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Fe–Ni isotope measurements of ferrous pyroxenes of 
the Piplia Kalan eucrite using Secondary Ion Mass 
Spectrometer revealed the presence of 60Ni excess cor-
responding to the initial 60Fe/56Fe of (5.2 ± 2.4) × 10–9. 
Combining this ratio with the inferred initial 26Al/27Al 
ratio of (7.5 ± 0.9) × 10–7 in plagioclase of the Piplia 
Kalan that has been already reported in the literature 
suggests initial 60Fe/56Fe of (5.2 ± 2.4) × 10–8 in the 
early solar system, which is significantly lower than 
the value inferred from Fe–Ni isotope measurements 
of chondrules in silicates and sulphides from unequili-
brated ordinary chondrites. We attribute the differ-
ence in the initial 60Fe/56Fe to be solely due to the 
closure temperature of Fe–Ni isotope systematics, 
which is less compared to Al–Mg isotope systematics. 
With the initial 60Fe/56Fe values found in the Piplia 
Kalan, it is possible that the Fe–Ni isotope systematics 
was disturbed for another ~ 5 Ma (million years) after 
closure of the Al–Mg isotope systematics. The closure 
temperature of ~ 450–650°C for Fe–Ni isotope system 
seems feasible and we anticipate a cooling rate of 
~ 20–60°C/Ma in the crust region of the parent body of 
Piplia Kalan, thereby matching the initial 60Fe/56Fe to 
~ 5 × 10–7. This is consistent with the initial value 
found in the silicate phases in chondrules of least 
metamorphosed meteorites. However, the presence of 

60Ni excess in Piplia Kalan does not confirm 60Fe to be 
a major heat source for the early thermal evolution of 
meteorite parent bodies. Also, it seems that a massive 
star probably has contributed the two short-lived  
nuclides, 26Al and 60Fe, to the early solar system. 
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THE conventional astrophysical scenario for the forma-
tion of the solar system involves a supernova-triggered 
initiation of the gravitational collapse of the pre-solar 
molecular cloud, forming a proto-sun surrounded by 
cloud of gas and dust, the so-called solar nebula. This 
scenario also led to the seeding of the short-lived radio-
nuclides such as 41Ca, 26Al, 60Fe, 53Mn, etc. into the parent 
molecular cloud of the solar system1. 26Al, with a half-life 
of 0.72 Ma (million years), is widely studied in early  
solar system objects such as CAIs (Ca–Al rich inclu-

