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ABSTRACT OF THE DISSERTATION
Multi-Element Isotopic Analyses of Presolar Graphite Grains from the Orgueil
Meteorite
by
Manavi Jadhav
Doctor of Philosophy in Earth and Planetary Sciences
Washington University in St. Louis, 2009
Professor Ernst K. Zinner, Co-chair

Professor Frank A. Podosek, Co-chair

This dissertation presents the results and implications of the isotopic analyses of
presolar graphite grains from the primitive carbonaceous chondrite, Orgueil. Graphite
grains from low- and high-density fractions were analyzed for C, N, O, Si, Al-Mg, K,
Ca, and Ti isotopes. These analyses indicate that isotopic properties are density de-
pendent. Most low-density grains come from supernovae as indicated by large O,
15N, 28Si excesses, high inferred 26 A1/27Al and *'Ca/°Ca ratios, and the initial pres-
ence of the short-lived radionuclide *Ti in some grains. Some high-density grains also
show supernovae signatures, but a majority seems to originate from low-metallicity
asymptotic giant branch stars. Evidence for this comes from correlated 2C and 3°Si
enrichments. In low-metallicity asymptotic giant branch stars, 12C and 2*:3°Si that
are produced in the He shell are mixed into the envelope by the third dredge-up
during the thermally pulsing phase. This scenario also increases the C/O ratio of

the envelope and favours the condensation of graphite grains over SiC grains. A
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minor fraction of high-density graphite grains exhibits very low 2C/!3C ratios and
extremely large 4»%3Ca and 46474950T] excesses. These excesses are much larger than
those expected in the envelopes of asymptotic giant branch stars and are as large
as those predicted for pure He-shell material in those stars and the interior, O-rich
zones of type II supernovae. However, these zones have almost pure 2C, making the
low 12C/13C ratios enigmatic. We propose that born-again, asymptotic giant branch
stars that have undergone a very late thermal pulse, such as Sakurai’s object, might
be the stellar source for these grains. In such stars, limited mixing of the He-burning
intershell with the thin, residual hydrogen envelope leads to the production of '3C and
enables material with s-process enrichments and low >C/!3C ratios to occur on the
surface simultaneously. This study concludes that low-density graphite grains origi-
nate from supernovae while high-density graphite grains have multiple stellar sources:

low-metallicity and born-again asymptotic giant branch stars, as well as supernovae.
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Chapter 1

INTRODUCTION AND BACKGROUND

At the end of a star’s life, the elements that it has produced are ejected into the
interstellar medium (ISM). This material modifies the composition of the ISM and
new stars are formed from this ISM. Thus, material is continuously recycled in the
universe. Presolar grains are tiny pieces of such material that were ejected into the
ISM through stellar outflows or explosions. Some of these grains became incorpo-
rated in the protosolar nebula and remained unaltered during the entire process of
solar system formation. As the solar system continued to evolve, these grains were
incorporated via accretion, into solar system objects, like meteorites. Consequently,
primitive meteorites that fall to Earth carry presolar grains in them. Figure 1.1 is a
schematic representation of the life of presolar grains. These grains condensed in the
atmospheres of evolved stars and supernova ejecta, and preserve the original compo-
sitions of their parent stars. Figure 1.2 shows images of some stellar environments in
which presolar grains formed.

These grains provide us with an excellent opportunity to study a wide range of
astrophysical and cosmochemical problems in the laboratory. Prior to the discovery
of presolar grains, most of the information on stars and their chemical compositions
came from telescopic observations. The properties of interstellar grains initially were
studied indirectly, through the effect they had on light traveling from the stars to

the telescopes. Presolar grains are bona fide pieces of this same material that can
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Figure 1.1 A schematic representation of the life of presolar grains (Courtesy: Larry
Nittler).

now be analyzed with amazing precision in a modern geochemical laboratory. These
studies, combined with astronomical observations, can provide information on stellar
nucleosynthesis and evolution, the formation of dust in stellar environments, and its
processing in the interstellar medium, the formation of the solar system, and galactic

chemical evolution.

1.1 Discovery of presolar grains

For a long time it was believed that early solar system material was entirely homog-
enized in the hot solar nebula (Cameron, 1962). Under this assumption, the isotopic
compositions of solar system materials should be uniform everywhere. Physical and
chemical processes in the early solar system, like mass-dependent fractionation and
radioactive decay, were capable of changing the isotopic composition of solar system

materials by not more than a few parts per thousand. However, the discovery of large



Figure 1.2 Left panel- Hubble Space Telescope image of the Ring Nebula (M57): This
is an image of a planetary nebula whose central dying star had the same mass as that
of the sun. Such stars release gas and dust into the ISM at the ends of their lives.
Right Panel- Chandra X-ray Observatory image of the Crab Nebula (M1): This is
an optical image of a supernova remnant of a massive star (> 8 M) that exploded
and released material into the ISM on a much larger scale. Such environments are
the likely stellar sources of presolar grains. (Sources: http://hubblesite.org/ and
http://chandra.harvard.edu/).
isotopic ‘anomalies’ (departure from solar system values) in primitive meteorites chal-
lenged the idea of a completely homogenized solar nebula (e.g., Reynolds and Turner,
1964; Black and Pepin 1969; Clayton et al., 1973; Lewis et al., 1983; Halbout et al.,
1986). There was now a possibility that primitive meteorites host interstellar parti-
cles that had different histories compared to objects in the solar system. The large
magnitudes of these anomalies can only be explained by nuclear reactions (that occur
at millions of degrees), which alone are capable of changing nuclear structure. Thus,
presolar material can be identified by the presence of large isotopic anomalies.

It was the discovery of unusual xenon and neon components with extreme iso-
topic compositions in carbonaceous chondrites by Reynolds and Turner (1964) and

Black and Pepin (1969) that initiated the idea of an isotopically heterogeneous solar

nebula. Black and Pepin (1969) found a Ne component that was enriched in **Ne
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Figure 1.3 The exotic components of Xe and Ne that led to the discovery of presolar
grains. (Source: Zinner, 2004).

and had ?°Ne/?*Ne < 3.4 in C-chondrites. The ?Ne/??Ne and ?'Ne/?*Ne ratios ob-
served in these meteorites are almost 107 times the solar value (Figure 1.3). This
22Ne-rich component was released between 900 °C and 1000 °C and named Ne-E by
Black (1972). Later, studies of different density fractions of Orgueil and Murchison
by Eberhardt et al. (1979), Lewis et al. (1979), and Jungck (1982) led to the dis-
covery of two types of Ne-E during step-wise heating: Ne-E(L) is released at low
temperatures (500 — 800 °C) and Ne-E(H) is released at temperatures of about 1100
~ 1500 °C. The low-(2.2 — 2.5 ¢ cm™?) and high-(2.5 — 3.1 g cm™?) density fractions of
silicate-free residues of carbonaceous chondrites were found to contain the low- and
high-temperature components, respectively. Low values of ?°Ne/?*Ne indicated the
presence of nearly “pure” ?2Ne in the density fractions and suggested a stellar origin
for Ne-E. Black (1972), Clayton (1975), Eberhardt et al. (1981), and Jungck (1982)
suggested that the decay of 2Na could be the possible source of ?2Ne in the mete-
orites. This ?2Na would have to have been incorporated into the grains within the very
short time span of less than 2.6 years, i.e., the half life of 22Na. Reynolds and Turner
(1964) found two exotic components of Xe while studying the chondrite, Renazzo. It
was found that the light isotopes, '**Xe and ?6Xe, and the heavy isotopes, **Xe and

136X e, were all highly enhanced with respect to the solar value. This component was



called Xe-HL or Xe-heavy and light (Figure 1.3). The Xe-L component is produced
by proton capture (p-process) or photodisintegration, whereas the Xe-H component
is a product of the rapid neutron capture process (r-process). A second component of
Xe was discovered by Srinivasan and Anders (1978) while studying Murchison. They
found 28Xe and Xe to be enhanced, and attributed their production to the slow
neutron capture process (s-process). This component was called Xe-S (Figure 1.3).
The quest to isolate the carriers of these exotic noble gas components led to the
first isolation of presolar grains from primitive meteorites by the Anders group at
the University of Chicago. Through a series of physical and harsh chemical separa-
tion procedures pioneered by Tang et al. (1988) and Amari et al. (1994), the first
interstellar grains were isolated. Lewis et al. (1987) found nanodiamonds to be the
carriers of Xe-HL. Silicon carbide (SiC) grains were the carriers of the Xe-S and Ne-
E(H) components (Bernatowicz et al., 1987; Tang and Anders, 1988). Also, Amari
et al. (1990) established the carrier of the low-temperature Ne component [Ne-E(L)]
to be interstellar graphite. All of these presolar phases are fairly resistant to the
chemical separation processes, simplifying their isolation, but their microscopic (and
sometimes sub-microscopic) nature and their low abundances make studying these

grains a challenge.

1.2 Studying presolar grains

New chemical and microanalytical tools had to be developed and adapted to study the
newly discovered presolar grains. Different techniques are used to analyze various as-
pects of these grains. Their morphologies and chemical compositions are studied with
scanning electron microscopes (SEM). Raman spectroscopy and electron diffraction
analysis in a transmission electron microscope (TEM) are used to obtain the crys-
tallographic structure of the grains. TEM studies are also able to find and analyze

internal subgrains in presolar grains. Bulk isotopic analyses of noble gases on presolar



material are carried out with gas mass spectrometry (GMS). High-precision isotopic
measurements of heavy elements like Sr, Ba, Nd, and Sm from grain aggregates can
be obtained by thermal ionization mass spectrometry (TIMS), inductively coupled
plasma mass spectrometry (ICP-MS), and secondary ion mass spectrometry (SIMS).
Bulk analyses provide average isotopic compositions over many grains. Single-grain
noble gas measurements can also be carried out with laser heating (Nichols et al.
1995; Heck et al. 2005). Since every grain carries unique information about its par-
ent star, it has become increasingly important to be able to carry out single-grain
isotopic analysis.

Conventional SIMS machines (e.g., CAMECA IMS-3f) were able to provide rea-
sonably precise isotopic measurements for several elements in grains of sizes > 1 pum
and ones that had relatively high elemental abundances. However, the new CAMECA
NanoSIMS-50 and 50L are capable of achieving very high spatial resolutions (30 —
200 nm). They also have high sensitivity at high mass resolutions and multidetection
systems. Due to its unique ion optical design, the NanoSIMS can achieve 30 times
higher secondary ion transmission at mass resolving powers of ~ 5000 (needed for
most measurements, e.g., O isotopes, in order to separate atomic ions from molecu-
lar interferences), compared to the CAMECA IMS-3f. Much smaller presolar grains
can now be analysed because of this multidetection capability and the increased spa-
tial resolution, which increase overall sensitivity. Heavy-element isotopes in single
grains can be analyzed with laser ablation and resonant ionization mass spectrom-
etry (RIMS) (Savina et al., 2003). This technique enables heavy-element isotopic

analyses without any isobaric interference.

1.3 Types of presolar grains

Figure 1.4 shows the types of presolar grains discovered in primitive meteorites and

their respective abundances. Presolar grains have been found in the matrices of
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Figure 1.4 Bulk abundances of the different types of presolar grains identified in
primitive chondrites. (Source: Nyugen, 2005).

all classes of primitive meteorites or chondrites. Their matrix-content-normalized
abundances depend on the degree of metamorphism that the meteorite has been
subjected to. The type and extent of metamorphism affect different presolar grains
differently. Carbonaceous chondrites are the least thermally metamorphosed, and
their chemical compositions are identical to those observed in the solar photosphere
(except the volatile elements). The CI (e.g., Orgueil) and CM2 (e.g., Murchison)
carbonaceous chondrites are such meteorites. These meteorites naturally contain
the largest absolute number of presolar grains and thus, would be the most obvious
searching grounds for presolar grains.

Nanodiamonds were the first presolar grains to be isolated (Lewis et al., 1987).



They are the most abundant type (~ 500 ppm) but, unfortunately, the least un-
derstood. This is because nanodiamonds are very small (~ 2.5 nm in diameter)
and therefore, impossible to study individually. The only available evidence of their
presolar nature is from the presence of the Xe-HL component (Lewis et al., 1987), and
anomalies in Te and Pd isotopic ratios (Richter et al., 1998; Maas et al., 2001). All
these signatures indicate a supernova origin. The carbon isotopic ratios are close to
solar, which could be due to an averaging effect, since these measurements were made
on diamond aggregates and not individual grains. The N /15N ratio is about 35 %
higher than the solar value but has been shown to agree with the ratio observed in
Jupiter (Owen et al., 2001). It remains to be verified which fractions of nanodiamonds
are actually presolar.

Presolar SiC grains are the most extensively studied presolar material. This is
principally because they are relatively easy to extract and their sizes range from ~
0.5 pm in diameter to over 30 um, making them easier to study individually. They
have an abundance of ~ 10 ppm (Huss and Lewis, 1995) in carbonaceous, ordinary,
and enstatite chondrites. They are carriers of the Xe-S and Ne-E(H) components.
Almost every major, minor, and trace element shows isotopic anomalies. SiC grains
are classified into seven populations according to their C, N, and Si compositions.
Mainstream SiC grains (~ 93% of all grains) have ?C/!3C ratios that range from
10 to ~ 100 (i.e., solar value). Their N isotopic ratios also vary from just below
solar (1N/¥N ~ 200) to highly “N-enriched (*N/!¥N ~ 20,000). These signatures
indicate an origin in asymptotic giant branch (AGB) stars (Hoppe et al., 1994). Type
X SiC grains (1% of all SiC grains) are depleted in ?°Si and 3°Si (Amari et al., 1992),
which indicates they originated in supernovae (SNe). Most of these grains exhibit
excesses in ?C and ”N. Type Y (Amari et al., 2001a) and Z grains (Hoppe et al.,
1997) have 2C/13C ~ 100 — 400 and 4 — 90, respectively, and °Si enrichments relative

to the mainstream correlation line. Type A+B grains have 2C/3C < 10 but Si ratios



similar to those of mainstream grains (Amari et al., 2001b). The Y and Z grains might
originate from low-mass and -metallicity (lower than solar) AGB stars as suggested
by Amari et al. (2001a) and Hoppe et al. (1997). The origin of A+B grains is still
under debate but, J-type stars seem to be a likely source (Lambert et al., 1986). A
few nova SiC grains are known (Amari et al., 2001c; José et al., 2004; Nittler and
Hoppe, 2004 a;b). These grains have *C/13C = 4 — 9, “N/®N = 5 — 20 and *°Si
excesses. Their 2°Si/?Si ratios are close-to-solar values.

Presolar oxide grains in meteorites have also been identified. Their oxygen isotopic
compositions have been used to classify them into four groups (Nittler et al., 1997):
Group 1 grains are depleted in '¥0O and have large 7O excesses. They originate from
red giant and AGB stars. Group 2 grains are highly depleted in *O and have large
170 excesses. These depletions have been explained by extra-mixing (cool bottom
processing (CBP) in low-mass, AGB stars wherein material from the convective en-
velope is transported to the underlying, outer boundaries of the H-burning region.
This results in partial H burning of the envelope material (Wasserburg et al., 1995).
Group 3 oxide grains are believed to have originated from low-metallicity red giant
and AGB stars, because they are depleted in 7O and '¥0. However, some group 3
grains were recently thought to contain SN signatures (Nittler et al., 2008). Group 4
grains exhibit enrichments in both 7O and 0, and could originate from metal-rich
stars and type II SNe (Choi et al. 1998).

Presolar silicates were discovered in IDPs (Messenger et al., 2003) and in the Acfer
094 carbonaceous chondrite (Nguyen and Zinner, 2004). Silicates in CI chondrites are
easily transformed by aqueous alteration into hydrous silicates. This process erases
the presolar signatures in oxygen from these grains. Therefore, pristine silicates are
only likely to be found in the least aqueously altered meteorites. Furthermore, the
presolar silicates are very small (~ 0.2 — 0.9 ym) and were, until recently, impossible

to find in meteorites, which are dominated by solar system silicates. But with the



advent of new isotopic imaging capabilities, these silicates were finally discovered
and analyzed. Presolar silicates have oxygen isotopic properties similar to those of
presolar oxides.

Silicon nitride grains are the least abundant presolar grain type. Like Type X SiC
grains, they exhibit excesses in 28Si, '®N, and '*C and, have high 26A1/27Al ratios.
They are thought to have originated from type II SNe (Nittler et al., 1995).

Presolar phases are also found within other presolar grains during TEM studies.
Tiny subgrains of Ti-, Fe-, Zr-, Mo-carbides, kamacite (Fe-Ni), cohenite ((Fe,Ni)3;C),
metallic osmium, and elemental iron have been found in presolar graphite grains.
Presolar graphite grains, which are the focus of this dissertation, are discussed in

detail in the following section.

1.4 Presolar graphite grains

Presolar graphite was first isolated from the Murchison meteorite as the carrier of
Ne-E(L) (almost pure *Ne) by Amari et al. (1990). Since then these grains have
been extensively studied in Murchison, and almost everything we know about preso-
lar graphite is based on these studies (Amari et al., 1990; 1995; Zinner et al., 1995;
Hoppe et al., 1995; Travaglio et al. 1999). Although graphite can be found in the
most primitive meteorites (Huss and Lewis, 1995), it has a low abundance compared
to SiC (Huss and Lewis, 1995) and the separation procedure for graphite is far more
complicated than that for SiC (Amari et al., 1994). Complications in separation arise
because graphite is not as chemically resistant as SiC or the oxides, and because it
needs to be isolated from other carbonaceous material in the meteorite that has chem-
ical properties similar to graphite’s. The separation procedure (Amari et al., 1994)
consisted of dissolution of silicates, removal of sulphur, mild oxidation to remove the
peripheral abundant, amorphous, and disordered carbonaceous material, eventually

followed by density separation in order to study graphite of various densities.
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Presolar graphite grains exhibit a low degree of crystallinity compared to terres-
trial graphite. However, they are fairly well-ordered and exhibit a range of densities.
The density of presolar graphite is an important parameter to determine because it
reflects the degree of crystallinity and the presence of trace elements. Thus, most
work done on presolar graphite is carried out on narrow aliquots of density fractions.

Most of the studies were carried out on the Murchison density fractions: KE1 and
KE3 (1.6 — 2.05 g cm™3), KFAT (2.05 - 2.10 g em~3), KFB1 (2.10 — 2.15 g cm™3),
and KFC1 (2.15 — 2.20 g cm™2). All isotopically identified presolar graphite grains
seem to be spherical with diameters > 1 pum (ranging up to ~ 20 gm). Structural
and isotopic properties of Murchison presolar graphite vary with density (Amari et

al., 1995; Hoppe et al., 1995).

3858

Figure 1.5 Different morphologies of presolar graphite grains from Murchison Left
panel: onion-type, Right panel: cauliflower-type. (Courtesy: Sachiko Amari)

The low-density presolar graphite grains in Murchison are large and exhibit typ-
ical “cauliflower” morphology (Hoppe et al., 1995). These caulifiower grains are
concentrically packed aggregates of small scales of poorly graphitized carbon. The
high-density presolar grains show another distinct morphology dubbed the “onion”
structure (Hoppe et al., 1995). These grains are smaller and have a smoother texture

than that of cauliffower grains. They have shell-like, concentric platy layers of well-
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crystallized carbon (Figure 1.5). The surface textures of these graphite spherules are
manifestations of distinct internal structures (Bernatowicz et al., 1991, 1996). TEM
studies have also revealed that most caulifiower and onion grains contain refractory
grains (Figure 1.6). These grains condensed independently and some of them prob-
ably acted as condensation nuclei for the graphite grains. Small (20 — 500 nm) TiC
grains have been found in both onion and cauliflower spherules (Bernatowicz et al.,
1991). Some spherules have zirconium- and molybdenum-rich carbides (Bernatowicz
et al., 1996), whereas the grains that demonstrate SN origins have, in addition to
TiC, kamacite, cohenite, iron grains, iron carbides, and metallic osmium (Bernatow-
icz et al., 1999; Croat et al., 2003; Croat et al. 2005). These refractory inclusions
provide information on the physical and chemical compositions of the gas from which

the graphite grains condensed.

Figure 1.6 TEM images of slices of presolar graphites. Red arrows indicate internal
refractory carbide grains. a) onion-type graphite (dense) grain containing a central
(Ti, Zr, Mo) carbide. b) Cauliflower-type graphite (less dense) grain contains multiple
titanium carbides.(Source: http://presolar.wustl.edu/work/grains.html)

The isotopic properties of graphite also correlate with density. The 2C/*3C ratios

in Murchison graphite vary over a large range (2 — 7000) demonstrating their presolar
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Figure 1.7 C and N ratios of Murchison graphite grains from the different density
fractions. (data from Amari et al., 2005)

origin. Grains with large 12C excesses become more abundant in higher-density frac-
tions (KFB1 and KFC1). Low-density grains exhibit 1®N excesses, but nearly all of
the other presolar graphite grains in Murchison have terrestrial N /N ratios (Fig-
ure 1.7). A possible explanation for this effect is that the nitrogen equilibrated either
on the parent body or in the laboratory (Hoppe et al., 1995). The puzzling aspect
of this normal nitrogen isotopic signature is the presence of almost pure ??Ne. It is
expected that if nitrogen equilibrated in these grains then so should have the noble

gases, especially since Ne has adsorption properties very similar to those of N. The
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abundances of the trace elements H, N, O, and Si are higher in low-density grains.
Numerous low-density grains (KE3 and KFA1 fractions) exhibit O excesses (Figure
1.8). These O anomalies correlate with the carbon anomalies and have been exten-
sively studied because these signatures point to a SN origin for these grains (Amari
et al., 1995; Travaglio et al., 1999). The Si isotopic properties of these grains are
similar those of SiC grains (Figure 1.9). The low-density KE3 and KFA1 fractions
have 2Si-rich grains, whereas some of the KFB1 and KFC1 grains (high density)
exhibit 2Si and 3°Si excesses. The 28Si excesses correlate with the 80 excesses and
indicate a SN origin for these low-density graphite grains (similar to SiC-X grains).
Additional proof of SN origin comes from the initial presence of 4Ti (Nittler et al.,
1996) and ' Ca in some of these grains (Amari et al., 1996). Stadermann et al. (2005)
measured C, N, O and Ti isotopic ratios in TiC subgrains in a KE3 graphite grain
from Murchison that had SN isotopic signatures. The subgrains were found to be
significantly more anomalous in O isotopes than the original graphite, indicating that
the subgrains could have formed in a different region of the SN ejecta compared to
the parent grain or retained the O isotopic composition of the parent star more effi-
ciently than the parent grain. The presence of *Ca, from the decay of *4Ti, was also
detected in one subgrain, confirming the SN origin of the graphite grain. The high-
density grains probably originated from AGB stars of low metallicity as indicated by
Kr data (Amari et al. 1995) and large 3°Si excesses correlated with high 2C/!3C
ratios (Amari et al. 2003; 2004; 2005). TEM studies indicate that TiC subgrains
from high density graphites have high concentrations of s-process elements like Zr,
Mo, and Ru (Bernatowicz et al. 1996; Croat et al. 2005). These elements are pro-
duced in copious amounts in the He intershell region of thermally pulsing AGB stars
and transported to the envelope by repeated third dredge-up events. Some graphite
grains show nova signatures: low °Ne/??Ne ratios (not compatible with any known

He-burning stellar source) (Nichols et al. 1995), 12C/!3C ratios in the 4 — 10 range,
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and a "N /15N ratio of 8.5 along with large °Si excesses (Amari et al. 2001).
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Figure 1.8 Oxygen isotopic ratios of Murchison graphite grains from different density
fractions. Numbers in parentheses denote the density range in a given fraction in g
cm~3. ( data from Hoppe et al., 1995; Travaglio et al., 1999; Amari et al., 2005)

Clearly, presolar graphite in a single meteorite can have multiple sources. Previous
studies seem to indicate that most graphite grains from Murchison have a SN origin,
which is strange, since stars that can produce SiC grains are also, theoretically, able
to produce graphite. A large fraction of the SiC grain population originate from
AGB stars but a much smaller population of graphite grains from AGB stars has
been positively identified. A proper understanding of condensation of carbon phases
from stellar atmospheres (e.g. Bernatowicz et al. 1996; 2005) and their survival in

the ISM is needed.
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Figure 1.9 Si isotopic ratios of Murchison graphite grains from the various density
fractions. The ratios are plotted as d-values or deviations from the terrestrial ratios,
in permil (%o). The dotted lines represent solar ratios. (Source: Lodders and Amari,
2005)

Based on noble gas analyses, Huss and Lewis (1995) estimated the abundance
of presolar graphite in the carbonaceous chondrite (CI) Orgueil to be an order of
magnitude higher than that in Murchison. Pravdivtseva et al. (2004) made an effort
to isolate this presolar graphite in Orgueil, using the separation procedure previously
applied to Murchison. They obtained a fraction with a density of ~ 1.8 g em™ and
grain size > 1 pum. Observations in a scanning electron microscope (SEM) showed
that grains from this Orgueil fraction closely resemble those of Murchison graphite,
exhibiting onion-type morphology. However, NanoSIMS isotopic analyses of C and N
of 162 grains yielded only normal ratios, indicating that the grains had a solar system
origin (Pravdivtseva et al., 2004). In addition, Ne isotopic analysis of 14 individual
grains, by high-transmission ion-counting noble gas mass spectrometry (Hohenberg,
1980), did not detect any excesses in *Ne above the blank.

