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%0Fe-®Ni systematics in quenched angrites and two old eucrites were investigated by secondary ion mass
spectrometry. The 'Ni/*?Ni isotopic compositions were normal within 2o errors. The inferred initial ®“Fe/>°Fe
ratios for quenched angrites was (649)x 10~°, and similar upper limit values were also obtained from eucrites.
Using the age difference of approximately 5 Ma between the quenched angrites and Ca-Al-rich inclusions, the
initial ®°Fe/°°Fe ratio at the start of the solar system was calculated to be approximately (6+9)x 1078, This initial
ratio is significantly smaller than previously published values obtained from chondritic materials, suggesting the

heterogeneous distribution of %°Fe in the solar nebula.
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1. Introduction

The presence of now-extinct nuclides, such as 26 Al (half-
life: 0.7 Ma), in the early solar system is well established
(MacPherson et al., 1995). However, their origin (produced
by supernova or by cosmic ray irradiation) and distribu-
tion in the solar system are a matter of contentious debate.
(Goswami et al., 2005).

%0Fe, which decays to °Ni with a half-life of 1.5 Ma, is
mainly produced by supernovae under a neutron-rich envi-
ronment since high neutron fluence is needed to produce
%0Fe from °Fe before it decays to >Co. Cosmic ray irra-
diation is a potentially important mechanism for producing
some of the now-extinct nuclides, such as '“Be (Goswami
et al., 2005). ®Fe, however, is not produced efficiently by
the cosmic ray irradiation and, as a result, the presence of
%0Fe in meteorites provides strong evidence for supernova
product in the solar nebula. Once the abundance of *°Fe is
established, then abundances of the other extinct nuclides
(such as 2°Al) co-produced in supernova can be estimated
(Wasserburg et al., 1998). The radioactive decay of ®'Fe
is also a potentially important heat source (Shukolyukov
and Lugmair, 1993a) for the early differentiation of aster-
oid bodies as °Fe supplements and extends the heat source
of 26Al due to its longer half-life than 2°Al.

There are many reports on the presence of ®*Fe in mete-
orites. An up-to-date review of this subject was provided by
Kita et al. (2005). In essence, the first hint of ®Fe in the so-
lar system was obtained from nickel isotopic compositions
of Ca-Al-rich inclusions (CAls) (Birck and Lugmair, 1988).
The isotopic anomalies on %*Ni and %*Ni observed in these
CAlIs, however, leave the possibility that the ®*Ni anomaly
is of nucleosynthetic origin rather than from the decay of
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%Fe. More reliable evidence for the presence of ®°Fe in
the solar nebula was obtained by nickel isotope analyses
of eucrites (Shukolyukov and Lugmair, 1993a, b). Unfor-
tunately, it is not easy to obtain the initial ®*Fe/>°Fe ratio
at the start of the solar system from these eucrite data be-
cause some of these eucrites show signs of disturbance due
to shock heating; as such, the closure time of the Fe-Ni sys-
tem is poorly constrained. The latest report by these authors
suggested that the initial ®°Fe/°°Fe for the solar system was
2~19x 1078 (Shukolyukov and Lugmair, 1996).

There are several studies of ®'Fe-®Ni systematics on
sulfides in primitive meteorites (e.g. Tachibana and Huss,
2003; Mostefaoui et al., 2004b, 2005), although sulfides
can be disturbed at rather low temperatures. Therefore, it is
not known whether sulfides can serve as a faithful recorder
of %°Fe/*°Fe ratios in the solar nebula (Kita ef al., 2005).

Kita er al. (2005) suggests that Fe-rich silicates in chon-
drules potentially provide the most reliable record of ®°Fe
in the solar system because silicates are stable (have high
closure temperatures) and because the range of chondrule
ages in primitive chondrites is fairly well restricted. A
few studies have investigated this approach (Choi et al.,
1999; Kita et al., 2000; Tachibana et al., 2006). Kita et al.
(2000) obtained an upper limit of ®°Fe/**Fe=1.4x10~" for
Semarkona chondrules, while Choi et al. (1999) obtained
0Fe/*Fe=(4.84+11.8)x 10~ for Bishunpur and Chainpur
chondrules. Tachibana et al. (2006) reported that the ini-
tial ratios of %°Fe/*SFe ranged from 2x 1077 to 4x 10~ for
Semarkona and Bishunpur chondrules. The range reported
by Tachibana et al. (2006) is in apparent conflict with the
upper limit reported by Kita et al. (2000). In summary, the
abundance of °Fe in the early solar system is not well con-
strained and, consequently, further work is needed due to
the importance of this nuclide in elucidating the history of
the early solar system.

