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Abstract

Application of 182Hf–182W chronometry to constrain the duration of early solar system processes requires the precise
knowledge of the initial Hf and W isotope compositions of the solar system. To determine these values, we investigated
the Hf–W isotopic systematics of bulk samples and mineral separates from several Ca,Al-rich inclusions (CAIs) from the
CV3 chondrites Allende and NWA 2364. Most of the investigated CAIs have relative proportions of 183W, 184W, and
186W that are indistinguishable from those of bulk chondrites and the terrestrial standard. In contrast, one of the investigated
Allende CAIs has a lower 184W/183W ratio, most likely reflecting an overabundance of r-process relative to s-process isotopes
of W. All other bulk CAIs have similar 180Hf/184W and 182W/184W ratios that are elevated relative to average carbonaceous
chondrites, probably reflecting Hf–W fractionation in the solar nebula within the first �3 Myr. The limited spread in
180Hf/184W ratios among the bulk CAIs precludes determination of a CAI whole-rock isochron but the fassaites have high
180Hf/184W and radiogenic 182W/184W ratios up to �14 e units higher than the bulk rock. This makes it possible to obtain
precise internal Hf–W isochrons for CAIs. There is evidence of disturbed Hf–W systematics in one of the CAIs but all other
investigated CAIs show no detectable effects of parent body processes such as alteration and thermal metamorphism. Except
for two fractions from one Allende CAI, all fractions from the investigated CAIs plot on a single well-defined isochron, which
defines the initial e182W = �3.28 ± 0.12 and 182Hf/180Hf = (9.72 ± 0.44) � 10�5 at the time of CAI formation. The initial
182Hf/180Hf and 26Al/27Al ratios of the angrites D’Orbigny and Sahara 99555 are consistent with the decay from initial abun-
dances of 182Hf and 26Al as measured in CAIs, suggesting that these two nuclides were homogeneously distributed throughout
the solar system. However, the uncertainties on the initial 182Hf/180Hf and 26Al/27Al ratios are too large to exclude that some
26Al in CAIs was produced locally by particle irradiation close to an early active Sun. The initial 182Hf/180Hf of CAIs corre-
sponds to an absolute age of 4568.3 ± 0.7 Ma, which may be defined as the age of the solar system. This age is 0.5–2 Myr
older than the most precise 207Pb–206Pb age of Efremovka CAI 60, which does not seem to date CAI formation. Tungsten
model ages for magmatic iron meteorites, calculated relative to the newly and more precisely defined initial e182W of CAIs,
indicate that core formation in their parent bodies occurred in less than �1 Myr after CAI formation. This confirms earlier
conclusions that the accretion of the parent bodies of magmatic iron meteorites predated chondrule formation and that their
differentiation was triggered by heating from decay of abundant 26Al. A more precise dating of core formation in iron mete-
orite parent bodies requires precise quantification of cosmic-ray effects on W isotopes but this has not been established yet.
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1. INTRODUCTION

Key events in the early evolution of the solar system in-
clude the formation of Ca–Al-rich inclusions (CAIs) and
chondrules as well as the accretion and subsequent differen-
tiation of meteorite parent bodies. The sequence of these
processes can be determined by applying short- and long-
lived chronometers to meteorites and their components.
For instance, absolute and relative ages of CAIs are the old-
est yet obtained for any meteoritic material (Gray et al.,
1973; Chen and Tilton, 1976; Lee et al., 1977; Chen and
Wasserburg, 1981; Amelin et al., 2002), which is consistent
with the mineralogy and chemical composition of CAIs that
indicate formation from a gas of approximately solar com-
position (Grossman, 1972). Consequently, it has become
customary to use the absolute age of CAIs as the age of
the solar system. Chondrules are the major component of
most chondrites and Al–Mg chronometry indicates that
most chondrules formed �2–3 Myr after CAIs (Russell
et al., 1996; Kita et al., 2000; Huss et al., 2001; Hsu et al.,
2003; Kunihiro et al., 2004; Rudraswami and Goswami,
2007; Kleine et al., 2008b; Kurahashi et al., 2008). In the
classical model for the accretion and differentiation of aster-
oids, chondritic meteorites are considered to represent the
material from which asteroids accreted and then differenti-
ated. In this model, ages for CAIs and chondrules are inter-
preted to indicate that accretion of the first asteroids – as
represented by chondritic meteorites – occurred �2–3 Myr
after condensation of CAIs, implying that the earliest point
in time for differentiation of asteroids was �2–3 Myr after
CAI formation.

Application of 182Hf–182W chronometry to iron meteor-
ites, however, has challenged this classical model for the
accretion and differentiation of asteroids (Kleine et al.,
2005; Markowski et al., 2006b; Schérsten et al., 2006; Qin
et al., 2008b). Tungsten isotope data for CAIs and magmatic
iron meteorites, generally considered to represent material
from the metal cores of differentiated asteroids (Scott and
Wasson, 1975), indicate that core formation in the parent
bodies of magmatic iron meteorites predated chondrule for-
mation (Kleine et al., 2005). Likewise, Al–Mg model ages
for eucrites, angrites, and silicate inclusions from mesoside-
rites suggest that accretion of their parent bodies predated
chondrule formation (Baker et al., 2005; Bizzarro et al.,
2005) and ancient Pb–Pb and Mn–Cr ages for some eucrites
(Lugmair and Shukolyukov, 1998; Nyquist et al., 2003;
Amelin et al., 2006) provide evidence that magmatism on
asteroids occurred contemporaneously with chondrule for-
mation. These age constraints suggest that chondrule for-
mation and hence accretion of chondrite parent bodies
postdated the accretion of differentiated planetesimals.

The successful application of 182Hf–182W chronometry
(t1/2 = 8.90 ± 0.09 Ma) to early solar system processes re-
quires precise knowledge of the Hf and W isotope compo-
sitions at the beginning of the solar system. This can be best
obtained from CAIs because these are the oldest known ob-
jects formed within the solar system. Hence, the initial
182W/184W and 182Hf/180Hf of CAIs should provide a suit-
able starting point for constraining the duration of pro-
cesses that took place in the early solar nebula. Owing to
the limited number of samples and the rather narrow range
in Hf/W ratios among the three CAIs for which Hf–W data
are available (Yin et al., 2002; Kleine et al., 2005), the initial
182Hf/180Hf and 182W/184W ratios of the solar system are
rather imprecisely defined and have uncertainties of �10%
and 0.2 e (1e = 0.01%), respectively. These are currently
the major source of uncertainty in calculating Hf–W forma-
tion intervals relative to the formation of CAIs. For in-
stance, in the first �5 Myr after CAI formation the
182W/184W ratio of a reservoir with chondritic 180Hf/184W
increases by �0.1 e/Myr, such that the initial 182W/184W
of CAIs needs to be known precisely to resolve small time
differences. Furthermore, some authors have argued that
the Hf–W system in Allende CAIs has been reset during
parent body processes and, hence, does not reflect the initial
182Hf/180Hf and 182W/184W ratios at the time of CAI for-
mation (Humayun et al., 2007). Investigating the Hf–W sys-
tematics of CAIs, therefore, is important to better define
the reference for calculating precise Hf–W ages and to ver-
ify whether core formation in some asteroids indeed pre-
dated chondrule formation.

The use of short-lived radionuclides as chronometers of
the early solar system does not only require precise knowl-
edge of their initial abundance in CAIs but also requires an
assessment as to whether these values are representative of
the entire solar system. This may not necessarily be the
case, given that CAIs may have been exposed to an inten-
sive irradiation near the early active Sun (Shu et al., 1997)
and that some CAIs are enriched in r-process nuclides (Bir-
ck, 2004). An assessment of the homogeneity of short-lived
nuclides in the early solar system can only be made if the
initial abundances of short-lived nuclides are precisely
known for CAIs and other early objects. Thus, precisely
determining the initial 182Hf/180Hf of CAIs is essential for
evaluating the distribution of short-lived nuclides in the
early solar system.

We present Hf–W data for bulk samples and mineral
separates from eight CAIs from the Allende and one CAI
from the NWA 2364 carbonaceous chondrites. These data
are used (i) to assess the possible presence of nucleosyn-
thetic W isotope anomalies in CAIs, which may result from
variable proportions of the products of s- and r-process
nucleosynthesis, and (ii) to precisely define the initial
182Hf/180Hf and 182W/184W ratios at the time of CAI for-
mation. These results are then used (i) to evaluate the con-
sistency between the Hf–W and Al-Mg formation intervals
between CAIs and angrites, (ii) to determine an absolute
age of CAI formation, and (iii) to constrain the timescale
of core formation in the parent bodies of magmatic iron
meteorites.

2. SAMPLES AND ANALYTICAL METHODS

2.1. Sample description

All eight CAIs from the Allende CV3 chondrite are from
the collection of the Naturmuseum Senckenberg in Frank-
furt (Germany) and seven of these were separated from
slices originally prepared at the Smithsonian Institution
(Table 1). CAIs A-ZH-1 to -5 were used for bulk analyses.



Fig. 1. Back-scattered electron image of a typical region of ‘‘The
Crucible”, a type B CAI from NWA 2364 (CV3ox), labeled as N-
ZH-9 in this study. The majority of the coarsely crystalline fassaitic
pyroxene (up to 19.1% TiO2) regions (up to 500 lm in diameter) are
typically surrounded by melilite (Ak46 ± 15) and primary anor-
thite. The relatively large fassaite and melilite grains were readily
separable using the techniques described herein. Occasional
secondary (alteration) anorthite is present near the rim, but is not
extraordinarily abundant.
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Mineral separates were prepared from Allende CAIs A-ZH-
6, -7, and -8 as well as from CAI N-ZH-9.

N-ZH-9 is a �400 mg portion of a large (18 mm at
greatest diameter) type B CAI from the NWA 2364
(CV3ox) chondrite containing coarsely crystalline melilite,
fassaite, and anorthite (Friedrich et al., 2005). Fig. 1 shows
an electron backscatter (BSE) image of a typical region near
the rim of N-ZH-9. Interior fassaitic pyroxene (up to 19.1%
TiO2) regions reach up to 500 lm in diameter and are sur-
rounded by melilite and/or anorthite. Melilite compositions
tend from higher akermanite content in the central regions
(Ak46 ± 15) to lower ones near the rim. Occasional second-
ary anorthite is present, especially near the rim. Spinel
euhedra are heterogeneously distributed throughout each
of the mineral phases discussed above.

Like N-ZH-9, most of the other investigated CAIs are
also type B CAIs containing coarsely crystalline melilite
and fassaite and minor anorthite. These include A-ZH-1,
-3, and -4, and also A-ZH-7 and -8. A-ZH-2 is a
�175 mg portion of material from which the A44 type A
CAI was separated (Floss et al., 1992). This remaining
material contained abundant fassaite, which suggests that
this CAI may be a type B inclusion, consistent with a re-
cently suggested reclassification of A44 (Jacobsen et al.,
2008). The classification of A-ZH-6 is less clear because it
contains much less fassaite compared to the other type B
inclusions investigated here and its light pink color is indic-
ative of a relatively high modal abundance of spinel. A-ZH-
5 is clearly different from all other CAIs investigated here.
It shows a brittle texture, is finer grained and dominated
by white- to variably pink-colored minerals, whereas fassa-
ite is only minor or absent. A few relatively large (�100 lm)
bluish grains (probably hibonite) were present. These obser-
vations together with the fluffy occurrence suggest that A-
ZH-5 might be a fluffy type A CAI that experienced a high
degree of secondary alteration.

