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ABSTRACT

Among extinct radioactivities present in meteorites, °Fe (¢, s2 = 1.49 Myr) plays a key role as a
high-resolution chronometer, a heat source in planetesimals, and a fingerprint of the astrophysical
setting of solar system formation. A critical issue with 5OFe is that it could have been heterogeneously
distributed in the protoplanetary disk, calling into question the efficiency of mixing in the solar nebula
or the timing of ®°Fe injection relative to planetesimal formation. If this were the case, one would
expect meteorites that did not incorporate °°Fe (either because of late injection or incomplete mixing)
to show %ONi deficits (from lack of ®*Fe decay) and collateral effects on other neutron-rich isotopes of
Fe and Ni (coproduced with ®Fe in core-collapse supernovae and AGB-stars). Here, we show that
measured iron meteorites and chondrites have Fe and Ni isotopic compositions identical to Earth.
This demonstrates that %°Fe must have been injected into the protosolar nebula and mixed to less
than 10 % heterogeneity before formation of planetary bodies.

Subject headings: solar system: formation — nuclear reactions, nucleosynthesis, abundances — meth-
ods: analytical — supernovae: general

1. INTRODUCTION

Evidence for the presence of live %°Fe has been found
in meteoritic materlals in the form of its decay product

ONj [1988; [Shukolyukov & Lugmai
1993).  Recent 4n situ analyses of minerals from
chondrites, with high Fe/Ni ratios, have im-

proved our knowledge of °°Fe abundance in the
early solar system (ESS) (Tachibana & Huss 2003;
[Mostefaoui, Lugmair, & Hoppe 12005; [Tachibana et all
[2006; |Guan, Huss, & Leshin [2007).  In particular,
chondrule pyroxenes show %°Ni excesses corresponding
to %9Fe/?%Fe ratios of 2.2 to 3.7 x 10~7 at the time of
crystallization (Tachibana et all [2006). This translates
into an initial ratio of 5 to 10 x 10~7 at the time of
condensation of the first solids, calcium-aluminum-rich
inclusions (CAIs), in the nebula (assuming a time inter-
val of 1.5 to 2.0 Myr between formation of chondrules
and CATls, [Amelin et all 2002; [Kita et all 2005). A
critical question that remains to be answered is whether
or not %Fe was homogeneously distributed in the ESS.
Iron meteorites can help us address this issue because
they may sample a different portion of the protosolar
nebula than that sampled by chondrites
2006). In addition, '82Hf (t;, = 8.9 Myr) 182W
chronology indicates that the parent bodies of iron me-
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teorites accreted within ~ 2 Myr of formation of CAls
2006} [Scherstén et. al!2006; [Qin et al!

), when %“Fe would have been extant if it had
been present. Several groups have analyzed Ni in iron
meteorites and have found normal (terrestrial) isotopic

compositions, within uncertainties (Cook et al! 2006;
@Mmul@ﬂ Chen, Papanastassiou, & Wasserbur Q
[2007; Moynier et all [2007). However, with improved
pre0181on [Bizzarro et all (2007) reported deficits of 25
parts per million in °Ni in several classes of early-formed
differentiated meteorites (including iron meteorites);
these deficits were not correlated with Fe/Ni ratios.
They attributed the uniform deficits in %‘Ni to the
accretion of the parent bodies of these differentiated
meteorites prior to the injection of 9Fe into the ESS.
In order to address the question of ®°Fe distribution
in the solar nebula, we have analyzed Fe and Ni isotopic
compositions of meteoritic metal. The paper is organized
as follows. In §2, we describe the analytical methods
used for measuring the isotopic compositions of Fe and
Ni (Table 1). In §3, we show how inefficient mixing or
delayed injection of %°Fe in the solar nebula should be as-
sociated with %°Ni deficits (from lack of °Fe decay) and
collateral anomalies in the neutron-rich isotopes *®Fe and
64Ni (coproduced with 5“Fe in core-collapse supernovae
and AGB-stars by neutron-capture reactions). Compar-
isons between predictions and measurements limit the
heterogeneity in the distribution of %°Fe. In §4, we set
an upper-limit on the abundance of %°Fe at the time of
metal-silicate differentiation in planetesimals. Finally,
we discuss and summarize the implications of our results
in §5.

2. MATERIALS AND METHODS

For Fe analyses, we used aliquots of the samples dis-

solved by |Cook et all (2006). The protocol used for

separation of Fe for the search of isotopic anomalies is

described in [Dauphas et al! (2004a); [Dauphas & Rouxel
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(2006). The solutions of purified Fe were analyzed on
a Neptune (Thermo Electron) multicollector inductively
coupled plasma mass spectrometer (MC-ICPMS) at the
University of Chicago using Al cones. Isotopes ®*Fe,
56Fe, 5"Fe, and °8Fe were analyzed on Faraday collec-
tors L2, Ax, H1, and H2. Isobaric interferences from
54Cr and %8Ni were corrected for by monitoring 33Cr
and °°Ni on L4 and H4. The corrections from °®Ni
on 58Fe ranged from ~0 to 60 e. All collectors except
Ax and H4 were connected to 10" © amplifiers. A
10'° O amplifier was used for °°Fe to prevent satura-
tion and measure the minor isotopes at relatively high
ion intensities. A 10'2 Q amplifier was used for °°Ni in
order to reduce the Johnson noise by a factor of ~ 2

i [2005) and improve the precision
of the Ni interference correction on °®Fe. The puri-
fied Fe solutions (10 ppm in 0.3 M HNOj3) were intro-
duced into the MC-ICPMS using an Apex-Q+Spiro in-
let system operated with Ar alone and a 100 uL/min
PFA nebulizer. The measurements were made in High

