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Abstract

We report correlated Si, and Ti isotopic compositions and elemental concentrations of 238 presolar SiC grains from the
Murchison CM2 meteorite. Combined with measurements of the C and N isotopic compositions of these 238 grains, 220 were
determined to be of type mainstream, 10 type AB, 4 type Y and 4 type Z. SiC grains of diameter 2 2.5 pm, to ensure enough
material to attempt Ti measurements, were randomly chosen without any other prejudice. The Ti isotopic compositions of the
majority of the grains are characterized by enrichments in 4674, 4T, *Ti, and *°Ti relative to **Ti, and show linear isotopic
correlations indicative of galactic chemical evolution and neutron capture of the grains parent stars. The variability in the
observed Ti signal as a function of depth in most of the grains indicates the presence of distinct subgrains, likely TiC that
have been previously observed in TEM studies. Vandium-51 concentrations correlate with those of Ti, indicating V substitutes
for Ti in the TiC matrix in many of the grains. No isotopic anomalies in >>Cr/>*Cr ratios were observed, and Cr concentra-

tions did not correlate with those of either Ti or V.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Meteorites, or colloquially “rocks from space”, are a
multi-variate agglomeration of minerals and dust sourced
from a variety of astrophysical bodies. While some space
rocks are certainly cometary, lunar, or Martian in origin,
the vast majority originate from the asteroid belt — the deb-
ris of asteroidal collisions that by happenstance made its
way to Earth and survived atmospheric melting. The iso-
topic composition of the most primitive components of
these rocks, specifically Ca-Al-rich inclusions (e.g.,
Jacobsen et al., 2008), is the foundation upon which the
age of the Solar System is determined. Additionally, the ele-
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mental compositions of carbonaceous chondritic meteorites
form the basis of the primordial, undifferentiated composi-
tion of the proto-solar nebula; essentially, a snapshot of the
Solar System at its formation. For a full, detailed discus-
sion, see McSween and Huss (2010).

Within these very primitive meteorites, there is a glue
(“matrix”) that holds the rock together. Very simply, this
is a fine-grained dust which can contain large isotopic
anomalies when compared with any known compositions
anywhere in the Solar System. These grains are typically
C-rich (e.g., SiC, graphite, or nanodiamonds) or O-rich
(e.g., alumina, spinel, hibonite, or silicates) and are termed
presolar or stardust (Nittler and Ciesla, 2016). These preso-
lar grains are literally time capsules from long-extinguished
stars; their elemental and isotopic compositions represent
the unaltered fingerprints of the nucleosynthesis of the
building blocks of the Solar System and ourselves.

Among these astrophysical time capsules, SiC is the
best-studied of all presolar grains: thousands of individual
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grains have been measured for their C, N and Si isotopic
compositions — see the Presolar Grain Database (Hynes
and Gyngard, 2009) and references therein — and many of
these grains have been measured for additional isotopic sys-
tems, as well. Primarily based on these C, N, and Si isotopic
compositions, presolar SiC have been divided into different
populations, termed Mainstream, AB, X, Y, Z, and nova
(Hoppe et al., 1994; Hoppe and Ott, 1997). Mainstream
grains are characterized by '>C/'*C ratios between 10 and
100 and 8%Si/?Si and 5°°Si/*Si values ranging from —50
to +200%0 (delta notation: 8X/X = [((X/X)measurea/ (X /-
X), — 1] % 1000). Type AB grains have '°C/'*C <10 and
Si isotope compositions similar to mainstream grains. The
rare type X grains are massively depleted in *°Si and *°Si
relative to 28Si (by 100 s of permil) and have '*C/**C ratios
from 10 to 10,000. Type Y grains have '>C/!3C > 100 and
329Si/?8si < 8°°Si/%Si compared to mainstream and type
AB grains while type Z grains have mainstream-like
2¢/B3¢ ratios accompanied by values of
329Si/?8si <« §°°Si/*8Si. An extremely rare number of SiC
grains, with very low '*C/"3C and '*N/" N ratios (<5 and
<10, respectively) and large 39Si excesses, have been classi-
fied as type “nova” grains, which is indicative of their spec-
ulative origin (see José and Hernanz, 2007). Apart from all
of these, there is an additional extremely rare new class of
SiC grains, type C, which have large *’Si and *°Si excesses
(Croat et al., 2010; Hoppe et al., 2012). However, type X,
C, and nova grains are not relevant to this paper and will
not be discussed in further detail.

Comparison of the gross isotopic compositions of these
different grain types to the compositions both measured in
and predicted for various astrophysical settings has led to
well accepted origin scenarios for each grain type — see
Zinner (2007) for an overview. Mainstream, type Y, and
type Z grains have been attributed to an origin in low-
mass (1-5 M,) AGB stars of approximately close-to-
solar, half-solar, and one-third-solar metallicity, respec-
tively. The origin of type AB grains is perhaps more enig-
matic than that of the other SiC grain types, with two
astrophysical sites — poorly understood J-type carbon stars
and born-again AGB stars such as Sakurai’s object — hav-
ing been proposed for the grains’ progenitors (Amari
et al., 2001b).

Despite the wealth of available isotopic data for SiC, as
well as the fact that Ti is one of the most abundant trace
elements in SiC, only approximately 160 SiC grains have
had their Ti isotopic composition determined (Amari
et al., 2001a, 2001b; Ireland et al., 1991; Hoppe et al.,
1994; Huss and Smith, 2007; Zinner et al., 2007). Of these
previous studies, most Ti measurements (~100) have been
disproportionately performed on the rare types AB, Y, X,
and Z, which only constitute a combined 7% of the entire
presolar SiC population. In addition, for the roughly 60
mainstream grains that have been analyzed for Ti, the data
have not been obtained from a representative sample of the
larger mainstream SiC population asa whole. Primarily
due to earlier instrumental difficulties in measuring ele-
ments of low concentrations in small particles, the previous
studies focused on either analyzing grains with large *°Si
and *°Si excesses (Hoppe et al., 1994) or grains with high

concentrations of Ti (Alexander and Nittler, 1999). The for-
mer criterion was chosen in order to ensure that there
would be a greater chance that the grains would have signif-
icant Ti isotopic anomalies, while the latter analytical pro-
tocol was performed so as to achieve the best counting
statistics possible. The study by Huss and Smith (2007)
reported the Ti isotopic compositions of some large (4 — 9
pm in diameter) SiC from the Orgueil meteorite; due to
their large sizes, these grains are not typical of the majority
of presolar SiC grains.

Titanium in mainstream, type AB, and type Y SiC
grains is usually characterized by enrichments in *°Ti,
41T, “Ti, and *°Ti relative to 48Ti, as evidenced by the
V-shape isotopic pattern first observed by Ireland et al.
(1991) and later by Hoppe et al. (1994) and Huss and
Smith (2007). Enrichments in the secondary isotopes of Ti
are in qualitative agreement with theoretical predictions
for AGB stars, in which Ti isotopic compositions are
affected by the slow capture of neutrons (s-process) in the
He shell. Multiple dredge-up episodes, which occur after
thermal pulses during the thermally pulsing asymptotic
giant phase, periodically bring the products of He-
burning and neutron capture nucleosynthesis into the H-
rich convective envelope of the star, where the grains con-
dense (Lugaro et al., 1999). This process will be discussed
in more detail later. However, the Ti isotopic patterns
observed for most of the grains measured by Alexander
and Nittler (1999) fail to agree with theoretical predictions
of a V-shaped pattern. Whether or not this discrepancy is
due to some artifact of grain selection or to limited statistics
is an unresolved problem requiring more extensive study.

The majority of the existing Ti isotopic data for presolar
SiC grains have been shown to plot on linear correlation lines
in Ti 3-isotope plots (Hoppe et al., 1994; Alexander and
Nittler, 1999; Huss and Smith, 2007). This is similar to the sit-
uation for the Si isotopes, which show correlated excesses of
2981 and 3°Si relative to 2%Si, indicative of a combination of a
strong galactic chemical evolution (GCE) component
(Zinner et al., 2006) and isotopic heterogeneity in the local
interstellar medium (ISM) affecting the Si isotopes (Lugaro
et al., 1999). Likewise, for Ti, the observed correlated spread
in Ti isotopic ratios indicates that GCE must be largely
responsible for the Ti compositions in the grains, and this is
further evidenced by the linear correlation seen between Ti
isotopic ratios and the corresponding 5*°Si/*Si values. How-
ever, the GCE of the Ti isotopes is still not well understood,
and models of isotopic heterogeneity in the ISM fail to repro-
duce the Si-Ti isotopic correlations (Nittler, 2005).

