729 

isotopic ratios of organic material that acted as reducing agents during chondrule formation, 730 

type II chondrules in CHs have possibly formed from a similar reservoir to that for type II 731 

chondrules in CRs (Nakashima et al., 2024). Non-porphyritic Fe-rich chondrules in CHs 732 

might be formed by mechanisms different from ferromagnesian chondrules in the other 733 

chondrites because they have fractionated (SiO2-bearing) bulk chemical compositions 734 

(Nakashima et al., 2020). In CBs, impact origins of chondrules are favored (e.g., Krot et al., 735 

2005). 736 

The olivine crystals in the POP CLO plot near the lowest molar Fe/Mn edge of the 737 

compositional field of olivine in L/LL3 chondrites (Fig. 8), where the olivine crystals in the 738 

Wild 2 CLO Torajiro are also plotted (Nakamura et al., 2008). These values are similar to the 739 

compositions of olivine in the CLO captured at the ISS (Noguchi et al., 2011). Oxygen 740 

isotope ratios of olivine in this CLO plot along the PCM line (Fig. 10b) like the chondrules 741 

in the primitive carbonaceous chondrites such as Acfer 094 and CR2s (Ushikubo et al., 2012; 742 

Tenner et al., 2015). Considering both features, the precursor material of the POP CLO may 743 

be similar to but slightly different from that of chondrules in CR2 chondrites. 744 
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 745 

4.2 Abundant Fe-bearing sulfides and no Fe-Ni metal in the two CLOs and the KOOL 746 

grain 747 

Schrader et al. (2021) showed that unequilibrated OCs with 3.00-3.1 and CR2 748 

chondrites contain Fe sulfide near troilite chemical compositions. Unequilibrated R3.2 clasts 749 

in Mount Prestrud (PRE) 95404 R chondrite contain Fe-Ni sulfides with the solar Ni to Co 750 

ratio on the rims of chondrules and in chondrule-sized sulfide nodules (Miller et al., 2017). 751 

The R3.2 clasts contain abundant sulfide as sulfide nodules and sulfide-rims on chondrules. 752 

Since the thermal metamorphism experienced by these clasts is expected to have been weak, 753 

the chondrules with sulfide rims would be helpful in discussing the formation conditions for 754 

the CLOs and the KOOL grain. Miller et al. (2017) showed that Rs were formed in an 755 

environment with high fS2. They proposed that the increased surface density of the protosolar 756 

disk near the snow line may enhance the formation of H2S via hydrogenation of S on grain 757 

surfaces, and H2S might corrode metallic Fe to incorporate S in it (e.g., Lauretta et al., 1997).  758 

The two CLOs contain pyrrhotite, and the KOOL grain contains Fe-Ni sulfides with 759 

compositions consistent with monosulfide solid solution (Mss in Fig. 9). None of them 760 

contain either Fe-Ni metal or magnetite. The above mentioned scenario could apply to the 761 
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formation of the CLOs and the KOOL grain. Monosulfide solid solution can be formed by 762 

the gas-solid reaction between H2S-H2 gas and Fe-Ni metal (Lauretta et al., 1997), which 763 

probably occurred during their formation. During the melting of the precursor materials of 764 

the CLOs and the KOOL grain, a part of Fe-Ni metallic melts in the precursors was probably 765 

oxidized and incorporated in ferromagnesian silicates during crystallization. The remaining 766 

Fe-Ni metallic melts might be sulfurized by the reaction with H2S gas, which might have 767 

been formed efficiently by hydrogenating S on grain surfaces at low temperatures (e.g., 768 

Herbst et al., 1989). In addition, the following possibilities could be considered: (1) there was 769 

no metallic Fe in their precursors because the CLOs and the KOOL grain were so small, (2) 770 

they lost their metallic Fe very efficiently but some sulfide remained dissolved in the melt 771 

until it reached sulfide saturation as a result of cooling and crystallization. 772 

 773 

4.3 Crystallization sequences of the two CLOs and the KOOL grain 774 

Crystallization sequences of the two CLOs and the KOOL grain and the two CLOs 775 

Torajiro and Iris found in the Wild 2 samples (Nakamura et al., 2008; Gainsforth et al., 2015) 776 

for comparison were calculated using MELTS (Ghiorso and Sack 1995; Asimow and Ghiorso 777 

1998) although 𝑓𝑆2  was not able to incorporate in the calculation (Figs S6 to S8). We 778 
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calculated weighted averages of the chemical compositions of phases measured using FE-779 

EPMA for each igneous object investigated in this study to obtain the bulk chemical 780 

compositions of the two CLOs and the KOOL grain (Tables S2 and S3). In the case of Torajiro, 781 

the weighted average of EDS data of phases was obtained from their relative areas in a BSE 782 

image in Nakamura et al. (2008), and we used the estimated bulk chemical composition of 783 

Iris in Gainsforth et al. (2015) (Table S3). Crystallization sequences were calculated to the 784 

temperatures just above the solidus except for the KOOL grain. In this case, the 785 

crystallization calculation was stopped at 700 oC because melt existed at such a low 786 

temperature due to the enrichment of alkaline elements in melt. Equilibrium crystallization 787 

under 1 bar was assumed according to Gainsforth et al. (2015), which means relatively slow 788 

crystallization. Crystallization sequences were calculated at QMF ±0, –2, and –4, these 789 

values correspond approximately IW +3.5, +1.5, –0.5 at 1200 oC (Myers and Eugster, 1983). 790 

The results show that the equilibrium crystallization calculations using MELTS can 791 

reproduce the minerals in the POP CLO excluding magnesian relict low-Ca pyroxene that 792 

did not melt during CLO formation (Fig. S6b) and Torajiro (Fig. S6d) qualitatively. 793 

Calculated modal abundances of olivine, low-Ca pyroxene, and mesostasis (glass) of the POP 794 

CLO at 1200 oC are ~40%, ~50%, and ~10% irrespective of different oxygen buffers and the 795 
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real modal abundances are 45%, 48%, and 7%, respectively, and calculated Mg# of olivine 796 

at 1200 oC is ~75–77, which is similar to the observed Mg# value ~73 (Fig. S6b). Similarly, 797 

calculated modal abundances of spinel, olivine, low-Ca pyroxene, and mesostasis (glass) of 798 

Torajiro at 1200 oC are ~10%, 40%, ~40%, and ~10% irrespective of different oxygen buffers 799 

and the real modal abundances are 6%, 36%, 52%, and 7%, respectively, and calculated Mg# 800 

of olivine at 1200 oC is ~80-82, which is similar to the observed Mg# value 78 (Fig. S6d). 801 

The real chemical compositions of glass in the POP CLO (indicated by red stars) are plotted 802 

near the calculated trends of the melt compositions during crystallization (Fig. S6b). These 803 

diagrams suggest that these objects experienced near-equilibrium crystallization, which 804 

probably resulted from partial melting and crystallization under slow cooling rates. 805 

In contrast, the equilibrium crystallization calculation of the BO-like CLO and the 806 