Resolution mode on peak shoulders (Weyer & Schwieters

2003), allowing us to resolve molecular interferences from
40ArIAN, 40Ar160Q, 40ArI60TH, and °Ar'®0 on Fe iso-
topes. The resulting °6Fe ion intensity was 0.5-1.5 nA.
On peak zero (OPZ) intensities from a blank solution
were subtracted from all measurements. The data were
acquired in a sequence of 25 cycles of 8.369 s each. Sam-
ple analyses were bracketed by measurements of the ref-

tion by internal normalization). Two internal normal-
ization schemes coexist for correcting mass- dependent
fractionation. In |Cook et all (2006);

2) [Chen, Papanastassiou, & Wasserburg (2007),
the 52Ni/58Ni ratio was used while in Birck & Lugmaii
(198%); Bizzarro et all (2007), the ®!Ni/¥Ni ratio was
adopted. In Table[I we report € values using both nor-
malizations, allowing direct comparison with published
data. Our measurements represent an improvement by
a factor of 2 to 3 relative to the most precise analyses
of ICook et al! (2006) made on the same solutions us-
ing a different instrument. As shown in Fig. [ we
did not detect any of the isotopic anomalies reported
in Bizzarro et al! (2007). The €%2Ni anomalies reported
in [Bizzarro et al! (2007) are twice as large as the ¢%Ni
values, entirely consistent with mass fractionation and
suggestive of an isobaric interference on 5'Ni.

3. EARLY INJECTION AND EFFICIENT MIXING OF S°FE

Contrary to other extinct radioactivities, which
could have been produced by particle irradiation
within the solar system (e.g., '°Be, 26Al, *!Ca,

53Mn, McKeegan, Chaussidon, & Roberf Im
|Goswami, Marhas, & Sahijpal [2001; |Gounelle et a J
2001; i i 2003) or inherited

from steady-state abundances in the interstellar
medium (e.g., “2Nb, 29I 1468y 244Py, [Clayton
1985; [Mever & Claytorl 2000; [Dauphas et all [2003;

erence material IRMM-014 (Taylor, Maeck, & De Biévrd
1992) run under identical conditions. A 90 s washout

time was allowed between samples and standards. In-
strumental and natural mass fractionation were corrected
for by fixing the ®"Fe/%*Fe ratio to a constant value using
the exponential law (Maréchal et alll1999). Each sample
was analyzed between 12 and 24 times, and the average
compositions are reported in e units (Table [I), ¢'Fe =

|:(ZFe/54Fe)samplc/ ("Fe/**Fe) pamn—ora ~ 1} x 10,

For Ni, we used purified solutions already analyzed
by [Cook et all (2006). The conditions were identical to
those used for Fe except for the concentration of the ana-
lyte (5 ppm), the cone material (Ni), and the gas injected
in the Apex (Ar+Ns). Note that despite the use of Ni
cones, the ion intensities measured in a blank solution
before introducing any Ni into the mass spectrometer re-
main negligible (sample/OPZ=2 x 10%). Isotopes ®Ni,
60Ni, 61Ni, 62Ni, and %*Ni were analyzed on L2, L1, Ax
H1, and H2 Faraday collectors. Isobaric mterferences
from 58Fe and %4Zn were corrected for by monitoring
5TFe and %Zn on L4 and H4 collectors. The correc-
tions from 4Zn on %4Ni ranged from ~ 5 to 20 €. Iso-
topes °®Ni and %6Zn were analyzed with 10'° and 10'2 Q
amplifiers, respectively. High resolution was used to re-
solve interferences from 4°Ar'®O'H and °Ar'®0. Zoom
optics were used to accommodate the mass dispersion
(mass 57 to 66) in the collector array. OPZ intensities
from blank solutions were subtracted from all measure-
ments. The reference material used for sample-standard
bracketing was SRM-986 i [1989). Each
sample was analyzed 8 to 33 times, and the aver-
age compositions are reported in € units, €'Ni =

1: . . Z . . 4
|:( N1/58N1)sample/ ( N1/58N1) SRM—986 1:| x 10 (the
ratios have been corrected for mass-dependent fractiona-

Wasserburg et all 2006), °Fe requires injection from a

nearby star such as a core-collapse supernova (cc-SN)
or asymptotic giant branch star (AGB) shortly before
formation of the solar system

[Wasserburg, Gallino, & Bussd [1998; Mever & Clavtoﬂ
2000; McKeegan & Davis [2007; [Wasserburg et all
2006).  Interestingly, a cc-SN explosion or pass-
ing AGB-star could have triggered the collapse
of the molecular cloud core that made our solar
system (Cameron & Truran [1977; [Cameron| [1993;
Foster & Boss [1996; [Vanhala, & Boss 2000).  The
probability of encounters between AGB stars and
molecular clouds is small, whereas cc-SNs are associated
with star-forming regions. Thus, cc-SNs are more
likely candidates for explaining the presence of %OFe
in meteorites than AGBs (Kastner & Myers [1994).
An alternative to the triggered molecular cloud core
collapse hypothesis is direct injection of %°Fe into the
protoplanetary disk (Chevalier 2000; [Hester & Desch
[2005; [Quellette, Desch, & Hestexl IJXM) The likelihood
of such an injection is < 1 % (Williams & Gaidos 2007,
|Gounelle & Meibom [2008).

3.1. %ONi deficits?

All Ni measurements have been corrected for mass-
dependent fractionation by internal normalization to
the terrestrial %2Ni/®®Ni ratio. Accordingly, terres-
trial rocks related by the laws of mass-dependent
fractionation should have ¢ = 0 for the S°Ni/58Ni,
6INi/58Ni, and ©®4Ni/%8Ni ratios. As shown in
Fig. B we found normal (terrestrial) ®°Ni iso-
topic compositions in all analyzed meteorites (weighted
average €Ni = 0.006 & 0.011).  This conclu-
sion agrees with previous studies (Cook et all [2006;
IQum_e_et_aU . [Chen, Papanastassion, & Wasserburg

lMQ;ﬂllﬁmu 2007) but with significantly im-
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proved precision. The discrepancy with [Bizzarro et all
(2007) is not due to differences in sampling (meteorites of
the same type were analyzed in [Bizzarro et alll2007, and
this study) or the choice of the ratio used for correcting
mass-dependent fractionation (Fig. ). If %°Fe were het-
erogeneously distributed in the solar nebula, one would
expect to see €%°Ni deficits in a hypothetical reservoir
free of %9Fe relative to the CHondritic Uniform Reser-
voir (CHUR, see Appendix for details),

60Fe>
56
Fe ), crnur

where @ = (%Fe/SNi) yp x 10* = 61.35 x 10*

(Lodders | 12003) and to is the time of CAI formation.
Here it is assumed that the terrestrial reference material
has the same Ni isotopic composition as CHUR, (°Fe
was present in the two reservoirs at a similar level).
For (60F6/56Fe)t0,CHUR = 5 x 1077 (Tachibana et al!

