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Abstract

It has been suggested that the matrices of all chondrites are dominated by a common material with Ivuna-like (CI) abun-
dances of volatiles, presolar grains and insoluble organic matter (IOM) (e.g., Alexander, 2005). However, matrix-normalized
abundances of presolar silicon carbide (SiC) grains estimated from their noble gas components show significant variations in
even the most primitive chondrites (Huss and Lewis, 1995; Huss et al., 2003), in contradiction to there being a common chon-
drite matrix material. Here we report presolar SiC abundances determined by NanoSIMS raster ion imaging of IOM extracted
from primitive members of different meteorite groups. We show that presolar SiC abundance determinations are comparable
between NanoSIMS instruments located at three different institutes, between residues prepared by different demineralization
techniques, and between microtomed and non-microtomed samples. Our derived SiC abundances in CR chondrites are com-
parable to those found in the CI chondrites (�30 ppm) and are much higher than previously determined by noble gas analyses.
The revised higher CR SiC abundances are consistent with the CRs being amongst the most primitive chondrites in terms of the
isotopic compositions and disordered nature of their organic matter. Similar abundances between CR1, CR2, and CR3 chon-
drites indicate aqueous alteration on the CR chondrite parent body has not progressively destroyed SiC grains in them. A low
SiC abundance for the reduced CV3 RBT 04133 can be explained by parent body thermal metamorphism at an estimated tem-
perature of �440 �C. Minor differences between primitive members of other meteorite classes, which did not experience such
high temperatures, may be explained by prolonged oxidation at lower temperatures under which SiC grains formed outer layers
of SiO2 that were not thermodynamically stable, leading to progressive degassing/destruction of SiC.
� 2014 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Before the discovery of isotopic anomalies in meteorites,
the Solar System was widely considered to be an isotopically
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homogeneous reservoir (Cameron, 1962). However, this
proved to be erroneous with the detection of isotopic
anomalies (e.g., Signer and Suess, 1963; Reynolds and
Turner, 1964), later attributed to the presence of presolar
grains (microscopic dust grains formed in the outflows
and cooling gases of stars prior to solar system formation)
in meteorites (e.g., Lewis et al., 1987; Tang and Anders,
1988). While presolar grains produce isotopic anomalies
on the micrometer scale, the material that accreted to form
the meteorite parent bodies was physically and chemically
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heterogeneous on macroscopic scales. These heterogeneities
include: short-lived radionuclide abundances, noble gas
abundances, oxygen and other stable isotope anomalies,
bulk element compositions, size-distributions and relative
abundances of components (e.g., chondrules, calcium-, alu-
minum-rich inclusions (CAIs), matrix, metal grains, and
presolar grains). These pre-accretionary heterogeneities
could potentially result from processes such as molecular
cloud heterogeneity, formation and destruction of dust
grains in the solar nebula, fractionation in the nebula
involving incomplete evaporation/condensation or size/
density sorting, etc. However, there is evidence that matrix
material was a relatively well-mixed reservoir throughout
the chondrite forming region, at least in terms of the abun-
dances of volatile elements, presolar grains and organic
matter (e.g., Huss and Lewis, 1995; Alexander et al.,
2001, 2007; Alexander, 2005; Busemann et al., 2007;
Zanda et al., 2009, 2012). Since presolar grains and IOM-
like (insoluble organic matter; a major component of
organic matter in chondrites) material, along with amor-
phous silicates, enstatite whiskers and plates, and fine-
grained compositionally heterogeneous olivine (Ishii et al.,
2008; Zolensky et al., 2008), are present in chondrite matri-
ces, interplanetary dust particles and comets, it seems likely
that this matrix material was widely distributed in the solar
nebula.

As presolar grains predate any solar nebula processes,
one way to probe the heterogeneity at the formation of
the inner Solar System/asteroid belt is to survey their abun-
dances in primitive members of the various chondrite
groups. Such a survey would address: (i) the distribution
of presolar grains throughout the meteorite-forming
regions of the early Solar System, and (ii) the effects of
aqueous and thermal alteration within meteorite classes.

Presolar grains (including silicates, oxides, nanodia-
monds, graphite, and silicon carbide) were incorporated
into all chondrite classes and can be found in the most
primitive members (i.e., least thermally altered) of each
(e.g., Huss and Lewis, 1995; Huss et al., 2003; Zinner,
2014). Primitive chondrites also contain abundant carbona-
ceous material (2–4 wt.%), most of which is present as IOM
(e.g., Gilmour, 2003). Of all chondrite classes, CI chon-
drites most closely match the elemental composition of
the solar photosphere and thus are closest in composition
to the starting material of the early Solar System. After par-
ent body formation, all chondrites were subjected to ther-
mal and/or hydrothermal processes (Brearley, 2006; Huss
et al., 2006), the effects of which are evident in the system-
atic changes in abundances and properties of what remains
of the original IOM and presolar grains (Huss et al., 2003,
2006; Quirico et al., 2003, 2005; Alexander, 2005; Bonal
et al., 2006; Alexander et al., 2007; Busemann et al.,
2007). Also, presolar grains and IOM would not have
survived chondrule or CAI formation, so not surprisingly
they are found exclusively in the matrix (e.g., Floss and
Stadermann, 2005, 2009a,b; Nguyen et al., 2007, 2010;
Davidson, 2009; Bose et al., 2012; Leitner et al., 2012a)
and fine-grained chondrule rims (e.g., Davidson, 2009;
Davidson et al., 2012a; Haenecour and Floss, 2012;
Leitner et al., 2012a,b). After taking into account variations
in parent body modification, Alexander (2005) argued
that the relative abundances of presolar grains and IOM,
and their matrix-normalized absolute abundances are
roughly CI-like in all chondrites. However, presolar
grain abundance estimates based on noble gas contents
are inconsistent with this (Huss and Lewis, 1995; Huss
et al., 2003).

Presolar nanodiamond, silicon carbide (SiC) and graph-
ite were all identified because they contain relatively high
abundances of isotopically anomalous noble gases (e.g.,
Anders and Zinner, 1993). Noble gases can be used as trac-
ers of presolar grain abundances in bulk meteorites (e.g.,
Huss, 1990; Huss and Lewis, 1995; Huss et al., 2003) pro-
vided that the presolar grains in different meteorites contain
uniform amounts of the anomalous noble gas components
and that the concentrations of these components are well
determined for each grain type. Nanodiamonds, carriers
of the isotopically anomalous Xe-HL, are the smallest
(�2.5 nm diameter) and most abundant type of presolar
grain (�1400 ppm; Zinner, 2014). Their small size requires
that isotopic compositions be determined by measurements
of large grain aggregates. Xenon-HL is thought to have
been produced in supernovae and is rare in nanodiamonds
(only �one in a million diamond grains contains a single Xe
atom; Huss and Lewis, 1994). Consequently, only a tiny
fraction of the nanodiamonds is demonstrably presolar in
origin (Nittler, 2003 and references therein).

The abundances of presolar SiC grains estimated from
their noble gas components show considerable variations
in even the most primitive chondrites (<2 to 29 ppm; Huss
and Lewis, 1995; Huss et al., 2003). This contradicts the idea
that a well-mixed reservoir of presolar grains was incorpo-
rated into the matrices of all primitive chondrite classes.
In particular, Huss et al. (2003) determined that the primi-
tive CR (Renazzo-like) carbonaceous chondrites (only
Renazzo was analyzed) have matrix-normalized SiC abun-
dances that are much lower (<2 ppm) than those of the CI
group (�29 ppm). Because of apparent correlations between
SiC abundances and moderately volatile element fractiona-
tions in their host chondrites, Huss et al. (2003) suggested
that the low SiC abundances in CRs were due to high tem-
peratures (possibly > 700 �C) experienced by the precursor
material of the CR matrices in the solar nebula.

High bulk H/C ratios, dD and d15N values, and C
Raman characteristics show that the CR chondrites contain
the most primitive IOM of any chondrite class (Busemann
et al., 2006, 2007; Alexander et al., 2007). Nuclear magnetic
resonance (NMR) spectroscopy and elemental analysis also
show that the CR IOM is the most aliphatic IOM found in
any chondrites (Cody and Alexander, 2005; Alexander
et al., 2007), implying that they experienced very little heat-
ing. Based on the presence of large H and N isotopic anom-
alies, the IOM is believed to have formed in the interstellar
medium or in the cold outer regions of the solar nebula
(Robert and Epstein, 1982; Yang and Epstein, 1983, 1984;
Kerridge, 1983; Busemann et al., 2006; Pizzarello et al.,
2006; Alexander et al., 2007). The IOM would have been
strongly modified or destroyed by sustained temperatures
of P400 �C. MicroRaman and X-ray absorption spectros-
copy studies suggest, however that the IOM in CR
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chondrites experienced peak temperatures of less than
240 �C (Busemann et al., 2007; Cody et al., 2008).

