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Abstract 1 

We report on the isotopic, chemical, and structural properties of four O-rich presolar grains 2 

identified in situ in the Adelaide ungrouped C2, LaPaZ Icefield (LAP) 031117 CO3.0, and 3 

Dominion Range (DOM) 08006 CO3.0 chondrites. All four grains have oxygen-isotopic 4 

compositions consistent with origins in the circumstellar envelopes (CSE) of low-mass O-rich stars 5 

evolved along the red-giant and asymptotic-giant branch (RGB, AGB, respectively). Transmission 6 

electron microscope (TEM) analyses, enabled by focused-ion-beam scanning-electron microscope 7 

extraction, show that the grain from Adelaide is a single-crystal Mg-Al spinel, and comparison 8 

with equilibrium thermodynamic predictions constrains its condensation to 1500K assuming a 9 

total pressure ≤ 10-3 atm in its host CSE. In comparison, TEM analysis of two grains identified in 10 

the LAP 031117 chondrite exhibit different microstructures. Grain LAP-81 is composed of olivine 11 

containing a Ca-rich and a Ca-poor domain, both of which show distinct orientations, suggesting 12 

changing thermodynamic conditions in the host CSE that cannot be precisely constrained. LAP-13 

104 contains a polycrystalline assemblage of ferromagnesian silicates similar to previous reports 14 

of nanocrystalline presolar Fe-rich silicates that formed under non-equilibrium conditions. Lastly, 15 

TEM shows that the grain extracted from DOM 08006 is a polycrystalline assemblage of Cr-16 

bearing spinel. The grains occur in different orientations, likely reflecting mechanical assembly in 17 

their host CSE. The O-isotopic and Cr-rich compositions appear to point toward non-equilibrium 18 

condensation. The spinel is surrounded by an isotopically solar pyroxene lacking long-range 19 

atomic order and could have served as a nucleation site for its condensation in the interstellar 20 

medium or the inner solar protoplanetary disk.  21 

 22 

Introduction 23 

Solid dust grains that formed in the circumstellar envelopes (CSEs) of dying ancient stars were 24 

injected into the local part of the galaxy where the solar system was forming some 4.57 billion 25 

years ago. Some of these circumstellar ‘presolar’ materials survived solar-system formation and 26 

were preserved inside of primitive planetary materials including meteorites, micrometeorites, 27 

interplanetary dust particles (IDPs), and cometary materials. Contained within their crystal 28 

structures is information on the individual stars from which they formed including its mass, 29 

composition, and evolutionary state. Thus, probing these materials can provide ground-truth 30 

information on nucleosynthetic processes that occurred in their parent stars, the thermodynamics 31 



 2 

that occurred in the CSEs at the time of their condensation, transport and irradiation processes 1 

within the interstellar medium (ISM), and secondary processes (e.g., irradiation, heating, and 2 

aqueous alteration) that could have affected them during solar-system evolution (e.g., Floss and 3 

Haenecour, 2016b; Nittler and Ciesla, 2016; Zinner, 2014). 4 

Carbonaceous presolar grains were identified in 1987 (Lewis et al., 1987) after decades of effort 5 

to isolate them, whereas discovery of O-rich presolar grains occurred several years later (Choi et 6 

al., 1998; Nittler, 1997). Occurring at the part-per-thousand to part-per-million level inside of 7 

primitive meteorites and surrounded by mostly silicate matrix material that formed within the solar 8 

nebula, the isolation of presolar grains has been likened to finding needles in a haystack. 9 

Chemically resistant presolar phases were initially isolated via acid-dissolution techniques in 10 

which bulk samples of meteorites were placed in a mixture of oxidizing acids to destroy the silicate 11 

component. Left behind was a residue of acid-resistant material composed of macromolecular 12 

organic compounds, nanometer-sized diamond, SiC, graphite, and oxides that could be further 13 

isolated by chemical treatment and density separation.  14 

Acid dissolution, and subsequent methods that were developed for grain separation, e.g., freeze-15 

thaw disaggregation (Amari et al., 1994; Nguyen et al., 2007), are a useful way to isolate presolar 16 

grains from the bulk meteoritic samples in which they occur. Such methods have the advantage of 17 

enabling identification of many numbers of grains and thus improving the statistics on the limited 18 

numbers of these materials in our laboratory collections. However, acid-dissolution destroys the 19 

petrographic context of the grains and thus any potential evidence of how they could have been 20 

preserved through interstellar transport, solar-system formation, and secondary processing that 21 

they could have experienced in the solar nebula or within parent bodies of their host meteorites. 22 

Moreover, acid dissolution destroys all silicate materials and so any circumstellar silicates that 23 

might have occurred in the sample are lost using this approach. As silicates are well known by 24 

astronomical observations to be one of the most abundant type of dust in both CSEs and the 25 

interstellar medium (e.g., Kemper et al., 2004; Speck et al., 2000; Tielens et al., 1997), acid 26 

dissolution precludes the identification of these important materials. Thus, an in situ approach is 27 

required in order to preserve petrographic context and circumstellar silicate grains. 28 

Oxygen-rich circumstellar grains are identified by their anomalous O-isotopic compositions 29 

relative to the solar composition reference value. Nuclei produced during main-sequence, red-, and 30 

asymptotic-giant branch stages of stellar nucleosynthesis and transported to the stellar surface via 31 
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dredge-up processes, or through explosive nucleosynthesis in the case of novae and core-collapse 1 

supernovae (SNe), condense into solid grains in the gaseous envelope around their host star. Thus, 2 

the isotopic makeup of the grains provides a snapshot of the nucleosynthetic processes that 3 

occurred inside of their progenitor stars as well as mixing processes that occurred within the 4 

circumstellar envelopes. The isotopic compositions of circumstellar grains can differ from those 5 

of solar-system values (‘solar composition’) by several orders of magnitude, and the isotopic 6 

compositions of these materials can be reproduced by theoretical models of stellar nucleosynthesis 7 

(Boothroyd and Sackmann, 1999; Meyer and Zinner, 2006; Nollet et al., 2003; Palmerini et al., 8 

2011). Mass-spectrometry techniques therefore figure prominently in the research of presolar 9 

grains, and the secondary ion mass spectrometer (SIMS) has been used extensively in such 10 

investigations over the past three decades (see Gyngard et al., 2010; Nittler and Alexander, 2003; 11 

Zinner, 2014 and references therein).  12 

Since the initial discovery of nanodiamonds in the Allende meteorite (Bernatowicz et al., 1987; 13 

Lewis et al., 1987; Zinner, 2014), several different types of circumstellar grains were identified in 14 

carbonaceous chondrites. These materials include carbides, graphites, oxides, silicates, metals (as 15 

inclusions within larger graphites), and nitrides (Zinner, 2014). Nanometer-sized diamond 16 

(nanodiamond) is the most abundant presolar-grain type but the least understood due to its small 17 

size, followed by silicates, SiC, spinel, graphite, corundum, nitride, and metal (Nguyen et al., 2007; 18 

Nguyen and Messenger, 2011; Nittler and Ciesla, 2016). These materials have been identified in 19 

residues of bulk meteorites, petrographic sections of meteorites, and in IDPs via NanoSIMS ion 20 

raster imaging (e.g., Bose et al., 2010; 2012; Hoppe et al., 2010; Floss and Haenecour, 2016a, b; 21 

Floss and Stadermann, 2009, 2012; Floss et al., 2008; Haenecour et al., 2013; 2016; 2018; Leitner 22 

et al., 2012; Nguyen et al., 2007, 2010; Nittler et al., 2008; Keller and Messenger 2011) with 23 

isotopic compositions that indicate multiple astrophysical origins including red-giant-branch 24 

(RGB) stars, asymptotic-giant-branch (AGB) stars, novae, and SNe. In the early 2000’s, the 25 

focused-ion-beam FIB was becoming a viable tool for site-specific extraction and analysis of 26 

planetary materials – see papers by Stroud et al. (2000; 2004); Heaney et al. (2001); Lee et al. 27 

(2003); Wirth (2004); and Floss et al. (2004). While several groups had performed coordinated 28 

analytical studies in which isotopic and structural data sets are acquired on the same material via 29 

transmission electron microscopy (TEM) and SIMS (Bernatowicz et al., 2006; Croat et al., 2003; 30 

2005; Keller and Messenger, 2011), subsequent implementation of the dual-beam instrument, 31 