2006), the predicted effect is €®*Ni = —0.31, nearly
the same as the value reported in differentiated me-
teorites by [Bizzarro et all (2007). Our high-precision
measurements rule out the presence of such a deficit
(Figs. [ R). The isotopic composition of a hypo-
thetical reservoir containing %°Fe at a lower or higher
level than CHUR (denoted with r subscript) is given

by EGONir = Q |:(60Fe/56Fe)to T - (60Fe/56Fe)t0 CHUR:|

(see Appendix, Eq. [AR)). Using (60F6/56Fe)t0 CHUR =

5x 1077, a reservoir with an initial ratio of > 5.8 x 1077,
would have €%°Ni, > +0.05. Similarly, a reservoir with
an initial ratio of < 4.2 x 107, would have €%Ni, <
—0.05. Thus, the +0.05 dispersion in €®°Ni around zero
only allows for a heterogeneity of less than ~ 15 % in the
initial (60F6/56Fe) ‘o ratio (if the ratio is 5x 10~7; a higher
initial value would allow even less heterogeneity). This
observation is consistent with the degree of homogeneity
inferred for 26Al in the accretion region of meteorite par-
ent bodies (McKeegan & Davis 2007) as well as results
of dynamical modeling, which show that passive tracers
are mixed in the nebula at the 10 % level on time-scales
of a few thousand years (Bosd 12007).

e®Nip = —Q ( : (1)

3.2. Collateral nucleosynthetic effects on 58Fe and 5*Ni?

A powerful means of investigating whether °Fe was
heterogeneously distributed in the ESS is to search for
collateral anomalies in other isotopes of Fe (Nichols et al
1999; [Sahijpal & Soni 2006; |Gounelle & Meibom [2007).
Solar system Fe was produced by different nucleosyn-
thetic processes (nuclear statistical equilibrium and neu-
tron capture) in different stars (~ 1/2 comes from cc-
SN and the rest from SNla, Iwamoto et all [1999). Its
isotopic composition represents the integrated contribu-
tion over ~ 9 Gyr of SNIa and cc-SN of different metal-
licities and initial masses. Thus, Fe isotopes are un-
likely to be present in exact solar proportions in the
cc-SN or AGB star that injected %“Fe into the nascent
solar system. Addition of even minute amounts of stel-
lar ejecta containing %°Fe should leave a diagnostic fin-
gerprint on non-radiogenic Fe isotopes if it is missing
from other parts of the solar system (as is suggested
by ISugiura, Mivazaki, & Yin 2006; Bizzarro et al. 2007,
Quitté et all[2007). The virtue of this approach is that

no chemical fractionation can decouple °Fe from stable
Fe isotopes (whether ®Fe is injected in the form of dust
or gas, lOuellette, Desch, & Hesten 2007, is inconsequen-
tial).

The bulk ejecta of a cc-SN could not have been injected
into the ESS because such a scenario would overproduce
41Ca, ®*Mn, and %“Fe relative to 26Al (Meyer & Clayton
2000). A possible solution to this problem is to invoke
an injection mass cut different from the mass cut of the
remnant (Cameron et all|1995; Meyer & Clayton 2000).
The meteoritic abundances of 26Al, 4'Ca, and 59Fe can
be explained with a 25 Mg (solar mass) cc-SN using a
free decay interval of ~ 1 Myr and an injection mass cut
of ~ 7 Mg that corresponds to the edge of the He ex-
hausted core (Meyer & Clayton|2000). In a cc-SN, Fe iso-
topes are produced in different layers by different nuclear
reactions. Iron-54, 56, and 57 are produced as radioac-
tive progenitors (e.g., SNi) in the inner region of the
cc-SN by nuclear statistical equilibrium associated with
explosive Si-burning. This process results in synthesis of
isotopes with approximately equal numbers of neutrons
and protons. For this reason, *®Fe and %°Fe, which have
large excesses of neutrons, are not produced in appre-
ciable quantities. These two isotopes are synthesized in
more external regions by neutron capture reactions on
preexisting Fe isotopes (e.g., Fig. B]). Using an injec-
tion mass cut similar to that used in Meyer & Clayton
(2000), one would predict that *Fe/>*Fe and "Fe/%‘Fe
ratios should be similar to solar values because the in-
ventory of these isotopes in the ejecta is dominated by
unprocessed material from the envelope. However, one
would also predict that the *®Fe/%*Fe ratio should be
higher than solar because °°Fe is accompanied by %®Fe.
Therefore, any portion of the solar system deficient in
60Fe should also exhibit negative anomalies in €?®Fe. The
58Fe isotopic composition of a reservoir missing the cc-
SN or AGB component relative to CHUR is (in e with
internal normalization, although in this case the isotopic
variations are nucleosynthetic in origin and are not due
to mass fractionation),

g PR — s (VFe/7Fe)
0 =
1+ o3

to,CHUR
0 e}\goAt % 104,

(®9Fe/56Fe) g /AGB

58 58T /54 58T /54 (2)
where pje = (*%Fe/ Fe)CCSN/AGB/( Fe/"'Fe) crur L
ude = (58 — 54) /(57 — 54), Ago is the decay constant of
60Fe, and At is the free decay interval between produc-
tion in the cc-SN or AGB and injection into the solar
system (the derivation of the general equation is given in
Appendix, also see [Dauphas et all[2004L). If one allows
for At > 0, the sizes of the collateral effects increase be-
cause %OFe has time to decay before being injected and
the contribution of material from the cc-SN or AGB must

