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ABSTRACT

We report the first Fe isotopic anomalies and the first Ni isotopic ratio measurements in presolar SiC grains of
separate KJG from the Murchison meteorite. With NanoSIMS, we analyzed Fe and Ni in 37 X grains from Type II
supernovae and 53 SiC grains of other types. TheNi/Fe and Co/Fe ratios in grains of all types aremuch higher than in
the gas from which the grains are believed to have condensed. Amajority of the X grains and a couple of mainstream
grains contain Fe-rich subgrains. Most X grains have large excesses in 57Fe, 61Ni, and 62Ni. 60Ni excesses are small
and the 54Fe/56Fe ratios of almost all X grains are normal. These isotopic compositions are best explained by mixing
of material from theHe/N zone of Type II supernovaewithmaterial from the He/C zone. The lack of any 54Fe excesses
is puzzling in view of the fact that the Si /S zone, whose contribution resulted in the 28Si excesses in X grains, is very
rich in 54Fe. It has yet to be seen whether elemental fractionation between Si and Fe is an explanation. The 57Fe defi-
cits observed in a few X grains remain unexplained. In comparison to the X grains, fewer mainstream and AB grains
have anomalies. Observed 62Ni excesses in some mainstream grains are larger than predicted for AGB stars of solar
metallicity and are not accompanied by corresponding 61Ni excesses. AY grain and a Z grain have excesses in 54Fe
and 62Ni, but close to normal 57Fe/56Fe and 60,61Ni/58Ni ratios. These isotopic compositions are not expected for
grains from low-metallicity AGB stars.

Subject headinggs: dust, extinction — nuclear reactions, nucleosynthesis, abundances —
stars: AGB and post-AGB — supernovae: general

1. INTRODUCTION

Among all the different types of stardust (presolar) grains
identified in primitive meteorites (e.g., Bernatowicz & Zinner
1997; Nittler 2003; Clayton & Nittler 2004; Lodders & Amari
2005; Zinner 2007), SiC has been studied in greatest detail. In
particular, thousands of isotopic measurements have been made
on individual grains by secondary ionmass spectrometry (SIMS)
in the ion microprobe.

On the basis of their C, N, and Si isotopic compositions, SiC
grains have been classified into different groups (Hoppe et al.
1994;Hoppe&Ott 1997; Zinner 2007).Mainstreamgrains (�93%)
are identified to have an origin in low-mass (1Y3 M�) carbon-
rich asymptotic giant branch (AGB) stars of solar metallicity
during their thermally pulsing (TP) phase (Lugaro et al. 2003).
Grains of type Y and Z (�1% each) are believed to come from
AGB stars of lower-than-solar metallicity (Hoppe et al. 1997;
Amari et al. 2001b; Zinner et al. 2006b). For grains of type AB
(�3%Y4%of presolar SiC), characterized by low 12C/13C ratios,
J-type carbon stars and post-AGB stars, such as Sakurai’s object,
which undergo a very late thermal pulse have been proposed as
stellar sources (Amari et al. 2001c). However, the details of the
nucleosynthetic processes that would produce the isotopic signa-
tures of these grains are still not well understood. Silicon carbide
grains of type X (�1%) have mostly isotopically light C, heavy
N, high inferred 26Al/27Al ratios (up to 0.6), and large 28Si ex-
cesses (Nittler et al. 1995; Hoppe et al. 2000). These isotopic sig-
natures, in conjunction with large 44Ca excesses from the decay

of 44Ti (T1=2 ¼ 60 yr; Nittler et al. 1996; Hoppe et al. 1996)
and large 49Ti excesses, possibly from the decay of 49V (T1=2 ¼
337 days; Hoppe & Besmehn 2002), show that these grains
must have originated in the ejecta of Type II supernovae (SNeII ).
Finally, a few SiC grains have low 12C/13C and 14N/15N ratios,
high inferred initial 26Al/27Al ratios, and large 30Si excesses rela-
tive to solar system ratios, indicative of an origin in nova ejecta
(Amari et al. 2001a), although a SNII origin is also possible for
these grains (Nittler & Hoppe 2005).
Although isotopic analyses of trace elements such as Al-Mg

and Ti have been made in many presolar SiC grains, measure-
ments of the Fe isotopes have been scarce (Hoppe et al. 1998,
2000; Marhas et al. 2004) and none of the Ni isotopes have been
made. Here we report Fe and Ni isotopic measurements in pre-
solar SiC grains, mainly mainstream, AB, and X grains. Prelim-
inary reports of some of the data have been presented byMarhas
et al. (2007a, 2007b).

2. EXPERIMENTAL

The analyzed grains are from theMurchison SiC fraction KJG
(Amari et al. 1994). Of the grains in this fraction, 90% have sizes
between 1.8 and 3.7 �m (Zinner et al. 2007). Candidates for AB
and X grains were obtained by direct ion imaging of 12C, 13C,
28Si, and 30Si grains, deposited on gold foil from liquid suspen-
sion, in the Cameca IMS 3f ion microprobe. These imaging
analyses were made at low mass resolving power, similar to the
direct imaging searches for X grains (Nittler et al. 1995). Candi-
dates for X grains were selected on the basis of low 30Si /28Si ra-
tios and those for AB grains were selected on the basis of low
12C/13C ratios. These candidate grains, as well as randomly
selected additional grains, were subsequently measured for their
major element compositions in a scanning electron microscope
(SEM) equipped with an energy dispersive X-ray spectroscopy
(EDS) system, in order to confirm that the grains were indeed SiC.
TheC,N, Si, Fe, andNi isotopic compositions of the grainswere

obtained in the Cameca NanoSIMS. The NanoSIMS (Stadermann
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et al. 1999a, 1999b) is an ion microprobe with high sensitivity
and high spatial resolution, which makes it the instrument of
choice for the isotopic analysis of very small grains. These per-
formance properties are achieved through several features. First,
at high mass resolving power, necessary for the separation of
molecular interferences from the atomic ion of interest, the
secondary ion transmission is >30 times higher than that of the
Cameca IMS 3f. Second, the NanoSIMS has miniaturized elec-
tronmultipliers (Slodzian 2003), four of which can bemoved along
the focal plane of the secondary ions. This means that up to five
ion signals can be measured simultaneously (‘‘multidetection’’).
This increases the overall sensitivity for isotopic measurements.
In addition, in multidetection any temporal change in the second-
ary ion signal, unavoidable during analysis of small grains, does
not affect the measured isotopic ratios as it would if magnetic
peak jumping and just one detector were employed. Third, the
NanoSIMS features a very small primary beam size. For Cs+ pri-
mary ions, beam diameters smaller than 50 nm have been achieved
and a beam diameter of 100 nm is routine. The reason for this is
that the primary ions are incident normal to the sample surface,
along the same axis secondary ions are extracted.As a consequence,
the immersion lens can be placed very close to the sample sur-
face, resulting in a large demagnification of the primary beam
diameter. This configuration also increases the secondary ion
collection, further contributing to the overall sensitivity.

C, Si, and CN (for the N isotopes) were measured as negative
secondary ions produced by bombardment with Cs+ ions. These
analyses were made in a mode combining multidetection with
magnetic peak switching. In the first magnetic field step 12C, 13C,
12C14N, 12C15N, and 28Si ions were counted in five electron mul-
tipliers. In two subsequent field steps 29Si and 30Si were counted
in the 5th detector. For most AB grains and a few mainstream
grains, we did not obtain N isotopic ratios. In this case the C and
Si isotopes were measured in multidetection while the magnetic
field was kept constant under nuclear magnetic resonance (NMR)
control. Synthetic SiC and silicon nitride were used as standards.

The Fe and Ni isotopic analyses were made with positive sec-
ondary ions produced with an O� primary beam. We used two
different setups, one without Co and one including Co. In the
setupwithout Co, wemeasured 28Si, 52Cr, 54Fe, 57Fe, and 62Ni in
the first magnetic field step, 56Fe, 58Ni, and 61Ni with detectors
2Y 4 in the second step, and 60Ni with detector 3 in the third field
step. In the setup with 59Co we measured 28Si, 52Cr, 54Fe, 57Fe,
and 59Co in the first magnetic field step, 56Fe, 58Ni, and 61Ni with
detectors 2Y 4 in the second step, and 60Ni and 62Ni with detec-
tors 2 and 3 in the third field step. An Fe-Ni compound and NIST
Silicate Glass Certified Reference Material SRM 610 (previ-
ously NBS 610 glass), which contains nominal concentrations
of 500 parts per million (ppm) of Cr, Fe, Co, and Ni (e.g., Kane
1998), were used as isotopic standards and to determine the ab-
solute concentrations of these elements in the grains.

In order to obtain elemental concentrations of Fe, Co, and
Ni in ppm weight we measured 56Fe+/28Si+, 59Co+/28Si+, and
58Ni+/28Si+ ratios in the NIST SRM 610 glass. We compared
these ratios with the concentrations of 464, 403, and 443 ppm
for Fe, Co, and Ni in this standard (Rocholl et al. 1997) to derive
ion yields of these elements relative to Si. We obtain 2.33 for Fe,
1.02 for Co, and 0.596 for Ni. These are not very different from
the yields of 2.63, 1.66, and 0.86 obtained by Hinton (1990) for
low-energy secondary ions from the same standard. For his anal-
ysis Hinton assumed Fe, Co, and Ni concentrations of 458, 390,
and 459 ppm. Our ion yields were applied to the ion ratios
measured in the grains to obtain elemental concentrations of Fe,
Co, and Ni.

Isotopic ratios of Fe and Ni are expressed relative to the most
abundant isotopes 56Fe and 58Ni. The isobaric contributions of
54Cr to 54Fe and of 58Fe to 58Ni were corrected for by subtracting
the calculated contributions of these interferences under the as-
sumption of terrestrial (solar) 54Cr/52Cr and 58Fe/56Fe ratios. Typ-
ical corrections are a few percent for 54Cr and a few permil (c)
for 58Fe. The reason for the small 58Fe interference is that Ni con-
centrations are high, in many grains higher than those of Fe (see
below). In a few cases 54Cr interferences are large (>100%), and
in these cases the 54Fe/56Fe ratios should not be accepted with
absolute confidence. An extreme case is X grain 149-5-1, where
the inferred 54Cr+ signal is 14 times as high as the inferred 54Fe+

signal (see Fig. 1). In this case, we can invert this correction pro-
cedure and calculate the 54Cr/52Cr ratio by subtraction of 54Fe
and assuming a normal 54Fe/56Fe ratio. We thereby obtain a nor-
mal 54Cr/52Cr ratio. This grain has 57Fe and 61Ni excesses of 321c
and 1156c, respectively. If, as we shall argue below, these ex-
cesses are due to contributions from the He/C shell, we expect a
corresponding 54Cr excess between 300c and 600c. Part of the
Cr might have originated from contamination and would be iso-
topically normal; however, we do not know how much. Maxi-
mum 58Fe interferences are 6% for grains 70-1 and 73-2. As will
be seen and discussed in detail below, many X grains have ex-
cesses in 57Fe ranging up to 1000c. According to the most likely
interpretation of these results in the framework of supernova
models, 57Fe excesses are expected to be accompanied by ex-
cesses in 54Cr and 58Fe. Thus, the 54Fe/56Fe ratios computed for
such grains under the assumption of a normal 54Cr/52Cr ratio are
strictly upper limits. Likewise, the 60,61,62Ni/58Ni ratios computed
with normal 58Fe/56Fe ratios are strictly lower limits. However,
it will be seen that, with assumed 54Cr and 58Fe excesses scaled
to the 57Fe excesses observed in the grains, the isotopic shifts
are usually minor.

