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Introduction:  Recent studies have shown that 
short-lived 60Fe (t1/2 = 1.5 Ma) was present in some 
components of ordinary and enstatite chondrites 
when they formed [1-4].  Here we report additional 
data on 60Fe from sulfides in enstatite chondrites and 
on the potential relationship between the 60Fe-60Ni 
and 53Mn-53Cr systems. 

Samples and Experimental Methods:  We 
studied sulfide assemblages in five unequilibrated 
enstatite chondrites (UECs): Qingzhen (EH3), Sahara 
97072 (EH3), EET 87746 (EH3), ALH 77295 (EH3), 
and MAC 88136 (EL3).  Target sulfides were 
identified by elemental and backscattered-electron 
mapping of thin sections using SEM.  The minerals 
analyzed included troilite, alabandite, daubréelite, 
niningerite, sphalerite, and kamacite. 

Isotopic analyses were carried out with the ASU 
Cameca ims-6f ion microprobe.  For both Fe-Ni and 
Mn-Cr analyses, a 0.2-0.4 nA, 12.5 keV O- primary 
beam (~5 microns in diameter) was used to generate 
positive secondary ions.  The secondary-ion mass 
spectrometer was operated at 8.85 keV with an 
energy window of ~50 eV.  A mass resolving power 
of ~3800 eliminated most molecular interferences.  
Hydride contributions to 53Cr, 55Mn, 60Ni, 61Ni, and 
62Ni were <0.1 ‰.  Canyon Diablo troilite, 
synthetic troilite, and terrestrial pyrrhotite were used 
to check the instrumental mass fractionation for Ni 
isotopes and to determine the Fe/Ni sensitivity factor.  
60Ni/61Ni ratios for samples were corrected for 
instrumental mass fractionation internally using 
62Ni/61Ni.  The mass fractionation correction for 
53Cr/52Cr from samples was done externally by 
comparing to measured ratios in Cr-rich sulfides 
within the same thin section, assuming that their Cr 
isotopic compositions are normal within the 
precision of the ion microprobe.   

Results:  Most sulfides in the five UECs have 
Fe/Ni and Mn/Cr ratios too low to permit detection 
of the expected small anomalies in 60Ni and 53Cr.   
However, three sulfide inclusions with the highest 
Fe/Ni ratios, two from Qingzhen and one from ALH 
77295, show clear excesses of 60Ni that correlate well 
with Fe/Ni (e.g., Fig. 1).  The inferred (60Fe/56Fe)0 

ratios are (3.4±2.1)×10-7, (3.8±1.1)×10-7, and 
(9.1±2.5)×10-7 (e.g., Fig. 1). One troilite inclusion 
from MAC 88136 has a clear excess of 60Ni and a 
“two-point” isochron yields a (60Fe/56Fe)0 ratio of 
(1.4±0.6)×10-6. 

Five assemblages from the three meteorites 
contain hints of excess 60Ni and suggest inferred 
(60Fe/56Fe)0 values in the range of (1-3)×10-7, with 

large errors.  No resolvable excesses of 60Ni were 
detected in three inclusions, two from Qingzhen and 
one from ALH 77295, although Fe/Ni ratios are low. 

The remaining samples show unusual results.  
Three objects with low Fe/Ni ratios (56Fe/61Ni < 
400,000) show marginally resolved excesses of 60Ni 
that give very high inferred (60Fe/56Fe)0 ratios 
((2.3±1.6)×10-6, (3.7±1.2)×10-6, and (1.0±0.7)×10-5).  
While the uncertainties permit lower inferred initial 
ratios, the magnitude of the excesses in all three 
inclusions is similar, and the initial ratios show a 
weak inverse correlation with Fe/Ni ratio.  One 
sphalerite-alabandite-troilite assemblage from MAC 
88136 is remarkable in that it gives large excesses in 
both 60Ni and 62Ni (δ60Ni = 129±128‰ and δ62Ni = 
238±147‰, referenced to 61Ni; Fe/Ni ≈ 350,000).  
When corrected for instrumental mass fractionation 
using 62Ni/61Ni, the inferred (60Fe/56Fe)0 ratio is 
(8.2±4.1)×10-7, but when corrected using the 
measured 60Ni/61Ni from standards, the inferred 
(60Fe/56Fe)0 is (2.8±2.7)×10-7. 

Five of the inclusions have been measured for 
53Mn-53Cr system.  QZ2-S3, with an (60Fe/56Fe)0 of 
(9.1±2.5)×10-7, produces a clear Mn-Cr isochron 
with an inferred (53Mn/55Mn)0 = (2.1±0.6)×10-7 (Fig. 
2). A (53Mn/55Mn)0 ratio of (6.8±0.8)×10-7 is observed 
in A95-S1, whose (60Fe/56Fe)0 ratio is (3.8±1.1)×10-7.  
M3641-S1, showing an extreme (60Fe/56Fe)0 value of 
(1.0±0.7)×10-5, has a good Mn-Cr isochron with 
(53Mn/55Mn)0 = (5.7±0.8)×10-7. The (53Mn/55Mn)0 
ratio inferred from M3645-S5, the inclusion with 
excesses in both 60Ni and 62Ni, is (1.7±0.7)×10-7, 
although there is not sufficient internal spread in the 
data to define a good isochron.  A95-S2, which 
shows no resolvable excess of 60Ni, yields a Mn-Cr 
isochron with (53Mn/55Mn)0 = (3.7±1.2)×10-7. 