In order to eliminate as much sample bias as possible
and expand the existing dataset of grains analyzed for Ti,
we have attempted to measure the Si and Ti (along with
the C and N) isotopic ratios in a large number (~250) of
presolar SiC grains with a nanoscale secondary ion mass
spectrometer (SIMS), the NanoSIMS. This instrument
affords us the ability to make high-mass-resolution mea-
surements at higher transmission than was available for
the previous Ti analyses (which employed either Cameca
IMS 6f or SHRIMP 1 ionprobes), allowing for more precise
determination of this low abundance element. The grains
analyzed in this work are from the KJG SiC-rich fraction
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(Amari et al., 1994) of the Murchison meteorite and were
not preferentially selected, with the only caveat being that
well-separated grains of diameter ~2.5 um and greater were
chosen. This lower limit on grain size was put in place only
to ensure the best chance of measuring the isotopic compo-
sitions of multiple elements (C, N, and Si), while still leav-
ing enough grain material for sufficiently precise Ti
measurements. Here we report the C, N, Si, and Ti isotopic
compositions of 220 mainstream, 10 type AB, 4 type Y, and
4 type Z presolar SiC grains (expanding the total number of
SiC grains analyzed for Ti roughly two-fold), and compare
these compositions to the existing dataset. In addition, since
the mechanism for the chemical incorporation of Ti into
presolar SiC grains is currently uncertain, the data pre-
sented here can provide new information to help determine
whether Ti resides in the grains as subgrains or in solid
solution. Preliminary reports of some of the data and con-
clusions of this work have been presented previously in two
conference abstracts (Gyngard et al., 2006a, 2006b).

2. EXPERIMENTAL DETAILS

A detailed description of the chemical separation proce-
dure developed for the isolation of SiC grains from the
Murchison (CM) meteorite has been given by Amari
et al. (1994). Briefly, this process principally consisted of
progressively applying corrosive solvents to remove various
mineral phases one by one, typically dissolving silicate
material in hydrofluoric acid and the remaining chromite
(Cry03) and carbonaceous organic matter in perchloric
acid. The subsequent aliquots were then separated by size
by centrifugation into several fractions, enriched in SiC
grains to ~70%. Samples of the resulting SiC-rich residue
studied here, KJG, with typical grain diameters ranging
from 2 to 4.5 pm, were then deposited from liquid suspen-
sion onto high purity Au foil and manually scanned for
well-separated grains with a JEOL 840A SEM. After confir-
mation as SiC by energy dispersive X-ray (EDX) analysis,
247 grains of diameter roughly greater than 2.5 pm were
randomly selected for isotopic measurements in the Wash-
ington University NanoSIMS. Under bombardment of a
Cs* primary beam of a ~1 pA and ~100 nm in diameter,
negative ion signals of 2¢, Be, 2884, 2°Si, and *°Si were
produced from the grains and simultaneously counted with
five electron multipliers (EMs) in multi-detection mode.
Subsequently, the N isotopic ratios were determined from
parallel detection of the >C'"*N~ and '>C!°N~ signals in
a separate analysis session. A powdered sample of synthetic
SiC was used for normalization of the C and Si isotopic
ratios, while a fine grained mixture of SiC and SizN, was
used for calibration of the N isotopic ratios. The absolute
isotopic compositions of these materials are not known;
however, they are all synthetic and the assumption of
approximately solar composition is valid. For the purposes
of identification and classification of presolar grains having
large isotopic anomalies, these standards are sufficient. The
MN/"N ratio of the SiN standard is consistent within sta-
tistical uncertainties of terrestrial air (272).

The Ti isotopic compositions of 238 of the grains — nine
grains of the original 247 measured for C, N, and Si could

not be relocated for Ti analysis and were likely sputtered
away by the previous analyses — were determined in the
NanoSIMS in combined mode, which is a combination of
magnetic peak jumping and multi-detection. Positive sec-
ondary ions of Ti were produced by bombardment of the
grains with an O~ primary beam ~500-1000 nm in diame-
ter (smaller than the average grain diameter in order to
eliminate contamination from surrounding material), with
an intensity of several 10s of pA. Three magnetic field set-
tings were needed in order to measure all the isotopes of
Ti, as well as to monitor signals from **Ca (to correct for
isobaric interferences of Ca at masses 46 and 48) and °'V
and 2Cr (to correct for isobaric interferences of V and Cr
at mass 50). In the first field step, we measured 2881, #Ca,
6Ti, and **Ti with EMs 1 through 4; *°Ti, **Ti, *°Ti, and
32Cr were monitored in the second field step with detectors
2 through 5; and in the final step, 4174, T4, 'V, and >3Cr
were also detected with EMs 2 through 5. By assuming
solar isotopic ratios of Ca, V, and Cr, the corrected
SOTi/*¥Ti isotopic ratio, for example, can be expressed as:

C (Sa e 20 _
0T _ <S;X)mellxureli <53Cr)solar X ( Sas )mezuured

48Ti 1- (ﬁ%>solar X (424de)

oy oy
(5' V)solm‘ X <5mx )meumred ( 1 )

measured

where S5 and Ss represent the total measured signals with
all isobaric interferences included at masses 48 and 50,
respectively. In a similar manner, the **Ti/**Ti isotopic
ratio can be corrected for **Ca. The magnitude of these cor-
rections is small, almost invariably less than a few permil
for Ca and approximately 5-10%0 for V. The correction
for *°Cr on *°Ti was usually less than 10%o, although in
some cases (particularly for grains with large Cr subgrains)
the contribution could be up to a few 100%0; however, the
large observed Cr contents are most likely artifacts from
the chemical separation procedure, which included treat-
ment with dichromate (Cr,O7). Due to our experimental
setup, we were able to determine 3Cr/?2Cr ratios, all of
which are isotopically normal both whether in subgrains
or not. Even in situations where the Cr interference correc-
tions are substantial, the assumption of solar isotopic ratios
is reasonable; AGB stars do not produce large (>10%o) iso-
topic anomalies in Cr isotopes.

Elemental abundance estimates of Ti and V depend crit-
ically on relative sensitivity factors (RSF). An RSF of 3.82
for Ti relative to Si had been previously determined in our
lab from measurements on a NIST SRM 610 silicate glass
standard; however, this value was quite variable (several
percent) over multiple measurement sessions. The Ti RSF
from the literature has also been shown to be quite variable,
ranging from a value of 4.2 (Besmehn and Hoppe, 2003) up
to 4.57 (Hinton, 1990) calculated for an updated SRM 610
Ti concentration of 460 (Rocholl et al., 1997). Sensitivity
factors can often be strongly affected by instrumental tun-
ing conditions and sample morphology and height, particu-
larly for the NanoSIMS, as the ion extraction optics are
much closer to the sample surface than in conventional ion-
probes. To encompass this overall uncertainty in the RSF
from multiple authors, we decided to take an average of
these reported RSF values and our own, yielding a value
of 4.19. Huss and Smith (2007) reported a useful yield of
Ti relative to Si of ~10 times for Ti in Si under O~ beam
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primary bombardment with a Cameca IMS 6f instrument.
As they did not standardize their measurements, no abso-
lute RSF can be determined from their work; thus, we pre-
fer to use the average value calculated from ours and the
other previous studies as it is more typical of RSFs deter-
mined for NanoSIMS instruments. A V to Si sensitivity fac-
tor of 3.83 was determined by averaging an RSF of 3.76
measured in our lab with a re-evaluated Hinton (1990)
value of 3.89. No other NanoSIMS studies have reported
V RSFs. Due to the fact that the ionization efficiency of
Si and other elements in a glass, such as NIST 610, is differ-
ent than that for a SiC matrix, we cannot report absolute
elemental abundances, only relative ones. We do not have
synthetic SiC grains doped with known trace elemental con-
centrations for a one-to-one comparison. It should also be
noted that, unfortunately, during the measurement of 75
grains, the Sy mass-peak was lost, and therefore no V con-
centrations can be reported for them. The most likely expla-
nation for the loss of this peak is that for both the grains
and the standards, V concentrations were extremely low.
Thus, any small mass shift off of the peak can be hard to
detect — as only one isotope of V was able to be directly
measured, V isotopic ratios could not be used to confirm
the peak was centered, even for the standards. Regardless,
as the correction for *°V on *°Ti is very minor (only a
few permil for the other grains in which >'V was success-
fully monitored), this oversight should not significantly
affect our results for *°Ti in grains not measured for V.

3. RESULTS
3.1. C, N, and Si isotope data

The C, N, and Si ratios of the grains measured for Ti are
given in Supplemental Table 1 and plotted in Fig. la.
Among the 238 grains analyzed for their Ti isotopic compo-
sitions, we identified 10 type AB grains (4.2% by number), 4
type Y grains (1.7%), 4 type Z grains (1.7%), and 220 main-
stream grains (92.4%) (Fig. la and b) based on their C, N
and Si isotopic compositions, which is roughly within the
range of grain type abundances seen previously (Hoppe
and Ott, 1997). We have characterized grain 1m2-1 as type
Y, based on its Si isotopic composition, with an excess in
30g; relative to the mainstream line, although its 2¢/B3¢
ratio of 72.7 does not agree with the standard classification
for type Y grains, which are defined to have '2C/'3C > 100.
One grain (61-1) with a '2C/"*C ratio greater than 100 has
been classified as type Z, in contrast to the '2C/'3C ratios
for most Z grains, because its Si isotopic composition is
more consistent with that of type Z grains. The average
12C/13C ratio of the 238 grains is 56.1, in good agreement
with the value of ~56 seen in previous results by Nittler
and Alexander (2003) for a very large population (a few
1000s) of grains.