 4 

combining a focused-ion-beam and a secondary-electron microscope (FIB-SEM), was 1 

revolutionary in its ability to enable in situ, site-specific extraction, and coordinated analyses on 2 

the same grain. Thus, detailed information on isotopic and elemental compositions as well as 3 

nanoscale and atomic structure could be acquired (Zega et al., 2007; Nguyen et al., 2007; Graham 4 

et al., 2008; Busemann et al., 2009; Vollmer et al., 2009a). 5 

The FIB-SEM helped bridge the gap between the SIMS and the TEM and so in situ, coordinated 6 

analyses, on the same presolar grain were realized. Thus, new insights were made as to the stellar 7 

origins of the grains, their phase identification, the thermodynamics of their host circumstellar 8 

envelopes, the nature of their preservation inside of meteorites, and parent-body processing that 9 

they experienced. This paper reports on such coordinated analyses of four O-rich presolar grains 10 

identified in situ in primitive meteorites over many years of collaboration with Professor Christine 11 

Floss. We describe the detailed structure and compositions of these materials, their stellar origins, 12 

and implications for circumstellar thermodynamics and parent-body processing.  13 

 14 

Samples and Analytical Methods 15 

Isotopic mapping via SIMS ion-raster imaging was performed on petrographic thin sections of 16 

three different primitive chondrites using the Cameca NanoSIMS 50 at Washington University in 17 

St. Louis (WUSTL): the Adelaide C2 ungrouped carbonaceous chondrite, the LaPaz (LAP) 18 

031117 CO3.0 chondrite, and the Dominion Range (DOM) 08006 CO3.0 chondrite. Presolar 19 

grains were found in all of these samples, and the analytical procedures and data processing are 20 

described in Floss and Stadermann (2012) and Haenecour et al. (2018). Briefly, each measurement 21 

was carried out by rastering a Cs+ primary ion beam (~1 pA) over a 10×10 μm2 area (256 by 256 22 

pixels) within a 12×12 μm2 pre-sputtered region with a dwell time of 20 ms per pixel. Secondary 23 

ions (12C-, 13C-, 16O-, 17O- and 18O-) were collected simultaneously in multicollection mode, along 24 

with secondary electrons. The isotopic map typically consisted of five to ten layers that were 25 

subsequently added together pixel by pixel to constitute a single image. All the measurements were 26 

carried out in automated mapping mode, following predefined grid patterns. 27 

NanoSIMS analyses were performed on both matrix and fine-grained-chondrule-rim (FGR) 28 

regions in the three samples. Twelve presolar-oxide grains were identified in the matrix of 29 

Adelaide (Floss and Stadermann, 2012). In comparison, 130 and 55 O-anomalous grains were 30 

identified in the LAP 031117 and DOM 08006 chondrites, respectively (Haenecour et al., 2018). 31 
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Following the NanoSIMS measurements, we used the PHI Auger Nanoprobe at WUSTL to obtain 1 

information on the elemental compositions of isotopically anomalous regions. We acquired Auger 2 

spectra and elemental distribution maps of most of these regions. Details and procedures on the 3 

NanoSIMS and Auger Nanoprobe measurements can be found in Floss and Stadermann (2012) 4 

and Haenecour et al. (2018). 5 

We then chose four anomalous regions (‘hotspots’) for detailed microstructural analysis based 6 

on their isotopic and elemental compositions as well as their locations for site-specific extraction: 7 

Adelaide 7a-1-o1, LAP-81, and DOM-9 were identified in matrix regions, and LAP-104 from a 8 

FGR. We previously reported on a fifth grain from the LAP 031117 chondrite (LAP-103) that 9 

provided the first confirmation of presolar magnetite, the details of which can be found in Zega et 10 

al. (2015), but mention of it herein is only circumstantial because of its proximity to grain LAP-11 

104 (within the same NanoSIMS image). 12 

We prepared electron-transparent cross sections of the four grains using FIB-SEM. We used 13 

two different FIB-SEMs in our study: the FEI Nova 200 NanoLab located at Arizona State 14 

University was used for the preparation of the grains from the Adelaide and LAP 031117 15 

chondrites, whereas a FEI Helios NanoLab 660 G3 located in the Kuiper Materials Imaging and 16 

Characterization Facility at the Lunar and Planetary Laboratory (LPL, University of Arizona) was 17 

used for the preparation of grain DOM-9 in DOM 08006. The preparation of the grains involved 18 

previously described techniques (Zega and Floss, 2013; Zega et al., 2007; 2014a; 2017), with the 19 

exception that the samples were welded to Cu half grids in flag-pole style geometries rather than 20 

end effectors and that each grain required slightly different placement of fiducial markers. Such 21 

markers are deposited in situ prior to ion-beam milling, consist of Pt, and aid in marking the grain 22 

within the thickness of the FIB slice to gauge the endpoint of milling. The general approach to 23 

coordinated analyses such as these is to always cross section the hotspot in an orientation that 24 

maximizes the amount of area that can be analyzed with TEM, and so the results below reflect this 25 

method. 26 

The FIB sections were analyzed with three different TEMs. The section of Adelaide grain 7a-27 

1-o1 was measured using a 200 keV FEI Osiris TEM formerly located at FEI (now 28 

ThermoScientific) headquarters (Hillsborough, OR) and later using the 200 keV Hitachi HF5000 29 

located at LPL, University of Arizona. The Osiris is equipped with a high-brightness Schottky 30 

field-emission gun (FEG), an FEI quad annular ‘Super-X’ energy-dispersive X-ray spectrometer 31 
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(EDS) with 0.9 steradian (sr) solid angle (Ω), and bright-field (BF) and dark-field (DF) scanning 1 

TEM (STEM) detectors. The HF5000 is equipped with a cold FEG, a 3rd-order spherical-aberration 2 

corrector for STEM mode, BF- and DF-STEM detectors and an Oxford Instruments X-Max N 100 3 

TLE EDS system with dual 100 mm2 windowless silicon-drift detectors (Ω = 2.0 sr). The sections 4 

from LAP 031117 were analyzed using the 200 keV JEOL 2200FS TEM at the Naval Research 5 

Laboratory, Washington DC. The 2200FS is equipped with an ultrathin window ThermoNoran 6 

Si(Li) EDS detector (Ω = 0.3 sr) and STEM BF and DF detectors. The section from DOM 08006 7 

was measured using the Hitachi HF5000 TEM located at LPL. The EDS maps reported herein are 8 

shown in units of raw counts except for DOM-9 for which the data are shown as net counts after 9 

background subtraction (‘trumap’ function in Oxford Aztec software) and gamma correction. 10 

Quantification of EDS spectra was based on a standardless Cliff-Lorimer approach (Cliff and 11 

Lorimer, 1975) with theoretical correction (k) factors assuming a thin film with no absorption.  12 

Grain structure, orientation, and assessment of crystallinity and long-range order was 13 

determined using selected-area electron-diffraction (SAED) patterns and high-resolution (phase-14 

contrast) imaging. All SAED patterns were measured both manually (using Adobe Photoshop) and 15 

with Crystallographic Image Processing Software (CRISP, Hovmöller, 1992) based on calibrated 16 

camera constants. Indexing of the SAED patterns was based on reference structures taken from the 17 

literature and established textbooks. Some patterns were additionally verified via simulated 18 

patterns calculated using CrystalMaker software. 19 

 20 

Results 21 

Adelaide – grain 7a-1-o1 22 

Automated O-isotopic NanoSIMS mapping shows that a thin section of the Adelaide chondrite 23 

contains an area (7a-1) with anomalous O-isotopic composition 17O/16O = (15.7 ± 0.2) × 10−4 and 24 
18O/16O = (1.88 ± 0.02) × 10−3, that falls within the Group-1 field (Fig. 1) for presolar oxides as 25 

defined by Nittler (1997) and Nittler et al. (2008). The ‘hotspot’, hereafter ‘7a-1-o1’ as designated 26 

in Floss and Stadermann (2012), is approximately round in shape and measures 570 nm wide in 27 

the raster-ion map (Fig. 2). Secondary-electron imaging in the FIB-SEM after NanoSIMS analysis 28 

showed that the hotspot occurred adjacent to a crack in the thin section. Thus, we prepared an 29 

electron transparent (≤100 nm) cross section transecting the hotspot along its widest dimension 30 

and parallel to the crack in order to maximize its cross-sectional area for TEM analysis and to 31 
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ensure that the crack did not compromise its structural integrity. 1 

TEM imaging shows that the FIB section measures approximately 6 µm wide × 5 µm deep (Fig. 2 