Discussion:  Previous measurements have 
established (60Fe/56Fe)0 ratios of (1.0±0.2)×10-7 for 
troilite in Bishunpur [1,2], (1.7±0.5)×10-7 for troilite 
in Krymka [2], and (7.5±2.6)×10-7 for troilite in 
Semarkona [3].  New measurements of a 
Semarkona pyroxene chondrule indicates an 
(60Fe/56Fe)0 ratio of ~(2-3)×10-7 [5]. The sulfide 
assemblages from UECs with the best evidence for 
radiogenic 60Ni give (60Fe/56Fe)0 ratios of 
(3.4±2.1)×10-7, (3.8±1.1)×10-7, (9.1±2.5)×10-7, and 
(1.4±0.6)×10-6.  The marginal detections from 5 
UEC sulfide assemblages gave initial ratios of 
~(1-3)×10-7.  The highest of these (60Fe/56Fe)0 
values is essentially identical to the value inferred for 
CAIs (1.6×10-6) [e.g., 6]. Even discounting the 
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apparent higher values that we infer from sulfides 
with low Fe/Ni ratios, the inferred (60Fe/56Fe)0 values 
are very high.  The values are particularly 
extraordinary because the inferred (53Mn/55Mn)0 
values for the UEC sulfides are quite low, a few 
×10-7.  The (53Mn/55Mn)0 ratios are similar to those 
obtained previously in E-chondrite sulfides [7].  
They are much lower than the ~1.4x10-5 inferred for 
CAIs [8], in spite of the longer half-life of 53Mn (3.7 
Ma) relative to 60Fe.  In one case the same object 
(QZ2-S3) gave good isochrons in both systems (Figs. 
1 and 2).  If the isochrons are truly undisturbed, 
then UEC sulfides could only have formed from a 
reservoir with very different (53Mn/55Mn)0 and 
(60Fe/56Fe)0 compared to the CAI or ordinary- 
chondrite formation regions. 

However, secondary redistribution of Fe, Ni, Mn, 
and Cr in the sulfides must be considered. 
Experimental data for vacancy diffusion indicate that 
Fe2+ can diffuse in pyrrhotite ~1 cm in 105 years at 
277 °C [9].  Qingzhen may have experienced 
metamorphic temperatures as high as 500 °C [10]. 
Partial diffusive loss of Fe was proposed by [11] to 
explain Fe-concentration profiles in sphalerite in 
Qingzhen and other CH chondrites.  If, after 60Fe 
decay, Fe was lost from the sulfides by diffusion and 
Ni remained in place, then lower Fe/Ni ratios would 
give anomalously high (60Fe/56Fe)0 ratios.  Evidence 
to support this idea comes from sulfide M3645-S5, 
which has a ~13% excess of 60Ni and ~24% excess of 
62Ni relative to 61Ni.  These excesses are similar in 
relative abundance, but much larger in magnitude, 
compared to several Allende inclusions measured by 
[6].  The magnitude of the effects and their 
similarity to those measured in Ni from CAIs suggest 
that these are nucleosynthetic anomalies inherited 
from a presolar source and preserved in the sulfides.  
If MAC 88136 reached metamorphic temperatures 
high enough to mobilize Fe (~300 °C), then the 
preservation of the large non-linear Ni anomalies in 
M3645-S5 suggests that Ni is not redistributed at 
those temperatures. 

A consistent story for sulfides in UECs might be 
the following.  Sulfides formed while (53Mn/55Mn)0 
and (60Fe/56Fe)0 ratios were both relatively high (e.g., 
~1x10-5 and ~1-2x10-6, respectively).  Both systems 
decayed until the 60Fe was largely gone (>5 my).  
The sulfides were reheated, probably in the parent 
body, to a level where Fe became mobile and some 
of it left the sulfides.  The Mn-Cr system was also 
reset at this time, but the Ni isotopes remained bound 
in the sulfide.  The system cooled again, and the 
Mn-Cr clock was restarted from a much lower level 
(e.g., ~5×10-7).  The Mn-Cr system would record 
the time of metamorphic cooling in the EH parent 
body, but the Fe-Ni system would give higher 
apparent (60Fe/56Fe)0 ratios due to Fe loss and would 
not have chronological significance.  The fact that 
the highest inferred initial ratios that we obtained in 
this study (albeit with large errors) come from the 

grains with the lowest Fe-Ni ratios is consistent with 
an Fe-loss hypothesis.  

If this interpretation is correct, then sulfides from 
enstatite chondrites cannot be dated by the Fe-Ni 
system and cannot be used independently to 
constrain the (60Fe/56Fe)0 ratio of the early solar 
system.  Sulfides in other types of meteorites may 
still be useful, but more reliable data will probably be 
obtained from Fe-rich, Ni-poor silicate and oxide 
minerals.  
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