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Introduction: The 
60

Fe-
60

Ni system (t1/2 = 2.6 Myr) 

can potentially provide important constraints on early 

solar system chronology, the stellar source of short-

lived radionuclides (SLRs), and the environment and 

conditions of the solar system’s formation. An accurate 

and precise initial 
60

Fe/
56

Fe ratio in the solar system, 

(
60

Fe/
56

Fe)SS, is necessary to address these topics. High 

values for the (
60

Fe/
56

Fe)SS of up to ~10
-6

 have been 

inferred based on ion microprobe measurements of 

sulfides and silicates from chondritic material [1-5]. 

The presence of 
60

Fe at this level in the early solar sys-

tem has been used to support a supernova origin for 

short-lived radionuclides [6,7].  

We have recently shown that much of the published 

ion probe Fe-Ni isotopic data were biased due to im-

proper data reduction [4,8,9]. This bias correlates in-

versely with the number of the counts of the normaliz-

ing isotope. When counts in the denominator isotope 

are low (as in the case of our Ni measurements), the 

biased ratios produce correlations that look like 

isochrons [8]. We have now published recalculated 

SIMS data for various SLR systems, including most of 

the previously published Fe-Ni data [9]. After correct-

ing the data, most of the originally reported high initial 
60

Fe/
56

Fe ratios disappeared or were much lower than 

the original estimates. Initial 
60

Fe/
56

Fe ratios at these 

lower levels significantly weaken the requirement for a 

supernova source of short-lived radionuclides.  

Using our improved analytical technique and appro-

priate data reduction methods, we can confidently ap-

proach analyzing new samples. Here, we discuss our 

recent Fe-Ni measurements of chondrules from primi-

tive ordinary chondrites and their implications. 

SIMS Technique: We measured Fe and Ni isotopes 

in multicolltection mode using the Cameca ims 1280 

ion microprobe at the University of Hawai‘i. We used a 

~10 nA 
16

O
–
 beam with a 15 µm raster for each meas-

urement. Nickel isotopes, 
60

Ni
+
, 

61
Ni

+
, and 

62
Ni

+
, were 

measured simultaneously on electron multipliers (EMs) 

with a B-field jump to 
57

Fe
+
, which was measured on a 

Faraday cup. Before each measurement, we presput-

tered each spot with a 20 µm raster for 300 s. Molecu-

lar interferences on the Ni isotopes (e.g., 
44

Ca
16

O, 
45

Sc
16

O, and 
46

Ca
16

O) were monitored at the end of 

each measurement. A mass resolving power (MRP) of 

~4800 mostly resolves these interferences, but we still 

had to make a small tail correction. We used a synthet-

ic low-Ca pyroxene standard for standard-sample 

bracketing and for monitoring EM drift.  

Data Analysis: Corrections were made for back-

ground, deadtime, and drift in the EMs. Counts from 

the tails of interferences were corrected based on 

abundance sensitivity measurements on the standard 

(~50 ppm). Instrumental mass fractionation was cor-

rected internally for each individual measurement. Iso-

tope ratios were calculated from the total counts ac-

quired for each isotope to avoid complications due to 

ratio bias [8]. The number of total counts for the nor-

malizing isotope was monitored to assure that any re-

sidual bias is insignificant. 

Sample Selection: The best samples for Fe-Ni 

measurements are those that have experienced little to 

no aqueous alteration or thermal metamorphism. We 

analyzed low-Ca pyroxene grains in 5 chondrules from 

3 different ordinary chondrites, including two pyrox-

ene-olivine porphyritic (POP) chondrules from 

QUE97008 (L3.05), a barred pyroxene chondrule and a 

POP chondrule from EET90161 (L3.05), and a barred 

pyroxene chondrule from Semarkona (LL3.00). Both 

QUE97008 and EET90161 were characterized as pris-

tine chondrites of petrologic type 3.05 based on the Cr 

distribution in Fe-rich olivines [10]. Raman spectro-

scopic measurements of the matrix in these meteorites 

made using the protocol of [11] give results consistent 

with this classification. These samples are the best we 

have available, but thermal alteration of the Fe-Ni sys-

tem could still be significant. 

Results: Preliminary results for the chondrules we 

analyzed most recently are presented in Table 1. We 

did not find clear evidence for the former presence of 
60

Fe in these samples, so we report only upper limits 

(2σ, 2-sided) on the initial (
60

Fe/
56

Fe)0 ratios.  
 

Table 1. Preliminary results for recent measurements. 