The work of this dissertation was motivated by the need to identify and further
study similar, and maybe, additional presolar graphite grain populations from other

meteorites and to constrain their stellar sources better.
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1.5 Overview of the presented research and dissertation

The main objective of this research was to study the isotopic properties of presolar
graphite from Orgueil, which, despite its inferred high abundance in this meteorite,
had been elusive up until now. This dissertation presents the results and implications
of multi-element isotopic analyses of presolar graphite grains from the carbonaceous
chondrite, Orgueil. It includes a report on the successful isolation and preliminary
isotopic study of presolar graphite grains from different density fractions of Orgueil
(Chapter 2). Chapter 3 presents C, Ca, and Ti isotopic data on unique *C-enriched
grains and discusses their possible stellar sources. Chapter 4 contains a detailed,
comprehensive study of all 345 presolar graphite grains analyzed for this dissertation.

Conclusions and scope for future studies are presented in the concluding chapter.

1.6 Statement of Labor

The following three chapters in this dissertation are based upon two published papers

and one paper that is in preparation for publication.

e Chapter 2 is published as “Isotopic analyses of presolar graphite grains from

Orgueil” in New Astronomy Reviews (Jadhav et al. 2006).

e Chapter 3 appears in the Astrophysical Journal as “New stellar sources for

high-density, presolar graphite grains” (Jadhav et al. 2008).

e Chapter 4 titled ”Multi-element isotopic analyses of presolar graphite grains
from Orgueil” is being prepared for publication in Geochimica et Cosmochimica

Acta.

The new separation of carbonaceous and refractory presolar grains from Orgueil
was undertaken by Dr. Teruyuki Maruoka. The subsequent sample preparations

and isotopic studies presented in this dissertation, and the preparation of the above
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referenced publications are primarily my work under the expert guidance and help of

my advisors, Professors Ernst Zinner and Sachiko Amari.
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Chapter 2

ISOTOPIC ANALYSIS OF PRESOLAR GRAPHITE
GRAINS FROM ORGUEIL

Jadhav, M., Amari, S., Zinner, E., & Maruoka, T. 2006, New Astronomy Reviews,
50, 591-595.

Abstract

We report the successful isolation and isotopic analysis of presolar graphite grains
from the Orgueil CI chondrite. Isotopic measurements were made on seven density
fractions, with grain sizes > 1 yum: ORG1b (1.59 — 1.67 g cm™3), 1c (1.67 — 1.75 g
em ™), 1d (1.75 — 1.92 g em™3), 1f (2.02 — 2.04 g cm™3), 1g (2.04 — 2.12 g cm™?), 1h
(2.12-2.16 gcm™3) and 1i (2.16 — 2.30 g cm™3). We measured C, N, O, and Si isotopes
with the NanoSIMS. All the fractions, except ORG1b and ORG1h, contain presolar
graphite as demonstrated by the large range of 12C/!3C ratios (4 — 1746) measured
in individual grains. The abundance of grains with isotopically light carbon increases
with increasing density. Some of the low-density grains are enriched in 80, °N and
28Gi. As the density increases, the grains mostly exhibit solar oxygen and nitrogen
isotopic ratios. However, the high density grains are enriched in ?°Si and *°Si. The
180 and ?8Si excesses indicate that the low-density grains originated from supernovae,

while the high-density grains (with 3°Si and ?C excesses) probably originated from
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AGB stars with low metallicities.

2.1 Introduction

Presolar graphite was first isolated from the Murchison CM2 meteorite as the car-
rier of Ne-E(L) (almost pure *Ne) by Amari et al. (1990). Since then these grains
from Murchison have been extensively studied, and almost everything we know about
presolar graphite is based on these studies (Amari et al. 1990; 1995; Hoppe et al.
1995; Zinner et al. 1995; Travaglio et al. 1999). The lack of studies on graphite
grains from other meteorites rests on the fact that, although graphite can be found
in the most primitive meteorites (Huss and Lewis 1995), it has a low abundance com-
pared to SiC (Huss and Lewis 1995), and the separation procedure for graphite is
far more complicated than that for SiC (Amari et al. 1994). Complications during
the separation arise because graphite is chemically not as resistant as SiC or oxide
minerals, and because it needs to be isolated from other carbonaceous material in the
meteorite that has similar chemical properties. Carbonaceous phases, in particular
presolar graphite grains, are believed to condense from gases with C/O > 1. The
envelopes of carbon stars, Wolf-Rayet (WR) stars, novae, and supernova (SN) zones
all satisfy this condition at some time in their lifecycles. In order to gain a proper
understanding of condensation of carbon phases from stellar atmospheres and their
survival in the interstellar medium (ISM) as well as to obtain information on stel-
lar nucleosynthesis, presolar graphite populations from other meteorites need to be
identified and studied for their isotopic compositions.

Based on noble gas analyses, Huss and Lewis (1995) estimated the abundance
of presolar graphite in the carbonaceous chondrite (CI) Orgueil to be an order of
magnitude higher than that in Murchison. Thus, an effort was made by Pravdivtseva
et al. (2004) to isolate presolar graphite in Orgueil, using the separation procedure

previously applied to Murchison. They obtained a fraction with a density of 1.8 g
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cm~? and grain size > 1um. Although these grains closely resembled the onion-type
grains of Murchison (Hoppe et al. 1995), NanoSIMS isotopic analyses of C and N of
162 grains yielded only normal ratios, indicating that the grains had a solar system
origin (Pravdivtseva et al. 2004). Additional Ne isotopic analysis of 14 individual
grains did not detect any excesses in 22Ne above the blank.

We undertook a new separation of carbonaceous and refractory presolar grains
from Orgueil (Jadhav et al. 2005). The main objective was to isolate presolar graphite
from Orgueil, which, despite its inferred high abundance in this meteorite, has been
elusive until now. We present C, N, O and Si isotopic analyses of graphite grains
from seven density fractions of Orgueil. We also discuss the possible stellar sources

for the anomalous graphite grains found.

2.2 Experimental procedure and methods

Our sample of Orgueil was obtained from the National Museum of Natural History in
Paris. We subjected 24.16 g to essentially the same separation procedure carried out
for Murchison graphite by Amari et al. (1994) to obtain ten final density fractions.
The lightest density fraction, ORGla (< 1.59 g cm™3) contains organic matter and
the heaviest fraction, ORG1j (> 2.3 g cm™3) is expected to contain SiC and oxides. At
least a few of the remaining eight density fractions were expected to contain presolar
graphite grains. These fractions were then separated according to size with a cutoff
of 1 pm.

Carbonaceous grains were located in a JEOL-840A SEM and identified by energy
dispersive X-ray (EDX) analysis. Candidate grains were selected on the basis of high
C content and morphological features characteristic of Murchison graphite (spherules
with a platy onion or knobby cauliflower appearance (Hoppe et al. 1995)).

This initial characterization in the SEM was followed by isotopic analyses of the

candidate grains in the NanoSIMS. 2C~, 3C~, 10O~ and 80~ (analysis phase 1)
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Table 2.1 Number of carbonaceous grains identified in each density fraction, the type
of isotopic ratios measured for them and the number of presolar grains identified in
each fraction

Fraction Name Density # of carbonaceous grains # of presolar grains found
C N O Si
ORG1b 1.59 - 1.67 22 - 22 - 0
ORGlc 1.67-17 7 7 7 7 2
ORG1d 1.75-1.92 32 32 32 32 19
ORGle 1.93-2.02 - - - - -
ORG1f 2.02-204 72 72 72 72 65
ORGlg 2.04 -212 52 51 52 51 38
ORG1h 212-216 18 - 8 - 0
ORG1i 216 -2.30 9 9 9 9 6

and, 2CUN~, 12CN~, 2Si~, 29Si~ and 3°Si~ (phase 2) secondary ions produced by
bombarding the sample with a Cst primary beam were counted in multidetection

mode.

2.3 Results

Table 2.1 lists the number of carbonaceous grains identified in the different fractions,
the kind of isotopic data obtained on them and the number of grains that were found
to contain isotopic anomalies.

Some of our density fractions of Orgueil contain large concentrations (much higher
than in graphite separates from Murchison) of macromolecular carbonaceous material,
in which graphite grains are often found embedded. This material made identification
of graphite grains in Orgueil difficult. Most of the grains from the density separates
are spherules and look very similar to Murchison presolar graphite grains; they have
smooth surfaces and a platy, onion-like morphology (Hoppe et al. 1995). Some
potato-shaped presolar graphite grains were also found. We did not find any grains

with cauliflower-type morphology, which had been seen in the low density fractions
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Figure 2.1 Left Panel: “"N/N and ?C/!3C measured in individual graphite grains
from different density fractions of the Orgueil meteorite. Solar values of MN /PN =
272 and 2C/13C = 89 are indicated by the dashed lines in the plots.

Right Panel: Oxygen and carbon isotopic ratios of graphite grains from different
density fractions. The dashed lines in each plot indicate the solar ratios of 1°0/*®0
= 499 and 2C/13C = 89.

of Murchison (Hoppe et al. 1995). The sizes of the grains range from 2 to 30 pm.
Unlike for Murchison, in Orgueil the average grain size increases with density.

Five of the seven density fractions studied have isotopically anomalous graphite
(Table 2.1). The 2C/!3C ratios of the grains range from 4 to 1746 (Figure 2.1).
The C ratios of the ORG1b and 1h grains are close to solar and do not show the
large variations that are expected in presolar graphite (Hoppe et al. 1995). However,

29% of all grains in ORG1le, 59% in ORG1d, 90% in ORGIf, 73% in ORGlg, and

67% of the grains in ORG1i have C isotopic anomalies. The grains from ORG1h
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are morphologically different from the grains of the other fractions, in that they are
smooth spherules with very little surface morphology. Grains of such morphology
have been found to be isotopically normal in Murchison studies as well (Zinner et
al. 1995). In general, grains with isotopically light carbon are more abundant in
the higher density fractions (ORG1f, 1g and 1i; Figure 2.1). A minor population of
grains with '2C/13C ~ 10 is observed in all fractions heavier than ORG1lc (Figure
2.1). Similar C isotopic distributions, a higher abundance of grains with 2C/3C >
solar in grains with higher density, and the presence of a population around 2C/!3C
~ 10, have also been observed in Murchison graphite (Hoppe et al., 1995).

Figure 2.1 show the C, N, and O isotopic compositions measured in the grains of
the various density fractions. The low-density fractions, ORG1c and 1d, contain some
grains that have N and '80 excesses. Most of the grains that contain isotopically
heavy nitrogen also have 80 excesses. Since 80 excesses are a signature of a SN
origin (Travaglio et al. 1999), they indicate that ORG1c and 1d contain SN graphite.
At higher densities (ORG1f, 1g and 1i), the *N/*N and %0 /'O ratios become sur-
prisingly normal. This is especially puzzling in view of the large range of 2C/3C
ratios seen in these grains. A possible explanation for this fact is that initially anoma-
lous N and O isotopically equilibrated by exchange with normal N and O, either on
the parent body or in the laboratory (Zinner et al. 1995), and the normal N and O
ratios of high density grains cannot be considered to represent the isotopic signatures
of their stellar sources. The silicon isotopic compositions of the grains also depend on
density (Figure 2.2). The low-density fractions ORGlc and 1d contain grains with
28Si excesses. Some of these excesses correlate with O and N excesses. Excesses
in 28Si and O are indicative of a SN origin. The high-density grains from ORGI{,
1g and 1i, however, are enriched in ?Si and 3°Si. Most 3°Si-rich grains contain iso-
topically light carbon (Figure 2.3). These signatures are expected for low-metallicity

AGB stars where during the thermally pulsing phase 2C and 2%3°Si are mixed by the
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Figure 2.2 Delta-value three-isotope plots of the Si ratios measured in graphite grains
from different density fractions. The ratios are plotted as é-values, deviations from
the terrestrial ratios 2?Si/?®Si = 0.050633 and *°Si/?*Si = 0.033621, in permil (%o).
Error bars are 1 0. Dashed lines indicate the solar ratios (6 2*Si/?®Si = ¢ 3°Si/?Si =

0).

third dredge-up (TDU) from the He shell into their envelopes (Hoppe et al. 1997;

Busso et al. 1999).
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In general, Orgueil graphite grains appear to be rather similar to Murchison
graphite, both morphologically and in their isotopic properties, an exception being

the lack of cauliflower-type grain in Orgueil.
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Figure 2.3 The ¢ 3°Si/?8Si values of graphite grains from the high-density fractions,
ORGI1f, 1g and 1i, are plotted against their 2C/!3C ratios. The dashed lines indicate
solar values and error bars are 1 o.

2.4 Discussion

While there still remains a multitude of unanswered questions about presolar graphite
grains and their stellar sources, one issue seems to have cleared up. There exists a large
population of SiC grains from AGB stars. However, in spite of the fact that Kr isotopic
measurements of bulk samples indicated the presence of AGB graphite grains in the
highest density fraction from Murchison (Amari et al. 1995), before this study and
a recent study by Amari et al. (2005) only few such grains have been identified from
single-grain isotopic analysis. This was a puzzle because both graphite and SiC grains
are expected to condense around similar C-rich stars. High-density graphite grains
from the Murchison fractions KFB1 and KFC1 have been analyzed with the IMS-3f

in the past (Hoppe et al. 1995), but due to the low sensitivity of the instrument it was
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difficult to obtain Si isotopic data for these grains with sufficiently high precision. The
NanoSIMS, however, with its high sensitivity, allows us to measure the Si isotopes of
high-density graphite grains with much higher precision and hence, finally, allows us
to investigate graphite grains from low-metallicity AGB stars. A recent NanoSIMS
study by Amari et al. (2005) of the Murchison KFB1 and KFC1 fractions, has also
found graphite grains that originated from low-metallicity AGB stars.

While high-density graphite grains have high 2C/13C ratios and large *°Si ex-
cesses, no SiC grains with similar C and Si isotopic signatures have been found (Hoppe
et al. 1997; Nittler and Alexander 2003). The relatively low ?C/!3C ratios in type
7Z SiC grains, which have large 3°Si excesses, have been explained by invoking extra
mixing, cool bottom processing (CBP) (Hoppe et al. 1997; Nollett et al. 2003). This
process leads to proton capture on 2C mixed into the envelope by the third dredge-
up, lowering the 2C/13C ratio. A possible explanation for the high *C/!C ratios in
high-density graphite grains could be that these grains formed around low-metallicity
AGB stars that did not experience any CBP. Such stars are predicted to have not
only high 2C/13C ratios but also very high C/O ratios. Because of the large relative
excess of C over Si in the envelope of such stars, graphite, but not SiC grains are
expected to condense (Bernatowicz et al. 2006). Thus it appears that the presence or
absence of CBP in low-metallicity stars is a criterion whether SiC or graphite grains
form in the envelope of such stars, both with large 3°Si excesses, but SiC with low

and graphite with high '*C/'3C ratios.

2.5 Conclusions

Presolar graphite has been successfully isolated from Orgueil. Five of the seven den-
sity fractions analyzed contain presolar graphite as indicated by isotopically anoma-
lous carbon. The morphologic and isotopic characteristics of Orgueil graphite are sim-

ilar to those of Murchison. We have found evidence of SN graphite in the low-density

33



fractions and grains from low-metallicity AGB stars in the high-density fractions.
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Chapter 3

NEW STELLAR SOURCES FOR HIGH-DENSITY,
PRESOLAR GRAPHITE GRAINS

Jadhav M., Amari S., Marhas K. K., Zinner E., Maruoka T., and Gallino R. (2008)
New stellar sources for high-density, presolar graphite grains. Astrophysical Journal

682, 1479-1485.

Abstract

We present C, N, O, Si, Al-Mg, K, Ca and Ti isotopic analyses of seven high-density
(ORGIf, p ~ 2.02 — 2.04 g cm™3) graphite grains from Orgueil with 2C/*3C ratios
smaller than 20. The presence of *Ti in three of these grains indicates an origin in
Type II supernovae (SNe). The 3C excesses in these SNe grains, however, remain
enigmatic. The remaining grains have extremely large Ca and Ti isotopic anomalies,
some of which are much larger than those predicted for envelopes of asymptotic giant
branch (AGB) stars. These anomalies in conjunction with low 2C/!3C ratios can only
be explained by pure nucleosynthetic He-shell components of AGB stars. Born-again
AGB stars that experience a late He flash are able to explain the low 2C/!3C ratios
of some of the grains along with the presence of extreme enrichments in the Ca and Ti
isotopes. This study indicates that high-density graphite grains have multiple stellar

sources: SNe and born-again AGB stars, in addition to the previously established
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low-metallicity AGB stars.

3.1 Introduction

Presolar graphite grains were first isolated from the Murchison CM2 meteorite as the
carrier of Ne-E(L) (almost pure ??Ne) by Amari et al. (1990). Since then presolar
graphites have also been isolated from the CI chondrite Orgueil (Jadhav et al. 2006).
Extensive isotopic studies (Amari et al. 1990; Amari, Lewis & Anders 1995; Hoppe et
al. 1995; Zinner et al. 1995; Travaglio et al. 1999; Jadhav et al. 2006) of graphite grains
from these meteorites have shown that the isotopic properties of presolar graphites
are density-dependent. Many low-density (LD) graphite grains have large excesses
in N, 80 and ?8Si (Travaglio et al. 1999; Jadhav et al. 2006). A few of these LD
grains show evidence for #Ti (Nittler et al. 1996), have large excesses in 'K (due
to the decay of *'Ca) (Amari, Zinner & Lewis 1996) and high inferred 26A1/27Al
ratios. These isotopic compositions, in addition to high 12C/!3C ratios, are similar to
those of SiC-X grains, which are known to have a supernova (SN) origin. Travaglio
et al. (1999) were able to match these major isotopic signatures of LD grains by
performing mixing calculations of different layers of Type II SNe. On the other hand,
a large fraction of high-density (HD) graphite grains appears to have an origin in low-
metallicity, asymptotic giant branch (AGB) stars (Zinner, Amari & Jadhav 2006a).
In transmission electron microscopy (TEM) studies, Bernatowicz et al. (1996) and
Croat, Stadermann & Bernatowicz (2005) found HD grains from Murchison that
contain subgrains rich in the s-process elements Zr, Mo, and Ru, indicating an AGB
origin. Many HD graphites have large 3°Si excesses that are correlated with high
12C/13C ratios (Amari, Zinner & Lewis 2005; Jadhav et al. 2006). Similar signatures
are expected for low-metallicity AGB stars where, during the thermally pulsing phase,
12C and #%39Si from the He shell are mixed into the envelope by third dredge-up (TDU)

(Busso, Gallino & Wasserburg 1999; Zinner, Amari & Jadhav 2006a). These models
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not only predict high >C/'¥C ratios but also high C/O ratios, which produce an ideal
environment for graphite condensation (Lodders & Fegley 1997). The large, relative
excess of C over Si in the envelopes of such stars causes graphite and not SiC grains
to condense (Bernatowicz, Croat & Daulton 2006), which could be an explanation
for the absence of any SiC grains that have similar high >C/!3C ratios and large 3°Si
excesses (Hoppe et al. 1997; Nittler & Alexander 2003).

Both LD and HD graphite grains from Murchison and Orgueil contain a minor
population of grains that have 2C/!3C ratios ~ 10. The nucleosynthetic source(s)
of grains with such low 2C/!3C ratios is still unknown. Amari et al. (2001) have
suggested J stars and born-again giants like Sakurai’s object as the sources of SiC
grains of type A and B, which have 2C/!3C < 10. We present here the results of
isotopic analyses of seven HD graphite grains with 2C/3C < 20 from the Orgueil,
ORGIf (2.02 — 2.04 g cm™?) density fraction.

3.2 Experimental Methods

Large grains (> 2 pum) from the high-density fraction of Orgueil, ORG1f (2.02 — 2.04
g cm™3), were selected for these measurements. This size selection was made to
ensure that multi-element isotopic analyses can be made on the grains. Spherical,
carbonaceous grains were first identified by X-ray analysis in the scanning electron
microscope (SEM) and then transferred with a micromanipulator onto a gold-foil
mount. This procedure was essential to isolate the grains from the large amounts
of macromolecular carbonaceous material, in which graphite grains from Orgueil are
often found embedded. Analysis of isolated grains reduces contamination from the
surrounding material. The Cameca NanoSIMS 50 at Washington University was
used to measure C, N, O, Si, Al-Mg, K, Ca, and Ti isotopes on forty-four grains from
ORGI1f. We used a Cs' primary beam to generate negative secondary ions of 12C,

130, 160, and 80 in phase 1 of the analyses, and of 2C*N, 2C'®N, 2Si, 2Si, and
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30Si in phase 2. These ions were counted in multidetection mode. In phase 3 of the
analyses, positive secondary ions of 2C, Mg, Mg, Mg, and 2"Al, produced with
an O~ beam, were detected. The K, Ca, and Ti measurements were carried out with
the O~ beam in a combination of peak-jumping and multidetection modes. Positive
secondary ions of 3K, “1K, and **Ca (B field 1) and 2C, 4°Ca, *2Ca, *Ca, and **Ti
(B field 2) were measured to obtain K and Ca ratios. Ti isotopes were measured using
three magnetic fields: at B; we detected #0Ti, *Ti, and °Ti; By — 4"Ti, *°Ti, and 5'V;
and Bs — 12C, %Ca, 8Ti, 5°Ti, and 52Cr. Vanadium-51 and °2Cr were used to correct
the 50Ti signal for isobaric interferences from V and Cr, and, “°Ca was measured to
correct for Ca interferences at masses 46 and 48.

The isotopic measurements were carried out at sufficiently high mass resolutions
in order to avoid molecular interferences (e.g., SiO at mass 44). The unresolvable
isobaric peaks were as follows: (a) “6Ca and °Ti at mass 46, (b) **Ca and **Ti at
mass 48, and (c) ®°Ti and *°Cr at mass 50. The abundances of *6Ca and *®Ca are so
low that we do not expect these interferences to produce significant anomalies. We
applied corrections for these interferences by assuming normal or terrestrial 6Ca/4°Ca
and #*Ca/*°Ca ratios. For the one grain that was found to have a large *Ti anomaly,
we are able to rule out the possibility of a large contribution from the 6Ca signal (see
discussion on grain g-9 in Section 4). Further, a large **Ca signal will cause deficits
in the Ti isotopic ratios that are normalised to “®Ti. The observed excesses in such
grains will, as a result, be lower limits. We also assume that all the contribution
from 5°Cr to the 5Ti signal is terrestrial. This is a reasonable assumption because
the grains acquire large amounts of terrestrial Cr in the laboratory from NayCry Oz,
which is used as an oxidising agent during the chemical separation procedure for these
grains.