3). The Pt fiducial marker occurs at the top of the section, signifying the location of the 7a-1-o1 3 

hotspot. Diffraction contrast reveals polycrystalline material beneath the surface with grain sizes 4 

that range from µm to sub-µm (Fig. 3a). EDS mapping of the entire FIB slice shows that a grain, 5 

which spatially correlates with the O-isotopic hotspot is rich in Mg (red) and Al (blue), occurs at 6 

the top of the section (purple false color, Fig. 3b). Further, while Fe is distributed throughout the 7 

section, there is a localized band measuring several micrometers across within the center of the 8 

FIB section.  9 

High-angle annular-dark-field (HAADF) Z-contrast imaging in scanning TEM (STEM) mode 10 

shows that the grain has a saw-tooth shaped morphology and measures approximately 460 nm 11 

wide at the surface (and 270 nm wide in the middle) by 304 nm long (Fig. 3c). The slight difference 12 

in measured grain width between the NanoSIMS and TEM is due to the spatial resolution of the 13 

techniques (≥50 nm for NanoSIMS; ~140 pm in the HAADF image for Fig. 3) and the location 14 

where the grain was cross sectioned. STEM-EDS measurements show that the grain is composed 15 

of Mg, Fe, Al, and O and minor Cr. High-resolution EDS spectrum imaging shows that the Mg 16 

and Al spatially correlate with O and minor Fe in the bulk of the grain (cf., Fig. 3d-i), suggesting 17 

a spinel composition, and standardless quantification (Table 1) gives [(Mg0.7Fe0.3)(Al1.98Cr0.02)O4].  18 

The intensity of the Fe map in the grain appears to be brightest near its bottom edge (Fig. 3f), 19 

suggesting local enrichment of Fe within a ≤50-nm wide band. The Cr map reveals similar local 20 

intensity around the edge of the grain that correlates spatially with Fe (Fig. 3h). In comparison, 21 

the Mg intensity anticorrelates with the Cr and the Fe maps at the edge of the grain closest to the 22 

matrix silicates.  23 

Measurements on SAED patterns from two different orientations (one shown in Fig. 3j) are 24 

consistent with the Mg-Al spinel structure. Nanobeam electron-diffraction (NBD) patterns across 25 

the width and length of the grain acquired at 10 nm intervals (supplementary information) show 26 

that it is a single crystal. Surrounding the spinel are Fe-Mg silicates that NBD patterns show are 27 

nanocrystalline. The Mg, Fe, and Si outside of the spinel approximately parallel its grain 28 

boundaries. 29 

 30 

 31 
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LAP 03117 – grains LAP-81 and LAP-104 1 

Raster-ion imaging revealed 130 isotopically anomalous hotspots in the matrices and FGRs of 2 

the LAP 03117 CO3.0 chondrite. These are described in detail by Haenecour et al. (2018). The 3 

work here involves site-specific extraction via FIB of three of these hotspots (hereafter abbreviated 4 

as ‘LAP’), which were among the largest areas identified by Haenecour et al. (2018) and also in 5 

favorable locations (e.g., not occurring near to a crack in the thin section): LAP-81 in the matrix 6 

and LAP-103 and -104 both in the FGRs. We previously reported on LAP-103, which is a single 7 

crystal of presolar magnetite, and so the interested reader is referred to Zega et al. (2015). This 8 

paper reports results on LAP-81 and LAP-104, but we note that LAP-103 occurs in the same FIB 9 

cross section as LAP-104. 10 

NanoSIMS imaging shows that LAP-104 has an oval shape and measures approximately 270 11 

nm along its long axis. In comparison, LAP-81 has an irregular shape, measuring ~800 nm along 12 

its long axis and contains a small (~70 nm) lobe on one side (Fig. 2). The two grains selected 13 

belong to the Group-1 field (Fig. 1), with enrichments in 17O and close-to-solar 18O/16O ratios. 14 

LAP-81 has 17O/16O = (12.0 ± 0.4) × 10-4 and 18O/16O = (1.52 ± 0.04) × 10-3, and LAP-104 has 15 
17O/16O = (21.9 ± 1.6) × 10-4 and 18O/16O = (2.3 ± 0.15) × 10-3. Auger Nanoprobe measurements 16 

of grain LAP-81 showed that it has a composition consistent with ferromagnesian silicate. 17 

Additional details can be found in Haenecour et al. (2018).  18 

Secondary-electron imaging in the FIB-SEM after NanoSIMS analysis showed that LAP-81 19 

occurred within a porous surface (see Fig. 3 of Zega et al., 2015). Pt fiducial markers, deposited 20 

prior to cross sectioning, indicate the O-anomalous region for LAP-81. BF-TEM imaging shows 21 

that this area contains a grain at the center measuring ∼256 nm wide × ∼130 nm tall (Fig. 4). We 22 

acquired SAED patterns across the grain as well as BF images and high-resolution TEM (HRTEM) 23 

at zone-axis orientations. The SAED patterns reveal that the entire grain is crystalline but with 24 

different orientations on the left (∼130 nm) and right (∼126 nm) sides. Measurement of the SAED 25 

patterns acquired from the left and right side fit to and are indexed to the olivine structure (Fig. 26 

4b-e). HRTEM imaging registers the difference in orientation across the grain as a change in the 27 

lattice-fringe contrast (supplementary information). 28 

EDS analysis shows that the grain contains Mg, Fe, Si, and O with minor Ca, Al, Cr, and Mn. 29 

EDS spectrum imaging reveals localized Ca, Al, and Ni (Fig. 5). The Mg, Fe, Si, and O correlate 30 

spatially. Ca is concentrated on the left side of the grain and is spatially correlated with Si and O. 31 
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Al is also concentrated on the left side of the grain. Ni occurs in a localized ∼50 nm wide area in 1 

the middle of the left side of the grain, correlating with a dark-contrast region in the BF-STEM 2 

image and a bright-contrast region in the HAADF-STEM image (cf., Fig. 4a and 5a with 5h). The 3 

Ni correlates spatially with Fe but not with Si, and there is a decrease in the O signal where it 4 

occurs, suggesting that it is metal and not part of the olivine lattice. This Fe-Ni-metal is too small 5 

for SAED, but HRTEM images do not show any local change in the long-range order in this part 6 

of the grain, suggesting that the metal is amorphous. The metal could be internal to the grain, but 7 

the data seem more consistent with matrix material occurring in a gap between the presolar olivine 8 

crystals that was not completely ion milled during sample preparation. We infer that the grain 9 

therefore is composed of Mg, Fe, Ca, Cr, Mn, Si, Al, and O. Standardless quantification of EDS 10 

spectra confirm the variation in Ca across the grain and give 11 

Mg1.14Fe0.58Ca0.07Cr0.01Mn0.01Si1.05Al0.06O4 and Mg1.27Fe0.66Ca0.01Cr0.01Mn0.01Si1.02Al0.01O4  for the 12 

left and right sides, respectively, suggesting slightly non-stoichiometric compositions (Table 1). 13 

Secondary-electron imaging in the FIB-SEM after NanoSIMS analysis shows that LAP-104 14 

also occurs within a porous surface (see Fig. 3 of Zega et al., 2015). Pt fiducial markers, deposited 15 

prior to cross sectioning, indicate the O-anomalous region for LAP-104 and LAP-103. BF-TEM 16 

imaging shows that the area beneath the Pt marker measures several hundred nm across and 17 

contains a fine-grained (≈10 to 70 nm) mixture of material (Fig. 6). EDS suggests a Fe-Mg-Al-Ca 18 

silicate composition and SAED patterns acquired from several areas beneath the Pt fiducial marker 19 

show that it is polycrystalline, with d-spacings that overlap with olivine and pyroxene (Fig. 6 and 20 

Table 2). Such a mixture precludes detailed determination of the stoichiometry.  21 

 22 

DOM 08006 – grain DOM-9 23 

NanoSIMS analysis shows that DOM-9 has 17O/16O = (5.3 ± 0.2) × 10-4; 18O/16O = (1.83 ± 24 

0.04) × 10-3 (Fig. 1), placing it within the Group-1 field (Nittler, 1997; Nittler et al., 2008). The 25 

O-isotopic anomalous region measures approximately 235 nm × 235 nm (Fig. 2), and Auger maps 26 

show that it contains Mg, Al, and O. Secondary electron imaging in the FIB-SEM reveals a 27 

horseshoe-shaped grain, surrounding the anomalous region, that Auger maps indicate contains Mg, 28 

Si, and O (Fig. 7). We deposited fiducial markers of Pt onto and adjacent to the hotspot prior to 29 

deposition of the final 3-µm C-capping layer to guide in situ thinning. STEM images reveal an 30 