increase in order to explain (GOFe/56Fe)tO_CHUR, which is

fixed. In this study, we use At = 0 and present collateral
isotopic effects that must therefore be treated as lower
limits. In Fig. @A, we have computed €*Fe deficits using
yields from 15, 19, and 25 My cc-SN models as a function
of injection mass cut (Rauscher et all[2002). Note that
the ®Fe yields in these models are thought to be overesti-
mated (Limongi & Chieffi [2006; [Woosley & Heger 12007)
and the collateral effects on €®Fe may be larger than
what is calculated here (the °Fe/®Fe production ra-
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tio appears in the denominator of Eq. 2). However,
the combined uncertainties in the neutron capture reac-
tions governing the synthesis of %°Fe are not expected
to reduce the production of %°Fe by more than a factor
of two (Woosley & Heger [2007). The predicted deficits
on €°8Fe are 3 epsilon units or more, depending on the
injection mass cut. Such effects are inconsistent with
€58Fe measured in iron meteorites, which are all within
0.3 of the terrestrial and chondritic value (Table [I] also
see [Dauphas et all 2004a). This, together with normal
€59Ni, provides compelling evidence against delayed in-
jection or incomplete mixing of “Fe in the solar nebula.
The dispersion of £0.3 in €®®Fe only allows for a hetero-
geneity of less than ~ 10 % in the initial (GOFe/56Fe)tO

ratio (if the ratio is 5 x 1077; see Appendix Eq. [B14).
We can also quantify the degree of heterogeneity of
60Fe in the ESS by measuring collateral effects in the
nonradiogenic isotopes of Ni. If ®°Fe was missing from
parts of the solar system, then one would expect such
reservoirs to also show deficits in %4Ni, the most neutron-
rich isotope of nickel. A complication arises with collat-
eral anomalies in Ni isotopes because one must make the
assumption that Fe and Ni from the cc-SN are not de-
coupled during injection into the ESS. In the 15, 19, and
25 Mg cc-SN models, 5“Fe is produced in layers where
C/O < 1 and Fe would presumably condense as metal
(Lattimer, Schramm, & Grossman [1978). Under those
circumstances, Ni is unlikely to be decoupled from Fe.
The predicted collateral 54Ni isotope effects are given

by,

N PR~ iR (“Fe/*Fe)
0=—¢ 56
1+ PFe

to,CHUR AgoAt
60 /56
(00Fe/0Fe) g /AGB

(3)
where P6N41 = (64Ni/ 58Ni)ccSN/AGB/ (64Ni/ 58Ni)CHUR -
L, ¢ = (64 — 58)/(62 — 58), and ¢ =
(58Ni/54Fe)CCSN/AGB/ (°8Ni/51Fe) cpur (the derivation

of the general equation is given in Appendix, also see
Dauphas et al! [2004b). If some parts of the solar sys-
tem did not incorporate 59Fe from a cc-SN, then one
would predict €®4Ni of —2 or lower (Fig. [dB). This con-
tradicts measurements, which show normal €%4Ni within
0.2. This limits the possible heterogeneity of the ini-
tial (60Fe/56Fe)t0 ratio to within 10 % (if the value is

5 x 10~7; see Appendix Eq. [CH)).

Although less likely than cc-SN (Kastner & Myers
1994; Williams & Gaidos [2007), AGB-stars represent
an alternative source for 26Al and %°Fe in the ESS
(Cameron| [1993; |[Wasserburg, Gallino, & Busso [1998;
Wasserburg et al) [2006). In AGBs, neutrons produced
by the 22Ne(a,n)?*Mg reaction can be captured on
54Fe, %%Fe, and ®'Fe to produce °Fe and ®°Fe. The
predicted €*®Fe deficit (Eq. 2) for a 3 Mg initial
mass star with solar metallicity and standard 3C-
pocket (Wasserburg et alll2006) is ~ —133 (for an initial
60Fe/56Fe = 5x 10~ 7). Again, no such deficits were found
(e’®Fe = 04 0.3). Similarly, the predicted €5*Ni deficit
of —125 is not observed in meteorites (e54Ni = 0 4 0.2).
Thus, if the source of °°Fe in the ESS was a nearby AGB-
star, limits on the possible heterogeneous distribution of
60Fe in the protosolar nebula are even more stringent
(£0.2 %) than in the case of a cc-SN.

e x 104,

Analyses of Fe and Ni stable isotopic compositions
of meteorites limit the heterogeneity in the distribu-
tion of %°Fe to less than ~ 10 %. This is consistent
with contemporaneous injection of %°Fe and 26Al fol-
lowed by efficient mixing in the protosolar disk (Boss
2007). It is worth noting that the scale relevant to this
study is that of planetesimals. Stable isotopic anoma-
lies produced by neutron-rich nuclear statistical equilib-
rium (Hartmann, Woosley, & El Eid|1985) have been de-
tected in CAls for Fe and Ni (Birck & Lugmair [1988;
Volkening & Papanastassiou [1989) and one cannot ex-
clude that %°Fe was heterogeneously distributed at such
scale (subcentimeter objects).

