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Abstract

The application of Hf~W chronometry to determine the timescales of core formation in the parent bodies of magmatic iron
meteorites is severely hampered by '®W burnout during cosmic ray exposure of the parent meteoroids. Currently, no direct
method exists to correct for the effects of '*?W burnout, making the Hf-W ages for iron meteorites uncertain. Here we present
noble gas and Hf-W isotope systematics of iron meteorite samples whose W isotopic compositions remained essentially unaf-
fected by cosmic ray interactions. Most selected samples have concentrations of cosmogenic noble gases at or near the low-
ermost level observed in iron meteorites and, for iron meteorite standards, have very low noble gas and radionuclide based
cosmic ray exposure ages (<60 Ma). In contrast to previous studies, no corrections of measured W isotope compositions are
required for these iron meteorite samples. Their £'8?W values (parts per 10* deviations from the terrestrial value) are higher
than those measured for most other iron meteorites and range from —3.42 to —3.31, slightly elevated compared to the initial
182y /184W of Ca—Al-rich Inclusions (CAI; e'3*W = —3.51 4 0.10). The new W isotopic data indicate that core formation in
the parent bodies of the IIAB, IITAB, and IVA iron meteorites occurred ~1-1.5 Myr after CAI formation (with an uncer-
tainty of ~1 Myr), consistent with earlier conclusions that the accretion and differentiation of iron meteorite parent bodies
predated the accretion of most chondrite parent bodies. One ungrouped iron meteorite (Chinga) exhibits small nucleosyn-
thetic W isotope anomalies, but after correction for these anomalies its £'8*W value agrees with those of the other samples.
Another ungrouped iron (Mbosi), however, has elevated !82W relative to the other investigated irons, indicating metal-sil-
icate separation ~2-3 Myr later than in the parent bodies of the three major iron meteorite groups studied here.
© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Magmatic iron meteorites are interpreted as fragments
from the metal cores of small planetary bodies (Scott,
1972; Scott and Wasson, 1975) that had formed early in so-
lar system history (e.g., Chen and Wasserburg, 1990; Smo-
liar et al., 1996; Kleine et al., 2005a). Obtaining a precise
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chronology of iron meteorites, therefore, is of fundamental
importance for constraining the early history of the solar
system, and the accretion and differentiation history of
some of the earliest planetesimals. The short-lived
182Hf 182y system has proven uniquely useful for deter-
mining the timescales of core formation in planetary bodies,
because both Hf and W are refractory and exhibit very dif-
ferent geochemical behaviour during metal-silicate separa-
tion (e.g., Lee and Halliday, 1995; Harper and Jacobsen,
1996; Kleine et al., 2009). The first comprehensive Hf-W
study on iron meteorites was performed by Horan et al.
(1998), showing that the different iron meteorite parent
bodies underwent core formation within ~5 Myr of each
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other. Later studies demonstrated that magmatic iron mete-
orites derive from planetesimals that segregated their cores
very early (e.g., Kleine et al., 2005a; Scherstén et al., 2006;
Markowski et al., 2006b; Qin et al., 2008b), at about the
same time as Ca—Al-rich inclusions (CAI), the oldest yet da-
ted objects that formed in the solar system (Gray et al.,
1973; Amelin et al., 2010; Bouvier and Wadhwa, 2010).
The chronological interpretation of the H-W data for iron
meteorites is severely complicated, however, by '**W burn-
out due to capture of secondary thermal and epithermal
neutrons produced during cosmic ray exposure of the iron
meteoroids (Masarik, 1997; Leya et al., 2000, 2003). The
most obvious manifestation of these neutron capture reac-
tions is the decrease of '2W/!34W ratios of iron meteorites
with increasing cosmic ray exposure age, leading to spuri-
ously old Hf-W model ages. Neutron capture on W iso-
topes may be responsible for generating '$?W/!3*W ratios
lower than the initial W isotope composition of CAI (Burk-
hardt et al., 2008, 2012) and may also be the sole cause of
82W variations observed within individual iron meteorite
groups or even within a single iron meteorite. The reliable
interpretation of W isotopic data for iron meteorites in
terms of core formation timescales, therefore, requires the
quantification of cosmic ray-induced shifts on W isotope
compositions.

The interaction of iron meteoroids with cosmic rays did
not only cause neutron capture reactions on W isotopes but
also led to the production of cosmogenic noble gases. For
this reason, a number of studies focused on cosmogenic no-
ble gases and published cosmic ray exposure ages to correct
measured W isotope compositions for cosmic ray-induced
shifts (Kleine et al., 2005a; Scherstén et al., 2006; Markow-
ski et al., 2006a; Qin et al., 2008b). For instance, Markow-
ski et al. (2006a) used *He abundances in conjunction with
independently determined exposure ages to correct mea-
sured W isotope compositions in Carbo (IID) and Grant
(ITIAB). However, the corrected '$*W/'3*W of these two
iron meteorites still are lower than the initial W isotope
composition of CAI (Burkhardt et al., 2008, 2012). At face
value this would indicate core formation of the respective
parent bodies to predate CAI formation. However, more
likely this strongly suggests that the correction procedure
employing *He did not fully account for cosmic ray-induced
W isotope shifts. Qin et al. (2008b) estimated lower and
upper bounds of '8?W/'*W ratios for several groups of
magmatic iron meteorites and modelled a maximum ex-
pected cosmogenic W isotope effect for a given exposure
age. For all iron meteorite groups the upper bounds on
182y /184w were found to be higher than the presently ac-
cepted initial '8*W/'8*W of CAI (Burkhardt et al., 2012),
solving the problem that some iron meteorites have mea-
sured "8?W/'3*W below the CAI initial. However, the differ-
ence between the lower and upper bounds of '8>W/'8*wW
ratios for individual iron meteorite groups remaining after
this correction corresponds to apparent 2-5 Myr intervals
of metal segregation (e.g., for IC, IIAB, IID, IIIF, IVA ir-
ons), reflecting the inherent uncertainty of current correc-
tion procedures employing noble gas systematics.

The major problem when using cosmogenic noble gases
and/or exposure ages to correct cosmic ray-induced shifts in

182y /184y is that cosmogenic noble gas production rates
reach their maximum at a shallower depth than that corre-
sponding to the maximum fluence of thermal and epither-
mal secondary neutrons. Cosmogenic noble gases are thus
not a perfect proxy for the fluence of slow neutrons.
Obtaining a precise Hf~W chronometry of iron meteorites
thus requires the development of a direct neutron dosimeter
for iron meteorites, or the identification of specimens that
remained largely unaffected by (epi)thermal neutrons.
While recent studies have shown that Os (Walker and
Touboul, 2012; Wittig et al., 2012) and Pt isotopes (Kruijer
et al., 2012) may be suitable neutron dosimeters for iron
meteorites, we here will focus on identifying iron meteorite
specimens with minor to absent (epi)thermal neutron
fluences. Such samples do not require any correction on
measured W isotope ratios and thus present key samples
for establishing a precise Hf-W chronology of iron
meteorites.

Although cosmogenic noble gases do not allow a precise
and accurate correction for cosmic ray-induced neutron
capture effects on W isotopes, they do provide very useful
constraints on the cosmic ray exposure history of meteor-
ites. In some cases noble gas data allow recognising meteor-
ites with a very low exposure age (for iron meteorite
standards). Such meteorites will have experienced a very
low (epi)thermal neutron fluence irrespective of the sample
position within the meteoroid. Therefore, in this contribu-
tion we use concentrations of cosmogenic He, Ne, and Ar
in samples of magmatic iron meteorites from different
groups as major selection criteria to identify specimens with
W isotopic compositions largely unaffected by cosmic ray
effects. New precise W isotope measurements on these sam-
ples that define '**W/'®*W values devoid of cosmic ray ef-
fects are then used to obtain improved constraints on the
timing and duration of core formation in iron meteorite
parent bodies.