sions), chondrules, ureilites, pallasites, angrites and 
eucrites2–14. The Al–Mg isotope systematics led to the 
major understanding of the onset and duration of chon-
drule formation, lifetime of the active solar nebula, for-
mation of the parent body(ies) of eucrites, etc. However 
in recent times, 60Fe with a half-life of ~ 1.5 Ma has 
emerged as a promising chronometer for the study of the 
timescale and processes in early history of the solar sys-
tem8–10. The presence of 60Fe in the early solar system 
was resolved by the excess of 60Ni in CAIs by Birck and 
Lugmair11 with an upper limit of ~ 1.6 × 10–6 for initial 
60Fe/56Fe. Subsequent studies carried out on an eucrite 
sample of Chervony Kut and Juvinas indicated an initial 
60Fe/56Fe ratio of (3.9 ± 0.6) × 10–9 and (4.3 ± 1.5) × 10–10 
respectively12,13. These Fe–Ni isotope systematics studies 
on achondrites12–14 showed that the inferred initial 
60Fe/56Fe values in the solar system fell short by more 
than an order of magnitude than those inferred by silicate 
phases of chondrule and troilite. 
 Previous studies of Fe–Ni isotope systematics per-
formed on Fe-rich silicate phases of chondrule and troilite 
from unequilibrated ordinary chondrites (UOCs)4,8–10 
provided an initial 60Fe/56Fe from (1–10) × 10–7. The wide 
range does not allow us to constrain the initial 60Fe/56Fe 
values for the early solar system considering the time dif-
ference between CAIs and chondrules to be ~ 1 Ma, like 
its counterpart, initial 26Al/27Al (= 5 × 10–5) and hence 
may not assist towards the understanding of the chronology 
of early solar system objects. It also creates a dilemma in 
the choice of the right stellar source for injection of these 
two short-lived radionuclides. The primitive samples such 
as Semarkona (LL3.0), Bishunpur (LL3.1) and Krymka 
(LL3.1) even after having the least metamorphic grade 
did have a widespread distribution of initial 60Fe/56Fe. In 
fact, the spread in the initial 60Fe/56Fe does seem to gain 
support for the heterogeneous distribution in the solar 
system, unlike that of 26Al. Whether 60Fe was homoge-
nously distributed in the early solar system cannot be 
concluded at this point. Eucrites such as Piplia Kalan 
provide an opportunity to study the initial 60Fe/56Fe as 
these differentiated meteorites have well-documented initial 
26Al/27Al (ref. 3). The essential aim of the present study is 
to look for evidence of live 60Fe in eucrite Piplia Kalan, 
thereby providing an initial 60Fe/56Fe in the early solar 
system, and further to deduce any correlation that exists 
between 60Fe and 26Al. 
 The eucrite sample, Piplia Kalan, which is an equili-
brated, noncumulate, monomict breccia with clasts was 
chosen for Fe–Ni isotope systematics measurements. The 
age of this meteorite Piplia Kalan by various techniques 
is reported to be 4.57 and 4.56 Ga by Sm–Nd age and  
Pu–Xe model age respectively15,16. The early formation of 
the Piplia Kalan parent body is evident from its deduced 
age and consequently is an exemplary sample that has 
provided with a major contribution by indicating 26Al to 
be a major heat source3. The major minerals in the sample 
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consist of pyroxene, plagioclase along with some minor 
ilmenite and iron sulphide. This sample proved to be just 
right due to the presence of the large Fe-rich pyroxene 
crystals of about a millimetre in size with high Fe/Ni ratio. 
The back-scattered electron image of a portion of the  
polished section of Piplia Kalan is shown in Figure 1. 
 The identified Fe-rich phases of pyroxene in the sec-
tion of Piplia Kalan were analysed for Fe–Ni isotopic 
measurement using Secondary Ion Mass Spectrometer 
(SIMS Cameca IMS-4f); usually called as ion microprobe 
that was operated at a mass resolution (M/ΔM) of ~ 4500, 
sufficient to resolve the major interference at masses 
57Fe, 60Ni and 62Ni of interest. Contributions from  
hydrides existed which cannot be avoided and were con-
firmed to be less than per mil level. A 10–20 μm focused 
primary O– beam with current ≥ 5 nA accelerated to 
17.5 kV was used to sputter secondary ions from the 
sample surface using the largest contrast aperture to 
maximize transmission. Measurements were carried out 
in peak jumping mode by cycling the magnet through the 
mass sequence of 57Fe+, 60Ni+, 62Ni+ and counted on elec-
tron multiplier for 1, 20 and 60 s in each cycle operated 
in the pulse-counting mode. The large size of the pyroxene 
grains that have uniform composition provides an advan-
tage to do repeated measurements in many cases. The tail 
corrections for 60Ni and 62Ni were made from their inter-
ference peaks of 44CaO and 46TiO (refs 9, 14). A relative 
ion yield for both elements, Fe and Ni, is close to the 
unity. The relative sensitivity estimated is similar to that 
found by Sugiura et al.14. 
 The results of the Fe–Ni isotope systematics study per-
formed on the Fe-rich phases of pyroxene of Piplia Kalan 
are given in Figure 2. The isochron plotted in Figure 2 is 
60Ni/62Ni versus 56Fe/62Ni; the error bars shown are 1σ for 
clarity. The results indicate the presence of 60Fe in Piplia  
 
 

 
 

Figure 1. A section of back-scattered electron images of eucrite 
Piplia Kalan. The plagioclase grains are dark grey, while the pyroxenes 
are light grey. The pyroxene grains are large enough for ion microprobe 
analysis that has high Fe/Ni ratio. 