3. RESULTS

The elemental and isotopic data are given in Tables 1 and 2.
Not all grains for which we obtained C and Si isotopic ratios had
their Fe and Ni isotopes measured. Figures 2 and 3 show the N,

Fig. 1.—Secondary ion signals (in counts s�1) of several isotopes measured
during the analysis of X grain 149-5-1 plotted against the measurement time (in
seconds). Because the primary O beam sputters away the grain layer by layer,
the plot represents a depth profile of the grain’s composition. During the mea-
surement a Cr-rich subgrain was encountered. The 54Cr signal dominates the ion
signal at mass 54. If we assume a normal 54Fe/56Fe ratio, we obtain also a nor-
mal 54Cr/52Cr ratio for the Cr-rich subgrain.
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TABLE 1

Carbon, Nitrogen, and Silicon Isotopic Compositions of Presolar SiC Grains

Grain Type Grain Number 12C/13C 14N/15N

� 29Si /28Si

(c)

�30Si /28Si

(c)

X......................... 57 243.4 � 3.6 59.8 � 0.9 �302 � 5 �471 � 4

X......................... 77 143.1 � 4.4 113.3 � 3.1 �195 � 7 �283 � 8

X......................... 80 48.1 � 0.3 102.5 � 1.5 �211 � 3 �319 � 7

X......................... 97 508.6 � 8.4 62.6 � 0.7 �287 � 4 �404 � 4

X......................... 115 396.9 � 9.9 53.8 � 0.6 �295 � 4 �456 � 8

X......................... 226 648.5 � 12.2 78.2 � 1.3 �306 � 5 �479 � 10

X......................... 422-1 199.3 � 4.3 68.4 � 1.0 �610 � 4 �360 � 7

X......................... 432 570.0 � 14.2 81.4 � 1.5 �332 � 4 �463 � 5

X......................... 446 143.0 � 1.5 76.5 � 1.3 �200 � 6 �313 � 5

X......................... 424-2-1 230.4 � 2.8 47.1 � 0.8 �328 � 6 �458 � 4

X......................... 69 1453.1 � 36.9 43.7 � 1.0 �303 � 5 �438 � 5

X......................... 85 328.1 � 4.7 87.8 � 4.1 �287 � 8 �481 � 6

X......................... 96 169.6 � 2.1 154.0 � 4.1 �598 � 3 �523 � 4

X......................... 151 185.7 � 1.3 63.6 � 1.5 �295 � 4 �432 � 4

X......................... 233 134.3 � 1.1 37.8 � 0.8 �228 � 8 �410 � 4

X......................... 261 2234.3 � 79.0 36.4 � 0.8 �345 � 5 �668 � 4

X......................... 287 136.7 � 1.9 116.3 � 4.1 �606 � 4 �195 � 7

X......................... 337 2882.4 � 77.0 21.0 � 0.8 �366 � 4 �705 � 2

X......................... 345 506.1 � 12.2 65.1 � 1.9 �291 � 6 �417 � 8

X......................... 353 187.4 � 2.4 91.8 � 2.0 �276 � 5 �379 � 5

X......................... 404 468.6 � 5.1 76.4 � 1.8 �312 � 5 �441 � 4

X......................... 422-2 203.9 � 2.1 63.5 � 1.4 �151 � 5 �264 � 5

X......................... 437 74.3 � 0.4 207.4 � 5.6 �685 � 2 �520 � 3

X......................... 480 9455.1 � 591.4 28.0 � 0.7 �569 � 3 �647 � 2

X......................... 482 1510.1 � 29.8 45.3 � 1.4 �480 � 3 �363 � 4

X......................... 453-4 191.7 � 2.1 64.3 � 1.4 �267 � 9 �498 � 4

X......................... 435-5 365.6 � 3.8 64.4 � 1.8 �314 � 4 �520 � 3

X......................... 149-5-1 301.6 � 3.2 99.0 � 1.5 �267 � 3 �417 � 4

X......................... 186-4 45.3 � 0.3 67.5 � 0.9 �180 � 3 �269 � 5

X......................... 249-8 1128.8 � 32.0 38.3 � 0.5 �375 � 3 �536 � 5

X......................... 293-1 136.7 � 1.3 87.4 � 1.0 �246 � 3 �363 � 4

X......................... 339-1 39.5 � 0.3 62.7 � 1.1 �129 � 4 �200 � 6

X......................... 443-6-2 678.5 � 20.4 58.7 � 0.7 �328 � 4 �552 � 5

X......................... 444-2 147.3 � 1.4 56.4 � 1.1 �329 � 3 �490 � 3

X......................... 532-1 85.9 � 6.5 82.4 � 2.5 �119 � 3 �194 � 5

X......................... 557-1-2 189.6 � 1.7 56.1 � 0.6 �274 � 3 �421 � 5

X......................... 66-1 164.8 � 1.7 27.0 � 0.4 �257 � 6 �392 � 4

X......................... 70-1 116.7 � 0.8 58.2 � 0.8 �173 � 8 �296 � 7

X......................... 73-2 159.0 � 1.6 72.3 � 0.8 �247 � 4 �373 � 4

X......................... 82-1 344.6 � 3.2 145.8 � 2.6 �451 � 4 �347 � 5

M........................ 1 43.9 � 0.3 1375 � 336 44 � 15 40 � 16

M........................ 2 63.2 � 0.6 459 � 43 52 � 5 54 � 7

M........................ 3 76.9 � 0.6 1879 � 203 38 � 5 55 � 6

M........................ 5 40.8 � 0.3 2315 � 356 76 � 5 76 � 14

M........................ 6 69.4 � 0.7 524 � 17 74 � 12 62 � 8

M........................ 7 55.7 � 0.4 536 � 27 88 � 12 72 � 11

M........................ 8 47.2 � 0.4 1175 � 85 60 � 8 73 � 7

M........................ 9 54.0 � 0.5 796 � 60 54 � 6 53 � 8

M........................ 10 64.9 � 0.5 2755 � 234 �9 � 4 26 � 10

M........................ 70 49.2 � 0.3 781 � 124 30 � 13 53 � 16

M........................ 406 45.7 � 0.6 2455 � 148 61 � 5 50 � 9

M........................ 425 61.7 � 0.6 3412 � 289 48 � 5 51 � 7

M........................ 466 92.4 � 0.8 1388 � 62 20 � 4 47 � 8

M........................ 470 74.5 � 0.7 884 � 42 23 � 6 31 � 8

M........................ 338-1 42.0 � 0.4 2068 � 145 171 � 16 126 � 18

M........................ 422-3 53.3 � 0.4 1499 � 64 �4 � 13 14 � 11

M........................ 424-2-2 51.0 � 0.3 395 � 20 97 � 7 89 � 7

M........................ 424-4 73.8 � 0.6 2251 � 153 33 � 5 53 � 6

M........................ 1-8-1 94.4 � 0.6 2164 � 107 �22 � 6 �7 � 7

M........................ 1-8-2 66.3 � 0.4 2323 � 121 29 � 6 34 � 7

M........................ 12 62.5 � 0.4 1084 � 85 55 � 6 61 � 7

M........................ 14 46.5 � 0.3 3441 � 150 133 � 7 112 � 7

M........................ 15 54.2 � 0.4 1367 � 137 2 � 7 6 � 13

M........................ 18 47.5 � 0.4 830 � 58 67 � 7 65 � 8

M........................ 19 63.1 � 0.4 1198 � 245 48 � 9 46 � 7



C, and Si isotopic ratios of the grains of this study. The Si iso-
topic ratios in Figure 3 are plotted as �-values, deviations from
the solar ratios in permil (c). All X grains have 15N excesses
relative to solar. We use the 14N/15N ratio of air (272) for solar,
although the ratio of 435measured in Jupiter’s atmospheremight
bemore representative of the solar ratio (Owen et al. 2001). Most
X grains have larger than solar 12C/13C ratios, reaching almost
10,000. In a Si three-isotope plot (Fig. 3), most X grains lie close

to a line with slope 0.6. These grains were named X1 grains by
Lin et al. (2002). The rest of the X grains plot below this line but
do not follow a simple trend.

Figure 4 shows the Fe isotopic ratios of those grains that differ
from solar by more than twice the experimental uncertainty in
either one or both ratios. As are the Si ratios in Figure 3, the Fe
isotopic ratios are plotted as �-values. With few exceptions the
54Fe/56Fe ratios of most grains are normal. Among the exceptions

TABLE 1—Continued

Grain Type Grain Number 12C/13C 14N/15N

�29Si /28Si

(c)

�30Si /28Si

(c)

M.............................. 20 68.2 � 0.5 650 � 74 40 � 7 49 � 7

M.............................. 21 65.7 � 0.5 1849 � 168 �1 � 7 22 � 7

M.............................. 22 52.6 � 0.3 2081 � 202 111 � 9 89 � 8

M.............................. 23 62.6 � 0.6 374 � 17 52 � 7 55 � 7

M.............................. 24 53.2 � 0.3 2170 � 153 24 � 7 43 � 10

M.............................. 109 91.7 � 0.6 1463 � 164 �8 � 6 33 � 7

M.............................. 118 73.3 � 0.5 794 � 81 18 � 11 25 � 10

M.............................. 121 92.2 � 0.8 1437 � 73 �3 � 8 16 � 7

M.............................. 340 52.8 � 0.6 4069 � 479 �10 � 6 25 � 11

M.............................. 482M 62.4 � 0.3 1272 � 57 56 � 6 63 � 7

M.............................. 2-11 52.6 � 0.3 1424 � 42 46 � 4 53 � 6

M.............................. 149-5 48.8 � 0.3 1417 � 76 97 � 3 100 � 7

M.............................. 195-5 61.3 � 0.4 883 � 34 58 � 3 64 � 6

M.............................. 195-5-1 39.2 � 0.3 1456 � 58 49 � 4 52 � 6

M.............................. 195-5-2 38.3 � 0.3 794 � 78 131 � 4 129 � 6

M.............................. 443-6 85.8 � 0.6 515 � 30 40 � 4 61 � 6

M.............................. 443-6-1 70.0 � 0.5 1681 � 103 24 � 6 52 � 8

M.............................. 557-1-1 43.8 � 0.3 197 � 21 103 � 4 84 � 7

M.............................. 8-5 62.7 � 0.8 . . . 79 � 17 56 � 18

M.............................. 45-7 49.7 � 0.5 . . . 59 � 16 55 � 16

M.............................. 135-7 43.3 � 0.4 . . . 98 � 16 93 � 16

M.............................. 173-2 38.1 � 0.4 . . . 88 � 16 81 � 17

M.............................. 174-10 50.7 � 0.6 . . . 106 � 17 95 � 17

AB? .......................... 408 8.65 � 0.05 2654 � 279 �69 � 5 �54 � 12

AB............................ 78 5.42 � 0.03 3989 � 574 56 � 10 36 � 11

AB............................ 36-1 4.46 � 0.05 . . . 62 � 16 40 � 16

AB............................ 45-8 7.14 � 0.07 . . . �1 � 15 33 � 16

AB............................ 49-8 4.53 � 0.06 . . . 34 � 14 16 � 13

AB............................ 86-1 5.75 � 0.04 . . . 0 � 12 25 � 11

AB............................ 89-2 7.79 � 0.09 . . . 200 � 14 151 � 14

AB............................ 109-2 5.16 � 0.04 . . . 54 � 12 26 � 11

AB............................ 115-3 4.45 � 0.04 . . . 21 � 12 86 � 12

AB............................ 119-2 4.59 � 0.04 . . . �38 � 13 �25 � 13

AB............................ 123-7 3.20 � 0.02 . . . �19 � 12 2 � 11

AB............................ 126-2 6.07 � 0.04 . . . �21 � 12 24 � 11

AB............................ 132-4 2.89 � 0.02 . . . 97 � 13 67 � 13

AB............................ 132-8 2.51 � 0.03 . . . �49 � 12 �43 � 14

AB............................ 135-8 2.07 � 0.02 . . . 20 � 16 32 � 17

AB............................ 141-2 5.32 � 0.04 . . . 27 � 12 19 � 11

AB............................ 144-2 2.88 � 0.02 . . . 17 � 13 20 � 11

AB............................ 173-1 5.35 � 0.06 . . . 55 � 16 26 � 17

AB............................ 174-11 3.14 � 0.04 . . . �6 � 15 10 � 15

AB............................ 208-1 2.97 � 0.02 . . . 85 � 14 55 � 13

AB............................ 261-1 3.08 � 0.02 . . . �22 � 11 0 � 11

AB............................ 309-4 4.83 � 0.04 . . . 149 � 14 108 � 13

AB............................ 333-3 6.08 � 0.05 . . . �27 � 12 15 � 11

AB............................ 380-5 4.19 � 0.03 . . . 73 � 13 78 � 12

AB............................ 406-4 3.66 � 0.04 . . . �27 � 12 �12 � 11

Y............................... 338-2 127.5 � 1.5 693 � 49 �42 � 6 �3 � 10

Y............................... 4 115.1 � 0.9 1667 � 166 39 � 4 90 � 7

Y............................... 16 141.2 � 0.9 678 � 40 �12 � 6 44 � 7

Y............................... 284-1 109.1 � 1.3 . . . 2 � 12 26 � 12

Z ............................... 17 60.7 � 0.4 3258 � 516 �136 � 6 196 � 8

Z? ............................. 557-1-2 32.8 � 0.3 559 � 53 �30 � 4 17 � 6

Note.—All errors are 1 �.
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TABLE 2

Fe, Co, and Ni Contents and Fe and Ni Isotopic Ratios of Presolar SiC Grains

Grain

Type

Grain

Number

Fe

(ppm)

Ni

(ppm)

Co

(ppm)

54Cr corra

(%)

�54Fe/56Fe

(c)

�57Fe/56Fe

(c)

58Fe corrb

(c)

�60Ni /58Ni

(c)

�61Ni/58Ni

(c)

�62Ni/58Ni

(c)

