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Abstract

Lead-205 decays to 205Tl with a half-life of 15 Myr and should have been present in the early solar system according to astrophysical
models. However, despite numerous attempts, Tl isotopic measurements of meteorites have been unable to demonstrate convincingly its
former presence. Here, we report large (�5&) variations in Tl isotope composition in metal and troilite fragments from a range of iron
meteorites that were determined at high precision using multiple collector inductively coupled plasma mass spectrometry. The Tl isotopic
compositions of seven metal samples of the IAB iron meteorites Toluca and Canyon Diablo define a correlation with 204Pb/203Tl. When
interpreted as an isochron, this corresponds to an initial 205Pb/204Pb ratio of (7.4 ± 1.0) · 10�5. Alternative explanations for the
correlation, such as mixing of variably mass-fractionated meteorite components or terrestrial contamination are harder to reconcile with
independent constraints. However, troilite nodules from Toluca and Canyon Diablo contain Tl that is significantly less radiogenic than
co-existing metal with isotope compositions that are variable and decoupled from 204Pb/203Tl. These effects are similar to those recently
reported by others for Fe and Ni isotopes in iron meteorite sulfides and appear to be the result of kinetic stable isotope fractionation
during diffusion. Though it cannot conclusively be shown that the metal fragments are unaffected by the secondary processes that
disturbed the troilites, mass balance modeling indicates that the alteration of the troilites is unlikely to have significantly affected the
Tl isotope compositions of the co-existing metals. It is therefore reasonable to conclude that the IAB metal isochron is a product of
the in situ decay of 205Pb. If the I–Xe ages of IAB silicate inclusions record the same event as the 205Pb–205Tl chronometer then
crystallization of the IAB metal was probably completed between 10 and 20 Myr after the condensation of the first solids. This implies
an initial solar system 205Pb/204Pb of (1.0–2.1) · 10�4, which is in excellent agreement with recently published astrophysical predictions.
Similar calculations yield an initial solar system Tl isotope composition of e205Tl = �2.8 ± 1.7. The Tl isotopic composition and
concentration of the silicate Earth depends critically on the timing and mechanism of core formation and Earth’s volatile element
depletion history. Modeling of the Earth’s accretion and core formation using the calculated initial solar system Tl isotope composition
and 205Pb/204Pb, however, does not yield reasonable results for the silicate Earth unless either the Earth lost Tl and Pb late in its accretion
history or the core contains much higher concentrations of Pb and Tl than are found in iron meteorites.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Investigations of extinct radionuclides present in the early
solar system can provide information on the presolar pro-
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.gca.2006.02.012

* Corresponding author.
E-mail address: snielsen@els.mq.edu.au (S.G. Nielsen).
duction sites of elements and the timescales of early solar
system processes. The nuclide 205Pb, which decays to
205Tl with a half-life of 15.1 ± 0.4 Myr (Pengra et al.,
1978), is of particular significance in this regard. For astro-
physicists, 205Pb offers a unique opportunity to study nucle-
osynthetic mechanisms because it is the only short-lived
radionuclide that is produced solely by the s-process
(Wasserburg et al., 1994), whereby heavier elements are
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formed by slow neutron capture in the interior of stars.
Both Pb and Tl are somewhat chalcophile and/or sidero-
phile and the elements are volatile with half mass conden-
sation temperatures of 727 and 532 K, respectively
(Lodders, 2003). Thus, the Tl and 204Pb concentrations of
the bulk silicate Earth (BSE) are a function of the volatile
element depletion history of the Earth as well as their
respective partitioning into the core. The 205Pb–205Tl decay
system may therefore also prove to be useful for dating vol-
atile loss and planetary differentiation.

A number of previous studies have attempted to find evi-
dence of formerly live 205Pb in meteorites and establish the
initial solar system abundance of this isotope (Anders and
Stevens, 1960; Chen and Wasserburg, 1994b; Huey and Koh-
man, 1972). All of these investigations were unsuccessful,
mainly because they utilized thermal ionization mass spec-
trometry, which is unable to provide sufficiently precise Tl
isotope data. Only an upper limit for the initial solar system
205Pb/204Pb ratio of less than 9 · 10�5 is, therefore, currently
available (Anders and Stevens, 1960; Huey and Kohman,
1972; Chen and Wasserburg, 1994b) but this figure may be
too low if the high Pb/Tl ratios that were reported for some
samples are due to contamination with terrestrial Pb. More
recent analyses (Chen and Wasserburg, 1987) revealed a
‘‘hint’’ of excess 205Tl for an iron meteorite, but this effect
was barely resolved. Moreover, a sulfide analyzed by Chen
and Wasserburg (1987) was reported to have a very low
(unradiogenic) 205Tl/203Tl isotope ratio that was difficult to
reconcile with the other results.

In the present study, we have utilized the technique of
multiple collector inductively coupled plasma mass spec-
trometry (MC-ICPMS) because this enables us to deter-
mine the isotopic composition of less than 1 ng of Tl, to
a precision over an order of magnitude better than previ-
ously possible (Rehkämper and Halliday, 1999; Nielsen
et al., 2004b). The low initial 205Pb/204Pb ratio estimated
by Huey and Kohman (1972) implies that only samples
with high Pb/Tl should exhibit resolvable Tl isotope anom-
alies, even with our improved analytical techniques. We
have therefore, concentrated our efforts on the analyses
of iron meteorites because these are known from Pd–Ag
and Hf–W isotope studies to have formed early (Chen
and Wasserburg, 1996; Lee and Halliday, 1996; Horan
et al., 1998) and because they display highly fractionated
Pb/Tl ratios (Chen and Wasserburg, 1994a).

We have analyzed both metal fragments and troilite
inclusions from iron meteorites of groups IAB, IIAB, and
IIIAB. These samples were selected so as to obtain as large
a spread in Pb/Tl ratio as possible and to enhance the prob-
ability of observing Tl isotope variation from the decay of
205Pb. Moreover, we have analyzed six separate metal frag-
ments of the IAB iron Toluca. By analogy with studies of
Ag isotopes in iron meteorites (Chen and Wasserburg,
1990), it was anticipated that these samples could yield
an internal Pb–Tl isochron that would provide improved
constraints on the initial abundance of 205Pb in the early
solar system.
2. Analytical techniques

2.1. Sample preparation

The iron meteorite samples, about 7–40 g of metal or
1–3 g of sulfide, were cut and alteration surfaces removed
using a diamond-coated saw blade. The samples were then
cleaned by repeated leaching with aqua regia followed by
washing with 18 MX-grade water, until only a shiny central
piece remained. This material, equivalent to about 70–95%
of the original mass was weighed, dissolved in aqua regia,
dried down, and taken up in an appropriate volume of
1 M HCl and bromine water (Rehkämper and Halliday,
1999). An aliquot equivalent to about 5% of the total
sample was then removed from the beakers for the
determination of the Pb and Tl concentrations and Pb/Tl
ratios. The remaining solution (�95%) was used for the
Tl isotopic measurements.

2.2. Thallium separation and procedural blank

A two-stage column chromatographic technique with
anion-exchange resin was used to isolate Tl from the
sample matrix (Nielsen et al., 2004b). Due to the extreme
partitioning of Tl3+ onto the AG1 X 8 resin used
(D > 105), it is possible to process large amounts of sam-
ple without any loss of Tl. Consequently, yields through-
out this study were 100 ± 10%, where the uncertainty is
similar to the precision of the technique that was used
for the yield determination (Rehkämper et al., 2002).
The only samples with lower yields (of �75%) are the
metal fragment and troilite from Grant and the Mun-
drabilla troilite. In these cases, the yield estimates may
be too low, however, because the small amounts of Tl
available led to inaccuracies in the yield measurements.
The total procedural blank was less than 3 pg Tl, if
500 ml of acid (aqua regia and 1 M HCl) was used for
sample digestion. Such a volume suffices to dissolve sam-
ples of about 20 g. Given that all isotopic analyses uti-
lized >100 pg Tl, the contribution of the blank to the
total Tl content of a sample is less than 3%, which is
insignificant.