∼1.5 µm wide grain beneath the Pt fiducial marker. HAADF imaging shows that part of this grain 31 
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contains an irregularly shaped 500-nm domain with relatively brighter contrast, suggesting higher 1 

average atomic number than the host (Fig. 8). The bulk of the domain is circular in morphology 2 

but has a thinner ∼200-nm wide lobe that extends from one side to the surface capping layer. EDS 3 

mapping reveals that the domain contains Mg, Al, Cr, and O with minor Fe and is hosted in a grain 4 

composed of Mg, Si, O, Ca, Al, and minor Fe, Cr, and Mn (Fig. 7 b-h show the major element 5 

distributions). Comparison of the TEM data with the NanoSIMS images and Auger elemental 6 

maps show that only the oxide grain is presolar; the surrounding silicate grain has an O isotopic 7 

composition within solar values. 8 

SAED patterns were acquired from both the irregularly shaped oxide domain (hereafter ‘core’) 9 

and the silicate material that surrounds it (hereafter ‘shell’). We acquired patterns from the core in 10 

several different orientations that show it is a polycrystalline assemblage (Fig. 9). It consists of an 11 

upper domain, which connects to the surface of the FIB section, that is a single crystal with d-12 

spacings corresponding to a Mg-Al-Cr spinel (Fig. 9). We extracted an EDS spectrum from this 13 

upper domain, and standardless quantification (Table 1) gives Mg1.1Fe0.04Al1.65Cr0.26O4. Buried 14 

beneath but attached to the upper domain are four additional grains from which we acquired zone-15 

axis SAED patterns (labeled ‘i’ through ‘m’ in Fig. 9). Measurement of these patterns also are 16 

consistent with Mg-Al-Cr spinel but at different orientations than the upper domain and some with 17 

respect to each other (cf., Fig. 9c and 9f-m). STEM-EDS maps shows that these grains have the 18 

same composition as the upper domain (Fig. 8).  19 

In comparison, SAED patterns acquired from the Si-bearing shell suggest that it lacks long-20 

range order (Fig. 9d,e), and so we refer to it herein as a Mg-silicate. Nonetheless, parts of the 21 

patterns contain discrete reflections, the measurement of which provides d-spacings that overlap 22 

with olivine and pyroxene but a better match to the latter as enstatite (Fig. 9d,e and Table 2). We 23 

extracted EDS spectra to the left and right of the spinel core, and standardless quantification of 24 

them based on 12 O atoms per formula unit gives Mg3.49Fe0.05Ca0.19Cr0.06Mn0.1Si3.79Al0.34O12 and 25 

Mg3.46Fe0.08Ca0.09Cr0.06Mn0.09Si3.86Al0.32O12 respectively, for the Si-bearing shell (Table 1), which 26 

is close to stoichiometric pyroxene. 27 

 28 

Discussion 29 

Low- to intermediate-mass stars undergoing dredge-up processes experience transport of the 30 

products of nucleosynthesis to the envelope, including 2H, 4He, 12C, 14N, 17O, and 26Al. As solid 31 
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grains condense in the envelope, they incorporate these nuclei into their crystal structures. Thus, 1 

the isotopic compositions of circumstellar grains are diagnostic of their stellar origins. By 2 

comparing the isotopic compositions of the grains to nucleosynthetic models of stellar evolution, 3 

we can gain insight in the mass of the star as well as its metallicity. The isotopic compositions of 4 

grains that fall within the Group-1 field can be reproduced by nucleosynthetic models of low- to 5 

intermediate stars undergoing first and second dredge-up processes on the red-giant branch (RGB) 6 

and asymptotic giant branch (AGB) of stellar evolution, respectively (Boothroyd and Sackmann, 7 

1999; Dearborn, 1992; Nittler, 1997; Nittler et al., 2008). 8 

The O-isotopic ratios of Group-1 grains provide valuable information on the type of star from 9 

which the grains formed. H burning during the CNO cycle, which can occur in second- or later-10 

generation stars, can produce 17O and destroy 18O, e.g., via 17F17O + e+ + ν and 18O(p,α)15N, 11 

respectively, and thus change the 17O/16O and 18O/16O ratios. The CNO cycle operates according 12 

to temperature and so the rate at which certain nuclei are consumed or produced can depend on 13 

stellar mass. Generally, the 17O/16O ratio depends on the stellar mass, whereas the 18O/16O ratio 14 

after first dredge-up is largely unaffected by H burning and so is a strong function of the initial 15 

composition of the star, as governed by galactic chemical evolution (Nittler and Gaidos, 2012), 16 

and hence its metallicity (Z). Thus, such ratios can be used to estimate the progenitor star’s mass 17 

and Z, both expressed relative to solar composition, i.e., M☉ and Z☉, respectively. The four grains 18 

we report on here all have O-isotopic compositions that plot within the Group-1 field (e.g., Nittler, 19 

1997), signifying their origins in low-mass RGB/AGB stars with close-to-solar metallicities. 20 

While the isotopic data point toward origins in RGB/AGB stars, the microstructures show 21 

differences that reflect their varied histories in their host CSEs and their meteorite parent bodies. 22 

We discuss these in sequence below. 23 

 24 

Adelaide – Grain 7a-1-o1 25 

The microstructural data on Adelaide 7a-1-o1 shows that the grain conforms to spinel 26 

chemistry and structure, which can be used to place constraints on the conditions under which it 27 

formed in its host CSE. The O-isotopic composition of grain 7a-1-o1 is consistent with origins in 28 

a star with 1.25 M☉ with slightly higher than solar metallicity, and so, to first order, it is valid to 29 

compare the grain data with condensation calculations that assume solar composition. Equilibrium 30 

thermodynamic calculations predict that spinel will form from a gas of solar composition, but its 31 
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purity will vary with condensation temperature. Nearly pure MgAl2O4 will condense at 1500 K 1 

(total pressure, PT = 10-3 atm), but a spinel solid solution is predicted to condense at 1221 K at the 2 

expense of Cr-bearing metal, plagioclase, and Mg-silicates (Ebel and Grossman, 2000; Yoneda 3 

and Grossman, 1995). The EDS measurements on grain 7a-1-o1 show that it contains Fe, 4 

suggesting that it could have condensed at temperatures below 1500 K assuming PT ≤ 10-3 atm. In 5 

general, the condensation temperature of materials drops with decreasing PT, and pressures of 10-6 
6 atm are probably more realistic for CSEs (Lodders and Fegley, 1995; 1999). However, the Fe in 7 

the grain is not uniformly distributed as might be expected if the grain formed under equilibrium 8 

condensation (e.g., Zega et al., 2009, 2010).  9 

We hypothesize that the compositional heterogeneity in grain 7a-1-o1 is due to secondary 10 

processing of Adelaide matrix. Floss and Stadermann (2012) examined the presolar silicate and 11 

oxide abundances in both the Adelaide and Kakangari chondrites. They found reduced presolar 12 

grain abundances (∼70 ppm) in Adelaide, relative to more primitive chondrites (~200 ppm), 13 

evidence for thermal annealing, and presolar silicates with elevated Fe abundances. In particular, 14 

presolar silicates in Adelaide were reported to contain higher median Fe contents than those found 15 

within the Acfer 094 C2 ungrouped chondrite (26 at% as compared to 14 at%, also see Floss et al., 16 

2008) and other primitive carbonaceous chondrites (12 to 13 median at%, also see Floss and 17 

Stadermann 2009; Vollmer et al. 2009b; Bose et al., 2010, 2012; Nguyen et al. 2010; Haenecour 18 

et al. 2018). We note that astronomical observations suggest Fe-bearing silicates can occur in the 19 

interstellar medium (Kemper et al., 2004) and some presolar silicates contain Fe-isotopic 20 

anomalies (Floss and Haenecour, 2016b; Ong and Floss, 2015), suggesting that some of these grain 21 

compositions could be primary, i.e., having originated either in the host circumstellar environment 22 

or perhaps as interstellar condensates. However, such high Fe abundances in silicates are not 23 

predicted by equilibrium thermodynamics and so secondary processing and non-equilibrium 24 

thermodynamics have been invoked for explaining the high Fe contents in many of these materials 25 

(Nguyen and Zinner, 2004; Bose et al., 2010; Haenecour et al., 2018; Nguyen et al., 2010; 2016; 26 

