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Abstract

We have carried out a NanoSIMS C, N and O ion imaging study of the CO3.0 chondrite ALHA77307. The distribution of
O-anomalous grains in ALHA77307 is similar to that observed in other primitive meteorites, and is dominated (84%) by
17O-rich Group 1 grains from low-mass asymptotic giant branch (AGB) stars of close-to-solar metallicity. Four percent of
the grains belong to Group 2, whose 18O depletions suggest cool-bottom processing in low-mass stars during the AGB phase,
while 8% are Group 4 grains with likely origins in Type II supernova (SN) ejecta. One ferromagnesian silicate has a very high
17O enrichment; nova explosions have been suggested as sources for such grains, but recent models with updated reaction
rates show large discrepancies with the grain data, leaving the origins of these grains uncertain.

Most of the grains are silicates (86%) with the remainder consisting of oxides (8%), three silica grains and two ‘composite’
grains composed of multiple subgrains with different elemental compositions. The elemental compositions of the silicates are
similar to those found in other studies, with a predominance of non-stoichiometric compositions and high (up to 44 at.%) Fe
concentrations. A comparison of isotopic and elemental compositions for all presolar silicates shows that olivine compositions
are overabundant in Group 4 grains compared to grains from Groups 1 and 2. This may reflect injection of presolar material
from a nearby supernova into the early solar nebula and incorporation into parent bodies before alteration of compositions
through irradiation and sputtering in the interstellar medium, as is likely to have occurred for the Group 1 and 2 grains from
more distant AGB stars.

The matrix material in ALHA77307 contains abundant carbonaceous hotspots with excesses in 15N. However, unlike CR
chondrites, the insoluble organic matter (IOM) in ALHA77307 does not have a bulk N isotopic anomaly, consistent with
Raman evidence that it has experienced more processing than IOM from CR chondrites. Nevertheless, secondary processing
has clearly not been so pervasive as to lead to complete destruction of N isotopic anomalies in this meteorite. Moreover, pre-
solar silicate abundances and elemental compositions show little evidence for thermal processing, indicating a decoupling of
the effects of metamorphism on organic matter and matrix silicates.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Presolar material includes grains that formed around
evolved stars and organic matter that formed in cold
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molecular clouds. These materials survived the collapse of
the molecular cloud from which our solar system originated
and are available for investigation in primitive meteorites,
comets, interplanetary dust particles (IDPs), and Antarctic
micrometeorites. Coordinated analyses using various ana-
lytical techniques can provide information about the stellar
sources of the grains and allow testing of condensation
models. These laboratory studies (e.g., Zinner, 2007) also
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give us insights into processing in the early solar nebula, in
the interstellar medium, and in the parent bodies in which
these grains are found.

It is now well established that presolar silicates are the
most abundant type of presolar grain, with abundances of
�375 ppm in primitive anhydrous IDPs (Floss et al.,
2006) and up to �200 ppm in largely unaltered carbona-
ceous chondrites (Nguyen et al., 2007, 2010a; Floss and
Stadermann, 2009a; Vollmer et al., 2009a). Ion imaging of
matrix material in primitive meteorites has also resulted
in the identification of abundant presolar SiC, as well as
carbonaceous material with N, and occasionally C, isotopic
anomalies (e.g., Busemann et al., 2006; Floss et al., 2006;
Floss and Stadermann, 2009b,c).

Allan Hills (ALHA) 77307 is a CO3.0 chondrite (Brear-
ley, 1993) whose fine-grained matrix consists of abundant
amorphous dust and unequilibrated assemblages of Fe-
and Si-rich material (Scott and Jones, 1990). ALHA77307
has experienced minimal thermal metamorphism and aque-
ous alteration (e.g., Scott and Jones, 1990; Brearley, 1993;
Grossman and Brearley, 2005; Bonal et al., 2007), but Ra-
man analyses indicate that its insoluble organic matter
(IOM) is less disordered than that of many CR and un-
grouped C chondrites (Busemann et al., 2007), suggesting
some thermal processing of the organics. Previous investi-
gations have shown the presence of abundant presolar sili-
cate grains in this meteorite (Nguyen et al., 2010a). In this
study we have carried out additional O isotope imaging to
obtain a more comprehensive inventory of the presolar
grain population in this meteorite and to identify grains
with unusual (isotopic and elemental) compositions. We
also report the first results of C and N isotopic imaging
on ALHA77307 and discuss the implications of the results.
Preliminary data were reported by Bose et al. (2009,
2010a,b, 2011a,b).

2. SAMPLES AND EXPERIMENTAL

A polished thin section of ALHA77307 was obtained
from the curatorial facility at the Johnson Space Center,
Houston. Prior to carrying out NanoSIMS analyses, trans-
mitted- and reflected-light images were taken with an Olym-
pus BH-2 optical microscope. The transmitted-light images
allowed identification of the dark fine-grained matrix areas
where presolar grains are sited, while the reflected-light
images aided sample navigation in the NanoSIMS.

NanoSIMS C, N and O ion imaging was carried out by
rastering a Cs+ primary beam of about 1 pA (�100 nm
diameter) over areas of ALHA77307 matrix material and
collecting secondary ions (12C� 13C�, 16O�, 17O�, 18O� or
12C�, 13C�, 12C14N�, 12C15N�, 28Si�) and secondary elec-
trons (SEs) in multi-collection mode. Prior to acquiring
the isotopic data, 12 � 12 lm2 areas in the matrix were
sputtered at a higher beam current (�25 pA), in order to
locally remove the carbon coating on the thin section and
to implant Cs+ to enhance secondary ion production; the
measurements were made in 10 � 10 lm (2562 pixels) areas
within these presputtered regions. Measurements were done
in automated mode, following a predefined grid pattern and
each measurement consisted of a series of 5–10 layers that
were added together to constitute a single image measure-
ment. This procedure allows for correction of possible
image shifts during the measurements and allows isotopic
anomalies to be tracked through sequential layers. Carbon
and O imaging was also carried out on a FIB section made
from one of the grains.

Oxygen-, C- and N-anomalous grains were identified
from 17O�/16O� and 18O�/16O�, 12C�/13C�, and
12C14N�/12C15N� ratio images, respectively. We define a
grain as presolar if any of its isotopic ratios differ
from terrestrial values (16O/17O = 2625; 16O/18O = 499;
12C/13C = 89; 14N/15N = 272) by 5r or more, and the isoto-
pic anomaly can be traced through at least three consecu-
tive layers of the measurement. All isotopic ratios are
internally normalized, assuming terrestrial isotopic
compositions for the bulk matrix. Although some chondrite
groups (e.g., the CR chondrites) exhibit anomalous bulk N
isotopic compositions, this is not the case for ALHA77307.
Nitrogen isotopic anomalies are carried by the IOM of their
host meteorites (e.g., Busemann et al., 2006; Alexander
et al., 2007) and the bulk IOM of ALHA77307 has a terres-
trial N isotopic composition (Alexander et al., 2007). While
another N-anomalous component could conceivably be
present in the matrix of ALHA77307, this would have evi-
dent from large-scale N isotopic variations in our ion
images, which were not observed.

Subsequent to the identification of isotopically anoma-
lous phases in the NanoSIMS, elemental compositions were
determined using standard procedures developed for the
analysis of presolar silicate grains (e.g., Bose et al.,
2010c). Multiple Auger spectra are acquired over the grains
of interest at a beam current setting of 10 kV and 0.25 nA.
The spectra are examined for artifacts and are then added
together to constitute a single spectrum for each grain. Sec-
ondary electron images are acquired before and after each
set of spectral analyses to monitor for image shifts during
the measurement. The Auger spectra were often comple-
mented by maps of specific elements of interest (e.g., Ca,
O, Fe, Mg, Al, Si). Elemental mapping was carried out at
10 keV and 5 nA, and typically consisted of 3–40 scans over
2 � 2 lm2 or 4 � 4 lm2 areas that contained the grain of
interest.

Elemental compositions of the O-anomalous grains were
calculated from the Auger spectra using sensitivity factors
for O, Si, Fe, Mg, Ca, and Al obtained from olivine and
pyroxene standards (Stadermann et al., 2009). The experi-
mentally derived sensitivity factors and the relative uncer-
tainties are O: 0.194 [3.6%], Si: 0.121 [11.0%], Mg: 0.234
[9.4%], Fe: 0.150 [11.2%], Ca: 0.626 [10.8%], and Al: 0.160
[24.9%]. In addition to these analytical uncertainties, the
measurements reported in this study may also be affected
by other factors, including the presence of residual surface
contamination (e.g., O, C) and low signal-to-noise ratios;
these non-random effects are difficult to quantify, but can
affect the analyses beyond the stated uncertainties.
Hematite (Fe2O3) and periclase (MgO) standards were mea-
sured in order to determine quantitative elemental compo-
sitions for several oxide grains. The spectra of a few silicate
grains show small S peaks. However, elemental mapping
shows that the S is not intrinsic to the grains, but appears
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to be due to contamination from the surrounding matrix.
This element has, therefore, not been included in quantifica-
tion of the silicate grain compositions. Quantitative Auger
data are not reported for SiC and carbonaceous grains. In-
stead, Auger spectra and elemental maps were used to qual-
itatively identify these phases.

One presolar grain, 21420, was investigated with the
200 kV JEOL 2200FS TEM at the Naval Research Labora-
tory. The sample was extracted by focused ion beam (FIB)
lift-out (e.g., Zega et al., 2007) using the FEI Nova Nano-
Lab 600. Energy dispersive X-ray (EDX) analysis was car-
ried out to determine grain chemistry, and selected elements
(Al, Ca, Fe, Mg, O, and Si) were mapped over a
0.7 � 0.7 lm2 area of the FIB section. Selected-area elec-
tron diffraction was carried out, where possible, to identify
crystal structures.

3. RESULTS

3.1. Isotopic and elemental compositions of O-anomalous

grains

Eighty-eight O-anomalous grains were identified from
17,100 lm2 of matrix material (Fig. 1; Table 1). Seventy-four
grains (84%) have 17O-rich compositions with close-to-solar
18O/16O ratios (Group 1; Nittler et al., 1997). One grain
shows an unusually high 17O enrichment with a 17O/16O
ratio of (89.3 ± 0.6) � 10�4 (Fig. 1). Four grains (4%) have
larger depletions in 18O/16O ratios than typical Group 1
grains (<�10�3) and belong to Group 2. Group 3 (16O-rich)
grains are rare and only one such grain was identified in our
study. Seven grains (8%) are 18O-rich, some with small 17O
anomalies, and belong to Group 4. Our results are in good
agreement with the study of Nguyen et al. (2010a), who
found similar relative distributions of the grain types (e.g.,
87% Group 1; 6% Group 4).

Seventy-eight of the O-anomalous grains were charac-
terized in the Auger Nanoprobe and were classified into
Fig. 1. Oxygen three-isotope plot showing O-anomalous grains
from ALHA77307 and the literature (data from the presolar grain
database: http://presolar.wustl.edu/~pgd/). GCE: Galactic Chem-
ical Evolution line (see text). Errors are 1r.
67 silicate, six oxide (one Mg-oxide, three Al-oxide and
two Fe-oxide), three SiO2 and two composite grains
(Table 2). The remaining ten grains could not be
characterized because they were sputtered away during
the NanoSIMS measurements. The abundances of presolar
silicates and oxides identified in this study are
119 ± 14 ppm and 22 ± 9 ppm (errors are based only on
counting statistics). Detailed descriptions of the grains
follow.

