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Abstract

We report the Ti isotopic compositions of 8 mainstream, 22 Y, 9 Z, and 26 AB presolar SiC grains from two SiC-rich resi-
dues of the Murchison CM2 meteorite together with Si, C and some Mg-Al isotopic data for the same grains. Mainstream, Y
and Z grains are believed to originate in asymptotic giant branch (AGB) stars of varying metallicities, but the stellar sources of
AB grains are poorly understood. We find that the *4"**Ti/*®Ti ratios are correlated with 2°Si/>®Si for all of the grain types,
indicating that these ratios are mainly dominated by Galactic chemical evolution (GCE). The mainstream, Y and Z grains all
show enrichments in *°Ti from neutron capture nucleosynthesis. However, AGB models predict smaller excesses in “°Ti (and
“OTi) than are observed in these grains. For Z grains and especially for Y grains, the enhancement of *°Ti is greater than the
enhancement in >°Si, indicating that the '3C neutron source produced a greater total fluence of neutrons than the ?>Ne source
in the low metallicity parent AGB stars. The Z grains plot below the mainstream correlation lines at more **Ti- and 2®Si-rich
compositions in plots of ***7**Ti/**Tj vs. 2°Si/?®Si. On the other hand, the Y grains plot close to the mainstream correlation
line. This could imply that the Ti isotopes evolved non-linearly at metallicities below ~1/3 solar. The AB grains in this study
have Ti isotopic compositions that fall along correlation lines defined by the mainstream grains, suggesting origins in close to
solar metallicity stars. However, these grains fall below the mainstream correlation lines in plots of **%-2°Ti/**Tj vs. 2°Si/*Si
and do not show enhancements in *°Ti, indicating that their parent stars did not undergo significant s-process nucleosynthesis.
These data support origins of AB grains in J-type C stars rather than born-again AGB stars that undergo s-process nucleosyn-
thesis. AB grains that do not have *°Ti excesses may provide the best measure of Si and Ti isotope GCE since their parent
stars were less affected by s-process nucleosynthesis than the mainstream grains.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Presolar grains originating from the outflows and ejecta
of evolved stars, such as asymptotic giant branch (AGB)
stars, supernovae (SNe), and novae, are found in primitive
meteorites, interplanetary dust particles (IDPs), and come-
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tary dust returned by NASA’s Stardust mission (Floss
et al., 2013; Zinner, 2014). These grains are identified by
their highly anomalous isotopic compositions relative to
any solar system material. These isotopic compositions
are the products of nucleosynthetic and mixing processes
that occurred deep within their parent stars. The study of
presolar grains in the laboratory has provided unprece-
dented insight into various astrophysical phenomena, such
as Galactic chemical evolution (GCE), stellar nucleosynthe-
sis and mixing, dust condensation in circumstellar environ-
ments, and dust processing in the interstellar medium (ISM)
and the solar system.
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The first presolar grains to be isolated in the laboratory
were the carbonaceous phases diamond, SiC, and graphite
that have anomalous noble gas components (Bernatowicz
et al.,, 1987; Lewis et al., 1987; Amari et al., 1990). Ion
microprobe studies later identified highly anomalous iso-
topic compositions associated with several oxide and sili-
cate phases, and Si3N4 (Hutcheon et al., 1994; Nittler
et al., 1994, 1995, 1997; Messenger et al., 2003; Nguyen
and Zinner, 2004). The analysis of individual roughly
micron-sized grains was made possible by the development
of the ion microprobe, and led to the identification of differ-
ent sub-types of presolar grains having distinct stellar
origins.

Presolar SiC grains are the best characterized presolar
phase and have been the focus of many detailed presolar
grain studies for multiple reasons. Unlike O-rich phases,
all SiC grains in primitive meteorites have presolar origins
and concentrated samples of SiC can be produced in the
laboratory by acid dissolution techniques and gentle sepa-
ration methods (Amari et al., 1994; Bernatowicz et al.,
2003; Nittler and Alexander, 2003; Tizard et al., 2005).
Moreover, presolar SiC grains can have diameters of sev-
eral microns, with some unusually large grains exceeding
25 um (Virag et al., 1992; Zinner et al., 2011). This makes
it easier to analyze multiple isotopic systems in single
grains. As such, the database of Si, C, and N isotopic com-
positions is very well established and several sub-types of
presolar SiC have been classified based upon their Si, C,
and N isotopic signatures (Hoppe et al., 1994; Zinner,
2014).

The most widely studied SiC grain sub-type, termed
mainstream, makes up ~90% of all presolar SiC and has
12C/13C ratios in the range of 10-100 (terrestrial ~89).
These grains are typically enriched in 2°Si and **Si by up
to ~20% relative to the solar composition. They most likely
condensed in low-mass C-rich AGB stars of approximately
solar metallicity (Hoppe and Ott, 1997; Lugaro et al., 2003).
Type Y grains have '>C/'3C>100, are *°Si-rich and
2Si-poor relative to mainstream grains, and are believed
to have originated in C-rich AGB stars of about one-half
solar metallicity with masses up to 5 M, (Amari et al.,
2001b). Z grains have '>C/"3C between 10 and 100, similar
to mainstream grains, are more 308-rich and 29Si-poor than
Y grains, and likely condensed in AGB stars of about one-
third solar metallicity (Alexander, 1993; Hoppe et al., 1997;
Zinner et al., 2007). SiC X grains have compositions (e.g.,
enrichments in 2%Si and '>N and a wide range of '*C/'*C
ratios) pointing to Type II supernova (SN) sources
(Nittler et al., 1996). The latter three grain types each make
up ~1-2% of all presolar SiC. Z grains are predominantly
found among submicrometer-sized grains. Type C SiC
grains are extremely rare (~0.1%) and likely have SN
origins as well (Hoppe et al., 2012; Xu et al., 2015; Liu
et al., 2016). However, while X grains are enriched in
2881, C grains show excesses in 2°Si and *°Si (Amari et al.,
1999; Hoppe et al., 2010, 2012). A few grains with marked
excesses in '°C and N could have nova origins (Amari
et al., 2001a), though additional isotopic analyses of some
putative nova grains indicate SN origins instead (Nittler
and Hoppe, 2005; Liu et al., 2016). Type A and B grains

are more abundant (~5%), but their parent stellar sources
are ambiguous. These grains are enriched in *C with
12¢/13C < 10, show both enrichments and depletions in
15N, and have Si isotopic distributions similar to main-
stream grains. The N and Si isotopic compositions of AB
grains are distinct from the putative nova grains. Proposed
stellar sources include born-again AGB stars or J-type car-
bon stars (Alexander, 1993; Hoppe et al., 1994; Amari
et al., 2001c). Excess >>S in three AB grains support born-
again AGB stars as the source of some of these grains
(Fujiya et al., 2013). One AB grain shows enhancements
in r-process and p-process isotopes of Mo and Ru, suggest-
ing material transfer from a Type II SN in a binary system
(Savina et al., 2003, 2007), though the p-process likely
occurs in multiple astrophysical settings. Recent multi-
element isotopic analyses of some '*N-rich AB grains also
suggest possible origins in Type II SNe (Nittler et al.,
2016). In all cases, the isotopic compositions of the AB
grains are not well understood within the context of existing
nucleosynthesis models.

The isotopic compositions of many trace elements,
including Mg-Al, S, Ti, Fe, Ni, Mo, Zr, Ru, and Ba, have
been measured in presolar SiC grains owing to their rela-
tively high concentrations (Amari et al., 1995). Of the tens
of thousands of presolar SiC identified, there are only ~250
published analyses of Ti isotopic ratios, with most being
mainstream and X grains (Hoppe et al., 1994; Nittler
et al., 1996; Alexander and Nittler, 1999; Amari et al.,
2001b, 2001c; Hoppe and Besmehn, 2002; Nittler and
Hoppe, 2005; Gyngard et al., 2006; Huss and Smith,
2007; Zinner et al., 2007; Lin et al., 2010; Fujiya et al.,
2013). X grains typically have excesses in **Ti attributed
to the decay of *’V (half-life = 330 d) and n-capture nucle-
osynthesis, and excesses in 4Ca from the decay of 44Ty
(half-life = 60 yr), which is only produced in SN explosions
(Amari et al., 1992; Hoppe et al., 1996, 2000; Nittler et al.,
1996; Hoppe and Besmehn, 2002; Lin et al., 2010). In AGB
stars, the C and N isotopic compositions are affected by
core and shell H- and He-burning, whereas the Si and Ti
isotopes are affected by slow neutron capture (s-process)
nucleosynthesis. Most of the Si and Ti isotopic ratios of
SiC grains from AGB stars are more strongly affected by
the initial stellar compositions, reflecting GCE (Hoppe
et al., 1994; Gallino et al., 1997, 1998; Alexander and
Nittler, 1999; Amari et al., 2001b). However, the effects of
s-process nucleosynthesis on Ti isotopes are stronger in
lower-metallicity stars, making Ti data for the Y and Z
grains highly desirable to test models of both GCE and
AGB nucleosynthesis. For example, the Ti isotopic compo-
sitions of some Z grains confirmed a low-metallicity origin
for the grains but some discrepancies with s-process nucle-
osynthesis models were found (Zinner et al., 2007). The
number of grains in this study was limited, however.