Thus, either the CR chondrite IOM somehow escaped
the nebular heating event(s) proposed by Huss and Lewis
(1995), implying that it was mixed with SiC post-heating,
or SiC was somehow degassed/destroyed at low tempera-
tures. Huss (1990), Huss and Lewis (1995) and Huss et al.
(2003) showed that noble gas abundances in chondrites
decrease with increasing metamorphism, presumably
because metamorphism progressively degassed or destroyed
their presolar grain hosts. This metamorphic degassing/
destruction can be seen in meteorites whose estimated peak
metamorphic temperatures are much less than 700 �C. In
the meteorite parent bodies, the presence of oxidants and
a fluid to enhance diffusion and reaction may make it pos-
sible to degas/destroy the SiC grains at relatively low tem-
peratures (Alexander et al., 1990a; Russell et al., 1997).

Since the apparent conflict, particularly in CRs, between
SiC abundances as determined from noble gases and IOM
primitiveness could simply be due to low temperature
degassing of the SiC, it is necessary to determine presolar
SiC abundances directly and independently of noble gases.
This study aims to achieve this with the use of direct raster
ion imaging by secondary ion mass spectrometry (SIMS)
utilizing the high spatial resolution of the NanoSIMS ion
microprobe. Both X-ray mapping in the scanning electron
microscope and SIMS-based ion imaging have been used
successfully to locate presolar SiC grains in situ in meteor-
ites and interplanetary dust particles (IDPs) (e.g.,
Alexander et al. 1990b; Stadermann et al., 2006;
Busemann et al., 2009; Davidson et al., 2012b). However,
presolar SiC abundances even in matrix are low (10s ppm
or less) and SiC in thin sections is susceptible to contamina-
tion and plucking. In this study, we have chosen to work
with IOM-rich residues rather than thin sections. SiC abun-
dances in these residues are P50 times enriched compared
to bulk meteorites, thereby greatly reducing the total areas
that must be mapped to locate statistically significant num-
bers of grains and thus allowing us to analyze primitive
meteorites from several other chondrite groups in addition
to the pivotal CR chondrites.

2. ANALYTICAL PROCEDURE

2.1. Sample selection

IOM separates were selected from a variety of primitive
chondrites. Seven CR chondrite samples were studied here
by NanoSIMS ion imaging, including Renazzo (the only
CR studied by noble gas analysis to date; Huss et al.,
2003). They cover the whole range of aqueous alteration,
from the most severely aqueously altered CR1 known
(Grosvenor Mountains [GRO] 95577; Weisberg and
Huber, 2007), through the CR2s (Al Rais, Renazzo, Graves
Nunataks [GRA] 95229, Elephant Moraine [EET] 92042;
Weisberg et al., 1993; Abreu, 2007), to the two least altered
CR3s (Queen Alexandra Range [QUE] 99177 and Meteor-
ite Hills [MET] 00426; Abreu and Brearley, 2010). Renazzo,
GRA 95229, QUE 99177 and MET 00426 have previously
been analyzed via NanoSIMS ion imaging of in situ matrix
(Floss and Stadermann, 2005, 2009a; Nguyen et al., 2010;
Leitner et al., 2012a).

The CM2 Murchison was chosen to compare the Nano-
SIMS method with results obtained by measuring noble
gases (Huss et al., 2003), and to compare residues prepared
by two different techniques (see below) to determine the
effect of sample preparation technique on inferred presolar
SiC abundance. Bells (an anomalous CM2) was chosen
because of the particularly anomalous H and N isotopic
ratios in its IOM (Alexander et al., 2007).

A variety of other particularly primitive chondrites were
also selected in order to sample as broad a region of the
inner early Solar System as possible, including: Acfer 094
(ungrouped C3; Nagashima et al., 2004), Semarkona
(LL3.0; Hutchison et al., 1987; Alexander, 1989) and Allan
Hills (ALHA) 77307 (CO3.0; Brearley, 1993). Semarkona
and ALHA 77307 were previously analyzed for their noble
gases (Huss and Lewis, 1995; Huss et al., 2003), allowing
further direct comparison with our new data. ALHA
77307 has also been previously analyzed via NanoSIMS
ion imaging of in situ matrix (e.g., Nguyen et al., 2007,
2010; Bose et al., 2012). Roberts Massif (RBT) 04133, an
Antarctic find originally classified as a CR, is mildly ther-
mally metamorphosed (�3.4 petrologic type) and repre-
sents the reduced CV chondrites (Davidson et al., 2009a,b).

2.2. Sample preparation

Most residues, including Murchison “A”, were prepared
by CsF-HF (1.6–1.7 g/cm3 and pH �7) demineralization
(Cody et al., 2002; Cody and Alexander, 2005; Alexander
et al., 2007). Digestion of silicate minerals occurs entirely
at room temperature by utilizing a fluoride salt (here
CsF) to provide the principal demineralizing agent (the F-

ion) instead of HF (conventional technique). However,
some HF is added to adjust the pH of the solution. A Rena-
zzo IOM residue could not be prepared by the CsF-HF
method due to the lack of an available sample. However,
we obtained a small amount of residue prepared with the
second residue preparation technique (Renazzo; Murchison
“B”), which is a variation on the traditional HF-HCl
method (Orthous-Daunay et al., 2008, 2010). It is less time
intensive (each sample takes �15–36 h to prepare) and was
developed for use with very small samples (�10 lg starting
material; Orthous-Daunay et al., 2010; Orthous-Daunay,
2011). The total processing time for Renazzo was 15 h,
compared to 36 h for Murchison where a boric acid
sequence was added to remove secondary fluorides.

Bells IOM samples were prepared for SIMS imaging by
ultramicrotomy with a Leica Ultracut microtome at the
Carnegie Institution of Washington (CIW); a diamond knife
was used to create �500 nm thick sections of material that
were placed on a gold mount for NanoSIMS analysis (see
Cody et al., 2006, for method). For the remaining samples,
individual �10 lm fragments of IOM were picked from
glass slides with tungsten micro-needles attached to a
Narishige micromanipulator system MMN-1/MMO-202
coupled to a Nikon Eclipse LV-100D microscope, with sim-
ilar systems installed both at the Open University (OU) and
at CIW. For improved conductivity and imaging, the grains
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were then placed on, and later pressed into, high-purity gold
foils mounted on aluminum stubs. The gold foils were
annealed at �1000 �C prior to sample mount preparation
and feature imprints of standard copper TEM grids for
orientation.

2.3. NanoSIMS isotopic analysis

Raster ion images of approximately 10–15 grains of
IOM (e.g., Fig. 1) were collected per meteorite; most ion
images were obtained with the Cameca NanoSIMS 50L
instrument at the OU (176 images). Additional images
obtained with the CIW (12 images; NanoSIMS 50L) and
the Max-Planck-Institut für Chemie, Mainz (MPI; 15
images; NanoSIMS 50) instruments were analyzed for com-
parative purposes (see Busemann et al., 2006 for experimen-
tal details). For most data collected, the IOM fragments
were pre-sputtered with probe currents of typically
�100 pA for up to 10 min (depending on fragment size;
20 � 20 lm to 30 � 30 lm raster sizes) until sputter equilib-
rium was reached. Analyses were undertaken with probe
currents of �1 pA, and raster sizes of usually 15 � 15 lm
to 25 � 25 lm (512 � 512 pixels), providing a typical spa-
tial resolution of better than 150 nm. Each fragment was
mapped for the following secondary ions simultaneously:
12C�, 13C�, 16O�, 12C14N�, 12C15N�, 28Si� and one other
ion (56Fe�, 24Mg16O� or 32S�), as well as secondary elec-
trons, to detect and distinguish presolar SiC from any other
anomalous carbonaceous grains that might have been pres-
ent in the IOM. The mass spectrometer was tuned to pro-
vide a mass resolving power (m/Dm) of >8000 (Cameca
definition, see also Hoppe et al., 2013), sufficient to resolve
the principle interference peaks for the elements studied (C,
N, O), such as hydrides and BO (see also Zinner et al., 1989;
Hoppe et al., 1994). Each image consists typically of six
planes (repeated scans on the same area) that took a total
of �70 min to collect.

2.4. Data reduction

The data were generated as ion images (or “maps”) for
each of the isotopes measured, which were then used to
create isotope/element ratio maps (Fig. 1b, c). Ion images
Fig. 1. NanoSIMS ion images of Orgueil (CI) IOM residue fragment #05
anomalies that are potential SiC grains, (c) 28Si/12C map used to verify pr
SiC) with residue outline. All scale bars are 1 lm.
were processed and quantitatively analyzed with the
L’IMAGE software (L.R. Nittler, CIW). Prior to data
extraction, individual image planes were aligned with
each other to correct for stage and/or beam drift during
the measurement. The total areas of the various residues
that were imaged were determined from combined 12C,
16O, and secondary electron images. SiC grains were
identified by systematically applying suitable minimum
threshold values to 13C/12C “sigma” images to identify
anomalous areas. “Sigma” images display at each pixel
the number of standard deviations (based on counting
statistics) that the pixel ratio is from the bulk IOM value.
Candidate presolar SiC grains were identified based on
their exhibiting a >3r anomaly in 13C/12C, spatially
correlated with a 28Si�/12C� ion ratio that was at least
three times greater than that of the bulk IOM fragment
(Fig. 1c).