Kalan eucrite, yielding an initial 60Fe/56Fe value of (5.2 ± 
2.4) × 10–9 (the errors are 2σ). The horizontal dashed line 
in Figure 2 is for the terrestrial line. The other two dashed 
lines that have initial 60Fe/56Fe value of 5 × 10–7 and of 
5 × 10–8 respectively, are shown for comparison. The 
scattering in the 60Ni/62Ni at low Fe/Ni may be the result 
of disturbance in the Fe–Ni isotope systematics. In spite 
of the disturbance that was present in the Al–Mg isotope 
systematics and Fe–Ni isotope systematics, it was not 
sufficient to completely equilibrate the Mg and Ni iso-
topic composition in the plagioclase and pyroxene respec-
tively3. The isochron shown in Figure 2 for Fe–Ni isotope 
systematics supports the possibility of the presence of  
excess 60Ni in Piplia Kalan. 
 The inferred initial 60Fe/56Fe obtained from Fe-rich 
phases in Piplia Kalan is much lower than that measured 
by troilite phases in Semarkona9 and Fe-rich silicate 
phases in chondrules from least metamorphosed chon-
drites4,8,10 using ion microprobe. Nevertheless, the initial 
60Fe/56Fe value in the Fe-rich phases of Piplia Kalan sample 
falls within the range of different achondrites that were 
previously analysed for Fe–Ni isotope systematics12–14. 
The compiled data of all the achondrites studied for the 
Fe–Ni isotope systematics are shown in Figure 3. The 
data of Fe–Ni isotope systematics from D’Orbigny,  
Sahara 99555 and NWA 1670 and Asuka 881371 are 
from the angrites, whereas Asuka 881394, Stannern, Cher-
vony Kut, Juvinas and Piplia Kalan are from the eucrites. 
Many data has high errors with some are provided by  
upper limits12–14. Figure 3 signifies that angrites and 
eucrites are consistent and fall within the narrow band 
has the error been better, except in the case of Juvinas 
 
 

 
 

Figure 2. Fe–Ni isotope plot for Piplia Kalan. The inferred initial 
60Fe/56Fe is 2σ. The error bars plotted are 1σ to have clarity. The result 
is based on least square fit using provost (1990). The horizontal dashed 
line is for normal terrestrial value. Correlation lines were forced to pass 
through the normal 60Ni/62Ni value. The other two dashed lines for ini-
tial 60Fe/56Fe of 5 × 10–7 and 5 × 10–8 respectively, are shown for com-
parison. 
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Figure 3. Distribution of the initial 60Fe/56Fe for achondrites. All  
errors plotted are 2σ. The angrites samples are D’Orbigny, Sahara 
99555, NWA 1670, Asuka 881371 (circles). The eucrites are Asuka 
881394, Stannern, Chervony Kut, Juvinas and Piplia Kalan (square)12–14. 
Most of the data fall within the narrow band except in Juvinas. Data 
with high error are provided by upper limits. 
 
