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Introduction: Spinel (MgAl2O4) is the fourth most 

abundant presolar phase after nanodiamonds, silicates, 
and SiC [1]. Thermodynamic calculations predict that 
it will form from a gas of solar composition [2-3]. Spi-
nel’s occurrence in solar materials has been well do-
cumented (e.g., [4] and references therein), and it has 
been suggested, on the basis of IR spectra, to be 
present around evolved O-rich stars [5]. Microstruc-
tural and compositional information on presolar spinel 
can therefore provide insight into the circumstellar 
environment in which it formed and offer ground truth 
for observational astronomy. We previously reported 
on Cr-rich and Mg-Al presolar spinel grains [6-7]. 
Here we continue that effort and report data on a third 
presolar spinel. 

Experimental: Grain UOC-S1 was identified in a 
mixed acid-resistant residue of unequilibrated ordinary 
chondrites (UOC) QUE 97008, WSG 95300, and MET 
00452 [8]. Its anomalous O-isotopic composition, 
measured by automated mapping techniques with the 
Carnegie ims-6f secondary ion microprobe (SIMS), 
indicated a stellar origin. The Mg-isotopic composition 
of the grain was later determined with the Carnegie 
NanoSIMS 50L. 

 UOC-S1 was extracted and thinned in situ to elec-
tron transparency with an FEI Nova 600 focused ion 
beam scanning electron microscope (FIB-SEM) at the 
Naval Research Lab [9]. Grain microstructure and 
chemistry was investigated using a 200 keV JEOL 
2200FS transmission electron microscope (TEM) 
equipped with an energy-dispersive X-ray spectrome-
ter (EDS) and scanning-based TEM (STEM) bright- 
and high-angle annular dark-field (HAADF) detectors. 

Fig. 1. (a) Three‐O isotope plot showing the composition of 
grain UOC‐S1 (filled gray circle with black outline) together 
with previously studied presolar spinels ORG‐36‐21 [6] and 
UOC‐S2 [7] as well as other presolar oxides. (b) Bright‐field 
STEM  image  of  grain  UOC‐S1.  Spinel  (Sp)  occurs  sand‐
wiched between  the Au pedestal and  the protective strap 
of C and Pt. The dark material on  the  left‐ and right‐hand 
sides of the grain is Au re‐deposited during FIB milling. 

Results: UOC-S1 has 17O/16O = 5.35±0.36 × 10-4 
and 18O/16O = 1.29±0.08 × 10-3. It plots within the 
Group-1 field for presolar oxide grains (Fig. 1), and 
comparison of its O-isotopic composition with that 
predicted by model calculations suggest that it formed 
in a low-mass (≈1.4 M ) AGB star with a metallicity 
of approximately 0.8 × solar [8,10]. Its Mg-isotopic 
composition (δ25Mg = −4±11, δ26Mg = 241±14) is 
consistent with this origin as well, with an inferred 
initial 26Al/27Al ratio of order 10-2. 

The FIB section of UOC-S1 contains a grain mea-
suring approximately 165 nm ×  350 nm (Fig. 1b). A 
selected-area electron-diffraction (SAED) pattern sug-
gests that the grain is a single crystal (Fig. 2, inset). 
However, Au coats part of the grain’s surface (from re-
deposition during the milling process) and currently 

precludes rigorous analysis of parts of the right- and 
left-hand sides. Additional milling should remove the 
Au and help verify that it is a single crystal. Measure-
ments on the SAED pattern indicate interplanar spac-
ings of 0.287 nm and 0.471 nm, consistent with the 
(220) and (111) d-spacings for spinel (S.G. Fd-3m, 
a0=0.81nm). High-resolution TEM images reveal small 
domains where (111) lattice fringes are discontinuous 
(Fig 2, white arrowhead). EDS spectra show that the 
grain contains predominantly Mg, Al, and O with mi-
nor Fe, Ca, Cr, and Mn. Quantification of the spectra 
suggest that the grain is non-stoichiometric with an 
Al/Mg ratio of approximately 2.8. This is slightly 
higher than the Al/Mg ratio of 2.2 measured by SIMS, 
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Fig. 2. HRTEM  image of part of presolar spinel grain UOC‐
S1.  Some  (111)  lattice  fringes  appear  discontinuous    in 
parts of  the grain  (e.g.,  the white arrowhead), suggesting
localized disorder (note that grain is rotated relative to BF‐
STEM  image  in Fig. 1). The SAED pattern (inset) otherwise 
indexes  to  spinel  (faint  circles  arise  from Au  and Pt par‐
ticles re‐deposited during FIB milling). 

but within the relatively large uncertainty of the latter 
technique. 

Discussion: Equilibrium thermodynamic calcula-
tions predict that spinel can condense from a gas of 
solar composition. At high temperature (e.g., 1501K, 
Pt=10-3 atm), nearly pure MgAl2O4 is predicted to form 
by back reaction of hibonite (CaAl12O19) with gaseous 
Mg, whereas a spinel solid solution (relatively rich in 
Cr) will form at lower temperature (1221 K) via solid-
state reaction of metal, plagioclase, and Mg-silicates 
[3]. The EDS data indicate that grain UOC-S1 is not a 
pure Mg-Al spinel, which, if equilibrium condensation 
was responsible for its formation, would argue for the 
lower condensation temperature. Indeed, this lower 
temperature was inferred as an upper limit for conden-
sation of grain UOC-S2, a stoichiometric Fe- and Cr-
bearing presolar spinel [7]. However, quantification of 
the EDS spectra from grain UOC-S1 reveals a depar-
ture from ideal stoichiometry, pointing to non-
equilibrium condensation. The Cr- and Fe-rich compo-
sition of presolar spinel grain ORG-36-21 led to a sim-
ilar conclusion [6].  

Non-stoichiometric presolar spinels have been pre-
viously observed. Those with higher than stoichiome-
tric Al/Mg ratios were hypothesized to have formed at 
high temperatures by replacement of corundum [11]. 
The presence of minor Ca, as measured by EDS, might 
argue against such a pathway as it could be a result of 
incomplete back reaction between hibonite and the 

circumstellar gas from which UOC-S1 condensed. 
Examination of additional non-stoichiometric spinel 
grains should reveal whether or not the presence of Ca 
is a general feature. 

The 13-μm emission feature of IR spectra of O-rich 
AGB stars has been attributed to several phases includ-
ing spinels [5, 12-14]. Although the data that we report 
here do not address the controversy over the identifica-
tion of this emission feature, they do show that O-rich 
AGB stars can condense crystalline spinel grains. 
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