X.............. 57 231 1203 . . . 3.5 28 � 98 98 � 164 3.3 42 � 39 47 � 169 189 � 96

X.............. 77 251 872 . . . 6.5 21 � 43 �3 � 82 4.9 10 � 22 �29 � 96 75 � 52

X.............. 80 78 383 . . . 10.2 �3 � 64 111 � 112 3.5 33 � 27 264 � 134 �15 � 59

X.............. 97 919 1743 . . . 1.2 �5 � 30 890 � 82 9.1 �11 � 21 380 � 118 53 � 49

X.............. 115 382 1635 . . . 4.7 �69 � 37 194 � 82 4.0 9 � 19 223 � 100 91 � 45

X.............. 226 177 667 . . . 5.2 �43 � 47 400 � 85 4.6 18 � 30 412 � 156 23 � 67

X.............. 432 375 525 . . . 2.4 �24 � 22 685 � 58 12.3 14 � 22 402 � 120 82 � 50

X.............. 446 556 1186 . . . 4.7 33 � 26 386 � 64 8.1 18 � 23 272 � 117 125 � 55

X.............. 424-2-1 1034 2577 . . . 2.2 �5 � 14 115 � 55 6.9 �1 � 13 151 � 69 58 � 28

X.............. 69 1754 5403 210.3 1.2 �114 � 19 �436 � 23 5.6 89 � 20 �36 � 43 799 � 50

X.............. 85 134 711 3.5 8.3 �47 � 35 �330 � 47 3.2 26 � 22 �234 � 58 44 � 43

X.............. 96 297 2174 . . . 4.8 16 � 117 76 � 207 2.3 �63 � 50 . . . 217 � 141

X.............. 151 1046 997 26.0 0.9 �1 � 19 878 � 62 18.0 �8 � 18 1033 � 80 311 � 38

X.............. 233 2854 3028 52.7 0.9 �34 � 19 85 � 38 16.2 17 � 19 268 � 60 100 � 35

X.............. 261 170 993 . . . 3.8 �12 � 47 1 � 75 2.9 �19 � 29 . . . �3 � 61

X.............. 287 226 1318 8.1 7.8 9 � 34 �138 � 51 2.9 �20 � 20 . . . 19 � 39

X.............. 337 244 1574 . . . 3.3 60 � 64 84 � 106 2.7 15 � 34 �9 � 131 86 � 78

X.............. 345 149 791 8.8 5.2 22 � 33 126 � 60 3.2 23 � 21 450 � 80 113 � 42

X.............. 353 3560 2290 46.0 0.7 5 � 21 477 � 52 26.7 �26 � 21 493 � 86 104 � 44

X.............. 404 1209 835 29.9 2.1 2 � 22 497 � 54 24.9 �14 � 22 178 � 81 82 � 47

X.............. 422-2 1379 1496 40.4 0.8 �7 � 19 583 � 53 15.8 �30 � 18 488 � 63 206 � 36

X.............. 437 221 1192 . . . 2.6 �62 � 37 245 � 67 3.2 45 � 28 315 � 108 528 � 74

X.............. 480 249 1638 . . . 4.1 �73 � 70 254 � 139 2.6 �33 � 37 . . . 95 � 91

X.............. 482 264 1591 11.6 3.2 134 � 77 83 � 127 2.9 �2 � 35 �217 � 117 50 � 79

X.............. 453-4 544 3345 66.7 7.3 59 � 46 �170 � 66 2.8 1 � 24 43 � 82 58 � 50

X.............. 435-5 4504 4550 . . . 0.6 �4 � 33 1023 � 77 17.0 �29 � 33 1017 � 206 268 � 87

X.............. 149-5-1 105 318 10.9 1413.4 67 � 31 321 � 71 5.7 30 � 25 1156 � 179 223 � 60

X.............. 186-4 22 116 2.9 16.2 283 � 146 137 � 213 3.2 0 � 58 1425 � 399 105 � 145

X.............. 249-8 86 110 10.1 4.0 150 � 158 730 � 249 13.5 344 � 129 4607 � 1130 1230 � 392

X.............. 293-1 298 208 28.6 0.9 56 � 91 558 � 100 24.7 �40 � 54 1193 � 356 �42 � 126

X.............. 339-1 17 18 0.4 43.3 �140 � 80 471 � 204 16.1 �27 � 101 460 � 522 �64 � 237

X.............. 443-6-2 42 255 15.7 10.8 �60 � 99 839 � 219 2.9 8 � 45 1481 � 316 160 � 112

X.............. 444-2 183 349 26.3 1.7 �90 � 56 1042 � 105 9.0 92 � 33 2624 � 316 936 � 106

X.............. 66-1 305 175 7.4 2.4 �14 � 36 656 � 65 29.9 30 � 29 1053 � 190 192 � 69

X.............. 70-1 534 160 6.7 3.5 12 � 32 546 � 56 57.4 �41 � 26 598 � 154 229 � 68

X.............. 73-2 1795 538 37.8 0.6 �18 � 34 595 � 55 57.3 �50 � 22 1054 � 160 190 � 54

X.............. 82-1 2644 1021 43.3 0.4 �36 � 29 734 � 57 44.5 �6 � 17 1127 � 137 199 � 37

M............. 1 554 3063 . . . 3.6 4 � 44 50 � 86 3.1 4 � 20 220 � 101 296 � 51

M............. 2 100 459 . . . 8.5 10 � 30 42 � 72 3.7 25 � 20 114 � 92 55 � 44

M............. 3 296 1601 . . . 3.5 43 � 54 74 � 99 3.2 5 � 23 �8 � 99 72 � 53

M............. 5 116 590 . . . 14.0 �51 � 37 52 � 82 3.4 73 � 23 . . . 70 � 51

M............. 6 411 2032 . . . 4.6 70 � 54 8 � 95 3.5 13 � 23 �80 � 96 �52 � 50

M............. 7 300 1569 . . . 6.3 24 � 52 �41 � 91 3.3 13 � 22 �27 � 95 7 � 49

M............. 8 369 2122 . . . 3.0 �2 � 64 70 � 115 3.0 �2 � 26 . . . �41 � 57

M............. 9 447 2403 . . . 4.1 �16 � 39 �37 � 78 3.2 11 � 19 �14 � 81 16 � 41

M............. 10 219 1017 . . . 10.3 �96 � 36 �32 � 74 3.7 56 � 19 85 � 86 116 � 43

M............. 70 517 2873 . . . 4.2 �41 � 52 �35 � 94 3.1 �3 � 22 �29 � 97 86 � 53

M............. 406 271 1376 . . . 4.3 �59 � 50 �5 � 93 3.4 �3 � 23 �29 � 97 45 � 52

M............. 466 203 919 . . . 6.4 �49 � 24 10 � 64 3.8 39 � 17 92 � 79 127 � 38

M............. 470 394 1987 . . . 185.3 �68 � 88 �4 � 89 3.4 22 � 22 �52 � 92 88 � 51

M............. 338-1 485 2705 . . . 3.7 33 � 61 25 � 106 3.1 29 � 25 . . . 30 � 56

M............. 424-2-2 447 617 . . . 258.8 �28 � 45 64 � 61 12.4 27 � 19 . . . 69 � 43

M............. 424-4 329 1851 . . . 3.1 �29 � 55 138 � 106 3.1 27 � 24 2 � 103 80 � 55

M............. 1-8-2 280 1140 . . . 5.1 �12 � 39 63 � 59 4.2 28 � 28 57 � 99 175 � 63

M............. 12 72 316 1.8 9.2 �12 � 29 �112 � 44 3.9 7 � 20 . . . 116 � 39

M............. 14 171 717 5.1 2.8 68 � 31 143 � 47 4.1 �16 � 19 �6 � 49 65 � 34

M............. 15 356 2329 . . . 1.9 34 � 74 123 � 130 2.6 72 � 39 . . . 266 � 99

M............. 18 1442 2087 18.5 1.4 20 � 24 �33 � 40 11.9 �15 � 22 22 � 69 407 � 53

M............. 19 253 892 6.8 5.6 17 � 30 23 � 51 4.9 32 � 22 61 � 67 42 � 41

M............. 20 117 519 2.2 17.5 �26 � 26 67 � 42 3.9 11 � 19 48 � 47 71 � 32

M............. 21 1560 8808 . . . 1.9 �6 � 87 213 � 167 3.0 �49 � 44 551 � 256 305 � 128

M............. 22 392 1350 10.0 2.7 87 � 30 73 � 50 5.0 �5 � 21 26 � 63 204 � 44

M............. 23 387 2202 6.8 11.1 �76 � 38 �218 � 55 3.0 30 � 23 4 � 72 �14 � 43

M............. 24 139 749 2.8 4.0 �35 � 29 �179 � 44 3.2 5 � 20 �172 � 50 �1 � 36

M............. 109 151 688 4.2 3.8 �28 � 28 21 � 50 3.8 63 � 21 174 � 64 90 � 39



are 54Fe excesses in a Y grain and a Z grain. In contrast, many
grains show both excesses and deficits in 57Fe. Most X grains
have excesses ranging up to 1000c, but four have deficits, in-
cluding one grain with deficits in both 54Fe and 57Fe. Four main-
stream grains also have 57Fe deficits. Previously, Hoppe et al.
(2000)measured 54Fe/56Fe ratios in eight X grains but found only
normal ratios (within fairly large errors.)More precise NanoSIMS
measurements of four mainstream, two AB, and one X grain
gave also normal 54Fe/56Fe and 57Fe/56Fe ratios (Marhas et al.

TABLE 2—Continued

Grain

Type

Grain

Number

Fe

(ppm)

Ni

(ppm)

Co

(ppm)

54Cr corra

(%)

�54Fe/56Fe

(c)

�57Fe/56Fe

(c)

58Fe corrb

(c)

�60Ni /58Ni

(c)

�61Ni /58Ni

(c)

�62Ni/58Ni

(c)

M.............. 117 199 1087 . . . 5.2 56 � 46 34 � 68 3.2 �19 � 28 �85 � 93 125 � 63

M.............. 118 255 1549 . . . 5.7 �54 � 56 �156 � 85 2.8 �37 � 31 159 � 137 295 � 84

M.............. 121 146 859 . . . 5.5 �57 � 47 56 � 78 2.9 �27 � 28 154 � 116 403 � 78

M.............. 340 289 1829 8.5 2.4 4 � 47 �154 � 73 2.7 32 � 26 �166 � 78 118 � 55

M.............. 2-11 24 27 0.5 24.2 135 � 128 184 � 219 15.5 167 � 136 . . . �248 � 252

M.............. 443-6-1 76 183 2.7 11.3 12 � 48 9 � 69 7.1 180 � 34 659 � 173 248 � 77

M.............. 45-7 49 211 0.8 1291.4 93 � 78 �14 � 109 4.0 �47 � 42 �87 � 140 �23 � 88

M.............. 135-7 100 528 1.7 8.4 �39 � 60 94 � 93 3.3 92 � 35 �138 � 101 159 � 71

M.............. 173-2 160 851 3.0 7.0 �22 � 51 �135 � 73 3.2 5 � 25 �81 � 91 �4 � 55

M.............. 174-10 99 521 1.6 13.3 101 � 78 41 � 124 3.3 26 � 37 227 � 163 �13 � 82

A+B.......... 78 894 2327 31.4 2.2 60 � 29 101 � 52 6.6 �27 � 22 79 � 73 222 � 49

AB............ 45-8 269 1563 8.8 236.1 �48 � 53 8 � 80 3.0 69 � 54 136 � 114 12 � 70

AB............ 123-7 270 1603 5.3 6.6 2 � 65 �39 � 89 2.9 21 � 32 161 � 115 �11 � 63

AB............ 132-4 93 378 1.3 29.9 48 � 48 18 � 78 4.2 �2 � 32 98 � 114 �16 � 64

AB............ 132-8 176 885 2.6 7.3 �56 � 75 3 � 113 3.4 29 � 39 �81 � 136 73 � 86

AB............ 135-8 150 541 6.0 14.6 �59 � 47 255 � 85 4.8 105 � 35 72 � 116 5 � 66

AB............ 144-2 288 1238 6.4 4.9 �66 � 53 �66 � 71 4.0 48 � 32 34 � 103 75 � 63

AB............ 173-1 380 2669 15.8 6.3 65 � 46 86 � 67 2.4 68 � 22 21 � 71 11 � 43

AB............ 174-11 649 1836 6.5 3.3 0 � 34 �45 � 43 6.1 34 � 22 �30 � 72 88 � 47

AB............ 208-1 189 729 6.1 7.6 �18 � 39 89 � 57 4.5 54 � 28 2 � 79 124 � 53

AB............ 261-1 96 444 1.9 8.9 51 � 54 82 � 79 3.7 5 � 30 104 � 106 123 � 64

Y............... 4 142 741 . . . 15.1 7 � 50 43 � 90 3.3 22 � 21 . . . 26 � 47

Y............... 16 327 2012 6.1 72.8 403 � 68 75 � 75 2.8 �31 � 23 �4 � 78 404 � 59

Z ............... 17 254 1655 6.2 3.5 288 � 57 116 � 89 2.6 8 � 26 70 � 92 218 � 60

Note.—All errors are 1 �.
a Correction of the 54Cr interference to 54Fe, made under the assumption of a solar 54Cr/52Cr ratio, in percent of 54Fe signal.
b Correction of the 58Fe interference to 58Ni, made under the assumption of a solar 58Fe/56Fe ratio, in permil of 58Ni signal.

Fig. 2.—N and C isotopic ratios of grains of this study. N isotopic ratios were
not measured in all grains (see Table 1). In this and in subsequent isotope plots the
broken lines indicate solar isotopic ratios.

Fig. 3.—Si isotopic ratios of the grains analyzed in this study. Here and in
subsequent isotopic ratio plots the ratios are plotted as so-called �-values, devia-
tions from the normal (solar) isotopic ratios in parts per thousand (permil, c).
Most X grains plot close to a line of slope ~0.6, and are called X1 grains (Lin
et al. 2002).

Fe AND Ni ISOTOPIC RATIOS IN PRESOLAR SiC GRAINS 627



2004); however, the X grain showed marginal, small (40c and
32c) enhancements in both ratios.

Ni isotopic ratios, again only of anomalous grains, are plotted
in Figure 5. The largest anomalies, mostly excesses, are seen in
61Ni. We found only excesses for 62Ni. Except for four grains,
62Ni excesses in X grains are not larger than those in other grain
types. Grain 69 is peculiar in that it has a large 62Ni excess and a
clearly resolved 60Ni excess, but a normal 61Ni /58Ni ratio. In
addition, it also exhibits deficits in 54Fe and 57Fe (see Fig. 4).
We will discuss it in more detail below. The four X grains with
the largest 62Ni excesses (249-8, 444-2, 69, 437) also have 60Ni
excesses, but the 60Ni /58Ni ratios of the other X grains are close
to solar and smaller that those of a few AB and mainstream
grains. However, this situation changes if we use larger-than-
solar 58Fe/56Fe ratios for the 58Fe correction on 58Ni for the
X grains, which shifts theNi isotopic ratios to larger values.Main-
stream grain 443-6-1 has large excesses in 60Ni, 61Ni, and 62Ni,
but normal Fe isotopic ratios. There are no well-defined correla-
tions between the Ni isotopic ratios except that the two X grains
with the largest 62Ni excesses (249-8 and 444-2) also have the
largest 60Ni and 61Ni excesses. On the other hand, X grains with
normal 62Ni /58Ni ratios have large 61Ni excesses and many
X grains with 62Ni excesses have normal 60Ni /58Ni ratios.