KOOL grain cannot reproduce the minerals in them. Abundant low-Ca pyroxene and 807 

plagioclase (and high-Ca pyroxene in the case of BO-like CLO at the QMF +0) in the 808 

equilibrium crystallization calculation are not contained in them (Figs. S6a, c). In the case of 809 

the BO-like CLO, the calculation suggests that rapid cooling and rapid crystallization of 810 

silicate melt from above liquidus might prohibit crystallization of low-Ca pyroxene from the 811 

melt, which is plausible because crystallization of low-Ca pyroxene requires a reaction 812 
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between olivine and melt. More skeletal shapes of olivine crystal in this BO-like CLO than 813 

typical meteoritic BO chondrules suggest that it might experience more rapid cooling and/or 814 

a larger supercooling during crystallization than most meteoritic BO chondrites because 815 

olivine in the BO-like CLO resembles skeletal olivine chondrules in CB and CH chondrites 816 

(Krot et al., 2006). In the KOOL grain, Ko-rich high-Ca pyroxene could crystallize at a higher 817 

temperature than low-Ca pyroxene and plagioclase although the MELTS program does not 818 

consider the Ko component to crystallize high-Ca pyroxene. 819 

Figure S7 shows the crystallization calculation of these objects in the case of 820 

suppression of crystallization of low-Ca pyroxene and plagioclase (and high-Ca pyroxene in 821 

the case of BO-like CLO at the QMF +0). The calculated modal abundances are similar to 822 

the real values (Table S2). The compositional changes of glasses during the crystallization 823 

calculations of Figs. S6a and d, and S7 are shown in Fig. S8. Their compositions are 824 

qualitatively similar to the chemical compositions of the real glasses in these objects. 825 

In conclusion, the crystallization calculations suggest that the BO-like CLO was 826 

formed during rapid cooling, the POP CLO was formed during slow cooling, and the 827 

KOOL grain crystallized from melt, but its crystallization condition is still unclear. 828 

 829 
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4.4 Oxygen isotopic ratios of the two CLOs and the KOOL grain 830 

The relationship between Mg# and Δ17O of olivine and low-Ca pyroxene in the two 831 

CLOs and the KOOL grain overlap with those in CLOs in a giant cluster IDP and Wild 2 832 

samples (Fig. 12). They also overlap with those in type II chondrules in CR chondrites 833 

(Tenner et al., 2015; Schrader et al., 2013; 2014; 2017; Connolly and Huss, 2010; Marrocchi 834 

et al., 2022), Tagish Lake C2 (Ushikubo and Kimura, 2021), and Tagish Lake-like C2 835 

chondrites (Yamanobe et al., 2018). These results are consistent with the above discussion. 836 

There are also differences between the CLOs (and KOOL grains) in the AMMs, the 837 

IDP, a giant cluster IDP (Zhang et al., 2021), and Wild2 samples (Nakamura et al., 2008; 838 

Nakashima et al., 2012b; Defouilloy et al., 2017), and type II chondrules in CR chondrites 839 

(Tenner et al., 2015). Firstly, type II CLOs are more abundant than type I: 100% (n=2, this 840 

study), 70% (n=27; Zhang et al., 2021), and 43% (n=21; McKeegan et al., 2006; Nakashima 841 

et al., 2012a; Ogliore et al., 2012; Defouilloy et al., 2017) in AMMs, IDPs, and Wild 2 842 

samples, respectively. In contrast, type II chondrules occupy 3.5% of the chondrules in CR2 843 

chondrites (Schrader et al., 2011). Both elevated dust-to-gas ratio and elevated H2O ice 844 

abundance in dust are required to make the type II chondrules in CR chondrites (Tenner et 845 

al., 2015). Higher abundances of type II CLOs as well as the KOOL grain in the AMMs, 846 
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IDPs, and Wild 2 samples than type II chondrules in CR2 chondrites suggest that not only 847 

Wild 2 comet but also parent bodies of the AMMs and IDPs contain CLOs formed in the 848 

regions richer in 16O-poor H2O ice than of the forming area of CR chondrules in the early 849 

solar system. Type II chondrules in CR chondrites, which have high Δ17O and low Mg# of 850 

ferromagnesian silicates, were formed under the influence of water ice (Tenner et al., 2015). 851 

In other words, CLOs formed further from the Sun than CR chondrules might be selectively 852 

transferred to the accretion area of the comets or comet-like icy bodies. The transfer of the 853 

CLOs, which formed in oxidizing environments beyond the snow line of the solar system, to 854 

the comet-forming region might be a common process in the early solar system history. 855 

 856 

4.5 Ultrarefractory SHIB fragment and comparison with SHIBs in CM chondrites 857 

The SHIB fragment in D05IB84 (Fig. 3d) has a texture that is very similar to SHIB 858 

inclusions of the most common type (bladed laths of hibonite enclosed in spinel) found in 859 

CM chondrites (e.g., Brearley and Jones, 1998 and references therein). It shows a 26Mg 860 

excess with a (26Al/27Al)0 ratio of (5.0 ± 0.8) × 10-5 (2σ) and 16O-rich composition with δ18O 861 

≈ δ17O = -46‰ (Figs. 3d, 12e, f), which are also common to SHIBs in CM chondrites (e.g., 862 

Simon et al., 2006). In addition, this SHIB fragment is ultrarefractory because hibonite 863 
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contains a detectable amount of Y (Fig. S3, Table 1). In addition, ultrarefractory oxides such 864 

as Zr oxide and refractory metal nuggets (RMNs) are included in spinel, hibonite, and 865 

perovskite (Fig. S3). Some SHIBs in Murchison showed the ultrarefractory-enriched REE 866 

patterns (Ireland, 1988). The chemical compositions of RMNs in SHIBs in Murchison were 867 

presented in Schwander et al. (2015). The RMNs in Murchison contain abundant Pt, Mo, Os, 868 

Ir, and Ru with minor Ni, W, Re, and Rh (Schwander et al., 2015). The RMN in the SHIB 869 

fragment also contains Mo, Os, Ir, and Ru but does not contain detectable amounts of Re, W, 870 

and Pt. The abundance of refractory siderophile elements in the Murchison SHIBs are quite 871 

variable (Fig. S4), so it is reasonable that Re, W, and Pt are below detection. Therefore, it 872 

would not say that there is a compositional difference between the RMN in the SHIB 873 

fragment and those in the Murchison SHIBs. The SHIB fragment could be almost equivalent 874 

to an ultrarefractory SHIB in CM chondrites. 875 

 876 

4.6 Fine-grained matrices that are indistinguishable from CP IDPs and CP AMMs 877 

The fine-grained matrices of two AMMs, D03IB64 and D05IB66, containing CLOs 878 

and an IDP L2036#20 containing a KOOL grain are highly porous and contain minerals that 879 

are the same as those in CP IDPs and CP AMMs (e.g., Ishii et al., 2008; Bradley, 2014) (Figs. 880 
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2a-c). Neither the coarse-grained igneous objects nor the fine-grained matrices show 881 

evidence of aqueous alteration (Figs. 3, 10, 11). In addition, we found one presolar silicate 882 

grain with an O isotopic anomaly (Fig. 14b). This grain has a significant 17O enrichment as 883 

well as a significant 18O depletion relative to the surrounding matrix, consistent with O 884 

isotope Group 1 grain (Nittler et al., 1997). The inferred concentration of presolar grains in 885 

the fine-grained matrix of D03IB64 is ~920ppm. However, a direct comparison to the 886 

concentrations for primitive chondrites is difficult because of the limited measurement area 887 

(93 µm2) and because only one presolar grain with oxygen isotope anomaly was found. 888 

However, the presence of the presolar silicate confirms the primitiveness of D03IB64.  889 

