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Abstract

Isotopic anomalies in Mo and Zr have recently been reported for bulk chondrites and iron meteorites and have
been interpreted in terms of a primordial nucleosynthetic heterogeneity in the solar nebula. We report precise Zr
isotopic measurements of carbonaceous, ordinary and enstatite chondrites, eucrites, mesosiderites and lunar rocks. All
bulk rock samples yield isotopic compositions that are identical to the terrestrial standard within the analytical
uncertainty. No anomalies in *>Zr are found in any samples including high Nb/Zr eucrites and high and low Nb/Zr
calcium—aluminum-rich inclusions (CAIs). These data are consistent with the most recent estimates of <107 for the
initial >Nb/**Nb of the solar system. There exists a trace of isotopic heterogeneity in the form of a small excess of
r-process *°Zr in some refractory CAls and some metal-rich phases of Renazzo. A more striking enrichment in *°Zr is
found in acetic acid leachates of the Allende CV carbonaceous chondrite. These data indicate that the r- and s-process
Zr components found in presolar grains were well mixed on a large scale prior to planetary accretion. However, some
CAlIs formed before mixing was complete, such that they were able to sample a population of r-process-enriched
material. The maximum amount of additional r-process component that was added to the otherwise well-mixed Zr in
the molecular cloud or disk corresponds to ~0.01%.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction the early 1970s, the isotopic compositions of a
range of elements in meteorites had been found

The isotopic homogeneity of the early solar to be identical, within uncertainties, to those in
nebula is a central issue of cosmochemistry. Until the Earth. For example, no significant variation

could be found in the isotope abundances of K,

Rb and Sr in chondrites, eucrites and the Earth,

once the effects of mass-dependent fractionation,

* Corresponding author. Tel.: +41-1-632-47-30; cosmic ray-induced spalla.tion and radioactive de-
Fax: +41-1-632-18-27. cay were removed [1]. This large-scale homogene-
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was made of material that condensed from a hot

well-mixed nebular gas.

This paradigm gradually changed, however,
with the detection of small-scale isotopic anoma-
lies in chondrites. Previously unknown isotopic
effects in oxygen were discovered in refractory
calcium—aluminum-rich inclusions (CAlIs) [2].
Subsequently, further isotopic heterogeneities in
CAIs were found for a variety of elements such
as titanium [3], samarium [4], neodymium and
barium [5]. The discovery of presolar grains [6]
and dispersed >*Cr isotopic anomalies in Orgueil
[7] provided strong evidence that the disk also
contained presolar material that had not con-
densed from a hot nebular gas.

With small-scale heterogeneity in chondrites
now well established, one has to re-examine the
question of what large-scale homogeneity signifies
if it is not produced in a well-mixed gas. Two
extreme models can be considered:

1. The various presolar components were already
well mixed in the molecular cloud before the
collapse of the solar nebula.

2. There were processes in the disk that averaged
out heterogeneity. The early dynamics of disks
are thought to be dominated by settling of dust
onto the mid-plane, the swirling motion of the
nebula, the rapid accretion of planetesimals
and the overall migration of material in toward
the sun [8]. Some have proposed that material
may also have been transported outwards from
the sun across the disk [9]. It is conceivable
that disks develop into conveyor belts prior
to the creation of major gaps that are formed
by incorporating gas and dust into large plan-
etary objects. This swirling ‘conveyor belt’
might be the most likely environment for mix-
ing [8].

Although the evidence for large-scale homoge-
neity in the disk is overwhelming, there also exist
indications of large-scale heterogeneity. The first
clear evidence followed the realization that basal-
tic achondrites such as angrites, eucrites and Mar-
tian meteorites possess distinctive oxygen isotopic
compositions that are characteristic of their par-
ent bodies and different from those of the Earth
and Moon [10]. It has now become well estab-
lished that the solar system possesses a large-scale

heterogeneity in oxygen isotopes. The heterogene-
ity in A0 is not a function of heliocentric dis-
tance and may be caused by varying degrees of
exchange between a gas and a solid reservoir [11].
Why gases and solids should have had different
oxygen isotope compositions is unclear.

Evidence for large-scale isotopic heterogeneity
that cannot be explained by gas—solid mixing is
far more equivocal, however. From the discovery
of small 33Cr abundance variations, which are a
function of heliocentric distance, a former radial
zonation in **Mn in the inner solar system has
been proposed [12]. Alternatively, this observation
can also be explained by volatility-induced Mn/Cr
fractionation, with the exception of the 3Cr
abundances in enstatite chondrites (EH) [13-15].
Recently, it has been proposed that there are
small molybdenum isotopic variations in bulk
rock chondrites and iron meteorites [16,17]. How-
ever, other studies based on more extensive repli-
cation and/or higher precision indicate that these
effects are not yet well-defined [18,19].

The best way to approach this issue is with
high-precision measurements of the relative abun-
dances of isotopes produced via different nucleo-
synthetic pathways. A constant proportion of iso-
topes produced in different stellar environments
would indicate very efficient mixing of compo-
nents at some early or presolar stage. Small var-
iations in the relative abundances have implica-
tions for how components must have been
introduced and admixed into the solar nebula.