2.3. Determination of Tl isotope compositions

The Tl isotope compositions were determined by
MC-ICPMS at the ETH Zurich using previously described
techniques that utilize both external normalization to NIST
SRM 981 Pb and standard-sample bracketing for mass bias
correction (Rehkämper and Halliday, 1999; Nielsen et al.,
2004b). The isotopic results are reported as the deviation
of a sample from the NIST SRM 997 Tl isotopic standard
in parts per 10,000:

e205Tl ¼ 10; 000� ð205Tl=203Tlsample � 205Tl=203TlSRM 997Þ
205 203



Table 1
Long-term reproducibility of Tl isotope data obtained at low ion beam
intensities for the Fe–Mn nodule NOD-A-1

e205Tl Total Tl ion
beam (· 10�11 A)

Deviation from
e205Tl = 10.7a

9.7 0.20 1.0
12.7 0.20 2.0
10.7 0.26 0.0
11.4 0.27 0.7
11.3 0.32 0.6
10.2 0.33 0.5
9.3 0.34 1.4

10.1 0.35 0.6
10.4 0.39 0.3
11.4 0.39 0.7
11.3 0.48 0.6
11.2 0.50 0.5
11.0 0.52 0.3
11.2 0.54 0.5
10.7 0.83 0.0
12.0 0.84 1.3
10.3 0.85 0.4
11.5 0.86 0.8
11.5 0.94 0.8
11.0 0.95 0.3

a Reference value from Nielsen et al. (2004b).
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The uncertainties of the isotope data reflect the 2r exter-
nal reproducibility obtained for multiple analyses of the
Fe–Mn nodule NOD-A-1 (Nielsen et al., 2004b), as per-
formed at ion beam intensities equivalent to those encoun-
tered in the iron meteorite analyses (Table 1). This sample
(which is a USGS reference material) had previously been
analyzed repeatedly over a period of several months at to-
tal Tl ion beam intensities >10 · 10�11 A, and these mea-
surements yielded a reference value and long-term
reproducibility of e205Tl = 10.7 ± 0.5 (Nielsen et al.,
2004b). Based on the data of Table 1, the following uncer-
tainties are applied to the iron meteorite analyses: ±2 e205Tl
for total Tl ion beams of 0.2–0.5 · 10�11 A, ±1.5 e205Tl for
0.5–1.0 · 10�11 A, and ±1 e205Tl for total Tl ion beams of
>1.0 · 10�11 A. The isotope composition measurements of
the metal samples from Murphy (USNM 557), Mount
Edith (USNM 528) and Grant were performed at Tl ion
beam intensities of 0.14, 0.18, and 0.07 · 10�11 A, respec-
tively, and these samples are assigned an uncertainty of
±3 e205Tl.

2.3.1. Isobaric interferences

No direct isobaric interferences exist on 203Tl or 205Tl. In
a previous study we conducted a thorough investigation of
possible molecular interferences arising from different
sample matrices (Nielsen et al., 2004b). It was concluded
that the column chemistry leaves no appreciable amounts
of elements with atomic weights >100 amu in the purified
Tl fractions. For this study, the Tl sample solutions of iron
meteorites were scanned over the mass range 120–202 amu
in order to identify whether some elements specific to iron
meteorites were present. The only elements detected were
Pt, Ir, and Re, which were all present in minor amounts,
such that the total ion beam intensities yielded ratios of
Re/Tl < 0.001, Pt/Tl < 0.2, and Ir/Tl < 0.005. Realistically,
only di-atomic molecules with O, N, or Ar could potential-
ly create significant spectral interferences because the pro-
duction rates of polyatomic molecules are typically very
low (Nielsen et al., 2004b). Platinum oxides or nitrides
can only create interferences on Pb, which can be detected
by internally normalizing 207Pb/206Pb to 208Pb/206Pb. Such
effects have not been observed for any samples analyzed in
this study. In addition, we tested for potential spectral
interferences from Re and Ir, by adding these elements to
mixed Pb–Tl standard solutions, to achieve Re/Tl and Ir/
Tl ratios higher (with total ion beam ratios of Re/
Tl > 0.02, Ir/Tl > 3) than those observed for the iron mete-
orite samples. None of these tests generated any isotopic
offsets from spectral interferences and other inconsistencies
were not observed.

2.3.2. Matrix doping tests

In a previous investigation, we evaluated whether the Tl
isotope analyses of seawater with very high matrix/Tl
ratios suffered from matrix effects that generate inaccurate
results. We were able to rule out such a bias, based on a
number of ‘‘matrix tests’’ (Nielsen et al., 2004b). Iron mete-
orites also have very high matrix/Tl ratios and we have
therefore performed additional experiments that specifical-
ly test for the matrix effects of iron meteorites. These tests
utilized the Tl-free matrix of a sample (obtained from the
anion-exchange separation), which was doped with an
amount of the NIST SRM 997 Tl isotope standard (which
defines e205Tl = 0), to obtain a Tl content similar to that of
the original iron meteorite. These synthetic samples were
then reprocessed and analyzed in the same manner as the
meteorites. Four separate experiments were completed,
three of which used the matrix of the Toluca metal samples
Ir-30n-1, Ir-30n-2, and Toluca C doped with 0.5, 0.2, and
1 ng of SRM NIST 997 Tl, respectively (Table 2). A fourth
test utilized 100 mg of pure elemental sulfur that was doped
with 15 ng of SRM NIST 997 Tl. The sulfur–Tl mixture
was then dissolved in aqua regia, dried down, and thereaf-
ter processed as a normal sample. As is evident from Table
2, all analyses yielded results that are within error of the
true result of e205Tl = 0, which demonstrates the absence
of any significant matrix effects.

2.3.3. Evaluation of matrix effects by monitoring the mass
bias of samples and standards

The Tl isotope analyses utilize external normalization to
Pb for the correction of instrumental mass discrimination.
This procedure assumes that the relative mass bias of Pb
and Tl is identical for samples and bracketing standards
(Nielsen et al., 2004b). Inaccuracies caused by matrix
effects in MC-ICPMS measurements are often accompa-
nied by significant drift in mass bias during sample runs
or large differences in absolute mass bias between samples
and standards. No significant drift was observed in the
mass bias of any sample runs during the course of this



Table 2
Mass bias offset of samples compared to bracketing standards and Tl
isotope data obtained for individual sample analyses and matrix tests

Sample Db208/206 e205Tl Db208/206

repeat
e205Tl
repeat

Metals

Canyon Diablo �0.024 �1.8
Toluca AB 0.024 14.2
Toluca C 0.018 16.7
Toluca Ir-30m 0.057 11.9
Toluca Ir-30n-1 0.003 �1.3 �0.015 �1.5
Toluca Ir-30n-2 0.013 �2.4 �0.054 �3.0
Toluca USNM 75 0.007 23.3
Murphy USNM 557 �0.029 0.9
Navajo USNM 5601 �0.003 �1.6
Mount Edith USNM 528 0.024 16.1
Grant 0.043 18.9
Mundrabilla A �0.030 29.7 0.018 30.0
Mundrabilla B �0.012 28.8 0.029 29.5

Sulfides

Canyon Diablo USNM 676 A 0.006 �18.8 �0.057 �19.2
Canyon Diablo USNM 676 B 0.022 �6.4
Toluca USNM 75 0.016 �12.6 0.012 �13.2
Toluca Ir-30m �0.039 11.2 �0.017 10.4
Toluca Ir-30aa �0.031 �6.0
Grant 0.009 �3.4
Mundrabilla 0.006 24.2

Matrix tests

Ir-30n-1 + 0.5 ng Tl �0.038 0.1
Ir-30n-2 + 0.2 ng Tl �0.046 �0.4
100 mg sulfur + 15 ng Tl 0.015 0.3
Toluca C + 1 ng Tl �0.043 0.6

Db208/206 denotes the difference between the average 208Pb/206Pb b value of
the standards analyzed before and after a sample and the 208Pb/206Pb b
value of the sample measurement. All individual sample analyses have a
minimum of four bracketing standards (two before and two after).

a Sample Toluca Ir-30a consisted of metal, with a large sulfide inclusion
trapped in the center.
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study. Additionally, the external normalization technique,
which is applied in this study, allows monitoring of the
Pb mass bias for both standards and samples. A compari-
son of the b values (mass bias coefficients) obtained for
samples and the bracketing standards therefore provides
a good indication of potential matrix effects. In Table 2,
the difference between the b value for sample runs and
the bracketing standards are listed as Db208/206, which de-
notes the difference of the 208Pb/206Pb b value for samples
and their bracketing standards. Several observations are
significant with regard to Table 2. First, it can be seen that
the differences in mass bias are small between samples and
bracketing standards. Second, there is no systematic offset
in mass bias between samples and standards; that is, the
samples do not always display higher or lower mass bias
coefficients than the standards. Third, the mass bias offsets
of the matrix tests (Db208/206 up to �0.046), which do not
display any analytical artifacts, are similar to the offsets
for all other samples. Hence, mass bias offsets of this mag-
nitude recorded for the samples should not induce analyt-
ical artifacts either. Fourth, repeat analyses of sample
solutions (only performed for samples with high Tl concen-
trations as the entire sample is consumed in one analysis
for Tl-poor samples) all reproduce to well within the error
of ±1 e205Tl. This is the case even when the duplicate anal-
yses exhibit a difference in Db208/206 of up to 0.067 (Ir-30n-
2), which is the largest mass bias offset recorded in this
study.

