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Introduction: Short-lived radionuclides were syn-
thesized either by irradiation with energetic particles or
by stellar nucleosynthesis.  The recent discovery in CAIs
from carbonaceous chondrites of evidence for live 10Be
[1], which is only produced by energetic-particle irradia-
tion, has led to suggestions that the major portion of
many short-lived radionuclides (41Ca, 26Al, 53Mn, 10Be)
was produced by irradiation.  However, 60Fe (t1/2 = 1.49
My) is not produced at all efficiently by particle irradia-
tion [e.g., 2], so its presence requires a stellar contribu-
tion to short-lived radionuclides.  Clear evidence for 60Fe
was found previously in eucrites [3-5], but not in chon-
drites [6-8]. In this work, we studied troilite to find evi-
dence for ÒliveÓ 60Fe in one of the least metamorphosed
ordinary chondrites, Bishunpur (LL3.1).  

Analyses: We screened 177 troilite grains in Bishun-
pur thin sections by SEM to find grains with high Fe/Ni.
Iron and Ni isotopes were measured for ten selected
troilites using the ASU Cameca ims-6f ion microprobe.
Isotopic measurements were made with a 3-4 nA O-

primary beam (10-20 µm) accelerated to 12.5 kV.  The
secondary-ion mass spectrometer was operated at an
accelerating voltage of 8.85 kV with an energy window
of 50 eV.  A 400-µm contrast aperture and a 75-µm
image field were used.  Secondary 57Fe+, 60Ni+, 61Ni+ and
62Ni+ ions were counted on the electron multiplier for 1,
10, 30 and 10 seconds in each cycle, respectively, at a
mass resolving power (MRP) of ~4500, sufficient to
resolve most molecular interferences.  Although the
MRP of 4500 cannot resolve hydride interferences on
57Fe, 61Ni and 62Ni peaks, their contributions were
<0.1 ä.  Nickel-58 and 64Ni were not measured due to
isobaric interferences from 58Fe and 64Zn, respectively.
The measured 57Fe/61Ni was converted to 56Fe/61Ni using
57Fe/56Fe=0.023261.  The sensitivity correction for the
Fe/Ni elemental ratio was done using terrestrial pyr-
rhotite. The instrumental mass fractionation for the
measured 60Ni/61Ni was corrected internally using the
measured 62Ni/61Ni.  

Results: Clear evidence for 60Fe was found in three
troilites.  Troilite 2359-6-TR41 is located between two
chondrules and includes a couple of kamacite grains.
The measured Fe/Ni ratio varied from 1700 to ~100,000
across the troilite and sometimes changed during the
measurement as the ion beam sputtered through regions
of different Ni content.  The highest Fe/Ni ratio is >7
times larger than those measured previously [6, 7].
2359-6-TR41 exhibits resolved 60Ni excesses (60Ni*)
(Fig. 1a).  A correlated-error-weighted least-squares

regression through the data for co-existing metal and
troilite gives (60Fe/56Fe)0=(1.06±0.28)x10-7.

Troilite 2359-6-TR2 is an opaque assemblage con-
sisting of troilite and kamacite at the rim of a high-FeO
chondrule.  It contains inclusions of chromite and Fe-rich
olivine.  2359-6-TR2 also shows resolved 60Ni*, which
correlates with the Fe/Ni ratio (Fig. 1b), and the inferred
(60Fe/56Fe)0 is (9.95±5.17)x10-8.  

Troilite 2359-6-TR47 is an irregular-shaped troilite
containing pyroxene inclusions.  It is associated with
kamacite in matrix.  It also shows a 60Ni excess, and its
(60Fe/56Fe)0 is (1.28±0.58)x10-7 (Fig. 1c).  

Although data for the other seven grains show con-
siderable scatter and no grain shows clearly resolved
60Ni*, the (60Fe/56Fe)0 estimated from the combined data
for the grains, (6.8±2.3)x10-8, is marginally resolved
from zero and is broadly consistent with the initial ratios
of the grains in which 60Ni* was detected.

Discussion: Bishunpur was probably heated to only
~300¡C on the parent body [9].  Experimental data for
vacancy diffusion of Fe2+ in pyrrhotite (Fe0.997S) [10]
suggest that Fe2+ in pyrrhotite can diffuse ~1 cm in 105 yr
at 277¡C.  Nickel may diffuse at a comparable rate in
sulfide.  However, Fe and Ni do not diffuse as rapidly in
metal as in sulfides.  This implies that even though the
Fe-Ni system in Bishunpur troilite may have been dis-
turbed or reset by mild parent-body metamorphism, for
metal it would not have been.  So, although we have
constructed isochron diagrams using metal and troilite,
metal may not record the same event as associated troil-
ites.  However, because metal contains so much Ni,
addition of 60Ni* would not produce a detectable shift in
60Ni/61Ni for metal.  Therefore, the Ni isotopic composi-
tion of the metal is considered to be a reasonable substi-
tute for the initial ratio of the system.  