Zirconium is a promising element to address
the question of isotopic homogeneity in the inner
solar system. It is refractory and, therefore, insen-
sitive to early solar system processes controlled by
volatility that may influence elements like Mn,
and hence Mn-Cr systematics. All Zr isotopes
have mixed nucleosynthetic sources, but are dom-
inated by one process. *°Zr is primarily produced
by the r-process, whereas all the other Zr isotopes
(*°Zr, 2'Zr, °*Zr, **Zr) predominantly originate
from the s-process. Excess °Zr relative to the
other Zr isotopes and the terrestrial standard
was reported for presolar grains [20,21], and ex-
plained as due to r-process material produced in
supernovae [22]. It may also be that some of the
%Zr was made by the s-process if the neutron
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density was unusually high [20]. However, this is
speculative at this stage. A complementary pat-
tern with a deficit of °°Zr was found in presolar
grains [23]. Such grains display an overabundance
of s-process nuclides, which may have formed in
AGB stars [22]. Moreover, two independent stud-
ies have claimed that there are well-resolved bulk
rock isotopic variations of zirconium in chon-
drites [24,25], and these were interpreted to reflect
incomplete mixing of different nucleosynthetic
components. In particular, Yin et al. [25] reported
a very large °°Zr anomaly for the carbonaceous
chondrite Murchison.

The isotope **Zr is also produced by the radio-
active decay of the short-lived radionuclide **Nb
(t1/,=36 =3 Myr) [26]. For the application of this
short-lived isotopic system, it is crucial to know if
Nb and Zr isotopes are distributed homogeneous-
ly in the solar system. The initial abundance of
92Nb has been a matter of recent debate. Current
estimates range from an initial > Nb/*3*Nb ratio of
107 up to a value as high as 1073 [24,27-31].

The aim of this study was to investigate if Zr
isotopes are indeed distributed heterogeneously in
the inner solar system. For this purpose, a com-
prehensive Zr isotopic study was conducted on a
wide range of samples, including CAls, chon-
drites, differentiated meteorites, lunar and terres-

trial samples. The results provide new constraints
on the maximum amount of incompletely ad-
mixed Zr from hypothetical triggering stars and
on the initial abundance of °’Nb in the solar sys-
tem.

2. Analytical procedure

The samples were crushed in a boron carbide or
an aluminum oxide mortar under a laminar flow
of filtered air to avoid contamination. Subse-
quently, a Parr® acid digestion bomb was used
to ensure the complete dissolution of the samples,
including any zircons. The mineral separates and
leachates of Allende and Renazzo were obtained
as outlined in Table 1. We started with 2 g of
Allende, which was treated sequentially with a se-
ries of progressively stronger reagents. After each
treatment, the sample was centrifuged and the
supernatant was removed by pipette. Renazzo
was first separated mechanically with a hand mag-
net (Table 1) to obtain a magnetic and a non-
magnetic fraction. A second magnetic separation
was performed for the magnetic fraction only.
The non-magnetic residue of the second step
was then combined with the bulk rock sample
to form the metal-rich whole rock sample. The

Table 1

Experimental procedure for the separates of Allende and Renazzo

Allende

Step Reagent Procedure Percent® total Zr

1 50% HAc 2 days, RT 6

2 4 M HNO; 5 days, RT 0.1

3 6 M HCl 1 day, 80°C 21

4 13.5 M HF+3 M HCI 4 days, 100°C 66

5 Aqua regia 3 h, 220°C, high pressure asher 7

Renazzo

Fraction Mechanical separation Chemical separation

n.m. non-magnetic fraction metal removed with a hand magnet

m.l magnetic leachate fraction metal cleaned up twice with a hand magnet 6 M HCI1+0.01 M HF,
5 min, 40°C

m.r. w.r. metal-rich whole rock whole rock+metal-rich residue of second

clean-up of the magnetic fraction

RT =room temperature.
HAc=CH3;COOH.
@ Percentage of total recovered Zr dissolved in this fraction.
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magnetic fraction was subsequently leached for
5 min with 6 M HCI-0.01 M HF to produce a
magnetic leachate. The residue was too small for
further treatment.

Zirconium was chemically separated from the
whole rock matrix using a two-stage ion exchange
procedure. The first and the second stage are
adapted from Salters et al. [32] and Barovich et
al. [33], respectively. The details will be discussed
elsewhere [34]. The ion exchange procedure for
the Allende leachates did not use hydrofluoric
acid for the elution of Zr and an additional elu-
tion step for matrix elements with 15 M HF was
included, such that we could also obtain a clean
Te fraction. The Te data will be presented in a
separate paper [35]. The modifications reduced the
Zr yield to only about 30% in each sample. Such a
low yield could potentially induce mass-dependent
fractionation of Zr isotopes during chemistry.
However, no such mass-dependent fractionation
has been observed. The total chemistry blank
for the Allende leachates was less than 3 ng Zr.
This is negligible, considering that each sample
fraction contained more than 300 ng Zr. The total
chemistry blank for all other samples was always
less than 1 ng Zr.

The Zr isotopic measurements were performed
with a Nu Plasma multiple collector inductively
coupled plasma mass spectrometer (ICP-MS) at
the ETH Ziirich. All Zr isotopes were measured,
as well as Mo, *Nb and *Ru in order to mon-
itor potential isobaric interferences and peak-tail-
ing effects. Instrumental mass fractionation was
internally normalized to **Zr/°°Zr=0.3381 [36]
using the exponential law. €Zr values were calcu-
lated relative to the mean values of the NIST
SRM 3169 Zr standard solution measured the
same day using &¥Zr= {[(**Zr/°°Zr)meas— (¥ Zr/
NZ1)al/O*Zr/P°Zr)sq} X 10*. The 26 reproducibil-
ity obtained for 100 ppb solutions of the NIST
SRM 3169 Zr standard is better than £0.3, £0.6
and *1.2 £ units for ?Zr, °'Zr and *°Zr, respec-
tively, within 1 day. We use these values as a
conservative estimate of the analytical uncertainty
for our standard solution. The long-term repro-
ducibility is only slightly larger than the within-
day precision [37].