4. UPPER LIMIT ON S9FE ABUNDANCE

Having established that °Fe was homogeneously dis-
tributed in the ESS, we can now turn to estimat-
ing its abundance. Evidence from ¥2Hf —182'W gsys-
tematics indicates that separation between metal and
silicate occurred within 2 Myr of condensation of
the first solids in the nebula (Markowski et all 2000;
Scherstén et all [2006; |Qin et all 2007). In Fig. [
we plot €Ni (using ®2Ni/8¥Ni normalization) as a
function of the Fe/Ni fractionation factor for several
types of samples. For Bishunpur metal, we use the
Fe/Ni ratio measured by (Cook et all (2006); fre/Nni =
(Fe/Ni)/(Fe/Ni)cuur — 1 = —0.221. Part of the frac-
tionation between Fe and Ni in iron meteorites was pro-
duced during fractional crystallization of the metallic
core, which most likely took place after %°Fe had decayed.
Under those circumstances, the relevant Fe/Ni fraction-
ation factor is that of the parental melt, established
when metallic cores segregated from silicate mantles. We
therefore plot the average €°Ni for each magmatic iron
meteorite group (Table[]]) as a function of the fraction-
ation factor of the parent melt (fpe/ni = —0.094 and
—0.329 for ITAB and IITAB, respectively, lJones & Drake
1983). If %°Fe was present when metal segregated from
silicate (taken to represent a single event precisely de-
fined in time), there should be a linear correlation be-
tween €°Ni and the Fe/Ni fractionation factor relative to
chondrites (Jacobsen & Wasserburg 11984, see Appendix
for details),

60Fe

660Ni = Q (ﬁ)tI ch/Ni7 (4)

where () has the same definition as in Eq. [ and #;
is the time of Fe/Ni fractionation. Bishunpur metal
and IITAB irons provide the most stringent constraints
on the %9Fe/%Fe ratio at the time of metal-silicate dif-
ferentiation, which is conservatively estimated to be
< 2 x 1077 in both cases. This value is in agree-
ment with the ®Fe/°°Fe ratio measured in Bishun-
pur by in situ techniques (Tachibana & Huss 2003;
Tachibana, Huss, & Nagashimal [2007, 1.0840.23 x 10~
in sulfides and 1.9 4+ 1.1 x 107 in chondrules) and the
value inferred from pallasite and magmatic iron mete-
orite measurements (Cook et al!|2006, marginally differ-
ent from 0, ~ 1 to 8 x 1077).

The '82Hf —182 W date of core formation in the parent-
body of IITAB iron meteorites is < 1.6 Myr after
CAI formation (Markowski et all [2006; [Scherstén et al.
2006; [Qin et all 2007). No precise 82Hf —182 W age of
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metal in LL chondrites is available (Yin_et all[2002) but
Kleine et al. | (2008) showed that in primitive H chon-
drites, metal-silicate differentiation occurred 1.7 4 0.7
Myr after CAI and was coeval with chondrule forma-
tion (Amelin et all[2002; [Kita et all 2005). If we tenta-
tively correct for a possible delay of up to 2 Myr be-
tween CAI formation and metal-silicate differentiation,
the €%°Ni values measured in meteoritic metal translate
into an upper limit of < 6 x 10~7 for the initial *Fe/56Fe
ratio at the time of condensation of the first solids in the
solar nebula. This result is consistent with the initial
value of 5 — 10 x 1077 derived from in situ isotopic anal-
ysis of chondrule pyroxenes (Tachibana et all2006).

5. SUMMARY AND CONCLUSION

The presence of %OFe in meteorites can only be ex-
plained by injection into the solar nebula of debris from
a nearby AGB or cc-SN. Homogeneity of short-lived iso-
topes in the solar nebula is one of the key unsettled ques-
tions at the present time. In order to address this ques-
tion, we have measured the isotopic compositions of Fe
and Ni in meteoritic metal. The data have clear impli-
cations:

o If 59Fe was not well mixed or if it was injected
late into the solar nebula, one would expect the
meteorites that did not incorporate °Fe to show
6ONi deficits (from lack of °Fe decay). Our mea-
surements show that within uncertainties, the iso-
topic abundance of %°Ni in metal from ITAB, II-
TAB, PMG, and LL meteorites is constant, consis-
tent with homogeneous distribution of %°Fe in the
solar nebula (less than 15 % heterogeneity in the
60Fe/56Fe ratio).

e Iron-60 is synthesized in cc-SN and AGB stars by
neutron-capture reactions. If some parts of the so-
lar system did not incorporate %°Fe, they should
show deficits in the abundances of other isotopes
also produced by neutron-capture, **Fe and %4Ni.
These isotopes have very low isotopic abundances
and are difficult to analyze. Our study reveals that
the abundances of °*Fe and *Ni in meteorites are
identical within uncertainties to abundances mea-
sured in terrestrial materials. Comparisons with
model predictions limit the possible heterogeneous
distribution of °Fe to less than 10 %.

e Metal from ITAB, IITAB, and LL meteorites have
fractionated Fe/Ni ratios relative to CHUR. If
Fe/Ni fractionation occurred in the presence of
60Fe, one would expect to find isotopic variations
in the abundance of %°Ni, possibly correlated with
Fe/Ni ratios. No correlation was found, provid-
ing an upper-limit on the initial 5°Fe/56Fe ratio in
the ESS of around < 6 x 10~7. This upper-limit
agrees with recent in situ isotopic analyses of chon-
drule pyroxenes, which give an initial ratio of 5 to
10 x 10~7 (Tachibana. et al![2006).

The degree of mixing of ®°Fe in the ESS is quantified
for the first time in this study. We conclude that %°Fe
must have been homogeneously distributed (less than 10
% heterogeneity in the °Fe/5%Fe ratio). This agrees with
results of dynamical modeling (Boss[2007), showing that
passive tracers are mixed in a turbulent nebula at the 10
% level within several thousand years. A second impor-
tant conclusion is that ®°Fe was injected before forma-
tion of planetary bodies. This supports the idea that the
presolar molecular cloud core was triggered into collapse
by interaction with a nearby star (Cameron & Truran
1977; ICameron | [1993). Iron-60 was homogeneously dis-
tributed in the solar nebula and can therefore be used as
a reliable short-lived chronometer for ESS events. This
is particularly important given the converging lines of
evidence indicating that the key events that shaped our
solar system took place shortly after condensation of the
first solids in the solar nebula.