2.4. Determination of Pb and Tl concentrations and
204Pb/203Tl ratios

All concentration measurements utilized the isotope
dilution technique. To this end, the minor (5%) sample
solution aliquots were spiked with enriched tracer solutions
of 203Tl and 208Pb, dried down, and re-dissolved in 1 M
HBr. Following this, Pb and Tl were separated from the
sample matrix by anion-exchange chromatography using
techniques modified from published procedures (Rehkäm-
per and Halliday, 1999; Nielsen et al., 2004b). Some sam-
ples required two passes through the ion-exchange
chemistry to obtain sufficiently pure Tl fractions, as in some
instances significant residual Pb was present after the first
pass. The separated fractions of Pb and Tl were then ana-
lyzed by MC-ICPMS, using added Pt for the external nor-
malization of mass discrimination (Nielsen et al., 2004b).

Despite rigorous leaching, many of the analyzed samples
showed evidence of contamination by terrestrial Pb, a prob-
lem that was previously encountered in other iron meteorite
studies (Göpel et al., 1985; Chen and Wasserburg, 1994a).
Typically, only a small fraction of this contamination could
be attributed to the Pb blank of the dissolution and chemical
separation procedure, even though this is relatively high at
about 200–400 pg, owing to the large volumes of reagents
used for sample preparation. Due to the high purity of the
208Pb spike (>99.95% 208Pb) we were, however, able to ob-
tain sufficiently accurate primordial 204Pb contents by cor-
recting for this contamination. The fraction of terrestrial
Pb present in any sample was determined by calculating
the intersection of (1) the line that connects the measured
Pb isotope compositions of the (contaminated and spiked)
sample and the 208Pb spike with (2) a mixing line that
extends from the Pb isotope composition of the original
meteoritic Pb to the isotope composition of the (assumed)
terrestrial contaminant. These calculations were carried
out in 208Pb/206Pb versus 207Pb/206Pb isotope space. Follow-
ing Göpel et al. (1985), the original (uncontaminated) sam-
ples were assumed to have primordial Pb isotope
compositions, whereas the terrestrial contaminant was de-
fined by 207Pb/204Pb = 0.0898 · 206Pb/204Pb + 13.92 and
208Pb/204Pb = 0.697 · 206Pb/204Pb + 25.3, for 206Pb/204Pb
values of between 17.65 and 18. Two ‘‘extreme’’ values for
the Pb concentration and isotope composition of each sam-
ple were thus obtained by inserting values of 17.65 and 18 for
206Pb/204Pb into the contaminant equations. An additional
calculation, which assigned the Pb isotope composition of
the laboratory blank (206Pb/204Pb = 17.726, 207Pb/204Pb =
15.612, and 208Pb/204Pb = 37.64) to the contaminant,
yielded a third set of results. The three datasets that were
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produced in this way allowed a reliable estimate of the max-
imum and minimum primordial Pb contents of the samples,
which served to provide a best estimate of the primordial
204Pb concentrations and their respective uncertainty.

The Pb isotope data reported for each sample (Table 3)
are calculated from the measured 207Pb/206Pb and
208Pb/206Pb isotope ratios of the isotope dilution runs by
correcting for the Pb contributed by the 208Pb spike. The
errors reported for the Pb isotope data only account for
the relatively large uncertainty in the isotope composition
of the terrestrial contaminant and they do not incorporate
the comparatively small mass spectrometric errors.

The results of Table 3 show that the total Pb contents of
the iron meteorites required correction for about 1–95% of
Table 3
Pb and Tl concentrations and Pb and Tl isotope compositions of the iron me

Sample Group Sample
weighta

(g)

e205Tl 204Pb/203Tl 206Pb/204

(calculat

Metals

Canyon Diablo IAB 8.43 �1.8 ± 1.0 0.675 ± 0.040 12.53 ±
Toluca AB IAB 5.96 14.2 ± 2.0 50.4 ± 2.3 9.86 ±
Toluca C IAB 7.7 16.7 ± 1.5 58.6 ± 1.0 9.70 ±
Toluca Ir-30m IAB 6.32 11.9 ± 1.5 53.2 ± 2.2 9.554 ±
Toluca Ir-30n-1 IAB 5.05 �1.4 ± 1.0 0.131 ± 0.003 11.11 ±
Toluca Ir-30n-2 IAB 5.29 �2.7 ± 1.0 0.471 ± 0.011 11.05 ±
Toluca USNM 75 IAB 7.37 23.3 ± 1.5 76.5 ± 4.3 9.85 ±
Murphy

USNM 557
IIAB 21.72 0.9 ± 3.0 18.9 ± 7.0 16.22 ±

Navajo
USNM 5601

IIAB 22.49 �1.6 ± 2.0 0.30 ± 0.30 17.37 ±

Mount Edith
USNM 528

IIIAB 36.42 16.1 ± 3.0 12.0 ± 5.7 16.66 ±

Grant IIIAB 14.88 18.9 ± 3.0 9.3 ± 1.0 12.64 ±
Mundrabilla A An 11.2 29.9 ± 1.0 14.2 ± 0.1 9.80 ±
Mundrabilla B An 12.3 29.1 ± 1.0 10.2 ± 0.1 9.99 ±

Sulfides

Canyon Diablo
USNM 676 A

IAB 2.32 �19.0 ± 1.0 31.2 ± 0.06 9.364 ±

Canyon Diablo
USNM 676 B

IAB 1.29 �6.4 ± 1.0 55.4 ± 0.3 9.461 ±

Toluca USNM 75 IAB 2.77 �12.9 ± 1.0 11.4 ± 0.1 9.627 ±
Toluca Ir-30m IAB 1.43 10.8 ± 1.0 12.6 ± 0.1 9.334 ±
Toluca Ir-30ad IAB 6.86 �6.0 ± 1.0 9.75 ± 0.03 9.433 ±
Grant IIIAB 0.818 �3.4 ± 2.0 0.78 ± 0.15 15.33 ±
Mundrabilla An 1.47 24.2 ± 2.0 0.57 ± 0.57 —

Bulk silicate Earth �2.0 ± 0.5g 2.0

The absolute 204Pb and 203Tl concentrations have uncertainties of about ±5–10
solution aliquots. The uncertainties of the 204Pb/203Tl ratios reflect the mas
contamination. The uncertainties for the Tl isotope compositions represent th
intensities similar to those obtained for the respective samples (see text for de
207Pb/206Pb and 208Pb/206Pb isotope ratios for the isotope dilution runs.

a Weight after leaching.
b Defined as fraction of primordial Pb compared to total measured (= prim
c Concentration corrected for terrestrial contamination.
d Sample Toluca Ir-30a consisted of metal, with a large sulfide inclusion tra
e Due to the low Pb content of this sample and the high degree of contami

therefore assigned a Pb concentration equivalent to half the measured (= unc
f Recalculated from McDonough and Sun (1995).
g See Nielsen et al. (2005, 2006).
terrestrial contamination. Large corrections were particu-
larly necessary for samples with low primordial Pb concen-
trations. In these cases, the total uncertainties that are
quoted for the 204Pb/203Tl ratios are dominated by the cor-
rection for terrestrial Pb contamination. The errors report-
ed for the 204Pb/203Tl ratios, however, also include: (1) the
uncertainty of the Tl blank correction (1.0 ± 0.5 pg), and
(2) the within-run errors of the mass spectrometric concen-
tration measurements, which are about ±0.2 to ±2&, for
Pb and ±0.5 to ±20& for Tl, depending on sample size
and elemental concentration. It is notable that all particu-
larly critical samples (e.g., the Toluca and Canyon Diablo
metals) required corrections of less than 10–50% for the
terrestrial Pb contamination.
teorite samples

Pb
ed)

207Pb/204Pb
(calculated)

208Pb/204Pb
(calculated)

Fraction of
primordial
Pbb

204Pbc

(pmol/g)

203Tl
(pmol/g)

0.13 12.29 ± 0.13 32.59 ± 0.13 0.54 1.57 2.32
0.02 10.63 ± 0.02 30.01 ± 0.02 0.91 5.10 0.101
0.01 10.54 ± 0.01 29.85 ± 0.01 0.94 8.39 0.143
0.007 10.447 ± 0.008 29.714 ± 0.008 0.96 3.82 0.072
0.06 11.41 ± 0.07 31.21 ± 0.06 0.72 3.15 24.1
0.06 11.37 ± 0.06 31.16 ± 0.06 0.73 4.29 9.11
0.02 10.63 ± 0.02 30.00 ± 0.02 0.91 3.40 0.044
0.35 14.56 ± 0.32 36.14 ± 0.35 0.15 0.100 0.0053

