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One of the fundamental problems associated with
short-lived radioactivities in the early solar system is
establishing temporal connections between the abun-
dances of different nuclides in different objects.  As-
suming that there was an initial reference state in the
early solar system which was essentially isotopically
homogeneous, then there is a direct isotopic connec-
tion between the time of formation of an object relative
to this state, and different radionuclides should, in
principle, give a single formation time.  The search for
relationships between different radioactive species has
been fraught with difficulties due to the incommensu-
rate nature of the different mean lives (from 1.5×105 yr
to 2×108 yr) and basic differences in the chemical
characteristics of the parent-daughter systems.  Two
basic and interconnected issues arise: 1) the abun-
dances of the radioactive nuclei in some initial state
and; 2) the chronology of events in the early solar
system.  The initial state directly reflects the nature of
the stellar source(s) of the radioactivities.  Based on
the similar production sites and the relative yields of
60Fe and 26Al in a Type II supernova [1], it has been
proposed [2] that the abundances of 26Al and 60Fe
might provide a test of the supernova trigger hypothe-
sis [3].

An ideal situation would be to find objects which
were formed early enough to contain both 26Al (mean
life = 1.05×106 yr) and 60Fe (mean life = 2.2×106 yr),
and which have minerals that permit measurement of
both isotopic systems.  The presence of 26Al is well
demonstrated in a wide number of CAIs, but is absent
in most chondrules and planetary differentiates.  The
isotope 60Fe has been reported for two eucrites, Cher-
vony Kut and Juvinas, where the (60Fe/56Fe)o values
are ~4×10-9 and ~4×10-10, respectively [4,5].  How-
ever, such a large difference in (60Fe/56Fe)o of Cher-
vony Kut and Juvinas is not consistent with very
similar (53Mn/55Mn)o values in these eucrites [6].  In
addition, there is no clear temporal connection be-
tween CAIs and the two eucrites.  We have undertaken
a search for 60Fe in CAIs which have clear evidence of
26Al and in some chondrules.  There are spinels with
Fe-rich rims in many CAIs and in some cases there are
opaque assemblages that include FeS within CAIs.
The Fe-rich rims in the spinel are clearly later than the
original crystallization of the CAI and are due to some
metamorphic process that took place at a later but un-
known time. In so far as the 26Al-26Mg chronometer is

not seriously disturbed, it may be argued that the time
and circumstances are such that no major metamor-
phism occurred where there was Fe addition.  As a
result due to the time differences, the 60Fe/56Fe in these
phases must be less than the initial value when
26Al/27Al = 5×105.

Using SEM and electron microprobe, Fe-rich
phases were identified.  Iron and Ni isotopic composi-
tions were measured using the PANURGE ion micro-
probe.  An 16O- primary beam was used along with a
mass resolution of ~4,200.  Nickel has five stable iso-
topes (58Ni, 60Ni, 61Ni, 62Ni and 64Ni), with 58Ni the
most abundant.  Since 58Ni and 64Ni have isobaric in-
terferences from 58Fe and 64Zn, respectively, we meas-
ured only 60Ni, 61Ni and 62Ni.  The isotope 57Fe was
measured along with Ni isotopes to obtain Fe/Ni.  The
contribution of 56FeH to the 57Fe signal was <1%.
Terrestrial spinel, olivine, and sulfide were used as
standards to obtain relative sensitivity factors between
Fe and Ni.  Instrumental mass fractionation was cor-
rected internally from the 62Ni/61Ni ratio of each sam-
ple.

