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Abstract

We report C, N, O, Si, Al–Mg, K, Ca, and Ti isotopic analyses of presolar graphite grains from the Orgueil CI chondrite.
NanoSIMS isotopic measurements were made on 345 grains from seven density fractions, with grain sizes >1 lm: low-density
grains from OR1b, OR1c, and OR1d; and high-density grains from OR1f, OR1g, OR1h, and OR1i. In all fractions, except
OR1b and OR1h, we found presolar graphite as demonstrated by the large range of 12C/13C ratios (4–2480) measured in indi-
vidual grains. Some isotopic properties are dependent on density: low-density grains contain 18O, 15N, and 28Si excesses, while
the majority of high-density grains contain normal N and O, and are generally enriched in 29Si and 30Si. The 15N, 18O, and 28Si
excesses and very high derived isotopic ratios for the extinct radionuclides 26Al, 41Ca, and 44Ti in low-density grains indicate
an origin from supernovae. In order to explain the isotopic ratios measured in these grains, we present mixing scenarios
between different layers of supernovae and discuss the limitations of various theoretical models. Silicon-30 and 12C excesses
in high-density grains and lower values for short-lived radionuclides (26Al and 41Ca) indicate an origin in asymptotic giant
branch stars with low metallicities. Some supernova grains, with 44Ca excesses, are also present amongst the high-density
grains. Grains with low 12C/13C ratios (without evidence for 44Ti) and large excesses in 42,43Ca and 46,47,49,50Ti probably orig-
inate from post-asymptotic giant branch stars, that have suffered a very late thermal pulse, and can achieve low 12C/13C ratios
and large neutron capture signatures in Ca and Ti isotopes.

We conclude that most low-density graphite grains originate from supernovae while high-density graphite grains have mul-
tiple stellar sources: low-metallicity and born-again asymptotic giant branch stars, Type II supernovae, and possibly, J-type
stars.
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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 22Ne). Subsequently, extensive isoto-
pic studies were carried out on the Murchison density frac-
tions: KE1 and KE3 (1.6–2.05 g cm�3), KFA1 (2.05–
2.10 g cm�3), KFB1 (2.10–2.15 g cm�3), and KFC1 (2.15–
2.20 g cm�3) (Amari et al., 1990, 1995a, 2012; Hoppe
et al., 1995; Zinner et al., 1995; Travaglio et al., 1999).
All isotopically identified presolar graphite grains in Mur-
chison seem to be spherical, with diameters >1 lm (ranging
up to �20 lm). Structural and isotopic properties of Mur-
chison presolar graphite vary with density (Amari et al.,
1995b; Hoppe et al., 1995). More recently, graphite grains
were isolated from the Orgueil CI chondrite (Jadhav
et al., 2006). Similar spherical grains were identified and
studied in different density fractions of Orgueil (Jadhav
et al., 2006, 2008). In general, graphite grains from Orgueil
appear to be rather similar to those from Murchison, both
morphologically and in their isotopic properties.

Many low-density graphite grains from both meteorites
exhibit evidence for an origin in Type II supernovae. Their
isotopic properties are similar to those of SiC X grains,
which are known to originate from core-collapse superno-
vae (Amari et al., 1992). They have large excesses in 15N,
18O, and 28Si (Amari et al., 1995b; Travaglio et al., 1999;
Jadhav et al., 2006). Many of the low-density grains have
high initial inferred 26Al/27Al ratios (26Al s1/2 =
7.35 � 105 a) and some show evidence for the initial pres-
ence of the short-lived radioisotope 44Ti (s1/2 = 60 a) in
the form of large 44Ca excesses (Nittler et al., 1996), and
of 41Ca (s1/2 = 1.03 � 105 a) in the form of large excesses
in 41K (Amari et al., 1996). Travaglio et al. (1999) were able
to reproduce these major isotopic signatures of low-density
grains by performing mixing calculations of theoretical pre-
dictions for the compositions of the different layers of Type
II SNe. Furthermore, Croat et al. (2003) found iron-metal
phases and TiC subgrains in low-density graphites that also
exhibit SN signatures. 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 Mur-
chison graphites and is believed to originate from AGB
stars (Amari et al., 1995a). Additional evidence for AGB
graphites came from TEM studies by Croat et al. (2005).
These authors found that high-density grains from Murch-
ison contain subgrains rich in the s-process elements Zr,
Mo, and Ru, indicating an AGB origin. High-density
graphites were also found to have large 30Si excesses that
are correlated with high 12C/13C ratios (Amari et al.,
2005; Jadhav et al., 2006). Some low-metallicity AGB stars
that do not undergo cool bottom processing, a mixing sce-
nario that was invoked to explain low 18O/16O ratios in
oxide grains (Wasserburg et al., 1995a), and low 12C/13C ra-
tios and large 30Si excesses in SiC Z grains (Hoppe et al.,
1997; Nollett et al., 2003) can produce high 12C/13C ratios.
Carbon-12 and 29,30Si from the He intershell are mixed into
the envelope by third dredge-up (TDU) during the ther-
mally pulsing phase (Busso et al., 1999; Zinner et al.,
2006a), ultimately making the star C-rich. Such a C > O
environment is ideal for the condensation of graphite grains
(Lodders and Fegley, 1997). Also, recent coordinated SIMS
and noble gas studies (He and Ne isotopes) by Heck et al.
(2009) and Meier et al. (2012) on high-density graphites
from Murchison also confirm supernovae and low-metallic-
ity AGB stars as the stellar sources for some of these grains.
There is also some marginal evidence for grains from born-
again AGB stars, J-type carbon stars, and novae.

The stellar source(s) of graphite grains with very low
12C/13C ratios still remains a matter of debate. The low-
and high-density graphite grains from Murchison and
Orgueil both contain a minor population of grains that
have 12C/13C ratios of �10 and lower. A recent study of
high-density (OR1f – 2.02–2.04 g cm�3) graphite grains
from Orgueil (Jadhav et al., 2008) found extremely anoma-
lous Ca and Ti ratios in some grains with 12C/13C ratios
<20. These anomalies can only be explained by pure nucle-
osynthetic He-shell components of AGB stars. Born-again
AGB stars, like Sakurai’s object (V4334 Sgr), have low
12C/13C (�4) and exhibit enhanced s-process elemental
abundances (Asplund et al., 1997, 1999). Jadhav et al.
(2008) concluded that born-again AGB stars are likely
sources of such graphite grains.

Here we give a comprehensive report on 345 Orgueil
graphites and a discussion of their nucleosynthetic sources.
All the data presented in this paper are available in an elec-
tronic appendix (Appendix Table A6). This paper is an
extension of previous publications, Jadhav et al. (2006,
2008), and conference abstracts. It also provides detailed
experimental procedures that were not reported in previous
publications. We discuss the stellar sources of the graphite
grains studied here by comparing the isotopic data with the-
oretical nucleosynthesis calculations and also outline the
various limitations of these models.

2. EXPERIMENTAL METHODS

2.1. Chemical and physical separation of the graphite grains

The separation procedure used for this study was based
on the procedure developed for Murchison graphite by
Amari et al. (1994).

The Orgueil sample was obtained from the National Mu-
seum of Natural History in Paris. 24.16 g of the meteorite
was treated with a mixture of toluene and methanol (4 times)
to remove 0.57 g (�2.35% of original sample) of soluble or-
ganic matter. Silicates were then dissolved using alternating
treatments with 10 M HF–1 M HCl and 6 M HCl (14 cy-
cles). Each dissolution cycle was carried out at 70 �C for
15 h. The resulting residue was washed with 6 M HCl–
0.6 M H3BO3 to remove insoluble fluorides. Washing was
repeated twice at room temperature and thrice at 70 �C.
The residue was subsequently treated with a mixture of
2 N H2SO4–0.5 N Na2Cr2O7 at 75 �C for 20 h to oxidize
the remaining reactive macromolecular organic matter.
Unfortunately, we later learned that this treatment did not
remove all the insoluble organic matter (IOM), as it did
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during the Murchison separation. It has not yet been deter-
mined why the chemical separation failed to remove this
material in Orgueil. Nanodiamonds were then extracted
from the sample using the standard colloidal separation
technique developed by Lewis et al. (1989). This treatment
left behind a sediment of graphite, SiC, some oxides, and
left-over IOM, and was further separated according to den-
sity by using sodium polytungstate, Na6(H2W12O40) (SPT)
(Amari et al., 1994). The separation resulted in ten final den-
sity fractions of carbonaceous material. The lightest density
fraction, OR1a (<1.59 g cm�3), contains organic matter and
the heaviest fraction, OR1j (>2.3 g cm�3), contains 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 lm. Since all the
presolar graphite grains that carry Ne-E(L) in Murchison
have diameters >1 lm, only those fractions were studied.

2.2. Grain-mount nomenclature

The eight different density fractions of the Orgueil
graphites studied here are listed in Table 1. We introduce
a new nomenclature to name the grains. Each grain label
contains the name of the meteorite, the grain-size fraction,
the density fraction, the analysis mount number, and final-
ly, the grain number on that particular mount. For exam-
ple, the grain label OR1d2m-4 indicates the following:
OR = Orgueil, 1d = grains larger than 1 lm from the “d”

density fraction (1.75–1.92 g cm�3), 2m = second mount
of grains from this density fraction that were analyzed for
their isotopic compositions and 4 = the grain number on
this mount.

2.3. Sample preparation

The initial set of grain mounts (OR1(b,c,d,e,f,g,h,i)1m)
were prepared by suspending material from each density
fraction in a solution of water and isopropanol (1:4). These
suspensions were then mixed well in an ultrasonic bath, and
small amounts (0.15–0.4 ll at a time) were deposited on
high-purity gold foil mounts that are custom-made for the
NanoSIMS.

Unfortunately, the large amount of insoluble macromo-
lecular carbon that remained unoxidized during the
Table 1
Different density fractions of Orgueil, the grain mounts that were analyz

Density
fraction

Density type Density Mounts analyzed Number of
grains
analyzed

G
(g cm�3) 12

OR1b LD 1.59–1.67 OR1b1m 22 –
OR1c LD 1.67–1.75 OR1c1m 7 –
OR1d LD 1.75–1.92 OR1d1m,2m,3m,4m 128 16
OR1f HD 2.02–2.04 OR1f1m,2m 109 13
OR1g HD 2.04–2.12 OR1g1m 52 13
OR1h HD 2.12–2.16 OR1h1m 18 –
OR1i HD 2.16–2.30 OR1i1m 9 1

Note: LD = low-density graphite grains; HD = high-density graphite gra
separation caused a problem during measurements. Graph-
ite grains are often found embedded in this material that
covers areas of up to about 500 lm2 on a grain mount. Dur-
ing the NanoSIMS measurements, the Cs+ primary beam
can be focused onto the central portion of the grain, thus
reducing secondary ion contribution from the surrounding
macromolecular carbon. However, the problem becomes
inhibiting when the larger O� primary beam is used to mea-
sure positive secondary ions and no secondary electron
images are available to navigate the mount. In this case,
the total ion count is used to locate grains. Grains embed-
ded in macromolecular carbon become impossible to distin-
guish from their surroundings and ionic contributions from
the surrounding material cannot be avoided.

Subsequent mounts (OR1d2m, 3m, 4m; OR1f2m) were
prepared by picking grains with a micromanipulator and
transferring them to separate NanoSIMS gold-foil mounts.
Isolating the grains reduces contamination from the sur-
rounding material and also makes it easier to locate them
for future analyses. We picked larger grains (>2 lm) 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 of heavy (>Ni) elements with resonance ionization
mass spectrometry (RIMS). Larger grains are more likely
to survive extensive sputtering. The grain mounts were
coated with a thin (�10–20 nm) layer of gold to prevent
the grains from falling off the mount.

Various materials were deposited on each mount to aid
in tuning of the secondary ion beam in the NanoSIMS and
serve as isotopic calibration standards. Terrestrial graphite
deposited from a colloidal suspension (DAG) was used as
the C isotope standard for all the mounts, except OR1d4m,
for which synthetic SiC was used. Fine-grained matrix
material from Murchison was used as a standard for O iso-
topes. Synthetic SiC and SiC–Si3N4 grains were used as
standards for Si and N isotopic measurements, respectively.
We used Burma spinel (MgAl2O4) for Al–Mg isotopes and
perovskite (CaTiO3) grains as standards for Ca, K, and Ti
isotopes.

2.4. EDX analyses and grain mount documentation

Carbonaceous grains were located and identified by en-
ergy dispersive X-ray (EDX) analysis with a JEOL-840A
ed, and the distribution of 12C/13C ratios in the density fractions.

roup 1: Group 2: Group 3 (normal): Group 4:
C/13C < 20 20 < 12C/13C < 80 80 < 12C/13C < 100 12C/13C > 100

– 100% –
1 grain 5 grains 1 grain

% 16% 45% 23%
% 4% 10% 73%
% 12% 29% 46%

– 100% –
grain 1 grain 3 grains 4 grains

ins.
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SEM. Candidate grains were selected on the basis of high C
content and morphological features characteristic of Mur-
chison graphite, either spherical with a platy ‘onion’ or
knobby ‘cauliflower’ appearance (Hoppe et al., 1995).
Mean grain sizes were also determined in the SEM. For
irregularly shaped grains we used the formula for ellipsoids
to determine the effective diameter, D = (A � B2)1/3, where
A and B are the major and minor axes, respectively. Sec-
ondary electron images were obtained with the JEOL-
840A SEM and field emission SE images with the PHI
700 Auger Nanoprobe at Washington University (Fig. 1).

2.5. NanoSIMS analysis

The initial characterization of the grains in the SEM was
followed by SIMS isotopic analysis with the Washington
University Cameca NanoSIMS 50. Typical primary beam
sizes and currents used for these measurements were
Fig. 1. Secondary electron images of graphite grains from Orgueil take
cauliflower grains (see Hoppe et al., 1995) among the Orgueil density se
individual grains.
�100 nm and 61 pA, respectively, for the Cs+ beam and
�300 nm and �20 pA, respectively, for the O� beam. The
primary beams were always used in raster mode. The raster
size depended on grain size and was adjusted such that the
beam avoided the periphery of the grain in order to reduce
macromolecular contamination from the mount and edges.
Isotopic measurements were carried out in five stages on
each mount. Appendix Table A1 gives a list of the measure-
ment stages, the secondary ions being detected in multicol-
lection mode (Phases 1–3) and combined mode
(multicollection combined with magnetic peak-jumping;
Phases 4 and 5), and the mounts on which these measure-
ments were carried out.

