
1

Chapter for “Meteorites and the Early Solar System II”
D. Lauretta, L. A. Leshin, and H. Y. McSween Jr., eds.

Origin and Evolution of Carbonaceous Presolar Grains in Stellar
Environments

Thomas J. Bernatowicz
Department of Physics, Washington University, Campus Box 1105, One Brookings Drive, St Louis, MO 63130-4899;

tom@wustl.edu

Thomas K. Croat
Department of Physics, Washington University, Campus Box 1105, One Brookings Drive, St Louis, MO 63130-4899;

tkc@wuphys.wustl.edu

Tyrone L. Daulton
Marine Geosciences Division, Naval Research Laboratory, Stennis Space Center, MS 39529-5004;

tdaulton@nrlscc.navy.mil

ABSTRACT
Laboratory microanalyses of presolar grains provide direct information on the physical and chemical properties of
solid condensates that form in the mass outflows from stars.  This information can be used, in conjunction with
kinetic models and equilibrium thermodynamics, to draw inferences about condensation sequences, formation
intervals, pressures and temperatures in circumstellar envelopes and in supernova ejecta.  We review the results of
detailed microanalytical studies of the presolar graphite, presolar silicon carbide and the nanodiamonds found in
primitive meteorites. We illustrate how these investigations, together with astronomical observation and theoretical
models, provide detailed information on grain formation and growth that could not be obtained by astronomical
observation alone.

1. INTRODUCTION
In recent years the laboratory study of presolar grains has emerged as a rich source of

astronomical information about stardust, as well as about the physical and chemical conditions of
dust formation in circumstellar mass outflows and in supernova (SN) ejecta.  Presolar grains
isolated from primitive meteorites are studied by a variety of microanalytical techniques, leading
to a detailed knowledge of their isotopic and chemical compositions, as well as their physical
properties.  The isotopic compositions of individual grains, obtained by ion microprobe analyses
and interpreted with the aid of nucleosynthesis models and astrophysical data, help to identify
the specific types of stellar sources in whose mass outflows the grains condensed.  They also
yield insights into stellar nucleosynthesis at an unprecedented level of detail (see Bernatowicz
and Walker, 1997; Bernatowicz and Zinner, 1997; Zinner, 1998; Nittler, 2003; Clayton and
Nittler, 2004; Meyer and Zinner, 2005).  Mineralogical, microchemical and microstructural
studies by scanning electron microscopy (SEM) and by transmission electron microscopy (TEM)
of presolar grains provide unambiguous information about the kinds of astrophysical solids that
actually form.  With the help of kinetic and thermochemical models, SEM and TEM
observations may also be used to infer the conditions of grain condensation in circumstellar dust
shells.  In addition, because the grains must have traversed the interstellar medium (ISM) prior to
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their incorporation into the solar nebula, they serve as monitors of physical and chemical
processing of grains in the ISM (Bernatowicz et al., 2003).

In this review we focus on carbonaceous presolar grains.  Even though presolar silicates
(Messenger et al., 2003; Nguyen and Zinner, 2004; Mostefaoui and Hoppe, 2004; Nagashima et
al., 2004) and oxide grains such as spinel, corundum and hibonite (see Meyer and Zinner, 2005
and references therein) are important and abundant presolar minerals, few detailed laboratory
data have been obtained thus far on their mineralogy and structure.  An exception is the
correlated TEM–ion microprobe study of  presolar corundum grains by Stroud et al. (2004).

The situation is different for presolar silicon carbide (SiC) and graphite.  Detailed structural
and chemical microanalytical studies have been performed on circumstellar SiC (Daulton et al.,
2002; 2003) and graphite (Bernatowicz et al., 1996; Croat et al., 2005b) from asymptotic giant
branch (AGB) stars, and on graphite formed in SN outflows (Croat et al., 2003).  In the present
work we illustrate how microanalytical data on presolar SiC and graphite grains, interpreted with
the aid of kinetic and equilibrium thermodynamics models, can be combined with astronomical
observations to yield new insights into the grain formation conditions in circumstellar envelopes
and SN ejecta.  We also discuss the results of microanalytical studies of nanodiamonds from
meteorites and interplanetary dust particles (IDPs), some components of which probably
originate in supernovae.

2. AGB CARBON STARS: ASTRONOMICAL CONTEXT OF PRESOLAR GRAPHITE
AND SILICON CARBIDE

Isotopic studies of presolar SiC grains from meteorites indicate that the vast majority of
them originate in the mass outflows of low- to intermediate-mass carbon AGB stars, as discussed
by Meyer and Zinner (2005).  A small fraction (~1%) of SiC grains originate in SN ejecta, but
lacking TEM data on such grains, we will set them aside in the present review.  For presolar
graphite the distribution of grains among astronomical sources is less clear.  Low density
graphite spherules from the KE3 separate of the Murchison meteorite (1.65 – 1.72 g/cm3; Amari
et al., 1994) tend to be large (mean diameter ~6 mm) and generally show evidence of SN origin.
High-density graphite spherules from the KFC1 separate (2.15 – 2.20 g/cm3; Amari et al., 1994)
are more numerous but are typically smaller (mean diameter ~ 2 mm; cf. Bernatowicz et al.,
1996), and seem to originate predominately in carbon AGB stars (Croat et al., 2005a; 2005b).
The specification of carbon AGB stars comes from the simple thermochemical consideration that
in order for these carbonaceous grains to form it is required that C/O > 1 in the gas phase,
because at lower values all C is tied up in the very stable CO molecule.  It is only when the C
number density exceeds that of O that sufficient carbon is available to form graphite and carbides
(Lodders and Fegley, 1995; Sharp and Wasserburg, 1995).  SiC is indeed observed
astronomically around carbon stars (e.g., Speck et al., 1999), supporting the identification of
carbon stars as a source of presolar SiC.

In the present work we do not give a treatment of stellar evolution and nucleosynthesis, so
the reader may wish to consult the review by Lattanzio and Boothroyd (1997) on the evolution of
stars from the main sequence to the mass-losing Asymptotic Giant Branch (AGB) phase.  We
also do not treat the rather complex nomenclature of carbon stars.  Instead, we refer the reader to
the discussion of their classification and properties presented by Lodders and Fegley (1997).

The physical characteristics of present day carbon stars are represented in Figure 1, a small
portion of the Hertzsprung-Russell (HR) diagram that we have adapted from Figure 9 of Bergeat
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et al. (2002a), depicting a large number (~300) of carbon stars studied by HIPPARCHOS (ESA,
1997).  Loci of constant stellar radius (in multiples of the solar radius RO) are indicated as
diagonal lines.  For reference, the Sun resides on the main sequence (off the diagram at lower
left), at an effective temperature of 5770 K and bolometric magnitude Mbol = +4.75 (Log L/LO=
0).  The carbon stars in Figure 1 are broadly classified as HC (“hot carbon”) stars, CV (“carbon
variable”) stars, and Tc (“technetium”) stars. The HC group consists largely of stars that have
non-variable light, but also includes some irregular and small-amplitude variables, carbon
cepheids, and RCrB variables. The R-stars are mostly included in this group.  CV stars are cool,
long period variable stars (Miras) whose luminosities, effective temperatures and radii vary
periodically with time.  They include the N-stars and the late stage R-stars that can be explained
by the third dredge-up, and are close to the tip of the thermally pulsing AGB region of the HR
diagram.  The Tc stars are CV giants that have detectable technetium in their atmospheres,
indicating a recent dredge-up of s-process material.  The general trends for CV stars are that with
increasing stellar luminosity and decreasing effective temperature, the stellar masses, C/O ratios
and atmospheric opacities increase.