3.1.1. Mg-oxide

Grain 55b-4 (Group 1) is a near-spherical grain that is
about 420 nm in diameter. The Auger spectrum shows the
presence of Mg and O peaks, and the absence of any other
elements (Fig. 2). Comparison of the grain composition to a
periclase (MgO) standard indicates a Mg/O ratio of
1.0 ± 0.1 (i.e., MgO); this is the first report of a presolar
grain with this composition.

3.1.2. SiO2

Three Group 1 grains (21420, 2132, and 10-4-bm) exhi-
bit only O and Si in their Auger spectra (Fig. 3), with O/Si
ratios of 2.2 ± 0.3, 2.2 ± 0.3, and 1.9 ± 0.2, respectively
(Table 2), consistent with SiO2. Grain 2132 has a diameter
of �220 nm with a poorly defined grain boundary while
grain 10-4-bm is the largest of the three with a diameter
of �320 nm. Grain 21420 has a complete grain boundary
and is �300 nm in diameter. We attempted to determine
the crystal structure of silica grain 21420 using FIB/TEM.
EDX spectra and elemental maps of the extracted section
confirmed the presence of a 140 nm wide � 50 nm high
Si-rich grain (Fig. 4). High resolution imaging and selected
area diffraction indicate that the grain is completely amor-
phous. SIMS-induced amorphization has been observed
previously in FIB-extracted sections of presolar oxide
grains (Zega et al., 2011), and we cannot completely rule
out the possibility that the grain was originally crystalline.
However, we would not expect such a layer to extend more
than approximately 10–20 nm below the surface and, thus,
it seems likely that this is a primary feature of the grain. We
attempted to re-confirm the anomalous oxygen isotopic
composition of the grain by NanoSIMS, but the remaining
volume was too small to obtain definitive results.

3.1.3. Al-oxides

Grains 31 and 52-4-O (Group 1) and grain 45 (Group 4)
are dominated by O and Al (Fig. 5), with Al/O ratios of 0.4,
0.5 and 0.4, respectively (Table 2). These grains are more
O-rich than expected for Al2O3 (Al/O = 0.67). The elevated
O concentration could be an intrinsic feature of the grains,
but could also be due to analytical artifacts, such as residual
atmospheric contamination on the grain surfaces or inap-
propriate sensitivity factors. We note, however, that an
Al-oxide grain from MET 00426, quantified using the same
sensitivity factors, is stoichiometric Al2O3 (Floss and
Stadermann, 2009a).

3.1.4. Fe-oxides

Grain 21412 (Group 4) and grain 54-7 (Group 1) are
both �165 nm in diameter and show only Fe and O in their
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Table 1
O isotopic compositions of presolar silicates and oxides in ALHA77307.

Grain name 18O/16O (�10�3) 17O/16O (�10�4) Group Size* (nm)

133 0.84 ± 0.01 7.51 ± 0.14 2 560 � 520
5b-7 1.85 ± 0.03 4.48 ± 0.12 1 360 � 320
10-4-tp 1.93 ± 0.05 7.84 ± 0.30 1 320 � 160
11-1-lt 2.05 ± 0.05 12.1 ± 0.4 1 160 � 160
11-1-rt 2.03 ± 0.03 5.46 ± 0.16 1 320 � 280
15-5-bm 1.97 ± 0.03 4.70 ± 0.17 1 250 � 150
18-6 1.97 ± 0.04 4.78 ± 0.17 1 170 � 170
18-7 1.70 ± 0.03 5.81 ± 0.16 1 320 � 240
54-1 1.69 ± 0.03 6.12 ± 0.18 1 130 � 130
48-bm 2.10 ± 0.02 5.27 ± 0.13 1 280 � 160
1310 1.58 ± 0.02 5.96 ± 0.15 1 330 � 230
5b-8 2.19 ± 0.03 3.91 ± 0.11 4 480 � 120
63 2.06 ± 0.03 5.09 ± 0.14 1 320 � 240
8a-4-bm 1.90 ± 0.04 6.15 ± 0.20 1 400 � 320
10-4-O18 2.95 ± 0.04 4.45 ± 0.17 4 280 � 200
114 1.81 ± 0.04 5.01 ± 0.18 1 320 � 120
116 2.06 ± 0.05 7.27 ± 0.29 1 600 � 240
12-4 1.84 ± 0.04 9.64 ± 0.28 1 400 � 240
128 2.19 ± 0.04 3.86 ± 0.15 4 300 � 300
17b-2 1.85 ± 0.04 5.52 ± 0.23 1 280 � 160
51-6-O17 1.93 ± 0.04 5.35 ± 0.18 1 270 � 130
52-15 1.69 ± 0.05 11.2 ± 0.4 1 400 � 400
53-5 1.99 ± 0.04 4.98 ± 0.18 1 230 � 200
53-11 1.91 ± 0.04 4.68 ± 0.17 1 300 � 150
54-9 3.01 ± 0.04 3.55 ± 0.15 4 300 � 240
111-O 0.92 ± 0.01 8.97 ± 0.16 2 100 � 100
112 1.68 ± 0.02 5.32 ± 0.11 1 400 � 320
1-24 2.04 ± 0.03 6.39 ± 0.15 1 320 � 240
132 1.91 ± 0.03 5.02 ± 0.16 1 400 � 200
146 1.57 ± 0.02 3.65 ± 0.11 3 520 � 240
178 2.04 ± 0.04 6.62 ± 0.23 1 160 � 80
2131 1.93 ± 0.02 7.02 ± 0.15 1 370 � 320
21422 1.93 ± 0.03 5.77 ± 0.18 1 240 � 200
2-1425-O2 1.99 ± 0.02 6.19 ± 0.14 1 560 � 320
32 1.72 ± 0.02 5.25 ± 0.16 1 280 � 200
42 1.96 ± 0.02 4.91 ± 0.13 1 320 � 240
44-O 1.61 ± 0.02 7.04 ± 0.18 1 200 � 200
48-tp 2.04 ± 0.03 5.04 ± 0.15 1 360 � 280
410 1.78 ± 0.02 4.63 ± 0.14 1 250 � 230
7d-2 1.74 ± 0.03 4.89 ± 0.17 1 400 � 200
8a-3-O17 1.87 ± 0.03 5.60 ± 0.17 1 280 � 200
107 2.02 ± 0.04 4.87 ± 0.18 1 240 � 120
113 2.01 ± 0.04 7.29 ± 0.22 1 200 � 160
13-4 2.00 ± 0.04 5.91 ± 0.19 1 250 � 150
15-5-tp 1.92 ± 0.04 6.16 ± 0.20 1 200 � 180
51-7 1.76 ± 0.03 4.98 ± 0.14 1 180 � 100
51-9 1.89 ± 0.04 12.8 ± 0.35 1 530 � 250
53-4 2.04 ± 0.04 5.35 ± 0.19 1 160 � 140
131 1.99 ± 0.03 5.81 ± 0.15 1 250 � 180
163 1.13 ± 0.02 89.3 ± 0.6 1x 320 � 200
1710 1.86 ± 0.03 4.91 ± 0.18 1 400 � 240
44-O17 1.99 ± 0.02 5.64 ± 0.15 1 280 � 240
8a-3-O 0.92 ± 0.02 6.55 ± 0.19 2 480 � 200
8a-4-tp 2.02 ± 0.04 5.19 ± 0.17 1 360 � 120
105 1.94 ± 0.04 5.71 ± 0.20 1 160 � 120
121 1.60 ± 0.03 6.06 ± 0.17 1 280 � 200
127 1.60 ± 0.03 5.93 ± 0.17 1 400 � 400
13-5 1.76 ± 0.04 6.15 ± 0.23 1 320 � 280
51-6-O 1.71 ± 0.03 5.19 ± 0.17 1 320 � 150
52-8 1.88 ± 0.04 4.74 ± 0.21 1 200 � 190

(continued on next page)
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Table 1 continued

Grain name 18O/16O (�10�3) 17O/16O (�10�4) Group Size* (nm)

53-6 2.02 ± 0.03 5.33 ± 0.16 1 200 � 100
54-5 1.90 ± 0.03 5.30 ± 0.18 1 200 � 120
52-4-O17 1.88 ± 0.03 6.5 ± 0.2 1 160 � 120
10-4-bm 1.61 ± 0.05 10.5 ± 0.36 1 360 � 280
2132 1.93 ± 0.02 5.89 ± 0.12 1 280 � 160
21420 1.99 ± 0.03 8.41 ± 0.18 1 300 � 300
2-1425-O1 2.59 ± 0.03 3.69 ± 0.11 4 380 � 200
19-1 1.35 ± 0.03 6.41 ± 0.18 1 120 � 120
16a-3 2.00 ± 0.03 5.06 ± 0.12 1 350 � 300
33 1.93 ± 0.03 4.65 ± 0.13 1 440 � 160
52-4-O 1.45 ± 0.04 6.16 ± 0.27 1 210 � 210
45 2.76 ± 0.03 5.09 ± 0.16 4 320 � 120
31 1.71 ± 0.04 7.80 ± 0.28 1 320 � 200
21412 1.49 ± 0.02 6.38 ± 0.14 1 200 � 140
54-7 2.15 ± 0.02 4.06 ± 0.94 4 180 � 150
51-1 1.98 ± 0.04 8.16 ± 0.26 1 380 � 340
51-8 1.64 ± 0.03 9.51 ± 0.19 1 570 � 570
55b-4 1.18 ± 0.02 7.58 ± 0.18 1 420 � 420
172� 1.92 ± 0.03 5.4 ± 0.2 1 200 � 160
2122-O� 2.09 ± 0.03 5.7 ± 0.2 1 160 � 160
2147� 1.99 ± 0.03 6.04 ± 0.17 1 160 � 160
8a-1� 2.03 ± 0.05 6.94 ± 0.29 1 160 � 120
13-1� 2.01 ± 0.04 5.08 ± 0.19 1 200 � 200
16a-2-lt� 1.96 ± 0.02 5.21 ± 0.11 1 200 � 200
19c-1� 1.97 ± 0.03 5.4 ± 0.2 1 200 � 200
52-11� 1.50 ± 0.03 6.09 ± 0.17 1 275 � 235
55b-2� 0.58 ± 0.03 5.9 ± 0.2 2 160 � 160
55b-3� 2.01 ± 0.05 5.79 ± 0.27 1 160 � 160

* Sizes determined from SE images of the grains, except as noted.
� Grains sputtered away during the measurements: sizes determined from NanoSIMS ion images; errors are 1r.
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spectra. Grain 21412 has Fe/O = 0.8 ± 0.1, while grain 54-7
has a ratio of 0.5 ± 0.1 (Table 2), using sensitivity factors
derived from a hematite standard (Fe/O = 0.67). Within
2r errors, grain 21412 has a composition consistent with
FeO; a similar grain has been reported from the Acfer
094 carbonaceous chondrite (Floss et al., 2008).