2.5.1. C, N, O, Si isotopes

The first stage involved measuring C isotopes in combi-
nation with either N, O or Si isotopes simultaneously
(Appendix Table A1). The remaining two elements were
n with the PHI 700 Auger Nanoprobe. There is a distinct lack of
parates. Grain names and diameters (in lm) are indicated for the
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measured in stage two. Analyses in the first two stages used
a Cs+ primary beam to produce the secondary ions 12C�,
13C�, 12C14N�, 12C15N�, 16O�, 18O�, 28Si�, 29Si�, and
30Si�. All measurements, including those of positive sec-
ondary ions, were carried out at sufficiently high mass res-
olution to resolve all significant molecular interferences,
e.g., 12C14N� from 13C2

� and 12C13CH� at mass 26, and
12C15N� from 13C14N� at mass 27. Grain measurements
were bracketed by standard measurements at regular inter-
vals (every 5–10 grains). In addition, mass peaks were cen-
tered before every grain and standard measurement.
Possible changes in the primary ion beam current do not af-
fect isotopic ratios since all the isotopes are measured
simultaneously.

The isotopic data were reduced by normalizing the mea-
sured ratios to the average ratios of the standard grains.
The standard ratios used in this study are: measured values
of 12C/13C = 91.2 for DAG and 92.6 for SiC, and terrestrial
values of 14N/15N = 272 and 16O/18O = 499. Silicon isoto-
pic ratios were expressed as d-values, deviation from the
normal ratios in permil (&). Delta notation is defined as:
daX (&) = [(aX/bX)meas/(

aX/bX)std � 1] � 1000. Measure-
ment errors were usually dominated by counting statistics
and Poisson errors of the isotopic ratios of unknown grains
were appropriately combined with the standard deviation
of repeated measurements on the standards to obtain 1r er-
rors for each measurement.

2.5.2. Al–Mg isotopes

In phase 3 of the analyses, the positive secondary ions
12C+, 24Mg+, 25Mg+, 26Mg+, and 27Al+, produced with an
O� primary beam, were detected simultaneously. Positive
ions of 12C were monitored in order to locate the grains. Bur-
ma spinel grains were measured as standards to obtain the
Mg isotopic ratios and the 27Al/24Mg ratios in the graphite
grains. We assumed atomic Al/Mg = 2 for the spinel grains.
In grains with normal (within uncertainties) 25Mg/24Mg ra-
tios, large 26Mg excesses are assumed to be from the decay
of 26Al. Addition of isotopically normal Mg can reduce the
26Mg excess relative to 24Mg but it also reduces the
27Al/24Mg ratio by the same factor. Thus, contamination
by terrestrial Mg does not affect the inferred 26Al/27Al ratio.
In contrast, 27Al contamination can decrease the calculated
26Al/27Al ratio, and hence, special care was taken to sputter
away terrestrial Al contamination and to avoid Al hotspots
on the sample mount. All inferred 26Al/27Al ratios should
be considered to be lower limits because of the possibility
of Al contamination. The 26Mg excesses (26Mgexcess) were
calculated directly from the ion counts: 26Mg+

excess = 26-

Mg+ � (26Mg+/24Mg+)std � 24Mg+, where (26Mg+/24Mg+)-

std is the ratio measured on the standard spinel grains. The
inferred 26Al/27Al ratios were then calculated by:
26Al/27Al = C � 26Mg+

excess/
27Al+, where C is the sensitivity

factor for Al and Mg secondary ion yields determined from
the spinel grains. The value of C varied between 1.8 and 2.3
for different measurement sessions.

2.5.3. K and Ca isotopes

The K, Ca, and Ti measurements were carried out with
an O� primary beam in a combination of peak-jumping and
multi-collection modes (see Appendix Table A1). Positive
secondary ions of 39K, 41K, and 43Ca (B field 1) and 12C,
40Ca, 42Ca, 44Ca, and 48Ti (B field 2) were measured to ob-
tain K and Ca ratios. Since the intrinsic concentration of K
in graphite grains is expected to be very low because of its
high volatility, and all the terrestrial K is probably from
contamination, we attribute 41K excesses seen in some
graphite grains to be due to the decay of 41Ca (s1/

2 = 1.03 � 105 a) (Amari et al., 1996). We calculated the ini-
tial 41Ca/40Ca ratios in the grains, as we did the inferred
26Al/27Al ratios: 41Ca/40Ca = C � 41K+

excess/
40Ca+, where

the sensitivity factor, C = 0.462, was measured on NIST
610. The Ca isotopic ratios are expressed as d-values. In
grains with 44Ca excesses that are larger than the 42,43Ca ex-
cesses, we attribute the excesses to be from the decay of the
short-lived radionuclide 44Ti, because all existing models
for AGB and SN nucleosynthesis predict 42,43Ca excesses
to be larger than 44Ca excesses from neutron capture. The
inferred 44Ti/48Ti ratios were calculated similar to the
26Al/27Al and 41Ca/40Ca ratios: 44Ti/48Ti = C � 44Ca+-

excess/
48Ti+, where we used C = 0.353 (Lin et al., 2010).

The 48Ti+ signal was corrected for a contribution from
48Ca+ under assumption of a normal 40Ca/44Ca ratio
(47.153 from Niederer and Papanastassiou, 1984).

2.5.4. Ti isotopes

Three magnetic field settings were used to measure Ti
isotopes: B1: 46Ti+, 48Ti+, and 50Ti+; B2: 47Ti+, 49Ti+, and
51V+; and B3: 12C+, 40Ca+, 48Ti+, 50Ti+, and 52Cr+. Vana-
dium-51 and 52Cr were used to correct the 50Ti signal for
isobaric interferences from 50V and 50Cr, and 40Ca was
measured to correct for Ca interferences at masses 46 and
48. These interferences cannot be resolved in the Nano-
SIMS. Abundances of 46Ca and 48Ca are sufficiently low
that we do not expect these interferences to produce signif-
icant anomalies. Corrections were applied by assuming nor-
mal or terrestrial 46Ca/40Ca and 48Ca/40Ca ratios. A larger
than normal 48Ca/40Ca ratio will result in a deficit in the Ti
isotopic ratios relative to 48Ti. In such cases, the observed
excesses in these Ti isotopic ratios will be lower limits.
We also assume that the 50Cr interference to the 50Ti signal
is entirely from terrestrial Cr because the grains inherit
large quantities of terrestrial Cr from the oxidizer, Na2Cr2-

O7, which is used during the chemical separation procedure
for graphite grains. The following terrestrial values were
used for the corrections: 40Ca/44Ca = 47.153,
48Ca/44Ca = 0.088727, 46Ca/44Ca = 0.00152 (Niederer and
Papanastassiou, 1984), 50Cr/52Cr = 0.051859 (Shields,
1966) and 50V/51V = 0.002503 (Flesch et al., 1966).

3. RESULTS

We defined low-density (LD) graphites to be from frac-
tions OR1b, OR1c, and OR1d (1.59–1.92 g cm�3), while
grains from OR1f, OR1g, OR1h, and OR1i (2.02–
2.30 g cm�3) fractions are the high-density (HD) graphites
(Table 1).

Most of the graphite grains from the Orgueil density
fractions resemble HD Murchison presolar graphites (Hop-
pe et al., 1995; Fig. 1). They are spherules with smooth
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surfaces and a platy, onion-like morphology. Very few
grains with the cauliflower-type morphology were found.
Cauliflower grains are the dominant morphology in the
LD fractions of Murchison (Hoppe et al., 1995). Some po-
tato-shaped presolar graphite grains with smooth surfaces
were found in the Orgueil fractions. The range of grain
diameters in the LD fraction is 1–18 lm and 1–35 lm in
the HD fraction. The average LD grain size is 5 lm (med-
ian = 4) and between 5–6 lm (median = 5) for HD grains.
However, amongst the LD grains about 50% of the grains
are 1–4 lm in size, while 45% have sizes within this range
amongst the HD grains. Thus, there are a slightly larger
number of HD grains with sizes >4 lm than LD grains.

3.1. Isotopic compositions of the grains

3.1.1. Distribution of 12C/13C ratios

Grains from five (OR1c, d, f, g, i) of the seven density
fractions analyzed were found to have isotopically
Fig. 2. The distribution of 12C/13C ratios of graphite grains from differe
ratios measured in the atmospheres of carbon stars (Lambert et al., 1986
anomalous carbon. There is no well-established solar
12C/13C ratio hence we assume the ratio of �89 (Lodders,
2003). Fig. 2 displays histograms of the 12C/13C ratios in
each density fraction and those of C stars in the galaxy
(Lambert et al., 1986). The 12C/13C ratios of the grains in
these fractions vary over a large range, from �4 to 2500.
We use the four “groups” described by Hoppe et al.
(1995) to divide the grains: (1) Grains that are highly en-
riched in 13C, with 12C/13C ratios smaller than 20, (2)
Grains moderately 13C-enriched, whose 12C/13C ratios are
between 20 and 80, (3) Normal or close-to-solar 12C/13C ra-
tios between 80 and 100, and (4) Grains containing isotopi-
cally light carbon with 12C/13C ratios greater than 100.
Table 1 lists the C isotope distribution of the different pop-
ulations of these grains within each density fraction based
on the classification scheme described above.

Thus, we found that: (1) all the grains analyzed from the
OR1b and OR1h density fractions are normal in C isotopic
compositions and do not show the large variations that are
nt density fractions of Orgueil. These ratios are compared to the C
). The solar 12C/13C ratio of �89 is indicated by the dashed lines.
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expected in presolar graphite (Hoppe et al., 1995); (2) grains
with isotopically light C are more abundant in the HD frac-
tions while grains with heavy C are more abundant in the
LD fractions, and (3) a minor population (�15%) of grains
with 12C/13C < 20 is observed in all the fractions denser
than OR1c. A similar density dependence of C isotopic ra-
tios is seen in the Murchison graphites (Hoppe et al., 1995).

3.1.2. Nitrogen isotopes

In this study, we assume the 14N/15N ratio of 272 (Junk
and Svec, 1958) to be the normal ratio. We use this ratio
and not the true solar value (�459), recently measured by
Marty et al. (2011) in Genesis solar wind samples, in order
to facilitate comparison with old Murchison graphite data.
Renormalizing the data with the newly measured solar va-
lue will not affect the discussion and conclusions of this
paper.

Compared to carbon isotope ratios, the 14N/15N ratios
in the LD density fractions exhibit a relatively limited range
(Fig. 3a); they are normal in most of the HD grains
(Fig. 3b). Both, OR1c and 1d contain grains with 15N ex-
cesses relative to terrestrial 14N/15N (Fig. 3a). One OR1c
grain (OR1c1m-6) has 14N/15N �135, and while numerous
(a)

(b)

Fig. 3. (a) Carbon and nitrogen isotopic ratios of LD graphites
from the OR1c and OR1d fractions. (b) 12C/13C and 14N/15N ratios
of HD graphites from the OR1f, OR1g, and OR1i fractions.
Dashed lines denote normal isotopic ratios (solar 12C/13C �89;
terrestrial 14N/15N �272 and solar 14N/15N �459). Error bars are
1r.
OR1d grains are slightly 15N-enriched (14N/15N ratios be-
tween 272 and 200), only 17 grains have 14N/15N ratios be-
tween 200 and 100 and 5 have 14N/15N ratios less than 100.
The largest 15N excess was observed in grain OR1f1m-o67
(14N/15N �50).

The vast majority of grains from the HD fractions,
OR1f, 1g, and 1i have terrestrial N isotopic ratios
(Fig. 3b). Three OR1f grains have 14N excesses; grain
OR1g1m-33 has the highest 14N/15N ratio (�1440) of any
grain in this study; and three grains from OR1i are enriched
in 14N. Only three OR1f grains have 15N enrichments. This
lack of a large range of anomalies in nitrogen (Fig. 3a and
b) has been previously observed in Murchison graphite as
well (Hoppe et al., 1995). Because all theoretical models
predict large C anomalies to be accompanied by large N
anomalies, whatever the stellar source, the close-to-normal
N isotopic ratios in most graphite grains were attributed to
isotopic exchange or dilution of the original nitrogen, either
on the parent body or during chemical processing in the
laboratory. In view of the recent N ratio measurements
on Genesis samples (Marty et al., 2011), it is interesting
to note that HD graphite grains cluster around the terres-
trial value of 272 and not the newly measured solar value
of 459. This is an indication of equilibration/contamination
with isotopically normal N in the solar nebula, parent body
and/or the laboratory. Stadermann et al. (2005) found iso-
topic gradients in 12C/13C and 16O/18O ratios in ultra-
microtome sections of a LD, Murchison KE3 graphite
grain. The grain was found to be isotopically most anoma-
lous at the center. No such gradients were found in the
14N/15N ratios. Oxygen isotopic gradients were attributed
to isotopic exchange with isotopically normal material in
the laboratory or on the parent body. Gradients in
12C/13C ratios can be explained by considering a grain
growth environment where the C isotopic ratio varies dur-
ing grain formation.

3.1.3. Oxygen isotopes

McKeegan et al. (2011) measured the solar 16O/18O ratio
in Genesis solar wind material to be �530. Similar to the
case with N isotopes, we use the terrestrial value of 499 in
this study to enable easy comparison with Murchison
graphite data.

Fig. 4a and b show the 16O/18O ratios as a function of
12C/13C ratios for all the LD and HD fractions, respec-
tively. One out of 7 grains in OR1c has a substantial 18O
excess (the 18O/16O ratio is �4 times the solar value). It also
exhibits a 15N excess. Twenty-nine percent of the OR1d
grains exhibit 18O excesses, with 18O/16O ratios ranging
up to 30 times the solar value of 0.002. More than 80%
of the 18O-enriched grains from this density fraction are
also enriched in 15N. The contaminated OR1d3m mount
was the exception where only 2 out of 8 grains with isoto-
pically heavy O also have 15N excesses. Thus, 89% of grains
with heavy O also contain isotopically heavy N. These 18O-
enriched grains show both depletion and enrichment in 13C
with respect to the solar value (Fig. 4a) and there does not
seem to be any obvious correlation between the 12C/13C
and 16O/18O ratios. Five 18O-enriched grains have close-
to-solar 12C/13C ratios (between 80 and 100).