 
Figure 1.  Bolometric magnitude (Mbol) vs. effective temperature (T) for ~ 300 carbon stars (HR diagram),

adapted from Bergeat et al. (2002a).  CV = variable carbon giants, HC = hot carbon stars, Tc = variable carbon
giants with detectable technetium.  Loci of constant stellar radius (in terms of the solar radius RO) are indicated.  The
dashed horizontal line at 4700 LO corresponds to carbon stars with M = 1.1 MO, the minimum mass needed for a star
to have evolved sufficiently rapidly to have contributed grains to the solar nebula.  The closest and best studied
variable carbon star IRC +10216 is shown as the x-symbol.
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Not all of the types of carbon stars shown in Figure 1 are possible contributors of dust to the
solar nebula, as discussed by Bernatowicz et al. (2005).  In this regard, the most fundamental
distinction that can be made is on the basis of stellar mass, because it is only stars that have
sufficient mass that would have evolved rapidly enough on the main sequence to have
contributed dust to the solar nebula.  The lifetime 

† 

t*of a star on the main sequence varies in
proportion to its mass 

† 

M* , and varies inversely as the power radiated by the star (its luminosity

† 

L*).  The luminosity is, in turn, proportional to 

† 

M*
K, where K = 3.5 classically.  Data from

HIPPARCOS, however, suggest that the exponent is better determined as K = 3.7 for 

† 

M*  

† 

ª  0.5
– 5 MO (Lampens et al., 1997; Martin et al., 1998).  The stellar main sequence lifetime 

† 

t*  is then
given in terms of the solar main sequence lifetime tO as

† 

t*  = tO (

† 

M*/MO)-2.7 (1)

with tO 

† 

ª  10 - 11 Gy (Iben, 1967; Sackmann et al., 1993).  Since significant mass loss occurs
only at the end of their lifetimes, pre-solar stars must have evolved beyond the main sequence to
have contributed dust to the solar nebula.  The maximum lifetime 

† 

t*of stars (and therefore their
minimum mass) that contributed matter to the Solar System is then constrained to be
approximately the difference between the age of the Galaxy tGalaxy and the age tSS of the Solar
System, that is, 

† 

t*  

† 

<~  tGalaxy - tSS.  The latter quantity is well determined as tSS = 4.6 Gy, while
the former quantity may be estimated from the recent WMAP age of the Universe (13.7 

† 

±  0.2
Gy; Bennett et al. 2003).  Using these numbers we would find 

† 

t*  

† 

<~  9.1 Gy (and from Eq. [1],

† 

M*  

† 

>~  1.04 MO).
This 

† 

t*  is, however, really an extreme upper limit on the lifetime of stars that could have
contributed dust to the solar mixture for two reasons.  First, tGalaxy is estimated to be less than the
age of the Universe by ~1 Gy, based on recent constraints on the age of globular clusters (Krauss
and Chaboyer, 2003).  Second, the limit on 

† 

t*  implicitly includes the residence lifetime in the
ISM of the matter expelled from stars prior to its incorporation in the solar nebula.  There are
currently no reliable data on the ISM residence lifetimes of presolar grains, but an estimate may
be made using theoretical lifetimes of 

† 

<~0.5 Gy against grain destruction in the ISM (see Jones et
al. 1997).  With these considerations, we estimate 

† 

t*  

† 

<~  7.5 - 8 Gy.  As equation (1) shows, 

† 

M*
is relatively insensitive to the uncertainty in the stellar lifetime, varying approximately as the
inverse cube root of 

† 

t* .  For 

† 

t*  in the estimated range, we find 

† 

M*  

† 

>~  1.1 MO.  We therefore take
this as the minimum mass for stars of any kind that could have contributed grains to the solar
nebula.

It is important to note here that the mass range in which carbon stars are capable of forming
is more restricted on theoretical grounds, both at low and high mass limits.  Gallino et al. (1997)
argue that below ~1.3 MO, mass loss may cause such stars to undergo too few of the third
dredge-up events necessary to evolve into carbon stars, prior to their evolving into white dwarfs.
On the other hand, stars with masses much greater than ~4 - 5 MO may be subject to hot-bottom
burning, which also drastically limits carbon and s-process element enrichment.  These limits are
subject to uncertainties that are difficult to evaluate, but are broadly consistent with observation.

The mass-luminosity relation for AGB carbon stars derived by Bergeat et al. (2002b), for
which the stellar luminosity varies approximately as the square root of the stellar mass, implies a
minimum luminosity 

† 

L*  

† 

>~  4700 LO (Mbol = - 4.46) for carbon stars of 

† 

M*  

† 

>~  1.1 MO that could
have contributed SiC and graphite grains to the solar nebula (Bernatowicz et al., 2005).  This
luminosity threshold is shown as a dashed horizontal line in Figure 1.  It can be seen that this
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threshold excludes all but two of the HC stars, effectively eliminating stars of this group as
potential contributors of presolar grains.  Consequently, it is the long period variable carbon
(CV) stars of mass 

† 

M*  

† 

>~  1.1 MO that are implicated as the probable sources of meteoritic
presolar graphite and SiC grains that carry enhancements of s-process elements.

The lower limit on the luminosity of carbon stars that were capable of contributing grains to
the solar nebula constrains their range of effective temperatures from T ~ 1900 K – 3400 K, their
luminosities from L ~ 4700 LO – 19,500 LO, and their radii from R ~ 200 RO – 1300 RO (Fig. 1).
A comparatively small number of stars, namely very cool, highly luminous ones (including the
nearest and well-studied carbon star IRC +10216), populate one extreme edge of this range.  All
of the stars above the luminosity threshold of 4700 LO (for 

† 

M*  

† 

>~  1.1 MO) are giants, as can be
appreciated from noting that even the smallest have radii of about 1 A.U. (215 RO).  The most
densely populated portions of this region of the HR diagram correspond to stars with
temperatures from T = 2240 K – 3350 K and luminosities from L = 4700 LO – 15,500 LO.  This
luminosity range translates into masses from M = 1.1 – 8 MO, using the mass-luminosity relation
for CV stars.  The CV stars in this range of temperature and luminosity have mean fundamental
pulsation periods of about 1 + 0.4 y (Bergeat et al., 2002b).

To relate the origin of presolar SiC and graphite more securely to carbon AGB stars, it is
also necessary to consider the isotopic compositions of the grains.  Nucleosynthesis models
suggest that low-mass (~1 – 3 MO) AGB carbon stars are responsible for the majority (> 95%) of
presolar SiC grains (see Daulton et al., 2003 and references therein).  The 12C/13C distribution
for presolar SiC lies mainly within 12C/13C = 30 - 100, with a maximum in the distribution at 50
- 60 (Hoppe and Ott 1997; cf. solar 12C/13C = 89), similar to the distribution for N-type carbon
star atmospheres (Lambert et al., 1986).  The similarity of these isotopic distributions is
compelling evidence for the AGB origin of most presolar SiC.  A small fraction of SiC (~5%)
grains have 12C/13C ratios < 10 and possibly originate from J-type carbon stars.  An even smaller
fraction (~1%) originates in SN outflows, based mainly on observed excesses of 28Si (which can
only be produced in the deep interiors of massive stars: see Zinner, 1998; Nittler, 2003; Meyer
and Zinner, 2005).  The majority of these SiCs of SN origin have 12C/13C > 100, up to ratios of
several thousand.

The 12C/13C ratios of presolar graphites from AGB stars span a much larger range than those
of SiCs from AGB stars.  In the Murchison meteorite KFC1 high-density graphite separate
(mean diameter ~ 2 mm; 2.15-2.20 g/cm3; Amari et al., 1994) about 10% of the graphites have
12C/13C < 20, but about 2/3 of them have isotopically light carbon (100 

† 

<~  12C/13C 

† 

<~  5000; cf.
Bernatowicz et al., 1996). Noble gas isotopic compositions of these graphites suggest an AGB
origin (Amari et al., 1995b).  However, there is a prominent gap in the distribution of 12C/13C
ratios for graphite that corresponds roughly to the peak in the distribution of AGB SiC.  This
suggests that graphite may be produced at a different stage in the evolution of low mass carbon
stars, or else by carbon stars of different mass and/or metallicity than those that produce SiC.
Two lines of evidence suggest the latter possibility.  First, AGB graphites often contain internal
crystals of carbides enriched in s-process transition metal elements (e.g., Zr, Mo, and Ru;
Bernatowicz et al., 1996; Croat et al., 2004; 2005a; 2005b).  This is a clear indication of
formation around late stage AGB stars, where third dredge-up events transport 12C from 3a He-
burning as well as s-process elements to the stellar surface.  Nucleosynthesis models (Amari et
al., 2001) suggest that low metallicity AGB stars can produce the observed light carbon as well
as the s-process enrichments in Zr, Mo, and Ru needed to condense carbides of these elements.
Second, NanoSIMS determinations of Ti isotopic compositions in TiC within KFC1 graphites
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(Amari et al., 2004) often show excesses in 46Ti and 49Ti relative to 48Ti (with 49Ti/48Ti as high
as 5 times the solar ratio), consistent with neutron capture in the He intershell during the third
dredge-up in thermally pulsing AGB stars.  The light carbon isotopic compositions of most
KFC1 graphites, as well as their Ti isotopic compositions, are consistent with an origin around
intermediate-mass carbon stars with M 

† 

>~  3 MO.

