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We report on the effects of slow neutron captures in

AGB stars on isotopes of the “Fe group” elements. In

particular Ti, Cr, Fe, Ni and Zn are considered to be mem

bers of the “iron group”. These nuclei are predominantly

the product of supernovae (SNe), both core collapse and

SNeIa. It has been known for over three decades that

small (<1%) variations are found in the isotopic compo

sitions of Ti, Cr, Fe, Ni and Zn in macroscopic samples

of meteorites (see review by [1]). In particular, see [2] for

Fe and [3] for Ni. Their results stimulated this study. In

particular, these isotopic effects are common in calcium

aluminumrich inclusions (CAIs) in meteorites, but are

also wide spread at lower levels in “bulk” samples of

many different groups of meteorites. The observed ef

fects in Cr, Fe and Ni often show enrichments in the

heaviest isotopes 54Cr, 58Fe and 64Ni, which are low

fractions of their respective element (∼2.3% for 54Cr,

∼0.28% for 58Fe and ∼0.9% for 64Ni). The isotopic

patterns observed in Ti and Si are distinct and complex.

As the “Fe group” elements are associated with Super

novae (SNe), it has been natural that interpretations of

these effects in CaIs and “bulk” meteorites have focused

on nucleosynthetic processes in SNe. This has not led to

any firm explanation of the observed isotopic anomalies

or to clear predictions. The first study that considered the

possibility of sprocess effects on Fegroup nuclei was by

[4], who explored the occurrence of sprocessing in mas

sive stars. The sprocessed material is, in the interstellar

medium (hereafter ISM), predominantly from low mass

AGB stars. We expect that the effect of sprocessing

on Cr, Fe, and Ni (originally synthesized in SNe) is to

produce the heavier isotopes of these elements, 54Cr,
58Fe and 64Ni, in overabundance; this can be seen by

considering that the pure sprocess abundance pattern is,

in general, smoothly correlated with the neutroncapture

cross sections, yielding processed material enriched in

nuclides heavier than the seed. As only a very small frac

tion of matter in an AGB star is subjected to sprocessing,

it is not obvious how large the effects will be in the en

velope of an AGB star, or will be provided to the ISM.

There are thus three distinct issues: i) What are the s

process effects on isotopic abundance patterns in Cr, Fe,

and Ni in an AGB envelope? ii) How significant are

these effects? iii) What are the effects to be expected on

the nuclei of lower atomic number than iron (e.g. Si, Ti

and Ca)? We show that there are substantial effects on

the abundances of 54Cr, 58Fe and 64Ni produced in AGB

stars and that these may provide an explanation of the

effects observed in many meteorite samples. Shifts on

other isotopes of Cr, Fe and Ni are much smaller. Our cal

culations assumed that the initial inventory of all heavy

elements was solar, with isotopic ratios taken from [5],

but with the abundances of “heavy elements” relative to

H and He variable as an estimate of the net “metallicity”

of the system. The net number of isotopes (Ni) in the

envelope for all species was calculated at the end of each

pulseinterpulse episode and carried out through the full

evolution of model AGB stars up to the end of the AGB

phase. The enrichment factorsE⊙

i,k
of isotope “i” relative

to an index isotope “k” for an initial solar isotopic pat

tern (E⊙

i,k ≡ (Ni/Nk)/(Ni/Nk)
⊙
− 1) were calculated

following [6], with some modifications to include all per

tinent nuclei in the region of interest, for stars ranging in

mass from 1.5 to 3 M⊙ for solar and 1/3 solar metallici

ties. For 64Ni, attention must be paid to the e and positron

emission branches of 64Cu. The results for Cr, Fe and Ni

are shown in Figure 1. It is evident that 54Cr, 58Fe and
64Ni are produced in large enrichments as compared to all

other isotopes of those elements. This relative abundance

pattern result is independent of the stellar mass and metal

licity. The magnitude of the enrichment is sensitive to the

number of pulses and metallicity. All previous yield cal

culations in the literature are not applicable for Cr, Fe and

Ni except for the results available at the FRANEC data

base (Repository of Updated Isotopic Tables & Yields).

The report by [7] that provides this data base is focused

on light s and heavy s parameters ([ls/Fe] and [hs/Fe],

respectively). The results obtained here and the FRUITY

data base are in essential agreement for Cr, Fe and Ni.We

conclude that some of the observed effects in Cr, Fe and

Ni are due to processing in AGB stars and not related to

SNe. The attribution of these effects to SNe is sometime

based on the existence of large isotopic shifts and the

lure of SNe. These effects can be obtained in standard

AGB processing in most cases. For Fe and Ni there are

some data on circumstellar condensates associated with

AGB stars. The first reports by [8] using an IMS3F. Their

focus was on X grains that are associated with SNe. [8]

only measured 54Fe/56Fe and did not detect any effects.

A report by [9] presented extensive data on Fe and Ni
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isotopes in SiC grains using a NanoSims. These mea

surements are very difficult because of interferences at
54Cr, 58Ni and 64Zn. The work of [9] was again on X

grains associated with SNe. Large excesses were found

for 57Fe and 61Ni and 62Ni for some X grains. Extensive

measurements were also made on Mainstream grains as

sociated with AGB stars. These showed no large shifts

(see their Figs 4 and 5). The major emphasis of [9] was

to identify the effects they measured with selected zones

in a reference SNeII model assuming that different zones

are sampled to produce the isotopic patterns a SiC grain.

These workers present the effects of sprocessing in the

envelopes of AGB stars. However, they present no cal

culations for 52Cr, 58Fe or 64Ni which are the isotopes

with major sprocess effects. We presume these were ig

nored because they could not be measured. The results on

main stream grains in that report do not either support or

negate the results presented in this work. The connection

of sprocessing to Si, Ca and Ti is more complex as has

been widely noted in the literature, particularly consider

ing data on those circumstellar condensates (CIRCONS)

which are associated with AGB stars [10]. Cogent ar

guments have been presented by [11, 12] and [13] that

initial variability in the Ti isotopic composition of stars

is responsible for the wide scatter of isotopic abundance

patterns found for Ti. We are in accord with this view but

consider this to be the result of a typical granularity in the

ISM and not directly connected to the “Galactic Chem

ical Evolution”. While we consider long time galactic

scale effects to be very important, these should only be

associated with low metallicity stars. We consider that

the Ti data can be explained by ∼10% variability in the

abundances of the isotopes coupled by the fact that only

advanced stages of dredgeup dominate the isotopic pat

terns. Efforts to correlate Si and Ti patterns with GCE is

complicated by the fact that the Si is only weakly affected

by sprocessing and the wide variability of SNe sources

for Si will dominate the patterns as pointed out by [14].

The problem of Ca remains difficult. The Ca shifts in

sprocessing are relatively weak as compared to Ti, Cr,

Fe and Ni. Even a very small granularity in the ISM will

make unraveling of components difficult. The effects we

calculate for 46Ca are very large and no observations sup

port this. Provisionally, we attribute this to a short lived

state of 45Ca. The standard assumption that 42Ca/44Ca

is Solar is certainly not justified and small shifts in that

ratio would give even larger shifts in 48Ca/40Ca. AGB

processing will shift 42Ca/44Ca and give a spurious ef

fect in 48Ca, An increase of ε(42, 44) = 2 would give a

ε(46, 48) = 4 . AGB processing would also give a sig

nificant shift in 43Ca/44Ca which has not been observed

as pointed out by D.A. Papanastassiou (private communi

cation). It is hoped that the above simple considerations

on AGB processing may aid in clarifying some of the

isotopic shifts found in some Fe group nuclei.
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