CAIs A-ZH-7, -8, and N-ZH-9 contain metal, which was
removed during sample preparation. The amount of metal
that could be recovered, however, was insufficient to deter-
mine the W isotope composition of these metals. Several of
the CAIs also contain sulphides, especially A-ZH-1 and -8.

2.2. Analytical methods

Samples were cleaned with abrasive paper and by ultra-
sonication in 0.05 M HNO3, distilled H2O, and ethanol.
They were carefully crushed in an agate mortar and CAI
Table 1
Characteristics of the CAIs analyzed in this study.

Sample Host meteorite

A-ZH-1 Allende; USNM# 3529 slice C
A-ZH-2 Allende; remaining part of A44
A-ZH-3 Allende; USNM# 3515 slice Q
A-ZH-4 Allende; USNM# 3529 slice C
A-ZH-5 Allende; USNM# 3531 slice E
A-ZH-6 Allende; USNM# 3512 slice D
A-ZH-7 Allende; USNM# 3529 slice D
A-ZH-8 Allende; USNM# 3531 slice E
N-ZH-9 NWA 2364; the crucible
pieces were separated by handpicking under a binocular.
Each piece was carefully inspected and only those pieces
that did not contain any matrix material were selected.
The remaining material, consisting of CAI and matrix
material, was further crushed until the entire CAI was re-
moved from the slice. Matrix dust adhering to the CAI
pieces was removed by ultrasonication in distilled H2O
and ethanol. CAIs used for the bulk analyses were com-
pletely powdered in an agate mortar. CAIs used to obtain
mineral separates were crushed and separated into <40 lm
and 40 to 200 lm fractions using nylon sieves. Mineral
separates were obtained from the 40 to 200 lm fractions
by density separation using heavy liquids, additional hand-
picking and the use of a hand magnet. Three different frac-
tions were prepared: a fassaite separate, a melilite-rich
separate containing all minerals except fassaite and metal,
and a mixed fraction. During preparation of these sepa-
rates, all fassaites were removed from the melilite-rich frac-
tion (as visible under a binocular), and metal was removed
from the fassaite and melilite-rich fractions by repeated
Extracted material (mg) Classification

�120 Type B
�180 Type A or B
�70 Type B
�200 Type B
�90 Probably Type A
�200 Probably Type B
�350 Type B
�250 Type B
�400 Type B
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grinding of the separates to fine powders and metal separa-
tion using a hand magnet.

Sample dissolution and separation of W from its sample
matrix follows our previously established procedure (Kleine
et al., 2004). Samples were dissolved in a 6:3:1 mixture of
HF–HNO3–HClO4 on a hotplate at �180 �C. After drying
down, samples were redissolved and dried three times in
HNO3–H2O2 to destroy any organic matter. Samples were
dissolved in �15 ml 6 M HCl–0.06 M HF and total dissolu-
tion was achieved at this stage. Depending on the amount
of W present, a 1–10% aliquot was spiked with a mixed
180Hf–183W tracer that was calibrated against pure Hf
and W metals (Kleine et al., 2004). Spike-sample equilibra-
tion was achieved on a hotplate overnight.

After drying down, the aliquots for the W isotope com-
position measurements were redissolved in a 1 M HCl–
0.5 M HF mixture and loaded onto pre-cleaned and condi-
tioned anion exchange columns (3 ml Bio-Rad AG 1X8,
100–200 mesh). The matrix was rinsed off the columns using
5 ml of 0.5 M HCl–0.5 M HF and 3 ml 0.5 mM HCl–
0.5 mM HF. Titanium was eluted with �40 column vol-
umes of 3.6 M HAc–8 mM HNO3–2% H2O2 and Zr, Hf,
and Nb were eluted with 9 ml 6 M HCl–0.01 M HF. Tung-
sten was then collected with 14 ml 6 M HCl–1 M HF. This
chemical separation was repeated once to further purify the
W-cut from the first chemistry. The main scope of the
clean-up chemistry was to remove remaining Ti that was
still present in the W-cut from the first step. The only differ-
ence from the first separation step is that the remaining
traces of Zr, Nb, and Hf were eluted with 3 ml 6 M HCl–
1 M HF instead of 9 ml 6 M HCl–0.01 M HF.

The spiked aliquots were dried, redissolved in 1.5 ml
1 M HCl–0.5 M HF and loaded onto precleaned and condi-
tioned columns filled with 1 ml anion exchange resin (Bio-
Rad AG 1X8, 200–400 mesh). After eluting the matrix with
5 ml of 1 M HF, Hf was eluted with 3 ml 6 M HCl–0.01 M
HF followed by the elution of W with 4 ml 6 M HCl–1 M
HF.

Total procedural blanks ranged from �120 to �820 pg
for the W isotope composition measurements and were
�20 pg W and <8 pg Hf for the isotope dilution measure-
ments. The variable W blanks are caused by the use of dif-
ferent amounts and different batches of acetic acid (Merck
Suprapur�) that had variable W contents. Despite the occa-
sionally high W blanks, blank corrections for the measure-
ment of W isotopic compositions were always smaller than
the analytical uncertainty. The largest blank correction of
0.36 ± 0.18 e units was required for the fassaite separate
of A-ZH-6.

All isotope measurements were performed on a Nu Plas-

ma MC–ICP-MS at ETH Zurich. For measurements, the
samples were re-dissolved and dried several times in
HNO3–H2O2 (and HClO4 for some samples) to remove or-
ganic compounds and then taken up in 0.56 M HNO3–
0.24 M HF. Tungsten isotope compositions were typically
measured with a signal intensity of �3 V on 182W, which
was obtained for a �30 ppb W solution. For these samples,
60 ratios (3 blocks of 20 ratios, 5 s integrations) were mea-
sured, resulting in within-run statistics on the order of 0.2 e
units (2r). Owing to the small amount of W available from
the fassaite-rich fraction of A-ZH-6, its W isotope compo-
sition was measured in 2 blocks of 20 ratios each with a sig-
nal intensities of �1 V on 182W. As described in detail in
Kleine et al. (2008b), the external reproducibility of such
W isotope measurements is similar to the within-run statis-
tics. Small isobaric interferences of Os on masses 184 and
186 were corrected by monitoring 188Os and were negligi-
ble. To assess possible matrix effects or artifacts due to im-
proper mass bias correction, measured 182W/183W,
182W/184W and 184W/183W ratios were normalized to
186W/183W and 186W/184W using the exponential law. We
obtained the most reproducible results for normalization
to 186W/183W, which is therefore preferred. Unless stated
otherwise, all W isotope data are reported relative to
186W/183W = 1.9859. The 182W/184W, 182W/183W, and
184W/183W ratios of all samples were determined relative
to two standard runs bracketing each sample run and are
reported in e18iW units, which is the deviation of the mea-
sured ratios from the terrestrial standard value in parts
per 10,000. Repeated measurements of an Alfa Aesar stan-
dard metal during the course of this study yielded a mean
182W/184W = 0.864838 ± 0.000038 (2r) and a mean
184W/183W = 2.14079 ± 0.00007 (2r). The reproducibility
of the �30 ppb standard during one measurement day is
typically equal to or better than �0.3 e units (2r) for the
182W/184W ratio and �0.2 e units (2r) for the 184W/183W ra-
tio. The external reproducibility of the W isotope measure-
ments was estimated from repeated measurements of
several of the bulk rock CAIs (A-ZH-1, -2, and -5) and min-
eral separates (melilite-rich separate from A-ZH-7) and al-
ways is better than �0.4 e units (2SD) for both the
182W/184W and 184W/183W ratios. The accuracy of the mea-
surements was monitored by analyzing some carbonaceous
chondrites, all of which were consistent with the previously
determined value of �1.9 ± 0.1 e182W (Kleine et al., 2004).

For the Hf and W isotope dilution measurements, the
uncertainties on the measured 180Hf/177Hf and 183W/184W
ratios were better than 0.2% (2r) in most cases. The main
source of error in the determination of Hf/W ratios is the
correction for the W blank with sample/blank ratios be-
tween 45 and 200 for most samples. Assuming a 50% uncer-
tainty for the correction of W blank – which probably is
overestimating the uncertainty given that the main source
of the blank are the acids – the resulting uncertainty in
the Hf/W ratios are better than ± 1% (2r) in most and bet-
ter than ± 2% (2r) in all cases.

3. RESULTS

The Hf–W data for five bulk CAIs from Allende are re-
ported in Table 2 and shown in Fig. 2. The Hf and W con-
tents of the five bulk CAIs investigated here are relatively
constant and range from �1.6 to �2.1 ppm Hf and �1 to
�1.3 ppm W. Although we did not obtain ‘‘whole-rock”

Hf–W data for those CAIs that were used to determine
internal Hf–W isochrons, the combined Hf and W contents
of the separated phases of these CAIs are consistent with
the range given by the Hf–W data for the bulk CAIs. The
only exception is A-ZH-6, which has much lower Hf and
W contents (Table 3). Allende bulk CAIs A-ZH-1 to -4 ex-



Table 2
Hf–W data for bulk CAIs.a

Sample Hf (ppm) W (ppm) 180Hf/184W ± 2r e182W/183W
(6/3) ± 2r

e182W/184W
(6/4) ± 2r

e182W/184W
(6/3) ± 2r

e184W/183W
(6/3) ± 2r

A-ZH-1 1.595 1.026 1.83 ± 1 �1.15 ± 0.19 �1.08 ± 0.21 �1.14 ± 0.17 0.01 ± 0.12
�1.87 ± 0.49 �1.15 ± 0.45 �1.51 ± 0.38 �0.41 ± 0.27
�1.65 ± 0.23 �1.54 ± 0.25 �1.56 ± 0.20 �0.05 ± 0.13
�1.32 ± 0.15 �1.16 ± 0.18 �1.30 ± 0.12 �0.02 ± 0.11

Mean �1.50 ± 0.52 �1.23 ± 0.34 �1.38 ± 0.31 �0.12 ± 0.31

A-ZH-2 2.087 1.218 2.02 ± 1 �1.34 ± 0.20 �0.89 ± 0.21 �1.02 ± 0.14 �0.26 ± 0.15
�1.33 ± 0.15 �0.83 ± 0.18 �1.04 ± 0.12 �0.26 ± 0.11
�1.15 ± 0.12 �0.79 ± 0.16 �0.97 ± 0.12 �0.20 ± 0.09
�1.10 ± 0.18 �0.78 ± 0.20 �0.93 ± 0.16 �0.15 ± 0.11
�1.05 ± 0.20 �0.61 ± 0.19 �0.89 ± 0.16 �0.21 ± 0.12
�1.25 ± 0.17 �0.92 ± 0.16 �1.07 ± 0.14 �0.07 ± 0.11

Mean �1.20 ± 0.13 �0.80 ± 0.12 �0.99 ± 0.07 �0.19 ± 0.08

A-ZH-3 1.565 1.158 1.60 ± 1 �6.36 ± 0.15 �1.39 ± 0.14 �3.92 ± 0.12 �2.48 ± 0.08
�6.28 ± 0.24 �1.43 ± 0.23 �3.90 ± 0.18 �2.37 ± 0.15

Mean �6.32 ± 0.45 �1.41 ± 0.45 �3.91 ± 0.40 �2.43 ± 0.40

A-ZH-4 1.731 0.9625 2.12 ± 1 �1.15 ± 0.24 �0.33 ± 0.19 �0.85 ± 0.16 �0.44 ± 0.15
�1.36 ± 0.17 �0.77 ± 0.19 �1.10 ± 0.12 �0.28 ± 0.12