To estimate the abundance of ®Fe in the solar system
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precisely and accurately from nickel isotopic analyses of
meteorites, there are several requirements that have to be
fulfilled. First, the meteorite has to be old and the age
must be well constrained. Second, it has to contain min-
erals with high Fe/Ni ratios. Third, Ni isotopic ratios have
to be determined precisely. Fourth, Fe/Ni ratios have to be
determined accurately. Fifth, the Fe-Ni system should not
have been disturbed to significant extent. We report here Ni
isotopic compositions in Fe-rich silicates in some achon-
drites. The inferred ®*Fe/>°Fe ratios for the solar system de-
termined from this study provide one of the most stringent
constraints on °Fe abundance. A preliminary report of the
work reported here has been published in abstract form by
Sugiura and Yin (2005).

2. Experimental
2.1 Meteorite samples and the chronology

Achondrites are produced from the mantle of parent-
bodies that are depleted in Ni due to Ni being preferen-
tially extracted to the core relative to Fe. For this reason,
angrites, eucrites and ureilites are suitable for the search
of %OFe. There is a group of angrites called “quenched
angrites” (Mikouchi et al., 2001) because their texture sug-
gests a rapid cooling from high temperatures. Four of these
angrites (D’Orbigny, Sahara 99555, Northwest Africa 1670
and Asuka 881371) were included in this study. These
angrites have been studied with various chronological sys-
tems. Mn-Cr chronological data of quenched angrites have
been reported by Nyquist ef al. (2003a), Glavin et al. (2004)
and Sugiura et al. (2005). These Mn-Cr studies revealed
that quenched angrites have identical ages that are 4~5 Ma
older than LEW 86010 and Angra dos Reis. Using the
Mn-Cr age and the Pb-Pb age (~4558 Ma) of LEW 86010
(Lugmair and Shukolyukov, 1998), researchers have deter-
mined the absolute ages of these angrites to be 4562~4563
Ma. Al-Mg data of D’Orbigny and Sahara 99555 were
reported by Spivak-Birndorf ef al. (2005a, b). Using the
CAI age of 4567.4+1.1 Ma (Amelin et al., 2002) and these
Al-Mg data, the absolute age of these angrites were calcu-
lated to be 4562.5~4562.7 Ma. The recently obtained Pb-
Pb age of D’Orbigny (4563.940.6 Ma) and Asuka 881371
(4562.4+1.6 Ma) (Zartman et al., 2006) appears to be con-
sistent with the ages based on Al-Mg and Mn-Cr systemat-
ics. A recent report by Baker et al. (2005), however, sug-
gests that the absolute age for quenched angrites is ~4566
Ma; this estimation was based on new measurements by
Pb-Pb dating and is not consistent with earlier reports. At
present the exact absolute age of quenched angrites is still
under debate, but they are undoubtedly very old. We took
the absolute age of quenched angrites to be ~4563 Ma be-
cause this gives an upper limit to the initial ®*Fe/*°Fe ratio
of the solar system. (The age of the solar system is assumed
to be the CAI age of ~4568 Ma). If the angrites are older
than 4563 Ma, then the initial ®°Fe/°%Fe ratio of the solar
system becomes even lower. We also examined Angra dos
Reis, the type meteorite of angrites, but the data are not in-
cluded in the present study because the minerals found in
Angra dos Reis do not have Fe/Ni ratios high enough for
dating purposes.