In Figures 6a and 6bwe show correlation plots between the Ni
and the Fe isotopic ratios. Because most X grains have 54Fe/56Fe
ratios close to solar, there are no strong correlations between the
Ni isotopic ratios and 54Fe/56Fe. We have already pointed to the
peculiar isotopic composition of grain 69. The Y and Z grains,
which have the largest 54Fe excesses, have substantial 62Ni ex-
cesses.We can see a correlation between 57Fe/56Fe and 61Ni/58Ni
ratios in the sense that all the grains with 57Fe excesses also have
61Ni excesses. However, their ratios do not plot along a simple
correlation line, and there is considerable scatter. There is scarcely
any correlation between the 57Fe/56Fe and the 60Ni /58Ni and
62Ni /58Ni ratios, except for the two X grains (444-2 and 249-8)

with large 57Fe and 62Ni excesses. Grain 249-8 also has a large
60Ni excess.
We found that isotopic ratios, especially the 57Fe/56Fe ratio,

depend on the elemental compositions of the grains. Figure 7a
shows � 57Fe/56Fe values of X grains as a function of their Ni/Fe
ratios. The Ni/Fe ratio is normalized to the solar ratio (Anders &
Grevesse 1989). Two remarkable facts can be seen in the graph.
First, the Ni/Fe ratios of the X grain are much higher than the
solar ratio. Second, it is apparent that the grains with large 57Fe
excesses have smaller Ni/Fe ratios than grains with no or mod-
erate 57Fe excesses. Co/Fe ratios in the grains are also much higher
than the solar ratio, but there is no obvious correlation between
57Fe/56Fe ratios and Co/Fe ratios (Fig. 7b). The situation be-
comes evenmore intriguing if one plots the Ni versus the Fe con-
tents of the grains (Figs. 8a and 8b). Almost all mainstream and
AB grains and many X grains plot along a single line. No grains
plot above this line, but the remaining X grains plot to the right of
it. With a few exceptions, these grains have large 57Fe excesses.
The numbers written next to these X grains in the two plots are
their � 57Fe/56Fe values. The correlation line has a slope (Ni/Fe
ratio) of �5.5, much higher than the solar Ni/Fe ratio of 0.059
(Anders & Grevesse 1989).

Fig. 4.—Three-isotope plot of Fe isotopic ratios of presolar SiC grains. In
this figure and in Figs. 6, 16, 18, 19, and 20 we plot only grains whose isotopic
ratios differ from normal ratios by more than 2 � in one coordinate or the other.
Here and in subsequent isotope plots error bars are 1 �.

Fig. 5.—Three-isotope plots of Ni isotopic ratios measured in presolar SiC
grains. A few unusual grains discussed in the text are labeled.
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Fig. 6.—The Ni isotopic ratios of presolar SiC grains are plotted against their Fe isotopic ratios. (a) �60,61,62Ni/58Ni vs. �54Fe/56Fe. (b) �60,61,62Ni/58Ni vs. �57Fe/56Fe.



An inspection of depth profiles of the ion signals during the
NanoSIMS measurements shows that Fe excesses relative to the
Ni versus Fe correlation line in Figure 8 are associated with Fe-
rich subgrains or clusters of subgrains inside of the SiC grains.
An example is shown in Figure 9a, where we plot the ion signals
of 28Si and some of the Fe isotopes of the X grain 97 as a function
of measurement time. As the primary beam sputters through the
SiC grain, an Fe-rich subgrain is exposed. However, the large in-

crease of the Fe signal is not followed by a corresponding in-
crease of the Ni signal. Outside of the Fe-rich subgrain the Ni/Fe
ratio is �5, close to the slope of the correlation line in Figure 8a
and 8b. In other words, these portions of the grain would plot on
the correlation line in Figure 8; the Fe excess in the subgrain
shifts the total composition of the grain to the right of this line.
The composition of the subgrain alone plots even more to the
right (Fig. 8a). The whole grain 97 has an 57Fe excess of 890c.

Fig. 7.—(a) 57Fe/56Fe ratios of X grains are plotted against their Ni / Fe ratio normalized to the solar ratio (Anders & Grevesse 1989). (b) 57Fe/56Fe ratios vs.
normalized Co/Fe ratios. Both the Ni /Fe and Co/Fe ratios in the grains are much higher than the solar ratios.

Fig. 8.—Plot of the Ni and Fe concentrations measured in presolar SiC grains. (b) shows a restricted region of the plot shown in (a). The solid line is a correlation line
through the grains with the highest Ni /Fe ratios. Mostly X grains plot to the right of this line. Mainstream grain 18 is an exception. Also shown is the line with a solar
Ni / Fe ratio. All grains plot above this line. The �57Fe/56Fe values of many X grains are written next to the grain symbols. X grain 97 contains an Fe-rich subgrain (see
Fig. 9). The filled symbol for this grain indicates the Ni-Fe composition of the whole grain, the open symbol that of the subgrain. The Ni-Fe composition of the SiC grain
outside of the Fe-rich subgrain would plot close to the correlation line.
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In Figure 9b, we plot the depth profiles of 56Fe and 57Fe. If we
plot a line obtained by multiplying the 56Fe signal with the solar
57Fe/56Fe ratio, it becomes apparent that the measured 57Fe
signal plots above this line in the region of the Fe-rich subgrain.
If we calculate the 57Fe/56Fe ratio in the subgrain and in the
region outside of the subgrain, we obtain � 57Fe/56Fe values of
1032c and 240c, respectively. It is clear that in this grain the
57Fe/56Fe ratio is heterogeneously distributed and the 57Fe ex-
cess is mostly carried by the Fe-rich subgrain.

Another example of internal Fe isotopic heterogeneity within
a given X grain (grain 404) is shown in Figure 10, where two
Fe-rich subgrains have different 57Fe/56Fe ratios. Similar to grain
97, the Ni in this grain is fairly uniformly distributed. Interest-
ingly, in the first subgrain the increase in the Fe signal is accom-
panied by an increase in the Co signal. This is not clearly the case
for the second Fe-rich subgrain. Thus, the Fe/Co ratio varies among
different subgrains. In all X grains with Fe-rich subgrains, the Ni
signal is completely uncorrelated with the Fe signal.

A grain that is different from the above two examples is
X grain 82-1. Although the Fe andNi signals in this grain are also
not well correlated and Fe shows a large excess over Ni (Fig. 11a)
relative to the correlation line in Figure 8a, the 57Fe and 61Ni
excesses observed in this grain are fairly uniformly distributed
throughout the grain (Figs. 11b and 11c). In contrast to the first

subgrain in grain 404 (Fig. 10a), the profile of Co in grain 82-1
correlates better with Ni than with Fe (Fig. 11a).

Isotopic heterogeneity within a given SiC grain is not restricted
to grains with 57Fe excesses. An example of this observation is
demonstrated by the depth profiles observed inXgrain 69 (Fig. 12).
This grain has already been mentioned above because it has 54Fe
and 57Fe deficits, essentially normal 61Ni/58Ni, and a large 62Ni
excess. As can be seen in Figure 12b, the 57Fe depletion is larger
in the second Fe-rich region than in the first one. In contrast, the
62Ni excess appears to be fairly uniformly distributed throughout
this grain (Fig. 12c).

The X grain 85 has deficits in both 57Fe and 61Ni. This grain
does not have any obvious subgrains and the Fe and Ni are
smoothly distributed throughout the grain (Fig. 13) with a Ni/Fe
ratio close to 5. In Figure 8a it plots on the Ni-Fe correlation line.
The 57Fe and 61Ni depletions in this grain are uniformly distributed.

Most of the grains plotting to the right of the correlation line in
Figure 8a are X grains. One exception is grain 18, a mainstream
grain whose depth profiles are shown in Figure 14. There are two
Fe-rich regions in this grain, of which the second one is quite
pronounced, separated by a regionwith the canonical Ni/Fe ratio
of 5. The increase of Fe in the second, but not the first, subgrain
is accompanied by a smaller relative increase in Ni. In contrast,
the Co signal shows the same relative increase as the Fe signal.
It is noteworthy that this grain has an excess in 62Ni but normal

Fig. 9.—Depth profiles of Si, Fe, and Ni isotopes through X grain 97. The
bottom panel shows measured Fe isotope signals. Also shown is a line obtained
bymultiplying the 56Fe signal with the solar 57Fe/56Fe ratio ( labeled ‘‘57Festd’’).
It is apparent that in the region of the Fe-rich subgrain 57Fe is enhanced. Both
�57Fe/56Fe and �61Ni /58Ni values are much higher in the subgrain than outside.

Fig. 10.—Depth profiles of Si, Fe, Co, and Ni isotopes through X grain 404.
The grain contains two Fe-rich regions (the first is also rich in Co), which differ
in their �57Fe/56Fe values. The distribution of Ni in this SiC grain is very dif-
ferent from that of Fe and Co.
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60Ni /58Ni and 61Ni /58Ni ratios (Fig. 5). Figure 14b shows that
this excess is more or less uniformly distributed throughout the
grain. Mainstream grain 443-6-1 has excesses in 60Ni and 62Ni
(Fig. 5), but in contrast to grain 18, the Fe and Ni, fairly low in
concentration (Table 2), are smoothly distributed throughout
this grain.

In summary, there are large variations in the isotopic compo-
sitions of the grains, especially for the X grains, and the distribu-
tions of the isotopes within the grains. Two features in their Fe
and Ni isotopic and elemental compositions distinguish X grains
from the other grain types. First, Fe andNi isotopic anomalies are
much larger in X grains and second, many of the X grains have
Fe-rich subgrains, and as a consequence lie to the right of the cor-
relation line on which most of the other grains lie in a Ni versus

Fig. 11.—Depth profiles of Si, Fe, Co, and Ni isotopes through X grain 82-1.
In this grain the distribution of Co is similar to that of Ni, and both elements
differ from Fe. Grain 82-1 has excesses in (b) 57Fe and (c) 61Ni. The line labeled
‘‘61Nistd’’ is obtained by multiplying the 58Ni signal with the solar 61Ni/58Ni
ratio. Both the 57Fe and 61Ni excesses appear to be uniformly distributed through-
out the SiC grain.

Fig. 12.—Depth profiles of Si, Fe, Co, and Ni isotopes through X grain 69.
(b) This grain has a 57Fe deficit, which is heterogeneously distributed. (c) It also
has a 62Ni excess,which seems to be uniformly distributed. The line labeled ‘‘62Nistd’’
is obtained by multiplying the 58Ni signal with the solar 62Ni/58Ni ratio.
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Fe concentration plot (Figs. 8a and 8b). These X grains typically
contain the largest 57Fe and 61Ni excesses.

4. DISCUSSION

4.1. Elemental Compositions

We were surprised to find such high Ni concentrations in the
grains, which in most cases exceed those of Fe. Previously, con-
tents of Fe have been measured by SIMS in presolar SiC grains
(Virag et al. 1992; Amari et al. 1995; Hoppe et al. 2000). Kashiv
et al. (2001, 2002) and, more recently, Knight et al. (2008) deter-
mined concentrations of trace elements, including Fe and Ni, in
presolar SiC grains by synchrotron X-ray fluorescence. Knight
found that in most grains Ni concentrations exceed those of Fe
(K. Knight 2008, private communication). Figures 8a and 8b
show a line with the solar Ni/Fe ratio. The slope of the correla-
tion line defined bymost SiC grains exceeds the solar Ni/Fe ratio
by a factor of �90. The most likely stellar sources are Type II
supernovae for X grains and AGB stars for mainstream grains. In
the SN layers which contributed most material to the formation
of X grains and in the envelope of C-rich AGB stars, the Ni/Fe
ratio is believed to be close to solar. Thus, the Ni/Fe ratio of �5.5
means that in most SiC Ni is fractionated over Fe by a factor of
�90 relative to the atmosphere in which the grains condensed.

The prevalent Ni/Fe ratio of�5.5 in most mainstream andAB
andmanyX grainsmust be the result of some chemical constraint.
The mostly uniform distribution of Ni (and Fe in grains without
Fe-rich subgrains or in regions without such subgrains) indicates
that both elements are present as solid solutions (Lodders &
Fegley 1995). Both Fe and Ni form carbides, Fe3C and Ni3C.
Large fractionation between elements present in SiC relative
to the source compositions has previously been observed. For
example, Mg in presolar SiC grains is depleted by factors up to
1000 relative to Al and the solar abundances of these two ele-
ments (Amari et al. 1995). This has been explained by their
very different chemical properties. Al is much more refractory
than Mg and probably condenses into SiC as AlN (Lodders &
Fegley 1995). However, Fe and Ni are much more similar in
their physical and chemical properties, and if anything Ni is
more volatile than Fe. It is thus completely unexpected that Ni
shows such a large relative overabundance in most presolar SiC
grains. At present we do not have a satisfactory explanation for

this observation, but plan to investigate it in detail in a separate
study.