2. THEORY AND APPROACH

Interactions of highly energetic (primary) cosmic ray
particles (~0.1-~10 GeV) with target atoms in meteoroids
generate a cascade of nuclear reactions. Among other prod-
ucts this yields secondary high-energy protons and neutrons
in the energy range of a few to a few hundred MeV. The pri-
mary and secondary high-energy particles produce cosmo-
genic nuclides, mostly by spallation-type reactions.
Important for this study is the production of cosmogenic
noble gas isotopes, whose concentrations are a measure
for the fluence of medium- to high-energy particles in the
sample. At the same time, the secondary cosmic ray parti-
cles are slowed down, either due to electronic stopping in
the case of secondary protons or by elastic scattering in
the case of secondary neutrons. The latter are thus moder-
ated to epithermal (~0.025 eV to a few keV) and eventually
to thermal (~0.025 eV at 293 K) energies with increasing
distance from the meteoroid surface (Lingenfelter et al.,
1972; Leya et al., 2000). Tungsten isotopes are predomi-
nantly affected by neutron capture reactions at epithermal
energies (Masarik, 1997; Leya et al., 2000, 2003), and
possess different abilities to capture epithermal neutrons,
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expressed as distinct resonance integrals (e.g., at 7= 300 K:
182y ~600 barns, '83W ~355 barns, '**W ~16 barns, %W
~520 barns; ENDFB-VI.8 300K library, 0.5eV to
1 x 10° eV). The maximum fluence of thermal and epither-
mal neutrons occurs at larger depth than the maximum pro-
duction of noble gases. Therefore, cosmogenic noble gases
are not a direct measure for neutron capture-induced shifts
on W isotopes.

As the majority of iron meteorites have been exposed to
cosmic rays for longer than 100 Myr (and up to 2 Gyr) (e.g.,
Voshage, 1978, 1984; Wieler, 2002; Eugster, 2003), the ex-
pected cosmic ray effects on W isotopes will be more pro-
nounced than in stony meteorites (e.g., Leya et al., 2000,
2003). Moreover, the iron-dominated matrix promotes neu-
tron energy spectra that are biased towards epithermal
energies (Kollar et al., 2006; Sprung et al., 2010) at which
W isotopes are most susceptible to neutron capture. In
stony meteorites and lunar rocks W isotope ratios are pre-
dominantly affected by the neutron capture reaction
BITa(n,y)82Ta(p7)!82W, resulting in elevated 'S2W/'84W
ratios (e.g., Leya et al., 2000, 2003). This reaction is respon-
sible for generating large '**W excesses in lunar rocks (Lee
et al., 2002; Kleine et al., 2005b). Since Ta is not present in
Fe-Ni metal, neutron capture reactions that have W iso-
topes as their target (e.g., 182W(n,y)lww, 183W(n,y) 54w,
AW (n,7) SSW(B ) *5Re, W(n,y)'W(B)'"*'Re) domi-
nate in iron meteorites (Masarik, 1997; Leya et al., 2000).
Neutron capture reactions in iron meteorites induce a neg-
ative shift in "8?W/'**W and a positive shift in '$*W/!8w.
The correction for instrumental mass discrimination (using
either '8SW/!33W or #oW/'8*W), however, tends to largely
cancel out the effect on '**W/!'8*W ratios, while magnifying
the effect on '8>W/!8*W._ Internal corrections for cosmic
ray-induced neutron capture effects (i.e., using W isotopes
only) are thus not possible.

Given the difficulty in quantifying cosmic ray-induced
neutron capture effects on W isotopes, the pre-exposure
182y /184y ratio of magmatic iron meteorites would ideally
be determined on samples largely unaffected by such neu-
tron capture reactions. Cosmogenic noble gases — although
not suitable for correcting neutron capture effects on W iso-
topes — are useful to identify such samples. First, in some
cases the combination of a noble gas and a radionuclide al-
lows the determination of the production rate of the noble
gas nuclide at the sample position and hence a reliable
shielding-corrected exposure age of the meteorite. Two of
the meteorites in this study (Braunau, IIAB, and Gibeon,
IVA) were selected according to their exposure ages being
below 60 Ma as determined by previous workers with this
approach (e.g., Cobb, 1966; Chang and Winke, 1969; Hon-
da et al., 2009). As demonstrated in Section 5, such samples
will have very small if any neutron capture effects on their
W isotopic composition. A third meteorite studied here
(Cape York, IIIAB) has a slightly higher exposure age of
about 90 Ma (Mathew and Marti, 2009), but we will dem-
onstrate that the W isotope compositions of the Cape York
samples investigated here also remained essentially unaf-
fected by cosmic ray effects. Overall, iron meteorites with
shielding-corrected very low exposure ages are rare,
however.

Second, noble gases in iron meteorites provide informa-
tion about meteoroid size and sampling depth, as ratios like
“He/*'Ne or *He/*He depend on these parameters (e.g.,
Signer and Nier, 1960). In the present study, such parame-
ters must be used with caution, however, because the very
low noble gas concentrations (sometimes close to blank lev-
els) often lead to large analytical uncertainties. Neverthe-
less, for most of the specimens studied here, the He, Ne,
and Ar concentration and isotopic composition analyses
permit semi-quantitative estimates on the pre-atmospheric
size, sample location in the meteoroid and maximum possi-
ble cosmic ray exposure age.

3. ANALYTICAL METHODS
3.1. Sample selection

Magmatic iron meteorites whose reported cosmogenic
noble gas concentrations are consistently at the lower end
of the range observed in iron meteorites (Schultz and
Franke, 2004) were selected for this work. The samples
investigated here include iron meteorite specimens from
four different magmatic groups (IIAB, IIIAB, IVA, IIG)
and two ungrouped iron meteorites (Tables 1 and 3). Noble
gas concentrations were re-measured for all of the meteorite
specimens investigated in this study in material that had
been in immediate contact to that used for W isotope
analysis.

3.2. Noble gas measurements

Extraction and measurement of He, Ne and Ar concen-
trations and isotope compositions were performed at the
University of Bern. Analytical procedures are outlined in
Ammon et al. (2008, 2011). Iron meteorite samples (50—
160 mg) were cut using a diamond saw, cleaned ultrasoni-
cally in ethanol (5 min), and wrapped in commercial Ni-
foil. Extraction of He, Ne and Ar was performed by heating
the samples at 1700-1800 °C in a Mo-crucible for 35 min. A
boron-nitride liner placed inside the Mo crucible helped to
avoid corrosion of the Mo crucible. Extracted gases were
cleaned using various Ti-getters and activated charcoal.
The Ar fraction was separated from He and Ne using acti-
vated charcoal (at —196 °C). Helium and Ne were measured
in a 90° sector field mass spectrometer and Ar in a tandem
mass spectrometer with two 90° magnetic sector fields. Both
non-commercial mass spectrometers have Nier-type ion
sources and are equipped with a Faraday collector and an
electron multiplier working in analogue mode. Since the no-
ble gas amounts of the studied samples are low, only elec-
tron multiplier measurements were used. Noble gas
concentrations were determined by peak height comparison
to calibrated standard gases that are isotopically similar to
atmospheric composition (only *He is elevated relative to
atmospheric composition). Calibration gases were mea-
sured before or after each sample analysis. All 2°Ne signals
were corrected for interferences from H,'%0. The sensitivity
of the mass spectrometers used in this study varies non-lin-
early as a function of total gas pressure. The measured He
and Ne amounts were corrected for this effect using
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relations between measured He and Ne isotope concentra-
tions and gas amounts that have been determined in dilu-
tion series experiments.