Although the Ti isotope systematics of mainstream and
X-type SiC grains are reasonably well understood, there are
far fewer data for the rare Y, Z, and AB types. We report
here C, Si, and Ti isotopic data for 8 mainstream, 22 Y, 9
Z, and 26 AB SiC grains from the Murchison meteorite.
We also discuss the Mg-Al isotopic data for 5 AB grains
that were previously reported by Zinner et al. (2007). These
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data will improve our understanding of the Galactic and
stellar processes that affect Ti isotopic ratios in AGB stars
of varying metallicities and our understanding of the stellar
origins of the enigmatic AB grains.

2. EXPERIMENTAL
2.1. Samples

We chose for analysis rare SiC grains that came from
two SiC residues of the Murchison CM2 chondrite. The
Muril1B sample was prepared at the MPI for Chemistry
in Mainz (Besmehn and Hoppe, 2003) using the separation
technique employed in Amari et al. (1994). The grain size
distribution of this fraction was ~0.2-5 pm. The MURS52
sample was prepared at Carnegie by a different chemical
dissolution procedure that used CsF rather than HF to
digest silicate material (Nittler and Alexander, 2003). This
sample had grain sizes of ~0.5-4 um prior to the isotopic
analyses. For both residues, the grains were deposited onto
gold foils from suspension in isopropanol-water solutions.

2.2. Isotopic analyses

The SiC grains analyzed in this study were first analyzed
for their Si and C isotopic compositions by an automated
mapping system in the Carnegie Cameca IMS-6f ion micro-
probe (Nittler and Alexander, 2003). In this method, ion
images are used to identify dispersed particles. A 1-2 um
Cs* primary ion beam is then deflected and focused onto
each particle in turn and the isotopes are measured in
peak-jumping mode. A total of 1,150 SiC grains were mea-
sured with reasonable errors (<~15 for '*C/"*C, <~50%o
for 8%°Si, and <~115%0 for &°Si; see supplementary
Table ES1) from the Muril1B sample; data for a few of
these grains have been reported previously (Nittler and
Hoppe, 2005; Zinner et al., 2007). A total of 1,551 grains
(1,550 SiC and one Si;Ny) were analyzed in the MURS2
sample; one highly '*C-enriched grain from this survey
was reported by Liu et al. (2016).

The Ti isotopic measurements were performed on select
grains with the Carnegie Cameca NanoSIMS 50L equipped
with 7 electron multipliers. The grains were chosen based
on their belonging to rare presolar SiC groups and on there
being sufficient material remaining following the Si and C
isotopic analyses. All grains were less than a micron in size
(~600 nm on average) after the initial isotopic analyses.
Compared to previous NanoSIMS measurements of Ti in
presolar SiC (e.g., Zinner et al., 2007), the larger magnet
on the NanoSIMS 50L allows for simultaneous collection
of all 5 Ti isotopes without requiring peak-jumping
(Stadermann et al., 2005; Zinner et al., 2007). Positive sec-
ondary ions of 4674, 47T, *8Ti, *°Ti, 3°Ti, 28Si and >2Cr were
thus measured concurrently using an O™ primary ion beam.
Synthetic titanium carbide grains served as isotopic stan-
dards. SiC grains were identified from 2®Si" and **Ti" raster
images, and the isotopic measurements of individual grains
were performed in “grain mode” where the primary beam
was rastered over an area around the grain no larger than
3 x 3 um? with a scanning frame of 64 x 64 pixels®. Each

region was measured for 130-1400 cycles, with an integra-
tion time of 0.541 s/cycle, and the data were subdivided into
blocks with 10 cycles/block. The **Ti count rate was mon-
itored during the analysis to look for possible internal TiC
grains. Chromium-52 was measured to correct for the iso-
baric interference from *°Cr, assuming a normal *°Cr/**Cr
ratio. Corrections for possible Ca and V interferences were
not made because previous studies indicated that they are
very small (<3%o) (Zinner et al., 2007).

3. RESULTS

The complete Si- and C-isotopic data set for the SiC and
Si3Ny grains identified in the Muril1B and MURS2 sam-
ples through automated measurements is reported in sup-
plementary Table ESI. Fig. 1 shows the 3°Si/*8Si ratio
plotted versus the '2C/'3C ratio for the 2,700 grains
automatically analyzed for Si and C isotopes. Open sym-
bols indicate grains for which we obtained Ti-isotopic data.
We express Si and Ti isotopic ratios in this paper in
d-notation, or deviations from solar in parts per thousand
(%c). For Si, &Si/*Si = [('Si/*Si)grain/('Si/**Si)sorar—1] X
1000.  Similarly ~for  Ti,  &Ti/**Ti = [('Ti/**Ti)grain
("Ti/*Ti)sotar—1] x 1000. Several grains with highly unusual
compositions have been reported previously (e.g., grains
with low '2C/"3C ratios, Nittler and Hoppe, 2005; Liu
et al., 2016). The '2C- and *°Si-rich grain M52B-505-1 has
a close-to-solar 5°°Si value of 23 =+ 12%o. This grain was
not analyzed for Ti, but a NanoSIMS measurement
revealed it to have isotopically light N (**N/'°N ~ 3800).
The possible stellar source of this grain is discussed further
in Section 4.3.

The Ti isotopic compositions were determined for 8
mainstream, 22 Y, 9 Z, and 26 AB SiC grains. The Si and
C isotopic ratios for these grains and inferred 2°Al/*’Al
ratios for 5 of the grains are given in Table 1 and the Si iso-
topic compositions are shown in Fig. 2. The Ti isotopic
compositions of the SiC grains from this study are given
in Table 2 and shown in Fig. 3. Also shown in these figures
are literature data for the SiC grains for which the Ti
isotopes were measured. The correlation lines shown in
Figs. 2 and 3 were calculated by Zinner et al. (2007) for
mainstream SiC grains.

The Si isotopic ratios of the grains in the current study
fall within the ranges previously observed for the respective
SiC grain populations. Y grains are typically enriched in
39Si relative to mainstream SiC grains and thus fall to the
right of the mainstream correlation line. However, 6 of
the Y grains in this study lie to the left of the mainstream
correlation line. The Z grains in our study exhibit Si iso-
topic ratios that are typical for this population. These
grains are generally depleted in 2°Si and have larger *°Si
enrichments than Y grains. The AB grains have Si isotopic
ratios that fall in the range observed for mainstream SiC
grains.

The Ti isotopic compositions of the SiC grains in this
study generally fall in the ranges of compositions previously
observed (Fig. 3). In both the §*"Ti vs. 8*°Ti and *Ti vs.
3*Ti plots, our grain data lie close to the mainstream cor-
relation lines defined by the literature data. The Y and AB
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Fig. 1. 8°°Si/?*Si values and '>C/'3C ratios of presolar SiC grains and one Si3N, grain identified by automated Si- and C-isotopic
measurements (Nittler and Alexander, 2003). Open symbols indicate grains for which Ti isotopic ratios were determined in this study. Dashed

lines indicate solar isotopic compositions.

grains have compositions that are within the range for
mainstream grains. The Z grains also plot along the main-
stream correlation lines, but have more negative 5*Ti com-
positions. In the 3°°Ti vs. 8*°Ti plot, the AB grains closely
follow the mainstream correlation line and cover approxi-
mately the same range as mainstream SiC grains, but have
on average smaller *°Ti enhancements than the other grain
types. The mainstream, Y and Z grains show progressively
larger *°Ti enrichments relative to the correlation lines.
For mainstream grains, it was previously observed that
the Ti and Si isotopic systems are strongly correlated
(Hoppe et al., 1994). In Fig. 4, the Ti isotopic compositions
of the grains in our study and from previous studies are
plotted against 3*°Si. Most of the mainstream grains from
this study also show correlated Ti and Si isotopic ratios.
Exceptions are grains M52B-596-3, MS52B-723-1, and
M52B-750-1, which plot well below the mainstream lines
for 5*Ti, 549Ti, and 5°°Ti vs. 8?°Si. As seen in previous
studies, the Y grains generally overlap the distribution for
mainstream grains and show positive correlations in their
Ti and Si isotopic ratios. However, some of the grains have
greater “°Ti enrichments and the slope for the fit to the Y
grain data in the 3°°Ti vs. §°°Si plot is steeper compared
to the mainstream grains. The Z grains show positive corre-
lations for 8*°Ti, 5*'Ti, and §*Ti vs. 5*°Si that have similar
(in the case of 8*'Ti vs. 8?°Si) and steeper (for 8*°Ti and
8*Ti vs. 2°Si) slopes than the mainstream correlation lines

and are shifted to lower intercepts. The distribution of 8°°Ti
values for the Z grains is very similar to Y grains, but there
does not appear to be a correlation with 3°°Si. The AB
grains from this study plot in the range observed previously
for AB and mainstream grains in the 3*°Ti, §*7Ti, and 8*Ti
vs. 8%Si plots, though the AB grains tend to lie below the
mainstream correlation line. The AB grains also have lower
5°°Ti values than the mainstream grains.