 
that has much lower initial 60Fe/56Fe value. However, the 
resulting 60Fe/56Fe ratio of (5.2 ± 2.4) × 10–9 measured in 
Piplia Kalan is the best among the eucrites so far and is 
relatively well behaved when compared with other differ-
entiated meteorites. The initial 60Fe/56Fe at the beginning 
of the solar system calculated from both angrites and 
eucrites (after ~ 5 Ma of CAIs age) approximately ranges 
from (1–6) × 10–8. The compilation of the angrites data 
(four in number) from the Sugiura et al.14 gives a solar 
system initial 60Fe/56Fe value of (6 ± 9) × 10–8. This is 
much larger with large errors than those from the eucrites 
data compilation (five in number), which provides an  
initial 60Fe/56Fe of (6.5 ± 1.4) × 10–9. The eucrites have a 
larger spread in the initial 60Fe/56Fe values compared to 
the angrites, which has resulted in lower values. In the 
case of Piplia Kalan samples, the time difference between 
CAIs formation and crust formation in the parent body of 
Piplia Kalan is ~ 5 Ma from Al–Mg isotope systematics3. 
Taking 5 Ma as the benchmark for the Fe–Ni isotope sys-
tematics, the initial 60Fe/56Fe at the time of the solar sys-
tem is (5.2 ± 2.4) × 10–8. This is the best and the highest 
value till now among the eucrites. We do not have a suit-
able explanation for the spread in the eucrite values, but 
it seems at present that various minerals analysed by vari-
ous authors have different resetting time and hence one 
should be careful while interpreting the data14. 
 The initial 26Al/27Al in the Al-rich phases of plagioclase 
in Piplia Kalan has resulted in an upper limit of ~ 5 Ma 
for the formation, melting and crystallization of the eucrite 
parent body3. The deduced age of ~ 5 Ma for the Piplia 
Kalan parent body crust formation, if extrapolated for 
Fe–Ni isotope systematics, infers an initial 60Fe/56Fe of 

