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Introduction: Presolar grains (PSGs) are small 

(nm- to µm-sized) condensates that formed in the 
outflows of stars and stellar ejecta predating the Solar 
System [e.g.,1]. These grains were incorporated into the 
solar nebula and, having survived formation of the Solar 
System, are preserved in samples from asteroids and 
comets (e.g., meteorites, interplanetary dust particles). 
Compared to all other materials in the solar system, 
PSGs are characterized by extreme isotopic anomalies 
that result from the nucleosynthetic processes in their 
parent star at the time of their formation [e.g.,1].  

Since their initial discovery, many O-rich (silicates 
and oxides) and C-rich (e.g., SiC) PSG phases have 
been identified. While abundances of presolar SiC are 
generally similar within uncertainties [3], the O-rich 
PSG abundance varies considerably between 
meteorites. These differences are indicators of the 
degree of secondary processes (aqueous alteration and 
thermal processing) experienced on the meteorite parent 
bodies [e.g.,2]. Of all the ungrouped chondrites, the C2-
ungrouped (C2-ung) meteorite Acfer 094 has one of the 
highest reported O-rich PSG abundances (189 ± 20 ppm 
[4]).  

Chwichiya 002 is a C3.00-ung chondrite with a 
moderate degree of terrestrial weathering that was 
recovered from the Western Sahara in 2018. The initial 
description of Chwichiya reported only trace signatures 
of hydrated phases, and a minimal degree of heating [7]. 
More detailed studies have since identified products of 
aqueous alteration, suggesting Chwichiya 002 
experienced a degree of alteration similar to the least 
altered CM chondrites (CM2.8-3.0) [8, 9].  A recent 
spectroscopic investigation linked Chwichiya 002 to 
Cg- and B-type carbonaceous asteroids [10], indicating 
a possible relationship to samples returned from B-type 
asteroid 101955 Bennu that will be returned to Earth by 
the NASA’s OSIRIS-REx mission in September 2023. 
Despite the possible spectral relationships, remote 
sensing of Bennu’s surface [11] indicates that it 
experienced extensive aqueous alteration. This suggests 
that Chwichiya 002 and Bennu may represent related 
material at different stages of alteration. This possible 
connection suggests that comparison of Chwichiya 002 
with samples from aqueously-altered asteroids may 
provide insight into secondary processing in the early 
solar system. Here, we carried out an in-situ search for 
PSGs as part of an investigation into the alteration 
history of Chwichiya 002. 

Methods: To search for PSGs, we carried out 
NanoSIMS C and O isotope analyses in a polished thin 
section of Chwichiya 002. Fine-grained regions with 
minimal inclusions were selected from EPMA and SEM 
data on Chwichiya 002 [9]. Following the methods 
described in [9, 12], we used the Cameca NanoSIMS 50 
at WUSTL to carry out raster ion imaging of individual 
10×10 µm2 areas. We collected 12C−, 13C−, 16O−, 17O−, 
18O− ion and secondary electron (SE) images (256×256 
px2) from a total of 16,500 µm2 of material in Chwichiya 
002. We used the L’Image© software to process the data 
from each measurement and produce isotope-ratio 
images (e.g., 12C−/13C−). Anomalies were considered 
presolar if they satisfied the criteria described in [9, 12]. 

Following focused-ion-beam techniques described 
by [13], we then prepared an electron transparent cross-
section of an O-rich PSG (grain 2e-3-01) using the 
Thermo Fisher Scientific Helios NanoLab 660 dual-
beam FIB-SEM in the Kuiper Materials Imaging and 
Characterization Facility. The O-rich PSG was selected 
for TEM analysis due to its comparatively large size 
(471 nm).  

Finally, we used the Hitachi HF5000 200kV 
scanning transmission electron microscope (STEM) in 
the KMICF to collect STEM and TEM images, selected-
area electron diffraction (SAED) patterns, and carry out 
energy-dispersive X-ray spectroscopy (EDS). 