The “*Ti and %®Si count rates were monitored during the
analysis of each grain. For most grains, the Ti count rate
remained constant throughout the measurements, suggest-
ing that the Ti was uniformly distributed (i.e., in solid solu-
tion), while in other grains large variations in Ti count rates
during the measurements indicate the presence of internal
TiC subgrains. Fig. 5 shows the change in the 2%Si and
“Ti counts during the analysis of two grains that likely
had internal subgrains. While the 23Si counts steadily drop
as the grains are sputtered away, there are clear peaks in the
“8Ti counts. Statistics were too low in cases like these to
determine Ti-isotopic compositions for individual TiC sub-
grains. We found that two (25%) of the mainstream grains,
8 (36%) Y grains, 4 (44%) Z grains, and 5 (19%) of the AB
grains showed peaks in their **Ti count rates during their
analyses and likely had internal TiC subgrains. Thus,
approximately the same proportions of Y and Z grains have
internal TiC subgrains, whereas mainstream and AB grains
appear to have fewer internal TiC subgrains. We did not
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Silicon, C, and inferred Al isotopic compositions of presolar SiC grains in this study.

Grain Type 2¢/Bc 52Si/%8si 5%°si/%8si A127AL (x1073)
M52-25-1 Mainstream 62.3+1.0 47+ 12 38 +21
M52B-596-3 Mainstream 409+ 0.9 193+ 14 151 £ 19
M52B-703-1 Mainstream 59.1+0.9 —31+7 —1+10
M52B-723-1 Mainstream 27.1 +£0.3 138 +7 118 + 10
M52B-724-1 Mainstream 47.7+0.5 —45+7 7+9
M52B-747-1 Mainstream 479 +0.5 -59+7 14+9
M52B-750-1 Mainstream 62.1 +0.6 50 +£8 60 + 11
M52B-764-1 Mainstream 63.1 +£0.6 58+5 67 +8
M52B-8-15 AB 5.6+0.1 13+19 6+ 20
M52B-99-2 AB 5.1+0.1 122 +26 69 + 33
M52B-104-2 AB 6.3+0.1 0413 44+ 19
M52B-122-2 AB 79+0.2 14+ 17 57+ 19
M52B-123-10 AB 6.7+0.1 27418 89 + 26
M52B-131-1 AB 4.3 4+0.05 9+10 61 +£17
M52B-131-3 AB 3.1+0.1 16 + 14 —-23 429
M52B-133-10 AB 8.7+0.2 80+ 11 43+ 12
M52B-150-1 AB 82+0.1 76 £ 10 59+16
M52B-163-1 AB 2.4+0.02 57+ 11 87 +13
M52B-164-1 AB 5.1+£0.04 5247 31+9
M52B-224-1 AB 7.8+0.5 9+20 53+38
M52B-224-11 AB 84+0.2 67 £ 10 68 £ 18
M52B-227-1 AB 33+0.1 37+ 11 32+ 14
M52B-356-2 AB 5.7+0.05 26+ 8 35+£11
M52B-371-1 AB 5.8+0.1 80+9 71 £ 11
M52B-513-12 AB 3.44+£0.03 12+11 3016
M52B-513-8 AB 4.1+0.1 159 +£27 140 + 46
M52B-520-2 AB 38+0.1 16 + 15 79 £ 17
M52B-703-17 AB 4.1+0.1 63+ 10 52+13
M52B-729-12 AB 5240.1 1+£10 4412
Muril 1B-80-2 AB 89+0.3 50+9 61 +17 2.53+0.277
Muril1B-160-1 AB 3.7+£0.04 107 +9 63+ 17 2.26 £0.317
Muril1B-275-1 AB 3.0+0.03 449 52+17 2.04 +0.836
Muril1B-287-3 AB 44+0.1 -2249 4417 5.834+£0.252
Muril 1B-428-1 AB 43+0.1 28 £ 12 74 + 18 18.4 + 0.806
M52B-3-1 Y 110.7 £ 3.6 -30+12 —14+13
M52-38-1 Y 129.7+17.2 76 £ 17 134 +22
M52B-96-6 Y 1049 4.4 —-204+13 39+16
M52B-96-7 Y 126.2 +9.5 —30+23 34 +24
M52B-129-2 Y 129.6 + 12.0 —27+24 —-234+37
M52B-129-6 Y 104.1 £ 3.1 -22+14 1430
M52B-133-5 Y 103.8 3.1 5410 28 £ 13
M52-152-8 Y 175.0 £24.9 —134+25 56 +48
M52B-158-3 Y 100.8 +4.3 —33+15 —40 +23
M52-172-1 Y 126.4 +2.5 8+ 11 52+17
M52-180-5 Y 1348 +7.7 —-20+ 14 9+21
M52B-196-9 Y 105.5+7.9 —-144+19 10 +£25
M52B-205-1 Y 107.5 + 3.0 —-16 +12 26 + 14
M52-213-1 Y 1194 +44 8+ 14 —3422
M52B-227-8 Y 123.14+7.2 -9+27 -54+32
M52B-253-1 Y 114.7+ 4.8 —39411 23+ 15
M52B-253-2 Y 169.5 + 8.1 —-19+19 31 +£22
M52B-385-4 Y 154.7+3.5 42412 75+ 13
M52B-567-4 Y 146.9 + 8.1 —-14+9 43 +£11
M52B-702-15 Y 149.8 6.2 83+ 11 88 +13
M52B-703-3 Y 120.7+ 5.4 —-22+16 —20 +22
M52B-723-8 Y 108.2 + 1.7 -6+ 11 15413
M52-11-7 zZ 42.74+0.8 97+ 15 137+ 19
M52-37-3 V4 49.5+54 —99 429 203 4 37
M52B-151-1 V4 49.1 + 1.1 —67+ 12 63+ 17
M52B-164-3 V4 953+5.6 —734+23 303 +£24
M52B-166-2 zZ 49.0 +0.9 —71+10 —124+13
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Table 1 (continued)

Grain Type 2¢/B¢ 32Si/%8si 530Si/%8si 2A1/27Al (x1073)
M52B-166-7 z 447409 —58 + 12 82+ 16

M52B-597-10 z 436+1.1 —4+12 126 + 13

M52B-702-8 z 90.6 4+ 4.2 —148 £20 310 + 23

M52B-729-5 z 50.6 + 1.0 —724+38 54 +11

Note — Isotopic ratio errors are 1. Ratios given as 8-values are in permil (%o). 2°Al/>’Al ratios were measured with the NanoSIMS 50 ion
microprobe at the MPI for Chemistry in Mainz and were previously reported in Zinner et al. (2007).
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Fig. 2. Silicon isotopic compositions of presolar SiC grains analyzed in this study for Ti (symbols outlined in black). Also shown are presolar
SiC grains from the literature for which Ti isotopes were also analyzed (Virag et al., 1992; Hoppe et al., 1994; Alexander and Nittler, 1999;

Amari et al., 2001b, 2001c; Nittler and Hoppe, 2005; Huss and Smith, 2007; Zinner et al., 2007). The dashed lines indicate solar isotopic ratios
and the solid line denotes the mainstream correlation line as determined by Zinner et al. (2007).

measure a SiC standard with known Ti contents, and thus
cannot estimate absolute Ti concentrations in the grains.
However, the average “*Ti"/?Sit ratios measured in the
NanoSIMS for the Y and Z grains were similar (~0.03).
Mainstream and AB grains had lower average Ti concen-
trations with *Ti"/*Si" = 0.02.

4. DISCUSSION

Presolar SiC grains have been found to have isotopic sig-
natures consistent with condensation in a variety of stellar

sources. The atmospheres of these sources must have been
C-rich (C> O) in order for SiC grains to have condensed
(Lodders and Fegley, 1997). The vast majority of the grains
have origins in C-rich AGB stars, but other sources include
SNe and possibly novae. The source(s) of AB grains is more
uncertain, with J-type stars and born-again AGB stars
being the most likely candidates (Alexander, 1993; Amari
et al., 2001c). In this section, we will first describe the rele-
vant nucleosynthetic processes of AGB stars that affect the
isotopic compositions of AGB-derived SiC grains. The iso-
topic compositions of the mainstream, Y, and Z grains will
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Table 2

Titanium isotopic compositions of presolar SiC grains in this study.