(a)

(b)

Fig. 4. (a) Carbon and oxygen isotopic ratios of LD graphites from
the OR1c and OR1d fractions. (b) 12C/13C and 16O/18O ratios of
HD graphites from the OR1f, OR1g and OR1i fractions. Dashed
lines denote normal isotopic ratios (12C/13C �89; 16O/18O �499).
Error bars are 1r.
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Like N anomalies, O anomalies seem to disappear with
increasing density. All the grains in the HD fractions,
OR1f, 1g, and 1i, have 16O/18O ratios close to the solar va-
lue of 499 (Fig. 4b). Again, the most likely reason is equil-
ibration/contamination with O of isotopically normal
composition.

3.1.4. Silicon isotopes

The silicon isotopes, 28Si, 29Si, and 30Si, were measured
in grains from all the fractions. Fig. 5a and b show the re-
sults of these measurements as three-isotope d-value plots.
In general, grains in the LD fraction OR1d are dominated
by 28Si excesses, while HD grains (OR1f, 1g, and 1i) have
29Si and 30Si excesses.

The graphite grains in the density fraction OR1c were
found to contain mostly isotopically normal Si (within er-
rors; Fig. 5a). Among the analyzed grains from the other
LD fraction, OR1d, approximately 20 grains have large
28Si excesses (Fig. 5a). All the grains with 28Si excesses
are enriched in 18O and/or also have 15N excesses. Grain
OR1d4m-1 has d29Si = �451 ± 5& and
d30Si = �660 ± 5&, the largest 28Si enrichment seen in
any Orgueil graphite grain. Some grains from the LD
OR1d fraction are enriched in 29Si or 30Si. Grains
OR1d4m-3 and OR1d1m-26 have a normal 29Si/28Si ratio
but have a large 30Si depletion (d30Si = �261 ± 20& and
�257 ± 39&, respectively). OR1d1m-26 is also enriched
in 18O (16O/18O �409) and 15N (14N/15N �160). Grains
OR1d4m-18 and OR1d3m-5 are slightly depleted in 29Si
(d29Si = �80 ± 14& and �64 ± 21&, respectively) and en-
riched in 30Si (d30Si = 84 ± 20& and 136 ± 28&, respec-
tively). Three grains, OR1d1m-17, OR1d1m-31, and
OR1d3m-24, are enriched in 29Si and depleted in 30Si. They
are also enriched in 18O and 15N. Grain OR1d1m-11 has a
30Si excess and 29Si deficit. It is also enriched in 18O and
15N, and contains isotopically heavy carbon (12C/13C �6).

The Si isotopic anomalies observed in grains from
mount OR1d3m were not as large as those observed in
the previous mounts of the same density fraction. They
were apparently diluted due to contamination from the
gold coat that was deposited on the mount prior to mea-
surements. We only found four (out of 30) grains
(OR1d3m-14, OR1d3m-16, OR1d3m-17, OR1d3m-18) on
mount OR1d3m that contain 28Si excesses. Not all of them
contain 15N or 18O excesses; only one grain (OR1d3m-18)
contains both. Because of the contamination, all Si isotopic
anomalies in grains from this mount must be considered to
be lower limits.

Fig. 5b shows Si isotopic ratios measured in grains from
the heavy fractions OR1f, 1g and 1i. Grain OR1f2m-o67 is
enriched in 30Si and depleted in 29Si. This grain is also
highly enriched in 15N. Two grains have extremely large
29Si and 30Si excesses: grain OR1f2m-o68 has
d29Si = 1340 ± 35& and d30Si = 896 ± 33&, and
OR1f2m-o70 has d29Si = 1040 ± 34& and
d30Si = 916 ± 36&. Grains OR1f1m-16, OR1f1m-36,
OR1f1m-34 and OR1f2m-o32 have smaller, but still large
d30Si and d29Si values (Fig. 5b). More than 50% of grains
from the three high-density fractions OR1f, 1g, and 1i are
enriched in 30Si and 29Si. Grain OR1i1m-4 from the heavi-
est fraction has a large 28Si excess. This grain is enriched in
14N (14N/15N �475) and slightly enriched in 18O (16O/18O
�409), compared to terrestrial values.

Most of the grains (�75%) on the OR1f2m high-density
mount have small anomalies or have normal d29,30Si/28Si
values (Fig. 5b). It is possible that the equilibration pro-
cesses 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 28Si-rich grains, the HD fractions have grains that
are enriched in 30Si and 29Si. In general, most 30Si-rich
grains from the HD fractions contain isotopically light
carbon (Fig. 6).

3.1.5. Al–Mg isotopes

On the initial mounts, OR1(d,f)1m, on which we mea-
sured Al–Mg isotopes, the graphite grains were embedded
in macromolecular carbon and not on a separate mount
(see Section 2.3). Thus, the Al–Mg measurements on the
OR1(d,f)1m mounts are contaminated by ion signals from
the surrounding macromolecular carbon and no 26Mg ex-
cesses were detected in grains on these mounts.

Magnesium isotope results for the LD fraction OR1d
are plotted as d-values in Fig. 7a–d with different ranges
of the plot axes to accommodate all the data. Fig. 8 shows
Mg isotopic ratios for the grains from the HD fractions.



Fig. 5. Three-isotope plots of the Si ratios measured in graphite grains from (a) LD and (b) HD fractions. The ratios are plotted as d-values,
deviations from the terrestrial ratios in permil (&). Error bars are 1r. Dashed lines indicate the solar ratios (d29Si/28Si = d30Si/28Si = 0).
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Fig. 9 displays the inferred 26Al/27Al ratios as a function of
12C/13C ratios for both the LD and HD grains with sub-
stantial 26Mg excesses from the decay of short-lived 26Al.

Fig. 7a is a plot of grains with the largest d25Mg and
d26Mg values. Grain OR1d4m-20 has the largest inferred
26Al/27Al ratio (0.69 ± 0.06) seen in any presolar graphite
grain so far. Such high 26Al/27Al ratios are found in SiC X
grains (Nittler, 1996; Hoppe et al., 2000). The largest in-
ferred 26Al/27Al ratio previously obtained in a Murchison
KE3 graphite is �0.146 (Travaglio et al., 1999). The grains
labeled in Fig. 7a have large 26Al/27Al ratios (Fig. 9) and
are enriched in 18O and 28Si. Except grain OR1d2m-32, all
of these grains also have 15N excesses. Interestingly, three
grains (OR1d2m-19, OR1d4m-32, OR1d4m-20) have low



Fig. 6. The d30Si/28Si values of graphite grains from the HD fractions OR1f, 1g and 1i are plotted against their 12C/13C ratios. These isotopic
ratios are compared to model predictions of low-metallicity AGB stars from the F.R.U.I.T.Y. database (Cristallo et al., 2011). The dashed
lines indicate solar values, and error bars are 1r.
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12C/13C ratios, one is moderately 13C-enriched, and two
have roughly solar 12C/13C ratios. In general, grains from
the OR1d2m and 4m mounts have the largest 26Mg ex-
cesses (Fig. 7a–c). The inferred 26Al/27Al ratios range from
2 � 10�4 to 0.7 in these grains (Fig. 9). The high 26Al/27Al
ratios we found in these grains were not seen in the study
of grains from the OR1d1m and 3m mounts, most likely
because of contamination present on those mounts, the
first from the macromolecular carbon, and the second
from the gold coating. The range of 26Al/27Al ratios in
grains on mount OR1d1m is 2.5 � 10�4 to 0.04 and
OR1d3m is 10�3 to 0.04. Only upper limits could be ob-
tained for the inferred 26Al/27Al ratios for some of the
grains with large errors associated with their measure-
ments (Fig. 9).

In the HD fraction OR1f we found only one grain with
high 26Al/27Al ratio. Grain OR1f2m-o67 has the largest
26Mg excess (d26Mg = 1590&) (Fig. 8) and an inferred
26Al/27Al ratio of 0.01 (Fig. 9). Three other grains
(OR1f2m-25, OR1f2m-38, OR1f2m-o8) have inferred
26Al/27Al ratios on the order of 10�4. The two grains with
the highest 26Al/27Al ratios are highly enriched in 13C
(Fig. 9) while the other two grains are 12C-enriched.

The Al/Mg ratios in the grains of this fraction were
very low, making the detection of any 26Mg excesses
from the decay of radiogenic 26Al very challenging. There
is a possibility that the equilibration processes affecting
the N and O in HD graphite grains also introduced nor-
mal Mg (this would explain low Al/Mg ratios) and di-
luted the Mg isotopic ratios in these grains. It is also
interesting to note that grains OR1f2m-o67 and
OR1f2m-o8 were measured for Mg isotopes when they
were on mount OR1f1m and the surrounding material
made it impossible to detect any large 26Mg excesses in
these grains. Excesses were measureable only after
remounting the grains.
3.1.6. K isotopes

Most grains from the LD fraction OR1d were found to
have normal 41K/39K ratios (solar value �0.072), but four
grains have 41K/39K ratios ranging from 0.074 to 0.106.
These 41K excesses can be attributed to the decay of 41Ca
(s1/2 = 1.03 � 105 a) because the intrinsic concentration of
K in graphite grains is expected to be very low (Amari
et al., 1996). The inferred 41Ca/40Ca ratios for these grains
range from 0.008 to 0.015 (Fig. 10; Appendix Table A2).
All grains with high 41Ca/40Ca ratios have 18O excesses
and high 26Al/27Al ratios. Two 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 detec-
tion of radiogenic 41Ca nearly impossible.

Most of the grains from the HD fraction OR1f have
normal 41K/39K ratios (0.072). Only three grains have ele-
vated 41K/39K ratios ranging from 0.09 to 1.00. The in-
ferred 41Ca/40Ca ratios range up to 0.01 (Fig. 10;
Appendix Table A2).

3.1.7. Ca isotopes

The Ca isotopic ratios of LD grains plotted in Fig. 11a–c
and those with significant anomalies are listed in Appendix
Table A3. Grains on mount OR1d3m were affected by the
Ca contamination and have normal Ca isotopic ratios
(within errors); only one grain (OR1d3m-5) has a high
d44Ca/40Ca value of 222 ± 22& and a comparable excess
in 43Ca (d43Ca/40Ca = 154 ± 43&). Since these excesses
are of approximately the same magnitude, they can be ex-
plained by neutron capture and the 44Ca excess does not
constitute evidence for the presence of 44Ti.

Four LD graphite grains (OR1d4m-3, OR1d4m-10,
OR1d4m-16, and OR1d4m-20) from the other LD mount,
OR1d4m, were found to have high d42,43,44Ca/40Ca values
that appear to be correlated (Fig. 11a and b). Three grains



Fig. 7. Three-isotope plots of the Mg ratios measured in graphite grains from the LD fraction OR1d. The ratios are plotted as d-values,
deviations from the terrestrial ratios in permil (&). Error bars are 1r. Dashed lines indicate solar ratios (d25Mg/24Mg = d26Mg/24Mg = 0).
Each progressive Fig. numbered with letters (b), (c) and (d) represents a magnified area around the origin of the previous plot.
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(OR1d4m-8, OR1d4m-9, and OR1d4m-19) contain large
44Ca excesses that are much larger than their 42,43Ca/40Ca
excesses. Slow neutron capture that gives rise to 44Ca ex-
cesses is expected to produce even larger 42,43Ca excesses
and hence, we conclude that the 44Ca excesses in
OR1d4m-8 and OR1d4m-9 must be due to the decay of
44Ti. The inferred initial 44Ti/48Ti ratios in these two grains
are listed in Appendix Tables A3 and A4. Higher values, up
to �0.6, have been observed in SiC X grains (Amari et al.,
1992; Hoppe et al., 1996, 2000; Nittler et al., 1996; Besmehn
and Hoppe, 2003; Lin et al., 2010) and KE3 graphites from
Murchison (Travaglio et al., 1999).

Table 2 lists the C, Ca and Ti isotopic ratios of inter-
esting grains from the HD fraction OR1f. Fig. 12a and b
show that several grains from this fraction have unusually
large d42,43,44Ca values. Grains OR1f2m-9, OR1f2m-18,
OR1f2m-29, OR1f2m-34, OR1f2m-40, and OR1f2m-o68
exhibit extremely large 42,43Ca excesses and comparable
or smaller 44Ca excesses. In grains OR1f2m-1, OR1f2m-
25, OR1f2m-38, and OR1f2m-o67 the large 44Ca excesses
must be the result of the decay of 44Ti. Table 2 and
Appendix Table A4 list the inferred 44Ti values for these
grains. During NanoSIMS analysis of the grains, ion sig-
nals clearly show a correlation of the 44Ca ion signal with
the 48Ti ion signal. The fact that the 44Ca signal does not
correlate with any other Ca ion signals is additional evi-
dence that 44Ca excesses are of radiogenic origin. Three
of the four grains from OR1f with 44Ti excesses have
12C/13C ratios less than 20 (Table 2). OR1f2m-25 is the
only grain with both 44Ti and 12C excesses (12C/13C
�743). Approximately half the grains with large Ca isoto-
pic anomalies, listed in Table 2, are enriched in 13C while
the others are enriched in 12C.

3.1.8. Ti isotopes

Fig. 13a–c display the Ti isotopic ratios of the grains
from the LD fraction OR1d. Grain OR1d4m-13 has a large
excess in 47Ti without any accompanying 46Ti excess, and



Fig. 8. Three-isotope plots of the Mg ratios measured in graphite
grains from the HD fraction OR1f. The ratios are plotted as d-
values, deviations from the terrestrial ratios in permil (&). Error
bars are 1r. Dashed lines indicate solar ratios
(d25Mg/24Mg = d26Mg/24Mg = 0).