Blanks were measured with the same extraction and puri-
fication protocol as that used for the samples. At least one
blank was measured after each sample. Subtracted blank sig-
nals are the average of multiple blanks (n = 25). For the He
isotopes blanks were subtracted directly from raw signals.
Measured Ne and Ar isotope signals were first corrected
for trapped atmospheric noble gases using a two-component
de-convolution based on assumed atmospheric and cosmo-
genic noble gas isotope ratios (*’Ne/**Necos = 0.83;
21Ne/22NeCOS = 1, 36Ar/38ArCOS = 065, 36AI'/38AI'ATM
= 5.32) (Wieler, 2002). Cosmogenic >'Ne and **Ar amounts
were subsequently corrected for average cosmogenic contri-
butions in the blanks, stemming from previous samples.

Reported external uncertainties (1SD) of cosmogenic
noble gas concentrations represent the combined uncertain-
ties of calibration, blank and sample measurements, to-
gether with the uncertainties involved in correcting for
non-linear effects. For most of the samples these uncertain-
ties are ~5-10% for “He, 5-10% for *He, 4-25% for 21Nec,
and 6-10% for *®Ar.. However, some noble gas concentra-
tions that barely exceed background levels, and thus re-
quired large relative blank subtractions, have much larger
uncertainties approaching ~100% (Table 1). Therefore,
“He/*'Ne ratios are only reported in Table 1 if their uncer-
tainties do not exceed 30% (1SD).

3.3. Tungsten isotope analyses

3.3.1. Sample preparation and chemical separation of W

Samples of ~0.5-1 g from all selected specimens were
cut using a hand saw, thoroughly cleaned with abrasive pa-
per followed by ethanol and de-ionised water in an ultra-
sonic bath. The outermost 15-25% of each sample were
removed by leaching in 6 M HCI-0.06 M HF and a few
drops of concentrated HNO;3 on a hotplate (90-110 °C)
for 20-30 min. Complete dissolution of the samples was
accomplished in ~15 ml 6 M HCI-0.06 M HF in Savillex®
vials at 130 °C on a hotplate overnight. After complete dis-
solution, ~5% solution aliquots were taken to determine Hf
and W concentrations by isotope dilution using a mixed
O 183W isotope tracer (Kleine et al., 2004). As expected,
all samples are virtually free of Hf and have 'SCHf/!84wW
lower than ~8 x 1074,

Tungsten was separated from the sample matrix using a
modified two-stage anion exchange chromatography after
Horan et al. (1998) and Kleine et al. (2002, 2005a). The
samples were loaded onto pre-cleaned anion exchange col-
umns (4 ml BioRad® AG1X8, 200-400 mesh size) in 75 ml
0.5M HCI-0.5M HF. Most of the Fe-Ni matrix was
washed off using 0.5 M HCI-0.5 M HF, and W was eluted
in 15ml 6 M HCl-1 M HF. After the first chemical separa-
tion, samples were dried down in HNOz;-H,0, several
times, and were then re-dissolved in Sml 0.5M HCI-
0.5 M HF. The second anion exchange chromatography is
similar to the first-stage separation, but uses one instead
of 4 ml anion exchange resin and includes an additional
elution step (8 M HCI-0.01 M HF) that rinses off other

trace elements (e.g., Ag). This step was found to be neces-
sary when analysing the terrestrial metal standard (high-
sulphur steel NIST 129c), which contains significant
amounts of Ag. Silver, together with Ar and Cl, may form
molecular interferences in the W mass range, as verified by
isotope measurements of the W standard with admixed Ag.
Magmatic iron meteorites contain too little Ag to signifi-
cantly affect the W isotope analyses, however. Nevertheless,
for direct comparison to the terrestrial standard, all samples
were processed through the exact same chemical purifica-
tion procedure. After the second chromatographic step,
the W cuts were dried again, treated with HNO3;-H,O, sev-
eral times, and finally dissolved in a running solution
(0.56 M HNO3;-0.24 M HF) yielding analyte W concentra-
tions of 100 ppb (Nu Plasma) or 40-100 ppb (Neptune).
The combined W yield for the two-stage chemistry was typ-
ically ~60-80%. Total procedural blanks varied between
~30 and 130 pg W and no blank corrections were neces-
sary, given that ~150-400 ng W were analysed for each
sample.

3.3.2. Tungsten isotope measurements

Tungsten isotope compositions were measured on a
Nu Plasma MC-ICPMS at ETH Ziirich following previ-
ously published procedures (Kleine et al., 2008) and on
a ThermoScientific Neptune Plus MC-ICPMS at the
Westfilische Wilhelms-Universitdt Miinster. On both
instruments, samples were introduced into the mass spec-
trometer using a Cetac Aridus II® desolvator. Standard
Ni cones were used for all W isotope measurements (type
B sampler + type A WA skimmer on the Nu Plasma; H
cones on the Neptune Plus). Total ion beam intensities
for W varied between 1 and 2 x 107'°A at a 75 uL/
min uptake rate (Nu Plasma, 100 ppb W) and were 1.5-
5% 1071°A at a 50-100 pL/min uptake rate (Neptune
Plus, 40-100 ppb W). Small isobaric interferences of Os
on masses 184 and 186 were corrected by monitoring
interference-free '%%0s. The Os interference corrections
were generally smaller than 20 ppm and insignificant.
Only Chinga (UNG) required a larger interference correc-
tion of ~3 e-units. Instrumental mass bias was corrected
normalising  to  either  SW/33W =1.9859  or
186w /184W = 0.92767 and using the exponential law.

The 82W/"¥*W and '33W/'3*W of the samples were
measured relative to a terrestrial solution standard pre-
pared from pure W metal (Alfa Aesar; Kleine et al.,
2002, 2004). Tungsten isotope composition measurements
consisted of 40 cycles of 5s (Nu Plasma), or 200 cycles of
4.2 s integration time (Neptune Plus). Each measurement
was bracketed by analyses of the Alfa Aesar solution
standard. Baselines were measured by deflecting the ion
beam using the electrostatic analyser (ESA) for 60—
120 s. For analyses with relatively low ion beam intensi-
ties, baselines were determined on-peak using an acid
blank solution (0.56 M HNO3;-0.24 M HF). Both meth-
ods proved to yield identical results. A 3-5 min washout
using 0.56 M HNO3-0.24 M HF between two successive
measurements was sufficient to clean the sample introduc-
tion system.
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Fig. 1. Measured W isotope compositions for the terrestrial metal
standard (NIST129c) relative to bracketing analyses of the solution
standard (Alfa Aesar). (a) €'/ %W (6/4) vs. £'3/1%*W (6/4), (b) &'
183W (6/3) vs. £'5¥184W (6/3), and (c) £"¥'3*W (6/3) vs. €' ¥/ 134w (6/
3), where ‘6/3’ indicates that measured W isotope ratios were
corrected for instrumental mass bias by internal normalisation using
186w /183W  and ‘6/4’ by normalisation to 186y /184w Also shown is
the expected correlation line for a deficit in '®*W. Each data point
represents multiple solution replicates (n = 2-5) of a digestion that
was processed through the full chemical separation. Distinguished
are samples measured with the Nu Plasma and ThermoScientific
Neptune Plus MC-ICPMS. Also shown are the W isotope data for
one aliquot of the Alfa Aesar solution standard that was processed
through the full chemical separation (purple diamond), and for the
NIST 3163 solution standard, which was not processed through the
chemical separation (blue circle). Uncertainties are 95% conf. limits
of the mean. Although the uncertainties of £'**W and &'®*W (6/i) are
correlated, error ellipses were omitted in this diagram for clarity.
(For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Measured ?W/'¥*W and '®3W/!3*W ratios of samples
are reported as e-unit (i.e., parts per 10%) deviations relative
to the bracketing standard analyses. Reported are mean
e!®2W and &'**W values of pooled solution replicates
(n=2-9) at an external reproducibility of <0.2 g-units
(95% confidence limits of the mean) in most cases. The
accuracy of the measurements was investigated through
analysis of a terrestrial standard (high sulphur steel
NIST129c) that was processed through the same purifica-
tion procedure as the iron meteorite samples. Also, alterna-
tive isotope ratios ("W/!¥W and '®?W/!%*W) and
normalisation ratios for instrumental mass bias correction
(18W/I183W, <6/3’ and '8SW/'8*W, “6/4’) were monitored
and are used to assess possible matrix effects or artefacts.