3. SILICON CARBIDE FROM CARBON STARS
SiC was first observed in the dusty envelopes of carbon stars from a relatively broad 11.3 µm

infrared (IR) feature attributed to emission between the transverse and longitudinal optical
phonon frequencies (Treffers and Cohen, 1974; Forrest et al., 1975).  On the basis of laboratory
studies of SiC synthesis, it is expected that the physical characteristics of SiC formed around
carbon stars, such as grain size and microstructure, will depend on physical conditions in the
circumstellar outflows, and thus could provide information on these conditions.  Astronomical
data are of limited use in this regard.  For example, SiC is known to form on the order of a
hundred different polytypes in the laboratory (the unique cubic 3C polytype, also called b-SiC,
and hexagonal and rhombohedral polytypes, collectively termed a-SiC; Figure 2).  However,
astronomical data have only been shown capable of distinguishing between the 3C and 6H
polytypes, and even whether this distinction can be made on the basis of astronomical IR-spectra
has been the subject of controversy (see Speck et al., 1997; 1999).  On the other hand, if the
presolar SiC extracted from meteorites can be taken to represent a fair sample of the types of SiC
produced by various stellar sources (with 

† 

>~  95% from carbon stars), then laboratory studies of
these grains provide direct information about the microstructure of the grains formed in these
astronomical environments, and can help to infer the physical conditions of their formation.

With this idea in mind, Daulton et al. (2002; 2003) determined the polytype distribution of
astronomical SiC by analytical and high-resolution transmission electron microscopy (HR-TEM)
of many hundreds of presolar SiC grains from the Murchison CM2 carbonaceous meteorite.
They demonstrated that, aside from a small (1% by number) population of one-dimensionally
disordered SiC grains, only two polytypes are present -- the cubic 3C (b-SiC) polytype (~79%)
and the hexagonal 2H (a-SiC) polytype (~3%) as well as intergrowths (Figure 3) of these two
polytypes (17%). It is interesting to note that, prior to the Daulton et al. (2002) study of SiC from
Murchison, 2H SiC had never been observed to occur in nature.

Broadly speaking, studies of SiC synthesis show that the 2H polytype has the lowest
formation temperature.  As temperature is increased, the next SiC polytype to form is 3C.  If
temperature is increased further, 2H SiC formation ceases.  Cubic 3C SiC has a wide range of
growth temperatures and the general trend is that higher order SiC polytypes begin to grow along
with 3C SiC, until temperatures exceed the 3C formation range.  Thus, 2H and 3C can be
considered the lowest temperature SiC polytypes.  Temperatures at which 2H SiC are known to
grow and remain stable (~ 1470 - 1720 K; see Daulton et al., 2003 and references therein) largely
fall within the temperature range predicted by equilibrium thermodynamics for SiC formation in
circumstellar outflows (see Section 4).
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Figure 2. Silicon carbide polytype structures.  Polytypes of SiC are formed by those periodic stacking
sequences of bilayers that produce tetrahedral sheets.  Atomic models of the six unique (fundamental) bilayers (bA,
cA, aB, cB, aC, and bC) of SiC (top left) based on three principle close packed planes (A, B, and C) (lower left) are
shown.  Smaller atoms represent C and larger atoms represent Si.  The two basic stacking arrangements, A-B and A-
C, that form planes of vertex-sharing parallel and antiparallel tetrahedra, respectively, are shown (lower left).
Atomic models of the four simplest (3C, 2H, 4H, and 6H) polytypes are shown superimposed on calculated high
resolution TEM lattice images produced using defocus conditions that reproduce the symmetry of the projected
lattice (center column). Schematic illustrations of electron diffraction patterns (including forbidden reflections in
some cases) are also shown (right column).  From Daulton et al. (2003).

Because pressures in these outflows are low, SiC condensation cannot take place until
temperatures drop well below 2000 K, less than the experimental formation temperatures of most
SiC polytypes.  Indeed, comparison of the equilibrium thermodynamics condensation
temperatures with experimental data on the formation of SiC polytypes leads to the conclusion
that only 2H and 3C polytypes are likely to form in circumstellar atmospheres, in agreement with
observation.
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Figure 3. TEM study of a presolar SiC grain from the Murchison meteorite, an intergrowth of 2H and 3C
polytypes.  The selected area electron diffraction pattern for the entire grain is a composite of diffraction patterns
from the 2H [

† 

112 0] and 3C [011] oriented SiC domains.   A bright field image of the grain is shown along with
progressively magnified high-resolution lattice images showing cross-lattice planes.  Inset in the high-resolution
image is a simulated lattice image calculated under defocus/thickness conditions which match the lattice fringes in
the micrograph.  Long-range 2H order is evident in the lattice images of the 2H SiC domain.  From Daulton et al.
(2003).

Daulton et al. (2002; 2003) proposed a simple hypothesis to account for the observed
polytypes and their relative abundances, namely that 3C SiC first condensed at small radii
(higher temperatures) and 2H SiC condensed later at larger radii (lower temperatures) in AGB
atmospheres.  At intermediate radii in the SiC growth region, intergrowth grains might form
directly or by 2H heteroepitaxial growth on preexisting 3C SiC grains that were transported to
cooler regions in AGB mass outflows by stellar radiation pressure.  The observed relative
abundances 3C and 2H SiC are consistent with this hypothesis.  Since the rate of grain nucleation
from the gas varies as the square of the number density of gas species contributing to grain
growth (McDonald, 1963), polytypes nucleating at higher temperatures and higher gas number
densities should be more abundant than polytypes nucleating later at lower temperatures and
lower number densities in the expanding outflow.  The nucleation rate of lower temperature
forms of SiC should also be reduced because of the prior removal of Si into the SiC already
formed at higher temperatures.  In accord with these expectations, single crystals of 3C SiC,
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which formed at higher temperatures than 2H SiC and therefore at higher gas phase Si number
densities, are far more numerous than single crystals of 2H SiC.

Reliable constraints on the conditions in AGB star outflows also come from the application
of equilibrium thermodynamics to the chemical composition of presolar grains (see Section 4).
For example, Lodders and Fegley (1997) noted that the pattern of trace element enrichment seen
in “mainstream” presolar SiC is exactly mirrored in the elemental depletion patterns observed
astronomically in the atmospheres of N-type carbon stars.  They showed that these depletion
patterns are consistent with the trace element partitioning into condensing SiC predicted by
equilibrium thermodynamics.

Figure 4. Field emission SEM images of pristine presolar SiC grains from Murchison exhibiting primary
growth crystal faces (a-f) and polygonal depressions (a-c).  Scale bars are 1 mm, except for (d) where the scale bar is
0.5 mm.  Letter labels within panels indicate forms for cubic crystals: c = cube, o = octahedron; and d =
dodecahedron.  Panels (a) - (d) show “euhedral” crystals with well-developed faces. Panels (e) and (f) show
subhedral crystals with few and/or imperfectly developed faces.  From Bernatowicz et al., 2003.

Information obtained by studying the external morphology of presolar SiC grains
complements that gained by studying its internal structure.  Bernatowicz et al. (2003) developed
a technique involving gentle disaggregation of primitive meteorites, X-ray mapping by SEM,
followed by high resolution imaging in the field emission SEM, to locate presolar SiC grains and
study their surfaces.  These “pristine” SiC grain surfaces are in a state that reflects their natural
history--their formation, journey through the ISM, incorporation into the solar nebula and
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meteorite parent body-- rather than laboratory artifacts induced by the chemical etching that is
generally used to isolate SiC for isotopic studies.