Grain Type S*Ti/*Ti SY7Ti/*Ti *Ti/*Ti 5%OTi/*Ti
M52-25-1 Mainstream —28+7 —24+7 2949 190 £+ 20
M52B-596-3 Mainstream 4420 28 + 24 —-32+21 87+ 32
M52B-703-1 Mainstream 8§+6 -5+6 11+8 189 + 32
M52B-723-1 Mainstream —65+27 —8+26 -2+ 30 13+32
M52B-724-1 Mainstream —41+4 —39+5 —-17+6 142+6
M52B-747-1 Mainstream —1+7 4+7 —-12+9 8422
MS52B-750-1 Mainstream -89+ 17 —106 + 21 —92 +22 —52+52
M52B-764-1 Mainstream 17+4 7+4 107+ 5 184 +10
M52B-8-15 AB —46 + 38 —88 + 39 —49 + 56 3+71
M52B-99-2 AB 43+7 20+ 6 39+8 11+9
MS52B-104-2 AB -70+£5 —47+5 3+5 2+5
M52B-122-2 AB 1+14 -8+13 62+ 14 112+ 16
MS52B-123-10 AB —78+£5 —-28+6 —13+7 2+6
MS52B-131-1 AB 5418 —5+18 9+ 18 51425
MS52B-131-3 AB —49+7 —26+9 —23+10 —-76 +£9
M52B-133-10 AB 49 +8 28 +38 72+ 11 86+ 12
M52B-150-1 AB —27+15 5+ 15 29+ 19 35+92
MS52B-163-1 AB —23 +37 —46 + 40 57 + 41 92 +49
MS52B-164-1 AB 36+5 0+5 101 +6 26 +7
MS52B-224-1 AB 11+15 24+ 19 70 £+ 21 99 +29
M52B-224-11 AB 31+7 2+6 104 +8 181 +9
M52B-227-1 AB —-17+12 7+12 28 £ 15 39+16
M52B-356-2 AB —38+38 —16+38 6+9 —96+9
MS52B-371-1 AB 9+28 —66 + 29 74 + 33 95+29
M52B-513-12 AB —67+7 -32+7 —38+38 —118+9
M52B-513-8 AB 78 £ 16 22416 163 + 21 218 +22
M52B-520-2 AB 32+70 1+34 —34 + 56 39 +43
MS52B-703-17 AB —13+6 —20+7 14+38 —39+8
M52B-729-12 AB —-33+6 —-19+7 9+8 143 +9
Muril 1B-80-2 AB —26 £ 10 —32+11 —11+£13 —3+26
Muril 1B-160-1 AB 58+5 3145 79+ 6 114 +7
Muril 1B-275-1 AB 34+ 13 19+16 101 + 18 130 + 32
Muril 1B-287-3 AB —-24+4 —-16+4 1+4 -39+7
Muril 1B-428-1 AB 49+9 51+ 10 137+ 12 179 + 14
M52B-3-1 Y 24+ 10 -6+ 10 50+ 10 304 + 11
M52-38-1 * Y 10 +£28 24 + 30 50 + 35 249 + 749
M52B-96-6 Y —61 +40 —42 +42 18 +61 —144 £+ 50
M52B-96-7 Y —103 + 34 —93+32 —113+43 17 +£48
M52B-129-2 Y —32+40 —126 + 61 —89 £ 53 —63 £ 57
MS52B-129-6 Y 16 +18 2+ 14 88+ 16 175 +20
M52B-133-5 Y 4+10 —16 £ 11 32+ 14 246 + 16
M52-152-8 Y —28 £16 —4+19 83 +20 235+22
M52B-158-3 Y —29+32 —52+33 10 £ 38 53 +38
M52-172-1 Y —13+7 —28+8 19+10 309 + 11
M52-180-5 Y —21+10 —14+11 41 +13 129 + 13
MS52B-196-9 Y 34+15 19+15 86 + 20 223 +23
M52B-205-1 Y 8 +20 32+18 71 +21 323 +29
M52-213-1 Y 43 +21 —3+20 38 +22 162 + 32
M52B-227-8 Y —12+46 —57+ 38 47 + 46 112 +55
MS52B-253-1 Y —1+12 0+14 51+ 14 230 + 14
M52B-253-2 Y -79 + 82 —51+59 —68 + 59 65+ 69
MS52B-385-4 Y 39+6 4+6 74+7 510 +9
M52B-567-4 Y —37+9 —12+10 40+ 12 166 + 14
MS52B-702-15 Y 74+ 11 1+11 101 + 12 275+ 13
M52B-703-3 Y 10+ 16 33+20 31 +20 254 4+ 26
MS52B-723-8 Y 25+ 12 —26+ 14 92+ 15 347 + 21
M52-11-7 V4 —170 +20 —65+20 —146 + 24 40 + 30
M52-37-3 V4 —178 £ 11 —97 £ 20 —162 £ 16 —26+17
M52B-151-1 Z —103 £ 21 —49 + 29 —41 +26 53+37
MS52B-164-3 V4 —199 + 22 —127 £ 26 —147 £ 28 231 +32
M52B-166-2 V4 6+ 26 —33+30 6 +40 62 +32
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Table 2 (continued)
Grain Type 3*Ti/*Ti SY7Ti/*®Ti Ti/*®Ti 5°OTi/*Ti
M52B-166-7 V4 —167+12 —45+ 14 —101 + 18 7+ 17
MS52B-597-10 V4 219+ 10 —109 £ 10 177+ 12 151 £16
M52B-702-8 V4 -275+15 —135+ 16 —202 +21 346 £ 25
MS52B-729-5 V4 —163 £ 14 —161 £ 14 —181 £ 18 —146 + 34
Note — Isotopic ratio errors are 1o. Ratios are given as d-values in permil (%o).
* The large 8°°Ti uncertainties for these grains are due to large *°Cr interferences.
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Fig. 3. Titanium isotopic compositions of presolar SiC grains from this study and from the literature given in permil (%0). Symbols and
references are the same as in Fig. 2. Also shown are AGB nucleosynthesis models of Cristallo et al. (2011) for two different stellar masses and
three different metallicities. The dashed lines indicate solar isotopic ratios and the solid lines denote mainstream correlation lines as

determined by Zinner et al. (2007).
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Fig. 4. Titanium isotopic compositions of presolar SiC grains compared to their §2°Si/**Si values. Symbols and references are the same as in
Fig. 2. Also shown are AGB nucleosynthesis models of Cristallo et al. (2011) for two different stellar masses and three different metallicities.
The three labeled grains fall below the mainstream correlation line and are discussed in Section 4.1.1. All ratios are given in delta notation in
permil (%o). The dashed lines represent solar isotopic compositions and the solid lines are fits to the mainstream SiC grains.

be discussed in the context of astrophysical models. The
possible stellar sources and isotopic compositions of the
AB grains will then be presented, followed by a discussion
of the unusual SiC grain M52B-505-1.

4.1. AGB stars

During the main sequence phase of the life of a star less
massive than ~8 M, core H-burning via the CNO cycles
produces '*C. The products of the CNO cycles are later
mixed into the envelope by the “first dredge-up” during

the red giant phase, decreasing the surface '2C/"*C ratio.
Following core He-burning, these stars will evolve to the
thermally pulsing AGB phase, during which the star is com-
prised of a C-O core, a He-burning shell, a He intershell, a
H-burning shell, and a large convective envelope (Busso
et al., 1999). At this stage, the stellar envelope is O-rich.
During thermal pulses, shell He-burning produces '*C.
After the pulses, third dredge-up (TDU) occurs where the
base of the convective envelope descends to the H- and
He-burning regions and brings the nucleosynthetic prod-
ucts, notably '2C and the products of s-process nucleosyn-
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Fig. 5. Change in the counts of 2%Si (in grey) and **Ti (in black) during the analyses of grains M52B-371-1 and M52B-122-2. The peaks in the
“8Ti counts are most likely due to the presence of internal TiC grains.

thesis, to the surface of the star. Repeated TDU episodes
increase the surface C/O ratio, ultimately producing a
C-rich environment that is favorable for the condensation
of carbonaceous grains. In intermediate-mass stars
(>~4 M_,), the base of the envelope becomes hot enough
for H-burning reactions to occur, a process termed hot bot-
tom burning (HBB) that prevents the star from becoming
C-rich. Thus, SiC grains likely do not originate in such
stars. The '>C/'3C ratios of mainstream SiC grains fall
between 10 and 100 (solar '2C/'3C =89), reflecting the
combination of the first dredge-up, which decreases the sur-
face 2C/'3C, and the TDU that then increases the surface
2¢/13C. In addition, a poorly-understood mixing process
known as cool bottom processing (CBP) in which envelope
material is cycled to regions hot enough for partial H-
burning (Nollett et al, 2003; Zinner et al., 2006;
Palmerini et al., 2011) may also act to decrease the
2C/13C ratio during the AGB phase. On the other hand,
Y grains are defined by having '>C/!3C > 100. This is attrib-
uted to greater dredge up of '>C produced during He shell
burning compared to the parent stars of mainstream grains.
AGB stars of higher mass and/or lower metallicity are pre-
dicted to have higher 'C/"3C ratios and comparisons with
models suggest Y grains likely originated in AGB stars of
~half solar metallicity and ~1.5-5Mg (Amari et al.,

2001b). Though Z grains likely come from even lower
metallicity stars than Y grains based on their Si isotopic
ratios (Alexander, 1993; Hoppe et al., 1997; Nittler and
Alexander, 2003; Zinner et al., 2006), their 3C.rich
(12C/13C < 100) compositions are similar to those of main-
stream grains. This has been attributed to CBP occurring
more efficiently in lower-metallicity stars and maintaining
low '2C/"*C despite the dredge-up of 'C (Nittler and
Alexander, 2003; Zinner et al., 2006).

Many presolar SiC grains also show clear evidence for
having incorporated live 2°Al (half-life = 7.2 x 10° yr) in
the form of large excesses in 2*Mg. This isotope is produced
by shell H-burning in AGB stars and mixed to the surface
by the TDU. Its abundance can also be increased by
HBB and/or CBP. The inferred °Al/*’Al ratios for main-
stream, Y and Z grains range from ~3 x 107> to
2 x 1072 and are in good agreement with AGB nucleosyn-
thesis predictions (Hoppe et al., 1994, 2010; Huss et al.,
1997; Amari et al., 2001b; Zinner et al., 2007).