3.1.5. Silicates

Most of the silicates have ferromagnesian compositions.
In order to evaluate grain stoichiometries, (Mg + Fe ± Ca)/
Si ratios were calculated (Fig. 6; Table 2); this ratio is 2 for
olivine (Mg,Fe)2SiO4, and 1 for pyroxene (Mg,Fe)SiO3. Fif-
teen grains have olivine-like compositions while ten grains
have pyroxene-like compositions. Cation/O ratios provide
additional constraints on the stoichiometries of the grains
(Table 2). Only two of the pyroxene-like and eight of the
olivine-like grains also contain O in stoichiometric propor-
tions. In contrast, almost all olivine-like and pyroxene-like
presolar silicates in the CR3 chondrites QUE 99177 and
MET 00426 have O present in stoichiometric proportions
(Floss and Stadermann, 2009a). The reason for the discrep-
ancy is not clear, but we note that in virtually all cases the
cation/O ratios are higher than the expected stoichiometric
values (Table 2), indicating that excess O due to residual
contamination is not the cause. Most of the silicates are
Fe-rich with mg#s (Mg/[Mg + Fe]�100) < 60. However,
two of the olivine-like grains have forsterite compositions
(mg# = 100). Three of the pyroxene-like grains contain Al
(5.8–7.3 at.%) and one contains Ca (�5 at.%); one grain
contains both Al and Ca (Table 2).

Twenty-three silicates have (Mg + Fe ± Ca)/Si ratios
that are intermediate between olivine and pyroxene
(Fig. 6; Table 2). Again, most grains are Fe-rich
(mg#s < 60), including one that contains no Mg (2-14-25-
O2); of the Mg-rich grains, one contains no Fe (51-9). Seven
of these grains also contain Ca (1.0–2.7 at.%) and/or Al
(5.4–8.5 at.%). We note that Vollmer et al. (2009a) found
that about half of the presolar silicates in Acfer 094 con-
tained small (0.7–4.3 at.%) amounts of Ca; these authors
attributed this to precipitation of carbonates during terres-
trial alteration. The number of Ca-bearing grains is much
less in this work, as well as in other presolar silicate studies
(Floss and Stadermann, 2009a; Nguyen et al., 2010a), and
terrestrial alteration in Antarctic meteorites is typically less
severe than in hot desert meteorites (e.g., Crozaz et al.,
2003). Nevertheless, there is some possibility that the Ca
present in these grains is of terrestrial origin. Auger analy-
ses of olivine and pyroxene standards show a Gaussian dis-
tribution in the measured compositions, with some overlap
at intermediate compositions (Stadermann et al., 2009).
However, the number of presolar grains with intermediate
compositions that we observe in ALHA77307 is much lar-
ger than what is expected from the distribution of the stan-
dard grains, indicating that this is a real presolar grain
population and not an artifact of the measurement
technique.



Table 2
Elemental compositions (at.%) of presolar silicates and oxides in ALHA77307.

Grain name Ca O Fe Mg Al Si mg# (Fe + Mg ± Ca)/Si Cation/O

Pyroxene-like silicates* 1 0.67
133 – 63.1 ± 2.3 – 18.5 ± 1.7 – 18.4 ± 2.0 100 1.0 ± 0.1 0.58 ± 0.05
5b-7 1.9 ± 0.2 52.4 ± 1.9 13.9 ± 1.6 5.6 ± 0.5 5.8 ± 1.4 20.4 ± 2.2 29 1.0 ± 0.1 0.9 ± 0.1

10-4-tp – 55.1 ± 2.0 16.6 ± 1.9 5.3 ± 0.5 – 23.0 ± 2.5 24 1.0 ± 0.1 0.8 ± 0.1

11-1-lt – 54.7 ± 2.0 12.3 ± 1.4 8.7 ± 0.8 7.3 ± 1.8 17.0 ± 1.9 41 1.2 ± 0.2 0.8 ± 0.1

11-1-rt – 52.7 ± 1.9 12.7 ± 1.4 9.7 ± 0.9 – 24.9 ± 2.7 43 0.9 ± 0.1 0.9 ± 0.1

15-5-bm – 54.9 ± 2.0 11.5 ± 1.3 9.8 ± 0.9 6.0 ± 1.5 17.8 ± 2.0 46 1.2 ± 0.2 0.8 ± 0.1

18-6 – 59.8 ± 2.2 13.6 ± 1.5 8.2 ± 0.8 – 18.4 ± 2.0 38 1.2 ± 0.2 0.7 ± 0.1
18-7 – 54.8 ± 2.0 11.4 ± 1.3 10.9 ± 1.0 – 22.9 ± 2.5 49 1.0 ± 0.1 0.8 ± 0.1

54-1 4.9 ± 0.5 54.6 ± 2.0 11.8 ± 1.3 6.3 ± 0.6 – 22.4 ± 2.5 35 1.0 ± 0.1 0.8 ± 0.1

48-bm – 53.9 ± 1.9 14.2 ± 1.6 7.6 ± 0.7 5.8 ± 1.4 18.5 ± 2.0 35 1.2 ± 0.2 0.9 ± 0.1

Olivine-like silicates* 2 0.75
1310 – 53.4 ± 1.9 16.3 ± 1.8 13.9 ± 1.3 – 16.4 ± 1.8 46 1.8 ± 0.2 0.9 ± 0.1

5b-8 – 59.2 ± 2.1 20.8 ± 2.3 6.3 ± 0.6 – 13.6 ± 1.5 23 2.0 ± 0.3 0.7 ± 0.1
63 – 55.0 ± 2.0 14.7 ± 1.6 15.9 ± 1.5 – 14.4 ± 1.6 52 2.1 ± 0.3 0.8 ± 0.1
8a-4-bm – 62.6 ± 2.3 – 25.5 ± 2.4 – 11.9 ± 1.3 100 2.1 ± 0.3 0.60 ± 0.05

10-4-O18 – 55.1 ± 2.0 12.9 ± 1.4 16.7 ± 1.6 – 15.3 ± 1.7 56 1.9 ± 0.3 0.8 ± 0.1
114 – 49.9 ± 1.8 20.6 ± 2.3 13.1 ± 1.2 – 16.3 ± 1.8 39 2.1 ± 0.3 1.0 ± 0.1

116 – 55.0 ± 2.0 25.8 ± 2.9 4.5 ± 0.4 – 14.7 ± 1.6 15 2.1 ± 0.3 0.8 ± 0.1
12-4 – 49.7 ± 1.8 21.1 ± 2.4 13.5 ± 1.3 – 15.6 ± 1.7 39 2.2 ± 0.3 1.0 ± 0.1

128 – 56.6 ± 2.0 13.8 ± 1.5 15.1 ± 1.4 – 14.6 ± 1.6 52 2.0 ± 0.3 0.8 ± 0.1
17b-2 – 57.7 ± 2.1 15.3 ± 1.7 11.9 ± 1.1 – 15.0 ± 1.7 44 1.8 ± 0.2 0.7 ± 0.1
51-6-O17 – 52.2 ± 1.9 10.3 ± 1.2 21.5 ± 2.0 – 16.0 ± 1.8 68 2.0 ± 0.3 0.9 ± 0.1

52-15 – 55.8 ± 2.0 – 29.8 ± 2.8 – 14.4 ± 1.6 100 2.1 ± 0.3 0.8 ± 0.1
53-5 – 52.1 ± 1.9 16.8 ± 1.9 16.5 ± 1.6 – 14.6 ± 1.6 50 2.3 ± 0.3 0.9 ± 0.1

53-11 – 56.8 ± 2.0 13.3 ± 1.5 16.7 ± 1.6 – 13.3 ± 1.5 56 2.3 ± 0.3 0.8 ± 0.1
54-9 – 53.2 ± 1.9 11.6 ± 1.3 18.6 ± 1.7 – 16.6 ± 1.8 62 1.8 ± 0.2 0.9 ± 0.1

Intermediate silicates
111-O – 55.2 ± 2.0 16.9 ± 1.9 7.2 ± 0.7 6.4 ± 1.6 14.3 ± 1.6 30 1.7 ± 0.2 0.8 ± 0.1
112 – 57.3 ± 2.1 11.0 ± 1.2 14.7 ± 1.4 – 17.1 ± 1.9 57 1.5 ± 0.2 0.7 ± 0.1
1-24 – 55.9 ± 2.0 16.6 ± 1.9 11.1 ± 1.0 – 16.4 ± 1.8 40 1.7 ± 0.2 0.8 ± 0.1
132 – 57.8 ± 2.1 13.4 ± 1.5 11.7 ± 1.1 – 17.1 ± 1.9 47 1.5 ± 0.2 0.7 ± 0.1
146 – 56.5 ± 2.0 10.6 ± 1.2 14.9 ± 1.4 – 18.0 ± 2.0 58 1.4 ± 0.2 0.8 ± 0.1
178 1.0 ± 0.1 54.6 ± 2.0 12.6 ± 1.4 9.9 ± 0.9 5.3 ± 1.3 16.6 ± 1.8 44 1.4 ± 0.2 0.8 ± 0.1
2131 – 59.3 ± 2.1 12.1 ± 1.4 11.2 ± 1.1 – 17.3 ± 1.9 48 1.3 ± 0.2 0.69 ± 0.05
21422 – 59.8 ± 2.2 20.2 ± 2.3 4.5 ± 0.4 – 15.5 ± 1.7 18 1.6 ± 0.2 0.7 ± 0.1
2-1425-O – 57.2 ± 2.1 25.1 ± 2.8 – – 17.7 ± 1.9 0 1.4 ± 0.2 0.7 ± 0.1
32 1.3 ± 0.1 59.1 ± 2.1 9.2 ± 1.0 14.6 ± 1.4 – 15.8 ± 1.7 61 1.6 ± 0.2 0.69 ± 0.05
42 – 60.7 ± 2.2 20.7 ± 2.3 4.2 ± 0.4 – 14.5 ± 1.6 17 1.7 ± 0.2 0.6 ± 0.1
44-O 1.0 ± 0.1 57.9 ± 2.1 8.5 ± 1.0 14.6 ± 1.4 – 17.9 ± 2.0 63 1.3 ± 0.2 0.7 ± 0.1
48-tp – 58.7 ± 2.1 14.2 ± 1.6 9.9 ± 0.9 – 17.2 ± 1.9 41 1.4 ± 0.2 0.7 ± 0.1
410 1.2 ± 0.1 57.1 ± 2.1 20.6 ± 2.3 5.0 ± 0.5 – 16.0 ± 1.8 20 1.7 ± 0.2 0.7 ± 0.1
7d-2 – 56.9 ± 2.0 15.0 ± 1.7 10.8 ± 1.0 – 17.3 ± 1.9 42 1.5 ± 0.2 0.8 ± 0.1
8a-3-O17 – 55.0 ± 2.0 17.7 ± 2.0 10.3 ± 1.0 – 17.0 ± 1.9 37 1.6 ± 0.2 0.8 ± 0.1
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107 – 50.1 ± 1.8 17.1 ± 1.9 14.2 ± 1.3 – 18.6 ± 2.0 45 1.7 ± 0.2 1.0 ± 0.1
113 – 51.7 ± 1.9 12.3 ± 1.4 11.7 ± 1.1 5.4 ± 1.3 19.0 ± 2.1 49 1.3 ± 0.2 0.9 ± 0.1
13-4 – 50.3 ± 1.8 17.4 ± 1.9 14.0 ± 1.3 – 18.2 ± 2.0 45 1.7 ± 0.2 1.0 ± 0.1
15-5-tp 2.7 ± 0.3 54.9 ± 2.0 10.0 ± 1.1 8.8 ± 0.8 8.5 ± 2.1 15.2 ± 1.7 47 1.4 ± 0.2 0.8 ± 0.1
51-7 – 57.2 ± 2.1 7.5 ± 0.8 16.9 ± 1.6 – 18.4 ± 2.0 69 1.3 ± 0.2 0.7 ± 0.1
51-9 – 55.1 ± 2.0 – 25.8 ± 2.4 – 19.1 ± 2.1 100 1.4 ± 0.2 0.8 ± 0.1
53-4 – 63.2 ± 2.3 13.3 ± 1.5 8.4 ± 0.8 – 15.1 ± 1.7 39 1.4 ± 0.2 0.58 ± 0.04