About 90% of pristine SiC grains are bounded by one or more crystal faces.  Polygonal
depressions (generally < 100 nm deep) are observed in more than half of these crystal faces, and
commonly have symmetries consistent with the structure of the 3C polytype (Figures 4a-c).
Comparison of these features with the surface features present on heavily etched presolar SiC
grains from Murchison separate KJG (Amari et al., 1994), indicate that the polygonal
depressions on pristine grains are primary features, resulting from incomplete convergence of
surface growth fronts during grain formation.  The chemically etched presolar SiCs have high
densities of surface pits (probably etched linear defects) in addition to the polygonal depressions
seen on pristine grains.  The inferred defect densities are quite high (as much as 108 – 109 /cm2),
about 103 – 104 times higher than in synthetic SiCs that are engineered to minimize defects.
Taken together, the polygonal depressions and the high defect densities indicate rapid initial
growth of presolar SiC that was kinetically quenched when the gas phase became too rarefied.

In their study of pristine SiC, Bernatowicz et al. (2003) confirmed an observation of
Alexander et al. (1990), based on in situ characterization of SiC in meteorite matrices, that no
other primary condensates are intergrown with or overgrown on presolar SiC.  The absence of
other primary condensates indicates that further growth or back-reaction with the gas phase
became kinetically inhibited as the gas densities in the expanding AGB stellar atmospheres
became too low.  This has the important implication that primary oxide or silicate minerals
sheathing SiC grains cannot have been responsible for their survival in the solar nebula.  SiC
volatilization experiments by Mendybaev et al. (2002) have shown that the lifetimes of presolar
SiC grains exposed to a hot (T > 900oC) solar nebula are quite short (< several thousand years)
compared to nebular cooling timescales. The survival of the SiC grains that are found in
meteorites, as well as the often exquisite state of preservation of their surfaces, thus implies that
some SiC entered the solar nebula late and/or in its outer, cooler parts.  However, there is
evidence that some of the surviving presolar SiCs were surficially oxidized.  Stroud and
Bernatowicz (2005) studied a focused ion beam section of a pristine SiC grain by TEM that had
a 10 – 30 nm rim of silicon oxide.

4. GRAPHITE FROM CARBON STARS
As noted in Section 2, the isotopic compositions of graphites from the KFC1 separate of the

Murchison meteorite (Amari et al., 1994) indicate an origin in AGB stars for most of them.
Ultramicrotome sections of many hundreds of these graphites have been the subject of detailed
TEM studies (Bernatowicz et al., 1996; Croat et al., 2004; 2005a; 2005b).  Two basic spherule
types are present.  These are designated “onion-type” and “cauliflower-type” based on their
external morphologies in SEM images.  TEM images of ultramicrotome slices of the graphite
spherules show that structural differences, in the regularity of the stacking and in the long-range
continuity of graphene sheets, lead to their two distinct external morphologies (Figure 5).
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Figure 5. TEM bright-field images of 70 nm thick ultramicrotome sections of presolar graphite grains from
Murchison graphite separate KFC1 (Amari et al., 1994): (a) Onion-type graphite with a nanocrystalline carbon core;
(b) Cauliflower-type graphite; (c) Onion-type graphite with 26 nm central carbide crystal (metal composition
Ti80V7Fe6Mo3Zr3Ru1); (d) Onion-type graphite with Zr-Mo-Ti non-central carbides (70 nm and 30 nm).  These
carbides have metal compositions Zr83Mo13Ti2Fe2 and Zr86Mo13Ti1, respectively.

The exteriors of onion graphites are well-crystallized graphitic layers, which form
concentric shells.  Selected area electron diffraction (SAED) patterns from the onion layers
(Figure 6) show strong (002) rings formed by planes of atoms viewed edge-on (with their c-axes
perpendicular to the electron beam).  Low magnification dark-field images show that the
graphene planes are coarsely aligned over hundreds of nanometers, gradually curving to form the
concentric layers of the onion.  About two-thirds of the onion-type graphites have cores of
nanocrystalline carbon (Figures 5a and 6a), consisting of small, randomly-oriented graphene
sheets with a mean diameter of ~3 - 4 nm.  There is no evidence of (002) layer stacking, as in
normal graphite, indicating that the graphene sheets in the cores are probably curled due to
insertion of pentagonal configurations of C atoms into the overall hexagonal structure of the
sheets (Fraundorf and Wackenhut, 2002).  The shape of diffraction peak intensity profiles also
indicates that as much as one-quarter of the mass of the cores may be in form of polycyclic
aromatic hydrocarbons (PAHs) or related structures (Bernatowicz et al., 1996).  Indeed, the
presence of PAHs in the onion-type graphites has been confirmed directly by two-step laser
desorption-laser ionization mass spectrometry (Messenger et al., 1998).   

Considering various possibilities for the formation of the onion-type graphites with
nanocrystalline carbon cores, Bernatowicz et al. (1996) speculated that they formed in
environments where few refractory minerals (see below) were available to serve as sites for
heterogeneous nucleation, so that C condensation was delayed until homogeneous nucleation
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could occur at high supersaturation levels.  In this scenario, the ensuing rapid condensation
resulted in the formation of isolated aromatic networks (PAHs and graphene sheets) that
coalesced to form the nanocrystalline cores, which subsequently were overgrown by graphite at
reduced C partial pressures.  Rare aggregates of onion-type graphites are also observed.  These
are composite objects that apparently were created when graphites that originally formed and
grew separately became attached and were cemented together during subsequent carbon
condensation.

Figure 6. Dark-field (a) image of an ultramicrotome (~70 nm thick) section of a rim-core onion-type graphite
from Murchison separate KFC1 (Amari et al., 1994).  Panels (b) and (c) are selected area electron diffraction
(SAED) patterns from separate ª300 nm regions of the section (with positions indicated by arrows).  Note the
powder-like diffraction pattern and absence of (002) and other stacking layer reflections from the core region.  Line
profiles of the diffracted intensity (d and e) were taken from digitized SAED patterns (along the dotted line) and
major diffraction peaks are indexed with the family of planes (hkl) from the known graphite structure.

Cauliflower-type graphites (Figure 5b) show turbostratic layering, which consists of
graphene sheets that are wavy and contorted.  Some do show a roughly concentric structure with
layers that diffract coherently over several hundred nanometers.  Unlike the onion-type layering,
however, these coherently scattering domains are of limited thickness (< 50 nm).  The lack of
orderly stacking in the c-axis direction leads to loose-packed structures, with visible gaps in
cross-section, and to an apparently lower density than for onion-type graphites.  Other
cauliflowers are even less ordered, being devoid of concentric layers and consisting of coherent
scattering domains with a maximum diameter of 20-30 nm.  Whether onion-type and
cauliflower-type graphites are formed in the same astrophysical environments is not known.
Despite the fact that their C isotopic compositions in KFC1 span the same range and are
similarly distributed, and that both types contain internal crystals of refractory carbides often
enriched in s-process elements like Mo, Zr and Ru (see below), it seems probable that their
different structures reflect (unknown) differences in the conditions of their formation.

Internal crystals of refractory carbides are commonly found inside of graphite from
AGB stars, in both the onion (Figures 5c, 5d) and cauliflower types (e.g., Bernatowicz et al.,
1991). These high temperature condensates were evidently ubiquitous in the gas at the time that
graphite began to form.  Because only one ~70 nm ultramicrotome section of any given AGB
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graphite is typically examined, it is clear that the 16% frequency of occurrence of internal
carbides is a strict lower limit on the fraction of graphite spherules actually containing internal
grains.  In some cases the carbides are nearly pure TiC (Figure 5c).  Many of the carbides,
however, are solid solutions that show substantial enrichments above the solar ratios in Zr, Mo,
and Ru, which are elements predominantly produced by the s-process.  Carbide compositions can
be dominated by these s-process elements, as in Zr- Mo-carbides with Ti present at only a few
atomic percent (Figure 5d).  Carbides from onion-type graphites have an average geometrical
mean size of 24 nm, and range from ~7 nm to a maximum of ~90 nm (Croat et al., 2005b).
Textural evidence as well as compositional variation among carbides within a single graphite
indicate that carbides form first and are then incorporated into the developing graphite, rather
than forming later by exsolution (Bernatowicz et al., 1996).  About 40% of carbide-containing
graphites have an internal grain located at the spherule center (as in Figure 5c), a clear indication
of heterogeneous nucleation of graphite on preexisting carbides.

Figure 7. Equilibrium condensation temperatures for various carbides and graphite as a function of total
pressure and C/O ratio (from 1.05 to 2), for solar abundances of all elements but C.  Condensation temperatures for
ZrC, TiC and SiC vary slightly with C/O and are displayed as envelopes.  For these compounds, the lower boundary
of the envelope is for C/O=1.05, and the upper boundary is for C/O ≥ 2.0.  For MoC, the condensation temperature
does not vary with C/O in the displayed pressure range.  The condensation temperature of Mo2C (not shown) is only
a few degrees higher than for MoC at any given pressure.  From Bernatowicz et al. (1996) using data from Lodders
and Fegley (1995).