The Si and Ti isotopic compositions are altered in AGB
stars by neutron capture reactions occurring in the He
intershell. These reactions enhance the abundance of the
minor Si and Ti isotopes. The two sources of neutrons
are the reactions *C(a,n)'®O and **Ne(a,n)**Mg. The first
reaction occurs in the upper layers of the He intershell
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where a '3C-rich layer, known as the «Bc pocket”, resides.
This reaction produces a lower density of neutrons over
extended periods of time between thermal pulses. The o-
capture reaction on 2*Ne occurs during thermal pulses at
the base of the He intershell and produces shorter bursts
of neutrons. While Ti isotopes are affected by both neutron
sources, the *C source results in a marked production of
OTi. In general, greater s-process shifts in Ti isotopes are
expected for low metallicity stars. Neutron capture reac-
tions affect the Ti isotopes to a greater extent than the Si
isotopes, which are fueled by the >*Ne source that is only
marginally activated in low-mass AGB stars (Lugaro
et al., 1999).

The Si and Ti isotopic compositions of SiC grains, how-
ever, cannot be purely explained by models of s-process
nucleosynthesis in AGB stars. For example, the ranges of
isotopic ratios for these elements in mainstream grains are
larger than predicted for single AGB stars and the slopes
of the correlation lines in isotopic ratio — isotopic ratio
plots are distinct from AGB predictions. Instead, these iso-
tope ratios mainly reflect the initial parent stellar composi-
tions as determined by GCE (Alexander, 1993; Gallino
et al., 1994; Timmes and Clayton, 1996; Alexander and
Nittler, 1999) and possibly local heterogeneities in the
ISM (Lugaro et al., 1999; Nittler, 2005). GCE describes
the temporal and spatial evolution of the chemical compo-
sition of the Galaxy over time. When discussing GCE, it is
useful to distinguish “primary” and ‘“‘secondary” isotopes.
The nucleosynthetic yields of primary isotopes are essen-
tially independent of metallicity, whereas secondary iso-
topes require existing seed nuclei for synthesis. Thus, in
general secondary isotopes become more abundant over
time relative to primary isotopes, i.e., for Si and Ti the
29.305i/28Gi and  *0474%0Ti/*8Ti ratios increase with
metallicity.

4.1.1. Mainstream SiC grains

We will first discuss the Si and Ti isotopic compositions
of mainstream grains, as this will serve as a baseline for the
subsequent discussion of the rare types of presolar SiC. The
Si isotopic compositions of the mainstream SiC grains fall
along a correlation line of slope 1.37 in a plot of §*°Si vs.
8%Si (Fig. 2; Zinner et al., 2007). In contrast, neutron cap-
ture reactions in AGB stars produce *°Si and *°Si and shift
the Si isotopic ratios along a line of slope 0.2-0.5 (Gallino
et al., 1994; Lugaro et al., 1999; Amari et al., 2001b; Nittler
and Alexander, 2003; Zinner et al., 2006). For low-mass
(1-3 M) AGB stars of near solar metallicity, the sources
of the mainstream grains, the shifts in the Si isotopic ratios
are predicted to be only ~25%. (Lugaro et al., 1999). The
range of Si isotopic ratios of the mainstream grains thus
reflects the varying initial parent stellar compositions,
which were most likely established by GCE, overprinted
by heterogeneous mixing of SN ejecta (Lugaro et al.,
1999; Nittler, 2005; Zinner et al., 2006), though more exotic
explanations have also been put forward such as a merger
of a metal-poor galaxy with the Milky Way (Clayton,
2003). However, the fact that most mainstream grains have
28i/%8i and °Si/?®Si ratios that are larger than solar
implies their parent stars had higher-than-solar metallici-

ties, but were also older than our Sun. This paradox can
be explained by the age-metallicity distribution derived
for the parent stars of mainstream SiC grains, which indi-
cates that a range of metallicities was present at each stellar
age, and that SiC grains condensed more efficiently in
higher metallicity stars (Lewis et al., 2013).

The Ti isotopic compositions of mainstream grains
behave in a similar fashion to the Si isotopes, where the
ranges of compositions and slopes on three-isotope plots
cannot be explained solely by AGB nucleosynthesis
(Lugaro et al., 1999). The Ti isotopic compositions of the
mainstream SiC grains from this study fall in the ranges
observed in other studies (Hoppe et al., 1994; Alexander
and Nittler, 1999; Amari et al., 2001b, 2001¢c; Gyngard
et al., 2006; Huss and Smith, 2007; Zinner et al., 2007).
The §*"Ti/**Ti and §*°Ti/**Ti values show a tight correla-
tion (Fig. 3) that is close to the trends predicted by GCE
models (Timmes et al., 1995; Alexander and Nittler, 1999;
Zinner et al., 2007). The spread in the data along the corre-
lation line thus likely reflects the variable initial Ti isotopic
compositions of the parent stars. The §**Ti/**Ti values of
the mainstream grains in this study are also correlated with
3*Ti/*8Ti, though some grains from the literature show
small enhancements in **Ti from s-process nucleosynthesis
and TDU. Assuming that the overall GCE trend passes
through the solar composition (i.e., 5'Ti=0), this AGB
contribution pushes the intercept of the correlation line in
the 8*Ti vs. 8*°Ti plot to a positive value. Indeed, the
mainstream correlation line in this plot has a positive inter-
cept. Clearly deviating from the GCE trend are the *°Ti
enrichments observed in a proportion of the grains. As
noted by Zinner et al. (2007), stars of ~solar metallicity
are not expected to experience a large degree of neutron
capture nucleosynthesis. In principle, the large spread in
3%Ti/*®*Ti values could be explained by the heterogeneous
distribution in interstellar space of *°Ti, which is produced
mainly in a rare subset of Type Ia SNe rather than in Type
IT SNe as the other Ti isotopes are (Meyer et al., 1996;
Woosley, 1997). Contributions from Type Ia SNe are more
significant in the later stages of GCE. The GCE of the Si
isotopes based on SiC grain data indicate a strong contribu-
tion of 2%Si from Type Ia SNe in the late phase of Galactic
evolution (Amari et al., 2001b; Zinner et al., 2006). How-
ever, that we observe enhancements in **Ti, which is not
produced in Type Ia SNe but is more likely a product of
neutron capture reactions, indicates that a portion, if not
all, of the excess *°Ti observed in the mainstream grains is
due to AGB nucleosynthesis. Activation of the '*C neutron
source in the parent AGB stars greatly enhances the *°Ti
abundance in the He intershell. Moreover, *°Ti is neutron
magic and has a small neutron capture cross section and
large nuclear binding energy relative to the other Ti iso-
topes, which can result in accumulation of this isotope.

The Ti and Si isotopic compositions for succeeding
TDU episodes predicted by the AGB nucleosynthesis mod-
els of Cristallo et al. (2011) for 1.5 M, and 3 M, stars of
metallicities 0.014 (solar), 0.006, and 0.003 are plotted in
Figs. 3 and 4. The solar Ti and Si isotope abundances were
taken from Asplund et al. (2009). The results are scaled so
that the initial isotopic ratios for each metallicity are the
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values used by Zinner et al. (2007). The initial isotopic
ratios in that study were determined by assuming that the
abundances of the primary isotopes increased according
to observations of thin- and thick-disk stars and that the
abundances of secondary isotopes scaled with the Fe abun-
dance. The derived initial 8'Ti was -260%o for Z=0.006 and
-378%o0 for Z=0.003, and the initial 5*°Si was -113%o for
Z=0.006 and -173%0 for Z=0.003. For stars of 1.5 M,
and Z=0.014, the AGB model indicates an increase in
3%Ti of ~50%0 and 8°°Ti of ~90%o. The predicted **Ti
and °Ti enrichments are consistent with the isotopic com-
positions of 7 and 4 of our mainstream SiC grains, respec-
tively, with the other grains having larger enrichments. For
3 M,, stars and Z=0.014, 3**Ti is predicted to increase by
~150%0 and §°°Ti by ~240%o relative to the starting com-
position. These values are consistent with the measured
“Ti and >°Ti enhancements observed in some mainstream
SiC grains. As will be discussed in section 4.2, the AB grain
data also support AGB nucleosynthesis as the cause of the
“Ti and *°Ti enhancements observed in the mainstream
grains.