Sample 56Fe/62Ni ×105 (60Fe/56Fe)0 ×10-7 χυ
2 

QUE ch K 0.3-1.4 < 1.2 1.5 

QUE ch I 0.1-1.6 < 2.4 0.9 

EET r1 1.0-8.2 < 0.3 1.6 

EET r4 0.3-1.5 < 1.3 1.0 

SMK r1 0.4-1.0 < 2.4 1.2 
 
The initial 

60
Fe/

56
Fe ratios for the various chondrules 

we have measured during the past couple of years are 

plotted in Figure 1. Only two chondrules in Figure 1 

have resolved initial 
60

Fe/
56

Fe ratios (symbols in 

black). Both are radiating pyroxene chondrules. The 

regressions for these two chondrules show weak corre-

lations, and have χυ
2 

of 11 and 3.3 for Semarkona and 

Krymka, respectively, indicating that the Fe-Ni system 

in these chondrules is disturbed.  
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Fig. 1. Inferred (60Fe/56Fe)0 ratios for chondrules in type 3.0-

3.2 UOCs. Symbols in black are for chondrules with resolved 

initial ratios. All uncertainties are 2σ. 

Discussion: ICPMS measurements of UOC chon-

drules give (
60

Fe/
56

Fe)0 ratios of ~1×10
-8

 [12-14]. Can 

our results be reconciled with these values? With the 

exception of the two chondrules that appear to give 

resolved initial ratios of (1-3)×10
-7

, all of our data are 

consistent with the ICPMS values. However, many of 

them also permit initial ratios up to ~1×10
-7

 and a few 

permit ratios of ~2×10
-7

. 

To constrain the initial (
60

Fe/
56

Fe)SS, we have fo-

cused our efforts on measuring chondrules from the 

most-pristine ordinary chondrites. However, it is well 

known that even Semarkona, the most pristine of the 

UOCs, experienced some degree of thermal processing 

with a peak temperature of up to 200-250 °C [15,16]. 

Krymka (LL3.2) may have reached ~400 °C [16]. 

Chromium begins to leave Fe-rich olivine in type 3.05 

chondrites and has mostly left the olivine by type 

3.1/3.2 [10]. Experimental data on Ni diffusion shows 

that Ni diffuses ~3× faster than Cr in olivine [17]. This 

implies that the Fe-Ni system in primitive UOC olivine 

was not closed, even in Semarkona. We focused our 

measurements on pyroxenes because they are relatively 

resistant to metamorphism [18]. There is no reliable 

experimental data on diffusion of Ni in pyroxene [e.g., 

2]. However, the weak correlations between 
60

Ni ex-

cesses and Fe/Ni ratios in chondrules with evidence for 
60

Fe and the lack of evidence for 
60

Fe in most chon-

drules suggest that Ni may be mobile in both olivine 

and pyroxene under the thermal conditions experienced 

by type 3.0-3.2 chondrites. 

One possible explanation for the two chondrules 

with high inferred (
60

Fe/
56

Fe)0 ratios is that they pre-

serve evidence for a relatively high initial ratio that was 

disturbed in these chondrules and erased by later heat-

ing in most objects [4,12]. In order for internal 

isochrons to be disturbed or reset, it is necessary to 

redistribute the Fe and Ni isotopes between phases 

within a chondrule. If Fe moves out of a mineral while 

Ni remains behind, an “unsupported” excess of radio-

genic 
60

Ni might be present. This does not appear to be 

the explanation for the Semarkona and Krymka chon-

drules with resolved initial ratios because their 

isochrons contain spots with very high Fe/Ni ratios 

(i.e., 
56

Fe/
62

Ni ratios of up to 2×10
5
). Alternatively, if 

radiogenic Ni moves from a phase that originally had a 

very high Fe/Ni ratio and is concentrated locally (e.g., 

in sulfide grains), the “unsupported” 
60

Ni could give a 

high inferred initial ratio. A SIMS measurement that 

includes both phases, could give either a higher or low-

er Fe/Ni ratio than the original phase. 

 The Semarkona and Krymka chondrules with re-

solved initial ratios are radiating pyroxene chondrules, 

which are peppered with tiny sulfide grains. If most of 

the Ni has moved from the pyroxenes to the sulfide 

grains, different Fe/Ni ratios would result from differ-

ent amounts of sulfide in a measurement volume, but 

the 
60

Ni excess may not vary significantly. If some of 

the original Ni-rich sulfide (i.e., sulfide not contami-

nated with Ni from pyroxene) is also present, the data 

might begin to look like an isochron, but with a poor 

correlation between excess 
60

Ni and Fe/Ni ratio. This is 

what we observe (Fig. 1 in [4]). 

This model requires that the (
60

Fe/
56

Fe)0 ratio in the 

region where UOC chondrules formed was relatively 

high, perhaps 1×10
-7

 or even higher. However, meas-

urements of bulk chondrules give uniformly low 

(
60

Fe/
56

Fe)0 ratios [12-14]. For the model to be correct, 

Fe and Ni must have been redistributed between chon-

drules and matrix, but there is little direct evidence of 

this. Additional work will be required to understand the 

mobility of Ni in UOCs. The degree to which the Fe-Ni 

system has remained closed in other meteoritic materi-

als must also be investigated. 
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