Because the AGB graphite spherules with carbides consist of at least two entirely different
mineral phases, equilibrium thermodynamics may be used to constrain temperatures, pressures
and gas compositions in the grain formation environment, and these predictions can be checked
against astronomical observation.  Figure 7 displays condensation temperatures for graphite and
various carbides as a function of the gas pressure and C/O ratio, under conditions of
thermodynamic equilibrium.  Only ratios C/O > 1 are shown, because it is only when the C
number density exceeds that of O that sufficient carbon is available to form graphite and carbides
(see Lodders and Fegley, 1995; Sharp and Wasserburg, 1995).  The condensation temperatures
for the carbides in Figure 7 reflect solar abundances of these elements.  It is clear that ZrC will
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condense before TiC, and MoC after TiC, over all pressures in the range shown.  With increasing
degrees of s-process enrichment of Mo and Zr, however, condensation temperatures of carbides
formed from these elements increase (Lodders and Fegley, 1995).  For s-process elemental
abundances typical of carbon star outflows (~10-100 x solar), MoC condensation temperatures
become comparable to those of TiC, and ZrC condensation temperatures increase to values ~7-
10% greater than those shown.

Inspection of Figure 7 shows that the graphite condensation temperature is relatively
insensitive to pressure, but strongly dependent on C/O, while carbide condensation temperatures
depend on pressure but are insensitive to C/O.  Since the condensation curves of the carbides
cross those of graphite, whether a given carbide will start forming before or after graphite
depends on the ambient pressure.  The higher the C/O ratio, the greater is the pressure required
for carbides to condense before graphite.  It is noteworthy that the condensation temperature for
SiC is well below that of graphite at even the lowest C/O ratios, for all but the highest pressures
shown.  This is consistent with the fact that SiC has been observed in only one KFC1 graphite
out of several hundred examined.

Presolar graphites with internal crystals of TiC can be used, for example, to place firm
constraints on the C/O ratios of the AGB atmospheres in which they formed.  TiC will condense
before graphite at P 

† 

>~  0.3 dynes/cm2 for C/O = 1.05, at P 

† 

>~  3 dynes/cm2 for C/O = 1.1, and at P

† 

>~  30 dynes/cm2 for C/O = 1.2.  However, the C/O ratio cannot be increased much beyond this if
TiC is to condense before graphite and possibly serve as a nucleation center.  As C/O approaches
~ 1.5, the required pressure reaches photospheric values for low- to intermediate-mass AGB stars
(~700 – 1400 dynes/cm2; Soker and Harpaz, 1999), but at the photosphere the temperature is far
too high (~2200 K – 3400 K) for any grains to condense.  Grains must instead condense in
regions above the photosphere where both temperatures and pressures are much lower.  The
presolar graphites with nuclei of TiC thus indicate ratios of 1 

† 

<~  C/O 

† 

<~  1.2 in the circumstellar
atmospheres where they formed, as originally argued by Sharp and Wasserburg (1995).

This prediction is robust, and moreover is consistent with astronomical observations of AGB
stars.  Using C/O ratios for carbon stars determined by Lambert et al. (1986), Bergeat et al.
(2001) calculated the mean C/O for variable carbon (CV) stars, and arrived at a mean C/O = 1.15
+ 0.16.  These astronomical C/O ratios compare very favorably with the constraints on C/O
derived from the interpretation of presolar graphite compositions and microstructures based on
thermochemical calculations.  The plausibility of the C/O ratios inferred from equilibrium
thermodynamics means that reasonable confidence can be placed in the correlated physical
inferences about temperatures and pressures in the circumstellar environments where the
graphite and carbide grains formed.

Circumstellar grains are important not only because they provide solid matter to the ISM,
but also because they play an important role in the dynamical evolution of AGB stars.  The
general understanding is that shocks in the stellar atmosphere above the photosphere enhance the
gas density, promoting the condensation of dust.  Copious mass loss from the star occurs largely
because the dust is coupled to the stellar radiation field, which accelerates grains by radiation
pressure.  Momentum is, in turn, transferred to gas molecules by collisions with grains.  The
dust/gas mixture is effectively a two-component fluid whose motion and atmospheric structure
are dynamically coupled: the radiation pressure on the grains determines the velocity field of the
outflow and thus the density distribution, while the density distribution itself determines the
conditions of radiative transfer within the outflow and thus the effective radiation pressure (see
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Bowen, 1988; Netzer and Elitzur, 1993; Habing et al., 1994; Ivezic et al., 1998; Winters et al.,
2000).

For the special case of spherically symmetric mass outflows, the mass-loss rate 

† 

˙ M  is given
by the continuity relation

† 

˙ M  = 

† 

4pR2r(R) v(R), (2)

where R is the radial distance from the center of the star, and r(R) and v(R) are the density and
outflow speed at R, respectively.  If one applies the density constraints provided by equilibrium
thermodynamics discussed above to equation (2), the predicted mass-loss rates are far in excess
of the maximum observed mass-loss rates for carbon stars (a few 10-4 MO /y).  As noted above,
C/O ~ 1.1 for CV stars requires that the pressure P 

† 

>~  3 dynes/cm2 in the stellar atmosphere for
TiC to condense before graphite.  For outflow speeds in grain formation regions (typically at
radii R ~ 3 A.U.) that are as little as 5% of terminal outflow speeds (~10 – 20 km/s) of AGB
stars, equation (2) yields mass-loss rates 

† 

˙ M  in excess of 10-3 MO /y.
As the above calculation shows, if we use the gas pressures demanded by equilibrium

thermodynamics, the inferred mass-loss rate for symmetrically distributed circumstellar matter is
simply too large.  Alternatively, if we use gas pressures that would be consistent with the
observed mass loss rates in (assumed) spherically symmetric mass outflows, it is impossible to
produce grains nearly as large as observed for presolar condensates.  Indeed, were it not for the
fact that circumstellar grains of micron-sized graphite are available for study in the laboratory,
one would probably infer that only submicron-sized graphite grains could be produced in
spherically symmetric AGB outflows, and we would certainly not have predicted the occurrence
of refractory carbides inside of them.  Yet, such grains do exist, and we must account for them.
The necessary resolution to this problem is that the mass outflows of the carbon stars responsible
for presolar graphites that contain carbides must depart radically from spherical symmetry,
perhaps in the form of clumps or jets with enhanced densities and pressures (Bernatowicz et al.,
1996; 2005; Chigai et al., 2002).  This inference is consistent with astronomical observations of
carbon stars with the highest mass-loss rates, such as the nearest (and best studied) carbon star
IRC +10216.  Weigelt et al. (1998), using speckle-masking interferometry, showed that the mass
outflow from this star is neither spherically symmetric nor homogeneous, but is highly
fragmented.  They concluded that IRC +10216 appears to be in a very advanced stage of its
evolution, probably in a phase immediately preceding its departure from the AGB.

The outflow velocity fields in the AGB circumstellar environment that are derived from
detailed dynamical models (e.g., Ivezic et al., 1998), considered in conjunction with formation
temperatures implied by equilibrium thermodynamics and radiative equilibrium in the outflow,
imply that the time intervals available for the growth of graphite are relatively short, on the order
of a few years (Bernatowicz et al., 2005).  These short time intervals cannot produce
circumstellar graphites of the sizes observed as presolar grains (~ 1 mm diameter in KFC1) in
spherically symmetric outflows, even under the most ideal grow conditions (perfect sticking
efficiency, no evaporation, no depletion of gas species contributing to grain growth).  This again
points to the origin of circumstellar graphite in highly evolved CV stars that have
inhomogeneous and clumpy mass outflows with enhanced densities and gas pressures.