Two eucrites (Asuka 881394 and Stannern) were in-
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cluded in this study. Asuka 881394 is the oldest eucrite;
based on Mn-Cr, Al-Mg and Pb-Pb systematics (Nyquist et
al., 2003b; Wadhwa et al., 2005), it is about 4 Ma younger
than CAls and has an absolute age of approximately 4564
Ma. Pb-Pb data on Stannern (Tera et al., 1997) suggest that
it has been disturbed late in its history, while, in contrast,
Hf-W systematics suggests that its Hf-W age is one of the
oldest (4564 Ma) among eucrites (Kleine et al., 2005). We
have accepted the Hf-W age for calculating the ®*Fe/>Fe
initial ratio. The robustness of the Fe-Ni system relative to
that of the Hf-W or Pb-Pb systems is not well known, thus,
the calculated ®°Fe/*SFe initial ratio using the age of 4564
Ma for Stannern must be treated with caution.
2.2 Target minerals

In the case of quenched angrites, Fe/Ni ratios are high in
Fe-rich olivine, although a number of Fe-poor olivines with
low Fe/Ni ratios also exist, many of which are xenocrysts.
By definition, xenocrysts do not share a common origin
with the rest of the meteorite; consequently, in the strictest
sense they should not be included in isochron. However,
since these xenocrysts are Fe-poor, the Ni isotopic compo-
sitions are expected to be a reasonable proxy of the initial
nickel isotopic composition of achondrites and thus they
are useful for the precise determination of the y-intercepts
of isochrons. In the case of eucrites, Fe-rich pyroxenes
were measured, because olivine grains were not present.
In most cases, pyroxene grains contain narrow lamellae
of Ca-rich pyroxene which exsolved from Ca-poor pyrox-
ene. Secondary ion mass spectrometry (SIMS) measure-
ments were made in an area approximately 30 um in diam-
eter which includes both Ca-poor and Ca-rich pyroxenes.
The volume fraction of Ca-poor pyroxene in SIMS spots
is approximately 90%. Ca-poor pyroxenes contain much
higher concentrations of Ni and Fe compared to Ca-rich
pyroxenes. Lehmann (2003) carried out a SIMS study on
the sensitivity of Fe in pyroxene-composition materials and
found that the Fe sensitivity in Ca-poor pyroxene is approxi-
mately 30% higher than that in Ca-rich pyroxene. Based on
these three observations, the Fe-Ni systematics measured
by SIMS is considered to be entirely determined by Ca-
poor pyroxene. The average compositions of pyroxenes
over an area approximately 30 um in diameter are rather
constant, and there was no mineral present with Fe/Ni ra-
tios low enough to be suitable for the precise determination
of the y-intercepts of isochrons. Therefore, isochrons were
force-fit to terrestrial olivine composition at the origin. This
is allowable because measurement errors were much larger
than the possible deviations of non-radiogenic Ni isotopic
compositions in these materials.
2.3 SIMS measurement

Polished sections were prepared and searched for
spots suitable for SIMS analyses with scanning electron
microscopy-energy dispersion X-ray spectrometry (SEM-
EDS) operated at 20 keV. An area larger than 30 um in
diameter is needed for the precise determination of nickel
isotopic compositions. Such areas are ubiquitous in the
achondrite samples, with the exception of NWA 1670. This
angrite was quenched so rapidly that the average width of
the lath-shaped Fe-rich olivine is less than 30 um. Never-
theless, more than ten areas large enough for SIMS analysis
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Fig. 1. A mass spectrum around a peak of 'Ni obtained from an olivine
grain in Sahara 99555. In this example, the tail of “*CaO at the center
of the 'Ni peak is about 1% of the %Ni signal.

were found in a polished section of approximately 1 cm?.

An O~ primary beam approximately 30 um in diame-
ter was used for sputtering. Secondary ions of 3'Fe, ®*Ni
and %2Ni were measured (measurement #1) at a mass re-
solving power of approximately 4500 for approximately 30
min. In cases where the 3’ Fe signal was significantly higher
than 10° cps, the measurement was made with a Faraday
cup; otherwise, measurements were made with an electron
multiplier. There were large adjacent peaks of oxide ions
adjacent to the Ni peaks (**CaO next to ®“Ni and “°TiO
next to >Ni). A mass spectrum around ®Ni is shown in
Fig. 1 in which it can be seen that the tails of these ox-
ide peaks at the positions of the nickel peaks are not neg-
ligible, as suggested by Kita et al. (1998). The peak and
tail of Y’Fe and the peaks of **Ca0O and “°TiO were mea-
sured (measurement #2) under the same condition as that
of measurement #1. Measurement #2 was made for 10 min
only. Tail Corrections were made by **CaOx (*’Fe tail/*’Fe
peak) at ®'Ni and *°TiO x (°*’Fe tail/’’Fe peak) at ®’Ni, re-
spectively. The mass difference between Ni and “*CaO
is 0.0196 amu (atomic mass unit) and that between °2Ni
and “°TiO is 0.0192 amu. The tail of the >'Fe peak was
measured at 0.0194 amu from the 3’Fe peak, and the tail-
to-peak ratio was used for the corrections of both °Ni and
2Ni. This correction is adequate since the tail is quite flat
at a 0.0194 amu distance from the peak. Corrections of the
tails were less than 30%o of the measured ®Ni/%2Ni ratios.
Errors in the tail correction were estimated to be approxi-
mately 20% (1o) and propagated to the reported errors. At
the mass resolution of approximately 4500, the S®FeH peak
is only partially resolved from the >’Fe peak. However, the
hydride peak is always much less than 1% of the >’Fe peak
and is, therefore, practically negligible.