The °'Zr analysis is hampered by a minor un-

identified interference, which is common to all
samples and standards analyzed at low ion beams
(total ion beam <2.5%107'" A). The effect dis-
appears at higher ion beams. It was compensated
by measuring standards and samples with the
same beam intensities [34]. However, most sam-
ples achieved total ion beams of =5x10"'1 A,
The Mo interference on mass 92 can be ad-
equately corrected, if Mo/Zr in the sample solu-
tion is <0.01, as inferred from repeated measure-
ments of synthetic Mo-Zr mixtures. For an
adequate correction of the Mo interference an
even smaller Mo/Zr ratio of <0.005 is required,
and a Ru/Zr ratio of <0.01 is necessary to ad-
equately correct for the *°Ru interference. These
limits correspond to a relative magnitude of the
Mo and Ru corrections in the order of 1-3%. The
Mo/Zr and Ru/Zr ratios of the analyzed sample
solutions were always far below these limits. The
Ru correction is essential for undifferentiated me-
teorites because they generally possess high Ru
contents compared to the differentiated stony me-
teorites, lunar and terrestrial samples. For all dif-
ferentiated samples, the Ru contribution to mass
96 was negligible and did not require correction.
All samples were also carefully checked for inter-
ferences from Ti-, V-, Cr- and Fe-argides, which
overlap with the masses of zirconium.

The **Nb/*°Zr ratios of the samples were mea-
sured with a quadrupole ICP-MS on sample so-
lution aliquots that did not undergo chemical sep-
aration, to avoid any chemical fractionation of
Nb from Zr. Spectral interferences in these mea-
surements were accounted for by using dynamic
reaction cell technology with hydrogen as reactive
gas [38].

3. Results

The Zr isotopic compositions (£'Zr, &”Zr,
£°7r) for bulk samples of four carbonaceous,
eight ordinary and three enstatite chondrites are
shown in Fig. la together with data for eucrites,
a mesosiderite silicate clast and three lunar
samples. Fig. la displays clearly that «// bulk
rock data are identical to the terrestrial standard
within the 20 analytical uncertainty. Thus, there is
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Indarch (EH4) — . — .
Abee (EH4) —l —
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St. Marguerite (H4) — . — . — .
Allegan (H5) —
Estacado (H6) — — - —
ALH84081(LL6) — = L
Juvinas (Eu) — =
ALH78132 (Eu) — — =
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Pasamonte (Eu) —_—— —
Serra de Mage (Eu) — . — ——
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Fig. 1. (a) Zirconium isotopic compositions for various bulk meteorite samples. (b) Zirconium isotopic compositions for CAls of
Allende and Efremovka. Errors (26) given for the samples include the external reproducibility of the sample and the standard

: C 52 =62 4ol
combined as follows: 6 =05;+05,,

where o is the external reproducibility of the standard (std) or the sample (sam). If several

analyses of a single sample exist (Table 2), the mean value is plotted. No £'Zr and £Zr values are shown for some samples be-
cause of known interference problems and/or low signal intensities for the minor *°Zr. Eu = eucrite.

a striking homogeneity of Zr isotopic composi-
tions.

Once the current analytical precision is im-
proved it is possible that carbonaceous chondrites
such as Murchison and Allende may reveal a
slight shift to positive £°Zr values. At present,
this is not clearly resolvable. The repeated analy-
ses of different Murchison and Allende aliquots
(Table 2), however, show a small and systematic
shift in £°Zr. Furthermore, the application of a
statistical z-test to compare the Murchison and
Allende data sets with the terrestrial standard
yields an explicit difference at the 99% confidence
level. If this effect is not an analytical artefact, it
indicates that Murchison and Allende have a

slightly different Zr isotopic composition than
the Earth or that small-scale heterogeneities may
exist within each sample. In summary, the pri-
mary conclusion is that bulk meteorite samples
display identical Zr isotopic composition within
the analytical uncertainty. Some results for carbo-
naceous chondrites hint at very small differences
in &°Zr, but the differences cannot be resolved
unambiguously at present.

In contrast to the bulk rock data, two Allende
leachates (acetic and hydrochloric acid steps) and
three Renazzo fractions reveal evidence of sig-
nificant excess *°Zr (Fig. 2). Interestingly, the
results for Allende show that the Zr leached by
the acetic acid displays the largest excess in *°Zr
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Table 2

Zr isotopic data and Nb/Zr ratios

Sample E'7r + 26mean 271+ 26mean £°7r + 26 mean Nb/Zr + 26 mean
Orgueil (CI1) 0.2%0.6 0.0%0.4 —0.1%£1.5 0.085%0.004
Murchison (CM2) 02%0.7 0.063 £0.003
Murchison (CM2) 0.1£0.6 0.0%0.4 1.2%1.6 0.076 £0.004
Murchison (CM2) 0.1£0.6 —0.1£04 1.2%1.6 0.072£0.004
Murchison (CM2) 0.3£0.6 03%+0.4 04%1.5 0.063£0.003
Allende (CV3) 0.520.6 02104 1.2+1.4 0.074£0.005
Allende (CV3) 0.2%0.6 —0.1£0.4 09%1.5 0.077 £0.004
Allende (CV3) 0.0£0.6 0.0%+0.4 1.1+1.4 0.074£0.003
Allende (CV3) 0.510.6 0.1£0.5 0.7+1.6

Allende (CV3) 0.1£0.6 —0.1£0.4

1.3{{decimal:split}} £ 1.5

ALH84028 (CV3) 0.3£0.6 —0.1£04 04+1.5 0.071£0.006
Indarch (EH4) 04%0.6 0.1£0.4 —0.1%x1.4