The δ15N values of the hotspots in D03IB64 range from 367.0 to 530.5‰ (Fig. 14a), 890 

which is lower than the maximum δ15N value of hotspots in insoluble organic matter (IOM) 891 

from CR chondrites (~1800‰) (Busemann et al., 2006) and that of hotspots in the matrix of 892 

CR2 chondrites (~2475‰) (Floss and Stadermann, 2009) and C2 chondrite Bells (~2400‰) 893 

(De Gregorio et al., 2013). However, given the small areas analyzed here, a direct comparison 894 

between the AMM and the primitive meteorites is impossible. 895 

 896 

4.7 Effects of weak aqueous alteration on the fine-grained matrix and the SHIB 897 
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fragment 898 

The fine-grained matrix of D05IB84 is almost the same as the matrices mentioned 899 

above. Still, it contains aqueously altered GEMS-like objects, which lack nanometer-sized 900 

Fe-Ni metal, and the amorphous silicate in “GEMS” contains a detectable amount of Fe (Figs. 901 

10, 11). Fine-grained matrices containing abundant non-porous Fe-bearing amorphous 902 

silicate were reported from some chondrites such as ALH 77307 CO3.0, Acfer 094 903 

ungrouped C, Paris CM2, Asuka 12169 CM3.0 chondrites (Brearley, 1993; Greshake, 1997; 904 

Leroux et al., 2015; Noguchi et al., 2021). However, highly porous lithology is relatively rare. 905 

Clasts or patches containing the Fe-bearing GEMS-like objects embedded in Acfer 094, 906 

LaPaz Icefield 02342 CR2, and the asteroid Ryugu grains were reported (Matsumoto et al., 907 

2019; Nittler et al., 2019; Nakamura et al., 2023). Although the GEMS-like objects are 908 

mineralogically different from true GEMS (Bradley, 2019; Ohtaki et al., 2021; Villalon et al., 909 

2021), the GEMS-like objects in such highly porous lithology with enstatite 910 

whiskers/platelets may be called the aqueously altered GEMS-like objects in D05IB84. In 911 

contrast, non-porous GEMS-like objects could experience the melting of ice grains existing 912 

between minerals, weak aqueous alteration, and compaction. 913 

In D05IB84, the SHIB fragment contains an alteration product on its rim, and 914 
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perovskite grains are embedded in phyllosilicates in the altered rim (Figs. 3d, S5b). Melilite 915 

might be a precursor mineral before aqueous alteration because a rare melilite-bearing SHIBs 916 

was reported from Murchison CM chondrite (Kööp et al., 2016). In contrast, the fine-grained 917 

matrix surrounding the SHIB fragment contains aqueously altered GEMS-like objects that 918 

do not contain phyllosilicate (Fig. 10d). In one of the least aqueously altered CM chondrite 919 

Asuka 12169 (subtype 3.0), melilite in CAIs does not show any evidence of aqueous 920 

alteration on the FE-SEM scale (Kimura et al., 2020) and the fine-grained matrix of this 921 

meteorite contains abundant non-porous Fe-bearing amorphous silicate and does not contain 922 

phyllosilicate except for proto-tochilinite-cronstedtite-intergrowths (TCIs) (Noguchi et al., 923 

2021). Frank et al. (2023) found that a melilite-rich CAI was embedded in the heavily altered 924 

Ivuna CI chondrite, and they suggested that the CAI was incorporated in the host after 925 

aqueous activity. Conversely, in this case, the SHIB fragment that experienced moderate 926 

aqueous alteration might be incorporated in the fine-grained matrix that experienced a much 927 

lower degree of aqueous alteration. There are two possibilities for the way of incorporation: 928 

regolith gardening of a single parent body composed of different degrees of aqueous 929 

alteration and mixing of a more hydrated impactor and a less hydrated host, as Frank et al. 930 

(2023) has suggested. 931 
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Refractory inclusions found among the Wild2 samples are mineralogically similar to 932 

type C CAIs defined by Lin and Kimura (1998) and Krot et al. (2004). The Wild2 refractory 933 

inclusions are composed of high-Ca pyroxene (diopside), Al- and Ti-rich high-Ca pyroxene 934 

(fassaite), with minor spinel, anorthite, and sometimes, and with or without osbornite 935 

(Zolensky et al. 2006; Simon et al. 2008; Matzel et al. 2010; Joswiak et al. 2012). 26Al-26Mg 936 

isotope systematics of one of them, Coki, were measured, and the Coki does not show any 937 

excess 26Mg (Matzel et al., 2010). In addition, a CLO Iris also does not show any excess of 938 

26Mg (Ogliore et al., 2012). These data suggest that the Wild2 comet nucleus contains late-939 

formed CAIs with little 26Al, whereas the parent body of the SHIB fragment contains CAIs 940 

with the canonical 26Al/27Al ratio. This is consistent with the fact that the parent body of the 941 

SHIB fragment underwent aqueous alteration, which requires its accretion early enough to 942 

incorporate a substantial amount of 26Al. 943 

 944 

4.8 Possible parent bodies 945 

Jupiter family comets are likely the principal source of dust in the zodiacal cloud 946 

(Nesvorný et al., 2010). Interplanetary dust particles (IDPs) in the zodiacal cloud are thought 947 

to originate from comets and asteroids because they include both anhydrous CP IDPs and 948 
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hydrated “CS” IDPs (Ishii et al., 2008; Bradley, 2014). Olivine/(Olivine+Low-Ca pyroxene) 949 

ratios of the four samples, from 0.4 to 0.6, are consistent with those of anhydrous “CP” IDPs 950 

(Zolensky and Barrett, 1994) and CP MMs (Noguchi et al., 2015), which are comparable 951 

with those of P- and D-type asteroids and comets, from 0.4 to 0.8 (Vernazza et al., 2015) and 952 

with comets, from 0.3 to 0.5 (Harker et al., 2023).  953 

Keller and Flynn (2021) propose that IDPs with solar flare track densities of >1010 954 

tracks/cm2 have exposure ages >1 Myr and were therefore ejected from objects in the trans-955 

Neptunian objects and not from comets or asteroids. However, collisional lifetimes impose 956 

limitations on how far particles can survive from their sources; the required ~107-year orbital 957 

lifetime of IDPs from the Edgeworth-Kuiper Belt exceeds their expected collisional lifetimes 958 

by three orders of magnitude (Dohnyani, 1978; Grün et al., 1985). There are alternative 959 

explanations for such high-track densities in IDPs: temporal variations in solar activity, 960 

contributions from exposure to the galactic cosmic rays on parent body regolith before 961 

ejection, trapping in mean-motion resonances with Earth and other planets (Reach, 2010), 962 

and pre-accretion irradiation that may contribute to the high-track densities observed in the 963 

silicate minerals in dust grains from Jupiter family comets (Engrand et al., 2023). Further 964 

studies are needed to clarify the significance of track densities in determining parent body 965 
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origins. 966 

 967 

5. CONCLUSIONS 968 

We identified two CLOs, a KOOL grain, and a SHIB fragment from three AMMs and 969 

a CP IDP. The two CLOs-bearing and the SHIB fragment-bearing AMMs were found among 970 

~200 AMMs preserved in the surface snow collected near the Dome Fuji Station. Because 971 

the two CLOs contain ferromagnesian silicates with <90 Mg#, they belong to the type II 972 

category of meteoritic chondrules. The CLOs are enclosed in highly porous fine-grained 973 

matrices containing abundant true GEMS (containing Fe-Ni metal) and enstatite 974 

whisker/platelets. The KOOL grain is also enclosed in a highly porous fine-grained matrix 975 

containing abundant true GEMS and enstatite whisker/platelets. None of the matrices show 976 

evidence of aqueous alteration. KOOL grains are also found in Stardust samples and CP IDPs 977 