Fig. 10. Inferred 41Ca/40Ca ratios from 41K excesses for LD
(circles) grains and HD (triangle) grains plotted versus 12C/13C
ratios. The ratios are listed in Appendix Table A2. The symbols
with arrows represent 1r upper limits for grains with large error
bars. Error bars are 1r. The dashed line indicates the solar 12C/13C
ratio.

Fig. 9. Inferred 26Al/27Al ratios from 26Mg excesses for LD and
HD grains plotted versus 12C/13C ratios. The symbols with arrows
represent 1r upper limits for grains with large error bars. Error
bars are 1r. The dashed line indicates the solar 12C/13C ratio.
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grains OR1d4m-9, OR1d4m-14 and OR1d4m-19 are signif-
icantly depleted in 46,47Ti. Several grains have correlated ex-
cesses in 46,47Ti (within errors). Eight grains are highly
enriched (d49Ti > 500&) in 49Ti (as high as 1600 ± 85&
in grain OR1d3m-2; Appendix Table A3), while seven
grains have moderate excesses (d49Ti < 500&, Fig. 13b).
Due to a very high 50Cr signal (inferred from 52Cr) that
interfered with 50Ti, we were unable to obtain good 50Ti
data on a majority of the grains. The grains acquire Cr
from Na2Cr2O7, which is used as an oxidizing agent to re-
move macromolecular carbon during chemical separation
in the laboratory. Four grains that have less than a 60%
50Cr contribution to their 50Ti ion signal have elevated
d50Ti/48Ti values (Fig. 13c). Most of the grains in this LD
fraction that have Ti anomalies have 18O, 15N, 28Si excesses,
and high 26Al/27Al ratios.

Some of the grains from the HD fraction OR1f have ex-
tremely large 46,47,49,50Ti excesses, similar to the 42,43,44Ca
excesses (Fig. 14a–c; Table 2). The largest of these are seen
in OR1f2m-9 (d46Ti = 35030 ± 4430&; d47Ti = 1380
± 371&; d49Ti = 2280 ± 298&; d50Ti = 32830 ± 4590&.
The other grains, some with similarly large anomalies, are
listed in Table 2 in addition to the other interesting grains
from the HD fraction.

3.1.9. Summary of isotopic compositions

In summary, we find that the presolar graphites from
Orgueil tend to have C, N, O, Al–Mg, and Si isotopic prop-
erties that are density dependent. Many LD grains have
15N, 18O, 28Si excesses and high 26Al/27Al ratios. Most
HD grains have terrestrial N and O isotopic ratios, contain
29Si and 30Si excesses that correlate with 12C excesses, and
have smaller 26Al/27Al ratios than LD grains. 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 equil-
ibration processes affecting the N and O ratios also dilute
the Si and Mg isotopic signatures in the HD grains. How-
ever, these processes apparently spared the Ca and Ti isoto-
pic 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 neu-
tron capture reactions that cause excesses in Ca and Ti



(a)

(b)
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Fig. 11. Delta-value three-isotope plots of the Ca isotopic ratios measured in graphite grains from the LD fraction OR1d. Grains with large
delta values are listed in Appendix Table A3. The ratios are plotted as d-values, deviations from the terrestrial ratios in permil (&). Error bars
are 1r. Dashed lines indicate solar ratios.
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isotopes should have caused significant Mg and Si anoma-
lies as well. Titanium is observed in subgrains and hence,
tougher to equilibrate compared to the other elements like
Si and Mg, which are uniformly distributed throughout the
host grain. It is possible that Ca had a higher abundance in
HD grains compared to Si and Mg and, being more refrac-
tory was not completely equilibrated. Low-density grains
do not exhibit similar extreme anomalies in Ca and Ti.

4. DISCUSSION – STELLAR SOURCES OF ORGUEIL

GRAPHITES

Presolar dust grains condensed in cooling atmospheres
of dying stars, 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: under
thermodynamic equilibrium, the carbon content in the gas
should be greater than the oxygen content, i.e., C/O > 1
(Larimer, 1975; Lodders and Fegley, 1995; Sharp and Was-
serburg, 1995). We will present arguments against the sce-
nario of grains condensing in C < O environments
suggested by Clayton et al. (1999), Clayton (2011), and
Deneault et al. (2003, 2006) in the next section. The
C > O condition can be satisfied at various stellar sites.
The envelopes or the interior layers of carbon stars or
AGB stars, Wolf–Rayet stars, novae, and different Type
II SN zones all satisfy this condition at some time in their
lifecycles. The C > O condition is expected to be unachiev-
able in Type Ia SNe ejecta (Nomoto et al., 1984; Thiele-
mann et al., 1986; Woosley et al., 1986) and the grain
data do not agree with the isotopic ratios produced by He
burning in such SNe. Thus, we only refer to Type II SNe
as one of the possible stellar sources for the putative SN
grains discussed in this paper.

Presolar graphite grains can have several stellar sources,
which are revealed by their complex isotopic compositions.
In this section, we discuss the various stellar sources of pre-
solar graphite grains from Orgueil.



Table 2
C, Ca and Ti isotopic ratios of HD graphite grains from OR1f.

Grain 12C/13C 41Ca/40Ca d42Ca/40Ca (&) d43Ca/40Ca (&) d44Ca/40Ca (&) 44Ti/48Ti (�10�3) d46Ti/48Ti (&) d47Ti/48Ti (&) d49Ti/48Ti (&) d50Ti/48Ti (&)

OR1f2m-1 14 a �152 ± 96 156 ± 239 6018 ± 203 0.44 ± 0.01 �15 ± 8 �28 ± 9 161 ± 11 44 ± 15
OR1f2m-9 18 a 16030 ± 316 27640 ± 805 9400 ± 151 c 35030 ± 4430 1380 ± 371 2280 ± 298 32830 ± 4590
OR1f2m-13 836 a 77 ± 48 142 ± 104 157 ± 30 c 613 ± 116 318 ± 129 966 ± 209 b

OR1f2m-18 1545 0.015 ± 0.003 992 ± 58 4060 ± 201 2040 ± 46 c 522 ± 98 2120 ± 354 2650 ± 204 b

OR1f2m-21 472 a �42 ± 46 48 ± 103 �13 ± 28 c 387 ± 66 80 ± 59 679 ± 123 1722 ± 337
OR1f2m-22 94 a �7 ± 4 6 ± 8 5 ± 2 c 446 ± 31 413 ± 32 482 ± 39 472 ± 46
OR1f2m-25 743 0.008 ± 0.002 93 ± 22 90 ± 42 1584 ± 26 2.38 ± 0.04 58 ± 5 �32 ± 12 754 ± 20 214 ± 23
OR1f2m-29 10 a 1450 ± 50 1630 ± 100 540 ± 24 c d d d d

OR1f2m-33 574 a �5 ± 58 9 ± 122 104 ± 37 c 477 ± 24 97 ± 27 1237 ± 38 2621 ± 296
OR1f2m-34 9 a 5060 ± 60 7410 ± 146 2180 ± 25 c d d d d

OR1f2m-38 4 a �118 ± 177 �602 ± 274 51890 ± 1500 1.84 ± 0.05 �77 ± 12 �98 ± 15 125 ± 6 242 ± 6
OR1f2m-39 332 a 21 ± 38 �30 ± 79 -19 ± 22 c 285 ± 100 78 ± 79 614 ± 64 4224 ± 1568
OR1f2m-40 11 a 3380 ± 65 3660 ± 138 554 ± 22 c d d d d

OR1f2m-o65 546 a 340 ± 120 294 ± 252 26 ± 63 c 1180 ± 30 310 ± 20 1800 ± 37 7420 ± 154
OR1f2m-o67 4 a 63 ± 52 15 ± 107 3770 ± 77 1.77 ± 0.04 2 ± 4 14 ± 4 169 ± 5 236 ± 6
OR1f2m-o68 245 0.0139 ± 0.0001 996 ± 13 2840 ± 41 289 ± 7 c 1980 ± 160 327 ± 98 1560 ± 169 2180 ± 329

Note: Errors are 1r; d-values are deviations from solar ratios in per mil.
a The Ca/K ratios for these grains were very low, making it impossible to derive a meaningful 41Ca/40Ca ratio from the 41K excess.
b Not reported, because the 50Cr contribution to the ion signal of these grains was calculated to be �60%, increasing the uncertainty of the results.
c Did not derive 44Ti/48Ti ratios for these grains because they either had no 44Ca excess or the d44Ca/40Ca values are comparable to the d42,43Ca/40Ca values.
d Not measured because of very low Ti signals.
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(a)
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(c)

Fig. 12. Delta-value three-isotope plots of the Ca isotopic ratios measured in graphite grains from the HD fraction OR1f. Grains with
extreme delta values are listed in Table 2. The ratios are plotted as d-values, deviations from the terrestrial ratios in permil (&). Error bars are
1r. Dashed lines indicate solar ratios.
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4.1. Orgueil graphites from supernovae

Several isotopic signatures indicate a SN origin for
Orgueil graphite grains. They include excesses in 15N,
18O, 28Si, high inferred 26Al/27Al ratios, and evidence for
initial 44Ti. The presence of several of these isotopic signa-
tures in an individual grain requires that several different
SN zones must have contributed material to the mixture
from which the grain condensed. X-ray observations of
SN remnants (SNRs) of Cassiopeia A (Hughes et al.,
2000) and SN 1978A (Ebisuzaki and Shibazaki, 1988) indi-
cate extensive mixing in SN ejecta. Furthermore, hydrody-
namic models of SN explosions by Herant et al. (1994) have
predicted that mixing of various SN layers can be initiated
by Rayleigh–Taylor instabilities between the layers. The de-
tailed mechanics of this mixing and whether it occurs on a
microscopic level are still unclear. To date, several attempts
have been made to match the isotopic ratios of graphite and
SiC grains from supernovae by mixing of different SN zones
(Travaglio et al., 1998; Yoshida and Hashimoto, 2004; Yos-
hida, 2007; Marhas et al., 2008; Fedkin et al., 2010; Lin
et al., 2010). An attempt to explain the isotopic ratios of
each SN grain of this study in detail would exceed the scope
of the present paper. We, instead, discuss the problems and
limitations that arise when one tries to match isotopic ratios
of multiple elements of a given grain by mixing different SN
layers. The labels given to different layers of a SN that we
refer to in the rest of this paper follow the nomenclature
introduced by Meyer et al. (1995) based on the most abun-
dant elements present in each zone.

The first question to be addressed is whether a grain’s
isotopic composition measured in the laboratory is the
same as that at the time of grain formation. We know
that grains initially carried some short-lived isotopes that
decayed during the grains’ lifetime and we can determine
their abundance from their daughter isotopes. Here we
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Fig. 13. Delta-value three-isotope plots of Ti isotopic ratios
measured in graphite grains from the LD OR1d fraction. Grains
with large delta values are listed in Appendix Table A3. The ratios
are plotted as d-values, deviations from the terrestrial ratios in
permil (&). Error bars are 1r. Dashed lines indicate solar ratios.
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are concerned with stable isotopes. The question of iso-
topic equilibration and contamination has been raised
previously in connection with the N and O isotopic ra-
tios of many presolar graphite grains. It is difficult to
understand why many grains, especially HD grains, with
a large range in their C isotopic ratios, have close-to-ter-
restrial N and O isotopic ratios (Figs. 3 and 4). Isotopic
equilibration has been invoked to explain C and O iso-
topic heterogeneity observed in thin slices of a LD
graphite grain from Murchison (Stadermann et al.,
2005). On the other hand, contamination has also to
be considered, especially for graphite grains from Orgu-
eil, which could not be separated from macromolecular
IOM by chemical processing. Groopman et al. (2012)
observed large N and O isotopic variations in isotopic
images of the surfaces of LD graphite grains from Orgu-
eil and explained it by adhering IOM material. Such
contamination could certainly be present in the present
study, especially for grains that were not extracted from
the IOM before NanoSIMS analysis. Another point of
concern is intrinsic isotopic heterogeneity within grains.
Groopman et al. (2012) interpreted isotopic heterogeneity
in C, N, and O measured in thin slices of OR1d grains
as being caused by changing isotopic compositions in the
SN ejecta during grain growth. Stadermann et al. (2005)
found internal TiC subgrains that have much larger 18O
excesses than the surrounding graphite host. Since the
TiC grains must have formed before the host grain
and were incorporated during its growth, it is conceiv-
able that they formed in a different environment with
different isotopic compositions. While internal variations
revealed by isotopic imaging offers a fascinating way to
study the history of the formation of a given grain, in
the present study different isotopic systems were mea-
sured sequentially in different layers that were sputtered
away by the primary beam (Appendix Table A1). If iso-
topic compositions changed because of intrinsic heteroge-
neity, we do not have coordinated isotopic compositions
for a given sub-volume of the grain. Thus, we would like
to point out that comparison of grain data with results
of mixing calculations cannot provide an exact solution.
Another reason why a unique solution is unrealistic is
that despite large efforts made by SN modelers, SN mod-
els can at best only be considered as approximations.
First, all models that provide the abundances of different
nuclides are one-dimensional models (Woosley and Wea-
ver, 1995; Thielemann et al., 1996; Rauscher et al., 2002;
Limongi and Chieffi, 2003, 2006; Yoshida and Hashimot-
o, 2004). Two- and three-dimensional models of SN
explosions have recently been computed (Müller et al.,
1991; Kifonidis et al., 2003; Joggerst et al., 2009; Ham-
mer et al., 2010), but these models did not follow the
nucleosynthesis of a large network during the explosion.
Second, SN models cannot explain certain isotopic ratios
measured in the grains. For example, inferred 26Al/27Al
ratios in some graphite grains (Fig. 9) and SiC grains
of type X (Lin et al., 2010) are larger than the predic-
tions of any existing SN models. Silicon isotopic ratios
in X grains are another example of anomalies that can-
not be successfully matched by SN models (Lin et al.,
2010). Another complication for the comparison of grain
data with SN models is the possibility of fractionation
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Fig. 14. Delta-value three-isotope plots of Ti isotopic ratios measured in graphite grains from the HD OR1f fraction. Grains with extreme
delta values are listed in Table 2. The ratios are plotted as d-values, deviations from the terrestrial ratios in permil (&). Error bars are 1r.
Dashed lines indicate solar ratios.
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between elements of a given SN zone. Usually, although
different SN zones contributed different percentages to
the mix from which a grain condensed, it is assumed
that there is no elemental fractionation for a given zone.
However, observations of presolar grains force us to
conclude that this assumption is not warranted. A prime
example of elemental fractionation are SiC type C
grains, rare grains that appear to have a SN origin
(Gyngard et al., 2010; Hoppe et al., 2010, 2012; Zinner
et al., 2010). These grains have large excesses of 29Si
and 30Si, and some have large 32S excesses (Croat
et al., 2010; Gyngard et al., 2010; Hoppe et al., 2010,
2012; Zinner et al., 2010; Xu et al., 2012). The Si/S
SN zone contains almost pure 28Si and 32S, thus 32S ex-
cesses are expected to be accompanied by large 28Si ex-
cesses. Because this is not observed in SiC C grains, Si
and S from the Si/S zone must have been fractionated
from one another before grain formation (Hoppe et al.,



Fig. 15. Ca isotopic patterns observed in 6 graphite grains from the
LD and HD fractions, OR1d and OR1f. All these grains have 44Ca
excesses that vastly exceed the 42,43Ca excesses, seen in the grains,
indicating the initial presence of the short-lived radionuclide 44Ti.
The derived 44Ti/48Ti ratios for these grains are listed in Appendix
Table A4.
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2012). Another example is the lack of 54Fe excesses in
SiC X grains (Marhas et al., 2008). The Si/S zone is rich
in 54Fe, which is expected to accompany 28Si. Before the
formation of these grains, Si and Fe from the Si/S zone
must have been fractionated from one another, possibly
by forming FeS molecules and grains.