Fe-rich subgrains have previously been observed in transmis-
sion electronmicroscopy (TEM) studies within X grains (Hynes
et al. 2006a). These subgrains show large variations in the Ni/Fe
ratio, which range from 0.21 to 1.9. Because of the high general
concentration of Ni throughout the grains, it is difficult to esti-
mate the Ni/Fe ratio within the Fe-rich subgrains inferred from
the depth profiles in the SiC grains of this study. There appears to
be a slight Ni enhancement in the area of the Fe-rich subgrain in
X grain 97 (Fig. 9a). Since equal 56Fe+ and 58Ni+ signals corre-
spond to a Ni/Fe ratio of 5 (a consequence of the relative ion
yields of Fe and Ni and the relative abundances of these two
isotopes), the Ni/Fe ratio of the subgrain is estimated to be approx-
imately 0.5. In a similar way, we can estimate that the Ni/Fe ratio
in the first subgrain of X grain 404 (Fig. 10a) is about 0.12. In
the region of the second subgrain, we cannot discern any corre-
sponding excess in the 58Ni+ signal. In X grain 82-1, we consider
the subgrain corresponding to the bump in the 56Fe+ signal be-
tween 2000 and 2200 s and obtain a Ni/Fe ratio of 0.66. In X
grain 69 (Fig. 12a), some of the bumps in the 56Fe+ signal are
accompanied by bumps in the 58Ni+ signal (e.g., at 380 and 760 s),
with estimated Ni/Fe ratios of 2.3 and 2.0. For the subgrain at
920 s,we estimate aNi/Fe ratio of 0.3. Finally in grain 18, amain-
streamgrain (Fig. 14a), the first Fe-rich region is not accompanied

Fig. 13.—Depth profiles of Si, Fe, and Ni isotopes through X grain 85. In
contrast to many other X grains, the distribution of Fe and Ni in this grain, which
has deficits in 57Fe and 61Ni, is the same.

Fig. 14.—Depth profiles of Si, Fe, Co, and Ni isotopes through mainstream
grain 18. While the first Fe-rich region does not show a corresponding increase
in the Ni signal, the Fe-rich grain reached at ~1050 s is also rich in Co and Ni.
There does not appear to be any spatial preference for the 62Ni excess.
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by any increase in the 58Ni+ signal; however, the second Fe-rich
subgrain contains Ni. For this subgrain, we obtain an estimated
Ni/Fe ratio of 0.25. Similarly to Ni, Fe-rich subgrains also con-
tain Co. For the first Fe-rich subgrain in grain 404 (Fig. 10a) we
estimate a Co/Fe ratio of 0.024, for the last bump in grain 82-1
(Fig. 11a) we obtain Co/Fe ¼ 0:031, and for the Fe-Ni-rich sub-
grain in grain 18 (Fig. 14a) we obtain a ratio of 0.025. Ti-rich
subgrains have previously been observed during Ti isotopic mea-
surements of mainstream grains (Gyngard et al. 2006). Appar-
ently, mainstream grains contain also Fe-Ni-Corich subgrains.
Although there are considerable uncertainties in our estimates of
the Ni/Fe and Co/Fe ratios, it is obvious that the Ni/Fe ratio in
subgrains covers a large range, confirming the TEM observations
by Hynes et al. (2006a). The Co/Fe ratio seems to be more uni-
form, but we analyzed only a limited sample.

4.2. Isotopic Compositions

4.2.1. Supernova Grains

The X grains show large excesses in 57Fe (Fig. 4) and 61,62Ni,
and smaller excesses in 60Ni (Fig. 5). There are several zones in
Type II supernovae that show these isotopic signatures. In Fig-
ure 15, we show the abundances of the Fe and Ni isotopes in the
interior zones of a 25 M� supernova model by Rauscher et al.
(2002). Different zones are labeled according to their most abun-
dant elements (Meyer et al. 1995). It has previously been dis-
cussed (e.g., Zinner 1998, 2007; Yoshida & Hashimoto 2004)
that contributions from different SN zones are required in order
to explain the isotopic signatures of X grains. A contribution from
the He/N zone is needed for the high 26Al /27Al ratios, a contri-
bution from the He/C zone for the high 12C/13C and 15N/14N ra-
tios, and a contribution from the Si /S zone (and possibly the Ni
core) to explain the 28Si excesses and the initial presence of 44Ti
in the grains.

4.2.1.1. Mixing with Material from the He/C Zone

Because Fe and Ni are relatively heavy, their isotopic abun-
dances are not affected by core H burning during the hydrostatic
phase and shell H burning in the He/N zone. As a consequence,
the isotopic ratios of these elements in the H envelope and the
He/N zone are still their original ratios, assumed to be solar
(Fig. 15). As we enter the He/C zone from the He/N zone, the
abundances of 57,58Fe and 61,62Ni increase abruptly. They increase
further as we cross the He/C zone toward the O/C zone (Fig. 15).
In contrast, the abundances of 54,56Fe and 58,60Ni decrease slightly
at the border between the He/N and He/C zones and more rapidly
close to the O/C zone. The reason for this behavior is slow capture
of neutrons produced by the 13C(�,n)16O and 22Ne(�,n)25Mg
reactions. It is well known that massive stars are the sources of
the so-called weak component of the s-process (see The et al.
[2007] and references cited therein).While the weak s-component
mostly produces nuclei with atomic masses from 65 to 90, this
process also strongly affects the Fe and Ni isotopes. Neutron
capture in massive stars takes place during He core burning, as
well as during convective shell C burning (The et al. 2000, 2007;
Pignatari et al. 2006; Heil et al. 2008). As a consequence, the Fe
and Ni isotopes in the He/C zone and the underlying O/C and
O/Ne layers (Fig. 15) show strong signatures of the s-process.
The 57,58Fe and 60,61,62Ni abundances increase whereas 56Fe and
58Ni abundances decrease. 54Fe is bypassed by the s-process path
and thus behaves like a p-only nuclide. Its original abundance de-
creases due to neutron capture.

One can explain the Fe and Ni isotopic ratios of X grains quite
well by mixing material from the He/N and He/C zones. In Fig-
ures 16a and 16b, we plot, in addition to the grains’ isotopic ra-

tios, lines obtained by mixing material from the He/N zone with
variable amounts from two layers of the He/C zone. Mix He/C-a
uses a composition just below the He/N zone at interior mass
8.05M� (see Fig. 15); mix He/C-b uses a composition close to
the O/C zone, at interior mass 7.14M�. As can be seen, the ratios
obtained from this mixing model cover those of most X grains
quite well, considering that He/C layers between the two chosen
layers will results in intermediate slopes of the mixing lines
in Figure 16b. We have to keep in mind that Ni/Fe ratios vary
within individual grains, as well as among different grains. Thus,
we have to allow for fractionation between Ni and Fe in the mix-
ing models in order to cover the whole range of most of the data
points in Fig. 16c.
The X grains with 57Fe deficits are exceptions to this mixing

model, especially grain 69. TheNi isotopic ratios of the latter can
be explained by admixture of material from the O/C zone, but not
the Fe isotopic ratios. As can be seen in Figure 15, the abundance
of 62Ni becomes very high in this zone. In addition, the outer
layer of the O/C zone is rich in 60Fe, a radionuclide with a half-
life of 1.5 Myr, which, if it would have been incorporated into
grains, decays into 60Ni. In Figures 16aY16c, we plot lines re-
sulting from mixing material from the He/N zone with material
from the O/C zone at interior mass 7.0 M�. In the top panel of
Figure 16b, we include the contribution from 60Fe. This contri-
bution depends on the Ni/Fe ratios; we plot lines for the extreme
ratios 0.3 and 7.3 found in X grains (Table 2). The range in the

Fig. 15.—Distributions of Fe and Ni isotopes in different interior zones of
the 25 M� SN model by Rauscher et al. (2002). The vertical coordinate is the
mass fraction of a particular isotope, the horizontal coordinate the interior mass
in solar mass units. The different zones are labeled according to the two most
abundant elements (Meyer et al. 1995).
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� 60Ni/58Ni versus � 62Ni /58Ni plot covered by the O/C-He/N
mix is similar to that covered by the He/C-He/N mix. The sit-
uation is quite different for the � 61Ni/58Ni versus � 62Ni /58Ni
plot (Fig. 16b, bottom) where only grains 437 and 69 plot close
to the O/C-He/N mixing line. A contribution of only 0.65% from
the O/C layer would result in � 62Ni/58Ni ¼ 525c, � 61Ni/58Ni ¼
213c, � 60Ni/58Ni ¼ 12c if we assume the Ni/Fe ratio of 5.4
measured in grain 437. For Ni/Fe ¼ 3:1, measured in grain 69,
and a 1% contribution from theO/C layer, we obtain � 62Ni/58Ni ¼
785c, � 61Ni/58Ni ¼ 326c, � 60Ni/ 58Ni ¼ 30c.

However, mixing with material from the O/C zone does not
reproduce the Fe isotopic compositions of these two grains and
of X grains in general. The mixing line in Figure 16a is close to

the He/N-He/C mixing line, but the � 57Fe/56Fe value reached
when � 62Ni /58Ni reaches 1500c is only 35c. A mix with a
� 57Fe/56Fe value of 1000c, reached by some X grains, would
have a corresponding � 62Ni /58Ni value of 50,000c, far above
any values observed in the grains. The O/C-He/N mixing line in
Figure 16cmisses essentially all the X grains and, for � 62Ni/58Ni
less than 1500c, ranges only up to � 61Ni/58Ni ¼ 620c. Fur-
thermore, O/C-He/N mixing cannot explain the 57Fe deficit ob-
served in grain 69 (Figs. 16a and 16c). The 57Fe deficits in X grains
present a general problem and we shall return to this topic below.

Evidence for the initial presence of several short-lived radio-
nuclides has been found in presolar grains (e.g., Zinner et al.
2006a), but we cannot add 60Fe to the list. SiC X grains are not

Fig. 16.—Fe and Ni isotopic ratios of X grains are compared with predictions from mixing models for the 25M� SN by Rauscher et al. (2002). The labels ‘‘Mix a’’
and ‘‘Mix b’’ signify mixtures of material from the He/N zone with varying fractions from two different layers of the He/C zone. ‘‘Mix O/C’’ indicates a mix between
the He/N and O/C zones. In (b) ‘‘Mix O/C-a’’ and ‘‘Mix O/C-b’’ correspond to mixtures for the two extreme values of the Ni /Fe ratios found in X grains. ‘‘Mix core’’
stands for a mixture of He/N matter with varying fractions of material from the Ni core. The lines labeled ‘‘150 days,’’ ‘‘385 days,’’ and ‘‘1000 days’’ are also for
He/N-Ni core mixtures, but assume elemental fractionation of a factor of 10 between Co and Fe, and are for different condensation times of Co and Fe into the grains
after the SN explosion. The line labeled ‘‘Co/Fe ¼ 50, 385 days’’ expresses the isotopic ratios for He/N-Ni core mixtures with an assumed Co/Fe fractionation factor of
50 and a condensation time of 385 days after the explosion.
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good samples for a search for 60Fe. The Fe/Ni ratios in these
grains are much too low for any 60Ni excesses originating from
60Fe decay to be observable. TheX grains 437 and 69 could carry
some radiogenic 60Ni, but we cannot establish any incontroverti-
ble evidence for it. As discussed above, the Fe isotopic ratios of
these two grains do not support mixing with material from the
O/C zone. The upper O/Cmixing line in Figure 16a is for a Fe/N
ratio of 3.3. If this ratio were 100, the line would bemuch steeper
and 60Ni excesses might be much larger than the anomalies in
any other Ni isotopes. This would be analogous to the situation
for the Al-Mg system in presolar SiC and corundum grains. In
such grains, the Al /Mg ratio can reach values in excess of 1000,
and in some grains, Mg consists mostly of 26Mg from the decay
of 26Al.

In summary, admixture of the O/C cannot explain the Fe and
Ni isotopic ratios of the X grains we analyzed and we cannot
claim any evidence for the prior presence of 60Fe. An additional
problem to be discussed below is that the O/C zone is extremely
rich in 58Fe, and the correction for 58Fe to the 58Ni signal would
become enormous. The Fe and Ni isotopic compositions of the
O/Ne and O/Si zones also do not fit the isotopic ratios measured
in theX grains; 62Ni is too abundant and 57Fe not abundant enough.
In addition, contributions from these zones would result in O/C
ratios being larger than unity and SiC grains would not condense
under such conditions.

4.2.1.2. Mixing with Material from the Core

Let us next look at the innermost zones of the supernova,where
nuclear reactions approach a quasi-statistical equilibrium (QSE)
and full nuclear statistical equilibrium (NSE), producing the Fe-
peak elements (see, e.g., Meyer & Zinner [2006]; for a discus-
sion of the nucleosynthesis of the Fe isotopes in these zones, see
Clayton et al. 2002). In this regime, the abundances of the differ-
ent isotopes are mostly determined by their binding energies. In
Figure 17, we plot the abundances of the Fe and Ni isotopes in
the inner zones of the Rauscher et al. (2002) 25 M� supernova
model.We plot the so-called total abundances after the decay of
unstable precursors. At the time of the SN explosion, the core

Fig. 16—Continued

Fig. 17.—Distributions of O, Si, Fe, and Ni isotopes in the innermost zones
of the 25M� SNmodel by Rauscher et al. (2002). For 56,57Fe and 61,62Ni we plot
the total fractions after the decay of radioactive precursors. The hatched region
below ~2.035M� SN lies below the so-called mass cut. Only material above the
mass cut is believed to be ejected.

MARHAS ET AL.636 Vol. 689



consists mostly of 56Ni, whichwith a half-life of 5.9 days decays
into 56Co. 56Co in turn with a half-life of 77.3 days decays into
56Fe. In a similar way, 57Fe in the core derives from the decay
of 57Ni (T1=2 ¼ 35:6 hr) and its decay product 57Co (T1=2 ¼
272 days). Based on the correlation between 49Ti excesses in
X grains and their V/Ti ratios, Hoppe & Besmehn (2002) have
argued that some 49Ti excesses originate from the decay of short-
lived 49V (T1=2 ¼ 330 days). These grains therefore must have
formed within a few months after the SN explosion. Since the
half-life of 57Co is similar to that of 49V, 57Fe could have been
incorporated into the grains as 57Co if they received significant
contributions from the SN core. 61Ni and 62Ni also receive con-
tributions from radioactive precursors, which, however, decay
on a timescale of hours.