(Joswiak et al., 2009). The low Mg# and elevated Δ17O of olivine and pyroxene in these 978 

CLOs and the KOOL grain are consistent with previously studied CLOs from comet 979 

81P/Wild 2 and a giant cluster IDP (e.g., Nakamura et al., 2008; Nakashima et al., 2012b; 980 

Zhang et al., 2021). These results support the view that CP IDP- and CP AMM-like materials 981 

constitute comet or comet-like icy bodies. The CLOs formed in oxidizing environment 982 
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beyond the snow line, and were then transferred to the comet-forming region. These 983 

processes were common in the early solar system history. 984 

In contrast, the SHIB fragment experienced aqueous alteration on its rim. The SHIB 985 

fragment contains ultrarefractory oxides and RMNs and has a 26Mg excess like typical 986 

meteoritic CAIs. The mineralogy of the fine-grained matrix is very similar to CP IDPs and 987 

CP AMMs. However, because “GEMS” in the matrix lacks Fe-Ni metal and amorphous 988 

silicate in it contains Fe, “GEMS” is not GEMS sensu stricto. It is clear that the matrix 989 

experienced aqueous alteration, by which the nanometer-sized Fe metal grains in GEMS were 990 

oxidized. The amorphous silicate in GEMS incorporated the Fe cations (Fig. 11d). Because 991 

the degree of aqueous alteration experienced by the SHIB fragment and that of the matrix are 992 

different, it is inferred that the SHIB fragment was incorporated into the matrix material after 993 

the aqueous alteration was finished. 994 

Olivine/pyroxene ratios of the B-, C-, and G-type asteroids, P- and D-type asteroids, 995 

and comets obtained from mid-infrared spectra are considerably different (Vernazza et al., 996 

2015). Olivine/low-Ca pyroxene ratios in the matrices of the four samples are within the 997 

range of P- and D-type asteroids and comets. They might have originated from these bodies.  998 

 999 
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Tables 

 

 

  

Table 1 

Chemical compositions of minerals and glass obtained by electron microprobe analyzer given in wt.%. 

Sample Mineral Types SiO2    TiO2   ZrO2 Al2O3  Cr2O3  V2O3 Y2O3 FeO    NiO    MnO    MgO    CaO    Na2O   K2O    P2O5   SO3    Total Mg/(Mg+Fe) 

D03IB64 Olivine BO CLO 36.61 0.11 n. m. 0.83 0.18 n. m. n. m. 19.73 b. d. 0.45 37.37 0.45 0.17 b. d. b. d. b. d. 95.9 0.771 

D03IB64 Glass BO CLO 52.1 0.16 n. m. 12.67 0.22 n. m. n. m. 10.98 0.04 0.15 17.27 2.54 2.4 0.27 0.06 0.05 98.91 0.737 

D05IB66 Olivine POP CLO 38.18 0.1 n. m. 0.54 0.32 n. m. n. m. 19.69 0.14 0.35 39.22 0.34 b. d. b. d. b. d. b. d. 98.87 0.78 

D05IB66 Olivine POP CLO 39.07 b. d. n. m. b. d. 0.25 n. m. n. m. 18.62 b. d. 0.69 40.02 0.22 b. d. b. d. b. d. b. d. 98.88 0.793 

D05IB66 Low-Ca pyroxene POP CLO 59.58 0.11 n. m. 0.52 0.5 n. m. n. m. 0.57 b. d. 0.1 38.6 0.48 b. d. b. d. b. d. b. d. 100.45 0.992 

D05IB66 Low-Ca pyroxene POP CLO 54.53 0.09 n. m. 2.13 1.06 n. m. n. m. 9.91 b. d. 0.48 29.8 1.37 b. d. b. d. b. d. b. d. 99.37 0.843 

D05IB66 Glass POP CLO 56.92 0.2 n. m. 19.4 b. d. n. m. n. m. 3.03 b. d. 0.17 8.08 7.96 4.86 0.17 b. d. b. d. 100.8 0.826 

L2036 #20 Olivine KOOL grain 36.98 b. d. n. m. b. d. 0.1 n. m. n. m. 26.04 b. d. 0.53 33.36 0.44 b. d. b. d. b. d. b. d. 97.45 0.695 

L2036 #20 High-Ca pyroxene KOOL grain 53.26 0.37 n. m. 0.48 3.08 n. m. n. m. 4.49 b. d. 0.28 16.37 18.15 1.86 b. d. b. d. b. d. 98.34 0.867 

L2036 #20 Glass KOOL grain 63.36 0.28 n. m. 10.8 b. d. n. m. n. m. 3.72 b. d. 0.14 7.01 1.67 6.19 2.04 2.46 b. d. 97.65 0.77 

D05IB084   Spinel SHIB 0.06 0.28 n. m. 70.99 b. d. 0.51 n. m. 0.1 b. d. b. d. 27.92 b. d. b. d. b. d. b. d. b. d. 99.87 0.998 

D05IB084   Hibonite SHIB 0.75 4.06 b. d. 84.84 b. d. 0.35 0.11 b. d. b. d. b. d. 2.14 7.65 b. d. b. d. b. d. b. d. 99.88 - 

D05IB084   Perovskite SHIB 0.36 53.95 2.05 0.81 b. d. b. d. 1.42 0.31 b. d. b. d. b. d. 36.32 b. d. b. d. b. d. b. d. 95.22 - 

CLO: chondrule-like object, n. n.: not measured, b. d.: below detection limits           
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Table 2  

Solar flare track densities in the four samples. 

 

Sample name Track density (no. of grains) Measured minerals in matrix Coarse-grained object 

D03IB64 >8 × 1010 cm-2 (n = 5) High-Ca pyroxene, olivine BO CLO 

L2036#20 3–4 × 1010 cm-2 (n = 2) Low-Ca pyroxene, olivine KOOL grain 

D05IB66 Not identified - POP CLO 

D05IB84 3 × 1010 cm-2 (n = 2) Low-Ca pyroxene SHIB 
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Table 3 

Oxygen three-isotope ratios measured by ion microprobe from 2-micrometer spots*. 