Similar to previous measurements (Jadhav et al. 2006), a majority of the HD

graphite grains in this study have large *C/13C ratios. We present here the results
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of our isotopic analyses on a subset of seven grains that have *C/¥C < 20.

3.3 Results

C, N, O, Si, and Al-Mg isotopes: The 2C/'3C ratios of the seven grains range from 4
— 18 (Table 3.1). The N, O, Si, Al-Mg and K isotopic ratios of these grains are listed in
Table 3.1. We were able to obtain 1*N /!N ratios for only four of these grains. Grain
g-29 exhibits an excess in N (MN/5N= 412 + 6) while grain g-o67 is enriched in
BN (MN/15N= 5141). The other two grains have solar "N /15N ratio (~ 272) within
errors. Only one grain, g-38, has an anomalous °0/*®0 ratio of 602 4 14 (solar
160 /180~ 499), the rest have terrestrial O isotopic ratios. Solar N and O ratios
have also been previously obtained on Murchison and Orgueil HD grains (Hoppe et
al. 1995; Jadhav et al. 2006). This puzzling result in view of the large range of C
isotopic ratios seen in these grains has been attributed to equilibration with normal
N and O, either on the parent body or in the laboratory (Hoppe et al. 1995). No
stellar source is known to produce anomalous C and normal N simultaneously. The
Si isotopes of these seven grains show a similar behaviour. Six grains have close to
normal 2%3%Si/?8Si ratios. The largest anomaly was seen in grain g-o67, which is
depleted in ?°Si (6*Si= —325 £ 18) and enriched in 3°Si (§3°Si= 235 + 30). This
grain is highly enriched in ¥C (2C/3C~ 4; solar 89) and N (MN/N= 51 &+ 1).
All the grains were found to be normal in ?Mg/?**Mg within errors. Grain g-o67 has
the largest Mg excess (§2°Mg= 1593 4+ 140) and a large inferred 2°Al/27Al ratio of
0.010 & 0.001. Another grain, g-38, with a Mg value of 336 4 49 has an inferred
26 A1/%7 Al ratio of 0.00050 £ 0.00007. The Al/Mg ratios for the remaining grains were
too low for detection of radiogenic 2Mg. It is possible that the equilibration processes
affecting the N and O isotopes also dilute the Si and Mg isotopes in these HD graphite
grains. Thus, apart from the large 13C excesses, these grains are mostly normal in

the N, O, Si, and Al-Mg isotopic ratios (Table 3.1).
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Table 3.1 C, N, O, Si, Al-Mg, K, Ca, Ti Isotopic Ratios of High-Density Graphite Grains from ORG1f with 2C/12C < 20

14N/15N 160/180 5298i/288i 5308i/288i 625Mg/241\/[g 526Mg/24Mg 26Al/27A1 41 K/SQK
Grain (%0) (%0) (%o) (%0) (x1073) (x1072)
g1 267+18 52047 -20413 -35418 22425 -15423 b 7.3104:0.238
g-38 a 602+14 -684-21 -20428 -6+42 336+49 0.47240.069  7.938+0.771
g-067 51+1 500411 -325+18 235430 1£78 15934140 9.732+0.857  7.302+0.139
g9 29447 518410 -27424 -74430 1423 -234-22 b 8.031+0.184
g-29 41246 52549 -34+19 -654-25 -26+15 -1£15 b 7.28140.091
g-40 a 51949 -7£19 -384-24 -22411 13411 b 7.24740.058
g-34 a 515411 -164+20 -47425 5426 6425 b 7.24940.073
“Ca/PCa §*2Ca/%0Ca §*3Ca/*Ca  §**Ca/*Ca 447y /48T 546 Ti/48Ti S4TTi/8Ti ST/ Ti §°0Ti/*8 T
Grain  12C/13C (x1073) (%0) (%0) (%0) (x1073) (%0) (%o) (%o) (%o)
g1 14 0.3 + 0.9 -152 £ 96 156 4 239 6018 4 203 0.179 =+ 0.008 -15+ 8 28 £ 9 161 £ 11 44 £+ 15
g-38 4 1.2+ 1.2 -118 4 177 -602 + 274 51886 4 1499  0.765 4 0.028 ST+ 12 -98 £+ 15 125 +£ 6 242 £+ 6
g-067 4 0.3 + 0.3 63 & 52 15 + 107 3767 &+ 77 0.595 £ 0.025 244 14+4 169 + 5 236 + 6
g-9 18 2.3+04 16028 4 316 27641 + 805 9396 & 151 c 35032 + 4432 1376 4 371 2278 + 298 32827 4 4594
g-29 10 0.2 +0.2 1451 + 50 1628 + 100 540 + 24 c d d d d
g-40 11 0.2 +0.3 3375 £ 65 3662 + 138 554 + 22 c d d d d
g-34 8 0.1 £0.1 5064 + 60 7410 + 146 2179 + 25 c d d d d

Note: Errors are 1 o; § values are deviations from solar ratios per mil.
2 Not measured because a large signal from 13Cy gives rise to an unresolvable interference at mass 26 while measuring 12C™N.
b No 26 A1/27 Al ratios were derived for these grains since they do not exhibit any 26Mg excesses.
¢ Did not derive 44Ti/48Ti ratio for these grains because the §4Ca/4?Ca values are comparable to the §*2Ca/4°Ca and §43Ca/4°Ca values.
d Not measured because of very low Ti signal.



K, Ca, and Ti isotopes: Six of the grains have a normal *'K/*K ratio (0.072)
within errors. Grain g-9 is the only one with an elevated 'K /3K ratio of 0.08040.002
(Table 3.1). Since the intrinsic concentration of K in graphite grains is expected to
be very low, we attribute the 'K excess in this grain to the decay of *'Ca (T2 =
1.03 x 10° a) (Amari, Zinner & Lewis 1996) and obtain an inferred 4'Ca/4°Ca ratio of
0.002 (Table 3.1). The Ca and Ti isotopic compositions of the seven grains are given
in Table 3.1 and plotted as isotopic patterns in Figures 3.1 — 3.4. Three of the grains
(g-1, g-38, and g-067) have solar (within errors) or sub-solar ?Ca/4°Ca and **Ca/°Ca
ratios but display enormous 4‘Ca excesses. Their “Ti/*Ti and 4"Ti/*®Ti ratios are
normal (within errors) or sub-solar whereas the *Ti/*Ti and °Ti/*Ti ratios are
larger than the terrestrial values. The other four grains exhibit large excesses in
42(Ca, #Ca, and “*Ca and these excesses are especially large in grain g-9. This grain
also has large excesses in “Ti and °°Ti and relatively smaller excesses in *"Ti and
49Ti. The Ti concentrations in grains g-29, g-40, and g-34 were too low to be able to
obtain Ti isotopic data.

In the following section we discuss in detail the C, Ca, and Ti isotopic ratios and

the clues they provide in determining the possible stellar sources for these grains.

3.4 Discussion

Figure 3.1a shows the Ca isotopic patterns for the three grains, g-1, g-38 and g-067,
which contain large **Ca excesses. Neutron capture either in AGB stars or in interior
zones of Type II SNe can produce excesses in **Ca relative to *°Ca. However, in all
these cases the excesses in ?Ca and *3Ca are expected to be larger than those in **Ca.
This is clearly not the case for these three grains. Furthermore, the **Ca excesses
are much greater than those predicted for the He/C and O/C zones of a type II SNe
(Woosley & Weaver 1995). Thus the “Ca excesses must come from the decay of the

short-lived radionuclide, **Ti (T7/2 = 60 a). During SIMS analysis we observed the
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Figure 3.1 The Ca (a) and Ti (b) isotopic patterns observed in three graphite grains
are plotted versus mass number and compared with theoretical models of stellar
sources. The ratios are plotted as delta values, deviations from solar ratios in per mil
(%o). Error bars in this and subsequent plots are 1 0.(a) The grains, g-38, g-067, g-1,
have “Ca excesses that vastly exceed any anomalies in *>#3Ca, indicating the initial
presence of the short-lived radionuclide 4Ti. (b) Grain g-1 has a Ti isotopic pattern
similar to that seen in the He/C zone of a 15M SN while, the patterns for grains
g-38 and g-o67 agree well with those predicted for the C/O zone of a 15M SN. The
theoretical isotopic ratios seen in these zones are normalized to match the size of the
anomalies observed in the grains.

4(Ca ion signals for these three grains to be perfectly correlated with the *8Ti ion
signals but not with those of the other Ca isotopes, providing additional evidence
that the “Ca excesses must be from the decay of *Ti. Titanium-44 is produced only
in SN explosions (Timmes et al. 1996; Woosley & Weaver 1995; Iyudin et al. 1994;
Vink et al. 2001) and hence the initial presence of this isotope in grains g-1, g-38, and
g-067 indicates a SN origin. The derived *Ti/*Ti ratios for these grains are given
in Table 3.1. Titanium-44 is produced in the Ni- and Si-rich zones of type II SNe by
a-rich freeze-out from quasi-statistical equilibrium (Woosley, Arnett & Clayton 1973;
Woosley & Weaver 1995; Timmes et al. 1996) and can be found in graphite grains

provided some *Ti from the inner zones is mixed with material from the carbon-rich,

outer zones. The Ti isotopic patterns for these grains (Figure 3.1b) match those
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seen in the C/O and He/C zones of a 15M; SN (Woosley & Weaver 1995). Grain
g-067 exhibits an excess in '°N and has a high 26 A1/27Al ratio — signatures consistent
with a SN origin. Nitrogen-15 is abundant at the bottom of the He/C zone and high
26 A1/%7 Al ratios are found in the He/N zone that had undergone H burning (Forestini,
Paulus & Arnould 1991; Mowlavi & Meynet 2000; Karakas & Lattanzio 2003). The
only highly unusual signature in this grain is its low 2C/13C ratio (~ 4). Most of
the SiC X grains that show evidence for *‘Ti have higher '2C/'3C ratios (Nittler et
al. 1996). The He/N zone has a low 2C/!3C ratio, however, in order to achieve
the low N /15N ratio and the Ti isotopic signatures of this grain, material from the
underlying He/C and C/O zones has to be mixed to material from the He/N zone.
These two zones have not only extremely high 2C/!3C ratios but also C contents
that are higher than that in the He/N zone by large factors. Thus, it is unclear how
grain g-067 can have such a low 2C/!3C ratio after admixture of material from lower
zones to match the Ti isotopic ratios. A similar problem is posed by the other two SN
grains. Grain g-38 has a moderately high 26Al1/27Al ratio (0.0005 £ 0.00007), lower
than what is found in almost all SN zones with the exception of the lower layers of the
He/C zone. Grain g-1 is normal (within errors) in N, O, Si, Al-Mg and K isotopes.
Both grains have low 2C/!3C ratios (~ 4 and 14) but have *Ti and *°Ti excesses
that require contributions from zones with large abundances of almost pure *2C.
Grain g-9 has extreme *>4341Ca and 46474950T] excesses (Figures 3.2a,b). These
excesses and the ¥ Ca/%Ca ratio (0.0023 4= 0.0004) are incompatible with an AGB
origin. The *'Ca/*°Ca ratios expected in AGB stars are on the order of 107 to 1075
(Amari, Zinner & Lewis 1996; Gallino et al. 1998; Wasserburg et al. 1995). High
ratios can be obtained in the He/C, C/O and O-rich zones of Type II SNe where the
*2Ne(a, n)*Mg reaction provides ample neutrons for the production of ' Ca (Woosley
& Weaver 1995). That the observed *'Ca/*°Ca ratio in grain g-9 is smaller can be

explained by mixing with material from the He/N zone or isotopic equilibration. On

44



40000

—— g9
o (b)

80000 | —4A— 15M; SN, O/C zone /
—y— 15M_, SN, O/Ne zone /

30000 - —-#— 15M SN, He/C zone ,/ Y
60000 4 —.@—- 15M., SN, C/O zone // /
| —m— 3M_,Z=0.003:2 ///5
20000 — AGB He shell // //;

40000

3'ca/*’Ca (%o)

10000 - 20000

Mass Mass

Figure 3.2 The Ca (a) and Ti (b) isotopic patterns observed in grain g-9 are plotted
versus mass number and compared with theoretical predictions. The ratios are plotted
as delta values. This grain has Ca and Ti isotopic patterns that are similar to those
predicted for O-rich (O/C and O/Ne) zones of a 15M; SN and for the He shell of
a 3My AGB star with metallicity Z = 0.003. The predicted pattern of the He shell
was diluted by a factor of 2 to fit the Ca isotopic pattern seen in the grain. However,
the large *6Ti excess cannot be explained. This grain has a 12C/!3C ratio ~ 18.

the other hand, as seen in Figure 3.2a, the Ca isotopic excesses observed in grain g-9
are too high to permit any mixing with the He/N zones. They are higher than those
found in the He/C or C/O zones of a 15M SN and one has to go to the O/C and
O/Ne zones to match the excesses seen in the grain (Figure 3.2a). Figure 3.2b shows
that the C/O zone could explain the large >°°Ti excesses but not the “°Ti excess.
The O/C and O/Ne zones are able to account for the large 47495°Ti anomalies (but
not 4Ti) seen in this grain. If grain g-9 originated in a SN then it requires pure O/C
or O/Ne zone materials to explain its Ca and Ti isotopic compositions. However,
the C in all these zones is essentially pure 2C and the carbon abundances are much
higher than that in the He/N zone, the only place with a low 2C/!3C ratio of ~ 3.6
(Woosley & Weaver 1995). This makes it impossible to achieve the low >C/!3C ratio
of 18 in grain g-9 while maintaining the large Ca and Ti excesses by mixing of material

from the He/N zone with material from the C/O, O/C, or O/Ne zones. What makes
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the situation even more difficult is that the extremely high Ca isotopic ratios in the
O/C and O/Ne zones are in part the result of a substantial drop in the abundance of
10Ca (the reference isotope in these ratios) as one goes below the He/C zone.

The origin of the huge “°Ti excess in g-9 is unknown. Two possible explanations
for this large “°Ti excess can be ruled out. A large contribution could have been from
46(Ca because in our SIMS measurement we could not resolve the *6Ca and “6Ti signals
from one another (this requires a mass resolving power of 43,233, which is beyond the
capability of the NanoSIMS). We used the measured Ca/T1i ratio of this grain (~ 35)
to calculate the “°Ca signal expected from the abundance pattern in a AGB He-shell
(see below) or a SN zone that matches the other Ca isotopic ratios of the grain. We
found that the expected contribution from #6Ca is much too small to explain the large
46T excess observed in this grain. Alternatively, an ~ 1% contribution from the Si/O
zone of a 15M SN, which has a high abundance of “°Ti (Woosley & Weaver 1995),
could explain the %°Ti excess. However, such a contribution will result in a large
40Ca excess and in turn, deficits in **»#*4Ca, which are not observed. It is essential
to point out at this stage that it is not necessary for both the Ca and Ti anomalies
in a single graphite to originate from the same stellar source. This is because all
the Ti is obtained from subgrains within the graphite grain while Ca is found to be
uniformly distributed in the host grain. The parent grain and the subgrain could have
condensed in completely different stellar environments and the Ca and Ti anomalies
could represent these distinct stellar sources.

In the remainder of this discussion we will attempt to explain the Ca and Ti
excesses in grains g-9, g-34, g-29, and g-40 by comparing them with predictions for
the He shell of AGB nucleosynthesis models. These models have been discussed
in detail by Gallino et al. (1998) and more recently, by Zinner et al. (2006b). The
Gallino et al. (1998) models calculate nuclear abundances at the surface of AGB stars

by mixing He shell material into the envelope by TDU. However, we use pure He shell
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Figure 3.3 The Ca isotopic pattern observed in grain g-34, is plotted versus mass
number and compared with model predictions. The ratios are plotted as delta values.
This grain has a 2C/!3C ratio of ~ 8 and a Ca isotopic pattern that matches the
pattern predicted for the C/O zone of a 15M SN and that of the He shell of a 2M,
AGB star with metallicity, Z = 0.003 (divided by three).

predictions (without dilution with envelope material) from these models to explain
the excesses seen in the aforementioned grains.

The size of the Ca and Ti excesses seen in grain g-9 is incompatible with an AGB
star origin since no AGB nucleosynthetic model can account for such high §*?4344Ca
and 0*74999Ti values in its envelope. These signatures can be matched by slight
dilution of pure He shell material of a 3M, low metallicity (Z = 0.003) AGB star
(Figures 3.2a,b). However, the He shell of an AGB star consists of almost pure '2C,
making it difficult to explain the 3C excess in this grain. We shall discuss a possible
stellar source that can explain the signatures seen in grain g-9 in detail farther below,
since the remaining grains also require a similar explanation.

Grain g-34 has a low 2C/!3C ratio of ~ 8 and has a Ca isotopic pattern that

matches closely that expected in the C/O zone of a 15My SN (Figure 3.3). However,
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this and underlying zones contain essentially pure ?C. Similar to grain g-9, mixing
between the He/N zone and the O/C and O/Ne zones cannot match both the Ca
isotopic ratios and the low 2C/13C ratio of this grain. Alternatively, the Ca excesses
of this grain can be explained by the He shell of a 2M, Z = 0.003 AGB star (Figure
3.3).

The situation is the same for the last two grains, g-29 and g-40. Although excesses
in 424344Ca are smaller than those in the previously discussed grains, any admixture
from the underlying SN zones to material from the He/N zones required to match the
Ca isotopic ratios increases the '2C/!3C ratio far beyond those (10 and 11) measured
in these grains. On the other hand, the Ca anomalies are much larger than those
predicted for the envelope of AGB stars. Apart from the high C and Ca isotopic
anomalies in both these grains, grain g-29 also exhibits an excess in “N (1N/N~
412).

The Ca patterns of g-29 and g-40 match those of pure nucleosynthetic components
theoretically predicted for the He shell of a 2M;, AGB star of solar metallicity (Figure
3.4). However, both grains have 12C/!3C ratios of ~ 10 that completely disagree with
the type of nucleosynthesis taking place in a He-burning shell. The basic problem is
that the Ca (and T1i) isotopic compositions of our graphite grains show the signature
of neutron capture, requiring He burning, which results in the production of 2C.
This is in disagreement, with the low 2C/13C ratios found in the grains, which are the
result of H burning in the CNO cycle. One possible stellar source that combines an s-
process signature with that of H burning are born-again AGB or post-AGB stars that
undergo a very late He flash. These stars, typified by Sakurai’s object (V4334Sgr),
undergo a very late thermal pulse (VLTP) during their descent along the white dwarf
cooling track, long after they have left the AGB phase (Asplund et al. 1999). The
spectroscopic observations of Sakurai’s object by Duerbeck & Benetti (1996), Asplund
et al. (1997, 1999), and Kipper & Klochkova (1997) have shown that it is rich in He,
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Figure 3.4 The Ca isotopic patterns obtained for grains g-29 and g-40, are plotted
versus mass number and compared with that predicted for the He shell of a 2Mg
AGB star of solar metallicity. The ratios are plotted as delta values. Both grains are
highly enriched in ¥C (*?C/*3C ratio of g-29 is 10 and of g-40 is 11). These grains
could have originated from born-again AGB stars, which have envelopes with very
low 2C/13C ratios and enrichments in s-process elemental abundances.

C, N, O (C > O) and the s-process elements, along with being deficient in H. The
object also has a 12C/13C ratio of 1.5 — 5.0. Complete H-burning is evidenced by H
deficiency and high He abundances. The simultaneous occurrence of a low 2C/!3C
ratio along with s-process elemental enrichments indicates that H-burning occurred
after the star left the AGB track. At this stage in its evolution the star has lost
most of its envelope as a planetary nebula and only a thin residual H-rich layer is
left. Herwig et al. (1999) and Herwig (2001) studied evolutionary models of 2M,
stars that undergo a VLTP. They showed that in such objects the He-flash-powered
convection zone, which is rich in freshly produced '2C, can mix with the residual

H-rich envelope and cause convective H burning via the CN cycle. The 2C/!3C ratio

is thus drastically reduced as 2C is converted to '3C. The surface of the star is H-rich
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before the convection zone extends into the envelope but becomes rapidly depleted
in H as convective H-burning continues. The envelope continues to remain C-rich
because it is thin and the residual envelope had only a limited number of protons,
which prevents the CN cycle from reaching equilibrium (1N is less abundant than
12C) before all the H is exhausted. Iben (1984) and Renzini (1982) estimated that
10—25% of stars that leave the AGB phase and are on the white dwarf track undergo
a late He flash.

Thus, we propose that grains g-29 and g-40, and possibly g-34 and g-9, condensed
in the atmosphere of such an object. The low 2C/!3C ratios in the grains are ex-
plained by limited H burning of the residual envelope. The large neutron-capture
effects in Ca and Ti are explained by the fact that the heavy-element compositions
on the surface of a born-again AGB star are very similar to those of the He shell
because there is not much envelope material to dilute them. The currently cooling
Sakurai’s object is known to be producing large quantities of C-rich dust (Asplund
et al. 1997, 1999). Infrared observations of the atmosphere of this star indicate the
presence of graphite dust in the atmosphere (Eyres et al. 1998). Born-again stars, like
Sakurai’s object, have also been considered to be viable candidates for the sources of
SiC grains of type A and B (Amari et al. 2001). These grains are characterized by
their low 2C/!3C ratios (< 10) and a large range of N /!N ratios (40 — 10*). Some
of them were also found to be enriched in s-process elements.

In summary, we find that seven graphite grains with 2C/13C < 20 have puzzling
origins. The three grains g-1, g-38 and g-o67 certainly come from type II SNe as
indicated by the presence of 1Ti. There exists no explanation for their low 2C/3C
ratios in conjunction with their Ti isotopic compositions. Similar signatures have been
seen by Nittler et al. (1996) in one LD graphite grain from Murchison (KE3c-242).
This grain shows evidence for #Ti, has a 12C/!3C ratio of 6.91 4 0.02, an 2°A1/?7Al
ratio of 0.0018 + 0.0003 and has normal N and O. Nittler & Hoppe (2005) found one

20



SiC grain that has 28Si, *°Ti, and *4Ca excesses and a high inferred 2°Al/*7Al ratio
but a very low 2C/¥3C ratio. All the isotopes in this SiC grain indicate a SN origin
except the C isotopic compositions.

One remaining puzzle is why grains g-9, g-29, g-34, and g-40 seem to retain almost
pure nucleosynthetic components in Ca and Ti, but are essentially normal in their
Mg and Si isotopic compositions. The neutron-capture reactions that affected the
Ca and Ti isotopes of the grains should also have changed their Mg and Si isotopic
compositions significantly. Isotopic equilibrations, as invoked for N, are a possibility
but we have to better understand siting and bonding of various trace elements in
graphite grains before we can arrive at a conclusion.

Material for the seven grains that have been discussed above still remains after
the SIMS analyses. We intend to measure heavy element (Mo, Zr, Sr, Ba) isotopes
in these grains with resonant ionization mass spectrometry (RIMS) at the Argonne
National Laboratory. Such coordinated analyses might help to address some of the

unanswered questions regarding these grains.