Vollmer et al., 2009b).  27 

In Adelaide specifically, Floss and Stadermann (2012) identified two grains with Fe-rich rims 28 

around them and suggested that a fraction of the Fe resulted from diffusion into the grains from 29 

the surrounding matrix. The diffusion was hypothesized to have been driven by short-lived thermal 30 

processing of mm- to cm-sized clumps of material in a highly oxidizing nebular environment with 31 
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enhanced dust-to-gas ratios that resulted in the accretion of material processed to variable degrees 1 

in the Adelaide matrix. Using the Auger elemental distribution maps of the Adelaide matrix, Bose 2 

et al. (2018) computed models of Fe diffusion into presolar silicate grains. Their models suggested 3 

that clumps of dust rich in presolar grains experienced temperatures between 500 to 600 °C over 4 

a timescale of less than 214,000 years before accretion on the Adelaide parent-body. If we make 5 

the simplifying assumption that the silicate and spinel grains are forming a diffusion couple, then 6 

the timescales for the exchange of Fe and Mg in spinel should be equivalent to the previous 7 

estimate or slower. A more detailed investigation of Fe and Mg exchange between matrix silicate 8 

and the spinel could reveal additional information on conditions of thermal processing but requires 9 

knowledge of the interdiffusion coefficient which is beyond the scope of the paper. In any case, 10 

our TEM results on grain 7a-1-o1 appear to support qualitatively such a hypothesis. The Fe- and 11 

Cr-rich rim on grain 7a-1-o1 as shown in the TEM-EDS data (Fig. 3f,h) corroborates the 12 

observations of Fe-rich rims on Adelaide grains 3d-1-o1 and 5a-18-o1 identified via Auger 13 

spectroscopy by Floss and Stadermann (2012). Moreover, the EDS map of the entire FIB section 14 

containing 7a-1-o1 shows that Fe occurs throughout it but in varied abundances, most notably in 15 

a localized band measuring several micrometers across in its center (Fig. 3b). Such heterogeneity 16 

appears to be consistent with thermal processing of fragments of dust as originally hypothesized 17 

by Floss and Stadermann (2012) for the Adelaide matrix, including annealing in the solar nebula. 18 

The implication of such processing on grain 7a-1-o1 is that it is likely to have originally condensed 19 

in its host circumstellar envelope as pure MgAl2O4 and thus have recorded a condensation 20 

temperature upwards of 1500 K assuming PT ≤ 10-3 atm.  21 

If such processing occurred, it raises the question of whether exchange of O between the 22 

presolar spinel and the solar-nebula gas could lead to isotopic equilibration and dilution of the 23 

original nucleosynthetic signature. O is the slowest diffusing ion in spinel (Reddy and Cooper, 24 

1981; Ando and Oishi, 1974; Sheng et al., 1992; Ryerson and McKeegan, 1994; Chiang, 1985), 25 

and the distance through which it can transport at a specific temperature and timescale, compared 26 

to the size of the grain, can provide a quantitative constraint as to the likelihood of exchange with 27 

the nebular gas and therefore some measure of equilibration. Using the self-diffusion coefficient 28 

of O in spinel in conjunction with the conditions reported by Bose et al. (2018), we can constrain 29 

the likelihood of O-isotopic equilibration during gas-solid exchange reactions.  30 



 14 

O diffusion in spinel was previously examined by Ryerson and McKeegan (1994) in which 1 

they showed experimental fits to an Arrhenius relationship: 2 

 3 

𝐷𝐷 = 𝐷𝐷0𝑒𝑒
−𝐸𝐸𝐴𝐴𝑅𝑅𝑅𝑅     (1) 4 

 5 

where D is the diffusion coefficient (m2/s), D0 is the collision-frequency factor (m2/s), EA is the 6 

activation energy (kJ/mol), R is the ideal gas constant, and T is temperature. Using values of D0 7 

and EA as determined from Ryerson and McKeegan (1994) and assuming spinel experienced a 8 

temperature of 500 °C, we can obtain a value for D via (1). To determine the bulk diffusion length 9 

scale as a function of mean-residence time, which we assume is 214,000 years as modeled by Bose 10 

et al. (2018), we use the Einstein-Smoluchowski equation for diffusion (Mehrer, 2007): 11 

 12 

𝐷𝐷𝑠𝑠𝑠𝑠𝑂𝑂
2− = 𝑓𝑓𝐷𝐷𝐸𝐸   (2) 13 

 14 

and 15 

 16 

𝐷𝐷𝐸𝐸 =  𝑑𝑑
2

6𝜏𝜏
   (3) 17 

 18 

Where 𝐷𝐷𝑠𝑠𝑠𝑠𝑂𝑂
2− is the tracer self-diffusion coefficient of O2-, f  is a correlation factor that depends on 19 

the crystal structure and the diffusion mechanism (for fcc crystals like spinel, f is approximately 20 

0.7 to 0.8), d is the diffusion length, and 𝜏𝜏 is time. Solving equations (1), (2), and (3) yields 21 

diffusion length scales for O that range from approximately 30 pm to 200 pm (taking into account 22 

errors on D0 as reported in Ryerson and McKeegan, 1994) assuming a temperature of 500 °C that 23 

holds isothermally for 214,000 years. If the temperature increases to 600 °C, we obtain diffusion 24 

length scales for O that range from approximately 1 to 6 nm over the same time interval. As shown 25 

in the NanoSIMS raster-ion image of the surface of the petrographic thin section (Fig. 2a) and the 26 

STEM-HAADF image of the FIB cross section (Fig. 3), Adelaide grain 7a-1-o1 is ~570 nm wide 27 

at the surface and tapers down to ∼100 nm wide below the surface. Thus, Adelaide grain 7a-1-o1 28 

is larger than the diffusion length scale of O by a factor ranging between ~20 (lower limit at 600 °C) 29 

to ~19,000 (upper limit at 500 °C). In other words, O-isotopic equilibration of Adelaide grain 7a-30 
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1-o1 was highly unlikely under such conditions. Even if solar O exchanged with Adelaide grain 1 

7a-1-o1, it would occur at best in the upper few pm to nm of the surface, and based on the 2 

NanoSIMS analysis conditions (Floss and Stadermann, 2012), would quickly be removed by ion-3 

beam rastering at sputtering rates of 1 to 3 nm/min and 22 min/layer (each grain typically required 4 

five layers). Dilution by matrix material surrounding presolar grains is more likely to affect the 5 

isotopic signal and is most significant for the smallest grains (Nguyen et al., 2007; Floss and 6 

Stadermann, 2012). Notwithstanding such dilution given the large size of 7a-1-o1, the as-measured 7 

O-isotopic composition could reflect that inherited in its host CSE. 8 

 9 

LAP 031117 – Grains LAP-81 and LAP-104 10 

The TEM data reveal discrete circumstellar grains for LAP-81 and LAP-103, the latter which 11 

was reported by Zega et al. (2015) as a single-crystal of stoichiometric magnetite and so we refer 12 

the interested reader to that paper. In comparison, STEM images of LAP-104 do not reveal discrete 13 

grains beneath the Pt fiducials that mark the location of the O anomaly but rather a spongy-like 14 

texture. Although the SAED patterns indicate that the region is polycrystalline with d-spacings 15 

overlapping both pyroxene and olivine, pinpointing a single-phase carrier of the O anomaly, and 16 

hence, an individual circumstellar grain is not possible. We note that we confirmed that the O-17 

isotope anomaly was present in the last layer of the NanoSIMS raster ion image prior to FIB-SEM 18 

extraction. Moreover, we precisely located the anomaly by comparing the hotspot identified in the 19 

NanoSIMS images with the SE images acquired in the FIB-SEM, and then carefully deposited Pt 20 

fiducial markers to facilitate the identification of the hotspot in the FIB section. We are thus 21 

confident that the hotspot was there after SIMS analysis and are similarly confident in the location 22 

within the extracted FIB section. Thus, the TEM data of LAP-104 point toward the entire 23 

polycrystalline assemblage beneath the Pt marker as the ‘presolar grain’. In other words, 24 

nanocrystalline pyroxene, olivine, or both could have contributed to the isotopic anomaly as 25 

measured by NanoSIMS, which makes detailed inferences on thermodynamic origins difficult. 26 

Both olivine and pyroxene have been previously identified as presolar grains (Messenger et al., 27 

