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Presolar grains are sub-micron to micron-sizeddstdrgrains that are found in very primitive

solar system materials. Laboratory measuremenisregolar grains allow cosmochemists to
understand the chemical and physical conditiorgroumstellar environments, where the grains
condensed. They provide important constraints fadaes of stellar nucleosynthesis and
Galactic chemical evolution. In this paper, we eswiour current knowledge of the stellar
sources of presolar graphite grains. This presgtain species is not as abundant or widely
studied as silicon carbide grains but is alreadgvkm to have a variety of interesting stellar
sources. Isotopic and microstructural measurenefntsore than 2000 graphite grains indicate
that ~ 26% originate in Type Il supernovae, ~ 48%ow-metallicity asymptotic giant branch

(AGB) stars, and less than 1% in post-AGB stars &itype stars. The remaining 25% of the
grains have an ambiguous origin. We discuss théadla evidence for the various stellar

sources and outline the problems that are encadterhile comparing grain data with

astrophysical models.
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1. Introduction

Presolar or stardust grains are circumstellar cosates from the cooling outflows of
dying stars. Sub-micron- to micron-sized stardusting survived their journey through the
interstellar medium, the collapse of the parentanolar cloud of the Sun, the accretionary
processes of the early solar system and were ¥inaltorporated into parent bodies of
meteorites. Presolar grains are found embeddechénfine-grained matrices of the least
thermally altered chondrites, interplanetary dustiples (IDPs), and Antarctic micrometeorites
(AMMs). These grains can be identified on the basitheir exotic isotopic compositions that
are representative of those of the atmospheresefpairent stars, at a given time in their
evolution. The isolation of presolar grains in 198arked the beginning of a very important
subfield of laboratory astrophysics. Isotopic, etemal, and structural measurements of presolar
grains provide us with an unparalleled opporturtity study the chemical and isotopic
compositions of individual stars at a level of s that cannot be attained by astronomical
observations. Studying these grains provides imapbtonstraints to stellar nucleosynthesis and
evolution models. The grains also contain vitaksltio the chemical and physical properties of
stellar atmospheres, Galactic chemical evolutiaterstellar and nebular processes, and early
solar system conditions and processes.

2. Types of presolar grains

A “burn the haystack to find the needle” approadswsed to separate the first presolar
grains. This consisted of a series of harsh acidaflition steps to isolate the acid-resistant
carrier phases of extreme noble gas anomaliesolBrediamonds were first separated by
isolating the carrier of the noble gas componerg;H{ [1]. Subsequently, silicon carbide
grains were found to be the carriers of Ne-E(H) &edS [2,3] and graphite, the carrier of Ne-
E(L) [4,5]. Other acid resistant presolar phadest tio not carry large noble gas anomalies, are
oxides (spinel (MgAIO,4), corundum (AJOs), and hibonite (CaA}O.q)) [6,7]. Presolar silicates
were discovered by carrying out automatedsitu raster ion imaging of meteorites and IDPs
[8—11]. Additionally, silicon nitride grains [12jha subgrains within presolar grains (Ti, V, Mo,
Zr, Ru carbides, kamacite and Fe grains, sulphisifisides etc.) are the other presolar grain
phases that have been identified to date. A redetajled review of the different presolar grain
types can be found in [13] and references therein.

In this paper, we focus on presolar graphite graimbdiscuss their stellar sources.