Other silicates
131 – 62.8 ± 2.3 – 15.3 ± 1.4 – 21.8 ± 2.4 100 0.7 ± 0.1 0.59 ± 0.05
163 – 62.0 ± 2.2 9.2 ± 1.0 6.3 ± 0.6 – 22.6 ± 2.5 41 0.7 ± 0.1 0.61 ± 0.05
1710 – 62.9 ± 2.3 – 14.4 ± 1.4 – 22.7 ± 2.5 100 0.6 ± 0.1 0.59 ± 0.05
105 2.1 ± 0.2 59.7 ± 2.1 8.0 ± 0.9 – 9.3 ± 2.3 20.8 ± 2.3 0 0.5 ± 0.1 0.7 ± 0.1
13-5 – 60.6 ± 2.2 – 15.6 ± 1.5 – 23.8 ± 2.6 100 0.7 ± 0.1 0.7 ± 0.1
2-1425-O1 – 55.8 ± 2.0 18.7 ± 2.1 – – 25.4 ± 2.8 0 0.7 ± 0.1 0.8 ± 0.1
19-1 3.4 ± 0.4 61.0 ± 2.2 – 11.0 ± 1.0 – 24.6 ± 2.7 100 0.6 ± 0.1 0.6 ± 0.1
16a-3 – 53.6 ± 1.9 8.8 ± 1.0 6.8 ± 0.6 6.4 ± 1.6 24.3 ± 2.7 44 0.6 ± 0.1 0.9 ± 0.1
44-O17 – 51.4 ± 1.9 21.1 ± 2.4 13.8 ± 1.3 – 13.7 ± 1.5 40 2.5 ± 0.3 0.9 ± 0.1
8a-3-O 1.1 ± 0.1 56.5 ± 2.0 10.6 ± 1.2 19.2 ± 1.8 – 12.6 ± 1.4 64 2.5 ± 0.3 0.8 ± 0.1
8a-4-tp – 62.8 ± 2.3 17.8 ± 2.0 8.6 ± 0.8 – 10.8 ± 1.2 33 2.4 ± 0.3 0.59 ± 0.04
121 – 54.7 ± 2.0 14.2 ± 1.6 17.7 ± 1.7 – 13.4 ± 1.5 55 2.4 ± 0.3 0.8 ± 0.1
127 – 55.9 ± 2.0 16.4 ± 1.8 16.0 ± 1.5 – 11.6 ± 1.3 49 2.8 ± 0.4 0.8 ± 0.1
51-6-O – 55.3 ± 2.0 16.3 ± 1.8 17.5 ± 1.6 – 10.9 ± 1.2 52 3.1 ± 0.4 0.8 ± 0.1
52-8 – 52.2 ± 1.9 19.5 ± 2.2 14.7 ± 1.4 – 13.6 ± 1.5 43 2.5 ± 0.3 0.9 ± 0.1
53-6 – 51.6 ± 1.9 19.5 ± 2.2 17.6 ± 1.7 – 11.4 ± 1.3 47 3.3 ± 0.4 0.9 ± 0.1
54-5 3.5 ± 0.4 58.1 ± 2.1 14.0 ± 1.6 11.3 ± 1.1 – 13.0 ± 1.4 45 2.2 ± 0.3 0.72 ± 0.05
52-4-O17 – 44.9 ± 1.6 20.4 ± 2.3 9.9 ± 0.9 8.2 ± 2.0 16.5 ± 1.8 33 1.8 ± 0.3 1.2 ± 0.1
33 – 51.1 ± 1.8 30.1 ± 3.4 5.0 ± 0.5 9.3 ± 2.3 4.5 ± 0.5 14 7.8 ± 1.1 1.0 ± 0.1

Silica
10-4-bm – 65.4 ± 2.4 – – – 34.6 ± 3.8 – – 0.5 ± 0.1
2132 – 69.1 ± 2.5 – – – 30.9 ± 3.4 – – 0.4 ± 0.1
21420 – 69.1 ± 2.5 – – – 30.9 ± 3.4 – – 0.4 ± 0.1

Al oxides
52-4-O – 65.4 ± 2.4 – – 34.6 ± 8.6 – – – 0.5 ± 0.1
45 – 75.0 ± 2.7 – – 25.0 ± 6.2 – – – 0.4 ± 0.1
31 – 74.4 ± 2.7 – – 25.6 ± 6.4 – – – 0.4 ± 0.1

Fe oxides
21412 – 55.6 ± 2.0 44.4 ± 5.0 – – – – – 0.8 ± 0.1
54-7 – 66.7 ± 2.4 33.3 ± 3.7 – – – – – 0.5 ± 0.1

Mg oxide
55b-4 – 49.2 ± 1.8 – 50.8 ± 4.8 – – – – 1.0 ± 0.1

Composite grains
51-1(tp) – 44.7 ± 1.6 27.5 ± 3.1 13 ± 1.2 – 14.8 ± 1.6 32 2.7 ± 0.4 1.2 ± 0.1
51-1(bm) – 50.5 ± 1.8 18.2 ± 2.0 15.0 ± 1.4 – 16.3 ± 1.8 33 2.0 ± 0.3 1.0 ± 0.1
51-8 (lt) 3.9 ± 0.4 57.4 ± 2.1 8.4 ± 0.9 8.8 ± 0.8 – 21.5 ± 2.4 51 1.0 ± 0.1 0.7 ± 0.1
51-8 (rt) – 53.8 ± 1.9 15.2 ± 1.7 11.9 ± 1.1 – 19.1 ± 2.1 44 1.4 ± 0.2 0.9 ± 0.1

* Grains in italics do not have O in stoichiometric proportions (see text for details); mg#: Mg/(Mg+Fe)*100; errors are 1r.
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Fig. 2. Secondary electron image, Mg, Fe, and Si elemental maps, and Auger spectrum of grain 55b-4 (C is due to surface contamination).
The inset shows the Mg peak of the grain (black) compared to the Mg peaks in ferromagnesian silicates (gray; scaled to the O peak-to-peak
height of 55b-4).
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Other non-stoichiometric silicates (listed under “other”

in Table 2) include grains with (Mg + Fe ± Ca)/Si ra-
tios > 2 and those with (Mg + Fe ± Ca)/Si ratios < 1. Five
contain Ca and/or Al and several grains are Si-rich
(�25 at.%) compared to the stoichiometric silicates, while
one is Si-poor (�5 at.%) and has a high Al abundance
(�9 at.%; Table 2).

3.1.6. Composite grains

Two relatively large (�400 � 400 nm2) composite grains
are also present in our silicate grain inventory and are de-
scribed below.
Grain 51-8 is a Group 1 grain consisting of multiple
subgrains (Fig. 7). The d17O image is uniform through-
out, but the d18O image shows some minor heterogeneity.
The secondary electron image shows that the lower-left
part of the composite grain is a single compact grain,
while the upper-right area consists of multiple subgrains
that are �50–70 nm in diameter and have near-circular
shapes. Elemental spectra were acquired for each region,
listed as left (lt) and right (rt) in Table 2 and Fig. 7.
The left part of grain 51-8 contains 3.9 ± 0.4 at.% Ca
and has a pyroxene-like composition (Table 2). No Ca
is present in the region on the right, but this area has



Fig. 3. Auger spectra of silica grains 21420, 2132, and 10-4-bm.
The small Fe peak in grain 10-4-bm is due to backscattered Auger
electrons from an Fe-rich region adjacent to the grain.

Fig. 4. Annular dark-field scanning transmission electron
microscopy image of grain 21420 and surrounding matrix. The
grain is marked with a black ellipse. Pt: FIB-deposited platinum;
n-ol: nanoscale Fe-rich olivine; gl: Mg-rich glass; px: Mg-rich
pyroxene.
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a higher Fe abundance and a non-stoichiometric elemen-
tal composition.

The second composite grain, 51-1, is uniformly enriched
in 17O, with normal 18O/16O (Group 1) and consists of two
subgrains (Fig. 8). The upper grain (51-1-tp) is �200 nm in
diameter while the lower one (51-1-bm) is 160 � 140 nm2 in
size. The spectra show that both subgrains are composed
predominantly of Fe, Mg, Si, and O. The bottom subgrain
exhibits an olivine-like composition while the top one again
has a significantly higher Fe abundance and a non-stoichi-
ometric composition (Table 2).
3.2. Isotopic and elemental compositions of C- and N-

anomalous grains

In addition to the O-anomalous grains, we identified 22
C-anomalous grains from the C,O imaging and 47 C- and/
or N-anomalous grains from the C,N imaging (Tables 3
and 4; Fig. 9). The majority of the grains were classified
as either SiC or carbonaceous, based on the Auger Nanop-
robe measurements. Classification of some grains, which
had sputtered away or could not be relocated due to image
alignment difficulties, was based on the isotopic data and
from the 12C�/28Si� ratios derived from the NanoSIMS
ion images (see below).

3.2.1. SiC grains

We identified 25 SiC grains, resulting in a calculated
abundance of 110 ± 20 ppm for this meteorite. The
12C/13C ratios of the grains vary from �4 to 75; one grain
has a higher than terrestrial ratio of 111 ± 4 (Fig. 9;
Table 3). The 14N/15N ratios range from �245 to 810.
Representative Auger spectra and an elemental distribu-
tion map are shown in Fig. 10. Most grains are roughly
circular in shape and range in size from �100 nm to
500 nm. Some grains could not be characterized in the Au-
ger Nanoprobe and were identified on the basis of Nano-
SIMS isotopic and/or elemental ratios (Table 3). Although
the detection efficiencies of the electron multipliers can
vary between different sets of measurements and, as a con-
sequence, lead to some uncertainty in the measured
12C�/28Si� ratio, the ratios (0.5–1.7) for SiC are signifi-
cantly lower than those (1–65) for the carbonaceous
phases (e.g., Floss and Stadermann, 2009b). Oxygen is
often present in the Auger spectra of the SiC grains.
Calculation of the O contents associated with the SiC
shows �10 at.% O for the larger grains. SiC forms a thin
oxidized layer on its surface upon exposure to air and this
likely accounts for much of the O observed, as we also see
such O peaks in the Auger spectra of isolated SiC grains
on high purity Au mounts. However, other factors such
as residual surface contamination or the backscatter effect
(Stadermann et al., 2009) may also play a role, particu-
larly for smaller grains.