Since the core is so rich in Fe and Ni, even an admixture of 1%
of core material to material from the He/N zone will change the
Fe and Ni isotopic compositions significantly. The isotopic com-
position of the inner core (Fig. 17) shows excesses of 57Fe and
60,61,62Ni relative to solar, corresponding to � 57Fe/56Fe¼ 560c,
� 60Ni/58Ni ¼ 430c, � 61Ni/58Ni ¼ 740c, and � 62Ni/58Ni ¼
2640c. Unfractionated admixture of core material cannot repro-
duce the Fe isotopic ratios of the X grains. The main problem is
that the 54Fe abundance in the inner core is very low, and anymix
would have large 54Fe deficits not shown by the grains. Figures 16a
and 16b showmixing lines obtained by mixing material from the
inner core with material from the He/N zone. The mixing line
in Figure 16a misses all X grains and that in Figure 16b most
X grains. The mix might be able to explain the 61Ni /62Ni ratios
of grains 69 and 437 but not their 57Fe/56Fe ratios, and certainly
not their 54Fe/56Fe ratios. In Figure 16c, the core mixing line is
close to the first He/N-He/C mixing line, but the maximum pre-
dicted � 57Fe/56Fe and � 61Ni/58Ni values are too small to cover
the range spanned by the grain data.

However, we note that the Co/Fe ratios, not only in X grains
(Fig. 7b) but also in mainstream and AB grains, are much higher
than the solar ratio (see Table 2). Thus, if X grains condensed at a
timewhen 57Cowas still present while most of 56Co had decayed
into 56Fe, and if Co is preferentially included into the grains, final
57Fe excesses could be produced that are not accompanied by
large 54Fe deficits. In Figures 16a and 16c, we show also mixing
curves obtained by mixing core material with material from the
He/N zone under the assumption that Co and Ni condense into
SiC 10 times more readily than Fe. The three lines correspond to
formation times of 150, 385, and 1000 days after the explosion.
After 150 days, there is still enough 56Co present so that its in-
clusion in the grains, combined with the lack of 54Fe from the
core, results in substantial 54Fe deficits accompanying 57Fe ex-
cesses. A condensation time of 385 days after the explosion gives
the maximum (negative) slope in Figure 16a. At this time, most
of the 56Co has decayed into 56Fe, while there is still enough 57Co
present to result in 57Fe excesses with minimal 54Fe deficits. Even
this line misses most X grain data. Finally, after 1000 days, a sub-
stantial amount of 57Co has decayed into 57Fe and the effect of
Co/Fe fractionation is reduced. As the time of condensation in-
creases, the mixing curves approach the line without any Co/Fe
fractionation. Increasing the Co/Fe fractionation factor gives
steeper mixing lines. Shown in Figure 16a is a mixing line with
an assumed Co and Ni fractionation factor of 50 relative to Fe
and the optimal condensation time of 385 days. This line comes
close to the He/N-He/C mixing lines and the data points. How-
ever, as seen in Figure 7b, only a few X grains show such a large
enrichment of Co over Fe compared to solar. This figure also
shows that there is no correlation between 57Fe excesses and
Co/Fe ratios.

The Ni isotopic ratios of the grains do not support mixing with
core material. Because the radioactive precursors of 61Ni and
62Ni have short half-lives, they will have decayed by the time of
grain formation. The Ni isotopes will therefore condense into the
SiC grains as Ni. As a consequence, the Ni isotopic ratios pre-
dicted by core mixing are independent of Co/Fe and Ni/Fe frac-
tionation, and the ‘‘Mix core’’ line shown in Figure 16bwill remain
the same, missing most of the grains. In Figure 16c elemental
fractionation changes the core mixing curve because it affects the
57Fe/56Fe ratio. All mixing curves have small slopes, essentially
missing the grain data. The reason is that elemental fractionation
increases the 57Fe/56Fe ratio, while the 61Ni /58Ni remains the
same with a maximum �61Ni /58Ni of 740c of the core.

In summary, the Fe and Ni isotopic ratios observed in X grains
cannot be satisfactorily explained by contributions from the in-
ner core. Admixture from the He/C zone as discussed above is a
more likely explanation for the observed isotopic compositions.

4.2.1.3. Effect of Interference Correction

Asmentioned in x 2, we assumed solar 54Cr/52Cr and 58Fe/56Fe
ratios in order to make corrections for the contributions of 54Cr to
54Fe and of 58Fe to 58Ni. If indeed admixture from the He/C zone
is responsible for the 57Fe and 61,62Ni excesses observed inmany
grains, we can refine the corrections for the 54Cr and 58Fe inter-
ferences. Both of these isotopes are predicted to be enhanced in
the He/C zone (for 58Fe see Fig. 15). In order to obtain improved
54Cr/52Cr and 58Fe/56Fe ratios for the corrections, we scaled these
ratios to the average 57Fe/56Fe ratio over the entire He/C zone in
the 25M� SNmodel byRauscher et al. (2002), andmultiplied them
with the 57Fe/56Fe ratiosmeasured inX grainswith 57Fe excesses.

Since 54Cr/52Cr ratios for individual grains obtained by this cor-
rection procedure are larger that the solar ratio, 54Fe/56Fe ratios
corrected with these ratios will be smaller than the ratios we ob-
tained with the solar 54Cr/52Cr ratio. Figure 18 shows the Fe

Fig. 18.—Fe isotopic ratios of X grains are plotted twice, once after cor-
rection for 54Cr interference with 54Fe under the assumption of a solar 54Cr/52Cr
ratio ( filled circles), the second time under the assumption that the 54Cr/52Cr
ratio scales with the 57Fe/56Fe measured in the grains according to theoretical
predictions for the He/C zone (open circles). Only in the two labeled grains are
the changes larger than the 1 � measurement errors.
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isotopic ratios of X grains with 57Fe excesses corrected in this
way. The magnitude of the changes in the 54Fe/56Fe ratios vary
from grain to grain because they depend on the 57Fe/56Fe ratio
and the Cr/Fe ratio for a given grain. As can be seen, changes in
54Fe/56Fe ratios are minor in almost all cases, smaller than the
1 � errors for the individual measurements. An exception is grain
149-5-1, which has a large Cr-rich subgrain where most of the
signal at mass 54 originates from 54Cr (Fig. 1). For this grain,
correction with an increased 54Cr/52Cr ratio would result in a
negative value for 54Fe. The fact that the 54Fe/56Fe ratio in this
grain obtained with a solar 54Cr/52Cr ratio is close to normal
(Fig. 18) indicates that the subgrain has a solar 54Cr/52Cr ratio.
It may have been a piece of contamination that was covered by
the X grain and exposed as the primary O beam sputtered away
the SiC grain.

Because 58Ni is used as the reference isotope for our Ni iso-
topic ratios, a larger correction for 58Fe results in a smaller 58Ni
value and an increase in � iNi /58Ni values. Figure 19 shows the
Ni isotopic ratios of X grains obtained in this way, together with
the ratios obtained under the assumption of solar 58Fe/56Fe ra-
tios. As for the 54Fe/56Fe ratios, the changes in the Ni isotopic
ratios differ among grains because they depend on the 57Fe/56Fe
ratios and the Ni/Fe ratios of individual grains. As can be seen in
Figure 19a, the new Ni isotopic ratios improve the agreement
with theoretical expectations in that many negative � 60Ni /58Ni
values have become positive values.
The abundances of 54Cr and 58Fe in the O/C and O/Ne zones

aremuch higher than those in the He/C zone (e.g., Rauscher et al.
2002; for 58Fe see also Fig. 15). On the other hand, the abun-
dances of the reference isotopes 52Cr and 56Fe are much lower. A

Fig. 19.—(a) Ni isotopic ratios of X grains are plotted twice, once after correction for 58Fe interference with 58Ni under the assumption of a solar 58Fe/56Fe ratio
( filled circles), the second time under the assumption that the 58Fe/56Fe ratio scales with the 57Fe/56Fe measured in the grains according to theoretical predictions for
the He/C zone (open circles). The lines predicted for various zone mixing shown in Fig. 16b are also shown here. (b) Ni isotopic ratios of X grains are compared with the
results of mixing lines obtained for the 15M� SNmodel by Rauscher et al. (2002). (c) X grain data and theoretical mixing lines for the 25M� SNmodel and new neutron-
capture cross sections for 60Ni and 62Ni (Corvi et al. 2002; Alpizar-Vicente et al. 2008).
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consequence is that, if somematerial from these zones is admixed
to material from the He/N (and He/C) zone, the corrections for
54Cr and 58Fe become much larger. This would result in larger
54Fe deficits and larger 60,61,62Ni excesses than those shown in
Figure 18 and Figure 19. If we scale the 54Cr/52Cr and 58Fe/56Fe
ratios with the observed 57Fe/56Fe (or 61Ni /58Ni) ratios, the 54Cr
and 58Fe corrections in a few cases exceed the signals at mass 54
and mass 58. We have already shown that the Fe and Ni isotopic
ratios of most X grains are incompatible with admixtures from
the O/C zone large enough to account for the observed 62Ni ex-
cesses. The problems with the 54Cr and 58Fe corrections make
this situation even worse, and thus provide additional evidence
against any substantial contributions from the O/C zone.

4.2.1.4. Dependence of Mixing Models on SN Mass
and Neutron Capture Cross Sections

For the comparison of the Fe and Ni isotopic data we so far
used the 25M� model by Rauscher et al. (2002). In order to see

how much the model predictions depend on the mass of the SN
we also performed mixing calculations for the 15M� model. For
the Fe isotopic ratios the results are very similar to those obtained
with the 25 M� model. For mixing of material from the He/N
zone with material from different layers of the He/C zone and
material from the O/C zone we again obtain mixing lines that, in
a Fe three-isotope plot such as that in Figure 16a, are close to the
y-axis. These mixing lines cover the data for grains with 57Fe ex-
cesses quite well. Similar to the 25M� SNmodel (Fig. 16a), lines
resulting frommixing between He/N and Ni-core material cover
a range in (negative) slopes depending on varying assumptions
of Co/Fe fractionation and grain formation time; however, most
of these lines miss the grain data. Also, since the Ni isotopic ratio
data seem to exclude any substantial contributions from the Ni
core, we do not display the results of mixing calculations for the
Fe isotopes.

For the Ni isotopic ratios the results of mixing for a 15 M�
SN model are shown in Figure 19b and compared to the data for

Fig. 19—Continued
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X grains. Similar to the 58Fe corrections we applied to the 58Ni
signals in Figure 19a, we also scaled the 58Fe/56Fe ratios pre-
dicted for the 15M� model with the 57Fe/56Fe ratiosmeasured in
the individual grains. In contrast to Figure 19a, only the Ni ratios
corrected in this way are plotted in Figure 19b. As can be seen,
the mixing lines are somewhat steeper for the 15M� model than
for the 25M� model and, for the mixes with the He/C zone, ap-
pear to cover the grain data slightly better. Again, the mixing
lines for mixing with material from the O/C zone and the Ni core
in the lower panel (� 61Ni/58Ni vs. � 62Ni/58Ni) miss most of the
grain data and this mismatch excludes substantial contributions
from these zones.

The Rauscher et al. (2002) SN models used the nuclear cross
sections given by Bao et al. (2000). Recently, new determina-
tions of the 60Ni and 62Ni neutron-capture cross sections have
beenmade (Corvi et al. 2002; Nassar et al. 2005; Alpizar-Vicente
et al. 2008). The most important change has been an increase of
the 62Ni capture cross section by almost a factor of 2. The Fe and
Ni isotopes in the He/C, O/C, and O/Ne zones are affected by
neutron capture, and the large abundances of 57Fe, 58Fe, 61Ni,
and 62Ni found in these zones (see Fig. 15) are due to the weak
s-process. An increase of the 62Ni n-capture cross section will
result in a reduction in the 62Ni abundance.While we still have to
await the results of full-blown SN models, we can estimate the
expected 62Ni abundance in the layers that experienced neutron
capture. Following the suggestion of Woosley &Weaver (1995),
we used the 54Fe abundance in these zones to obtain an estimate
of the total neutron exposure suffered by a given layer. Since the
s-process does not feed 54Fe, which thus behaves like a p-process
nuclide, this isotope (as well as 56Fe and 58Ni) is destroyed by
neutron capture (see Fig. 15). With the total neutron exposure
derived from the 54Fe abundance relative to the original abun-
dance (still preserved in the H envelope and the He/N zone; see
Fig. 15), we calculated the expected 62Ni abundances. We obtain
abundances that are 94% in the outer He/C zone, 72% in the inner
He/C zone, and 63% in the outer O/C zone relative to those in the
25M� SNmodels calculated with the Bao et al. (2000) cross sec-
tions. The resulting mixing curves are shown in Figure 19c. Since
the expected 62Ni abundances are smaller than in the original
model, the mixing lines are steeper than those for the model with
the old cross sections (Fig. 19a), as can be seen by comparing the
two figures. Similarly, the mixing lines for the 15M� model with
the new cross sections would be steeper than those in Figure 19b.
However, for the He/N-He/C mix all these cases would cover
most of the grain data fairly well if we adjust the position (i.e.,
interior mass) of the chosen He/C layer and the mixing ratio for
individual grains. In all cases, the He/N-O/C mixing lines miss
most of the grain data in the � 61Ni/58Ni versus � 62Ni/58Ni three-
isotope plot (bottom panels in Figs. 19b and 19c). Since the Ni
isotopes in the Ni core are produced by NSE or QSE burning, the
Ni isotopic ratios in this zone are not affected by the neutron-
capture cross sections.