3. Presolar graphite grains

Presolar graphite grains were first isolated by Amgal. [4,5] from the Murchison CM2
meteorite as the carrier phase of Ne-E(L) (almase fNe). Subsequently, extensive multi-
element isotopic studies have been carried out8%® Jraphite grains from Murchison [e.g.,
14-18] and 357 grains from Orgueil [e.g., 19-21} Iboth the meteorites, spherical,
carbonaceous graing 1 pum in size were found to be presolar [5,17,21]. Thierred
abundance of graphites from noble gas measurenseht$0 ppm in primitive meteorites [22].
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The isotopic properties of the grains are densifyethdent and are used to classify grains
from both Murchison and Orgueil as low- and higimgity (LD and HD) grains. Murchison LD
fractions are KE3 (1.6-2.05 g ¢inand KFA1 (2.05-2.10 g cf) and those of Orgueil are
OR1c (1.67-1.75 g cif) and OR1d (1.75-1.92 g ¢t HD fractions of Murchison are KFB1
(2.10-2.15 g ci) and KFC1 (2.152.20 g crif) and those of Orgueil are OR1f (2-204 g
cm®), OR1g (2.04-2.12 g cf), and OR1i (2.16-2.30 g ¢ Note that there is not much
overlap in the actual densities of the varioustfoms of the two meteorites but the isotopic
properties of grains from LD and HD fractions frdmoth the meteorites (discussed below) are
very similar.

3.1 Isotopic properties and the stellar sources giresolar graphite grains

3.1.1 LD grains from Type Il supernovae

Forty-six percent of grains from Murchison’s LDdtens (KE3 and KFA1) [15] and 39%
of LD grains from Orgueil (OR1c and OR1d) have @it signatures that indicate an origin in
core collapse (Type Il) supernovae (SNe). Bulk sobhs analyses of Murchison graphite
separates [14] and single grain studies [23,24®find Ne isotopes find that Ne in the grains
is highly enriched if°Ne but*He is low. Amari [25] concluded that th@e in LD graphites of
Murchison comes from the decay of the short-livedionuclide’Na (z,~ 2.6 a) produced in
the O/Ne zone of a SN. The lofiie/?Ne ratios and®0O and?®Si excesses measured in
individual LD grains support this argument.

Most LD grains from both meteorites haV® excesses that are often accompanietivy
excesses [20,26]. Partial He-burning and explosiveleosynthesis mak€O and™N in the
He/C zone of a Type Il SN, which is the only zongeve these excesses occur together. Isotope
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those observed in SiC-X grairf$4l/*’Al ~ 1). Amongst the C-rich zones, the high@si/*’Al
ratios are obtained in the He/N layer of a Typ8M (Fig. 1). A few grains show evidence for
the presence of'Ca (i, ~ 1.05x16 a) inferred from*K excesses [30]. Th&Caf°Ca ratios
range from 0.0010 0.01 and are higher than those predicted for AGBestvelopes [31]. Such
high values are achieved in the C- and O-rich lyérType Il SNe. Further, some of the LD
graphite grains havé’Si excesses that are sometimes accompanied by Y4geexcesses.
Large*Ca excesses (compared to ti&“Ca excesses) are attributed to the decd{Tof( 7/,

= 60 a) [32]. No other stellar source can explameated®®Si excesses and the presence of
“Ti. These isotopic signatures indicate contributwfnmaterial from the Si/S layer in the
interior of a Type Il SN.

In order to explain anomalies in individual graphigrains, several studies [e.qg.,
15,18,21,33] have performed mixing calculationsMeenn different SN. These calculations are
justified by X-ray observational data of SN remmafd4] like Cassiopeia A that indicate
extensive mixing in SN ejecta. As more isotopictays are measured on individual graphite
grains, such SN layer mixing exercises become mdhecomplex and more importantly, fail to
reproduce all the isotopic anomalies observed mesgrains. Mixing calculations for graphites
and other carbonaceous grains require the largestilcution of materials to be from the C-rich
layers of the SN to maintain a C/O ratio > 1 regdifor condensation. Theoretical models are
unable to explain highfC/**C and?°Al/*’Al ratios in individual grains because these sigrest
arise from the”’C-rich He/C zone, wher@Al/*’Al is low, and the**C-rich He/N zone, where
ZAl/%"Alis high (Fig. 1). The low’C/**C ratio measured in some grains does not allowngixi
of too much material from the He/@&-rich) zone to explain the large, measut¥@ and**N
excesses in the grain (Fig. 1) [21]. Similar protdearise while explaining anomalies in SiC
grains [35,36]. Jadhav et al. [21] discuss thesblpms in detail, as well as the limitations of
various SN nucleosynthesis models and how thefalft of explaining grain data.