(5.2 ± 2.4) × 10–8 at the beginning of the solar system. 
The inferred initial 60Fe/56Fe values found in the silicate 
phases of chondrules are larger by more than an order of 
magnitude than the above-mentioned value for Piplia 
Kalan. In such a situation the values found in the achon-
drites cannot be directly used for chronological interpre-
tation. The smaller initial 60Fe/56Fe values found in 
achondrites compared to silicate phases in chondrules of 
least metamorphosed meteorites have prompted Sugiura 
et al.14 to suggest that 60Fe was heterogeneously distri-
buted in the solar nebula. 
 The presence of the short-lived nuclides in the early  
solar system has been generally argued to be either due to 
irradiation or a late stage injection of the nuclides in the 
early solar system by an evolved star. We rule out the 
substantial irradiation contribution of 26Al by the X-wind 
irradiation scenario, as it not possible to explain the con-
fined spread in the initial canonical value of 26Al/27Al  
observed in the majority of the unaltered CAIs17. Further, 
the recent titanium isotopic analysis18 indicates a direct 
genetic relationship between the CAIs and the bulk com-
position of the carbonaceous chondrites, thereby suggest-
ing that CAIs were probably formed locally in the nebula 
by local transient thermal episodes rather than in the  
vicinity of the sun as proposed by the X-wind model. 
Hence, it is unlikely that the X-wind irradiation contri-
buted to the thermal processing of CAIs and irradiation 
production of the short-lived nuclides. We favour mas-
sive star(s)17,19–21 to be the source of the two short-lived 
nuclides, 26Al and 60Fe. Further, detailed theoretical 
analyses by Boss22 suggest that stellar injection results in 
heterogeneity less than ~ 10% in the solar nebula. Even 
though this analysis was performed for 26Al, it is applica-
ble for 60Fe. Apart from the dynamical processes operat-
ing in the solar nebula that result in the homogenization 
of the stellar ejecta, e.g. the extent of turbulence, the  
degree of heterogeneity of a short-lived nuclide would 
depend upon the nature of the carrier dust grain that 
brings in the short-lived nuclide to the solar system20. 
Among the two short-lived nuclides, 26Al and 60Fe, the 
former could be carried by comparatively more refractory 
grains. Hence, it is more likely that in case the two short-
lived nuclides were injected into the solar system, the latter 
would homogenize earlier due to the comparatively less 
refractory nature of the carrier dust grain. This makes 
them less resistant against vaporization by the local  
transient thermal events in the solar nebula that aid in  
homogenization. 
 As already mentioned, there is a discrepancy in estab-
lishing the initial 60Fe/56Fe values present in the early  
solar system as one makes an effort to measure Fe–Ni 
isotope systematics in CAIs, troilite, chondrules, eucrites, 
etc. The inferred initial 60Fe/56Fe of ~ 10–6 in troilite 
phases as measured by Mostefaoui et al.9 is the highest so 
far, whereas the troilite phases measured by Tachibana 
and Huss8 yield an order of magnitude lower value. The 
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inferred initial 60Fe/56Fe in silicate phases8 of chondrules 
is (2.2–3.7) × 10–7, whereas the present study on Piplia 
Kalan eucrite yields an order of magnitude lower value, 
but is nonetheless within the range of achondrites (Figure 
3). The Al–Mg and Fe–Ni isotope data of Mishra et al.23 
has shown that chondrule formation was over by ~ 3 Ma 
from both the systematics (the initial 26Al/27Al and 
60Fe/56Fe at the time of CAI formation were taken as 
~ 5 × 10–5 and ~ 5 × 10–7 respectively). The lower values 
of the initial 60Fe/56Fe in the achondrites, in general, 
could be attributed either to the late Fe–Ni closure com-
pared to Al–Mg, or alternatively, that both of the sys-
tematics were disturbed to different extents by thermal 
metamorphism subsequent to the crustal formation of the 
eucrite parent body. It seems that the higher initial 
60Fe/56Fe in troilite phases is due to mild parent-body 
metamorphism where Fe gets more diffused compared to 
Ni, whereas in case of silicate both Fe and Ni are mo-
bile24. The diffusion of Fe and Ni from silicate during 
metamorphism can lower the original isochron as it is 
seen in Piplia Kalan and different achondrites. These 
chondrules with the initial 60Fe/56Fe of (2–4) × 10–7,  
allow us to draw a conclusion that initial 60Fe/56Fe in the 
early solar system was probably ~ 5 × 10–7. Considering 
the above as initial 60Fe/56Fe value for the early solar sys-
tem, the time difference drawn from Piplia Kalan yields 
~ 10 Ma till the closure of the Fe–Ni isotope systematics. 
This suggests that the diffusion of Ni in pyroxene phase 
went on for another ~ 5 Ma after closure of Al–Mg iso-
tope systematics. The closure temperature of Ni in pyr-
oxene is difficult to know experimentally. However, it is 
reasonable to believe that ~ 450–650°C is the closure 
temperature for Ni for the time period of ~ 1 Ma, where it 
will not retain its heterogeneity. This reduces the tem-
perature to ~ 100–300°C over a period of ~ 5 Ma, allow-
ing us to estimate roughly that the cooling rates lie 
somewhere between 20 and 60oC/Ma. The ~ 5 Ma of 
cooling will raise the initial 60Fe/56Fe ratio to an order of 
magnitude from its present values, placing them with the 
values found in the silicate phases of chondrules. 26Al is 
mostly concentrated in the plagioclase phases of eucrite 
whose grains sizes are ~ 1 mm. The heterogeneity in the 
plagioclase grain would be lost for these grain sizes at a 
temperature of ~ 750°C within a time period of ~ 1 Ma 
(ref. 25). But even for temperature < 750°C, 60Ni will  
diffuse easily, or the Fe–Ni systematics would be reset 
till it reaches a particular critical temperature where no 
diffusion of 60Ni takes place. We believe that the critical 
temperature to prevent 60Ni diffusion is far less compared 
to 26Mg. 
 The initial 60Fe/56Fe ratio of ~ 5 × 10–7 in the early  
solar system, deduced from the achondrites by taking 
cooling rate into consideration, is not exclusively signifi-
cant for the heating and differentiation of the parent bod-
ies of eucrites26,27. In order to be an efficient heat source, 
an initial 60Fe/56Fe > 10–6 would be essential26,27. The time 