Mean �1.25 ± 0.45 �0.55 ± 0.45 �0.98 ± 0.40 �0.36 ± 0.40

A-ZH-5 2.046 1.352 1.79 ± 1 �1.14 ± 0.18 2.29 ± 0.20 0.59 ± 0.15 �1.73 ± 0.11
�1.33 ± 0.18 2.26 ± 0.17 0.47 ± 0.14 �1.82 ± 0.10
�0.95 ± 0.25 2.10 ± 0.23 0.57 ± 0.19 �1.59 ± 0.14

Mean �1.14 ± 0.47 2.21 ± 0.25 0.54 ± 0.16 �1.71 ± 0.30

a For the 180Hf/184W ratios (180Hf/184W = 1.18 � Hf/W) uncertainties refer to the last significant digits. For samples that were measured
more than once, the 2r uncertainties for each individual run are given. For samples that were measured more than two times, the 2r
uncertainties for the mean W isotope ratios were calculated using r � t0.95,n�1/

p
n. For samples that were measured only once or twice, the

standard deviation (2r) estimated from repeated analyses for several samples is given. (6/3) and (6/4) denote mass bias correction relative to
186W/183W and 186W/184W, respectively.
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hibit a narrow range in 180Hf/184W ratios (1.6–2.1; where
180Hf/184W = 1.18 � Hf/W) and e182W values (�1.4 to
�1.0). Both Hf/W ratios and e182W values are slightly ele-
vated relative to average carbonaceous chondrites
[180Hf/184W = 1.25, e182W = �1.9; Kleine et al. (2004)].
The 180Hf/184W ratio of A-ZH-5 is 1.8 and hence well with-
in the range obtained for the other bulk CAIs investigated
here but its W isotopic composition appears to be anoma-
lous. The 182W/184W ratio (normalized to 186W/183W or
186W/184W) yields much higher e182W than those of the
other bulk CAIs but using the 182W/183W ratio (normalized
to 186W/183W) gives e182W ��1.14, within the range of
e182W values obtained for the other bulk CAIs. The
184W/183W ratios for most of the bulk CAIs and mineral
separates are identical to the terrestrial standard value
and only for few samples 184W/183W ratios �1–2.5 e units
lower than the standard value were observed.

The Hf–W data for mineral separates of the Allende
CAIs A-ZH-6, A-ZH-7, A-ZH-8 and the NWA2364 CAI
N-ZH-9 are given in Table 3 and shown in Figs. 3 and 4.
Except for A-ZH-8, the W contents among the different
separates of the CAIs are relatively constant but Hf con-
tents are variable. Fassaites always have the highest Hf con-
tents, and the melilite-rich separates the lowest, which is
consistent with trace element data for CAI minerals re-
ported earlier (Simon et al., 1991; Palme et al., 1994).
Accordingly, fassaites have the highest 180Hf/184W and
e182W, whereas the melilite-rich separates have the lowest
180Hf/184W and e182W. The same pattern is observed for
mineral separates from A-ZH-8 except that they exhibit a
much larger range in W contents than is observed for the
other CAIs. For all CAIs, the e182W values for the mineral
separates correlate with their Hf/W ratios and all the sepa-
rates with the exception of two fractions from A-ZH-8 plot
on a single isochron. The bulk CAIs investigated here and
the previously investigated CAIs A37, A44a, and All-MS-
1 as well as average carbonaceous chondrites also plot on
this isochron (Fig. 4).

4. NUCLEOSYNTHETIC W ISOTOPE ANOMALIES

IN CAIS

Nucleosynthetic isotope anomalies for various elements
were reported in some CAIs and many CAIs from CV3
chondrites show r-process enrichments (Birck, 2004). The
presence of excesses or depletions in s- and r-process com-
ponents may affect the W isotope composition of CAIs and
must be assessed before W isotope data for CAIs can be
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interpreted in terms of chronology. Quantifying the effects
that a heterogeneous distribution of these two components
would have on the W isotope composition requires knowl-
edge of the s- and r-process yields for each of the W iso-
topes. These have recently been estimated by Qin et al.
(2008a) and these authors show that the s-process produces
significantly more 184W than the r-process and that different
proportions of s- and r-process components should result in
a correlation between e184W and e182W anomalies (normal-
ized to a given 186W/183W) (Qin et al., 2008a). The slope of
this correlation line depends on the calculated s-process
composition of W isotopes, which in turn depend on the
neutron-capture cross sections of the stable W isotopes
and the cross sections and b-–decay rates at the relevant
branching points. Using recommended values of Maxwell-
ian-averaged cross sections (MACS), Qin et al. (2008a) ob-
tained a slope for the e182W–e184W correlation line of
�0.04 ± 0.20 (i.e., 184W anomalies should be �25 times lar-
ger than 182W anomalies). However, these authors also note
that the cross section of 182W might be �20% lower, in
which case the slope of the e182W–e184W correlation line
would be �0.5.

In Fig. 5, which is adopted from Qin et al. (2008a), the
expected e182W and e184W variations that are due to the
presence of different proportions of s- and r-process W iso-
topes are shown together with W isotope data for the five
bulk CAIs investigated here. Fig. 5 illustrates that three
of the five bulk CAIs (A-ZH-1, -2, and -4) studied here have
184W/183W ratios identical within analytical uncertainty to
those of the terrestrial standard. The 184W/183W ratio of
A-ZH-2 is only marginally lower than the value of the ter-
restrial standard but this small anomaly of �20 ppm is cur-
rently not well resolved. The 184W/183W of these three CAIs
is also indistinguishable from values obtained for bulk car-
bonaceous and ordinary chondrites as well as other groups
of meteorites (iron meteorites and eucrites), indicating that
these CAIs have a W isotope composition indistinguishable
from that of the average solar system.

CAI A-ZH-5 exhibits a �1.7-e unit deficit in 184W,
whereas its 182W/183W ratio (normalized to 186W/183W) is
indistinguishable from those of the other CAIs (with the
exception of A-ZH-3, see below). This is consistent with
predictions from the standard MACS model shown in
Fig. 5 and suggests that A-ZH-5 is enriched in r-process rel-
ative to s-process isotopes. In contrast, the measured e182W
and e184W values of A-ZH-3 cannot be of nucleosynthetic
heritage because this sample plots far outside the field of
possible nucleosynthetic W isotope anomalies (Fig. 5).

The anomalous measured W isotope composition of A-
ZH-3 is most likely caused by an occasionally occurring
interference on mass 183, which probably is due to the pres-
ence of organics (Fig. 5). Such interferences were observed
previously in several other W isotope studies. For example,
elevated 183W/184W ratios were reported for some eucrites
(Kleine et al., 2004) and these were clearly attributable to
interferences on mass 183 because the 182W/184W ratios
(when mass bias corrected using 186W/184W) of these eu-
crites are consistent with the Hf–W data for other eucrites
(Kleine et al., 2004). Similar observations were made for
some non-magnetic fractions of a few H chondrites (Kleine
et al., 2008b). In most cases, this organic interference can be
removed by repeated treatment of the sample with HNO3–
H2O2. The two CAIs that show anomalous 184W/183W were
therefore treated several times with HNO3–H2O2 and also
HClO4 but for both CAIs this procedure could not reduce
the 184W/183W anomaly. This and the W isotope data for
some of the separates from A-ZH-6 and -8 indicates that
our procedure has not always entirely removed the interfer-
ence on mass 183 because some of these separates show
lower 184W/183W whereas others from the same CAIs do
not (Table 2). It is highly unlikely that individual minerals
from one of these CAIs have distinct abundances of 183W,
184W, or 186W, given that these CAIs formed by crystalliza-
tion from a melt. Therefore, the negative e184W values of
some A-ZH-6 and -8 separates and bulk CAI A-ZH-3 are
most likely caused by an interference on mass 183. Note
that their 182W/184W ratios (normalized to 186W/184W) are
consistent with the Hf–W data for the other CAIs.
5. HF–W CHRONOMETRY OF CAIS

5.1. Internal Hf–W isochrons of CAIs: improved initial Hf

and W isotope compositions

To define an internal Hf–W isochron, the minerals of a
CAI must meet the following conditions: (i) they must have
had the same initial W isotopic composition, i.e., they must



Table 3
Hf–W data for mineral separates from CAIs.a

Sample Hf (ppm) W (ppm) 180Hf/184W ± 2r e182W/183W
(6/3) ± 2r

e182W/184W
(6/4) ± 2r

e182W/184W
(6/3) ± 2r

e184W/183W
(6/3) ± 2r

A-ZH-6

Melilite-rich 0.3841 0.4250 1.07 ± 1 �2.10 ± 0.45 �1.92 ± 0.45 �2.00 ± 0.40 �0.11 ± 0.40
Mixed 1.670 0.4602 4.28 ± 4 �0.23 ± 0.45 1.66 ± 0.45 0.58 ± 0.40 �1.06 ± 0.40
Fassaiteb 3.72 0.343 12.8 ± 2 11.7 ± 1.0 11.8 ± 1.2 11.7 ± 1.0 �0.20 ± 0.40

A-ZH-7

Melilite-rich 0.7964 1.140 0.82 ± 1 �2.64 ± 0.18 �2.75 ± 0.19 �2.68 ± 0.15 0.01 ± 0.10
�2.34 ± 0.16 �2.55 ± 0.17 �2.37 ± 0.14 0.12 ± 0.12
�2.32 ± 0.20 �2.27 ± 0.21 �2.27 ± 0.17 0.03 ± 0.10
�2.16 ± 0.16 �2.20 ± 0.21 �2.14 ± 0.15 0.10 ± 0.10
�2.32 ± 0.20 �2.45 ± 0.22 �2.47 ± 0.17 0.07 ± 0.13

Mean �2.35 ± 0.22 �2.45 ± 0.28 �2.39 ± 0.26 0.06 ± 0.06
Mixed 2.588 1.300 2.35 ± 2 �0.76 ± 0.17 �0.65 ± 0.19 �0.71 ± 0.15 �0.10 ± 0.11

�0.39 ± 0.30 �0.54 ± 0.46 �0.56 ± 0.33 �0.08 ± 0.24
Mean �0.58 ± 0.45 �0.59 ± 0.45 �0.64 ± 0.40 �0.01 ± 0.40
Fassaite 5.281 1.149 5.42 ± 6 2.33 ± 0.45 2.71 ± 0.45 2.48 ± 0.40 �0.20±0.40
Fines 2.021 1.154 2.07 ± 2 �1.23 ± 0.45 �0.66 ± 0.45 �0.99 ± 0.40 �0.26 ± 0.40

A-ZH-8

Melilite-rich 0.5244 0.5923 1.04 ± 1 �2.08 ± 0.17 �2.12 ± 0.21 �2.07 ± 0.16 �0.03 ± 0.09
�1.93 ± 0.22 �2.01 ± 0.22 �1.90 ± 0.16 0.08 ± 0.13

Mean �2.00 ± 0.45 �2.06 ± 0.45 �1.98 ± 0.40 0.02 ± 0.40
Mixed 2.467 1.151 2.53 ± 2 �0.48 ± 0.45 �0.58 ± 0.45 �0.55 ± 0.40 0.04 ± 0.40
Fassaiteb 6.754 1.730 4.61 ± 2 �0.04 ± 0.45 3.00 ± 0.91 1.35 ± 0.50 �1.42 ± 0.40
Fines 1.416 1.197 1.40 ± 1 �2.94 ± 0.45 �0.88 ± 0.45 �1.88 ± 0.40 �1.05 ± 0.40

