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Introduction: The abundance of 60Fe in the early 

Solar System has the potential to provide important 
constraints on the origins of the other extinct radionu-
clides also thought to have been present at that time. 
This is because 60Fe is only produced efficiently by 
stellar nuclesynthesis processes and not by energetic 
particle interactions [1]. Recent estimates of the Solar 
System initial 60Fe/56Fe ratio, obtained from in situ 
measurements of individual phases in unequilibrated 
ordinary chrondrites, are somewhat poorly constrained 
and are in the range of ~10-7-10-6 [2,3]. Other recent 
investigations of Ni isotopes in bulk samples of iron 
meteorites and chondrites provide only estimates of the 
upper limit of the initial 60Fe/56Fe ratio [4, 5].  

The D’Orbigny angrite preserves evidence for the 
former presence of a number of extinct radionuclides, 
and its ancient age is well constrained using not only 
these realtive extinct chronometers (i.e., 26Al-26Mg, 
53Mn-53Cr, 182Hf-182W) [6-8] but also the absolute 
207Pb-206Pb chronometer [9]. D’Orbigny also crystal-
lized rapidly and has experienced little to no subse-
quent alteration [10,11], making it a promising target 
for detecting evidence of extant 60Fe. A recent investi-
gation of the 60Fe-60Ni chronometer in some angrites 
reported excesses of 60Ni that are correlated with Fe/Ni 
ratios in mineral separates and bulk samples of the 
quenched angrites, Sah99555 and D’Orbigny [12]. 
This is in contrast to another study that found uniform 
deficits of 60Ni in bulk samples and an olivine separate 
from Sah99555 relative to chondrites [13].   

We have started an investigation of the 60Fe-60Ni 
systematics of the angrites in an attempt to better con-
strain the abundance and distribution of 60Fe in the 
early Solar System. Here we report Ni isotope and 
Fe/Ni ratio measurements for two whole-rock (WR) 
samples and a pyroxene (PX) separate for D’Orbigny 
and a WR sample of one of the NWA 2999 angrite 
pairs (NWA 6291, provisional name).   

Samples and Methods: The D’Orbigny PX sam-
ple (~174 mg) used in this study was previously chem-
ically processed for separation of U by [14]. The WR 
angrite samples (~600-700mg) were also first 
processed for separation of U following the same pro-
cedures as the PX sample. After dissolution, small ali-
quots of the chemically unprocessed samples were 
taken for the Fe/Ni ratio measurements. Using tech-
niques modified from [15-17], Ni was purified from 
the residual U-free fraction of the samples using a 
combination of anion and cation exchange chromatog-
raphy followed by a column that utilizes Ni-specific 
resin impregnated with dimethylglyoxime (DMG).  

Nickel isotopes were measured in medium resolu-
tion mode using the Neptune multi-collector induc-
tively coupled plasma mass spectrometer (MC-
ICPMS) in the Isotope Cosmochemistry and Geochro-
nology Laboratory at Arizona State University (ASU). 
The external reproducibility on the 60Ni/58Ni ratio 
(normalized to 62Ni/58N) is ±0.15ε (2SD), and is based 
on repeat measurments of a pure Ni standard solution 
run during the same analytical sessions as the samples 
reported here. The Fe/Ni ratios were measured using 
the Thermo X-series quadrapole ICPMS in the Keck 
Laboratory for Environmental Biogeochemistry at 
ASU.   

 Results: The angrite WR and PX samples have 
56Fe/58Ni ratios spanning a wide range from ~80 to 
~13,000. The D’Orbigny WR samples have Fe/Ni ra-
tios that differ by about a factor of two, consistent with 
previous data [10], most likely due to the heterogenous 
distribution of Ni-rich trace phases such as Fe-sulfide 
at the mm-scale. NWA 6291 is a metal rich angrite 
[18] and has the lowest Fe/Ni ratio and a Ni isotope 
composition that is indistinguishable from the terres-
trial standard (i.e., ε60Ni* = 0, where ε60Ni* is the 
deviation of the 60Ni/58Ni ratio from the terrestrial 
value in parts per 104). In contrast, the D’Orbigny PX 
and both of the WR samples have variable excesses of 
60Ni* ranging from ~0.2ε to ~0.8ε, which correlate 
with their Fe/Ni ratios. When the three D’Orbigny 
samples are considered together, they define an inter-
nal 60Fe-60Ni isochron for this meteorite with a slope 
corresponding to an initial 60Fe/56Fe ratio of (2.81 ± 
0.86) × 10-9 and ε60Ni*0 = -0.16 ± 0.22 (MSWD = 0.19; 
Fig. 1) at the time of last equilibration of Ni isotopes. 
Following from the study by Quitté et al. [12], the 
spread in Fe/Ni ratios between the WR samples of 
D’Orbigny as well as NWA 6291 also allows the cal-
culation of an angrite whole-rock isochron with a slope 
corresponding to an initial 60Fe/56Fe ratio of (2.31 ± 
0.93) × 10-9 and ε60Ni*0 = -0.04 ± 0.15 (MSWD = 1.5; 
Fig. 2).  