difference between CAIs and chondrule formation and 
the duration of chondrule formation estimated from Al–
Mg isotope systematics is ~ 2–3 Ma, done on the primi-
tive samples by various group where one does on expect 
any 26Mg diffusion4–6. Hence, major accretion of chon-
drite parent bodies may have occurred ~ 2–3 Ma subse-
quent to the formation of the CAIs, while the accretion 
and differentiation of differentiated planetesimals com-
menced within a million years. While 26Al powered the 
essential thermal energy for the planetary differentiation, 
the accumulation of 60Fe in the growing iron core could 
have maintained heat for an extended time. The Al–Mg 
isotope systematics by Srinivasan et al.3 suggests that the 
formation, melting and crystallization was over within 
5 Ma, but the Fe–Ni isotope systematics suggests that the 
activity of metamorphism went on for another 5 Ma, after 
which the diffusion or elemental mobility stopped in 
Piplia Kalan. This can also be interpreted as the parent 
body of eucrite being active at least for ~ 10 Ma after CAI 
formation. Hence, the initial 60Fe/56Fe values obtained 
from various achondrites previously and by us are too 
small to be given serious consideration in terms of heat-
ing the meteorite parent body during the early evolution. 
 The source of 60Fe along with the other short-lived  
nuclides has been debated for a long time. Although the 
source of the short-lived nuclides 7,10Be, 53Mn and 36Cl 
was probably irradiation in the early solar system, the  
canonical value of 26Al/27Al would be difficult to obtain 
by an irradiation scenario, e.g. the X-wind irradiation sce-
nario17,20–22. Further, it is highly unlikely that 60Fe was 
produced by irradiation. Hence, it is quite plausible that 
the two short-lived nuclides, 26Al and 60Fe, were pro-
duced by stellar source(s)17,20–22. The two short-lived  
nuclides, along with the other short-lived nuclides, e.g. 
41Ca, were either injected into the proto-solar molecular 
cloud or the proto-planetary disc. Numerous stellar 
sources have been proposed by different workers. These 
include a Thermally-Pulsing Asymptotic Giant Branch 
(TP-AGB) star, Nova, supernova SN II and Wolf-Rayet 
star evolved through SN Ib/c (ref. 20). Even though the 
lower value of 5 × 10–7 for 60Fe/56Fe compared to an ini-
tial value suggested by Mostefaoui et al.9 makes the case 
for a low metallicity TP-AGB star a little more tempting, 
the various dynamical constraints associated with the 
scenario involving an AGB-triggered gravitational col-
lapse of proto-solar molecular cloud make the AGB star 
an unlikely source of the short-lived nuclides17,20. It 
would be extremely difficult for the low-velocity winds 
associated with an evolving low-mass TP-AGB star to 
trigger star formation and inject short-lived nuclides20. 
There does not exist any stellar scenario involving a slow 
mixing of TP-AGB winds with a proto-solar molecular 
cloud model, eventually leading to the gravitational col-
lapse of the cloud core. However, in case we do not  
impose constraints on the stellar source of the short-lived 
nuclides to be responsible for triggering the gravitational 
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collapse of the presolar cloud, TP-AGB winds can pro-
vide the short-lived nuclides. Further, among the massive 
stellar scenarios, stars with mass > 30 M? seem to be the 
most plausible source(s). These massive stars evolve 
through the Wolf–Rayet (WR) stage, eventually leading 
to SN Ib/c supernova explosion17. 26Al is produced in 
these stars during the WR stages and SN Ib/c, whereas 
60Fe is produced during SN Ib/c supernova. Estimates 
based on the integrated yields of these radionuclides for 
the entire evolution of these massive stars can explain the 
presence of the short-lived nuclides 26Al and 60Fe (ref. 
20). The half-life of 60Fe was revised to 2.6 Ma by Rugel 
et al.28. This may not have serious implications on our 
understanding of 60Fe as a heat source in the early solar 
system, even after using 2.6 Ma as the half-life. However, 
the revised half-life will change our understanding of the 
initial 60Fe/56Fe in the early solar system. 
 The Fe–Ni isotope measurements in eucrite Piplia 
Kalan have revealed the presence of 60Ni excess. The  
inferred initial 60Fe/56Fe value of (5.2 ± 2.4) × 10–9 in Piplia 
Kalan is the best so far among the eucrites, measured using 
ion microprobe. The initial 60Fe/56Fe value found in Piplia 
Kalan is consistent with the silicates study carried out on 
the chondrules, provided the cooling scenario is invoked, 
as Fe–Ni isotope systematics is easily disturbed at 750°C, 
which is the closure temperature of the Al–Mg isotope 
systematics. But the closure temperature of Fe–Ni is 
~ 450–650°C and the time required to cool will be ~ 5 Ma, 
thereby suggesting a cooling rate of ~ 20–60°C/Ma. The 
initial 60Fe/56Fe value inferred from eucrite Piplia Kalan 
rules out 60Fe as a major heat source in the early solar 
system. A massive star injected the short-lived radio-
nuclides, 26Al and 60Fe, into the solar system and the  
nuclides were rapidly homogenized in the solar nebula. 
 