If are data do give isochrons, what event(s) do they
date?  If Fe and Ni are mobile in troilite at 300¡C as
indicated by diffusion data, the isochrons could plausibly
date parent-body metamorphism.  However, if the diffu-
sion rates are actually slower in troilite than in pyrrhotite,
due to fewer vacancies in troilite for example, the iso-
chron could date the troilite formation.  If so, metamor-
phism might have only slightly disturbed the isochrons.
Data for 2359-6-TR41 scatter around the isochron more
than would be expected from measurement errors.  This
may imply redistribution of Ni in the troilite after decay
of 60Fe.  However, three troilites give similar (60Fe/56Fe)0,
suggesting that they are only slightly disturbed.  
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To determine the stellar contribution to the short-
lived radionuclides in the solar system, it is necessary to
estimate the initial 60Fe/56Fe ratio in the solar system.
Previous estimates ranged from an upper limit of
(1.6±0.5)x10-6, based on 60Ni excesses in CAIs [6], to
lower limits of ~1.2x10-8 to ~1.2x10-7, calculated from
the (60Fe/56Fe)0 ratio in the Chervony Kut eucrite
((3.9±0.6)x10-9, [3]) assuming a time interval of 2.4-7.4
My based on the Mn-Cr system [5,11].  From our study,
the average (60Fe/56Fe)0 for our three troilites
((1.08±0.23)x10-7) provides a strict lower limit on the
initial 60Fe/56Fe ratio in the solar system.  If the troilites
formed at the same time as chondrules (1~2 My after
CAIs [e.g., 12]) and the Fe-Ni system in troilites has not
been significantly disturbed, the lower limit could be as
high as 1.7x10-7 and the upper limit, 2.7x10-7.

However, toilites may have been reset by parent-
body metamorphism.  The upper limit on (60Fe/56Fe)0

obtained for a chondrule (CH4) in Semarkona (LL3.0) is
<1.5x10-7 [7].  This limits the time delay between the
formation of this chondrule (1.8 My after CAIs from 26Al
[7]) and the event recorded in Bishunpur troilites to <0.7
My, giving an interval of <2.5 My after CAIs.  The upper
limit on (60Fe/56Fe)0 for troilite in the H4 chondrite, St.
Marguarite (SM), <2.4x10-8 [4], implies a time delay of
>3.2 My after the event recorded in Bishunpur troilite or
~5.7 My after CAIs.  This interval is broadly consistent
with the 5.4±0.1 My interval estimated from Al-Mg
systematics [13].  Thus, Fe-Ni and Al-Mg data for CH4
and SM suggest that the Fe-Ni system in Bishunpur
troilite recorded an event <2.5 My after CAIs.  Our
measured (60Fe/56Fe)0 ratio thus implies an 60Fe/56Fe ratio
when the solar system formed of <3.5x10-7.  From the
preceding considerations we can place relatively strong
limits on the value for 60Fe/56Fe at the time of solar sys-
tem formation of between 1.1x10-7 and 3.5x10-7.  This
range can be narrowed to 1.7x10-7 to 2.7x10-7 if the
troilites and chondrules formed at the same time.

The inferred range of 60Fe/56Fe at the time of the solar
system formation is greater than the steady-state ratio for
the interstellar medium (~2.6x10-8 [14]), so additional
production of 60Fe in or near the solar system shortly
before or during solar system formation is required.
Because 60Fe is not produced by particle irradiation [2], a
stellar source is implied.  A supernova (SN) explosion
might have triggered the collapse of the sunÕs parent
molecular core to form the solar system.  This ÒSN trig-
gerÓ could potentially provide the short-lived radionu-
clides.  In a SN explosion, 26Al and 60Fe are produced in
the O/Ne zone, and predictions of the 60Fe abundance
based on the inferred 26Al abundance in the early solar
system range from 3.2x10-7 to 1.3x10-5 [15].  The initial
60Fe/56Fe ratio we infer for the early solar system is at or
below the low end of this range.  An AGB star has also

been proposed as a source of the short-lived nuclides.
However, the initial 60Fe/56Fe in this study could only be
produced under extremely neutron-rich conditions [16].
Determining the source of the 60Fe will require improved
models of various stellar sources.

Fig.1.  60Fe-60Ni isotopic systematics for three troilite grains.
The 2σ uncertainties, accounting for the correlated component
(errors on 61Ni), are shown as error ellipses.
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