Results and Discussion: Presolar Grains. We 
identified a total of 32 O-rich and three SiC grains in 
Chwichiya 002. For the O-rich grains, 14 belong to 
Group 1 (17O-enriched), 17 to Group 4 (18O-enriched), 
and one grain to Group 3 (depletions in 17O and 18O).  
The relative proportion of Group 1 grains (43.8 
+15.1/−11.6%, 1σ) in Chwichiya 002 is substantially 
lower, while the proportion of Group 4 grains (53.1% 

Fig. 1. Dark-field (DF) STEM image, and EDS maps of Si, 
Ca, Al, Mg, and Fe collected from the cross-section of grain 
2e-3-01. The grain is outlined in each image. 
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+16.3/−12.8%, 1σ) is significantly higher than the 
typical proportions (86% Group 1, 10% Group 4) 
observed in most carbonaceous chondrites [15].  

Compared to other types of astromaterials, the 
proportion of different O-rich grains in Chwichiya 002 
is most like the one observed in IDPs (61% Group 1, 8% 
Group 3, 31% Group 4) [15].  

The three SiC grains have 12C/13C ratios falling 
within the range of the “mainstream”, A+B, X, Y, and 
Z groupings of presolar SiC grains. As we only have 
data on the C isotopic compositions of the SiC grains in 
Chwichiya 002, we cannot definitively classify these 
grains. However, based on the 12C/13C ratios, it is likely 
that all three are mainstream grains, which make up 
~93% of all presolar SiC grains [e.g.,1]. 

 TEM Analysis. Grain 2e-3-01 is a Group 4 O-rich 
PSG indicating an origin in a supernova (SN) explosion. 
Indexing of SAED patterns of the grain identified the 
phase as diopside, with EDS maps (Fig. 1) showing a 
significant amount of Al substituting for Si, and a 
chemical formula of 
(Mg0.49Ca0.92Al0.50Fe0.02)(Al0.37Si1.63)O6. The TEM data 
shows that it lies next to chemically similar material, but 
its isotopic composition wasn’t measured with 
NanoSIMS as it falls below the surface of the FIB-
section. Thus, further analysis is needed to confirm if 
the material is part of the PSG.  While Ca-rich silicates 
have not been observed in SN ejecta, equilibrium 
modeling showed that diopside is stable at temperatures 
below ~1200K in the hydrogen burning zone of a 21M☉ 
type-II SN [18]. In addition to a Group 4 PSG identified 
in the CR2 chondrite NWA 801 [17], grain 2e-3-01 in 
Chwichiya 002 is one of the first identified presolar 
diopside with a SN origin. 

Aqueous Alteration. Broad-beam (5 and 10 µm) 
EPMA measurements of the matrix yielded low 
analytical totals (~81 wt.% avg.), suggesting the 
presence of hydrated phases. Slight regional variations 
(± 5 wt.%) in EPMA totals, and the identification of 
rare, but highly localized tochilinite-cronstedtite-
intergrowths (TCIs) suggest a heterogeneous degree of 
alteration on the parent body. 

Presolar Grain Abundances. The 32 O-rich and 
three SiC PSGs correspond to matrix-normalized 
abundances of 176 ± 32 (1σ) ppm and 14 +14/−8 (1σ) 
ppm, respectively. While the presolar SiC abundance is 
similar to the majority of chondrites, the O-rich grain 
abundance is similar within 1σ to the ones reported in 
the most primitive carbonaceous chondrites (Fig. 2). 
Specifically, the PSG abundances in Chwichiya 002 are 
most similar to C2-ung Acfer 094, which also shows 
signs of localized alteration. Its O-rich grain abundance 
is also similar to CO3.0 and the minimally altered 

CM3.0 A12169. The high O-rich PSG abundance exists 
despite evidence of alteration, suggesting that these 

processes did not destroy many presolar silicates.  
Fig. 2. The abundance of O-rich (both silicates and oxides) 
and SiC presolar grains in Chwichiya 002 (Chw002). The 
abundances reported in various chondrites and asteroid Ryugu 
are included for comparison. Literature data from [2-6,12-15 
and references therein, 20-22]. 

Summary: We carried out an in-situ search for 
PSGs in the C3.00-ung Chwichiya 002, leading to the 
identification of 32 O-rich and three SiC grains. Despite 
evidence of weathering/alteration, Chwichiya 002 has 
an O-rich PSG abundance that is similar to the highest 
abundances reported in meteorites. This suggests that 
aqueous alteration was a localized process on 
Chwichiya 002’s parent body that did not significantly 
affect its PSG abundances. 
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