Abee (EH4) 0.1£0.6 0.1£0.4 —03%14

Hyvittis (EL6) 0.1£0.6 0.0%0.4 02+14

Mezo-Madaras (L3) 0.1£0.5 0.076 £ 0.004
ALH77216 (L3) 0.2%0.5 0.079 £0.004
WIS96603 (L4) 0.0%0.4 0.085%0.004
WIS96603 (L4) 0.0%0.4

Tennasilm (L4) —0.1£0.4 0.075%0.004
Forest Vale (H4) 04%0.6 0.0%0.4 —0.6+1.5 0.087 £0.008
St. Marguertite (H4) —0.2%£0.5 0.081 +£0.005
St. Marguertite (H4) 0.1+0.6 0.1+04 04+14

St. Marguertite (H4) 510.6 0.0+0.4 —04+£1.5

Allegan (H5) 0.2%0.5 0.078 £0.004
Estacado (H6) 0.1£0.6 0.1£0.4 0.3+1.7 0.079 £0.004
ALH84081(LL6) 0.1£0.6 —0.1+£0.5 —1.3%1.5 0.070£0.007
Juvinas (Eu) 0.0£0.6 —0.2+£0.4 1.1£1.4 0.098 £0.005
Juvinas (Eu) —0.1£0.6 03%0.4 —03%1.5

ALH78132 (Eu) 0.0£0.6 —0.1£04 0.6+1.5 0.093£0.005
Bouvante (Eu) 0.1£0.6 —0.2+£0.4 09%1.5 0.084 £0.004
Sioux County (Eu) —0.1£0.6 0.0%0.4 1.1+1.4 0.111£0.006
Sioux County (Eu) —0.1+£0.6 0.1+0.4 04+£1.5

Bereba (Eu) —0.3£0.6 0.0%0.4 —0.6+1.5 0.191£0.010
Pasamonte (Eu) 0.0£0.6 0.0x0.4 0.3%+1.5 0.088 =£0.004
Serra de Mage (Eu) —0.4%0.6 —0.2+04 09+14 0.098 +0.007
Cachari (Eu) —0.1£0.6 —0.1£04 0.252+0.011
Cachari (Eu) 0.1+0.6 0.1+0.4 04+14

Cachari (Eu) —0.2£0.6 0.0%0.4 0.1+1.4

Vaca Muerta (mesosiderite) —0.1£0.6 0.0£04 0.1x14 0.089+0.002
Vaca Muerta (mesosiderite) 0.1+0.6 —-0.1+04 —0.1x1.4

Moon 77215 (norite) 0.0£0.6 —0.1£04 —0.1x1.4

Moon 15475 (mare basalt) 0.1£0.6 0.0£04 —0.1x14

Moon 75075 (mare basalt) —0.1+£0.6 —-0.1+04 0.0x1.4

Renazzo m.r. w.r. (CR2) 0.2+0.6 0.0+0.4 20+1.4 0.068 £0.003
Renazzo m.l. 0.3£0.6 0.1x0.4 32%15 0.073£0.004
Renazzo n.m. 0.3£0.6 0.1£0.4 19+1.4 0.068 £0.003
Renazzo n.m. 0.2+0.6 0.3+04 1.7+1.5

Allende leach 1 (HAc) 0.5£0.6 0.0%0.4 10.0£1.5

Allende leach 3 (HCI) 0.0£0.6 —0.1£0.4 26*1.5

Allende leach 4 (HCI/HF) —0.1£0.6 —0.1£04 0.5+1.5

Allende leach 5 (aqua regia) —0.3+0.6 —0.1+0.4 —0.1+1.5

CAI Allende USNM 4698 0.0£0.6 0.0%x0.4 2.1%1.5 0.015£0.001
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Table 2 (Continued).

Sample E17r + 26mean €271+ 26mean 971+ 26mean Nb/Zr * 26 mean
CAI Allende USNM 3529-21 0.6+£0.6 0.5+04 03+14 0.45+0.03
CAI Allende USNM 3529-21 0.4£0.6 02+£04 1.2+14

CAI Allende USNM 3529-21 0.6%£0.6 04£04 04%1.7

CAI Allende USNM 3529-41 0.3+£0.6 0.1+04 25+t14 0.05+0.002%
CAI Allende USNM 3529-41 0.6%£0.6 0.1£04 1.1£1.5

CAI Allende USNM 3529-41 0.2£0.6 0.1+04 2115

CAI Allende USNM 3529-41 0.1£0.6 0.0+04 1.8+1.5

CAI Allende USNM 3529-44 0.3£0.6 0.1£04 20+14 0.076 £ 0.004
CAI Allende USNM 3529-44 0.5%£0.6 0.3+04 23%1.5

CAI Allende USNM 3529-47 —0.21£0.6 —0.3+£0.4 1.3+x1.5 0.116 £ 0.006
CAI Efremovka E49 —0.1£0.6 02+£04 1.3£1.5 0.081 +0.004

The quoted analytical uncertainties for the €Zr values reflect the external (26mean) reproducibilities including the uncertainties for

the standard.
4 Nb/Zr ratio from Mason and Taylor [53].