Pignatari et al. [37] recently offered an alternsdéution to the mixing problem fdfC-
enriched, carbonaceous grains. According to theoutations, the shock wave passing through
the layers after core-collapse causes explosivaitirconditions to create a C- and Si-rich
layer at the bottom of the He/C zone. This layedpices’®Si by alpha capture reactions and, at
higher energies'*Ti. At lower energies, however, the hi§iCa/Ca ratios measured in grains
probably arise due to large depletiond’@a and the production éfCa due to neutron capture
reactions. A similar argument can be made for Rftylg/**Mg ratios where thé&Mg excesses
measured in grains are from nucleosynth@ity and depletion of*Mg, due to neutron capture
reactions, and not the decay of radioactffd. Thus, if %0, N, *Mg, %Si, and*’Ca excesses
are all created in the same explosive He/C-C/SkezohSNe then contributions from other
layers are not required. However, the problem Wienriched grains (described previously)
still remains.

Additionally, transmission electron microscopy (TEMudies of ultramicrotome sections
of LD graphites reveal sub-grains of iron-metal ggsaand TiC that exhibit SN signatures [38].
One unique LD grain was found to contain all theg#s that are predicted by equilibrium
thermodynamic calculations for carbonaceous SNr$aj39].

Thus, a majority of LD graphite grains originate $Ne. The number of SN grains
decreases drastically in the HD fractions of botardhison (2%) and Orgueil (7%) [15,21].

4
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There is no clear evidence for AGB grains among duaphites from either Murchison or
Orgueil.

3.1.2 HD grains from AGB stars

The HD grain fractions of graphites in Murchisordargueil are characterized by larger
than solar*’C/C ratios (up to 5000), terrestrial N, solar O igitoratios, and°Si excesses.
The N and O isotopic compositions of HD graphitaiigs are puzzling in view of the fact that a
majority of the same grains hav&C/*°C ratios that vary over a wide range. The N and O
isotopic compositions are therefore not considéoelde intrinsic to the grains but the result of
isotopic equilibration that took place either o fmarent body or in the laboratory [15,17,19-
21,40].

One of thesprocess components of Kr, Kr-SH, with a hf§Kr/®Kr ratio resides in the
HD KFC1 fraction of Murchison. It seems to origi@an low-metallicity AGB stars/ < 0.002
[14]. Kr-SH is not present in the KFB1 fraction. r@oining Kr isotopic data with light noble
gas studies [24,41] and C isotopic ratios, Amariakt[42,15] concluded that KFB1 HD
graphites from Murchison with large

10004 ¢ Oguernogans | 2CA%C ratios & 100) originated in low-
800 % 20w, 0000 mass (1.5-3M), low-metallicity ¢ = 3-
X 6x10°%) AGB stars while KFC1 grains with
600 x Z-SM}ZjOOOS . 12CMC > 60 have the same sources as
£ ool % o oo . . KFB1 graphites and also, @ AGB stars
%'u_) : 5 with Z = 0.01 and 0.02. In the absence of
o 2007 4 Kr measurements for the Orgueil density

separates, the only evidence for an AGB
origin are high **C/**C ratios that are

207 sometimes correlated with largé®Si

4001 ‘ ‘ excesses in a majority of the HD grains
1 10 100 1000 1000 (Fig. 2). Such signatures are predicted for
20/ low-metallicity AGB stars where moréC

. o » _and®’Si are dredged up into the envelope,
Fig. 2. C and Si isotopic compositions of HD graphi

grains compared with F.R.U.I.T.Y. AGB models [43]. during the thermally pulsing (TP) phase,
C and *'Si excesses indicate an origin in low- than in stars of solar metallicity (Fig. 2).

mtletallicity AGB stars. Dashed lines indicate solarSuch stars have envelopes with high C/O
vaes: ratios that might preferentially condense
graphite over SiC, explaining the absence of Si@ingr with high**C/**C ratios and®’Si
excesses in the presolar grain inventory [19,44 8B argument is supported by astronomical
observations by Leisenring et al. [46] and Sloaalef47] who find that the abundance of SiC
grains in circumstellar dust decreases with deargastellar metallicity and is explained by the
increasing C/O ratio. Calculations by Gail et dB][also predict that a large fraction of graphite
grains condense around low-metallicity (~ 2.3 AGB stars.