3.5 Conclusions

The measurements of Ca and Ti isotopic compositions in high-density graphite grains
with 12C/13C < 20 lead us to consider Type IT SNe and born-again AGB stars as stel-
lar sources of high-density graphite grains, in addition to low-metallicity AGB stars.
Thus, high-density graphite grains seem to have multiple stellar sources. More iso-
topic systems need to be measured on the grains discussed in this paper and additional
grains with similar *C excesses need to be isolated and studied extensively in order to
better constrain the stellar sources of this particular population of presolar graphite
grains. We hope that this study will trigger theoretical efforts to create additional
nucleosynthetic models that will result in a better understanding of the isotopic sig-

natures seen in such grains. The detection and study of more objects like Sakurai’s
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object could strengthen the hypothesis that these objects are valid stellar sources of
some presolar grains.
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Chapter 4

MULTI-ELEMENT ISOTOPIC ANALYSES OF
PRESOLAR GRAPHITE GRAINS FROM ORGUEIL

Abstract

We report isotopic analyses of presolar graphite grains from the Orgueil CI chondrite.
NanoSIMS isotopic measurements were made on 345 grains from seven density frac-
tions, with grain sizes > 1 ym: OR1b (1.59 — 1.67 g cm™3), ORlc (1.67 — 1.75 g
ecm™?), OR1d (1.75 — 1.92 g ecm™3), OR1f (2.02 — 2.04 g cm™2), ORI1g (2.04 — 2.12 g
cm~?), OR1h (2.12 — 2.16 g cm™?), and OR1i (2.16 — 2.30 g cm™?). We measured C,
N, O, Si, Al-Mg, K, Ca, and Ti isotopes in multidetection mode with the NanoSIMS.
All the fractions, except OR1b and OR1h, contain presolar graphite as demonstrated
by the large range of carbon isotopic ratios (4 — 2478) measured in individual grains.
The occurence of isotopically light carbon in the grains increases with increasing den-
sity. Some isotopic properties are dependent on density: low-density grains contain
180, 15N, and %Si, excesses while the majority of high-density grains contain normal
O and N and do not exhibit any 2*Si excesses. However, high-density grains are gen-
erally enriched in 2°Si and 3°Si. The N, 0, and ?8Si excesses in low-density grains
indicate that most of them originated from supernovae, while high-density grains
(with 3°Si and 12C excesses) originated from asymptotic giant branch stars with low

metallicities.
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We also find evidence for the extinct radionuclides 2°Al, 4'Ca, and **Ti in grains
from both density fractions. The derived 26Al/27 Al ratios in the low-density fractions
are high (up to 0.7), while the high-density grains have much smaller ratios (0.01 —
107%). The inferred *'Ca/4°Ca ratios in all the grains range from 0.0004 to 0.01. The
higher ends of the ranges in both these isotopic ratios are predicted for supernovae
while the lower values are expected in asymptotic giant branch stars. The 44Ti/*®Ti
ratios inferred from #*Ca excesses range from 0.0004 — 0.008 in grains from both
density fractions. The initial presence of the short-lived radionuclide *Ti indicates
that these grains are bona fide SN grains. Some of these grains have very low 12C/!3C
ratios. Such large '3C-enrichements together with other SN signatures, like 80 and
15N, excesses cannot be obtained from mixing of different SN layers without lowering
the C/O ratio of the mix below unity. This scenario does not allow carbonaceous
grains to condense around a supernova. Other grains with low '2C/!3C ratios (without
evidence for *Ti) and large excesses in 4243Ca and 464749%0Ti might originate from
born-again asymptotic giant branch stars, such as Sakurai’s object, that can achieve
low 2C/13C ratios and large s-process enrichments in Ca and Ti. In such stars,
limited mixing of the He-burning intershell with the thin, residual hydrogen envelope
leads to the production of ¥*C and enables material with s-process enrichments and
low '2C/!3C ratios to occur on the surface simultaneously.

This study concludes that most low-density graphite grains originate from super-
novae while high-density graphite grains have multiple stellar sources: low-metallicity

and born-again asymptotic giant branch stars, as well as supernovae.

4.1 Introduction

Amari et al. (1990) isolated the first presolar graphite grains from the Murchison CM2
meteorite by identifying the grains to be carriers of the exotic noble gas component,

Ne-E(L) (almost pure ??Ne). Subsequently, extensive isotopic studies were carried out
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on the Murchison density fractions: KE1 and KE3 (1.6 — 2.05 g em™?), KFA1 (2.05
~2.10 g em™3), KFB1 (2.10 — 2.15 g ecm™?), and KFC1 (2.15 — 2.20 g cm™3) (Amari
et al. 1990, 1995; Hoppe et al. 1995; Zinner et al. 1995; Travaglio et al. 1999). All
isotopically identified presolar graphite grains in Murchison seem to be spherical with
diameters > 1 pm (ranging up to ~ 20 pum). Structural and isotopic properties of
Murchison presolar graphite vary with density (Amari et al., 1995; Hoppe et al., 1995).
Since then graphite grains have also been isolated from the CI chondrite, Orgueil
(Jadhav et al. 2006). Similar spherical grains were identified and studied in different
density fractions of Orgueil (Jadhav et al. 2006; 2008). In general, Orgueil graphite
grains appear to be rather similar to Murchison graphite, both morphologically and
in their isotopic properties. However, while there are many similarities between the
graphite grains from the two meteorites, there are also some important differences,
as will be seen in this study. Many low-density graphite grains from both meteorites
exhibit evidence for a supernova origin. Their isotopic properties are similar to those
of SiC-X grains, which are known to have a supernova origin (Amari et al. 1992).
They have large excesses in °N, 180, and ?8Si (Amari et al. 1995; Jadhav et al. 2006).
Most of the low-density grains show evidence for the short-lived radioisotope, *4Ti
(Nittler et al. 1996), have large excesses in 'K (due to the decay of #Ca) (Amari
et al. 1996), and high inferred 26A1/27Al ratios. Travaglio et al. (1999) were able to
reproduce these major isotopic signatures of low-density grains by performing mixing
calculations of the different layers of Type II SNe. On the other hand, low-metallicity,
asymptotic giant branch (AGB) stars seem to be the source of a large fraction of high-
density graphite grains. One of the s-process components of Kr, (Kr-SH) with a high
86Kr /82Kr ratio, resides in the high-density fraction of Murchison graphites and is
believed to originate from AGB stars (Amari et al. 1995). Additional evidence for
AGB graphites came from TEM studies by Croat et al. (2005). They found that

high-density grains from Murchison contain subgrains rich in the s-process elements
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Zr, Mo, and Ru, indicating an AGB origin. High-density graphites were also found
to have large °Si excesses that are correlated with high '2C/'3C ratios (Amari et al.
2005; Jadhav et al. 2006). In low-metallicity AGB stars, 12C and 2%3°Si from the
He shell are mixed into the envelope by third dredge-up (TDU) during the thermally
pulsing phase (Busso et al. 1999; Zinner et al. 2006a). Such models predict high
12C/13C ratios as well as very high C/O ratios, which is an ideal environment for the
condensation of graphite grains (Lodders and Fegley 1997). The stellar source(s) of
graphite grains with very low 2C/!3C ratios still remains a matter of debate. The low-
density and high-density graphite grains from Murchison and Orgueil both contain a
minor population of grains that have 12C/!3C ratios ~ 10 and lower. A recent study
of high-density (ORIf - 2.02 — 2.04 g cm™3) graphite grains from Orgueil (Jadhav
et al. 2008) found extremely high Ca and Ti ratios in some grains with 2C/!3C
ratios < 20. These anomalies can only be explained by pure nucleosynthetic He-
shell components of AGB stars. Born-again AGB stars, like Sakurai’s object (V4334
Sgr), have low 2C/!3C (~ 4) and exhibit enhanced s-process elemental abundances
(Asplund et al. 1997; 1999). The study concluded that born-again AGB stars could
be the likely sources of the graphites with very low 2C/?3C ratios and extreme Ca
and Ti anomalies.

This paper is a comprehensive report of all 345 Orgueil graphites studied to date
and a discussion of their nucleosynthetic sources. All the data presented in this
paper are available in the electronic appendix (PSGWeb). The paper is an extension
of previous publications, Jadhav et al. (2006; 2008), and conference abstracts. In
addition to new data on presolar graphite grains from Orgueil, it also contains detailed
experimental procedures that were not reported in the above-mentioned publications.
We also introduce new nomenclature for the Orgueil graphite density separates and

mounts that will be used in publications henceforth.
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4.2 Experimental Methods

4.2.1 Chemical and physical separation of the graphite grains

The separation procedure used for this study was essentially the same as that carried
out for Murchison graphite (Amari et al. 1994). The following is a brief description of
the chemical and physical techniques that were used to separate graphite grains from
Orgueil. The Orgueil sample was obtained from the National Museum of Natural
History in Paris. We started with 24.16 g of the meteorite and treated it with a
mixture of toluene and methanol to remove soluble organic matter. This treatment
was repeated four times until 0.57 g (~ 2.35% of the original sample) of organic
matter was removed. The silicates were then removed by alternating treatments with
10M HF-1M HCI and 6M HCI (14 times). Each dissolution cycle was carried out
at 70°C for 15 hours. This preparation was concluded by washing the sample with
a mixture of 6M HCI-0.6M H3BOj3; to remove insoluble fluorides. The washing was
repeated twice at room temperature and thrice at 70°C. Next, a mixture of 2N HySOy4-
0.5N NayCr,O7 was used to oxidize the remaining reactive kerogen. This treatment
was carried out at 75°C for 20 hours (unfortunately, when the graphite grains were
later being prepared for analysis it was discovered that, in contrast to Murchison,
this oxidizing method did not remove all the insoluble organic matter). In order to
extract nanodiamonds from the sample, we used the fact that diamonds are known
to become colloidal when treated with solutions with pH > 2 (Lewis et al., 1989).
Therefore, the oxidized residue was treated with 0.1M NaOH (seven times). The
supernatant was then removed, leaving a sediment of graphite, SiC, some oxides,
and left-over kerogen. The sediment was further separated according to density by
using sodium polytungstate [Nag(HoW12049)] (SPT). This solution is ideal for the
separation of carbonaceous grains because its density can be adjusted from 1to 3.1 g

cm 3, which encompasses the range of densities of interstellar graphite. The density
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of SPT can be varied by dissolving it and hence, diluting it, in distilled or de-ionized
water. Sodium polytungstate solution of a range of densities was poured into a test
tube containing the sample. This mixture was then centrifuged to obtain a continuous
density gradient. Ten final density fractions of carbonaceous material were obtained.
The lightest density fraction, ORla (< 1.59 g cm™3), contains organic matter and the
heaviest fraction, OR1j (> 2.3 g cm™3), is expected to contain SiC and oxide grains.
At least a few of the remaining eight density fractions were expected to contain
presolar graphite. These eight fractions were then further centrifuged and separated
according to size with a lower cutoff of 1 um. Since all the presolar graphite grains
that carry Ne-E(L) in Murchison have diameters > 1 pm, only those fractions were

studied.

4.2.2 Grain-mount nomenclature

The different density fractions of the Orgueil graphites are tabulated in Table 4.1. We
introduce a new nomenclature to name the graphite grains. Each grain label contains
the name of the meteorite, the grain-size fraction, the density fraction, the analysis
mount number, and finally, the grain number on that particular mount. For example,
the grain label OR1d2m-4 indicates the following: OR = Orgueil, 1d = grains larger
than 1 gym from the “d” density fraction (1.75 — 1.92 g cm™3) (See Table 4.1), 2m
= second mount of grains from this density fraction that were isotopically analysed,

and 4 = the grain number on this mount.

4.2.3 Sample preparation

To prepare the initial set of grain mounts (OR1(b,c,d,e,f,gh,i)lm) that were an-
alyzed in the NanoSIMS, material from each density fraction was suspended in a
solution of water and isopropanol (1:4). The isopropanol lowers surface tension and

increases viscosity, which prevents the grains from clumping together. These suspen-

61



sions were then mixed well in an ultra-sonic bath, and small amounts (0.15 — 0.4 pul
at a time) were deposited on high-purity gold foil mounts that are custom-made for
the NanoSIMS. There is a substantially higher amount of insoluble macromolecular
carbon left over in Orgueil density separates than in the Murchison separates. This
material often covers up to about 500 gm?2-areas on a grain mount. It has not been
determined yet why the chemical separation procedure was not able to remove this
material in Orgueil. During the NanoSIMS measurements of the grains from the 1m
mounts, we found that the secondary ion signal was heavily contaminated by the
macromolecular carbonaceous material, in which the graphite grains are often found
embedded. This does not pose much of a problem when measuring large grains with
the Cs™ primary beam as the beam can be focused onto the central portions of the
grain, thus cutting off most of the contribution from the surrounding macromolecular
carbon. However, this problem becomes inhibiting when the O~ primary beam is
used to measure positive secondary ions and no secondary electron images are avail-
able to navigate the mount. In this case, we use the total ion count to locate grains
on the mount. If the grains are surrounded by the macromolecular carbon then it
becomes almost impossible to separate the total ion counts from the grains and from
the macromolecular carbon surroundings. Hence, subsequent mounts (OR1d2m, 3m,
4m; OR1f2m) were prepared by picking candidate grains with a micromanipulator
and transferring them to another NanoSIMS gold-foil mount. This procedure was
essential to isolate the grains from the large amounts of macromolecular carbon on
the mounts. It reduces contamination from the surrounding material and also makes
it easier to locate the grains for future analyses. We picked larger grains (> 2 pm) for
analyses because these graphites are intended to be part of an extensive correlated
study to measure the isotopes of light, selected elements up to Ni with the NanoSIMS,
and heavy (> Ni) element isotopes with the resonant ionization mass spectrometry

(RIMS) technique. This size selection allows the grains to survive extensive sputter-
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ing. After mounting the grains, we coated the mount with a thin (~ 10 — 20 nm)
layer of gold to prevent the grains from falling off.

Standard grains were then deposited on each mount to aid tuning of the secondary
ion beam in the NanoSIMS and to correct for different detection efficiencies of the
electron multipliers and for instrumental mass fractionation. Terrestrial graphite
deposited from a colloidal suspension (DAG) was used as the C isotope standard for
all the mounts, except OR1d4m. Instead, synthetic SiC was used as a C standard for
OR1d4m. Murchison matrix grains were used as a standard for O isotopes. Synthetic
SiC and SiC-SigNy grains were used as standards for terrestrial Si and N isotopic
measurements, respectively. We used Burma spinel (MgAl,O,) for Al-Mg isotopes

and perovskite (CaTiOj3) grains as standards for Ca, K, and Ti isotopes.

4.2.4 EDX analyses and grain mount documentation

Mounted grains from each density fraction were analyzed in a scanning electron micro-
scope (SEM). Carbonaceous grains were located and identified by conducting energy
dispersive X-ray (EDX) analysis with a JEOL-840A SEM. Candidate grains were
selected on the basis of high C content (as determined by the EDX analysis) and
morphological features characteristic of Murchison graphite (spherical with a platy
‘onion’ or knobby ‘caulifiower’ appearance (Hoppe et al. 1995)). Every grain was
then “documented”. This involved recording the (x,y) coordinates of each grain on
the mount, taking pictures of the grids on which the grains were found, and making
a map with relative grain locations of the entire mount. Secondary electron pictures
of some grains were taken with the SEM or the Auger Nanoprobe (Figure 4.1). In
addition, mean grain sizes were also determined in the SEM. For irregularly shaped
grains we used the formula for ellipsoids to determine the diameter, D = (A x B?)'/3,

where A and B are the major and minor axes, respectively. A coordinate transfor-

mation program (written by Larry Nittler) was used to determine the corresponding
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coordinates in the NanoSIMS and to locate the grains.

4.2.5 NanoSIMS analyses

The initial characterization of the grains in the SEM was followed by SIMS isotopic
analyses. These were carried out with the Washington University Cameca NanoSIMS
50. Isotopic measurements were carried out in five stages on each mount. The
NanoSIMS has five electron multipliers that are capable of detecting five ionic species
simultaneously. It can be used in multidetection and peak-jumping modes or in a
combination of the two modes. Table 4.2 gives a list of the measurement stages, the
secondary ions detected in parallel (Phases 1 — 3) and combined mode (Phases 4 and

5) and the mounts on which these measurements were carried out.

C, N, O, Si isotopes:

The first stage involved measuring C isotopes in combination with either N or O or Si
isotopes simultaneously (Table 4.2). The remaining two elements were measured in
stage two. The first two stages used a Cs™ primary beam to produce secondary ions
of 2C—, BC—, 2CUN~, 2CN—, 60—, 80—, 28Si~, 2°Si~, and *°Si~. Nitrogen-14
and '?N measurements had to be done with the help of 2C, because nitrogen does
not form a stable negative ion. However, in the presence of carbon, an intense CN™
signal can be obtained. Measurements were carried out at high mass resolution, and
special care was taken to resolve the *C~ peak from the '?CH™ interference at mass
13, 180~ from OH; at mass 18, 2CN~ from C; and 2C3CH~ at mass 26, and
2CBN~ from BCMN™ at mass 27 (mass resolving powers of m/Am > 6000 were
used). Grain measurements were sandwiched by standard measurements at regular
intervals (every 5 — 10 grains). In addition, the positions of the mass peaks were
checked and centered before every grain and standard measurement. Sometimes the

primary ion beam current had a tendency to vary over an entire run of measurements,
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which resulted in a slight change in secondary ion counts. Since all the isotopes are
measured simultaneously, this effect does not lead to any isotopic artifacts. The C,
N, and O isotopic data were reduced by simply normalizing the measured ratios of
L2C/13C, MN/BN, and °0/¥0 by the average ratios of the standard grains. If R, is
the average ratio measured on the standard grains and R; is the true terrestrial (solar)
ratio, then the correction factor is f, where f = R;/R;. Every grain measurement,
R,,, was divided by f to give the true measured ratio. The terrestrial values (R;) of
2C/13C, MN/N, and %0 /180 ratios used in this study are 91.2 for DAG and 92.6
for SiC, 272, and 499, respectively. Si isotopic data were reduced using: 2*°Si (per
mil, %0) = [(*3°S1/28S1) meas/ (2051 /?8Si)gta - 1] X 1000, where subscripts ‘meas’ and
‘std” stand for isotopic ratios of unknown grains and standard grains, respectively.
Terrestrial values of 2Si/?Si = 0.0506331 and 3°Si/?®Si = 0.0334744 are used as
‘normal ratios’ in this study. Poisson errors of the isotopic ratios of standard and
unknown grains were propagated appropriately, and 1 ¢ error bars were calculated

for each measurement.

Al-Mg isotopes:

In phase 3 of the analyses, positive secondary ions of 2C, Mg, Mg, Mg, and
27Al, produced with an O~ primary beam, were detected simultaneously. Positive
ions of 12C were detected in order to locate the graphite grains, because secondary
electrons, so helpful during analysis of negative secondaries, cannot be used. The
Burma spinel grains were measured to obtain “solar” or “normal” Mg isotopic ratios
(BMg/**Mg, *Mg/*Mg, and 2"Al/?*Mg) and then used to calculate the relative
AlT /Mg™" sensitivity factor (T'), representing the different Al and Mg secondary ion
yields. We assumed atomic Al/Mg = 2 for solar system spinel grains. In grains
with almost normal (within uncertainties) 2?Mg/?*Mg ratios, the large 26Mg excesses

can be assumed to be from the decay of *°Al (11, = 7.2 x 10° a). Addition of
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isotopically normal Mg can reduce the Mg excess relative to 2Mg but it also reduces
the 27Al1/**Mg ratio by the same factor. Thus, contamination by terrestrial Mg does
not affect the inferred 26A1/27Al ratio. In contrast, 2" Al contamination can decrease
the calculated 26A1/27Al ratio and hence, special care was taken to sputter away
terrestrial Al contamination and to avoid Al hotspots on the sample mount. The
26Mg excesses (2°Mgexcess) Were calculated directly from the ion counts: Mgt oycess =
Mgt - (BMgt /2" Mg )sa x 2Mgt, where (*Mg™ /?*Mg™)gq is the ratio measured
on the standard spinel grains. The inferred 26 A1/27Al ratios were then calculated by:

6A1/2TAl = T' x 26Mg+ excess /2T ALY,

K and Ca isotopes:

The K, Ca, and Ti measurements were carried out with the O~ primary beam in
a combination of peak-jumping and multidetection modes. Positive secondary ions
of ¥K, #K, and #3Ca (B field 1) and '2C, *°Ca, #2Ca, *Ca, and ®Ti (B field 2)
were measured to obtain K and Ca ratios. A mass resolving power > 6000 was used
to resolve the 'K peak from the *°CaH peak. Since the intrinsic concentration of
K in graphite grains is expected to be very low, and all the terrestrial K is prob-
ably from contamination, we attribute the *'K excesses seen in the graphite grains
to be due to the decay of *'Ca (112 = 1.03 x 10° a) (Amari et al. 1996). We cal-
culated the initial *'Ca/4°Ca ratios in the grains similarly to the inferred 26A1/27Al
ratios: 1Ca/%Ca = T' x HKT cess/4°Ca™, where the sensitivity factor, I' was as-
sumed to be 0.333 (Hinton 1990). The #2434 Ca values were calculated using: ¢6'Ca
(%0) = [(*Ca/Ca)meas/ (*Ca/1Ca)sq - 1] x 1000. In grains with #Ca excesses that
do not match the #>*3Ca excesses, we attributed the excesses to be from the de-
cay of the short-lived radionuclide *Ti (712 = 60 a). The inferred *Ti/*Ti ra-
tios were calculated similarly to the 26A1/27Al and *'Ca/°Ca ratios: *Ti/®Ti =T

X CaT reess/*TiT, where the relative sensitivity factor, I' = (Tit/Ca™)/(Ti/Ca)
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= 0.353 (Yangting et al. 2009) was used. This factor was recently calculated by
measuring the NIST standard silicate glass SRM 610 with the Washington Univer-
sity NanoSIMS 50. The *®Ti* signal was corrected for a contribution from *8Ca*t

(*°Ca/*Ca = 47.153 from Niederer and Papanastassiou, 1984).

T isotopes:

Three magnetic fields were used to measure Ti isotopes: Bj: #Tit, #Tit, and
0T+ By: 47Tit, ¥Tit, and 3'V*; and Bs: 2CT, 90Ca*, ¥Tit, °Tit, and 52Cr*.
Vanadium-51 and 52Cr were used to correct the *°Ti signal for isobaric interferences
from °°V and %°Cr, and, *°Ca was measured to correct for Ca interferences at masses
46 and 48. High mass resolution was used to avoid isobaric interferences (e.g. SiO at
mass 44). The unresolvable ion peaks were as follows: (1) “6Ca and “6Ti at mass 46,
(2) #Ca and **Ti at mass 48, and (3) °°Ti, 5°V and *°Cr at mass 50. Abundances of
46(Ca and **Ca are sufficiently low that we do not expect these interferences to produce
significant anomalies. Corrections were applied for these interferences by assuming
normal or terrestrial 6Ca/%°Ca and **Ca/%°Ca ratios. A large **Ca interference will
result in a deficit in the Ti isotopic ratios that are normalized to *®Ti. In such cases,
the observed excesses in these Ti isotopes will be lower limits. We also assume that
the ®°Cr interference to the *°Ti signal is entirely from terrestrial Cr because the
grains inherit large quantities of terrestrial Cr from the oxidizer, NayCryO7, which
is used during the chemical separation procedure for graphite grains. The follow-
ing terrestrial values of *°Ca/*Ca = 47.153, #¥Ca/*Ca = 0.088727, Ca/*Ca =
0.00152 (Niederer and Papanastassiou, 1984), 5°Cr/*2Cr = 0.051859 (Shields 1966)
and °V/51V = 0.002503 (Flesch et al. 1966) were used to compute the correc-

tions mentioned above. The §4¢474950T} values were calculated using: 6'Ti (%o) =

[(*Ti/*T1) meas/ (“Ti/%8Ti)gq - 1] x 1000.
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4.3 Results

The density ranges of the various density fractions of graphite grains from Orgueil
are the following: The low-density (LD) graphites are OR1b, ORlc, and OR1d (1.59
~1.92 g em™3), while OR1f, OR1g, OR1h, and OR1i (2.02 — 2.30 g cm™3) are the
high-density (HD) graphites (See Table 4.1).

Most of the graphite grains from the Orgueil density fractions resemble Murchison
presolar graphites (Hoppe et al., 1995) (Figure 4.1). They are spherules with smooth
surfaces and a platy, onion-like morphology. The diameters of the grains range from
1 to 35 um. In contrast to Murchison graphites, the grains tend to be larger in
the higher-density fractions. Very few grains with the cauliflower-type morphology
were found. Cauliflower grains were the dominant morphology in the LD fractions of
Murchison (Hoppe et al., 1995). Some potato-shaped presolar graphite grains with

smooth surfaces were found in the Orgueil fractions.