3.2.2. Carbonaceous grains

We identified twenty-eight areas enriched in 15N, with
d15N values from 410–1265& (Fig. 9; Table 4); the calcu-
lated abundance is 160 ± 30 ppm. Three of these areas
(D1, E7-tp and F1-17) also show 13C excesses. Table 4 lists
the elements present in these grains in decreasing order
abundance. The Auger spectra typically show large C and
O peaks; some spectra also show the presence of Mg, Si
and Fe, due to silicates embedded in or intermixed with
the N-anomalous material, much of which is quite porous.
Minor S is also present in some of the N-anomalous hot-
spots (Table 4). Nitrogen is below detection (<3 at.%) in
all but one of the C- and N-anomalous grains. Four
C-anomalous grains (146, 21414, 21419, 51) with 12C/13C
ratios > 89 (Table 4) could not be classified. Based on the
fact that most carbonaceous grains are 12C-rich (Floss
and Stadermann, 2009b) whereas most SiC grains are 13C



Fig. 5. Secondary electron and RGB (Red = Al; Green = Mg; Blue = O) images of Al-oxide grains. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (Mg + Fe ± Ca)/Si ratios of ALHA77307 ferromagnesian
silicates. Pyroxene-like and olivine-like grains with non-stoichiom-
etric cation/O ratios are shown with an asterisk (�). One grain with
a (Mg + Fe)/Si ratio of �8, is not shown.
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rich, it seems likely that these grains are carbonaceous. The
carbonaceous grains are generally somewhat larger than the
SiC grains (Table 4) and are often irregular in shape; how-
ever, some of the 15N-rich hotspots are nanoglobules with
circular shapes and hollow structures, while others appear
smooth and platy or compact (Fig. 11). One 15N-rich area,
G4, occurs as a rim surrounding a large (�1 lm) grain with
a platy, flat appearance (Fig. 12). The host grain contains
Fe, Ni and C and has a solar C isotopic composition.
The N-anomalous rim is C-rich and partially coats the platy
grain.

4. DISCUSSION

4.1. Stellar sources of O-anomalous grains

As noted above, the O-anomalous grains in our inven-
tory fall into the four groups initially defined by Nittler
et al. (1997) for presolar oxides (Fig. 1). Group 1 grains
with 17O excesses and solar to sub-solar 18O/16O ratios,
make up the majority of the O-anomalous grain inventory.
Low-mass stars (1.1–2.2M�) of close-to-solar metallicity in
the thermally pulsing AGB phase of evolution are the likely
sources of these grains (e.g., Nittler et al., 1997, 2008; Gail
et al., 2009). The isotopic compositions of these grains show
the signature of first and/or second dredge-up episodes that
bring 17O-rich material formed during the H-burning phase
into the stellar envelope (Nittler et al., 2008). Low-mass
AGB stars undergoing dredge-up episodes cannot account
for the large 18O depletions (18O/16O < �10�3) of Group
2 grains. However, their compositions can be understood
by assuming an additional process called cool bottom pro-
cessing (Wasserburg et al., 1995), during which deep circu-
lation transports material from the envelope through hot
H-burning regions to partially process the material,
destroying 18O in the process (Nollett et al., 2003). Nittler
et al. (2008) suggested that some of the spread in the
18O/16O ratios of Group 1 grains may also reflect the effects
of CBP. Finally, 16O-rich Group 3 grains, like the one in



Fig. 7. Composite grain 51-8. The O isotopic anomaly is outlined in the d17O, d18O and SE images. Auger spectra are shown for the left (lt)
and right (rt) parts of the grain.
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our inventory (Table 1, Fig. 1), also have likely origins in
low-mass AGB stars, but some Group 3 grains that fall be-
low the galactic chemical evolution (GCE) line and Group
4 grains with 18O enrichments probably originate in Type II
supernovae (Nittler et al., 2008).

A few Group 1 grains, including one in our inventory
(Fig. 1), have 17O/16O ratios that are higher than can be ac-
counted for by nucleosynthesis and dredge-up in low-mass
AGB stars (>�6 � 10�3; Gyngard et al., 2011). It has been
suggested that these so-called ‘extreme Group 1’ grains,
have nova origins (Nittler and Hoppe, 2005) and, indeed,
early model predictions for novae were consistent with
the very high 17O/16O ratios of these grains (José et al.,
2004). However, more recent calculations, using updated
reaction rates indicate that the predicted O isotopic compo-
sitions do not match the grain data unless a large amount of
mixing with solar system composition material is included
(Gyngard et al., 2010a, 2011). These nova models also pre-
dict large anomalies in elements such as Mg and Si. How-
ever, while a few ‘extreme Group 1’ grains show modest
enrichments in the heavy isotopes of Si and Mg (Vollmer
et al., 2008; Gyngard et al., 2010a,b; 2011), much larger
enrichments are predicted (José et al., 2004; Gyngard
et al., 2010a, 2011). Additional modeling efforts and more



Fig. 8. Composite grain 51-1. The O isotopic anomaly is outlined in the d17O and SE images. Auger spectra are shown for the top (tp) and
bottom (bm) parts of the grain.
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17O-rich grains on which multi-element isotopic analyses
can be carried out are clearly needed to understand the ori-
gins of these grains. Given the very large discrepancies in
several isotopic systems, it is possible that these grains don’t
come from novae at all (e.g., Nittler et al., 2008).

4.2. Elemental compositions of O-anomalous grains

4.2.1. Ferromagnesian silicates

Grains with ferromagnesian compositions dominate the
presolar silicate inventory in ALHA77307 as well as in
other primitive meteorites with abundant presolar grains,
making up between 85 and 95% of all the O-anomalous
grains identified (e.g., Nguyen et al., 2007, 2010a; Floss
and Stadermann, 2009a, 2012; Vollmer et al., 2009a; Bose
et al., 2010c; this study). Approximately 1/3 of these are
grains whose compositions are consistent with either olivine
or pyroxene, while the remaining grains are non-stoichiom-
etric, many of them with compositions intermediate be-
tween olivine and pyroxene or (e.g., Fig. 6). Irradiation,
shock and sputtering processes in the interstellar medium
can induce changes in the structures, chemical composi-
tions, and porosities of presolar grains (Demyk et al.,
2001; Carrez et al., 2002) and may play a role in transform-
ing stoichiometric grains into grains with non-stoichiome-
tric compositions (Min et al., 2007; Keller and Messenger,
2011). An alternative possibility is that these non-stoichi-
ometric compositions are primary and are the result of con-
densation of the grains under kinetic conditions. As noted
above, TEM studies show that many presolar silicates exhi-
bit heterogeneous structures and have variable composi-
tions (Stroud et al., 2009; Vollmer et al., 2009b), most
likely as the result of complex formation in non-equilibrium
environments. This is also consistent with astronomical
observations that most circumstellar silicates are amor-
phous, with crystalline silicates typically making up less
than 10% of stellar condensates (Tielens et al., 1998; Kem-
per et al., 2001). Moreover, recent modeling work on the
formation of dust in O-rich stars has shown that most sili-
cate dust is formed during short high-mass-loss episodes
that occur after thermal pulses in thermally pulsing AGB
stars (Gail et al., 2009). The stellar environment during



Table 3
Presolar SiC in ALHA77307.*

Grain name 12C/13C d13C (&) 14N/15N d15N (&) Type* C�/Si� Size (nm)

1211 28.6 ± 0.7 2110 ± 25 – – ms – 200 � 200
139 48.2 ± 1.6 845 ± 35 – – ms – 200 � 200
172 43.2 ± 0.8 1060 ± 20 – – ms – 430 � 350
2136 60.8 ± 2.4 465 ± 40 – – ms – 160 � 160
2141 50.2 ± 0.8 775 ± 20 – – ms – 235 � 235
2148 57.5 ± 1.2 550 ± 20 – – ms – 235 � 235
21418 21.1 ± 0.1 3220 ± 6 – – ms – 420 � 290
2142 71.6 ± 2.6 240 ± 40 – – ms – 160 � 120
5a1 54.8 ± 0.5 625 ± 10 – – ms – 500 � 400
5b4 52.5 ± 0.9 695 ± 20 – – ms – 350 � 275
8a1 34.8 ± 0.5 1560 ± 15 – – ms – 350 � 315
106 4.28 ± 0.04 19750 ± 10 – – A + B – 390 � 390
111lt 53.7 ± 0.8 655 ± 15 – – ms – 430 � 400
111rt 18.2 ± 0.5 3880 ± 35 – – ms – 200 � 160
136 11.6 ± 0.2 6695 ± 15 – – ms – 470 � 390
151 57.8 ± 1.0 540 ± 20 – – ms – 110 � 110
52-17 37.0 ± 2.4 1410 ± 75 – – ms – 125 � 125
53-9 13.5 ± 0.5 5620 ± 40 – – ms – 110 � 90
B2 111.0 ± 3.7 -200 ± 35 273.4 ± 23.3 -5 ± 93 Y 1.7 200 � 170
D2 63.7 ± 1.4 400 ± 30 401.0 ± 23.2 -322 ± 60 ms 1.1 260 � 240
D4 55.2 ± 1.9 610 ± 55 244.7 ± 19.1 111 ± 85 ms 1.3 140 � 110
E1 51.5 ± 1.0 730 ± 35 413.8 ± 34.7 -343 ± 88 ms 1.1 230 � 170
G2-lt 74.7 ± 2.0 190 ± 30 810.5 ± 70.7 -664 ± 90 ms 0.8 310 � 140
G2-tp 64.5 ± 1.2 380 ± 25 517.5 ± 57.2 -474 ± 117 ms 0.8 390 � 270
G7-bm 20.3 ± 0.8 3390 ± 160 403.1 ± 86.1 -325 ± 244 ms 0.5 510 � 280

* Grains in italics were identified only on the basis of NanoSIMS isotopic data; ms: mainstream; errors are 1r (errors for C�/Si� ratios range
from 0.01–0.5).
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these episodes will be highly variable, with strong stellar
winds and rapid temperature drops, leading to grain forma-
tion under kinetic conditions. It is likely that both processes
play a role in the elemental compositions that we observe.

We examined the available presolar ferromagnesian sili-
cate data to look for correlations between isotopic and ele-
mental compositions in the grains. As shown in Fig. 13, we
observe a significant compositional difference between
grains from different stellar sources; Groups 3 and 4 con-
tain significantly more grains with olivine(-like) composi-
tions than Groups 1 and 2. The olivine/pyroxene ratio in
Groups 3 and 4 grains, of likely supernova origin, is �3,
while Groups 1 and 2 grains, thought to come from AGB
stars, contain approximately equal proportions of olivine
and pyroxene compositions (Fig. 13). Some Group 3 grains
probably have AGB origins (Nittler et al., 2008), but the re-
sults are not significantly affected if these are added to
Groups 1 and 2, rather than Group 4, due to the small
number of these grains overall. Olivine is the first major sil-
icate expected to condense from a gas of solar composition
(Lodders and Fegley, 1999) and, thus, olivine compositions
among presolar silicates are not unexpected. However, it is
not obvious why supernovae should produce more olivine
than O-rich AGB stars. A possible explanation for the dif-
ference may be found by considering the possibility of a
supernova explosion in close proximity to the early solar
system (e.g., Ouellette et al., 2009). Nittler et al. (2008) have
noted that the isotopic compositions of most Group 4
grains are consistent with a single mixing line, suggesting
a single source for these grains. In addition, Group 4 grains
appear to be overabundant (�35%) in IDPs and Antarctic
micrometeorites, but underabundant (�3%) in CR3 chon-
drites (Floss and Stadermann, 2009a), compared to the
overall presolar silicate and oxide population (�10%; Yada
et al., 2008). These heterogeneities could be explained by
injection of the Group 4 grains into the early solar nebula
by a single supernova (Nittler et al., 2008), with the result
that materials accreting in different parts of the nebula, or
at different times, incorporated different proportions of
these grains. Grain lifetimes in the interstellar medium are
shorter than the rate at which grains are replenished from
stellar sources (Tielens, 1998). If presolar grains were, in
fact, injected into the early solar nebula by a nearby super-
nova, these grains would likely have been incorporated into
primitive solar system materials before alteration of their
compositions and/or structures through irradiation and
sputtering processes in the ISM, implying that the high pro-
portion of olivine to pyroxene compositions that we ob-
serve among the Group 4 grains reflects their initial
relative abundances at the time of incorporation into the
solar nebula. Groups 1 and 2 grains, in contrast, are more
likely to reflect a combination of initial grain compositions
and changes due to secondary processing as the grains tra-
versed the interstellar medium. Such a scenario is, of
course, highly speculative, but is consistent with other mod-
els favoring supernova injection, for example to account for
the presence of short-lived radionuclides into the early solar
system (Ouellette et al., 2009).