Further evidence for low-metallicity AGB stars the stellar sources for HD graphite
grains is provided by Zr, Mo, and Ba isotopic ratin Murchison (KFC1) graphites [49] and
ORL1f Orgueil HD graphites [50,51] measured by rasbionization mass spectrometry (RIMS)
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with the CHARISMA instrumentS-process signatures in Zr, Mo, Ba isotopes in sofmihe

HD graphites indicate low-metallicity AGB originsrfthose grains. The new RIMS machine,
CHILI, will greatly expand the very meagre, exigtidataset of heavy-element isotopic data on
graphite grains [52]. Co-ordinated light- and healgment isotopic analysis of presolar
graphite grains will not only help determine thellsi sources of these grains but also provide
important constraints to nucleosynthesis modets,(e/ork by Liu et al., [53] constrains the rate
of the ®Ne(a,n)**Mg reaction in AGB stars using Ba isotopes measimethainstream SiC
grains).

Furthermore, TEM studies [54] find HD grains to bBawnternal subgrains of TiC that have
high concentrations of theprocess elements Mo, Zr, and Ru that strengtheratbument for
AGB origins of the parent grains. Croat et al. [38ed the composition of refractory metal
nuggets (RMNSs) found in HD graphites to derive ghkr condensation temperature for HD
graphites than for LD graphites.

Seventy-five percent of the Murchison HD grains &m@am AGB stars, mostly low-
metallicity AGB stars, based on their He, Ne, KrisGtopic compositions [15]. In the absence
of any noble gas measurements on individual HDngrar separate density fractions, we used
the same classification criteria based"@®"*C ratios as [15] and the presenceé‘&fi excesses
(along with AGB envelope values 8AI/?’Al and “'Ca/f°Ca ratios in a few grains) and found
that 64% of HD graphites from Orgueil likely origited in low-metallicity AGB stars.

3.1.3 HD grains from post-AGB stars

Among both Murchison and Orgueil graphite separaesmall population of ~ ¥15 %
of the grains ha$’C/**C < 20 [15,20,21,56]. Except for a few grains withambiguous SN
signatures, the stellar sources of these higi@yenriched grains were puzzling for a long time.
Amari et al. [57] suggested J stars or born-agaBB/Astars to be the sources of similaig-
enriched SiC-AB grains. Jadhav et al. [20] fountdw **C-enriched HD grains from Orgueil
that have extremely large excesse¥fiCa and®® *" *° 5%j that matched those predicted for the
He-shell of AGB models. This study hypothesized tha grains probably originate from born-
again AGB stars that suffer a very late thermab@yVLTP). A comparison of C, Ca, and Ti
isotopic data of these HD graphite grains with VLAWleosynthesis calculations for Sakurai’s
object [58] strongly supported the born-again AGBr siypothesis and identified the firist
process signatures in presolar grains (Fig. 3).[d8le low C isotopic ratios are a direct
signature of H-ingestion, producifitC in the outer layers of the C-rich intershell wmspAGB
stars. The Ca and Ti anomalies in 6 grains ar¢gans due to the activation of th@rocess at
the bottom of the He intershell where neutron dissireach ~19 cm?® [58]. The “®*i
isotopic data require that contributions of thesalvable (by SIMS) isobaf§*%a need to be
taken into account to explain the anomalies indhains.****Ti are destroyed during VLTP
nucleosynthesis but abundant amount®#tCa are produced duririgprocess nucleosynthesis
in such stars. This claim can be further verifigdrbeasuring Ca isotopes by RIMS where
isobaric interferences can be suppressed. Pugrtaghite grains from such stars should exhibit
strongs-process and/drprocess signatures in elements such as Sr, ZrRdpand Ba that can
be measured by RIMS.
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Fig. 3. Ca and C isotopic ratios measured in HDs@er graphite signatures brings to light