The Si and Ti isotopic compositions of the mainstream
SiC grains are highly correlated, providing further evidence
that both elements are greatly affected by GCE (Hoppe
et al., 1994; Alexander and Nittler, 1999; Nittler, 2005).
In Fig. 4, the Ti isotopic ratios of the grains from this study
are plotted against the 2°Si/**Si ratios along with the least
square fits to the isotopic ratios of ~300 mainstream SiC
grains from the literature. Comparisons with the °Si/*Si
ratios are not made because AGB nucleosynthesis produces
larger enhancements in 3°Si than Si, especially at lower
metallicities. Also plotted are the AGB model predictions
of Cristallo et al. (2011) that show that the 5%°Si values
are barely affected by AGB nucleosynthesis. The main-
stream grains from this study generally fall along the corre-
lation lines. However, the two grains with the largest 3*°Si
values, M52B-596-3 and M52B-723-1 (labeled in Fig. 4),
plot well below the mainstream lines for §*°Ti, *'Ti, and
5°°Ti vs. 8%°Si. The §*Ti and §°°Ti values of these grains
are close to those of AB grains, and this could indicate their
parent stars did not undergo appreciable s-process nucle-
osynthesis. However, the low 8%Ti values are difficult to
explain especially given the fact that the 3*’Ti values plot
close to the mainstream correlation line. On the other hand,
the Ti isotopic compositions of these two grains are within
30 error of solar, so it is possible that the measurements of
these grains suffered from terrestrial contamination. Grain
M52B-750-1 also plots far below the mainstream correla-
tion lines with a more **Ti-rich composition than other
mainstream grains, but similar isotopic compositions to
AB grains. It is possible that the parent star of this grain
did not undergo significant s-process nucleosynthesis.
Excluding these grains, the data follow the mainstream cor-
relation lines for 8*Ti and 8°°Ti vs. 8*°Si. For 8*Ti and
5*7Ti vs. 8%°Si, our mainstream data appear to show a shal-
lower slope than the literature correlation lines. However,
the data plot in the same range as the mainstream grains
from the literature (Hoppe et al., 1994; Alexander and
Nittler, 1999; Gyngard et al., 2006; Huss and Smith,
2007; Hynes and Gyngard, 2009), and given the small

number of grains measured here the discrepancy in the
slope is probably not significant. Note that the mainstream
correlation lines have positive intercepts in the 8**Ti and
5°°Ti vs. 5°°Si plots, which agrees with the model predic-
tions of AGB contributions for **Ti and especially *°Ti in
stars of ~solar metallicity.

4.1.2. Y Grains

The Si isotopic compositions of many of the Y grains
plot to the right of the mainstream correlation line on a plot
of %Si vs. 8°°Si (Fig. 2) and largely follow a trend line that
has a shallower slope than for the mainstream grains. These
observations are attributed to the initial compositions of
the Y grains’ parent stars and the contribution from AGB
nucleosynthesis. Based on comparisons of major- and
minor-element isotopic compositions with AGB models,
the parent stars of Y grains had lower initial 2°Si/?®Si and
30Si/?8Si ratios than the parent stars of the mainstream
grains and are inferred to have come from ~1/2 solar
metallicity AGB stars (Amari et al., 2001b). The initial Si-
isotope ratios of the Y grain parent stars can be estimated
by subtracting the AGB contribution and projecting the
measured ratios back onto the GCE line. The exact position
of this line is not known. Theoretical models predict a line
of slope 1 going through the solar composition (8'Si = 0)
(e.g., Timmes and Clayton, 1996), but the mainstream cor-
relation line of slope ~1.37 has also been used as an esti-
mate of the GCE of Si (Amari et al., 2001b; Zinner et al.,
2006). Note however that the Si isotopic ratios of the main-
stream SiC grains are affected to some extent by AGB
nucleosynthesis and subtracting this AGB contribution
would shift the mainstream correlation line to the left by
~20%o. The initial Si isotopic compositions of the Y grains
determined by projecting the measured isotopic ratios onto
the shifted (AGB corrected) mainstream correlation line
would be more 2*Si-rich than if they were projected onto
the uncorrected correlation line. As will be discussed in Sec-
tion 4.2, the AB grain correlation line for Si isotopes may
provide a better estimation of the GCE of Si.

AGB nucleosynthesis enhances 2°Si and °Si through
neutron capture reactions and the stellar envelopes of low
metallicity AGB stars are more enriched in the products
of these reactions. These stars have higher temperatures
in their He shells, generate more neutrons, and experience
dredge up to greater depths. Moreover, the envelopes of
low metallicity stars have lower initial abundances of ele-
ments including C, Si, and Ti, and there is consequently less
dilution of dredged-up material. Y grains, therefore, gener-
ally have greater enhancements in 2°Si and *°Si than are
observed in mainstream SiC grains, which is consistent with
their higher '’C enhancements. However, the Si isotope
ratios of many of the Y grains overlap those of the main-
stream grains, especially for the more *®Si-rich grains. The
tighter distribution of Si isotopic compositions of the Y
grains indicates that the number of Y grain parent stars is
fewer than the parent stars of mainstream grains and that
they had a smaller range of initial isotopic compositions.
Amari et al. (2001b) estimated that fewer than 10 parent
stars are needed to explain the Y grain data. The larger
scatter in the Si isotopic ratios of the mainstream SiC grains
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is likely due to a wider range of parent stellar compositions
and greater degree of local heterogeneity in the material
that formed these stars.

Y grains are also expected to have greater enhancements
in *°Ti and perhaps also *Ti from neutron capture reac-
tions than mainstream grains. Previously, only 23 Y grains
had been analyzed for their Ti isotopic compositions
(Amari et al., 2001b; Zinner et al., 2007). The Ti isotopic
compositions of the Y grains from our study overlap those
of mainstream grains in plots of 8*’Ti and 8*Ti versus
3°Ti (Fig. 3). Unlike the Si isotopes, AGB nucleosynthesis
does not appear to affect these Ti isotopes more in half solar
metallicity stars than in solar metallicity stars. The AGB
models for 1.5 M, and 3 M, stars of Z=0.01 predict
enhancements in “*Ti of ~60%0 and ~140%o, respectively
(Cristallo et al., 2011). These enhancements are about the
same for stars of Z = 0.014. The similar **Ti values of Y
and mainstream grains are in agreement with the AGB
models. Moreover, the degree of “*Ti enrichment measured
in the Y and mainstream grains is comparable to the values
predicted in these models. The Y grains show a wider range
of °°Ti values compared to mainstream grains, with ~30%
of the Y grains having greater enhancements in >°Ti than
the mainstream grains. For example, grain M52B-385-4
shows an extremely high 8°°Ti of 510 & 9%o though the
3%0Si value is unremarkable. These compositions point to
the strength of the '*C neutron source in the parent star
of M52B-385-4. Only the Y grain KJGM1-158-5 has a lar-
ger >°Ti enhancement (990 + 55%0) and also is more °Si-
rich (Amari et al., 2001b). The AGB models for 1.5 M
and 3 M, stars of Z=0.01 predict enhancements in *°Ti
of ~150%0 and ~275%o, respectively (Cristallo et al.,
2011). For stars of Z=0.014, the predicted SOTj enrich-
ments are ~90%o0 and ~240%o for 1.5 M, and 3 M., respec-
tively (Cristallo et al., 2011). These models thus predict
greater *°Ti enrichments in the parent stars of Y grains than
mainstream grains, and the grain data are in agreement
with these predictions. Moreover, the degree of OTj enrich-
ments from the initial compositions in the models agrees
with the grain data, though a few Y grains show greater
enrichments.

The §*Ti, §*'Ti, and 8*Ti values of the Y grains all
show correlations with 5°°Si, though they are not as tight
as for other grain types (Fig. 4). Grains with negative
3%Si values appear to have more scatter in their Ti isotopic
compositions, but the range of compositions is similar to
that observed for the Y grains in the literature and main-
stream grains. The 8°°Ti compositions are not well corre-
lated with 5°°Si, again reflecting the prominence of AGB
nucleosynthesis affecting *°Ti but not 2°Si. The projected
initial 52°Si values of the parent stars of Y grains are lower
than for mainstream grains and indicate low metallicity
stellar sources. As previously noted, the 8*°Ti and 5*'Ti val-
ues do not appear to be highly affected by AGB nucleosyn-
thesis and AGB models predict enrichments in “°Ti and *'Ti
to be less than 30%0 and 6%o, respectively. If the §*°Ti and
3*Ti values mainly reflect GCE, then these values should
also be lower than for mainstream grains. Though the
statistics are still limited for Y grains, the intercepts of
the correlation lines for these grains do not appear to differ

much from the mainstream correlation lines. This suggests
that the *°Ti/**Ti and *’Ti/**Ti ratios did not evolve rapidly
in the Galaxy after the time that the Y grain parent stars
formed.

4.1.3. Z Grains

The type Z SiC grains have relatively large *°Si enrich-
ments and all but one of the grains studied here have lower
3%Si values than the Y grains (Fig. 2). These typical Z grain
characteristics have been used to argue that Z grains origi-
nated in roughly one third solar metallicity AGB stars that
had lower initial 2°Si/*®Si and *°Si/**Si ratios than the par-
ent stars of Y grains. These stars also experienced a much
greater degree of s-process nucleosynthesis than the parent
stars of Y grains and consequently have larger *°Si
enrichments.

The 9 Z grains in this study show a very similar range of
Ti isotopic compositions to the 11 Z grains discussed previ-
ously by Zinner et al. (2007). In the plots of §*'Ti and §*'Ti
versus 8*°Ti, the Z grains fall along the mainstream corre-
lation lines but extend the trends to more negative values
(Fig. 3). This corroborates the low metallicity stellar
sources for these grains. Moreover, the trends provide fur-
ther evidence that the *¢*"*°Ti isotopes in AGB-derived
SiC grains are mainly influenced by GCE. The AGB models
for Z = 0.006 and Z = 0.003 plot parallel to the mainstream
correlation line in the plot of 8*'Ti vs. 8*°Ti, but it is clear
that the assumed initial Ti isotopic compositions are shifted
down and miss the grain data. AGB nucleosynthesis does
not affect the **Ti or *’Ti abundances to a large degree
and the spread in the Z grain data along the correlation line
likely denotes the varying initial isotopic compositions of
their parent stars. In the plot of 8**Ti vs. §*°Ti, the assumed
initial ratios fall very close to the mainstream correlation
line and the degree of **Ti enrichment predicted by the
AGB nucleosynthesis models approximately covers the
range of 8*Ti values measured for the Z grains. The Z
grains show large positive deviations from the mainstream
correlation line in the plot of 8°°Ti vs. 8*Ti. The degree
of *°Ti enrichment is greater than that for Y grains, again
demonstrating the increased level of s-process nucleosyn-
thesis as the stellar metallicity decreases. The AGB models
predict lower *°Ti enrichments than measured in many of
the Z grains, especially if the initial 5°°Ti values are shifted
down to the mainstream correlation line. This suggests that
the dosage of '*C used in the models is too low and a higher
neutron flux is required to match the grain data.