4. RESULTS
4.1. Cosmogenic noble gases

The cosmogenic noble gas concentrations for the samples
from this study are presented in Table 1. As anticipated, cos-
mogenic noble gas concentrations (index ‘c’) in most sam-
ples were found to be near the low end of the range
observed in iron meteorites (Schultz and Franke, 2004).
About half of the samples analysed here have 2! Ne, concen-
trations below <0.01 x 10" cm®STP/g, while another
group of samples shows slightly higher ' Ne, values between
0.01 and 0.7 x 1078 cm’STP/g. In contrast, one of the Sikh-
ote Alin samples (SA01) contains ~2.6 x 1072 cm>STP/g of
2INe.. Since cosmogenic ?Ne cannot be determined directly
we cannot discuss cosmogenic 2*Ne/?'Ne ratios and, there-
fore, cannot correct the 2'Ne, concentrations for contribu-
tions from possible phosphorous and/or sulphur
inclusions. This might in principle somewhat compromise
the quality of the *'Ne, data and the discussion of pre-atmo-
spheric sizes and exposure ages. However, given the consis-
tency of the dataset (see below), we consider any
contributions to ?'Ne, from sulphur and/or phosphorus
inclusions to be small for the meteorites studied here.

4.2. Tungsten isotopes

4.2.1. Terrestrial standard

The W isotopic data for the terrestrial standard
(NIST129c) are provided in Table 2 and Figs. 1 and 2. The
¢! "W values are given for different W isotope ratios
(182w /183wy 182y /184y 1839y /184yw) and for different nor-
malising ratios (‘SSW/'*W or '3*W/!34W, subsequently
marked as (6/3)” and ‘(6/4)’, respectively). All eight measure-
ments for NIST 129¢ — each of which represents the average
of 2-5 measurements of a single sample that was processed
through the full chemical separation — show small but
resolved positive ! 183w (6/3) (up to +0.27) and negative
g!$¥184hy (6/3) (down to —0.14) anomalies. These effects
are observed for measurements performed both on the
Neptune Plus (WWU Miinster) and on the Nu Plasma
MC-ICPMS (ETH Ziirich). The average of all eight mea-
surements of the NIST129c standard yields mean g!8¥/183w
(6/3) = +0.14 £ 0.05, '%%'%*W (6/3) = +0.08 & 0.03, and
eS8 W (6/4)=—0.10 £0.04 (SE 95% conf., n=15).
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Fig. 2. External reproducibility of £'8*W for the terrestrial metal standard (NIST129c). (a) !5/ 183y (6/3), (b) g8/ 184y (6/3), and (c) s
184W (6/4). Each data point represents multiple solution replicates (n = 2-5) of a digestion that was processed through the full chemical
separation. For normalizations involving '®*W (i.e., those that are potentially affected by a mass-independent effect), both the corrected and
uncorrected £'%*W values are shown. Error bars on individual data points are 95% conf. limits of the mean. The hashed area shows the

external reproducibility of the NIST129¢ standard analyses (2SD).

Thus, while both ¥2W/'¥3W (6/3) and "$?W/'**W (6/3) val-
ues are elevated, the '3*W/'3*W ratio is lower than that of
the solution standard. The anomaly in g!8/183y (6/3) is twice
that in £'%/134W (6/3), while the anomalies in £'%*/'%*W (6/3)
and ¢'8¥/184w (6/3) are identical. At the same time no anom-
aly is apparent in g8 184y (6/4) with an average value iden-
tical to zero (¢'%%'%*W (6/4) =0.01 & 0.10, 2SD, n = 15).
Thus, only W isotope ratios involving '**W yield inaccurate
results, while the '**W/'®*W ratio (6/4) is not affected. This
indicates that the slight offset observed for the NIST129¢
data is caused by a mass-independent W isotope fraction-
ation of the odd isotope '**W from the even isotopes '%*W,

184w and '®*W. The same negatively correlated shifts in
¢'$18%W (6/3) and £'8¥'3*W (6/3) relative to the unpro-
cessed solution standard have been observed by Willbold
et al. (2011) for W isotope measurements on terrestrial
silicate samples.

The observed '*W isotope effect in the terrestrial metal
standard may reflect an anomalous isotope composition of
the bracketing solution standard (i.e., Alfa Aesar) relative
to the true terrestrial composition. However, an aliquot of
the Alfa Aesar solution standard passed through the
full chemical separation produced identical anomalies to
those observed for the metal standard (NIST129¢) (Fig. 1
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and Table 2). Furthermore, another solution standard
(NIST3163) yields a W isotope composition identical to that
of the Alfa Aesar standard (Fig. 1). An anomalous W
isotope composition of the Alfa Aesar solution standard,
therefore, cannot be the cause of the mass-independent
183W effect observed for the NIST 129¢ metal standard. This
effect must rather be related to processes during sample
preparation and W purification and we concur with
Willbold et al. (2011) that a mass-independent isotope
fractionation between odd (i.e., '**W) and even W isotopes
(ie., '82W, 84w and '86W) associated with W-loss during
re-dissolution of purified W in Savillex vials is causing the
observed '83W deficits.

The mass-independent '8*W effect on terrestrial stan-
dards and meteorite samples can be corrected by using dif-
ferent normalisation schemes for the W isotope
measurements. For example, the terrestrial metal standards
analysed in this study plot on a line with a slope of ~—2 that
is predicted for '**W deficits in g8 183w (6/3) vs. g!8¥/184y
(6/3) space (Fig. 1b). Likewise, the data plot on a line of
slope ~—1 in e'3%184W (6/3) vs. £!%¥/1%4W (6/3) space, again
consistent with the predicted effect of a '8*W deficit (Fig. 1c).
For all samples, measured g!8¥/183w (6/3) and g8/ 184y
(6/3) values can thus be corrected using the measured
e$¥184W (6/3) and the relations &5¥"*W (6/3)cor. =
Y IBW (6/3)0e — (=2) x £15139W (6/3) and &% 184w
(6/3)c0rr. = 8182/184W (6/3)meas. - (71) X 8183/184w (6/3)
(Table 2). The corrected g!8/183w (6/3) and g8 184y
(6/3) values are identical to the measured &'*%/'%*W (6/4),
indicating that the corrections are accurate (Fig. 2).

4.2.2. Iron meteorites

Tungsten isotope compositions for the iron meteorite
samples are displayed in Table 3 and Figs. 3 and 4. The
co-variation of £!*/18%W (6/3) and &'*¥/'®*W (6/3) mea-
sured for the iron meteorites (Fig. 3) is similar to the corre-
lated effects observed for the terrestrial metal standard
(NIST129c¢) (Fig. 1). While many of the samples analysed
here have &"*¥/1%w indistinguishable from the terrestrial
value (i.e., the Alfa Aesar solution standard), about half
of the samples exhibit small &!83/184W deviations that are re-
solved from the terrestrial value. These samples also show
differences of similar magnitude in their £'5*W values calcu-
lated using different normalisation schemes (Fig. 3).