Presolar grain abundances from ion images were calcu-
lated by comparing the ratio of the area of the grains to
the total area of residue analyzed. Taking into account
the mass fraction Y of the bulk meteorite in the residues
(Alexander et al., 2007) and the density difference between
SiC grains and IOM residue, matrix-normalized abun-
dances were calculated from the formula:

SiCðppmÞ ¼ Y � m � ðq1=q2Þ � 106 ð1Þ

where Y is the matrix-normalized mass fraction of the
IOM residue in the bulk meteorite, v is the area fraction
of SiC grains, q1 is the density of SiC (3.21 g cm�1),
and q2 is the density of residue (1.5 g cm�1). Uncertainties
in derived SiC abundances are described below in
Section 3.4.

2.5. UV-ozone chamber

A UV-ozone chamber at the OU (Sestak et al., 2006)
was used to remove IOM material from one meteorite res-
idue (CR3 MET 00426) after NanoSIMS analysis. The
experiment was designed to determine what effect mixing
with the surrounding IOM has on the size estimates and
C isotopic ratios of the presolar SiC grains determined from
the NanoSIMS image analysis. This was achieved by re-
analyzing the same sample by NanoSIMS ion imaging after
: (a) secondary electron image, (b) 13C/12C map used to identify 13C
esence of SiC grains (in this example only the bottom right grain is
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the removal of IOM by oxidation. The UV-ozone experi-
ment lasted for a total of 6 weeks, during which the UV-
lamp and oxygen flow ran for a total of 30 days. High-pur-
ity oxygen was gently flowed at �50 cm3/min through an
elongated stainless steel chamber containing the sample
and a low-pressure mercury lamp with strong ultraviolet
emission. Emission at 185 nm generates ozone, while emis-
sion at 254 nm breaks down the ozone to form highly reac-
tive atomic oxygen and photoactivates the organic material
(Sestak et al., 2006).

3. RESULTS

A total of 218 presolar SiC grains were located in 203
NanoSIMS images (excluding post-oxidation data; 177
presolar SiC grains in 196 images) from 14 different
meteorites. Before presenting the results in detail, we
discuss several aspects of the analysis, including compari-
sons of results from different laboratories and sample
preparation techniques, the results of the UV-ozone
experiment and how we estimate uncertainties in the SiC
abundances.

3.1. Comparison between NanoSIMS instruments

Data collected for the CR1 carbonaceous chondrite
GRO 95577 using all three NanoSIMS instruments
employed in this study show that there is no bias between
laboratories as the derived presolar SiC abundances agree
within error (Table 1). However, one very large (1.26 lm
diameter compared to typical diameters of �300–400 nm)
SiC grain skewed the concentration determined with the
MPI instrument towards a high SiC abundance (reflected
by large errors based on grain counting statistics). Data
were also collected at the OU and MPI for the CR2 EET
92042; these abundance estimates agree within error
(Table 1).
Table 1
Matrix-normalized presolar SiC abundances (ppm) for four primitive ch
University, MPI = Max-Planck-Institut für Chemie, Mainz, and CIW =
residues were prepared by different methods (Section 2.2). Bells data are

Meteorite Sample Lab. Area (lm2) # Imag

GRO 95577 (CR1) OU 4740 17

MPI 1960 2

CIW 1510 6

Total 8210 25

EET 92042 (CR2) OU 5960 22

MPI 660 2

Total 6620 24

Murchison (CM2) A CsF OU 3280 13

B micro HF/HCl OU 2280 10

Total 5560 23

Bells (anom. CM2)* Microtomed MPI 4220 6

Non-microtomed MPI 1900 4

Total 6120 10

* Bells SiC abundances are calculated using a matrix abundance of 63.6 vo
the 81.7 vol.% reported for the heavily brecciated Bells (Alexander et al.
3.2. Comparison of sample preparation techniques

Data collected from the two different Murchison resi-
dues (A and B; Section 2.2) demonstrate that all residues
are comparable regardless of their preparation method: nei-
ther residue preparation method preferentially destroys SiC
grains (Table 1). As a result, data from the CR2 Renazzo
residue, prepared with the modified HF-HCl method
(Orthous-Daunay et al., 2010), can be compared to data
obtained on the other CR chondrite residues that were pre-
pared by the CsF-HF method.

Microtomed and non-microtomed fragments of Bells
(anom. CM2) were analyzed to determine the effect of
microtoming on presolar SiC abundances (i.e., whether this
technique preferentially plucks away hard SiC grains from
the surrounding softer IOM). The data show that both
the microtomed and non-microtomed samples (measured
at the MPI on P1900 lm2 areas) give almost identical
abundances of 30þ20

�13 ppm and 38þ37
�21 ppm, respectively (see

Table 1). This result indicates that microtoming does not
preferentially “pluck” out robust SiC grains from the softer
surrounding IOM.

Since there is agreement between the data from the three
NanoSIMS instruments, all data for the same meteorites
are combined in order to improve the statistical significance
of the calculated abundances (i.e., GRO 95577, EET 92042,
Bells; Table 2).

3.3. UV-ozone oxidation experiment

The CR3 chondrite MET 00426 was chosen for the
removal of IOM via the UV-ozone oxidation experiment
because it is very primitive. During ozone treatment the
IOM was mostly removed, leaving exposed presolar SiC
grains (Fig. 2). Five areas of MET 00426 IOM were reana-
lyzed after oxidation, along with an additional two areas
that were previously unanalyzed. NanoSIMS analyses prior
ondrites analyzed by NanoSIMS ion imaging at the OU = Open
Carnegie Institution of Washington. The two Murchison (CM2)
for microtomed and non-microtomed samples.

es collected # SiC grains located Abundance ppm (mx-norm.)

30 24þ5
�5

1 21þ48
�17

3 16þ16
�9

34 22þ4
�4

29 30þ7
�6

1 18þ41
�15

30 29þ6
�5

8 13þ6
�4

8 10þ5
�3

16 12þ4
�3

5 30þ20
�13

3 38þ37
�21

8 33þ16
�11

l.% reported for Murchison which may be more representative than
, 2007; and references therein). Errors are 1r after Gehrels (1986).



Table 2
Primitive chondrites analyzed here by NanoSIMS ion imaging, their classification, the area of sample analyzed, number of NanoSIMS images taken, number of presolar SiC grains located and
resultant matrix-normalized presolar SiC abundances (ppm), estimated error components and final, corrected abundances, and the minimum, maximum, mean (and 1r standard deviation)
diameters (nm) of the presolar SiC grains located. Also shown are matrix-normalized presolar SiC abundances (ppm) determined by noble gas analyses (Huss and Lewis, 1995; Huss et al., 2003).
All errors are 1r (uncertainties for data from Huss and Lewis (1995) have been recalculated to include a 10% calibration error to enable comparison with Huss et al. (2003) data). CR and CM
chondrites are listed in approximate order of decreasing aqueous alteration (see Alexander et al., 2007).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18)

Class Lab. a Matrix

(vol.%)

Area

(lm2)

# Images

collected

# SiC

grains

located

Matrix-

normalised

abundance

(ppm) raw b

Abundance corrections Matrix

error

(+/�)

Combined

correction/

error

Mx-norm. abundance (ppm) SiC grain sizes

Below

beam

size (+)

Isotopic

dilution (+)

Corrected

SiC abun.

(ppm)

NanoSIMS c

Noble

gases d

Min.

(nm)

Max.

(nm)

Mean

(nm)

Standard

dev.