 

1. McKeegan, K. D. and Davis, A. M., Early solar system chronology. 
In Meteorites, Planets, and Comets (ed. Davis, A. M.), Treatise on 
Geochemistry, 2003, vol. 1, pp. 431–460. 

2. MacPherson, G. J., Davis, A. M. and Zinner, E. K., The 
distribution of aluminum-26 in the early solar system – a 
reappraisal. Meteoritics, 1995, 30, 365–386. 

3. Srinivasan, G., Goswami, J. N. and Bhandari, N., 26Al in eucrite 
Piplia Kalan: plausible heat source and formation chronology. 
Science, 1999, 284, 1348–1350. 

4. Kita, N. T., Huss, G. R., Tachibana, S., Amelin, Y., Nyquist, L. E. 
and Hutcheon, I. D., Constraints on the origin of chondrules and 
CAIs from short-lived and long-lived radionuclides. In Chondrites 
and the Protoplanetary Disk (eds Krot, A. N., Scott, E. R. D. and 
Reipurth, B.), ASP Conference Series #341, Astronomical Society 
of the Pacific, San Francisco, 2005, pp. 558–587. 

5. Rudraswami, N. G. and Goswami, J. N., 26Al in chondrules from 
unequilibrated L chondrites: onset and duration of chondrule for-
mation in the early solar system. Earth Planet. Sci. Lett., 2007, 
257, 231–244. 

6. Rudraswami, N. G., Goswami, J. N., Chattopadhyay, B., Sen-
gupta, S. K. and Thapliyal, A. P., 26Al records in chondrules from 
unequilibrated ordinary chondrites: II. Duration of chondrule for-
mation and parent body thermal metamorphism. Earth Planet. Sci. 
Lett., 2008, 274, 93–102. 

7. Jacobsen, B. et al., 26Al–26Mg and 207Pb–206Pb systematics of  
Allende CAIs: canonical solar initial 26Al/27Al ratio reinstated. 
Earth Planet. Sci. Lett., 2008, 272, 353–364. 

8. Tachibana, S. and Huss, G. R., The initial abundance of 60Fe in the 
solar system. Astrophys. J., 2003, 588, 41–44. 

9. Mostefaoui, S., Lugmair, G. W. and Hoppe, P., 60Fe: a heat source 
for planetary differentiation from a nearby supernova explosion. 
Astrophys. J., 2005, 625, 271–277. 

10. Tachibana, S., Huss, G. R., Kita, N. T., Shimoda, G. and Mor-
ishita, Y., 60Fe in chondrites: debris from a nearby supernova in 
the early solar system? Astrophys. J., 2006, 639, L87–L90. 

11. Birck, J. L. and Lugmair, G. W., Nickel and chromium isotopes in 
Allende inclusions. Earth Planet. Sci. Lett., 1988, 90, 131–143. 