(£€%Zr=10.0%1.5). Around 6% of the total Zr
recovered (Table 1) was released in this leaching
step. The Zr was probably hosted in alteration
phases and/or metal [7,39]. In the nitric acid frac-
tion (second step), the small Zr content of 6 ng
did not permit precise isotopic analysis. Subse-

121 Alle‘nde 12r ‘Rene‘lzzo
8 + . 8
g;’\_‘ 4 8N 4+ 4}
w O + % % w 0 % ‘E
0.5 0.5
Sl bl J L el L4
8 & I
wOS* \ T T T wOS* T

' Zr
o .
e
.-

e Zr
o 4

F
—
—.—

i

1 3 4 5

. . .
mr.wr. nm. ml

Fig. 2. Zirconium isotopic compositions for separates of Al-
lende and Renazzo. 1 =acetic acid leachate, 3=HCI leachate,
4 =HF/HCI leachate, 5=aqua regia leachate, m.r. w.r. = met-
al-rich whole rock, n.m.=non-magnetic fraction, m.l. = mag-
netic leachate fraction. For details see Table 1.

quent leaching with hot HCI yielded 21% of the
total Zr. This fraction displays a small excess of
%7Zr. The last two leaching steps using HCI/HF
and aqua regia represent chemically resistant
phases and account for most of the Zr in the
whole rock. Their Zr isotopic signature is identi-
cal to the terrestrial standard. A mass balance
calculation of all Allende leach fractions results
in €°Zr=+1.4 for bulk Allende. This is identical
to the mean value measured for bulk Allende
(£%Zr=+1.0+1.2), within uncertainty.

The Renazzo sample was separated into differ-
ent fractions in order to identify carrier phases
anomalous in *°Zr (Table 1). The results (Fig. 2)
show that all Renazzo fractions have an identical
Zr isotopic pattern and display a small but signif-
icant excess of *°Zr. Therefore, the carrier phase
of the excess *°Zr must be homogeneously distrib-
uted in the magnetic and non-magnetic phases.
The same observation was made for the carrier
phase of anomalous *Cr in Orgueil [39].

In addition, six CAls separated from Allende
and Efremovka were analyzed (Fig. 1b). Three
of the Allende CAIs reveal a small excess of
%Zr. The observed excess *°Zr is not large enough
to produce a well-resolved difference in the bulk
Allende data presented here. However, the CAls
could be responsible for some of the excess *°Zr in
the Allende leachates. CAls, for example, contain
a significant amount of melilite, which can be at-
tacked by hydrochloric acid.



474 M. Schonbdichler et al. | Earth and Planetary Science Letters 216 (2003) 467481

4. Discussion
4.1. The bulk rock analysis

All the bulk rock data (Fig. 1a) show a remark-
able homogeneity in Zr isotopic compositions.
This observation contrasts with the results of pre-
vious studies on bulk rock meteorites [24,25] that
identified Zr isotopic anomalies well outside the
stated analytical uncertainties. It is notable that
some meteorites were analyzed in both this and
previous studies such as Murchison (CM2), Al-
lende (CV3), Abee (EH4), Orgueil (CI) and Forest
Vale (H4). For the first three meteorites, &°Zr
values up to +50 were reported [25]. The isotope
%7r has a low abundance (2.8%) and two sources
of isobaric interferences, Mo and %°Ru. The
three meteorites for which “°Zr anomalies are
cited (Allende, Murchison, Abee) are primitive
meteorites, which require a Ru correction on
mass 96. Unfortunately, the authors [25] provided
no information about the Ru correction. They
demonstrated that the Mo interference on *2Zr
can be adequately corrected for solutions with
Mo/Zr < 0.01. It is unclear, however, if this also
applies to the correction on mass 96. Until these
issues are resolved, it remains possible that the
reported °°Zr anomalies are analytical artefacts
that reflect insufficiently corrected interferences.

The uniformity of our bulk rock data (Fig. 1a)
provides compelling evidence that the inner solar
system is generally well mixed in terms of the Zr
isotopic composition and this implies that the
protosolar nebula was also well mixed on a plan-
etary scale before planetesimal accretion occurred.
The isotope data for other elements such as iron
are in accord with this conclusion, because the
observed Fe isotope variations are solely due to
mass-dependent fractionation [40]. However, disk-
scale isotopic heterogeneity has been proposed for
e.g. 2°Al, *Ca [41], 3Mn [12], O isotopes [2,10]
and, most recently, Mo isotopes [16,17]. Although
some of these isotopic variations might relate to
processes associated with the early evolution of
the sun and inner disk, the Mo isotopic variations
have been interpreted in terms of a very early
isotopic heterogeneity in the region of the disk
that supplied the materials forming iron meteorite

and chondrite parent bodies. The magnitude of
these Mo isotopic variations, particularly in iron
meteorites, is a matter of debate [18,19]. However,
the fact that there exist effects that vary with nor-
malization scheme provides strong evidence of
real, albeit poorly resolved heterogeneity [42].
Evidence of very large Mo and Zr isotopic het-
erogeneity at a very small scale is provided by
presolar grains. Fig. 3 illustrates two signatures
of Zr isotopes discovered in presolar grains, and
similar observations exist for Mo isotopes [20,43].
If such presolar grains with different isotopic pat-
terns were not distributed evenly within the disk,
this could result in large-scale heterogeneities.
Considering the concentration of Mo and Zr in
Allende [44] and the average abundance and iso-
topic composition of these elements in SiC grains
[20,23,43,45], Allende should display isotopic
anomalies of the same order of magnitude for
both Mo and Zr. It is at first sight puzzling, there-
fore, why such heterogeneities are found in Mo
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Fig. 3. (a) Zirconium isotopic patterns as a function of mass
for presolar SiC grains [21] and graphite grains [20] with an
r-process signature from the Murchison meteorite. (b) Iso-
topic pattern for SiC grains with an s-process signature [23].
For further details see references. At the bottom, the nucleo-
synthetic processes by which each Zr isotope can be formed
are shown. Highlighted in bold is the primary nucleosyn-
thetic process.
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but not in Zr isotopic compositions. It is conceiv-
able that such effects may exist for Zr, but that
they are just below the detection limit, as the ef-
fects claimed for Mo are only a few & units. In
fact the Mo anomalies reported [16,17] may be
somewhat smaller than originally proposed, since
later studies [18,19] have been unable to confirm
the results. Assuming that the Mo anomalies are
real, the data may be most simply explained by
the relative proportions of r- versus s-process con-
tributions for the single isotopes of Mo and Zr.
They are greater for the isotopes of Mo than for
those of Zr all of which contain mixed r- and
s-process contributions.