0.36 15.28 ± 0.33 37.26 ± 0.36 0.04 0.009 0.029

0.39 14.84 ± 0.34 36.57 ± 0.38 0.11 0.061 0.0051

0.13 12.36 ± 0.13 32.69 ± 0.13 0.52 0.111 0.012
0.02 10.60 ± 0.02 29.96 ± 0.02 0.92 7.60 0.536
0.02 10.72 ± 0.02 30.13 ± 0.02 0.89 11.2 1.10

0.002 10.329 ± 0.002 29.531 ± 0.002 0.99 242 7.76

0.005 10.389 ± 0.005 29.625 ± 0.005 0.98 133 2.40

0.010 10.492 ± 0.011 29.784 ± 0.010 0.95 64.9 5.71
0.001 10.311 ± 0.001 29.502 ± 0.001 >0.99 502 39.9
0.004 10.372 ± 0.004 29.598 ± 0.004 0.98 8.12 0.832
0.29 14.02 ± 0.27 35.29 ± 0.29 0.24 0.529 0.674

— — 0.5 ± 0.5e 0.235 0.409

10.3f 5.1f

%, mainly from uncertainties in the weights of the leached samples and the
s spectrometric precision and corrections for blank and terrestrial (Pb)
e 2r reproducibilities of standard measurements conducted at ion beam

tails). The Pb isotope compositions are calculated based on the measured

ordial + terrestrial Pb) present in the samples.

pped in the center.
nation, the calculations did not yield reasonable results. This sample was
orrected) Pb concentration, with an uncertainty of ±100%.
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2.5. Statistics and data handling

All isochron calculations were performed with the Iso-
plot program of Ken Ludwig (Berkeley Geochronology
Center) and assuming a reference value of
205Tl/203Tl = 2.3871 for the NIST SRM 997 Tl isotope
standard.

3. Results and discussion

3.1. General features

The Tl isotope compositions as well as Pb and Tl con-
centrations have been determined for metal and sulfide
phases from iron meteorites of groups IAB, IIAB, and
IIIAB and the unclassified iron Mundrabilla (Table 3). It
can be seen that the samples display a broad range of pri-
mordial 204Pb and 203Tl contents. In general terms, the con-
centrations are similar to those reported in the latest
published Pb–Tl study of iron meteorites (Chen and Was-
serburg, 1994b). All sulfides except one display higher Pb
and Tl concentrations than the co-existing metals, which
is also expected (Chen and Wasserburg, 1994b). However,
it is also apparent that neither Pb nor Tl show evidence of
simple metal–sulfide partitioning, as large variations in
absolute concentrations exist even for different metal frag-
ments of the same meteorite (Table 3). This large spread in
204Pb and 203Tl abundances is probably due to the inhomo-
Fig. 1. Thallium isotope compositions of various terrestrial reservoirs compa
terrestrial data are global averages and the error bars denote the range of value
exhibit a larger variation in e205Tl than the terrestrial samples. This suggests th
to decay of 205Pb to 205Tl. Terrestrial Tl isotope compositions are from Nielse
geneous distribution of micro-phases with high concentra-
tions of Tl, Pb, and other (metal) incompatible trace
elements, as predicted by Jones et al. (1993) and it is anal-
ogous to the behavior observed for Ag in the metal phase
of iron meteorites (Chen and Wasserburg, 1990). The exact
chemical composition of these phases is unknown. Further-
more, despite a broad range of values, there is no system-
atic difference in Pb/Tl between sulfides and metal.
Among co-existing sulfide–metal pairs, however, the
Pb/Tl ratios are normally somewhat lower in the sulfides.

The Tl isotopic compositions are also extremely vari-
able, with results from e205Tl = �19 ± 1 for a Canyon
Diablo sulfide to e205Tl = +29 ± 1 for Mundrabilla metal.
Despite of its high mass, Tl exhibits significant low
temperature stable isotope effects in terrestrial samples
(Rehkämper and Halliday, 1999; Rehkämper et al., 2002,
2004; Nielsen et al., 2004a, 2005). The �50 e-unit range
found in iron meteorites is, however, far greater than the
Tl isotope variations that have been established for any
environment on Earth, as can be seen from Fig. 1, which
compares results for various terrestrial and extraterrestrial
materials. The largest single stable isotope effect identified
so far is the �20 e-unit fractionation between seawater
and ferromanganese marine sediments (Rehkämper et al.,
2002). Evidence for stable isotope variations of Fe and
Ag has been found in iron meteorite sulfides (Williams
et al., 2004; Woodland et al., 2005) but these are sub-permil
level effects, which are much smaller than the present Tl
red with the range of e205Tl values determined for iron meteorites. The
s measured for the respective samples. It is evident that the iron meteorites
at at least some of the isotopic variation recorded by iron meteorites is due
n et al. (2004a,b, 2005, 2006) and Rehkämper et al. (2002, 2004).
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isotope variations. Alternative mechanisms for producing
variations in the 205Tl/203Tl isotope ratio, such as
cosmogenic spallation or neutron capture, are not expected
to be important due to the high mass of Tl and the relative-
ly small cross-sections of 203Tl, 205Tl, and 204Pb, which
would be the principle isotopes capable of producing effects
from neutron capture. This strongly suggests that at least
some of the Tl isotope variability observed for iron meteor-
ites may be the result of radioactive decay of formerly live
205Pb to 205Tl.

In order to evaluate this hypothesis, the results are plot-
ted in e205Tl versus 204Pb/203Tl isochron diagrams (Figs. 2a
and b). Numerous analyses were performed for the group
IAB iron Toluca, and metal fragments of this meteorite dis-
play a large range of Tl isotope compositions, with values
from e205Tl = �2.7 to +23.3, that correlate linearly with
204Pb/203Tl, providing evidence for the former existence
of live 205Pb. In the following, we first discuss the data of
Toluca and other meteorites that display similar results.
Fig. 2. Pb–Tl isochron diagrams for iron meteorites. (a) Results for metal
samples of IAB irons. Six metal fragments of Toluca and a single metal
from Canyon Diablo precisely define the IAB iron meteorite isochron. (b)
Results for troilites from Toluca and Canyon Diablo as well as data for
metal and sulfide samples of IIAB and IIIAB iron meteorites and the
anomalous iron Mundrabilla. The IAB isochron (full line) is shown for
reference and a potential IIIAB isochron (see text) is denoted by the dotted
line.
Subsequently, we address the more complex results ob-
tained for sulfides and metal samples from other meteor-
ites, which appear to reflect the superimposed effects of
isotope fractionation and radiogenic addition of 205Tl.

3.2. IAB metal isochron

Seven different metal samples from non-magmatic IAB
iron meteorites have been analyzed. The 204Pb concentra-
tions of six separate metal fragments of Toluca range be-
tween about 3 and 8 pmol/g, whereas the 203Tl contents
are found to vary by more than two orders of magnitude
between about 0.04 and 24 pmol/g (Table 3). Consequent-
ly, the 204Pb/203Tl ratios are very variable, and these data
yield an excellent correlation with the Tl isotope composi-
tions (Fig. 2a). In principle, these results could be explained
in any one of three following ways:

1. The variations reflect stable isotope fractionation.
2. The correlation is a mixing line that is generated by two

distinct endmembers.
3. The data define an isochron produced by radioactive

decay of 205Pb.

As Tl only has two isotopes, it is very difficult to exclude
that the Tl isotope variations observed for the IAB metal
samples are due to stable isotope fractionations. However,
if this is the case there is no logical reason why the isotopic
compositions should correlate with the Pb/Tl ratios. Stable
isotope effects are likely to play a role for some of the other
samples and the origin of these and potential effects on
isochron relationships are discussed in more detail in the
following section.