N-ZH-9

Melilite-rich 0.7947 1.174 0.799 ± 4 �2.12 ± 0.45 �2.60 ± 0.45 �2.41 ± 0.40 0.18 ± 0.40
Mixed 2.421 1.461 1.96 ± 1 �1.17 ± 0.45 �1.15 ± 0.45 �1.11 ± 0.40 0.07 ± 0.40
Fassaite 4.380 0.9081 5.69 ± 4 3.31 ± 0.45 2.95 ± 0.45 3.07 ± 0.40 0.14 ± 0.40
Fines 1.705 1.319 1.526 ± 6 �1.34 ± 0.20 �1.35 ± 0.23 �1.28 ± 0.19 0.05 ± 0.15

�1.20 ± 0.21 �1.65 ± 0.20 �1.41 ± 0.14 0.27 ± 0.13
Mean �1.27 ± 0.45 �1.50 ± 0.45 �1.34 ± 0.40 0.16 ± 0.40

a For the 180Hf/184W ratios (180Hf/184W = 1.18 � Hf/W) uncertainties refer to the last significant digits. For samples that were measured
more than once, the 2r uncertainties for each individual run are given. For samples that were measured more than two times, the 2r
uncertainties for the mean W isotope ratios were calculated using r � t0.95,n�1/

p
n. For samples that were measured only once or twice, the

standard deviation (2r) estimated from repeated analyses for several samples is given. (6/3) and (6/4) denote mass bias correction relative to
186W/183W and 186W/184W, respectively.

b Blank corrected values; before correction the e182W/184W values were 11.46 ± 0.81 (6/4), 11.35 ± 0.62 (6/3) and 2.77 ± 0.65 (6/4) for the
fassaite-rich separates from A-ZH-6 and -8, respectively.
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initially have been in isotopic equilibrium; (ii) they must
have remained as a closed system with respect to Hf and
W. If these conditions are met, then the lines in the e182W
versus 180Hf/184W diagrams for CAIs define the initial
e182W and 182Hf/180Hf at the time of the last isotope equil-
ibration. The first of these assumptions is likely to be valid
because type B CAIs formed by crystallization from a melt
(MacPherson, 2007), such that potential initial W isotopic
heterogeneities among different phases probably were
homogenized. The second assumption, closed-system
behavior for Hf and W, is more difficult to assess but we
will show below that for most of the investigated CAIs this
condition is valid.

Numerous studies have reported disturbed isotopic sys-
tematics in Allende CAIs that probably reflect late open-
system behavior caused by parent body processes (Gray
et al., 1973; Chen and Tilton, 1976; Tatsumoto et al.,
1976; Chen and Wasserburg, 1981; Podosek et al., 1991;
Becker et al., 2001). Moreover, although the major and
trace element composition of CAIs is broadly consistent
with formation from a gas of solar composition (Grossman,
1972), most show evidence for complex histories and some
CAIs were extensively altered (Grossman, 1980; MacPher-
son et al., 1988; MacPherson, 2007).

The evidence for disturbed isotope systematics in many
Allende CAIs raises the question as to whether the Hf–W
system in the CAIs investigated here has been disturbed.
Parent body processes can affect the isotope systematics
in two different ways. First, low-temperature alteration
can result in the redistribution of Hf and W, rendering it
possible that the e182W-180Hf/184W correlation lines are
not isochrons but mixing lines. Second, thermal metamor-
phism can facilitate isotopic exchange within CAIs, as for
instance has been observed for the Al–Mg systematics of
melilite and anorthite in some Allende CAIs (Podosek
et al., 1991).
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5.1.1. Hosts of Hf and W in CAIs

Interpreting the Hf–W data for mineral separates from
CAIs requires some knowledge about the host minerals of
Hf and W in CAIs. Type B CAIs consist predominantly
of fassaite, melilite, anorthite, and spinel (Grossman,
1980). Important accessory phases include metal and perov-
skite. The former occur as inclusions within primary CAI
phases: 70–80% are found in fassaites and the remaining
20–30% occur in spinel, melilite and anorthite (El Goresy
et al., 1978). Perovskite is rare in type B CAIs but several
occurrences have been documented, especially in CAIs
from CV chondrites (e.g., Fuchs, 1978; Kornacki and
Wood, 1985).

For anorthite, spinel, and melilite, mineral–melt parti-
tion coefficients for Hf (DHf) are �10�3 (Simon et al.,
1994; Lundstrom et al., 2006), such that these minerals can-
not be important hosts for Hf. In contrast, fassaite has
DHf � 1.5–2 (Simon et al., 1991) and, due to its high modal
abundance, is the major host of Hf in type B CAIs. Another
important Hf host is perovskite, which in CAIs is stochio-
metric CaTiO3. Reported DHf values for perovskite range
from �0.1 to 5 (Kennedy et al., 1993; Corgne and Wood,
2002) and this range in values probably reflects differences
in experimental conditions. Nevertheless, these values show
that perovskite can contain appreciable amounts of Hf,
possibly even more than fassaites. No Hf concentration
data have been reported for perovskite in CAIs but Simon
et al. (1994) determined enrichment factors relative to CI
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chondrites of 30–1000 for Zr in perovskites from compact
type A CAIs. If, as seems likely, Hf is similarly enriched,
then the Hf concentration in perovskite could be as high
as �100 ppm.

The major hosts of W (and other refractory siderophile
elements) in CAIs are lm-size metal alloys and larger
aggregates of metal, oxide, sulphide and silicate phases
(Palme and Wlotzka, 1976; El Goresy et al., 1978; Bischoff
and Palme, 1987; Blum et al., 1989; Sylvester et al., 1990;
Palme et al., 1994). The refractory metal nuggets were ini-
tially termed Fremdlinge (El Goresy et al., 1978) but later
it was proposed that the term ‘opaque assemblages’ is more
appropriate (Blum et al., 1989). Their formation has been
attributed to condensation from a nebular gas (Armstrong
et al., 1987; Bischoff and Palme, 1987; Palme et al., 1994) or
to exsolution, sulfidation, and oxidation of precursor alloys
during low-temperature alteration on the parent body
(Blum et al., 1989).

The W contents in other CAI minerals are more difficult
to estimate because there are no experimentally determined
DW values available for any of the aforementioned miner-
als. The low DW values in high-Ca pyroxene and plagioclase
(Righter and Shearer, 2003) as well as low W concentra-
tions in fassaites from Efremovka and Allende CAIs
(Humayun et al., 2007) suggest that fassaites and anorthite
have low W contents. For spinel and melilite the situation is
less clear but given that elements such as Hf, Ta, U, and Th,
which have ionic radii and charges that are similar to those
of W, do not partition into spinel and melilite (Lundstrom
et al., 2006) it seems unlikely that these minerals contain
significant amounts of W. This is consistent with low W
contents in spinel and melilite from Efremovka CAI Ef2
(Humayun et al., 2007). There are no experimental data
for partitioning of W into CaTiO3 but the DW value may
be estimated from the lattice strain model for CaTiO3 pre-
sented by Corgne and Wood (2002). If W has a charge of
+4 and occurs in 6-fold coordination, then its ionic radius
is 0.066 nm (Shannon, 1976) and DW is �0.5. Note that in
the same model DHf is �0.1 such that perovskite might be
characterized by a relatively low Hf/W ratio. Although
the exact value of DW remains poorly constrained – because
W may occur in a different coordination – this estimate re-
veals that perovskite may contain appreciable amounts of
W.

Fig. 6 reveals that the Hf and W concentrations of the
mineral separates from the CAIs investigated here are not
collinear for any of the CAIs in a binary Hf–W diagram,
indicating the presence of at least three independent compo-
nents for Hf and W among the coexisting phases. This is
consistent with the mineral-melt partition coefficients sum-
marized above. The three components are (i) fassaite with
high Hf contents, (ii) the opaque assemblages, which are
virtually Hf-free but enriched in W, and (iii) the melilite-
rich fraction, which is characterized by relatively low Hf
and W contents. The Hf contents of the melilite-rich frac-
tions are too high to be accommodated by melilite, anor-
thite or spinel. Thus, the melilite-rich fractions must
contain a Hf-bearing mineral but this cannot be fassaite be-
cause the melilite-rich separates would need to contain
�10% fassaites (with 3.7–6.8 ppm Hf, see Table 3) to ac-
count for their observed Hf content (�0.4–0.8 ppb). Based
on the optical inspection of the separates under a binocular
microscope this can be excluded. Thus, the host of Hf in the
melilite-rich separates must be a different mineral and the
only viable candidate is perovskite, which may contain up
to �100 ppm Hf (see above).

From the lattice strain model of CaTiO3 it is expected
that perovskite has a low Hf/W ratio but no W concentra-
tion data for perovskite have been obtained yet. However,
the Hf–W data for different CAI fractions obtained for
the present study suggest perovskite contains appreciable
amounts of W. Given that fassaites contain the majority
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of opaque assemblages, the lower or equal W contents of
fassaites compared to the melilite-rich separates from CAIs
A-ZH-6 and -7 and N-ZH-9 suggests that our procedure
has largely removed the metal inclusions from these sepa-
rates (Fig. 6). Therefore, the different W contents of the
fassaite and melilite-rich separates probably do not reflect
variable metal contents in these separates but are due to
the presence of perovskite in these separates. It is important
to note that in CAIs perovskite occurs mainly associated
with melilite and spinel (e.g., Grossman, 1975; Bischoff
and Palme, 1987) and this could account for the higher W
content of the melilite-rich separates compared to the
fassaites.

5.1.2. Internal isochrons vs. mixing lines

Given the evidence for late open-system behavior of
highly siderophile elements on the chondrite parent bodies
(Becker et al., 2001; Walker et al., 2002; Horan et al.,
2003), it seems likely that to some extent W was also mobi-
lized and redistributed. For instance, high W contents in a
sulphide vein from Allende CAI TS68 (Campbell et al.,
2003) and the occurrence of secondary W-rich phases such
as scheelite in some CAIs (Armstrong et al., 1987; Bischoff
and Palme, 1987; Blum et al., 1989) may reflect such redis-
tribution processes. This raises the question as to whether
the correlation of e182W with 180Hf/184W obtained for min-
eral separates from individual CAIs are not isochrons but
mixing lines between primary fassaites and opaque assem-
blages. Such a mixing line might not have chronological sig-
nificance and might provide initial 182W/184W and
182Hf/180Hf ratios that are higher and lower, respectively,
than the values at the time of CAI formation (see mixing
line between metal B and fassaite in Fig. 8). There are
two scenarios by which opaque assemblages could have ac-
quired a 182W/184W ratio that is higher than the value at the
time of the last isotope equilibration inside CAIs: (i) during
parent body alteration W from the Allende matrix was
transported into CAIs and was mixed with W from the opa-
que assemblages. Since W from the Allende matrix might
have had an elevated 182W/184W ratio, such a process could
have resulted in an increase in the 182W/184W of the opaque
assemblages; (ii) during CAI alteration radiogenic W from
some fassaites inside the CAIs was released and added to
the opaque assemblages. Note that this process is different
from isotopic exchange between fassaites and opaque
assemblages because the W isotope composition of primary
fassaites would have remained unchanged. Whether isoto-
pic exchange between fassaites and opaque assemblages
(which requires heating above the closure temperature of
the Hf–W system in CAIs) could have occurred during par-
ent body metamorphism will be discussed in Section 5.1.3
below.

Several lines of evidence indicate that the correlation of
e182W with 180Hf/184W obtained for mineral separates from
CAIs is not a mixing line between opaque assemblages and
primary fassaite.

In a plot of e182W vs. 1/W, binary mixtures of a W-rich
(opaque assemblages) and a W-poor (primary fassaite) end-
member should define a straight line. This is not observed
for the CAIs investigated here (Fig. 7) and the lack of a cor-
relation in the e182W vs. 1/W plot provides unequivocal evi-
dence that the e182W-180Hf/184W correlation observed for
CAIs cannot be a mixing line.