In many SIMS studies in search of %°Ni excesses (e.g.
Kita et al., 1998), ®'Ni was monitored and used for cor-
recting the variation in the instrumental mass fractionation.
However, the isotopic abundance of ®'Ni is only one third
that of °2Ni. This means that if °'Ni is monitored, at least
threefold more time is needed to make a measurement as
precise as that without ®'Ni monitoring. Under our ex-
perimental conditions, 1o error of ®Ni/5?Ni for a Fe-rich
olivine in angrites is <23%o for a 30-min measurement
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without ®'Ni monitoring. Under similar experimental con-
ditions, repeated measurements of ®*Ni/*’Ni of San Carlos
olivine over several months gave a 1o deviation of 1.7%o.
Therefore, it is not good experimental practice to spend a
significant amount of time monitoring for the deviation of
instrumental mass fractionation. We decided not to monitor
6INji and instead assumed an uncertainty of 1.7%o for instru-
mental mass fractionation and subsequently propagated to
reported errors. A similar strategy of not monitoring ®'Ni
was used by Mostefaoui et al. (2004b, 2005) in detecting
%ONi excesses in sulfides.

A relative sensitivity factor is defined by (Nit/Fe™)/
[Ni/Fe] where [Ni/Fe] represents an atomic abundance ra-
tio. This factor is needed for converting the ionic ratios
measured by SIMS to atomic ratios. Fe-rich olivine in an
R chondrite (Northwest Africa 99531) was used for the cal-
ibration. Its composition was determined with an electron
microprobe to be approximately 32 wt.% FeO and approxi-
mately 0.2 wt.% NiO. The relative sensitivity was estimated
to be approximately 0.994+0.04 (1o0). This is significantly
larger than the sensitivity factor (~0.74) reported by Kita
et al. (1998) for olivine with a similar Fe-rich composition.
We note that the difference in the sensitivity factor could
be due to differences in the primary ion species, i.e. O~ in
this study versus O, in that of Kita et al. (1998). At Fe-
poor compositions (Fa#<30, where Fa# is fayalite mole%),
the relative sensitivity increases with the Fa# (Kita et al.,
1998). At higher Fa# compositions, however, the Fe/Ni
relative sensitivity in olivine tends to level off at Fa#~35
(Reed et al., 1979). Steele et al. (1981) also showed that the
relative sensitivities of many elements including Fe do not
depend strongly on olivine compositions at Fa#>35. There-
fore, our calibration at Fa#~36 (~32 wt % FeO) is more
than adequate for olivines in this study which typically con-
tain approximately 50 wt.% FeO. We have not determined
a relative sensitivity for pyroxene. Kita et al. (1998) sug-
gested that the relative sensitivity for pyroxene is not much
different from that for olivine. Therefore, we adopted the
same relative sensitivity (0.99) for pyroxene and assumed
an uncertainty of approximately 10% (1o).

3. Results

The Ni isotopic ratios and >’Fe/*’Ni ratios for angrites
and eucrites are shown in Fig. 2. The attached error bars
are only lo. All of the Ni isotopic compositions are nor-
mal within 20 errors. Since the four quenched angrites
have identical Mn-Cr ages, the data for these four angrites
are combined and shown in Fig. 3. The inferred initial
80Fe/5°Fe ratios are summarized in Table 1.