Similar to the Y grains, the 8%Ti, 8*'Ti, and 8*°Ti values
of the Z grains show a correlation with 8*°Si (Fig. 4). The Z
grains extend the mainstream correlation lines to negative
8'Ti and 5°°Si values, consistent with origins in low metal-
licity AGB stars, but they generally plot below the main-
stream correlation lines. While the correlation line for the
Z grains in the §*'Ti vs. *Si plot lies parallel to the main-
stream correlation line, they are steeper in the §**°Ti vs.
3%Si plots. The fact that these grains lie below the correla-
tion lines for mainstream and Y grains and that the slopes
of some of the Z grain correlation lines are different could
indicate the GCE of the Si and Ti isotopes evolve differently
at low metallicities. The steeper slopes of the Z grain corre-
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lations indicate curvature in the Ti-Si GCE trends. This
would suggest that the secondary Ti isotopes were evolving
more rapidly than the secondary Si isotopes at the time the
parent stars of the Z grains were forming. The shallower
slope of the Z grain correlation line in 8*'Ti vs. §*°Si rela-
tive to the other Z grain correlation lines suggests *"Ti
did not evolve as rapidly when the Z grain parent stars were
forming, but the material from which the stars formed was
more enriched in *’Ti than the other Ti isotopes. The AGB
models lie close to the grain data for 8*6*Ti vs. §2°Si, indi-
cating the assumed initial 5%Ti, 8*Ti, and 5%°Si values at
low metallicities are reasonable. However, the assumed ini-
tial 3*"Ti ratios at low metallicities should be increased. The
large excesses of *°Ti observed in the Z grains are again due
to the prominence of n-capture reactions in lower metallic-
ity stars. The **Ti and *°Ti enrichments in some of the
grains are greater than the AGB model predictions, but
the degree of this discrepancy depends on the initial isotopic
compositions.

In Fig. 6, the isotopic shifts in *°Ti/**Ti and *°Si/?**Si due
to AGB nucleosynthesis are plotted for Y and Z grains
from this study and from Zinner et al. (2007). These values
were determined in the manner employed by Amari et al.
(2001b), Nittler and Alexander (2003), Zinner et al. (2006)
and Zinner et al. (2007). The isotopic compositions of the
grains were projected along the modeled paths of AGB
nucleosynthesis onto the GCE lines, assumed to be the
mainstream correlation lines. The slope used for the AGB

nucleosynthesis path for §°Si vs. §°°Si was 0.16, which is
the average slope for 1.5 and 2M, AGB models at
Z =0.006 and 0.003 (see Zinner et al., 2006). For the
5°°Ti vs. 8*°Ti AGB path, the average of 1.5M. AGB
models at Z = 0.006 and 0.003 gave a slope of 12.5. The
deviation of the measured ratio from this "initial" ratio is
taken to be the contribution from AGB nucleosynthesis.
The fit through all the data points has a slope of ~1.5
and an intercept of ~180%o. The shifts in °Ti are larger
than for *°Si, especially for Y grains. The A°°Ti/**Ti and
A°Si/?Si values span ~400%0 and 50%o, respectively, for
the Y grains. For the Z grains, the A*°Ti/**Ti and A*Si/*Si
values span ~1000%c and 400%o, respectively. This indicates
that the '>C source produces a greater total fluence of neu-
trons than the **Ne source in the low metallicity parent
stars of both Y and Z grains. The Z grains generally display
greater enhancement of *°Ti and *°Si from AGB nucleosyn-
thesis than the Y grains. However, the isotopic shift in
398i/788i relative to *°Ti/**Ti is ~3 times greater in Z grains
than in Y grains. This is due to the higher temperatures at
the base of the He shell in the parent stars of Z grains, caus-
ing the **Ne source to produce more neutrons. Moreover
the depth of the TDU is greater in these stars.

4.2. AB grains
4.2.1. Proposed stellar sources

The stellar sources of AB grains have been enigmatic
and their isotopic properties cannot be reproduced by cur-
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rent stellar models. AB grains have Si isotopic compositions
that overlap the compositions of mainstream SiC grains
(Fig. 2). These grains are distinguished from the main-
stream grains by having low '2C/'3C (<10) ratios, which
are likely a consequence of the CNO cycle. Stellar envelopes
become C-rich from the production of '>C during He-
burning and subsequent repeated TDU. It is under these
C-rich conditions that SiC grains can condense. The TDU
also increases the '>C/'*C in the envelope to the values
observed in mainstream SiC grains (~10 to 100). In order
for AB SiC grains with low '>C/'*C ratios to condense,
their parent stellar source(s) had to have experienced H-
burning to produce '*C after the star became C-rich. The
N isotopic compositions of AB grains cover the range of
mainstream grains (i.e., "*N/'°N ~terrestrial up to ~10%),
but a significant fraction (~30%) also extend to lower-
than-solar 'N/'>N ratios. Alexander (1993) and Amari
et al. (2001c) proposed that the two most likely stellar
sources of AB grains are born-again AGB stars or J-type
carbon stars. Spectroscopic observations indicate that these
C-rich stars have low '>C/'*C ratios (<~10) similar to those
of AB grains (Lambert et al., 1986; Asplund et al., 1999;
Ohnaka and Tsuji, 1999).

Born-again AGB stars, such as Sakurai’s object, are in
the post-AGB phase and have lost most of their envelope.
These stars undergo a very late thermal pulse that generates
abundant '>C (Asplund, 1999; Herwig, 2001). The convec-
tive He shell extends into the remaining H envelope, and
convective H-burning of '>C produces '*C and low
12C/13C ratios (Herwig et al., 2011). These stars also show
s-process element enrichments, indicating activation of the
3C neutron source (Kipper and Klochkova, 1997;
Asplund et al., 1999; Herwig et al., 2011).

In contrast to born-again AGB stars, J-type carbon stars
do not show enhancements in s-process elements (Utsumi,
1985; Abia and Isern, 2000). The mechanism for 13C enrich-
ment, if it occurred via thermal pulses, without the occur-
rence of neutron capture reactions remains unknown.
These stars also have '*N/'>N ratios consistent with those
measured in AB grains, including grains with low
YN/'N ratios (Hedrosa et al., 2013). The formation of
these stars is unfortunately not well understood. Possible
scenarios include an extra mixing mechanism such as
CBP, mixing at the He-core flash, and binary systems (see
Ohnaka and Tsuji, 1999; Abia and Isern, 2000; Amari
et al., 2001c).

Type II SNe have also been tentatively suggested as the
stellar sources of some AB grains. One AB grain was found
to have enhancements in r- and p-process isotopes of Mo
and Ru (Savina et al., 2003, 2007). A possible location
for production of p-process isotopes is Type II SN. How-
ever, the SN models predict greater p-process isotope
enhancements than observed in the grain, and the C and
Si isotopic compositions of these grains were not compati-
ble with SN origins. Savina et al. (2007) thus proposed mix-
ing of SN material with isotopically solar material in a
binary system. However, the mixing calculations could
not reproduce all measured isotopes of this grain. Three
AB grains were found to have **S enhancements (Fujiya
et al., 2013). Though this isotopic signature could result

from the Si/S zone of a SN, the C and Al isotopic
compositions of these grains do not fit a SN origin. The
authors suggested born-again AGB stars as the sources of
these grains. Some '’N-rich AB grains also have enrich-
ments in *2S and >°Ti, suggestive of proton and neutron
capture reactions in Type II SNe (Nittler et al., 2016).

4.2.2. Ti and Si isotopic compositions of AB grains

45 AB grains were analyzed previously for their Ti iso-
topic compositions (Ireland et al., 1991; Virag et al., 1992;
Hoppe et al., 1994; Amari et al., 2001c; Gyngard et al.,
2006; Zinner et al., 2007). The 26 AB grains in this study
have Ti isotopic compositions that are similar to previous
analyses. The Ti isotopic ratios closely follow the main-
stream correlation lines and cover approximately the same
range of compositions (Fig. 3). This suggests that the grains
derived from stars of close to solar metallicity. One notable
difference is that the AB grains do not show enhancements
in °Ti as do other SiC grains from AGB stars. Note that
the mainstream grains from this study have moderate *°Ti
enrichments, but the mainstream grains reported in the lit-
erature have 8°°Ti values ranging up to ~450%.. As noted
previously, the *°Ti enrichments observed in some main-
stream grains could have resulted from AGB nucleosynthe-
sis or heterogeneous distribution of *°Ti in interstellar
space, or a combination of the two. If AB grains derived
from stars of ~solar metallicity, then they formed at
approximately the same time as mainstream grains. If there
was a heterogeneous distribution of *°Ti in the Galactic
disk during this time, this would imply that the AB grains
sampled a discrete location that had a more homogeneous
distribution of *°Ti. This explanation is tentative, however,
and it is more likely that the parent stars of AB grains did
not experience extensive dredge-up of the products of
s-process nucleosynthesis.