Humayun et al. (2007) stated that in CAIs metal is the
sole host of W and fassaite is the sole host of Hf. However,
the Hf–W data for the mineral separates from the CAIs
investigated here require the presence of at least three inde-
pendent components for Hf and W: fassaite, metal, and
perovskite (see above). Thus, the Hf–W systematics cannot
be interpreted in terms of a two-component mixture.

Fig. 8 reveals that mixing of primary fassaites with metal
(metal B in Fig. 8) that has an elevated e182W compared to
the e182W at the time of CAI formation (metal A in Fig. 8)
cannot reproduce the pattern observed in the Hf–W data
for CAIs and their constituents. The hypothetical mixture
of metal with the melilite-rich separates as well as the fassa-
ite–metal mixture would only plot on a given regression line
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if the mixing for each of the fractions fortuitously occurred
in the right proportions, which is highly unlikely. More-
over, any such mixing line would pass above the chondritic
value and also above the data points for bulk CAIs. How-
ever, average carbonaceous chondrites as well as the bulk
CAIs investigated here plot on the CAI isochron.

The low MSWD for the A-ZH-6, A-ZH-7 and N-ZH-9
isochrons (MSWD = 0.1–0.52) as well as the fact that all
separates (with the exception of A-ZH-8), bulk CAIs and
average carbonaceous chondrites plot on a single well-de-
fined isochron (MSWD = 0.56) provides further evidence
that the Hf–W systematics in these CAIs were not disturbed
by parent body processes. Significant disturbance of the
Hf–W systematics should be most pronounced in the Hf–
W data for the fines fraction because alteration products
will be the most friable among the CAI phases and as a con-
sequence, they should be enriched in the fines fraction. With
the exception of A-ZH-8 this is not observed in the Hf–W
data of the CAIs investigated here (Fig. 3).

In contrast to the other CAIs, the Hf–W system in A-
ZH-8 is slightly disturbed (MSWD = 6.8) and the fines
fractions plot above the regression line. Note however that
both the initial e182W and 182Hf/180Hf obtained from the A-
ZH-8 isochron, albeit quite imprecise, are consistent with
the values obtained from the other isochrons. A-ZH-8 has
the highest metal and sulphide content among the CAIs
investigated here and fassaites from A-ZH-8 have higher
W contents compared to the other analyzed fractions,
whereas for all other CAIs the W content in the fassaites
is the lowest among the coexisting phases (Fig. 6). This sug-
gests that the disturbance of the Hf–W systematics might
have involved redistribution of W during alteration on
the parent body.

5.1.3. Significance of the CAI isochron: CAI formation vs.

parent body metamorphism

The internal Hf–W isochron for CAIs provides the ini-
tial Hf and W isotope compositions at the time of the last
isotope equilibration in these CAIs. This refers to the time
of cooling below the closure temperature (Tc) of the Hf–W
system in CAIs. The CAI isochron, therefore, provides the
initial e182W and 182Hf/180Hf at the time of CAI formation
if CAIs cooled below the Hf–W closure temperature shortly
after their formation and if later re-heating on the parent
body remained at temperatures well below Tc. In their
LA-ICPMS study on Hf and W distributions in CAIs,
Humayun et al. (2007) state that ‘‘OAs [opaque assem-
blages] adjacent to fassaites are most likely to exchange
W isotopically”. These authors however do not provide
any information regarding the temperatures required for
diffusion of W in fassaite but such information is essential
for evaluating whether diffusion of radiogenic 182W out of
fassaites could have occurred. Depending on the method
used, the petrologic type assigned to Allende varies from
CV3.2 (Guimon et al., 1995) to CV3.6 (Bonal et al.,
2006). Temperature estimates are �350 �C for aqueous
alteration (Krot et al., 1995) and �400–550 �C for thermal
metamorphism (Blum et al., 1989; Weinbruch et al., 1994).
The preservation of 26Mg excesses in anorthites in CAIs
from CV3 chondrites also requires that heating during par-
ent body metamorphism did not exceed �500 �C, otherwise
Mg diffusion would have erased any pre-existing Mg iso-
tope heterogeneity (LaTourrette and Wasserburg, 1998).

The closure temperature for the Hf–W system in a
pyroxene–metal system has been estimated using a numer-
ical model (Van Orman et al., 2001, 2006) and Hf–W ages
for H chondrites (Kleine et al., 2008b). These results show
that for a wide range in cooling rates and even for grain
sizes of pyroxenes of less than 10 lm, the Hf–W closure
temperature is essentially identical to the peak metamor-
phic temperatures of type 6 ordinary chondrites (i.e.,
�900–950 �C for H chondrites). Even in H chondrites of
petrologic type 4, the Hf–W system has not been reset dur-
ing thermal metamorphism, in spite of heating up to
�700 �C (Kleine et al., 2008b). Therefore, in contrast to
the statement of Humayun et al. (2007), significant diffusion
of W in fassaite, the major host of radiogenic 182W in CAIs,
could not have taken place during parent body metamor-
phism of CV3 chondrites because temperatures remained
well below Tc for the Hf–W system.

The Hf–W closure temperatures in CAI constituents
other than fassaites are less well constrained. The evidence
for a late Mg isotopic exchange between anorthite and meli-
lite in some Allende CAIs (Podosek et al., 1991) raises the
question as to whether the Hf–W system in the minerals
other than fassaites may have been open. Melilite and anor-
thite do not contain significant amounts of neither Hf nor
W but perovskite is an important host of Hf (and probably
also W). There are no experimental data available for W
diffusion in perovskite but the diffusivity of W can be esti-
mated from diffusion creep data for perovskite. This allows
an effective diffusion coefficient to be estimated (Li et al.,
1996). This effective diffusion coefficient probably presents
Ti and, hence, is a reasonable proxy for W diffusion. At
500 �C the diffusion coefficients are extremely small and dif-
fusion is inefficient even over timescales of billions of years.
Another way to assess whether the Hf–W system may have
been partially open is to only regress the fassaite and bulk
CAI data (this approach assumes that W diffusion across
the bulk CAIs was negligible, which seems reasonable for
CAIs that are 1 cm across). The regression of the Hf–W
data for fassaites from A-ZH-6, -7, and N-ZH-9 and bulk
CAIs A-ZH-1 to -4 yields an initial 182Hf/180Hf of
(9.7 ± 0.5) � 10�5 and an initial e182W of �3.28 ± 0.15,
identical to the values obtained from the combined CAI
isochron. This and the experimental data for diffusion in
perovskite suggest that W diffusion in CAI minerals caused
by parent body metamorphism was subdued.

5.1.4. Improved initial Hf and W isotope compositions of

CAIs

Given the evidence for undisturbed Hf–W systematics,
the Hf–W isochrons for CAIs A-ZH-6, A-ZH-7, and N-
ZH-9 provide the initial e182W and 182Hf/180Hf at the time
of Hf–W closure in these CAIs. Since CAIs cooled rapidly
(Stolper, 1982), these isochrons provide the e182W and
182Hf/180Hf at the time of CAI crystallization. All fractions
from these CAIs together with the bulk CAIs investigated
here (with the exception of A-ZH-5 with its anomalous W
isotopic composition) as well as CAIs A37, A44a, and
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All-MS-1 plot on a single well-defined isochron (Fig. 4).
Average carbonaceous chondrites also plot on this iso-
chron, as expected if carbonaceous chondrites represent
the material from which CAIs formed. The regression of
all the CAI data (excluding A-ZH-8) yields an initial
182Hf/180Hf = (9.72 ± 0.44) � 10�5 and initial e182W =
�3.28 ± 0.12 (MSWD = 0.6) (for details see Fig. 4 and Ta-
ble 4). Using 182W/184W ratios normalized to 186W/184W
(instead of 186W/183W) yields identical results of
182Hf/180Hf = (9.75 ± 0.43) � 10�5 and initial e182W =
�3.21 ± 0.13 (MSWD = 1.0). Including the data for A-
ZH-8 also does not change the slope and initial e182W
[182Hf/180Hf = (9.70 ± 0.51) � 10�5; e182W = �3.26 ±
0.14] but results in a higher MSWD (Table 4).

Compared to earlier estimates (Kleine et al., 2002; Yin
et al., 2002; Kleine et al., 2005), the initial 182Hf/180Hf ratio
and e182W value determined here are more precise by a fac-
tor of almost 2. This results in a substantial increase in the
precision of calculated Hf–W ages and potentially allows
resolution of time differences as small as �1 Ma.

5.2. Hf–W systematics of bulk CAIs

The limited spread in Hf/W ratios among the bulk
CAIs investigated here precludes the determination of a
precise Hf–W isochron for bulk CAIs. Earlier reported
Hf–W data for ‘bulk’ CAIs A44a (Yin et al., 2002) and
A37 (Kleine et al., 2005) exhibit a much larger range in
Hf/W and e182W than is observed for the bulk CAIs inves-
tigated here but the A37 and A44a material consists only
of the interior of these CAIs and hence is not representa-
tive for their bulk chemical composition. Note that A-ZH-
2 and A44a are ‘bulk’ samples of the same CAI. The frac-
tionated Hf/W ratios and variable e182W values reported
for A37 and A44a are therefore most likely due to sample
heterogeneities and are probably caused by a higher pro-
portion of melilite (with low Hf/W and e182W) in the ana-
lyzed fraction of A37 and a higher proportion of fassaite
(with high Hf/W and e182W) in the analyzed fraction of
A44a. Most of the bulk CAIs studied here are probably
not true bulk CAIs because the entire CAI could not be
separated from the Allende host meteorite. The only true
bulk CAIs are A-ZH-1 and A-ZH-5, which were located
inside the slices, such that the entire material could be pro-
Table 4
Initial 182Hf/180Hf ratios and e182W values obtained from CAI isochrons

Sample Normalization to 186W/183W

(182Hf/180Hf)i

� 105 ± 2r
(e182W)i ±

A-ZH-6 10.1 ± 0.8 �3.27 ±
A-ZH-7 9.17 ± 0.88 �3.21 ±
A-ZH-8 10 ± 12 �3.0 ±
N-ZH-9 9.54 ± 0.90 �3.19 ±
Combined CAI isochron 9.70 ± 0.51 �3.26 ±
Combined CAI isochron (excl. A-ZH-8) 9.72 ± 0.44 �3.28 ±

a all regression calculated using the model 1 fit of IsoPlot. Details re
regressions for the combined CAI isochron (both with and without A-ZH
2005; Yin et al., 2002).
cessed. It is remarkable that these two CAIs have almost
identical 180Hf/184W ratios of �1.83 and �1.79, whereas
CAIs A-ZH-2 to -4 have 180Hf/184W ratios below and
above these values. This suggests that the slight variability
in Hf–W systematics observed among the bulk CAIs
investigated here might be due to a slight sampling bias.
In this case the Hf/W ratio of bulk CAIs might be best
given by CAIs A-ZH-1 and -5.