2005; Nguyen et al., 2007; 2010; 2016) and each are predicted to condense from a cooling gas of 28 

solar composition (Ebel, 2006; Lodders, 2003). Thus, the occurrence of such materials in an 29 

isotopic hotspot is consistent with these predictions. Comparison of the isotopic data with model 30 

calculations suggest that the progenitor star to LAP-104 was 2.1 M☉ and approximately solar 31 
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metallicity (1.25 Z☉). Whether this material originally condensed as fine-grained multiphasic 1 

materials in their host CSE or as two phases with coarser grains that were subsequently made finer 2 

through some other process, e.g., grain-grain collisions in the host CSE or the solar nebula or 3 

irradiation in the ISM, is not possible to infer.  4 

We note, however, that fine-grained polycrystalline and amorphous aggregates of presolar 5 

silicates were previously identified in situ within O-anomalous regions of primitive chondrites. 6 

Stroud et al. (2009) identified a mixture of nanocrystalline and amorphous material with a non-7 

stoichiometric but forsterite-like composition in the MET 00426 (CR3) chondrite and concluded 8 

origins under non-equilibrium conditions. Vollmer et al. (2009a) reported a cluster of ∼50 nm 9 

amorphous silicate particles that are part of a larger (∼800 nm) grain similar to glass with embedded 10 

metal and sulfides (Bradley, 2014; Keller and Messenger, 2011) and inferred non-equilibrium 11 

condensation close to the glass-transition temperature for these materials. Nguyen et al. (2010) 12 

reported TEM results on several grains within the ALHA 77307 (CO3.0) and QUE 99177 (CR3) 13 

chondrites and found amorphous silicates with fine-scale heterogeneity and non-stochiometric 14 

compositions but lacking the typical characteristics of glass with embedded metals and sulfides or 15 

GEMS (Bradley, 2014). They hypothesized that the silicates could have formed via non-16 

equilibrium or multistep condensation and possible subsequent annealing. We have not observed 17 

amorphous grains within the area of LAP-104, which might otherwise suggest non-equilibrium 18 

condensation. However, the polyphasic nature of LAP-104 as revealed by the SAED patterns and 19 

EDS maps (Fig. 6), could point to multistep condensation. Olivine and pyroxene are predicted to 20 

condense sequentially from a cooling solar-composition gas. Depending on the total pressure in 21 

the system, forsterite is predicted to condense first followed by enstatite (Ebel, 2006; Lodders, 22 

2003). Thus, it is conceivable that these materials could have condensed in a stepwise manner in 23 

the CSE of the progenitor star for LAP-104 and were brought together mechanically through 24 

accretion processes in the host CSE. Nonetheless, quantification of the condensation conditions is 25 

difficult to constrain precisely.  26 

In comparison, the TEM data show that LAP-81 is a Ca-bearing olivine. Comparison of its O-27 

isotopic composition with model predictions suggest that its progenitor star was approximately 28 

1.75 M☉ and solar metallicity (Z =1.0 Z☉). Equilibrium thermodynamic calculations predict that 29 

olivine will condense from a gas of solar composition over a range of pressure and temperature, 30 

but such calculations suggest that the olivine is mostly forsteritic in composition (Ebel, 2006, see 31 
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Plate 7). Calculations by Ebel and Grossman (2000) showed that the FeO content of silicates can 1 

be increased from FeO/(FeO + MgO) molar ratios of 0.1 to 0.4 if the condensing system is enriched 2 

in chondritic vapor up to 1000× solar. The EDS spectra acquired for LAP-81 give FeO/(FeO + 3 

MgO) ratios of approximately 0.5, slightly above the maximum estimated by Ebel and Grossman 4 

(2000) for dust-enriched systems. Given that the isotopic composition for LAP-81 suggests it 5 

formed around a solar-metallicity star, large enhancements in vapor seem unlikely. Thus, the FeO 6 

content of the grain appears to argue against it having formed through equilibrium condensation. 7 

Alternatively, the FeO contents of silicates can be enriched during secondary alteration on the 8 

parent body (e.g., Brearley, 2014) or via metasomatism as noted above for Adelaide grain 7a-1-o1 9 

(Floss and Stadermann, 2012). However, we do not observe evidence for such processing from the 10 

FIB sections of LAP 031117. The high Fe contents, as well as the non-stoichiometric composition 11 

of the left domain of LAP-81, thus point to non-equilibrium condensation. High Fe contents are 12 

common in presolar silicate grains, also as noted above, and have led to similar conclusions (Bose 13 

et al., 2010; Nguyen et al., 2007; Ong and Floss, 2015). We hypothesize that the variations in Ca 14 

across the width of the grain are due to changing thermodynamic conditions during condensation. 15 

It therefore appears that LAP-81 formed through kinetic processes. 16 

 17 

DOM 08006 – grain DOM-9 18 

The TEM data on DOM-9 show that it is a polycrystalline spinel assemblage. The upper part of 19 

the grain that connects to the Pt fiducial marker and the C capping layer was measured by 20 

NanoSIMS (Fig. 7,8). We do not have isotopic data on the buried spinel crystals. However, the 21 

fact that they are attached to the upper grain whose circumstellar origin is established by its O-22 

isotopic composition, and that all the spinel crystals are surrounded by the silicate shell, indicates 23 

that the buried crystals must also be circumstellar in origin. The SAED patterns, acquired in 24 

systematic fashion throughout DOM-9 (Fig. 8), show that the upper grain has a different 25 

orientation than those that are buried. Comparison of these orientations, including symmetry-26 

related zone axes, does not reveal any obvious relationship that could be attributed to oriented 27 

growth. 28 

Polycrystalline assemblages of circumstellar spinel were previously observed. Zega et al. 29 

(2014b) identified an assemblage, ORG-36-21, consisting of three Cr-rich, Group-1 spinel grains, 30 

all of which occur within 1.5° of one another in the [110] orientation. They inferred that this 31 
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assemblage grew in oriented fashion during condensation in the host CSE. However, their Fe-Cr 1 

rich compositions are not consistent with predictions for equilibrium condensation from a solar-2 

composition gas. Thus, the temperatures and pressures under which these grains condensed could 3 

not be precisely constrained. In comparison, DOM-9 contains five crystals without an obvious 4 

orientational relationship, and the EDS data (Fig. 7) show that while it is uniformly Cr-bearing, it 5 

does not have the Cr-rich composition identified in ORG-36-21 by Zega et al. (2014b). Instead, 6 

the EDS data show that the Cr content of DOM-9 is a factor of four to five lower than that of the 7 

grains identified in ORG-36-21 (Zega et al., 2014b). 8 

As noted above for the Adelaide presolar spinel grain 7a-1-o1, thermodynamic models predict 9 

that pure MgAl2O4 will condense from a cooling gas of solar composition at approximately 1500 10 

K and PT = 10-3 atm (Yoneda and Grossman, 1995; Ebel and Grossman, 2000). However, a Cr-11 

bearing spinel solid solution is predicted to condense over a range of temperature and pressure 12 

conditions assuming enhanced dust-to-gas ratios over solar values as modeled by Yoneda and 13 

Grossman (1995) and Ebel and Grossman (2000). In general, the condensation temperature 14 

decreases with decreasing total pressure and increases with increasing dust to gas ratio (see Table 15 

3 of Yoneda and Grossman, 1995 and Table 6 of Ebel and Grossman, 2000). For example, Yoneda 16 

and Grossman (1995) describe a spinel solid solution that forms with an Fe/(Fe + Mg) ratio of 17 

0.0069 and Cr/(Cr + Al) ratio of 0.67 at PT = 10-5 atm at 1196 K (1 atm = 1.013 bar) and an Fe/(Fe 18 

+ Mg) ratio of 0.012 and Cr/(Cr + Al) ratio of 0.87 at PT = 1.5 atm and 1233 K. The total pressures 19 

in this model calculation clearly span a large range, much of which are higher than might be 20 

expected in circumstellar envelopes, e.g., the pressure in the photospheric region of C stars is 21 

expected to range from 10-3 bar to 10-5 bar, decreasing with increasing radial distance in the 22 

envelope (Lodders and Fegley, 1995). Thus, it is unlikely that pressures anywhere near 1.5 atm 23 

provide a reasonable constraint on the thermodynamic conditions of the progenitor CSE for DOM-24 

9, and so we assume that the lower pressures are the more reasonable comparison.  25 

The Fe/(Fe+Mg) and Cr/(Cr+Al) ratios of DOM-9, extracted from the quantitative EDS spectra 26 

are, respectively 0.034 and 0.134. Thus, DOM-9 is enhanced in terms of its Fe/(Fe+Mg) ratio and 27 

depleted in its Cr/(Cr+Al) ratio relative to the modeled spinel solid solution at PT = 10-5 atm at 28 