4.2.1.5. The Problem of the Missing 54Fe

It has long been realized that the Si isotopic compositions of
X grains require a contribution from the Si /S zone, where the Si
consists mostly of 28Si (see Fig. 17). However, as can be seen, this
zone is also rich in 54Fe. Admixture of only 1c of material from
the Si /S zone at 2.35 M� (Fig. 17) to a mixture of He/N and
He/C material that reproduces the Fe and Ni isotopic ratios of
most X grains fairly well gives � 29Si/ 28Si ¼ �344c and
� 30Si/ 28Si ¼ �303c and an admixture of 2c gives � 29Si/ 28Si ¼
�541c and � 30Si/ 28Si ¼ �514c. However, these admixtures
also result in large 54Fe excesses with � 54Fe/56Fe ¼ 664c and

� 54Fe/56Fe ¼ 1354c, respectively.We can reduce the contribu-
tion of 54Fe by moving a little outward in the Si /S zone. A 3c
admixture of a layer at 2.5 M� interior mass to our He/N-He/C
mix yields � 29Si/ 28Si ¼ �543c and � 30Si/ 28Si ¼ �509c, but
only � 54Fe/56Fe ¼ 53c. Another possible mechanism to avoid
large 54Fe excesses in X grains is elemental fractionation be-
tween Si and Fe. In this scenario only Si from the Si /S zonemade
it into the mix from which the X grains condensed, but it was not
accompanied by the large amount of 54Fe from this zone.
Neither alternative is very appealing. The first consists of fine-

tuning SN mixing in order to reproduce the grain’s isotopic
compositions, while the second consists of invoking a chemical
process we really do not understand. As was discussed in con-
nectionwith the Fe, Co, andNi elemental distributions within the
grains, there is plenty of evidence for elemental fractionation in
X grains. Fractionation can certainly occur during grain forma-
tion, when different trace elements condense into SiC in varying
degrees, according to volatility. In addition, the preferential ability
of some elements to form compounds such as carbides, which
can fit into the SiC crystal structure, is an important considera-
tion. Another possible mechanism of elemental fractionation is
the inclusion of subgrains. We have seen that X grains contain
Fe-rich subgrains whose Ni/Fe ratios are quite different from the
Ni/Fe ratio in the rest of the grain. In some cases, these subgrains
have different Fe isotopic ratios from each other and from the rest
of the SiC grain. Thus these subgrains must have condensed in
reservoirs of the same supernova that are different from the reser-
voir in which the SiC grains condensed. Transmission electron
microscope investigations of X grains (Stroud et al. 2004; Hynes
et al. 2006b) have shown that the grains appear to consist of ag-
gregates of smaller units, implying rapid grain growth. These
subunits probably condensed independently, although they were
temporally contiguous, and were later welded together. Thus it is
conceivable that the 28Si from the Si /S zone was separated from
the 54Fe in this layer by condensation into different compounds.
This is not a well-understood field, and it is made more difficult
by the fact that the elemental compositions of different SN layers
are very different from the solar composition. We can only hope
that future studies of condensation in such extremely nonsolar
gases will shed light on the possible physical separation of dif-
ferent elements in SN ejecta.

4.2.1.6. The Problem of Grains with 57Fe Deficits

While the 57Fe and 60,61,62Ni excesses in X grains can be rea-
sonably well understood in the framework of SNmodels, we are
at a loss to explain the 57Fe deficits seen in several grains. The
only zones where 57Fe is depleted are at mass 2.1M� in the Ni
core, where 57Fe drops sharply and 54Fe rises rapidly and around
mass 2.8M� in the O/Si zone (Fig. 17). We mixed material from
each of these layers with either material from the He/N zone or
with a mix of He/N and He/C material. In each case we encoun-
tered serious problems with other isotopic ratios. By mixing
about 1% from the core layer at mass 2.1M� to He/N material
we obtain � 57Fe/56Fe ¼ �480c and � 54Fe/56Fe ¼ �24c. As
an additional benefit, we obtain 29,30Si depletions of about 480c.
However, we also obtain depletions in 60,61,62Ni of 550c, which
are not seen in the grains (Fig. 6b). The reason is that in this
core layer the abundances of these three Ni isotopes have dropped
to almost zero (Fig. 17). Adding almost pure 58Ni reduces the
60,61,62Ni/58Ni ratios to somewhat less than half their solar values.
The situation is not any better with the O/Si zone around mass
2.8 M�. Although � 57Fe/56Fe ¼ �700c in this layer, there is
simply too little Fe to change the isotopic compositions of He/N
and He/Cmaterial to a 57Fe-depleted composition without serious
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unpleasant consequences. Admixture of 20% of O/Si material
yields only � 57Fe/56Fe ¼ �25c while producing huge excesses
in 60Ni and 62Ni (� 60Ni/58Ni¼ 5;140c, � 62Ni/58Ni¼ 24;200c).
In addition, the high O abundance from this layer results in a O/C
ratio of �300, not conducive to the condensation of SiC. Thus, it
does not appear to be possible to explain the 57Fe deficiencies ob-
served in several grains by the predicted compositions in zones
of a given supernova.

The range of Si and Ti isotopic ratios observed in mainstream,
Y, and Z SiC grains have been interpreted not to be the result of
nucleosynthesis in a given stellar source, but to reflect the initial
compositions of the grains’ parent stars. These initial composi-
tions have in turn been related to the Galactic evolution of these
isotopes, indicating that stars with different metallicities contrib-
uted SiC grains to the solar system (see, e.g., Timmes & Clayton
1996; Hoppe et al. 1997; Alexander & Nittler 1999; Lugaro et al.
1999; Nittler & Alexander 2003; Zinner et al. 2006b, 2007). We
therefore investigated whether Galactic evolution of the Fe iso-
topes could explain deficits in 57Fe. From the total yields of Fe
isotopes calculated from Chandrasekhar-mass (Nomoto et al.
1997) and sub-Chandrasekhar-mass (Woosley & Weaver 1994)
models of Type Ia supernovae and from core-collapse (Type II)
supernovae (Woosley & Weaver 1995; Nomoto et al. 1997;
Rauscher et al. 2002) we calculated 54Fe/56Fe and 57Fe/56Fe
ratios. Unfortunately, these models do not offer much hope for
explaining the 57Fe deficits in some grains as the effect of Ga-
lactic evolution, since essentially all of the models exhibit 57Fe
excesses. The only exceptions are the 20M� models of subsolar
metallicities Z ¼ 0:1 Z� (� 57Fe/56Fe¼�282c) and Z ¼ 0:01 Z�
(� 57Fe/56Fe ¼ �580c) byWoosley&Weaver (1995). However,
these two models predict even larger 54Fe deficits (� 54Fe/56Fe ¼
�674c and �704c, respectively) than seen in the grains. In
general, 54Fe deficits are quite common among these models.
The sub-Chandrasekhar-mass Type Ia models have large 54Fe
deficits, as have all Type II SNmodels with subsolar metallicity
(Woosley &Weaver 1995). Thus, the 54Fe/56Fe ratio must have
undergone large changes during Galactic evolution. Early Type II
supernovae of low metallicity produced low 54Fe/56Fe ratios,
and even the integrated output of Type II supernovae of solar
metallicity results in a 54Fe deficit (Nomoto et al. 1997). It is
only with late contributions from Chandrasekhar-mass Type Ia
supernovae, which overproduce 54Fe, that the 54Fe/56Fe ratio

reached the solar value. Such an evolution did not take place for
the 57Fe/56Fe ratio. Apparently, the production of 56Fe and 57Fe
(as their precursors 56Ni and 57Ni) by NSE nucleosynthesis is so
similar that all different types of supernovae produce these two
isotopes in similar proportions. Figure 17 clearly shows that the
distribution of 56Fe and 57Fe in the inner zones is quite different
from that of 54Fe. The first two isotopes are most abundant in the
zone where Si has burned completely, whereas 54Fe is destroyed
in this zone but is abundant in the region where Si had burned
incompletely. Contributions from AGB stars also affected the
Galactic chemical evolution in the late stage of Galactic history.
However, the effect on the evolution of the Fe isotopes is prob-
ably minor. AGB stars produce 57Fe excesses and 54Fe deficits.
The first do not help in explaining 57Fe deficits observed in grains;
the 54Fe deficits in AGB stars are small (see Table 3) and cannot
offset the large 54Fe contributions from Type Ia supernovae.

4.2.1.7. Iron Implantation in Presolar Supernova Grains?

Clayton et al. (2002) proposed that SiC grains of type X orig-
inally condensed from material in the Si-rich Si /S zone (see
Fig. 17), but that later these grains moved through the reverse
shocked gas of overlying layers, and that elements from these
layers, among them Fe, were implanted. Our present study, as
well as previous ones, do not support this proposal. First, the
X grains contain Fe-rich subgrains, which in some cases have
different Fe isotopic compositions. These subgrains apparently
existed as separate grains and were included into the condensing
SiC grains. Alternatively, they accreted together with smaller
SiC grains and were then fused into the larger X grains we now
analyze in the laboratory. Second, most of the Fe and Ni in the
grains comes from zones that have close-to-solar isotopic com-
positions, implying that the Fe/Co/Ni ratios in these zones are
approximately solar. We observe large excesses of Co and Ni
over Fe in most grains (see Figs. 7a and 7b). Implantation from
a gas would not distinguish between different elements and thus
could not result in large fractionation between these elements.
Fractionation is also observed for other elements. For exam-
ple, Mg in X grains is even more depleted than Fe, whereas Al
contents are quite high. Clayton et al. (2002) also proposed that
26Al was implanted into X grains. If this were the case, cor-
responding large amounts of Mg would also been implanted,
which is not observed. Finally, Clayton et al. (2002) calculate

TABLE 3

Model Predictions for the Fe and Ni Isotopic Ratios in the Envelopes of AGB Stars

Mass Z

� 54Fe/ 56Fe

(c)

�57Fe/ 56Fe

(c)

� 60Ni / 58Ni

(c)

� 60Ni / 58Nia

(c)

� 60Ni / 58Nib

(c)

� 61Ni /58Ni

(c)

� 61Ni /58Nib

(c)

� 62Ni /58Ni

(c)

� 62Ni /58Nib

(c)

1.5.................... 0.02 �3 42 10 10 13 125 109 101 64

0.01 �4 67 13 13 16 163 137 101 61

0.006 �9 142 26 27 33 320 271 161 98

0.003 �25 357 118 139 . . . 1173 . . . 825 . . .

2....................... 0.02 �4 60 14 15 . . . 181 . . . 148 . . .

0.01 �8 126 25 26 . . . 315 . . . 203 . . .
0.006 �17 247 57 65 . . . 645 . . . 400 . . .

0.003 �37 528 149 184 . . . 1568 . . . 1030 . . .

3....................... 0.02 �7 97 25 27 32 293 268 243 150

0.01 �11 161 38 42 47 434 402 305 189

0.006 �16 206 138 238 249 1262 1278 1167 701

0.003 �14 162 554 2123 . . . 6396 . . . 7938 . . .

Notes.—Shown are the compositions after the third dredge-up following the last thermal pulse. It is assumed that the parent stars have solar initial isotopic
compositions.

a Includes the decay of 60Fe.
b Calculated with the new 60Ni and 62Ni neutron capture cross sections (Corvi et al. 2002; Alpizar-Vicente et al. 2008).
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an implantation depth of up to 0.1 �m.While concentrations of
Fe, Co, and Ni might vary inside of X grains, it is clear from the
depth profiles in Figures 9Y13 that these elements are not con-
fined to the surfaces of the grains, which, on average, are 2.5 �m
in size. Thus, there is plenty of evidence that trace elements ei-
ther condensed into the SiC X grains or were included as sub-
grains, but were not implanted.