The Si isotopic ratios, expressed as d-values, are shown
in a Si three-isotope plot in Fig. 1b and presented in Supple-
mental Table 1. For clarity, the errors are not plotted, but
are largely dominated by the standard deviation of mea-
surements on standards and are typically less than 4%o for
52°Si/?8Si and less than 6%o for 8°°Si/?®Si, yielding some
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Fig. 1. Carbon, N, and Si isotopic ratios of the 238 SiC grains
analyzed for their Ti isotopic compositions. The dashed lines in this
figure, and all subsequent ones, represent solar isotopic ratios.
Grains 61-1 and Im2-1 have been classified as type Z and Y grains,
respectively, based solely on their Si isotopic composition. (a) Plot
of the grains’ C and N isotopic ratios. The dotted line represents
the terrestrial N isotopic ratio which was used to normalize the
data; this has been done to maintain historical consistency with
previous N results for presolar SiC. (b) Three-isotope plot of the
grains’ Si isotopic compositions, expressed as d-values, or devia-
tions from solar isotopic ratios in parts per thousand (%o). The
dotted line represents the SiC mainstream correlation line of
52Si/%8i = —19.9 4 1.37 x 8°Si/*®Si (Zinner et al., 2007); the
solid line is the result of a weighted least-squares fit to the Si
isotopic composition of the mainstream grains analyzed in this
study, corresponding to 8*°Si/*Si = —35.6 + 1.53 x 8*°Si/*si.

of the most precise Si isotopic measurements on presolar
SiC to date. Although to first order the data are similar
to previous measurements on presolar SiC, at least two
notable differences can be observed. First, there are no
grains with 8°°Si <0, within statistical uncertainties. In
addition, based on an expected ~1% abundance of type X
grains, we would expect 2 X grains in this study; however,
finding a null return is within statistical fluctuations. Sec-
ond, an error-weighted least-squares fit — with 5°°Si/?Si
as the abscissa and 3?°Si/*Si as the ordinate — to the 220
mainstream grains presented here yields a line of slope
1.53 +0.02 and an intercept of —35.61 4 1.53, in contrast
with the “mainstream correlation line” of slope 1.37
4+ 0.01 and intercept —19.9 + 0.6, derived from previous
measurements of several thousand mainstream presolar
SiC grains (Zinner et al., 2007). A detailed comparison of
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the Si (and Ti) isotopic compositions of the KJG grains
analyzed here with previous measurements of presolar
SiC is discussed in the following section, particularly in
the context of the deviation in Si isotopes from the majority
of grains in the literature, as well as with prior measure-
ments of Ti isotopes in mainstream SiC. In Table 1, a
comprehensive list of the slopes, intercepts, and reduced
chi-squared values is given for all the error-weighted
least-squares fits (with errors) for the relevant correlation
lines reported throughout this work. Also compared are
the Si correlation lines corresponding to the new data with
that of previous KJG data, which show a shallower slope.

3.2. Ti isotope data

The Ti isotopic compositions of the 238 grains of this
study are given in Supplemental Table 1 and displayed in
Fig. 2 and are seen to correlate well with 82°Si/**Si values
(Fig. 3). As has been observed in other analyses of Ti iso-
topes in mainstream SiC (Hoppe et al., 1994; Alexander
and Nittler, 1999; Huss and Smith, 2007), the Ti isotopic
data exhibit strong linear correlations, though less so for
9Ti (Fig. 2a), which is a magic number nucleus. For nuclei
to be “magic,” the number of protons or neutrons (or both
for “double magic”) must completely fill a set of nuclear

shells, resulting in particularly tightly bound nuclei with
small n-capture cross-sections. For nucleosynthesis in
AGB stars, large overabundances of magic number nuclei
are expected as they are significantly less affected by n-
capture than other isotopes of a given element, owing to
their smaller cross-sections.

The range of 8*Ti/**Ti, &*'Ti/**Ti, §*Ti/**Ti, and
5°°Ti/**Ti values is generally consistent with previous
results; however, similar to the Si isotopes, some differences
(such as elevated 8°°Ti/**Ti values, for example) between
the Ti compositions measured here and the previous results
for mainstream SiC are apparent. This will be discussed fur-
ther below.

3.3. Vanadium-51 Data

As can be seen in Supplemental Table 1 and Fig. 5, V
concentrations in the grains are, in general, approximately
a factor of 10 smaller than those of Ti, roughly consistent
with the solar system elemental V/Ti ratio of 0.12
(Lodders, 2003) derived from CI chondrites and the solar
photosphere. The elemental abundances of both Ti and V
can be seen to be fairly well correlated (Fig. 5), which is
expected, as Ti and V are both refractory and chemically
similar. Good elemental correlation between Ti and V has

Table 1

Error-weighted least-squares fits to the populations of mainstream presolar SiC grains discussed in the text.

X vs Y Fit* This work HAH" Combined® Other KJG* GCE®

53°Si/8Si vs 82°Si/*8si m 1.53 +0.02 1.52 +0.04 1.52 +0.02 1.43 +0.03 0.96
b —35.61 +1.53 —29.57 +2.26 —33.77+1.24 —25.95+2.00 0
7 2.76 2.06 2.66 2.01

S*Ti/**Ti vs 8*"Ti/**Ti m 0.51 +0.02 0.52 £ 0.03 0.5240.02 0.92
b —15.36 +0.91 —8.95+2.35 —14.51 +0.86 0
P 0.79 0.61 0.80

S*Ti/**Ti vs 8*Ti/**Ti m 0.78 + 0.03 0.92 +0.05 0.85 4 0.02 0.53
b 67.06 +1.13 27.41 +3.27 59.61 &+ 1.13 0
P 3.49 3.43 4.27

S*Ti/**Ti vs 8°°Ti/**Ti m 2.41+0.08 1.73 4+ 0.08 2.59 4+ 0.08 1.13
b 122.0 +2.86 47.44 + 5.40 101.8 +3.11 0
7 9.79 4.23 10.26

52%Si/?8Si vs 8*Ti/**Ti m 0.86 & 0.02 1.16 4 0.05 0.90 & 0.02 1.14
b —16.38 + 1.34 —14.40 £2.92 —16.20 +£1.21 0
7 4.03 3.94 434

52%Si/?8Si vs 847 Ti/**Ti m 0.44 £ 0.02 0.57 £ 0.04 0.4540.02 1.05
b —25.66+1.18 —15.37+2.27 —23.45+1.04 0
7 1.99 2.36 2.52

52°Si/?8Si vs 8*Ti/**Ti m 0.67 £+ 0.02 0.99 + 0.04 0.74 4+ 0.74 0.61
b 54274 1.32 16.12 +2.48 46.44 +1.18 0
7 441 6.24 5.52

Notes. The mainstream correlation line is given by 32°Si/**Si = (—19.940.6) + (1.37 £ 0.01) x 5°°Si/*Si (Zinner et al., 2007).
2 Parameters for a linear regression with m, b, and, ¥ corresponding to the slope, intercept, and reduced i°, respectively; errors are
determined by including uncertainty in the fits due to the one sigma experimental errors.
® Data from grains measured for Ti from Hoppe et al. (1994), Alexander and Nittler (1999), and Huss and Smith (2007).

¢ Combination of the isotopic data of this study and that of HAH (column 4).

4 KJG grains previously measured for Si isotopes from the same size fraction as those of this work. No Ti results are available for these

grains.

¢ Normalized GCE predictions from Timmes et al. (1995) — also see Alexander and Nittler (1999).
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Fig. 3. Plot of 8*Ti/**Ti, §*Ti/**Ti, and §* Ti/**Ti values against
52°Si/*8Si values. As mentioned in the text, *°Ti is a particularly
stable nucleus, thus 5°°Ti/*®Ti values do not correlate well with Si
isotopes and are not shown.

been seen before in measurements of K-series SiC grains
(Amari et al., 1995). Out of the 136 grains measured for
both Ti and 'V and which also showed evidence for Ti-
rich subgrains, of which 27 grains showed no evidence,
the >'V signal correlates well with the Ti signal in 132 of
the grains (97%), e.g., Fig. 4, as the grains are being sput-
tered away.