For all iron meteorite samples investigated here
(except Chinga) the difference between g!8/184y (6/3) and
g!8¥/184y (6/4) is identical to the negative anomaly
observed for £'%*W (6/3) (Table 3). Similarly, the difference
between &'*¥'*W (6/3) and £'%'84W (6/4) corresponds to
twice the anomaly observed for &'**W (6/3). These system-
atic W isotope shifts are the same as those observed for the
NIST129¢ standard, and are also in agreement with the
predicted effects for a deficit in '**W (Fig. 3). This strongly
suggests that the observed mass-independent '83W effects in
the NIST129¢ data and the iron meteorite samples have the
same origin. The iron meteorite data can thus be corrected
using the same approach employed above for the NIST129¢
standard. The corrected £'%%'*W (6/3) and "¥'*3W (6/3)
values are shown in Table 3, and are in excellent agreement
with the &'81%4w (6/4) values directly measured for the
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Fig. 3. €'%2W—¢!®*W variation for iron meteorite samples analysed
in this study: (a) &'5/'%*W (6/4) vs. £"*¥/13*W (6/4), (b) £'*/'%*W (6/
3) vs. g!83/184yy (6/3). Error bars indicate 95% conf. limits of the
mean (n =2-9). Also shown are: (i) the expected correlation line
for the mass-independent effect (i.e., a deficit in '®*W); (ii) the
expected correlation line for variations in s- and r-process W
isotopes calculated using the stellar model from Arlandini et al.
(1999); and (iii) model arrays (small grey squares) for neutron
capture effects on W isotopes in iron meteoroids. The solid lines
intersect at an ordinate value of '8?W = —3.35, which is approx-
imately the average value for the investigated iron meteorites
groups. Although the uncertainties of e'*'W and '*¥1%w (6/1)
are positively correlated, error ellipses were omitted in this diagram
for clarity.

iron meteorites. This again demonstrates that, as for the
NIST 129¢ data, the correction for the mass-independent
183W effect is accurate. We nevertheless emphasise that
the main conclusions of our study are not compromised
by the mass-independent '**W effect present in some of
the sample measurements, because the chronological inter-
pretation of the Hf-W data is entirely based on g8/ 184y
(6/4) values (i.e., the W isotope ratio not involving 183w),
which do not show this effect and, hence, do not require
any correction at all.
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Fig. 4. g8/ 184y (6/4) for the iron meteorite samples investigated
in this study. Distinguished are samples with low exposure ages
whose W isotope compositions are unaffected by cosmic ray effects
(filled symbols) and samples which have longer exposure times and/
or whose £'8?W was lowered as a result of cosmic ray interactions
(open symbols). For Chinga (UNG) the £'®*W corrected for
nucleosynthetic isotope anomalies is shown. The vertical hashed
area represents the CAl initial of £'8*W = —3.51 + 0.10 (Burkhardt
et al., 2008, 2012). Error bars indicate 95% conf. limits of the mean.

The iron meteorite samples from groups IIAB, IITAB
and IVA with the lowest noble gas concentrations display
a narrow range of g!8/184y (6/4) values, from —3.42 to
—3.31 (Table 3), slightly higher than the current best esti-
mate for the initial W isotope composition of CAI
['®*W = —3.51 4 0.10; Burkhardt et al. (2012)]. In general,
samples with higher noble gas concentrations tend to have
lower £'%W values (Tables 1 and 3). Among these samples,
Sikhote Alin (ITAB, sample SA02) stands out by having
!82W significantly below the initial W isotope composition
of CAI. The two ungrouped iron meteorites analysed here
(Chinga and Mbosi) have £'®?W significantly higher (up
to ~0.4 e-units) than those observed for samples from the
major groups of investigated magmatic iron meteorites
(Figs. 3 and 4; Table 3). One of the ungrouped iron meteor-
ites (Chinga) stands out by also having a positive &'®*W
anomaly resolved from zero.

5. DISCUSSION

5.1. Identifying iron meteorite samples with very low fluences
of (epi)thermal neutrons

Very low concentrations of cosmogenic noble gases in an
iron meteorite sample may be the result of a low exposure

age or of a heavily shielded location in a large meteoroid.
In the first case, W isotope compositions will essentially be
unaffected by cosmic rays irrespective of meteoroid size
and sample position. A sample from a large meteoroid
may also be unaffected by cosmic rays, regardless of its
exposure age, if it was located deep enough in the pre-atmo-
spheric body such that not only the high energy particle flu-
ence but also the epi(thermal) neutron fluence were strongly
attenuated. However, if a sample was irradiated at some
intermediate depth where the high energy particle flux was
already low but the (epi)thermal neutron flux was still high,
noble gas concentrations in the sample may underestimate
the modification of its W isotopic composition by neutron
capture effects. Model calculations for neutron capture ef-
fects on W isotope compositions suggest that for a spherical
iron meteoroid with an exposure age of 60 Ma, the maxi-
mum cosmic ray induced decrease in &!**W would be
~0.09 e-units [calculated using the nuclide production mod-
el described for noble gases and several radionuclides by
Ammon et al. (2009) and Leya and Masarik (2009)], which
is close to our average analytical uncertainty (Tables 2 and
3). This maximum cosmogenic effect would be reached in
the centre of an iron meteoroid with a radius of 85 cm. As
for all other meteoroid sizes and sample depths the correc-
tion would be — partly considerably — smaller than 0.09 -
units, we consider the measured W isotopic composition in
meteorites with exposure ages <60 Ma unaffected by
neutron capture effects. In the following paragraphs we
therefore evaluate which of the meteorites studied here can
be assigned exposure ages below 60 Ma (Table 4). We will,
at this stage, assume that all samples were subjected to a sin-
gle stage exposure history to cosmic rays, i.e., we assume
that the entire fluence of (epi)thermal neutrons in any sam-
ple was acquired at the same shielding and over the same
time interval as the entire fluence of the high energy particles
producing cosmogenic noble gases. We will later discuss the
validity of this assumption in light of the W isotope data.
We furthermore assume a temporally constant primary cos-
mic ray flux (cf. Wieler et al., 2011).

Braunau (IIAB, 39 kg) has a shielding-corrected very
low exposure age of approximately 8 Ma, determined with
the cosmogenic nuclide pairs *Ar—*%Ar, **Cl-'°Be and
30C1-Ar, respectively (Cobb, 1966; Chang and Winke,
1969). According to the model calculations by Ammon
et al. (2009), the noble gas concentrations of the investi-
gated sample (e.g, *'Ne,=0.17; *¥Ar,=0.65x 1078
em’STP/g) indicate production rates as expected for a
meteoroid with a radius of <15cm, consistent with the
recovered mass of Braunau. The very low “He/?'Ne ratio
of ~150, although not precise, also hints at a relatively
small pre-atmospheric size. The low exposure age and small
pre-atmospheric size indicate that the W isotope composi-
tion of Braunau certainly remained unaffected by cosmic
ray effects. The maximum shift in &'8*W predicted by our
neutron capture model for a meteorite having Tcrg = 8 Ma
corresponds to ~—0.01 e-units (Table 4).

Cape York (IITIAB) is a large (>58,000 kg; pre-atmo-
spheric radius >1.2m) and well-studied iron meteorite.
Our three noble gas analyses on samples from two different
specimens (CY01 and CY02) yield similar concentrations at
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Table 4
Summary of iron meteorite samples with minimal cosmic ray effects.
Meteorite 1D Radius®  Cosmic-ray exposure age (TCRE)b Max. Measured Atcar
AS]RZWGCRC £182w
[cm] [Ma] Method (model) [£95% conf.]  [Myr]

ITIAB irons

Braunau MO03  <I5 ~8 FAr-3BAr, 3C1-"°Be and **CI-*%Ar (1)  <-0.01 —3.40 + 0.05

Edmonton, Canada  A02 <120 <60 Production rates (4) <-0.09 —3.38 £0.07

Mean IIAB 3394008 +1.07%
IITAB irons

Cape York (CY0l) A0l >120 82+7 'PL'Xe (2) <—0.08 —3.36 4 0.05

Cape York (CY02) GO2a =120 82+7 I'PXe (2) <—0.08 —3.39+0.17

Mean I11AB -337+£0.14  +1.2703
IVA irons

Gibeon ‘102’ C04 =90 <50 19Be2"Ne (3) <=0.07 —3.31 +0.08

Muonionalusta A04 <120 <6 Production rates + noble gases (4) <-0.01 —3.33+£0.07

Gibeon ‘Railway’ A03 >90 <50 10Be 2Nk (3) <=0.07 —3.42 +0.08

Mean IVA (excl. ‘Railway’) -3.32+0.08 +1.6'))
Ungrouped irons

Chinga MOl <60 <40 Production rates + noble gases (4) <-0.05 -3304+0.17 4+1.87}%3

Mbosi M02 <120 <6 Production rates + noble gases (4) <-0.01 ~3.09+0.03  +3.9%07

Tombigbee River (I11G) is not shown as it likely had a complex exposure history and its W isotope composition was likely modified by cosmic

rays (Section 5.3).