Carbonaceous chondrites

CI

Orgueil CI1 OU 100f 3040 13 13 30þ11
�8 2.2 1.5 0.0 4 34þ11

�8 14.2 ± 1.9–28.5 ± 5.6 250 530 370 75

CR 44 ± 17 29940j 103j 114j 29 ± 8 1.5 1.5 3.2 3 ± 3 32 ± 9 130 830 410 115

GRO 95577 CR1 OU/MPI/CIW 65.8g 8210 25 34 22þ4
�4 1.1 1.1 2.5 2 ± 3 24þ5

�5 270 610 390 90

Al Rais CR2 OU 68.8g 4420 7 12 23þ9
�7 1.5 1.1 2.6 3 ± 3 26þ9

�7 300 530 390 70

Renazzo CR2 OU 36g 1920 12 9 31þ14
�10 2.5 1.6 3.5 4 ± 4 35þ14

�11 1.86 ± 0.55 220 440 340 100

GRA 95229 CR2 OU 30g 4120 19 12 44þ17
�13 1.7 2.2 4.9 3 ± 5 47þ18

�14 380 740 500 100

EET 92042 CR2 OU/MPI 28.9f 6620 24 30 29þ6
�5 1.8 1.5 3.3 3 ± 3 32þ7

�6 130 570 360 100

QUE 99177 CR3 CIW 36.7g 1160 6 6 41þ24
�16 1.2 2.0 4.5 3 ± 5 44þ24

�17 430 830 550 130

MET 00426 CR3 OU 38.8g 3490 10 11 26þ8
�8 0.9 1.3 2.9 2 ± 3 28þ9

�9 480 680 580 110

MET 00426 POe CR3 OU 38.8g 2760 7 41 230 550 370 90

CM 11680 33 24 19 ± 5 0.7 1.0 2.1 2 ± 2 21 ± 5

Murchison CM2 OU 63.6f 5560 23 16 12þ4
�3 1.0 0.6 1.3 2 ± 1 14þ4

�3 21.2 ± 2.2 205 620 330 110

Bells Anom. CM2 MPI 63.6h 6120 10 8 33þ16
�11 0.5 1.6 3.6 2 ± 4 35þ16

�12 540 1020 770 155

CO

ALHA 77307 CO3.0 OU 33.7f 7680 12 11 10þ4
�3 0.5 0.5 1.1 1 ± 1 11þ4

�3 8.8 ± 1.6 320 600 430 80

CV

RBT 04133 CV3 OU 47.2i 2390 12 3 4þ4
�2 0.4 0.2 0.4 1 ± 1 5þ4

�2 260 380 300 65

Ungrouped

Acfer 094 C3 OU 42f 2120 7 5 25þ17
�11 1.0 1.3 2.8 2 ± 3 27þ17

�11 420 710 490 120

Ordinary chondrite

LL

Semarkona LL3.0 OU 15.6f 3230 16 7 27þ15
�10 1.5 1.3 3.0 3 ± 3 30þ15

�10 10.0 ± 1.6–20.1 ± 4.2 360 480 420 70

The bold and italics indicate averages of various parameters for the CR and CM chondrite groups.
a OU = Open University, MPI = Max-Planck-Institut für Chemie, Mainz, CIW = Carnegie Institution of Washington.
b Includes 1r errors based on counting statistics after Gehrels (1986). Overall abundances for different meteorite group are averages of individual meteorite abundances (errors are standard

deviations).
c Corrected abundance includes initial determined abundance plus estimates for non-detection of grains below the beam size and those that are isotopically normal. Corrected error includes

errors based on counting statistics combined with those determined for matrix variability (errors combined in quadrature). Overall abundances for different meteorite group are averages of
individual meteorite abundances (errors are standard deviations).

d Noble gas data from Huss and Lewis (1995), and Huss et al. (2003). For Orgueil and Semarkona two abundances are reported – the lowest calculated using constant Ne-E(H) and the highest
using variable Ne-E(H). Matrix abundances used for normalization are the same as those used for ion imaging data presented here with the exception of Renazzo where 31.1 vol.% was used.

e For the CR chondrite MET 00426 “PO” = post-oxidation.
f Alexander et al. (2007) and references therein.
g Matrix abundances calculated using combined data from Weisberg et al. (1993) and Schrader et al. (2011).
h Assumed matrix abundance is the same as Murchison because Bells is heavily brecciated.
i Davidson et al. (2009b).
j Total values do not include MET 00426 PO data.

J.
D

avid
so

n
et

al./
G

eo
ch

im
ica

et
C

o
sm

o
ch

im
ica

A
cta

139
(2014)

248–266
253



Fig. 2. NanoSIMS analysis comparison of MET 00426 (CR) IOM fragment #4 (a, c, e) before and (b, d, f) after the UV-ozone oxidation
experiment. (a, b) Secondary electron images, (c,d) 16O maps show the ozone oxidizes the IOM, and (e, f) d13C maps show how the same SiC
grain has a different d13C value before (4900&: 12C/13C = 15; consistent throughout all 5 frames) and after oxidation of the IOM (31,000&:
12C/13C = 3; also consistent throughout all frames, i.e. SiC is not zoned). This shows that the IOM significantly dilutes the signal of the SiC
grains. In some cases this could prevent the detection of SiC grains and thus abundances here should be considered as lower limits. The
intensity scale corresponds to total number of counts with the exception of (e, f) which show d13C in per mil (&). All scale bars are 5 lm.
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to oxidation located 11 presolar SiC grains in �3490 lm2.
Analysis after oxidation identified 41 in �2760 lm2. Not
all pre-existing SiC grains could be relocated after oxida-
tion, most likely because without IOM (which was probably
located between the grains and sample substrate) adhesion
is reduced resulting in the loss of SiC grains.

Presolar SiC grains measured post-oxidation possess a
wider range of 12C/13C values (�1–300; Fig. 3b) than seen
prior to oxidation (�15–160; Fig. 3a). This is likely because
many more grains were found after oxidation, increasing
the probability that more isotopic variety would be present,
and also because of dilution effects by the surrounding
IOM. MET 00426 SiC grains found pre-oxidation had a
median 12C/13C value of �117, which is significantly higher
than the �53 ratio for post-oxidation grains that compares
well to the ratio of �50 to 56 determined for a large number
of Murchison SiC grains from acid residues (e.g., Nittler
and Alexander, 2003).

Two SiC grains, previously identified by NanoSIMS ion
imaging, could be confidently relocated after removal of the
surrounding IOM. The measured diameters of these
increased from 380 nm to 540 nm, and from 330 nm to
480 nm, giving area increases of 100% and 110%, respec-
tively (grains did not have perfectly circular surface areas).
Post-oxidation grains are typically smaller (�230–550 nm
in diameter; Fig. 3d and Table 2) than pre-oxidation grains
(460–680 nm diameter; Fig. 3b; Table 2). Since IOM may
partially mask the true SiC grain sizes, we would anticipate
that grains would appear larger after removal of IOM. We
would also expect that many smaller grains are entirely
masked by IOM. It appears that the larger grains initially
identified were most likely lost during mount handling after
oxidation because the IOM adhered the SiC grains to the
substrate. This is also supported by our inability to relocate
most pre-oxidation SiC grains in areas where IOM was
completely removed by oxidation. The high abundance of
smaller grains after the removal of IOM is probably
because they are initially entirely coated and embedded in
the surrounding IOM with larger grains protruding from
the IOM surface. Isotopic dilution from surrounding



Fig. 3. (a, c) 12C/13C ratio distribution graphs (line = bulk IOM value of �91; Alexander et al., 2007), and (b, d) size (diameter in nm)
distribution graphs for all presolar SiC grains located in the IOM of MET 00426. (a, b) before and (c, d) after the UV-ozone oxidation
experiment. The gap around the bulk IOM value show that presolar SiC grains with such “normal” isotopic compositions are not detected.
Asymmetry of SiC 12C/13C ratios around the bulk IOM value is a function of frequency binning and the probability/difficulty of detecting a
grain with low 13C. Y-axis is frequency by number.
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IOM in the NanoSIMS images will also preferentially mask
smaller SiC grains. After the removal of the IOM, these
smaller grains would be much more visible.

The oxidation of IOM samples is not helpful for the cal-
culation of presolar grain abundances as the grains have
been concentrated from an unknown initial volume of
material and not a 2D plane of known dimensions (as with
normal raster ion imaging of IOM). However, this tech-
nique could be useful for enriching samples in presolar
SiC for further analysis.

3.4. SiC abundance uncertainties

SiC abundances derived for the various meteorites are
given in Table 2. Column 8 gives the raw abundances
derived from Eq. 1, with asymmetric 1–r errors. These
errors correspond to the uncertainty in the area fraction
measurements (v in Eq. 1) and are based solely on counting
statistics (i.e., the number of identified presolar grains, after
Gehrels, 1986). It may be possible to estimate more realistic
errors for this term, also taking into account the measured
grain sizes (R. Ogliore, pers. comm.), but we have chosen
not to do so because the small-number statistics and sys-
tematic errors dominate the error budget. Furthermore,
the lack of significant scatter in our abundance data sug-
gests that the calculated errors are over-estimates. An addi-
tional random source of uncertainty arises from errors in
the estimated matrix abundances (Y in Eq. 1) used to
matrix-normalize SiC abundances. Finally, systematic bias
is introduced by both (1) failure to detect grains either
because their sizes were less than or equal to the primary
beam diameter or because they are less isotopically anoma-
lous (i.e., they did not satisfy the 3r isotope anomaly crite-
rion), and (2) underestimation or overestimation of grain
sizes due to masking by IOM or potential preferential sput-
tering of IOM relative to SiC, respectively. Below we dis-
cuss our quantitative estimates for these additional
sources of error (see also Table 2):

3.4.1. Errors in estimated matrix abundances

Matrix-normalization of abundances is used for two rea-
sons: (a) to enable comparison with data reported in the lit-
erature (matrix values used for normalization are not
always stated and thus it is not possible to convert
matrix-normalized SiC abundances to bulk SiC abun-
dances), and (b) because presolar SiC grains are found
exclusively in the matrix and fine-grained chondrule rims
of meteorites. Because matrix is present in meteorites in
varying abundances, it is necessary to matrix-normalize in
order to compare SiC abundances in the precursor material
of each different meteorite/group. Multiple components
contribute to the error for estimating matrix abundances:
(i) errors introduced when determining the matrix volume
for a particular thin section, (ii) differences between thin
sections that arise from heterogeneous distribution of com-
ponents throughout a meteorite (some meteorites show
considerable variation in the area fraction of matrix
between different thin sections; e.g., Weisberg et al., 1993;
Schrader et al., 2011), (iii) different studies use different
definitions of matrix, and (iv) primordial matrix can be
difficult to identify in altered meteorites or those that
are brecciated (such as many CMs). Our estimates of
the contribution of the matrix abundance error to the
total abundance error are given in Table 2 (column 11).
Matrix abundances were taken from the literature
(Weisberg et al., 1993; Alexander et al., 2007 and references
therein; Davidson et al., 2009b; Schrader et al., 2011),
and are generally considered to be accurate within 10%
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(Schrader et al., 2011). Errors associated with matrix
abundances were estimated here by calculating presolar
SiC abundances using matrix abundances 10% either side
of the quoted values (i.e., matrix abundance � 10% to
matrix abundance + 10%).