This inaugural paper for the MC-ICPMS facility at
the University of Chicago is dedicated to the mem-
ory of Toshiko K. Mayeda. Support from B.P. Lynch,
E.E. Hunter, D.B. Rowley, M.J. Foote and discus-
sions with R.N. Clayton, L. Grossman, J.W. Tru-
ran, F.M. Richter, F.-Z. Teng, D.A. Papanastassiou,
J.-L. Birck were greatly appreciated. An anony-
mous reviewer provided useful comments that improved
the quality of the manuscript. This work was sup-
ported by a fellowship from the Packard Foundation
to N.D., the France-Chicago Center (N.D.), NASA
grants NNGO6GG75G (N.D.), NNGO6GF19G (A.M.D.),
NNG05GG22G (M.W.), NNGO6GF13G (to R.N. Clay-
ton for support of David L. Cook), Swiss NSF grant 20-
113984/1 (T.R.), and Italian MIUR-Cofin 2006 (R.G.).

APPENDIX
DERIVATION OF EQ. 1

Over time, all initial ®°Fe present in CHUR was converted into 5ONi,

60T 60 ;| 60
Nicuur =" Nig +"" Fet,,cHUR-

Introducing isotopic ratios into this equation,

GONi - GONi N
PSNi CHUR_ PSNi 0

(A1)

GOF 56F
56 e) (58 e) ’ (A2)
Fe /, cnur Ni/ cuur

where (GONi / 58Ni) o 18 also the Ni isotopic composition of any reservoir missing ®*Fe (either because of delayed injection

of incomplete mixing). Dividing both sides by (GONi/ 58Ni)

(60Ni/58Ni) o

(60N1/58Ni)CHUR T (

CHUR gives,

56Fe GOFe
6ONi / orur \ *CFe to,CHUR.

(A3)
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Expressed in € notation relative to CHUR, this translates into,

56Fe GOFe

60N 4

¢®Nig = —10 ( ) (—) . (A4)
%Ni / cug \ *°Fe to,CHUR

x 10, this takes the form (Eq. [),

Introducing Q = (56Fe/60Ni) CHUR

60Fe

56 ) :
Fe to,CHUR

Let us now consider a hypothetical reservoir r with an initial (GOFe/ 56Fe) to.r ratio different from CHUR but with

¢®Nig = —Q ( (A5)

chondritic Fe/Ni ratio. An equation similar to Eq[A2] can be posed,

GONi B GONi N GOFe 56Fe (AG)
58 Ni T_ 58N 0 56 e tor 58Ni CHUR'

Dividing the 2 sides by (°°Ni/®®*Ni)cpur, it is easy to show that,
¢®Ni, = €*Nip + Q (*"Fe/*°Fe)

to,r’

which can also be written in the form,

ONi, = Q [(“OFe/*Fe),  — (“Fe/*Fe) (A8)

tO,CHUR} :
This equation can be used to quantify the degree of heterogeneity in %°Fe/6Fe ratios based on ¢®*Ni measurements.

DERIVATION OF EQ. 2

Let us denote ®Fe;,; the amount of ®“Fe injected into the ESS. If At is the time that separates nucleosynthesis in
AGB or cc-SN and injection into the ESS,

60 60 PN
Fein; =" Fecesnyagp e "7 (B1)

The amount of %°Fe injected is equal to the amount of %°Fe in chondrites (back-calculated at the time of condensation
of the first solids in the protosolar nebula),

GOFe GOFe
(56F ) ey = (—56F ) *Fecnur.- (B2)
€/ inj €/ ty,CHUR
If we define x =% Fey,j/*°Fecuur ="° Fecesn/acn/ ®Fecnunr, it follows from the previous equations that,
60, /56
_ (“Fe/ Fe)tg,CHUR Aso Al
T = s e . (B3)
(00Fe/ Fe)ccSN/AGB
Let us now define y =>* Feoesn/aan/**Fecuur,
547, /56
(°*Fe/*Fe) ccsN/AGB “OFecosn/aGB

= ) B4
4 (*4Fe/50Fe)cyur  “°Fechur By

Using the notation,

i (i, /54 i, /54
Pre = (‘Fe/ Fe)CCSN/AGB/ ("Fe/*"Fe) oy — L. (B5)
Eq. [B4] can be rewritten in the form,
y=a/(1+pp). (B6)
For any isotopes ‘Fe, we can pose a conservation equation,
'Fe > 54 'Fe \ 54 'Fe 54
Fecnur = | == Feo + | o5 Fecesn/aass (B7)
<54Fe CHUR *Fe / P1Fe ccSN/AGB “

where the 0 subscript denotes the composition of CHUR. prior to ®°Fe injection. It is also the composition of any
planetary or meteoritic component that did not receive °Fe either because it formed before 8°Fe was injected into the
ESS or it was accreted in a region of the nebula that did not incorporate °Fe due to incomplete mixing. Introducing
y and p&, in this equation, it is straightforward to show that the isotopic composition of a reservoir missing the cc-SN
or AGB component relative to CHUR is,

(‘Fe/™Fe),  1-(1+ Pre)y

_ = B8
(‘Fe/%4Fe) cpun 1—y (B8)
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In ¢ = (R/Rcrur — 1) x 10* notation, this takes the form,

Py 4
Fe= —£Fd o 10 B9
€ Fe Ty x 107, (B9)

where the * superscript indicates that the ratios have not been internally normalized. Eq. can be applied to *"Fe,

57
ST Fe = —fF—Cy x 10, (B10)

Isotopic analyses are corrected for mass fractionation by internal normalization to a constant " Fe/?*Fe ratio. Internally
normalized € values are computed using the following formula,

€'Fe = ¢ Fe — ik "™ Fe, (B11)
where pk, = (i —54)/(57 — 54). We therefore have,
¢'Feg = —ﬁ (Pre — HrePie) X 107, (B12)

From Eq. [Bl we have y = z/ (1 + p%g) and thus y/ (1 —y) = z/ (1 + pR% — :C) The fraction of the solar system
inventory of Fe contributed by nucleosynthesis in a nearby star must have been small (v < 14 p2%). Using y/ (1 — y) ~
z/ (14 p3S) and the expression of x given in Eq. B3| Eq. [BI2 takes the form (Eq. ),

i i 60 56
Ple — MFeo p%’z ( Fe/ Fe)tO,CHUR e)\goAt % 104 (Bl?))
L+ppe  (00Fe/%Fe) gn/acn

Similarly to Eq. [A8] the isotopic composition of a reservoir formed with an initial (°°Fe/%0Fe) 1, Tatio different from
CHUR is, ’

€'Feg ~ —

o 8 (RO, — ()
1+ p%0 (00Fe/0Fe) .sn/acn

This equation can be used to quantify the degree of heterogeneity in °Fe/5Fe ratios based on e>®Fe measurements.

