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Introduction: 60Fe is a short-lived radionuclide, 

which is mainly produced in supernovae [1]. Its exis-
tence at relatively high abundance within meteorites 
would serve as evidence for a supernova (SN) explo-
sion in close proximity to the solar system (SS) during 
its birth. The first resolvable excess of 60Ni (the decay 
product of 60Fe) was shown to exist in the Chervony 
Kut (CK) eucrite [2], suggesting that live 60Fe had ex-
isted in the early SS.  Considering its short half-life 
(~1.5 x 106 years) and the high Fe contents of meteor-
ites, 60Fe would be a potential heat source for planetary 
melting and differentiation. Here we report new results 
on 60Ni isotopic anomalies in Semarkona (LL3.0); first 
results were presented in [3]. 

Samples: We studied Fe-Ni isotopes in various 
phases (troilite, magnetite) of Semarkona, where the 
disturbance of the 60Fe-60Ni radiogenic system during 
parent body processing is expected to be minimal. 
Based on optical and SEM examinations, we clearly 
distinguished between metal-associated troilite and 
metal-free troilite (Fig. 1). The first consists of troilite 
jointly attached to or in contact with metal and mag-
netite (Fig. 1a). The metal-free troilite (Fig 1b) is 
thought to be primary as no diffusive interaction with 
metal could have occurred. Since this troilite can have 
high Fe/Ni ratios, it is an ideal target for the search of 
possible excesses in 60Ni. Our isotopic measurements 
were made on 6 metal-free troilite aggregates and 3 
magnetite assemblages using the NanoSIMS. 

Analytical technique: Positive secondary ions of 
54Fe, 60Ni, and 62Ni were measured in a multi-detection 
mode at a mass resolution sufficient to separate all 
relevant isobaric interferences using a focused (2-3 
µm) O- primary ion beam of ~0.5-1nA. Instrumental 
mass fractionation for 60Ni/62Ni ratios was corrected 
using Ni-rich phases found in the sample in the vicin-
ity of the selected troilites and magnetites. Matrix ef-
fects on the 60Ni/62Ni ratio were shown to be small as 
evidenced from measurements of several mineral stan-
dards. The sensitivity factor correction for the Fe/Ni 
elemental ratio was done by measuring a synthetic FeS 
standard with known Fe/Ni ratio. Synthetic sulfides 
(FeS, FeS2, Fe7S8), covering the whole range of Fe/Ni 
ratios of the Semarkona troilites and magnetites, were 
analyzed to exclude instrumental mistuning.  

 

Fig. 1: Optical microscope images of (a) a troilite-metal-
magnetite assemblage and (b) a metal-free troilite aggregate 
in Semarkona. 

 
Results: The 56Fe/58Ni ratios in the metal-free troil-

ite range up to ~3.3x104 (Fig. 2a).  60Ni excesses were 
found in all 6 measured troilite aggregates with a 
δ60Nimax of 106 ± 57‰ (2σ). There is a clear correla-
tion between 60Ni excesses and 56Fe/58Ni ratios. The 
best-fit line through the data yields an inferred 
60Fe/56Fe ratio of (1.24 ± 0.18) x 10-6 (2σ), constituting 
clear evidence for the former existence of live 60Fe in 
the Semarkona troilites. The 56Fe/58Ni ratios in mag-
netites range up to ~4 x 105 (Fig. 2b). The data show 
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much less radiogenic 60Ni than in troilites and the in-
ferred 60Fe/56Fe ratio is only (0.14 ± 0.09) x 10-6. This 
value is an order of magnitude and significantly lower 
than that of the troilites. 

 
Fig. 2: δ60Ni as a function of 56Fe/58Ni for troilite (a) and 

magnetite (b) in Semarkona. 56Fe/58Ni was calculated from 
54Fe/62Ni. Errors are 2σ. 

 
Discussion: The correlation in Fig. 2a confirms 

previous results suggesting that 60Fe was alive at the 
birth of the SS. The resulting 60Fe/56Fe ratio of ~1.2 x 
10-6 is the highest measured in any meteorite sample so 
far. It is significantly higher than previously estimated 
for CK [2] and above the ratios reported for troilite in 
Bishunpur [4]. The initial 60Fe/56Fe ratio in the Se-
markona troilite approaches the value of 1.6 x 10-6 
estimated for a CAI from Allende [5]. Assuming a 
homogeneous distribution of 60Fe in the early SS this 
would suggest that the Semarkona troilite was formed 
< ~1My after CAIs, which indicates that the troilite is 

a primary phase that may have formed contemporarily 
with chondrules [6,7]. The magnetite data suggest that 
this phase has formed at least ~4Ma after the troilite. 

Model calculations show that 60Fe cannot be pro-
duced efficiently by irradiation from the early sun [8]. 
Thus, the 60Fe must be of a stellar origin. Our 60Fe/56Fe 
value falls within the range predicted for a Type II SN 
source [1] but is higher than expectations for AGB 
stars. It is likely that 60Fe was freshly synthesized in a 
nearby SN explosion and injected into the SS region 
shortly before or during the birth of the SS. This sce-
nario excludes irradiation as the sole mechanism for 
the production of short-lived radionuclides and also 
supports a SN trigger as being responsible for the for-
mation of the SS [9]. 

Its high abundance in the early SS makes 60Fe an 
additional heat source to induce planetary melting and 
differentiation. According to recent studies, metallic 
cores of asteroids may have formed within the first ~3 
Ma of SS existence [10,11]. At that time, 60Fe was still 
alive and hence would have significantly contributed 
to planetary melting. This issue was recently discussed 
by [12], who described the production of heat based on 
the concurrent decay of 26Al and 60Fe in asteroids of 
chemical compositions similar to carbonaceous chon-
drites with a radius >30 km. Based on their Fig. 2, a 
60Fe/56Fe ratio of ~10-6 would be adequate to increase 
the temperature to levels that lead to melting of aster-
oidal material within a few Ma of accretion. Because 
the half-life of 60Fe is about twice that of 26Al, 60Fe 
remains extant for a much longer time. This and the 
geochemical difference between Al and Fe can have 
severe consequences for the thermal history of aster-
oids. An asteroid of the size of Vesta would have kept 
thermally active during at least the first 15 My of its 
existence, much longer than would be possible from 
the decay of 26Al alone. 
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