3.4.2. Non-detection of small or less isotopically anomalous

grains

Because grain size distributions appear to vary between
meteorites, correcting for non-detection of small grains
requires some prior knowledge of the true size distribution
of grains (i.e., by another method, such as SEM analysis).
However, because undetected grains are small, unless they
are present in unrealistically high abundance, they have lit-
tle effect on total SiC abundances. For example, if 10 grains
�100 nm in diameter (typical beam size) were missed for
every 10 grains detected (i.e., a 50% detection efficiency) this
would change abundances by only �2% assuming a typical
SiC size distribution (Amari et al., 1994).

Presolar SiC grains with approximately solar 12C/13C
ratios (e.g., IOM-like d13C values typically between �6&

and �26&; Alexander et al., 2007) will not have been
detected. The degree to which somewhat more anomalous
grains were not detected will have been a function of the
uncertainties in the C isotopic measurements (typically 5–
10%). Isotopic dilution by surrounding IOM will also make
some presolar grains, particularly small and less isotopi-
cally anomalous ones, undetectable, which may explain
so-called “hotspots” in some 28Si/12C maps that are without
correlated anomalies in the 13C/12C maps. However, it is
not possible to determine if these hotspots are presolar
SiC grains without extraction from the IOM and subse-
quent analysis. Small silicate grains have been found to
occasionally survive IOM isolation and could also explain
these 28Si/12C hotspots (Alexander et al., 2007). It is possi-
ble to estimate the number of undetected grains using two
approaches. (1) When the grain size of detected grains is
plotted against their 12C/13C ratios, it is possible to fill in
the gap present around solar values assuming a distribution
like that seen in isolated Murchison SiC grains (Amari
et al., 1994). This leads to an estimated non-detection of
only 5% of all grains. (2) The 12C/13C ratio distribution
of data presented here can be approximately reproduced
by mixing that of previously published data (presented as
relative frequency of grains rather than total number of
grains) with 50% isotopically normal C to simulate the
effect that dilution by surrounding IOM has on the C-isoto-
pic composition of SiC grains. Using this method to esti-
mate missed grains also yields non-detection rates of �5%
of all grains.

3.4.3. Under- and over-estimates of grain size

Partial masking of grains by IOM in the NanoSIMS
images could lead to an underestimate of their sizes. The
areas of two grains confidently relocated after removal of
surrounding IOM by UV-ozone oxidation increased by
100% and 110%, respectively. Thus, partial masking of
the SiC by IOM could lead to inferred bulk SiC abundances
that are roughly half of the actual abundances. However,
this estimate is based on only two examples and thus has
not been applied here. This issue can only be addressed in
a dedicated study applying the same experimental methods
on both IOM and bulk material extracted from the same
meteoritic sample. Another potential bias would arise if
IOM sputters significantly faster than SiC, as the SiC area
fraction would become larger as grains are excavated, lead-
ing to an overestimate of grain sizes. However, high-resolu-
tion field emission SEM imaging after NanoSIMS analysis
showed that there was no appreciable height difference
between the grains and surrounding IOM (Davidson,
2009). Thus, there is no evidence for preferential sputtering.
Results from the oxidation experiment suggest that, if any-
thing, grain sizes are consistently underestimated when ana-
lyzed in an IOM substrate.

The non-detection of small or isotopically normal
grains, and underestimates of grain sizes discussed above
both lead to underestimates of reported grain abundances
and we thus apply positive corrections to our abundance
estimates, based on the above discussions (columns 9 and
10 of Table 2). Column 13 of Table 2 gives the final cor-
rected SiC abundances with uncertainties based on combin-
ing in quadrature the counting statistics error and the error
in the matrix fraction of each meteorite. Note that these
errors may be overestimates as the data cluster more closely
than the final errors suggest that they should. The mean
and standard deviation of the abundances of all CR chon-
drites may provide a more accurate estimated degree of
error.

3.5. Presolar SiC abundances

SiC abundance results for the 14 meteorites, including
the uncertainties as discussed above, are detailed in Table 2
and shown in Fig. 4. The CI Orgueil gave a matrix-normal-
ized abundance of 34þ11

�8 ppm; considerably larger than the
14.2 ± 1.9 ppm previously determined using noble gas tra-
cer abundances (assuming a “constant” noble gas compo-
nent Ne-E(H) concentration) in acid residues (Huss and
Lewis, 1995), but comparable to the 28.5 ± 5.6 ppm abun-
dance calculated using “variable” Ne-E(H) concentrations
(where one of five values for Ne-E(H) content of SiC was
used depending on the Ne-E(H)/Xe-S(H) in the sample;
see Table 17 of Huss and Lewis (1995) and discussion
therein).

Our Murchison (CM2) SiC abundance of 14þ4
�3 ppm is

lower than the 21.2 ± 2.2 ppm obtained by Huss et al.
(2003) from noble gases. Both values are lower than the
value of 35þ16

�12 ppm determined for Bells (which may result
from the presence of unusually large grains). However,
the CM group average of 21 ± 5 ppm determined here
agrees with the abundance determined by noble gas analysis
for Murchison.

Presolar SiC abundances for the seven CR chondrites
measured here vary from 24þ5

�5 ppm (GRO 95577) to
47þ18
�14 ppm (EET 92042) with an average of 32 ± 9 ppm.

The abundances determined here by NanoSIMS are signif-
icantly higher than those determined from noble gases for
Renazzo. Our calculated Renazzo abundance of 35þ14

�11 ppm
is �20 times larger than the 1.8 ± 0.6 ppm determined from
noble gases (1.6 ± 0.6 ppm using the same matrix abundance



Fig. 4. (a) Uncorrected, and (b) corrected matrix-normalized presolar SiC abundances (ppm) in primitive chondrites analyzed here with
NanoSIMS and by noble gas analyses (Huss and Lewis, 1995; Huss et al., 2003; two data points for Orgueil and Semarkona reflect constant
and variable Ne-E(H) contents as discussed in the main text). Order (left-to-right) corresponds to the order in Table 2 (top-to-bottom). CR
chondrite group mean (grey line) and one standard deviation range (light grey shading) are shown for comparison.
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as this work; Huss et al., 2003), and also in agreement with
50þ90
�30 and 55þ53

�30 ppm determined by the in situ matrix
studies of Floss and Stadermann (2005) and Leitner et al.
(2012a), respectively. Our abundance for GRA 95229
(47þ18

�14 ppm) agrees with 57þ45
�27 ppm determined by an

in situ matrix study (Leitner et al., 2012a). Similarly, our
abundance for QUE 99177 (44þ24

�17 ppm) agrees with higher
abundances from in situ matrix measurements of �45þ14

�11

and 55þ20
�15 ppm reported by Floss and Stadermann (2009a)

and Nguyen et al. (2010), respectively. The uncertainties
in the in situ measurements were re-calculated in the same
manner as those reported for analyses here (i.e., based on
counting statistics; Gehrels, 1986). Significantly higher pre-
solar SiC grain abundances have been reported from in situ

matrix studies of other CR chondrites NWA 852
(160 ± 57 ppm; Leitner et al., 2012c) and GRV 021710
(182 ± 33 ppm; Zhao et al., 2013).

RBT 04133 (reduced CV3.4) has a presolar SiC abun-
dance of only 5þ4

�2 ppm; Huss and Lewis (1995) and Huss
et al. (2003) also reported low SiC abundances of �0.48–
1.1 ppm for reduced CV3 chondrites. The CO3.0 ALHA
77307 has a matrix-normalized presolar SiC abundance of
11þ4
�3 ppm; this agrees with the 8.8 ± 1.6 ppm reported by

Huss et al. (2003), but is much lower than the
110 ± 20 ppm reported from in situ measurements (Bose
et al., 2012). Acfer 094 (ung. C3) yielded an abundance of
27þ17
�11 ppm, which agrees with 29 ± 6 ppm calculated from

stepped combustion analyses (Newton et al., 1995) and is
within error of the 11–17 ppm abundance for presolar SiC
calculated by combined SEM/ion probe measurements of
a SiC/spinel residue (Gao et al., 1996). The only ordinary
chondrite studied here, LL3.0 Semarkona, yielded a preso-
lar SiC abundance of 30þ15

�10 ppm, which is 3 times larger
than the 10.0 ± 1.6 ppm determined from noble gas analy-
ses using constant Ne-E(H), but is comparable, within
error, to the 20.1 ± 4.2 ppm determined using variable
Ne-E(H) (Huss and Lewis, 1995).