Mixing between endmembers is a simpler hypothesis to
evaluate. It is conceivable that the Toluca metal isochron
represents a mixing line between a Tl-rich component with
isotopically normal Tl (e205Tl � �2) and a Tl-poor compo-
nent (presumably the metal), which displays e205Tl values
of about +25 or above. There are two different mechanisms
by which such a mixing line could be produced. First, it is
possible that the mixing line reflects terrestrial contamina-
tion because the BSE has a 204Pb/203Tl ratio and e205Tl val-
ue (Table 3) that is indistinguishable from the Tl-rich
component. The correlation of Fig. 2a would then repre-
sent a mixing line that connects the pristine Tl isotope com-
position of Toluca (e205Tl P 25) with a terrestrial
contaminant. This model can be further evaluated by deter-
mining the extent of terrestrial Tl contamination. An inde-
pendent measurement of the contamination is not available
but its extent can be estimated by mass balance based on a
reasonable assumption of the ‘‘true’’ Tl isotope composi-
tion of the Toluca metal. For simplicity, the calculations
assume a pristine Toluca value of e205Tl = 25 but the re-
sults are effectively identical even for a value of
e205Tl = 100. The extent of terrestrial contamination calcu-
lated for Pb (Table 3) and Tl are then combined and this
provides an estimate for the 204Pb/203Tl ratio of the



Table 4
Estimates for the 204Pb/203Tl ratio of the hypothetical terrestrial contam-
inant postulated for the Toluca metal samples

Toluca metal
sample

Fraction of terrestrial
Tl contaminationa

Calculated 204Pb/203Tl ratio
of the contaminant

Metal AB 0.40 12.4
Metal C 0.31 12.2
Ir-30m 0.48 4.6
Ir-30n-1 0.98 0.05
Ir-30n-2 1 0.17
USNM 75 0.06 119

a The calculation assumes that the uncontaminated Toluca metal and
the terrestrial contaminant are characterized by e205Tl = 25 and �2,
respectively.

Fig. 3. Thallium isotope compositions of the IAB metal samples plotted
against 1/Tl concentration. If the isotope compositions reflect simple
mixing of Tl derived from two discrete mineral phases, this should
generate a correlation in this diagram that is superior to the one seen in
Fig. 2a (e205Tl versus 204Pb/203Tl). A comparison of the MSWD values
clearly shows that this is not the case.
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hypothetical contaminant that may have been added to
each sample (Table 4). It is evident, that these calculations
yield terrestrial contaminants that display widely varying
204Pb/203Tl ratios of between 0.05 and 119. This range of
values is reduced if a higher value for the true Tl isotope
composition of the Toluca metal is assumed, but even a
value of e205Tl = 100 still requires 204Pb/203Tl ratios of
between 0.05 and 10. Given that a potential contaminant
is likely to display only a relatively limited variation of
Pb/Tl ratios, it appears very improbable that terrestrial
contamination generated the observed correlation of Tl
isotope compositions with 204Pb/203Tl (Fig. 2a).

The second potential means of producing a pseudo iso-
chron is by mixing of two discrete mineral phases that are
present in the iron meteorite itself. This model requires that
two endmembers with extremely different Tl isotope com-
position were generated in a single and once molten object.
This is an unlikely scenario, unless the endmembers were
produced by the decay of 205Pb, which, of course, means
the isochron is still valid. Furthermore, it is clear that the
Tl isotope compositions display a relatively poor correla-
tion when plotted against 1/Tl (Fig. 3) rather than
204Pb/203Tl (Fig. 2a). Mixing between two discrete mineral
phases should, however, produce an identical or better cor-
relation in e205Tl–1/Tl space because the Pb concentration
has no effect on the Tl isotope composition in this scenario.
This is clearly not the case and it is therefore reasonable to
conclude that mixing is not a viable explanation for the
Toluca correlation line.

The most straightforward interpretation of the Tl iso-
tope variations in the Toluca metal samples is therefore
that the results define an isochron, which records the tim-
ing of crystallization of a metal phase from a sulfur-rich
metallic liquid. A single metal sample from the Canyon
Diablo (IAB) iron meteorite confirms the Toluca results
and together the data define a ‘‘IAB isochron’’ correspond-
ing to initial values of (205Pb/204Pb)IAB,0 = (7.4 ± 1.0) ·
10�5 and e205TlIAB,0 = �2.1 ± 1.6 (Fig. 2a). Assuming this
is indeed the correct interpretation, the initial abundance of
205Pb in the solar system, (205Pb/204Pb)SS,0, can be
calculated from these results, if the time interval between
the formation of the first refractory solids (t0) and the
crystallization of the IAB metal phase is known.
The I–Xe chronometer has been used to date the cooling
of silicate inclusions of Toluca and other IAB meteorites
and this provides ages of 10–20 Myr after t0 (Niemeyer,
1979; Pravdivtseva and Hohenberg, 2000). Application of
this time difference yields (205Pb/204Pb)SS,0 ratios of
(1.0–2.1) · 10�4. Of course, the I–Xe and Pb–Tl chronom-
eters may not necessarily record the same event. Based on
evidence from Ar–Ar, Rb–Sr, and 147Sm–143Nd chronom-
etry, it has been inferred that the IAB iron meteorites have
a complex thermal history with isotopic resetting occurring
up to several hundred million years after solar system
formation (Bogard et al., 2005). As 205Pb would have been
essentially extinct at the time of any late events, such
protracted episodes of resetting cannot be recorded by
Pb–Tl isochrons. The closure temperature of the I–Xe
chronometer is probably higher than 1000 �C (Burkland
et al., 1995) whereas it is unknown for the Pb–Tl system.
The cooling rate of Toluca and other IAB irons with
low Ni concentrations have been determined at about
25–30 �C/Myr (Herpfer et al., 1994; Saikumar and
Goldstein, 1988), such that the Pb–Tl closure temperature
would need to be <800 �C to create a significant age
difference between the I–Xe and Pb–Tl systems.

3.3. IAB troilite nodules and effects of stable isotope

fractionation

3.3.1. Stable isotope fractionation in troilite nodules
The Tl isotope data obtained for troilite nodules of both

Toluca and Canyon Diablo are not in accord with the
simple isochron relationships exhibited by the metals
(Fig. 2b) because all sulfides except one plot at lower
e205Tl values for a given 204Pb/203Tl ratio. In studies of
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extinct radionuclides it has been standard practice to use
the least radiogenic isotope ratio measured as the best
approximation of the solar system initial. In this case, the
most 205Tl-depleted value of e205Tl = �19, obtained for a
sulfide from Canyon Diablo, would be assumed to provide
a good estimate of the initial Tl isotope composition of the
solar system (e205TlSS,0). This assumption must be
questioned for the 205Pb–205Tl decay system because Tl
possesses only two isotopes, such that there is no straight-
forward way to distinguish between isotopic variations
from the decay of 205Pb and mass dependent stable isotope
effects. With regard to the present data there are, further-
more, a number of constraints which indicate that the most
unradiogenic Tl isotope composition of e205Tl = �19 is
unlikely to be representative of, or similar to, e205TlSS,0.

First, if the least radiogenic sulfide has a Tl isotope com-
position that best approximates the initial value of the solar
system, then all metal samples would plot above any reason-
able isochron constructed through this sulfide. This would
also imply that the metal phase has been isotopically reset
preferentially to the troilite. This conclusion, however, is
inconsistent with evidence from Ag and Os isotope studies,
which have shown that isotopic resetting occurs more readily
for sulfides than for the metal phase (Chen and Wasserburg,
1990, 1996; Shen et al., 1996; Woodland et al., 2005).

Second, it is very difficult to understand how some met-
als of iron meteorites evolved from a solar system initial of
e205TlSS,0 6 �19 to e205Tl values of up to +30 (Mundrabil-
la), considering the relatively low 204Pb/203Tl ratios mea-
sured for these samples (Table 3) and taking into account
that all present and previous Tl isotope data obtained for
meteorites imply that (205Pb/204Pb)SS,0 < 3 · 10�4 (Huey
and Kohman, 1972; Chen and Wasserburg, 1987). Fig. 4
is a plot of the calculated (205Pb/204Pb)SS,0 values plotted
Fig. 4. Plot of 204Pb/203Tl ratios and 205Pb/204PbSS,0 values required to
explain the evolution of the Mundrabilla iron meteorite from an assumed
initial solar system e205TlSS,0 = �19 to the current value of e205Tl = +30. If
bulk Mundrabilla is characterized by a 204Pb/203Tl ratio akin to the
highest value measured for this meteorite (204Pb/203Tl � 14), the isotopic
evolution would require 205Pb/204PbSS,0 > 8 · 10�4. If it is assumed that
205Pb/204PbSS,0 < 1.9 · 10�4, as calculated from the Toluca isochron, then
bulk Mundrabilla would need to be characterized by 204Pb/203Tl > 60.
versus the corresponding 204Pb/203Tl ratios, which are con-
sistent with a present day e205Tl = 30 for the Mundrabilla
metal and e205TlSS,0 = �19, as defined by the most unradi-
ogenic Canyon Diablo sulfide. It can be seen that this large
spread in Tl isotopic compositions requires either
(205Pb/204Pb)SS,0 > 8 · 10�4, about a factor of 3–4 higher
than the upper limit for (205Pb/204Pb)SS,0 as defined by
the Toluca isochron and previous studies (Huey and Koh-
man, 1972; Chen and Wasserburg, 1987), or
204Pb/203Tl > 40–60, which is about a factor 3–4 higher
than the largest 204Pb/203Tl ratio measured for
Mundrabilla.