16

5. GRAPHITE FROM SUPERNOVAE
The physical and chemical properties of graphite spherules formed in SN ejecta are quite

different from those of spherules originating around AGB stars.  The distinctions seem, at least
in part, to reflect the disparities in hydrodynamics, in pressures, in gas compositions and in grain-
formation timescales in the two environments. Although dust condensation in SN ejecta has been
unambiguously observed (Meikle et al., 1993; Roche et al., 1993; Wooden et al., 1993; McCray,
1993), only limited inferences can be drawn from the astronomical observations regarding the
composition and physical characteristics of the dust.  Silicate formation has been inferred in
various spectra from SN remnants (e.g., Arendt et al., 1999).  Unfortunately, SN 1987A, which
provided the best evidence for dust condensation in core-collapse SN, had a featureless spectrum
with no evidence of silicate or SiC formation.  This spectrum is consistent with the condensation
of graphite and/or iron grains (Wooden, 1997), but the identification is tenuous because of the
featureless nature of the IR spectra of these minerals.  In general, IR astronomy can determine
when and where dust has formed around SN, but is limited in its ability to characterize SN dust
in terms of its mineralogy, chemical composition, or size.  Given these limitations, the isotopic,
chemical, and mineralogical studies of SN dust grains in the laboratory presently provide an
alternative and exquisitely detailed source of information on grain formation in SN ejecta.

Figure 8. TEM bright field images of internal grains in supernova graphites from Murchison graphite separate
KE3 (Amari et al., 1995b): a) TiC with an amorphous rim from spherule KE3e10; (b) euhedral TiC crystal from
KE3e6 (the light and dark bands are thickness fringes); c) kamacite grain with an amorphous rim from spherule
KE3d8 (Bernatowicz et al., 1999); (d) subhedral TiC from KE3e6 with epitaxial kamacites on opposite (111) TiC
faces.  From Croat et al. (2003).

Low-density graphite spherules from density separate KE3 (1.65 - 1.72 g cm-3) of the
Murchison meteorite often have large excesses in 18O and 28Si, indicative of a supernova origin
(Amari et al., 1995a).  TEM examination of ultramicrotome sections of these SN graphites
(Bernatowicz et al., 1998; 1999; Croat et al., 2003) reveal concentric turbostratic layers with a
degree of graphitization intermediate between the onion and cauliflower types of graphite from
AGB stars.  The KE3 SN graphites are generally larger (4 – 12 mm) than the KFC1 graphites
from carbon stars and have high abundances (25 - 2400 ppm) of internal TiC crystals (Figures
8a, 8b), with a single graphite in some cases containing hundreds of them.  The TiC size
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distributions among SN graphites are quite variable, with the geometrical mean TiC size ranging
from 30 to 230 nm.  Some, despite having similar total TiC abundances, have very different
grain size distributions, and there is no obvious scaling relationship between the size of the
graphite and the mean size of its internal grains.

Composite TiCs with iron-nickel subgrains, and solitary kamacite grains are also found in
KE3 graphites (Figures 8c, 8d).  In the composite grains, the iron phases are kamacite (0-24 at.
% Ni) and taenite (up to 60 at. % Ni) epitaxially grown onto one or more TiC faces.  This is
direct, unambiguous evidence of Fe condensation in SN ejecta.  The chemical variations among
internal TiC grains (see below), as well as the presence of epitaxial Fe phases on some TiCs
clearly indicate that the phase condensation sequence was TiC, followed by the iron phases (only
found in some KE3 graphites) and finally graphite.  Since graphite typically condenses at a
higher temperature than iron at low pressures (< 10-3 bars) in a gas with C > O and otherwise
solar composition, the observed condensation sequence implies a relative iron enrichment in the
gas or greater supersaturation of graphite relative to iron.

Figure 9. Trends of internal TiC crystals in supernova graphite spherule KE3e3 from Murchison.  Upper panel:
V/Ti atomic ratios as a function of three-dimensional radial distance from the spherule center, and as a function of
TiC grain size.  Slopes obtained from linear least-squares fits to the data are indicated.  Lower panel: TiC number
density in ten successive spherical shells of equal volume, starting at the graphite center.  From Croat et al. (2003).

Examination of multiple ultramicrotome sections of each large spherule permits a
determination of three-dimensional radial distances of internal crystals from the spherule center
(based on the location of the crystal within the section and the section diameter).  Since these
radial distances are a rough measure of the time at which the internal grain was incorporated into
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the graphite, temporal trends in various chemical and physical properties of grains in the ejecta
can sometimes be discerned.  Figure 9 shows the V/Ti atomic ratio vs. the radial distance from
the graphite center in spherule KE3e3, for roughly 150 TiCs.  Clear increases in the V/Ti ratio vs.
radial distance are evident.  This trend, also seen in other KE3 graphites, is probably due to
chemical evolution of the TiCs in the ambient gas with time.  Vanadium carbide, although
soluble in TiC, is less refractory and condenses at a substantially lower temperature (cf. Lodders
and Fegley, 1995).  Thus, TiCs found towards the graphite exterior, which were probably
exposed to the gas for longer times and at lower temperatures prior to capture by the graphite,
incorporated more V.  The observed trend in V/Ti suggests that this ratio was continually
evolving in the TiCs before they were incorporated into the graphite, but ceased evolving once
the TiC was fully encased.

There is typically a decrease in the number density of internal grains as a function of
increasing radial distance (therefore later graphite condensation times) from the SN graphite
centers.  This is shown in Figure 9, in which the volume of graphite spherule KE3e3 has been
subdivided into ten spherical shells of equal volume, with the number of TiCs counted in each
shell.  The number of internal TiCs is clearly higher in the central shells than in the outermost
ones.  If the TiCs already present in the gas were accreted onto growing graphite spherules, the
mechanism of their capture is essentially the same as that of the carbon-bearing molecules
contributing to graphite growth.  That the relative numbers of molecules and TiCs captured in a
given time interval is not constant requires a change either in their relative abundance or in their
relative sticking probabilities.  One possibility is a progressive increase in the effective sticking
probability of carbon-bearing molecules onto graphite, relative to TiC, over the time of graphite
growth.  This is most simply explained if we assume that the sticking probability of the
molecules contributing to graphite growth increases with decreasing ambient temperature,
resulting in a smaller number density of TiCs in graphite at greater spherule radii.  Alternatively,
the relative abundance of TiCs in the gas could have decreased over time if the TiCs had a
substantially higher sticking probability than carbon-bearing molecules, and were more rapidly
depleted from the gas.

TiC morphologies reflect variable degrees of “weathering” in the SN outflow.  Most TiCs
(about 90%) are euhedral to subhedral, with primary growth faces somewhat corroded but still
clearly defined (Figure 8b). Some KE3 TiCs are surrounded by an amorphous or nearly
amorphous rim layer 3-15 nm thick, partially or completely enveloping the grain (Figure 8a).
Rims have also been observed on metal grains in KE3 graphite (Fig. 8c).  Rimmed grains are
ubiquitous, and constitute up to nearly half of the TiC population in some graphites.  The
partially amorphous rims (3 – 15 nm) seen on both TiC and kamacite grains are comparably
thick and related in composition to their host grains (Bernatowicz et al., 1999).  Given these
observations, at least two grain alteration mechanisms may be conceived: particle irradiation and
chemical corrosion.  The rims resemble the solar-wind damage features seen on lunar soil grains,
which have ~50 nm thick amorphous rims caused by irradiation with ~1 keV/nucleon (~400
km/s) H and He ions (cf. Keller and McKay, 1997).  TiCs and kamacite grains forming in SN
ejecta may also have been exposed to particle irradiation, a kind of “reverse solar wind,” due to
collisions between the grains and slower-moving parcels of gas.  Fingers of gas are ejected at
high velocities (~104 km/s) in SN due to Rayleigh-Taylor instabilities (Wooden, 1997).  In such
an environment, a drift velocity Dv ~ 100 km/s between the grains and slower-moving parcels of
gas is plausible, being at most only a few percent of the mass outflow speed.  A drift velocity of
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this magnitude is a factor of several less than the solar wind speed, and so damaged regions less
thick (~10 nm) than those observed on lunar grains are reasonable.

Alternatively, damaged rims could result from chemical corrosion, provided that gas
conditions were to change with time to a state in which the TiCs and kamacites were no longer
stable.  However, this seems less likely given that comparably thick rims are found on
compositionally dissimilar phases.  Moreover, in the case of KE3e3, where ~ 6% of the TiCs
have rims, the TiC size vs. radial distance trends (Figure 9) indicate that most of the TiCs were
still growing at the time they were incorporated into their host graphite, so the gas environment
could not be simultaneously corroding and growing TiCs.  In general, the diversity in TiC
properties suggests that TiCs formed first and had substantially diverse histories prior to
incorporation into the graphite, implying some degree of turbulent mixing in the SN outflows.