3.6. Presolar SiC 12C/13C ratio distributions

As confirmed by the oxidation experiment, some dilu-
tion of the 12C/13C ratios of SiC grains is expected as a
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result of overlap of the SIMS primary ion beam with the
surrounding IOM. This dilution should shift the measured
12C/13C ratios towards the solar (89) and bulk IOM (�91)
values and will result in lower detection efficiencies of small
and/or 13C-poor grains. The median 12C/13C ratio of 71 for
all 177 grains (114 for all CR chondrite SiC grains; exclud-
ing MET 00426 post-oxidation [PO] grains) is higher than
the values reported for Murchison; Nittler and Alexander
(2003) found a median ratio of 56 for previously published
Murchison data, and a ratio of �50 for the �3300 SiC
grains found in their study of Murchison residues. Both
Fig. 5. (a–g) 12C/13C ratios (left) and (h–m) size distributions (right) for a
studied here (line = bulk IOM value of �91; Alexander et al., 2007), (a) ca
for CM2 Murchison (Hynes and Gyngard, 2009, and references therein; N
grain sizes). Size is grain diameter in nanometers. Y-axes are frequency
00426. Asymmetry of SiC 12C/13C ratios around the bulk IOM value is
detecting a grain with low 13C.
these Murchison ratios agree with the median ratio of
�53 calculated for the 41 post-oxidation MET 00426 grains
(the median ratio was �117 prior to oxidation, albeit for a
smaller number of grains). Indeed, the 12C/13C ratio distri-
bution of data presented here can be reproduced by mixing
previously published data with 50% isotopically normal C
to simulate dilution. Therefore, this dilution effect should
be borne in mind during the following discussion.

The 12C/13C ratios of isolated presolar SiC grains
(Fig. 5) span a very wide range, but show a strong peak
at a value of �60 (see, e.g., Murchison example Fig. 5f;
ll presolar SiC grains located in the IOM of the primitive chondrites
rbon stars (data from Lambert et al., 1986), and (f, l) published data
B. grains in the Presolar Grain Database are biased towards larger

by number. Figure does not include post-oxidation data for MET
a function of frequency binning and the probability/difficulty of



Fig. 6. Matrix-normalized presolar SiC abundances determined by
NanoSIMS ion imaging (this work) and from their exotic noble gas
components (Huss and Lewis, 1994, 1995; Huss et al., 1996, 2003;
two data points for Orgueil and Semarkona reflect constant and
variable Ne-E(H) contents as discussed in the main text). CR
chondrite group mean (grey line) and one standard deviation range
(light grey shading), 32 ± 9 ppm, are shown for comparison.
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Alexander, 1993; Hoppe et al., 1994; Nittler and Alexander,
2003; Hynes and Gyngard, 2009) in good agreement with
astronomical measurements of C stars (Fig. 5a; Lambert
et al., 1986). All meteorites studied here have similar distri-
butions, with the exception of RBT 04133 (which is likely
due to the low number of grains present in this sample)
and MET 00426. The only three grains from RBT 04133
(CV3) have ratios of around �120, showing neither extre-
mely 12C-poor nor 12C-rich grains (Fig. 5g). MET 00426
shows a larger than typical fraction of grains with
12C/13C ratios higher than solar (compare to Fig. 5b), espe-
cially before UV-ozone treatment (Fig. 3); this is likely a
statistical effect. Not all samples show the wide range of val-
ues seen in Murchison data from the Presolar Grain Data-
base (Fig. 5f; Hynes and Gyngard, 2009; and references
therein), but this is likely due to overlap with IOM and
the smaller sample sizes in this study.

3.7. Presolar SiC size distributions

Although the oxidation experiment showed that overlap
by IOM will lead to an underestimate of SiC grain sizes, it is
still possible to qualitatively compare grain sizes between
samples, as they will all be underestimated to similar
extents. The size distributions of the presolar SiC grains
located in this study show some variation between chon-
drite groups. The size distributions of presolar SiC grains
from the CR chondrites (Fig. 5j) agree well within the
group (Table 2; means of �400–500 nm diameter) and with
the CI Orgueil (Fig. 5i). The Murchison grains identified
here are entirely 6500 nm in diameter (Fig. 5k). Bells has
the coarsest-grained SiC of all the measured samples
(Fig. 5k; 770 nm mean diameter; Table 2).

The size distributions of presolar SiC grains from
ALHA 77307, Acfer 094, and Semarkona are similar to
one another (Fig. 5m; Table 2). On the basis of the average
diameters, Acfer 094 SiC is slightly coarser-grained than
that in all other groups except the CM chondrites (Table 2).
ALHA 77307 grains show limited variation in diameters,
but peak at the same size as other samples. RBT 04133
may be finer-grained than most other samples, being dom-
inated by grains �300 nm in diameter, but the sample size
of three grains is too small to be conclusive.

4. DISCUSSION

4.1. Presolar SiC abundances determined by NanoSIMS vs.

noble gas analyses

The SiC abundances determined here by NanoSIMS are
compared to those from noble gas analysis (Huss and
Lewis, 1995; Huss et al., 2003) in Figs. 4 and 6. There are
systematic disagreements between the abundances deter-
mined by NanoSIMS and by noble gas analyses based on
constant Ne-E(H) for Orgueil (CI), Renazzo (CR), and
Semarkona (LL) (the noble gas data give �15–30 ppm
lower SiC abundances; Fig. 6). However, the Orgueil and
Semarkona data agree when variable Ne-E(H) is used to
calculate SiC abundances via the noble gas method. The
presolar SiC abundance of the only CI studied here
(Orgueil; 34þ11
�8 ppm) is in agreement with the matrix-nor-

malized CR chondrite SiC abundances measured here
(32 ± 9 ppm group average), which confirms that the CR
chondrites have higher, more CI-like SiC abundances than
previously believed (e.g., Huss and Lewis, 1995; Huss et al.,
2003). Our conclusion, that CR chondrites have higher pre-
solar SiC abundances than previously reported via noble
gas analysis, is supported by similar or higher abundances
(up to �100 ppm or more) from in situ ion imaging studies
(Floss and Stadermann, 2005, 2009a; Nguyen et al., 2010;
Leitner et al., 2012a,c; Zhao et al., 2013, see discussion
below).

There is agreement between presolar SiC abundances for
the CM average and ALHA 77307, and also Orgueil and
Semarkona determined here and those based on noble gases,
when abundances are calculated using variable Ne-E(H)
(Figs. 4 and 6; Table 2; Huss and Lewis, 1994, 1995; Huss
et al., 1996, 2003). It is highly unlikely that these agreements
are statistical flukes. It is more likely that the agreement
found for these samples, but not for CR chondrites, is
because the SiC grains in these samples were not subjected
to the same parent body processes as the CR chondrites.

There are several possible explanations for differences in
presolar SiC abundances estimated by NanoSIMS and
those by noble gas analyses: (1) effects of laboratory pro-
cessing, (2) addition of a noble gas-free SiC component to
some meteorite-forming regions, (3) size-dependence of
noble gas abundances in SiC grains and variable size distri-
butions between chondrite groups, and (4) loss of a major
fraction of the noble gases from SiC grains in some meteor-
ite groups (either in the nebula or on the parent body).

(1) Effects of laboratory processing. Multiple lines of evi-
dence suggest that laboratory processing of IOM is
not responsible for the varying abundances seen,
including; (i) the agreement between SiC abundances
determined from Murchison A and B residues that
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were prepared by different techniques, (ii) the differ-
ent SiC abundances in residues from different meteor-
ites prepared in the same way, (iii) the agreement
between SiC abundances measured on microtomed
and non-microtomed samples, and (iv) the agree-
ments found by NanoSIMS and noble gas analyses
for presolar SiC abundances in the CMs, ALHA
77307, and Semarkona.

(2) Addition of a noble gas-free SiC component. If addi-
tion of gas-free SiC is the explanation for the differ-
ences in SiC abundances between those measured
here and those estimated from noble gases, this gas-
free SiC would have to have been added between
the time of formation of the CI-CM-OC/Acfer 094
chondrites and that of the CRs. One way to intro-
duce additional grains into the forming Solar System
would be the injection of material from a nearby
supernova event (e.g., Nittler et al., 2008; Qin et al.,
2011). However, this injection of supernova material
would mean that the added gas-free SiC grains were
supernova grains (i.e., of types X and C; Zinner, 2014
and references therein). The abundance of such
grains is both low (�1% of all SiC grains) and similar
across different classes of carbonaceous chondrites
(e.g., Hynes and Gyngard, 2009 and references there-
in) and the grains have significantly different C- and
N-isotopic distributions. The C- and N-isotopic com-
positions of the CR grains located here are similar to
those of the other meteorite groups and indicate that
their sources are dominantly Asymptotic Giant
Branch (AGB) stars (Zinner, 2014 and references
therein), not supernovae.