The slightly elevated 180Hf/184W and e182W of bulk
CAIs compared to the average carbonaceous chondrites va-
lue of 1.23 ± 0.08 (Kleine et al., 2004) can be used to con-
strain the timing and origin of this Hf–W fractionation
event. Fegley and Palme (1985) observed depletions of W
and Mo relative to other refractory metals (Ir, Os, Ru,
etc.) in several CAIs and attributed this depletion to incom-
plete condensation of W (and Mo) under oxidizing condi-
tions. Other authors however assign these depletions to
low-temperature alteration processes on the parent body
(Blum et al., 1989). Although no precise Hf–W isochron
for bulk CAIs could be obtained here, the Hf–W model
age of �0–3 Myr for bulk CAIs relative to average carbo-
naceous chondrites suggests that these CAIs acquired their
elevated Hf/W ratios in less than �3 Myr after their forma-
tion. As the CV parent body probably accreted later than
�2–3 Myr after CAI formation, as indicated by the youn-
gest ages for CV chondrules (see below), the elevated Hf/
W ratios of CAIs are most likely due to nebular processes.
The Hf–W systematics of bulk CAIs might therefore reflect
loss of W during condensation under oxidizing conditions.
In this case these CAIs should also exhibit negative Ce
anomalies (Davis et al., 1982), such that determining REE
concentrations for these CAIs could constitute an impor-
tant test for this hypothesis. Although only five CAIs were
investigated here it is remarkable that all of them show ele-
vated Hf/W ratios relative to CI chondrites. This might
indicate that depletion of W by condensation under high-
fO2

conditions is a common feature of CAIs, consistent with
earlier observations (Fegley and Palme, 1985). This, how-
ever, is inconsistent with evidence from Ti3+/Ti4+ ratios
in pyroxenes from CAIs that seem to require formation un-
der low-fO2

conditions similar to those of a solar gas (Simon
et al., 2007). Clearly, a combined investigation of these re-
dox indicators for a suite of CAIs is needed to investigate
under which fO2

conditions CAIs formed.
using different normalization schemes.a

Normalization to 186W/184W

2r MSWD (182Hf/180Hf)i

� 105 ± 2r
(e182W)i ± 2r MSWD

0.40 0.1 9.85 ± 0.69 �3.17 ± 0.43 0.1
0.28 0.2 9.71 ± 0.98 �3.27 ± 0.30 1.2
2.9 6.8 11 ± 10 �3.4 ± 1.7 7.4
0.32 0.5 9.6 ± 1.0 �3.34 ± 0.37 0.4
0.14 1.3 9.78 ± 0.53 �3.20 ± 0.15 1.5
0.12 0.6 9.75 ± 0.43 �3.21 ± 0.13 1.0

garding the regressions are given in Figs. 3 and 4. Note that the
-8) include previously reported Hf–W data for CAIs (Kleine et al.,
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Fig. 9. Measured 26Al/27Al and 182Hf/180Hf ratios for CAIs (E60,
WA) and angrites D’Orbigny and Sahara 99555. The solid line is
the best-fit line given by the CAI and angrite data and has a slope
that is consistent with that expected from the 26Al and 182Hf half-
lives. The dashed line is the decay line calculated using the Hf–W
and Al-Mg data for D’Orbigny and Sahara 99555 and the 182Hf
and 26Al half-lives. Data are from the following references: Al–Mg
(Lee et al., 1977; Amelin et al., 2002; Spivak-Birndorf et al., 2005);
Hf–W (Kleine et al., 2008a).
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6. SHORT-LIVED RADIONUCLIDES IN THE EARLY

SOLAR SYSTEM AND THE AGE OF CAIS

6.1. Distribution of short-lived radionuclides in the early solar

system: 26Al vs. 182Hf

The use of short-lived radionuclides as high-resolution
chronometers for the early solar system relies on the
assumption that their abundance relative to a stable isotope
of the same element was initially homogeneous throughout
the solar system. The validity of this assumption, however,
has been questioned. Whereas the initial 182Hf/180Hf of the
solar system is most likely to be the result of continuous
galactic nucleosynthesis (e.g., Wasserburg et al., 1996),
some authors proposed that the high initial 26Al/27Al mea-
sured in CAIs reflects formation by spallation close to the
active early Sun (e.g., Shu et al., 1997; Russell et al.,
2001). The homogeneity of short-lived radionuclides in
the early solar system can be estimated by comparing their
initial abundances in a suite of samples that have formed in
different regions of the solar nebula and that have a spread
in ages that is comparable to the half-lives of the short-lived
nuclides of interest. Suitable samples for such a comparison
must have been cooled sufficiently rapid, such that differ-
ences in closure temperatures could not have resulted in
resolvable age differences among the various chronometers.
These conditions are met by angrites and CAIs.

The comparison of initial abundances of short-lived
radionuclides in angrites and CAIs can be made for the
26Al–26Mg and 182Hf–182W systems. A similar approach
for comparing the 182Hf–182W and 53Mn–53Cr systems can-
not be made yet because internal isochrons for both systems
are only available for the two angrites Sahara 99555 and
D’Orbigny, which have indistinguishable ages, and the
53Mn–53Cr systematics of CAIs are complicated by the pres-
ence of nucleosynthetic anomalies and disturbance of the
Mn/Cr ratios due to parent body alteration (Birck and Allè-
gre, 1985; Lugmair and Shukolyukov, 1998). In Fig. 9 the
initial 182Hf/180Hf and 26Al/27Al ratios of CAIs and angrites
D’Orbigny and Sahara 99555 are plotted. In this diagram,
samples with identical Hf–W and Al-Mg ages should plot
on a straight line, whose slope can be calculated from the ra-
tio of the 26Al and 182Hf half-lives. Fig. 9 reveals that the ini-
tial 182Hf/180Hf and 26Al/27Al ratios of CAIs and the
angrites D’Orbigny and Sahara 99555 plot on a line whose
slope of 0.07 ± 0.01 is within uncertainty identical to the ex-
pected slope of t1/2 (26Al)/t1/2(182Hf) = 0.080 ± 0.002.

Nevertheless, the uncertainty on the initial 26Al/27Al and
182Hf/180Hf ratios would allow some heterogeneity. The ex-
pected 26Al/27Al ratio of CAIs can be calculated from the
initial 26Al/27Al of D’Orbigny/Sahara 99555 of
(5.1 ± 0.6) � 10�7 (Spivak-Birndorf et al., 2005) by using
the nominal half-lives of 26Al and 182Hf and the Hf–W for-
mation interval between D’Orbigny/Sahara 99555 and
CAIs of 4.1 ± 0.7 Ma. The calculated initial 26Al/27Al of
CAIs is (2.7 ± 2.0) � 10�5, which is lower than but within
uncertainty indistinguishable from the 26Al/27Al measured
in CAIs. Clearly the uncertainty on the calculated initial
26Al/27Al of the solar system is too large for determining
whether any 26Al in CAIs has been produced locally by
irradiation of CAI material close the early active Sun
(Shu et al., 1997). The large uncertainty on the calculated
initial 26Al/27Al is mainly due to the uncertainty of the ini-
tial 182Hf/180Hf of CAIs. Therefore, once Hf–W isochrons
of much higher precision are available for CAIs it will be
possible to determine whether any 26Al in CAIs has been
produced locally by irradiation.

A spallogenic origin of some 26Al in CAIs would have a
significant impact on the chronology of chondrule forma-
tion, which is largely based on Al–Mg chronometry. For in-
stance, if �50% of the 26Al in CAIs is spallogenic, then the
Al–Mg ages for chondrules would be �1 Myr instead of
�2 Ma. However, as will be shown below (Section 6.3),
the overall consistency between Al–Mg and Pb–Pb forma-
tion intervals between CAIs and chondrules render it unli-
kely that CAIs contain significant amounts of spallogenic
26Al but more combined 26Al–26Mg and 207Pb–206Pb on
chondrules are needed to confidently establish this.

6.2. Comparison of Hf–W and Pb–Pb ages and the absolute

age of CAIs

As for other short-lived isotope systems, differences in
initial 182Hf/180Hf ratios only provide relative ages between
two meteorites. To convert such relative to absolute ages,
knowledge of the 182Hf/180Hf ratio at a well-defined point
in time is essential. This approach requires the precise deter-
mination of the initial 182Hf/180Hf ratio as well as the abso-
lute age of Hf–W closure in a sample. Due to differences in
closure temperatures of different chronometers, the cur-
rently best available samples to obtain such information
are angrites because (i) they cooled rapidly, such that differ-
ences in closure temperatures of the various isotope systems
do not result in resolvable age differences, and (ii) they ex-
hibit high U/Pb ratios, such that highly precise 207Pb–206Pb
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ages can be obtained (Lugmair and Galer, 1992; Amelin,
2008b; Connelly et al., 2008b).

The comparison of 207Pb–206Pb and Hf–W ages can be
made for several angrites including D’Orbigny, Sahara
99555 and Northwest Africa 2999, 4590, and 4801. In
Fig. 10 the initial 182Hf/180Hf ratios of these angrites are
plotted against their 207Pb–206Pb ages. This plot reveals that
four of the angrites (D’Orbigny, Sahara 99555, Northwest
Africa 4590 and 4801) plot on a straight line, whose slope
is identical to the one predicted from the 182Hf half-life.
Northwest Africa 2999 plots slightly below but within
uncertainty of this line and this probably reflects a slight
disturbance of the Hf–W system in this sample (Markowski
et al., 2007). An important feature of Fig. 10 is that the cal-
ibration of the Hf–W system onto an absolute timescale
yields consistent results regardless of which of the four ang-
rites D’Orbigny, Sahara 99555, Northwest Africa 4590 or
4801 is used. This provides evidence that the absolute Hf–
W ages calculated relative to these angrites are robust and
accurate. By contrast, the absolute Hf–W ages for all of
the angrites would be inconsistent with their 207Pb–206Pb
ages if the CAI age of 4567.11 ± 0.16 Ma (Amelin et al.,
2002; Amelin et al., 2006) were used as an anchor for the
Hf–W system (Fig. 10).

The H chondrite Richardton (H5) could in principle also
be included in the comparison of 207Pb–206Pb and Hf–W
ages but in slowly cooled metamorphic rocks such as H5
chondrites differences in the Hf–W and U-Pb closure tem-
peratures (Tc) could have resulted in age differences. Kleine
et al. (2008b) showed that Tc for the Hf–W system in H5
chondrites is 825 ± 75 �C and, hence similar to but slightly
207Pb-206Pb age (Ma)
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Fig. 10. Measured 182Hf/180Hf ratios and 207Pb-206Pb ages in
angrites, CAIs and the H5 chondrite Richardton. Data are from
the following references: Hf–W data for angrites (Markowski et al.,
2007; Kleine et al., 2008a); 207Pb–206Pb ages for angrites (Amelin,
2008b; Connelly et al., 2008b); 207Pb–206Pb age for CAI E60
(Amelin et al., 2002; Amelin et al., 2006); Hf–W data for
Richardton (Kleine et al., 2008b); 207Pb–206Pb age for Richardton
(Amelin et al., 2005). The 182Hf/180Hf for Northwest Africa 2999 is
calculated from a pyroxene-metal isochron. Note that angrites plot
on a straight line whose slope is consistent with that expected from
the 182Hf half-live. Note further that the Hf–W ages of angrites and
the H5 chondrite Richardton would be inconsistent with their
207Pb–206Pb ages if the 207Pb–206Pb CAI age of 4567.11 ± 0.16 Ma
were used as an age anchor.
above Tc = 725 ± 100 �C for the U-Pb system. Therefore,
Hf–W ages should be equal to or older than 207Pb-206Pb
ages. It is important to note that, if the absolute Hf–W ages
were calculated relative to the 207Pb-206Pb CAI age of
4567.11 ± 0.16 Ma, then the absolute Hf–W age for Rich-
ardton would be younger than its 207Pb–206Pb pyroxene
age of 4562.7 ± 1.7 Ma (Amelin et al., 2005). This would
be inconsistent with the relative diffusivities of W and Pb.