Sample Mineral SIMS spot δ18O ‰ 2SD ‰ δ17O ‰ 2SD ‰ Δ17O 2SD ‰ 

D03IB064 Olivine + Glass 1 2.2 1.2 1.0 0.9 -0.2 0.5 

D03IB064 Olivine + Glass 2 1.5 1.2 0.0 0.9 -0.8 0.5 

D03IB064 Olivine + Glass 3 -1.4 1.2 -0.7 0.9 0.0 0.5 

D03IB064 Olivine + Glass 4 0.7 1.2 -1.8 0.9 -2.1 0.5 

D03IB064 Olivine + Glass 5 0.7 1.2 0.1 0.9 -0.3 0.5 

D05IB66 Olivine 21 3.7 1.1 1.5 1.54 -0.4 1.6 

D05IB66 Low-Ca pyroxene 22 0.7 1.1 -2.6 1.54 -3.0 1.6 

D05IB66 Low-Ca pyroxene 23 1.6 1.1 -1.6 1.54 -2.5 1.6 

D05IB66 Low-Ca pyroxene 24 -5.7 1.1 -8.5 1.54 -5.6 1.6 

D05IB66 Low-Ca pyroxene 25 3.3 1.1 0.8 1.54 -0.9 1.6 

D05IB66 Low-Ca pyroxene 26 -5.8 1.1 -9.9 1.54 -6.8 1.6 

D05IB66 Olivine 27 4.1 1.1 1.3 1.54 -0.8 1.6 

L2036 #20 Olivine 1 9.4 2.0 8.2 1.2 3.3 1.1 

L2036 #20 Olivine 2 7.4 2.0 7.2 1.2 3.4 1.1 

L2036 #20 Olivine 3 5.8 2.0 5.9 1.2 2.9 1.1 

L2036 #20 High-Ca pyroxene 7 9.7 2.0 7.6 1.2 2.6 1.1 

L2036 #20 High-Ca pyroxene 8 8.9 2.0 6.5 1.2 1.9 1.1 

L2036 #20 Olivine 9 6.5 2.0 5.6 1.2 2.2 1.1 

D05IB084 Spinel 1 -45.1 1.9 -46.3 1.4 -22.8 1.2 

D05IB084 Spinel 2 -44.3 1.9 -45.0 1.4 -21.9 1.2 

D05IB084 Spinel 3 -43.8 1.9 -44.8 1.4 -22.0 1.2 

D05IB084 Spinel 4 -44.7 1.9 -46.8 1.4 -23.6 1.2 
*Data are corrected for instrumental biases and a contribution of tailing from hydride (16OH) peak on 17O. The uncertainties of individual analyses 

are estimated from spot-to-spot reproducibility (2SD) of standard olivine analyses (n=6) in the same epoxy disk, though those associated with hydride 

corrections are not included. 
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Table 4 

The Al-Mg isotope analyses of hibonite and spinel in D05IB84. 

Spot # 27Al/24Al ± 2σ (‰) δ26Mg* ± 2σ (‰) Target 

1 35.35 1.15 13.2 2.1 Hibonite 

2 43.49 1.45 13.9 2.9 Hibonite 

3 2.61 0.03 -0.1 1.0 Spinel 

4 2.58 0.03 1.1 1.0 Spinel 

5 2.62 0.03 0.4 1.1 Spinel 
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Figure Captions 

Figure 1 Secondary electron (SE) images of three Antarctic micrometeorites (AMMs) and 

an interplanetary dust particle (IDP) investigated in this study. All the samples were 

placed on a Pt plate. All the samples seem to be solid and are coated by sub-µm-sized 

material. (a) D03IB64, (b) D05IB66, (c) L2036#20, (d) D05IB84. 

 

Figure 2 Bright-field transmission electron microscope (BF-TEM) images of ultrathin 

sections of the AMMs and IDP investigated in this study. These ultrathin sections were 

selected from the beginning sections because they contain both projecting parts of a solid 

interior (chondrule-like objects or CAI) and a sub-µm-sized matrix. Because chondrule-

like objects and a CAI are composed of coarse-grained minerals, they were shuttered 

into shards, and most shards were lost during ultramicrotomy. (a) D03IB64, (b) D05IB66, 

(c) L2036#20, (d) D05IB84. 

 

Figure 3 Backscattered electron (BSE) images of two chondrule-like objects, a KOOL grain, 

and a CAI in 3 AMMs and an IDP. a) D03IB64, b) D05IB66, c) L2036 #20, d) D05IB84. 

Ol: olivine, px: pyroxene, Pyh: pyrrhotite, Chr: chromite, Spl: spinel, Hbn: hibonite, Pv: 
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perovskite, Fe-Ni slf: Fe-Ni sulfide, Alt: alteration product (enclosed by a dotted curve). 

 

Figure 4 BSE image and the corresponding electron backscattered diffraction (EBSD) map 

with pole figures. The common crystallographic orientation of olivine (blue) confirms 

the chondrule-like object in D03IB64 shares a common characteristic with typical 

meteoritic BO chondrules. 

 

Figure 5 (a) Silicon and CI chondrite normalized bulk elemental abundances of the 

chondrule-like objects (CLOs) in D03IB64 and D05IB66 and the KOOL grain in 

L2036#20 and the Si and CI chondrite normalized elemental abundances of glass in these 

objects. (b) The ranges of the Si and CI chondrite normalized elemental abundances of 

glass in these chondrules and the KOOL grain are represented by the bars with the same 

colors as those in (a). Data of the MET 00526 L/LL3.05 and MET 00426 CR3.0 

meteorites, those of the PRE 95404 R3 meteorite, and those of the KOOL grains are from 

Berlin (2009; Berlin et al., 2011), Miller et al. (2017), and Joswiak et al. (2009), 

respectively. The bulk elemental abundances of the CLOs and the KOOL grain were 

weighted averages of minerals and glass obtained by FE-EPMA. Elemental abundances 
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of chondrules glass were obtained by FE-EPMA. For comparison, (a) the ranges of the 

Si and CI chondrite normalized bulk elemental abundances and (b) the ranges of the Si 

and CI chondrite normalized elemental abundances of glass in type I and type II 

chondrules in L/LL3.05, CR3.0, and R3 chondrites, and those of the kosmochloric Ca-

rich pyroxene and FeO-rich olivine-bearing objects (KOOL grain) Coki-A in a Stardust 

sample recovered from 81P/Wild2 comet are plotted as orange, pale orange, green, light 

green, purple, and light blue. 

 

Figure 6 Chemical compositions of olivine and pyroxene in the two CLOs, one KOOL grain, 

and the fine-grained matrices including D05IB84. (a) Histogram of Fa mol% in olivine. 

(b) Histogram of Fs mol% in low-Ca pyroxene. Olivine and pyroxene in CLOs and a 

KOOL grain appear as hatched bins in (a) and (b). (c) Pyroxene chemical compositions 

are plotted on a quadrilateral diagram. Chemical compositions of olivine in a chondrule-

like object in D05IB66 and the KOOL grain in L2036 #20 were obtained by FE-EPMA. 

Chemical compositions of olivine and pyroxene in the chondrule-like object in D03IB64 

the fine-grained matrices were measured by EDS equipped on (S)TEM due to their small 

sizes. (d) Chemical compositions of high-Ca pyroxene in the KOOL grain are plotted on 
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a Ca-Na-Cr atomic ternary diagram. This diagram shows that the high-Ca pyroxene is 

enriched in the kosmochlor component. The compositional field of high-Ca pyroxene in 

KOOL grains in both Stardust samples and IDPs is shown as a green area (Joswiak et al., 

2009). 

 

Figure 7 MnO and Cr2O3 contents vs. FeO contents of olivine and low-Ca pyroxene in two 

CLOs, a grain, and the fine-grained matrices including D05IB84. (a) MnO vs. FeO 

diagram and (b) Cr2O3 vs FeO diagram. The dashed lines indicate the detection limits of 

MnO and Cr2O3 using EDS equipped on (S)TEM. Thin solid lines indicate the solar ratio 

between FeO and MnO, and FeO and Cr2O3, respectively. Gray color areas in the 

diagrams are compositional fields of olivine in CP and CS IDPs, the fine-grained 

matrices of primitive chondrites, and the Wild2 samples (Klöck et al., 1989; Zolensky et 

al., 2008; Frank et al., 2014). 