(3) Grain-size-dependence of noble gas abundances. The
abundances of presolar SiC grains estimated by noble
gas analyses are based on the Ne-E(H) (now also
known as Ne-R) content of Murchison SiC deter-
mined by Lewis et al. (1994). However, the absolute
and relative concentrations of the Ne-E(H) and Xe-
S components in Murchison SiC vary with grain size
(Lewis et al., 1994); Ne-E(H) concentrations increase
and Xe-S concentrations decrease with increasing
grain size. Russell et al. (1997) found that the fine-
grained SiC in the enstatite chondrite Indarch
(EH4) has a lower Ne-E(H)/Xe-S ratio than the coar-
ser-grained SiC in Murchison, showing that the ratio
is indeed size-dependent. The grain size variations in
absolute and relative noble gas abundances probably
largely reflect the implantation depths of the noble
gas components into the SiC (Alexander, 1994;
Verchovsky et al., 2004). Thus, either the loss of pre-
solar SiC grains within a particular size range, or the
removal of the presumably damaged and gas-rich
outer portions of the SiC would reduce the absolute
noble gas abundances and change the Ne-E(H)/
Xe-S ratios determined for any given meteorite. The
meteorites analyzed here by NanoSIMS with finer-
grained SiC (e.g., Orgueil, the CR chondrites, and
Semarkona) should have low Ne-E(H)/Xe-S ratios
which is the case at least for Orgueil and Semarkona
(Russell et al. 1997, and references therein). As the
Ne-E(H)/Xe-S ratio is size-dependent, estimating
SiC abundances using constant concentrations of
Ne-E(H) determined from coarse-grained Murchison
SiC will lead to inaccurate determinations of abun-
dances by up to a factor of two for some meteorites,
depending on whether their presolar SiC is finer- or
coarser-grained (Huss and Lewis, 1995). Conse-
quently, the fine-grained meteorites (Orgueil, the
CR chondrites, and Semarkona) will have higher
SiC abundances when determined by NanoSIMS
than by noble gas analyses. Indeed, differences vary
by �15–30 ppm (Fig. 6), and all plot close to CI
abundance on the basis of the NanoSIMS data from
this study. Furthermore, presolar SiC abundances for
Orgueil and Semarkona determined using variable
Ne-E(H) concentrations (Huss et al., 1995) are in
agreement with those determined by NanoSIMS ion
imaging here. Therefore, differences between presolar
SiC abundances determined by noble gas analysis
and NanoSIMS ion imaging for some meteorites
(i.e., Orgueil and Semarkona) can be satisfactorily
explained as resulting from the heterogeneous distri-
bution of Ne-E(H) in SiC grains of different sizes.
However, this is not sufficient to explain the dramatic
difference in presolar SiC abundances determined for
the CR chondrite Renazzo by the two techniques.

(4) Noble gas loss from SiC. The temperatures required
to degas SiC are lower (400–450 �C; Huss et al.,
2003) than those required for destruction in the neb-
ula (based on stepped-combustion experiments;
�550 �C for finest-grained SiC; up to �1300 �C for
largest grains and aggregates; Russell et al., 1997).
The CR IOM is primitive in nature and experienced
peak temperatures of <240 �C (Busemann et al.,
2007; Cody et al., 2008), which is not high enough
to degas or destroy SiC grains, at least via purely
thermal alteration. Partial destruction resulting in
gas loss of SiC in the nebula is probably controlled
by diffusion rates through a surface oxide layer. In
contrast, in a parent body setting, over longer time-
scales with a means to diffuse silica away from the
grain surface and in the presence of an oxidant, the
temperature required for at least partial degassing
may have been much lower than 400 �C (Alexander
et al., 1990a). The CR chondrites exhibit a range of
aqueous alteration (Weisberg et al., 1993). While sim-
ilar presolar SiC abundances for CR3s to CR1s indi-
cate that increasing aqueous alteration did not
progressively destroy SiC grains in the CR parent
body, degassing of SiC may have occurred during
alteration; SiC grains may have formed an outer
layer of SiO2 that was not thermodynamically stable
and reacted to form clays. Phyllosilicates have been
identified in all CRs (Weisberg et al., 1993), including
those argued to be CR3s (Abreu and Brearley, 2010).
Alternatively, some presolar SiC could have been
degassed prior to accretion. This would require
that the IOM was mixed into the matrix material
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later to escape this heating. This seems unlikely
because of the well-mixed presence of both compo-
nents in the matrix. The sustained heating necessary
to degas SiC in the nebula may have modified the
microstructure of some matrix silicates, such as
recrystallizing amorphous material. However, abun-
dant amorphous material is present in the matrices
of the most primitive CRs (Abreu and Brearley,
2010).

In conclusion, data obtained here by direct ion imaging
are more robust than previous estimates based on the detec-
tion of noble gases. The abundances determined here can
now be meaningfully compared amongst and between
groups in order to investigate the variable evolution and
processing experienced by the different chondrite classes.

4.2. Presolar SiC abundances determined by ion imaging of

IOM residues vs. in situ matrix abundances

Some presolar SiC abundances determined by in situ ion
imaging studies (e.g., Floss and Stadermann, 2009a; Bose
et al., 2012; Leitner et al., 2012c; Zhao et al., 2013) are sub-
stantially higher (up to �100 ppm) than those determined
by ion imaging of IOM residues here (e.g., CR group aver-
age: 32 ± 9 ppm). In order to meaningfully compare abun-
dances determined by the two different techniques, the
uncertainties in the in situ measurements were re-calculated
in the same manner as those reported for analyses here (i.e.,
based on counting statistics; Gehrels, 1986). Errors deter-
mined by this method are larger than those reported in
the original studies. Presolar SiC abundances from in situ

studies range from 45þ14
�11–55þ20

�15 ppm (QUE 99177; Floss
and Stadermann, 2009a; Nguyen et al., 2010), 50þ90

�30 55þ53
�30

ppm (Renazzo; Floss and Stadermann, 2005; Leitner
et al., 2012a), 57þ45

�27 ppm (GRA 95229; Leitner et al.,
2012a), 90þ22

�18 ppm (MET 00426; Floss and Stadermann,
2009a), 110þ27

�22 ppm (ALHA 77307; Bose et al., 2012),
160þ90

�30 ppm (NWA 852; Leitner et al., 2012c), to 182þ45
�27

ppm (GRV 021710; Zhao et al., 2013). The differences
between the in situ measurements and our IOM study
may result from the destruction or loss of SiC grains during
IOM residue preparation, presence of unusually large SiC
grains in some in situ studies, unrealistically low associated
errors, sample heterogeneity, and/or a lower detection effi-
ciency for presolar SiC grains in a carbonaceous matrix
(this work) compared to an O-rich matrix (in situ studies).
The destruction of SiC grains during IOM residue prepara-
tion cannot be ruled out. However the smaller grains are
likely to be destroyed and, as previously discussed, they
do not significantly affect abundances. The presolar SiC
abundance for the CR chondrite GRV 021710 (28 SiC
grains) is dominated by a single grain (1060 � 800 nm
diameter); if the largest grain is omitted, the abundance
drops from 182þ41

�34 ppm to 120þ28
�23 ppm. As the abundance

is heavily dependent on a single grain, the reported abun-
dance error of only ±33 ppm (Zhao et al., 2013) appears
to be under-estimated.

Clustering of presolar silicate grains (i.e., sample hetero-
geneity at tens to hundreds of micrometer scales) has been
reported in in situ matrix studies of various carbonaceous
chondrites (e.g., Davidson, 2009; Vollmer et al., 2009;
Floss and Stadermann, 2009b) and IDPs (Busemann
et al., 2009; Davidson et al., 2012b). No apparent heteroge-
neity was observed in NWA 852 (Leitner et al., 2012c).

Possibly the differences can be explained largely by sam-
ple heterogeneity at a sub-mg/sub-mm scale. Presolar
grains are heterogeneously distributed in matrix (e.g.,
Davidson, 2009; Vollmer et al., 2009; Floss and
Stadermann, 2009b) and IDPs (e.g., Busemann et al.,
2009; Davidson et al., 2012b). Results of in situ studies
are also heavily dependent on which areas are selected for
mapping. For example, in situ studies of matrix may focus
on sub-areas that have been previously identified as having
high presolar grain concentrations, as was the case for
ALHA 77307 (Bose et al., 2012). Studies of presolar SiC
abundances determined from raster ion imaging of IOM
residues are less affected by such heterogeneity as they are
more representative of bulk material (residues are prepared
from gram-sized samples that were thoroughly mixed dur-
ing processing). Thus, it is possible that the apparent dis-
crepancies between abundances from ion imaging of
matrix in situ and IOM result largely from sample heteroge-
neity. Regardless, CR chondrite SiC abundances deter-
mined by both ion imaging techniques are significantly
higher than those determined by noble gas analyses.