The absolute Hf–W ages of CAIs calculated relative to
the four angrites D’Orbigny, Sahara 99555, Northwest
Africa 4590 or 4801 are summarized in Table 5. Although
all of these four absolute Hf–W ages for CAIs are indistin-
guishable from each other, the Hf–W age calculated relative
to Sahara 99555 appears somewhat older than those calcu-
lated relative to the other three angrites. This is also evident
from the observation that Sahara 99555 plots slightly below
but within uncertainty of the ‘‘D’Orbigny 182Hf decay line”

in Fig. 10 and is consistent with the conclusions of Amelin
(2008a) and Connelly et al. (2008b) that the complex U–Pb
systematics of Sahara 99555 compromise its use as an abso-
lute time marker for short-lived chronometers. Therefore,
the absolute Hf–W age of CAIs is most confidently calcu-
lated relative to the three angrites D’Orbigny, NWA 4801
and NWA 4590 and this approach yields an average age
of 4568.3 ± 0.7 Ma. The uncertainty on this age results
from the uncertainty of the 182Hf/180Hf of the CAI isochron
(corresponding to an ±0.6 Myr uncertainty) and the uncer-
tainty introduced by the conversion to absolute ages (which
is ±0.1 Myr as obtained from the standard deviation (2r) of
the absolute Hf–W ages for CAIs calculated relative to
these three angrites).

The 4568.3 ± 0.7 Ma Hf–W age for CAIs is consistent
with the 4568.5 ± 0.5 Ma Pb–Pb age for CAIs that has been
determined from 207Pb–206Pb data for selected fractions of
CAIs from Allende and Murchison and Efremovka CAIs
E60 and E49 (Bouvier et al., 2007). However, the Hf–W
age for CAIs of 4568.3 ± 0.7 Ma is 1.2 ± 0.7 Myr older
than the most precise 207Pb–206Pb age for Efremovka CAI
E60 of 4567.11 ± 0.16 Ma (Amelin et al., 2006). Taken at
face value the Hf–W age for CAIs also is slightly older than
the most precise 207Pb–206Pb age for Allende CAIs of
Table 5
Absolute Hf–W age of CAIs as calculated relative to initial
182Hf/180Hf ratios and 207Pb-206Pb ages of angrites.a

Sample (182Hf/180Hf)i

� 105 ± 2r

207Pb-206Pb
age

CAI age

Sahara 99555 6.95 ± 0.22 4564.58 ± 0.14 4568.9 ± 0.7
D’Orbigny 7.18 ± 0.22 4564.42 ± 0.12 4568.3 ± 0.7
NWA 4801 4.34 ± 0.23 4558.06 ± 0.15 4568.4 ± 0.9
NWA 4590 4.65 ± 0.17 4558.86 ± 0.30 4568.3 ± 0.8
Average (excl.
Sah 99555)

4568.3 ± 0.7

a 182Hf/180Hf ratios for angrites were recalculated from the data
reported in Markowski et al. (2007) and Kleine et al. (2008b) and
using the model 1 fit of IsoPlot and 180Hf/184W = 1.18 � Hf/W.
Pb–Pb ages for angrites are from Amelin (2008b) and Connelly
et al. (2008b). Note that the data for Sahara 99555 is not included
in the calculated average Hf–W age for CAIs. For details see
text.
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4567.6 ± 0.4 Ma (Jacobsen et al., 2008) but these two ages
agree within their uncertainties. This is also evident from
Fig. 10 in which Allende CAIs plot within uncertainty of
the ‘‘D’Orbigny 182Hf decay line”.

An important observation is that while the most precise
207Pb–206Pb ages for Efremovka CAI E60 and Allende CAIs
agree with each other, the 207Pb–206Pb age of E60 is different
from the Hf–W age for Allende CAIs. The 26Al/27Al of E60
(Amelin et al., 2002) however is identical to those of other
CAIs, indicating that E60 formed at the same time than
other CAIs (e.g., Lee et al., 1977; Jacobsen et al., 2008).
Therefore, the offset between the Hf–W age for CAIs and
the 207Pb–206Pb age for E60 requires either that 182Hf was
overabundant in CAIs or that the younger 207Pb–206Pb
age for E60 does not date the formation of CAIs. Since
180Hf and 182Hf have different s- and r-process proportions,
the first of these options would require that CAIs have s-
and r-process abundances that are different from those of
the average solar system (as given for instance by angrites
and chondrites). Given that all CAIs except A-ZH-5 have
normal s- and r-process abundances of W isotopes, is seems
highly unlikely that the s- and r-process isotopes of Hf are
different from those in average solar system material.

Therefore, the offset between the Hf–W age for Allende
CAIs and the 207Pb–206Pb age for E60 seems to imply that
the latter does not date CAI formation. The reasons for this
are difficult to assess and might be related to a partial reset-
ting of the U–Pb system in CAI E60, while at the same time
the Al–Mg and Hf–W systems remained undisturbed. This
interpretation is supported by the observation that most
CAI samples from Efremovka are not consistent with a sin-
gle-stage evolution of Pb isotopes (Chen and Papanastas-
siou, 2008). Efremovka is one of the least altered
carbonaceous chondrites but is highly shocked (shock stage
S4) and one might speculate that the young 207Pb–206Pb age
for E60 reflects the redistribution of volatile Pb during
shock. Magnesium and W are much less volatile, such that
the effects of shock on the Al–Mg and Hf–W systematics
might have been insignificant.

6.3. Consistency of Al-Mg and Pb–Pb ages for chondrules

The Al-Mg system has been the main chronometer used
for determining the timescale of chondrule formation (e.g.,
Russell et al., 1996) but the chronological significance of
Al–Mg ages for chondrules has been questioned by some
(e.g., Shu et al., 1997; Russell et al., 2001; Gounelle and
Russell, 2005). However, the consistency of Al–Mg and
207Pb–206Pb formation intervals between CAIs and chond-
rules has been an important argument supporting the chro-
nological significance of the Al–Mg chondrule ages (Amelin
et al., 2002). It has been customary to use the 207Pb–206Pb
CAI age of 4567.11 ± 0.16 Ma as an age anchor for Al-
Mg ages, such that the upward revision of the age of CAIs
raises the question as to whether the Al–Mg and
207Pb–206Pb formation intervals of chondrules are consis-
tent with a CAI age as old as 4568.3 ± 0.7 Ma.

There are only a few Al–Mg ages available for chond-
rules from CV and CV-like chondrites and these ages are
2.3 ± 0.6 Myr for chondrules from the CV chondrite Efre-
movka (Hutcheon et al., 2000), 1.5 ± 0.3 Myr for chond-
rules from the ungrouped carbonaceous chondrite Acfer
094 (Hutcheon et al., 2000), and 2.1 ± 0.6 and
2.8 ± 0.6 Myr for chondrules from the CV-like chondrite
Ningqiang (Hsu et al., 2003). Connelly et al. (2008a) argued
that the younger of these ages reflect resetting by parent
body processes and that only the oldest of the Al-Mg chon-
drule ages would reflect chondrule formation. Connelly
et al. (2008a) further argue that there is a peak of Al–Mg
ages at �2 Myr after CAI formation, which provides the
best estimate for the timing of chondrule formation. This
assumption in conjunction with their 207Pb–206Pb age of Al-
lende chondrules of 4565.5 ± 0.5 Ma led Connelly et al.
(2008a) to conclude that the age of CAIs could not be older
than 4567.5 Ma.

However, the most appropriate data for a comparison of
207Pb–206Pb and Al–Mg ages should come from the same
meteorite or at least from the same chondrite group, such
that 207Pb–206Pb ages for chondrules for the CV chondrite
Allende should be compared with Al–Mg ages for chond-
rules from the CV chondrite Efremovka or the CV-like
chondrite Ningqiang. The 207Pb–206Pb ages for Allende
chondrules are 4566.6 ± 1.0 Ma (Amelin and Krot, 2007)
and 4565.5 ± 0.5 Ma (Connelly et al., 2008a), which corre-
spond to intervals of 1.7 ± 1.2 Myr and 2.8 ± 0.9 Ma,
respectively, relative to the Hf–W age of CAIs of
4568.3 ± 0.7 Ma. The Al–Mg ages for chondrules from
CV and CV-like chondrites are 2.1 ± 0.6 and
2.8 ± 0.6 Myr for chondrules from Ningqiang and
2.3 ± 0.6 Myr for chondrules from Efremovka. Within
their relatively large uncertainties, the 207Pb–206Pb and
Al–Mg intervals are indistinguishable from one another,
even for the oldest chondrules from CV and CV-like chon-
drites. Chondrules from the ungrouped carbonaceous chon-
drite Acfer 094 appear to be older than the CV chondrules
but no 207Pb–206Pb ages are available for the former, ren-
dering a comparison of Al–Mg and 207Pb–206Pb intervals
for chondrules from Acfer 094 difficult.

There is a similar consistency between Al–Mg and
207Pb–206Pb ages for chondrules from CR chondrites. Their
Al–Mg ages range from �2 to >4 Myr after CAI formation
(Nagashima et al., 2008) and for chondrules from the CR
chondrite Acfer 059 207Pb–206Pb ages of 4564.7 ± 0.6 Ma
(Amelin et al., 2002) and 4564.1 ± 0.6 Ma (Connelly
et al., 2008a) were reported. These correspond to relative
ages of 3.6 ± 0.9 and 4.2 ± 0.9 Myr after CAI formation
at 4568.3 ± 0.7 Ma, entirely consistent with the range of
Al-Mg ages for CR chondrules. Therefore, currently avail-
able Al–Mg and 207Pb–206Pb ages for chondrules from car-
bonaceous chondrites provide no evidence that CAIs must
be younger than 4567.5 Ma and are not inconsistent with
an absolute age of CAIs as old as 4568.3 ± 0.7 Ma.

7. FORMATION AND DIFFERENTIATION OF IRON

METEORITE PARENT BODIES

7.1. Tungsten model ages for core formation

The W isotope composition of iron meteorites can be
used to calculate core formation ages because segregation
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of a metal core is accompanied by fractionation of sidero-
phile W from lithophile Hf. The iron core contains no Hf
and maintains the 182W/184W acquired at the time of its last
exchange with the silicate mantle. Hence, the 182W/184W of
iron meteorites can be used to constrain the time when the
metal cores of their parent bodies became completely iso-
lated from the silicate mantle using the following equation
(Horan et al., 1998):

Dt ¼ � 1

k
� ln

ðe182WÞiron � ðe182WÞchondrites

ðe182WÞCAIs � ðe182WÞchondrites

� �
ð1Þ

where k = 0.078 ± 0.002 Ma�1 (Vockenhuber et al., 2004),
(e182W)chondrites is the present-day e182W of chondrites of
�1.9 ± 0.1 (Kleine et al., 2002; Schoenberg et al., 2002;
Yin et al., 2002; Kleine et al., 2004), and (e182W)CAIs is
the initial e182W of CAIs as determined in this study. The
newly and more precisely defined initial e182W of CAIs
therefore results in a higher precision of W model ages
for iron meteorites.