Zach ine raprosents an 1sotopic depth profiewaied by e v € fact that grains from

models of the He intershell at a given time (in utéis) after the start of POSt-AGB stars that suffer a

H-ingestion. Grains with extreme Ca anomalies*&eenriched while |ate-thermal pulse (LTP)

those with moderate anomalies are moSienriched. Dashed lines .

indicate solar values. should also exist. In LTP

post-AGB stars, material

from the He intershell is brought up to the statsface during the LTP but no ingestion of H
into the intershell might occur. Such stars cowddt’C-enriched surfaces combined with He-
intershell abundances of Ca and Ti isotopes (tverateutron rich isotopes). These stars could
be the sources of grains with moderate Ca and @maties and high°’C/**C ratios (Fig. 3)
[56]. Two mainstream SiC grains were also foundexbibit i-process signatures in the Ba
isotopes [53]. The Si isotopic compositions of ¢hgsains, however, do not agree with VLTP
models. Post-AGB stars that underwent a VLTP hdse been proposed as possible stellar
source for three SiC AB grains that contain lafg® excesses [59]. The VLTP models [58]
predict production of radioactivéSi that decays t&’S in such stars, making born-again AGB
stars viable sources for some AB grains WitB excesses. Future measurements of heavy
element isotopes by RIMS will determine the fractal graphite and SiC grains that originated
in VLTP and LTP post-AGB stars. A comparison of #gieindance of carbonaceous grains from
post-AGB sources that have suffered a VLTP or LTiE an estimate of the fraction of dust
ejected by these stars will be the next step inréuinvestigations by both the grain community
and astronomers.

3.1.4 Other stellar sources

The first measurements of N isotopic ratios of Gadal-type stars with?C/**C ratios of
2-10 were carried out recently [60]. The study daties that th&'N/*°N ratios in these stars are
both, much higher and lower than the terrestridlevaof 272. This new result allows us to
consider J-type stars as possible stellar sourtésm'*C-enriched HD graphite grains [21]
with higher than terrestriafN/**N ratios whose sources have been ambiguous sim farder to
unambiguously assign J-type stellar sources tagradditional diagnostic isotopic signatures
are required.
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The recent study of superluminous or ‘Super-Chasekizar’ Type la SNe claims that the
presence of strong C Il lines in the spectra of wpe la SNe indicate that these objects were
likely to form C dust [61]. Assuming that theserstdo condense dust, the study estimates a
mass range of ~ {4)x10* M., which is comparable to the mass condensed ardypd II
SNe. Future mid-IR observations of superluminouse SAl during the nebular phase will
determine whether dust forms around these objextsfasuch SNe la can be considered to be
sources of presolar dust. Several SN zone mixioglpms encountered while explaining grain
anomalies can be avoided if Type la SNe can comdeadhonaceous dust [62 and references
therein].

3.1.5 Summary of stellar sources

Of the nearly 2200 presolar graphites (from bothrdfiison and Orgueil) measured in the
laboratory, ~26% appear to be SN condensates, 8¥dptobably originated from AGB stars
(mostly low-metallicity AGB stars). Less than 1% tbe grains show signatures igprocess
nucleosynthesis from post-AGB stars and the remgirfiave an ambiguous origin. These
numbers are expected to change once neutron-ritbpiss of heavy elements are measured
with CHILI [52] in the near future.

