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Introduction: Now-extinct “Fe identified as “Ni
excesses in meteorites and their components provides
constraints on the formation time scales, nearby late-
nucleosynthesis injection events, and the evolution of
the early Solar System [e.g., 1,2]. The first clear evi-
dence of excesses in “Ni from the decay of Fe (tip=
2.62 Ma [3, was 1.5 Ma]) was reported in a eucrite
meteorite that formed in a differentiated parent body
[1]. Recently, Ni excesses were found in Fe-rich sili-
cates (pyroxene and olivine) [4-10], sulfides [11-17],
and magnetites [16,17] in unequilibrated ordinary and
enstatite chondrites, and a eucrite.

Sulfides are promising target minerals to measure
excesses in “’Ni because of their high Fe/Ni ratios.
However, previous studies of Fe-Ni systematic in sul-
fides [11-17], and Fe diffusivity in FeS [18] and Ni in
NiS [19] imply that Fe-Ni system in sulfides might be
disturbed by thermal metamorphism (300~500°C,
12,13) and/or aqueous alteration during parent body
process [20]. Ni diffusion kinetics have been well stu-
died in olivine [21,22] but not in pyroxene. The diffu-
sion kinetics of Ni in olivine Dy;(olivine) is slower than
in sulfide Dy; o re(sulfide) by 5 to 10 orders of magni-
tude at 500°C. Tachibana and coworkers, thus, pointed
out that silicates should be the least susceptible to iso-
topic disturbance by thermal alteration in the parent
body of unequilibrated chondrites [5,12]. More recent-
ly, ferromagnesian pyroxene chondrules in UOCs were
found to have disturbed Fe-Ni isochrons, suggesting
partial resetting by alteration processes or different
timing of metamorphic processes [10]. The diffusion
kinetics of the Fe-Ni systematics in olivine, enstatite
and sulfide plays an important role in the effectiveness
of the Fe-Ni systematics in these minerals for a proper
chronological interpretation.

In this study, we established a high-precision and
high-spatial resolution technique for Fe-Ni systematics,
and report observations of “Ni isotopic anomalies in
Fe-rich olivine and Fe-rich enstatite chondrules in Se-
markona unequilibrated ordinary chondrite (UOC) uti-
lizing the JSC NanoSIMS 50L ion microprobe.

Experimental: A study of Fe-Ni systematics was
performed in Fe-rich chondrules (olivines and ensta-
tites) from UOC Semarkona (LL3.0). In this section,
we found that three olivines were type II chondrule
with mg#81-88, and enstatites showed some variations
of mg# which are Type I (mg#93) and II (mg#80 and
85) chondrules (Fig. 1).

Fe and Ni isotopic measurements were carried out
using the JSC NanoSIMS 50L ion probe. A focused
primary O beam of 1.5-2.0 nA was rastered over
15%15 to 20%20 pm areas on samples and standards.
We evaluate the measurement conditions, the instru-
mental mass fractionation, relative sensitivity factor,
and the precision and accuracy for Ni isotopic mea-
surement through analyses of terrestrial standards of
olivine and pyroxenes. Positive secondary ions of
TFe’, “Ni*, ®'Ni", and *Ni" were measured using four
electron multipliers in multidetection mode at a high
mass resolution of ~6,000 that is sufficient to separate
all relevant isobaric interferences. We used beam
blanking to minimize crater edge effects. In this mode,
secondary ions from the edge (accounting for ~18% of
the scanned area) are excluded from the dataset. Each
measurement consisted of 100 cycles of with 30-120
sec/cycle (8,000-28,000 ps/pixel) counting time de-
pending on Fe/Ni ratio, lasting 1-3 hours. Each run
was started after stabilization of the secondary ion
beam following 5 min of pre-sputtering. The sample
was coated with a 12 nm C film to mitigate electrostat-
ic charge on the sample surface. During the analysis,
the mass peaks were centered automatically after every
10 cycles. Data were corrected for EM dead time (44
ns) and QSA effect. Excesses of “’Ni are calculated a
equation [11]: 8°'Ni (%o) = A“Ni — (~A®Ni), where A%
or 62Ni (%O) — (60 or 62Ni/61Ni)sample/(60 or 62Ni/61Ni)standard _
1) x 1000. (™Ni/*'Ni)guandara values were 23.100 for m =
60, and 3.1760 for m = 62 [24].