4.3.1 Isotopic compositions of the grains
Distribution of 2C/*3C

Grains from five (ORlc, d, f, g, i) of the seven density fractions analyzed have iso-
topically anomalous carbon. Figure 4.2 displays histograms of the distribution of the
12C/13C ratio in each density fraction and C stars in the galaxy (Lambert et al. 1986).
The 2C/3C ratios of the grains in these fractions vary over a large range, from ~
4 to 2478. The C isotopic ratios of grains from OR1b and OR1h are close to solar
(within errors) and do not show the large variations that are expected in presolar
graphite (Hoppe et al., 1995). We use the four “groups” described by Hoppe et al.
(1995) to divide the grains: (1) Grains that are highly enriched in *C, with 2C/3C
ratios between 0 and 20, (2) Grains moderately '3C-enriched, whose '2C/!3C ratios

are between 20 and 80, (3) Normal or close-to-solar 1>C/13C ratios between 80 and
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100, and (4) Grains containing isotopically light carbon with *C/!C ratios greater
than 100.

Out of the seven grains analysed in the lowest density fraction, ORlc, five grains
are normal and one grain each with moderately heavy and light C compared to the
solar 2C/13C ratio of 89. Twenty-three percent of the grains analyzed in OR1d have
light carbon. The highest 2C/!3C ratio of 2478 is observed in one grain (OR1d3m-5)
from this fraction. Thirty-two percent of the grains have equal number of grains that
have extremely low 2C/!3C ratios (group 1 grains) and those that belong to group
2 with moderate ¥C-enrichments. Forty-five percent of OR1d grains have normal
C isotopic ratios within errors. The grains analyzed from the ORI1f fraction have a
population of 14 isotopically heavy grains with 2C/!3C < 20 and 4 grains that are
moderately *C-enriched (group 2), while, 73% of the analyzed grains contain light
carbon (group 4). Twenty-nine percent of the grains in OR1g have solar carbon ratios.
Two small populations of 7 grains with heavy carbon (*2C/3C < 20) and 6 grains
with moderately heavy C (group 2) were measured in this fraction, but a majority
(46%) of the grains has ?C/!3C ratios larger than the solar value (group 4). Among
the grains measured from the heaviest fraction, OR1i, are 6 grains (out of 9) that are
anomalous in carbon: One grain has 2C/3C < 20, one belongs to group 2, and four
grains have isotopically light carbon and are group 4 grains.

Thus, we found that 1) All the grains analyzed from the OR1b and OR1h density
fractions were normal; 2) grains with isotopically light C are more abundant in the
HD fractions while grains with heavy C are more abundant in the LD fractions, and
3) a minor population of grains with 2C/!3C < 20 is observed in all the fractions
heavier than OR1c. A similar density dependence of C isotopic ratios is seen in the

Murchison graphites (Hoppe et al. 1995).
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Nitrogen isotopes:

Compared to carbon isotope ratios, the *N/¥N ratios in the LD density fractions
(Figure 4.3a) do not exhibit a very large range and are normal or of terrestrial value
in most of the HD grains (Figure 4.3b). Nevertheless, anomalous grains were found
in the low-density fractions. Both, ORlc and 1d contain grains with N excesses
(terrestrial "N /PN ~ 272) (Figure 4.3a). One OR1c grain (OR1clm-6) has “N/¥°N
~ 135, and while OR1d has numerous grains that are slightly N-enriched (1N/¥N
ratios between 272 and 200), only 17 grains have 1N /N ratios between 200 and 100
and 5 have "N /15N ratios less than 100. The largest '°N excess was observed in grain
OR1d1m-17 (MN/PN ~ 55). The grains with large '°N excesses are listed in Table
4.3 along with their other isotopic ratios.

The vast majority of grains from the HD fractions, OR1f, 1g, and 1i have normal
terrestrial N ratios (Figure 4.3b). The fraction, OR1f, has three grains with N ex-
cesses. ORI1g has grain OR1glm-33 with the highest *N/!®N ratio (= 1437) of any
grain in this study. Three grains from ORIi are enriched in *N. Apart from these
grains with enrichments in *N, three OR1f grains have N enrichments. This lack
of a large range of anomalies in nitrogen (Figure 4.3a and b) was observed in Murchi-
son graphite as well (Hoppe et al., 1995) and was attributed to isotopic exchange
or dilution of the original nitrogen, either on the parent body or during chemical
processing in the laboratory. This seems to be a common trend in the graphite from
both the meteorites. Stadermann et al. (2005) found isotopic gradients in 2C/!3C
and 1°0/180 ratios in ultramicrotomed sections of a Murchison KE3 graphite grain.
The grain was found to be most isotopically anomalous at the center. No such gra-
dients were found in the N /N ratios. These gradients were attributed to isotopic

exchange with isotopically normal material in the laboratory or on the parent body.

70



Oxygen isotopes:

Figure 4.4 shows the '0/™0 ratios as a function of ">C/!3C ratios for all the LD
(Figure 4.4a) and HD fractions (Figure 4.4b). One out of 7 grains in ORlc has a
substantial O excess (**0/0 ratio is ~ 4 times the solar value). It also exhibits
a N excess. Twenty-nine percent of the OR1d grains exhibit %0 /1O ratios of up
to 30 times the solar value of 0.002. More than 80% of the grains from this density
fraction with 8O excesses are also simultaneously enriched in N (See Table 4.3).
The contaminated OR1d3m mount was the exception where only 2 out of 8 grains
with isotopically heavy O also have N excesses. Thus, the majority of the grains
with heavy O also contain isotopically heavy N (Table 4.3). These 80-enriched grains
show both depletion and enrichment in 3C with respect to the solar value (Figure
4.4a; Table 4.3). Thus, there does not seem to be any obvious correlation between
the 12C/!3C and %0 /™0 ratios. A large number of grains that are ®O-enriched have
close-to-solar 12C/13C ratios.

Like N anomalies, O anomalies seem to disappear with increasing density. All the
grains in the HD fractions, ORI1f, 1g, and 1i, have 0/!®0 ratios close to the solar

value of 499 (Figure 4.4b).

Silicon isotopes:

The silicon isotopes, 22Si, 29Si, and 2°Si, were measured in grains from all the fractions.
Figures 4.5a and b show the results of these measurements as three-isotope plots. In
general, grains in the LD fractions (OR1d) are dominated by 2*Si excesses, while the
heavier densities (OR1f, 1g, and 1i) have grains with ?°Si and #°Si excesses.

The graphite grains in the density fraction, OR1lc, were found to contain mostly
normal Si isotopes (within errors) (Figure 4.5a). Among the analyzed grains from
the other LD fraction, OR1d, approximately twenty grains have large 2*Si excesses

(Figure 4.5a). Almost all the grains with 2Si excesses are enriched in O and a large
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number also have N excesses (Table 4.3). Grain OR1d4m-1 has §*Si = — 45145
%oand 63°Si = — 660 £ 5%o, the largest 28Si enrichment seen in any Orgueil graphite
grain. Some grains from the LD ORI1d fraction are enriched in ?°Si or 3°Si. Grain
OR1d4m-3 is normal in #Si but has a large 3°Si depletion ( §2°Si = — 261 + 20 %)
while OR1d4m-18 is slightly depleted in 2°Si ( 2°Si = — 80 4+ 14 %¢) and enriched in
3081 (39Si = 84 + 20 %o). Grain OR1d1m-26 is depleted in *°Si, with normal 2Si/*Si.
It is also slightly enriched in O (*C/®0 ~ 409) and *N (N/N ~ 160). Two
grains, OR1d1m-17 and OR1d1m-31, are both enriched in ?*Si and depleted in 3°Si.
They are highly enriched in 80 and *N. Grain OR1d1m-11 has 3°Si and 2*Si excesses.
It is also enriched in ¥O and ®N and contains isotopically heavy carbon (2C/3C ~
6).

The anomalies observed in grains from mount OR1d3m were not as large as those
observed in the previous mounts of the same density fraction. These isotopic anoma-
lies were diluted due to contamination from the gold that was deposited on the
mount prior to measurements. We only found four grains (OR1d3m-14, OR1d3m-16,
OR1d3m-17, OR1d3m-18) on mount OR1d3m that contain ?*Si excesses. Table 4.3
shows that not all of them contain N or O excesses; only one grain (OR1d3m-18)
contains both. These isotopic ratios of the grains on this mount were definitely di-
luted by the contamination mentioned above. One grain (OR1d3m-5) is *°Si-enriched
(63°Si = 136 + 28 %0) while OR1d3m-24 is slightly enriched in ?Si and depleted in
30Si ( 630Si = — 172419 %) (Figure 4.5a; Table 4.3).

Figure 4.5b shows the 2Si/?Si and 3°Si/?3Si ratios measured in the heavy fractions
ORI1f, 1g and 1i. The density fraction OR1f has 1 grain (OR1f(1,2)m-067) that is
enriched in 28Si and 3°Si. This grain was also found to be highly enriched in '°N.
Two grains have extremely large 2°Si and 2°Si excesses. The largest anomalies were
seen in grains: OR1{(1,2)m-068 ( §29Si = 1341 + 35 %oand 6°°Si = 896 + 33 %o) and
ORI1f(1,2)m-070 ( 6**Si = 1043 4 34 %oand §°°Si = 916 + 36 %o). Grains, OR1f1m-
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16, OR1flm-36, OR1f1m-34 and OR1f(1,2)m-032 have moderately large 3°Si and 2°Si
values (Figure 4.5b). Otherwise, in general, the three HD fractions OR1f, 1g, and 1i
have a majority of the grains that are enriched in 3°Si and ??Si. The heaviest fraction
ORI1i has one grain (OR1ilm-4) with a large depletion in 3°Si and a ?®Si excess. This
grain is enriched in "N (MN/N ~ 475) and slightly enriched in 80 (1°0/®0 ~
409).

Most of the grains on the OR1f2m high-density mount have small anomalies or
have normal §2:3°Si /28Si values. It is possible that the equilibration factors that cause
the dilution of the N and O isotopic ratios also influence the Si isotopes.

Thus, the silicon isotopic data indicate distinctive trends that depend on the
density of the grains, similar to the C, N and O isotopes. While the LD fractions
have mostly 2®Si-rich grains, the HD fractions have grains that are enriched in 3°Si
and 2Si. In general, most *°Si-rich grains from the HD fractions contain isotopically

light carbon (Figure 4.6).

Al-Mg isotopes:

On the initial mounts, OR1(d,f)Im, on which we measured Al-Mg isotopes, the
graphite grains were found embedded in macromolecular carbon. This carbonaceous
material made it very difficult to find the graphite grains with the help of a total ion
signal while using an O~ primary beam (See Section 4.2.3). No secondary electron im-
age is available in this mode of measurement. Thus, the Al-Mg measurements on the
OR1(d,f)1m mounts are contaminated by ion signals from the surrounding macro-
molecular carbon. All the graphite grains on subsequent mounts (OR1d(2,3,4m);
OR1f2m) were picked out of the macromolecular surroundings, remounted and then
measured for Al-Mg isotopes with relatively lower levels of contamination from the
surroundings. Some interesting grains from the OR1f1m mount that had already been

measured for C, N, O, and Si isotopes were picked and transferred to the OR1{2m
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mount. These grains are labeled as OR1f(1,2)m-o(grain number). Additional iso-
topes were measured on these grains, free from stray ionic contributions from the
surrounding macromolecular carbon.

Mg isotope results for the LD fraction, OR1d, are plotted as d-values of 2Mg/?*Mg
and Mg/?*Mg in permil (%o) in Figures 4.7a, b, ¢, and d with different ranges of
the plot axes to accommodate all the data. Figure 4.8 shows Mg isotopic ratios for
the grains from the HD fractions. Figure 4.9a and b display the inferred 26A1/27Al
ratios as a function of >C/*C ratios for the LD and HD fractions. Table 4.4 lists
the 6*Mg, §?°Mg values and inferred 26Al1/27Al ratios for LD and HD grains with
substantial **Mg excesses from the decay of short-lived Al (11, = 7.2 x 10° a).

Figure 4.7a shows grains with the largest §2°Mg and §?°Mg values. Grain OR1d4m-
20 has the largest inferred 26A1/27Al ratio (0.6928 4 0.0061) seen in any presolar
graphite grain so far. Such high 2A1/27Al ratios are found in SiC-X grains (Nittler
et al. 1995). The largest inferred 26A1/27Al ratio previously obtained in Murchi-
son KE3 graphites is ~ 0.146 (Travaglio et al. 1999). The grains labeled in Figure
4.7a have large 2°A1/?7Al ratios (Table 4.4; Figure 4.9a) and are enriched in ¥0O and
28Gi. Except grain OR1d2m-32, all of these grains have 1°N excesses. Interestingly, 3
grains (OR1d4m-19, OR1d4m-32, OR1d4m-20) have very low '*C/!3C ratios and the
remaining 3 are moderately 3C-enriched or have roughly solar 12C/13C ratios. In gen-
eral, grains from the OR1d2m and 4m mounts have the largest Mg excesses (Figure
4.7a, b and c). The inferred 26 A1/%7 Al ratios range from 2 x 107* to 0.7 in these grains
(Table 4.4; Figure 4.9a). The high 26A1/27Al ratios we found in these grains were not
seen in the previous study of grains from the OR1d1m and 3m mounts, most likely
because of contamination present on those mounts. The range of 2°A1/27Al ratios in
grains on mount OR1d1m is 2.5 x 107* to 0.04 and OR1d3m is 1072 to 0.04. Only
upper limits could be obtained for the inferred 26A1/27Al ratios of some of the grains

because of the large errors associated with the measurements (Figure 4.9a).
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In the HD fraction, OR1f, we found only a few grains with Mg excesses. Grain
ORI1f(1,2)m-067 has the largest Mg excess ( §*°Mg = 1593 %o) (Figure 4.8). This
grain consequently has a relatively high, inferred 2°Al/%7Al ratio of 0.01 (Figure 4.9b;
Table 4.4). Three other grains (OR1{2m-25, OR1f2m-38, OR1f(1,2)m-08) have in-
ferred 26A1/%7Al ratios on the order of 107%. The grains with the highest 2°Al/27Al
ratios are highly enriched in 13C (Figure 4.9b) while the other grains are *C-enriched.

The Al/Mg ratios in the grains of this fraction were very low and if the grains did
contain 26Mg excesses from the decay of radiogenic 26Al then they were too small to
detect. There is a possibility that the equilibration processes affecting the N and O in
HD graphite grains also dilute the Mg isotopes in these grains. It is also interesting to
note that grains OR1{(1,2)m-067 and OR1{(1,2)m-08 were measured for Mg isotopes
when they were on mount OR1flm and the surrounding material made it impossible
to detect the large 2°Mg excesses in these grains.

In general, HD graphites exhibit very low Al/Mg ratios making the detection of

2)\[g excesses from radiogenic 2°Al very difficult.

K 1isotopes:

Most grains from the LD fractions, OR1d, were found to have normal 'K /3K ratios
(solar value ~ 0.072). A few grains were found to have high *'K/*°K ratios. Five
grains have 1K /3K ratios ranging from 0.074 — 0.106. These *'K excesses can be at-
tributed to the decay of *'Ca (71,2 = 1.03 x 10° a) because the intrinsic concentration
of K in graphite grains is expected to be very low (Amari et al. 1996). The inferred
41 Ca/Ca ratios for these grains range from 0.0004 to 0.01 (Figure 4.10a; Table 4.5).
All grains with high 4'Ca/*°Ca ratios have ®O excesses and high 26A1/?7Al ratios.
Four of them are also enriched in 28Si.

The LD mount, OR1d3m, was found to be contaminated by large amounts of

terrestrial K and Ca, making the detection of radiogenic *'Ca nearly impossible.
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Only two grains, OR1d3m-1 and OR1d3m-20, were found to have slightly elevated
HK /39K ratios and, because Ca/K ratios are fairly low, high inferred 4'Ca/4°Ca ratios
(See Figure 4.10a; Table 4.5).

Most of the grains from the high-density fraction, OR1f, have normal 'K /%K
ratios (0.072). Grains OR1f2m-9, OR1f2m-18, OR1{2m-25, OR1f2m-38, OR1f(1,2)m-
038 and OR1{(1,2)m-068, have elevated *'K/*K ratios ranging from 0.075 — 1.000.
The inferred *'Ca/*°Ca ratios range up to 0.01 (Figure 4.10b; Table 4.5).

Ca isotopes:

The 24341 Ca data of grains on the LD mount (Figure 4.11a and b), OR1d3m, were
also affected by large amounts of Ca contamination. All the grains are normal in
42Ca/%Ca (within errors), and only one grain (OR1d3m-5) has a high *'Ca/*Ca
value of 222 4 22 %oand a comparable excess in #3Ca (§ *3Ca/*°Ca = 154 + 43 %).
Since the 3Ca and 4*Ca excesses are of approximately the same magnitude, they can
be explained by neutron capture and the **Ca excess does not constitute evidence for
the presence of *4Ti. The rest of the grains have normal 3% Ca/*°Ca ratios.

Four graphite grains (OR1d4m-16, OR1d4m-20, OR1d4m-3 and OR1d4m-10)
from the other LD mount, OR1d4m, were found to have high §42*344Ca/%Ca val-
ues that appear to be correlated (Figure 4.11a and b; Table 4.6). Additionally, two
grains (OR1d4m-8 and OR1d4m-9) that have solar *2Ca/*°Ca values and close-to-
solar 43Ca/19Ca values, contain large “Ca excesses. Slow neutron capture that gives
rise to #Ca excesses are expected to produce even larger *>#3Ca excesses and hence,
we conclude that the **Ca excesses are most likely due to the decay of *Ti (112 =
60 a). The inferred initial **Ti/48Ti ratios in grains OR1d4m-8 and OR1d4m-9 are
listed in Table 4.7. Much higher values have been observed in SiC-X grains (Amari
et al. 1992; Hoppe et al. 1996b; 2000; Nittler et al. 1996; Besmehn and Hoppe 2003)

and KE3 graphites from Murchison (Travaglio et al. 1999).
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Table 4.8 lists the C, Ca and Ti isotopic ratios of interesting grains from the
HD fraction, OR1f. Figures 4.12a and b show that several grains from this fraction
have unusually large *»*3%Ca values. Grains OR1f2m-9, OR1f2m-34, OR1f2m-18,
OR1{(1,2)m-068, OR1f2m-40 and OR1{2m-29 exhibit extremely large *>*3Ca excesses.
Calcium-44 excesses that are comparable to the 4>#3Ca excesses can be explained by
neutron capture, but in grains OR1{2m-1, OR1f2m-25, OR1{2m-38, and OR1{(1,2)m-
067 the large **Ca excesses must be the result of the decay of *Ti (11, = 60 a).
Table 4.7 lists the inferred *4Ti values for these grains. Figure 4.13 clearly shows the
correlation of the 44Ca ion signal with that of the **Ti ion signal for grains OR1f2m-25
and OR1f(1,2)m-067. The fact that the 'Ca signal does not correlate with any other
Ca ion signals is additional evidence that 4*Ca excesses must be from the decay of
radiogenic #Ti. Three of the four grains from OR1f with “4Ti excesses have 12C/!3C
ratios less than 20 (Table 4.8). OR1f2m-25 is the only grain with both **Ti and *C
excesses (2C/13C ~ 743). Approximately half the grains listed in Table 4.8, with

large Ca excesses, are enriched in 3C while the others are enriched in 2C.

T1 isotopes:

Figures 4.14a, b and c display the Ti isotopic ratios of the grains from the LD frac-
tion OR1d (Table 4.6). Grain OR1d4m-13 has a large excess in *’Ti without any
accompanying 6Ti excess, and grains OR1d4m-19, OR1d4m-9 and OR1d4m-14 are

46.4TTi, This fraction contained several grains that have cor-

significantly depleted in
related excesses in 1%47Ti (within errors). Eight grains are highly enriched (§*Ti >
500 %o) in *°Ti (as high as 1597 4 85 %oin grain OR1d3m-2; Table 4.6) while seven
grains have moderate excesses (6*°Ti < 500 %o, Figure 4.14b). Due to a very high
S0Cr signal that interfered with *°Ti, we were unable to obtain good *°Ti data on a

majority of these grains. The grains acquire Cr during chemical separation in the

laboratory from NayCroO7, which is used as an oxidizing agent to remove macro-
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molecular carbon. Three grains that have less than a 60% °°Cr contribution to their
OTi ion signal have elevated §°°Ti/*Ti values of 259 + 97 %o(OR1d3m-6), 185 +
22 %0(OR1d3m-14) and 144438 %o(OR1d3m-18) 186 + 12 %o(OR1d4m-3) (Figure
4.14c). The remaining grains are highly contaminated with Cr, making it impossi-
ble to obtain good *°Ti data. Most of the grains in this LD fraction that have Ti
anomalies have 180, 1PN, 2Si excesses, and high 26Al/%7Al ratios.

The grains from the HD fraction, OR1f, have extremely large 46:474950T} excesses
similar to the 12434 Ca excesses (Figures 4.15a, b and c; Table 4.8). Extreme Ti
anomalies (greater than ~ 1000 %o) are seen in some grains. The largest of these
are seen in OR1f2m-9 (§%°Ti = 35032 =+ 4432 %o; 6 7Ti = 1376 & 371 %o; 6*9Ti =
2278 + 298 %o; 6°0Ti = 32827 4 4594 %o). The other grains, some with similar large
anomalies, are listed in Table 4.8 in addition to the other interesting grains from the
HD fraction.

In summary, we find that the presolar graphites from Orgueil tend to have C, N,
O, Al-Mg, and Si isotopic properties that are density dependent. Among LD grains,
we find that many have N, 180, 28Si excesses, and high 2°Al1/27Al ratios. Most
HD grains have terrestrial values of N and solar O; contain 2°Si and 3°Si excesses
that correlate with ?C excesses, and smaller 2A1/27 Al ratios. The original N and O
isotopic ratios in the HD fractions are assumed to be diluted by normal N and O. It is
possible that the equilibration processes affecting the N and O ratios also dilute the
Si and Mg isotopes in the HD grains. Curiously, though, these processes appear to
have spared the Ca and Ti isotopic ratios in these grains. Some of the HD grains have
extreme anomalies in Ca and Ti while their Si and Al-Mg anomalies are negligible
in comparison. The s-process neutron capture reactions that cause excesses in Ca
and Ti isotopes should have caused significant Mg and Si anomalies as well. The LD

grains do not exhibit similar extreme anomalies in Ca and Ti.
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4.4 Discussion

Presolar dust grains condense in cooling atmospheres of dying stars. This condensa-
tion could take place either in the ejecta of stellar explosions or in the outflows from
late-type stars. There is an additional constraint for the condensation of C-rich dust
grains: the carbon content in the gas should be greater than the oxygen content, i.e.,
C/O > 1 (Lattimer et al., 1978; Lodders and Fegley, 1992; Sharp and Wasserburg,
1993, 1995). This condition can be satisfied in various stellar sites. The envelopes or
the interior layers of carbon stars or AGB stars, Wolf-Rayet stars, novae, and SNe
all satisfy this condition at some time in their lifecycles. Thus, presolar graphite
grains can have several stellar sources, which are revealed by their complex isotopic
compositions.

Clayton et al. (1999) and Deneault et al. (2003; 2006) theorize that carbonaceous
grains can condense in O-rich (C < O) regions of the ejecta of type II SNe. The
C > O restriction is derived from the assumption that all the available carbon is
locked up in CO molecules when C < O. These authors suggest that CO molecules
are photo-dissociated by gamma rays from the decay of %°Ni and 56Co. This makes
carbon available to condense C-rich grains in an O-rich environment. Such a scenario
certainly circumvents the problem of explaining the presence of 4Ti and ?8Si excesses
in SiC and graphite grains without having to mix the inner, O-rich SN zones with the
outer, C-rich He/C zone. However, Ebel and Grossman (2001) argue that although
graphite might condense at higher temperatures in an O-rich environment, SiC is
not stable under such conditions. Also, the presence of iron-metal phases and TiC
sub-grains in graphite grains that exhibit SN isotopic signatures argues against the
condensation of graphite in a C < O environment (Croat et al. 2003). We do not

consider such a scenario in this paper.
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4.4.1 Nucleosynthetic Sources for Orgueil graphite

The following is a discussion of the possible stellar sources for the graphite grains

whose isotopic ratios are presented in the previous section.