4. Future perspectives

Multi-element isotopic studies of individual graiméth SIMS play an important role in
determining the stellar sources of presolar grdtagure multi-technique analyses on individual
grains, already measured in an ionprobe, will hggipvide even tighter constraints on stellar
chemical and physical conditions. Presolar gragriééns are ideal for multi-technique analyses
because they are larger than other presolar gspimisies (~ average diameter = 3t#). Such
techniques include heavy-element isotopic measurtsvat very high-spatial resolutions (~ 10
nm) with the next-generation RIMS instrument, CHIThis machine will be able to measure
isotopic compositions of not just individual graimst also the subgrains within. See Davis et al.
(this proceeding) and [52] for descriptions of CFdLanalytical capabilities and future plans
for presolar grain work. High spatial resolutiomay fluorescence and diffraction measurements
with a synchrotron beam at ESRF and DESY will pdevirace element information at the ppb
level, as well as structural information on graamsl their subgrains. This technique is powerful
yet non-destructive, an important combination whéempting multi-technique measurements
on micron-sized grains [63].

Exciting discoveries are expected in this relayivedw field of laboratory astrophysics as
innovative, cutting edge analytical techniques desxeloped or adapted for presolar grain
research.

Acknowledgement#1J thanks the organizers of NIC for the invitatito present this paper and
partial travel support. Additional travel suppomswobtained through Andrew M. Davis’ NASA
grant, NNX09AG39G. MP and FH acknowledge significsupport to NuGrid from NSF grants
PHY 02-16783 and PHY 09-22648 (Joint Institute farclear Astrophysics, JINA) and EU
MIRG-CT-2006-046520. MP acknowledges an Ambiziorengof the SNSF and support from
SNF (Switzerland). FH acknowledges NSERC Discow&gnt funding.

8



Presolar graphite grains and their stellar origins Manavi Jadhav

References

[1] R. Lewis et al., Interstellar diamonds in metearitdature326 (1987) 160.

[2] T.J. Bernatowicz et al., Evidence for interstefa€ in the Murray carbonaceous meteoriNafure
330(1987) 728.

[3] M. Tang and E. Anders, Isotopic anomalies of Ne, &&l C in meteorites. Il Interstellar diamond
and SiC: Carriers of exotic noble gasBsochim. Cosmochim. Act& (1988) 1235.

[4] S. Amari et al., Interstellar graphite in meteaitdature345(1990) 238.

[5] S. Amari et al., Interstellar grains in meteoritésisolation of SiC, graphite, and diamond; size
distributions of SiC and graphit&eochim. Cosmochim. Acs& (1994) 459.

[6] I. Hutcheon et al., Extrenf@Mg and*’O enrichments in an Orgueil corundum: Identificatiof a
presolar oxide graimfpJ425(1994) L97.

[7] L.R. Nittler et al., Interstellar oxide grains fraime Tieschitz ordinary chondritslature370 (1994)
443.

[8] S. Messenger et al., Samples of stars beyond the sstem: Silicate grains in interplanetary dust.
Science300(2003) 105.

[9] S. Mostefaoui and P. Hoppe, Discovery of abundassitu silicate and spinel grains from red giant
stars in a primitive meteoritépJ613(2004) L149.

[10] K. Nagashima et al. Stardust silicates from priveitmeteoritesNature428 (2004) 921.

[11] A.N. Nguyen and E. Zinner, Discovery of ancienicsile stardust in a meteoritS8cience303
(2004) 1496.

[12] L.R. Nittler et al., Silicon nitride from supernaapJ453(1995) L25.
[13] E. Zinner, Presolar grains. Tireatise on Geochemistrilsevier, 2nd editiorvol 1.4 (2013) 181.

[14] S. Amari et al., Interstellar grains in meteoritéd: Graphite and its noble gase&eochim.
Cosmochim. Actéh9 (1995) 1411.

[15] S. Amari et al., Presolar graphite from the Murohismeteorite: an isotopic studgeochim.
Cosmochim. Acté33(2014) 479.

[16] P. Hoppe et al., Isotopic compositions of C, N, My, and Si, trace element abundances, and
morphologies of single circumstellar graphite gsain four density fractions from the Murchison
meteorite Geochim. Cosmochim. Acta9 (1995) 4029.