4. DISCUSSION
4.1. Ti contents: solid solution of TiC subgrains?

Transmission electron microscope (TEM) analyses of
SiC ultra-microtome sections (Bernatowicz et al., 1992;
Stroud and Bernatowicz, 2005) show the presence of many
internal TiC crystals, from roughly 10 to 100 nm in diame-
ter. TEM observations that the TiC subgrains have an epi-
taxial relationship with the SiC matrix supports the idea of
a formational relationship between the TiC subgrains and
the surrounding SiC grain. In situ formation is opposed
to the possibility of TiC forming first as free-floating crys-
tals to be later encapsulated by condensing SiC, as is often
the case for presolar graphite, in which TiC can serve as the
nucleation center for the grain (Croat et al., 2003) and
where no orientational relationship between subgrain and
host grain exists. Despite Ti being an abundant trace ele-
ment in presolar SiC and having been observed in several
TEM studies, it remains an open question whether the Ti
in the majority of presolar SiC grains resides in the grains
as distinct subgrains or in solid solution within the SiC crys-
tal lattice. Based on Ti measurements from the large num-
ber of grains of this study, we will demonstrate that,
whether or not Ti was initially incorporated as solid solu-
tion during grain condensation, by the time the grains
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Fig. 4. Depth profiles of Ti, V, and Cr signals and corresponding
Ti isotopic ratios for presolar SiC grain Im2-1. (a) Plot of the *3Ti,
5V (multiplied by a factor of 5), and *>Cr signals as a function of
depth (i.e., measurement time) as the primary beam sputters
through the grain: Ti and V are correlated, showing large
variability due to the presence of subgrains, similar to what is seen
for at least 80% of the grains analyzed. (b) Plot of the Ti isotopic
ratios of grain 1m2-1 as a function of depth, displaying little
isotopic heterogeneity throughout the grain. The variations shown
are due to counting statistical fluctuations.
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Fig. 5. Plot of the Ti and V abundances for the grains analyzed for
both Ti and V. The black line is an error-weighted best-fit to the
data. See text for details.

entered the low temperatures of interstellar space, for the
majority of SiC grains the Ti in must have been present
as subgrains. Of the 238 grains analyzed for Ti in this study,
at least 80% show large fluctuations in Ti concentrations
(Fig. 4a) as the grains are sputtered away during Nano-
SIMS analysis, indicative of the presence of Ti-rich sub-
grains. While it is tempting to try to estimate the size of
the subgrains by inferring the NanoSIMS sputter rate and
calculating the expected Ti signal for a grain of a given size,
this is not realistic. As these measurements were not per-
formed in isotope imaging mode, no spatial information
can be gleaned from the data; for instance, the variability
in the Ti ion signal could either be from one large subgrain
or from a cluster of smaller grains distributed heteroge-
neously. As each measurement cycle is a gross average of
the entire grain, we cannot distinguish between either case.
Previous studies (e.g. Huss and Smith, 2007) have also
observed large variability in the Ti/Si ratios in presolar
SiC, as a function of depth in the grain. Although isotopic
measurements alone cannot unequivocally determine
whether these observations actually are definitive proof of
crystalline subgrains, the non-uniformity of Ti concentra-
tions throughout individual grains argues against the idea
that Ti is present in solid solution, in which Ti is substituted
for Si in the SiC crystal lattice. It is possible, though unli-
kely, that Ti could still be in solid solution, but heteroge-
neously distributed (where Ti could have substituted for Si
only in isolated areas of the overall crystal structure), in
principle mimicking the Ti variability seen in the isotopic
signals. However, further evidence that Ti is present as
TiC subgrains, and not in solid solution, in presolar SiC
is given by the presence of V in the grains. Titanium and
V are chemically very alike (both are similarly refractory
elements) and this observed correlation between Ti and V
should not be surprising as Ti*"'C and V**C form isostruc-
tural crystals, with C at interstitial sites, allowing for V to
substitute for Ti in TiC. If Ti were present only in solid
solution, there is no reason a priori for the V signal to trace

with the Ti signal. NanoSIMS observations of correlated Ti
and V signals are qualitatively consistent with TEM-EDX
measurements of TiC subgrains in presolar graphite, which
almost invariably contain V, often with V/Ti ratios elevated
relative to solar values (Croat et al., 2003).

For reasonable estimates of photospheric temperatures
in AGB stars, equilibrium thermodynamics calculations
show that TiC initially condenses at temperatures from
1565 to 1805 K, whereas SiC forms between 1390 and
1630 K (Lodders and Fegley, 1995; Bernatowicz et al.,
1996). Since the condensation temperature of SiC is signif-
icantly lower than that of TiC, TiC subgrains are expected
to form first and to be incorporated as distinct crystals in
the SiC matrix, like TiC into presolar graphite; however,
though limited, the TEM observations mentioned above
of TiC subgrains in SiC are not compatible with this sce-
nario. A formational association in which TiC and SiC
could nucleate simultaneously may be obtained if the grains
condensed from a supercooled gas. Alternatively, as pro-
posed by Bernatowicz et al. (1996), Ti may have been pre-
sent initially in solid solution, but later exsolved into
distinct crystals due to long exposure to high temperatures
in the stellar atmosphere. Either way, once the SiC grains
were ejected into the cold interstellar space, significant
modification of their crystal structure is unlikely to have
occurred. The observations of variations in Ti and V pre-
sented here cannot distinguish between these possibilities
and only by more TEM observations of TiC in SiC can
the issue be absolutely settled; however, the high percentage
of grains with evidence for Ti-rich subgrains (as well as cor-
related V contents, see Fig. 4a) in the present study leads to
the conclusion that the majority of all presolar SiC possess
Ti-rich subgrains. In fact, the high percentage of SiC grains
containing Ti-rich subgrains given above is only a lower
limit, as in some cases (in particular for grains with low
Ti concentrations) it can be difficult to determine whether
small fluctuations in Ti signals are in fact from tiny sub-
grains or simply a statistical effect due to low count rates.
Unfortunately, to avoid prohibitively long data acquisition
times, the analyses were not performed in isotopic imaging
mode and we cannot determine the size or distribution of
the subgrains. It is possible, for example, that what may
appear as a large, singular spike in the Ti signal may be
actually from a pocket or clump of small subgrains. It is
challenging to absolutely state that the Ti isotopic anoma-
lies are entirely carried by the subgrains, as most grains
contain subgrains which dominate the overall Ti contents
of the grains. Nonetheless, in general, it does not appear
that the subgrains within an individual grain have any
appreciable isotopic differences from each other (Fig. 4b),
within statistical uncertainties, leading to the conclusion
that the gas in the stellar envelope where and when the host
SiC grain condensed must have been relatively homoge-
neous in Ti isotopic composition, at least in the order of
a few tens %o. As will be discussed later, this is not entirely
unexpected, as the Ti isotopes of the grains are largely dom-
inated by GCE signatures and only modest shifts of most Ti
isotopic ratios are expected from nucleosynthesis in low-
mass AGB stars of solar metallicity; hence, large Ti isotopic
heterogeneity is unlikely. In addition, one wouldn’t expect
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any changes in the isotopic ratios in the envelope of an
AGB star during grain condensation, as grains likely con-
dense on a time scale of years. However, changes in the
envelope compositions are expected to come from third
dredge-up after thermal pulses, with each pulse separated
by thousands of years.

Approximately 30% of the grains also show evidence for
Cr subgrains, as evident by large increases in the >>Cr sig-
nal, which only rarely correlates with either Ti or V. It is
unlikely these represent indigenous subgrains, as Cr,Os3
was applied to the residue during the grain separation pro-
cess in order to remove reactant kerogens (Amari et al.,
1994), and may have diffused through the (often) etched
grain surfaces. The fact that all the grains’ >*Cr/>>Cr ratios,
whether in subgrains or not, were normal supports this;
however, large Cr isotopic anomalies are not expected to
be produced by AGB stars. Additionally, as Cr is relatively
less volatile than Ti and Si, it is not predicted to condense
into SiC grains, as minerals such as Cr3C2 are expected
to form at lower temperatures than TiC and SiC (Ebel,
2006).

Titanium concentrations from grain to grain vary by
over two orders of magnitude, from ~40 ppm to over
15,000 ppm, with a significant number of grains at both
ends of this Ti abundance range (Fig. 6). Such marked vari-
ation in abundances from grain to grain may reflect funda-
mental differences in temperature and pressure for the
region of the gaseous envelope where the grains condensed.
As the condensation temperature for TiC is higher than
that of SiC, if a SiC grain begins to condense in a cooler
(and lower pressure) environment, the amount of Ti avail-
able to be incorporated into the grain will be depleted com-
pared to SiC condensing at higher temperatures, leading to
correspondingly lower absolute abundances. The observed
spread in Ti elemental abundances may also simply be a
temporal effect: grains that condense later in the thermally
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Fig. 6. Histogram showing the distribution of Ti contents (ppm by
weight) for the sample of grains analyzed in this study. Ti
concentrations from grain to grain vary by up to 2 orders of
magnitude. About 10% of the grains have Ti abundances less than
500 ppm.

pulsing phase may have significantly less Ti available for
incorporation, as successive TDU episodes do not bring
more Ti contents up from the He-burning shell into the
envelope where the SiC form; therefore, grains that begin
their condensation after fewer TDU episodes will have, in
general, higher s-process heavy (trace) element abundances.