Not only is the idea that all of the Tl isotopic effects re-
flect 205Pb decay inconsistent with the iron meteorite data,
it is also very hard to reconcile with the Tl isotopic compo-
sition of the bulk silicate Earth. The silicate Earth (Nielsen
et al., 2005, 2006) and the chondrite Allende (Rehkämper
and Halliday, 1999) have e205Tl values that are broadly
similar to the initial Tl isotopic composition of the solar
system, as defined by the Toluca metals. This is fully con-
sistent with (205Pb/204Pb)SS,0 < 3 · 10�4. In contrast, there
is no explanation that readily predicts similar values for
the BSE and bulk chondrites if (205Pb/204Pb)SS,0 > 8 · 10�4.
Finally, a (205Pb/204Pb)SS,0 value of less than 3 · 10�4 is
consistent with the results of nucleosynthetic modeling, as
discussed below.

Based on this, it is concluded that a process other than
radiogenic ingrowth has affected the Tl isotopic composi-
tions of the sulfides. By analogy with observations made
for Fe (Williams et al., 2004; Weyer et al., 2005), Ag
(Woodland et al., 2005), and Ni (Quitte et al., 2005)
isotopes, this process is most likely some form of stable
isotope fractionation, which appears to preferentially affect
the sulfide inclusions.

For the 107Pd–107Ag system, the sulfides generally plot
near the low-Pd/Ag origin of isochrons that are defined
by metal fragments and in most cases they exhibit an excess
of radiogenic 107Ag. This excess was interpreted to reflect
diffusion of radiogenic Ag from the metal phase (with very
high Pd/Ag) to associated troilite inclusions, either during
slow cooling or secondary heating from shock or thermal
metamorphism (Chen and Wasserburg, 1990). Only one
of the sulfides from the IAB irons analyzed in the present
study (sample Ir-30m, Table 3), however, displays an excess
of radiogenic Tl that can be readily explained by simple
redistribution. All other troilites of Toluca and Canyon
Diablo have e205Tl values that are significantly less radio-
genic than the metal samples (Fig. 2b). This result can re-
flect late redistribution of Tl only if diffusion is
accompanied by isotope fractionation, and this may arise
from the preferential transport of the lighter 203Tl isotope,
as would be expected for kinetic isotope fractionation.

3.3.2. Modeling of diffusive stable Tl isotope fractionation in
troilite

If the sulfides have received a significant amount of
isotopically light Tl from the metal phase through diffusion
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and isotope fractionation, the mass balance of this process
could potentially disturb the isochron relationships exhibit-
ed by the metal samples. In a worst-case scenario this effect
could be responsible for the entire range of Tl isotope com-
positions observed for the Toluca metals. Such a situation
could occur if the relative diffusivities of Pb and Tl are con-
stant, such that the progressive depletion and isotope frac-
tionation of Tl in the metal is accompanied by a systematic
change in the Pb/Tl ratio.

To investigate whether isotopically fractionated sulfides
can co-exist with relatively undisturbed metals, simple
model calculations were performed that apply realistic
values for the Tl concentrations and mass fractions of
sulfide and metal present, as well as reasonable isotope
fractionation factor, a, of 0.9970 and 0.9985. The kinetic
isotope fractionation generated by diffusion is given by
a = D1/D2 = (m2/m1)b, where Di denotes the diffusivity of
an isotope i of mass mi. For self-diffusion in a gas, the
isotope fractionation is characterized by b = 0.5, which is
equivalent to a fractionation factor for 203Tl and 205Tl of
aTl = 0.9951. For condensed phases the exponent b is
smaller, silicate melts displaying b � 0.1 (Tsuchiyama
et al., 1994). As no experimental data are available that
constrain the isotope fractionation from diffusion of Tl be-
tween molten or solid sulfides and Fe–Ni metal, we have
arbitrarily chosen intermediate aTl values of 0.9970 and
0.9985, which are equivalent to b � 0.3 and 0.15, respec-
tively. The results of these calculations (Fig. 5) demonstrate
that isotopic shifts of �10 to �15 e205Tl-units can be
achieved for the sulfides, without disturbing the Tl isotope
composition and concentration of the associated metal by
more than 2 e205Tl and �10%, respectively, and this is sim-
ilar to the typical analytical uncertainties of our measure-
Fig. 5. Results of model calculations that illustrate the effect of isotope
fractionation associated with Tl diffusion from the metal to the troilite
phase of iron meteorites. The two solid curves show the calculated e205Tl
data of sulfides for two different values of the isotope fractionation factor,
a, as a function of the fraction of Tl remaining in the accompanying metal.
The results for the respective metal phases are denoted by the dashed lines.
The calculations are for a system consisting of 100 g of metal with
[Tl]0 = 0.5 pmol/g and 0.5 g sulfide with [Tl]0 = 5 pmol/g. Both phases are
initially characterized by e205Tl = 0. It is evident that this process can
generate sulfides with low e205Tl, without changing the isotope compo-
sitions of the accompanying metals by more than +2 e205Tl. The Tl
concentrations of the sulfides are also increased, by about a factor of 2–3.
ments (Table 3). It is important to note that the results
are dependent on the initial Tl concentrations and relative
modal abundances of metal and troilite. For example, an
increase in the modal abundance of sulfide by a factor of
10 from 0.5 to 5 g of troilite per 100 g of metal, limits the
isotopic shifts that can be achieved for the sulfides without
significantly (>2 e-unit) disturbing the metal phase to only
about �3 to �4 e205Tl-units. The data for some of the sul-
fides measured here (Table 3) are in accord with such a sce-
nario. The best estimate for the average S content of
Toluca yields a value of about 7 mg/g (Buchwald, 1975)
corresponding to a maximum troilite abundance (assuming
no sulfur in the metal) of �2 g per 100 g of metal. Trolite
nodules are, however, not evenly distributed in iron mete-
orites. As a result, one would expect different nodules to
have variable Tl isotope compositions, and this is consis-
tent with our current results.

Irrespective of these apparent consistencies, the fraction-
ation effects of the model can also significantly alter the Tl
isotope composition of the metal phase. In principle, it is
therefore conceivable that the processes, which are inferred
to have generated the fractionated Tl isotope signatures of
the sulfides, also affected the metal. However, considering
that the IAB sulfides display a large range of e205Tl values
and Pb/Tl ratios, it seems unlikely that the tight correlation
observed for the corresponding metal samples in the iso-
chron diagram of Fig. 2a was appreciably altered by kinetic
isotope effects. It is therefore reasonable to assume that the
IAB metal samples were essentially unaffected by the diffu-
sion-related processes that are inferred to have produced
the fractionated Tl isotope compositions of the sulfides.

3.4. Other iron meteorites

Data also were obtained for the IIAB magmatic irons
Navajo (USNM 5601) and Murphy (USNM 557). Only
samples of the metal phase were available for these meteor-
ites and they show Pb and Tl concentrations that are signif-
icantly lower than those of the IAB metals (Table 3). Due
to these lower abundances there are large errors associated
with both the concentration and the Tl isotope measure-
ments. However, both samples plot on the IAB metal iso-
chron within error (Fig. 2b), which indicates that IAB
and IIAB irons probably have similar crystallization ages.

A very different pattern is discernable for metals of the
IIIAB irons Grant and Mount Edith (USNM 528). These
samples have low Pb and Tl abundances, similar to those
observed for the IIAB irons, but the Tl isotope composi-
tions are displaced to values about 15 e205Tl-units above
the IAB metal isochron (Table 3 and Fig. 2b). A troilite
nodule from Grant follows the pattern observed for the
IAB sulfides, whereby high Pb and Tl concentrations are
combined with a markedly lower e205Tl compared to the
corresponding metal sample.

Even more extreme Tl isotope compositions were ob-
tained for the Mundrabilla iron meteorite, which has been
classified as an anomalous IIICD iron (Choi et al., 1995).
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Two metal fragments and one troilite nodule yielded e205Tl
values of +24 to +30, and these are the highest values ob-
served in this study. The Mundrabilla metals are further-
more unusual because: (1) they have the highest Pb and
Tl contents of all metals analyzed in this study, and (2)
these abundances are even higher than those of the co-ex-
isting troilite, which is opposite to the relationship found
for all other metal–sulfide pairs (Table 3).