It is with all these caveats that we compare the isotopic
compositions of Orgueil graphite grains with theoretical
predictions of SN models.
Fig. 16. Inferred 44Ti/48Ti ratios in graphite grains from both LD and HD
ratios. Three out of the six graphites with high 44Ti/48Ti ratios do not h
4.1.1. Bona fide supernova grains among the LD and HD

density fractions

Definite evidence of a SN origin is obtained from the
presence of 44Ti and 28Si excesses in graphite (or any preso-
lar) grains. Both isotopes are only produced in massive
stars (Timmes et al., 1996; see also Meyer and Zinner,
2006). Fig. 15 shows extremely large 44Ca excesses in six
grains, which show only small or no excesses in 42Ca and
43Ca. Two of these grains belong to the LD fraction, while
the other four are from the HD fraction.

Almost all SiC X grains and LD graphite grains from
Murchison that show evidence of 44Ti have large 28Si ex-
cesses (Amari et al., 1992; Hoppe et al., 1994, 1996, 2000;
Nittler et al., 1996; Besmehn and Hoppe, 2003). In the
present study, however, 3 out of 4 HD graphites that con-
tain 44Ti have only small if any 28Si excesses (Fig. 16). The
Si isotopic ratios of these grains are believed to be equili-
brated similar to their N and O isotopic ratios. Grain
OR1f2m-o67 is depleted in 29Si and enriched in 30Si, and
hence does not have a 28Si excess. The two LD grains,
OR1d4m-8 and OR1d4m-9, contain both 44Ti and large
28Si excesses. In addition to these 2 LD grains, there are
approximately 20 more LD grains that have large 28Si ex-
cesses (Fig. 5a) but show no evidence for the initial presence
of 44Ti. The presence of 44Ti and/or 28Si excesses, however,
indicates beyond any doubt that these grains originated in
Type II SNe. To explain these 28Si and 44Ti anomalies,
we need a contribution from the Si/S zone of a Type II
SN. We discuss further issues related to this mixing in the
following Section 4.1.2. It is now clear that grains from dif-
ferent stellar sources are found in LD and HD types of
graphites, and SN grains are present in both types of Orgu-
eil graphites. Zirconium and Mo isotopic analyses of HD
graphites from Murchison (Nicolussi et al., 1998a) indicate
a similar result. These authors found two grains with ex-
treme 96Zr excesses, which the authors interpret as a
fractions OR1d and OR1f are plotted as a function of Si isotopic
ave large 28Si excesses.
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signature of a SN origin for these HD grains. Several other
grains showed s-process isotopic patterns for Zr and Mo,
similar to mainstream SiC grains that come from AGB
stars. However, it is possible for AGB stars with low-mass
and metallicity to also produce large 96Zr excesses (Davis
et al., 2003) and this discrepancy could be resolved if other
isotopic ratios were measured in the two SN grains reported
by Nicolussi et al. (1998a). This illustrates the value of
obtaining multi-element isotopic analyses on individual
presolar grains.

The HD grains OR1f2m-1, OR1f2m-38, and OR1f2m-
o67 with evidence for the initial presence of 44Ti also have
low 12C/13C ratios (<20). We will demonstrate in the next
Section 4.1.2 that it is difficult to reconcile the low
12C/13C ratios of these grains with the isotopic ratios of
other elements. The mixing situation leads to a problem
with mixing He/C–He/N zone material, similar to that of
grain OR1d1m-11 (see Fig. 24 in next section).
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Fig. 17. C and N isotopic compositions of LD graphite grains from
Orgueil compared with SN predictions. (a) Mixing lines between
the average isotopic compositions of the He/C, O/C, O/Ne, O/Si
zones with that of the He/N zone of the Rauscher et al. (2002)
15 M� SN model. The shape of the mixing lines is influenced by the
relative abundances of C and N in the respective zones in addition
to the isotopic ratios. (b) Mixing lines between individual layers
within zones (as opposed to averages, as seen in Fig. 17a) of the
Rauscher et al. (2002) 15 M� SN model. Mixing individual layers
provides a better fit to grain data.
4.1.2. Other LD graphites from SNe and limitations of

various SN models and mixing calculations

To account for the large 12C, 15N, and 18O excesses, and
high 26Al/27Al ratios of a large number of LD grains we
need contributions from at least the He/N zone (low
12C/13C and high 26Al/27Al ratios) and from the He/C zone
(high 12C/13C ratios, low 14N/15N and 16O/18O ratios). The
isotopic compositions of the He/N zone are the result of H
burning. Hydrogen burning in the CNO cycle produces low
12C/13C and high 14N/15N ratios and the 25Mg(p,c)26Al
reaction produces 26Al. Partial He burning in the He/C
zone results in very high 12C/13C ratios and 15N is synthe-
sized at the bottom of the He/C zone during explosive
nucleosynthesis by neutrino reactions on O. Meyer and Boj-
azi (2011) suggested that heating by the SN shock can also
produce 15N by 18F(n,a)15N on 18F produced by
14N(a,c)18F. The two zones are the only SN zones where
C > O (in the inner part of the He/N zone, where H has
been completely exhausted).

4.1.2.1. Mixing averages of entire SN zones to explain C and

N isotopic ratios. Fig. 17a shows the C and N isotopic ratios
of LD graphite grains and the averages of six SN zones of
the 15 M� model by Rauscher et al. (2002), as well as mix-
ing lines between the He/N zone and the four zones with
15N excesses, i.e., with low 14N/15N ratios. The shape of
the mixing line is determined not only by the isotopic ratios
of the endpoints, but crucially by the relative abundances of
C and N in the two zones to be mixed. For example, the O/
C zone has a high C abundance but a low N abundance. As
a result, addition of material from the O/C zone to that of
the He/N zone first changes the C isotopic ratio while the N
isotopic ratio is still dominated by that of the He/N zone,
where N is very high. The O/Si zone is very low in both
C and N and the mixing curve reflects this. Although the
14N/15N ratios in the O/Ne zone is much lower than in
the He/C zone, the mixing curves of these zones with the
He/N zone are initially almost identical. One serious prob-
lem for mixing with the O/Ne and O/Si zones in the hope of
achieving low 14N/15N ratios is that, because of the large
abundance of O in these zone, any minor addition of mate-
rial from these zones will result in an O-rich composition of
the mixture way before the C and N isotopic ratios are sig-
nificantly affected. For example, the mixture of the He/N
with the O/Si zone reaches O/C = 100 when 12C/13C = 5
and 14N/15N = 7,500. We also mix material from the He/
N, He/C, and O/Si zones under the constraint C = O and
determine the 14N/15N ratios for different 12C/13C ratios.
We obtain a line that deviates from the He/N-He/C mixing
line by less than the line width in the plot. We conclude that
contributions from the O-rich SN zones have to be severely
restricted to maintain C > O.

4.1.2.2. Mixing individual layers within SN zones to explain

C and N isotopic ratios. While Travaglio et al. (1999) mixed
averages of whole zones, Fedkin et al. (2010) realized that a
better match with the grain data can be achieved if
individual layers within zones are used. While the C and
N isotopic ratios in the He/N zone of the 15 M� model
are fairly uniform, they vary over large ranges in the He/
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Fig. 18. C and N isotopic compositions of LD graphite grains from
Orgueil compared with SN predictions. (a) Mixing lines between
the average isotopic compositions of the He/C, O/C, O/Ne, O/Si
zones with that of the He/N zone of the Rauscher et al. (2002)
25 M� SN model. The shape of the mixing lines is influenced by the
relative abundances of C and N in the respective zones. (b) Mixing
lines between individual layers within zones (as opposed to
averages, as seen in Fig. 18a) of the Rauscher et al. (2002) 25 M�
SN model. Mixing individual layers of the He/C and He/N zones of
this model seems can explain all the grain data.
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C zone. Fig. 17b shows C and N isotopic ratio in individual
layers of different zones. It also shows mixing lines between
a layer from the inner part of the He/N zone (at interior
mass 4.0 M�) and the two layers with extremely different
14N/15N ratios in the He/C zone (at 3.1 and 3.788 M�,
respectively) and with the innermost layer (at 1.924 M�)
in the O/Si zone. As can be seen, mixing of the He/N zone
with different layers of the He/C zone can cover most of the
grain data and maintain C > O but misses a number of
grains with very low 12C/13C ratios. The mix with the inner-
most layer of the O/Si zone can cover a fair number of the
latter grain compositions but the mixing line intersects the
terrestrial 14N/15N ratio at an O/C ratio of 2000. It is clear
that consideration of individual SN layers within zones in-
creases the complexity of mixing exercises by a large extent,
especially if multi-element isotopic compositions, such as
this study, are considered.
4.1.2.3. Mixing layers from a 25 M� Rauscher SN model to

explain C and N isotopic ratios. We also investigated the
predictions of the 25 M� SN model by Rauscher et al.
(2002). Fig. 18a shows C and N isotopic compositions
and mixing lines for this model. One peculiar feature of this
model is the presence of a 15N spike in the He/N zone in
layers where the H abundance goes to zero. This spike re-
sults in a lower average 14N/15N ratio than in the 15 M�
SN model. In spite of this fact, the mixing line with the
He/C zone still plots above most of the data points,
although the 14N/15N ratio of the entire He/C zone is also
lower than that in the 15 M� model. This result appears
non-intuitive but is explained by the fact that the N content
in the He/C zone is lower than that in the 15 M� model. If
we plot, as for the 15 M� model, the compositions of indi-
vidual SN layers (Fig. 18b), we see that a mixing line be-
tween the layer with the 15N spike and the He/C layer
with the lowest 14N/15N ratio matches the lowest 14N/15N
ratios of the grains but falls below all other data points.
On the other hand, the mixing line between a layer from
the He/N zone outside the spike and the He/C layer with
the highest 14N/15N ratio falls above all data points. This
means that the C and N isotopic compositions of all preso-
lar graphite grains can be explained by mixing between
properly selected individual layers from the He/N and
He/C zone of the 25 M� SN model and, in principle, we
do not need any other SN models. This does not mean that
graphite grains come only from supernovae of 25 M� mass.
As we can see from Fig. 18b, mixing in the case where we
have a range of C and N isotopic ratios in the He/N and
He/C zones does not give a unique solution for a given
grain. For example, grain OR1d1m-20 plots close to the
mixing line between a He/N layer away from the 15N spike
and the layer with the smallest 14N/15N ratio in the He/C
zone. The 16O/18O ratio of the mix that matches the C
and N isotopic ratios of this grain is 5. However, the mea-
sured 16O/18O ratio of this grain is 170. We could try differ-
ent mixtures of the 25 M� Rauscher SN model that
reproduce the C and N ratios and see whether a better
match to the observed O isotopic ratio can be obtained.
We also can try other SN models (e.g., grain OR1d1m-20
plots within the area covered by He/N-He/C mixtures of
the 15 M� SN model; Fig. 17b). These exercises can get ex-
tremely complex and would vastly exceed the scope of this
paper.

4.1.2.4. Comparison of Rauscher SN models with other

nucleosynthesis models in the literature. In the 20 M� SN
model by Rauscher et al. (2002), 15N is very low in the
He/C zone and the 14N/15N ratio is much higher than in
the 15 and 25 M� SN models, ranging from 14 to 855. This
is a special model in which the star experienced some con-
vection before explosion. It has no O/Ne zone. In the
19 M� SN model, both 14N and 15N are an order of magni-
tude higher in the 20 M� SN model, but the 14N/15N ratio
is still high (21–474). In the 21 M� SN model, N isotopic
abundances in the He/C zone are similar to the abundances
in the 25 M� SN model. This last model exhibits a tiny 15N
spike in the He/N zone but the 14N/15N ratio is still 2000,
compared to 70 in the 25 M� SN model (Fig. 18b).