The Ti abundances are well within previously observed
values, although concentration values for individual grains
are often not explicitly given in the literature. However, it
does seem that the abundances determined in the present
study are somewhat higher than those determined for SiC
from the LS + LU fractions (Virag et al., 1992), the KIH
fraction (Hoppe et al., 1994), Amari et al. (1995) as deter-
mined by energy filtering analysis, and from the Orgueil
meteorite (Huss and Smith, 2007). These fractions all have
average grain sizes larger than the KJG grains analyzed in
this work — LS 4+ LU SiC have nominal grain diameters of 5
pum and greater, KJH SiC have an average grain diameter of
~4.6 um, and the Orgueil grains measured for Ti were all
chosen to be greater than ~4 pm. The observation of higher
Ti concentrations in KJG SiC (average grain diameter ~3
pum) is consistent with previous observations showing that
trace element abundances increase as grain size decreases
(Virag et al., 1992; Amari et al., 1995). It is also worth
remarking here that there do not appear to be any obvious
correlations among Ti concentrations, the presence of sub-
grains, or the Ti isotopic compositions of the grains; one
might expect that the grains without subgrains may have
generally lower Ti abundances, but apparently this is not
the case.

4.2. Comparisons with Previous Si Isotopic Data

As mentioned above, the Si isotopic compositions of the
grains measured here differ somewhat from previously
reported SiC grain data. Discrepancies between our mea-
surements and the larger preexisting datasets may be due
to the fact that not manySiC grains of this size fraction
have previously been measured for their Si isotopic ratios
— only 154 other analyses of mainstream KJG grains have
been reported. Most prior measurements of Si isotopes in
SiC have been performed on either smaller grains, with a
mean diameter of ~1 pm (Hoppe et al., 1996; Nittler and
Alexander, 2003), or on larger grains, greater than 4 pm
(Hoppe et al., 1994), than those measured here. In a ran-
dom sampling of over 200 SiC grains, one would statisti-
cally expect to see at least a few grains with 8°°Si <0,
though we did not find any grains with depletions in *°Si
in this study. Among the 154 previously analyzed main-
stream KJG grains, there are 9, although only 4 are outside
1o errors. However, it could simply be that we measured a
unique population of grains, and the fact that our main-
stream line is somewhat steeper and of lower intercept is
a consequence of this selection. Although previous studies
found little evidence for systematic deviations in Si isotopic
composition as a function of grain size (Hoppe et al., 1996;
Amari et al., 2000), our level of precision may allow us to
constrain our data to an extent that subtle differences are
observable. In addition, an error-weighted least-square fit
to the Si isotopic data of the other KJG SiC grains that
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have previously been analyzed yields a correlation line of
52%Si/?8Si = —25.95 (+2.00) + 1.43 (£0.03) x 8°°Si/?Si —
see Table 1. This fit is in between the steeper slope (1.53)
and lower intercept (—36) determined from the grains of
this study and the best-fit slope of 1.37 and intercept of
—20 of Zinner et al. (2007) derived from a larger data set
of ~4100 grains, encompassing virtually all mainstream
SiC grains analyzed which have reasonably small uncertain-
ties. A possible, though speculative, explanation for the
apparent difference between the mainstream correlation
lines for KJG grains and the fit for the entire SiC popula-
tion may lie in the fact that type Y and Z grains are more
abundant among small SiC grains. For instance, it has been
previously observed that for very small (0.25 — 0.65 um)
presolar SiC from the Indarch meteorite, the abundances
of type Y and Z grains can be up to 6% and 8%, respectively
(Zinner et al., 2007), as opposed to the 1% observed in size
separates of greater than 1 um. Because the mainstream
correlation line of Zinner et al. (2007) is largely derived
from measurements of grains 1 pm and smaller and because
no exact standard definition exists for classification into dif-
ferent SiC grain types (which is therefore inherently subjec-
tive), some number of marginal type Y and Z grains may
have been categorized as mainstream. Since these grain
types have typical compositions of §2°Si/?Si < §3°Si/?8si,
if a portion of them contributed to the mainstream correla-
tion line, a best-fit line would have a lower slope and higher
intercept than if they were not included, although it may be
difficult to precisely determine the absolute magnitude of
the effect. For the case of grains from the KJG fraction,
in which type Y and Z grains are particularly rare, this dilu-
tion effect would be considerably less, thereby perhaps
explaining the perceived difference in the correlation lines.
It should also be noted here that the error-weighted least-
square fit to the Si isotopic composition of the ~60 previous
mainstream SiC for which Ti isotopic ratios have also been
determined (Hoppe et al., 1994; Alexander and Nittler,
1999; Huss and Smith, 2007) is &%Si/*Si = —29.6
+1.52 x §°°Si/*8Si, in good agreement with the fit to the
grains measured in this study. Interestingly, 8 of 10 AB
grains plot to the left of the mainstream correlation line
along a line with an intercept close to solar. This is to be
expected if these grains originated from stellar sources
which have not had significant s-process enhancements
(Amari et al., 2001b). It remains to be seen whether high-
precision Si isotopic measurements on many more AB
grains will confirm this observation.

4.3. Comparisons with previous Ti isotopic data

As mentioned before, the &*Ti/**Ti, &*'Ti/**Ti,
3*Ti/*®*Ti, and &°°Ti/**Ti values measured in this study
are comparable to previous analyses of Ti isotopes in preso-
lar SiC grains. As pointed out above, in addition to main-
stream grains, the Ti compositions of grains of types AB,
X, Y, and Z have been specifically studied in several exten-
sive, focused surveys. Type AB grains have been shown to
have Ti isotopic compositions similar to those of main-
stream grains (Amari et al., 2001b), and the compositions
of the ten AB grains measured here are consistent with this

prior result. Likewise, the four type Y grains measured here
and those analyzed previously (Amari et al., 2001a) also do
not, in general, have Ti isotopic compositions markedly dif-
ferent from those of mainstream grains, although a few
grains from Amari et al. (2001a) do have significantly larger
“OTi/**Ti and *°Ti/**Ti ratios than most mainstream grains,
suggestive of an origin in lower-than-solar metallicity stars.
In contrast to types AB, Y, and mainstream grains, type Z
grains are typically depleted in *°Ti, *"Ti, and **Ti and sub-
stantially enriched in *°Ti, relative to “*Ti (Zinner et al.,
2007), generally consistent with the analyses here of four
type Z grains. This overall Ti isotopic signature is consis-
tent with the Si isotopic composition of type Z grains, with
depletions in >°Si and large *°Si enhancements relative to
2831, indicative that 2°Si, 4°Ti, *’Ti, and **Ti are primarily
affected by GCE, whereas *°Si and *°Ti are more susceptible
to n-capture in the parent stars of the grains. No grains of
type X were discovered, and combined with the fact that
these grains have a different astrophysical origin (SNe as
opposed to AGB stars), their compositions will not be
discussed.

The analyses presented here did not principally target
rare grain types, and as such, we will focus the remaining
discussion primarily on comparisons between the Ti iso-
topic compositions of mainstream grains analyzed here
and those from the three largest previously reported data-
sets (Hoppe et al., 1994; Alexander and Nittler, 1999;
Huss and Smith, 2007), which will be referred to as
HAH. Displayed in Fig. 7 are the Ti isotopic data for main-
stream SiC grains from HAH and this work, and, in Fig. 8,
the 8*°Ti/**Ti, 8*'Ti/**Ti, and 8*°Ti/**Ti values are shown
along with the 52°Si/?®Si values for the same sets of grains.
In both Figs. 7 and 8§, the error-weighted least-squares fits
to the combined measurements from all 4 datasets for
mainstream grains are given by the solid lines, and the
regression parameters are given in Table 1. Close inspection
of Figs. 7 and 8 reveals some significant differences in the Ti
compositions among the various datasets; therefore, in
order to directly compare these apparent discrepancies,
we have also calculated regression lines for the following
three sets of mainstream grains (Table 1): the 220 grains
measured in this study, data only from HAH, and the entire
combined dataset of our data and HAH. The §*°Ti/**Ti,
8*7Ti/**Ti, and 3*°Ti/**Ti values measured here span ranges
roughly from —150%o up to a 200%o, whereas the 8°°Ti/**Ti
values can range up to 400%o. The Ti compositions reported
here cover the previous data well, although with consider-
ably more scatter and a larger spread. The 8*°Ti/**Ti and
3YTi/**Ti values (or equivalently the *°Ti/**Ti and
“ITi/*®Ti ratios) agree very well with the previous data,
and there is little difference in the correlation lines calcu-
lated for the different datasets. However, our data show lar-
ger isotopic enhancements, in general, for **Ti and °Ti
relative to *®Ti than previous measurements do. In addi-
tion, it can be seen in Fig. 7a that the degree of linearity
determined from the correlation of &°Ti/**Ti with
5*Ti/**Ti values from this study is substantially worse than
that observed for the older datasets. The results here indi-
cate little correlation among the grains’ 8*°Ti/**Ti and
5°°Ti/**Ti values, as given by a reduced > value of 9.79,
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Fig. 7. Plot of the mainstream SiC Ti isotopic compositions of the
present work compared with the data from Hoppe et al. (1994),
Alexander and Nittler (1999), and Huss and Smith (2007). Also
shown are the best fit lines to the combined datasets (solid lines)

and the normalized GCE lines (dotted lines) from Timmes et al.
(1995).

representative of a poor fit to the data, which tend to cluster
around 8°°Ti/**Ti ~ 200%o. This is in contrast to the results
for *°Ti from the HAH dataset, which do exhibit a higher
degree of linearity when plotted. The Si-Ti correlation lines
through the new data are less steep than those derived from
the previous analyses, similar to the Ti isotopes. These
apparent discrepancies between the new data presented here
and the previous datasets are most likely due to systematic
differences between the different populations of SiC grains
measured here and by previous authors. In the following
discussion, possible explanations for these apparent obser-
vations will be given.