Table 1 also contains the calculated initial ratios at the
beginning of solar system formation. The Fe/Ni atomic ra-
tios for angrite olivine are as high as 6x10°. >’Fe is 2.12%
of the total Fe and 2Ni is 3.63% of the total Ni. Thus,
a Fe/Ni ratio is obtained by Fe/*?Nix(3.63/2.12). This
is about 20-fold higher than the Fe/Ni ratios observed in
silicates in chondrules (~3x10*, Tachibana et al., 2006).
This high ratio, combined with the old ages and relatively
long measurement times of °*Ni and ®’Ni isotopes, pro-
duced a good precision for the reported angrite results
0Fe/5%Fe=[6+9(20)]x 10~°. The combined angrite data,
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Fig. 2. 60Fe-%ONi isochron diagrams for (a) D’Orbigny, (b) Sahara 99555, (c) Northwest Africa 1670, (d) Asuka 881371, (e) Asuka 881394 and (f)
Stannern. Error bars are 1o, The inferred initial ®"Fe/*°Fe ratio with 2 error is given in each panel. Data points for olivine are shown by circles and

those for pyroxene are shown by triangles.

using the age difference of approximately 5 Ma between
angrites and CAls give an inferred initial ®*Fe/>¢Fe ratio at
the beginning of the solar system of [639 (20)]x 1078,
The eucrites also do not show significant Ni isotope
anomalies. The >’Fe/%2Ni ratios are 1x 10°~3x 10>, which
are not as high as that reported for a bulk sample of Juvinas
(Shukolyukov and Lugmair, 1993b). The inferred initial
0Fe/**Fe ratios from Asuka 881394 and Stannern are simi-
lar. If we consider that Stannern is as old as Asuka 881394,
as suggested by the Hf-W data, then both eucrites give an

upper limit to the inferred °*Fe/>®Fe initial ratio of approxi-
mately 6x 10~% at the beginning of the solar system, which
is consistent with that obtained from angrites. However, if
the Fe-Ni system of Stannern is reset at 4.1 Ga, as suggested
by the Pb-Pb dating, then this eucrite does not provide sig-
nificant constraints.

The present data from eucrites are consistent with
the previously reported °°Ni excesses for eucrites
(Shukolyukov and Lugmair, 1993a, b). The Chervony
Kut eucrite studied by Shukolyukov and Lugmair (1993a)
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Table 1. Initial “°Fe/>0Fe ratios, ages from CAI and solar system initial ®"Fe/>°Fe ratios.

60Fe/50Fe Age from CAI Solar system initial ®°Fe/**Fe
Angrites
D’Orbigny (0.6£1.8)x 1078 ~5 Ma (0.6£1.8)x 1077
Sahara 99555 (0.4£1.2)x1078 ~5 Ma (0.4£1.2)x1077
NWA 1670 (1.74£2.8)x 1078 ~5 Ma (1.74£2.8)x 1077
Asuka 881371 (1.143.7)x 1078 ~5 Ma (1.143.7)x 1077
Four Angrites (0.64+0.9)x 1078 ~5 Ma (0.6£0.9)x 1077
Eucrites
Asuka 881394 (—1.242.0)x 1078 ~4 Ma (—=0.8+1.2)x 1077
Stannern (—0.241.2)x1078 ~4 Ma (—0.140.8)x 1077
Errors are 20.
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Fig. 3. ®Fe-®Ni isochron diagram for combined angrites.

and Asuka 881394 are about the same age. If an isochron is
drawn through the pyroxene data for Chervony Kut and the
origin of the isochron diagram, the inferred initial ®*Fe/>*Fe
ratio is approximately 2x107°, which is consistent with
the value of “Fe/°Fe=(—1.242.0)x 10~% obtained from
Asuka 881394 in this study. Note that bulk samples of
Chervony Kut give a larger initial ®°Fe/**Fe ratio of ap-
proximately 3.9x 10~? (Shukolyukov and Lugmair, 1993a),
which is the result of the internal mineral isochron being
reset after the establishment of the bulk-sample isochron.