Table 4
Carbonaceous phases in ALHA77307.

Grain name 12C/13C d13C (&) 14N/15N d15N (&) Elements* C�/Si� Size (nm)

D1� 85.3 ± 0.6 45 ± 10 187.1 ± 3.4 454 ± 19 C,O,S 25 580 � 360
D6 87.3 ± 1.7 20 ± 20 139.2 ± 6.4 954 ± 50 O,C,Mg,Si 3 220 � 200
D8 88.9 ± 0.8 1 ± 10 135.8 ± 2.8 1003 ± 21 C,O,Fe,S 36 480 � 460
E2 89.2 ± 0.8 �2 ± 10 179.1 ± 4.5 519 ± 26 C,O 11 460 � 290
E4-lt 86.0 ± 0.7 35 ± 10 174.1 ± 3.1 563 ± 18 C,O 30 420 � 380
E4-rt 88.1 ± 0.6 10 ± 5 173.7 ± 4.4 566 ± 26 O,C,Fe 20 660 � 330
E7-bm 88.9 ± 0.9 1 ± 10 192.9 ± 10.1 410 ± 56 C,O 62 800 � 400
E7-tp� 83.2 ± 1.0 70 ± 10 188.7 ± 10.8 442 ± 62 C,O 38 380 � 300
E7-lt� 88.3 ± 1.9 7 ± 20 181.4 ± 7.8 499 ± 46 C,O,Fe,S 12 200 � 160
E7-rt 90.3 ± 2.3 �15 ± 25 187.8 ± 12.9 448 ± 75 O,C,Fe,Si,Mg 6 140 � 80
E9-lt 89.0 ± 1.7 0 ± 20 178.6 ± 9.2 523 ± 56 C,O,Al,Fe 9 260 � 180
E9-rt 88.4 ± 0.9 7 ± 11 193.0 ± 4.6 409 ± 24 C,O 8 290 � 290
E9-tp 85.5 ± 1.9 40 ± 15 172.8 ± 6.8 574 ± 34 O,C,Fe,S 16 430 � 200
F1-17 81.8 ± 1.0 90 ± 15 138.4 ± 3.5 965 ± 27 O,C,Si,Mg 4 375 � 290
F1-19 86.6 ± 2.9 30 ± 35 182.7 ± 8.8 488 ± 52 C,O,S,Fe 4 300 � 140
G2-rt 84.9 ± 1.1 50 ± 15 165.3 ± 5.4 646 ± 34 O,Si,C,Mg,Fe 4 230 � 140
G2-me 87.7 ± 1.6 15 ± 20 120.1 ± 3.4 1266 ± 30 O,C,Fe,Si,S 6 200 � 120
G3-tp 94.5 ± 3.1 �50 ± 35 164.7 ± 10.3 652 ± 69 O,C,Fe,S 3 300 � 280
G3-rt 84.5 ± 3.2 55 ± 40 137.5 ± 13.7 979 ± 120 O,C,Fe,Si 2 290 � 290
G3-bm 84.7 ± 2.2 50 ± 30 171.7 ± 9.2 584 ± 58 O,C,Fe,Mg,Si 3 270 � 200
G4 89.2 ± 2.2 �2 ± 25 155.5 ± 6.8 749 ± 47 O,C,Fe,Ni§ 2 960 � 960§

G7-tp 93.3 ± 3.9 �45 ± 45 164.7 ± 10.2 652 ± 68 O, C, Fe 2 210 � 130
G9-tp 85.5 ± 1.9 40 ± 20 172.8 ± 6.8 574 ± 42 O,C,Si,Fe,Mg,S 2 870 � 430
G9-bm 89.3 ± 1.8 �3 ± 20 180.0 ± 9.4 511 ± 56 O,C,Fe,Si,Mg 3 850 � 550
G10-tp 85.7 ± 1.1 40 ± 15 180.6 ± 9.1 506 ± 54 O,C,Fe,Si 9 540 � 290
G10-bm 90.7 ± 3.2 �20 ± 35 180.1 ± 11.7 510 ± 71 O,C,Fe,Si,Mg 1 230 � 110
G11 83.7 ± 2.0 65 ± 25 170.5 ± 11.4 595 ± 74 O,C,Mg,Si,Fe,S 4 710 � 570
G12 88.2 ± 0.4 10 ± 5 176.0 ± 3.9 545 ± 23 C,O 65 800 � 430

Unclassified grains

146 105.5 ± 2.2 �155 ± 20 – 200 � 160
21414 110.5 ± 1.9 �194 ± 20 – 275 � 200
21419 105.7 ± 1.8 �160 ± 15 – 235 � 235
51 114.8 ± 4.6 �225 ± 40 – 235 � 160

* Listed in order of decreasing abundance.
� Nanoglobules.
§ Includes coating and host Fe,C,Ni grain (see text for details); errors are 1r.
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4.2.2. Iron contents in ferromagnesian presolar silicates

Iron-bearing presolar silicate grains are abundant in all
of the primitive chondrites studied to date (Fig. 14). The
Fe contents of the presolar silicates in ALHA77307 span
a range similar to those seen in other studies, including past
work on ALHA77307 (Nguyen et al., 2010a), and are sig-
nificantly higher than predicted from stellar observations
and thermodynamic calculations. There are several possi-
bilities that could account for the high Fe abundances
and these have been discussed extensively in previous work
(e.g., Floss and Stadermann, 2009a; Vollmer et al., 2009a;
Nguyen et al., 2010a; Bose et al., 2010c). Here we provide
a brief overview, with a particular emphasis on
ALHA77307.

Equilibrium condensation calculations predict the initial
formation of Mg-rich endmember silicates (e.g., Lodders
and Fegley, 1999). Significant Fe can be incorporated as
temperatures decrease, but diffusion is very slow at these
lower temperatures (Palme and Fegley, 1990), and it is unli-
kely that chemical equilibrium can be maintained in the stel-
lar environments in which these grains formed. Secondary
alteration can also enhance Fe contents in presolar silicate
grains. Incorporation of secondary Fe has been observed
in the presolar silicates from the ungrouped carbonaceous
chondrite Adelaide (Floss and Stadermann, 2012). Iron
abundances in the Adelaide silicates span a range similar
to those in Acfer 094 (Fig. 14); however, the median Fe con-
tent of the grains is a factor of two higher than that of the
Acfer 094 presolar silicates, and they have much higher
(Mg + Fe)/Si ratios than those in any of the other primitive
chondrites. They also often exhibit Fe-rich rims that suggest
an influx of Fe from the surrounding matrix (Floss and
Stadermann, 2012). Adelaide is known to have experienced
some thermal metamorphism (Brearley, 1991) and this pro-
cess appears to have enhanced the Fe contents in these
grains. In contrast, ALHA77307 is a pristine, highly
unequilibrated CO chondrite, in which the matrix compo-
nents are well-preserved (Brearley, 1993). The low abun-
dances of Cr2O3 in its chondrule olivines indicate that it
has escaped significant thermal metamorphism (Grossman
and Brearley, 2005). ALHA77307 does contain some minor
phyllosilicates and anhydrite that originated either on the



Fig. 9. Isotopic compositions of SiC and carbonaceous phases in ALHA77307. Grains that lack N isotopic data are arbitrarily plotted on the
terrestrial N isotopic line. Gray circles show unidentified grains. The inset shows an expanded view of the carbonaceous grains
[d15N = ((15N/14N)sample/(

15N/14N)standard�1) � 1000. Errors are 1r.
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parent body (Scott and Krot, 2005) or as weathering prod-
ucts in Antarctica (Brearley, 1993). However, the degree of
secondary aqueous alteration is minimal and occurred on
a very localized scale (Brearley, 1993) and, thus cannot ac-
count for the widespread Fe enrichments observed in essen-
tially all of the presolar silicates in ALHA77307.

Although equilibrium condensation cannot account for
the high Fe contents of the presolar silicates in ALHA77307
and other primitive meteorites, modeling of grain growth
indicates that significant Fe can be incorporated into major
silicates such as olivine and pyroxene under non-equilib-
rium conditions (Gail and Sedlmayr, 1999; Ferrarotti and
Gail, 2001). Gas-to-solid condensation experiments to pro-
duce silicate smokes have also shown that Fe-rich endmem-
ber oxides and silicates can be produced under kinetic
conditions (Rietmeijer et al., 1999; Nuth et al., 2000). The
stellar environments in which presolar silicates form are
rapidly evolving and, thus, it seems likely that this process
accounts for much of the Fe observed in these grains. Fur-
thermore, although infrared spectra of the circumstellar
envelopes around AGB stars suggest a predominance of
Mg-rich silicates (e.g., Demyk et al., 2000), this may be at
least partially due to the fact that Mg-rich features are more
pronounced than warmer Fe-rich ones, and to the common
practice of modeling such spectra using the laboratory spec-
tra of olivines and pyroxenes with high Mg/Fe ratios (e.g.,
Dorschner et al., 1995; Fabian et al., 2000). A recent study
successfully matched far-infrared spectral dust features of
the star T Cep with Fe-rich silicates (Niyogi and Speck,
2010). This work, as well as the high Fe abundances ob-
served in laboratory studies of presolar silicates, indicates
that such models need to consider Fe-rich silicate dust ana-
logs in order to better constrain the compositions of cir-
cumstellar dust grains.

Ultimately Fe isotopic measurements are required to
determine if the Fe in presolar silicates is of primary or
secondary origin, but only limited data exist to date. Sev-
eral presolar grains from Acfer 094 do have non-solar Fe
isotopic compositions, confirming a primary origin for
the Fe in these grains (Mostefaoui and Hoppe, 2004;
Floss et al., 2008; Vollmer and Hoppe, 2010; Ong
et al., 2012). However, other presolar silicate grains have
solar compositions within large errors (Vollmer and Hop-
pe, 2010; Bose et al., 2010c). These measurements are
challenging due to the small sizes of the grains and the
fact that they are typically surrounded by isotopically
normal silicates. Additional measurements need to focus
on particularly large grains or grains isolated from sur-
rounding grains, for example by FIB milling (e.g., Ngu-
yen et al., 2010b).