Discussion: Comparison with previous studies. 
The D’Orbigny internal isochron and angrite WR iso-
chrons are shown in Figs. 1 and 2 along with data from 
the recent study by Quitté et al. [12] for comparison. 
As can be seen in the figures, the initial 60Fe/56Fe ratios 
determined here are slightly lower than those reported 
by [12], but agree well within uncertainties. The 
D’Orbigny internal isochron (Fig. 1), which is defined 
by the two WR samples and a PX separate, dates the 
Fe/Ni fractionation associated with the crystallization 
of this basalt. In contrast, the angrite WR isochron 
(Fig. 2), defined by the two D’Orbigny WR samples 
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and the NWA 6291 WR, could be dating the time of 
global Fe/Ni fractionation in the silicate mantle of the 
angrite parent body (APB). In other words, it could be 
indicating the time when the sources of the various 
angrites in the APB mantle established their respective 
Fe/Ni ratios. However, the fact that the two D’Orbigny 
WR samples with different Fe/Ni ratios fall along this 
isochron suggests that the timing of Fe/Ni fractionation 
in the APB mantle is indistinguishable (within the time 
resolution afforded by the analytical uncertainities) 
from the timing of Fe/Ni fractionation during the crys-
tallization of the D’Orbigny parent melt.  

Overall, the results of the current investigation are 
in good agreement with those reported by Quitté et al. 
[12]. The data presented here, however, are in contrast 
those reported for the Sah99555 angrite by [13].   

Initial Solar System abundance of 60Fe.  The fact 
that a precise absolute age has been determined for the 
D’Orbigny angrite and there is concordance of multi-
ple high-resolution chronometers between this meteor-
ite and calcium-aluminum rich inclusions (CAIs) [19 
and references therein] suggests that the 60Fe-60Ni sys-
tematics in D’Orbigny may be used to accurately esti-
mate the Solar System initial abundance of 60Fe (i.e., at 
the time of CAI formation). The current best estimate 
of the formation age of D’Orbigny is 4563.36 ± 0.34 
Ma [19]; this age is obtained if its previously reported 
Pb-Pb age [9] is corrected for the U isotope composi-
tion that was recently reportred for pyroxene from this 
angrite [14]. Comparison with the Pb-Pb age of CAIs 
at 4568.2 ± 0.2 Ma [19] yields a time difference be-
tween CAI formation and D’Orbigny of 4.8 ± 0.4 Ma. 
The slope of the D’Orbigny 60Fe-60Ni internal isochron 
translates to a Solar System initial 60Fe/56Fe ratio of 
either (1.0 ± 0.4) ×10-8 or (2.6 ±0.9) × 10-8, depending 
on whether the 60Fe half-life is assumed to be 2.62 Ma 
[20] or 1.49 Ma [21], respectively. This calulation in-
cludes the uncertainties on the age difference between 
D’Orbigny and CAIs and on the slope of the 
D’Orbigny 60Fe-60Ni isochron reported here, but ex-
cludes the errors on the half-lives. 

The estimates of the Solar System initial 60Fe/56Fe 
ratio determined here are abount 1-2 orders of magni-
tude lower than estimates from previous in situ studies 
[2-3], but are consistent with the upper limits provided 
by other recent investigations [4-5].  
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Fig. 1. D’Orbigny internal mineral 60Fe-60Ni isochron. Black 
squares = this study; gray circles = data from [12]. WR = 
whole-rock; PX = pyroxene. The solid black line is the least-
squares regression for the data reported here; the gray dashed 
line is the regression for the data of [12]. Errors on ε60Ni* 
and 56Fe/58Ni ratios are ± 2SD. 

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2000 4000 6000 8000 10000 12000

!60
N

i*

56Fe/58Ni

Angrite WR (Quitté et al., 2010):
60Fe/56Fe = (3.1 ± 0.8)  x 10-9

!
60Ni

0
 = -0.02 ± 0.08

SAH 99555

NWA 2999

D'Orbigny

D'Orbigny WR1
D'Orbigny WR2

NWA 6291 
(NWA 2999 pair)

Angrite WR (this study):
60Fe/56Fe = (2.31 ± 0.93)  x 10-9

!
60Ni

0
 = -0.04 ± 0.15

 
Fig. 2. Angrite WR 60Fe-60Ni isochron. Black squares = this 
study; gray circles = data from [12]. The solid black line is 
the least-squares regression for the data reported here; the 
gray dashed line is the regression for the data of [12]. Errors 
on ε60Ni* and 56Fe/58Ni ratios are ± 2SD. 
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