4. Discussion

Figure 4 is an age versus initial ®*Fe/°°Fe ratio diagram
that includes most of the data published to date. The di-
agonal line represents the decay of °®“Fe with a half-life of
approximately 1.5 Ma and an initial °Fe/>°Fe ratio of 107°
at the beginning of the solar system. The arrows directed
downwards indicate that the data are upper limits for the
initial ratios; those directed towards the right indicate that
the ages could be younger. The range of the ®"Fe/*°Fe ratio
expected for supernova ejecta (3.2x1077 to 1.3x107°) at
the time of solar system formation (Wasserburg et al., 1998)
and the %°Fe/’°Fe ratio in the interstellar medium (Wasser-
burg et al., 1996) are also shown on the y-axis of Fig. 4.
The initial °Fe/>®Fe ratio at the start of the solar system
obtained in this study is consistent with previously reported

10
hge from CAL (Ma)

Fig. 4. Age versus initial ®*Fe/>°Fe ratio diagram. Data sources are given
below. Errors are omitted for the sake of clearness. The diagonal line
represents the decay of ®*Fe with a half-life of approximately 1.5 Ma.
The arrows directed downwards indicate the upper limits of the initial
ratios; those directed towards the right indicate that the ages could be
younger. Also shown is the range of the ®*Fe/*°Fe ratio expected for
supernova ejecta (3.2x 1077 to 1.3x1073) at the time of solar system
formation (Wasserburg et al., 1998) and the 60Fe/50Fe ratio in the inter-
stellar medium (Wasserburg et al., 1996). CK (Shukolyukov and Lug-
mair, 1993a), Juv-a (Shukolyukov and Lugmair, 1993b), Juv-b (Quitte
et al., 2005), sulf-a (Tachibana and Huss, 2003), sulf-b (Mostefaoui et
al., 2004b, 2005), ureilite (Kita et al., 1998), chond-a (Kita et al., 2000),
chond-b (Choi et al., 1999), chond-c (Tachibana et al., 2006). A881394,
Stannern and angrites are from this study. Ages of sulfide-a, sulfide-b,
chondrule-b and chondrule-c are assumed to be 2 Ma after CAL

values from some eucrites but is significantly smaller than
the previously reported initial ratios from some chondrites.

An apparently large initial ratio at the beginning of the
solar system obtained from Juvinas eucrite (Juv-b in Fig. 4)
is due to the choice of the young age (19.4 Ma after CAI)
based on the Hf-W system (Quitte et al., 2005). The Hf-W
system of eucrites is complicated as it shows partial reset
of the mineral isochrons (Kleine et al., 2005). Yin et al.
(2002) have measured Hf-W in Juvinas (whole rock) and
concluded that the Juvinas and eucrites as a group post-date
the beginning of the solar system by only ~3 Ma. The ages
of eucrites based on whole rock 3*Mn->*Cr age (Lugmair
and Shukolyukov, 1998) and model 26Al->°Mg ages (Biz-
zarro et al., 2005) are also very old. Furthermore, the re-
lationship among Fe-Ni, Hf-W and Mn-Cr ages is not well
known. Therefore, it is not clear if the Juvinas datum should
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be plotted at 19.4 Ma after CAI. Shukolyukov and Lugmair
(1993b) obtained an initial ®*Fe/>°Fe ratio for Juvinas that
is similar to that reported by Quitte et al. (2005). In Fig. 4,
this datum (Juv-a) is plotted at an age (~6 Ma after CAI)
estimated from the Mn-Cr internal isochron (Lugmair and
Shukolyukov, 1998). This choice of age is somewhat arbi-
trary but it cannot be approximately 3 Ma after CAI because
another eucrite, Chervony Kut (shown as CK in Fig. 4),
showed a significantly larger “*Fe/>Fe ratio than Juvinas.
If the age of Chervony Kut is set at approximately 3 Ma af-
ter CAI and if this is used as the upper limit age, then based
on the difference in Fe/*°Fe ratios between two eucrites
the age of Juvinas should be younger than approximately 6
Ma from CAI The datum for Chervony Kut is plotted at
approximately 4 Ma from CAI based on the Mn-Cr internal
isochron (Lugmair and Shukolyukov, 1998). This choice
of age is also somewhat arbitrary but is consistent with the
expectation (see below) that the Fe-Ni system should close
at a slightly lower temperature than the Mn-Cr system that
shows a whole rock age of approximately 3 Ma after CAI
(Lugmair and Shukolyukov, 1998). The best estimate of the
initial ®*Fe/>°Fe ratio at the start of the solar system based
on three (Chervony Kut, Juvinas and Caldera) eucrite data
sets (Shukolyukov and Lugmair, 1996) is 6x 1078, which
agrees quite well with the results of this study.