 

Figure 8 Molar Fe/Mn vs. molar Fe/Mg diagram of olivine in the two chondrule-like objects 

and the KOOL grain investigated. Olivines in the CLOs called Torajiro (Nakamura et al., 

2008) and Iris (Gainsforth et al. 2015), the KOOL grain Puki recovered from comet 
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81P/Wild 2, olivine in CLOs and mineral fragments (MFs) in a giant cluster IDP U2-

20GCA (Zhang et al. 2021), and the CLO captured at the international space station (ISS) 

(Noguchi et al. 2010) were also plotted. In addition, olivine compositions in chondrules 

in CM2, CR2, and L/LL3 chondrites (Schrader et al., 2015; Schrader and Davidson, 2017 

and 2022) are plotted for comparison. The olivine crystals in the BO-like CLO and the 

two KOOL grains plot around the median value of that in L/LL3 chondrites and near the 

lowest molar Fe/Mn end of the compositional field of CR chondrites. The POP CLO, 

Trajiro, and the CLO captured at the ISS are plotted near the lowest end of L/LL3. In 

contrast, Iris are plotted between the medians of L/LL3 and CR2, and the CLOs and MFs 

in IDP U2-20GCA are plotted from above the median of CM to the median of L/LL3.  

 

Figure 9 Fe-Ni sulfides in the two CLOs, the KOOL grain, and the fine-grained matrices in 

all the investigated samples are plotted on Fe-Ni-S ternary diagrams. Chemical 

compositions of Fe-Ni sulfides were measured by EDS equipped on (S)TEM. Fe-Ni 

sulfides in the CLOs and the KOOL grain appear as red diamonds and those in the fine-

grained matrix as yellow circles. Compositional fields of monosulfide solid solution 

(Mss), high-temperature pentlandite, and liquid (sulfide melt) at 800 oC are indicated in 
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the diagram of L20356 #20. These fields are from Kitakaze et al. (2011). 

 

Figure 10 TEM images of phases in the fine-grained matrices in the three AMMs and an 

IDP: (a), (e), (h) D03IB64; (b) D05IB66; (c), (f), (i) L2036 #20, (d), (g), (j) D05IB84. 

(a) to (d) show GEMS. Panels (b), (e) to (g) show enstatite whiskers and platelets. (h) 

shows a solar flare track-rich high-Ca pyroxene, and (i) and (j) show solar flare track-

rich olivine crystals. (h) Solar flare tracks appear thin white lines in the dark-field image. 

(i) and (j) Solar flare tracks appear as thin black lines indicated by arrowheads in the 

bright-field images. 

 

Figure 11 HAADF-STEM images and corresponding Fe, Ni, S, and Si elemental maps of 

GEMS in the three AMMs and an IDP: (a) D03IB64, (b) D05IB66, (c) L2036 #20, (d) 

D05IB84. Comparing Fe, Ni, and S elemental maps, GEMS in D03IB64, D05IB66, and 

L2036 #20 contains both Fe-Ni metal and Fe(-Ni) sulfide although relative amounts of 

them are variable among samples. Comparing Fe and Si elemental maps, amorphous 

silicate in GEMS is very poor in Fe. In contrast, when comparing Fe, Ni, and S elemental 

maps, GEMS in D05IB84 does not contain Fe-Ni metal but Fe(-Ni) sulfide. In addition, 
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comparing Fe and Si elemental maps, amorphous silicate in GEMS in D05IB84 contains 

a detectable amount of Fe, indicated by an arrow in the Fe elemental map in (d). 

 

Figure 12 Three oxygen isotopic plots of silicates and oxides in the two CLOs, one KOOL 

grain, and a SHIB fragment and the correspondence between the analyzed points and 

their isotopic ratios. Numbers on backscatter electron images of each sample correspond 

to those in (a), (b), (c), (e), (f) to the numbers in the four oxygen isotopic diagrams in (a) 

to (c) and in the Mg-Al isotopic systematics diagram in (e). (a) Oxygen isotopic 

compositions of the BO-like CLO in D03IB64 were obtained from a mixture of olivine 

and interstitial glass due to their small sizes. (b) Oxygen isotopic compositions of olivine 

and low-Ca pyroxene in the POP CLO in D05IB66 were measured. (c) Oxygen isotopic 

compositions of olivine and high-Ca pyroxene in the KOOL grain in L2036 #20 were 

measured. (d) A compilation of the oxygen isotopic compositions of olivine and 

pyroxenes in the following meteorites, 81P/Wild 2 comet samples, IDPs, and AMMs to 

compare them with the results obtained in this study. The data used to prepare this 

compilation are as follows: CH and CB chondrites (CH-CB), CR chondrites (CR), O and 

R chondrites (O-R), E and K chondrites (E-K), CV, CO, and CM chondrites with Acfer 
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094 ungrouped carbonaceous chondrite (CV-CO-CM-Acfer 094), Wild 2 cometary dust 

recovered by Stardust spacecraft (Wild 2), IDPs, and AMMs (Krot et al, 2010; Connolly 

and Huss, 2010; Schrader et al., 2013, 2014; Tenner et al., 2015; Hertwig et al., 2018; 

Tenner et al., 2013; Chaumard et al., 2018; Ushikubo et al., 2012; Kita et al., 2010; Miller 

et al., 2017; Nagashima et al., 2015; Weisberg et al., 2011; Nakashima et al., 2012; 

Defouilloy et al., 2017; Aléon et al., 2009; Zhang et al., 2021; Engrand et al., 1999; 

Gounelle et al., 2005).  In (a) to (d), the terrestrial fractionation (TF) line, the primitive 

chondritic materials (PCM) line (Ushikubo et al., 2012), and the carbonaceous chondrite 

anhydrous minerals (CCAM) line (Clayton et al., 1977) are also plotted as reference 

lines. (e) Oxygen isotopic compositions of spinel in the SHIB fragment in D05IB84 were 

measured. (f) Mg-Al isotopic systematics of spinel and hibonite in the SHIB in D05IB84 

were investigated. Mg and Al isotopes of spinel and hibonite were measured. Error bars 

in (a), (b), (c), and (f) represent 2σ. The numbers on the BSE images in (a), (b), (c), (e), 

and (f) correspond to those on the corresponding diagrams. 

 

Figure 13 Relationship between Mg# and Δ17O of olivine and pyroxene in the two CLOs 

and the KOOL grain investigated in this study. The data of Stardust samples (Defouilloy 
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et al., 2017) and olivine and pyroxene in chondrule-like objects and coarse mineral 

fragments in a giant cluster IDP (Zhang et al., 2021) are also plotted for comparison. 

Error bars are 2σ. Contours are mixing lines among the solar nebular gas with –28‰, 

anhydrous CI-like dust with –6‰, and H2O ice with +5‰, according to Tenner et al. 

(2015). 