Bona fide supernova grains among the LD and HD density fractions:

Definite evidence of a SN origin is obtained from the presence of **Ti and ?8Si ex-
cesses in graphite (or any presolar) grains. Large excesses of #Ca in grains indicate
the initial presence of radiogenic **Ti. Figure 4.16 shows extremely large **Ca ex-
cesses in six grains, (OR1d4m-8, OR1d4m-9, OR1f2m-1, OR1f2m-25, OR1{2m-38,
and OR1f(1,2)m-067) in comparison to the other Ca isotopes. Two of these grains
belong to the LD fraction while the other four are from the HD fraction. Since neu-
tron capture reactions are expected to produce larger excesses of #>43Ca than of #Ca,
the massive excesses in **Ca seen in the grains in Figure 4.16 are attributed to the
decay of #Ti (112 = 60 a). Figure 4.17a is a schematic diagram of the interior “onion
shell” structure of a massive star (> 8 — 9 M) before its explosion as a type II SN.
The different zones are labeled according to the nomenclature introduced by Meyer
et al. (1995) wherein the different layers are labeled by the most abundant elements
present in the zones. Figure 4.17b shows the internal isotopic structure of such a
15 My SN model given by Rauscher et al. (2002). Titanium-44 is only produced
by a-rich freezeout in the Ni and Si/S zones of Type II SNe (Woosley et al. 1973;
Woosley and Weaver 1995; Timmes et al. 1996). In the Si/S zone, Si exists as almost
pure 28Si, which is the principal product of O-burning. Thus, the initial presence of
HTi and/or large 28Si excesses in grains are a clear signature of a SN origin. The
presence of these isotopic signatures in presolar grains along with others that origi-
nate from the outer layers suggests deep and inhomogeneous mixing of the various
SN layers (Woosley and Weaver 1995; Rauscher et al. 2002) into the SN ejecta where

the grains condense. The *Ti and ?®Si signatures require that material from pre-SN
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zones that experienced Si-, Ne-, and O-burning and are rich in Ni, O/Si, and Si/S,
respectively should be mixed in limitedly with the H- and He-burning zones that are
C rich. A rather large contribution must come from the latter zones to provide C to
the condensation environment and maintain the graphite condensation condition of
C/O > 1. X-ray observations of SN remnants (SNRs) of Cassiopeia A (Hughes et
al. 2000) and SN 1978A (Ebisuzaki and Shibazaki, 1988) have indicated extensive
mixing of SN ejecta. Additionally, hydrodynamic models of SN explosions by Herant
et al. (1994) have predicted that mixing of various SN layers can be initiated by
perturbations between the layers called Rayleigh-Taylor instabilities. Its mechanics
and whether such mixing occurs on a microscopic level are still unclear.

Almost all SiC-X grains and LD graphite grains from Murchison that show evi-
dence of #Ti have large correlated 2®Si excesses (Amari et al. 1992; Hoppe et al. 1994;
1996b; 2000; Nittler et al. 1996; Besmehn and Hoppe 2003). In this study, however,
3 out of 4 HD graphites that contain **Ti do not contain large 28Si excesses (Figure
4.18). The Si isotopic ratios of these grains are believed to be equilibrated similar to
their N and O isotopic ratios. Grain OR1f(1,2)m-067 is depleted in ?°Si and enriched
in 3°Si, and hence does not have a ?8Si excess. The two LD grains, OR1d4m-8 and
OR1d4m-9, contain both **Ti and large 2®Si excesses. In addition to these 2 LD
grains there are approximately 20 more LD grains that have large ?Si excesses but
show no evidence for the initial presence of 4Ti (Figure 4.5a). In later sections, we
will discuss other nucleosynthetic indicators that may or may not provide additional
evidence of a SN origin for these grains. The presence of *Ti and/or ?8Si excesses
however, indicates beyond any doubt that these grains originated in type II SNe. It
is now clear that grains from different stellar sources are found in the low- and high-
density types of graphites, and SN grains are present in both the density fractions of
Orgueil graphites. A similar conclusion was reached from the analysis of Zr and Mo

isotopes in HD graphites from Murchison by Nicolussi et al. (1998b). Several grains
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showed s-process isotopic patterns for Zr and Mo, similar to mainstream SiC grains
that come from AGB stars. These authors also found two grains with extreme %%Zr

excesses that indicate a SN origin for the HD grains.

Sources of the low-density graphites from ORIc (p ~ 1.67 — 1.75 g cm™3) and OR1d

(p~ 1.75-1.92 g cm™3):

Graphites from the LD fraction (KE3) of Murchison were studied extensively by
Travaglio et al. (1999). Based on C, N, O, Mg, Si, K, Ca and Ti isotopic measurements
and theoretical mixing models of SN layers, their work established that most of the
LD graphites from Murchison originate from Type II SNe. A preliminary study of
LD Orgueil graphites based on C, N, O, and Si isotopes also indicated that a large
majority of grains from the LD fractions of Orgueil OR1(c,d) have a Type II SNe
origin (Jadhav et al. 2006). This study presents additional data on LD grains from
Orgueil and the results indicate the same stellar source based on the measured N,
O, and Si isotopic ratios (See section 4.3.1). Most grains from the LD fractions are
enriched in N, 0, and ?8Si. As mentioned in the previous section, 2*Si is produced
in the O/Si and Si/S zones by the O-burning reaction, °0(1%0,a)*Si. Partial He-
burning in the He/C zone produces '*0 via the reaction, "“N(a,v)®F(e™,v)!®O and,
15N is synthesized at the bottom of the He/C zone during explosive nucleosynthesis
by neutrino reactions on O. This zone also contains almost pure '2C that is produced
in vast quantities by the triple-a reaction. Thus, the He/C zone is characterized
by extremely high 2C/!3C ratios and low “N/!N and 0 /'80 ratios. The He/C
zone is one of the three zones in a pre-SN star, along with the He/N and C/O!

zones, that satisfies the C > O condition required for condensation of graphite grains.

!The C/O zone is prominent in the Woosley and Weaver (1995) SN models as a sub-zone of
the O/C zone where the C abundance is larger than the O abundance (just below the He/C zone).
This shows up as a very small region in the Rauscher et al. (2002) models. We refer to the C/O
zone, even though we do not show it in Figures 4.17, 4.19, and 4.20, because it avoids having to add
material from O-rich zones to account for some of the isotopic anomalies observed in a few grains.
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The He/N zone produces °Al by the **Mg(p,7)?®Al reaction. The presence of this
short-lived radionuclide (712 ~ 7.2 x 10° a) is inferred from large *Mg excesses
measured in presolar grains. The largest 2°Al1/27Al ratios are predicted for this zone.
Obviously, these three zones need to be the major contributors to the material from
which SN graphites condense. Although 2%3YSi excesses are produced in the He/C
zone and O-rich zones by neutron-capture reactions, in most SN grains these excesses
are apparently overwhelmed by the ®Si from the Si/S zones. We have observed
very few LD grains with large ?%3%Si excesses. In the He/C zone of a 15 M SN,
the predicted 2?3°Si values are ~ 300%o, while those expected from the inner O-rich
zones are 5,000%0 and 10,000 %o for 2Si and 3°Si, respectively (Woosley and Weaver,
1995). AGB stars produce much smaller excesses of 2*3°Si by n-capture during He
shell-burning. The large excesses in *'K observed in presolar graphite grains are
interpreted to be due to the initial presence of the radioisotope, “'Ca (71,2 ~ 10° a)
(Amari et al. 1996). Calcium-41 is synthesized in the He/C, C/O! and O-rich zones
of a SN by n-capture on “°Ca, resulting in 'Ca/4’Ca ratios on the order of 1073 —
1072 (Wasserburg et al. 1994; Zinner et al. 2006a). In the O/Si (O-burning) zone,
41Ca is created by explosive nucleosynthesis. Figure 4.19 shows model abundances
of the 4041Ca isotopes and *'Ca/°Ca ratios in the interior of a 15 M, pre-SN star
(Rauscher et al. 2002). It is clear that the values at the higher end of the range of
41 Ca/*Ca ratios obtained in the LD grains discussed in Section 4.3.1 can be obtained
from the He/C, C/O' and O-rich zones of a Type IT SN where the *C(a,n)'®*O and
22Ne(a,n)*Mg reactions provide ample neutrons for the production of !Ca (Woosley
and Weaver, 1995). The other Ca isotopes, 4>%3Ca, are also made by n-capture
reactions in the He/C and C/O! zones of a type IT SN. Typically, 3Ca has the largest
excess in the Ca isotopic pattern of a SN grain that shows no evidence for *Ti. Some
of the grains on the LD mount, OR1d4m, were found to have high §424344Ca /% Ca

values that appear to be correlated (Figures 4.11a and b). This trend is consistent
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with the increase in abundance of #>*3Ca at the bottom of the He/C zone of a type
IT SN. This region also has a large abundance of ®N, which is consistent with the
low "N /15N ratios observed in two of the grains (OR1d4m-20 and OR1d4m-16) that
have large §424344Ca values.

The Ti isotopes, 46474950 are also synthesized by n-capture in the He/C zone
where the isotopic pattern shows large excesses in “°Ti and smaller ones in *Ti (Figure
4.20). Note that these excesses are relative to “*Ti, whose abundance decreases in the
He/C zone and is partly responsible for the excesses in this zone. However, extremely
large Ti excesses are predicted for the O-rich zones of a type II SN. The magnitude
of the 4649597 excesses seen in the LD grains can be explained by admixture from
the O-rich and He/C zones of a type II SN to the outer zones, which have normal Ti
isotopic ratios. In Murchison grains with low 2C/!3C ratios (10 — 100), extremely
large *9Ti excesses were attributed to the decay of **V (71,5 ~ 330 days) (Travaglio
et al. 1999).

Thus, presolar graphite grains that formed in SN ejecta are expected to contain
large excesses in 2C, °N, 180, Mg (due to the decay of 26Al), 28Si, 'K (due to
the decay *Ca), *Ca (due to the decay of Ti), Ti and °Ti. Amongst these
signatures of a SN origin, only a few (28Si, **Ti and *°V) are uniquely produced in a
SN. Aluminium-26, 4!Ca, and s-process isotopes can also be produced in AGB stars.
However, the expected ratios of these short-lived radionuclides relative to the the
stable nuclides 2"Al and “°Ca in AGB stars are much smaller. Calcium-41 excesses
from Wolf-Rayet stars are also expected to be small. On the other hand, 26Al/27Al
ratios can be high in Wolf-Rayet stars. Some of the highest 26 A1/27 Al ratios observed
in Murchison KE3 graphites can be accounted for by the expected abundances from
Wolf-Rayet stars (Arnould et al. 1997).

We find the largest 80 excesses in grains with close-to-solar or solar 2C/!3C

ratios (within errors). Since '®O is synthesized by partial He-burning of N in the
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He/C zone of a SN, the grains with O excesses should be accompanied by very high
12C/13C ratios, because this zone contains essentially pure 2C. It is unclear why these
grains are not 2C-enriched.

A majority of the presolar graphite grains from the LD fraction whose isotopic
ratios are discussed in Section 4.3.1 contain some, if not all, the isotopic signatures
that lead us to conclude that most of the LD Orgueil graphites originate from type
IT SNe. In general, among LD grains, there exists a correlation between the °N, 0,
28Si excesses and high 26A1/27Al ratios, indicating that material from the different
layers of a pre-SN star are mixed together during a SN explosion. The mixing has to
be such that the innermost layers must mix to a minor extent with the He/C, He/N
and C/O! layers to supply them with isotopes like, 8Si and *4Ti. In order for graphite
(and other carbonaceous grains) to condense, the C/O ratio of the resultant mixture
of layers has to be greater than 1. This requires selective mixing of the layers. Figure
4.21 shows the results of such a mixing calculation between the different layers for the
LD grain, OR1d4m-3, which strongly indicates a SN origin for this grain. A majority
of the isotopic ratios (C, Si, Ca, and Ti isotopes) measured in grain OR1d4m-3 can
be matched by this mixing giving a resultant mix that is C-rich (C/O = 14.0): a
conducive environment for the condensation of SN graphite grains. Table 77 lists the
mixing percentages from the different zones required to match the anomalies seen in
this grain. Most of the material comes from the He/C zone (~ 80%) with a 15%
contribution from the He/N zone, about 3% from the hydrogen-rich envelope and
< 1% from the Si/S zone. In contrast, the “N/®N, 160 /180 and 26A1/?"Al isotopic
ratios of the grain and the ratios from the mixing calculations do not match very well.
This is because there has to be trade-off while matching the 2C/!3C and '°0/*0
ratios from the He/C zone and the "N/!N and 6A1/?"Al ratios from the He/N
zones. If we choose to match the very high 2C/!3C ratio of the grain, then we get

the results depicted in Figure 4.21. The mix becomes highly N and *O enriched
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— both signatures not seen in this grain. It also does not acquire the high 26A1/27 Al
ratio that is observed in this grain. This is because N and high 26 Al/27Al ratios
originate in the He/N zone of which we can mix only 15%. If we choose to match
the N/N ratio then the *C/*C ratio drops a whole order of magnitude, and the
160 /180 ratio does not increase much and the mix still remains highly ®*O-enriched.
The 26A1/27Al ratio increases enough to match that of the grain. For this to happen
we need almost 70% material from the He/N zone and the remaining comes from the
He/C zone. The He/N zone is 13C-enriched and has a high 26 A1/27Al ratio while the
He/C zone has high ?C/!3C ratios and much lower 26 A1/27 Al ratios. This gives rise to
a negative correlation between these two ratios when any mixing takes place between
the He/C and He/N zones. The SN models cannot account for the high 26Al1/27Al
and 2C/13C ratios seen in some SN grains. A similar problem is encountered when
trying to explain the C and Al ratios observed in SiC-X grains (Yangting et al. 2009).
Further, most mixing calculations carried out to explain the 80 and '°N excesses in
graphite grains give rise to extremely large excesses in these isotopes, as seen above.
Most graphite grains do not exhibit similar extreme excesses in these isotopes. This
leads us to conclude that the N and O ratios in graphite grains are equilibrated to
some extent in the LD fractions and to a much higher extent in the HD fractions,
where the N and O isotopes are found to be completely normal even in SN grains.

We will now discuss a few unusual grains from the OR1d density fraction.

Grain OR1d1m-11 contains large N and 80 excesses (*N /N =69 + 1; 160 /180
= 227 + 45). Tt also has a high 2°A1/?7Al ratio of 0.038 + 0.001. These isotopic
signatures point to a SN origin for this grain except it has a very low 2C/!3C ratio
(6.5), an excess in 3°Si (6*°Si = 260 £ 29 %o) and a depletion in 2°Si (§2Si = — 95 +
20 %o0). The result of a SN layer mixing exercise for this grain is shown in Figure 4.22
and the mix percentages are listed in Table ??. Figure 4.22 shows the isotopic ratios

of this grain compared to a best-fit calculation using the Rauscher et al. (2002) 15
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M, SN model. In this calculation, we have constrained the model to give a >C/!3C
ratio that matches that of the grain. When such a constraint is put on the mixing
calculation, most of the material needed to fit the isotopic anomalies comes from
the He/N zone (99.41%). This gives a C/O ratio of 2.24. The only way to keep
this ratio from falling below 1 was to obtain material from the C-enriched region at
the base of the He/N zone (between mass 3.81 — 4.10 M). However, the dominant
contribution from the He/N zone that has a high *N/N ratio causes the mixture
to be “N-enriched and does not even come close to matching the low N /15N ratio
seen in this grain. This opposite trend in the measured N isotopic value and the
model calculation cannot be explained by equilibration. The much lower ¥O excess
and smaller 2°A1/27Al ratio measured in the grain compared to the values obtained
from the model mixture can be attributed to isotopic dilution. A possible alternative
stellar source for such a grain is a nova (Starrfield et al., 1985; Wiescher et al., 1986;
Woosley, 1986). The “N/¥N ratio of this grain is higher than that predicted for a
typical nova explosion but nevertheless the low 2C/?3C and 0 /0 ratios, the large
30Si excess, and the high 26A1/27 Al ratio indicate a possible nova origin for this grain
(José et al. 2004).

A similar problem arises with grain OR1d4m-8. The low 2C/!3C ratio (~ 14) of
this grain is incompatible with its other SN signatures. The grain shows evidence for
extinet “Ti (*Ti/**Ti = 0.0027 £ 0.0002), has a very high 2°Al/27Al ratio (0.236 +
0.024), and exhibits large excesses in 1¥O (160 /180 = 325 + 6), 28Si (6%9Si = — 232 &
9 %o; 3°Si = — 204 4 12 %0) and *9Ti (6*°Ti = 203 & 10 %o). A mixing of the different
layers of a SN is unable to reproduce the low 2C/3C and '°0/*0 ratios observed
in this grain. Since this grain shows evidence for the presence of **Ti, it has to
have originated from a SN. The low 2C/!¥C ratio, however, presents a problem while
also assigning this origin to grain OR1d4m-8. Grain OR1d4m-1, with the highest

26A1/27Al ratio seen in any graphite grain, also has a low 2C/!3C ratio albeit not
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as low as OR1d4m-8. Nittler et al. (1996) found a graphite grain from Murchison
(KE3c-242) with low a 12C/*3C ratio and a high 26A1/27 Al ratio, but normal N and O
ratios. Another ¥C-enriched SiC grain with a large 28Si excess was found by Nittler
and Hoppe (2005). Both of these Murchison grains show evidence for extinct 44Ti.

Other LD grains with an inexplicable Ti isotopic pattern are OR1d3m-7, OR1d4m-
13, and OR1d3m-23 (Figure 4.23) that have considerable excesses in 4"Ti. Titanium-
47 excesses cannot be explained by n-capture reactions. If the contributions from
the decay of 4"Ca and *"Sc were added, it would give rise to an excess of a few
%o(Travaglio et al. 1999). This Ti isotope, with the largest cross-section, is under-
produced by a factor of 5 according to the galactic chemical evolution models of
Timmes et al. (1995). The nucleosynthetic origin of *Ti is not well understood.
Current SN models are unable to explain large 4"Ti excesses without accompanying
larger excesses in “°Ti, as seen in Figure 4.23. Apart from this *"Ti excess, grain
OR1d4m-13 has a high 26A1/27Al ratio (0.1414 + 0.0011), ¥O (0 /80 = 149 £ 2)
and N (N/N = 161 + 2) excesses — all SN signatures. All other isotopes have
close-to-solar ratios within errors. Grain OR1d3m-7 has a low 2C/13C ratio of ~
11 but all the other isotopic ratios are normal or close-to-normal. All except the Ti
isotopic ratios of grain OR1d3m-23 are close-to-solar (within errors). Similar 4"Ti
excesses have been observed in one graphite grain (KE3d-9) from Murchison (Amari
and Zinner, 1997), and a SiC grain (M11-151-4), also from Murchison (Nittler and
Hoppe, 2005). We also reported a HD graphite (OR1f2m-9) from Orgueil with a
similar large 4"Ti excess (Jadhav et al. 2008).

Recently, ultramicrotomed sections of three LD graphites from this study were
analyzed in a TEM (Croat et al. 2009a; b). Grain OR1d3m-7 was picked for this
study because of its low ?C/13C ratio (11). It also has a considerable *°Ti excess
(0°9Ti = 259 + 97 %0). An OsRu-rich metal subgrain was found within the graphite

grain, suggesting that stars like Sakurai’s object that emit s-process elements- and
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13C-enriched dust (Asplund et al. 1997, 1999), could be plausible sources for the
13C-enriched graphites (Croat et al. 2009b). Similar refractory subgrains were found
in 2 Murchison HD KFC1 graphites (Croat et al. 2005). In addition, two internal
SiC grains were found within OR1d3m-7. We possess TEM data on two other LD
grains with slight N and ®O excesses, and solar *C/13C ratios. Three SiC and
many Ti-rich subgrains were detected in grain OR1d3m-2. The TiC grains lack s-
process element enrichments. A large number of Ti-rich subgrains that contained no
enrichments in the s-process elements but had very high Al contents were found in
OR1d3m-6. In comparison, SiC subgrains were not found in Murchison LD SN grains
nor were such high Al contents seen in the TiC grains. As more grains are analyzed
in the TEM, we expect to be able to better constrain the stellar sources of graphites,

especially those that are '3C-enriched.

Sources of the high-density graphites from ORIf (p ~ 2.02 — 2.04 g cm™3), OR1g (p
~ 204 212 g cm™3), and OR1i ( ~ 2.16 — 2.30 g cm™3):

Previously, HD graphite grains from the Murchison fractions KFB1 and KFC1 were
analyzed with the IMS-3f (e.g., Hoppe et al., 1995). Since HD graphites tend to have
a very low abundance of trace elements, an instrument with a much higher sensitivity
was required to measure Si. The NanoSIMS, with its high detection capabilities,
allows us to measure the Si isotopes in HD graphites with a much higher precision
(Amari et al. 2003, 2004, 2005; Jadhav et al. 2006). There is now increasing evidence
that a large number of HD graphites from Murchison and Orgueil originated in low
metallicity AGB stars. This previous lack of high-precision measurements of the Si
isotopes might also explain why more graphite grains with AGB origins had not been
identified before the previously mentioned NanoSIMS studies.

In general, the HD grains from the density fractions OR1f, 1g, and 1i, are enriched

in 2Si and *°Si. Figure 4.6 is a plot of the §2°Si/?*Si values for the individual grains
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in these density fractions as a function of their *C/!3C ratios. Most of the HD, 3°Si-
rich grains contain isotopically light carbon (Jadhav et al. 2006). Such signatures
are predicted for low-metallicity AGB stars where more 2C and 2%3%Si from the He
shell is dredged up into the envelope during the thermally pulsing phase than in stars
of solar metallicity (Zinner et al. 2006a). Thus, low-metallicity AGB stars are the
most likely source for the HD graphite grains with excesses in °Si and 2C. Such stars
also are predicted to have high C/O ratios and thus, are expected to preferentially
condense graphite grains before SiC grains in their ejecta (Lodders and Fegley, 1997;
Bernatowicz et al. 2006). This is the most likely reason why no SiC grains with high
12C/13C ratios and large 3°Si excesses have been found (Zinner et al. 2006a; Jadhav
et al. 2006).

Observations by Leisenring et al. (2008) and Sloan et al. (2009) of molecular
spectral features of circumstellar dust around AGB stars strengthen this argument.
They find that the abundance of SiC grains in circumstellar dust shells decreases
with decreasing stellar metallicity and is explained by the increasing C/O ratio. Such
a scenario favours graphite condensation over SiC. Dust model calculations of Gail
et al. (2009) also predict that AGB stars with low metallicities (~ 0.3 Zg) should
produce a large fraction of presolar graphite grains.

In Section 4.3.1 we reported that the N and O isotopic ratios in HD graphites were
normal or terrestrial (in case of N) within errors. Such ratios observed in HD grains
of both Murchison and Orgueil cannot be interpreted as an isotopic signature of the
stellar source. The presence of terrestrial N and O in grains with large C anomalies
is puzzling and has been attributed to isotopic exchange or dilution (either in the
laboratory or the solar system). The absence of large N and O anomalies indicates
that in HD graphite these elements might be more easily exchanged than in LD grains
and that the original anomalies might have been extreme. Furthermore, although HD

grains seem to be to equilibrated to a larger extent, LD grains might also be partially
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equilibrated because the anomalies seen in most grains are not as extreme as those
expected from SNe (e.g. Figures 4.21 and 4.22 ), as discussed in the previous section.

Fifteen graphite grains on the OR1f2m mount have very interesting isotopic anoma-
lies. The C, Ca and Ti isotopic ratios of these grains are listed in Table 4.8. The
nucleosynthetic sources of the 7 grains with 2C/*3C ratios less than 20 are discussed
in detail in Jadhav et al. (2008). We will only summarize the results here. We discuss
the possible stellar sources of the remaining 8 grains in more detail below.