4.3. Presolar SiC: abundance variations between meteorite

groups

The matrix-normalized presolar SiC abundance for
Murchison determined here by NanoSIMS ion imaging of
IOM is lower than found for the CI chondrites, suggesting
that Murchison is not as pristine as originally believed. The
CR chondrites (32 ± 9 ppm) are closer to the CIs in terms
of presolar SiC abundances than previously determined
on the basis of noble gas analyses alone (Renazzo;
1.86 ± 0.55 ppm; Huss et al., 2003), and are roughly in con-
cordance with the even slightly higher abundances reported
by some in situ studies of CR chondrites (e.g., Floss and
Stadermann, 2005, 2009a; Nguyen et al., 2010, but see also
above). Having ruled out the effects of laboratory process-
ing (Section 4.1), there are three possible explanations for
the variations in presolar SiC abundances seen between
meteorite groups: (1) terrestrial alteration, (2) pre-accretion
heterogeneities in the solar nebula, or (3) alteration in the
parent body.

(1) Terrestrial alteration. Al Rais and Renazzo are falls;
all other CR chondrites studied here are Antarctic
finds. Our NanoSIMS-determined presolar SiC
abundances of the falls Al Rais (CR2, revised com-
pared with Davidson et al., 2008) and Renazzo agree
well with the other CR chondrites, demonstrating
that Antarctic weathering of a meteorite does not
affect its presolar SiC abundance.

(2) Pre-accretion heterogeneities (nebular processes). The
varying presolar SiC abundances seen between differ-
ent meteorite groups could be explained by the loss of
presolar SiC prior to accretion (e.g., Huss et al.,
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2003). The CI chondrites and groups with CI-like
presolar SiC abundances (i.e., all samples studied
except ALH 77307, RBT 04133 and Murchison) sug-
gest a homogeneous SiC abundance in the nebula.
However, the difference seen in presolar SiC abun-
dances estimated here by NanoSIMS ion imaging
for Murchison (14þ4

�3 ppm) compared with the CR
chondrites (32 ± 9 ppm), CI Orgueil (34þ11

�8 ppm),
LL Semarkona (30þ15

�10 ppm) and ungrouped C3 Acfer
094 (27þ17

�11 ppm) represents a �50% loss of SiC in
Murchison relative to the CR/CI/LL/Acfer 094/Bells
chondrites. Aerodynamic size-sorting of early Solar
System materials during their fall through solar neb-
ula gas toward the proto-Sun has been suggested to
explain the differing size distributions of chondrules,
CAIs and metal grains between meteorite groups
(e.g., Scott and Haack, 1993; Kuebler et al., 1999).
However, the size-sorting process for SiC grains
would have to have been different than that for
chondrules as the sorting of chondrule-sized objects
would remove all of the SiC. If size-sorting of preso-
lar SiC grains did occur, it is likely that other presolar
grains, such as nanodiamonds, would also have been
affected (Russell et al., 1997). However, Russell et al.
(1997) reported that there was no correlation seen
between presolar SiC and nanodiamond abundances.
Since nanodiamonds are entirely 1 to 5 nm in diame-
ter, they should be completely removed with finer-
grained SiC (Russell et al., 1997) unless they are pres-
ent as larger aggregates. Thus, these contradictory
observations imply that pre-accretionary size-sorting
is an unlikely explanation for the variability in preso-
lar SiC abundances seen here.

(3) Parent body alteration. RBT 04133 (CV3), which has
a very low matrix-normalized SiC abundance of
5þ4
�2 ppm, shows evidence for heating in its parent

body at �440 �C (Davidson et al., 2009b), sufficient
to explain the destruction of presolar SiC in this
meteorite. However, more prolonged, low-tempera-
ture alteration would be required to significantly
affect the SiC abundances in the majority of the mete-
orites analyzed here, as they have not experienced
such high temperatures. Similar presolar SiC abun-
dances for CR chondrites of different petrographic
type (CR3 to CR1) show that increasing degrees of
aqueous alteration in the CR parent body did not
progressively destroy SiC under the conditions at
which the CR chondrites were altered (8–43 �C;
Guo, 2009). However, it is possible that the outer
noble-gas-rich portions of the grains were destroyed
(Section 4.1). The CM Murchison was subjected to
estimated peak temperatures of �20–33 �C (Clayton
and Mayeda, 1984; Zolensky et al., 1997; Baker
et al., 2002; Guo and Eiler, 2007). These tempera-
tures are estimated from the formation temperature
of carbonate (Guo and Eiler, 2007) and the assump-
tion that alteration occurred under O-isotopic equi-
librium (Clayton and Mayeda, 1984), which is
unlikely. Therefore, it is possible that Murchison
was subjected to slightly higher temperatures in its
parent body. Indeed, this possibility has been sug-
gested on the basis of the microstructure of IOM in
Murchison and the other CMs (Alexander et al., in
press). However, it is unlikely that they would be
high enough to remove SiC by purely thermally-dri-
ven destruction. As previously discussed, it may be
possible to degas/destroy SiC grains by prolonged
parent body oxidation at low temperature; outer lay-
ers of thermodynamically unstable SiO2 formed by
oxidation of SiC dissolve to form clays. In the case
of the CR chondrites, our SiC abundances combined
with the noble gas data appear to require the degas-
sing of SiC grains rather than their destruction. How-
ever, under the conditions experienced by the CM
chondrites, which may have been more prolonged
than those of the CR chondrites, destruction of smal-
ler grains may have occurred by oxidation. Similarly,
ALHA 77307 (CO3.0) has a low SiC abundance of
11þ4
�3 ppm (but see also discussion of higher abun-

dances from an in situ study above), and shows evi-
dence for having experienced higher-temperature
alteration than Semarkona (Busemann et al., 2007).
Therefore, it is possible that processing in the parent
body resulted in lower abundances in Murchison,
ALHA 77307, and RBT 04133 compared to the CI,
CR and LL chondrites, Acfer 094 and Bells.

If Bells is truly a CM chondrite, its isotopically anoma-
lous IOM (Alexander et al., 2007) and the high SiC abun-
dance determined here indicate that it is more primitive
than other CM chondrites, such as Murchison. This is con-
sistent with estimates of the extent of alteration based on
water content (Alexander et al., 2013) and the low abun-
dance of phyllosilicates determined from X-ray diffraction
data (Howard and Alexander, 2013). However, the high
SiC abundance in Bells may be a statistical fluke as a result
of finding a low number of particularly large grains. Alter-
natively, this high abundance may indicate either heteroge-
neous accretion of the CM parent body or the action of
some unidentified parent body process.
5. SUMMARY

1. We have measured presolar SiC abundances in IOM res-
idues of primitive meteorites using NanoSIMS raster ion
imaging, independently of noble gas analyses. Ion imag-
ing is a direct technique, eliminating the uncertainties in
the SiC abundances arising from noble gas analyses such
as the size bias of noble gas concentrations (Huss and
Lewis, 1995).

2. Whilst presolar SiC abundances obtained here with
NanoSIMS for the CMs and ALHA 77307 (CO), and
Orgueil (CI) and Semarkona (LL3.0) agree with data
obtained by noble gas analyses (Huss et al., 2003) when
variable Ne-E(H) concentrations are assumed, the values
for Renazzo (CR) do not (Figs. 4 and 6; Table 2; Huss
et al., 2003). Abundances estimated here for these
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meteorites are similar/close to CI-like abundances and
are roughly in concordance with, but lower than some,
in situ observations of higher abundances for CR chon-
drites (Floss and Stadermann, 2005, 2009a; Nguyen
et al., 2010; Leitner et al., 2012a,c; Zhao et al., 2013),
whereas noble gas examinations suggest lower SiC abun-
dances. Our revised higher value for CR chondrites is in
agreement with observations that they are amongst the
most primitive chondrites in terms of the isotopic com-
positions and disordered nature of their organic matter
(e.g., Busemann et al., 2006, 2007; Alexander et al.,
2007). Generally, we found in this NanoSIMS study of
meteoritic IOM remarkably consistent presolar SiC
abundances for primitive meteorites that have not
undergone extensive parent body alteration from various
classes (Fig. 4). This suggests the presence of a rather
homogeneous mixture of presolar grains, organic matter
and other matrix constituents in the meteorite-forming
regions of the solar system. Potential inconsistencies
with higher SiC abundances found in situ by NanoSIMS
will have to be addressed in detail in a future study.

3. Discrepancies with abundances determined by noble
gases (Huss and Lewis, 1995; Huss et al., 2003) indicate
that the size-dependence of the concentrations (parame-
terized by Ne-E(H)/Xe-S) have to be considered. Never-
theless, the particularly low SiC abundance determined
with noble gas concentrations for CR2 Renazzo remains
enigmatic and may be explained by the loss of the outer
noble gas-rich layers of SiC during low-temperature par-
ent body oxidation.

4. Variations in SiC abundances between meteorite groups
can be attributed to parent body alteration of an initial
reservoir of homogeneous SiC abundances incorporated
from the solar nebula. Thermal processing is capable of
destroying SiC grains and, in the case of RBT 04133
(with an estimated peak metamorphic temperature of
�440 �C; Davidson et al., 2009b), led to a low abun-
dance. However, not all meteorites experienced signifi-
cant heating and similar SiC abundances in CR1, CR2
and CR3 chondrites confirm that SiC was not progres-
sively destroyed by increasing degrees of aqueous alter-
ation on the CR parent body. Thus SiC grain
destruction must be explained by prolonged, low-tem-
perature parent body alteration in the presence of an
oxidant.
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