At least two scenarios can be envisaged which could pos-
sibly produce the elevated isotopic ratios (excepting
“ITi/**Ti) shown by our data: perhaps for some unknown
experimental reason during our measurements, the signal
detected at mass 48 was under-counted or, alternatively,
we over-corrected for the **Ca contribution to the 48 signal
(which would happen if the grains had lower-than-solar
BCa/tCa ratios). However, for several reasons, we view
any instrumental problem as unlikely. The strikingly good
agreement of the 8*°Ti/**Ti and 8*"Ti/**Ti values with the
previous data argues against any systematic problem with
the mass 48 signal monitored here: if the **Ti signal were
in any way too low (no matter the reason), it would also
affect the *°Ti/**Ti and the *"Ti/**Ti ratios, which is, appar-
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Fig. 8. Plot of 8*Ti/**Ti, §*'Ti/**Ti, and 5*'Ti/**Ti values against
32Si/?88i values of the present work compared with the data from
Hoppe et al. (1994), Alexander and Nittler (1999), and Huss and
Smith (2007). Also shown are the best fit lines to the combined
datasets (solid lines) and the normalized GCE lines (dotted lines)
from Timmes et al. (1995).

ently, not the case. Furthermore, it would also produce
excesses in **Ti and *°Ti that would be very similar, which
is also not observed. In addition, due to the instrumental
setup chosen, *®Ti (as well as *°Ti) was actually measured
on two different detectors. Comparisons of all Ti isotopic
ratios (with **Ti in the denominator) derived from either
detector monitored for mass 48 are virtually indistinguish-
able from each other, thereby eliminating the possibility
that some instrumental artifact inadvertently reduced the
sensitivity of one particular detector. Also, the Ti data pre-
sented here were taken in three separate measurement runs
(separated by months), with 75 grains analyzed in each of
the first two runs and the remaining 88 grains measured
in a final run. If some unnoticed technical problem had
affected a given measurement session, there is no reason,
a priori, it should have affected the other two sessions,
and would therefore produce a systematic difference in
the data from session to session. However, no evidence
for any such variability can be observed in our data. There
is also little evidence for the grains having significantly
lower-than-solar *3Ca/**Ca ratios: the correction applied
is only about a few permil in this study and others (Huss
and Smith, 2007; Zinner et al., 2007), AGB models do
not predict ratios very different from solar, and the Ca/Ti
ratios in the grains are at most a few percent, thereby reduc-
ing the uncertainty of the **Ca and *®Ca corrections.



F. Gyngard et al./ Geochimica et Cosmochimica Acta 221 (2018) 145-161 155

Alexander and Nittler (1999) saw such low Ca abundances
that they did not even need to correct for Ca isobaric inter-
ferences at all.

It appears most likely, therefore, that the discrepancies
between our data and the preexisting Ti data arise from
the selection of grains chosen for study. As mentioned
above, the grains measured by Alexander and Nittler
(1999) and Hoppe et al. (1994) were not randomly chosen,
but were selected based on high Ti contents or large Si iso-
topic anomalies, respectively. Therefore, these grains are
not necessarily representative of the presolar SiC popula-
tion as a whole. In Fig. 9, histograms of the 5*°Si/*®Si val-
ues of the various populations of grains analyzed for Ti
isotopes are given. The Alexander and Nittler (1999) data
are dominated (9 out of 20) by grains with 5°°Si/*Si values
between 10 and 20%o, while a substantial fraction of the
grains from the other three datasets typically have
52°Si/?8Si values between 40 and 60%.. For the ~10,000
mainstream grains with 82°Si/?®Si and §°Si/?®Si errors less
than 15%o0 and 25%o, respectively (see appendix of Zinner

s2%si/8si
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et al., 2007), the mean 52°Si/28Si value is ~35%o, in much
better agreement with the data from the grains measured
here than with those from Hoppe et al. (1994) and from
Huss and Smith (2007). It should be noted that, as
remarked above, the grain data from this study are, on
average, more enriched in *°Si compared to the mainstream
SiC population in general. In Fig. 7, it can be seen that for
the Alexander and Nittler (1999) analyses, except for a few
grains, the measured Ti isotopic ratios tend to cluster
around solar compositions and, in fact, only 9 grains have
Ti anomalies more than 2c from solar for multiple isotopic
ratios — five grains actually have no Ti isotopic anomalies
more than 2c away from solar compositions. Thus, it
remains uncertain whether it is appropriate to directly com-
pare the Alexander and Nittler (1999) data to the grain data
presented here, in which over 90% of the grains have mul-
tiple Ti isotopic anomalies more than 2c away from solar.
The net effect of the data from Alexander and Nittler (1999)
is to increase the slopes and decrease the intercepts of the
Ti-Ti and Ti-Si correlation lines when these results are
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Fig. 9. Histogram of the §°Si/*Si values for the 4 groups of mainstream presolar SiC grains measured for Ti from Hoppe et al. (1994),
Alexander and Nittler (1999), Huss and Smith (2007), and the present work. Although the statistics are limited, the Alexander and Nittler
(1999) data show that almost half of their grains have 52°Si/?Si values between 10 and 20%o, whereas for the other datasets a significant
fraction of the grains analyzed have 8*°Si/?*Si values from 40 to 60%o.
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combined with the Hoppe et al. (1994) and Huss and Smith
(2007) data. If the Alexander and Nittler data are not con-
sidered, the results from the Hoppe et al. (1994) and Huss
and Smith (2007) studies are in much better agreement with
the present work, particularly for the &*Ti/**Ti and
3%°Ti/*®*Ti values. This can be seen in Fig. 7a and b, where
the 8*Ti/**Ti and 8°°Ti/**Ti values from Alexander and
Nittler (1999) are significantly reduced compared to the
other datasets and are much closer to zero. In addition,
in Fig. 8a, it is puzzling why their grains have systematically
lower “Ti/**Ti ratios than grains with similar Si isotopic
compositions from the other Ti studies. Overall, the data
we have obtained seem to be in better agreement with the
Hoppe et al. (1994) and Huss and Smith (2007) datasets,
only with larger spread and variability, which is not entirely
unexpected as we measured a larger and inherently more
random set of grains. However, our data are somewhat
above and below the Huss and Smith data in Fig. 7a, b
and Fig. 8b, ¢, respectively.

The Ti isotopic compositions of the majority of main-
stream SiC grains are typically observed to have
SYTi/*Ti < §*Ti/*Ti < *Ti/**Ti < 8°°Ti/*Ti, consistent
with n-capture nucleosynthesis in AGB stars. These iso-
topic compositions correspond to an asymmetric V-shape,
when plotted as in Fig. 10, and this general trend has been
observed in most of the grains from the Hoppe et al. (1994)
and Huss and Smith (2007) studies. Depending on how the
pattern is defined, roughly half of the mainstream SiC
grains analyzed here exhibit this V-shaped isotopic signa-
ture, with the remaining grains displaying either irregular
patterns (often with &*°Ti/**Ti < &*'Ti/**Ti) or inverted
patterns (~1%, with 3**Ti/**Ti, 8*'Ti/**Ti, §*Ti/**Ti, and
3%°Ti/*®Ti <0). As a large portion of grains from the
Alexander and Nittler (1999) study do not have significant
Ti anomalies in multiple isotopic ratios, it is not surprising
that their grains do not show a V-shaped pattern. Again,
this fundamental difference likely stems from the fact that
the grains they analyzed are simply not as anomalous (in
both Si and Ti) as the grains from Hoppe et al. (1994),

300
250
1 —a&—V Shape
200 4 —e&— Irregular
] —a— Inverted
150
w; ]
<. 100
= 1
© 50
|1 ..~ /i, R,
-50 -
T T T T T T T T T
46 47 48 49 50
Mass

Fig. 10. Ti isotopic patterns typical of mainstream SiC grains from
this study. Roughly half of the grains have V-shape patterns and
inverted patterns are seen in ~1% of the grains.

Huss and Smith (2007), and the present work, making
direct comparisons difficult.