Terrestrial standards of San Carlos olivine and ens-

tatite were used to correct instrumental mass fractiona-
tion for Ni isotopes and a relative sensitivity factor

Fig. 1. BSE image of a section of Semarkona chondrite.
En: enstatite, Tr: troilite, Ol: olivine
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[(Fe/Ni)yue/(Fe/Ni)nanosivs = 1.06 + 0.01] for *°Fe/*'Ni
ratio for analyzed mineral phases in Semarkona chon-
drules.

Results and Discussions: We analyzed “’Fe-*'Ni
systematics in two pyroxene (mg#80 and 85) and three
olivine (mg#81, 85 and 88) chondrules from Semarko-
na (Fig. 1). We found clear evidence for extinct %Fe in
olivine and enstatite chondrules in Semarkona (Fig. 2).
Data points from different chondrules lie within analyt-
ical errors on a straight line with an inferred
(*°Fe/**Fe) ratio of (6.2 = 2.2)x10” (25), and an initial
8%Ni of 5.6 + 7.5 (26). In terms of chronological in-
terpretation, these chondrules formed within +- 1.5 Ma,
based on the 2o analytical error in the (“°Fe/**Fe), ratio.
One measured point (mg#85a) from enstatite shows
lower 3°Ni value than others, possibly due to a later
isotopic disturbance in enstatite during parent body
metamorphism.

Table 1: (*°Fe/*®Fe), of olivine and enstatite chondrules from
Semarkona

(*°Fe/**Fe), Instrument REF
3.1x 107 ims-6F 4
Olivi 1.9-3.4x107 ims-1270 5
MO 22-37x107 ims-1270 6
Enstatite 7 .
Chondrules 29x10 ims-4F 7,9
0.8-3.2x 107 ims-1280 8
1.7-4.8x107 ims-4F & 1280 9

We summarize published initial “*Fe/**Fe ratios for
olivine and enstatite chondrules from Semarkona in
Table 1. Chondrules show “’Fe/**Fe ratios of (0.8—
4.8)x107 while *°Fe/*°Fe ratios in troilites are, (7.5—
16.8)x107 [15-17], higher by a factor of 2 to 3 com-
pared to chondrules. Our inferred initial “’Fe/**Fe ratio
of 6.2x107 is slightly higher than the ratio previously
observed in chondrules. This variation in the “’Fe/**Fe
ratios among chondrules in Semarkona implies a long
time scale for chondrule formation of 1 to 8 Ma. This
is consistent with current chronological interpretation
of chondrule formation that began ~1 Ma after CAI
formation and persisted for several Ma [25,26].

There is some uncertainty in the initial “°Fe/*°Fe ra-
tio for the Solar System. Birck and Lugmair [23] pro-
posed an initial “*Fe/**Fe ratio of (1.6 + 0.5)x10°, whe-
reas and Quitté and coworkers [24] report a value of
(4.7 + 2.9)x10°, both from the analysis of CAls. The
value we derive from our study of Semarkona chon-
drules, (0.6-2.1)x107%, is consistent with the lower val-
ue proposed by [23], and is based on the standard “’Fe
half life of 1.5 Ma. A recent proposed revision of the
Fe half life to 2.62 Ma yields an initial “’Fe/**Fe ratio
of (0.5-1.4)x10°. Wasserburg and colleagues [27]
proposed an initial **Fe/**Fe ratio for the Solar System
of (~107 to 2x10) based on theoretical modeling of
short-lived nuclei. Our estimated “’Fe/*Fe ratio is in
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agreement with both the Wasserburg model and the
ratio derived from CAI measurements.
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