The TEM observations allow inferences to be made about the typical physical conditions in
the SN ejecta where the grains condensed.  Given the TiC sizes and abundances, the gas was
evidently quite dusty.  From the observed range in TiC sizes of ~20 nm to ~500 nm, the
minimum Ti number densities in the gas (assuming ~1 year growth time and T ~ 1800°K) are
inferred to be ~7 x 104 to ~2 x 106 atoms/ cm3, respectively.  Although the gas composition is
clearly not solar, for scale, these number densities would correspond to a range in total pressure
from ~0.2 dynes/cm2 to ~5.0 dynes/cm2 in a gas of solar composition.  They also correspond to
minimum TiC grain number densities of ~3 x 10-4 to ~0.2 grains/cm3, assuming complete
condensation of Ti in TiC.  The TiC number densities imply a maximum average ratio of TiC
grain separation distance in the gas to grain diameter of ~3 x 105 to ~1 x 106 (Croat et al., 2003).

In contrast to the Murchison KFC1 graphites, Zr- Ru- Mo-carbides are not observed in SN
graphites.  This is independent evidence that the weak s-process, from 22Ne(a,n)25Mg in the
helium burning cores of stars massive enough to form SN, does not give rise to large enough
neutron exposures to elevate the abundances of these elements to anything close the levels seen
in the carbides from AGB stars (see Meyer and Zinner, 2005).

6. METEORITIC NANODIAMONDS
The most abundant refractory carbonaceous mineral in chondrites is nanometer-sized

diamond.  Nanodiamonds were first isolated from chondrites by destructive chemical dissolution
of meteorite matrices (Lewis et al., 1987). The bulk C isotopic compositions of nanodiamond
separates measured by stepped combustion of acid dissolution residues of various carbonaceous,
ordinary, and enstatite chondrites are all close to the solar mean, with d13C = -32.5 to -38.8 per
mil (Russell et al., 1996).  Although the mean C isotopic composition of nanodiamonds is
essentially solar, there is sufficient isotopic evidence implying that at least some meteoritic
nanodiamonds are of presolar origin.  Nanodiamond separates from acid dissolution residues of
chondrites are linked to various isotopic anomalies in H (Virag et al., 1989), N (Arden et al.,
1989; Russell et al., 1991; 1996), Sr (Lewis et al., 1991), Pd (Mass et al., 2001), Te (Richter et
al., 1997; Mass et al., 2001), Xe (Lewis et al., 1987), and Ba (Lewis et al., 1991).  However,
only the anomalous Xe and Te associated with SN provide tenable evidence for a presolar origin
for at least a subpopulation of the diamonds (Zinner, 2004; Daulton, 2005).  Definitive isotopic
evidence of a presolar origin for all or part of the population remains elusive because of the
extremely small size of the diamonds.  Meteoritic nanodiamonds have effective diameters,
defined as the square root of their TEM projected cross-sectional areas, that range between 0.1
and 10 nm with a median of the distribution of 2.58 nm and 2.84 nm for diamonds isolated from
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the Murchison and Allende carbonaceous chondrites, respectively (Daulton et al., 1996).  This is
consistent with earlier, indirect and lower spatial-resolution size measurements by TEM (Lewis
et al., 1989; Fraundorf et al., 1989).

The smallest mineral grains that can be analyzed isotopically by the most advanced
generation of secondary ion mass spectrometry (SIMS) instruments, the NanoSIMS, are ~ 0.1
µm.  This is several orders of magnitude larger than meteoritic nanodiamonds.  Presently, there
are no instruments capable of measuring the isotopic compositions of an individual nanocrystal.
In fact, even if there were, the only element in an individual nanodiamond whose isotopic
composition could be feasibly measured is that of the primary element C.  For example, an
average meteoritic nanodiamond contains a mere several thousand C atoms (between 1.0 x103 -
7.5 x103) and only tens of N atoms (< 100), where N is the second most abundant trapped
element (1800-13000 ppm by mass; Russell et al., 1996) following surface bound H (10-40 at.%;
Virag et al., 1989).  Since there is only one trapped noble gas atom per tens of average-sized
meteoritic nanodiamonds, measurement of isotopic compositions of trapped noble gases in
individual meteoritic nanodiamonds is impossible.  The situation is more extreme for isotopically
anomalous Xe and Te, for which there is only one trapped Xe or Te atom per millions of mean-
sized meteoritic nanodiamonds (see Zinner, 2004; Daulton, 2005).  Consequently, all isotopic
measurements of meteoritic nanodiamonds are of elements/gases extracted from billions of
individual diamonds.  In sharp contrast, the other known presolar minerals are submicron to
micron in size and large enough that isotopic measurements can be performed on individual
grains.  The origin of meteoritic nanodiamond thus remains largely enigmatic because of its
grain size.

Several hypotheses have been put forth for the origin of meteoritic nanodiamonds.
Supernovae have been suggested as a source based on the inseparable presence of isotopically
anomalous Xe (termed Xe-HL; Lewis et al., 1987) of probable SN origin, indicating some
meteoritic nanodiamonds formed in, or at least were associated with, SN.  However, the high
abundance of nanodiamonds in chondrites (matrix normalized ~1400 ppm in Murchison; Huss,
1997) suggests a prolific dust source.  Although SN are the major contributors of gaseous matter
in the ISM, they are not the dominant source of condensed matter.  This has led to the suggestion
that AGB stars or even the solar nebula are dominant sources.  The latter is consistent with
normal bulk C isotopic composition of meteoritic nanodiamonds.  In fact, Dai et al. (2002)
interpreted the presence of nanodiamonds in IDPs conjectured to originate from asteroids, and
their absence in IDPs conjectured to originate from comets, as a possible argument for
nanodiamond formation in the inner solar system.  Alternatively, the ensemble average of a
myriad of nanodiamonds from a wide variety of stellar sources may simply mirror the solar
mean.

A number of mechanisms have been proposed for nanodiamond formation in SN, these
include: formation by low-pressure condensation, similar to chemical vapor deposition (CVD),
in expanding gas ejecta (Clayton et al., 1995); shock metamorphism of graphite or amorphous-
carbon grains in the ISM driven by high-velocity (grain impact grain) collisions in SN shock
waves (Tielens et al., 1987); annealing of graphite particles by intense ultraviolet radiation (Nuth
and Allen, 1992); and irradiation-induced transformation of carbonaceous grains by energetic
ions (Ozima and Mochizuki, 1993).  Condensation by CVD mechanisms in circumstellar
atmospheres of carbon stars has been proposed (Lewis et al., 1987).  Nanodiamond formation in
the solar nebula, (Dai et al., 2002) presumably by CVD, has also been proposed.
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Microstructures of materials are heavily dependent on growth mechanisms, physical
conditions during formation, and post-formation alteration mechanisms.  Therefore, to evaluate
several of the formation theories for meteoritic nanodiamonds, Daulton et al. (1996) used HR-
TEM to compare nanodiamonds synthesized by shock metamorphism (Greiner et al., 1988) and
CVD (Frenklach et al., 1991) to those isolated from the Allende and Murchison carbonaceous
chondrites.  Although changes in experimental conditions can result in a range of growth features
and affect the proportion of nanodiamonds synthesized by any given process, microstructural
features should exist that are uniquely characteristic of specific formation mechanisms exclusive
to either condensation or shock metamorphism.  In fact, such features were identified in the
synthesized nanodiamonds, and when compared to the microstructures of nanodiamonds from
Allende and Murchison, they indicated that the predominant mechanism for meteoritic
nanodiamond formation is vapor condensation. The results of the Daulton et al. (1996) study
represent the only detailed microstructural data on meteoritic nanodiamonds to date, and are
summarized here.

Table 1: Nanodiamond Microstructures
Shock Meteoritic CVD

Twins / Single-Crystals 2.48 1.28 1.25
Linear Twins / Non-Linear Twins 2.72 0.87 0.36
Star Twins / All Twins 0.04 0.09 0.23
Dislocations yes no a no a

a Not observed

In cubic diamond, twinning along {111} planes is common and results when the stacking
sequence of {111} planes is abruptly reversed, e.g. {AaBbCcBbAa}.  In coincident site lattice
notation, this twin structure is described as a first order S=3 {111} twin.  The interface at a S=3
twin boundary is one of the lowest-energy lattice defects, so cubic nanocrystals can form S=3
twin structures relatively easily to accommodate growth constraints.  Thus, S =3 twin
microstructures can provide a diagnostic indicator for different nanodiamond formation
mechanisms.