4.4. Comparisons with AGB and GCE models

Thorough, comprehensive reviews of nucleosynthesis in
AGRB stars have been given by Busso et al. (1999) and
Herwig (2005). Low-mass (<3 M) AGB stars are radially
stratified. The innermost region of these stars have a degen-
erate C-O core encompassed by two thin (in mass) concen-
tric shells in which He-burning and H-burning can occur,
separated only by a thin zone called the He intershell. Out-
side the H-burning shell is the extensive (and cooler) H-rich
convective envelope. Minerals such as SiC can condense
from the gaseous state at the star’s surface and leave the
star with the stellar wind. During the AGB phase, the star
primarily burns H in the H-burning shell, the products of
which (principally He) continually accrete onto the He
intershell causing it to greatly increase in mass. Owing to
partial degeneracy in the intershell, at high enough densities
and temperatures a thermonuclear runaway occurs in which
He-burning suddenly and dramatically ignites, resulting in
a short thermal pulse (TP). The large energy produced by
the TP (mainly through the triple-o reaction) interrupts
the radiative state of the intershell, causing it to temporarily
become convective and halt H shell burning (at least for a
while). Following a TP and before the H-burning shell
becomes active again, the bottom of the convective envel-
ope penetrates into the top of the He intershell, which by
nature of its temporary convection has become enriched
in newly synthesized material from the bottom of the He-
burning region. In this way, nuclearly processed material
is dredged up (also known as a “‘third dredge-up episode”,
TDU) into the convective envelope, and the stellar surface
becomes enriched in the ashes of He burning. As the TDU
is a recurring event (from 10 to a 100 times), the envelope’s
composition becomes increasingly C-rich, eventually reach-
ing C/O > 1, which is required for the condensation of SiC
grains. The entire sequence described above has been ter-
med the thermally pulsing asymptotic giant branch phase
(TP-AGB).

Although extra mixing processes, such as cool bottom
processing, may further modify isotopic compositions,
low mass AGB stars do not reach temperatures great
enough to ignite C burning, and thus neutron capture reac-
tions are responsible for the production of the less abun-
dant isotopes of Si and Ti. The dominant sources of free
neutrons are two reactions which operate at different times
in the He intershell: *C(o,,n)!°0 and ?*Ne(a,n)**Mg. The
3C(a,n)'®0 reaction takes place at lower temperatures in
between TPs (Straniero et al., 1997), resulting in low
neutron density over a longer period of time than the
22Ne(a,,n)*>Mg reaction, which only becomes active during
the brief higher temperatures reached during a TP. The
exact nature and origin of the *C-rich layer (!*C pocket),
in which the '*C(o,n)'°0 reaction operates, has been exten-
sively debated (e.g., Herwig, 2005; Lattanzio and Lugaro,
2005; Straniero et al., 2006). Suffice to say, the '*C pocket
has essentially been treated as a free parameter in
s-process calculations of AGB stars (Gallino et al., 1998)
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by varying the pocket strength (up or down) relative to the
nominal or standard (“ST” case) value required to best
reproduce the s-process elemental abundances in the solar
system (Gallino et al., 1997; Lugaro et al., 2003). Recently,
a self-consistent mechanism for the natural formation of
the '*C pocket has been reported (Cristallo et al., 2009),
in which the mass of '>C in the pocket is found to decrease
with subsequent TDU episodes, suggestive of a decrease in
the efficiency of the s-process with time during the TP-
AGRB. Nevertheless, an increasing body of evidence, such
as measurements of Ti (Zinner et al., 2007), Zr, Mo, and
Ba (Barzyk et al., 2007; Marhas et al., 2007) in mainstream
SiC grains and spectral observations of s-process enhanced
elements in carbon stars (e.g., Abia et al., 2002), point to
the adoption of a '*C pocket at least close to the “ST” case.
The neutrons required for production of the Ti isotopes pri-
marily come from the '3C source (Zinner et al., 2007), with
only minor contributions from the **Ne source. In contrast,
Si isotopic production is governed almost entirely by the
flux of neutrons from the *Ne source, and large changes
in the strength of the '*C pocket have virtually negligible
effects on the Si isotopic ratios (Lugaro et al., 1999;
Zinner et al., 2006). Regardless, because of the small neu-
tron capture cross-sections of the Ti (and Si) isotopes, they
(except for Ti and °Ti, due to the not-so-small cross-
section of *3Ti) are not significantly affected by n-capture.
For mainstream SiC grains, thought to originate in close-
to-solar metallicity AGB stars, the predicted shifts from
n-capture (except for the magic-nucleus isotope *°Ti) are
small (Lugaro et al., 1999; Zinner et al., 2007); therefore,
their Ti isotopic compositions largely contain the imprint
of the initial composition of the grains’ parent stars. The
large spread of Ti isotopic compositions from the grains
in this study further supports a wide distribution of initial
stellar isotopic ratios.

Galactic chemical evolution (GCE) is the process by
which elemental and isotopic abundances evolve over time
in the Galaxy, and has been discussed in detail by many
authors (Timmes et al., 1995; Nittler and Dauphas, 2006;
Pagel, 2009). Briefly, homogeneous GCE assumes an age
metallicity relationship, in that the ratios of secondary iso-
topes relative to a primary isotope of an element increase
with time. Primary nuclei (e.g., 12¢, 160, 288, 4°Ca, and
radioactive **Cr, or alpha nuclei) can be created by stars
whose initial compositions consist only of H and He and
can therefore be synthesized at extremely low metallicity.
In contrast, the creation of secondary nuclei (e.g., *°Ti,
“ITi, *Ti, and *°Ti) requires the presence of seed elements
heavier than H and He on which to capture a proton or
neutron, thereby resulting in further nuclear processing
(Clayton, 2003). As stars with low initial metallicity eject
their nucleosynthesis products into the ISM at the end of
their lives, the subsequent generations of stars will begin
their lives forming from this newly processed material, will
be more metal-rich, and, in turn, have more primary and
secondary nuclei for nuclear burning. At the end of their
lives, these stars eject their newly synthesized material,
and this whole process of stellar recycling is repeated. In
this way, as metallicity increases so do the *°Ti/**Ti,

Ti/Ti, PTi/**Ti, and *°Ti/**Ti ratios, as well as the
28i/%8Si and *°Si/*®Si ratios.

Detailed models of GCE incorporating yields of Type II
SNe show large increases of 298, 30gi, 46T4, 47T, *°Ti, and
Ti with galactic time and metallicity (Timmes et al.,
1995) and have been extensively compared to the SiC grain
data (Timmes and Clayton, 1996; Clayton and Timmes,
1997; Alexander and Nittler, 1999; Huss and Smith, 2007;
Zinner et al., 2007). As discussed by these authors, prob-
lems with directly comparing the predictions of Timmes
et al. (1995) to the Si and Ti compositions of the grains
remain, as can be seen in Figs. 7 and 8 showing the main-
stream correlation lines to the combined datasets (solid
lines) and the calculated GCE lines (dotted lines) from
Timmes et al. (1995), which have been normalized to have
solar ratios at solar metallicity. It should be noted that
the Timmes et al. (1995) GCE model actually under pro-
duces *"Ti and *°Ti and overproduces *°Ti by up to a factor
of three; the un-normalized GCE lines would not fit on the
plots in Figs. 7 and 8. The best fits to the mainstream SiC
grain data, which are largely representative of the composi-
tions of the grains’ parent stars, are significantly different
from the GCE trends (Table 1), even if corrected for contri-
butions from AGB nucleosynthesis, which are substantial
for “Ti and >°Ti. It has been suggested that a component
of heterogeneous GCE could account for the spread in
the grain data and the discrepancies with GCE trends
(Lugaro et al., 1999) for the Si isotopes. However, more
detailed calculations for the isotopic compositions of other
elements, especially Ti, failed to reproduce the Si-Ti corre-
lation observed in the SiC grain data, thereby limiting the
amount of stochastic mixing of SN ejecta (the dominant
component in GCE) into the ISM (Nittler, 2005).