4.2. Separates of Allende and Renazzo

For the first time, Zr isotopic data of selectively
dissolved fractions of carbonaceous chondrites are
presented (Fig. 2). In contrast to the homogeneity
of the bulk rock data, two of the Allende leach-
ates and all separates of Renazzo display sig-
nificant excess “°Zr. Isotopic heterogeneities
measured in leach fractions of carbonaceous
chondrites, therefore, not only exist for *Cr
[7,39], “°K [46] and Mo isotopes [47], but also
for ®°Zr. This provides evidence for isotopic het-
erogeneities at a small scale in the solar system.
Small-scale heterogeneities were also discovered in
presolar grains [6] and provide evidence for a so-
lar nebula with colder regions that contain gas
and distinct solid particles.

The production of **Zr by cosmic ray-induced
spallation or special irradiation scenarios of the
early sun needs to be verified by model calcula-
tions. Nevertheless, it is unlikely that these pro-
cesses are able to produce significant levels of *°Zr
within the solar system (I. Leya, personal commu-
nication, 2003). Therefore, the excess *°Zr in the
Allende and Renazzo fractions probably has the
same nucleosynthetic origin as that in presolar
grains (Fig. 3). This leads to the question whether
presolar grains are the host phase of excess *°Zr in
Allende and Renazzo. The largest excess of *°Zr
was found for the acetic acid leachate. Although
acetic acid leaching should predominantly attack
phases in the matrix, where the bulk of the pre-
solar grains is located, it is unlikely that this treat-

ment will dissolve the known varieties of presolar
grains, since these are very acid-resistant. The ma-
trix material of primitive meteorites experienced
much less thermal alteration than CAls and chon-
drules. Therefore, it is possible that some previ-
ously unidentified and chemically less resistant
presolar grains were preserved and contributed
to the excess *°Zr in the acetic acid leachate.
Alternatively, the excess *°Zr may be hosted in
phases that formed within the solar system. Pre-
solar grains that were incorporated to solar sys-
tem material could have been affected by aqueous
alteration thereby transferring their exotic iso-
topic signatures to easily leachable minerals. Fur-
thermore, presolar grains could already have re-
acted with other phases or been melted or
vaporized within the solar nebula, transferring
there their isotopic signatures to solids formed
in the solar system. The observation that three
Allende CAIs preserve a significant amount of
excess *°Zr indicates that part of the excess *°Zr
is hosted in such a phase. CAls are generally re-
garded as high-temperature condensates that
formed very early in the solar system. Although
extremely chemical-resistant, presolar grains are
unlikely to have survived at such high tempera-
tures. The observed °Zr anomalies in CAIs,
therefore, must be inherited and preserved in ma-
terial that formed in the early solar system.
Comparing the present results with leaching
data for other elements may help to identify the
nature of the carrier phase(s). In Allende, varia-
tions of **Cr [7] and °°Zr were observed in differ-
ent leaching steps. In the present experiment, ex-
cess *°Zr was released by acetic and hydrochloric
acids, but not by HCI/HF (Table 1, Fig. 2). In
contrast, excess *Cr only occurs to a limited ex-
tent in the acetic acid leachate, and is more pro-
nounced in the HCI/HF leachate. It is important
to note that the leaching procedures for Cr and Zr
differ slightly. The hydrochloric acid step was
only performed for Zr. Therefore, the excess
S#Cr of the Allende HCI/HF leachate could be
hosted in the same HCI-soluble carrier phase
that contains excess “°Zr. This conclusion is sup-
ported by the results of Podosek et al. [39], who
found the largest excess of **Cr for Orgueil in the
hydrochloric acid leachate. This indicates that ex-
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cess *Cr and part of the excess *°Zr may be
hosted in similar or identical carrier phases, which
have different Zr/Cr ratios. In view of nucleosyn-
thetic models, this is viable, because most models
indicate that both *Cr [7] and *°Zr are predom-
inantly produced in a supernova environment.

4.3. Modelling

The uniformity of the bulk rock data (Fig. 1a)
and the magnitude of the isotopic anomalies in
presolar grains [20] can be used to estimate the
magnitude of possible Zr isotope heterogeneities
in the solar system. This is of more than academic
interest. It is a widely held view that short-lived
radionuclides like 3Mn could represent freshly
synthesized stellar products that were injected
into the protosolar nebula. The accompanying
shock wave may have triggered the collapse of
the protosolar nebula [48,49]. Because of the short
time-scale between injection of the material and
collapse of the protosolar nebula, the freshly in-
jected material may not have had sufficient time
to be completely admixed into the protosolar neb-
ula material and this could have generated iso-
topic heterogeneities. The large-scale heterogene-
ity in >*Mn may be due to such a late injection of
freshly produced nucleosynthetic material (e.g.
[49]).