With regard to chondritic materials, the present results
are consistent with the upper limit reported by Kita et
al. (2000; <3.4x1077) but are not consistent with large
initial ratios obtained from sulfides (Tachibana and Huss,
2003; Mostefaoui et al., 2004a, b, 2005) and chondrules
(Tachibana et al., 2006) if one assumes that ®°Fe was ho-
mogeneously distributed in the solar system.

Here we examine the possible reasons of apparent incon-
sistency between chondrites and achondrites in Fig. 4. One
possibility is that the measurement technique is rather new
and not well established; for example, even the same sam-
ples (metals in various meteorites) could yield significantly
different results (Cook et al., 2005; Moynier et al., 2005).
(Since precise chronological information is not available for
these samples, their data are not plotted in Fig. 4). Further
investigation of the various samples studied to date (includ-
ing the ones from the present study) is needed to test the
reproducibility of the results.

Another possible reason for inconsistent initial ®*Fe/>°Fe
ratios is resetting of Fe/Ni ratios in minerals after the pre-
sumed formation age. For example, sulfide minerals tend
to be easily disturbed by mild heating (Tachibana and Huss,
2003; Kita et al., 2005). Troilite in Semarkona shows a
high initial ®*Fe/>¢Fe ratio (9.242.4)x 10~7 (Mostefaoui et
al., 2004a, b, 2005) which, in fact, is higher than that ob-
tained from magnetite in the same meteorite. The forma-
tion of the magnetite at 4~5 Ma after the troilite was sug-
gested by Mostefaoui et al. (2004a, 2005). However, the
ratio for the sulfide in Semarkona is significantly higher
than those for Bishunpur (1.084:0.23)x 1077 and Krymka
(1.73£0.53)x 10~7 (Tachibana and Huss, 2003). Such a
large difference in Fe initial ratios cannot be easily at-
tributed to differences in formation ages among the primi-
tive chondrites. An alternative explanation may be changes
in Fe/Ni ratios in troilite during mild reheating, which is
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in accordance with Mostefaoui et al. (2005) who suggested
that Fe/Ni ratios can be expected to increase by mild heat-
ing. Hence, if the Fe-Ni system in Bishunpur and Krymka
has been disturbed, the initial ratios are considered to be
lower limits.

A similar problem exists in the case of eucrites. Cher-
vony Kut (CK) and Juvinas (Juv-a) data in Fig. 4 are in-
consistent with each other unless Juvinas is approximately
5 Ma younger than Chervony Kut. The age difference is
only approximately 1 Ma according to the Mn-Cr internal
isochrons, suggesting that Fe-Ni system was disturbed in
a late metamorphic event that did not disturb the Mn-Cr
system. It is important to note that the Fe-Ni system in
pyroxene, which is expected to have high closure temper-
atures (Kita et al., 2005), has been disturbed in these eu-
crites. Therefore, it is possible that the Fe-Ni system in
the eucrite samples in this study has also been disturbed.
We note, however, that Asuka 881394 is the only eucrite
that shows an isochron age in the Al-Mg system, which
means that Asuka 881394 is the least altered eucrite among
the whole collection of eucrites; consequently, there is a
definite possibility that the Fe-Ni system has not been dis-
turbed since its formation. Future studies on bulk samples
of Asuka 881394 will provide answers to this issue.

In the same context, it is important to determine if the Fe-
Ni system of the angrites has been disturbed. The Mn-Cr
system of quenched angrites shows good internal isochrons
(Sugiura et al., 2005), while that of the Al-Mg system
also shows a reasonably good internal isochron (Spivak-
Birndorf ez al., 2005a, b). These data serve as good support-
ing evidence for an undisturbed Fe-Ni system in quenched
angrites. More rigorous arguments can be made based on
diffusion rates in olivine and anorthite. The diffusion rates
of Ni, Fe-Mg and Mn in olivine were reported by Petry et
al. (2004), while the diffusion of Cr in olivine was studied
by Ito and Ganguly (2006), and that of Mg in anorthite was
studied by LaTourrette and Wasserburg (1998). According
to these studies, Ni diffusion rates in olivine are somewhat
faster than those of Cr. This is consistent with the robust
Mn-Cr system compared with the Fe-Ni system in eucrites.
More importantly, Ni diffusion in olivine is slower than Mg
diffusion in anorthite, which indicates that the Fe-Ni system
in olivine is more robust than the Al-Mg system in anorthite.
Therefore, preservation of the Al-Mg internal isochron in
angrites suggests that the Fe-Ni system in olivine has not
been disturbed and that the small initial *°Fe/>°Fe ratios for
the quenched angrites were established at approximately 5
Ma after the CAls. Future high-precision studies of bulk
angrite samples will give significantly stricter constraints
on the initial ®“Fe/>°Fe ratio at the start of the solar system.
The absence of ®“Fe we report here and which was reported
in Sugiura and Yin (2005) is now corroborated by a recent
finding in one of the four quenched angrites, Sahara 99555,
by high-precision MC-ICP-MS measurement (Bizzarro et
al., 2006; reported at the 34th LPSC Meeting).