Egg 6 is a large (~2cm) type-B CAI from Allende
[7].  The (26Al/27Al) of the inclusion is ~4×10-5 [un-
published data].  The inclusion has a unusual large
(~1mm) sulfide-rich opaque assemblage rich in PGEs,
Zelda [8].  Zelda is composed primarily of troilite,
pentlandite and V-Cr-Ni-rich magnetite.  Spinel crys-
tals near Zelda or around other numerous sulfide-
metal grains in Egg 6 have relatively high Fe contents,
typical FeO = 4.7 wt.% [7].  Five spot analyses were
made in Egg 6 spinels and seven in Zelda troilite.  The
Fe/Ni ratios in the spinels vary from 30 to ~3,000.
The Fe contents of these spinels are 4-5 wt.%, whereas
Ni contents vary from 15 to 1,500 ppm.  During most
measurements, the Fe/Ni ratio remained constant, but
in a few cases the ratio dropped during the run as the
ion probe burned into a high-Ni phase.  These cycles
were deleted from the final data.  The Fe/Ni ratios in
the troilite range 180 to ~17,000.  The ratio varies
both from place to place and with time during a meas-
urement, probably due to tiny inclusions of pentlandite
or magnetite.  High-Ni portions of the runs were de-
leted from the final data.  Fe/Ni ratios and Ni isotopic
compositions for Egg-6 are shown in Fig. 1.  The re-
gression line from Zelda sulfide gives (60Fe/56Fe)o of
(7.1±9.9)×10-6.  The regression line of the Egg 6
spinels gives (60Fe/56Fe)o of (1.8±9.3)×10-6.  The upper
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limit of ~1.7×10-5 from Zelda sulfide implies that it
should have formed less than 18 million years before
the formation of Chervony Kut.

Kita et al. [9] measured the Fe/Ni ratios and Ni
isotopic compositions of olivine in a chondrule from
Semarkona.  The Fe/Ni ratios of these olivine grains
were between 3,100 and 3,800.  No resolvable 60Ni
excess was found and the upper limit of (60Fe/56Fe)o is
1.4×10-7.  In the same chondrule they found
(26Al/27Al)o of (1.16±0.25)×10-5.  In our study, thirteen
Fe-rich olivine grains (Fe = 5-13 wt.%) in five chon-
drules from Bishunpur and Semarkona were meas-
ured.  The Fe/Ni ratios of these grains are from ~430
to ~5,500 (Ni = 20-120 ppm).  In all chondrules, Ni
concentrations in olivine decrease with increasing Fe
contents.  The Ni isotopic compositions of Bishunpur
and Semarkona chondrules are shown in Fig. 2.  A
regression of all of the data gives (60Fe/56Fe)o =
(4.8±11.8)×10-7.

Before we can discuss the initial state of the nebula
with regard to 60Fe and 26Al, it is necessary to evaluate
the extent to which our data provide information on
that initial state.  The primary phases in Egg 6 formed
with (26Al/27Al)o of ~4x10-5, while sulfide and Fe-rich
rims on spinel grains give an upper limit on
(60Fe/56Fe)o of 1.7×10-6.  The time interval between the
formation of primary and secondary phases is un-
known.  However, if the time interval was <a few×105

years, the measured upper limit gives the maximum
60Fe/56Fe ratio in the early solar nebula.  This upper
limit (~2×10-6) is within the range of possible
60Fe/56Fe ratios consistent with both 26Al and 60Fe
having originated in a Type II supernova (3×10-7 to
1×10-5 [2]).  If the alteration of Egg-6 took place later,
the nebular 60Fe/56Fe ratio could have been higher.

The chondrules provide an independent constraint.
The best evidence comes from the Semarkona chon-
drule measured by [9] which had (26Al/27Al)o = ~1×10-

5 and an upper limit on (60Fe/56Fe)o of 1.4×10-7.  Our

data with larger errors are consistent with this limit.
If this chondrule was not altered after formation and
the nebula had a homogeneous initial state with re-
spect to 26Al, then the Semarkona chondrule formed
~2 million years after CAIs.  Adjusting the 60Fe/56Fe
ratio for this 2 million years, the Semarkona chondrule
gives an initial 60Fe/56Fe ratio for the nebula of
~3.5×10-7.  This is at the very low end of the range
predicted if 26Al and 60Fe came from a single Type II
supernova, and may be consistent with AGB sources.
If the 60Fe clock in the Semarkona chondrule has been
reset without disturbing 26Al, the initial 60Fe/56Fe ratio
in the nebula could have been higher.  However, we
have no direct evidence of 60Fe/56Fe ratios higher than
~2×10-6.

So far, our data do not support the supernova trig-
ger hypothesis, but they do not exclude it either.  How-
ever, very high Fe/Ni ratios found in some CAI spinels
and sulfide and in chondrule olivines suggest that the
hypothesis can be tested with further experiments.
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