4.2.2. Grains from AGB Stars of Low-to-Intermediate Mass

The Fe and Ni isotopic compositions of many of the other SiC
grain types are no less puzzling than those of some of theX grains.
Most of the mainstream and AB grains have solar isotopic ratios
(Table 2) and are not plotted in Figures 4Y6. Mainstream, Y, and
Z grains are believed to have an origin in C-rich AGB stars, the
mainstream grains in stars of close-to-solar metallicity, andYand
Z grains from stars of lower-than-solar metallicity. In the thermally
pulsing phase of these stars, the capture of neutrons in the He
intershell, either from the 13C(�,n)16O or 22Ne(�,n)25Mg neu-
tron sources (e.g., Busso et al. 1999; Herwig 2005) leads to de-
struction of 54Fe and 58Ni and production of 57Fe, 60Fe, 61Ni, and
62Ni. Each thermal pulse (TP) is followed by the so-called third
dredge-up (TDU), which mixes newly processed material from
the He intershell into the star’s envelope. Table 3 gives predicted
Fe and Ni isotopic ratios in the envelope of AGB stars of differ-
ent masses and metallicities at the time after the last thermal
pulse and the subsequent third-dredge-up episode. Since the

amount of 13C in the intershell cannot be derived from first prin-
ciples, a free parameter, the strength of the so-called 13C pocket,
is used (Gallino et al. 1998). The �-values given in Table 3 are
obtained with the standard (ST) 13C pocket. Recent measure-
ments of Mo, Zr, and Ba isotopic ratios in individual mainstream
grains constrain the 13C pocket to values close to the ST case
(Barzyk et al. 2007; Marhas et al. 2007c). The isotopic ratios are
given for models using the neutron capture cross sections of Bao
et al. (2000). We also include model predictions calculated with
the new cross sections for 60Ni (Corvi et al. 2002) and 62Ni
(Alpizar-Vicente et al. 2008). In particular, the cross sections for
62Ni have been found to be much higher than those given by Bao
et al. (2000), resulting in smaller predicted 62Ni excesses (see
Table 3).
As has been mentioned above, the range of Si and Ti isotopic

ratios of SiC grains from AGB stars is determined by both nu-
cleosynthesis in the parent stars and Galactic evolution of the
isotopes. This is most likely also the case for the Fe and Ni iso-
topic ratios. The predictions shown in Table 3 assume that the
initial isotopic compositions of the parent stars are solar. This is
most likely not the case, and the �-values given in the table
should be considered shifts from the original isotopic ratios. Let
us look first at the Fe isotopic ratios. Figure 20a shows the Fe iso-
topic ratios of mainstream, AB, Y, and Z grains together with
predictions for 3M� stars with a range of metallicities. AGBmod-
els predict small 54Fe deficits and larger 57Fe excesses in stars

Fig. 20.—(a) Fe isotopic ratios in mainstream, AB, Y, and Z grains are compared with AGBmodel predictions in a 3M� star with a range of metallicities. The model
predictions show the isotopic ratios (essentially normal) at the time the stars become carbon stars, and after the third dredge-up following the last thermal pulse. (b) and
(c) Ni isotopic compositions in mainstream, AB, Y, and Z grains are compared with model predictions in 1.5 and 3 M� stars with different metallicities. In (b), the
neutron capture cross sections by Bao et al. (2000) are used in the models; in (c), the recently determined cross sections for 60Ni (Corvi et al. 2002) and 62Ni (Alpizar-
Vicente et al. 2008) are used.
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of solar metallicity (Z ¼ 0:02). These effects are larger in low-
metallicity AGB stars. The 57Fe excesses in two mainstream grains
are within the range expected for stars of solar and half-solar met-
allicity. Their 54Fe excesses and the 54Fe deficits in the two grains
with normal 57Fe/56Fe ratios might be explained by Galactic
evolution of the 54Fe/56Fe ratio. However, the 57Fe deficits in sev-
eral mainstream grains (Fig. 4) pose the same problem as those
in X grains. As discussed in connection with those X grains, SN
models indicate that the 57Fe/56Fe ratio is not expected to un-
dergo any strong Galactic evolution. The 57Fe deficits in X and
mainstream grains thus remain a puzzle. Another puzzle is pre-
sented by the 54Fe excesses measured in a Y and a Z grain
(Fig. 20a). These grain types are believed to originate from stars
of lower-than-solar metallicity, and we expect low-metallicity
stars to have 54Fe deficits rather than excesses. For the Y grain,
the correction for 54Cr is unusually large (73%). Thus, some of
the excess could possibly be due to undercorrection. However, in
order to obtain a normal 54Fe/56Fe ratio, 54Cr/52Cr would have
to be increased over the solar ratio by 550c. This is unlikely
in view of the fact that in this grain � 57Fe/56Fe ¼ 75c� 75c.
For Z ¼ Z� /2, typical for Y grains (Zinner et al. 2006b) and AGB
stars of masses 1.5Y3M�, the predicted

54Cr excesses are between
1.3 and 1.5 times the predicted 57Fe excesses (Table 3), which
would result in a 54Cr excess of only 100c. The 54Cr correction
is only 3.5% for the Z grain and thus we definitely can exclude un-
dercorrection for 54Cr as the cause for the 54Fe excess in this grain.

Moving on to the Ni isotopes (Figs. 20b and 20c), we notice
that isotopic shifts due to neutron capture in AGB stars are pre-
dicted to be highest for � 61Ni /58Ni, followed by � 62Ni /58Ni

(Table 3). The lines in Figures 20b and 20c are the envelope
compositions evolving between the time the star becomes a car-
bon star (C > O) and the time of the third dredge-up after the last
thermal pulse. Only small increases are predicted for the 60Ni/58Ni
ratio in stars of solar metallicity. Some of the grain data agree
with these expectations, although some do not. A group of
grains with 60Ni and 62Ni excesses have close to the expected
� 60Ni /� 62Ni ratios (top panels of Figs. 20b and 20c), but the
60Ni /58Ni ratios of several mainstream grains, especially grain
443-6-1, are too high for their 60Ni/58Ni ratios, and these grains
plot above the lines predicted by AGB models. Several main-
stream grains, such as grain 18, and the Yand Z grains have zero
or negative � 60Ni/58Ni values but substantial 62Ni excesses.
In Figures 20b and 20c, they fall below all � 60Ni /58Ni versus
� 62Ni/58Ni lines corresponding to the predicted shift of AGB
nucleosynthesis in stars of solar and lower-than-solar metallicity.
In the case of X grains with negative � 60Ni /58Ni values, these
values were shifted to positive � 60Ni/58Ni values when we ap-
plied larger 58Fe corrections to these grains (see above discus-
sion and Fig. 19). However, as none of the mainstream grains
have substantial 57Fe excesses, larger 58Fe corrections would not
be justified because we do not expect an anomalous increase in
the 58Fe/56Fe ratio. The range of 61Ni excesses in mainstream
grains is close to the predicted range for AGB stars of solar met-
allicity (bottom panels of Figs. 20b and 20c). However, almost
all of these grains plot below the predicted evolution lines. The
disagreement is made even worse if we use the new 60Ni and
62Ni cross sections in the AGB models. Because the increased
62Ni cross sections result in lower 62Ni excesses in the AGB

Fig. 20—Continued

Fe AND Ni ISOTOPIC RATIOS IN PRESOLAR SiC GRAINS 643No. 1, 2008



models, the � 61Ni/58Ni versus � 62Ni /58Ni lines become steeper
(Fig. 20c, bottom). Not only several mainstream grains but also the
Yand Z grains plot below the � 61Ni/58Ni versus � 62Ni/58Ni lines.

We next explore the possible effect of the Galactic evolution of
the Ni isotopes on the initial isotopic compositions of the parent
stars of mainstream, Y, and Z grains. We did not calculate a de-
tailed Galactic evolution model for Ni. However, from the yields
of models for Type Ia and Type II supernovae, it appears that the
60,61,62Ni /58Ni ratios evolve from larger to smaller values with
time (or metallicity) during Galactic history before the formation
of the solar system. Type II SN models for low metallicity (0.1
and 0.01 Z�) give much larger than solar 60,61,62Ni /58Ni ratios
(Woosley&Weaver 1995). Even the average of Type II SNmod-
els of solar metallicity (weighted with the Salpeter initial mass
function) gives positive �-values (Nomoto et al. 1997). Type Ia
Chandrasekhar-mass SNmodels, on the other hand, yield much
lower than solar 60,61,62Ni/58Ni ratios because of the large over-
production of 58Ni in these stars (Travaglio et al. 2004). The evo-
lution from larger to smaller ratios corresponds to trajectories from
the upper right to the lower left in the graphs of Figures 20b and
20c. Lacking a detailed Galactic evolution model, which would
exceed the scope of this paper, we do not know the slopes of these
curves. Under the assumption that stars of solar metallicity have
solar Ni isotopic ratios, the parent stars of Y and Z grains, as-
sumed to be of lower-than-solar metallicity, are expected to have
initial Ni isotopic ratios that plot to the upper right of the origin
(solar ratios) in the Figure 20b and Figure 20c graphs. Since the
effect of AGB nucleosynthesis is to shift these compositions even
farther to the upper right ( lines in these figures), the Ni isotopic
ratios of the Yand Z grains cannot be satisfactorily explained by a
combination of Galactic evolution and neutron-capture nucleo-
synthesis in AGB stars. So far, we have tacitly assumed that Ga-
lactic evolution proceeds along elemental and isotopic compositions
that are a thorough mix of the contributing stellar sources. This,
however, does not have to be the case, and in fact, heterogeneities
in the interstellar medium have been discussed before in connec-
tion with the Si isotopic ratios of mainstream SiC grains (Lugaro
et al. 1999). Other isotopic ratios in these grains, in particular those
of Ti, indicate that the extent of heterogeneity is limited (Nittler
2005). Still, it is certainly possible that a single precursor star strongly
influenced the isotopic compositions of the parent star of a given
presolar dust grain. We might pursue this question in the future.

A few of the AB grains have isotopic anomalies in Fe and Ni
(Figs. 4 and 5). Because the stellar sources of AB grains have not
yet been unambiguously identified (Amari et al. 2001c), it is not
possible to compare the grain data with theoretical models of
their production. Amari et al. (2001c) proposed as a stellar source
of some AB grains born-again AGB stars such as Sakurai’s ob-
ject (Asplund et al. 1997, 1999). Recently, Jadhav et al. (2008)
identified graphite grains with huge Ca and Ti isotopic anomalies
and considered born-again AGB stars as a possible stellar source.
These stars lost essentially their entire envelope and their surface
composition is expected to be dominated by He-shell material,
only slightly diluted by the residual envelope. For such a compo-
sition we predict large excesses of 57Fe and 61,62Ni and smaller
excesses in 60Ni, much larger than the 57Fe excesses observed
in two AB grains (Fig. 4). Furthermore, the excesses in these
two grains are not accompanied by corresponding 61Ni excesses
(Fig. 6b and Table 2). A fewABgrains have excesses in 60Ni and
62Ni (Figs. 20b and 20c), but we do not have any explanation.

5. CONCLUSIONS

Wemeasured Fe andNi isotopic ratios in 39mainstream grains,
37 X grains, 11 AB grains, twoY grains, and one Z grain from the

Murchison SiC separate KJG (Amari et al. 1994). The grain type
classificationwas based on the grains’ C and Si isotopic ratios. For
most grains (all X grains), we also measured the N isotopic ratios.
The Ni/Fe and Co/Fe ratios in all grain types are much higher

than in the gas fromwhich the grains are believed to have formed.
At least half the X grains, as well as a couple of mainstream
grains, contain subgrains that have higher Fe/Ni than the bulk of
these grains and the grains without apparent subgrains.
Most X grains have Fe and Ni isotopic anomalies dominated

by excesses in 57Fe, 61Ni, and 62Ni. 60Ni excesses are small and
the 54Fe/56Fe ratios of almost all X grains are normal. These iso-
topic compositions are best explained by the mixing of mate-
rial from the He/N zone of Type II supernovae with material
from the He/C zone, where neutron capture resulted in 57Fe and
60,61,62Ni excesses. A puzzling result is the lack of any 54Fe ex-
cesses. The Si /S zone, which must have contributed 28Si in order
to explain the 28Si excesses in X grains, is very rich in 54Fe. It re-
mains to be seen whether elemental fractionation between Si and
Fe provides an explanation for this puzzle. We cannot offer any
good explanation for the 57Fe deficits observed in a fewX grains.
A smaller fraction of mainstream andABgrains than of X grains

has anomalies. Some mainstream grains with 57Fe depletions
present the same problem as the X grains with 57Fe depletions.
The most common Ni isotopic anomalies in mainstream grains
are 62Ni excesses.While neutron capture inAGB stars is expected
to produce such excesses, observed 62Ni excesses in some grains
are larger than predicted for AGB stars of solar metallicity, and
are not accompanied by corresponding 61Ni excesses. One Y grain
and one Z grain have excesses in 54Fe and 62Ni, but close to nor-
mal 57Fe/56Fe and 60.61Ni /58Ni ratios. These signatures are not
expected for grains from low-metallicity AGB stars, but we still
have to explore in more detail the Galactic evolution of the Fe
and Ni isotopes.
The results obtained in this study present new challenges to

our understanding of nucleosynthetic processes in supernovae
and low-mass AGB stars. They also point to future efforts we
plan to undertake to improve this understanding. One is to in-
vestigate the large elemental fractionation among Fe, Co, and Ni
observed in the grains. Another is to study possible elemental
fractionation of Si and Fe from the Si /S zone before the forma-
tion of X grains. Such fractionation would explain why X grains
show large 28Si excesses without having large excesses in 54Fe,
which according to SN models is abundant in the Si /S zone. Fi-
nally, we plan to investigate the Galactic evolution of the Fe and
Ni isotopes in detail. For this we will try to measure Fe and Ni
isotopic ratios in Z grains. Isotopic signatures interpreted to be
due to Galactic evolution can clearly be seen in Si and Ti (e.g.,
Zinner et al. 2006b, 2007). However, such measurements are not
a trivial undertaking. The abundance of Z grains among KJG
grains is less than 1% but increases to more than 5% for sub-�m
grains (Zinner et al. 2007). While it is easier to locate Z grains
among small SiC grains, it remains to be seen whether they con-
tain enough Fe and Ni for meaningful isotopic analysis.
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2001a, ApJ, 551, 1065

Amari, S., Hoppe, P., Zinner, E., & Lewis, R. S. 1995, Meteoritics, 30, 679
Amari, S., Lewis, R. S., &Anders, E. 1994, Geochim. Cosmochim. Acta, 58, 459
Amari, S., Nittler, L. R., Zinner, E., Gallino, R., Lugaro, M., & Lewis, R. S.
2001b, ApJ, 546, 248

Amari, S., Nittler, L. R., Zinner, E., Lodders, K., & Lewis, R. S. 2001c, ApJ,
559, 463

Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta, 53, 197
Asplund, M., Gustafsson, B., Lambert, D. L., & Rao Kameswara, N. 1997,
A&A, 321, L17

Asplund, M., Lambert, D. L., Kipper, T., Pollacco, D., & Shetrone, M. D. 1999,
A&A, 343, 507
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