1E-2

1E-1

1E+0

1E+1

1E+2

1E+3

1E+4

1E+5

14
N

/1
5
N

12C/13C

so
la

r

solar

terrestrial
102

103

102 103101100 104

101

100

10-1

105 106

104

105

10-2

He/N

He/C

107

spike

Fig. 19. C and N isotopic compositions of LD graphite grains from
Orgueil compared with SN predictions. The figure shows mixing
lines between different layers within the He/N zone and the He/C
zone of the Heger 12 M� SN model. The mixing lines between the
outer region of the He/N zone with layers from the He/C zone
completely miss the grain data. Mixing between a layer from the
outer He/N zone and an inner layer from this zone and the layer with
the 15N spike between the He/N and He/C zone shows that many of
the grain data can be covered but only under O > C conditions. The
open diamonds indicate the isotopic ratios where the mixture
becomes O-rich. Shapes of the mixing lines are influenced by the
relative abundances of C and N in the respective zones.
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Alexander Heger has computed SN models3 at all integer
solar masses from 12 to 33 M� and at 35 and 40 M�. The
12 and 13 M� models have 15N spikes with very low
14N/15N ratios (18 and 28, respectively). The spike in these
models occurs at the boundary between the He/C and He/
N zones. At this layer, 18O is very high but 13C is low.
Fig. 19 shows N and C isotopic ratios in the He/N and
He/C zones of the 12 M� Heger model. A mixing line be-
tween a layer from the outer region of the He/N zone
and the layer with the spike misses many LD grains. In
addition, since 18O in the layer with the spike is so high,
the mixture becomes O-rich at the composition marked
by the open diamond. Although 14N/15N ratios in the He/
C zone are lower, N contents are low and C contents are
high, and as a result mixing lines between layers from the
outer He/N zone and layers from the He-C zone miss all
the LD data. The 15 M� Heger model does not have any
15N spike. Spikes appear again at the 20 M� model and
are strongest in the 24 and 25 M� models (with 14N/15N ra-
tios of 200, somewhat larger than the ratio of 70 in the
25 M� Rauscher model). Models with higher masses have
also spikes but with less intensity. We also looked at the
15, 20, and 25 M� models by Limongi and Chieffi (2003,
2006). The 15 and 20 M�models have 14N/15N ratios some-
what lower than terrestrial 14N/15N ratios only in the O/Ne
and O/Si zones and, as discussed above, any mixing with
these zones leads to high O/C ratios. In the 25 M� model,
the He/C zone has a lower than terrestrial 14N/15N ratio;
however, this ratio is constant in the He/C and He/N zones.
This would result in only a single mixing line and not pro-
3 Data obtained from: http://webusers.physics.umn.edu/~alex/sollo03/.
vide the variability required to match the C and N isotopic
ratios measured in many grains. Furthermore, the maxi-
mum 26Al/27Al ratio in the He/N zone is about an order
of magnitude smaller than in the Rauscher and Heger mod-
els. We conclude that the aforementioned models provide
no new solutions to SN mixing problems to explain grain
data; and, in some cases, are completely incapable of
explaining grain data.

4.1.2.5. Mixing SN layers to explain O isotopic ratios. We
turn now to the O isotopic ratios. The only SN zone with
16O/18O ratios lower than solar is the He/C zone, where
partial He-burning produces 18O via the reaction
14N(a,c)18F(b+,m)18O on the abundant 14N produced by pre-
vious H burning in the CNO cycle. Fig. 20a shows C and O
ratios in whole zones and mixing lines between them for the
15 M� Rauscher et al. (2002) SN model. Although the
16O/18O ratio in the He/N zone is high, the large 18O abun-
dance in the He/C zone results in a mixing line between
these zones that is below all the data points of LD graphite
grains. Mixing with O-rich zones, all with very high 16O/18O
ratios, is necessary to reach any grain compositions. We
calculated the line along which C/O = 1 when mixing mate-
rial from the He/N, He/C, and O/C zones (See Fig. 20a).
This line is still below most of the data points. Only the re-
gion between this line and the He/N–He/C mixing line has
C > O, whereas the region above has C < O. The C = O line
is even lower for mixing with the O/Ne or O/Si zones,
which have higher O/C ratios than the He/C zone. In order
to explore whether mixing between specific layers would im-
prove the situation, we mixed a layer in the inner part on
the He/N zone (at 4.0 M�) with layers in the He/C and
O/C zones close to the boundary between these zones (at
3.1 and 2.95 M�). The reason for selecting this layer from
the O/C zone is that the O/C ratio in this layer is smaller
than the more interior layers. The C = O line of such a mix-
ture plots a little higher (Fig. 20a) but most grains still lie
above this line. Since the 16O/18O ratios in the He/N and
He/C zones are quite uniform, we do not gain much more
information by considering individual layers. The results
from the 25 M� SN model, although somewhat different
in detail, are essentially the same. The C = O line calculated
for a mixture of material from the He/N, He/C, and O/C
zones for this 25 M� SN model is almost identical to that
obtained from the 15 M� SN model. The situation is quite
different for the 12 M� model by Heger (Fig. 20b). In con-
trast to the 15 and 25 M� SN models, in the He/N zone the
C and O isotopic ratios vary over large ranges. Around the
15N and 18O spike the composition is O-rich (O > C) be-
cause of the high 18O abundance. As a consequence, a mix-
ture between layers from the outer He/N zone and the layer
with the spike becomes O-rich at a 12C/13C ratio of �10
(indicated by an open diamond in Fig. 20b). However, as
one moves into the He/C zone, the C abundance increases
rapidly while the 18O/16O ratios remains quite low, so that
a mixture with such a layer is C-rich throughout and still
has 18O/16O ratios smaller than those of the grains. On
the other hand, mixing with more interior layers (which

http://webusers.physics.umn.edu/~alex/sollo03/
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Fig. 20. C and O isotopic compositions of LD graphite grains from
Orgueil compared with SN predictions. a) This figure plots mixing
lines between averages of the He/N zone and the He/C, O/C, O/Ne,
and O/Si zones of the Rauscher et al. (2002) 15 M� SN model
(black lines). The gray lines indicate mixing lines between specific
layers (see text) within the He/N, O/C, and He/C zones. The dot-
dash gray O = C line indicates the region where O = C for mixtures
between the He/N, He/C, and O/C zones, while the broken gray
line is the O = C line for mixing lines between the specific layers
from these three zones. (b) Mixing lines between specific layers of
the Heger 12 M� SN model. Mixing an outer He/N layer with the
15N- and 18O-spike layer does not satisfy grain data and are also O-
rich for almost all C isotopic ratios (open diamond indicates
O = C). However, a mixture between the outer He/N zone and
properly selected layers within the He/C zone can explain all the
grain data under C-rich conditions.
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have higher 18O/16O ratios) results in compositions with
higher 18O/16O ratios than those of the grains. Thus, mixing
between properly selected layers from the He/N and He/C
zones can cover all grain data while maintaining C > O
conditions.

4.1.2.6. Grain condensation under C-rich vs O-rich condi-

tions. We are now faced with the situation that proper mix-
ing between layers in the 25 M� Rauscher model can
explain the N and C isotopic compositions of LD grains un-
der C > O conditions, while coverage of the O and C isoto-
pic ratios can be achieved only under C < O conditions. On
the other hand, the 12 M� Heger model can explain the O
and C isotopic ratios of the grains under C-rich conditions
but fails to do so for the N and C isotopic ratios. Two pos-
sibilities arise as an explanation to the issue of maintaining
the C > O condition during graphite grain condensation:
either graphite grains can condense from a gas with
C < O or, a much more likely scenario, equilibration or
contamination is responsible for the shift to normal N
and O isotopic ratios in many grains. As for condensation
under C < O conditions, we want to point out that conden-
sation from such a mixture is fundamentally different from
the proposal by Clayton et al. (1999), Clayton (2011), and
Deneault et al. (2003, 2006) that graphite and SiC can con-
dense under O-rich conditions. These authors want to avoid
any mixing and thus have the grains condense in the O/Si
zone. Since the C, N, O, and Al isotopic ratios in this zone
are completely different from those observed in the grains,
Clayton (2011) proposes that on their way through the out-
er zones the grains received their 13C, 14N, 18O, and 26Al in
collisions with tiny graphite grains that had condensed in
the He-rich zone (Clayton, 2011). However, there is no evi-
dence that 13C, 18O, and 26Al reside mostly in the outer lay-
ers of grains while their interior has essentially pure 12C and
16O (Groopman et al., 2012; Zinner and Jadhav, 2012). In
some cases, the opposite is observed: the interior of grains
have lower 16O/18O ratios than the exterior (Stadermann
et al., 2005; Groopman et al., 2012). These observations
make the Clayton model untenable. We will not pursue
the possibility of grain condensation from O-rich gas be-
cause we believe that equilibration/contamination is more
likely. It is remarkable that so many graphite grains, espe-
cially HD grains, have N and O isotopic ratios that are
close-to-terrestrial values (Figs. 3 and 4). It has been argued
that HD grains have an origin in AGB stars. Such stars are
expected to have high 14N/15N ratios, and mainstream SiC
grains that originate from a similar source, indeed have
such high ratios. Grains from AGB stars are also expected
to have higher-than-solar 16O/18O ratios and most oxide
and silicate grains show this signature. Terrestrial values
of N and O are produced neither by SNe nor AGB stars;
these values are the result of mixing from many stellar
sources. The terrestrial ratios found in HD graphites (and
some LD graphites) are indicators of the history of the
grains in the interstellar medium and/or the solar system.
Equilibration in the solar system could have occurred in
the early solar system, on the parent body of the host mete-
orite, or in the laboratory. High-density grains are affected
by this equilibration to a much larger extent than LD grains
because HD grains have lower trace element abundances to
start with. This difference was observed in Murchison
graphites as well. Unfortunately, we still do not know
where this contamination/equilibration occurred.
4.1.2.7. Mixing SN layers to explain 26Al/27Al ratios. Low-
density graphite grains are characterized by high inferred
26Al/27Al ratios. Fig. 21 shows grain data, the Al and C isoto-
pic ratios predicted for averages of different SN zones by the
15 M� Rauscher SN model and mixing lines between the
He/N and other SN zones. One problem is immediately appar-
ent: certain grains have 26Al/27Al ratios that are larger than ra-
tios predicted by this or any other SN models. This problem
has previously been recognized in connection with SiC grains
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Fig. 21. Derived 26Al/27Al ratios versus 12C/13C ratios of LD
graphite grains from Orgueil compared with SN predictions. The
figure shows mixing lines between the average isotopic composition
of the He/N zone and the averages of H/He, He/C, O/C, O/Ne,
and O/Si zones of the Rauscher et al. (2002) 15 M� SN model. The
grains with highest 26Al/27Al ratios cannot be explained by the
mixing of any SN layers or by using other SN models. The broken
gray line represents the C = O line for mixing of the He/N, He/C,
and O/Ne zones, while the dost-dash gray line is the C = O line for
mixing the He/N, He/C, and O/Si zones. Both these scenarios miss
most of the grain data.
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of type X (e. g., Lin et al., 2010). We believe it is a shortcoming
of the SN models and further investigations are required. It is
interesting that all the SN models by Woosley and Weaver
(1995), Rauscher et al. (2002) and Heger predict very similar
maximum 26Al/27Al ratios in the He/N zone. The models by
Limongi and Chieffi (2003, 2006) predict lower ratios, but
higher ratios are required to match the highest ratios measured
in the grains. A second problem is that most LD grains plot
below the He/N–He/C mixing line. As for the O isotopic ratios
we calculated the C = O lines for mixing of the He/N and He/
C zones with the O/Ne and O/Si zones, respectively. As can be
seen in Fig. 21, these lines still plot above most of the grain
data. Similar to the situation with the O isotopic composition,
we are left with three choices: grains can either condense from
a gas with C < O, radiogenic 26Mg is lost, or there is a large
amount of Al contamination. Our preliminary studies of
depth profiles during grain measurements indicate that there
is very little loss of radiogenic 26Mg (Zinner and Jadhav,
2012). They also indicate that although some Al contamina-
tion is present, it is not clear whether it is large enough to ex-
plain the 26Al/27Al ratios of the grains that plot below the
C = O lines. We defer more detailed investigations of this
problem to a future paper. Mixing curves and C = O lines in
the 25 M� SN model are similar enough to those in Fig. 21
that the basic conclusions are the same.

We note that most grains with large 26Mg excesses and
high inferred 26Al/27Al ratios have significant 25Mg excesses
(Fig. 7), which in depth profiles can reach values greater
than 3000& (unpublished data). This is not necessarily ex-
pected because high 26Al/27Al ratios imply substantial con-
tribution from the He/N zone. However, all of the He/N
zone and most of the He/C zone are severely depleted in
25Mg and only in the inner layers of the He/C zone do we
find 25Mg excesses. In the 15 M� Rauscher SN model we
have to go very close to the boundary between the O/C
and He/C zone to obtain a high enough 25Mg excess for
the 12C/13C ratios observed in the grains. This results in a
very low 14N/15N ratio (�5). The 25Mg/24Mg ratio in the
O/C zone is very high and it might be possible to obtain
25Mg excesses without ending up with too much O. It is
interesting that the 25 M� Rauscher SN model has a
25Mg spike in the same layers where it has the 15N spike.
There the d25Mg/24Mg value becomes as high as 750&.
Mixing with these layers might help in explaining 25Mg ex-
cesses in grains with high 26Al/27Al ratios. Because
25Mg/24Mg ratios vary a lot in the He/N, He/C, and O/C
zones, one has to try to select the right layers for mixing.