 

Figure 14 NanoSIMS data on D03IB64. (a) Left: δ13C and δ15N values of bulk samples and 

isotopically anomalous hotspots. Right: 28Si– ion image (upper right) and 12C15N–

/12C14N– ratio image (upper left) of an ultrathin section. Arrows show hotspots with 

significant 15N enrichments. (b) Left: The O isotopic composition of a presolar silicate 

grain. Also shown are data on presolar silicate and oxide grains reported previously in 

the Presolar Grain Database (Hynes and Gyngard, 2009). Right: 17,18O/16O– ratio images 

of another ultrathin section. The arrow shows a presolar grain with an 17O enrichment 

and an 18O depletion. 
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Correction of the QSA effect 33 

We suspect that a large mass-independent instrumental fractionation of the spinel 34 

standard is caused by the QSA effect (Slodzian et al., 2004) due to the high concentration of 35 

MgO (28wt.%). The QSA effect results from the simultaneous production of multiple 36 

secondary ions generated by a single primary ion, which arrive at the same time on the 37 

conversion dynode of an EM and are counted as one pulse. It is predominantly seen in the 38 

major isotope of an element with a high concentration in the target material. Therefore, the 39 

QSA effect on Mg isotopes results in count loss of the major isotope 24Mg relative to the 40 

minor isotopes 25Mg and 26Mg (i.e., mass-independent fractionation). This results in putative, 41 

non-zero δ26Mg* values of the standard which are negatively biased. 42 

The QSA effect is considered to be a function of K, the ratio of secondary ions ejected per 43 

primary ions (Slodzian et al., 2004), which is ~ 0.005 for the spinel analysis in this study, and 44 

the bias predicted for Mg isotope ratios is from ~2.5‰ to ~5‰ (= K/2 to K). This is similar 45 

to the biases observed for spinel analysis in this study. Although we kept both primary ion 46 

and secondary Mg ion intensities nearly constant over the course of analyses, the instrumental 47 

bias on the measured δ26Mg* values of the spinel standard was slightly more variable than 48 

analytical uncertainties. As mentioned earlier, the primary beam sizes became larger over 49 



 3 

time and the measured δ26Mg* values of the spinel standard seem to correlate with the size 50 

of the primary beam. To quantify the correlation, the surface density of O– primary ions 51 

(pA/µm2) was estimated from intensities of the primary beam and surface areas of SIMS pits 52 

on the spinel standard and are compared with the corresponding δ26Mg* values (Fig. S1). The 53 

primary beam density varies by a factor of 3-4 and is negatively correlated with the δ26Mg* 54 

values, approximately by 1.5‰. Dependency of measured δ26Mg* values against primary 55 

beam size or density is not expected from the QSA effect. We suspect the observed correlation 56 

might be related to the size of the secondary ion spots exposed to the conversion dynode of 57 

the EM because the IMS-1280 mono-collector ion optics transfer ion images of the sample 58 

surface. When the intense secondary ions (~105 cps) are concentrated in a narrow region on 59 

the first dynode, this may change the pulse height distribution of the EM, though we did not 60 

identify any obvious differences. The δ26Mg* bias values for three individual spots in the 61 

spinel of CAI were calculated using the regression line between the δ26Mg* bias and surface 62 

density of O– primary ions in Fig. S1 and were corrected for unknown samples (Table 2). The 63 

uncertainty associated with the corrected values was inferred from 2σ confidence lines 64 

accompanying the regression line (Fig. S1) and was propagated as uncertainty to those of 65 

δ26Mg* values of individual unknown sample analyses (Table 2).66 
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Supplementary Tables 67 

Table S1 Detailed data table of the Mg isotope analyses of spinel and hibonite on spinel and hibonite standards and D05IB84 
     Raw data                 Bias-corrected data   

 Analysis 
number 

Target Remarks 24Mg (cps) δ25Mg/24Mg ± 2SE 
(‰) 

δ26Mg/24Mg ± 2SE 
(‰) 

δ26Mg/25Mg ± 2SE 
(‰) 

27Al/24Mg 2SE (%) δ26Mg* ± 2SE (‰) Ip-start 
(pA)a 

Ip-end 
(pA)b 

Ip-avr 
(pA)c 

Pit size 
(µm2)d 

Density 
of 

primary 

beam 
(pA/µm2) 

Cor-δ26Mg* ± 2SE 
(‰)e 

27Al/24Mg 2SE 

(%) 

δ26Mg* ± 2s (‰) 

Spinel 20130801

_1 

FIB square  6.26E+04 -0.16  0.81  -5.18  1.06  -5.02  0.99  2.24  0.14  -4.83  1.42  3.21  3.37  3.29  4.88  0.67        

 20130801

_7 

FIB square  9.13E+04 -1.14  0.71  -5.91  0.73  -4.77  0.69  2.25  0.27  -3.66  1.16  4.20  4.64  4.42  21.80  0.20        

 20130801

_12 

FIB square  8.98E+04 1.96  1.11  -2.31  1.34  -4.24  1.15  2.25  0.29  -6.01  1.75  3.90  3.57  3.74  6.26  0.60        

 20130801
_14 

C-coated 
area 

 8.41E+04 -1.28  0.82  -7.03  0.93  -5.74  0.81  2.28  0.15  -4.49  1.30  3.85  4.70  4.27  7.74  0.55        

 20130801
_17 

SHIB 
Spinel 3 

 9.62E+04 0.08  0.52  -3.72  0.72  -3.80  0.62  2.24  0.17  -3.86  0.87  3.82  4.50  4.16  14.09  0.30  -3.80  0.49  2.61  0.03  -0.05  1.00  

 20130801

_18 

SHIB 

Spinel 4 

 1.04E+05 -0.93  0.51  -4.49  0.61  -3.56  0.59  2.21  0.20  -2.66  0.90  3.99  4.67  4.33  15.83  0.27  -3.73  0.50  2.58  0.03  1.07  1.03  

 20130801

_19 

SHIB 

Spinel 5 

 9.54E+04 -0.24  0.57  -3.67  0.68  -3.42  0.60  2.25  0.15  -3.17  0.92  3.94  4.47  4.21  17.95  0.23  -3.60  0.53  2.62  0.03  0.42  1.06  

 20130801

_21 

C-coated 

area 

 8.43E+04 -2.20  0.66  -7.00  0.89  -4.81  0.68  2.31  0.24  -2.71  0.98  3.80  4.48  4.14  19.10  0.22        

 20130801
_24 

C-coated 
area 

 7.50E+04 -1.75  0.68  -7.45  0.84  -5.71  0.69  2.31  0.30  -4.03  1.05  3.80  4.11  3.96  26.71  0.15        

                          
 Average std ± 2SD (n 

= 6) 

        2.28  0.06               

 RSF          0.86  0.02               

                          
Hibonite 20130801

_2+3 

FIB square Combined 

spots 2 & 3 

1.03E+04 0.77  0.99  1.06  1.19  0.33  1.25  23.21  0.14  -0.29  1.87             

 20130801
_13 

FIB square New 20 um 
aperture 

1.17E+04 1.08  0.99  0.79  1.10  -0.25  1.10  23.56  0.15  -1.17  1.74             

 20130801
_15 

SHIB 
Hibonite 1 

 8.52E+03 -1.79  1.14  9.47  1.20  11.34  1.27  26.38  0.21  13.20  2.07         35.35  1.15  13.20  2.07  

 20130801

_16 

SHIB 

Hibonite 2 

142 cycles 7.92E+03 -0.89  1.62  12.01  1.61  12.96  1.72  32.45  0.71  13.95  2.90         43.49  1.45  13.95  2.90  

 20130801

_20 

C-coated 

area 

 1.15E+04 -1.22  0.85  -2.21  1.00  -0.97  0.95  23.64  0.32  0.25  1.47             

 20130801

_22 

C-coated 

area 

 1.13E+04 -0.67  1.07  -1.16  1.19  -0.44  1.19  23.73  0.40  0.31  1.87             

 20130801
_23 

FIB square  9.06E+03 0.15  1.05  0.19  1.15  0.09  1.18  24.21  0.33  0.06  1.87             

 20130801
_25 

C-coated 
area 

 1.12E+04 -0.40  1.00  -2.09  1.20  -1.66  1.18  23.99  0.46  -1.19  1.77             

                          

 Average std ± 2SD (n 

= 6) 

        23.72  0.70  -0.34  1.37             

 RSF (Calibratuion of 27Al/24Mg ratio is uncertain by at least 1% 

from EPMA analyses) 

    0.75  0.02               

                          
a O− primary beam intensity just before spot analysis 

b O− primary beam intensity just after spot analysis  
c Average of O− primary beam intensity before/after spot analysis 

d Surface area of SIMS pit estimated using SEM images 
e δ26Mg* value for instrumental bias (QSA effect) correction 
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Table S2. Modal abundances of silicates and oxide.    