[17] E. Zinner et al., Interstellar graphite in metezsit Isotopic compositions and structural propsrtie
of single graphite grains from Murchisdvieteoritics30 (1995) 209.

[18] C. Travaglio et al., Low-density graphite grainglamixing in Type Il supernovadpJ 510(1999)
325.

[19] M. Jadhav et al., Isotopic analysis of presolapbite grains from OrgueilNew Astron. Re\50
(2006) 591.

[20] M. Jadhav et al., New stellar sources for high-dlgnpresolar graphite grainépJ 682 (2008)
1479.



Presolar graphite grains and their stellar origins Manavi Jadhav

[21] M. Jadhav et al., Multi-element isotopic analysepresolar graphite grains from Orguéieochim.
Cosmochim. Acta13(2013) 193.

[22] G.R. Huss and R. Lewis, Presolar diamond, SiC,graghite in primitive chondrites: Abundances
as a function of meteorite class and petrologiet@eochim. Cosmochim. Ack® (1995) 115.

[23] R.H. Nichols et al., Microanalytical laser extractiof noble gaseSiechninques and applications.
In Advances in Analytical Geochemistdl Press IncVol 2 (1995) 119.

[24] P.R. Heck et al., Ne isotopes in individual presgeaphite grains from the Murchison meteorite
together with He, C, O, Mg-Al isotopic analysedrasers of their originsApJ 701 (2009) 1415.

[25] S. Amari, Sodium-22 from supernovae: A meteoriteraztion. ApJ690(2009) 1424,

[26] S. Amari et al., Largé®0O excesses in circumstellar graphite grains froenNturchison meteorite:
Indication of a massive star-origiApJ447(1995) L147.

[27] E. Groopman et al., C, N, and O isotopic heteroigesen low-density supernova graphite grains
from Orgueil. ApJ 754 (2012) L8.

[28] S. Amari et al., Interstellar SiC with unusual mut compositions: Grains from a supernoyasd
394(1992) L43.

[29] T. Rauscher et al., Nucleosynthesis in massive stéh improved nuclear and stellar physiapJ
576(2002) 323.

[30] S. Amari et al.?*Ca in presolar graphite of supernova oridipJ 470(1996) L101.

[31] G.J. Wasserburg et al., Injection of freshly systhed “’Ca in the early solar nebula by an
asymptotic giant branch stakpJ440(1995) L101.

[32] L.R. Nittler et al., ExtinctTi in presolar graphite and SiC: Proof of a supeenorigin. ApJ 462
(1996) L31.

[33] A.V. Fedkin et al., Condensation and mixing in sup&a ejectaGeochim. Cosmochim. Actt
(2010) 3642.

[34] J.P. Hughes et al., Nucleosynthesis and mixingass®@peia AApJ 528(2000) L109.

[35] L.R. Nittler and P. Hoppe, Are presolar silicontide grains from novae actually from supernovae?
ApJ631(2005) L89.

[36] Y. Lin et al., Isotopic analysis of supernova SifidaSiN, grains from the Qingzhen (EH3)
chondrite ApJ709(2010) 1157.

[37] M. Pignatari et al., Production of carbon-rich mlas grains from massive staspJ 767 (2013)
L22.

[38] T.K. Croat et al., Structural, chemical, and isatapicroanalytical investigations of graphite from
supernovaeGeochim. Cosmochim. Adsa (2003) 4705.

[39] T.K. Croat et al., A unique supernova graphite: @oporaneous condensation of all things
carbonaceoud.unar Planet. Sci42 (2011) #1533.

[40] F.J. Stadermann et al., Supernova graphite in #Hr@BIMS: Carbon, oxygen and titanium isotopic

compositions of a spherule and its TiC sub-comptm&eochim. Cosmochim. Act&9 (2005)
177.