1196 K of Yoneda and Grossman (1995). Their model also suggests that the Cr/(Cr+Al) ratio 29 

varies more systematically than the Fe/(Fe+Mg) ratio, and so the former may be more diagnostic 30 

of thermodynamic origins than the latter. Thus, such comparison might argue for an origin for 31 
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DOM-9 at a PT <10-5 atm because the Cr/(Cr+Al) ratios appear to increase with increasing pressure 1 

in the modeled spinel solid solutions (as noted above for PT = 1.5 atm). 2 

Later calculations by Ebel and Grossman (2000) reproduced such trends and also showed that 3 

if the atomic proportions of condensable elements are enriched relative to solar composition up to 4 

1000× (‘dust enriched’), then solute concentrations can be significantly enhanced in spinel. Their 5 

calculations predict that a spinel solid solution with Fe/Mg and Cr/Al ratios as high as 2.9 and 7.5, 6 

respectively, can form at 1260 K and PT = 10-3 bar if dust-to-gas ratios reach 1000× solar. 7 

Generally, such enhanced element ratios decrease with decreasing dust-to-gas ratio. For example, 8 

at PT = 10-3 bar and a dust-to-gas ratio of 100× solar, a spinel solid solution is predicted to form at 9 

1810 K with Fe/Mg and Cr/Al ratios of 0.0034 and 0.013, respectively, and another to form at 10 

1600 K with Fe/Mg and Cr/Al ratios of 0.049 and 2.1. Thus, the Fe/(Fe+Mg) and Cr/(Cr+Al) ratios 11 

of DOM-9 would appear to be bracketed by the modeled spinel solid solutions between 1600 K 12 

and 1810 K assuming PT = 10-3 bar and a dust-to-gas ratio of 100× solar. However, the O-isotopic 13 

composition of DOM-9 indicates that it formed in a low-mass RGB/AGB star of approximately 14 

solar metallicity (1.05 Z☉) and 1.4M☉. So, it is unclear how the CSE of the progenitor star of DOM-15 

9 could become so enriched in condensable elements as to produce a condensing system with a 16 

composition that is up to 100× solar.  17 

The calculations described above assume that dust must be enhanced in the local condensing 18 

system and that temperature increases can vaporize dust and increase the amount of oxygen in the 19 

gas relative to the solar composition of hydrogen and carbon. Thus, condensation occurs in a 20 

system with higher oxygen fugacity (fO2) and enhanced dust-to-gas ratios due to higher 21 

abundances of, e.g., Mg and Si relative to the gas. While temperature fluctuations might occur in 22 

CSEs, such as AGB stars that pulsate and fluctuate in luminosity, causing vaporization of dust 23 

(Bernatowicz et al., 2005), it seems unlikely that the necessary components to create enhanced 24 

dust-to-gas ratios would remain in some region of a CSE long enough to be vaporized while 25 

simultaneously remaining solar in composition. Zega et al. (2014b) reached a similar conclusion 26 

in regard to ORG-36-21, but as noted above, that grain is even more enriched in Cr than DOM-9. 27 

Other isotopically normal meteoritic spinel grains offer additional points of comparison. Those 28 

that occur in fluffy type-A calcium-aluminum-rich inclusions (CAIs) in primitive CV3 chondrites 29 

are widely accepted to have condensed via equilibrium in a solar-composition gas (MacPherson 30 

and Grossman, 1984) and at pressures that could be comparable to circumstellar envelopes 31 
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(Lodders and Fegley, 1995). Measurements of such spinel grains show that they can contain up 1 

0.5 wt% Cr2O3 (Brearley and Jones, 1998). Expressed in mol % oxide, DOM-9 contains 12.89% 2 

Cr2O3. Thus, the Cr content of DOM-9 is significantly higher than even solar-system spinels that 3 

formed through equilibrium condensation. In other words, the EDS data for DOM-9 appear to 4 

argue against equilibrium condensation in its host CSE. 5 

The randomly oriented polycrystalline nanostructure of DOM-9 appears to be unrelated to its 6 

composition. The EDS maps show that the spinel grain has a uniform composition, which differs 7 

markedly from Adelaide grain 7a-1-o1 described above and ORG-36-21 discussed in Zega et al., 8 

(2014b). The former condensed as a single stoichiometric Mg-Al spinel, whereas the latter 9 

condensed as one assemblage under changing thermodynamic conditions that resulted in a slightly 10 

varied growth rate and direction, producing epitaxially related crystals. The grains in DOM-9 11 

however, do not share any close orientational relationships, and so the scenario involving growth 12 

as an individual assemblage seems to be precluded. It seems more likely that the five crystals 13 

condensed separately in the host CSE under very similar thermodynamic conditions and were 14 

subsequently brought together and mechanically assembled as observed in Fig. 8. We suspect that 15 

local thermodynamic conditions allowed nucleation of these separate spinel grains and that the 16 

kinetic energy of mechanical accretion enabled the reconstruction of the observed grain boundaries 17 

and orientations. Alternatively, if the pressure in the host CSE was high enough or the dust-to-gas 18 

ratios were sufficiently enhanced as described above, melt could have been stable, leading to the 19 

possibility that DOM-9 represents a melt-solidification product. In this scenario, the random 20 

orientation of the grains was achieved during cooling and solidification in its host CSE. However, 21 

as indicated above, such high pressures are not automatically expected for the CSEs of such stars, 22 

nor is it clear how dust-to-gas ratios could reach the enhanced values needed to stabilize melt. 23 

As shown in Fig. 8, the spinel-grain aggregate is surrounded with an orthopyroxene-like grain. 24 

Based on spatial relationships, DOM-9 became surrounded by a silicate shell at some point after 25 

condensation. The solar O-isotopic composition of the shell is inconsistent with its formation in 26 

the same CSE as DOM-9, and in the absence of any other isotopic data, suggests that the spinel 27 

became enveloped by the silicate in the ISM or within the solar nebula. In this context, the shell 28 

could have formed around the spinel grain during its transport in the ISM before its incorporation 29 

into the solar nebula. Alternatively, DOM-9 survived interstellar transport into the inner solar 30 

protoplanetary disk where refractory materials such as silicates were condensing during the early 31 
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stages of nebular condensation. In this way, the spinel grain, arguably among the starting materials 1 

for solar-system formation, acted as a seed nucleus for silicate condensation. Moreover, the 2 

orthopyroxene protected the spinel from any further secondary processing which has been 3 

previously discussed for presolar spinel (Zega et al., 2014), e.g., grain-to-grain collisions or 4 

irradiation by the young sun, prior to incorporation into the DOM 08006 parent body. The lack of 5 

long-range order within the silicate shell could be partly explained by its exposure to the radiation 6 

field of the inner disk or non-equilibrium condensation of amorphous material.  7 

 8 

 9 

Conclusions 10 

We report here a coordinated NanoSIMS-FIB-TEM study of four presolar grains extracted from 11 

the Adelaide C2 ungrouped, LAP 031117 CO3.0, and DOM 08006 CO3.0 primitive carbonaceous 12 

chondrites. All grains contain O-isotopic compositions consistent with origins in low-mass RGB 13 

stars of close-to-solar metallicity. The grain from Adelaide (7a-1-o1) is a single-crystal Mg-Al 14 

spinel containing an Fe-rich rim that formed during secondary processing but is otherwise 15 

consistent with predictions for equilibrium condensation in its host CSE. Two grains were 16 

extracted from the LAP 031117 chondrite that include: a polycrystalline Fe-Mg silicate aggregate 17 

(LAP-104) containing a mixture of olivine and pyroxene consistent with previous descriptions of 18 

stepwise condensation in its host CSE; and a Ca-Fe-bearing olivine (LAP-81) whose structure is 19 

inconsistent with equilibrium condensation. TEM reveals that the grain extracted from DOM 20 

08006 (DOM-9) is a Cr-bearing spinel assemblage consisting of five individual crystals. The 21 

crystal attached to the surface, and hence measured via NanoSIMS, occurs in a different orientation 22 

than those crystals buried beneath it. The Cr-bearing composition points toward non-equilibrium 23 

condensation in the host CSE of its progenitor RGB star. The varied orientations of the grains 24 

suggest condensation of individual crystals under similar thermodynamic conditions and 25 

subsequent mechanical accretion into the observed polycrystalline assemblage. 26 
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Figure Captions 1 

 2 

Figure 1. Oxygen 3-isotope plot (18O/16O vs 17O/16O) of the presolar grains reported here (colored 3 

circles) shown together with measurements of other presolar oxides and silicates (gray circles, see 4 