Name Type Olivine Low-Ca pyroxene High-Ca pyroxene Glass Chromite 

D03IB64 BO-like CLO 0.67   0.33  

D05IB66 
POP CLO including 

relict low-Ca pyroxene 
0.26 0.70  0.04  

D05IB66 
POP CLO excluding 

relict low-Ca pyroxene 
0.45 0.48  0.07  

L2036#20 KOOL grain 0.48  0.05 0.47  

Torajiro PO CLO 0.36 0.52   0.06 0.06 

CLO: chondrule-like object      
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Table S3. 100% normalized calculated bulk chemical compositions for cyrstallization calculation using MELTS. 

Name D03IB64 D05IB66 L2036#20  Trajiro Iris 

Type BO-ilke CLO POP-like CLO 

excluding relict low-

Ca pyroxene 

KOOL grain  PO CLO PO CLO 

SiO2 51.92 57.47 53.89  60.02 42.32 

TiO2 b. d. b. d. b. d.  b. d. 0.10 

Al2O3 8.94 22.34 5.36  19.11 6.83 

Cr2O3 b. d. b. d. 0.16  0.48 3.00 

V2O3 b. d. b. d. b. d.  b. d. 0.03 

FeO 14.25 1.50 15.64  2.25 23.01 

MnO b. d. b. d. b. d.  b. d. 0.33 

MgO 21.76 5.50 19.18  0.38 20.74 

CaO 1.30 8.54 1.64  7.44 1.58 

Na2O 1.45 4.51 3.12  4.04 2.03 

K2O 0.38 0.15 1.01  6.29 0.04 

Data sources: Torajoro from Nakamura et al. (2008) and Iris from Gainsforth et al. (2015) 

CLO: chondrule-like object 

b. d.: below detection limit 
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74 

Supplementary Figures 75 

 76 

Figure S1 Comparison between δ26Mg* values and surface density of O– primary beam 77 

on the spinel standard. The solid line represents the regression line, and the dashed lines 78 

represent the 2σ confidence lines. The δ26Mg* bias values for the three spots on the spinel of 79 

the CAI (SHIB: spinel-hibonite-perovskite inclusion), which are estimated using the 80 

regression line and surface density of O– primary beam, are plotted as red squares. 81 
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 83 

 84 

 85 

Figure S2 Ni and Co contents in sulfide in the POP chondrule-like object (CLO) and 86 

the KOOL grain. Chemical compositions were measured using field-emission electron 87 

microprobe analyzer (FE-EPMA). DL: detection limit. 88 
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 90 

Figure S3 Ultra-refractory signatures of the SHIB fragment in D05IB84. (a) The EDS 91 
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spectrum of hibonite and a HAADF-STEM image showing an analyzed area as an open 92 

rectangle. The EDS spectra show it contains Zr. (b) The EDS spectrum of perovskite and a 93 

HAADF-STEM image showing an analyzed area as an open rectangle. The EDS spectra 94 

show it contains Zr and Y. (c) The EDS spectrum of spinel and a HAADF-STEM image 95 

showing an analyzed area as an open rectangle. The EDS spectrum shows it contains V. (d) 96 

The EDS spectrum of an inclusion in spinel and a HAADF-STEM image indicating the 97 

inclusion by an arrow. The EDS spectrum suggests that the inclusion is Ti-bearing Zr oxide. 98 

(e) The EDS spectrum of inclusions in perovskite and a HAADF-STEM image indicating the 99 

inclusions by arrows. The EDS spectrum of one of the inclusions suggests that the inclusion 100 

is Zr-bearing Ti oxide. (f) and (g) A refractory metal nugget (RMN) composed of Os, Ir, Mo, 101 

and Ru in hibonite. Oxygen, Mg, Al, Ca, and Ti in (f) are from embedding spinel and neighbor 102 

perovskite crystal and Cu from the TEM grid. The upper inset in (g) shows the lattice fringes 103 

of this RMN. The lower inset in (g) shows the nanobeam electron diffraction pattern. These 104 

two insets were taken from the same crystallographic direction. 105 
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 107 

Figure S4 The CI and Ir normalized elemental abundances in an RMN in the SHIB 108 

fragment. The CI and Ir normalized average elemental abundances in 30 RMNs in SHIBs in 109 

Murchison (Schwanger et al., 2015) are also plotted for comparison.  110 
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 112 

Figure S5 Phyllosilicate on the periphery of the SHIB fragment in AMM D05IB84. (a) 113 
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Backscattered electron (BSE) image of the rim of the SHIB fragment. (b) An enlarged 114 

BSE image at the rim of the CAI. Its rim was replaced by fibrous phyllosilicate, and 115 

perovskite crystals survived aqueous alteration. The enlarged area is indicated by an 116 

open rectangle in (a). (c) Lattice fringes of phyllosilicate in the rim of the SHIB fragment. 117 

0.98 nm-wide lattice fringes indicate that this AMM experienced moderate heating 118 

during atmospheric entry. (d) HAADF-STEM image of a small (~100 nm across) HgS 119 

grain in the matrix and its EDS spectra. (e) Chemical compositions of phyllosilicate in 120 

the rim of the SHIB grain. Compositional fields of phyllosilicate in IDPs and hydrated 121 

fine-grained AMMs are from Nakamura et al. (2004), Noguchi et al. (2002), and 122 

Sakamoto et al. (2010), respectively. 123 
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 126 

Figure S6 Equilibrium crystallization sequences of two CLOs and the KOOL grain. 127 

Phase abundances and Mg# of olivine in these objects were calculated using MELTS for 128 

three different oxygen fugacities of QMF ±0, QMF–2, and QMF–4. For comparison, 129 

equilibrium crystallization sequences of the PO CLO Trajiro were also calculated based on 130 

the data by Nakamura et al. (2008). 131 
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 133 

Figure S7 Crystallization sequences of the BO-like CLO and the KOOL grain. (a) The 134 
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crystallization process of the BO-like CLO with suppressed crystallization of low-Ca and 135 

high-Ca pyroxenes and plagioclase. (b) The crystallization process of the KOOL grain with 136 

suppressed crystallization of low-Ca pyroxene and plagioclase. These objects ' phase 137 

abundances and Mg# of olivine were calculated using MELTS for three different oxygen 138 

fugacities of QMF ±0, QMF–2, and QMF–4.  139 
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 141 

Figure S8 Trends of chemical compositions of melt in the two CLOs, the KOOL grain, 142 

and the CLO Trajiro, during crystallization. They were calculated using MELTS for 143 

three different oxygen fugacities of QMF ±0, QMF–2, and QMF–4. Crystallization of low-144 

Ca and high-Ca pyroxenes and plagioclase was suppressed in (a), and crystallization of 145 

low-Ca pyroxene and plagioclase was suppressed in (b). Red circles represent the actual 146 

chemical composition of glass. 147 
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