4.1.2.8. Mixing SN layers to explain Si, Ca, and Ti isotopic

ratios. To explain 28Si excesses we need a contribution from
the Si/S zone where O burning has resulted in almost pure
28Si and 32S. The He/C zone has modest excesses in 29Si and
30Si, which increase toward the inner part of the zone. How-
ever, these excesses are easily overwhelmed if only relatively
small amounts of material from the Si/S zone are added.
Because 28Si in this zone is so abundant compared to the
elements considered so far, there is hardly any effect on
the isotopic ratios of these elements. This is not the case
for the Ca and Ti isotopes. The abundance of 40Ca is quite
high in most of the Si/S zone, 48Ti is highly abundant in the
inner part, and 42Ca and 46Ti in the outer portion. In order
to explore mixing with the Si/S zone in more detail, for the
25 M� Rauscher SN model we obtained a mixture between
a layer in the He/N zone (at 8.345 M�) and a layer from the
inner part of the He/C zones (at 7.404 M�) with fractions of
68.5 and 31.5%, respectively, of these two layers. This mix-
ture has 12C/13C = 100, 14N/15N = 144, 16O/18O = 1.51 and
C/O = 8.3. We chose not to go too close to the He/C-O/C
boundary, because this would have resulted in a much too
high 49Ti excess for this mixture (see Appendix Table A5).
We subsequently mixed this component with material from
two layers in the inner part (2.242 M�) and outer part
(2.484 M�) of the Si/S zone. The results for mixtures that
resulted in d29Si/28Si values of –254& (or –256&) and –
485& are shown for the two cases in Appendix Table A5.
To achieve the desired 29Si and 30Si depletions, only up to
2& of the Si/S zone has to be added. As expected, the C,
N, and Mg isotopic compositions are not affected. The O
isotopic ratio and C/O ratio change for the mixture with
the outer part because of 16O from the O/Si zone that is still
present. Mixture with the outer part increases the
d42Ca/40Ca and d46Ti/48Ti values, but mixing with the inner
part decreases all diCa/40Ca and d46,47Ti/48Ti values be-
cause of the high abundances of 40Ca and 48Ti. The absence
of large 42Ca and 46Ti excesses in the grain data (Appendix
Table A3) indicate that not much material from the outer
Si/S zone has found its way into the grains or that there
is substantial fractionation between Ca and Ti on the one
and Si on the other hand. Fractionation between Fe and
Si has been proposed to explain the lack of 54Fe excesses
in SiC X grains (Marhas et al., 2008). However, the pres-
ence of 44Ti in SN grains indicates that fractionation be-
tween Ti and Si cannot be very strong (Fig. 16). The Si/S
zone also contains the short-lived isotopes 44Ti and 49V
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(s1/2 = 337 days). Although the decay products 44Ca and
49Ti are included in the Si/S material used for the mixing
model, without any fractionation between the parent and
daughter elements, the effect on d44Ca/40Ca and d49Ti/48Ti
is small. The Ti/Ca ratio in grains can be high because of
the presence of TiC subgrains. We can get high d44Ca/40Ca
values under the assumption of Ti enrichment by factors of
50 and 1000. If we assume an enhancement of the V/Ti ratio
by a factor of 10, the contribution of 49V to 49Ti becomes
noticeable. But V (which is found in TiC subgrains) and
Ti are not observed to be fractionated relative to one an-
other. The lack of 49Ti excesses higher than what can be ex-
plained by contributions from the He/C zone confirms the
conclusion by Lin et al. (2010) that contribution to 49Ti
from 49V decay must be small. Since the abundances of
Ca and Ti change substantially within the He/C and Si/S
zones we are faced again with the extremely complex
problem of selecting appropriate layers and/or appropriate
models. Even then it is unlikely that we could explain all the
isotopic ratios of a given grain without having to invoke
equilibration, contamination, elemental fractionation, and
the limitations/failures of the various SN models. Mixing
between He/N, He/C, and Si/S zones can, in principle, ex-
plain deficits in 42,43Ca and 46,47Ti, the last three of which
are observed in some grains (Appendix Table A3). We
can also explain 44Ca and 46,49,50Ti excesses (e.g., Figs. 15
and 22). In order to obtain 43Ca excesses, which are seen
in some grains, we could choose to mix a layer from the
He/C zone that is closer to the He/C–O/C boundary or
add some material from the O/C zone. However, that
would result in much larger 49Ti and 50Ti excesses than
are observed. Titanium-47 excesses, however, cannot be ex-
plained by n-capture reactions. Contributions from the de-
cay of 47Ca and 47Sc give rise to an excess of only a few
permil (Travaglio et al., 1999). This Ti isotope, with the
largest neutron capture cross-section (Bao et al., 2000)
among the Ti isotopes, is under-produced by a factor of 5
in the galactic chemical evolution models of Timmes et al.
(1995) and its nucleosynthetic origin is not well understood.
Fig. 22. Ti isotopic patterns of HD graphite grains with a 47Ti anomaly.
O-rich zones or the He/C zone of the 15 M� SN model (Rauscher et al., 2
as indicated.
The occurrence of higher-than-solar 47Ti/48Ti in any SN
layer is accompanied by 46Ti/48Ti, 49Ti/48Ti, or 50Ti/48Ti ra-
tios that are higher, as seen in Fig. 22. Furthermore, the re-
gions with 47Ti/48Ti > solar are either in O-rich zones or in
the outer Si/S zone, where the 47Ti abundance is so low,
that it does not make much of a contribution.

LD grains with inexplicable Ti isotopic patterns are
OR1d3m-7, OR1d4m-13, and OR1d3m-23 (Fig. 22; Appen-
dix Table A3); they all have considerable excesses in 47Ti.
Apart from a 47Ti excess, grain OR1d4m-13 has a high
26Al/27Al ratio (0.14 ± 0.01, as well as 18O
(16O/18O = 149 ± 2) and 15N (14N/15N = 161 ± 2) excesses
– all SN signatures. All other isotopic ratios are solar within
errors. Grain OR1d3m-7 has a low 12C/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). Titanium-47 excesses larger
than 46Ti excesses have previously been observed in one
graphite grain (KE3d-9) from Murchison (Amari and Zin-
ner, 1997), and a SiC grain (M11-151-4), also from Murch-
ison (Nittler and Hoppe, 2005). Interestingly, the SiC grain
has a very low 12C/13C ratio of 4.02 ± 0.07 and 14N/15N ra-
tio of 11.6 ± 0.1 (Nittler and Hoppe, 2005). It was origi-
nally classified as a nova grain, but its Ti isotopic
anomalies indicate a SN origin.

Fig. 23 show the Ca patterns for HD grains, OR1f2m-18
and OR1f2m-o68, and the Ti isotopic pattern for grain
OR1f2m-18. These HD grains have much larger Ca and
Ti anomalies compared to the LD grains in Fig. 22. Grain
OR1f2m-18 has a large 47Ti excess (d47Ti = 2120 ± 354&),
much greater than the 46Ti excess, which makes its Ti
isotopic pattern inexplicable as discussed above. This grain
also has a high, inferred 41Ca/40Ca ratio of 0.015 ± 0.003
that can be obtained in the He/C, C/O, and O-rich zones
of a Type II SN. The Ca isotopic patterns of grains
OR1f2m-18 and OR1f2m-o68 and the 46,49Ti excesses of
OR1f2m-18 can be obtained by an admixture of the O-rich
to the He/C zones of a Type II SN, as is demonstrated in
Fig. 23a and b. Grain OR1f2m-o68 also has large 29,30Si
Titanium-49 excess can be explained by admixture of material from
002). The anomalies in the zones are reduced by appropriate factors
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Fig. 23. (a) 46,49Ca and (b) Ti isotopic patterns of HD grains can be
reproduced by mixing material from the O-rich zones (O/C and O/
Ne) to C-rich zones (Rauscher et al., 2002). The anomalies in the
zones are reduced by appropriate factors as indicated.
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excesses (d29Si = 1340 ± 35&; d30Si = 896 ± 33&) and a
high inferred 41Ca/40Ca ratio of �0.014. SiC grains of type
C with large 29,30Si excesses have purported SN origin
(Hoppe et al., 2010, 2012). Material from the O/C and O/
Ne zones can produce such large Ca and Ti anomalies
and 29,30Si excesses, but only a small amount of material
from these zones has to be added so that the C/O ratio re-
mains greater than 1.

In summary, we conclude that mixing between average
compositions of whole zones cannot explain the isotopic
compositions of grains very well. The situation is improved
if individual layers from different zones are selected but
there are still many problems that remain unsolved. The
question is whether external reasons for the selection of
particular layers can be found. The 25 M� Rauscher SN
model and several SN models by Alexander Heger feature
15N (and 25Mg) spikes in the He/N zone. Supernova mixing
does a better job of explaining grain data if this layer is se-
lected. Nitrogen-15 in the spike is produced by H burning
when this layer at the edge of the H-rich outer region is
heated by the SN shock. Another observation from SN
mixing exercises is that material from close to the He/C-
O/C boundary is needed (e.g., for 15N, 25Mg). This is at
the edge of the He-rich region. We wonder whether prefer-
ential contributions from these layers have something to do
with the “He-wall” and “H-wall”. Is it possible that mate-
rial from interior zones is more intimately mixed when it
hits these walls? The 3-D explosion model by Hammer
et al. (2010) shows that material from inner zones can pen-
etrate these walls. We hope that future improvements in
multi-dimension explosion models can contribute to this
question.

We now further demonstrate the mixing problem for a
13C-enriched graphite grain OR1d1m-11. Fig. 24 shows
the result of a mixing calculation between different layers
of a 15 M� SN model (Rauscher et al., 2002) carried out
to reproduce the measured isotopic ratios in OR1d1m-11.
Similar to mixing exercises done by Travaglio et al.
(1999), Nittler et al. (2008) etc., we mixed material in differ-
ent proportions from specific layers within the SN zones to
achieve the best match between the measured and theoret-
ical ratios. No mathematical minimization routine was per-
formed because of the large uncertainties associated with
the stellar models – a quantitative result would lead to a
misleading notion that a unique fit is possible for each
grain. The calculation was constrained to fit the 12C/13C ra-
tio measured in the grain exactly and the C/O ratio was not
allowed be less than 1.

Grain OR1d1m-11 contains large 15N and 18O excesses
(14N/15N = 69 ± 1; 16O/18O = 227 ± 45). It also has a high
26Al/27Al ratio of 0.038 ± 0.001. These isotopic signatures
point to a SN origin, with major contributions from the
He/C zone, for this grain except that it has a very low
12C/13C ratio (6.5), an excess in 30Si (d30Si = 260 ± 29&)
and a depletion in 29Si (d29Si = �95 ± 20&). We have con-
strained the mixing calculations to reproduce the low
12C/13C ratio of the grain (Fig. 24). This constraint requires
that most of the material needs to come from the He/N zone
(99.57%). This gives a C/O ratio of 1.5. The only way to keep
the ratio from falling below 1 was to obtain material from the
C-enriched region at the base of the He/N zone (between
masses 3.81–4.7 M�). However, the dominant contribution
from the He/N zone that has a high 14N/15N ratio causes
the mixture to be 14N-enriched and the small contribution
from the He/C zone (0.4% at 3.17 M�) does not make the
mix come close to matching the low 14N/15N ratio seen in this
grain. The misfit between the measured N isotopic value and
the model calculation cannot be explained by equilibration
because the N ratios in the grain and the mix are on opposite
sides of the terrestrial ratio (Fig. 24). On the other hand, the
much lower 18O excess and smaller 26Al/27Al ratio measured
in the grain compared to the values obtained from the model
mixture can be attributed to isotopic dilution. A similar mix-
ing exercise using majority of the material from the H-enve-
lope instead of the He/N zone makes the predicted 14N/15N
ratio much higher and the C/O ratio of the mix <1. A possible
alternative stellar source for such a grain is a nova (Starrfield
et al., 1985; Wiescher et al., 1986; Woosley, 1986). The
14N/15N ratio of this grain is higher than that predicted for
a typical nova explosion but nevertheless the low 12C/13C
and 16O/18O ratios, the large 30Si excess, and the high
26Al/27Al ratio are isotopic signatures predicted for novae
(José et al., 2004).

A similar problem arises with grain OR1d4m-8. The low
12C/13C ratio (�14) of this grain makes it difficult to fit all
the isotopic ratios. The grain shows evidence for extinct
44Ti (44Ti/48Ti = 0.0027 ± 0.0002), has a very high
26Al/27Al ratio (0.24 ± 0.02), and exhibits excesses in 18O



Fig. 24. Comparison between the isotopic ratios measured in grain OR1d1m-11 and those predicted by mixing different layers of the 15 M�
SN model (Rauscher et al., 2002). The calculation is constrained to produce the low 12C/13C ratio (�7) measured in this grain. This mixture
has 99.57 % material from the He/N zone, 0.4 % from the He/C zone (at 3.17 M�), and 0.03 % from the Si/S zone. The resultant C/O ratio of
the mixture is 1.5. All the ratios, except 26Al/27Al, are normalized to solar or terrestrial values, as appropriate.
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(16O/18O = 325 ± 6), 28Si (d29Si = �232 ± 9&;
d30Si = �204 ± 12&) and 49Ti (d49Ti = 203 ± 10&). Since
this grain shows evidence for the presence of 44Ti, it has
to have originated from a SN. By mixing of the different
layers of a SN we are able to reproduce the low 12C/13C
and 16O/18O ratios observed in this grain but at the cost
of not being able to fit the Si, Ca, and Ti ratios. Grain
OR1d4m-1, with a large 28Si excess and the highest
26Al/27Al ratio seen in any graphite grain, also has a sub-so-
lar 12C/13C ratio albeit not as low as OR1d4m-8. Nittler
et al. (1996) found a graphite grain from Murchison
(KE3c-242) with a low 12C/13C ratio and a high 26Al/27Al
ratio, but normal N and O ratios. Another 13C-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.

Mixing calculations, like the one presented above for
OR1d1m-11, can in principle be done for all putative SN
grains like OR1d4m-1 and 4m-8, but they can get extremely
cumbersome and complex as more isotopic ratios need to
be matched. We currently manually select the best layers
that match anomalies observed in grains. In the future,
we plan to automate this process.

4.1.2.9. Additional clues from multi-technique correlated

studies. One of the goals of this study is to be able to carry
out multi-isotopic measurements on the presolar graphites
but also save the same grain material for analyses with
other techniques. A transmission electron microscope
(TEM) study of ultra-microtomed sections of grain
OR1d3m-18 by Croat et al. (2011), found this grain to con-
tain TiC subgrains with epitaxial refractory phases, includ-
ing kamacite, nickel silicide (Ni2Si), and silicon carbide. A
detailed investigation of the microstructure of these TiC
subgrains revealed the order of condensation in this graph-
ite: TiC grains condensed first followed by Ni2Si, Si-rich
kamacite (Fe2Si), SiC, and finally graphite. Graphite grain
OR1d3m-18 exhibits all of the phases that equilibrium ther-
modynamic calculations predict for carbonaceous SN lay-
ers (Fedkin et al., 2010). Thus it might not be
unreasonable to assume equilibrium scenarios for grain
condensation in SN ejecta.