Floss and Haenecour, 2016b and references therein). The dashed lines indicate the solar 5 

composition. 6 

 7 

Figure 2. δ17O isotopic maps for the four presolar grains reported herein. Scale bar to the right of 8 

each image is in units of per mil (‰). The circumstellar grains are revealed by their anomalous 9 

isotopic compositions and shown in false thermal color with blue (cool) indicating approximately 10 

solar system composition and red (hot) indicating large positive deviation from it. All the maps 11 

are 10 μm field of view. 12 

 13 

Figure 3. TEM data on Adelaide grain 7a-1-o1. (a) Bright-field STEM image of the overall FIB 14 

section. The presolar-spinel grain occurs at the surface below the Pt fiducial marker and the C 15 

capping layer within the area outlined by the white box. (b) False-color EDS map. Al = blue, Mg 16 

= red, and Fe = yellow. The presolar-spinel grain occurs at the top in purple as a result of mixing 17 

of the blue (Al) and red (Mg) channels. The dashed white line indicates the location of the several 18 

µm-wide Fe-rich band discussed in the text. (c) HAADF image of the local area outlined by the 19 

white box in (a). The spinel grain appears dark (white arrow) within lighter-contrast material. 20 

Circle indicates area from which the SAED pattern in (j) was acquired. (d-i) False-color EDS maps 21 

of Mg, Al, Fe, Si, Cr, and O, respectively. Note that the maps for Si and Cr have a smaller field of 22 

view than those for Mg, Al, Fe, and O because they were acquired at slightly higher magnification 23 

using the Hitachi HF5000 as compared to the FEI Osiris. (j) SAED pattern of area shown by the 24 

dashed-white circle in (c) that indexes to the [301] zone axis for spinel. 25 

 26 

Figure 4. TEM data on grain LAP-81 from LAP 031117. (a) BF-CCD image of grain as loaded 27 

into TEM at 0° goniometer tilt. The grain sits beneath the Pt fiducial marker and C capping layer. 28 

Mass-thickness contrast shows locally dark area on the left side of grain midway between the Pt 29 

marker and the base of the grain. (b) BF-CCD image at 8.6° tilt about the sample-rod axis (tx) and 30 

-4.1° tilt normal to it (ty). The left side of the grain shows minor diffraction contrast. Circle 31 



 29 

indicates region from which SAED pattern in (d) was acquired. (c) BF-CCD image at tx = 13.3° 1 

and ty = -4.8°. The right side of the grain shows strong diffraction contrast. Circle indicates region 2 

from which SAED pattern in (e) was acquired. (d) and (e) SAED patterns acquired from the areas 3 

indicated, respectively, in (b) and (c). 4 

 5 

Figure 5. STEM-EDS data on grain LAP-81 from LAP 031117. (a) HAADF-STEM image. (b-h) 6 

False-color EDS maps as indicated for Mg, Fe, Ca, Si, O, Al, and Ni.  7 

 8 

Figure 6. TEM data on grain LAP-104 from LAP 031117. (a) BF-STEM image. The ‘grain’ occurs 9 

beneath the Pt fiducial marker and the C capping layer. Circles indicate areas from which SAED 10 

patterns were acquired. (b) SAED pattern from area marked ‘b’ in (a). The domain is 11 

polycrystalline, producing a pattern with concentric rings, the radii of which yield interplanar d-12 

spacings that overlap with olivine and pyroxene (see Table 1). (c-j) STEM-EDS data. (c) BF-13 

STEM reference image. (d-j) False-color EDS maps of Mg, Fe, Si, Al, O, Ca, and Ni, respectively.  14 

 15 

Figure 7. Auger nanoprobe and FIB-SEM data on grain DOM-9 from DOM 08006. (a) Secondary 16 

electron (SE) image acquired in the Auger nanoprobe. (b-d) False color Auger element maps as 17 

indicated in the upper-right corner of the image. (e) SE image of the grains acquired by FIB-SEM 18 

after both NanoSIMS and Auger nanoprobe measurements. (f-h) Additional Auger nanoprobe 19 

maps. 20 

 21 

Figure 8. STEM-EDS data on grain DOM-9 from DOM 08006. (a) HAADF image. The Pt fiducial 22 

marks the location of the hotspot beneath the C capping layer. (b-h) EDS maps of, Si, Al, O, Cr, 23 

Mg, Fe, and Ca respectively. The presolar spinel (Sp) occurs mostly buried beneath the surface 24 

but is connected to it by a small lobe on the left side of the grain. It is surrounded by an isotopically 25 

solar silicate (Si). 26 

 27 

Figure 9. TEM data on grain DOM-9 from DOM 08006. (a) BF-CCD image at 0° goniometer tilt. 28 

Dashed circles indicate locations of SAED patterns shown in (d) and (e). Dashed rectangle 29 

indicates area shown in images (b) and (c). (b) BF-CCD image at tx = 5.9° and ty = 5.4°. The spinel 30 

(Sp) grain (cf., Fig. 8) shows varied diffraction contrast across its width and height, illuminating 31 



 30 

grain boundaries that are not obvious at 0° and suggesting differences in orientation. (c) BF-CCD 1 

image at tx = 5.9° and ty = 5.4° indicating locations where SAED patterns were acquired across the 2 

assemblage and shown in (f-m). (d-m) SAED patterns from regions shown in (a) and (c). (d,e) 3 

The circular rings with minor discrete reflections shows that the silicate grain surrounding the 4 

presolar spinel lacks long-range order. The interplanar d-spacings measured from the pattern (red-5 

dashed circles) overlap with those characteristic of olivine and pyroxene (see Table 1). (f-m) 6 

SAED patterns from regions shown in (c). (f-h) SAED patterns from the top part of the spinel 7 

grain that connects to the surface of the FIB section that was measured with NanoSIMS. These 8 

three patterns were acquired at the same goniometer tilt angle (inset) showing that this part of the 9 

grain is a single crystal. (i-m) SAED patterns acquired from the lower part of the spinel grain. (i, 10 

k, and m) SAED patterns from regions shown in (c) at the same goniometer tilt angle as (f-h) but 11 

revealing different patterns and therefore indicating they are separate grains. (m) occurs in a zone-12 

axis orientation at this tilt angle and so is indexed accordingly, whereas (i) and (k) do not and so 13 

are not indexed. (j, l) SAED patterns from areas indicated in (c) shown in zone-axis orientations 14 

distinct from each other and those of the other locations in the assemblage, indicating that they too 15 

are separate grains. 16 
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Supplementary Figures. 
 

 
 
Supplementary Figure 1. Nanobeam diffraction data acquired from Adelaide 7a-1-o1 along its 
width. (a-j) HAADF images of the grain showing the trace of the line profile (orange line) together 
with the probe position (red cross hairs). SAED patterns from each probe position shown beneath 
the corresponding HAADF image. A total of 10 SAED patterns were acquired. Those from probe-
positions 3 through 7 are from the spinel grain and all index to the [110] orientation. Patterns 
from probe position 1,2, and 8 through 10 were acquired on the edge of the grain extending into 
the matrix around it. 
 
 
 
 
 
 
 
 



 
 
Supplementary Figure 2. Nanobeam diffraction data acquired from Adelaide 7a-1-o1 along its 
height. (a-j) HAADF images of the grain showing the trace of the line profile (orange line) together 
with the probe position (red cross hairs). SAED patterns from each probe position shown beneath 
the corresponding HAADF image. A total of 10 SAED patterns were acquired. Those from probe-
positions 5 through 9 are from the spinel grain and all index to the [110] orientation. Patterns 
from probe position 1 through 4 were acquired from positions outside of the grain although 4 is 
close to the edge and some of the reflections visible in the [110] orientation occur with it. The 
pattern acquired from position 10 as at the interface between the grain and the Pt fiducial marker. 
 
 
 
  



 
 

 
 
Supplementary Figure 3. TEM data acquired from LAP-81. (a) BF-TEM image of the grain at the 
goniometer tilt angle as indicated (inset). Red circles show the locations from which SAED 
patterns shown in Fig. 4d in the main text and ‘b’ in this figure were acquired. (b) SAED pattern 
from area indicated by ‘b’ in panel (a) at the same goniometer tilt angle. The symmetry of this 
pattern is clearly different from that shown in Fig. 4d, indicating that the left and right sides of 
the grain have different orientations. (c) HRTEM image mosaic acquired across the width of the 
grain to confirm this change. The lattice-fringe contrast changes approximately mid-way across 
the grain (indicated by white arrowheads), revealing a change in structure. The structural change 
correlates with the EDS maps shown in Fig. 5, i.e., the left-hand side of LAP-81 is rich in Ca, 
whereas the right-hand side is depleted. 
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