4.2.3. SiO2

We identified three Group 1 SiO2 grains (Fig. 3) in this
study. Prior to our work, two other presolar SiO2 grains,
also both belonging to Group 1, were identified in MET
00426 and ALHA77307 (Floss and Stadermann, 2009a;
Nguyen et al., 2010a). Thermodynamic calculations show
that silica does not form under chemical equilibrium from



Fig. 10. Auger spectra for SiC grains 5a-1 and E1, and secondary electron and C, Si and O elemental images for SiC grain 5a-1.

92 M. Bose et al. / Geochimica et Cosmochimica Acta 93 (2012) 77–101
a gas with standard elemental abundances, because the for-
mation of Mg- and/or Fe-bearing silicates is thermodynam-
ically more favorable (e.g. Gail and Sedlmayr, 1999). Silica
may, however, condense in stellar winds under non-equilib-
rium conditions when only part of the gas phase SiO is con-
sumed by the formation of Mg–Fe-silicates. This can occur
in stars with low Mg/Si ratios and low mass-loss rates (Gail
and Sedlmayr, 1999; Ferrarotti and Gail, 2001). In addi-
tion, Nagahara and Ozawa (2009) showed that the proba-
bility of silica condensation is enhanced in kinetically
condensing systems of solar composition, and Rietmeijer
et al. (2009) found that non-equilibrium condensation



Fig. 11. Secondary electron images illustrating morphologies in the carbonaceous phases. E7-tp: smooth, platy; D1: nanoglobule; G9-bm and
G9-tp: irregular.
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experiments do produce silica aggregates, specifically the
high-temperature polymorph tridymite.

Astronomical observations show the presence of a
13 lm feature in about half of all AGB stars, where it is pre-
dominantly associated with semi-regular (SR) variable stars
and, to a lesser extent, Mira variable stars (e.g., Sloan et al.,
1996). Attempts to constrain the phase responsible for the
13 lm feature indicate a variety of plausible contenders
(e.g., Sloan et al., 1996, 2003; Fabian et al., 2001; Posch
et al., 2003), including silica (Speck et al., 2000). There
are arguments against SiO2 as the carrier of the 13 lm fea-
ture, including opacity issues leading to reduced emission at
the IR wavelengths, and the absence of a correlation be-
tween the 13 and �10 lm silicate features in all stellar spec-
tra (e.g., Fabian et al., 2001), and more than one carrier is
probably responsible for this feature. However, if silica is
indeed a product of non-equilibrium condensation, it may
be a carrier in SR variable stars. These stars have lower
mass-loss rates than Mira variable stars, leading to a lower
gas density at the dust-forming radius (Ivezic and Knapp,
1999). At these lower densities, Si is less likely to react with
other circumstellar species (e.g., MgO) to form magnesian
silicates and, thus, may survive as SiO2. Recently, spectra
of BP Piscium, a first ascent giant star, were modeled by
material that included crystalline sub-micrometer-sized cris-
tobalite (Melis et al., 2010), another high-temperature poly-
morph of silica.
The TEM data for our SiO2 grain indicate that it is
amorphous. The grain may have condensed as an initially
amorphous phase, or amorphization of an initially crystal-
line form of SiO2 could have occurred as the grain traversed
the interstellar medium. Although the data are limited, the
experimental and observational data suggest that, if crystal-
line SiO2 condenses in stellar environments, it may be more
likely to do so as the high-temperature polymorphs tridy-
mite or cristobalite than as quartz (DePew, 2006; Rietmeijer
et al., 2009; Melis et al., 2010). However, more modeling ef-
forts, as well as additional structural information on preso-
lar SiO2, are needed to provide definitive constraints.

4.2.4. Oxides

Three grains in our inventory have Al-oxide composi-
tions (Table 2). Presolar Al-oxide grains are well-known
from acid residues (e.g., Zinner, 2007) and have also been
identified in meteorite thin sections (e.g., Floss and Stader-
mann, 2009a). Nearly all S-type AGB stars show broad
emission features consistent with alumina dust (e.g., Sloan
and Price, 1998). Under thermodynamic equilibrium, alu-
mina is expected to condense at �1500 K, well above the
stability limit for silicates (Tielens et al., 1998). If the gas
density has become too low for significant dust growth, a
“freeze-out” of the condensation sequence occurs, and
alumina remains the dominant dust component. Indeed,
the ejecta of AGB stars with low mass-loss rates (10�9–



Fig. 12. Secondary electron and elemental distribution images of N-anomalous area G4 coating a host Fe,Ni,C grain (outlined in white and
red, respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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10�7M� per year) contain significant fractions of alumina
(Heras and Hony, 2005; Blommaert et al., 2006); this frac-
tion decreases with increasing mass-loss rate, as observed in
AGB stars in the Large Magellan Cloud (Dijkstra et al.,
2005).

Our oxide grain inventory also includes two Fe-oxide
grains and one Mg-oxide grain (Table 2). One of the Fe-
oxide grains (21412) is stoichiometrically consistent with
FeO (within 2r errors), while the other one (54-7) is some-
what more O-rich. The Mg-oxide grain 55b-4 is stoichiom-
etric MgO. Presolar FeO has previously been reported from
Acfer 094 (Floss et al., 2008), but this is the first identifica-
tion of presolar MgO. Both of the grains are approximately
circular and have compact structures, in contrast to the
aggregate structure exhibited by the FeO grain in Acfer
094 (Floss et al., 2008). FeO and MgO are the endmembers
of the solid solution series magnesiowüstite (MgxFe1�xO).
As discussed in detail by Floss et al. (2008), magnesiowüs-
tite can form under non-equilibrium conditions in Mg-rich
AGB stars with low mass-loss rates (dM/dt = 5 � 10�6 per
year; Ferrarotti and Gail, 2003). The Mg-rich endmember,
MgO, forms first, but as temperatures drop, significant
amounts of Fe can be incorporated. Magnesiowüstite has
also been proposed as the carrier of the 19.5 lm emission
feature observed in some AGB stars with low mass-loss
rates that show little silicate emission (Posch et al., 2002);
the best fit to the feature is obtained with an Fe-rich
composition (Mg0.1Fe0.9O), similar to the FeO grains found
in our study and in Acfer 094 (Floss et al., 2008).

Finally, one of our grains (33) is very Si-poor
(Si = 4.5 ± 0.5 at.%), with high abundances of Al
(9 ± 2 at.%), and Fe (30 ± 3 at.%). The very low Si abun-
dance suggests that this could be an oxide grain with minor
Si contamination from the surrounding matrix. Unfortu-
nately, no elemental map is available to evaluate this possi-
bility. Regardless of whether the Si is a contaminant or
intrinsic to the grain, its unusual composition indicates a
complex formation history.

4.2.5. Composite grains

Grain 51-1 is an aggregate of two ferromagnesian silicate
subgrains. Its O isotopic composition (Group 1) is homoge-
neous over both subgrains, but elemental compositions dif-
fer (Fig. 8). The bottom subgrain has an Fe + Mg/Si ratio
consistent with olivine, while the other subgrain has a higher
ratio (2.7 ± 0.4). Both subgrains are Fe-rich, but the Fe
abundance is significantly higher in the top subgrain (Table
2). The high Fe content and elevated Fe + Mg/Si ratio of the
top subgrain may argue for incorporation of secondary Fe
into the grain (e.g., Floss and Stadermann, 2012). Secondary
Fe could also be incorporated into the bottom subgrain, for-
tuitously elevating its Fe + Mg/Si ratio to a value consistent
with olivine, which seems unlikely. However, it seems
equally improbable that secondary alteration affected one



Fig. 13. Comparison of olivine/pyroxene fractions in presolar
silicates from Groups 3 and 4 vs. 1 and 2. Data are shown for
ALHA77307, Acfer 094 and the entire presolar silicate inventory
(from the presolar grain database; http://presolar.wustl.edu/~pgd).

Fig. 14. Range of Fe contents in presolar silicate grains from
ALHA77307 and other chondrites measured by Auger Nanoprobe.
Data are from Bose et al. (2010c, 2010d), Floss and Stadermann
(2009a, 2012), Nguyen et al. (2010a) and Vollmer et al. (2009a).

Fig. 15. SiC abundances in CO and CR chondrites; * from noble
gas measurements; # from NanoSIMS imaging of IOM residues;
others are NanoSIMS imaging of matrix material. Literature data
are from Huss et al. (2003), Floss and Stadermann (2009b),
Davidson et al. (2009), Leitner et al. (2010), and Haenecour and
Floss (2011).
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subgrain, but not the other. A more plausible alternative is
that both subgrains formed under kinetic conditions from
the same stellar source, but in somewhat different environ-
ments, resulting in slightly different elemental compositions.

The other composite grain, 51-8, contains several sub-
grains that vary in shape and size (50–100 nm; Fig. 7).
The left portion of the grain (51-8-lt) has a pyroxene-like
composition and contains some Ca, while the average com-
position of the aggregate subgrains on the right (51-8-rt) is
non-stoichiometric, with a higher Fe abundance and higher
Fe + Mg/Si ratio. The presence of Ca in the pyroxene-like
subgrain may reflect condensation of a Ca-bearing phase
and subsequent reaction with the gas at lower temperatures
to form Ca-bearing pyroxene (e.g., Lodders and Fegley,
1999). The aggregate subgrains are compositionally inter-
mediate between pyroxene and olivine (Table 2). Because
this is an average composition obtained over several sub-
grains, we cannot distinguish whether all of the subgrains
have the same homogeneous composition, or whether this
composition reflects an average of subgrains with different
individual compositions.

Finally, for both composite grains we note that the het-
erogeneity in elemental compositions, despite homogeneous
O isotopic compositions, indicates a decoupling of isotopic
and elemental compositions in the stellar environments
where these grains formed.
4.3. SiC grains

All but two of the SiC grains identified in ALHA77307
can be classified as mainstream SiC of AGB origin, with
12C/13C ratios between 21 and 75 (Table 3). Note that some
of these could be X or Z grains that we cannot distinguish
because we lack data for other diagnostic isotopic systems;
however, the majority are probably mainstream grains be-
cause these dominate the SiC population (Zinner, 2007).
One grain has a 12C/13C ratio of �4 and is most likely an
A + B grain; J-type C stars and born-again AGB stars
are possible stellar sources of these grains (Amari et al.,
2001). Finally, one grain with a 12C/13C ratios of >100
may be a Y grain. However, most Y grains have high
14N/15N ratios, in contrast to the normal N isotopic compo-
sition of our grain (Table 3) and, therefore, its classification
is tentative.

http://presolar.wustl.edu/~pgd
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The abundance of SiC grains in ALHA77307
(�110 ppm) is shown in Fig. 15, along with other estimates
from CO3 chondrites, as well as several CR chondrites. The
abundances shown are based on three different approaches:
noble gas measurements of acid residues (Huss et al., 2003),
NanoSIMS ion imaging measurements matrix areas in thin
sections (Floss and Stadermann, 2009b; Leitner et al., 2010;
Haenecour and Floss, 2011; this study) and ion imaging of
IOM separates extracted from bulk meteorites (Davidson
et al., 2009). For the CR chondrites, all of the data indicate
that SiC abundances determined by ion imaging measure-
ments (whether in thin section matrix areas or IOM sepa-
rates) are significantly higher than the estimate based on
noble gas data (25–160 ppm vs. �2 ppm). Davidson et al.
(2009) noted that SiC abundances were similar in all the
CR chondrites they analyzed (ranging from CR1 to
CR3), indicating that aqueous alteration does not play a
significant role in destroying SiC grains. They suggested
that the discrepancy between the noble gas and NanoSIMS
measurements could be due to loss of noble gases or
destruction of a small gas-rich fraction of SiC, perhaps dur-
ing the chemical separation procedure.