# Pre-atmospheric radius for a spherical meteoroid, based on either the total recovered mass (lower bound), or noble gas systematics (upper

bound).

® Cosmic-ray exposure ages (or upper and lower bounds thereof) and the method(s) used for determining these ages. References: (1) Cobb
(1966); Chang and Winke (1969); (2) Mathew and Marti (2009); (3) Honda et al. (2009); (4) Ammon et al. (2009)/this study.
¢ Model prediction for maximum cosmic-ray effect on £'8?W for given Tcgrg (Ma), pre-atmospheric radius, and “He/*'Ne (if determined).

the very low end of the range of values observed in iron
meteorites (Table 1), in agreement with other Cape York
analyses (Schultz and Franke, 2004). A shielding corrected
1291_129% e exposure age of 824 7 Ma was determined by
Mathew and Marti (2009), slightly higher than the 60 Ma
limit mentioned above. However, according to the nuclide
production model of Ammon et al. (2009) and Leya and
Masarik (2009), in a » = 1.2 m meteoroid the maximum
cosmic ray-induced decrease in 'S?W/!3*W for a 82 Ma
exposure age is ~0.08 &'%*W, even marginally lower than
the limit of 0.09 £'3?W tolerated here. We therefore include
Cape York into our set of ‘low exposure age meteorites’
(Table 4).

Gibeon (IVA) is a large iron meteorite (>26,000 kg; ra-
dius >0.9 m). Reported noble gas concentrations are vari-
able, yet again near the low end of the range observed for
iron meteorites (Schultz and Franke, 2004). The Gibeon
samples analysed here also have varying noble gas concen-
trations (Table 1). In a comprehensive study, Honda et al.
(2009) report shielding-corrected 2'Ne—'"Be cosmic ray
exposure ages for a large number of Gibeon specimens.
These authors identified two groups of samples, one with
only loosely defined but low (~10-50 Ma) and another with
high (~300 Ma) exposure ages. Honda et al. (2009) con-
clude that Gibeon had a complex exposure history. The
samples with low nominal exposure ages (<50 Ma) thus
presumably were largely shielded from highly energetic cos-
mic rays prior to their second (meteoroid) exposure stage

and thus likely also had seen a considerably lower (epi)ther-
mal neutron fluence than the samples of the other group.
The *'Ne analyses for Gibeon specimens “99°, ‘102’ and
‘Railway’ from Honda et al. (2009) are in agreement with
our 2'Ne results for exactly these samples (Table 1). Honda
et al. (2009) interpreted the samples ‘Railway’ and ‘102’ to
belong to the low exposure age group (<50 Ma). We thus
expect cosmic ray effects on W isotopes to be minimal for
these samples, assuming a low (epi)thermal neutron fluence
for the two samples during the first exposure stage (i.e., for
the low noble gas group the above assumption that the total
fluences of high energy- and (epi)thermal particles were
both acquired at the same constant shielding can be ex-
pected to be correct). The maximum negative shift in
e!82W predicted by the neutron capture model for
Tcre = 50 Ma and r > 0.9 m corresponds to —0.07 e-units.
As minor — albeit not resolved — variations might thus be
expected, the sample with the most elevated &'%°W, i.e.,
Gibeon ‘102°, will be taken as representative for Gibeon be-
fore exposure to cosmic rays. The other two Gibeon sam-
ples analysed here (‘Egg’ and ‘99’) have higher noble gas
concentrations than the ‘Railway’ and ‘102’ specimens.
Although in absolute terms the concentrations of ‘Egg’
and ‘99’ are still low, these two specimens supposedly be-
long to the second group recognised by Honda et al.
(2009) with an exposure age of approximately 300 Ma.
The W isotope compositions of these two samples may thus
have been modified by cosmic ray effects.



T.S. Kruijer et al. / Geochimica et Cosmochimica Acta 99 (2012) 287-304 299

No shielding-corrected exposure ages based on pairs of a
radioactive and a stable cosmogenic nuclide are available
for Edmonton, Canada (IIAB, pre-atmospheric mass
>7kg), Muonionalusta (IVA, >230kg), Tombigbee River
(IIG, >43kg), Chinga (UNG, >200kg), and Mbosi
(UNG, >16,000 kg). However, it seems likely that all these
meteorites owe their low noble gas concentrations primarily
to a low exposure age rather than a very high shielding. For
Tombigbee River and Chinga a rough maximum pre-atmo-
spheric radius of ~60 cm (Ammon et al., 2009) can be esti-
mated from the upper limit of the *He/*'Ne ratio of ~300
(Table 1). The minimum >'Ne production rate in the centre
of meteoroids of this radius is ~0.19 x 107!° cm®*STP/g Ma
(Ammon et al., 2009). This yields maximum one stage cos-
mic ray exposure ages of ~40 Ma for both Tombigbee Riv-
er and Chinga. For Edmonton, the uncertainty of the
“He/*'Ne ratio is too large to obtain an estimate of the
maximum pre-atmospheric radius. However, assuming that
the Edmonton sample originated from close to the centre of
an iron meteoroid with a pre-atmospheric radius of 120 cm,
which is the largest object modelled by Ammon et al.
(2009), yields an maximum possible one stage exposure
age of ~60 Ma. With the same assumption we arrive at
upper limits of ~6 Ma for the exposure ages of Muonion-
alusta and Mbosi for which 2'Ne.,s was below detection
limit, if we additionally assume these samples to have had
a 2'Ne,,s concentration of 1 x 107! cm3STP/g, i.e., the
lowest value we were able to measure in one of our samples
(Gibeon ‘Railway’). Thus, for all these samples cosmic ray
effects on W isotopes can be expected to be minimal and
smaller than our analytical resolution for '32W/'%4w.

Sikhote Alin (27,000 kg; radius >0.9 m) has a *°K-K
exposure age of 430 Ma (Voshage, 1984). Hence, Sikhote
Alin is the only meteorite in this study with an unequivo-
cally high exposure age. The samples investigated here
(SAO01 and SA02) presumably derive from rather near the
surface of this large meteoroid, as suggested by their
“He/*'Ne ratios of ~215 and 250 (Ammon et al., 2009).
Also, sample SA01 has by far the highest noble gas concen-
trations observed in this study and even contains an order
of magnitude more gas than the two SA02 samples. Signif-
icant cosmic ray effects on W isotopes can thus be antici-
pated in SAO1 but possibly also in SA02.

In summary, the samples with shielding-corrected expo-
sure ages <60 Ma as deduced by pairs of stable and radio-
active nuclides [Braunau and Gibeon (‘102 and ‘Railway’)],
as well as Cape York with its 82 Ma exposure age are ex-
pected to have a W isotopic composition not modified by
epi(thermal) neutron capture reactions beyond the present
analytical uncertainty of ~0.1 & "W (95% conf.), and
any corrections should mostly be lower than this value (Ta-
ble 4). Five other meteorites (Edmonton Canada, Muon-
ionalusta, Tombigbee River, Chinga, and Mbosi) very
likely also have low noble gas based exposure ages and
hence should be expected to have W isotope compositions
that are unaffected by cosmic rays within our current ana-
lytical resolution. We will discuss below, however, that
Tombigbee River may have to be excluded from this group,
because our assumption of a single stage exposure history
to cosmic rays does not seem to be valid for this sample.