Seven graphites from the OR1f2m mount (OR1f2m-1, OR1f2m-9, OR1{2m-29,
OR1f2m-34, OR1f2m-38, OR1f2m-40 and OR1f2m-067) have 2C/13C < 20. Grains
OR1f2m-1, OR1f2m-38 and OR1f2m-067 contain large **Ca excesses that indicate
the initial presence of **Ti. As discussed previously, these three grains definitely
originated from type II SNe. There exists, however, no explanation for their low
12C/13C ratios. Tt is not possible to achieve such low C ratios and still maintain C/O
> 1, by mixing the He/C and He/N zones. A mixing calculation result for grain
OR1f2m-067 that is 13C-enriched is shown in Figure 4.24 and the corresponding mix
percentages are listed in Table 4.9. The relatively low C/O ratio (1.54) calculated
for the mixture while trying to achieve the low 2C/!3C ratio can be obtained by
mixing 99.83% of material from the C-rich region of the He/N zone (between 3.81 —
4.10 Mg) with 0.09% from the He/C zone (See Table 4.9). As seen in the previous
section, this does not allow us to fit the N, O, and Al isotopic anomalies observed in
this grain. This brings us back to the same problem we encountered in the previous
section with He/C — He/N zone mixing that gives very large N and 80 excesses,
and high 2°A1/27 Al ratios. In the Rauscher et al. (2002) models for a 25 M, SN, there
is a large N-spike in the He/N zone that might help with this issue. However, we
hesitate to use this approach because the source of this spike has not been explained
in the literature.

The other four '¥C-enriched grains OR1f2m-29, OR1f2m-40, OR1f2m-34 and
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OR1f2m-9 could have condensed in the ejecta of a born-again AGB star, like Saku-
rai’s object (Asplund et al. 1997, 1999). The large Ca and Ti anomalies observed in
these grains can be matched by those seen in the undiluted He shell of a 2 or 3 M,
AGB star of metallicity, Z = 0.02 — 0.003 (Figure 4.25). Hydrogen burning in sources
like Sakurai’s object can explain the low 2C/!3C ratios, and the large Ca and Ti
anomalies in such grains reflect the composition of the He-rich intershell exposed on
the surface (Jadhav et al. 2008). Stellar evolution models (Herwig et al. 1999; Her-
wig, 2001) of such a star indicate that low mass (2 M) stars that have left the AGB
experience a very late thermal pulse. This He-flash-powered convection zone (rich
in freshly produced '>C) extends into the thin residual H-rich envelope and causes
convective H burning via the CN cycle. This produces *C and reduces the 2C/!3C
ratio. Since the residual envelope has a limited supply of protons, the H is exhausted
before 1*N becomes more abundant than ?C and the envelope continues to remain
C-rich. The convection during the thermal pulse also brings He-shell material rich in
s-process isotopes and H-burning products together and allows them to coexist at the
surface of the star. If such a star were the source of the 3C-enriched grains mentioned
above, we should expect to see similar nucleosynthetic signatures in the grains.
Grain OR1f2m-25 is a SN grain with a large excess in **Ca that indicates the
presence of radiogenic **Ti. This grain is not *C-enriched (*C/¥C = 725) like the
other grains with #/Ca excesses. The result of a mixing calculation for this grain is
shown in Figure 4.26. Most of the isotopic anomalies seen in this grain can be matched
by mixing different layers in the proportions listed in Table 4.8. The resultant C/O
ratio is 6.1. Most isotopic anomalies can be matched by mixing ~ 67% of the material
from the He/C zone, ~ 33% from the H envelope, and ~ 0.1% from the Si/S zone. The
large #Ca excess in Figure 4.26 is a clear sign of the presence of “Ti (See Table 4.7).
Note however, we are still unable to fit the N, O, and Al isotopic ratios. The O and Al

isotopic ratios could have been equilibrated but the N excess is puzzling. Another
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grain (OR1ilm-4) from the highest density fraction (OR1i) exhibits SN signatures:
120, 180, and 28Si excesses. The isotopic ratios of this ?C-enriched grain can be
matched fairly well by mixing material from the He/C zones to that of the Si/S zone
to obtain all the isotopic anomalies.

The Ti isotopic patterns for grains OR1{2m-21, OR1{2m-39 and OR1{2m-33 are
shown in Figure 4.27. The Ca isotopic ratios have large errors associated with the
measurements and are hence not diagnostic in determining the stellar sources of
these grains. All 3 grains have ?C/13C ratios greater than 300, and the Ti isotopic
patterns can be matched with admixtures from the O/C and O/Ne zones of a 15 M
SN (Figure 4.27). The Ti isotopic ratios of the grains are higher than those expected
from AGB stars. These grains exhibit no other SN signature other than those seen in
their Ti isotopic ratios. Grain OR1f2m-39 has a relatively small, inferred *'Ca/*°Ca
ratio (0.0006 £ 0.0004) which is slightly higher than that expected from AGB stars
and could be obtained in SNe. The #Ca/%Ca ratios expected in AGB stars are in
the range of 107% — 1075 (Amari et al. 1996; Gallino et al. 1998; Wasserburg et al.
1995), while the He/C zone in a 15 M, SN has an average 4 Ca/4°Ca ratio of ~ 0.009
(Woosley and Weaver, 1995).

Figure 4.28 shows the Ca pattern for OR1f2m-18 and OR1f2m-068 and the Ti
isotopic pattern for grain OR1f2m-18. Grain OR1f2m-18 has a large “"Ti excess
(647Ti = 2119 + 354 %o), much greater than the °Ti excess, which makes its Ti
isotopic pattern inexplicable as discussed in the previous section. This grain also
has a high *'K/*K ratio of 0.1261 + 0.002 (solar value is 0.072) resulting in a high,
inferred *'Ca/*°Ca ratio of 0.0106 £ 0.0003 that can be obtained in the He/C, C/O!
and O-rich zones of a Type II SN (Figure 4.19). The Ca isotopic patterns of grains
OR1f2m-18 and OR1f2m-068 and the 1*59Ti excesses of OR1f2m-18 can be obtained
by an admixture of the C/O! and O-rich zones to the He/C zones of a Type II SN,

as is demonstrated in Figures 4.28a and b. Grain OR1f(1,2)m-068 also has a large
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29:30Gi excesses (6%7Si = 1341 £ 35 %o; 0°°Si = 896 + 33 %0) and a high inferred
1 Ca/*Ca ratio of 0.0102. Material from the O/C and O/Ne zones can produce such
large Ca and Ti anomalies but adding even a very small percentage of material from
these zones will cause the C/O ratio to be less than 1.

We discussed the problems encountered when mixing the He/C and He/N zones
to obtain the high 26A1/27Al ratios seen in some grains with low 2C/*3C ratios. The
UN /N ratios obtained after such a mix are way too high (e.g. Figure 4.22 and
23) and are not seen in very many graphite grains. In their mixing calculations,
Travaglio et al. (1999) reduced the N contribution from this zone by a factor of 200
by assuming that N is fractionated from other elements during the SN explosion. To
date, very few SN grains with *N excesses have been found. Such grains can form
from a mixture of the He/C and He/N zones of a SN and also contain lower 2C/!3C

29,3081

ratios and large excesses in We found one such grain in the HD fraction

(OR1glm-33) with a high “N/®N ratio (1437 4+ 30) and low 2C/13C ratio (~ 15)
(Figure 4.3b). This grain exhibits normal Si isotopic ratios. Further measurements
of Al-Mg, Ca, and Ti isotopes in this grain will help constrain its source better.
There are four more grains from the HD fractions with slightly elevated N/¥N
ratios (See Figure 4.3b). Three of them are ?C-enriched and could originate from
low-metallicity AGB stars while one is *C-enriched, a signature from the He/N zone
of a SN. High "N /!N ratios and *C-enrichments are also seen in mainstream SiC
grains that almost certainly come from low-mass AGB stars with solar metallicity.
However, it is very difficult to constrain the stellar source on the basis of C and N
isotopes; but if future measurements find the *C-enriched grains also enriched in
s-process isotopes then they could have originated from a star like Sakurai’s object
that has undergone a very late thermal pulse.

Thus, HD graphites from Orgueil seem to have several stellar sources. We have

seen evidence for grains from SNe, graphites from low-metallicity AGB stars, and
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grains that come from a '3C-enriched stellar source (like Sakurai’s object) that also

supplied an abundance of s-process isotopes to the grains.

4.4.2 Comparison with Murchison graphite

Orgueil graphite grains appear to be similar to Murchison graphite in their isotopic
properties. Morphologically, the onion-type grains observed in Orgueil are similar
to the HD Murchison graphites but unlike in Murchison, are abundant in both the
LD and HD fractions. Very few cauliflower grains have been observed in any density
fraction of Orgueil. Another marked and puzzling difference exhibited by Orgueil
graphite is that, unlike in Murchison, the HD Orgueil grains are, on average, much
larger than the HD Murchison grains. Orgueil HD grains range up to 35 pm in
diameter while the largest grain found in the Murchison HD fractions has a diameter
of 12 pm, but most are smaller than 2 ym (Hoppe et al., 1995).

The lack of a large range of N anomalies is a common trend in the graphites
from both meteorites (Hoppe et al., 1995). In the KE3 fraction (1.65 — 1.72 g cm™3)
from Murchison, about a third of the grains are SN graphites. The abundance of
18(O-rich grains decreases with increasing density and, in fact, grains with isotopically
heavy O have not been observed in the highest Murchison density fraction KFC1
(2.15 — 2.20 g em™3). A similar trend is observed in the abundance of O enriched
grains in the density fractions of Orgueil. Recent NanoSIMS analysis of HD graphite
grains (KFB1) from Murchison (Amari et al. 2005) indicate that they also have 3°Si
excesses similar to the ones seen in the HD Orgueil (OR1f, 1g, and 1i) grains and
they are thus believed to have originated from low-metallicity AGB stars. There is
no Ca and Ti isotopic evidence for Murchison graphite grains from born-again AGB
stars, like the ones discussed by Jadhav et al. (2008). However, a population of *C-
enriched grains exists in all the density fractions of Murchison as well. Additional

isotopic measurements on these 13C-enriched graphites from Murchison will be needed
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to constrain their stellar sources better.

4.4.3 Unresolved issues

a) Supernova models produce very large O and N excesses, and very high 26A1/27Al
ratios that are not observed in most grains, whereas isotopic ratios of other elements
seem to fit SN models reasonably well. The relatively small excesses obtained in
the grains points to the fact that the N, O, and Mg isotopes may not be completely
equilibrated. This equilibration could occur in the laboratory or in the parent body.
Also, for some reason this isotopic dilution is more pronounced in the HD graphites
compared to those from the LD fractions. The exact mechanism for such a dilution
process needs to be investigated.

b) There seems to be a clear distinction between the sources for low-density and
high-density graphites from Murchison. Apart from a few exceptions, LD grains are
mainly SN grains while the HD grains originate in low-metallicity AGB stars. This
distinction breaks down as we analyze more and more presolar graphite grains from
Orgueil. The separate stellar sources for the high- and low-density fractions could be
an inherent property of presolar graphite grains in meteorites or an artifact. Every
density fraction of Orgueil contains a large amount of the macromolecular carbon
that was mentioned in Section 4.2.3. Most graphite grains are found embedded in
this material. It is entirely possible that grains from different densities remain em-
bedded in this carbonaceous material and were not separated completely during the
density separation. Since the average density of a fraction is measured, a few grains
with different densities could be mixed in with the others (Remusat L., pers. comm.),
making the density separates imperfect. The presence of this macromolecular carbon
in all the density fractions of Orgueil graphites also makes it difficult to carry out
meaningful abundance calculations of presolar graphite grains from Orgueil because

grains embedded and hidden in this IOM will not be included in the calculations.
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It is essential to study the structure and composition of this macromolecular carbon
to further refine the chemical separation procedure used to extract presolar graphite
grains from meteorites, especially those similar to Orgueil that are very rich in organ-
ics. Of course, the IOM is unique in its own right and must be studied from different
types of meteorites in order to determine and interpret the range of compositions
observed (e.g. Alexander et al. 2007).

c) Isotopic studies of the subgrains found within graphites similar to the one
carried out by Stadermann et al. (2005) are very important to establish the exact
nature and source of the isotopic anomalies seen in these grains. For example, most
Ti measured in the graphites is found in subgrains (Figure 4.13) while Ca is uniformly
distributed in the host grain. The parent grain and the subgrain could have formed
under completely different condensation conditions and the Ca and Ti anomalies we
find in a single grain could represent distinct layers from the stellar source. Such a
scenario is not considered when the stellar sources of the grains are discussed based
on the isotopic ratios measured in the parent grain alone.

d) We found grains in the HD fraction (OR1f) with extremely large Ca and Ti
anomalies but almost normal N, O, Mg, and Si isotopic ratios. Neutron-capture
reactions that affect the Ca and Ti isotopes should have also affected the Mg and
Si isotopes considerably. The nature of the equilibrating processes that affect only
Mg and Si isotopes, and not Ca and Ti isotopes needs to be identified and better
understood. Sources of possible contamination also need to be identified as they
make identifying stellar sources of these grains very complicated (e.g. Barzyk et al.

2007).

4.5 Summary

Presolar graphite grains from Orgueil have multiple stellar sources. In this study,

we presented isotopic evidence for graphite grains from supernovae, low-metallicity
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AGB stars, and born-again AGB stars. Sakurai’s object-type stellar sources seem to
be a likely nucleosynthetic source of grains with low 2C/!3C ratios. Further isotopic
studies are required to determine the exact nature of this source. Extensive correlated
isotopic measurements are planned for a large fraction of the grains that remain
intact after the SIMS analyses presented in this paper. Resonant ionization mass
spectrometry (RIMS) analyses of Mo, Zr, Sr, and Ba isotopic ratios (e.g., Nicolussi
et al., 1997; 1998 a; b; c) are planned and will be essential to completely characterize
these grains and constrain their stellar sources. Raman spectroscopy and TEM studies
of these grains will help elucidate the chemical environments in which these grains
condensed and determine the structural differences between Murchison and Orgueil
graphites.
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OR1d3m-18
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OR1d3m-6 OR1d3m-3

Figure 4.1 Secondary electron images of graphite grains from Orgueil taken with the
Auger Nanoprobe. There is a distinct lack of cauliflower grains among the Orgueil
density separates. Grain names and diameters (in gm) are indicated for the individual
grains.
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Figure 4.2 The distribution of '2C/!3C ratios of the graphite grains in different density
fractions from Orgueil. These ratios are compared to the C ratios measured in the
atmospheres of carbon stars (Lambert et al. 1986). The solar *C/*C ratio is ~ 89
and is indicated by the dashed lines.
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Figure 4.3 (a) Carbon and nitrogen isotopic ratios for the LD graphites from the OR1c
and OR1d fractions. (b) ?C/13C and "N /!N ratios measured for the HD graphites
from the OR1f, OR1g, and ORI1i fractions. Dashed lines denote solar isotopic ratios
(12C/13C ~ 89; "N/N ~ 272). Error bars are 1 0.
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Figure 4.4 (a) Carbon and oxygen isotopic ratios for the LD graphites from the OR1c
and OR1d mounts. (b) 2C/13C and %0 /!®0 ratios measured for the HD graphites
from the OR1f, OR1g and OR1i mounts. Dashed lines denote solar isotopic ratios
(2C/13C ~ 89; 160 /180 ~ 499). Error bars are 1 o.
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Figure 4.5 Three-isotope plots of the Si ratios measured in graphite grains from (a)
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Figure 4.7 Three-isotope plots of the Mg ratios measured in graphite grains from the
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Figure 4.19 Model abundances of 40:414243:44Ca and the 4! Ca/*°Ca ratio in the interior
of a 15 My SN (Rauscher et al., 2002)
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Figure 4.21 Isotopic ratio comparisons between the measured grain OR1d4m-3 with
a high 2C/!3C ratio and that predicted by mixing different layers of a 15 My SN
(Rauscher et al. 2002). All the ratios are normalized to solar values except the
26 A1/27Al ratio. The C/O ratio of the resultant mixture is also indicated.
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Figure 4.22 Isotopic ratio comparisons between measured grain OR1d1m-11 with
a low 2C/13C ratio and that predicted by mixing different layers of a 15 M, SN
(Rauscher et al. 2002). The mixing calculation was constrained to produce the low
12C/13C ratio measured in the grain. All the ratios are normalized to solar values

except the 26 Al/27Al ratio.
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Figure 4.23 Ti isotopic pattern indicating a 4"Ti anomaly found in a LD graphite
grain. The #°Ti excess can be explained by admixture of material from O-rich zones
to the He/C zone, but the source of the *"Ti excess is unknown (Woosley and Weaver,
1995).
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Figure 4.24 Isotopic ratio comparisons between measured grain, OR1{(1,2)m-067,
with a low 2C/13C ratio and that predicted by mixing different layers of a 15 M
SN (Rauscher et al. 2002). The mixing calculation is constrained to produce the low
12C/13C ratio measured in the grain. All the ratios are normalized to solar values
except the 26A1/27Al ratio. The C/O ratios of the resultant mixture is also indicated.
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Figure 4.25 Ca isotopic pattern for grains, OR1{2m-29 and OR1{2m-40, compared to
those predicted for the He shell of 2 M, (Z = 0.003 — 0.02) and 3 M (Z = 0.02)
AGB stars (Gallino et al. 1998). The predicted anomalies are scaled down by the
factors indicated.
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Figure 4.26 Isotopic ratio comparisons between the measured grain (OR1{2m-25)
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Figure 4.27 The Ti isotopic patterns of 3 12C-enriched HD grains can be matched by
the patterns seen in the O/C and O/Ne zones of a type II SN (Woosley and Weaver,
1995). The anomalies in the zones are reduced by appropriate factors as indicated.
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Figure 4.28 Ca and Ti isotopic patterns of HD grains can be obtained by mixing C/O*
and O-rich zones to the He/C zone (Woosley and Weaver, 1995). Grain OR1{2m-18
has a large 4"Ti excess whose source is unknown.
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Table 4.1: Different density fractions of Orgueil and the grain

mounts analyzed

Density  Density Density Mounts analyzed Number of
fraction  type (g em™3) grains analyzed
OR1b LD 1.59 -1.67 OR1blm 22

ORI1c LD 1.67 - 1.75 OR1clm 7

OR1d LD 1.75-1.92 ORI1d(1,2,3,4)m 128
ORI1f HD 2.02 - 2.04 OR1df(1,2)m 109
ORI1g HD 2.04 -2.12 ORl1glm 52

OR1h HD 2.12 - 2.16 OR1hlm 18

ORI1i HD 2.16 - 2.30 OR1lilm 9

NOTE: LD = low-density graphite grains; HD = high-density graphite grains
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Table 4.2 A list of measurement phases, type of primary beam used to collect the secondary ions detected in parallel (phases 1
— 3) and combined mode (phases 4 and 5), and the isotopic ratios measured for the different density mounts of graphite grains

from Orgueil

Measurement Primary Secondary ions detected Isotopic ratios measured Mounts measured
phase beam
la Cs™ 12¢—, 13C—, 160, 180~ 12¢/13¢, 160 /180 ORI1(b,c,d,f,g,h,i)1m
1b Cs™ 12¢—, 13C—, 120N, 12CPN— 12¢/13C, UN/1°N OR1d2m, OR1f2m
lc Cs™ 2¢=, 1BC—, 288i—, 29Gi—, 30Si~ 12¢ /130, 2981 /2851, 30Si/28Si OR1d(3,4)m
2a Cs™ L2oMN—, 12015N—, 28Gi—, 29Gi~, 30Gi~ LAN/15N, 29Gi/288i, 30Si/28Si ORI1(c,d,f,g,i)1m
2b Cs™ 60—, 180~, 285i—, 29Gi—, 30Si~ 160 /180, 2951 /2851, 30Si/28Si OR1d2m, OR1{2m
2c Cs™ R2CUN~= 12C15N—, 160, 180~ 4N /15N, 160/180 OR1d(3,4)m
3 (O 120+ 24\Mgt, BMgt, 26Mgt, 27A1T Mg/** Mg, °Mg/** Mg OR1(d,f)1m; OR1d(2,3,4)m; OR1{2m
4 O~ 3K+, 4Kt 43Cat 4K /39K, 42Ca/*0Ca, 43Ca/*°Ca, 44 Ca/*°Ca OR1d(2,3,4)m; OR1f2m
1QC+, 4()Ca+7 420214»7 44Ca+, 48yt

5 O~ 46Ti+, 48Ti+7 50+ 46Ti/48Ti7 47Ti/4STi, 49Ti/48Ti7 50Ti/48Ti

47Ti+, 49Ti+, 51V+
120-5—7 4OCa+7 48Ti+, 50Ti+7 52Cl"+

OR1d(2,3,4)m; OR1{2m




Table 4.3: C, N, O, and Si isotopic ratios of graphite grains from Orgueil with

large N, O, and Si anomalies discussed in Sections 4.3.1 and Figures 4.3-4.5.