The Ti isotopic compositions of the AB grains are corre-
lated with 8*°Si and follow along the mainstream correla-
tion lines (Fig. 4). However, the *°Ti/**Ti and to a lesser
extent the *Ti/**Ti and **Ti/**Ti ratios of most of the
grains fall below the mainstream correlation lines. This
indicates again that the parent stars of AB grains under-
went significantly less dredge-up of s-process nucleosynthe-
sis products than did the mainstream parent stars. The Ti
isotopic compositions of the AB grains thus support an ori-
gin in J-type C stars. The mainstream grains have higher
8°°Ti values than expected for near-solar metallicity stars
and are likely more affected by s-process nucleosynthesis
than previously thought. If this is the case, then AB grains
provide a better model for GCE. Indeed, the intercept of
the fits to the AB grain Ti isotopic ratios are closer to the
solar compositions (8Si = §'Ti = 0). The Si isotopic com-
positions of the AB grains may also provide a better mea-
sure of GCE. The -contributions from AGB
nucleosynthesis in mainstream grains would shift the grain
compositions in the 8*Si vs. 8°Si plot from their initial
compositions along the true GCE line to the right and pro-
duce a shallower slope. The true GCE line would, therefore,
have a steeper slope and more positive intercept than the
mainstream correlation line. The correlation line for all
AB grains has a slightly shallower slope than the
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mainstream correlation line. However, we find that the Si
isotope correlation line for AB grains with "“N/'*N ratios
greater than solar differs from that of AB grains with
N/'5N ratios lower than solar. The correlation line for
AB grains having *N/!*N > solar has a slope and intercept
that are within error of those of the mainstream correlation
line, while the "*N-rich AB grains show a shallower slope
(~0.9). This difference stems from the fact that these two
grain populations likely have different stellar sources. At
least some of the '’N-rich AB grains likely come from Type
IT SNe (Nittler et al., 2016), and their Si isotopic ratios
would not necessarily reflect GCE. On the other hand,
the '"*N-rich AB grains trace the GCE of Si with some
contribution from AGB nucleosynthesis, similar to the
mainstream grains. Of course, some of these “N-rich AB
grains have enhancements in °Ti and thus greater
s-process contributions than grains that do not have *°Ti
enrichments. The *N-rich grains that are not enriched in
9T1 likely provide a better estimation of the initial Si and
Ti isotopic compositions, but the statistics for these grains
are still limited.

4.2.3. 2°AIFF7 Al isotopic compositions

In Fig. 7, the 8°°Ti values of mainstream and AB grains
are plotted against inferred *°Al/>’ Al ratios for presolar SiC
grains. Aluminum-26 is produced in the H-burning shell
and brought to the stellar envelope by dredge-up episodes.
However, it is produced more extensively during CBP. The

26A1/%7Al ratios of AB grains from this study and others
(Virag et al., 1992; Hoppe et al., 1994; Amari et al.,
2001c¢; Zinner et al., 2007) are generally larger than in main-
stream grains. Some of these AB grains also have °Ti
excesses and could come from born-again AGB stars. The
parent stars of AB grains having high "*N/'*N ratios likely
underwent CBP. For the grains that do not show enhance-
ments in *°Ti, H-burning in J stars likely produced the high
26A1/*7Al ratios and low '2C/'3C ratios. As has been dis-
cussed by Amari et al. (2001c¢), a difficulty with this scenario
is that H-burning not only produces '*C but also converts C
to N and reduces the C/O ratio. So there must be a balance
between He-burning to produce '*C and H-burning.

4.2.4. Probable stellar source of AB grains in this study
The lack of s-process enhancement of the Ti isotopes and
high 2A1/>’Al ratios in the AB grains in this study lends
support to J stars as the stellar sources. Moreover, nucle-
osynthesis models of born-again AGB stars predict large
enhancements in 2°Si and 3°Si in the He intershell
(8%Si = 2100%0 and §°°Si = 9500%0) (Herwig et al., 2011).
Such extreme Si isotopic compositions have not been
observed in AB grains and large dilution of the Si isotopes
with isotopically normal material would need to be invoked
to explain the grain data. However, as previously men-
tioned, some AB grains do have s-process enrichments that
suggest they could have derived from born-again AGB stars
(Amari et al., 2001c). Some presolar high density (HD)
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graphite grains also have low >C/'3C ratios that are similar
to those of AB grains. Some of these HD graphite grains
were found to have extremely anomalous Ca and Ti isotopic
compositions that can be explained by He shell nucleosyn-
thesis in born-again AGB stars (Jadhav et al., 2008, 2013).
The Ti isotopic anomalies greatly exceed those measured
in presolar SiC grains, however. Recently, three AB grains
were found to have excesses in *>S that could have derived
from radioactive **Si (half-life = 153 yr) produced in born-
again AGB stars (Fujiya et al., 2013), but these authors
had to invoke extensive dilution with isotopically normal
material to explain the lack of large Si-isotopic anomalies.

4.3. Grain M52B-505-1

As mentioned in Section 3, a highly *°Si-enriched grain,
M52B-505-1, was identified by the automated Si- and
C-isotopic measurements (Fig. 1). The 8°Si value of
~850%o for this grain is similar to that reported for some
putative nova SiC grains (Amari et al., 2001a) and to an
unclassified grain, M26a-454-3, reported by Nittler and
Alexander (2003). Like that grain, M52B-505-1 has isotopi-
cally light C and close to normal or slightly enriched 2°Si.
The light C argues against a nova origin since nova
nucleosynthesis produces C with very low 2C/!3C ratios.
Another class of SiC grains with large °Si excesses, C
grains (Liu et al., 2016 and references therein), derives from
SNe, but these grains are also characterized by very large
28 excesses that are not observed in grains M26a-454-3
or M52B-505-1. We measured M52B-505-1 for its N iso-
topic composition and found that it has a "*N/!°N ratio
of ~3800, similar to those seen in the mainstream SiC
grains and predicted for AGB star envelopes. The C, Si
and N isotopes for this unusual grain may point to an
origin in a very low-metallicity star that originated with
isotopically light Si, but for which extensive dredge-up of
s-process material led to the observed composition.
Unfortunately, we were unable to measure this grain for
Ti isotopes, which could have been diagnostic. Multi-
element isotopic analysis of additional such grains found
in the future will help to constrain their origins.

5. CONCLUSIONS

We have expanded the number of rare types of SiC grains
for which multi-element isotopic analyses including Ti have
been performed. The Ti isotopic ratios of the grains are gen-
erally correlated with 2°Si/*Si, indicating a great influence
of GCE on these isotopic ratios. Many of the AGB-
derived grains showed enrichments in *°Ti and also *°Ti,
which are products of s-process nucleosynthesis. The AGB
models of Cristallo et al. (2011) are generally consistent with
the grain data. However, the “9Ti and *°Ti enhancement in
some Y and Z grains are greater than predicted, suggesting
a greater neutron dosage from the *C source.

We find that mainstream SiC grains have greater s-
process enhancements than previously thought. The
enhancements predicted by models of AGB nucleosynthesis
for stars of solar metallicity, the parent stars of mainstream
grains, are consistent with the grain data. The similarity in

the “°Ti/**Ti and *'Ti/**Ti isotopic ratios of the Y grains
and mainstream grains suggests that these ratios did not
evolve rapidly in the Galaxy after the time that the parent
stars of Y grains formed. The Ti isotopic ratios of the Z
grains indicate that the Ti isotopes evolved more rapidly
and perhaps non-linearly at low metallicities. The Z grain
data also suggest that *’Ti evolved less rapidly than the
other secondary Ti isotopes at the time the parent stars of
Z grains formed, but that the initial abundance was greater
than the other Ti isotopes.

The AB grains in this study did not show enhancements
in s-process isotopes and these grains likely derived from
J-type C stars rather than born-again AGB stars. The AB
grains have high 2°A1/?”Al ratios and low 'C/"3C ratios
that are likely the result of H-burning in J stars. Some of
the AB grains are less affected by AGB nucleosynthesis
than mainstream SiC grains (i.e., grains that do not have
0T} enrichments), and their correlation lines for Si and Ti
isotopes are likely better representations of the true GCE
of these isotopes.

Evidence for internal TiC grains were found in all of the
presolar SiC grain types analyzed in this study. Similar pro-
portions of the Y and Z grains contained internal TiC sub-
grains (~39% on average), while the mainstream and AB
grains had lower abundances of TiC subgrains (~21% on
average). The Y and Z grains also had higher concentrations
of Ti than the mainstream and AB grains. These observations
point to the different chemical compositions of the low metal-
licity parent stars of Y and Z grains compared to the ~solar
metallicity parent stars of mainstream and AB grains.

The automated mapping of 2700 SiC grains revealed one
very rare '’C- and *°Si-rich grain. The grain’s normal
2Si/?8Si ratio and mainstream-like "*N/!'°N ratio suggest
an origin in a very low-metallicity AGB star. Multi-
element isotope data for similar grains will be needed to
better constrain their origin(s).
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