Further, Croat et al. (2012) analyzed an ultra-microtome
section of OR1d3m-7 in a TEM. This grain was chosen
because of its low 12C/13C ratio (�11); it has large 46,47,49Ti
excesses (d46Ti = 235 ± 66&, d47Ti = 367 ± 56&, d49Ti =
383 ± 59&; Fig. 22; Appendix Table A3). An OsRu-rich me-
tal subgrain was found within the graphite grain, suggesting
that stars like Sakurai’s object that emit s-process element-
and 13C-enriched dust (Asplund et al., 1997, 1999), could
be sources for graphites with low 12C/13C ratios (Croat
et al., 2012). Similar refractory subgrains have been found
in 2 Murchison HD KFC1 graphites (Croat et al., 2005).
As more grains for which we already have isotopic informa-
tion are analyzed in the TEM, we expect to be able to better
constrain the stellar sources of graphites.

4.2. Other stellar sources of Orgueil graphites

Before the advent of the NanoSIMS, HD graphite
grains from the Murchison fractions KFB1 and KFC1 have
been analyzed for Si isotopes (along with other isotopic sys-
tems) with the IMS-3f ion microprobe (e.g., Hoppe et al.,
1995). Since HD graphites tend to have a very low abun-
dance of trace elements, the NanoSIMS, with its high sen-
sitivity, allows us to measure the Si isotopes in HD
graphites with a much higher precision (Amari et al.,
2002, 2005; Jadhav et al., 2006; Meier et al., 2012) than be-
fore. These new measurements provide evidence that a large
number of HD graphites from Murchison and Orgueil orig-
inated in low-metallicity AGB stars (Jadhav et al., 2006;
Zinner et al., 2006b). The lack of high-precision measure-
ments of the Si isotopes prior to these NanoSIMS studies
could explain why more graphite grains with AGB origins
had not been identified before. There is now further evi-
dence from correlated Ne, C, O, Al–Mg isotopic studies
(Heck et al., 2009; Meier et al., 2012) that HD grains from
the KFB1 and KFC1 Murchison separates originate in low-
mass and low-metallicity AGB stars.

In general, the HD grains from the density fractions
OR1f, 1g, and 1i, are enriched in 29Si and 30Si. Fig. 6 is a plot
of the d30Si/28Si values for individual grains from these den-
sity fractions as a function of their 12C/13C ratios. Most of the
HD, 30Si-rich grains contain isotopically light carbon (Jad-
hav et al., 2006). Such signatures are predicted for low-met-
allicity AGB stars where more 12C and 29,30Si 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). Transmission electron microscope studies of
ultra-microtome sections of HD graphites from Murchison
(Croat et al., 2005) also assigned an AGB source to the grains
based on the high concentration of s-process elements in the
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internal carbides. Noble gas (He and Ne) isotopic measure-
ments by Heck et al. (2009) and Meier et al. (2012) also pre-
sented evidence for HD graphites from low-metallicity AGB
stars. Thus, low-metallicity AGB stars are the most likely
source for the HD graphite grains with excesses in 30Si and
12C. Such stars are predicted to also 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 30Si ex-
cesses have been found (Jadhav et al., 2006; Zinner et al.,
2006a). Observations by Leisenring et al. (2008) and Sloan
et al. (2009) of molecular spectral features of circumstellar
dust around AGB stars strengthen this argument. These
authors find that the abundance of SiC grains in circumstel-
lar dust shells decreases with decreasing stellar metallicity
and is explained by the increasing C/O ratio. Such a scenario
favors graphite condensation over SiC. Model calculations
of dust formation by Gail et al. (2009) also predict that
AGB stars with low-metallicities (�0.3 Z�) produce a large
fraction of presolar graphite grains.

In Section 3.1 we reported that the N and O isotopic ra-
tios in HD graphites are normal or terrestrial (in case of N)
within errors and invoked isotopic equilibrations of these
elements in the grains. The original isotopic ratios might
have been extremely anomalous. Also, although HD grains
seem to be more equilibrated, LD grains might also be par-
tially equilibrated because the anomalies seen in most
grains are not as extreme as those expected from SNe
(e.g., Figs. 17–23), as discussed in the previous section.

Sixteen graphite grains on the OR1f2m mount have very
interesting isotopic anomalies. The C, Ca and Ti isotopic
ratios of these grains are listed in Table 2. The nucleosyn-
thetic sources of the 7 grains with 12C/13C ratios less than
20 are discussed in detail by Jadhav et al. (2008). Three
of them are SN grains and have been discussed in the pre-
vious Section 4.1.1. Here, we will only briefly summarize
the results of the other four. We discuss the possible stellar
sources of the remaining 9 grains in more detail below.

The four HD grains with low 12C/13C ratios (OR1f2m-9,
OR1f2m-29, OR1f2m-34, and OR1f2m-40), which lack evi-
dence for 44Ti, could have condensed in the ejecta of born-
again AGB stars, like Sakurai’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 metallicities, Z = 0.003 to 0.02
(Fig. 25a). Hydrogen burning in sources like Sakurai’s object
can explain the low 12C/13C ratios in such grains (Jadhav
et al., 2008). Stellar evolution models (Herwig et al., 1999;
Herwig, 2001) indicate that low-mass (2 M�) stars that have
left the AGB may experience a very late-thermal pulse. The
He-flash-powered convection zone (rich in freshly produced
12C) extends into the residual H-rich envelope and causes
convective H burning via the CN cycle. This converts 12C
to 13C and reduces the 12C/13C ratio. Since in the post-
AGB phase of stellar evolution, most of the envelope has
already been ejected as a planetary nebula, the residual
envelope has a limited supply of protons. The H is exhausted
before 14N becomes more abundant than 12C and the enve-
lope remains C-rich. Furthermore, because the envelope is
small, the Ca and Ti from the intershell are not diluted and
these elements maintain their huge isotopic anomalies.

The Ti isotopic patterns for grains OR1f2m-21,
OR1f2m-39, and OR1f2m-33 are shown in Fig. 25b. The
Ca isotopic ratios are essential normal (Table 2) and hence
are not diagnostic in determining the stellar sources of these
grains. Grain OR1f2m-39 has a relatively small inferred
41Ca/40Ca ratio (0.0006 ± 0.0004), comparable to that ex-
pected from AGB stars, which are in the range of 10�5–
10�4 (Wasserburg et al., 1995b; Amari et al., 1996; Gallino
et al., 1998). All 3 grains have 12C/13C ratios greater than
300, and the Ti isotopic patterns can be matched with that
of the O/C and O/Ne zones of a 15 M� SN. Obtaining these
Ti anomalies using material from O-rich zones leads to a
mixture that has C > O making a SN source less viable,
especially since these grains do not exhibit any other SN
signatures. These Ti isotopic ratios are higher than those
expected from envelopes of AGB star but the He-shells of
these stars produce extremely large Ti anomalies. Similar
Ti isotopic patterns are observed in the He-shell of a 2
and 3 M� AGB star of metallicities, Z = 0.02 and 0.003,
respectively (Fig. 25b). These grains are 12C-enriched unlike
the grains in Fig. 25a. Models of post-AGB stars predict
that stars suffering a very late-thermal pulse can produce
both sub-solar and higher than solar 12C/13C ratios during
different stages of their lifecycle (unpublished data from
Jadhav et al. NIC-XII, 2012; Herwig et al., 2011).

We found two grains in the HD fraction, OR1g1m-33
and OR1f1m-5, with high 14N/15N ratios of 1437 ± 30
and 571 ± 15, respectively. Both these grains are 13C-en-
riched with 12C/13C ratios �14 (Fig. 3b; Section 4.1.2).
The grains have solar values (within errors) of 16O/18O,
29Si/28Si, and 30Si/28Si. There is no other isotopic informa-
tion available for these two grains. While it is difficult to
constrain the stellar source on the basis of C and N isotopes
alone, we suggest J-type stars as possible sources for these
grains. Recently, Hedrosa et al. (2012) measured N isotopic
ratios in seven galactic J-type stars with 12C/13C ratios be-
tween 2 and 10. They found the 14N/15N ratios in these
stars to be both much higher and lower than the terrestrial
value. J-type stars have also been proposed to be the source
of type AB SiC grains that have 12C/13C ratios < 10, lower
and higher than terrestrial 14N/15N ratios, and Si isotopic
compositions that plot along the mainstream line for SiC
grains (Amari et al., 2001).

Thus, HD graphites from Orgueil seem to have several
stellar sources. We have seen evidence for SN grains (Sec-
tion 4.1), graphites from low-metallicity AGB stars, grains
that come from a 13C-enriched stellar source (like Sakurai’s
object) that supplied an abundance of neutrons that give
rise to extremely large Ca and Ti excesses. We also see some
preliminary evidence for graphites from J-type stars.

4.3. Comparison with Murchison graphite

Orgueil graphite grains appear to be similar to Murchi-
son graphite grains in their isotopic properties. Morpholog-
ically, 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
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Fig. 25. (a) Ca isotopic patterns for 13C-enriched HD grains OR1f2m-29 and OR1f2m-40, compared to those predicted for the He-shell of
2 M� (Z = 0.003 and 0.02) and 3 M� (Z = 0.02) AGB stars (Gallino et al., 1998). (b) The Ti isotopic patterns of three 12C-enriched HD grains
can be matched by the patterns predicted for the He-shell of 2 M� (Z = 0.02) and 3 M� (Z = 0.003) AGB stars (Gallino et al., 1998). The
predicted anomalies are scaled down by the factors indicated.
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cauliflower grains (see Fig. 2 in Hoppe et al., 1995) have
been observed in any density fraction of Orgueil. Murchi-
son LD graphites were larger than the HD graphites (Hop-
pe et al., 1995). We might be seeing an opposite trend in
Orgueil size distributions (see Section 3 for grain size dis-
cussion). A larger fraction (55%) of Orgueil HD graphites
have grain sizes > 4 lm compared to the LD grains
(50%). If this small difference is real then we must caution
the reader about bias from two sources: 1. Grains are
picked out of the macromolecular carbon and hence subject
to a selection bias. 2. The nature of the macromolecular
carbon (e.g., density and quantity) in the LD and HD frac-
tions might be different and this might lead to difficulty in
finding grains in a certain size range.

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 from supernovae.
The abundance of 18O-rich grains decreases with increasing
density and, in fact, such grains have not been observed in
the highest Murchison density fraction KFC1 (2.15–
2.20 g cm�3). A similar trend is observed in the abundance
of 18O enriched grains in the density fractions of Orgueil.
NanoSIMS analyses of HD graphite grains (KFB1) from
Murchison (Amari et al., 2005) indicate that they also have
30Si excesses, similar to the ones seen in the HD fractions
from Orgueil (OR1f, 1g, and 1i), 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 grains
with 12C/13C around 10 exists in all the density fractions
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of Murchison as well. Additional isotopic measurements on
these 13C-enriched graphites from Murchison will be
needed to better constrain their stellar sources.

Huss and Lewis (1995) claim that a homogenous mix-
ture of presolar grains was inherited by members of all
the chondritic classes of meteorites and survived in the most
primitive of these classes. After parent body formation,
thermal and aqueous alteration processes could have af-
fected the presolar grain populations to varying extents.
Thus, the presolar grain populations from Orgueil and
Murchison and their abundances are expected to differ from
one another. Although both meteorites show very little evi-
dence of thermal metamorphism, the matrix mineralogy of
Orgueil indicates extensive aqueous alteration (e.g., McS-
ween, 1979). It is also possible that the initial presolar grain
population was sorted in the early solar system according to
physical properties or selectively destroyed by partial evap-
oration of solids. The destruction of certain presolar phases
or of a certain type (e.g., cauliflower graphites in Orgueil)
within a certain phase, in the laboratory during chemical
separation techniques also cannot be ruled out.
4.4. Unresolved issues

(a) Nitrogen, O, and Mg (and sometimes Si) isotopic
data on HD grains points to the fact that these isotopic ra-
tios were diluted/equilibrated. This equilibration could
have occurred in the laboratory, the parent body, the solar
nebula or the interstellar medium. While it is obvious that
the HD grains are affected the most by the equilibration
due to the low trace elemental abundances, the exact mech-
anism for such a dilution process needs to be investigated.

(b) Low-density graphite grains from both Murchison
and Orgueil are mainly supernova grains while HD grains
have multiple sources and originate in low-metallicity and
born-again AGB stars, SNe, and possibly J-type stars. Multi-
ple stellar sources for grains of different densities could be an
inherent property of presolar graphite grains in Orgueil or an
artifact. Every density fraction of Orgueil contains a large
amount of the macromolecular carbon that was mentioned
in Section 2.2. Most graphite grains are found embedded in
this material. It is entirely possible that grains from different
densities remain embedded in this carbonaceous material
and were not separated completely during the density separa-
tion. Since the average density of a fraction is measured,
grains with different densities could be mixed in with the oth-
ers, 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.
It is essential to study the structure and composition of this
macromolecular carbon to further refine the chemical sepa-
ration procedure used to extract presolar graphite grains
from meteorites, especially those similar to Orgueil that
are very rich in organics.

(c) Isotopic studies of 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
while the Ca is uniformly distributed in the host grain. As
discussed by Groopman et al. (2012), the parent grain
and its subgrains could have formed under completely dif-
ferent condensation conditions and the Ca and Ti anoma-
lies we find in a single grain could originate from distinct
layers of the stellar source. Such a scenario is not consid-
ered when the stellar sources of the grains are discussed
based on the isotopic ratios measured in the whole grain.

(d) In the HD fraction OR1f we found grains with extre-
mely 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 equili-
brating 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 contamination makes the determination
of stellar sources of these grains very complicated (e.g., Bar-
zyk et al., 2007).
5. FUTURE PERSPECTIVES

Presolar graphite grains from Orgueil have multiple stel-
lar sources. In this study, we presented isotopic evidence for
graphite grains from supernovae, low-metallicity AGB stars,
and born-again AGB stars. Sakurai’s object-type post-AGB
stars are a likely source of grains with low 12C/13C ratios and
extreme Ca and Ti anomalies, while J-type stars could be the
source of 13C- and 14N-enriched graphites. Further coordi-
nated isotopic studies are required to determine the nature
of these sources. Extensive correlated isotopic measurements
are planned for a large fraction of the grains that remain in-
tact after the SIMS analyses presented in this paper. Reso-
nant ionization mass spectrometry (RIMS) analyses of Mo,
Zr, Sr, and Ba isotopic ratios (e.g., Nicolussi et al., 1997,
1998a,b,c; Savina et al., 2003) are planned and will be essen-
tial 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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