Assuming that a supernova triggered the col-
lapse of the protosolar nebula and injected new
material [48], it is possible to calculate the atom
fraction of r-process Zr that can be heterogene-
ously distributed in the inner solar system without
causing any measurable isotopic effect. This re-
striction is imposed by the homogeneity of Zr
isotopic compositions observed for the Earth,
Moon, eucrites and chondrites. The calculation
was performed using the following equation:

N _fx%absolar + (l—f) X%(lbinj
90N 7f><9oabsolar + (l_f) ><90abinj

In this equation, ‘N represent the abundance of a
specific Zr isotope with mass i in the mixture, ‘ab
the abundance of a specific isotope in the solar
system (solar) or in the injected material (inj)
and fis the atom fraction of solar system isotopes
in the mixture. The isotopic composition of the
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Fig. 4. The curve indicates the maximum atom fraction (f) of
Zr with distinct £€°Zr (inj = injected) that can be injected into
a system with £°Zr=0 without producing a significant
change (£°Zr>1.2) in the Zr isotopic composition. The gray
bars show the &°Zr for the presolar graphite grains C.14
and 5.01 (data from [20]). The maximum atom fraction in-
creases from 100 ppm to 130 ppm, if the exact isotopic com-
position of the grain C.14 is used (£°Zr, °*'Zr and £2Zr#0).

interstellar graphite grain C.14 (Fig. 3) was used
as a lower limit of the r-process composition of
the injected material. The calculation shows that
the proportion of Zr derived from r-process pre-
solar grains can only vary by less than 130 ppm
for the various solar system bodies (Fig. 4). As-
suming that the graphite grain 5.01 with a very
high excess of *°Zr displays the average r-process
composition, the variation is restricted to less
than 15 ppm.

It is also possible that an AGB star triggered
the collapse of the solar system [50]. In this case,
Zr isotopes provide constraints for the differences
in the proportion of Zr originating from s-process
grains. Using the Zr isotopic composition of SiC
grain 126 (Fig. 3), the difference has to be <300
ppm, which is somewhat higher than in the super-
nova scenario.

4.4. The calcium—aluminum-rich inclusions

Only three of the six analyzed CAls display a
small, resolvable excess of *°Zr (Fig. 1b). This is
consistent with previous Zr isotopic measure-
ments for coarse-grained Allende CAIls [25,51]
and the evidence for r-process signatures pre-
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Table 3

Description of the CAls

Sample Grain size Group? Excess *°Zr Reference
CAI Allende USNM 4698 Fine-grained Group 111 Yes [52]

CAI Allende USNM 3529-21 Coarse-grained Group V No [53]

CAI Allende USNM 3529-41 Coarse-grained Group 111 Yes [53]

CAI Allende USNM 3529-44 Medium-grained Group VI Yes [53]

CAI Allende USNM 3529-47 Fine-grained Group VI No [53]

CAI Efremovka E49 Coarse-grained - No [54]

4 On the basis of rare earth element pattern.

served in FUN inclusions for samarium and neo-
dymium [4,5]. However, there seems to be a differ-
ence between the *°Zr and ’Ti anomalies ob-
served in normal CAls. The *°Zr excesses are
smaller and rare compared to the ubiquitous ex-
cesses of *Ti. The occurrence of *°Zr anomalies
does not correlate with the petrographic type of
the CAIs or with the rare earth element patterns
(Table 3) [52-54]. The observation that isotopic
effects are not pervasive in CAls has also been
made for the abundances of the short-lived radio-
nuclides 2°Al and #'Ca [55]. Diverse models have
been proposed to explain this feature. Among
these are the suggestions for a heterogeneous dis-
tribution of 2°Al in the solar nebula (e.g. [56,57])
and special irradiation scenarios including the X-
wind model during the evolution of the young sun
[9]. The production of *°Zr within the solar sys-
tem by irradiation is unlikely. A heterogeneous
distribution of %°Zr, however, cannot be excluded.

The existence of °Zr anomalies supports the
idea that CAIs originated from material that
was isotopically distinct from average solar sys-
tem. The CAIs may simply have formed from
too little material to sample the exact average
solar system composition. The isotopic data ob-
tained from stepwise dissolution of carbonaceous
chondrites ([7,39,46,47]; this work) and the occur-
rence of presolar grains (e.g. [58,59]) indicates that
average solar system material is built up of dis-
tinct nucleosynthetic components which can, in
part, be separated. Heterogeneities at a very small
scale, therefore, exist in solar system materials
and could have been sampled by CAls.

Another explanation is that CAls formed be-
fore homogenization of the material in the proto-
planetary disk was complete. As a consequence,

CAlIs either sampled a heterogeneity that was al-
ready present for a longer time-scale in the pro-
tosolar nebula or the heterogeneity developed
through a late injection of freshly synthesized ma-
terial. Assuming a late injection, the introduced
material may have been dominated by either r-
process or s-process products depending on its
stellar source. In the first case, the CAIs would
preserve the diluted r-process signature of the in-
jected material, in the latter the signature of the
former average solar system composition. The lat-
ter case entails that the composition of the whole
solar system was changed through the injection of
predominately s-process material from an AGB or
Wolf-Rayet star. Clearly, this scenario requires
the injection of huge amounts of material, where-
as the alternative model only requires that small
local isotopic heterogeneities of injected r-process
material are preserved.

However, although possible, it is not clear that
the observed excess of *°Zr is related to a late
injection of material. In any case, some CAls
formed before mixing of solar system material
was complete, such that they were able to sample
a population of r-process-enriched material.

4.5 2Np-2zy

Evidence for formerly live *>Nb was first iden-
tified in a Nb-rich rutile from the iron meteorite
Toluca [27]. An initial “>Nb/*Nb of (1.6£0.3)
X 107> was inferred. Three subsequent studies
proposed that the initial *>Nb/**Nb ratio of the
solar system was in fact more than two orders
of magnitude higher at ~1073 [24,2829]. A
combined Zr isotopic and U-Pb age study of
an early zircon from a eucrite yielded an initial
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2Nb/”*Nb of <107 [30]. This result agrees with
the most recent work, which produced the first
isochrons for the Nb—-Zr system and inferred a
low initial value of <3 X107 [31].