The calculation of core formation ages is based on sev-
eral assumptions: (i) iron meteorite parent bodies contained
182Hf, such that their 182W/184W could evolve over time; (ii)
W isotope equilibration between silicates and metals oc-
curred during core formation; (iii) there are no nucleosyn-
thetic W isotope anomalies in iron meteorites. The
available Hf–W data for meteorites suggest that these
assumptions are valid. Based on the observation that sev-
eral differentiated meteorites (including magmatic iron
meteorites) exhibit a small deficit in 60Ni, it was suggested
that their parent bodies formed prior to the injection of
60Fe that occurred �1 Myr after CAI formation (Bizzarro
et al., 2007). If 60Fe and 182Hf were injected at the same
time, then the Ni isotope data of Bizzarro et al. (2007)
might be interpreted to imply that magmatic iron meteor-
ites formed prior to injection of 182Hf. However, two more
recent studies showed that there are no 60Ni deficits in iron
meteorites and argue against a late injection of 60Fe (Dau-
phas et al., 2008; Regelous et al., 2008). Moreover, a late
injection of 60Fe is also inconsistent with the observed
Hf–W systematics of meteorites. Although there is no direct
evidence for the presence of 182Hf in magmatic iron meteor-
ites (because except for a few silicate-bearing IVA irons
they contain no major Hf-bearing phases), most other ob-
jects that were inferred by Bizzarro et al. (2007) to have
formed in the absence of 60Fe (non-magmatic iron meteor-
ites, angrites, CAIs) have clear evidence for the presence of
182Hf.

It seems unlikely that the unradiogenic e182W of mag-
matic iron meteorites did not equilibrate with silicates dur-
ing core formation because the temperatures required for
core formation were sufficiently high to result in W isotopic
exchange between silicates and metal. Segregation of a me-
tal core in small anhydrous asteroids requires that at least
�20% of the solids must have been melted (Taylor, 1992)
and that metallic melts could form, indicating temperatures
of >1000 �C and probably >1250 �C (Kunihiro et al., 2004).
In contrast, the interior of asteroids that remained undiffer-
entiated reached lower temperatures [i.e., �900–950 �C in
the ordinary chondrite (Kessel et al., 2007) and slightly
higher temperatures in the acapulcoite/lodranite parent
bodies (Zipfel et al., 1995)], causing thermal metamorphism
and/or localized melting, respectively. Hafnium–tungsten
data for silicates and metals from several ordinary chon-
drites, acapulcoites and lodranites indicate that the temper-
atures reached in their parent bodies were sufficient to
achieve W isotopic exchange between metal and silicates
(Touboul et al., 2007; Kleine et al., 2008b). Consequently,
it seems likely that the higher temperatures reached within
the parent bodies of the magmatic iron meteorites have a
fortiori resulted in the equilibration of W isotopes between
metal and silicates.

The presence of nucleosynthetic W anomalies in iron
meteorites also cannot account for their unradiogenic
e182W values. Enrichments or depletions in s- or r-process
components should affect the 184W abundance more
strongly than the abundances of the other W isotopes (see
Section 4) but no significant 184W anomalies are observed
in iron meteorites and the 184W/183W ratios of most CAIs,
chondrites and iron meteorites are identical at the � ± 0.2 e
unit level. Qin et al. (2008a) reported a �0.1 e unit deficit in
the 184W abundance of IVB irons but these anomalies are
too small to affect the e182W values significantly.

7.2. Cosmogenic effects in iron meteorites and the chronology

of core formation in iron meteorite parent bodies

The chronological interpretation of W isotope data for
iron meteorites is complicated by the presence of cosmo-
genic effects, which are caused by neutron-capture reactions
of W isotopes with thermal neutrons produced by the inter-
action of cosmic rays with meteoritic matter (Masarik,
1997; Leya et al., 2003). These cosmogenic effects result in
a decrease of 182W/184W of �0.1 e182W per �100 Ma expo-
sure (Leya et al., 2003; Kleine et al., 2005) but the exact
magnitude of these effects strongly depends on the shielding
of the samples from cosmic rays (i.e., on the burial depth in
the parent bodies), which is difficult to assess. Moreover,
the magnitude of the thermal neutron flux that develops
in the parent bodies of iron meteorites is difficult to quan-
tify and the moderation of neutrons in a metal matrix is
much less effective than in a silicate matrix. In iron meteor-
ite parent bodies, the thermal neutron flux might therefore
extend deeper into the parent body.

Most iron meteorites have relatively long exposure
times, such that in most cases their e182W values were sig-
nificantly lowered to values more negative than the initial
e182W of CAIs (Kleine et al., 2005; Markowski et al.,
2006b; Schérsten et al., 2006). There is not yet a reliable
method to correct for these cosmogenic effects with suffi-
cient precision because no data for nuclides that are sensi-
tive to the thermal neutron flux are available for iron
meteorites. Instead, currently employed correction methods
rely on the isotopic composition of noble gases and must
make assumptions regarding several parameters including
the pre-atmospheric size of the meteoroid and the shielding
depth of a particular sample (Leya et al., 2003; Markowski
et al., 2006a; Qin et al., 2008b). Qin et al. (2008b) applied
such a correction method to a range of magmatic iron mete-
orites and reported corrected e182W values ranging from
��3 to �4. However, given the uncertainties inherent in
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Fig. 11. Tungsten model ages for magmatic iron meteorites,
calculated using the range of e182W values for several groups of
iron meteorites after correction for cosmogenic effects as reported
in Qin et al. (2008b) and using an initial e182W of CAIs of
�3.28 ± 0.12, as determined in the present study. Numbers in
parentheses correspond to the range of corrected e182W for groups
of magmatic iron meteorites. Note that the uncertainties in the W
model ages include the uncertainty on the initial e182W of CAIs.
The IVB irons have corrected e182W values that are lower than the
initial e182W of CAIs, suggesting that the correction procedure
employed by Qin et al. (2008b) did not fully correct the cosmic-ray
effect on the 182W/184W ratio.
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these correction methods, the currently most reliable age
information regarding core formation in iron meteorite par-
ent bodies is provided by the W isotope composition of
magmatic iron meteorites that have young exposure ages
or that were large enough for their interior to have been
effectively shielded from thermal neutrons. Several authors
(Kleine et al., 2005; Lee, 2005; Markowski et al., 2006b) re-
ported W isotope data for the IIAB iron meteorite Negril-
los averaging at e182W = �3.42 ± 0.08 (2r). The exposure
age of this meteorite is �50 Ma (Leya et al., 2000) such that
the downward shift of e182W is only �0.03 e (Leya et al.,
2003), resulting in a corrected e182W of �3.39 ± 0.08
(assuming a 50% uncertainty on the correction). The IVA
iron meteorite Gibeon has e182W = �3.38 ± 0.05 (Qin
et al., 2007) and the low concentrations of cosmogenic no-
ble gases in this meteorite indicate that it is derived from the
inner part of a larger body. Therefore, Gibeon was proba-
bly more or less completely shielded from thermal neutrons
produced by the cosmic rays. Hence, its measured W iso-
tope composition can be interpreted in terms of Hf–W
chronometry.

The corrected e182W = �3.39 ± 0.08 and measured
e182W = �3.38 ± 0.05 for Negrillos and Gibeon, respec-
tively, correspond to W model ages for core formation of
�1.0 ± 1.3 (2r) and �0.9 ± 1.2 (2r) Myr after crystalliza-
tion of type B CAIs. Relative to the initial e182W previously
reported in Kleine et al. (2005), these ages were 0.7 ± 1.8
and 0.8 ± 1.7 Myr after CAI formation. Using our newly
and more precisely defined initial e182W therefore results
in W model ages for iron meteorites that are �0.5 Myr
more precise and �2 Myr older. The uncertainties of these
ages were calculated by propagating the uncertainties on
the e182W values of the iron meteorites, the initial e182W
of CAIs, and the present-day e182W of carbonaceous chon-
drites. A more conservative approach is to calculate the
range of ages obtained from the minimum and maximum
e182W differences between iron meteorites and CAIs. This
approach results in W model ages that range from �2.8
to +0.8 for Negrillos and from �2.5 to +0.6 Myr for Gib-
eon. Fig. 11 summarizes W model ages for different group
of magmatic iron meteorites that are based on e182W values
that were corrected for cosmic-ray effects using noble gas
isotope systematics (Qin et al., 2008b). For the IVB iron
meteorites negative ages are obtained, implying that the
correction procedure did not fully account for the cosmic-
ray effects on their 182W/184W ratios. Nevertheless, the
range of ages obtained from these corrected e182W values
is similar to the ages obtained for Negrillos and Gibeon,
which have minor to absent cosmic-ray effects. These results
imply that core formation in the parent bodies of magmatic
iron meteorites occurred within less than �1 Myr after CAI
formation.

8. CONCLUSIONS

The relative 183W, 184W, and 186W abundances of most
of the bulk CAIs investigated here are indistinguishable
from those of bulk chondrites, eucrites, most iron meteor-
ites, and the terrestrial standard. Only one CAI has a
184W deficit that most likely reflects a higher proportion
of r-process relative to s-process W isotopes. For the first
time, precise Hf–W data for pure fassaite separates and
fassaite-free fractions from CAIs were obtained. The newly
and more precisely defined Hf–W isochron for CAIs pro-
vides improved Hf and W isotope compositions at the time
of CAI formation and the initial e182W of �3.28 ± 0.12 and
the initial 182Hf/180Hf ratio of (9.72 ± 0.44) � 10�5 are a
factor of �2 more precise than earlier estimates. Moreover,
the initial e182W is slightly higher than but within uncertain-
ties identical to an earlier estimate.

Based on the Hf–W isochron for CAIs and Hf–W and
U–Pb data for several angrites, the absolute age of CAIs
is 4568.3 ± 0.7 Ma. This age is 0.5–2 Myr older than the
207Pb–206Pb age of 4567.11 ± 0.16 Ma for Efremovka
CAI E60. The latter, therefore, does not seem to date the
formation of CAIs. Contrary to a recent proposal (Con-
nelly et al., 2008a), a CAI age as old as 4568.3 ± 0.7 Ma
is entirely consistent with Al–Mg and 207Pb–206Pb ages
for chondrules from carbonaceous chondrites.

The Hf–W isochron for CAIs presented here provides a
more precisely defined initial e182W of CAIs, which in prin-
ciple allows the timing of core formation in asteroids to be
determined with a higher precision. However, the presence
of cosmogenic effects and difficulties in reliably quantifying
them currently hamper the determination of more precise
core formation ages. The increase in e182W by �0.1 in the
first Myr after formation of CAIs is of the same order as
the expected cosmogenic effects even in iron meteorites with
short exposure times or effective shielding from cosmic rays.
Hence, even small cosmogenic effects that are essentially
undetectable with current analytical techniques can have a
significant effect on the calculated ages. In addition, uncer-
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tainties in the initial W isotope composition of CAIs that
may arise from slight disturbances by parent body pro-
cesses also limit the precision to which W model ages for
iron meteorites can be obtained.

It can nevertheless be stated with confidence that core
formation in the parent bodies of magmatic iron meteorites
predated chondrule formation at >2 Myr. For instance, the
estimated cosmogenic effect on the W isotope composition
of Negrillos is ��0.03 e, corresponding to an age correc-
tion of �0.3 Myr. Therefore, only if the correction were
�10 times larger would the core formation age be younger
than the chondrule ages. It is however unlikely that the cor-
rection equations (Leya et al., 2003) are inaccurate by one
order of magnitude. Likewise, although parent body pro-
cesses might have slightly affected the initial W isotope
composition of CAIs, the Hf–W data for CAIs presented
in this study are difficult to reconcile with an initial e182W
at the time of CAI formation significantly lower than
��3.4. However, only if the initial e182W of CAIs would
be lower than ��3.7 could the Hf–W timescale for core
formation in iron meteorite parent bodies be coeval to
chondrule formation. Therefore, the results presented here
validate earlier conclusions that the accretion and differen-
tiation of the parent bodies of magmatic iron meteorites
predated chondrule formation and, hence, accretion of
chondrite parent asteroids (Kleine et al., 2005).
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