10



Presolar graphite grains and their stellar origins Manavi Jadhav

[41] M.M.M. Meier et al., Graphite grains in supernoyecéa — Insights from a noble gas study of 91
individual KFC1 presolar graphite grains from theufghison meteoriteGeochim. Cosmochim.
Acta76(2012) 147.

[42] S. Amari et al., On the origin of high-density dgndp grains from the Murchison meteorite. In
Origin of Matter and Evolution of GalaxieAIP Conf. Proc1484(2012) 57.

[43] S. Cristallo et al., Evolution, nucleosynthesis] grelds of low-mass asymptotic giant branch stars
at different metallicities. II. The FRUITY databageJ Suppl197(2011) 21.

[44] E. Zinner et al., Silicon and carbon isotopic ratio AGB stars: SiC grain data, models, and the
Galactic evolution of the Si isotopei&pJ 650 (2006) 350.

[45] E. Zinner et al., On the stellar sources of presgi@aphite. Proceedings of the International
Symposium "Nuclei in the Cosmos -,IRfoceedings of SciencBoS (NIC-I1X) (2006) 019.

[46] J.M. Leisenring et al., Effects of metallicity dmetchemical composition of carbon stakpJ 681
(2008) 1557.

[47] G.C. Sloan et al., Dust formation in a galaxy witimitive abundance$cience323(2009) 353.
[48] H.-P. Galil et al., Stardust from asymptotic giarstrtzh starsApJ698(2009) 1136.

[49] G.K. Nicolussi et al. Zirconium and molybdenum imdividual circumstellar graphite grains: New
isotopic data on the nucleosynthesis of heavy aisnépJ504(1998) 492.

[50] M. Jadhav et al., NanoSIMS and RIMS isotopic staidié high-density graphite grains from
Orgueil.Meteorit. Planet. Sc42 (2007) A76.

[51] M. Jadhav et al., Zr and Ba isotopic compositiohdigh-density graphite grains from Orgueil.
Meteorit. Planet. Sci7 (2012) #5183.

[52] T. Stephan et al., CHILI — The Chicago Instrument lfaser lonization — Ready to gdleteorit.
Planet. Sci49 (2014) #5430.

[53] N. Liu et al., Barium isotopic composition of maimam silicon carbides from Murchison:
Constraints for s-process nucleosynthesis in asytisiant branch star&\pJ 786 (2014) 66.

[54] T.K. Croat et al., Presolar graphite from AGB stéviicrostructure and s-process enrichmexpJ
631(2005) 976.

[55] T.K. Croat et al., Refractory metal nuggets withiresolar graphite: First condensates from a
circumstellar environmenmieteorit. Planet. Sci48 (2013) 686.

[56] M. Jadhav et al., Relics of ancient post-AGB siars primitive meteoriteApJ777(2013) L27.

[57] S. Amari et al., Presolar SiC grains of type A &idheir isotopic compositions and stellar origins.
ApJ559(2001) 463.

[58] F. Herwig et al., Convective-reactive protd combustion in Sakurai’s object (V4334 Sagittarii)
and implication for the evolution and yields frohetfirst generation of star&pJ 727(2011) 89.

[59] W. Fujiya et al., Evidence for radiogenic sulfuri82type AB presolar silicon carbide grain&pJ
776(2013) L29.

[60] R.P. Hedrosa et al., Nitrogen isotopes in asymptgitint branch stars and presolar SiC grains: A
challenge for stellar nucleosynthe#qJ 768 (2013) L11.

11



Presolar graphite grains and their stellar origins Manavi Jadhav

[61] S. Taubenberger et al., ‘Super-Chandrasekhar’ Tgmipernovae at nebular epockNRASA32
(2013) 3117.

[62] D.D. Clayton et al., Type X silicon carbide presojmains: Type la supernova condensat&p?
486(1997) 824.

[63] M. Jadhav et al., Nano-synchrotron XRF and XRD: dwprful non-destructive technique for in-
situ chemical and structural analyses of presofaing.Lunar Planet. Sci44 (2013)#2928.

12