The W isotope compositions of Sikhote Alin (samples
SAO01 and SA02), and possibly also Gibeon (99’ and
‘Egg’) will likely have been modified more strongly by neu-
tron capture. We emphasise that for the following discus-
sion we use only measured $*W/'8*W, without any
attempt to correct for neutron capture effects.

5.2. Core formation ages for samples with minimal cosmic
ray effects

A model time of metal-silicate separation (i.e., core for-
mation) in iron meteorite parent bodies can be calculated as
the time of Hf-W fractionation from an unfractionated,
chondritic reservoir. The model age of core formation is
conveniently expressed as the time elapsed since formation
of CAI and is calculated using the relation

(Slgzw)Sample - (8182W)Ch°ndriles
(EISZW)SSI — (Slng)Chondriles

in which 1 is the !"?Hf decay constant of
0.078 + 0.002 Myr~'  (Vockenhuber et al, 2004),
"W hondrites 18 the present-day e'®2W of chondrites
("W = —1.9 4 0.1) (Kleine et al., 2002, 2004; Schénberg
et al., 2002; Yin et al., 2002), algzwsample is the ¢'%?W value
of an iron meteorite, and &'%*Wgg; is the solar system initial
W isotopic composition as determined from a Hf-W iso-
chron for CAI (Burkhardt et al., 2008, 2012). The current
best estimate for this value is &'Wgg = —3.51 £0.10
(Burkhardt et al., 2012). Note that this value is lower than
that used previously (Burkhardt et al., 2008), as a result of
correcting the CAI data for nucleosynthetic isotope anom-
alies (Burkhardt et al., 2012).

As pointed out in Section 5.1 the fluence of (epi)thermal
neutrons is expected to have been minimal for many of the
investigated samples. This applies to the meteorites that
have shielding-corrected known low exposure ages (i.e.,
Braunau, Gibeon ‘102’ and ‘Railway’, Cape York) as well
as further samples with most likely low exposure ages
(Edmonton Canada, Muonionalusta, Tombigbee River,
Chinga, and Mbosi). The ungrouped irons Chinga and
Mbosi will be discussed in Section 5.3. With the exception
of Tombigbee River, all samples with low noble gas based
exposure ages indeed show &!'8?W values identical to each
other within our analytical resolution (i.e., ~0.1 ¢ units),
and slightly higher than the initial W isotope composition
of CAI (Fig. 4). In contrast, samples for which the noble
gas systematics indicate exposure ages of several hundred
Ma (i.e., Sikhote Alin, and the two Gibeon specimens ‘99’
and ‘Egg’ with a discernible long first exposure stage) dis-
play more negative and more variable £'%*W values. Sample
SA02 from Sikhote Alin has a &'®*W value significantly
lower than the initial W isotope composition in CAI. Thus,
the low values of both Sikhote Alin and the two Gibeon
specimens ‘99’ and ‘Egg’ are reasonably explained as the re-
sult of W burnout resulting from cosmic ray-induced
neutron capture reactions.

The only data point in Fig. 4 not perfectly fitting the
overall picture is that of Tombigbee River, whose &!3?W
value is slightly lower than the CAI initial and significantly

1
Atcar = _/_lln{ (1
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Fig. 5. Mean &'®*W for samples with low cosmic ray exposure ages
for the IIAB, IIIAB, IVA iron meteorite groups. The upper axis
shows the timing of core formation relative to the formation of
CAI [ie., %W = —3.51 4+ 0.10; (Burkhardt et al., 2008, 2012)].
Shown for comparison are the corrected £'**W values obtained in
previous studies that employed cosmogenic noble gas systematics
or theoretical models of more strongly irradiated meteorites to
correct for cosmic ray effects (2: Markowski et al., 2006a; 1:
Qin et al., 2008b). Note that the uncertainty on the initial
W isotope composition of CAI is excluded from the error bars
on the calculated ages, but instead is shown separately (hashed
area).

lower than values of any other sample for which the noble
gas systematics indicate a low exposure age. Complex
exposure histories are not uncommon among iron meteor-
ites (e.g., Welten et al., 2008). One explanation for this dis-
crepancy, therefore, is that — contrary to our assumption in
Section 5.1 — Tombigbee River had a complex irradiation
history, shielded in a first stage deeply enough to have seen
only a relatively small fluence of high-energy cosmic ray
particles but discernible amounts of (epi)thermal neutrons.
However, for all other samples for which cosmic ray effects
on W isotopes are expected to be minimal, the perfect con-
sistency between W isotopic data on the one hand and cos-
mogenic noble gas or radionuclide data on the other
strongly indicates that our basic assumption here is valid:
samples identified as having a low cosmic ray exposure
age have experienced a negligible fluence of (epi)thermal
neutrons. Among our low exposure age group of meteor-
ites, Tombigbee River thus appears to be the only meteorite
with a complex exposure history.

The mean £'%/184w (6/4) values of the investigated iron
meteorite samples with low exposure ages and negligible
cosmic ray effects are —3.39 +0.08, —3.37 +0.14, and
—3.32 £ 0.08 (£95% conf.) for the ITAB, IIIAB, and IVA
iron meteorite groups (Tables 3 and 4; Fig. 5). These values
are in excellent agreement with results from a previous
study that used theoretical models and noble gas systemat-
ics to correct for cosmic ray-induced effects (i.e., IIAB:
—3.30 £0.10; IITAB: —3.34 £0.06; IVA: —3.36 +0.07,
Fig. 5; Qin et al., 2008b), indicating that this procedure
quantitatively corrected for the effects of '*?W burnout in
the ITAB, IIIAB and IVA iron meteorites. Nevertheless,

in contrast to the samples investigated in previous studies,
the weakly irradiated samples identified here require no
correction for cosmic ray effects on their W isotopic compo-
sitions. As such, these samples are of paramount impor-
tance to establish a precise Hf~W chronometry of iron
meteorites.

Core formation ages deduced from the measured €'5>W
values of the ITAB, IITAB, and IVA irons having negligible
cosmic ray effects are displayed in Fig. 5. The core forma-
tion ages, calculated relative to a solar system initial
e!%2W = —3.51 £ 0.10 (Burkhardt et al., 2012), correspond
to +1.0"} ) Myr for the ITAB, +1.2*} Myr for the IIIAB,
and +1.6" ) Myr for the IVA iron meteorite parent bodies.
The uncertainty on these ages includes the uncertainty on
the mean &'8*W for each iron group, and the uncertainties
on the CAI initial and the present-day £'*?W of carbona-
ceous chondrites Eq. (1). The core formation ages for the
IIAB, IITAB and IVA iron meteorite parent bodies are
indistinguishable from each other and indicate that metal
segregation in these bodies occurred within less than
~1 Myr of each other. It is noteworthy that unlike the neg-
ative model ages reported in several previous studies, the
core formation ages obtained here are positive. This does
not only reflect the fact that the iron meteorite samples used
here have only negligible cosmic ray effects, but is also due
to the recent downward revision of the initial £'3*W of CAI
(Burkhardt et al., 2012).