The same reasoning can be applied to chondrules in
primitive chondrites. Although Al-Mg systematics was
not determined on the same chondrules for which positive
%0Fe/5%Fe ratios were obtained (Tachibana et al., 2006), in-
ternal Al-Mg isochrons have been obtained in many chon-
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drules in primitive chondrites (Kita et al., 2000). Hence we
expect that the Fe-Ni system has not been disturbed in these
chondrules. Nevertheless, the initial ®*Fe/°°Fe ratio at the
start of the solar system obtained from chondrules is signif-
icantly different from that obtained from quenched angrites.

At present, we have no reason to discard any particular
data in Fig. 4. If all the data are taken at face value we have
to conclude that the solar system was heterogeneous with
respect to ®“Fe. There are several lines of evidence that sug-
gest significant heterogeneity of the solar nebula (Gounelle
and Russell, 2005). Observations of >3Cr isotope anoma-
lies in various meteorites suggest that >Mn was heteroge-
neously distributed in the solar system (Shukolyukov and
Lugmair, 2004). It is also suggested that 3*Mn abundances
in CAIs were much larger than those in other chondritic
materials (Papanastassiou et al., 2005). The absence of
26 Al in FUN inclusions suggests that 2° Al may also be dis-
tributed heterogeneously, although this heterogeneity could
be temporal rather than spatial. Oxygen and nitrogen iso-
tope anomalies in various meteorites (Clayton et al., 1976;
Franchi et al., 1993) also suggest that the solar nebula was
heterogeneous either temporarily or spatially. A theoreti-
cal study (Boss, 2004) suggested that heterogeneity in the
nebula could survive for approximately 10° years. Thus,
although it is premature to claim that the solar nebula was
heterogeneous based on the ®°Fe data, heterogeneity is a
possible explanation of Fig. 4.

The importance of ®Fe as a heat source was discussed
by Shukolyukov and Lugmair (1993a). In their study, ini-
tial ®'Fe/>°Fe ratios ranging from 1x107° to 2x 10~° were
assumed at the time of planetesimal accretion. The tem-
perature increase due to decay of %°Fe was calculated to
range from ~850 K to ~1700 K, which is proportional
to the ®“Fe/*°Fe ratio. The present results suggest that if
parent-bodies of achondrites accreted 1.5 Ma after CAI, the
80Fe/Fe ratio was approximately 3x 1078, Therefore, the
increase in the temperature due to ®“Fe decay was only ap-
proximately 25K.

5. Conclusions

%0Fe-Ni systematics in angrites and eucrites were in-
vestigated by secondary ion mass spectrometry. The in-
ferred initial ®“Fe/’°Fe ratio for quenched angrites was
[649(20)]x 10~°. Similar upper limit values were also ob-
tained from eucrites. Using the age difference of approxi-
mately 5 Ma between the quenched angrites and CAls, the
initial ®“Fe/>°Fe ratio at the start of the solar system was cal-
culated to be approximately [649(20)]x 10~%. This initial
ratio is significantly smaller than some of the literature val-
ues obtained from chondritic materials. According to dif-
fusion rates of Ni in olivine and Mg in anorthite, the Fe-Ni
system in olivine should be more robust than Al-Mg sys-
tem in anorthite. Therefore, the Fe-Ni system of olivine in
achondrites that preserved an Al-Mg internal isochron was
unlikely to have been disturbed by late metamorphism. Het-
erogeneous distribution of ®Fe in the solar nebula is a pos-
sible solution for the discrepancy of initial ®*Fe/*Fe ratios
among various meteorites.
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