Multiple S=3 twins are relatively common microstructures in nanodiamonds and occur in
two configurations.  The first type (linear) exhibits parallel S=3 {111} twin boundaries that
terminate at the crystal surface (Figure 10).  The second type (non-linear) is characterized by
oblique S=3 {111} twin boundaries that terminate either at crystal surfaces, twin boundary
intersections, or both (Figure 10).  Important differences become apparent when the relative
abundances of twin microstructures are compared in the synthesized diamonds (Figure 11).
Firstly, the ratio of twinned crystals to single crystals in shock-synthesized diamonds (2.48;
Table 1) is a factor of two higher than for those synthesized by CVD (1.25).  Since re-entrant
corners of twinned crystals are associated with increased growth rates over single crystals
(Angus et al., 1992), this suggests that the mean growth rate for shock-synthesized diamonds is
greater than the mean growth rate of CVD-synthesized diamonds.  Nanodiamonds synthesized
by detonation must have experienced rapid thermal quenching to escape graphitization after the
passage of the shock front.  Those nanodiamonds that survived must have experienced high
growth rates.  The ratio of single crystals to twinned crystals in the meteoritic nanodiamonds
(1.28; Table 1) suggests growth rates similar to those of the CVD-synthesized diamonds.
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Secondly, linear twins dominate over non-linear twins in shock-synthesized nanodiamonds.
During detonation synthesis of nanodiamonds, large, highly anisotropic shock pressure gradients
would momentarily exist.  Following a shock-induced carbonaceous grain-on-grain collision,
partially molten material would rapidly solidify behind planar shock fronts.  Further, any
potential nanodiamond condensation at high-pressure shock fronts would occur within highly
anisotropic conditions.  In both cases, crystallization should occur along planar growth fronts
producing microstructures dominated by parallel twin boundaries.  Consistent with this
interpretation, the shock-synthesized nanodiamonds display a distribution of multiple twins
dominated by parallel twin boundaries.  The direction of growth is presumably related to the
geometry of the shock front and direction of the pressure gradients.  In sharp contrast, the CVD-
synthesized nanodiamonds are dominated by non-linear multiple twins indicative of isotropic
growth.  The multiply twinned structures of meteoritic nanodiamonds more closely resemble
CVD nanodiamonds.

Figure 10. Multiply-twinned microstructures in meteoritic (row a), CVD (row b), and detonation (row c)
nanodiamonds. !The two columns to the left are non-linear multiple twins and the two columns to the right are linear
multiple twins.

The most striking non-linear, multiply-twinned configurations correspond to symmetric
multiply-twinned particles (MTPs).  Nanodiamonds synthesized by direct nucleation and
homoepitaxial growth from the vapor phase have a large abundance of decahedra MTPs which
have pseudo-five-fold or star morphology (Figure 12).  Similar to CVD nanodiamonds, star
twins are relatively common growth features in the meteoritic nanodiamonds.  In contrast, star
twins are relatively rare in shock synthesized nanodiamonds with an abundance at least a factor
of two less than meteoritic nanodiamonds (Figure 11).  The coherent twin boundaries present in
the star twins are indicative of radial (isotropic) growth as would be possible from the direct
nucleation and homoepitaxial growth from a locally uniform supersaturated gas such as in a
CVD-type process.  Star-twin microstructures would not be expected from the highly anisotropic
shock-induced metamorphism of carbonaceous grains.  The non-linear multiple-twin crystals
(including MTPs) observed in detonation soot residues might have formed by a less efficient



23

mechanism occurring within the rarefaction wave of the expanding shock front.  Vaporization of
a fraction of the precursor carbonaceous material in the shock heating event could supersaturate
the partially ionized gas in C.  Given favorable conditions, vapor condensation might occur after
the passage of the shock front leading to nanodiamond nucleation and growth.

Figure 11. Normalized distribution of S=3 twin microstructures for nanodiamonds synthesized by detonation
shock (Greiner et al., 1988) and CVD (Frenklach et al., 1991) as well as those isolated from the chondrites
Murchison and Allende.  Unobstructed and isolated nanodiamonds exhibiting clear cross-lattice fringes were
classified by their twin type.  Statistics are based on 209 (detonation), 372 (Murchison), 257 (Allende), and 130
(CVD) individual nanodiamonds; a total of 968 nanodiamonds.

Figure 12. Star twin microstructures (a) in a meteoritic nanodiamond from Allende, (b) in a CVD-synthesized
nanodiamond, and (c) in a shock-synthesized nanodiamond.

In contrast to twin and stacking faults structures, dislocations represent relatively high-energy
defects because their cores contain disrupted nearest-neighbor bonds and significant bond
distortion.  Whereas the formation of twins and stacking faults is influenced by low-energy
processes, the formation of dislocations requires relatively high-energy processes.  This is
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especially the case for diamond, which has strong sp3 carbon bonds.  For example, epitaxial
dislocations are common in CVD diamond films and result from strain induced at the substrate
interface and at interfaces where two growing crystals impinge at an arbitrary angle.  High
dislocation densities also develop in natural diamond to accommodate lattice distortions around
mineral inclusions and plastic deformation caused by shear stresses in the earth’s upper mantle.
In contrast, the situation is disparate for nanocrystals, where perhaps only a few mechanisms are
available to form high-energy defects.  Martensitic-type mechanisms occurring behind shock
fronts can leave a high density of residual dislocation defects in the transformation product
(Daulton et al., 1996).  Shock synthesized nanodiamonds exhibit a small population of grains
that contain dislocations with disorder (Figure 13).  In contrast, dislocations are not expected to
form in nanometer grains that nucleated directly from the vapor phase, and indeed, no such
defect structures were observed in the CVD-synthesized nanodiamonds.

Figure 13. Shock-synthesized nanodiamonds containing dislocations.  The superimposed lines illustrate the
missing <111> half planes.  Insets display non-annotated dislocation images.

No analogous dislocations were observed in the Allende and Murchison nanodiamonds.  It is
unlikely that the acid dissolution used to isolate meteoritic nanodiamonds destroyed those with
dislocations.  Detonation soot residues were subjected to acid treatments to purify diamond
products (Greiner et al., 1988), although not as extensive as the treatments used to isolate
nanodiamonds from chondrites.  Nevertheless, the detonation soot residues still retain
nanodiamonds with dislocations.  Furthermore, thermal processing of the Murchison and Allende
parent bodies was probably insufficient to remove dislocations by annealing or destroying
dislocation-containing diamonds.  Noble gas abundances in nanodiamonds suggest mild thermal
processing in Murchison with only minimal loss of nanodiamonds (Huss and Lewis, 1995).
Although Allende experienced greater thermal processing than Murchison, a significant amount
of surface-bound H with deuterium excesses is retained by its nanodiamonds (Carey et al., 1987;
Virag et al., 1989).  Temperatures required to anneal dislocations would be more than sufficient
to desorb surface hydrogen, resulting in a significant depletion of any deuterium excess.  Lack of
dislocation microstructures in meteoritic nanodiamonds is probably a primary feature of
formation, and therefore suggests that the majority of meteoritic nanodiamonds did not form by
shock metamorphism.

Microstructures of nanodiamonds isolated from Allende and Murchison, for the most part,
are similar to those of CVD-synthesized nanodiamonds and dissimilar from those of the shock-
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synthesized nanodiamonds (Table 1).  Twin microstructures of meteoritic nanodiamonds suggest
isotropic growth conditions, and the lack of dislocations is inconsistent with shock processes.
These observations suggest that the predominant mechanism responsible for the formation of
meteoritic nanodiamonds is low-pressure condensation, similar to CVD.  This conclusion is
based on direct microstructural evidence, independent of any models for astrophysical processes
or environments (e.g., AGB stars, SN, or the solar nebula).  If shock metamorphism (most
probably occurring in SN) contributed to the population of nanodiamonds in meteorites, then
certainly shock-formed nanodiamonds represent a minor subpopulation, since the majority of the
meteoritic nanodiamonds do not exhibit microstructures indicative of anisotropic shock.
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