Taken at face value, the data for the IIIAB metal and
sulfide samples could be interpreted as a parent body iso-
chron with a slope that defines an initial 205Pb/204Pb of
(6.2 ± 1.2) · 10�4. The comparison of this result to the ini-
tial value of 205Pb/204Pb � 7.4 · 10�5 obtained for the IAB
meteorites then implies that the IIIAB’s crystallized about
46 ± 5 Myr prior to the IAB (and IIAB) irons. This is an
implausible conclusion for two reasons. Firstly, the IIAB
and IIIAB irons have very similar Pd–Ag ages of crystalli-
zation (Chen and Wasserburg, 1996). Second, recently pub-
lished Ag isotope data for metal samples of Toluca and
Canyon Diablo (Carlson and Hauri, 2001; Woodland
et al., 2005) indicate an initial 107Pd/108Pd of
(9.1 ± 5.5) · 10�6 for the IAB irons, which compares with
1.7 · 10�5 for the IIIAB iron meteorites (Chen and Wasser-
burg, 1996), and this is equivalent to a time difference of
only 1–15 Myr. Thus, the Tl isotope composition of the
Grant troilite is also likely to reflect complex open-system
behavior as is found for the other sulfides. The following
discussion therefore focuses on the results obtained for
metal samples.

Based on the assumption that the crystallization of the
IIIAB irons does not predate the IAB metals by more than
15 Myr, the IIIAB iron meteorites are likely to have had
initial e205Tl0 values of about +10, or larger. The similar
Tl isotope compositions of the two Mundrabilla metal
fragments furthermore suggest that this meteorite was
characterized by an initial e205Tl0 of greater than +20
(Fig. 2b). Compared to the IAB and IIAB irons, the
IIIAB’s and Mundrabilla thus have significantly more
radiogenic (or isotopically heavier) initial Tl isotope com-
positions. It is improbable that these differences reflect
the inhomogeneous distribution of Tl isotopes or 205Pb in
the early solar system, high temperature stable isotope
fractionations that occurred during metal–silicate differen-
tiation, or core crystallization, because such effects are
expected to be relatively small in iron meteorites. The most
likely explanation for the differences in e205Tl0 is therefore
either enhanced radiogenic ingrowth of 205Tl in a parent
body or core characterized by high Pb/Tl prior to core
crystallisation or stable isotope effects that were generated
by partial evaporation and/or condensation of highly
volatile Tl.

Assuming an initial (205Pb/204Pb)SS,0 of 1.5 · 10�4 and
15 Myr of parent body evolution, an excess of +10 e205Tl
for the IIIAB’s can be generated by radiogenic decay only
for bulk 204Pb/203Tl ratios of �32. This is about a factor of
3 higher than the 204Pb/203Tl ratios determined for IIIAB
iron meteorites in this study. Furthermore, Pd–Ag isotope
studies have shown that IIAB, IIIAB, and IVA irons all
crystallized within about 5 Myr of each other (Chen and
Wasserburg, 1996). If the Pb–Tl and Pd–Ag chronometers
record the same event, as would be expected, then it ap-
pears unlikely that the IIIAB parent body could have expe-
rienced 15 Myr of radiogenic ingrowth prior to core
crystallization. For Mundrabilla, the initial e205Tl0 is even
higher. The lack of resolvable Ag isotope effects for this
meteorite indicates that the crystallization of the metal
may have occurred late (Chen and Wasserburg, 1996).
However, the inferred initial excess of >+20 e205Tl still re-
quires a bulk 204Pb/203Tl ratio of at least �30, which is not
supported by the 204Pb/203Tl ratios determined for Mun-
drabilla in this study. Based on this, it is likely that the high
initial e205Tl0 values of the IIIAB iron meteorites and Mun-
drabilla reflect not only a parent body with high Pb/Tl but
also, at least in part, the effects of isotope fractionations
that occurred as the result of volatile loss from or redistri-
bution on primitive or differentiated planetesimals. Sup-
porting evidence for such a mechanism has been found in
the Cd isotopic compositions of ordinary chondrites
(Wombacher et al., 2003).

4. Implications

4.1. Astrophysical implications of the solar system initial
205Pb/204Pb

The inferred value of (205Pb/204Pb)SS,0 � 1.5 · 10�4 can
be compared with predictions based on stellar models of
proposed s-process nucleosynthetic sites. Astrophysical
studies indicate that Wolf-Rayet (WR) and asymptotic
giant branch (AGB) stars are feasible sites of s-process
nucleosynthesis (Wasserburg et al., 1994; Arnould et al.,
1997), as both feature suitable neutron fluxes and they
are also known to expel large amounts of material into
the interstellar medium (ISM). Wolf-Rayet stars are large
(�20 solar masses), short-lived objects that shed mass at
a rapid rate and may eventually evolve into a supernova.
In contrast, AGB stars are relatively common low mass
stars (<8 solar masses) in which fusion reactions and inter-
mittent thermal pulses redistribute new nuclides and neu-
trons as by-products. Nucleosynthetic production
calculations for both star types have utilized dilution fac-
tors for the expelled material that are scaled to achieve
107Pd/108Pd = 2 · 10�5, as this approximates the initial
abundance of 107Pd determined for the oldest magmatic
irons (Chen and Wasserburg, 1996).

The production calculations for WR stars yield
205Pb/204Pb ratios of between 1 and 3 · 10�4 (Arnould
et al., 1997) and they are therefore, in principle, a suitable
source of 205Pb, as well as other s-process nuclides. Howev-
er, it is widely considered that AGB stars are a more likely
source because the respective stellar models are able to
reproduce the abundances of most relevant short-lived nu-
clei relatively well. Spectroscopic observations have fur-
thermore shown that AGB stars are enriched in s-process



Fig. 6. Results, in terms of BSE Tl isotope compositions and core Tl
concentrations, for terrestrial accretion models that yield reasonable Pb
isotope systematics for the BSE. All models utilize
(205Pb/204Pb)SS,0 = 1.5 · 10�4, e205TlSS,0 = �2.8, and lBE = 0.7. The three
curves denote the results of standard accretion models (with no volatile
loss) that yield reasonable BSE Tl concentrations of 3–7 ng/g. These
standard accretion models achieve BSE e205Tl values of less than �1.5
(dashed line) only if the Earth’s core has high Tl contents. The shaded area
displays the range of Tl concentrations determined for iron meteorites
(including troilite inclusions). Also shown are the results of two models
that incorporate late volatile loss (at the time of the Giant Impact), when
90% (open diamond; resulting in BSE = 5 ng/g Tl) and 85% (open
triangle; resulting in BSE = 7 ng/g Tl) of the Pb and Tl present in the
mantle are driven off. For these models, the accreting material is assumed
to have a composition intermediate between CO and CV chondrites with
l = 0.42 and 0.48 and 204Pb/203Tl = 2.6 and 2.4, respectively. In both
models the BE displays l = 0.7 after the Giant Impact.
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elements, including Pb, but also Tc, which, given its short
half-life (t1/2 � 0.2 Myr) has to be undergoing production
in the star (Busso et al., 2003). The models for s-process
nucleosynthesis in AGB stars are more complex but also
relatively advanced. The most recent calculations for
AGB stars inferred an initial 205Pb/204Pb of about
5 · 10�4 (Wasserburg et al., 1994; Busso et al., 2003) and
this is again in excellent agreement with the value reported
here. We emphasize that the consistency between
astrophysical models and our measured value does not
necessarily imply that s-process isotopes were injected late
into the solar nebula. Due to the relatively long half-life of
205Pb it is also possible that its abundance in the solar
system merely reflects the steady-state galactic production
rate and continuous injection into the ISM.

A particular problem of modeling the nucleosynthetic
production of 205Pb is the survivability of this nuclide in
stars (Mowlavi et al., 1998). Hence, all estimates of its
expected abundance are highly model dependent. At high
temperatures (>106 K) the electron capture decay constant
for 205Pb is increased by several orders of magnitude, such
that none should survive in stellar interiors. However, the
daughter isotope 205Tl undergoes a dramatic decrease in
stability at T > 108 K and it b� decays to 205Pb even faster
(Mowlavi et al., 1998). In general terms, the survival of
205Pb is favored at higher stellar mass for a given metallic-
ity and at lower metallicities for a given stellar mass. The
results presented here, will therefore, provide new con-
straints on the minimum mass of the star responsible for
the production of short-lived s-process nuclei, once detailed
nucleosynthetic modeling is undertaken.