12. Shukolyukov, A. and Lugmair, G. W., Live iron-60 in the early 
solar system. Science, 1993, 259, 1138–1142. 

13. Shukolyukov, A. and Lugmair, G. W., 60Fe in eucrites. Earth 
Planet. Sci. Lett., 1993, 119, 159–166. 

14. Sugiura, N., Miyazaki, A. and Yin, Q. Z., Heterogeneous distri-
bution of 60Fe in the early solar nebula: achondrite evidence. Earth 
Planets Space, 2006, 58, 1079–1086. 

15. Bhandari, N., Murty, S. V. S., Suthar, K. M., Shukla, A. D., 
Ballabh, G. M., Sisodia, M. and Vaya, V. K., The orbit and 
exposure history of the Piplia Kalan eucrite. Meteoritics Planet. 
Sci., 1998, 33, 455–461. 

16. Kumar, A., Gopalan, K. and Bhandari, N., 147Sm–143Nd and 87Rb–
87Sr ages of the eucrite Piplia Kalan. Geochim. Cosmochim. Acta, 
1999, 63, 3997–4001. 

17. Sahijpal, S. and Gupta, G., The plausible source(s) of 26Al in the 
early solar system: a massive star or the X-wind irradiation sce-
nario? Meteoritics Planet. Sci., 2009, 44, 879–890. 

18. Leya, I., Schonbachler, M. and Halliday, A. N., Titanium isotopes 
in CAIs – heterogeneities in the early solar system. Lunar and 
Planetary Science Conference, Texas, USA, 2009, 40, 1480. 

19. Woosley, S. E., Weaver, T. A. and Thomas, A., The evolution and 
explosion of massive stars. II. Explosive hydrodynamics and  
nucleosynthesis. Astrophys. J. Suppl. Ser., 1995, 101, 181–235. 

20. Sahijpal, S. and Soni, P., Stellar nucleosynthetic contribution of 
extinct short-lived nuclei in the early solar system and the associ-
ated isotopic effects. Meteoritics, 2006, 41, 953–976. 

21. Wasserburg, G. J., Busso, M., Gallino, R. and Nollett, K. M., 
Short-lived nuclei in the early solar system: Possible AGB 
sources. Nucl. Phys. A, 2006, 777, 5–69. 

22. Boss, A. P., Spatial heterogeneity of short-lived and stable iso-
topes in the solar nebula. Meteoritics Planet. Sci., 2006, 41, 5014. 

23. Mishra, R. K., Goswami, J. N., Tachibana, S., Huss, G. R. and 
Rudraswami, N. G., 60Fe and 26Al in chondrules from unequilibrated 
chondrites: implications for early solar system processes. Astro-
phys. J. Lett., 2010, 714, L217–L221. 

24. Petry, C., Chakraborty, S. and Palme, H., Experimental determina-
tion of Ni diffusion coefficients in olivine and their dependence on 
temperature, composition, oxygen fugacity, and crystallographic 
orientation. Geochim. Cosmochim. Acta, 2004, 68, 4179–4188. 

25. LaTourrette, T. and Wasserburg, G. J., Mg diffusion in anorthite: 
implications for the formation of early solar system planetesimals. 
Earth Planet. Sci. Lett., 1998, 158, 91–108. 

26. Sahijpal, S., Soni, P. and Gupta, G., Numerical simulations of the 
differentiation of accreting planetesimals with 26Al and 60Fe as the 
heat sources. Meteoritics Planet. Sci., 2007, 42, 1529–1548. 

27. Gupta, G. and Sahijpal, S., Differentiation of Vesta and the parent 
bodies of other achondrites. J. Geophys. Res. (Planets), 2010, 115, 
E08001, 1–15. 

28. Rugel, G., Faestermann, T., Knie, K., Korschinek, G. and 
Poutivtsev, M., New measurement of the 60Fe half-life. Phys. Rev. 
Lett., 2009, 103, 072502, 1–4. 

ACKNOWLEDGEMENT. This is NIO contribution no. 4849. 

Received 23 October 2009; revised accepted 26 August 2010 