¢'Fe, ~ fo,CHUR pAso At 5 10, (B14)

DERIVATION OF EQ. 3

The derivation of Eq. 3 is in many respects similar to that presented for Eq. 2. An important difference lies in the
fact that Fe and Ni have different chemical behaviors and can therefore be decoupled during or after injection. In the
following, we shall assume that Fe and Ni are not fractionated. Let us define z =58 Ni,.gn /AGB /¥ Nicgur. This can
be rewritten in the form,

5813 /54
L ("*Ni/>*Fe) ccSN/AGB ' Fecosn/acB (1)
(°8Ni/%*Fe)ogur  **Fecnur
. _ . 4 . 4 .
If we now introduce ¢ = (*®Ni/**Fe) cesn/acn/ (°®Ni/54Fe) g it follows,
cr
S — C2
TIF pFe (€2)
For Ni, we can derive an equation very similar to Eq. [BI2] with z in place of v,
ings o i i
€Nip = —— (pNi - MNiP6N2i) x 107, (C3)

1—=2

where ik = (i 58)/(62— 58) and pl; = (Ni/%*Ni) o /ngp / (Ni/*Ni) pron
For that reason, the expression z/(1— 2) = cx/(1 + pS — cx) can be approximated by cz/(1+ p3¢). We therefore have

(Eq. B),

—1. As discussed before, cx < 1+ ppl.

; ; 60T /56
Phi — Hii PR (Fe/ Fe)tovCHUR Moot o 10t (C4)
L+ (0Fe/%%Fe) .sn/acn

Note that for i = 60, the nucleosynthetic anomalies would superimpose on °Ni deficits from lack of °Fe decay (Eq.
). Similarly to Eq. [A8] the isotopic composition of a reservoir formed with an initial (GOFe/ 56Fe) tour different from

CHUR is,

€'Nig ~ —c

p,lL\I o u%\l plﬁ\? (60F6/56Fe)t0 , _ (60F6/56Fe)
1+ p% (09Fe/%%Fe) .sn/acn

This equation can be used to quantify the degree of heterogeneity in °Fe/5Fe ratios based on €5*Ni measurements.

e to,CHUR
€'Ni, ~ ¢ 0 ero0 A 5 10, (C5)
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DERIVATION OF EQ. 4

This equation was derived in another context by [Jacobsen & Wasserburg (1984). Let us consider a reservoir r that
evolved with chondritic composition until time ¢;, at which point Fe/Ni fractionation occured. The present inventory

of 69Nj is,

6ONi, =% Niy, . +% Fey, .. (D1)

This can be rewritten as,

(60N1/58Ni)r _ (60N1/58Ni)t_ .

+ (“Fe/*°Fe), (°°Fe/°*Ni) . (D2)

We note that because the system evolved with chondritic composition until t;, we have (®°Ni/%®Ni);,, =

(°°Ni/®Ni), cHUR,

(°ONi/%*Ni) = (“Ni/**Ni), o + (“Fe/*Fe), (*°Fe/*Ni) . (D3)
The same equation can be posed for CHUR,
607 /58N; 607 /58 N; 607, /56 56 T8N
(%“Ni/®Ni) CHUR = (%°Ni/ Nl)ti,CHUR + (°Fe/°Fe) L (*°Fe®®Ni) CHUR - (D4)
Forming the difference between the last two equation,
(°ONi/%Ni) — (*Ni/**Ni) oy op = (“Fe/*°Fe), [(**Fe/*Ni) — (*°Fe/*Ni) i p] - (D5)
Dividing the two sides by (GONi / 58Ni) cHuR. 1t 18 easy to rearrange the equation and show that (Eq. E),
) GOFe
Ni=Q <W> JFe/Ni» (D6)
e/,

where Q = (50Fe/%Ni) ., . x 10* and fre/xi = (Fe/Ni),/(Fe/Ni)chur — 1.
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0.4

0.2
This study

-0.4
Bizzarro et al. (2007)
-0.6
58N 60N 61N 62 64N
-0.8

F1c. 1.— Comparison between Ni data from this study (Table [[l) and [Bizzarro et all (2007) for differentiated meteorites. Identical
notation (Birck & L]]gmaiﬂ; Bizzarro et all[2007, eiNi/58Ni,) and correction for mass-dependent fractionation (internal normalization
to a fixed 61Ni/E"gNi ratio of 0.0167442 using the exponential law, [Gramlich et all[1989; [Maréchal et all[1999) were used. Because of its low
abundance (0.91 atom %) and the presence of a major 64Zn interference (48.63 atom %), 94Ni data were not reported in
(2007). [See the electronic edition of the Journal for a color version of this figure].
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o6t A
04+
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&s" 0.0 o
| o Coahuila (1AB)
-0.2 1 -@ santa Luzia (1AB)
A Casas Grandes (IIIAB)
@ Henbury (IIAB)
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I (OFe/56Fe),=5x107
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06 58N 60N;  6INi  62Nj 84N
Fig. 2.— Fe and Ni isotope data for meteoritic metal (Table [I). The compositions are in € units corrected for mass-dependent
fractionation by fixing the ratios 57Fc/54Fc = 0.3625663 (Taylor, Maeck, & De Bievre [1992) and 62Ni/58Ni = 0.0533886 (Gramlich et al
[T989) using the exponential law [19099). Fe has normal (terrestrial) isotopic composition (A). If iron meteorites did
not incorporate %°Fe and the initial (60Fe/56Fe)t0 cHuR Tatio was ~ 5 x 1077 (Tachibana et all 2006), then one would expect to find
e8ONig = —10% (60FC/56FC)tO,CHUR (56Fc/60Ni) cHUR = —0.31 in iron meteorites (large cross) relative to chondrites and Earth, which