As alluded to above, the large spread in Ti (and Si) iso-
topic ratios of mainstream, type Y and type Z presolar SiC
grains must be due to a combination of the initial composi-
tions of the parent stars and n-capture during the TP-AGB
phase. It is possible, therefore, that with stellar evolution
models for AGB stars of different masses and metallicities,
the nucleosynthesis component can be separated from the
GCE effect — see Fig. 11 in Zinner et al. (2007) — and thus,
the evolution of the initial Si and Ti isotopic ratios of the
grains can be determined as a function of metallicity, essen-
tially from the grain data and AGB models alone. For the
Si isotopes, this procedure was first outlined by Amari et al.
(2001a) and Zinner et al. (2001), and has been updated to
include new AGB model calculations, a larger grain data-
set, and updated nuclear cross-sections (Zinner et al.,
2006). It is typically performed by assuming that the best-
fit line to the mainstream SiC data — some authors correct
this line for AGB contributions, while others prefer not
to — represents the Galactic evolution line. Isotopic shifts
away from this line are interpreted to be from AGB nucle-
osynthesis, along a slope ~0.18 line in a three-isotope
d-value Si plot for models calculated with n-capture cross-
sections from Guber et al. (2003). For a given isotopic
composition, the isotopic ratios are extrapolated back
along this AGB line to the point of intersection with the
mainstream correlation line, from which the shifts due to
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n-capture, defined as A%Si/?®Si and A*°Si/*®Si values, as
well as, the initial 8*°Si/?®Si value of the grain’s parent star
can be calculated. There are some fundamental uncertain-
ties involved in this routine: the grains must be assumed
to come from stars of the same mass but with varying
metallicities and the shifts in the isotopic compositions
due to n-capture are derived from model calculations.
The initial masses of the presolar SiC grains’ parent stars
are not well constrained and are estimated to range from
1.5 to 3 Mg, in contrast to presolar oxides, where the mass
of the progenitor stars can be fairly precisely determined
due to the strong coupling between the '’0/'°O ratios pro-
duced from first dredge-up and the initial stellar mass
(Boothroyd and Sackmann, 1999). As most of the s-
process enhancements in the envelope are primarily due
to the first few TDU episodes (Cristallo et al., 2009) and
most SiC have likely formed after a significant number of
TPs when the star has turned into a carbon star (Lugaro
et al., 2003), assuming maximum isotopic shifts from n-
capture is at least approximately valid. S-process elements
continue to be enhanced after each thermal pulse; as the
convective envelope is losing mass, even a small amount
of s-processed material dredged-up will enhance the con-
centration of s-process elements, but not to significant
amounts. Despite these caveats, the initial 2°Si/*®Si ratios
— see Fig. 15 of Zinner et al. (2006) — for type Z grains as
a function of metallicity can be determined for a given ini-
tial stellar mass, and is significantly different than the
Timmes and Clayton (1996) Si GCE line. The evolution
of the initial 8*°Si/?*Si values calculated from the grain data
shows enrichments in 2°Si at very low metallicity (as well a
significantly flatter trend at Z>0.01) compared to the
Timmes and Clayton results (1996), and suggests modifica-
tions in the yields of 2°Si and 2%Si from low-metallicity Type
II SNe and increased contributions of 2®Si from Type Ia
SNe occurring from close binary star systems (Zinner
et al., 2000).

In principle, the Ti isotopic compositions of presolar SiC
grains from AGB stars can be deconvolved into the isotopic
shifts due to AGB nucleosynthesis and the initial composi-
tions of the grains’ parent stars, as attempted by several
authors (Alexander and Nittler, 1999; Amari et al., 2001a;
Huss and Smith, 2007); however, the situation for the Ti
isotopes is not as straightforward as for the Si isotopes.
While Alexander and Nittler (1999) and Amari et al.
(2001a) essentially subtracted the average predicted AGB
contribution from the best-fit line to the mainstream grains
Ti isotopic compositions, Huss and Smith (2007) scaled this
contribution to the shift due to n-capture calculated for the
Si isotopes to infer the Galactic evolution line for the Ti iso-
topes. However, there are several intrinsic problems with
applying this approach to the Ti isotopes. Because Ti is a
trace element in presolar SiC grains, their measured Ti iso-
topic ratios have significantly larger errors and show more
scatter around the mainstream correlation lines than the Si
isotopic data. Nevertheless, the weak correlations for the
T/ — “Ti/*Ti and *°Ti/**Ti - *°Ti/**Ti ratios are
not solely the result of measurement errors, but, in fact,
represent intrinsic differences between the contributions
from AGB nucleosynthesis and GCE in the grains’ parent

stars. In fact, the best-fit lines themselves (for any combina-
tion of Ti and/or Si d-values) are not well established, as
there are significant differences among the best-fits lines
for the different sets of grains analyzed for Ti isotopes
(Table 1). In addition, model predictions of nucleosynthesis
of the Ti isotopes in AGB stars are fundamentally less cer-
tain than for Si. Unlike the Si isotopes, which are primarily
affected by the neutrons from the **Ne source, the produc-
tion of the secondary Ti isotopes depends on the strength of
the *C pocket, which is essentially a free parameter, and is
intrinsically uncertain. It has been shown by both Zinner
et al. (2007) and Huss and Smith (2007) that the while
AGB models computed for the ST pocket provide consis-
tent inferred 3*°Ti/**Ti values, they overproduce **Ti and
O] relative to the grain data. Therefore, the strength of
the '*C pocket must depend in some as yet unknown way
on the metallicity of the star, and further refinements of
the model calculations are clearly needed. With heavier
metallicity, metals act as n-poisons, but for lower metallic-
ity, one predicts higher enrichments on n-rich isotopes. As
is the case for the deconvolution procedure for the Si iso-
topes, the precise range of masses and metallicities of the
grains’ parent stars is unknown, further complicating any
AGB correction. In addition, as only 4 type Y and 4 type
Z grains were measured in this study, we do not have
enough data for grains from low metallicity stars and,
therefore, will not attempt to directly calculate the Galactic
evolution lines of the Ti isotopes. A larger number of type Z
grains need to be measured with small analytical uncertain-
ties and the parameter space of the AGB models needs to be
better explored to infer the initial Ti isotopic compositions
of the SiC grains’ parent stars as a function of metallicity
and explain the grain data.

As can be seen in Table 1, the inferred slopes of the GCE
lines calculated by Timmes et al. (1995) fail to match the
error-weighted linear regressions for the mainstream SiC
data. However, as the mainstream correlation lines repre-
sent a combination of both GCE and n-capture nucleosyn-
thesis, these fits are only approximate estimates of the
galactic evolution of the Ti isotopes, in particular, for
“Ti and *°Ti. The grain data show steeper trendlines for
the 8*Ti/*Ti vs. §*°Ti/**Ti and §°Ti/**Ti vs. 3*°Ti/**Ti
plots than predicted by Timmes et al. (1995), while the
3*7Ti/*®*Ti vs. 8*°Ti/**Ti plot shows a much shallower slope
(Fig. 7). The production of *’Ti is poorly understood and is
under-produced in SN models relative to its solar system
abundance, so it is not surprising that its evolution does
not agree particularly well with the grain data. The greatest
discrepancy between the grain data and the Timmes et al.
(1995) results can be seen in the 8>°Ti/**Ti vs. 8*Ti/**Ti
plot, where the mainstream correlation line is more than
twice as steep as the trend from GCE; however, the large
scatter in the >°Ti/*®Ti ratios in the grain data implies that
the linear fit is of limited statistical significance. This scatter
is likely due to the fact that *°Ti is principally produced in
Type Ia SNe (Meyer et al., 1996), which are prodigious gen-
erators of n-rich isotopes but are extremely rare. Stars end-
ing in Type Ia SNe evolve much more slowly than the more
massive ones ending in Type II SNe (the dominant source
for the other Ti isotopes), thus their contribution to the
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GCE of Ti is more important at later galactic times, result-
ing in a more heterogeneous distribution of *°Ti (Zinner
et al., 2007). It should be noted that *°Ti is also produced
by nuclear statistical equilibrium in Type IT SNe. Similarly
for the Si-Ti correlation lines, the GCE models do not gen-
erally match the trends seen for the grain data, although
there is fairly good agreement in the 8**Ti/*3Ti vs. §2°Si/**Si
correlation lines.

5. CONCLUSION

The C, N, Si, and Ti isotopic compositions of 238 preso-
lar SiC grains from the Murchison meteorite have been
determined, almost doubling the number of SiC grains ana-
lyzed for Ti isotopes. The Si isotopic compositions of the
KJG SiC grains measured here and previously are charac-
terized by greater §2°Si/*®Si/3°Si/?Si ratios than the major-
ity of other mainstream SiC grains. We have suggested that
this result may reflect a subtle dilution from marginal type Y
and Z grains in the larger dataset, and perhaps the “true”
mainstream correlation line for the Si isotopes is steeper
than previously thought. The Ti isotopic compositions of
the grains have been shown to span those of previous mea-
surements. By attempting to measure as random a popula-
tion of grains as possible, the range and spread of the Ti
isotopic ratios measured in presolar SiC grains has been
greatly increased. Still, it is clear that the grains’ Si and Ti
isotopic compositions represent a combination of GCE
and n-capture in the grains’ parent stars, in contrast to spec-
troscopic measurements of Ti isotopic compositions in M
dwarf stars. The large dataset of this work, combined with
the monitoring of the >V signal, leads us to conclude that
Ti must be present in the majority of SiC grains as discrete
subgrains and not in solid solution. Deconvolving the
GCE and AGB components of Ti from the grain data will
require more high precision Ti data on SiC grains from
low-metallicity stars, such as type Y and Z grains, and
new model calculations for AGB stars starting from a wide
range of initial Ti isotopic ratios and for a range of Ti iso-
tope n-capture cross-sections. Unfortunately, as the abun-
dance of type Z grains is significantly lower among grains
with diameters greater than ~1 pm than among smaller
grains, obtaining high quality Ti isotopic data with small
errors for a large number of these grains will be difficult.
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