The Nb/Zr elemental ratio and the age of a
sample determine whether the decay of the extinct
radionuclide >Nb would produce a measurable
27Zr anomaly, assuming that the solar system
started with a sufficiently high >Nb/>*Nb ratio.
Hence, a high Nb/Zr ratio in an old sample
should result in a large excess of °>Zr. Although
the Nb/Zr ratios of the different bulk meteorite
samples and CAls (Table 2) vary by a factor of
more than 10, no °>Zr anomaly is found. Since
these samples are generally regarded as the oldest
in the solar system, this requires a low initial
922Nb/3Nb ratio for the solar system. Therefore,
our new results are inconsistent with an initial
22Nb/*Nb of ~1073.

Miinker et al. [29] analyzed a bulk rock sample
(60 mg) of the ordinary chondrite Adrar 003
(LL3) and found a Nb/Zr ratio of 0.166 and an
£27r excess of +2.7+1.0. In comparison, the
bulk rock samples of the eucrites Sioux County
and Bereba analyzed in this work have similar
Nb/Zr ratios of 0.111 and 0.191, respectively,
and they display no effects in °>Zr. Furthermore,
Miinker et al. [29] presented data for a CAI which
is characterized by a Nb/Zr ratio of ~0.015 and a
927r deficit of about —2 € units. In contrast, the
Allende CAI USNM 4698 analyzed in this study
also has a Nb/Zr=0.015, but it does not display a
92Zr anomaly (Table 2).

These results cannot easily be explained by age
differences. Sioux County and Bereba are dated
by Pb isotope systematics to ~40 Myr after the
start of the solar system [60-62] and can only be
reconciled with the Adrar 003 data by allowing
large analytical uncertainties. However, age differ-
ences cannot account for the differences between
the CAI data, because this would require that
these CAls formed over a period of more than
80 Myr, which is highly implausible [54].

The initial abundance of *°Al shows significant
variations in CAls [56]. This may be due to age
differences or special irradiation scenarios like the
X-wind model [9]. According to this model, the
variations in °Al originate from different irradi-

ation times of the proto-CAls during the evolu-
tion of the early sun. Recent model calculations
show that the X-winds could also produce *’Nb
(I. Leya, personal communication, 2003). As a
consequence, CAls with variable initial abundan-
ces of ?>Nb may be produced, if they differ in
their exposure to the early solar irradiation. How-
ever, unlike *°Al, the high initial abundances of
92Nb that have been proposed are based on **Zr
deficits relative to average solar system [24,28,29].
This implies that the initial *2Zr/*°Zr ratio of the
entire solar system was more than 2 € units lower
than the present-day value. Significant amounts of
92Nb have to be produced by the X-wind scenario
to enable such an evolution. It is feasible to con-
sider a model in which the material that formed
the Earth, Moon, chondrites and eucrites was en-
riched in ’Nb by being processed through the
inner part of the accretion disk, while some
CAls escaped irradiation. Recently, a similar sce-
nario was proposed by Clayton [63] for oxygen.
In this case, the CAls are depleted in 70 and 'O
compared to the rest of the solar system. Irradi-
ation by the early sun increases the '*0/!°O and
170/'°0 ratios of the remaining meteoritic and
planetary material by up to several percent. How-
ever, some isotopic heterogeneity in oxygen still
survives in bulk rock samples, whereas the homo-
geneity of the °>Zr values (Fig. 1a) requires that
both 2Nb and °>Zr were homogeneously distrib-
uted in the solar system. This entails that a very
efficient mixing process must have erased any het-
erogeneities after the solar system material was
exposed to the irradiation of the early sun. In
summary, it is possible to explain the different
92Nb data of CAIs with the X-wind model, but
this requires very special circumstances, which are
rather unlikely.

The new CAI data can be used to infer an
upper limit for the initial *>Nb/**Nb of the solar
system. A chondritic Nb/Zr ratio of 0.076 was
deduced from the chondrite data of Table 2 and
this value was applied in the following age calcu-
lation. Note that this value is slightly higher than
the previously applied value of ~0.065 [64], but
in excellent agreement with a recent estimate of
Weyer et al. [65]. The strongest constraint on the
initial *>Nb/**Nb is provided by CAI USNM
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3529-21. Even if this CAI formed as late as 10
Myr after the start of the solar system, the initial
22Nb/*Nb ratio has to be less than 2.5X 1073,
This is in agreement with our previous result
[31]. Mason and Taylor [53], however, determined
a much higher Nb/Zr ratio of 0.076 for the same
CALI This difference may reflect sample heteroge-
neity. If the Nb/Zr ratio is 0.076 (i.e. chondritic),
the data do not constrain the initial *’Nb abun-
dance in a useful way. Nevertheless, further sup-
port for a low initial *>Nb abundance is provided
by the results for CAI USNM 3529-47 and CAI
USNM 4698, which both require an initial *>Nb/
93Nb for the solar system of less than 2 X 1074,

5. Conclusions

New Zr isotopic data show that chondrites and
eucrites as well as the Moon and the Earth have
identical Zr isotopic compositions despite compo-
sitions that must represent a mixture of r- and s-
process components. Homogeneity in Zr isotopes
thus extends over a broad range of heliocentric
distance. The data, therefore, provide powerful
evidence that the solar nebula was well mixed at
a large scale and that presolar grains were present
in nearly identical proportions through the inves-
tigated region of the disk. The presence of r-pro-
cess components can be partly resolved by step-
wise dissolution of carbonaceous chondrites as
shown for Allende. The carrier phase is not yet
identified. Some CAls in Allende also display a
small but distinct r-process signature.

Moreover, the Nb/Zr ratios and the Zr isotopic
data acquired for some CAIls require an initial
2Nb/”*Nb ratio of <2Xx1074. All of the pre-
sented data are consistent with a low initial
2Nb/*Nb ratio of <3x 1075 [27,31].
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