is not observed (B). This conclusion does not depend on the pair of isotopes (61Ni/58Ni or 62Ni/58Ni) that is used for correcting the
measurements for mass-dependent fractionation (Table [l Fig. [). [See the electronic edition of the Journal for a color version of this

figure].
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Fe-57
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108 " " L
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Mass coordinate (M)
F1Gc. 3.— Post-supernova profile of Fe isotope abundances as a function of mass coordinate for a 19 M cc-SN progenitor computed

from zonal yields 25,000 s after core bounce (see [Rauscher et all[2002, for details). While 54Fe, 56Fe, and 57 Fe are produced as radioactive

progenitors in the internal regions of the cc-SN by nuclear statistical equilibrium, the neutron-rich isotopes ®8Fe and %CFe are produced
in more external regions by neutron-capture reactions on pre-existing Fe isotopes. [See the electronic edition of the Journal for a color
version of this figure].
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from Fig. 2A
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F1G. 4.— Comparison between measured Fe and Ni isotopic compositions in meteoritic metal (Table[Il) with predicted collateral isotopic ef-
fects if OFe from a cc-SN was heterogeneously distributed in the ESS (Egs. 2, 3). We used Egs. 2 and 3 with (60Fe/56 Fe)ty,cHUR = 5 X 10-7
Tachibana et all 2006), At = 0, and the yields for 15, 19, and 25 Mg cc-SN progenitors (Rauscher et all [2002) to compute €¢>®Fe and
€%4Ni anomalies as a function of injection mass cut (mass coordinate above which matter from the cc-SN ejecta is injected into the solar

system, [Meyer & Clayton [2000). The 20 and 21 Mg models of [Rauscher et all (2002) are not plotted because S21 is redundant with S19,
and S20 exhibits a singular and possibly unrealistic convection pattern (merging of O-, Ne-, and C-burning shells, [2002;

Tur, Heger, & Austid 2007). If portions of the solar system did not incorporate 0Fe, one would expect to find anomalous ¢*®Fe (A) and
€%4Ni (B), which is not observed. For each cc-SN model, there is a certain injection mass cut above which the amount of %0Fe ejected

decreases, requiring unrealistic dilution factors for explaining the 0Fe/%6Fe ratio measured in meteorites (Eq. [B3). This is why for each
model, the results are not plotted above a certain injection mass cut. [See the electronic edition of the Journal for a color version of this

figure].
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FIG. 5.— Isochron diagram between €59Ni (Table[I) and fre/ni (Eq. 4). For Bishunpur metal, fre/nj was calculated using the 56Fe /58N

ratio reported in Table 2 of [Cook et all (2006). For ITAB and ITTAB iron meteorites, the ¢59Ni are the weighted averages of the values for
each group (Table [T)) and the fr, /Ni values were calculated using the Fe/Ni ratios of parental melts

/

,
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lines correspond to expected correlations for different values of the 69Fe/56Fe ratio.

[1983). The dashed
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TABLE 1

Sample (type)
Coahuila (ITAB)

Santa Luzia (ITAB)
Casas Grandes (IIIAB)
Henbury (IITAB)
Molong (PMG)
Bishunpur (LL3.1)

Sample (type)
Coahuila (ITAB)

Santa Luzia (IIAB)
Casas Grandes (IIIAB)
Henbury (IIIAB)
Molong (PMG)
Bishunpur (LL3.1)

Sample (type)
Coahuila (IIAB)

Santa Luzia (ITAB)
Casas Grandes (IITAB)
Henbury (IITAB)
Molong (PMG)
Bishunpur (LL3.1)

#
15
8
30
17
33
14

€"Ni/"®*Ni normalized to °2Ni/*®*Ni = 0.0533886
5 60

8
ENi

N
0
0
0
0
0
0

ENi
0.006 £ 0.031
—0.047 4 0.050
—0.030 & 0.022
0.003 £ 0.023
0.002 £ 0.031
0.022 £ 0.031

€Ni
0.011 £ 0.093
—0.046 +0.211
0.053 £ 0.081
0.029 £ 0.053
0.048 £ 0.076
0.215 £ 0.143

62

ENi

N
0
0
0
0
0
0

€'Ni/*®Ni normalized to ' Ni/*®Ni = 0.0167442

8

[Nl loNol,]

50

ENi
—0.001 £+ 0.061
—0.016 £ 0.123
—0.057 4 0.050
—0.023 £ 0.032
—0.019 4+ 0.057
—0.121 4+ 0.092

61
€Ni

[elelololoNe)

662

Ni
—0.014 £ 0.123
0.061 + 0.279
—0.070 £ 0.107
—0.038 £ 0.070
—0.063 + 0.100
—0.284 + 0.189

€'Fe/**Fe normalized to °"Fe/%*Fe = 0.3625663

54
€Fe
0

0
0
0
0
0

56
€Fe
—0.031 £ 0.051
—0.038 +0.037
—0.051 4+ 0.028
—0.052 4+ 0.024
—0.029 £ 0.042
0.028 + 0.063

57
€Fe

[elelololoNe)

E58

Fe
0.109 £+ 0.422
—0.282 4 0.427
—0.202 +0.270
—0.122 4+ 0.264
—0.146 + 0.344
0.033 + 0.427

664

Ni
—0.103 £ 0.134
0.317 £ 0.200
—0.023 + 0.085
0.053 £0.131
—0.019 £ 0.134
0.095 £ 0.233

664

Ni
—0.124 + 0.269
0.407 £0.325
—0.125 + 0.141
—0.003 £ 0.151
—0.126 + 0.194
—0.324 + 0.287

15