4.2. The initial e205Tl of the solar system and implications for

terrestrial accretion

The initial e205TlIAB,0 = �2.1 ± 1.6 calculated from the
IAB metal isochron (Fig. 2a) is of particular interest be-
cause this can be used to estimate the initial Tl isotope
composition of the solar system, e205TlSS,0. This is possible
because there are several lines of evidence, which suggest
that the IAB iron meteorites evolved from a parent body
with a composition akin to chondrites (Benedix et al.,
2000; Wasson and Kallemeyn, 2002). The high abundances
of volatile elements determined for IAB irons furthermore
imply a parent body more similar to carbonaceous or
enstatite chondrites, as compared to volatile depleted
ordinary chondrites (Benedix et al., 2000; Wasson and
Kallemeyn, 2002). Based on this, it is assumed that the
IAB parent body evolved with a 204Pb/203Tl of between 0
and 5, which encompasses the Pb/Tl ratios of carbona-
ceous, enstatite and the moderately volatile depleted
H-chondrites (Wasson and Kallemeyn, 1988). In order to
calculate the initial Tl isotope composition of the solar
system, the inferred e205TlIAB,0 of �2.1 ± 1.6 was corrected
for 15 ± 5 Myr of radiogenic ingrowth, with a
204Pb/203Tl = 2.5 ± 2.5. The calculation utilized a simple
spreadsheet-based Monte-Carlo method, which combined
the individual (±2r) uncertainties for a large randomly
generated synthetic dataset and it yielded a result of
e205TlSS,0 = �2.8 ± 1.7. This value is strikingly similar to
the present day Tl isotopic composition of the bulk silicate
Earth, which through analyses of various samples of the
Earth’s continental crust and mantle is constrained to be
e205TlBSE = �2.0 ± 0.5 (Nielsen et al., 2005, 2006).

The primary reason why the silicate portion of the Earth
does not show a more radiogenic Tl isotope signature is
that the material that accreted onto the Earth must have
had a low Pb/Tl ratio, and this severely limited the in-
growth of radiogenic 205Tl from the decay of 205Pb. The re-
sults of modeling this effect are shown in Fig. 6. The model
shown in this figure applies the same accretion scenario
recently utilized by Halliday (2004), which features incre-
mental growth, concomitant core formation, and an expo-
nentially decreasing rate of growth. The step function that
defines terrestrial accretion (see Fig. 1, Halliday, 2004) as-
sumes runaway growth until the Earth has attained about
1% of its present mass. Further growth is simulated by suc-
cessive additions of objects of 1% of the current mass of the
Earth, until it reaches 10% of its present mass, then by 2%
objects up to 30%, and then by 4% objects up to 90%. The
Moon-forming Giant Impact, which contributes 9% of the
total mass, occurs when the Earth attains about 90% of its
current size, in accordance with the results of recent
dynamic simulations (Canup and Asphaug, 2001).
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After the giant impact, the model simulates a late veneer
that contributes an additional 0.9% of the Earth’s mass
and a final 0.1% is delivered thereafter. The mean life of
accretion, s, which is the time required to achieve �63%
growth, was taken to be 15 Myr. This results in a Giant
Impact that occurs at 43.5 Myr, which is similar to the
most recent estimate of the age of the lunar magma ocean
and thereby also the Moon (Kleine et al., 2005).

The isotopic models employed here assume that all
impacting materials/planetesimals equilibrate fully with
the silicate portion of the Earth prior to metal segregation
and they furthermore apply (205Pb/204Pb)SS,0 = 1.5 · 10�4,
e205TlSS,0 = �2.8, lBE = 0.7 (lBE ” bulk Earth 238U/204Pb).
The metal–silicate partition coefficients (D values) of Pb
and Tl were then adjusted, such that models generated a
BSE that is in accord with recent estimates, with regard to
its Pb isotope composition, l value (Halliday, 2004), Tl iso-
tope composition e205TlBSE = �2.0 ± 0.5; (Nielsen et al.,
2005, 2006) and Tl concentration (3–7 ng/g; (Taylor and
McLennan, 1985; McDonough and Sun, 1995)). This was
achieved using metal–silicate D value of about 25 and 5–15
for Pb and Tl, respectively. In our standard models, no vol-
atile loss occurs during accretion, and the Tl concentration of
the accreting material and the metal–silicate partition coeffi-
cient of Tl were treated as free parameters.

The modeling results show that reasonable e205TlBSE

values of less than �1.5 can be achieved only if significant
quantities of Tl partition into the core, yielding core con-
centrations for 203Tl of greater than 80 pmol/g (Fig. 6).
There are no published experimental constraints on the
behavior of Tl during metal–silicate differentiation but it
is noted that all iron meteorite samples (including troilites)
analyzed in the present (Table 3) and previous studies
(Chen and Wasserburg, 1987, 1994a) contain less than
40 pmol/g 203Tl, and the majority display concentrations
of �10 pmol/g 203Tl. Of course, it is possible that the
Earth’s core has a much higher Tl content than iron mete-
orites due to changes in the partitioning behavior of Tl at
high pressure; other elements such as Nb are thought to re-
spond in such a fashion (Wade and Wood, 2001).

An alternative to consider is late-stage removal of Tl
from the bulk silicate Earth. If it has not been added to
the core, it must have been lost to space, possibly during
the putative Moon-forming Giant Impact. Such models
easily reproduce the composition of the BSE and also yield
a Tl concentration in the core within the range observed for
iron meteorites (Fig. 6). They do, however, require that
more than about 80–90% of the Earth’s Tl and Pb budget
were driven off during the Giant Impact, which is assumed
to have occurred at 43.5 Myr. Accretion with concomitant
volatile loss also yields reasonable results, though because
the Giant Impact provides significant amounts of Pb and
Tl to the BE it is invariably necessary to simultaneously
drive off a significant portion of Tl (and Pb) during the
event in order to maintain Tl concentrations for BSE
and the core that are in accord with the BSE estimates
(Halliday, 2004) and iron meteorite results.
Strontium isotope data for lunar rocks are consistent
with loss of 90% of the Rb from the material that formed
the Moon between 10 Myr after the start of the solar sys-
tem and the Giant Impact (Halliday et al., 2001). The loss
of heavy elements from large planets is, however, dynami-
cally difficult (Jones and Palme, 2000) but it is also support-
ed by Xe isotopic evidence (Pepin and Porcelli, 2002) and it
may be possible if volatile elements like Pb and Tl were
atmophile (Halliday, 2004) in the hot magma ocean envi-
ronment of the early Earth (Sasaki, 1990). In addition, it
is notable that accretion models with late volatile element
depletion are able to utilize low metal–silicate distribution
coefficients for Pb (D � 1–10) that are in much better
agreement with experimental results (Ohtani and Yurimot-
o, 1996) than those of the standard accretion models, which
require D � 25.

5. Conclusions and outlook

In this study, we have determined the Tl isotope compo-
sitions and the Pb/Tl ratios of a number of iron meteorites,
in search of evidence for the former existence of radioactive
205Pb in the early solar system. Seven metal fragments from
the IAB iron meteorites Toluca and Canyon Diablo define
an isochron with a slope equivalent to 205Pb/204Pb =
7.4 ± 1.0 · 10�5 at the time of metal crystallization. Adop-
tion of an I–Xe crystallization age for the IAB iron meteor-
ites of 10–20 Ma after formation of the first solids, yields
solar system initial values of 205Pb/204PbSS,0 = 1.0–
2.1 · 10�4 and e205TlSS,0 = �2.8 ± 1.7.

It is difficult to reconcile these results with the present
day Tl isotope composition of the bulk silicate Earth
(e205Tl = �2.0 ± 0.5) and the Pb–Tl budgets of iron mete-
orites, if the latter are assumed to constrain the composi-
tion of the Earth’s core. Modeling of terrestrial accretion
indicates that the Earth’s Tl isotope systematics are most
readily reconciled with the present data if either the bulk
silicate Earth lost about 80–90% of its Tl and Pb budget
during the accretion process, possibly in the putative
Moon-forming Giant Impact, or if the Earth’s core con-
tains much larger amounts of Tl and Pb than what would
be expected from iron meteorite studies.

Several lines of investigation can be pursued to further
elucidate which of these two scenarios is more reasonable.
The Tl isotope composition of CI carbonaceous chondrites
should be determined because these meteorites are known
to have formed early and they display very low Pb/Tl ra-
tios, such that they should contain very little radiogenic
Tl. As a consequence, Tl isotope data for CI chondrites
can be used to provide significantly improved estimates
of the initial Tl isotope composition of the solar system.
It will furthermore be important to carry out metal–silicate
partitioning experiments for Pb and Tl at high pressures.
The results of these experiments are critical, because they
will show whether the Earth’s core can accommodate sig-
nificantly larger Tl and Pb contents than those found in
iron meteorites.
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