(Errors are 10)

Grain Type 2¢/13¢ MN/15N 160 /180 52981 /2881 (%o)  §30Si/28Si (%o)
Solar ratio 89 272 499 0 0
OR1clm-6 LD 158.1 + 2.3 135.2 £ 2.3 127.3 £ 2.2 10 + 12 9417
OR1clm-7 LD 78.5 £ 1.1 272.8 + 7.3 3914 & 7 ~T7+19 —6 4 24
OR1d1m-2 LD 60 £ 0.5 139.7 + 1.6 97 + 3.6 ~295 + 10 ~ 385 + 11
OR1d1m-3 LD 25.1 £ 0.2 139.7 £ 1.6 1185 £ 4.4 ~189 £+ 8 ~224 49
OR1d1m-8 LD 72.9 + 0.6 2372+ 3 196.7 + 8.2 54 + 12 49 £ 15
OR1dlm-11 LD 6.5+ 0 69.3 £ 1.1 2221+ 10.6 —95 + 20 260 4 29
OR1d1m-17 LD 117.5 £ 1.1 54.5 + 0.8 86.8 + 4.8 78 + 18 ~290 £ 17
OR1d1m-20 LD 446 + 4.9 747 £ 1.4 169.5 + 7.4 ~ 62 %+ 42 —~90 + 49
OR1d1m-21 LD 879.8 + 9.7 154.8 + 2.2 97.8 +4 ~309 £ 19 ~ 572 + 18
OR1d1m-22 LD 89.8 £ 0.7 174.8 £ 2.5  507.4 £ 23.7 —18 + 50 32 + 61
OR1d1m-24 LD 150.1 + 1.2 17.4 4+ 0.6
OR1d1m-26 LD 508.8 & 5.3 159.8 £ 3.1  408.9 + 14.7 —~30 + 39 ~ 257 + 39
OR1d1m-30 LD 9.7+ 0.1 284.4 + 6 364 4+ 18 - 28+ 15 ~31418
OR1d1m-31 LD 123 £1 172.8 £2.1 1894 £ 7.8 68 £ 17 —162 £ 18
OR1d1m-34 LD 169.8 + 1.7 158.8 + 2 16.2 4+ 0.2 ~249 4+ 7 483+ 7
OR1d2m-2 LD 546.1 &+ 7.9 2342 4+ 3.5  294.9 4+ 3.7 ~7+8 ~61+9
OR1d2m-6 LD 1174 £1.7 2471422 1702 £ 1.9 ~90+6 ~ 135+ 6
OR1d2m-9 LD 118.9 + 1.7 203.4 4+ 1.9 68 + 0.7 ~295+ 5 — 457 + 4
OR1d2m-12 LD 93.2 £ 1.3 2083 4+ 2.3  351.7 4.1 ~13+7 ~7948
OR1d2m-18 LD 76.5 £ 1.1 239.2 4+ 2.1 378.7 + 4.2 ~37+6 ~5247
OR1d2m-19 LD 39.1 £ 0.5 116.7 + 1.1 59.2 + 0.6 -85+ 6 ~110 £ 7
OR1d2m-20 LD 37.2 £ 0.5 214.1 4+ 3.3 2253 + 26 ~ 6147 - 78438
OR1d2m-23 LD 31.3 £ 0.4 66.4 £ 0.9 33.3 £ 0.4 ~85+8 ~128+ 9
OR1d2m-24 LD 121.1 + 1.7 2347+ 2.3 4174+ 4.8 ~13 47 ~22438
OR1d2m-30 LD 94.5 £ 1.3 1951 £ 1.9 3742 £4.3 ~59+6 ~86+ 7
OR1d2m-35 LD 6.3+ 0.1 246.7 4 2.8 406.4 + 5 ~294 7 ~42 48
OR1d2m-42 LD 97.4 £ 1.4 194.1 + 2.1 59.4 + 0.7 ~38+7 ~ 5548
OR1d3m-2 LD 115.4 + 0.7 1823 +£ 1.8 4352+ 7.9 4410 -33 £ 12
OR1d3m-5 LD 2477.9 + 16 238.7+4  535.6 £ 17.5 — 64 + 21 136 + 28
OR1d3m-6 LD 126.7 £ 0.7 21834+ 1.6  436.6 + 7.9 ~9+3 ~-6+3
OR1d3m-14 LD 92 + 0.6 2724 4+ 1.4 5278 £ 11.5 — 45 + 49 ~ 79 + 57
OR1d3m-16 LD 49.9 £ 0.3 256.3 & 4.3 142 + 3.1 ~2246 ~11£8
OR1d3m-17 LD 91.7 £ 0.5 22934+ 1.8  516.1 + 9.2 -~ 55+ 10 - 99 + 12
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Table 4.3 — continued from previous page

Grain Type 2¢/13¢ MN/15N 160 /180 §298i /2881 (%o)  §30Si/28Si (%o)
OR1d3m-18 LD 75.9 £ 0.4 2175+ 1.8 286.4 %+ 5.4 ~89+9 ~102 £ 11
OR1d3m-20 LD 72.9 £+ 0.4 227.6 + 1.7 208.6 + 5 —40 + 4 ~55 45
OR1d3m-24 LD 93.1 £ 0.5 1423 £ 1.1 2992 £5.3 45 £ 19 —172 £ 19
OR1d3m-27 LD 95.8 + 0.6 2143 +£1.3 3282+ 54 —4+12 - 76 + 14
OR1d4m-1 LD 64.4 + 0.6 72.7 £ 0.6 144.4 + 2.1 —451 £ 5 —~ 660 + 5
OR1d4m-3 LD 22791 +22.9 2489 4 4.3 56.6 & 0.7 ~-8+19 ~ 261 + 20
OR1d4m-4 LD 58.1 £ 0.6 19714+ 1.3 197.1 £ 2.2 - 143 +8 ~164 + 11
OR1d4m-7 LD 117 +£ 1.1 245.5 + 2.8 295.4 + 4.5 ~ 156 + 14 ~169 + 18
OR1d4m-8 LD 14.3 + 0.1 2481 +£29 3247 +55 ~232+9 —~204 + 12
OR1d4m-9 LD 110.6 + 1.1 259.3 + 2.5 4444 4+ 6.4 ~ 111+ 11 ~132+15
OR1d4m-10 LD 108.6 + 1.1 244.8 + 4 145.2 4+ 2.3 18 + 12 — 45+ 15
OR1d4m-13 LD 106.7 £ 1 161.3 + 1.6 149 + 1.6 ~54 + 11 —~56 £ 15
OR1d4m-14 LD 22.9 4 0.2 168.4 + 1.3  250.8 £+ 3.6 -~ 108 + 10 —~ 142 + 13
OR1d4m-16 LD 103.9 + 1 182.6 + 1.4  113.1 £ 1.2 ~-5949 -27 £+ 12
OR1d4m-18 LD 89.6 & 0.9 274 +£ 2.8 535.3 + 11.6 - 80+ 14 84 + 19
OR1d4m-20 LD 27.2 £ 0.3 165.5 + 2.4 29.8 + 0.3 —230 & 13 ~341 £ 15
OR1flm-5 HD 13.5 £ 0.1 570.6 £ 15.1  518.8 + 11.2 25 4 22 4425
OR1flm-067  HD 3940 50.7 £ 0.8 499.9 £ 11.3 — 325 + 18 235 4 30
OR1flm-068  HD 245.1 £+ 2.5 87 + 1.3 511.8 4+ 9.6 1341 + 35 896 + 33
OR1flm-70  HD 158.4 + 1.6 149.5 £ 2.4 505.9 + 17.6 1043 + 34 916 + 36
OR1f2m-25  HD 743.1 £ 2.2 463.9 £ 13  530.9 &+ 10.5 -30+19 - 90 + 23
OR1f2m-29  HD 9.8+ 0 412 + 6.1 524.7 + 9.1 ~34+19 —65 £ 25
OR1f2m-067  HD 3.9+0 50.7 £ 0.8 499.9 + 11.3 - 325 +18 235 4 30
OR1f2m-068  HD 245.1 + 2.5 87 £ 1.3 511.8 + 9.6 1341 £ 35 896 + 33
OR1glm-33  HD 145+ 0 1437 £29.9  522.8 + 58.4 — 14 + 42 ~13 £ 50
OR1ilm-4 HD 33624+ 1.6  475.3 £ 10.2  408.9 + 9 —~ 168 & 10 —292 £ 10
OR1ilm-6 HD 6.1+0 358.7 £ 8.2  484.6 + 6.8 39 + 10 37 £ 11
OR1ilm-8 HD 243.6 + 1.4 3742+ 16 4895 + 5.5 48 £ 13 107 £ 16
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Table 4.4: Mg isotopic compositions and the inferred 26Al1/27Al

ratios for LD and HD grains from Orgueil (Errors are 1o and *

denote upper limits)

Grain Label ~ Type §2°Mg/?*Mg (%0) 25Mg/?*Mg (%o) 6A1/27AL
OR1d1m-17 LD 30 £ 13 1853 £ 39 0.04569 + 0.00096
OR1d1m-11 LD 227 + 45 4769 £+ 129 0.03831 £+ 0.00104
OR1d1m-8 LD 38 £ 22 520 £ 27 0.00789 £+ 0.00041
OR1d1m-3 LD 2+19 144 + 20 0.00287 + 0.0004
OR1d1m-18 LD -12 £ 17 47 £ 18 0.00035 + *
OR1d2m-19 LD 1247 £ 16 130001 + 458 0.32589 + 0.00115
OR1d2m-30 LD 121+ 7 22724 £ 76 0.26661 + 0.0009
OR1d2m-42 LD 542 £ 59 340343 + 4586 0.21076 + 0.00284
OR1d2m-9 LD 366 + 10 45637 £+ 169 0.20882 4+ 0.00077
OR1d2m-23 LD 288 £ 40 63341 £ 776 0.16347 + 0.002
OR1d2m-18 LD 1123 £ 21 104527 £ 479 0.16117 4+ 0.00074
OR1d2m-6 LD 111+ 7 8642 + 35 0.0988 £ 0.0004
OR1d2m-32 LD 909 + 32 131638 £ 940 0.08453 + 0.0006
OR1d2m-20 LD 24 £6 4760 £+ 22 0.044 £+ 0.0002
OR1d2m-35 LD 54 + 21 13125 £+ 128 0.02866 + 0.00028
OR1d2m-2 LD -10 £ 15 469 + 19 0.00811 £ 0.00033
OR1d2m-12 LD -8+ 20 3342 £+ 51 0.00794 £+ 0.00012
OR1d2m-8 LD 4+6 276 £ 6 0.00476 + 0.0001
OR1d2m-24 LD 3+7 388 £ 8 0.00173 + 0.00003
OR1d2m-39 LD -31+£22 62 £+ 22 0.00020 + *
OR1d3m-27 LD 391 £ 7 7649 + 32 0.038 £+ 0.00016
OR1d3m-20 LD 38 £ 16 4138 £ 71 0.03778 + 0.00065
OR1d3m-17 LD -16 £ 15 1314 £ 32 0.02534 £+ 0.00062
OR1d3m-24 LD 23 £+ 40 6643 4+ 156 0.01322 4+ 0.00031
OR1d3m-2 LD -31+15 260 + 18 0.00378 £+ 0.00026
OR1d3m-16 LD -13 £ 17 710 £ 26 0.00251 £+ 0.00009
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Table 4.4 — continued from previous page

Grain Label ~ Type §%°Mg/?*Mg (%0) 25Mg/**Mg (%o) ZA1/27AL
OR1d3m-15 LD -18 £ 17 79 £ 17 0.00108 + *
OR1d3m-6 LD -9£21 453 £ 27 0.00098 £ 0.00006
OR1d3m-4 LD -3 +£16 216 + 18 0.00095 £ 0.00008
OR1d4m-20 LD 1824 + 46 3233134 £ 28488  0.69276 + 0.0061
OR1d4m-1 LD 87 £ 19 83834 £ 618 0.62035 £+ 0.00457
OR1d4m-16 LD 1+ 18 613264 + 4273 0.57218 £ 0.00399
OR1d4m-8 LD 2+ 26 40367 £+ 416 0.23546 + 0.00243
OR1d4m-13 LD 79 + 21 89976 £ 702 0.14137 £ 0.0011
OR1d4m-4 LD 27 + 12 24650 £ 141 0.12086 £ 0.00069
OR1d4m-3 LD —44 £ 15 10147 £ 83 0.10378 £+ 0.00085
OR1d4m-10 LD - 43 £ 15 2449 + 33 0.07776 + 0.00105
OR1d4m-14 LD 69 £ 9 1398 £ 15 0.06937 + 0.00072
OR1d4m-7 LD 48 £ 13 2505 £ 28 0.06483 £+ 0.00072
OR1d4m-19 LD —45 +£ 17 6219 + 64 0.02872 + 0.0003
OR1d4m-9 LD —-15 £ 16 1779 £+ 29 0.01052 4+ 0.00017
OR1{2m-067 HD 1£78 1593 £+ 140 0.00973 £+ 0.00086
OR1f2m-38 HD -6 £ 42 336 £ 49 0.00047 £+ 0.00007
ORI1{(1,2)m-08 HD —45 £ 19 52 £ 19 0.0002 £ 0.00007
OR1f2m-25 HD 18 £ 15 47+ 14 0.00014 £+ 0.00004
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Table 4.5: K isotopic ratios and inferred *'Ca/°Ca ratios of

graphite grains from Orgueil (Errors are 10)

Grain Label Type K /39K 41 Ca/MCa (x1073)
Solar 0.072
OR1d3m-1 LD 0.07414 + 0.00086 5.15 £ 1.94
OR1d3m-20 LD  0.07385 £ 0.00085 1.39 + 0.58
OR1d4m-10 LD  0.10591 £ 0.00135 9.43 £ 0.30
OR1d4m-1 LD  0.07896 £+ 0.00090 2.90 £ 0.36
OR1d4m-20 LD  0.07696 £+ 0.00089 2.89 £ 0.51
OR1d4m-7 LD  0.07480 £ 0.00078 1.61 + 0.45
OR1d4m-16 LD  0.07425 £ 0.00078 0.37 £0.14
ORI1f(1,2)m-068 HD  1.00093 + 0.00716 10.18 4+ 0.04
OR1f2m-18 HD  0.12613 +£ 0.00191 10.65 £+ 0.29
OR1f2m-25 HD  0.09429 + 0.00085 5.98 £ 0.18
OR1f2m-9 HD  0.08031 £ 0.00184 2.26 £ 0.42
ORI1f(1,2)m-038 HD  0.07471 4+ 0.00146 1.28 £+ 0.61
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Table 4.6 C, Ca and Ti isotopic ratios of LD graphite grains from OR1d

41Ca/*Ca  §*2Ca/4Ca §*3Ca/*Ca  §**Ca/*%Ca  MTi/*8Ti  §OTi/®Ti  &7Ti/®Ti  6*9Ti/*Ti  6°°Ti/*®Ti
Grain 2o/13¢ (x1073) (%0) (%0) (%0) (x1073) (%0) (%0) (%0) (%0)

OR1d3m-2 115 a 36 + 17 71+ 25 35+ 17 ¢ ~25+42 53 +31 1597 + 85 b
OR1d3m-5 2478 a 5422 154 4 43 222 + 22 ¢ -507 £ 151 — 21 4+ 318 138 + 280 b
OR1d3m-6 127 a -5+ 16 ~134+20 ~ 6+ 16 ¢ ~394+36 21 +21 396 + 19 259 + 97
OR1d3m-7 11 a 37 + 18 28 + 27 58 + 18 ¢ 235+ 66 367+ 56 383 +59 b
OR1d3m-14 92 a ~7+15 ~324 18 -5+ 16 ¢ 157 £44 171 +£28 176 + 24 185 + 22
OR1d3m-18 76 a 4+19 52 + 31 29 + 18 ¢ 61 +40 26420 479 + 20 144 4 38
OR1d3m-20 73 1.4 4 0.6 8+ 16 41 + 21 40 + 17 ¢ 237 +£49 173 +£28 525+ 30 b
OR1d3m-23 92 a 3+16 12 + 23 3+16 ¢ 280 + 64 341 £51 104 + 47 b
OR1d3m-24 93 s -2+ 16 4+ 22 -9+ 16 ¢ -9+ 38 3+ 23 1360 + 37 b
OR1d3m-25 100 s ~124+416 -234+16 ~13+16 ¢ 135 + 43 81 + 23 628 + 37 b
OR1d3m-27 96 a ~2417 51 4 27 - 11+ 16 ¢ 35 4 42 32430 1326 + 60 b
OR1d4m-3 2279 a 156 + 22 417 + 52 60 + 11 ¢ ~16+8 -~ 142+4 679+ 11 186 + 12
OR1d4m-8 14 a 23 + 31 60 + 69 1376 £ 27 6484005 -34+8  -82+6 203+ 10 b
OR1d4m-9 111 a 43 + 26 125+ 59 1460 £ 22 7.614+0.05 -1614+13 135+ 13 199 + 25 b
OR1d4m-10 109 94+03 477 +34 15344+ 96 1854 17 ¢ 944+ 52 174+ 41 984 + 91 b
OR1d4m-13 107 a ~114+16 ~114+31 21 +8 ¢ ~20+31 241 + 38 98 4 42 b
OR1d4m-14 23 a 14 + 18 139 + 39 131 + 10 ¢ -~ 108+ 11 66+ 12 358 + 26 b
OR1d4m-16 104 0.4+ 0.1 71+ 10 202 + 18 1+4 ¢ ~574+16 ~55+16 587 + 36 b
OR1d4m-19 9 s - 11+ 8 22 + 13 76+ 3 ¢ ~196 £38 - 135+38 81 +54 b
OR1d4m-20 27 29405 103 + 27 314 + 65 26 + 14 ¢ d d d d

Note: Errors are 1 o; § values are deviations from solar ratios per mil.
2 The Ca/K ratios for these grains were very low, making it impossible to derive a meaningful 4! Ca/*°Ca ratio from the 'K excess.
b Not reported, because the *°Cr contribution to the ion signal of these grains was calculated to be ~ 60 %, increasing the uncertainty of the results.
¢ Did not derive 4Ti/*®Ti ratios for these grains because the §4*Ca/°Ca values are comparable to the §*2Ca/4°Ca and §**Ca/4°Ca values.
4 Not measured because of very low Ti signal.



Table 4.7: §**Ca values and inferred *4Ti/*®Ti isotopic ratios of

graphite grains from Orgueil (Errors are 1 o)

Grain Type 0%2Ca/%Ca §*3Ca/4%Ca  §**Ca/°Ca 44y /48Ty

(%0) (%0) (%0) (x107?)
OR1d4m-8 LD 23 £ 31 60 £ 69 1376 £ 27 6.481 + 0.050
OR1d4m-9 LD 43 £+ 26 125 £ 59 1460 £ 22 7.612 + 0.048
OR1f2m-1 HD — 152 £ 96 156 £ 239 6018 £+ 203 0.440 + 0.004
OR1f2m-25 HD 93 £+ 22 90 + 42 1584 + 26 2.376 + 0.010
OR1f2m-38 HD - 118+ 177 —602 £ 274 51886 £ 1499 1.837 £ 0.011
OR1f(1,2)m-067 HD 63 £ 52 15 + 107 3767 £ 77  1.767 £ 0.010
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Table 4.8 C, Ca and Ti isotopic ratios of HD graphite grains from OR1f

“Ca/PCa §*2Ca/%0Ca §*3Ca/*Ca  §**Ca/*Ca 447y /48T 46Ti/48Ti  SYTTi/ATi §9Ti/*8Ti §°0Ti/*8Ti
Grain 12C/13C  (x1073) (%0) (%0) (%0) (x1073) (%0) (%0) (%0) (%0)
ORI1f2m-1 14 a — 152 £ 96 156 + 239 6018 £ 203  0.440 + 0.004 —-15 £ 8 -28+9 161 + 11 44 £ 15
OR1f2m-9 18 23404 16028 + 316 27641 4+ 805 9396 £ 151 c 35032 4 4432 1376 £ 371 2278 4 298 32827 + 4594
OR1f2m-13 836 a 77 + 48 142 + 104 157 + 30 c 613 + 116 318 £ 129 966 + 209 b
OR1f2m-18 1545 10.6 + 0.3 992 + 58 4057 + 201 2042 + 46 c 522 4 98 2119 + 354 2648 + 204 b
OR1f2m-21 472 a — 42 + 46 48 + 103 - 13 + 28 c 387 4 66 80 + 59 679 & 123 1722 4 337
OR1f2m-22 94 a ~-74+4 6+8 542 c 446 + 31 413 + 32 482 + 39 472 + 46
OR1f2m-25 743 6.0 + 0.2 93 + 22 90 + 42 1584 + 26 2.376 £ 0.010 58 £ 5 -32412 754 £ 20 214 4 23
OR1f2m-29 10 a 1451 + 50 1628 + 100 540 + 24 c d d d d
OR1f2m-33 574 a -5+ 58 9 4 122 104 + 37 c 477 + 24 97 + 27 1237 + 38 2621 + 296
OR1f2m-34 9 a 5064 + 60 7410 + 146 2179 + 25 c d d d d
OR1f2m-38 4 a ~118 £177 - 602 £ 274 51886 & 1499  1.837 4 0.011 77 £ 12 - 98 + 15 125 + 6 242 £+ 6
OR1f2m-39 332 a 21 + 38 ~30 £ 79 19 + 22 c 285 + 100 78 £ 179 614 4 64 4224 + 1568
OR1f2m-40 11 a 3375 + 65 3662 + 138 554 + 22 c d d d d
ORI1f(1,2)m-065 546 a 340 4 120 294 + 252 26 + 63 c 1180 + 30 310 £ 20 1798 4 37 7416 + 154
OR1f(1,2)m-067 4 a 63 + 52 15 + 107 3767 + 77 1.767 + 0.010 244 14 + 4 169 + 5 236 + 6
OR1f(1,2)m-068 245 10.2 + 0.0 996 + 13 2839 + 41 289 £+ 7 c 1975 4 160 327 £ 98 1562 + 169 2184 4 329

Note: Errors are 1 o; § values are deviations from solar ratios per mil.
2 The Ca/K ratios for these grains were very low, making it impossible to derive a meaningful 4! Ca/49Ca ratio from the 41K excess.
b Not reported, because the 59Cr contribution to the ion signal of these grains was calculated to be ~ 60 %, increasing the uncertainty of the results.

© Did not derive 44Ti/48Ti ratios for these grains because the §%4Ca/40Ca values are comparable to the §*2Ca/4°Ca and §*3Ca/4?Ca values.

d Not measured because of very low Ti signal.



Table 4.9: Mix percentages of the different layers of a 15
Mg SN (Woosley and Weaver, 1995) needed to obtain
the isotopic anomalies observed in graphite grains. The

C/O ratio of the resultant mix is also shown.

Zone Mixing percentage

OR1d4m-3 ORI1dlm-11 ORI1f2m-067 ORI1f2m-25

Ni 0.00 0.00 0.00 0.00
Si/S 0.05 0.02 0.08 0.07
O/Si 0.00 0.00 0.00 0.00
O/Ne 0.00 0.00 0.00 0.00
0/C 0.00 0.00 0.00 0.00
He/C 82.10 0.57 0.09 67.28
He/N 15.00 99.41 99.83 0.00

H envelope 2.85 0.00 0.00 32.65
C/O ratio 14.20 2.24 1.54 6.10

146



Chapter 5

SUMMARY AND FUTURE PERSPECTIVES

The grains studied in this dissertation are genuine pieces of stardust. They represent
individual stellar sources that supplied the presolar molecular cloud with highly re-
fractory dust. Isotopic studies of these grains reveal more precise information about
their parent stars (with precisions of a few percent) than do spectroscopic observa-
tions of circumstellar dust, which have typical errors of a factor of two. The present
multi-element isotopic study of three hundred and forty-five presolar graphite grains
from Orgueil represents a significant portion of the available data on this type of

presolar grain. The following are the highlights of this dissertation:

e We were able to successfully carry out multi-element isotopic analyses on a
large number of presolar graphite grains and still have material left over from

the same grains to continue this endeavor.

e We confirmed supernovae to be the stellar source for a large fraction of the

low-density graphite grains.

e High-density graphite grains seem to have originated from several types of stars:

supernovae, low-metallicity, and born-again asymptotic giant branch stars.

e Presolar graphites from Murchison and Orgueil have some similarities, but also

important isotopic and morphological differences.
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e This study reiterates the need to further investigate sources of isotopic equili-

bration, either in the parent body or the laboratory.

e The chemical separation technique to isolate presolar graphites needs to be

refined to eliminate or minimize contamination from insoluble organic matter.

e The isotopic data from Orgueil graphite grains pose a multitude of unanswered
questions that call for significant improvements in stellar nucleosynthetic models

and possibly require more accurate determination of nuclear cross sections.

Coordinated studies by resonant ionization mass spectrometry (RIMS) will enable
us to extend this multi-element isotopic analysis to heavier elements, like Rb, Sr, Zr,
Mo, Ba, etc. The evidence from the s-, r-, and p-process isotopes of these elements
will place tighter constraints on the stellar sources of these grains, especially putative
grains from born-again AGB stars.

Furthermore, Raman spectroscopy and TEM studies of Orgueil graphite grains will
reveal clues to the physical and chemical properties of the circumstellar environments
in which these grains formed. Properties of subgrains are often strongly indicative of
their parent stars. A comparison of the morphologies of the different graphite grain
populations from Murchison and Orgueil will also provide information on early solar
system processes. The causes of the differences between the Murchison and Orgueil
graphites are still unknown.

It is imperative to study presolar graphite (and other presolar phases) from dif-
ferent meteorites. Variations in the relative abundance of different types of grains in
different classes of meteorites probe the properties of the protosolar nebula in which
the parent bodies formed. The relative abundance is strongly dependent on the com-
position and temperature of the surrounding material. To further these attempts and
to understand presolar graphite better, we have already begun the work to study

these grains from the unique CI2 carbonaceous chondrite, Tagish Lake. Tagish Lake
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is a new type of primitive meteorite whose composition was found to be intermedi-
ate between that of CI (e.g., Orgueil) and CM (e.g., Murchison) chondrites. Bulk
isotopic studies by Brown et al. (2000), Nakamura et al. (2001), and Grady et al.
(2002) have revealed that this meteorite is rich in presolar grains. It is believed to
hail from the outer asteroid belt (Hiroi et al. 2001). We have completed the chemical
separation procedure to extract presolar graphite grains from 34 g of Tagish Lake.
The density separation is the last remaining step. One of the main objectives is to
obtain graphite grains for detailed single grain studies but, along with graphite, we
expect to produce separates containing presolar nanodiamond, SiC, and oxide grains.
Analyses of graphite grains from this third type of primitive carbonaceous chondrite
might reveal new populations with unique isotopic characteristics and also add to the

graphite database that can help answer many important questions.
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