For the CO chondrites, the SiC abundances based on
ion imaging of matrix material, are also much higher than
the noble gas estimate (Fig. 15), providing additional evi-
dence that the chemical separation procedures give only
lower limits to SiC abundances. However, in contrast to
the data for CR chondrites, ion imaging of ALHA77307
IOM separates (Davidson et al., 2009) also shows a low
abundance of SiC, similar to the abundance estimate from
the noble gas data. The reason for this discrepancy is pres-
ently unclear. Sample preparation and/or analytical differ-
ences are one possibility, but this seems unlikely since a
similar discrepancy does not exist for the CR chondrites.
Similarly, attribution to poor statistics seems unlikely since
the ranges in area analyzed (23,800 lm2 in this study,
11,050 lm2 by Haenecour and Floss, 2011, and 7683 lm2

by Davidson et al., 2009) are comparable to or higher than
those of the CR chondrites. Sample heterogeneity could ac-
count for the difference as it has been observed that presolar
silicate grains are not uniformly distributed in different ma-
trix areas (e.g., Floss and Stadermann, 2009a; Vollmer
et al., 2009a), and our ion imaging studies naturally focus
on areas that we have identified as having high presolar
grain concentrations. However, it seems unusual that such
a bias would be evident in work on the CO chondrites,
but not the CR chondrites.

4.4. Carbonaceous grains

4.4.1. Compositions and morphologies

Nitrogen isotopic anomalies are present in the matrix of
ALHA77307 as discrete hotspots with large 15N enrich-
ments (d15N up to �1265&). Three of these hotspots
(D1, E7-tp and F1-17) also exhibit 13C excesses (Fig. 9; Ta-
ble 4). These hotspots consist of carbonaceous matter and
are similar in morphology, elemental make-up and isotopic
compositions to the organic N-anomalous matter observed
in IDPs and in other primitive meteorites (e.g., Floss et al.,
2006, 2010, 2011; Busemann et al., 2006, 2009; Floss and
Stadermann, 2009b; Zega et al., 2010). In a study of the
N isotopic compositions of D-rich IDPs, Aléon et al.
(2003) determined N concentrations based on CN�/C� ra-
tios calibrated to a variety of organic phases with known N
concentrations. Although calibration curves based on mea-
surements made with other SIMS instruments are not
strictly appropriate for determining the N concentrations
using CN�/C� ratios from our NanoSIMS measurements,
we have used the calibration curve of Aléon et al. (2003)
to provide a first-order estimate of the N abundances in
our hotspots. The CN�/C� ratios in the ALHA77307 hot-
spots correspond to N concentrations of less than 5 wt.%;
this is in good agreement with our Auger data, which show
that N abundances are below detection limits (estimated to
be on the order of 3 at.%) in almost all of these hotspots.

High-resolution images in the Auger Nanoprobe indi-
cate that three of our 15N-rich hotspots are circular in shape
and may be hollow (e.g., Fig. 11), like the nanoglobules
seen in many carbonaceous chondrites (Nakamura-Messen-
ger et al., 2006; Garvie et al., 2008), ordinary chondrites
(Cody et al., 2011) and cometary samples (De Gregorio
et al., 2010). In addition, two of them exhibit 13C and
15N excesses (Table 4), like the nanoglobule found by Floss
and Stadermann (2009b) in the MET 00426 CR3 chondrite.
There is currently no consensus on the origin of nanoglo-
bules and both parent body and interstellar processes have
been invoked (e.g., Cody and Alexander, 2005; Nakamura-
Messenger et al., 2006; De Gregorio et al., 2010). Moreover,
there does not appear to be a clear distinction between
nanoglobules and other more irregular carbonaceous grains
in terms of isotopic and elemental compositions. Floss et al.
(2011) observed that hotspots with C and/or N isotopic
anomalies all consist of amorphous carbonaceous matter,
but with variable morphologies that include nanoglobules,
blocky grains and aggregates of grains.

Finally, 15N-enriched organic matter is present as a coat-
ing around an Fe,Ni,C grain that is not isotopically anom-
alous (Fig. 12). Surface coatings have been observed
around pristine presolar SiC grains (Bernatowicz et al.,
2003; Croat et al., 2009); C and N imaging of one such sur-
face coating on a 15N-depleted SiC grain was enriched in
15N, suggesting a protosolar or interstellar origin for the
coating. A similar origin may account for the 15N-rich coat-
ing observed in this study.

4.4.2. Sources of isotopic anomalies

Most of the N isotopic anomalies present in the organic
matter of IDPs and primitive meteorites is 15N-enriched,
but depletions in 15N are also sometimes observed (e.g.,
Floss and Stadermann, 2009c). These anomalies have typi-
cally been attributed to chemical fractionation via ion–mol-
ecule exchange reactions in dense cold molecular clouds or
in the protosolar nebula (Charnley and Rodgers, 2002;
Rodgers and Charnley, 2008). They may also be produced
in the outer regions of the solar nebula via molecular deple-
tion from the gas phase onto surfaces of dust grains (Terzi-
eva and Herbst, 2000; Aléon and Robert, 2004; Aléon,
2010). The large variations observed in the d15N values
could be due to variable fractionation effects for different
types of N-bearing molecules (e.g., Sandford et al., 2001)
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or to the particular chemical reactions that produce a given
organic molecule. In addition, secondary processing may
also have an effect on N isotopic compositions.

Correlated C and N isotopic anomalies are observed in
three carbonaceous grains from ALHA77307. Similar
grains have been found in IDPs and other meteorites,
although they are far less common than grains that exhibit
only N isotopic anomalies (Floss et al., 2006, 2010; Floss
and Stadermann, 2009b). In most cases these grains exhibit
13C depletions, but 13C enrichments have also been found.
Chemical fractionation of C isotopes can occur in cold
and dense molecular clouds by multiple gas-phase reactions
(e.g., Langer et al., 1984), with different reaction pathways
resulting in different fractionations; CO self-shielding in the
protosolar nebula has also been suggested as a way to frac-
tionate C (Hashizume et al., 2011). It has been proposed
that the Sun is depleted in 13C by �100& (Hashizume
et al., 2004), suggesting a possible solar nebula origin for
some of these C isotopic anomalies. However, we note that
13C depletions up to 340& have been observed in carbona-
ceous matter from the CR3 chondrites QUE 99177 and
MET 00426 (Floss and Stadermann, 2009b), indicating that
additional fractionation processes are still required to ac-
count for the C isotopic compositions of much of the mete-
oritic organic matter.

The presence of N isotopic anomalies in ALHA77307
with magnitudes similar to those observed in primitive
IDPs and meteorites indicates that ALHA77307 has pre-
served primitive organic matter. However, unlike other
primitive meteorites whose IOM exhibits bulk N isotopic
anomalies (e.g., the CR chondrites, Bells, Tagish Lake),
the bulk N isotopic composition of macromolecular organ-
ic matter in ALHA77307 is isotopically normal (Alexander
et al., 2007). In addition, ALHA77307 does not exhibit the
larger, more diffuse 15N-enriched regions that are com-
monly seen in the CR chondrites and some IDPs (Floss
et al., 2006; Busemann et al., 2006, 2009; Floss and Stader-
mann, 2009b). Busemann et al., (2007) argued that the ab-
sence of bulk N isotopic anomalies in the organic matter
from most meteorite groups, compared to the CR chon-
drites, reflects the loss of a very fragile carrier of the 15N
enrichments. Several Raman parameters do suggest that
the IOM in ALHA77307 has experienced more thermal
processing than IOM in the CR chondrites, leading to less
disorder and increased aromatic domain size (Busemann
et al., 2007; Bonal et al., 2007). However, secondary pro-
cessing has clearly not been so pervasive as to lead to the
complete destruction of N isotopic anomalies in this mete-
orite. Moreover, the high abundance of presolar silicates in
ALHA77307 is a clear indication that the degree of thermal
metamorphism was limited; presolar grain abundances and
elemental compositions are similar in ALHA77307 and the
CR3 chondrites (Floss and Stadermann, 2009a; Nguyen
et al., 2010a). Indeed, the peak metamorphic temperature
experienced by ALHA77307 is similar to that of the CR
chondrites, about 200 �C (Huss et al., 2006).

A comparison of ALHA77307 with the ungrouped car-
bonaceous chondrite Adelaide, which shows a number of
affinities to the CO chondrites (Brearley, 1991), indicates
that the IOM in Adelaide is very similar to ALHA77307
IOM, from which Busemann et al. (2007) concluded that
Adelaide had not experienced much thermal metamor-
phism. However, a study of presolar silicate and oxide
grains in Adelaide (Floss and Stadermann, 2012) shows
that this meteorite is more thermally processed than
ALHA77307, with lower abundances of presolar grains
and evidence for secondary enhancement of Fe contents
in the presolar silicates. The matrix of Adelaide is also more
crystalline and has fewer amorphous silicates than
ALHA77307, providing additional evidence of thermal
annealing (Brearley, 1991). These discrepancies suggest a
decoupling between the effect of thermal metamorphism
on IOM and its effect on matrix silicates. An alternative
possibility is that the IOM present in primitive extraterres-
trial materials originated from multiple reservoirs with dis-
tinct N isotopic compositions (e.g., Floss et al., 2012).

5. CONCLUSIONS

The circumstellar grain population in ALHA77307 is
dominated by materials formed in C- and O-rich outflows
from AGB stars (>80%), with moderate (<10%) contribu-
tions from SNe. One grain has a very high 17O/16O ratio
that is incompatible with dredge-up processes in low-mass
AGB stars; nova origins have previously been suggested
for such grains, but new models indicate large discrepancies
with the grain data (Gyngard et al., 2011). Rare grains of
phases such as SiO2, FeO and MgO are present in the pre-
solar grain inventory of ALHA77307, but the majority of
the O-anomalous grains are ferromagnesian silicates with
elemental compositions similar to those observed in other
studies. Silicates with olivine compositions are overabun-
dant among Group 4 grains compared to grains from
Groups 1 and 2. If grain compositions are significantly al-
tered by irradiation and sputtering as they traverse the
interstellar medium, resulting in lower olivine/pyroxene ra-
tios, the difference could reflect injection of presolar mate-
rial with high olivine abundances from a nearby
supernova in the early solar nebula, with accretion into par-
ent bodies before the grain compositions are altered by sec-
ondary processes.

ALHA77307 also contains carbonaceous grains with N
isotopic anomalies and occasional C isotopic anomalies
similar to those found in primitive IDPs and other meteor-
ites. However, unlike the CR chondrites, which have IOM
with bulk 15N enrichments, the organic matter in
ALHA77307 has a terrestrial bulk N isotopic composition.
Thermal annealing with loss of a 15N carrier could account
for the difference. However, presolar grain abundances and
elemental compositions indicate that ALHA77307 is as
primitive as the CR3 chondrites QUE 99177 and MET
00426, suggesting a decoupling of the effects of thermal
metamorphism on IOM and matrix silicates.
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