The new Hf-W results from this study confirm earlier
conclusions that accretion and core formation in the par-
ent bodies of at least the IIAB, IIIAB, and IVA iron
meteorites predated chondrule formation and the accre-
tion of chondrite parent bodies (cf. Kleine et al.,
2005a). From the new Hf-W ages and using the model
for 2°Al heating of planetesimals from Qin et al.
(2008b), we can infer accretion time scales for the 1TAB,
IIIAB, and IVA iron meteorite parent bodies, indicating
that these bodies most likely formed within less than
~1Myr after CAI formation and no later than
~1.5 Myr after CAI formation. In contrast, the parent
bodies of chondrites appear to have formed later, as con-
strained by age differences between CAI and chondrules
based on U-Pb and Al-Mg isotope systematics (Kita
et al., 2000; Amelin et al., 2002; Kunihiro et al., 2004;
Rudraswami and Goswami, 2007; Kurahashi et al.,
2008). Note that chondrule formation must have pre-
dated accretion of chondrite parent bodies, so that chon-
drule formation ages correspond to the earliest possible
accretion time for a given chondrite parent body. Avail-
able Al-Mg ages for chondrules from ordinary chondrites
(L, LL) as well as CO and CR chondrites (Kita et al.,
2000; Kunihiro et al., 2004; Kurahashi et al., 2008; Hut-
cheon et al., 2009; Kita and Ushikubo, 2012) indicate
that at least these chondrite parent bodies accreted more
than ~2 Myr after CAI formation, i.e., ~1 Myr later
than the ITAB, IITAB and IVA iron meteorite parent
bodies. It is noteworthy that some chondrules separated
from the CV chondrite Allende appear to be as old as
CAI (Connolly, 2011), suggesting that some chondrite
parent bodies may have accreted as early as the iron
meteorite parent bodies.
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5.3. Tungsten isotope anomalies and Hf~W chronometry of
ungrouped iron meteorites

Apart from cosmic ray-induced shifts, the W isotopic
composition of iron meteorites may vary due to the pres-
ence of nucleosynthetic isotope anomalies. Nucleosyn-
thetic heterogeneity among bulk iron meteorite samples
has been reported for several elements like Ni, Ru and
Mo (Dauphas et al., 2002; Regelous et al., 2008; Chen
et al., 2010; Burkhardt et al., 2011). Bulk nucleosynthetic
W isotope variations have so far only been identified in
CAI from Allende (Burkhardt et al., 2008, 2012) and in
some members of the IVB group and ungrouped mag-
matic iron meteorites (Qin et al., 2008a). These anomalies
could either be explained by a deficit in s-process or an
excess in r-process W isotopes. Such nucleosynthetic het-
erogeneity could significantly affect €!%?W and produces
correlation lines in diagrams of &'®W vs. &'%W, whose
slopes depend on the normalisation used (Burkhardt
et al., 2012) (Fig. 3).

The two ungrouped iron meteorites studied here
(Chinga and Mbosi) show elevated £'**W (up to ~0.4
g-units) in comparison with samples from the major groups
of investigated magmatic iron meteorites (Figs. 3 and 4;
Table 3). In addition, Chinga also displays elevated e!8w
of +0.26 (Fig. 3). The higher £'3°W in this meteorite may
thus be the result of a nucleosynthetic W isotope anomaly
rather than a relatively young core formation age of its
parent body. The &'*/'8*W and &"¥'3*W (6/3) values
of Chinga correlate as expected for s-process deficits
(or r-process excesses) relative to the terrestrial composition
(Fig. 3) and are consistent with nucleosynthetic effects in
W isotopes observed for one other ungrouped iron
meteorite (Deep Springs; Qin et al., 2008a). Correcting
the measured &'$%'%4wW (6/4) of Chinga using the &'$?W-
!83W relation for a variable distribution of s- and r-process
isotopes, yields &'%?W,,,, = —3.30 £0.17, in close agree-
ment with the measured values of the IIAB, IIIAB and
IVA iron meteorite groups (Fig. 4). Thus, there appears
to be no resolvable age difference between Chinga and
samples from the major magmatic iron meteorite groups
(Table 4).

In contrast to Chinga, Mbosi does not show evidence for
nucleosynthetic isotope variation as no anomalies are ob-
served in '®3W. The measured £'%*W of Mbosi, therefore,
indicates that this iron meteorite is slightly younger
(Atcar = +3.9 £ 0.9 Myr) than the other meteorites studied
here. If Mbosi derived from the metallic core of a differen-
tiated parent body, then core formation in this object oc-
curred ~2-3 Myr later than in the ITAB, IIIAB and IVB
iron meteorite parent bodies. In this case, core formation
in the iron meteorite parent bodies occurred over a longer
time interval than given by the Hf-W ages for the major
groups of magmatic irons. Alternatively, Mbosi may have
formed by a more localised metal-silicate separation event
akin to those recorded in the non-magmatic iron meteor-
ites. The metal-silicate separation age for Mbosi would in
that case be consistent with ages reported for some non-
magmatic iron meteorites (e.g., Kleine et al., 2005a; Schulz
et al., 2012).

6. CONCLUSIONS

This study demonstrates that the cosmogenic noble
gases He, Ne, and Ar are suitable for identifying iron mete-
orite specimens with likely minimal cosmic ray effects on W
isotopes, especially if meteorites with low cosmic ray expo-
sure ages (i.e., <60 Ma) can be identified. Based on noble
gas data we selected several magmatic iron meteorite sam-
ples (including ITAB, IITAB, IVA and IIG, as well as two
ungrouped iron meteorites) that were expected to show
no resolvable cosmic ray-induced effects on their W isotope
compositions. With the exception of the IIG meteorite
Tombigbee River all these samples have e'32W values iden-
tical to each other within our analytical resolution of ~0.1 €
units. All these values are slightly higher than the CAI ini-
tial, reflecting radiogenic ingrowth of W (corresponding
to ~0.1-0.2 g-units) in a time interval between CAI forma-
tion and core formation in iron meteorite parent bodies. In
contrast, samples from two meteorites with exposure ages
on the order of several hundred Ma (but still with low con-
centrations of cosmogenic noble gases) show &'8*W values
scattering towards more negative values, some of which
are lower than the CAI initial. This demonstrates that cos-
mic ray-induced neutron capture reactions on W isotopes
even affected iron meteorite samples having low concentra-
tions of cosmogenic noble gases, if these samples stem from
relatively well shielded positions in large meteoroids with
long exposure times.

The W isotopic compositions of iron meteorites with
negligible cosmic ray effects indicate that core formation
in the ITAB, IITAB and IVA iron meteorite parent bodies
occurred +1.071§ Myr, +1.2°}3 Myr, and +1.6"} Myr
after CAI formation, respectively, and that metal segrega-
tion in these bodies occurred within a brief time interval
of less than ~1 Myr of each other. In contrast, one un-
grouped iron meteorite (Mbosi) derives from a parent body
that underwent metal-silicate separation 2-3 Myr later
than the major magmatic iron meteorite groups. The new
Hf-W results are consistent with conclusions of earlier
studies that accretion and core formation of the parent
bodies of magmatic iron meteorites predated accretion of
chondrite parent bodies. However, unlike the sometimes
negative model ages obtained in some previous Hf-W stud-
ies on magmatic iron meteorites, the ages obtained here are
all positive and consistent with the results of a previous
study that used physical models to correct for cosmic ray
effects on W isotope compositions of iron meteorites. The
major advance of the present study, however, is the identi-
fication of samples that remained essentially unaffected by
cosmic rays, and thus require no correction on their mea-
sured &'8W at all.

While this study demonstrates that iron meteorites with
low cosmic ray exposure ages are well suited to determine
W isotopic compositions essentially unmodified by cosmic
ray interactions, such samples are rare. Furthermore, Tom-
bigbee River likely shows neutron capture effects on its W
isotope composition in spite of very low concentrations of
cosmogenic noble gases. In such cases, even a short second
stage exposure derived from a low noble gas concentration
(perhaps in conjunction with a cosmogenic radionuclide
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analysis) may not guarantee a negligible (epi)thermal neu-
tron fluence during a first irradiation at larger shielding.
The comprehensive application of Hf-W chronometry to
all known groups of iron meteorites, therefore, requires
the development of a direct neutron dosimeter that will per-
mit the full quantification of neutron capture-induced W
isotope shifts in iron meteorites with longer exposure ages
(>100 Ma). Initial results suggest that Pt isotopes may be
a suitable neutron dosimeter for iron meteorites and an
appropriate proxy for neutron capture-induced shifts in
W isotopes. Nevertheless, future studies employing such a
direct neutron dosimeter will profit from analysis of the
weakly irradiated samples identified in this study. As such
samples essentially require no correction, they will be key
samples to firmly establish the Hf-W chronology of iron
meteorites.
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